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SUMMARY

Pro blem
Severa l investigators have suggested that one method of understanding a pilot ’s wor kload, or his

performance , wou ld be to record his eye movements while flying. The problem is there is no extensive data
base of pilot eye scanning behavior. Most of the available data is of a general form and from light aircraft
virtually none exists for jet aircraft . One reason for this data gap is that an eye movement recording system
has never been developed for a jet aircra ft which records both the pilot ’s immediate field of view ( FOV)
and his fixation point.

Approach
The approach taken was to (a) search the literature for past eye record ing techniques and eye

movement studies, (b) choose an eye movement monitoring system . (c) chec k out the system tim the
laboratory, and (d) analyze the recordings. No formal fundingor support was given for this effort .

Results
A literature search uncovered many interesting techniques for recording eye movements. The method

selec ted was the corneal reflection technique. Several manufacturers make corneal reflection eye movement
ca imm er as~ t he device chose n for the study was lightweight and relatively inexpensive . The instrument
exhibited accuracy of fixation of better than h~ over a ±20° horizontal and ±10° vertical range . The device
was used to measure a human’s trac king performance and a plot and model were made from the data. Using
a linear regression analysis technique, the data were correlated with pilot workload and a method for
optimal ly scanning was developed.

Conclusions
A search of the literature for potential eye movement recording systems resulted in time select~Ilml of

the corneal reflection technique. Through the use of fiber optics . the camera can now be isolated fro ill I lie
lens and a lightweight . helmet-mounted eye movement recording system appear feasible. the NA( e~c
move ment recorder , used in t his study, appears to be a relatively inexpensive answer to me co rd imip a je t
pilot ’s eye movement behaviors in the aircraft . l’he recording and application of ’ these eye movements mu :i

flying training si m ulator reveal some ve ry interesting researc h issues.

4~ E~SIO~ fir _ _ _ _ _

ffl$ WbhIs ~sdlus ~oac Puff~~c~~ Q
WAlRabhlcEl o
J~~WhIATI$._   

OlSt1tBVVIC~,’*y~It.lsILITy

PIIL HAL if/or DWAL.



PREFACE

This study was initiated by the Advanced Systems Division, Air Force Human
Resources Laboratory (AFI-IRL), Wright-Patterson AFB , Ohio , under project 6114 ,
Simulation Techniques for Air Force Training, Mr. Don R. Gum, Project Scientist , and
task 6 11407, Modeling and Computation. The research was performed at the Advanced
Systems Division , AFHRL , wit h Mr. William B. Albery as principal investigator. The
effort was conducted during the period from 1 July 1975 through 30 July 1976.

The author wishes to achknowledge the guidance and support of Dr. Leo Lipctz ,
Department of Biophysics and The Ohio State University, Dr. Richard M. Campbell ,
thesis advisor , The Ohio State University : Dr. John Hornseth, Aerospace Medical
Research Laboratory, who provided the eye recorder which was used in this study: and
Ms. Cheryl Gilliland who typed the draft report.

This report was developed as a thesis for partial fulfillment of the Master of Science
E)egree in Biomedical Engineering at The Ohio State University. August 1976.

-I



TABLE OF CONTENTS

Pa~h. Introduction 5

II. Approach 5

Wor k Performed and Results 6
Analysis of Results — Discussion 9

References 14

Appendix A: Anato immy of the Eye Muscle System 17

Appendix B: Oculography: The Recording of Eye Movements 19

Appendix C: NAC Eye-Mark Recorder 24

Appendix D: NAC/Oculometer Results and Models 28

Appendix E: Integration of the NAC with the ASPI 34

Appendix F: Integration of an Oculometer with the ASPI — Future Considerations 38

LIST OF ILLUST RATIONS

Figure Page
I NAC EMR and oculometer performance data 8
2 Hypothetical Results hO
3 Comparison of regression analysis rating and actual pilot rating II
4 Optimal control model of eye scan behavior 

A l Dissection view of eyeball and extrinsic muscles 17
A2 Schematic diagram of extrocular muscle actions IS
BI h-tighlight of human eye-comeal reflection 2()

B2 Basic sensing principle of the oculometer 22
(‘1 30° NAC Eye-Mark Recorder in simulator at AFHRL/AS, Wr ight-

Patterson AFB , Ohio 25

C2 Eye-Mark on simulated runway 26
C3 Resolution chart of 30° NAC EMR 27

3

— 
~
_

~~~~_•~ ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ — - — 
- __________________________________ .-.--—-- .-



List of Illustrations (Continued )

Figure Page
Dl Albery’s composite model from eye data 28
D2 Frequency response data from eye tracking experiments — magnitude 29

D3 Frequency response data from eye tracking experiments — phase lag 30
D4 Vossius’ model for saccadic eye movement ~ I
D5 Robinson’s model for time mechanical elements of the extraocu lar system
D6 Cook’s composite model for eye inovenient inechanisni
El ASPT with location of Low-Light-Level TV Camera 34
E2 ASPI with NAC Eye- Mark Recorder 35
Fl ASPT/oculonieter interface 40

LIST OF TABLES

Table Page
I NAC Data 7

Dl Frequency Response Data 29

4

_ _ _ _ _ _  ______ _ _ _ _ _ _  1L~



RECORDING PILOT EYE MOVEMENT BEHAVIOR:
APPROACHES AND POSSIBLE APPLICATIONS

I . INTR ODUCTION

The study of eye movements was undertaken by Advanced Systems Division, Air Force Human
Resources Laboratory, Wright-Patterson Air Force Base, Ohio, with a specific area of application. This
application was aircraft simulation for pilot training. The national energy crisis has necessitated the
increased use of flying training simulators throughout the military and commercial communities. The Air
Force is particularly interested in developing methods to improve the performance of undergraduate pilots,
while reducing the costs of training.

In an effort to enhance this training, a study was initiated to examine and explore pilot eye
movement behavior. The intent of this study was to determine if an experienced pilot ’s eye scan pattern
could be used to train an inexperienced pilot on how to scan his visual movements more efficiently.

There were three stat ”~ objectives:
I. The primary objective was to examine pilot eye movement behavior and develop eye movemen t

applications to pilot training.
2. The second objective was to evaluate the recorded pilots’ eye scan patterns and determine if there

is a correlation between pilot scanning behavior and pilot performance.
3. The third objective was to examine the premise that an experienced pilots’ eye movements could

be used to train a novice pilot and obtain better scanning performance.
l’his report examines only the primary objective , and offers suggestions for accomplishing the second

and third objectives.

II. APPROACH

The approach to accomplishing the primary objective of this study included a review of the
physiology of the eye, a review of the literature on past eye scan studies of auto drivers and pilots, and the
se lection of an eye movement recorder (EMR) for use in the effort . After the selection of an EMR, the
approach was one of becoming familiar with using the system. Since the Air Force primary jet trainer , the
T-37B , is also the vehicle simulated in the AFHRL Advanced Simul ator for Pilot Training (ASPI), a
training research device, it was anticipated that the rcsults of this study could be investigated in the T-37B,
as well as the ASPT. l’his topic is dicussed in Appendix E. An app roach fc~ achieving the long-range
objectives was also considered and is discussed.

A review of the anatomy of the eye (Appe ndix A) provided the investigator a background on the
physiology involved. This gave the expected range of eye movements as 450 left or right, 40° up and 600

down, and 30° in extorsion or intorsion (Young, Zuber, & Stark , 1966). It was also determined that the
study would have to consider at least two of the seven known kinds of eye movements , the saccadic
(occurring in pulses of 120 to 250 msec at a velocity of 600°Isec) and pursuit movements (occurring
continuously at velocities of I t o  30°/sec ) (Young, 1963).

A study was made of methods of recording eye movements. The intent was to base the use of an eye
recording device on (a) the range and response performance of the human eye , and (b) the applicability of
using such a device in ajet aircraft .
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lime literature search (in oculography. which is the recording and measuring of eye movemen ts,
uncovered some very interesting techniques, which date ~o 1870. These methods are discussed in detail in
Appendix B. Of primmiary interest were those techniques which did not require the pilot to place any foreign
materia ls on his eye and whm ic h included an immediate reference to what the pilot was looking at while his
scanning pattern was being recorded. Only two eye movement recorders were identif ied which could satisfy
t hese requir em mments. One technique was the corneal reflection eye movement recorde r and the other was the
oculometer , which is an infrared eye scanning inst rument.

Beciuse of the convenience , and low cost (compared to the oculometer), a comeal reflection/eye
movement camera was chosen for the purposes of this study.

The investigator discovere d that the Aerospace Medical Research I.aboratory at Wrig ht-Patterson
AFB, Ohio owned a very lightweight , corneal ref lection type eye movement device. The NAC
(manufacturer’s name) was obt ained and evaluated. Using the NAC EMR, the investigator examined the
performance of t he instrument with respect to range, reso lution, and accuracy in a laboratory environment.

Several studies on pilots’ eye movement s in both aircra ft and simulators have been conducted
(Mackworth & Mackwort h, 1958; Thomas, 1963 : Tiffin & Bromer , 1943). Tiffin and Bromer (1943),
conc luded from t h eir studies that there were no clear-cut differences between the eye movement patterns
of experienced and inexpe rienced pilots. They recorded the pilot’s eye movements directly using a motion
picture camera mounted in the cockpit. It is very doubtful whether a researcher could accurately correlate
eye movements measured by such a system with what the pilot was actually attending to: as a result , TiffIn
and Bromimer ’s (1943) results are suspect. As discussed later (Mouran t & Rockwell , 1971) , ot her researchers
found that there was a difference between novice and experienced automobile drivers’ eye scan patterns. As
discussed in the next section, the NAC system used in this study is capable of coincidentally recording both
the pilot’s fixation point and the im mediate field of view (FOV ) in front of him.

Work Performed and Results
The actual work performed in this study included a m , ’view of eye recording techniques, obtaining the

NAC EMR, and using it in studies at Wright-Patterson AFB.
A description of the NAC EMR (including pictures) is given in Appendix C: the main features of the

system are that it is lightweight (less than one pound on the pilot ’s helmet), and that it superimposes the
pilot’s fixation point (which appears as a white V on the film or video tape ) over a primary image of a 60°
FOV scene directly forward of the pilot’s momentary head position. Since it is lightweight and head
mounted, it allows the pilot to perform his normal head movements . Another of the NAC’s advantages is
that it gives the researcher not only a continuous record of eye movem ents but also head position
infon’nation. Somne of the disadvantages of the instrument are that it (a) is restrictive, in the sense that the
pilot wears the recorder as he would a pair of glasses or goggles, (b) is FOV limited (23 ° and 31° vertical
and horizontal, respective ly, for the 30° NAC and 44° and 60° vertically and horizontally, respective ly, for
the 60° NAC), and (c) requires constant calibration because it can and does slip on the wearer ’s head.
Nevertheless, t he NAC appeared to be the most suitable instrument available for accom plishing the primary
objective of this study.

In au effort to satisfy the main objective of this study, which was to develop an eye movement
measuring system , the NAC was used at Wright -Patterson AFB by the investigator to (a) record subjects’
eye movements, (b) determine the performance characteristics of the NAC, and (c) compare the
performance of the NAC with data from another instrument , the oculometer. The details of these results
are discussed in Appendix D; howeve r, the highlights of the results are as follows:

1. The NAC demonstrated an accuracy of less than t o erro r over a range of eye movements of ±20°
horizontal and ± 10 0 vertical with the head held fixed.

The eye movement range of ±20° horizontal and ±10° vertical was selected as a characteristic range of
expected eye movements about a central axis of vision. A T-37B pilot has approximately a 300° horizontal

6



and 180° vertica l FOV in which he can mnovc his head freely. An accuracy of 10 was chosen for several
reasons. It was decided that in order to resolve which instrument or which landmark the pilot was looking
at . a 1/2 inch accuracy was required for f ixations on the insu ument panel and 10 foot accuracy at 500 foot
altitude was necessary. The instrument heads on the T-37 11 instrument panel are 2- and 3-inch diameter, in
general, hut they are as c lose as 1/2 inch apart. Also. small lights and other panel hardware are 1/2 inclm or
less in diameter. As a result, this meant that for an eye-to-instrument panel distance of over 22 inches that a
1/ 2-inch error would be accurate to within 1.27°. A goal of t o was set for the accuracy of the instrument.

2. Tl~e instrument was quite capable of recording both saccadic and pursuit eye movements, the
types of eye movements identified with pilot scanning behavior.

Using the grid chart as a reference , t he subject was asked to fixate alternately on all four corners as
quickly as he could. The eye-mark could be observed traversing the chart as quickly as the pilot could move
his eyes . so rnetinles a tota l of 40° in a fraction of a second. Slow , pursuit-type movenients were very easi ly
tracked by the recorder. Blinks merely blanked out the eye-mark over the period of the closure.

3. The human eye tracking system has very low bandwidth , with both amplitude and phase
pe rformance dropping off  at frequencies above 1Hz for a subject trac king a ±10° horizontal sinusoidally
moving target.

A sinusoid was trac ked using the NAC at seven diffe rent frequencies : 0.75 Hz, 1 .00 Hz. 1.25 Hz, 1.50
Hz , 2.00 Hz, and 2.25 Hz. The purpose of this experiment was to familiarize the investigator with the
system and gathering data. The subject tracked the t3 em sinusoid from a distance of 17 cm.so that that
his eyes were tracking ±10° from his nominal viewpoint. The data (Table I) were hand-scored from the TV
monitor; these data w’~re gathered at Wrig ht-Patterson AFB.

Table 1. NAC Data

Frequency (Hz) Ampl itude a Phase (degree5~b

/
0,75 I7cm/l7cm°1.00 0° smoot h, accurate
1,00 1.00 0° smooot h, accurate
1,25 1.00 lag slight lag
1. 50 0.925 lead leading input
1.75 0,77 lead leading input
2.00 0.54 ? no tracking
2.25 0.3 1 subject gave up

a.fl1~ value for the amp litu de was derived by mea~.lirmng t he total ai ’up l imu dc o I t h e  recorded signal .mnd then
measuring t he amptitude of the excursion the eye was abhe to mm ma kc in trackin g time signal. These i e.usuu rcuuients were made
from a TV monitor . As the frequency increased , the subject ’s abit i ty to I u i a i u i ( . u u i i  f ixatio n cont~.et w it t m mime input si mm us imu d
diminished.

bphasc information was estimated as it was most dj t6 cut t  to measure the exact t oc a( i u ,mm oltimi c ye - vmu ark during cacti
cyc le of the input signat. Eac h frame 0f the video tape would have had to have been evaluated amid measured to ohm m i t t  a
good estimat e of time phase.

4. The eye movement performance data recorded using the NAC at Wrig ht-Patterson AFB compared
favorably with similar data taken front an oculorneter at Ae rospace Medical Research Laboratories (AMRL)
(Appendix D),

The plots (Figure l)summanze the data contained in Appendix D.
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Figure 1. NAC EMR and oculometer performance data.

5. A transfer function model of the eye pursuit tracking control system generated by the
investigator from this data compared favorably with other models based on data obtained with the
oculorneter system.

A trans fer function model was developed from the NAC data and was compare d to similar data
obtained from the oculometer, See Appendix D for more details. After plotting both amplitude and phase
characteristics of the NAC and oculometer data , it was found that a transfer function for the phase data did
not fit the amplitude data, As a result , two separate trans fer functions were developed for the data:

O
fl

(s) = out put eye position

0 ,(s) = input signal

Amplitude ratio data transfer function:

0 ( s ) 
_ _ _ _ _ _ _ _ _ _ _ _-~~

0 1(s) s2 / l  1 2 + 2(.6)sf II + I

Phase angle data transfer function:

0 (s)

0,(s) s2/ 15 2 + 2( .4)s / 15 + I
These resuks reaffirmed that a linear model for the eye servo system will not compare well with the
experimental data.
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Analysis of the Results - Discussion

In reviewing the primary objective of this study the following observations are nmade:

The NAC EMR appears to be a feasible mimeans for recording a pilot ’s eye movements in jet aircraft .
Although the investigator knew before time start of the study that the two major problems with the data
would be scoring and calibration, t he corneal reflection eye-mark system appeare d to be the best
instrument available to meet the objective. The NAC system can be used to gather useful infonnation about
t he visual cues the pilot uses both inside and outside the cockpit.

The calibration problem with the NAC results from two types of errors (a) pilot ’s eye irregularity
error , and (b) helmet slippage error. lime first type of error results from the non-spherical shape of ti me
pilot’s eye Somne pilots’ eye movements cannot be recor ded using the NAC.

The purpose of developing an eye measuring system in a T-37 is to gain information about pilot eye
scan patterns. Although the long-range objectives of this study werc not investigated, an approach to
accomplishing each objective was formulated.

An attempt at correlating an experienced pilot ’s eye mruovenients wit h his performance has not been
made to date , because of other higher priority efforts; however , a scheme for such a correlation is
presented.

It would appear to the investigator that the interim step in achieving a correlation between eye scan
pattern and performance wou ld be to first investigate a con-elation between pilot eye scan and pilot
wor kload;tm that is, to first correlate those parameters measured by the eye recorder to pilot workload
mneasured in terms of the standard Cooper-Harper ratings .2

6. By predicting a pilot’s work load, subjective pilot rating could then be replaced with an objective
measure of work load. If the pilot rating, or workload, could be correlated with performance, then there
would be a direct re lationship between pilot scanning data and pilot performance. The developmen t of such
a workload miieasure is as follows:

The first attempt at developing a workload model would be done with a simple task , such as an
instrument landing system (ILS) spproach in a simulator , such as the Advanced Simulator for Pilot Training
(ASPT), This study would not be complicated with the addition of out-the-window visual cues .
Out-the-window visual cues could be a second study if a correlation between eye scan data and workload
were estab lished in the simpler-to-analyze ILS case . The NAC recordings on video tape could be studied for
the ILS case and the parameters for percent of time spent on the ILS system , probability of transition from
the u S  to horizontal situation indicator (HSI), mean dwell time on each instrument , and ~o forth could be
tabu lated. A possible experimental set-u p and computed parameters could be as stated in rigure 2.

Using a stepwise regression analysis (Wailer , 1976) to deve lop the data into a model of workload, the
inputs would include most of the measurements of scan behavior in the previous table. A total of about ISO
parameters plus their squares would enter as independent variables. These paranmeters would include time
on instruments , transition rate , average dwell time on each instrument , and so on.

The dependent variable in such an analysis would be workload in the form of the Cooper-Harper pilot
rating given by an instructor pilot to the two conditions. A separate set of measurements of each parameter
would resu ’l fromm i eac h simulated approach made.

The function of the program would he to select from among the independent variables in the input a
set which would best des ribe (or predict) the pilot rating. The result of such a model would be of the form

Work load 5 definc i .m s m im e j immo ur mt of physical and mm iei it a l activity tim e isito i’ s  us wimile fl ying a particu lar task .
2 TheSe subiec m ye r i  m mii i ,mmm g c from I to I (I and r t j  te t im t h e  aircra ft tma imd t in g qualities under varying at mospheric

ci, im d m t uim m s .
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Simulator Test Conditions

Initial Condistions
X = 33 ,000 ft.
Altitude = 1,600 ft.
Airspeed = ISO knots

Condition I: No turbulence ; pilot rating = 3.0
Condition II: Maximum turbulence; pilot rating 5.0

Average of Selected Parameters Recorded from NAC EMR Video Tapes
(Hypot hetical Data)
Parameter Condition 1 Condition II

Time on instruments , % 95 90
Not tracking, % 3 4
Instrument Transition Rate , sec .7 5
ILS transition rate , sec 1 2 4
Time on each instrument , %

Airspeed Indicator (Al) 7
ILS 80 85
Ahimeter 3 1
[ISI (Ilor. Sit. m d )  1 3
VSI (Vert . Sit. End) 4 .2

Average dwell time on each instrument , sec
Al .6 .2
ILS 2 8  4 .6
Alt. .3 .3
USI .2 .2
VSI 

. 

.2

I- ’igure 2. Hypothetical Results,

yi a0 + Ea 1 x~
where y1 is the pilot rating for rurm i, x. are time corresponding nteasurenments for the jth NAC EMR
parameter in the model , and a0 is a constant. An example of how one would analyze these measurements is
as follows (WaIler , 1976):

I. (‘ooper-Ilarper rating. For example, it six test conditions (e.g., turbulence, S00 foot offset from
glide slope, etc.) were evaluated, the pilots could assign values from I to 10 to these conditions, lime
response variable Y is the pilot ’s Cooper-Harpe r rating of t he condition.
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2. Rea rm! and an a/m ’:c em ’e ,, iovernen ts. Time video tape of the pilot ’s eye movements during tIme six
conditions wou ld he replayed and analyzed fr a me by frame . Mean dwell times , transition tinmes from
instrument to instrunment , etc. would tabulated. The parameters which would enter the regression equation
would he: (a) a constant representing a rating bias, (b) total time spent on t he instruments , ( c )  number of
transitions fr om t he ILS to the l-ISl, (d) number of transitions from t he glide slope indicator to the roll
immfor miiat ion froni the ILS, and (e) number of transitions wit hin the ILS.

3. Set up of i/ic’ equation. Following the analysis presented in Wai ler . 1976 an equation of the lim it
follows:

I - 5.771 t I  .3(14 x II~~I (to t a l  mi m m m e o n ins t rum f lc n(s( 2 + 229 .~ ( I F S . fi sh + + 509 .1 i m im e a n  dss~ tt lime. It s )

This equation (Figure 3) can be plotted for the six conditions; a theoretical result would look like this for
eac h ot the six conditions and the standa rd deviations. It is anticipated that this type oh analysis would
result in a relatively low probable error. Such an erro r would be considered low wi men ctmnmpared with the
amount of variation commonly experienced hi subjective ratings.

(Wa Iler, 1976 )
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Figure 3. Comparison of regression analysis rating and actua l pilot rating.

The tabulation of the parameters in Figure 3 would be most lengthy. It would require a frame by
frame analysis of the video tape in order to measure dwell times and transit ion rates to the tenth of a
second. In addition, if the NAC were out of calibration, the relative error would have to be considert .1 in
t he analysis , especially for the condition in which the pilot fixates in turn on the several instrunmen tr The
mcu ionmeter would be a better instrument to use for such a study since it is computer-based and can ,,.mre

eye data automatically to the hundredth of a second and it has a linearization algorithm to compensate for
the pilots’s eye irregularities once it has been calibrated . The discussions of the integration and use of such
an instrument are presented in Appendix F.

In accomplishing t lmis long-range objective the proposed analysis technique was presented as a first-cut
atte r mmpt at correlating pilot eye scan and per formance. Until research is reinitiated on this effort , the
investigator is searc hing time literature for similar studies and investigations.
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The NASA/Langley Research Center has been actively involved in pilot eye scanning researc im . T1meir
effort s, to date . h ave been restricted to instrument flight rules (IFR) conditions , only. They h ave not
looked at time problem of Imow the pilot uses his out-the-window cues. Several studies (WaIler , 1976 : WaIle r
& Wise , 1975) at Langley have aimed at understanding the pilot as an information processor and
decisio rm-nmake r and at producing a model of this process. Langley is not looking at the ‘.arying levels of
pilot experience. Although t heir objectives are different , Langley’s success at developing suc im a moodel will
he closely monitored.

The AM RL has an oculometer which is similar to that used at NASA/Langley. However , their
instrument has been used for measuring pursuit tracking experiments only, to date , and AMRL has not
investigated pilot eye scan patterns (while flying).

The Systems and Research Division of Honeywell (the developers of the oculometer) has also been
investigating pilot ’s eye scan behavior rider ILS conditions. Honeywell has been under contract to
NASA/ Langley to help develop a model for pilot workload. They are interested in determining what
information a pilot uses in making a control input. In a recent study by Honeywell (Krebs & Wingert ,
19 76), it was determine d that individual pilot repeatability varied more than anticipated. More variability
was found within the data from)] each pilot than among the data from diffe rent pilots in some instances.
Data were not collected on varying leve ls of pilot experience. Time pilots tended to redistribute their
attention on the various instruments from run to run, w hiclm introduced much variability in the data.
Researchers at Honeywell arc also interested in the additional measure the oculometer provides , that is,
apparent pupil diameter. It has been known for sonie time now (Davson, 196 2) that the eye exhibits
pupillary reflex dilation. Some studies have investigated the correiatiQn.. .iw en..pupii 4il.ation and
wor kload ( Beatty, 1976). Spontaneous or reactive changes in the level of consciousness or changes in
cortico-t halamo-hypothalamic activity dilate the pupil . Pupillary dilation is elicited by sensor or emotional
stimuli , or by t houghts or emotions (Davson, 1962). lime oculometer monitors the diameter of the pupil
throughout the experiment and can detect changes in the size of the pupil during stressfu l portions of the
monitored flight. Honeywell is looking at this phenomenon as a better measure for stress than heart rate .
blood pressure , etc. Honeywell’s work will be closely followed in the interim until the long-range objectives
of t his study are investigated.

The Department of Industrial Syste mmms Engineering at the Ohio State University (OSU ) has bee mi
actively involved in studying automobile driver eye scan behavior over the past ten years. The Department
has developed its own cort ical reflection device and has conducted several studies looking at the temporal
and spatia l m easure s of a driver ’s scan behavior. Measures of mean dwell time on instruments , fixation
times, and transition rates from speedometer , signs, and other vehicles are recorded. The Department has
not , as yet, estab lished a standard on which to base performance.

Most of these studies at OSU have been concerned with comparing eye nmovenments before and after
an occurrence. Such occurrences include the imbibing of alcohol , exposure to road signs. and receipt of
driver ’s training. Although the Department has not looked at the correlation between eye scan pattern and
performance , they have m easured different kinds of perforniance in the visual tasks (Mourant & Rockwell .
197 1 ). OSU studies (Mourant & Rockwell, 1971) conllrni that data reduction fromii video tapes is a
time-consuming task. This investigator will be closely monitoring OSU’s wor k in the future. (Editor Note:
A 600 FOV NAC was integrated with an actual flight helmet at the Flying Training Division . Air Force
Human Resources Laboratomy , Wi lliams Air Force Base. Arizona . However , numerous tec hnical problems
rendered the data unusable. Additional information can be obtai mmed from AFHRL/FT, Mr. W . D. LeMaster ,
Wi llianis AFB, Arizona 85224.)

An attempt to accomplish the oilier long-range objective of this study cannot logically be initiated
until some correlation betwee n pilot ’s eye scan behaviom and performance has been found. I we can assume
t hat an acceptable nmodel 01 pilot workload can be produced froiii studies using the NAC at AFEIRL or the
oculome em-s at Langley Research Center or Honeywell , t hen an optimal control model (GeIb, 1974) of the
pilot ’s eye scan pattern can be developed . This model could possibly be used initially to train novice pilots
how to scan their instrum iments under IFR conditions. More data would have to be collected under visual
ilighl rules (VFR) c(mndj t ions to extend the model to out-the-window visual cue training. The fIrst attempt
wou ld be to predict expert pilots ’ eye scan behavior tinder IER conditions. Such a model would be
con figured as presented in Figure 4.

1m m suc h a process (Figure 4) a model of the pilot ’s workload would be the key block in tIme diagram. If
and w hen such a immodel ms developed, then the final long-term objective of this study could be investigated.
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Figure 4. Optimal control model of eye scan behav ior.

Looking at Figure 4, the approac h would be to predict an e xperienced pilot’s regions of high fixation
density for a particular simnulation (such as an ILS approach and landing). The Kalman 1111cr3 uses all
available measurements , regard less of their precision, to improve the accuracy of the overall data system. It
would process t he measurements to estimate the current value of the variable of interest , eye elevation and
azimut h, wit h the use of (a) knowledge of t he workloa d model, (b) the assumed statistics of the system
noises, measurement eirors, and uncertainty in the workload model, and (c) any avai lable information
about initial conditions (Maybeck , 1975).

The advantage of the Kalman filter in this application is that it can use the measured eye scan data
t hat are the basis for the pi!ot workloa d model and compute a difference between time measured value and
the best prediction of what it should be, based on all previous information. This prediction is then passed
through a set of optimal gains (Maybeck , 1975) which provide a correction to the optimal prediction of the
stated variab les of the system ’s dynamics generate d by the model. These variables would include eye
elevation and azimuth. For this case of a linear system (pilot workload model) driven by white Gaussian
noises (such as wind turbulence), time Kalma n filter provides the best possible estimate of eye fixation.
These variables could then be used to drive a white dot across a m onitor which was displaying the
instrument pane l. The white dot would locate optimal eye fixations and transitions. The novice pilot could
observe this optimal eye scan behavior and the training value could be studied in a research environment.

Such an approach to achieving the third objective of this study is offered in this discussion since the
objective has not yet been investigated.

Other researchers (Krebs & Winge rt , 1976; Waller & Wise , 1975) have looked at predicting eye
fixations but none of these studies were based on using the predicted f lxatiomms to train pilots.

A Kat imm an f i tm e r  is surmm piy an mmp tim im.i t rm mm rsiv ~ data pro~ e ,, s mI ~. ,~igo r imhm mm . it is m , mmc of t ime im m ost  , , m ,m m mioi i  ‘~‘ m mod
t i t te rin g m e c l i r m iquc s for e s m m m m i a t i l m g  ti me 0 m m ,  ~( .m l inear system (May heck , 1975).

13



REFERENCES

Albery , W .B.. Kugel, D. . & Phillips, W . Measuring predictive eye control wit lm the oculometer and the NAC
eye mmmark recor der. Unpublished Report . Wright-Pattersom m AFB. OH: Advanced System ims Di ~ion ,
Ntav 1 974.

Basinge r, ID . An approach to eotnputer image generatlo,, f u r  visual simulation. American Inst itute of
Aeronautics and Astronautics Conference on Sj mmmu lation. NASA-Amiies. Moffctt Field, California,
September 10- 1 2. 1973.

Scatty, J . Pupi llonu tr u tmmeas urc ’ment of wgni(im ’e workload in co~npIex man/ma c/glue sy Stems . Paper
presente d at time I 2tii Annual Conference on Manual Control . University of Illinois, 27 May 1976.

Cook , G. l)erivation of a muode l for the humiman eye-positioning mechanism. Bulle t in of t fu t / icmaimcci l
Biophys ics . 1967 . 29.

Cooper, C., & Harpe r, R. The use of pilot rating in i/ic evaluation of aircraft handling qualities .
NASA- Th-D-5 153. April 1 969.

Davson, H. The eye. iIluscular itlecha,,ism.s, 1962. 3. New York and London: Academic Press.
Ditchburn , R. W . . & Cinsborg , B.L. Involuntary eye movements during fixation. Journal of p !im ’sio logm ,

1953 . 119(1).
GeIb, A. A pp/ icc! op ti~nal estimation. Cambrtdge . Mass : The MIT Press . 1974 .
Jordan , S., & Manfredi . U. Li - c movement research progra~n . Tech Report NAVTRADEVCI N, 111-202 .

AD-74 l 246. Marcim 1972.
Krebs, M.. & Wingem’t , J. l ’se of the oeulomcter in pilot workload ,neasurement. NASA CR 144951.

February 1976.
Mackworth , J. F.. & Mackwo rt h. N.H. Eye fixations recorded on changing visual scenes by the television eye

immar ker. Journal of 11w Optical Society of ,l ’nerica. 1958 , 48 439.
Maybeck, P.S. ,S’tochasiic estirnat ion and co,ztrr, l s ystems. Air Force Institute of TechnoIo~ ’ Short Course.

Wright-P atterson AF I3. OIl: February 1975.

~Ierc hant , J . The oculomc ’ter. NASA CR-805. July 1967.
Merc hant, M. .1 re uni te oculomc ’ter permj :ling head ?norerncnI . AMRL-TR -73-69 , AD-776 075.

Wright-Patterson AFB. OH: November 1973.
Milsum . J. Biologic-al contro l s vstenLc analt sis. New York: McGraw- h ill, 1966 .
Mourant , R., & Ric kwell , 1. Visual scan patterns of novice amid experienced drivers. Department of

Imidustria l System ims Engineering. The Ohio State University. Svinposiu,ii on Ps yc hological Aspects of
I) r iving lkha vim r , Net herlands. August 1971.

Robinson . D.A . The mimeel man ics of h u m a n  saccadic eye nmovenment. Journal of Ph ysiolog r . 1964 . 174.
245-264 .

Robinson , D.A . Time mmme c han ics of huniami sm imooth pursuit eye movem mient. Journal of l ’hmsio logi ’, 196 5. 180.
569-59 1.

Robinson, 1). A ., O’Meara . D.NI., Scott, A .B. , & Collins , C,C. Mechanical commiponents of Imunman eye
uu m ov c m m m en ls . Journal of App lied /‘ht’sio/ogm’. May 1 969 . 26(5).

Thomas , EL. Time eye m im ove m nents of a pilot during a ircrai t lau ding. A erospace itIc ’mhc ’j , u ’ . May 19tm3.
Tiffj n , J. . & Darner , J . Anal ysis , m f  d c ’  f Ix ations and patterns of crc Puom ein ent s in land ins ’ a piper eu/i 1-3

airplane . Report No. 10. Was hington . D.(’., l)iv . of Res . February 1943.

14



\ ossius, 6. l) , m , s~ s t e m m m  der aus~criheweguumg . tisehr. Thm ml . , I 960 , 112(27).
Walkr , M. t m: inmc !u.’af ~ ug if rr m ’lat j mm ,, between pilo t scani,ing beh avior and wmmrkl c,ad USi~lt~ ~1 : f ) m t do

rm Crm ,s: m,: ana lysis. N .\ ‘~~
.\ . rM \ .~~ 44 . March 197(m .

WaII~r . ‘il ., & Wi se . ‘el . The in m c /m ‘o m e f r r  in flicht ,nanagc’,nen, resea rch . Aimmerica n Instit ute of Aeronautics
a id \s~l m m 1 i : m m : I m c s  Aerospace S~ c mm ccs Meeting. January 1975.

Wasic ko . R .J - i) ina,nu s of I/ m m C i t  scrm u m stem , m . Wright- Patterson A FB, 011: Ae rospace NI -chanics Branch .
Ae r m m ~mat u t mcd S~ stems Dios mm ur m , l lieJ:t Control Laboratory. April 196 2.

Wes theimer, C . Ni ec imanism i m m l  siec adic eye u m o ve i m i cu t s .  ,1,neric-an . lh / i m al Asso ciation ,1re/,iu-e ~Opthal~nolmm ~’v , I 9S4~ 52, 7 1 0-7~4.
Young. L .R . Measuring eve m m m mst -m imemi ts. The ,.Inm m,mean Journal of . t !ed ical I lectronics , (k tober

I)ecemher I ~ ~~.

Yo u ng, L.R .. Zuber , B.L.. & Stark . L. Visual and contr ol aspects of sacc amiic eye ,nomemc n ls . NASA
CR-5~ 4 . September 1966.

‘5



- 
.
— ~~~

—
~~~~= 

,- 
~~~~~~~~~~~ 

- 
~~ -1_~~~~~

.IP P I - .VDIX A. ANATOMY OF TIlE EYE MUSCLE SYSTEM

At least two neural systems control the eyeball’s position at any instant. These are the versional and
t he ve rgence control systems . The versional system controls tracking of a target moving in a plane
perpendicular to the visual axis. the vergence system controls the a~igle between the visual axe s of the two
eyes so that corresponding regions of the two retinas receive the target image at each instant. The
orientation of t he eye witlm respect to time head is controlled by the six extraocu la r muscles , which can cause
it to rotate about a point approximately at its geometrical center. The six extrinsic muscles of the eye are
admirab ly suited for their tas k of rotating the eyeball (Davson, 1962). They are arranged in three pairs of
muscles as shown in time dissection view of Figure Al. In any eye movement one of the muscles of any pair
(t he agonist) contracts to pull on the eyeball while its opposite member (the antagonist) relaxes but
opposes t ’e motion. The movements of the eyeball are generally defined in terms of primary axes of
rotation ot the eyeball about its center. In rotations about the vertical axis the cornea moves laterally, away
from the nose (abduction), or medially, toward the nose (adduction). Rotations about the transverse axis
running horizontally right to left , move t he cornea up (elevation) or down (depression). The third axis, the
sagitta l axis, is de fined as the primary line of vision, and rotations about it rotate the top of the cornea
nasally (intorsion) or laterally (extorsion). The axes of rotation determined by the individual muscle pairs,
howeve r, are nonorthogonal, and do not line up with the primary axes. As a result , the muscles have
subsidiary actions as well as main actions . The possible actions of the muscles are shown schematically in
Figure A2 , for the eyes looking straight forward. Thus, the lateral and medial recti are an opposing pair
used for adduction and abduction only, regardless of eye position. The superior rectus, on the other hand,
has a main action in elevation, which increases as the eye turns out and decreases as the eye turns in, and
also subsidiary actions of adduction and intorsion which become increasingly important as the eye turns
nasally .

Superior Oblique
Su~m mmm mc Rt : m m s  : .

;~
Cat omid
Artery ‘ 

_ ‘
“ ‘ .‘

—,,

‘~~~p ‘~~
‘ 4, ~ Lateral Recius4:

inferior Rectus inferior Oblique

Figure Al .  Dissection view of eyeball and extrinsic muscles.
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Figure .12. Schematic diagram of extraocular muscle actions,

Time normal muscle fields permit the eye to rotate about 45 left or right . 40° up and 60° down , and
30° in extorsion or intorsion. Since the nmusc le pairs are attac h ed approximm iate ly at ends of diamimeters of the
eyeball, their action is enhanced by a meclmanical advantage not generally found in other muscles of the
body. The extrinsic mmmusc les are about 100 mm2 in cross section : their nsaxiniumn lorce is ca lculated to be
near ly one kilogranm weig ht (2.2 Ibm), w hereas the actual fo rce requi red to initiate a moderate saccadic
mimovemmment imas been calculated as less tham m 100 grams weight (.22 Ihnm or 6.25 ounces). This large reserve
force mileans t hai only some of the individual fibers need contract at any one time, allow ing the ot hers to
rest. Time nerve s w h ich transmit commands from the brain to the ext raocular muscles contain a great many
fibers in proportion to the nummmber of mmiuscle fibers they control , thus permitting ve ry fine control over
t hese muscles. TIme reaction time of the extrinsic muscles , less than 10 msec , is the shortest of any muscle in
time body.

All of the passive elements of the eye orbit , including the passive elements of time muscles, form a
visoeiastic restraining nmedium for the globe (Davson, 196 2). TIme spring constant of th is mimediurn is 1.2
granm/deg. Sinmply to displace time globe 10 degrees in this nmediumm the muscles mmmus t apply a h rce of 12
granms. Likewise, to rotate the globe at 10 deg/sec in this mmmediumn the mm m usc les mmmust apply a differential rate
of cimange of force of 1 2 grams/sec plus a force to overcome the viscous f iction. These elements of the
mmmcd iunm represent the major impedance to sudden motions of time globe and far outweigh the effect ni the
very smmma ll mommment of inertia of time globe. These same elements prevent the globe frommm corning to rest in a
new position until 500 msec after the application of a sudden constant force. The speed of response of time
globe’s rotation is increased through the central nervous system utilizing the large tension reserve ot the
extraocular mmmusc les to cause a burst of excess force or rate of change of force to alter eye position in only
45 nmsec in a 10 degree saccade and eye velocity in only 13 3 mse c in a 10 deg/sec snm ooth pursuit response.
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. IPI’l: Vl) / . \ II: OCt ILOGRAP IJY: TUE RECORDING OF EYE MOVEMENTS

Oculography is time ohse rvatiomm and recording of eye move ments. The state-of-the-art has progressed
frommm bulky, mec hmanical devices which attached directly to the eyes to the modern oculonmeter , a
nomm-restrictive device mmmade possible with advanced electro-optics and the digital computer. In this section.
the history of ocukigraphy (Young, 1963) will be summarized, the various types of eye mnovenments w ill be
characteri Led , and the mmmethm ods used t o  mneasure these eye movements ove r the last 100 years will be
discussed. Two pieces of equipment will be introduced: (a) The NAC eye-mark recorder , a corneal
ref lection device , and (b) Time oculometer , an elect ro-optical device. Time oculometer represents the
state-of-t he-art in oculography.

lime measure imment of eye position provides useful info rmation to investigators in several different
fields. To the medical profession, eye mmmove rnents can serve as a diagnostic aid imm treatmmments affecting the
ocu lomotor syste mmm or as an aid in diagnosing or treating schizophrenics, for exammmp le. The psychologist is
interested in investigating t he reading habits of children; monitoring eye nmovements is one nmethod available
to him. Eye mmmovements provide the human engineer wit im an aid in evaluating the human suitability of
instru umme nt panel and contro l designs. Advertising men evaluate the effectiveness of their displays by
nionitoring customers ’ eye mm ovements. Various researchers in the Air Force are particularly interested in
t he eye movements of pilots. Since no one really knows what to tell a student pilot to watch for in learning
to land an airplane, perhaps by rimonitoring experienced pilots’ eye movements and learning what visual cues
they use and teaching the students to use the same visual cues, eye movement studies can be used to
enhance training.

Seven types of eye movements have been identified: (a) Saccadic or fast nmovenments are the little
jumps by mmmeans of w hich we voluntarily nmove our eyes conjugately from one fixation point to another.
Characterized by a reaction time of 120 to 250 n~ ec, they may be large r than 50° wit h a velocity as high as
600°/see; (b) Pursuit movements are the slow conjugate tracking movements , I to 30°/see , wit h which we
follow a slowly moving target: (c) Compensatory movements are smooth (30°/see) nmovements of t he eyes
to compensate for active or passive move ments of the head or trunk; (d) Vergence nmovemmments invol ve the
motion of t he two eyes in opposite directions in order to lock-in the inmages of a near or far object on
corresponding retinal points and permit binocular vision. These cover a range of approximately 15 ° and
reac h velocities of the order of 10°/sec. (e) Miniature move ments , less timan 1 ° in ammmp litude. fall into three
classifications, Dri ft is the tendency of the eye to move slowly away from the fixation point in a random
direction with a velocity of several minutes of arc/second , flicks arc rapid saccadic- like movements.
occurring at interva ls as short as 30 msec, which tend to he opposite to the direct ion of drift and to keep
t he fixation point in the 1° central FOV. Trenmo r is snmall . high frequency mimotion in the range of 30 to 150
cps and peak anmplitude of approximately 30 arc seconds at 70 cps. (f) Rolling or torsi t mmmal nmovemm ients of
time eye about t he line of gaze are comupensatory in nature and entire ly involuntary. Timey are slow . temmd t im
lag behind by angles up to 30°, and are apparent ly stimulated by thme semi-cmrcu la r canals. (g) Nvstagmus is a
general term applied to a large class of eye movements of an oscillatory or unstable nature. Among the most
comnion types are optokinetic , vestibu lar , and spontaneous nystagnmus.

TIme variety of mnethods developed for the observation and recording of eyi’ nmoven ments indicates the
interest in this subject by investigators frommm mmmany different fields. A large nunmber of te~lmniques hmave bee,:
deve loped, eac h with its own characteristics of range, sensitivity, bandw idth, stability, and ease ol
appltcat i( mmm.

Much of the early (circa 1870) quantitative work on the duratnmn ammd nature ot eye mm movemm ments was
done by using aft e r-images (Young, 1963) of a bright light to indicate thme character isti~ of time movement.
Time priumcmphe is t l m a t time images of a regularly Ilasiming Iigimt will leave a series of after-images on the rc t imm a.
The imumber and spacing of these after-inmages , as subjective ly reported by an cxpe rien eed subject . indicate
he dt i ration and velocity of the mmm ovenme nt. If the light is on steadi ly during a mmm ovenment. the presence o t a

sequence of bright spots or nodes as the aft er-image indicates the number of llxatio mm points , separated b~saccadcs. Simm cc t his mmmcthod permits eye nmovcnments up t(m ±45 ° frommi t he Iighmt source , and sti ll alhmws b r
reso lution of after- inmages separated by less than IS minu t es of arc , it o ffers emime of thc largest dynammmic
ranges of all mmmct hod s of investigation. Its chief drawback , that it is subjective and yields rmo record of eye
movements , caused it to fall immto disuse when inmproved objective technqiues becanme available.
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In aim effort to ac hieve objective pernmanent recording of eye nmovements , a mmumnbe r of ingenious
mechma imical devices were developed to detect and record these nmotions. In time ear liest attemmmpt s , around
1898 , a ligiit rod (Young, 1963) was attached direct ly to thme cornea of an anestimetized eye by means of a
glass bead or plaster of paris. The mmiechanical nmotion of time rod was transformed through a series of levers
to record t he motion on the snmoked paper of a rotating drum keymograph . Vertical motions were simnilarly
recorded by tying levers to eyelids, t he attachment being made with tape .

In later developnments , around 191 2, the protuberance of the cornea (Young. 1963) was used to
activate mimec hanical devices , eithmer direct ly or through pressure transd ucers that sensed the change in air
pressure as t he corneal bulge pressed against the mmme mmmb rane during eye motion . These instrum iments were
usually designed to be placed over the lid of omme eye , wit h: the other eye open. These methods inherently
inter fere with normal eye movenments althougim they set an early standard for quantitative recording of eye
nmovenments.

In order to make objective recordings of eye movenments without time interference thmat is itmlmere nt in
mechanical transducers, direct photographic records of eye position were used. In 1899 , the inm age of the
subject ’s eye was focused nfl a vertical photographic plate (Young, 1963) which was constraine d by the
viscous forces of an oil bath to fall at a constant velocity. Displacements of the light-dark boundary
between time sc lcra and iris yielded a continuous record of h orizontal eye nmovenments in 1906 (Young.
1963). Time method was inmproved with the development of continuous filnm drives capable of Imandling
longer lengths of film. This method was then advan~~d by photographing only that portion of the eye to
w hiclm sonme hiright foreign nmaterial had been attache d (Young, 1963). All of these methods required that
t ime imead position be accurate ly fixed, atmd thmey consunmed vast quantities of film for accurate recording of
essentia lly intermittent nmovenments. Such method s would be impract ical in the flight training environnment
of an aircraft cockpit.

A special case of this direct photographic recording is the corneal reflection method. Because of the
smmmoot hm , spherical front surface of the cornea, an incident beam of light will be partially reflected to form a
bright spot , or “highliglmt” on time cornea (see Figure BI). Note the relative differences in the radii of time
eyeball and cornea. On time right . note t he circle in the center of the cornea: this highlight serves as the

Vitreous Humor .

Figure BI .  Highlight of human eye-corneal reflection.

necessary input to corneal reflection devices such as the NAC EMR. Incident rays of light are partially
re flected off time cornea to form the bright spot , or highlight. Time angle of tIme reflected ligh t depends upomi
the angle between the incident light ray and the norummal to the reflecting surface . Since the cornea forms an
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eccentric bulge on time mmear ly spherical eyeball, the normal to the corumea at any one point in space changes
as t ime eye rotates about i fs center during amm eye nmove i mme umt. As a result , the position of the higimliglmt nmoves
in t he same direction as the cornea, hut wit h approximately one-half of the amplitude. Time reflected beam
is easily recorded . eit hmer omm filnm or video tape. This mmmethod is convenient for large-scale testing on
untrained subjects . since no interfe rence with nornial eye rimovements is associated with it.

There are two basic tiniitations to the corneal reflection method. First , the linear range of the method
is restricted t ( m approximate ly ± 12,5 ° by the li m ited extent of exposed cornea and the nonspherical nature
of its surlace at its periphery (see Figure BI). Second, the disturbance resulting irom lateral head
movements is more serious than with any of the other methods, if the device is not attached directly to the
subject . An expression for PHI, the angular displacement of the reflected beam of light , as derived by
Ditc hmhum and Gimmsborg (1953) is:

PHI = 2((A/ a I )*TIIETA + d/a)

w here A radius of curvature of time eye (c. 13.3 mmmi.); a = radius of curvature of the c rnea (c. 8,0 mm.);
THETA = angular displacement of the eye; and d lateral displacement of the hmead. A lateral displacement
of 0.1 nmmmm would induce an error in measured eye position of approximately 1°.

The primary instrument used in this thesis study was the NAC Eye- Mark Recorder , a corneal
re flection device developed in Japan and developed first to evaluate visual field points of interest in railroad
simulators. This electro-optical instrument is extre m ely versatile with numerous applications and has the
feature of being head-mounted, w lmich holds at zero the “d” in Ditchbum and Ginsborg’s (1953) equation.
The device is light-weight because there is no canmera mounted to the user ’s head. All video information is
transmitted by fiber optics to a remote recorder (camera, monitor , etc.) (see Figure Cl). The NAC
simultaneously and continuously records the subject ’s discrete visual point of gaze wit hin his FOV. This is
achieved by reflecting an illuminated spot off the cornea and superimposing the reflection onto the field of
view . Both FOV and the superimposed illuminated spot are then recorded on l6nmm motion picture film or
closed circuit TV, or can be visually observed.

In 1953. a contact lens tec hnique was developed whereby a contact lens was fitted ove r the conmea
(Young, 1963) and t he image of a light source was reflected by a small plane mirror mounted on the
corneal lens. This method is by far the most sensitive and has yielded good records of eye movements of
less than 10 seconds of arc. There are several inherent advantages of the contact lens reflection method over
the corneal reflection technique. The reflected beam moves through twice the angle of eye rotation and the
use of a plane nmirror eliminates the artifacts resulting from irregularities in the frontal surface of the
cornea. Furthermore, since t ime plane mirror is displaced parallel to itself by translational head movements .
this method is much less sensitive to head movements than the corneal reflection method if the device is
not head mounted. The obvious disadvantage of this technique is the necessity of placing a foreign object
on the eye. Although the additional moment of inertia is very small compared with that of the eyeball. it is
difficult to maintain that no interference with normal eye movement occurs.

As early as 1922 , it had been demonstrated that certain electrical changes are associated with eye
movements (Davson, 1962). It was not until more recently that the nature of these changes w~ understood
and the electronics for detecting and recording them was developed. To use this technique to record eye
position, one places silver-silver chloride EEG electrodes (Davson, 1962) on the inner and outer canthers of
eac lm eye (for horizontal movements) and/or above and below the eye (for vertical movements). The
met hod is useful and convenient for recording movements in the range ± 1/2 ° to ±40°, and has been
exten ded to record eye movements of ±90°. The disadvantages (Davson, 196 2) of this technique include
eye-b links (which distort the record of eye position) and elect rical artifacts of drift. The m ost seri ous
disadvantage of t he elect ro-oculographic technique, howeve r , is crosstalk between axes of motion. In other
wor ds, the electrical record of eye positions will indicate a change in vertical position (for example) even
though the task was a pure horizontal movement. Davson (1962) attributes this anomaly to the fact that
t he eyes, in a normal change of f Ixation, move with a screw motion.

The photoelectric (Young, 1963) measurrnent method was developed around 1958 and it uses
photosensitive devices to nmeasure eye position. The position of the limbus, or boundary between the white
sc 1era and dar k iris , is optically detected and this signal is converted into a voltage which nmay he easily
recorded on an osci llosco pe or pen recorder. Such devices entail no interference with normal eye
movements -and ace limited in theic f:equency response only by the bandwidth of the electronics.
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An electro-optica l system which dynamically mneasures pupil dianmeter and human eye movement was
deve loped at lioneyweil in the early 1960’ s. The ocu lomm ieter (Merchan t , 1967) is a non-restrictive ,
conmputer -based oculograpimic device w hicim enables an expe rime rmter to determine not only w lmat time subject
is looking at , but w hat time subject ’s pupillary response is to that particular stinmulus. Time basic sensing
principle of the oculomneter is that eye direction is defined by time position of a cornea! reflection (of the
radiation source wit hin the oculometer) relative to the center of the pupil. The elcctro-optical sensor unit is
located several feet from the subject , w ho is free to move the eye being sensed throughout a cube in space
one foot on a side. The displacement of the corneal reflection from the center of the pupil is K Sine 0
(Figure B2) where 0 is the angle between the geonmetric axis of the eye and the direction of the incident
co llinmated beanm (which is a re ference direction, the optical axis of the oculometer) , and K is a dimensional
constammt of the eye. Displacement of the corneal reflection from the center of ~lie pup il by K Sine 0 is
proportional to the angular direction 0 of the eye , and is independent of the position of t u e  eye Tii us. by
mmieasuring in the eye image the displacement of the corneal reflection from the center of tIme pupil , a
measure is obtained of the direction of the geom etric axis of the eye. The displacement between time center
of the pupil and the corneal reflection is independent of the position of the eye . That is , if the eye moveS
(wit h no rotation) , t ime displacement between these two points is invariant. The displacenment between the
rays is solely a function of the angular direction of the eye.
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Ammmom mg the muany tec hniques which have heem i utilized for nmeasure immen t of eye nmovemmmen ts , some have
heemm superseded by techno iogical advances whereas others have mmmainta incd time ir usefulness for certain
a pplications. Time currently popular mmmet lmod s mnay he classified by the range of eye movements over which

imey t lnd t lmei r Immost useful applicat iomm.
For time dctectiomm and mmmea surenment of mi m immi ature eye movements, or those less than 1 °, time nmost

precise nmeasure nmem mts imm t imis range arc gemmera lly made with a contact lens f i t ted to the cornea or ove r tIme
entire sc lera . Refl ectiomms f rom im a nmirror mmiounted on time lens cam yield precision of a few seconds of arc , but
ti me accurate range is Iimnitcd to mimovenments of less timamm 5 ° by slippage of the lens. This error becames more
significant at larger angles. The corneal reflection principle is gemmera lly limnited to ± 12.5 ° by time size of time
cornea l bulge, hu~ m a y  he applicable to miniature eye mmiove mmlents depending on tIme type of the device . Time
NAC can be calibrated to accuracies of nmuclm less than 1° ove r a range of ±10° imorizontally and vertically
Beyommd ± 10°, the reflected light source is located on the noospherical and rougher peripheral portion of the
cornea and as a result time accuracy of fixation is degraded. The ocu lonmeter has an accuracy of
approxinmate ly 1° over a field of view of — 10° and +30° vertica lly and ±30° horizonta lly; however, j itter in
time digital mode of t racking the eye makes this system unsuitable for time task of measuring miniature eye
mlmo vem m ments of less t lman 1°.

Eye t rackimm g nmovenmen ts in time range of 1 ° to 20° arc nmeasured best by the oculometer because of its
accuracy and non-restrictive nature. Photociectric , c lectro -oculograp lmic , and cortical reflection devices are
also applicable in this range . Time differ cmmtial reflection devices offer the advantage of being small and light
enougim to he nmounted on goggles, glasses or a ime lmimet and worn by time subject , t hereby pemn mitting lree
head movemm ient. Such is the case with the NAC eye recorder in this study.

For excursions so large that time limbus becomes h idden behind time lid (greater than 20°). time
ocu lometer and electro-ocu lograp hy appear t(m be tIme most promising methods . altimougim sonme of the
pimotoelectric techniques can he extended to t h i s  range. In omme version of the oculonmeter . time Mark Ill, time

ms permitted one cubic loot of h ead notion volume and the tracker can still mmmaimmtai rl e~ eposit i(mn/ Iocation (Merchant , 1 973).
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APPENDIX C. NAC EYE.MARK RECORDER

A NAC eye-mark recorder was obtained from the Aerospace Medical Research Laboratory.
Wright-Pat t i’rscm AFB , Ohio, and used at AFHRL to conduct basic eye immovenment research , (eye response
data from Table Dl were taken, and in a simulator , where the perfommance of the iimstruiiment was
investigated).

The device provides both a 60-degree view of the scene directly forward of the pilot ’s momentary
head position and an indication of his fixation point within the scene. The NAC recorder is an optical
device in which an illuminated reticle which is reflected off the cornea by movemmient of the eyeball can be
aligned with the visual line of regard. This reticle then is superimposed on a prinmary image of the scene
direct ly forward of the pilot and may be recorded on a 16mm filmmm or video tape or be viewed on a monitor.
The NAC is equipped with a lens having a 60-degree FOV which is adequate for recording the forward
visual environment of the pilot, particularly since the lens travels with any head movement. The video tape
recorder , in both the aircraft and the simulator(s) would appear to be the most advantageous recording
medium because of its capability for instant replay.

Two subjects were used in the experiment and one wore contact lenses. The contact lens affected the
corneal reflection only at eye angles greater than 100 off-axis where multiple reflections occurred (eyeball
ai.d contact lens). The resolution of the 30° type NAC is twice that of the 60° type (twice the visual
information being transmitted over the same number of fiber optic bundles.) The bundle itself is comprised
of a 4 x 5 mm , 200 x 250 strand matrix which means that the maximum possible vertical resolution is:

(22.7 deg x 60 minutes/deg)/200 strands = 6.81 arc mm
The maximum possible horizontal resolution is:
(3 1.4 deg x 60 nminutes/deg)/250 strands = 7.536 arc mm

The manufacturer lists the 30° type vertical and horizontal field-of-views as 22.7° and 31.4°, respective ly.
The 60° type NAC has specified vertical and horizontal field~of-views of 43,5

0 and 60°, respectively, with
associate d resolution capabilities of 13.05 arc nmin vertically and 14.4 arc mm horizontally. The ASPT visual
display has a resolution of less than 7 arc nmin and as a result , some detailed position elements may be lost
using the 60° type NAC which has one-half the resolving power of the display. Still pictures were taken
from a monitor-playback of recordings made in the AFHRLJAdvanced Systems Division simulator and
visual cues in the display as well as instruments on the panel are easily recognizable. Since the video camera
was not a low-light-level device, the contrast of the visual display had to be increased and the instrument
panel had to be brightly illuminated in order to distinguish details (Figures Cl through C3). The picture
(eye-mark on simulated runway — Figure C2) was taken off the TV monitor from a recording of the
experinment in Figure Cl. The chart (Figure C3) on the top was taken through the system with a regular
video camera lens. The photo at the bottom is with the fiber optics cable and the 30° NAC camera lens.
Note the graininess of the symbols around the edge of the picture . The h5er optics cable is a bundle of
50,000—20 mm fibers with an effective picture area of 4 x 5 mnm . The 30° NAC has a maximunm power of
approximately 7 arc minutes; the 60° NAC , about 14 arc minutes.
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APPENDIX D.- NAC/OCULOMETER RESULTS AND MODELS

Using both the NAC eye-mark recorder and the Honeywell oculometer , eye tracking move ments were
miicasure d using a horizontally aligned sinusoidal stimulus. Vertical and oblique eye-tracking were also
immvestig ate d (Albery, Kugel, & Phillips, 1974) but will not be discussed in this rep ort.

The oculometer data were collected using the Aero space Medical Research Laboratory’s facility at
Wright-Patterson AFB. Three subjects were given the task of tracking a predictable, horizontal ±10 degree
sinusoid at five different frequencies: 0.75 cps, 1 .00 cps, 1.25 cps, 1 .50 cps, and 1,75 cps. The oculometer
recorded the azimuth and elevation of both the target and the eye at a 30 per sec iteration rate. An
osci llograph recording of each trial was also taken. The data used in this study are taken from one subject in
that study.

The NAC data were taken in an effort to verify the ocu lometer ’s results and also to gain information
about two other directions of tracking investigated less often, vert ical and oblique.

The linear, second order system models (Figure Dl) develop ed are derive d from the oculometer data.
The magnitude of the response to the different frequency inputs was scored by comparing the relative size
of t he eye output , O 0~ 

to the constant , relative magmiude ot~ the input sinusoid, 0
~
. The magnitudes were

timen converted to db and the measured phase angle is expressed in degrees. The horizontal data for the
NAC are the aver ages of the values for subjects tested. These data , video reco rded and played back on a TV
monitor , were measured in much the same manner, comparing the relative magnitudes of the output
eye-mark and the input sinuoid signal (which is driven by an oscillator fed into an oscilloscope) at the
various frequencies. Phase angle information was not measured on the NAC. These data were difficult to
obtain from the monitor. The video tape would have to be analyzed point by point and w hen the sinusoid
reached its peak a m mmp tml :de . t he location of time eye-mark would lma”e to be calculated compared to the
input si~nal. Based on i full amplitude of 180°, wherever the eye-mark was located on the input signal, it
wou ld be some va ’ me gt eater or less than 180° . Only oculometer phase data are presented.

8in controller 
~~~~~~~~~~ 

Dynami c Plan t ‘out
(Bra in) ~p- (Eyeball , extraocular _________

(nerve muscle , orbi t )
signals) eyeball

C(s) position

I Amplitude Model C(s) 1
Dynanmic Plan t 

‘ (s/ll)2 + 2(.6)s + 1

I Phase Model C(s) 1
L (8/15)2 + 2(.4)s +1

11
Figure Dl. Albesy’s composite model from eye data.

Evaluating the ocu lomotor system as a linear servo system , the frequency response dat a from Table
Dl can be analyzed in at least three ways: amplitude ratio fit , phase angle fit , or com bined amplitude ratio
and phase angle fit.
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Table DI. Frequency Response Data

Amplitude Ratio (AR)

Frequency Oculometer NAC
cps Fad/Sec AR db AR db Ocuio meter

.75 4.71 1.0 0 1.Oa 0 —14.5
1 .00 6.28 1.0 0 f .Oa 0 —23
1 .25 7.85 .95 —.445 79a _ 2.05 a 34
1 .50 9,42 .89 —1.0 1 .63a —4.01 —50
1.75 II .67 —3.48 • 54a 535  73
2.00 12.57 — .29a 10 75 —

2.25 14.14 — .235a _ l2,58 a

adenotes average o f two runs, db = 20 log10 (AR).

One fit for the amplitude ratio data results in the following approximate eye servo system transfer
function :

0 0(s) I

O 1(s) (~)2 + 2(.6)s + I
(11) 2 II

One can see that the corresponding phase angle frequency response for this transfer function differs
considerably from the experimental data (Figures D2 and D3). The dots (Figure D2) represent data from
t he ocu lometer; the ci rcles , the NAC eye recorder. Note the phase dat a’s trans fer function does not fit the
amplitude ratio’s data. Figures D2 and D3 represent eye tracking performance of individuals following a
predictable ± 10° horizontal sinusoid.

AR(db)
10 20

+10 ______________________________ 
________ _____

0 . — .~..L — —- ——- 
.~~ One fit of AR data

~ Oo(s) = 
_ _ _ _ _ _ _ _ _

—10 ___________________________ “ 
_____ 

01(s) ( s / l i )  + 2 ( . 6 ) s  +1
0 1.1

\ \‘ AR of actual phase data

Oo(s ) = 1
01(s) (5/15)Z + 2( .4 ) s  4-].

15
Frequency — w (rad/sec)

Agure D2. Frequency respoose data from eye tracking experiments — magnitude.
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Figur e 1)3. Frequency response data from eye t racking experiments — phase lag.

The fit for the phase angle data results in the following appro ximation:

o s (s) 
____________

0 (s) _~ )~
j

~ 
2(.4)s + I

(15) 2 15

The amplitude ratio frequency response for this transfe r function does not match the experinmental
data very well.

Wasic ko (l%2) found this same anomaly in the analysis of eye data on a 4 .5° sinusoid in a horizontal
plane. lie concluded that a linear transfe r funct ion somewhere betwee n those of equations I and 2 could
give a better combined amplitude ratio and phase angle (It. However , this fit would not he very good: it is
c lear from equatio ims I and 2 that these two individual “best ” tlts differ considerably in natural frequency
and damping ratio , the differences for both these parameters being approximately a factor of I .~~~. It is
reaffirmed , t herefore , t lmat a linear model for the eye servo system w ill not compare well with the
experimenta l data.

Wasicko (1962) performed a nonlinear analysis of the eye servo tracking system experimental data
and found that the data couid he fitted with about the same rms accuracy by three different nonlinear
mode ls. All three models have a limiter in series with a second order linear clement with a ratura l treqiienc~of 21.5 rad/se c and a damping ratio of 0.25 . The three nonlinearmties are (a) acceleration euiiiinand
limiting, (b) rate output linmiting, and (c ) acce leration output limiting.

A combined rate and acce leration output linmited model could alrnos perfect l y matc h the
expe rimental data : howeve r, t he limited amount of expe ri nmental data (2 subjects) does not warrant such
complex modeling. Additiona l experimental data for higher input frequencies , or data for larg er Input
amplitudes , are neede d to determine which of the three nonlinear models best represents the eye servo
trac king systems. However , Albery et al. (1974) among others , determined t hat human eye tracking
per formance rapidly degrades at frequencies greater than 2 cps, w hich eliminates the possibility of
obtaining usefu l high frequency data. Furthermore , t he eye recorder used to obtain the data is accurate
only in the range of ±10°. This, t hen , prec luded using input amplitudes greater than ±10°

In separate experiments , A lbery et al. (1974) determined that horizontal and diagonal (oblique)
trac king tasks are performed better than vertical tasks because of experience in those modes as opposed to
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vertical pursuit nmoveme nts. The Navy (Jor ta im & M an fredi , 1972) Found th at Imori toi mla l. ocu lar pursuit
tracking improved with training: and. ilmat some itimprove nient in tracking occurs wit h all tracking tested ,
wit h horii.ontal t racking showing time largest improvement over vertical and oblique directions of target
immovenmen I.

Eye Movement Mechanism Models
Severa l investigators (Youimg. Zuher, & Stark , 1966) have atteniptcd to describe the mechanics of time

eye nmoV eimm eil t control system using a va l iety of simplified assumptions and hypotheses concerning the
physiological mechanisms. This section will examine several of these control schemes and will compare
t hese nmodels with timat developed by the author from empirical data in Table Dl . The purpose of a imiode! is
nut only to predict system behavior in new Situations hut also to bring about a better understanding of the
system.

The llrst and perhaps simplest m odel asswmie s that the eyeball is restrained by muscles whicim act like
linear springs and that its rest position is that at which the active force exerted by the muscles just balance s
the spring force. West heinier (1954) proposed such a model and suggested that the motion could be
described in terms of a second order linear differential equat ion:

A 2 0+ A 1 0+ A ,, (0 0 ) =  lit) where

A 2 = eyeba ll nmoment of inertia
A 1 = the coefficient of friction (viscous )
A,, = the elastic restraint exerted by the re laxed antagonist niuscie as the eye’s position is changed
o = eye posit ion
0 = some centra l stab le condition
ff1) = t he Forcing tunction applied by the agonist nmuscle.
It ofle assunies f ( t )  is a step input , w hich would correspond to a saccadi c eye response. t he values of

the natura l frequency , w~ . and danmping consta imt . ~~. can he determined , and t hey are :

wn = 240 radians/sec

~ = 0.7
Westhcimer (1954) pointed out t he existence of nonlinearities in the viscous term and in the tension

vs. extension re lationsimip of the opposing muscle in imis open loop model , but left these nonlinear itmes out
of his model.

Vossius , (1960) proposed a basically different eye movement mechanism : he claimed that an inner
loop pruprioceptive feedback nmechanism for the muscle spindles on the extraocular muscles controlled
ndividu:i l saccadic wimps. The model proposed by Vossius is drawn in Figure D4. lJke West heirner’s model,

howeve r . Vossius ’ model is linear and it makes no allowance for the nonlinearities apparently present in the
system.

Transport Higher
Position Bra in Delay Delay Center Muscle

Command ~

! lgurc D4. Vossj~s’ model for saccadic eye movement.
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Robinson (1964) proposed a possible control model based for the first time on experirmien t al data.
Models developed previously were based on a limited amount of physiological data on humans. By
restraining the left eye from moving through a contact lens and measuring the force applied by the eye to
the restraint , while the unencumbere d eye made a normal movement. Robinson was able to obtain Forces
nmeasure d in grams at the edge of the eyeball. The 1964 saccadic eye movement study was followed h~
Robinson (196 5) with a smooth pursuit eye movement study. Robinson concluded from both studies that
the same static dynamic relation between net active-state tension and globe rotation exists for both saccadic
and smoot h pursuit movements. The passive spring stiffness of the orbit was revised fronm 1.5 grani/deg to
1.2 gram/deg in the 1965 study. Robinso n, O’Meara , Scott , and Collins (1969) performed experiments on
the lateral recti of patients with the principal goal of the study being to obtain the length-tension
relationship of human extraocular muscles at various levels of innervation. An important finding of this
1969 study was that L,,, the muscle lengt h for maximum tension , lies at a muscle length greater than L1,.
the muscle leng th with the eye in its primary position, by an amount correspon ding to an angular deviation
of about 32 degrees. Before this discovery , investigators (Robinson, 1964 , 1965; Robinson et a!., 1969) had
assumed for lack of evidence that L,,, and L coincided. Robinson’s model, shown in Figure D5. accounts
for all of his reported observations. The globe is a mass having moment of inertia m on which three forces
may act : Fa, the force applied externally on the contact lens; Fe,, the force exerted by the net added
tension of the horizontal recti: and F~, the net restraining force of all passive tissues in the orbit. The linear
differential equation which describes eye movement 0 in response to forces Fa externally applied or neural
conimands via active state tension F,, is shown in Figure D5, The bandwidth of the system in Figure D5 to
a sinusoidally applied active state tension F0 is 1.1 cps at —3db. These data correspond to the empirical
results when the question arises “What is the mechanical bandwidth Or frequency response of the eyeball?”

con trac tile componen t high_ iner tia load
,-

~~~~
-

F . . M K s = spring constants
0 series elastic cosm~ponent R’s = viscosities

m = mass of eye and
m

__

mu

~~~~ Ke 

~~~~~~~~~e ~~:: externallY
applied forces

~~~~~~~~~~~~~ 0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ mus c es

A isometric beam

Summation of forces : m d20 + Fp “ Fin + Fa
d

Fm’s relationship to Fo: Rni dFm + Fm = Fo — Rm dO
Re dt  dt

Equation for Eye Movement: R1R2 d~~ + (R1K2+R2K1) dO + K1K2S = (K 1+K 2 )F p +

dt 2 dt
(R1-I-R2) ~~~

Figure 115. Robinson ’s model for the mechanical elements of the extraocular system.
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Cook (1967) presented a refined Robinson model of the human eye movement mechanism . Cook’s
objective was to cast the hunman eye-positioning mechanism into a realistic mathenmatica l representation.
The major problem with Robinson’s model is that the available physiological data at that time were from
animals, such as cats. Cook’s basic approac h was to assume the dynamic characteristics of the “plant ” or
muscle.eyeball combination based on available animal data. By measuring output position velocity and
acce leration during eye nmovements, he was able to work backward s to determine what the control variables
must have been in terms of nerve signals. Cook’s model (see Figure D6) is sinmilar to Robinson’s except for
two re finenm ents. In Imis model, Cook considers the forces generated by the agonist and antagonist muscles
independent ly, which accounts for the difference in characteristics of muscles wlmen they are shortening
(agonsit) and lengthening (antagonist). The other refinement is the addition of a nont’near active darnpmng
term in the equation for the agonist and antagonist muscles. In Cook’s model, the mass of the eyeball is
shown as subject to forces fronm the antagonist and agonist muscles, as we ll as passive elastic and viscous
forces. The major differences between Robinson’s and Cook’s models are in the viscous components. where
Cook’s passive damping coefficient is considerably lower than Robinson’s element. Both models appear to
account for t he major characteristics of eye movement behavior; howeve r, neit her model has proI~riuce ptmse
feedback of extra-ocular stretch.
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k’ s = spring coefficients J = inertia of the eyeball
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C’s control signals e’s = positions

Figure 06. Cook’s composite model for eye movement mechanism.

The modeling actually performed by this investigator was to record frequency response data on a
subject tracking a light spo t moving sinusoidally along the horizontal axis. These data were Bode plotted
and transfe r functions were fitted to the amplitude and phase data . These second order transfe r functions
were then placed in a block diagram as potential “models” of the human’s pursuit tracking system. It
should be noted , here, that the anticipatory control term, or e7’, was not considered in the model. There is
satis factory experimental evidence that biological systems can anticipate or predict certain repetitive inputs
before they actually occur (Milsum , 1966).
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,IPP1 VI)IV E. INTEGRATION OF TIlE: NA(’W ITII TI ll ASPI

In the ASPI, most of t he equipment required in time act ual 1-37 aircrall will not be necessary. Since
there already is a video camera in each cock pit . only the helnmet . reticle light , batte ry pack, fiber optics
cab le, and camera adapter are required. The low-lig imt-lcvel television (LLLTV), which is part of a
closed-circuit TV system in time ASPT, will have to he either (a) relocated , or (b) moved forward , from its
present position because t he 39.4 inch fiber optics cable is not long enough to connect to the camera (see
Figures Fl and F2). Since the NAC ~ ilI become a part of the closed circuit system , no one w ill he required
to calibrate time EMR (see Figure F:) otimer than time subject . Since tIme pilot’s eye fixations can be
monitored at the instructor/operator stat io m m ( lOS) t he experimenter , at that station , can direct calibration
operations from his chair. If, during a maneuve r, it is determined t hat the NAC is out of calibration, the
ASPI can be put on FREEZE. the subject can he instructed to fixate on an object in the visual display or
on t he instrument panel. Using his lefi hand to turn the xy adjusters , t he subject can make fine adjustments
in the position of his eye-mark through voice contact with the lOS. The same procedure is true for
adjusting the brightness with the inmage lerms knob , changing the position of the eye lamp, or ti lting the
camera lens up or down. All of these adjustnments can be made by the subject in the simulator under the
verbal guidance of the experimenter. After tile latter is satisfied with the calibration, the simulator can be
released, UNFREEZE , and the experiment can continue. Because in it the EMR requires less equipmen t and
is easier to calibrate , t he simulator lends itself to eye niovenment research more readily than does the
aircraft .

Both Cock pits A and B have an LLLTV installed directly above and behind the pilot. The zoonm lens
allows the camera operator at the A or B inst ructor/operator station to focus on any or all of the
instruments. The zoom lens can be detached froni the LLLTV amid replaced by the fiber optics cable from
the NAC. The 60° field of view of the camera lens and the eye- m ark uf pilot’s fixation point are
superimposed and transmitted to LLLTV; the combined presentation is then viewed at the advanced or
conventiona l instructor operator stations where it can be recorded and played back.

I ’igure El.  ASPI with location of Low-Light-Level 1’V Camera.
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OThER USES FOR ThE NAC EMR

Application of the NAC as a Verification Tool
Eye movements in the total FOV will be of material assistance in establishing the visual environment

of the pilot and can be utilized in other programs. The data can be used directly by instructor pilots in
directing the student’s attention to particular areas of the visual field during training. Perhaps most
important, the recordings and interviews will play an important part in establishing the optimal and image
content for maneuvers recorded. Such information would be of vital interest in the ASPT visual data base
as well as future UPF simm.dators. Direct comparison between visual environment of the pilot flying the
aircraft and that of experimental configurations of the simulator will provide a baseline of data concerning
t he perceptual equivalence of the two systems. Canopy markings, however discrete , can be utilized in the
aircraft and, t hus recorded along with eye movements so that the eyes’ line of regard can be referenced to
both time aircraft and the simulator (visual display). This, too, is another method of verifying the simulator’s
visual data base; while on final approach at a certain airspeed, altitude , and rate of descent, the location of
visual cues in the aircraft should directly correspond to the location of the same visual cues in the
simulator. An occasional fixation on an object or two inside the aircraft or simulator, including the aural
reference to the calibration check , would serve as a cross-reference to the mount in case the device slipped
or moved during a maneuver.

Two applications of the NAC, other than recording eye movements for visual cue training, are
veri ficati ‘r of visual sim ulation and deternmination of the pilot’s useful FOV.
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Verification of Visual Simulation

The integration of a visual systenm with an operational flight simulator is not a simple task. Not only
are there software and hardware problems to overcome , there are also proble ms in providing a subjectively
acceptab le simulation of the pilot’s visual world. Common commmments from pilots evaluating sim ulators with
visual systems are (a) the eye-height (above the runway) appears too high or too low , (b) the horizon is too
high or too low, and (c) the runway is too wide or too narrow. It is suggested here that an eye movement
recorder , such as the one utilized in this study could be used as a simple, yet accurate , ver fication tool for
t he visual simulation. Such a veri fIcation method for a simulator with a relative narrow display-viewing exit
pupil, such as the ASPT, is presented.

The test would be by one pilot who would fly an approach and landing (or whatever maneuver was in
question, perspectively) in the aircraft and again in the simulator while wearing the NAC equipment. The
eye lamp system would not be necessary since the investigators would be interested in the camera’s FOV in
both the aircraft and simulator. It would be assumed that the pilot’s position wit h respect to the cock pits in
the aircraft and the simulator would be very similar; any deviations would be evident from the video tape
ta ken in both instances since the cock pit/canopy markings could be referenced to the FOV of the camera
lens. Since the NAC has a 60° FOV and can be adjusted to pick up both the visual information directly
above the instrument panel (runway) as well as the primary instrum~.-nts (altimeter, heading indicator) the
pilot could select a point in time during his approach and landing to begin recording instruments, and the
target area of his fixation while narrating his actions. This video recording could then be played back , and
the recorded values for airspeed, altitude could be put into the basic simulator. The simulator could be
initialized to basically the same location in the computer image environment (CIG) that the aircraft had and
then re leased. Again , the pilot ’s task would be to land the simulated aircraft with the NAC recorder on; the
maneuve r would be recorded and could then be played back and the two approaches and landings could be
observed on two l’V monitors side-by-side. Major discrepancies such as differences in apparent runway
width, location of the horizon, and instrument dynamics should be immediately recognizable, neglecting
major instrument anomalies. The reason why this approach should work in the ASPI is that the exit pupil
for the visual display is a 6-inch forward-facing hemisphere located at the student pilot’s head position.
Only in that hemisphere is the perspective of the display correct; that is why it is desirable to have a camera
lens in that hemisphere in order to make the comparison. As far as making comparisons from one video
tape to the other , instrument panel characteristics can be compared with respect to location from monitor
to monitor. This same technique can be used for checking simulation of formation flying (does the
simulated aircraft look too large or too small at a particular distance away), of taxiing, of instrument flight,
of night flight. As well as for performance verification, t he NAC can be used for modeling purposes.
Refinements to the CIG data base can be made by comparing actual flights recorded on the NAC with
simulated flights. Should there ever be a problem with verifying the location of the NAC with respect to the
aircra ft cock pit, markings could be placed on the canopy corresponding to the joints between windows in
t he visual display. This added reference would then add another degree of accuracy to the verification
technique.

Verification of the Undergraduate Pilot’s Useful Field of View
In order for the undergraduate pilot to perform the 8 basic maneuve rs, an approximate FOV of

+120 , —45 ° vertically and ±150° horizontally is required for visual simulation. This determination was not
veri fied. As a result , it would be of interest to the Air Force and to future UPT simulator efforts to verify
t his FOV. The NAC is well-suited for such a task. This e ffort could be accomplished in the ASPT, since
t he geometry of the visual display (relative angles from the zero reference point to window joints , centers )
is well established. The useful FOV could be established to within 1° of t he act ual, using this technique. If
t he NAC were used in the aircraft , t he cockpit environment could serve as the reference for determining
horizontal and vertical FOV.

Variable of Performance Measure in Mot ion/No-Motion Studies
Much controversy now surrounds the question of the utility of platform motion for flight training

simulators. There exists very little data to support the training e ffectiveness of, for examp le, 6
degrees-of-freedom motion platforms for the Air Force’s aircraft simulators. In structuring a matrix of
experiments for attacking the motion/no-motion issue, a performance measure in the simulator and in the
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aircraft , if it is a transfe r of traimming experience , must be estab lished. It is suggested here that a pilot ’s eye
scanning patterns in time aircraft and t he simulator would provide a useful variable in evaluating the utility
of platform motion. lor  example , one quest i on that could be answered by having a pilot wear an
eye-recorder is: “During a simulated engine-OW in the simulator , if the pilot receives an unexpected yaw
cue , does t he pilot react to this cue and how does he react to it?” This question is difficult to answer
quantitative ly by present tecimniques. It could provide researchers wit h data for evaluating the utility of
plat form motion. One would expect that if the motion platform gave the pilot the proper yaw cue, he
would notice the problem and begin to scan his engine instruments. The eye recorder would give the
researc her the data about how long it took the pilot to recognize the engine-out situation and what his scan
pat tern was after identifying t he problem. Furthermore , if this experiment could be repeated in both the
simulator and the aircraft , a relative measure between engine-out recognition in the aircraft and in the
simulator could be established. Such a nmcasure would provide hard data for deciding whether platform
motion is of use in simulating engine-out maneuvers. Perhaps the best instrument to address such a study is
t ile oculometer. The installation of an oculometer is discussed next.

NASA/Langley recorded pilots’ eye movements in a 3-degrees-o f- freedom simulator for the 737
air liner in both the motion and no-motion situations. The data have not been analyzed, but it is evident
t hat the data are different from the motion to no-motion case. The pilots tended to fall into pilot induced
osc illations in the no-motion landings; this is evident from the eye recordings. These preliminary results are
early indications of t he usefulness of recording eye movements in the simulator.
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A PPENDIX I~~ INTEGRATION OF AN OCULOMETER W ITi l THE ASI’T
FUTURE CONSIDERATIONS

The ASPT CIG system can be described as a camera , mounted to ami aircraft w imich is tlyimm g in one
of a variety of environments (Basinge r, 19 73). A special purpose computer replaces the recording camera in
t ime CIG system . and stores as numbers in t ile computer the optical ed ges nmaking up the images ot time
objects in t he simulated CIGs FOV. The ASPT environment is comprised ot 100,000 tota l edges wit h the
capability of processing up to 2 ,000 edges at one time, eit her shared between the two cock pits or dedicated
to only one. TIme environment modeled has an area of coverage of 1,250 by 1 ,2 50 nautical miles with the
data base consisting of a 500 by 500 nautica l mile area and 100,000 edges. This data base includes Williams
AFB, an auxiliary airport , all T-37 practice areas , and a T-37B lead aircraft . Ilmis represents an area of
approxi mmmate ly 40 by 60 nautical miles. Beyond t his area , a 50-nautica’ nmi le perimeter is also modeled to
eliminate the appearance of the end of the modeled area. This data base will be sufticient b r  initial
experinments to be conducted on the ASPT. However, this data base potentially can he expanded to
600 ,000 edges for future research (Basinger, 1973 ).

Since the CIG environmmment is comprised of an arranged sequence of numbers , t he system readily
lends itself to change . Objects can be added, de leted , or mmiodi fied easily. As a result , t he CIG system ’s visual
display , and t hus, t he ASPT , lend themselves to modification ammd are at the whim of time researcher. This
built-in versat ility is what niakes the ASPI visual display system a primary candidate t~ r eye movem imcmmt
researc h. Wit h the CIG approach, different visual simulation configurations can he obtained quickly. Several
data bases are store d on the CIG computer ’s disc memnory , any of w hich can he used. To clmangc time FOV . a
data change is made in the so ftware to give a different display specifiLation. lime repeatahil it~ of time visual
sinmualtion performance is insured by t he CIG approach since all processing is digital (Basinger. 1973).

The Human Factor Branch at NASA-Langley has been actively using an oculorneter as a research tool
during quantitative measurements of perforniance by differemit pilots conducting instrument approaches.
NASA uses time device to determine how the panel and approach pat h are scanned by t u e expert performer
as compared to ot hers (WaIler . & Wise , 1975). Preliminary studies of pilots ’ eye movements during
simulated approaches have already produced some significant data on wimere amid how pilots scan and where
t heir eyes spend a major portion of the time. NASA researchers have determimied timat eye nioveriments imave
a high correlation with pilot work load and reconmniend the device for training pilots and eva luat immg the
quality o f  one visual display or another. NASA suggests that if the oculometer helps to determine v~ hat cues
t he expe rt performers (pilots) use, the data may help in training tledgling pilots. NASA-Langley has reduced
t ime oculonmeter in s u e  in order to integrate the system wit h a sinmulator ’s instru r mmemmt pane l.

NASA St udies substantiate pilots ’ strategies in flying in the inst runient node ~s it im an ~ it lm o ut
automatic control. Seven experienced Piedmont Airlines pilots flew instrument appm uaches 1mm a 737
simulator equipped with an oculometer. They flew approaches in both the nmanual rmmodc (in which t l me v had
to contro l the aircraft ) and the coupled mode (in which the aircraft control is coupled to time ILS). NASA
researc hers documented the different strategies the pilots assumed when tlyrng under manual or controlled
nmodes. They found that the pilot flying ILS in the manual mode spent an average of 7~~ of his timmie
tlxatin g on time fligh t director , which is an attitude directional indicator witim conm amand bars . Liglmt percent
of his time in the manual mode was spent on the airspeed indicator. His immeami dwe ll time omm time flmght
director was 1.6 seconds in t he mnanual mode. However , a drastic clmange imi strategy ~as noted w hemi the
pilots landed the simulator in the coupled ILS mode. The averaged only 5O~ of t heir time fixating omm the
blight director and 22% of their time on time airspeed indicator with a 0.8 second mmme a mm dwe ll time on time
fligh director. What do these data indicate?

The data tend to show two different strategies for the two differem mt ILS com itro l modes. Although
standard performance data would simow no signillcaimt dit’ference from one mode to t he othe r , t ime
ocu lommme te r data indicate that the pilots are performing differently in time two tasks I)uring the manual
mode, t ime pilot appears to be flying witim an integrated picture imm Imis niind of where ime is now ammd where ime
is going. In the coupled mmmdc , however, the pilot is no longer a “slick jockey hut rat lmer a m mm o mmitor ~ Ime
doesn’t have to fly time aircraft , Just monitor its progress. Time ocu lonmeter captures this change of strategy imm



Iris eve i mm ( mv err m e mmt scaim pa tt c r m m . St tidies such as timese t hat NASA is pertormmii mmg are providing insiglmt not
only into s t r a te g ies  I Imat pilots can ammd do assume , bust a lso wimic hm designs of flight directors appear to give
time pilot mmma x i t mmu mn into rmimatiomi in t ime least amount of dwell timmme. NASA researc lmers intend to use time
ocu lom m mct e r to cumiduct furt imer display e\ perinments in the future. Time e ffect of turbulence on t u e  737
pilots ’ data was neg ligible.

Wit h time cumbimmation of a versatile visual display and an established eye movenment measuring device .
time oculom imeter . time h eld of pilot eye rnovemm cnt research is wide-open at AFHRL/FT. What is intended imi
this sect iom i ot time report is to (a) describe how an oculonieter could he integrated with the ASPT . and (h)
suggest avenues ut researcim in eye movemuent control and recording.

Figure (
~l dep icts a theoretical integration of an oculometer with the ASPT. Time oculonieter ’s

optica l head , reduced in size so t lmat it can rep lace an instrument dial on the student ’s or (preferab ly)
i m m ~t ruct or ’s side , is simo ss n imm cock pit A. An instructor pilot , or expert performer , is “flying” cock pit A on
an a pproach and iammd ing. Tire ocu lometer is tracking and processing his eye movements. Time mirror control
and sensor umiit are i m mst a llcd in the simulator ’s instrurrient patme l, t he signal proce ssor (nmini -c o immpu ter ) i5

located off- platf o rnm : cabling is required between thesemmsor ummit and the nmini-com puter. Time nmini-coniputer
transformm ms t he eye im iovenmemits into values of eye direction and pupil diaiiieter , w hich not only tell the
investigator what t ime pilot is looking at hut also what his reaction is to it. These values are then co mmverted
into analog signals which can he recorded (In an x-y plotter , used to annotate a TV picture , or contro l the
(‘IG system in (Inc fasimion or another This control aspect of the oculonseter will he discussed later.

The other applicat iou of t h is aimalog signal out of time nmiimi -con mputer is as an input to the CIG syste m
as a location of the pilot ’s tlxatio mm poi m mt. In ot imcr words , once the signal processor has determined the
pilot ’s eye direction amid pupil diau mme ter . t ime values for eye direction can be recomputed 1mm the
mninu.computer and converted to appropriate nunibers for t he CIG systemn. Since the CIG system imas a
imumber of poin t lights generated , and since a point light would lend itself to an approximimation of a pil(mt ’s
tlxatio mm point , ti re calibrated e~e direction va lues could be directly inputted to the special purpose
cot iiputer’s point ligh t gem icrat or. lime locations of th ese point lights are updated 30 timm ies per second with
respect to latitude and longitude. One of t he point lights, computed at its sma llest size (2 by 2 cleiiients),
could be designated as time receiver of t ime oculometer ’s eye direction data. Th irt y times per second , eye
direction data c~uId inputted immto the special purpose computer co rresponding 1(1 an x and y in the CIG
raster plane. (By going directly in to the special purpose computer with the eye direction data , t he general
purpose cornmputer prorgrat li is avoided. Processing t he eye direction information t lmrough the general
purpose couimputer would immmp a ir the operatiomi of t he CIG’s rea l-time program by increasing its size and add
an additiona l 33 l’3 immi hilseconds delay to the presentation of the eye direction because of time additional
processing tim ne.) Appro xinmate ly 50 milliseconds after the mini-computer placed the appropriate value for x
aird y in t he special purpose com imput er , t h e  eye location would be displayed in cock pit B.

Once projected in visual display 13. the novice pilot , w ho is “slaved” to the expert perform imer in
cock pit A in t l mat l ime visual, G-scat. mno t ion, stic k, and pe dal dynamics of cock pit A are being duplicated by
cock pmt B. ~am mm mol omm ly “fee l” t Ime performance of his instructor in A, but also see what his instructor rises
for visua l cues iii per for tt ming time required basic mammeuvers. Likewise, t his system can work in reverse . The
si ude m mt camm he placed imi cock pit A. witim t ime oculouiieter , and lmave cockpit B slaved to A with his instructor
in B. lii B, t ime exper t  pertor mer can ohser~’e h is understudy ’s eye mmmovements and per haps detect anonmalies
in t ime studcmm i ’s scanmiim ig pattern am md perception of lmclp ful visual cues. Another option is to record the
St udent ’s blight , i m mc luding eve mmlovenmcnts , and play it back to imimn.

Th is us only one app hucat iomm of time ocu lometer to the ASPT CIG system. Another application is the
use (If the device to comit rim l the (‘hG system (Imote time broke um lines in Figure G I). Since a pilot ’s eye
direct ion is eonst ammt ly immo m mitored by time oculometer , and since time device can output analog signals, it
would he desira b le to use timis imi bor tr mat ion in controll immg the CIG environment. One example would he to
develop arm advanced data base which could he controlled by t he pilot’s fixation point. ti m other words , if a
pilot were “landimig’ t ime s im imuhator aimd imis region of lixati orn was on the runway and t he environnment
umni medmate hy surroummding time rumiway, time environmlmcnt outside this envelope could he imm ediately , and
dy mma imm t ca hly. reduced in detail in real-f line . This reduction in the amount of objects and detail in the piiot ’s
pcripimcry would allow immure edges to be available for processing in the area of im mterest which would give t he
region of bix a t io m m nmorc detail w Him mmm or c visual cues. Timis would he a “poor maim ’s” way of increasing t he
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edge capacity of t he (‘IG system wit hout addimmg additional computation equipment. Likewise , a data base
could be gem merated wit h the immtent of permitting only ±30° (for example) about the pilot ’s line of regard to
he processed w H im niaxiiimum detail , and that region outsi de ±30°, wit h mininiunm detail. Suclm experimiie nts
or applications of t u e  oculommicter to control the visual display are possible.

On disadvan tage t he oculometer has compared to time NAC is the capability of readily displayimig eye
t’ixations a lterimate ly on the instrument panel and visual display. Since the eye movements are referenced by
a moving point ligh t  in t he CIG system, there is no CIG related method for indicating which instrument the
subject is scanniimg w imen lmis eyes are off the display. This could be accomplished by using the oculoniieter ’s
analog output as a calibrated input to the basic simulator computer. Theoretically, the instrument being
scanned could be brightened in intesity by appropriate commands from the basic simulator coniputer. This
variable intensity feature is not present in the system now , hut could be added along with the appropriate
so ftware niodule in t ime real-time program.

Another approach to monitoring pilots’ eye movements wit h the oculometer without interfaciimg the
device with the CIG system would be to superimpose time eye position on a TV picture of t ime instrument
panel and visual display. This could be accomplished by remounting t he LLLTV in cockpit A to a position
mm ear t he pilot ’s head such that: (a) The camera lens could pick up at least a 60° FOV including the
st udent ’s instrumiient panel and the forw ard looking channel (number I) in the display. (Parts of channels 2,
4. and 5 (heft and right of the forward-looking chanrmel) could possibly be monitored as well , depending
upon t he type of caniera lens. The eye directions calculated in the mini-conmputer could then be related to
t h e  reference point of the LLLTV camera.)(b) The camera should be located in or near the visual display ’s
exit pupil so that distortions, aberrations , and focusing problems are minimized. Unfortunately, t he ideal
position for the oculometer ’s came ra lens is at the pilot’s eye position, since t he display is collimated to
t hat point. Thu s is wimere the NAC has an advantage ove r the oculometer , since its camumera lens is mounted
direct ly above time eyes on time flight helmet. Using the oculometer with the LLLTV , recordings could be
nmiade and analy zed.

Future Opportunities in Eye Movement Research
Projecting or recording omie pilot’s eye locations from one AS(JPT cockpit into anot her is only one

avenue of researc h for AFHRL/ FT. With tIme CIG syste m and its flexibility, hundreds of ot imer research
adventures are avai lable for AFHRL/FT to pursue. These include but are lint limited to the following:

I. lime study of pertinent armd non-pertinent visual cues around a runway.
2. Image content necessary in a visual scene to success fully complete a mission.
3. T-37B instrument panel layout researcim.
4 . Study rn t u e  etfe cts of optical illusions in time flight environment.
5 . Correlation (o f pilot ’s eye nuovemmients and pilot ’s performance.
6. Study of t ime effe cts ouu pilot s performance of hmig lmhiglmted visual cues.
7. Eye ummoven ments in t ime air craft and ASPT aiid their simimiharities or perceptual equivalence .
8. Eva luatiomi ~mf scan patte rns to deve lop a model of pilot work load in order to replace subjective

pilot ratings.
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