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Amon A, Spady, Jr.,
NASA Langloy Reswarch Contor

SUMMARY

A gerloes of ILS approaches using seven airline-rated Boedng 737 plloto
in an FAA qualifled simulator have been conducted, The test matrix included
both manual and coupled approaches with and without atmospheric turbulence
in Category II weathcr. A nonintrusive oculometer gystem was used to track
the pilot's eye-point-of-regard throughout the approach. Tho results
indicate that, in general, the pilots use a different scan technique for the
manual and coupled conditions; however. the introduction of atmospheric
turbulence does not greatly affect the scan behavior in cither case. A
comparison is made between the objective measures of the instrument scan
(oculometer data) and the pilots' opinions of their instrument use. The
data show a high degrec of consistency among pllots for both the quantita-
tive data and the qualitative data (pilots' opinions). However, there is
a slightly lower agreement between the quantitative and qualitative measures.

INTRODUCT ION

The scanning patterns used by pilots during various phases of flight
have been of extreme interest for a number of years. A number of techniques
have been developed to measure subject lookpoint; however, each has either
intruded on the pilot or been difficult to correlate with the state of the
alrcraft., For this studyBa nonintrusive real-time oculometer system, which
allows the subject 0.03 m” (a cubic foot) of head motion, was used.

The purpose of this study was twofold. The first objective was the
measurement of the pilots' scan patterns to provide a better understanding
of how airline pilots use the existing flight instruments and to provide a
data base for ILS approaches against which advanced flight displays can be
compared. The second objective was to determine to what degree pllots can
describe their behavior and to compare these descriptions with the quantita-
tive data of eye-movement rccordings.

The study used airline pilots flying a FAA certified Boelng 737 flight
simulator at Winston-Salem, North Carolina. Both manual and coupled (auto-
natic without auto throttle) ILS approaches from approximately 13 km
(8 miles) out to a 30 m (100 ft) decision height were investigated. The
data obtained give information on the pilots' scan patterns while monitoring
the automatic controls and while manually flying the aircraft during which
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coptral dnput declmdona munt be made to carry out the IL8 approach., Contrel
taputs and atrevaft parameters wore recorded ta ohtain the strategy of the

tadividual pllatn durlng the two moden of aperation, hut those data have not heen
analysad,

ABBREVIATIONS
ADY astomatde diveetion findor (aloo called RMI (radio wapnotic indicator))
A8 alreopead Indtentor
BA bavometrie altimetor
FAA Foderal Aviation Administration
FD flight divector (also culled AD1 (attitude direction indicator ...th
command bavy))
HSL horilsontal situation indicator (also called CI (course indicator))
1LS Instrument landing system
RA radar altimeter
SEG() flight segment ay defined in figure 5
T in vculometer tracking region
n/T out of oculometer tracking region
VST vertical speed indicator
EQUIPMENT

The Boeing 737 simulator used is a FAA certified initial and recurrent
training facility operated by Piedmont Airlines. The only changes to the system
were the incorporation of the oculometer optical head which was mounted below
the ADF behind the instrument panel (fig, 1) and the addition of TV cameras
behind the pilot (fig. 2) to monitor the instrument panel and a TV monitor
located behind the pilot's seat to allow the test conductor to monitor the
pilot lookpoints during the tests.

A modified Honeywell Mark 3 oculometer was used for the study. The
oculometer has two primary subsystems: the electro-optical head and the signal
processing unit. The electro-optical system generates a beam of infrared light
which is directed through a beam splitting mirror toward the subject's eye.
Reflections from the eye are directed by the beam splitter to an infrared-
sensitive TV camera. The high reflectivity of the human retina for infrared
leads to a backlighting of the pupil, so that the camera sees the pupil of the
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eye an a bright, clvenlar avea (L D 10 alie seen o sl | bripght npot due
ko refleetion at the corncal vorlace,  The tolai fve positions of the center of
the pupll and the corncal velloct ion depond oo the angdbe of rotation of the
eyeball with reapect to the fulivared Lo, Tl sipnal procenslag anlt upes the
signal from the TV camera to comput eothie g e ol aotat bon and the coordinates
of the lookpoint on, for Instance, an intlsument pianele The output of the
signal procossor 1a a set ol caliboaiod iy ital o analog, shgnala representing
the subject's lookpolnt coovdloa e ol popi b diamcior, The mod [f learlon to
the system conglsts primarily 1n o vcaciipm ol i he clectro-optleal head resulte
ing in a unit onc~fourth the o il e amd simplitieatfon of the operating
system,

Several constants woere ot io one o odiorali propram as tollowss (1) the
simulated aircraft weight was 47 040 1, (94 oo [hid throughout all approachesg
(2) the visual scene was set 1o1 Cocopony 1L cond bt fons (30 m (10O ft) ceiling,
366 m (1200 £t) runway visual 1ange); (4) there were soero wind cunditions; (4)
turbulence when used was the wixiwum availablc on {he shmilator (pllots rated
this turbulence as modurate); (9) al no b ime weer o cimerpency conditions imposed
on the pilots. It should be noted (hat e atrplane wag not equipped with
autothrottle; therefore, in the coupiod wmode e pllor was required to control
airspeed.

Thirty-two channels of daia weie 1ecorded.  The data Inciuded oculometer
information, aircraft state variallos, pdlot faputs, and simulator motion
inputs. The data were recovded at o rate of 3" {imes o second and are in a
format that can be handled by o Couisal bacy Corporacion 6600 computer,

The oculometer was capable ol (4.4l toakpoints within the envelope
shown in figure 1. The engine manapoment pereent times arve estimated by
determining the time the subject pent fooking (o the right of the arca covered
by the oculometer since the primuiy pcacon iov lovking to the center console
is engine management.

PROCEDHRES AND SURIECTS
The test conditions, as glveu in the foltowing table, were designed to

investigate the pilot's scan Jduilng operatlons as o monitor In Lhe coupled
approaches and as a controller 1. il waina Ly cout volled approaches.

Condition A[)[\l odach Tacbuleace Category
1 M:l;m” No 1l
2 (leplw.l N 1!
3 Manuoat Vo 11
4 Coupled ron [t
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The teat conditions also iIncluded the effect of atmospheric turbulence on the
scanning behavior for both modes of operation, Approximately four runs for
each condition were flown by each of the saven pilots. The order of runs was
randomized bhased on a random number table. All tests were conducted in simu-
lated Category II weather, The airport simulated was Smith-Reynolds at Winston-
Salem, North Carolina, A Vital II out-of-the-window system was used to provide
the pilots the visual information nceded to land.

All test runs werc started at 19 km (12 miles) from runway threshold
(fig. 4). The first 6 km (4 miles) were used by the pilot to stabilize the
aircraft on the correct flight path and to check the oculometer calibration.
At 13 km (8 miles) data recording was started and continued until touchdown or
until the run had been aborted as a result of the pilot choosing to go around.

All airline pilots used in the program were qualified Boeing 737 pilots
who fly for a scheduled airline. Prior to starting the test program each pilot
was given a briefing on the operation of the oculometer, as it was the only
thing different in the cockpit. Also, the pilots were asked to assume that
they were flying an aircraft full of passengers, and if they would normally
elect to go around, they should do so. At the end of the test period, the
pilots were asked to fill out a questionnaire concerning how they felt they
had used the instruments.

All tests were conducted using the same instructor pilot as a copilot.
The copilot functioned in the same manner as he would in a normal approach and
provided all required callouts,

RESULTS AND DISCUSSIONS

The scanning patterns of pilots are expected to differ between pilots,
and even from run to run for the same pilot; however, there should be a consis-
tency in terms of the primary information scanned for a particular type of run.
In order to establish this consistency, this report will deal only with the
summary data obtained from three runs for each condition by all seven pilots.
Data on aircraft state variables, pilot inputs, etec. are not dealt with, as
additional work is needed in order to correlate the information.

Observation of the pilot scan patterns during the test indicated that the
pilots used the center of the flight director as the primary lookpoint and
moved from there to an instrument and then came back to the center of the flight
director. Only rarely did a pllot check more than one instrument before return-
ing to the center of the flight director. This is demonstrated in figure 5
which is a time history of one pilot's scan from approximately 213 m (700 ft)
altitude down to 30 m (100 ft) altitude. Figure 5(a) shows the manual case
(with no turbulence), and figure 5(b) shows the coupled case with no turbulence.
The ordinate indicates the instruments at which the pilot was looking, with the
flight director being broken in to its information blocks as indicated in fig-
ure 6. The abscissa indicates flight time in seconds. The sections T and n/T
indicate eye tracking (upper level) and not tracking (lower level). As can be
seen from the time histories the pilot changes fixations more rapidly and looks
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at more instrwncin s o the conpbod mode i compated wiih the manual mode. The
majority of the oot oi-teach Chue war cansed by the pllot looking at the center
console englne inaivomeni,

The bar prophe pocnentod bo flouce /o show o compit o of the percent time
apent (dwell fractio) on ihe Bnstruments for both Che manual and coupled modes
with no atmosaphcric 1uvbolence. lach prouplup contadns the gunmary data (8)

over the entlve s ol the daia Ve each {1 pht zegment (1 to &) defined in
figure 4. The ciosharchod section delines the mean percent time spent on the
instrument while (he open coeciton on top delines the standard Jdeviation. The
clock, radar altimctoo, and ALK are not included 1n this figure as they are
basically not utcd by the pilot.  OF particular interest is the comparison of
percent time spent 1o the flight director (approximately 73 percent for the
manual mode as compiared with 50 percent lor the coupled mode, as indicated by
the crosshatched srvea). Thercltove, for all the other instruments the percent
time is down in the wanual mode compared with the coupled mode. The segmented
data indicate small deviations in percent time but, in generel, they do not
grossly deviate from the swmavy data. The purpose for including it here is to
indicate the type of analysis or data breakdown which is possible but ar exten-
sive look at the segument data is beyond the scope of this report. The scan
rate (the number of fastruments fixated on per second) also reflects this,

For the manual mode, it Is 1.2 per second and for the coupled mode, it is up to
1.7 per second.

The avea covered by the oculometer (fig. 1) did not include the center
console, where th: cagine and fuel management Instruments are located. A check
of the TV film wade of iLhe subjects' eyes indicated that they spent up to
5 percent of their iime in the manual mode and up to 10 percent of their time
in the coupled mode checking eitlher fuel flow or engine pressure ratio,

A comparison of the summary of percent time spent on instruments for the
manual mode with no atwospheric turbulence and with turbulence is given in
figure 8. A slight increase of about 3 percent in flight director percent time
is noted in the summary bar with tusbulence; however, changes in the other
instruments, while present, are small. Additional data analysis is needed to
determine the siguificance of the etfect of turbulence on scan. ‘The introduc-
tion of turbulence caused a slight increase in scan rate from 1.2 to 1.4 fixa-
tions per second.

The effect of twrbuleuce in the coupled mode is shown in figure 9, In
this case additional time Is spent in both the fllght director and the airspeed
indicator with slight decreases for the BA, USI, and VS1. However, all the
changes are small. The average scan rate increased slightly as a function of
turbulence from I.7 to 1.9 tixotlons per second.

The standard devialions shown by the open bars abuve the means in figures 5
to 7 are small, particulurly for the ¥D and AS (which account for most of the
percent time on instruments), ind fcating that the pllots are consistent in terms
of the use of these Instruments.

The mean dwell time ond standard deviation of mean dwell time in seconds
for the manual and coupled approaches for conditions with no turbulence are
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given in figure 10, Of interest is the reduction in dwell time for the FD from
approximately 1.6 sec in manual mode to approximately 0.8 sec in the coupled
mode. However, the mean dwell time for the other instruments increased slightly
in the coupled case. The standard deviations of mean dwell are large compared
with the mean dwell. Additional analysis is needed to determine the dwell time
distributions and correlate them to actual conditions of the aircraft and tech-
niques of control used by the individuel pilots.

The flight director was broken down into information areas as indicated
in figure 6., The percent time spent in the flight director areas for the manual
and coupled cases with no turbulence is presented in figure 11, It should be

noted that these values are percentages of the time spent in the flight director,

as indicated in figure 7, and not of total flight time. Basically, the data
indicate (fig. 11) that the pilots spent a smaller percentage of their time in
the center of the flight director in the coupled mode than they did in the
manual mode. The rest of the time is distributed fairly evenly among the other
areas for both modes, with the exception of the roll indicator. The majority
of the pilots did not look at the roll indicator area at all. In this airplane
the speed bug of the FD is not operative; however, the airspeed indicator
(located to the left of the FD) is a bug instrument. Additional studies are
needed to verify a hypothesis that the pilots are gleaning information from the
airspeed indicator peripherally while still in the speed bug area. The scan
rate within the flight director for the manual approach was 1.9 fixations per
second as compared with 2,9 fixations per second for the coupled approach.

It is evident from the oculometer data that in terms of the percent time
on instrument data (figs. 7 to 9) the ranking of instruments (the most to least
percent time) changes relatively little either between pilots or between condi-
tions. The oculometer data indicated that the FD, AS, and HSI ranked 1, 2, and
3, respectively; the VSI and BA were approximately equal for 4 and 5 rank; and
the ADF and RA (not shown) ranked 6 and 7, respectively. A review of the pilot
questionnaire indicated that while the pilots basically agreed with each other,
their rankings did not agree with the oculometer data for the HSI, which the
pilots generally ranked fifth, and for the BA, which is ranked third. It is
presumed that the pilots reported those things which concerned them most and
not necessarily their actual behavior. Therefore, ranking instruments strictly
according to percent time spent (as measured by the oculometer) may, in fact,
not reflect actual instrument priorities.

A great deal of additional analysis of the data is needed to develop a
basic understanding of the strategy used in controlling or monitoring an ILS

approach.
CONCLUSIONS

The results obtained from the study provide a data base on how pilots scan
the existing flight instrument during simulated Category II ILS approaches. A
preliminary look at the data indicates that:
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1, Pilot mean percent time on the various instruments remained relatively
constant throughout the approach to 30 m (100 ft),

2. The standard deviation of the percent time on instruments was
relatively low.

3. Pilots spend less time in the flight director during the coupled
approach than during the manual approach. Most of the difference was used
on airspeed.

4, Pilots percent time on instruments varied little with the introduction
of turbulence.

5. Mean dwell time on the flight director for the coupled mode was half
that for the manual mode.

6. Standard deviations of dwell time are large compared with mean dwell
time,

7. Pilots were consistent in ranking the instruments in terms of most to
least used. However, the ranking obtained from the oculometer data in terms of
percent time on instruments did not agree with pilot opinion with regard to the
horizontal situation indicator and barometric altimeter.
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Figure 7.~ Percent time on individual instruments
(7 pilots, 3 runs each).
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manual and coupled ILS approaches (7 pilots,
3 runs each).

100

90
80
70
60
TIME
IN AREA , 50
percent
40
30
20

10

0

MANUAL, TOTAL
% PERCENT TIME

4 couptep, TOTAL
PERCENT TIME

("] STANDARD DEVIATION

7
7

ANAN)
NN

\.
ST
NN

g Hal

RCLL  SPD BUG CMD BARS  GLD SLP LOCALIZER

Figure 11.~- Percent time on flight director areas

(7 pllots, 3 runs each).

(=3
L



