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Abstract

This vaper dascribes work in progress on the use of wvisual scanning
behavior as an indicator of pilot workiocad. The study is investigating tha
talationshio batweaeen lavel 3£ parformanca on 3 constant piloting task undar
simulated IFR conditions. the skiil of the piiot, tans leval of mental
workload induced by an additional verbal task imposed on the basic control
task. and visual scanning behavioer.

The resuits indizate an incr2ase in fizalion dwall times. 2gpac:iiily
on  the oprimary instrumant with inecrazsed mentzal loading. Skilisd subiaects
""starad" less under increasad loading than did novice pilots. Seaquancas of
instrument fizations wera also ezamined. The wercentage occurrence of the
sublect’'s most used sequences decraased with increased task difficulty for
novice subiects but not for highly skillad subiects.

Entropy rate (bits/sec) of the seguence of fizxations was also usad to
quantify the scan pattern. It consistently decreased for most subiects as
the four lecading levels used increased. An exponential eguation in task
difficalty was found to ba a good praedictor of entropy rate. When solved

for task difficultv. the equation providad an estimate of the lavel of task
difficulty perceived by a subiect.

Piloting and number task performance measures were rtaecorded and a
combinead verformance measurs < was computed. Skill was estimated
independentlv via a2 method based on pilot eznerience. These maasuras were
combinad with entropy rate to develop 2 model relating performanca. skill.
and mental workload. The exponential modal £it the data well enough to

suggest that this approach has promise in the avaluation of interactions
among thesa wvariables.

Introduction

The guantification of mental workload in aircraft pilots has baan of
considerabla interest for some time. Pathaps the chief reason for
maeasuring workload is te predict conditions undar which task performance
will dacrement. 1If cuch conditions could be accurately predicted. then the
nature and temporal seguence of flight proceduras and of pilot/faircraft
interfaces might be arranged so as to minimize the chances of overload.
"Quantitative analvses of workload remain elusive however. What one would
like is a olear cause and effect relationship between an indapendent

variation in imposed worklead and some reliable dependent measure.
»
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The task of flving an aircrait is complex however. and it ‘has been
difficult to clarify tha functional relationships between various

‘paramaters in piloting tasks. Thea skill a particular individual brings to

the piloting task and the nature of the task which is performed can both ba
expected to influence the “difficulty” of tha task. These factors may be
further complicated by a shift in the pilot's priorities: (Some tasks may

be ignorad whila others receive full attantion).

SKILL

PERFORMANCE

WORKLOAD

Figure 1, INTUITIVE RELATIONSHIPS BETWEEN
PERFORMANCE, SKILL, & WORKLOAD

The problams which such inter-relationships introduce is weall
illustrated when one attempts o employ task performance % an indicator of
workloaad. . All pilots. ragardless of skill. can ba axpectad to axhibit poor
performance if the loading level is excassive. The ovarload situation is
ralatively aasy to assess. howevaer. using subiective tachninuas.
Situations which involva intarmediate to high ievels of loading would sesn
to be the ones of more practical concern: i.e.. one is concarned with
minimizing the chance of a high workload anproaching an overload situation.
Intuition suagests that the lavel of skill of the pilot may influsnce the
performance vs workload ralationship for intermediate or marginal loading
lavals. A pilot of high skil! would be expected to maintain "better®
parformance than a novice flver uynder any loading condition short of
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overload. This intuitive concent is illustrated graphically in figura 1

The research described here uses this graphical represantation of the
nerformance/skill/woerkload relatxoﬁships imn order to posa 3 number of
testable hypotheses. It will be suggestad shortly that instrument sgan mav
ba an indicator of workload and/or skill in certain types of flight
situations. a suggestion supported by both aualitative and guantitativas
results. In addition. if a measure of workload based on instrumnt scan is
combinad with independent measures of pilot skill and performance., then a

model of the hyvpothetical relationshins in figure 1 may be developed and
testad,

Visual Scannina Bahavior

Tha pilet has many sources of information tnput but the most imgortant
sna during tnstrumant  flidht i3 probably  thka  wisuzal  oathway.,  Unidar
insirumant flight gond:itions. some sansorv inpuks may =aven provida {alsa
mmformation such as vertige which reasults from coniflicting visual and
vestihular information., The pilot obtains information concerning aircraft
state by cross-checking or scanning the flight instruments.

m=thod of scanning the instrument panel variss ifrom oilot o
tharsa

The =xact

pilot Dut
are some basic featurss common to a "good" scan pattern. Inda2ed. it

was the early study by Fitts and his associatas on  instrument transitions

which led to the familiar "T" arrangemant of the mator flight instrumants
(Jones, et.al.. 1346).

A fundamental notion n the present work is that a repetitiva piloting
task will invoke a raegular visuial scan (spatial/temporal pattermn of eva
novemants) during instrument flight. If this notion is correct. then it
mavy be postulated that external factors such as noise. interruptions., and

fatigue which interfara with the opiloting %task may produce measurabls

changes in tha scanning behavior. Such a measurs would be particularly

attractive for guantifying workload since it would be both non-invasive and
obiactiva. K

Experimental Dasign

A saeries of ezperimants is being carried in order to carefully examine
these ideas, The basic experiment is described in datail elssewhers (Tole.
et al. 1382 and only the saliont points are repaatad here. Tha
axpariments describsad wera parformad it tha NASA/Langley Ressarch Centar,
Flight Management Branch. in Hampton. Virginia,. making use of their flight
simulator and ooculometer facilities (MiddIston. at.al.. 1977),..

Three factors were manipulated in the experimants: 1) a piloting task
reguiring a steraotyped scan path., 2) a varbally presented mental loading
task. and 3) a workload calibration side task.

Wa sought a representative constant piloting maneuver which might be
raalistically axpactad to cccur for pariods of up to 10 minutes in actual
flight. This run langth was chosen as an astimate “of the minimum amount of
time reguired to provide a-sufficient number of instrument fizations to
satisfy the assumption of steady state conditions. Tha Instrument Landing
System (ILS) aporoach is often chosan as the piloting task in studies of
workload (Waller, 1978; Krebs and Wingart., 1978: Spady. 1977D. Hovever.
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the IL3 approach rapresents a constantly changing task difficultv as
touchdown is zpproachéd (espacially due to inecraases in Clida slope
sensitivity and cost of error for course deviation). This variation min tha
orimary task loading makas it difficult to accurately control the amount of
mantal workload on the oiloet as an indepandant variable. It was decided
that a scenario in which glide slepe sensitivity and heading were held
constant would allow the piloting task difficulty to ramain ralatively

constant for a long period. but neverthaeless be more or less realistic.

A desktop gemneral aviation instrument flight simulator (Analog
Training Computars ATC-S10 was used to simuldte these flight manuesvers.
The ATC-510 i5 a proceduras trainar for light, singla angina. fixad pitch
oroo. fixed gear. IFR equipped aircraft. The simulator was equipned with a
turbulance level cantrol which was sat to the first level above
conditions in order tc force soma2 pilot vigilance on the flight task.

calm

Pilat lookpoint on  saven nstruments (Attiruda Indicatof ‘ATTS.
Directional Gyro 'DG'. Altimater CGALT'. Vertical Spead Indicator 'VSI',
Airspaed 'AS'., Turn and Bank *'*B*‘, and Glide Slove/Localizer 'GS5L') was
maasured wusing 3 Honeywell asculometar svstem which has been substantially
modifi=d by NA3A Langlev Hasearch Canter (Middlzaton. =2t.al.., 1377 This
devica is non-invasive and allews tha usar to datarmine the time course of
eave fivxations on instruments z=2mploved by the pilot and the dwell time of
2ach fixation to the nearest 1/30 sac.

The mental loading task was chosen so as not to directly interfers
with the visual scanning of tha pilot (i.a. the task would not require the
pilot to look away from the instruments} while providing constant loading
during tha maneuver. The task used reguired the pilots to respond to a
saries of evenly spaced three-number sequences (Wittenborn. 1943) presented
to them audibly by means of a soeaker. The pilot was teld that he must
mespond to sach thres-number segquance by indicating either "plus" or
"minus" according to the algorithm : first number largest. sacond number
smallest = '"plus" (s.g. 5-2-4), last number laragest, first numbar smallast
= "plus" (a.g: 1-2-3), otherwise., "minus" (e.g. 28-5-1).

Tha mental workload excerienced bv the nilot is inversalv proportional
to tha intervala _betwean number sequences. This relationship is given by
the fcllowing aquation which is arbitrarily chosen: ’

1) TD = llinterval batween#ftask

where TD is agual to imposed task difficulty. The four loading lavels usad
in the currant axperiments were iIntaervals of continuocus silence (Q.e,
no-—numbers presentad). ten. five. and two seconds which have corresponding
task difficulties of 0.0, 0.1, 9.2. and 0.5, respectively.

Numbars were ganerated by a computer controlled speech synthesizer.
This allowed automatad scoring of task accuracy. calculation of response
reaction times. and the pogsibility of temporal correlations of visual or
other responses with the verbal stimulus. The probabilities of cccurence
of "+" and "-" sequences wera each 0.5. Thea pilot was instructad to give
the number task priority egqual te that of the piloting task as if the
verbal questions repressnted a constant rate of radio communication.
Parformance was recorded bv havinag thae pilot prass a 3-position rocksr
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switch mountad on the voke. up for plus and down for minus.

Thea amount of mental loading imposed on the pilot by the number task
wags calibrated wusing a2 side task (Ephrath. 1375). The runs mada with the
side task weare not usad in tha scanning analysia. howavar. dua te tha
altaration of normal scanning caused by the task. The results (Tola.

- at.al,, 1982) from these runs confirmad the relative difficulty of the
various number intervals.

A micronrocessor development system (E;Jrns. et.al. 1980) was used for
both stimulus graesentation and data collection and analvsas.

Parformancs Measures

Savaral variables waras obtained from sach of the twotasks tn ordar to
allow tha computatisn of o22rfarmance scoras, Thas= scoras davelon=d rin
batwean 0 pgerse2nt and 100 .psrcant’with 100 gercent being obtained 1f  the
pilot naver deviated from the intendad path in space on the pilcting task.
and if all number task ssguences were answerad - correctly for the mental
Icading number task. The scores from the pileting and the mental loading
tasks ware than combined to provide a performance measuyra to ba usad in the
validation of propesad parformanca/skill/workload model.

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

¢ TOT - WRO - MIS)
@ FITP o e mmm e e x 100%

where . .
TP = mental loading number task performance
TOT = total number of stimuli presented
WRO = number of incorrect responses
MIS = number of missed respomnges

This score was 100 parcent if the pilot answered evervy seduence correctly
and zero percent if a pilot either answred incorractly or missed all of
the stimuli presented. Most subiects score nearly 100% on this task if
thev have nothing alse to do simultanesously.

The raw data available for scoring performance on the piloting task
ware the arrors from tha intended track for the glida slope and localizer
courses. Discussions with sevaeral highly skilled pilots revealed that
acocuracy of tracking the glidse slopa and localizer might not provide a
complete performance picture. Thesa pilots ware willing to trade off
“smoothness” when the loading task became mora difficult; i.e. the pilot
may perform the piloting task to tha samae laval of " accuracy. as far as
daeviations from a designated path are concerned. on two different runs but
produce two very diffaerent ride qualities for these runs. One possible
measura” for smoothness could ba the freguency of ‘oscillation around tha
intendad path. The higher this fregquancy is, the lass "smooth" the ride
bacomes. It was arbitrarily assumed that a smooth ride would contain
fraguacias mostly less than 0.1 Hz. Undaer this assumption. measurement of
the spectril component of the aircraft dvnamics above 0.1 Hz. would
indicate any decrement in the ride cquality.
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In order to examine this measura. the power-spectral density (PSD) of
the course dawviations was computed. The bandwidth of the calculated PSD
was 2.5 Hz., The "powear"” within a band of freguencies mav ba determined by
intagrating the PSD over that band (Schwartz., 1959). We chosa to considar
the % of the spectral nower which was located in the band from 0.1 to 2.3
He. This was calculated by subtracting the power contained in the band
from 0 to 0.1 Hr (assuming that the D.C. component was first removad) from
the total powar in the spectrum and multiplving bv 100%. This % of the EFSD
was computad for both the alide slope and the localizer and combinad wth

the two RMS measures to provide four candidata variables to be included in
2 nerformanca score for the piloting task.

Sinice tha pilots were instructed to give egual opriority to the
piloting task and the mental loading number task. both wersa includad in the
development of a combined performanca scora. While a weighting of 0.5
might hzave baan assigned te =2ach task. it was decidad to la2ave tha
weighting~fraa to aillow tha model fitting orocaedura to datermine thae
relative weights. A linaar relationship batwaen all of the terms was
assumed and the form of the eguation became.

{3 P = CONST =+ a.(;’rfé['P) + B{RMS/GS) + c{(RAMS/LOQ)
+ dt%BPWR/IGS) + e{(%PWR/LQOC)

whears

P = combined performance measure

CONST = constant term

TP = mental Joading numbar task performance

RMS/GS = RMS arror from alide slonme track

RMS/LOC = RMS error from localizer track

%WPWR/GS = percent of power from tha power-spactiral density fer
the alidae slope greater tan (.1 Hartz

%PWR/LOC = parcent of nowsar from tha power-speoctral demnsitv for
the localizer greater than 0.1 Heriz

Estimation of Pilot Skill levels

In order to assass the affacts of skill on performance and mental
workload, an independent guantitative measura of skill wis nesded. A mode
of pilot skill based on experience factors was used for this puroose
(Hollistar., at al. 1973). This model wig developad in order to praedict the:
currant level of skill.of pilots flying light. single engine aircraft.

3 Skill = 1.42 + 0.25(rscency) + 0.73{oa(total timae)
= 9.030{vears certifiad) + 0.15{log(time in tvpe))
- 0.0088{age) + & ’
where
Skill = scors raflesting relative piloting
performance
tecency = numbar of flight hours in past 30 davs
total time = total number of flight hours-
time in tvpe = total number of hours in light sinale engine aircraft
- vears certified = time in vears since last certificale
’ orating
ade = subiects's age in vaars
e = ragidual variance not explained by the model
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A raw skill score was calculated for cach of the pilot subiects using
the model. The pilot with the highast resulting skill score was than used
to normalize all of the scores so that skill lavels would range betwean G%
and 100%. Elaven gubiects ranging in skill from NASA test pilots to

non-nilots participated in the expariments. Tha ralative skill scoras for
the subiects are given in Table I.

NASA PILOTH# SKILL 3CORE
3 100%
3 a5
11 77
13 33
15 33

& 37
12 33
14 3

8 22

7 15
16 13

TABLE I.

Ralativa Skill Scores of Subiescts basad on Equation 4

Thoudh care must be taken when applving an equation such as this in a
different =et of experimantal conditions, the overall rank ordering of the
pilots by this method is probably accurate as it generally agreed with

subiactive rating of the pilot's skillc by ezperiancad obsarvers at the
NASA/Langlav Research Cantar.

Conduct of the Expariments

Each session consisted of four l0-minute runs with a J-minute break
batween each run. Tha difficulty of the mental loading task would start at
no numbers for the first ruq-a.nd increase to Z-sec intervals by the fourth
run. Some subiects participated in two sessions., one without and ons with

the side task. Each subisct was allowed to practice all three tasks until
he falt comfortabla with then.

Praliminary Results

Ingtrument dwaell time histoarams and the frequency of usaage of
different sequences of instrument fizations were both affected by tha
loading task. Both results are reported in detail elsewhers (Tole. et.al..
1882) and only the maior points are mentioned hsre. An increase in dwell
time with increase in mental loading was obsarved in all subiscts. This is
illustrated in figure 2. Novice subiects generally had much longer dwell
times under increased lcad than did skilled pilots, (Relative skill lavels
are oiven in Table 1 above.) The fization sequencas of the pilot's
instrument sans wers analvzed, and the vercentage occurrence of the ten
most fraquently occurring segquences were also analvzed. These resulls
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CONDITIONS

indicate that: 1) skilled pilots use a higher wnercentage of thair ten most
frequently occurring saguénces than do novice pilots and 2) the scan
pattern of the novice subisots were affacted more by the increasa in mental

loading than were the patterns of the highlv skilled pilots. This result
is shown in figura 3.

A more ganaral method of auantifying the scan

Traditionally, much of the quantitative analvsis of scanning pattems
has emplovad r:tarkov transition probability matrices {Stark and Eilis. 1381:
Krebs and Wingert, 1378). Such matrices do dascribe the predominant
patterns in the scan via the relative sizes of transition probabilities but
it is either extremely unwialdy or impossible to ocompara two of these
matrices’ for different experimental conditions. One of the mator goals of
this research 'ig the identification of general methods for tha study of
scanning behavior. To be most useful the maethod should be independent of
the number and arrangment of instruments, The nature of
aya-point-of-ragard data (saquential instrumant and dwell times) obtained

from the cculometer sucaoasts several methods from mfomat:on theory which
may have this canarality.

ORIGINAL PAGE 3
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Figure 3. PERCENT USAGE OF LENGTH 4 SEQUENCES UNDER VARYING
LOAD (TYPICAL SEQ : ATT -~ DG -~ ATT - ALT)

The piloting task in ths current experimant is such that the pilot's
scan can only lie on one of the 7 specified instruments although each
fization mayv ba of arbitrary durztion. The time histery of fizations has a
form which is similar to that of a gommunications system which can assume 7
discrets states with a varving duration in sach state. The orderliness of
such a system is related to the probabilities with which it occupys its
diffaerant states. A system which alwavs occcupled the same state or always
made the same transitions between states would thus ba quite orderly. In
the cace of instrument scan. these situations would be parailelsd by
staring and by a stereotvned scanpath respectively.

This concept of system order may be stated comvpactly using the
mathematical form for entrepy from information thacry. The antropy of a
seguenca is defined as (Shannon and Weaver. 154%:
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5 H :.-—%p leg o
o i= i 2 1

whara

H = observed average entropy
o

o = probability of seguence i occurring
i

D = #’of Difterent sequences in the scan

in tha =zase of thea instrument se¢an., antropvy has the unts  3f
bits/seguence and providas a measure of the randomness {or ordacliness) of
A2 scanpathn. Ths higher the zntropv. the mora Jiszrdar is arasant

SCATL- The maximum possibla  entraoov

ta2
15 constrained by the 2xp=rimental
conditions (s2e below). The anitropy measure uses the same oprobabilities
which are prasent i1n transition matricas. but it vialds a single. more
compact exprassion for the ovarall behavier of the probabilities rather
than cresenrting them =2ach tndividuaily This methoed apop2ars to afiford soma
gen=arality and has baen the focus of our recant efforts,

To 1mplament this mathod., each of the instruments to be amamined was
given a number. Then a segquence of thesa numbers was stored as the pilet
scanned the instrument panel together with the dwell time for each
fization. Whils sagquances of up to length 4 ware considered in opreliminary
analyses, the most detailed studv was mada on sequences of length 2. The
remainder of the discussion hara applies to the results for length 2
seguences. Details of themeathodolgy are given elsewhere (Stephens. 1381).

It can be shown that the observed entropy for the insirument scan is
related to the total number of fization segquences (L. definaed with equation
7 below) observed during a run. In order to compars entropies from the
scans of different pilots for different run lengths. sach estimatae of
entropy had to be corracted for L and normalized to its mazimum possible
value, Hmax. Hmax mav be calculated as follows. In the most ganeral case.
M instruments may be arranged in some arbitrary fashion on the cockpit

panael. For’ a cjivcn number of instruments, M. and saguence length N. the
maximum number of different fixation sequances is given bv:

N-1
(8) e] = M(M-1) = maximum number of sequances of lsength N

The number of bits required to uniquely ancode all Q possible saquances is

leg2z Q. The magnitude of this latter number also rapresents Hmax of tha
visual scan for the numbar of instruments an seauence Ilanath being
considarad, For example, with 7 instruments the value of Q for seguencas

of 2 instruments is 56 which yields a corresponding Hmax = 5.8.

The.normalized value of H may than be calculataed from:
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Hmazx
(7Y Heorr =2 HO X mcrmecmm—=—-
Log L
2
whare
L = R-N+1l = nunmber of sequencas in a run

R = number of fizations in a tun
N = sequence langth (N = 1.2.3, or §)

While entrony should help to explain the orderliness {(or lack thereof)
of the scanning pattern. the desvelopment presentad up to this point does
not includa tha fact that the dwell time for each fization 15 differant.
From the oraliminary results on instrument dwells. it 2popears rather ci=ar

that dwell times can be markedly affzcted during high mental lcading. In

wwder to wneluds tha affsct of fime I our m=2asurs. a tarm for antgoov Bote
was darfined ais;

(8> Hrata = Hol/t

wihara Ho is the anirooy for the system given by 7 and t = smallast intarval
i which a transitiom mav ocour.

In practice. the calculation of Hrate was an average value givan by
the followina:

D
(9 Hrate =2 Hoorr /DT
avg i=1 i i
where

Hcorr = Normalized antrooy for ith saguence
i

DT ' = Average Dwell tima for ith seguenca
i

D =#ot different fizxation sequences

It is halpful to estimate the mazimum valua which Hrate might assume.
This mavy be calculated using the mazimum for entropv determined above
togather with dwell time statistics for the various instrument seguancas in
the scan. While it Is possible for pilots to make rather rapid glancas
(with dwall timas of 100 msac or less) at their instruments (Harris and
Christhilf, 1980) a fixation rate this high (10 fixations/sec) rapidly
Imads to oculomotor fatigue. A morerealistic average value is probably

about % fizations/sec or less for a long period of instrunent scan (say >
10 sasc).

Using 0.5 sac/loock (2 fizations/sac) as the average dwall intarval.
the mazximum entropy rate for sequences of length 2 is calculated to ba

Hrate = 5.8/0.5 * Z fixations/seq. = & bits/sec
max

This number reprasents an uppner bound. Since we suspect that the opilot
must have some regularity in higs or her scan. the numbers we would axpact
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to obtain under actual flight conditions will probably be
observed average ‘Hrate
bit/sec.

lower. The
for the current experiments was on the order of 1
A tendency tc stare under increased load should be reflected by
decreased entropy and increased fization times making Hrate tend toward
lower values under such conditions. Figure 4 plots Hrate vs number Task
Difficulty for all pilots except 12 and 8.

1.2040
~ \\ Hrate = 0,93 e ~ID
7] \
] ~
() ~
1.00H A *0)
N O
] o 13
Hrate - 804 O -~ ‘o) 3
(bits/sac) -~ -
7] O — q 6,4
60; Ny O 14
] ~ 11
i . 16
] 0O 15
b
1] 1 } : +
.00 .10 .20 .30 <40 .50

IMPOSED TASK DIFFICULTY

Figure 4. ENTROPY RATE ON LENGTH 2 SEQUENCES vs.
IMPOSED TASK DIFFICULTY

A trend toward lower sntropy rate with higher task difficulty mav be seaen.
A two-way analysis of variance was performad for the entropy rate data from
nine pilots on levels of task difficulty and between subiscts. F tests
allowed raiection of two null hynotheses: eguality of mean Hrate at all
loading lavels (p < 0.01) and eauality of mean Hrate betwaen subiects (v {

0.01). All six combinations of level differences in mean Hrate wete found
to be statistically significant (T-test p ¢ 0.05), Thus Hrate was c¢hosen
te map from scanning behavior into task difficulty (i.e. workload). N

The model used expresses Hrate as an exponential function of TD.

(10> Hrate = 0.8279 EXP(-TD)

This equation was obtained via a rearassign analvsis bised on tha data from
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savan of the pilets with a
87.3%

results:

cosificient of determination. R-sguared. =

This aquation may be solved for task difficultv withthe following

(11> TH = —~(0.06 + In Hrata).

This expression can then be used to predict the leval of TOD for

a new
subiect under the conditions of the axperiment reported hers.

Model Development and Verification

One of the maior aoals of this work was the development of 3 model
t=lating performanca, skill., and mantal workload. Tha ultimate goal 13 the

arediction of rpcerformance given estimatas for skill and seanning
carametars. A modal relating performance. skill. and mental worklead may
32  pestulated from *ha  amoirical cz2lationsnis shewn 1in figura 1.

Construction of the model should. tn fact, aid in datdfming whather such

empirical expressions are valid. The model chosen was an =aponential form:

2

t12) P = P - EXPWTD/SKiID )

This a2guation may ba raarrangsad as follows:
2

(13) EBXPUTD/Skill} ) = P - F

which states that the exponential térm is agual to the difference in te
performance at the no-loading level P(D) and the performance at the present
level of mental loading P. Using the valuas for the Ilevel of skill and
task difficulty calculated in equations 4 and 11 respectively, the left
hand side of the equation mav be computed. Thae richt hand side of the
equation must be expressad in terms of maasurabla verformance indicators.

Expanding the right side of (13) vields
(14) P@® - P = ackTPO -#TP) + B(RMS/GS5(Q} - RMS/GS)

+ c(RMS/LOC(D —~ RMS/LOC) + d(APWR/GSW -~ %PWRI&S)
+ a(%WPWR/LOC() -~ %PWR/LOC)

A multiple regression analysis was then performad on eguation 13 using
vialues for sach of thess maasures recordad during the esxperiments.

The datz from seven- pilots wias used for model developmant. while that
from threse other subiacts was usad for modael verification. One pilot's
performance data was discarded due to squipment malfunction.

The results of the first attempt at regressin indicated that tha
coefficient of thae %PWR/LOC term could not ba differentiated from zero
based on a Studant's T-test. This variable was eliminatad from eguation 13
and the énalysis was repeated, This regression vieldad non-zeroe values for

the coetfficiants g through d. and included a constant term. The resulting
equation was:
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2 .
(L5} EXPUTD/SkIIl) )} = 1.4483 + 0.0SSl@#-TE’(O) -#TP)

+ O.1783(RAMS/GS(M -~ RMS/GS)- 0.0386(RMS/LOCKY - RHS/LOO
+ 0.0377¢HPWRI/GS(0) -~ HPWR/GS)

This analysis had an R sguared value of 78.6§ percent and .n F-ratio of

i2.28 ((® < 0.0l). The coeaefficients determined for 15 mav now be usad in
eguation 3 which becomsas

(16 P = 1.4383 + 0.03516/TP) + 0.1765(RMS/GS)
- 0.0366(RMS/LOC) + 0.0377(%PWR/GS).

These coefficients oprovide the. relative welghtings for each of the

parformance tarms but thev need to be scaled in ordar to proavide tha propar
characteristics tor the aguation, 1If sach of tha terms were at
[aximum  viiusa,

their
that 15 100 parcant. than th2 combinad perfoermanca aeasure
sinould also egqual 1€0 paféént. Howeaver, usina tha coefficiant this 130
parcent. =ach cozfficient must be multiplied bv 100./22.72 = 4 4Q0. The
modifiad parformance agquation becomes:

17 P = 6.3732 + O lS-}S#TP) + 0.7783(AMS/GS) - Q.18L1I(RMS/LOD)
+ 0.1658(%MPWR/CS)

A plot of this fuction waersus the tagk difficulty, obtained £from equation

11. 1s provided in Figure 5.

It was hopad that these curves would resemble those given in the
hvpothetical plot in Figure 1 and for soma of the pilots., a general ovarall
downward trend is praesent. Even though thes curves do not match the
hvpothetical ones exactly, thers are some common features betwaan thenm.
First of all. the curve for tha lowest skilled pilot 7 is seen to dacreasas
much morae rapidly than tha curves fortha more hichly skillad pilots ¢ 3,

11; the two points for 3 ara for the third and highest lavels of mental
loading respectively),

To test this model's value as a pradictive tool. the data from three
subiects mnot included in the model detsrmination. wera substituted into
eduation 17 and plotted versus perceived task difficulty in Figure 6.

Pilots 12. 8. and 16 produce soma interssting, if not consistent
results. The three points of pilot 12. and pilot 18 are for the second,
third. and highest loading lavels., A!ll thres pilots show a net dacreass in
performance bastweasn their lowsst and highast task difficulties evan though
they accomplishad this decrease in very different wavs. Pilot 8 appears
to be the clossst to tha theoratical model with his sharp deoreisa in
performance over & very small task difficulty incresse. Pilot 16. on the
other hand., appears to ba dacreasing at an exponantially decreasing rate as
oppésod to the modal which npraedicts reasing parformance at an
sxponentially incraasing rate. Pilot 12 increases performance sharply
betwean his second and third runs and then decreases ijust as sharply
betwaan the third and fourth runs.

Since the choice of the exponential model for
parformanca/skill/workload was arbitrary, two other forms for the modsl
were also examined. Thesa were circular and linear models and naeither was
as good at fitting the data as the exponantial and hence were abandoned.
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The modeals describad hara are still under development and work is m
orograss to raepaat the experiments described here and to agply this
mathodology to other instrument flight scanarios. ’

Summary

This paper presents soma of the findings frm a sat of epuperiments
desianed to explore the relationshin batwaen parformancae. skill., and visual
scanning behavior of aircraft oprilots under varving levels of mental
workload. Instrument fizxations were racorded as a groun of pilots with
widely varving levels of skill simultaneously performaed a constant
mmstrumant f£light task and a verbally presented loading task with 4
discrete lavels. Initial results indicate a tendency of lasser skilled
pilots to stare at the orimarv instrument as loading 15 increased and to
alter the fraguency of usage of differant scan paths. Skillad nopilets
d2monstrated much lass shinge on beth 3f thase measurss

A mafor finding of the research sugagassts that under relatively
constant instrument flight conditions tlhe entrovy rate of the visual scan
path may be 3 useful measure of the level of mental workload inducad bv a
constant cate verbal task This me3asure of workload was combinad with
mdapandant astimates of parformance on the piloting and varbal tasks and
of pilot skill., An axponent:al modal relating thase factors was daveloped
and has undargone praliminary tests. The model helps orovide insight on

the intimate connections betwesn a particular workload measure and operator
skill and performance strategy.

Acknowedgements: This work was supported by NMASA Co-oparative Adreesments
NCC 1-23 and NCC 1-58. The varbal loading task was suggestad bv N. Moray.
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