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© ABSTRACT

B

.

The wjgr purpose of this.rescdarch was to develop a method of
measur’ g -and ‘recording eve movements of subjocts during various

loqrning tasks. It was requirved that the method developed for this

.
* ’

purpose record s$imultaneously, as many oculographic characteristics as

NN

+ ] ) T . - . . B - . . B )
‘possible, relatively unobtrusivelv, with no mechanical attachments
“and with minimum of constraints placed on the -subject. ltowas walso

required that-the recording speed and sensitivity be
all conjugate eye movements in a farm readily:nceessible™for gomputdr

: . , v_" . ) ’ ' oL s a . i .
analy51sl . “,f o,

- The infrared computer based oculometer system.developeﬂ,qonsisted-

of an infrared television camera interfaced with a small computer. The

‘eye of the subject was illuminated with infrared light, and an image of

the eye Was projeétéd to th; féée ofbthe iﬁfrared téléviéionvgnmeré.
The_small computériwas-used to honito}uthe vidéo signal coming from

- ST, . N <

the infrared camefé via a specially designed interfape'untﬂ,,ahd to
de:ive and,storeionce eQer~tHirtiétp Bf a second, both ;Hépfuﬁ;l l
dilation ahd the diéplacemgnt.bf the éorﬁeal reflectioﬁhffgm;Fhé pupil‘

center. Analysis of this data to determine and plot»éye pointing-

~coordinates was carried out off'line, using'an IBM 360/67 computer.

. ' .
This study describes and documents ;he,deéelopment of the infrared. o

computer based oculometer system.
Operating‘characteriStics of the infrared'compqter based '

o
. °

oculometer are discussed in terms of possible sources of error .and in

i

~ termssof accuracy of the system.

.

sufficient to record

g XPNSNY
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The performance pf-the infrared computer based oculometer was =~ o oo
.. ~.  tested using a’small number of subjects viewing n variety ol stimulus
. o ' . . . ! . S, A - . ! o : .
R i ¥ LT e - ' o
sit atjions. . Plets of observed eve¢ movements in relation’ to thel st imulus
DR . . LR . . , L s -, .
. dituations ard presented in thi% study. ' !
E JRY .h’)‘ o ..‘i‘ - !
L Finally, a number of vedospéndations foir improving- the -infrared
4-1 L ' “/ B J 5‘/‘"!)’4;, . ' v. N )
, IR N ot _ T .
s computer basdd oculometer svstem: re presented.  Also further studies . -
N ; . T ’ o ' . @ . . . . '
. v . : N : . : ' - A
] ol eye movemgpt measuvements are recgnniended Lo cenable-addi tional
5 ] . . - )
“ . analysis of 'error components inherent @n the measurements. . -
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CHAPTER 1

W
)

S

~ . INTRODUCTTON

The process of learning relies primarily upon sensory/information -
reaching ‘the learner via either or both the auditory and visudl channels.
. . . . . - 5] . - .

While some occasions arikeiWth\sensory inputs {rom the tactile channel
are also important to -learning, it is much_less often that the learner
relies upon the remaining senses.
' | . | =
#+  Considering the relative importance of the-auditory and visual

0 o ' ' .

PR . . . . L. . .
sensory input channels, it is difficult to determine which of these
is - more important in learning;' A great &%a] tould most certainly
depend on the nature of the learning task. Feinstein (1970) identified

the visual channel as .. . our primary sensory input channel".

-Considering‘types of learning that depend on . appropriate stimula-

tion of the visual channel, if appropriate stimulation of the. visual

channel is dependent upon visual response, then‘one of the factors that

affects learning is visual response. It is important therefore that
' e . . N ’ . ' .

studi%s of learning involving the -visual sensory channel take into

accopnt>;he visual response of the learner.
. . ’ o v : :
gf// Educatoys_have recognized the importance of the visual response

«

.

(eye movements) in. learning for nearly a century. “The earliest eye

P - wE r':;\lh .
movement studies were conducted in relation-to readine 1,187 )
. . ;: . o ) ! ) .
and consisteds.of directly observing #nd recording t.c 1 ..ents of a
- S T v K

. LA " . ' : R . .
subject's e¥aw: while reading. One of the most significant dis overies

-.\ o N . ‘

.that resulted'from this early;résearch was that i ‘cading a line of

[

., text, the eye moves 'in a series of rapid jerks, (cui¥ed saccgdes)

. ool
interspersed with relatively long pauses'Laaligﬁ/fixétions). This
. . \ e Tt s )
L » i , _
- — s ) > ' - - - ! i .
T i i
A PRI Fi, V34 4 .



. T ‘ » N 2
discovery neplaced the previously held tradivional belief that when a

-

person readsgy his eyces move smoothly and unintoerruptedly aloyy the Line

- ‘ ) . ) . . 4 . .
of print. Tinker (1965) reported that rescarch activity in this arca...i ..

became more vigorous after 1900,  lie indjicated that sceveral hundroed
' R .

~a

Y

investipations of eyc.movements in reldtion: to reading have been

reported and ' have contributed much to an understanding of  how

children learn . Al T

The growt.. of technolopy during the twenticth century brought

about many developments and improvements in methods of wénsun i 1y aned

recording cye movemants (oculog;aphy).‘ By 1971, therc were reports

(féinstein, -1970) of as many as scven different mcthfds of oculography

) . . " L
and cachh method included a number of variations in tet#;iquc. During
s ' N . . . R
this same time period, intefest-in oculography began to sprecad to a

- Lo C . i _ .
varicty of other dicciplines, including ophthalmolopy, hiomedical
. . =,

]

¢éngincering, and psychology. Within education, eye movement rescarch

spread to a number of other related fields,>including studies of

learning in relation to novelty of a stimulus (Berlyne,.1958), fomiliarity

and,complexig§ of a stimulus'(Féis>;¥, i@EZ), size.of a visual display

(Enoch; 1959); atféhtgén QGu To-d and'Hackman,'l§36), probjem‘f%IQiné,
» (Teichener and_PYicci 1960), nutionalism'(Luborsky;‘nlinQQr ﬁﬁd

ﬁackwofth;‘1963> and perceptiOniandvinfqrmqgion,processiné (ﬁebb, 1949,

Gould and zhaffer, 1965). i

- P

Another result of the growth'of'technology has been an increase

- . : ‘ . . - N . 3 .
in the importance of the visual sensory input channel in the field of

education. . he development of offset printing and the subsequent mass

v
.

‘ , . ‘ : > A . .
distribution omd utilization of books by educational institutions; the
. ' o A . ' . N . :
. ) c NG — . > . . .
developmerdt of programmed instruction; the introduction of films, trans-
5 *

a



: v%sual responsé and perhaps in learning may- be Efdﬂgﬁt’about by re-

o
. e )
P ‘ics and educatio

niat~televisicn into the clnésroom; the introduction
-of speccinl education for deaf children and mentally retarded; and wost
recently, the introduction of computer based, instruction ﬁll relyv
heavily on scnsory input to the learner via’ the visuul.channel.
Instructors responsible for cbnstructing edudhtional materiale
have relied to a igzgg exaént on the genetaliied findings that ﬁéve
come out. of éye movement studies to guide them in designing visual
inspruépiéhal materials.  However, frequcﬁtlyithcrc is little similaritwy
between,ghe cxperimeﬁtal setting and the edﬁcntional setting tégwhich

generalizations must be drawn. Because most ocul aphy equiﬁ%@ht'
o o !

currently‘availablé does not readily lend itscldf to usky outside the

. .

laboratory, instructors have had no way of evaluating the adequacy 'of

their instrugtioqal‘matéiyéLs to elicit appropriate'yfsual responses.
oFor,e,xamplg, in an exﬁeréﬁenpbconducted by Wolf;,ét él: (l97Q)-§tudents
were preseniéd>with a television scene of anyinstructor demonstfating thé,»
_operation of a'mogglAaigplane. 'Low'IQ'studeﬁts tended to look at fhe
.instructor{é tie rathéf'thanbat the moael airplahé thé‘instructbf was
demonstrating. This visual respbnée would suggest that the instructor
had failed to accomplish the stimulation of the visual channel that he
h?dzset Oututovbring about when he desigpedfthé>scenc. \ImprovcﬁénL ig

|

P ah T

. ) ) - , ey
designing existing educational material.
N ~. . - . . . . ) &

The first purpose of this study is- to report and documént the dev-

elopment of the infrared computer based oculometer'désigned for monitoring

- and recording eye pointing coogdinate'daté and pupil'dilatioﬁs of subjects

R L

"involvc:l in various learning tasks. The unique features of the computer

~. ¥

) o
based infrared oculometer are that it will operate under most nogmal
: ’ o . ’ .08



validity.and c“éuracy) of a measuring instrument is to compare the

4

lighting conditions, and that it will require only a minimum of phyéical
: ' 3 . .

restraint of theMsubject (chin pest). In addition, it will output data
' . 5 N :

onto 9-track magnetic computer tape that will permit calculation of

. /" N T BT
eye position, eye pointing dirdction and pupil dilation once every
33.3 milliseconds. This will permit data to be easily analyzed.

The data recdrded by the infrared computer-based oculometer

/

system will simply consist of a meaéﬁ;e of pupil dilation and ;y
. ‘

~ S0 . . e
mgasure of the displacement of the center of the corneal refléction

from the pupil'center, recorded once-every thirtieth of a sécdnd.‘-ln
. . 4

order to derive the more traditional measures of: eye movement such

as number of fixations per line of tc¢ :,.mean length of fixation,
number of blinks per unit.time, etc., fur her processing of the’

a

oculometer ‘output will be necessary. However, because fhe oculometer

output will be available on 9-track computer tape, it wili bql

relatively simple to prepare computer programs lhat will.quickly

_read the oculometer output tape and output summaries of these more

traditional eye movement measures.

A second'purpose of.this study is to document the reliability,

K

Validity, and accuracy of the infrared computer based oculometer. This

[
2 s . v S
system. This problem is essentially.a measurement problem and is

will be referred to 'as -establishing the proof of performaﬁce of the

. necessary when any new measuring instrument is developed.

One way of esta;1&§hing the brobf of performance (reliability,

output of the system under test with the output of other systems

whose proof‘of'performan¢e is already well estéﬁlished. This approéch

1
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was not used with the infrared computer based oculometer for several

reasons. [irst, itvis‘difficult to obtain a systCm with established
» : -

proof of performance to permit the neceﬁsnry data to be collected..
" Second, it is difficult, although possib{e, to configurate hardware

so that two systems, the standard and the system under t. :t ~ould
. - . |
simultaneously monitor a subject's eye movements. Most importcat
. ' . ’ h g . _ s )
however, it is expected from the design paramcters of ‘the inlrared

computer based oculome that its reliability and accuracy will

exceed the reliability and accuracy of most known available svstems.

This would mean that determination of accuracy and reliability by

comparison would have questionable merit.
An alterhative méfhod of establishing proof of porformnnvo of

the computer based oculometer eyetem, and the one. that will be followed

in this study consists of documentlng the performance of. the infrared

T

.

computer based oculometer system in relation to a sQries of simp;e,

. NI ~
definable sub-tasks which are known to constitute the overall task T~
that the system is expected to perform. These findings'can then be

generalizeo to describe the performance of the complete.0culometer

system.  For ekample, since the.capabili:y of .the oculométer‘to

determine where a subject 1is looking‘%e based on its capability to

. _ - i L

measure linear displacement (both horizontal and vertical) between

two defined points within the image of the eye, ane sub-task of the,

system is to measure small- 1inear distances. Inadequate performance
AN ' , :

of the lnfrared computer based oculometer system while measurlng small

linear horizontal and vertica’ distances would certainly be one limita-

tion of its capabilityvtovdetermine where a subjectiis looking. Chapter

‘g

vy

~ . . - T : LreLpearl
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three of this study includes the identification of other sub-tasks,

N

and documentation of the performance ol Lhe infrared computer based

- oculometer in relation to these suh— ask and in turn, in relation to

st

R

the main task of determining where a subject is looking.

This study will also demonstrate the use of. the infrared cogputer
N

based oculometer for analyzing eye movements during, learning by recording |

’

. ‘ ‘
and analyzing the eye movements of a small number of .subjeéts involved

x

in three different types of learning tasks. The lenrning tasks will bé;x
selected from available .instructional material in the Division of

N 3 : B R
Educational Research Services and will be displayed onfthe cathode .ray

screen of an "IBM 1500 CAI terminal. The displays wéﬁlbinclude one dis-

. , .
play consisting of text only, one display consisting of some text
combined with an illustrdtien and one dlsplay consisting of a multlplc

choice questlon which requ1re§]the subject to select a response visually.

§Emmsrx

This chapter discussed the importance of the visual sensory ¢
input,channel to learning and education and] diséussed the importance

of: know1ng where the learner is looklng durlng various learnlng tasks.

Ymtreden

‘Visual response of learners can be used as a ba51s for 1mprov1ng visual

- 1/‘

T~
i N

lnstrdttLOnal materials. This chapter also identified the problem§ to

be investigated in this study.

Chapter two of this study will describe the Varidusemethods that .
\ . . t

have been developed for monitoring and recording eye movements and will

discuss some of their advantages and shortcomings. This chapter will -

¥

also’'present a summary of the findings résulting from eye movement
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.

7

research. The third chapter will describe the lnfr?red computer based

.

oculometer in detail and will presént proof of'pcrf&rmance data for:
g )

o \ : ,

the system. Chapter four will outline the'methodology followed to.

collect and analyze eye movement Qata using the infrared comppter

based oculometer and will present the findings. Chaptéf five will

.

i : .
present a summary of this study together with conclusions and some

recommendations for further research.

el

-



“Since the visual system is one of man's primary input channels,
it 1= important to understand how this system functions. Eye move-—

ment rescargh.of oculography began during tho‘lntter half of the

CHAPTER 11

REVIEW OF LITERATURIL

Introduction

aineteenth century and sincefthen has been taken up by researchers in

a variety of different fields with différent goals'in mind.

better understand the nature of the total oculomsctor system and. the

Biomedical engineers have studied eye movements in order to .

relationships that exist between the many Complcx.clemﬁnts that constitute

.this system. To this end, they have developed computer based simulation

models of the oc lomotor system. Research by .biomedical engineers can-

-

1

,nltimétely lead/ to a better understanding of how information is processed \

in the. brain.

medical standpoint. ' The development of

can benefit the op.thalnidlo‘gists_ greatly

.

Opthalmologists have studied ‘eye

\

-

..the correction of certain eye defécts.
. . 3 FE

Eye ‘movement research has ‘been a
educators and psychologists since Huey published his boole on the

psychology and teaching of reading in 1908 (Tinker, 1965). Since a

i
7

i

movements primarily from a

subject of interest to both

<

‘yfrgé proportion of education is presénted through the visual channel,

eye movement reséarch‘can provide information to educators about

‘impfoving the‘effectivenéss T

.

-

8

’

N

f instruction, whether it be.by cnanging

improved oculographic techniques

in the diagnosié'and perhaps in

\

i
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Lthe stimulus situaéion tha£ is presented to thie learner, or by modif{ying
the looking behavior of the learner.

‘This chapter will review the methods that have been developed
for measuring eye movements and.will summarize the findings of.cye
movement studies in‘terms of the kiﬁds of cye movomen;s thaL‘hnvc becen .

reported.

- c

4 Mcthods ol Oculography

=

Yarbus (1963) and Feinstein (1970) discuss the various methods -
of oculography that have been developed, cach of which will be identified

and described briefly here.

Subjectivé Method

N

llistorically, Eﬁiﬁ~m0thpd ol oculography was the {irst to be
- : ' ) . : .
used. It involves an observer who simply looks at the eyes of a subject

and mahually_records his-obéervations of the subject's eye movements.

This method has been particularly useful in studying eye movements of ' S

infants (Greenberg and Weizmann, 1971) since no external equipment 77

such as head resfraints and bite bars is needed. . Feinstein (1970)

points out that “"To this day, direct observation of a patient, while he e

o

attempts to follow an object . . . is used,as a clinigal test to reveal
any nystagmus or gross disorders associated with the eye movement gystem."

Several modifications of this-method of oculography have been
, : C : _ ) : i .
reported wherein the subjectﬁJraiher than an obserVef is responsible

for determining -and tecordingzhié eye mévemenpé4 One such modification

involves the use of "after-images'. Several experimenters includingz

Dodge (1§07);_He1mholtz (1925), Barlow (1952), and others used this
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method which. generally involves having the subject look at a bright wedge

.

_of light until the retina is fatigued. After thé‘wedge of light ie

,eitinguished,ﬁg‘Elear after-image, fixed relativé-to the retina is

visible to the subject. . The subject ishrequired‘to report the‘pbsition
of the after-image he sbes while looklng at a ,leuluq target placed w1th1n¥

hle visual field. Slnce 1e after-image is f1xcd rclatlve te the retina,

any dlsplacement of the pery} chd position of the after—imagc relative

[

to the tatgét is the dire result of a changc-in the point of fixation
by the subject. - ' ‘ . ')

Kaufman and Rlchards (thhardw and kwufmln 1969, Kaufman and ‘

Rlchards, 1969) used the ”Haldlnger Brush” technique to enable a subject
to determine and record his own eyc fixations. This technique uses
a slide projector,equipped with a blue-light filter and a motorized

polaroid filter. The subJect is instructed to look at a screen on

. t "‘éf';’
Whlch slldes contalnlng the desired stimuli are projected, .using thgds

'l‘)

”spec1ally equ1pped sllde progector. Whenever the researcher w1sﬁ%s ‘to

have the subJect report hls p01nt of flxatlon, he slmply turnsgcn the

o

motor whlch brlefly Splns the polariod fllter Because thegﬁ§§ea is

.

the fovea, linearly polarlzed llght will be absorbed,
some parts of the fovea than others. As a result the subiect sees

a ”brush’l or wedge of llght on the screen, perpendlcular to the ‘
dlrectlon of polarization. Because the image thus produced is stable~’

.with respect to- the fovea, 1t qu1ckly dlsappears (stablllzed Lmape)

However when the polarizing fllter is splnnlng, the brush is

v

moving relativemtoﬂthe fovea, making it visible to the
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subject,lwho\reports'seeing»a splnnlng propeller on - the screen. The
. . ) . H : ) ' . . .»_‘
901nt on the screen ‘where the sub}ect reports seelng the ﬁinning_prOﬁ

pcllCr is Lhc p01nt whlch thc subjcct was'fantlng when e pdlﬂrold"

fllter was: rotated

Felnsteln (l970) descrlbes after 1maPe as offerlng ”l . ﬁfohe

AT

of the largest dynamlc ranges of all mcthods of oculopraphy sH%weVCr

vl o~ . . .

hc goes. on to’ p01nt out the shortcomlngb of all subjectlve_mcthods of f'

. R 3 . [ -

aculography statlng that "o subJectlve neasurements though very

.t.x).,. ;o

: useful glve no gquantitafive »record of movement nor can thcy gjvc L

. Mechanical Method

n

N .. . RIS B . L S

.

The mechanlcal method of oculography represents researchers AR
- . . . o /‘ . "
earllest attempts to. quantlfy measurements of eve movements Felnsteln

- * ’ Sl

(1970) dlscussed brlefly the work of Delabarre ‘and Huey Whose efforts

at mechanically coupllng a recordlng apparatus to, the eyeball he.

“ .
o\ -~

descrlbed as ". . . a remarkable achievement.”

| . 4

Lo

N

One extension of the mechanlcal -method of oculographv rnvolved
the use of a contact lens attached to the eye and,linked either L

Optically or magnetically to some recording apparatus“ Cornsweet (1956)

and others used a contact lens with a tiny m1rror mounted on it. The

4 -

i
K

1mage of a llght source, ‘placed before the eye of a subject wearlng the
lens, was reflected by the mirror to a contlnuously mov1ng photographlc

film. ThlS gave a permanent quantltatlve record of eye movements

Yarbus (1968) developed a dﬁ&ber of ”caps”'designed to be attached to

)
‘

the eyeball by~using‘SUction,’thus avoiding slippage. The caps which re-,

e PR

sembled a contact lens reflected a beam of light which traced a recotd on

.

.any’ temporal 1nformatlon beyond a crude estlmatlon *f'»' _— {,5f;.7"

[



s
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‘-The c01ls were exposed to two magnetlc flelds 1n quadrature and produced

_ments;i'

N L

: of{caps.or contactulenses. He placed»a tiny globule of mercury on the

N

'[photosensitive_paper; Usrng caps Yarbus conducted many inveStigations,

into'the-naturé”df'eye,movements, His flndlngs are probably among the'

most comprehen51ve and preclse avallable to thlS day ) Roblnson (1964)

used a set of 00113 rmbedded 1n a contact lens to meaSure eye movements.

‘.. . . -

output Voltages proportlonal to both horlzontal and vert1Cﬂl cyc move—

- o '
,‘ I3
v
L
W

fUhile mechanicél“methodsiinvolyingvcontact.lenses.or,caps'are by

fathhe most Sensitiye,-it.must be pointed, out that any mechanical .

metnoc whlch nece531tates the attachment of foreign obJects o the eye

*»»suffers from the dLsadvantage of 1ntrodu01ng additional mass on the

‘eyeball The reSultlng dlscomfort for the. subjegtd_ezd altered dynamlcs

3 . - . ’ .

. of the oculomotor system 11m1t the de51rab111ty of this method of

"y

oculography

.

Direct"OPtic'al Methods E ' s

Barlow (1952) descrlbed a method of oculography that permltted

2

a photograpnlc record of ’ eye movements to be made w1thout the use

anesthesized cornea of'the»subject‘saeye and reflected a beam of light

from ‘the mercury to & cSatinuously moving photographic film.

A veriety_of other.direct optical methods which did not\reqUire
. . . . A " A

the 1ntroduct10n of any forelgn object or substancc into thc cvo\Wtrc'

eveloped ' Dodge and Cllne (19015 reflected aapoint source of }i%ht
. ) . )
rrectly from the cornea and recorded it on a ‘continuously moving

)

1photographic filmt Tlnker (1931) and Taylor (1959) descrlbe appllcatlons

of this prlnclple of eye ‘movement recording in devices de31gned to study-

a
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eye movements during reading. While meny'QIfferentvvariations of this

method of « 1i‘éraphy have been develObéd'for stodying éye movements,

perhaps - the one that has been Jnost w1dely used to this time is that

3 -

developed by Mackworth (1967) , Métkwdrth“developed a stahd camera

. ‘ . . .< - )
whicihh utilized 'a beam‘splitter and which recorded ,a composite image

consisting,of the target being viewed with the corneal -reflection

superimposed on the target, indicating where, on thg FnrgCL the subject

Sk . S . ) :
@ms looklng A variety of methods of'recordiﬁg this composite imﬁgc
13'3(1.:3 '
Werce - devcloped Thest 1ncludcd a po;quod camera for fabt‘photographlc

proce851ng, a 16 mm. mov1e camera for capturlng temporal %pformatlon or

.

a telev151on camera connected to a video tape recorder 'The-light source

used to create the corneal reflectlon Could be fltted w1th an 1nfrarod‘

filter, provided that«the recording deyice was also modified to record

!' - ‘-

) infréred.light. ThlS had the de31rable effect of mlnlmlzlng H

dlstractlng effect of the llght source. ’
° “'While thetMackworth eyefmovemeht‘camera is likely one of the
most commonly used ocolographic instruments, it offérs two major

¢ . . - N \

. ) B . . . - . ‘ | ‘ '. "
dlsadvantages. First, the analysis of eye movement data recorded in

/

thls mannen//s an extremely slow .and thlous proce%e. { ond,~and

. .»w . ".A.‘ } ’ R

‘b" y

; Electro—oculography

hls teeth {hroughout the recordlng session. - S

A standlng potentlal is. known to exist between the cornea and the

)

petlna of the eye. By attaching electrodes to the left,and right of the

.
- .

hd . o . . .

o
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‘cye and above and bclow the eyt the cornco-retinal hoténtial hay be.
recorded. Eye movements are recorded as changes in corneo—rétinai;
hotential and‘are free from interference due to.head movement.’ Yarbus
(1968) stated that ".:.':jelectro—oculography.is used.with fair'success
by many workers when “highly accurate records of eye movements are "not
requlred" Feinstein (1970) p01nts out that thc‘maln dlfflcultles

associated w1th electro oculography are electrode pOlarlzatlon clectrical

1nte fmrence or nolse , and data‘lnterpretatlon. o ‘

Electronic Measurement Methods . : o o
TN . : . - - . Ce
=]

Unlike the direct photographic>methods of oculography; which rely
on the d1rect10n of reflected llght to determlne where the eye is looklng,f

: ' . - :
clectronic measurcmOnt mcthods.rvly on A chany( in thc qunntlty of lighL

picked up by a photerllf While‘there are’ a number of variations, the
: . T - i
_ . ; . . i

technique relies on»the principle that less‘light'is,reflectedhfrom the
‘sclera than from the pup11~ When a patch of llght is dlrected onto the
limbus, (the scleral pupll boundary) and the;quau;ity of reflected"

~light is prOJected onto a. photocell the photoreil output will vary .as

v

the eye moves and‘varies the position of the limbus relative to the

light source. Cornsweet (1956) used thlS pr1nc1p1e in a system which

: ¥
scanned llght rapldly across the: eye and used a“ photomultlpller to

'monltor the level of reflected’ llght.\ The length~of time'taken from the
\ » /
start of the scan to a rise in the photomultlpller output was proportzonal

' to the horizontal eye p031t10n. ﬁBshbass (1968) developed{ tracklno
*mrsystem con31st1ng of a cathode ray tube and a photomultlpller tube., A
spot on the cathode ray tube ‘was pr03ected to the 11mbus. When the -eye 7

X : : v ,
moved,‘the'spot moved to the cornea and was reflected to a photomultiplier



©

infrared light source and which was-positionéd adjacent to the target

' . - v h._‘

AR N 4 o ..

tube. _Thb‘phbtomultipliqr t :be output was used to reposition the spot

tgffﬁ:/fimbus. The movement of tle 1 was therefore proportional to

«

the movement of the eye. As was the ©ane with the dircet, plmtny,r;l@lnid
methods of oculography discussed earlier, the subjéct's head had to be ‘
. . . . ’ ’ RN

immobilized, since movements of the head:would‘result in displacement

of the limbus, thereby giving false readings. e

Young (1962) mounted photoceils and lamps in -a pair. of ponples

.
v

to be worn by the subject, thereby eliminating artifacts that .result °
from unrestrainred-head movement. Feinstein (1970) also used goggles

similar to Young, hoWeVer, he utilized infrared light sources, thereby

~eliminating the distract .n of Visible light. The major advantage of

clectironic methods of aculopraphy is the abitily tomensure cye
movements without contact with the eye. While the use of goggles

limits-the amount of head restraint that must be imposed on tic subject,

- - e )

" some head restraint is nonetheles: nceded if vne is to determine

4 . !

o - -

precisely where, within a_ target a subjeét is-looking. Fréedoq\of

head movement woul& ﬁéke it péssibie for the subjéct‘to change his
'poiﬁt of fi%at%on by moying:hls head rather than liis eyes.  Such o
change w;uld go_ﬁndetected_unlésé.an additional moniﬁor was ad?e? to/
simultaneéusly record’subjectfs heéd‘position;"

[

The Infrared Computer Based Oculometer B . . ‘ o

™

- In 1969, Mason and Merchant described a method of oculography

5

which provided relatively unrestrained head movement. The system

Consisted of an image dissector tube which was madé colilinear with an

o : b
) o
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area. Tue infrared light was aﬁsorbed by the gkin surrounding the eye

and.by the sglc;a. Infrared liéht cntc?ed the pupil and was focused on
%thc-r;tina, thch tended to sgattér the light, backlighting the pupil -

to some intcrmediatelbevel‘df intensity. In addition, the image‘of the

infrared light source was formed as a bright corneal reflection. This

S 4 v .
image of the cye was focused on the photocathode of an imape disscetor.
"An analog computer was connected to the image dissector. The image of

.o - J . o
o .
the eye was scanned and analyzed by the computer "and the output included

horizonﬁ?l and vegtical eyc;bositipn, horizontal and vcrticai Eoo%diﬁates
of eye"pointing direction;;and pupil dilation. = 1In 197Q} flillsman,
Willams and Roe'inteffaced~ape image dissectorﬁwifh a digigal computer.

| The purpése of this report is to dqcument'the>development of a

computer based infrared oculometer which is similar in principle to those.

b.reported above buﬁ which used a Réytheon teleVisiEn éamera equipped to
sense infrared and which wa= fully iﬁtérfaced to a’small digital'computer
programmed to determine and record horizontal and ve}fiCai eye poéition,
ihori;ohtal and vertical coordina;es of eye pQLnﬁing &ifection‘and pupil .

dilation once every thirtieth of a second. Applicétions of the computer

based infrared oculometer to educationalnﬁroblems willvalsb be presented.

Types of -Eye Movements

Classical eye movement theory identifies three major types o#

classes of eye movements; conjugate or versional movements, vergence and

1
tt

tremors.

Conjugate or Versional Movements

by

Conjugate :ye movements are movements during which both eyes m@ve-

)

in the same direction. There are three kinds of conjugate eye movements.

T
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Small conjugate movements ar¢ involuntarv and occur during fixation of

@ stationary target. Feinstein (1970) described small conjugate

o)

movement as . . . a slow drift which tends to displace the -image of

the target from the fovea, followed by a small, verv rapid flick: .

opposite: in direction to that of the drift . . . tending to relocalize

the target-image on the fovea.'" Mason 'and Merchant (1969)hréfer to

"small conjugate eyc movements as "'eye noise'" or "hunting" and describe
1] : y ;

A v

them as consisting of displacemﬁats as large as two-tenths of a degree
away from the point .of fixati-: nad recurring at a rate of about five
times per second. This angular displacement,“expresged_as a Yinear

‘displacement on a target area twenty inches from the eye of the subject

BN : Y
A . - o . .
would represent a linear disPIaccmeh{ of about .07 inches at the target. v

’ v

This means that while s bject is fixating on a point twenty inches
away, the eye will actuallﬁ}be looking somewhere within a circle around

this ncint, approximatel A4 inches in diameter. Yarbus (1968)
' pAR: . ,

N :
0

» cqnductéd a series ofvexgg%imeﬁtssﬁéing his ”caps“aand found that- the
size of sméll.conjugate gyé movements ié a - function of tﬁo longﬁh of
fiﬁation and that'ip_can.vary ", - between 1 nnd'25‘min0teé of ‘angle.
The minimai dimensions l . . between 2 - 5;minqtes Qf angle. The mgximal
dimensions . . . apprdximately 40 to SC'minutes;of angle'.’ Yarbus also
reported that the duration of small conjugate eye ‘movements depgnds on
thgi? ampiitude and is approximately 100 to 200 millisoconds with éomc
Alasting as long as several éecond§; Re%ereuding thése findings to. a
target area tﬁenty inches from‘phe eye_of a subject suggests that shali'a f“

conjugate eye movements could lie in a circle around the point of fixation

slightly larger,than,oﬁeAhalf inch in diaﬁeter. West and Boyce (1968)

»
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repor: that the rate of drift during a small conjugate cye movement
was about 5 minutes.of argle per second.  They Found, as did Yarbus that
the duration of drift varied [rom approximately 100 miliscconds to

several seconds.
The second type of conjugatc eye movement is the saccadc, a

very rapid movement of the eye whosc primary purpose is to move thc

eye from one p01nt of flxatlon to another Saccades can be cither

voluntary or involuntary. Yarbus (1968) reported that the anplitude of

a saccade rarely exceeded 15 to 20 degtees'of atc: Research indicates
) i

(Iclnstcln 1970) that eaccadcs rnrvlyeoccur more than vnee cvery 200

milliseconds, and that the‘peak\velocity,of ‘the eye'during a sdccade

can be as high as seven hundred degrees of angle per second. Spache

(1962) reported that the shortest duiration of an effective saccade'was

166 milliseconds and that the minimum time for a saccade to occur was

N . .
33 milliseconds. Yarbus (1968) found>that the total time taken for a

.saccade to occur was 10 to 70 milliseconds, depending on its size.

The final type of conjugate eye movement is referred to as
smooth pursuit. Smooth pursuit eye movements occur_when the eye tracks "

a smoothiy moving'targetqthat is moving at a velocity of 35 degrees of

angle per second or less (Feinstein 1970) arbus (1968) conducted

(»

exper1ments~where1n subjects were required to 1mag1ne that they were

tracklng a. smoothly mov1ng object. -Heffound that ". . . it always

.appeared to the subJect that the movements of his eyes were smooth and

'contlnuous, in fact they consisted entlrely of separ ~e flxatlons,

saccades, conve: nces and dlvergences. In experiment§ where the subject

cwaS'required to view a mov' 3 object, Yarbus found thet the subject could

Gt

o7

v
Ll
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start or stop. visual pursuit of the object pt will but could not . ———

~
!
0 o . ) : . .
". . . interfete voluntarily with the actual -process of pursuit and
change its speed deliberately." In his analysis of velocities of

!

pursuit, Yarbus found that with angulaf pursuit velocities of more
than five minutes 0£ angle per second, smooth pursuil was pugsib;o
and- was characterized by the presence of small conjugatce cye movements.
Satisfécfor& tracking did hoF seem possible at sp?cds exceeding 200
degrees of angle per second.
Vergence

‘Vérgcnce eye mchmcntsinrc movements during,which the cyes move
in opposite directions. Nofmally the visual axes of the two eyes
’intersect 4 some distance from the subject: D;:ZPEEES§ refers to
Qerg;nce muvements that increase this distance while bonvergence ;efers.
to vergence movements that decrease Ehis distance. Feinstcinv(1970)

pointed out that '". . . the amplitude range for vergence movements is

much smaller than that for versional [conjugate] movements.'

Tfemof

Tremor fefers to very small, non4conjugate_movements of the
eyes observed under conditions of fixation (Adler and Fliegleman, 1934).
Reéords of tremor have shown it>to consist of>angula£ displacementsvof
a'few secéﬂds bf angle ét'frequencigs of ‘30 to 80 displacements pef'
secohd.m‘Féiﬁstein (l970),staﬁes that "". . . it is undecided whether
 tHey [tremor eyé movements ] héve any physiologi;al significance gf.
whether they simplyirépresent‘noise."v'

r

0f the three classes of eye movements Jiscussed, it would

appear that the ones most relevant to studies of learning and attention

i



20

are Conjugate.eye movements.\ The fact - that both eyes move together
during vdﬂjugate:eye movements means that records obtained Y{rom one eye
are sufficient to destribe-the sutject's looking behavier. 'This stedy
wi.}l. document the 1'0;;31'1;1'111.‘)' of u:;in;:v thofjn('r;n'c.(l computer \based
Qvulomvtvr for reeording-eyo movemvnts as they would Bo used Yn studies

ol deaining and atlent lon tnthe Tield ot aducit ion. -

Eye Movemcent Research

w

Dodge (1903) was - among the first to begin to analvze eye

movements. Hls dlgtlnctlon hetween saccadic and smooth pursuit

.

movements was investigated further by Westheimer (1954) and Rdshb ss

(196%? Rashbas% showed that tasks 1nvolv1ng varlous comblnatlons of

dlsplac%wtnt and velocity evoke smooth movement responsed.determined
e, _

et

by the task displacement. ~He concluded that theseAtWO different kinds
of eye moveménts were the result of two independent neurologlcal
m-&’ﬁ,\/stems

Velkmen (1962) cqmbareq vision during saccades witb vision
during fixétions'by'means of three'ps§chophysieel tasks; in an attempt
to.determihe a‘basis fer the lack of apparent blurring during Joluntary
saccades. He concleded thet“while vision was not blagked out during
voluntary saccedes, it was significantly depreseed. Matin, Matin aed
Pearce (1969)'sdught';o‘further clarify the meehanisms»uﬁderlyiegfthe
normal stability of wisual direction for stétioﬁary objects during
Voluntary saccades: Tﬁey qeed specific points dUring the.occurrence'
of a saccade as trlgger points for the presentation of <tat10narv test
flashes to subJects Subjeets'reported the perceived direction of
motion of‘a'test_flash, relative to a fixation‘target which was

\
‘ K
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-components of eye movementsvdurihg both monocular and

~about’ the same size. Drift and tremor of the two eyes are not

21
extingqished prior to the presentatioﬁ of the test flash. Classical
theofy (Helmholtz, 1866: Whitteridge,‘1964) suggésts'that:an "extra-.
retinal" signal oécurring outéide the retina, and proportional to eye
position, acts to compensate for the shift of the retinal iqggé'reSultinﬁ
from the movement of ghe eye;Athus a étationafy object does noﬁ appear
to change locatiog during a saccade. ~fatin, et al. cghcluded from théi;
findings that thére appeared. to bg an,éxtrurg inél ngnal, but that the
“extrarétinal éignal produced was.not'prdpqrtgi;al towgye position. It
appeared‘to be proportiéﬁal to fhe e%apsed time sincé the beginning of
the énccadé; Pearce.aﬂé Porter.(1970)'investigated fhe posaibility that

~

a subject's .criterion for visual sensitivity was being depressed during

voluntdry saccades. They developed a criterion-free measure of visual

sensitivity and using it to measure saccadic supression, demonstra -d

that there was a decrease in visual sensitivity as much as 150 to 200

+
©

milliseconds prior to the occurrence of a voluntary saccade.

‘ Krauskopf,. Cornsweet and Riggs (l960),analeéd hbrizohtal ‘

i

binocular fixation.

"

They found thgt saccades:in one' eye seemed to always béuéccompanied by
séccades~in the other eye, almost .always in the same'direction; and
correlated. Huang and Smith (1970) recorded vertical binocular eye

movements and concluded that movements of the two eyes were not exactly
. -” : . .

'cdnjugéte during saccades. They found a time variation of less than

lOO.milliseCOnds. Smith, Schremser and Putz (1971) confirmed- these,

findings and,concluded that this -indicated. a p0351ble feedback system
: : . I ' ) I

between the oculomotor control systems of the two eyes.
. : : i

-
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Young and Stark (l963) developed and tested a sampled data
model to describe the action of the control system of the eye.

Rnhinsnn (1964,'l9h5) conduct%d studies of both tho:saccndip’nnd tno
smooth pursuit eye movement sttems. He concluded that wnilc the
sampled data model of Young-and Stark was satlsfactomv fot saccadic
movements, it secmedjto be inadequaté ﬁpr smootn pursuit mdvements.

A number of eye movement studies ccmparingtthe perfotmance of °

.subjecti?pf vatious agés have be n reported: iTnc aim of sucn stﬁdies

is to Invegtigate the developmental aspect of eye movements. Zinchénkc,

van Chzhi-Tsin and Tarakanov (1963) ﬁyowsg that thrco yoear nlds tended

)44

to fixate longer, made little attempt to\searcn for distinctive features
in a display; and stayed>w1thln the area‘of a_figure, compared tO'six
vyear'olds. :They concluded that e&e movements in a growing ¢h11d'
develop towards locating distinctive features in visuél stimuli.

qurpilth (1965).studied efe movéments of children requit;d'to
judge stimuli as the same or different. Sbe.found that children‘under
M gix years old tended to make errors in judgemént.dué to insufficient

scanning yhile nine year old children madc virtually no errors in

.judgemsnt;' | |

'Q'Biien and Boersma (1970) studied the eye movements of 92

female conservers and nQn—conservers; They found that conservers

showed greater percgptual activity 'in the form of scanning behavior

than non-conservers.
S Mackworth and Morandi (1967) and Mackworth and Bruner (1970)°

compared‘eyé movements of adults and children on scanning tasks. Adults

showed a greater facility for fixating areas judged to be more inform-.
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. . . L & : 3 "‘. i - . ‘ - AT
ative. They also tended to have longer "leaping! eye movementgSwnd
: v v o s i

shorter fixations.: e T
A BV
MilTler (1969) recorded cye mnvcment ]JLvn(ltsonf oigh( ycnt

Il

S (\x "‘ -
- 0ld children and college students. Subjects were reqﬂired to change< “//

. e
s \9 i .v’:?. :‘a\‘L

g
TR e
S

their p01nt of fixation from.a tentrdl 1lxnt10n ltghiWQQ Sndzof, fourf
AT .

rnndnmfv illuminntod target 1lﬂhtq dlupllt(d (qnllly
A PRy

directions from the central fixatiqn light. f1e found that e&%ht yLar
old children had»a ioﬁger latency. In additiom he observed that
diffetentes in létencies amgﬁg eigbt year old children were dependent -
on the closeness of the target.to the centrul fixation light. No such
differences were observed among'college students.
| Eye~moveﬁentx have been used as.the dependcet verinble {n a
number of studies of cognitive behavior. Luborsky, Blinder and
Mackworth (1963) studiea eye movements of squecte during a ”sear'ch'.I
task. They found-thnt su&ﬁccts having more fixations NCFO‘hCitCl
able.to recall the content of perceptual imeges. 'Teicheper and Price
§1966) studied eye-moVemeﬁtslof subjects.given the task of studying
a ietter séquence in order to determine tﬁe next(letter in the sequence,
They found”that a reduction in scanning and an increase in attention
to detaii teeulted‘ih correct solution of.the task. |

Gould et al. (Gould and Schaffer, 1965 Gould and Brown 1967;
Gould, 1967; Goﬁld and Schaffer, 1967; Gould and Dlll 1969; Gould and
Peeples, 1970) cbnducted‘a series of experiments to study eye movements{
ogAsubjects during pattern reeogﬁition tasks. Tﬂey found that-subjects
speﬁt less time looking at incorrect responses than they did ieoking at

correct or matching'responses. - They also reported a quadratic
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relationship between thegamount of information contained in a stimulusg
. - - v " M . .
. and the duration of fixation. They concluded that the duration of

fixation depended on the amount of cognitive activity required for a

specific. task.

or

Faw-and Nunally (1967, 1968) reported studies of cye movements -
nljch(ldrcn viewing pairs of pictures diffcrinu on a number of different

,/ dimensions. . They found that subjeets spent more | ime Fixating compleox
: ' y : e
N

and novel stimuli. Children spent more time fixating stimuli having

i’-‘)

negaC%ve'affective value while coliege'students spent more time

r
.

rfixating stimuli hav1ng positive affectlve value Subiects also spent
more time flxatlng st1mu11 constructed by incongruous jnxtapoaltlon,
)LLClelnP tn.rusoivo informntionnl conflict. '
Conklin, Muir and Boe rsma (1968) studicd tyt movements ol ”lchd
lndependent” and "fleld dependent subjects given the‘task of searching
- for mlsslng parts ‘within a‘plcture They found that field independent
L qubjectq flxated with’ greater frequency in high—information areds é%'
the stlmnlns field; They concluded that field 1ndependent 5ubjects
employed more effectlve visual search strategles ~ Boersma Muirf
2 Wilton- and’ Barham (1969a, 1969b) studied eye movements of fleld
1ndependent and field dependent subjects on 1mbedded flgures tasks
and ”anagram” tasks, On the imbedded flgures task field Lndcptndent
subjects exhlblted more. shifts between the - target flgure and the

-alternatlves while on the anagram task, they required less time to

scan the 5 letters of the’ anagram.

) Drake (1970) compared eye movements-of "impulsive® ;
i - ) LIS Lv

subjects on the Matching Familiar-Figures test. fReflectives tended - to’

Py T sedes -
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look at a larger area of the figdre before responding than did

it ulsives.

a

Muir (1971) studied cye movements of normal and mentaltly retarded

i . e
-

subjects during dirccted scarch tasks and.discrimination learning. His
results suggested a visual attention deficiency in mentallyv retarded
subjdets.  Yewchuk (1972) studied eye movements of mentally retarded )

subjects during o discriminat ion shidt Tearning task.  Iiye movement

data provided no evidencg that individual dificfcncc@

sin learning
discrimination tasks could be attributed to-an attention deficit.
liess and Polt (1960) and Hess (19695) studied pupil dilation’

of subjects presented with a~variety of stimuli. They suggest that

pupil dilation is a measure of interest, emotion, attitude, and on-

going‘coghitiVe_prbcess. Clark and Johnson (1970) suggested that. '

' ) ! \ . . A
pupil dilation could be related to cognitive processing. Their results

agreed with the [indings of :Kahnemian and H@htty (1966) that the pupil
dilates as short term memory is loaded and’constricts toward ormal

size as material is recalled and short term memory is unloade

Noton and Stark (1971) suggeéted that eye movement studies of

‘subjects looking at ‘a variety of stimuli could provide infbrmation_about

whether cognitive processing of visual stimulus information was a

serial or a paraliel (Gestalt) process. They observed &hat in scanning

,\p‘f{":

‘a stimulus field, the'subjéct followed a relativély_fixed scaﬁpéth around

a format of features. They discussed the .significance of this '"feature
ring" in terms of recognition of stimuli. They concluded that " . . .
the weight of the evidence seems to support the serial hypothesis' and

that ". . . the internal representation or memory ofvan,object is a

{C
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piv«-(‘('m(-:ll af fair".
{\ nuinl)-vr of :»’l‘ud.}ics of cye movr_n_lcut_:': in i‘cl;lLinn to learngng,
tasks have been reported. MoCormack-ét.'alr (McCormack nnd‘Hnltréchﬁz
i966; Laltrechﬁvana Hngrmack, 1966; McCormack, liannah, Brndléy and
Moore, 1967; hannali and McCormatk,~l968§ Moorcvaﬁd McCormack, 1968;

McCormaclk, Clemence, Tymm and Malabre, 1969: McCormack and Clemence,

-~

1970) studied cye movement behavior of colleee students during a varicty

of paried associates learning tasKs. These autihors ltave provided a great
) .

deal o. evidence in support of Underwood's (Underwood and Séhulz,'1960)

two - stage learning model in-which the first stage consists of learning

. the responsc and is. followed by the second stage, which involves

. . ) «
~assoclation of tue appropriate pairs. ey alsa found that slow Tearner:
, e . .

2. . - . { e T, )
tend to take lagger during the firpst stage and Duey expericnce more,

) ‘difficulty in the second, that eye movements of "high-anxious' subjects !

a

‘differ from eye movements of "low anxious' subjects, and that time spent
3 i j ,
T , T N

scanning the response of a paired associate item decreases as learning
v - v) g . . ‘ . N
: - S . ' : ' T
progresses. : ) : L ) T

Guba et al. (1964) studied eye moyvements of subjects during a

television lesson. They defined a contjnuum of eye movements and found

.

that 'mo observable movements' and ”minimozg¥§nts” were related to
intcllipence. They also performed density analyscs fdr -arcas fixated

by subjects and. found age and intelligence differences|.

' \ . . Y

Nunally, Stézéns and lall (1965) observed eye movements of,

childggn after they had learned to associate previously neutral stimuli '(“)
with rewards. Five days after ;;aining, subjects spent significantly
mdre time looking at stimuli previously associated with rewards. Webb,
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Matheny and Larson (1963) used shock to condition eye movements of s

e

_subjectsL Fhey found that subjects spent 51gn1f1cantly less time lOOkan

at. sleuIl prev1ously assoc1ated with shock. Schroeder (1970) used rein-

forcement to train eye movements of college students \in a simultaneous

Cn - . . . i °
discrimination” task.. lle found that subjects fixated stimuli which had
. . . . A
R Co »
pruvinusly_beun reinforced.

Doran and Holland (1969) studied eye movements of eubjectq //ffi;

studylng 1ntroductory psychology using programmed instfuction. The

e

study sought to determine differences in looking behaviqr of subjects

studying programmed material with ‘high and low "blackout ratios". The

Ve
?

‘blackout ratio was used to provide an index of redundancy When much

material could be left out without affectlng the error rate it was said

,

'to have .a high blackout ratlo. They found, that high blackout ratlo

re

materlal resulted in fewer flxatlons, shorter flxatlon time and shorter

y

\

- .scan time, suggestlng that high blackout ratio programs fail to evoke

44:1

,,-«

§
g
students'_attentlon.

- Perhaps no single field?of study has shown as much interest ih

the study of eye movements as the field ofhreading., The first descrip—g
tion.offeye movements in«readihgrwae presentod by dnyal in 1879. ;He

s S o , 6 : S
reported thut the resulth of direct ohservd}Ion revealed that-the
eyee move along a line in.quick jerks,lwith pauees between the jerks.
Other‘attemptsito measure and record eye movements of subjectsbwhlle

readlng were made by Erdmann and Dodge (1898) u51ng a tefescope, by

Miles (l928)\us1ng a peephole , and by bhackw1tz (1913) using a

.pneumatic capsule attached to the eyelﬂ@ A m&thod ploneercd by

Dodge in 1901 and refined by Tlnker Ain 1931 and Taylor in 1937 based

v
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on. the corneal reflection principle,yied to more than a hundred studies
involving eye movements during reading. ‘Tinker (1965) presents a

comprehensive rcvicw’of‘cyeumovemcnt studics in relation to reading.,

.

. , :
A number of more practically oriented studjrs involviny oculoyrnphv

. .
-

have also been reported . Such studies have implications for technical
and vocational education. Milton and his associates (Milton, Jones and

Fitts;'1949, 1950; Milton, McIntosh‘nndeoie, 1951, 1952?'195&; Milton
and Wolfe,'l952;, Barnes (1970) ‘and Gainer’ (1964) conducted exten31ve
research on eye . movements of pllots under a Varletv of sveolfled fllght
condltlons. Fhelr flndlngs were used 1n.thc design’ oﬁ arxplane.and
helicopter control panels and 'in the design of pllOt tralnlng programsv . S
Schréeder and Holland (1968).mon1tored eye moveme ts of subjects

presented with a v1gllance task. SubJects were requ1red to v15ua11y

detect deflectlon of ammeters arranged in a slmulated "control panel

configuration. They conc]udcdtthat "I ... an eye movement can aet as Qﬁy

an operant,controlled'bf'itS'COnsequences.V lhey suggest that operant

control of eye movements has 1mportant 1mp11catlons for human- factor

analy51s concerned w1th attentlon CF : .

One ba51c underlylng assumptlon of educators 1nvolved in T

N

. preparlng visual 1nstruct10na1 materlals for students is that students

- T . . .

will look at or attend to the approprlate v1sual materlal during the
learning process. If the learner does not attend to the approprlate;“f"

visual materlal durlng the learnlng process then learnlng may be

serlously 1nhibited’. The study of eye movements can prov1de educators

r

with feedback about the effectlveness of thelr v1sual materlal whether

ﬂt be a page or a picture in a text ‘book, an overhead projectual a test
\ : .

0
N
{
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Kl

N ftem nr a cathode rayVSCreen of a computer assisted instructional system.

Such® feedback Lorms one essential part of the basis for producing impro-
L R :
J . . ) - . .
v vq@;ylsual materialts for instruction. [t can also form the basis for
) . o y . .
teaching students effective looking behavior.
It is apparent from the studies reviewed in this chapter that

&

ocﬁlography has been a subject of interest to many researchers in many
different discipiines over the past seventy years. The biggest single

.limitation to moré.extonsive oculographic studies has continually been

3

the limited sophistication of available hardware. Recent development s
in electronics and computer technology have now provided some new
~possibilities for hardware that measures records and analyzes eye move-

" ments quickly, easilf‘and unobtrusively. The purpose of this study is

)

‘to document the developwent of an infrared computer based oculometer

(4
system designed and built with this end in mind. Chapter TII describes
cthe Infrared computoer bnsoﬂ oculometor system and documents s
performance while. the remaining chapters illustrate some applications

of this system to oculographic research in education.
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CHAPTER ITTL . .

-~ DESCRIPTTON OF THLE INFRARED

COMPUTER BASED OCULOMETER SYSTEM-

£ ' Introduction

The importance of oculographic data to many fields, including

education has been recognized for more than half a century. During

‘rt&isitime, many attempts have beep made to déyelop systems designed to
:1(:""(]1'1'11"(‘ eye mbvement data. AMapter 11 brielly describes the basie
gztbods of oculography that have been developed.

4Each of the existing methods of oculography Was developed to
meet a specifiﬁ‘need. For example, the Yarbus "cap" (Yarbus, 1968) was
: | o
a very precise way to measure and record physiologicalbcharactel;stics
of the eye, but it would be of 1ittle;pse to a researcher. who yished to
study eye movements of grade one children while reading. ' Stmitarly, the
Mackworth camera }s an excellent means of determining whe#e a szjec;
is looking, but the need for a bite bar placésbthe subjécﬁiin a highly
értificial expe%imental situation. ’ |

The study of eye movements in relation to learning and attention

requires that: -

R s
m—

1. The measuring_ana r;cording apparatus be relatively‘:
-unﬁbtrusive.’
. 2.  The equipment require'no mechaniéal attachmént té the subject.
3. The equipment place as few unﬂétural constrainté (such as
restrittion of head'mbvemént)uon the subject as possible.
. . - ‘ J

4. As many oculographic characteristics as poSéible be

30



recorded simultaneously.
5. Fhe data be in a “form that is readlly accessible for
:ipqzxgle by computer.
6. The equipmént be sensitive enough -to detect, and fast
enouéh to'r “ordldll types of c;nquate.eye movements.
' Since none of the syétems-currently being used for o .lographic
reséarch meets all of these criteria, it is pcrhaps not surprising
that ”The number of studles of learning which have employed EM [eye
movement ] da;a is disappointingly small" (Fleming, 1969). The infrared
computer based oculometer system described hére is an oculagraéhic
system that will unobt;usively.(using,infréred light) and with a
minimum 6f head reéstraint (chrin fost) record ochPB}ptinu dirvv(i&n and
pupil dilation, once every thirtieth of‘a second. |
fhe infrared coﬁputer'based oculometer syStem is based -on fhe
corneal ;éflectisn.ﬁethod of ocﬁlogrqphy. The oyb is 1lluminated with
infrared light and thé image Qf the éye is projected to the face of an
‘infraréd televiéion camera thcﬂ isxcbnnecfed via a gpecia] intgfface“
unit to a small digltal computer The computer rapidly anaiyzeq the
31gnal coming from thé camera and calculates and records the dlsplace—'
ment of the corneal reflectlon from the pupll center and'thq pupil
dilation. One such set §f data”is rgcorded every thirtieth of a
second. Thié”chapter will'descfibe in detail how the infrared
computer Baséa oﬁulometer_system opérates. |
- The Bye
The hﬁman eyeball is approximaﬁely sﬁerical and cqﬂtaiisvoptical

apparatus ‘which includes two xyefracting elements, the cornea which is-

@

Ky
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the transparent, curved front portion. of the eyeball wall, and the lens
which is the refracting. element with variable power.. The iris, situated
between the cornea anc the lens acts_tdzcontrol the.size'hf the opening
at the front of the eye. (See Figure 1).

The sensory apparatus of the eye is the retina, a thin-nembrane
of photoreceptors. The area Qf.the retina,nosseésing.the higheat degree
of visual accuity.is the fovea.. (Eeinstein, 1970).

The opticai axis qf the eye 1iee along a line joininérthc center:
of the pupil, the center cf‘corheal curvature;’and the»fovcal The

_ extgnsion of the optical axis foreward from the eye indicates the °

point in space. being fixated foveally by the eye. (See Figure 2).

The Infrared imagee

<

In order to determine the position of the .optical axis of the
eye, and thereby determine 1ts point of leation, it (s necessa ka
make the pupil center and the center of’ corneal curvature v151ble

ThlS may be accompllshed by 1llum1nating the pupll w1th 1nfrared

u

Tight, which 1is not v(sib]o Lo the hum:m cyel  An OI).‘-;(‘erUI', oq‘uippﬁcd,”’

y . :
with an infrared light détector, and situated. én an ax1s c0711near
with .the beam of 1nfrared llght being used to 1llum1nate the eye WOuld

see the pupll as a brlght lumlnous dlSC of lnfrared llght agalnst a

5

dark background ccnsisting'of the sclera. Within the area of the
pupil the observer would see.a very small spot of light'scvcrnl"timcs

more.intenSe than the pupil - the corneal reflection. (See blgure 3)

-3

Nelther the center of the pupll nor the center of corneal

curvature is. directly Visible as a.result of’ 1nfrared 1llum1natlon of

R
‘

Athe eye, however both~may_be easily determined. Since ‘the pupil appears

.
v
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_ Figure 3
" Infrared Image of the Pupil and the Corneal Reflection
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as a circular disc, the center of the‘pupil(can be located /by bisecting

36

' the petpendiculaf to a_tangént to the pupil. The cornea, because of
%§slcurVéture will form a virtual image of the infrared light source
as shown in Figure 2. This corneal reflection will lie oﬁ a line

[

between the iﬁffared éource aﬁd.the center of:corneal curvature,
therefo?e fo.an 6bservér 1oc5ted at the source of 1nFraréd,1ight, the
corneél reflectién wbuld appegr'in exactly the éame position as the
center oflcorﬁeal curvatgre (see Figure 2). fﬁe cénter of corneal\
curvature can therefore be found by.hisocting the perpendicular -to a
tangenf.to'Lhe corneal reflectibn.

When tﬁe optical axis of the eye is pointed directiy:at the .
source 6f inffarédyligh;,.an ohsorQer positionod ét the sourco_of
infraréé light would obsegvé the corneal feéléction,to be at thé center
o% the'pupil: As,the'obtical axis moﬁesia;ay frqm ;he source of infra-
: réd,light, the corneal ;eflection Qill be displaced from the center of
the pupil. ‘Thé-disﬁlacement of the corneal reflection from the center
of the pupil.is functionally related ‘to the displacement of the poin§
ﬁf‘fixatioﬁ‘from the infrared scurce. ~ Feinstein (1970) indicates that
fqr.angula; displacements of less than 12 %fdeg£eés df:anglé, the
relationship between eye poin;ing direction and relative'cqrncal
reflection»displdcémént is linear. Mason and Mérchant (l§69) state
‘that for movements 6f the subject'svhead,'eiéher sidewéys or up and“'
down, "} . . there is only a‘small second order effect introduced"
which may be.ignored_without appréciable errof.' It is therefore;thé

p o

displacement of the corneal reflection relative to the pupillcénter

as viewed from the source of infrared light .that will be used as the

.
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basis for determining eye pointing direction. _ .

“The Camera
The gomplete infrared oculometer camera unit or optical head is
‘shown‘diagfamatically'in~§{gure»4. This unit.was designed and suppliéd
by the Honey@eli Radi;tion Center of Lexington, Mass. éndléonsists of
a source of infrared light, an infrq:ed television camera and thical

equipment that&reflepts.the'infrared light so that it is collihgar with
i e

the poiﬁting direction of the éémera.‘ A Sylvania quartz halogen: lamp .
il iy . . -
y' i

-connected to avsupérior type 10B variac or autotransformer serves as
i , . .
Lthe variable Intensity source of light. It s ritted with a lens and

a Kodak type 8iC'gelatin filter which removes all visible light with the
. ‘ : : i -
exception of fisma%; amounrit of red giving it the appearance of a pilot

¥ S ) . R :
light. A beam splitter directs the infrared light towards the eye of

the subject. The imagé4bf the eye is projected through the heam splitter

and a second infrared filter to the face of a Raytheon model 615

) ‘( 1 R

television cameré speéially :quipped«witﬁ an infrared sensitive RCA.
B .‘ ‘ ,\_ R v' :

4523A silicon vidicon tube.

/l :

a&convérts the infrared imz:2 of t.ie eye into a

The came

N o . . . ) . )
standardOSZSJT'ne interlaced video signal. The size of the video signal

‘duridg ény g%ven écan_linéﬂfgvﬂgzérﬁined‘by thelnatufe df,ﬁhe.imagé

being scanned. Whén~thé black backgrpund of the scleraiis Eeing scannéd;

the leQel of the_vi@govproduced is about 500 milliyolts.- When the image

ofvthg pupil is being sbannéd, tﬂe ;ideo signal'fises fo about 1.3 volts
¥ . o

‘énd when thg qorneai_refiec;ion‘is Being séanned,‘the video signal

exceeds 2 volts. Figure 5 shows the yideo signal producéd by the e

' C : , \\\ - o :

- camera when the various parts of the image are scanned,
. S :

(% .
i
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" In addition to the video signal deseribed’above, the cameta
also outputs horizontal end vertical“synchronizatiOn pulses. A hor—_
1zontal‘synchron1zat10n pulse is generated at the end of evety scan
line executed by the canera, therefore there are 15,750 horlzontal
synchronization pulses generated every second. A vertical synchronl—
zation pulse ls generated whenever the scannlné for one fleld has been ﬁk
_ completed and the camera 1s.§eady to start scanning a new field. This

occurs sixty times per second. : B BRI

The Computer—Camecra Interface Unjt -

Perhaps the most important eiement of the entire infyared

computer based oculometer system is the computerecamera interface .

!

- unit. This unit serves two major functions{ Flrst because it is
necessar§ to use the.computer to process the camera output, and
“because_the sizeland shape of the camera output signals are not compat-

9

itle with the lnpuﬁlrequirements of the computer,- this-unit must

modify theﬁsl;e¢éﬁé shape of thehcameraioutput signal%;to conform to
the.input requirements of the_computer. Second,—the comhuter-camera
iinterfate unit identifies and monitors each scanline'generated by the
‘eame:a. Based on changes it deteqts in the cemera outputjleuel

| relative.to‘a ;ime'base it generates; it determines‘whether a‘pupil"

‘end/or a cofnealzreflection has been intercepted; the position of

" the point of»intefcept relative to its time base, ana thebinstant

Lo

when a given scanline has reached the end of its scan.

E) \
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This information is available to the computer to be used as the basis
for determining oculometer output..

A simplified block schematic of the computer-camera interface

.

unit is shown in Figure 6. This unit consists of ‘two separate sub-
! , &y '

‘assemblies. One sub-assémbly contains the, crystal clock which is used
: % .

t&fgenprate a 10 megahertz time base. The time base is derived from a
'50 niegahertz’ crystal coupled to a "divide by 5" circuit which is reset

9

at the start of each horizontal scanline. In this ‘wa the startin
Y rting

point of the 10 m(‘;;ah(/*rtz time basce can be more prvv[solyv.'1[“;',11(%1 with -

the start of the horizontal scanlline, thereby improving the accurécy

with which pupil'and corneal reflection intercept points may be-

determined.

The second sub-assembly contaius all of the}remaihing circuitry B
that makes uo thie unit. It consistsvof a plug-in printed circuitj'
board equlpped with 39 integratcd chults ood one transistor.

When a vertical synchronlzlng pulse comes from the camera, it

clears: the-line count accumulator, 1nd1cat1ng that a new field is about

-

,to'be scanned by the camera. When this pulse 1s terminated by the camera,

there 1is a time lag of a few microseconds prior to the occurrence of the
irst.horizontal eynchronizing pulse; As soon as the first horizontal
synchroniziog oulse,is:generated by the-camera,'it,incremeots the 1i§é
count accumulétor aud'puté‘out an intg&rupt signal‘to the computer; l
telling. the computer to 1nterrupt ‘whatever it is doing since the interfﬁce

.;.'? .
unit must be serviced The total amount of time requlred to:serv1ce the

1nterface unit and. to prepare ‘the 1nterface unit to monitor the next

1

'scanline is approkimately 18 microseconds. Therefore the horlzontal

~ . . . B

)
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AN

synchronizing pulse is also fed into a variable time delay circuit which

is.adjusted to 18 microseconds, and the output from the time delay

&

circuit is used to initiate the operation of e interface unit to

monitor, the next scanline. " Since the camera requires only 10.2 mirco-
. oo e w‘) v ) .
seconds to return the scanline to its starting position and begin

e

scanning the next scanline and the interface unit requires 18 micro-

seconds before it begins monitoring the next scanlinej-the scanline

: . . . ¢ .
performs the first portion of its scdn without being wonitored by the
interface unit. This occurs for a.period of approximétely‘l&% of the

total horizontal scan width. Therefore, in positionidg’thc subject

before the ocul®meter, care must be taken to insure ‘that the image of

the eye does not-fall within this (the leftmost? region. .
To initiate the operation of the interfaﬁe unit, the output
pulse from the time delay circuit simultaneously clears the pupil time
‘ . f .

and CR time, accumulators, turns on the pupil time gate and the CR time
gate, and zeros-the divide by 5 circuit on thg-crysg&l%élabk. This.

_ L Sy e
connects the crystal clock to the pupil time accumulatot and “the CR

5

time accumulator so

that these accumulatorsiare'increméﬁted by the

’

crystal clock by a count of one every tenth of a microsécond. i

-

If the video signal from the camera is the result of scanning

blaci background, the. size of the video signal /ill be smal than a
preset threshold voltage level at the cbmparat< 2s a result, the
. , . ) . 2?2 . . . ' .
comparators will not "fire", and the "flag" wil. .t be raised. When the

scan is completed, the next horizontal synchronizing pulsz cccurs, and

.

the process is Tepeated. s - )

~ ) ' ' B
If the video signal from%the camera is the result of scarning the!



the corneal reflection, the size of the video signal will be largéf:,

better indication of the horizontal scale of measure may be attained

. . 44

v . , . . 4
pupil, the size of the video signal will be larger than the preset

reference voltage level at the pupil comparator, but smaller than
y ,
/ : .
the preset reference voltdage level at the CR comparator. This means

that the instént that the'pupil is intercébtéd the pupil chparatoff'i
will "fire", turning off the pupil time ga;e and turning on’ the "¥lag",
telling‘the computer that an incgease in video signél has been located.
At this time, the pupil time accumulator will céntain a time measure-
ment which is directly related to the abscissa, ;ﬁd the line count
accunulator will éoﬁtagn a scan linc number which is directly related
to the ordinate of the.poiﬁt where the scan line intéfcepted the
contour{ofﬂthe bupil.vi L ' |

If the video signal from the camera is the result of scanning

o

than the preset threshold voltage level "at thp CR comparatoér. This

means that the instant that the corneal reflection is intercepted, the
7 X : “ ' .

. i

CR éomparétor will send a signa. which will turn off the CR time gate

and turn on the flag, telling the computer that an increase in video

"signal has been located. At this time, the CR time accumulator will

- b -
‘contain the absc’ssa and the line count accumulator will contain the

ordinate of that point on the‘cornééivrefleqtion.
' o
The computer—camera interface therefore senses the contour of

the semi¥circumférence of both the pupil and thé corneal reflection.

The abscissa of each point on the- ¢contour is recorded in terms of -

"clock pulses' where one clock pulse is one tenth of'a microsecond. A gy

r

by expreésiﬂ@ this as a linear measure at the eye of a subject positioned

<2

1
o

'~
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Zt?t operatjonal and the output that comes directly from this unit.

" The Combuter Hardware

*,\v. Ll 45_

;lﬁﬁ?ncheg from-the camera. A horizontal displacement of one clock
3

bt
3 ¥

i~

B - /
pulse’ corresponds to a llnear measure at the eye of the observer of

approx1mately 0064 inches. The ordinate of each point in each array
is measured in terms of "scan lines”. A vertlcal dlsplacement of one
scan line corresponds to a llnear dlsplacement of approx1mately .0048
inches at the eye of the obseruert

- Figure 7 illustrates the overall time'relationship-of the signals

on this unit relative to the camera output signals. A de¢ailed schematic

diagram of the computer—camera interface unit is provided in~Appendix A.

The Computer

The computer portion of the infrared computer.based oculometer
system serves three major functions. First, it monitors the. ”flag
and stores the contents of the three accumulators on the computer-

camera 1nterfaqe unit wheneqer the "flag is. ralsed Second, when the

\l

coordlnates of all the points on the contours of the pupil and the

- “» '. bd

,corneal reflection have been stored the computer uses this information

to calculate the displacement of the corneal reflection from the pupil

center and ‘the DUDll dllatlon. Finally,.the computex transfers a

4 .'~_../

record of'thws 1nformat10n cnto a 9 track magnetic computer tape. This

‘process is repecated orce every th1rt1 th of-a second.

Thc computer un1t w1ll be 8escr1bed in terms of the hardware

-'that constltutes this unit, thé,soft&are'or,programming that makes
. . Cha ey

)

- f”The”central:process compdter used in this research was a rack-

©

. | t -f
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iy

mounted model PDP-8/e minicomputer manufactured by Digital Equipmént

Corporation. It was equipped with 8K core, an extended arithmetic

A

'elemént,‘é two channel D/A converter, a one channel A/D convg%fer, a
pé@grefgil and memor? prbtec: option, a 9—track.magnetic tape unit and
a médel ASR35 teletypevinéut/output.unit.’ Ali_of the above'units were
Astand;rd equipment supplied By DigitalvKuipmenf Corporation. 1In
fggdaition, a CONRAC video monitor, a Telequipment rack-mount oscilloscope
aﬁd a 5-volt reference ?ower»source were also located on the rack. The
computer-camera interface unit plugged directly into the bus of the

¢

computer.
3

! Appendix B shows the configuration of the equipment on the

rack. ‘Apvendix C shows a simplified block schematie of the computer
o

© hardware unit used in this study.

The Software |

All of the'prograﬁminé for the infrared computér based oéulbmetgg\
sys;ém was doﬁe'using machine language. While machiné language program—\
mipg tends to be the most tedious and tiﬁe—consuming method éf program-

‘ming, it was selected for a number of reasons. First, most of the

;progfamming was completed before the magnetic tape unit arrived. This

.ﬁeant fhat_the only way -to load system programs such asjthe assembler
was via paper ;ape and .1e teletype unit. This is aﬁ extremely slow.
and pedious prggess. Secpnd, it was felt that more efficient programs
could be‘written.by p;ogfamminglin machine‘language. Finally; since -
the computer was‘acquiring'information ffom the cameta (via the‘intef—

face unit) and processipg it '"on-line'", it was more cbnvenient during

debugging to work in machine language.  These factors, combined with the

1y



, ' , 48

fact that the overall prograT was relatively éhort, led to the decision

w &

to use machine languageri@ programming the computer.
E .
Essentially, the program is designed to store the contents of
. .
Y

the three accumulators located on H1e computer camera interface unit

L ) .
-whenever a_scan line intercepts either the pupil and/or the corncal

refléetion, and vo calcealate and store the coordinates of the displace=
" [+ 8 . . .
ment of the corncal reflection from the pupil center, and the pupil

dilation.

Twé conditions are received by the'computer from the computer
camera I[nterface unit; a "flag" that occurs whenevor a ::('m’\' line inter-
cepts a pupil and/or a corneal,reflection,.and a ”interrupﬁ” that

. » N . . : N .
occurs whenever a scan line has reached the end of its scan. If during

the early part of the scanning sequence, neither the pupil nor the

corneal reflection are struck, the flag is not raised, and as each

sc.n line reaches the end of its scan, an interrupt occurs. The

'absence of a flag means thaqftgere is .no useful information, which

G o

C,

8 T , )
. . . | PR E AN .
needs to be stored, containe®iin the accumulators on the computer

&) - : . :
camera interface unit, so that immediately after the interrupt has’

occurred, normal Qrogram execution resumes as the next scan line

begins. When,

s

a scan line strikes a pupil, the flag.is raised. This

2
means that the contents of two of the accumulators on the computer

st

.camera intérfgce unit,. namely the line count accumulator and the pupil .

time aqcuﬁulatof, need to be stored.  The program therefore modifies:

itself so that immediately after the interrupt has occurred, the contents
e ‘ . :
of these two accumulators are stored, and then normal program'gxecution

resumes, as the next scan line begins. This process is repeated until



. %) e )
a corneal reflection is struck. Th program-then again modifies

rs, allﬂﬁhreé‘ﬁf the accumulators

\

itself so that after the 1nterrupt oc
on Lhe computer camera intl-rf:lcc unit ‘11" stored prior to rosumln;'

v

normal program execution. This process»con{inues so that when the

entire pupil has been scanned, the computer ﬁas stored the coordinates

‘of every point on the semi-circumference of both the pupil and the

A%

.corneal reflection. ;
.During the tiﬁe that the camera is scannihg the dark portion
qf the iﬁage below the pupil, "the ‘computer calcuiatés and Stbrés the
abscissa of the vertical tangénps to the hupil and the corneal
geflection, the pupil dilation, the“diamargr of the'corneal-reflecg&on
: . SR
and fhe vertical displacement between the pupil éentar and the center
of the corneal ?eflection. The dilation is mvaéhred.ahdAépressed in
terms of tha nuﬁber of écan Tines that‘actually intercep;ed the pupil.
Tha ordinate of thé éhpil‘cehﬁér is determiheﬂ:in:terms of the absolute
numbef of the‘scan l;ne that pass through the pupil. 'fhis‘is-détermined
by simply subtracting the absolate numbaf hf the first scan;line thah
intercepted the,éupil from tha absoldﬁe hdmher of thezlast scan 1ine
that intercepted the'pupil aa%faddlng half thls quantity to the
absolute number of the first acan line that struck the pupil. (See
Figure 8;. .For example, if the.first scan line to strike.the pupil.
was linc 75 and the last scan line to stfike the pupil was.line'275,
then the pupil dllaulon would be. (275 75)=200 lines, and the, ordlnate
nhof the pupll center would be 1ocated on llne (75 + (275 75)/2) 175

-~

The ordinate of the center of the corneal reflectlon is neéded to
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determine the Qertical coptdinate of fixation, and is calculated ip
exactly the same way 'as 57'5e pupil c#Y¥ 'e.t{é Hence,,‘ if the firgt%fm\
) - I ‘
line that struck'thé Qorneal rcfféctidkgwés lkmé_,f 5t , ,K "

one was line 98, then the cen@er of the corneal reflecticW®: ¥i1d ¥oo

&. ..," L et
be located on line (90 + (98 90)/2) =94. The- vertlcal dlsplacement o;

the center of” the torneal reflectlon from the pupil center, which

«

“is a measure 'of the ordinate of fikatidn is simplyﬂcqlculated by

- .

subtraction, and in the ekample, is (175—94)=81’lfnes. Displaéements

oécurring'when the eye is'loOking up were labelled positivé@(+) and

displacements occurring when the eye is lookingfdown were labelled

©

negative (-).. . : L

' The abscissa of the pupil center and ‘the horizontal'diéplacement

—

of -the center of the corneal reflection with respect to the pupil center
I¢] ' : : . :

are~calcuiatedvinrterms of 10 mégahettz clock pulsgs. As explained
carlier in this chaﬁter, a 10 megahertz cjéck bepins incrementing the
pupil time ;1(:v<:umul'z|t'<;r and Ll'l.t‘ LRt imc' dctumulator at theé instant .
that the scan llne is 1n1tlated andTinCrementing of each reSpective
‘accumtlators ceases when 1ntercept of the pupll and/or the corpeal

reflection occurs. [ : S
i N

To find the abscissa of the pupil center, the abscissa of the

vertical tangent to the pupil is located first. ‘The radius of the

pupll is thencalculated based on the measure of pupil dilation obtalned
previO”Sly. Thls absc1ssa of the pupil center is the sum of the
.absciéSa,of,the vertical tangent to the pupil'and the radlus of the

pupil, .

The abscissa of the vertical tangent to the pupil is obtained by
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calculating the mean horizontal displacement ‘wbserved over the four

. ’ ¥
scan lines) nearest the éenter of the-pupil. Foar example, in Figure .

7

8, the center scan line of the pupil was line 175. ' The mean horizontal
displacement of lines 174, 175, 176, and 17‘7 would be used as the
Basis for determining the abscissa of the vertical tangent to the
pubil. If the obseQ%ed horlzontal time dlsplacements of lines 174 =177
were 296, 297, 297 and 298 respectlvely, the abSLlssa of the vertlcal.
tangent to the pupil would be 297.
v As explained previouslyy the ailation of the pupil is determined
in terms of scan lines. Assuming that the pupil is gircular, this B
measure of dilation may be expressed %@ tetms of pulses by fecognizing
, _ g

that the horizontal—te—vertical‘aspect ratio in a television sVstem
©is 4:3, and that.the vertical axis is scanned by 519 1lines (cen51st1ng
of 525 lines less 6 llnes lost durlné retrace) and the hor17ontal axis
consists of 533 puldes. “lL conversion factor for tnnvarting ltnhth
' measurea in scan lines to pulses is (533/525>X 3/4) = 0.77. Therefore,
.the diameter of the pupll may be expressed in terms of pulses by
multlplylng the dllatlon in scan lines by 0.77. The'radlusvis slmpty
half the'diametetn“ In the example in Figure 8, the pupil dilation‘ |
Of‘%QO lines is equivaleut to (200 i .77) = l%ﬁ pulses:so the radius of
tbe pupil is 77 pulses. The sbscissa of the pubil center'is therefore
(297 +.77) = 374_pulses. .

| The absc1ssa of the cornealbreflectlon is calculated in a simil .r
manner except that the mean abscissa to the vertical tangent is calcu=
latea over 3 llnes. In Figure 8, the mean absclssa to the vertlcal

tangent of the corneal reflectlon 1s 301 pulses, the radius of the

corneal reflection is ((0.77 x 9) = ) = 3.46 and therefore the abscissa

w®
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) '
of the corneal\reflection center is 304.46 puls 's.

t

The horizontal displacement of the center of the corneal

reflection from the pupil center, which is a measurc of the abscissa
: o , Q B - I
of fixation is simply calculated by subtraction and in the example

is (374—304.46)'= 69.54 pulses. Displacements occurring when the eye

3s‘looking to ché left were labelled positive (+) and displacements
occurring when the‘eye is looking to the right were labélled ¢
negative. (-).
stores the results in corce memory. . The computer then awaits the
completion of thé scan at which time a new scan is ini;iated, and
the procedure is repeated. Aftg?'each block of 180 sets of readiﬁgs
(6 seconds) 1is accumulated'in core, the scanning procedure is interf
;uptéd for two thirtieths of a secénd while the re;dings'are'tfanS—
ferred to;magnetic cbmputer tape. Vi

In the eveﬁ£ that a complete scan takes place énd no pupilA
is ~4, (as in the case of a blihk), or no corneal reﬁlection“is
Hud méf»occur'whén the subject looks away'from the target at

sop> citr  2ly large angle), the program outpﬁts a distinct.set of

charucte > 7777) in place of -the d&splacement coordinates. This
makos it ssible’ to detect when "blinks" occurred and to determine
e du -ion of the blinks. . '

The put

.

FOutput from the infrared computer baséd oculometer is stored

on 9 track magnetic tape. Included in‘thé oupput are:

o -
-

Upon completion of the calculations as dcécyibed, the program

g
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ﬁfrAnslatlng oculometer output coordinates into target coordlnates along

‘JWLth other data analysis-is carrled out on the IBM 360 model 67 COmputer

54 -
1. the abscissa of the vertical tangent to the pupil center
" ”’3;322ssed in terms of scan lines, .
Kl —
. 7. 2. the abscissa of the vertical tangent to the corncal
reflection expressed in terms of scan lines,
3. the ordinate of the dlsplacement between the pupil center
and the corneal reflection, expressed in terms of 10
. 8
megahertz clock pulses,
i
4. the pupil dilation expressed in terms of scan lines, and
5. the diameter of the corneal reflection, cxpressed.in terms

of sgan lines.

This providee sufficient data for the calculation of the

horizontal displacement between the pupil center and the center of

the corneal reflection. The vertical displacement is available

directly from the tape.

4. - ‘ :
In order to éxpress this data in terms of absolute target

.a

coordlnates éﬁt is necessary to calibrate the system to a partlcular

-Jf’:"

o

'subject. This is accompllshid"%w having the subject 1ook -at several

‘.

-spec1f1c points in the target .area whose phy51cal 10cat10ns relative

f. . : L
. 4, i

to each other are,knOWn. By recording hOv*zontal and verrical displace~

"

W
ments of the*corneal reflection relatlve to the pupll center for these

points, %rior to conductlng the actual eye movement study, it is

p0551ble to express the displacements recorded by the oculometer in

terﬁglof phy81cal locatlon within the target area. The process of

Ff_g « .-

/

Ve



Proof of Performance
(%4

One problem that is an inherent part of  the devélopment of any
n#w moasur}né instrument’ is the-problem gﬁ estaplisﬁing validity,
reliabi]ity»énd acéuracy, or pfoof of performance<of the insttumchL.
The infrared computer based oculometer is not unique in this respect.
This ;évlion of th study will describe the mothod,tﬁnt was fullﬁwed
in establishiné proof of performance of the sysfem and wili present
proof o. performance fiﬁdings.' ) ¢

The task of determining where a subject is lonking'mﬁv be
broken down intd scveral sub-tasks. Flrsg, since changes in the
displacement of the_coineal'reflection'with réspect to thg';enter Qf‘z

. - ¥
]

the pupil are -relatéd to chanpges in eye pointing dircction, once’ sub-

i

task is to be able to égquraLelyﬂMeasure this displadement at any’

IS

instant in time. This implies that the infrared computer based

M

oculometer system must have the capability of measuring lincar ‘distances
in both the horizqmﬁﬁg and the vertical directions. The first part cf’
: £ & . 3 :

SN = '
the proof of pe?%%gmqﬁte will therefore be to establish the existence -

e

of this capébif%ﬂyQ?4"

. S ) ) .
S A second}bhb}task is to be able. tb detegymine the pdsition of

o s : R : :

© the centers of both the pupil and the corneal ?eflection! since these -
centers are'nOE made directly*readablécby the illumination process.

Possible sources of error with respect to the performance of this.

M
o

sub—taskfﬁill be identified and their effact &

‘he determination of
where a subject is looking will be discussed. '
P | '

A third sub-task is to be able

_ment (of the corheal reflection with respect to the cernter of the pupil)

Lo Sy TR o

=y

55

te' associate anvdbserved displace- .
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. IS .
with the actual point in space being'observcd, taking into account both

tige error due_to the oculometer system and error due to uncertainty
about.ohere the human eye is actually loo ihg atia given instant in
timell Determination of system perforﬁahce on thisusub;task»will resUlt
in a statemeht ofvthe systemls llmits of capability for.determining

where a subject is looking.

‘Measurement of Linear Displacement " g

In order to assess the capability of the . infrared computer

, . . . _
based oculometer system to measure horizontal and vertical lincear

“

displacemcnts a simulated eye was constructed It consisted'of‘a

o

black box 3 5" x 4" x 2” deep. On the face of the box was a whlte
B ‘

circle O 28 1nches in dlameter whlch contalned a plnholc arbltrarlly

p051t1oned in the lower: rlght quadrant of the c1rcle. A 5 wagt,_lle

&
1

volt xncandescvnt 1nmp was mounted in thc box, dLroctly hchlnd the pxnr

o

'”ﬂulc. When posltloned in thc flcld of “vidw of the camera, the imppe of

o 4 4

the 31mulated eye very closely resembled ‘the 1mage of a human eye, the

i

incandescerst llght behlnd the plnhole created an 1ntense spot'

¢ @

resembllng the corneal reflectlon, the whlte c1rcle resembllng the -

\

‘pupll, and the black background of the box resembling the face of thc

2.

"subject. -

a

For testing purposes, the s&mulateg eye was positioned in the

field of view of the camera unit so that a prooerly focused image
n . ' ¢

'~closely_resembling the eye appeared on the video monitor; - With an

o

1nten51ty settlng of 40 on the varlac, the camera produced a video

output bl&nal closely resembllng that shown in solld lines in Iigure 7

o . N . K]

§i:
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The oculometer system was then stdrted, resulting in the simulated |

' - .
cye being scanned over 100 consecutive frames, the results of cach

"
r . -

scan being stored in the core memory of .the computer.

AT 100 sets of readings taken were identical, demonstrating

’

the reliability of the system. It was observed that a total of 58

sean lines in the horlzontal plane struck the simulated pupil, which
was (.28 inches in diameter. [his demonstrated that the approximate

vertical resolution rate of th. oculometer system is .0048 inches

. between two adijacent ‘scan 4%4?3 at the’eye. Similarly, it was observed

.

that the difference in horizontal outpul corresponding to the radius

of the simulaled pupil (.14 inches) was'22 pulses. This demonstrated

v A .
that the approximate horizontal vesolution rate of the systom is .006%.

inches between two adjacent, pulsces at the eye.

Establishing the validity of the oculometer system in relation

-
«

to measurement of Pinear displacements was simply demonstrated by
placing a lens cover over the camera unit. This resulted in output-

[rom the system signifying. that a blink had occurred; that is, that

the system was unable to locate either-a pupil or a corneal reflection.

No internal noise which could cause a false identification was evidenced

in the electronics of the system.

-

Determining Centers of the Pupil and Corneal Reflection
Given that the oculometer system is capable pf,mvasuring linear
. ,

displacements as indicated above, once the points between which the

measurement must be made dre established, it is necessary to consider

possible.ways in which error might be introduced in the determination

, : R

of. these points. Two types of error will be considered. .Error



,

desigpnated in this- study as "type A" error occurs when a ver
, y y ;

. . i ' . . RN
change in pupil diameter or corneal reflection diameter has occurred %
. “ . ) !

vhile crror designated in this study as "type B'" error occurs because

of the system's inability to resolve dimensions ‘less than yme scan

line in the vertical plane and less than one clock pulse in the -

frorizontal plane. The effects of ecach type of error will e considered

_ ’;Iﬂ ‘ . . . , B
separately for the vertical and for the horizontdl girections

For measurements in the. vertical direction (measured in terms

of scan lines) it will be assumed that a target positioned in the sﬁace

- between two adjacent scan lines will be measured to the nearest scan

1

Iine. Thatsis, if a tarhct ex tcnd across 1lnc> 20, 21, 22, akg bevond
! . ‘

line 22, partially across the space between lines 22 and 23, it will
; , .
I .
: . g s p ' - ; :
be resolved as extending to line [27-if it extends less than half way B
B . o . )
between lines 22 and 23, and as extending to line 23 if it extends more
. ' ! ' - . .

. . S _ " '
than half way between lines 22 %nd 23. .

h

o ; , _ .
To illustrate the possible effects of type A error on measurement,

in the vertical direction, the followingvexample will be considerced

o>

Assuming that a pupil was poaytloned preCLsely between and tangent to

linés 122 and 196. (See Flguéc;9)"51mple calculatlons reveals that

thp center of the pupll would lleqon llne 159. Now suppose that the

/ : ’ .
pupil were ‘to remain stationary at this point, put were to undergo a
slight dilation. Assuming that the dilation occurred symmetrically.

around line 159, the pupil might at some . point in time extend one- o !

third of the'distance towards lines.121 and 197.- This in itself wouTd
. o

pro et no change in the oculometer output. ~ However, if coupled with
v . \ ) ) . . . .

vl change #n dilation, the subject were to raise his head by one-

-
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third of a line, the tomblned effect of %ug ition and head movement wou]d
s . L

locate the top of the pupil mory (i n hall way toward line L21. Thoe
I pup < \ :
o ®

- oculometer system would then consider the pupil to be positioned between

o o .

“lines 121 and 196 with‘its center lying midway between tines 158 and
159.  Supposing that in the meantime, the corncal roflection had
romnincd fixed, tho~oculomoter Output’wou]d show -a change in ycrtjcal
displacement of enerhalf line even though there was no change 1in eye

pointing direction. Since this apparent movement of the pupil center

" could ocdur either upward or downward, the makximum expected*variation

-

in the position of the pubil center due o tvpe A error is 15.Ling, Sy

The same phenomenon could occur in relation to fhe center of ihe

. o . R
corneal reflection, -hence the maximum expected variation in. the positien
of the corneal reflection center wuuld also be ' # b liue{m H@Wov@f,; S
. . s ) ‘ ' @ C ?6£v
because.movement of the'pupll ceonter (upward or downward) necesqﬁrlly o
- B T R T AT
melles a corresponding movement of the cornca] ﬁaflectlon centtr,. it~

- . .
' . . < b . ,c_'}

would not be .expected that these two. errors wog&d be cumuLatlve,v t

. _r” B "
Therefore, the maximum expected vae A.error for meaﬁurement oﬁ ”;
e SR SR :
displacements in the vertlcal plane would be +2 sgan llne..”v"

Lo
.

’M; : .' " 3 N v ’ - . ’
. The possible effecﬁé‘of type B error on(measurementsvip the .« .,

» . N ‘ﬁ.\ LT - ‘, S >
vertical‘direction may”br 1llthr1ted By agaln conbkaering a puwll

« > z

p031t10ned preclsely between and . tangent Lo llnee 172 and 196 whose

1

tenterllnc would be p051tlontégon line 139 (see Flgure 10) LE

there existed a corneal reflectlo WLthin this‘pupil such that it was

.

positioned precisely between and tangent to‘lines 169 and 179 with its

center on tine 174, *the actual displacement between the two centers

Y

would be 15 lines, and the oculometer output would 1nd1catc this.
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Jcduld be positioned on-half line lower - just above the point that

«
62

" ‘ » ' . . o
Howvﬁur, it could #Lso be possible. that: the entire pupil was positiongd
onc-half line highérv— jusf below the point that wquld cause lines
121 and 19% to‘resolve it. Thé pupil center would, then actﬁélly be
midway bcﬁwen lines 158 and 159 éthough t% ocufor system would

locate it on line 159. At the same instant the corneal reflectign

" would cause lines 170 and 180 to resolve it. The corneal reflection

center would then actually be midway between lines 174 and 175, although

the oculometer: §ystem would locate it on line 174.° In this case,’

therefore, the actual displacement between. the. two centers would be

4]

16 scan lines, but would be recorded by the oculometer system as 15
scan lines. In a simila¥r manner, the pupil could be located.as much -

as onthalf'lihe below liﬁésllZZ'ahd 196 while the corneal reflection

could be located as much as one-half line above lines 169 and 179. In .
this case, the oculometer system would still record the displacement

between the two centers as 15 scan lines even though the actual displace-
. 9 . -

ment wag only 14 scan lines. Therefore the maximum expécted type B

error for measurement of displacements in the vertical planc would be
- +
*1 scan line.
" For measurements in the horizontal. plane,. (measured in terms of
'\ . . : T

10 megahertz clock pulses) it will be assumed that a target positioned

, G S
in space between two adjacent cloc¢k pulses will be measured in “terms

of the last complete clock pulse that intercepted the target. That is,

if a target begins part way between bulée_ZZ and pulse 23, then it
. - ‘ . . o O‘v . ‘
will be recorded as -beginning at pulse 22, regardless of how near it

eixi- .5 to pulse 23.
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Lo illustrate the possibl
ments

63

effects of type A crror or measure—
L3 .
in the horizontal planc

-

the following example will be congidéroed
wupposing a pupil were positioned

;o that cach of- the four hoT i zowtnl -
scan lines intercepted the verticgl tangent to the pupil’ just as pulbe

f

150 occurred (see Figure 11)

Now, supposing that the bupll werg o
remain stationary at this

point,
T

but were to undcrgo a b!lpht dlldtlunw
the dilation was less than half a scan- linc
recorded

3y
tlu" dll;lLi(H).erldillp ,
by the oculometer would remain unchanged However,  this L
. ' e )
slight dilation codld be sufficient to cause the méan-‘abscissa of the T
vertical tangent to the pupil to appear atlpulse 149
obscrved change in har’7

v

As a reéult,_an'%
8ptal dlsp]acement oqual to one DU]QC would be

recorded by the ocu]o&y{@r when no actual change in eye. p01nt1ny o o .
Y : d g S I
direction occurred (sce lLyuru L1) Becau%c only Lhe lcddlnb,(dyc

(left edge) of - the pupil circumference is sensed

~

type A error could
only operate in a manner so as to decrease ‘the true valué of the
horizontal position of the pupil center by one.

A similar change could
occur, in the corneal reflection in;

resulting in a type A error -in the
position of the center of the corneal reflection
‘tase of the pupil

operating, as in the
to decrease the true value of the horizontal pos1tlon
of the center of the corneal reflectlon'by one.

The occurrence of both
of these ecvents 51multaneou91y (81nce they both operate ‘in the same’

direction) would result in cancellation of the error

J
" therefore the
maximum expected type A error. for meéglrement of displacements in the
- _ 3 o
horizontal plane would be -1 pulse. / . —

The p0551ble éﬁfects of type B eLror on measurements in the

-

norlzontal plane are lllustrated 1n the example of Figure 12.

Supposing

A
/
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a pupil were positioned so that each of the four ‘horizontali scan lines

intercepted the verggcal:tangent to the pupil just as“pulSe 150 occur—
. AR ‘ S

. . . ” ! R
red. Now supposing that the pupil were to move to

a new poSition
to the right (as shown by the broken lines-of~Figure 125 by an amount
just less than one pulse.. Because the rovement would not be sufficién:

.

to change the observed position of the vertical tangent to'the pupil 

the position of the pupil center would appear unchanged, c¢ven though
a change of nearly one full pulse had occurred. - Therefore'tﬁe'maximum b
expected variation in the position of the center of- the pupil is -1

pulse. The possible effects foéype B error on,thevdete?mination of -
v , > : o

the herizontal position of the center of the corneal reflection are

fidentical to those justrdéscfibed for the pupil, thcreﬁore,,thc(maxi—

mum expected variation in the position of the center of th¢ cprneal
re“lection is also -1 pulse. . The occurrence of both bf’these events

simultaneously would result in cancellation of théAerrdr, therefore

g . . } i

the maximum expected type B error for measﬁrement'df displacement in
(\ the hpriiontaJ'plnnc is —lfbulse. R
Actual System Performance o B '

'

., 'In order to assess the actual overall perfdrmance of the infrared_
1% . 3 . .
‘computer based oculometer'system,;giveﬁ‘the maximum expected errors of
measurement for thevsysteﬁ sub-tasks’, a series of experiments involving

sad - - : 3 . ~ X . )

bdth the simulated eye desc#ibed earlier in this chapter,aﬁd a human :

eye were carried out;-:The purpose of .the experiments. involving the

simulated eye was to gather additional data to demonstrate the

reliability and the validity of the oculometer system in a task

ey

P
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dnvolving the determination of

corneal reflection center and pupil

dilation, and the

N ()‘7.,

the positions of the pupil center,

calculation of

the horizontal and,vertical_displacemeqts between the pupil conter

and the
Because the normal human eye does not

It s tixating on o stationary target

a human eye,fixating a stationary target would include errvor resulting

-stay perfectly fixed,

center of the corneal reflection for a stationary target.

cven when

oculometer oulput obtained rom

from normal movements g% the eye insoparably_comﬁincd'wLLh type A

and type B errors.

frc(uo cy distributions of 0(ulomoLcr
Yy

1nvol

perfogﬂance. \\\\\\

Therefore a statistical approach,

presenting . \

system output for various tasks

g th4\zfman eye'f«E be used to describe overal1 systemL

¢ -

%%n the seaecond series'of experiments, a simulated eye was
Vo : 4 ’

/
in the field of view of ‘the camera unlt of the oculometer.

-The v1deo monitor was observed whlle the camera unit was adjusted to

insure that it Wwas properly focused.
light source was adjusted so that the

specified in Figure 8 (viariac setting

computer program included-in appendix

.stop after 100 consecutive scans were

Thé inﬁens;ty of the infra-ed

-video output voltage was as

of approximatély 50) . The
D was used but was ‘modified to
/

completed. The output consisted

~of the coordinates of dlsplacement between the pu“ll center and the -

v

-center of the corneal reflectlon as well as pupil dllatlon The

observed measures of dilation and of displacement were 70 scan

lines and 24.5 scan lines respectively.

was 0.

. The observed measures of X - displacement were nofmally

The variance of each of these

7

~r.
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distributed around a mean of 7.69 pulses with a variance of 0.21. The
v . | - o . .
experiment was repeated two\more times, once with the "corneal reflec-

s tion" pinhole blocked off so that no corneal reflection voltage was

'

present, and a‘second time with.the entire_pupii covered by a piece of
blaek construction paperf In bothvcases, the oculometer system output
con51sted of 100 1dent1cal readlngs each denoting that'a "blink" had Y,
been detected. |

These experlments appear to strongly support both the valldlty

s

v

and the rellablllty of the oculometer system. In the f1rst case,

\ R

1dent1cal readlngs obtained for measures of dilation-and Y- dlsplacement
strongly,suggests fhat the,system provides : rel;able mzasure for these
parameters. The observedbdlstrlbutlon of measures of X—displacement
1ndlcate the relatively hlgh rellablllty w1th whlch the system htasures
this parameter. In the latter: two cases, by ellmlnatlng portlons of
the simulated eye, it was demonstrated that ‘the oculometer output
rchanged approprlately, which suggests that the output. from the
oculometer system is a valid measure of dlsplacement between the pupil
center and ‘the centgr of the corneal reflectlon |

-

In the thlrd series of experlhents an IBM 1500 video terminal
'was positioned adjacent to the o<llometer'as shown ih Figure 2. A
vBiometrics-model 115 head restraint was positidned in front of the
v1deo termlnal; so that the eye of a subject whose head was p031tloned
in the chlnrest of the head restralnt would be 16 1nches away from the
screen of the video termlnal. W1th a subJect‘p051tloned in the, head

‘restraint, the video monltor was observed while - the catiera unit was

adjusted to insure that it was properly'focused. The intehsity of the

o



69
infrared light source was adjusted so that the video output voltage
was as specified in Figure 8 (variac setting of 45 to 50 depending on

the subject. In various experiments that followed, a,targét consisting
of an- asterisk (%) Qas disﬁla;cd in a variety of known coordihafc
locations on the'video'terminal. Because the movementévof the cye
arc more steady whcnyft is pursuing a smoothly moving objcect (Yarbus,
l967)4thé‘IBM 1500 CAI system was‘ﬁrogrammed to display a'ﬁmoving
asterisk'. Fo; experiments invélving vertical displacements, the
asterisk was prngrqmméd to move hdck and'fGrrh in a pendular fashion -
horizontally across five coluﬁng;Ln'spcci[ic'fows, pausing [bfm306 
milliseconds 'in each column. TFor éﬁperiments involving horizontal
displnvoments;-thv asterisk was programmed to move up and duwnlin a
& . .
.>§imilar fashion, across five rows id'sﬁecific coluuns, pausing for
300'millisecogds in each row. Thévéubject‘wés instructed to;}nok,at
'thé nsfcriské Fof cach triatl, 100 consccutive oculometer rvhﬂinus
were taken. :Table 1 is a su&mary'of the displacements ébsérvea.ﬁp;
one subject under different display conditions.
Do . N - ’ i

The mean vertigal outpﬁt displacemént between the cbrneél
refléctién center and the pupil éentér Qas 20.15 scan lines while
the subject w;s looking at the top fow'éf‘the displa;}énd 5.44 scan

lines While thé subject was looking'ét the bottom row of the display.

This represents a change of 14.71 scan lines resulting from a chénge L
in fixation of 4.6 inches, thé distance.between the top and bottom rows

of the display. This means that a change in the point of fixation of

. .16 inches would result in a chaﬁge in the vertical displacement output

of 0.5 scan line. That is, neglecting ertor, the oculometer would be

-

TR
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) .TABLE 1
. ‘.
bculometer OQutput for
’ Various Target Locat{ons '
Location of Asterisk 5 Mgan . L
_ 43 utput Displacement
Horizontal Vertical He P Vertical
Coofdinates Goordinates Puld Wice Lines — Variance
e 8 .
0 17-21 ‘20,15 . Y0.11
&
30 17-21 5.46 0.13
13-17 0 14.52 0.43
13-17 39 —7.32 1 0.45 )
N = 100 Readings -
I
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degrees) ., : : Lo

‘reflection centérrandehe pupil center was Qé;SZ pulses while the *

' AN . ) ’ 71
L
capable of detecting vertical changes in eye.f . xation greater, than

. [ ' :f_
0.16 inches on a display positioned 16 inches from the eve of the

' .

subjeci.  This corresponds to an anguiar arsplacement of U.O degrees.

I't has alrdady been poinfed out that for measurcments in the

vertical plane, the maximum expected type A error was * scan line
- ' . v -

and ‘the maximum expected type B error-was +1 scan line. Table |
‘. - Yy [

shows that the nreatest va#iance'of the observed vertical output

’

. o o . s s
displacements for thyasubcht tested was W13, This corre
. - 4 - - -
R

to a standard de%ibtif%de ess than 0.4. Because of the possib
1 o :
: o . .

of #y gean line of or¥u

I associated with any given rcading, and
| R
1l

N

because . scan line hasbeen found to correspond to .16 inches at a 2

display 16 inches awdy from whe cvey a piven vertical displiacement

‘

output coordinade detines a region 32 inches high which coutains. the

. |

poinc on the screen being fixated. Tixations witihin a region of .32

- . ) e c . v . .
inched or 1.2 degrees may not be disfr;@wished froms eagh other. In
. ' . [ ) . ‘ ! : ‘. . 5 - g
. : , | . _
order to distidguish between two points fixated on a displs

— . '

[ -

v

16 inches,
from- the eye, using the vertical displahement dculometerrqutbﬁﬁ, the
‘ B . > A - 4 . ; .

i

U LI ",

,v\} P » ! . . = . - . . .'

Lwb T poinis mhst Becaephrated vertically by more than 32 Tinches (1.2

. A 1 )
A . . .
F . . 1

V4

e h . . e S . -
<= The mean horizontal output :displacement betwliey the cormealy v,

- .
I t, T4 7 . B
» ]

L - . '

3 . . . . . . ‘
. . ol - T . P g - - .- P e
subject was looKing at-thé right edge of the displav and +7:32 pulses
[ A 7 . . . K 5 - «
) . ’ . . . ' .. - B . ' ">
while thie subject wos looking o the left edge of the display. This ’
EN - - R ~ Y .

e . . \ . . }
N . . - v - .
" »

représents a’ change in horizohtal displacement our

sut of ZL‘SZ‘PU1SQE5

‘

n a change in fixation of 7.9 -inches, the distance between .

~

e
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in the point of fixation of 0.18 inches would result in a. change of
' 0. : ’ . .

0.5 pulse in the oculometer horizontal Jdisplacement output. That is;

syl anes b b nes s
negiectingg ¢

rror, the oculoumeter systef would be capable ol detecting

chorizontal changes in wye fixation grea 23 than .18 inches on a displa¥
. - |
16 inches away from the .ve. This corresponds to an angular displace-
ment of about 0,65 degrees. -
As in the measurement of. vertical displacement diScusdhd

earlier, ‘because of this error, it is onky possible to define a region

which is 0.36 inchesjwide which containsAa,pbint on the display being @

fikated{" Fixations within a region 0,36(inches wide or 1.30 degrees
may not be distinguished fromfe%ch other. TIn order “to ‘distinguish
betweentwo ‘points fixated on a display 16 inches from the eve-of a

subi ot horizontal displacement oculometer output, the o

two points must be separated by more than 0.26-inches +1.30 degrees) .

f

In order to assess ‘the linearity!of "th. infrared - mputer - Lo
nY T , , »

,

based oculometér svstem, the numbers oue to nine and the letters A :
' . - N . N ) . .

and B were sequentially disolayed.at known coordinate logations of .

the screen of an IBM 1500 vidco terminal (see Figure 13). Zach o
. . ) R - ] o R 3

9 L - . g o, ! . 4 P

character ap’ . ! on the screen for exactly six seconds. The subject .

. . . .. ' - T . - o \

-was positiones in front of .thg screen as previously described: and was ’
L A - R P

- ’ ’ ooy . v . i N ' J’

cingtrusted to firate cach character as. . appeared. “Figure 13 shows

T Gy o w ' ""“_P 3 i N
Lhe'p951tloq§ of the digits on“Mhe screen. O£ the 180 readings:’

‘ ‘ , R ,
obtailred for each point fixated,Mthe firsr ‘thirty were rejected to -
R - PN . hd T

$

Cae e
* T e

. - . . v : . . s . . -
ingure that the eye had completed its saccade frem the previous,
point heinm fixated. Tl next 60 readings were kept for analysis.

The last 90 readings were not used since there is some evidedce in’

P . . . 4
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“Nvalues for each &f the eleven dalibratsion puints were -cadlss=lated dnd

I R _;"" R . ,--.’ .‘_ ' N T e N » RO s o .
~.rreach CthFCEEL displayed on the screen was,U.3 inches high. . L8 repre-
y . . N " ! 7 A

p, . ! ' . . <

thie literature that as the length of time spent fixating. an object

increases, the size of the drifts away from the point of fixation

] P [
veas L a1l 1iild

: ‘ A { ' ‘ -
In order to calibrate the system, the mean observed X -

5 . , i :
coordinate for points six and A of the display was taken to be
N .

the X-distance between point six and A - two points which were three

. - . : ) < . .
inches apart was used to establish a mcasure of the vertical resolution.

) - = ' T
Similarly the mean observed Y-coordinates for points seven and cight
A}
o the display.was taken to be the Y-displacement for fixations on

rows 18 and 19 of the screen and the distance between points seven
. ¢
and 8 - two poisPs-winks exactly four inches apart was used to . .
’ - N Y X . f), ‘ -
fzontal rgsolution. Table 2 shows .

5

establish a mecasurg

«&‘v) :

il RN . i .
summary of calibration data pbtalned'ln this manner.
: < . : _
¢ Based on the calibration data of Table 2 ~ad the known. —

-locations of the calibration points on. tht screen, cxpected Coordimato
: . CL o
. ~

N . B g - . ) k \h
: %omparéd,ﬁo the observed coordinate vakues. Table 3 shpws the =~ -

P £ -

comparison of expected and obsefved coordinates for the Tolibration .
) @ vl . . . ®» ! )
points. - LI Co T . . v S ] W ,
: . N B . EN . —
=3 ) - . ' ) P . A [5=9 é'; ) ;» 4 _
- &s Yindicated in Table- 2, thé vertical rosoldtion of the systen,
o ’ T ’ . B S o,

N 1 - [
Begs ings per. inch at the.screen of ghe yideo-dés lave
. : e . ‘ D . o .

- - T . .
! N [ . ' . A -

' N ¥ Lo oo . .
.sents'0.84 scanlines. Similarly siace the horizomtal resolution was

L

2.46 pulses per inch, and each character displayed was' 0.2 inches wide,

;this-rep{esen:s 0.49 pulses per character. Relating this to the error

4
" .

._scores in table 3, one Y~displacement {the character B) and nine

B

i
:
ot

ki

.
By

LA,



TABLE 20 | ' R

‘sration Data v .

Stimulus

Column

Mean Mean
Observed Observed

Row X-Displacement Y-Displacement

A

19 8 and 9 1.34 LS.SL

19 28 and 29 - 4.06 T 6.38 -,

Meahn

Vertical Resolution

Sean Liacs per Tach

9 . 18 and 19 |

29 18 and 19 -1.59

-

v by '
Mean ] 10,82“" -
-Horizontal Ré&solution ., )
Pulses por Tach o o ‘ 20460
———— 2 »_;.‘ 0 UG S b AA_‘TA-_ S e

“~Displacement measured in terms of ‘pulses ‘ : )

. >
- . . .
r. .
. P Pl
- . X e -
[ ‘
. ’ » s
'

YeDisplacement measured. in térms oi scarlines |, «»

-
.
N L 4 v
. .o .
. ,
X ,
> I [
° ’
. (n '
-~ PR ) P
. . ., R - B SN ‘
. Ny S
i
-~
.
. ; ~ »
. Y -
:
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~
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L-displacement readings (the characters 3-9, A.and B) had error scores

‘ A : o ‘ ' : . »

greater than the size of a character. Only three characters (4, 5 and «
) - . 3 X

2

1 . ’
9) had . an X-error greater thun two characters.

“Since the angular displacement of the top row and the left edge

both exceed 12 ', degrees, and since earlier studjes have suggested that
' 2t L] N -

theo corneal reflection method is onlv linear for displacements of less

' 7
Is - . A.~\:\.
than 12 % degrees, these errors can probably be attributed to non-
linearitv. . However, since the remainder of the observed errors arc
: small in relation to. the size of the target being fixated, they -will
. 1 . . . - . ke
be considered negligible (or the purposes of this study.
. . oY .,
i
5 Summaryv
This chapter describes the infrared computer hased oculometer
\_‘ .
system developed for recording eye movements of subjects invelved in
various learning tasks. Tt .also provides details on proof of - k
7 : v . v ’ N . . ) A - .
pertormanee ot the system.  The following chapter wibb doal witlh the
applics, on of tie infrared oculomdter svstem. It will describe the
. B conditions under which eve mopements of subjects wer s recorded during - - - ,
some lears'ng tasks and will prosent -the findings. - . . .
- ! o
< A ‘4 g o, -
LU )( . S
\\/‘ ’ ' S ) ‘
. ' , 8 . ; , - .
L ‘. . \
’ “ ' r v <
‘:_, . By . . > -
> ¢ . . N -
T - .
N ' B . - 4 ’ q
- ; cood : !
I3 f
.. Q . . )
; - i .
i . .
S \ ~
- .
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ted with visual stimuli.

N

iookin, when presen

_mining where subjects arc

This chapter describes how three subjects!

«

eve movements were recorded

vhile they were viewing wisual stimuli prc%entqg'to them in a simulated.
- . . ) : [ a - : .

- M . . . . . . ~
lei:uin% situation. Tt also presents the analysis of, these eyd move- -
ments, v ) : o R . S ce,

, e § : y R -
Procedure
o — . w8

" L . e . U

I'he¢ stimulus materials used in thi: studv were presented .
to subjedts.via a vilco computer terminal zonnected to the IBM 1500 -

. ’ " N .. " . N o " - . i R A-VV . - I o L .
computer assisted instruction system in ¢ 2 Division of Educational
Research Services of the University of Al :rta.’ A'total of fiver. ;
78- e .
. . SO ” .

CCHAPTER, IV - 7 ' =
‘ 'f’DESCRIDIION OF TESTING AND
7 . RN ) . T ‘ N o P
. PRESENTATION OF FINDINGS
. | . ! 1
. et Introduction -

Knowing where a subject is looking under given stimulus

N - - . : : : "y ) ' « - -
_cunditiohs.is'impottantatd many dil ferent fields ! research. - In
cducation, it is particularly important, bccause failure of stimuli
‘to elicit a visual response from the learner can often inhibit
learning. Knowing how the learner responds to.a visual stimulus can
provide the instructor with feedback, making it possible for him to
modify stimulus material in order .to elicit the desired visual response

R S
from the learner. oo
. . S . R

This study describes and documen:.. the ﬂevg)opment of an vinfra-

red.computer bared oculometfer which would provide a means for deter-
' ' ot . . T ) ~ -
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o~

stimulus wituations were presented to cach ofR three subjdets.  The

. i3

Pirst stimulus situation consistod of the lvmml)crkugv Lo nine and oy
) T . . ‘\\ ’

‘the letters A and B oas docerihod in chapt

NPT EEE T I v
Srte w— s dod aaddobLiraced

.

Figure 3. The purpose of this stimyius situation was to ob\tékisl data

for each subject that would permit calibration of the sysatem to\Zhé\\

subject.

The sceond, third and fn-nyt‘h stimulus ::i‘tung@(\fm: are shown in

J~'iguu-:L L4, 15 and i rospectively.  Phese stimulus @ituatl fons woere
. 1 B

framés of material selected from a course in inferential statistics

developed -for use with the IBM 1500 CAT system.  One word was
A . . X : _ 3

‘

deliberately 'spelled incorrectly in stimulus situation 1 and
intended to provide a calibro. ion check at the end of the teos

o . . .

sSeqguence.,

The subjects were all mature adults (two male and one female)

and all were familiar with elemintary 'statistical terns and concepts

: : : S : . , . - .
and .0 were familiar with the viden terminal. Each.subject was

positioned in én’adjus;able chalr  at a desk on which was located the -

SEBMO1S00 video terminal “and adjacent to i, the Honevwel | optical

~head. The Beneral “testing procedure wiag cxplained to the subject,
& 5 5 pre v J

. S . . 1 .-
then -the subject’s head was positiar.:t in the headrest and the chair

P . A Yo v . ’- . ‘ }

sted until o clear, well.focused image. of the

+ . * A

Tection were visible on. the ﬁideofmohitor; The
. . ) N . . : . - R

subjer - wag ¢

\, N

2

pupil and corneal re

<ed te look a:l varions locations on the displav while
« R . : . Y i
the Intensity of the infrared source was

aﬂjusted. Finally, the

computi was started and the presentation of visual stimuli was
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[ .
initiated by the researcher. Stimulus situation 1 presented the -subject
. » Ly
with the numbers one to nine and lgttcrs A and B sequentially, each
' . Kl a
dicplayed forv aist'secconds. At the ond of soimuluz 7

situation 1, stimulus situation 2 was automatically presented and was
. ; .

kept on che screen for .20 seconds.'. This was sufficient time for all
subjects to finlsh reading this frawme, which, as mav be seen from
figure 14, consisted of cight lines of text.  After 20 scceonds, stimulus,

situation 3 was automatically presented. This stimulus situation

¢

cousisted of some text combined with a figure depicting a histogram

s shown in Figure 15. The subject was required'to press the space

bar in order 'to go'on to the next stimulus situation. Stimulus gitua-—
. ) N O . ’
» : /

Bigmfour conuisted®of some text and a graph. The text asked
- - I ,

question, such tlat the subject would have 'to view the graph, tHen

view three possible answers to the question. 'The'sibject. was instructed
. r . "

to simply think of the right answer - he was not: required to give a

' . R (V L c ' !
responsc other than a visual response. After 20 seconds, the last
stimulus situation, which consisted ofithe»talibration stimuli used in

stimul.s . was automatically presented.

At the end of the testing sequence,. the magnetic tape containing

the data was removed and delivered to,the IBM -360 system for.analysis,

A number of programs were written in Fortran to analvze the data

contained on the tape.  While in this studv; .a separate tape was made

up  contalii data for ecach subject,-this, in general would not be

» \y

necessary since the oculometer system 1s capable of registering an
. - . " ’ .

\\ . . . . ! A .
Tend-of-Tile" mswk on the tape. _Thisg would insurc that each-subjects'
. \\ - ‘ N \.



data would be kept separate. -

Analvsis

. . ;
. . /

Stimulus. Situation 1 — Calibration

The analysis of the data c0n91sted of Lalculat1ng the X-

displdcumen%mﬂor cach set of readings recorded, summarizing‘thu
i . - ' -
. q . v

“datd; scaling the data to linear dimensions corresponding to the
- - [ .
. ' . 3 aR -
size of the displav. screen and plotting the ﬁata,.superlmposed on the
appropriate; tést.  Each analysis of eye movements will be priéscented
: . . _ . :
separately for cach subject. '
v Do .
Table 4 presents a summary of the calibration data obtained for
o three subjects when they were viewing stimulus situation
N B oo . : v
- To calibrate the system to nach indi v'du;l,fa set of
. v . i
niing vertically between points six %nd A .and

hese polnL
oo : oy

Pecduse’ they were approximea o JJ in the'center'of the g
A , . 'i‘ . /v‘,’ .
anthis-mannc:, the angular displacément of the y;,

"

. . N 4 N ’ﬁ
’?thdLiﬂg these p01nts would l1kely be: smal1 enougH ° .as not/to
, ) - ,

introduce error due to non—linearity (12 %'dgzrees). o <

The position of the mean X-calibration axis, the Imaginar

vertical Line between points 6 .and A was dotgrmineqxby o

) . : PR . . o
averave of the wmean obs crved x-displacements recorded for a perod,nf&

I

two se:onds'(bo,readingsv for pbints~6fand A. Tour Lwamplu ‘the mean
i )

l

‘1

"-ralLbrcL;on a“ia for subject one (table /\ was O 99 . This means that

)
.

L — v

_the estimate of the X- dlS fucemen ’e;ween_thegpupi] centcr and the

L orneal réflection for subject 1, whan he was fixatihg points on a’. 7|



A
BN

n
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At

vertical asxis joining~noints'6 and ‘A was +0.99. Simila%iz, the position

. oy ™

“‘11: - '» . v 2] .
cof thke mei;sY—galibration axds, the imaginarv hrizontal

points 7 and-8 was determined by calculating the average of. the. mean

3 _ - . _ . .
observed Y—displacemonté’Xecqrded for a period of two seconds (60

readlngs) for p01an 7 and 8. TFor equple the mean Y-calibration axis

Jfor SUbJECt l (Table 4) was -10. 09 This means that the estimaj.of

thc Y- displaoement between the pupil center and the corneal r T X2ion
R ) % L
for subject l“:when he was Tixating pOints on a horizontal Ywxig joining

v

points 7 and 8 was- 10 09 K . : -
. 7’
bl .
The horizontal resolution for each subject was estimated by
> .
dividing the difference betwegﬁ\fhe mean observed X—displacement for

A

p01nts 7 and 3 by the pny51cal distance between these pOints on ﬁhe1

display screen (4 inches) and was’ expressed in puises per inch." - For
—

: examplﬂ, the” mean observed X—displacement for subJect one (Table 4)

¢

while fixating point 7 W&SQS 77'pulses whlle the mean observed X~
dlsp]acement for this SUbJeCt while fixatlng p01nt 8 was ~3.98 pulses.

The change in X~d1Splacement as the, subject changed his p01nt of

fixatlon from p01nt 7 to p01nt 8 was (5. 77 -~ ( 3 980y = 9.75 phfﬁbelf\\a‘

W i
Since these pOLntS were four 1nches apart on ‘the dLsplay screen, theik

horizontal resolution for subject one Was (9.75 =+ 4),; 2.44 pulses

yper inch. This meant that assuming a iinear relatiouship between the

\ « -

' ~displacement of the corneal refl -iion from the pupii center and the

corresponding.change in the hori- ‘gﬂél position of ,the. point being
fixated, for every inch ‘that the p01nt of fixation moved on - the display
screen; the observed X~coord1nvte of the displaccrent of the corneal

refléetion from the’EMpll center changed by 2.44 pulses v

- ‘/ . ) ' °
[ e : - '

ine between“’/'

128
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~ ‘lines per inéh. S .

T

‘ o X K { . - ‘\_, » R 87
. “The vertical resolution for eaCH_subjcctwwasﬂgstimatvd.simifdrly
Ukcept_LhuL.Lh(Vnuwni()bscrvud Vurli(wrl dfsbl;uiwuunls'lln'[nyhr Jntd”

Al (locat(d threc 1nchcq apart on the dlsplay screcn) were us cd Lo

-~
“

estimate it Also since vertical:displaceﬁent‘was measdred in terms
! . - Ance Lfleplacener as 151 H

. . . : ) o P 1 R ‘ - \

of scan lines; . the vertical resolution was expressed in terms' of- scan-

N N -~ “ ) ) o . A . [ N ~

b ° ) N N e ~ - ‘ . o~ ~
Given the X- nnd:Y—'cniibratlon'data for a subYect, it is .,

o

. . . g . . Lo o . T o ) -
possiblc to calculate thé expected;yalucs of X- and Y~ dfsplacementt

between the corneal reflectlon and the pupll center for any p01nt on . -
) . v

the dlsplay screen ;Eor example supp051ng subject one were flxatlng

a p01nt that was one 1nch above the horlzontal callbratlon axis. (p01nts
. » g - . . . - ..

»

7 and 8) and one inch . to thv‘lvft nf the vertienl vn]Phrnlinn axis

Y

(points 6 and A). Slnce his'horizontal resolution}rate Was 2.44 pulses -

\.

per inch, the expected X—dléplacement between the corneal reflectlon

]

and thc pupll center would be 2. 44 pulses greater than lt was when Lhe

subject was flxatlng the vertlcal axis or (0.99 + 2. 44) 3.43 pulses

Slmllarly' since hlS vertlcal resolutlon rate was 3. 68 lldES per inch,

~
.

the expected Y-displacemert hetween the corneal reflection and the;

.

pupil center would be 3.68 lines greaterdthan it was when the subject

was\firating the hdrizontal-akis'or (10.09 + 3.68) = 13.77 liresé%

) . A

&

Conversely, glven a set of X- and Y~ dlsplacement coordlnates and th.

‘calibration data, one can”estimate the ﬁoint on. the display.screen (with

reference to the horizontal and Vvertical calibration axes) that the

o

_— . - ‘ ) o ,
subject was flxatlng. S , ‘

In order to assess the p0831ble error that was 1nherent in
thlS method of estimating eye p01nt1ng dlrectlon, expected X~ mgiY—

} : - v o , )4 *

3
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U 0OhLerved medn;displécemen; gdord
error scores and Fipures 17 - 19 show: the plotes «f the calibration -

of calbuiat&d~éyé”pmintingipégitiog for each of subjects 1, 2 and 3 .

“respectivély.

“than one c¢haracter .width away from

o

r/ " )

> ! . X " . . 262 ,
_coordinatéﬁlzy%e-calculatqd for,. each of the calibratien points. » )

inates were subtracted from expected x

coordinates in order to estimite the orror. Pables 5 = 7 Glhow (Bl -
- . L. - . - . K ~ »
R : . < B S g .

i .
. T . . . . - s

points as-_they appeared. on ‘the disﬁlay screcn together with the plots

‘

L R L ‘ s

PN v
i

- Subject 1-had a toﬁéljbf'ﬁ calibration points that ere more

0 v sy

the calculated pOSition.iﬁ_(hc

o
k4 - - a -

horizongal .planc and two 'pwints that ‘were morc than one charatter height

and three had three and seven (respectively) calibration points that

“were more than ane character width away fromthe calculated position

Fae el

in the horizontal plane and two points' that were mqre than one

-

character height”away from the calculated position in ‘the vertita%,

- . o - P

plane: Subject two and thrée had three and seven (respectively)

'
°

'Qalibration rints that were more than one character width away from

-

the calculated position in the horizontal plane and ope and no points
morevphah one character height away from the calculated position in thé‘
vertical plane. Figures 17 -.19 show the uncorrected plots of the
. ’ v ’ . - . Q ’
observed eye pointing position relativeé to the position of the calib-
D ) : o Lo
ration points for each subject. :

Conclusidns o E ' T ;
A : : ' . o . v
" In.view of the fact that previous studies have reported that

. 0 R -~ o .
the cornéal reflection method of calculating eye pointing coordinates

»

was not linear béyond 12 ' degrees of dispiacement, and in view of the’

s [IRSEEAN

away frpm_;hé-calcﬁlated position in the>vercical/plané. Sijects»two
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Ca TABLE 5 e
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t%eo} e Error Table for*Supjrct |1 )
2y ' ' : ’)
5)0 ‘»11 .
9‘0
_;_AA._._.__.--__,_._\,')._:\'_J* e e e ——— R, —— ———
e e —— e ———— . —————— e eas et e — —— e —— e e e e —— - — _-
7

Forneetoed

L

Yhsdrved X Expoected Obscrved Y

-

CCalib. Point X-Disp. : CX=Disp. Error Y-Disp. Y-Disp. Error

J k)

.t

TVL oo f.08 ose olon 19,03 a9
0 Css7 406 « 1.81  20.02 19,31  C .71
3 | ' _gélJ_' 0. 44 COUSS 2000 o 19,31~ .71
“o .89 N TS  ' 19,42 .60
507 . '48?77 Cssy ;oa 20.02 18.69 1.33
o 7099 61 .38 "15;61' C15.50 Car
7 .87 5.7, a0 100080 10.06 .0
. . ‘ o ‘ T 3 . -
8 © -3.89 . -3.98 .09 10.09 1012 .03

9 ‘ 10.26 10.32 L0 4.57 - 3.96 62

=g
o
O
e
[
o
~J
(WS}
o0
o~
L
~d
I~
IS
BN
<

Tk

B | -8.77 -7.01°  1.76° .*4.57  2.64 - 1.93

Denotes errors greater than one character in size. .
. . e 7
: .

e
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TABLE 6 . s
2 ‘ v .
Error Table for Subject 2 .
Expected Observed X Expected Observed Y
Calib. Point X-Disp. X-Disp. ‘.Errﬁf 3fDisp. _Y-Disp. Error
P : - ( - ' f N N
: X )
) 20.73 2004 569 22,08 2071, .97
-, : . * - , -
2 15.65 14.18 1.47 2268 21.72 .96
3 10.01 B.6L  ,1.40° 22.68 - 22,18 - .50
Y, 4.37 4.81 . 22.68 2234 - .34
-. N . ‘“" ) ) '_ ) R ’ ) ' ’7,‘_4
5 ~1.27 " -+ =1.15 <12 22.68 21.47 1.21
5 10.01 9.76 .25 17.99 18.10 .11 ’
7 15.65 15.69 .04 12013 12.12 .01
8 4.37 4.40 03 - .12.13 12.13 .00
9 20.73 . +21.29 56. " 6.26 5.77
» .
A 10.01. 10.26 6.26 6.37 Al .
B ~1.27 -1.49 22 6.26 6.02 24 :
(;Denotes errors greater than oné}c—haracter,, in size.



TABLE 7

Error Table for“Subject,3

a.’

! 4
» ”‘
K
S e
.
.
'
s
. »

E
e,
“ ‘k;t‘
AN

,*Zvo“wf ' :
Lok Expected. Obscerved X
int, ¥  X-Disp. X-Disp. Error

Exbcrycd’ ObSvacd

Y-DUisp.

Y-Disp.

Error .

PR N
Yot
A

. . N
—1I)S8 - 1.05
. \7'*:
- —4493 142
. I %
-9.24 1.69 -

460,07

‘ N
6.73 1,48

- - *
3.05 1.52-

. 18.68
18.68
U 18.68
868
18768
14,66
956

9.56

461

461 -

461,

17.72 .

18.70
18.951’
18.93
17,84
14.52
F‘A"k
9.63
*%
447

3.89

N ’ <
Denotes errors gr

N -
: ¢

Dénotes-miés%@g'datalﬁ

’

i
B
.

- R

.
e
)
V

B

cater ‘than  one character in size.
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. fact that some regions within the video dxspldy drwn requ,Lrod dI _
' : . /\" - ¥ ! o o'
displacements greater than 12 ' degreps when.beidé'fixated, arpnocedure : -

),

~was developed for correcting observed eye pointing coordlnates re

'
K

when subJecLs flxatcd v1deo display regions bcvond 12 5 degrees. -

) To determlne whlch obscrved vertlcnl dlSplaCLment” required
correction,. ‘the vertical displacement prdinate that correspondcd“to' . -~

12 % degrees of,displacemenﬁ'was’calculated. Because the horizontal

1,

S : ~ =y e : . .
/}/%istance between the sybject's eye and’“the #i'splay screen was constght' . .

: at l6finches& #4 vertical displacement ofi s dogrccs,wns found to be

S (16 tan 12 L), approximately 3 ! inches. Since tike verticai-regolution

o o for each subject was'previously estimatedf‘it was possible to calculate ,
. - . . \ :

LA a critical value of vertlcal dlsplacement between the corneal reflectlor

and the pupll center, and that observ@d vertlcal dlsplacemcnts greater
- Al

than thls amount would requlro corrcctlon _due fbanon—]incurjtyl For

~ B . \

example, the vertlcal resolution for Subject L was 3.67 sc' ° lines. :

.

per inch; therefore the crltlcal value of vertical dlsplacement : i _W/N

(3;2 1na§es) wWeS 5 x 3. 68) = 12 85 scan llnes '.' o ' , »
& o

In order to determlne the vertlcal correctlon factor ,, 1t was

assumed that the\amount of correctlon necessary would be a linear

-

functlon of the -amount of vertical- dlsplacement greater than the/crltlcal

value. " The amount of non- llnear1ty correctlon per scan' line above the:

1ne was therefore computed by dividing-the différenCe between '

- '

expected Y- dlsplacement and the mean observed Y~ dlsplacement
-;for calibration p01nts one to five by the number of ! scan ‘lines between R .
‘the critical. scan ;ine.and the'mean,observed Y~displacement. for

o

calibration points ode to five. For example, thé mean expected Y- ‘ "

L
.
.
2
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Fe,

Fin)

%,

iy

subject e was ((ZOlott.19115)_+ (19.75 - 12.85)), =°0.122 scan */f/‘ o
. - o . 7 - Lo .

Linew ve scan line above the critical Y-displacement.

- horlzontal displacement between the pupil center and the center of the

8 . . 9 . -
' ; . . (.. .‘ e ' '
B . \\ ‘ 1‘ i \hk - e
T “ : ' . ° T ‘ 96
: v T , K ' '
 displacement for subject V was ((19.04&  19.30+ 19.31 + 19,427+ ‘ '

. y .
. -~ . . 4 o ) - S -
16.70) = 5) =.19.1% ~ Therefore the vertidal correcfﬁon factors for i

A similar proéedure_was implemented for determining which

observed horizontal displacements required correction: encept that
. , . S,

for:"this case, since eye movements both to the left and to the right .

bffﬁhc“infrared light source were possiﬁlez critical values of

IR
|

horizonial displacement for displécements to the left Qnd to the

. %

right ‘of the inflrared light source had to be calculated. For example,

e , ) ’ . '
based on a horizontal resolution of 2.44 pulses per inch for subject

one, the .critical values of horizontal displacement for gubject one
. s s i

(3.5 incﬂeé) were (3.5‘x 2.44)."= + 8.54 pulses. . The mean observed

o

- v 1

corneal reflection at the right edge of the screen .was determined by

calculating the mean_observed.X—displécemenf‘for calibration points
five and eight. Thi® was found to be ((l;— 8.83 + - 7.01) + 2) = 7.927\
for subject one. Since this was'igsé-than'the critical value of . :

. , : S ) : ‘ o

horizontal displacement, no correction was necessary for subject ohe o

on obsérvéd ho;izontal'disblaéements to the right. The mean obSe;Vedf{
X « displacement for cal®ratidn points one :and nine was ((8.868 + 10l32)
+ 2)"~= 9.50. Since fhis was gréater than the\critiéal vélue, corrections

to obgerved X - displacement data to the left .of the screen were calcu-

3

ated by determining aﬁhorizontél-correctionnfactof in a manner similar
to that alreadyddescribed for calculating a vertical correction factor..

@ . . - v

For example, the horizontal correction faétor;for_subject one-to be

N r



A ’

plléd to' all observed X - d1§placeménts greater” than 8 54 (left of

Ay

enter) was - (10. 26 - 9 50) o (9 )O - 8. 54) .7: pn;ses per‘pulse_
L(“) ll\..- lvlL nf the c(ILJ( lJ X - (H »{hl l(uminl a .‘ v ’
| Table ghshows avsummary of X—fand'Y— lineerityuoorrection%” ‘ ;;
factoés_for'each og the/snbjects'teSted. .In Qrder‘gQ eveluate tgé ﬁ%
B o o - PR . :
‘effeét’of.e;plying“these corre “ion fgctors to, the bbserved data ﬁhe g
“ i;

.observed X— and Y— displacemcnt data for each of Lhe callgrdtlon 901nts ot
. ‘ ) ‘ . e

was corrected. . . S -
- . . . LY

As. was noted on Tables A and 7 callbratlon data’ for eubject

ht - )

three on. points ‘seven and nlne was- m1351ng The data; recorded whlle .
. v /. '

thlS subject was flxatlng p01nts seven and nine showed one long ) ?‘ Iy
ﬁ ..

'
i

contlnuous ”blink". ThlS occurred- dué to. ﬁhe intensity of ihe pupll >3

i s

suddenly riging to such a level that the oculometer could not dlstlngulsh

‘between the puplI and- the corneal reflectlon. Therefore the horlzo tal
dlspLacement between: points SlX and elght were used in order to determine
4 N \ ’ - " R4
the horlzontal resolution. %lso, the dlsplacement for the. vertlcal

callbratlon axis was based on\the observed dlsplacement on p01nt elght

[ R . \\ B
only rather than on the mean observed dlsplacement for p01nts seven
F o .

: {f
and elght. : W ’

o

BTN
& -
e
D e
< - .

2 ) ] - . ‘.

Examlnatkon of the X—dlsplacement error scores for subJect
1! . . ) ﬁ .

. three (Table 8) and the plot of uncorrected eye p01nt1ng p051t10ns for

il

subJect three v1ew1ng the callbratlon points, seemed to 1nd1cate that.

/ .- f

there was a major horlzqntal misalignmentrin/the‘calibretion'for subject_

three; Therefore;'a new horlzontal callbratlon ax1s was determlncd for
. ,

~

‘subJect three, based on the mean observed horizontal dlsplacement for 7

vcallbratlon p01nts flve ang B. ‘Table‘9 shows'the error table,fOr subject

Y
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3
B TABLE 8 | N
I . e .
X and Y Linearity Correction Factors &
] Mean Mean Mean » .
’ Crit_icafl Critical Y-Disp. X-Disp. X-Disp. X-Corr. .Y=Corr.
Subject = Y-Disp. X-Disp. ngts.l—s Pts. 5,B Pts.1,9 Factor ‘Factor
1 12.88 +8.54 19.15 -7.92 9.50 .792 .122
. - .
— - : .
.. . : N ’ N : .
2 ~13.68 +9 .87 21.88 -1.32  20.67 .0056 .098
o
e 3 11.72 £7.07-  18.43  -9.00  6.73 037
4 <
3 L
v F. VR
— "~

Y
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TABLE 9
Error Table for Subject 3 Based on Corrected w
Hofizontal Calibration Axis
_ /A' Expected  Observed X Expected ,-Obéerved‘ by
Calib. Point X-Disp. X-Disp. ' Er¥or Y-Disp. Y-Disp. Error
I A 6.76 6.73 03 . 18:68 © 17.72 . _ .96.
2 | ~3.12 - 3.05 .07 18.68 18.70 .02
: , | ;\ T
3 - .92 1.58 6l yﬂla.oa 18.95 . .27
4 =496 ~4.93 .03 18.68 18.93 .25
5 , -9.00  -9.24 .24 18.68 17.84 .84
6 - 46 1.387  14.66 1452 .14
7 312 *k | 9.56 ER KR
. . * . ) B
8 - - -4.96 ~3.52 1.44 9.56 9.63 . .07
9  6.76 ko k% 461 kk L
A - HF - 1.01 .09 .61 - 4,47 14
, . : : oy S
B SRS -8.76 .24 4.61 - -3.89 . .72 .

% -
Denotes. errors greater than one character in size.

o f . ‘ v L
Denctes missing data. . - S
P - ’ A . . E .

*

*%k

§~

N L



Adisplay 8creen immediately after the

3 -

100

Y

threc based on the corrected horizontal callbratlon dxls. The number
~of callbratlon p01nts fall]ng more than one character width away from
th'e mean observed X-displacement was reduced from seven to three as a
- N
result of this correction.
The corrected eye movement data for each subject iewing
-
stimulus 51tuat10n one was agaln plotted and is presented in Fipures

20-22.

Stimulus Situations Two t& Four

\

As described earlier, stimulus situation .two appeared on the

t callbratlon p01nt 1t

consisted of OLght llnes of text as shown \Nan Figure'l4. The word

Mlarge" was deliberately spelled "laarge" in 1ine six of this stimulus

situation. . : : -
N ' v

This étlmulus situation appeared on the screen fef twenty seconds. -
¢

All subJects completed readlng thle material in less than the twenty . o
seconds to finish reading.' Since the numBér’chossr to designate a

blink was purely arbitrarybahd of no numerical significancerin nnalysis (1

all blinks were removed from the recorded data prior to further analy51s,

although data regardlng when bllnks occurred and thelr duratlon was

avallable. TRe appropriate correctlons for non—linearity were made to.

- the data. /Finally, in- order to more clearly distinguish between subjects

uk)

_eye movements. whlle reading and SUbJeCtS eye movements while'waiting

)

- for the next Stimulus situation, the'data was sepatated into two parts.

2

In all cases, Vlsual inspection of the dlsplacement coordlnates clearly o -

revealed when the subJect had reached the -lower .right corner of the

~
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display screen for the fir time,'signifying compLetion of readLng.
Figures 23,25 and 27 show plots of subjects' eye movements .
whlle reading  the text presented in stimulus 51tuat10n one whlle flgures

24 and 26 show plots of SUbJECtS ¢ye movements after flnlshlng readlng

the text.. Because of the complexity of stimulus situation 4, it was

A +
1

not possible to determine the point at which.a subject had finished
viewing this stiMUlus situatfen therefore separate plots of eye nove—
ments after flnlShlng readrng stlmuius situation 4 were not made.
Regdings for-stimulus sityation 2 and 3 were corrected for non—linearity
ater removing b]lnks in eyactly‘the same manner as deserlbed above
Plots of eye movements for:these stlmulus situations are shown in Fig-
ures 27 to 37. |
Examination of Figures‘ZB 44 28, 29, -and 33 revealed what
appeared to be an 1ncreased amount of le&thn by all three’subject'
on the wig-spelled word large':a This correspondence petyeen this
increased amount of fixation“and the word‘would_certainly suggest‘that
loveralt calibration of the System had been achieved. However, examln—
ation of Fignresv28 to 32; the plots of corrected eye movements for
‘%ubjeet two seemed to reveal that‘the vertical reglstratlon near‘theE:
| top of the Screen was not satlsfactory. As a result, the data for
SUbJeCt two was replotted, usrng only a horlzontal correction factor.
Flgures 38 to 42 show these plots ‘It appeared tnat better vertlcal

/

reglstratlon was achieved for subject two without’ vertical correctlon
of the data.' . .

&

Y .
As has already been mentloqed data regardlng the OCCUrrence and

duratlon of bllnks was available. %Data regardlng ‘pupil d11at10n was

also avallable. Flgure 43 shows - changes in dllatlon observed for
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/'ubject’one while viéwing}stimulus situation two. The dilations for

¥

‘the remaining sSubjects have not been plotted.’

o

1t was noted ‘that approximately eight consecutive seconds of

eye movements for subject two were lost while the subject was viewing
o ’ tl . : .

- [¥ame three hecause of a sudden increase in pupil intensity to a oint
g pupt! y P

thlC the pupil signal level was buLLLCLenL to activate Lhc corneal

reﬁlCLtlon circuits.., This was recordgd as’an ecight second blink,

_— Stimulus Situaﬁion EiVe - Calibration Check

In order to confirm the callbratlon of the system, the ca11b7 -
tlon display used in stimulus 51tuation one was presented to subjects
at the end of stimulus situatidn four. The data obtained in this
manner proved to be of little "value as subjects verbally confirmed that
. _ ' o L

they tended to lodk at the position on the video .isplay where they

expected the next calibration point to appear. This data was therefore

not reported in, this study.

——b



. ‘ CIHAPTER Y

SUMMARY AND RECOMMENDATIONS
’ ’ ' B ) \ '

i :
Because so much of what a learner learns is presented to him via

the visual channel,,it is importantato educators, particularly those’

who wi: to study learning and- attentlon, to be able to monitor the
~ t
!
visual response of the ‘learner. Durlng this century, a number of dif-

- ) i
.

ferent methods for monitoring v1sual response have been used with
vvarylng degrees of smecess ’hlS study descrlbed and documenteq the
Idevelopment of a computer based system for recording eye movements
derived from observatlon of the posltlon of the corneal reflection
relative .to the pupil center, gsing an infrared television cemera
interfaced to a small digitaI computer.

The. infrared compiter based oculometer described'in this study

was developed in order to provide a means of siudying eye mbvements of
~ .

_learners in relation to learning and attention. In Chapter III Six
requirements for an effective oculometer system were speclfled These.

were that: &

1. The measuring and recordimg apparatus be relatively
. I ’
unobtrusive,

2. The equipment require no meChanical\attachment to the subJect

. . . . ;
3. The equlpment place as few unnatural constraints (such as

restrlctlon of head movement) on the subject as possible.
. l !

4. As many oculographic chatacteristics as possible be

'recorded\simultaneously.
, 9
5. The data be in a- form that is readily accessible.for

‘analysis by computer. -
A

127
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f_6. The equibment;be sensitive enough to'detect, and fast -
'enough to record all types of conjugate eye movements.

'The infrared computer based'oculometer system described in this .
study is relatlvely unobtru31ve, in that the only part of the system
that need be seen by ‘the subject is the falnt red glow of the 1ilum1n—r
ating source of llght. The computer and 1ts'per1pheral dev1ces can be
physically located 1n a separate room.l In the-event that ‘the red light
‘produced by the system is considered: too obtru51ve in a glven situation, ’
then the addltlon of'a 31mple 1nexpen51ve geiatln tllter would eliminate
it without otherw1se affectlng the operatlon.of the system.

The only phy51ca1 connection between the subject and the oculo—

‘meter system,ls the head restraint. While this represents somewhat of

<

an unnatural constraint on the subject it is necessary in order to
insure that the SubJECt s eye remains w1th1n the fleld of view of e

camera. Whlle it is somewhat less than’ the 1dear ’:uation‘of no
N

.\\ B

restraint, it represents a con51derable 1mprovement over earller re~ -

straints such as the'"blte-bar

R SRV ,
, Fhe oculometer system describéd jn,this study recorded data in
"

relation to pupll dllatlon and eye polntlng d,chthn at the rate of
_one record every thlrtleth of a second on 9 track computer tape. -
'Data concernlng the occurrence and duratlon of blinks was also recorded.

From the'ba51c‘data recorded by the infrared computer based oculometer

system, it was p0551ble to plot eye movements of subJects whlle they

looked at varlous stlmulus 81tuat10ns presented to them via a cathode

i

ray dlsplay term1na1 connected to an IBM 1500 FAI system. Pup11 dlla—

tlons and Y- dlsplacements were measured in ‘terms of telev151on scanllnes

the dlstance betwe\» two adJacent scanl;nes belng approx1mately 00072

.
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inches at the face of the vidicon. X-displacements were measured in

s
»

terms of clock pulses occurring at the rate of one pulse every tenth of
a microsecond. The dLstance between two de\LCﬂt L[OCk pulses was
: <

approximately 00055 1nches at the face of the vidicon.

#The accuracy of thé;ﬁnfrared'computer based oculometer system

q e .
\\

was assessed in relatlon to é 51mulated eye which produced an imace on
the monitor idéntical to that of a human eye, but thch, uniike the human
eye could be made to remain perfectly stationagy. The variances of both
dilation and Y—disé]acementdfécorded by the oculometer syﬂL;m‘using the
.simulaﬁcd eye'%eré OiOO. fhg varluncé_of the dlspld(CanLb was (.21
clock'pulses‘per secondbsqugred. The resolution of the oculometer sys—
tem was asses;ed'by having a subJect v1sually't£ack'a novipg ‘target
displayed at various locations of the‘display Screen. . Based oﬁ the
observed diéplacements, it was estimated that the vertical tesoluﬁion
was *0.16 inches on a'displéy 16 inches frﬁm the eye of the éubject,

‘ or *0.7 dégreeé'Of angle: while the horizonta% resolution was 16.18
inches on‘a display 16 inches from the eye of the subject or #0.95
degrees of angle.

Relatiﬂg thé obseéved-cépabilitieg of the oculometer system ﬁo —
the types of conjugate eye mcvements reported in Chapter 2 of this study,
1t would apbear that the oculémeter system would be capable of detecting
most’ small conJugate eye movemean whlch occur durlﬁg a fixation, since

"these eye movements normally occur lesé than ten times per second’and

consist of displacements of about % degree of angle. Since saccades

‘“w are reported to occur no more frequently Ehan five times per seéond, \\

v
LS8

it would appear that the oculometer system would be capable of recor-

v
\

ding a minimum of six readings during even the shortest inter-saccadic

P
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<

fixation. For longer Fixations, cven more readings would be. recorded.

Also, since satisfactory tracking is only possible at speeds. below 200

-and recording all types of conjugate eye movements.

degrees of angle per sccond, the oculometer system would he capable
ol recording an' eye pointing coordinate at least once for every seven

degrees of angular displacement.

It would appear thereforg, that the infrared computer based"

oculometer system reported in trhis study would be. capable of” detecting
. Q ! .

1

- While for many studies in education and other fields, the

5 L ’
“A“/ !

seénsitivity of the .computer based1oculometer‘system described %A this
study would bg-sufficient,‘greapeﬁvsensitivity'in both the horizontal
. - : /

-and vertical directions could eas5ily. be accomplished. By using a '"mon-
2 ‘ : d / _

\ . :
- A
standard” (:"”"t‘f_“ unlt, scanning rates ol “more than 1000 | Ines could
be obtained. This would mean that, compared to the 525-line camera
. i “ . )

used ia this study, the wvertical sensitivity could be nearly doubled.
Also, by using a faster horizontal time base, for example, 20 megahertz

instead of 10 megaherté, the,horizontalfsensitivity could be doubled.

. An oculometer system fully synchronized';o a single time base

and with better horizontal and vertical sensitivity would certainly

the equipment. There is however another *

reduce the error introduced by

. )

source of error, namely error due to thé subject. Findings presented
in Chapter 4 seem to.suggest that even though a subject is looking at

a target, his eye pointing direction may not be .precisely at the target.

.

:Ideally, to assess the capability of the oculometer system to measure

eye pointing direction, a plastic model of the eye, mounted on a4 micro-

[ChgS

meter head should be used. This would permit accurate pointing of the
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eye at known target locations, thereby making it possible to assess
the capability of the oculometer to measnre eye poihting direction with~
out‘introducing'human error. Such a model was reported to have been
built at the Massechusaets Institute‘of Technology, however attempts
to obtain it have proved fruitless.* ‘ ~ .

| | Onehfactor which seriously affected the oculometer output was >
variatdon in the intFnsity of the pupil image. As the pupil fixated
various coordinate positions of the display screen, the amount of'light
reflected hy the pupil varied sufficiently so that.at times, the pupil
intensity was as great as the intensity of the corneal reflection.
This resulted in the oculometer System recording the presence of a blinh
even though no blink ooéurred( Inlothervinstances infreased brightness
of the pupil was not suff1c1ent to cause the recording of a blink,
howeyer it was suff1c1ent to result in an apparent increase in dilation
amounting to one or twd'lines. This could result in an apparent change
in eye pointing dlrection being recorded by the oculometer dlfferent
from the change that actually occurred The additicn of an automatdc,

intensity control circuit which would sense the video level coming from

the camera unit and would control the intensity of<the infrared light

1
y

source making the v1deo level coming from the camera unit c'nstant
would be a relatively 31mp1e addition to the evstem
“ \
The problem of calibration of the oculometer to a particular
subject requires that a reference. p01nt on the display screen be est-

ablished and the horizontal and vertical displacement coordinates be

noted when ‘the subject is fixating thls reference p01nt In-addition,

the horizontal and vertical resolutiona)mUSt be determined in order to

establlsh a correspondence between a given change in displacement bet-
" ® : o
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ween the pupil center and the corneal reflection, and the change in

display screen coourdinates being fixated. Outcomes of this study were

based on the assumptions that for displacements of less than 12 degrees

69« the relationship would be linear. in thi%/studyi readings displaced by
\\ ‘ : ‘ - more than 12 degrees were corrected for non—iinearity, the torrection
\\\\ L'factor being determined by the amount by uhlch the displacement exceeded
\\\\‘ : 12 degrees. It appeared however, that for one subject tested in_

\\\ this study, such a corr%ction factor was not appropriate.

N In considering the problem of calibration, it was assumed that-

he characters displayed on the display'screen were of uuiform siee

Vof uniform spacihg. Upon'careful examinstion of the eharectérs

y produced on'the dispiay screen, itvues noted that charaeters
both siZe'and spacing and thst.a small amoung of non—linearity
existed in the columns df the diéplay»screen. Perhaps the most preSSing
need therefore is to conduct further studies into ‘the effects of non~

linearity due to

arge angular displacements, and to establish reliable

calibrating procedu

FA

s that will take non-linearity into account.
Examination of

L4 reveals that it is rathey difficult to distinguish between fixations

and saccades. In addition, uch plots are further limited in their

N

usefulness Since points occurri g at precisely the same coordinate

location are plotted as a“single podint. There is therefore a need to

_develop better methods of .analyzing a diSplaying eye pointing data.’

Such developments could“optionally include analysis of changes id dil-

ation, blinks, and eye fixations and saccad

Finally, the development of'on—line‘data hgndling capabilities

control peripheral

PN

which could permit subjects to use eye movements t
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equipment would appear feasible and worthwhile. .uch capabilities

would permit users, who for various reasons are incapable of eliciting

a motor response, to perform motor tasks such as typing by fixating

ha R 3
on specified target coordinates.

.Finall.gz‘K it is recommended that further research be carried out
in order to assess the magnitude of the error component inhérent in the
oculometer output. This study has presented a discussion of the, error

1 A ‘

which 4s internal to the oculometer system. Further studies, repeated
L y _ p

. ¢ . ) ) . .
over subjects as well as oVer occasions would permit an assessment of
14 ‘ !

f -

‘t?f_magnitude.of the overall error component in eye movement datz and

would also pefmit error variance to be. separated into that which may
be attributed to the oculometer system and that which may be attributed

, . ‘-\}~

Eg the subject. Similar studies, carried out using other oculography
Y el ]

systems would also be -desirable since it would facilitate the comparison

e

ot the performance of various systems- of oculography without requir}hg’

L .
that two systems be used to record eye movements simultaneously.
’ I, ‘ 1
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CALC .cagl/culate.” -
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FIND PUP CL
FIND CR CL ,
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]go TO ENDCHECK'
l tl
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|
! “) : )
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ASSEMBLY LISTING (ALL NUMBERS ARE OCTAL)

*TITLE: SUBROUTINES

00000 0000 TN
00001 0001 2 *THIS SERIES OF SUBROUTINES CALCUL.:[ES
00002 ~ 0002 3 *AND STORES DISPLACEMENT OF CORNEAL
00003 0003 4 *REFLECTION CENTER FROM THE. PUPIL
00004 0004 5 *CENTER AND DILATION
00005 0005 6 *IT IS ENTERED VIA INTERRUPT 10 OF
' SEARCHEVEN
, 00514 7 "ORG 514 ) : ,
00514 4740 8 SUB JMS* 540 /CALCULATES DILATIONS -
00515 - 4741 9 JMS* 541 /FINDS PUPIL CENTERLINE
00516 4742 10 JMS* 542 /FINDS CR CENTERLINE
- 00517 4743 11 JMS* 543 /FINDS PUPIL CENTERTIMEL
. - 00520 <474 12 © JMS* 544 /FINDS CR CENTLERTIME
00521 4745 : 13 JMS* 545 /CALCULATES X~DISPLACLMENT
00522 7000 " 14 7000 /N0-0P
00523 4747 15 JMS* 547 /STORES DATA IN CORE 0
| ...00524 5750 16 JMP#* 550 /CHECKS TO SEE IF MORE SCANS
T " NEEDED
Lol . 00540. 17 ORG 540 :
00540 0600 ' ' 18 600 /LOCATION OF DRILATION SUBROUTINE
00541 0613 19 613 /LOCATION OF PUPIL C.L. SUBROUTINT
" 00542 0652 20 + 652 /LOCATION OF CR C.L. SUBROUTINE
700543 6510 - 21 6510 /LOCATION OF Y-DISPLACEMENT
LD s T SUBROUTINE
00544 7200 22 7200 /LOCATION OF NEW CR.CT SUBROUTINE
- 005456600 23 6600 /LOCATION OF X-DISPLACEMENT
SR, . . SUBROUTINE
. 00546 .-7000 - 24 17000 /NO-0P
' ,00547»;5650:';- 25 5650 /LOCATION OF DATA STORAGE
i : L . SUBROUTINE
00550 €656O 26 6560 /LOCATION OF END SUBROUTINE
OPERAND CROSS REFEREVCE LISTIVG
. SUB .- 000 00514 ~ 8 )
L) -
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: IT\DD PUP & EV'ENJ ‘

TGEND
ACC ~umulator
CENT rer
cL ar
COMP’ nplement
CONT “tents
CR ~al reflection
START o °n
INC rent
MULT oly
REM  r: ‘nder
' STO sre. e
SuB  subrroct
cL ACC

| AbD conT OF 1000 |
rcomp & INC ACCI -
| Abp conT oF 3000 | - -

1S

no

yes

ACC

D EIRST LINE IS ooo’]

l'CL ACC l

=0

l_ FIRST LINE IS EVENJ
' lc?;" ACC‘

[ ADD CONT OF 1oocﬂ ‘ ADD- CONT OF 3oooj
MULT BY 2 . ' JMULT BY 2 I_
SuUB | [ADD PUP P ODD]

[sus 1]

rST‘O PUP CENT LI'NEJ

[seT ReM = o]

yes

REM. | INC PUP CENT LINE | .

B

RETURN

PUPIL
CENTERLINE >
L . " . SUBROUTINE

s
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ASSEMBLY LISTING (ALL NUMBERS ARE OCTAL) - .

00613
00614
00615

- 00616

00617
00620
00621
00622
00623
00624
00625
00626
00627
00630
00631
00632
00633

00634

00635
00636
00637

00640

00641
60642
00643
00644
00645
00646

.00647

00132

OPERAND

0000
7300
1526
7041
1527
7440
5243
7300
1526

7004

1132
1525
1132
3141
3142
7300
1140
7010
7430
5241
2142

5613

2141
5613
7300
1527
7004
1524
5227

7777

CROSS- REFEREVCE LISTING

00613

06132

35

:36

37

38
39

40

W oOoO~NOU B~

% TITLE: PUPCEN
THIS SUBROUTINE IS CALLED WHEN
THE DILATIOXN SUBROUTINE ENDS.
THIS SUBROUTINE CALCULATES THE
PUPIL CENTERLINE.
THE PUPIL CENTERLINE VUMBER 1s
STORED IN LOCATION 141 WITH THE

% HALF-LINE REMAIVDER IN LOCATION 142
ORG 613
PUPCEN 0000 /RETURN ADDRESS
CLA+CLL

TAD* 126 /GET LINE 1 ODD
CIA

TAD* 127 /GET LINE 1 EVEN
SZA

b

b

. JHMP L1E /LINE 1 IS EVEN SO JUMP
. CLA+CLL

TAD* 126 /LINE 1 "IS ODD SO CONTINUL
RAL /DOUBLE

TAD 132 /SUBTRACT 1

TAD* 125 /ADD DILATION

" FIN' TAD 132 /SUBTRACT 1 S

DCA 141 /STORE PUPIL CENTTRLINE
DCA 142 /AND HALF LIWh (141-142)
CLA+CLL

TAD 140 /GET PUPIL» DILAT 0N

RAR /DIVIDE BY 2

SZL i

JMP LK10 /LINK=1, DIAMETER ODD . .
1SZ 142 /DIAMETER EVEN

JMP* PUPCEN /RETURN
LK10 ISZ 141 /DIAMETER ODD '
JMD* PUPCEN /RETURN
L1E ‘CLA+CLL '

TAD* 127 /LINE 1" EVEN-CONTINUE

RAL /DIVIDE LINE 1 EVEN BY 2

"TAD* 124 /ADD PUPIL DIAMETER

JMP FIN./GO TO STORE

ORG 132 : - '

7777 /SUBTRACT 1 CONSTANT

162
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LEGEND

ACC occumulator”
CENT center
cL clear ~

COMP complement
CONT contents

CR corneal reflection

oL dilotion

Div divide

INC increment

MULT multtiply -

REM. remoainder

STO 'store .

SUB  subtroct -
CL ACC

LADD CONT OF 5000‘ '

COMP & INC Accl ’

{ADD CONT OF aoo’

yes

A5
W\
Y

LF!RST. LINE 1S-QDD

[ cLu ACCv]"

‘ADD CONT OF 5000]

MULT " BY 2
suB |
[ ADD CR. @& EVEN ]

N

(S ‘no -
ace ne
=0 '
i g ' IHRSTIJNEIS EVEN]

lcu acc|
[ ADD cONT oF s100]
| MuLT BY 2 |
| aop cr & ooD |

[sue 1]

o

STO CR CENT LINE J SR

yes

[SET'REM = 0|

no

INC REM

o v - 1
INC CR CENT LINE |

| PETURN

1)
CR
CENTERLINE
'SUBROUTINE

(o]

Q
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"AIIEMELY LISTING CALL MUMBERS ARE OCTALD

’ 1 ¢ TITLE: CRCENT . - .
Z ¢ THIZ ZUEPOUTIME I3 CALLED LHEM THE PUFRIL
P ‘o CEMTERLIME ZUEFDUTIMNE EMDZ. |
4 © THI:.SUEPDUTIHE»EHhDULHTE? THE CF
& ¢ o CEMTEFLINE. : N
= o THE ©CF TEMTERLIME II ITOFED IH
T o LOCATIAN 145 WMITH THE HALF-DIME
= ¢ FEMAIMNDER IM LOCARTION 145,
O0ASE A OrRis RSE. T
" mm =& noan 10 CRCEMT 0000 SRETURM ADDREDSE
: T200 i1 . CLR+CLL . : :
! 1525 z THD'e 1_? S3ET LIME 1 ODD : o
TNl 13 CIA T '
1526 14 THOe 1235 -TURTRACT LIME 1 EVYEM.
- 7440 S IR : .
S3I0E 0 - 2 JMF LLE ftINE 1 178 EVEN-JUMP
- TE00 L ihdte "““““”l :
1533 ' LIHE 1 1% ODD-COMTINUE
7004 LE IT
g0ehd 1132 2 :SUEIRHBIng‘
L nDEBS - 1534 SADD DIAMETER ' ' >
anNess o 1122 CZUBTRACT 1
NREST 2145 : y SITORE CF CEMTERLIME
NIE7Q 2145 . o4 "f463'HHD HRLF—L{HE 14551980
anevy  TRa0 zs 'ILH+|LL
nneve 1137 S TAD 127 GET CF DIHMETEF
NNy voto 27 FRF DI”IUE IT BY &
006?4 7430 25 2L
Nos7S 5200 o AME Ll LIHi—l S IIAMETER DDD
NOaTE 2148 ELY] 127 144 ~DIARMETEFR EYEN
noeyT 9852 a1 CIMPe CFUEMT CRETURN
00700 21495 22 Lbin 117 145 -TiAMETER ODD
ooTO0L SAS2 3 IMFe CRCEMT . FETIURHN
Togvoaz YEon B L1E CLA+CLL B 0
O07 0T 1538 b TADe 13h LIME @ EYEM-IOMTIMUE
_ v g1 FAL DIWIDE LINE .1 'EWEM BV &
- ~OD,05 1 27 TaDe 122 . RDD,CF DIAMETEFR
qoras. s e e FIN <0 TO ITORE
001z 24 QARG Lne . :
antIe TTVT A0 TYTT OTUETRACT 1 EONTITANMT
.OFERAMD TROIZ-FEFERENCE LIZTINMNG S -
CRCENT a00 Nasss 1o - Do n0eT T 0 any oy
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A ] -
LEGEND
’ aCC Gecumulatos
¢ BUFF  buffer
' ) CENT conter
N cL clear’
con e comploment
CR corneal rafiscrion
INC incroement ?
Loc location
{ 3 MULT  multiply
R PUP pupt!
- REM remoinder T
N v STO store
T N,
v [ START
M - L N
. - . LI ’ .-
’ r, S i
) _ By ['CLACC ,
7 e iADD PUP CENT .INE |
o - & N LA
. - Yol {MULT BY 2 |
‘ - nqAbD‘RéMT”
: L L .
| COMP & INC AcCC
| STO IN LOC 160 l )
. o T ,
29 N |ADD CR CENT LINE | 2
y LMoLt ey 2
_ | ADD REM L
O I ' : 5 | sp0 Loc looi} :
) . , . Lﬁ_*_;T '
- , Py o
. . s -
T S % R - !
. . s P2 LNk > T
. . ‘ i ek - .
U T |
* ’
- | compr & INc acc (. mo - 1
4 PR & H
K . P \ ‘___l_{ = , -3 ,
‘ .
. . . -
R . . .o, - ‘.
I . C : JSTo ACC IN' BUFF]
S : - : ¢.vqu — BIT 0} <
X R . o - e
S - : l 40D- BURF | y n
' s . . o N = ibﬁ_—— "L . ’ vt .
o - A , o I?STO ACC IN 77 0 "
8 EEE N “ R Loc' st " S
A T YN ——--T—A-4 ) R
o Lo : sl (\\\ Lo .
a P . N B . . - .. .
B ’ ’ v T [‘—“j*‘ .. . C
. - ' . . . RETURN |~ . i
i B : . * . . -
. . : . ' ! - /-' B !
’ -~ \ ’ ' / . "( ) "‘ ’ Q ~ ’ ’
) : o -
- R
, . i .
1
S : ‘ ey £ - ‘
W . . Y- DISPLACEMENT : —
N ‘ _ § .
SUBROUTINE ,
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06504
06505
06506
06507
06510
06511

06512 °

2t 5 06513
. 06514
" 06515
© 06516
06517
06520
06521
06522
06523
06324
06525

T 06526
06527
6530

- 26531
6532

Q6233

oPL RAnD C

'STOR
TEMP
YDISP
ZERO:

EMBLER :
LISTING (ALL NUMEZIRS ARE IN OCTAL)
, \\ 1 % TITLE: YDISP.
™ % THIS SUBROUTINE IS CA{LJD WHEN THE
3 % Y-DISPLACEMENT SUBROUTINE ENDS.
4 % THIS SUBROUTINE CALCULATES THE
5 % Y-DISPLACEMENT BETWEEN THE PUPIL ;
6 * CENITR AND THE CR CENTER AND STORES
7 % 1T TN TOCATION$61.
8 % THE UNITS OF MEASURE ARE HALF- LINES.
06540 9 ORG 6504
7440 10  ZERO SZA /IS ACC 07
5326 Sl JMP STOR o -
7300 1z CLA*CLL
5326 13 JMP .STOR N
0000 14 YDISP 0000 /RETUR: ADDRESS
7300 © ¢ 15 ~ CLA+CLL
1141 . 16 TAD 141 /DOUBLE PUPIL
7004 17 RAL /GINTER
1142 18 TAD 142 /COMPLEMENT
7041 19 CIA /AND
3160 20 DCA 160 /STORE
1145 - 21 FAD 145- ,/DOUBLE
7004 22 RAL /CR CENTER
1146 £23 TAD 146 ‘ N ,
1160 24 - TAD 160 /SUBLRACT PUPIL CLNTER
7430 25 -SZL G
5304 26 JMP ZERO . S T .
7041 . 27  .CIA /PUT LINK 1 o 7 T g

73333 28 . STOR DCA TEMP /IN ' ‘

7010.. 29 RAR /BIT O AND T -
1333 . 30 © TAD TEMP /STORE IN F6l T
3161 T 31.- DCA" 161 ., - : . .
5710 . ©32 0 . JMP® YDISP /RETURN - - o\ :
0000 33 TEMP 0000 #BUFFER -~ )

ROSS-REFERE..CE RISTING™ P R N
'-ou 00976 T © 00 065657000, 3650"fu":~-'*§§§"' Y el
000 06X ‘,3Q\;g 00, 06526. 800 0653h . B < :
000 06510 14 000 0638y . o S
000 0650%,. . 1A’ 000.06524 . .. S ..

166
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) CR corneal refinction ~ J
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L line (s)
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. LEGEND
' . CENT conter
i CONT contents
CR corneal roflect:on x
- LO focd ;
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