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Abstract

Adaptive optics has long been used in the astronomical teleges to acquire high
resolution images via the real time correction of the rapiglchanging wavefront
aberrations. Human retinal images also su er from rapidly cinging aberrations
due to, for example, eye movements, crystalline lens ucttians or changes in the
tear Im. Several research groups in the world have used adage optics for di er-
ent retinal imaging modalities and were able to acquire higtesolution images of
the human retina revealing the photoreceptor mosaic. Beiraple to image human
retina in high resolution opens a new era in many important kls, such as phar-
macological research for retinal diseases, researchesumhbn cognition, nervous
system, metabolism and blood stream to name a few. Having suahpotential
in medicine, there is not an available commercial adaptiveptics retinal imaging
system for clinical research and practice yet. The reasonseahe complexity, cost
and poor reliability of the available systems of the resedrayroups. Here in this
research our aim was to search a cost e ective way of improgrnhe adaptive optics
correction of a compact adaptive optics retinal imaging syesm designed for clinical
research. Based on the hypothesis that majority of the chaag in the aberrations
of the eye are due to eye movements, using the default eye caanthat is used for
the alignment of the eye in the retinal imaging system, the ne method required
no extra cost or hardware. It was possible to control the defmable mirror in real
time based on pupil tracking measurements and correct for ¢haberrations of a
moving model eye andn vivo. As an outcome of this research we showed that
pupil tracking which is an indispensable tool for retinal iraging in high resolu-
tion can be e ectively used as a part of the adaptive optics a& result of the fact
that indeed eye movements constitute an important part of ta ocular wavefront
dynamics.



Acknowledgements

| would like to thank to my supervisors Chris Dainty, FabriceHarms and Nico-
las Chateau of Imagine Eyes giving me the opportunity to workn this project
and for providing me with valuable guidance and support genausly. | thank my
colleagues at Imagine Eyes and its sister company Imagine t@p for their warm
welcome during my three years at their premises in France. hagrateful for the
discussions with Xavier Levecq the co-founder of Imagine Ogs, for the support
of Jerome Lagrange of Imagine Optics who guided me in undaasting and modi-
fying the adaptive optics control software and to Barbara Lanory of Imagine Eyes
who was responsible for the construction of the adaptive dps retinal camera. |
also acknowledge the work of software engineers and inteiadents at Imagine
Eyes (Maurice Navarro, Erwan Revert, Stephaine Berthier anBemi Gillet) who
worked on the pupil tracking system, developed and made thissearch possible.

This research was funded by European Union, 6th Framework, Mea Curie Early
Stage Training Studentships, under the project named, HIRE3MI. We are in-
debted many thanks to Prof. Adrian Podoleanu of the Universityf Kent, Can-
terbury, the coordinator of this project.



Contents

1 Introduction 4
1.1 High resolution imaging of the humanretina . . . . .. ... ... 4
1.2 Higher order aberrations of theeye . .. ... ... ... ...... 7

1.2.1 Representation of ocular aberrations . . . ... ... .. .. 8

1.2.2 Measurements of higher order ocular aberrations . . .... . 11

1.2.3 Dynamics of the higher order aberrations . . . . . ... ... 13
1.3 Adaptive optics for retinal imaging . . . ... ... ......... 14
1.4 Fixational eye movements . . . . . . . . .. .. ... .. .. ... 18
15 EyeTracking . . . . . . . . . . i e 21
1.6 Pupil tracking for adaptive optics . . . . . . ... ... ... ... 22

2 The Adaptive Optics Flood Illumination Retinal Camera 28

3 The Pupil Tracking System 35
3.1 Hardware . .. .. .. .. . ... 35
3.2 Software . . . ... .. 37

3.21 Thealgorithm . . . . . .. .. ... ... ... .. 37
3.2.2 Estimation of the o set and the central Itering width 41
3.3 Performance . . . . . . . ... 44
3.3.1 Accuracy and Precision. . . . . .. ... .. ... ... ... 44
3.3.2 Thetimeresponse . .. ... .. ... ... ... 49
3.4 DISCUSSION . . . . . . . e 55

4 Adaptive Optics Control Algorithm Based on Pupil Tracking 57
4.1 Adaptive optics algorithm based on wavefront sensing ... b7
4.2 Adaptive optics algorithm based on pupil tracking . . . . . . . .. 60
4.3 Simulations done using human eye aberration measurertsen . . . 63

4.3.1 Statistics of xational eye movements . . . . .. .. .. ... 65
4.4 Initial experiments with a modeleye . . ... ... ... ... ... 66

44,1 Calibration . .. ... ... ... ... 67

442 Methodandresults . . .. ... ... .. ... ........ 74
45 DISCUSSION . . . . . . . e 77

5 Experiments real time 78
5.1 Software development. . . . . . . ... ... ... ... 78
5.2 Experiments with the modeleye . . . . . . ... ... ... ..... 85

5.2.1 Static measurements with the modeleye . .. ... ... .. 10
5.3 Experiments with humaneyes . . . .. ... ... ... ....... 103
5.3.1 Experimental results for Subject 1. . . . .. ... ... ... 0/¢]



CONTENTS

5.3.2 Experimental results for Subject2. . . . .. ... ... ... 13
5.3.3 Experimental results for Subject3. . . . .. ... ... ... U
5.4 Summary and discussion . . . . .. ... Lo 135
6 Conclusions and future work 140
A Speci cations of the Components 145
B Ocular Safety 148
C The Model Eyes 152
D Computer programs 155



Acronyms

RMS Root Mean Square

CCD Charge Coupled Device

FFT Fast Fourier Transform

LED Light Emitting Diode

OLED Organic Light Emitting Diode
SLD Super Luminescent Diode

IM Interaction Matrix

WF rer  The reference measurement of the wavefront aberrations bieteye whose
derivative is used in the control algorithm based on pupil &cking

WFPT Loop which incorporates the wavefront sensor and the pupitacker only

AOPT Loop which incorporates the wavefront sensor, the deformigbmirror, the
pupil tracker and the control algorithm based on wavefrontensing

WFPTa Loop which incorporates the wavefront sensor, the pupil tker and the
deformable mirror that corrects the aberrations staticajt

AOPTL1 Loop which incorporates the wavefront sensor, the deformigbmirror,
the pupil tracker and the control algorithm based on pupil tacking

AOPTL2 Loop which incorporates the wavefront sensor, the deformigbmirror,
the pupil tracker and the control algorithms based on wavefint sensing and
pupil tracking



Preface

This thesis aims to enhance the adaptive optics correctiorf @ compact retinal
imaging system designed for clinical research in a cost et way; to determine
if pupil tracking, which required no extra hardware, can be sed to correct for the
monochromatic ocular aberrations as a part of adaptive os.

The rst chapter of this thesis is an introduction to retinal imaging, ocular
aberrations, adaptive optics and pupil tracking. In the seand chapter the com-
pact adaptive optics retinal imaging system that was used ithe experiments is
described (publication 5).

In the third chapter the pupil tracking system is described @ad its algorithm,
performance in terms of accuracy, precision and time resbn was detailed (pub-
lications 1-4).

The fourth chapter introduces the adaptive optics control lgorithms based on
wavefront sensing and pupil tracking, then the calibratiorprocedure, results of
the simulations, and the rst experiments done to correct fothe aberrations of a
static model eye were given (publications 6-8).

The sixth chapter rst describes the software developed toontrol the adaptive
optics instrumentation including pupil tracking and givesthe results of real time
corrections using both pupil tracking and wavefront sensgnfor a moving model
eye andin vivo (publications 9-11). Finally the fth chapter gives a discission of

the possible applications, improvements of the method andhe future prospects.
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Chapter 1

Introduction

In this chapter, we rst discuss the challenges of retinal ieging at high resolu-
tion, then, adaptive optics and its applications in ophthainology with the current

handicaps, and nally the reasons for using pupil tracking.

1.1 High resolution imaging of the human retina

The human eye has the versatility of being an optical device ade up of living
cells; proteins, connective tissue and yet transparent [1]it is a rather simple
optical system with exceptional functionality. Although, there are many examples
of vision in nature that are better in terms of di erent functionalities, the human
eye best responds to the needs of the human beings in a vastierof conditions
as a whole.

Electromagnetic radiation has long been used as a medicalaging tool for
di erent parts of the human body as long as the penetration trough the tissue
permits. Visible and infrared light being harmless, cannot gnetrate the body
tissue more than a few millimetres except for the case of thgee The back of
the eye which constitutes the veins and the arteries and thetina as an extension
of the brain, is easily accessiblen vivo using visible light. Imaging the back of
the eye through the optics of the eye in high resolution has atlof applications

yet to be discovered; there is no other example of an imagingd that can reveal

4



High resolution imaging of the human retina

metabolism and blood stream or nerve cells intact anth vivo in such a way

[2, 3, 4].

Retinal blood vessels

Figure 1.1: The eye; optics and the retina at the back of the ey(courtesy of
National Eye Institute, USA).

The retina at the back of the eye is a complex multilayered sicture, see
Figure 1.1. Refracted by rst the cornea and then the crystéihe lens, the stream
of photons crosses the vitreous body and proceeds througletharious layers of
the retina until it reaches the segment of photoreceptor ds| rods and cones. The
photons that are absorbed by the visual pigments in the photeceptor cells trigger
a chain of events employing the neural network and the braimd are perceived as
vision. The remaining photons which are not absorbed and bdescattered, provide
the means of imaging the layers of the eye, especially the ptlv@ceptors, in vivo
and non-invasively [5].

Helmholtz rst developed the tool to view the retina and namedit as the
ophthalmoscope in 1851. The main problem in seeing the badkire living eye was
that its re ectance is only 0.1 to 10 % depending on the wavelgth and the pupil
restricts the amount of light that can exit the eye by anotherfactor of a hundred
[6]. In 1979 Robert Webb developed the scanning laser ophlimoscopé which
provided higher contrast and sensitivity and in addition tke ability to view di erent
layers of the retina with the use of a confocal pinhole. Afteriat with the advent

of optical coherence tomograplyaxial resolutions as high as a few micrometers

Luses a confocal pinhole, horizontal and vertical mirrors tascan a speci ¢ region of the retina
2interferometric technique to strip o the scattered light f rom the re ected, for high signal to
noise ratio



High resolution imaging of the human retina

in vivo was achieved [6]. The tools above provided good axial reg@u but a low
transverse resolution. The microscopic structures of thetina, e.g, photoreceptor
cells, were far away from being seen. For this goal to be acked it was necessary
to measure the higher order aberrations of the eye and cortreélsem [6].
Astrophysics searches for the reality of the outer universe macro scale, where
retinal imaging looks into our inner universe to the micro sde, both using similar
tools and facing similar problems. Therefore improvemenis retinal imaging and
astrophysics being parallel in the last century was not a amidence: images of the
universe became more and more clear in the last century and did the retinal
images. Adaptive optics was the latest breakthrough that reoved some of the

blur from both astronomical and retinal images, see FigureZ

Figure 1.2: Looking up to the sky underneath a tree in starryight or human cone
photoreceptors as the blood vessels are superimposed onrihgeft)(courtesy of
Imagine Eyes), central region of the Tri d Nebula from the Germi North 8-meter
Telescope on Mauna Kea, Hawaii (right) [7], where both imagesere acquired
with the help of adaptive optics.

Similar to the astronomical images, the retinal images surefrom blur caused
by non corrected optical aberrations. Those aberrations ahge over time and a
static correction using refractive optics is not possibleThe changes in the aberra-
tions either have to be predicted (if possible) or have to beeasured and corrected
for dynamically. Di erent dynamics govern the changes in th aberrations in the
atmosphere and in the eye, therefore adaptive optics tecHngies for them have

slightly varied; the adaptive optics for retinal imaging ues components that are



Higher order aberrations of the eye

medically safe and suitable for clinical use and that can aect for larger aberra-
tions, while astronomy uses faster components and a guideusi8].

The fainter constituents of the retina such as rod photoreptor cells and gan-
glion cells are harder to image; scattering and speckle hatgebe overcome, the
techniques of which are not the subject of this thesis [9, 10]

In the following sections the ocular higher order aberraties and adaptive optics

for vision science will be discussed.

1.2 Higher order aberrations of the eye

Vision is accomplished as a coordination of the muscles, thad@ptive) optics of
the eye and the nerve cells in the retina. The refractive elemnts of the eye, the
cornea and the crystalline lens, are not rotationally symntec [11]. Furthermore
the optical axis of these elements are not the visual axis th& used for central
vision; the fovea, where the acute vision takes place, is tgplly 5 away from
the optical axis. Any man made optical device arranged this wawvould result in
images that su er from serious blur.

This peculiar and not yet fully understood arrangement indiates an adaptive
aberration compensation system, because our vision is mutiore acute than it
is expected under these conditions [12]. This is probably euo a compensation
mechanism in the nerve system and in between the optical elems. The most
well known example of adaptive compensation in the eye is tleecommodation
ability of the lens for viewing targets from in nityto 10 cm (for the young adult
eye). Indeed in the case of defocus, the gradient index crgiine lens functions as
a refractive phase corrector and compensates for the waweft error mechanism
of which is an active research area. It would be bene cial iush a mechanism
existed to compensate for the other higher order aberratien

Clinicians routinely correct refractive errors of defocusnd astigmatism by

spectacles. More complex and subtle higher order aberrat®were ignored until
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refractive surgery and corneal shaping came into practicéJ]. Among the methods
to measure the higher order aberrations of the eye objectlyeShack-Hartmann,
whose principles will be detailed in the Section 1.3, is theast used one.

First measurements of the high order aberrations of the eyesing a Shack-
Hartmann wavefront sensor was made by Liangt al. [14]. In their paper they
highlighted that the magnitude of the di raction e ects and the higher order aber-
rations; the two factors that degrade the resolution of theigion, are related to
the pupil size di erently. A large pupil does not mean a di rection limited image
because it is accompanied by an increase in high order abdéioas which degrade
image quality signi cantly: as a result in humans a pupil of 2.4 mm pupil is
ideal to resolve small details. They observed that both eyésive the same pattern
of high order aberrations and suggested that therefore th&istence of high order

aberrations may not be a coincidence [14].

1.2.1 Representation of ocular aberrations

Aberration in an optical system can be de ned as the optical deation of a wave-
front from a reference plane or spherical wavefront, and asrasult, the failure
of the system to produce an ideal image [15, 6]. There are twonemon meth-
ods of representing ocular aberrations in a two dimensionalrface; discrete or
analytical. The two methods have their strengths and weaksses depending on
the application. The discrete representation gives a topagphic view; it is rough
and its resolution depends on the data points. On the other hd, an analyti-
cal representation has theoretically in nite resolution ad the magnitude of each
ocular aberration can be derived independently. Also beingagier to compute
and manipulate, analytical functions were found to be the nsh convenient way
of representing the ocular aberrations, especially the tmdnormal Zernike polyno-
mials [16]. Using Zernike polynomials, the aberrations mayebdecomposed into

a set of basis functions using which any two dimensional fuimmn W(; ) can be



Higher order aberrations of the eye

represented with an in nite set without an error,
W )= 6zl ) (1.1)

where and are variables in polar coordinates and is the expansion coe cient
of the i!" basis functionZ;. Since it is not possible to calculate all the coe cients
up to in nity, a convenient number of coe cients, J, are chosen depending on the
aberrations and the application.

Zernike polynomials can be written either in single-indeXZ;, or double-index,
Z", form where m and n represent radial and azimuthal order resptively. Table
1.1 shows the Zernike polynomials and the aberrations thaheéy represent up to

4" radial order.

i n m Zernike Polynomials Name

0O 0 O 1 piston

1 1 -1 2sin y-tilt

2 1 1 2cos x-tilt

3 2 -2 0 6 ?sin2 y-astigmatism

4 2 0 p§( 2 1) defocus

5 2 2 6 2co x-astigmatism

6 3 -3 8 3sin3 y-trefoil

7 3 -1 pg( 3 2)sin y-coma

8 3 1 3 2 )cos X-coma

9 3 3 8 3cos3 x-trefoil

10 4 -4, 10 “sin4 y-quadrafoil

11 4 -2 6_(1(4 4 3 ?sin2) y-secondary astigmatism
12 4 O D _5(6 4 62+1) spherical aberration
13 4 2 10(& i 3 ?)co2 ) x-secondary astigmatism
14 4 4 10 “cost x-quadrafoil

Table 1.1: The Zernike polynomials up tan = 4™ radial order wherei and m are
single-index number and azimuthal frequency respectively

In this context the rst three radial orders, n=(0, 1, 2), are called low order
aberrations and radial orders three and above are called hgy order aberrations
[17].

The orthonormality, i.e., the orthogonality and normality of the Zernike poly-

nomials implies that, rst whatever J, the chosen number of coe cients is, the
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Higher order aberrations of the eye

value of thei™ coe cient of the expansion does not change which means thahgp
number of additional expansion terms can be added without ampact on those
already computed. Second, the entire value of any wavefroist xed and is equal
to the coe cient ¢, third, as the coe cients do not depend on the chosen number
of expansionJ, as theJ increases, low order terms are balanced with high order
terms, fourth, all the polynomials except the rst one have ero mean, and nally,
since the mean of each polynomial is zero, RMS of the wavefras equal to its

standard deviation and the total wavefront RMS can be calcated by,

:q(%+(,22+:::+c§ 1.2

whereJ is the number of polynomials used in the Zernike expansion éu; is the
i coe cient [18].

Since there were many types of measurement systems and reprgation meth-
ods, the Optical Society of America published a standard foreporting ocular
aberrations [19], although there are still ambiguities siicas for example how many
Zernike orders are su cient to represent ocular aberratios [20]. The Zernike poly-
nomial representation is useful but is not e cient in a numbe of cases,e.g, for
a non-circular pupil [17]. The impact of non-circular pups in our measurements
will be discussed in the results chapter where both zonal &tirete) and modal
(Zernike) reconstruction was used to calculate the wavefitoRMS. Furthermore,
Zhu et al. [21] stated that Zernikes were not su cient to describe therregular sur-
face of the cornea, and Smoleét al. [20] were concerned with the Zernike tting
error due to the aberration balancing property of the Zernigs as discussed above;
for instance, a spherical aberration may induce a negativeefbcus and result in

an underestimation of the defocus of the eye.
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Higher order aberrations of the eye

1.2.2 Measurements of higher order ocular aberrations

Higher-order aberrations in healthy eyes were measured byetent authors using
Shack-Hartman sensors or laser ray traciAig22, 23, 24]. One of the motivations
was that if the normal magnitudes of higher order aberratian for healthy eyes
were known, this would help di erentiate healthy and diseasd states of the eye.

A good agreement was found in types and magnitudes of higheder aber-
rations seen among the population although it has to be takeinto account that
the measurements were done with di erent pupil sizes and hgysources [25]. No
signi cant relationship was found between higher order albations and lower re-
fractive errors, i.e., myopia and hyperopia [26, 27]. It was found that the higher
order aberrations had similar magnitudes and tended to hawero mean statisti-
cally except for spherical aberration which was also found be less in Asians [27].
A study made among subjects with keratoconus (a disease thasults in corneal
shape distortions), showed that they can be di erentiatedrbm normal eyes at an
early stage as because of the shift of the corneal cone theydalistinctive coma
like aberrations [28].

The aberration pro le of the cornea can be estimated from itshape based on
the re ections of series of concentric rings from the cornday a corneal topogra-
pher. The higher order aberrations solely due to the lens di¢ eye was estimated
by subtracting the corneal aberration measurements from éhtotal aberration
measurements of the eye done by a Shack-Hartmann wavefromisieag or by laser
ray tracing. The results were surprising; the cornea and thkens had opposite
signs of spherical aberration and coma. It was suggested ttiae lens compen-
sated for the aberrations caused by cornea and both formed aplanatic optical
system [26, 29, 30]. Salmoat al. [13] explained this phenomenon di erently by
the angular misalignment between the line of sight and the millary axis* which

is used in the corneal topography measurements.

3a set of laser pencils is delivered in a sequence; in the preme of aberrations the spots are
displaced from their reference positions
“4a line perpendicular to the surface of the cornea passing tlmugh the center of the pupil

11



Higher order aberrations of the eye

Any objective ocular aberration measurement method uses thight that passes
through the optical system twice; rst the light is sent to the retina, then the
re ected back light is used to estimate ocular aberrationsThe error due to this
double pass is ignored assuming that the retina is not a mimrdout is a perfect
di user and therefore the second pass is independent fromehrst pass (also a
narrow input beam is used) [31, 32]. The accuracy of aberrati measurements are
also con ned by the anisoplanatism (i.e., being spatiallyariant) of the aberrations
of the eye [8]. The beacon of wavefront sensing light re enty back from the retina
is con ned to a eld which does not fully represent the aberrtons in a wide eld.
The isoplanatic patch of the eye in which wavefront measureamts are accepted to
be accurate was measured to be the central2 degrees [33, 34, 35, 36]. Another
factor that causes error in wavefront measurements is theadter and the speckle
from di erent layers of the retina increasing by the visual eld and by age that
decrease the contrast of for example Shack-Hartmann imag83,[9].

In the course of this thesis we will be discussing the monoohnatic aberra-
tions of the eye. There are also chromatic aberrations whiakegrade the retinal
image: when a polychromatic light source is used, several me@hromatic images
at di erent wavelengths are superimposed on the image a eetl by the eye's chro-
matic di erence of defocus [32]. Aphakic eyes (i.e., the phgsogical eye that has
its natural lens removed) showed improvements in vision wheantraocular lenses
were designed to correct for achromatic aberrations [38]n the retinal imaging
system achromatizing lenses are used.

Another motivation for the measurement of higher order abeations among the
population was to achieve super acuity by correcting the hingr order aberrations.
This was not found feasible, because it was found that abetiens were small
across central 2 mm diameter of the pupil and increased rapydowards the edge
of the dilated pupil; in the day vision where the pupil has 3 mm diameter the

high order aberrations had little or no e ect [39].
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Higher order aberrations of the eye

1.2.3 Dynamics of the higher order aberrations

Higher order aberrations are usually attributed to the shapand position of the
lens and the surface of the cornea [40]. There is not a singlghorder aberration
pro le of the eye; being a living system, optics of the eye isnder the e ect of
countless factors. To name a few, rstly, measured aberratns change due to eye
movements. Second, the crystalline lens uctuation is thesason for an important
part of the changes in defocus and high order aberrations. &h comes the tear
Im, a three layered structure comprised of lipids, water ad mucus, which covers
the eye's outer surface, which thins due to evaporation and/entually breaks up
followed by a blink [41]. The changes in ocular aberrationsud to the tear Im
was reported to constitute 4 - 28% of the total aberration chrages [42]. Leahyet
al. [43] measured the blink interval to be 250 ms but reported thahe transition
interval of the blink which constitutes the tear Im break-up, the eye movement,
the blink and nally the tear Im build-up lasted up to a second or more.

The higher order aberration pro le of the eye is not the samever the visual
eld: they are found to be higher in the periphery. However, th periphery of the
eye is very di erent than the macul&; there are less cones and they have increas-
ingly larger diameters and therefore the resolution is alagly low [44]. Pressure of
the eye's muscles as we change our gaze and even the eyelidsoure changes the
high order aberrations of the eye [45].

The bandwidth of the changes in the aberrations were found toe up to 70
Hz, as measured by a 300 Hz bandwidth wavefront sensor [46], gthis reasonable
considering high frequency components of the eye movemeats at 88 4.5
Hz [47]. Like all the physiological data, ocular aberrationime series are chaotic
and non-stationary, having a varying frequency content. Imddition to those it is
not possible to do data recordings for su ciently long timesas a result of which
power spectral analysis has di culty revealing the true natire of the data.

Iskander et al. [48] introduced time-frequency analysis which demonstred

5> 5 mm diameter area in the retina responsible from acute visin, also includes fovea of
1:5 mm and foveola of 0:35 mm diameter

13



Adaptive optics for retinal imaging

the change of frequency content as a function of time and itelation with the
cardiopulmonary system. Hampsoewet al. [49] con rmed that there are more than
one mechanism contributing to the aberration dynamics of #h eye and some of
them are common or there is a nonlinear relationship betwedimem after, a coher-
ence function analysis was used to determine the common fuegcy components
between the aberrations within subjects. Hampsoat al. [50] also recently pro-
posed using wavelet based fractal analysis which is a relagly new technique and
con rmed the multifractal (i.e., having repeating self sinilarity at di erent scales)
and antipersistant nature of the ocular dynamics, the latteof which means that
the time series tends not to continue in the same direction bturns back on itself

giving a less smooth signal.

1.3 Adaptive optics for retinal imaging

The technique of compensation for the changing aberratioms an optical system
dynamically with the help of relevant hardware and softwares called adaptive
optics. The rst static correction of the high order aberratons of the eye with a
deformable mirror and a wavefront sensor was made by Liaegal. [51]. This was
followed by dynamic corrections which resulted in a greatlymproved resolution
in retinal images [52, 53, 54].

An adaptive optics system for retinal imaging is made up of a wafront sen-
sor, a wavefront corrector and a control algorithm, in addion a light source for
wavefront sensing, optical elements for conjugation beter the components and
other optical elements where necessary, see Figure 1.3.

The wavefront sensor measures the aberrations of the incamgiwavefront and
the wavefront corrector reshapes it according to the commeds calculated by the
control algorithm based on wavefront sensor measurementBhe loop is iterative
and the initially aberrated wavefront approaches a plane wafront after several

iterations.
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Adaptive optics
control

Wavefront Deforrnable
Sensor mirror
Corrected P
\i‘\ \

wavefront ™
Initial

wavefront

Figure 1.3: Schematics of an adaptive optics system for nedil imaging where the
light beams for wavefront sensing and imaging that are re éed o the retina
were represented by dashed and solid lines respectively aRtl is a short pass
or long pass Iter. The aberrated wavefront is re ected fromthe initially plane
deformable mirror, then the wavefront sensor measures thdéexrations and the
control algorithm calculates the commands for the desirechape and the mirror
reshapes the imaging beam (optics necessary to conjugate tivavefront sensor
and the deformable mirror to the eye's pupil are not shown faimplicity).

Among the available sensing methods, the Shack-Hartmann tethue is the
most frequently used one in ocular adaptive optics. Itis bad on the measurements
of the local wavefront slopes using a two dimensional lens&ray, see Figure 1.4.
The dynamic range of aberration measurements,,,x and the sensitivity of the

4
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Wavefront
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\\\N
Lenslets

a
(©)
O

Figure 1.4: Incident wavefront on the lenslet array is evahated locally whered is
the diameter of the lenslets. The local wavefront which islted by is focused at
a point s away from the optical axis of the lenslet on the face of the CCDocal
slopes of the wavefront are exaggerated.)

15



Adaptive optics for retinal imaging

measurements, ni, are given by the equations below,

S d=2
max — I_inax = ?; (1.3)

S .
min = me ; (1-4)

whereF is the focal length of the lensletsd is the diameter of the lenslets and

Smin depends on the pixel size and noise characteristics of the BCamera. A
lenslet array with smaller focal length will result in a largr dynamic range with
the cost of a decrease in the sensitivity. The number of leest plays an important
role in the estimation of the wavefront; a large number of leslets means a better
resolution but requires more light returning from the retira as the total power will
be shared over all lenslets, and more time for calculationsg].

In their paper Moreno-Bariussoet al. [56] compared three methods that are
used to measure the ocular aberrations: laser ray tracindye spatially resolved
refractometer, and the Shack-Hartmann sensor. Among thoseethaser ray tracing
and Shack-Hartmann sensor are objective and the spatiallys@ved refractometer,
which is a psychophysical method, is subjective. They demsimnated experimen-
tally the equivalence of the three methods, underlining theadvantages for di er-
ent applications. In the laser ray tracing method which is spiential, the entire
area of the CCD is used for each spot. On the other hand, in Slkadartmann
sensing all the spots are acquired at once, which is a sourdeeoaor for large
aberrations. Laser ray tracing is too slow to take part in theorrection of rapidly
changing aberrations and the spatially resolved refractagter, which is based on
the response of the subject at each retinal spot, is not appdible, as a result the
Shack-Hartmann sensing is the preferred choice for the oaukdaptive optics ap-
plications. It has to be emphasized that all of the three metids depend on the
re ective properties of the retina and work ideally with heéhy human eyes.

Wavefront sensors are useful but not obligatory in all adapte optics systems.

In the case of laser systems, microscopes [57], air turbuden heat or specimen
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induced wavefront aberrations in the optical path or bioloigal imaging where
photo bleaching, photo toxicity, time resolution and scagring are limiting factors,

it is preferred to not to use a wavefront sensor [58, 59]. Thdarration correction

is performed by adapting the wavefront corrector such that aertain performance
metric (e.g, the light intensity measurement or the sharpness of the inga) reaches
its maximum in the absence of the aberrations [60].

In contrast to wavefront sensors, a wavefront corrector isotigatory in all adap-
tive optics systems. The two main types of wavefront correots are rst, ones
based on refractive properties of the materiak.g, liquid crystal phase modula-
tors (and human eye crystalline lens) and second, ones basedre ection, i.e., the
deformable mirrors [61]. Liquid crystal phase modulatorsave high resolution but
require polarized light, have moderate absorption, a relaely slow response time
and chromatic aberration a ects (when they are used in phassrapping mode)
[62, 63].

Deformable mirrors can be segmented or continuous surfacéese because
the spacing between the segments is a source of error, comtins surface mirrors
are the preferred choice both in astronomy and ocular appditons. Membrane
deformable mirrors can be based on electric or magnetic fer§64]. Modes of
the membrane mirrors depend on the re ective surface proges and number of
actuators and any surface represented as a linear combirmatiof these modes will
be perfectly produced by adequate commands [62]. More thaneodeformable
mirror can be used in an adaptive optics system; optically opugated to di erent
altitudes in the atmosphere as used in the astronomy [8] ormjagated to the eye's
pupil, sharing the low and high order aberrationsi.e., woofer and tweeter [65].

Although not dynamic and limited by the accommodative state ad visual
eld of the eye, a (custom made) phase plate can also be used asvavefront
corrector and it is claimed that up to 80% of the aberrationsan be compensated

[66]. Another type of wavefront corrector that has to be mentined which is still
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in development is ferro uid® mirrors which can be reshaped via application of a
magnetic eld [67]. The ferro uid mirrors are constrained b remain horizontal but
can provide several tens of microns deformation. They work lw frequencies (10
Hz) at the moment and high re ectivity can be achieved using bier nanoparticles
[68].

Adaptive optics has been integrated into many imaging modales such as
microscopy [69], photoacoustic imaging [70], uorescengwaging [71] as well as
ood illumination fundus cameras, scanning laser ophthaloscopes, optical coher-
ence tomography systems, and increased the resolution angnal to noise ratio
signi cantly. In retinal imaging, with the resolutions reached it is possible to im-
age photoreceptor morphology and function in three dimermis, vessel networks
and blood ow in the retina, weakly scattering cellular strictures e.g, ganglion
cells, retinal pigment epithelium cells [72, 73, 74, 75, 787, 78, 79]. A visual
simulator also is an application of ocular adaptive opticgysing which it is possible
to generate desired aberrations and do functional visiondes [80, 81].

After the higher order aberrations are corrected for, amondpé imaging modal-
ities, it is acknowledged that speed of the image exposurettse key factor to
acquire high resolution images because images su er fromtma blur due to eye
movements [82, 83]. Trained and well xating eyes give betteesults even though
the head of the subject is secured using a chinrest or a biterbaixational eye
movements have to be compensated for either by predicting;, oy measuring, or

by being faster than them during image exposure [78, 82, 83].

1.4 Fixational eye movements

Eye movements are due to the action of a group of six musclesuf of them are
responsible for four directions, up, down, right and left, te remaining two are
oblique and generate torsion, see Figure 1.5.

Our eyes are never still even during xation because, thesual system has a

®nanoscale ferromagnetic particles suspended in a carrieiglid
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prouayds fo bun oo

Figure 1.5: The eye and the six main muscles that are respduisi for movements
to four main directions and torsion (courtesy ofullwiki.org).
built in paradox - we must x our gaze to inspect the details buif we were able
to xate perfectly the entire world would fade from view' [84. In spite of this
continuous jittery and restless imaging, we do not even nat that our eyes are
moving; if there was not a compensation for eye movements wewld see a blurred
scene which is the case for a photograph taken by a shaking CCBmera.
Neurologists explain the reason for this continuous motionybneural adapta-
tion; eye movements during xation are necessary to overcarloss of vision be-
cause steady illumination produces weak neural responsesene abrupt changes
in illumination across space and time generate strong respes [84]. Another ad-
vantage of eye movements is that by this way, rather than detiag all resources
to processing it all, the visual system inspects small podis of the visual world
in a rapid sequence. Another important function of the eye mewments is their
averaging of the light over a wide eld, reducing the risk ofetinal damage under
strong illumination [85]. Nevertheless eye movements maysalserve for the adap-
tive compensation of the aberrations in the eye as it was olvged that peripheral
aberrations induce accommodative response [86]. Duringation multiple copies
of the object on the retina are created by the eye movement|&panning a eld of
view that might be necessary to sense the aberrations in a wiceld, the simplest
of which is the defocus. Some studies showed high prevaleatenyopia in certain

occupational groups [88] and perhaps a relationship betweeye movements and
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the process of emmetropizatiohwould be discovered in the close future .
Three main types of eye movements are agreed to occur in hursaduring

visual xation: tremor, drifts and micro saccades [84], seEigure 1.6.

Figure 1.6: Fixational eye movements carry the image acro® retinal photore-
ceptors (50 m diameter patch of the fovea shown here). High-frequency trer is
superimposed on slow drifts (curved lines). Micro saccadae fast jerk-like move-
ments, which generally bring the image back towards the cestof vision (straight
lines)(courtesy of Prichardet al.) [89].

Tremor is a wavelike motion of the eyes at 88 5 Hz and is generally thought
to be independent in the two eyes [47]. Tremor amplitudes aapproximately equal
in size to the diameter of a cone in the fovea. Drifts are slowations of the eye
that occur in-between micro saccades. During the drifts thexation point moves
across a dozen photoreceptors. Drifts have been reportedlde conjugate,i.e.,
they exhibit a relationship in the two eyes. Micro saccadese@asmall, fast, jerky
eye movements that correct for displacements in eye positigproduced by drifts
and return the eye back to the xation target. The xation point is carried across
a range of several dozen to several hundred photoreceptodilis in approximately
25 ms. Micro saccades are also found to be conjugate [84]. idisaccades can be
suppressed for certain tasks and they are controlled by tharee part of the brain

that controls the voluntary saccades (i.e., fast movementf the eye) [90].

"py which the refraction and the axial length of the eye tend tobalance each other to produce
emmetropia, i.e., opposed to hypermetropia, myopia and astigmatism.
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1.5 Eye Tracking

Eye tracking is measuring either the point of gaze or the rot@an of the eye with
respect to the measuring system. Eye tracking can be donehat invasively by
search coil® or electro oculography, or non-invasively using optics and video
cameras [91]. In the last century eye tracking was mostly u$as a tool to study the
cognitive processes of human activities. More recently thietegration of video eye
tracking into human computer interactions has become an dge area of research
[92].

Video eye tracking can be done with visible or infrared radian. In visible
spectrum eye tracking, the ambient light re ected from the ge is captured and the
contour between the iris and the sclera (white and opaque artlayer of the eye) is
tracked. In infrared eye tracking, the pupil is the source afontrast in the image.
Although the sclera and iris both strongly re ect infrared, mly thesclera strongly
re ects visible light and therefore it is used in visible sparum imaging. Infrared
eye tracking is more advantageous for several reasons. Eimsfrared radiation is
not perceivable by the subject and does not cause discomfoecond, the pupil
contour is smaller and more sharply de ned than the contour étween the iris and
the sclera and it is less likely to be occluded by the eyelidd3].

Infrared video eye tracking has two approaches - active anagsive or, in other
words, bright and dark pupil tracking. In active infrared ey tracking, the pupil
is illuminated with a source on the axis of the camera and theye where the light
is re ected back by the photoreceptors and the pupil is the lightest part of the
image [94, 95, 96]. In the passive approach, an o -axis soantluminates the pupil
and the pupil appears to be the darkest part of the image. In th case the rst
surface re ection of the illumination source o the corneas visible.

When the light is shone into the eye it is re ected not only at he front surface

of the cornea but also at the back of the cornea and at the fromnd back of the

8coils embedded in the tightly tting contact lens that adher es to the eye
9measuring the resting potential of the retina using a pair ofelectrodes
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crystalline lens. These four re ections are called Purkiejimages and the technique
that uses the relative position of the rst and fourth Purkinje images to estimate
the rotation of the eye is called dual-Purkinje-image eye d@cking. This method
can have<1° precision, span a 20 eld of view and can be as fast as 400 Hz
(Crane and Steele, 1985; Muller et al., 1993). Informatioregarding the rotation
of the eye is useful and integrating such a system in the rethimaging system is
our future goal.

Video eye tracking has a wide range of applications. In termg a subject's
integration into the system, video eye tracking can be classd into three: head-
supported, head-mounted and remote eye tracking systemshd& head-supported
systems use a chin rest to stabilize the subject's head. Evérough the subject
has a restricted freedom of movement, these systems can noéegude minute
head movements of the subject. In head-mounted systems, theaging system
is mounted on the subjects head by means of a helmet [93, 97].9Remote eye
tracking is the most challenging of the three and has applitans in areas of human
computer interaction, security, and others. In this case,hie subject is restricted
to a relatively con ned area but is free to move [99, 100, 10102, 103, 104, 105,
106, 107]. Eye tracking also plays an important role in refcéive eye surgeries.

The di erence between an eye tracking and a pupil tracking syem is that
a pupil tracker only follows the center of the pupil in the viegéo of pupil images
whereas an eye tracker provides information on the rotatioof the eye [108, 109].
Commercial eye trackers aim to track the eye movements in ade eld of at
least 40 where the pupil tracker that will be described here seeks gnio follow

xational eye movements which span 10 of visual eld.

1.6 Pupil tracking for adaptive optics

Adaptive optics consists of any tool that can be helpful in copensating for the

changing aberrations. Based on the hypothesis that a sigeant part of the aber-
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ration changes with respect to the wavefront sensor are due €ye movements, in
this research our aim was to use pupil tracking as a part of thadaptive optics
system.

In retinal imaging, a single frame acquired in a short exposel time may be
without any motion blur caused by eye movements but has a higlevel of noise
due to the scatter from di erent layers of the retina and detetor noise. If many
images are acquired in a sequence there is a good chance thaté will be images
exposed during a micro saccade and show nothing but blur. Whé¢hose images
are eliminated and the remaining images without motion bluare averaged with a
registration program which aligns them using cross corraian??, the signal coming
from the cones add up and the background noise is averaged ;oa a result the
signal to noise ratio of the nal composite image of many di eent frames is higher.
This is possible because the cones are common but the backa noise is not
common in all the images, so when they are summed up, the rdég\g composite
image will have a more homogenous, low frequency noise in theckground and
brighter cones. The low frequency noise then, can be elimied by applying Fast
Fourier Transform and appropriate mathematical lIters [1D].

Figure 1.7 shows a dierent approach in which there was an aee retinal
tracker to compensate for eye movements during image expos(il11].

In Figure 1.7 - a, the sequence of 52 images acquired withoetinal tracking
were averaged including the images with motion blur. Figur&.7 - b shows that
if a tracker compensates for the eye movements during exposwf the image, the
averaged composite image of 67 frames without image regigion or exclusion of
any frames can result in a better image where cone mosaic igsaaled. In addition
to retinal tracking during image exposure, if image regisation is applied to the
same sequence of frames to compensate for the tracking esrdhe result is much
more better, Figure 1.7 - c. Figure 1.7 - d compares the linegles of three cones

indicated in (c) with the same cones of a single frame of theggeence of acquired

103 measure of the similarity of two wavefronts
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Figure 1.7: Images acquired by a scanning laser ophthalmope equipped with
adaptive optics and retinal tracking (courtesy of Hammeet al. [111]). (a) Co-
addition of images that were acquired without tracking (52rames), (b) with track-
ing (67 frames), and (c) with both tracking and image regisaition (67 frames).
(d) Comparison of line pro les of three cones that were indated in the composite
image (c) with a single frame which was not shown here.

67 images. Although the single frame that is compared is not @n here, in
the Figure 1.7 - d it can be seen that the cones of the averagetbé 67 images
have smoother line pro les [111]. In their recent paper Feugonet al. [65] further
con rmed that real time tracking could signi cantly improv e stable overlap and ef-
ciency of sequential adaptive optics scanning laser ophiimoscope image capture
by limiting the magnitude of eye movement excursions. Integtion of adaptive
optics to the retinal imaging modalities reduced the transrsal pixel size making
image quality more vulnerable to eye movements as pointedtdoy Podoleanu et
al. [112] in their review on combinations of retinal imaging témiques. Trackers
can be used to compensate for the eye movements real time ad a® the move-
ments can be predicted in healthy eyes as Aured al. [113] showed in their recent
study.

There have been several studies on dynamics of the ocular mbgons to es-
timate the necessary rate of an adaptive optics system to cpensate e ciently;

however, very little attention was given to the e ect of eye mvements on those
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changes. Aberration changes mainly were described by teamlor lens uctua-
tions as correlated with periodic cycles of the cardiopulmary systent! [52, 114,
21, 48, 42]. In general it was found that the magnitude of theuctuations dimin-
ished with the increasing order of the aberrations in termsf @ernike polynomials
[40, 115]. In their paper Hofeet al. [52] proposed that an adaptive optics system
which worked at a closed loop rate of 2Hz would be su cient to prduce images
with high resolution and faster systems would not be bene ai. This was proba-
bly due to the fact that they were concentrating on a low ordeaberration which
dominated any other higher order aberrations, the defocushiech was a result of
the crystalline lens uctuations at the heart rate. Later onSantanaet al. [114]
argued that faster adaptive optics would be bene cial.

High resolution retinal imaging systems with adaptive optis have not yet been
available for clinical use because of the high cost and coragity of the systems.
E ciency of the adaptive optics depends highly on the alignrent of the subject's
eye with respect to the system and this becomes the weak powoftdevice, which
has to be reliable. Best results of current adaptive optics/stems were acquired
with subjects who can xate their eyes well and using not onlya chinrest but
also a bite bar to stabilize the head movements. In comparisdo the young and
healthy test subjects of the research systems, in the clirtise subjects are from all
ages of which the children and elderly nd it hard to xate anduncomfortable to
use a bite bar. Also in some of the diseased conditions of theeggye movements
become much more extreme and make it harder to correct for tladerrations,e.g
age related macular degeneration.

E ect of translations on the high order aberrations with repect to a measur-
ing system, have been studied for di erent purposes. For itesce Guiraoet al.
[116, 117] looked into the e ect of decentrations of a contatens when it is used
to correct for not only primary but also high order aberratims. They pointed out

that higher order aberrations are more sensitive to shift ahthey generate lower

Hconsists of the heart and the lung
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order aberrations. They proposed a selective correction bigher order aberra-
tions, meaning to compensate for the higher order aberratie that would not
produce more aberrations when they are decentered. Anothetaresting study
on decentrations was concerning myopic post-lasik refragt surgery subjects by
Moreno et al. [118]. They highlighted the importance of eye tracking dunig lasik
operations and showed that coma aberrations were inducedspsurgery in linear
relation with the error of the refractive correctioni.e. the decentration of the
formed pattern on the cornea.

In contrast to using retinal tracking to stabilize the retina during retinal image
exposure as shown above, our approach is to use pupil tragkias a part of the
adaptive optics system; to stabilize the pupil with respedb the deformable mirror

during the correction of the eye's aberration, see Figure8l.

Adaptive optics
control 1

Defarvnable
mirror

Wavefront
Sensor

Adaptive optic
control 2

Corrected

wavefront N
Initial

wavefront

Pupil
Tracker

Figure 1.8: Schematics of a basic adaptive optics system kipupil tracking as
adapted from Figure 1.3 with the addition of the pupil tracke, a second lter (F2)
and the control algorithm based on pupil tracking that updaés the deformable
mirror.

Although a pupil tracker can be used in many di erent ways in amadaptive
optics system, the aim of this research was to update the deimable mirror with
the information coming from the pupil tracker and compensat for the shift of the
pupil that happened during the wavefront sensing. The wavefnt sensor measure-

ment takes a certain time, but by this way the deformable miwr is aware of the

pupil and the wavefront shift in between the start of the expsure of the wavefront
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sensing camera and the outcome and it can update the measussihand produce

a shifted correction, Figure 1.9.
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I :Sh|fted eye

Figure 1.9: The deformable mirror corrects for the aberrains of the eye (left)
and updates the previous correction when the eye is transtat (right).

A commercial clinical device has to be cost e ective and optal technology has
always been a matter of trade o between speed and precisiohhe pupil tracker in
a retinal imaging system with adaptive optics does not reqeg any extra hardware;
it uses the standard camera that is used for the alignment oh¢ eye with respect
to the system. Using a fast pupil tracker may help compensaterfchanges in the

aberrations using a not-so-fast wavefront sensor which hashigh precision.

27



Chapter 2

The Adaptive Optics Flood

lllumination Retinal Camera

The adaptive optics retinal camera is a compact ood illumiation systent that
produces high resolution images of the human retina and isgigned for clinical

research, see Figure 2.1 [4, 119, 120, 121, 122].

Figure 2.1: The adaptive optics ood illumination retinal amera is comprised of
the instrument head, patient chinrest, the power supply fothe deformable mirror
(small box on the table) and a PC running on Windows XP installé with the
retinal imaging software. On the computer screen of the retal camera the image
provided by the pupil camera that is used for eye alignment anthe image of the
retina in real time can be seen.

Viard et al. [122] described the system in detail in their recent work: &

the light is sent at once in a large eld of view and re ections from all the layers of the retina
are received
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system is comprised of seven di erent optical paths: four fallumination, one for
analysis and two for imaging as illustrated in Figures 2.2 @nh2.4.

As described in Figure 2.2, for illumination, an 850 nm LED (RL) is used
to provide a uniform 4 4 ood illumination eld on the retina, a 750 nm
super luminescent diode (A-IL) is used to create a point soweon the retina for
wavefront sensing and an array of ten 850 nm LEDs to illuminatthe iris uniformly
are used, where an organic light emitting diode miniature nmitor (FIX) served

as the xation target.

Ll L2 BS2 L5 R-IL

badal T \ I U

I P

@

X
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Figure 2.2: lllumination system of the retinal camera whertne illumination source
for the retinal imaging (R-IL), illumination source for wawefront sensing (A-IL),
xation target (FIX), Badal, lenses (L), beam splitters (BS), retina (r) and pupil
(p) are shown as appropriate [122].

Total irradiance during imaging was measured as 2.%}}% on the cornea and
0.09 CWW on the retina certifying this system as a group | device (no pential
hazard) under 1ISO 15004-2:2007 [123], see Appendix B.

A low noise CCD camera (R-CCD) which had 1392 1040 pixels imaging area
was used where one pixel on the camera plane corresponded ® Im on the
retina, see Figure 2.4. The exposure time of the camera is 9 & it takes 105
ms in total to acquire a retinal image. The image beam re ects the magnetic
deformable mirror (mirao 52e, Imagine Eyes, France) whick tonjugated with the

pupil before reaching the CCD for adaptive optics correctio
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The control of the surface of the deformable mirror is accorfiphed by sending
appropriate voltages to each actuator as calculated by thewtrol algorithm based
on wavefront sensing which assumes a linear response of themrane. The 52
actuators are placed in an 17 mm diameter area where the mirror surface covers
an area of 15 mm diameter. In this prototype the deformable mr had the
diameter decreased with a diaphragm further to 12 mm with a goal to test the
e ect of pupil size to the image resolution, see Figure 2.3.dducing the area of the
mirror decreases the amplitude and stroke of deformation dralso the resolution
because of the less number of actuators. The relationshiptiveen the applied
current and the force exerted on the membrane is linear. Thestbrmable mirror

can work with bandwidths up to 200 Hz.
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Figure 2.3: Magnets are glued under the membrane mirror whids above the
coils that (when given the appropriate voltages) generate agnetic elds, pushing
or pulling the magnets (left). The coils or actuators are dtsibuted on a circular
area of 17 mm diameter; dashed line shows the mirrored area, dottedé is the
mirror area used for the experiments with the help of a diaphgm, courtesy of
Fernandezet al. [62].

Execution of an adaptive optics loop proceeds as follows: strthe measured
wavefront is compared to the selected target wavefront andhé di erence, called
residual, is multiplied by the control matrix, obtaining a st of voltage increments.
These increments are added to the previous applied voltaget.sBefore summation,
the increments are attenuated by a gain factor, preventingvershooting of the
signal which might cause instability and divergence. Workg with increments

prevents divergence due to a wrong wavefront measurementgrpaps produced

by blinking etc. The procedure is repeated continuously, inlosed-loop, until the
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residual is stabilized to the smallest possible value.

O

p
Figure 2.4: Imaging system of the retinal camera where the fdemable mirror
(DM), the wavefront sensor (sensor), CCD camera for retinamaging (R-CCD),
Badal, lenses (L), beam splitters (BS), retina (r) and pupilp) are shown as ap-
propriate [122].

The re ection of SLD at 750 nm from the retina is analysed by tb wavefront
sensor (HASO 32-eye, Imagine Eyes, France) as seen in Figu#e 2t measures
the slopes of the aberrated wavefront over an array of 3240 lenslets separated
by 114 microns with a 4.6 x 3.6 mrharea on the CCD. The re ection of the light
source o the cornea is prevented by o axis illumination andits large dynamic
range of 20D is largely due to the short focal length of the lenslets.

Imaging of the pupil is done using a CCD and a frame grabber. Efa of the
optical paths has a Badal system to compensate for the eye&fmactive error from
-10 D to + 8 D, leaving the deformable mirror stroke fully avdable to compensate
for astigmatism up to 5D, strong eye optical defects and to éos the image at
di erent layers of the retinal microstructure.

Figure 2.5 shows the system with an emphasis on adaptive a@icomponents.
In an ordinary adaptive optics system there are three intering elements; the
wavefront sensor, the deformable mirror and the control abgithm based on wave-
front sensing. In this retinal camera there will be two more @daptive optics com-
ponents; the pupil tracker and the adaptive optics control &sed on pupil tracking,

see Figure 2.5.
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Figure 2.5: Adaptive optics system of the retinal camera, whe the deformable
mirror can receive wavefront information from both the waviont sensor and the
pupil tracker measurements.

There are a few topics to mention regarding the performancena@ the error
sources of the adaptive optics of the system. Firstly, the ngaetic membrane
deformable mirrors were found the most suitable for oculapalications in a study
made among some of the deformable mirrors that were availabbn the market
[124]. The membrane of the mirao 52e is virtually not clampeffom the edges
(clamping diameter is 30 mm; two times the used area), this ign advantage
because when the edges are not free to move the aberrationshet edges cannot
be formed successfully. With a clamped membrane only 60% bgkttotal area can
be used; a few modes have to be sacri ced to decrease noisecasgao aberrations
increase towards the edges [125, 126].

The deformable mirror's ability to represent each aberratin independently
depends on the exibility of the surface and the actuator geuetry. The set of
Zernike polynomials that represent the aberrations can new be perfectly repro-
duced because the actuators of the deformable mirror and tleéore the minimum
set of independent functions that can be exactly reproducdyy the exible surface
is nite [81]. Because of this when simulating a certain Zerke polynomial, some
other Zernike polynomials also appear, which is called modeupling or cross talk;

a well known problem typically occurring with deformable catinuous membranes
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in the generation of surfaces. Another unwanted a ect is theseillations after the

application of a step command which is due to the continuousigace and the mag-
nets attached to the thin membrane. The oscillation time caibe reduced from 15
ms to 5 ms by applying appropriate voltage curves [127, 68} the retinal camera
prototype that is used in the course of this research a defoaible mirror driver

that sends step voltages was used; as a result the responseetiof the deformable
mirror was 15 ms.

The Haso 32-eye wavefront sensor has a wide dynamic range teecdarge
ocular aberrations with the help of its short lenslet focal idtance. A criticism
regarding the adaptive optics system of the retinal cameraouald be regarding
the resolution of the wavefront sensor. One may argue that ¢h32 40 lenslet
wavefront sensor is sampling too much for a 52 actuator defoable mirror. A
large number of lenslets means the part of the wavefront thas sampled by one
lenslet resembles a tilt more, improving the estimation [35 It must be taken
into account that the total light power that is sent to the eyehas to be higher
with a large number of lenslets. Speckle which is a result obleerent light was
another factor that a ected wavefront sensor measurementsJsing an SLD, a light
source with wider bandwidth than a laser and relatively longr exposure times (30
ms minimum) so that the eye movements average out the speckiere solutions
applied in this system.

Wavefront sensor measurements are subject to the error regdd to the unwanted
re ections of the light sources from the lenses on the optitgpath and cornea.
Appropriate Iters were used to stop other wavelengths reaahg the wavefront
sensor and the SLD was used o axis. The o axis use of the SLD aans and
attenuates the re ection from the cornea and the central lesiets are free from
re ection which is important for the accuracy of the softwae. On the other hand
although it is assumed that the retina is a perfect di user ad the aberration of
the incoming light source is cancelled, the o axis SLD prodies some unwanted

astigmatism and coma on the rst path before reaching the reta. Also if the
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pupil of the subject suddenly gets smaller, or moves away ti&.D beam can be
out of the range of the pupil boundary easily because it is aady close to the
edge. The optical bench ocular adaptive optics set-ups usé&e;, o axis spherical

mirrors to prevent those de ections but this is not possibldéor a device which has
to be compact [128, 129]. Another advantage of using spheticairrors instead of

lenses is that they do not produce chromatic aberrations. lour case achromatic
doublets are used, although this is not a very big problem sia we do not use
polychromatic light like optical coherence tomography sysms.

Once the slopes data of the angular ray deviations are acogil, they are used
directly to calculate the voltages for the deformable mirng reconstruction of the
residual wavefront is not a part of the adaptive optics algahm. Reconstruction
of the measured wavefront can be e ectuated outside the ad@ége optics loop from
the same slopes data if desired. In this thesis we will recongt the measured
wavefronts and calculate the RMS of them to evaluate the suess of the aberration
correction. We will use both zonal and modal reconstructignrst of which is a
discrete method based on iterations and may have tting errs and second of
which can provide RMS of individual Zernike modes but con ng& to a circular
pupil and results in the loss of data in the case of non-cirarl pupils [130].

In the adaptive optics system of the retinal camera tilt terns are not corrected
for by the deformable mirror. Defocus term is corrected butlso can be modi ed
either using the deformable mirror or the Badal to be used asveay to look at the

di erent layers of the retina.
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Chapter 3

The Pupil Tracking System

The pupil tracking system was developed outside the adap&wptics retinal camera
in a separate set-up. The adaptive optics retinal camera macdy Imagine Eyes
had an eye camera to help the user align the subject's eye witbspect to the
system, and it was this camera that was used to acquire liveeymages to track
the pupil when it was adapted to the retinal camera. The pupitracking system
that is described here was made of the same type of camera foage acquisition

and the same optics for pupil conjugation.

3.1 Hardware

The pupil tracking set-up was comprised of a CCD camera, an @ative and a
doublet for image formation, an array of ten near infrared LBs with a mean
wavelength of 950 nm to illuminate the eye and a standard opélmic chinrest
to stabilize the subject's head, see Figure 3.1. A frame giadr is also a part of
the hardware and is used to retrieve and digitize analog sials' from the CCD to
input to the pupil tracking software for further processing Table A.1 in Appendix
A gives detailed information on the components.

The adaptive optics retinal camera had several light soursemost of the time

ltime varying signal of any type of variable. Digitization of analog data means it's conversion
into binary code, which uses binary digits - bits which are eiher 0 or 1. The sequences of Os and
1s that constitute information are called bytes.
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on the same optical path ending up at di erent detectors. To pevent interference,
all of the imaging components were synchronized in time anderent wavelengths

of light sources, appropriate lters and several beam sptirs were used. The LED
array stands on a LED holder which is normal to the optical asi, see Figure 3.1.
Because of the 5% relative sensitivity of the CCD at 950 nm arttie existence of
Iters and a beam splitter on the pathway, the light that reaches the CCD is as

low as 1% of the light that re ects o the pupil.
To the
computer|
D— _— —
- I:ti’f/\ \, A\
B S )
17
ccb Objeclve ; / The eye
35 Achromalc 1
17
Doublet '’

100 ./
"' LEDs

Figure 3.1: (right) The pupil tracking set-up schematics ad (left) acquired image
of the model eye in the case of an ideal illumination and its $togram of grey
levels.

The distance of the LEDs to the optical axis and the eye was natbitrary; the
LED array was situated below far enough to avoid primary re etions from the
cornea,; bright spots on the dark pupil prevents the algoritm working e ciently,
Figures 3.1 and 3.2. The pupil tracking algorithm ideally rguires a uniformly
and well illuminated eye image of which the pupil is the darlet part, see Figure
3.1. Figure 3.2 shows the image of the model eye and its histaigp when it was
illuminated with high power. The iris of the eye is white becase the LEDs were
too bright and primary re ections of are visible due to the psition of the LED
array.

Firstly being two arrays, one below and one above the opticalxis, after re-
alising that the light from the array above did not arrive at the eye due to the
facial features only one array of LEDs below the optical axisas kept. The LEDs
were carefully positioned in the LED holder socket strips usg a hot melt glue

gun in an inclined manner to point to slightly back of the objet plane to form a
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LED 10cm above

The eye

" below

LED 60cm below

Figure 3.2: (right) The photograph of the pupil tracking setup and (middle)
schematics showing the formation of specular re ections kihe LED array when
they were placed 10 mm below the optical axis. (left) The ima&gof the model eye
and its histogram of grey levels where specular re ectiong the two LED arrays
can be seen as they were positioned 10 mm above and below thecapaxis.
homogenous illumination across the desired area on the faufethe eye. Finally,
the set-up was tested for ocular safety and was found underethimits, for more

information see Appendix B.

3.2 Software

3.2.1 The algorithm

The software was written in C++ language by S. Berthier and RGillet, two intern

students, from an algorithm which was developed at ImagineyEs in the previous
years. My task was to develop the hardware, calibrate, teshé software and use
the system. The aim of the software was to track the pupil ceat of the acquired

eye images in real time, following the steps described below

Histogram Calculation

The rst thing done by the algorithm is to produce a histogramof the eye image.
Under uniform illumination, the eye images have the followmp characteristics: a
pupil which is always the darkest part of the image and the lIiger iris which has

a wider distribution of grey levels. Histograms of such eye ages are always like

in Figure 3.3.
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Figure 3.3: Histogram of an eye image produced by the pupil tking algorithm.

Calculation of a threshold for binarization

Once the histogram is made, the most important informationtiat can be derived
from it is the grey level of the pupil peak which is always theighest peak in
the histogram, Figure 3.3. When this is known, the next stepsito estimate the
threshold, the grey level of the border of the pupil, which isised to classify the
pixels of the image into two; those who belong to the pupil anthose that belong
to the iris. For a better functioning of the algorithm the threshold is de ned as,
Threshold = Pupil peak + O set.

The adaptive optics retinal camera was designed to be used bhgalth profes-
sionals and therefore it had to be as automated as possibleedduse of this, the
pupil tracking algorithm had to have a pre-de ned o set valte which was appli-
cable to most of the population. A survey showed that indeednder the same
illumination, histograms of pupil images have very similapupil peak and o set

levels, see Figure 3.6 in Section 3.2.2.

Dynamic windows

Calculation of the threshold is followed by a search withinhe image for those

points of transition from pupil to iris and vice versa. To sag time, the area of
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Figure 3.4: Drawing illustrates the steps of detection; dyamic windows, cen-
tral and symmetric Itering, the white contour showing the detected pupil border
points after central and symmetric ltering.

the image that is processed is limited into two windows, oneif the left border

of the pupil and one for the right, Figure 3.4. The window widh was calculated
for maximum number of detected border points with minimum pocessing time for
pupils with diameters from 6 to 9 mm; the processing time of thalgorithmis 2

ms per frame. The algorithm can follow the pupil within a frane of 3 mm, both

on x and y axis without being prevented by the eye lids; a coved upper or lower

pupil border does not a ect the measurements.

Binarization and detection of borders

Within the two windows, if the intensity value of a pixel is alove the threshold,
it is converted to white, and if it is below the threshold, it B converted to black
demonstrating the right and left pupil borders. After detecton of pupil borders,
the border points that are not conjugate on both left and righ borders on a

horizontal line are eliminated in order to avoid image artefcts, Figure 3.4.

Central Filter

The aim of this lter is to eliminate the detected points that do not represent the
pupil border. First, the centers of x - coordinatesxcenter Of €ach pupil border pair

are calculated. Second, the median of these centeXsedian 1S found which is a
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primitive estimation of the pupil center on x axis, Figure 34. The center of the
pupil border pairs are presumed to be within a central Itenhg area with a width

of x, and only the pairs with centers within this area are kept,

X X
Xcenter 2 Xmedian 7;Xmedian + > : (3.1)

There will also be a pre-de ned width of x, i.e. central Itering width which is

the subject of Section 3.2.2.

Preliminary detection of pupil border minimum and maximum

Among the detected border points the ones at the far left and thfar right are
accepted as the x coordinates of the right and left peaks ofdlpupil borders for
maintenance of dynamic windows, Figure 3.5. The position diie left and right
window is set to be at a speci ¢ distance from these prelimima detected pupil

border peaks. In this way the windows follow the pupil as it mes dynamically.

Symmetric Iter

This lter equalizes the number of detected pupil border paits below and above
the preliminarily detected pupil border peaks because a pavolic t that is per-
formed on points symmetrically distributed better estimaes the pupil border,

Figure 3.4, 3.5.

Parabolic t

This part of the algorithm estimates af \ign: (X;y) and fiere (X;y) parabola equation
for the right and left pupil border based on the detected pupborder points, Figure

3.5. x coordinates of the minimum or the maximum of a parabolas found by

d(f)

solving the derivative equation,=;~ = 0. Calculation of the coordinates of the

right and left pupil border peaks, &rignt ; Yright ) @and (Xiert ; Yiert ), are followed by
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Figure 3.5: Parabolic tsfgn (X;y) and fier: (X;y) to the detected points.

the calculation of the center and the diameter of the pupil by

Xright * Xieft _Yright * Yieft
2 ’ 2

(Xcenter ; Yeenter; D) = y Xright  Xeft - (3.2

3.2.2 Estimation of the o set and the central Itering width

The most e cient o set and median values may be di erent for each subject also
it may di er instantly depending on the illumination, pupil size, or the position of
the eye lids for example. It is possible to do calculations &stimate the best values
in real time for each image that is acquired but this would beme consuming. Our
strategy was to estimate the error related to those values drnf possible pre-de ne
the values for the general population to facilitate the usefahe device in a clinical

environment automatically.

The o set

The threshold value which is used to di erentiate the pupil fom the rest of the
image is the sum of the grey level of the pupil peak and an o sehlue, Section
3.2.1. A survey was made among 7 female and 14 male healthy &uean and

African origin aged 31 8 in average, under a de ned illumination level in which
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eye images and their histograms were recorded, see Figuré. 3.

Figure 3.6: Eye images captured at the same illumination fd&2 subjects. First
three rows belong to colored eyes except the last two images tbe right on the

third row which belong to two dark colored eyes of African orig. The rest of the
images belong to brown eyed Europeans. The last two imagestla¢ sixth row on

the right were taken when the illumination was obscured by tal features or was
not bright enough. The rest of the images are the histogramsqruced by the
pupil tracking software from the eye images respectively.hE last two histograms
show how the histogram changes if the illumination was obsad or not bright

enough.
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Examining the histogram of an eye image, the best o set valuer the best
point of threshold which is the point where the pupil ends anthe iris starts can
be seen subjectively, Table 3.6. It is de nitely using this gtimum o set value
that the pupil tracking algorithm can calculate the position of the pupil center
most accurately. As the pupil tracking algorithm can detect ppil center on both
recorded and live images, among ten of the recorded imagessitions of the pupil
center were calculated using di erent o set values. The ear of the pupil center
calculation was estimated by their di erence from the pupilposition calculated
using the optimum o set value which was speci c to each eye iage. Figure 3.7
shows that pupil center position may vary 4 m for o set values starting from
10 to 70. The standard deviation of the error distribution wa lowest at the o set
value of 25 which was then accepted and used as the pre-de nedet value of the

algorithm.

Effect of different offset values
on detection of pupil center

N
~

Error of pupil position (um)

=—Q— sSD of error
“““““ Subjects 1 to 10

,,,,,,,,,

SD of the error (um)

10 20 30 40 50 60 70
Offset (grey levels)

Figure 3.7: Ten images from the survey were used to estimatieet o set value
which ts to all eye types.

The central Itering width

In the previous section the central ltering was described.It eliminates the de-
tected pupil border points which do not actually belong to tle pupil borders. To

estimate a pre-de ned central Itering width (in pixels) for the algorithm again
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one of the recorded eye images was used. The pupil center pasiwas calculated
using the software for central Itering widths starting from 3 to 18 pixels and for
o set values from 10 to 70 grey levels. Figure 3.8 shows thdl@aated pupil center
position as the radial distance from the bottom left corner fothe eye image. The
central Itering width had no signi cant e ect on pupil posi tion calculation where
a central Itering width lower than eight pixels is slightly erroneous. A central

ltering width of 10 pixels was accepted as the prede ned vak.

Effect of central filter width
on the pupil position calculation
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Figure 3.8: Central Itering with less than eight pixels widh gave slightly di erent
results while the central ltering width bigger than and equal to eight pixels had
no signi cant di erence.

3.3 Performance

3.3.1 Accuracy and Precision

The accuracy of a measuring system is de ned as its ability tprovide a value
close to the true value of the measured. Accuracies of commaleye tracking
systems are expressed as the mean measurement error in degréhe smaller the
error the higher the accuracy. As the pupil tracker does not nasure rotation
of the eye in degrees but measures the position of the pupilnter (with respect

to the bottom left corner of the acquired images) in micronsthe accuracy of
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the system is expressed in terms of the mean measurement efrom a known
position in microns. Precision or repeatability of the pupitracker will be expressed
as the standard deviation of the measurements from the avge value of the
measurement.

Motion controller stages and a model eyethat produces an image histogram
that closely resembles the image histogram of a real eye wersed for the tests.
The model eye was attached to a stage which was itself attacht® a second stage
forming x and y axes on a plane normal to the optical axis of thpupil tracking
system.

The 2 5 mn? active area of the CCD corresponds to 6 14 mn? on the
object plane due to a magni cation factor of 0.34. If an eye wh a 7 mm pupil
moves away from the center more than 3 mm on the x and y axes it will be
out of the range of pupil tracker's capability of taking measrements because the
pupil tracking algorithm requires left and right pupil borders to be visible in the
eye image. To estimate the mean error in the pupil tracking nasurements we
measured the pupil position of the model eye every 12 ms during 13 s at 25
di erent positions within two di erent central square areas of 1 mnt and 2 mn?.
The mean and the standard deviation of these datax; y;D ( x5 y;, D)at
each point were calculated. Table 3.1 shows the mean errordastandard deviation
in detection of the radial pupil position,i.e., P xZ+ yZ, and the pupil diameter for

the central squares of 1 mrhand 2 mn?.

Mean Standard
Error ( m) | Deviation ( m)
Pupil position | ( 1 mm range) 6 2
( 2 mm range) 11 8
Pupil diameter | ( 1 mm range) 18 1
( 2 mm range) 28 1

Table 3.1: Mean errors and maximum standard deviation of raal pupil position
values of 25 sets of data points within central squares of 1 mrand 2 mn¥

On the x axis the pupil tracker is more accurate and precise drihe detection

2see Appendix C, Figures C.1 and C.2
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continues until one of the pupil borders is out of the image dme. Although not
shown here separately, most of the error in the measuremeraad the lack of
precision was due to the detection of the y axis because it teged a parabolic t
to the data. x axis coordinates had the standard deviation df m in general, so
did the pupil diameter measurements. Pupil diameter measeiments had<1l m
error in the central 500 m region but as the eye goes away the error increases.
The algorithm was more accurate within the central 1 mm region mainly
because when the pupil moves upwards and downwards the dételcnumber of
pixels on the pupil borders decrease signi cantly causingrer. In average the
error related to the measurement was as low as 62 m but we have to keep in
mind that the resolution of the pupil tracker is one pixel, ie. 465 %) =13:2
m for a single measurement on the object plane;65 m being the width of one
5

pixel on the CCD and% being the magni cation factor of the system.

E ect of Defocus

Although defocus is a temporary phenomenon which is quicklyoticed and cor-
rected by the operator or by the subject, it is worth estimatig the error related
to it. The histogram is the most crucial part of the algorithm the quality of pupil
center detection highly depends on the sharpness of sepavatbetween pupil and
the iris. If the model eye is defocused along the optical axigith respect to the
pupil tracker, the histogram of grey levels of the image hasthicker baseline when
compared to the focused image. To estimate the error in det@m, the pupil cen-
ter position was measured every 12 ms during 13 s while the model eye was
at 20 di erent positions along the optical axis within a ran@ of 5 mm axially.
The error related to the defocus of the pupil image up to 5 mm was less than

15 4 m.
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Precision of real eye measurements

Even though the model eye produced a good approximation of aal eye image,
in contrast, the human eye is restless by nature. Fixationatye movements at
speeds of up to 10(5?, a pupil which dilates and contracts continuously to adapt
the illumination and the minute inevitable movements of thesubject's head, all
make it harder to measure pupil position. The error or predisn of the in vivo
measurements of the pupil center cannot be known directly élsere are no means
of knowing the actual value of the pupil position with respeado the eye camera.
However, mydriatic eye drops which dilate pupil and paralyzaccommodation
temporarily can be used to estimate not the accuracy but thprecision of the
measurement indirectly. In such a case pupil diamet& becomes relatively stable
and standard deviation of the pupil diameter measurements, D is related to the
standard deviation of the measurement of the x coordinated the pupil center

Xcenter (EQ. 3.2) by this way:

_ Xright *+ Xieft .
Xcenter = - 2 (3.3)
99— 2
_ Xright * Xieft Xiight ¥ Xiert _
Xcenter Xcenter - 2 2 ) (34)
D = Xight  Xieft; (3.5)
49— 2
D D = Xight  Xieft Xiight +  Xieft 5 (3.6)
D
Xcenter = 7; (3.7)

Xright and Xjery being the x coordinates of the right and left pupil borders.
Tropicamide (1%) drops were applied in the left eyes of two volunteers. The
pupil center positionin vivo was measured every 12 ms during 13 s three times
just after application and then in 15 minutes intervals whi¢ the subjects xated
their eyes to a target. Figures 3.9 and 3.10 show that the e eof droplets was

evident after 15 minutes as the pupils were dilated by 2 mm and the standard

3Tropicamide is a neurotransmitter blocking agent that produces short acting dilation of the
pupil and accommodation paralysis.
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deviation of the pupil diameter measurements decreased aptly and stabilized.

Pupil diameter in vivo
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Figure 3.9: Mean of the pupil diameter measurements of two Isjects taken at
regular intervals after Tropicamide (1%) droplets were ag@d.
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Figure 3.10: The standard deviation of the pupil diameter nasurements of two
subjects taken at regular intervals after Tropicamide (1%diroplets were applied.

Table 3.2 summarizes the mean and the standard deviations33 13 s series
of measurements in total for two subjects which were takentaf the pupil diam-
eters were stable. The precision of pupil diameter measurenmt was the mean of
standard deviations for the two subjects; D = pWE 21 m, which leads to

the precision of pupil center measurement Xcenter = 2

> 11 m, assuming that

the magnitude of the pupil diameter was frozen and the standa deviations were

solely due to the pupil tracking system.
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Pupil Diameter Pupil Diameter
Before Tropicamide| After Tropicamide
Subject A | 6313 153 ( m) 8002 14 ( m)
Subject B | 5900 153 ( m) 7300 40 ( m)

Table 3.2: Mean pupil diameter and standard deviations of tw subjects before
and after Tropicamide (1%) application.

3.3.2 The time response

Rapid eye movements deteriorate retinal images in two waykirst, the aberrations
of the eye cannot be compensated for, mainly due to slow waweft sensing in
the adaptive optics system and second, during the exposuthe image exposed is
spanning a vast area across the retina depending on the speéthe eye movement
resulting in a blurred image. The retinal imaging camera has9 ms image exposure
time which results in at least ve blurred images out of 40 remrded in an imaging
session. Those blurred images are ignored and the remainimgh contrast images
are chosen for digital image processing. Having this relagily slow imaging camera,
there seems no advantage of being able to track rapid eye maants.

However it is useful to know the pupil tracking measurement ssr related to
rapid eye movements as a function of speed, to evaluate therreaction of eye's
aberrations using adaptive optics and pupil tracking. Forhis purpose we needed
a platform in which the model eye could move rapidly in a contidlable way. The
model eye was attached to a motor with the help of a mechanigaiece’ which can
be attached to a motor arm, using which it was possible to pladhe model eye at
various distances from the rotation axis of the motor, see ire 3.11.

The motor was an electric motor with linear voltage-to-spek relationship
whose true frequency of rotation could be estimated by two rfeds, either us-
ing the motor driver and an oscilloscope or by Fast Fourier @nsform (FFT) of
the recorded pupil tracking data, both of which gave resultshat were in good
correlation, see Figure 3.12.

It was not possible to measure the radius of rotation - distare of the attached

4see Appendix A, Figure A.1
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Figure 3.11: Attached to the mechanical piece the model eyarc rotate with
di erent radius of rotations around the axis of the motor arm
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Figure 3.12: Correlation of the rotation frequencies measd from the motor

driver and derived from the FFT of the pupil tracking data.

model eye to the motor axis precisely when the motor was stati Although the

attachment points for di erent radius of rotations of the mechanical piece were
known theoretically, the attachment of the model eye was naibust enough to
be accurate at the micron level. The only way to know the radaiof rotation was

by using the pupil tracking measurement data recorded durinrotation. Radius

of rotation was equal to "™ 'm») wherer s and rpin were the maximum and
minimum radial magnitude of the pupil center measured withespect to the bottom

left corner of the eye image in microns. At dierent frequenc and radius of

rotations, the position of the pupil were recorded every 12 ms during 13 s
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with a camera exposure time of 10 ms. Table 3.3 displays thdissmted radius of

rotations.

\ 8 Hz 28Hz 48Hz 67Hz 88Hz
Model eyeat 150 m | 156 m 140 m 105 m 66 m 22 m
Model eyeat 200 m | 224 m 203 m 156 m 108 m 37 m
Modeleyeat 300 m | 298 m 265 m 205 m 127 m 36 m

Table 3.3: The radius of rotations of the model eye were dedat from pupil

tracking measurements b)/””f"f““) wherer max and ryin are the maximum and
minimum magnitude of radial position of the pupil center wih respect to the
bottom left corner of the eye image.

Figure 3.13 shows the errors in estimation of radius of rotains based on pupil

tracking data. The lowest frequency of rotation that could ke achieved by the

Error of radius of rotation
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"""" Eccentricity at 300 pm
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Figure 3.13: Error in radius of rotation (rr) estimations fa frequencies of 8-89 Hz
and radius of rotations of 150, 200 and 300 m.

motor was 8 Hz and the actual radius of rotation of the model eye was acded
as the one calculated at this frequency. For the same frequsnof rotation the
error of measurement for a model eye rotating with a biggerdais of rotation was
larger. In the same way the model eyes at the same radius ofatbns with higher
frequencies of rotation introduced more error and deteriated the perceived radius
of rotation by the pupil tracker, see Figure 3.14.

The error of measurement was related to the radius and frequey of rotation
guadratically, see Figure 3.13. It is reasonable to assumieat the error of mea-

surement was proportional to the square of the speed= 2 rf of the model eye,
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Pupil position of the rotating eye
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Figure 3.14: The pupil tracking data on x-y plane for increasg frequency of
rotations while the model eye was rotating at 300 m and the camera exposure
time was 10 ms.

r and f being the radius and frequency of rotation respectively. @oerting all
the data taken at various radius and frequency values into thspeed of the model
eye,Error / v was plotted and a second degree polynomial curve was t with a

correlation coe cient of 0.99, see Figure 3.15.

Error of rr - speed of the model eye
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Figure 3.15: Error of radius of rotation (rr) estimation in relation to the tangential
speed of the model eye.

When the eye moved by less than 28 the error of the measurement was less

than 15 m which is close to the error of static measurements, see Figu3.15.
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Now we will convert this units into the d—gg based on the Figure 3.16.

Figure 3.16: is the angle of rotation of the eye which takes place arounditenter,
is the eld of view of the rotation, f¢ye is the focal distance of the refraction of
the eye.

The rotation of the eye takes place around its center, becausf this a pupil
displacement of x measured by the pupil tracker corresponds to the same dis-
placement on the retina. x can be expressed in terms of angle of view by

taking into account the f o ¢, the focal length of the eye,

tan( ) = (3.8)

eye

= tan 1(—X) (3.9)

feye
This follows that a pupil movement at 25%" corresponds to 55";ﬂj on the retina,
when f ey was taken as 17 mm. The micro saccades were reported to have?¥0
mean speed and maximum speeds as high as ﬁ@whereas, the maximum speed
accepted for a drift is 0.5% on the retina[84]. In conclusion it can be deduced
that the pupil tracker can follow drifts and micro saccadesuto 50 d—gg speed with
its default accuracy and precision as long as they are withoentral 5 range.
As the camera exposure time gets longer there is more blur inethmage due to
movement, the pupil border becomes less sharp and error igwitable. The image
exposure time also e ects the input light level; a short expgure time requires more

power on the surface of the eye. Ocular safety concerns ane tton guration of the
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retinal camera do not allow us to use the eye camera at an expostime less than
10 msin vivo because this would require signi cantly higher light input On the
other hand it is possible to perform experiments with an imagexposure time of 2
ms using the model eye. Figure 3.17 shows that the amount ofgpltracking error
in measuring a moving eye is directly related to the amount dime required for
image exposure of the camera and that the pupil tracker couldork with almost
no error up to 60 Hz with a radius of rotation of 150 m which corresponds to a
model eye which moves by almost 60" = tan 1(%) =75 %’

Pupil position of the rotating eye

0 T T T
e T ]
= : : :
=2
R
X
©
> 8 Hz
-505 |- 28 Hz
48 Hz
67 Hz
: : : 89 Hz
-700 1 1 1
-700 -530 -230 0

X axis (um)

Figure 3.17: The pupil tracking data on x-y plane for increasg frequency of
rotations while the model eye was rotating at 150 m and the camera acquisition
time was 2 ms.

Assuming the pupil tracker was a linear system, its gain for tational move-
ment would be calculated by,Gain = 10log(P ower,/ P ower,) where a 3dB de-
crease would correspond to the cut-o frequency of rotatioat which the output
power of the system was half of the input power, see Figure 8.1

The input power of the system was directly related to the squa of the radius
of rotation as the rotational kinetic energy of the model eyavas Ex = 1=2! 2
wherel = P iNzl m;r2 was the moment of inertia,m;, r; and! were the point mass,
radial distance of the point mass to the rotation axis and thangular velocity of the
model eye respectively. Output power of the system was sqeaof the amplitude

of the FFT of the measurements which had the two peaks with eglamplitude
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Gain of the pupil tracking system
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Figure 3.18: Gain = 10log(P ower,/ P ower,) of the pupil tracker with the ac-
quisition time of 10 ms, the model eye at radius of rotation 0£50, 200 and 300
m and with acquisition time of 2 ms, the model eye at radius obtation of 150

m.
on the frequency axis one being the mirror image. The amplitie of the FFT was
distributed to those two peaks so that total amplitude was tleir sum.

Figure 3.18 shows that there was a 3dB decrease of gain evefoleea frequency
of rotation of 20 Hz which did not comply with the results foundearly in this
section. With the same frequency of rotation a model eye whidad a radius of
rotation of 300 m was faster than a model eye which was at 150n therefore
the pupil tracker was expected to have more error and a steeapeurve for the
model eye which was farther but it was the opposite. The gairuove for the 2 ms
image acquisition time started below 3dB and had a tendencywards for higher
frequencies which can be seen in the Figureld as the radius of rotation increases

by frequency of rotation. As a result it can be derived that ouassumption was

wrong and pupil tracker was a not a linear system.

3.4 Discussion

In conclusion we developed a pupil tracking system which i€@urate and precise

in tracking xational eye movements that are within 5 eld of view. The blur
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related to the long 10 ms exposure time of the camera was the joafactor that
de ned the traceability of a moving pupil by this system.
The pupil tracker can follow majority of the eye movements ahin vivo mea-

surements had similar precision with the measurements dométh the model eye.
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Chapter 4

Adaptive Optics Control
Algorithm Based on Pupil
Tracking

In this chapter rst, a brief introduction to the classical adaptive optics control
algorithm based on wavefront sensing, second, a descriptiof the adaptive op-
tics control algorithm based on pupil tracking, then the reslts of simulations,

preliminary experiments done and the problems encounteredll be given.

4.1 Adaptive optics algorithm based on wave-
front sensing

The adaptive optics system of the adaptive optics retinal caera consists of an
electromagnetic deformable mirror with 52 actuators and alfack-Hartmann wave-
front sensor with 32 40 lenslets, for speci cations of the components see Appexdi
A, Table A.2. The lenslet matrix has a rectangular shape only lcause it is easier
to nd a rectangular CCD array than a square one, the pupil of wvefront sensing
is not elliptical; it is circular.

Typical outcomes of a Shack-Hartmann wavefront sensor measment with
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Adaptive optics algorithm based on wavefront sensing

32 40 lenslets are two separate data matrices containirsg, and sy, , the pro-
jections of s; on x and y axes where = (1;2;:::;32) andj =(1;2;:::,40) are

the indices of the lenslet array, see Figure 4.1.

Sx =12 400 Sy =113z 40 (4.1)
I ® | @
| |
o | I
|—1,j—1 . d |—1Jj:
e e S
| |
| S){-I I
® le J / > >I| d ®
[ o |
| % |
v Y
| |
a

Figure 4.1: Distribution of the Shack-Hartmann spots on the CD as they are
generated by the two dimensional lenslet array wheré is the diameter of the
lenslets, i and j denote the lenslet indices.

The slope vectors of a wavefront measurement is built frons, and s, by,

S = [0S0 1 Sk Sy i Sy 1Syl (4.2)

where K is the number of valid lensletsK 32 40 = 1280. The interaction
matrix IM of a wavefront sensor and deformable mirror pair is the assbin of
all slopes vectors that are measured and built after pushirend pulling of all the

actuators of the deformable mirror one by one,
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2 3
Sxi Si1 Sam i1 Sxoy
Sxii i Sqm CiY Sk
T R ; 4.3)
SYll Sylm SylM
Syar 0 Sy oo+ Sy

SyKl Sme SyKM

2K M

where M = 52 is the number of actuators. The command vectov holds the

voltages to be applied to the actuators of the deformable mmor,

V=V Vo il oy (4.4)

If the interaction matrix of the wavefront sensor and deforrable mirror con gu-
ration is known, the slope vectors of the wavefront produced by the deformable

mirror in response to the applied voltages can be estimated by,

s=IM v (4.5)

During adaptive optics correction, the control algorithm fased on wavefront sens-
ing calculates thev to be applied to the deformable mirror from the slope vector

of the measured wavefrons each time,

v=IMY s; (4.6)

using IM ¥ which is the pseudo inverse of the interaction matrix calcated by

singular value decompositiohbecausdM is not an invertible square matrix.

lanm n matrix M is factorized of the formM = U V after which MY =V YU .
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4.2 Adaptive optics algorithm based on pupil track-

ing
The adaptive optics control algorithm based on pupil trackig works by approxi-
mating a unit shift on x and y axes for boths, ands, data of a reference wavefront
measurementWF ger . FOr sy, the unit shift on the x axis ySx and the unit shift
on the y axis ys, are produced by shiftings, one row (of lenslets) to the left

and subtracting this from the initial s, and by shifting s, one column (of lenslets)

downwards and subtracting this from the initials, respectively,

xSxij = Sxiya S for i=1;2:::,32

ySx; Sxiaig  Sxj ] =1;2;:::;40 4.7)

The procedure is repeated fos, to produce s, and s,

xSyj = Syy.a Sy for i=1;27:11:32

ySyi T Symy Sy j =1;2::0,40 (4.8)

Having acquired sy, ySx, xSy, ySy, We can now construct the slope vector

for one unit shift on x axis s, and the slope vector for one unit shift on y axis

yS
h iT
xS = xSxas+ ety xSxpor-cts xSxcor xSypviiiy xSyeriiis xSyco 1 Ky
h iT
yS= ySxii ity ySxoreits ySxeor ySyiviiiy ySyeciii ySyeo 1 2Ky

whereK? K and K,y depends on the e ective pupil of the IM.
To demonstrate the method, a pure coma (y axis) aberration 8gormed using
the deformable mirror and the data matrices, and s, of the aberration measured

by a 32 40 lenslet wavefront sensor were used, see Figure 4.2.
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Figure 4.2: The coma (y axis) aberration data on 32 40 lenslet array was shifted
one lenslet to the right and was subtracted from the originalielding one unit shift
on x axis (top). Three lenslet shifted coma was produced by dihg three unit
shifts to the original data, as wavefronts were built by zodareconstruction from
the slopes data (bottom).

First, both s, and s, matrices were shifted to the right one column then these
matrices were subtracted from the originals, the results we the slopes data rep-
resenting one columns (of lenslets) shift on x axis,xs, and ysy. Next s, and

xSy were multiplied by three and added to the original untouchedlopes data
matrices, sy and s, respectively. Three lenslets shift which corresponds torabst
1 mm of shift of the pupil on the object plane was only chosen tmake the dis-
placement visible to the reader. It has to be noted that our aa is compensating
for the displacements of the pupil smaller than the diameteof one lenslet. The
results were the slopes data for the three lenslet shiftedma aberration. The
wavefronts at each step were reconstructed by zonal recansttion method using
the slopes data of both axes, Figure 4.2.

If f(x;y) was the polynomial representing a wavefront aberration,he slope
data of the aberrations, and s, would be approximately its partial derivatives
on x and y axis, &' and &' , respectively. Calculating the one column (of lenslets)
shift on x axis, ysx and Sy in the adaptive optics control algorithm based on
pupil tracking is again approximating a further derivative to acquire < @1 and 2

@y@x
respectively. In a similar way the one row (of lenslets) shibn y axis, ,sx and

ySy would be calculated by@@xf@yand @1 respectively.

Figure 4.3 shows the plots of Zernike polynomials represerg the coma aber-

61



Adaptive optics algorithm based on pupil tracking

ration (y axis) f (x;y) =3y3+3x%y 2y and its derivative on x axis%: 6Xxy Iin
cartesian coordinates, made using Matlab 7.5. The surface the bottom right is

. . . - . f _
three unit shifted coma which is equal td (x;y) 3 %X— 3y3+3x%y 1&y 2.

o

Figure 4.3: Plots of polynomials representing coma (y axi§)x;y) and its deriva-
tive on x axis 2'(top), subtraction of 3 &' from f (x;y) yieldsf (x  3;y) (bottom).

Although Figure 4.2 demonstrates the method using wavefrongéconstructions,
in the execution of adaptive optics algorithm, wavefronts r@ not reconstructed;
only the slopes data which is the derivative of the wavefroraberration is used.
The command vectorv is calculated from thelM ¥ and the slope vectors of the
last measured wavefront, and then it is applied to the deforable mirror.

In the adaptive optics control algorithm based on pupil traking the command
vectors for the unit shifts for x and y axes are calculated opbnce at the beginning

of a correction by,

<V IM Y «S

yV IMY s (4.10)

based on theWF et , the reference wavefront measurement.
If the pupil displaces ( X; y) microns on the object plane as measured by the
pupil tracker, the wavefront would displace ( x% y% microns on the wavefront

sensor plane and the displacement of the wavefront in term$ kenslets @; b is
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Simulations done using human eye aberration measurements

calculated by, 3

2 3 2
§27-18 *'7 (4.11)
b ! yO

h
wherel is the pitchi.e., the distance between two lenslet centers. The)S depends
on the optical set-up and is found by,

3 2 3

OZ=M R()§ Xé (4.12)
y y

XO

whereM is the magni cation and R( ) is the rotation of the wavefront as it reaches
the wavefront sensor.

Finally, the command vector to correct for a shift of the wavigont of amount
(a; b on the wavefront sensor plane and the nal command vector tbe applied is

calculated by,

v(a;b

a <V +Db yV

vi(a;b Vot Vv(ab; (4.13)

wherevg is the previous command vector applied to the deformable mar.

4.3 Simulations done using human eye aberra-
tion measurements

A computer program was developed in Labview to simulate therrer related to
the adaptive optics control algorithm based on pupil trackig using the wavefront
aberration data of ten subjects that were recorded with an asrometer (irx3,
Imagine Eyes), for the algorithm of the program see Appendix,OFigure D.1.
First, two di erent estimates of 2 to 5 rows or columns shiftd measurement
data were generated using the control algorithm or directljrom the data. Their

di erence was the slopes data of the error of the control algthm to generate that
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Simulations done using human eye aberration measurements

shift, i.e., sy, andgsy, ,

xSxij = SXitn Sx; + N x Sx;

xSyi = Syisn Syi +n xSy; (414)

(@) (b) (©)
N N N N N N N N N N N N N N N N N N N N N
N N N 1 N N N N N N N 1 N N N N N N N N N
N N 1 1 1 N N N N N 1 1 1 N N N N O O N N
N 1 1 1 1 1 N N N 1 1 1 1 1 N N 0O O O O N
N N 1 1 1 N N N N N 1 1 1 N N N N O O N N
N N N 1 N N N N N N N 1 N N N N N N N N N
N N N N N N N N N N N N N N N N N N N N N

Table 4.1: The slopes data showing the e ective pupil of the easurement by 1
and N denotesnot a number . The initial slopes data (a), the one column (of
lenslets) shifted slopes data (b), and their di erence whit represents one unit
shift on x axis (c).

For instance to calculatefs,, and Zs,, , the slopes data of the residual error
of the control algorithm for a shift of two columns (of lensles) on x axis, the
original slopes matrix was summed by twice the derivative dhe slopes and the
resulting matrix was subtracted from the two lenslet shiftd original matrix. The
same procedure was repeated to calculajs,; and ys,, , the slopes data of the

error of the control algorithm for a shift ofn rows (of lenslets) on y axis,

Sxi T Sxjen S TN y Sxi

ySyij = Syi;j +n Syij +n ySYij (4'15)

wheren = £2;3;4;5q9; i =f1,2;:::;329 and |

11

—_
P
N
I
&

Usinggsy, andgsy, , the fWF , i.e., the residual error wavefront fom columns
shift on x axis, and using}sy; andysy, , the JWF , i.e., the residual error wavefront
for n rows shift on y axis were reconstructed by zonal reconstrueh and their RMS
were calculated, Figure 4.4.

In Figure 4.4,a and b, the displacements from 2 to 5 lenslets on the wavefront
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Mean wavefront error: x, y axes and radially
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Figure 4.4: Mean of the RMS of the residual wavefront error dhe control algo-
rithm in generating shifted wavefronts on x and y axis, caldated from real eye
wavefront measurements of 10 subjects.

sensor plane for x and y axes respectively, were converted displacements in
microns on the object plane by,

3 2 3

2
§ “f=n §7E (4.16)
y b
wherel =114 m is the distance between two lenslet centers aiMd = 0:46 is the
magni cation of the optical system. According to the simulatons which were done
for 10 aberration measurements, for the pupil displacemenbf up to 500 microns,
the mean wavefront error related to the method was less thar® S im.
A better evaluation of the results could be done with the knoledge of range
of xational eye movements. A study was made among healthy bjects and it
was found that a healthy xating eye displaces 40 10 m in 50 ms, the error

related to the method was low enough to work with.

4.3.1 Statistics of xational eye movements

Pupil center position of 10 subjects was measured every12 ms during 13 s
several times. In total 72 13 s of recordings of measurements were used to

estimate the average pupil movement (total movement summegb during the time
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indicated) and displacement (di erence between initial ad nal positions) in
12, 50 and 100 milliseconds. 50 and 100 ms are the time durasan which four

and eight pupil tracking measurements can take place respieely, Figure 4.5.

Mean pupil movement Mean pupil displacement
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— S
E 200f 1 =2
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(@) 80} N 6.
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0O 20 40 60 80 100 120 0O 20 40 60 80 100 120
Time(ms) Time(ms)

Figure 4.5: Mean pupil displacements (di erence betweenitral and nal posi-
tions) and movements (total movement summed up during the e indicated) of
10 healthy xating subjects.

The pupil displacement was always smaller than the total pupmovement and
the former had a linear relationship with time while the later had an upper limit
and was nonlinear, see Figure 4.5. The eye was keeping itsipas at and around
the central vision, as con rmed by the recordings of the xaibnal eye movements.
For instance in 50 ms the pupil moved 60 10 m while its displacement from
its rst position was 40 10 m. Again the pupil moved 100 20 min 100

ms but its displacement from its rst position was 60 10, see also Figure 4.6.

4.4 Initial experiments with a model eye

First experiments were performed using the model eye, the aative optics reti-
nal camera, its control software Casao, and the computer gyam developed in
Labview to execute the adaptive optics control algorithm bsed on pupil tracking.
The program's parts related to the instrumentation controlwas developed using
the software development kit provided by the Casao softwa that it would be

compatible with it, for the algorithm of the program see Appedix D, Figure D.2.
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Figure 4.6: Histograms of the pupil displacements (di ererecbetween initial and
nal positions) and movements (total movement summed up dimg the time in-
dicated) of 10 healthy xating subjects inmicrons . The right column shows a
closer look at the histograms of the left column. For instamcmaximum pupil
displacement in 50 ms was 4129m (left) while the majority of the displacement
took place in 40 m range.

To be able to perform the experiments, rstly, it was necessgto calibrate the

system and the computer program.

4.4.1 Calibration

There were four important factors in the set-up to be calibred; the interaction
matrix of the adaptive optics system, the magni cation and he rotation factors of
the adaptive optics retinal camera's optics and the referee wavefront measure-

ment.
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The interaction matrix

For each aberration measurement the wavefront sensor prdes the slope data,
sy and sy in which only the e ective pupil area is lled with slope information,

Table 4.2 - b and c. The e ective pupil area depends on rst, th pupil of the

subject and then the entrance pupil of the system except thase of the interaction
matrix registration. The interaction matrix registration is done using an internal
light source which circulates only between the wavefront ssor and the deformable
mirror and is not limited by the entrance pupil of the systemtherefore the pupil of
the interaction matrix is always equal or larger than the pup of the measurement

of an outside object, see Table 4.2 - a and b.

(@) (b)
0O 0 0 0 0 O O 0O 0 0 0 0 O O
0o 0 0 1 0 0 O 0o 0 0 0 O o0 O
0 0o 1 1 1 0 O 0O 0 0 1 0 O O
o0 1 1 1 1 1 O o 0 1 1 1 0 O
0 0 1 1 1 0 O 0O 0 0 1 0 O O
0O 0 0 1 0 O O 0O 0 0 0 0 O O
0O 0 0 0 O 0 O 0O 0 0 0 0 O O
(©) (d)
N N N N N N N N N N N N N N
N N N N N N N N N N 0 N N N
N N N 07 N N N N N 0 07 0O N N
N N 09 15 2 N N N 0 09 15 2 0 N
N N N 12 N N N N N 0 12 0 N N
N N N N N N N N N N 0 N N N
N N N N N N N N N N N N N N
(e) ()
N N N N N N N N N N N N N N
N N N 21 N N N N N N 0 N N N
N N 3 0.7 13 N N N N 0 2.3 -2 N N
N 01 09 15 2 23 N N O 08 06 05 -03 N
N N 09 12 06 N N N N 0 03 -0.6 N N
N N N 11 N N N N N N 0 N N N
N N N N N N N N N N N N N N

Table 4.2: Representations for data provided by a 7 7 lenslet array wavefront
sensor,N denotesnot a number . The pupil of measurements for the interaction
matrix (a) is always equal or larger than the pupil of the abesation of an object
(b). The slope datai.e., s, or s, exists only on this e ective pupil area, (b) and
(c). The slope vector is formed using, and s, after the missing points are lled
with zeros based on the pupil of théM , (a) and (d). Starting with slopes data
of (e) the pupil of the slopes vector of the derivative is smar because of the
truncation due to the subtraction of the one column shifted dta (f).

For example let's suppose we have a 77 = 49 lenslet wavefront sensor and

a 4 actuator deformable mirror, Table 4.2. Using the internalight source we
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pushed and pulled each actuator of the deformable mirror, cerded the slopes

data, s, and s, with an e ective pupil of 13 data points each, formed a slopes

and nally constructed the interaction matrix IM = [s;;S;; S3; S4] With the size
26 4, see Table 4.2 - a. This interaction matrix sets the languagoetween the
wavefront sensor and the deformable mirror and shall be used the adaptive
optics system correction. Let's suppose we want to correch aberration which
had a smaller pupil than the interaction matrix had, Table 42 - b and c. First we

measure the aberration and form the slopes vector for the mseaementSyes =

vector sized 4 1, usingv = IM?Y s we have to be able to multiply the 4 26
sizedIM with 10 1 sizedsyes Which is not possible.

The solution to overcome this problem in an adaptive opticsontrol algorithm is
to use the e ective pupil of the interaction matrix to build an 26 1 sizeds,es after
lling the gaps with zeros,i.e. Smes = [0; 0; Sx;; 0; 0; Sx,; Sxai Sxas 0; 0; Syg;i::
0; 0; 0; 0; sy,; 0 0;Sy,;Sy45 Syas 0, 0; sy; 0; O], see Table 4.2 - d. This would
over-estimate the actual aberration and the resulting coection would span a larger
area but since the pupil of the aberration is restricted to ta central part, the edges
would not a ect the correction.

On the other hand the correction would be erroneous for our & because of
the shifts in the data matrices this over-estimation is don&vithin the pupil area
that we are trying to correct for. For instance, Table 4.2 - flsows the case where
there are ve data points that were over-estimated and addetb the derivative of
the slopes data. This problem can only be overcome by doingetlopposite of the
usual adaptive optics algorithm; by reducing the size of thmteraction matrix to
correspond to the pupil of the measured slopes vector. Thislstion could not be
applied in the ordinary adaptive optics loop because it wodltake a lot of time to
modify an interaction matrix sized 1024 52 at each loop, but for our case this

will not a ect the loop speed because this modi cation will ke place only at the
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beginning of the correction once, then the same calculateerivative command

vectors will be used continuously.

Coordinate transformation

The wavefront entering the adaptive optics retinal camerasimodi ed in two ways;

it is reduced in size and rotated due to the several mirrors dhe optical pathway

that are placed to maintain the size of the device as compacs @ossible in spite
of its complexity. In the adaptive optics control algorithmany modi cation of

the wavefront between the wavefront sensor and the deformabmirror is taken

into account with the interaction matrix, as the interaction matrix is the mapping

of this pathway. Although it is not important for the control algorithm based on
wavefront sensing, to correct the aberrations based on plpicking it is obligatory

to know exactly the correspondence of a certain amount of glacement on the
pupil plane (as measured by pupil tracking) to the displaceant on the wavefront
sensor plane. With the knowledge of magni catiorM , and the rotation in the

optics for the wavefront sensor, the displacement of the wefront ( x% y9, can

be estimated from the displacement of the pupil (x; vy) by,

3

2 3 2 32
0 .
TR B a1

y° sin cos y

The line pro le of the aberration of the model eye was used tond the degree
of rotation of the wavefront, Figure 4.7.

The model eye was attached to a micrometer translation stagehich was also
attached to a rotating stage, having 10 microns and lresolution respectively,
as shown in Figure 4.9. Observing the parabola like line pre of the wavefront
surface on x axis via Haso software, the model eye was dispthedong the trans-
lation stage while the stage was rotated between 110 to 130At 119 1 it
was possible to move the model eye vertically without a sigoant deviation of

the minimum of the line pro le of the wavefront. Taking into account the 1 o set
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Figure 4.7: The line pro les of the spherical aberration on »and y axes, after
the stage was rotated and the model eye was moved along thesagf the stage
upwards (right) and downwards (left).
rotation of the stage, the rotation of the system was estimatl as 120.

When the translation stage was rotated at 119 1 (plus 1 o set of the base of
the set up), the movement of the model eye on the translatioriagye corresponded

to the movement of the wavefront vertically on the wavefrontsensor plane, the

shape of the line pro le did not change, see Figure 4.8.

—_ 117 — 119°

x — : —

N y=+0.85mm - y=+0.85mm

% 1t —>— y=-0.85mm |1 % 1 —>— y=-0.85mm |1

2 2

s Of 3 0

S S

< 1t < 1

5 5

E 2t E -2

g g

T 3 . . . T 3 . . .

= D 1 0 1 2 = -1 0 1 2
WES x axis (mm) WES x axis (mm)

Figure 4.8: The resemblance of the line pro les of the spheal aberration at the
two extremities of the stage at the rotations of 117(left) and 119 (right).

Magni cation

In theory, the wavefront that reaches the wavefront sensoras reduced in size by
the magni cation factor of 0.45. On the other hand because dfie imperfections
in the optical elements and the assembly errors, this magmation factor was

slightly di erent than 0.45. The focal spots were observedmothe wavefront sensor
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to estimate the reduction factor in size.

Figure 4.9: The model eye with a sliding mask before it is plad in front of
the adaptive optics retinal camera (AORC) (left) and focal pots as seen by the
wavefront sensor (right).

Figure 4.9 shows the set-up prepared, where the 1l®@tated translation stage
held the model eye and a mask in front of it (left) and the wavednt sensor camera
image where x and y axes are in pixels and each pixel of the camneorresponded
to 7.4 microns (right). The model eye was stable while the mlasvas moving over
it and it was possible to observe the disappearance of the atation focal spots
column by column at a closer look to the image where the pixelgere resolvable.
In average 250 10 m of shift on the object plane resulted in disappearance of
one row of lenslets which corresponded to a magni cation pewof 046 0:04
by M = '—X wherel = 114 m is the distance between each lenslet center and

x =250 m is the displacement of the pupil.

The reference wavefront

WEF Rre is the reference wavefront measurement that represents thberrations of
the eye. The more theWF res is close to the true aberrations of the eye the better
the control algorithm based on pupil tracking can compensatfor the changes of the
aberrations based on pupil displacements. For this reasorVéF res measurement
is taken before the start of the corrections while the eye iselV centered with
respect to the system.

WF ¢, is a measure of the aberrations of the eye plus the aberrat®of the
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system therefore the true aberrations of the eye as measurby the wavefront
sensor should be,

WF et = WF 8¢ WF sys (4.18)

where WF sy is the aberrations of the system. A way to estimate the true aiy-
rations of the eye was to measure the aberrations of the systend then subtract

this from the WF &, see Figure 4.10.

WF'Ref WFSys WFREf

\\\

WFRef “WF'Ref

Figure 4.10: The plane wavefront passing through the systewas aberrated as it
reached the wavefront sensor (left top)WF ger had the WF sy superimposed on
when it reached the wavefront sensor (left bottom). To retBve WF gef , it was
necessary to subtractWF sy from WF ;.

WF gys could be measured using a model éythat had no aberrations, because
the initially plane wavefront was aberrated as it proceedeth the optical system
and represented the aberrations of the optical path startop from the entrance
pupil to the wavefront sensor when measured.

The aberrations of the system (as measured using the modegayith no aber-
rations) excluding the tilt and defocus terms was 0:36 m RMS being mostly
astigmatism some of it originating from the instabilities 6 the surface of the de-
formable mirror when no voltages were applied on the surfac®lemory of previous
measurements, small changes in the re ective surface besatof internal or exter-
nal factors such as heating of the electronics caused a slighdi erent WF gys.

We decided to try a di erent method which could be more reliale, see Figure

2see Appendix C, Figures C.3 and C.4
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4.11.

fffff \
/ ///;f/// W
= -WFSyS

Whset WFRes
S

Figure 4.11: The deformable mirror (DM) corrects for theWF sys so that the
reference wavefront of the eye, th®/F res reaching the wavefront sensor is free
from the aberrations of the system.

This case we corrected for the aberrations of the system withe deformable
mirror and saved the command vectovsys. Each time the control algorithm
based on pupil tracking was used to correct for the aberratis of the eye, before
the correction theWF g was measured after the deformable mirror was uploaded

by the vsys to correct for WF gys.

4.4.2 Method and results

The model eye was attached to a micrometer system and was mddcn front of
the adaptive optics retinal camera. The experiments starte rst by producing an

interaction matrix, then the procedure was as follows:
upload vsys 3,
measure and save th&VF ges 4 using Casas,

correct the aberrations with control algorithm based on waafront sensing,

using Casao,

export the deformable mirror command vectowg, the interaction matrix

and the aberration datas, and s,

3the deformable mirror command vector to subtract the aberraions of the system from the
reference aberration measurement

4The reference measurement of the wavefront aberrations ohe eye whose derivative is used
in the control algorithm based on pupil tracking (WF ges )

Sthe commercial software by Imagine Eyes that controls the adptive optics instruments in
the retinal camera
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using the data exported and the control algorithm based on il tracking

calculate v and v,
displace the model eye by an amount of (X; ),

the adaptive optics correction was lost: calculateaf b) the displacement on

the wavefront sensor plane and v (a;b = a V+Db na

calculate the next command vector; (a;b) = vo+ Vv (a;b),

apply vi (a; b to the deformable mirror to restore the correction,

repeat the last four steps for di erent amounts of displaceents ( x; ).

Figure 4.12 displays the RMS of the wavefronts recorded ataastep.

Wavefront correction at each step

T I
------- Corrected

= Displaced
= = = = Restored
) 06 1
=
x
o
c 04fF -
o
L
g
g 0.2} 3
0.1F -=-F n
0.05f r ™ ;.’ ......... Froo B K
0 50 100 200 300 500

Displacement (um)

Figure 4.12: The RMS of the wavefronts at each step; rst, thaberration of the
model eye was corrected with the adaptive optics algorithmased on wavefront
sensing (dotted line), second, model eye was shifted and tberrection was lost
(solid line), nally the deformable mirror was run using thecommands calculated
by the control algorithm based on pupil tracking (dashed lia).

Figure 4.13 displays the summary of simulations done with @k eye mea-
surements with the model eye and the experiments done with éhmodel eye.
Experimental results with the model eye which had an aberrain RMS of 11 0:5
microns might not have been relevant to compare witin vivo simulation results

which had a much smaller RMS value, so the simulations werepesated for the
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Comparison of errors of
experiments and simulations
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Figure 4.13: Residual wavefront RMS of the experiments donsing the model
eye and the simulations done using human eye and model eyera@itton measure-
ments.

model eye. In spite of this, a signi cant di erence could beeen between simu-
lations and experimental results which can be explained byé¢ e ective pupil of
the measurement. In the simulations, as the wavefront slopealata shifts to the
right, the emptied data points on the left edge of the pupil a left empty. In the
experiments as the model eye was shifted to right, the far tedide of the pupil
was lled with new data which the control algorithm based on ppil tracking did
not recognize because of the fact that the model eye had a largupil than the
system.

The mean RMS error in the experiments was008 m fora50 m displacement
which was su cient considering that the lowest RMS values that can be achieved
by the adaptive optics system of the retinal camera was 0:015 m to correct
the aberrations between the wavefront sensor and the defaabyle mirror using the
internal light source, 0:036 m for the correction of the wavefront aberrations of
the model eye and 0.050-0.15m in vivo. A correction as good as at least 0:15

m RMS is a must for a good retinal image although it does not gtentee good

images as there are other factors that a ect retinal image lity.
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4.5 Discussion

The control algorithm was tested by simulations and by expénents using com-
puter programs that were not completely automatic, that didnot acquire the pupil
position from the pupil tracker and that sought the help of Caao. The results
showed that the control algorithm based on pupil tracking prvided a good esti-
mate of a shifted wavefront and the calibrations of the syste was successful.
To correct for the aberrations real time we developed a fullgutomated com-
puter program that acquired the information from the pupil racker and compen-
sated for the aberrations using both the control algorithm &sed on pupil tracking

and wavefront sensing which is the subject of the next chapte
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Chapter 5

Experiments real time

A computer program that can control the adaptive optics compnents of the reti-
nal imaging system and correct for the ocular aberrations ung the two control

algorithms based on wavefront sensing and pupil tracking wadeveloped. A brief
description of software development process is given in thext section followed

by the experimental results.

5.1 Software development

The deformable mirror and the wavefront sensor of the retih@amera were a part
of a package commercialized by Imagine Eyes that included adaptive optics
control software, Casao. The Casao control software was lwbiup using small
modules of programs written in C++ and Labview which were als supplied by
the manufacturer in a software development kit for a customontrol of the mirao
52-e deformable mirror and the HASO 32-eye wavefront sensor.hd adaptive
optics control algorithm based on pupil tracking was writte partially using this
software development Kkit.

All the cameras and the light sources within the retinal imagig system were
synchronised in time, controlled by the PulseBlaster TTL plse generator using
which the cameras and the light sources could be sent the desl trigger (rising

or falling) at the desired time and duration. A typical synchlionisation of the
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components of retinal camera in an imaging session is illested in Figure 5.1.

CR

CW

CE

DM

sk [
R ]
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0 25 50 75 Time(ms) 159

Figure 5.1: Chronogram of the elements of the adaptive opsicetinal camera (top
- colored) and the trigger times (bottom). The red portion sands for the exposure
time of the each camera and dark blue portion stands for thentie required for the
acquisition being, 9 and 96 ms for the camera for retinal imamg (CR), 30 and 17
ms for the camera for wavefront sensing (CW), 10 and 40 ms fdne camera for
aligning the eye and pupil tracking (CE), respectively (top colored). The adaptive
optics control algorithm (purple) takes a few millisecond$o calculate and sends
the commands to the deformable mirror (DM) which is not triggred and takes
maximum 15 ms to execute the commands and stabilize. SE, SRda8W stand

for light sources for eye, retinal imaging and wavefront seimg respectively.

The trigger for the retinal imaging camera started before th trigger for the
retinal imaging source because there was a default delay imetonset of the ex-
posure of the retinal imaging camera. The trigger for the wajront sensing light
source was inverse because this super luminescent diode tuggered by a falling
signal, unlike the others.

The eye camera of the retinal imaging system worked in triggeed mode while
the eye camera of the previously described pupil tracking stgm was working in
continuous mode and had a di erent frame grabber. Adapting t@ pupil tracking
to the retinal imaging system meant the piece of C++ code thatcquired the
image to serve the pupil tracking algorithm had to be re-wrten. It was basically
a library of functions using which it was possible to open, gée image each time
a trigger arrived, run the pupil tracking algorithm or closethe eye camera. The
position of the pupil would be calculated at each trigger; akng as the trigger

was applied at the right time; after the end of acquisition ad the processing of
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the previous image by the camera, otherwise the user wouldesa blank frame.

After the new library was written by the software engineers atmagine Eyes,
the pupil tracking algorithm and the library functions were used to make the
pupil tracking functional again to work in triggered mode inthe retinal camera.
However, the upgraded pupil tracking system did not have 85 Hzaime rate; for
a reason still unknown the camera now could work at a maximunf @0 Hz frame
rate. This meant that the eye had 50 ms instead of 12 ms to movéex the pupil
tracker camera started the image exposure (that takes 10 mahd would decrease
the accuracy of the pupil tracker measurements. To be able tio two consecutive
pupil tracking measurements that took 50 ms each, which wascessary for one
adaptive optics loop with both wavefront sensing and pupilracking to execute, the
loop had to take 120 ms minimum instead of a 100 ms of loop dui@ normally.
For this reason, unless otherwise stated all the experimenivas performed with a
loop rate of 8:35 Hz.

The nal software that controlled the adaptive optics with pupil tracking was
written using both C++ and Labview where appropriate. For instance the pupil
tracking algorithm was written in C++, its functions were converted into a library
with .dIl extension and a module was written in Labview that alls these functions
via the .dll le. By this way it was possible to exploit the eag of the Labview user
interface and the robustness of the C++ language.

After the programming and the calibrations, it was possibled form di erent

types of loops using these ve following components:
the deformable mirror
the wavefront sensor
the control algorithm based on wavefront sensor measurent&n
the pupil tracking system

the control algorithm based on pupil tracking measurements
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Using these tools ve types of loops (i.e., in a general sensesans repeating
measurements of the same kind) were designed and experinsenith a model eye
and experimentsin vivo were performed.

The rst loop took continuous wavefront sensor and pupil traking measure-
ments without the control algorithms or the deformable miror. Figure 5.2 illus-
trates the synchronisation of the cameras of the wavefronessor and the pupil

tracker in this loop which was named "WFPT' for future referace.

CE

Cw

| I I
0 50 100 150 Time (ms)

Figure 5.2: The WFPT loop: the eye camera for pupil tracking @E) and the
camera for wavefront sensing (CW) were triggered at the santiene. Each loop
takes 120 ms and WFSand PTS, stands for the rst wavefront sensor and the
pupil tracking measurements respectively.

The second loop which was named "AOPT' was illustrated in Fige 5.3.

The second loop took continuous wavefront sensor and pupiatking measure-
ments while doing adaptive optics correction using the dafmable mirror and the
adaptive optics control algorithm based on wavefront sensmeasurements.

The third loop, rst corrected the aberrations of the eye usig the AOPT? loop
and then keeping the deformable mirror at the latest correwin shape, measured
the wavefront aberrations and pupil positions of the eye. Gure 5.4 illustrates the
timing and functioning of the elements in this loop which wasalled "WFPTa' for
future reference.

The Figure 5.5 illustrates the layout of the fourth loop nameé "AOPTL1' . This

1Loop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithm based on wavefront sensing (AOPT)
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CE

Cw

| | I
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Figure 5.3: The AOPT loop: the eye camera for pupil tracking@GE) and the
camera for wavefront sensing (CW) were triggered at the santene while the
deformable mirror (DM) was given the commands from the adape optics control
(shown as the white ring) based on wavefront sensor data. Wg8nd PTS, stands
for the rst wavefront sensor and pupil tracking measuremen respectively.

| I I
50 100 150 Time (ms)

Figure 5.4: The WFPTa loop: the eye camera for pupil trackingCE) and camera
for wavefront sensing (CW) were triggered at the same time wa the deformable
mirror (DM) was kept constant at the latest correction shape WFSy; and PTS,
stands for the rst wavefront sensor and the pupil tracking reasurements respec-
tively.
loop constituted the wavefront sensor, the deformable muor, the pupil tracker
and the adaptive optics control algorithm based on pupil treking measurements;
it used the control algorithm based on wavefront sensor measments only at the
beginning of the loop.

First, WF ges , the reference wavefront of the eye and its pupil position wa
measured and v, and v, the command vectors for the unit shifts were cal-

culated to be used in the course of the correction by the adap¢ optics control

algorithm based on pupil tracking. After the aberrations of he eye were corrected
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WFS Reference

| I
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Figure 5.5: The AOPTLL1 loop: the eye camera (CE) and the cameifor wavefront
sensor (CW) were shown triggered at 20 Hz although during thegeriments unless
stated otherwise the rate of the loop was 8:35 Hz. The correction done using
the control algorithm based on wavefront sensing (the whiteng) was updated by
the commands calculated by the control algorithm based on pi tracking (the
yellow ring).

using the control algorithm based on wavefront sensor meaements, in the loop,
the correction was updated for the displacements of the pupihere the pupil
tracker was called once in a loop.

Finally, the fth loop was a more complicated adaptive optis loop which con-
stituted all the ve elements; the wavefront sensor, the defmable mirror, the
rst control algorithm to calculate the commands based on waefront sensor mea-
surements, the pupil tracker and the second control algohin to calculate the
commands based on the pupil tracker measurements. Figures Sllustrates the
functioning and timing of the adaptive optics components irthis loop which was
named "AOPTL2'".

Before the correction started, WF ret , the reference wavefront was measured
and vy and vy, the command vectors for the unit shifts were calculated toeb
used in the course of the correction by the adaptive optics miwol algorithm for
pupil tracking. The wavefront sensor and the pupil trackertarted exposure at the
same time. The wavefront sensor measurement was followedthg adaptive optics
control algorithm for wavefront sensing which calculatedte commands and fed the

deformable mirror. As soon as the deformable mirror startedkecution, the pupil

tracker started the second measurement. At the end of the pilpracker measure-
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WFS Reference O__
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Figure 5.6: The AOPTL2 loop: the wavefront aberrations were&orrected using
the both adaptive optics control algorithms based on wavednt sensing and pupil
tracking, shown as white and yellow rings respectively. Thdeformable mirror
(DM) was called two times in one loop for the two command vects coming from
the two control algorithms successively.
ment the adaptive optics control for pupil tracking calculéed the next command
vector using the measured shift of the pupil, vy and v, and the command that
was just applied to the deformable mirror in the loop. The defmable mirror was
called a second time for the command calculated by the contralgorithm based
on pupil tracking and by this way the correction was compensad for the pupil
shift that took place during the wavefront sensor measureme

The wavefront sensor measurements required at least 50 msdese of the long
exposure time needed due to the low power of the light sourcBuring the time
of both exposure and acquisition the pupil moves, and so dabe wavefront. The
pupil tracker recorded the initial and nal positions of the pupil center and the
control algorithm based on pupil tracking calculated the ammands to be applied so
that the deformable mirror could generate the shifted wavednt. Correction of this
loop would probably be better with a faster pupil tracker butsince unfortunately

it took 50 ms for the pupil tracker to take a measurement in ttls con guration,

this loop was not expected to yield a signi cant enhancement
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5.2 Experiments with the model eye

The model eyé with spherical aberration was positioned in front of the renal
imaging system on a stage and the stage was pushed and pullegchanically by
hand resulting in a quasi-periodic motion in micrometer sé& In all the plots the
total RMS of the measured wavefronts and the coe cients of Zaike polynomi-
als up to fth order were estimated excluding tilt and defocus terms. The
position of the measured pupil center is shown with respeab the position of the
rst data of the pupil tracking recording, on the x and y axis d the plane of the
eye's pupil separately. First, The WFPT loop was performed, see Figure 5.7.
The mean RMS of the wavefront measurements after the still msurements (the
measurements taken while the model eye was not moving - asrsé@awards the
end of the Figure 5.7 - top) were excluded was@¥ 0:02 m. The pupil moved
32 17 m on average in between each pupil tracking measurement arnktto-
tal pupil movement took place normally within 250 40 m? (2 « 2 ). The
e ective number of lenslets used was 437 1 lenslets on average over 1280 total
lenslets. The wavefront of the model eye which had a 7 mm pupdontinuously
tted a pupil of 6 mm diameter which was the exact size of the ppil of the system,
indicating wavefront measurement quality was good compateo measurements
done with the data lling a smaller pupil due to misalignment

The correlation of the RMS of the wavefront measurements witthe pupil
position on the x axis was 0.82, indicating a signi cant rel@gonship between the
decentration of the pupil and the aberration induced, see §ure 5.7. Indeed,
the model eye had an important spherical aberration that wasepresented by the
fourth order component of Zernike polynomials. Coma abetian which is in-
duced in the optical systems by the misalignment of the pupivith the presence
of a spherical aberration is represented here within the ttd order Zernike poly-

nomials. It can be seen that because of the coma aberratioratrappeared when

2see Appendix C, Figures C.1 and C.2
3Loop which incorporates the wavefront sensor and the pupil tacker only (WFPT)
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the spherical aberration was o -axis, the third order Zerrikes were responsible for
the majority of the aberration increases induced by the dispcement of the model

eye. The recording of the measurements can be viewed in theraeexe application

under the name "Model Eye WFPT".

Second, the AOPT loop was performed where the deformable mirror was ac-
tive and receiving the commands from the adaptive optics ctol algorithm based
on wavefront sensor measurements, as shown in Figure 5.8.eTthean RMS of the
measured wavefronts after the still measurements (the memements taken while
the model eye was not moving) were excluded wa®8 0:.04 m, the model eye
moved 30 22 m on average in between each pupil tracking measurements and
spanned normally an area of 170 40 m? (2 x 2 ). The wavefront measure-
ments took place over a pupil which had 438 1 active lenslets on average.

The correlation of the wavefront RMS with the pupil positionwas low but was
0.69 with the pupil displacement at each loop on x axis, seedtire 5.8. Because
the aberrations were continuously corrected by the deforrhbe mirror, the relative
position of the pupil had no e ect on the aberrations, insted this time the pupil
shift at each loop was the factor that introduced the aberrabns to the corrected
wavefront. It was again the coma aberration that was introdced by the shift of
the model eye. The recording of the measurements can be vidwe the demo.exe

application under the name "Model Eye AOPT".

4Loop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithm based on wavefront sensing (AOPT)
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Model eye - WFPT
0.8 150

Wavefront RMS (um)

—o— Wavefront RMS
Zernike 2. order
Zernike 3. order
Zernike 4. order
Zernike 5. order
— - — - Pupil p. (x axis)
——  Pupil p. (y axis)

! ! ! ! I ! -450
0 2 4 6 8 10 12 14 16 18 20

Time(s)

(top) Loop which incorporates the wavefront sensor and the pupil tacker only
(WFPT). The total RMS of the wavefront measurements, coe ci ents of Zernike
polynomials up to the fth order and pupil position with resp ect to initial position
of the pupil on x and y axis separately at each loop (tilt or debcus terms are not
included in the total RMS or in the Zernike coe cients).

WFPT - Mean ( m)
RMS PS NA PD NL

0:67 0:02|32 17|250 40 m? | 7072 0| 437 1 (lenslets)

(middle) Mean wavefront RMS (RMS), mean pupil shift in between two pupil
tracking measurements (PS), dimensions of the area in whiclthe eye normally was
(NA) (2 x 2 y), mean pupil diameter (PD), and mean number of lenslets that
were used during the measurement (NL).

WFPT - Correlation of the WF RMS with
PP (x axis) | PP (y axis) | PP () | PS (x axis) | PS (y axis) | PS ()
0.82 -0.62 -0.79 -0.12 -0.18 -0.14

(bottom) Correlation of the measured wavefront RMS with the measuredpupil
position (PP) and with the pupil shift in between each pupil t racking measurement
(PS) on x axis and y axis. stands for the radial position.

Figure 5.7: The model eye: the WFPT loop.
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Model eye - AOPT
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(top) Loop which incorporates the wavefront sensor, the deformale mirror, the
pupil tracker and the control algorithm based on wavefront ensing (AOPT). The
total RMS of the wavefront measurements, coe cients of Zernke polynomials up
to the fth order and pupil position with respect to initial p osition of the pupil on
x and y axis separately at each loop (tilt or defocus terms arenot included in the
total RMS or in the Zernike coe cients).

AOPT - Mean ( m)
RMS PS NA PD NL

0:08 0:04|30 22|170 40 m?| 7072 0| 438 1 (lenslets)

(middle) Mean wavefront RMS (RMS), mean pupil shift in between two pupil
tracking measurements (PS), dimensions of the area in whiclhe eye normally was
(NA) (2 x 2 y), mean pupil diameter (PD), and mean number of lenslets that
were used during the measurement (NL).

AOPT - Correlation of the WF RMS with
PP (x axis) | PP (y axis) | PP () | PS (x axis) | PS (y axis) | PS ()
0.14 -0.37 0.28 0.69 0.17 0.12

(bottom) Correlation of the measured wavefront RMS with the measuredpupil
position (PP) and with the pupil shift in between each pupil t racking measurement
(PS) on x axis and y axis. stands for the radial position.

Figure 5.8: The model eye: the AOPT loop.

88

Pupil center position (um)



Experiments with the model eye

Third, the WFPTa ® loop was performed, see Figure 5.9. The mean wavefront
RMS after the still measurements were excluded wasl@ 0:08 m; the pupil
displaced 23 16 m in average at each loop and the total movement took place
normally in an area of 180 40 m? (2 x 2 ).

Again the dominant aberration that caused the increase in waront RMS
was coma represented by Zernike third order in Figure 5.9. €RMS of the
wavefront aberrations were lowest whenever the model eydumed back to its
initial position where the static correction shape of the dermable mirror was
valid. The wavefront RMS was highly related to the radial pup position with
a correlation coe cient of 0.92. The correlation of the pugi position with the
wavefront RMS suggested that the change of aberrations cdube simulated.

First, the derivatives of thes®" and S;Ef , the slopes data of theWF g © of the
eye were calculated according to the control algorithm bagen pupil tracking as
described in the previous chapter. The ys, and sy, the derivatives ofste’ on

X and y axis,

xS, = S, S fori=1;2::1;32
ySxy = S Sy j=1;2;::0:40 (5.1)

And the s, and sy, the derivatives ofs/®" on x and y axis,

ref

xSy, = Sg. s8¢ fori=1;2:::;32

ref

o= S, ST =Lz 52

Second, the displacements of the model eye on the pupil plahex; y) were

converted to the displacements of the wavefronts on the wdvent sensor plane in

5Loop which incorporates the wavefront sensor, the pupil traker and the deformable mirror
that corrects the aberrations statically (WFPTa)

5The reference measurement of the wavefront aberrations ohe eye whose derivative is used
in the control algorithm based on pupil tracking (WF get )
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terms of lenslets, &; b by,

2 3 2 32 3

S SLs Bl I 69

b sin cos y
whereM and are the magni cation and the rotation coe cients of the optical
system respectively and is the distance between the two lenslet centers.
Next, to simulate the aberrations of the displaced model ey#he derivatives

on x and y axis were multiplied bya and b respectively and added to the slopes
data of the rst wavefront measurement of the experimentWF o, namely s{?es(’

0
’

and s;”es

S =g (g s+ b yS) (5.4)

S;imi — Sg/neso +(ai Sy + b ySy): (5.5)

where @&; h) represents thei®™ measured displacement of the eys$™' and s§‘mi
are the slopes data of thé" simulated wavefrontWF &, . Usingsg™' and s{™',
the i™ simulated wavefront, WF L. was reconstructed by zonal reconstruction.
The RMS values of the measured wavefrontVF },.. , the WF &, and the residual

Mes » Sim
error wavefront WF &, = WF},.. WF Y, were shown in Figure 5.10.

Mean RMS of theWF g;,, had lower RMS than the measured wavefronts. The
error of the simulation, the WF g, had 007 0:03 m mean RMS after the still
ones were excluded.

During the experiment the model eye was pushed and pulled byatd away
from its stable initial position. When the model eye was pugd or pulled away
from its initial position this was immediately followed by acomeback because of
the robustness of the set up. This restoration (coming back) the initial position
took shorter time than the disturbance (going away) as it came clearly seen by

comparing the number of data on the ascending and descendsides of the peaks

in Figure 5.9 - top.
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0.8

Model eye

- WFPTa

—
IS
3
~ L.
[9))]
=
a4
— 0.
c
o
&=
2
S
—e— Wavefront RMS
Zernike 2. order
Zernike 3. order
Zernike 4. order
Zernike 5. order

_____ Pupil position x axis
= — Pupil position y axis

10 11 12 13
Time(s)

300

1225

1150

175

1-75

1-150

1-225

(top) Loop which incorporates the wavefront sensor, the pupil traker and the
The total

RMS of the wavefront measurements, coe cients of Zernike pdynomials up to the
fth order and pupil position with respect to initial positi on of the pupil on x and
y axis separately at each loop (tilt or defocus terms are notncluded in the total
RMS or in the Zernike coe cients)

deformable mirror that corrects the aberrations statically (WFPTa).

WFPTa - Mean ( m)
RMS PS NA PD NL
0:14 008|23 116|180 40 m? | 7072 0| 438 1 (lenslets)
(middle) Mean wavefront RMS (RMS), mean pupil shift in between two pupil

tracking measurements (PS), dimensions of the area in whiclthe eye normally was

(NA) (2 «

were used during the measurement (NL).

WEFPTa - Correlation of the WF RMS with

2 y), mean pupil diameter (PD), and mean number of lenslets that

PP (x axis) | PP (y axis) | PP () | PS (xaxis) | PS (yaxis) | PS ()
0.58 -0.62 0.92 0.16 0.02 0.17
(bottom) Correlation of the measured wavefront RMS with the measuredpupil

position (PP) and with the pupil shift in between each pupil t racking measurement

(PS) on x axis and y axis.

stands for the radial position.

Figure 5.9: The model eye: the WFPTa loop.
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Model eye - WFPTa Simulation
08 300

0.7 1225

1150

Wavefront RMS (um)

—1-150
—o— WF measured

WF simulated
WF error

Pupil p. (x axis)
Pupil p. (y axis)

—1-225

A/

L L L L
10 11 12 13 14 15 16 17 18 19 20 21 22 23
Time(s)

-300

(top) RMS of the simulations of the measured wavefront aberratios changing due
to eye movements (green solid line) and the residual error ofthe simulations (red
solid line).

Model eye - Correlation

035 R? =0.9
0.3
0.251
0.2+

0.15f

Wavefront RMS simulated (um)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Wavefront RMS measured (um)

(bottom) Correlation of the RMS of the measured and the simulated wavionts of
the moving eye. The data was categorized into two: the greenatored data indicates
that the model eye was moving away from the initial position and the purple colored
data was taken while the eye was returning back to its initial position.

Figure 5.10: The model eye: simulation of the WFPTa loop measements.
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In Figure 5.10 - bottom, the correlation plot of the measurednd the simulated
data was not linear; the distribution of the data looked likean ellipse (indicating
hysteresis due to a time lag). In the correlation plot, the da was categorized
into two according to their trend: the ascending and the desading aberration
RMS represented with di erent colors. Fitting a straight line to this data would
be erroneous and would not reveal the real process becausenhhmbers of data of
the two types were not equal and an ideal straight line wouldéat equal distance
to the both them.

A time lag can explain this plot: the pupil tracker was alwaysneasuring the
position of the pupil with a slight error i.e., it was following behind. Because of
this when the eye was going away the algorithm was underestating the shift and
when it was coming back it was overestimating. The measurents live can be
viewed from the demo.exe with the name "Model eye WFPTa .

Next, the AOPTL1’ loop was run, see Figure 5.11. The wavefront RMS was
both related to the radial pupil position and the pupil disphcement at each loop,
correlation coe cients being 0.78 and 0.32 respectively. Ais time the major con-
tribution to the aberration changes came from second orderefhike coe cients
which represented the astigmatism. This is showing that theontrol algorithm
could compensate for the aberrations which had a linear rélenship with the eld
angle but could not do well for astigmatism for example whichad a quadratic re-
lationship with the eld angle. The recording of the measunments can be viewed

in the demo.exe application under the name "Model Eye AOPTL1

"Loop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithm based on pupil tracking (AOPTL1)
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Model eye - AOPTL1
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9 vl Vo Vo vl V!
“d_.) \ v v v !
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—e— Wavefront RMS| 0.2} 1-200
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Zernike 3. order P
Zernike 4. order| (1 A 275
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— — Pupil p. (y axis A Y = ~ A
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1 2 3 4 5 6 7 8 9 101112131415161781920
Time(s)

(top) Loop which incorporates the wavefront sensor, the deformale mirror, the
pupil tracker and the control algorithm based on pupil tracking (AOPTL1)(tilt or
defocus terms are not included in the total RMS or in the Zernke coe cients).

AOPTL1 - Mean (  m)
RMS PS NA PD NL

0:1 0:02|30 19|230 40 m? |7072 0| 438 1 (lenslets)

(middle) Mean wavefront RMS (RMS), mean pupil shift in between two pupil
tracking measurements (PS), dimensions of the area in whiclthe eye normally was
(NA) (2 x 2 y), mean pupil diameter (PD), and mean number of lenslets that
were used during the measurement (NL).

AOPTLL1 - Correlation of the WF RMS with
PP (x axis) | PP (y axis) | PP () PS (x axis) | PS (y axis) | PS ()
0.16 -0.12 0.78 0.32 0.09 0.29

(bottom) Correlation of the measured wavefront RMS with the measuredpupil
position (PP) and with the pupil shift in between each pupil t racking measurement
(PS) on x axis and y axis. stands for the radial position.

Figure 5.11: The model eye: the AOPTLL1 loop

94

Pupil center position (um)



Experiments with the model eye

Finally, the AOPTL2 8 loop was tested with the moving model eye, see Figure
5.12. Similar to the AOPT loop, the correlation of the wavefont RMS with the
radial pupil shift at each loop was high, 0.71. Again coma wagsponsible for the
most of the aberration changes induced by the pupil displacent. The recording
of the experiment can be viewed in the demo.exe applicatiomder the name
"Model Eye AOPTL2 "

Figure 5.13 displays all the experiments together. The adaye optics algo-
rithm based on pupil tracking was able to correct for the abeations of the eye
by sending the appropriate commands to the deformable mima two cases, rst,
replacing the wavefront sensor (AOPTLY) and second, working in collaboration
with the wavefront sensor (AOPTL2). The control algorithm kased on pupil track-
ing was able to simulate the changes of aberrations due to eay@vements in the
open loop WFPTa. The error of simulations resembled the rekial error RMS of
the AOPTL1 loop i.e., the application of the simulations real time.

The wavefront RMS for the AOPT!® and AOPTL2 loop measurements were
0:08 0:04 and 007 0:02 m respectively. It has to be taken into account
that the pupil movements were di erent for the two loops so itcannot be said
that AOPTL2 was better than AOPT. However the AOPTL2 might have had a
smaller standard deviation with the help of the pupil trackng, for the plots of
pupil tracking measurements on x-y plane see Figure 5.14 .

The mean RMS of the residual error of the simulation of the WFPa'! loop
and the AOPTL1 loop were 007 0:03 mand @1 0:02 m respectively. The
WFPTa loop demonstrated the e ect of eye movements to a staticorrection.
Simulations done using the control algorithm based on pupitacking estimated

the induced aberrations well despite their large magnitude

8Loop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithms based on wavefront sensing and pupitracking (AOPTL2)

9Loop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithm based on pupil tracking (AOPTL1)

0L oop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithm based on wavefront sensing (AOPT)

1 Loop which incorporates the wavefront sensor, the pupil traker and the deformable mirror
that corrects the aberrations statically (WFPTa)
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Model eye - AOPTL2
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(top) Loop which incorporates the wavefront sensor, the deformale mirror, the
pupil tracker and the control algorithms based on wavefrontsensing and pupil track-
ing (AOPTL2)(tilt or defocus terms are not included in the to tal RMS or in the
Zernike coe cients).

AOPTL2 - Mean ( m)
RMS PS NA PD NL

0:07 0:.02|26 15/230 40 m?| 7072 0| 438 1 (lenslets)

(middle) Mean wavefront RMS (RMS), mean pupil shift in between two pupil
tracking measurements (PS), dimensions of the area in whiclthe eye normally was
(NA) (2 x 2 y), mean pupil diameter (PD), and mean number of lenslets that
were used during the measurement (NL).

AOPTL2 - Correlation of the WF RMS with
PP (x axis) | PP (y axis) | PP () PS (x axis) | PS (y axis) | PS ()

0 -0.03 -0.1 0.73 0.15 0.71

(bottom) Correlation of the measured wavefront RMS with the measuredpupil
position (PP) and with the pupil shift in between each pupil t racking measurement
(PS) on x axis and y axis. stands for the radial position.

Figure 5.12: The model eye: the AOPTL2 loop.
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------- Error Sim.
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P. AOPTL1
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(top) Wavefront RMS of the WFPT, AOPT, WFPTa, AOPTL1 and AOPTL2
experiments along with the residual error of the WFPTa simulations and their
respective pupil positions (P) shown in the same color.

10>

Model eye - all : Power spectra

Power spectra: Detrended

10 a=17

10°
10"
10° e,

WFPT wrpT |

WFPTa WFPTa

AOPT 10 AOPT

AOPTL1 AOPTL1

AOPTL2 AOPTL2

------ Error Sim. -+ Error Sim.
‘ 10" ‘ :
2 10" 100 107 10" 10° 10

Frequency (Hz)

Frequency (Hz)

(bottom) Power spectra of the RMS of all the measurements and the resichl error
wavefront of the simulations after still measurements wereexcluded (left).
detrended spectra (done after the mean of the each data set e subtracted) shows

two distinct peaks at 0.3 and 0.6 Hz.

Figure 5.13: The model eye: summary of the experiments.
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Figure 5.13 - bottom displays the power spectra of all the msarements. The
maximum frequency that could be shown in this plot wa% = 4:2 Hz. Minimum
frequency in the data spectrum |516L5 =0:06 Hz, 16.5 s being the total time of the
recording. The spectra covers 0.03-4.2 Hz because of the fdt Fast Fourier
Transform requires the number of data to be equal to"2 here it was 2.

In the spectra on the left, the WFPT and the AOPTL2 measuremets had
the largest and the smallest magnitudes respectively, whialid not represent the
magnitude of the uctuation. The magnitudes and the order othe spectra of the
data is a ected from the o set of the data so that detrending § a better approach
to evaluate the di erent spectra in terms of uctuations. The spectra on the right
shows the detrended spectra.e., the calculations done after the mean values were
subtracted from each data. There, the WFPTa and AOPTL2 loopsad the largest
and smallest amounts of uctuations respectively. Two dishct peaks at 0:3 and

0:6 Hz can be seen in common in the of WFPTa, WFPT, AOPTL1 loops and
the error of simulation.

The logarithmic display of the spectra showed a=I like trend indicating a
power law relationship between the frequency and the powehere = 1.7. In the

scienti c literature any noise (signal) with a power spectal density of the form,

S(f)/ 1=f (5.6)

where &< < 2 with  usually close to 1 are loosely called 1/f noise. This type of
signal is an intermediate between the white noise with powspectrum of Ef° and
the random walk noise with spectrum of 4f2. The characteristic of this type of
noise is that integral of its power spectrum starting from a nite frequency value
towards the in nity is diverging as well as integral of its sgctra starting from a
nite value towards zero [131]. This signi es that its mean wer long periods or
its instantaneous value are not well de ned; a statement ohe fact that the data

was non-stationary?. The spectra are generally noisy and the trends are not well

2opposite to stationary i.e. a stochastic process whose mean or variance do not change ove
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de ned due to the fact that the power spectra estimation reqives large number of
stationary data and lack of this is a source of error. It has tbe remembered that
this quasi-periodic movement was made by hand and not by a ntace rendering
it complex and non-stationary.

Finally Figure 5.14 shows the recorded pupil positions dumgy each experiment

on the x-y plane.

time or position
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Measured pupil center position
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Figure 5.14: Pupil positions recorded during each experimte All the plots have x
and y axes scaled to 462 95 m. For visual clarity the data was divided into ve
parts, colored di erently and beginning and the end of the da were indicated by
square markers.

100



Experiments with the model eye

5.2.1 Static measurements with the model eye

It was important to know the noise levels for all types of loag For this purpose
the same experimental procedure was performed this time farstatic model eye.
Figure 5.15 displays the mean values and standard deviat®mf wavefront and

pupil tracking measurements.

All loops - Mean All loops - Mean (Expanded)
0.8 ‘ ‘ ‘ 0.05
RMS
0.6 0.04
5 ~ 0.03
£ 04 g
~ ~0.02
0.2 0.01
0 . B B 0
WFPT AOPT AOPTL1 AOPTL2 AOPT AOPTL1 AOPTL2
All' loops - STD Pupil Tracking
8 ‘ ‘ ‘ 15
10
— )
IS =
=
5@
()
=
0 0 , 5
WFPT AOPT AOPTL1 AOPTLZ2 X axis yaxis

Figure 5.15: Summary of all measurements done by all types lobps for a still
model eye: mean of total RMS and the Zernike coe cients of send to fth
order of the measured wavefronts (top left); closer look toee AOPT, AOPTL1
and AOPTL2 measurements (top right); standard deviation ofhe total RMS and
the Zernike coe cients of the measurements (bottom left), ad the mean and
the standard deviation of the pupil displacement measurea ibetween each pupil
tracking measurement during each of the experiments abovieottom right).

The mean RMS of the WFPT® loop measurements shows the typical aber-
rations of the model eye, where astigmatism and coma abeli@is were highly

dependent on the alignment of the model eye with respect to ¢hsystem. The

13| oop which incorporates the wavefront sensor and the pupil tacker only (WFPT)
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mean RMS of the AOPT, AOPTL1'® and AOPTL2!® corrections had similar
aberration pro les but the standard deviations of AOPTL1 ard AOPTL2 mea-
surements had a slightly di erent prole. The standard devations of the third

order Zernikes which represents coma aberrations of the AOP1 and AOPTL2

were higher than the AOPT loop, Figure 5.15 (bottom left). Ths can be under-
stood by looking into the noise levels of the pupil trackingystem, Figure 5.15
(bottom right).

One pixel on the pupil tracking camera corresponds to 13.6n on the object
plane. The pupil tracking algorithm had the resolution of oe pixel; the response
of the adaptive optics control algorithm based on pupil traking to an error of one
pixel in the pupil tracking measurement was to calculate a me command to be
applied for a 13.6 m shifted wavefront as a result of which the coma aberration
appeared. This one pixel error of pupil center measurementsust have been
equally distributed because the mean of the RMS values for &OL1 and AOPTL2
loops were similar to the AOPT loop and demonstrated no extraoma aberration
induced due to the error of pupil tracking measurements.

The mean and the standard deviation of the pupil center measments with
respect to the initial pupil position on y axis were higher thn the values on x
axis. This might be due to the fact the y axis coordinates weiglculated using the
parabolic t which had a limited resolution while the x coordnates were calculated

directly from the measurement data.

4 Loop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithm based on wavefront sensing (AOPT)

5L oop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithm based on pupil tracking (AOPTL1)

18| oop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithms based on wavefront sensing and pupitracking (AOPTL2)
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5.3 Experiments with human eyes

The ve dierent loops were tested with the same proceduresof three healthy
human subjects. They were positioned in front of the adaptes optics retinal

camera where their heads were stabilized with a standard dphalmic chinrest.

They were asked to xate their eyes to the dim red point imagefahe SLD light

source of the wavefront sensor. They were not applied pupilating medicaments
or any other solutions. All of the aberration corrections wasarried out by the

deformable mirror; correcting lenses or the Badal were nosed. The recordings
of the measurements can be viewed in the demo.exe applicatilnder the relevant
name.

In all the plots the total RMS of the measured wavefronts andhe coe cients of
Zernike polynomials up to fth order were estimatecexcluding tilt and defocus
terms. The position of the measured pupil center was shown with resgt to the
position of the rst data of the pupil tracking recording, onthe x and y axis of
the plane of the eye's pupil separately.

The following three sections present the results for the tee subjects, and they

are then discussed and compared in Section 5.4

5.3.1 Experimental results for Subject 1

First, the WFPT 7 loop was performed with the rst subject's eye, Figure 5.16.
The mean of the RMS of the wavefront measurements wasl@ 0:11 m, the
wavefront spanned over 4059 lenslets on the wavefront sensor indicating a smaller
and less stable pupil than the pupil of the model eye. The RMS the aberrations
was related to the radial pupil position with 0.65 and was notelated to the pupil
shift in between each pupil tracking measurements. The modbminant component
of the aberrations was the second order Zernike, the astigtisan then the third

order, coma.

17oop which incorporates the wavefront sensor and the pupil tacker only (WFPT)
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eyes

2.4

Subject 1 - WFPT

Wavefront RMS (um)
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(top) Loop which incorporates the wavefront sensor and the pupil tacker only
(WFPT)(tilt or defocus terms are not included in the total RM S or in the Zernike

coe cients).

WFPT - Mean ( m)

RMS

PS

NA

PD

NL

216 011

51 57|330 160 m?

6800 300

405 9 (lenslets)

(middle) Mean wavefront RMS (RMS), mean pupil shift in between two pupil
tracking measurements (PS), dimensions of the area in whiclthe eye normally was
(NA) (2 x 2 y), mean pupil diameter (PD), and mean number of lenslets that
were used during the measurement (NL).

WFPT - Correlation of the WF RMS with

PP (x axis)

PP (y axis)

PP ()

PS (x axis)

PS (y axis)

PS ()

-0.54

-0.52

0.65

0.1

0.03

0.1

(bottom) Correlation of the measured wavefront RMS with the measuredpupil
position (PP) and with the pupil shift in between each pupil t racking measurement
(PS) on x axis and y axis.

stands for the radial position.

Figure 5.16: Subject 1: the WFPT loop.
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Second, the AOPT?8 loop was performed, see Figure 5.17. Similar to the model
eye, the wavefront RMS was correlated with the pupil shift aeach loop and was
not correlated with the pupil position. Zernike second ords showed several spikes
in correlation with the abrupt changes in pupil position whle the coe cient of the
other orders remained low.

Next, the WFPTa® loop was performed, Figure 5.18. The wavefront RMS was
correlated with the position of the pupil on the y axis with a oe cient of 0.85.
The major contributions to the change of aberrations camedm Zernike second
order astigmatism while the higher order aberrations weregss variant.

Figure 5.19 - top shows the simulations done (as describedtire previous sec-
tion) to estimate the changes of aberrations due to eye movents in the WFPTa
loop using the methodology of the control algorithm based qoupil tracking. The
mean RMS of the simulations was:@5 0:10 m; slightly lower than 0:39 0:09
mean RMS of the measured wavefront. The RMS of the residualrer of the
simulations were also shown which had an:Zl 0:07 m average value. The
RMS values of the simulated and the measured wavefronts weserrelated by a

coe cient of 0.9, see Figure 5.19 - bottom.

8 oop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithm based on wavefront sensing (AOPT)

191 oop which incorporates the wavefront sensor, the pupil traker and the deformable mirror
that corrects the aberrations statically (WFPTa)
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Subject 1 - AOPT
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(top) Loop which incorporates the wavefront sensor, the deformale mirror, the

pupil tracker and the control algorithm based on wavefront snsing (AOPT)(tilt or
defocus terms are not included in the total RMS or in the Zernke coe cients).

AOPT - Mean ( m)
RMS PS NA PD NL

0:12 005|51 67280 200 m?| 6800 90| 417 5 (lenslets)

(middle) Mean wavefront RMS (RMS), mean pupil shift in between two pupil
tracking measurements (PS), dimensions of the area in whiclthe eye normally was

(NA) (2 x 2 y), mean pupil diameter (PD), and mean number of lenslets that
were used during the measurement (NL).

AOPT - Correlation of the WF RMS with
PP (x axis) | PP (y axis) | PP () | PS (x axis) | PS (y axis) | PS ()
0.06 0.16 -0.1 0.35 0.21 0.37

(bottom) Correlation of the measured wavefront RMS with the measuredpupil
position (PP) and with the pupil shift in between each pupil t racking measurement
(PS) on x axis and y axis. stands for the radial position.

Figure 5.17: Subject 1: the AOPT loop.
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Subject 1 - WFPTa

1.2 — 250
1.05 50
0.9 1-150
~
g
= 0.75 1-350
92}
%
— 06 v T 1-550
c
o
T
> 0.45 sf-750
:
—o— Wavefront RMS 0.3R 4-950
Zernike 2. order
Zernike 3. order
Zernike 4. order 0.15 Y.1150
Zernike 5. order
----- Pupil position x axis
+— = Pupil position y axis 0

-1350

Time (s)

(top) Loop which incorporates the wavefront sensor, the pupil traker and the
deformable mirror that corrects the aberrations statically (WFPTa) (tilt or defocus
terms are not included in the total RMS or in the Zernike coe c ients).

WFPTa - Mean ( m)
RMS PS NA PD NL

0:39 009|67 72|250 210 m? | 6300 200|396 12 (lenslets)

(middle) Mean wavefront RMS (RMS), mean pupil shift in between two pupil
tracking measurements (PS), dimensions of the area in whiclthe eye normally was
(NA) (2 x 2 y), mean pupil diameter (PD), and mean number of lenslets that
were used during the measurement (NL).

WFPTa - Correlation of the WF RMS with
PP (x axis) | PP (y axis) | PP () | PS (xaxis) | PS (y axis) | PS ()
-0.04 0.85 0.18 0.02 -0.04 0.04

(bottom) Correlation of the measured wavefront RMS with the measuredpupil
position (PP) and with the pupil shift in between each pupil t racking measurement
(PS) on x axis and y axis. stands for the radial position.

Figure 5.18: Subject 1: the WFPTa loop.
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Subject 1 - WFPTa Simulation

o
©

0.75

o
o

0.45

Wavefront RMS (um)

o
w

——— WF measured
WF simulated
WEF error 0.15
----- Pupil p. (x axis)

~— = Pupil p. (y axis)

Time (s)

250

50

-150

, 1-350

-550

o -750

-950

-1150

-1350

(top) RMS of the simulations of the measured wavefront aberratios changing due
to eye movements (green solid line) and the residual error ofthe simulations (red

solid line)

Subject 1 - Correlation

0.6
y =0.9x
0.5f

0.4F

0.3r

0.2

Wavefront RMS simulated (um)

0 O:l 012 013 014 0‘.5 0‘.6
Wavefront RMS measured (um)

(bottom) Correlation of the RMS of the measured and the simulated wavieonts
the moving eye.

Figure 5.19: Subject 1: simulation of the WFPTa loop measungents.
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Finally, the AOPTL1?° loop was executed, Figure 5.20. The wavefront RMS
was correlated with both the radial pupil position and the ppil shift at each loop,
the coe cients being, 0.55 and 0.38 respectively.

Figure 5.21 - top shows all types of corrections together. illations done to
estimate aberrations induced by eye movements had an errcgry similar to the
error of correction for those changes real time using pupiacking, the AOPTL1
loop, being 021 0:07 and 021 0:08 m respectively. AOPTL1 loop yielded
better results than the WFPTa?! loop, the case where the correction was not
dynamic and WFPT?? loop, the case where there were no corrections.

Figure 5.21 - bottom shows the power spectra of the RMS of thdl &pes of
experiments and the simulation. The spectra spanned two aral half frequency
decades; 0.07 - 4.2 Hz. The smallest frequency in the spectrwas 55 = 0:1
Hz, 9.8 s being the total time of the recording. The spectra orh¢ left and the
detrended spectra on the right both showed that AOPTL1 looppectrum had the
lowest magnitude. All spectra showed a 1/f like trend in the Igarithmic plot. In
the case of = 1 the power is equally distributed among the frequenciesereasing
the independency and robustness of the free running system.

Finally Figure 5.22 shows the recorded pupil positions dumg each experiment

on the x-y plane.

20 oop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithm based on pupil tracking (AOPTL1)

211 oop which incorporates the wavefront sensor, the pupil traker and the deformable mirror
that corrects the aberrations statically (WFPTa)

22.oop which incorporates the wavefront sensor and the pupil tacker only (WFPT)
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Subject 1 - AOPTL
1.2 600

1.05 400

0.9 200

0.75r_ "~

-200

0.45 -400

Wavefront RMS (um)
o
[}

—o— Wavefront RMS| 0.3
Zernike 2. order
Zernike 3. order y
Zemike 4. order| g 15

Zernike 5. order
— - — - Pupil p. (x axis)
——  Pupil p. (y axis)

-600

x 7 1.800

-1000

(top) Loop which incorporates the wavefront sensor, the deformale mirror, the
pupil tracker and the control algorithm based on pupil tracking (AOPTL1)(tilt or
defocus terms are not included in the total RMS or in the Zernke coe cients)

AOPTL1 - Mean (  m)
RMS PS NA PD NL

0:21 0:08|66 92|310 80 m? | 7000 200|416 5 (lenslets)

(middle) Mean wavefront RMS (RMS), mean pupil shift in between two pupil
tracking measurements (PS), dimensions of the area in whiclthe eye normally was

(NA) (2 x 2 y), mean pupil diameter (PD), and mean number of lenslets that
were used during the measurement (NL).

AOPTL1- Correlation of the WF RMS with
PP (x axis) | PP (yaxis) | PP () | PS (x axis) | PS (y axis) | PS ()
0.22 0.23 0.55 0.21 0.38 0.25

(bottom) Correlation of the measured wavefront RMS with the measuredpupil
position (PP) and with the pupil shift in between each pupil t racking measurement
(PS) on x axis and y axis. stands for the radial position.

Figure 5.20: Subject 1: the AOPTL1 loop.
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—
E 16
3
N—r
N 14
>
x
- 12
c
o
"'q;) 1
g 0.8
—o— WFPT
—— WFPTa 0.6
AOPT

AOPTL1 0.4
Error sim.
P. WFPTa
P. AOPT
P. AOPTL1

0.2

Subject 1 - all
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500

400

300
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100

-100

-200

~4-300

-400

-500

(top) Wavefront RMS of the WFPT, AOPT, WFPTa and AOPTL1 experiment s
and the residual error of the simulations and their respectve pupil positions shown

with the same color (P).

Subject 1 - all : Power spectra

Power spectra: Detrended

10? 10"
0 a=1.6
10
10°
10t}
2
102} 10
[y -3
= 107 ¢
(%))
-4
10 10'4 L
5
B WFPT 10 WEPT
10 ¢ WFPTa WFPTa
AOPT 10° AOPT
AOPTL1 AOPTL1
------ Error sim. o Error sim.
10° 2 o ") 1 10’ I )
10° 10 10 10 10° 10 10 10

Frequency (Hz)

Frequency (Hz)

(bottom) Power spectra of the RMS of all the measurements and the resichl error
wavefront of the simulations (left). The detrended spectra (done after the mean
of the each data set were subtracted) was made to compare theuctuations of the

signals.

Figure 5.21: Subject 1: summary of the experiments.
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Figure 5.22: Pupil positions recorded during each experimte All the plots have

x and y axes scaled to 690 450 m. For visual clarity the data was divided into
ve parts, colored di erently and beginning and the end of the data were indicated
by square markers.
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5.3.2 Experimental results for Subject 2

First, the WFPT 2 loop was executed, see Figure 5.23. There were no relations
between the RMS of the wavefronts and the pupil shift at eachobp but the
correlation of the RMS values with the pupil position on x ax§ was 0.54. The
aberration changes were due to both Zernike second and thicdders while the
abrupt changes in these two coe cients were not representethe same way in
the total wavefront RMS. This might be due to the changes in tb pupil shape
because Zernike reconstruction requires a circular pupihd is not successful for
non circular pupil shapes. On the other hand the zonal recdansction which
was used to calculate the total RMS can estimate the wavefroat any pupil
shape. This proves the zonal reconstruction method more eient to estimate the
wavefronts in case of non circular pupil shapes.

Next, the AOPT?* and the WFPTa?® loops was executed with the second
subject's eye, Figures 5.24 and 5.25 . For the WFPTa loop the@mrelation of the
RMS of the wavefront measurements with the pupil position ox axis was 0.79.
Figure 5.26 shows the RMS of the measured, simulated waveift® (as described
in the section of the measurements done by the model eye) aresidual error of

the simulations.

23 oop which incorporates the wavefront sensor and the pupil tacker only (WFPT)

24Loop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithm based on wavefront sensing (AOPT)

25| oop which incorporates the wavefront sensor, the pupil traker and the deformable mirror
that corrects the aberrations statically (WFPTa)
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Subject 2 - WFPT
0.8 350

0.7 °°% 200

o
o

o
3

" 4-100

I
~

-250

o
w

-400

Wavefront RMS (um)

—o— Wavefront RMS
Zernike 2. order
Zernike 3. order
Zernike 4. order| 1
Zernike 5. order
— - — - Pupil p. (x axis)
——  Pupil p. (y axis)

o
)

-550

-700

-850
Time (s)

(top) Loop which incorporates the wavefront sensor and the pupil tacker only
(WFPT)(tilt or defocus terms are not included in the total RM S or in the Zernike
coe cients).

WFPT - Mean ( m)
RMS PS NA PD NL

0:67 0:03|53 43|200 160 m? | 6300 100|408 14(enslets)

(middle) Mean wavefront RMS (RMS), mean pupil shift in between two pupil
tracking measurements (PS), dimensions of the area in whiclthe eye normally was
(NA) (2 x 2 y), mean pupil diameter (PD), and mean number of lenslets that
were used during the measurement (NL).

WFPT - Correlation of the WF RMS with
PP (x axis) | PP (y axis) | PP () | PS (x axis) | PS (y axis) | PS ()
0.54 -0.32 -0.57 -0.01 0.03 0.03

(bottom) Correlation of the measured wavefront RMS with the measuredpupil
position (PP) and with the pupil shift in between each pupil t racking measurement
(PS) on x axis and y axis. stands for the radial position.

Figure 5.23: Subject 2: the WFPT loop.

114

Pupil center position (um)



Experiments with human
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Subject 2 - AOPT

0.8
0.7
0.6
~
g
= 0.5
[92)
> |
o \
w— 0.4
c
(@]
&=
g 0.3fF
g .
—o— Wavefront RMS| 0.2
Zernike 2. order
Zernike 3. order
Zernike 4. order
Zernike 5. order
— - — - Pupil p. (x axis)
——  Pupil p. (y axis)

500

-400

1300

|, 4200

-1100

-1-100

-1-200
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1-400

-500

¥ %600

-700

(top) Loop which incorporates the wavefront sensor, the deformale mirror, the
pupil tracker and the control algorithm based on wavefront nsing (AOPT)

AOPT - Mean ( m)
RMS PS NA PD NL
0:09 00179 73|100 470 m?| 6900 60| 401 7 (lenslets)
(middle) Mean wavefront RMS (RMS), mean pupil shift in between two pupil

tracking measurements (PS), dimensions of the area in whiclthe eye normally was

(NA) (2 «

were used during the measurement (NL).

AOPT - Correlation of the WF RMS with

2 y), mean pupil diameter (PD), and mean number of lenslets that

PP (x axis) | PP (y axis) | PP () | PS (x axis) | PS (y axis) | PS ()
-0.23 -0.02 -0.04 -0.01 0.29 0.27
(bottom) Correlation of the measured wavefront RMS with the measuredpupil

position (PP) and with the pupil shift in between each pupil t racking measurement
stands for the radial position.

(PS) on x axis and y axis.

Figure 5.24: Subject 2: the AOPT loop.
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0.8

Subject 2 - WFPTa

Wavefront RMS (um)

—o— Wavefront RMS
Zernike 2. order
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Zernike 4. order
Zernike 5. order
----- Pupil p.(x axis)

-— = Pupil p.(y axis)
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1150

-150
-300
-450
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(top) Loop which incorporates the wavefront sensor, the pupil traker and the
deformable mirror that corrects the aberrations statically (WFPTa)(tilt or defocus

terms are not included in the total RMS or in the Zernike coe c ients).

WFPTa - Mean ( m)

RMS

PS

NA

PD

NL

0:20 0:05

68 70| 220 120 m?

6430 90

396 10 (lenslets)

(middle) Mean wavefront RMS (RMS), mean pupil shift in between two pupil
tracking measurements (PS), dimensions of the area in whiclthe eye normally was

(NA) (2 x 2 y), mean pupil diameter (PD), and mean number of lenslets that
were used during the measurement (NL).

WFPTa - Correlation of the WF RMS with

PP (x axis)

PP (y axis)

PP ()

PS (x axis)

PS (y axis)

PS ()

-0.79

0.21

0.48

0.18

0.27

0.24

(bottom) Correlation of the measured wavefront RMS with the measuredpupil
position (PP) and with the pupil shift in between each pupil t racking measurement
(PS) on x axis and y axis.

stands for the radial position.

Figure 5.25: Subject 2: the WFPTa loop.
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Subject 2 - WFPTa Simulation
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WF error 0.1} 1-450
Pupil p. (x axis)
Pupil p. (y axis) 0 . . ! ! . . L L -600
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Time (s)

(top) RMS of the simulations of the measured wavefront aberratios changing due
to eye movements (green solid line) and the residual error ofthe simulations (red
solid line)

Subject 2 - Correlation

@
0.35¢

0.3

y =0.4x+0.1
R?=0.7

0.25¢

0.2

0.15r

Wavefront RMS simulated (um)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Wavefront RMS measured (um)

(bottom) Correlation of the RMS of the measured and the simulated wavionts of
the moving eye.

Figure 5.26: Subject 2: simulation of the WFPTa loop measungents.
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In the Figure 5.26 - top, the mean RMS of the simulated wavefnts and the
residual error of the simulation was 20 0:05 and 019 0:03 m respectively.
The experiment can be divided into two time periods; beforena after the spike
at the 5" second. In the rst half of the simulation the simulated wavéronts
over-estimated the aberration whereas in the second halfsjuafter the spike, the
simulation estimated the measured aberrations better. Inhe rst half probably
the estimation was not good because of the not suitable redece wavefront (tear
Im rupture just before the blink). It is probable that whate ver happened after the
spike changed the aberrations of the eye and the estimationas able to follow the
changes. The square and diamond markers indicate disconiity in the wavefront
sensor and the pupil tracker measurement data respectivalye to a blink or other
reasons. When the fast eye movement was followed by the bliakd aberrations of
the eye were changed, the reference wavefront became releeand the estimation
gave good results. At the rst part of the measurements the @mation was quite
static and was not able to follow changes in the wavefront RM&hich showed
itself as a linear distribution concentrated at 0.2 m RMS in the correlation graph
of the RMS of the simulated and the measured wavefronts in kige 5.26 - bottom.

Finally, the AOPTL1 26 and AOPTL2? loops were performed, Figures 5.27 and

5.28. Figure 5.29 - top shows the results of all the experinten

26| oop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithm based on pupil tracking (AOPTL1)

271oop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithms based on wavefront sensing and pupitracking (AOPTL2)

118



Experiments with human eyes

Subject 2 - AOPTL1
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(top) Loop which incorporates the wavefront sensor, the deformale mirror, the
pupil tracker and the control algorithm based on pupil tracking (AOPTL1)

AOPTL1 - Mean (  m)
RMS PS NA PD NL
0:11 00332 26|160 110 m?| 7030 60| 404 4 (lenslets)
(middle) Mean wavefront RMS (RMS), mean pupil shift in between two pupil

tracking measurements (PS), dimensions of the area in whiclthe eye normally was

(NA) (2 «
were used during the measurement (NL).

AOPTL1- Correlation of the WF RMS with

2 y), mean pupil diameter (PD), and mean number of lenslets that

PP (x axis) | PP (yaxis) | PP () | PS (xaxis) | PS (yaxis)| PS ()
-0.66 0.29 0.66 0.12 0.01 0.11
(bottom) Correlation of the measured wavefront RMS with the measuredpupil

position (PP) and with the pupil shift in between each pupil t racking measurement
(PS) on x axis and y axis.

stands for the radial position.

Figure 5.27: Subject 2: the AOPTL1 loop.
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Subject 2 - AOPTL2
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(top) Loop which incorporates the wavefront sensor, the deformale mirror, the
pupil tracker and the control algorithms based on wavefrontsensing and pupil track-
ing (AOPTL2)

AOPTL2 - Mean ( m)
RMS PS NA PD NL

0:10 0:06|50 65|260 180 m? | 7000 100|395 8 (lenslets)

(middle) Mean wavefront RMS (RMS), mean pupil shift in between two pupil
tracking measurements (PS), dimensions of the area in whiclthe eye normally was

(NA) (2 x 2 y), mean pupil diameter (PD), and mean number of lenslets that
were used during the measurement (NL).

AOPTL2- Correlation of the WF RMS with
PP (x axis) | PP (yaxis) | PP () | PS (x axis) | PS (y axis) | PS ()
0.25 -0.06 0.3 0.34 0.24 0.34

(bottom) Correlation of the measured wavefront RMS with the measuredpupil
position (PP) and with the pupil shift in between each pupil t racking measurement
(PS) on x axis and y axis. stands for the radial position.

Figure 5.28: Subject 2: the AOPTL2 loop.
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Subject 2 - all
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(top) Wavefront RMS of the WFPT, AOPT, WFPTa, AOPTL1 and AOPTL2
experiments and the residual error of the simulations and tkir respective pupil
positions shown with the same color (P).
Subject 2 - all : Power spectrum . Power spectrum: Detrended
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(bottom) Power spectra of the RMS of all the measurements and the resichl error
wavefront of the simulations (left). The detrended spectra (done after the mean
of the each data set were subtracted) was made to compare theuctuations of the
signals.

Figure 5.29: Subject 2: summary of the experiments.
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The AOPTL228 loop which used both control algorithms did a better job than
the AOPT2° except the spike at the end. Possibly because of the long aisifion
times of the pupil camera and the time lag, AOPTL2 might haventroduced errors
when there was a sudden shift; therefore it is possible thatO®T might have
handled this shift much better than the AOPTL2 loop. But for gentle movements
of the eye, AOPTL2 might be more advantageous than the AOPT ew at this
rate of pupil tracking as we can see in the measurements juséfore the spike,
Figure 5.29 - top.

Figure 5.29 - bottom shows the spectra of all the experimentsThe spectra
spanned two frequency decades from 0.07 to 4.2 Hz. The AOPT jobad the
lowest amplitude and uctuation as seen from the spectra orhe left and the de-
trended spectra on the right. Amplitude of all the spectra deeased by increasing
frequencies with the same 1/f like trend as seen in the Subject 1 and the model
eye. The value of may have important implications in terms of health as reveall
by several authors but this will be discussed in the nal semn.

Finally Figure 5.30 shows the recorded pupil positions dumg each experiment

on the x-y plane.

28] oop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithms based on wavefront sensing and pupitracking (AOPTL2)

2%Loop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithm based on wavefront sensing (AOPT)
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Figure 5.30: Pupil positions recorded during each experimte All the plots have

x and y axes scaled to 830 980 m. For visual clarity the data was divided into
ve parts, colored di erently and beginning and the end of the data were indicated
by square markers.
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5.3.3 Experimental results for Subject 3

First, the WFPT 20 loop was executed, see Figure 5.31. The wavefront RMS was
related to the pupil position on x axis was with a correlationcoe cient of 0.3.
Zernike second, third and fourth orders contributed to the lderration changes;
they were even more related to the pupil displacement than ¢htotal RMS. The
square markers on the wavefront RMS curve indicate the disttinuities where the
measurement was interrupted and the slopes could not be aaga due to a blink
or a misalignment. The downward spikes of the Zernike curvese probably due
to the changes in pupil shape and are calculation errors.

Second, the AOPP! loop was performed, Figure 5.32. There was not a signi -
cant relation between the wavefront RMS and the pupil displeement at each loop
or the pupil position. The correction done with the control &gorithm based on
wavefront sensor measurements had higher residual erromthusual for a reason
unknown. It might have been because of an erroneous wavefrsensor measure-
ment at the beginning of the loop. In fact to avoid the a ect ofrandom wrong
sensor measurements on the overall correction, the gain dfetdeformable mir-
ror had been chosen to be 0.5. In this case it takes longer tomext (10 loops in

average) but it is more e ective in handling wrong wavefronsensor measurements.

30Loop which incorporates the wavefront sensor and the pupil tacker only (WFPT)
31 oop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithm based on wavefront sensing (AOPT)
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Subject 3 - WFPT
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(top) Loop which incorporates the wavefront sensor and the pupil tacker only
(WFPT) (tilt or defocus terms are not included in the total RM S or in the Zernike
coe cients).

WFPT - Mean ( m)
RMS PS NA PD NL

0:94 006| 77 173|940 520 m? | 6300 100|361 33 (lenslets)

(middle) Mean wavefront RMS (RMS), mean pupil shift in between two pupil
tracking measurements (PS), dimensions of the area in whiclhe eye normally was

(NA) (2 x 2 y), mean pupil diameter (PD), and mean number of lenslets that
were used during the measurement (NL).

WFPT - Correlation of the WF RMS with
PP (x axis) | PP (y axis) | PP () | PS (x axis) | PS (y axis) | PS ()
0.31 0.19 0.25 -0.08 -0.01 -0.05

(bottom) Correlation of the measured wavefront RMS with the measuredpupil
position (PP) and with the pupil shift in between each pupil t racking measurement
(PS) on x axis and y axis. stands for the radial position.

Figure 5.31: Subject 3: the WFPT loop.
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Experiments with human eyes

Subject 3 - AOPT
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(top) Loop which incorporates the wavefront sensor, the deformale mirror, the
pupil tracker and the control algorithm based on wavefront nsing (AOPT)

AOPT - Mean ( m)

RMS

PS

NA

PD

NL

0:14 0:.05

33 26|60 60 m?|6500 60

394 7 (lenslets)

(middle) Mean wavefront RMS (RMS), mean pupil shift in between two pupil
tracking measurements (PS), dimensions of the area in whiclthe eye normally was
(NA) (2 x 2 y), mean pupil diameter (PD), and mean number of lenslets that
were used during the measurement (NL).

AOPT - Correlation of the WF RMS with

PP (x axis)

PP (y axis)

PP ()

PS (x axis)

PS (y axis)

PS ()

-0.19

-0.07

-0.16

0.08

0.10

0.09

(bottom) Correlation of the measured wavefront RMS with the measuredpupil
position (PP) and with the pupil shift in between each pupil t racking measurement
(PS) on x axis and y axis.

stands for the radial position.

Figure 5.32: Subject 3: the AOPT loop.
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Experiments with human eyes

Next, the WFPTa*? loop was executed with the third subject's eye, Figure
5.33. The correlation of the RMS of the wavefront measuremisnwith the pupil
position on x axis was 0.94. In the rst nine seconds the eye waxating well and
the static deformable mirror correction was valid but then gbject slightly changed
the point of xation and continued xating at around 500 microns away. This shift
was di erent than a micro saccade, because it was not towardise center and the
way the eye continued being stable afterwards shows that itas indeed a conscious
displacement of the eye.

The aberrations were simulated using the methodology of tleentrol algorithm
based on pupil tracking, see the RMS of measured, simulateddaerror wavefronts
in Figure 5.34. The mean RMS of the simulated wavefronts andhé¢ residual error
of the simulation was 047 0:30 and 016 0:09 m respectively. The estimation
was accurate except for the®, 5", 7" and 14" seconds at which the eye made
quick round trips which were not sensed during the exposurd the wavefront
sensing camera and did not e ect wavefront RMS measured butene measured
as pupil shifts by the pupil tracking camera because of its shiter exposure time
and e ected the estimation done based on pupil tracking. Alsthe big error spike
on 9" second was probably due to the fact that there was a time lag toeen
the pupil tracker and the wavefront sensor and the estimatiowas late. In the
Figure 5.34 - bottom the distribution of the data points for he measured and the
simulated data showed a high correlation and the two distingoints indicate the
two di erent xation levels. The data that the red arrow points to belongs to the
9" second where although the pupil moved to the next level of x@n and the
wavefront RMS changed, the pupil tracker and as a result themsulation was late

to follow.

32oop which incorporates the wavefront sensor, the pupil traker and the deformable mirror
that corrects the aberrations statically (WFPTa)
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Subject 3 - WFPTa
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(top) Loop which incorporates the wavefront sensor, the pupil traker and the
deformable mirror that corrects the aberrations statically (WFPTa)(tilt or defocus
terms are not included in the total RMS or in the Zernike coe c ients).

WFPTa - Mean ( m)
RMS PS NA PD NL

0:47 029|54 78|580 110 m? | 6300 300| 357 19 (lenslets)

(middle) Mean wavefront RMS (RMS), mean pupil shift in between two pupil
tracking measurements (PS), dimensions of the area in whiclthe eye normally was
(NA) (2 x 2 y), mean pupil diameter (PD), and mean number of lenslets that
were used during the measurement (NL).

WFPTa - Correlation of the WF RMS with
PP (x axis) | PP (y axis) | PP () | PS (xaxis) | PS (y axis) | PS ()
0.94 -0.26 0.95 0.11 0.11 0.13

(bottom) Correlation of the measured wavefront RMS with the measuredpupil
position (PP) and with the pupil shift in between each pupil t racking measurement
(PS) on x axis and y axis. stands for the radial position.

Figure 5.33: Subject 3: the WFPTa loop.
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Experiments with human eyes
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(top) RMS of the simulations of the measured wavefront aberratios changing due
to eye movements (green solid line) and the residual error ofthe simulations (red

solid line)
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(bottom) Correlation of the RMS of the measured and the simulated wavionts of

the moving eye.

Figure 5.34: Subject 3: simulation of the WFPTa loop measungents.
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Experiments with human eyes

Finally, the AOPTL1 % and AOPTL23* loops were performed, Figures 5.35 and
5.36. Figure 5.37 - top shows results of the all types of cott®n loops together.

The simulations estimated the pupil shift well until the lage movement of the
eye at the 9" second because of the time lag between the pupil tracker anlet
wavefront sensor. AOPTL1 corrected as well as AOPY taking into account the
fact that the quality of the AOPT correction was not good profably because of
an erroneous wavefront sensor measurement.

Figure 5.37 - bottom shows the spectra of all the experimentsThe spectra
spanned two frequency decades from 0.07 to 4.2 Hz. The AOPTLdbp had the
lowest amplitude as seen from the spectra on the left and whithe WFPTa loop
had the largest magnitude of uctuations in the detrended sgctra on the right.
Amplitude of all the spectra decreased by increasing frequees with the same
1/f like trend as seen in the previous experiments being 1:4.

Finally Figure 5.38 shows the recorded pupil positions dumy each experiment

on the x-y plane.

33Loop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithm based on pupil tracking (AOPTL1)

34 oop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithms based on wavefront sensing and pupitracking (AOPTL2)

35 oop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithm based on wavefront sensing (AOPT)
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Subject 3 - AOPTL1
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(top) Loop which incorporates the wavefront sensor, the deformale mirror, the
pupil tracker and the control algorithm based on pupil tracking (AOPTL1)

AOPTL1 - Mean (  m)
RMS PS NA PD NL
0:14 00434 31|70 80 m?|6500 40| 389 3 (lenslets)
(middle) Mean wavefront RMS (RMS), mean pupil shift in between two pupil

tracking measurements (PS), dimensions of the area in whiclthe eye normally was

(NA) (2 «

AOPTL1- Correlation of the WF RMS with

2 y), mean pupil diameter (PD), and mean number of lenslets that
were used during the measurement (NL).

PP (x axis) | PP (y axis) | PS (x axis) | PS (y axis)
-0.36 -0.15 0.17 0.33 0.26‘ 0.32
(bottom) Correlation of the measured wavefront RMS with the measuredpupil

position (PP) and with the pupil shift in between each pupil t racking measurement

(PS) on x axis and y axis.

stands for the radial position.

Figure 5.35: Subject 3: the AOPTL1 loop.
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Subject 3 - AOPTL2
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(top) Loop which incorporates the wavefront sensor, the deformale mirror, the
pupil tracker and the control algorithms based on wavefrontsensing and pupil track-

ing (AOPTL2)

AOPTL2 - Mean ( m)
RMS PS NA PD NL
0:08 00332 26/290 70 m?| 6000 300|330 17 (enslets)
(middle) Mean wavefront RMS (RMS), mean pupil shift in between two pupil

tracking measurements (PS), dimensions of the area in whiclthe eye normally was

(NA) (2 «

were used during the measurement (NL).

AOPTL2- Correlation of the WF RMS with

2 y), mean pupil diameter (PD), and mean number of lenslets that

PP (x axis) | PP (yaxis) | PP () | PS (x axis) | PS (y axis) | PS ()
0 0.03 -0.03 0.47 0.13 0.47
(bottom) Correlation of the measured wavefront RMS with the measuredpupil

position (PP) and with the pupil shift in between each pupil t racking measurement

(PS) on x axis and y axis.

stands for the radial position.

Figure 5.36: Subject 3: the AOPTL2 loop.
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Experiments with human eyes

(top) Wavefront RMS of the WFPT, AOPT, WFPTa, AOPTL1 and AOPTL2

—e— WFPT
WFPTa
AOPT
AOPTL1
AOPTL2
------ Error Sim.
— P. WFPTa
P. AOPT
P. AOPTL1
P. AOPTL2

Wavefront RMS (um)

o
w

Subject 3 - all

o
&l

I
~

0.2

0.1

700

550

400

250

100

-50

-200

experiments and the residual error of the simulations and tkir respective pupil

positions shown with the same color (P).
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Subject 3 - all : Power spectra

Power spectra: Detrended
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(bottom) Power spectra of the RMS of all the measurements and the resichl error
wavefront of the simulations (left). The detrended spectra (done after the mean
of the each data set were subtracted) was made to compare theuctuations of the
signals.

Figure 5.37: Subject 3: summary of the experiments.
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Measured pupil center position
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Figure 5.38: Pupil positions recorded during each experime The axes of the
plots are not scaled to a speci c value. For visual clarity th data was divided into
ve parts, colored di erently and beginning and the end of the data were indicated
by square markers.

134



Summary and discussion

5.4 Summary and discussion

Measurements of the wavefront aberrations and pupil positins, corrections of
the aberrations with open and closed loops based on wavefrsensing and pupil
tracking were performed with a moving model eye anth vivo on three subjects.
A summary of all the data acquired is given in Table 5.1.

The model eye had the advantage of its aberration changes thgisolely de-
pendent on pupil movements. It had no other intrinsic paranters that changed
and caused high order aberration changes therefore we expddhat it served as
the gold standard for the evaluation of the method. However thad an important
spherical aberration which none of the real eye aberratiotsd and a large pupil
diameter. The correlation plot of the measurements and thamsulations of the
open WFPTa% loop was elliptical revealing a time lag. The time lag was pbably
due to the fact that the pupil tracker and wavefront sensor strted exposure at the
same time while the former had a 10 ms and latter had a 30 ms expoe time.
The remaining 20 ms was the factor that pupil tracker follone the eye movements
behind. The solution to this problem can be to start the pupiltracking camera
exposure 10-15 ms later than the exposure of the wavefronhsang camera. The 7
mm pupil of the model eye moving in front of the 6 mm pupil of thesystem might
have introduced some other aberrations as it continued to lfuthe systems pupil
although it was shifted.

The WFPTa measurements and the simulations of the Subject Z2donstrated
how the aberration pro le of the subject changed at the midél of the measure-
ment and e ected the outcome of the estimation done with theantrol algorithm
based on pupil tracking. The estimation was not good at the lgenning of the
measurement but after a blink the estimation became relevanlt is worth un-
derlining that the estimation depends highly on the seleain of a good reference

wavefront that will represent the aberrations of the eye onxas and this becomes

36| oop which incorporates the wavefront sensor, the pupil traker and the deformable mirror
that corrects the aberrations statically (WFPTa)
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Model Eye RMS PS NA NL PD
WFPT 0:67 002 32 17 250 40 m? 437 1 7072 O

AOPT 0:08 004 30 22 170 40 m? 438 1 7072 0O
WFPTa 0:14 008 23 16 180 40 m? 438 1 7072 0
WFPTa Sim 0:1 0:.06
WFPTa Err 0:07 0:.03
AOPTL1 0:1 002 30 19 230 40 m? 438 1 7072 0
AOPTL2 0:07 002 26 15 230 40 m? 438 1 7072 0O
Subject 1 RMS PS NA NL PD

WFPT 2:16 011 51 57 330 160 m?> 405 9 6800 300
AOPT 0:12 005 51 67 280 200 m?> 417 5 6800 90
WFPTa 0:39 009 67 72 250 210 m? 396 12 6300 200

WFPTa Sim 0:35 0:10

WFPTa Err 0:21 0.07

AOPTL1 0:21 008 66 92 310 80 m? 416 5 7000 200

Subject 2 RMS PS NA NL PD
WFPT 0:67 003 52 43 200 160 m? 408 14 6300 100
AOPT 0:09 001 79 73 100 470 m?> 401 7 6900 60
WFPTa 0:20 005 68 70 220 120 m? 396 10 6430 90

WFPTa Sim 0:20 0:05

WFPTa Err 0:19 0:.03
AOPTL1 0:14 004 34 31 160 110 m?> 389 3 7030 60
AOPTL2 0:10 006 50 65 260 180 m? 395 8 7000 100

Subject 3 RMS PS NA NL PD
WFPT 0:94 006 77 153 940 520 m? 361 33 6300 100
AOPT 0:14 005 33 26 60 60 m? 394 7 6500 60
WFPTa 0:47 029 54 78 580 110 m? 357 19 6300 300

WFPTa Sim 0:47 0:30

WFPTa Err 0:16 0:.09
AOPTL1 0:14 004 34 31 70 80 m? 389 3 6500 40
AOPTL2 0:08 003 32 26 290 70 m? 330 17 6000 300

Table 5.1: Summary of all the measurements where; PS meangshift at each
loop; NA is the dimensions of the area in which the eye normallyas (2 x 2 y);
NL means number of lenslets that was used for wavefront sensoeasurements; PD
means diameter of the pupil of the subject during the measureents; WFPTa Sim
means the RMS of the simulated wavefront, WFPTa Err means th&MS of the
residual wavefront error of the simulations All the units are in micrometers,
except the NA and NL which were in m?2 and lenslets respectively.
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harder during the in vivo measurements. An automated selection of the refer-
ence wavefronts based on the quality of the measurementg. number of active
lenslets and the pupil position would increase the succedstloe correction done
with control algorithm based on pupil tracking.

Measurements done with Subject 3 showed a case where the AGPdorrection
quality was below the average. In the simulations of the WFP&® loop one of the
error sources was that at certain instants of measurementse displacements of the
pupil did not a ect the measured wavefront RMS. These changean pupil position
that appeared like spikes in the graph took place in a shortrtie where the pupil
came back to its original position shortly. The movement ofhe pupil might
have been unnoticed and only contributed to the noise of theawefront sensor
measurement if it happened within the long 30 ms exposure terof the wavefront
sensor camera although it might have been caught in the 10 mgpesure time of
the pupil camera. The solution to this problem could be to useultiple pupil
tracking measurements with a fast pupil tracker and improvehe algorithm to
ignore the round trip pupil shifts if they took place in the eyposure time of the
wavefront sensor camera. By this way the aberrations estitteal by the algorithm
based on pupil tracking would not take into account such puptrips and create
an estimation error in the AOPTL2% loop.

We also looked at the power spectra of all the experiments tees the results
in terms of amplitude uctuations if the control algorithm pupil tracking was able
to further enhance the adaptive optics correction. Genelglthe AOPT provided
the best correction with lowest uctuations but we observedhat all the spectra
had a I=f like trend being 1.5 0:1. Having acquired enough evidence that
most of the aberration changes of the eye with respect to theawefront sensor are

due to eye movements, it was straightforward to guess that ¢hspectra of the eye

37Loop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithm based on wavefront sensing (AOPT)

38| oop which incorporates the wavefront sensor, the pupil traker and the deformable mirror
that corrects the aberrations statically (WFPTa)

39Loop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithms based on wavefront sensing and pupitracking (AOPTL2)
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Summary and discussion

movements which have not been addressed yet would have a amirend. Several
separate wavefront measurements of a fourth subject werensmed up to have a
longer data set. The spectra of the measured wavefront RMS cpupil position

and diameter was shown in Figure 5.39 - left.

RMS and pupil power spectra

Pupil power spectra

10" |

Wavefront RMS
Pupil position radial
0%} Pupil position x axis
Pupil position y axis
Pupil diameter

Pupil position radial
Pupil position x axis
Pupil position y axis
Pupil diameter

10° 10” 10" 10° 10t 10° 10” 10" 10° 10"

Frequency (Hz) Frequency (Hz)

Figure 5.39: Power spectra calculated after di erent WFPT ad pupil tracking
recordings were summed up for longer data. 585 data point9(g) of WFPT loop
with pupil tracking (detrended)(left) and 1794 data points(214 s) of pupil tracking
only (right).

Similarly, separate pupil tracking measurements of the sarsubject was added
up to acquire a single longer data set, see the spectra in Figlb.39 - right. All the
spectra including the pupil diameter showed a similar trendf 1:6. A similar
trend, decrease of approximately 4dB per octave by frequgnwas observed by
several authors [52, 114, 46, 50]. The value ofmay be indicative of the health
and disease and the implication of this to these data set shale discussed in the
conclusions chapter.

Table 5.2 shows the experiments done at 20 Hz, to explore if tlerrection
with AOPT, the simulations of WFPTa or AOPTL1 “° loop could be better at
this rate. The pupil tracking and wavefront sensing takes 5ts approximately to

measure so the fastest loop that can be run had 20 Hz frame rat®OPTL2 could

40Loop which incorporates the wavefront sensor, the deformale mirror, the pupil tracker and
the control algorithm based on pupil tracking (AOPTL1)
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not be tried as it requires two pupil tracking measurements.

Subject 2f RMS PS NA NL PD
WFPT 0:71 003 26 22 110 60 m?* 378 5 6600 70
AOPT 0:11 010 20 16 50 60 m? 408 8 7000 30
WFPTa 0:16 0:03 32 38 220 160 m? 402 5 6600 100

WFPTa Sim 0:13 0:03

WFPTa Err 0:14 0:.03
AOPTL1 0:12 003 36 34 240 140 m? 408 2 6900 50

Subject 4f RMS PS NA NL PD
WFPT 0:60 0:03 46 65 710 180 m? 402 8 7800 40
AOPT 0:09 005 31 32 750 170 m? 386 18 7880 80
WFPTa 0:09 005 27 33 140 80 m? 397 8 7700 50

WFPTa Sim 0:09 0:03

WFPTa Err 0:09 0:.04
AOPTL1 0:08 0:02 34 32 180 30 m?> 404 4 7400 90

Table 5.2: Summary of the measurements made at 20 Hz; PS meanpipshift
at each loop; NA is the dimensions of the area in which the eye maally was
(2 x 2 y); NL means number of lenslets that was used for wavefront sens
measurements; PD means diameter of the pupil of the subjecthg the mea-
surements; WFPTa Sim means the RMS of the simulated wavefriptWFPTa Err
means the RMS of the residual wavefront error of the simulains. All the units
are in micrometers, except the NA and NL which were in m?2 and
lenslets respectively.

In conclusion the adaptive optics control algorithm basedropupil tracking
was successful in correction of the aberrations of a movingodel eye andn vivo.
In spite of the long exposure times the pupil tracking was ablto follow and help
compensate for eye movements. At this acquisition time of pi tracking, running
faster loops provided no enhancement in the correction ased at 20 Hz for two

subjects.
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Chapter 6

Conclusions and future work

Using an adaptive optics retinal camera developed for clirdt research it was
shown that changes of higher order aberrations of the eye lnding the astigma-
tism were highly correlated with the pupil displacements. Bsed on this fact it
was possible to correct for the aberrations of the eye reahte using a reference
wavefront measurement, a pupil tracker and a deformable mar without the real
time contribution of the wavefront sensor measurements.

Alternatively, a fast pupil tracker, instead of replacing tke wavefront sensor can
also work in collaboration with the wavefront sensor to enhlmce the correction in
a loop where the deformable mirror can be called more than encUnfortunately
this could not be tested due to the fact that the pupil trackerthat worked at 85
Hz at continuous mode worked at 20 Hz when triggered in the reth imaging
system. Another con guration where a pupil tracker can be uskin an adaptive
optics loop may be to feed a scanning mirror and using it to dictly correct for the
displacements similar to the use of two deformable mirrorsavoofer and tweeter.
Also a moving phase plate (speci c to the individual's oculaaberrations) and a
pupil tracker can be used to upgrade an ordinary old fashiodeetinal camera to
an adaptive optics retinal camera with a little cost.

We observed certain times that the correction based on pupitacking did

not work and we attributed this to the tear Im rupture or to a b ad choice of
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reference wavefront measurement. As we observed and the cohalgorithm that is
suggested here is based on, this algorithm is best for cotieg for the aberrations
that have a linear relationship with the eld angle. As the rehtionship becomes
nonlinear, like the quadratic relationship of the astigmasm with the eld, the
error of the method increases. A selective correction of thegher order aberrations
depending on their relationship with eld angle and the erroinduced would be
more e cient.

The power spectra of the recordings of the wavefront RMS anti¢ pupil posi-
tions showed a similar 1/f like trend where was 1.5 0:1. Alinear relationship
on a log-log graph indicates the presence of scaling (sethirity), such that uc-
tuations in small time scales are related to the uctuationan larger time scales
in a power law fashion [132]. 1/f noise is ubiquitous in nater spatially extended
subjects, e.g, mountain landscapes, coastal lines, river branches, appeo be
self similar structures [133, 134, 131, 135, 136]. Also atmphbsric turbulence is a
phenomenon where self similarity is believed to occur both time and space [133].

The value of was consistent with the previous studies [52, 114, 46, 50m-|
plications of the magnitude of of physiological data in terms of the health and
disease was studied by several authors [137, 132, 138, 18Bjing power spectral
analysis it was possible to di erentiate between the time sies of healthy hearts
and hearts with severe illnesses in humans [132, 139]. A dpaun that belonged
to a healthy heart would have 1 and would vary between 0 and 2 in the
diseased states. =1 is a compromise between the complete unpredictability of
the white noisei.e., = 0 and the much smoother landscape of the Brownian
noise (random walk)i.e., =2.

There is no general theory that explains the wide spread oacence of 1/f noise.
1/f noise (or signal) signi es that when the power spectrum fothese time series
is considered, each frequency has power proportional to period of oscillation.
As such, power is distributed across the entire spectrum andnconcentrated at

a certain portion. Consequently, uctuations at one time sale are only loosely
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correlated with those of another time scale. This relativendependence of the
underlying processes acting at di erent time scales suggeshat a localized per-
turbation at one time scale will not necessarily alter the sibility of the global
system. In other words, 1/f noise renders the system more bta and more adap-
tive to internal and external perturbations [140]. This is ractly what is needed
for a dynamical, biological system which has to provide vn at di erent light
levels and compensate for the continuous movement and chamgaberrations via
stochastid feedback mechanisms as proposed by Ivaneval. [138].

1/f like scaling of the power spectrum characterizes the ftéal behaviour (i.e.,
repeating self similarity of a process) of healthy free rummg biological system
[141]. Neither our data nor the data of previous studies had sptra with = 1.
This can be followed by a straight forward explanation: the qcess which the
data is taken renders the eye an unhealthy state. Fixation fdong times with a
special e ort to prevent blinking is de nitely not what a healthy eye does every
day. In the real life we do not stare at a point continuously beause either the
visual target is moving or us. This explanation can be provenght or wrong by
applying the same analysis to theeye tracking (at least 40 visual eld) data
of healthy subjects who are outdoors and whose gazes are redtricted. Also it
can be argued that forcing the eye to stay in a unhealthy stator a long time
might also render the healthy eye unhealthy which might expln why would people
with certain occupations statically have bigger chances tevelop refractive errors
[88, 86].

Biological data is far more complex than being monofractale., having only
one value. Further studies on fractal analysis showed that acally healthy
systems have values changing by time and the range of these values beinglei
is also a sign of health. With the application of this relatiely new technique to
the biological data, the previous theory of physiologicalantrol was challenged

[137]. In contrast to the previous statement, it seems hedlf systems do not seek

lopposite of deterministic that produces the same result fora given initial condition; for a
known initial condition there are many possibilities that a process may go to
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to attain a constant steady state, but rather a complex varihility de nes a free
functioning biological system [137]. This makes us feel neocomfortable with the
continuous chaotic movement [142] (i.e., indecomposabletycontains regularity)
of the eyes.

Multifractal analysis which was applied to many physiologial data such as
brain, heart, gait [132, 139], was applied to ocular aberrain dynamics by Hamp-
sonet al. [50] recently. Similar to Goldberger and Ivanowet al., they performed
wavelet analysi$ to represent the temporal self similarity of the signal and avelet
based method for multifractal analysid and con rmed the multifractal nature of
the ocular dynamics (containing more than one process witkel§ similarity). The
wavelet analysis of ocular dynamics of theating eye showed ame like patterns
similar to the wavelet analysis of the diseased heart in thausly of Golberger
et al.. Hampsonet al. [50] argued that multifractal analysis can give an insight
into subjects that may have problems with accommodation fugtion such as pro-
gressing myopic subjects reminding that progressing myapshowed prominent
low frequency uctuations which might indicate the breakdan of the multifractal
spectrum.

Dynamics of the aberrations of the eye is a very advanced andneplex topic
which raised interest in modelling [43] and which has to be dressed for a bet-
ter understanding of the capabilities and the limits of the lgh resolution retinal
imaging. Use of wavelet based approach to assess fractal matun assessing ocular
aberrations and retinal images may prove right in the near fure because of the
self repeating multifractal nature of these data.

Having a limited knowledge on the nature of the change of abatrons, devel-
oping faster adaptive optics components seems to be the @sisoption for further
improvements in retinal imaging. For instance wavefront sesors based on com-

plementary metal-oxide semiconductor (CMOS) technologyra promising for the

2a wavelet when convolved, will resonate if the unknown signiacontains information of similar
frequency
3a measure of how complicated a self-similar process is

143



future, o ering high quantum e ciency (less need for light power) and bandwidths
in kilohertz with some other unique properties such as theyao be read at a desired
pattern although they have the handicaps of having limitedize and resolution at
the moment [46]. Faster components raise a need for fasteildamore e cient con-
trol algorithms as the standard adaptive optics algorithm$ased on singular value
decomposition has linear computation cost: increases asthumber of actuators
increases. An alternative to this may be a wavelet based phaseconstruction
whose time cost is not related to the number of actuators [1J}3 Also a more
adaptable control algorithm that can predict the deformal# mirror gain in real
time was proposed [144].

A faster adaptive optics system may provide a better correicin for the ocular
aberrations as measured by the wavefront sensor but a low RMiBes not assure
always high resolution retinal images even with healthy ege To overcome the
challenges of retinal imaging with all types of eyes in higlesolution and develop
a modality that is suitable for clinical use seems to requir@ dense interdisciplinary
research, a better understanding of the visual processesluding all the physical,

chemical and the biological phenomena.
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Appendix A

Speci cations of the Components

Pupil Tracking System
Light source

Image formation

CCD

Framegrabber
Area imaged on the pupil plane
Software

Experiments
Arti cial Eye

Motion Controller

Time response

Ocular Safety

Osram SFH 4503LED, 950 nm, 4°

Spectral bandwidth, =40 nm

Radiant Intensity, 250 mW/sr

LED Alignment, E-Tec Dual socket strips
Achromatic Doublet 100 mm

Pentax C3516-M 35 mm 1:1.6

SVS Vistek - SVCam CP SVS204(Camera Link)

Active area, 1024 768 pixel?

Active area, 35 4.8 mn?

Pixel size, 465 4:65 m?

50 fps 10 bit monochrome signal

Spectral response, 380-950 nm

Euresys - Grablink Value PCI Express
139 5:31 mn?

C++

Execution speed, 2 ms

Pupil diameter 7 mm
Corneal radius, 8 mm
Newport Motion Controller MM4006
Stages, precision 0.1 m
Motor, EBM PAPST Variodrive VD - 3 - 43.10
Motor driver card, EBM PAPST
Variotonic DRIVECONTROL VT - A
Newport 818-SL Photodetector Head
Newport 2835-C Multi-Function Optical Meter

Table A.1: The materials used in the experiments.
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Figure A.1: Mechanical piece to attach the model eye with twacsews to the motor
arm at di erent eccentricities (Imagine Eyes, France).
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Deformable Mirror

Wavefront Sensor

AO Control Software

Imagine Eyes, mirao 52-e Electromagnetdeformable mirror
52 actuators
Max. generated wavefront peak to valley, 50m (tilt)
E ective diameter, 15 mm
Linearity, > 95%
Coating, protected silver
Bandwidth at 200 Hz.
Imagine Eyes, HASO 32-eye Shack-Hartmann wlent sensor
Aperture dimension, 45 3.6 mn?Y
Lenslet array, 40 32 =1280
Accuracy, g5
Spatial resolution, 114 m
Maximum acquisition frequency, 60 Hz
Casao, Imagine Eyes

WFS Control Software Haso, Imagine Eyes

Table A.2: Components of the adaptive optics system
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Appendix B

Ocular Safety

Ocular safety measurements for the adaptive optics retinahmera were performed
in compliance with the European standard for ophthalmic intsuments using a
broadband photodetector [123]. The retinal camera had fotypes of light sources;
an array of ten near infrared LEDs for pupil imaging, one SupeLuminescent
Diode (SLD) for wavefront sensing, one Organic Light Emittig Diode (OLED)
to serve as a xation target for the subject's eye and nally ae infrared LED for
retinal image acquisition.

Table B.1 summarizes the parameters to be calculated accorg to the stan-
dard'. E\x ¢ stands for the infrared radiation irradiance on the cornearal the
crystalline lens whereE (%) is the spectral irradiance and  (nm) is the
bandwidth of the light source in which the summation is madeEy g r is thermal

visible and infrared radiation irradiance on the retina whee R ( ) is the spectral

weighing factor whose prede ned values for each wavelengitere supplied by the

standarcP.
Parameter | Wavelength (nm) | Equation | Limit
P
Er cL 770 to 2500 o 20E 20 ™.

Table B.1: Ocular safety limits for cornealE\r c. and retinal irradianceEy g r
de ned by European standard for ophthalmic devices, 1ISO 18@-2[123].

pg. 9, Table 2[123]
2pg. 23, Table A.1[123]
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The tests to be performed require spectral weighing of the dition; however
it is possible to use a broadband photodetector instead of @ectrometer if the
spectral characteristics of the photodetector and the spteal distribution of the
light sources are knowh The manufacturers yearly calibration report includes
the responsivity curve of the powermeter in the spectral ragye of 400-1100 nm and
all the light sources in the system are supplied with data skong their spectral

distribution, see for example Figure B.1.

Figure B.1: Responsivity curve of the photodetector (leftand spectral distribution
of the LEDs for pupil tracking (right).

The photodetector head was placed in the place of the eye ugithe eye camera
in a similar manner to in vivo measurements. Measurements@galculations done
for one LED of mean wavelength 950 nm are described as followko estimate
E\r cL, one has to measure the power across a 1 mm diameter pupil andide
this value with the area of the surfack Spectral interval of the LED was 925-965
nm full width half maximum; the maximum of the sensitivity of the photodetec-
tor within this interval was situated at 925 nm, Figure B.1 - kft. Therefore the
detector was adjusted to measure at this wavelength to in@ase the power mea-
sured and to overestimate the risk. A diaphragm of 1 mm was mad before the
photodetector head and the value measured was divided by tlaeea of the pupil

of the diaphragmA = (0:5)2=7:9 10 3 cm?, see Table B.2.

3pg. 30, Appendix C[123]
4Appendix D.2 and E.1[123]
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Figure B.2 shows the schematics for the experiment done tdiesate Ey g r.

To estimate Ey g r the power across a 7 mm pupil had to be measured and

Diaphragm Photo detecto
| head

82 mm f18 18 mm

Figure B.2: Measuring the power due to one LED (mean waveldmg950 nm)
for pupil illumination on the retina. The LED array was 85 mm avay from the
detector; the power of only one LED was measured by coveriniget others.

divided by the area of surface illuminated on the retina (0ZB cn? maximum
as de ned by the standardf. The measurement wavelength of the powermeter
was adjusted to 925 nm where its maximum sensitivity was sisiied, see Figure
B.1. A diaphragm of 7 mm diameter was placed in front of the phodetector
and a lens (f18 mm) with a similar power to the human eye lens1f mm) was
placed behind it to collect all the ux emerging the diaphragh on the detector
surface. After the power on the detector surface was measuriédvas divided by
the permissible circular area on the retina, as given by thd¢amdard 0.023 cn.
Table B.2 shows the result for ten LEDs after the calculatedrriadiance on the
retina was multiplied by the maximum weighing factor on the gectra which was
0.35 at 925 nM, 52z 0:35 16 7. This is an overestimated value because
illumination of the LED array is distributed over the face ofthe eye rather than
being exactly at the same point. All the four light sources inhe retinal camera
were examined one by one and they were found below the safetyils, Table B.2.
Table B.2 shows the results for four sources when they wereeoating alone

but in the adaptive optics retinal camera ten LEDs and otheraurces are operating

all together. Total irradiances on the cornea and the retinavhen all the sources

SAppendix D.3 and E.2[123]
6pg. 23, Table A.[123]
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Source Parameter | Power Irradiance Limit | Status
(10) Er oo |12W |152™ 20™ | OK
LED@950
nm

Evik R |1mW |0.016%, 0.7 %, | OK
LED@850 Er c. |75W |0.820% 20™% | OK
nm

Evir r |41 W |0.0018%; 0.7 ;| OK
OLED@570 | Eyr r [2mW |32 10° 0 107, | OK
nm
SLD@750 EvirR r |50 W |0.070; 0.7 1, | OK
nm

Table B.2: Ocular safety measurement results for the fouigliht sources of adaptive
optics retinal camera showing the parameter to be measureatie power measured
on the detector, the power pecm? on the speci ¢ area and the limit of the power
per cm? of the parameter de ned by the standard[123] and the safetyatus of the
source.

of the adaptive optics retinal camera are active are calcutd. According to the
standard only the array of ten LEDs of 950 nm mean wavelengtimd the LED of

of 850 nm mean wavelength contribute to the irradiance on aeaEr ¢,
Er CL(LED @950) +E|r CL(LED @850) Limit Eir oL (Bl)

equals to 152+0:82 = 224 ™ and is less than the limit of 20™%.. All of the four

sources take part in the thermal irradiance on the retin&y g g and their sum,

Evir r(LED @950) +Evir r(LED @850) + :::

Evir R(OLED @570) +Evir R(SLD@?SO) Limit EviR R

equals to 0016 + 0:0018 + 000032 + 007 = 0:09 C"r:]’—z and is less than the limit of
0.7 .

In conclusion both total irradiance of the pupil tracking sgtem and the adap-
tive optics retinal camera for corneal and retinal hazard we found below the

limits and safe for in vivo measurements.
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Appendix C

The Model Eyes

There were two di erent model eyes that were used in the experents. First, a
model eye with spherical aberration was used in pupil tragkg tests and in adaptive
optics correction to replace the human eye. Its image takery Ithe pupil tracking

camera under near infrared light resembled a human eye withnim diameter, see

Figure C.1.
o
e % =
Q 0 3
v c £
c o] 2
F 0 Grey levels
c The iris
I_

Figure C.1: An 8 bit snapshot of the model eye which had 7 mm eaince pupil
(left) and its histogram of grey levels from 0 to 255 (right).

The model eye was comprised of a rod lens with a convex top, atalecover
and a di using surface at rear to serve as retina, Figure C.2The dimensions of
the rod lens was &0 22 mm and the radius of curvature of the convex top was
8 mm.

As the light streak the retina, it was di used by the material and its re ection
acted like a point source on the retina to which the convex siace introduced
the spherical aberration. Nevertheless because it was impitde to align the eye

with the system perfectly, the tilted model resulted in moreaberration terms,
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Pupil Metal cover Di using!surface
] 3y \
. : \

\'// *

Lens

Figure C.2: The model eye was a rod lens that produced sphali@berration (the
aberration was exaggerated in the gure).
especially astigmatism and coma whose magnitude might ctggn depending on
the alignment.

The second model eye used in the experiments was a model eya theoret-
ically had no aberrations. It was comprised of a lens, an atiment hole and a

di using surface behind it that was attached to a motor arm, kgure C.3 and C.4.

e mmm—— 1
d

1
Lo ___—-  mmmemem e ———— 1

Figure C.3: An image of the model as it is commercialized witthé name Modo,
courtesy of Imagine Eyes.

The incoming light beam was focused by the lens at the entramqupil to
the plane of diusing surface. The user aligned the model ey® observing the
re ection of the incoming beam from the visualization disk ad moving the eye
until nding the position at which the beam passes through te alignment hole
C.4.

The beam that stroke the di using surface acted like a point@urce and the
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Figure C.4. The schematics of the model eye with no aberratis.

small diameter of the focusing lens and the alignment hole sured that the beam
emerging the eye was free from aberrations. If the di user \g&ept still the CCD
of the wavefront sensor displayed interference patternsges Figure C.5 (left). The

spot diagram was clearer when the motor was running, Figure.&(right).

Figure C.5: The spot diagram of the plane wavefront of the mat eye when the
di user is still (left) and when it is rotated by the motor(ri ght).
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Appendix D

Computer programs

The computer programs developed to simulate, test and catdte the control al-
gorithm based on pupil tracking were described step by step iTables D.1 and

D.2.
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Upload the wavefront data and extracts,, andsy, ,i =
1,2;:::;40andj =1;2;:::;32.

=

Shift s,;, and sy, one column to
the right and subtract from the
original to get;

xSx; and xSy » Equation 4.7

Shift s,; and sy, one row down-
wards and subtract from the orig-
inal to get;

ySx; and sy, , Equation 4.8

i

Calculate the errors for shifts
n=f2; 3;4; 59 columns,

xSx; andgsy, , Equation 4.14

Calculate the errors for shifts
n=f2; 3; 4; 5g rows,

ySx; andys,, , Equation 4.15

#

Construct the wavefront of error
for shifts n=f 2; 3; 4; 5g columns,

«WF usinggs,, andgs,,

Construct the wavefront of error
for shifts n=f 2; 3; 4; 5g rows,

n 1 n n
yWF usingygsy, andysy,

#

Calculate the RMS of the error
wavefront for shiftsn=f2; 3; 4; 59
columns,RMS .

Calculate the RMS of the error
wavefront for shifts n=f 2; 3; 4; 5g
rows,QRMS )

Table D.1: The algorithm to simulate the error related to theadaptive optics
control algorithm based pupil tracing using real eye measements.
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Upload the IM, v, and the wavefront data, i.e.s, and s, .

#

Shift s,; andsy, one column to
the right and subtract from the
original to get;

xSx; and sy, , Equation 4.7

Shift s,;, andsy, one row down-
wards and subtract from the orig-
inal to get;

ySx; and sy, , Equation 4.8

=

Calculate the slopes vector for a
shift on x axis, s, Equation 4.9.

Calculate the slopes vector for &
shiftony axis, s, Equation 4.9.

#

Calculate the command vector for
a unit shift on x axis, v, Equa-
tion 4.10.

Calculate the command vector for
a unit shift on y axis, v, Equa-
tion 4.10.

-
Upload the aberration displacement to be e ectuated, x and yin m s.
#
Calculate (@;b from x and .
#

save, Equation 4.13.

Calculate v (a;b and vi(a;b = vo+ v(a;b and

Table D.2: The algorithm for the preliminary experiments dae using the retinal

camera with Casao and the model eye.
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