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CHAPTER I 

BACKGROUND 

Introduction 

The integration of computers into society has brought 

demands for more innovative and specialized methods of input. 

Some examples of the results of these demands are head-

controlled joysticks, suck-puff switches and voice 

recognition units. Compared to the attention these items 

have enjoyed, eye-controlled input has gone relatively 

unnoticed. This fact is partially due to the previously 

enormous expense of systems required to recognize eye 

position. However, recent advances in the speed of personal 

computers has made real-time analysis of data collected by 

eye-tracking devices economically feasible for everyday use. 

The Computerized Eye-Tracking (CET) System was developed 

for this thesis and allows an application to use a subject's 

eye position as input. The input provided by the CET System 

can be used in the same way that a mouse can be used for 

positioning a cursor or selecting a button. Therefore, the 

CET System should be considered to be a device driver. 

Although it overcame most of the eye-tracking problems which 

it was designed to solve, some problems could not be overcome 

due to conditions beyond the ability of the CET System. This 

research addresses the problems encountered in designing the 

CET System. 



Applications 

Handicapped Assistance 

The ability to analyze eye position can be applied to a 

fairly large number of uses. Perhaps the most obvious use is 

to serve as a method of convenient environmental control for 

the severely handicapped [BAK8 63 . Quadriplegics and advanced 

cerebral palsy victims are physically helpless and require an 

attendant for every possible need. In both cases, eye 

movement is one of the few voluntary muscle movements of 

which the patient retains control. According to experts, any 

amount of independence afforded to these people would 

dramatically enhance their psychological well-being [LAMB8 6]. 

One very successful system for assisting the handicapped is 

expected to be marketed within the next year [ERIC8 6]. 

ERICA, Eye-gaze Response Interface Computer Aid, was 

developed at the University of Virginia. It uses a tree-

structure of menus for the control of everything from 

environmental control to a word processor. Although 

development costs were over $100,000, ERICA is expected to be 

marketed in the $15,000 range [ALBR87]. 

Medical Applications 

In addition to the benefits for the handicapped person, 

eye-position detectors can be used extensively in other 

branches of medicine. Because so many parts of the brain are 



involved in controlling eye movements, the study of nystagmus 

is particularly useful in the diagnosis of neurological 

disorders and diseases [ZEEV83]. 

The United States Department of Education is particularly 

interested in using eye-trackers to study learning disorders 

such as dyslexia. In a study conducted in 1981, a system 

equipped with eye-position detectors demonstrated the 

hypothesis that dyslexics display irregular eye movements 

compared to normal readers [PHI8 6]. 

Defense Applications 

The military also has a substantial interest in eye-

position detectors. Detection of G-induced Loss of 

Consciousness (GLOC) in pilots is of immediate concern. An 

eye-position detector can monitor blinking and detect GLOC 

allowing the plane's auto-pilot to take control until the 

pilot regains consciousness [DESI87]. 

The Air Force has been using eye-trackers to study the 

movements of a pilot's eyes while monitoring gauges in a T-38 

simulator. One goal is to collect data on optimal placements 

of frequently used systems in the cockpit [BEL088]. Another 

objective is the development of eye-controlled flight systems 

and target selection. When flying in combat, an eye-

controlled system can provide hand-free control and fast 

response [MERC74]. 



NASA Applications 

The National Aeronautics and Space Administration has 

conducted studies in Space Shuttle Missions 31-A and 31-B 

with eye-tracking equipment. Because the vestibulo-ocular 

reflex, how the eye rotates in the eye-socket, can be 

affected by weightlessness, NASA is concerned with the visual 

stabilization changes caused by space flight. Such knowledge 

can aid researchers in the development of control systems to 

be used in adverse hand-eye coordination conditions [THOR87]. 

Survey of Current Methods 

Several methods exist currently to determine eye position 

with each having advantages and disadvantages with respect to 

the others. Cost is a major limiting factor for both 

hardware (in terms of dollars) and software (in terms of 

computing resources). A decrease in cost is almost always 

accompanied by a decrease in accuracy. There is no general 

answer as to which method is best as each method seems to 

suit different purposes better than others. However, in no 

case should a system be used which is potentially dangerous 

to the human subject. Hallet [HALL86] lists twelve features 

which a perfect oculometer offers: 

1) an unobstructed view with easy access to the 
face and head 

2) no contact with the subject 



3) the capability of artificially stabilizing the 
retinal image 

4) an accuracy of at least 1% (or a few minutes 
of arc) 

5) a resolution of 1 min of arc (or 1 min 
arc/sec) and can detect the smallest of 
changes in eye position 

6) a dynamic range for eye position detection of 
1 min to 45 degrees and a range for detecting 
eye velocity of 1 min arc/sec to 800 
degrees/sec 

7) good temporal dynamics and speed of response 

8) a real-time response (to allow physiological 
maneuvers) 

9) the ability to measure all three degrees of 
angular rotation and be insensitive to ocular 
translation 

10) easy extendability to binocular recording 

11) compatibility with head and body recording 

12) easy use on a variety of subjects. 

Although no "perfect" system exists, the above list is a 

good basis for comparative analysis among current methods. 

Electrode Control 

The first method considered requires the placement of 

electrodes on the head to determine eye movement. The 

"Twinkle" switch, developed by the Medical Physics Group at 

St. George's Hospital in England, uses two electrodes place; 

on either side of the user's eye. The electrodes detect 



minute electrical charges from the muscles controlling the 

eye [DESI85B]. This system is similar to that used by NASA 

in the study of the vestibulo-ocular reflex in weightless 

conditions. In each case, noise generated by the subject's 

other muscles causes difficulty. Such systems are better 

suited for monitoring eye movement rather than eye position 

[HALL86]. 

"Nod" Trackers 

A second method considered for this thesis is based on the 

correlation of eye and head movement. These "Nod" detectors 

have the advantage of being easy to use and are quite 

accurate [FUNA82]. However, they do not provide for working 

in a three-dimensional environment. The View Control System, 

developed by Personics Corporation for the Apple Macintosh, 

is a "Nod" detector that is particularly easy to use 

[DESI85A]. It uses an ultrasonic signal broadcast from a 

home base to a headset. The headset contains three receivers 

which are placed at the temples and top of the user's head. 

The difference in the time delay for each to detect the home 

base signal is used to determine the orientation of the head. 

Other "Nod" detectors use anything from ultrasonic waves to 

changes in a magnetic flux field to track the head position 

[LEIF82]. Because the "Nod" detector is inherently a 



stimulus/feedback system, it is slower to use than eye-

position trackers. 

Feature Trackers 

Feature trackers are based on the premise that if two 

features of the eye can be located, then the position of the 

eye can be determined [CARP77]. Most of the systems which 

track eye features use the corneal reflection as one of the 

two features required. Because of the corneal curvature, the 

corneal reflection will always be in line with the corneal 

center-point, and is independent of head position. The iris 

or the pupil is typically used as the second feature. 

Normally, feature trackers build a picture of the eye either 

with a scanning laser or with an infrared camera [WORN87]. 

Systems which track iris position analyze the picture by 

fitting a template. The template, built during a calibration 

process, is placed and checked for fit in the area 

immediately surrounding the last known position of the eye 

[ERIC86]. If the iris is not located by the quick check, a 

picture-wide search is performed to reacquire the eye 

position. 

One major drawback to an iris tracker is that it is 

inherently computationally intensive even for a low-

resolution system [LI85]. Any increase in resolution causes 

the computation load to grow exponentially. The iris-tracker 



is also limited when tracking the eye while looking up 

because the upper eyelid partially covers the iris. 

A pupil-tracker makes use of the phenomena that many 

photographers have experienced, the "Bright-Pupil" effect. 

This effect is caused by a back-lighting of the eye from the 

retinal image of the infrared source [MERC74]. Therefore, 

the pupil can be found as a drastic change in contrast at the 

iris-pupil border. Although a pupil-tracker does not require 

as much computing power as the iris-tracker, it still cannot 

be used on the average personal computer for real-time 

analysis. 

The pupil-tracker also suffers from physiological 

constraints [MERC74]. First, because the pupil must be at 

least three millimeters in diameter to be tracked, the 

subject must be in a relatively dimly lit environment. 

Second, in some people, the pupils do not open concentrically 

for all sizes. Therefore, the calibration process must 

establish several pupil sizes for each point and 

interpolation must take place at each sampling. This 

corrective process only adds complexity to an already 

expensive algorithm. 

Contact Lenses 

Special tight-fitting contact lenses can be placed in the 

subject's eyes as a reference for tracking [CRAN85]. The 



most common method of tracking the lenses is called the 

search-coil method. In the search-coil method, leads are 

attached to the lenses and the subject is placed in a 

magnetic flux field. The eye position can be calculated 

based on a calibrated value. 

The contact lenses method is not popular because slippage 

of the lenses is a problem for eye movements larger than five 

to ten degrees. Even worse, the experiment duration is 

limited to twenty minutes because of damage the contacts can 

do to the cornea [HALL8 6]. 

Purkinje Image Trackers 

Purkinje image trackers use hardware similar to that of the 

feature trackers discussed earlier. However, the targets and 

algorithms used by Purkinje image trackers are very 

different. When a light source is directed at the eye, at 

least four Purkinje images form [CRAN78]. The first two, 

which are almost coincident, form on the anterior and 

posterior of the cornea. The third and fourth images form on 

the anterior and posterior of the lens of the eye. By 

identifying the first and third Purkinje images, the 

direction of the eye can be calculated. The fourth image is 

rarely used for tracking as it is faint and difficult to 

track if the pupil is not dilated [HALL86]. 



Limbus Trackers 

A limbus tracker uses the difference in coloration on each 

side of the limbus, the border of the iris and sclera, to 

determine eye position. Two infrared sensors are placed 

under each eye at a distance of ten to fifteen centimeters 

and eighteen degrees on each side of the center of the eye 

[FRIE84]. The sensors are part of a voltage divider which 

feeds an analog to digital converter. The operation of a 

limbus tracker is illustrated in Figure 1. 

Limbus trackers require relatively little computation for 

each sample. Based on a calibration voltage, the horizontal 

position of the eye can be determined by the difference of 

the two sensors. The vertical position is determined by 

summing the values for the two sensors [YAMA87]. Because the 

data collected by limbus trackers is not perfectly linear for 

the range of movements, a correction must also take place if 

an absolute position is to be calculated. 

Although limbus trackers are reputed for inaccuracy, both 

the U.S. Department of Education and the Air Force have 

successfully used limbus trackers to study eye movements 

[ZEEV87]. In all such studies, the subject's head movement 

is restricted because limbus trackers do not work well with 

systems which allow head movement. 
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INFRAREDvr 
DETECTOR "̂ '̂ 

10-15 mm 

Figure 1: The Limbus Tracker Design 

Summary 

Most of the methods of eye-tracking discussed in this 

chapter would suffice as a basis for verification of 

solutions to eye-tracking problems presented in this thesis. 

However, certain trait? of each make them more or less 

desirable than the other methods. For example, the contact 

lenses method is not an acceptable method due to risk to the 
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subject. The cost of Purkinje image trackers and feature 

trackers cannot be justified for this stage of research by 

this author. For these and other reasons, a limbus tracker 

was determined to be the best tool for verification of 

solutions to the eye-tracking problems discussed in the next 

chapter. 



CHAPTER II 

PROBLEMS TO BE ADDRESSED 

Introduction 

Environments in which eye-tracking is done fall into two 

major types: discrete and continuous. The discrete 

environment is one in which there exists only a finite number 

of points which can be chosen by the user. These points 

serve as "buttons" and are "pressed" by the eye with the use 

of the eye-tracker. This type of environment is more 

commonly discussed in the literature. 

The continuous environment consists of an infinite number 

of points. The user can theoretically select any point in 

the entire environment. However, the actual number of points 

that can be selected depends on the accuracy of the tracking 

system being used. Algorithms for eye-tracking in continuous 

environments still need extensive research. 

Each of the two types of environments can be further 

divided into one-, two-, and three-dimensional environments. 

One-dimensional continuous environments have been used by the 

U.S. Department of Education for studying reading habits in 

children [PHI86]. One- and two-dimensional discrete 

environments have been used extensively for applications in 

handicapped assistance and other applications in which only a 

small set of points is needed [ALBR87, ERIC8 6, YAMA87, 
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ZEEV83 3 . However, no examples of three-dimensional 

environments were discussed in the literature. 

Research Questions to be Addressed 

Most of the research questions addressed in this thesis 

overlap into both environment types and across all dimension 

sizes of environments. However, some questions apply only to 

a specific type of environment. The specific research 

concerns as discussed in this chapter are: 

1) minimum useful accuracy of an eye-tracking system 

2) interference caused by blinking during tracking 

3) interference caused by eye movements during tracking 

4) non-linearity of collected data in continuous 
environments 

5) non-intersecting lines of sight in three-dimensional 
environments 

6) adequacy of the best fit algorithm in a three-
dimensional discrete environment. 

Minimum Useful Accuracy of 
an Eye-Tracking System 

The minimum accuracy required of a system depends on the 

application. The Eye-controlled Word Processor (EWP) is 

actually implemented using only one predetermined point 

[YAMA87]. The eye-tracking system needs only to recognize 

whether or not the user has focused on that point. The 



accuracy required of the EWP depends on the distance between 

the scanning menu and the point. Subsequently, the EWP can 

function with very poor accuracy. 

A system which requires very good accuracy actually uses 

hardware (a limbus tracker) reputed for very poor absolute 

accuracy. The study of reading disorders by the U.S. 

Department of Education required accuracy of at least thirty 

seconds of arc to be useful [PHI 86]. The need for the 

increased accuracy is dictated by the fact that most children 

read books with fairly small letters at a nominal distance as 

opposed to very large letters which would cause the eye to 

move across several degrees of arc to read one word. 

Interference Caused by Blinking During Tracking 

Blinking poses two problems when eye-tracking. First, the 

action of the blink itself interrupts the tracking even if 

only for a fraction of a second [HALL8 6, CARP77]. The second 

problem arises from the fact that the eyeball will drift 

during the blink resulting in a small change in the focal 

point of the eye [CARP77, KENY85]. Therefore, recognizing 

the blink and discarding data collected during the blink is 

essential to the absolute accuracy of the system. 
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Interference Caused by Eye Movements 
During Tracking 

In addition to voluntary changes in eye position, the eye 

is in constant motion from small, involuntary movements. 

Because voluntary movements are usually quite large when 

compared to involuntary movements, detecting and discarding 

them is not difficult [LI85, CARP77]. 

However, involuntary movements are sometimes very difficult 

to detect and therefore cause many problems. Tremors are the 

smallest of the involuntary movements and are caused by the 

natural shaking of the muscles which move the eye [CARP77]. 

Microsaccadic movements are involuntary movements which 

continually jerk the eye in order to reposition the retinal 

image and prevent fading. Although they are larger than 

tremors, microsaccadic movements are still extremely small 

[CARP77, ZEEV87]. The largest of the involuntary movements 

is the random drift of the eye. Drift is caused by the 

inability of the eye muscles to maintain a constant position. 

As a result of drift, the eye makes corrective movements to 

reposition itself, which further complicates eye-tracking 

[KENY85]. 

Non-Linearity of Collected Data 
in Continuous Environments 

The nature of most hardware used to track eye position 

results in non-linear data concerning eye position. Non-



linear data is characterized by non-uniform changes in data 

values corresponding to uniform displacements in eye 

position. The limbus tracker is a good example of a system 

which collects non-linear data. If the eye moves from a 

central position to the left by two degrees, the limbus 

tracker detects different voltage changes than if the eye 

were to make the same move starting from a position which is 

four degrees from the center. 

The non-linearity of data must be considered when 

determining the absolute eye position in the continuous 

environment. If it is not corrected, the accuracy of the 

system will deteriorate as the distance between the focal 

point and the nearest calibrated points of the environment 

increases . 

Non-Intersecting Lines of Sight in 
Three-Dimensional Environments 

The assumption that the lines of sight of the two eyes 

intersect is incorrect [CARP77]. In fact, because of the 

involuntary eye movements discussed earlier, they will 

usually intersect only for a fraction of a second. 

Furthermore, when they do intersect, they will not always 

intersect at the intended focal point [ZEEV87]. Because of 

this non-intersecting characteristic of the eyes, an eye-

tracker working in a three-dimensional environment must not 
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rely on an algorithm which computes each line of sight and 

solves for an intersection. 

Adequacy of the Best-Fit Algorithm in a 
Three-Dimensional Discrete Environment 

The best fit algorithm takes a sample of eye position and 

compares it to the calibrated points in the discrete 

environment. It has been used successfully in one- and two-

dimensional environments [ERIC8 6, LEIF82, MCC082]. However, 

no examples of the best-fit algorithm being used in a three-

dimensional environment were found in the literature. This 

thesis addresses the adequacy of the best-fit algorithm in a 

three-dimensional discrete environment. 

Summary 

From the above discussion, it should be apparent that there 

is still much research to be done concerning eye-tracking. 

Only the last three problems discussed are specific to 

certain environments. Therefore, a method used to overcome 

blinking, for example, in the discrete environment should 

also apply to the continuous environment. The same is true 

for a method to correct non-linear data in a one-dimensional 

environment being used in a two- or three-dimensional 

environment. 

The remaining chapters present and evaluate the CET 

System's solutions to problems described in this chapter. 
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Chapter III discusses how the CET System's design addresses 

eye-tracking problems. Chapter IV discusses the successes 

and explains the reasons for any shortcomings of the CET 

System. Chapter V suggests further research to advance the 

understanding of computerized eye-tracking beyond the 

research done for this thesis. 



CHAPTER III 

THE DESIGN OF THE COMPUTERIZED 

EYE-TRACKING SYSTEM 

Introdu ration 

An eye-tracking system was built in order to address the 

research questions of this thesis. The "Computerized Eye-

Tracking" (CET) System served as a prototype system to test 

the solutions discussed later in this chapter. Only as much 

of the actual implementation of the CET System is discussed 

in this report as is necessary to explain how it addresses 

the research questions posed earlier. More specific 

information can be found in the user's manual and technical 

manual for the CET System. 

The CET system consists of two major parts: hardware and 

software. The hardware system chosen provides a relatively 

inexpensive tool for verification of the software and is very 

similar to the hardware used by the Air Force as previously 

discussed. The software addresses the questions of this 

research and is as independent from the hardware as possible. 

The Hardware of the CET System 

The CET system uses a limbus tracker for data collection. 

The limbus tracker was chosen primarily due to its relatively 

low cost. It uses two ECG 3027 infrared diodes to illuminate 

the subject's eyes with infrared light. The infrared light 

20 
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is detected by four ECG 3035 infrared photo-transistors 

connected in voltage divider circuits with four ten-kilo-ohm 

resistors. The voltage dividers are monitored by a Metrabus 

A/D converter which is linked to a Texas Instruments Business 

Pro microcomputer. Figure 2 shows the overall organization 

of the CET System. 

LEFT EYE RIGHT EYE 
LIMBUS TRACKER 

ECG 3035 

4 ANALOG 
CHANNELS 

METRABUS 
A/D CONVERTER 

4 X 12 BITS 

4 DIGITAL 
CHANNELS 

T. I. 
BUSINESS PRO 

COMPUTER 

Figure 2: Diagram of the Organization 
of the CET System 



Because limbus trackers do not work very well with systems 

which allow subject head movement, a head brace was also 

built. The brace (shown in Figure 3) is similar to the brace 

used by the Air Force with a few modifications. First, the 

limbus tracking equipment used by the Air Force was mounted 

to the brace itself. The equipment used for the CET system 

was mounted to goggles for fear of users accidently injuring 

their eyes while positioning themselves in the brace. 

Second, the Air Force head brace included a bite plate, while 

the CET System head brace uses a chin rest and cheek pads for 

sanitary reasons. 

GOGGLE 
FRAMES 

INFRARED 
EMITTER 

FOREHEAD 
REST 

ADJUSTABLE 
CHEEK PAD 
INFRARED 
DETECTORS 

CHIN REST 

Figure 3: A Diagram of the Head Brace for the 
CET System 
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The Software of the CET System 

The CET System software attempts to provide answers to the 

research questions posed in Chapter Two. By itself, the CET 

software does not provide any visual feedback to the screen 

or otherwise. Instead, it returns values via parameters to 

an application which makes use of eye position for input. 

Therefore, the CET System software falls into the category of 

a device driver. 

The modules of the CET System software (Figure 4) can be 

grouped into two sections. The first section consists of the 

modules responsible for the environment definition and 

storage of the environment on disk. The second section 

consists of the modules responsible for tracking eye position 

for an application. The module P_EYE_SAMPLE is the only one 

which interfaces the hardware with the remaining modules. 

Therefore, it is the only one which would need major changes 

if different hardware is used. 

The Setup of an Environment 

The application is responsible for making certain that an 

environment has been set up prior to calls to the modules 

which track eye position. The application can either call 

E_SETUP or E_LOAD to set up a new environment or recall one 

from disk, respectively. In either case, it is almost always 

necessary to recalibrate the environment before use. 
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USER APPLICATION 

E-LOAD 

USER 

E--SETUP 

CET SYSTEM 

P_SAMPLE 

E-SAYE 

E.CLEAR 

P_DISCRETE P-CONTINUOUS 

EJ:ORRECTIONS P_SETUP 

KEY: 
INTER CET CALLS 

USER CALLS TO CET 
P_EYE-SAMPLE 

Figure 4: The CET System Diagram 
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The Point Paramel-f:>rc; 

Calibrated points are kept as a doubly linked list pointed 

to by an entry in the environment record. Each point record 

is assigned Cartesian coordinates for the point by the user. 

Because the CET System simply maps sampling voltages to 

coordinate values assigned to the environment, the actual 

values are not important as long as the change in the value 

is proportional to the physical displacement in the 

environment. 

Each addition of a dimension to an environment adds one 

coordinate axis. The one-dimensional environment uses only 

the X axis; the two-dimensional environment uses only the x 

and y axes; and the three-dimensional environment uses all 

three coordinate axes. Unused coordinates are ignored. 

The samples and distorted fields contain the sampling 

information gathered about the point during calibration. The 

samples array consists of four numeric elements which contain 

the average voltages found by each sensor during calibration. 

The first two elements of the samples array are used for the 

left eye and the last two are used for the right eye. It is 

important to remember that the values contained in the 

samples array have been filtered to discard eye movement and 

blinking as is discussed later in this chapter. The 

distorted field simply contains the percentage of the 

samplings which were discarded during the filtering process. 
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A distorted value of .10 to .20 is average and points which 

have a distorted value of .30 or higher should probably be 

recalibrated. 

The 'C declarations for the point record are as follows. 

typedef struct pointrec 
{ float x,y,z; 
float samples[4]; 
float distorted; 
struct pointrec *next, *prev; } point; 

The Environment Parameters 

The environment is defined in a record of type envrec. The 

first entry in the environment, env_type, indicates whether 

the environment is discrete or continuous. The second entry, 

dimension, indicates the number of dimensions of the 

environment. The first_point entry starts the linked list of 

calibrated points. 

The remaining entries in the environment record define how 

the environment is to be implemented. The maxvariance field 

is used in filtering samples for distortion and is discussed 

later in this chapter. The samplesize defines how many 

voltage readings are taken in each sampling and is also used 

in filtering samples. The sampleeye entry defines which of 

the subject's eyes will be tracked in a one- or two-

dimensional environment. The discrete and continuous entries 

define environment parameters unique to each of the two 

environment types. 



The declarations for the environment record are as follows 

typedef struct environmentrec 
{ int env_type; 
int dimension; 
float maxvariance; 
point *first_point; 
int samplesize,sampleeye; 
disctype discrete; 
conttype continuous; 

} envrec; 

The Discrete Environment Parameters 

The discrete environment needs only one additional 

parameter. The maxerror field is used to determine if the 

point found in the best fit algorithm is close enough to be 

accepted. The maxerror field and the best fit algorithm will 

be further discussed later in this chapter. 

The declaration for the discrete environment record is as 

follows. 

typedef struct discrec 
{ float maxerror; 
} disctype; 

The Continuous Environment Parameters 

The continuous environment contains the information needed 

to calculate eye position based on formulas found using the 

calibrated points. The first two fields in the continuous 

record, corrections and expo, contain the coefficients and 

exponents for the correction formulas. The corrected field 

is a flag which is set if the correction formulas have been 
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calculated. The bounds field contains the maximum and 

minimum Cartesian coordinate values in the environment. 

The declarations for the continuous environment record are 

as follows. 

typedef struct boundsrec 
{ float maxx, minx; 
float maxy, miny; 
float maxz, minz; 

} boundstype; 

typedef struct contrec 
{ double corrections[3][15]; 
int expo[4][15]; 
int corrected; 
boundstype bounds; 
} conttype; 

The Calibration Process 

In addition to setting up the parameters for the 

environment, points must be defined and samples taken for 

each. Although they are used differently by each environment 

type, this calibration process is the same for discrete and 

continuous environments. 

The placement of the points is very important. Placing 

points too closely together in the discrete environment poses 

the potential for accidental selections. Not placing enough 

points or not placing points strategically in the continuous 

environment also can cause problems. Points should be 

defined which lie close to or on the borders of the 

continuous environment. In addition, as many intermediate 



29 

points should be defined to insure the best curve-fitting 

possible. 

Compensating for the Non-Linearitv of the Data 

After the calibration of reference points is complete, 

model equations for each of the dimensions can be calculated. 

These equations can then be used to calculate an absolute set 

of coordinates during the eye-tracking phase. The method for 

finding the model equations is based on the polynomial 

regression function estimation presented in [WALL85]. 

The polynomial regression function estimation uses a matrix 

equation to represent simultaneous normal equations. The 

equations can then be solved in order to find the 

coefficients of a model equation having the same form as the 

normal equations. The CET System generates second degree 

polynomial equations to model the calibrated points. The 

form of the polynomial for one- and two-dimensional 

environments is C = bo + biSl + b2S2 + biiSl2 + b22S22 + bi2SlS2 . 

In this equation, C is the coordinate value being found, SI 

and S2 are the voltages at the two sensors being used, and bi 

is the coefficient for the term. 

The coefficient matrix is calculated from the calibrated 

points of the environment. The form of the matrix equation 

is shown in Figure 5. Because one- and two-dimensional 

environments require the use of only two sensors, six 
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var i ab les are required in the model equat ions. Three-

dimensional environments require f i f teen var iables to follow 

the same bas ic form for the model equation. The Gauss 

Elimination method i s used to produce the i d e n t i t y matrix in 

the N by N matrix (where N i s the number of var iables in the 

model equation) leaving the coef f ic ien ts for the model 

equation in the solut ion matrix of the matrix equation. 

Z s i i 

ZSU2 

Zs2i2 

Z s i i Zs2i Zsii^ Tis2i^ ZsiiS2i 

Zsii^ ZsiiS2i Z s i i ' T,SliS2i^Yisii^S2i 

ZsiiS2i Zs2i2 Zsii2S2i5Is2i^ ^SliS2i^ 

Zsii^ Zsii2S2iZsii^ Esii2S2iSsii^S2i 

ZsiiS2i2Zs2i^ ^Sl^S2i^S2i^ ZsiiS2i^ 

ZsiiS2i Yisii^S2i^SliS2i^ Zsii^S2i EsiiS2i^ Yisii^S2i^ 

'11 

'22 

'12 

ZCiSli 

ZCiS2i 

EciSii^ 

ZCiS2i2 

5ICiSliS2i 

SI 
S2 

Ci 

Sample from Sensor #1 
Sample from Sensor #2 
Coefficient to be Computed for Term j 
Cartesian Coordinate for Each Point 

Figure 5: The Coefficient Matrix for One- and Two-
Dimensional Continuous Tracking 

Tracking in the Environment 

nontinuous Environment Tracking 

The continuous environment tracking uses the coefficients 

computed with the correction matrix discussed earlier. The 
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values of each of the active sensors are used in the model 

equations for each of the Cartesian coordinates. If the 

resulting values for each coordinate lie in the range defined 

by the maximum and minimum values for the coordinates, a 

pointer for a point record with the computed coordinate is 

returned. Otherwise, a NULL pointer is returned. 

Discrete Environment Tracking 

The best fit algorithm is used for tracking in the discrete 

environment. When a point sample is taken during tracking, 

the absolute value of the difference of the point sample 

voltages and the corresponding voltages for each calibrated 

point are summed. The calibrated point which has the 

smallest sum is said to be the best fit. The best fit point 

is accepted if the sum of the voltage errors for the best fit 

is smaller than the sum of the voltages for that point 

multiplied by the maxerror. Otherwise, it is discarded and a 

NULL pointer is returned. 

An example of the best fit algorithm is shown in Table 1. 

In the example, a test point with the values given in the key 

is compared with each point in the environment. The third 

number in associated with each point is the error for that 

point and is computed as the sum of the absolute value of the 

difference between corresponding sensors in the test point 

and the calibrated point. In this example, the point at 
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(3,3) has the smallest error and is considered to be the best 

fit point. If the error of 0.052 is less than the sum of the 

voltages for point (3,3) multiplied by the maxerror setting 

for the environment, the point will be accepted. 

Table 1: Example of the Best Fit Algorithm 
in a Two-Dimensional Environment 

X-1 X»2 X-3 X»4 

Y-4 

Y=3 

Y=2 

Y=l 

KEY: 

2.915 
4.888 
0.398 
2.917 
4.965 
0.473 
2.935 
4.980 
0.470 
3.211 
4.984 
0.198 

2.913 
4 .911 
0.423 
3.061 
4.902 
0.266 
3.509 
4.969 
0.307 
4.100 
4 .981 
0.910 

2.938 
4.872 
0.361 
3.334 
4.889 
0.052 
3.661 
4.740 
0.496 
4.005 
4.902 
0.736 

2.944 
4.868 
0.359 
3.344 
4.842 
0.077 
3.696 
4.831 
0. 440 
3. 941 
4.758 
0.758 

Voltage from Sensor #1 (SI) 
Voltage from Sensor #2 (S2) 
Ab3(Sl-Slxy) + Ab3(S2-S2,y) 

The Hardware/Software Interface 

The hardware/software interface of the CET System consists 

of two levels. The lower level is responsible for making 

calls to the hardware for one voltage reading from each of 

the sensors being used in the environment. This set of 



voltages is returned to the upper level for further 

processing. The upper level repeatedly calls the lower level 

and is responsible for the filtering process discussed later 

in this chapter. 

The Effect of the Sample Si7.e 

The sample size parameter defines the number of calls the 

upper level of the hardware/software interface makes to the 

lower level. The set of samples is then broken into windows 

each containing ten voltage reading sets. For example, if 

the sample size is set to 1000, there will be 100 windows to 

be examined for filtering. If the sample size is not evenly 

divisible by ten, as many windows of size ten are created and 

the remaining sample sets make up the last window. 

Because of the nature of the filtering process, sample 

sizes of ten or less will not be filtered. By using small 

sample sizes, an application to study nystagmus can use the 

CET System. To insure proper filtering, large sample sizes 

are necessary. 

Filtering Nystagmn<=! and Blinks 

The filtering process examines the windows previously 

discussed and discards or keeps windows based on the user-

defined parameter, maxvariance. The filtering process begins 

with the computation of the variance for each window. The 
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second step finds the average variance of all windows. Each 

window with a variance greater than the product of the 

average variance and maxvariance is discarded. The averages 

of the remaining windows are used to compute the filtered 

sample set. The distortion of the sampling is computed as 

the number of discarded windows divided by the total number 

of windows. 

An example of the filtering process is shown in Figure 6. 

The left two bar graphs show a subset of 200 windows 

illustrating the curves produced during a blink. The graph 

on the right shows the variances for each window. Included 

in the graph on the right is a line which represents the 

threshold line for discarding or keeping the window. In this 

example, the sample size is 2000; the average variance is 

0.089 millivolts; the maxvariance parameter is 0.10; and the 

threshold variance is 0.098 millivolts. 

Summary 

The CET System is designed to address the research concerns 

of this thesis by: 

1) providing sufficient accuracy for a variety of uses 

2) filtering blinking and other eye movements 

3) compensating for the non-linearity of collected data 

in continuous environments by means of modeling 

calibrations 
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4) functioning even with non-intersecting lines of 

sight in three-dimensional environments 

5) testing the adequacy of the best fit algorithm in a 

three-dimensional discrete environment. 

Unfortunately, the design of the CET System has inherent 

shortfalls and limitations due to the resolution of the CET 

System's hardware and physiological constraints of the eye. 

The following chapter discusses the ability of the CET System 

to perform as intended. 



CHAPTER IV 

EVALUATION OF THE CET SYSTEM 

Introduction 

Although the CET System appeared to address all of the 

research questions posed in this thesis, it proved to be 

somewhat inadequate. Several problems arose in the three-

dimensional tracking for both discrete and continuous 

environments. Fortunately, the CET System itself worked as a 

tool to explain and confirm its own shortcomings. 

The Limitations of the CET System 

The accuracy of CET System is subject to certain 

limitations due to the hardware used and variation due to 

physical differences between subjects. Much of the variation 

is from differences in eye color from one subject to the 

next. Other variations exist between one set of calibrations 

to the next for the same subject because the sensors are 

seldom placed in the exact same position. In addition, the 

accuracy can not be assured if the subject moves his head 

during calibration or tracking. 

Accuracy in One- and Two-Dimensional 
Continuous Environments 

Table 2 shows an example of a plane which was calibrated 

using the subject's dominant left eye. The values indexed by 

X and Y coordinate values are the filtered voltages found at 
37 
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the voltage divider for sensors three and four. An 

additional column and row have been added to the table to 

show the change in voltage at the borders of the environment. 

Table 2: Sample Calibration Voltages of a Plane 
with Sixteen Points 

Y=4 

Y=:3 

Y-2 

Y=l 

abs(v3ij-v34j) 
ab3(v4ij-v44j) 

X=l X=2 X-3 
abs(v3ii-v3i4) 

X=4 abs(v4ii-v4i4) 

2.915 
4.888 

2.917 
4.965 

2.935 
4.980 

3.211 
4.984 

0.296 
0.096 

2.913 
4 .911 

3 .061 
4.902 

3.509 
4.969 

4.100 
4 .981 

2.938 
4.872 

3.334 
4.889 

3.661 
4.7401 

4.005 
4.902 

1.067 
0.030 

2.944 
4. 868 

3.344 
4.842 

3.696 
4 .831 

3.941 
4.758 

0.997 
0.110 

0.029 
0.020 

0.427 
0.123 

0 .761 
0.149 

0.730 
0.226 

A careful examination of the table shows there are two 

points which do not appear to fit the patterns of the 

remaining points. The point at (2,4) has values at both 

sensors which do not fit the pattern of row 4 or of column 2 

Although sensor three appears to fit the pattern at point 

(3,2), sensor four does not. Therefore, conclusion may be 

the point itself is probably in error. If so, a 
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recalibration is in order. As is discussed in the following 

section, simply looking at the voltages of the points is not 

always adequate to diagnose which points are erroneously 

calibrated. 

Recognizing Poorlv Calibrated Points 

During testing of the CET System, it became apparent that a 

method of detecting poorly calibrated points is needed. 

Therefore, an additional step was added to the module 

E_CORRECTIONS. This addition prints a list of the points 

with a fit rating for each point. The pure error for each 

point is calculated as the absolute value of the difference 

between the expected coordinate value and the computed value. 

The addition also prints a fit rating for each model 

equation. The fit rating is found by the equation 

FIT. KXP. -5; 
I(Xi - X)^ ̂ 

where XPi is the predicted value of X and Xi is the actual 

value of X. 

In tests of the CET System, fit ratings for the X equations 

ranged from 1.04 to 1.11. Fit ratings for the Y equations 

ranged from 1.02 to 1.07, and fit ratings for the Z equations 

ranged from 1.3 6 to 1.87. Through repeated tests, it was 

found that fit ratings of 1.05 or less are needed for each 
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coordinate axis to get any usable accuracy from the CET 

System. 

The model equation for the X axis for the example in Table 

2 is X = -1593.9 - 6.99 SI + 669.68 S2 - 1.04 Sl2 - 70.81 S22 

+3.10 S1S2. Using this model. Table 3 shows the predicted X 

values for each calibrated point. In addition, the absolute 

value of the difference between the actual and the predicted 

values for X is given for each point. This difference is 

used only for a comparison of the fit of each point to the 

model equation. 

Table 3: Sample Set of Points with the Predicted 
X Coordinate and the Prediction Error 

X=l X«2 X=3 X=4 

Y=4 

Y=3 

Y=2 

Y=l 

2.439 
1.439 
0 .979 
0 .021 
0.638 
0 .362 
1.097 
0 .097 

2 .085 
0.085 
2 .524 
0.524 
1.895 
0.105 
1.916 
0.084 

2.685 
0.315 
3.118 
0.118 
3 .532 
0.532 
3.320 
0.320 

2.740 
11.260 
3 .556 
0 .444 
3 .839 
0 .161 
3 .639 
0 .361 

KEY: 3.118<-
0.118^ 

Predicted Value from Model Equation 

Abs(Predicted Value - Actual Value) 
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Because the fit rating of the X model equation for this 

example is 1.33, a recalibration of some of the points is in 

order. If the general rule is to discard points with an 

error of 0.5 or greater, four points need to be recalibrated. 

In testing, it was found that such analysis and recalibration 

can greatly enhance the accuracy of the model equations. 

This example shows that point (2,4) probably was correctly 

calibrated but did not appear to fit a regular pattern (as 

discussed earlier) because its neighboring points are in 

error. 

Thg Mâ îmum ?ossii?lg R^SQlution 

Table 4 is an extension of Table 1 with the maximum number 

of points for each row and column. The A/D converter used by 

the CET System will convert a range of 10 volts into 12-bit 

binary values. Therefore, each binary increment represents a 

change of approximately 2.44 millivolts. The maximum number 

of points is calculated by dividing the smaller of the two 

voltage changes by 0.00244. 

As can be seen, the maximum number of points across the X 

axis deteriorates as the subject's eyes fixate higher. This 

is due to a smaller area of the iris in the area monitored by 

the sensors. Using the worst case, at Y equals 4, the 

maximum accuracy for the X coordinate of this example is 

approximately four degrees. By the same method, the maximum 
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accuracy for the Y coordinate of this example is 

approximately two and a half degrees. These accuracies are 

based on the range of the points being 30.5 degrees for both 

coordinate axes. 

Table 4: Sample Calibration Voltages of a Plane and 
the Maximum Number of Distinguishable Points 

Y=«4 

Y=3 

Y=2 

Y=l 

VOLTAGE 
CHANGES 

MAXIMUM 
NUMBER OF 
POINTS 

X»l X=2 X=3 
VOLTAGE MAXIMUM 

X=4 CHANGES NUMBER OF 
POINTS 

2 .915 
4 .888 

2 .917 
4 .965 

2 .935 
4. 980 

3 .211 
4 .984 

0 .296 
0 .096 

39 .322 

2 .913 
4 .911 

3 .061 
4 .902 

3 .509 
4 .969 

4 .100 
4 .981 

1.187 
0 .070 

28.672 

2.938 
4.872 

3 .334 
4.889 

3 .661 
4.740 

4.005 
4.902 

1.067 
0.030 

12.288 

2 .944 
4.868 

3 .344 
4.842 

3.696 
4. 831 

3 .941 
4.758 

0.997 
0.110 

45.056 

0.029 
0.020 

0.427 
0.123 

0 .761 
0.149 

0.730 
0.226 

8 .192 

50 .381 

61 .030 

92.570 

The accuracy of the CET System in tests was found by 

measuring the X and Y displacements between the actual and 

the calculated fixation points. The best observed accuracies 

ranged from one and a half to two degrees for the X 

coordinate and from one to two degrees for the Y coordinate. 
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While the accuracy of the system was quite remarkable in some 

areas of the defined environment, it tended to degenerate in 

others. Naturally, these accuracies vary from subject to 

subject and from calibration to calibration on the same 

subject. 

Another observation made during testing concerns how wide 

apart the eyelids are while calibrating versus tracking. 

During the calibration phase, subjects tend to hold their 

eyes open wider because they are purposely staring at fixed 

points. However, during tracking, subjects tend to relax and 

allow their eyelids to close together. This relaxation 

causes less reflected infrared light to fall on the sensors 

and is interpreted as a lower fixation point. 

Accuracy in the Three-Dimensional 
Continuous Environment 

It was expected that the CET System would be limited in the 

maximum depth that could be tracked. This limitation is due 

to the progressively smaller angles between objects which are 

the same distance apart as the objects are placed further 

from the subject (Figure 7). The maximum accuracy for all 

three coordinate axes is subject to the progressively smaller 

les of convergence. Coupled with the hardware limits of 

A/D converter, the smaller angles would quickly become 

•ndistinguishable. Therefore, it was believed that care 

should be taken to ensure that environments not be set up 
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which require great accuracy at large distances. 

Furthermore, the absolute limit for the maximum distance 

which can be tracked was known to be between fifteen and 

twenty feet as the lines of sight of the eyes become paralle: 

at that distance [GULI76]. 

focal 
points 

angle A 

subject 

Figure 7: Differing Angles of a Fixed Displacement 
at Differing Depths 

Progressively smaller angles with increasing depth were not 

found to be the problem which plagued three-dimensional 

tracking in the continuous environment. Instead, a 

phenomenon surfaced which disallowed determining the depth at 
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which the eyes are focused. As is discussed in [GULI76], 

most people have one eye which is dominant over the other. 

Rather than focusing both eyes on a specific point, people 

tend to focus with their dominant eye. Although the non-

dominant eye tends to be turned in the general direction of 

the focal point, it is subject to much nystagmus. Therefore, 

tracking eye position based on near-intersecting lines of 

sight is inaccurate at best. 

Fortunately, the CET System itself served as a tool for 

confirming the dominant eye theory. Figure 8 and Figure 9 

are graphs of the difference between the two voltages sensed 

for the eye divided by the the sum of the two voltages. One 

is then added to this ratio to shift it into the positive 

range. The ratio represents the horizontal direction of the 

eye on the plane. A perfect set of calibrations would 

produce a graph in which the ratios are monotonically 

increasing (or decreasing) with changes in the horizontal 

position of the point. 

Figure 8 illustrates the dominant left eye of a subject 

over a horizontal plane with points varying in depth from 

eighteen to thirty inches. Careful'examination shows the 

graph of the dominant eye tends to follow a more predictable 

curve than does the graph of the non-dominant eye in Figure 

9. The unpredictability of the non-dominant eye is caused by 

the increased nystagmus characteristic of a non-dominant eye. 
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Figure 8: Voltage Ratios of the Left Eye 
of a Left-Eyed Dominant Person 

Figure 9: Voltage Ratios of the Right Eye 
of a Left-Eyed Dominant Person 



The Discrete Environment 

One- and Two-Dimensional Discrete Environments 

Limifaf-innc! 

Tracking in one- and two-dimensional discrete environments 

appeared to work as expected when testing. However, the 

limitations of the maximum accuracy of the system hold true 

for the discrete environment. Therefore, the minimum 

acceptable angular difference between two points should be 

considered, rather than the minimum acceptable linear 

difference. In its current state, the CET System can 

reliably track points which are as little as two degrees 

apart. 

Incorrectly Calibrated Points 

As with the continuous environment, an incorrectly 

calibrated point can interfere with the correct operation of 

the CET System. Problems such as an unreachable point or 

selecting a point incorrectly can be caused by an incorrectly 

calibrated point. Therefore, running the option to calculate 

formulas for the coordinate axes should be used in order to 

determine which points should be recalibrated. 

The discrete environment calibrations are also subject to 

the differing widths of the eyelids during tracking as 

opposed to the calibration phase. This problem can also 

cause points to be selected incorrectly. However, if the 
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points are placed far enough apart and the maxerror paramete; 

is set very low, the CET System will discard samplings taken 

when the eyelid distances are not the same width apart as 

during the calibration. 

Three-Dimensional Discrete Environments 

Tracking in a three-dimensional discrete environment is 

subject to the same limitations for angular displacement 

between points as in one- and two-dimensional discrete 

environments. However, a point can be placed in front of 

another and the two points remain distinguishable. As 

discussed earlier, the non-dominant eye tends to be pointing 

in the general direction of the focal point. Therefore, 

three-dimensional discrete tracking is functional using the 

best-fit algorithm. But, it should be noted that there is 

only very limited accuracy which deteriorates rapidly with 

distance. 

Summary 

An evaluation of the CET System is made by reviewing how 

11 it addresses the research questions posed in this 

,_ • ̂  Tt certainly is capable of eye-tracking "accurately thesis. -'•̂  

gh to be a useful input source. It can filter blinking 

H other eye movements in order to prevent them from 

"nterfering with eye-tracking. It compensates for the non-
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linearity of collected data in Continuous Environments. It 

can track in a three-dimensional discrete environment 

although the best fit algorithm must map the three-

dimensional environment onto a two-dimensional environment to 

function correctly. Finally, although the CET System does 

not depend on intersecting lines of sight to track in three-

dimensional continuous environments, it does not have the 

ability to track in such an environment due to limitations 

caused by the physiology of the eye. 



CHAPTER V 

CONCLUSION AND SUGGESTIONS FOR 

FUTURE RESEARCH 

Introduction 

During the course of the development of the CET System, 

several points in need of further research became apparent. 

This chapter will address some of the more important ones 

which could correct problems uncovered by this thesis. 

Pynamically C^libyatgd Points 

If a method could be devised to allow a recalibration of 

points during the tracking phase, it would help to overcome 

two major problems encountered during this work. First, it 

could help the system to overcome the differing eyelid 

distances encountered in the calibration phase and the 

tracking phase. Second, it could help to overcome errors 

created when the subject's head is moved slightly. At least 

one problem would occur when the formulas for tracking in the 

continuous environment have to be updated quickly. The 

current method for calculating the formulas requires almost 

one minute of computing time for a three-dimensional 

environment with sixty-four points. 
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More Accurate Hardware 

If new hardware with greater accuracy could be acquired, it 

could be easily adapted to the current software. Only the 

hardware/ software interface would require major updates for 

most of the hardware discussed in Chapter One. 

Tracking thg Pgpth of thg Focal Point 

Perhaps the most difficult problem posed by this work is 

that of recognizing the depth of the focal point. Methods to 

do so should not rely on the intersecting lines of sight as 

does the CET System. From the research done, it appears that 

a Purkinje image tracker may be able to calculate the depth 

of a focal point based on the third and fourth Purkinje 

images which can be used to indicated the width of the lens 

of the eye. 
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