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Introduction

Eye movements are accurate reflections of the brain’s control strategy. Their

function is to provide essential information about the visual scene under a wide

variety of situations that are encountered in our daily lives. Therefore, under-

standing how eye movements are controlled in both normal and symptomatic

individuals is one of the most important goals of vision scientists and bioengi-

neers. This monograph provides a summary of significant research results on

the quantitation of oculomotor behavior using control systems analysis

techniques, based primarily on my research work over the past 20 years.

When one redirects gaze, neural command signals change the lens focus

and rotate the two eyes to provide a clear and single image of the new target.

It has been found that three primary oculomotor movements are involved in

the automatic control of binocular gaze. Accommodation, or focusing, changes

the lens power in response to change in depth of the target; vergence rotates

the eyes symmetrically in opposite directions to point accurately at the

binocularly fixated target; and saccades rotate the eyes in the same direction

to accurately adjust for the lateral displacement of the target. These automatic

adjustments can be represented in engineering block diagram form as three

feedback control systems. Well-known engineering control systems theories

can be used to study the feedback control of the models of these physiological

processes.

This monograph is intended for both the engineer with relatively

little physiology background and the vision scientist with relatively little

engineering background. Basic physiology of eye movements as well as basic

control systems theory are introduced to provide the background needed

by the reader to understand the application of various engineering techniques

to eye movement control systems. Due to the numerous control systems and

visual science terms used, a table containing a glossary of terms has been

included (Table 1). The monograph is divided into three sections. The

“Introduction” reviews basic anatomy and physiology of eye movements, basic

measurement terms, basic control systems concepts, and accommodation and

eye movement instrumentation and measurement methodology. The “Static

Analysis Techniques” section examines in detail simulations of the static
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Table 1 Glossary of Terms

(Adapted from Hung,65 p. 306.)
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accommodation and vergence systems, linear and nonlinear analysis of cross-

link interactions, contributions due to proximal effects, and sensitivity analysis

of accommodation and vergence to parameter variations. The “Dynamic

Analysis Techniques” section examines in detail the main sequence as a tool

for characterizing the dynamic characteristics of the three oculomotor systems,

accommodative root locus stability analysis, vergence dual-mode model,
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accommodation dual-mode characteristics, adaptation model of accom-

modation and vergence, nearwork-induced transient myopia (NITM) model,

refractive error development model and emmetropization, and model of

saccade-vergence interactions.

Basic Anatomy and Physiology of

Eye Movements

The goal of the accommodation, or focusing, system is to provide a clear and

sharp image of an object on the retina. Figure 1A shows a cross-sectional view

of the interior of the human eyeball. Light rays enter the eye first through the

transparent cornea, which comprises about 2/3 of the fixed refractive power

of the eye. The rays then pass through the opening in the iris, called the pupil,

and is refracted by the transparent lens, which comprises the remaining 1/3

of the fixed optical power. The lens has, in addition, a variable component

that is controlled by the ciliary muscle (which is part of the ciliary body)

through its action via the zonular fibers located between the ciliary body and

the lens. In this way, the light rays of a target at different distances can be

focused by the variable-powered lens onto the fovea, which is a small high-

acuity region on the retina. The act of focusing from a far (F) to a near (N)

target is called accommodation (Fig. 1B). Moreover, the image can be focused

within a certain range either in front of or behind the retina, thus providing a

small amount of retinal-defocus, and still be perceived as clear and sharp.

This is called the depth-of-focus or DOF (not explicitly shown in Fig. 1B).

However, if the retinal-defocus is outside the DOF, the image is perceived to

be blurred, and accommodative feedback is used to change the lens power

and reduce this blur to a minimum. In general, for viewing of objects closer

than about 1 m, the resultant image is focused behind the retina and the

accommodative response is said to “lag” the stimulus. Although retinal-

defocus, and hence the perceived blur, is an even-error signal (for stimuli given

in diopters rather than linear displacement units)4 that does not provide a

direction sense of the error, other optical cues such as chromatic aberration,

where light rays of shorter wavelength (e.g. blue) are refracted more than those

of longer wavelength (e.g. red), and spherical aberration, where peripheral

rays impinging on a lens are refracted more than central rays, as well as


