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ABSTRACT 

 

Measurement of higher order optical aberrations in the human eye has become important 

and common place now days, particularly in the advent of custom Lasik surgery and 

adaptive optics. The most widely used instrument in the industry and clinics is the Shack-

Hartmann Aberrometer that utilizes the Shack-Hartmann sensor to measure the 

aberrations of the eye. The standard SH aberrometer is made of a chin rest and requires 

the subject to look at the target with one eye and measures the aberrations at an infrared 

wavelength which is generally 780 nm. This research work adds two improvements to the 

standard instrument. These two new SH aberrometers have been built and tested on 

Human subjects. The first modification is to make the aberrometer portable and 

unobtrusive so that it can be hand held and the subject is allowed to look at the target 

with both eyes. This instrument is called the Unobtrusive SH Aberrometer (USHA). The 

second modification is to measure the aberrations at three visible wavelengths spanning 

the visible spectrum so as to not only measure the aberrations over the visible spectrum 

but also measure the chromatic aberration. This instrument is called the Multiwavelength 

SH Aberrometer (MSHA). This instrument is probably a first of its kind, capable 

measuring the in vivo chromatic aberration in a single image.  
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CHAPTER 1 

BACKGROUND 

 

 

1.1 Introduction: 

The most sophisticated imaging system created is the human visual system. Like any 

other advanced optical system, it has simple but effective optics (cornea and the 

crystalline lens) with auto focus lens, auto gain control image sensor (retina), an 

automatic iris control and a very sophisticated image processing unit (brain). As a whole, 

the components of the visual system are unparalleled in their performance. The auto 

focus is fast, the image sensor has a very large dynamic range for brightness, automatic 

iris responds quickly to avoid over exposure and the image processing unit is the most 

sophisticated ever achieved. As with all optical systems, aberrations limit the 

performance of the human visual system. To correct these optical defects they must first 

be accurately measured. The most common instrument to measure ocular aberrations is 

the Shack Hartmann (SH) Aberrometer [1]. This research explores two variations of the 

traditional Shack Hartmann Aberrometer. The conventional SH aberrometer uses a single 

measurement wavelength typically in the near infrared. It also requires the subject to peer 

into the barrel of the device. Fixation target in this case must be created optically and can 

not lie in the real world. The first design variation explored here extends the capabilities 

of the SH aberrometer to simultaneously measure chromatic aberration and 

monochromatic aberration. The second variation creates an instrument that is portable 
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and has an open binocular view to allow the subject to view real world targets during 

measurement. In this way the subject can accommodate more naturally and the 

instrument will be able to measure the aberrations more accurately without the fear of 

instrument myopia.  

 

1.2 Anatomy of the Eye: 

Figure 1.1 shows the anatomy of the eye. The cornea accounts for almost 2/3rds of the 

total optical power of the eye (38 to 48 D). The remaining power comes from the 

crystalline lens (17 to 26 D). The lens can change power and is responsible for the 

Figure 1.1 Anatomy of the eye.  
(Courtesy: http://webvision.med.utah.edu/anatomy.html). 
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accommodation (auto focus) of the eye. The fovea if the central portion of the retina. The 

fovea consists only of the cone type photoreceptors, which are responsible for color 

vision and are active in bright lighting conditions. The cones are most highly packed in 

this region of retina and consequently the visual acuity of this region is also the sharpest.  

 

1.3 Eye Model: 

For the propose of simulations and design process a standardized eye model is used that 

is based on the average human eye and can be used in various optical design software like 

Zemax (Zemax Development Corporation, Bellevue WA) for simulating the human eye. 

In this case, the Arizona eye model [10] was used. Figure 1.2 shows the Arizona eye 

model along with a table containing the different model parameters. Here 

Rant = 12.0 – 0.4×A and Kant = -7.518749 + 1.285720×A 

Rpost = -5.224557 + 0.2×A and Kpost = -1.353971 – 0.431762×A 

taq = 2.97 – 0.04×A and tlens = 3.767 + 0.04×A 

 Radius 
(mm) 

K (conic 
constant) Index (nd) 

Abbe 
number t (mm) 

7.8 -0.25 Cornea 1.377 57.1 0.55 

6.5 -0.25 
Aqueous 
Humor 1.337 61.3 taq 

Rant Kant 
Lens nlens 51.9 tlens 

Rpost Kpost 
Vitreous 
Humor 1.336 61.1 16.713 

-13.4 mm 0 
Retina 
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nlens = 1.42 + 0.00256×A – 0.00022×A2 

A is the accommodation of the eye in diopters. The columns for radius and the conic 

constant have been divided in two. The values in the upper cell apply to the anterior 

surface and the value in the bottom cell corresponds to the posterior surface of the 

element identified by the first column. 

 

1.4 Defects in Vision: 

The visual system can suffer from many defects. This section will discuss the optical 

defects that can render the vision of the person less then ideal. The most common type of 

defect is the simple refractive error (defocus) of the eye. Negative refractive error means 

that the person is near-sighted while positive value means they are far-sighted. Figure 1.3 

Figure 1.2 The Arizona eye model. R is the radius of curvature of the 
base sphere, t is the distance of the next surface and nd is the 
refractive index of the material at 588 wavelength. 
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illustrates both the near-sighted and far-sighted situations and the respective spectacle 

lens needed to correct the deficiency. Near-sightedness is also called myopia and far-

sightedness is called hyperopia. 

In case of myopia, with the relaxed eye (meaning that the eye is not 

accommodating and hence the crystalline lens is at its lowest power) the image of an 

object at infinity is formed in front of the retina. The object has to be brought nearer to 

the eye for it to be imaged properly on the retina. The far point of the eye is defined such 

that when the object is placed at the far point, its image is formed properly on the retina 

with the eye relaxed. Ideally this point should be located at infinity. As can be seen in 

figure 1.3, the myopic eye has a far point in front of the eye and not at infinity. For far-

sightedness, the image of a distant object is formed behind the retina and the eye has to 

accommodate or increase its power in order to bring this image onto the retina. In this 

case the far point of the eye is located behind the retina. The goal of refractive correction 

is to reimage this far point to infinity. This correction can be done by the use of a positive 

or negative spherical lens depending upon the sign of the refractive error.  
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Figure 1.3 Clockwise from top left: myopia, hyperopia, correction of 
hyperopia and correction of myopia. 
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Another common type of visual defect is astigmatism. This error in the power of the eye 

varies with meridian. Also known as cylindrical refractive error, it can be corrected by 

using cylindrical lenses. Defocus and astigmatism are routinely corrected with spectacle 

lenses, contact lenses and refractive surgery. However, visual performance is limited by 

residual higher order aberration. Newer technologies seek to correct these aberrations. 

Spherical aberration is present is almost every eye and tends to be slightly positive (i.e. 

the marginal rays focus in front of the paraxial rays). Figure 1.4 illustrates aberrations 

present in the eye. These higher order aberrations degrade the optical performance of the 

eye and measuring and correcting them will certainly improve overall visual 

performance.  

Ideal Wavefront 

Aberrated Wavefront 

Figure 1.4 Wavefront transformation and introduction of higher order 
aberrations in the eye.  
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1.5 Representation of Aberrations:  

To quantify ocular aberrations the wavefront in the eye’s entrance pupil is usually 

measured. The shape of the pupil of the eye is almost circular. Describing two 

dimensional functions over a circle is usually done with Zernike polynomials [2] that are 

complete and orthogonal over the unit circle. There are multiple standards for indexing 

and normalizing these functions. For this discussion the OSA wavefront standard 

convention [2] will be used. As discussed earlier, the most common type of aberrations 

that noticeably degrade the visual performance are defocus and astigmatism and 

representing them with Zernike polynomials is like hammering a nail with a Jack 

Hammer. To make things simpler for day to day representation of these second order 

simple aberrations they are quantized by optometrists in more simple terms. For example 

defocus and astigmatism, which is change of power of the visual system, are represented 

in Diopters which is the reciprocal of the focal length in meters of the lens required to 

correct the error. Defocus and astigmatism in terms of diopters can be easily found from 

the Zernike representation by a simple linear combination of the different Zernike terms. 

Visual acuity is the ability of the eye to resolve two closely placed lines or dots and is 

directly related to the resolving power of the eye. The common form of representing 

visual acuity is through a pair of numbers in the form 20/XX (or 6/XX if distance 

measured in meters). In this form the overall visual performance is measured and it 

means that the subject can see standard letters (subtending a minimum of 1 arc minute on 

the eye) kept at a distance of 20 feet which the standard observer can see from a distance 
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of XX feet. The standard clinical method of measuring the visual acuity is through the 

use of the Snellen eye chart. In this method, the subject is asked to look at a chart of 

letters subtending 1 arc minute of minimum angle on the eye. Different power lenses both 

spherical and cylindrical are placed in front of his/her eye till the subject can see the 

letters clearly.  

 

1.6 Typical Values [3,4]: 

In an average ensemble of human population the most common type of eye is the 

emotropic eye which has no refractive error. Although in the study done by Thibos et. al. 

they found the average eye to be myopic as they had recruited the study group from the 

student populations. Defocus and astigmatism are the most common with high 

magnitude. Other higher order aberrations have less magnitude and on an average they all 

combine to give an effect of about 0.25 diopters of defocus. These higher order 

aberrations generally cause reduction in contrast sensitivity rather than cause a lot of 

reduction in the visual acuity.  



 23

 

1.7 Chromatic Aberration: 

The aberrations discussed above are the monochromatic aberrations. The index of 

refraction varies with the wavelength of the light. For the visual system, wavelength from 

400 μm (blue) to 700 μm (red) are important and because of the index variation there is a 

change of power of the eye from red to blue light (defocus). This change of power is 

almost 2 diopters making everybody about 2 diopters myopic in the blue region of the 

spectrum. This is most apparent in night when one looks at red and blue neon signs. Red 

ones are easily seen but one can not focus easily on the blue ones. Figure 1.6 shows the 

chromatic aberration in the Arizona eye model.  

Figure 1.5 Chromatic aberration in the Arizona eye model. 
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Chromatic aberration is very intricately linked with the whole visual system [5,6,7]. 

However there is no direct data about this link as this involves the neural system also. An 

important theory regarding the importance of chromatic aberration in the visual system 

states that chromatic aberration maximizes the depth of focus. When the subject looks at 

objects far away, attention is paid to the red part of the image and brought to focus and 

when the object is near the blue part of the object is brought to focus on the retina. In this 

way the lens of the eye does not have to accommodate that much in order to focus from 

far to near. The eye ball grows by about 1/3ed its original size from birth to adult hood. 

With so much of change in size, it still keeps its optical properties intact, in most cases 

that is. How does the visual system know if the eye ball is growing too long or too short? 

One theory says that it uses the chromatic aberration in order to finds this information. If 

the eye grows too long then the red part of the spectrum from the object comes to focus 

on the retina and blue if it grows too short. This is supposed to give the eye the clue it 

needs to grow in the right direction. The current research work involves making of two 

new instruments based on the time tested Shack Hartmann sensor. The first instrument is 

the Multiwavelength Shack-Hartmann  Aberrometer (MSHA) which is the same as a 

Shack Hartmann Aberrometer for the eye except that this will measure the aberrations of 

the eye at three visible wavelengths (red, green and blue) and hence measure the 

chromatic aberrations also. The second instrument is also a Shack Hartmann based 

aberrometer but in this case it is an unobtrusive instrument giving the subject a full field 

of view and allowing him/her to use both eyes in order to look at the target and focus at 

it. The following two sections will briefly discuss these two instruments. The next chapter 
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will discuss the crux of the Shack Hartmann Aberrometer and the subsequent chapters 

will discuss the making of MSHA and the Unobtrusive Shack Hartmann Aberrometer 

(USHA) with the results obtained from them and finally the conclusions.  

 

1.8 MSHA:  

MSHA differs from regular Shack Hartmann (SH) instruments in two main ways. First of 

all, instead of using just one infrared wavelength to measure the aberration of the eye, it 

uses three wavelengths (red is 630 nm diode laser, green is 532 NDYAG laser and blue is 

Argon Ion laser at 455 nm). It is probably the first of its kind SH aberrometer capable of 

measuring chromatic aberration as well as higher order aberration at three visible 

wavelengths. As discussed, chromatic aberration is not very well studied and its relation 

to the human visual system is important and this instrument can be instrumental in 

studying the relationship between chromatic aberration and the eye. Second difference 

from other SH instruments is that this instrument uses of a rotating wedge in the beam of 

light incident on the eye which has an effect of averaging over the retina rendering the 

SH spots smooth and this makes finding the center of the spots more accurate.  

 

1.9 USHA: 

In standard SH aberrometers, the subject puts his/her chin on the chin rest and look into 

the instrument, at the target, with one eye and focus on the target. There are two 

immediate drawbacks to this approach. First of all this instrument can not be used on 

small kids as staying still and placing their chin on the chin rest is not easy for them and 
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secondly using only one eye to look at the target is not a natural scenario. In order to 

measure the aberration in a more natural environment the subject should be able to look 

with both eyes and the instrument should not obstruct his/her field of view. It is also 

possible that the subject tries to look through the eye but because of the close vicinity of 

the instrument to the other eye, he/she inadvertently tries to look at the instrument and 

this results in the measurement to be wrong. This phenomenon is also called instrument 

myopia. The second instrument addresses the same problems hence the name 

Unobtrusive Shack Hartmann Aberrometer. In this instrument the subject looks through a 

big plastic plate beam splitter (BS) at the target and because of the size of the beam 

splitter he/she gets an unobstructed view of the target. The whole system is portable and 

hence is hand held with no chin rest.  
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CHAPTER 2 

CONCEPTS & THEORY 

 

 

2.1 Shack Hartmann Concept: 

The Shack-Hartmann concept originated 100 years ago [8]. The original test was the 

Hartmann test which was later modified by Shack [9]. The Hartmann test is a simple 

geometrical test in which a screen (known as Hartmann screen) with small holes (sub 

apertures) of known locations in placed just before the test optics. The sub apertures 

create bundles of rays probing a local region in the aperture of the test optics.  If an image 

is recorded inside of focus, the recording is the same as the geometrical spot diagram 

routinely used in optical design software.  If a second recording is made at another plane, 

then the relative displacement of the spots between recordings provides the slope of each 

ray bundle.  The two recordings therefore provide a position and a direction for “rays” 

coming from various locations in the pupil.  These rays can be propagated to focus to 

determine how well they converge and consequently the quality of the test optic is 

determined. The technique works well when the spot recordings are well outside of the 

region of focus.  In these locations, the spots are easily related back to their starting 

position in the aperture.  In the region of focus, the spots can merge and cross, 

confounding their origin. This setup suffers from a very obvious limitation; the signal to 

noise ratio of the spots is very low. There are two reasons for this, the first reason is that 

the light from the holes (sub apertures) is never focused and hence the photon density on 
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the spot recordings is very low. Secondly, because most of the light from the test optic is 

blocked by the screen, the light level reaching the recording plane is very low to begin 

with. Shack introduced two main modifications to the Hartmann test. The first 

modification replaces the holes in the screen with small lenses (lenslets) that focus the 

light from the test optic on-to the recording plane, increasing the photon density. The 

second modification was that the aperture of each lenslets is dilated, allowing all the light 

from the test optic to reach the recording plane. In other words, the sub aperture size was 

increased till there was no gap between them. This way no light from the test optic is 

discarded. Figure 2.2 explains the Shack Hartmann test set up. The aberrated wavefront 

to be measured falls on the array of lenses. The wavefront can have any kind of 

aberration like defocus or spherical aberration but over the small aperture of the lenslet 

Figure 2.1 The Hartmann test setup. 

Mirror under 
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the wavefront appears to be almost flat with some tilt. This tilt causes the focal spot 

formed by the lenslet to shift according to the local wavefront tilt. By measuring the shift 

of this spot, the slope of the wavefront can be deduced and from this the wavefront itself 

can be reconstructed. The only ambiguity is with the piston error in the wavefront that 

can-not be measured as its slope is zero. However, this is not a problem as this aberration 

is not an image degrading aberration as far as single aperture systems are concerned. 

In figure 2.2, an aberrated wavefront “W” is incident on the Shack-Hartmann 

sensor. The focal length of each lenslet in this array is “f” and a CCD array is placed in a 

plane a distance f from the lenslet array. If this wavefront were flat, then each lens will 

y 

Aberrated wavefront “W” 

Lenslet array CCD 

f 

Figure 2.2 Shack-Hartmann concept.  
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see a flat wavefront, but because of the aberrations, the wavefront appears to have tilt, as 

seen by one lenslet. The wavefront error in this figure has been exaggerated for 

illustration. Optical rays travel perpendicular to the surface of the wavefront and thus the 

chief rays for each of the lenses will be tilted according to the aberration in the 

wavefront. This tilt will simply mean that the spots formed from these lenses will be 

shifted on the CCD plane. Assuming that the lenses in the array are slow and that they do 

not introduce too much of non symmetric aberrations like coma in the spots, the spots 

will be centered on the chief rays and hence their position on the image plane will 

directly give the local slope error in the wavefront. Mathematically speaking,  
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∂ × =
∂
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 (2.1) 

where the partial differential is calculated at the location of the ith lens (Xi, Yi) and (xi, yi) 

is the shift of the corresponding spot from its ideal position. Thus the Shack-Hartmann 

sensor directly measures the slope error of the wavefront and the wavefront itself can be 

evaluated from this information by integration with an ambiguity over the constant of 

integration which is the piston term.  

 In a Shack-Hartmann spot pattern image, there are typically several hundred spots 

and analyzing all of them is done more elegantly by the use of matrices. For this method, 

two matrices are needed; the first is the linear array consisting of slope values as 

calculated from the spot displacements from equation 2.1 and the second matrix is a two 

dimensional matrix which will be referred to as the influence function matrix. The 
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wavefront can be expressed as a linear combination of any set of complete functions, 

complete over the shape of the eye’s pupil which is approximately circular. Taylor or 

Zernike polynomials have primarily been used, and for this research work, the Zernike 

polynomials Zi
 (OSA convention) [2] have been used. To represent this wavefront, the 

following matrix representations are developed: 

 

1 11 1 1 2 1 1

2 21 2 2 2 2 2

1 2

'

1 11 1 1 2 1 1

2 21 2 2 2 2 2

( , )( , ) ( , )

( , )( , ) ( , )

( , )( , ) ( , )

( , )( , ) ( , )

( , )( , ) ( , )

j

j

j N NN N N N

j

j

Z X YZ X Y Z X Y
x x x

Z X YZ X Y Z X Y
x x x

Z X YZ X Y Z X Y
x x x

Z Z X YZ X Y Z X Y
y y y

Z X YZ X Y Z X Y
y y y

∂∂ ∂
∂ ∂ ∂

∂∂ ∂
∂ ∂ ∂

∂∂ ∂
∂ ∂ ∂

= ∂∂ ∂
∂ ∂ ∂

∂∂ ∂
∂ ∂ ∂

∂

L

L

M M M M

L
sur

L

L

M M M M

1 2 ( , )( , ) ( , ) j N NN N N N Z X YZ X Y Z X Y
y y y

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥

∂∂⎢ ⎥
⎢ ⎥∂ ∂ ∂⎣ ⎦

L

 (2.2) 



 32

 

1 1

2 2

1

2 '

1 1

2 2

( , )

( , )

( , )

, and ( , )

( , )

( , )

N N

j

N N

W X Y
x

W X Y
x

a W X Y
xa

Z W W X Y
ya

W X Y
y

W X Y
y

∂⎡ ⎤
⎢ ⎥∂⎢ ⎥∂⎢ ⎥
⎢ ⎥∂
⎢ ⎥
⎢ ⎥

⎡ ⎤ ∂⎢ ⎥
⎢ ⎥ ⎢ ⎥∂⎢ ⎥ ⎢ ⎥= = ∂⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥∂
⎣ ⎦ ⎢ ⎥

∂⎢ ⎥
⎢ ⎥∂
⎢ ⎥
⎢ ⎥
⎢ ⎥∂
⎢ ⎥∂⎣ ⎦

M

sursr

M

M

 (2.3) 

 
1

( , ) ( , )
j

i i
i

W x y a Z x y
↔

=

= ×∑  (2.4) 

The Z matrix represents the derivatives of the Zernike polynomials evaluated at each 

lenslet.  The A vector represents the weighting coefficients. The W vector represents the 

measured displacements of the Shack Hartmann spots.  The wavefront W(x,y) then is 

represented as a linear combination of Zernike polynomials Zi, each with a weighting ai. 

The weighting coefficients of the Zernike polynomials are to be computed by solving 

equation 2.4. The total number of usable spots that can be used for analysis is N and j is 

the total number of Zernike polynomials that are to be used in this process. Equation 2.4 

can be written in matrix format as  

 ' 'Z Z W⋅ =
sur sursr

 (2.5) 
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Most of the time, the number of spots to be analyzed (N) are more then the total number 

of polynomials (j) to be fitted. In such situations there is no exact solution to this equation 

and a least squares solution has to be calculated as shown in equation 2.6. 

 ' ' 1 ' '[ ]
T T

Z Z Z Z W−= ⋅ ⋅ ⋅
sur sur sur sursr

 (2.6) 

Equation 2.4 can then be used to calculate the reconstructed wavefront W


. The least 

squares method has the advantage that the difference between the slopes measured and 

the slopes of the reconstructed wavefront at the respective lens location is minimum in 

the mean squared sense.  

 

2.2 Shack-Hartmann Aberrometer: 

The schematic diagram of a typical Shack-Hartmann Aberrometer as used in the field of 

Ophthalmology is shown in figure 2.3. In majority of aberrometers, the measurement 

wavelength is near infrared wavelength for subject comfort. The subject looks at the IR 

source in the system and this automatically aligns the visual axis of the eye with the 

optical axis of the instrument. While the source is in the near IR, there is typically 

sufficient sensitivity for the eye to see a dim “red” spot to ensure alignment. This light 

source is collimated that it is focused on the retina of an eye free of refractive error. In the 

case of refractive error, the apparent position of the light source can be moved to make it 

conjugate to the retina. This can be accomplished by the axial translation of lens L1. The 

light from this source comes to focus at the retina of the eye (shown as red) where it gets 

scattered and this scattering point acts as a secondary source (shown as blue). The light 

from this secondary source comes back out of the eye and is ideally collimated. In reality, 
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the wavefront emerging from the eye has all the aberrations content of the eye. The pupil 

of the eye (image of the iris through the cornea) is imaged on to the Shack-Hartmann 

sensor by the afocal imaging system formed by lenses L2 and L3. Once the wavefront has 

been imaged onto the sensor, the wavefront is reconstructed by the means described in 

the previous section.  

Afocal Imaging 
system 

Alignment 
channel 

Measurement 
channel 

IR 
Source 

Optical Fiber 

Shack-
Hartmann 

Sensor 

Figure 2.3 Typical Shack-Hartmann setup for testing eyes. 

L1 

L2 L3 
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 To ensure that the pupil of the eye is imaged properly on the Shack Hartmann 

sensor, an alignment CCD is made conjugate to the Shack-Hartmann sensor and the 

operator can see the image of the iris on a monitor and adjust the alignment of the sensor 

until the image is sharp and the pupil is centered. Since this is not an interference based 

instrument, coherent source is not required and in fact the spots will have fewer speckles 

and will be smoother with a non-lasing source such as a superluminescent diode. The 

light source can be of near IR wavelength. Higher order aberrations of the eye in the 

visible region of the spectrum are assumed to be same as in IR. There are multiple 

reasons the majority of the instruments are based on an infrared light source. First, the 

reflectivity of the retina is higher in the infrared region compared to the visible region. 

The reflectivity of the retina increases with wavelength over the visible and near infrared 

Figure 2.4 Sample SH spot data. The dark crosses are the reference 
location of the spots and bright crosses are the center of actual spots 
from the measurement. The shift is shown as dark line. 
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spectral range. The transmission of light of eye elements before the retina also increases 

with wavelength in the same spectral range [10, 11]. An important thing to note is that 

there is a large individual variation in the transmission and reflection properties of the 

ocular media. Furthermore, near IR illumination allows the iris to naturally dilate 

facilitating measurements over a large pupil. The aberrations for a small pupil are much 

less than that for an enlarged pupil. Visible light will make the iris of the subject to 

contract and reduce the pupil size. Finally, a bright visible source may cause discomfort 

even for safe levels of illumination.  The subject may avert their eyes to avoid the bright 

light making measurement difficult. 

 

2.3 Rational for the Modified Instruments: 

The human visual system is very intricately linked to the chromatic aberration present in 

the eye. One of the goals behind making MSHA is to prove the feasibility of using a 

standard color camera in conjunction with the three visible wavelengths (R, G and B) as 

measurement wavelengths, in standard SH aberrometers to measure the ocular 

aberrations in the visible region of the spectrum and hence also measure the chromatic 

Figure 2.5 Transmission and reflectance curves for the human eye in 
the visible and near IR (space holder). 
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aberrations of the eye in any accommodation state. The use of a single color camera will 

render the instrument much more affordable and easy to fabricate than a similar 

counterpart made from three different cameras for the three wavelengths used. A single 

frame from one color camera in the MSHA captures the aberration state of the eye at 

three wavelengths in any accommodation state and this is expected to be useful in the 

study of the relationship between chromatic aberration and the visual system. This is 

perhaps the main reason for using the white light source rather than near IR source in 

MSHA despite the reasons favoring a near IR source. Another reason for trying to 

measure the aberrations using visible light is to measure the aberrations in the 

wavelengths that are used in vision. Even though there is evidence that the higher order 

aberrations do not change much with wavelength and that measuring them at near IR 

wavelengths equivalent to measuring them at the visible wavelengths [17,18], there is yet 

to be a study in which the measurements at the near IR wavelengths and visible 

wavelengths are done at the same time.  

 The main reason for making USHA was to make an aberrometer that was portable 

and hand held and did not restrict the view of the subject. These requirements stem from 

the fact that this instrument was required to be used in young kids (toddlers) and it is not 

very easy to have them place their chin on the chin rest or stay still. It is even more 

difficult to have some subject who will not be able to look at the fixation target with one 

eye. In order to take care of the these requirements, the USHA was made portable so that 

the operator could align it to the subject rather than the other way round and had a big 

window to look at the target with both eyes.  
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2.4 Issues with Human Subjects: 

The current research work involved testing human subjects and there are some special 

considerations to be taken into account. Before starting any study that conducts tests on 

human subjects, approval has to be obtained from the Institutional Review Board (IRB). 

In case of the University of Arizona this is the Human Subjects Protection Program 

Office (HSPP). The procedure involves testing the safety of the instrument that will be 

used for testing Humans. It involves testing by the Clinical Engineering department, 

which checks for general safety measures in the instrument and the Radiation Control 

Office if there is some danger of radiation (including Laser Radiation). Finally the HSPP 

office approves after reviewing the whole procedure. The Human subjects are given all 

the information about the testing protocol, as well as the possible benefits in the long 

term to them or to the society. All the necessary procedures for the IRB were done for 

both the test instruments (USHA and MSHA). The biggest risk to human subjects in 

these studies comes from exposure to laser radiation.  The precautions for protecting the 

subjects are described in more detail below. 

 

2.5 Laser Safety: 

This research work involves testing the eye at wavelengths ranging from 400 nm to 830 

nm using continuous wave (CW) light source and this region of the spectrum (400 to 

1400 nm) is also called the retinal hazard region. Most of the optical radiation in this 

region of the spectrum goes to the retina without much attenuation from the other 
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components of the eye. Effects on the retina are the most dangerous, as any damage to the 

retina is usually irreversible. The collimated light entering the eye is focused onto a small 

region on the retina. If the energy density in this region is more then the retinal damage 

threshold, burning of the retina can occur, resulting in a blind spot (scotoma). If this blind 

spot is in the Fovea, which is the region in retina responsible for maximum visual acuity, 

this could result in a severe visual handicap. As far as visible radiation is concerned the 

eye has many natural defenses against over-exposure For relatively low power visible 

sources, the eye can handle the over-exposure by involuntarily looking some-where else, 

blinking and reducing the pupil size. For more powerful visible sources and sources 

outside the visible range, these mechanisms fail to provide protection. Collimated laser 

radiation is also risky since collimated light gets focused very tightly on the retina, it has 

to be given appropriate importance. 

 The laser safety standards come into picture when one wants to calculate the limit 

of the laser radiation power interacting with the body. In 1969 the American National 

Standards Institute (ANSI) started working on the laser safety standard and the committee 

thus set up was called the ANSI Z-136. The standards were agreed upon and made 

effective in 1972 and this documentation regarding the safety standards about laser 

exposure is still called the ANSI Z-136. Different versions have been introduced since its 

beginnings and for the current research work the ANSI Z-136.1-2000 version was used. 

This documentation can be purchased from the American National Standards Institute. 

The standard has a built in safety margin, but the final exposure level should ideally be 

much below these values for safety.  
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 Before using the tables in the ANSI documentation to find the appropriate 

exposure limits (also called the Maximum Permissible Exposure or MPE), one has to 

understand some important things about the size of the source and the exposure time and 

wavelength being used. The source is considered as extended if the angle subtended by 

its image (on the retina) at the pupil of the eye is large compared to αmin and not an 

extended source if otherwise. This minimum angle αmin depends on the exposure time and 

for exposure times of the order of 103 seconds, is 24 milli radians. In case of a collimated 

light beam, the final spot on the retina is very small and the source in this case can-not be 

considered as extended. Apart from this, there are two other correction factors that must 

be taken into account, these are CA and CB. They are mainly used in the red end of the 

visible spectrum and the near IR region. CA is the correction factor that corrects for the 

changes in the absorption at the retina relating to any thermal damage and CB is the 

correction term related to the time dependent changes that the laser exposure introduces 

in the eye. Listed below are the laser safety calculations for the various wavelengths used 

in this research study. Since the light beam is collimated and viewed directly the source is 

assumed to be a point source rather than an extended source. The exposure time has been 

assumed to be 1 hour (3.6 × 103 sec) just to be on the safe side even though the actual 

exposure time will be on the order of 150 ms for the MSHA and about a minute for the 

USHA. As recommended by the ANSI standard, the diameter of the pupil of the eye is 

assumed to be 7 mm, which corresponds to 0.3848 cm2 in area.  
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458 nm:  

MPE = CB × 10-4 W/cm2, 

CB = 1020(λ – 0.45) 

MPE turns out to be 1.445 × 10-4 W/cm2. The amount of power that can enter the eye is 

then given by the product of this by the area of the pupil which is 0.5562 × 10-4 W and 

hence the limiting power going in the eye should not exceed 55.62 μW. 

532 nm: 

From the tables given in the ANSI document, the MPE for this wavelength and the given 

exposure duration is 1 × 10-3 W/cm2. This means that the power going in the eye should 

not exceed 384.8 μW. 

655 nm: 

Both 655 nm and 532 nm fall in the same spectral range as far as ANSI standards go, so 

the power calculations are the same and in this case also the limiting power is 384.8 μW.  

830 nm: 

MPE = CA × 10-3, 

CA = 102(λ – 0.7) = 1.82 × 10-3 W/cm2 

The IR source we are using is an SLD, which technically has less stringent safety 

requirements than laser sources.  However, the preceding calculation has been done to 

assume a “worse case” scenario. 
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CHAPTER 3 

UNOBTRUSIVE SHACK-HARTMANN ABERROMETER (USHA) 

 

 

This chapter discusses the design and fabrication of the USHA along with the reasons for 

the choice of some components and some Zemax simulations. The computer interfacing 

aspects of USHA, specifically the audio video capture and scan function and the analysis 

of the SH images obtained from USHA will be discussed. Finally, the calibrations results, 

data acquisition process for the Human subjects, and the results of the tests will be 

presented. USHA is shown in Figure 3.1. 

 
Figure 3.1 Picture of USHA. 
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3.1 Design of USHA: 

It was discussed in the first chapter that USHA is portable and differs from a standard SH 

aberrometer in one more important way. In the USHA, the subject has an unrestricted 

view of the target through the plate beam splitter (BS) as shown in the picture above. 

Some commercially available autorefractors exploit this “open view” method. The open 

view configuration allows the eyes to work together and view “real world” targets.  

Furthermore, these types of systems tend to reduce artifacts from instrument myopia. An 

example of such an autorefractor is the Shin Nippon NVISION-K 5001 [13]. The design 

philosophy of USHA is to make a system which is portable and hand held since young 

children have difficulty with the conventional chin rest arrangement. Also, the system 

must record a video of the SH spots. This is because aligning the system will be difficult 

and short lived with the kids moving their head and not looking at the target. The video 

recording should also have a high frame rate, as a well-aligned SH image can be fleeting. 

The video can be reviewed at a later time to extract well-aligned and suitable frames for 

subsequent analysis. 

 

3.1.1 Basic Design: 

The imaging optics design for the USHA is an afocal imaging system for reasons 

discussed in the previous chapter. The magnification of this imaging system is dependent 

on the size of the CCD, the size of the pupil that must be measurable and the range of 

refractive error that must be measurable. In the case of USHA, the CCD is 1/3” format, 

meaning the width of the imaging area is 4.8 mm and its height is 3.6 mm. The limiting 
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dimension is the height and hence the pupil size should fit is this size CCD. The pupil 

size for the USHA was chosen to be about 6 mm diameter and the desired range of 

measurable refractive error was ± 3.00 D. These values were chosen since the children 

will not necessarily be in a darkened environment and then tend to have low spherical 

equivalent refractive errors. A hyperopic refractive error increases the spot spacing in the 

SH image and the goal is to keep the outer most spots within the CCD. A ± 3.00 D error 

is same as the wavefront focusing 1000/3 mm behind of the eye. Given that the pupil is 

imaged by the afocal imaging system of magnification m, the imaged wavefront will 

focus 2

3
1000 m×  mm behind of the lenslet array moving the spots accordingly. This 

situation is shown in figure 3.2. From basic trigonometry and geometry it can be shown 

that the spot shift on the CCD “δ” is given by 
m

x
×
××

1000
243 , where ‘x’ is the refractive error 

in diopters and ‘m’ is the magnification of the afocal imaging system. For the outermost 

spot for + 3.00 D wavefront to be within the CCD, equation 3.1 must be true.  

6.13
1000

243 =⋅+
×
×× m

m
x                                                (3.1) 

Solving this equation, the absolute magnification of the system should be 0.434. In fact, 

the available off-the-shelf lenses provided a final magnification of -0.5 (negative because 

the image will be inverted). In the final system, the spot from the SH sensor did not 

directly fall in the CCD but were re-imaged onto the CCD by a triplet lens. This was done 

so that in the future if required, the overall magnification of the system could be adjusted 

by moving the triplet lens to accommodate larger pupil sizes. In the current configuration, 
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the triplet re-imaging lens has been positioned to introduce negligible amount of 

distortion. 

 

 The measurement channel uses a wavelength of 830 nm. This wavelength is 

further into the IR region than most of the conventionaly used wavelengths (mainly 780 

nm), and has even less visibility. The subjects, who are mainly children, should not 

confuse the target and the measurement channel light source, so a lower visibility should 

aid proper fixation. This light source was a 830 nm Super Luminescent Diode (SLD) 

from Hamamatsu Corp. (part no.: L8414-04). A second light source is needed to 

illuminate the iris of the eye to aid in the alignment of the instrument. This light source 

was chosen to be a 950 nm LED. Non-coherent light sources are safer than coherent light 

sources such as a laser diode. Both the light sources used in USHA are incoherent 

sources; nevertheless, their power level is still maintained within the estimated safe 

Figure 3.2 A schematic depiction of the spot shift on the CCD due to 
positive refractive error. Here, the incoming wavefront is being focused 
x mm from the SH sensor and this causes the spot on the CCD to shift 
up by δ.  

δ 
x

SH sensor CCD plane 
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power level for an equivalent laser source, as calculated in the previous chapter. The 

measurement light source does not have to be coherent since measurement of the 

wavefront is based on geometrical optics instead of interference. In fact, incoherent 

sources are far more suitable for this application since coherent sources can degrade the 

ability to accurately centroid the spots due to speckles.  

The plate BS used as the window for the subject to view the target though, has to 

be large enough so as not to obstruct the view and  specially coated to reflect the 

measurement channel wavelength of 830 nm into the instrument while transmitting most 

of the visible light for viewing. The size of the plate was decided by the coating 

company’s largest possible size. The second BS needed was chosen to be a Polarization 

Cube BS. This was done so that it could eliminate or reduce the reflection from the 

Cornea. 

A polarizing BS has the property that it reflects light if it is one particular linear 

polarization and transmits the one with the orthogonal polarization state. In SH 

Figure 3.3 Schematic of USHA with different BS identified.  
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aberrometers, the measurement channel light is reflected by this BS into the eye. Some of 

this light is reflected by the cornea and some gets reflected by the retina. Since cornea is a 

smooth surface, the light reflected by it retains its polarization state. This reflected light 

will again be reflected by the BS because of the polarization state and hence will not 

interfere with the measurement channel. On the other hand, light reflected from the retina 

will loose some degree of polarization and some of it will be able to transmit through the 

BS into the measurement channel.  

In Figure 3.3, the Polarization Cube BS is inside the instrument and below the 

plate BS. The plate BS redirects the light coming from the eye vertically downwards 

towards the second BS. The second BS redirects the light along the axis of the device, 

towards the SH sensor. The working distance restricts the choices for the design of the 

afocal portion of the sensor. The edge of the plate BS was required to be about 2 inches 

away from the forehead of the subject to limit and/or prevent accidental contact. This 

distance requires that pupil be about 7 inches from the first imaging lens. Similarly, the 

size of the mechanical mounts dictated the back focal distance for the imaging system. 

This back focal distance is also the distance of the SH sensor from the last imaging lens 

and it was to be at least 2.2 inches.  

 

3.1.2 Component List: 

All the optics were mounted in the Thorlabs 30 mm cage systems (Thorlabs Inc., 

Newton, NJ, USA). This mounting system is very rigid, easy to assemble and provides a 

suitable platform for a rugged and portable system.  
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Given the dimensional requirements from the discussion above, the two lenses 

that make up the afocal imaging system are the AC254-150-B (f = 150 mm) and  

the AC254-075-B (f = 75 mm), both achromatic doublets designed for the IR region from 

Thorlabs. The final magnification of the system is about -0.504.  

The polarization cube BS is a NT47-049 from Edmund Optics (Edmund Optics 

Inc., Barrington, NJ, USA). It is a 15 mm cube beamsplitter that does not introduce any 

vignetting into the system, yet is still small enough to fit inside the mounting system. The 

plate BS is a 4.25 inch by 8 inch Acrylic plate that was custom fabricated by AccuCoat 

Inc., Rochester, NY, USA. The beam splitter to split between the imaging channel CCD 

and the measurement channel is a Pellicle BS, that contributes negligible amount of 

aberrations to the measurement channel beam.  

The SH sensor lenslet array is a 0400-24-S 65×65 A, from Adaptive Optics 

Associates (Adaptive Optics Associates Inc., Cambridge, MA, USA). This array is 

molded epoxy on a BK7 substrate with lenslet pitch of 400 μm (tolerance of 4%) and 

focal length of 24 mm. The triplet re-imaging lens is a NT45-251 from Edmund Optics, 

which minimizes the amount of distortion it introduces in the re-imaging of the spot 

pattern. In addition, there is a 830 nm narrow band pass filter in the measurement channel 

to allow only light from the probe beam to pass through. This filter is the FB830-10 from 

Thorlabs.  

The alignment and SH sensor cameras are both DRAG-BW-KIT (Dragonfly) 

from Point Grey Research (Point Grey Research, Vancouver, BC, Canada). These have 

monochromatic sensors, with a resolution of 640 by 480 pixels and pixel spacing of 7.4 



 49

μm. These cameras have a firewire interface and can transfer video data to the computer 

at rates more then 30 frames per second. Firewire is an attractive feature since it 

eliminates the need for a frame grabber and can be controlled by the Microsoft DirectX 

interface. In particular, the DirectShow component of DirectX was used. Using DirectX 

has some advantages, and the most important one is that the programmer does not have to 

learn the camera specific libraries, but rather just learn the DirectX libraries and use them 

to control many different types of cameras. The two main reasons for using DirectX are 

that DirectX utilizes the display hardware accelerations more efficiently so that video 

from both the measurement channel and alignment channel can be displayed 

simultaneously. This feature aids the user in properly aligning the device to a subject.  

Secondly, control and capture software can be written with-out much overhead to 

multiplex the two videos as well as audio and efficiently record them directly to the hard 

drive. The laptop computer running Windows XP and the latest version of Microsoft 

DirectX with 256 MB Ram,15 GB hard drive and a 1.6 GHz Intel processor is used for 

capture and storage.  

The measurement channel light source is the L8414-04, an 830 nm SLD from 

Hamamatsu and the illumination channel light source is a conventional 950 nm LED 

from RadioShack. The SLD requires a 100 mA current and 2 Volts forward voltage. The 

LED has similar voltage and current requirements. Both these light sources require low 

power to output eye-safe levels of illumination (calculated assuming a more stringent 

requirement for laser light sources). The computer’s USB port supplies 5 Volts DC power 

and can support up to 500 mA, so the USB port of the laptop is used to power the two 
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light sources.  

 

Component Distance to next component (inches) 

Pupil 5.709 

Polarization Cube BS 0.7 

Lens 1, f = 150 mm (L1) 8.858 

Lens 2, f = 75 mm (L2) 2.418 

Lens array position array (not the substrate) 0.945 

Intermediate SH spot plane  1.433 

Triplet re imaging lens 1.398 

CCD plane  

 
Table 3.1 Separation along the z axis between different USHA 
components as given by Zemax after optimizations.  
 

Pupil NT47-049 

L1

L2

Triplet re imaging lens followed 
by the CCD plane 

SH Sensor followed by the 
intermediate spot plane 

Figure 3.4 Schematic diagram of the USHA system realized in Zemax. 
Showing the measurement channel optical layout except for the plate 
BS. 
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3.1.3 Zemax Simulations: 

Using the above mentioned components, the USHA was modeled in Zemax. The 

measurement channel is shown as shaded model from Zemax is shown in Figure 3.4. 

Table 3.2 contains the spacing values between these components. The spacings were 

optimized in Zemax, minimizing the RMS wavefront error. The system was assembled 

based on the Zemax model.  

 

 Figure 3.5 shows the modeled OPD plots of the afocal imaging system in USHA 

for the required 6 mm pupil diameter. This plot shows the error introduced into the 

incident wavefront as it passes through the imaging system. These errors are not very 

Figure 3.5 OPD map of the imaging channel for USHA. The max field 
is 3 mm, half of the desired pupil size.  
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important since a calibration image is taken with a collimated wavefront.  The calibration 

image provides the spot position for the aberrations inherent to the USHA.  The spot 

positions for measurements of the eye are taken relative to the calibration spots and 

consequently the device inherent aberrations are removed. Figure 3.6 shows the 

wavefront map of the wavefront at the SH sensor when a collimated light is the input to 

the system. The afocal imaging system ideally transfers the wavefront slopes linearly to 

the image space. Wavefront slopes are analogous to ray angles. A succinct way to show 

this property is to plot the output ray angle tangent verses the input ray angle tangent for 

the wavefront at the edge of the pupil. The edge of the pupil is chosen because the 

wavefront slopes tend to reach their maximum value at this location, and rays in this 

Figure 3.6 Aberration introduced by the imaging optic. 
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location are also prone to acquiring maximal aberration from the afocal relay. The ray 

angle tangents are plotted rather then ray angle itself because the tangents are what is 

measured by the SH sensor. Input ray angles ranging from 0 to 5 degrees are shown in the 

plots below. For reference, a 3 diopter refractive error (defocus) across the 6 mm pupil 

generates a maximum ray angle of o5.0 or a ray angle tangent which is 0.0087. 

 

 

Figure 3.7 Plot of the tangent of output ray angle at the SH sensor 
verses the input ray angle tangents at the pupil. The slope of the line 
fit must ideally be the inverse of the absolute value of the 
magnification of the system. The inverse of the magnification is 
1/0.504 = 1.984. In this plot, y component of the slope on the input 
ray is varied.  
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3.2 Analysis Algorithm and Software: 

In this section, the analysis algorithm and the software specific topics are discussed. The 

most important aspect of the software is its ability to identify the spots and find their 

center since this is the basis of the Shack Hartmann aberrometer. The following section 

discusses spot sensing and centering algorithm. 

 

3.2.1 Spot Identification Algorithm: 

The most obvious aspect of a spot in a SH spot image is that around the center of each 

spot there are many pixels with large intensity values and in the space between the 

Figure 3.8 Plot of the tangent of output ray angle at the SH sensor 
verses the input ray angle tangents at the pupil. The inverse of the
magnification is 1/0.504 = 1.984. In this plot, x component of the input
slope is varied.   
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spots, there are pixels with low intensity values. In other words, there is high contrast 

between the local region around the spot centroid and the background. This property has 

been exploited in order to find whether there is a spot at the pixel under consideration or 

not. A template can be defined that gives a high value when over a good quality spot and 

can be scanned over the whole image to identify the pixel with the highest value hence 

identifying the best quality spot. The template used in USHA is shown in Figure 3.9 

along with the spots that have been identified. The template is called the kernel here and 

the quality it measures is the kernel sum. The kernel sum is calculated in two steps, first 

Spot centroide, 
identified by the 
plus sign 

Expanded view of the pixel arrangement in the 
kernel, 9 in the center as yellow and the dark 
ones are the ones between the spots.  

Figure 3.9 This image shows some of the spots identified by the 
algorithm. The enlarged picture shows the arrangement of pixels in the 
kernel used in USHA.  
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the pixels in the center of the template are added and then the pixels on the edge of the 

template are subtracted from it. To find all the spots, this kernel is repeatedly scanned 

through the entire image a maximum of 200 times and in each pass it identifies the pixel 

location that gave the greatest kernel sum and hence point near the best spot in the image. 

Once this location is isolated, the region around this pixel is used to find the centroid of 

the spot by a center-of-mass calculation. This spot region is then deleted from the SH 

image, so that a different spot is identified on the next iteration. A minimum spot contrast 

value is specified so that noise and dim spots below threshold are ignored. The templat 

(kernel) for USHA is the 9 nearest pixels (including the center pixel) that are directly 

added to the kernel sum and the 8 pixel around the center pixel whose difference from 

255 adds to the kernel sum (Figure 3.9). The distance of these 8 pixels from the center is 

called the spot width and is some percentage (roughly 45%) value of the average distance 

between the spots. The image in the figure was taken after only a few complete scans by 

the kernel through the image and hence not all the spots are identified in this image. The 

same algorithm was also used to find the reference spot positions. These reference spot 

locations were found by making a well collimated beam of light at 830 nm incident on 

the system and recording the resulting SH image. These reference spots, identified and 

marked, are shown in Figure 3.10.  

 

3.2.2 Analysis Algorithm: 

Once the spots have been identified, they are then associated with their reference 

locations. To allocate the reference locations, first the average period between the spots 
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in both the x and y direction is calculated. In Figure 3.9, the 4 top rows and the 4 right 

most columns are actually the sums of the entire SH image along the columns and rows 

respectively. A one-dimensional Fourier transform of the row and column sums is used to 

estimate the approximate spacing between the spots. Since the spots tend to line up along 

columns and rows, the row and columns tend to have periodic patterns.  The Fourier 

transform therefore has a large spike at the fundamental frequency and this value is 

directly related to the average spot spacing.  

Figure 3.10 The reference spot locations for USHA. These were 
generated by illuminating USHA with a well collimated narrow 
bandwidth laser light at 830 nm. 
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Armed with the average spot spacing, the spot closest to the center of the pupil is 

found next.  The SH spots can be thought of as a point cloud.  A circle is found that 

encloses this point cloud and the center of the circle is taken as the center of the pupil.  

The spot closest to the center of the circle is taken as the starting point for the subsequent 

spot analysis. The central spots typically are least affected by the aberrations in the 

system. The reference grid of spot locations is aligned to the measured spot pattern, so 

that the reference spot nearest to the central measured spot coincide. This process 

effectively removes tilt from the final wavefront reconstruction. Starting from here, the 

next spot is assigned to its reference location based on its distance from the central spot. 

The average spot spacing calculated above is now used to look for spots surrounding the 

central spot.  If the central spot is located at a point (xo,yo) and the average spot spacing 

is d, the a local square region width d, centered on the point (xo+d,yo) is searched for the 

next spot.  Similarly, regions centered on the points (xo-d,yo), (xo,yo+d) and (xo,yo-d) 

are searched to find spots surrounding the central spot.  Working progressively outward 

from the center of the pupil, additional spots are identified and assigned to their reference 

spot equivalents.  Since the average spacing between spots may change with location 

within the pupil, the value of d is adaptive, based on the position of the previous spots. To 

algorithm is robust and handles highly aberrated wavefronts as long as the adjacent spots 

do not merge or cross.  

   The point cloud associated with all of the assigned reference spots is now fit to a 

circle to determine its radius, R. Once all of the measured spots have been connected to 

their reference spots, the slope of the wavefront incident on the SH sensor at that 
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reference location can be calculated as follows 
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where the LHS is an element of the array W` in equation 2.3. These are the slopes of the 

wavefront in the coordinate system normalized to the pupil radius. The value refx is the 

reference spot’s x coordinate and spotx  is the corresponding measured spot x coordinate. 

The value lf is the focal length of the lenslets in the SH sensor and R is the radius of the 

pupil as determined from all the reference spot locations. The elements of the matrix 'Z in 

equation 2.2 are calculated at the appropriate reference spot locations (normalized with 

respect to the radius of the pupil) and Zernike values are found using the least squares 

method as shown in equation 2.6. For the analysis, the standard Zernikes are used. The 

Zernike coefficients as calculated from this method are the same for the wavefront at the 

SH sensor as they are for the original wavefront. The actual size of the eye’s entrance 

pupil, and also the magnification of the imaging system is needed to calculate the 

refractive error from these Zernike coefficients. The relationship used to determine the 

refractive power of the wavefront is given in equation 3.3. This relationship comes from 

the assumption that for large radius of curvature the surface sag, s –of the wavefront can 

be approximated as a parabola such that 
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where s is the sag of the wavefront a distance r (unnormalized) from the center of the 

pupil, Rerror is the radius of curvature of the wavefront, ρ is the normalized radial pupil 
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coordinate, R is the radius of the pupil and φerror = 1 / Rerror is the refractive error. If the 

second order Zernike terms in the wavefront expansion are compared to the preceding 

equation, the refractive error can be determined from the Zernike coefficients.  In the 

presence of astigmatism, there exists and maximum and minimum value of the refractive 

error.  One of these extremum, φ1, occurs along the meridian θ1, and the other extremum, 

φ2, occurs in the meridian 90 degrees away.  These refractive errors can be converted to 

the convention prescription notation of Sph / Cyl x Axis as follows: 
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1φ=Sph ; 12 φφ −=Cyl ; 1θ=Axis                                       (3.4) 

2φ=Sph ; 21 φφ −=Cyl ; 901 += θAxis                                 (3.5) 

For this research work only the plus cylinder format for representing the refractive error 

is used. If 12 φφ − > 0 then equation 3.4 gives the plus cylinder form for the refractive 

error. If the difference is negative, then equation 3.5 gives the plus cylinder form. The 

final result of an analysis with all the spots identified and connected to their respective 

reference spot locations with the pupil and its center marked is shown in Figure 3.11.  
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3.2.3 Software Application: 

As mentioned before, this instrument was designed for testing children and hence both 

the measurement channel (16 frames per second) and alignment channel (8 frames per 

second) video stream were multiplexed with audio and stored in one audio video (.avi) 

file. A scan feature was added in the software that scanned the recorded files and looked 

at each measurement channel frame to determine if that frame meets the spot quality 

Figure 3.11 The final result of an analysis, the green circle is the 
pupil, the bright small plus signs are the spot centroide locations, the 
red circles are their respective reference spot locations, blue line 
connecting them is a visual aid to see the connection process, and the 
red plus sign in the center is the center of the pupil.  
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requirement. This factor is set by the operator and can be adapted to the quality of the 

captured video. Once the software identifies all the frames that exceed the quality 

requirement, it automatically stores each of them as bitmap images. A “compress” feature 

was also developed for the software that allows the recorded video files to be compressed 

by the Indeo Video 5.0 codec, saving hard drive space.  

 For analysis, the software automatically Fourier filters the images before showing 

them to the operator for further input. The Fourier filtering is done to reduce the effect of 

haze in the images. This haze is due to the back scattering of the 830 nm light from the 

various tissues in the eye. The haze lies mainly in the zero frequency region of the 

Figure 3.12 Screen shot of the USHA analysis dialog box.  
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Fourier image. The screen shot of the analysis dialog box is shown in Figure 3.12. The 

operator can manipulate this image in different ways. This image is then used by the 

software only to identify the spots, the final spot position is determined by the original 

Fourier filtered image. The operator can erase some portions of the image, 

increase/decrease the diameter of this eraser, enhance a region of the image, put control 

spots, toggle between the original and the filtered image to see if spots are missing and 

change the gamma of the image. The check box labeled “Matched Filter Method” is used 

to force the software to use a different method to find the center of the spot. This will be 

discussed with the analysis of the MSHA.  

 

Figure 3.13 Calibration curve for USHA. The dashed line is the linear 
best fit to the Sph values from USHA.  
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3.3 Calibration: 

USHA was calibrated by measuring the refractive power of different ophthalmic trial 

lenses. The trial lenses were placed in front of a well-collimated light source at 830 nm. 

Positive trial lenses will make the wavefront converge as it enters the device, similar to 

myopia (negative refractive error). These calibration results are shown in Figure 3.13. 

The equation shown on the plot is the best-fit linear approximation. This equation is used 

to determine the actual refractive power of the subject from the power given by USHA. 

The inverse of this equation is applied to both 1φ and 2φ in equations 3.3b and 3.3c. 

 

3.4 Results of Human Subject Testing: 

Eleven human subjects were recruited for the study. More information about the subject 

ensemble is listed in appendix 1. All the subjects were recruited from the campus at the 

University of Arizona. Proper consents were taken before the tests were conducted. Tests 

were conducted on two days for each subject. The first set of tests involved the MSHA, 

Standard SH aberrometer (STSHA), and the Topcon auto refractor. The second test was 

with the USHA and was conducted within a week from the first test. For all the tests, only 

the right eye of the subjects was tested. Discussed in this chapter are the results of the 

tests relevant to USHA. Results for MSHA will be discussed in the next chapter. These 

results are divided into three main categories. First the results of the USHA will be 

compared with that of Topcon and STSHA for standard refractive errors. Then the 

angular dependence of the refractive error will be discussed and lastly the comparison of 

USHA and STSHA for higher order aberrations will be discussed.  
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3.4.1 Standard refraction: 

In the plots displayed from now on, the data is sorted in ascending order. This is done to 

identify any trend. The error bars on the Topcon data are ± 0.25 D. The spherical power 

and cylindrical power recorded by these instruments is shown in Figure 3.14. Spherical 

power given by USHA is not in very good agreement with that given by Topcon and this 

is not surprising. The spherical power given by USHA differs from that given by Topcon 

by more than 0.25 D in 3 out of 11 subjects. On the other hand the cylindrical power 

values match well with Topcon and STSHA. This is because the spherical power depends 

on the accommodation state of the eye. In case of USHA, the targets were dim 

fluorescent stars and the ambient brightness was kept low to enlarge the pupil. This 

probably made it difficult for the subject to look at the target and hence the recorded 

power values are not very well in agreement with Topcon. Since the cylindrical power 

originates mainly from the cornea rather than the lens, its measurement is not affected by 

the randomness of accommodation. It is in well agreement for both the instruments. In 

fact there is only one subject (T) whose cylindrical value as given by USHA differ from 

that given by Topcon by more then 0.25 D.  
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(a) 

(b) 

Figure 3.14 (a) is the plot of spherical values and (b) is for cylindrical 
values. Subject 10 in (a) and 4 in (b) are one and the same (t). 
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Another way to see if two instruments are in agreement or not, in particular when the 

actual value of the measured property is not known is to plot the Bland-Altman plots for 

the two instruments [14]. In these plots, the average of the values given by the two 

instruments is on the x axis while their difference is on the y axis. The mean value of the 

difference is bias between the two instruments. The plots for Topcon and USHA are 

shown Figure 3.15 and in Figure 3.16. The two solid horizontal lines about zero are the 

limits within which 95% of the difference values are expected to lie. In fact this limit is ± 

1.96 times the standard deviation on the differences (this is assuming that the differences 

follow a normal distribution). The dashed line is the mean of the differences.  

 

Figure 3.15 The Bland-Altman plot for Topcon and USHA. Both the 
axis are in diopters. Spherical power from both the instruments is 
compared here.  
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3.4.2 Angular dependency: 

An important aspect of the hand held instrument like the USHA is the angular 

dependence of the aberrations as the subject looks at targets subtending different angles at 

the eye. To test this, the subjects were asked to look at targets at a distance of 85 inches 

(about 2 m). These targets were a total of 6 small fluorescent stars. Starting from the first 

star, as the subject looked at the next star, he/she had to look progressively 5 degrees to 

the right. This meant that by the time, the subject was looking at the last star; she/he was 

Figure 3.16 Bland-Altman plot for Topcon and USHA. Cylindrical 
power is compared here. Both axis are in diopters. 
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Figure 3.17 The dependence of the refractive power on the viewing 
angle. 0 degree is when the subject is looking at the first target and 25 
degrees when the subject is looking at the 6’Th target. Both spherical 
and cylindrical powers tend to remain unchanged almost till about 10 
degrees.  
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looking 25 degrees to the right. The first star was straight in front of the subject. The 

change of refractive power as a function of angle for two subjects is shown in Figure 

3.17. The average value of coma ( 1
3Z ) for all the subjects for the 6 viewing angles is 

shown in Figure 3.18. The error bars are the standard deviations of the coma values for 

that angle.  

 

3.4.3 Higher Order Aberrations: 

For comparing the aberrations, the pupil size for the subjects was scaled to 5 mm pupil 

diameter. 5 mm was chosen and not 6 mm because the minimum pupil size amongst the 

subjects was 5 mm. USHA was designed to be hand held and in fact is some cases, 

USHA had to be held in the operators hands to be aligned for data acquisition. This and 

Figure 3.18 The average value of horizontal coma as a function of the 
subject’s viewing angle. The whiskers are at ± standard deviation for 
that viewing angle. 
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fact that the platform on which USHA was kept was not very stable, meant that there was 

a slight rotation of the pupil in the USHA images as compared to the STSHA. This angle 

did not exceed 5 degrees. Comparing of aberrations between the two instruments at this 

small angle is possible. But an important thing to keep in mind before comparing them is 

that the data from USHA was taken on an average of 5 days from when the data was 

taken from MSHA and STSHA. Taking aberrations data of the eye on different days can 

be subject to variations introduced by the biological processes in the human body [15]. 

Higher order (other than defocus and astigmatism) aberrations coefficients for two 

subjects from USHA and STSHA are shown in Figure 3.20 and Figure 3.21. STSHA data 

is only for far targets and is shown in both far and near data for USHA just for 

comparison. Spherical aberration term ( 0
4Z ) comparison between USHA and STSHA is 

Figure 3.19 Comparison of spherical aberration as given by STSHA 
and USHA. The error bars are 0.05 μm on either side of the STSHA 
data value.  
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shown in Figure 3.19. The error bars on the STSHA data are whiskers of length 0.05 μm 

on either side of the data value.  
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Figure 3.20 Higher order aberration comparison for subject “L” from 
USHA and STSHA at far and near target. Zernike number 12 is the 
spherical aberration term. Note that STSHA data is only for far target 
and is in both plots for comparison.  
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Figure 3.21 Higher order aberration comparison for subject “rb” at far 
and near target fixation.  
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CHAPTER 4 

MULTIWAVELENGTH SHACK-HARTMANN ABERROMETER 

 

 

This chapter discusses the design and results for the MSHA. First, the design of the 

imaging channel, the illumination channel and the achromatization optics for the eye, 

including Zemax simulations are discussed. Second, a description of the calibration and 

the results of the testing are described.  Finally, testing and results for the human subjects 

are shown. Shown below is the schematic diagram of the MSHA followed by a picture of 

the illumination channel. 

 

Afocal Imaging 
system 

Alignment 
channel 

Measurement 
channel 

458 532 655 

Optical 
Fiber 

Rotating Wedge IR 
Filter 

Achromatizing 
lens system 

Beam 
Splitter 

Polarizer

Figure 4.1 Schematic diagram of the MSHA. Three differences from 
the USHA are the rotating wedge, achromatizing lens and the three 
wavelengths instead of just one IR.  
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4.1 Design of MSHA: 

The main aspects of the MSHA design are similar to that of the USHA. The important 

differences in the illumination channel are that three laser wavelengths are used in the 

system. In addition, a rotating wedge has been added to reduce laser speckle, and there is 

an achromatizing lens system in the illumination channel to increase the quality of the 

spot formed on the retina. Apart from these, the other main difference from conventional 

Shack-Hartmann arrangements is that this instrument uses a single-chip color CCD 

Red Laser diode 
(655 nm) 

Blue laser 
(458 nm) 

Fiber coupler 

Figure 4.2 Picture of the illumination channel, where the three
wavelengths are coupled into one fiber.  

Green Laser 
(532 nm) 
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camera, which requires some additional processing to resolve the three different color 

wavelengths falling on it. Since this is a white light aberrometer, the pupil of the subject 

will contract on shining the white light. To keep the pupil large before the measurement 

image is recorded, there is a shutter system that allows the white light to shine in the eye 

just before the frame was recorded. By using a shuttered system, artificial dilation of the 

pupil was not necessary. The CCD used in the MSHA is a ½” format CCD (JAI CV-

S3200N) from Edmund Optics catalogue. The dimensions of this imaging chip are 6.4 by 

4.8 mm. In this case, the limiting size of the sensor is 4.8 mm, and hence the absolute 

magnification of the imaging system needs to be about 0.504. To measure a 6 mm pupil 

size and a measurable range of ± 3D spherical power, the absolute magnification of the 

system was found to be 0.653 from equation 3.1. The lenses used for the afocal imaging 

system were bought from Newport Corp. The lenses are PAC052 (f = 100 mm, L1 in the 

figure below) and PAC043 (f = 63.5 mm, L2 in the figure below). These are achromatic 

doublets designed for the infinite conjugate configuration in the visible region of the 

spectrum. The final magnification of the system was -0.637. The working distance (from 

exit pupil of the eye to the first imaging lens) is 88.9 mm, the distance between the lenses 

is 159.69 mm and the back focal distance (distance from the last lens to the SH sensor) is 

64.44 mm. The spot diagram for the imaging channel is shown in Figure 4.4. The 

aberrations introduced into a well-collimated incident beam by this system are shown in 

Figure 4.5. These are taken into account when the reference spots are obtained by making 

a collimated beam of green light fall on the system.  

 



 78

 

 

 

 

 

 

Figure 4.4 The scale for the plot is shown as 100 μm and the airy disk 
diameter is 8.2 μm while the spot rms diameter is 23 μm and 20 μm 
for the on axix field and the field (4 mm) that images to the edge of the 
½ “ format CCD.  

Polarizing 
BS 

Object L1 L2 

SH 
Sensor 

Figure 4.3 Layout of the imaging channel in MSHA. 



 79

 

4.1.1 Illumination channel: 

As mentioned before, there are three wavelengths going in the eye at the same time. 

These are 458 nm (B), 532 nm (G) and 655 nm (R). The blue source was an Argon Ion 

laser with a narrow band pass filter, the green source was a frequency doubled  

Nd-YAG laser and the red source was a red laser diode from Elliot Electronics. These 

three wavelengths should be incident on the eye at the same angle or else the three will 

not form the spot on the same location at the retina. To make them all collinear, all three 

lasers were coupled into an optical fiber. The other end of the fiber was used as a point 

source that was collimated and sent into the eye. These three light sources were all laser 

sources and their powers were limited to the safe limits, as calculated previously in 

Figure 4.5 Aberrations introduced by the imaging optic in an on axis 
collimated beam. The maximum scale of the plot is 0.2 waves at 532 
nm.  
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chapter 2. As a precaution, polarizers were used to limit the power going in the eye. The 

electronic shutter is a DC electric motor attached to a beam block.  The motor is driven 

by a DC power supply through a relay. Signal from the parallel port of the computer is 

used to switch the relay and open the shutter. 

 

4.1.2 Achromatizing lens system: 

The spots in the SH image are basically the image of the spot at the retina formed by the 

measurement channel. If the spots are blurred on the retina, then the spots in the SH 

image will be blurred as well. This blurring of the retinal spot is due to the refractive 

error of the subject, accommodation and ocular chromatic aberration. Ideally, a 

Figure 4.6 Plot of the tangent of output ray angle at the SH sensor 
verses the input ray angle tangents at the pupil. The slope of the line 
fit must ideally be the inverse of the absolute value of the 
magnification of the system. The inverse of the magnification is 
1/0.637 = 1.57. In this plot, y component of the slope of the input ray 
is varied.  
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collimated beam of light should form a sharp spot on the retina, but if the subject is 

accommodating or has refractive error, the spot on the retina will be blurred. 

Furthermore, there is roughly two diopters of chromatic aberration in the eye, so even if 

one wavelength is in focus, then other wavelengths will produce spots that are blurred. 

Since the eye power is almost the same for red and green light, this means that the blue 

 

spot at the retina will be particularly blurred, making its SNR in the SH image very low 

and as discussed in chapter 2, at this wavelength, the SNR is already low due to the low 

transmission and reflection coefficients at 458 nm. To reduce the effect of the eye’s 

chromatic aberration, the illumination channel output was equipped with a lens 

combination that gave a negative chromatic aberration to the beam going into the eye, 

reducing the disparity between the foci of the different wavelengths. This chromatic 

Figure 4.7 Plot of the tangent of output ray angle at the SH sensor 
verses the input ray angle tangents at the pupil.  Here the x 
component of the input ray slope is varied.  
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(a) 

(b) 

Figure 4.8 Effect of the achromatizing lens system. (a) shows the 
Arizona eye model and the corresponding OPD map. (b) shows the 
similar plot but after the inclusion of the lens system. The scale of the 
OPD plot in (a) is 50 waves while that in (b) is 2.5 waves.  
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compensation is achieved by making the illumination beam slightly converging with an 

achromatic doublet and then recollimating the green wavelength with a negative singlet 

lens. Since the achromatic doublet does not impart much chromatic aberration to the 

beam, the over-all effect of this system is to give a negative chromatic aberration to the 

beam. The achromatic doublet lens chosen for the chromatic compensation is the AC254-

030-A1 (f = 30 mm) from Thorlabs. The singlet lens is the LC2679 (f = -30 mm) from 

Throlabs. The effect of using this combination of lenses is shown in Figure 4.8. Ian 

Powell has discussed the design of a lens system to correct for the chromatic aberrations 

of the eye [19]. For the current research work, since the measurement channel beam was 

to be achromatized with respect to the eye, there was no need for a high quality costume 

built lens system to correct the aberrations. The system realized with the above 

mentioned choice of lenses was cost effective as the lenses were off the shelf.  

 

4.1.3 Rotating wedge: 

The rotating wedge is used to make the spots in the SH image more uniform and to 

reduce the effect of laser speckle. This in turn has the effect of improving accuracy for 

the system as finding the center (chief ray location) of the spots is more accurate when 

the spots are smooth and round. Its importance will be discussed with the analysis 

algorithm. The effect of the rotating wedge is to make the spot on the retina trace out a 

circle, instead of being fixed in one location. The wedge angle is kept very small so that 

the spot on the retina (and hence the spots in the SH image) rotates about itself in circle 

of radius comparable to the spot’s radius. Given that the spots in the SH image were 
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about 10 pixels wide, this radius is about 50 μm assuming that the pixel spacing is 10 μm. 

SH sensor’s focal length is 24 mm and this meant that the deviation in the beam from the 

wedge is about 0.003 radians or a wedge angle of 0.230. Such small angle wedges are not 

available off-the-shelf. Instead, two wedges of wedge angle 10 were used as a Risley 

prism pair, almost canceling each other to achieve an effective wedge angle of 0.230. This 

pair of wedges was rotated by a 6 volt DC motor that rotated the wedges at a rate fast 

enough so that there was at least one rotation during the exposure time. The exposure 

time was about 0.067 sec. The effect of a rotating wedge is shown in Figure 4.9.  

Figure 4.9 The above image shows the spots with the wedge not 
rotating and the bottom one is with the wedge rotating. The spots in 
the bottom image are smooth and of almost the same shape.  
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4.2 Color Separation: 

The MSHA uses three wavelengths in the visible region (red, green and blue) and it 

records the colored spots on a color CCD. There is an important issue that needs to be 

addressed before using a color CCD in this fashion. This is the ability (or inability) of the 

camera to reproduce the color. This is important because the aberrations of the eye are 

different for different wavelengths and if the color CCD were to confuse between red and 

blue wavelength then there will be errors in the analysis of the aberrations and their 

relationship with the wavelength. This “confusion” between colors can happen if on 

shining only the red light (655 nm) the blue sub pixels in the CCD also register some 

value and vice versa for the blue light (458 nm). Even though red and blue wavelengths 

are on the extremes of the dispersion curve and the eye should have large difference in 

power for these wavelengths, the above stated problem can literally blur this difference 

away and the measurement will be actually the average for the two wavelengths. 

 
 

CCD 

Bayer Filter Mosaic 

 

One pixel made 
of 4 sub pixels 

Figure 4.10 The color CCD structure showing the Bayer mosaic. 
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Figure 4.11 explains how such an averaging can happen. Suppose there are these two 

Shack-Hartmann spots from red and blue wavelength and because of some aberration in 

the system, they are separated on the CCD plane. This separation in spot position is in 

direct relation with the wavelength used. Because the color separation of the CCD is not 

perfect, blue light will influence the red pixels to some extent. Now if we just take the red 

pixels and try to find the spot center of the red spot by centroiding, there will be an error 

as this spot center will be shifted towards the blue spot position as shown. Apart from 

this, the white balance of the camera which changes the balance of the three primary 

colors in the final image based on the ambient illumination color, can affect the measured 

data and thus it should be avoided as well. The color separation problem can be addressed 

as described below. 

 A reasonable assumption that can be made about the CCD response to the 

incident light is that its response, whether it’s the voltage generated of the charge 

accumulated, is directly proportional to the incident light. Mathematically speaking, 

r = PrSrr + PgSrg + PbSrb 

Composite Image Only red pixels 

Ideal spot location 

Actual spot location 

Figure 4.11 Illustration of how color CCD error can introduce error in 
spot position measurement. 
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Where r is the response value for the red color as recorded by a pixel in the CCD and Pr is 

the power of the red light falling on it, Srg is the proportionality factor and it is the 

sensitivity of the red part of the pixel in the CCD to the green light falling on it, Srb is the 

sensitivity of the green part if the pixel to the blue light and Srr is the sensitivity if the red 

part of the pixel to the red light. Similar equations hold for the green and the blue part of 

the pixel response. In terms of matrices, the above equations can be written as shown 

below.  

 and in abriviated form

rr rg rb r

gr gg gb g

br bg bb b

S S S P r
S S S P g
S S S P b

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥⋅ =⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦⎣ ⎦

⋅ =S P C
 (4.1) 

Here S is the matrix containing the different sensitivities of the CCD, P is the vector 

containing the power of the three different color light incident on the CCD and C is the 

vector containing the three responses from the CCD namely the r, g and b values. As 

discussed above the trouble starts when there is response in the red value of the pixel 

when there is blue or green light shining on the CCD. In terms of the above equation, 

there will be no such problem of color separation if the off diagonal terms in the S matrix 

were zero. Even if the off diagonal values are nonzero, one can multiply equation 4.1 

with the inverse of the matrix S and get the power of the three wavelengths falling on the 

pixel from the r, g and b values of that pixel.  

 P = S-1·C 
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The inverse of the matrix S must exist in order for the above equation to work. For the 

inverse of a matrix to exist the rank of the matrix should be equal to its dimension.  This 

is highly probable for a matrix generated by random numbers because it is highly 

unlikely for two or three, rows or columns in the matrix of random numbers to have a 

linear relation between them. In the case of the matrix S, the non-singularity is even more 

visible. Take for example the first row of this matrix [Srr, Srg, Srb], the response of the red 

part of the pixel will logically be more to the red light and less to the other colors. So this 

row has a prominent first element and the rest are small in magnitude. Similarly for the 

green and blue part of the pixel, the middle and the last elements are highest in 

magnitude, respectively. If you look at the matrix S in light of this information, you will 

see that it is almost a diagonal matrix and that its rank should be three for any normal 

color CCD. The matrix S can be measured as described below.  

 First the CCD is uniformly illuminated by only the red light and the illumination 

level is kept low so as not to saturate the CCD. The r, g and b values are averaged for all 

the pixels and a vector, r, is generated with these values.  

 , , 
r rr g rg b rb

r gr g gg b gb

r br g bg b bb

P S P S P S
P S P S P S
P S P S P S

⎡ ⎤⎡ ⎤ ⎡ ⎤
⎢ ⎥⎢ ⎥ ⎢ ⎥= = =⎢ ⎥⎢ ⎥ ⎢ ⎥
⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦⎣ ⎦

r g b  (4.2) 

Similar vectors are obtained by illuminating with only green and blue light. Notice that 

this vector is the first column of the matrix S, except for the unknown power, Pr, of the 

red light falling on the CCD. Once this power is measured, the vector can be divided by 

this scalar power to get the first column of the S. In this way by measuring the g and the 

b vectors, matrix S can be constructed. The exact power falling on the CCD can-not be 
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measured easily but exact measurement is not required. What is important is that the 

power measurement be consistent between the three wavelengths being used. After all, 

exact reproduction of the three power levels on the CCD is not necessary. Instead, 

elimination of the cross-talk between the red, green and blue channels needs to be 

performed.  We can measure the power of the three wavelengths going in the system as 

opposed to measuring the power falling on the CCD. This method raises one main 

question and that is how to take into account the different transmission coefficients of the 

three wavelengths? This can be addressed by the introduction of the transmission 

coefficient for the three wavelengths. Let Tgr be the over all transmission coefficient for 

the red light through the green filter of a pixel. The three color filters of a pixel will have 

different transmission for the three wavelengths and this term takes into account this 

variation, and the overall transmission of the whole system. It is actually the product of 

the green filter’s transmission coefficient for the red light and the overall transmission 

coefficient of the apparatus for the red light. The response of the red part in the pixel can 

then be written as 

r = PrTrrSrr + PgTrgSrg + PbTrbSrb 

Equation 4.1 and 4.2 can be rewritten as 

 and

, , 

rr rr rg rg rb rb r

gr gr gg gg gb gb g

br br bg bg bb bb b

r rr rr g rg rg b rb rb

r gr gr g gg gg b gb gb

r br br g bg bg b bb bb

T S T S T S P r
T S T S T S P g
T S T S T S P b

PT S P T S PT S
PT S P T S PT S
PT S P T S PT S

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥⋅ =⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦⎣ ⎦

⎡ ⎤⎡ ⎤
⎢ ⎥⎢ ⎥= = =⎢ ⎥⎢ ⎥
⎢ ⎥⎢ ⎥⎣ ⎦ ⎣ ⎦

r g b
⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 (4.3) 
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The product of the transmission coefficient and the sensitivity can be thought of as the 

overall sensitivity of the pixel and it can be renamed. For simplicity lets just use the 

terminology used in equation 4.1 and 4.2 and write TrgSrg as just Srg, with the 

transmission coefficient built in this term. With this simplicity, the above equations 

reduce back to their original form and the above-mentioned algorithm to find S is still 

valid. This calculation can get a bit more involved if there is some gamma correction 

applied to by the CCD camera. Gamma correction is the nonlinear mapping of the 
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Figure 4.12 Illustration of Gamma correction to correct for the 
nonlinear response in a CRT screen. Red curve is the response of the 
CRT, γ = 2.2, green curve is what is ideally wanted and hence the CCD 
response is bent into blue curve (γ = 0.45) so that the overall response 
of the CRT for the final displaying of the image is linear. 
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intensities falling on the CCD to the voltage values (or charge as the case may be) as 

detected by the pixels. 

V = αE1/γ 

 Here, V is the response of the CCD and E is the irradiance falling on it. α is a 

proportionality constant and γ (>0) is the gamma. Ideally the relationship should be linear 

but in order to maximize the dynamic range for intensities or to compensate for the 

nonlinear relationship between intensity and voltage for a display device like the CRT, 

gamma correction can be used in the CCD. The response of the CRT to input voltage can 

be written as follows, 

L = βVγ 

Here β is proportionality constant and L is the luminance of the CRT screen and V is 

normalized from 0 to 1 and represents the voltage from the CCD. It’s clear from the 

above two equations that the final relation between the luminance of the screen and the 

input irradiance will be linear. This is more evident from the Figure 4.12. For NTSC 

systems, CRT gamma is 2.2 and 1/γ is about 0.45 and this is the gamma correction that is 

being applied in the MSHA instrument.  

 In order to take the gamma correction into account for the color separation 

calculations, some assumptions have been made about the way the CCD applies the 

gamma correction. The gamma correction is applied to the normalized response values 

(normalized to 1) from the CCD. The first assumption is that the correction is applied to 

the CCD response values after they have been normalized to 1 by dividing by 255 as the 

bit depth of the CCD is 8 bits. After the correction the resulting value is again multiplied 
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by 255 to get the actual value that the frame grabber will get to store on the computer. 

The second assumption is that the same gamma correction is applied to the three color 

channels (RGB) in the CCD. The CCD response will remain the same as given by 

equation 4.3 but the result will be manipulated by the gamma correction. For example the 

new red sub pixel response to light will be given as follows, 

 
0.45

255
255

r rr g rg b rbP S P S P S
r

+ +⎡ ⎤= ×⎢ ⎥
⎣ ⎦

 (4.4) 

In order to get the response value without the gamma correction, this value of r will have 

to be divided by 255 then raised to the power of 2.22 and then again multiplied by 255. 

Apart from this extra step, the rest of the color separation calculation is the same as 

shown above. This step of canceling the gamma correction will also have to be applied to 

the data taken to generate the matrix S.  

 

4.2.1 Dealing with Nonlinear Response of CCD: 

The discussion above deals with the color separation for a CCD with a linear response 

that is the recorded pixel values vary linearly with the intensity of the light falling on 

them. If this response is nonlinear or the cross talk between the different color pixels in 

the CCD is not linear, then a different approach has to be employed to separate the colors. 

This technique as discussed below can also be applied in case the CCD is linear. To 

understand this method, first assume that the CCD is illuminated by only one wavelength, 

red, with varying levels of intensity. This gives rise to linearly varying levels of the red 

pixel values and this wavelength should ideally be completely blocked by the filter on the 
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green pixel and the green value should be zero. But in reality the filter on the green pixel 

is not perfect and a constant fraction of the light is passed onto the green pixel. In such a 

case, if one plots the value of the green in the CCD against the value of red, the result 

should be a linear graph similar to that shown in Figure 4.13. But because of some image 

processing or some non-linear effect in the CCD this curve may not be linear as shown in 

Figure 4.14. In the current research work where three colors have to be resolved, there are 

six such plots. The green value given by the CCD is the actual green value (when only 

the green light is falling on it) plus the effects of the actual red and blue values as shown 

in the equation below.  

. .gr gbg m R G m B= + +  

where, mgr is the slope of the line resulting from the plot of green value against the red 

value and use a linear approximation. Since this line can be arbitrary and may not pass 

through the origin, the intercept of the line on the y axis has to be taken into account. For 

the effect of red on green the equation looks like  

.gr grg m R c= +  

Taking this equation into account, the equation for the value of green becomes 

 . .gr gr gb gbg m R c G m B c= + + + +  (4.5) 

Similar equations hold for red and green pixel values. The goal of the color separation 

algorithm is to find the actual red, green and blue pixel values (R, G and B) from the 

recorded values r, g and b. Equation 4.5 can be written in a matrix form as shown below. 
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1

1 .
1

rg rb rg rb

gr gb gr gb

br bg br bg

r c c m m R
g c c m m G
b c c m m B

⎡ ⎤ ⎡ ⎤− − ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥− − =⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥− − ⎢ ⎥⎣ ⎦⎣ ⎦ ⎣ ⎦

 (4.6) 

The solution of equation 4.6 gives R, G and B. This is the method of color separation 

used in this research work. The advantage of this method is that there is no need to 

measure the power on the three laser wavelengths going in the system. Another 

simplification in this method is that the same algorithm can be used even for a gamma 

corrected image.  

Figure 4.13 The response of a linear CCD red pixel to increasing blue 
intensity. 
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The color camera used in this research work was the JAI CV-S3200N analog color CCD 

camera from Edmund Optics Catalog. This camera was found to behave nonlinearly as 

far as color separation is concerned and the color separation algorithm for a nonlinear 

camera has been used. Shown in Figure 4.15 are all of the 6 possible plots depicting the 

color separation capability of the camera. The results for one SH image is shown in 

Figure 4.16.  

Figure 4.14 The response of a non linear green pixel to increasing red 
intensity. 
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Figure 4.15 The color separation curves for the CCD. The equations shown 
were used in the equation 2.12 for finding the actual color of the pixel.   
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Figure 4.16 The above image is the original image and lower one is 
after color separations and enhancement in Photoshop. The effect of 
color separation is most apparent in the blue spots that leak into the 
red camera pixels and look slightly pink. This effect is removed in the 
lower image. 
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4.3 Algorithms and Software: 

The software to capture images was written in Visual C and a windows application was 

generated that controlled the electronic shutter through the parallel port. All the other 

programs for the color separation and analysis of the images were written in the IDL 

programming language. The algorithm to identify the spots and to analyze the images is 

almost the same as in USHA, except for three main differences. The first is the way it 

identifies the spots, the second is in the method used to find the spot center and finally the 

algorithm to fit the Zernikes must take into account the fact that there are three frames of 

spots (one for each wavelength) for one pupil.  

 To identify the spots, instead of doing a kernel sum for each pixel and then 

finding the one with the maximum kernel sum, the maximum in the SH image was 

instead found. This maximum is generally on a spot and once found other conditions 

were tested to conclude whether the spot is really good or not. These conditions are that 

the kernel sum of that pixel should be larger than a user specified value and the pixel 

value is larger than some minimum threshold just like in USHA. Once the spot was found 

and its center identified, the spot was erased, just as with USHA.  

 After finding the spot, its center was found by the Matched Filter Method. This 

method is different from the standard centroiding method. In this method, the spot found 

in the first pass though the SH image is identified and a square image including the spot 

is stored as the filter image. To find the location of subsequent spots, the stored filter 

image is cross-correlated with a square region containing a suspected spot. The final 

cross-correlated image is smooth and highly peaked with almost always only one pixel 
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that is at the peak. From the basic cross correlation mathematics, it can be shown that the 

peak correlation occurs when the spots are on top of each other. This is not generally the 

case because of the discrete nature of the CCD imaging. To find the exact center of the 

spot from the peak in this final image, the top three pixels in the image are identified and 

a second degree polynomial is fitted to them in both the x and the y direction. Since the 

image is highly peaked, this polynomial will have a maxima and the location of this 

maxima then gives the exact location of the spot under investigation. This process can be 

easily understood from Figure 4.17 and Figure 4.18. The unfiltered image is the spot that 

is still to be cross-correlated with the filter image. The filtered spot image is much 

smoother and has a central peak. Since this method demands that the spots be of 

approximately same shape, it is not very useful for USHA, as there is no rotating wedge 

in it.  

 

 

Figure 4.17 (a) is the original spot and (b) is the spot after cross 
correlation with an ideal spot. It is smoother and has a well defined 
peak.  

(a) (b) 
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The fact that there are three frames of spots in the MSHA for one pupil requires an 

important but simple change to the analysis algorithm of the USHA. The simple change 

is that the final pupil diameter and the center are found from the union of all the 

(a) (b) 

(c) 

Figure 4.18 Figures (a) and (b) are the central cross section of the 
original and filtered images respectively. Figure (c) shows the top 5 
pixels and the second order polynomial (parabola) fitted to the top 
three pixels. The center of the spot is the peak of this parabola.  
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connected reference spots from the three-color channels. Rather then analyzing each 

frame independently, they are now analyzed based on the same pupil.  

 

4.4 Calibration:  

Just like in USHA, the MSHA was calibrated using ophthalmic trial lenses. Only the 

green light was used for this propose. The equation shown is the quadratic best fit to the 

curve and is used to calibrate the system. The curve does not pass through zero because 

the reference spots were generated using a not so well collimated green light source.   

 

Figure 4.19 Calibration curve for the MSHA. “Ploy” is the quadratic 
curve approximation to the SEQ.  
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4.5 Results of Human Subject Testing: 

The subjects recruited for the USHA tests were also tested on the MSHA. As with any 

human testing, proper consent forms were obtained from each subject before the tests. 

More information about the subjects and all the data from the tests is in appendix 1. 

Results relevant to MSHA measurements are discussed in this chapter. This discussion 

has been divided into three main categories. The first one discusses the ability of MSHA 

to measure the refractive errors as compared to Topcon. The second discusses the 

chromatic aberration measurements for the 11 subjects and the last section is about the 

higher order aberrations and a comparison of the spherical aberration measurement from 

MSHA and STSHA.  

 

4.5.1 Standard Refraction: 

Right eye for all the human subjects was tested with the MSHA and Topcon. As with 

USHA, here also the data has been sorted in ascending order to identify any trend. For the 

spherical refractive error, the results for subject T (index number 10 in Figure 4.20) are 

very different for MSHA and Topcon but are in good agreement for MSHA and STSHA. 

The same subject in the plot for the cylindrical values is indexed 4 in Figure 4.21. As 

discussed in chapter 3, the values for the spherical refractive error can be different for 

these instruments because of the accommodation state of the eye. Cylindrical values 

should in general not be affected by this accommodation and this can be seen from the 

plots, both MSHA and Topcon are in good agreement for the cylindrical values.  
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Figure 4.21 Cylindrical values for all the subjects as measured by 
Topcon, MSHA and STSHA. In this plot, subject T is indexed 4. The 
error bars on the Topcon data points are ± 0.25 D.  

Figure 4.20 Spherical refractive values as measured by Topcon, MSHA 
and STSHA. The error bars on Topcon data are ± 0.25 D. The last data 
point is for subject T.  
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The Bland-Altman plots to compare Topcon and MSHA results for the refractive errors 

are shown in Figure 4.22. As far as the cylindrical values are concerned, the values given 

by MSHA differ from those given by Topcon by at most 0.25 D in all but one subject (T). 

For comparing these values, only the green wavelength results from MSHA were used. 

This is based on the assumption that when the subject is looking at far away targets, 

green light is in focus at the retina.  

 

4.5.2 Chromatic Aberrations: 

A very important aspect of MSHA is its ability to measure the aberrations in the visible 

part of the spectrum and hence the ability to measure the longitudinal chromatic 

aberrations (LCA) of the human eye. As discussed before, the intricate relationship 

between chromatic aberration and the visual system plays an important role in its 

functioning. An important aspect of chromatic aberrations that needs to be brought to 

attention at this point is that the visual system can use different parts of the spectrum to 

look at images at different distances. In order to increase the dynamic range of 

accommodation without heaving to actually flex the crystalline lens that much, the visual 

system can look at the higher wavelengths when looking far and at lower wavelengths 

when looking near objects. To demonstrate this, the average power of the eye at the three 

wavelengths was obtained from the data for all the subjects. This plot is shown in Figure 

4.23. For the near target, it can be seen that on an average, 532 nm is in focus at the retina 

and for the near target this wavelength is blue shifted. In this plot, the wavelength closest 

to the dashed line is the one best in focus at the retina.  
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Figure 4.22 Bland-Altman plots for comparing refractive error 
measurement from Topcon and MSHA. The solid lines are at ± 1.96×σ 
(where σ is the standard deviation). The dashed line is at the mean 
value of the difference and indicates the bias between the two 
instruments.  
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Figure 4.24 LCA as measured from MSHA and equation (4.1). The 
error bars on the results from MSHA indicate the standard deviation 
amongst the subjects for that wavelength.    

Figure 4.23 The colored dots are the average value (for the subjects 
who were emotropic) of the spherical power of the eyes at the 
corresponding wavelength as measured from MSHA. (a) is when the 
subjects were looking at a target about 2 m away and (b) when they 
were looking at a target about 0.5 m away.  

(a) 

(b) 
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The longitudinal chromatic aberration of the human eye can be approximated by equation 

4.1 [16]. 

 
102.214

46.63368524.1
−

−=
λ

φλ                                              (4.7) 

Where, λφ is the power if the eye at the wavelength λ (in nano meters) in diopters. The 

average value of the power of the eye for the three wavelengths in MSHA was calculated 

from the data from all the subjects. This and the predicted power as a function of 

wavelength (equation 4.1) is shown in Figure 4.24. The three points for the three 

wavelengths follow the predicted curve very closely. The bias in all the three wavelengths 

to be Myopic is understandable as all the subjects were recruited from the student body at 

the University of Arizona campus and on an average college students tend to be Myopic.  

 

4.5.3 Higher Order Aberrations: 

It has been pointed in some research works that the higher order aberrations of the eye do 

not change much with wavelength [17, 18], justifying the practice of measuring these 

aberrations in the infrared wavelength and applying any corrective surgery to correct 

them for the visible spectrum. Plot of the aberrations coefficients for all the three 

wavelengths in MSHA for one subject is shown in Figure 4.25. The plot also contains 

STSHA data for comparison. As mentioned above, some times there was not much blue 

signal in the SH image for aberration measurement. In those cases the blue data could 

only give an accurate value of the sphere and cylinder. The plots shown are from those 

subjects whose MSHA SH images contained a complete set of blue spots.  



 108

 

Figure 4.25 Higher order aberration coefficients for subject L at the 
three wavelengths.  
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The agreement between the three wavelengths is not very clear from this graph. Any 

disagreement between red-green and blue can mainly be attributed to the quality of the 

blue SH spots. In order to assess the over all effect of these higher order aberrations, the 

rms value of the wavefront can be used. Since the Zernike polynomials used are OSA 

standard, these coefficients are the rms contributions of that particular polynomial to the 

wavefront. In order to find the over all rms wavefront error, the square root of the sum of 

squares of these coefficients is calculated. The results of the rms wavefront error are 

plotted in Figure 4.26. 

 

The rms values for USHA do not match with STSHA well for some of the subjects. This 

can be attributed to the fact that tests with USHA were done on different days than tests 

Figure 4.26 RMS wavefront departures from being ideal for the 11 
subjects as measured from the three instruments. Only the green 
wavelength results for MSHA are included. Zernike indexed 6 and 
higher are considered here. 
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from the other two instruments. In case of MSHA values, except for subject index 1 and 

9, MSHA recorded rms values match well with those given by STSHA. As in many 

previous plots, it is subject T whose results depart from the standard by a large amount. In 

this case also it is T with subject index 1. The rms values for the three wavelengths for 

the subject rg, whose far and near results are shown in Figure 4.25 is 0.283, 0.250 and 

0.307.  

 

Figure 4.27 shows the plot of the spherical aberration coefficient ( 0
4Z ) for the 11 subjects. 

The values given by MSHA depart from those given by STSHA by more than 0.05 μm 

for only two subjects. Here only the green wavelength results have been used.  

Figure 4.27 Comparison of the spherical aberration coefficient as 
measured by the three aberrometers. The error bars on the STSHA 
data are ± 0.05 μm.  
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CHAPTER 5  

CONCLUSIONS AND FUTURE WORK 

 

 

USHA was designed to be portable and capable of measuring the ocular aberrations in 

kids as young as toddlers. The instrument has proved to be usable with young kids and is 

being currently used in a longitudinal study of Amblyopia in kids in the Tohono O’odham 

Nation. In the current research work, USHA was used to test 11 subjects. Assuming 

Topcon as the gold standard for measuring refractive errors in the eye, USHA was not 

very satisfactory in measuring the spherical error and the possible reason is that the 

subjects were accommodating during the measurement. The mean difference between the 

two instruments was 0.11 D and the corresponding standard deviation was 0.38 D. This 

can be written concisely as 0.11 D (± 0.38 D). A more reliable measure of the 

instrument’s refractive error measuring capability is the measure of cylindrical values. 

The mean difference of cylindrical values given by USHA from those given by Topcon 

was -0.14 D (± 0.16 D). 0.25 D is generally the acceptable error for standard refraction 

and the cylindrical values from USHA match those given by Topcon to within 0.25 D. 

There is only one subject (T) whose cylindrical values as given by USHA do not fall 

within 0.25 D of the values given by Topcon, but for the same subject, USHA is in 

agreement with STSHA. The measure of spherical aberration from USHA is in good 

agreement with the spherical aberration values given by STSHA. Spherical aberration 
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coefficient from USHA differed from those given by STSHA on an average by 0.00 μm 

(± 0.04 μm). The variation of the refractive error as recorded by USHA with the fixation 

error did show a trend in which the cylindrical power rose with the fixation error while 

spherical power decreased. This is based on the plus cylinder format of specifying 

refractive error.  The goal behind doing this kind of measurement was to figure out if one 

can identify from the refractive error values, the fixation error. The data taken only 

proved that the refractive error measurement remains unaffected by the fixation error to 

about 5 to 10 degrees. However, no trend could be identified that lets the operator know 

if there is a fixation error.  

  In case of MSHA, human subject testing was not as straight forward as in USHA. 

The problem in MSHA was mainly with the blue wavelength. It was mentioned in 

chapter 4 that a polarizing cube BS was used in MSHA to discard any corneal reflection. 

In fact, the BS indeed reduces the amount of corneal reflection substantially but 

introduced another handicap. The philosophy behind using a polarizing cube BS was that 

the reflection from the cornea maintains the polarization state and hence is blocked by the 

BS. But it was also assumed that the reflection from the retina was unpolarized. This 

assumption was particularly not true with 458 nm wavelength and in most of the images, 

the blue frame for the SH image had a cross pattern in it with almost no spots in the 

center and only a few spots on the periphery of the pupil [20]. This rendered many frames 

useless. Another important thing noted while testing with MSHA was that the SH images 

were not constant with time. For the same subjects, it was noticed that the quality of the 

blue spots varied from time to time. This can be attributed to the temporal changes 
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occurring in ocular properties like the reflectivity of the retina [21]. Because of these 

reasons, only a few good SH images were obtained in some subjects.  

 Even with the above mentioned limitations, the results from the human subject 

testing are in good agreement with standard instruments and theories. The refraction error 

measured by MSHA (only green channel) was compared with Topcon and the mean 

difference was 0.12 D (± 0.42 D) for the spherical power and -0.15 D (± 0.23 D) for the 

cylindrical power. As mentioned above, error in the measurement of spherical power is 

understandable. The agreement between MSHA and Topcon is good for the cylindrical 

powers. The spherical aberration measurement was compared with STSHA and they were 

found to be in good agreement with the mean difference between the two of -0.01 μm (± 

0.05 μm). An important consideration here is to see the agreement between USHA and 

MSHA. The mean of their difference was 0.02 D (± 0.20 D) for the spherical refractive 

power, -0.02 D (± 0.16 D) for the cylindrical refractive power and 0.01 μm (± 0.03 μm) 

for the spherical aberration coefficient. It can be safely stated that the two instruments are 

in good agreement with each other.  

 Most important result from MSHA data was from the chromatic aberration 

analysis. The average value of the longitudinal chromatic aberrations (for λ = 458 nm to λ 

= 655 nm) value for the 11 subjects was found to be 1.18 D and the predicted value from 

Arizona eye model is 1.16 D. The longitudinal chromatic aberration followed the 

theoretical values very closely. There was a constant bias for the three wavelengths and 

the average values were slightly more negative than the theoretical values (mean of this 

difference is 0.11 D). This can be explained from the fact the subject ensemble was on an 
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average myopic. Another important thing determined from the results was the wavelength 

of zero power for different target locations. It was found that when the target was far, on 

an average the human subjects tended to bring the green wavelength into focus and when 

the target was near, this wavelength was blue shifted. The results have proved the 

feasibility and accuracy of using a single chip color CCD camera with a Bayer filter 

mosaic in a SH aberrometer to measure aberrations in the visible spectrum including 

chromatic aberrations.  

In MSHA, to demonstrate the effect of the rotating wedge, aberration data for one 

emotropic subject was taken five times with the wedge rotating and without the wedge 

rotating. To quantify its effect, the standard deviation in the rms wavefront error from the 

higher order aberrations was used. The standard deviation with the wedge not rotating 

was 0.047 μm and when the wedge was rotating; it was 0.004 μm clearly indicating the 

better performance of the rotating wedge. Just like in the rest of this research work, these 

aberration data were based on 5 mm diameter pupil size.  

 For complimenting the results from MSHA, another study can be conducted that 

will subjectively measure the wavelength of zero power for different target locations and 

different lighting conditions. Such an experimental setup is shown in Figure 5.1. The idea 

behind this set up is that the subject will see through a Badal lens, two objects (targets), 

one of a specified color and the other of some reference color like white. The subject will 

then have to adjust the position of the two targets to bring them both into focus. In 

general, the two targets will not end up at the same distance from the eye because of the 

chromatic aberrations. The Badal lens makes the targets appear to be of same size 
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irrespective of the location and hence help to reduce the ambiguity in deciding best focus 

for the subjects.  

 

 

 

 

White Target 

Colored Target 

Badal Lens 

Figure 5.1 An experimental setup for subjectively measure the 
position of the target for best focus when the target is of different color. 
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APPENDIX A 

RESULTS OF HUMAN SUBJECT TESTING 

 

 

Human Subjects Recruited for the Study: 

Subject Sex Age 

B M 32 

BOB M 32 

KR M 30 

L M 25 

PM M 28 

R F  

RB M 25 

RG M 28 

RP M 31 

SC F 27 

T M 34 

 

The average age of the subjects is about 29 years. Below are the plots of all the results for 

these subjects. In all the plots, the y axis is the aberration coefficient in micro meters and 

x axis is the standard Zrnike indices unless otherwise specified. Only the higher order 

aberrations coefficients are shown. In each plot, the title tell the subject, instrument and 

target location; far means that the target is 85 inches away and near means that it is 19 
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inches in front.  For MSHA plots, the color of the curve identifies the wavelength under 

consideration. Listed below are the refraction values for each subject as measured from 

Topcon.  

Subject Topcon Sph (D) Topcon Cyl (D) Topcon Axis 

b 0.25 0.00 0 
bob 0.15 0.50 5 
kr -0.25 1.00 10 
l -0.25 0.00 0 

pm -0.40 0.40 95 
r -0.50 0.80 18 
rb 0.10 0.00 0 
rg -0.80 0.50 79 
rp -0.25 0.25 93 
sc -1.50 0.00 0 
t 0.25 0.00 0 
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b, USHA angle dependence
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b, MSHA far
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bob, USHA far
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bob, USHA angle dependence
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bob, MSHA far
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kr, USHA far
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kr, USHA angle dependence
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kr, MSHA far
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l, USHA far
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l, USHA angle dependence
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l, MSHA far

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

R
G
B
STSHA

l, MSHA near

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

R
G
B
STSHA

 



 130

pm, USHA far
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pm, USHA angle dependence
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pm, MSHA far
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There was no good MSHA near data for PM. 
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r, USHA angle dependence
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r, MSHA far
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rb, USHA far
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rb, USHA angle dependence
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rb, MSHA far
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rg, USHA far
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rg, USHA angle dependence
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rg, MSHA far
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rp, USHA far
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rp, USHA angle dependence
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rp, MSHA far
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sc, USHA far
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sc, USHA angle dependence

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

-5 0 5 10 15 20 25 30

Degree

D

Sph
Cyl

sc, USHA angle dependence

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

0
5
10
15
20
25



 147

sc, MSHA far
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t, USHA angle dependence
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