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PREFACE

ST «.F.’!W“m

In 1980 a Pilot Paper proposing » “Further Study of Pilot Workload” was submitted to the Flight Mechanics Panel of
AGARD. The paper pointed out that despite confurences, working groups, and AGARDographs devoted to the subject little
progress has been made towards formulating s readily acceptable definition of the term pilot workload nor towards recognising
suitabl:; techniques for assessing l~vels of workload.

It was concluded that:
i)  Pilot workioad is recognised as an impontant parameter.
il) Itis evidently difficult to define and use the parameter in & way that is acceptable to all who agree on its importance.
ili) A further effort is required to try to improve the situation.

The following paragraphs describing the Scope of the Study have been extracted from the original proposal.

“It is believed that in most cases the research worker who is required to make measurements of pilot workload does so
with the equipment and facilities that are available in his own laboratory or establishment — indeed sometimes these are
equipment that he has CREATED in his own laboratory. The net result is as many techniques, interpretations and definitions
as there are research workers — each of whom is usually addressing his own piloting task or sub-task in a way which exercises
and makes best advantage of his own methods etc. The result, as graphically exemplified by AGARDographs 233 and 246, is a
universal inability to draw any comparisons between the work and conclusions of the many investigators in the field because
not only are difierent methods being used but also different tasks are being addressed.™

“By using carefully chosen and precisely defined piloting tasks it is intended that this study will provide the means of
collectir }, colating and comparing the methods, techniques, interpretations, opinions, and even definitions of specialists who
have expurience in the field of pilot workload.”

“Participants, therefore, are asked to provide a detailed account of the methodology they would employ in assessing
workload levels for onc or more of these tasks (see Appendices). It is hoped that participants will also identify the limitations of
their technique.”

The proposal was accepted by the Flight Mechanics Panel and in May 1981 individuals and organisations known to be
interested in pilot workload were invited to participate in the study.

The concept of a small and deliberately bounded study was particularly well received and fifteen people expressed their
firm intention to participate. How. ser, despite the initial enthusiasm only five contributions had been received by the end of
1982 and it became clear that for varcus reasons the original idea of a ‘pape: study’ was not going to be fulfilled within the time
. scale. It was acco1dingly recommendeui to the Flight Mechanics Panel that the study in its original form be abandoned. Because A
° of the substantial interest shown in the study the Panel decided in 1984 that an attempt should be made to produce an
AGARDograph containing as much as possible of ihe information hoped for in the study. Although many of the chapters do
‘ not conform entirely to the original idea of a “deliberately t ounded study” this AGARDograph should provide a uscful guide
i for the persc:i wishing to assess pilot workload for practical reasons; it is not writien fur the research scicntist interested solely
o in laboratory experiments.
: The first chapter consists of a brief introduction to the subject of pilot workload together with an overview of current
techniques for assessing levels of workload with particular reference being made to those of practical importance. Each of the
remaining fifteen chapters describes one or more techniques presently available — or likely to become available in time. Several
of these techniques have been used in practice with some success; other techniques, with varying degrees of development show #
promise for the future and are thereiore also of inte est. Hopefully, the reader will be able to find a technique or, more iikely a
combination of techniques, to suit his or her purpose.

The Flight Mechanics Panel is ve.y grateful to all the many contributots who have given gencrously of their time to
produce this valuable contribution to this important topic. Particular credit goe- * * the Editor, Dr A H Roscoe, who has used
his expertise in this field together with his practical experience of flying to coordinate individual papers into a unique guide to
this subject
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CHAPTERI
INTRODUCTION
by

Alan H.Roscoe
Britannia Airways Limited
Luton Airport
Bedfordshire LU2 IND
UK

1. DEFINING PILOT WORKLOAD

Tiee term pilot workload is being used increasingly by those involved in the design and opewion of modern aircraft. But a
review of current literature on pilot workload makes it abundantly clear that there is still no gencrally acceptable definition of
the term; nor is there any agreement on the best way of assessing it. Despite a large aumber of published papers and severi ]
seminars and workshops on the subject there has been little progress since the last Flight Mechanics Pancl AGARDograph on

i pilot workload was published in February 1978. And yet in any discussion about pilot workload it is important — if not

Q;malic — that there is a common understanding of what is meant by the term,

In the Introduction to that carlier AGARDograph ﬁmns suggested that “it may be useful to consider workload as a
multi-faceted concept, prirary facets being formed by the three variables: demands of the flight task, pilot effort, and results,
Minor or secondary facets can then be formed by the various methods used for assessing levels of workload. These will be
largely dependent on the experience, discipline, and interest of the investigator™, In 1982 O'Donnelt fined workload as
*..an hypothetical construct which conveniently describes th: interactions between multiple factors affecting the operator’s
response in an operational sysiem™. He went on to point out that “...ruch a broad and incomplete definition has value only if the
factors underlying them can he identified, and if metrics to assess these factors can be specified” O'Donnell identified three
broad categories of faciors winch contribute to workload, namely: taskload, operator variables, and response. Hart (3)Mferred
to workload being a subjective experience resulting from a combination of several different dimensions; the three main
dimensions being task-related, pilot-related, and outcome-related. Nineteen components of these main dimensions were
suggested by Hart as being important in creating the total experienc: of workload. In a later paper Miller and Hars (referred
to nine dimensions worth examining in detail when studying total workload: trsk difficulty, time pressure, own performance,
mental effort, physical effort, frustration, stress, fatigue, and activity type. <

The multidimensional nature of pilot workload has been accepted generally but with varying degrees of emphasis on the
different aspects. For example, engineers conceined with predicting levels of workload for aircraft yet to fly tend to interpret
workload as a set of demands (5)(G), although in this case the term 7tasklnad’ would be more appronriate. And those
investigators who measure performance as a means of assessing workload are inclined to cmphasise the outcome-related
aspect (7)(8).

Probably the most favoured interpretation of workload is pilot-related, usually in terms of effort, Using a questionnaire,
Ellis and Roscoe (9) obtained the views of some 350 military and airline pilots and concluded that more than 80% of
professional pilots think of workload in terms of effort. It s @dso an interpretation that agrees well with the intuence on the
piloting task of such individual factors as natural ability. training and experience together with physical fitness, age, and the
idiosyncratic response to stress.

The individual nature of pilot workload led Ellis and Roscoe (9) to propose that a modified version of the definition used
by Cooper and Harper in the introduction to their Handling Qualities Rating Scale ( 10) would be must appropriate, namely:
Pilot workload is the integrated r.ental and physical effort required to satisfy the perceived demands of a specified flight task.
There is evidence that the failure of a pilot to perceive the demands of a flight task correctly has been a causative factor in
several uccidents, and so the reference in the above definition to this aspect of workload reflects its importance. In discussing a
conceptual framework for analysing workload Hart and Sheridan (1 1) refer to "..the operaters perception of what is required
that is the proximate driving force behind the strategies selected and the resources committed, ..

Of course, not everyone will agree with Ellis and Roscoe's definition of pilot workioad but it is probably worth bearing in
mind uniil presented with a more acceptable one. Other interpretations will be evident in later chapters.

2. THE NEED TO ASSESS PILOT WORKLOAD

Modern combat aircruft, with their incrensingly complex systems and the need 10 fly faster and lower 1o avoid
sophisticated defence systems, generate high levels of workload for thieir crews, But the level ot vorkload must not be allowed
1o become too high if performance is not to suffer. Comsequently there is a strong requirement to be able 10 assess workload at
all stages in the design and development of these aircraft. This point was underlined by Milam (1 2) during a discussion on pilot
workload in single-scat fighters when he stated: “Wor kload measurements, whether subjective or objective, should be available
much earlier in the design process so that design options can be intelligently considered™,

T .= introduction of flight management conipuicrs and improved autopilots into civil transport aircraft has tended to
reduce the demands on the crew so that it is now necessary to optimise workload — rather than reduce it — to improve safety.
And so, &s with combat aircraft, it is important to evaluate the different aspects of workload at all siages of development
(11)(13).
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In the early Jdesigh stages of projected systems, procedures, or aircraft it is most convenient to be able to predict levels of
workload for different operational scenarios. Eventually, of course, such predictions will nees! to be verified by assessing
workload in real flight (14)(15).

In the case of civil transport aircraft the findings of the President’s Tazk Force on Crew Complement (16) have stimulated
further effort into developing more reliable techniques for assessing workload — particularly in flight — in order to satisfy
certification criteria for new sircraft (15)(i 7j(18)(19). The assessment of workload secifically r.dated tc crew compiement
certification i3 described in Chapters 3, 4, 10 and 14,

mmnumceomneTnkForeeﬂndmphumdoubtuﬂybemhndympombkforunpmpondemotdacng:m
of techniques and flight triaks to assess workload in civil transport aircraft in this AGARDograph and in other reports.
other hand, themdﬁuldifﬂcuhyofmmn;wmﬂondhcombmlimﬁ.togethermththeauuoummpnuuond
physiologicr] responses neceasitated by the possible effects of physical stressors, such as ‘g’, tend to discourage the use of
similar techniqu~s in military aviation.

For some yoars the cvaluation of new or modified systems or operational procedures — apecdlythosemtedwuh
the rr . re demanding phascs of light — has often included some form of workload assessment (20)(21). Valuable
develoging acceptable techniques has been vb'rined during fiight trials, for example, to evaluate ski-jump take-offs (22).|nd
low vizibility approsches and landings (23).

3 TECHNIQUTS FOR ASSESSING PILOT WORKLOAD

The scan:h for reliable techniques for assessing pilot workload, especially ones that can be used in flight, has
occupied a large number of researchers during tive past decade or 30. Various techniques have been examined in a multitude of
experiments; in particular, the increased availability of general aviation trainers (GAT) in research laboratories has appareatly
encouraged a marked increase in the number of projects involving pilot workload. Unfortunately, of the many different
techniques that have been proposed most are appropriate only for use in the carefuliy controlled conditions of the labe>ratory or
flight simulator (1)(24)(25)(26).

Several criteria for workload assessment techniques have been proposed by various authors, they inchude semaitivity,
diagnosticity, sclectively, intrusiveness, concordante, reliability, operator acceptance, and conveaience (26)(27)(28)(29)-
Additionally, when assessing workload in aircraft the techniques must be compatible with flight safety (20). Whilst it might be
reasonable to strive to satisfy many of these criteria in laboracory studies it would be impracticable to apply them too rigorously
in the real world. For example, the need for increased sensitivity has been underlined (30}, but variations betwoen pilots, and
cven within the same pilot from time to lime, may be greater than any small differences in workload detected by an unduly
sensitive technique. As well as being unneceasary such a technique could well be a disasdvantage when assessing workload in
Right,

The increasing use of advanced autopilots and ﬂummmlgemlcomputenhn.especullymuvutmponmnh
caused a substantial docrease in the physical content of the total workload with a consequent relative increase in the cognitive
or mental content. This change, which has been underlined by acveral authors, has sdded to the problemn of assessing workload
whatever techniques arc cmployed (31)(11)(15).

The various techniques for assessing pilot workload can be classified loos:ly into three groups: objective, subjective and
physiological.

3.1 Objective Techniques
These can be further divided into performance measures and analytic techniques.

3.1.1  Performance Measures
-There is und~ubtedly a relationship between workload and performance even though it may not be: a simple one (11), but
performance is nox the only criterion — what it coste in terms of pilot effort and how likely is a pilot to become overloaded is of
cmicial importance. For instance a pilot may exert more cffort and increase his workload as the demands on him increase to
maintain prrformance. Conversely, as appears to happen more and more often to-day, thc demands on him may be reduced
and performance may suffer as "he perceived workload becomes less due to complaceucy (32). A relationship of this kind
preciudes the use of performance alone as a reliable means of assessing workload. Nonetheless, it is important when assessing
workload to define performance criteria and then to monitor the result. Instrumented aircraft and external measuring devices,
\such cs kinethsodolites sited on airfields to monitor approaches and landings, are ideal (17)(20). This is rarely possible but the
use of video cameras {o record crew activity and cockpit instrumentation is an alternative way of inonitoring performance —
used by several investigators (19), (sec also Chapters 10, 13 and 16). Occasionally onc 1.." :ht have to resort to harnessing the
competitive instincts or desires for challenge, present in most pilots, to ensure performance 2! a reasonably optimum level.

In Chapter 14 Speyer and Fort describe a comprehensive performance criteria analysia technique used by Airbus to
investigate the influence of new digital eqipment to be installed in the A310. And performance measures form an integral part
of an investigation into assessing pilot workload described by van de Graz’f in Chapter 16.

To overcrene some of the problems associated with measuring performance in the primary task to assess workload it is
common practice in laboratory experiments to use some form of ‘secondary’ or loauiag' task (33)(34). Sim.ply, the idea, based
on the concept of spare capacity, is to compare levels of performance achieved on the ‘loading’ task alone with levels achieved
when combined with the primary task. Various modifications to the basic technique have been inade in an attempt to overcome
many of the objections to the use of sccondary task techniques in real-life situations (25)(35): but at present their use in fight
does not seem to be all that practicable.
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snindedeeket anupurz discusses further the use of secondary task techniques; he also describes a novel version, the

embedded secondary task, using radio communications, which seems to hold some promise for future use in flight. Thls
techmquol!mldhuppmpruuhnlmmmnmmm:(appumm)wwumwnwﬂc
TLS approach as an example cf its use.

HnLhCth:.upnanydndﬂqw.m&&emmmdpufommnmm
(ime estimation) as well as on the primary task.

tasks ure also s part of the described by Donchin and Wickens in 6, and
T S L ket kg bt Oty

312 Andydc Techniques

As metioned eartier, many engineers and designers view workload in terms of the demands of the task. This is an
inter;, -otation of workload that sipports the use of anslytic s based on some foni. of time and motion study (S). Time-
kae analysis carried out in mockups, in flight simulators, or in real sircraft is used to build up a data store of physical activity
associated with specific scenarios. From these data modcls can be constructed and indices of worklond calculated, the taskload
for a particular task or aircraft can Le then predicted. As Milgram and his colloagues (36) obeerved: “The ability to snalyse
various aspects of crew activity during the carrying out of well defined flight sconu.. ; is of great potential value, both as a
developmental ool and for the design of flight decks and as an aid for ultimately complying with certification requirements”,

Analytic techniques have been used Ly several airframe manufacturers to satisfy airworthiness requirements on crew
complement — both trom the ergonomic and from the workload points of view (17)(6).

Later in this volume (Chapter 1), Stone, Gulick, and Gabriel of the Douglas Aircraft Company describe in detail the use of
task/time line analysis in the quantification of crew workload. The primary measure beir:® the ratio of the time required for the
task to the time available, within the constraints of a specific flight. An objective measure of workload sensitive enough o
differendate between alternative crew station layouts, displays, and controls is provided by a computerised technique based on
comparative analysis. Special attention is given to those high workload procedures considered to be of special significance by
designer.

The practical application of the methodoicgy is demonstrated by reference to the MD-80 crew complement certification
programme. In-flight collection of data together with the subsequent correlation analysis is of particular interest.

At Airbus Speyer and Fort used task/time analysis for the Static Taskload Analysis phase of a detailed programme of
workload evaluation for the certification of the A310 for two pilot operation (vee Chapter 14),

In Chapter 16 van de Graaff refers to the use of & video camera on the flight deck to monitor crew activity as well as to
observe errors.

3.2 Sudjective Techniques

Subjective reporting, in some form, by experienced test pilots is undoubtedly the most commonly used and probably the
most reliable way of assessing wurkload in flight presently available. This observation should not be too surprising as, in many
ways, subjective impressions of ho # hard a pilot is working — the amount of effort he has to exert to meet the demands of the
task — are most relevant. As Hart (3) said “Workload is a subjective experience™.

It Las been suggestod that subjective opinions are more reliable when a pilet is flying an acroplane manually and Sanders
(37) concluded that “the prospects of measuring mental load by subjective judgements sre not high™. On the other hand,
Butterbaugh (13) wrote “subjective methods will continue 10 be valuable tools, cspecially because of the cockpit trend towards
more moditoring and decision making tasks...”. Subjective techniques must, of course, always be sensitive to preconceived ideas
Mbhs.lndevideneetoﬁﬁxeﬂecthnbeenobwwedhupeﬁmoadlcﬂpﬂms(ﬂ)

Various techniques for obuaining subjective opinions exist ranging from simple unstructured interviews and
quanmumformelherlhd\nomﬁawduungmluformeduﬁngu@mmﬂ:ﬁtmhﬂqulmnyhvcme
advantage of simplicity and csa provide valuable information on workload but they rely heavily on a pilot's ability to recall
events and impressions that may have occurred somc time previously. Nevertheless . unstructured or structured interviews and
questiovnaires are worthwhile and can be used with udvantage to complement inflight measures (38)(39) (and Chapters 10and
11).

In Chapter 4 Ruggicro and Fadden describe a Pilot Subjactive Evaluation (PSE} technique for assessing workload which
was used successfully during Boeing 767 Minimum Crew Size certification flight tests. The PSE, consisting of a post-flight
questionnaire and a deoriefing interview, was used to obiain information from both: pilots for each test sortie. Data obtained in
this way were used to validate time-linc analysis and part-task simulator data in addition to providing final confirmation of
workload levels experienced in this acroplae.

As Hess (40) wrote “In all instances in which human opinion is elicited, there are definite advantages in obtaining
quantitative responses”. Well designed rating scales, used property, provide a relatively inc spensive and convenient means of
assessing pilot workload in a quantifiable form. The literature contains many references to different types of workload rating
scales; indeed, it would scem that most people involved in the subjective evaluation of workioad have designed their own scale!

The best known rating scale used in flight evalustion is the Cooper-Harper Handlking Qualities scale (10), famikar o many
test pilots and sometimes used — though mistakenly — 10 rate workload (41). The principle of the Cooper-Harper scale has
been used a8 2 model for several workload rating scales. For example, Wierwille (42) developed a modification of the scale
called the Modified Cooper-| wmmmmuwmmmmmmwmﬂy
compared with five other rating scales for assessing workload, it was that the MCH was t0 be preferred and was,
therefore, recommended for general use (43). Another ten-point rating scale based cn the decision tree design of the Cooper-
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Harper wcale, and using the concept of spare capacity. has been developed with the help of practising test pilots at RAE
Bedford (1 5). The use of this scale, which has already boon used extensively for rating workload in flight (15)(22), is referred to
in istrr chupters.

Also referred to later is a three dimensional rating scale known as the Subjective Workload A.ssessment Technique
(SWAT). The three dimensions of workload: time pressurc, mental effort, and psychological stress experienced are each rated
on a three point scale. An overall rating of workload is calculated from a combination of the three individual ratings by the
application of a conjoint scaling procedure. The technique requires a pretiminary scale devclopment for esch subject pilot
when the 27 possible combinations of ratings from the three dimensions are ranked (44)(45).

A fight simulator experiment to validate SWAT is described in Chapter 5 by Schick and Hann. The experimental usk
consisted of several 10 minute flights in an sirport terminal area each ending in an approach and landing, the levels of difficul. -
being varied from flight to flight. SWAT ratings were obtained for each of the six segments into which the flight was divided.

Presumably, a similar application of SWAT could bz used 10 assess worklosd in the S minute ‘standard’ flight task, the
approach and landing, described in Appendir. 1.

The SWAT _schnique and another interval scale (McDcnnell Handling Qualities Rating Scale) are used together with
pre- and post-flight ranking to assess pilot workload for eight different approach tasks in a study described in Chapter 15 by
van de Graefl.

1 Chapter 7 Biferno describes the use of a subjective rating scale which not only indicates ‘what' the rating is but also ‘why’
it should be so.

Hart and her colleagues at NASA Ames (4) (46) have designed a set of bipolar rating scales incorporating nine
dimensions related to workload. Although a single value for overall worklioad can be calculated the relative importance of each
dimension can also be determined for each subject.

More recently Hart and her co-workers (47) have evaluated in flight a simpler scale having only five dimensions, stress,
mental cffort, fatigue, time pressure, and performance.

In Chapter 15 a new two-dimensional rating scale with six subscales is described by Hert,; this scale can be used to obtain
an overall rating of workload. The importance of each of six factors is obtained by a simple pair-wise comparisca.

Undoubtedly, the most appropriate time to assess workload is during flight and especially during the particular segment
or task of interest (14)(1 5(42). Consequently the value of a rating scale will increase if it is capable of being used during periods
of high workload. There is some experimental evidence that subjective ratings given more than 15 to 30 minutes after the task
are less reliable (49). The time period or segment of flight for which the rating applics may vary considerably and so to minimise
the load on a pilot’s memory it may be necessary to request ratings at frequent intervals.

It has been argued that trained test pilots (47) or pilots given special training (8) are nccessary to use a rating scale
efficiently. But Roscoe (15) has reported that a scale developed for the use of test pilots has been used successfully by airline
oilots after only a brief introduction to the technique. The ease with which the scale was used was attributed to meation in the
scale uf spare capacity — a concept that seems to fit in well with pilots’ ideas of workload.

In general, ratings do not disrupt the primary task but it has been suggested that during periods of high workload ratings
mymtbepodbh.uddadnh(pemmreommmiuﬁon)wwrpdwdlodmowrumpilouﬂyiuhidupeedhwlcvel
sectors at night found it perfectly reasonable to give workload ratings on request, though on occasions the ratings were delayed
by a minuie or s duc (v prooccupation with the iving tusk. Odet nveatigatots have, likewise, (cporied delayed atings during
high workload phases but never complete omission (38)(39).

Rating individual componcats of workload may well be justified in a research eavircnment but it is questionshie whether
the increased complication is worthwhile in practice. For example, it is difficult to imagine a pilot considering several
dimensions of workload when asked (o give an instantaneous rating Juring a particularly demanding flight task. As Stein and
his colleagues (48) observed “..... this woukd make the worklnad response rexuirements more intrusive”. Nevertheless, it is
interesting to analyse the various constituants of total workload and also to determine their relative contributions during
different flight tasks. However, one has to be careful in solecting possible componeats, for example, stress is certainly a part of
workload — but the word stress is even more difficult to define than workload. And, because stress is used so frequently in
common language it has several meanings some of which are outside any scientific context; yet stress is a componemt referred to
in several muhi-dimensional scales (44)(46))47). On the other hand, the term pacing stress, or time stress — being much more
specific — must be worthwhile identifying. As Hart and her co-authors (47) wrote on the subject of multi-dimensional scales:
“One assumption that forms the basis of this approach is that individuals are able to assess the level of component variables
moreaesumelylndMymunycmmccmrwndewmlmwrumd‘.msmmmmmlyormnynolbc
Justified

Workload rating scales are not always the prerogative of pilots, the same scale as that used by pilots or a different scale
may be used by experienced observers to evaluate a pilot’s workload. Two different acales, one a five point scale and the other a
seven point scale, were used by pilots and obeservers respoctively to evaluate workload in the Airbus AJ00FF workload trials
(17). Later, during the A310 certification a seven point scale was usad by both pilots and cbeervers (see Chapter 14). British
Aerospace used the same ten point scale for both pilots and observen during the flight evaluation of the BAc 146 (36)(Chapter
10). Akhough cbeervers' ansesaments of workload must necessarily be incomplete, for instance mental activity can only be
surmised, surprisingly good agreements between pilots’ ratings and observers’ ratings have been reported (17)(39).
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3.3 Puysiclogical Techniques

It is simpie, convenient, and economical to assess workload by using a rating scale for pilots and, where practical, for
observers, But the possibility o . tiing misleading data from inappropriate ratings lends support to the idea of using a second
technique to augent subjective opinion (15)(30). The technique of measuring physiological variables to assess workload has
heenundfor‘:mym? a variety of (M dlnn,mpmiculz.hmymmuudumhnmhhuu
heartrate and respiratory functions; however, mephydcneﬂonlnvdvedinpnodqamodemnmphnedmn;nomd
manoeuvres it generally very low. But even though control forces are minimum, a pilot manunlly flying an seroplane where
precise and frequent control inputs may be required, as on landing, has a significant degree of neuromuscular involvement
which can be retected by changes in u physiological variable such as heart rate (20). However, a1 the mental load, monitoring
systc.us and making decisions, is becoming an i » of total workload — even in combat aircraft --
phyziological moasurce have to be sclected carefully and used with great caution. Despite the many physiological varisbles
lnt::nedmhbomoﬁunndMumnmuonwrkh.d(%)(il),aﬂynfwmmuﬂefwemmwoﬂmm

L

As an increasing proportion of present day workioad is mental, techniques that involve measuring brain activity must have
an intuitive appeal. The eclectrical activity associsted with brain functions can be recorded superficially a3 the
electroencophalograph (EEG) and techniques such aa the event related potential (ERP) based cq this phenomenon have been
developed specifically o determine mental load (32)(53)(54). As Doachin and his colleagues (30) pointed out: "The study of
cognitive workload and of the allocation of ing resources to several tazks performed concurrently is, in fact, the area of
research that has profited from the incorporation of FRP measures”. Although not quite ready for routine usc in aircraft some
of tive more advanced techniques using computer assisted analysis are worth considering for future use and two examples are
described later.

Denchin sad Wickens (Chapter 6) describe the practical application of a technique based on the Event-Related Brain
Potential (ERP), and on the Sternberg Momory Search Task — two converging methodologies — 10 assess changes in workload
during tive 5 minute ILS approach and landing task defined in Appendix 1.

The problem of assesting operationally relevant mental workload is addressed in Chapter 7 by Biferno who, in the context
of automated systewns, considers pilot workioad as language based mental activity. In addition to describing the use of a
subjective rating scale for assessing tisental workload Biferno alsu deacribes a technique being developed that uses a standard
synthetic speech signal to elicit ERPs during flight.

Theeyaobvimuly umudmkmﬂmmluophmwheﬂmﬂupﬂmhhﬂyhthem"dhopotvhﬂhemﬂdy

i t aspects of visual function have been suggested as being suitable variables for assessing
mtbadao)mmdeyemhweyepcintoln.udhnvebemundmpuﬁc\mnomnevianl
components of workload (55) but abo as a means of estimating total workload (56). There is also some evidence that eye blinks
may indicate changes in an individual's neurological state that are related to mental wurkload (57).

ODonnell and Wilson (Chapter 8) consid=r that some physiological variables may be more specific than others and
might, therefore, be used to complement each other. In referring to the Neuropsychophysiological Workload Test Battery
(NWTB) currently being evaluated by the Unitod Siates Air Force, it is suggested that transient cortical evoked responses and
eye blink behaviour contribuie complementary information about workioad. These authors describe the practical use of these
mocasures in asscsaing pilot workload during the approach and landing.

The psychophysiological techniques recommended by G'Donnell and Wilson should provide valuable data on the central
information processing component of the piiotng task as weil as 0n the overail workiond. But, whilst the iechnique shows
muﬂMﬂhmﬂedWWhmhmmmwmﬂanﬂma

practicsl proposition at present.

Tole and Harris (Chapter 9) diacuss the measurement of eye point of regird to obtasin information conceming workload
during instrument flight. These authors suggest that the techniques of monitoring instrument scan patterns may be a potential
candidate for workload assessmen during the toowing:

{8) Any situation in which instrument flight is required as part of the overall tagks.
(b) Alterstions in the denign or luyout of cockpit instrumentation.

(c) Changes in controls which require visusl monitoring.

(d) Situations in which lovuls of fatigue may be unduly high.

Tole and Harris do underfine the fact that instrumment scan slone is not a complete indicator of workload, nevertheless, the
tochinique may well be a useful complenent when combined with others — for example, with a secondary task performance
measare (Chapter 9).

mmwwMhmmhﬁ.hnhnnm(lsx”)(ss)g-).hnmuddeto
use and is non-intrusive. Heart rase recorded and diaplayed in best-10-beat, or instartanoous, form hag the added benefit of
demonstrating sisus arrhytivaia which, capeciallly in the absence of changes in mean hoart reis, can be used w0 indicste changes
in momtal load (60)(61).

lunmhmmmmunmmwdm(xsxsoxomso).um
technique is described further in later chapters.

nhmmmunm(m-amus)mw-wnudmmuqhunma
to support subjective ratings from handliing pilots *ham from co-pilots.
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The use of physiological variables to assess workload is bused largely on the assumption that they reflect the level of
neurological arousal determined by the demands of the flighi task, i.2. by workload. It is important not to confuse emotion-
induced arousal with task-induced arousal; unlike subjects taking part in laboratory experiments experienced professional
piiots' heart rates, for example, are most unlikely to be influenced by emotional stressors during demanding Right (62)(63).

Several writers have criticised the use of physiological measures because of the lack of specificity or diagnosticity.
Certainly, variables such as heart rate and sinus arthythmia tend to be non-specific and to indicate only global workload — but
often that is what is requived in practice.

3.4 Combined Techniques
There is now strong evidence tht a combination of different techniques provides the most reliable means of assessing
workload in flight. Some form of subjective technique supported by a physiological measure appears to be a popular
combination. Donchin, Kramer, and Wickens (50) considered that “there are circur - vtances in which subjective reports need
augmentation, and in a subset of these circumstances ERPx may be very useful.” A good correlation between heart rate and
respiratory frequency, subjective ratings, overall performance, control activity, and model results has been reported by van de
Graaft (58). /

In Chapter 10 Wainwright describes the successful use of a battery of measures during a mini-airline flight trial to
certificate the BAe 146 for two pilot operation. Subjective ratings from the two pilots and a flight observer during each sortie
were complemented by post-flight questionnaires. The heart rates of both pilots were recorded continuously as 4 means of
augmenting subjective ratings. Two video cameras situated on the flight deck recorded activity and performance. In part 2 of his
chapter Waiawright suggests using a similar methodology for assessing workload during the hypothetical § minute approach
and landing defined in Appendix 1.

Lidderdak: (Chapter 11 Part 1) describes the low level flight trial of a combat aircraft in which crew workload was a most
important issue. Workhad assessments were obtained from a combination ot in-flight subjectivc ratings using the Bedford
scale, continuous recordings of heart rate from pilot and navigator, and post flight ratings using pairwise comparisons. A
critical examination of the results of the two subjective techniques shows a nigh level of agreement thereby appearing to support
strongly the use of in-flight ratings using the Bedford scale. In Pat 2 of Chapter 11 Lidderdele s 1gests using the same
technique — with some ceservations about the use of an in-flight rating scale in a single- seat aircraft — for the hypothetical §
minute combat task (Appendix 2).

In Chapter 13, Muir and Elwell consider the implications of using a staged approach to the problem of analysing pilot
workload in helicopters. They also describe the methodology - using a combination of subjective ratings, heart rate
recotdings, and video recordings, — to be used for assessing pilot workload during a torthcoming flight triai for the British
Army. Clearly, this methodology may be applied directly to the hypothetical 5 minute helicopter flight task specified in
Appendix 3. :

For assessing woi kload during the ‘rtandard’ approach and landing task (Appendix 1) Roscoe (Chapter 12) recominends
using in-flight ratings, obuired by means of the Bedford scale, augmented by recording pilots® heary rates.

Speyer and his colleagues at Airbus (Chapter 14) favour a combination of static and dynamic methods which include
analytical techniques subjective ratings, performance ineasures, and hieart rate.

In Chapter 15 Hart recommends the use of heart rate and sinus arrhythmia along with performance measures, task
analysis and subjective ratings toimprove the precision of workload evahuasion,

van de Graaff in Chapter 16, describes a comprehensive expenmental progiamme in which scveral techniques for
assessing workload during different 2xperimental landing approach tasks are evaluated. Heart rate is included in the battery of
techniques along with pilot ratings, primary task measures {control activity, task performiance, and error frequency), and model
mearures (control effort and decision load); in addition, time-motion parameter, secondary task performance, and crew- l
activity analysis using video recordings are used.

It should be noted that presently available techniques for assessing workload in flight do not result in absolute values.
Rating scales and physiological variables are measures only of comparison; in other words, there has to be some form of
standard or baseline whether defined in the experiment or as a function of a pilot’s experience.

BRecause of the high cost of ftying acroplanes and the necessity eventually to assess workload in flight it is worth pointing
out that although statistical probabilities are important they cannot be considered as definitive criteria for evaluating workload
data.

4. SUMMARY AND GUIDANCE

‘The main purpose of this AGARDograph is to provide guidance for the reader who may wish to assess pilot workload in
practical situations — rather than to be a comprehensive treatise on the subjoct. It has to be admitted, though, that at present
workload cannot be assessed with any degree of precision or scientific certainty; nor is it likely that any significant improvement
in the ‘state of tine art’ will occur during the next decade. Nevertheless, cautious use of techniques selected from those described
in the following chapters should provide valuable information on workload for designers and operators of acroplanes as well as
being of msistance in satisfying certification requirements.

Some techniques may be more appropriate than others for a particular requirement, for example, analytic techniques are
more relevant during the design stage when attempting to predict workload. One advantage of using time-line analysis (see
Chapters 3 and 14) is that the technique may be combined with some of the ergonomic studies associated with cockpit design.
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Anexercise of tnis type would be most apprupriate ir: the design of advanced flight decks incorporating new systems. However,
usc of pre-flight analytic techniques can pruve to be un expensive exercise and the anticipated overall cost might well be of
concern.

During the last few years Airbus, Racing, and McDonnell-Douglas have smployed analytic techniques with notable
success in the design nad certification of new aircraft such o+, the A310,B757 #- : 767, and the MD-80. British Acrospace, on
the other hand, Jid not consider it necessary to uss pre-flight techniques when assessiag workload on the BAe 146 with its more
conventional flight eck. But, as Sulzer, Cor and Mohler wrote (14), “Final evidence of design adequacy is developed in flight
tests becanse nether simulation nor analyris, without actual flight operations, can provide total substantiation that workload
and crew duties are satisfactory when compared to existing operational aircraft.”

Unfortunately, the choice of technique for use in fiight is not a simple one. Whilst it is essential to moritor performance of
the primary task when assessing worklead the benefit of actual measurement as an asscssment technique is less obvious. At
Airbus, Speyer and Fort measured performance to compare workload levels for specific tasks (Chapter 14). Measurement of
performance on secondary tasks has been suggested by other authors (see Chapters 2, 6, 15 and 16) but suitable techniques are
not ai preser.; readily available for practical use in aircraft — although some do show promise.

From the view poiat of economy and ease of use, some formof subjective technique — a rating scale, perhaps
complemented by a post-flight questionnaire — must be considered. If possible ratings should be caputle of being given during
tlight without intruding into the piloting task. The Airbus and the Bedford scales (Chapter 10, 11, 12 and 14) are reladvely
simple and have been used successfuily in flight on muny occasions; but they result only in oversll ratings of workload.
Individual components of workload may be assessed by using the somewhat more complicated and sophisticated SWAT
(Chapter 5) or the scale described by Hart in Chapte: 15, Post flight questionnaires, such as those described by Ruggeiro and
Fadden ﬁapter 4), by Wainwnight (Chapter 10), and by 1 idderdule (Chapter 11) can be used alone or in conjunction with
other techniques and, being relatively simple to administe), have an undoubted value.

In view of the questionable reliability of subjective reporting of workload by pilots there sezms to be a clear advantage in
augmenting subjective data by means of an additional technique. There is increasing evidence that a number of physiological
indices recorded from pilots may be used to compt~ment their subjective assessments. In this respect, heart rate appears to be
the most useful at present; it is safe, unobtrusive, and readily accepted by pilots. The technique, with modifications, has been
used to assess workload in flight for over sixteen years by Roscoe (Chapter 12), and more recently by Wainwright, Lidderdats,

.and Speyer and his colleagues (Chapters 10, 11 and 14). Hart and van de Graaff (chapters 15 and 16) have also recorded pilots’

heart rates in flight during experimental studies. Plots of beat-to-beat heart rate can be used not only to augment subjective
ratings of workload over specific time periods but also to identify short term changes in workload that may not be readily
apparent subjectively or by observation. In addition to using heart rate per se heart rate variability (sinus arrhythmia) can be of
help in assessing mental workload for pilots engaged solely in monitoring.

Other physinlogjcal variables, eye movements, eye blinks, and, especially, evoked responses form the brain (Chapters 6,
7, 5,and 9) might well have a practicai role to play in assessing workload with further development.

The prospective user is encouraged to select techniques suitable for his or her needs -- further details being available from
the relevant authors or from references cited in their chapters.

The iable below summarises the main techniques featured in the different chapters.
CHAPTER 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

OBJECTIVE
Performance measures
(inchuding video) X
Secondary task techniques X X X X
Time-line anatysis X

14
»
>

1>
1>

SUBJECTIVE
Questionnaires X X X
Rating Scales X X X X X X X X X

PHYSIOLOGICAL
EEG (ERP) X X X
ECG Heart Rate
(inchuding HR vari~ uility)
Eye movements and blinks X X
X used success’ully in practice

>
14
I
»
I
I
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CHAPTER 2
IN-FLIGHT WORKLOAD ASSESSMENT USING EMBEDDED SECONDARY RADIO COMMUNICATIONS TASKS

Technology, Inc
4401 Dayton-Xenia Road
Dayton Ohio USA

N

\ Traditionsl Secendary Task Measures
1 widely accepted conceptual framework which farms the basis for many workload measurement techniques represents
Q the human operstor as a limited capacity information processing system. According to this general model, workiond may be
defined as the degree to which the operator’s processing capacity is occupied by mental activities. Overload, and resulting
T performance decrement, uccurs when capacity is insufficient to —ect task demands. Since the momentary capacity of the
op srator is unknown and submaximal workload levels cannot be ini..ired from his or her performance on the task of interest, an
indi~=ct measure can be obtained by evaluating the amount of spare capacity available under a given set of task conditions.

The behavioral approach to assessing spare capacity involves the use of the secondary task technique. In this method,
operatots 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 excoeds the operator’s capacity, workload can be by observing the difference between single task and dual task
performanqes. As noted by Ogden, Levine, and Eisner, (13 secrndary tzaks can be employed in two ways. Used as a loading
techniques, the method requiics subjects to perform the secondary task under all circumstances with the intent of dispiaying
overicad cffects in primary task performance. When secondary tasks are used as a worklond measure, performance on the
pﬁmthmphﬁudmmqtﬂpdomhohavdummdmmamepﬁmu? -
Although specific research questions may require a choice of one of these applications, combined task decrement may also be
used as an estimate of mutual interference and workload (2).

Unlike time-based analytical methods, the secondary task approach to assessing spare mental capacity has the potential
for being sensitive to the degree of mental effort or attention devoted to information processing as well as to the temporal
aspects of workload. The secondary task technique has the further advantage of producing a measure based on task
performance, which is the variable that all workined measures ultimately must predict if they are to be of any value.

Although secoadary task methodology has proven to be a useful technique for the investigation of cognitive processes, its

practical application as a workload measurement tool has often been confined to the earliest stages of aircraft system design. As
Schifiett (3) has noted, most workload measures have been developed for, and are most applicable to, the laboratory
environment in which highly controlled, part task studies of workload can be conducted. When subsystems are combined to
evaluate mission performance in the context of Ligh fidelity simulations or flight tests, many workload assessment methods
become difficult to employ because they are impractical or present potential safety hazards. As a result, workload
measurement at the critical later stages cf system development is often performed using relatively informal and qualitative
techniques.

Three specific problems are encountered when traditional laboratory secondary tesks are considered for use during
advanced development cf aircraft, One practical problem is the physical instrumer.iation of the secondary task. In a flight test
environment, and to a lesser extent in a simulator, introdu-ing or adding any extra equipment to the crew station may be
unacceptable. Even when sufficient space can be reserved, th e possibility of obstruction or distraction caused by the additional
instrumentation can limit the feasibility of using the seconda.~’ task.

A second problem with the implementation of secondary tasks is {ae possibility of intrusion on primary flight duties.
Although sonie performance decroment may be tolerable, task interference can easily complicate the interpretation of data in
test environments where measures of all performance varisbles may be unavailable. A more serious consequence of primary
task intrusion in the flight test environment is the potential for comprumising flight safety.

The final factor timiting the use of secondary task measures is operator acceptance (4). Whether used to induce stress or to
measure reserve capacity, a secondary task is likely to produce misieading data if the operator fails to integrate it with his
normal duties. Acceptance is a potential problem with all laboratory tasks becausr they are obvious, artificial wdditions to the
crewstation and have little face validity or congruence with the general performance situation. Such test conditions can lead the
operator to neglect the secondary task or, because of its novelty, al’ow it to assume an artificially high priority. Thus, lack of
operator acceptancs can become a major contributor to primary task intrusic: as well a2 a sour-e of measurement error.

Embedded Secondary Tasks

The embedded secondary task methodology was Jeveloped by Shingledecker et al (5) (6) to improve the practical utility
of dual task measures for in-flight workload assessmert, while retaining many of the acientific advantages associated with
traditional laboratory socondary tasks. The concept of the embedded secondary task is based oa the hypothesis that
instrumentation: limitations, task intrusion, and poor operstor acceptance can be minimized by designing secondary tasks
which are fully integruted with system hardware and with the crewmember’s conception of the mission environment. By their
nature, such tasks are realistic components of crewstation activity, yet their performance can be manipulated and measured
independently of the primary activities of interest.
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While several classes of aircrew activity are potential candidates for isolation and use as embedded tasks, radio
communications tasks are particularly suitable for this purpose, The radio communications which are most useful as embedded
tasks are those initiated by a message sent from another sircraft or a ground controller to a pilut whose worklesd is 10 be
assessed. Upoan detection and identification of a relevant message, the pilot must engage in a sequence of veroal responses and
radio switching activities in order to meet the demands of the communicated request.

Such tasks cloeely resemble the nonadaptive discrete secondary tasks used in numerous workload studies and have many
properties of good measurement tasks. Communications call upon a ¥ide variety of information processing abilities and can be
varied along several dimensions of complexity. Furthernvore, no auxiliary crewstution equipment is necessary to coatrol the
experiment or to collect performance data. The opportunity for obstruction or peripherz! interference is also minimized si.. »
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 witli by the pilot’s free hand. Most itaportantly, communications tasks are an integral part of a
pilot's in-flight duties. As a result, lengthy training requirements are eliminated and high fuce validity is achieved. Additionally,
the realistic nature of the activity makes artificial task interactions improbable because the pilot has predetermined priorities
aasigned to communications and other cockpit functions. These features muke communications activities especially valuable
for use as secondary tasks since pilots consider them to be important, but will normally devote less attention to communications
as more crucic! tasks become difficult to perform.

DESCRIPTION OF THE TECKNIQUE

Task Selection

The use of radio communications activities as embeddsd workload measures for high fidelity simulation or in-flight
environments requires carvful selection of the communications tasks to insure both realism and valid measurement First, a
group of candidate tasks must be identified which are relevant to the aircraft and mission of interest. Appropriate tasks may be
obtained by interviewing operational pilots. In documenting these tasks, particular care should be taken to specify all verbiage
used by the sender and receiver of the radio messages as well as the manual control actions required of the aircraft member.
Additionally, the typical frequency and tume of occurrence for each task should be noted.

Tasks which do not appear in the majority of interview responses or which vary in procedure among protocols should be
eliminated fr~.n the group. Furthermore, those task; which tend to take precodence over aormal aircraft control functions
should be avoided. For example, messages communicating threat would undoubtedly alter a pilot's normal attentional
priorities and *vould shift any workioad induced performance decrement to primary flight tasks. Some sample tasks which were
obtained from single set fighter attack pilot and which meet the requirements discussed above are shown in Figure 1.
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Traditional disrrete trial laboratory secondary tasks insure comparabifity of individual data points by repeating identical
stimuli Since communications tasks are not obviously comparabie in their i..ormation processing demands, a second step that
must be taken in task selection is workload scaling. Such scaling permits the experimenter to select a realistic combination of
tasks for use in workload measurement which present equivalent estimated subsidiary loading levels. Shingledecker and his co-
workers (4) evaluated three alternative aprioti scaling techniques to achieve this purpose. Of the analytical and subjective
methods which were tested, an information theoretical approach produced the highest correlation with dual task decrement
scores.

This scaling technique is based on the assumption that the mental workload of communications tasks can be predicted by
assessing the uncertainty associated with the reception of stimuli and execution of responses required of the pilot. Once a radio
message is detected, the pilot must make two perceptual decisions to identify the intended receiver of the message and its
sender. According to information theory, the demands associated with each decision can be estimated by determining the
numur of potential receivers and senders in the scenario and calculating a bit measure of the uncertainty of the decisions
(log2N). Thus, a message beginning with “Dogbone, this is Powder. . . .” would require the reception oi 2.32 bits if there were
! five active receivers on the radio channel, plus one bit if there were two active message senders in the scenario.

e v vy A

Following these perceptual decisions, the pilot must make action decisions in response to the instructions received.
Action decisions may require verbal and/or manual responses, and again may be quantified by determining the number of
alternative actions that could be made. Thus, if a UHF radio channel change were required, the action sequence might involve
the selection of a tuning mode with two alternatives (1 bit), turning a rotary control to one of twenty preset channels (4.32 bits)
and pressing a microphone switch with two-positions to ackrowledge the message (1 bit).

While verbal response decisions are more difficult to quantify in the information theoretic metric, a majority of these
behaviors can be classified into one of two types. The simplest activity is a message confirmation which involves simple
information conservation. Within this scaling method such responses are assigned a vatue of one bit. The second type of

,  response requires the pilot to select a new receiver from cmong those active in the scenario and to report some information
from cockpit displays or the external visual scene. In these cases the verbal response requirements are computed by summing
the bits associated with selecting from among the available receivers, and adding a single bit for the report.

An overall estimate of the loading presented by a communications task is derived by summing the bit values calculated for
all perceptual decisions and for each manual and verbal action decision in the task sequence. While this quasi-information
theoretic method relies on assumptions of equiprobability of alternatives and independence of sequential actions, empirical

‘tests indicate that it provides a reasonable estimate of secondary communications task loading. Values calculated for a set of
candidate tasks may be used to select tasks with approximately equal load for workload assessment within a single flight
SCEnario.

Workload Assessment

Once usable communications tasks are identified, their application for workload measurement closely follows the
procedure normally used for traditional secondary tasks. Prior to testing the aircrew subjects should be briefed on the
workload assessment procedure, emphasizing that their responses to some of the communications messages that will occur
durnng the flight will be used o measure workload. They should be told to respond to these messages in anormal fashion, and to
maintain primary flight task performance under all conditions (ie, the communcations should not receive extra cffort not
afforded them in typical flying situations). Thus, they should respond to communications as quickly and accurately as possible,
but not at the expense of primary flight control and management.

Prior to the test flight each participating pilot should review the communications tasks to be used for workload
assessment. Finally, baseline single task performance should be recorded for each pilot on each of the tasks. This can be
accomplished by presenting the tasks prior to take-off while the pilots are seated in the cockpits and are able to devote their full
attention to the tasks. Performance scoring in both the single task baseline trials and in the in-flight test condition is
accomplished by measuring each communication task completion time to the nearest 0.5 second. Times may be recorded
manually bezinning with the onset of the sender’s message and ending with the final word of the pilot’s response which
completes the task sequence.

During the test flights the communications tasks should be presented to the pilots in accordance with a specified protocol
developed to address the workload question of interest. Relative differences in workload between mission segments, cockpit
design options etc are determined by comparing the magnitude of the difference between total task compleiion times for the
baseline single task tests and the in-flight tests.

EXAMPLE OF USE

As in most other available workload measurement methods, the secondary communications task technique provides data
which are interpreted in terms of comparisons among baseline conditions and various test conditions. Thus, no single example
can address the potential range of workload questions or experimental design to which the {>chnique is applicable. The
example outlined below involves a hypothetical cockpit/system design issue. Equivalent examples could be developed to
examine other comparative topics such as the impact on workload of flight experience, stressors or environmental conditions.

In the following case, the goal of the operationel study will be to determine whether a new flight control system proposed
for a twin jet transport aircraft reduces nilot workload during instrument approach and landing. It is assumed that previous test
flights have revealed no objective evidence of major differences in flight performance between the current system and the
proposcd system. Two aircraft are available for the test, one equipped with the current flight control system and the other with
the new system. Furthermore, five pilots who have equal flight time in the current system and have been thoroughly trained with
the new system are available as test subjects.
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Three types of communications tasks have been selected and scaled for use in the workload assessment. Each of thesce is
initiated by air traffic control, but could be presented by an on coard observer whose microphone is patched-in to the radios.
The three messages are: 1) a request for radio frequency change (eg “FLYWAY 219, Contact approach on 118.17), 2) a request
to change transponder codes (eg “FLYWAY 219, Squawk 5133", 3) a request for traffic information (¢g "FLYWAY 219, do
you see DELTA 1011?"),

The pilots are briefed on appropriate response procedures and single task bascline performance is timed before the test
flights. Each pilot flies the standard approach and landing twice in the current aircraft and twice in the aircruft equipped with
the new flight control system, The four flights are accomplished in a randomized order determined for cach pilot. Data from any
apypeoach and landing which does not meet the flight performance requirements specified in the experimental protocol are
rejected and the trial is repeated.

The secondary communication tasks are relayed to the piiot according to a predetermined schedule starting with the
initial tramsition to approach and ending with the touchdown. Six tasks (two of each type) are presented in addition to normal
communications during the final five minuvics of flight. Performance i scored by computing the time diference between
baseline single task performance for cack communication task and the performance during cach occurrence of the task in flight.
Mean decrement scores are computed for each task under the current and proposed flight contrul system and proposed flight
control systen: conditions. A statistically significant reduction in dectement scores when using the new system would bhe
interpreted as evidence for improved workload as a result of the design change.

LIMITATIONS

Like other operational test methods, the embedded secondary communications task technigue can prosent problems of
experimental control and precision of measurement which may affect the sensitivity of a workload assessment. Consequently.
its value as a realistic methodology should not be allowed to outweigh the need for preliminary testing under part task
simulation conditions. Both laboratory measurements and confirmatory flight tests are required to provide a complete and
defensible workload analysis. Specific issues that should be considered when deciding to employ this method for flight test
purposes include:

I At present, no standardized secondary communication tasks are available for general use. Each application reguires
selection and scaling of tasks which are tailored to individual workload questions, specific systems and their missions.

2 The technique produces relatively few data points per unit time. Each task requires several seconds to perform and
must occur with a relatively realistic frequency. As a result, embedded communication tiasks are more suited to evaluating
workload over extended periods of five or more minutes than to bricf intervals of interest.

3 The method has not been tested to determine the degree to which different tasks produce diagnostic measures of
workload. That is, it is not known which communications tasks are rost sensitive to particular types of crew station
loading. Available data indicate that communications tasks requiring manual activities (e, radio tuning) tend to provide
optimal measures of crew workload in tasks which involve aircraft control as a primary component.
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USE OF TASK TIMELINE ANALYSIS TO ASSESS CREW WORKL.0OAD
by
G Stone, R K Gulick and & F Gabricl
Douglas Aircraft Company

McDonnell-Douglas Corporation
) Long Beach, California, USA
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Ay systems have become more \ophlsncated the role o humans in operating and maintaining them has grown more:
complex. There has been a steadily growing tion that human characteristics, particularly limitations and abilities, must
y gro recogni pa
q be considered in somne depth in system design if design objectives are to be met.

The size and role of the crew represent critical design decisions. Mission performance Fas a dlrect relationship to the
T ability of the crew to carry out all of the required functions. If necessary functions overtoad the crew, some will be omitted and
others ineffectively performed. If this is the case, automation may have to be considered. If the crew is underioaded. boredom
and reduced performance may result, in addition to unnecessary costs being incurred. An additional crew member will
increase weight, design costs, fuel expenditures, and training costs. It has been estimated that, for a commercial aircraft, an
additional flight crew member can result in a 4 to 5 percent increase in direct operating costs. In the same manner, for a militm y .
aircraft fleet of 200 wath a life-cycle uf 20 years, costs can amount to several hundred million doliars for exch additional crew
member,

Issues of crew size were so critial in preliminary design work for proposals on antisubmarine warfare (ASW) and
airborne waming and control system aircraft (AWACS) that Douglas Aircraft Company conducted research on the problem™=>
The use of ‘workload measures to - :ss the viability of a selected crew complement as well as other crew interfaces was
considered. [t was established that a workload assessment method should be capable of being applied earty in the design phase,
be expressed in quantitative terms, be understandabie, and be relevant to the needs of the engineer. It must also have reasonable
validity, be repeatable, be low cost, and need only a short turnaround time to produce results, Finally, the method must include
consideration of the following: mission requirements and parameters, aircraft performance, equipment design, operational
procedures, environmental factors, and crew station configuration.

The subject of workload has received extensive treatment in the literatare (1 to 4) and is still being pursued in research and
development efforts. Work is currently in progress throug,:tout the industry on a number of varied approaches, including the
following:

Subjective assessinents employing rating scales.

Physiological measures, including heart rate variables, muscle activity or “arousal” indices, and more recently,
clectroencephalographic data such as the event-related potential

Performance and/or behavioral measures
Task/timeline analysis measures.

Of the items listed above, the task/timeline approach appeared to be the most casily implemented and could meet most of
the established criteria, A model was developed by Douglas Aircraft Company to utilize this workload measure in the desigr.,
verification of design improvements, and certification of recent aircraft. This approach will be presented in this paper.

Task analysis may be defined as th: systematic determination of the activities required of personnel in the performance of
a function or set of functions. Workload analysis, which employs a task analysis basc, orovides an appraisal of crew task loading
resulting from the sequential accumulation of task times. This permits an evaluation of the capability of the crew to perform all
assigned tasks in the time allotted by mission constraints.

This analytic approach is derived from methods developed early ir this century called “time and moticn studies” which
were aimed at making industrial workers more efficient in the performance of munual tasks. 7 1<, anatysis was promoted as a
useful tool in system design starting in the early 1950s.

In general, applications identified for task analysis include crew duty allocation and the arsessment of design alternatives,
personnel and training requircments, human reliability and safety, maintainability and workload. They are also used in the
development of operational procedures. Several specific approaches have been developed (5).

In spite of certain limitations, the task/timeline methods seemed to offer promise for mee.ing many of our criteria such as
quantitativeness, availability carly in design and responsiveness to mission and operational parameters. It was equipment-
oriented and met the needs of our designers. If applied consistently, it should be reliable.

Because there is no universally acceptabl scale of workload, the data are normally used comparatively; that is, if a
baseline workload were deveioped for an aircraft, or subsystems, or both, this could be used to determine if the system under
consideration resulted in a greater, equal or less task workload than the baseline. In addition several configurations could be
compared to determine which has the lowest workload and the percentage differences.

The task/timeiine workload assessment methodology, when first applied in 1975, proved to be rather labor-intensive. It,
however, showed promise otH being suitable for computerization of many of the activities, ultimately resulting in reduced cost
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FIGURE 1. CREW STATION WORKLOAD ANALYSIS AND DESON SVATRIR ICHADS)

and time during the analysis process. Consequently, the task/timeline analysis approach was developed and partially applied to
the DC-9-50 design. It has been used extensively in later detign activities and is currently being used in flight deck and work
station configuration development for Douglas Aircraft. It was applied to verity workload improvements for the MD~80 series
and to demonstrate compliance with Federal Aviatior repulations. For future aircraft now in design, it is employed in trade
studies and fur early design assurance that tasl s during critical mission phases; including contingencies, can be peiformed by
the availabk: crew.

METHODOLOGY

Figure 1 shows the several analytic steps used in the basic approach to workload studies. Initially, mission analysis is
employed to determine and size the parameters of the total functional system in which the crew and equipment will operate.
The analysis is also used to organize the m'ssion into phases and segrents bounded by milestones to assist in system definition
and cstablish top-level func.ons. This analysis is tlie foundation of an iterative descending hierarchy which, by turther
functional analysis and task analysis, ultimately rea nes the irredu: ible task/subtask level (6).

The task anaiysis represents a detailed *aseline that is effect:ve’/ used to establish a comnprehensive crew/equiprocnt data
store. At this level, comprebensive infonnation on the tasks and task elen.ents is developed from the previour miss.on and
“inction analyses. The files of baseline data serve as the working library for preparation of crew workload reports.

WORKLOAD DEFINITION

Crew worklon ! is defined us e ratio of time required by the crew (o perform wort: tasks to the time available within a
given mission, phase, or segment.
A workiosd index (W) is compute - which is expressed as the ratio of the total wsk performance time to the time availat ic
within the conatraints imposed by miss!cn requirements and ain R 1dgut parameters. The basic formuls for computing the
index ix:

W, = (Tw/T)x 100
where Ty = time required
T ™ time available
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INPUTS

Time Avaliable

To provide a framework for the detailed unalysis, a scenario is divided into mission phases. Each phase is subdivided into
discrete segments, bounded by specific operational milestones that define the start and end times based on aircraft
performance characteristics, or mission parameters, or both,

Figure 2 illustrates the takeoff and climb phases at the start of a typical scenario from which time available parameters will
be developed. The phases are then subdivided into segments — each bounded by a specific milestone (XA, XB, .., X2)
requirements. These relationships are shown in Figure 3. The difference between segment start and end times is the time
available.

Tiase Roquired
the time required begins with the use of crew station configuration drawings and proposed operating
procedures for the aircraft and its specific equipment. All of the aircrew tasks and subtazks that must be performed betweon
mﬂmmwnwmummmmﬁmmﬁmmmw
oquipment interfaces. The identity of the particular crew momber performing that subtask and the specific body channels
M(mmm)mmmwmmmmmwhwmam
detailed description of the procedures required to accomplish each mission segment is developed (down to 2 microlevel — o
move hand 0 switch). A typical sequencing is Jepicteq in Figure 4.
As the detailed subtask and equipment Lstings are completed, individual “time required” values are assigned for each
operstor activity. These time eqtisnates are derived from the following sources:

Index of Electronic Equipment Operability, developed by the American Institute for Research (AIR) (7)
A Douglas-developed model defining reach time as a function of distance.
L . ct action lime measurv, nents recorded during procedural trials in a crew station development mockup.
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Time-reforenced video recordings soquired during previous in-flight micromotion studies conducted by Douglas.
Timing verbal communicetions by siopwetch.

PROGRAM OUTPUTS

Equipment interhaee Workioad (Total Werkived)

The crew workioad produced by interfacing with equipment is defined as the total percentage of time that is utilized by the
crew meombers in compicting their assigned tasks while opersting the sircralt during the misnon. The computer program sums
each individual crew membur's task tismes and relates this 10 the tima available in cach segment of a particular mission. Since the
program trests all subtasks as occurring in a series and does nok reflect the human capability for simuitaneous tssk perforraance
such as listoning while setting & switch, the workioad values computed for an individual crew member can be considered
conservative. These messures of workioad are combined on a time-weighted basis to provide for an assessment of workload for
each flight segment as woll as an overall average for the entire flight. The program is capable of presenting both alphanumeric
(Table 1) and graphic outputs (Figure $) for further detailed analysis.
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Body Chansel Workload

The quantification and evaluation of flight crew workloud involves consideration of the overt physical actions taken by the
fli . crew to operate the aircraft. The program then determines the detailed work allocation as a five-channel input/output
subsystem o a task-time basis for each crew member. It reflects a composite of the physical actions, reactions and perceptions
necessary to fly an aircraft along a prescribed flight path, The flight crew workload analysis thus produces results in tabular and
graphic format, reflecting the combined duty cycle of total visual, aural, vocal, and body extremity activity.

All flight crew subtasks are coded in accordance with the following bady channel scheme:

V/A — Verbal/sural tasks

IV — Internal visual tasks

L — Lefi-hand tasks

R — Right-hand tasks

F — Foot tasks
The overall flight deck activities involved in each flight segment are then analyzed in terms of the individual boay channel
utilization as a ratio of time required to time available. The results enable specific deficiencies to be identified in th: functional
arrangement of equipment through examination of peak values that might cause crew overioad for an individual body channel.

Examples of the alphanumeric and graphic outputs are shown in Table 2 and Figure 6, respectively.

External Vision Avallability

Time is required for crew members to view cockpit displays and controls during the course of the flight, and the remaining
time can be considered as available for crew members to scan the outside environment. This analysis determines the amount of
time available for a crew member to scaa the airspace for traffic as well as to keep the runway in view during operations in the
terminal area, Loth of which are important duties from a safety viewpoint.

The computer program examines data in the vision task file, sorts the data, and prints out the external vision time available
for crew members a2 a function of the milestone start times and duration. In addition, for a two-pilot aircraft, a routine is
provided to combine the Captain's and First Officer’s external viewing time and present the information in graphic form so that
total external vision available to both crew members may be ascertained throughout the flight. Typical vision analysis data
outputs are shown in Table 3 and Figure 7.

Additienal Capabllities
The amount of detailed information coded in the data files of the workload program provides additional analytic
capability. The following crew interface relationships can also be evaluated:
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These measures can be employed to evaluate crew work stations in preliminary design, including the proposed system
control and display layouts, operational procedures, and to sid in the certification of new aircraft by validating the design as it
applies to the man/machine interface. Additionally, various configurations can be examined in normal operational and in
degraded modes where equipment failures have occurred. This latter capability is of great value as it allows analysis of
conditions in which the workloed may be such as to jeopardize missioa accomplishment or safety.

VALIDATION

Because the crew workload index is a function of the ratio of the time required (Tg) to the time available (T,), there are
two aspects to be validated: 1. the segment times which are based on aircraft performance and establish the time available, eg
brake release to aircrafl rotational velocity (T,), and 2. the time required (Tg) to perform the tasks within each segment.

The aircraft performance data used to develop the phase and segment times in the flight profile were provided by the
Aerodynamics group of Douglas Aircraft, and were validated during engineering test flights. Therefore, they do not require
further substantiation. The tasks and task sequences, jointly developed by Buman Factors Engineering and Flight Operations,
contain all cockpit interface activities considered necessary for effective and safe completion of the flight scenario. These
interface activities were verified using a fixed base mockup. Validation of computed task times was therefore needed to ensure

that they correspond realistically to actual in-flight times. The methodology for validating the data base task times is described
in the following text.

Three flight test programs were conducted to collect data to be used in the validation process. The first set of data was
collected during the certification flight of the DC-9-50 in approximately 1977. As part of the validation, a dedicated flighi test
was conducted that duplicated the scenario used in the MD-30 znalytic workload study. This provided timeline data as well as
verification of procedures used in the analysis. In addition, during the MD-80 crew complement certification process, a series
of test flights was conducted in the high density US Eastern Corridor under airline opcrating conditions to satisfy Federal
Aviation Regulations concerned with the minimum flight crew required for safe aircraft operation. There were nine
consecutive days of flying, a total of 55 separate legs with a crew of three two-man teams, each composed of an FAA pilotand a
Douglas pilot, Videotapes of flight deck activities recorded during these flights were studied using 2 micromotion analysis
technique to obtain in-flight task time 1ata. Some 122 tasks were examined with relevant human performance times tabulated.

A sample frame of the video tape, shown in Figure 8, indicates the units in which the tasks can be time je, hours, minutes
seconds, and tenths of a second. This is accomplished with a digital time generator which superimposes these data directly on
the video tape (eg, 3 hours, 25 minutes 36.3 seconds). On the actual tape, the resolution is sufficient to distinguish individual
controls and displays, allowing for precise determination of physical motion times,

Table 4 presents an e~ mple of three tasks and their comparative crew workload data base and in-flight mes ured times.

Inall, 122 tasks were examined in this manner, The results are shown in Figure 9 illustrating the linear regression line of the 122
points. An excellent correlation was obtained with a coefficient equul to {* 81.

Asaresult it was concluded that the task/timeline analysis procedure provides a reasonably accurate index for predicting
the time required to complete observable tasks within the constraints of an actual mission. The detailed methodology and
results of thie data base validation process are presented in a previous report (8).

APPLICATIONS

Aircraft Comparison During Early Design
The comparative analysis capabilities of the program enable the new design to be compared to an existing aircraft that is
known to have an acceptable workload profile and is duly certified. The existing aircraft will be referred to as the MD-X. The

FIGURE 8. SAMPLE FRAME FROM VIDEOTAPE — IN-FLIGHT RECORDING

e e

R - I

SIUUWIRRNIRRAP RES RSttt




~ ~ - -~

A s e e e s

l 24
H | i
i | TAOLE 4 |
i ! IN-PLIGHT AND DATA vASE e
i i TASK COMPANISON i
| i
] ) ™ e
! -PLIGNY P DATA sasE ec)
\ ADJUST HEAZWNG KNOS,
i PUSH RS BUTTON i
| CAPTAIN MOVES HAND TO HDG SEL o CAPTAIN REACHES TO HOG SEL KNOS 0 §
i KNOS FROM REST, ADJAUSTS KNOS, o, ROTATEA TO SET HEADING !N WINDON 18 i
i MOVES HAND TO ILS BUTTON - ¢, MOVESHAND TO ILS SUTTON 0 §
i PURHES ~ RETUANS RAND TO REST 4. PUBHES BUTTON 087 3
! o VERIFIES EUTTON ILLUMINATES 020
\ 1. RETURNS HANO TO REST oM
! : se 807
: !
f ; 28T RADIO ALTRIITAR ] /
i FIRST OFFICER SETS NO. 2 RADIO % FIRST OFFICER MOVES HAND
P ALTIMETER WITH RIGHT HAND FROM REST TO NO. 2 RADIO 3
i {AEACHES ANO RETURNS TO REST) ALTIMEYER KNOS 0 3
1 b, MOTATES TO ST GANOMETER 130 3
; ¢.  RETURNS t/AND TO REST o
_— —— .1
, 28 T 5 .
kt
T ILS FREQUENCY - 3
NAV 1 AND 2 b4
TIMED PROM FINST OFFICER'S HAND »  FIRST OFRICER SETRNAV 2 }
i ON NAV 2 - SETS FREQ, REACHES IN WINDOW w»
i TO NAV 1 FAEQ KNOB, ROTATES TO b, MOVES HAND TO NAV 1
| SET, RETURNS HAND TO REAT FRRG KNOS os
{ ¢. ROTATRS TO SET FAKQ IN MINDOW n
{ d.  RETUANS HAND TO REST on
; { — —_—
| i .8 2 E
|
» .
! .
. | ]
i : 1o ]
t E,
: o~ f
: 30 ;*
1 120 :
] R }
4 : "o )
‘ 100 b B
o ;:
L 12 o i
viorotart 5oL H
AL VL Q
4 wf ‘
wp .
30 B . 3
CORA™LATION COEFPICMINT « O }
wf 7
J ] g
q 00778 20 30 a8 84 88 70 14 84 4 118 128 138 145 108 188 170 §
DATA BASE TWIS (T} 90C

FIGURES. TASK TIME VALIDATIOR ~ VIDEOTAM VERSUR DATA BAJE TIMES (122 TASKS)

: configuration incorporates a digital flight guidance system and autothrottie/autopilot capabilities. It also features conventional
1 i instrumentation displays. The new aircraft, designated the MD-XX, is equipped with a flight management system integrated

. : with an automatic flight control system. Four electronic (CRT) instrument displays feature redundant primary tlight and
navigation displays, while two muitifunction displays incorporate such features as phase-of-fligh display, caution/warning
alerts, fault/limit ¥sig, and procedure/checklists.

In this example, the two aircraft are compared using a flight scanario involving the critical phases of descent, approach,
ana landing at LaGuardia airport in New York. The results of this analysis are shown in Figure 10 which illustrates the
workloads of the Captain and First Officer. !t is significant to aote that while the operational systems of the advanced flight deck
are sophisticated, there appears to be only a slight difference in worklioad compared to the baseline aircraft. While the First
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Officer’s workload for the MD-XX is shown to be equal to or lower than on the MD-X, there appears to be some slight increase
for the Captain. Further analysis indicated that the cause of this slight increase was as follows:

1 The MD-XX has an additional task, requiring the navigation display scales to b~ reset as the aircraft get close to
touchdown.

2 During level-off, the altimeter in the MD-XX requires a slightly longer time to read and the flight data systems control
display unit must be ocbserved to cross-check the flight and navigation displays.

‘This analysis illustrates the manner in which the flight crew workload program can be effectively utilized. In this study, it
was determined that the advanced configuration flight deck had slightly higher workloads during approach and landing that a
conventional cockpit for the Captain’s duties and an acceptable workload for the First Officer. The specific causes of the
workload differential were subsequeatly established, allowing for redesign of equipment or » change in ¢ perational procedures
to decrease the workload to acceptable levels.

‘The analysis does not stop at this point, however, but goes into more detail examining detailed flight segments and time
breakdowns to ensure thai, while average workloads are acopable, there are no sharp peaks that are lost in the averaging. In
addition, further study involves the imposition of contingency modes on the flight scenario to evaluate the workloads under
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Contingency Analysis

A contingency analysis is expressly designed to evaluate the impact of a degraded mode of operation on flight crew
workload. This is accomplished by imposing an abnormal or emergency condition in each flight scenario used for the normal
crew workload analysis and determining relative differences or changes.

For example, consider the situation in which one member of a two-member crew becomes incapacitated while in flight.
Four steps must be taken to enable a safe landing:

1 maintain control of the aircraft;

2 take care of the incapacitated crew member
3 reorganize the flight deck; and

4 land the aircraft.

In this example, the First Officer becomes incapacitated during descent. The Captain’s basic tasks remain unchanged, and
he assumes as many of the First Officer’s duties as is practical. The number of traffic advisories and communications with the
Air Traffic Controllers (ATC) is the same as in the normal scenario. Additional verbal/aural tasks are inserted for
communications with the ATC and company personnel to present the incapacitation as realistically as possible, Only those
First Officer’s tasks vonsidered necessary for safety of flight are assumed by the Captain.

Two types of comparison are performed:

1 anew aircraft configuration with normal operating conditions versus a new aircraft configuration with degraded mode

conditions; and

2 ancw aircraft with degraded mode operating conditions versus a baseline aircraft with degraded mode conditions.

Examples of results by flight phase are shown in Figure 11, The new aircraft, the MD-XX, whils having an increased
workload for the Captain when his First Officer is incapacitated, does not overload the Captain. In the second comparison,

when the new aircraft is compared to the baseline aircraft, the MD-X in the incapacitated crew member mode, a significantly
lower workload is imposed on the Captain,

CAPTAN
w08

WORKLOAD
INDEX

FIQUAR 11, INCAPACITATED CREW MEMBER (ICM) WORKLOAD AMALYSS

In addition, Figure 12 presents examples of the effect of other contingencics on average workloads during the flight. This
indicates the versatility of the work'~ad program and the variety of contingency situatio.s which can be analyzed,

Subsystem or Equipment Analysis

Workload analysis may also be used as a design tool in the selection of a control and display layout for a particular
subsystem. Figure 13 shows two proposed audio panel configurations for a modem jet transport. Audio Panel 1 represented
the conventional panel with an on-off lever, and a separate control or volume adjustment.

In the second configuration, single continuous adjustment knobs incorporating push-on/push-off features are used for
volume control. This pushbutton feature permits presetting the knobs to normal or to anticipated monitoring volume levels
independent of the on-off function, a capability not available on Audio Panel 1. The time devoted to making volume
sdjustments may therefore be less with Audio Panel 2 than with Audio Panel 1.
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TABLE S
WORKLOAD RESULTS-
AUDIO PANEL EVALUATION
GHT SEGMEN WORKLOAD INDEX
FLIGHT SEGMENT cAPTAIN | rimsT OpFICER
APy 19 1 2 ]
TAKEOXP AP2 1.90 .
e c—
an 0.00 0.90
—— " T
—
AP . "
cLiME AP2 4.9 10.71
a% 0.00 -9.38
APt 242 538
CRUISE AP2 238 ag? 1
an ~2.01 -1268
AR 3.2 an
DESCENT AP2 13.24 24.83
a% 0.00 —10.11
APY (¥ [X1]
APPROACH AP2 [¥,] 877
a% 0.00 0.08
AP 0.00 0.0
LANDING AP2 290 0.0 1
a% 0.00 0.00
APt 300 8.12
OVERALL AP2 .08 1.4
an -1.18 -9.08

This supposition is confirmed by examination of the numerical results of the workload evaluation presented in Table 5. In
this case, Audio Panel 1 is considered the “standard” configuration and the results show reductions in the overall
communications workload for the new system of approximately 1 percent for the Captain and 9 percent for the First Officer.
Naturally, large workload reductions would be expected for the First Officer because one of his primary tasks is
communications.

Anothcr significant item extracted from this analysis is that worklozd reductions for the First Officer occur primarily
during the climb and descent segments, which normally represent high workload phases of flight. Thus, any reduction in
workload during these periods is especially beneficial. If the reductions occurred only during the low-workload cruise period
and were of the low level shown for the Captain in Table §, then the new development effort might bs questioned.

€ -cquently, this comparative workload analysis of alternative audio control panel designs supports two conclusions:

t the design for Configuration 2 shows superior workload characteristics over that of Configuration 1 and therefore is
wort.y of further development; and

in-flight communications workloads for future aircraft may be reduced by employing volume control designs which
orporate and on-off feature that acts independently of the volume level adjustment.

Cert  ‘ion Analysis

dight crew workload analysis and design system can also be applied to aid in demonstrating compliance with Federal
Aviation Regulations (FAR 25.1523) and its Appendix D (Mintmum Flight Crew) (9). In this case, a comparative analysis is
made between the new aircraft to be certified and an aircraft that has been operating in an airline environment for a number of
years, is coneidered to have an acceptable level of workload, and has the crew complement certified under applicable Federal
Aviation R lations.

A study of this type is conducted to demonstrate how design differences in the crew station layouts, controls, and displays
of the > icraft affect fligl.t crew workload during normal and degraded flight mod<s. The results for the normal workload
areploti.  Figure 14, Overall reductions in workload are shown for the Captain and First Officer of the new aircraft equal to
32 and 7 percent, respectively. As indicated in Figure 14, there is a significant reduction in the captain’s workload on the new
aircraft in all flight phases, ranging from 26.8 percent during cruise to 44.6 percent dring climb.

Additional analysis would be presented to the regulatory agency demonstiating the effect of abnormal and emergency
flight situations on crew workload. An analysis of this type was submitted to the Federal Aviation Administration during the
recent certification of the MD-80 aircraft.

Additional Anatytic Capability
The task/timeline workload analysis methodology can also be applied as follows to all areas of aircraft developrient from
the earliest concept through development, detailed design, certification, and crew training.
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1 Advanced design — As a tool in the creative stage of aircraft design to systematically determine such matters as
allocation of functions to cither a crew member or automation, and determiaation of the crew complement.

2 Design/development — For assistance in equipment placement, display format development, crew duty allocations,
and operational procedures. During the design/developmeat stage, the workload program may be used to design
alternative design concepts in various trade studies involving different systems or subsystems.

3 Detailed design — The workload analysis process coatinues to verify crew duty allocstion, th.¢ effects of contingencies
an crew workloac and mission completion success (or abort). Verification of the data base in the simulator mockup phase
of development is also initiated. During this stage, when the design is frozen, the instructional development and training
program is initiated, and the task listings, developed for the workload study, become useful in preparing training materials
and flight manuals.

DISCUSSION

While there have been many symposia, papers and discussion groups devoted to the subject of workload, thare seems to
be no commonly accepted definition of the term. Because of this, there have been many dilferent approaches to the qualitative
and quantitative mezsurement of workload. The approach taken in this paper is concerned not 3o much with obtaining an
absolute measure of workioad — which would be highly desirable but is currently beyond our understanding — but with being
able to use the compurative concept of workload measurement as a tool to aid in the design of work stations.

The task/timeline approach to workload quantification has certain limitations which predude its being used in the true
sense of a metric. In particular:
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1 1t does not consider cogaitive or montal activities.
2 It does not take into account variatic: 3 associated with ability and experience or dynamic, adaptive behaviour.
3 It cannot deal with simuitaneous or continuous-tracking tasks.

At pretant, sufficient data do not exist on variations in task time associated with differences in operator capability cr
leaming ability to include this factor in: the anaiysis. Tasks are considered as being performed by an average operator.

With regard to simultancous tasks, the workload program considers a serial approach to task performance and thus the
results on this basis might be considered somewhat conservative. Continaous-tracking tasks are handled by an sssumption of
serial task performance. For aircraft control wheel or throttle continuous-input tasks, flight st dsa were examined to
determine pilot discrote inputs to these controls. Averages from these data on frequency and durstion may then be used in the
analysis.

Admittedly, all of these compromises do not allow for the expression of an absolute metric of workload. In fact, there is no
universal agreement in the industry as to what levels, derived, from tack/timeline anslysis, are considered acceptable —
whether the level be overioad or underioad.

No accepted mothod has been developed to adequately compensate for these limitations. Subjective assessment or
simulator studies are sometimes used to help improve insights into the significant of these factors. In general, we support this
approach to improving the understanding of human ability in system operation. Each approach has its value. To use one is not
to deny the value of the other.

The task/timeline approach to workload analysis which is described in this paper, however, was subject to close scrutiny
by many agencics because of the controversy over a two-member flight crew. The following comment from 1 presidential task
force is considered significant (10).

"At present, the only generally accepted method for evaluating workloed is task/timeline analysis based on comparison
with previous aircraft designs. This technique, supplemented by improved subjective evaluation methods applied by quatified
pilats, will offer the best means for dewnonstrating compliance with FAA crew complement criteria.”

The comparative concept provides a basis for extensive use of this methodology and, in fact, allows for a wide range of
cvaluation of variations in work station design. Comparisons can be made between difference aircraft, systems, or individual
pieces of equipment, or even to examine the effectiveness of different panel locations for controls or displays.

If the baseline used in the comparison is considered to have an acceptable workload, then the analysis will indicate which
has the lowest workload and by what magnitude. Even when used in a noncomparative mode, the technique allows for the
assessment of those portions of scenario where workload levels can be expected to be substantially higher than tie average, and
thus allows for more detailed analysis aimed at minimizing peak workloads. Another plus is the fact that the procedure can be
applied carly in the design cycle and thus have the ability to influence design. Though mockups and sumulators would be
advantageous in establishing crew procedures, they are not absolutely required in the analytical process.

A typical workioad snalysis on a new aircrafl or work station is considerably labor-intensive in that extensive task listings
describing detailed operation of the system under consideration must be prepared. Moreover, a nurber of different scenarios
or inissions may have to be considered. Once the baseline is developed, however, it can then be modified to reflect various
concepts or design options with little difficulty. 1t is fairly evident, however, that the only way to accomplish an analysis of this
magnitude is with an automated facility. Machine computational capabilities plus the flexibility of the technique allows for
extensive graphic presentation and facilitates analysis.

An effort is currently underway to improve the computer program ard its input software. The new program will
automatically generate various scenarios by supplying i rmatted flight segments with their associated time factors, and provide
simplified input formats for task gencration. It will contain an extensive library of system procedures with will allow for rapid
computation of task time. In addition, consideration is being given to adapting methodology developed for the assessment of
human reliability for the program, thus providing an additional measure of human performance to supplement the workload
analysis.
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CHAPTER 4
PILOT SUNECTIVE EVALUATION OF WORKLOAD DURING A FLIGHT TEST CERTIFICATION PROGRAMME
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INTRODUCTION

; Q\ To date there is no agreed upon definition of mental workload and therefore there is no agreement on how it should be
measured (1)°Current workioad researchers do seem to agree on at least three aspects of mental warkload: it is a

~

multidimensional construct, a clear distinction must be maintained between imposed mental load (task load) and the mental
Q Io.duexpctimcod(ﬂbjeeﬂvelond).andnnmdmbpcﬁvenﬁnpmldbemwtomymvaﬁpuonotwow‘
On this last point, The President's Task Force on Aircraft Crew Complement made the following recoramendation:
analyxis based on comparison with previous aircraft designs), supplemented by improved subjective
evaluation methods applied by qualified pilots, will offer the best means for demonstrating compliance with FAA crew )
t criteria. We recommend that FAA incorporate such methods in the tests to be employed for the certification of : *
the B-757 and B-767 aircraft”, @392 i

The paper outlines the Pilot Subjective Evaluation (PSE) process developed by Boeing, in conjunction with the FAA, to
: supplement the analytical, simulator, and flight test crew workload evaluation techniques used to demonstrate compliance with
! the minimum crew size requirements of FAR 25.1523 and Appendix D (4).
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767 WORKLOAD EVALUATION

The workload assessment techniques used in the design, development, and certification of the Boeing Model 767 airplane
: addressed two basic issues timeliness of crew actions and ease of operation. To be acceptabie for certification both the nature
: and timing of crew tasks must be well within the range of demonstrated pilot capacity and the sequencing of tasks must allow
! sufficient reserve time to accommodate unexpected events, A three part process was used to ensure that the final design would
satisfy these requirements. Analysis provided an early indication of the suitability of “paper” designs. Part-task simulation
: provided a detailed look at specific man-machine interactions and, when the design has progressed far enough, verification of
! the operational suitsbility of the integrated design. The final check was a flight test demonstration in the actual operational
environment.

Analytic techniques are of particulur value to the aircraft manufacturer since they offer the potential for identifying and
correcting workload problems early in the design phase, when the cost of change is relatvely low. The analytic techniques
: which we have found to be most useful focus on traditional time and motion evaluation. These techniques give preliminary
' indications of tack loading and timing. They also permit comparative cvaluations of panel layouts and operating procedures.
The results are characterized *n terms of the time required to accomplish the various hand and ¢ye tasks associated with
operating the airplane. A portion of the mental cffort associated with these tasks is addressed through an information theoretic
technique (5) which quantifies the information exchange between the pilot and the airplane operating environment.

High fidelity simulations of the aircraft and flight dock permit both objective and subjective evaluations of the workload
} associated with new concepts and design features. The initial 767 airplane simulation activities concentrated on specific
features of the primary flight displays and the flight management system. Later in the program move complete represeatations
of the flight deck were used to determine the effect of the electronic displays on the pilot's scan peitern during routine manual
flight operations. The results showed that neither instrument dwell time nor scanning strategy were likely to be significantly
altered by the displays and display formats planned for the 767. Simulation was also used as a link between analysis and flight
. test providing data which made possible correlation of the objective analysis results with the largely subjective flight test results,

Flight testing of the flight deck is done to validate the carlier analysis and simulation results and to check the effect of ;
subte factors in the operational environment which cannot be duplicated on the ground. Initial flight testing was primarily
developmental... a means to finalize certain design characteristics and to document the airplane performance. Later testing was
simed specifically at showing compliance with the applicable FAA regulations.

Since flight testing is expensive and time consuming, every effort was made to integrate tests. A limited amount of fight
testing was conducted with a fully instrumented airplane and a video cockpit monitoring syst-m to provide data for comparison
with simulation results. However, primary emphsis was placed on pilot asseasments using a nonintrusive questionnaire
process as the messurement instrument.

PILOT SUNECTIVE EVALUATION

- Subjective sssessments have been used a3 part of the evaluation of all modern transport aircraft. In the case of the Boeing
737 and the McDonnell Douglas DC-9-80 these assessments were formalized as part of the certification record. The
President’s Task Force recommendation of “an improved subjective evaluation™ was the subject of considerable discussion
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within Boeing and with the FAA. The critzria cstablished for development of this improved evaluation were: (1) results must
relate to the workload functions and factors of FAR 25.1523 and Appendix D, (2) pertinent conditions for the phase of Blight
must be identified, (3) the results should complement the other comparative workload assessment techniques in use, and (4) the
evaluation methodology must be compatible with the reslities of a major flight test program. These criteria were: best satisfied
by development of a questionnaire process to be completed by the Boeing and FAA flight teat evaluation pilots.

PSE Development

The development steps for the Pilot Subjective Evaluation (PSE) involved numerous cycles of question design, round-
table discussions with & cross section of pilots to determine suitability, and simulator/flight test trials to refine the wording and
format. Finally, & validation study involving Boeing and FAA pilots was conducted using the PSE on 166 flights mid-way
through the 767 flight test program. Only then was the PSE considered adequate for use during the Minimum Crew Size flight
tests,

The PSE questionnaire covers the departure phase, from takeoff to cruise, and the arrival phase, from the beginning of
descent through landing. Any nonnormal procedures encountered were also evaluated regardless of flight phase. The flight
phase dependent questions began by establishing certain facts about the flight coaditions, interactions with ATC, and flight

t usage. This was followed by questions asking the pilot to compare specific aspects of workload flight functions on
the 767 airplane with similar activities on a refrrence airplane. The flight functions were those specified in FAR 25 Appendix D
plus Flight Management System Operation and Moanitoring. The choice of reference airplane was leh up to the pilot; however,
his choice was identified on the questionnaire. The PSE process was completed with a debriefing interview which solicited pilot
comments sbout each flight to clarify subjective ratings.

The workload characteristics initially associated with cach flight function were: mental effort, physical difficulty, and time
required. During the PSE development phase it became evident that certain combinations of these charwcteristic and specific
workload flight functions were not possible for the pilot to evaluate and they were not measured. For example, the tasks of
engine/airplane system operating and monitoring, along with manual flight path control and communications involve actions
which are so highly distributed that most pilots felt time estimates would be meaningless evea on a comparative basis.

For the workload flight functions of command decisions and collision avoidance the Bocing and FAA pilots suggested
that time available would be 2 better measure than “time required”. Phyical difficulty was readily understandable with all of the
workload flight functions except command decisions and collision avoidance. Similarly, mental effort was readily associated
with all but two of the workload functions.

All pilots who participated in PSE development felt that neither communications nor collision avoidance should include a
mental effort rating. The largest changes in the 767 flight deck, when compared to previous transport aircraft, are those
designed to aid the pilot with navigation and command decision making. It was decided to add a subjective rating for the
effectivencss of these changes to complete the assessment of normal operations.

PSE Administration

Each rating was made by the pilot marking the appropriate box on a seven point adjective scale. The middie box, marked
“samc”, represented a workload equivalent to that experienced on the reference airplane when operated in similar
circumstances. The three boxes on cither side represent progressively more or less workload than on the reference airplane.
The adverbs slightly, moderately, and much were chosen because of their measured equal spread of meaning (6) and used to
identify the boxes on both the less and more workload sides. It was decided to orient the scales with the “better than™ boxes to
the right in all cases. Since the questionnaire was used frequently by each of the evaiuation pilots, there was no advantage to an
alternated scale orientation. This orieatation of the scales resulted in less errors by pilots and was easies for interviewers to scan
pilot responses during the debriefing interview.

The questionnaires were completed immediately after cach flight segment. Pilots took as much time as needed to complete
the form, without interruption. Debriefing interviews were conducted at the end of the sequence of flights for the day. The
interviewer asked about any “worse-than-reference” airplane ratings and any differences between departure and arrival
ratings. The interviewer also recorded any other pilot comments about the ratings, the PSE process, or the airplane in general,
Completed questionnaires and comment sheets were then coded for data processing and analysis.

PSE and nialmum crew siss fights

Dedicated minimum crew size flights involved 7 different pilots, 10 different airports, 32 daytime and 18 nightime
operations, and approximately 40 flight hours. During 80% of these flights, inoperative or failed equipment was intentionally
introduced. The 737 airplane was listed as the reference airplane for six of the pilots, one pilot listed the 727 as his reference
sirplane. All seven pilots answered “yes” to the question, “Have you flown your refeience airplane (or an approved simulator
for that airplane) in the last 90 days?”

A summary of the flight condition data i3 shown in Table 1. The information collected for Departures and Arrivals has
been combined. The categories of ATC in‘ersction aad Flight Modes used show a wide rangs indicative of operating the
sirplane in a manner representative of sche fuled airline operation.
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The absolute frequencies for the pilots’ subjective ratings of the workload associcted with Normal Operations: Departure
and Arrival are combined anc shown in Table 2; there were no reliable differcnces beiween Departure and Arrival ratings. The
rating category which contains the 50th percentile rating (median rating) is marked with an arrow, In all cases, the median rating
for the 767 airpiane was equal to or better than that for the reference airplane.

There were 1.3% cof the items marked to the left of “same as reference sirlane” and these ratings were all in the “slightly”
more workload category. Pilots were instructed to completes only those items which were applicable to their flight duties. The
NA (not applicable) frequencies represent situations where one of the crew members did not have flight duties associated with
that worlrload function for a given Departure or Arrival.

The subjective questionaaire results correlate well with earlicr analysis and simulation results, Pilot comments also
substantiated the pattern of results shown in suinmary Table 2. For example, hand and eye motion data from the timeline
analysis predicts that the 767 will exhibit slightly lowsr physical workioad than the 737 for the primary pilot tasks involving
actuation of controls.

Many rescarraers claim a strong correlation between mental workload and time stress. (7) The workload analysis package
includes two measures related to time stress. The timeline provides estimates of workload in terms of the ratio of time required
to time available. The task-time probability measure identifies time critical or overlapping tasks. These analytic results compure
well with the pilots’ assessraents of mental workload. Further validation of the PSE process was obtained from the 166
preliminary 767 airplane flights where changes to various equipment were reflected in concomitant changes to the workload
rating for related functions.

CONCLUSIONS

The mmtidimkmifom nature of workload, as it is currently understood, does not lend itself to a simple numerical analysis
yielding a single index of workioad. In fact, for most design related applications, multidimensional results provide a better
picture of the real World situation and give some indication of what area may need improvement.

The total package of workload assessment techniques applied to the 767 program was successful in supporting the design,
development, and- certification process. The addition of formalized subjective measures to the traditional objective analyses
provided informétion idating the analytic and simulation based estimates of physical workloac and complementing the
estimates of mental workload.

Inkeeping with current constructs of pilot workload, the Pilot Subjective Evaluation is multidimensional. The PSE avoids
the vagaries of absolute workload assessments by asking the pilot to compare specific aspects of workload on the subject
airplane with a familiar, previously certified, reference airplane. This technique is nonintrusive and readily applicable to a flight
test operational environment.

Development of the PSE and the procecures for its use have been subjected to intense scrutiny including extensive flight
test. While other aircraft designs may necessitate alteration of some of the workload task functions, the basic approach should
provide useful in many applications. As we progressed through the development of this technique, we were swiprised at the lack
of documented experience with multidimensional, comparative, subjective measurement. We hope that our success with the
technique will encourage others to attempt additional applications and that more basic research in this field will yield more
powerful methods for the analysis of the results.

REFERENCES
1 HARTS Defining the subjective experience of workload, Proceedings of the Human Factors Society,
pp 527-531, 1981
2 EGGEMEIERFT Current issues in subjective assessment of workload Proceedings of the Human Factors
Society, pp 527-531, 1981
3 McLUCASJL Report of the President’s Task Force of Aircraft Crew-complement p. 8 July 1981
DRINKWATERFJ
LEAFHW
4 ANON Code of Federal Regulations, Title 14: Parts 1-59, pp 367 and 386, January 1982.
5 SENDERSJW The human operator as a monitor and controller of multidegree of freedom systems, TIEE
Transactions on Humam Factors in Electronics, pp2-5, 1964
PACSBM . Magnitude Estimations of expressions of frequency sud amount. J App Plisychol 59(13)
SCIOWF pp 13-320

JNNERE)J
M AYN Subjective mental worklead. Human Factors, Vol 24(1), pp25-40, 1982

i
i
i
1
|
i
i
’ .
l
!




1
|
|
|

S |
;|
J

LTl = "¥'N .
e e
DD QO OLUONEEEC RLE

\.\. \whn a»\ \. m_%k-. r L="V'N .

g ...,...\ \..%..: X .m@ .«W, | EFEKSCFET e 2
UORDULINNY IO SPOUIN)ISN) A ! 0f = "V'N Of = 'V'N
m. “..S.................“....H“a .w Ll b @H._m z d.w.w.naﬁ oo |

= "V'N T="VN ps
(Tferekoo{eoTo] TR KIDOTOT] | aasonasss

{ 40 S0V DRATINDS SY i3 205 POINIWIE B I € o WON)

gﬂ@mﬂ-ﬂm Eﬁ_ HW@@E_ EERQT

o
¥ sy 4&. 2094

; g & o FFE £
POE YT T )

87

UONEOG IBIEZIeH ponnbay dun) Aunaupg wosiug H0)3 oy
1 Supweispun

SUOU0IJQ) [DUMON




('

™M

\9

‘J) DFVLR Institute for Flight Guidance
\

Y

CHAPTER §
THE USE OF SUBJECTIVE WORKLOAD ASSESSMENT TECHNIQUE IN A COMPLEX FLIGHT TASK

by
F V Schick
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Federal Republic of Gerniany

and

RL Harn
US Air Force Acrospace Medical Research Laboratory (HEC)
‘Wright Pstterson AFB
Dayton, Ohio 45433, USA

INTRODUCTION

ith the increasing tendency towards all-digital airborne and groundbased workspaces, the search for satisfactory mental
workload measurement methods has become one of the most active human factors research arcas. Designers and engineers
have asked for better methods to assess mental workload at all stages of system development — but especially in the high-
fidelity simulator and in actual in-flight teste.
Techmques for measuring mental workload (hereafter referred to merely as workload") can be divided into three basic
21 Sphysiological,
22 behavioural, and
q”me'iiﬁat paper deals with one particular technique belonging to the third group of methods, which always use some
form of operator self-report (eg rating scales or questionnaires). The subjective methods seem at first glance to be almost too

simple and “unscientific”. However, as Johannsen (1118 aoted, if an operator feels his workload level is high then it ishigh,
regardless of what other measures show.Indecd, it may be the only meaningful definition of mental workload, he says.

QSomeofthecntainnormﬂyapphedmevnlmﬂngthevanousworkloadtechmqueure.non—mtrunvemeu,meof

implementation, operator and sensi*’ “aly to variations in task demand. Although the subjective techniques tend to
satisfy these requirements, Iv better than behavioural and physiological methods, they have exhibited a couple of
undesirsble i of all, in most applications of the technique the scales used are specific to a single investigation
and therefore not r general use. Secondly, there is little evidence that workload rating scales have been developed

onthebusofpuychometﬁctheory,eg.WilligenndWiawiﬂe'(ﬂﬂ‘hemmisthatmostaynihblemleshneunknownmeuic
pmpenm ard, at best, provide only ordinal measurement capability. Because of this, the variety and power of available
statistical analyses are limited.

In order to deal with these undesirable pruperties of subjective methods, a procedure known as the Subjective Workload
Asscssment Technique, or SWAT, was developed at AFAMRL by Reid and his colleagues (3) (4) (5). In SWAT, sub]ecnve
workload is defined as being composed of three dimensions;

1 time load.

2 ' mental effort load, and

3 psycholngical stress loads
they are an adaptation of those suggested by Sheridan and Simpson (6). (It is gencrally agreed among researchers today that no
single dimension is capable of describing workload.) Each dimension is represented by an individuul three-point rating scale
‘with a description for each level of load. SWAT is based on coajoint measurements and scaling (eg Krantz and Tversky (7) and
‘pamiunﬁnponﬁnudimmtobemb\nedmtooneovmnmleofworkh-d In order to identify the appropriate
mathematical rule for combining the three dimensions into one overall scale, a “scale development” pse is completed. During
this phase, subjects rank order the subjective workload associated witii tise 27 poasible combinations that result from the three
levels of time, mental effort, and stress loed. After completion of scale development, an “event scoring” phase is started. This
phase is the actus! experiment, during which the subjects perform the task(s) of interest and rate the time, mental effost, and
stress load imposed by performing the task. This three-part rating corresponds to one of the 27 workload statement

-

" combisations from the scale development phase — and therefore to one of the desived interval valuet on the SWAT scale. The

SWAT value for that time, mental effort, and stress load combination become the datum for inclusion in the usual statistical

An important part of developing any new messurement tecbuique is scale validation, Since workload is a hypothetical

‘mmhwnmmm,mnmw@dww ing a new measure with other

measures already in use.
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The following deacription concentrates on the application of SWAT in & validation experiment, which consisted of &
series of landing approsctes flown in & moving cockpit simulator. The relations of SWAT to other measurements taken in the
experiment will be published in a separate report. The SWAT version used was a recently developed German-language
version. However, since a previous inestigation provided strong support for the assumption that the Gevman version was an
accurate equivaleat of the original, the results should hold for SWAT in general.

2 METHOD

In order to provide a suitable task and environment, a simulated flight task was selected. The task consisted of a ten
minute-flight in Ha.nburg terminal area, including i1 and landing, it was flown manually in a moving cockpit simulator.
The difficulty of the piloting task was changing along the prescribed flight path. Various combinations of task elements, which
were, eg, straight and level flight, curve, descent, deceleration, and ILS intercept, made a subdivision of the entire flight profile
into six segments with diffcrent levels of task demand (or workload, respectively) possible. The flight task was flown 14 times by
cach subject, prior training runs not included. On one half of the 14 runs, a simulation of a strong low-altitude wind shear
became active in the final flight segment. This was used to pr:sent an additional variable of task difficulty to the pilot, with its
own two clearly distinct levels of workload. To assure that the windshear, used alternatively with the no windshear condition in
the final segment, was actually a significant load factor, one item of an eleven-item quastionnaire which was filled out by each
subject at the end of his experimental session, required the pilot to give an estimate of the difference in task difficulty between
these two conditions. Another item of the questionnaire required the pilot to put the first five flight segments in a rank order of
task difficulty. :

2.1 Subjects
A total of fourteen pilots were selected for participation in this validation study. They all had commercial pilot licences

and were licensed for flights following instrument flight rules (IFR). Most of them were test pilots. Their flying experience
ranged from 800 to 9500 hours.

2.2 Flight Scenario anéd SWAT Rating Procedure

The approach and landing at the airport of Hamburg had to be flown manually, without the assistance of a copilot. The
simulation runs started 10 miles from the initial approach fix, Hamburg VOR. On a randomly alternating basis, the pilot had to
take over control of the airplane either 10 miles south of the iamburg VOR, with inbound course 009, or 10 miles wesi of the

fix, with inbouad course 069 (se¢ Figure 1). He was partially guiied by “radar vectoring” to the ILS runway 23. The ATC
scenario is given in Table 1.

Fig.1 Flight task geometry
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The flight was divided into 6 segments. Each segment was defined by specifs: partial tasks. In the beginning of segment 1
the pilot took over the “clean” plane at 4000 ft and with an airspeed of 195 kts. The segment ended with the instruction to
descend to 3000 ft, to reduce speed to 180kts and to give the SWAT-rating for the first segment. About 1 mile befere the
Hamburg VOR the secord segment ended with the instruction to turn right and to give the second SWAT-rating. After
intercepting radial 075 c.ad about 3 miles away from the VC R, the pilot was instructed to turnIeft to heading 270, to descend to
2200 ft and to judge segment 3 with a SWAT-rating. When heading 270 was established and the airplane had reached the
altitude of 2200 ft, the pilot gave his SWAT-rating for segment 4 end was cleared for ILS-approach on runway 23. About two
miles to the Outer Marker the pilot gave the SWAT-rating for segment S, which essentially consisted of the interception of
localizer and glidepath. In half of the flights, after passing the Outer Marker, the pilot had to deal with a windshear situation.
This last segment 6 had to be judged with a SWAT rating immediately after touchdown.

- During the flight, the pilot had to do all R/T communication himself. He also had to take care of the flap setting and the
landing gear The subjective workload estimates were taken at the end of sach flight segment. The experimenter, who also did
the ATC communication with the pilot, always asked him to give his workload rating for the segment just completed, The pilot
did so by making a verbal call-out of a three-digit combination, where the first digit always referred to time load, the second
digit to mental effort load, and the third one to psychological stress load. As a reminder of the required sequence of these three
dimensions of SWAT ratings, a small placard was fixed on the lower instrument panel. The SWAT rating call-outs, aswellagall
other communications, were recorded on audio tape. Additionally, the experimenter wrote down the SWAT ratings in his “test

log”.

3 RESULTS AND DISCUSSION

To make sure that the segmenting of the flight task, as it was done here, actually aliowed the desired distinction between
varying levels of load, the difficulty estimates given by the pilots in the post-experiment questionnaire were checked prior to the
analyses of the SWAT data,

First, as it was expected, windshear in the final segment made the piloting task more difficult, at least “somewhat more™
(three quotations), but more frequently “much more difficult” (cleven quotauons). Second, the rank orders given for the task
difficulties of the first five flight segments indicated a stepwise, monotonic increase of workload from segment 1 to segment 5
(see Figure 2 for mean ranks). There was a high agreement betwecn the individual rank orders of the 14 pilots. This is reflected
by a high coefficieat of concordance W = .846), which is also significant beyond the one per cent level (chi square 0 47,37 at
df = 4). Taken altogether, it indicates that the subtask segments defined here represented clearly distinct levels of the
independent variable, which should then be reflected by the SWAT technique, too.

1 T =

Subtosk difficully ranks Mg
M
—

Kl
& -4
+ w0
I _[ } t + + + o
WIA 3 x = . Ra &-&-M)
o Ma - &0 29 a8 20 18
o VAT M « 86 153 b o L i oTe . 13
1 swareoeas “"we - me ane s a1

Fig.2 Mean of difficulty ranks M, (solid linc), SWAT score means M (dashed linc) and Standard Deviations SD (vertical
bars) obtained from 14 subjects in the various segments of the flight task

E



Y2 PR £

o

"R ST

41

As an initial step for the analysis of the SWAT data, the transformation of the three-dimensional ratings into one overall
scale was performed. Under the assumption that the calculated overall SWAT scale is valid for all pilots involved in this
experiment, two-way analyses of variance (with pilot as factor one and segments as factor two) were carried out. The first
Anova, using only the data obtained in the final segment, under windshear/no windshear conditions, was done to check the
validity of SWAT to discriminate between two quite different workload levels of basically the same task. The second Anova,
using the data ootained in the first five segments, analysed the SWAT measurement's ability to discriminate between more than
two different subtasks, which may have much less apparent workload differences between them.

As a finding from both analyses, SWAT ratings showed highly significant differences between the individual pilots. The
large standard deviations of the SWAT scores (sec figure 2) appear to be mainly ascribable to this high interindividual
variation,

But, nevertheless, in the Anova carried out first, the discrimination of the final approach segment six, ie wind shear and
turbulence influenced flight vs. no disturbances, was also significant (prebability of F = 6.01 (df:1; 140) was less than five per
cent).-

Additionally, the following Ancva showed that the SWAT score differences between the first five flight segments were
also significant (probability of F = 179.9 (df:4; 770) was less than five per ceat, too). The data showed a monotonic increase of
the SWAT ratings from segments one to five, which corresponds well with the task difficuity levels administered in the
experiment. Moreover, Sheffe post-hoc comparisons of means showed that all pairwise differences between any two successive
segment SWAT scores were also significant beyond the five per cent level.

So, it can be concluded from this experiment that basic evidence was found for *.e validity of SWAT as a tool for the
agsessment of mental workload, and thus for its applicability in high-fidelity simulatic a and actual in-flight tests.

It should be mentioned, however, that the collection of SWAT data has to be j lanned carefully, in order to ensure that
calls to do SWAT ratings do not interfere with the flight task (Pilot comments "ndicated that, =g, giving SWAT ratings
immediately after receiving ATC instructions might be viewed by soine subjects as being a distraction from the flight task. From
this point of view, the collection of SWAT ratings at fixed, rigid time intervals appears to be not a good practice. Rather, the
SWAT data collection should be organized as being event-related, in a way which assures that both, subject and experimenter,
have the srme understanding es to which task or sequence of wasks just accomplished a SWAT rating refers to.
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CHAPTER 6
WORKLOAD METHODOLOGY
by
Emanuel Donchin and Mtopher D Wickens
Department of Psychology

University of [llinois
Champaign

- Illinois 61820, USA

Q \_ INTRODUCTION
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i"’l‘he goal of our proposed technique is to employ two converging methodologies to track the workload changes during the
ILS approach to landing, The two methodologies — based upon the Event-Related Brain potential (ERP) and the Sternberg
Memory Search task will provide information that is both sensitive, detecting variations in resource demand when they occur,
and diagnostic, localizing these changes within the multi-dimensionat space underlying human processing resources (1). Each
of these techniques will be briefly described.

The Event-Related Brain Potential is a transient series of voltage oscillations in the brain that can be recorded from the
scalp in response to the occurrence of a discrete eveng(ﬁ"l’hcse oscillations can be characterized by a number of components
which in turn may be identified by their polarity and typical latency value following the event. In a series of previous
investigations (3)-(4)(S}-WE have shown that the amplitude of the P300 component of the ERP can serve as a reliable
unobtrusive index of the perceptual/cognitive load imposed by a primary task, but is insensitive to the demands associated with
the sclection and execution of overt responses. In this sense the measure is diagnostic. It has also proven to be unobtrusive in the
sense that it interferes little with pezformance of the primary task. e

The diagnosticity of the ERP dictates that it will be insensitive to variation in response load. To assess demands on the
response dimension, and at the same time to confirm the variations in perceptual load that occur as the flight task proceeds, we
intend to employ the Sternberg Memaory Search task, also as a secondary task. This task, which has also been validated as a
sensitive measure of workload in aviation environments (6) (7) requires the pilot to idertify whether or not a displayed
character is one of a set of characters that is held in short-term memory. Reaction time is employed to assess the speed of this
decision. As the number of items in short-term memory is increased, reaction time is lengthened by an amount proportional to
the speed of memory search. The time is typically indexed by the slope of the RT function with the increase in set size. When the
central processed demands of a primary task are increased its slope increases. When the motor demands increase, the entire
function shifts upward as an “intercept” increase. For example, Wickens and Derrick (8) have found intercept shifts resulting
from imposing the primary task requirement to track, but slope increases as the tracking task is shifted to one involving higher
order control dyni. nics, thereby requiring a greater amount of perceptual “lead generation”,

METHODOLOGY
Boih tasks will be administered as secondary tasks, by themselves and concurrently with the ILS approach scenario.

ERP During the course of the mission the pilot will hear a Bernoulli series of tones of two tone pitches, occurring at an
interstimulus interval of 3 seconds. He will be asked to monitor for the occurrence of one of the tones, and make a discrete
response at the fifth occurrence of each of these tones. The relevant tone will occur 33% of the time. Therefore, the discrete
response will be required on the average of one every 45 seconds. On the basis of our previous research, we anticipate that each
stimulus, whether relevant or not, will elicit a P300, and that P300 amplitude will covary inversely with primary task
perceptual/cogitive dr - 35, Selection of the particular interstimulus interval, relevant-stimulus probability, and stimulus
modality (auditory ra*l.. . . :an visual) is based upon our desire to choose conditions that will impose minimum interference
with the primary tas:. vet maintain maximum workload sensitivity.

Memory Search Task Prior to the beginning of the mission the pilot will be presented a set of either 2 or 4 letters to
maintain in memory. As the scenario is carried out, a series of letters will be visually presented at a prominent location on the
display at an interstimulus interval varying randomly between 3 and 5 seconds. Pilots will indicate by depressing one of the two
keys, mounted on the primary flight control stick whether each displayed letter is or is not a member of the designed “positive
set”. The latency from display presentation to response initiation will be recorded. A full replication of the workload
assessment technique will require that the scenario be flown twice; once with a small memory set size (M=2) and once witha
larger set size (M=4). These two replications will allow estimation of both the slope and the intercept of the function. At the
present time it is assumed that the technique will employ visual presentation of letters of the alphabet. However, we are
currently assessing the use of the auditory modality and a “spatial” alphabet of characters as potentially more sensitive to
variance in flight related resource-demands.

DESCRIPTION °% 7%, . LQUEs - ?LIED TO DEFINED FLIGHT TASK

Since both techruques are foi:. ily “secondary task”, neither one is embedded into the primary task, and therefore neither
will impose any constraints upon primary task performance as described in Appendix 1 of the original proposal. The ERP task
will, of course, require auditory presentation of the probe stimuli, while the Memory Search task will require that a visual letter
display device be integratzd into the cockpit and a 1 bit response mechanism be available on the flight control stick.
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Since the goal is to map out transient changes in workload acroas the mission, it will be desirable that both of our worklosd
measures be replicated more than once at each time during the mission, so that greater reliability can be obtained. This
requirement in turn dictates that the mission be flown at least twice for the ERP task and four times (twice at each memory set
size) for the Sternberg Task. Our intent is to construct & running average of each measure across a sliding 10 second window,
allowing this interval to dictate the “bandwidth” or temporal resolution of our measure.

LIMITATIONS AND PITFALLS

Both techniques suffer certain limitations that are inherent to some extent in the application of almost any secondary task
technique. Primary among these is the issue of reliability: How many trials will be required to obtain an estimate of transient
workload during particular points in the mission. It is difficult to establish this number a priori, but it is clear that reliability of

both measures will grow with an increasing number of replications. As indicated above, we have proposed two replications asa

minimum to obtain 10 second resolution.

Insrusiveness disruption of primary task performance does not appear to offer any difficulty with the ERP task. In fact this
is one of its great benefits. On the other hand, the requirement for periodic overt responses in the Sternberg task may slightly
disrupt performance of the continuous flight ta.« (9).

Pilot Acceptance is a third potential limitation and it is difficult to anticipate how readily a pilot will accept (a) scalp
mounted electrodes, and (b) performance of each uf the associated tasks. In this regard it should be noted however that Natani
and Gomer (10) and Schiflett (6) have both obtained performance measures from the ERP and Strmberg task respectively in
the flight simulators and in the actual aircraft under instrument landing conditions.
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CHAPTER 7

MENTAL WORKLOAD MEASUREMENT IN OPERATIONAL AIRCRAFT SYSTEMS: TWO PROMISING
APPROACHES

McDonnell Douglas Corporation
{ Long Beach, Californis, USA
workload (MWL znm.wwmmwamwmmn

provides a framework to of human behaviour which are not directly observable but are vitally importany
mmmmmmmdhmmmwd.m&MWMMn
A\ remembering, interpreting, decision making and coordinating actions. In the context of highly-sutomated aircraft, this
Mmﬂammmmmm&ammmmmmmwwm
infoiimation processing requircihents of the crew to evaluate if they can perform the tasks roquired of them in the tiree available,

Q‘ given a clearly defined set of equipment, procedures, and operating environment.
\ MnnwﬁWMMMM&mth&MMWM
Q nay be useful supplements to existing workload measures, ke task-analysis which quantifies behavioural activity, when a job
invdvesverylitﬂe ion but high degrees of mental activity. Although we have employed task-analytic workload measures for
many years tation of MWL measures in the validation of new aircraft designs has been delayed for at least
three reasons. First, the requirement to systematically measure MWL has only gained acceptance in the aviation community in
the last five to ten years. With higher levels of automation, the problems of overioad and underioad have received more serious

nmuonbypﬂou,mlmhcmmanquemu

Seeond.thuehnowubounhedeﬁniﬁmdmmndadyﬁnkedtothe problem of
dealing with an entity that cannot be directly obseaved. Since researchers are generally concerned with workload
applications, the evidence shows that individuals report the experience of workload with different terms (9), it is rexsonable
that the scientific community wotk formulate different definitions. The ultimate value of any scieatific definition, on the other
hand, rests with its “usefulness” in understanding and predicting cvents. To the extent that MWL maintains functional
relationships with variables that are important to industry (eg, error rates, equipment costs, customer operating costs), it will be
useful and cost-effective to study

The third reason for a slow response to the problem of MWL messurement is a complex set of economic forcee. On one
hand industry wants the best measures available since they would reduce the risk of implementing a faulty design, on the other
hand, no practical moasure exists which could reduce this risk. The use of an invalid or unreliable MWL measurs would induce
more uncertainty of the design and certification process than would the use of current techniques. In the face of this technical
uncertainty, industry can be expected to be pragmatic and employ procedures which they have found to work in the past.

Today, the manufacturers of new aircraft systems reduce their risk of designing a product which induces excessive MWL
by involving comp=ny pilots (or other uscrs) at every phase of its development. The pilots are well acquainted with operational
problems and it is their responsibility to assure that a new sircraft can be operated safely by an adequately sdocted and trained
crew. Primary methods for evaluating workload are task analytic approaches, carly in design, and simulation or flight tests as
the configuration firms up. Both normal and abnormal conditions are addressed.

Although the validity of this approach is strong, a number of deficiencios havo been recognized by the President’s task
bmmme(S)mwwmwwmmFMmmmm
recommended improvements in subjective evaluation methods and a greater use of line pilots in the area of workload
cvaluation. Based on these recommendations we have re-examined the special requirements for MWL measurement in
trangport sircraft and have formulated a short an long-term plan for improving MWL measurement.

REQUIREMENTS FOR MWL MEASUREMENT

Workload measurement grew out of a requirement to insure that people could reliably perform a task when given specific
equipment, procedures, operating environment, and time limitations. The techniques which are of special interest are thosz
which can be used in high-fidelity testing yo they must be noninterfering while having the nacessary validity to be convincing 1o
the design enginoer, project management, uscr population, customer representatives and government regulatory agencies.

Applications for MWL measurement in aircraft systems can be grouped into three areas: (a) design validation or
wﬁﬂaﬁm(q%ﬁemmwmmwmn(b)wmmﬁ(e& is the optiraum crew
size?), and (c) biocybernetics (eg, Can overall system reliability be improved by real-time measuremeat and feedback of crew
MWL?). Each of these applications result in the addition of other specialized requirements. For example, if biocybes aetic
applications are being considered, the MWL measure must provide valid and reliable information about individuals while they
are working. If an aid to design is the goal, then MWL measures should inform the design team about specific trouble spots and
suggest remedial design solutions. If design validation or certification defines the requirement for MWL ineasurement, then the
data should be suitable for answering specific questions such ax: Is the new design better, worse or the same as a comparable
existing system which has an acceptable safety record?
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In summary, the fundamental requirements for s MWL messurs are validity, reliability and usefulness. To be useful the
measure must tell us something about operationally relevant types of workload in a timely and cost-effective way.

HUMAN INFORMATION PROCESSING:ATRAN. ORK

Human information processing modols have bosn cmepleyed since the mid 1960s to organize information about human
decision-making and responding (10). This conceptualization of humen functioning has becn ussiul for relating the
different flslds of behavioursl science (eg, perception, memory, and lesrning) and more recectly, Mnmmml
llustrates the relationship betwesn human brain structures and elements c typical
as modelz based on control theory are ueeful in the bardware elements of a system, pnyeholﬁnﬂmodehhdp
muwm«mmmwmmﬂnmmmm)

HUMAN INFORMATION PROCESEING FRAMEWORK

HII Illl mronat moctzses

Figure 1. Reletionshvip betwean Functionsl Orein Anstomy and Peychologioal Constructs in »
Humen informetion Procsssing Framework,

HUMAN INFORMATION PROCESSING ACTIVITIES

MENTAL

IE| =T

UFTER 1. & SENDMN, 1IN)

Figure 2. Human Informetion Processing Activities Associsted with the Cantrol of &
Computer-Based Proesss such ss Flight (sher Sherridan, 1978).

‘This division can help clarify whether human enginesring problems are associated with the transmission of sensory
information (a relatively well understood ares), the mental processing of information (3 poorly understood ares) or the
of actions (a relatively well understood ares). For exampie, Figure 2 illustrates a person managing a process, such

os flight, with a system. The person’s major duties are to gather information, interpret it and then perform the
appropriate actions i a timely fashion. Starting from this framework, the sources of operator MWL can be partitioned into
three areas: (a) information gathering (control of sensory processing), (b) mental operations (symbolic processing), and (c)
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performing actions (coatrol of response processing). This partitioning suggests that MWL is based in the biology of the hum? .,
nervous systam and the best messure may evaluste these domains separately.

MWL DEFINED AS LANGUAGE-BASED THINKING

Our definition of MWL is derived from our requirements for design validation (certification) and development of
highly-automated systems where the role of the fight crew is changing from active controller (eg, stick movement) to one of
systems manager (og, seloct functions and actions via system automation), Since the mental activity associated with monaging a
highly-automated system probably induces 8 high degree of verbal mediation, we have defined MWL for this application as
language-based mental activity. Two methods of specifying a degree of MWL are being considered. The first views MWL asall-
or-none and ite degree would be expressed as a percentage of time when a crew member was experiencing u criterion level of
MWL. The second views MWL as occurring along a continuum and would be expressed as a scalar which fluctuates from
moment-te-moment. The assumptions underlying these two definitions are beyond the scope of this article and will not be
covered, but practical considerations for a particular application may dictate the usefulness of one definition over the other.

The modern sircrew perform many language-besed activities which range from preflight checklists, flight plans, and
verbal communications to the managemeat of systems. Other language-based tasks include: remembering alphanumeric data,
entering data/commands into computer systems, fault isolation/problem solving, mental transformations/estimating,
coordinating actions and confirming inputs. This short list is not exhaustive and does notinclude verbally-mediated mental sets
to monitor, search, interpret, select, initiate or adjust. This conception of language-based mental activity accepts that many
habits may subsume performance to non-language centers but the selection or initiation of habits probably require verbal
mediation and hence, MWL.

GENERAL APPROACH

Our primary goal has been to develop measures which can be employec in crew station design and validation. Our
strategy is to injtiate & short-term and long-term development plan. Subjective mea sures are being developed for use in atwo or
three year time frame by adapting cxisting methodology where possible and imple:nentating new techniques when necessary.
Event-related brain potentials (ERPs) are being developed for applications later than three years.

SUBJECTIVE MEASURES

Background The standard practice for evaluating operator workload is to ask an expert or trained operator about the
workload level associated with a particular system during a post-flight briefing. The problems associated with this type of
subjective assessment are well known and yet it is the most widely employed technique because it has many attractive features,
such as low-cost/ease of administration, rapid evaluation time, high face validity, data are zasily interpreted, and they can be
employed at every stage of development including flight testing.

A major problem with subjective measures is their susceptibility to bias. Whether the bias is due to intentional or
unintentional factors, subjective measures are particularly unsatisfactory when an impartial workload analysis is required.
Some of the sources of unintentional bias include: distortions of remembering, forgetting, and demand characteristics to
behlveorfeelinpudeﬁmdways(ll)?z Sources of bias, due i0 a person's unique experience, can be partially controlled by
evaluating multiple pilots, but the use of subjective techniques has tended to promote excessive reliance on a few experts rather
than evaluate a group of representative users. Certanly, experts are nceded to organize the evaluation and formulate the
conclusions, but excessiv: reliance on a few experts can undermine the identification of problems common to pilots who are
less skilled or experienced.

Ratings of workload have been available for many years but few of the techniques have established their validity and
reliability with standard psychometric methods (14). Two exceptions are the bipolar-adjective rating scales developed by
NASA-Ames (13) and the subjective workload assessment tochnique, otherwise known as SWAT developed by the United
States Air Force (14). Laboratory studies have establizhed the construct validity and test-retest relinbility of these measures
(15)(16).

Our experience with these rating scales indicate they are most useful when comparing the relative workload levels
between two test conditions, but their application appears limited for the design and development of new equipment. On one
hand the data are well suited for statistical analysis (difference tests and goodness-of-fit), but on the other hand they do not
provide much insight into the underlying reasons for high workioad. An analysis of the sub-scales of SWAT and the bipolar
ratings, gives a clearer picture “what" the test subject experienced (eg, time-load or stress-load) not “why” the higher workload
was experienced (g, displays were difficult to read). We have found that pilots and other test subjects, are interested and

in providing workload ratings but they are often frustrated in communicating the details of the equipment
problems at hand. Since most rating techniques do not make provisions for a concurrent verbal report, this information must be
obtained after the test when a person’s memory is less aconrate.

Whet and Why of MWL Because of the well know memory problems associated with post-flight debriefing (17), we
adopted an approach which asks people to give verbal reports during the flight to supplement ratings of MWL. Put simply, our
approach asks peopie to evaluate MWL in terms of “what and why™. We ask “what" level of workload they are experiencing by
moans of a six-point rating scale, and if high ratings of MWL are reported, they are asked “why™ (a verbal reason for the high
rating). This rating technique was developed to address high MWL levels and may not be suitable for meaguring the lower end
of the MWL costinsum (underioad).

MWL is dofined as the dogree of attention required to perform a task. Ratings of MWL are verbalized in terms of how
much attention is required to perform three basic tasks. (u) gather information, (b) perform mental operations, and (c) perform
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actions. Figure J illustrates the three pert nature of cach MWL rating with subjects rating attentional requirements as low,
medium or high. Pluses and minuses are uaed with these labels so that subjects can refine their gross approximation with smail
up (+) or down (-) adjustments to yield a six point rating scale. Low, medium, and high were employed rather than a numeric
scale ‘o minimise the requirement for subjects to mentally transform their experience tu a metric format.

The experience of paying attention to internal or external cues is assumed to be self-evident to subjects but they are not
expected to be familiar with our method of categorizing attentional activities into three types. To ensure that subjects have a
common baais for ratings of MWL, they are given examples of internal activities which require sttention, Table 1 lists some S
activities which require sttention and then organizes the activity according to three basic information-processing tasks. When
ﬂbje&upuhneeﬁ]hmmmmtmydmbdcm&eymmhdmm-&www«phm
indicating the csuse of the high MWL. Examples for each basic task might be: “can’t read the display”, “radio interferes with my *
cmeentmion , and “keys are hard to reach”. Of course many activities can be viewed as having components of all three tasks.

or example, “confirming an input™ can be viewed as having sub-activities of action (moving the eyer), information gathering
(wmmummmm“m)mmmdmmmmuwwm
overriding principle of usefulness. Since the purpose of the reports is to identify MWL problem areas and associate them with
controls, display or system logic, the test subjects should consider what aspect of the equipment is drawing their atteation and i
then formulate a worklosd rating based on this experience.

Using this approach to review a complex system, the problem areas can be identified and prioritized by aggregating the
verbnlemdmunbjmﬁymmmndedmwmbhmmmymmepmumdom 4
design and under-design could be

Adhadwofthhwmheudnimm ‘ed to administer the rating acale. The consistent use of the scalé by a
subject depends on a high level of motivation and soj....stication. Subiecumustbelbhmweepundpnthedeﬁniﬁouof

INFORMATION MENTAL PERFORM
GATHERING OPERATIONS ACTIONS
A
o SEEINGMEARING/SENSING o UNDERSTANDING o WNTIATING . ‘
o IDENTIFYING EVENTS o INTERPRETING o TiMING ,
o IDENTIFYING OBJECTS s THINKING o SEQUENCING
o MONITORING o REMEMBERING o ADJUSTING
o SEARCHING & CALCULATING o COMPLETING
o RECEIVING COMMUNICATIONS o COMPARING o CONFIRMING '.
® ANALYZING i
o PROBLEM SOLVING i )
o PLANNING '
o ESTIMATING |
o REFLECTING INTERNALLY .
o SELECTING ‘

Toble |. A Listing of Activitios which iHustrate MWL Associated with Three Basis %2
Human-information Processing Tasks . xi
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attention and apply them in a structure which distinguishes between sensing, thinking and acting. This disadvantage can be
outweighed by the quality of the resulting data obtained from each test and the increase in understanding which occurs between
the behavioural scieatist and the technical staff who is using the data. The structure of “sense, decide and act” fit nicely into an
engineering model and provide a useful heuristic for considering how the human component fits into the overall system.

It is likely that the verbal rating data obtained with this technique will be influcnced by the demand characteristic to
withhold high ratings until “good” justifications can be formulated. The loss of sensitivity may have positive as well as negative
effects. A benefit may accrue from “filtering out” many of the reasons which are unique to a person’s training, experience, and
attitudes. The most practical subjective MWL measure, for engineering applications, may be one which identifies (converges
on) the fundamental human information-processing problems and not the measure that identifies the greatest variety of
problems (diverges). Practicality is difficult to define, but a measure which establishes agreement about the nature and priority
of problems helps to move a complex design forward, whereas a measure which immobilizes the design process does not.

EVENT-RELATED POTENTIAL MEASURES

Background Electrocortical measures of workload, such as event-related potentials ERPs), have the capability of being
less susceptible to bias and less interfering than subjective measures, but a practical measure has not been developed. ERP
measures can be relatively unobtrusive and noninterfering if properly implemented because they do not require conscious .
meditation and they can be recorded in ways which blend into many work environments (18). !
A substantial amount of data supports the validity of ERPs as a measure of workload. Some experiments have found that
the amplitude of the P300, a late positive component of the ERP, increases with greater workload, while others have found that .
it decreases. The different results depend upon the nature of the task to some degree. When the ERP is clicited by stimuli which *
are part of a secondary task, as primary task workload increases, P300 amplitude decreases (19) (20) (21) (22). On the cther
hand, when the ERP is elicited by stimuli which are part of the primary task, P300 amplitude increases as primary-task
workload increases (23).

Recent work has shown that ratings of workload are related tc P300 amplitude and a later components called the N400.
Correlations based on individual subject data, were significant in 40 percent of the subjects tested suggesting that the
relationship between ERPs and workload may be strong in some people but non-cxistent in others (24).

ERP Elicited by Pilot’s Call-sign One way of blending ERP measurement into the work environment of a highly-
automated system would be to elicit ERPs with stimuli which are part of its display devices. Since current aircraft employ
digitized speech to communicate with the flight crew (eg, aural warning systems), we explored the feasibility of using a standard
speech probe to elicit ERPs while people work (18). Advanced designs for future flight decks often include provisions for
digitized speoch to commaunicate with the crew. Computers can be expected to employ speech messages to annunciate changes
in the automation and to alert an operator when routine tasks need to be performed. Since digitized speech can be employed
across & wide variety of computer-interface applications, we devised a simple challenge-response paradigm. The computer-
based system notifies the operator that their attention is required and the operator must acknowledge the request with a
response, cither vocal, manual or mental.

Since a speech signal reliably elicits an ERP, regardless of the subject's attentional state or sensory-receptor orientation,
this approach could be employed in many work applications. Evidence from a number of tests have supported the feasibility of
this approach. For example, when the subjects mentally counted the occurrence of the operator's call-sign, there was an
increase in the amplitude of the late-positive potential of the ERP. This increase is compared to a condition where the subject
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activity shown in Figure 4 can be interpreted as resulting from the mental counting activity and hence reflecting a type of
language-based mental activity (25)

Althwshthepmeneeofhto-podﬁvewﬁvitymmmﬂecttheexi&mofhngu-ge—huedmuhcﬁvity.iubvelis
reduced under some conditions of increased processing. Experimental results have shown that P300 amplitude decreases with
higbu‘munoryloadnndulvaﬂetydeonditionn.wmakeypieuisemployedtoacknowledgethecall—dmmﬂlorPSOOs
weobuﬂedanhovml(Cz)dte(seel-‘igureS,(%).AMﬂydiﬁerentmteomemobuinedwhmnvohempome(eg
“Roger”) acknowledged the subject’s call-sign. Smaller P300s were observed over the right hemisphere but not over the left
hemisphere (see figure 6, (27).

Mmmtdhm&hfomﬁm-pmdnswvdswmmmmwdwhmmemdﬂmdmmﬂhods
imptoveu’lheklnddmemoddoﬁcﬂimpmvmuwﬁchwmhvemimMmthedmcﬁmofmm.ppHuﬂmw(l)
better individual-subject analysis, (t) better real-time interpretation of signals, (c) lsboratory paradigms which have better
generalization (external validity) to operationsal environments. Messurement of human-information-processing activities will
beeomcmorewidetpradifthebeneﬁtoﬁmphmenﬂngthemautwdgbnhd:mnaﬁvounbhoowbemﬂtnﬁombe
embﬂlhed,thnMWmeumentmbejusﬁﬁedoneomomkgmnndsm \ﬁmjustiﬁaﬁonanbemadeforitsmlein

thekmrwmphmlnlofequﬂpmmtdes‘@.




o e s

1
i

30

SUMMARY

‘When evaluating aircraft systems, the most useful mental workload (MWL) measures are thosc which can be employed in-
flight or full-mission simulations. This requires measures to be noninterfering, relatively unobtrusive, and provide estimates of
operationally-relevant MWL while meintaining high levels of validity and reliability. In the context of automated systems, our
mmhubenmdduMWLuhmwm'cﬁmymdwdwebpmbpcﬁwnnnp(oplnionule)mthe
short term and event-related brain potential (ERP) measures in the long term. Subjective ratings are being employed to
estimate the required degree of attention to perform: (a) information gathering, (b) mental operations, and (c) actions. This

mhmmmmammmqummmmmemm
sddition to workload this technique elicits verbal explanations i levels are reported
mmwwmmmrﬁsmﬂmﬁfywﬁcm items associated with high MWL ratings and to suggest alternative design
solutions. The ERP is a promising objective measure which can be obtained without interfering with normal work activities
regardless of the crew’s sensory-receptor orientation or conscious state. Experimental results support the feasibility of this
approach by uzing stimuli already present in the modern cockpit (digitized speech) to elicit ERPs that change with increased
memory load and workload ratir.gs.
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CHAPTER 8

CORTICAL EVOKED RESPONSE AND EYEBLINK MEASURES IN THE WORKLOAD EVALUATION OF
ALTERNATIVE LANDING SYSTEM DISPLAYS

by
R D O Donnell
. Ergometrics Technology, Inc

4401 Dayton-Xenia Road
Dayton, Ohio 45432, USA

and

Glenn Wilsnn
Harry G Armstrong Aerospace Research Laboratory
Wright-Patterson Air Force Base
Dayton, Ohio 45433, USA

INTRODUCTION

From an intuitive viewpoint, physiological measures would appear to provide an optimal set of techniques for assessing
workload. They make mininsal demands on the operatcr’s time and attention, they lend themselves to ready quantification, and
they tap functions which are easy to reiate theoretically to the workload construct. For example, in one view (lrfa major
determinant of workload is the amount of effort required of the operator. It would be expected rationally that the amount of
cffort expended should manifest itself in the degree of physiological arousal or activation in the individual. Therefore, indices of
such arousal should bear a direct and consistent relationship to the amount of workload.

Unfortunately, the history of attempts to dgrive such direct relationships is less than impressive. While there have been
- notable successes, such as the work of Beatty ¥on pupillary measures and the heart rate results reported by Roscoe in this
volume, there were many instances in which physiologica! measures failed to show correlations either with imposed workload
levels, or even with each other under identical conditions. Such results led some investigators to abandon physiological
measurement entirely on the basis that it was inherently unreliable. Others, however, realized that such lack of correlation
might just as well indicate that the measures were tapping different aspects of a complex construct and might, in fact, be
revealing an unexpected and very desirable specificity or “diagnosticicy”ycombined with the “global” indices of activation
represented by such things as pupil diameter and heart rate, highly diagiostic physiological measures might pinpoint the type of
processing resource, stage, or strategy which is being loaded by a particular task. This realization came a\ a time when workload
theorists were emphasizing the multi-dimensional nature of the workload construct. Thus, there is a happy correspondence
between the need in workload assessment for measures which tap specific resources or stages, and the growing realization that
some physiological measures may be quite specific in their sensitivity to precisely such types of psychological function.

Based on the results of a number of studies the U.S. Air Force decided, in 1979, to coastruct a battery of physiological

tests, each of which had shown some promise in laboratory studies of being sensitive to various aspects of workload. This

- Neuropsychological Workload Test Battery (NWT3) is currently undergoing validation testing in several simulator

environments. Two of the most promising measures from this battery are the transient cortical evoked response and several

analyses of eyeblink behaviour. It is becoming clear that these techniques can contribute complementary types of information

on the amount of workload being experienced by the operator, &nd could form the basis of a measurement system which would
tap both global and specific aspects.

D- 005 €35

RATIONALE FOR THE MEASURES

The transient evoked response is obtained from the electroencephalogram (EEG) when a discrete stimulus is presented to
the subject in some sensory modality. In order to isolate this response from the ongoing EEG activity, multiple stimulus
presentations are usuaily necessary, and the brain activity following the stimuli are time-locked averaged to cnhance the signal-
to-noise ratio. The typical response can be variable between individuals with respect to precise amplitude and latency of peaks,
but usually shows the same general morphology. This consists of two positive peaks prior to about 250 milliseconds after the
stimulus, and one major peak between about 250 snd 500 milliseconds. This Iatter peak (called the P3 or P300 peak) is found
only when the subject is actively processing infonnation, and when stimuli have some relevance to the task being performed by
the subject. In addition, within an individual, the amplitude and latency of the P300 appear seasitive to different aspects of the
task. Amplitude appears to be directly proporticnal to the degree of subjective surprise st the appearance of the stimulus,
whereas Iatency appears to vary with stimulus evaluation time (3). Furthes, under certain conditions, it has been determined
that when the stimuli are presented during performance of a “primary” task (which may be visual, auditory, visual-motor, etc.)
the amplitude and latency of the P300 show a remarkable sensitivity to the workload of the primary task (4).

Further studies indicated that this sensitivity was specific to the perceptual/central processing demands of the task, and
wukuendﬂvetothemotordemmds(S)(G)Thm,umedbvthuewthon and adopted in the NWTB, the transient evoked
responsc can be viewed as a highly diagnostic measure of the central processing (mental) workload of the operator. It would
appear to be porticularly appropriate in those situstions where the operational environment makes it difficult or impossible to
obtain objective, short-term measures of the amount of mental activity required by a task.
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In a similar way, it is known that the blink pattern of individuals changes as a function of several aspects of task demands,
a8 well a3 of subjoct state. However, studies which utilived blink frequency as a dependent variable have been severely criticized
because of problems in design, analysis or experimental control (7). Such measures appear to show great variability, and
require a dogree of experimental control which would tend to preciude their use in operational settings.

Other approaches to the analyxis of eye blinks have been considerably more successful in assessing longer-term effects of
workload (8). Studies have indicated that humans have characteristic patterns of blink behaviour which are quite 1pecific to the
task, and which are altered only under conditions of stress, fatigue, or task load.

DESCRIPTION OF THE TECHNIQUES

The Evoked Response (\ddball Paradigm. A particularly powerful tschnique for obtaining the transient evoked response
in a workioad situation has been reported by the Cognitive Psychophysiclogy Laboratory of the University of Illinois (3). In this

" procadure, called the “oddball” paradigm, the subject is required to attend to “secondary” stimuli during the performance of a

“primary” wsk. Typically, the secondary stimuli are of two easily discriminahle classes (e.g., two tones of different frequencies),
one of which occurs much more often than the othex. Formaoe,whlethembjecthmchngavmalmget(thepnmuymk)
high tones may be presented through earphones 80% of the time, and low tones may be presented 20% of the time. The subject
is instructed to monitor (eg., to count) either class of tones (the secondary task) while performing the tracking task. The
sequence of tones may be random or controlled (e.g., presented in a Bernoulli series) on the specific goal of the
experiment. In any case, the evoked response generated by one or more of the “rare” stimuli (32 to 64 stimuli are frequently
used) is obtained, and the P300 amplitude and latency are determined. Mvﬂuesmthenmedmmdexthecwml
processing workload of a task.

For this measure, recording electrodes are attached to the scalp. Although the precise placement is not critical for the
recording of the P300 wave in this records are usually obtained from standard left and right parietal leads,
referenced to linked mastoids. As with most physiological measurement, it is important to reassure the subject that the
procedure is harmless and non-invasive. Given this, subjects typically have responded extremely well to this type of
measurement, and rapidly forget about the electrodes and the data acquisition. Further face validity can be introduced into the
test by utilizing tones that naturally occur in the eavironment (radio signals, threat warnings, normal environmental sounds) as
the stimuli. With proper attention to the requirements of the paradigm, utilization of such naturally occurring stimuli can
significantly cnhance the co-operation from the subject and the overall validity of the data.

Eye Blink Recording Eye blinks can be recorded with an eye point of regard monitor (see chapter 9) or by means of some
form of electro-oculogram (EOG) using miniature slectrodes placed above and below an eye (8).

EXAMPLE OF USING THE TECHNIQUE

Recent advances in aircraft landing systems (c.g., microwave landing systems) permit several new control strategies to be
introduced. For instance, complex londing paths can now be directed from ground control stations. However, such innovations

require that flight directors be redesigned, and that the data they provide to the pilot be changed from that currently used.
Several new designs are available, and among the many questions that must be answered before one can be chosen,
determination of the workload of each system is one of the most critical. Assuming that overall aircraft performance is
rehﬁvelyequlfotmm(lwpﬁmdmdmbdmewthadmbewmummmhmquhedthu
quantified ordering of the workload involved in each of three systems be produced.

mmﬁmmmdmuﬂmpknppmuhumahmmcnﬁmumm.BnchappmachhstsforlOwZOminmea,
and the various approaches involve different specific tasks (¢.g., number of turns) as well as different environmexrtal factors
(.8 turbulence). Subjects will consist of ten volunteer line pilots.

In this sitostion, it is necessary to realize that a baseline measure is absolutely essential. As ir. behavioral secondary task
messures (sec Shingledecker, this volume) physiological measures such as the evoked response and eycbiinks must be
i in terms of a stable individual bascline. Therefore, the first requirement is to establish a comparable set of
approaches with existing, known flight directors having 8 previous history of performance acceptability. If all approaches
cannot be baselined, at least s moderstely complex one should be obtained.

A second procedural techaique is aleo desirable in order to belp establish the “operational” meaning of any physiological

significant
Mwmmmuwmmﬁmmmﬁqdwmmmmnﬁnm
convince the operstional pilot that the differences have any practical value. To help alleviate this, it is desirable to introduce
several lovels of stress within each of the experimental conditions. In this way, changes for each landing system as a result of
MmehmRMWthmmmwmm,mwm
respect to baseline conditions, even the non-phsyiologist can see that the systems differ in their workload.

The final design would then be a flight director by approach type by stress level factorial. Given four flight directors

the control condition), three approach types, and two stress levels, each subject would fly 24 simulator missions. A

full battery of primary task performance measures such as glide slope ecror, etc., would be taken, Several workload measures

would also be obtained, designed to saraple the global workload, and to prote specific companuents of the workioad construct
in order to diagnose the source of any workkuad “chokepoints” identified by the global measures,

response would be useful in this case to obtain relatively short-term estimates of the central

processing load introduced by the different flight directors. Auditory tones, made to simulate normal tones occurring in the

cockpit, would be presentod randomly but with different probability of occurrence. The tones would require attention, but no
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response, from the pilot. For previously defined segments of the approach (lasting about 3 to 4 minutes each) the transient
response to these tones would be obtained. Segments would be chosen to be representative of a range of workloads in the
overall approaches.

From this design, 3 to 5 evoked responses per mission will be obtained. Differences within each subject (delta scores)
between bascline mission segments and comparable scgments within each of the other missions will be used s the primary
data. These delta scores can then be compaied between flight directors for each subject, and composite statistics generated by
appropriate techniques. Similarly, the delta scores can be used to generate a “workload increase with a given stress” for each
ftight director and for the control condition. This derivative function will further scrve as a sensitive measure of subtle workload
differences between experimental conditions.

Eyeblink measures will be used in the present case to obtain both global and specific indicators. The histograms of
interblink intervals will provide a time history of differences between flight directors in such things as stress, information
demand, and workioad. Analyses will be similar to those described above, with delta scores based on the subject’s baseline
condition and response to stress in that condition used as raw data. However, the time period covered by one histogram will be
somewhat shorter (about onc minute), allowing somewhat finer resolution of the workload history. Since this is a time-based
messure rather than an event-based measure, it is more important that the events occurring during each time period be
examined and related to the results. Further, since the blink measure is not able to differentiate easily between central and
motor load, inspection and correlation of the events occurring in the scenario is even more importanit to interpretation.

Similar analyses ccn be carried out for closure duration. In addition, however, one is particularly interested in the
occurrence of “atypical” closure durations, either unusually long or unusually short. In the one case, long duration closures
indicate the occurrence of “dropouts” in performance — a very significant event if it happens in an sircraft. In the other case,
very short closures occur under high information load and stress, and would indicate an undesirable situation if continued fora
long time,

PITFALLS AND LIMITATIONS

The basic pitfall in the use of any physiological measurement is tke difficulty of keeping both the experimenter and the
subject from becoming either too enthusiastic or too disappointed with the techniques. Neither extreme is justified.
Physiological metrics provide a valuable adjunct, and nothing more or less, to subjective, behavioral, and modelling techniques
for assessing workload. Whether they provide redundant information, ancillary information, or information which can be
obtained in no other way depends entirely on the question being asked and the environment in which it must be answered.

With respect to the specific techniques described here, several cautions must be clearly pointed out. The evoked response
is usually obtained as an gveraged phenomenon, Therefore, very short-term changes not only cannot be detected by the
procedure, but may actually confound the average. Therefore, it is critical that the stimuli used to generate the evoked response
in the oddball paradigm be, as nearly as possible, equal in relevance to the subject over the eatire data collection period.
Lacking this, consideration should be given to single trial evoked response techniques.

From a very practical viewpoint, it must be realised that the evoked response is a small electrical signal. While electrodes
and amplifiers have progressed to the point where normal movement or electrically noisy environments are not
insurmountsble problems, they must still be considered and controlled. Artifacts occur in the data under the best of
circumatances, and experimenters should be trained to detect and eliminate them. In the same way, identification of peaksin the
evoked response is not always straightforward. Although it is usually unambiguous in most subjects, there are enough
anomalous cascs that a trained obscrver is still needed unless very sophisticated computer software is available.

For eyeblink recording, the limitations are similar to those for evoked responses. While the signal is electrically somewhat
larger, the eye tends to do more things to interfere with the desired response — the subject blinks, squints, raises the eyebrows,
and twitches. All of these may be difficult to discriminate from the eyeblink in the normal EOG, especially for the untrained
observer. For this reason, it is usually necessary to “screen” the records and climinate artifacts before processing. Thus, this
measure also requires a trained analyst, even if the analysis is fully automated after the initial screening.

Head movements can be particularly disturbing in this technique, especially if they involve large movements pivoted on
the neck (such as might be seen in fighter pilots). In severe cases, it might be necessary to use accelerometers attached to the
head to reveal such movements so that they could be screcned out from the cye movement record. Large head movements
where the body accounts for the majority of the movement (e.g., bending or twisting movements) do not appear to cause severe
recording problems.

SUMMARY

Physiological measures will be of use in the assessment of workload to the extent that researchers attend to the validated
global or specific diagnosticity of measure. They should be viewed necither as a panacea, nor as a frivolous add-on to an
experiment. Specifically, the cortical evoked response and the analysis of eyebliak behaviour can provide both global and
specific indicators ot workload, and waen used with appropriate caution, can yield valid measures in situations where other
objective measures are difficult or impossible.
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CHAPTER 9
IN-FLIGHT ASSESSMENT OF WORKLOAD USING INSTRUMENT SCAN
by

JR Tole
Digital Analysis Corp
Box 2850, Reston, Virginia 22090, USA

and

R L Harris Sr
NASA Langley Research Center.
Hampton, Virginia, USA

INTRODUCTION

During instrument flight, the pilot obtains information concerning aircraft state by cross-checking or scanning the flight
instruments. The exact method of scanning the instrument panel varies from pilot to pilot but there are scme basic features
common to a “good” scan pattern. Indeed, it was the carly study by Fitts and his associates identifying the most common
instrument transitions which led to the fami'iar “T” arrangement of t':c major flight instruments (1).«

The method discussed here may be considered a candidate for workload studies with piloting tasks which will invoke a
regular visual scan (spatial/tempore] pattern of eye movements) during instrument flight. When instrument scan is in use, it may
be postulated that external factors such as noise, intr-rruptions, fatigue, etc which interfere with the piloting task may produce
measurable changes in the scanning behavior. Such measures would be particularly attractive for quantifying workload since
they would be both non-invasive and objective.

It is important to point out that instrument scan by itself is not a complete indicator of workload nor is task attention
necessarily associated with where the pilot happens to be looking at a particular instant. However, whenever instrument scanis
required in a piloting task, analysis of scanning behavior may yield important direct or indirect information concerning
workload. &

Scenarios in which irstrument scan may be considered a potential candidate for workload assessment include;
1 Any situation in which instrument flight is required as part of the overall task,

130

Alterations in the design and/or layout of cockpit instruments,
3 Alterations in controls which require visual monitoring of.
' 4 Situations in which fatigue is suspected to be high.

METHODOLOGY

Measuring Visual Scan

“Measurement of pilot lookpoint (eye point-of-regard) is required in order to analyze the instrument scan. While several
techniques have been applied over the years, the most practical method for in-flight measurements is the remote oculometer.
This device makes no contact with the pilot and does not restrict his movements while tracking his point of regard to within
approximate 0.5 degree accuracy. The oculometer measures infrared light (from a low intensity source in a corner of the
instrument panel) reflected from the retina and cornea of the eye via an infrared sensitive TV cameraand a system of lenses and
mirrors. Computer analysis of thess reflections is performed to determine where the pilot it looking, Basic output from the
oculometer consists of the x, y cooidinates of the visual scene as a function of time. Temporal resolution is 1/30 second. For
convenience in later analyses, the raw data is usually converted 1o yield instrument dwell rather than ths x-y coordinates.

NASA Langley Research Center has devote* considerable effort to the problem of installing such a device in a cockpit.
The current version of their clectro-optical (EO) n. ad requires a little more than the space of an instrument on the instrument
panel. A more complete description of the oculome’ er is available elsewhere (2).

Analyses of Scanning Behavior

Analyses of the information provided from %i.:¢ oculoieter may be separated int¢: temporal, spatial, and spatio-temporal
categories, In all cases, the fundamental premir - is that the ‘regular’ scan path will in some way be altered by some factor(s) (eg
panel layout) which may affect workload during instrument flight. The analyses described here do not by themselves measure
workload, however they aliow comparisons of the scan path behavior of the pilot under various situations and thus may provide
inferences concerning changes in workload.

Tempcral Analyses

Time History of Lookpoint

The fundamental output from the oculometer is a time history of lookpoint (ie a plot of the instrument being viewed asa
function of time). Besides providing the basic data from which other analyses may be performed this plot is useful as an
overview of the scanning behavior; eg it is particularly easy to determine periods of ‘staring’ or high rates of blinking.

———
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Dwell Percentuges

The dwell percentage is the percentage of time spent looking at a particular instrument. The transition percentage is the
percentage of transitions which occurred between two instruments regardless of the direction of the transition. These data are
printed on a schematic view of the instrument panel with the dwell percentages inside the individual instrument boundary and
lines between the instruments representing those transitions which occurred (the width of the line can be drawn proportional to
the magnitude of the transition percentage). This diagram give a graphic picture of the scan paths.

Dwell Histograms

Dwell time histograms may be plotted for each of the important instruments. Such a histogram is a plot of the number of
dwells (looks) on an instrument which lasted for the length of time indicated by the abscissa. Intuition suggests that instruments
with either high information content or poorer information transferability will elicit longer dwells than those with low amounts
of information or good information transferability. When additional tnformation is added to a display or the display format is
changed, dwell histograms may be successfully used to examine the effect of this change on the pilot (2). The goal isto arrive ata
display design which will provide the most information with the shortest dwell time.

Dwell time histograms tend to be stereotyped in shape for different instruments. Dwells can be classified by both the
instrument being looked at as well as the function of the dwell, ie whether the pilot was monitoring information or changing the
indication by some control input while looking at the instrument. The histograms for these two dwell functions have two peaks,
one at short dwell times for 'check’ on aircraft state and a second peak at longer dwell times associated with the 'reading’ of
aixcraft state. The control dwells show a peak at a very long dwell time (2). .

Oculomotor Dynamics

Oculomotor dynamics are a useful type of ancillary data which may be considered during scan path analyses. While not a
direct indication of scanning behavior, the details of how the eye moves between instruments may be an important indicator of
fatigue. In particular, peak velocity and acceleration of saccadic eye movemenis can be expected to decrease dramatically as the
oculomotor system fz .gues. Measurement of these parameters can provide an indication of the tendency to fatigue under
certain types of instr: inent scan.

Spatial Analyses
Instrument Transitions

The carliest analyses of the instrument scan calculated the probabilities of a pilot making a change in lookpoint between
pairs of flight instruments, The instrument transition matrix results from determining the probabilities of all such changes which
are possible. While it is theoretically possible to statistically compare two such matrices, obtained under different workload
conditions, thc amount of data required to make such a comparison valid is often more than can be obtained in a practical
situation. This fact led to the development of a single parameter measure of scan behavior, called entropy, which in effect
summarizes the probabilities contained in the transition matrix (3). .

Entropy Co
The time history of fixations has a form which is similar to that of a communication system which can assume N discrete
states with a varying duration in each state. The orderliness of such a system is related tu the probabilities with which it occupies

its different states. A system which always occupied the same state or always made the same transitions between states would -
thus be quite orderly. In the case of instrument scan, these situations would be parzlleled by staring and by a stereotyped

scanpath respectively.
“this concept of system order may be stated compactly (4) as:

D
H, = = Z [plog2p|

where H, = observed average entro vy
p; ™ probability of sequence i occurring
D = Number of different sequences in the scan

In the case of the instrument scan, entropy has the units of bits/sequence and provides a measure of the randomness (or
orderliness) of the scanpadh. The higher the entropy, the more disorder is p: tin the scan. The maximum possible entropy is
constrained by the experimental conditions. The maximum possible vnmhnax, may be calculated as follows. For a given
number of instruments, M, and sequence length N, the maximum number of different fixation sequences is given by:

Q=M * (M—1)"-! = maximum of sequences of length N

The number of bits required to uniquely encode all Q possible sequences is log?Q. The magnitude of this latter number
also represents Hmax of the visual scan for the number of instruments and sequence length being considered. For example,
with 7 instruments the value of Q for sequences of 2 instruments is 56 which yields a corresponding Hy,, = 5.8. .

In order to include the effect of instrument dwell times, a term for entropy rate may be defined as:

Hue = E‘, [H/DT))
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where H; = entropy for ith sequence
DT, = Averags dwell time for ith sequence
D = Number of different fixation sequences :

While ii is possible for pilots to make rather rapid glances (with dwell times of 100 maec or less) &t their instruments (5) s
fixation rate this high (10 Axations/sec) rapidly leads to oculomotor tatigue. A move realistic averago value is probably about 2
fixations/sec ot less for a long period of instrument scan (say » 10 sec). Using this value (0.5 sec/look) as the average dweil
interval, the maximum entropy rate for 7 instruments and sequences of length 2 is calculated from the following equation to be:

(H rate),,, = 5.8/0.5 * 2 fixations/seq = 6 bita/sec
'lhiinnmbummuunmbwﬂ.&ummﬁuhpﬂumhwmmhﬁuhmahamm
numbers we would expect to obtain under actusl flight conditions will probably be lower. The observed average rate for the

basic experiments was on the order of 1 bit/sec. A tendency to stare under increased load should be reflected by decrossed
entropy and increased fixation times making Hrate tend toward lower values under such conditions.

Spatio-temperal Analyses
Correlation

In situations in which a workload inducing stimulus is applied either periodically (cg verbal loading, sccondary task, etc)
or in a recurring but random fashion, th use of corrtlation methods may be in order.

Autocorrelation may be performed on scanning data as follows. A sequence of instrument numbers versus time is
developed from the data. Due to the arbitrary nature of the assignment of instrument numbers, the autocorrelation of the signal
containing all instrument numbers does not necessarily produce moaningful results. For this reason analysis of each instrument
is examined successively by replacing the time sequence of all instruments with a sequence [x(i)] where the value is 1 for the
instrument being studied and O for all other instruments. In order to eliminate the dc component for later spectral analysis, a
zero-mean sequence {(i)] is computed from [x(i)] as follows:

40 =% %
where
. x(i)=1
if specified instrument j is being fixated and 0 otherwise
' = mean of [x(i)}
The sample autocorrelation of [£(i)], or sample autocovariance of [x(i)], is calculated by the formula:

Rik) ~ 1/n E-:. {84i)* (i + X))

where Ry(k) = autocorrelation sequence for instrument j
n = number of samples = totel run duration/oculometer sampling period (1/30th sec)

This autocorrelation is computed for cach instrument for each loading case. Ta order to detect possible periodicity in the
scan, the Fourier transform of the autocorrelation is taken to produce the power density spectrum. From this a value for the
dominant frequency may be obtained. For skilled pilots, this frequency tends to be close to that of the workload stimulus which
has been applied. This suggests that the pilot has a tendency to multiplex the flying task and the periodic task for greater
efficiency. Overload occurs when numbers are preseated too rapidly for the pilot to efficiently multiplex both tasks.

Novice pilots, however, do not seem to have any consistent pattern in their autocorrelation sequences. Most of these pilots
show little or no periodicity in their scans jor any of the loading conditions. One explanation may be that skilled pilots have a
better developed ability to time multiplex several simultancous tasks.

For stimuli which occur repetitively, but not at periodic intervals, it is plausible to consider the use of cross correlation
between the time at which the stimuli are applied and the scanpath although this has not been attempted to date.

Visual Scanning Measures Applied to the Standard Flight Task, (Manually Flown ILS Approach and Landing of Two-Pilot
Passeager Jet Transport).

We now briefly discuss the application of our techniques to the valuation of workload during an ILS approach. Two or
three factors must bc manipulated to use the techniques described above: (a) a piloting task requiring a stercotyped scan path,
(b) a verbally presented mental loading task, or (c) & visually presented mental loading task. It is assumed that the cockpit to be
used for the experiments may be outfitted with the NASA Langley oculometer system or an equivalent and that ample time will
be allowed (approximately 5-10 minutes) for calibration of the oculometer before an experimental session beging.

The proposed ILS approach scenario requires the use of a stereotyped scanpath, though it should be emphasized that the
task and hence the scan pattern is not constant throughout the scenario. Thus, the second to second leve! of loading due to the
flight task and the corresponding instrument scan will vary, albeit in a somewhat predictable fashion. The additional verbal or
visual loading task serves to “bias” the *otal amount of mental load on the pilot with the goal of Jocating peaks in the load due to
the piloting task alone. The notion here is that the workload due to the additional task is roughly additive with the instantaneous
load due to the piloting task. The hope would be to bias the total load to a high encugh level to demonstrate a performance
decrement (which may be a non-linear function of loading) while at the same time hopefully observing a monotonic rhange ia
the measures of scanning behavior as a functiot of the increased ' oad.
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Several levels of difficulty of the adcitional task are required. These may be achieved in two ways. A constant level of

: difficulty may be imposed over the entire approach; this method is to be recommended at present as we are not as yet sure how

§ . to analyse short segments of the scan pattern. Each level of difficulty of the imposed «xtrs task would thus require 2 separate

- run. Since both the verbal and visual tasks are periodic, their respective difficultics muy be altered during a run by changing the

: period between presentations of the task. This method would seem more attractive if the piloting task were indeed fixed over
! the entire run.

A verbal task may be used as one means of biasing the loading level. This has been shown to work well in our experiments ,
and is easy to implement and score (6). Such a task should be designed to approximate oile which wouid ordinarily be ;
i performed in the course of flight; eg a constant rate of rdio communication or periodic manual computation of navigational
i coordinates.

J An alternate, visual version of this task is also possible and perhaps more appropriate for actual flight conditions. A sinall

] display could be mounted in a convenient point in the pilot’s visual field. The display could present either a “+ " or a “—" sign. At
; periodic intervals an auditory “beep™ would signal that the pilot should observe this display and indicate (operationally) via a
: rocker switch whether the display is currently indicating + or —. The interval between “beep™ determines the difficulty of this
i .. task and one possible measure of workload is the % of time the pilot is actually able to observe the display.

; Entropy rate calculations could be made on the scanning data regardliess of whether the visual or verbal loading task is
! used. Since both tasks are periodic, the autocorrelation technique may also be applied. Although we have not done it as yet, we
; T expect that cross correlating the time of presentation of the imposed task with the scanning data is likely to yield good results
! X especialy in the type of flight scenario proposed in this study. We expect that a characteristic “signature” will appear in the cross )

correlation between the loading task and the instrument scan and that this signature will be altcred via changes in task difficulty. !

Limitations and Pltfalls of the Technique
There are a number of potential problems in applying our techniques. These are enumerated below:
1 The piloting task being performed must require instrument scan.

2 The relationship between where the pilot is looking and the ‘focus’ of his attention may be misleading (clearly this is the

case if the pilot is staring). !
3 The scan must be repetitive, at present, although it may be possible (eg using cross correlation) to analyze short
segments of a scan pattern.

4 Anonboard oculometer is required and must be mounted in the instrument pane) (NASA — Langley Research Center
has worked out many of the technical problems however). Jet Transport simulators at NASA Langley and elsewhere have
also been fitted with the oculometer.

5 It may be necessary to calibrate without the pilot's éoopcnt‘.on due to time limitations in the proposed experiments.
However sufficient setup time prior to the experiment will minimize the calibration nceded.

6 The behavior of the varivus measures of scan has not been examined under a wide variety of situations as yet, hence we
arc unable to comment on flight scenarios in which the task is most applicable other than the obvious requirement of some

TOLEJR
etal

Visual scanning behavior and pilot workload, NASA CR-3717, August 1983

type of scanning behavior.
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" CHAPTER 10
FLIGHT TEST EVALUATION OF CREW WORKLOAD

by

W A Wainwright
Test Pilots Office

British Aerospace
Hatfield, Herts, UK

PART1
AIRCRAFT CERTIFICATION FOR A MINIMUM CREW OF TWO PILOTS

) RN
INTRODUCTION Ve T

is paper describes the method developed in 1982 to certificate the BAe 146 for operation by a minimum crew of two
pilots to the requirements of JAR 25.1523. The method was based primarily on subjective assessment of workload but
employed objective data to support that assessment. All the data were collected from one flying phase and no flight or ground
simulator assessments were performed, neither were the results correlated with any previous evaluation. In this respect, the
evaluation of the BA¢ 146 was unique amongst civil workload certification programmes.

'rheus;hmuuﬁonmeonducmuammmmﬁmnnxomdmbymmnnmmm#)
_g—(a).'mteemmsonwopilouﬂe\veomecuﬁveuueedlyintansiveﬂi;huchedulaamundadnuilonmljorEdopun
airfields, London — Heathrow, Paris — Charles de Gaulle, Amsterdam — Schippol, with crew duty hours on some days
considerably in excess of those normally allowed for passenger carrying operations, The flight schedules called for multiple legs

in a high density air traffic environment, and thus the evaluation was concentrated upon the high workload phases of airfine
operation. Additionally, operations with inoperative items from the Minimum Equipment List in conjunction with in-flight
failure conditions were assessed, Deliberate in-flight failures or dispatch inoperative items were not simulated on the first day

of each teams participation in the valuation, but those unplanned events that occurred were logged. Prior to the evaluation,
preview flights around the exercise route were arranged for each crew in a BAe 125. ~2__ ‘

The style of evaluation was evolved from the following considerations:

1 The purpose of an assessment of crew workload is to evaluate the workload experienced in flight, and all predicted
values of workload ootained from other sources must be confirmed by an in-flight assessment. Therefore all ground-
based assessment techniques, including flight simulation, are design tools and not part of the final proof of adequacy, and
we resolved to concentrate all our effort into an In-Flight Evaluation.

2 Any assessment exercise that was not prohibitively expensive was considered to represent such a small sample of
experiences that it would only be relevant if the environment was so demanding that it would be conducive to exposing
weaknesses in the design. Thus the measurement of workload under normal benign conditions was disregarded and we
concentrated on the high workioad regions of aircraft operations. These were considered to be the arrival and departure
phases at very busy airports.

3 No. single evaluation technique was considered to be sufficiently reliable on its own to be the sole arbiter of
acceptability. Thus a matrix was developed incorporating several individual indicators of workload that were correlated to
give an overall assessment of acceptability.

4 There is no totally weepted definition of workload, but studies have shown that most pilots prefer a definition that

relates workload to enort (4). Equally here is no gencrally accepted objective measure of effort, although heart rate

monitoring has been successfully used in co-ordination with subjective assessment (5). We thercfore chose to base our

evaluation on subjective pilot assessment correlated with heart-rate monitoring as the principle indicators of workioad.

5 A high workload was considered to be more of a problem to a tired pilot, and therefore an excessive workload is more

likely to be revealed when the crew is fatigued. Thus our participating crews were asked to fly long duty days with minimum

rest periods.

The decision to use subjective assessment was based on the following assumptions:

Workload is best defined as related to effort.

The most accurate measure of the effort expended by an individual is that individuals subjective assessment.

However,subjoeﬁveusessmentissubjec\tothemuaﬁonofbindncei\i:pmducedbyindividualswhohnvemny
. different aind conflicting interests. Therefore some objective support is required for a subjective cvaluation. The technique of
using heart-rate to evaluate workload developed by Roscoe at RAE Bedford, England (5) was chosen as the most reliable
indicator of effort by an objective technique.
*"~Heart-rate monitoring was used in a supporting role because the idiosyncratic nature of heart-rate and the differing
arousal behaviour of individuals mean that heart-rate monitoring cannot be used as an absolute indicator of workload although
it can be used to validate subjective opinion.
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Two basic methods exist to measure workload by subjective assessment — Questionnaires and Rating Scales.
Questionnaires can only give a broad assessment which is based more on the feclings after the event, but rating scales can be
used to give instantancous impressions that are not subject to fading with time, and the individual ratings can be assembied to
give a detailed record of the flight. Therefore assessment by use of a rating scale was chosen as the primary indicator of

The Roscoe-Ellis rating scale (Figure 1) was derived from the well established Cooper-Hurper rating scale (6) to be a scale
specifically to rate pilot workload. Its use was pioneered at the Royal Aircraft Establishment where it was used during the -
Economic Category 3 programme and other flight trials (7) (8). The BAe 146 Workload Evaluation was the first use of the
scale on a civil certification programme, and it proved to be eminently suitable for this purpose.

PILOT WORKLOAD RATING SCALE /
(for a specifled piloting task)

Decielon Tree Werkived Description Rating
Workload insignificant WL
)
Workload low WL2

Enough spare capacity for all wL3
degirabie additional tasks

Insufficient spare capacity for easy WLe
attention to additional tasks

T~

Was workload mtisfactory | NO

Reduced spare capacity- additional
1asks cannot be given the desired WLS 1
amount of attention

without reduction®

Little spare capacity: level of effort
allows kittle attention to additional | WL 6

tasks t
| 4
J

Vary litthe spare capacity, but
maintenance of effort in the primary [ WL?
tasks not in question

Very high workload with almost no
spare capacity. Difficuly in WL
rmaintaining leve! of effont

Was workload tolerable for
the task?

Extremety high workbad. No spare : . b
capacity. Serious doubts s to ability | WL9| . i
%0 ensintain -level of effort

1 11

[P

, ]
Wa i b & NO ‘ y )
- o] T et et e m;l j
1?
) Fig.1 Pilot workioad rating scale .
The pilot starts his decision-making process at the bottom left corner of the decision tree




METHODOLOGICAL CONSIDERATIONS
Persennel

The following wure considered to be essential requirements for crew members involved in a flight test evaluation of
workload:

Experience on the aircraft to be cvaluated.

Experionce in evaluation techniques.

Experience in airline flying.

Where the evaluation includes an element of subjective assessment there exists an additional but paramount requirement

for impartiality. Although it is not needed for any scientific reason, the principle objection raised against subjective asscssment
as a means of evaluating crew workload is the possibility of bins by the subject pilots.

The above requirements are contradictory £ an aircraft that is being evaluated during the pre-certification phase of its
development because the only pilots with the roquisite experience on type will be Coupany test pilots, who may not be
considered to be impartial by external parties. Furthermore there will be very few totally impartial pilots, who have any
experience on the aircraft. Thus it is necessary to use a melange of pilots — all of whom satisfy some of the criteria, but none of
who satisfy them all - in order to form & balanced evaluation team. A mix of BAe and CAA pilots was used for the evaluation
of the BAe 146.

Observers were carried on the flight deck for the following reasons: firstly, to enhance the impa.tiality of the eveiuation,
and secondly to broaden the scope of the assessment. Thus the observers had to satisfy the tollowing criteria:

Independent of any commercial connection with the aircraft manufacturer.
Expert in either human factors, flight operations or airworthiness.

Assessment of Workload
An acceptable workload was demonstrated by the following means, the results from which were correlated to give an
overall view of the workload experience during the evaluation;

1 Efficient Operation during an intensive ‘mini-airline’ schedule by several crews of two pilots.
2 Safe Operation in a high density Air Traffic environment by several crews of two pilots.

3 The ability of two-pilot crews to operate the aircraft safely and without physical or mental fatigue on demanding duty
schedules.

4 Subjective pilot opinion of (onceived workload

5 Subjective opinion of perceived workload by independent aviation experts

6 Analysis nf pilot heart-rate.

The aircraft was fitted with instrumentation to the scale described in Part Il of this chapter.

Assessment of Performance

The aim of any airline is to run an efficient operation and one indicator of efficiency is the ability of the aircraft crew to
operate to a demanding schedule. Thus the workload involved in operating the aircraft must be amenable to the achievement of
such an aim. Therefore the ability of the crew to keep to the schedule is an indicator of an acceptable workload, although one
that would be unconvincing if required to stand on its own. The schedule established for the mini-airline exercise was
demanding (7 legs on each of the first 2 days witha 134 hour duty day, and 4 legs in the third day with a 74 hour duty day), and all
deviations from it were logged. The deviations were correlated with other data to establish if any could be attributed to an
excessive crew workload.

Another aim of any airline is to run a safe operation. The achievement of this can be assessed by the occurrence or
otherwise of ATC violations or potentially dangerous incidents. The observers were tasked with logging any incidents or
violations and any crew errors and deviations that could have led to incidents or violations under other circumstances. All
occurrences of errors were correlated with other data to establish if any could be attributed to an excessive crew workload.

The efficient and safe operation of the aircraft by crews of 2 pilots was achieved when operating to duty hours well in
excess of those normally permitted for public transport crews. A lack of crew errors was considered to be indicative that no
undue mental stress was experienced, and was confirmed by the analysis of pilot heart-rate which also indicates whether any
physical fatigue occurred.

‘The principle mesasure of conceived workload was the pilot rating scale and the use of it is described in more ditail in Part
IL. Other subjective data were obtained from questionnaires. A post-flight questionnaire was completed after every sector by
each pilot. This questionnaire asked for information about the ATC and weather situation, about the level of workload
experienced in each phase of flight, and asked for an opinion on the cause of any kigh workload that was experienced — the
available causes ranged from difficult ATC environment to poor aircraft handling. An opinion was also demanded of the
workload experienced compared to that previously experienced on a similar type of aircraft under similar conditions. Finally
post-exercise questicnnaires were completed by each pilot which called for a more general appreciation of workload attributed
to individual features of the aircraft. The specific criteria of JAR 25 Appendix D were used as a basis for this questionnaire.
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! The obrervers were used as a source of perceived workload. They gave rating scores for each pilot using the pilot rating
i scale, completed a pest-flight questionnaire that was simiiar to that of the pilots, and completed a post-exercise deposition that C
gave their general impression of the workioad experienced by the pilois. !

Heart-rate was condnuously recorded for each pilot from starting engines to shutting down at the end of cach sector. The ;
rating scores given by pilots and observers were superimposed on the heart-rate trace together with a time base so that the :
regults could be correlated. Moan heart-rates for the 30 saconds preceding rating scores were compared to the 1.atings, and the
instantaneous heart-rates were examined for evidence of rapid variations in rate that could suggest sudden changes in
workload. Hoart-rates arc essentially idiosyncratic and it is not possible to compare the beart-rate of one pilot to that of
another. It is normal, in fact it is desirable, for heart-rate to rise as a pilot becomes aroused in preparation for the take-off and

the landin,, Equally, individuals have different arousal patterns in response to changing events. Thus simple comparisons of
instantansous heart-rates are misleading and each pilot has to act as his own coatrol, and data obtained from the preview flights
inthe BAe 125 around the exercise routes were used to give a base-line behaviour pattemn.

{ ! RESULTS
' The core of the results was the pilot and observer rating scores (sec Part 2 of this chapter for details of the analysis, and )
Figures 3, 4 and 5 for examples).

The results obtained from the analysis of the rating scores were then compared with tiae following other sources:

1 Questionnaires — broad statements on workload levels were obtained from post-flight and post-exercise :
questionnaires. These statements were compared to the conclurions obtained from the individuals rating scales.

2 Ervor counts — Observers were asked to record any crew errors that they noticed, and the ratings given at the time of
the occurrence of an error wers examined to idetitify whether the error could be attributed to a high workload.

3 Depositions — Observers completed Deponitions on their opinion of the crew workload after they had concludes their
participation in the exercise. The opinion expressed was compared to the ratings given by the observer.

4 Heart-rate — Ruting scores were compared to the heart-rate behaviour appertaining at the same time.
The assessment of workload achieved by the above comparisons was then examined in relation to the following data to 3
establish whetber it was consistent with it:
Efficiency of Operatious — obtained from analysis of the programme achieved. :
b. Safety of Operation — obtained from the Error Count and Observer Comment.
¢. Physical or Mental Fatigue obtained by analysis of heart-rate traces.
d. Comparison with Similar types — obtained by questionnaire.
e. Specific Compliance with JAR 25 Appendix A — obtained by questionnaire.
Finally, the video record was available for examination to resolve any inconsistencies in the results.

~

CONCLUSION

The flight test evaluation of the BAc¢ 146 used a variety of assessment methods — including practical demonstration, [ :
qualitative and quantitative subjective evaluation, subjective comparison with similar aircraft types, and objective pk:ysiological
cvaluation — and all confirmed that the crew workload on the BAe 146 was compatitle “vith operation by a minimum crew of 2
pilots. This result has since been further confirmed by in-service experience and by the subjective assessment of line pilots
flying the type in airlinie service which has been obtained by questionnaire.

No inconsistenries or ambigvities occurred during the evaluation or have appeared since it was conducted. This supports
the contention that a singie phase flight test evalustion of workload is an adequate and appropriate test of the suitability of an
aircraft for operation by its minimum crew. Furthermore the agreement achieved during the evaluation of the BAe 146
between all the types of data collected endorses the integrity of the method of subjective assessmeat supported by heart-rate
snalyxis.
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PART2
SUBJECTIVE ASSESSMENT CORRELATED WITH HEART-RATE

INTRODUCTION

The technique suggested in this paper was developed for the flight Test Evalustion of workload in the BAc 146 in 1982,
described in Part] of this Chapter. This method, of using subjective assessment correlated with heart-rate monitoring, was used
s the besis of the evaluation which was then supporteq by other subjective and objective data to obtain CAA and FAA
cettification of the aircraft for a minimum crew of two pilots (9).

It is cesential that any assessment techmiques does not superimpose any extra workload on top of that being evaluated.
This aim may be achieved by the following means:

1 A simple scoring pad with 10 buttons — one for each rating — should be provided for each individual in a position
where it is easy t3 use and does not intrude into normal operations, for example, situated on the centrul boss of the control
wheel at each pilot’s station.

2 Nomental effort should be required of the participants to remember when to give a rating — they should merely have to
respond to a call by an Exercise Controller, who calls for ratings in response to a specific programme.

3 The participants must be given practice in using the rating scale prior to the exercise.

4 Differentiating between individual ratings has to be easy and coasistent. The rating scale (Figure 1) is based on the
concept of spare capacity and differentiating between ratings is done by assessing the amount of spare capacity available.
Primary and secondary tasks are defined, and thus participants oaly have to assess how much spare capacity they have
availsble to devote to the secondary task whilst performing the primary task.

The ratings given must be discrete so that an irdividual is not influenced by Lis partner. This can be achieved by use of
individual scoring pads.

GUIDELINES FOR USING THE RATING SCALE

Instantancous ratings of workload can be misleading — they can b given during a temporary lull or peak. Therefore,
participants should be asked to maintain a continuous estimation of their workload and to give a scale number for the workload
pertaining during the previous 30 seconds or so when responding to a call for a rating.

The primary task for each pilot is all those taskloads that are essential to operating the aircraft in his crew capacicy of
captain or first officer. Thus, the captains primary task includes all necessary actions to control the aircraft flight path, to
manage the flight, and to comply with ATC requirements, including visually searching for aircraft reported by ATC. Similarly,
the first officers primary task includes all necessary actions to operate the aircraft systems, to navigate the aircraft, to manage
the radio, and to search for aircraft reported by ATC.

Spare capacity is estimated by assessing the amount of time available for, and the ease of performing, all secondary tasks.
Secondary tasks are defined as all those tasks normally performed on aircraft flight decks that are not considered to be part of
the primary task. This includes such non-essential duties as monitoring the ott.zr pilot and visual lookout not in response to
ATC directions, which are actions normally carried out by a competent crew member, but which are often the first duties to be
shed when workload is increased.

METHODOLOGY

The purpose of this paper is to describe the use of this technique to evaluate workload during a specific phase of flight - -
the approach to landing. It is assumed that the aircraft is a passenger carrying airliner configured for a crew of 2 pilots but
possessing a seat on the flight Aeck for a 3rd crew member. The task being assessed is the ability to fly a standard ILS approach
to a full stop landing.

The operating crew of two pilois and a suitably qualified observer occupying the 3rd crew se: ¢ form the evaluating team.
An Exercise Controller co-ordinates the exercise, requsst ratings according to a pre-determined rating plan (an example of
such a plan is shown in Figure 2) ¢nd imposes systems failures when demanded by the evaluation programme. The following
instrumentation would be appropriat= to an evaluation of this kind.

1 A data display and storage system should be installed to record the rating scores and heart rate. Instantaneous display
of data shoyld be available, together with hard-copy print out.

2 A two camera video system should be installed — one camera to view the main panel instruments and centre console
and the other to view the overhead panel. A split picture giving views from both cameras should be available, The display
format should be controlled from the exercise control position. A video recording should be available for examination
post-flight to resolve any conflictions in the data.

3 An exercise control position should be installed in the cabin of the aircraft continuing a video display of the cockpit, a
console for the video system, and the rating score system. A communications point should be provided.

4 Rating score pads must to provided for each pilot. A suitable position for thewm would be the centre of control wheel.
Individual push-buiton electros must be available for each rating number (1-10) and a cancel button must be provided. A
light on each pad should illuminate when a rating has been requested and extinguish when the rating is given (the primary




natings will be requested at the following events:

1. Intercepting the glidepath

2. Overhsad the Outer Marker

3. 1000 ft above touchdown
4. 400 ft above touchdown
5. On the runway - dectlerating through 80 kts

6. ‘furning off the runway

Fig.2 Workload rating plan for evaluation of workload on final approach )

means of calling for a rating is by verbal command over the aircraft intercommunications system). The observer should be
provided with two score pads — one for each pilot.

5 Plug points must be provided at pilot’s seat to transmit heart-rate signals to the data system.

‘The subject pilots fly the aircraft in accordance with standard operating procedures maintaining a constant awareness of
their spare capacity in accordance with the established guidelines. The observer monitors their actions and maintains his own
assessment of their workload. At the appropriate point on the flight path, the Exercise Controller requests a rating. The pilots
and the observer give their response on their score pad. The Exercise Controller confirms that 4 score have been received. The
lights on the score pads are available to the pilots and the observer for them to confirm if they have responded. No other tasks
are required of the evaluating team.

The data — heart-rate and rating scores — are recorded automatically for future analysis.

INTERPRETATION OF RESULTS

The first analysis of the results should include a correlation of all ratings that strad out from the general scale with other
available data. This would include subjective data from other sources and objective data such as the h=art-rate pertaining at the .
time. A comparison between the pilot’s own rating and the observer’s rating for him is particularly useful, and the time taken to i
respond to the call for a rating should be considered. This first analysis should eliminate any ratings that are obvious selection :
errors and could attribute instances of high workload to particular problems such as weather, ATC, or simulated system )
f -] 3 ]

A second and simple use of the ratings is to merely examine a graphical plot and note the predominance of particular
scores. Butin this context, it is important to consider the distinction between satisfactory and acceptable on the rating scale. The
scale was primarily designed for use in aviation flight research, although the concept of spare capacity appears to be ideal for
workload certification. However, the workload description for a score of 4 describes a situation that is satisfuctory for multi-
crew aircraft operating in a high workload environment where it is normal practice to allocate priorities and to time-share
between tasks. Thus, a satisfactory workload is not only demonstrated by all ratings falling in the range 1 to 3, but also when the
mezn workload is in that range, with some deviations into the acceptable bracket.

A more sophisticated use of the ratings is to compare homogenous blocks of aggregate ratings and histograms cen be used
for this. The following comparisons are suggested:

1 Comparison of a pilot’s ratings with those given for him by the observer. (An example is shown in Figure 3).

2 Conparison of individual pilot's ratings. This, combined with 1, can be used to prove a Iack of bias within the results or
to correct for it. (An example is shown in Figure 4).

3 Comparison ofa pilot's ratings for normal flights with those for flights when simulated failures are included. ;
4 Comparison of ratings for Captains with those for First Officers to establish the balance of workload within the Rlight T
deck. (An example is shown in Figure 5). !

A statistical analysis of the ratings involving the calculation of a mean and standard deviation for each subject is
considered to be inappropriate because it could reproduce a mean rating that is not an integer and a deviation that is a fraction
ofanﬁngwore.Bothmmuningleuintheeonmdthenﬁn;wﬂe,mditiseomidondlﬁatmovenllvlewofthe
accumulated ratings obtained from graphical representation or by means of histograms is the only valid interpretation of the

‘The final correlation of the ratings is with heart-rate (10). The following observations on the use of heart-rate data in the
assessment of pilot workload are based on the results of the BAe 146 evaluation:
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1 Pilot's beart-rate levels tond to sugraent their ratings of workioad; in particolar, there should be no significant
disagrocments between the two. Some minor differences may cocus:when ratings are given withoat considering the
- workload ¢uring the preceding 30 sers.
2 Emumdmmnmmmummmdmmmamwmwmm
heart-rate would suggest stress from time pressure or pacing whereas & decrease in the heart-rate variability (sinus
arthythmis) would indicate increased mental activity.

3 A comparison of heart-raze levels recorded at various times during the working day would indicate whether workload
was influenced by fatigue.

It is worth noting the following problems which were experienced during the application of this technigue in the '
evaluation of the BAe 146. ; i
Subjective ratirg scores are very idiosyncratic. We evolved criteria for the use of the rating scale in an attempt to remove ‘
individual variatioas in approach to the rating — but nct everyone follows the criteria. For example one observer commented
that the rating system did not reflect task sharing, indicating that he had not understood the criteria that asked for workload to :
be related to the previous 30 seconds. '

¢ One would expect the observers’ scores to be generally lower than the pilots’ own scores — since mental workload will not
! be appareat to an observer. However, the above relationship was completely reversed for two pilots, whilst one pilot scored a
mean almost identical to the observer. Onewouldalsoexpecttheworkloadtomcrmemththedlfﬁcdtyoﬂheushewlm
coping with in-flight failures and dispatch with inoperative equipment. But, in the event, no change occurred for five pilot’s.
ﬂmmbeexphnedbymmedﬁmhamymthﬁwATCmmnmememmabdmungmseddlﬁcultymtbemk
However one pilot’s ratings actuaily reduced as the exercise progressed and one must then suspect a change in his own datum
. slbeit only by one point in nine. 7
{ ‘ Unfamiliarity of the pilot with the aircraft can affect the results. One observer commented that one incident where a First
Officer was experiencing a high workload was obviously due to the pilot's unfamiliarity with the aircraft. Overlaid over
everything clse, there always exists a difficulty in being consistent when asked for instantaneous decisions, and this is bound to
introduce some scatter in the results. And there is the problem of exercise artificially. How do you rate workload for an
emergency situation that would normally demand an emergency call and special treatment from ATC when the pilot has to
handle the simulated emergency and conform to normal ATC? But the main problem is that of bias in the subjects. We used
impartial pilots as a form of bias control and we obtained reasonable correlation between theis scores and the scorcs of the BAe
pilots. |
Finally, these problems reflect the difficulty in using subjective assessment as an absolute measure. However, with
meticulous cross-references between the rating scales and correlation with other data such as heart-rate, a valid overall picture !
of the workload experienced in flight can be drawn. But the problems will be exacerbated if a discontinuity is introduced as will i
ﬂmmempnsmdetommpamd:ﬂermeemmﬁordnffenmenmonmenuwﬂhwtthemofpamapmu 3
remaining identical throughout all phases of the cvaluation.
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CHAPTER 11
MEASUREMENT OF AIRCREW WORKLOAD DURING LOW-LEVEL FLIGHT
by
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i» A COMPARISON BETWEEN IN-FLIGHT AND POST FLIGHT ASSESSMENT METHODS

PARTI ) Vo

In this demanding environment, the development of crew cooperation procedures and the integration of these with new
tactical manoeuvres has pushed aircrew to the limit of human performanee The oontmmng development of sensors, weapons
and flight control systems will place even higher demands on aircrew in the coming years and it is for this reason that the
d t of practical and reliable methods fo it cockpit workload is a oril -

evelopment of p: e me T monitoring pit wo! is a high priority. ‘[b @75

LOW LEVEL FLIGHT TRIALS

During recent flight trials of an advanced combat aircraft with a two-man crew, a combination of heartrate recordings and
in-flight workload ratings provided measurements of workload during critical low level manoeuvres. The physiological
recordings provided detailed continuous data which were useful in identifying short duration increases in workload and also
gave some indication of the differences between mental concentration and psychomotor activity (1). The subjective
assessments were made for critical flight manoeuvres and represented a summary of the workload for a particular phase of
flight. As such these assessments proved to be useful in identifying the absolute, perceived, workload and for making
compansons between different aircrew performing the same task.

However, as flights were made at lower flight levels and over difficult terrain at night or in poor weather, it was thought that
the aircrew would not be able to make in-flight workload assessments. In anticipation of this potential problem a method was
devised for obtaining accurate workload assessmeats during the post-flight debrief.

Despite initial doubts, the aircrew were able to give in-flight assessments even in the most demanding environments. As a
result, the technique developed for these low level trials provided data from both in-flight and post-flight assessments.
Although there are many recommended techniques for assessing workload, there i. little published data from flight trials and
even less which compares the different methods (2). The trials described below created the opportunity for such a direct
comparison.

IN-FLIGHT WORKLOAD ASSESSMENT

An limfi mission profile was developed which continued 10 elements of low-level flight which were of operational
interest.f r the sake of simplicity, these tasks will be referred to as clements A to J. The trials were designed to assess workload
and develop crew cooperation procedures during terrain following flight in a modern two-man combat aircraft.

The method chosen for the in-iight assessment of workload was an adaptation of the Cooper-Harper rating scale (3). The
method was pioneered by Roscoe and Ellis /4) (5) at the Royal aircraft Establishment at Bedford and js sometimes referred to
as the ‘Bedford Scale’. The technique relies on aircrew making a subjective judgement about their workload using the
hierarchical decision tree and rating scale shown below. It was found that aircrew understood the scaie readily and whilst it was
sufficiently comprehensive to cover all circumstances it was easy to remember and small encugh to be carried on the ftying suit
kneepad. (See Figure 1, Chapter 10.)

Before each sortic, the aircrew were rehearsed in the definitions of the scale 5o that it would be more easily recalled during
the flight. In addition, & copy of the scale was attached to the flying suit kneepad so that it could be referred to if necessary,

Independent assessments An important requirement of the trials was to obtain assessments which were, as far as possible,
i t. In order to achieve this, the navigator was required to record his own assc sament before asking the pilot to rate the
workload in the front cockpit. it was found that the navigator was always able to perform this task without degrading his primary
duties whereas the pilot was often unable to write notes.

A cockpit voice recorder was also used and this provided additional and useful information. The tapes often provided the
key to otherwise uncxplained rises in heartrate and also acted as a record of crew commentary which was useful in developing
more effective coopeation procedures.

acdrees: ACCIS Studics Branch Information Systems Division, Supreme Headquarters Allied Powers Europe Technical Centre,
POBox 174, The Hague, The Netherlands
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Results of in-flight workload assessments Two crews, each comprising a pilot and a navigator, took part in the flight trials,
Each crew flew a specified route both in-day time and at night on separate days. The route was designed to contain 10 key
mission elements, A to J, which were of operational interest and each element was assessed using the ‘Bedford Scale’ described

above.

The results of the trials are summarised in graphical form as Figures 1 and 2 below.

FIG. 1 AVERAGE WORKLOAD RATINGS FOR PILOTS
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POST-FLIGHT WORKLOAD ASSESSMENT

The use of assessment techniques which require aircrew to make judgements during flight necessarily means that some
attention is diverted from the primary task, even though this may be for a very small period of time. This concern stimulated the

search for a post-flight workload assessment technique which would give equivalent ratings for the phases of flight under

consideration.
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for use during the post-flight debrief. The primary reason for this stems from the finding that when ratings are made after flight,
aircrew find great difficulty in reconstructing the complex events of each flight element in sufficient detail to be certain of their
response. What is possible, however, is for aircrew to make a relative workload comparison between any two elements. Based
on this finding, & method was devised which reduced the asacssment task t0 the level of peirwise comparisons and yet which
cnabled the investigator to reconstruct the sortie workload from these results.

The method chosen for this task was based on the Analytical Hierarch Process reported by Saaty (6). This method is used
to analyse pairwise comparisons made from subjective ratings and avoids the problems associated with absolute rating scales
which have limited use in a post-flight context.

The trial consisted of 10 flight elements which were to be assessod. Taking each possible pair of elements in turn as
described below, the aircrew were asked to assess which was higher in workload and, unless they were equivalent, by how
much. A five point scale was chosen to describe the relative workioad as shown in Table 1 below.

TABLE 1 RELATIVE WORKLOAD ASSESSMENT SCALE
1 EQUAL WORKLOAD
2 SLIGHTLY HIGHER WORKLOAD
3 MODERATELY HIGHER WORKLOAD
4 VERY MUCH HIGHER WORKLOAD
5 EXTREMELY HIGH RELATIVE WORKLOAD
The Saaty Method As the tat sortie contained 10 elements which were to be assessed, a clear and concise method of

presenting all possible combinations of pairs of elements is as a matrix; in this case a 10 x 10 matrix, The matrix is symmetricai
about the diagonal line as shown below with 45 unique combinations in the half matrix.

(It should be noted that when ‘0’ alternatives are to be compared, the number of comparisons is in(n—1). Although each
assessment is an easy procedure, when there are a large number of elements the number of pairs can be very large,)

EXAMPLE OF THE POST-FLIGHT DEBRIEFING METHOD OF WORKLOAD ASSESSMENT

The follc wing example of the use the post-flight debriefing method for workload assessment is given as an iRustration of
how the technique can be applied in practice.

For a matrix of 4 clements, as shown in Table 2 below, each pair in the bottom half of the matrix is assessed using the
relative workload scale in Table 1 above. The element on the vertical scale is compared with the element on the horizontal scale:
if the element on the vertical scale is the higher in workload, a positive number is entered. When the element on the vertical scale
is lower in workload the number entered is the reciprocal.

.TABLE 2 EXAMPLE OF A 4X 4 MATRIX AS COMPLETED DURING POST-FLIGHT DEBRIEF
SORTIE ELEMENT

A B CD
A1
SORTIE B 2 1
ELEMENT C 3 12 1
D 2 1 4 1

In the example in Table 2, element ‘B’ is rated as a ‘2’ corapared to element “A’; this means that B had » alightly higher
workload than A. The comparison between elements ‘C’ and ‘.’ resulted in an assessment of § which indicates that C had a
slightly lower workload than B.

Once the aircrew had completed the lower triangular matrix, it is a simple procedure to fill in the upper triangular matiix
as the reciprocal values. The matrix at Table 2 then becomes the completed matrix as shown in Table 3.

TASLE 3 EXAMPLE OF 4 X 4 MATRIX AFTER COMFLETION BY ANALYST

SORTIE
A B C D
A1 1211311
SORTIE B 2 1 2 1
ELEMENT C 3 172 1 1/4
D 2 2 4 1
The analysis of the matrix would norraally require complex algebra which is better usdertaken using a micro-computer

pmgnm.mwchniquehducdbedbywj@)mdadmphcommerepomdbythhmthumﬂm.
simpler, and broadly comparable result can be obtained using the following method:
& Given the matrix o{ 4 x 4 clements as shown above, the sircrew completes the lower triangular matrix to give the results
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lower hialf. The result is now as shown in Table 3. \

b. From the comploted matrix, product of the numbers in each row is calculated.

¢. ‘The nth root of the product is computed where n is the number of elements 1n the matrix: in this example the 4th rooxis
. taken.

d. The roots are them summed to give & total.

e. Each product root, from ¢, is then divided by the summed total of product roots to give a weighted product. The sum of
all weighted products will then sum to unity.

A worked example from the matrix at Table 3 is shown below.

! TABLE ¢ EXAMPLE OF ANALYSIS OF 4 X 4 MATRIX
" SORTIE ELEMENT PRODUCT ROOT WEIGHT

SORTIE A B CD
ELEMENT A 1 172 1/3 172 0.008 03. . 072
B 2 1 2 1 4 1414 0338
! C 3 12 1 1/4 0375 0.782 0.187 '
D 2 1 4 1 8 1682 0403

Sumofroots= 4.1778  1.000

The results from this method give a comparable solution to the more complex procedures desciibed by Ssaty (6) and this
has the advantage of rapid analysis and feedback of results.

CONSENSUS METHOD OF COMBINING WORKLOAD RATINGS FR(‘M THE POST-FLIGHT METHOD
When it is necessary to combine the results of two or more subjects, the vaeightings can be averaged using the consensus
: method described below.

As an example of the consensus method, the weights of five subjects is taken for 4 sortie clements A to D. Having
calculated the weights as described above, the results are placed in a table as shown in Table 5.

TABLE S CONSENSUS METHOD FOR COMBINING WORKLOAD WEIGHTS

SUBJECTS
1 2 3 4 5
A 0.58 0.29 0.28 023 0.58
SORTIE B 0.09 0.10 0.05 0.07 004
ELEMENTS C 029 0.56 0.60 0.63 0.29
D 0.04 005 - 007 0.07 0.09
COLUMN
TOTALS 1.00 1.00 1.00 1.00 1.00
Having completed the table as shown above, the rows are now rearranged in ascending order of weights to produce a new
table as shown below at Table 6.

TABLE 6 CONSENSUS METHOD OF COMBINING WORKLOAD WEIGHTS

SORTIE 0.23 0.28 0.29 0.58 0.58

ELEMENTS 004 0.05 0.07 0.09 0.10
0.29 0.29 0.56 0.60 063
0.04 0.05 0.07 0.07 0.09

COLUMN

TOTALS 0.60 0.67 0.99 1.34 140

Now, by interpolation between the 2 columns whose totals are astride unity, a new set of weights is computed which sum
to unity. In the above example, columns 3 and 4 staddle unity and interpolated weights which sum to unity are computed as

below: i
A 0.30
B 0.07
C 0.56 :
D 007 . o
TOTAL 1.00 L

Results of the post-flight workload assessments The results of the post-flight assessments of relative workload using the
method described above are summarised in graphival for:1 in Figures 3 and 4 below.
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COMPARISON BETWEEN THE IN-FLIGHT AND POST-FLIGHT METHODS OF WORKLOAD ASSESSMENTS i

By comparing the results shown in Figures 1 with Figure 3 and the results i Figure 2 with Figure 4 the similarity between
the methods is readily apparent®. Clearly, the results can never be the sume as, while the in-flisht rating scale gives an absolute
measure of workioad. The post flight method is a relative asseasment. However, the similarity of the resuits tend to suggest that
the modified Cooper-Harper or ‘Bedford Scale’ may also produce results which are relative to some exteat. Itis possible that all . )
asscesments of workload ac made from s bascline of compaerisons with other elements in the flight and, if this is the case, all o
rating methods may be relative. AT

‘umscmmmmﬁmmmuammomm the coefficicnt for navigators was 0.85; both significant
st the 0.01 level.
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SUMMARY AND CONCLUSIONS

The paper roports the resulta of a comparative study of the use of in-fiight and powt-flight methods of subjective workload
assosencnts in & modern mdlitary combat sircraft. The asscstments were made during a demanding low-lovel flight task which
was undertaken to assess workload and define crew cooperation procedures for pilots and navigators during terrain following
figin. : !
The in-flight workload assessments were made using 8 modified version of the Cooper-Harper scale which s referred to |
umw'%'(l)(ﬂ Post-flight ratings were made using a method of pairwise compiarisons based on a method

Other measure, including physiological recordings and voice tapes were also taken during the trials to provide additional
data.

[ U

From the results of the trials, it was found that both methods of subjective workioad assessment produced similar results ‘
and a rank-order analysis gave high correlations. /

The use of the ‘Bedford Scale’ was found to be easily understood and gained ready acceptance from the aircrew on the
trial. Despite initial doubts, it was found that both pilots and navigators were able to give assessments of workload during flight,
based on the scale, even under the most demanding flight conditions. By adopting a technique whereby the pilot passed his
rating to the navigator over the intercom, the assessment task did not interfere significantly with the primary task. In single seat
operations, however, the use of a rating scale during flight may be more problematical because although a voicy. ~oe could be
used to record the pilot's rating, there would nct be & second crew member to ask for an assessment — an essential : equirement
during the trials reported in this paper. !

Using an sdaptation of the pairwise method of comparisons reported by Saaty, a post flight workload rating system was
i devised which was found to be easy and quick to administer. An analysis technique was also devised which produced results
without the need for sophisticeted computing power. This technique was found to give relative workload assessments which
could be compared to the in-flight ratings and it is proposed that this method could be used in circumstances where in-flight
assessments are not possible.

The results reported in the flight trials described above are based on limited data and it would be unwise to draw firm .
conclusions from this initial evidence. However, there scems to be sufficient cause for continuing with both methods of /
assessment as they appesr to produce comparable data and give greater flexibility to the research scientist. The ‘Bedford Scale’
has proved to be a practical solution to in-flight workload measurement even during the most demanding tasks, However, for
single-seat operations the post-flight method may prove to be the only alternative.

Note: The author wishes to acknowledge the advice and guidance of Dr Aln Roscoe of Britannia Airways and Peter Haysman
of the Royal Ordinance Future Systems Group in the development of the methods reported in this paper.
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' JET AIRCRAFT (SINGLE PTLOT)

\LAWWAMMWMMMMMMmeMWanm
measurenmént

BACKGROUND —
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aseesed. S/
1 Tack constrains For single soat operations, the main constraints will be those of limited space (for stowing ;
recording equipment) and the unavailability of prompting snd note taking by another crew member.
2 Study requirements The purpose for which workload is being assessed vill have an overriding impact on the choice
of mesgurement techniques and on the way in which the task is subdivided into elements. As an example of » suggested
method, it will be assumed that an investigation is being conducted into the task loading of the operational procedures
of a single seat pilot during the ingress, weapon release and egress from a target.

WORKLOAD MEASUREMENT METHODS

‘The Recce/Attack task in a single seat aircraft is a high workload procedure which contains many individual elements. ;
Some of the elements are very short in duration and are preceded and/or followed by other high workload elements. For this p
type of task, it would not be postible or desirable to require subjective ratings for all elements. Equally, physiological
recordings in isolation from such ratings are difficult to interpret. A combination of techniques seems to offer the best solution :
in this case and the following technique is proposed:
1 Physiological measurement
Heartrate recording through the task would give a continuous record of events and provide data for all individual items of . |
the task. The size constraints of the cockpit and the flying clothing worn by the pilot would constrain the choice of
equipment although there are amall recorders available, such as the Oxford Instruments ‘Medilog', which can be carried in
a flying suit pocket. .
2 Cockpit Voice Recordings .
Not all aircraft are fitted with a cockpit voice recorder, but where this is available, it is useful in three ways. Firstly, it ) ]
provides a means of identifying the timing of key tasks which can then be related to the continuous heartrate recordings. ‘
Secondly, it can be used as a verbal notebook — writing may be impossible during the task under investigaiion and a verbal
record may be the only way to obtain ratings during flight. Finally, the voice recording can provide additional evidence of
workload and, although it is not suggested that voice stress analysis should be used in this context, this often prompts the f
mumhertolookmoreclooelyatspeuﬁcelementxoﬁheusk The recording can also be used to help the pilot to recall i
the task during the post flight detrief. ! ¥
3 Subjective ratings : 1
Subjective ratings can be used to give estimates of perceived absolute or relative workload. Absplute subjective ratings are
best obtained from ratings made during the flight whereas relative ratings are obtained during the post-flight debrief. The 9
techniques suggested for obtaining subjective ratings for this task are as follows:
3.1 In-flight ratings The modified version of the Cooper-Harper Scale which is referrod to as the ‘Bedford Scale’ is the
preferred method of in-flight rating. It is a scale which has been validated in a wide number of trials and with many
different sircraft types and has been shown to be usable during low-leve! flight and under extremely high worklond
couditions (sec above report by this author). The single seat task presents two particular problems for the use of this
éirﬂly,themkeonuﬁmtoomyiudividuldanemfonhepibnouwmmmyareofexmdya.hort
duratior: and occur at a time when distraction of rating would be unacceptable. Secondly, the single seat pilot does not {
have a crew member to prompt him when & rating is due or to refresh his memory if he cannot recall the exact definitions of
the scale. In order to overcome these constraints it is suggested that the task is divided into elements which meet the
following criteria:
3.1.1 They are sufficiently low in number (10 or less) that the rating task willnot overioad the plot. ) 1

312 thMmemmmmpmuemaumwmmmmud 4
the study. : . f
SUBDIVISION OF THE TASK INTO ELEMENTS
A flying task can be divided into elements in a number of different ways. ‘The way in which the task is subdivided wil! have
an overriding effect on the data and the conclusion of the study and great attention must be given to this from the carliest stages
in the experimental design.
In many studies, flying tasks are divided into those clements which are used for mission planning, ie take-off, checks, climb

otc. This may be a valid procedure for some studies however, careful consideration shoukl be given to accepting such a
classification.

-
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By using a task classification of this sequential type, it would be possible tc monitor the differing workload levels
throughout a mission or sortie. However, if one is interested in the difference between psychomotor and monitoring asks, it
may be necetsary to use & totally different classification.

In addition, the method chosen for the measurement of workload may constrain the choice of taxonomy. In order to be
compatible with the method suggestcd in this article, for example, the number of subjectively assessec. clements would have to
be kept to a ymall enough number to be used in a matrix during the post-flight debrief using the ‘Saaty’ method. In summary, the
subdivision of the task into elements should meet the following criteria:

1 The number of elements should be kept to 10 or less to allow the ‘Saaty’ method to be used during the post-flight

debrief.

2 The elements should be meaningful to the subject (in this case the pilot) and should provide the data necessary to

answer the requirements of the study.

3 The tempporal spacing of the elements should be such as to permit in-flight assessment.

METHOD

PART 1 — TASK SUBDIVISION

Having defined the data requirements for the study, the Recce/attack tusk is subdivided into 10 elements, each of which
will be assessed in the air and during the post-flight debrief using the ‘Saaty’ method.

A possible subdivision of the task, which meets the criteria set out above, would be:
ELEMENT DESCRIPTION

Element 1 Approach to IP. This element includes all of the subtasks for the 3 minute navigation leg to the target:
Checking slip, adjusting speed.

Weapon switchirg to final arming,

Map to ground track check.

Revision of ETA for IP £ § secs.

Checks of wing mans 6-~o-clock.

Estimate s/w for weapon release.

Set wind/am depression for attack.

Ht fix to IP; update pressure alt or auto ht fix at IP (INAS).

. Set or confirm next heading,

Element 2 Acquire IP visually. \
Element 3 IP° to pull-up. All tasks within this leg should be assessed together.
Element 4 Acquire target visually.

Element § Attack manocuvre, to include the following items:

Top at ht required for dive angle.

Check speed/power.

Sight/bomb fall line on tgt.

Final arming switch (peace time).

Start camera if not auto.

Phase change if INAS equipped.

Element 6 ‘Weapon release, including final tgt tracking.

Element 7 Recover from dive.

Element 8 Def~nsive manoeuvres.

Element 9 Egress, including switches safe and track to next turning point.
Element 10 Locate and identify other aircraft, switch off camera, regain HUD NAV mode.

Some of the clements are summaries of portions of the sorties while others are individual times, Where several items are
combined, this portion should be asscssed at the end of the leg concerned. The very high workload portion of the task will
clearly be during the attack and weapon release phase; the number of elements to be assessed during this phase has been kept to
aminimum whilst still retaining the required level of detail and discrimination in the task.

rEmmeanop

meange

PART 2 — EQUIPMENT PREPARATION

Before the flight, the physiological and voice recording equipment should be checked and tested. If possible the pilot
should have the optimum electrode attachment points identified and marked on his chest.

“The post-flight ‘Saaty’ matrix should be typed. The matrix for this task would be 10 x 10 with each element summarised on
the side of the matrix.

—
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PART 3 — BRIEFING
It is assurned that the pilot will have been consulted during the preparation of the subtasks which are to be assessed.

However, during the pre-flight briefing, these should be reviewed. The pilot should have been given araple opportunity to
rehearse the definitions of the ‘Bedford’ workloed scale and a copy should also be attached to the kee pad.

The experimenter should give a comprehensive briefing on the entire sortie to include:

1 Procedures for switching on/off heartrate recorders if not used throughout the sortie.
2 Review of all assessed elements to include timing for giving verbal ratings.

3 Procedures for giving a verbal commentary which might be uscful during the analysis.

PART 4 — DATA CCLLECTION AND ANALYS(S

After the completion of the sortie, the pilot should he asked to complere the ‘Saaty’ workload matrix. This task should be
completed a2 soon as possible after landing but should be preceeded by a briudng to refresh the marking method. The
experimenter should alzo be ou hand to wnswer questions 1 eyax ding the completion of the matrix. Once complete, the matrix
shouid be checked to ensare that it has been correctly fille io.

The pilot shruld .. briefed and notes taken.

The: heartrate reccrding and the voice tape should be matked to identify the flight. The ground crew should also be
sup=rvised to ensure that the flight data recording (where applicaiie) is removed and sent for analysis, Where possible the
analo, ue heartrate printout and the flight Jata printout should be on the same scale so that one can be placed alongside the
other.

The voice tape should be iranscribed and the workload ratings noted. Where there are missed ratings the pilot may be abie
to provide & rating retrospectively.

Tt _ctailed analysis and interpretation of the heartrate re cordings is outside the scope of this brief ardcle. The workload
ratings from ‘Saaty’ method can be analysed uring the meth. oatlined in the paper above by this author.

SUMMARY

Using a Recce/Attack task as an example, a method for workload assessment has been proposed. The technique relies on
the .. of cubjective ratings scules and physiological measures supported by voice recordings and flight data recordings.

A subdivision of the task has been propos:d which permits the usc of the Bedford’ scale during flight and the ‘Saaty’
method during the debrief. Tae elements of the »ortie have been devised to give the maximum discrimination betweea the key
portions of the sortic while pressnting the pilor with a practicable rating task.
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CHAPTER 12
IN-FLIGHT ASSESSMENT OF WORKLOAD USING PILOT RATINGS AND HEART RATE
by

Alan H Roscoe
Britannia Airways N
Luton, England

INTRODUCTION

t present the most used and probably the most reliable methods for nssessing pilot workload in flight are based on some
form of subjective ing by experienced test pilots. Unfortunately, subjective opinions are susceptible to bias and pre-
conceived ideas and so may occasionally result in false estimates of workload. For more than fifteen years subjective reporting
by.pilots at RAE Bedford has been augmented by . . cording their heart rates. At first pilots described workload in a relmively
unstructured manner but the need for some form of rating scale was soon apparent. After much trial and error and with the
valuable assistance of practising test pilots a ten-point rating scale using the concept of spare capacity was developed (fig 1).
The overall design is based o the Handling Qualities Rating Scale of Cooper and Harper ( dy familiar to Bedford test
pilots and sometimes used previously, though mistakenly, to rate workload, ,

During the last cight years a number of flight trials at Bedford, including the Harrier ‘ski-jump’ take-off trial and the
Econamical Catogory 3 landing trials, have used pilot ratings and heart rate responses to assess workload 3y (fr~>

The rationale for using heart rate in assessing pilot workload is based on the concept of neurological arousal. Flying an -

acroplane, especially during the more difficult manoeuvres, requires the pilot's brain to collect, filter and process information
quickly, to exercise judgement and make decisions, and to initiate rapid and appropriate actio is neurological activity —
which must Lve been esseatial for the survival of primitive man — s essociated with a state of p: etimes known
as arousal. There is evidence that increased arousal wo to a moderate level enhances a person’s capacity for complex skills; and
it has been suggested that the relationship between performance and arousal can be described by an inverted “U-shaped curve
(5X6). There is also some experimental evidence that a similar shaped function describes the relationship between
performance and task demands. In addition it has also been suggested that levels of arousal are determined by task
characteristics or demands, by how an individual perceives the situation, and by how he respouds to his environment (7)(8). Itis
hypothesised that a pilot is more likely to produce an adequate — if not optimum ~- level of performance by matching his
arousal to the perceived demands or difficulty of the Bight task, A coarse setting of his arousal may be followed by fine tuning as
the task develops. Heart rete tends to reflect neurological arousal via activity in the autonomic nervous system. An appropriate
definition of pilot workload, modified <lightty from that pronosed by Cooper and Harper in the introduction to their i

Qualities Rating Scale, is: pilot workload is the intzgrated mental and physical effort required to satisfy the perceived demands
of a specified flight task. The interpretation of workload as effort is one that appears to agree with the views of more than 80% of

* military pilots and civil airline pilots (9), as well 25 being consistent with the effect on piloting ability of a number of individual

variables.

Description of the Technique

Workload raiings — It is Almost essential when using a workload :ating scale to specify the flight task in reasonably precise
terms. The workload being assessed should be thai involved in the execution of the primary task, The pilot will almost certainly
be performing additional tasks, hu.t the effort expended on them must be included as part of his spare capacity.

Ratings, which should be given in flight wherever possible, may be for a complete flight task, for example, an instrument
approach and landing, or for a sub-task, such as becoming established on the glide slope. On the other hand an experimental
protocol may require regular ratings #* specified time intervals which might very according to the stage of flight; perhaps being
more froquent during expected high wor' luad phases of flight. Rzgular ratings of this kind tend to be less reliable unless related
to a particular flight task.

The rating scale is not linear ane! probably lacks seasitivity at the lower end; half ratings are allowed within each decision
branch and tend to be used frequently. Originally it was decided not to permit the use of half ratings between th= decision
branches but the occasional difficulty of deciding between the last two branches, in effect between ratings 3 and 4, was resolved
by accepting a rating of 34

Itis important that pilots are fully briefed on the scale to be used. & its final form thir particular scale has been generally
welcomed by pilots who find it relatively simple to use in practice, especially so if the task to be rated is short and well defined.
Somcwhat , & tine pilots unfamiliar with rating techniques have recently used the scale with good effect in assessing
workload on Boeing 737 and 767 aircraft. These favourable observations are probably due to the use of a definition of
we "load accepted by pilots and to basing tho scale on the idea of spare capacity. :

Recording Heart Rate Heart rate recording is von-intrusive and it is compatible with flight safety; pilots seem readily to
accopt being ‘wired up'; and the discrete nature of the basic data encourages various forms of unalysis. The technique used to
record heart rates from pilots during flight is based on the clectrocardiogram (ECG). Amplified ECG signals, detected by
means of two disposable electrodes to the pilot’s chest, are recorded in analogue form on magnotic tape slong with
speech (which might include workload ratings) and, where possible, other aircraft parameters. In the first instance the basic
signal — the ‘R’ wave of the ECG — is plotted out along with heart rate in instaatanecus or ‘beat-to-beat’ form (derived from the
‘R’ waves by cardiotachometer). Subsequently mean rates for a particular task, sub-task, or time interval may be calculated
workload ratings. Plots of mean i 1ies for 30 sex cpochs are often useful in demorstrating

according to the requiremen
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PILOT WORKLOAD RATING SCALE
(for a specified piloting task)

Decisioa Tree

a3 workload satisfactory

NO

without reduction?

—
|W

[}

“

Was workload tolerable for

the tusk?

Was it possible to complete

NO

' S T T S

|

the task?

Workload Description Rating
Workload insignificant WL
Workload low WL?2
Enough spare capacity for all
desirable additional tasks WL 3
Insufficient spare capacity for easy WL 4
sttention to additional tasks  ~
Reduced spare capacity: additional
tasks cannot be given the desired WLS
amount of attention
Little spare capacity: level of effort
allows little attention to additional WL 6
tasks
Very little spare capacity, but
maintenance of effort in the primary |WL7
tasks not in question
Very high workload with almost no
spare capjcity. Difficulty in WLS
maintaining level of effort
Extremely high wurkload. No spare
capacity. Serious doubts as to ability | WL 9
to maintain Jevel of effort
Task abandoned. Pilot unable to WL 10|

apply sufficient effort

. Fig.1 Pilot workload rating scale
_ The decision-making process is started at'the boitcm left comner of the ‘decision tree™

*The workload being assessed is that involved in the execution of the primary task. The pilot will almost certainly be

performing additional tasks, but the effort expended on them must be included as part of his spare capacity,
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In the sbecnce of any significant change in overall hoart modcpwddmumhyﬁmh(phyddoﬁalhm te
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inspettion of beat-to-bexi plotx; 2 number of techniques are available for scoring sinus arrhythmia although none seem to be
rdhbhandlomdumbeinupmdwnhuudm

W—Mmﬂoﬁmﬂ are to a large extent interdependent it is imporiant when assessing the
former to mogitor the latter. In some flights it iz a relatively simple matter to record actual performance in the air by means of
sircraft-recorders or-on the ground by kinetheodolites. Where this is not practicable realistic performance limits should be
defined and monitced by a flight cbeetver, bv vidoo recording, or by the pilot himself.

Exsmple of the Technique

Assonsing workload during # manually fiown instrument approach and laading using a flight director system in a
twin-jet transport flown by a crew of two pllots. (See Appendix I for details). The defined task lasts five minutes.

Heart rates are recorded from both pilots continuously throughout. Workload ratings are requested from both pilots and
for each pilot from. an experienced flight observer seated on the flight deck as follows:

1. At3,000ft — starting the final descent onto the glide slope.
2. At1,000ft QFE — for glide slope acquisition.

3. At 100ft QFE — for final approach.

4. Ondeocleration to 60K — for fixre and touchdown,

Untoward events are rated on an ad hoc basis. Performance is monitored by the flight observer. Mean heart rates for the
appropriate periods before the ratings are calculated and bracketed with the rating scores. The beat-to-beat heart rate plot is
examined for evidence of inappropriate or sudden changes and also for suppression of the sinus arrhythmia. (Inspection of
heart rate plots by the pilots will often act as an aide memoire). Ambiguities and incoasistencies are of particularinterest and are
studied in more detail

These data provide some idea of workload levels but become more valuable when compared with data from the same
pilots recorded on other occasions when using different techniques or systems, or when flown in different weather conditions.
For example, this flight director approach may be compared with an approach using a different type of flight director, witha
raw ILS approach, or with an autoland.

Ptifalis and Limitations
The technique described above does not result in the more precise measurements associated with experiments carried out

in the controlled conditions of laboratories. Furthermore, there are a number of important limitations and pitfalls to be aware

of when assessing levels of workload in real flight.

1. Ratings depend largely on the personal experience of the pilot and do not result in absolute values of workload,
comparisons between pilots are, therefore, not valid; minor inconsistencies between different pilots flyiny the same
aeroplane should be expected.

2. In-flight ratings may not be possible when assessing workload in single-seat aircraft.

3. Astherating scale is non-linear statistical treatment of rating numbers must be treated with caution.

4, Theidiosyncratic nature of the heart rate response precludes comparison of results derived from different pilots — each
pilot must be used as his own control — unless large numbers of pilots are involved.

5. Heart rate responses recorded during flight tasks involving increased physical effort or physical stressors such as high ‘g’
manoecuvres must be interpreted with care.

6. Ambiguities and inconsistencies between a pilot’s ratings and his heart rate responses arc sometimes due to a pilot rating a
particular aspect of part of a task or epoch rather than the entire task or period of time.

7. Thetechniqueis most valuable when the handling pilot is manually flying the acroplane during a relatively demanding task
or when he is anticipating taking manual control at short notice. Both ratings and heart rate responses for non-flying pilots
in a purely monitoring role are less valuable, although changes in beat-to-beat heart rate variability can be most usefulin
detecting changes in mental load.

8.  Finally, experience so far suggests that results from one pilot in five show poor agreement beiween subjective ratings and

heart rate responses. The reason for L34, disagrecment is not known for certain but may b+ due to the failure of heart rate to

reflect accurately levels of central arousal in these individuals.
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CHAPTER 13
THE ASSESSMENT OF WORKLOAD IN HE: ICOPTERS

by

Helen C Muir and Robert Elwell
Applied Psychology Unit
College of Acronautics
Cranfield Institute of Technology
Bedford MK43 OAL, England

value of inflight assessment of pilot workload has been recognised by aviation researchers and designers for over a
decade (1) (2). Initially the subjective reporting of workload by experienced test pilats was based upon an application of the
Handling Qualities Rating Scale of Cooper and Harpex ¢5J-This subjective reporting led to the development of rating scales for
the assessment of workload (4). These subjective techniques were later sugmentei by the recording of physiologica! variables
which could be interpreted as indices of workload ¢53(63___

In the last decade, rather than restrict the assessment of workload in aviation to djta obtained from test pilots, studies have
been reported in which small samples of professional pilots have been used, ( more recent development has been the
employment of workload measures for explering differences between pilots and to look for correlations between these
measures and performance, and success in uaining.(.ﬁ-?‘Workload estimation has additionally been used to assist in the
ergonomic design of systems including crew station geometry, and control and display location z

In these, and other cases, the requirement to measure workload has had a practical and ‘applied’ character. It results from
a need to specify and predict the future performance of the operator within a system; to determine what effect will result from
changes to an existing system, or evaluate the consequences of entirely new procedures or technology. To this extent workload
is fundamental to a wide variety of disciplines.

Although there is broad agreement on the importance of workload, partly as & consequence of the wide range of areas to
which the workload concept may be applied, therc is no universally agreed definiti on. In any investigation in which an
assessment of workload is to be made, a definition will Gbviously be required as a basis for both briefing subjects and
interpretation of the results. A definition which is frequently used in both aviation and other areas is “the combination of
physical and mental effort required to compiete the task”,

Workload concepts may in fact be refined into ‘physical’ and ‘mental’ subsets, represented at extremes by the power
output of manual workers to studies of ‘decision making’ (10). The pilot’s task is a combination of the two, with advances in
technology emphasising the mental element, ic, monitoring, anticiputing, decision making, the need for the pilot to wrestle with
the flight controlsis largely dated. However, for the military pilot these same technological advances are tending to degrade the
physical conditions under which performance is required, eg, increased g, thermal changes, longer duration sorties, more
restrictive (albeit more efficient) protective assemblies. Similarly, the #ir transport pilot enc.»anters more sectors in a duty
period, or more rapid change of time zone.

Besides the approaches of different disciplines to the investigation of workload in aviation, there are two other conditions,
which at a fundamental level, are extremely difficult to isolate from workload; these are stress and fatigue (10). The concepts if
not defined in terms of one another, are implicitty inter-related. Thus if workload is defined in terms of effort (as above), such
expenditure cann :t be continued indefinitely, hence fatigue. Increased workload will therefore imply the faster onset of fatigue.
In turn the mentel and physical concomitants of exhaustion may be characterised as stress. Stress results from an excessive
demand on the individual.

Workload studies may be employad to determine the current and potential operatiny capacity of a system. It may be that
the material ass»; are fixed, by that re-scheduling, or re-rostering of crews, or re-defining their duties can allow greater
efficiency. For the military, an aim may be to achieve greater combat efficiency, whilst i1 civil aviation it may be to take on extra
routes or services. Other objectives, which are not exclusive may include, increased reliability, efficiency cr safety.

Thus workload assessment is frequently a component in a programme with externally defined objectives which teads to
follow a particular pattern.

The stages which might be required for a programme of research, and the reasons for their inclusion can best be described
by reference to a specific study. One study of this nature, currently being conducted by the authors, is to determine the
appropriate allocation of tasks between two pilots manning an Army helicopter.®

The research is undertaken in 5 discrete steps. These are described below and summarised in Figure 1.

STAGE 1: DEFINITION OF PROBLEM AND RESEARCH OBJECTIVES

Wiien any programme of research is required, prior to the actual commencement of work, there is the rather obscure
phase of the organisation requiring the rescarch (sponsor) coming together with the rescarchers (who may be internal or
external to the organisation). Initially it may be difficult for the organisation to recognise the true nature of problems which may

* The Army Personnel Rescarch Establishment (UK) bave commissione the College of Aeronautics at Cranfield Institute of Technology
to carry out a programme of research i1 order to determine task allocation between helicopier pilots and to develop Standard Operating
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have arisen over time or be generated by operational change. The organisation may not be aware of the contribution human
Ilctonmarehlndthebeneﬁuofn;omslyupphedmhﬂqmunm&emmdﬁngnmhchmundeonﬁmonhﬁkdyto
exist about what constitutes an optimum resolution.

'meldenlmeuwhenanomniunondmrreeognmmelisﬂn.problun,orfomeuonemthefumre.luumpomm
to realise that the problem: may range in scale from a high accident rate through poor crew communication, air traffic
procedures, to rostering. The problem may not only involve the flight crew. A problem becomes amenable to human factors
research, and particularly to workload assessment techniques, when there is an involven.cat of people in the process and it is
believed that it is the performance of these people which is the limiting factor.

The sponsors, having identified a problem, accepied the need for behavioural analysis, and engaged researchers, must
define their objectives. These are the objectives by which a solution derived from workload assessment techniques may be
judged. Whilst this is of critical iinportance to the validation of the study (discussed below), it has the additional advantage of
forcing the sponsors to consider fully the implications of their identification of a problem.

!ntheneheopmersmdycurrentlybeuuundemkenbyCranﬁdd as part of Stage 1 it was agreed with the AmyAn‘Corps
that the primary objective of the rescarch would be to'determine thetpproprilte allocation of tasks between two pilots manning
an Army helicopter. This would be derived by sepavately assigning flight and combat tasks to crew members. The emphasis
would be upon the operational employment of the h-licopter. This would be achieved by analysing crew workload during ﬂxght
and subsequently determining which crew member would best perform which tasks, Analysis of current and projected mission
profites would be undertaken to determine how these affect task allocation between the crew. Finally, Standard Operating
Procedures would be drafted.

The complexity of the aircrew task together with the need to reproduce with maximum fidelity and conditions prevailing
whilst actually flying at ultra low level meant that objective evaluation of aircrew workload had to be taken in the air with
representstive missions. The use of simulators and non-aircrew subjects of “equivalent” tasks was not considered to be
sufficiently representative.

STAGE 2: REVIEW OF THE DATA BASE AND DETERMINATION OF THE EXPERIMENTAL TESTING
PROGRAMME

Inciuded in the concept of the Data Base are the abilities, skills and techniques of the researchers themselves, the
information that car ve derived from the appropriate academic, and organisational litcrature, and knowledge that is held within
the organisation itself. For instance, management may be aware of a problem, but unclear about the details of related processes,
these being the province of experts.

This in turn can contribute to the difficulty in identifying a problem: for instance when senior pilots are promoted into
management positions this can occur, either because they are cushioned by their status from everyday operations or the system
has evolved subsequently.

On the flight deck, the experts are the instructors and training captains, Detailed individual interviews with them
increase the researchers understanding of how the operations proceed, and normally provide clear insight into the scope of the
problem under investigation. The other major source of information will be the ordinary flight crews. For this large group a
survey of opinion, by questionnaire, is frequently the most appropriate method of data collection.

Itis clear that the ways in which the Data Base can be refined are as varied as the operations that are under investigation.
Also that the depth of analysis required is variable, whilst the sources of information that could be consulted, freed from
constraints of time or cost, ure virtually untimited. The duration and extent of this phase is therefore dependent upon the
research team'’s prior knowledge. Ideally, the research team should include a psychologist and a pilot.

In the helicopter study, this stage involved a literature search and a series of informal and semi-structured interviews with
experts in aircrew training, tactics, standards and safety from the Unit which had the requiremnent for the investigation and who
were responsible for the operation of the missions.

The technique of semi-structured interviews involves the use of sequentially structured general questions which lead to

choice or branching questions. Having registered a preference in respons: to a particular question the interviewee is then asked

to describe the reasons for their choice. The interviev: may be recorded on tape in order that the responses from all of the
interviewees may be pocled and used to provide information for subsequent stages of the research.

The importance of these interviews should not be underestimated since without their incii:sion assumptions may be made
regarding organisation and deployment in the operational urit hased exclusively on the belicfs of the commissioners of the
study and the researchers. Duta from this stage provide informaiion regarding current and proposed mission profiles and an
exhaustive list of notential crew wmsks (and putential allocations) together with priorities and as assessment of criticality to
mission success.

This stage aiso involves the construction of a questionnaire based upon the results of the interviews asking for subjective
ratings of workload for the tasks identificd on representative missions. This is applied to curreat aircrew members and to the
experts who initially provied the information. This should be supplemented within a small percentage of the former group by
short informal interviews. Stage 2 strengthens the representativeners and validity of the data collected.

As part of Stage 2 a representative sampie of aircrew who will be required to participate in Stage 3 is determined. Studies
sre reported in the literature, especially regarding workload and cockpit assessment in which the sample was limited to a
number of pilots who were unlikely to represent the full range of the user population.
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! change the loading on different crew menibers, and a promising and quantliable techaique is to vary the communications load :
according to the level of difficulty that is desired. .

demw&mmwmﬁmmmmmamm tasks (via interviews
snd workloed questionsires) and & study of the ways 'such tasks are carried out. This information may be obtsined
from the Operations Manual of a civil company, or the Tactical Doctrine promologated by a military operator. Shown in Figure
2 is a ‘Simple’ misrion which might be undertaken by a reconnaissance helicopter of the British Army Air Corpe. The task
beiefod might be to look for the enemy, from a defined geographical area, and to report any sightings. The transit to the area can
be made more or less demanding of map-reading and low flying skills by imposing “realistic” conatraints, such as imaginary
antillery positions, drone launches. Radio communications can be required to increase the cockpit activity.
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Holicopter pilots may be calied upon to undertaken an almost inf'nite variety of different sorties, each of which will ’
; impose a particular load upon the crew. To utiise workload messuremant techniques offectively requires that this variety is :
: reduced into a set of standardised (and hence reproducible) profiles. Whhin these profiles the facility must be available to :

Fig.2 Hypothetical ‘simple’ mission for reconnaissance helicopter

1 ‘The selection and occupation of observation positions is a demanding activity in itself, whilst detecting, and subsequently '
locating the enemy on a map can be varied by using actual vehicles to provide a real target. A further performance measure may :
| involve the ‘encmy’ using a video system to record occasions when the reconnaissance helicopter is visible, and hence
; vulnerable, ie occasions of poor performance.
This ‘Simple’ mission can be extended (as demonstrated in Figure 3) nierely by requiring the aircrew to complete the
sortie. Thus the helicopter can be relieved by another (probabiy a notional one), and the crew must be briefed upoa the current
situation, whilst on the route back the tasking agency must be updated, and further navigation hazards can be introduced.
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Fizg.3 Extension of the ‘simple’ mission

A major increase in activity can be introduced by requiring the aircrew to make & more comprehensive identification of
the encmy, and then assess its suitability for attack by various diffei .at weapon systems, eg artillery or Fighter Ground Attack
sircraft. In the example in Figure 4 the appropriate system is Anti-Tank Helicopters, By the integration of other aircraft on
pormal training exercises, into the experimental sortie, the aircrew task can be made as realistic as possible.
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Fig.4 Possibte increase in mission difficulty

STAGE 3: MEASUREMENT OF WORKLOAD AND PERFORMANCE

While the variety of mdmiq\udwmdmnwywmthdumw(ll)mmnmybupp&dmhﬂhhtdwkm
in the cockpit are few in number, and the methodological and technological restrictions cause severe constraints. Most
significant are the safety implications of equipment, compatibility with aircraft systems, and potentially hazardous interference
with crew activities (12). Already perhaps encountered in the interview and questionnaire stage may be a misapprebension
about ths purpose and outcome of the research. From the individual's point of view these foars may be well grounded if, for
mmmmwwmwwmmmmmmmwmm)

"This cbeervationsl stage would involve the inflight asscssment and workload measurement of the aircrow task. A member
of the rescatch team should fly with typical crews on representative missions determined at the end of Stage 2.

The workioad data collected from the sircrew on these sorties falls into two categories:

& Subjective ratings of pilot workload. It is important that a definition of work'oad is agreed by the research team and
spomsors prior to the commencement of the study and siat this definition is given 10 the crew a8 part of their briefing
before the mission sottics commence. The workioad rating used in the helicopter study it based on the Bedford Scale (14):

b, Prychophysiclogical indices of workload. Although the most widely used method for assessing workioad is that of
Mnmmnmumwummdmmymummmn

messurable physiclogical functioning. There is a wealth of evidence that subjective ratings of workload may be usefully
sugmented by certain physiological indices (5) (15).
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‘The selection of suitable measuros will be influenced not only by the theoretical requirement for particular data but also by
the feasibility of collection. Agresment Yetween the various measures is frequently tenaous. This results from both the difficulty
of obtaining relisble readings, and relating thest to real-world events. To a considerable axtent thw restrictions that must be
placed upon data collection in aircraft constrain the rescarchers’ choice of taethodology. Comprebensive reviews of the issues
may be found in O'Donnell (16) and Wierwille (15).

In the helicoptes investigadon it was decided to limit the recording of physiological data to that of cardiac activity. The
ronsons for this choice were that the data can be reliably collected from both members of the aircrew with minimal interference
and that'such measures have boen reported by most rescarchers as reflecting, to a considerabie extent, cognitive as well as
physical ectivity.

From the cardiac data two independent indices may be dexived.

1} Mean Hea:t Rate — the instantaneous neart rate derived from measured time intervals between successive
veatricular contractions (R-waves of the cardiogram) expressed as bests per minute.

2 Hoert Rate Variability — this takes into accouat the normal phyziological trend of mean heart rate and minimises its

effect by considering cbeervation order through difference scores.

Although mean heart rate snd heart rate variability have been shown to correlate highly with subjective indices of
workload, there is evidence to suggest that mean heart rate can be more valuable in siaations of high workload whereas in
situations of relatively low workload then heart rate variability may be the most sensitive measure.

Inany task analysis or assessment of workload it is essential that both subjective and physiological indices of workload are
related to objective measures of performance.

The experimenter must have critesia to assess aircrew performance, because it is when performance falls below the
specification that one may say that workload is excessive. In the relatively straightforward assessment of performance in, for
example, fixed wing public transport aircraft, accuracy in maintaining flight parameters might suffice. In contrast, if the speed
height and direction of the combat helicopter are not changing the experimenter must suspect overioad.

Video pictures of cockpit activity provide the most accurate and objective recording of events, particularly when
compared to either observer or the subject’s own reports. In the helicopter study video cameras will be mounted in the cockpit
of the helicopter and will be used to provide video recording of the cockpit activity and crew interaction. An additional
advantage is that the record is permanent and this will allow the re-analysis of early sorties as the data from subsequent ones is
obtained. An adaptation of the methodology developed by Lovesey will be used for the analysis of the video recording.

The member of the research team who is trained both as a pilot and a psychologist, will fly as an observer and record gross
crew activitics as the sortie progresses. The intercom and radios will be taped to provide a record of crew interaction.

Analysis of the performance data from the observer reports, as well as the recordings from the video, intercom and crew
radios will allow an accurate record of crew activities to be compared against objectively specified nission parameters. These
parameters will have been developed from the data obtained from Stage 2.

Cardiac recordings time locked to the activity record will permit the independent assessment of pitot workload. This will
be correlated with the aircrews’ own assessment of the effort involved. It will then be possible to estimate and compare the
workload of the crew at succeeding intervals of the flight, and to relate physiological and behavioural measures to mission
elements. The recordings may also highlight occasions of under or over loading either crewmember.

Consideration was given to instrumenting the aircraft flight controls or recording flight path data, however a number of
factors led to the rejection of this suggestion when using workload techniques to determine crew loading. Not the least of these
was the sheer quantity of data which would b~ collected. Should the data be collected, it may be of limited use, as skilled
performance, especially motor performance, does not decline steadily under increasing workload, rather it continues relatively
unchanged until catastrophic failure. In addition only the performance of the handling pilot would be recorded.

1f the results from the task analysis indicat:. cither decrements in performance or unacceptably high levels of wo.kload, it
muwwm-mmmmwmtm&mmmmmmmm
of safety, the experimental technique will be to increase task difficulty with successive sorties. This will be achieved by
increasing the froquency of task related activity.

STAGE 4: PRODUCTION OF RECOMMENDATIONS AND PROCEDURES

When the test conditions are satisfied the research team should specify revised or new procedures or recommendations.
Mwmdvethcpmblunmdmeetmeobmmhimmldennﬁedbymepm;ectspomonatsugel In the
hannarundy this will be the appropriate allocation of tasks between two pilots w.anning the army helicopters and the
development of Standard Operating Procedures.

STAGE S: VALIDATION

Tho importance of testing the procedures or recommendstions derived from 4 onan independent group of subjects
for the purposes of validation cannot be Mh&zh&mmﬂytﬁﬁﬂlhdmwm b, of the
mistion sorties using crews from squadrons which were not involved in the original experimental prograrme. A representative
mﬂodmmﬂhmﬁdmmmnm&dnﬁmw&hhﬁ“mﬂuﬂdmhmuwm
Stage 3 and to follow the newly developed Standard Operating Procedures. Performance and workload data would be
coBected throughout the sorties. Any findings of unacceptable levels of workload or pesformance would indicate a requirement




e e

89

t0 revert to & Stage 3 and carry out & second phase of observations. Finally, the findings from the research programme should be
checkod against the objectives determined at Stage 1.

SUMMARY

Inaviation an assessment of workload is frequently used as one component in a programme of research. The objectives of
the rescarch may vary from an assessment of the activities of the crew to an evaluation of cither coclpit modifications or
operational changes. Thus workload assessment will form one of a sexies of stages in the research. A model is presented in
which the stages of the investgation which will proceed and follow the workload assessment are described. An application of

this approach to the assessment of worklowd in holicopters is used to illustrate the practical implications of the model.
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STAT.C WORKLOAD ANALYSIS AND PERFORMANCE ANALYSIS
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; INTRODUCTION

The verification of both functional effectiveness and human welfare hag evidently always been a major objective in flight
test but a formal and rigorous investigation of the man-machine interface itself was gradually prompted by the crew

complement question.

! ‘When the FAA elfminated the 80,000 Ibs rule in 1964 it stated implicitly that the weight of an aircraft or its number of
engines had no true cn whether a third crew member should be included. Instead the FAA adopted rules to base crew
complement ifttation on workload

?‘l-le new rule, FAA's FAR 25.1523 on Minimum Flight Crew aid its Appendix D (Figure 1), provided a set of design- 4
rehted operational and human factors parameters.

In 1979, AIRBUS INDUSTRIE launched a preliminary version of the Forward Facing Crew Cockpit for installation on
the A300 FF. This version moo:pomed all the new technology for the A310 cockplt except the Cathode Ray Tubes for flight
data and system monitoring. In view of the two-man crew certification of this version we launched a major workload research
programme: in order to develop refined, rational and scientific methodologies for workload determination in flight test. This *
human factors activity was however not just started for certification purposes but also because crew workload is a fundamental
design parameter influe iwing the cockpit design itself and the operating procedures. In this sense our work started a process
which potentially could become iterative in the futute so that the man-machine interface would eventually be designed,
investigated and improved well before an aircraft's first flight. |

Y N

The critical importance of man-machine interacti long been recognized in the field of aircraft handling qualities.
What is relatively new, however, is the recognitichi that man-machine interaction is part of a complex information transfer )
process between the pilots; the & aircraft and ground facilities (1). Classical are the systematic methods for assessing aircraft . [
hlndlincqumfc%: such as the Cooper-Harper scale and this even inspired our approach to workload assessment.

Also classical topics in flight test are the determination of static and dynamic stability, the former indicating the tendency
aircraft 10 retura to its equilibrium position, the latter indicating the way an aircraft returrs to its equilibrium position. . - :
Analogous to the complementarity of these evaluations, we developed the Static Taskload and the Dynamic Workload
Methods which were first used for the two-person crew certification of the A300 FF in early 1982. As shown in Figure |, these i
are complementary but overlap in certain areas. Both methods address particular workioad functions and factors listed in :
FAR.25.1523 Appendix D simplifying the verification of results against specific requirements. i

SN

WORKLOAD AS A STUDY ITEM

1. Operational Classilications . : !
‘The vast literature on workload reveals an unusual diversity in the way workload has been defined and used. Clearly there Y '
seems 10 be no generally accepted definition and there is no universal metric, yet no direct method for measurement. RS

A survey of the literature (2) (3) indicated however that the many operational definitions adopted by research can be
gathered into three functionally related atiributes, namely input load, operator effortand ousput result.
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[ FAR 28.1523 Appendix D m":.“
Q) | BANC WORLOAD FUNCTIONS
1 | right poth: control D
H Coltimon Avodance o]
3 Navigotion o]
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[ Command Dexsions D
b) | WOMKLOAD FACTORS
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Q The possbility of increased workicad associcted
with ony emergency that may ead to other
amenencies o]
10 Incopacitation of a flight crew member [»]

Figure 1
FAR 26.1623, Appsndix D

Input loed or taskload considers workload as a set of observable or identifiable task demands. Task demunds are deiined
for a given scenario in terms of task elements, their nominal time duration, their inherent difficulty and their scheduie and
tequirements i.c. a normative, detailed description of what is overtly required or demanded of the cperator or pilot in the
performance of a task but it does not measure the resulting physical or mental respouse of the operator.

The operator effort or workload viewpoint is on how hard an operator or pilot must work to satisfy a specified set ot task
demands i.e. workload is addressed from the standpoint of measurement of covert or inte-nally generated responses to these
task demands. Due to the complexity and covert nature of mental functions such as information acquisition, processing and
decision making, there is a lack of knowledge about the nature of mental worklead. But when we speak of workload we certainly
mean something to do with a sense of mental effort, how hard one feels one is working, In general it can be said that mental
workload is some undefined combination of mental effort and emotional stress in reponse to task demand (4) (5). Moreover, a
wide range of physiological workload measures (6) (7) have been used to infer workload states. Physiological methods are
based upon measurements of activatior. or arousal which is 4 state of preparedness of the body associated with increased
activity in the nervous system (7). The question is what these measures do in fact reflect: emotional stress, physical activation,
cognitive workload or some unknown combination thereof.

Ouuput result or performance looks at \sorkload as activity or accomplishment i.e. the actual task performance or the
quality of task accompiishneent. Task performance can be defined as workload in terms of accuracy, timeliness etc. .. and
compared to an established task criterion for perfoimance. The problem with these expressions, however, is that they do not
always lend themselves to sensitive reflecuons of workload as an operator can adapt and work harder to achieve equal
perforinance. Performance degradaticn may occur only after substantial demand and eifort increases beyond the range we
wish to measure (£) (7).

2.  Objective and Subjective Warkload Study Methods
A review of the methods available for pilot workload determination indicates that they can be gathered into two
complementary groups, i.e. ubjective and subjective methods.

The first ones use physical or physiological measureinents. Workload interpretation is made a posteriori involving subjective
appreciations.

The second ones use subjective criteria defined a priori through ratiig scales or wigntal 1ad modelling. Whether it is a
priori or a posteriori some subjetive judgement always seems to play a role in whatever workioad evaiuations we consider.

The following methods are presently in use or under ative development at AIRBUS INDUSTRIE:

i
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Objective Methods
—  Static Taskload Methed developed by AIRBUS INDUSTRIE.

— Timeline analysis developed essentially in USA by BOEING and McDONNELL DOUGL.AS.

—  Physiological measures such as Ambulant Monitoring of Heart Rate developed by COCHIN FACULTY and AIRBUS
INDUSTRIE.

—  Performance criteria measures developed by DUNLAP & ASSOCIATES EAST and AIRBUS INDUSTRIE.

Subjective Methods
—  Subjective Assessment of workload such as with the Dynamic Workload Method developed by AIRBUS INDUSTRIE.

— Human Operator Models developed essentially in the USA (SAINT, HOS, PROCRU, ..) and under development in
France (MESSAGE) on behalf of AIRRUS INDUSTRIE.

3. Workload and Cockpit Resource Management

The work of u crew is characterized by the appeareace of a multitude of tasks or in other words man-machine messages.
These seem to arrive simultancously and 10 interrupt one another. The processing resources for contrelling these information
transfer processes are limited and when several processes compete for the same resources evenally there may be
deterioration of performarce. The process for allocating these resources is called Resource Management, Tt refers to the way
the diffcrent task backlogs are prioritized and delegated an- to the management of tiie dit"ereat human and macerial adjuncts
available to the crew.

Resource managemei training therefore improves crew coordination, communication, role playing and decision-making
kills.

A majority of airline accidents in the last ten years appears to be related to human factor procblems and me:st of these seem
to have had as a causal factor some aspects of inadequate resource management. There is a growing awareness and consensus in
aviation circles that crews trained in cockpit resource management skills can cperate at a higher ievel of safety and efficiency
especially during periods of increased workload (8).

Proper resource management can in fact also serve as a very effective workload control teol.

WORKLOAD ASSESSMENT TECHNIQUES AT AIRBUS
In the foliowing paragraphs are described some of our assessmeiit techniques developed throughout these last yezis.

The two main methods, the STATIC TASKLOAD ANALYSIS and the DYNAMIC WORKI.OAD ANALYSIS are
compiementary and were used in early 1982 for the first two-person crew certification in the world of a wide t-ody passenger
aircraft: the A30G FF, ot yet equipped as thc A310 with the EFIS, the ECAM or the FM3, Aiiother method was to be added
for the A310 certification, i.c. the PERFORMANCE CRITERIA ANALYSIS, The common rationale of ail these analytical
methods is that they work by full comparison to previously centificated man-machine systems. Since early certification days, all
airplaaes had been certificated with reference o an existing product. With regard to the cockpit, the Airworthiness Authorities
pilots were traditionally basing their judgement and verdict on their own (subjeciive) assessment in comparison to other
cockpits. Without any way to know results in advance, AIRBUS INDUSTRIE effectively made a step forward by developing
objective measures and quantifying suhjective assessment.

THE STATIC TASKLOAD ANALYSIS

1. Principles of the Methodology

The static taskload mizthed allows an objective quantitative task analysis of system management procedures that attempts
to quantify the ergonomic aspects (visibility, observability, accessibility, operability, monitorability of control and displays) of
the mai machine interface of a new aircraft through a direct comparison of procedures with a previously certificated two-
person aircraft. It provides quantitative taskioad daia or in other words objective indications of mividual crewmember task
demand by measuring the impact of a new cockpit layout, the location and nature of controls and indicators ir comparison with
a former cockpit layout. After selecting a series of comparable normal, abnorma! and emergency procedures each of these
procedures is analysed individually for both aircraft. Each task in a given procedure is split into 6 basic actions i.e. look,
ousarve, monitor, reach, operate and monitor (the result of the operation) (9). Each action is linked with a feasibility index
which expresses the elementary difficulty to accomplish the action. These visibility, observability, acc. ssibility, operabilitv and
monitorability indices are intimately linked with the cockpit layout or hardware. They are expressed in terms of valu.s ona
continuous difficulty scale ranging from 0 to 1, the static tasklond scale (Figure 2). This scale is adapted from the Cooper-
Harper rating scele which is a widely accepred method for subjective assessment ~f aircraft handline qualities (10).

The laws governing the value of the feasibility indices are determined by means of small mathematical models which were
derived from the ergonomic: literature and validated through subjective assessments in mock-up by Airworthiness Authority
pilots (11) (12).

The method is calied static for several reasons.

First, the correspondance berween specific actions and feasibility indices is stopped with information processing,
problem-solving and decision making activities. These dynamic aspects of mental workload are addressed by the Dynamic
Workload Method.
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Fig.2 Static taskload scale

Second, the method is also based on the assumption that taskload differences between the new aircraft and the reference
aircraft principally exist in systems management. The other dynamic workload functions such as flight path control, coiiision
avoidance, navigation, commnnications and decision making are an integral part of the assessment procedure in the Dynamic
Workload Method.

Third, the analysis assumes & strict irsksharing whereby one crewmember (in this case CM1) is flying the aircraft (PF)
whiile the other crewmember (CM2) is muinly involved in uperating and monioring aircraft systems (PNF). In a real world
dynamic cor:text tasksharing nd task. alloc-tion may often be diffe: ng event stigitly from the prescribed procedures but this
can again b teken into account by th= other complementary method

Fourtk, the (static) operator returns to his neatral (eye-reference) position after each task and this is also 210t necessarily
the case in a dynamic coutext.

2. Application to the A300G FF and A310

In the early stages of crew complement research and well before the Presidential Task Force's audit we performed a
feasibility study comparing th: A310 with the B-737 and the DC-9, The m2thod was then validated in cooperation with French
and German Airvorthiness Authoritics.

For the A3C0 FF minimum crew certification the Static Taskload Analysis was comparatively applied to the A300 FF and
the McDONNELL DOUGLAS DC-9 which has prove . in service experience and a reputation for safe and efficient two-man
operations (1 3).

For the A310 minimurn crew certification AIRBUS INDUSTRIE benefits from this former experience by comparing to
an in-house aircraft, the A300 FF (14;.

The 3tatic Taskload Analytis wes carried out as follows (Figure 3):
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Fig.3 Static tasi.ioad analysis flowchart
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Comparable normal, abnormal and emergency procedures were selected for the A300 FF and the DC-9 on one hand, for
the A310 and the A300 FF on the other hand ; in each case this involved at least 10 normal procedures and 10 abnormal/
emurgency procedures.

Task analyses of system management activities were performed for each crewmember of each aircraft with a task
breakdown into basic acticns (look, abserve, monitor, reach, operate, monitor) CM1 (or the left hand seated pilot) being
PF, CM2 scting as PNF ; the task analyses of the A300 FF and of the A310 were conducted in dedicated mock-ups to
aircraft production sizndard ; the task analyses of the B-737 and DC-9 were conducted in a flight simulator with the
assistance of a type-rated flight instructor.

Geometric, time and mechanical measurements from cockpit drawings, mock-up and simulators were used to calculate
parameters that are considered in mathematical models of ergonomic feasibility laws.

Feusibility indices for each action of a task are calculated by means of the mathematical models of zach type of action.

Taskload matrices were compiled for each procedure so that comparisons could be made between the aircraft under
evaluation and the reference aircraft, initial results for each crewmember (CM1 or CM2) and for each procedures are
expressed in terms of Burden and Weighted Average Taskload, Burden gives a measurement of the overall amount of work
demanded for exccuting a particular procedure, whereas Weighted Average Taskload gives anidea of the average degree
of difficulty generated by the execution of a procedure.

(f) Histogrammic plots of Burden and weighted average taskload for cach crewmember were drawn allowing to take first-
hand conclusicns. Figure 4 illustrates results of the initial studies with respective examples for some normal procedures
comparing the A310 and the B-737 and some emergency procedures comparing the A310 and the DC-9.
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3. Discussion of the Results )

It appears from these graphic plots that the results of each aircraft under certification were generally indicating decreased
taskload burden for each crewmember when compared to their reference aircraft. Burden figures for CM2 are always much
higher than for CM1 as the former is carrying ott the bulk of the system management work. With regard to the weighted
average taskload the individual crewmember tigures far the aircraft under certification were generally equivalent to their
reference aircraft. More important, however, was the fuct that they stay well inside the satisfactory range of the static taskload
scale. It is concluded that there are less tasks on the new aircraft and tliat they are easy to execute.

Several other ways exist t graphically reprcsent the results of the Static Taskload Analysis one of which being
Normalized Principal Components Analysis of the taskload matrices (15).

The objective of normalized principal components analysis is to provide a synthetic representation of the information
contained in a matrix of p continuous variables and n observations.

The structure of the information included in this matrix would be visible if it were possible to represent the shape of the
cloud formed by the n observation points in the p dimensional space of variables. This is not possible whenp 3.

Principal components analysis brings a synthetic solutiun to this problem at the cost of some merginal loss of information.

In this particular way of representation we used procedure matrices whose observation points corresponded with the
burden data for normul, abnormal and emergency procedures of both aircraft to be compared. The variable corresponded with
the 6 tlementary activities in a task. Differentiation of the two aircraft to be compared (the DC-9 and the A300 FF) was done by
attributing different codes to the projected observation points. Figure 5 projections for CM1 und CM2 allows to appreciate the
relations between points as for cxample the subcloud of one aircraft may extend beyond or stay within the subcloud oi the other
aircraft. One can also get an idea of the homogeneity of procedures or of the homogeneity of action burden data associated with
the procedures whether the subclouds are clustered or dispersed. In essence this method indicated that as a whole the
clementary activities (look, observe, monitor, reach, operate, monitor) on the A300 FF are more homogeneously grouped and
centered and therefore less demanding than on the DC-9.

L ..
|
PROCEDURES | cM2
CODE: | DC® —— .l
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Fig.5 DC-9—A300FF: normalized principal components analysis. All procedures cumulated

Another analytical evaluation of feasibility indices consisted in considering cumulative percentages of actions with
feasibility indices on the same 11 intervals between 0 and 1. Separate analyses were conducted for normal and abnormal/
emergency procedures amalgamated so as to compare the distributions of specific actions for the A310 to those of the A300
FF. The Kolmogorov-Smimov two sample test (16) was used to dJetermine 1f a significant difference existed betwen the
distributions ‘of both aircraft and the direction of any difference detected, i.c. which aircraft was better. The majority of
measures showed no statistically significant difference between the distributions of the A310 and of the A300 FF. This is not
surprising given the strong similaritics between the two aircraft. However, the statistically significant differences which do exist
strongly tavor the A310 particularly with respect to abnormal/emergency procedures where the ECAM is most instrumental.

In general the Static Taskload Analysis showed that taskload data of the aircraft under evaluation for certification were
within or close to the envelope defined by the reference aircraft which by itself already indicated the plausibility of acceptable
two-man operations on the new aircraft. Besides this the Static Taskload Analysis also allowed first hand tasksharing
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evaluations to be mude in mock-up task analyses with early sets of procedures not yet subjected to flight experience. Tnis
caused cven - major redesign of the clectrical system after task analyses for the Avionics Smoke procedure on the A300 FF,
suggest_. g that the method may also be a helpful technique during initial cockpit design.

PERFORMANCE CRITERIA METROD

The Performance Criteria Analyses presepted in the following are a complemant to the Airbus Industric man-machine
interface studies originally based on the three functionally related attricutes of input load (taskload), operator effort
(workload) and output result (performance). They were developed in the aftermath of the US Presidential Task Force
recommending increased focus on man-machine interface analysis, In this part two studies are presented performad under
contract with DUNLAP & ASSOCIATES EAST (Hartford, Connecticet, USA) to investigate the impact of new digital
equipment that was to be installed in the A310(17).

(A) EFIS Performance Criteria Analysis

1 Principles of the experiment

In March 1982 AIRBUS INDUSTRIE conducied an extensive experiment to Jetermine relative system performance of
the new Electronic Flight Instrumems (EFIS) versus the conventional electromechanical instruments. The Airbus Industrie's
research and development A300 constituted an ideal experimental platform for such a study as it was equipped with the
conventional instruments in front of the left pilot seat and with the EFIS configuration in front of the right pilot seat. The aircraft
was also equipped with a sophisticated data recorder which can collect most relevant performance measures and record them
on magnetic tape for subsequent analysis The experiment consisted in measuring relative pilot/aircraft system performancein
the execution of a specified and relatively demanding circuit (Figure 6) to be flown from each seat. In order to provide for
experimental control, a factorial experimental design was employed in which factorial, pilot and instrument/seat were the
major variables. Three conditions were chosen to provide a range of situations under which the instruments would be
compared and to vary workload for statistical comparison.

These conditions were :

Flight Director :
Flight director and autothrottle system on.

ILS:
Flight director and autothrottle off, but “raw” ILS glide and localizer information available.

NDB :
Flight director, autothrottie and ILS off resulting in a totally non-precision configuration.

Go around was initiated at 100 feet radio altitude for the FD and ILS conditions and at 300 feet for NDB approaches.

To ensure geralizability of the results, two pilots flew each condition from each seat. In order to control for leaming and
fatigue, each of the twelve situations (2 pilots x 2 seats x 3 conditions) was repeated once in a counterbaianced fashion so that
the total design called for 24 trials (12 situations x 2 replications). The flying pilot always wore a helmet-mounied hood to
restrict his view to only those instruments on his side of the cockpit. Twelve segments were defined in each circuit (Figure 6) so
as to be able to compare the two sets of instruments during individual, homogeneous portions ot segments of each circuit,

Subjective ratings using the 10-point interruption scale described in the section on Dynamic Methods, were alsn collected
at various points to compare workioad levels in cither condition.

Four basic measures were calculated for each segment and for many of the 61 parameters recorded :

® Mean:
The numerical time-based average of the parameter.

¢  Standard Deviation :
A standard measure of the amount of variation around the mean, the standard deviation has preved to be an excellent
measure of system smoothucss and stability.

®  Transitions Through Ze1o:
The number of sign changes per minute for those parameters which can have both positive and negative values, this rate
also measures stability and the extent of control inputs needed to achicve the observed mean and standard deviation.

® Reversal Rate:
The number of direction reversals per mirute of controls and control surfaces, reversal rate is a direct measure of the
control activity and the taskload of the pilots.

The major analytical technique chosen fur the instrument comparison was multi-dimensional analysis of variance
(ANOVA)(18).

This technique separates the variation in a dependant variable (the various measures derived from the flight parameters)
into the components which can be attributed to each of the independent {factors (in this case pilot, conditions, seat, segment and
replication) or interactions between or among the factors, and a component (error) which canniot be attributed to any of the
factors or interactions. The amount of variation associated with a factor by the ANQVA calculation procedure can thereafter
be tested for statistical significance.
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2 Presentation of the results

"The statistical results of this method clearly show diff<rences as a function of the seat fro 2 which the aircraft was flown. In
al’ 2310 statistical tests of significance were examined (14 effects per measure x 165 measures retained for ANOVA) exclusive
of the replication factor. It was found that the numb-2r of significance effects involving the seat factor was we'l above what weuld
iikely be produced by chance (1 16 when testing at the 0.0 level of vignifican~e meaning less than 5 chances out of 100 the *he
effects were produce:d by chance).

Given that the existence of a specific difference has Leen shown, it could have favored the EFI1S or the conventional
insiruments. However, all of those measures which could be interpreted in terms of smoothness or precision of flight favored
the EFIS. The remaining differences either favored the EFLS or showed variation across the experimental factors which could
not reasonably be interpreted as favoring either instrument type.

These measures were for example :

&  Pitch speed or rate chaag=~ through zero were significantly higher for the EFIS (18.46 versus 17.48 per minutes for
conventional) across all flight conditions ar.d in each one individually. At the same time, the standard deviaticn of pitch
rate, a measure of smoothness, was ihe same o1 lower for the EF1S, Together, these measures showed that the pilots were
making finer corrections around the criterion value (higher rate through zero) whilc still maintaining or improving overall
smoothness.

®  Elevator position reversal raic was also signiticantly higher in all conditions when the aircraft was flown with the EFIS
(32.15 versus 30.12 per minute for conventional). Also the standard deviation of ~levator position was not sigt:ificantly
different for both types of instruments.

Thus greater precision was accomplished with the EFIS with equivalen® smoothness.

®  Engine 1 power lever angle reversal raie was significantly higher for the EFIS flown trials /21.49 versus 20.37 per minuie
for conventional). The difference was most pronounced during the ILS and NDB conditions in +hich the autothrottle
system was disengaged and the pilots had to manage the engines manually to track the arget zirspeads.

It is interesting to note that the superior performance of the EFIS was particularly pronounced for those measures which
are related to information which is displayed in a new, mute precise fashion on the electronic instruments. The smoother
and more accurate performance of the pilot/aircraft system may be simply because pilets tried harder when flying with the
EFIS or because the EFIS presented more or better information for flight maneuvering. The -esults must be interpreted
with the understanding that neither pilot had extersive experience with the EFI1S. It is reasonable to hypothesize that a
greater level of pilot faniiliarity with EFIS woud have shown an sven larger performance benefit when flying in the normal
to mederately difficuit flying situations experienced during the experimeni.

The increased reversal rates of clevator position and engine power levers and the higher rates through zero of piich speed
are indications of increased taskioad since all flyving was under manual control of the pilots. With regard to workload the
rating method descritied in Part Il on Dynamic Methods shows a slightly lower meur worklcad for the EFIS seat but this
difference was however not statistically significant, Since the experiment was not designed to examine this aspect
specifically workload in beth configuration is concluded to be equivalent, greater precision being accomplished witk: the
EFIS.

(B) FMS PERFORMANCE CRITERIA ANALYS:S

A similar experiment was carried out by Airbus Industrie in Januay 1983, to assess the . :rformance of the A310
aircraft/pilot system with and without the use of the FMS when the autopilot was engaged and to examine the ability of pilots to
usei ¢ FMS intormation directly without aid of the autopilot.

The experiment cousisied in measuring relative pilot/aircraft system performance in the execition of a specified and
relatively demanding circuit which combined a SID and STAR (Figure 6).

Three experimentsl conditions were studied :

e NAV:
“Normal” flying with the Flight Managemcnt System comma:iding the autopilot and the pilot monitoring horizontal track
and entering altitude and speed adjustments.

e STANDARD:

“Normal” flying without the Flight Management System in which thz pilot commarded all course, altitude and specd
changes through the autopilot.
e MANUAL:

Manual flying without intervention from the autopilot or help of the flight director but using FMC track infurmation as
displayed on the ND for navigation.

As in the EFIS study, to 2nsure generalizability of results and increase the precision of ana'yses, it was desirable for cach
pilet to fly each condition twice in a counterbatanced design. However, to permit data coliection to be underiaken in a singe
tiight, the NAV condition was only flown once by each pilot. In addition subjuctive workloud ratings using the 10-pomts
intertuption scale wete again collected as in (A) to compare levels in either condition.

Similarly to the preceding study, six basic measures were extracted for each scpment and for many of the 75 paramaters
recorded. The major analytical technique obviously was again multidimensional analysis of variance (ANCWA) (18).

A statistical examination of the significant effects in this experiment shows three cl=ar patierns of findings.
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Furst, many of the significant differences appear to relite to whether or not the nutopilot ‘was engaged. The autopilot
clearly has vastly different response characteristics to those of the pilots. In general, the autopilot allows “error” to build up
more before it responds than do the pilots.

11 then brings the system back to a nominal state with little overshoot or additional correction. Since the autopilot was
engaged in both the NAV and STANDARD conditions, this “autopilot” effect causes them to appear quite similar and quite
different from the MANUAL condition.

The secomd pattera of results, relates to the similacity between the NAV und MANUAL conditions on certain parameters
which relate th the way the aircraft mancuvers in the horizontal plane. It would appear ihat the increased precision of track
specification by the FMC, whether manually or by the autopilot, results in better flying performance on these parameters.

The third clear pattern in the results highlights superior performance when flying in the NAYV condition.

These findings supgesi differences in the smoothness of the tracks tlown during the NAYV trials when compared with the
other two cotditions. ln particular, the extremely low yaw rate with an associated low standard deviation of rudder position
point to significantly less stressful and more comyortable flying with the FMS.

As commented in the section on Dynamic Methods the expected ordering of conditions with respect to workload was
achieved, NAY showing lowest, MANUAL highest, The trend displayed here is nonetheless made even more noteworthy by
the fact that neither pilot had extensive experience with the FMS and therefore ¢ uld have been expected to show some degree
of extra preoccupation with flying in these conditions.

CONCLUSION

The practice of man-machine interface analysis clearly got an added impetus with the approach to the iss e discussed in
this paper. It culminated into a battery of metheds that not only dealt with that particular aspect but much more generally
investigated the impact of new technology and its match with the crew and operations. Man-machine interaction analysis
precisely is in the business of examining these matches, Rather than insisting excessively on workload it concentrates on
information-transfer which, we believe. is the @ssential parameter of the interface equation.

The common rationale of all our methods is that they work by comparison (o previously certificated man-machine
systems. ‘They wers launched as an important and risk-taking validation exercise several years ago without any prior certainty
as to what they would produce as results. Clearly, the practice of flight testing by cross-reference to former designs is classical
and justified but there is an upcoming need to develop integrated worklead and performance siandmds which would
potentially alleviace or delete this reguirenient for comparison.

A step in this directicn was performed by validating some of the pre.viously mentioned work with regard to Dynamic
Workload Analysis (see Part 11). It was done by means of Performance Criteria Analysis, deseribed in the preceding paragraphs
and Ambulant Monitonng of Heart Rate, mentioned in Part 11
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DYNAMIC METHODS

1. PRINCIPLES OF THE METHODOLOGGY

The Dynamic Worklond Method is a subjective, qualitative technique to assess the workload resulting from the
interaction of all piloting aiu management functions mentioned in FAR2S, Appendix D). It sddresscs mental effort due to the
‘ime pressure, information processing and exnotional stresx whilst piloting the aircraft under a variety of normal, abnormal or
emergency conditions. With this method the point is made that the ments! ffort associated with collecting and processing
information ard the making of decisions is much more prominent in pilot wourkioad than the actual physical implementation of
decisions through actuation of controls. 1lence covert efforts which occur in the planning, monitoring and decision-making
processes are of particular importance.

‘Th= method's application basically consists in & concurient assessment of workload by the pilot:and by an observer-pik.t.
This is done by means of a commun worklead scale modelled after the Cooper-Harper scale. The first scheme adopted a
AIRBUS INDUSTRIE consisted of a 5-point scale for pilots and an overlapping 7-noint scale for cbservers. This dual
workload scale was used for the A 300 FF workload campaigns and con..:ted of one rating choice for each workload category
for the pilots.

Qbseirers disposed however of two rating choices for bozh the low and moderate workload categories (19) (20). The
expetience of the A300 FF certification showed that the rating activity wus quite uninirusive to pilots, that low workload did
not need two categories but that heavy load deserved a choice selection.
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Fig.7 Dynamic workload scate (A310)

The common A3 10 workload scale thereiuie consisted of 7 points from 2 to 8 (Figure 7) which offers one rating choice
for the low worklord category 2, two rating possibilities for the moderate 2, 4 and the high workload S, 6 categories. The two
remainiag rating alternatives concern extreme 7 and supreme 8 workload cases that impose strict scrutiny during the post-flight
analyses (21) (22). A description of the scale by means of selection criteria is provided for initial guidance but due to the
diversity of workload connotations across irdividuals (23) AIRBUS INDUSTRIE insists that pilots and observers be strictly
guided by theiv own personal interpretation of the term workload. The objective of the common pilot and obseyvver seale is to
give pilots and observers a frame of reierence on workload acceptability without imposing a definition or a viewpoint, Pilots
and obcervers are however asked to rate workload a.d not taskload nor performance.

Practically, flight crews are subject to a comprehensive set of both simulator and rea! flight scenarios throughout which
they are required to provic.: frequent and prompt ratings of workload. Pilots are trained to rate their workload experience upon
the observer's re.uest.

The observer-rater first introduces his assessment of estimated pilot workload by means of a rating box (Figure 8), and
thereby triggers the corresponding pilot’s g: cen cue ligat. This effectively requests the pilot’s response which is implement
through activation of the appronriate push-button on the pilot rating box which is on the glareshield.

The basic instiuction is for the observers to r»quest and provide a ruting wirknever they feel workload since the last rating
has changed or in tl.: absence of si.ch variation if a substantial amount of time (more than § minutes) has clapsed since the
previous rating. The rating system is designed such that its - »eration imposes minimal interference, although pilot response
time to & riting request may be significant as pilots are instrucied to give priority to their immediate work. 1t should be noted
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Fig.8 Workload rating boxes

that observer-raters are also asked to keep track of errors by rating them according to their gravity as proposed by a 3-point
scale. These performance measures can also be introduced on the more elaborated observer pushbutton box. The three
categories of errors which are considered ar as follows:

—  Minor errors (M) slip or error fixed promptly.
—  Important errors (1) : important errors, corrected or uncorrected anomalies or safety-unrelated errers uncorrected.
—  Safety-related errors (S) : crrors that may affect safety in the longer term whether corrected or not.

The rationale behind the coupled pilot-abserver rating procedure is that each pilot is intimately facing his workload
situation and that this close implication may sometimes bias his appreciation either towards an overstatement or towards an
understatement. Similarly, the observer is following at the same time the corresponding pitot's workload situation but this
independent relation may also bias his appreciation either towards an overstatement or towards an understatement. AIRBUS
INDUSTRIE's basic hypothesis is that the true picture may in fact be lying bewween both appreciations of workload. In the first
case too much or too little emphasis may indeed be put on covert processess, in the second case too much or too little emphasis
may be put on overt behaviour Close atiention is therefore given to the degree of concordance of pilot and observer opinions
and this is the subject of further analysis in the discussion of results in order to validate the overall method,

In the A300 FF minimum crew certification the Dynamic Workload Analysis was applied during both a simulaior
campaign and a real flight campaign (Figure 9). The simulator campaign involved three programmes, one on the A30 FF and
two on reference aircraft i.e. the B-737 and the DC-9 (19) (20). This procedure of comparing with well-established two crew
aircraft is similar to the approach of the Static Taskload Analysis. The objectives were to provide the Airworthiness Authority
observers with baseline references on two-man aircraft which have proven in service experience and to calibrate their use of the
workload scale by means of commun scenarios. This was considered essential prior to their participation to the A300 FF
simulator and {light programmes. The participating crews comprised one complete Airworthiness Authority crew and two
crews consisting of a captain (CM1) from the Airworthiness Authorities assisted by a pilot (CM2) from AIRBUS
INDUSTRIE.

In the A31U minimum crew certification the Dynamic Workload Analysis was also applied during bath a simulatorand a
flight campaign (Figure 10). For both campaigns AIRBUS INDUSTRIE was able to benefit from the former experience by
comparing 0 an in-house aircraft, the A300 FF, as in the Static Taskload Analysis (13) (14). The extentof the A310 minimum
crew certification excrcise was however much larger than with ihe A300 FF because up to 7 different crews par . ipated to
both the simulator and flight campaigns. These consisted of onc complete Airworthiness Authority crew, two crews with a
captain (CM1) from the Airworthiness Authoritics assisted by a pilot (CM2) from AIRBUS INDUSTRIE and four ct::ws each
with a captain (CM 1) from onc of the 4 launching airlines also assisted by a pilot (CM2) of AIRBUS INDUSTRIE.

The preparation of the various flight scenarios was largely inspired by such training techniques as L.O.F.T. (line
orientated flight training) and combined operational difficuities with in-flight technical problems involvirg abnormal and
emergency situations.

A brief examination of cumulated results helps to appreciate the procedure adopted for comparing the results of the
aircraft under certification with the reference aircraft. The principal numerical tools us=¢ for this were the cumulated rating
distributions presented under histogram form (see Figure 10). These histograms permit to get an idea of the frequency of
timewise distribution of ratings throughout any particular campa:gn. In particular the addition of the low to moderate workload
categories shows that the A300 FF workload levels are at worst equivalent but generally even better than tliose of the B-737
and the DC-9 when considering common scenarios exercised on the simulator.
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Fig.9 Dynamic workload analysis programmes for A300FF and A310
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Fig.10 Histograms of workload ratings
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Tt was also demonstrated that the various workload categories are at Jeast similarly occupied on the A310 as on the A300
FF so that it was established that workload levels on the A310 remuin within the envelope defined by the A300 FF for the
common scenarios of both the simulator and flight campaigns (Figure 10).

The application of this methodoiogy for minimum crew certification with the A300 FF and the A 310 in both the simutator
and real flight campaign is described in more detail elsewhere (24).

2. DISCUSSION OF THE METHOD

The actual results of workload ratings as provided by pilots and observers may be presented along a timeline, In order to
follow the graphic timelines more easily, main events were plotted so as to link the workload spectra with the scenatios being
exercized. Workload ratings are joined by solid lines for the observer and by interrupted lines for the pilot (Figure 11) (19)(20)
2N1¢( 221). This helps to visually appreciate the concordance between pilot and obs rver ratings and its evolution through time.

be recalted for the appreciation of this that during the A300 FF certification pilots had a S-point scale from A to E and
observers a 7-point scale from 2 to 8. Moreover observer ratings 2 and 3 corresponded with rating A for low and observer
ratings 4 and 5 with rating B for moderate workioad. The experience with the A300 FF indicated thut for the A310 certification
only one rating choice should be given for the 13w workload category 2, whereas two rating possibilities should be provided for
the moderate 3 and 4 and high 5 and 6 worl.load categories respectively.

Before reaching for conclusions it was judged necessary to validate the Dynamic Workload Methods with some
clementary statistical tests as is commenly done in marketing and social research. The first tests had to prove the good
concordance of pilot and observer ratings in order to validate the principle of the coupled rating procedure. An adequate
quality index needs to take into account the values of pilot/observer ifferences of opinion as well as the amount of time this
was sustained throughuiit the fight. Tt was moreover hypothesized that the workload scales could be considered as continuous
numerical scales with constant intervals between the workload ievels. The sclected quality index expressed as divergence index
integrates throughout the whole flight the areas of the graphic timelines where pilot and observer have made different workload
assessments and refers this to the whole envelope area generated by the observer's graphic timeline. This index formulation is in
fact truly reflective of the reader’s appreciation of the comparison of pilot and observer graphic timelines.

The results brought to our attention that :

(a) Better agreement between pilots and observers was reached during the flight campaign than during the simulator
campaign both for the A300 FF and A310 minimum crew demonstrations (12 simulations out of 35 for the A300 FF, 40
simulations om of 54 for the A310, 28 flights out of 50 for the A300 FF and 45 flights out of 60 for the A310 with a
divergence coefficient smaller than 3.33%).

(b) Biggest divergence indices were recorded during the crew’s first flights in each campaign which together with (a) seems to
indicate that there is an adaptation to the rating activity.

(c) Overall a relatively good overail concordance of opinion was obtained especially between observers and flying pilots ;
concordances were even improved on the A310 versus the A300 FF afier adoption of the adapted common pilot-
observer workload scale.

(d) Divergence indices were relatively constant throughout a flight’s history i.e. when they started low or high they remained
fow or high throughout a flight.

(¢) Some crews and observers were better in reaching agreement than others but overall divergence was low.
(f) Divergence indices appear to be independent of scenario difficulty.

Another very simple check helped to confirm some of these conclusions since it appeared that when converting the ratings
collected on the A310 to the scale adopted on the A300 FF :
(a) Full agreement between pilot and observer was reached :

— For 68.1% of ratings on the A300 FF but for as much as 76.7% of ratings on the A310 duriug the simulator

campaigns,

—  For 80.8% of ratings on the A300 FF but for as much as 84.8% of ratings on the A310 during the flight campaigns,
(b) Disagreement by just one workload category between pilot and observer was reached :

~—  For 31.0% of ratings on the A300 FF but for only 22.85% of ratings on the A310 during the simulator campaigns,

— For 18.85% of ratings on the A300 FF but for 15.6% of ratings on the A310 during the flight campaigns,

(c) Discgreement by more than one workload category between pilot and observer was reached :
—  For 0.7% of ratings on the A300 FF but for 0.45% of ratings on the A310 luring the simulator campaigns,
-~ For 0.35% of ratings on the A300 FF but for 0% of ratings on the A310 duriny the flight campaigns.
The final verification looked at the possible relation of errors with workload. Statistical work on these data showed that :

(a) The classical shaped curve (4) between performance and workload could not be verifizd indicating that pilots never go to
situations where they could but make errors.

(b) The simulator campaigns brought proportionally more errors than the flight campaigns possibly Locause simulator
scenarios were somewhat harder or were more difficult to execute.

(¢) There was no dirsct relationship between scenario difficulty and errors.
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3. EZAMPLES OF WORKLOAD RATING APPLICATIONS

The Perionnance Criteris Analysis presented in Part I of this chapter respectively concern man-machine interface
experiments on EFIS and FMS (25) (26).

The EF13-experiment involved flying 2 15-minute take-off, circuit, approach and landing/go-around iask to compare the
system with conventional instruments.

This involved three configurations {light director ILS, raw data ILS and NDB non-precision) by two pilots with two
replicatict:s on each system.

A new subjective rating scale based on the conccpt of interruption or bother was used so as to enable workload
comparisons. In this 10-point scale, the “1” corresponds to little bother at an optimal tme in the flight for the pilot to be
interrupted, while, the “10” corresponds to a big bother at an inopportune time for interruption. Ratings were requested at 12
predetermined points in the segments of each circuit.

In addition, the Flight Test Engineer was reques« .! to ask for additional rutings at his own discretion.

An cxamination of the table below shows a slightly lower mean workload for the EFIS scat, but this difference was not
statistically significant. The ETIS also exhibits a slightly larger dispersion that is most probably due to the relative inexperience
of both pilots with this equipment when compared to the conventional instruments. The rating scores by condition showed that
the pilots rated the Flight Director trials as having lowest workload, followed by the ILS trials with the NDB trials rated as
highest in workload. This effect was significant when tested by a one-way analysis of variance and indicatzs that the expected
ordering of conditions with respect to workload was, in fact, achieved.

The results showed that the EFIS were not associated with any higher workload event with pilots who were relatively
inexperienced in the use of the new electronic instruments,

Summary of subjective rating
Mcan  Standard Deviation

Left seat 6.7 23
Right seat 6.5 2.5
Flight Director 54 1.9
ILS 6.9 2.1
NDB 7.7 26

The FMS-experiment similar to the preceding involved flying a 25-minute take-off, SID, STAR and landing/go-around
task to compare normal flying with the FMS commanding the autopilot (NAV), first with normal flying without the FMS but
with autopilot (STD) and second with manual flying without autopilot or flight director but with FMS for navigation (MAN).
Obviously the same “bother” scale was used in this experiment when requesting ratings fromn two pilots in the NAV (no
replication), STD and MAN condition (two replications each).

The distribution of workload ratings shown in the table below shows that the actual mean values are in the predicted
direction with the NAV condition showing the lowest value, followed by the STANDARD condition and the MANUAL
condition being the highest. However, the differences in the mean values were not sufficient to yield significance with only 90
ratings.

Summary of subjective rating
Mean  Standard Deviation
NAV 5.5 20
STANDARD 6.1 1.6
MANUAL 6.3 1.8

The trend displayed here is nonetheless made even more noteworthy by the fact that nsither pilot had extensive
experience with the CFIS or FMS and therefore could have been expected to show somc degree of extra preoccupation with
flying in these conditions.

As a conelusion the performance geins observed for both the EFIS and FMS (revorted in Part I) were not associated with
any increase in the workload perceived by the pilots in the experiments. Flying with the EFIS is rated as bringing lower
workload than with conventional equipment, using the FMS is associated with lower workload than trials flown without it.
Although neither of these differences were statistically significant, the results provided the clear implication that pilot workload
wouid be positively influenced by thie introduction of these new electronic flight systems,

WORKLOAD MODELING DEVELOPMENTS

1. Workload Index Development

Today's certification process involves a lengthy set of test Jights during which pilots give sultjective workload ratings. It
was reasoned that the cntire process would be greatly simplified and made more objective and precice if a model relating
workload to system performance measures (described in Part 1 of this chapter) were to be generated and validated. Tke flights
for the EFIS — instrument comparison constituted an ideal setting on which to superimpose this research coriducted in
cooperation with DUNLAP & ASSOCIATES EAST.
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Tor this effort the idea was to develop a statistically appropriate mathematical model relating the subjective workioad
ratings to objectively measure flight parametcrs, Thus, it was clear that the times at which parameter values were important
were those times at which ratings were requested. This procluded the need for any other breakdown of the circuit and defined
402 points in time for which values ha« to be desived from the data tapes.

The dependent measure for the experiment was the rating given on the 10 point numeric scale describeu earlier.

The independent measures from which an attzrapt would be made to predict ratings had to be constructed from the 61
parameters mentioned earlicr.

Multiple regression with ratings as the dependent variablc was chosen as the analytical tool for building a workload index.
Multiple regression is a generulized statistical technique which predicts a dependent variable using one or more independent
+ariebles.

Only those independent variables which represented input by the piiot or the respense of the aircraft system were
considersd for inclusion. It was decided that the instantancous value of these variables at the time of the rating would generally
not be un appropriate measure for several reasonts. First, the single second value at the tiine of a rating might be a transient and
not truly representative of the parameter being bserved. Second, while the pilots were asked to give an instantancous
judgment, experience and the literature show that wey would tend to base their rating on their inarression integrated over some
time period. Third, there was a varying and unmeasured response delay between the request for a rating and the flying pilot’s
response. Hence, choosing only one second’s data might introduce nezdless srror.

The situation suggested that some smoothing of data was needed.

For this study, multiple regression was applied in a stepwise fashion. Using this technique, a se: of variables is chosen and
individual independent variables are allowed to enter the model one by one on the basis of soine pre-established statistical
criteria. This procedure is generally used when one wishes to isolate a subset of available predictor variables that will yield an
optimal equation with as few terms as possible.

A model of this type appears to have the potential, if validated, to result in an excellent and extremely usefui tool for
measur.ng workload.

It is important when considering a2 model such as this to examine the reasonableness or apparent face validity of the
measures which the stepwise procedure has brought into the equation. The most important variables relate to the flight director
pitch order which is essentially an error measure. The literature tends to indicate that the perzeption of error is often related to
workload. Likewise, several acceleration measures enter the equation as theory would predict. In fact, all of the measures in the
model appear reasonable because they are either the direct result of pilot actions, e.g. elevator position reversals; represent
error conditions which must be attsnded to, e.g. flight direcior orders ; or are related to the stability or smoothness of flight, e.g.
pitch angle. Thus, it can be concluded that the model likely has physical meaning and is consistent with theory.

In spite of all of these considerations, care must be exercised in using this model as any other until it is validated. Only two
pilots tock part in the experiment and only a rclatively narrow range of workload was examined. No data were collected under
extremely low workload conditions, such as cruise, or extremely high, sich as associated with an emergency.

2. Ambulatory Monitoring of Heart Rate

Among all physiclogic parameters that may objectivate the impact of task performance, heart rate and heart rate
variability appear 10 be very responsive indicators of the activity of the sympatho-adrenergic system and consequently of the
adaptation of the human being to physical excrcize. to mer 1l load or to a siiuation of emotional stress (27) (28} (29) (30).

The measurement of the penodicity of electric cardiac activity by means of clectrocardiographic recording (ECG)
appears to be a most accnrate way to study heart rate. A method of ambulatory monitoring of heart raie for (ransport pilots was
developed for this purpose by J.P. FOUILLOT and J. REGNARD of the Laboratoire de Physiologi: at Cochin Faculty of
Medecine i:i Paris.

A miniature magnetic tape-reccrder, records the ECG, a 60 Hz signal produced by a quartz clock and an identification
signal introduced for synchronization purposes by means of an cvent marker-button. An observer keeps an activity log on a
paper grid with the help of an electronic chronometer. In this way flight deck activity is cut in a series of time sequencies which
are all identified by a four-digjt code. This observation of cockpit activity is synchronized with the recording of ECG by meuns
of the event marker at the start of the flight. Cardiac period (RR-interval) is measured by the time elapsed between two QRS-
waves detected by means of an analog systzm. The measurement is made from the clock.

In a first approach these recordings were therefore processed to cbtain RR intevval histograms for all flight sequences.
The representation of heart rate variation by means of histograms for cardiac periods (or RR intervals) is an effective way to
condense the abundant information of each flight sequence. These KR interval histograms are presented using 10 classes of
heart rate categories expressed in heart beats per minute ; each class (from 60 to 69 bpm until fromn 160 to 169 bpm)
corrésponds with the percentage of the total number of heart beats detectzd for that category during the sequence.

The RR interval histograms provide a synthesis of heart rate response corresponding to a flight sequence whicl is a
microscopic view with regard to the whole flight. Ir order to provide a macroscopic view of heart rate variation, histograms are
cumulsted per flight phase, per scenario, and per pilot function over the whole population for 7 crews involved in the A310
two-man crew certification.

Scenarii involving non-major failures are not associated with any increase in heast rate. On the opposite scenarii involving
a degradation of flight conditions an a rapid change of flight plan such as rapid descent, clectrical smoke/fire or single engine
flight bring an increase in heart rate indicating the possible occurrence of mental load or emotional stress. Heart rate histograms
for rapid descent are shown in Figure 12.
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For the flying pilot (PF) these histograms demonstrate that there is no increase .. heart rate frequency during engine
failure recogniticn and checklist prccessing by the other pilot. For the non-flying pilot, this sequence rest.is, however, in a heart
rate increase as he is hancling the check list and applying the procedure. The flying pilut undergoes an increase Juring
approach through landing with a maximum during go around (if any). The non-flying pilot has a decrease in these sequences
compared to the sequence corresponding with the falure introduction. These general trends are summarized in the table helow
which shows heart rate percentages above 109 bpm for the various phases :

Climb Failure Approach Go-around Landing
introduction
+C/L
PF T% 7.6% 35.4% 56% 35%
PNF 9.9% 25% 12% 20.2% 11.7%

1t should be reminded that take-off, go around and landing phases were, however, of relatively short duration lasting no
longer than 90 seconds.

In a second approach cight indices of heart rate and heart rate variability were processed at each evaluation of workload
rating by either pilot or observer.

We studied the correspondences between these heart rate and heart rate variability indices and pilot ratings
simuitaneously recorded using the method of factorial analysis of Benzecri (31). This method is applicuule to any given table of
positive values having rows of N individuals (in this study the ilight sequence corresponding to workload rating evaluations)
and columns of N variables (in this study heart rate and heart rate variability indices and workload ratings). This permits to
represent the sets of variables and individuals in the system of orthogonal basis defined by the factorial axis (32). In order to
apply factor analysis of correspondences homogeneous data have been obtained by defining classes within boundaries for all
the above mentioned variables.

From the A310 flights’ material we have inventorized 3032 sequences and divided each variability index into seven
classes going from lower to higher values.

Coding of workload ratings and various variability indices helps to extract 64 modalities.

The initial data table has dimensions of (3032,64) and figure 13 shows the deduced 2 dimensional factorical space (F1,
F2) where the 64 modalities are plotted. This figure shows that the modalities vary according to a specific gradient going from
the lowest to the highest modality values, As for example, the modalities of the SM3 * index follow a parabolic like curve from
SM31 * to SM37 *; while the workload RAP * estimateu by the pilot varies in the opposite direction (RAP1 * to RAP5 *).

The proximity of different modalities can be studied knowing that 2 modalities are as close to each other as their
interrelation can allow.

The matrix of distances between variables, in the factorial space formed with the first 7 factors, enables only to look after
the nearest neighbours of each workload rating evaluation. One can see that the higher pilot workload ratings have as nearest
neighbours classes of indices corresponding to higher heart rate and lower heart rate variability and those of lower pilot
workload ratings have only as nearest neighbours classes of indices corresponding to lower heart rates and higher heart rate
variability.

In conclusion, we do think that heart rate and heart rate variability ambulatory monitoring of aircrews can be a good
means to assess the impact and difficulty of task performance. From these last findings of a correspondence between heart rate
variability and pilot ratings there is suggestive evidence of the possibility to include heart rate variability in a pilot workload
model.

3. Dynamic Workioad Modelling

The rescarch results mentioned above suggested that workload ratings might be modelled using data extraneous to the
pilot, such as aircraft and flight status measures. The research information reported in the previous paragraph illustrated
however that heart rate data intraneous to the pilot may also be indicative of varying worklor 1 states. Hence the objective was
formulated to attempt modeling ratings of the dynamic workload method by means of « rcraft data, heart rate variability
parameters and flight status measures. The study reported in this section was performed in cooperation with Dunlap &
Associates and Cochin Laboratory of Physiology. It utilizes data collected during 60 hours of actual route-proving flights in the
A310 Certification campaign late 1982 and early 1983. The purpose of this study was to develop and validate a statistical
model which would be capable of predicting the subjective mental workload ratings actually given by the pilots during the
certification campaign. From over 60 hours of route proving flights on the European network, 31 flights averaging
approximately one hour each were used to build a predictive model since aircraft data and heart rate measures on both pilots
were available.

The task of developing a model capable of predicting a pilot's subjective workload rating involved both extensive data
manipuiation and management as well as the application of a rigorous statistical approach to avoid the possibility of deriving
spurious results. Data management was a major undertaking both because of the size of the data sets and bevause four different
sets of information recorded in completely different ways had to be integrated.

These were the pilot and observer ratings, the aircraft flight parameters and the pilot heart data. The fourth data set
consisted of printed log sheets prepared during the various flights showing the flight phase, e.g. takeoff, climb etc., and flight
condition, e.2. normal, emergency etc. Figure 14 shows the flow of these data through the various major processing steps.
Development of the model was undertaken using a “split halves” design in which half of the data were used to construct the
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model and the remaining half were used as a reliability and validity test. The 7-peint rating scale ranging from 2 through 8 was
employed fo: the certification flighis and used as the deperdent measure in this study.

The model building half was used for the stepwise multiple regression screcning of candidate ricasures previously

mentioned.

Models were calculated using the General Linear Models (GLM) (3) (34), approach which permits the use of both

continuous an! discrete variables. Thus, ri-asured data on heart rates and the aircraft {contisuous measares) and categories of
sircraft status information such as flight phase (takeoff, climb, approach, etc.) could all be used to predict the workload ratings

which had been given by the 14 pilots during the fligh..
The resulting model coefficients weic utilized to calculate a predicted worklcad rating for cach data point in the validity

sample. The actual and predicted ratings were then correlated and the mod.A was cither accepted as valid or rejocted based on
the significance and magnitude of the: correlation.

The application of these data management methods resulted in the calculation of over SO different models of pilot

workload.

The aircraft measures considered included :
exponential averages,

rates through rero,

reversal rates,

number of AFC modes on.

The heart rate measures \xcluded

level

difference (baseline, overall mean)
trend (short, long terms)

variance (shori, long terms).

The resulting model finally setccied as the best was provexd reliable and a valid predictor of the rating pilots gave,

significantly better than chance (p < 0.0001) {(Multiple R of 0.67). Ratings predicted by the model correlated well with actuel
Tatings, the model also predicting the ratings of the pilots mare accurately than did the un-board observers.

This can be appcciated by flight phase and Ly scenario on figure 15. These graphs present mean ratings as a function of

flight phase or fligh: condition and use
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In generai, this shows that higher mea. worklond ratings were associated with situations and conditions which research
and experience suggested would show higher workload.

Regacdless of the particular uspect of workload actually heing addressed by the subjectivé ratiags given by the A310
certification pilots, it was possible to wilize the data available to calculate a valid and reliable predictive model. Moreover, al!
three types of data (aircraft, heart rate and variability) play important roies in the model theieby further reinforcing the notion
thet workioad is a “multi-dimensionul mentally determined construct™ (35).

PITFALLS AND LIMITATIONS

1. Dysamic Mathods

Aithough pitot workload kas been a concem for sometime, there has been little large-scale reseach conducted on
commercial tircraft to date. The minimum crew certification programme for the AIRBUS INDUSTRIE A300 FF and A310
provided a urique opportunity to perform practical work in this field. Heart rate monitoring unalysis could be done since
measurement equipment was easy to instsll and unobtrusive when comparsd to other physiological measures. Subjective
assessment of pilot workload was also easily accepted by thore involved in the cvaluation flights. Some pioneering work had
aiready teen done by Cooper and Harper (10) (o develop a scale to rate aircraft handling qualities. The practize of opinion
surveys well known in markating and attitude research could readily be transferred to the cockpit ares by adapting the scale just
mentioned. However the apparent additional burden for pilots to have to rate their own worklid prompted AIRBUS
INDUSTRIE to adopt & cautious approach with regard to the amount of rating categories. At first, in the A300 FF, the pilot
scale only contained 5 choices, which was eventually expandci to 7 for the A310 minimum crew campaigns, the former having
proven not to be disturhing at all.

It does not go unnoticed that most ratings obtained with either scale had the propensity to be in the medium workload
category. Rating distributions however clearly proved sensitive to workload alterations us shown cartier,

With tk:2 7-point scale in the A310 campaigns we obtained even more continuously bell-shaped histograms whose median
would systematically shi't rightwards with increasing wa: . klosd.

Finally, for the EFIS and FMS cxperiments a continuous 1 to 10 “bother” scale was also easily adopted by pilots. This
scale again allowed for much more variation to be expressed.

It is also clear that the 5th (A300 i'F) or 7th (A310) extreme workload category pushbutton on the rating box is
intentionally missing. The reasor ocing that in such a saturated situation the observer-rater would obviously not insist on a
workload rating and rather c2'l off the suenario heing exercized to have pilots back t0 their primary voncern i.e. maint aining
flight suiety. Because of this the A and E categories (A390 FF) or 2 and 8 ratings (A 310) were to be considered as anchor
points at both extremes of the workload range.

Having trained participating pilots to rate their workload evaluation with the scale aimost continuously (at observer's
request) we have to maintain that universal calibration is improbable be it only because everyone may be giving different
attributes to the term workload, is having z different perception and is adopting a different attitude. Cumulating frequency or
time distribvtion histc rams may therefore appear as a simplistic accounting procedure whatever alternatives there may be.
Not being cngaged in pure scientifically-oriented rescarch AIRBUS INDUSTRIE had purposely chasen not to impose any
specific workload definition.

2.  Workload Ass. s« aty

Mos: importeat w~s the ability to measi.i¢ vanations of reported workload and the possibility to express scceptability
judgements throughout the scenario range. Workload in this sense is 8 human by-product resui‘.ng from a variety of man-
machine and man-man informatior. cxchange procssses based on the concepts of communication theory (36) 137). Boy
expanded this k.netic int. mpretation of workload to several (workload) variability indices characterizing the informational
entropy of crew-o:ganizatiunal perception and memorization procedures ana Lacision strategies (38)(39). One should remind
tu stay clear from the temptation to make absolute quantifications of workload just as in thermodynamics it is not possible to
measure entrop ¢ by means of « direct measuring equipn at stoh as o thermomcter or » manometer.

Given the multi*vde of inflierces very pr <.se - tifications of workloud to assess the impact of a minor aesign charge,
the effect of a small Proce dural modifi:ation or tie influence of an alteration in flight scenario ma; -:ot necessarily make sense.
No flight ever resembies any ctiter as weather situation, ATC communication, air traffic, aircraft condition, crew contact and
the operational context never are e 2¢i’y the same withovt rigorous experimental precaution. It may be hazardous or even
illusive to reproduce u flight for the sole purpose of absolute workload determination given the many influences that inediate
the variation pr cess and contribute to introduce biases and e:rors in such assessments.

3. Modelling Workload
What matters most, for an aircraft manufacturer is to be able to detect workload changes and trends as a function of
evolving situations and resulting crew activity organisation within a giv~n cockpit environment.
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This is why experimental control precautions were taken in the performance criteria tests described esrlier in Part 1,
Faciorial desigs:s for analysis of varisnce were rigorously odopted capable to counterbalance for confounding effects or to
separate them {rom the effects of intareat during enalysis.

After the completion of most developmental studies, a centrsl question concerns the practicality of the results. In moat
cases, regearch Jata are collectad under conditions which permit an unusually high degree of coutrol. 1ne ability to exwend
resuits bused on theae data to “normal” conditions without the rigours of experimental controls is often an issue, However, in
the context of the workload model derived from tive A310 minimum crew catapaign there is no such problem. The data for that
study were collected curing route-proving - ertification flights which were Cesignad to be realistic. In fact the use of the datato
support the construction of a model was not contemplated during th= process of cectifying the A310. It is therefore reascasble
o conchude that the model developed in this study is realistic and representative uf certification flights and, likely, the normal
line operations these flights were intended to simnlate.

The preliminary development study (discussed abave) also found a strong predictive moued of pilot ratings made on a 10
point scale not uniike the 7 paint version used during the A310 flights. The preliminary study, however, was conducted in an
A300 test aircraft. This provides the suggestion that models can be developed which would be valid across a wide variety of
aircraft types. Indecd, there is nothing inherenit in any of the measures used in the modal which would suggest that they were not
widely applicable to jet arrcraft with simulsr performance characteristics. The GLM madelling \echnique would allow the
aircraft type to dec used as a classification variable if similar data across the aircraft types were available.

The model (discussed above) invnlved numerous scenarios which covered a great van.ty of pormal, abnormal and
emergency operating conditions. This model secmed quite capable of tracking the subjectiv: judgements of the pilots across
this range of circumstances. Thus, thx: flying tash need not be kept uniform in order to be able to predict pilot ratings.

The proved validity, reliability ::nd realism of the model does not, nocessarily, insure its utility 1o AIRBUS INCUSTRIE,
The model was developed using tne A310 (200 series) and flights with a duration of approximately one hour. Its universality
has yet to be demonstrated and validation werk with other flight measurements on other AIRBUS-versions is underway,
Nevertheless, there is ampls evidence that the approach employed and, perhaps, the basics of the mode! could hay ¢ widespread

applicabilily.

CONCLUSION

Dynami~ assesuinent of workload had never been performed by a European sircraft manufacturer to the extent it is
repocted in this paper.

Clearly, the incentive wss 10 certify the advanced cockpits of new technology nircraft with a crew complement of two
pilots. But beyonr that it brought a realization that meaningful human fuctors worl >n make sense if proper measurement
procedures are uted and if now available computational facilities are utilized. In particuiar, while not overstressing the merits of
subjective (workload) rating it helped once again to accept that human judgement can be relied on if and when used with
precaution. Moreover, it was cxtremely encouraging to su the work on embulatery monitoring of heart rate to corre to fruition
alsc partly because many attempts in the past led to ever-ir.creasing socpticisms with regard to this field.

Regardless of the particular aspect of workioad actually being addressed by the subjective ratings given by tiie A310
certification pitots, it was possible to utilize the availablc data to calculate o vali4 and reliable predictive modcl. The exisience of
the model is, by itself, a significant finding. The complete analysis of il tiw dimensions of the modcl and its potential
implicatiens for Jhe theory of workload and its measurement were well beyond the reslm of the present paper.

Itis worthy of note, however, that the process of developing this model Lias shcwn that there is an underlying order to the
dynenic woriioad asscssracats performed by pilots in situetions such as Centification flights. The ability to detect workload
variations end to predict the subjective ratings opens up numerous pussibilities for additional rezearch and development in
other areas then the certification of aircraft.
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CHAPTER i3
MEASUREMENT OF PILOT WORKLOAD
by

Sandra G Hart
NASA-Ames Research Center
Moffett Ficld
California 94035, USA

\_ INTRODUCTION

\iﬂlot workload may b« defined as the cost incurred by the human operators of complex airboe systems in accomplishinyg
the operational requirem . 1.ts imposed on them. If all pilots could perform all flight-related activities on time od without error,
and if they could do so using available hardware, softwarz, and human resources, the concept of workload would have little
praciical significance. However, they often cannot. Automation has been offered as a solution to an increasing number of
workload-related problems in existing systems ot predicted for those under developnient. In addition, there F.as been an ever-
increasing tendency io reduce the number of crewrnembers in aircraft cockpits. Again, automatic subsystems are provided to
moderate the demands thus placed on the remaining crewmembers. Attempts to completely replace humans by automatic
systems have failed, however, because human capabilities, adaptability, and flexibility continue to surpass those of the most
advanced and sophisticated systems.

To achieve the desired levels of overall system effectiveness, aircraft must be designed that teke advantage of the
capabilities of the remaining crewmembers and impose acceptable levels of workload. Thus, the concept of workload has
received an increasing amount of theoretical attention during the past decade and it has become &n important consideration ir.
system design. This interest has been prompted by the realization that th: human element in advanced man — machine systems
represents the limiting factor in accomplishiilg, increasingly complex activities. <5

05 69
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In some cases, apparently human limitations reflect the consequences of controls, displays, and automatic subsystems that
are poorly designed or that are poorly interfaced with the pilots. In other cases, the demands impused on the pilots exceed their
capabilitics either momentarily or for extended periods. Finally, the environments in which some 1asks are performed impose
additional demands cn the pilots, combining with other sources of workload to exceed their capabilities. #

SOURCES OF WORKLOAD

The relationship between workload, human behaviour and system performance is complex. Thus, measurement
procedures that are inappropriate, insensitive, or simplistic may provide trivial or misleading answers, The components of
workload for different aciivities vary and the workload experienced by individuals faced with apparently identical task
requirernents tay be quite different. To some extent, this occurs because the workload of a task is not uniquely defined by its
objective demands; it also reflects an operator’s responses to them as well. In addition, various measures may provide different
workload estimates for the same task because they reflect unique aspects of it, the circumstances in whic. 1t is performed, and
individual differences in behavior and experience. Thus, the utility of the information that measures provide may vary with the {
situation under consideration. The factors that contribute to pilot workload include the demands imposed by the task, the
available system resources, the environments in which it is performed, and individual differences among pilots.

IMPOSED DEMANDS

The demands that are imposed on pilots are created by what they are asked to achieve (eg the objective goals of the flight
and requirements for speed and precision) and when (eg schedules, procedures and deadlines). Some flight tasks are 4
intrinsically more demanding than others, and the difficu'ty of almost any task cap be altered by a requirement for additional
speed or accuracy. The system resources that are provided define Aow the pilots can accomplish the task demands.

The;y include controls, displays, automatic sub-systems, other crew members, and ground support. Poor display design,
inaccessible controls, poor handling ualities, and too much or too little information can increase workload, even for flight
tasks that might otherwise impose relatively low demands. Finally, wherea task is performed (eg geographical location, altitude,
tinic of day, weather) may also affect workload. For example, visual workload may be increased by poor visibility, physical
workload may be increased by turbulence, and threats from natural or man-made sources certainly increases stress-related
components of workload. These elements may act independently to create the workload level that is imposed on a pilot or they
may interact, enhancing or mitigating each others’ effects.

— e aam

EXPERIENCED DEMANDS

Finally, who performs the task determines the actual level of workload experienced by a particular pilot. Most tasks
require certain basic skills, knowledge, and training; unskilled or inexperienced pilots experience higher levels of workload i
than more skilled or experienced pilots. In addition, incorrect strategies, insufficient effort, or pilot errors may result in higher |
levels of workloaa associated with Jetecting, resolving and recovering from the problems created by the pilots themselves. ;
Finally pilots’ expectations, previous experiences, and physical and emotional states can affect their subjective experiences and
evaluations of workload; as well as their performance. Thus, the “work” that is “Joaded” on a pilot is an important component of
the workload expericnced by a particular pilot, but the demands experienced during a specific flight may refiect a number of
other factors as well,
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Different types of questions might be asked about workload. The underlying motives might be economic, political,
engineering design, safety, or humanitarian. The gosl might be to prevent potential problems or to identify and solve those that
already exist. Some questions relate to the sources of workload (eg the effects of specific fl:ght tasks, procedures, schedules,
alternative types of controls and displays, the addition of automated sub-systems, degraded £.ght modes, and pilot selection
and training). Others focus on the consequences of inappropriat. levels of workload (eg the likelihood of fatigue, performance
decrements, or health problems). Yet others relate to the relative merits of alternative solutions to workload problems (eg
maodified system designs, mission requirements, or crew complements). Finally many questions are posed about the exient to
which a pilot's “resources” are consumed by the nominal flying task and are, therefore, unavailable for additional tasks or
emergency situations, Different questions demand different procedures to provide a valid and practical measure or solution.

WORKLOAD MEASURES

Despite its complexity, workload is assumed to be an important and practically relevant entity and a number of valid,
sensitive, and reliable measurement téchniques have been developed. Workload measures are usually organized into four
categories: (a) objective measures of primary or secondary task performance, (b) subjective ratings, (c) physiological
recordings, and (d) analytic techniques. Each type of measure has advantages and disadvantages and limitations in range of
activities and questions to which it applies; the evidence they provide may or may not be useful, depending on the situation.

A structure and rationale for selecting and applying workload measures and interpreting the results refies on a theoretical
understanding of the potential contributors to pilot workload and a precise definition of the goal of a specific analysis. For
example, questions zbout task demands might be addressed by analytic procedures (eg task and time-line analysis). Questions
about cor:trol and display design might be addressed by buhavioral measures (eg reaction time, accuracy, eye point of regard),
physiological measures (evoked cortical potentials), pilot opinion, and models of human operator control, attention, and
decision making. Questions about the effect of the environment on workload might be addressed by measures of physiological
arousal (eg heart rate, respiration) and pilot opinion. Finally, questions about reserve capacity are often answered with
secondary-task techniques.

It is difficult to measure workload absolutely. To some extent, this occurs pecause the workload of different tasks is
created by different factors. Thus, the values obtained with the same measure used in different situations may reflect different
phenomena, A workload rating for one task might reflect the level of time pressure experienced, whereas another, apparently
similer rating, might represent mental effort or stress. An increase in heart rate might reflect the stress of low level flight cr ¢’
physical effort required to control an aircraft in heavy turbulence. Each evaluation reflects the cost incurred in performing the
task, but the information provided by the meesures is not equivalent. Furthermore, it may be difficult to compare workload
estimates obtained with different muasures directly.

For this reason, most workload evaluations are relative; one flight segment is compared to another, a new aircraft is
compared to a reference aircraft, alternatis e display designs are compared to each other, a degraded environment is compared
to the nominal case, or the - *orkload of a skilled pilot is compared to that of a novice. In each case, it is assumed that the salient
features of the activities are roughly equivalent, except those that are experimentally manipulated. Thus, other, irrelevant,
variables are held constant, information obrained about the variables of interest can be compared directly, and the reference
task or configuration provides a context within which the results can be interpreted.

EXAMPLE OF A WORKLOAD ANALYSIS

A standard task has been provided by the AGARD FMP Panel for which a candidate workload assessment procedure is
to be recommended: the final five minutes prior to landing for a jet transport (Appendix 1). The task requirements include
raanual altitude, speed and flight path control, navigation (using the Instrument Landing System — ILS), communications,
chiecklists, instrument checks, and callouts. The approach is flown in the rain with a 200ft cloud base anc limited visibility in a
typical aircraft configured for two pilots. No system failures are encountered nor are any modifications made to the intended
flight plan.

DEFINING THE QUESTION
Different questions might be asked about the workload of this flight segment:

(a) Is the allocation of duties between the two crewmembers optimal? (b) What is the effect of degraded weather during
approach and landing? (c) Could pilot workload be reduccd by automatic altitude callouts or checklists? or (d) Are there
momentary workload levels that are too high? I will focus on the first question for this paper study. To answer this question,
information is needed about the tasks each pilot is expected to do, when he must do them, and the relative amounts and types of
workload the pilots will encounter during different approaches. For exampie, the pilot-flving might experience continuous
visua! and manual workload while the pilot-not-flying might experience high levels of monitoring and communications
workload. Furthermore, differences in responsibility between the right and left seats might create relatively subtle differences
in workload from the pilot’s perspectives.

GENERAL PROCEDURE

In this section, I will describe how the workload analysis will be structured and an inflight experiment conducted. First, the
activities required of the crew as a team must be defined and a nominal time-line {nr these activities established. Next, the
distributions of duties adopted by individual crews (and the resulting workload levels) must be assessed inflight. The former is
accomplished analytically, the latter, empirically. The preliminary analysis provides a structure for the subsequent inflight
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experiment. It suggests how to segment the flight for analysis, when tc apply workload measures, and candidate tasks for a
detailed analysis.

The pilots will perform the approach and landing in a standard cockpit with all equipment fisnctioning normally. Since no
alternative controls, displays, levels of automation, or crew sizes will be considered, the effect of system resources upon
workload will not be addressed. Likewise, since the approaches will be flown under identical meteorslogical conditions, the
influence of environment on workload will not be examined directly.

Criterion performance levels are established for airspeed (+/-3 kts), rate of descent on the glidesiope (+/-50 {t/inin),
localizer tracking (+/-2.5 deg) and touchdown point (within 100m and at less then 6 ft/sec). In addition, a list of discrete
activities that must be accomplished during each segment (eg callouts, flap settings, landing checks, communications), will be
prepared.

Qualified transport pilots will participate in the flight experiment, using equipment and procedures with which they are
familiar. Flight time and faniiliarity with the aircraft and routes will not be experimentally manipulated,

SELECTION OF MEASURES

Task Analysis/Time Line

A task analysis will provide information about what activities are required while a time-line will estavlish the schedules,
procedures, and deadlines. Some preliminary information about the workload imposed by each task and the time it requires
can be obtained from existing data bases (eg Hart & Bartolussi (1).

The entire five-minute flight could be evaluated as a single entity, however, subdividing it inco four intervals allows a more
precise and diagnostic assessment. The activities performed during each segment (Table 1) include: {light-path control,
navigation, communications, checklists, crosschecks, or callouts, and discrete actions. The segments represent meaningfut
units of activity from a pilot’s perspective rather than equal intervals of time.

Measures of Performance

Primary Task Compliancc with target performance values will be evaluated at 3C-sec intervals by a cockpit observer. He
will also record when discrete actions are performed and by whom. Two measures of performance will be obtained that are
often se:sitive to inflight workload: flight path control (glideslope and localizer deviation) and communications. Control
measures provide an objective summary of how well the pilots manage an aircraft to achieve a smooth and precise approach.
Deviations during any 30-sec interval will indicate periods of “me when the pilot-flying was sufficiently overloaded by other
actions that primary flightpath control suffered. A communications anal: sis will provide an objective estimate of ATC-related
workload levels. This is possible because standardized taxonomies of communicatiors exist in which a priori estimates of the
workload imposed by communications tasks have been quantified (1), (2), (3)

TABLE 1. Segments of flight for workload analysis,

Segment 11 Descent irom 4000 ft to level off at 2000 ft

a.  Reduce speed from 250 kts to 2 10V kts using speedhrakes
b.  Approach checklist
c.  Radar vectors to intersect ILS

Segment 2:  Level at 2000 ft to glideslupe capture

Reduce speed to 140 kts
Gear down

Flapsto 1, 5,then 15

Set altimeters

Localizer intercept

Change to tower frequency
Landing checklist complete

mmoonow

Segment 31 Glideslope capture to touchdown

». Reduce speed to VAT+10

t+  Descend on glidcslope

c.  Landing flaps selected

d. iinallanding information obtaired and checked
e.  Al‘itud:: callouts

Segment4:  Touchdowa to .axi off runway
a.  Reverse thrust, deceleration

b.  Braking

¢.  Nose wheel steering
d.  Change to ground frequency

.—.»_-—._..—...~______,...
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Secondary Task Most secondary task measures of pilot workload are inappropriate inflight because they are difficult to
implement and might compromise safety. However, interval production is one exception because stimuli can be presented and
responses obtained with minimal instrumentation and it does not intrude on primary task performance. When workload levels
become very high, it is performance on the interval production task that suffers rather than aircraft control. In fact, pilots may
simply forget they are in the midst of producing an interval when overload situations occur. The occurrence of such “fimeouts”
can be evaluated as indicators of workload peaks. Furthermore, previous research has shown that this measure is sensitive to
the workload levels encountered in different segments of simulated flight (4), (5), (6), (7). Because it is difficult to concentrate
on the passage of time in the: prescent of any other activity, clock time continues but sutjective awareness of it may sot, leading
to an underestimation of the passage of time (eg longer productior. intervals and shorter verbal estimates) and increased
variability.

In this flight, as in many previous simulations, 10-sec intervals will be selected for the interval production task, At
previously established points in each of the four seginents of flight, the observer will ask the pilots to start a timer mounted on
the outboard side of their seats, wait until they feel that 10 sec has elapsed, and then stop the timer. The observer will collect the
timers, record the produced durations and replace the timers for the next interval production. In order to avoid interfering with
flying at critical times, interval productions can not be recorded throughout the flight.

However, the information that they provide when they are given indicates the relative amounts of mental workloaa
experienced by each pilot at that instant. To control for individual diffcrences in timing, baseline productions will be obtained
prior to the flight and measures obtained inflight will be expressed as deviations from these values.

Physiological
Two physiological measures will be obtained for each analysis segment: heart rate and heart rate variability. These

measures reflect several factors that can contribute to flight-task workload: stress, responsibility, physicat effort and mental
effort. Physiological measures generally have the advantage of being unobtrusive. That is, they can be obiained without
requiring attention from the pilot or interfering with the flight. In addition, since they can be recorded relatively continuously,
they can reflect momentary fluctuations in workload. Finally, they provide an objective indication of involuntary physiological
changes that often accompany variations in workload. The disadvantages include a lack of diagnosticity. That is, most
pliysiologicai measures reflect non-specific responses to many sources of stress. These responses may be due to the demands
imposed by the flight, the environment, or the pilot, or to other factors that are less directly related to workload. Cardiovascular
responses do, however, provide an integrated indication of the total impact of the dlight on the pilots that does not also reflect
the characteristics of the system (as many performance measure do) or the pilots’ biases and misconceptions (as subjective
ratings do).

As the heart muscle tenses an. relaxes, circulating blood through the system, variations in the sound of the heart beat and
residual electrical potential: can be recorded on the skin. These electrical signals can be recorded with a portable biomedical
monitoring device s'ch as the Vitalog. The Vitalog is the size of a pocket calculator and can be worn in the pocket of a pilot’s
flight suit (8). Three clectrodes are attached to the pilot's chest with electrode puste and adhesive tape. The Vitalog detects
“R-waves” and reconds the average inter-beat interval and with a very high sampling rate (20 times per second), also provides
information for the proposed analysis cf heart rate variability.

Heart Rate

The average beat-to-beat interval has been shown to veflect the stress associated with specific flight-related activities. In
general, the expectation is that licart rate will increase as workload is increased. For example, Hart, Hanser and Lester (8) and
Roscoe (9) found that heart rates are typically clevated during take-off and landing and return to baseline levels at altitude. In
addition, substantially greater increases were found for the pilot-flying during take-off and landing than for the pilot-not-flying.
Itis possible that the ferting of responsibility nnd level of preparcdness that must be maintained by the pilot-flying could result
in their elevated levels of arousal. Thus, heart rate measures should be able to differentiate between two crew members.

Heart rate may not be sensitive to differences in mental workload, however.

For example, it has been found to be relatively i:1sensitive to the workload of tasks performed in a laboratory or simuiator
when the sources of workload were primarily mental and the stress associated with flight was not present (10), (11). Thus, heart
rate provides information about pilots’ arousal levels, but may not relate to other aspects of workload.

Heart Rate Variability

A second cardiovascular measure will be used that has been found to reflect even subtle variations in mental workioad;
heart rate variability or sinus arrythmia. The general finding has been that heart rate irregularity decreases as the difficulty of a
task is increased. The specific technique proposed is based on an idea suggested by Mulder (12) that controlled or attentive
cognitive processing may lead to a “defense reaction” that is initiated by an increase in effort and reflected in a decrease in heart
rate variability. This is manifested in a reduction in the amplitude of the 0.1 Hz component of the frequency spectrum of beat-
to-beat intervals. Mulder’s analytic technique was based on aggregates of 256 heart rate sample-, however, (about 4 min fora
heart rate of 65 beats/min), which would not be precise enough for current application (several segments will last less than 1
min).

Moray and his colleagues at the University of Toronto have developed an alternative method of obtaining an estimate of
the power in the 0.1 Hz region of the fréquency spectrun: that looks very promis’ng (13), (14). They developed a “black box”
that monitors, records, and quannﬁes this cardiovascular measure virtualiy continuously, providing a sensitive real-time
indication of workload variations associated with difficulty manipulations within tasks and of the workload reduction that
accompanies training. Inflight the information for this analysis could be recorded and stoied for later, offline, analysis.

S
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Subjective Ratings

Subjective ratings may come ciosest to tapping the essence of workload and provide the most generally applicable and
sensitive measure. This is becauss they provide a direct indication of the impact of flight-related activities on pilots that
integrates the effects of many workload contributors. Another advantage is that the pilots can let their experiences influence
their judgements, thereby taking into sccount whateve: they considered relevant in a particular flight segment. The
disadvantage is the potential for high levels of between-rater variability. Since the requiremeat to quantify one's experiences
with experimentally-imposed rating scales is not a natural activity, there may be discropancies between pilots’ subjective
experiences and their abilities to express thesc experiences with a specific rating scale. However, well-designed rating scales
with operationally defined terms can resolve many potential problems.

Despite inconsistencies in the absolute values givan with rating sceles, the typical finding is that the rank-ordering of tusks
or flight segments with respect to workload is quite consistent across raters. However, because the factors that contribute to
workload vary between tasks and between raters, a multi-dimensional approach may be better able to capture all potentially
relevant factors. The typical finding is that people can estimate specific components more accurateiy and consistently than they
can the more globat construct of workload and that they can evaluate experimentally relevant factors even though th 2y might
not have considered them in a global workload rating. The subscales must include questions about the objective demands
imposed on pilots as well as their behavioral and emotional responses to them, but they must not be so numerous that they
cannot be obtained inflight with minimal interference.

A rating scale has been developed at NASA-Ames Research Center that provides an overall worklond score based on a
weighted average of magnitude ratings on six subscales: Mental Demands, Physical Demands, Temporal Demands, Own
Performance, Effort, and Frustration. The subscales were sclected after a multi-year research effort, summarized in Hart and
Staveland (15). The importance of each far.tor as a source of workload for a particular tasl: is obtained by a simple pair-wise
comparison among the six factors. Ratings on each subscale are obtained after each performance of the task. By ;iving more
weight to ratings of factors that were most important during a particular task, the sensitivity ot the derived workload score is,
thereby, enhanced. The derived workload scores have substantially less between-rater variability than unidimensional
workload ratings and the subscales provide diagnostic information about the specific sources of loading.

The first dimension of this two-dimensional rating scale (Importance) reflects the coutribution of each facior to the
workload of a specific task from the perspective of the pilot. This dimension is reflected in the weight given to each factor by the
raters, The weights account for two potential ources of rating variability: differences in worl:load definitions between raters
within a task and differences in the sources of workload between tasks. In addition, the weights also provide diagnostic
information about the nature of the workload imposed by difierent tasks or experienced by different pilot.. There are 15
possible pairwise combinations of the 6 scales. The number of times each factor is selected as being more relevant to the
workload of a particular task, in comparison to each other facter, is tallied. The minimum tally for each factor is O (not at all
relevant). The maximum tally is 5 (more important than any other factor).

The second dimension (Magnitude) reflects the numerical values given to each facter during or foliowing performance of
a task or task segment. Ratings are obtained for each scale individually. The scales are presented on a computer display or
rating sheet. Responses are made with an analog input device, marking on the rating sheet, or verbally. Inflight, rating shees or
verbal responses are most practical. Each scale is presented as a 12-cm line divided in 20 equal intervals anchored by bipolar
descriptors appropriate for that factor (e.g., Extremely Low/Extremely High). The responses are quantified on a scale from 1-
100 in increments of five points during data analysis. The weights and ratings may or may not ccvary. For example, it is possible
for mental demaids to be the prima:y source of loading for a task, but the magnitude of those demands might be low.
Conversely, the time pressure under which a task is performed might be the primary source of workload and the time demands
might be rated as high.

The overall workload score is computed by multiplying each rating by the weight given to that factor by each subject. The
sum of the wcighted ratings for each task or task segment is divided by 15 (the sum of che weights). Table 2 depicts the
procedure for computing a derived workload score. Sample weights ond ratings are listed for zn approach segment flown on
autopilot with high planning and information-secking demand and moderate time pressute and stress.

TABLE 2: Hypothetical example of weights and ratings given by a pitot durirg an approach and tke derived workload.

Factor Weight Rating Product (W*R)
Mental Demands 5 65 325
Physical Demands 0 10 0
Temporal Demands 3 60 180
Own Performance 1 50 50
Effort 3 45 135
Frusiratuon 3 30 90
Sum 780
Derived Workload Score 52
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Since the ratings are given very quickly, it is possible te obtain them inflight The observer could hand pilots a rating sheet
at the end of each segment. However, since the last two segments arc relatively brief and giving ratings might interfere with
safety of flight, these segments will be rated immodintely after the aircraft arrives ut the gate. Previous simulation and inflight
research has shown that little information is lost when ratings for certain segments are not given immediately (8). An alternative
methed would be te obtain subjective ratings for all four segnients during a past-flight debriefing. For this technique to be
effective, however, a video-tap~d replay of the pilot’s activities during each segment of flight shouid be provided as a mnemonic
aide that can be stopped after each cegunent to obtain ratings. A high correlation has been found between “online” ratings und
those obtained retrospectively with a visuai recreation of the task (10), (16).

SUMMARY

A multi-stage process fos evaluating the workload of a five-minute segment of flight including approach and landing for a
typical transport uizcraft was described. The goai of the analysis was to compare the workload of the two pilots. Four types of
measurement ' iniques were suggested: 1 Analytic (a preliminary task and time-line analysis identified task requirements and
target performance ievels); 2 Performance (flight-path control, communications, and interval production); 3 Physiological
(heart rate and heart raie variability); and 4 Subjective ratings (a multi-dimensional technique developed at NASA-Ames
Resezrch Center).

Different information about the research question is provided by each stuge of the analysis procedure. The task and time-
line analysis prowdes explicit information about what is expected of the pilots and when each subta<k is to ve performed It can
provide a priori estimates of workload and an organizational structure within which lhe informacica provided by the other
measures can b+ related and interpreted.

The flight-path control measure of performance reflects the degree to which the pilot-{lying was able to accomplish the
primary control task. The types of communications tasks performed by the pilot-not-flying provide an independent estimate of
his workload. In addition, errors and delays in response might indicate the presence of high workioad levels. The accuracy and
veriability of time productions indicates the relative levels of mental workload experienced by the «wo pilots by reflecting the
amount of available atiention each was able to focus on the timing task.

Heait cate reflects the different levels of arousal expericnced by the two pilots during each segment. Heart rate variability
refiects the moment-to-moment cognitive demands placed on the:n within each segment.

The itr portance placed on each of the rating subscales reflects the differential sources of loading placed on each pilot, The
numerical ratings redect the magnitudes of the different types of loading for each pilot and flight segment. The derived
workload score provided an integrated estimate of the overall workload imposed or each pilot, taking into account the fact that
they are likely to encounter different sources of loading within and between segments.

By analyzing all of the information obtained inflight, and by comparing it to a priori estimates, a fairi s complete picture of
the sources and magnitudes of workload imposed on each pilot can be obtained and compared. This infer mation might be used
to identify moments in which one or the other pilot was over-or under-loade:) and suggest a redistributios: ot duties or modified
procedures. Given the information available about the specific nature of the tasks performed by each pilot, and the workload
associated with each one, the decision of what modifications might be made could be accomplished with some assurance and
the owtcoine of the modification could be predicted in advance.

‘Workload is a complex, multi-dimensional expeiience that refiucts the cost 1o humans of acconplishing different tasks.

Although its Jefinition might vary frcm onc activity to the next, or from one person to another, it is a practically relevant
and measurable quantity. By understanding the levels and iypes of viorkload imposed on pilots by different airborne systems
and tasks, the quality of system design can be improved for aircraft under development and many operationul problems can be
resolved in existing aircraft. This only can be accomplished by selecting valid and reliable measures that address the type of
question that has been posed.
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CHAPTER 16

INVES 1GATION OF WORKLOAD MEASURING TECHNIQUES:
A THEORETICAL AND PRACTICAL FRAMEWORK

by
René C van de Graaff
National Acrospace Laboratory NLR
Amsterdam
The Netherlands
ABBREVIATIONS
AGL Above Ground Level
AP Autopilot
ATC Air Traffic Control
DME Distance Measurement Equipment
FD Flight Director
FT Feet
LS Instrument Landing System
KT Knot(s)
NDB Non Directional Beacon
SYNC Synchronizer
T/L Take-off and Landing
VHF Very High Frequency
VOR VHF Omnidirectional Range
VTHR Threshold Speed.

During the last two decades considerable research efforts have been devoted to developing a proper framework from
which pilot workload can be analysed in a systematic manner. In this context, several attempts have been made to come to an
unequivocal definition of the concept “workload” as well as to find an adequate method for its “measurement”. At present it
must be stated, however, that these efforts have not yet produced a satisfactory result, Although there is general agreement
among investigators about the existence of different measures which could be used in some way as workload indicators, thers is
still no agreement about which these are, about which are the most effective, or about how (combinations of) these measures
can be related to changes in the workload of an operator.

This situation has 12sulted in the development of a large number of measures for “quantifying” the operator’s workioad,
whereas relatively little systematic research has been devoted to basic aspects, such as estimating the sensitivities of specific
measures with respect to different task conditions and the relative practical usefulness of different techniques, within different
operational environments. Furthermore, it has been assumed in a growing number of workload investigations that we are
dealing with a multidimensional concept, so that a combination of measures is needed, or alternatively one measure with
sensitivity to several dimensions, in order to come to a satisfactory evaluation of the operator’s workload. This idea has had
little impact, however, on the development and use of workload measurement techniques.

The foregoing outlines some reasons for developing a mew approach towards the study of workload measurement. Such
&n approach should be based upon the presumption that the concept of workload encompasses various task-and operator-
related aspects, for which each measure will most likely have & different sensitivity. In addition, the data obtained with these
difierent measures must be integrated in a proper way in order to arrive at valid conclusions.

The following section discusses the implications of such an approach in detail. Subsequently, an experimental program is
described, which could be used as a framework for systematic research on workload measurement techniques according to the
notions mentioned above. This approach does not deal specifically with the development of new, independent measures but
rather with the problem of how already existing measurss can be used most effectively in a complex operational environment
and how the results from several measures can be integrated to arrive at generally acceptable conclusions.

It should be noted that no attempt has been made here to propose the “correct” definition of the term “workload”. Instead,
it has been subsumed that this term pertains to a certain concept which cannot be decomposed satisfactorily in terms of its
apparent composents, but, when used as an operational concept, needs no further explicit explanation.

BASIC IDEAS ANDY AIMS
The basic ideas and aims beyond such a global research program can, as suggested above, be formulated more specifically
as follows:

1 Itisassumed that workload generally encompasses several components, sich as time-stress, effort, etc. It is not clear which
components play a pari in a specific situation, nor what the impact of each is upon the overall perception of workload. It is
therefore advocated that aitention be paid to the sensitivity of specific workload measures to different aspects of the task.

2 As a further consequence of 1 it can be stated that research on workload measures should not be based upon any
underlying assumptions about the existence of A superior method which can be used as a criterion (eg, “task complexity”) for the
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. evaluation of other methods, Any such a-priori sclection of task conditions according to a particular criterion, which may

emphasize specific properties of a given task situation, could conceivably supnress the usefuiness of certain other measures,
due to an insufficient degree of variation of (other) task variables to which these measures are specifically sensitive. In other
words, any assumption which supposes that “degrees” of workload can be indicated on the basis of one criterion exclusively is
contradictory to the idea that workload is multidimensional. Investigations of workload measures, such as that proposed in the
following, should therefore not start from an a-priori mnking of task' conditions with respect to the expected “amount” of
workload involved in the tasks. Instead, the underlying rationale for drawing certain conclusions should first carefully be
considered.

3 Most workload studies focus exclusively on identifying differences in workload. It is important, however, that such studies
focus also on the problem of identifying similar workload levels with respect to different tasks. This can have considerable
importance for the experimental design. Equivalence in workload level has, for example, still not been demonstrated in cases
where measured difrerences do not reach a significant level. It is necessary in workload studies, therefore, to estabiish the pover
of the intended statistical tests in an carly stage of the investigation. Only in cases of sufficient power of the statistical tests being
used (larger than, say, 0.7) is it possible to identify with a reasonable tertainty both possible similarities and differences in
workload for different task situations.

4 As a consequence of 3, minimal differences of interes: (“difference margins™) have to be specified with respect to each
workload measure. The smaller these minimal diffarences are, the larger the samplc-size must be in order to obtain the same
power of the test. It is usually of little intevest, for example, to detect “small” differences between two tasks, such as differences
in average heart rate of, say, 0.1 beat per minute, or differences on a 10-point rating (interval-) scale between values of, sey, 6.2
and 6.3. By thoughtfully selecting plausib. . ..difference margins, it should therefore be possible to use workload measures as
indicators of differences as well as similarities in workload at an a-priori specified power. Clearly, there is a need for a universal
agreement in connection with the specification of the indifference margins for workload measures®.
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TASK CONDITION

Pig. 1 Illustratiom of hypothetical experimental results for different modality
seasurss (e.g. mean heart rate, subjective rating, etc.)

5 ice the data from a specific measure have indicated that cither a (positive or negative) chiange or an equivalence of
work- :dhas oucurred, itis necessary to define a strategy for drawing conclusions on the basis of a number of different modality
measures, including some possibly contradictory results. A hypothetical situation is indicated schematically in Figure 1. The
£ hows that:

(i) Task conditions ¢ and n are discriminated from each other by all measures in an unequivocal way.

(ii) Task conditions d and b can not be discriminated from each other unequivocally by all the measures; that is, 3 of
the 5 measures indicate a “positive” trend, while the remaining . indicate equivalence. The same observation hoids
for conditions c and a, where 4 of the 5 data indicate differences.

(iff) The relative workload Jevels for the tusk conditions a and d, as indicated by the difference measvres, are very
contradictory.

It is obvious that case (jii) has to be examined more thoroughly. (Assuming that all measures involved are demonstrably
valid workload indicators, one explanation is that actefacts have occurred in the datu). Siwation (i) does not evoke any
interpretation problem; for comparable task situaions it would seem sufficient (o use ore or two of the most convenient
measures.

*In this context it is proposed here that it should, in first instance, be sufficient to accept an “indifference margin” of approximately
2.5 beats per minute for the average heart rate and of circa 0.3 point for a 10-point subjuctive rating sc'e (on an interval level).
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For situation (ii), on the other hand, it should be concluded by convention whether or not a difference in workload has
been observed. That is to say, when using several nyeasures simultaneously, it should be acceptable to tolerate a siall
percentage of contradictory results (eg 20 percent) when formulating the final conclusion (alternatively, all deviation outcomes
shall be inspected for the presence of artefacis, which :ould raise the cost of an investigation appreciably). In such cases the use
of a proper weighting function with respect to the scparate outcomes should also be considered. If acritical number of deviating
results is exceeded, it is then necessary to carry out additional mmnpuons of the considered cases until a desired level of
homogeneity in the results has been obtained.

The problem of how to deal with contradictory results obtained from different measures is closely connected with the
openstional situation. That is, duc to the complexity of most task situations it can usually not be postulated in advance which
criterion should be used to draw final conclusions about the workload involved. Consequently, an operationally-based
research program which includes various workload measures is advocated, on the basis of which a convention for drawing
conclusions can be agreed upon. The ultimate objective of such a convention is to come to a generally acceptable framework for
the evaluation of the outcomes arising from a sct of separate measures.

6  The task situations to be selected for workload experiments must correspond to the ultimate complex operational
environment for which the methods developed are intended to be used. This objective also supports the need, mentioned in §
for anin-flight research program to be used as a common basis for different investigators for comparing and collating measures,
evaluating strategics and effects of task aspects, etc. Such a program could be extended by including progressively more
relevant task situations, ultimately arriving at a general framework from which operationally oriented workload studies can
systematically proceed.

EXPERIMENTAL PROGRAM

The purpose of this section is to propose a basis for an in-flight experimental program which is in accordance with the
ideas set forth in the foregoing. To accomplish this the experimental task conditions should be selected on the one hand on the
basis of the irrelevancy with respect to operational situations and on the other hand also with respect to a-priori expectations
about whether thes: conditions will produce a reasonable spread in the workload data. The analyses of the data obtained for
the different measures will be aimed primarily at producing results which can be organised and presented in a form similar to
that of Figure 1, from which one can proceed to the problem of drawing specific conclusions on the basis of different measures.
Thereby, by comparing any systematic variations occurring in the different measures with the random variations occurring in
such analyscs, also an impression can be formed of the specific sensitivities of different measures.

The workload measures considered in connection with this experimental program must be sclected on the basis of their
expected “practical usefulness”, By this is meant on one hand that the measures to be considered are expected to have a
sufficient “discriminative power” with respect to the task conditions for which they are used, and on the other hand that these
measures arc expected to interfere as little as possible with the actual task. (Such a selection process can also be usefut for
clarifying specific pros and cons of certain measures with respect to operational applicability).

The experimental program sct forth in the following deals with flight conditions for a fixed wing transpout aircraft, The
explanations are adopted from the findings of an in-flight study on pilot workload at the National Aerospace Lavoratory
(NLK), carried out in 1985-1986*, In addiiion to a discussion of some of the practical implications of such a program, an
overview is given of some workload measuring techniques which are proposed as initial candidates for simuitaneous
investigation.

Task conditions

The heart of the program is the definition of the experimental task conditions. The problem faced here is to define a set of
relevant tasks which cover a broad variety of operational flight conditions in a balanced way, but which do not exceed certain
praciical estrictions, such as time limits (ic, cost, pilot fatigue**), air traffic control restrictions, unncceptable risks, etc.
Furthermore, as mentioned above, it is desired that the selected tasks give rise to a reasonable spread in the workload data tobe
obtained.

Taking these considerations into account, the following matrix ot flight conditions for the civil aviation operating
environment is proposed. The experimental tasks consist of flying procedural approaches (with an external view occluding
visor), with cach experimental run starting on “downwind"”, approximately 10 minutes before touchdown. The independent
task variables are based on (i) the different approach aids, that is, ILS+FD, ILS, VOR+DME, NDB, (ii) the manner of pilot
control, that is, automatic, manual, or manual with simulated trim malfunction (¢, retrimming prohibited after downwind'), and
(iii) the number of crew members, this is, 2 man versus 1 man crew. Because of time coostraints it is advisable to carry sut not
more than 8 approaches within each experimental session. A proposed experimental design is presented in Trble 1.

The different kinds of approaches are: illusirated in Figures 2-4. The approaches consist of four comp.tible segments:

downwind, tum/‘mtercept, Istsegment final (sbove 1000 feet), 2nd segment final (below 1000 fec:), which are very suiteble for
making comparisons between scenarios on the basis of the workload data obtained

It is advisuble to terminate each approach with an overshoot (at approximately 50 feet) as this will increase the flexibility
of the program considerably, in addition to keeping the costs down. (Note that some of the approaches might conceivably have
to be flown in upposite direction to the rest of the landing traffic due to local circumstances of wind and beacon locations).

* At the moment of submussion of this paper to AGARD, the study is i progress.
** For obvious reasons, experiments are 10 be carried out wit™ one subject, pilot (left seat) and one salety pilot.

ittt e s———————
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TABLE 1
Exparimental task conditions
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Rating procedure

The suitable moment for subjective ratings (if ratings are to be given) is at the end of each segment, resulting in 4 ratings
pet approach). The ratings should concem the previously flown segment exclusively. Ratings can be obtained {from both the
subject pilot and the safety pilot. A proposed safe rating procedures (especially if the giving of ratings requires an appreciable
amount of time) is as follows:

The safety pilot determines the appropriate moment, and says (after having given his own ratings): *I have control”,
The subject pilot confirms with *You have control” and then gives his ratings, while the safety pilot flies the aircraft.

After completing the ratings, the subjecl pilot takes over control, saying: “ have control™ (Safety pilot confirms: “You
have control™).

The fourth rating (for the second segment of final) can be given during the overshoot. There is plenty of time during this
flight segment, so that additional comments with respect to «he entire foregoing approach can also be given.

Instructed performance standard

The following formulation of the requested performance standard is recommended as beiag relevant for real flight conditions:
“You are requested to fly the procedures as accurately as passible, however, without violating your own standards (no

exaggerations)™,
Crew coordination

During the 2-man crew task conditions the safety pilot will perform the duties of the first officer; ie, he will take care of ATC
communication, select beacons, set flaps on request, read out checklisis and perform such other activities as would be expected
from the first officer. In the 1-man crew task conditions, the subject-pilot must take over these duties in addition to the normat
duties required for flying the aircraft.

Workload Measures

Given that the experimental set-up is designed to allow the simultaneous investigation of various measuring techniques
(assuming that the experiment will be carried out on a well instrumented research aircraft), a careful selection has to be made of
which specific techniques are to be considered within cach experiment. Important for this sclection will be, of course, the
degree to which thesc measures interfere with the main flying task and witi: the other measurements. In Table 2 a number of
proposed measures are listed (most of which are currently being considered in the above mentioned research program at the
NLR). Some specific details about the measures in Table 2 are summarised as follows:

TABLE 2
Proposed workload measures to be considered within the study progrsm

Pilot Ratings
1. McDonnall's 10 point demand scale (Ref, 1)
2. SWAT 3x3) rating matrix (Ref. 2)
3. Pre- and post-experimental ranking of task conditions

Heart Rate
1. Basic staristics (mean, standard deviation, root mean square, root wmean
square of successive differences)
2. Mesasurea based on the spectral content of the signal

Primary Task Msasures
1. Control activity
2. Task derformance
3. Error frequencies

Model Measvres
1. Control effort (Ref. 3)
2. Decision load (Ref. &)

Other Measures
1. Time-motion parametera
2. Secondary task performance
3. Retrospective measures based on video replay
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- Two subjective rating techniques (McDonnell/SWAT) have been selected on the basis of their ability tc- ;. sduce ratings

: on an interval scaly, in addition to the expectation, based on previous experience, that these two te chniques can be used

i simultaneously without mutual interference. The McDonnell technique (1) involves pilot ratings, based upon the

: attentional demands of the task on a 10-point scale. The SWAT technique (2) involve separate ratings with respect to

time, effort and psychologics! stress aspects of the task, in order to arrive at one single assessment of the pilct's overall

workload. In addition to the ratings given during the experiment, the subjects are requested to rank the different
approaches according to the expected/expesienced task workioad also before and after the experiment.

In choosing heart rate as a workload measurv it is worthwhile to note the advantage of its objectivity, the ease of recording
it and the non-intrusive nature of its measurement,

g, o,

The primary task measures (for each flight segment) involve a number of relevant statistics related to the pilot’s control

activity (for the manually flown tasks) and flying performance.

The data obrained make it possible also to investigate the uscfulness of predictions of pilot workioad based upon

mathematical models of pilot-uircraft interactions. Especially, for the manually flown tasks the so~called “control effort™

parameter (E) mentioned in reference {3) seetns worthwhile to be investigated further. This parameter indicates, among /
others, the sensitivity of tesk performance to & model parameter reflecting level-of-attention. Also model-based

parameters reflecting “busyness” aspects or “decision-loading” aspects, such as the “Expected Net Gain for Procedure

execution (ENGP), mentioned in reference (4) can also be investigated further. It should be noted that such use of

modelling presupposes the availability of an adequate system/aircraft model.

Finally, crew activity is to be recorded on video in order to enable various task analyses, investigations of pilot errors, and
other further analyses based on video rzplay.
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Final Remarks

As is gnown from other in-flight experiments. a relatively large variability in data can be expected due to such
unconullable factors as atmospheric conditions and airport traffic. Therefore it is advisable to fly all approaches at one
specific sitvort. In the current NLR research program, a preliminary study has indicated that 20 sessions (including
20x8==160D approaches) are necessary to obtain an adequate level of statistical reliability in the experiment

\SKMARY AND CONCLUSIONS
'orkload research has lead in the past to the development of various measurss, mostly concerning different aspects of

task workload, in a separate and isolated way. In addition, present opinion assumes more and more that, in order to achieve a
satisfactory workload evaluation, a matrix of measurcs is necded.

This paper discusses a number of considerations involved in the setting up of an investigation dealing with the problem of j
being able to draw conclusions from a variety of experimental measures in a compiex task situation, Several implications are
pointed out, such as the problem of dealing with contradictory outcomes, the designating of artefacts, and the problem of
formulating final conclusions without the (a-priori) availability of a superior method for evaluating other methods. Finally, an ‘
experimental program is outlined which is based on (normal) approach conditions for civil fixed wing aircraft. The task
conditions in this experiment are selected to serve as an operationally based framework for comparing different workload
evaluation methods, for evaluating the effects of specific task conditions and for investigating the strategies needed for drawing
final conclusions from a variety of outcomes. .
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APPENDIX 1

FINAL FIVE MINUTES OF A MANUALLY FLOWN ILS APPROACH AND LANDING OF A
TWO-PILOT PASSENGER JET TRANSPORT (USING FLIGHT DIRECTOR)
WEATHER: 200 FT CLOUD BASE. RAIN, RVR 700m

Approx Distance Speed  Activity
Timeto From TD KIAS
'rD .
4 14 250 Descending through 4,000 ft in thick icing cloud to level at 2,000 ft. (Descent checks
completed by TOD.) Speedbrake out. Autopilot disengaged. Radio nav aids slready
210 set and identified for landing
13 210 Through 3,000 ft. Radar vectors to ILS localiser. Approach checklist.
11 210 Speedbrake cancelled.
Level off at 2,000 ft. Flaps to 1. Radio call to ‘approach control’.
190 Altimeters — P1 sets QFE. P2 set QNH.
Flapsto §
170 On course to intercept localiser.
3 8 170 Localiser intercepted — Radio change to tower frequency. Localiser established.
170 Landing gear down. Flaps to 15.
150 Landing checks
2} 5 140 Glide slope capture
VAT+10 Land flap selected checks complete.
Descending on glide slope.
2 4 VAT+10 Quter Marker — Height check. Land clearance and surface W/V and RVR passed
by control.
500 ft QFE Height calls and incapacitation check. Speed and rate of descent
monitored.
300 ft QFE 100 ft above call.
200 ft Decision height. ‘Approach lights’ call.
0 Flare and touchdown.
Reverse thrust — deceleration
+ 60K Reverse trust cancelled ~ braking gently.

Nose-wheel steering.

NB Performance limits to be clearly defined eg 3K IAS, 50 ft/min rate of descent on G/S. Touchdown within 100m of

‘numbers’ at <6 ft/sec.

P1 — Pilot flying

P2 — Co-pilot




132

APPENDIX 2
FIVE MINUTE RECCE/ATTACK TASK FOR FAST JET AIRCRAFT (SINGLE PILOT)

1. CHOICE OF TARGET FOR RECCE/ATTACK

A realistic target would be a simple, soft skinned, vehicle parked on a two lane track, at known position, in flat/undulating
open country.

———E P L ]

2. ROUTE AND PARAMETERS FOR ATTACK TASK

Route comprises a single 3 minute navigation leg to IP followed by 1 min IP to target run, positioning for standard 45
degree tip-in a shallow 5—8 degree dive. Parameters of tip-in according to aircratt type, following attack, defensive recovery
manocuvre and fix before withdrawal, 1 minute after target. (The recce task would involve a similar sequence but camera
selection would replace weapon selection and a lavel off set fly-by would replace the tip-in attack.)

, 3. ACCURACY
: ENROUTE ANDIP RUN i 20 kt*!3° ft at peacetime minimum height or 233 ft above 500 ft AGL.

Define pull-up position relative to target
Pull-up point + 300m laterally, + 3 sec along track
Define dive angle + 1 degree
T 3 sec tracking to release point
Release at 20 kt planned speed
Pull-off target 4g. Defensive/positior. manoeuvre to roll out towards next turning point.

4. DETAILS OF ATTACK TASK
a. Approach toIP
Whilst flying within s21 parameters, complete following actions:

Check slip ball and trim out sideslip at planned attack speed
Weapon switching up to final arming switch

1 X track-check, map-to-ground

1 X revision ETA for IP £ 5 sec (10)?

8 X simulated checks of wing-man's six o’clock high

Estimate (or check wind from INS) W/S for weapon release

Set WIND/AM Depression for Main or reversionary attack

Carry out height fix to IP to update Pressure alt/or auto height fix at IP(INAS)
Set or confirm next heading

Acquire IP visually

b. IP toPull-Up

Whilst flying within set parameters:

Complete height fix in INAS equipped aircraft
Update INAS

i Accclerate to Attack Speed

Check track o pull-up point and pull-up time
Adjust Sighting (Call up attack picture on HUD).
c.  Pull-up to Weapon Release

1 Initiate Pull-Up

Acquire target

Top at height required to achicve planned dive angle
Check speed/power

Sight or Bomb Fall Linc on Target (3 sec)

Make Final arming switch

P e
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Start Camera (if not automatic)

Phase Change (if INAS equipped

Track target for 3 sec up to weapon release
Release Weapon.

d. Escape

Recover from dive

Make defensive manoeuvre

Put weapon switches safe

Track to next turning point

Locate and identify other aircraft (No 2)if available
Switch off camera

Regain HUD NAV mode £i{ not automatiz).
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APPENDIX 3

BROAD OUTLINE OF A STANDARD HELICOPTER TASK

Total time — 5 minutes

Scenario reasonat ly well detailed eg ‘nap of earth’ flying for recce task.

take-cff — spot turn

transition — climb to 1250 feet

cruise for one minute

descent to nap of earth for precision low level observation task at high speed covering a ‘figure of 8’ pattern.
approach to land

land

i NB Further details of aircraft parameters and of scenario to be added as nccessary.
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