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ABSTRACT 

The oldest and most prevalent optical system in the world is the human eye. 

Variations in the anatomical structure of the eye can cause errors in its optical 

performance, which in turn lead to errors in the overall performance of the visual system. 

Fortunately, these refractive errors can be measured and then corrected externally with 

spectacles, contact lenses, or refractive surgery. This dissertation describes the design, 

fabrication, and testing of a new autorefractor that can be used to objectively measure 

human refractive error. The new autorefractor is based on Shack-Hartmann wavefront 

sensing techniques and uses a novel, Fourier transform-based algorithm to estimate 

refractive error. The Fourier-based data analysis models the wavefront aberration as a 

combination of defocus and astigmatism only, expresses the simplified wavefront in 

terms of measurable quantities in Fourier-space, and relates the coefficients describing 

the wavefront to the patient's refraction. The Shack-Hartmann-based autorefractor 

(SHAR) is designed to be inexpensive and compact to facilitate its transition to a 

commercial device. It represents a significant improvement in automated clinical 

refraction because it can make accurate measurements of a wide range of refractive errors 

without relying on moving parts or the intensity of light reflected off the retina. To 

evaluate its performance, the SHAR was compared to the gold-standard among current 

commercially available autorefractors in a study of human refractive errors. The results 

from this limited study population suggested that the SHAR has the potential to perform 

at least as well as the commercial standard autorefractor. 
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CHAPTER 1 - INTRODUCTION 

1 • 1 Human refractive error 

The oldest and most prevalent optical system in the world is the human eye. It is 

an integral component of a complex visual system that provides humans with an 

incredible amount of detailed information about a predominantly visual world. 

Researchers have estimated that as much as 80% of what humans learn comes from the 

sense of sight. Knowing this, the importance of maintaining a healthy visual system 

cannot be overstated. The most common visual disorders are refractive errors associated 

variations in the anatomical structure of the eye. Refractive errors are so common that 

approximately 50% of the United States population wears some form of corrective lenses. 

With this many people in need of vision correction, the value of a means to accurately 

and quickly determine refractive error should be obvious. 

Images are formed in the eye by two aspheric refracting elements composed of 

living tissue and separated by fluids that provide the eye transparent mechanical support. 

Most of the refractive power comes from the cornea, while focusing is provided by the 

flexible, gradient-index crystalline lens. The iris gives the eye its color and can be opened 

or closed to vary the amount of light falling on the retina. The retina is the eye's detector; 

it contains over 100 million photoreceptors and is wired to the world's most powerful 

computer - the brain, which processes the images and provides feedback that controls 



light level and focus. In this way, human vision is a coordinated process involving image 

formation by the optics of the eye and image processing by the retina-brain combination. 

The focusing mechanism in the eye is a ring shaped muscle in the ciliary body 

surrounding the crystalline lens. When the ciliary muscle is completely relaxed, the 

capsule holding the lens is pulled taught and the lens is at its lowest power. In this relaxed 

state, the eye is focused on the far point, which is conjugate to the retina. As the ciliary 

muscle contracts, the lens capsule relaxes, the lens bulges, and the power of the eye 

increases, allowing it to be focused on much closer objects. This process is called 

accommodation. When the eye is fully accommodated it is focused on the near point, 

which is usually 20-25cm in front of the eye\ 

The basic optical performance of the eye is evaluated based on the location of the 

far point. Emmetropia is the nominal condition in which the far point lies at infinity and 

the eye has no refractive error. Ametropia is the condition in which the far point does not 

lie at infinity, but at some finite distance in front of or behind the eye. Myopia is the 

positive type of ametropia in which the far point lies at some finite distance in front of the 

eye. This condition occurs when the eye has too much power or is too long. Hyperopia, 

the negative type of ametropia in which the far point lies behind the eye, occurs in eyes 

that lack sufficient power or are too short. When an eye is equally ametropic in all 

meridians it has a spherical refractive error that can be either myopic or hyperopic. 

When the refractive error is a function of meridian, the eye has a cylindrical refractive 

error, or astigmatism. There are two far points in an astigmatic eye, one for each 

principal meridian^. An ametropic eye can be made optically emmetropic with the 
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appropriate combination of spherical and cylindrical lenses that artificially move the far 

point to infinity for all meridians. 

1.2 Measuring human refractive error 

Methods to determine optical correction subjectively using trial lenses date back 

to the 16^*^ century. Modern techniques for performing subjective refractions are based on 

the same underlying principle of comparing one lens against another, using changes in 

vision as the selection criterion. Subjective refraction has enjoyed such longevity as the 

preferred method for determining human refractive error because it is the patient that 

ultimately decides upon the most comfortable correction. However, when the patient 

cannot or will not cooperate, results from a subjective refraction are invalid. 

Objective methods for determining human refractive error were discovered as 

early as 1619 and were incorporated into clinical instruments by the end of the 19"' 

century . Techniques such as retinoscopy, the Scheiner principle, and the optometer 

principle allowed the vision of uncooperative or nonverbal patients to be evaluated and 

corrected. This increased the percentage of the population that could receive refraction 

exams, but did not necessarily increase the number of patients actually seen in a given 

ophthalmic practice because of the time and expertise still required to perform the 

objective exams. It was not until the last half of the 20^'^ century that rapid developments 

in electronics and computers allowed objective refraction techniques to be automated. 



This simplified the refraction exam procedures, required less expertise of the examiner, 

and allowed ophthalmic practices to use their time and resources more efficiently. 

Autorefractors are the class of instruments designed to make automated objective 

measurements of human refractive error. Most commercial autorefractors claim to 

measure spherical refractive errors ranging from -20Z) to +20£) and cylindrical powers 

up to ±8D in either 0.25Z) or Q.\2D steps. They all measure the orientation of a patient's 

astigmatism in one degree steps and have a total measurement time of less than one 

second. The minimum pupil diameter of most of these instruments is between 2.5mm and 

3mm. The Topcon RM-8000B is the gold-standard among current commercially available 

autorefractors. It claims a measurement range of --25D to +22D for sphere power and 

up to +8Z) for cylinder, with a minimum pupil diameter of 2mm. The Topcon operates 

on a variation of the century-old optometer principle. This dissertation describes the 

design, fabrication, and testing of a new autorefractor based on a completely different 

measurement principle. The goal of the dissertation research is to develop the new 

autorefractor so that it performs with the same accuracy over the same range as the gold-

standard Topcon RM-8000B autorefractor. 

The most common techniques currently employed by clinicians to measure human 

refractive error will be considered in Chapter 2. The basic principles of clinical 

refraction, instead of each specific method or instrument, will be discussed. Some of the 

most important factors affecting clinical retraction will also be described, with special 

emphasis given to those factors affecting automated objective techniques and the ways 

previous autorefractors have addressed them. This general discussion will lead to a 
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detailed description of the specific operating principles of the Topcon RM-8000B, to 

which the new autorefractor will eventually be compared. Several means for evaluating 

and reporting the accuracy and repeatability of autorefractors will then be presented. The 

performance of the Topcon RM-8000B will be evaluated at the end of Chapter 2 to 

establish the standards to which the new autorefractor must adhere. 

Autorefractors based on the refraction principles described in Chapter 2 estimate 

refractive error using some measure of the intensity of light reflected off the fundus. The 

new autorefractor developed in this dissertation will instead estimate refractive error by 

measuring the wavefront emerging from the eye. This method is less sensitive to 

variations in reflected intensity and does not require high signal-to-noise ratio images to 

make a valid measurement. The Shack-Hartmann (SH) wavefront sensor, upon which the 

new autorefractor is based, is described in Chapter 3. After a brief historical review, the 

means by which the SH sensor measures an incident wavefront are considered in detail. 

The application of the SH sensor to the human eye is then traced to its current primary 

ophthalmic application as an aberrometer used to measure complex ocular wavefront 

shapes. Chapter 3 will conclude with a general discussion of the differences between a 

SH aberrometer and the proposed SH autorefractor designed to measure only a patient's 

sphere, cylinder, and axis. 

When used as an ophthalmic aberrometer, the SH wavefront sensor measures the 

complex nature of the eye's wavefront aberrations. The low-order errors defocus and 

astigmatism that typically dominate the wavefront aberration function of the eye are often 

corrected before making a measurement so they do not mask higher-order wavefront 
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details. In the traditional analysis of SH data that will be discussed in Chapter 4.1, modal 

estimation using Zemike polynomials is used to reconstruct the wavefront aberration 

function from the wavefront slopes measured by the SH sensor. It is proposed in this 

dissertation that the SH wavefront sensor be used as an autorefractor instead of an 

aberrometer. In this case, only the defocus and astigmatism in the wavefront are of 

interest. Since higher-order aberrations do not need to be computed, it should be possible 

to optimize the data analysis to provide a more rapid estimate of the desired wavefront. A 

new, Fourier transform-based technique for performing the autorefractor-specific data 

analysis will therefore be considered in Chapter 4.2. The objective of this new data 

analysis will be to model the wavefront aberration as a combination of defocus and 

astigmatism only, to express the simplified wavefront in terms of measurable quantities 

in Fourier-space, and finally, to relate the coefficients describing the wavefront to the 

patient's refraction. 

The design and construction of a prototype Shack-Hartmann-based-autorefractor 

(SHAR) are considered in Chapter 5. The SHAR design will combine a viewport channel 

to align the system to a patient's eye, a fogging/illumination channel to control the 

patient's accommodation and create a point source on the retina, and a stationary 

measurement channel to estimate the patient's spherical and cylindrical refractive errors. 

The prototype will be constructed using small stock optics and custom mechanical 

mounts to facilitate its transition to a commercial device. The design of the three SHAR 

channels will be discussed in detail, along with the fabrication and alignment of the 
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custom mounts. Chapter 5 will conclude with a description of the custom software that 

will control the SHAR and implement the novel, Fourier-based data analysis algorithms. 

The procedures used to characterize and test the SHAR prototype are discussed in 

Chapter 6. Trial lenses will be used to check for major errors in the hardware or software, 

and the system will be optimized using the results fi-om a series of human refi"action 

measurements. Each optimization step taken to improve the SHAR's data analysis is 

described in detail, and the optimized SHAR prototype is then compared to the Topcon 

RM-8000B autoreft'actor using the means for evaluating accuracy and repeatability 

described in Chapter 2. It will be shown in Chapter 6 that it is indeed possible to build a 

new type of autorefractor based on wavefront sensing technology that will perform as 

well as other commercially available autorefractors. The additional work required to 

extend the range and further improve the accuracy and repeatability of this new SH-based 

autorefractor will be considered in Chapter 7. 
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CHAPTER 2 - CLINICAL REFRACTION TECHNIQUES 

2.1 Basic principles of clinical refraction 

The ultimate goal of any clinical refraction is to accurately locate the patient's far 

point, the point in space conjugate to a point on the retina for a relaxed eye, as described 

in Chapter 1. The appropriate correction can then be determined to move the far point to 

infinity and correct the patient's refractive error. The far point is difficult to locate 

exactly because accommodation causes the image of the retina through the optics of the 

eye to move. Therefore, a refraction estimate based on the far point location is only truly 

successful if the patient is not accommodating. Accommodation can be inhibited by 

cycloplegic drugs or relaxed optically through a process generally referred to as fogging. 

A patient is fogged as he or she views a fixation target through a set of auxiliary optics. 

The power of the optics or the target position is then adjusted so the target image 

vergence is slightly myopic with respect to the patient's optimal correction. Under these 

conditions the fixation target appears blurred, but any accommodation by the patient will 

cause it to blur further. The refi-action techniques described below incorporate some form 

of fogging to ensure that the refraction estimate is as accurate as possible. The effects of 

accommodation on clinical refraction are discussed in more detail in Section 2.2. 
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Conventional subjective refraction 

The most common subjective refraction techniques are based on a patient's 

simple perception of blur. A patient is asked to view some target and then evaluate its 

best focus'. The spherical error is corrected by first fogging the patient and then adding 

trial lenses to find the appropriate spherical correction. Astigmatism is then eliminated by 

adding crossed cylinders. Kaufman describes the details of one specific subjective 

technique, fogging and the use of astigmatic dials'^, whereby a patient is fogged to relax 

accommodation and then selects the darkest and clearest line on an astigmatic dial to 

determine the appropriate axis for the cylinder correction. Negative cylinders are then 

used to correct the patient's astigmatism and the fogging process is reversed to make the 

patient emmetropic. A more common variation on this technique, which will hereafter be 

referred to as manifest refraction, requires the patient to look through crossed-cylinder 

trial lenses at a visual acuity chart and select the more preferable of two similar 

corrections. No matter which specific method is used, conventional subjective refraction 

is the preferred technique for prescribing glasses or contact lenses because it is the patient 

that ultimately decides on the most comfortable prescription. 

Retinoscopy 

Most clinicians performing a manifest refraction will begin by using some 

objective technique to find a starting point for the subjective procedure. The most 
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common method of objectively measuring refractive error is retinoscopy, developed into 

the modem clinical practice of streak retinoscopy by Jack Copeland^. A streak 

retinoscope consists of a slit source projected off a fold mirror into a patient's eye. The 

observer views the patient's eye through a small unsilvered slit in the center of the mirror. 

As the observer tilts the retinoscope, the image of the slit source on the retina - the streak 

- moves across the iris and retina in the same direction as the retinoscope. Modem streak 

retinoscopes include a projection system that allows the vergence of the source rays to be 

changed so the streak can be focused on the retina despite a patient's refractive error. 

Light that reflects diffusely off the retina emerges from the eye with some 

vergence that causes an image of the streak to be formed somewhere in front of or behind 

the patient's eye. The location of this image is the far point of the eye and is a measure of 

the refractive error. If the far point lies between the observer and the patient (moderate to 

extreme myopia), the image of the streak - the reflex - will appear to move in the 

opposite direction as the streak itself The reflex is said to have against-motion. If the far 

point is either behind the observer (mild myopia or emmetropia) or behind the patient 

(hyperopia), the reflex will have with-motion, moving in the same direction as the streak. 

The closer the far point is to the observer, the faster the reflex motion will appear. When 

the far point coincides with the viewing slit of the retinoscope, the reflex moves infinitely 

fast and appears to tum on and off as the streak is moved across the retina. This is called 

the neutral point. 

To perform a retinoscopy exam, the observer positions the retinoscope a standard 

distance from the patient, usually 2/3 meter. He or she then adds trial lenses in front of 



24 

the patient's eye to find the neutral point. Negative lenses must be added in the case of 

against-motion and positive lenses in the case of with-motion. When the neutral point is 

found, the patient's far point is coincident with the retinoscope slit. Adding -1.50D to the 

trial lenses will move the far point to infinity and make the patient optically emmetropic. 

In the presence of astigmatism, there is a discontinuity or break between the incident 

streak striking the patient's iris and the emergent reflex in space. Modern streak 

retinoscopes allow the incident streak to be rotated until the break is removed. The 

incident streak is thus oriented along one of the principal meridians of the astigmatic 

eye^ 

Streak retinoscopy is objective in the sense that the patient does not provide the 

observer with any feedback; however, the observer must make a subjective judgment of 
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Figure 1. Automated streak retinoscopy. A scanning mirror sweeps the 
streak across the retina while two detectors measure the speed and 
direction of the reflex motion^. 



neutrality to accurately locate the patient's far point. Several attempts have been made to 

automate the procedure, making it completely objective by replacing the observer with a 

pair of detectors. The first realization of this technique in a commercial autorefractor was 

Bausch & Lomb's Safir Ophthalmetron marketed between 1971 and 1978 . Currently, it 

n 

is used in the Nidek OPD-Scan system . An optical layout illustrating the general 

operation of these devices is shown in Figure 1. The observer is replaced by detectors 

DET 1 and DET 2 which are moved together to locate the neutral point. Alternately, the 

detector position can remain fixed and the phase between the two signals as the scanning 

mirror rotates can be used to determine refractive error. Rotating the slit or the detectors 

allows the magnitude and orientation of the astigmatism to be determined as well. 

The optometer principle 

The techniques described above rely on trial lenses placed in front of the patient's 

eye to correct refractive error. The correction is consequently limited to discrete steps in 

power. Where a continuous variation in power is desired, a single positive lens with a 

moving target can be used in place of the trial lenses. Such an instrument is called an 

optometer, and when the positive lens is placed one focal length away from the entrance 

pupil of the eye it is called a Badal optometer^. The optometer corrects a patient's 

refractive error by forming an image of the moveable target at the patient's far point. To 

understand how the target position (z) relates to refractive error {P), consider the 

schematic diagram for a myopic eye in Figure 2. 
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Figure 2. The Badal optometer. 

In this diagram, quantities measured from left to right are positive while quantities 

measured from right to left are negative. For example, the distance 1/P is negative since 

P<0 for myopia. Consequently, it is drawn from right to left, from the entrance pupil (EP) 

to the far point (FP). A focused image of the target (OBJ) will only be seen when the 

image formed through the Badal lens is coincident with the patient's far point as shown 

in Figure 2. The lensmaker's equation can thus be used to solve for the appropriate target 

position as a function of refractive error. The lensmaker's equation is given by, 

where for the Badal optometer, 

(2.1.2) 
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Solving for the target position z gives, 

z  =  - f i \  + f l>) .  (2.1.3) 

The linearity of this relationship provides easy and accurate calibration of the 

optometer, while the positioning of the eye's pupil in the rear focal plane of the Badal 

lens makes the optometer-eye system telecentric in its image space. This ensures that the 

magnification of the retinal image is constant throughout the optometer's dioptric range. 

An accurate subjective refraction can be performed with the optometer by instructing the 

patient to move the target towards the Badal lens from a position where it appears blurred 

to the position z where it is first in focus\ Variations on the optometer principle have also 

been used in many commercially available autorefractors, including the Topcon RM-

8000B that will be described in detail in Section 2.3. 

The Scheiner principle 

When light from a distant source passes through a double pinhole mask placed in 

front of the eye, it is limited to two narrow beams of light as shown in Figure 3. The eye 

in Figure 3(a) is myopic so the narrow beams cross before they reach the retina. The 

individual sees two out-of-focus images of the source. If the eye were hyperopic, as in 

Figure 3(c), the two beams would cross somewhere behind the retina, and the individual 

would again see two blurred images of the source. Only an emmetropic patient sees a 
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single, focused image of the source as the narrow beams of light emerging from each 

pinhole meet precisely on the retina. The emmetropic case is illustrated in Figure 3(b). 

This principle is named after the Bavarian friar, Scheiner, who first discovered it in 

1619^ 

IR SOURCE 

IR SOURCE 

IR SOURCE 

Figure 3. The Scheiner principle illustrated in (a) a myopic eye, (b) an 
emmetropic eye, and (c) a hyperopic eye. 

The Scheiner principle can be used with the optometer principle to perform both 

subjective and objective refractions. Figure 4 shows an example of how the subjective 

and objective tests might be combined. The solid lines represent the subjective test. The 

patient views a small source through the pair of pinholes in the Scheiner disc and adjusts 

the position of the source until the two images overlap. Moving the source changes the 
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vergence of the hght passing through the Scheiner disc. When this vergence appears to be 

coming from the subject's far point, the two spots will appear to fuse. If the eye is located 

in the rear focal plane of lens LI, the system is a modified Badal optometer and the 

relationship between the source position and the patient's refractive error is the same as 

Eq. (2.1.3) described above. 
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Figure 4. Scheiner disc refraction in an emmetropic eye. If the eye is 
ametropic, the source must be moved in (myopia) or out (hyperopia) to 
create a single image on the retina. Likewise, the detectors must be moved 
in (myopia) or out (hyperopia) to create a single image on the central 
detector . 

The dashed lines in Figure 4 represent an objective Scheiner test. Light diffusely 

reflected from the retina leaves the eye converging or diverging towards the far point. It 

passes through the Scheiner disc creating two narrow beams of light with the same 
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vergence. These beams are focused by lens L2 at some position determined by the 

refractive error of the eye. The array of detectors can locate this focus position by moving 

until only the central detector is illuminated. The equations describing the Badal 

optometer are again used to determine the refractive error. 

Instruments incorporating the Scheiner principle are generally considered more 

accurate than standard optometers because the judgment of image singleness typically 

provides better results than the judgment of image blur^. In addition, astigmatism can be 

more easily measured by simply rotating the Scheiner disc about the optical axis. 

Variations on the Scheiner principle have been employed in a number of commercially 

available autorefractors, beginning with the Acuity Systems' 6600 Auto-Refractor in 

1973. 

The grating focus principle 

A variation on the optometer principle used exclusively in objective autorefractors 

is the grating focus principle, sometimes called image quality analysis or the maximum 

contrast principle. In this technique, the target is usually a moving square-wave grating 

imaged by the optometer onto the retina. Light reflected off the retina is imaged through a 

slit mask onto a single detector. The grating is focused on the retina by adjusting the 

optometer to maximize the contrast of the detector signal. An example of the grating 

focus principle is illustrated in Figure 5. The moving square-wave grating is generated by 

the slit mask rotating around the beam splitter cube. Lenses LI and L2 form an image of 
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the slit that serves as the target for the optometer lens L3. Light reflected from the retina 

is imaged onto the slit mask, which is then imaged on the detector by lens L4. The 

detector signal is used to drive L2 vintil the rotating slit is focused on the retina. A quarter 

wave plate (QWP) and polarization beam splitter cube (PBS) are used to eliminate the 

corneal reflex discussed in the next section. The grating focus principle was first used in a 

commercial autorefractor in 1974 when Coherent Medical introduced its Dioptron^. 
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Figure 5. The grating focus principle®. 
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2.2 Some factors affecting clinical refraction 

Perhaps more important than the specific technique used to measure refractive 

error are the conditions under which the refraction is performed. Some of the most 

important factors affecting clinical refraction are discussed here. Special emphasis is 

given to those factors affecting automated objective techniques and the ways previous 

autorefractors have addressed them. These issues will be considered in the context of the 

current work later, in Chapter 5. 

Patient cooperation 

The success of subjective refraction techniques is most dependent on patient 

cooperation. The patient must be able to judge image quality and respond accurately to 

the examiner's questions. With automated subjective instruments, the patient must also 

be able to adjust the focus of various targets that will determine his or her refraction. 

With young, senile, or mentally deficient patients, this is often not possible. Language 

barriers may also hinder a subjective exam and, as Kaufman so frankly notes, "Some 

patients are simply no good at making decisions'*." Instruments based on objective 

techniques require less cooperation, but the patient must still look forward at the fixation 

target and keep his or her head from moving excessively^. 
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Accommodation 

Even patients attempting to fully cooperate during the refraction exam carmot 

completely control the amount of accommodation in their eyes, which may lead to 

inaccurate results. For this reason, many autorefractors include the ability to manipulate 

accommodation to ensure it is relaxed when a measurement is taken. Accommodation 

during a refraction exam can be stimulated by a number of factors, the most common of 

which is the perception that an object is close to the eye. Such instrument myopia can be 

induced by the proximity of the autorefractor to the face even though the object may 

actually be at a further distance. Accommodation can also be stimulated by the spectral 

and spatial distribution of the target and, in binocular systems, by any convergence 

between misaligned right and left channels'. In addition, the amount of accommodation 

can fluctuate during an exam causing errors in the cylinder measurement for instruments 

that refract each meridian successively instead of simultaneously^. 

Most autorefractors control accommodation using a fixation target whose 

vergence can be varied by a Badal optometer. Positioning the target to force the patient to 

relax his or her accommodation is called fogging. Instead of matching the patient's 

refractive error exactly, autorefractors typically make the target image vergence slightly 

myopic with respect to the patient's vision so that any accommodation will only blur the 

image more. Other means of relaxing accommodation include increasing the working 

distance of the instrument, using a blue fixation target, and applying cycloplegic drugs 

before measuring the refraction'. 
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Pupil size 

Pupil size effects refraction measurements in several ways. Depth of field 

decreases, making subjective determinations of focus more reliable, as the pupil size 

increases up to about 5mm^. For larger pupil sizes, however, spherical aberration can 

decrease the reliability of subjective and objective refractions. Consequently, objective 

instruments not dependent on the perception of blur try to decrease the pupil size in order 

to reduce the influence of aberrations. The minimum pupil size of an autorefractor is 

constrained to ensure that enough light passes into and out of the eye'. For example, 

where the Scheiner principle is used, both pinholes must always fit within the patient's 

pupil. If the pupil decreases beyond the minimum diameter or shifts far enough laterally, 

the measurement will fail^. 

Retinal structure 

Autorefractors use infrared light to perform the refraction measurement, though 

human vision is most sensitive to lower wavelengths. This discrepancy is significant 

because the specific layer from which light reflects off the retina is wavelength 

dependent. As a result, infrared measurements of refraction can differ from visible light 

measurements by 0.75Z) to 1.50D^'^. This effect shows up as a bias in clinical 

measurements of spherical refractive error and is often eliminated by calibrating the 

instrument based on empirical data. 
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Another retinal factor effecting automated refraction is what David Luce calls 

sparkle^^. The shape and packing configuration of the rods and cones cause bright 

flashes, or hot spots, to appear in return images of autorefractor targets on a patient's 

retina. In real time, the hot spots move around as the patient's eye moves slightly, 

creating the illusion that the image is sparkling. For a single frame, the hot spots can 

interfere with image processing algorithms, thus decreasing the reliability of the 

refraction measurement. To reduce the effects of sparkle, previous autorefractors have 

increased the integration time of their detectors, averaged multiple frames, and 

incorporated thresholding techniques into their image processing algorithms. The Topcon 

RM-8000B autorefractor discussed below uses a clever technique called optical stirring^^ 

to reduce the effects of sparkle without increasing the measurement or processing time. 

Other factors 

Other factors affecting the ability of an autorefractor to accurately measure 

refraction include stray reflections, scattering and absorption, and instrument alignment. 

Some of the light entering the eye is reflected off the optical surfaces of the cornea and 

lens before it reaches the retina. The strongest component of this reflected light, the 

corneal reflex, reflects off the anterior cornea. If the incident light is normal to the 

anterior cornea, the corneal reflex enters the autorefractor with light reflected off the 

retina and corrupts the refraction measurement. Solutions include moving the source off-

axis so the corneal reflex does not enter the autorefractor and using polarized light with a 



quarter wave plate and polarization beam splitter to block the corneal reflex from 

reaching the detector (see Figure 5). 

Scattering and absorption in the eye also affect an autorefractor's ability to 

measure refraction. The techniques described above depend on some measure of the 

intensity of light reflecting off the retina, passing out of the eye, and falling on a detector. 

As the amount of light scattered or absorbed by components of the eye increases, the 

signal-to-noise ratio (SNR) on the detector decreases, and the autorefractor results 

become less reliable. This is particularly relevant for patients with cataracts or corneal 

opacities. Solutions include increasing the source intensity as safety limits allow or using 

a technique that does not rely as heavily upon detector SNR. The new autorefractor 

developed for this dissertation will take the latter approach. 

Finally, consider the effects of instrument alignment on refraction measurements. 

To provide accurate results, the autorefractor must be correctly aligned axially, laterally, 

and rotationally with the eye. Lateral misalignments can cause errors, especially in 

patients with small pupils, if measurement light is prevented from entering the eye. Axial 

misaligimients cause systematic errors in the spherical component of the refraction and 

can introduce further errors by stimulating accommodation, particularly in instruments 

using Badal optometers where the rear focal plane of the Badal lens must be coplanar 

with the entrance pupil of the eye. To ensure accurate cylinder measurements, it is also 

important that the head not be tilted with respect to the instrument. Rather than rotate the 

autorefractor about its optical axis, it is typically left to the examiner to ensure rotational 

alignment by tilting the patient's head as necessary. All commercially available 
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autorefractors have chin and head rests to help stabilize the patient's eye. The measuring 

head of the autorefractor can then be moved axially and laterally to align it to the eye, 

usually with the help of a built in television screen or LCD monitor. 

2.3 The Topcon RM-8000B autorefractor^° 

Having explored some factors affecting clinical refraction and the most common 

techniques for measuring it, attention is now turned to the specific commercial instrument 

considered the gold standard among currently available autorefractors, the Topcon RM-

8000B. The Topcon RM-8000B uses a variation on the optometer principle to measure 

spherical refractive errors from -25D to +22D in 0.25D steps. A ring shaped source 

allows cylindrical errors from OD to ±%D to be measured, also in 0.25£) steps. Steps of 

0.12D are available for both spherical and cylindrical power, but are usually not used 

because this interval is smaller than the repeatability of the instrument. Accommodation 

is relaxed by a fixation target that moves with the optometer block and fogs the patient. A 

rotary prism is used to decrease the minimum pupil size to 1mm and reduce the effects of 

sparkle caused by reflections off the retina. The operating principles of the Topcon RM-

8000B are illustrated in Figure 6. 
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Figure 6. An illustration of the operating principles of the Topcon RM-
8000B commercial autorefractor. 

The measurement target in the Topcon RM-8000B is a thick ring source created 

by placing an annulus mask in front of an infrared LED operating around 830nm. 

Between the ring source and the eye is a Badal optometer that can be adjusted to place a 

virtual image of the ring source at the patient's far point, and thus a real image of the ring 

on the retina. Light passes from the source through the optometer to the retina, then back 

out of the eye, back through the optometer, and off a beam splitter to a detector located in 

a plane conjugate to the ring source. The return ring image on the detector will be in-

focus and the same size as the ring source only if the Badal optometer is positioned so the 

ring image on the retina is in-focus and the eye has no astigmatism. If the optometer is 

positioned so the ring image on the retina is out-of-focus, the return ring image on the 

detector will also be out-of-focus and will have a different size than the ring source. If 

astigmatism is present, the return ring image will be elliptical instead of circular. To 

ensure that patient accommodation does not effect its measurement, the Topcon RM-



39 

8000B incorporates a fixation target that moves with the optometer and is set to produce 

a target image vergence that is 2D myopic with respect to the source image vergence. 

This fogs the patient for the subsequent measurement when the optometer is correctly 

positioned to image the source onto the retina. 

When an exam begins, the optometer block is set at 0£) as shown in Figure 6. An 

image is recorded and the approximate size of the return ring image is calculated to 

determine an approximate spherical equivalent power (SEP). The optometer is moved to 

correct the approximate SEP and another image is recorded. An ellipse is fit to the second 

return ring image and the length and orientation of the best-fit major and minor axes are 

extracted. By comparing the lengths of these axes to the diameter of the ring source, the 

power along the principle meridians of the eye can be computed. The average of the 

meridian powers provides a correction to the optometer approximated SEP, while their 

difference is a measure of the cylindrical power. The orientation of the best-fit ellipse is 

used to orient the axis of the astigmatism in the eye. 

Because the eye is illuminated by a ring of light, the Topcon RM-8000B does not 

have to overcome problems caused by a strong corneal reflex. The instrument is, 

however, still subject to the sparkle phenomenon discussed in Section 2.2. To reduce 

these effects, a rotary prism is inserted between the optometer and the eye. The prism 

rotates at 3000 RPM (50ifz), so the image of the ring source on the retina rotates 360° for 

every 5QHz frame recorded by the detector. The prism is used in double-pass, so the 

return ring image is stationary and the sparkle effects are eliminated by the integration of 

the detector as it records each frame. David Luce calls this technique optical stirring^^. 
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The detector integration coupled with the frequency of the prism rotation and the 

corresponding displacement of the ring image on the retina also reduces the minimum 

pupil diameter required for the refraction measurement. If the prism were not present, the 

minimum pupil diameter would be determined by the maximum diameter of the ring 

image in the plane of the patient's pupil as shown in Figure 7(a). However, because the 

ring image on the retina is offset by the prism and makes a complete revolution during 

the integration time of each frame, a complete image of the ring can be produced on the 

detector for even smaller pupil diameters. This concept is illustrated by Figure 7(b). At 

any instant, only a portion of the displaced ring image reaches the retina. The displaced 

segment is re-centered as it passes through the prism a second time and forms a small part 

of the final return ring image as it falls on the detector. As the prism rotates, different 

segments of the ring image reach the retina and the final image is built piece by piece as 

the detector integrates. Since the prism rotates at 5QHz, each frame contains a complete 

return ring image free of sparkle artifacts. 

(a) (b) 

Figure 7. Effect of the rotating prism on the Topcon RM-8000B minimum 
pupil diameter, (a) Without the prism the minimum pupil diameter is 
determined by the size of the ring image at the pupil (dashed circle), (b) 
With the rotating prism a much smaller pupil can be measured because a 
complete ring image can be constructed from the many ring segments 
integrated on the detector as the prism rotates 360° for each frame. 
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The Topcon RM-8000B represents a clever variation on the classical optometer 

principle. Its advantages include the ability to measure small steps in refractive error over 

a large range in patients with small pupil diameters. It has an automatic fogging feature, 

avoids a strong corneal reflex, and effectively reduces the effects of sparkle. 

Measurements can be made quickly and the instrument is extremely repeatable for 

multiple measurements during the same exam. The major disadvantages of the Topcon 

RM-8000B are the moving components in the measurement channel. There is greater 

potential for misalignment and mechanical failure in this system than in one with 

stationary components. A word of caution should also be issued regarding the 

instrument's reported high repeatability. When the autorefractor makes multiple 

measurements, it simply records and analyzes multiple images taken at the same 

optometer position. The entire measurement procedure is not repeated for each of the 

multiple measurements. The accuracy of the Topcon RM-SOOOB in measuring a patient's 

preferred prescription, along with the accuracy and reliability of the other refraction 

techniques, is considered next. 

2.4 Accuracy and repeatability of refraction measurements 

Autorefractors are typically compared based on their accuracy and repeatability. 

The International Standards Organization defines accuracy as "the closeness of 

agreement between a test result and the accepted reference value Repeatability is 
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defined as a measure of the agreement between repeated measures taken under identical 

•  •  12  •  •  conditions . Throughout this dissertation, the reference value is taken to be the 

subjective manifest refraction. While this is an optimal correction chosen by the patient, 

it may not be a completely reliable measure of the true refraction, and is not always 

chosen as the reference value for accuracy measurements'. The variability of subjective 

refraction results between different exams and different clinicians makes evaluating the 

true accuracy of an autorefractor impossible. It is with this in mind that the manifest 

refraction is chosen as the reference value. 

Once defined, there are several means for evaluating and reporting accuracy and 

repeatability. McCaghrey and Matthews'^ describe four popular metrics for comparing 

autorefractors: within specific limits, correlation coefficients, paired comparison tests, 

and residual refraction. The first method, within specific limits, looks at how often the 

separate components of the autorefractor refraction fall within ranges commonly used in 

optometric practice. For example, how often does the autorefractor reading for cylinder 

fall within 0.50D of the manifest refraction value for cylinder? Typical ranges of interest 

for sphere and cylinder power are ±0.25D, ±0.50D, and ±0.752) and for axis are ±5°, 

±10°, and ±20°. 

Correlation coefficients measure the strength of a relationship between two 

values, not necessarily how well they agree. Autorefractor readings can be perfectly 

correlated with manifest refractions without being accurate at all. In fact, two methods 

designed to measure the same quantity are expected to be related, so the test for 
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correlation is irrelevant to the question of accuracy'^'^"^. For this reason, correlation 

coefficients are rarely used alone when evaluating autorefractors. 

The paired comparison test described by McCaghrey and Matthews, more often 

referred to as the Bland-Altman test^^, involves plotting the differences between two sets 

of measurements against the averages of the two measurements. Under the assumption 

that the differences are normally distributed, the mean of the differences represents a bias 

in the measurements on average. The standard deviation of the differences, cr^, describes 

the variability in the measurements for different patients and can be used to determine 

95% limits of agreement, or confidence limits, according to the equation, 

CV/„=±1.96o-,. (2.4.1) 

For an autorefractor with no bias, this says that for 95% of the patients measured, the 

magnitude of the error between the autorefraction and the manifest refraction will be less 

than 1.96(T^Z). 

The final metric used by McCaghrey and Matthews to evaluate autorefractors, 

residual refraction, looks at the residual effects of prescribing the autorefractor result. 

Prescriptions expressed in standard plus or minus cylinder form {^SI Cx. 6^ caimot be 

directly subtracted, so they must first be converted to a spherical equivalent power (SEP) 

and cross-cylinder powers (JO and J45) as follows: 
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SEP = S +—, 
2 

JO = Ccos20, (2.4.2) 

J45 = Csin2^. 

The components of the autorefractor reading can then be subtracted from the components 

of the manifest refraction to give residual values of SEP, JO, and J45^^. The residual 

refraction metric can be taken one step further to provide a single number describing the 

accuracy of an autorefractor measurement. The residual refraction expressed in cross-

cylinder form can be thought of as a vector with magnitude, 

d = •I(SEF,^,-SEP,J +(J0_, (2.4.3) 

This vector dioptric difference^^ is used later to track improvements in the autorefractor 

developed for this dissertation. 

Because of its prevalence in the literature, the Bland-Altman test will be used here 

to summarize the accuracy and repeatability of subjective refraction and autorefractors. 

Several authors^^'^^'^^ have reported that autorefractors are at least as repeatable as 

subjective clinical refraction, though their specific methods and 95% confidence limits 

vary. Rosenfield and Chiu investigated the repeatability of manifest refraction under 

masked conditions where the same examiner performed fives exams on each patient, but 

was unaware of the results until all five exams were complete. They compared their 

findings to the repeatability of the Canon R-1 autorefractor. Zadnik et al. compared the 



repeatability of cycloplegic and noncycloplegic manifest refraction and autorefraction 

(Canon R-1) measured by the same examiner on two different occasions. Bullimore et al. 

determined the repeatability of subjective and objective refractions by having two 

different clinicians measure each patient during the same exam. The objective refractions 

in their study were performed using the Hoya AR-570 autorefractor. The results of the 

three studies are summarized in Table 1. 

SEP (D) JO (D) J45 (D) 
Study Metric 

Subj. Obj. Subj. Obj. Subj. Obj. 

Rosenfield Bias n/r n/r n/r n/r n/r n/r 

& Chiu 95% C.L. ±0.29 ±0.27 ±0.29 ±0.31 n/r n/r 

Zadnik et Bias -0.063 -0.007 n/r n/r n/r n/r 

al. 
95% C.L. ±0.63 ±0.72 n/r n/r n/r n/r 

Bullimore Bias +0.01 -0.12 ±0.01 ±0.00 ±0.00 -0.00 

et al. 95% C.L. ±0.90 ±0.40 ±0.39 ±0.21 ±0.31 ±0.18 

Table 1. The repeatability of noncycloplegic subjective and objective 
refraction as reported by three different authors. Some values were not 
reported (n/r) by each author. 

The most optimistic results are those presented by Rosenfield and Chiu 

suggesting that subjective and objective refraction techniques have the same 

repeatability. They report 95% confidence limits for both techniques to be around ±0.3Z). 

Based on this, they suggest that a change of ±0.50D should represent the minimum 
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significant change in refi^active error'Zadnik et al. also report on the accuracy of 

measurements performed using retinoscopy and the Canon R-1 autorefractor. For 

retinoscopy, they found a bias of -0.31£) with 95% confidence limits of ±0.92Z). For the 

autorefractor, the bias was -0.16Z) and the confidence limits ±1.101). The autorefractor 

used in Bullimore's study, the Hoya AR-570, was foimd to have biases and 95% 

confidence limits of -0.07Z) ± 0.80Z), +0.02Z) ± 0.3 IZ), and +0.03D ± 0.23Z) for SEP, JO, 

and J45, respectively. The most extensive comparison of the accuracy of different 

autorefractors was performed by McCaghrey and Matthews. Their results for sphere and 

cylinder power are summarized in Table 2. 

Autorefractor 
Sphere 

Bias 95% C.L. Bias 

Cylinder 

95% C.L 

HoyaAR550 -0.015 ±0.68 -0.005 ±0.59 

Humphrey 550 -0.0525 ±0.83 -0.0675 ±0.65 

Inami GR12 -0.22 ±0.86 0.0775 ±0.59 

NidekARlOOO -0.045 ±0.86 -0.045 ±0.57 

Nikon NR5000 0.005 ±0.52 0.025 ±0.58 

Nikon NR5100 0.045 ±0.88 -0.115 ±0.73 

Tagaki ARl -0.0056 ±0.63 0.133 ±0.57 

Topcon 
RMA2000 

0.0225 ±0.84 0.05 ±0.63 

Table 2. The accuracy of 
McCaghrey and Matthews'^. 

various autorefractors as reported by 



The studies described above were conducted almost ten years ago. To provide 

some insight into the performance of currently available autorefractors, the accuracy and 

repeatability of the Topcon RM-8000B autorefractor were computed as part of this 

dissertation. Figure 8 shows a Bland-Altman plot comparing two measurements made 

using the Topcon RM-8000B during the same exam by the same examiner to investigate 

the autorefractor's repeatability. The SEP plot shows a bias of -0.05D and 95% 

confidence limits of ±0.191) for the spherical equivalent component of the refraction. 

Figure 9 shows a Bland-Altman plot comparing the RM-8000B measurement to the 

manifest refraction to evaluate the autorefractor's accuracy. The bias of the SEP plot is 

0.17 and the 95% confidence limits are ±Q.99D. The goal of this dissertation will be the 

design and construction of a new autorefractor with 95% confidence limits less than those 

of the Topcon RM-8000B. 



Bland-Altman plots comparing Topcon to Topcon - OS 
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Figure 8. Bland-Altman plots comparing two measurements made by the 
Topcon RM-8000B. These plots are used to investigate the repeatability of 
this autorefractor. 
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Bland-Altman plots connparing Manifest to Topcon - OS 

Difference vs. Mean for SEP 
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Figure 9. Bland-Altman plots comparing the manifest refraction to the 
refraction measured by the Topcon RM-8000B. These plots are used to 
investigate the accuracy of this autorefractor. 
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CHAPTER 3 - SHACK-HARTMANN WAVEFRONT SENSING 

3 • 1 History and development 

The Shack-Hartmann (SH) wavefront sensor was developed in the early 1970's 

by Roland Shack and Ben Piatt to correct for atmospheric effects in satellite tracking 

telescopes. The telescope images could be enhanced by dividing the optical transfer 

function (OTF) of the image by the OTF of the atmosphere if (1) the image and the OTF 

of the atmosphere were recorded at the same time, and (2) the exposure time was short 

enough so that atmospheric aberrations were not averaged. The traditional Hartmann test 

for measuring the OTF could not be used for the simultaneous measurement because it 

involved placing a large screen with holes over the aperture of the telescope. An alternate 

solution was to place the Hartmann screen behind the eyepiece of the telescope, using a 

beam splitter to record the spot pattern and telescope image simultaneously. This was not 

a viable solution because the intensity of the spots created by the nominally collimated 

rays passing through the Hartmann screen was too weak. The exposure time required to 

achieve a reasonable SNR was therefore too long to prevent averaging of the atmospheric 

aberrations. Shack eventually concluded that by replacing the holes in the Hartmann 

screen with small lenses to focus the incident light, a high SNR, short exposvire spot 

pattern used to compute the OTF of the atmosphere could be recorded at the same time as 

the telescope image^''. 
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• 21 The modified Hartmann screen, originally called a lenticular Hartmann screen , 

will be referred to as a lenslet array in this dissertation. The focused spot formed by each 

lenslet is used to compute the slope of the portion of an incident wavefront averaged over 

its aperture. As discussed in the next section, the size of each lenslet determines the 

wavefront sampling and the focal length of the lenslets determines the sensitivity of the 

slope measurement. Shack and Piatt determined that lenslets \mm in diameter with a 

15Qmm focal length were required to measure the OTP of the satellite tracking telescope. 

Lenslet arrays with these dimensions were not available commercially in the early 

1970's, so Piatt devised a method to polish cylindrical grooves into an optical flat and 

used the resulting mold to make custom lenslet arrays out of optical grade thermal plastic. 

Piatt made these lenslet arrays in his wife's kitchen for the next five years until arrays 

with the required dimensions were available commercially^''. Today, contiguous lenslet 

arrays ranging in pitch from 0.015-5.0»7w and in focal length from 0.12-300ww can be 

purchased for around $1000. 

To analyze the pattern of focused spots formed in the lenslet array focal plane, the 

centroid of each spot must be determined and then compared to some reference position. 

The reference positions are determined by recording the spot pattern formed by an 

incident plane wave. When the first SH sensor was built, the spot patterns were recorded 

on photographic plates. Since film shrinkage could corrupt a measurement of spot 

displacement, the test and reference spots were recorded on the same piece of color film 

using different colored light. The centroids were then measured using color filters, a slide 

projector, and Vernier calipers^''. Today, SH images are recorded by CCD cameras and 



imported into personal computers where the centroids are calculated by digital image 

processing algorithms. 

Ray Wilson at the European Southern Observatories coined the term "Shack-

Hartmann sensor" in his 1984 publication describing such a wavefront sensor that had 

been used to test and align the large telescopes at the ESO. Shortly thereafter, Liang and 

Bille became the first to apply the SH sensor in ophthalmology, when they used it to 

measure the profile of the cornea and the aberrations in the eye^''. Currently, SH 

wavefront sensors are used to provide wavefront measurements of large astronomical 

22 23 * • 24 2S 26 27 systems ' , aspheric optical surfaces ' , and the human eye , . There are also a 

number of commercially available wavefront sensing instruments based on the SH 

sensor. 

3.2 Operating principles and theory 

The SH sensor differs from an interferometer because it measures wavefront slope 

instead of phase. The incident wavefront is sampled by means of a contiguous array of 

microlenses, as described above and shown in Figure 10. Each lenslet forms an image in 

the same focal plane, but sees only a portion of the total incident wavefront 

corresponding to the area of the lenslet's aperture. In the case of an incident plane wave, 

the focused spots form a regular grid defined by the intersection of each local optical axis 

with the common focal plane. If the wavefront is aberrated, however, the wavefront 
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gradient may be different over each lenslet aperture, and the spot locations are displaced 

from the ideal grid^'. The two-dimensional displacement of the spot centroid (Ax^., 

in Figure 10 is determined by the focal length of the lenslet array and the slope of the 

w a v e f r o n t  a v e r a g e d  o v e r  t h e  l e n s l e t  a r e a .  T h e  w a v e f r o n t  a b e r r a t i o n  f u n c t i o n  W ( x , y )  -

the difference between the aberrated wavefront and the ideal plane wavefront - can be 

described by measuring the displacement of each spot centroid from its reference 

position. Increasing the focal length of the lenslet array increases the sensitivity of the 

wavefront sensor by lengthening the lever arm AB shown in Figure 10 so that the 

minimum detectable spot displacement now corresponds to a smaller change in 

wavefront slope^^. The reduction of the raw SH image data from centroid positions to 

wavefront slopes and then to a description of the wavefront is discussed in Chapter 4. 

Lenslet 
array 

Distorted wavefront 

Figure 10. An illustration of the operating principles of the Shack-
Hartmann wavefront sensor^^. 



The focused spots formed in the focal plane of the SH lenslet array are Fraunhofer 

diffraction patterns corresponding to the portion of the total wavefront incident on each 

lenslet. Aberrations in the individual lenslets change the shape of the focused spots, but 

have no effect on the total wavefront measured by the SH sensor. On-axis aberrations in 

the lenslets - defocus and spherical aberration - blur the final images, but do not alter the 

position of the spot centroids. Off-axis aberrations, such as coma or distortion, that might 

shift the centroid in other lens systems can be reasonably neglected in the SH sensor 

because of the small size of the lenslets and the small field angles associated with a point-

• 28 • • • like source . Furthermore, any aberrations in the optical system used to relay the test 

wavefront onto the lenslet array are taken into account by the reference image recorded 

using a plane wave input. These tolerances make SH wavefront sensors relatively 

inexpensive and easy to build and align. 

3.3 Application to the human eve 

Liang et al. were the first to use a SH wavefront sensor in ophthalmology^^. Their 

initial goal was to improve the resolution of a laser scarming confocal microscope by 

incorporating a closed-loop active optical system. Like their counterparts in astronomy, 

Liang and his colleagues used a SH sensor to measure the aberrations that would be 

corrected by the active optics. However, the SH sensor used in ophthalmology was 

subject to some different constraints than that used in astronomy. Because the entrance 
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pupil of the eye (where the aberrations were to be measured) is inside the eye, a telescope 

system was used to relay the pupil onto the lenslet array. Liang's first SH system used a 

lenslet  array similar to those first  produced by Piatt  and Shack; the array had 15x15 

lenslets \mm on a side with a focal length of \10mm. A fixation target and moveable lens 

in the combined fixation and illumination paths acted as an optometer and were used to 

control accommodation and to ensure that the source was focused onto the patient's 

retina. The source was a collimated HeNe laser beam with an output of 1.5mW at 

26 632.8/7OT. An electronic shutter limited the laser exposure to 1 ̂ Oms . 

Because the laser light focused onto the retina reflects diffusely and acts as a 

secondary source^®, the SH wavefront sensor was shown to make single-pass 

measurements of ocular aberrations. Liang et al. also demonstrated the effectiveness of 

the SH sensor at laser levels well below ANSI standards. In these initial experiments, 

wavefront estimates were based on Zemike polynomials up to the fourth order. The 

authors chose this subset because it contained all of the primary aberrations and the 

' y f x  
compensation modes that would be used in the active optics mirror . The least-squares 

fit of Zemike polynomials to the wavefront slope data is considered in more detail in 

Chapter 4. 

Liang continued to develop the SH sensor for the eye with David Williams at the 

University of Rochester. By increasing the number of lenslets across the image of the 

eye's entrance pupil and estimating the wavefront using Zemike polynomials up to tenth 

order, they were able to show that irregular aberrations have a significant effect on retinal 

image quality for large pupil sizes. In addition, the mirror symmetry known to exist 
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between defocus and astigmatism in right and left eyes was extended to higher order 

aberrations with their SH wavefront measurements. The authors also demonstrated that 

the SH results are independent of intensity variations in the light reflecting off the retina 

31 and are not affected by normal fixational eye movements . 

The accuracy of the SH sensor for measuring ocular aberrations was investigated 

more thoroughly by Salmon et al. when they directly compared the wavefront measured 

• 32 by a SH aberrometer to that obtained using the Smirnov psychophysical technique . For 

trial lenses with known wavefronts, they showed that the SH sensor had RMS 

measurement errors less than A/30. In human eyes, the RMS difference between the SH 

measurement and the Smirnov psychophysical method was A,/5. In addition, the authors 

verified the repeatability of the SH sensor by taking several measurements without 

cycloplegic drugs and allowing the patients to dismount the chinrest for several minutes 

between readings. They found a mean standard deviation of AY 10 and concluded that the 

SH aberrometer provides both accurate and repeatable measurements of ocular wavefront 

aberrations. 

More recently, the SH wavefront sensor has been applied outside of traditional 

research settings in more clinical environments. Thibos and Hong evaluated the SH 

sensor in optically abnormal eyes and found that in all the cases they investigated it was 

possible to obtain at least a partial map of the patient's wavefront aberrations^^. Straub et 

al. designed a compact SH aberrometer that shows live images of the patient's eye and 

the SH grid pattern simultaneously. Their aberrometer is being used to investigate 

aberrations in patients undergoing refractive surgery^"^. There have also been several 
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commercial aberrometers based on the SH technique marketed for the ophthalmic 

community. For example, WaveFront Sciences (Albuquerque, NM) sells a Complete 

Ophthalmic Analysis System (COAS) to measure aberrations in the eye, a ClearWave 

aberrometer to measure contact lenses, and a CrystalWave aberrometer to measure 

intraocular lenses, all based on the SH sensor . Other recent applications of the SH 

wavefront sensor to the eye are considered in more detail in the next section. 

3.4 Aberrometers vs. autorefractors 

The primary ophthalmic application of the SH wavefront sensor to this point has 

been as an aberrometer used to measure complex wavefront shapes. Aberrometers have 

been used by many authors to study the nature of and potential methods of correcting the 

higher-order aberrations of the eye. In addition to the studies described above, SH 

aberrometers have been used to study high-order wavefront aberrations before and after 

36 37 • 3R 39 surgery ' , to describe the optical consequences of corneal ablation ' , and to design 

custom ablation patterns for refractive surgeries'^''''^^ SH aberrometers have also been 

incorporated into adaptive optical systems to compensate for the eye's wavefront 

aberration in real time. These systems have been used to study the consequences of 

"supernormal" vision and to improve the resolution of fundus cameras used to record 

retinal images"^^. 
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In the systems described above, a patient's base refractive error is usually 

corrected by conventional means before measuring the wavefront aberrations with a SH 

sensor. It is proposed in this dissertation that the SH sensor can be used instead as a very 

accurate autorefractor - designed to measure only a patient's sphere, cylinder, and axis -

if the higher-order aberrations are neglected or averaged in the data analysis. A SH-based 

autorefractor would overcome problems experienced by other autorefractors such as 

sparkle and variations in the intensity of light reflected off the retina. Fewer optics and 

less moving parts are required, and the system can be made extremely compact. These 

features are commercially beneficial and create the potential for a binocular system that 

could be used to simultaneously refract both eyes. Previous attempts to market a 

handheld SH autorefractor were made by Welch Allyn, but their system operated on 

traditional aberrometer principles and had low accijracy and a limited measurement 

range"*^. The SH autorefractor proposed here employs a new technique for analyzing the 

SH images that will be described in detail in the following chapter. These novel data 

analysis algorithms are optimized to compute sphere, cylinder, and axis only, creating 

differentiation between SH aberrometers and the SH-based autorefractor. 
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CHAPTER 4 - SHACK-HARTMANN DATA ANALYSIS THEORY 

4.1 Wavefront estimation for the SH aberrometer 

When used as an ophthalmic aberrometer, the SH wavefront sensor measures the 

complex nature of the eye's wavefront aberrations. The low-order errors defocus and 

astigmatism that typically dominate the wavefront aberration function of the eye are often 

corrected before recording SH images so they do not mask higher-order details. Chapter 3 

described the sampling of an aberrated wavefront by the SH sensor (see Figure 10). The 

lenslet array of focal length/forms a grid of spots in its focal plane, which is recorded by 

a CCD camera. The centroid of each focused spot in the test image is computed and 

compared to the corresponding centroid in the reference image. The centroid 

displacements in any SH image relative to the SH reference image represent changes in 

wavefront gradient averaged over each lenslet, and are thus used to determine the 

w a v e f r o n t  a b e r r a t i o n  f u n c t i o n ,  W  { x , y )  

The most common technique for locating the centroid position of a focused spot is 

to compute the center of gravity of the intensity distribution over the lenslet aperture Aj. 

Using this method, the centroid i^X j,Yj^ of the yth spot is given by^^: 
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^x l {x , y^dxdy  

^l{^x,y^dxdy 

(4.1.1) 

^y l [x , y )dxdy  

[x , y^dxdy  

This method is fast and simple, but can provide inaccurate results in the presence of 

speckle from coherent sources, sensor noise, a noisy black level, or pixel saturation and 

quantization. To reduce the effects of these errors, a threshold is often applied to the raw 

SH images to eliminate background noise before the centroids are calculated. Frame 

integration or averaging multiple images can further reduce the effects of noise. Given 

the centroid coordinates from both the test and reference SH images, it is straightforward 

to calculate the centroid displacement , which is proportional to the average 

wavefront gradient across the corresponding lenslet aperture^^'"*'^. Assuming the wavefront 

is slowly varying relative to the lenslet spacing, the average wavefront gradient can be 

represented by the value of the wavefront slope at the center of the jth lenslet: 

(4.1.2) 



Methods to reconstruct W {x ,y )  from the wavefront slope measurements can be 

categorized as either zonal or modal. Zonal estimates attempt to fit the slope 

measurements to some function of the wavefront phase given at its grid points, while 

modal estimates fit the coefficients in a wavefront expansion of basis functions to the 

slope data. Both estimates use least-squares fitting for the wavefront reconstruction. 

Southwell showed that modal estimation is superior to zonal estimation when considering 

noise propagation"*^. He also showed that modal estimation is computationally easier and 

faster. For these reasons, modal estimation is used almost exclusively to reconstruct the 

wavefront aberration function from the averaged derivatives measured by the SH sensor. 

In the modal approach, the wavefront is expanded on a specific functional basis 

that can be expressed by, 

= (4-1-3) 
k=0 

where (x,>') are the two-dimensional basis functions, or modes, is the coefficient 

on the kth mode, and K is the total number of modes in the expansion. In general, the 

equality in Eq (4.1.3) only strictly holds as K approaches oo, however, practical 

limitations dictate that the series must be truncated at some acceptable finite number of 

modes. Technically, only slopes at a finite number of points N are known. If K = N, the 

expansion will give a perfect fit to this finite data set. However, K is usually taken to be 

much less than N to avoid over specification. This effectively smoothes the data. In 
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ophthalmic applications of the SH sensor, the standard set of basis functions chosen to 

represent wavefront aberrations are the Zemike circle polynomials"^^'"^^. Early studies 

applying the SH sensor to the eye used Zemike polynomials up to fourth order (16 

26 modes) , while more recent studies extend this to between fifth and seventh order (up to 

97 1 
37 terms) ' . For normal populations, these numbers appear sufficient to represent 

wavefronts down to measurement noise. However, more terms may be necessary for 

more extreme cases such as keratoconus and corneal transplant"*^'"*^. 

Substituting Eq (4.1.3) into Eq (4.1.2) and using Zernike polynomials as the basis 

functions provides a set of equations relating the centroid displacements to the averaged 

derivatives of the Zemike polynomials, Z"(x,>'), weighted by the coefficients 

Ax =/ a f J / . m nJ 
dx 

(4.1.4) 

These equations can be combined and expressed more simply using matrix notation: 

A = BA. (4.1.5) 

If J is the total number of SH spots and K is the total number of terms in the Zernike 

expansion, then A is a 2 J x 1 matrix representing the J x displacements plus the Jy 
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displacements calculated from the SH images, A is a x 1 matrix representing the 

unknown Zemike coefficients, and B is a 2J xK matrix of the basis function gradients at 

each lenslet. The elements of B are calculated as the Cartesian derivatives of each 

Zemike mode evaluated at each lenslet position. Since B is usually not a square matrix, 

the least-squares solution for the Zemike coefficients „ is obtained from the centroid 

displacements by inverting Eq (4.1.5) as follows. 

A = (B^B)"'B^A. (4.1.6) 

The superscript T in Eq (4.1.6) indicates the matrix transpose and the superscript (-1) 

28 indicates the matrix inverse . Once the wavefront coefficients have been obtained, it is 

possible to estimate refractive error using only the low-order defocus and astigmatism 

Zemike terms. The details of this calculation are considered in Chapter 7. 

The traditional analysis of SH data described above is used to accurately estimate 

complex wavefront shapes characteristic of many ocular aberrations. Increasing either the 

number of lenslets across the wavefront or the number of Zemike modes in the wavefront 

expansion can improve the accuracy of the wavefront estimate. However, this higher 

sampling will also increase the time required to process a SH image. More lenslets means 

more spot centroids to calculate and more Zemike modes result in larger matrices to 

invert. Furthermore, measurement noise will be present, so increasing the number of 

modes beyond the number sufficient to represent the wavefront will only introduce 

artifacts into the results. 



4.2 Wavefront estimation for the SH autorefractor 

If, as proposed in this dissertation, the SH wavefront sensor is used as an 

autorefractor instead of an aberrometer, only the defocus and astigmatism in the 

wavefront are of interest. Since higher-order aberrations do not need to be computed, it 

should be possible to optimize the data analysis to provide an estimate of only the desired 

wavefront. The analysis needs only provide an accurate measure of the patient's 

refraction, not his or her complete wavefront aberration function. 

Defocus in a wavefront causes the spot pattern in the SH image to expand or 

contract relative to the center of the image. The spot spacing remains constant across the 

pupil, but decreases relative to the reference spacing if the wavefront is converging 

(myopia) and increases if the wavefront is diverging (hyperopia) relative to the reference 

wavefront. This concept is illustrated in Figure 11. 

Figure 11. Effects of defocus on a SH raw image. SH patterns are shown 
for wavefronts corresponding to (a) -5D, (b) OD, and (c) +5D of spherical 
power. 
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Astigmatism in the wavefront causes the SH pattern to change so that the spots no 

longer form a regular square grid. If the astigmatism is oriented along the axes of the 

lenslet array, the grid pattern becomes rectangular, as shown by Figure 12(a). If the 

astigmatism is obliquely oriented, then the spot pattern skews. This is illustrated by 

Figure 12(b). Measuring the spot spacing and skew in a raw SH image to determine 

defocus and astigmatism can be difficult because higher-order aberrations make these 

quantities functions of position within the pupil. For example, spherical aberration can be 

described as zonal defocus, whereby the spot spacing changes as the radial coordinate 

moves from the center to the edge of the pupil. When the defocus increases with pupil 

radius, the spots in the associated SH image are more closely spaced at the edge rather 

than the center of the grid pattern. Under these conditions, it is not clear which value for 
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Figure 12. Effects of astigmatism on a SH raw image. SH patterns are 
shown for wavefronts corresponding to +5D of cylindrical power oriented 
at (a) 0° and (b) 45°. 



spot spacing, and thus for defocus, should be used to represent the spherical component 

of a patient's refractive error. 

One solution is to compute the Fourier transform of the SH raw image. The grid 

pattern in the SH raw image can be modeled as a two-dimensional array of delta 

functions in the space-domain, so its Fourier transform (FT) will be a two-dimensional 

array of delta functions in the frequency-domain"^®. Defocus and astigmatism have similar 

effects on the FT grid pattern as they do on the raw SH image. Defocus still causes the 

pattern to expand or contract, while astigmatism introduces a skew to the grid. In the FT, 

however, the central peak represents the DC component of the SH raw image and each 

surrounding peak contains information from the entire pupil. It is therefore possible to 

estimate a patient's refraction by computing the position of only two of these FT peaks 

(instead of calculating centroid displacements for all of the spots in a SH raw image). 

Excluding the DC, any two peaks can be used as an estimate as long as they do not have 

symmetry about the origin. In practice, peaks near the DC term should be examined since 

an envelope function causes a falloff in intensity of the FT peaks further from the origin. 

This envelope can cause a shift in the apparent location of the peak centroid. Since the FT 

peaks of interest are located at relatively low spatial frequencies near DC, they will not be 

corrupted by as much background noise as the spots in the SH raw image since most of 

this noise exists at higher spatial frequencies. Higher order aberrations will tend to smear 

the shape of each peak, but will not inhibit locating a maximum or centroid of the peak. 



67 

The objective of the SH autorefractor's data analysis will be to model the 

wavefront aberration as a combination of defocus and astigmatism only, to express the 

simplified wavefront in terms of measurable quantities in the frequency-domain, and 

finally, to relate the coefficients describing the wavefront to the patient's refraction. To 

begin the detailed derivation, let the grid pattern in the SH raw image be described by. 

where the lenslet array focal length and lenslet spacing (pitch) in the x andj; directions 

are given by f xo, and jo, respectively. This assumes the wavefront is slowly varying 

relative to the lenslet spacing such that he slopes can be represented by the value at the 

center of the lenslet. Also, the pupil boundary is ignored for now since its effect will be to 

blur the FT spots, but not offset the relative centroid locations. The wavefront with only 

defocus and astigmatism along with its partial derivatives are given by. 

W{x ,y )  =  Ax '+Bxy  +  Cy \  (4.2.2) 

dW dW 
—  ̂2Ax  + By ,  —  = lCy  +  Bx .  
dx dy 

(4.2.3) 
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The goal of the remaining derivation will be to express the wavefront coefficients A, B, 

and C in terms of measurable quantities in the frequency-domain. First, substitute the 

derivatives into the raw image expression given in Eq (4.2.1); 

x -nx^  +  f (2Aia ,  +  Bmy , ) ) -S{y -my ,  +  f (2Cmy,  +  Bu t . ) ) ]  

x-wc^+ 2fAwc^^ + fBmy^ )-S{y-my^ + '2.fCmy^ + fBnx^)] 

= ) + fBmy^)-d{y -  my^^ ( l  -2Cf) + fBnx^)] 

= -  {(l  -  + JBmyS) •S{y-{{\-2Cf)my^ + fBnx^])].  

Now, find the FT of the SH raw image using the sifting property of delta functions: 

G{^ , r ] )  =  ^^g{x ,y )e  

^ •s^^-i27t[{\-2Af)m„-jBmy,']^ _ ^-i27t[(\-2Cf)my^-fBnXo\v (4.2.5) 

m,n 

Grouping terms with m and n gives, 

This can be rewritten using the following expansion to represent a comb function"*^: 
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comb{x)=^e-^''"'\ (4.2.7) 

and therefore, 

G{^ , r } )^  comb ( [ I  -  2Af  ]  -  fEx^-q )  •  combi \ \  - 2Cf]y^ri - (4.2.8) 

Eq (4.2.8) can be expressed in simpler form by defining and substituting the following 

constants: 

c, =Xo(l-24/'), 

c, = -x.Bf, 
' ° (4.2.9) 

^3 = - y^Bf ,  

c ,=yo{^ - ' ^Cf ) ,  

= comb [c-^^ + c^rf)-comb [c-^^ + c^T]). (4.2.10) 

Rearranging Eqs (4.2.9) gives the wavefront coefficients A, B, and C in terms of the 

constants Cj: 



A = -

B = 

C = 

2>o 

.__2_ =  ___3_ 

fio Jyo 

C4-J0 
2^, 0 
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(4.2.11) 

The constants Cj must now be expressed in terms of measurable quantities such 

as the spot centroids in the frequency-domain and the lenslet array pitch and focal length. 

Consider Figure 13 that represents the FT of the SH raw image. As discussed 

above, is a grid pattern described by Eq (4.2.10). The central spot represents the 

DC term (^ = 77 = 0). Spots along the <f-axis and rj-axis are indexed by the integers N and 

M, respectively, which also represent the arguments of the comb functions in Eq (4.2.10). 

For example, Spot 1 in Figure 13 is indexed as = (l,0) and has centroid 

coordinates (.^,,7,). 

ri (M) 

DC 1 
% UN) 

Figure 13. The Fourier transform of a SH raw image. Spots along the 
axis and //-axis are indexed by the integers N and M, respectively. 



71 

For Spots 1 and 2 the arguments of the comb functions in Eq (4.2.10) are given by, 

1̂̂ 1 ~ -̂ 15 

^^3^1+^471=^1. (4.2.12) 

where = (l,0), 

C](^2 + ^2^2 ~ ^2' 

C3^2 +<^4^2 =^2' (4.2.13) 

where (iV2,M2) = (0,l). 

Solving Eqs (4.2.12) and (4.2.13) for the constants Cj and substituting the results back 

into Eqs (4.2.11) gives the wavefront coefficients calculated from Spots 1 and 2: 

72 

2/ 2^0(72^1-71^2)' 

B, ^2 7i 
12 

foo (^2^1 - 7I^2 ) Jyo (72^1 - 7I^2 ) ' 
(4.2.14) 

C = ^12 
^1 

2/ 2J^o(72^,-71^2)' 

The analysis can be repeated for Spots 3 and 4 to provide an alternate but equal 

description of the wavefront. Eqs (4.2.12) and (4.2.13) are modified as follows. 
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C]i^3 + ^2^/3 ~ -^3' 

<^3^3+^473=^3' (4.2.15) 

where (A^3,M3) = (l,l), 

^1^4+^^274 =^4' 

^3^4+<^4% =^4' (4.2.16) 

where (7V,,M,) = (1,-1). 

Solving for the constants Cj and substituting back into Eqs (4.2.11) now gives, 

A =-—+ ——— 
2/ 275:0(74^3-/734)' 

^34= - = iBlZlk (4.2.17) 
A (V4^3 - 73^4) fy^ - 73^ ) 

C 1 I 3̂ + 4̂ 
2/ 

A simple check of Eqs (4.2.14) and (4.2.17) involves modeling an ideal plane 

wave for which IV -0 and, therefore. A - B = C -0. The spot spacing in the Fourier 

transform corresponding to the plane wave will be the inverse of the lenslet array pitch. 

The centroids for Spots 1-4 are then. 

Spot 1: 
^1 ^ 
—,0 

1 \ 

,2: 0 — 

V yo j  
, 3: 

Xo 'yo ,  
,4: 

1 1 

V^o >'0 

(4.2.18) 
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When these centroid coordinates are substituted into Eqs (4.2.14) and(4.2.17), all of the 

wavefront coefficients evaluate to zero as expected. 

Given the wavefront coefficients A, B, and C, a patient's refraction can be 

calculated as follows. 

Q = — arctan 
^ 2 

^ B ^ 

yA-Cy  
(4.2.19) 

=-lOOO[^ + C + (J-C)cos(20) + 5sin(2ig)], (4.2.20) 

<^2 =-1000 A + C  + (A-C)cos  >H: + 5 sin 2 0 + (4.2.21) 

Now calculate the refraction SPH /CYL x AX in minus cylinder form: 

SPH =  ̂ ,  

CYL = (4.2.22) 

AX = UO--^ -^Q.  
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The preceding equations can also be inverted to determine the FT peak locations, 

measured in cycles/mm, in terms of refractive error, SPH /CYL x AX measured in 

diopters (D). For example, the Fourier space location of Spot 1 is given by, 

1000 (l 000 + / • CYL cos^ {AX) + f- SPH) 

" (1000 + / • SPH)  (l 000 + f {CYL + SPH)) ' 

(4.2.23) 

500 f -CYLsm{2AX)  

~ (1000 + / • SPH) (l000 + / {CYL + SPH))x,' 

As above,/and xq describe the focal length and pitch of the lenslet array, respectively. 

For the case of zero refractive error, or a plane wave input, the coordinates of this peak 

reduce to (1/Xq,0), as expected. For only spherical refractive error, Eq (4.2.23) collapses 

to. 

1000 

{mo+f -SPH)  x^ '  

(4.2.24) 

Vx,sph = 0-

This inverse relationship suggests that the Fourier-based technique for estimating 

refractive error will be less sensitive for hyperopia because there will be less movement 

of the FT peaks per diopter change in refractive error. This is illustrated by the motion of 
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FT peaks 1-4 shown in Figure 14. Note the decrease in spot motion as refractive error 

increases. 

E 
E 
a 0 

-1 

+20 D • 
+15 D + 

10 D 
+5D » 
0 D • 

-5D • 

-3 
- 2 - 1 0 1 2  

^ (cycles/mm) 

Figure 14. Motion of the lowest spatial frequency FT peaks as a function 
of spherical refractive error. 

For only cylindrical refractive errors, Eq (4.2.23) collapses to, 

'^\,cyl — 

\000 + f-CYLcos\AX) 

{1000  + f -CYL)x ,  ^ 

(4.2.25) 

f -CYLsm{2AX)  

~ 2(iooo+/-crz)xo' 
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which can be rewritten as, 

^\,cyl 
2000 + /-C}X 

2(1000+/-crz)xo 

f -CYL 

2(lOOO + /-C}X)xo 

+ 
f -CYL 

2(1000 +/•CK)xo 
cos {2AX) ,  

(4.2.26) 

sin(2^). 

Eq (4.2.26) is a parametric equation of a circle. For a given cylindrical refractive error, 

CYL, the motion of each FT spot forms a complete circle as the orientation of the 

astigmatism is rotated through 180°. This is illustrated in Figure 15. 

o°» 
30° + 
60° 

90° » 

120°» 
150°« 

-2 

-3 
- 2 - 1 0  1  

^ (cycles/mm) 

Figure 15. Motion of the lowest spatial frequency FT peaks as a +4Z) 
cylindrical refractive error is rotated through 180°. 
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The lenslet array modeled to create Figure 14 and Figure 15 had a focal length of 

40mm and a pitch of 0.6mm, so the spot spacing in the FT of the reference image (OD in 

Figure 14) is 1/0.6 = \.661 eye I mm. The cylindrical error modeled in Figure 15 had a 

magnitude of +4Z). These figures illustrate how locating the positions of two FT peaks 

will allow the patient's refractive error to be accurately and quickly determined. 

The spot pairs 1/2 and 3/4 provide two independent, but equally valid estimates of 

a patient's refraction according to Eqs (4.2.14) and(4.2.17), respectively. The 

measurements can be reported separately or averaged to possibly improve the final 

prediction. Estimates from other spot pairs can also be included in an average, but only 

spot pairs to the right of the dashed line in Figure 13 need be considered. Because the FT 

is Hermitian, the peak at {N,M^ is not independent of the peak at (-A^,-A/). FT peaks 

with symmetry about the origin will thus provide redundant information and will only 

add time to the average refraction estimate. 

In the derivation above, it was assumed that the SFI raw image and its FT can be 

modeled as two-dimensional comb functions. This assumption is not strictly valid 

because the raw image does not extend to infinity and the individual delta functions are 

actually extended spots. To determine the effects of the pupil truncation and finite spot 

size on the FT, consider the following expression for the SH reference image: 

g{x ,y )  =  ey l  V 
V ^pupil J 

comb 
f \ 

X y 
*Gaus 

2^ 

^spot 
(4.2.27) 
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The grid of focused spots is modeled in Eq (4.2.27) by a comb function whose delta 

functions are spaced according to the lenslet spacings Xq and y^. The comb is first 

convolved with a Gaussian function (Gaus) of diameter , as indicated by the * 

operator, to model the finite size of the focused spots. Finally, the pattern of extended 

spots is multiplied by a cylinder function (cyl) with diameter to account for the 

truncation imposed by the pupil of the eye. Scaling factors have been neglected in Eq 

(4.2.27) for simplicity. Taking the Fourier transform of Eq (4.2.27) and again neglecting 

scaling factors gives. 

G{^ ,V)  « j* comb(x^^ , y^7 j )  Gauss 

r 
D Jx^ + 

spot V , (4.2.28) 
2 

V y 

where the sombrero function somb is defined by Gaskill''^ as. 

(4.2.29) 

The diameter of the central lobe of the sombrero function is given by 2A4d. In Eq 

(4.2.28), the comb fiinction that models the FT of the SH image is weighted by a 

Gaussian function of width 2/D^ and then convolved with a somb function of diameter 



2 . 4 4 S i n c e  i s  l a r g e  c o m p a r e d  t o  t h e  r e s u l t  i s  a  t r u n c a t e d  g r i d  o f  s m a l l  

extended spots similar to the SH raw image, but with different spacing. The data analysis 

results derived above remain valid despite the departures of these images from an ideal 

two-dimensional comb function because the centroids of the SH spots and FT peaks are 

not affected by the finite size of the spots or the truncation of the pupil. 

As the size of the pupil changes, the size of the extended spots in the FT changes 

inversely. Likewise, the size of the truncated FT grid pattern is inversely proportional to 

the size of the extended spots in the SH raw image. An actual SH reference image and its 

FT are shown in Figure 16 to demonstrate these relationships. The lenslet array used to 

create the raw image in Figure 16(a) had a pitch of 0.6mm. The CCD camera used to 

record the image had lOfxm pixels, so the spot spacing in Figure 16(a) is 60pixels. The 

spot spacing in the FT of the reference image shown in Figure 16(b) is approximately 17 

pixels and must correspond to the inverse of the lenslet spacing. The scaling factor to 

convert from pixels to cycles/mm in the FT is therefore approximately 10.2 pix/cyc/mm. 

Using this scaling factor, Figure 16 can be used to confirm the inverse relationship 

between pupil diameter and FT spot size described above. The pupil diameter in Figure 

16(a) is 430pixels or 43mm. This should produce a FT spot diameter of 0.23cyc/mm or 

2.4 pixels. The measured FT spot diameter in Figure 16(b) is approximately 3 pixels, so 

the expected relationship holds in practice. Similarly, the spot size in the SH raw image 

should be inversely proportional to the width of the envelope modulating the FT comb 

function. The measured spot size from Figure 16(a) is 6 pixels and produces an envelope 

width of \6.661cyc/mm or 170pixels in Figure 16(b), just as predicted. 
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Figure 16. (a) A Shack-Hartmann reference image and (b) its Fourier transform. 

The presence of astigmatism in a wavefront not only causes the SH grid pattern to 

elongate in some direction, but it also causes the individual spots to elongate as well. The 

consequences of this behavior are illustrated in Figure 17. The wavefront represented by 

these images contained no spherical error and +2.51) of cylindrical error oriented at 45°. 

This skews the SH grid pattern shown in Figure 17(a) along the diagonal as expected, but 

also changes the shape of the individual spots from circular to elliptical. When the SH 

image is Fourier transformed, the FT grid is skewed, but the envelope modulating the 

pattern is also elliptical now instead of circular. This is illustrated in Figure 17(b). Figures 

16 and 17 show why it is important to use FT peaks close to DC to compute a patient's 

refraction. Since the envelope function causes a falloff in intensity of the FT peaks, the 

location of peak centroids further from the origin could be shifted away from the 

positions predicted by the theory derived above. 

It should also be noted that decentering the grid pattern in the SH raw image 

introduces a linear phase factor to the FT, but has no effect on the modulus of the FT. 
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Figure 17. (a) A Shack-Hartmann image containing +2.5D of astigmatism 
oriented at 45° and (b) its Fourier transform. 

The refraction predicted from a given wavefront is thus independent of the lateral 

position of the wavefront on the lenslet array. As an example, consider again Figure 17. 

The SH grid pattern in Figure 17(a) is decentered in both x andj^, however the modulus 

of the FT shown in Figure 17(b) is not decentered. The same FT grid pattern would result 

no matter how the original SH grid was moved laterally. 

Finally, it is important to consider the effects of higher-order aberrations on the 

results derived above. In the discussion of the finite extent of the pupil and the SH spots, 

it was assumed that there were no aberrations. With aberrations, the comb function Eq 

(4.2.27) becomes irregular. The consequence is a blurring of the FT peaks. Spherical 

aberration, for example, describes a radial distribution of power in the pupil. Therefore, 

when the resulting SH image is Fourier transformed, each FT spot will represent a 

continuous distribution of powers. This causes the FT spots to blur in the radial direction. 

The addition of other aberrations makes the blurring irregular, but it is assumed that the 

centroid of FT spot can still provide an accurate estimate of refractive error. 
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CHAPTER 5 - A SHACK-HARTMANN-BASED AUTOREFRACTOR 

Autorefractors based on the clinical refraction techniques described in Chapter 2 

provide accurate and repeatable objective measurements of refractive errors over a large 

range of dioptric powers. However, to accomplish their estimate of a patient's refraction, 

these instruments depend on intensity measurements of light reflected off the fundus. 

This imposes constraints on the source intensity, exposure time, and minimum pupil 

diameter required for an accurate estimate. It also introduces a degree of random 

variability into the measurement due to significant variations in the transmittance and 

reflectance of human ocular components^'^'^'. In addition, current commercially available 

autorefractors all employ some sort of mechanical motion to obtain measurements over 

the ANSI standard range of ±15Z). Moving parts often introduce systematic errors that 

must be removed through repeated calibration of the instrument. Service on these 

autorefractors can be time consuming and expensive as well. A significant improvement 

in automated clinical refraction would therefore be the commercialization of an 

autorefractor that could make accurate measurements of a wide range of refi-active errors 

without relying on moving parts or the intensity of light reflected off the retina. 

The Shack-Hartmann wavefront sensor described in Chapter 3 can be used to 

provide an accurate estimate of a patient's wavefront error independent of the amount of 

-11 

light reflected off the fundus . Using the novel data analysis methods presented in 

Section 4.2, the SH sensor can be customized to quickly measure only a patient's 
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spherical and cylindrical refractive errors. With the appropriate choice of optics between 

the eye and the lenslet array, it is also possible to extend the range of this SH-based 

autorefractor to measure ±20D of refractive error using only stationary optical 

components. The design and construction of a prototype Shack-Hartmaim-based 

autorefractor (SHAR) is considered in this chapter. The SHAR design combines a 

viewport channel to align the system to a patient's eye, a fogging/illumination channel to 

control the patient's accommodation and create a point source on the retina, and a 

stationary measurement channel to estimate the patient's spherical and cylindrical 

refractive errors. The prototype is constructed using small stock optics and custom 

mechanical mounts to facilitate its transition to a commercial device. The SHAR is 

mounted on a joystick-controlled ophthalmic chinrest and is controlled by custom 

software designed to implement the data analysis algorithms developed in Chapter 4. The 

testing and validation of the prototype SHAR will be considered in Chapter 6. 

5.1 Requirements and initial design 

To be a successfiil commercial autorefractor, the SHAR must meet or exceed the 

same performance specifications as other commercial instruments, particularly the 

Topcon RM-8000B described in Section 2.3. Consequently, the SHAR must be designed 

to operate over a ±20D range with 1/8Z) accuracy and high repeatability. It must make 

fast, non-contact measurements of a patient's refraction, and it must include a fogging 
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system to relax the patient's accommodation. Additional design requirements include 

compact size, low cost, and a means for simple alignment to the patient's eye. Finally, to 

maintain differentiation from competing products, the optics of the measurement channel 

must remain stationary over the entire measurement range. 

The initial design of the SHAR prototype represented by the schematic layout in 

Figure 18 will attempt to fill as many of the final-product design requirements as 

possible. This layout shows the combined viewport, fogging/illumination, and 

measurement charmels to-scale. The labels on each component are defined in Table 3. 

The requirement for a compact system has been met by the use of small diameter optics 

positioned closely together. Furthermore, the optics used in the initial design are stock 

components, so the low cost requirement is also satisfied. The SHAR's three channels 

were designed separately in ZEMAX and are described individually below. 
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Figure 18. Schematic layout of the initial SHAR prototype (scale - 1 
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Label Definition 

EYE Entrance pupil of the eye or trial lens plane 

BSL Plate beam splitter: 1QRI3QT- ,  t  =  \mm\  D  =  I2 .5mm 

BADAL Badal optometer achromat: / = 35mm; D = ISmm 

BSC Beam splitter cube: 50i?/50r; l = 5mm; /I = 400 -1000«w 

SLD Super-luminescent diode: A, = MOnm; =5mW 

TARGET Fixation target: D = \ .2mm; linewidth = 0.lpt 

LED White LED used to diffusely illuminate fixation target 

ACHR Negative achromat: / =-12.5mm; D = 6.25mm 

BS2 Plate beam splitter: same as BSL 

TRIP Steinheil triplet: / - I8mm;  D =  9mm 

Ml Plane fold mirror: D = 12.5mm 

LPF Low-pass filter: = SOOnm; D = 25mm 

CAMERA 1 Viewport camera: 1/2" B/W CCD; = lO^m 

LA Lenslet array: / = 40mm; Pitch = 0.6mm; 45 x 45 lenslets 

BPF Band-pass filter: = MOnm; D = 25mm 

CAMERA 2 Measurement camera: same as CAMERA 1 

Table 3. Definition of the labels on the schematic layout of the SHAR. 

Fogging/Illumination Channel 

The fogging/illumination channel highlighted in Figure 19 is a Badal optometer 

designed to control the patient's accommodation and to illuminate a small area of the 
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retina that will act as a secondary source for the measurement channel. The operation of 

the Badal optometer is described by Eq (2.1.3). By moving a fixation target behind the 

optometer lens (BADAL), different target image vergences can be presented to the 

patient. Because the eye is placed at the rear focal point of the Badal lens, the apparent 

size of the target does not change as it is moved. The focal length of the optometer lens in 

the SHAR must be chosen 1) to provide sufficient working distance between the eye and 

the SHAR and 2) to cover a +20£) range of target vergences within a reasonable range of 

target motion. The target motion in this case is limited to 2" (50.Swot) by the specific 

linear stage procured for use in the SHAR. The longest focal length Badal lens that can 

cover the desired target vergences with 2" of target travel is - 35mm. This 

provides a working distance to the eye of approximately 20mm when the distance from 

the lens to the beam splitter and the semi-diameter of the lens are taken into account. The 

patient sees a target image vergence of +20D when the target is approximately 60mm 

from the Badal lens, as shown by the solid target group in Figure 19. For a target image 

vergence of -20D, the target must be moved to approximately lOmm fi-om the Badal lens 

(dashed target group). 

The fixation target is a circle 1.2mm in diameter centered on a cross of the same 

size providing the patient with a 2° field of view. The pattern was created on a personal 

computer using O.lpt linewidths and was printed on white paper using a laser printer. The 

paper was cut to a 5mm x 5mm square and attached to a piece of diffusing material of the 

same size. The fixation target was then attached to the side of the beam splitter cube 

(BSC) furthest from the Badal lens and perpendicular to the optical axis of the fogging 
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channel, as shown in Figure 19. A white light emitting diode (LED) soldered in series 

with a 300n resistor and a variable voltage (1.5-12F) power supply is mounted behind 

the target to provide diffuse back-illumination for the fogging channel. 

TARGET 

CD 
LED 

BSC 

SLD 

'"A Pk BS1 

8ADAL 

EYE 

Figure 19. Initial design of the SHAR fogging/illumination channel. 



The SHAR illumination channel shares the same optical path as the fogging 

channel except that it is reflected, instead of transmitted, at the diagonal face of the BSC. 

Attached to the face of the BSC perpendicular to the illumination channel optical axis and 

conjugate to the fixation target is a super-luminescent diode (SLD) that acts as the source 

for the measurement channel. An SLD was chosen instead of an IR laser diode because it 

is narrowband = 840«w; FWHM - 30nm) but incoherent, so the measurement 

channel can be bandpass filtered to eliminate stray light, but the SH images do not suffer 

from coherent artifacts such as speckle. The SLD emitter moves with the target and is 

imaged through the optometer and the eye to a small area on the retina. The narrowband, 

incoherent light then reflects diffusely off the retina becoming the source for the 

measurement channel. The maximum output of the SLD is 5mW; however, the light 

diverges rapidly and only a portion of it is collected by the Badal lens and directed 

towards the eye. Furthermore, the beam splitter used to direct the measurement light into 

the eye (BSl) is only highly reflective for visible wavelengths. This allows for a bright 

fixation target, but further reduces the amount of SLD light that reaches the eye since 

most of the IR wavelengths are transmitted by BSl. Figure 20 shows the SLD power in 

the pupil of the eye as a function of the power level index used to control the SLD output. 

Even though SLDs do not fall under the category of a laser source, the laser safety 

guidelines were used to determine exposure levels. The maximum power of 64fiW for the 

SHAR illumination channel is well below the ANSI standards for safe exposure^^. 
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SLD power in the pupil plane of the eye 
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Figure 20. SLD power in the pupil of the eye. 

Viewport Channel 

Alignment of the SHAR to the patient is accomplished by providing the operator 

with a live video image of the eye via the viewport channel shown in Figure 21. The 

infrared LEDs used to illuminate the eye operate at l%Onm but are not shown in the 

figure. The live image of the eye is recorded on a V2' black and white CCD camera 

(CAMERA 1) and displayed on an external television monitor. A magnification of 

approximately m = -\l2 is required to provide a \2mm x\6mm FOV in the plane of the 

patient's eye. This FOV is sufficient to laterally align the SHAR and is achieved by 

combining an / = \%mm Steinheil triplet (TRIP) with an / = -\2.5mm achromat 
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{ACHR). The negative achromat increases the working distance of the viewport channel 

so that its object plane can be made coincident with the rear focal plane of the Badal 

optometer lens. With this condition satisfied, the fogging/illumination channel will be 

axially aligned when the pupil of the eye is in focus on the television monitor. 

CAMERA 1 

LPF C 

ACHR 

EYE 

Figure 21. Initial design of the SHAR viewing charmel. 
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Portions of the viewport and measurement channels are combined by beam splitter BS2, 

so the negative achromat is also part of the measurement channel. The small amount of 

SLD measurement light returning from the eye and reflected off BS2 is blocked from the 

live external image of the eye by placing a low-pass filter (/l^ = SOOnm) in front of 

CAMERA 1. Finally, a plane mirror (Ml) is used to fold the viewport channel so the 

mechanical housing of CAMERA 1 does not interfere with the mechanical components 

of the fogging/illumination channel. 

Measurement Channel 

In SH aberrometers, a telescope is used to relay the image of the eye's pupil to the 

lenslet array with the appropriate magnification. This allows for measurement of the 

ocular wavefront aberration over the entire pupil and ensures that the measurement takes 

place within the plane of the pupil. The disadvantage of this technique is the relatively 

large size of the aberrometer due to the length of the telescope. If the SH system is used 

as an autorefractor instead of an aberrometer, the telescope can be eliminated. The 

wavefront emerging from the eye is simply intercepted by the lenslet array and the 

patient's refraction is measured in a plane some fixed distance L from the eye. If this 

distance is know with reasonable accuracy, the actual refractive error in the plane of the 

eye can be easily computed using the following equations: 
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5'„=-
I I S , , - L  

Co = •s,. (5.1.1) 

^0 = ^LA-

The refraction measured at the lenslet array is represented by 5"^^ /x 9^, while the 

actual refraction in the pupil of the eye is described by S^^IC^y-O^. The viewport channel 

described above has a sufficiently short depth-of-focus to ensure that the distance L is 

accurately maintained. Even if it were not, focus errors only cause errors in the refraction 

estimate in cases of extreme myopia. For example, a \mm error in L for -2QD of myopia 

would result in a 0.4D error in the refraction prediction. The error drops to 0.1 D for the 

same focus error in a - lOD myope. As described in Section 4.2, the SHAR refraction 

estimate is not sensitive to lateral misalignments. 

Without the telescope the system can be made considerably more compact. 

Because the pupil is not imaged onto the lenslet array, the corneal reflex is extremely out 

of focus and does not corrupt the measurements. There are also less optics to align and 

fewer optical surfaces to cause loss of light going into the measurement camera. In 

addition to the lenslet array {LA), the only optics used in the SHAR measurement channel 

shown in Figure 22 are the negative achromat (ACHR) and a bandpass filter (BPF). The 

negative achromat is used to increase the working distance and extend the myopic 
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measurement range of the SHAR, while the bandpass filter blocks stray light and ambient 

room light from reaching the measurement camera. The focal length of the negative 

achromat is / = -I2.5mm, the center wavelength of bandpass filter = 840nm) is 

matched to the wavelength of the SLD, and the focal length and pitch of the lenslet array 

are / = 40mm and d = 0.6mm, respectively. The tradeoff analysis used to select the 

lenslet array properties is considered next. 

CAMERA 2 

BPF 

LA 

• ;f\ ^^ACHR 

—— EYE 

Figure 22. Initial design of the SHAR measurement charmel 
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Several factors must be considered when choosing the lenslet array (LA) for the 

SHAR. First, the number of pixels each SH spot is shifted per diopter change in refractive 

error is directly related to the LA focal length. Therefore, to achieve the desired 1/8Z) 

accuracy, the focal length of the SHAR LA must be long enough to allow spot motions 

corresponding to 1/8D changes in refractive error to be easily detected. Second, a grid of 

at least 4 x 4 SH spots is needed to perform the Fourier-based refraction estimate. The 

Fourier transform of a smaller grid would produce a two-dimensional sinusoid instead of 

the desired two-dimensional comb function. Since the size of the wavefront on the lenslet 

array decreases as the wavefront becomes more myopic, the LA pitch must be small 

enough to provide sufficient sampling across the entire measurement range. However, the 

pitch must also be large enough so that individual SH spots contain enough light to be 

detected. Finally, as the magnitude of the refractive error increases, the local slope of the 

wavefront also increases. In cases of extreme myopia, the resulting SH spots may overlap 

on the CCD if the LA focal length is too long or the pitch is too small. LA focal length 

and pitch must therefore be balanced to ensure that adjacent SH spots can be confidently 

associated with the correct lenslet. To summarize, the LA focal length should be as long 

as possible to increase the sensitivity in detecting spot motion, but not so long that 

adjacent SH spots overlap in cases of extreme myopia. The LA pitch should be as small 

as possible to maximize the wavefront sampling, but not so small that either the SNR of 

the SH images or the dynamic range of the instrument are significantly reduced. 

The spot spacing as a function of refractive error can be quantified using Figure 

23. The LA focal length and pitch are again given by/and d, respectively. The 
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displacement of a single SH spot from its reference location is given by A, and the 

spacing between adjacent spots by s. The radial coordinate is r, the axial coordinate is z, 

and the refractive error of the wavefront incident on the LA is P. All values are expressed 

in mm except refractive error, which is given in diopters (D). The slope of the wavefront 

as a function of radial position and refractive error is given by. 

d W { r , P ) -
- P r  

Vio®-PV ' 
(5.1.2) 

and the displacement of a single SH spot can be reasonably approximated as, 

A { r , P , f )  =  - f - d W { P ) .  (5.1.3) 

-1/P 

Figure 23. Schematic diagram for understanding the change in SH 
spot spacing as a function of refractive error. 
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The spot spacing is computed by subtracting the displacements of two spots produced by 

adjacent lenslets: 

> { r , P , f , d )  =  \ r  +  ̂ { r , P , f . ) \ - \ { r - d )  +  k { r - d , P , f ) \  

f - P - r  f - P - { r - d )  

(5.1.4) 

• d + 
V I O ' - P V  ^ \ 0 ' - P \ r - d f  

The spot spacing does not change significantly across a 1" diameter LA, so it is sufficient 

to only consider spots near the center of the array (r = 2c/). Selecting a reasonable value 

for the LA pitch (c/ = Q.6mm) and plotting Eq (5.1.4) as a function off and P reveals that 

for focal lengths longer than approximately 50mm, SH spots created by extremely 

myopic wavefronts actually overlap. This is indicated by the areas in Figure 24 where the 

spot spacing is negative. Changing the LA pitch changes where the lines intercept the s-

axis. No refractive error (OD) corresponds to a plane wave input, so the spots formed by 

any focal length LA are necessarily spaced according to the LA pitch. Decreasing the 

pitch also decreases the slopes of the lines, which reduces the sensitivity of the 

instrument by decreasing the change in spot spacing with changes in refractive error. 
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Figure 24. SH spot spacing as a function of focal length and refractive 
error. The LA pitch for these plots is d = 0.6mm. 

As mentioned above, the quantity that ultimately determines the accuracy of the 

SHAR will be the change in spot spacing per l/SD change in refractive error, dsdP, 

which is proportional to the partial derivative of Eq (5.1.4): 

Considering Eq (5.1.5) with fixed values of 0.6mm and 40mm for the LA pitch 

and focal length, respectively, reveals that the change in spot spacing per 1/8Z) 

change in refractive error does not vary significantly with refractive error. This is 

shown in Figure 25. 

MP=iMMiM 
3/2 • 

(5.1.5) 
8 BP 
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Figure 25. Change in SH spot spacing per 1/8D change in refractive error 
as a function of refractive error. 

For a given LA, this means that, although the absolute spot spacing varies, the change in 

spot spacing remains essentially constant for 1/8Z) fluctuations around any base refractive 

error in the measurement range. This allows one value of dsdP to be associated with each 

combination of LA pitch and focal length, a relationship that is illustrated by Figure 26 

below. 
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Figure 26. Change in SH spot spacing per 1 / 8 D  change in refractive error 
as a function of LA focal length and pitch. 

Figure 26 can be used to identify a range of acceptable LA focal length/pitch 

combinations given the SHAR design constraints discussed above. From Figure 24 it was 

concluded that focal lengths longer than about 50mm would cause adjacent SH spots to 

overlap. An upper limit on acceptable focal lengths can be set accordingly. To set limits 

on the lenslet pitch, consider that the centroiding algorithm described in Chapter 4 has, at 

best, an accuracy of 1/10 the CCD pixel pitch. Under ideal conditions, 1/10 pixel super-

resolution is possible. CAMERA 2 has a lOjum pitch, so the minimum change in spot 

spacing detectable by the centroiding algorithm is about ljum. This assumes ideal 

measurement and processing conditions, however, so to safely detect spot motion, the LA 

should be chosen to provide 3-4jUm of spot motion for each 1/8D change in refractive 

error. These limits are incorporated into Figure 27 to create a graphical representation of 

LA properties that will satisfy the SHAR measurement channel requirements. 
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Figure 27. Change in SH spot spacing as a function of LA focal length 
and pitch. Acceptable combinations are contained within the shaded 
region. 

The shaded area in Figure 27 shows that the LA pitch must be at least 500fim and 

the focal length 25-5Qmm. Furthermore, to maximize both accuracy and wavefront 

sampling, the LA focal length should be maximized and the pitch minimized within this 

region. The ideal LA would therefore have / = 50mm and d - 500//W. This 

combination was not found during a thorough search of commercially available lenslet 

arrays, however. Because the tooling costs associated with fabricating a single custom 

LA are prohibitive, a compromise was made and a LA with / = AOmm and d = 600jum 

was purchased from Adaptive Optics Associates. With this LA, identified by the red 

circle in Figure 27, a change in spot spacing of approximately 3jum can be expected for 

each 1/8D change in refractive error. 

The consequence of selecting a LA with a lager-than-optimum pitch is a 

reduced myopic measurement range. Figure 27 shows a myopic wavefront 
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converging tov^ards a LA a distance L away from the eye. The wavefront size S 

on the lenslet array for a pupil of diameter D and refractive error P is given by 

-1/p >-

Figure 28. Schematic diagram for understanding the effects of LA pitch 
on wavefront sampling and the SHAR measurement range. 

In the schematic layout of the SHAR measurement channel shown in Figure 22, 

L = 53mm, however the negative achromat reduces this to an apparent distance of 

L = 44.Smm. For a 7mm diameter pupil and -20D of myopia, the wavefront is 0J3mm in 

diameter at the lenslet array. For the LA selected above with a pitch of 0.6mm, only 1.2 

lenslets are illuminated, not enough to make an accurate measurement. The fiill 

measurement range of ±20D can therefore not be achieved. In fact, in the configuration 

just described, the most myopic refractive error that can be measured by the SHAR 

(5.1.6) 
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prototype is P = -14.6D. Because cost and proof of concept were considered more 

important than optimizing the prototype design to measure refractive errors found in only 

a small percentage of the population, the reduced measurement range was deemed 

acceptable and the SHAR was fabricated according to the design described above. The 

minimum pupil diameter for an accurate measurement will consequently be related to 

refractive error. 

5.2 Mounting svstem fabrication 

The SHAR prototype illustrated in Figure 18 was intentionally designed to be as 

compact as possible to facilitate its transition to a commercial device. While this provides 

useful insight into the final product size, it also requires a custom mounting system to 

hold the optics, cameras, and sources in such close proximity to each other. The spacing 

of the three SHAR channels precludes the use of conventional tip-tilt and x-y-z 

adjustments on the individual optics, so the custom mounts must also incorporate a 

unique means for aligning the system. Once assembled, the SHAR must be mounted on 

an ophthalmic chin rest so that the measurement channel optical axis can be easily 

aligned to a patient's eye. These requirements along with detailed dimensions of the 

SHAR components and layout were communicated to Charles Burkhart, the instrument 

maker at the Optical Sciences Center, who designed and fabricated the mounts shown in 

Figure 29 and Figure 30 below. 
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Figure 29. Custom mounts designed for the SHAR prototype. 



Figure 30. Alternate view of select SHAR mounts. 

As shown in Figure 29, the SHAR optics are mounted in three groups. The first 

group holds the Badal lens (BADAL) from the fogging/illumination channel and the 

Steinheil triplet (TRIP) and fold mirror (Ml) from the viewport channel. The separation 

of the two channels is determined by the fixed lateral positions of the two lenses in this 

mount. The axial position of BADAL is fixed, but TRIP can be translated axially in its 

mounting cell. Neither lens can be tipped or tilted within its respective cell, and both are 

held securely in place by small set screws on the top of the mount. The mirror Ml is 

epoxied to its mount which can move axially with respect to the joint lens mount and is 

afforded a small amount of tilt by the oversized slots used to lock it in place. 
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The second mounting group contains the two beam splitters, BSl and BS2, and 

the negative achromat (ACHR). Figure 30 shows an alternate view of this mount that 

should reinforce the compactness of the optical design and the proximity of these 

components. To allow for the small \mm gap between BSl and BADAL in the fully 

assembled system (see Figure 18), the beam splitter mounts could not encompass the 

entire element. The beam splitters are also too thin to be help in place with set screws, so 

two small drops of epoxy were used instead. The BS mounts include small posts that drop 

into holes in the main body of the mount that have the same fixed center spacing as the 

lenses in the first mounting group. The machine tolerances on these elements were tight 

enough to ensure that the fogging/illumination charmel and the viewport chaimel were 

sufficiently parallel. BSl and BS2 can rotate (tilt) within the holes and their final height 

and orientation is maintained by set screws in the side of the main mount. The main body 

of this mounting group also contains the cell for the negative achromat. The lateral 

position of the lens is fixed, but it can be translated axially within its cell. As with the 

first mounting group, the lens cannot tip or tilt, and it is secured by a set screw. The 

negative achromat is barely visible just to the left of BSl in Figure 30. 

The third mounting "group" actually contains only one optical element: the lenslet 

array (LA). The LA cannot be translated, tipped, or tilted within its mounting cell, and is 

held securely by a set screw. Axial motion for this element, as well as the other two 

mounting groups, is provided via the oversized slots used to affix the groups to a 

predrilled baseplate. These slots also allow the mounting groups to be translated laterally 

or tilted slightly with respect to the mechanical axes established by the screw holes in the 
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baseplate. There is no mechanism to tip any of the optical components, but the machine 

tolerances ensure that they are held sufficiently normal to the optical axis. The three 

mounting groups and both cameras are shown assembled on the baseplate in Figure 31. 

The two cameras are mounted on separate aluminum carriers which can be moved axially 

via slots in the baseplate. 

Figure 31. Close-up view of the assembled SHAR mounts. 

The SHAR is mounted to an ophthalmic chinrest using the adapter plate shown in 

Figure 32. This figure also shows the linear translation stage used to move the fixation 
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target and SLD relative to the BADAL lens in the fogging/illumination channel. The 

LED, beam splitter cube (BSC), and SLD electronics are also mounted to this stage, 

though they are not shown on the unanodized system in Figure 32. Note that the comer of 

the baseplate nearest the measurement channel had to be removed to avoid contact with a 

patient's nose. Consequently, this SHAR prototype is only capable of comfortably 

measuring a subject's left eye. 

Figure 32. Unanodized SHAR mounts attached to the ophthalmic chinrest. 
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5.3 Prototype redesign 

Before the SHAR prototype was aligned, an experimental analysis was performed 

to determine what baffles were needed to block stray light from entering either of the two 

cameras. A 5.2mm diameter collimated laser beam was first aligned to the optical axis of 

the measurement channel to provide the SHAR with a plane wave input that was used to 

position CAMERA2 in the focal plane of the LA. The subsequent stray-light analysis was 

not carried out, however, because the collimated input beam revealed a serious design 

flaw in the measurement channel. Figure 33 illustrates the problem. 

(a) (b) 

Figure 33. Images of the focal plane of the lenslet array with a plane wave 
input to the measurement channel and a 5.2 mm pupil, (a) Both the lenslet 
array and the negative achromat (f = -12.5 mm, C) = 80 D) are inserted 
into the system, (b) Only the lenslet array is inserted into the system. 
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The lenslet array does not form sharp images in its focal plane when the negative 

achromat is inserted in the measurement channel. Considering the vergence of the 

wavefront emerging from the negative achromat reveals the source of the problem. 

Because the focal length of this lens is -\2.5mm, an input plane wave will produce an 

output wavefront with a -SOD vergence! The wavefront is diverging too quickly for its 

slope across a single lenslet aperture to be approximated as a tilted plane wave, so the 

lenslet array forms an array of defocused spot images as shown in Figure 33(a). When the 

negative achromat is removed, the lenslet array forms an array of nicely focused spots, as 

expected and shown in Figure 33(b). 

This problem was not identified in the initial SHAR prototype design because the 

initial ZEMAX model of the measurement channel was only carried to the plane of the 

lenslet array instead of to its focal plane. A detailed model of the entire measurement 

channel provides more insight into the problem and suggests an acceptable solution for 

the prototype's evaluation. The middle row in Figure 34 represents a plane wave input, or 

zero spherical refractive error. The spot diagram on the left was produced by modeling 

the lenslet array and negative achromat together, while the spot diagram on the right was 

obtained after removing the achromat. Both spot diagrams closely resemble the actual 

recorded images presented in Figure 33 and confirm the explanation that light emerging 

fi-om the negative achromat diverges too quickly to be focused by the individual lenslets 

in the LA focal plane. The consequence of the large spots produced by the lenslet array 
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Figure 34. Spot diagrams obtained by modeling the SHAR measurement 
channel with and without the negative achromat. 
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when the negative achromat is in place becomes apparent when the relationship between 

SH spot size and FT grid size discussed in Section 4.2 is revisited. Recall that the width 

of the envelope truncating the FT grid pattern is inversely proportional to the actual SH 

spot size. The spots in the reference image (P = OZ)) with the negative achromat are 

approximately 90 pixels wide. This corresponds to a FT envelope width of 11 pixels, 

which is smaller than the 17 pixel peak spacing expected in the FT of the reference 

image. Therefore, the SHAR data analysis described in Section 4.2 will fail if the 

negative achromat is used in the measurement channel. 

The spot diagrams in the right column of Figure 34 were obtained by modeling 

the measurement channel without the negative achromat and suggested that the SHAR 

prototype, including its custom mounting system, could still be used to measure refractive 

error with only slight modifications to the initial design. The most immediate 

consequence of removing the negative achromat is the reduced myopic measurement 

range that results from the increased distance between the eye and the lenslet array. For 

myopic refractive errors greater than about -ID, the wavefront illuminates only a single 

lenslet and does not produce a useful image. This reduced range is acceptable for the 

proof-of-concept experiments carried out for this dissertation, but will need to be 

revisited in a second-generation prototype or commercial SHAR design. Removing the 

negative achromat also impacts the SHAR viewport channel because this lens was part of 

the imaging system that provides the user with an external view of the eye. When the 

negative achromat is removed, the image plane of the viewport charmel moves in towards 

the Steinheil triplet, as shown in Figure 35. Unfortunately, the mechanical housing of 
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CAMERA 1 makes compensating for this shift impossible without the use of additional 

optics. A suitable solution is obtained by replacing the Steinheil triplet with an 

achromatic doublet with the same diameter and a focal length of 21mm. This lens must be 

placed at a different axial location than the triplet, but fortunately the mounting cell 

designed to hold the triplet was long enough to accommodate this translation. A 

schematic layout of the redesigned SHAR prototype is shown in Figure 36. The 

alignment of this system is described in the next section. 

3D LRYOUT 

SHRR - VIEWPORT CHRNNEL WITHOUT NEGHTIiJE HCHROHHT 
SHT RUG 2 2003 
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Figure 35. ZEMAX model of the viewport channel without the negative 
achromat. The image plane is too close to the fold mirror and Steinheil 
triplet to accommodate the mechanical housing of the camera. 
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Figure 36. Schematic layout of the SHAR after the negative achromat was 
removed and the viewport channel was redesigned. The shaded blocks 
denote elements constrained to move together by their mechanical mounts. 
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5.4 System alignment 

With the optical elements making up the redesigned SHAR prototype in their 

custom mounts and the mounts loosely attached to the baseplate, a coarse alignment of 

the system was performed using a collimated, 3.^mm diameter HeNe laser beam. Once 

the beam was aligned parallel to the optical table, the SHAR baseplate was positioned so 

the measurement channel optical axis was coincident with the laser beam. This was 

accomplished by translating and rotating the baseplate until the laser beam passed 

through the center of the empty negative achromat mount and the spot pattern formed by 

the LA was centered on CAMERA 2 (without the BPF). The camera was then focused 

and its mount locked dovm along with the LA mount (yellow block in Figure 36) and 

BS1/BS2 mount (green block in Figure 36). Note that the shaded regions in Figure 36 

denote elements constrained to move together by their mechanical mounts. Next, the 

plane of the EYE was approximately located by measuring 30mm from BSl with a ruler. 

This plane was then marked with a transparent bullseye target centered on the 

measurement axis. Beam splitter BS2 was set at approximately 45° with respect to the 

laser by iteratively translating the fold mirror Ml (red block) and rotating BS2 until the 

laser was centered on CAMERA 1. Ml is set at 45° with respect to the viewport axis and 

its mount cannot rotate. CAMERA 1 was locked down in its nominal position and the 

viewport channel was focused on the bullseye by translating the doublet in its cell. The 

angle of beam splitter BSl was set at 45° by rotating it until the focused laser spot in the 

front focal plane of the BADAL lens was centered on the beam splitter cube. 
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To begin the fine alignment of the SHAR, the bullseye target was replaced with a 

model eye, the translation stage mount (tan block in Figure 36) was removed from the 

baseplate, and the collimated laser beam was repositioned so that it entered the BADAL 

lens and was directed towards the model eye by BSl. The iris of the model eye was then 

closed and positioned in the rear focal plane of the BADAL lens by aligning it on the 

focused laser spot. Next, the translation stage mount was reattached to the baseplate and 

the laser was moved to the opposite side of the BADAL lens so the focused spot could be 

used to locate the OZ) position for the fogging/illumination channel. With this 

accomplished, the laser was removed and the SLD and white LED were turned on to their 

maximum intensity. The SLD was focused onto the retina of the model eye and the white 

LED illuminated its now opened iris allowing the measurement and viewport channels to 

be aligned simultaneously. The BS1/BS2 mount (green block in Figure 36) was moved 

laterally to center the SH grid pattern on CAMERA 2 and BS2 was rotated to center the 

iris of the model eye on CAMERA 1. The final step in the aligrmient was to adjust the 

axial position of CAMERA 1 so the iris was in sharp focus ensuring that the viewport 

channel would be focused on the rear focal plane of the BADAL lens. 

5.5 SHAR software 

After aligning the SHAR and mounting it on the ophthalmic chinrest, the system 

was connected to the personal computer that would control the refraction exams. 
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CAMERA 1 was connected to an external television monitor to provide an always-on 

external view of the eye, while CAMERA 2 was connected to a frame grabber in the PC. 

The electronics built to control the SLD and translation stage were also connected to the 

PC via the RS232 serial port, so the fogging/illumination and measurement channels 

could both be computer controlled. The white LED illuminating the fixation target was 

controlled with a variable voltage power supply, but had to be adjusted manually. 

SHAR exams are run through a Windows-based C program originally written to 

control a SH aberrometer also developed at the University of Arizona^''. The program was 

modified to implement the novel data analysis described in Chapter 4 instead of the 

traditional SH data analysis used for the aberrometer. The raw SH images measuring 

640 X 482 pixels are acquired from CAMERA 2 and imbedded into 1024 x 1024 pixel 

arrays to be Fourier transformed and analyzed using Eqs (4.2.14), (4.2.17), and (4.2.19)-

(4.2.22). The refraction results can be displayed on the screen or exported to a text file for 

later analysis. 

The SLD light level and linear translation stage motion are controlled through the 

same Windows program using a custom DLL that communicates with the devices 

through the PC serial port. The SLD light level is indexed by integers between 0 and 63 

corresponding to output powers between 0 and 5mfV. The software can therefore 

increment the SLD output in steps of approximately SOjuW. The translation stage can be 

moved in 0.002" steps, so the Badal optometer used in the SHAR has a resolution of 

0.04D/step. A screenshot from the SHAR software after performing a refraction 
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measurement is shown in Figure 37. The SLD and stage are controlled using commands 

on the Tools menu. 

5te Image BspJay loofe Jfl̂ ndow Help 

Figure 37. Screenshot from the SHAR.exe Windows program. 

In this chapter, the design, assembly, and alignment of the SHAR prototype were 

described in detail. A necessary redesign of the prototype was discussed and the SHAR's 

software capabilities were introduced. The procedure used to perform an objective 

refraction exam and the results thus obtained are described in the next chapter in the 

context of trial lens measurements and human subject exams. 
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CHAPTER 6 - SHAR TESTING AND OPTIMIZATION 

This dissertation research was funded with the ultimate goal of commercializing a 

new autorefractor. Implicit in this goal is a desire to minimize the time and cost required 

to move the new instrument from paper to market. Though the design of the SHAR 

prototype is intended to facilitate its transition to a commercial product, the main 

emphasis of this work is the proof of concept for a new refraction measurement technique 

based on wavefront sensing. Addressing minor engineering details is not as important as 

promptly demonstrating that the system will work in the first place. Consequently, more 

effort was directed towards testing the SHAR prototype on human subjects than on fully 

characterizing its range, accuracy, and repeatability with trial lenses. The trial lenses were 

used to check for major errors in the hardware or software, but the system was optimized 

using the results from human refraction measurements. The procedures used to test and 

optimize the SHAR are discussed in detail in this chapter. The vector dioptric difference 

discussed in Section 2.4 was used to evaluate each optimization step and Bland-Altman 

plots were used to compare the optimized SHAR prototype to the Topcon RM-8000B 

autorefractor. The manifest refraction was taken as the gold-standard when evaluating 

both instruments. The refraction study described below was approved by the Institutional 

Review Board (IRB) at the University of Arizona and informed consent was obtained 

from all subjects. 
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6.1 Measurement of trial lenses 

Though time constraints did not permit a complete characterization of the SHAR 

prototype using trial lenses, several experiments were performed to evaluate the expected 

performance of the instrument under ideal conditions, i.e., high SNR, few high-order 

aberrations, a stationary pupil, and no accommodation. For these tests, the SHAR was 

removed from the ophthalmic chinrest and mounted to the optical table. A trial lens 

mount containing a crosshair was centered and focused in the plane of the eye using the 

SHAR viewport channel. Next, a collimated laser with a 3.8ww stop was aligned behind 

the lens mount coincident with the SHAR measurement channel axis and centered on the 

crosshair. The crosshair was then replaced with various ophthalmic lenses to simulate a 

range of refractive errors to be measured by the SHAR. Because the HeNe laser 

wavelength was outside of the pass-band of the measurement channel, the BPF was 

removed from CAMERA 2 for these experiments. 

The first trial lens experiment was designed to confirm the measurement range 

predicted by the lenslet array tradeoff analysis performed in Section 5.1. Recall that the 

system shown in Figure 36 should be capable of measuring refractive errors ranging from 

-ID to +20£). To confirm this, trial lenses ranging fi-om +7Z) to -20Z) were placed in the 

plane of the eye and measured with the SHAR. (A positive power trial lens produces a 

converging wavefront that models a myopic refractive error.) A correlation between the 

expected and measured values is shown in Figure 38. 
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Figure 38. Correlation between SEP measured by the SHAR and the 
expected value of refractive error produced by the trial lenses. The red line 
represents a perfect correlation. 

This plot confirms that the SHAR is capable of measuring refractive errors from -ID to 

+20D. The measured results agree well with the expected values over the central ±1D 

range, but the accuracy of the system seems to decrease beyond this. Since the prototype 

study population described below would not fall outside the ±1D range, it was concluded 

that there were no major problems with the hardware or software that must be addressed 

before measuring human subjects. 

The second trial lens experiment was designed to test the repeatability of the 

SHAR under ideal measurement conditions. A -5D trial lens (f = +5D) was placed in 
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the pupil plane and a measurement was recorded. The trial lens was then removed, 

replaced, and re-measured nine more times. The same procedure was repeated for a +5D 

trial lens (P = -5£)). After analyzing each set of measurements, the SHAR was found to 

have a standard deviation of 0.02D when measuring the hyperopic refractive error and 

0.05Z) when measuring the myopic refractive error using FT peaks 1 and 2. When using 

peaks 3 and 4, the standard deviations for the hyperopic and myopic refractive errors 

were 0.03Z) and O.OIZ), respectively. These results suggested that the SHAR analysis 

software is extremely repeatable when measuring spherical refractive error. 

The final trial lens experiment investigated the SHAR's ability to determine the 

orientation of an astigmatic wavefront with errors less than ±5°. A -2.5D cylindrical trial 

lens was placed in the pupil plane at angles of 0°, 30°, 45°, 60°, and 90°and measured 

with the SHAR at each orientation. The experiment was then repeated using a -5D 

cylindrical trial lens. The results shown in Figure 39 indicate that the SHAR prototype 

could not locate all orientations of the cylindrical errors with the desired accuracy. Some 

of the error could have been attributed to errors in the trial lenses, but most of the 

discrepancies probably resulted from errors in the calculated centroid position. This 

suggested two straightforward modifications that were made to the SHAR analysis 

software before measuring human refi'active errors. First, the threshold applied to the raw 

SHAR image before performing the FT was adjusted to eliminate more of the 

background noise. Second, the centroiding algorithm was changed by narrowing the 

region over which the FT centroids were calculated in order to more accurately locate the 

peaks. Without reprocessing the data, it was assumed that these changes sufficiently 
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prepared the SHAR prototype to measure human refractive errors. Fvirther optimization 

of the centroiding algorithm was consequently postponed and is discussed in Section 6.3 

below. 

Bland-Altman plot evaluating axis orientation measurement 
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Figure 39. Results from trial lens experiments measuring the SHAR's 
ability to locate the orientation of a cylindrical refractive error. 

62 Measurement of human eves 

To thoroughly evaluate the SHAR's performance, a clinical study was designed to 

compare SHAR measurements of human refractive error to those of a subjective exam 

and three commercially available autorefractors. Subjects were recruited on the 
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conditions that they were free of corneal scars and opacities, had not had refractive 

surgery, and did not have keratoconus or other ocular diseases that would make 

measuring refractive error difficult. They were given written informed consent that 

described the purpose, procedures, risks, and benefits of the study. Subjects were 

assigned an ID number in ascending order and all personal information recorded in the 

course of the study was treated as confidential material. Fourteen subjects with spherical 

refractive errors ranging from -9.50Z) to +2.00D and cylindrical errors up to +3.SOD were 

ultimately recruited to participate. As stated above, the study was approved by the IRB at 

the University of Arizona. 

The autorefractor comparison study compared subjective refraction results to 

measurements from four objective instruments: the Topcon RM-8000B, the Zeiss-

Humphrey HARK 599, the Shin-Nippon ACCUREF-K 9001, and the SHAR prototype. 

The Zeiss-Humphrey and Shin-Nippon autorefractors were included to justify the 

establishment of the Topcon RM-8000B as the "gold-standard" among commercial 

autorefractors. Subjective manifest refractions were performed by Dr. Dan Twelker, an 

optometrist and research assistant professor in the UA Department of Ophthalmology. 

Dr. Twelker performed a retinoscopy exam to find each patient's approximate refiraction 

then refined the measurement by having the patient look through cross-cylinder trial 

lenses at a visual acuity chart and select the more preferable of two similar corrections. 

The final results of this subjective exam became the standard by which the subsequent 

autorefractor measurements were evaluated. Both eyes of each subject were then 

measured once on the Zeiss-Humphrey autorefractor and five times on the Shin-Nippon, 
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Topcon, and SHAR autorefractors. The exam procedures provided by the manufacturer 

were followed when using each of the three commercial autorefractors, all of which 

included automatic fogging as part of the measurement. Each commercial instrument also 

had chin and head rests to keep the subject stationary during the exam. Though the details 

for each instrument differed slightly, the basic exam procedure was to simply align the 

autorefractor to the eye and then push a button to begin the measurement. 

The fogging channel in the SHAR prototype is computer-controlled but not 

automated, so the exam procedure for the SHAR was more involved than for the 

commercial instruments. Automating the fogging algorithm was left for future work. 

Subjects were manually fogged before each SHAR exam by setting the Badal optometer 

to correct the manifest SEP calculated by Eq (2.4.2). The SHAR was then aligned to the 

subject's eye by centering and focusing the pupil on the external television monitor. An 

IR LED was affixed to the front of the SHAR baseplate next to BSl to provide 

illumination for the viewport channel without stimulating pupil constriction or 

accommodation. Once aligned, five images of the raw SH pattern were acquired and the 

subject was asked to sit back and relax. The SHAR exams were then processed and the 

subject's refraction was estimated using both sets of FT peaks (1/2 and 3/4) discussed in 

Section 4.2. 

The refractions measured as part of the autorefractor comparison study were 

originally expressed in standard plus or minus cylinder form (5 x C / ^). The components 

of these refractions cannot be directly compared, so they were first be converted to a 
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spherical equivalent power (SEP) and cross-cylinder powers (JO and J45) using Eqs 

(2.4.2), which are repeated here for convenience. 

SEP = S +—, 
2 

J0 = Ccos2d, (6.2.1) 

J45 = Csin2^. 

The four autorefractors were then compared by looking at the residual effects of 

prescribing the autorefractor result using the vector dioptric difference, d, discussed in 

Section 2.4: 

rf = 'liSEP^, - SEP,,..)' + (^0_/ - )' + - J45„„)'. (6.2.2) 

In this expression, quantities subscripted with manf correspond to the manifest refraction 

while quantities subscripted with auto correspond to the autorefraction. Ideally, d should 

be less than 0.25D signifying that each component of the cross-cylinder refraction was 

measured with better than 1/8D accuracy. The initial results from the 14 subjects 

recruited to participate in this study are shown in Figure 40. Though both eyes were 

measured, only results from the left eye are presented here because the difficulty in 

measuring right eyes with the SHAR prototype mounts may have introduced an artificial 

source of error. 
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Autorefractor Comparison - INITIAL RESULTS 

•Topcon BHumphrey DShin-Nippon •SHARl/2 SHAR 3/4 

Subject 

Figure 40. Initial results of the autorefractor comparison study expressed 
in terms of the vector dioptric difference, d. 

The first thing to note from the initial results shown in Figure 40 is that the 

Topcon RJVI-8000B does not significantly outperform either of the commercial 

autorefractors when considering the vector dioptric difference for this study population. 

However, the differences in d between the three commercial autorefractors are not 

significant enough to reconsider the use of the Topcon as the industry standard. It is also 

important to note that while the SHAR residuals tended to be greater than the Topcon's, 

they rarely differed by more than 0.5Z). In fact, for subjects #6 and #12, the SHAR 1/2 

prediction is already better than any of the commercial autorefractors. Figure 40 also 



suggests that, in general, the SHAR 1/2 prediction is more accurate than the SHAR 3/4 

prediction. In most cases, though, the two SHAR residual refractions are within l/8£) of 

each other. Finally, notice that there is no Zeiss-Humphrey data for subjects #5, 13, and 

14, and no SHAR data for subject #13. The missing Zeiss-Humphrey data indicates that 

the autorefraction matched the manifest refraction exactly. However, the missing SHAR 

data indicates the lack of a valid measurement. Subject #13 had a spherical refractive 

error of -9.00D, just outside the measurement range of the SHAR prototype. 

The initial tests of the SHAR's ability to measure human refractive error produced 

especially promising results considering that the data analysis algorithm had not been 

completely optimized. The average vector dioptric differences for the SHAR 1/2 and 

SHAR 3/4 refraction estimates were 0.7D and 0.9D, respectively. The plot of d vs. SEP 

in Figure 41 shows that the errors no longer depend on the magnitude of the refractive 

error as they did in the trial lens experiments, but the discrepancy between the 1/2 and 3/4 

measurements suggest that improvements can still be made to the SHAR software. These 

improvements are the subject of the next section. 
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Dependence of the residual refraction magnitude on base SEP 
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Figure 41. Dependence of the SHAR vector dioptric difference on the 
base SEP. The graph indicates that errors in the SHAR refraction estimates 
are not dependent on the magnitude of the refractive error. 

6.3 Data analysis optimization 

The vector dioptric difference was used to track improvements in the SHAR data 

analysis software following each optimization step described below. The results of the 

original SHAR exams were reprocessed with each modification and the new value of d 

was compared to the initial SHAR 1/2 and Topcon values. The Zeiss-Humphrey and 

Shin-Nippon autorefractors were excluded from this part of the analysis since all three 

commercial autorefractors showed similar performance and the Topcon was previously 

selected as the commercial standard. The first attempt to improve the SHAR data analysis 
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was to compute the refraction estimate based on an average of the 1/2 and 3/4 results. 

The effects of averaging the SHAR data on the vector dioptric difference are illustrated in 

Figure 42. While the averaging did improve some of the estimates, the improvements 

were not great enough to justify the additional processing time required to compute the 

refraction from both sets of FT peaks. Consequently, only FT peaks 1/2 were used to 

evaluate further software modifications. 

Autorefractor Comparison - EFFECTS OF AVERAGING SHAR DATA 

•SHARavg •Topcon 

Subject 

Figure 42. Effects of averaging SHAR 1/2 and SHAR 3/4 refraction 
estimates. The average estimate is represented by the SHAR avg label. 

To further improve the SHAR refraction estimate, the instrument biases were 

calculated and removed from each measurement. These biases could be the result of 
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several systematic errors including lenslet array misalignment, instrument myopia, and 

incorrect calibration of the analysis software. The instrument bias for each component of 

the cross-cylinder refraction was expressed using the average vector differences (AVD) 

described by the following equations: 

When using FT peaks 1/2, the SHAR prototype was found to have average vector 

differences of +0.08Z), -0.20Z), and +0.1 OD for SEP, JO, and J45, respectively. Once the 

AVD was removed from the original data, d was recalculated and compared to the 

previous results. Figure 43 shows that removing the AVD does in fact improve the SHAR 

refraction estimate for most of the subjects. As the number of subjects increases in future 

clinical trials, the calculated AVD should approach the true instrument bias, and the 

SHAR refraction estimate should improve even more. 

(6.3.1) 
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Autorefractor Comparison - EFFECTS OF REMOVING INSTRUMENT BIAS 

aTopcon "SHAR 1/2 QSHARayg aSHAR 1/2-AVD 

2.0 

Subject 

Figure 43. Effects of removing the average vector difference (AVD) from 
each component of the cross-cylinder refraction before computing the 
final refraction estimate. The AVD removal is represented by the SHAR 
1/2-AVD \M. 

The final optimization of the SHAR data analysis was motivated by the 

discrepancies between the SHAR 1/2 {d = 0.1 and SHAR 3/4 {d = 0.9D) refraction 

estimates. The discrepancy appeared to be caused by the calculation of the cylindrical 

component of the refractive error. Not only did the 1/2 and 3/4 estimates of cylinder 

power and axis differ significantly from each other, they also varied individually for 

successive measurements of the same subject. This suggested that the center of mass 

centroiding algorithm was not providing sufficiently accurate or repeatable locations for 

the FT peaks. Errors in the centroiding algorithm explained why the 3/4 refraction 



estimates were worse than the 1/2 estimates; because peaks 3 and 4 are further from the 

FT origin they are less intense and therefore more difficult to distinguish from 

background noise during centroiding. To overcome this problem, a new centroiding 

algorithm was implemented whereby a second degree polynomial was fit to each FT spot. 

The peak of the polynomial surface was then taken to be the centroid location of that 

spot. The polynomial-fit centroiding algorithm was expected to be less sensitive to noise 

and therefore provide more accurate and stable refraction estimates. The results of this 

data analysis modification are illustrated in Figure 44 and Figure 45. The new centroiding 

algorithm did provide slightly more accurate results (Figure 44), but more importantly, it 

did not favor one set of FT peaks over the other (Figure 45). The optimized SFIAR data 

analysis also seemed to be more repeatable using the polynomial-fit algorithm. For 

example, the average standard deviation in the SHAR's measurement of SEP dropped 

from 0.21£) for the center-of-mass algorithm to 0.18Z) for the polynomial-fit algorithm. 

However, attempts to more completely characterize the repeatability of the data analysis 

were not made at this stage of the research. 

The data analysis optimization described in this section led to a noticeable 

improvement in the performance of the SHAR prototype. By removing instrument biases 

and incorporating a new polynomial-fit centroid algorithm, the residual errors in the 

SHAR refraction estimate were reduced and the measurements were made more 

repeatable. However, the average value of d was still larger than desired, suggesting there 

were still errors to be removed from the system. 
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Autorefractor Comparison - EFFECTS OF POLYNOMIAL FIT CENTROID ALGORITHM 

oTopcon " •SHAR1/2 oSHARavg bSHAR1/2-AVD bSHAR 1/2(Poly)-AVD 

o o o o o o o o o o o o o o  

Subject 

Figure 44. Effects of applying the new polynomial-fit centroiding 
algorithm to the SHAR data analysis. The new results are represented by 
the SHAR 1/2 (Poly) -AVD label. 

SHAR Comparison - POLYNOMIAL FIT TO FIND CENTROIDS 

2.5 

I •SHAR1/2 bSHARBM oSHARavg | 

2.0 

Subject 

Figure 45. Effects of the polynomial-fit centroiding algorithm on the 
SHAR 1/2 and SHAR 3/4 refraction estimates. Note that the residual error 
for the two estimates is very similar for most subjects. 
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6.4 Removal of stray light artifacts 

During the initial data analysis of the SHAR human subjects measurements, there 

were several exams that would not process correctly. (The estimate of spherical refractive 

error for these exams was usually 25D or more!) The cause of the errors was identified as 

a set of artifact peaks in the FT located between the origin and the FT peaks of interest. 

The centroid algorithm was finding these artifact peaks and mistakenly identifying them 

as peaks 1/2 or 3/4, leading to the error in the final refraction estimate. Closer inspection 

revealed the source of the artifact peaks in the FT to be a low frequency, 2D pattern in the 

background of the raw SHAR images that was not visible during the refraction exams. 

The pattern did not change with refractive error and was just bright enough to survive the 

threshold used to eliminate background noise. As the SNR in the raw SHAR images 

decreased, the relative intensity of the artifact peaks in the FT increased making the final 

refraction estimate more susceptible to error. Figure 46 illustrates the problem by 

comparing SHAR exams with and without the background pattern and artifact peaks. The 

large blurred squares in the top-left SHAR image recorded from subject #7 (-0.75DS) 

constitute the background pattern described above. This pattern is clearly not present in 

the top-right SHAR image recorded from subject #10 (+0.25DS). Since the two subjects 

have similar refractive errors, peaks 1/2 and 3/4 should be located in approximately the 

same place in the FT of each SHAR exam, shown in the bottom row of Figure 46. 

However, the bright artifact peaks near the center of the bottom-left FT make finding the 

correct set of peaks impossible for subject #7. 
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Raw SHAR Image 

Fourier Transform 

(magnified) 

Subject #7 OS: -0.75 / 0.00 x 180° Subject #10 OS: 0.25 / 0.00 x 180° 

Figure 46. SHAR exams with and without the background pattern and 
artifact peaks that corrupted some of the initial human refraction 
measurements. The contrast of the raw SHAR images has been adjusted to 
highlight the background pattern and the DC peak in the FT has been 
masked to make the surrounding peaks more visible. Both subjects had 
similar manifest refractive errors, so the true FT peaks 1/2 and 3/4 are in 
approximately the same place for each exam. 

The problem was initially solved by masking off the regions in the FT where the 

artifact peaks appeared before allowing the centroid algorithm to search for the true 1/2 

and 3/4 peaks. A single mask allowed all of the initial SHAR exams to be processed 

because the locations of the artifact peaks did not change with refractive error. All of the 

data analysis optimization described in Section 6.3 incorporated this artifact masking. 
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Though the SHAR refraction estimates had improved with each optimization step, the 

residual errors in the final algorithm suggested that masking did not eliminate all errors 

caused by the artifacts. This is confirmed by the vector dioptric difference plots in Figure 

47. Even with the artifact peaks masked off (Subject #7), the refraction estimate was not 

as accurate as with the artifacts completely removed from the system (Subject #10). 

Therefore, to truly evaluate the SHAR prototype's performance, the background pattern 

had to be eliminated from the raw SHAR images and each subject had to be re-measured. 

Efferts of Artifact Peaks 

•Topcon •Humphrey oShin-Nippon bSHARI/2-AVD 

70S lOOS 

Subject 

Figure 47. Effects of the artifact peaks on the SHAR's ability to predict 
refractive error. The artifacts were masked off before estimating Subject 
#7's refraction. 
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The 2D square structure of the background pattern indicated that it was caused by 

stray light passing through the lenslet array and bandpass filter to CAMERA 2. 

Eventually, the IR LED used to illuminate the eye for the viewport channel was isolated 

as the source of the stray light. Though its center wavelength was IWnm, its emission 

spectrum was just wide enough to overlap the pass-band of the measurement channel. 

Once baffles were placed around the IR LED, the background pattern and artifact peaks 

were completely eliminated from the SHAR exams. The same subjects measured during 

the first human trials were then re-measured with the optimized, artifact-free SHAR 

prototype. The vector dioptric differences calculated following this second round of 

human trials are shown in Figure 48 along with the Topcon, Zeiss-Humphrey, and Shin-

Nippon autorefractor values. Using the vector dioptric difference as the metric, it is easy 

to conclude from Figure 48 that the SHAR performs just as well as the commercial 

autorefractors for the study population evaluated here. In fact, the average value of d for 

the SHAR (0.64D) is hardly distinguishable from those of the Topcon (0.65D), Shin-

Nippon (0.70Z)), and Zeiss Humphrey (0.53D) autorefractors. 
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Autorefractor Comparison - STRAY LIGHT ARTIFAQS REMOVED 

•Topcon Humphrey nShin-Nippon SHAR 1/2 (Poly)-AVD ^ 

Subject 

Figure 48. Final comparison of the vector dioptric differences for the 
Topcon RM-8000B, Zeiss-Humphrey HARK 599, Shin-Nippon 
ACCUREF-K 9001, and SHAR prototype. 

6.5 Comparison of the optimized SHAR to the Topcon RM-8000B 

A more detailed analysis of the residual refraction in only the SHAR and Topcon 

autorefractors (Figure 49) reveals that was lower than or within O.IOZ) of for 

50% (7/14) of the subjects. The SHAR error was lower than or within 0.25D of the 

Topcon error in 71% (10/14) of the subjects. Finally, the average difference between 

^Topcon was +0.05D, indicating that the SHAR tended to have slightly less error 

than the Topcon when measuring the refractive errors of this group of subjects. 
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Autorefractor Comparison - STRAY LIGHT ARTIFACTS REMOVED 

pTopcon 

Subject 

Figure 49. Final comparison of the vector dioptric differences for the 
Topcon RM-8000B and the SHAR prototype. The average value of d for 
the Topcon is 0.65D and for the SHAR is 0.64D. 

To provide additional insight into the performance of the SHAR and Topcon 

autorefractors, the human subjects' data was also analyzed using Bland-Altman plots. 

Recall from Section 2.4 that the Bland-Altman, or paired-comparison, test involves 

plotting the difference between two measurements against their average. Assuming the 

differences are normally distributed, the mean of the differences represents a bias in the 

measurements, while the standard deviation of the differences, cr^, describes the 

variability in the measurements for different patients. The standard deviation of the 

differences can be used to determine 95% confidence limits according to Eq (2.4.1). For 

an autorefractor with no bias, the error between the autorefraction and the manifest 
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refraction will lie within the confidence limits for 95% of the patients measured. Bland-

Altman plots comparing the Topcon to itself and the SHAR to itself are shown in Figure 

50 and Figure 51 at the end of this section. These plots were used to evaluate the 

repeatability of the two autorefractors. Figure 52 through Figure 55 show the Bland-

Altman plots comparing the Topcon and various SHAR estimates to the manifest 

refraction. The information from these plots was used to evaluate the accuracy of the two 

instruments. Plotting the data from both eyes may have invalidated the assumption that 

the differences were normally distributed, so only data from the left eye was included in 

the Bland-Altman analysis. For convenience, the bias and 95% confidence limits 

calculated from each plot are summarized in Table 4. 

The confidence limits for the Topcon-Topcon and SHAR1/2-SHAR1/2 Bland-

Altman plots indicate that the Topcon RM-8000B yields more repeatable estimates of 

SEP, JO, and J45 than the SHAR prototype. However, the differences in the confidence 

limits are all less than ±0.5Z), and the absolute repeatabilities of the SHAR measurements 

are still within the ±0.51) range that Rosenfield and Chiu suggest should represent the 

minimum significant change in refractive error'^. What is more interesting is that the 

repeatability of the SHAR's estimates for JO and J45 are essentially the same as for SEP, 

whereas in most commercial autorefractors the repeatability of JO and J45 measurements 

is usually better than SEP measurements'^ '^. The reason the SHAR repeatability is the 

same for the spherical and cylindrical components of the refractive errors is that both 

depend equally on the ability of the centroiding algorithm to accurately and repeatedly 

locate the FT peaks. There is no separate measure of cylindrical power or orientation as 
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in many commercial autorefractors. It should also be noted that the Topcon design has 

already been revised and optimized enough to be released as a commercial product, while 

the SHAR is a first-generation prototype. As the design of the SHAR is revised and its 

data analysis algorithms are optimized, the repeatability should improve. 

REPEATABILITY ACCURACY 

UNITS; D 
TOPCON- SHARL/2- MANIFEST- MANIFEST- MANIFEST- MANIFEST-
TOPCON SHARL/2 TOPCON SHARL/2 SHAR3/4 SHAR AVG 

BIAS 

SEP 

-0.05 -0.05 
+0.17 

(+0.17) 
+0.03 

(+0.00) 
+0.03 

(+0.01) 
±0.03 

(+0.00) 

CL ±0.19 ±0.49 
±0.99 

(±1.05) 
±0.81 

(±0.84) 
±0.80 

(±0.83) 
±0.80 

(±0.83) 

BIAS 

/O 

CL 

±0.01 ±0.09 
-0.06 

(-0.03) 
-0.20 

(-0.10) 
-0.18 

(-0.10) 
-0.19 

(-0.10) 
BIAS 

/O 

CL ±0.18 ±0.46 
±0.37 

(±0.34) 
±0.69 

(±0.25) 
±0.61 

(±0.27) 
±0.65 

(±0.25) 

BIAS 

J45 

-0.01 +0.12 
+0.01 

(+0.00) 
±0.05 

(+0.00) 
+0.08 

(+0.01) 
+0.06 

(+0.00) 

CL ±0.10 ±0.53 
±0.43 ±0.40 ±0.60 ±0.49 

CL ±0.10 ±0.53 
(±0.45) (±0.21) (±0.40) (±0.29) 

Table 4. Summary of Bland-Altman plots comparing the Topcon RM-8000B to the 
SHAR prototype. Repeatability figures were obtained by comparing two 
measurements recorded by the same instrument during the same exam. Accuracy 
figures were obtained by comparing the average of five instrument measurements to 
the manifest refraction for each subject. CL represents the 95% confidence limits 
calculated fi-om each Bland-Altman plot using Eq (2.4.1). The values in parentheses 
were obtained by excluding the data from Subject #1 that produced the outlying 
points in Figures 52-54. 
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As future generations of the SHAR are optimized, the accuracy of its refraction 

estimates should also improve. This is particularly encouraging after considering the 

Manifest-Topcon and Manifest-SHAR Bland-Altman plots summarized in the right-most 

columns of Table 4. Based on this information, it is not unreasonable to conclude that the 

SHAR has the potential to eventually perform as well as the Topcon RM-8000B when 

estimating the refractive errors. The confidence limits representing the SHAR's 

cylindrical refraction estimate are larger for the entire population, but they decrease 

significantly when the data from Subject #1 is excluded from the analysis (Table 4 values 

in parentheses). Subject #1 had a manifest refraction of +0.50/+ 3.50 x 65°, which made 

fogging on the basis of SEP alone very difficult. In fact, the SHAR 1/2 estimate of 

subject #1 's refraction was +0.78/+ 2.35 x 58°. The large level of astigmatism may affect 

the subject's ability to properly fixate on the fogging target. Once an automated fogging 

algorithm is implemented in the SHAR, the SHAR's performance may approach or 

exceed the levels indicated by the parenthetical values in Table 4. 

Though it appears from the results presented in this section that the SHAR 

prototype performs as well as the Topcon RM-8000B, it is important to consider the 

context in which these comparisons have been made. Recall that the optimized SHAR 

estimate of refractive error was obtained by removing an average vector difference from 

each component of the refraction. Since the AVD values were obtained from the study 

population and not from an independent experiment, the risk of a self-fulfilling prophecy 

exists if a major source of error in the SHAR refraction estimates was a bias imique to 

this population. In addition, the study population only included refractive errors ranging 
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from -9.5D to +2D. Therefore it is impossible to draw any empirical conclusions about 

the performance of the two instruments for extreme hyperopia. However, since it was 

already established that the SHAR prototype cannot measure myopia more extreme than -

ID, it is easy to conclude that the measurement range of the Topcon is superior to the 

first-generation SHAR. There are also several sources of variability that make direct 

comparison of the two instruments difficult. These include differences in the spectral and 

spatial content of the fixation targets, differences in the fogging algorithms, and 

differences in the exam environments. There is also variation in the sensitivity of the 

manifest refraction exam that makes evaluating the true accuracy of either autorefractor 

impossible. Nevertheless, it has been successfully shown that it is possible to build a new 

type of autorefractor based on wavefront sensing technology that has the potential to 

perform as well as other commercially available autorefractors. The additional work 

required to extend the range and further improve the accuracy and repeatability of this 

new instrument is considered in the next chapter. 
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Bland-Altman plots comparing Topcon to Topcon - OS 

Difference vs. Mean for SEP 
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Figure 50. Bland-Altman plots comparing two refraction measurements 
from the Topcon RM-8000B recorded during the same exam. 



Bland-Altman plots comparing SHAR 1/2 to SHAR 1/2 - OS 

Difference vs. Mean for SEP 
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Figure 51. Bland-Altman plots comparing two SHAR 1/2 refraction 
estimates calculated dnring the same exam. 
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Bland-Altman plots comparing Manifest to Topcon - OS 

Difference vs. Mean for SEP 
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Figure 52. Bland-Altman plots comparing each subject's manifest 
refraction to the refraction estimate given by the Topcon RM-8000B 
autorefractor. 
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Bland-Altman plots comparing Manifest to SHAR 1/2-OS 

Difference vs. Mean for SEP 
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Figure 53. Bland-Altman plots comparing each subject's manifest 
refraction to the refraction estimate calculated by the SHAR using the FT 
peaks 1/2. 
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Bland-Altman plots comparing Manifest to SHAR 3/4 - OS 
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Figure 54. Bland-Altman plots comparing each subject's manifest 
refraction to the refraction estimate calculated by the SHAR using the FT 
peaks 3/4. 



Bland-Altman plots comparing Manifest to SHAR avg - OS 

Difference vs. Mean for SEP 

• Manifest - SHAR avg 

.^4,00 • 

2.00 

1.50 

1.00 

-a 
-om-
-G.50»' 

-1.00 

-1.50 

-iGO--

Mean (D) 

Bias 0.0 3 
Std De V 0.41 
95% CL 0.80 

Difference vs. Mean for JO 

i i • Manifest - SHAR 

^10 

- 2.00 

-1:50-

1.00 

050 

00 -4.00 —0;5e^ 
-4TOQ-

-1:50 

Mean (D) 

Ij.OO 

Bias -0.19 
Std Dev 0.3 3 
95% CL 0.65 

Difference vs. Mean for J45 

-| • Manifest - SHAR avg 

• 
-0.00 

-0.50?-® 
-4700-
-1.50 

-2.00 

Mean (D) 

Bias 0.06 
Std Dev 0.2 5 
95% CL 0.49 

Figure 55. Bland-Altman plots comparing each subject's manifest 
refraction to the average refraction estimate calculated by the SHAR using 
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CHAPTER 7 - FUTURE WORK 

The results from the initial tests of the SHAR prototype show that a new 

autorefractor based on new wavefront sensing techniques was successfully realized. The 

SHAR exhibited performance similar to the Topcon RM-8000B commercial standard 

autorefractor over a limited patient population. However, its measurement range, 

accuracy, and repeatability need to be further improved to make the SHAR a 

commercially competitive product. The measurement time should be reduced and the 

mechanical design optimized to facilitate the transition from prototype to commercial 

instrument. Once a second-generation prototype is constructed, experiments should also 

be conducted to demonstrate the SHAR's full ability and range of potential applications. 

Some suggestions for accomplishing these tasks are discussed in the remainder of this 

chapter. 

7.1 A second-generation optical design 

The most obvious difference between the SHAR prototype and the Topcon RM-

8000B is the significantly smaller range over which the SHAR can measure refractive 

errors. The hyperopic measurement range of the two instruments is the same, but the 

SHAR measures less than half of the Topcon's myopic range. A second difference, not 
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explicitly highlighted to this point, is the smaller working distance of the SHAR. The 

distance from the eye to the foremost mechanical edge of the Topcon was approximately 

50mm, but only about \5mm for the SHAR. This made measuring a subject's right eye 

with the SHAR quite uncomfortable and may have caused instrument myopia in all of the 

exams. Both of these differences result from the initial system requirements to make the 

SHAR prototype as compact as possible using as few optics as possible. If these 

requirements are relaxed, it is possible to redesign the SHAR to have a longer working 

distance and measure the entire range of refractive errors measured by the Topcon, while 

still maintaining a stationary measurement channel. 

A ZEMAX layout of a second-generation SHAR measurement channel is shown 

in Figure 56 along with the spot diagrams representing -20D, OD, and +20D of refractive 

error. The design is based on the telescope systems used in conventional SH 

aberrometers. The pupil of the eye is imaged to infinity by the first lens (/ = 35mm) and 

re-imaged onto the lenslet array by the second lens (/ = A5mm). However, the two 

lenses are separated by only 70mm, slightly less than the sum of their focal lengths, so a 

-20D refractive error at the eye appears as only -ID at the lenslet array. This allows 

the lenslet array procured for the initial SHAR prototype to be reused in the second 

generation system, which helps maintain the low cost requirement. The optics in the 

measurement channel are still stationary, and the new design adds only three inches to the 

total system length. Furthermore, since the pupil is always imaged onto the LA, the 

minimum pupil diameter is not a function of refractive error. The pupil can be as small as 
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\.9mm and still illuminate a 4x4 grid of lenslets with the lenses chosen for the second 

generation design shown below. 

TBKiliyiRRCi 

P = +20D P = OD P = -20D 

Figure 56. Measurement charmel of the second-generation SHAR 
prototype. This design has a working distance of 35mm and will measure 
refractive errors ranging from -20D to +25Z). 

The first lens in the measurement charmel proposed in Figure 56 also acts as the 

Badal lens for the fogging/illumination channel; its focal length therefore determines the 

working distance of the SHAR. For this design, the focal length (working distance) was 

chosen to be 35mm in order to reuse as many of the original prototype components as 

possible, including the linear translation stage designed for an / = 35mm Badal lens. The 

/ = 21mm achromatic doublet used in the initial viewport channel is also reused in the 

new design. All three channels of the proposed second-generation SHAR are shown in 
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Figure 57. The only new components are the / = 45mm doublet in the measurement 

channel and the / = IQmm auxiliary lens in the fogging channel. 

Because the second-generation design incorporates many of the original prototype 

components, several of the original customs mounts should still be useful. However, if 

this design is implemented, the mounts should be modified so the Badal lens mount, not 

the baseplate, determines the SHAR's working distance. This will allow the new 

instrument to easily measure both eyes. The SHAR data analysis software will also have 

to be modified for the second-generation system to include the effects of the new 

measurement channel design. With the introduction of the two pupil relay lenses, the 

relationship between refractive error measured at the lenslet array and actual refractive 

error at the eye is no longer as simple as a constant spherical offset. For example, while 

-20Z) looks like -ID, +0D looks like +SD and +20D looks like +17Z) at the LA. 

The effects of lateral and axial misalignments of the new measurement channel will also 

need to be studied in detail. 
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Figure 57. ZEMAX layout of a second-generation SHAR prototype for 
the case of P = OD. 

7.2 Thorough characterization of an automated fogging channel 

Another difference between the SHAR and Topcon autorefractors that should be 

addressed is the means by which accommodation is relaxed before refractive error is 

estimated. The Topcon uses an initial measurement of the subject's SEP to position its 

source conjugate to the retina. The fixation target moves with the source but is set to 
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produce a target image vergence that is 2D myopic relative to the calculated SEP, 

forcing the patient to relax his or her accommodation to bring the target into focus. The 

SHAR prototype, on the other hand, relied on the results of a manifest refraction to set 

the fogging channel to match the patient's SEP. While this was sufficient for the proof-

of-concept experiments described in Chapter 6, it is not acceptable for a commercial 

instrument meant to replace time consuming subjective exams. Instead, the SHAR 

fogging channel needs to be automated with an algorithm that will determine when the 

patient's accommodation is relaxed. One possibility is to implement the following 

fogging and measurement procedure: 

1. Operator aligns SHAR to the patient and presses a button. 

2. SHAR records and processes an image noting the spherical refractive error. 

3. Fogging stage is moved to make target image vergence ID myopic relative to 

the spherical error measured in Step 2. 

4. SHAR records and processes another image; if new spherical error has 

changed relative to that in Step 2 (i.e., the patient has relaxed his or her 

accommodation), return to Step 3. 

5. If spherical error has not changed, scan the fixation target in the opposite 

direction until its image vergence is slightly hyperopic relative to the last 

spherical error measured in Step 4; record SHAR images throughout the scan. 

6. Analyze the through-focus measurements to determine where accommodation 

begins; final spherical and cylindrical refractive error is calculated based on 



the last measurement without accommodation or an average of measurements 

up to the point of accommodation. 

7.3 Further optimization of the data analysis 

The optimization of the SHAR analysis software described in Section 5.3 led to 

significant improvements in the accuracy and repeatability of the initial SHAR refraction 

estimates. Since much of the improved performance was attributed to modifications in 

the centroiding algorithm, more work should be done to understand what factors 

influence the FT spot peaks. For example, the shape of the FT spots as a function of 

refractive error, pupil size, and pupil shape should be studied to determine the range over 

which the spots remain rotationally symmetric. The effects of a nonsymmetrical, skewed 

spot on the centroid location and subsequent refraction estimate should then be 

investigated. Based on these studies, it may be possible to develop some measure of spot 

quality that could be used to refine the SHAR measurements. The spot quality may also 

be a useful metric for selecting either the SHAR 1/2 or SHAR 3/4 refraction estimate as 

the more accurate result. 

Initial attempts to improve the SHAR's accuracy by averaging the 1/2 and 3/4 

results were not especially successful. The residual error in the average refraction 

estimate was about the same as the error in the individual estimates for most of the 

subjects. The averaging might have had a greater impact - especially on the repeatability 
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of the SHAR measurements - if more than two sets of spots were included in the 

analysis. This could easily be investigated by deriving and implementing equations 

similar to Eqs (4.2.14) and (4.2.17) for several other sets of FT peaks. The number of 

available spots will be limited, however, by the width of the envelope modulating the FT. 

An average of more than two SHAR refraction estimates may significantly improve the 

data analysis, especially if the centroiding errors turn out to be random. The addition of a 

weighting function on the pupil should also be considered when averaging multiple 

refraction estimates. The weighting could be chosen to model the eye's natural 

apodization or it could be experimentally determined to provide the most significant 

improvement to the SHAR data analysis. The spot quality metric discussed above may 

also provide useful insight into when this type of data averaging will yield more accurate 

results than the individual refraction estimates. 

In addition to improving the accuracy and repeatability of the SHAR data 

analysis, some effort should be devoted to decreasing the instrument's measurement time. 

One suggestion that has already been briefly examined is to perform the FT optically. 

This would eliminate the numerical FT currently responsible for most of the 

computational processing time. To implement the optical FT, a lens is placed in the focal 

plane of the lenslet array and CAMERA 2 is moved to the focal plane of this FT lens. 

The Fourier transform of the intensity distribution in the lenslet array focal plane is then 

recorded directly onto CAMERA 2. The data analysis software would only be required to 

find the FT peak centroids and transform these into a refraction estimate. It may even be 
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possible to use position sensing detectors in the focal plane of the FT lens to provide a 

direct measure of the peak locations and further reduce the SHAR measurement time. 

Initial experiments suggest that it will be extremely difficult to produce useful 

resuhs using an optical FT, especially in human subjects. One problem is that the lenslet 

array image plane (where the spots are most sharply focused) does not coincide with the 

lenslet array focal plane in the presence of refractive error. The FT lens is consequently 

producing the optical FT of an array of blurred, noisy spots. The result is also noisy and 

does not contain distinct FT spots that can be used to estimate the subject's refraction. 

This effect is illustrated in Figure 58 using trial lenses to record the optical FT of an 

emmetropic and a myopic wavefront. The problem is compounded when measuring 

wavefronts from a human eye, even without refractive error, as shown by Figure 59. 

Therefore, considerable work will need to be accomplished if the optical FT is to be 

implemented in future generations of the SHAR prototype. 

(a) (b) 

Figure 58. Optical Fourier transforms using an focal length FT lens 
for simulated refractive errors of (a) +QD and (b) -2D. 
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Figure 59. Optical Fourier transform using an 80ww focal length FT lens 
for a human refractive error of +0Z) (Subject #20S). 

7.4 Commercialization 

The ultimate application of the research described in this dissertation should be 

the commercialization of a new autorefractor. The future work suggested in the previous 

sections is meant to improve the SHAR's performance and marketability with this goal in 

mind. Once the SHAR exam procedure and data analysis have been folly optimized, there 

are several additional tasks that should be considered before commercializing the 

instrument. First, it will be important to fully characterize the performance of the SHAR 

under ideal measurement conditions using trial lenses. The full measurement range of the 

instrument should again be determined experimentally, and the system accuracy and 

repeatability should be measured over the entire range. Similar experiments should be 

conducted for both cylindrical power and orientation using the trial lenses. 
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With a thorough understanding of the SHAR's ideal performance capabilities, 

another set of clinical studies should be conducted to evaluate the SHAR's ability to 

predict human refractive error. This study should include a large number of subjects with 

refractive errors covering as much of the SHAR's measurement range as possible. It 

would also be interesting to include post refractive surgery patients in the new study in 

order to evaluate the SHAR's performance in highly aberrated eyes. If a subjective 

manifest refraction is again chosen as the standard to which the SHAR results are 

compared, efforts should be made to account for the variability in the subjective exam 

procedure and results. This could involve having the same examiner refract each subject 

several times with no knowledge of the final results of each exam. An alternative may be 

to have several examiners refract each subject. In either case, it will be important to 

understand the variability in the standard by which the SHAR's performance is evaluated. 

It would also be interesting to process the raw images recorded by the SHAR 

using both the SHAR's autorefractor analysis and the conventional SH aberrometer 

analysis. A refraction estimate computed using the Zemike coefficients could then be 

compared to the SHAR estimate to highlight the advantages of the new Fourier-based 

technique. It is expected that the SHAR's Fourier analysis will produce more accurate 

and repeatable results in a shorter amount of time, but this has yet to be experimentally 

verified because the SHAR prototype software did not have the ability to determine 

wavefront coefficients from the SHAR raw images. If the software is modified to 

calculate the Zemike coefficients, the refractive error can be estimated using the defocus 

and astigmatism terms - aj, a^, and - and the following equations; 
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Finally, the additional modifications required to produce a commercial version of 

the SHAR should be specified and studied. These may include a redesign of the 

measurement channel optics and the addition of a new fogging stage to provide a longer 

working distance, a redesign of the viewport channel optics to provide a better external 

image of the eye, or a change in the mechanical layout of the three channels to create a 

more compact commercial package. The modifications necessary to make a binocular 

SHAR capable of measuring both eyes simultaneously should also be considered. The 

low cost, compact package, and stationary measurement channel should make this 

feasible, and the resulting instrument would have an immediate advantage over other 

commercially available autorefractors. A custom lenslet array should also be considered 

for a commercial version of the SHAR. This would allow the measurement channel 

performance to be fully optimized and would drastically reduce the system cost. 
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CHAPTER 8 - CONCLUSION 

8.1 Review 

A new autorefractor based on novel wavefront sensing techniques was 

successfully demonstrated in this dissertation. The Shack-Hartmarm-based autorefractor 

(SHAR) used a novel, Fourier transform-based data analysis algorithm to estimate the 

refractive error, and was built with inexpensive, compact components to show that it 

could be easily commercialized. The SHAR prototype's performance was shown to be 

similar to that of the gold-standard Topcon RM-8000B commercial autorefractor when 

predicting the refractive errors of a study population having spherical refractive errors 

from -ID to +2D and cylindrical refractive errors up to +3.5D. The results presented in 

this dissertation represent a significant improvement in automated clinical refraction 

because the SHAR can make accurate measurements of a wide range of refractive errors 

without relying on moving parts or the intensity of light reflected off the retina. 

The basic principles of modem clinical refraction were discussed in Chapter 2. 

Both subjective and objective techniques were considered along with the most important 

factors affecting clinical refraction. Subjective manifest refraction was identified as the 

preferred technique for prescribing refractive correction because it is the patient who 

ultimately decides on the most comfortable prescription. Among the objective techniques 

discussed, the Scheiner principle and the optometer principle are the two most often used 
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in instruments that measure refractive error automatically. The optometer principle, 

which uses a moveable fixation target whose image vergence can be varied, is also used 

by many of the commercial autorefractors to control accommodation. The Topcon RM-

8000B, considered the gold standard among commercially available autorefractors, uses a 

variation on the optometer principle to simultaneously fog the patient and measure his or 

her refractive error. The operating principles of the Topcon were described in detail in 

Section 2.4. This was followed by a discussion of accuracy and repeatability as they are 

applied to autorefractors. The manifest refraction results were chosen as the "true" value 

of a patient's refractive error, and the vector dioptric difference and Bland-Altman plots 

were selected as the metrics by which the SHAR would be compared to the Topcon. 

The Shack-Hartmann (SH) wavefront sensor, upon which the SHAR is based, was 

described in Chapter 3. A discussion of the instrument's history and its application to the 

human eye showed that the SH sensor makes single pass measurements of the ocular 

wavefront aberration function using incident light levels well below ANSI safety 

standards. The measurements were also shown to be independent of intensity variations 

in light reflected off the fundus and unaffected by normal fixational eye movements. 

These qualities give an autorefractor based on SH wavefront sensing techniques an 

immediate advantage over other autorefractor measurement techniques. The subsequent 

description of the SH sensor's operating principles suggested additional advantages of 

using this type of wavefront sensing to estimate refractive error. Because the only 

components required to measure an incident wavefront are a lenslet array and a detector 

array, the SHAR design could include a low-cost, compact, and - most importantly -
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stationary measurement channel. This provided differentiation from other commercial 

autorefractors and offered the potential to create a binocular SHAR capable of refracting 

both eyes simultaneously. 

The difference between a SH aberrometer and a SH-based autorefractor is the 

level of wavefront detail obtained by each instrument from a raw SH image. A SH 

aberrometer is typically used to study the complex nature of higher-order ocular 

aberrations, while an autorefractor is only concerned with the low-order defocus and 

astigmatism terms necessary to predict refractive error. The data processing for both 

applications of the SH wavefront sensor was discussed in Chapter 4. In the traditional 

analysis of SH data, the centroid displacements in a SH image relative to the SH 

reference image represent the wavefront slope at each lenslet in the array and are used to 

determine the wavefront aberration function. The centroids are typically found by 

calculating the center-of-mass of each focused spot, and then modal estimation with 

Zemike polynomials is used to reconstruct the wavefront from the wavefront slopes. The 

least squares solution for the Zemike coefficients can be obtained using Eq 4.1.6. 

As discussed in Section 4.2, the SH-based autorefractor does not need to compute 

higher-order aberrations to estimate refractive error; only the defocus and astigmatism in 

the wavefront are of interest. Consequently, a novel Fourier transform-based technique 

for performing the autorefractor-specific data analysis was proposed to provide an 

optimized estimate of the desired wavefront. The objective of this new data analysis was 

to model the wavefront aberration as a combination of defocus and astigmatism only, to 

express the simplified wavefront in terms of measurable quantities in Fourier-space, and 



167 

to relate the coefficients describing the wave front to the patient's refraction. The grid 

pattern in the SH raw image was first modeled as a two-dimensional array of delta 

functions in the space-domain, so its Fourier transform (FT) could also be modeled as a 

two-dimensional array of delta functions in the frequency-domain. Defocus was shown to 

introduce an expansion or contraction of the FT grid pattern, while astigmatism 

introduced a skew to the grid, just as they did in the raw SH image. In the FT, however, 

each peak surrounding the central DC spike contains information from the entire pupil. It 

was therefore possible to estimate a patient's refraction by computing the position of only 

two FT peaks instead of calculating the centroid displacements for all spots in a SH raw 

image. Eqs 4.2.15, 4.2.18, and 4.2.20-4.2.23 describe the relationship between the FT 

peak locations and the patient's refractive error. 

Just as the data analysis described in Section 4.2 was optimized for an 

autorefractor application, so was the original optical design of the SHAR instrumentation. 

The original SHAR prototype discussed in Chapter 5 included a viewport channel to 

align the system to a patient's eye, a fogging/illumination chaimel to control the patient's 

accommodation and create a point source on the retina, and a stationary measurement 

channel to estimate the patient's spherical and cylindrical refractive errors. The prototype 

was constructed using small stock optics and compact custom mechanical mounts to 

facilitate its transition to a commercial device. This design represented a significant 

improvement in automated clinical refraction because it could make accurate 

measurements of a wide range of refractive errors without relying on moving parts or the 

intensity of light reflected off the retina. 
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The detailed design of the three SHAR channels was discussed in Section 5.1. 

The fogging/illumination channel was designed as a Badal optometer that would 

simultaneously control the patient's accommodation and illuminate a small area of the 

retina to act as a secondary source for the measurement channel. The Badal optometer 

covered a ±20D range of target vergences using a 2" linear translation stage and provided 

a working distance to the eye of approximately 20mm. An SLD was chosen as the source 

for the measurement charmel because it is narrowband but incoherent, so the 

measurement channel could be bandpass filtered to eliminate stray light, but the SH 

images did not suffer from coherent artifacts such as speckle. The viewport channel was 

designed to provide a \2mm xl6mm FOV in the plane of the patient's eye, which was 

sufficient to laterally align the SHAR. It also provided a short enough depth of focus to 

keep the SHAR axially aligned. 

Because the SHAR is used as an autorefractor instead of an aberrometer, the 

measurement channel did not have to include a telescope to relay the eye's pupil onto the 

lenslet array. The wavefront emerging from the eye was simply intercepted by the lenslet 

array, and the constant offset introduced to the refraction estimate was removed in the 

analysis software. Without the telescope, the system was made considerably more 

compact and had less optics to align and fewer optical surfaces to cause loss of light 

going into the measurement camera. The only element between the eye and the lenslet 

array (LA) was a negative achromat originally designed to increase the working distance 

of the viewport channel and extend the myopic measurement range of the SHAR. The LA 

focal length was selected to be as long as possible to increase the sensitivity in detecting 
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spot motion, but not so long that adjacent SH spots overlapped in cases of extreme 

myopia. The LA pitch was made as small as possible to maximize the wavefront 

sampling, but not so small that either the SNR of the SH images or the dynamic range of 

the instrument was significantly reduced. The ideal LA (/ = 50mm; d = 0.5mm) was not 

commercially available, so a LA with / = 40mm and d - 0.6mm was selected at the 

expense of a reduced myopic measurement range. The custom mounting system required 

to hold the optics, cameras, and sources in such close proximity to each other was 

described in Section 5.2. 

During the initial alignment of the SHAR prototype, a problem was discovered 

that invalidated the original system design. As discussed in Section 5.3, the wavefront 

emerging from the negative achromat was diverging too quickly for its slope across a 

single lenslet aperture to be approximated as a tilted plane wave. The lenslet array 

consequently formed an array of defocused spot images that could not be processed by 

the SHAR data analysis algorithm. This problem was not identified in the initial SHAR 

prototype design because the initial ZEMAX model of the measurement channel was 

only carried to the plane of the yet unspecified lenslet array. Once a specific LA was 

chosen, the model should have been modified to make the focal plane of the LA the 

image plane of the measurement channel. This would have revealed the problem 

immediately allowing the system to be optimally redesigned before purchasing any 

components. The complete model of the measurement channel was not created until after 

the problem was discovered, but fortunately an acceptable solution was found by simply 

removing the negative achromat from the measurement channel. This further reduced 
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myopic measurement range of the SHAR but did not preclude the proof-of-concept 

experiments designed for this dissertation. Removing the negative achromat also required 

that the SHAR viewport channel be redesigned since this lens was part of the imaging 

system that provided the user with an external view of the eye. After the necessary 

modifications were made, the SHAR was aligned, moimted on the ophthalmic chinrest, 

and connected to the personal computer that would control the refraction exams. 

The procedures used to characterize and test the redesigned SHAR prototype were 

discussed in Chapter 6. Trial lenses were used to check for major errors in the hardware 

or software, and the system was optimized using the results from a series of human 

refraction measurements. The trial lens experiments confirmed the measurement range 

predicted by the lenslet array tradeoff analysis performed in Section 5.1 and showed that 

SHAR measurements of spherical refractive error were extremely repeatable under ideal 

conditions. They also showed that the initial version of the data analysis software was not 

able to locate the orientation of cylindrical refractive errors with the desired accuracy. 

Though the data analysis was modified to address this problem, it probably should have 

been retested and further optimized with more trial lens experiments before conducting 

human measurements. However, time did not permit, so the SHAR data analysis was 

optimized using the results from human subject experiments. 

An IRB approved autorefractor comparison study was subsequently conducted to 

obtain refraction results from the SHAR, three commercial autorefractors, and a 

subjective manifest refraction exam. The SHAR data analysis was then optimized using 

the vector dioptric difference to evaluate the effectiveness of each modification. 



Averaging the SHAR 1/2 and SHAR 3/4 refraction results was shown to have little 

positive effect on the overall quality of the final refraction estimate. This was primarily 

due to the relatively large discrepancy between the two estimates. Removing biases from 

the original data reduced the errors in the two SHAR estimates separately, but did not 

reduce their discrepancy. The final optimization step involved replacing the center-of-

mass centroiding algorithm with a polynomial-fit centroiding algorithm. This further 

decreased the residual errors in the SHAR refraction estimates, made the SHAR estimates 

more repeatable, and reduced the discrepancy between the 1/2 and 3/4 estimates. 

The data analysis optimization summarized above and discussed in detail in 

Section 6.3 led to noticeable improvements in the SHAR refraction estimates. However, 

the SHAR still did not perform as well as the commercial autorefractors in the initial 

human subject experiments. The cause of the remaining errors was traced to a set of 

artifact peaks in the FT of the raw SH image. The centroid algorithm was mistakenly 

identifying the artifact peaks as peaks 1/2 or 3/4, leading to the error in the final 

refraction estimates.^ The source of the artifact peaks in the FT was found to be a low 

frequency, 2D pattern in the background of the raw SHAR images that was not visible 

during the refraction exams. The IR LED used to illuminate the eye for the viewport 

channel was isolated as the source of this stray light pattern. The problem was initially 

solved by masking off the regions in the FT where the artifact peaks appeared before 

allowing the centroid algorithm to search for the true 1/2 and 3/4 peaks. To more 

accurately evaluate the SHAR prototype's performance, however, the stray light pattern 

had to be eliminated from the raw SHAR images using baffles and each subject had to be 
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re-measured. The need for a second set of human experiments may have been avoided if 

the results from a single human subject were analyzed in detail before carrying out the 

entire study. Instead, the SHAR images were processed towards the end of the study and 

the results for more than half of the subjects were corrupted by the stray light artifacts. 

Once the stray light was removed and the human experiments were repeated, the average 

value of the vector dioptric difference for the SHAR (0.64Z)) was shown to be hardly 

distinguishable from those of the Topcon (0.65D), Shin-Nippon (0.70Z)), and Zeiss 

Humphrey (0.53Z)) autorefractors. 

A more detailed comparison of only the SHAR prototype and the Topcon RM-

8000B was carried out in Section 6.5. The vector dioptric difference was shown to 

be lower than or within 0.25Z) of in 71% (10/14) of the subjects. In addition, the 

average difference between and was +0.05D, indicating that the SHAR 

tended to have slightly less error than the Topcon when measuring the refractive errors of 

the subjects studied for this dissertation. Bland-Altman plots were also used to compare 

the accuracy and repeatability of the two autorefractors. The results summarized in Table 

4 suggested that the SHAR was slightly less repeatable than the Topcon, but potentially 

as accurate - an encouraging result considering that the Topcon is a successful 

commercial autorefractor while the SHAR is only a first generation prototype. 

The results presented in Chapter 6 demonstrated that it is indeed possible to build 

a new type of autorefractor based on wavefront sensing technology that can potentially 

perform as well as other commercially available autorefractors. The concept was proved, 

but the SHAR instrument was only demonstrated in a limited study population. 
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Furthermore, the prototype design limited the myopic measurement range and did not 

provide a sufficient working distance for a commercial instrument. The additional work 

required to address these issues and further improve the accuracy and repeatability of the 

SHAR was considered in Chapter 7. The first issues that should be addressed in a second 

generation SHAR instrument are the optical design of the measurement channel and the 

addition of an automated fogging algorithm. The measurement range needs to be 

extended to cover the entire ±20Z) range in refractive errors that other commercial 

autorefractors claim to measure. The working distance also needs to be increased to allow 

comfortable measurements of both eyes and to reduce the effects of instrument myopia. 

These goals can be achieved at the expense of a slightly longer measurement channel that 

incorporates a modified telescope as described in Section 7.1. Some suggestions for 

implementing and testing an automated fogging algorithm were proposed in Section 7.2. 

This is an important addition to the SHAR to make it competitive with existing 

commercial devices. A fully characterized fogging channel should also improve the 

accuracy and repeatability of the SHAR measurements by ensuring that the patient's 

accommodation is fully relaxed each time a measurement is made. 

After a second generation SHAR is designed and built according to the criteria 

described above, the data analysis algorithms should be fully optimized. Some 

modifications that may improve the speed and accuracy of the data analysis were 

discussed in Section7.3 and include characterizing the FT spot shapes, averaging 

refraction estimates from multiple FT spot pairs, applying a weighting fimction to the 

pupil, and performing the FT optically. Once any or all of these are implemented, the 
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SHAR should be completely characterized using thorough trial lens experiments and a 

comprehensive human refraction study that will test the full range of the instrument. 

Finally, any modifications necessary to transform the second-generation SHAR prototype 

into a successful commercial instrument should be considered and implemented. These 

modifications are difficult to anticipate, but may include incorporating a custom lenslet 

array into the measurement channel, redesigning the mounts to make the system more 

compact, or creating a binocular version of the SHAR that would be capable of refracting 

both eyes simultaneously. 
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