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Introduction - Visual Scanning Behavior

The eircraft pilot has many sources of information input but the most important one
curing instrument flight is probably the visual pathway. The pilot obtains
information concerning aireraft state by cross—checking or scanning the flight
instruments. Tue exact method of scanning the instrument penel varies from pilot to

pilot but thcre are some basic features common to a "good" scen pattern. Indeed, it was =
the early study by Fitts and his associates on instrument trensitions which led to the I
femilier "T" arrangencrt of the mejor flight instruments (Jones, et.sl., 1946). 9 0
A fundamental notion in the method discussed here is that a repetitive piloting task ™ e
will invoke & reguler visual scan (spetial/temporel pattern of eye movements) during 4 3:,
instrument flight. If this notion is correct, then it may be postulaeted that % e
external factors such &s noise, interruptions, fatigue, ete. which interferc vith the - e
piloting tesk may produce measureble chenges ir the scanning behavior. Such &
measure woulC be particularly attractive for quantifying workload since it would be both -3
non-invesive and objective, N
(ne of the main reasons for measuring nentel 5
workload is to predict situations under which
iloting performance will fell below an acceptable / o
safe) level. A persistert diffieulty in wcrkload / Skill o
measurement eppears to be the influerce of skill / - S o
on the performance vs. workloac relationship &s ? H e O
noted grephically in figure 1. Skillec pilots g 7 P b |
tenc to maintain & high level of performance under H = ax |
increasing mentel load until & precipitous < 7 \ 33~\a |
performance decrement occurs curing an overload i \/ H O |
situatior. Cur work tc date has supportec this < M~ \ \ i = 1
noticn anc led us to explore the relationships ¢ A U !
suggested in figure 1. Space does not ullow a i \ | O i {
cvetailed discussion of this issue here; it is worklead PO '
sufficient to note thet the measures we ere using S
are dependent on subtject skill (indeec the Fip.1.Thecrer1cal. relat ionsmip beiween aa
measures ney eventually provide gooc incicators of perlupnunee, yhills & SArbioes g g
skill) and thet novice pilots may be more "y 4
desirable subjects if the effect of workloac on =<0 '
performance is to be explorod over wide ranges of task difficulty. bl = d
:" S—
Methodology Taz
N < 4
At present, our technique requires & piloting scenerio vtich forces & relatively of 3, 3
sterectypeC irstrument scer pettern and en incepericent verbel (or possibly visual; see 2
below) task of varying difficulty. The fcllowing is en ebbrevieted description of our T , 2
previous experiments vhich should serve as & generel orientetion to the nethodology. mAn
Deteils of the methods, including dete enalysis technicues cre Ciscussed elsevhere (Tole, P55
et &l, 1982a & b). < 3 3
Pilot subjects are asked to maintain a general avietion flight sinulator on a 2% &
straight and level, ccnstant sensitivity, Instrunent lending System (ILS) course with & = o =

low level of turbulence. £n additionsl periocic verhbel tesk whose difficulty increases
with frequency is usec to increnent the subject's mental workload. Pilot lookfcint on
seven instruments (Attitude Indicator 'ATT', Directional ro IG', Altimeter
'ALT", Vertical Speed Indicator 'VSI', Airspeed 'AS', Turn and Bank "B’, and Clide
Slope/localizer \SL') wes measured using & Foneywell oculometer system (Middleton,
etal.,, 1977) mounted so &s not to interiere vith the subject's view of the instrunent
panel. This device is non-invasive and provices the time course of the pilot's
instrument fixations to the nearest 1/30 sec.

The mentel loading tesh was chosen so as not to cirectly interfere with the
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visual scanning of the pilot (i.e. the task would not recuire the pilot to look away from
the insiruments) while provicing constent loeding curing the maneuver. ‘The task
used requires the pilots to respond te & series of evenly spaced threc-niurber sequences
(Wittenborn, 1647) presented audibly., The pilot wes told that he must respond to each
sequence by indicating either "plus" or "minus" according to the algorithm : first
nunier largest, second number smailest = "plus" (eg. 5-2-4), last nunber largest, first
number smallest = "plus" (e.g. 1-2-3), otherwise, "minus" (e.g. 9-5-1). Per[formence
V(¢ recorded b}' having the pilot press & E-fosition rocker sv.iteh mounted on the yoke
up for pius and Jown for minus.

The mental werkload experienced by the pilot is inversely preportional to the
intervels between nunber sequences. Tl is relutionship is given by the following arbitrary
equation :

(1) TD = 1/interval between task

where TD is equal to imposed task di' iculty. The four loading levels used in the
current e:periments were intervals of continuous silence (i.. no numbers presentec), ten,
five, and two seconc: vhich hare corresponding tast wifficulties of 0.0, 0.d, 0.2, and
0.5, respectively., Calibration using & side task (Ephrath, 1675) confirmec the relative
aifficulty of these nunter intervels,

Several variebles ere cbteined from each of the two tasks in order to compute
performence scores. The scores developed ran between ( percent arc 100 percent with 100
percent being obtained if the pilot never devieted fror tle intenceC patl ir space on
tle piloting task, ard if all nunber tesk secuerces were answereC correctly,

FPerformance cn {te piloting tesh wes estineted fran the glide slope and localizer
errors. Ir ecditicr. to the usuel rneesure of total RVS error from tle intendec flight
path, a measure of "smoothness" of rice, estimated from the frequency content of
cecillations about the intended peth wes else ineluded. It v wrbitrarily  assumed
ttet & smooth ride would contein frequecies mostly less than 0.1 Hz. Under this
essunptior, rreesurement of the spectral corponent of the «ireraft dynemies above
C.1 Ez. would indicate &ny decrement in the ride quality. Combining the % of the
spectral power above 0.1 Hz for the glide slope end locelizer with the FAVS errors for
these instrurents vields a performance score for the piloting tesh. Tris measure r&ay be
combined with the score from the nurber task to obteir ¢ tcte] [«1forrance score.

In crder to assess the effects of skill on perfornance end mentel vorklcac, an
irccpercert cuentitative measure of skill vies needec. A nodel of pilot skill basec cn
caperience factors (eg. totel flighkt time, totel time in type, yrs. since
certification, ete.) was use¢ for this purpose (Follister, et &l, 1973).

Iffects of Loading on the Visual Scan

Instrunent dwell tine histegrans wc the frecuency of usege of cifferent secuences of
instrument fixsticrs v.cre beth cffectec by the loading task., Pilots tend to stare &t the
prinery instrument (Attitude incicutor in our experiments) es the level of difficulty of
the verbul task increeses. The percentege usege cf various fixaticr. secuences (eg. ATT-
IG) also Cecieasec v.ith increasing tesk cifficulty, Foth of these trends were much more
prevalent in novice subjects as compared with skilled pilots.

The piloting task in the basic experiment is such that the pilot's scan can only lie
on one of the 7 specified instruments although each fixation may be of arbitrary
duration, The time history of fixations has & form which is similar to that of &
communicetion sysiem which can assure 7 cdiscrete states with a wveryirg, curation in each
state. The orderliness of such & system is relateC to the probabilities with which it
occupies ite cifferent states, A system which elveys occupied the sene state or alweys
nece the same transitions t<tveen states woulcd tlis te cuite orcerly., In the case of
instruriert scer, tlese situetions woulc be [«relleled by stering end by & stereotyped
scergoath respectively,

This concept of system order may be stated conpectly using the nethematical form for
entropy from informetion theory. The entropy of & secuence 1s defined es (Shermon anc
Weaver, 1949):

D
(2) Ho = -ig:}mlogzpil
where Ho = observed evergge entropy
Pi = probability ¢f seguence i occurring

D = Nunoer cf different sequences in the scen
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In the case of the instiument scan, entropy has the units of bits/sequence and
provides & measure of the randomness (or crcerliness) of the scanpath. ‘The higher the
entrcpy, the more disorcer is present in the scan. ‘The maximum possible entropy is
constrai by the experimentsl conditions. maxim ible value, Hmax. Hmax May
be calcu?g(tjcdyush?clﬁ's. In the most generel case¢, N lFnst[;-ot;rf’ents ney be arranged in some
erbitrary feshion on the cockpit panel. For a given number of instruments, M, and sequence
lergth N, the maxinum number of different fixtion sequences is given by:

(3) Q=M. (M-1N-1 = maximum number of sequences of length N

The number of bits required to uniquely encoce all C [cssi_ble sequences is 1ogoG. The
n'fgvituc‘e of this letter nurber also represents gy ©f the visuel scen for the number
¢ instruments anc secuence lergth belrg considercc., For example, with 7 instruments the

velue of C fer secuences of ¢ instruments is 56 which yields & corresponding Hmax= 5.8.
In order to incluce the effect of instrument dwerlstgl‘mes in our r%oeasJFe, & term for

entropy rete was defined as:

D
(4) Hrate =.'Z[Hi/Dri]
1=
where }'ﬁ-’r= entropy for ith sequence
Ti = Average duell tine for ith secuence

D = Nunter ¢f different fixation sccuences

While it is pecssible for pilots to neke rether rapic glences (vitk cwell tines of 100 msee
or less) at treir instruments (Ferris and Qtristhilf, 1980) ¢ firetia rete this
high (10 fixations/sec) repicly leads to oculomotor fetigue, 2 rore reclistic :verege
valie is probebly about 2 fixations/sec or less for a long pericC of irstrument secen (say
> 10 see). Using this velue (0.F sec/look) as the aversge dvcll intervel, the maximum
entropy rate for secucnces of length T is calculeted fron: ecuetion 5 to be:

(Fratehmax)= 5.8/0.5 * 2 fixations/se. = 6 bits/sec

Tr.is number represents &an upper "

et

bound. Since we suspect thet the pilot B irgre = 0.3 D
) : : RN Hrgre = C
must have sone€ regularity ir His or fer 7 >
scan, the numbers we would expect to T .42 T /
cttein uncer actual fliglt  ccrditions . e 2 /
vill grobebly be lower. The obsirved e S SRR
average Hrete for the Lesic > N I /
experiments was on the order of 1 T TiEs . <. e
bit/sec. A tendenc?' to stare under = “~ T = — 237%,85%
increesed load should be reflectec by = ] 2 e
: Ll ! 03N
Ccereesed entropy &1C irereasec fixation = . ~ _
tires making Hegre tend toward lower ] SR i
values uncer such conditions. Figure 2 : ~~ 33w
plots Krate vs number task cdifficulty -
for our test subjects. _ ~ > . -
This cate is noceled by expressing 0 40 -
Frate & & exponentivl function of T, rpgeed jask ciffawiig: K30, Hel
(7) Hrate = 0.2279 e-1D Fig.2Entropy rete on lencth-2 secuences \s imoosec
tess Cifficulty for B prlots tredztive saill levels

This equetion may be solved for task  $own o7 tre signt - mignest=itial.

difficulty te yield
(8) T = -[0.06 + Inltrgte)]

vhich cen be useC to predict the level of D for & new subject uncer the conditions of the
experiment repcrted here.

Autocorrelation
The relationship between instrument scen frequency and number task presentation frecuency

provides valusble insight on how the tesk, #1c¢ therefere e issocivted nentsl loed
af fects the scanning pattern. Tue to ithe periodic nature of tle vcrbal task, the use of
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eutocorrelat on to walyie the seanning belevier is cre possible nethod for examining this
relutionship.

Atocorrelation was performed on the scanning data as follows, A sequence of
instrument nunkers versus time was developed from the da'a and stored on a disk, Due to
the earbitrary nature of the essignment of instrument numbers, the autocorrelaticr ¢f the
cigne] containing all instrument nunbers wculc ot nweeesserily procuce meaningful results,
Fcr this reasor  €ach of tle sever instruments vere exeniped successively ty replacing the
tine  sequence ¢f wll instrunents with & sequence {x(i)} where the value is 1 for the
instrument being studied e © for ¢ll cther instrumernts, In order to eliminete the ce
caigonent fer Jetar spectral analysis, & zero-meen sequence {f(i)} wes conputed fron
{x(1)} as fcilows:

(9) fj(i)=xj(i)-xj
where xj(i) = 1 if specified instrument j is being fixated and 0 otherwise
Xj = mean of {xj(i)}

The sample autocorrelation of {f;(i)}, or sample sutocovariance of {xj(i)}, was
celeulated by the fornula:

I2
(10) RyK) = 1/n 3[E50) . 10 k)]

where Ej(l = itfccarreleticr sequerce for instrunent j
n°= nurber of samples = total ruw cureticr/cculoneter senpling perioc (1/30th see)

THis autecerrelation wes conputed for each of the scver instrunents for eech loading
casc on each pilot. In order to detect possible periodicity in the scan, the Fourier
transforn ¢f !¢ ¢uiocerrelution wes tehen to precuce the power Zensity spectrum, From
this & value for the coninert freguency may be obteinec, /n example of this enalysis is

)
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Fig.3.Aulocorrelations for pilot #4 (relotive shill level = E5%) using amtude incicetor
(cotted lines i1ncicate lu-sec intervals), Number tasr intervels snd associstlea task
cifficulties wre s) no intervals = U, b) lu sec - U.), ¢) 5 sec - 0.2, o) 2 sec - 0.5,

shown in Figure 3. This stcve tle cutacorrelations for pilet % (second highest skill
level) for his attituce incicator on esch of the four ¢ifferent nental lescing casce, A
change in the caminant frequency ney be seen e the loadirg is increased, The power-
spectral density calculations show the dominant frequencies for the low (10-second
intervals), mediur (f-second intervals), and high (2-second intervals) levels of rental
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workload to be 0.0928 Hz, 0.1709 Hz, and 0.3175 Hz respectively. These frequencies
correspond to periods of 10.78 seconds for the low, 5.84 seconds for the medium, and 3.5
seconds for the hggl level of mental workload. These periods are closely related to the
number tasks peri (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 loeding task directly 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. When the periodic task is applied, the scan
becames more and more periodic with increased task frequency. This demonstrates that the
pilot has & tendency to multiplex the flying task and the number task for greater
efficiency. Overload occurs when numbers are presented too rapidly for the pilot to
efficiently multiplex both tasks.

A similar behavior has been observed for all of the highly skilled pilots who have
participated in our experiments thus far. Novice pilots, however, do not seem to have any
consistent pattern in their autocorrelation sequences. Most of these pilots showed little
or no periodicity in their scans for any of the loading conditions. One explanation rnai'
be that skilled pilots have a better developed ability to time multiplex severa
simultaneous tasks.

Visual Scanning Meesures Applied to the FMP Flight Task I, Manually Flown
ILS Approech and Landing of Two-Pilot Passenger Jet Transport

We now briefly discuss the application of our techniques to the proposed study of
workload during an ILS approach. Two or (hree factors must be manipulated to use our
techniques: 1) a piloting task requiring a stereotyped scan path, 2) a verbally
presented mental loading task, or 3) & visually presented mental loading task. It is
assumed that the cockpit to be used for the experiments may be outfitted with the NASA
Langley oculometer system or an equivalent and that ample time will be allowed
(approximately 5-10 minutes) for calibration of the oculometer before an experimental
session begins.

The proposed ILS approach scenario requires the use of a stereotyped scan path,
though it should be emphasized that the task and hence the scan pattern is not constant
throughout the scenario. (Recall that our earlier experiments forced a repetitive scan
pattern to be developed over a long constant flight maneuver) ‘Thus, the second to second
level of loading due to the flight task and the corresponding instrument scan will vary,
albeit in a somewhat predictable fashion. We believe it is important to note that the
difficulty of the ILS approach changes somewhat from instant to instant and almost
certainlY implys higher workload as the runway threshold is neared. The additional verbal
or visual loading task serves to "bias" the total amount of mental load on the pilot with
the goal of locating peaks in the load due to the piloting task alone. The notion here is
that the workload due to the additional task is roughly additive with the instantaneous
load due to the piloting task. ‘The hope would be to bias the total load to a high enough
level to demonstrate < performance decrement (which may be a non-linear function of
loading) while at the ssme time hopefully observing a monotonic change in the measures of
scanning behavior as a function of the increased load.

Several levels of difficulty of the additional task are requiied. These may achieved
in two ways., A constant level of difficulty may be imposed over the entire approach; this
method is to be recommended at present as we are not as )et sure how to analyze short
segments of the scan pattern. Each level of difficulty of the imposed extra task would
thus require a separate run. Since both the verbal and visual tasks are periodic, their
respective difficulties may be altered during a run by changing the period between
presentations of the task. is method would seem more attractive if the piloting task
were indeed fixed over the entire run.

The verbal task described above may be used as one means of biasing the loading
level, This has been shown to work well In Jur experiments and is easy to implement and
score. Its limitation is that it is not a task which would ordinarily be performed in the
course of flight. It would be possible to modify the task to make it more like either a
constant rate of radio communication or & rapidly updated manual computstion of
navigational coordinates.

An alternate, visual version of this task is also possible and perhaps more
appropriate for actual flight conditions. A small dispF: could be mounted in a
convenient point in the pilot's visual field. The displa coulc?' resent either a "+" or a
"-" sign. At periodic intervals an auditory "beep" wourd signal that the pilot should
observe this display and indicate (opt.onally) via a rocker switch whether the display is
cu{'rentla indicating + or -. The interval between "beeps" r_.termines the difficulty of
this tesk and one possible measure of workload is the % of time the pilot is actually able
to observe the display.
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Entropy rate calculations could be nece on the scanning date regercless of whether
the visual or verbal loading task is used. Since both tasks are periodic, the
autocorrelation teclnicue ney also be applied. Alt h we have not done it as yet, we
expect that cross correlating the time of presentation of the impused task with the
scanning data is likely to yield good results especially in the type of flight scerario
proposed in this study. We expect thut & charecteristic "signature" will apfum in the
crosscorrelation betvieen the loeding task and the instrument scan and thut this signature
will be altered via changes in task difficulty.

Limitations and Pitfalls of the Technique

There are a number of potential problems in applying our techniques. These are
ennumerated below :
1. The piloting task being performec must require instrument scan,
2. The scan must be repetitive, at present, though we are working on methods (eg. cross
correlation) for analyzing short segments of & scan pattern.
3. An onboard oculometer required and must be mounted in instrument 1 (NASA - largley
Research Center has worked out meny of the technical problas rmever;.
4, It may be necessary to calibrate without the pilot's cooperation due to time
limitations in the proposed experiments.
5. The behavior of the various measures of scen hes not been examined under a wice varietl
of situations as yet. hence we are uneble to cumment on flight scenarios in which the tas
is nost appliceble other than the obvious requirement of some type of scanning behevior.
Cespite these potentie] limitations, ve 1€ conficent e h about the methodology
that we believe it should ve ircluded as one of the techniqugg,%hopefully in conjunct.on
with other) in the proposeC study,

ts: This work was supported by NASA Co-operative Agreements NOC 1-23 and NOC
1-56. The verbal loading taesk v.as suggested by NMoray. The use of entropy as & measure of
the visual scan was suggested by ANatapoff. The technical assistance of M.Goode is
gratefully acknoviledged.
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