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Sophisticated man-machine interection often requires the
human operator to perform a stereotyped scan of various
ingtruments in order to monitor end/or control a system, For
situations in which this type of stereotyped behavior exists,
such as certain phases of instrument flight, scan pattern has
been shown to be altered by the imposition of simultaneous verbal
tasks. This report describes a study designed to examine the
relationship between pilot visual scan of instruments and mental
workload, It was found that a verbal loeding tesk of
varying difficulty causes pilots to stare at the primary
instrument as the difficulty inereases and to shked looks at
instruments of less importance, The verbael loading tesk
also affected the rank o:dering of the¢ scanning sequences., By
examining the behavior of pilots with widely varying skill
levels, it was suggested that these effects occur most strongly
at lower skill levels and &are less apperent at high skill
levels, A graphical interpretation ¢f the hypotheticel
relationship between skill, workload, and performeance is
introduced and modelling results are presented to support this
interpretation,

In addition ¢ reasure of entropy of the scan is introduced
and, es & measure cf tle randomness of the scen, appears to be
closely related to the measured verbal task load, In a parallel
manner periodieity of the scan, as reflected by its
autocorrelation was found to be of perticular interest ip
assessing pilot response to increasing mental workload,
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SUMMARY

The experimental method described herein required pilots to
maintein & general evietion flight simuletor on a straight and
level, constant sensitivity, Instrument Lending System (ILS)
course with a low level of turbulence. An additionel periodie
verbal task whose difficulty increased with frequency was used to
increment the subject's mental workload., The subject's lookpoint
on the instrument panel during each ten minute run was computed
via 8 TV oculometer and stored. Seversl pilots ranging in skill
from novices to test pilots took part in the experiment,

The results ircdicate an increase in fixetion dwell times,
especially orn the primary instrument, with increased mental
loading task. The amount of "staring" observed appears to deperc
on the level of skill of the pilot; skilled subjects appear to
stare less under increased loading than do more novice pilots.

Sequences of instrument fixations were elso exemined, The
[ercertege occurrence of the subjeet's most used secuences
ccercesed with increesced task difficulty for novice subjecets but
not for highly skilled subjects,

Analysis of the periodicity of the subjeet's instrument scan
vis eccerplicloed tisiig autoceorrelation, Skilled pilots were
fcund, when stressed, tc scan their primery instrument in a
periocdic fashion, The period was related to the interval between
number tesk presentation., A similer result was not observed in
novice pilots, This finding suggests thet skilled pilots may
handle the e¢dditionel loecing task in & muech more systematic
fashion that do novice pilots,

Entropy rate (bits/sce) ¢f the sequence of fixetions was
also used to quantify the scen pattern, It consistently
decrcesed for most subjects over the four loading levels used. An
expenentiel ecuation in tesht difficulty was found to be a good
precictor of entropy rate., When solved for task difficulty, the
equation provided an estimote of the level of task difficulty
prerceived by e subject, Trhis estimete was used to quantify the
workload of the subject,

Piloting and number tesk performence measures were recorded
and & combined performance measure was computed. This was used in
developing & model releting performarce, skill, and mentel
wecrkload., Entropy rate of the scen was used¢ to quantify the
vorhlcad and skill was estimated independently via a method based
on pilot experience, The resulting exponentiel nodel fit the deta
well enough to suggest thet tlLis erproach has promicse in the
eveluation of interactions smong these variables.

The above results suggest the possible utility of instrument
scan in the quantification of mental workload and/or pilot skill
during coHnstant piloting tasks. Methods were also suggested for
studying variaetions in pilot workload curing short epochs, though
these have not been attemptec as yet.

VI
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This report summarizes research conductec tc :tucy tle
relationship between the irstrument scan of an aircreft pilot anc
the level of difficulty ¢f the several tasks of tlying an
airplane. The work originally concerned e specific yuestions the
cuantitative comparison of the mental workload of conventional
cockpit displays vs. novel CRT displeys such as the Cockpit
Lispley of Traffice 'nfoermatior (CCT1)., However as the stucy
progressec, it beceric clear that more fundamenta) work on the
natire end quantificaetior of the effects of mertal worhload on
visual scanning behavior was necessary before sueh u comparison
could be mede, Thus, the evoluiion of the rescerch has been
away from the specific question first posed and toward developing
v basic understercite of visuel scenning in pilots end of the
‘1teyrelationships tetween the instrumenrt scan and piloting
[etfcrnence, skill, and mental werkloeac,

This work has yielded an experimental paradign for stucyirg
visual scenning behevior, several techniques for quantifying this
behavici, «1¢ Ye: zuggestec & number of possible avenues for
further rescerech, The techniques ceveloped during the rejeet
heve been wpplied to several practicel questions in aviatiorn,

Preliminary experiments using the MNASS Langley Terminel
Cenfigtire¢ Vehicle (TCV) simulator with CET instrurcnts onc «¢
"icirowave Landing System (MLS) simulation served to help define
the requirement of an experimental protocol to study instrument
scan and pilot workload while also illustrating the problems in
attempting to study complex man-machine interactions.

The final set of experiments described here were conducted
using a desktop general aviation simulator. Tre piloting task
involved maintaining this simulator on a straight and level,
constunt sensitivity, Instrument Landing System (ILS) course with
a low level of turbulence. A task employing an algorithm based
on reletive magnitudes of a sequence of numbers was used to
increment the subject's mental worklvad., The task was presented
at periodic intervals which caused the difficulty of the task to
increase with increasing frequency of presentation., The level of
loading for various conditions was elso estimated in an
independent series of runs using a side task., The subject's
lookpoint on the instrument panel during each ten minute run was
computed vie an oculometer and stored. A total of thirteen
pilots of varying skill participated in two sets of experiments.,

-

Importance of Mental Workload

The desire to measure workload is usually motivated by the
need to predict situations in which operator performance will
decline. The reasons for this are evident: {f the operator has
too many tasks to accomplish in too short a time, the performance
on all or some of the tasks may be diminished. The same may te
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true if the operat~ar allows his attention to wane because the
system he is controlling 1is highly automated. The latter is
termed & condition of underioad,

Since a goal of workload measurement is the prediction of
perfcrmance, it {is often suggested that performance {3 tne
parameter which should be measured as the loading conditions are
varied, Certain performance criteria may be set and when the
pilot cannot meet them the level of loading may be judged to be
too high, Such a technique assumes that performance varies in @
consistent fashion with loading end .(kill, Thus, for this
approach to be generally useful, all pilots should experience
about the same performance decrement for the same f{ncrease in
workload, Experience suggests that this is not the case however,
In activities such as piloting (or pleying a musical instrument
or participating in an athletic event) where the simultanesous
conduct of manual dexterity and verbal or mental tasks is
especially important, performance of & skilled operator may not
show any decrement (or may even improve) until luecing s
severe, and then a precipitous decline in performance may occur,
Since the skill of commercial or test pilots is high, it is
difficult to determine subtle differences in workload via
performance decrement when they ere used as subjects, One goal
of this research is & non-invasive measure of workload which
does not depend heavily on skill, Some aspects of visual
scanning behavior may yield this result.

Rationale for Studying the Instrument Scan

If one hypothesizes that some repetitive piloting task will
invoke a regular visual scan (spatial/temporal pattern of eye
movements) during instrument flight then it may be possible to
observe changes in this scan as external factors such as noise,
interruptions or other side tasks, and fatigue interfere with
the piloting tesk. If this hypothesis is correct, then
tlterations in the scer pattern usec¢ by the pilot mey be &n
irciceter of c¢itrer fetiguce ¢r Jjrereased/dcecercunnede ror te!
workloed,

The analysis of & subject's visual scen has been examined by
various workers in an effort to study behavior. Numerous
investigators have studied the patterns of eye movements during
the viewing of scenes, pictures, ete, (Noton and Stark, 1971;
Senders, 1970; Fisher, et.al,, 1981), If a picture is Dbeing
viewed, it is frequently observed thet, after an initial period
of general inspection of the scene, the scan tends to return
frequently to the points of highest interest to the subject,
Ambiguous figures such as the Necker cube (Ellis and Stark, 1978)
have been used to determine whether the visual scen provides a
clue on the nature of the perceived image. A common feature
of these various experiments seems to be the allowance of
free ¢ye movements in viewing the target(s)., Thus the scan
pattern which develops 1is driven largely by the subject and not
by the scene.
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The repetitive scanning of a display in a man-machine system
may become stereotyped {f the scene/task appears frequently and
requires a fixed level of performance on the fpart of the
operator. For example, the task of flying ean airplane using
instruments for navigation req: res skilled behavior, and
dictates the presence of a relatively fixed scan psttern by the
pilot (Weir end Klein, 1870; Waller and Flowers, 1977). Research
on eye scanning of instruments in aircraft pilots datec from the
work of Fitts and his associates (Jones, et.al., 1946). Indeed
this work on probability of trensitions between different
instruments led to the regulations establishing the familiar
"T" arrangement of the commonly used instrumeats in an aircraft
cockpit:

AIRSPEED ATTITUDE ALTIMETER
DIRECTIONAL GYRO

Few other studies have been conducted on scanning behavior
in pilots, probaebly owing to the complerity «f instrumentation
which hes been required to perform sueh studjes vectretol:.,
Severel studies has strongly suggested the utility of scanning
behavior ip assessing o viriety of human fectors issues in the
cockpit however, Dick (1980), for example has shown that there
is ¢ strong relationship between control inputs and visual scan
strateg.i ir pilcets, cdemenstrating thet there is typically a
vitual confirmation that & commanded input hes achieved a desired
change in one or more of the sircraft state variebles, A recent
study (Jones,ct.al,, 1982) elso suggests the uvtility of using
scenning information es an acjunct te pilot truining, Foth f
these stucdies usecd the NASA/Langley oculometer to recercd eyc
scan, This device, besed on the Honeywell oculometer, s
suiteble for conducting non-invasive scanning experiments in an
eircraft cockpit (Spady, 1978). The work described here attempts
to teke adventage of this capability with an eye toward worklosd
measurement techniques which mey eventually be appliceble during
actual fliglht,

A CONCEPTUAL FRAMEWORK FOR THE STUDY

TlL.c results from some early experiments provided some
insight into severel flaws in the experimental design and the
lack of basic krowledge of scanning behavior in general. Among
the more salient problems identified were:

1. An unstated assumption of constant imposed mental loading
throughout &n c¢xperimental run ves invaelid since the piloting
task requirements varied considerable in different segments of
the epproach. This problem is not uncommon however and exists in
most of the previcus pilot scanning studies, The Instrument
Landing System (ILS) approach 1is often chosen as the piloting

e DL TR I L T e * LN
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tesk in studies of workload (Waller, 1976; Krobs and Wingert,
1976; Spady, 1977). Hovever, the ILS approach represents a
constantly changing tesk difficulty as touchdown is approached
(especially due to increases in Glide slope sensitivity and
cost of error for course ccvietion), This varfation in the
primary task loading makes it difficult to accurately control the
amount of mentes workload on the pilet as an independent
variable,

2. There was insufficient data in any segmcni of the run to
allow a reasonable statistical analysis of scan factors. Since
it was not known which fectors, {f eny, in the scan were
important, it was essentie] to first determine {f any "steeady
staete" effects were present in the eye movement patterns.

3. The levels of difficulty of the verbal loeding tesk (see
detailed description below) were not sufficient to induce large
charget in tle scenning pattern., Thus, while some trends were
notec¢ in the sean as & result of the eccitionel irpcsed task,
these were net censistent and at no time were any of the subjects
even close to being heavily loaded,

4, There was not a range f pilot skill represented in the
subjects; el!] were highly cryerienced and skilled NASA test
pilots. 1t would seem very likely that inexperience pilots might
perform rather differently in these types of experiments.

The above observations strongly suggested to the
f1vestigators thaet a more systematic, fundamentel experimert
night leed to more useful results., An inescapable conclusion may
be drawn from these observations: Due to their
interrelationrslips, vicrhload, skill, and performance cannot Lte
divoreed frorn one snother but nuvet he ctudied together. The
investigator must e¢ttenpt to explicitedly cortrol c¢r et least
Feve cuuntititative knowledge of each of these perameters in
order to make sense out of eny one of them,

As a guide toward experimenta]l design end future data
analysis, a conceptual mode! of pilot behavior was developed to
aid in our thinking. It was felt that this model should include
the following factors:

1.Performance - cuserved performance mey be funcetionally
related to all of the othc.r factors; if the model is to
be useful, it should predict situetions in whieh
performance will decrement

¢+
2. Pilot skill, ineluding familierity with the task(s) in a
particular experiment., If he or she is unfamiliar with
the task, learning may be expected during the course of
an experiment

3. Inherent difficulty in the task(s) whiech are performed;
some flight meneuvers are much rore complicated than
others

4, Nature and number of tesks which occur simultaneously
with the primary task of flying the aircraft
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S5.Pscyhologicul /physiological state of the pilot; probably
quite important but not clear whether these are part of
the independent or dependent variable

6. Random Noise

A hypothetical, graphical expression of there relationships
is given in figure 1, Attempts «t fitting a model using these
parameters to the hypotheticunl situetion in figure 1 will be
presented later in this discussion,

. /Sklll

|
~ ﬂ
KN\

Workload

Figure 1. Hypothetical Reletionship between
Performance, Skill, and Workload

Performance

EXPERIMENTAL PROCEDURE

Vith these thoughts in mind, we set out to design a more
straightforward scries of experiments which would first consider
whether §t ves fereiblce to Cemcrstrete ceprtistent changes in
the "steady stete" scanning behavior during an instrument flight
mantuever f ccrstent o«ifficulty in the presence of some
controlled variation in mental difficulty of an additional task,
If it could be shown that the steady state behevior could be
tltered, one might then proceed to determine the shortest epoch
over which a reasonable cstimate of the effect might be made.

Three factors vicre controlled ir the experiments: 1) a
piloting task 2) & verbtlly presented mental loaeding task, and 3)
# workloed calibretion side task,

Piloting Task

As a piloting task, we chose a simple, yet realistie, steady
state instrument manuever which might be expected to occur for
periods of up to 10 minutes in ectual flight. This time
period was chosen as &n cstimate of the minimun amount of time

required to provide a sufficient number of fixatjons to
satisfy the essumption of steady state conditions. The task
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was to fly a precision straight and level course with zero
degree glide slope erc¢ censtant locellizer sensitivity while
raintaining a constant heading and airspeed in the presence of
@ low leve! of turbulence. A schematic rcprescentation of the
task is presented in figure 2,

Actual
Trac

Clide Slope
(Vert) error

Wind Gusts
(Dir & Mag variable)

Intended Track

Localizer
"(Hor) error ..

Figure 2. Schematic of Precision Straight and Level Flight

Pilot lookpoint on seve: instrument: (Attituce Incdicator
'ATT', Directionsl Cyro 'DG', Altimeter 'ALT', Verticul Epeed
Indicator 'VS1', Airspeed 'AS', Turn anc Bank 'T*B', and Glide
Slope/Localizer 'GSL') was measured using the Langley oculometer.
The oculometer can messurc the time course of eye fixations on
instruments employed by the pilot and the dwell time of eech
fixation to the nearest 1/30 sec,

The Mental lLoading Task

The mental losding task was chosen so as not tc direectly
interfere with the visual scenning of the pilot (i.e. the task
would not require the pilot to look away from the instruments)
while providing constant loading during the maneuver, This was
sccomplished by having the pilot respond verbally to & series of
evenly spaced three-number scquences (Wittenborn, 1842), Tle
pilot was told that he must respond to each three-number
sequence by saying either "plus" or "minus" according to the
algorithm : first number lergest, second number smallest = "plus"
(e.g. 5-2-4), last number lergest, first number smallest =

§ ol



m;‘_:;..m_;m. TR et SRR T S

ORIGINAL PAGE IS
OF POOR QUALITY

Positive Number Sequences: o//xr’p Q\\b//o

Negative Number Sequences: All Others

Examples: 2 -5-9 +
8 -3-86 +
9 -6 -2 -
3 -7-4 -

Figure 3. Mental Loading Task Algorithm

"plus" (e.g. 1-2-3), otherwise, "minus" (e.g. 9-5-1). This
algorithm is shcecwn graphically in Figure 3. The pilot wes
instructed to give the nui ber tesk priority equal to that of the
piloting tesk as if the verbal questions represented a constant
rate of radio communication,

The mental wor.load experienced by the pilot was
hypothesized to be inversely proportional to the time intervels
between number sequences. This relationship is giver by the
foliowing equation which is arbitrarily chosen:

(1) TD = 1/interval between task
where TD is equal to imposed task difficulty.

In order to ellow a8 wide range of loecing, the teask
included intervel: [ ccrtirvous silence (i.e., pno numbers
presented), ten, five, and two seconds which have corresponding
tesl oifficulties of 0.0, 0,1, 0.2, and (.5, respectively uas
calceulated from ccuation (1), Calibration using the sicde tesk
described below confirmed the relative difficulty of these number
intervals,

Numbers were generated by & computer conrtrolled speech
synthesizer (see herdvare cCescription below), This allowed
eutomaetec scoring of (eetl eccuracy, cealculation of respcecrse
reaction times, and the possibility of temporal correlations of
visual or other respenses  with the verbsal stimulus, The
pretetilitics of vecurence of "+" and "-" sequences were euach
“.f. Performance wie recceraec by hovirng the pilot press & 3-
fesiticn rocker svwitel mounted on the yowe up for plus and down
fer minus,

Visual Side Task for Workload Calibration

The amount of mental luading imposed on the pilot by the
number task was calibreted using a side task. The runs made with
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the side task were not used in the scanning analysis, however,
due to the alteration of normal scanning caused by the task. The
side task employed a CRT which could display an asterisk
appearing in the upper half or in the lower half of the screen,
The display was mounted to the left of the simulator just outside
the pilot's peripheral view, The asterisk appeared at random
intervals between one and three seconds and remained on for one
second (Ephrath, 1975). The pilot was told to turn the symbols
off by using a three position rocker switch on the control grip.
Moving the switch upward turned the upper asterisk off, downward
turned the lower asterisk off., This task was done only when the
pilot had time left from performing the primary tasks of flying
the airplane and answering the number task. Thus the number of
correct responses on the side task geve a measure of the residual
capacity of the pilot from which & workload index could be
calculated., The expression used to celculete the workload is
given below, The constants were obtained using the best least
squares fit weighting coefficients,

(.780)(RT) + (.626)(MISS)
(2) WLX = -=--rccccccccvnccccencncena X 100 percent
(.780 + .626)(NSTIM)

wWhere:
WLX = workload incex
RT = cumulative response time (seconds)
MISS = number of incorrect responses
NSTIM = total number of stimuli (symbols) presented

Conduct of the Experiments

Each sessiorn censtisted of fcur 1C-minute runs with o &«
minute break between each run, The difficulty of the mental
loading teshk would stert ut 1o rumbers for the first run end
increase to 2-sec intervals by the fourth run, Some subjects
purticipated in two sessions, one without and one with the side
task. Each subject was allowed to practice all three tasks until
he felt comfortable with them. Eleven subjects ranging in skill
from NASA test pilots to non-pilots participated in the
experiments.

EQUIPMENT

A desktop general avietion instrument flight simulator
(Analog Training Computers ATC-510) was used to simulate the
piloting task, The ATC-510 is ¢ procedures treiner for light,
single engine, fixed piteh prop, fixed gear, IFR equipped
aireraft, The simulator wus equipped with & turbulence lcvel
control which was set to the first Jevel above calm
conditions ir crcder to forece scne pilot vigilance on the flight
task.,
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The NASA/Langley Oculometer is described elscvwhere
(Middleton, et.al., 1977; Spady, 1978) and the interested reacer
is referred to these documents, For the experiments deseribed
here, the oculometer provicec & discrete voltage level
corresponding to the current instrument fixation., This level was
based on pilot lookpeint falling within predetermined X-Y
boundories about each instrument on the simulator panel.

The simulator panel and oculometer optical head are shown in
figure 4.

A general purpose RB085 microprocessor development system
(Burns, et.al., 1979) was used to control the verbal task and the
workload calibretion side tashk as well as to digitize, store,
analyze. and displey (le scenning data from the ecaperiments
describec hereo Tlhe system was equipped with 64K of RAM, an 8085
processor, two serial ports, an 8 channel/12 bit A/D converter, a
CRT controller, ¢ speech synthesis module, two double sided
couble censity floppy disk drives with a Sfhugart 1403D
irtelligent controller module, 8and a dot matrix graphies printer,
A photograph of this system is shown in figure 5. Software for
the system weas written in STCIC, an interactive prozramming
lenguege besed on FORTH (Sachs, 1980) and in 8085 assembly
lepguage. Details of the programs mey be found in the thesis by
Stephens (1981).

Aircraft performance date was recorded during each of the
experimental runs, The data recorded included : x-coordinate of
lookpoint, y-coordinate of lookpoint, track/no track, pupil
diameter, instrument identificetion number, glide slope indicator
deflection, localizer indicator deflection, elevator deflection,
aileron ¢ flection, pitch attitude, and roll attitude, These
signsals were recordecd on o« l4-channel FM tupe recorcer,
and digitized at NASA/Langley. Later the digital representaticrns
were transferred to fleppy diske cn the microprocessor systen.,
The RMS error and frequency content of the glide slope
and localiver incicator Seflect oy veare vsced te dofine tle
aircraft performance for each run (see later discussion).

INDEPENDENT ESTIMATE OF PILOT SKILL

In order to assess the effects of skill on performance
end mental workload, an independent quantituative neasure of
shill was needed. A nodel of pilot skill based orn e¢xfctricnce
factors was used for this purpose (Hollister, et al, 1973).
This model weas developed in order to predict the current level of
skill of pilots flying light, single engine aircraft,

(3) Skill = 1.42 4+ (.25(recency) + 0.73(log(total time))
- 0.030(yearscertificd)+ (.15(log(time intype))
- 0.0088(age) + e
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Figure 4, ATC 510 Simulator with Oculumeter Head
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where

Skill = scure reflecting reletive piloting performance

recency = number of flight hours in past 30 days

totaltime = total number of flight hours

time in typestotal number of hours in light single engine
eaircraft

years certified = time in years since last certificate or
rating

age = subjects's ege in years

e = residual variance not explained by the model

A raw skill score was calculated for c¢ech of the pilot
subjects wusing the model., The pilot with the highest resulting
skill score was then used to normalize all of the scores so that
skill levels would range between 0% and 100%. Eleven
subjects ranging in skill from NASA tzst pilois to non-pilots
participated in the experiments. Thc relative skill scores for
the subjects are given in Teble I,

INASA Pilot Number| Skill Score(%)]

- — g G =" G G G G G- A G —

|

|
| 3 | 100,06
I 4 | 85.31 |
| 11 | 76.64 |
I 13 | 53.96 |
I 15 | 38.81 |
| 6 | 37.41 |
| 12 | 33.23 |
| 14 | 31.71 |
| 8 | 22.74 |
| 7 | 15,28 |
| 16 | 12.83 I
| | |

-— -—

Table 1., Relative Skill Scores of all Subjects

Though care must be teken when applying an equatinn such s@s
this in & different set of exrcrirentel conditions, the
overall rank ordering of the pilo(s by this method is probably
accurate as it generally agreel with subjective reting of
the pilot's skills by experienced observers at the NASA/Langley
Research Center.

RESULTS

Initial Data Analysis

A set of preliminary experiments using this protoeol and
epperetus vwere copcuctec curing the summer of 1980, Subjects
with awide range of skills, fromnon-pilots to NASA test pilots,
participeted.
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Ten minute runs with the side task were performed with
3 of the pilots. The workload index defined above were
determined for each pilot for all loading levels (Table 11,.
The index increeased monotonically for all subjects with /ncreased
rate of presentation of the number tusk. The average workload
index varied from 80 percent for n¢ mental loading ‘ask to 92
percent at the 4 second interval and 96 percent at the 2 sec
intervals., Although we were not able to evaluate the workload
index with all pilots, the results with these three pilots did
€ellow us to confirm quantitatively that the mental loading is
inereased as the interval between number presertations
decrease ,

- - - - - G G- v G - G G S G G S S -

IPilot Number | No Loading | 4-seec Intervals

——— - - - - G- G o W G G- - S G § G T G G S S S G e S T S e S W

|

| |
| 9 | 87 | 93 | 95 |
| 5 | 82 | 94 | 97 |
| 7 | 70 | 89 | -- |
: Average { 80 { 92 { 96 :

Table 11. Workload Sidetask Results

Dwell Time Histograms

The raw scanpath date is of the form lookpoint vs, time. #n
example of the raw date is shown in figure 6, From this data
dwell time hisiograms may be plotted for each instrument in the
scanpath, Exerplesr of the results from several of these
cxperiments are shown in Figure?.

In the four novice subjects, the dwell time on the
primary instrument (the Attitude Indicetor in all but the
non-pilot who used Glide Slope/ Localizer) became progressively
weighted toward extremely long cwells as the verbal task
difficulty increased, Figure 7 shows the dwell time histograms
for all pilots on the Attitude Indicater, Directional
Gyro, Glide Slope/Localizer and Vertical Speed Indicetor,
First ecensicder the plots for subject #5 whc has intermediste
skills, Note that for the no loading caese, the dwell histogram
on the Attitude Indicator of subjects #5, 6 enc #10 has a
feiriy standarc¢ shope (Herris end Christhilf, 1%80). When
numbers are added to the piloting task, the dwell becomes longer

and the mode of the histogram st 1/2 second begins 1o
disappear. The effeet it even more dremetic for 2-second
interval case; the entire distribution s skewed toward

extremely long dwells on Attitude as the pilot apparently
begins to “stare"™ more snd rore at this instrument, Similar
effects are seen for pilots 8§ and 10,

An interesting difference occurs for subject # 7, the
non-pilot, however, This subject had no previous piloting

13
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Figure 6. Raw Scanning Deta
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Figure 7. Dwell Time Histograms
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experience and was only given enough prectice to allow him to
stay nominally on course during the precision straight &nd
level maneuver. Note that this subject adopted the Glide
Slope/Localizer as the primary instrument apparently i(n an
effort to accomplish the precision task by keeping the needles
centered. Even though the subject adopts the inappropriate
instrument to sccomplish the piloting tesk, the dwells on this
instrument are affected in a manner similar to those on Attitude
for the more experienced subjects,

The visual scanning behavior of the two subjects with higher
levels of skill wes @lso affected by the verbal loading
(subjects 4 & 11 in Figure 7). However, the effect was much less
than seen in the novice pilots. Flgure 7 also shows the
dwell time histograms for the NASA test pilot, subject #4. Note
that he develops & slight stare on tl¢ Attitude Indicator for
the highest loading concition but 1is Fristograms are
otherwise unaffected., Subject #11, who had th: next highest
skill level, was somewhat more affectec, e¢specially at the
highest loading level, as indicated by the histograms for
the Attitude Indicator (Figure 7)., Subject #11 uses a large
number of short dwells on the Attituce Indicator under the nc
loading cusc. Vien the mentael loeding tesk is introducec at 4-
second intervals, his distribution 1is shifted to somewhat
longer dwells, However, there 1is still a very significant
peak at around 1/2 second. The actual) shift in dwell times is
not as large as that seen {in the novice pilot's hirtograms,
even though there appeers to be & large change due to the
reduction in magnitude of the histogram peak.

The shift to longer dwells mey tlso be demonstrated by
looking at the percentage chunge from the no loecding cese in the
number of dwells on the primary instrument that are 5 seconds
or longer in duration #s the mentel workload is ehanged, The raw
counts of such dwells are shown as the lest element in the
histograms. Table ]Il shows the percentage change from the no
losding case for each pjlot. The percentage of dwells is seen
to increase with decreasing skill level, This holds for
al) subjects except subject #7, the non-pilot. It should be
pcinted out, however, that subject #7 used a different primary
instrument from the rest of the pilots and therefore had a
completely ¢ifferent basic scen pattern from the other pilots,
This fact may not ellow cirect comparison of the results from
subject #7 with the other subjects, This {is not a cause for
concern since the results from all of the pilot subjects seem to
be eonsistent and, therefore, any conclusions drewn from their
results should be applicable to other pilots.

The dwell time characteristics o teccenCer) Jnstruments
were most affected in the novice subjects, The secondery
instrument dwells are seen to change in a different manner than
the primery instrument dwells, As opposed to the shift to
longer dwells, as in the case for the primary instruments, the
effect of loading in the secondary instruments 1is to decrease
the number of loocks at that instrument, perhaps an example of a
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phenomenon known as load shedding. The shape of some of the
histogreams changes under verying loacing conditions,
Subject #4 was the only subject whose dwell time histograms on
secondary instruments were not affected by loading. Bubject
#11 esppears to exhibit some Josd shedding, primerily on the
Altimeter and Vertical Speed Indicator,

Pilot Number | No Loading | 4-sec Intervals 2-sec Intervals
4 ] 0.6 3.7
11 0 1.98 7.38
8 0 6.80 8.46
5 0 8.560 20.08
10 0 19.80 23.39
(] 0 6.90 17,21

Table 111, Percent of Primary Instrument Dwells Greater Than
5 Seconds

Fixation Bequences

It wves of interest to examine whether pilots develop e
scan pattern or patterns curing the econstant flyirg
maneuver in this experimentel paradigm. If the dwell times
on individual instruments are ignored, an ordered list of
instrument fixations may be developed for each pilot for the
virious loading cases, These lists may be broken up into smaller
segments (or sequences) of verlous lengths for easier
analysis, Fach different sequence may be considerec as @
component of the overell scen pattern, One nmey
hypothesize that those sequences which occur most frequently
during the maneuver are those of most importance to the pilot and
ones which might indicate en ordered scan pattern,

Examinetion of the results indicated that sequences
of four-instrument fixatjons were the longest for which there
was 8 significant amount of repetition during a run, hence
sequences of length four were chosen for analysis., The nuinber of
times eech fcur-instrument sequerce oceurred during a ten
minute run was obtained as was the total number of sequences of
length four in the run, From these date, the percentage of
oceurrence vwnt celeulated for ecch observed sequence., For
eremple there might be 800 sequences of length four in 1
ninutes, I1f the sequence, ATT-DG-ALT-DG, occurs 40 times
during the run, its percentage of occurrence would be 40/800
X 100 percent = 5 percent., In this fashion, the percentage
of occurrence of &all length-four sequences in the no-loading
case was determined for each pilot, The 10 sequences which
occurred most frequently for each pilot were arbitrarily
chosen as indicators of the scan patterns normally usec by the
various pilots. 1In general, the specific sequences were
different for ecechk gilot. The manner in whieh the percentage
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occurrences for these 10 sequences change for each subject as
e funetion of menta) loading Iis shown in figures 8, Figure 9
plots the sum of these percentages across loading for all the
subjeets. It is important to note that the sequences used as
the basis for celculation for ¢e)) conditions erc the JC most
frequent for the no-loading case,. Eech Jine beginning at
the no loading cese end ending et the 2-sec¢ interval case
represents tlhiec same sequence.

Several interesting observetions mey te made by eomparln,
the plots of the skilled pilots (figure 8¢ and f) with those o
the novice subjects (figures fe-d), Adifference may be seen
between the two groups in the percentege of occcurrence of the
most often used sequences. The first 10 sequences used by the
skilled pilots comprise over 50 percent of thelr scan pattern
(see suc. in figure 8). The usege of these 10 gcequences is
relatively constant with chenges in loading suggesting that the
patterns are not disturbe¢ by the verbal number tesh, The
rovice pilots' results differ in several respects from those of
the skilled subjects however, The 10 most freguently used
sequences in the no loading run occupy much =maller percentages
of the <otal scan than do those of the shilled pilots., This
suggests the novices' scens are mcre random than those of the
skilled subjects, even without the imposition of &n
additional task,

The novice subjects ealso show a consistent decresse
ir tle [ercentege occurrence of the 'O sequences as the
workload is increased, This cecrease mey be the result of
either the equalization of the nunber of occurrences of each
sequence in the run (i.e., a trend to rancdomizetion) or a chenge
to ndifferent set cf sequences from those used in the nc loeding
case,

These findings both strongly supported the possible utility
of the instrument scan es &n indicator of tet) workload and
skill., However, neither method seemed to allow direct compariscn
between scenpaths for different types of maneuvers since
instrument usege might very considerably for ¢ifferent tashe,
It thus appeared importent to develo[ ¢ rore general analysis
method.

Quantifying Disorder in the Scanpath

Traditionally, much of tne quantitative analysis of scanning
patterns has employed Markov transitior probebility retrices
(Sterk end Ellis, 1981; Krebs and Wingert, 1976). Eueh
matrices do describe the predominant patterns in the scan via the
relative siscr of trepgiticr [roebabilities but jt is eithe:r
extremely unwieldy or impossible to compare two of these
matrices fcr different experimental conditions, One of the
me jor goals of this research is the icentificeationofe gerere)
method for the study of scenning behavior. To be most usefiLl ‘!.
method should be incependent of the number anc srrergmert of
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instruments. The nature of eye-point-of-regard data (sequential
instrument and dwell times) obtained from the oculometer suggests
several methods from information theory which may have this
generality,

The piloting task in the current experiment is such that the
pilot's scan can only lie either on one of the seven specified
instruments or on outeide the oculometer's range. Eereh fixation
may be of arbitrary duration., The time history of fixations has
a form which is similar to that of a communicaetion system which
can assume eight discrete states with a varying duration in each
state (see figure 6). The orderliness of such a system is related
to the probabilities with which it occupies its different states,
A system which always occupied the sume state or always made
the same transitions between states would thus be quite orderly.
In the case of instrument scen, these situations would be
paralleled by staring and by a stereotyped scanpath respectively.

This concept of system order may be stated compactly using
the mathematical form for entropy from information theory. The
entropy of a sequence is defined as (Shannon and Weaver, 1949):

D
‘4) HO g = ZIPllogzpiLg

where H, = observed average entropy

p;j = probebility cof sequence { occurring

D = Number of different sequences in the scan

In the case of the instrument scan, entropy has the units of

bits/sequence anc provides e meastre o the randomness (or
orderliness) ¢f the scanpath., The higher the entropy, the more
disorder is present in the scan. The maximum possible
entropy is constrained Ly fhe crperimental concitions (sed
below). The entropy measure uses the same probabilities whic}
are present in transition matrices, but it yields a single, more
compact expression for the overall behavior of the probabjlities
rether than presenting them eech individually. This method
appears to afford some generality and has been the focus of our
recent efforts,

Note: The term Entropy has been associated with
Information Theory for so long that its usage tends to
suggest an attempt to quantify the information content
of some system. However, older usage of the term comes
from thermodynenjes where entropy Is used to deseribe
the arount of cdisorder present in & system. In the
present discussion it must be emphasized that there is
no attempt to quantify the amount of information which
the pllot is acquiring from his or her displays. Rather
the mathematical form for entropy is used to compactly
describe the amount of sputial &nd/or temporal order
present in the pilot's scanpath, in keeping with the
meaning of entropy in thermodynamies,

21
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In order to cslculate the entropy of the scan, each of the
instruments to be examined was given & number. As the pilot
scanned the instrument panel a sequence of these numbers was
then stored together with the dwell time for eech fixaticn.
While sequences of up to length 4 were considered in preliminary
analyses, the most detailed study was made on sequences of length
2 since these seemed to yield the most consistent results. The
remainder of the discussion here applies to the results
for length 2 sequences, Detafls of the methodology are given
elsewhere (Stephens, 1981),

Notes Forshort observation times,it can be shown that
the observed entropy for the instrument scen s
related to the tote] number of fixetion sequences (L,
defined with equation 4 below) which occured during a
run, In order to compare entropies from the scans of
different gpilcte for cifferent run lengths, ecch
estimate of entropy had to be corrected for L end
normalized to its meximum possible value, Hypayxe Bpax
may be calculated as foliows. In the most general case,
M instruments mey be arranged in some arbitrary fashion
on the cockpit panel, For a given number of instruments,
M, and sequence length N, the maximum number of
different fixation sequences is given by:

(5) Q=M . (M-1)N-1

= maximum number of sequences of length N

or

The number of bits required to uniquely encode all
Q possible sequences is logsQ. It represents Hy,y of the
visual scan for the number of instruments &nd
sccuence lengtih being considered. For example, with &
ttetes (7 instruments + out of range) the value of Q for
sequences of two instruments is 56 which yields a
cerresponding Hgp,x= 5.8,

The normelized value of H may then be calculated from:

() Hoorr = Ho « A/Hpgay

where Log,L for L<Q ; = 1 otherwise
R-N+1 = number of sequences in a run
number of fixations fna run

recuence length (N =1,2,3, or 4)

>

A Revised Method for Calculating Entropy

The method for calculation of entropy described above has a
flaw which had to be corrected in order to insure proper
calculation of frequency of occurence of different sequences.
The method described stcve ignores the overlap between

22



mhp.n.‘?rﬁmmm}ynw-w DR

ORIGINAL PAGE IS
OF POOR QUALITY

successive sequences. For example, the sequence 123431431 is
interpreted to include the length four sequences 1234 2343 343)
4314 and 14131, Clearly, the frequency of sequences
determinec in this fashion vill be correlated and in feet does
not provide the appropriate estimate of probability of sequence
occurence. Consider the sequence 12121212, For purposes of our
anolysls, it probably does not metter whether the sequence
1212 or 2121 is considered to oceur, Both relate essentially
the same pattern when a long run such as this oceurs, The
pattern 12125342121 on the other hand shows these sequences to be
different on the basis of context in the scan pattern.

Recognizing this problem, we have adopted a new m2thod of
calculating the frequencies of the various sequences, An initial
pass {s made on the date using the original method to
identify sequences, That sequence which occecurs most
frequently is noted, the number of occurences stored, and the
occurences of this sequence are then removed from the data run by
inserting -1 instrument code in the relevent locations. A second
pass is then made in which the most frequent valid sequence (the
-1 codes are ignored) is identified and removed. This process
continues until all independent sequences have been {identified
and removec, This precess insures that no sequence is counted
twice in estimating the probabilities of occurence of different
sequences,

Entropy Rate

While entropy shculd help to explain the orderliness (cr
lack thereof) of the scanning pattern, the developmert
presented up to this point does not include the fauact thet the
dwell time for esch fixaticr s different. From the
preliminery results or instrument dwells, it appears rather clear
that dwell times can be markecdly vffectec curing high mentel
loading. In order to include the effect of time in our measure, a
term for entropy rate was defined as:

(7) Hrate = Hy/t

where H, is the entropy for the systemn given by equation 2 and t
= smallest interval in which that trensition occurs,

In practice, Hygq¢e I8 &n average value given by the
following:

D
(8) Hrate = f[}Hcorr)i/DTl]
where (Hcorr)i = Normalized entropy for ith sequence

DT; = Average dwell time for ith sequence
D = Number of different fixation sequenr.;

The maeximum value which H, 4o can assume mey be calculated
using the Hp,, determined u%ovc together with dwell time
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statistios for the various Instrument sequences in the scan.
While §t is possible for pilots to meke rether repid glances
(with dwell times of 10( mseec or less) at their instruments
(Harris and Christhilf, 1980) e fixation rvate this high (10
fixations/sec) rapidly leacs to coculomotor fatigue (Fahill,
1877). 4 rorc realistie average velice is (rchebly about two
fixatl%psllec or less for a long perfod of instrument scan (say >
10 sec).

Using this velue (0.5 sec/look) es the average dwell
interval, the maximum entropy rate for sequences of length two is
calculated from equation 5§ to be:

(Hpptedmax = 5.8/0.5 . 2 fixetions/seq. ® 6 bits/sec

This number represents an upper bound. Since we suspect that
the pilot must exhibit sonc¢ regularity in his or her secan, the
tunbers we would expecet to obtain under actuel flight conditions
will probably be lower, The observed averege Hpgqe for the
current experiments was on the order of 1 bit/sec. A tendency to

ste1e t1cer inereased load should be reflected by decreased
«rtrcpy £1d increasce fireticn tines naking H tenc toverd
lower velues under gucl conditions, Figure IJ plots Hrate V8

number tusk difficulty for several pilots,

Hrate = 0.93 ¢~TD

 1.00 ///.\///
1]
P
= \ 0 53%
L i -~
- 8 ~ 5100%
; \
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Figure 10. Entropy Rate on Length-2 Sequences vs Imposed
Task Difficulty for 8 Pilots ( Relative Skill
Levels Shown on the right - highest=100% )
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A trend toward lower entropy rate with higher task
difficulty may be seen. A two-way analysis of variance weas
performed for the entropy rate data from nine pilots on levels of
task difficulty and between subjects, F-tests allowed rejection
of two null hypotheses: cquality of mean H g4, 8t all loading
levels (p < 0.01) and equality of mean Hpq etween cvhjects
(p < 0.01). Al]l six combinations of leves h’lrerences in meen
Hpate Were found tco be stutisticelly significant (T-test
P 8 0.05). Thus H te Was chosen to map from scanning behavior
into task difficulfy®(i.e. workload).

The model used expresses H,, ., 88 an exponential function of
.

(9) Hpgte = 0.9270 e~ 1D

This equation was obtained via a regression analysis based
on the data from seven of the pilots with a coefficient of
determination, R2 = 97.3%. It is solved for task difficulty with
the following result:

(10) TD = =[0,06 + In(H )]

This expression can then be used to predict the level of
task difficulty for & new subject under the conditions of the
experiment reported here.

Autocorrelation and Power-Spectral Density

Another analysis metlrcd¢ ¢ tle sutocorrelation of the
instrument scan pattern. The purpose of this particulaer method
of analysis is to determine whether or not the pilot's scan is
altered by the mental loading number tesk in a pericdiec fashion,
Cre jJoscible elterntion thet might te encountered is that the
frequency at whieh an instrument is sampled may change as the
auditory task changes, Specifiecally, the nature of tlte
relationship between in.itrument scan frequency and number tesk
presentation frequency tosk would provide valuable hints on how
the task, and therefore the associated mental loed, affects the
scanning pattern,

The autocorrelation was performed on the data as described
below, Due to the wurbitrary nature of the assignment of
instrument numbers, the autocorsrelation of the signal conteining
all instrument numbers would not necessarily produce meaningful
results., For this reason each of the seven instruments wcie
crxorined svecessively by replacing the time sequence of all
instruments with ¢ sequence {x;(i)}) where the velue is 1 when
instrument § is being fixated anJ 0 when any other instrument is
being fixated. In order to eliminate the de component for further
spectrum analysis, a zero-mean secguence {tj(i)] was computed from
lxj(i)l as follows:

(11) fj(i) = xj(i) - ij
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where xj(i) = 1 If specified instrument § Is being fixated and 0
otherwise
kj = mean of (x4(1))

The sample autocorrelation of {(f4(i)), or sample
suiocovariance of {xj(i)}, was calculated by the formula:

n
(12) Ry(k) = 1/n lﬂlr,(n . 1501+ k)]

where R,(k) = autocorrelation sequence for instrument |}
n“=s number of samples = total run duration/cculometer
sampling period (1/30t) sec)

This autocorreclation was computed for eech of the seven
instruments for eech loeding case on each pilot, In order to
detect possible perjiodicity in the scan, the Fourier transform of
the autocorrelation was taken to produce the power density
cspectrum, From this a value for the dominant frequency mey be
obtained.

The power-spectral density wes obtained by using a Fast
Fourier Trensform (FFT) package avajlable on the microprocessor
system, Some interesting results emerged from this analysis the
tirst of which may be seen in Figurell, This shows the
autocorreiations for pilot #4 (second highest skill level) for
his wttitucde indicetor on eaeh of the four different mental
lcecing cases. A change in the dominant frequency may be seen as
the loading is increased. The power-spectral densities shown in
Figurel2 show the dominant frequencies for the low (10-second
intervals), medium (5-second intervels), and high (2-second
intervals) levels of mental workload to be 0.0928 Hz, 0.1709 Hz,
and 0.3175 Hz respectively. These frecuencies correspond to
periods of 10.78 seconds for the low, 5.84 seconds for the
medium, and 3.15 seconds for the high level of mental workloac.
These periods ere closely related to the number tasks periods
(11, 6, and 3 sec) given by the sum of the interval between
number presentation and the time required to present the numbers.,
This implies, at least for this pilot, that the loading task
Ccireetly influences the scan pattern., When no numbers are
presented, the pilot scans his instruments in a close~-to-random
manner and the density spectrum exhibits no dominant frequency
(ef fig.12.a). When the periodic task is applied, the scan
becomes more and more periodic with increased task frequency (cf
fig.12.,b&e). This demonstrates that the pilot hes a tendency to
multiplex the flying tesk end the number tusk for gresater
efficiency., Cverlosa¢ cccurs when numbers are gpresented too
repicly for the pilot to efficiently multiplex both tasks (ef
fig.l11.d). A similar behavior is observed for ell of the higher
skilled pilots es cemonstrated in Teble IV. The periods of
oscillation for the § pilots of highest skill appear to mateh
those presented to them by the mental loading task very closely.
However, the other 6 pilots do not seem to heve any consistent
pattern in their autocorrelsation of scegrences, Most of the
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Number task periods(sec)

I i | ¢ | 8 |

dovoonjonvnvoadrosvsond¢svevacnd

l100% | 9.75 | 65.69 | 4.18 |

Povovnjoncncvnoonvonndrncncand

| 85% ) 10,78 | 5.88 | 3.15 |

’-----’---.---*--—----#—----.-*

| 79% | 0,78 | 6.40 | 6.02 |

¢oscvad¢rossvesfosonanndsccsvand

les3x | 9.31 | 5.25 | 2.84 |

dronne fjoscvsondjrvsnnrandoncosncd

Pilot's | 3% | 9.76 | 6.40 | 2.03 |
relat‘v. ¢roncejoosvscndrarcnnsf¢vsavsnsnd
skill | 87% | 10.24 | 5.25 | 34.13 |
level. *-----+---.---*-------*-------‘

| 33% | 2.08 | 7.590 | 12.80 |

+-----*--_—---‘.------‘-------‘.

| 82% | 5.25 | 65.69 | 6.61 |

¢rvovadronvem sfvnvcovosjosconced

| 22% | ©.31 | 12.80 | 8.79 |

+-----‘---—---*-------‘----—-—‘

| 16% | 1.32 | 7.88 | 13.65 |

*—----*-------*-------4-------*

| 18% | 17,07 | 20.48 | 17.88 |

dreosajuanscasdoorncnndmoneveed

Table IV, Sce1 evtccerrelotion cominant periods for 8 pilots
using attitude indicator (glide slope/ localizer ror )
for 3 frequencies of the mental loaeding task.,

pilots showed little or no perfiodicity in the no-loading casec.
One possible explanation of these results may be that the higher
skilled pilots ecapted their scanning to the tesk much faster
and better than the lower skilled subjects. DeMaio, et al (187()
found that skilled pilots evidently developed optimum scanning
strategies when presented novel tasks much faster than unskilled
pilots. Another explanation mey be that skilled pilots have &8
better developed ability to time multiplex several simultaneous
tasks.

Performance Measures

Before discussing the modelling effort in this study, it is
necessary to mentjon how task performance was estimated in these
experiments., Several variables were obtained from each of the
two tasks in order to allow the ccmputation of performance
scores., The scores developed ran between ¢ percent end 1C0
percent with 100 percent being obtained if the pilot never
deviated from the intended path in space on the piloting task,
and if all number tusk sequences were answered correctly for
the mental loading number task. The scores from the piloting
and the mental loading tasks were then combined to provide a
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performance measure to be used in the validation of proposed
performance/skill/workload model.

The scoring measure for the number task wes computed as
given below.

(TOT - WRO - MIS)
iiisissmmrcrermmenscne=s X 100%
TOT

(135 ™ =

where
TP smental loading number task performance
T0T= totel nunter of etirmul! presented
WRO = number of incorrect responses
MIS = number of missed responses

This score was 100 percent if the pilot answered every seguence
correctly and =zero percent {f a pilot either answred
incorrectly or rijssed ell of the stimull presented, Diost
subjects score nearly 100% on this task {f they have nothing
else to do simultaneously.

The raw data avelilable for scoring performence on the
piloting task were the errors from the intended track for the
glide slope end localizer ecourses. Discussions with scveral
highly skilled pilots revealed¢ that accuraey of tracking
the glide slope and locelizer might not provide a complete
performence picture. These pilots were willing to trade
off "smoothness" when the loacing task became more difficult;
f.e. the pilot mey perform the piloting task to the same level
of accuracy, 8s far as deviations from a designated path are
concerned, on two different runs but produce two very different
ride qualities for tlese rumns, Cne possible measure for
sroothness could be the frequency of oscillution around the
irtended path. The higher this frequenecy is, the less "smooth"
the ride becomes, It was arbitrarily assumed that & smooth
ride would contain frequecies mostly less then 0.1 Hz, Under
this essumption, measurement of the spectral component of
the eircreft dynemics &bove 0,1 Hz, would indicate any
decrement in the ride quality,

In order to examine this measure, the power-spectral density
(PSD) of the -course deviations was computed. The bandwidth
of the calculatec PSD weas 2.5 Hz, The "power" within a band of
frequencies may be determined by integrating the PSD over that
band (Sehwartz, 1859)., We chose to consicer the & of the
spectral power which was located in the band from 0,1 to 2.5
Fz. This was calculated by subtracting the power conteined
in the band from 0 to 0.1 Kz (essuming that the D.C. component
was first removed) from the totel power in the spectrum and
multiplying by 100%. This % of the PSD was computed for both the
glide slope and the locelizer and combined wth the two RMS
measures to provide four candidate veriables to be included in a
performance score for the piloting task.
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SBince the pilots were ({instructed to give equal
priority to the piloting task and the mental loading number
‘task, both were included in the development of a combined
performance score, While a welighting of 0.5 might have
been sessigned to each task, it was decided to leave the
welighting free to allow the model (fitting procedure to
determine the relative weights, A linear relationstip
between all of the terms was assumed and the form of tle
equation became:

(14) P = CONST + a( TP) + b(RMS/GS8) + ¢(RMS/LOC)
+ d(XPWR/GS) + e(%PWR/LOC)

where

P = combined performance measure

CONST = constant term

TP = mental loading number tesh performance

RMS/GS = RMS error from glide slope track

RMS/LOC = RMS error from localizer track

%PWR/GS = percent of power from the power-spectral density
forthe glide slope greaterthan®.l Herte

%PWR/LOC = percent of power from the power-spectral density
for the localizer greater than 0.1 Hertz

A Model Relating Workload, Performance, and B8kill

One of the major goals of this work was the development of
@ mode! relating performance, skill, and mental workload. The
ultimate goal is the predietion of performance given
estimetes for the other two parameters. A model releting
these three parameters may be postulated from the empirical
retationship shown |in figure 1. Construction of the
nmocel should, in feet, aid in determing whether such empirical
expressions are valid. The model chosen was an exponential form:

(15) P = P(0) - EXP((TD/Skill)2 )
Thisequationmeybhcrearrangedasfollowss
(16) EXP((TD/Skil1)2 ) = P(0) - P

whieh states that the exponential term is equal to the
difference in te performance at the no-loaeding level P(0) and
the performance st the present level! of mental loading P. Using
the values for the level of skill and tesk difficulty
calculated in equations 4 and 11 respectively, the left hand
side of the equation may be computed. The right hand side of
the equation must be expressed in terms of measurable performance
indicators., Making use of equation (14), the right hand side of
(16) may be expanded to yield:

31

e



A e R

ORIGINAL PAGE IS
OF POOR QUALITY

(17) P(0) =-P = a(8TP(0)- #TP)
+b(RMS/G8(0) - RMS8/GS)
+ c¢(RM8/LOC(0) - RMS/LOC
+ d(XPWR/GS8(0)~ XPWR/GS
+ o(NPWR/LOC(0) - %PWR/LOC)

A multiple regression analysis was then performed the
expanded version of equation 16 using values for each of the
indicate parameters recorded during the experiments. The data
from seven pilots wes used for model development, while that
from three other subjects was used for model verification,

The resulis of the first attempt at regression 1indicated
that the coefficient of the APWR/LOC term could not be
differentiated from zero based on a Student's T-test, This
varifeble was eliminated from equetion 17 enc the enalysis weas
repeated. This regression yjielded non-zero values for the
coefficients & through d, end included 8 constant term. The
resulting equation was:

(18) EXP((TD/Skill)2 ) = 1,4483

0.0351(#TP(0) - &TP)
0.1765(RMS/GS(0) - RMS/GS)
0.0366(RMS/LOC(0)- RMS/LOC)
0.0377(%PWR/GS(0) - %PWR/GS)

+ *

+*

This analysis had an R squared value of 76.6 percent and an
F-ratio of 12.28 (p < 0.01). The coefficients determined for
16 may now be used in equation 14 which becomes

(19) P =1,4483 + 0.0351(#TP) + 0.1765(RMS/GS)
- 0.0366(RMS/LOC) + 0,0377(%PWR/GS).

These coefficients provide the relative welghtings for
each of the performance terms but they need to be scelecd in
order to provide the proper characteristies for the equation, 1If
each of the terms were &t thelr meximuni value, that is
100 percent, then the combined performance measure shoulcd slso
equal 100 percent. However, using the coefficlient this 1C0
percent, each coefficient must be multiplied by 100./22.72 =
4,40, The modified performance equetion becomes:

(20) P=6.3750 + 0,1545( TP) + 0.7769(RMS/GS) - 0.1611(RMS/LOC)
+ 0.1658(%PWR/GS)

A plot of this fuction versus the task difficulty, obtained from
equation 10, is provided in Figure 13. It was hoped that
these CuUrves would resemble those given in the
hypothetical plot in Figure 1 and for some of the pilots, a
general overall downward trend is present, Even though the
curves do not match the hypothetical ones exaetly, there
are some common features between them. First of all, the curve
for the lowest skilled pilot 7 i{s scen to decrease much more
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rapidly than the curves for the more highly skilled pilots ( 3,
113 the two points for 3 are for the third and highest levels
of mental loading respectively).

To test this model's value as a predictive tool, the data
from three subjects not included in the model determination,
were substituted into equation 17 and plotted versus perceived
task difficulty in Figure 14, Pilots 12, 8, and 16 produce
some interesting, If wnot consistent results, The three
points of pilot 12, and pilot 16 are for the second, thirJ, and
highest loading levels. All three pilots show a net decrease in
performance between their lowest and highest task difficulties
even though they nccomplished this decreese in very different
ways. Pilot 8 appears to be the <closest to the
theoretical model with his sharp decrease in performance over &
very small tesk difficulty inerease. Pilot 16, on the other
hand, appears to be decreasing at «n exponentially decreasing
rate as opposed to the model whicl preciets reesing
performance at on exponentially increesirg reate, Filot
12 increases performance sharply between his second end third
runs and then decreases just as sharply between the third
and fourth runs,

Since the choice of the exponential model for
performance/skill/workload was arbitrary, two other forms for
the model were also examined. These were circular and linear
models ard neither was as gcod at fitting the data es the
exponentit]l and hence were sbandonied. The models described here
are still under development and work 1{is 1{in progress to repeat
the experiments described here and to apply this methodology
to other instrument flight scenarios.

OONCLUDING REMARKS

Our results suggest thet in e skilled task such as
piloting where instrument scun pleys en important role, tihe
scanning behavior may serve as an indicator of both workload and
skill. The results presented do not, et this time, seem to
support the notion of an accurate, absolute measure of workload,
However, @& quantitative, relative comparison of mental workload
under varied conditions does appear to be feasible,

One implication of the effort applies to the estimation of
workload of some new procedure which may heve several possible
levels, In many cases, test pilots with superior flying
skills are utilized in the estimation or mesasurement of
workload. This often lcads to equivocal conclusions in
comparing alternative procedures or displays. The present
findirgs indicute tletl Cifferent levels of loading may Le
difficult to mewcsure in skilled subjects since they appear
to be less sensitive to increased difficulty (see figures 1, 9, &
11), Our results Iimply that pilots of moderate skill nre
more sensfitive to the verbal loeding task. Thus {f one is
concerned with the question of the effect of changing the level
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of difficulty of some task, then as one step in the evaluation,
the use of pilots of intermediate skill at several loading
levels would seem appropriate since their behavior (visual
scanning and performance) will be altered more as a function
of the loading tusk than will that of more skilled pilots,

Another possibie application may be the assessment of pilot
skills. The work presened here suggests thet there {s a
relationship between the scanning behavior of the pilot and his
skill level. The obvious place one might use this result is
in training. One may hypothesize that, as a pilot's skills
develop, his visual scanning behavior will be less and less
affected by non-visual i{ncrements in workload. This hypothesis
is supported by a number of our findings. It appears that as
ekill increases, the percentage of long dwells decreases for a
particular loanding level, The scan pattern used during a
fixed maneuver is also unaffected by verbal loeding at higher
skill levels, a result supported by both the frequency of usage
of different instrument fixation sequences and by correlation
methods., This finding might be utilisec in assessing pilots!
currency, competence, and level of skill; the technique might
be used to pinpoint areas which may require additional training
or practice.
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