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The Effects of Video Display Terminals on Ocular Function and Performance

Davenport, Isaac (Ph.D. Engineering) ----- Thesis Directed by Professor Frank Barnes

The goal of this work is to find physiological changes due to VDT use, especially those not

correlated to close work. To this end, eye tracking and pupillometry were performed under

several sets of experimental fatigue conditions. Fatigue was induced by reading from paper, and

VDT’s.  Additionally subjects were monitored on line to examine the real time effects of flicker

on the saccadic and pupillary systems. The main new findings of this study are that saccadic

error rates increased with paper reading and decreased with high fatigue VDT reading ( p = .01 ).

This was the only difference seen between paper reading and reading from a VDT screen with

small type glare and jitter. Saccadic latencies increased beyond starting values after listening to a

story being read ( p = .004 ); this is presumably due to rest and disuse. The dark diameter of the

pupil decreased and then increased while listening to a recorded story ( p = .01 ), presumably

due to the overlapping effects of rest and dark adaptation. Pupil constriction velocity and

saccadic velocity increased for eye fatigue sufferers after work ( p = .04 ). This appears to be a

potentiation affect or “warming up” of the muscles and nerves.  Saccadic power spectrum ratios 

showed a relative increase in low frequency activity and decrease in high frequency activity for

VDT workers on a non-VDT work day. There may have been a diurnal change that was

overshadowed by the effects of the VDT work day. The hippus amplitude was found to be

negatively correlated to the amount of entropy in the hippus signal. Hippus amplitude increased

with frequency from 7 Hz up to continuous illumination mostly due to changes in the average

pupil size. When reading from a flickering screen, fixation times were shorter for the

continuous and 60 Hz text images relative to 7 and 24 Hz. Physiological changes were seen with

VDT use, however, most of these changes were potentiation effects rather than fatigue effects.

Potentiation may also be associated with the types of discomfort associated with fatigue.
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1. INTRODUCTION

With the computer becoming more and more prevalent in our society, the issues of the human

computer interface become more important each year. In our enthusiasm for the tool, we have

largely ignored the strain that is caused by it’s use.  Perhaps the most common complaint 

amongst computer users is that of eye fatigue. This manifests itself in complaints of burning,

itching or tired eyes, in headaches that somehow seem to be centered around the eyes as well as

neck and back aches related to viewing angles required by the Video Display Terminal

environment.

The purpose of this work is to find objective physiological ways to measure the eye fatigue, or

asthenopia, experienced by Visual Display Terminal ( VDT ) workers. This work is fundamental

to establishing the mechanisms behind VDT fatigue, of special interest are measures and

mechanisms not due simply to the effect of near work on the eye. The first difficulty with such

a study is the definition of fatigue. It differs in nearly every paper on the subject. Eidelman (

1980 ) suggested it is a decrease in latent capacity. He speculated that since tissues need

rejuvenation the brain attempts to keep them from being overworked. Potempa ( 1986 ) held

that fatigue was not only physiological but psychological reduction in work ability. In the

physiology community there is a lower level conception of fatigue ascribing it largely as a

phenomena of fewer actin-myosin crossbridges being active or a decrease in the efficiency of the

crossbridges. An objective definition of fatigue is sought, something that can be measured

which will be correlated to the specifics of VDT work that might make VDT work more

fatiguing than other forms of close work such as reading or microcircuit assembly. This means

that, while important, mental factors and ergonomic factors will not be tested in this work. In

fact, it is intended that these variables will be normalized in the experiments such that their role

is minimal in any effects seen.
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The scientific community has long know about the ocular implications of near work. It may

have hit home when microscopes became widely used. Those who used them experienced the

fatigue associated with doing close work. This problem was later mitigated by setting the image

plane of the microscope image to optical infinity rather than relying on the lens of the eye for

bringing the image into focus. Carmichael and Dearborn said this in 1947 of near work:

There is probably no single way in which the demands made by modern industrialized

civilization upon the human organism differ more from those of earlier times than in the

requirements now made upon their eyes…….More individuals use their eyes for close and 

detailed study than ever before.

It is known that near work puts a strain on the near triad. The triad being the vergence,

accommodative and pupillary systems. During close work, the vergence system must hold a

tight angle to center the target in both eyes, the accommodative ciliary muscles must pull tight to

keep the lens near maximum power, and the pupils stay in a state of constriction presumably to

increase the depth of field to help maintain the close focus. Several authors ( Gur 1994; Tyrrell

1990; Wolf 1984; Pigion 1985 ) have examined the effects of VDT work on the vergence and

accommodative systems. These systems contain a certain amount of plasticity, both in their

range and their relaxed positions. In general, it has been found that the range is decreased and

the relaxed resting point of these systems shifts inward after near work. These affects are both

short term and long term. There is a change at the end of a day of near work that is recovered

over night. There is also a statistical change in the population of people who have done a great

deal of near work in their life and those who have not. ( Tyrrell 1990; Gur 1994 ) In addition

much work has been done in collecting survey data from VDT users. ( Dillon 1995 ) The

prevalence of complaints and the types of complaints are well known. This data has led to some

useful ergonomic solutions in monitor elevation, contrast ratios and workstation layout.
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However, there is a persistent notion that VDT use causes fatigue specific to VDTs, a

phenomena other than those simply associated with near work.

Some of the differences between VDTs and other forms of near work are: flicker, pixelation,

direct light source, type of work, glare and immobility. The flickering on a VDT is a result of the

short phosphor life times. Although most screens appears continuous to most eyes, only a

fraction of the phosphors that make up the image are bright at any given moment. The images

on a VDT are made up of pixels. Pixels are small triangles of red, green and blue dots, the

intensities of which can be modulated to form pixels of any color. The images normally

presented to the eye are reflections from physical objects which usually have very crisp edges as

opposed to the pixilated scheme. In addition, most image sources one views are reflections

from sunlight or room lighting. It is rare that one looks directly into a light source for any length

of time except during VDT work. Direct and reflecting image sources may have differences in

intensity, spectral content and polarization. Perhaps the largest factor between VDT use and

other close work is the nature of the work. Computer work is interactive, there is often a

continuous stream of both input and output between the user and the machine. With reading or

paper based work, this is generally not that case. It has been shown that blink rate decreases

while working at a VDT, ( Miyao 1988; Stern 1996 ) and this is likely a factor of the differences

in the cognitive patterns of the work ( Stark 1984; Miyao 1988 ) This makes it difficult to

formulate experiments in which the only thing different is the VDT. Furthermore, it is not often

that people spend a great deal of time viewing an object which presents an image in two planes

as the monitor does. The first image being the phosphor image from behind the glass and the

second image being the reflected room lighting from the front surface of the thick glass panel.

The final difference to be mentioned between VDT work and other close work is the immobility

of the VDT. While books and papers are easily adjusted for angle and distance, these

parameters are often fixed by the VDT workstation and don’t allow for easy adjustment.  Even 

if a VDT were fixed in an experiment to the same reading distance as a book, the ability of the
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user to adjust the book, throughout the course of reading, may be important in changing the

focal depth and the lighting interplay to keep a certain variety throughout the reading session.

Furthermore, a printed text is more easily adjusted to match the preferred downward neck angle

which minimizes the occurrence of neck aches.

It is the potential effects of the aforementioned differences which are to be addressed in this

work. What was sought was a physiological measure that may elucidate the possible mechanisms

of this fatigue. These mechanisms are supposed as having root in the differences between VDT

work and other forms of close work. However, even if no physiological correlates are found, it

does not invalidate the claims of fatigue. There are other types of fatigue, such as that suffered

by those recovering from surgery, which is very real to the patient but shows none of the

biochemical traces that have been shown to be involved in normal muscular fatigue.

Since accommodation followed by vergence angle were the most highly studied measures in

VDT fatigue, and because these measures are almost surely a product of the nearness factor in

VDT work, other systems were chosen for examination. A pupillometer, an eye tracker and a

tonic vergence measurement system were developed and several experiments were designed

around the parameters which could be measured with them. ( Davenport 1997 )

All experiments done in this study were approved by the Human Testing Committee at the

University of Colorado at Boulder.

1.1. Physiology and Neurology of the Eye

Before analyzing potential fatigue mechanisms in the ocular system, a review of ocular functions

and components is in order. The ocular system may be divided into three parts. First, the

oculomotor portion which entails the muscles for moving the “eye ball” as well as those used in 

manipulating the lens and iris. Then there is the retina, a photochemical transducer that changes

the light into neural signals as well as performing neural pre-processing. The last and most
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complex part of the visual system is the higher neural portion from the optic nerve all the way to

the highest levels in the brain which interprets the visual scene and sends signals to control the

ocular muscles.

1.1.1. Ocular Muscles

The ocular muscles function in the accommodative, pupillary and saccadic subsystems of the

eye. These are also known as the near triad due to their high interdependence. The ciliary

muscles alter the tension on the lens. Changes in the pupil diameter are brought about by the

dilator and constrictor smooth muscle fibers of the iris. The extraocular muscles serve to rotate

the eye about three axes.

1.1.1.1. Extraocular Muscles

There are six muscles per eye to manipulate the gaze angle. A pair for up and down motion, the

lateral and medial recti, a pair for left right movement, the superior and inferior recti, and a pair

for rotating the image to keep it upright, the superior and inferior obliques. See Figure 1-1 Gaze

Directions Associated with Extraocular Muscles ( Thomas 1993 p 693 ) and Figure 1-2

Extraocular Muscles ( Guyton 1996 p 656 ).
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Figure 1-1 Gaze Directions Associated with Extraocular Muscles ( Thomas
1993 p 693 )

Figure 1-2 Extraocular Muscles ( Guyton 1996 p 656 )
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These muscles are striated muscles and are organized in concentric layers of three distinct

subtypes of striated muscle fiber.( Ringel 1978 ) The globe of the eye has an average mass of

about 7.5 grams. In order to produce saccadic motions of the globe, which are the most

common kinds of motion for reading and changing look point, the recti muscles follow a pulse

step signal. The initial pulse signal at the start of a saccade is always a full innervation causing a

muscle tension of 15 –60 grams weight in the agonist. This pulse is then followed by a step

innervation of the antagonist muscle which brings the globe quickly to rest upon the target of

interest. ( Hart 1992 ) It is thought that some energy is stored in the elasticity of the muscles

during this process and enhances the efficiency of the motion. As the eye moves in one direction

the elastic elements of the antagonist muscle are stretched. When the eye begins to move in the

other direction, this elastic storage of energy is released. This mechanism is possible because

during fixation there is a tonic tension in both the agonist and antagonist. ( Enderle 1988 )

Furthermore the outer layer of the extra-ocular muscles are thought to have a higher

mitochondrial content and capillary density than any other muscle fiber type. ( Bach-y-rita 1975

)

1.1.1.2. Ciliary Muscles

The muscles used for accommodation or adjusting the power of the lens of the eye are

illustrated in Figure 1-3 Accommodative System ( Guyton 1996 p 627 ). The accommodation

system is interesting in that the normal state is a state of tension on the suspensory ligaments.

The ciliary muscles are smooth muscle made up of the meridional and circular fibers.

When these muscles contract, the tension on the suspensory ligaments decreases and the lens is

allowed to assume its natural spherical shape. The meridional fibers pull the ligaments on the

lens forward toward the cornea, effectively reducing their tension. The circular fibers perform a

sphincter like action reducing the diameter of the circular structure containing the suspensory
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Figure 1-3 Accommodative System ( Guyton 1996 p 627 )

ligaments. So the ciliary muscles contract moving the suspensory ligaments forward in the ciliary

body and release tension on the lens so that it takes on a higher refractive power.( Guyton 627 )

This stretching capacity of the ciliary muscles and ligaments is lost with age and causes the need

for bifocal and trifocal lenses through which different image planes can be viewed in focus with

a static crystalline lens. Because several authors ( Wolf 1984; Wallin 1994; Pigion 1985 ) have

focused on the ciliary muscles as a possible source of fatigue, this work will focus on the other

two musculature systems, the pupil and the extraocular muscles.

1.1.1.3. Pupillary Muscles

The last muscle group in the ocular system is the smooth muscle pair comprising the iris. See

Figure 1-4 Pupillary Muscles.
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Figure 1-4 Pupillary Muscles

This muscle system has two parts, one used for constriction, or miosis, and another for dilation,

or mydriasis, of the pupillary aperture. The dilator muscles are meridionally arranged fibers

forming the outer iris. The constricting muscles are circularly arranged and form the inner iris

region closest to the pupillary aperture. The opening may get as small a 1.5 mm or as large as 8

mm ( Guyton 660 ), however at most times people operate in the range from 2-4 mm.

1.1.2. The Retina

Once the right amount of light, courtesy of the iris, is bending into the eye at the correct angle to

come to focus as mediated by the ciliary muscles of the lens, a way of changing the

electromagnetic waves in the visible spectrum into a signal the brain can understand is required.

This is the job of the retina. The retina is more than just a photoelectric device. It consists of

cones ( color sensing elements ) and rods ( sensitive intensity sensing elements ) but it also has

several layers of processing neurons. These neurons help to extract the important features of

the scene such as edges or motion before sending the information to the brain through the optic

nerve. In essence, data compression is performed at the signal source in order to minimize the

neural traffic that must be dealt with upstream.

1.1.3. Ocular and Visual Neurology

1.1.3.1. Processing the visual field

It is the brains job to interpret and map the information. The initial path taken by visual

information is shown in Figure 1-5 Neural Pathways of Vision ( Guyton 652 ). Note that the
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optic nerves cross at the optic chiasm and about half of the left eye information is sent to the

right side of the brain and about half of the right eye information is sent to the left side of the

brain.

Figure 1-5 Neural Pathways of Vision ( Guyton 652 )

These signals are eventually interlaced in layer IV of the primary visual cortex. This combination

of signals allows the brain to know whether or not the images from the two eyes are fused or in

sync. If the images for both of the retinas are not the same, corrective feedback is sent to the

extraocular muscles to bring the two images together. This requires that a high degree of spatial

accuracy is maintained as the signal is carried along the optic nerve and mapped into the visual

cortex. The corrective convergence signals are sent to the extra-ocular muscles along the cranial

nerves two and three.
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1.1.3.2. Pupillary innervation

Neurological control of the pupil is completely involuntary and originates from just above the

Pons and upper thoracic region of the spine. Control of the pupil diameter is shared by both

sympathetic and parasympathetic nervous systems. Parasympathetic stimulation of the pupillary

sphincter constricts the pupil, while sympathetic stimulation of the pupillary dilator muscle

causes mydriasis. The pupillary reflex response to a change in optical intensity results in a

reciprocal response by the two systems: when one is inhibited, the other is excited. The pupil

response to light is mediated by retinal ganglia that convey information to the pretectal area of

the brain through the retino-tectal pathway. Changes in illumination as perceived by one eye

evoke direct changes in that eye’s pupil diameter ( direct responses ), as well as changes in the

other eye, ( consensual responses ).

Pupillary control can also be influenced by a number of secondary factors, including mental

states, medication, breathing and sleepiness. In addition, there is a close coupling between the

pupillary response and the vergence and accommodative control systems.

1.1.3.3. Ciliary Innervation

Control of the ciliary muscles is not as well understood. It is known that the refractive power of

the lens is controlled by a negative feedback loop which contains cues from the vergence system,

overall blur level and perhaps chromatic aberration.( Kruger 1993; Stark 1968 ).

1.1.3.4. Extraocular Innervation

The rectus and oblique muscles used for tracking, looking, fixating and converging the eyes on a

target receive their input from the 3rd, 4th and 6th cranial nerves which are controlled by the

superior colliculi and premotor cortex via the occipitotectal and frontotectal pathways.
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1.2. Review of the Literature

Literature on eye fatigue falls into two main categories, subjective survey data done in

ergonomics and those that attempt to use more objective measures.

1.2.1. Subjective Investigations

These investigations make up the bulk of the literature in the eye fatigue arena. Such reports

generally use a questionnaire to correlate computer usage, and occasionally other factors such as

lighting, to various descriptions of a variety of asthenopic conditions. In fact Dillon and

Emurian even wrote a report on “Self Reports” of ocular fatigue in 1995, detailing the most 

common questionnaire questions and the relative merits and shortcomings of such

investigations. In this literature, a consensus has not been reached. It has been reported by

Smith et. al. In 1981 that:

For all the significant stress factors there was a similar pattern of response in that the clerical

VDT operators reported the highest level of stress followed by the control subjects and then the

professionals using VDT’s who showed the lowest levels of stress.

So one must be wary in such subjective studies that the complaints of ocular fatigue may be

correlated more highly to the type of work or the situations of subjects being studied than to the

physiological tasks being performed, i.e. VDT use. This is illustrated in a work (Brunier and

Graydon 1996) in which several fatigue questionnaire methods such as the visual analog scale,

the Lambert scale and some custom questionnaire formats were used and correlated. The

correlation was poorer than what was expected.

1.2.2. Objective Investigations

Of those who attempt to measure fatigue using objective measures many focus on changes in

the accommodative power of the crystalline lens or shifts in the dark accommodative state (

Mukhitdinova 1991; Pigion 1985; Katz 1995; Gur 1994 ). There was not much information on

the effects of VDT use on the pupil. ( Saito 1993; Ukai 1997; Nakmura 1996 ). Fatigue based, or
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close work related, changes in vergence angle have been measured, ( Amerson 1988 ) in some

cases with relation to VDT use ( Tyrrell 1990 ). Several groups have used saccadic activity as a

measure of fatigue induced by VDT’s ( Goussard 1987; Miyao 1988; Kennedy 1993 ).  The 

theories in these studies have been tested on a limited number of subjects with limited success.

The studies that are well performed, (wherein the performance of the eye is measured on line

over a long enough period for fatigue to set in), require that subjects remain in a bite bar for over

an hour. Practically, this requires trained and highly motivated subjects. So the more stringent

investigations tend to lack statistical significance for lack of a large body of dedicated subjects.

The larger the number of subjects in the study, the less objective the study typically becomes.

This phenomena and the lack of an adequate definition of fatigue are the bane of eye fatigue

research. Lawrence Stark, a pioneer of modern ocular fatigue research, in his 1984 summary of

the field had this to say of the field and Bartley’s 1938 subjective study: ( Stark 1984 )

These studies, of all the thousands on visual fatigue, are the only ones that clearly implicate an

oculo-motor mechanism, repeated pupillary constriction, in visual fatigue. Dozens of papers,

hundreds of experiments, and thousands of objective recordings only throw a web of only

tangential evidence on this confusing subject.

1.2.3. General Theories of Fatigue

A better understanding of fatigue has been developed by physiologists for the general case of

muscle fatigue induced by exercise compared to the specifics of ocular fatigue. Although the

physiology and function of the eye makes ocular fatigue more complex than the fatigue caused

by exercise, there is little framework in which to describe ocular fatigue other than that of

general neuro-muscular fatigue. Even so Gandevia in his 1995 review of the neuro-muscular

fatigue had this to say:

We are far from having an equation that will predict the degree of fatigue under a variety of

physiological circumstances.
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Fatigue as defined by Gandevia is “A reduction in the number or the effectiveness of the 

crossbridges inthe muscle fiber.”  The reasons for these two events that embody fatigue may be 

as fundamental as the level of the biochemistry in the myofibril or may be as high level as the

inputs to the motor cortex in the brain. There is also a phenomena commonly classified as

fatigue associated with viral recovery and a host of other diseases, most notably Chronic Fatigue

Syndrome, however, muscle biopsies, EMG studies and other objective studies have yet to turn

up any physiological mechanisms. It may prove that ocular fatigue falls more into this category.

These likely have to do with spinal and higher level neurology which are only recently coming to

the fore in fatigue research ( Gandevia 1998 ).

There is a good idea of the process once an action potential is traveling along the motoneuron.

When it reaches the neuromuscular junctions, acetylcholine is released from the nerve endings.

Acetylcholine gated membrane proteins on the muscle fiber membrane allow an influx of

sodium ions into the fiber creating an action potential on the fiber membrane. The action

potential travels along the membrane and down into the sarcoplasmic reticulum (SR) through

the t-tubule system. The action potential releases Ca2+ ions from the SR into the myofibrils.

The calcium ions initiate a ratchet like contractile process at the crossbridges between the actin

and myosin. ( Guyton 1996 )

Fatigue can generally be categorized as happening at three sites, the peripheral ( in the muscle

fiber ) , the motor-neuron and the higher level central nervous system fatigue. These divisions

are only conveniences for comprehension. The real situation is one of hundreds of biological

reactions simultaneously interacting with one another to generate many mechanisms of rate

limiting which combined are known as fatigue.
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1.2.3.1. Peripheral Fatigue

The two main causes thought to underlie fatigue in the single muscle fiber are failure of

activation and reduced capacity of the myofibrils to produce force ( myofibrilar fatigue ). Failure

of activation is thought to occur due to decreases in the strength of propagation from the t-

tubules. Experiments have shown that muscle fibers fatigued to near exhaustion can be returned

to near maximal contraction limits by the addition of caffeine which liberates calcium from the

stores in the Sarcoplasmic Reticulum. Myofibrillar fatigue is associated with many things such as

acidosis and other phenomena associated with the reduction of ATP and increase in the

products of ATP hydrolysis. Some of the molecules who’s concentration have been identified as

important in moderate fatigue at the myofibril and excitation-contraction coupling level are:

ADP, ATP, P, Ca2+, H+ and K+. ( Edman 1995 )

1.2.3.2. Motor Neuron Fatigue

Fatigue of the motor neuron falls into two categories, Presynaptic and Postsynaptic. The

suspected presynaptic sites of fatigue are: axonal branch point conduction block, a failure of the

excitation secretion coupling at the presynaptic terminal, reductions in the quantal release of Ach

and reductions in quantal size. Postsynaptic sites include: cholinergic receptor desensitization

and reduced sarcolemal excitability. These forms of fatigue are most prevalent in the larger fast

motor neurons. The role of these mechanisms in various levels of fatigue in vivo is unclear. (

Sieck and Prakash 1995 )

1.2.3.3. Central Nervous System Fatigue

The central nervous system is involved in fatigue in that it controls: the motor neurons, the

recruitment of new muscles not initially involved in the fatiguing task, and the subjective increase

in required effort to continue the task.. The perceived fatigue is associated with the motor

cortex having to recruit more motor neurons and muscles and to drive them harder. However,

the complete afferent feedback paths including the Golgi tendon apparatus, muscle spindle
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afferents, other motor afferents is poorly understood. ( Gandevia 1998 ) It is thought that

much of the recruitment process is that of damage control and optimization. Optimization can

be done by potentiating the muscle so that it requires less activation energy for the same force

output or by recruiting motor units of first fast twitch followed by those of intermediary twitch

responses. Recruitment tends to follow the size principal in which faster acting, faster fatiguing,

less efficient units are used first. ( Gandevia 1995 ) Further, it has been shown that even a small

rest in moderate fatigue protocols can have a large effect of the ensuing response. ( Edman

1995 ) It is unclear if the Central Nervous System uses this approach to stave off fatigue.

1.2.3.4. Potentiation

Motor units often show fatigue effects in parallel with potentiation effects. Given the variety of

mechanisms for fatigue, interacting each on their own time scale, this situation quickly becomes

a complex and difficult analysis.  The “catch like effect” involves a couple of brief initial intervals 

in the activating action potentials (AP) which causes the ensuing force per spike to be greater.

This reduces the stimulation energy requirement. If the frequency is turned on fully from the

start the force per current is less and AP fatigue occurs in artificially stimulated muscle.

Although they have not been well studied, vascularization increases also serve to potentiate

muscle. Of course, muscles with reduced vascularization fatigue faster than they would

otherwise. Additionally, some muscle fiber types are better than others at maintaining blood

flow during constriction which makes them less fatigable. ( Sejersted and Hargens 1995; Trontlj

and Stalberg 1995; Thomas 1995; Bach-y-Rita 1975 )
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1.2.4.Theories of Visual Fatigue

There have been several theories of visual fatigue presented. Several investigators have indicated

that pupil constriction and hippus or pupillary noise are associated with fatigue and discomfort (

Bartley 1938; Lowenstein 1952; Troelstra 1968 ). It has been postulated that for computer

monitors, the changes in light intensity, or flicker, can cause eye fatigue. This possibility is often

dismissed because the flicker rate of today’s monitors are well above the so-called flicker “fusion 

rate” ( i.e. at about 20 - 25 Hz the human retina can no longer detect flicker in a time-varying

image intensity ). However, it has been shown that flickering light above the rate that the pupil

can track ( about 3 to 5 Hz ) causes pupillary constriction followed by a sense of fatigue. The

constriction persists up to around 40–50 Hz however the rate at which the fatigue goes away is

assumed to be the flicker fusion rate which is around 20 Hz. This appears to be a purely

speculative assumption. When blocking drugs cause the pupil to remain dilated, the fatigue is

reported to be reduced ( Halstead 1942; King 1972 ). King speculates that the sympathetic and

parasympathetic control systems for dilation and constriction are being simultaneously

stimulated by the on and off states of the lighting. Although this study was performed with

simple strobe sources, this mechanism of control systems working against one another could be

a factor in VDT stress. More generally the response of the pupil reflects lower level neural

fatigue in the ocular system as the musculature is thought not to fatigue under normal

circumstances and is controlled entirely by the autonomic nervous system. It has been shown,

however, that the pupil reflex to light can fatigue. ( Lowenstein 1952 )

Lawrence Stark and Y. Goussard ( 1987 ) asserted the possibility that there could be more high

frequency or saccadic activity as the eye tracks a target than smooth pursuit as the musculature

and neurological systems become stressed. However, he only used data from two subjects. Prio

Corporation, a manufacturer of specialized VDT prescription glasses claims that the lack of a

sharp edge in a pixilated image gives a less crisp focusing cue to the accommodative system

causing the ciliary muscles to be in a state of prolonged slow oscillation. A printed page, by
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comparison, has very crisp edges which theoretically give a better cue as to how focused the

image is. The only studies into this effect have been highly suspect in their neglect of the

possible placebo effect. They performed a subjective survey using an ABA format in which they

got subjects responses on how their eyes felt after a week of work without computer

prescription glasses, after a week of work with the glasses, and then again without the glasses.

They did not use a control group with placebo glasses. ( Wallin 1994 )

Still others have claimed that close work in general causes prolonged flexing of the ciliary and

rectus muscles resulting in strain. This follows a more conventional wisdom model of fatigue in

which muscles flexed to a high tension over a long period, as the convergence and ciliary

muscles do during near work, become fatigued. These speculations have largely not been

proved one way or the other except that ( Gur 1994 ) found that more subjective fatigue and

more inward shift was experienced by those who started doing near work with a more distant

tonic position.

In addition there are several documented phenomena related to fatigue depending on ones

definition of fatigue. For instance as one becomes fatigued the pupil tends to constrict ( Stark

1984 ). This effect is more of a boredom effect or a sleepiness effect. If one defined fatigue as

the type of thing that happens while running as opposed to the kind of thing that happens while

reading this thesis, pupil constriction would make a better or worse physiological indicator of

fatigue. Furthermore, when one becomes sleepy, the 0.2 Hz component of the hippus signal

increases dramatically ( Loewenfeld 1993 ). This effect lasts only a short time, until the person

falls asleep and can no longer be measured or is roused by conversation or other attention

drawing stimuli. The vergence and accommodation muscles also show a documented response

to close work which some might be inclined to call fatigue indices yet others might call

adaptation. The vergence muscles, which keep the eyes converged on a target, have a certain

resting point to which they drift when the eyes are closed, are in complete darkness or when
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there is not target to converge on. This resting point will shift inward as the amount of time

doing close work increases both in the short term and the long term.( Tyrrell 1990; Wolf 1984 )

The ciliary muscles and ligaments also show a response to close work in their tonic position. As

a person does more and more close work the tonic, or resting, point of accommodation will shift

inward. This effect shows up short term and is cumulative as well. There appears to be truth to

the conventional wisdom that time spent reading, from paper or a monitor, will cause myopia. (

Wolf 1984; Pigion 1985; Katz 1995 )

These measures, however, don’t really hint at the phenomena of computer specific eye strain.  

They simply reflect the body’s response to looking at something up close for a long time or to 

boredom and sleepiness. This thesis will attempt to focus on phenomena and measures that

may help to distinguish between the fatigue incurred while using a monitor and that associated

with other close tasks such as reading hard copy or doing small parts inspection.

Some other ideas about physiological measures that may change with fatigue can be gleaned

from ocular pathology papers. Pupil cycle time with edge lighting have been shown to change

with several maladies such as optic neuritis, syphilis and diabetes. ( Campbell 1949; Loewenfeld

1993 ) In this measurement a small spot of light is focused on the inner edge of the pupil so that

constriction causes the light to be entirely shut off causing redilation again allowing the small

light fully back onto the retina. ( Miller 1978 ) Pupillary escape and capture have also been used

as indexes of disease states. ( Levatin 1959 ) Pupillary escape is the phenomena where a light

causes constriction of the pupil but then a slow dilation occurs. Pupillary capture is where the

redilation does not occur. In certain disease states such as lesions of the optic nerve or localized

vascular failure, capture and escape are not evident when they should be based on stimulus

lighting intensity. Pupil constriction latencies have also shown to increase in cases of optic

neuritis ( Bos 1991; Alexandritis 1981 ). PMI of Rockville Maryland has developed a fitness for

duty test, FIT 2000, that compares data baseinformation on a person’s eye movements to their 
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data for a day in question. The unit is said to give a risk index for impairment due to stress,

fatigue, sleep loss, alcohol and drug use.

1.3. Hypothesis

It is hypothesized that:

1. The fatigue caused by VDT usage can be characterized by physiological changes which can

be measured by pupillometry and limbic tracking.

2. There are differences in the fatigue experienced due to VDT use and visual fatigue due

purely to near work..

3. The differences in VDT fatigue and near work fatigue will be manifest in differences in the

types and amounts of physiologic change.

4. Certain parameters of the screen are responsible for the increase in fatigue associated with

VDT work.

5. The intensity and duration of the fatigue task can be correlated to the amount of physiologic

change.

6. Those claiming to be sensitive to VDT fatigue will have a physiologically measurable change

after performing VDT work.

This work will attempt to examine several levels of VDT fatigue since it is known that different

levels of fatigue involve different biochemical mechanisms. It is supposed that the behavior and

response of the pupillary and extraocular systems will change with fatigue based on the intensity

and duration of the fatiguing task. It is also of interest to determine whether those claiming to

be more sensitive to VDT fatigue will show greater physiological changes.
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2. METHODS

Although there is a tendency in the objective literature to use accommodation as the focus for

objective measurement of the eye, the other two branches of the ocular triad, the pupillary and

extra-ocular systems were selected for examination. To this end a video based pupillometer, an

Infra Red (IR) limbic tracker and a VDT based dark vergence test were constructed.

2.1. Pupillometer

The major elements of the pupillometer system include:

1. A hardware system in which the lighting can be controlled
2. A hardware system in which the camera and imaging apparatus can be

manipulated.
3. A software module which can acquire video and control the lighting.
4. A post processor which can extract the pupil diameter from the pixel

data

The image acquisition and processing software package “WiT” from Logical Vision has been 

selected as a framework for development of the video and graphical functions of the instrument

system.

2.1.1. Types of Pupillometers

The pupillometer is what was originally called the cinematographic type. These video based

systems track the diameter of the pupil by measuring the diameter in each frame of video which

has been taken at a known frame rate. Infra Red units are the other common type of

pupillometer used ( Loewenstein 1942 ). IR units collect reflected IR light from the eye, the

retinal reflectance is much lower for IR than the iris so the larger the pupil dilation, the less light

is reflected. The main advantage of the IR system is that it has a fast response. Although the

pupil does not move very quickly, it responds to light modulation at a maximum of 6 Hz or less

( Campbell 1950 ), IR systems are useful for measuring, accurately, the latency of a pupil
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constriction response. Cinematography systems have been limited to typically 30 frames per

second (fps) or less, although some modern units are capable of 60 fps. Another advantage of

the IR systems are the ease of data extraction. There is no image processing that has to be done

to extract the pupil diameter. Although image processing has progressed markedly over the last

5 years, extracting a circle diameter from a picture of a living eye is not trivial. In fact, as recently

as last year, ( Ukai 1997 ) researchers filmed the eyes of 100 subjects by video pupillometry and

rather than perform an objective image processing based measurement, they chose to use two

human graders to go through the data manually. The disadvantage of an Infra Red pupillometer

is that it can not be absolutely calibrated ( Bos 1991 ). There is not a good way to translate the

reflected IR power into mm of pupil aperture. The ability to have absolute calibration allows

one to compare such things as mm of hippus amplitude and constriction velocity of the pupil

from trial to trial.

In addition, for the IR system, the subjects must have the ability to maintain fixation. Small

motions of the eye under they emitter detector array can change the amount of reflected IR light

and cause anomalies in the data. With a video based pupillometer one can see exactly what

happens in every frame if necessary. Many of the researchers using the IR reflectance based

pupillometers work exclusively on trained subjects, in this way loss of fixation is less of a

problem in the data. Untrained subjects were used and the video based pupillometer has been

satisfactory. This has allowed the freedom to pursue a larger sample size which has been crucial

in establishing statistically significant results. For a complete history of pupillometry techniques,

see Irene Loewenfeld’s excellent 1993 review entitled “The Pupil.” 

2.1.2. Hardware System

The pupillometer consists of a camera, frame grabber, Pentium computer, custom software, a

pair of halogen lights, a lighting controller, an 880 nm IR LED array, an optical mounting plate,

a chin rest and a red LED. See Figure 2-1 Pupillometer Hardware.
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Figure 2-1 Pupillometer Hardware

The hardware for the pupillometer falls into two categories, imaging and lighting.

2.1.2.1. Imaging Hardware

The camera used is a black and white CCD camera based on a 640x480x8 pixel structure. The

camera converts the CCD signal into NTSC for compatibility with other video hardware. The

frame grabber board, a Data Translations DT3155, takes in a NTSC signal from the camera and

digitizes the signal at a resolution of 640x480 pixels at 8 bit gray scale depth. The number of

images is limited only by the RAM in the computer. With the machine at 128 MB of RAM, the

maximum allowed in the machine, the number of frames that can be acquired is around 300. If

the number of frames is set greater than this, the images begin being written to disk and the

stability of the frame rate can no longer be guaranteed. On a Pentium 133 the maximum frame

rate is a very stable 15 frames per second given the 300 total frame constraint. This is suitable
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for tracking the pupil, however it does not give suitable resolution for measuring pupil response

delay times as has been studied in cases of optic neuritis ( Bos 1991 ).

2.1.2.2. Lighting Hardware

The pupil appears as a dark spot on a light background. When the eye is illuminated, the iris

will reflect much more than will the dark area of the pupil. The contrast can be made to be very

high with appropriate lighting. Not only does this allow sharp imaging of the pupil for accurate

measurement, it also causes the pupil to constrict quickly in tests of constriction. Also set up

was an infra red lighting unit which allows one to image the pupil in nearly complete darkness.

It presents good lighting for the camera and a very dim red spot to the eye which is not visible

when viewed off axis. In all of the experiments the IR unit is mounted off axis. Additionally

there was 4 W/cm2 provided by the LED look point positioned 28 cm from the eye in each

experiment. This look point is used in all pupillometer tests except the flicker test in which the

subject looks at a target presented on a flickering screen 60 cm away. It should be noted that

presenting a target to the eye causes pupil dilation and constriction. Targets viewed near optical

infinity cause mydriasis whereas near targets cause miosis. For all but the flicker study this

phenomena was constant between experiments. A red filter is used in the camera in order to

attenuate the amount of white light reaching the CCD relative to the IR. The area of the pupil

spot can be measured and a plot of its size as a function of time can be generated. A pair of

flash lights are also connected to the computer. A controlling program ( Wit by Logical Vision

of B.C. Canada ) controls the synchronization of the lights, camera, and audible beep to signal

the subject. A variable analog delay line allows the turn on time of the lights to be set a second

or so behind the camera on time. This is very useful in the constriction tests. It allows several

frames of video in which the pupil is in darkness before the constriction begins. The variable

warm up time of the incandescent flashlights combined with the delay between turning the lights

on and beginning the video acquisition can create problems in missing the first frame or two of
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the pupil constriction. Depending on starting temperature, which depends largely on the time

duration since the last use, the lights can take between 100 and 350 ms to become fully on.

LED’s or other solid state light sources could solve this problem, however, finding one with an 

output comparable to incandescent is very difficult.

2.1.3. Pupillometer Software

The program used to control the pupillometer was developed in a graphical programming

environment called WiT. This environment is a set of iconic modules which function very much

like ‘C’ modules for common programming and especially image processing functions.

2.1.3.1. Hardware Control Software

The WiT environment also contains a module for controlling the Data Translations DT 3155

frame grabber board. Tests have been developed which test both the constriction response of

the pupil as lights are turned on and the natural hippus of the eye under constant lighting. Figure

2-2 Pupil Constriction Program is a screen capture of the graphically assembled program used to

collect the pupil constriction data.

Figure 2-2 Pupil Constriction Program
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The pupillometer constriction test program provides mostly file handling capability but also an

audible beep to minimize the chance of a blink occurring during the constriction due to surprise.

The images for a run are stored in a vector images file.

2.1.3.2. Post Processing Software

Once the pupillometer test is carried out it is still far from being a set of useable data. In order

to convert the vectors of images into a set of diameter data points several steps had to be taken:

1. Threshold the images using a semiautomatic threshold algorithm

2. Filter the binary images

3. Extract the edges of objects in the binary image

4. Find a circle which has a best fit to one of the object edges

Figure 2-3 Partially Interactive Pupil Image Threshold Program

Although edge detection is a common image processing task, the varying topography of faces

and eyes combined with the irregularities of the organic iris being filmed made a custom solution
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necessary. Since the images were already in WiT vector format and WiT has a handy tool for

interactive thresholding the WiT algorithm graphically outlined in Figure 2-3 was used to

threshold the images.

Since one must start with 32 sets of 5 vectors of 100 images, the prospect of looking at each

image was rather disconcerting. However, since the lighting for the images changed drastically

with the onset of the lamps, two or three threshold values would have to be used. It may have

been possible to generate an algorithm that read the histogram of the image pixel values and

automatically select a threshold for each image, however, upon playing with this idea it was

determined that it would be easier to threshold the first 7 images and then pass the last threshold

value as a parameter to a function which would automatically threshold the rest and save them as

separate PCX files. PCX format is readable by almost all image processing tools including

Matlab and provides reasonable compression for 1 bit images. Black and white images need

only 1 bit per pixel.

Because the darkness of the pupil is not uniform and not always darker than all of the surround,

images resulting from a pure threshold, even an upper/lower bound threshold are in need of

filtration. As a practical note, it was found that dual level thresholds were not of any advantage

over single level. The object of the threshold is to liberate as many of the pixels on the edge of

the pupil as possible, for it is the object edge that eventually sent to the circle fit function. In

order to minimize the amount of extraneous edge, and maximize the amount of nice round edge

one could not simply threshold the pupil so that all of its geography ( less the glint shrouded area

) was black.

When choosing the threshold level for the run, it was advantageous to find the level that brought

about the most clean outline of the pupil at the edge. The algorithm then runs 5 times through a

filling function.  The neighbor function would set a pixel to dark if more than half it’s neighbors 
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were dark or white if more than half its neighbors were white. This had the effect of filling in

small holes and smoothing the edges of the image. It would then filter the image for size. After

finding all groups of connected pixels, or blobs, in the image it would remove all blobs that were

not large enough to be the pupil. The algorithm would then invert the image and run this small

blob removal process again. This would fill in any holes in the pupil caused by glint.

At this point the image would contain typically one to four blobs, the pupil and perhaps large

shadows in the corners of the image See Figure 2-4.

Figure 2-4 Binary Threshold of a Pupil Image

The algorithm would then extract the borders of each of these blobs. Now one to four vectors

of points which are of a feasible length to do a numerical fitting process are available. The

algorithm would scroll through each vector taking points that were spaced 40 apart from each

other and generate a circle based on those three points. The algorithm would then check every

fourth point in the vector and score that circle based on how many points in the vector were

within two pixels of being on the perfect circle. After scoring hundreds of circles, the circle with

the highest score “wins” and becomes the measure for the pupil diameter.  If no circle could be 

found that fit enough points from one of the blob vectors a negative one was recorded as the
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radius. The algorithm was checked extensively by hand on several typical fault modes of the

pupillometer and was found to produce good results. The Matlab code for the diameter

extraction algorithm is contained in Appendix 10.3.14.

2.1.4. Calibration, Validation and Noise

In order to assess the accuracy of the frame rate a watch was attached to the head rest and the

pupil constriction and hippus tests were run as normal. Then every image in the vector frame

was analyzed by hand and the number of frames between each movement of the second hand

was counted.

Figure 2-5 Validation of Frame Rate

For both the 15 fps rate used in the constriction tests and the 5 fps rate used in the hippus test,

the frame rate was perfectly stable. This validation technique does not account for possible

changes in frame rate that happen between seconds; however, that was not the primary concern.

The typical fault mode for frame grabber systems is for frames to be dropped. After analyzing
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and counting hundreds of frames and not finding a single one missing, one is confident that the

pupillometer provides a stable image stream.

To calibrate the system spatially, a ruler was filmed before each study with the camera and chin

rest in the same relative positions. Then the x values of the first dark pixels on the cm lines of

the ruler were located See Figure 2-6 Validation of Pixel size. Although the pixels are not quite

square they represented a constant spatial value that did not change with time between

experiments. The pixels represent a square of approximately 25.3 m wide by 24.8 m high.

Figure 2-6 Validation of Pixel size

In order to validate the stability of the imaging and assure that changes due to adjustments of the

lights and camera angle did not play a significant role in the size of the recorded image a printed

dot on a piece of paper was filmed. The dot had a diameter of 4 mm representing an average
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pupil size. The pupillometer was then disassembled and reassembled. After all of the

parameters were readjusted the dot was filmed again. This test was performed again after all of

the experiments were completed. The average size of the dot changed by less than 2% on each

of the three occasions. This test also gave a measure of how much noise is in the system. In 100

frames of video the smallest number of pixels in any of the images was 17,263 the largest was

17,334. This corresponds to a change in diameter of less than 8 m.

To test the system with the real thing, back to back trials on 7 subjects were performed in the

High Fatigue Study. Each subject was tested on 3 or 4 days. See section 5.1 Methods, for details.

For the two populations A and B where A is the very first trial of the pupil constriction test and

B is a repeated trial 1 –2 minutes after the first both before any reading or listening has been

done. The mean pupil diameter shifted from 3.35mm in the A trials to 3.30mm in the B trials.

This shift however is statistically insignificant given the standard error for pupil sizes between

subjects which is 0.54mm. The T value for the two populations is 1.23 which corresponds to a

confidence of less than 50% for 23 degrees of freedom that the A and B populations are

statistically different. It is likely that the pupil test causes no significant change in the constricted

pupil diameter average; however, a type II error analysis was not performed so no quantitative

statement can be made about accepting the null hypothesis that the means for A and B are the

same. One can only state that one is far from being able to reject the hypothesis. All of the A

and B data for this calculation were used disregarding session type, since these tests were done

before any jitter or paper reading was done.

Also analyzed were the starting values of each subject across sessions. The average spread

between the highest and lowest value of the A test pupil constriction diameter for a subject is

.51mm. Each subject came in 4 times and the span is calculated as the largest constricted pupil

diameter the subject had minus the smallest. Note that for 4 subjects good pupil data was

obtained for only three days. The average span represents the within-subject variability and is
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useful for comparison with the level of changes seen within a subject as they progress on their

fatigue or control sessions.

I also analyzed the difference in the Dark Pupil diameters for the A and B group and performed

a T test on the two populations to look for changes in dark pupil size due to having taken the

test once already. The mean for the A test was 6.53 mm the mean for the B test was 6.71mm.

The T value for the two populations is 1.1 which corresponds to a p of 0.26.

2.2. Tonic Vergence Recorder

With this instrument one may specifically examine the tonic, or resting state of convergence

under dark conditions. This is the relative angle of the two eyes when the subject is placed in

complete darkness in which there are no common cues on which the eyes can converge. This

resting or dark vergence state can be described by the angle between the vectors normal to the

center of the two foveae. It tends to shift inward with near work.

2.2.1. Types of Tonic Vergence Recorders

There are many permutations of the three types of tonic vergence recorders clinical,

photographic and filter based. The first category of tests labeled clinical refer to tests for phoria

and include the several prism based and swinging occluder tests typically used by behavioral

optometrists. These tests are generally performed in a lit room and are thought to be a good

indicator of extraocular muscle balance although that point has been debated ( Tyrrell and

Leibowitz 1990 ).

The other two types of tests are usually performed in complete darkness in order that the eyes

not have common cues on which to fixate and converge. This leads the tonic vergence angle to

also be called the dark vergence angle. The photographic variety measures tonic vergence angles

by using Infra Red light to image the eye. The IR lights will form a bright spot on the globe of

the eye. This spot, were the eye perfectly spherical, would occur at the same spot regardless of
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where the eye rotates. The centroid of the pupil gives information about the position of the eye

and by calculating the distance between the centroid of the pupil and the centroid of the IR glint

the dark vergence angle can be calculated. The filter based dark vergence tests use polarized or

colored filters with a corresponding target set. A red-blue filter approach was chosen because

this method is not prone to image leakage with rotation as the polarizing filters are.

2.2.2. Hardware

The VDT itself was elected for use as the instrument by which to measure the vergence changes

induced by VDT use. To perform the test, the subject wears a pair of anaglyphic goggles, with

one side utilizing a blue-light filter, and the other side a red light filter. This differential filtering

for each eye allows the presentation of a visual target displayed on a computer screen to be

limited to one eye or the other by selecting the color with which it is displayed. Thus the eye

looking through the red-tinted filter sees only targets displayed in red, while the eye looking

through the blue-tint filter sees only targets displayed in blue. During the test, the subject places

his head in a positioning apparatus which maintains the relative position between the eyes and

the screen. The room is darkened so as to remove any outside visual cues which can affect

vergence.

The program, which provides the targets and calculates the vergence angle, is written in Pascal

and is run on a Pentium 133 under Windows 95.

2.2.3. Software

The targets selected for this test are vertical and horizontal lines, the positions of which the

subject can control by simple keyboard operation. The user proceeds to manipulate the two line-

targets on the screen until they perceive that they have formed a cross. This provides vergence

data on both the vertical and horizontal dimensions, the horizontal being the most strained and

most useful. The data was stored as pixel offset from the origin. So, vergence angle is measured

as deviation from a centered convergence on the screen 30 cm away. If the subject is converged
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nearer, the target for the right eye will be to the left of the center because at the image plane of

the monitor the eyes will have crossed. If the eyes are converged farther than 30 cm, which is

usually the case, when the subject thinks they have aligned the bars they will actually have put the

right eye target to the right of center.

2.2.4. Calibration, Validation and Noise

Care must be taken in choosing well matched screen colors and goggle colors so that only one

target is visible to each eye. This is easily confirmed by having the subject close one eye at a time

and state whether they detect both bars. The data is presented in pixel offset. For a 640x480

pixel screen size, as was used, the origin occurs at 320, 240. The number, for ease of reading,

are given in plus or minus pixel units from the origin for the x axis only. Raw pixel data of 286

would be given as -34.

Several testing formats were examined during the preliminary development of this test, including

polarized vs. anaglyphic filtering of targets, blinking vs. persistent targets, and red horizontal

verses blue horizontal targets. It was observed that the anaglyphic filtering provided much

better rejection than did the polarization-based filtering, was less prone to viewing angle effects,

and does not require polarizing film to be mounted to the VDT. With regard to the target

presentation, it appears thus far that the blinking format yields the most consistent results.

To assess repeatability of the different measurement formats, the subject was requested to

perform the same test three times in a row. Based on these back to back tests, it was observed

that, for the horizontal, the typical variance in a 3 trial test is 3-5 pixels. The typical range of shift

in dark vergence over a fatigue session is 8-16 pixels.

Even though the magnitude and variance was different for the various tests on various days, it is

encouraging that all the results showed the same trend.  The eye’s resting vergence state will drift 

inward after 20-40 minutes ( toward zero in all cases ) and finally move outward, often beyond
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the original resting angle. This pattern held true for blinking versus non as well as horizontal in

left eye versus horizontal in right eye. It is repeatable from day to day and subject to subject

with the exception of the left eye of subject 2 which tends to drift outward and then back.

It should be noted that the measurement is relative, since only the horizontal placement in one

eye is examined. ( Each target moves in one axis only ). Also, for people with a highly deviant

dark vergence, the presentation of the target to the eye may cause a movement away from the

resting position to center the target in the field of view. Although the offset measures are

relative, they appear to be good representations of changes in the subjects resting or dark

vergence state.

2.3. Limbic Tracker

2.3.1. Types of Limbic Trackers

There are combination pupillometer-limbic tracker video systems however the bandwidth is

limited to 60 Hz and usually less. These units rely on calculations of the glint off the eye relative

to the pupil center. Other measuring techniques which are more invasive can provide better

resolution, such as the scleral search coil method. In this method of eye tracking the subject

wears a contact lens with a small coil embedded in it. The motion of this coil in an applied field

is then measured. This method, while accurate, is not feasible for use on untrained subjects.

EOG methods rely on the rotational motion of the dipolar retina. This method requires

attaching electrodes to the face and is highly susceptible to noise. The method chosen in

building the eye tracking unit is infra red limbic tracking.

2.3.2. Hardware System

The limbic tracker utilizes reflection of 940 nm near infra-red (IR) light from the eye surface.

The white of the eye, or sclera, reflects relatively more light than the iris. The margin between

the sclera and the iris is called the limbus. This difference in reflection is utilized to measure the

position of the eye relative to an optical emitter-detector array mounted on goggles, see Figure
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2-7 Goggles for the Limbic Tracker and Figure 2-8 Limbic Tracker Ocular Anatomy -Courtesy

D. Becker.

Figure 2-7 Goggles for the Limbic Tracker

In Figure 2-7 Goggles for the Limbic Tracker, you see the goggles as you would see them were

you about to put them on.

Figure 2-8 Limbic Tracker Ocular Anatomy -Courtesy D. Becker
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The dark pads on either side are adjustable allowing the distance from the eye to the detector

array to be optimized. The emitter detector pair array can be seen on a horizontal adjustment

screw just below the gaze of the right eye. Light is projected from an IR Light Emitting Diode

(LED) mounted to one side of the limbus, approximately 10 mm from the eye surface. It is

mounted at an angle below centerline in order to maintain a field of view. A corresponding IR

photo diode is mounted adjacent to the LED to measure the reflected light from the eye surface.

Two emitter-detector pairs are oriented on either side of the limbus to perform a differential

right-left eye position measurement. The output of the limbic tracker is an analog voltage

proportional to horizontal eye position. See Figure 2-9 Limbic Tracker System Diagram -

Courtesy D. Becker .

Figure 2-9 Limbic Tracker System Diagram -Courtesy D. Becker

The IR LED drive is provided by a 20 kHz oscillator. It operates at 20 kHz at a five percent

duty cycle. The low duty cycle keeps the average power delivered to the eye surface low. An

assessment of power delivered to the eye is given in Appendix 10.2.5.
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Reflected light from the eye surface is converted into a proportional current by the IR photo

diode. It is AC coupled and amplified 470 times by the preamplifier stage. Next, the signal is

filtered by a two-pole 20 kHz band pass filter. This serves to reject ambient interference signals.

The filtered signal is synchronously detected by means of an analog switch and an integrator.

The detector/ integrator combination serves as an effective amplitude demodulator, down

converting the 20 kHz-modulated components of eye motion to the 0 Hz region. See Figure 2-9

Limbic Tracker System Diagram -Courtesy D. Becker.

Each emitter-detector pair signal is processed by a separate preamplifier, filter, and synchronous

detector circuit. Differential eye motion is measured by subtracting the right sensor signal from

the left sensor signal. The subtraction is performed in the analog domain by means of a

difference amplifier. Additionally, the difference amplifier contains a one pole 200 Hz low-pass

filter to reject high frequency signals that are not related to eye motion. Finally, after filtering

and conversion to a single-ended signal, the output stage provides DC-offset and further

amplification. This analog signal is then sent to an A/D card in a Pentium class computer where

the signal can be digitized and synchronized to tracking tasks presented on a computer monitor.

( Mihran 1997 )

2.3.3. Limbic Tracker Software

The limbic tracker test used in this study was a pseudo random jumping dot tracking task. In

this task, the subject would first perform a calibration routine to ensure the proper positioning

of the goggles and the emitter-detector array. The subject would then be instructed to follow the

dot. The algorithm would then place a dot in one of 5 evenly spaced positions on the screen

every 1.2 seconds. The order of the positions was fixed in the program by a circular string of 11

positions. A random number generator would determine the insertion point into the position

string and the order was then set. The program would take 480 samples at 400 Hz and then

calculate the new position of the dot based on a circular position string. When the program got
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to the last position in the string it loops to the beginning and continues on until all 11 dots have

been displayed.

This scheme was devised so that learning would not be an issue in the tests. With this pseudo

random pattern the subjects data could be wrapped back around so that each person’s data 

reflected the same pattern of dots if need be but anticipatory saccades were not an issue after the

subject had performed the test a few times.

After the dot pattern was done, the dot would sweep slowly from left to right and an eye

position measure was taken for each pixel value on the screen. By performing a linearization

check at the end of the test data integrity was ensured. If the check were performed before the

data taking was done, it might not be obvious if the subjects chin had inadvertently moved

within the restraint causing a transient and then bias error in the data. See Figure 2-10

Linearization Curve for the Limbic Tracker.

2.3.4. Calibration, Validation and Noise

In order to assess the role of noise in the limbic tracker signal, several tests were performed.

The tracker was set to the gain appropriate for a subject and placed on a white piece of paper to

provide a reflective surface for the IR similar to that of the eye. The test was run and the data

saved. Ideally there should be no difference in the data from point to point. The angle of the

goggles relative to the paper set the response to approximately –1.45, the standard deviation

for the noise over this mean was approximately 0.1. Note that the full linear range of the

tracker is from -23to +23. Without the paper there to reflect, the standard deviation of the

signal was 0.02. Note that these tests were performed in the darkness as were all of the limbic

tracker tests in this work. With the fluorescent room lighting on a small 120 Hz signal was

evident in the data with an amplitude of approximately 1.
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The sampling frequency of the data was verified by attaching a function generator to the input of

the A/D card. The function generator was set to provide a square wave at 10 Hz. The test was

then run as usual and the data saved for analysis. The number of samples in each square wave

period were counted. The experimental sampling frequency matched the expected frequency of

400 Hz. The gain setting had to be adjusted by hand each time the goggles were put on in order

to recalibrate. The absolute accuracy over the linear range of the goggles is about + - 8%. A

nominal value for degrees per sample at the A/D card would be .020/sample, this limits the

precision. While the overall noise level of the tracker is low, it still overshadows any

quantization error issues. The largest issue with the limbic tracker is linearity.

Figure 2-10 Linearization Curve for the Limbic Tracker

To this end, a linearization test was added to the end of every limbic tracker test taken. In this

way one could screen out data for cases where the goggles lost alignment during the test. A
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sample of the linearity curves taken is given in Figure 2-10 Linearization Curve for the Limbic

Tracker.

A perfect response would be a straight line. The linearization curve is generated by having a dot

move along a path from the left of the screen to the right. One sample is taken as the dot is

displayed on each of the 640 pixels along the horizontal axis. The dot was set to move at a

speed that would elicit smooth pursuit.  Most people’s data forms a sigmoid with a linear region 

in the center. Although the non-linearity at the tails may have been due to human reaction to

being near the monitor edges it was still enough reason not to use the last 35 pixels on the right

or left side of the screen in the jumping dot program.

2.4. Flicker Generation Hardware

2.4.1. Hardware

The flicker generation hardware was built to aid in measuring the effect that reading or viewing

from a flickering source, such as a VDT, has on ocular performance and response. The unit

consists of a 35 mm slide projector as a source followed by an LCD shutter used to modulate

the source illumination and finally a translucent screen for direct viewing of the projected image.

Direct viewing is most comparable to phosphor viewing of a VDT. The function generator

drives the shutter at the desired frequency amplitude and waveform. The pupillometer

apparatus was positioned such that the eye was 60 cm from the screen.
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Figure 2-11 Flicker Apparatus ( Courtesy C. Fadlovich )

2.4.2.Validation Accuracy and Noise Analysis

In order to assure the distribution of luminance in space over the screen, an optical power meter

was placed in several positions in the image plane of the screen. Although there was a significant

drop off toward the edges, the text had significant border so that the differences in illumination

of words on different parts of the screen was acceptable, given that the eye is a logarithmic

integrator. This may have caused some error in the reading data of the flicker study. In the

hippus measurements, done while viewing the screen, the spatial discrepancy is not so much of

an issue given that subjects viewed a stationary fixation point. In Table 2-1 the numbers

represent optical intensities in mW for different quadrants as if one were viewing the screen

from the chin rest.
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Table 2-1 Optical Power Distribution in Space

0.38 0.58 0.43

0.38 0.55 0.43

0.25 0.43 0.28

Figure 2-12 Shutter Driving Signal on Top Trace, Optical Shutter Output on
Lower Trace

2.5. Jitter Generation Hardware

Jitter is motion of the image displayed on a CRT screen. Jitter is usually due to magnetic fields

interacting with the electron beam path as it is accelerated from the back of the picture tube to

the front. The most noticeable jitter occurs at beat frequencies between lower order harmonics

of power line frequency magnetic fields and monitor refresh rates.
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2.5.1. Hardware

In order to generate the screen jitter used in these experiments, a coil, an audio amplifier and a

function generator were used. The function generator was set to feed a 1V peak to peak sin

wave to the amplifier. The amplifier then drove the coil which was placed beneath the monitor.

The coil had a diameter of 32 cm and approximately 95 turns. The level of the amplifier and the

frequency of the function generator can then be adjusted to give the desired frequency and

amplitude of jitter.

2.5.2. Validation, Accuracy and Noise Analysis

The jitter level was calibrated by putting a microscope in front of the monitor at several

positions. The microscope was then zoomed in on an image edge then the number of pixels that

the edge would move was counted. One pixel is considered one red-green-blue triad perforation

in the shadow mask of the monitor. With the coil directly under the monitor the uniformity of

the jitter was quite good and could not be picked out under the microscope.

The frequency of the jitter was adjusted in much the same way that one tunes a guitar. The

frequency of the function generator was changed until the speed of the jitter slowed to zero. At

this point, the function generator and monitor are “in tune” and the frequency of the function 

generator was noted. The jitter speed desired was then added to that number and reset the

function generator frequency. This gave a more accurate jitter speed than can be had by just

adding the desired speed to the published screen rate to generate the beat frequency movement

since there is typically a small deviation from the rate published in the manual.

2.6. Review of Statistical Analysis

The raw data in this thesis will be analyzed several ways in coming chapters. This feature

extraction analysis will produce “measures” for each subject under some set of conditions or 

“factors” such as high or low fatigue.  For each study the significance of the difference of these

measures will be presented, along with descriptive statistics such as means for different
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groupings of factors and the standard deviation, , for these means. The extraction of measures

from the raw data is typically done in Matlab, and the source files are made available in

Appendices 10.3 Algorithms. The multivariate analysis of variance ( MANOVA ) is done with

the general linear model in the SPSS statistical software package for Windows. Analysis such

as MANOVAs are then performed on the measures to generate F statistics for significance

estimations. Recall that:

F = (Variance among sample means) / (Variance within the samples)

From F, one can generate a p value based on the degrees of freedom in the experiment. The

degrees of freedom are based on the number of cases in the experiment and may be corrected

for various reasons such as suspected deviations from normality in the sample population.

Almost any statistical analysis requires that one make assumptions about the data in the analysis.

All the MANOVA results in this thesis are tested for confidence of these assumptions using

Mauchly’s test of Sphericity.  If there is significant doubt about the independence and 

distribution of the data Huynh-Feldt epsilon correction is used to reduce the overall confidence

level by multiplying the numerator and denominator degrees of freedom by a factor less than 1.

The p value represents the probability that the null hypothesis is valid. The null hypothesis in

this thesis will always be that “The collection of means are really equal.”  Otherwise stated that 

the means all came from the samples of the same population. The larger the F value the smaller

the p value, the higher ones confidence in rejecting the null hypothesis. Otherwise stated p is

the probability one made a mistake, a type I error, saying that the differences one saw were

significant when they actually were not. In this thesis a p of less than .05 will be deemed as

significant. One of the lesser known statistical analysis used in this work is the repeated trials

MANOVA. It is an extension of the familiar ANOVA.
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As with any MANOVA, repeated measures MANOVA tests the equality of means. However,

repeated measures MANOVA is used when all members of a random sample are measured

under a number of different conditions. As the sample is exposed to each condition in turn, the

measurement of the dependent variable is repeated. Using a standard MANOVA in this case is

not appropriate because it fails to model the correlation between the repeated measures: the data

violate the MANOVA assumption of independence. This experimental paradigm was used for

several reasons.

Some research hypotheses require repeated measures. Longitudinal research, for example,

measures each sample member at each of several ages. In this case, age would be a repeated

factor. In cases such as this one, where there is a great deal of variation between sample

members, error variance estimates from standard MANOVAs are large. Repeated measures of

each sample member provides a way of accounting for this variance, thus reducing error

variance. Lastly, when sample members are difficult to recruit, repeated measures design are

economical because each member is measured under all conditions.( Stat Services UT 1997 )

At this point some of the terminology important to the analysis presented in this thesis will be

clarified. In this research the cases will be subjects. Each dependent variable such as number of

tracking errors or pupil constriction velocity will be considered measures. When a dependent

variable is measured repeatedly for all sample members across a set of conditions, this set of

conditions is called a within-subjects factor. The conditions that constitute this type of factor are

called trials. For instance, in one experiment seven subjects are tested on an eye tracker and a

pupil tracker on four days at three times during the day under different conditions. Each of the

subjects would be one case, each of the different days would be a factor, each of the times they

were measured at would be a factor and the two tests would be two different measures. The

concept of factors, trials or levels, measures and cases or subjects will be important throughout

this work.
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3. CHANGES IN DARK VERGENCE ANGLE WITH VDT USE

When the eye muscles have to contract for long periods to maintain convergence on a near

target, these muscles can become fatigued . Previous research reports have suggested that both

the dynamic range of distances and accuracy over which convergence can take place becomes

diminished following visual activities generally believed to be fatigue-inducing ( Gur 1994;

Tyrrell 1990 ). The phenomena examined here is tonic vergence angle or dark vergence angle.

Katz 1995 attempted to measure the change in dark vergence angle in his paper “Visual 

Discomfort and Visual Changes Associated with VDT Usage.”  But was unable to obtain 

reliable data.  The tonic angle is the angle the eye’s rest at when the lids are closed or there is no

target on which to converge. All references to vergence angle in this chapter will refer to tonic,

or dark vergence angle.

3.1. Methods

In these tests, the red target is always presented through the right eye and blue through the left.

However, the red and blue bar were switched between vertical and horizontal orientations so

that the angle of both eyes could be measured for the 2 subjects in the fatigue session part of this

experiment. The program provides data for both the vertical and horizontal dimensions,

however, since changes in the vertical dark vergence angle are almost non existent, these

numbers were not analyzed. This lack of plasticity in the vertical resting angle of the eyes versus

the horizontal makes sense because only the horizontal angle is changed for close work unless

one sets the monitor at an elevation that is particularly high.

All tests were made at a distance of 30 cm from the top center of the head positioning unit to

the top center of the monitor. Gaze angle was set to 0 degrees along both axes of the screen so

that the cross would form directly in front of the eyes if the subject was allowed to see both

targets with both eyes. It is easy to move the eye involuntarily during the test rather than
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keeping it relaxed as the blinking targets appear and disappear. For this reason almost all of the

tests were done in pairs. Whenever there is a pair of data points to represent the same point in

time, the points were averaged. An analysis of the difference in back to back data taking will be

presented.

For the experimental fatigue portion of this study, the sessions consisted of browsing the web

on a 17 inch Vivitron monitor. The font was set to 7 point wide Latin to provide spatially

difficult reading material and two 100W lamps were used to accentuate glare on the monitor.

They were placed at oblique angles to the screen surface near the top, one on the left and one on

the right. The object of these experiments was to fatigue the subject as fast as possible, then

observe any changes in dark vergence as indicated by the pixel offset of the program. Testing

took approximately 5 minutes and was performed in a room adjacent to the fatigue session

computer room.

For the second portion of this experiment 4 subjects were instructed to measure the dark

vergence angle of their right eye at various points throughout the day over the course of a week.

An exact schedule was not set and the data represents a survey of points of varying amounts of

close work and times of day. Each time data was saved by the program, the subject typed in a

one line entry on the state of their eye the type of ocular work they had been doing over the

course of the day. The data was then hand scored on a scale from 1 to 4 for amount of close

work done 4 being the most close work.
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3.2. Analysis

3.2.1. Vergence Fatigue Session Data

Two subjects took part in this portion of the study. See Figure 3-1 Left and Right Eye Data for

Subject 1 on Two Different Session Days and Figure 3-2 Left and Right Eye Data for Subject 1

for a Single Fatigue Session for the changes in their dark vergence angles over time.

Vergence Data Subject 1

-2.9

-2.2

-1.4

-.7

0

.7

1.4

0 20 40 60

min

Deg.

left eye
day 1left eye
day 2right eye
day 1right eye
day 2

Figure 3-1 Left and Right Eye Data for Subject 1 on Two Different Session
Days

Vergence Data Subject 2

-1.4

-1.0

-0.7

-.35

0

.35

0.7

0 20 40 60

min

Deg.

Right eye

Left eye

Figure 3-2 Left and Right Eye Data for Subject 1 for a Single Fatigue Session
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The movement of the tonic vergence point is presented in degrees.

3.2.2. Daily Vergence Spot Check Data

For this experiment 4 subjects were instructed to measure their dark vergence angle at various

points throughout the day over the course of a week. Only the right eye was measured. A total

of 48 measures were collected most of which represent the averaged angle from 2 back to back

vergence tests. An exact schedule was not set and the data represents a survey of points of

varying amounts of close work at various times. Each time data was saved by the program, the

subject typed in a one line entry on the state of their eye and what they had been doing over the

course of the day. The data was then hand scored on a scale from 1 to 4 for amount of close

work done 4 being the most close work.

The time of day and close work score were then correlated to the dark vergence angle. The dark

vergence angles of the subjects were normalized by subtracting the average angle of the subject

from each of their dark vergence values. This of course set the mean dark vergence angle to 0

the standard deviation from that mean for all subjects combined is 1.6. See Table 3-1

Correlation of Vergence Angle to Time and Fatigue for a summary of the results.

Table 3-1 Correlation of Vergence Angle to Time and Fatigue

Time Fatigue

Correlation Coefficient -0.02 -0.02

Note that the small absolute values of the correlation coefficients indicates that the time and

fatigue variables are not correlated to the dark vergence angle. An analysis of the average error
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was also made by averaging the difference between the back to back tests. For 33 back to back

tests the average difference was 1.0.

3.3. Discussion

3.3.1. Results

For the controlled fatigue portion of the study, there appears to be an inward then outward shift

in the data if one ignores the two times the eye started near zero. The average movement of the

dark vergence angle inward before moving back out is approximately 0.5. For the second

portion of the study in which 4 subjects recorded their right eye dark vergence angles at various

points in time no correlation was found between a ranking of the amount of close work done

and the dark vergence angle. No correlation was found between the time of day and the dark

vergence angle. In back to back tests for the first portion of the study, the average difference in

dark vergence angle was 0.7. In back to back tests for the second portion of the study, the

average difference in dark vergence angle was 1.6.

The inward trend in dark vergence angle with close work did appear to show up in the data for

the two subjects in the controlled fatigue session part of the experiment. In addition to the

initial inward trend was an outward trend after 20 –40 minutes of intensive close work. After

discussions with Dr. Rebecca Hutchins, a behavioral optometrist who has been in practice for

14 years in the area, it was found that this was a common phenomena in clinical observations. It

is thought to represent a fatiguing of the plasticity of the muscles. At first the extra-ocular

muscles stretch and contract to make the tight convergence angle of the close work less stressful.

After a period, this change in tonic position becomes to great to be sustained, either by

innervating patterns or changes in resting length of the muscles and the tonic position springs

back outward.
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The lack of correlation of dark vergence angle with time of day in the second part of the study

parallels the results in the literature ( Amerson and Mershon 1988 ). However the published

trends of inward shifts of tonic vergence angle with near work ( Wolf 1984; Tyrrell 1990) were

not evident among the 4 subjects.

This test represents response of the eye to close work and while it may be linked to computer

monitor fatigue it is not specific to VDT fatigue. In fact the reading distance for paper reading is

closer for most people and would therefore cause even more difficulty relative to VDT use were

this a primary fatigue mechanism.

3.3.2. Sources of Error

The time equals zero data point for the right eye of subject two is obviously spurious. The same

phenomena occurs for subject 1 in the right eye. This phenomena is likely related to difficulty

with the test. When a subject does not get complete rejection of the targets the eyes are able to

fuse and alighn the targets to the actual zero point on the screen.

The discrepancy with the published trends of inward shifts of tonic vergence angle with near

work ( Wolf 1984; Tyrrell 1990) in the non-controlled second half of the study could be

explained several ways:

1. Difficulties caused by the eye following the initial position of the bars. The eyes, even

without common cues, will attempt to center a target in the fovea.

2. The subjects took data on themselves rather than having a proctor perform the tests even

though each subject was highly familiar with the unit.

3. Or the difference may be accounted for by the allowance of the chin rest for small

movements.  A picture was not available of the “Vergomatic” constructed by Tyrrell. He
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describes his head positioning technique only as “a pair of goggles mounted on the side of a 

large box.”  Quite possibly he got better alignment with his goggles.

4. Tyrrell’s use of 16 subjects on two hour reading tasks to the use of 4 subjects on

uncontrolled reading tasks allowed him better trend spotting capability.

Given the high level difference during back to back tests for the non-controlled study, 1.6, and

the seeming trend in the 2 fatigue controlled subjects, one is inclined to accept the published

result of a correlation between near work and vergence angle. However, no back to back type of

error analysis or similar self check method was given in any of the literature.

Theoretically the dark vergence angle should not change in back to back tests. There is a slight

possibility that the taking of the first test might influence the second test; however, this is

unlikely. A rest in the darkness for 2 minutes while taking the test should not be enough time

for the dark vergence angle to recover significantly. If the error difference was due to the

recovery period being longer for the second test one would think that the change between back

to back tests would always be in one direction. It was not. A more likely explanation is either

inability of the subject to relax their eyes or different chin positions in the chin rest at the start of

each test.

Fatigue due to near work tends to show predominately in the horizontal shift of the resting

position as one might expect. For this reason, only the horizontal data was analyzed. For the

first part of the study in which the fatigue levels were set in the lab, dedicated controls were not

run in order to maximize the amount of data that could be taken. Instead, the initial values from

day to day serve as a control. In the data of subject 1, the starting rest position of his eye was

very constant, 1.4for the right and about 2.2for the left.
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4. FATIGUE AFTER 30 MINUTES OF VIDEO GAME PLAYING

4.1. Methods

In this study 4 subjects played the video game Tetris with no, low and high jitter levels. This

study was designed to assess whether or not the presence of jitter could be detected in measures

extracted from the jumping dot and pupil constriction raw data. By using a visual task that

elicited rapid visual movements but was not a fatiguing task in and of itself the possibility of

examining lower level fatigue not combined with central fatigue was possible.

In this study 4 subjects were recruited 1 female and 3 males with a mean age of 32, the minimum

was 23 the maximum 45. The subjects played a video game, Tetris, for 30 minutes. The

subjects performed in a control session and a jitter session. The jitter was added at a frequency

of 6 Hz and amplitude of 6 pixels displacement. The game was performed on a 17” Vivitron 

monitor. The schedule for the tests is contained in Appendix 10.2.1 Schedule for the Tetris

Study.

4.2. Analysis

I organized the data into two factors for the four subjects. The first factor is session type.

Session type for this experiment has two levels, control and jitter. The second factor is time.

Time again has two levels, before and after. Each treatment forms a cell, or combination of

factors. In each cell is data for the four subjects on 6 measures. The 6 measures are extracted

from the raw data of the jumping dot test. The six measures are right going versus left going

saccadic activity, second derivative activity in the saccade signal, saccadic latencies, saccadic

velocity, saccadic error and power spectrum shifts in the limbic tracking signal. More details on

the workings of Matlab algorithms used to extract the measures from the raw data can be found

in section 5.2 Analysis.
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4.2.1.Pupillary Data

The infra red dark imaging function and delay line had not been added to the pupillometer at

this point so the pupillometer data could not be analyzed. The signal to start the lights was sent

from the computer immediately before the signal which starts the video capture. Because of the

turn on time for the lights, it was uncertain how many frames of the initial constriction were

missed.

4.2.2. Limbic Tracker Data

One of the 16 limbic raw data sets was missing. For that subject control 1, jitter 1 and jitter 2

test existed but not the measurement from after the control data. The control 1 data was copied

in for the missing control 2 data. None of these came out as significant.

4.2.2.1. Saccadic Latency

For details on the calculation of saccadic latency see section 5.2.2.1 Saccadic Latency.

Table 4-1 Saccadic Latency Descriptive Statistics

Before

Control

After

Control

Before

Jitter

After Jitter

Mean 171.25 171.52 175.18 185.89

 29.89 36.00 54.60 46.23

The units for the latencies are in ms. The F statistics for changes in saccadic latency with session

type, time on task and combined session type and time and task are summarized in Table 4-2 F

Statistics and Significance for Saccadic Latencies.
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Table 4-2 F Statistics and Significance for Saccadic Latencies

F p

Session 1.00 .39

Time 1.733 .28

Session&Time .771 .44

Recall that a p value less than 0.05 is required for significance.

4.2.2.2. Saccadic Velocity

For details on the calculation of saccadic velocity see section 5.2.2.2 Saccadic Velocity.

Table 4-3 Saccadic Velocity Descriptive Statistics

Before

Control

After

Control

Before

Jitter

After Jitter

Mean 33.87 33.60 35.63 34.29

 1.75 0.86 4.02 4.05

The units for the latencies are in degrees/second. The F statistics for changes in saccadic

velocity with session type, time on task and combined session type and time and task are

summarized in Table 4-4 F Statistics and Significance for Saccadic Velocities.
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Table 4-4 F Statistics and Significance for Saccadic Velocities

F p

Session .399 .57

Time 2.113 .24

Session&Time .601 .49

4.2.2.3. Second Derivative Activity of Ocular Motion

For details on the calculation of second derivative activity see section 5.2.2.3 Second Derivative

Activity of Ocular Motion.

Table 4-5 Second Derivative Descriptive Statistics

Before

Control

After

Control

Before

Jitter

After

Jitter

Mean 952.00 1016.75 1659.75 1878.25

 854.23 976.63 538.63 583.94

The means represent how many times the second derivative of the signal exceeded a threshold

level. Several thresholds were tried as indicators of turnaround activity in the filtered saccade

data and the threshold with the largest significance is shown. The F statistics for changes in
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saccadic latency with session type, time on task and combined session type and time and task are

summarized in Table 4-6 F Statistics and Significance for Second Derivative Activity.

Table 4-6 F Statistics and Significance for Second Derivative Activity

F p

Session 1.222 .35

Time 3.114 .17

Session&Time .585 .50

4.2.2.4. Saccadic Power Spectrum Analysis

For details on the calculation of saccadic power spectrum shift see section 5.2.2.4 Saccadic

Power Spectrum Analysis.

Table 4-7 Saccadic Power Spectrum Ratio Descriptive Statistics

Before

Control

After

Control

Before

Jitter

After Jitter

Mean 59.67 58.44 50.94 50.01

 9.63 20.48 5.76 3.05
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These ratios represent low frequency power divided by high frequency power. The F statistics

for changes in saccadic latency with session type, time on task and combined session type and

time and task are summarized in Table 4-8 F Statistics and Significance for Power Spectrum

Ratios.

Table 4-8 F Statistics and Significance for Power Spectrum Ratios

F p

Session 1.274 .34

Time .064 .81

Session&Time .002 .96

4.2.2.5. Saccadic Error Calculation

For details on the calculation of saccadic error calculation see section 5.2.2.5 Saccadic Error

Calculation. The exact algorithm used is contained in Appendix 10.3.12.

Table 4-9 Saccadic Error Descriptive Statistics

Before

Control

After

Control

Before

Jitter

After Jitter

Mean 1.26 1.25 1.21 1.31

 0.21 0.20 0.22 0.18
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The higher the saccadic error index, the more error there was in the signal. The F statistics for

changes in saccadic error with session type, time on task and combined session type and time

and task are summarized in Table 4-10 F Statistics and Significance for Saccadic Error.

Table 4-10 F Statistics and Significance for Saccadic Error

F p

Session .002 .96

Time .365 .58

Session&Time .633 .48

4.2.2.6. Ocular Drift, Overshoot and Undershoot

For details on the calculation of ocular drift, see section 5.2.2.6 Ocular Drift, Overshoot and

Undershoot.

Table 4-11 Right Left Ratio Descriptive Statistics

Before

Control

After

Control

Before

Jitter

After Jitter

Mean 0.81 0.82 0.82 0.82

 0.02 0.02 0.02 0.02
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The drift numbers represent the amount of right going divided by the amount of left going

ocular movement. The F statistics for changes in saccadic latency with session type, time on task

and combined session type and time and task are summarized in Table 4-2 F Statistics and

Significance for Saccadic Latencies.

Table 4-12 F Statistics and Significance for Right Left Ratios

F p

Session .418 .56

Time 2.375 .22

Session&Time .031 .87

4.3. Discussion

4.3.1.Results

None of the results of this study came out as being significant. There is little in the literature to

compare this lack of results to. Almost all of the papers in this area focus on a reading task

although a few have used a tracking task for producing saccades of known size at a known rate

to induce fatigue. Few authors have studied the effects of video games on the ocular system

objectively. ( Misawa 1991 ) Misawa found that while video games produce more and faster

saccades than normal VDT work, the changes in the ocular system are similar to that associated

with VDT work. Namely the tonic vergence and tonic accommodative point shift inward

accompanied by a decrease in accommodative and convergence rage which can be recovered in

about an hour. Further it was found that asthenopia complaints were significantly more
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common in children who play more than 120 min of video games a day in a survey portion of

the study. ( Misawa et. Al. 1991 )

In this study no changes immediately after 30 min of video game playing with added jitter were

found. Perhaps if it had been extended in time the study would have found differences. These

results are not directly comparable to the literature because saccades were monitored on line but

no before and after comparison was made.

One of the greater factors in fatigue studies of all varieties is motivation. The most likely reason

that no significant results came from this study is that the game is fun. If a task that was less

engaging had been selected, the results may have been more pronounced. This is useful in

assessing the fatigue associated with the delivery medium rather than that associated with the

program material.

4.3.2.Sources of Error

The main shortcoming of this study is in the limited number of subjects. The linearity of the

limbic tracking was recorded and reviewed as outlined in Section 2.3.4 and was not a significant

source of error for the measures extracted. The scores for the Tetris games were kept to see if

jitter had an effect on playing ability. Since two of the subjects were new to the game and the

other two had not played Tetris in quite a while, the learning effect was considered too great to

run this analysis. Shapiro ( 1989 ) has shown that ocular practice improves video game

performance by reducing the number of foviations, or fixations, required to assimilate the

information in the game.
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5. HIGH FATIGUE STUDY

The intent of this study was to compare the effects of a high fatigue computer reading situation

to a non-reading and book reading control. The high fatigue was induced by using small type,

on a small monitor, with added glare and jitter. The protocol was to use two sessions of 45

minutes each broken only by 2-3 minutes of testing on the pupil constriction and jumping dot

tests.

5.1. Methods

Subjects were requested to attend four sessions of two hours a piece. Subjects were paid $7.50

an hour for participating. One subject of Asiatic origin was removed from the analysis after his

data was taken because of the difficulty encountered in imaging his eye with both the

pupillometer and limbic tracker. Another student only showed up for one session and that data

was not used in the analysis. The remaining 7 subjects were 3 males and 4 females between 19

and 49 years old mean age of 29. For each session 5 pairs of raw data were taken; these are

enumerated A, B, C, D, and E. Each pair consists of a pupillometer constriction test and a

limbic tracker jumping dot test.

The high fatigue was induced by using small type, 14 Characters Per Inch (CPI), on a 14 inch

monitor, with added glare, .2 mW/cm2, and added jitter, 6 pixels motion at 6 Hz. The book was

a standard black on white print 16 CPI modern library volume. The non-reading control was

run by having the subjects listen to books on tape. For each session the program material was

Lewis Carroll. Each session was performed in the same room using the same lighting set up

with the overhead room lights off and a 100W reading lamp pointed to reflect from the

computer monitor on the desk. At a normal reading distance of 40 cm, the power from the

lamp, as reflected from the screen, reaching the eye was .2 mW/cm2, the power from the

monitor phosphors .08 mW/cm2. The reflected lamp power was calculated by taking the
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difference between the total optical power taken in by the meter, with the reflective CRT surface

uncovered, less the amount of scattered light and wall reflected light reaching the meter, as

measured in the same spot with a non-reflective cover over the CRT face.

Subjects made appointments and were randomly started on either a book reading control, a

books on tape control or a jitter session. The fourth session was a repeat of the jitter test. The

subject material for all three sessions was Lewis Carroll’s stories, “Alice in Wonderland,” and 

“Through the Looking Glass.”  This material was selected because the stories could be obtained 

in all three mediums, printed, ASCII, and audio tape. Also, lighter stories were selected in hopes

that subjects would not be as inclined toward sleepiness albeit the works are perennial bed time

stories. Subjects were allowed to start with either story and continue where they left off from

the last session as they moved from audio to printed to ASCII media.

The pupillometer presented a dim red LED, approximately 4 W/cm2 at the eye, as a fixation

point 26 cm from the right eye. The camera filmed only the right eye at 15 FPS. An array of

near IR LED’s were used to image the iris before thehalogen lights came on to cause

constriction. The pair of halogen lights used to illicit the constriction response, as seen in

Figure 2-1 Pupillometer Hardware, provided an output of 5 mW/cm2 at the position of the right

eye. All white light power measurements were taken with a Newport model 815 optical power

meter calibrated to 600 nm, the approximate center of the visible range. Because of the

sensitivity of these measurements to the angle of the receptor versus the source(s), these

numbers can only be taken to give accuracy within a factor of two and reasonable relative

precision. The program used to collect the limbic tracker data was exactly the same as the one

described in Section 2.3.3.

The testing room is a small office shielded from outside noise and light by a door, an empty

outer lab area, and then another door. The session room is a larger lab room 15 meters away.
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The lighting in the session room was the same for the experimental and control sessions. The

entire area was darkened except for a single reading lamp with a 100W bulb placed on top of the

computer monitor. This lamp was directed at the monitor so as to provide glare while reading

from the monitor and adequate reflected light for reading from a book while sitting at the same

desk. A screen shot of the display can be seen in Figure 5-1 Screen Capture of High Fatigue Set

Up 14 CPI. Screen resolution was set at 1024x768. The empty space to the right of the text

windows is black, no illuminated phosphors. The full horizontal width of the screen which is

10.25 inches.

Figure 5-1 Screen Capture of High Fatigue Set Up 14 CPI

Each visit would follow the schedule in Appendix 10.2.2 Schedule for the High Fatigue Study.
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5.2. Analysis

The raw data from the pupil constriction test and the limbic tracker jumping dot test were

analyzed in Matlab to extract various features or measures such as constriction velocity. The

pupil data was analyzed for statistically significant changes in constriction velocity, constricted

size, dark size, changes in power spectrum, and changes in constriction amplitude. The limbic

tracker data was analyzed for changes in saccadic latency, saccadic velocity, saccadic error and

changes in power spectrum. In addition survey data was taken at the beginning of each session.

Missing data due to missed sessions or difficulties with the data were filled in using the following

rules.

For the A, B, C, D, and E trials within each audio, paper or jitter session:

1. A replaced a missing B

2. B replaced a missing A

3. D replaced a missing E

4. C for paper replaced a missing audio C trial

5. C for audio replaced a missing C for paper trial

6. If one of the jitter sessions was missing that factor was filled with the data from the existing

jitter session.

7. If one of the paper reading sessions was missing, the data from the audio session was

substituted.

8. If one of the audio sessions was missing, the data from the paper session was substituted.

Of the 28 sessions for the 7 subjects 4 pupillometer sessions were missing or unusable and 1

limbic tracker session was missing. No subject had more than one session, audio, paper, jitter 1

or jitter 2 missing. No session had more than one trial A, B, C, D, or E missing. Five trials

within all of the 140 pupillometer trials were missing or unusable 2 trials within the limbic

tracker trial set were unusable. For purposes of analysis the average of the A and B trials, the C
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trial, and the average of the D and E trials constituted the three levels of the time on task factor.

The results from the two jitter sessions were also averaged to give three levels to the session type

factor, audio, paper reading and jittering screen reading.

A doubly multivariate, repeated measures model MANOVA was run in SPSS to generate F

statistics for the filled in data set. The data was grouped for each of the seven cases using two

within-subject factors, time on task and session type. The time on task variable levels 1, 2, and 3

reflected the measures taken before, in between and after the two 45 minute sessions. The

session levels were a, p and j, which represented an audio session ( the lowest stress ), a paper

reading session, and an averaged jitter session ( highest stress ) respectively.

I analyzed the pupil constriction and limbic tracker data several ways to extract different

“measures” from the raw data such as constriction velocity or saccadic latency. The subjects

measures were then grouped into the two factors, session type and time on task. Each possible

combination of factors forms a cell. There are 3 time session levels x 3 session type levels giving

9 cells. For instance the middle time slot in the paper session is a cell. Within each of these

cells is data for each subject on each of the measures. Within each cell is data for seven subjects

on 11 total measures. So each cell has 7x11 = 77 data points in it. The doubly multivariate,

repeated measures MANOVA analysis generates an F statistic for each of the measurements in

the cell with respect to each factor individually as well as for the combination of the two factors.

In this way one can see the effect of time on task for a particular variable as well as the effect of

time on task combined with session type.

In addition the A and B runs done back to back before any reading or listening were examined

for changes in the data that might be due to taking the test.
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5.2.1. Pupillary Data

An analysis of each of the measures is broken out in the following sections. The measures

extracted were constriction velocity, constricted pupil size, dark pupil size, Low Frequency (LF)

to High Frequency (HF) power ratios and constriction amplitude. The raw constriction data

these measures were extracted from can be seen in Figure 5-2 Pupil Constriction Raw Data.

Figure 5-2 Pupil Constriction Raw Data

5.2.1.1. Static Constricted Pupil Size

What is being calling constricted size is the size of the pupil immediately following the onset of

the lights. This is also known as the pupillary capture This is not to be confused with

constriction amplitude which is the difference in dark size and constricted size. An algorithm

which took points 50-90 in the 100 point constriction data was used. This corresponds to the

data points ranging from approximately 3 seconds from the light turn on to 6 seconds after the

light turn on. Three seconds is plenty of time for the pupil to fully constrict. See Figure 5-2
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Pupil Constriction Raw Data. The pupil radius values for this time window were sorted. The

lowest and highest 10 data points were discarded in order not to add any extraneous or highly

deviant pupil radius values which would skew the average. The remaining twenty points were

then averaged. In this manner a constricted pupil size for each data run was derived. The exact

Matlab algorithm can be seen in Appendix 10.3.3. This constricted size represents the

immediate reaction, the testing did not go on long enough to average out the low frequency

effects hippus. This constricted pupil size, then, represents the size in immediate response

illumination.

The descriptive statistics from the MANOVA are listed in Table 5-1 Constricted Pupil Size

Descriptive Statistics.

Table 5-1 Constricted Pupil Size Descriptive Statistics

A1 A2 A3 P1 P2 P3 J1 J2 J3

Mean 3.38 3.32 3.30 3.35 3.26 3.33 3.29 3.38 3.42

 0.40 0.52 0.50 0.60 0.55 0.55 0.56 0.52 0.42

A, P, and J represent the levels for the session factor and 1, 2 and 3 denote the levels of the time

on task factor. The units for Table 5-1 Constricted Pupil Size Descriptive Statistics are in mm.

The univariate F statistics for changes in constricted pupil size with session type, time on task

and combined session type and time and task are summarized in Table 5-2 F Statistics and

Significance for Constricted Pupil Size.
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Table 5-2 F Statistics and Significance for Constricted Pupil Size

F p

Session 0.20 .75

Time 0.11 .90

Session&Time 1.32 .30

The significance calculations based on the F statistics were epsilon adjusted using the Huynh-

Feld method. Recall that statistical significance will only be accepted for a p value less than 0.05.

5.2.1.2. Dark Pupil Diameter

The pupil constriction test uses a high contrast step of light that goes from the level of the look

point LED, 3 W/cm2, to the level of the halogen lights 4 mW/cm2. The first few frames of

video give the pupil diameter in this darker environment 3 W/cm2 after approximately 1.5 - 5

minutes of dark adaptation time. The differences in adaptation time for the different trials are a

necessity in the experimental design and will be explained in the discussion section of this

chapter. To extract the dark pupil diameter, the first 5 diameters were sorted and the three

median values were averaged. The exact algorithm is contained in Appendix 10.3.4. This

method was used to minimize the effects of any spurious data points that might have been well

above or below the true average for the set of diameters. A look at Figure 5-2 Pupil

Constriction Raw Data illustrates why the blinks and other noise can make this filtration

important. The results for the MANOVA for the dark pupil size for the audio, paper reading
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and jitter reading group are summarized in Table 5-3 Dark Pupil Size Descriptive Statistics and

Table 5-4 F Statistics and Significance for Dark Pupil Size.

Table 5-3 Dark Pupil Size Descriptive Statistics

A1 A2 A3 P1 P2 P3 J1 J2 J3

Mean 6.84 6.11 6.59 6.63 6.68 6.96 6.47 6.30 6.59

 1.09 1.47 1.32 1.64 1.38 1.13 1.25 1.46 1.40

Again the A and B runs and the D and E runs are averaged to provide the first and last time cells

and the diameter units are mm.

Table 5-4 F Statistics and Significance for Dark Pupil Size

F p

Session 2.474 .15

Time 7.428 .01

Session&Time 1.96 .13

The p values in Table 5-4 F Statistics and Significance for Dark Pupil Size are again computed

using Huynh-Feld epsilon correction. Only the changes in dark pupil size with time are

significant at the .05 level.
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5.2.1.3. Pupil Constriction Amplitude

The Pupil Constriction Amplitude was simply the difference of the dark size and constricted size

as computed earlier. The results are summarized in Table 5-5 Pupil Constriction Amplitude

Descriptive Statistics and Table 5-6 F Statistics and Significance for Pupil Constriction

Amplitude.

Table 5-5 Pupil Constriction Amplitude Descriptive Statistics

A1 A2 A3 P1 P2 P3 J1 J2 J3

Mean 3.39 2.72 3.23 3.22 3.35 3.56 3.11 2.86 3.11

 0.83 1.30 1.02 1.15 0.94 0.81 0.99 1.12 1.11

Table 5-6 F Statistics and Significance for Pupil Constriction Amplitude

F p

Session 4.997 .03

Time 3.473 .07

Session&Time 1.927 .14

Only the change of pupil constriction amplitude with session meets the significance criterion of

p < 0.05 although the changes with time are close at p = 0.07. These changes do not reflect

differences between high fatigue VDT reading or paper reading, but rather, differences in the
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last two measurements over time in the audio session, from measurements taken under any

other circumstances.

5.2.1.4. Constriction Velocity

The constriction velocity was calculated by taking the difference of the pupil data Xi+1 - Xi. For

the first 25 points then averaging that difference over 3 sample blocks. The maximum of those

averages was then selected as the pupil constriction velocity unless it came out to be more than

8mm/s. In that case an erroneous point was assumed to have generated the falsely high average

and the next highest block average was selected. The Matlab code for this calculation is

contained in Appendix 10.3.6. The MANOVA results are displayed in Table 5-7 Pupil

Constriction Velocity Descriptive Statistics and Table 5-8 F Statistics and Significance for Pupil

Constriction Velocity.

Table 5-7 Pupil Constriction Velocity Descriptive Statistics

A1 A2 A3 P1 P2 P3 J1 J2 J3

Mean 5.55 5.39 5.24 5.45 5.10 5.46 5.54 4.94 5.25

 0.76 1.78 0.88 0.77 0.96 0.49 1.02 1.10 0.78

The results of Table 5-7 Pupil Constriction Velocity Descriptive Statistics are in mm/s.
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Table 5-8 F Statistics and Significance for Pupil Constriction Velocity

F p

Session .195 .75

Time 1.074 .35

Session&Time .523 .68

As can be seen the F values are far below the F needed for %95 certainty of a population

difference.

5.2.1.5. Pupil Power Spectrum Analysis

For this analysis an idea similar to Stark’s idea of monitoring the ratio of low frequency to high 

frequency activity in saccades was used to look for fatigue effects ( Goussard et. al;. 1987 ). It

was thought the hippus signal of the eye after the initial constriction might show differences

after switching from a largely sympathetic to largely parasympathetic input based on how

fatigued the musculature and control neurology is. Several frequency break points were used to

calculate the frequency power ratio. None showed statistical significance, see Table 5-10 F

Statistics and Significance for Pupil Constriction Velocity. The results for a frequency split at 2

Hz can be seen in Table 5-9 Pupil LF/HF Power Ratio Descriptive Statistics. The Matlab code

used to generate the ratios is contained in Appendix 10.3.7. There were 76 data points in each

run sampled at 15 Hz. Only the 76 post constriction data points were used. The power ratios
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are calculated as the sum of the absolute values of the frequency coefficients from 2 Hz down to

.3 Hz divided by the sum of the frequency coefficients from 7.5 down to 2 Hz.

Ratio = sum(abs(fft_coef(2:10))) / sum(abs(fft_coef(11:38)))

Table 5-9 Pupil LF/HF Power Ratio Descriptive Statistics

A1 A2 A3 P1 P2 P3 J1 J2 J3

Mean 1.41 1.07 1.09 1.32 1.12 1.16 1.09 1.29 1.18

 0.32 0.46 0.35 0.29 0.55 0.30 0.36 0.46 0.57

Table 5-10 F Statistics and Significance for Pupil Constriction Velocity

F P

Session .006 .98

Time .740 .49

Session&Time 1.275 .30

5.2.2. Limbic Tracker Data

For the limbic tracker raw data six measures were extracted, right going to left going ratios,

second derivative activity, saccadic latencies, saccadic velocities, saccadic error rate and power

spectrum shifts. See Figure 5-3 Limbic Tracker Raw Data.
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Figure 5-3 Limbic Tracker Raw Data

5.2.2.1. Saccadic Latency

The saccadic latency was calculated in ms using the algorithm Appendix 10.3.1. This algorithm

looks for the saccade in the data points between 35 and 280 samples away from the sample

corresponding to when the dot on the screen actually moved. Recall that each sample at 400 Hz

represents 2.5 ms. The saccade is detected when the average of the derivative of the 4 points

ahead of the sample is greater than 28 samples. This corresponds to an ocular speed of about

220per second sustained for 10 ms. The reason the speed is approximate is because the

absolute calibration of limbic tracker is a little different each time someone puts the goggles on

and the gain is adjusted as described in section 2.5.2. The data is summarized in Table 5-11

Saccadic Latency Descriptive Statistics and Table 5-12 F Statistics and Significance for Saccadic

latency.
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Table 5-11 Saccadic Latency Descriptive Statistics

A1 A2 A3 P1 P2 P3 J1 J2 J3

Mean 155 170 173 159 158 150 155 157 154

 25 22 22 21 22 11 17 19 14

A, P, and J represent the levels for the session factor and 1, 2 and 3 denote the levels of the time

on task factor. The latency times are in ms. The p values in Table 5-12 F Statistics and

Significance for Saccadic latency are again computed using Huynh-Feld epsilon correction.

Table 5-12 F Statistics and Significance for Saccadic latency

F p

Session 9.097 .004

Time 1.091 .36

Session&Time 1.609 .23

Only the changes of saccadic latency with session type are significant for the choice of p < .05.

5.2.2.2. Saccadic Velocity

The algorithm used for calculating saccadic velocity is very similar to the one used for saccadic

latency and can be found in Appendix 10.3.2. Once four points whose derivatives were greater
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than the threshold defining a saccade were located, the average value of those four data points

was stored. This was done for all 10 of the saccades in the test. These 10 numbers were then

sorted, the two slowest saccades and the fastest saccade were thrown out and then the remaining

saccade velocity values were averaged to give a single saccade velocity number for that data run.

The reason for the removal of data was to filter out the effects of blinks and small spontaneous

saccades that did not represent tracking. The average of these average velocities for the different

treatments of this study can be found in Table 5-13 Saccadic Velocity Descriptive Statistics.

Table 5-13 Saccadic Velocity Descriptive Statistics

A1 A2 A3 P1 P2 P3 J1 J2 J3

Mean 271 271 263 269 260 267 263 271 270

 9 17 15 12 20 13 11 14 22

The velocities of Table 5-13 Saccadic Velocity Descriptive Statistics, are in degrees/second. The

significance of these velocity differences is summarized in Table 5-14 F Statistics and

Significance for Saccadic Velocity.

Table 5-14 F Statistics and Significance for Saccadic Velocity

F p

Session .329 .63

Time .030 .97

Session&Time .924 .46
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The changes in saccadic velocity were not significant to the 0.05 level.

5.2.2.3. Second Derivative Activity of Ocular Motion

After thinking upon what one might expect to see change in the motions of the fatigued eye

verses a “fresh” eye, it occurred that one might want to look at the second derivative of the 

signal. The second derivative captures things such as abrupt changes in direction and further it

catches abrupt changes in velocity if not direction. This seemed like a good mathematical model

for extracting corrective saccades as well as saccades that came short and had to be re-initiated.

Both of these phenomena can be seen as deviations from the perfectly square path in Figure 5-4

Limbic Tracker Data.

Figure 5-4 Limbic Tracker Data, Single Fixation

So, an algorithm which counted the number of times the second derivative of a run exceeded a

given threshold was created. Several threshold values were applied in an attempt to capture

changes in the number of turnarounds in the data. The exact algorithm can be found in

Appendix 10.3.10. The Means for each of the treatments using the most nearly significant
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threshold parameter can be found in Table 5-15 Saccadic Second Derivative Descriptive

Statistics.

Table 5-15 Saccadic Second Derivative Descriptive Statistics

A1 A2 A3 P1 P2 P3 J1 J2 J3

Mean 91 65 120 50 84 73 144 95 187

 82 42 174 48 77 31 160 72 238

The statistical significance, or in this case lack of any, is included in Table 5-16 F Statistics and

Significance for Saccadic Second Derivative. Although the threshold parameter was adjusted to

what seemed like a reasonable sensitivity, the variance overwhelmed the results. By just looking

at the raw data, it was obvious that this metric was not useful the data is presented here for

completeness only.

Table 5-16 F Statistics and Significance for Saccadic Second Derivative

F p

Session 1.660 .23

Time .810 .44

Session&Time .478 .69
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5.2.2.4. Saccadic Power Spectrum Analysis

The thinking behind this metric came from Goussard and Stark ( 1987 ). Although this metric is

more suited to the design initially used for limbic tracking in which there was a smoothly moving

target that steadily increased its speed, it was decided it might have application here as well.

Even though there really isn’t any smooth pursuit involved in the jumping dot testing paradigm, 

there are looking saccades and corrective saccades. It was hoped that changes in the relative

amounts of these two types of saccades might show up in this analysis. Ideally the ratio of low

frequency energy to high frequency energy should be greater for lower fatigue when there are

fewer corrective saccades. Apparently this is not the case given the sample size. The results are

summarized in Table 5-17 Saccadic Power Spectrum Ratio (LF/HF) Descriptive Statistics and

Table 5-1 Constricted Pupil Size Descriptive Statistics.

Table 5-17 Saccadic Power Spectrum Ratio (LF/HF) Descriptive Statistics

A1 A2 A3 P1 P2 P3 J1 J2 J3

Mean 76.49 75.82 90.77 68.20 77.40 73.25 71.60 78.34 73.14

 28.75 29.79 24.06 18.64 26.03 24.45 4.57 77.40 73.25
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Table 5-18 F Statistics and Significance for Saccadic Power Spectrum Ratio
(LF/HF)

F p

Session .708 .51

Time .923 .41

Session&Time .419 .75

5.2.2.5. Saccadic Error Calculation

It was not obvious how to best characterize the amount of saccadic errors in a given data run.

The first idea was to take an average of points known to be in the middle of a fixation, as the dot

was at some point X. It was desireable to then subtract that average value, representing the

position of the stable eye from all the other data points in that fixation period. Figure 5-4

Limbic Tracker Data represents one fixation period in a session of 11 fixation periods as shown

in Figure 5-3 Limbic Tracker Raw Data. The problem with that approach was the beginning of

the fixation period generally has the errors in it which should be extracted. An overlapping

means scheme was used to overcome this problem without having to pinpoint the onset of the

saccade exactly. The mean resting value for the eye position in the second half of each fixation

was found and described as the zero error level for that fixation. A window at the beginning of

each fixation was created and the eye position from both the previous level and the new level

were considered valid within the window. Assuming that no one has a saccadic latency of less

than 3 ms this allows the subject 300 ms to move their eye before it was counted as being in

error. If the subject takes longer than 300 ms to move, it is reasonable to begin counting their
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delay as saccadic error. The mean of the deviation from the fixation average was then

normalized by the RMS power of the run to account for differences in the gain setting of the

tracker. So the means of these means in Table 5-19 Saccadic Error Descriptive Statistics,

represent a sort of RMS error from a fabricated optimal path.

Table 5-19 Saccadic Error Descriptive Statistics

A1 A2 A3 P1 P2 P3 J1 J2 J3

Mean 1.20 1.18 1.25 1.30 1.23 1.32 1.23 1.21 1.21

 0.18 0.20 0.21 0.12 0.16 0.13 0.13 0.16 0.15

The significance of the differences in these means is laid out in Table 5-20 F Statistics and

Significance for Saccadic Error.

Table 5-20 F Statistics and Significance for Saccadic Error

F P

Session 6.461 .01

Time .203 .76

Session&Time .552 .68
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For an exact picture of how the error was calculated, see Appendix 10.3.12. The significance of

the saccadic error changes are between the last two measurements of the paper and the last two

measurements of the high fatigue VDT reading. The error for the paper reading increased over

the starting value and the error index for the high fatigue VDT reading decreased over the

starting values.

5.2.2.6. Ocular Drift, Overshoot and Undershoot

As data was acquired on the limbic tracker, a strange pattern to the undershoot and over shoot

was noticed. Almost invariably there is an overshoot as the subject makes a saccade to the right

and an undershoot as the subject moves to the left. Furthermore the drift of the eye, during

fixation, whether long or short, tends to be from right to left. The derivative of the signal was

processed in order to get a combined measure of these two right to left preference phenomena.

After smoothing the data using a sliding average filter with a width of three points. The

numerical derivative of the signal Xi+1–Xi was taken. Then all of the sample differences greater

than zero and all of the sample differences less than zero were counted. The exact algorithm is

contained in Appendix 10.3.9. The ratio of these two numbers for each run was saved:

(Left going) / (Right going)

In an eye with perfectly symmetrical right-left response the ratio should be equal to 1 since most

of the time the eye should be in fixation and the pursuit saccades, which make up a small

fraction of the inter-sample differences are evenly distributed between right going and left going.

However, from the histogram in Figure 5-5 Histogram of Drift Ratios - a symmetrically

operating eye would have a ratio of 1, you can see that the data is highly skewed away from being

symmetrical.
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Figure 5-5 Histogram of Drift Ratios - a symmetrically operating eye would
have a ratio of 1

Using a Z test to generate the probability that the mean value of the right to left ratios was

actually 1 for the population, the smallest Z value for any factor combination was 4.5. A Z value

of 4.5 or greater represents a p < 0.0001. It is almost certain that the eye was not operating

symmetrically. Also the ratios were analyzed as a possible indicator of fatigue. The results are

summarized in Table 5-21 Right to Left Ratio Descriptive Statistics and Table 5-22 F Statistics

and Significance for Right to Left Ratios.

Table 5-21 Right to Left Ratio Descriptive Statistics

A1 A2 A3 P1 P2 P3 J1 J2 J3

Mean 0.9137 0.9159 0.9168 0.9302 0.9268 0.9251 0.9269 0.9255 0.9207

 0.0422 0.0396 0.0374 0.0367 0.0391 0.0426 0.0330 0.0322 0.0324
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Table 5-22 F Statistics and Significance for Right to Left Ratios

F P

Session 1.093 .36

Time .486 .51

Session&Time .887 .39

The differences over time and session are not significant at the p < 0.05 level.

5.3. Discussion

5.3.1.Results

The measures which were found to change significantly were dark size, constriction amplitude,

saccadic latency and saccadic error. These results are summarized in Table 5-23 p Values for

Significant Measures.

Table 5-23 p Values for Significant Measures

Dark Size Const. Amp. Sac. Latency Sac. Error

Session .15 .03 .004 .01

Time .01 .07 .36 .76

Session&Time .13 .14 .23 .68
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5.3.1.1. Pupil Dark Size

For the Dark pupil size, paired sample two tailed T-Tests were used on the raw data to extract

the trend. T-tests were performed on each session separately to assess the effects of time on

task within each session type. For the audio session the large then small then large pupil size

trend over time was significant to the p < 0.01 level. For the paper and VDT-jitter reading there

was no significant changes in the dark pupil size.

5.3.1.2. Constriction Amplitude

The pupil constriction amplitude follows nearly the same pattern as the dark pupil size, as might

be expected. The reason for difference with session compared with the dark size metric is due

to a greater upward biasing of all the paper session values over time. When the change in dark

pupil size is removed from this trend, the change in constriction amplitude is no longer

significant. It would appear that the constricted size does not change much and the constriction

amplitude is largely following the dark pupil size with only minor variation.

5.3.1.3. Saccadic Latency

Again, using paired sample two tailed T-tests, the changes in the saccadic latency with session

type was assessed. The only measurements significantly different from any others were the

second and third measures in time in the audio session. They differed from the second and third

measures of the jitter and paper significantly p < 0.025. The latencies in the second and third

audio time slots were slower than the rest of the rest of the measures.

5.3.1.4. Saccadic Error

To assess the difference between the sessions, the results of the second and third measurements

in time were averaged as was done in the saccadic latency analysis. Then two tailed paired

sample T-tests were used to establish significance between means. The means for audio, paper
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and VDT-jitter sessions were 1.17, 1.28, 1.19 respectively. The average for the first measure of

all sessions was 1.23. The results from the second half of the audio and paper reading sessions

were not significantly different p = 0.3 nor were the audio to VDT-jitter reading at p = 0.7,

however the difference between the jitter and the paper was significant p = 0.022 with the

average saccadic error index being higher for the paper reading than the VDT-jitter reading.

5.3.1.5. Post Saccadic Drift

In the right going to left going ratio analysis the asymmetry of the eye’s response was intriguing.  

With 11 fixation periods and 10 saccades between them one would think that the amount of

time the eye spent moving to the right versus the amount of time spent moving to the left would

be about the same. Looking at the raw data of Figure 5-3 you can see the right to left drift that

causes the asymmetry. Upon looking up the literature on this phenomena it was found that

Kapoula ( 1986, 1993 ) had documented this trend in binocular studies and attributed the

asymmetry to temporal vs. medial motions of the eye. Had a binocular study been done, it

would most likely have been found that the left eye had a mirrored response. Kapoula is the only

author found to have done studies on this phenomena and these results substantiate his work (

Kapoula 1986, 1993 ). Kapoula offers no speculation as to the mechanism behind this

asymmetry.

5.3.2.Survey Data

Subjects were asked to rate how tired their eyes were both before and after each session.

Ratings were given on a 10 scale with 10 being the most tired. For every session type the

average response was an increase in how tired their eyes were.
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Table 5-24 Changes in Subjective Reports of Fatigue

Audio Paper Jitter

Change in Reported Fatigue 0.6 1 2.2

Significance of the Change 0.5 0.3 0.0001

The averages come as one might expect. VDT-jitter reading increased the sense of ocular

fatigue the most followed by paper reading followed by audio. Only the change in perceived

fatigue after a jitter session was significant using paired sample two tailed T-tests.

Furthermore, correlations between the subjective and objective measures were assessed. To do

this the data from the second and third trials over time were thrown out. Three session matrices

were created with a row for each subject and a column for each measure. The three matrices

were generated with first data taken from the three session types, audio, paper and jitter. The

results of the two jitter sessions were averaged to form the third matrix. Only measures which

had an absolute value of correlation above 0.6 in each matrix were considered. The values

presented as correlation coefficients (ccf) are an average of the ccf of the three matrices.

All correlations found were positive. Correlations one would expect to see were present such as

the correlation between the pupils dark size and constricted size ccf = 0.75, the constriction

amplitude and dark size ccf = 0.93 and between the subjective ratings of mood and quality of

sleep ccf = 0.73. A mild correlation was discovered between age and saccadic latency ccf = 0.80.
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5.3.3.Physiological Modeling of Effects

5.3.3.1. Pupil Dark Size

The dark size changes over time were significant only for the audio session and likely represent

constriction after a change in dark adaptation state in the first 45 minutes of listening and then a

dilation caused by the arousal of changing attention from the story to the testing procedure.

Although the same lamp was used in the same geometry to light the room under all

circumstances, in the audio session it was not required for taking in the program material as it

was for paper reading or VDT-jitter reading. Recall the lamp was set to reflect from the monitor

causing glare during VDT use and diffuse illumination of the desk for paper reading.

Using a monitor has been shown to cause a decrease in pupil size over time and studies with

flickering sources have shown that flickering optical energy causes more constriction that

continuous optical energy. ( Loewenfeld 1993; Harwood 1987 ) Perhaps the young age of the

subjects overshadowed this effect.

5.3.3.2. Constriction Amplitude

As was noted earlier the constriction amplitude is partially derivative of the dark size. The

differences seen in constriction amplitude are not significant without the dark size effect. The

difference in the significance of the dark size versus the constriction amplitude appears to be due

to normal variance in the system.

5.3.3.3. Saccadic Latency

The slowing in the audio session is likely due to a relaxation during the audio session. One

might presume, although the subjects were not monitored, that there is far less saccadic activity

while listening to the reading of a story than while doing just about anything else. This increase

in response time may then be seen as a disuse phenomena. Note that the changes in dark size

occurred only for the audio session. This may reflect on the state of the undergraduates as they
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came into the study. Apparently, from an ocular point of view, the relaxation of the audio

session was more of a change from their previous state than the stress of reading. In fact

according to the survey data an average of 1 hour of reading and VDT work had been done

before coming into the sessions.

The correlation between increasing age and increasing saccadic latency is interesting but not

surprising. There are many possible factors that could contribute to this trend, among them the

effects of age on neurons.  As a muscle ages it retains the same potential per fiber as it had in it’s 

earlier years. The mechanism behind reduced capacity of muscle with aging lies in a denervation

and subsequent atrophy or death of fibers. This phenomena is more prevalent amongst the

larger faster motor neurons which would be directly in line with the findings of slowed reaction

times with age. Another possibility is the prevalence of computers and especially computer

games amongst today’s youth.  It has been shown that the time it takes to foveate, or center, a

target can be effectively reduced by practice. ( Shapiro 1989 ).

5.3.3.4. Saccadic Error

The increase in saccadic error rate with paper reading over both the VDT-jitter and audio

sessions is interesting. The saccadic error index is a reflection of the pulse step innervation

mismatch. When the eye prepares for a saccade from one target to another, the agonist and

antagonist muscles must be precisely synchronized both temporally and in magnitude. The recti

muscles are fully innervated for approximately half the saccade regardless of the saccade size.(

Bach-y-Rita 1975 ) Furthermore the saccadic velocity has been shown not to change for cases of

overshoot vs. non-overshoot. ( Bahill et. al. 1978 ) This resulted leads one to believe, as Bahill

himself speculated, that the error is in the temporal characteristics of the pulse-step innervation.

If this is the case, then the fatigue that is behind this saccadic error is likely a higher level CNS

fatigue in which temporal resolution becomes lost. It is uncertain why the temporal resolution

would degrade with paper reading and not with VDT-jitter reading. Perhaps it is due to the
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increased concentration required to continue reading from a screen with small type, glare and

jitter.

5.3.4. Sources of Error

One difficulty with this test is the prior activity of the subjects. Although survey data was taken

on the types of activities of the subject before the session, it would have been better and costlier

to control the activities of the subjects from the point of waking to the test time.

The reason that only one repetition of the jumping dot and pupil constriction tests were

performed in between the two 45 minute sessions was to minimize the amount of recovery time

the subject experienced. In an experiment such as this one there is a trade off between the

number of tests that can be performed and the effects of the tests on the subject.

Although there are some differences between the A, B, C, D, and E tests due to differences in

dark adaptation theses differences are acceptable since the they are regular for each session. The

dark adaptation time for A is approximately the same each time noting possible differences in

the amount of time it took to adjust the limbic tracker goggles. The dark adaptation time for the

D test is approximately the same as for the A tests less the time the subject spend dark adapting

while answering the survey questions that preceded the A test. In the case of these back to back

Pupil Constriction trials, ( A and B ) and ( D and E ), the dark adaptation for the second trial was

approximately 1.5 minutes longer than for the trial prior. However, that dark adaptation was

broken by the lights coming on in the first constriction test. See section 5.1 for the testing

schedule. By averaging the back to back trials it was hoped that some of the variability of the

different dark adaptation conditions for the different time factor levels would be removed.

There is not a good way around these problems. Although the methods used here have these

slight differences, which may present interaction error in the measurements, they represent a

compromise in the methodology.
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For the Dark Pupil Size, Constriction Amplitude, Saccadic Latency and Saccadic Error, just as a

check, the differences in the first data point taken on each of the three session days was

examined. The first measurement made lacks any effects of the session type since no program

has been started at that point. Theoretically, there should be no significant difference between

the first measurement taken on each day since the order of the sessions were randomized. There

were no significant differences found between the first measurements of the different session

types except for the Saccadic Error calculation The first session of the audio trial did show a

significant difference from the first measurement in the other two sessions p < 0.05. This

phenomena was due largely to one outlier. A look at the data for this subject showed a higher

than normal variability in saccadic error. Removal of this subjects data did not make a

significant change in the analysis. Keep in mind this is not a true type two error analysis it only

serves to check assumptions.

Because of the nature of the tests, it is not possible to analyze the “noise” or variability of the 

system. While one might be inclined to consider the pupillary system as time invariant over a

short time assuming static external variables, such as noise, lighting or mood changes, it is not

possible to achieve repeated tests within this short time period because of the effects the test has

on the system. Therefore, it is not possible to run a back to back noise/stability test as was done

in Section 3.3.1. By the time one waited for the eye to dark adapt again, the subject will have had

opportunity to change moods, train of thought and anticipation levels. ( Bitsios 1996 ) On the

first trial, their anticipation level may be set by memory of the light coming on two days before,

on the second trial, the subjects anticipation is set by the memory of the bright lights coming on

several minutes ago. This phenomena may have affected the results causing a loss of

significance. There is not a good way to get around this problem because the second test will

always be performed with the memory of a test closer in the subjects mind than on the first test

of the day. However, this problem is the same across controls and experimental sessions and is

mitigated by averaging of back to back tests.
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The probability that one errs in rejecting the null hypothesis that the means for different

sessions, audio, paper reading and jitter reading, are the same has a probability of 0.01 for

saccadic error and .004 for saccadic latency. This means that there is a %99 percent surety that

saccadic error and saccadic latency change with the type of session. These results are unique in

the literature. One reason that significant changes were found where others did not may lie in

the number of subjects used. Other authors ( Goussard 1987; Bahill 1975 ) who have run well

designed, objective tests, have typically used less than three subjects. After having run 9 subjects

through this battery of tests it is understood why; collecting and processing the data was not a

trivial task. Finally, no one has performed these exact measures under these conditions. People

have looked at saccadic latency and various calculations of saccadic error in related contexts (

Stern 1996 ) but not while using a jumping dot test and calibrated pupil constriction test.

The lack of significance with time for the saccadic measures may be due to not having enough

data points. Further, on line monitoring every 15 minutes of a reading task would be optimal

but the same metrics would not be available.  One can’t get saccadic latencies from a reading 

signal and the saccadic error would have to be calculated differently than it is here.

Similarly one can’t measure constriction amplitude on line. If the subject is surprised the mental

state changes and the pupil now reflects a state of surprise rather than fatigue. Another potential

reason that there were no differences in the measures between paper reading and high fatigue

VDT reading was the young age of the population studied. The mean age for the population of

the study was 29 with 5 participants younger than thirty and two participants older than 45.

Harwood (1987) performed a somewhat similar experiment. He used a blinking display and a

continuous display for reading that were otherwise similar. He found that critical flicker fusion

rates decreased after using a VDT vs. the continuous image projector.
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6. DAY LONG STUDY OF ASTHENOPIA SUFFERERS

6.1. Methods

13 People, who claim to suffer from eye fatigue due to their daily computer usage, were tested at

the beginning and end of both a workday and Saturday or Sunday. Subjects were university staff

recruited by an email with the subject header “Do You Suffer From Computer Related Eye 

Fatigue?”.Subjects were paid $10 on completion of the third test. Subjects were randomly

assigned to start with either the non-work day test or the work day test. One of the subjects did

not show up for all three tests and his data was removed. Another subject had a facial geometry

which made imaging the eye difficult and her data was also removed. There were 4 males and 7

females remaining of mean age 44. Subjects had their eye movements recorded using the

pseudo random jumping dot program described in Section 2.3.3, their pupillary constriction

recorded, as well as 30 seconds of hippus using the program described in section 2.1.3.1. The

pupillary constriction was recorded as before as outlined in Section 2.1.3.1, except that only 50

frames were recorded rather than 100. The pupillary hippus was recorded at 5 frames per

second. The frame rate for the WiT program was once again verified by filming the second

hand of a watch and counting the number of frames between each tick. See Figure 2-5

Validation of Frame Rate. The lighting was at a level of .3 W/cm2 as provided by background

illumination from a Vivtron 17” monitor in the room which displayed the WiT program screen

and the look point LED. Except for negligible changes in the overall intensity of the eye display

window, the illumination pattern and intensity was the same each time.

The Schedule of the sessions is detailed in Appendix 10.2.3. This schedule provided a maximum

of dark adaptation time for the constriction tests of approximately 8 –9 minutes. The

background illumination of the monitor was allowed during the hippus test to provide a larger
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amplitude hippus signal while still allowing for a dark peaceful environment. Hippus amplitude

is largest when the pupil operates between fully dilated and fully constricted ( Loewenfeld 1993 ).

For the hippus test, the subjects placed their chin in the chin rest and were directed to look at

the red fixation LED and instructed to keep watching the LED for the duration of the 30

second test. Video was then taken at a rate of 5 fps for 30 seconds. The background

illumination of the room from the monitor combined with the optical power from the LED was

4 W/cm2 and the background light from the reflected monitor phosphors was approximately

1-2 W/cm2 which was just at the minimum detectable level of the power meter.

6.2. Analysis

A multivariate repeated measures MANOVA was run in SPSS to assess the significance of the

changes in the measures. A single factor of condition was used. The three levels for the

condition factor are morning, after work day and after non-work day.

6.2.1. Pupillary Data

Fourteen measures were generated from the raw data for this study since the hippus test has

been added to the battery. The measures taken from the raw pupil constriction data are:

constriction velocity, constricted pupil size and constriction amplitude. The measures extracted

from the raw hippus data are: average dark size, RMS hippus amplitude, relative strength of the

0.2 Hz component, auto-correlation and shifts in the power spectral density. An example of the

hippus signal is shown in Figure 6-1 Raw Hippus Data the horizontal axis is in frames taken at 5

fps and the vertical axis is in mm of diameter.
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Figure 6-1 Raw Hippus Data

An example of the raw constriction data can be seen in Figure 5-2 Pupil Constriction Raw Data.

Note that the constriction test in this study was halved from 100 down to 50 points taken at 15

fps. The reason being that the static response of the pupil could now be taken from the hippus

data.

6.2.1.1. Static Constricted Pupil Size

The algorithm used in this section is essentially the same as the one in section 5.2.1.1 Static

Constricted Pupil Size modified to the new shorter run length. One session for one subject

contained too many blinks in the latter half of the data for the algorithm to generate a reliable

constricted pupil size and the good radii had to be hand scored and averaged. See Table 6-1

Constricted Pupil Size Descriptive Statistics. Morning, After Work and After non-Work

represent the three levels for the only factor in this study which shall be referred to as time. The

units for Table 6-1 Constricted Pupil Size Descriptive Statistics are in mm. The univariate F

statistics for changes in constricted pupil size with measurement time are summarized in Table

6-2 F Statistics and Significance for Constricted Pupil Size.
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Table 6-1 Constricted Pupil Size Descriptive Statistics

Morning After Work After non-Work

Mean 3.45 3.46 3.37

 1.12 .99 .88

Table 6-2 F Statistics and Significance for Constricted Pupil Size

F P

Time .335 .72

The significance calculations based on the F statistics were epsilon adjusted using the Huynh-

Feld method. Recall that statistical significance will only be accepted for a p value less than 0.05.

6.2.1.2. Dark Pupil Diameter

The dark pupil diameter in this study comes from the hippus test. The diameters of the pupil

for the 150 frames were sorted. The center 120 diameters were then averaged to produce an

average dark pupil diameter. This algorithm is very similar to the one in Appendix 10.3.4. The

descriptive statistics for changes in the average dark pupil size with time of testing are shown in

Table 6-3 Dark Pupil Size Descriptive Statistics.
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Table 6-3 Dark Pupil Size Descriptive Statistics

Morning After Work After non-Work

Mean 5.10 5.21 5.17

 1.54 1.32 1.42

The lack of statistically significant change in dark pupil size from morning to after work to after

non-work is summarized in Table 6-4 F Statistics and Significance for Dark Pupil Size.

Table 6-4 F Statistics and Significance for Dark Pupil Size

F p

Time .218 .81

6.2.1.3. Pupil Constriction Amplitude

The pupil constriction amplitude was calculated as before. See section 5.2.1.3 for details on the

algorithm. The descriptive statistics and significance are outlined in Table 6-5 Pupil Constriction

Amplitude Descriptive Statistics and Table 6-6 F Statistics and Significance for Pupil

Constriction Amplitude.



100

Table 6-5 Pupil Constriction Amplitude Descriptive Statistics

Morning After Work After non-Work

Mean 2.32 2.35 2.37

 .476 .502 .500

Table 6-6 F Statistics and Significance for Pupil Constriction Amplitude

F P

Time .127 .88

6.2.1.4. Constriction Velocity

Constriction velocity is calculated as before in section 5.2.1.4.

Table 6-7 Constriction Velocity Descriptive Statistics

Morning After Work After non-Work

Mean 4.707 5.429 4.512

 1.3040 1.1722 .6914

Descriptive statistics are given in Table 6-7 Constriction Velocity Descriptive Statistics.
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Note that the changes in pupillary constriction velocity, seen in Table 6-8 F Statistics and

Significance for Constriction Velocity, meet the 0.05 criterion for rejecting the null hypothesis.

The data shown in Table 6-7 Constriction Velocity Descriptive Statistics are in mm/s. The

algorithm used to extract the constriction velocities is contained in Appendix 10.3.6.

Table 6-8 F Statistics and Significance for Constriction Velocity

F p

Time 3.75 .044

6.2.1.5. Pupillary Hippus Power Spectrum Analysis

The measure in this section is a ratio of low to high frequency power in the hippus signal

spectrum. The cut off frequency was 0.3 Hz. The ratio was calculated as the sum of the FFT

coefficients from 0.033Hz to 0.3 Hz divided by the sum of the FFT coefficients from 0.333 Hz

to 2.4 Hz.  The absolute value of the FFT coefficient’s were used and phase information was 

ignored. The results of this analysis are summarized in Table 6-9 Hippus Power Spectrum

Descriptive Statistics and Table 6-10 F Statistics and Significance for .

Table 6-9 Hippus Power Spectrum Descriptive Statistics

Morning After Work After non-Work

Mean .904 .994 1.089

 .279 .367 .820
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Table 6-10 F Statistics and Significance for Hippus Power Spectrum

F p

Time .568 .51

6.2.1.6. Pupillary Hippus Auto-correlation

With this metric one can measure the entropy or randomness of the signal. For each hippus run

the scaled auto-correlation coefficients were generated for the run and averaged. The results of

the analysis are shown in Table 6-11 Hippus Auto Correlation Descriptive Statistics and Table

6-12 F Statistics and Significance for

Table 6-11 Hippus Auto Correlation Descriptive Statistics

Morning After Work After non-Work

Mean 5.64 6.90 6.08

 4.81 3.07 5.41

Table 6-12 F Statistics and Significance for Hippus Auto Correlation

F p

Time .339 .71
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6.2.1.7. Hippus Amplitude

The analysis of this section represents the RMS amplitude of the hippus signal. Bias was

subtracted off before the energy calculation was made. The exact algorithm is contained in

Appendix 10.3.13. The results are contained in Table 6-13 Hippus Amplitude Descriptive

Statistics and Table 6-14 F Statistics and Significance for Hippus Amplitude.

Table 6-13 Hippus Amplitude Descriptive Statistics

Morning After Work After non-Work

Mean 5.10 5.21 5.17

 1.54 1.32 1.42

Table 6-14 F Statistics and Significance for Hippus Amplitude

F p

Time .218 .81

6.2.1.8. 0.2 Hz Hippus Component (Sleep Wave Analysis)

The measures presented in Table 6-15 Sleep Wave Analysis Descriptive Statistics and Table 6-16

F Statistics and Significance for represent the strength of the sleep waves in the hippus signals

of the subject. The index of sleep wave activity was generated by dividing the power of the 0.2

Hz component of the hippus signal by the average of the other non-DC components strength.

The exact algorithm is contained in Appendix 10.3.8. The 0.2 Hz component of the hippus
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signal has been shown to increase markedly during the period immediately before sleep and is

thought to reflect a changeover in the autonomic nervous system ( Loewenfeld 1993 ).

Table 6-15 Sleep Wave Analysis Descriptive Statistics

Morning After Work After non-Work

Mean 5.56 6.17 6.29

 2.02 2.98 4.15

Table 6-16 F Statistics and Significance for the Sleep Wave Analysis

F p

Time .256 .77

6.2.2. Limbic Tracking Data

In this section, the algorithms used for analysis are exactly the same as in Section 5.2.2. The

measures extracted from the raw data are: right going to left going ratios, second derivative

activity, saccadic latencies, saccadic velocities, saccadic error rate and power spectrum shifts. See

Figure 5-3 Limbic Tracker Raw Data.
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6.2.2.1. Saccadic Latency

The descriptive statistics in Table 6-17 Saccadic Latency Descriptive Statistics for the Asthenopia

Study are in ms. The significance of the changes in the latency are presented in Table 6-18 F

Statistics and Significance for Saccadic Latency.

Table 6-17 Saccadic Latency Descriptive Statistics

Morning After Work After non-Work

Mean 195 188 200

 24.3 24.5 26.4

Table 6-18 F Statistics and Significance for Saccadic Latency

F p

Time 1.412 .26

It is interesting to note that the saccadic latencies were not of significance according to the 0.05

criterion however the p value of 0.26 is interesting.

6.2.2.2. Saccadic Velocity

The algorithm used for calculating saccadic velocity is very similar to the one used for saccadic

latency and can be found in Appendix 10.3.2. Once four points whose derivatives were greater

than the threshold defining a saccade were located, the average value of those four data points
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was stored. This was done for all 10 of the saccades in the test. These 10 numbers were then

sorted, the two slowest saccades and the fastest saccade were thrown out and then the remaining

saccade velocity values were averaged to give a single saccade velocity number for that data run.

The average of these average velocities for the different treatments of this study can be found in

Table 6-19 Saccadic Velocity Descriptive Statistics and Table 6-20 F Statistics and Significance

for Saccadic Velocity. The velocities are given in degrees per second.

Table 6-19 Saccadic Velocity Descriptive Statistics

Morning After Work After non-Work

Mean 279 288 267

 17.1 18.3 13.8

Table 6-20 F Statistics and Significance for Saccadic Velocity

F p

Time 5.62 .01

Note that the p value for changes in saccadic latency for this study meets the criterion for

rejecting the null hypothesis and indicates a compelling trend toward increased saccadic

velocities after days spent working versus non-working days for the asthenopia suffering

population.



107

6.2.2.3. Second Derivative Activity of Ocular Motion

The second derivative analysis is exactly the same as that presented in section 5.2.2.3. The

results of this analysis are displayed in Table 6-21 Second Derivative Activity Descriptive

Statistics and Table 6-22 F Statistics and Significance for Second Derivative Activity.

Table 6-21 Second Derivative Activity Descriptive Statistics

Morning After Work After non-Work

Mean 102.5 143.5 78.9

 55.7 125.8 42.6

Table 6-22 F Statistics and Significance for Second Derivative Activity

F p

Time 2.60 .12

Note that the p value for second derivative activity does not meet the criterion for rejection of

the null hypothesis of no differences.

6.2.2.4. Saccadic Power Spectrum Analysis

The algorithm used for this analysis is the same one used in Section 5.2.2.4 and can be found in

Appendix 10.3.11. An index of the power spectrum distribution was calculated by taking the

ratio of low frequency to high frequency FFT coefficients. The break point between the high
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and low frequency bands was 17.5 Hz. The data was sampled at 400 Hz so the top of the high

frequency band, the Nyquist frequency ,was 200 Hz. The DC coefficients were not used and

phase information was ignored. Furthermore the first 500 points of the data run were ignored as

there is a noisy period there in which the first fixation is accomplished from an unknown prior

fixation point.

Table 6-23 Saccade Power Spectrum Analysis Descriptive Statistics

Morning After Work After non-Work

Mean 58.9 59.7 79.3

 30.9 19.2 29.6

Table 6-24 F Statistics and Significance for Saccade Power Spectrum
Analysis

F p

Time 5.24 .01

In the population of subjects that suffer from asthenopia, a change in the amount of high

frequency ( HF ) activity was noted for the Saturday afternoon measurement in which the HF

activity decreased relative to the LF activity.
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6.2.2.5. Saccadic Error Calculation

The algorithm used to generate the saccadic error measure is described in Section 5.2.2.5. The

Matlab code for the algorithm is contained in Appendix 10.3.12. The results are summarized in

Table 6-25 Saccadic Error Descriptive Statistics and Table 6-26 F Statistics and Significance for

Saccadic Error.

Table 6-25 Saccadic Error Descriptive Statistics

Morning After Work After non-Work

Mean 1.30 1.24 1.20

 1.54 1.32 1.42

Table 6-26 F Statistics and Significance for Saccadic Error

F p

Time 1.27 .30

6.2.2.6. Ocular Drift, Overshoot and Undershoot

The measure for this section is a measure of the symmetry of the eye. A description of the

algorithm used to generate the measure is given in section 5.2.2.6.
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Table 6-27 Ocular Drift Descriptive Statistics

Morning After Work After non-Work

Mean .960 .879 .947

 .382 .221 .223

Table 6-28 F Statistics and Significance for Ocular Drift

F p

Time 1.26 .29

It is interesting to note that although the means are comparable to those found in the High

Fatigue Study of Section 5, the standard deviation, , is greater for the Asthenopia population.

6.3. Discussion

6.3.1. Results

A summary of the significant results from this study are presented in Table 6-29 F Significance

for the Asthenopia Study. The pupil constriction velocity and saccadic velocities increased for

the after work measurement relative to the morning and Saturday afternoon measurements.

These increases likely represent a potentiation effect after a day of normal VDT use. Saccadic

power spectrum ratios increased for the Saturday measure relative to the morning and after work

measure.
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Table 6-29 F Significance for the Asthenopia Study

Constriction Vel. Saccadic Vel. Saccadic FFT

p .044 .01 .01

By looking at the raw data, it becomes apparent that there may be a normal diurnal trend to the

amount of high Frequency, HF, activity of the saccadic system. The change in the Saturday data

versus the data for the work day might then be interpreted as a perturbation of this diurnal

trend.

6.3.1.1. Correlation of Measures

An additional analysis was run to see to what extent different measures were correlated to one

another. The data was broken into three matrices, one for each session morning, after work and

Saturday. Each matrix had a row for each subject and a column for each measure. The

correlation coefficients (ccf) are the average of the coefficients for all three matrices. The

correlation one would expect to find were found, all were positive: the dark size of the pupil and

the constricted size, ccf = 0.9, the dark pupil size and constriction amplitude ccf = 0.75. A

strong correlation that was not expected was found in the auto-correlation coefficient for the

pupillary hippus signal to the hippus amplitude ccf = 0.91. The survey data did not show any

correlation patterns that persisted through each session matrix.

6.3.1.2. Constriction Velocity

Using paired sample two tailed T-tests, the specific differences between means in the

constriction velocity data was analyzed. The p values are summarized in Table 6-30 Significance

of the Differences Between Constriction Velocity Means which clearly details the significance of
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the increase in constriction velocity of approximately 1 mm/s for the after work measurement

over the morning and Saturday measurements.

Table 6-30 Significance of the Differences Between Constriction Velocity
Means

Morn. to Aft. Work Aft. Work to Sat. Morn. to Sat.

p 0.058 0.004 0.65

6.3.1.3. Saccadic Velocity

The saccadic velocity of the eye also increased for the after work measurement compared to the

morning and Saturday measures. Only the difference between the after work and Saturday

measures was significant at the p < 0.05 level with a difference in means of 21 degrees per

second.

Table 6-31 Significance of the Differences Between Saccadic Velocity Means

Morn. to Aft. Work Aft. Work to Sat. Morn. to Sat.

p 0.18 0.006 0.08

6.3.1.4. Saccadic Power Spectrum

The shift in power spectral density was not significantly different between the morning and after

work trials. The Saturday measure showed a greater amount of low frequency activity relative to

high frequency activity than the other two measures.
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Table 6-32 Significance of the Differences Between Saccadic Spectrum
Means

Morn. to Aft. Work Aft. Work to Sat. Morn. to Sat.

p 0.9 0.029 0.014

6.3.2.Survey Data

Before each session, subjects were asked to rate how tired their eyes were 10 being the most

tired see Table 6-33 Differences in Subjective Reports of Fatigue for differences. The after

work report was different from the other two by at least p < 0.003. The morning and Saturday

reports were not significantly different from one another p = 0.2. A paired sample two tailed T-

test was used.

Table 6-33 Differences in Subjective Reports of Fatigue

Morning After Work Saturday

Mean 2.4 6.4 3.3

6.3.3. Physiological Modeling of Effects

6.3.3.1. Constriction Velocity

The speeding of the pupil constriction velocity and saccadic velocities after work appears to be a

potentiation effect on pupil constrictor muscle and extra ocular muscles. VDT use is known to

cause pupillary constriction. The increase in constriction velocity may be an effect of leftover

neural potentiation from the excitation of the parasympathetic innervation of the constrictor

muscles or the effect could be in the potentiation of the muscle itself.
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6.3.3.2. Saccadic Velocity

Potentiation of the extra ocular muscles may be the result of increased vascularization or

neuromuscular excitability. The time between the last close work done and the time of testing

after work is expected to be between 10 and 25 minutes in this study. This recovery period was

likely a factor in the enhanced speed of the muscles as well. The near significant difference

between the Saturday and morning measures is due to the shrinking of variance for the Saturday

measure to approximately 13 from the 18 degrees/second variance of the other two measures.

The largest difference and the one of most interest is the difference between Saturday and after

work for these two represent the experimental difference of VDT work.

6.3.3.3. Saccadic Power Spectrum

Saccadic power spectrum ratios increased for the Saturday measure relative to the morning and

after work measure. This would appear to be counter intuitive. One possible explanation for

the decrease in high frequency activity for Saturday may be that the work day obscured a diurnal

trend towards less high frequency activity in the afternoon. If the normal trend is for a decrease

in high frequency activity towards the end of the day, it is possible that the same potentiation

that caused the saccadic velocities to increase after the work day also caused the high frequency

content of the saccadic signal to be increased.

6.3.3.4. Hippus Amplitude Correlation

It was interesting that the auto-correlation coefficient, or lack of entropy, for the pupillary

hippus and the amplitude of the hippus was highly correlated ccf = .91. One might expect this

to be just an amplitude effect except that the coefficients for the lack of entropy were

normalized for amplitude. This phenomena parallels the sleep wave phenomena. The larger

hippus amplitude before sleep is thought to represent a changing of autonomic tone and causes

large highly regular oscillations. Perhaps large hippus amplitude reflects the same phenomena at

other times as well as just before sleep in response to other shifts in the autonomic system.
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6.3.4. Sources of Error

The trends seen in this study are for the most part what one would expect to see. Except for the

changes in saccadic power spectrum the data for the after work measurement differed from the

morning and Saturday afternoon measurement. Although, the potentiation of the saccadic and

pupillary neuromuscular systems of is intriguing in a study where one is searching for the effects

of fatigue amongst those who claim to suffer from eye fatigue. Only two subjects data were

removed from this study. One for non-attendance and the other for difficulties in imaging the

eye. One in thirteen people is a good percentage for imaging ability with the pupillometer and

limbic tracker.

Two papers that do present objective measures on VDT users that correspond to measures

taken in this study are by Nakamura ( 1996 ) and Ukai ( 1997 ). Both found that within large

groups VDT workers, Nakamura used 20 and Ukai 100, there was a slight but significant

increase in pupillary oscillations at 0.2 Hz, the frequency associated with sleepiness. Non VDT

workers in the controls showed a much smaller presence of sleep waves. However, the pupillary

raw data was hand scored for the presence of hippus so a direct comparison is not possible with

the hippus measures in this study. It is interesting to note that amongst the somewhat smaller

population of asthenopia cases in this study, there was an increase in the hippus amplitude for

the after work measure. However this change was far from significant p = 0.81. In our test for

the strength of the FFT coefficients near 0.2 Hz it was found that the morning test was smaller

than the other two but again this result is far from significance p = 0.77. However the use of

only 11 subjects may have hindered the ability of this study to uncover any morning to evening

changes in hippus with VDT work..
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7. FLICKER STUDY

7.1. Methods

Subjects were recruited from the population in the Electrical Engineering Department at the

University of Colorado at Boulder. Subjects were requested to participate in a 20 minute test

without compensation. Nineteen subjects were recruited. Each subject was tested both for

pupillary hippus and reading ability on four levels of flicker. Due to difficulties in calibrating the

limbic goggles several subjects reading data was removed from the study. Additionally, several

subjects appeared to read with a more sweeping motion rather than a line of discernable

saccades. This data was also removed. The remaining 11 reading data sets represented 3

females and 8 males of mean age 24. The hippus tests used were from 16 subjects, 11 males and

5 females with an average age of 21.

Subjects were seated on a stool facing a box containing a diffusing layer through which light

from a chopped 35 mm slide projector could be viewed. An LCD shutter was used to chop the

light output of the slide projector. The chin rest was arranged such that the right eye, the one

being measured, was aligned with the right edge of the material to be read. Each backward

saccade sweep to the left edge of the paragraph represented a movement from 0 degrees to–15

degrees. In order to keep the test short the camera was left in place for both the reading test and

the hippus test. The schedule for the sessions was randomized by generating a list of all possible

orders of the 4 frequencies to be tested alternately starting with the reading test or the hippus

test. For the hippus test subjects viewed a target on a slide for 30 seconds. For the reading test

subjects read from 35 mm slides of Stephen Crane’s Red badge of Courage. The typeface was

9.25 characters per inch on the display at a distance of 60 cm from the eye. The margins of the

text were set at an average of 8.2 words per line. The text was displayed as black on white. Each

frequency used had the same RMS optical power. Each flicker rate was set at %50 duty cycle
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except, of course, for the continuous display. For more information on the hardware set up for

the flicker test see Section 2.4. The sessions followed a schedule similar to the one in Appendix

10.2.4.

7.2. Analysis

Again a multivariate repeated measures MANOVA was run in SPSS. A single factor of flicker

was used. The four levels for the flicker factor are continuous or 0 Hz, 7 Hz, 24 Hz and 60 Hz.

7.2.1. Pupillary Data

Seven measures will be generated from the raw data for this study. The measures extracted from

the raw hippus data are: average dark size, RMS hippus amplitude, relative strength of the 0.2 Hz

component, auto-correlation and shifts in the power spectral density. An example of the hippus

signal is shown in Figure 6-1 Raw Hippus Data.

7.2.1.1. Average Pupil Diameter

The diameters of the pupil for the 150 frames were sorted. The center 120 diameters were then

averaged to produce an average pupil diameter. This algorithm is very similar to the one in

Appendix 10.3.4. The descriptive statistics for changes in the average pupil size with time of

testing are shown in Table 7-1 Average Pupil Size Descriptive Statistics.

Table 7-1 Average Pupil Size Descriptive Statistics

0 Hz 7 Hz 24 Hz 60 Hz

Mean 3.53 3.15 3.13 3.39

 0.67 0.52 0.54 0.65
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The p value in Table 7-2 F Statistics and Significance for Average Pupil Size associated with the

change for the noticeably flickering to the not noticeably flickering is zero out to 6 decimal

places indicating a near certainty of a decrease in pupil size for noticeably flickering light versus

non flickering light.

Table 7-2 F Statistics and Significance for Average Pupil Size

F p

Flicker 25.8 .00

7.2.1.2. Pupillary Hippus Power Spectrum Analysis

The measure in this section is a ratio of low to high frequency power in the hippus signal

spectrum. The description of the algorithm can be found in Section 6.2.1.5. The algorithm used

is very similar to that in Appendix 10.3.7.

Table 7-3 Hippus Power Spectrum Descriptive Statistics

0 Hz 7 Hz 24 Hz 60 Hz

Mean .931 .766 .890 .966

 .318 .216 .188 .262
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Table 7-4 F Statistics and Significance for Hippus Power Spectrum

F p

Flicker 2.40 .11

7.2.1.3. Pupillary Hippus Auto-correlation

With this metric one measures the randomness of the signal. For each hippus run the scaled

auto-correlation coefficients were calculated and averaged. The results of the analysis are shown

in Table 7-5 Hippus Auto Correlation Descriptive Statistics and Table 7-6 F Statistics and

Significance for Hippus Auto Correlation.

Table 7-5 Hippus Auto Correlation Descriptive Statistics

0 Hz 7 Hz 24 Hz 60 Hz

Mean 8.17 1.49 4.65 5.21

 11.9 1.07 7.65 5.59

Table 7-6 F Statistics and Significance for Hippus Auto Correlation

F p

Flicker 2.99 .07
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7.2.1.4. Hippus Amplitude

The analysis of this section represents the RMS amplitude of the hippus signal. Bias was

subtracted off before the energy calculation was made. The exact algorithm is contained in

Appendix 10.3.13. The results are contained in Table 7-7 Hippus Amplitude Descriptive

Statistics and Table 7-8 F Statistics and Significance for Hippus Amplitude.

Table 7-7 Hippus Amplitude Descriptive Statistics

0 Hz 7 Hz 24 Hz 60 Hz

Mean .220 .115 .173 .189

 .112 0.0403 .119 0.010

Table 7-8 F Statistics and Significance for Hippus Amplitude

F p

Flicker 7.177 .001

A significant hippus amplitude change was seen. The amplitude moved monotonically with

flicker rate from seven Hz up to continuous illumination.

7.2.1.5. 0.2 Hz Hippus Component ( Sleep Wave Analysis )

The measures presented in Table 6-15 Sleep Wave Analysis Descriptive Statistics and Table 6-16

F Statistics and Significance for represent the strength of the sleep waves in the hippus signals
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of the subject. The index of sleep wave activity was generated by dividing the power of the 0.2

Hz component of the hippus signal by the average of the other non-DC components strength.

The exact algorithm is contained in Appendix 10.3.8. The 0.2 Hz component of the hippus

signal has been shown to increase markedly during the period immediately before sleep and is

thought to reflect a changeover in the autonomic nervous system ( Loewenfeld 1993 ).

Table 7-9 Sleep Wave Analysis Descriptive Statistics

0 Hz 7 Hz 24 Hz 60 Hz

Mean 5.43 5.20 5.84 5.99

 2.07 3.15 2.20 1.69

Table 7-10 F Statistics and Significance for the Sleep Wave Analysis

F p

Flicker .397 .74

7.2.2. Limbic Tracking Data

From the reading raw data three measures were extracted: fixation time, saccades per line and

number of backward saccades. Raw reading data can be seen in Figure 7-1 Raw Reading Data.
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Figure 7-1 Raw Reading Data

7.2.2.1. Fixation Time

The measure described in Table 7-11 Fixation Time Descriptive Statistics is based on the dwell

time, in ms, for each word group read.

Table 7-11 Fixation Time Descriptive Statistics

0 Hz 7 Hz 24 Hz 60 Hz

Mean 225 242 238 215

 26 31 23 26
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Table 7-12 F Statistics and Significance for Fixation Time

F P

Flicker 5.078 .007

The derivative of the signal was taken, filtered and the average of the time between spikes (

derivative of a saccade signal ) was recorded as the fixation time. Fixations of less than 20 ms

were not included in the average.

The p value of Table 7-12 F Statistics and Significance for Fixation Time denotes a compelling

trend in this measure with flicker frequency. The grouping is as expected with the most

annoying 7 and 24 Hz screens having longer fixation times for word groups than the continuous

and high frequency.

7.2.2.2. Saccades per Line

The number of saccades per line is a measure of how many times the eye stops and fixates on a

word or word group. Fixations of less than 20 ms were discarded.
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Table 7-13 Saccades per Line Descriptive Statistics

0 Hz 7 Hz 24 Hz 60 Hz

Mean 5.08 5.19 5.36 5.10

 .90 1.3 1.3 1.2

Table 7-14 F Statistics and Significance for the Saccades per Line

F P

Flicker .267 .82

7.2.2.3. Backward Saccades

This algorithm produces a measure of the number of backwards saccades per line. These

saccades are not the great sweeping saccades used to return from the end of the line to the

beginning but the small backwards saccades that occur during reading to look back at a word.

The exact algorithm used to count these “look back” saccades can be found in Appendix 10.3.5.

The means for the different levels of the flicker factor as well as the standard error can be found

in Table 7-15 and the statistical significance based on the Huynh-Feldt epsilon correction can be

found in Table 7-16 F Statistics and Significance for Backward Saccades.
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Table 7-15 Backward Saccades Analysis Descriptive Statistics

0 Hz 7 Hz 24 Hz 60 Hz

Mean 1.25 1.22 1.40 1.28

 .72 .70 .41 .63

Table 7-16 F Statistics and Significance for Backward Saccades

F P

Flicker .475 .70

The p value for this measure is well above the criterion of 0.05 and is not significant.

7.2.3.Survey Data

In addition to the objective physiological data described in the previous section, survey data was

taken on each subject for each testing session. See Appendix 10.1 for the full questionnaire.

The data in Table 7-17 Descriptive Statistics for Subjective Measures shows the changes in the

subjective data for the three factor levels:

1. before work

2. after work

3. after a Saturday

Fat. ( fatigue ) represents the subjects response to the question “How tired are your eyes now 10 

being the most tired?”  The sleep column shows the mean answers for ratings of sleep quality 10
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being the worst and 0 the best, the PC column shows average hours spent working at a PC, the

awake column shows the hours the person has been awake at test time and the mood column

shows the mood rating of the subject 10 being the worst mood and 0 the best.

Table 7-17 Descriptive Statistics for Subjective Measures

Fat 1 Fat 2 Fat 3 Sleep 1 Sleep 2 Sleep 3 PC 1 PC 2

Mean 2.5 6.5 3.5 1.8 2.0 0.9 0.0 6.0

 0.9 1.8 2.4 1.5 1.4 2.1 0.0 1.6

PC 3 Awake 1 Awake 2 Awake 3 Mood 1 Mood 2 Mood 3

Mean 0.0 2.2 10.9 8.0 2.9 4.4 2.5

 0.2 1.0 0.8 2.9 2.3 2.5 1.6

The statistical significance of these numbers is not of much interest, although mood and hours

since waking did change with near certainty. The mood changes, as one might guess, were for

the worse at the end of the work day as compared to the morning or weekend measures. The

change in hours since waking represents an increase of approximately the time a person worked

since they were tested immediately before and after their work day. The main points of these

numbers are to describe the person at the time of testing. Note the population in this study

worked virtually no hours at the computer before work or on the weekend and an average of 6

hours at the PC by the end of their work day.
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7.3. Discussion

7.3.1. Results

The results that came out as being significant to the 0.05 threshold level are summarized in Table

7-18 Significant Results for the Flicker Experiment.

Table 7-18 Significant Results for the Flicker Experiment

Pupil Size Hippus Amp. Fixation Time

p .000 .001 .007

Also of note was the hippus auto-correlation ( p = 0.07 ), which, although it did not meet the

criterion for significance did show an interesting tendency to increase linearly with frequency

from 7 Hz to continuous See Table 7-19. Note that the 0 Hz data for continuous illumination

has been placed after 60 Hz, it can be considered infinite frequency as easily as zero frequency

data. This grouping makes it easier to see the correlative trends in the data. Pupil size and

hippus amplitude increase with frequency while the fixation times decrease.
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Table 7-19 Significant Results for the Flicker Experiment

7 Hz 24 Hz 60 Hz 0 Hz

Pupil Size 3.15 3.13 3.39 3.53

Hippus Amp .115 .173 .189 .220

Fixation Time 242 238 215 225

7.3.1.1. Pupil Size

The only two pupil size means that were not significant at p < 0.01 were the 7 and 24 Hz

measures at p = 0.64. The middle frequency means were the smallest, see Table 7-19 Significant

Results for the Flicker Experiment.

7.3.1.2. Hippus Amplitude

After removing the data of one outlying subject, fifteen were remaining, each of the measures

was significantly or near significantly different from every other see Table 7-20 Significance of

the Differences in Means for the Flicker Experiment. The trend was a monotonic increase in

hippus amplitude from seven Hz all the way up to continuous illumination.
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Table 7-20 Significance of the Differences in Means for the Flicker
Experiment

24 Hz 60 Hz 0 Hz

7 Hz .02 .001 .0006

24 Hz .09 .02

60 Hz .07

7.3.1.3. Fixation Time

The sixty Hz fixation times were significantly shorter than for any other frequency. It especially

differed from the 7 and 24 Hz p < 0.01. The fixation times for the 60 Hz vs. were 10 ms less

than for the continuous reading by 10 ms, p = .02. It is not clear why this would be the case.

This may be related to the gap effect, a paradigm in which the eye moves more quickly from one

fixation point to the next if the first fixation point disappears before the next one appears. The

7 and 24 Hz signals were not significantly different from each other in regards to their effect of

fixation time.

7.3.2. Physiological Modeling of Effects

7.3.2.1. Pupil Size

The result of the average pupil size decreasing with frequency is in accordance with the

literature ( Howarth 1989; Troelstra 1968 ). The change in the average size of the pupil while

watching a flickering target vs. a continuous target, or one well above the flicker fusion rate has

already been described by Loewenfeld ( 1993 ):
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When short bright flashes are presented in rapid succession, the pupil cannot redilate fully

between stimuli. With increasing frequency of stimulation the wavelets of pupillary contraction

and redilation become smaller and smaller, and the mean pupil size declines. In other words

the pupillary sphincter is driven into tetanic contraction; and since it is a smooth muscle and

hence moves slowly, this happens at stimulation rates as low as about 3 or 4 per second.

7.3.2.2. Hippus Amplitude

It is tempting to attribute the change in hippus amplitude to simply being derivative of the

change the mean pupil size, however this would not explain the discrepancy between the two

upward trends. This is especially evident at the 7 and 24 Hz points where the size makes a

negligible decrease and the hippus amplitude makes a significant increase in magnitude.

Hippus appears to be uncorrelated noise injected into the pupil servo system. The power

spectrum of the hippus signal has been shown to be pulled toward heart rate and breathing

rhythms but only under anesthesia ( Loewenfeld 1993 ). Much more than this is not known

about the phenomena. ( Loewenfeld 1993 ) As was mentioned before hippus amplitude does

follow the pupil size being largest at moderate average pupil diameter values and smallest when

the pupil diameter is near either the large or small size extremities. However, at the 7 and 24 Hz

points where the size makes a negligible decrease and the hippus amplitude makes a significant

increase in magnitude. The changes in hippus may anecdotally be related to annoyance level

since the consensus amongst the subjects was that the 7 Hz followed by the 24 Hz target were

the most annoying. It is possible that this annoyance changed the intensity and rate of the heart

somewhat, however, the level of change and the level of interaction between the heart rate and

hippus would seem to be to weak to have had much effect. Although hippus amplitude is

known to change with sleepiness and has been shown to increase during near vision amongst

VDT users its origin is still unknown.( Ukai 1997; Stark 1968; Loewenfeld 1993 )
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In this study flicker, which is a possible cause of fatigue, is modulated and fixation times

correspond to the perceived level of fatigue associated with the flicker. Continuous and 60 Hz,

well above flicker fusion rate, were anecdotally perceived as less fatiguing than 7 and 24 Hz. As

far as these results can be compared, they are in agreement.

7.3.2.3. Fixation Time

In a somewhat relevant work, Stern ( 1996 ) found fixation duration to increase in an air traffic

controller vigilance task with time.  In Stern’s study fatigue level increased with time.

The increase in fixation times for the flickering text vs. the perceived non-flickering text occurs

as one might expect. Unemea ( 1995 ) performed a detailed study on fixation times and mental

effort. His finding was that memory load and cognitive intensity of a task significantly increased

fixation times. In addition he varied the contrast levels, or readability, of the screen which also

played a role in fixation times when not overshadowed by the effects of mental load. In the

flicker experiment it is likely that the increase in fixation time comes from the very first process

of taking in the letters on the screen before any mapping or comprehension tasks begin.

Considering that Rayner ( 1983 ) states that:

There are low level perceptual processes that require some minimum amount of time and

certainly the eye stays fixated for some amount of time before the “go” signal has been issued.  

It seems unlikely, however, that the variance in fixation duration during normal reading, with

a typical standard deviation of about 100 ms, will be explained by these types of factors.

In normal reading perhaps not, however, in a study of compromised reading this explanation

becomes more plausible.

In fact an analysis of the average latency increase caused by the slower flicker yields numbers

similar to the changes seen in this study. For the 7 and 24 Hz text, there is an off time between

flashes of 71 and 21 ms respectively. Multiplying these off times by 0.5 to get the average wait
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time and 0.5, the probability of landing on a word while the light is off one gets and increase in

latency of 18 and 5 ms for the 7 and 24 Hz conditions. These numbers compare in magnitude

to the 17 and 13 ms increases seen between the 7 Hz and 24 Hz latency averages and the latency

average for the continuous image. Although this analysis is rather simple and ignores retinal

persistence and the fact that there is some retention of oncoming words in the reading task it is

a useful exercise in looking at potential mechanisms for the slowing. ( Rayner 1983 )

The significant decrease in wait times for the 60 Hz text image versus the continuous is likely

related to the gap task effect. In the gap paradigm, when one fixation point is turned off before

the new point is presented an increase in response times is sometimes seen, from a normal 200

ms down to around 100 ms. This decrease in latency is though to be related to the fact that time

no longer has to be taken to release fixation. Fixation release has been shown to be a part of the

fixation changing task with a finite time requirement. In fact, in the pathological case of fixation

spasm, some people can not remove fixation from a point at all until the target is removed. The

decrease in latency in this study was not as dramatic as 100 ms; however, the 60 Hz image was

not synchronized to the saccadic task or temporally optimized to create the effect. In this light, a

change of 10 ms between the 60 Hz and continuous would appear to be a reasonable magnitude

for the effect. ( Leigh and Zee 1991 )

7.3.3. Sources of Error

Some of the data had to be removed for both the hippus test and the tracking test. Each subject

had only one interaction with the pupillometer and the limbic tracker lasting less than 7 minutes

on each instrument. In order to make recruitment easier in this non-paid study less time was

spent in setting up the tracker and pupillometer. If the subject were told the test would take 20

minutes and it began to run significantly over that time there is a high probability of generating

annoyance on the part of the subject. Rather than keep attempting to adjust the system for a

difficult to measure subject, the subject was allowed to proceed through the protocol as usual
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with a sub optimal adjustment in order to keep the time frame and mental states even

throughout the study. The unusable data would then be removed from the study. For some

subjects both the pupillometer and limbic tracker data was unusable, however, many subjects

had difficulty with one or the other. Another factor that made processing of the reading data

difficult was the non-saccadic approach some subjects took to reading. This phenomena may

have been exacerbated by the short line length chosen for the presentation text. There was a

compromise to how long of a line, and thus how many saccades per line, could be had and how

good a subjects uncorrected vision could be. The limbic tracker is not useable with glasses.

Subjects who scanned line by line in continuous fashion were removed from the study. Fixation

times and saccade per line analysis could not be performed on their data. The linearization

tests was not available due to the change in viewing task, however, given the stability the

equipment has shown in previous experiments this lack of validation was of little concern.
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8. CONCLUSION

8.1. Review of Experimental Results

This goal of this work was to find objective physiological ways to measure the eye fatigue, or

asthenopia, experienced by Visual Display Terminal VDT workers; measures related to

mechanisms other than near work were of special interest. Several studies were performed, the

first two examined changes in dark vergence angle under the effects of VDT and other near

work, the other examined the effects of video game playing on the saccadic systems. Saccades

are the rapid movements the eye makes as it moves from one target to another. Motivation was

suspected to be a factor in the lack of results in the video game experiment and variance in the

system to be behind the lack of results in the dark vergence study. These studies are useful, in

that they point out the difficulties of making fatigue measurements due to the high variance of

the human system and the difficulties of the recovery and motivation variables.

The next study was designed to have high experimental control and maximize fatigue over a 1.5

hour period. It was also designed with similar less fatiguing tasks such as paper reading and

audio listening as controls. To ensure a high rate of fatigue through several parallel mechanisms,

subjects read small type from a VDT with added jitter and glare. While some interesting results

came from this study, it was thought that the subjects’ young age and seeming lack of difficulty 

with even challenging VDT tasks might have overshadowed other possible results. To this end,

another study was developed to tests specifically the population of people who suffer from

asthenopia or eye fatigue. Subjects were tested before and after a VDT work day as well as on a

Saturday afternoon to look for differences in days of VDT work and non-work. Another

concern was that changes were occurring and fading quickly during the recovery period away

from the fatigue task, be it during the walk to the lab after a day at the VDT or during the test

break between 45 min sessions of high fatigue. With this in mind, an experiment was designed
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to look at the effects of flicker, one of the most significant parameters of the VDT, on line.

Subjects read from a screen that had the same overall luminance but different temporal

parameters. Subjects eye movements were recorded during reading in which the only difference

was the frequency of the text image displayed. Subjects also fixated on a target under the same

circumstances while their pupillary hippus was recorded. Survey data was taken for most of

these studies and will be presented as a subjective aside correlated back to the objective measures

when possible.

Three studies which showed statistically significant changes were: the high fatigue study, the

asthenopia study and the flicker study. In the high fatigue study the measures which changed

significantly at the p < 0.05 level were:

1. Saccadic error increased with paper reading over both the audio and VDT-jitter reading and

is likely due to pulse step mismatch.

2. Saccadic latency increased at the end of the audio session presumably due to rest and disuse

effects as the subjects sat with idle eyes in a dim room.

3. Pupil dark diameter went from large to small to large for the audio session only. Again this

is likely due to dark adaptation followed by rest which causes dilation.

4. Constriction amplitude followed the pupil dark diameter effects with only minor variance.

This was a rest effect seen only in the data for the audio session.

5. VDT-jitter reading increased the sense of ocular fatigue the most followed by paper reading

followed by audio. Only the change in perceived fatigue after a jitter session was significant

using paired sample two tailed T-tests.

In the asthenopia study the measures which changed significantly at the p < 0.05 level were:
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1. Pupil constriction velocity increased for the after work study over the morning and Saturday

studies. This appears to be a potentiation affect on the muscles and nerves.

2. Saccadic velocity was also potentiated, or increased on the after work measurement

especially compared to the Saturday measure. This may also be caused by over stimulation or

enhanced sensitivity of the constrictor apparatus.

3. Saccadic power spectrum ratios showed a relative increase in low frequency activity and

decrease in high frequency activity for the Saturday measurement over the other two

measurement times. There may have been a diurnal change that was overshadowed by the

effects of the VDT work day. This would be in agreement with the increase in saccadic velocity

increase for the after work measure.

4. The hippus amplitude was found to be negatively correlated to the amount of entropy in

the hippus signal. This phenomena is perhaps related to the sleep wave phenomena. The

correlation to amplitude association may well exist at other times but is only noticeable to the

naked eye during the moments before sleep.

5. The after work subjective report of fatigue was different from the other two by at least p <

0.003.

In the flicker study the measures which changed significantly at the p = 0.05 level were:

1. Dark pupil size followed the published trends of decrease for flickering images of the same

optical energy. It is thought that this phenomena stems from simultaneous stimulation of the

constrictor and dilator apparatus and the constrictor muscle dominates the response because it is

significantly stronger. At frequencies lower than those tested, from 4 Hz down to DC for most

people, the pupil size tracks the flicker.

2. Hippus amplitude increased with frequency from 7 Hz up to continuous illumination.

Although much of this trend is likely due to the change in overall pupil size this is probably not

entirely true.
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3. Fixation times were shorter for the continuous and 60 Hz text images relative to 7 and 24

Hz as one would expect. This delay is likely linked to the primary recognition operations in

reading rather than higher cognitive processes where most other types of reading delays are

thought to occur.

8.2. Discussion of Results

The results of the experiments did substantiate some of the hypothesis. Recall it was

hypothesized that:

1. The fatigue caused by VDT usage can be characterized by physiological changes which can

be measured by pupillometry and limbic tracking.

Several measures were shown to change with VDT use and simulated VDT use. Saccadic error

rates decreased with high fatigue VDT reading and increased with paper reading. Saccadic

velocities and pupil constriction velocities increased after a day of VDT work amongst the VDT

sensitive asthenopia population. Reading fixation times were shown to decrease while using a

display that flickered at 60 Hz and increased with a display that flickered at 24 Hz.

2. There are differences in the fatigue experienced due to VDT use and visual fatigue due

purely to near work.

The differences in fatigue experienced by a high fatigue VDT reading task and paper reading

were evident in the changes of saccadic error rate. Saccadic error increased from starting values

when reading from paper and decreased from starting values when high fatigue VDT reading

was performed on a monitor with small type, glare and jitter. Additionally the changes in

fixation time seen while using a flickering display point to differences in the cognitive tasks

required for reading from a flickering display. This difference of task may be associated with

fatigue.
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3. The differences in VDT fatigue and near work fatigue will be manifest in differences in the

types and amounts of physiologic change.

Although the dramatic effects of potentiation during high fatigue jitter reading and the

enhancement of reading speed by the gap effect were unexpected results, these changes were

associated with the differences between near work and VDT fatigue. In fact, for the reading

task, saccadic error rates increased whereas with the high intensity VDT task, including glare,

jitter and small type, apparently caused a more focussed response. In order to simulate one

parameter of the VDT, flicker, and test it’s effects on line, the flicker experiment was devised.  

The type of physiological response, as evidenced in fixation times, increased for the 24 and 7 Hz

cases while it decreased during the 60 Hz presentation. This increase in reading speed may be an

effect similar what has been clinically termed the gap effect. In this experimental model, the

target of fixation is removed slightly before the new target is presented. By taking away the need

to remove fixation from the first target, the target switching task can be dramatically faster.

4. Certain parameters of the screen are responsible for the increase in fatigue associated with

VDT work.

The most compelling findings to support this hypothesis are from the flicker study and also

perhaps the high fatigue study. In the flicker experiments, the effects of flicker were isolated by

using a contrived display in which flicker frequency was the only changing factor. As mentioned

before, flicker had a significant effect on fixation times during reading. In the high fatigue study,

the potentiation caused by the high fatigue VDT reading task decreased the saccadic error rates

significantly in comparison to the paper reading sessions where the saccadic error increased.

Parameters of the screen are the likely suspects for the change in error rate, however, since

flicker, glare, jitter and small type were all being used simultaneously it is impossible to say which

factors were the most pronounced in creating the potentiation effect.
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5. The intensity and duration of the fatigue task can be correlated to the amount of physiologic

change.

This hypothesis was supported by the differences seen between the day long asthenopia study

and the high fatigue study. In the high fatigue study, of a 1.5 hour intensive fatigue study, an

increase in the saccadic accuracy was seen. In the day long study of asthenopia sufferers,

saccadic velocity and pupil constriction velocity were increased. These differences in response

may reflect other factors than just intensity and duration of fatigue, such as the mean age of the

two groups or the fact that the second population claimed to suffer from asthenopia. This

hypothesis was not supported within the high fatigue study. There was some expectation that

with the fatigue task, some changes would occur over time, this was only true of the saccadic

error potentiation.

6. Those claiming to be sensitive to VDT fatigue will have a physiologically measurable change

after performing VDT work.

This hypothesis was supported by the changes in saccadic velocity and constriction velocity.

Potentiation was not the expected change for the measures taken after work, however, because

potentiation and fatigue happen simultaneously with different time constants these results are

plausible. Although, potentiation of the neuromuscular systems of asthenopia sufferers after a

day of work does break with the conventional wisdom of what effects ought to be seen.

It is interesting that potentiation was the main effect found in this work. For the high fatigue

study there was an increase in saccadic accuracy during the tracking task with high fatigue VDT

reading. In the Asthenopia study, there was an increase in the saccadic and pupil constriction

velocities. In the flicker study there was an increase of reading speed with the 60 Hz flicker.

There were also the effects of increased saccadic error with paper reading and an increase of

fixation times with 7 and 24 Hz flicker. These results, however, are less pertinent to the monitor
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situation. The lack of degradation of physiological performance and response in these

physiological measures, combined with the results of the subjective measures in which subjects

reported they experienced more fatigue after a VDT use is also important. It may be that the

fatigue experienced is of a more cognitive or higher level nature. The fatigue may be largely in

the Central Nervous System rather than in the peripheral neuromuscular systems. It has been

shown that perceived fatigue is associated with the same types of Central Nervous System

activity that are part of the potentiation process such as increases in recruitment and drive of

motorneurons, muscle afferent activity, certain biochemical processes in the brain, and

vascularization. While this type of central fatigue is more difficult to quantify, new techniques

are being developed which could contribute to the work on this problem. These techniques will

be discussed in Section 8.4. ( Gandevia 1995 )

The only measure to change in common between studies was dark pupil size. For the flicker

experiment this change was a decrease in pupil size with decreasing, or more difficult,

frequencies. In the high fatigue experiment the changes occurred over time in the audio control

only where no flicker was involved. This lack of overlap in changing measures between studies

might be explained by several factors. It seems likely that the complex non-linear fatigue

reactions might be different for a very high fatigue session of relatively short duration, 1.5 hours,

on a young population than for a longer, 5 –8 hour, normal VDT task setting on an older

population of persons who suffers chronic eye strain. It has been shown that the faster

motorneurons degrade with age and that the mechanisms involved in moderate fatigue are

different than the ones involved in intense fatigue. ( Gandevia 1995 ) Looking at the saccadic

system, for the high fatigue study, saccadic error increased with paper reading and decreased

with VDT-jitter reading. Saccadic latency increased over time in the audio program likely due to

the resting of the saccadic system.
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The asthenopia study does give a strong suggestion that the ocular parameters of saccadic

velocity and saccadic power spectrum are linked to VDT usage. It has been shown that ocular

changes occur in the asthenopia suffering population between days in which they work on a

computer and days in which they do not work, it does not show a definite causal link between

VDT use and ocular changes. In order to do this a study would have to be devised in which the

subjects also performed work that was similarly stressful to their VDT jobs but without the

VDT.

The effects of flicker on fixation times in reading are new to the field. While it may seem

common sense that this phenomena should occur, consider that many older monitors operating

at a refresh of 30 Hz are still in use. Thirty Hz is quite close to the 24 Hz movie frame rate used

in the flicker study. It was shown that text flickering in this frequency range does have

potentially deleterious effects on the cognitive task of reading as evidenced by the longer word

fixation times measured. It is assumed that movies do not cause people such problems because

people are motivated to watch movies and also do not tend to read from movie screens.

This work also verified the work of Kapoulas and Loewenfeld. The reduction of pupil size

under flickering lights was shown to have an effect in the intermediary frequency range tested 7

and 24 Hz. Again, this phenomena would support the findings that pupils tend to constrict with

VDT work, although that may be a boredom effect associated with the type of VDT work done.

Boredom or simultaneous agonist-antagonist stimulation, or close work causing constriction are

all potential fatigue mechanisms. The asymmetrical response of the eye between saccadic

movements is still a mystery, however, this phenomena is fairly obscure in the literature and

supporting experimental results are useful.

While some authors may wish to spend time splitting hairs over what is fatigue and what is

adaptation one might question if these semantics are necessary. If a man works in a labor camp
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and develops muscle mass, this may be seen as adaptation, however, this process is not likely a

pleasant one. The machine needs to be made to fit the man especially in this age where man and

machine come together so frequently. To this end possible future studies into Visual Display

Terminal effects will be suggested.

8.3. Review of Experimental Error

Even though eleven fixation points provided a good number of saccades and fixations for each

limbic tracker run, had the apparatus been more restrictive of head movements, a greater

number of fixations could be analyzed and theoretically have reduced the variance of the results.

The same can be said for the hippus test, which was limited not only by the subjects ability to

keep their head still but also by the total number of video frames which could be taken with the

computer.

Another limiting factor was the finite number of tests that can be run after an experiment.

There is a tradeoff between the number of tests run and the effects the tests themselves have on

the subject, especially as the subject recovers while being tested after a fatigue session. For this

reason, the experimental protocols had to be scrutinized for consistency of recovery time. The

dark vergence test was not used in later experiments for this reason. It was assumed that the

information taken from changes in dark vergence were largely a reflection of the near work

effect for the amount of time the test took.

Another difficulty in the experiments, especially the high fatigue study, was the prior activity of

the subjects. Although survey data was taken on the types of activities of the subject before the

session, it would have been better and costlier to control the activities of the subjects from the

point of waking to the test time. Differences in dark adaptation between the A, B, C, D, and E

tests in the high fatigue study were also of concern. Averaging was used to minimize this source

of error and the protocols used were the same so that comparisons between the types of fatigue

conditions could be made.
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In the flicker experiment a higher than desirable amount of data had to be removed, for both

the hippus test and the tracking test. Each subject had only one interaction with the

pupillometer and the limbic tracker lasting less than 7 minutes on each instrument. In order to

make recruitment easier, in this non-paid study, less time was spent in setting up the tracker and

pupillometer. If the subject were told the test would take 20 minutes and it began to run

significantly over that time there is a high probability of generating annoyance on the part of the

subject. Rather than keep attempting to adjust the system for a difficult to measure subject, the

subject was allowed to proceed through the protocol as usual with a sub optimal adjustment in

order to keep the time frame and mental states even throughout the study. The unusable data

would then be removed from the study. This relatively large body of unusable data, 3 hippus

and 8 reading sets of the 19 data pairs, may have hindered the establishment of statistical

significance.  It is also possible that the pattern of who’s data had to be removed created a bias in 

the results, however, this would appear to be unlikely.

8.4. Future Work

Some direct continuations of the experiments presented here would be: to include more

frequencies in the flicker study, to further examine motivation as a factor, and to study a non-

astheonpic population. In the flicker study it would be of interest to study the interaction of

individuals flicker fusion rate with fixation latencies in reading. This might give rise to a

mechanism which could help to further explain the differences in individuals fatigue response to

VDT work. As has been mentioned, motivation is a major factor in ocular performance and

response. It would be useful to characterize the magnitude of this effect by performing limbic

tracking experiments in which the subjects could be offered a cash award for faster or more

accurate tracking of the target. An obvious extension to the asthenopia study would be to

perform the same tests on a group of people who have no problem using their VDT all day. It

might, however, be difficult to find such a population having a similar mean age.
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There is an enormous task ahead in advancing this highly relevant and growing field. Were

funding not a limitation, some possible improvements to the methodology in this work might

include the following.

A larger subject population is always a good way to increase the ability to discern changes to the

human system. Also, greater control over the subjects activities prior to the experiment is

needed. The amount of sleep, mood, amount of reading done and other factors can play a large

role in ocular dynamics. Normalizing these variables across subjects would be desirable.

The use of a bite bar in all tests would be preferable. This requires more cooperation from the

subjects but allows for less drift in the data. It also opens up the possibility of longer term, on

line experiments. Some of the measures presented here, such as constriction response and

saccadic latencies to a jumping dot task, can not easily be measured on line while a subject is

performing a fatigue task. The recovery effect for the eye is a large one and the ability to avoid it

would certainly be helpful.

More studies need to be done on those with sensitivities to issues such as jitter and glare. These

types of studies are more commonly done in Europe than in the United States and would be

useful in determining the smaller scale effects of pixilation or flicker on the rest of the populace.

Longitudinal studies will be important as well. It is essential to track the effects of VDT use

over lifetimes. Studies now are limited to tests on VDT users and non users. These tests will

become more difficult to perform as the non-computer using population becomes smaller and

smaller.

There are a host of other types of measurement methods that might also help bring forth the

mechanisms behind VDT fatigue. Higher level neural recordings, such as EEG or EMG

measures would be very useful in finding changes in gross neural activity, granted these very
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small signal measures would be difficult to make accurately in a VDT environment. There are

new sensitive biological temperature sensors based on IR radiation that could be used to

measure changes in the heat output of the eye. This might prove a useful metric in measuring

the change in work done or stress levels.

Another good way to begin assessing the effects of VDT use would be to do recordings on

subjects using solutions of various kinds. Prio corp. has begun such work but their commercial

involvement made the results highly suspect. Independent laboratories should be involved in

testing solutions, such as computer glasses, larger higher resolution displays and new display

technologies. One of the most useful innovations that might be tested is a display driver that

allows the maximum pixel resolution available at the video card and monitor with larger fonts

and icons. Partial solutions of this type are available, however, in most cases one must sacrifice

the size of some of the objects on the screen to gain resolution. It is best if maximum resolution

is available, to make the edges of objects clear, while the size of objects on the screen is a

maximum in order to be able to place the screen as far away as possible. This would reduce the

accommodative and convergence strain.

8.5. Concluding Remarks

As more and more people interface with complex automation, the Visual Display Terminal will

become even more prevalent. As new technologies, such as TFT and gas plasma, mature even

more research will be required on the fatigue effects of new Visual Display Units. The ocular

system, from the musculature all the way to the neural processes above the visual cortex and

motor cortex is a highly complex system. As research both from the top down, such as this

work examining macroscopic phenomena, and bottom up research, such as those researching

actin-myosin biochemical dynamics, come closer together a better framework will evolve for

analyzing the mechanisms behind the complex phenomena known as fatigue.
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10.1. Questionnaire

1. Initials

2. Date

3. Do you ever suffer from glare or light sensitivity 0 for no, 10 for chronically?

4. How much surgery has been performed on your eye 0 for never 10 for often?

5. Rate how tired your eye’s are, 10 being most tired.

6. Did you haveproblems getting enough sleep last night, 0 for no 10 for didn’t sleep at all? 

7. How much caffeine, nicotine and other types of stimulants have you consumed today, 0 for

none 10 for large amounts.

8. How strong is your corrective lens prescription, 0 for none 10 for very strong?

9. How many hours have you spent working at a computer today?

10. How many hours have you spent today doing non computer based close work, such as

reading the news paper or knitting?

11. How many years have you used computers 0 for less than 1?

12. What is your age.

13. How many hours has it been since you woke this morning?

14. Rate the mood you are in 0 for great 10 for terrible.

15. Are you right eye or left eye dominant, R or L?

16. Are you male or female?

10.2.

Experimental Schedules

10.2.1.

Schedule for the Tetris Study

1. If it is the subjects first experience with the Tetris game they are briefly instructed on how to

play.

2. The room is darkened.
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3. Subjects answer the questionnaire verbally and the proctor types in the answers

4. The subject performs the limbic tracker test once

5. The subject performs the pupil constriction test once

6. The room lights are turned on

7. The jitter amplifier is switched on if it is a jitter session

8. The subject plays Tetris for 30 minutes

9. The room is darkened and the jitter amplifier turned off

10. The limbic tracker test is run once

11. The pupil constriction test is run once

10.2.2.

Schedule for the High Fatigue Study

1. The room is darkened so that her eyes may begin dark adaptation.

2. The pupillometer is adjusted so that the camera and IR lighting are focused on the subjects

eyes. This exposes the subject to a step function of light as in the actual test.

3. The subject is asked to verbally answer the questions in the questionnaire. The answers

were stored on disk. See the Appendix 10.1 for questions.

4. The subject performs the limbic tracker pseudo random dot test twice in succession results

are recorded as trials A and B.

5. The subject performs the pupil constriction test twice in succession results are recorded as

trials A and B.

6. The room is again illuminated.

7. The subject is led to the session room and instructed to read or listen for 45 minutes.

8. The subject is retrieved from the session room.

9. The testing room is darkened upon arrival.

10. The subject performs the limbic tracker test once, data is stored as trial C.

11. The subject performs the pupillometer test once, the result is stored as trial C.

12. The subject is led back to the session room for another 45 minutes of reading or listening.
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13. The subject is retrieved for testing.

14. The testing room is darkened upon arrival.

15. The subject is asked to rate how tired her eyes are now.

16. The subject performs the limbic tracker test with the pseudo random dot pattern twice in

succession. The results are stored as trials D and E.

17. The subject performs the pupil constriction test on the pupillometer twice in succession.

The results are stored as trials D and E.

18. The subject is paid $14 cash and leaves after scheduling the next appointment.

10.2.3.

Schedule for the Asthenopia Study

1. The subject enters the room and is seated in front of the pupillometer for positioning of the

camera and lights.

2. The room lighting is darkened during the adjustment process and remains dark.

3. The subject sits back and verbally answers the survey questions found in Appendix 10.1

“Questionnaire”

4. The subject performs the limbic tracker jumping dot test once

5. The subject performs the pupillary hippus test once

6. The subject performs the pupillary constriction test once

7. The subject is paid $10 if it is the final session.

10.2.4.

Schedule for the Flicker Study

1. Subject entered the room and the lights were dimmed to promote dark adaptation.

2. The subject verbally answered the survey questions in Appendix 10.1.

3. The subject adjusted his seat in order to reach the chin rest comfortably.

4. The subject put on the limbic tracking goggles and moved into the chin rest.

5. The goggles response was adjusted by having the subject look at words at the ends of the

first line of the paragraph to be read.
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6. The shutter was set to 7 Hz.

7. The subject began reading the paragraph as the software tracked his reading movements.

8. The subject was instructed to look at the end words of the first line of the second paragraph

on the slide and the goggles response was checked and adjusted if necessary.

9. The shutter was set to 60 Hz.

10. The subject read the paragraph as tracking data was acquired.

11. The slide was advanced to the second page.

12. The subject was instructed to look at the end words of the first line of the first paragraph as

the goggles response was checked and adjusted.

13. The shutter was set to DC.

14. The subject read the paragraph as his eye movements were recorded.

15. The subject was directed to look at the first line of the second paragraph on the page and

the goggles response was checked and adjusted.

16. The shutter was set to 24 Hz.

17. The subject was instructed to read the paragraph and his reading movements were recorded.

18. The subject removed the goggles and put his head back in the chin rest.

19. A slide containing a large black cross on a light background was displayed.

20. The subject was instructed to fixate on the center of the cross.

21. The lighting and camera position and focus were adjusted.

22. The shutter was set to 7 Hz.

23. The subjects pupil was photographed at 5 fps for 30 seconds.

24. The shutter was set to 60 Hz.

25. The subjects pupil was photographed at 5 fps for 30 seconds.

26. The shutter was set to DC.

27. The subjects pupil was photographed at 5 fps for 30 seconds.

28. The shutter was set to 24 Hz.
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29. The subjects pupil was photographed at 5 fps for 30 seconds.

30. The subject was given thanks for participation and released.

10.2.5.

IR Power from the Limbic Tracker

Our system uses a pair of Honeywell SE1470 series infrared Light Emitting Diodes (LED’s).  

The specified max power output for this device is between .6mW/cm2 and 4.5 mW/cm2. The

light is only on for %5 of the time which would cut the theoretical output power to between

.03mW/cm2 and .225mW/cm2. These values are specified as taken at a distance of 1.3 cm

from the LED which is in the distance range that the goggles come to the eye .8-1.5 cm. At the

worst case closest distance to the eye, the specified power intensity would be increased by a

factor of 2.6 (the ratio of the squares of the distances) making the range of calculated intensities

reaching the eye 0.08 - 0.6 mW/cm2. 0.06mW was measured from the tracker using a Newport

815 Optical Power Meter. At a worst case distance of .8 cm from the eye, this gives us a

measured intensity of .41mW/cm2. Because the beam spreads as it get farther away the power

per cm2 decreases with increasing distance.

The specifications for infrared safety specified by the American Conference of Governmental

Industrial Hygienists (ACGIH) may be found along with the following explanation in the article

by S. Miller “Indirect Opthalmoscopes: evaluation for potential hazard” in the Journal Applied 

Optics volume 31 pages 1631-1637, 1992.

Unfortunately, the ACGIH does not specify a Total Limit Value (TLV) to provide protection to

the lens from acute exposure to infrared radiation. In addition, there are no well known non-

laser infrared protection standards. The ACGIH TLV of 10 mW/cm2 for infrared radiation is

not directly applicable, {to there study of short duration opthalmoscope tests or our short

duration eye tracking test} because it is only intended to provide protection against chronic long-

term exposures. However, the available data on infrared radiation exposure can be used to
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assess the potential hazard that may be associated with the infrared emissions from the indirect

opthalmoscopes tested. In this regard it should be noted that ambient outdoor levels of infrared

exposure are approximately 1 mW/cm2. Also, chronic (long-term) infrared exposure levels of

80-400 mW/cm2 have been reported to result in lens opacities in affected workers, although

there is considerable uncertainty about this relationship. Short term exposure levels of 100

mW/cm2 have not resulted in acute injury to the eye.

Whether 100 mW/cm2 or 10 mW/cm2 is taken as the guideline for short term exposure limits

is irrelevant. The infrared power output is less than, in the worst possible case, the 1 mW/cm2

that we are all exposed to as we walk out of doors. This holds for the worst possible calculated

value based on device parameters as well as the worst possible (adjusted for the closest distance)

measured value. For a review of ocular-laser safety issues see Mihran ( 1990 ).

The risks from infrared exposure in this study are negligible.

10.3.

Algorithms

These algorithms are based on a 3 dimensional limbic tracking array consisting of person-days,

runs and data points. Person-days are a session on a given day for a given subject for example

iid0313. Runs refers to the A, B, C, D, E trials. The Pupil Data was in a 4 dimensional array

because the data points were 3 dimensional consisting of (Xcent, Ycent, Radius). The M files were

run in Matlab 5.0 see their web site for built in function descriptions and syntax

http://www.mathworks.com.

10.3.1.

function outp = sac_lat(lmd);

% latency = sac_lat(lmd) is an array whos size is based on
% the first 2 dim of lmd, containing in ms the average latency
% for each data run. Assumes data sampled at 400 Hz. With
% target steps every 480 samples
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[days, runs, pts] = size(lmd);
erk = 0;

for i = 1:days
i
for j = 1:runs

lmd_dif(1,:) = abs(diff(lmd(i, j, :)));
ld = lmd_dif(1,1:5);
m = 1;
for k = 480:480:5200

for l = 35:280
if mean(lmd_dif(k + l : k + l + 4)) > 28
the_ave(m) = l;
m = m + 1;
break

end
if l == 280

the_ave(m) = 0;
m = m + 1;
break

end % if

end %for l
end % for k
n = sort(the_ave);
if n(3) == 0;

error_will_robinson = 1
erk = erk + 1;
n(3) = mean(n(5:9));

end % if
if n(4) == 0;

n(4) = mean(n(5:9));
end % if
outp(i,j) = mean(n(3:9))/400;

end % for j
end %for i

erk = erk

10.3.2.

function outp = sac_vel(lmd);

% velocity = sac_vel(lmd) is an array whos size is based on
% the first 2 dim of lmd, containing in ms the average saccadic v
% for each data run. Assumes data sampled at 400 Hz. With
% target steps every 480 samples

[days, runs, pts] = size(lmd);
erk = 0;

for i = 1:days
i
for j = 1:runs

lmd_dif(1,:) = abs(diff(lmd(i, j, :)));
ld = lmd_dif(1,1:5);
m = 1;
for k = 480:480:5200

for l = 35:280

if mean(lmd_dif(k + l : k + l + 4)) > 28
the_ave(m) = mean(lmd_dif(k + l : k + l + 4));
m = m + 1;
break
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end
if l == 280

the_ave(m) = 0;
m = m + 1;
break

end % if

end %for l
end % for k
n = sort(the_ave);
if n(3) == 0;

error_will_robinson = 1
erk = erk + 1;
n(3) = mean(n(5:9));

end % if
if n(4) == 0;

Big_Error = 1
n(4) = mean(n(5:9));

end % if

outp(i,j) = mean(n(3:9));
end % for j

end %for i

10.3.3.

function outp = const_size(rad_mat);

% mat28x5 = const_size(rad_mat)
% gnerates a matrix with a median constricted mean pupil value;

[days, runs, pts, xyz] = size(rad_mat);

for n = 1:days
for p = 1:runs

dt(1,:) = rad_mat(n, p, 50:90, 3);
dts = sort(dt);
outp(n,p) = mean(dts(10:30));

end
end

10.3.4.

function outp = dark_size(rad_mat);
% mat28x5 = dark_size(rad_mat)
% gnerates a matrix with a median pupil value for first few frames;

[days, runs, pts, xyz] = size(rad_mat);

for n = 1:days
for p = 1:runs

dt(1,:) = rad_mat(n, p, 1:5, 3);
dts = sort(dt);
outp(n,p) = mean(dts(2:4));

end
end

10.3.5.

function outp = bak_sac_lin(lmd);
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% Purpose: This function reads a file containing data on the lateral movements of the
% eye called lmd obtained with the limbic tracker. The function first smoothes the lmd
% file by making a new array called smooth_data, that contains only every 10th point
% from the lmd file. Next, the derivative of smooth_data is found. The function then
% looks for negative derivatives (indicating backward saccadic movement, and counts
% the number of small backward saccades found between the values of noise_thresh and
% Sm_sac_thresh. Finally the function finds the mean value for each name and run and
% prints the data to the screen.

[names, runs, pts] = size(lmd);

smooth_inc = 10;
diff_inc = 1;
pos_thresh = 0.5;
neg_thresh = -5;
sm_sac_thresh = -5;
noise_thresh = -1;
percent = 85;

for i = 1:names
for j = 1:runs

if max(lmd(i,j,:)) > 0
for w = 1:smooth_inc:pts - smooth_inc

smooth_data(i,j,round(w/smooth_inc +1)) = mean(lmd(i,j,w:w + smooth_inc));
size_smooth_data = round(w/smooth_inc +1);

end

lmd_dif(1,:) = diff(smooth_data(i, j, 1:trunk_graph));
lmd_dif = fix(lmd_dif/mean(abs(lmd_dif)));

on_off_a = 0;
on_off_b = 1;
pos_sac(1) = 0;
neg_sac = 1;
sm_neg_sac(i,j)= 0;
temp_sm_neg_sac = 0;

for k = 1 : diff_inc : trunk_graph - diff_inc
if lmd_dif(k)==0

on_off_a = 1;
on_off_b = 1;

elseif on_off_a == 1 & lmd_dif(k) > pos_thresh
pos_sac(neg_sac) = pos_sac(neg_sac) + 1;
on_off_a = 0;

elseif on_off_a == 1 & lmd_dif(k) < neg_thresh
neg_sac = neg_sac + 1;
pos_sac(neg_sac) = -1;
on_off_a = 0;

elseif on_off_b == 1 & lmd_dif(k) > sm_sac_thresh & lmd_dif(k) < noise_thresh
sm_neg_sac(i,j)= sm_neg_sac(i,j) + 1;
temp_sm_neg_sac = temp_sm_neg_sac+1;
on_off_b = 0;

end % if
end % for k

y=0;
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final_pos_sac = 0;

for x = 1:neg_sac
if pos_sac(x) > 1

y = y+1;
final_pos_sac(y) = pos_sac(x)+1;

end %if
end %for

if y>0
sm_neg_sac_perline(i,j) = sm_neg_sac(i,j)/y;

end %if

end %if data
end %for i

end %for j

sm_neg_sac(:,1)
sm_neg_sac(:,2)
sm_neg_sac(:,3)
sm_neg_sac(:,4)

10.3.6.

function outp = const_vel(rad_mat);
% mat24x5 = const_vel(rad_mat)
% gnerates a matrix with a pupil constriction velocity value;

[days, runs, pts, xyz] = size(rad_mat);

for n = 1:days
for p = 1:runs %-.78 puts the ans in mm/s

dt(1,:) = (-.78)*diff(rad_mat(n, p, 1:25, 3));
for i = 2:23

dtt(i) = mean(dt(i-1:i+1));
if dtt(i) > 8

dtt(i) = 0;
end

end
outp(n,p) = max(dtt);

end
end

10.3.7.

function outp = pupil_fft(rad_mat,brk);

% runsx5 = pupil_fft(rad_mat,brk)
% generates a matrix with pupil power spectrum ratios
% set by the break point parameter;

[days, runs, pts, xyz] = size(rad_mat);

for n = 1:days
for p = 1:runs

dt(1,:) = abs(fft(rad_mat(n, p,24:100,3)));
outp(n,p) = sum(dt(2:brk))/sum(dt(brk:38));

end
end
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10.3.8.

function outp = pupil_2hz(rad_mat);

% pupil_2hz(rad_mat) relative strength of the 2 Hz
% component for 150 pupil diameters sampled at 5 Hz

[days, runs, xyz, pts] = size(rad_mat);

for n = 1:days
for p = 1:runs

fl = abs(fft(rad_mat(n,p,3,:)));
outp(n,p) = (.5*fl(4)+.25*(fl(3) + fl(5)))/mean(fl(6:60));

end
end

10.3.9.

function outp = derv_comp(lmd);

% This algorithm takes the derivative of the data
% after it has been filtered by sliding average The
% data is a ratio of right going to left going time integrals.

[days, runs, pts] = size(lmd);
abv = 0;
blw = 0;
for i = 1:days

i
for j = 1:runs

for k = 2:pts -1
t(1:3) = lmd(i,j,k-1:k+1);
ave_run(k) = mean(t);

end % for k
lmd_dif = diff(ave_run);
for l = 1:pts - 4

if lmd_dif(l) > 0
abv = abv + 1;

end
if lmd_dif(l) < 0

blw = blw + 1;
end

end % for l

outp(i,j) = abv/blw;
end % for j

end %for i

10.3.10.

function outp = d2t(data);

% This algorithm takes the 2nd derivative of the data
% and compares it to a threshold outp = d2t(data_mat)

[runs, days, pts] = size(data);
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for j = 1:runs
for k = 1:days

lmd_dif = diff(diff(data(j,k,:)));
abv = 0;

for l = 1:pts - 3

if abs(lmd_dif(l)) > 18
abv = abv + 1;

end
end % for l
outp(j,k) = abv;

end %for k

end % for j

10.3.11.

function outp = sac_fft(lmd);

% sac_error = sac_fft(lmd) is an array whos size is based on
% the first 2 dim of lmd, containing an ratio of HF to LF power

[days, runs, pts] = size(lmd);
for i = 1:days

i
for j = 1:runs

ft = abs(fft(lmd(i,j,500:4595)));
outp(i,j) = mean(ft(3:180))/mean(ft(181:2048));

end % for j
end %for i

10.3.12.

function outp = sac_err(lmd);

% sac_error = sac_err(lmd) is an array whos size is based on
% the first 2 dim of lmd, containing an average deviation from
% the perfect tracking pattern which is infered from the imperfect
% pattern accepted as input

[days, runs, pts] = size(lmd);
for i = 1:days

i
for j = 1:runs

m = 1;
dt = lmd(i,j,:);
N1 = dt - mean(dt);
normlz = sqrt(mean(N1.̂ 2));
for k = 1:9

ideal(k) = mean(dt(k*480 + 280:k*480 + 480));
end

for k = 2:9
for l = 1:120

thrm(1) = abs(dt(480*k + l) - ideal(k - 1));
thrm(2) = abs(dt(480*k + l) - ideal(k));
er(m) = min(thrm);
m = m + 1;
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end
for l = 121:480

er(m) = abs(dt(480*k + l - 480) - ideal(k));
m = m + 1;

end

end % for k

outp(i,j) = mean(er)/normlz;

end % for j
end %for I

10.3.13.

function outp = rms_amp(rad_mat);

% mat = rms_amp(rad_mat)
% gnerates a matrix with a rms amp pupil value;

[days, runs, xyz, pts] = size(rad_mat);
as = ave_size(rad_mat);
for n = 1:days

for p = 1:runs
dt(1,:) = rad_mat(n,p,3,:);
dt = dt - as(n,p); %remove DC bias
outp(n,p) = .0518*sqrt(mean(dt.̂ 2));

end
end

10.3.14.

function [Xo, Yo, rad] = get_rad1(the_image)

% This file takes in an image name, gets the edges
% converts to a set of points then fits a circle
% and returns the center and radius. It is more
% elaborate than getrad2 in finding the intial
% circle guess. Called when starting or when
% the last image circle could not be calculated
% (blink). rad = -1 indicates error
%
% function [Xo, Yo, rad] = get_rad(the_image)
% isaac davenport

im_dat = imread(the_image,'pcx');
im_fill = bwmorph(im_dat,'majority',8);

[im_label, num_obj] = bwlabel(im_fill,4);
[im_rows, im_cols] = size(im_label);
obj_count = zeros(num_obj,1);

for g = 1:im_rows
for h = 1:im_cols

if im_label(g,h) > 0
obj_count(im_label(g,h)) = obj_count(im_label(g,h)) +1;

end %if
end % for h

end % for g

for g = 1:im_rows
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for h = 1:im_cols
if im_label(g,h) > 0

if obj_count(im_label(g,h)) < 2000
im_label(g,h) = 0;

end %if
end % if

end % for h
end % for g

for g = 1:im_rows
for h = 1:im_cols

if im_label(g,h) > 0
im_label(g,h) = 0; %invert

else
im_label(g,h) = 1;

end % if
end % for h

end % for g

im_fill = mat2gray(im_label);
[im_label, num_obj] = bwlabel(im_fill,4);
obj_count = zeros(num_obj,1);
for g = 1:im_rows

for h = 1:im_cols
if im_label(g,h) > 0

obj_count(im_label(g,h)) = obj_count(im_label(g,h)) +1;
end %if

end % for h
end % for g

for g = 1:im_rows
for h = 1:im_cols

if im_label(g,h) > 0
if obj_count(im_label(g,h)) < 3000

im_label(g,h) = 0;
end %if

end % if
end % for h

end % for g

for g = 1:im_rows
for h = 1:im_cols

if im_label(g,h) > 0
im_label(g,h) = 0; %invert

else
im_label(g,h) = 1;

end % if
end % for h

end % for g
im_fill = mat2gray(im_label);
if any(any(im_fill))
edg_im = edge(im_fill);
[edg_mat, num_obj] = bwlabel(edg_im,8);
[P(:,2), P(:,1), P(:,3)] = find(edg_mat);

clear im_dat im_fill im_label obj_count edg_im edg_mat;
%Only need P and num_obj
%rad must be from 35 to 165 about 1 - 4.3 mm.
%the center must not exceed the 640x480 frame
%a full pupil outline should be at least 200 pixels long

PT = sortrows(P,3);

[len_P, bogus] = size(PT);
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obj_cnt = zeros(1,num_obj);
P2 = zeros(size(PT));
for g = 1:len_P

obj_cnt(PT(g,3)) = obj_cnt(PT(g,3)) + 1;
end % for g

for e = 1:num_obj

base = sum(obj_cnt(1:e-1));

P2(base + 1,:) = PT(base + 1,:);
P = PT(base + 2:base + obj_cnt(e),:);
wrap = 0;
d = 1;
LP = size(P);
for f = 2:obj_cnt(e)

while max(abs(P2(base + f - 1,:) - P(d,:))) > 1
d = d + 1;
if d > LP(1) & ~(wrap)

d = 2;
wrap = 1;

end

if d > LP(1) & wrap
v = find(P(1:LP(1),1));
d = v(1);
wrap = 0;
break;

end %if
end %while max

P2(base + f,:) = P(d,:);
PA = P(1:d-1,:);
PB = P(d+1:LP(1),:);
P = cat(1,PA,PB);
LP(1) = LP(1) - 1;
wrap = 0;
if d > 20

d = d - 18;
else

d = 1;
end % if d

end %for f
end % for e
clear P;

%P2 nwo has the properly sorted point list for
%the objects (pupil + large noise)
approximations(1,:) = [0 0 0 0];
for h = 1:num_obj

base = sum(obj_cnt(1:h-1));
for i = 5:(obj_cnt(h) - 45)/8 %scoot around the circle perim

exp_i = 8*i;
x1 = P2(base + exp_i - 30,1);
y1 = P2(base + exp_i - 30,2);
x2 = P2(base + exp_i, 1);
y2 = P2(base + exp_i, 2);
x3 = P2(base + exp_i + 30,1);
y3 = P2(base + exp_i + 30,2);

if x1 == x2 | x2 == x3 | x1 == x3 | y1 == y2 | y2 == y3 | y1 == y3
approximations(base + i,:) = [0 0 0 0];

elseif 0 == (x3 - x2)/(y2 - y3) - (x2 - x1)/(y1 - y2);
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approximations(i,:) = [0 0 0 0];
else
denom = (x3 - x2)/(y2 - y3) - (x2 - x1)/(y1 - y2);
Xo = .5*(y1 - y3 + (x3^2 - x2^2)/(y2 - y3) + (x1^2 - x2^2)/(y1 - y2))/denom;
Yo = Xo*(x3 - x2)/(y2 - y3) + (y2 + y3)/2 - ((x3 - x2)/(y2 - y3))*(x2 + x3)/2;
rad = ((Xo - x1)^2 + (Yo - y1)^2) .̂5;

%while we now have a circle based on 3 points
if rad < 35 | rad > 165 | Xo < 0 | Yo < 0 | Xo > 640 | Yo > 480

Xo = 0;
Yo = 0;
rad = -1;

end %if

scores = 0;
for j = base +1:5:base + obj_cnt(h)

if abs(((P2(j,1) - Xo)^2 + (P2(j,2) - Yo)^2)^.5 - rad) <= 2.6
scores = scores + 1;

end %if abs((
end %for j
approximations(base + i,:) = [Xo, Yo, rad, scores];
i = i + 1;
end %else

end %for i
end % for h

[scores, Idx] = max(approximations(:,4));

Xo = approximations(Idx,1)
Yo = approximations(Idx,2)
rad = approximations(Idx,3)

if scores < 20
rad = -1

end %if

else
Xo = 0;
Yo = 0;
rad = -1;

end %if any(any


