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ABSTRACT

The original proposal of wavefront-sensorless aberration correction was suggested by
Muller and Buffington. In this technique, we attempt to correct for wavefront aberrations
without the use of a conventional wavefront sensor. Commands are applied to a corrective
element with adjustable segments in an attempt to maximise a “sharpness’” metric which
correlates to image quality. Search algorithms are employed to find the optimal combina-
tion of actuator voltages on a deformable mirror to maximise a certain sharpness metric.
The “sharpness” is based on image intensity measurements taken with a Charged Coupled
Device (CCD) camera. It is shown that sharpness maximisation, using the simplex algo-
rithm, can minimise the aberrations and restore the Airy rings of an imaged point source.
This technique is then applied to extended objects which have been aberrated using a
Hamamatsu spatial light modulator to induce aberrations. The correction achieved using
various search algorithms are evaluated and presented.

The work carried out in this research experientially validates the use of sharpness met-
rics to correct for point source and extended object images. The suitability of various
metrics is shown, and by application of mirror modes and Zernike aberrations into the
system, a greater understanding of the search space is gained. This enables insight into
the choice of search algorithm and the degree of correction achievable in a future sys-

tem. A stochastic parallel gradient descent algorithm is shown to offer a high degree of
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correction in a low number of iterations, demonstrating that sharpness maximisation has
potential to correct quickly for aberrated images when employed in a system with high
speed components.

It is shown that sharpness maximisation has potential for correction of slowly varying
aberrations and enables the important calibration for non-common path errors, a limitation
in many existing adaptive optics systems. This is further encouragement for the develop-
ment of transmissive corrector which has the potential to spread the usage and applications

of adaptive optics much further, notably in industrial and medical applications.



1. INTRODUCTION

1.1 Adaptive Optics Background

"Smart optics" means much more than adaptive optics on telescopes and in vision science:
new technologies are changing the way adaptive optics (AO) instruments are built and
operated, bringing new technologies into everyday life in the form of cheaper, lighter,
and more robust optical systems. Smart optics includes optical systems, subsystems or
devices that adjust to enhance the performance of imaging and image processing systems.
Smart optics encompasses technologies such as, adaptive optics, programmable diffractive
optics, optically based control systems, and wavefront controllers.

This vast area now affected by, and dependent on, adaptive optics stems originally
from an adaptive optics system proposed to correct for atmospheric distortion in stellar
images. The genesis for adaptive optics was in 1953 when H. Babcock[1] first proposed
the use of a spatial light modulator to correct for aberrations introduced into images pro-
duced by ground-based telescopes due to atmospheric turbulence. The implementation of
adaptive optics in astronomy led recently to its use in vision science and these are the two
main areas where adaptive optics is employed.

Adaptive optics correction is, in theory, simple, but due to some demanding technical

requirements for the wavefront sensor (WES) and deformable mirror, realisation of adap-
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Fig. 1.1: A schematic of a conventional adaptive optics system showing key components such as a
wavefront sensor and deformable mirror.

tive optics systems was delayed by several decades. In the USA, adaptive optics systems
have been developed by the Department of Defense since 1970 in classified research[2].
In the civilian sector it took until the late 1980s before the COME-ON system of the
European Southern Observatories was installed on the 3.6-m telescope in Chile[3]. A
generic adaptive optics system for astronomy is presented in Figure 1.1, showing the key
components.

As can be seen from Figure 1.1, the idea behind adaptive optics is, as previously
mentioned, relatively simple. In most cases the aberrations of an incoming wavefront
are determined by a wavefront senor and the necessary commands to be applied to the
compensation device are determined by a control computer. However, the devil is in the
detail. Performing the wavefront measurements, calculation of the control commands and,
physical implementation at a rate high enough for real time correction, is the root of the

complexity of these adaptive optics systems.
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The technical requirements for adaptive optics systems include the frame rate and sen-
sitivity of the wavefront sensor camera, and the maximum frequency that can be applied
to the corrective element. Depending on the coherence time of the aberrating medium in a
given adaptive optics system, corrections need to be made at a high rate, often KHz, or as
a rule of thumb, measurements need to be made at a rate approximately 5-10 times faster
than the coherence time of the aberration. In atmospheric adaptive optics, the required
frame rate is determined by the rate of change of the atmospheric turbulence, whereas
in vision science, the time constraints are largely imposed by the physical movements of
the subject, both voluntary and involuntary, i.e., movements of the subject’s eye due to
pulse, thus each application has its individual requirements, which need to be met us-
ing an adaptive approach. A further difficulty of correction in adaptive optics, is that the
modal structure of the wavefront sensor and wavefront corrector have to match that of the

aberration being corrected to compensate properly for the wavefront aberration.

1.2 Image Sharpening

Prior to the implementation of modern wavefront sensors, and in the first practical demon-
stration of adaptive optics, Muller and Buffington[4], in 1974, proposed image sharpening
as a method to correct for aberrated wavefronts. The basis, as outlined in Chapter 5, was to
maximise an image metric which related to wavefront aberrations and, thus, image qual-
ity. However, with the advent of Shack-Hartmann and curvature wavefront sensors, which
could be used to correct with high temporal frequency, the image sharpening approach was
neglected because of the limited speed of correction that it could facilitate and problems

related to correction algorithms. But, with the advancement of the component technol-
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ogy required in image sharpness maximisation, this method has seen a re-emergence of
interest. Key components, such as CCD cameras, are now able to operate in a much faster
regime and computers have improved in speed.

The significant benefit that is offered by conventional wavefront sensing techniques,
is the direct determination of necessary commands to be applied to the correcting de-
vice, providing close conjugation with the aberration. This, although a mathematically
complex calculation, provides directly and quickly the commands to correct for the aber-
rations. The direct determination of the correcting device commands requires a recon-
struction of the wavefront from the wavefront sensor measurements. The general problem
is the determination of the wavefront phase from a map of its gradient or Laplacian. The
reconstruction problem can be expressed in a matrix-algebra framework. The unknowns,
a vector ¢, of N commands, or of N phase values over a grid, must be calculated from the
data, a measurement vector S, of M elements of slopes in two directions, or Laplacians
and edge slopes. This is discussed in more detail in Chapter 2.

As sharpness maximisation does not directly measure the wavefront, but maximises
the image sharpness metric through a series of measurements and trial corrections applied
to the correcting device, it is a slower process. As such, sharpness maximisation may
be better suited to slow-varying or static aberrations and might be useful in cases where a
wavefront sensor cannot be relied upon. Central to the process of sharpness maximisation,
and its speed, is the need for an intelligent and efficient search algorithm which, based on
the previous sharpness calculation, determines the new set of voltages to be applied to
the corrector. The aim is to drive the wavefront correction device to its optimal shape to

minimise the wavefront aberrations.
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1.3 Project Aims

The aim of this project is to develop a “smart” optics wavefront sensor-less device that
can correct for optical aberrations. The major difference of this system, compared to
most adaptive optics systems in use, is that the necessary commands to be applied to the
wavefront correction device will be determined without direct knowledge of the wavefront
aberrations, which are usually determined from wavefront sensor data. In this approach,
image sharpness will be used as an image quality metric to be maximised, with image
sharpness defined to be a maximum only in the presence of zero wavefront error[4]. The
current status and components of conventional adaptive optics systems are presented in
Chapter 2.

Initially, phase corrections will be implemented using a deformable mirror with the
view to finally incorporating a transmissive correcting element. These corrections are
determined without the use of a wavefront sensor, which is an integral part of most adap-
tive optics systems from astronomy to vision science. The inclusion of a wavefront sen-
sor affords adaptive optics systems high speed correction and close conjugation of the
deformable mirror to the phase aberrations. An expense of these benefits is the math-
ematical complexity involved in determination of the necessary commands to apply to
the deformable mirror. These commands are mostly determined through a singular value
deconvolution matrix operation[5, 6] which is presented in Chapter 2.4.

A distinction can be made between direct and indirect adaptive optics - presented
in Chapter 3 - whereby, direct adaptive optics uses a wavefront sensor, be it a Shack-
Hartmann or other sensor[7], to directly measure the phase distortion of the incoming

wavefront. Indirect adaptive optics does not directly measure the wavefront but uses quan-
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tities related to the wavefront to determine the correction. The range of possible correction
devices are also discussed in detail in Chapter 3.

The quantity to be used in this project is the “sharpness” of the image and definitions
of this will be set out later in Chapter 4. This sharpness quantity is determined directly
from the intensities measured at the CCD camera so calibration of the CCD camera is im-
portant. The sharpness will be measured for an image recorded by the CCD camera, and
the corrections determined by a search algorithm will be input by the deformable mirror.
These three elements will be the limiting factors of the system in terms of speed. Chapter
4 also details the mathematical tools and computer programs used for calculation of the
sharpness metrics. The various search algorithms used to determine the correction to be
applied to the deformable mirror are considered in Chapter 5. A spatial light modula-
tor (SLM) is used to introduce aberrations and its aberrating ability and calibration are
discussed in Chapter 6. CCD calibration issues, experimental apparatus and the optical
set-up employed are also discussed in Chapter 6. Correction results for various algorithms
are displayed in Chapter 7 and conclusions from this research is presented in Chapter 8.

The correction determined via indirect adaptive optics may not be suitable for real-
time correction for aberrations with a short coherence time, but may offer a system of
reduced complexity. We aim to show that an image can be corrected by maximising the

“sharpness” of the image blindly, that is, without knowing its aberrations.

1.4 Presentations and Publications

Papers and presentations on this research have been written and presented at various meet-

ings and conferences which I shall detail below. Papers have been published in three Inter-
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national Society for Optical Engineering (SPIE) journals following several meetings and
an invited talk was given and an Optical Society of America Topical meeting.

In April 2005 a paper entitled “Image Correction through Sharpness Maximisation”,
was presented at a SPIE conference, “Opto-Ireland 2005: Imaging and Vision™ in Dublin,
Ireland. An invited paper, ‘“Real-time Aberration Compensation without a Wavefront Sen-
sor”’, was presented to the Optical Society of America at a meeting in North Carolina,
USA, in June 2005. A presentation was given at an European Optical Society (EOS)
conference in Munich, Germany, on “Industrial Imaging and Machine Vision” as part
of the “Imaging: Methods, Sensors and Processing” section of the conference, also in
June 2005. A second SPIE paper was presented at the “Sth International Workshop on
Adaptive Optics in Industry and Medicine”, in Beijing, China, in September 2005. And a
third presentation on “Image sharpening and MEMs Mirrors”, was given at a SPIE con-
ference on “MEMS/MOEMS and Their Applications III”, at a Photonics West conference
in San Jose, USA, in January 2006. Two presentations were given at an Optical Society
of America Annual Meeting on “Frontiers in Optics” in Rochester, NY, USA in October
2006. D. R. McGaughey gave a presentation on work derived from a collaboration enti-
tled, “Sharpness Metric Nonstationarity in Undersampled Systems”[8] and I co-authored
a presentation on “Wavefront Sensor-less Adaptive Optics - Image Correction Through
Sharpness Maximisation”.

A collaboration has been on going with HP Labs Bristol in an attempt to further the
development of a transmissive continuous liquid crystal correction device. As part of
that collaboration I tested the initial devices measuring the phase change range of these

devices, providing feed back to HP Labs.
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My contribution in this field has been to develop a robust system which corrects for an
aberrated image of an extended object, relying only on the image at the science camera.
This research furthers the idea that wavefront sensor-less correction may be feasible for
some applications. The presentation of this idea at conferences has helped publicise the
idea and outline key principles of sharpness maximisation. Through the physical imple-
mentation of such a system I have encountered physical limitations of wavefront sensor-
less correction which might not have be obvious had I used only numerical simulation.

The examination of the search space has provided insight into the choice of algorithm.



2. ADAPTIVE OPTICS

2.1 Introduction

The image quality of ground based large telescopes suffers from atmospheric turbulence.
Independent of the telescope size, the long-exposure angular resolution in the visible is
equivalent to that of a telescope with a diameter of 10-20cm([7, 9]. This effect is caused
by the turbulent mixing of air with different temperatures in the atmosphere. Thus, a
perfectly plane wave from a star at infinity is aberrated before it enters the telescope. The
same effect can be observed in vision science due to the imperfect optics of the human eye
and in other imaging systems, where lens aberrations contribute to a deteriorated image.

It was the idea of H. Babcock in 1953 to correct atmospheric aberrations with a de-
formable mirror to obtain diffraction limited images[1]. The principle of an adaptive
optics system is displayed in Figure 1.1. A deformable mirror, a wavefront sensor and a
camera in the corrected focus, form the main elements. The wavefront sensor measures
the aberrations with a high frame rate and sends the control signals to the deformable
mirror in order to correct the aberrations. Then, the corrected focus can be recorded by a
camera with an exposure time largely independent of atmospheric turbulence.

A wavefront can be seen as a surface over which an optical disturbance has a constant

phase. An aberrated wavefront will not be plane, and as such, will have a distorted shape
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whereby parts of the wavefront lead or lag others, as can be seen in the incoming wavefront
of Figure 1.1.

The majority of conventional adaptive optics systems use direct wavefront sensing
to measure the wavefront distortion. Examples of direct wavefront sensors are Shack-
Hartmann, shearing interferometry and curvature sensing. These wavefront sensors are
discussed in greater detail in Chapter 3.

The wavefront shape can be corrected by modifying the optical phase profile. The
key principle here is that the correcting phase profile should be optically conjugated to the
measured phase aberration. Correction with the conjugated phase profile results in an ideal
flat wavefront. However, if the wavefront cannot be accurately determined or replicated
fully by the relay optics, or if diffraction effects dominate, the phase conjugation cannot
be accurately employed and the correction is subsequently limited[7].

The conjugation of the aberration is essential to correct the image - this is achieved
using a wavefront corrector to alter the wavefront phase. Deformable mirrors are the most
often used corrector, but liquid crystal correctors are becoming increasingly common. Op-
eration of these phase correction devices is based on control of the optical path difference
(OPD) shown in Figure 2.1, which can be written as, OPD = n /A z, where n is the refrac-
tive index, and Az is the physical distance traveled by the wave. OPD is related to the
phase ¢, as ¢ = 2w- OPD/\. Deformable mirrors, which are the primary technology for
wavefront correctors, modulate Az, operating in the reflective mode. Liquid crystal (LC)
phase modulators represent a low-cost alternative to mechanically driven mirrors; their
operation is based on modulation of n of the LC layer, under the applied electric field in

transparent or reflective mode[10].
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Fig. 2.1: Optical deviation of an aberrated wavefront from a reference wavefront.

Wavefront correctors are traditionally subdivided into two classes according to the
implemented compensation technique - zonal and modal. Zonal correctors such as seg-
mented piston and tip-tilt mirrors allow individual control of a phase over a set of sub-
apertures providing step-wise phase compensation, whereas modal correctors use a set
of smooth functions (modes, or influence functions) to approximate the required phase

function[10].

2.2 Optical Aberrations

The basic principle of conventional adaptive optics is to measure the aberrations of an
incoming wavefront and apply compensating aberrations in real time. To do this it is im-
portant to understand the nature and origin of the aberrations. In atmospheric adaptive op-
tics, the source of the aberrations is known to arise from the turbulence in the atmosphere.
These aberrations can be characterised, and Kolomgorov sought to present a statistical

analysis of the aberrations[11]. A whole field of adaptive optics research is driven to bet-
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ter understand the profile of atmospheric turbulence with techniques such as SCIDAR[12]
and SLODAR([13]. In other imaging systems the aberrations arise from the physical com-
ponents, be they the optical lenses of the human eye, or the optical lenses of a microscope
system. In either case the aberrations can be characterised in a known way. The two main
methods used to describe optical aberrations in adaptive optics are Karhunen-Loeve[14]
and Zernike polynomials[15, 16], the latter being discussed in greater detail in Chapter

2.3. Firstly, the fundamentals of optical aberrations need to be examined.

2.2.1 Scalar Diffraction Theory

There are a number of different theories of diffraction and these can be divided into two
classes, vector and scalar. Scalar treatments for describing diffraction include Huygens’
principle[17], Rayleigh-Sommerfeld theory[17, 18], the Kirchhoff formulation[17, 18],
and a model referred to as the angular spectrum of plane waves[17, 19]. The well-
known Fraunhofer and Fresnel approximations can be derived from the any of the models,
which are equivalent in this limit[17]. Vector theories include a treatment by Stratton and
Chu[20] and a rigorous electromagnetic boundary value model which appears in Jack-
son’s text[21]. Each of these theoretical models have strengths and weaknesses, and each
can be satisfactorily employed for some range of problems. The choice of an appropriate
model is based on what is known about a specific problem.

Scalar diffraction theory can be regarded as a first approximation for optical diffrac-
tion which can lead to a description of optical aberrations. In this treatment of diffraction,
Huygens’ principle is used as a starting point. Huygens wrote a treatise called Traite de
la Lumiere on the theory of light, and his work stated that the wavefront of a propagat-

ing wave of light at any instant conforms to the envelope of spherical wavelets emanating
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from every point on the wavefront at the prior instant[22]. From this principle Huygens
was able to derive the laws of reflection and refraction, but the principle is deficient in
that it fails to account for the directionality of the wave propagation in time. Also, the
principle stated by Huygens does not account for diffraction. Subsequently, Fresnel elab-
orated on Huygens principle by stating that the amplitude of the wave at any given point
equals the superposition of the amplitudes of all the secondary wavelets at that point. The
Huygens-Fresnel principle is adequate to account for a wide range of optical phenomena
and it was later shown by Kirchhoff how this principle can be deduced from Maxwell’s
equations[23]. The Fresnel-Kirchhoff theory can be used as a starting point to describe

optical aberrations and is discussed in the following Section.

2.2.2 Fresnel-Kirchhoff Diftfraction

Light is an electromagnetic wave with coupled electric and magnetic fields traveling
through space. Disregarding polarization, the field can be described by a scalar func-
tion U(x;t) representing either the electric or the magnetic field amplitude. The time

dependence of the field is harmonic and can be explicitly written as,

U(x;t) = Re (U(x) exp(_jm)> : 2.1)

Here w, denotes the angular frequency of the light, and the complex-valued amplitude
U (x), depends on the spatial coordinates only. If both quantities 7(x;¢) and U (x) repre-
sent an optical wave, they must satisfy the wave equation and the Helmholtz equation,

1 9?
[vz—c—@} U()=0, and [ +K]U(x) =0 22
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where 172 is the Laplacian operator.

The Helmholtz equation directly follows from the Maxwell equations under the condi-
tion of a homogeneous medium, and in the absence of sources. The quantity %, is termed
the wave number, or propagation constant, of the medium and is related to the light veloc-

ity ¢, the angular frequency w, and the vacuum wavelength A, by,

27
k=" €0
C

=5 and c¢= — (2.3)

where n, is the refractive index of the medium. The complex disturbance U (x), at any
observation point xg, in space can be computed from the Helmholtz equation (eq: 2.2)
with the help of Green’s theorem. If a unit-amplitude spherical wave, expanding about the
observation point xo, is chosen as Green’s function, i.e.,
B exp Jkro

G(x) = with — ro = ||xo —x||, (2.4)
ro

the so-called integral theorem of Helmholtz and Kirchhoff is obtained,

142 U

4w g on

G(x) —U(x) ag’(f) ds. (2.5)

Ul(xo) =

This relation plays a central role in the derivation of the scalar theory of diffraction
as it allows the field U(x), at an observation point xp, to be expressed in terms of the
“boundary values” on any closed surface S, surrounding xg.

The integral theorem of (eq: 2.5) can readily be used to study diffraction effects oc-
curring at a plane object. Therefore the integration surface S, is segmented into three

disjoint parts, i.e., S = A, B,C. The boundary A, is chosen across the object location in the
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screen plane, B, is the opaque part of the screen, and C, is a half-sphere containing the

observation point xg. A graphical illustration of this specific choice is given in Figure 2.2.

Fig. 2.2: Range of validity of scalar diffraction theories.

The solution of the diffraction problem is found by specifying Kirchhoff boundary
conditions on A and B, and the Sommerfeld radiation condition on C :

oU (x) _ oU;(x)

onA: U(x)=Us, 5, o

onB: U(x) =0, =0, (2.6)
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whereby Us(x), is the field incident on the screen. The Kirchhoff boundary conditions
are an idealization of the real field distribution on the screen by assuming that the field
and its derivative across A, is exactly the same as they would be in the absence of the
screen. In the geometrical shadow across B, the field is simply set to zero. Although
these assumptions are reasonable, they fail in the immediate neighbourhood of the rim of
the opening. Thus, the range of validity is related to the wavelength and the geometrical
dimension, w, of the opening (cf. Figure 2.2). The Sommerfeld radiation condition on C
is satisfied, if the disturbance, U (x), vanishes at least as fast as a spherical wave. Since the
illuminating light, Us(x), invariably consists of a linear combination of spherical waves,
this requirement is always fulfilled.

Inserting the boundary conditions of (eq: 2.6) into the integral theorem (eq: 2.5) shows
that only the illuminating light, Us(x), across the opening A, contributes to the integral,
1.e.,

1 oU;(x)

U(xo) = 4l om G(x) — Us(x)

dG(x)
on

ds. 2.7)

Its further assumed that the aperture is illuminated with a single expanding spherical

wave arising from a point source located in x;, a distance ry, away from the screen,

expjkors

Us(x) = Ay with  ry=|jx;—x||. (2.8)

s
Hence, both Green’s function in (eq: 2.4) and the incident disturbance in (eq: 2.8) have
the shape of spherical waves. A further simplification is obtained by noting that the dis-

tances from the screen to the observation point and the location of the point source, ry and
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rg, respectively, are many optical wavelengths. Therefore the following approximations

hold for A < r, r;.

oU. Jjkors U, Jjkoro
5(¥) = jkoAscos (n,xs —x) 4 and o) > jkocos (n,xp — x) e
on rs on )

(2.9)
Insertion of these approximations into (eq: 2.7) yields together with (eq: 2.4) and (eq:
2.8) the Fresnel-Kirchhoff diffraction formula,
4 L Z jko(rs+7o)
JAs exp/*oVst0) [eos (n,x9 — x) cos (n,x; — X)

U ) d 2.10
(xo) A A rsrQ 2 % ( )

where the term in square brackets is called obliquity or inclination factor. This factor
was introduced by Fresnel because he believed that the effect of the element ds would
be greater in the forward direction than in an inclined direction. The Fresnel-Kirchhoff
formula forms a starting point that is used to characterise optical aberrations and is also

used by Muller and Buffington to prove their sharpness metrics shown in Chapter 4.

2.3 Representing the Wavefront - Zernike Polynomials and Seidel

Aberrations

In the theory of optical aberrations, Zernike polynomials are very often used to describe
the aberrations[15, 16]. They were introduced in 1934 by F. Zernike who deduced them
from the Jacobi polynomials and slightly modified them for applications in optics. Zernike

polynomials have the advantage that they are mathematically well defined, and that low
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order terms are related to the classical aberrations like astigmatism, coma and spherical
aberration.

Although interferometrists often like to represent wavefronts by Zernike polynomi-
als, optical designers are more accustomed to Seidel aberration polynomials. The Seidel
aberrations were developed in the mid-19th century to account for the monochromatic
geometrical aberrations of centered optical systems, i.e. defects from perfect imagery
in optical systems that have an optical axis. These types of aberrations can be developed
from considerations of symmetry, and are given names such as spherical aberration, coma,
astigmatism, field curvature, and distortion[17]. In addition to their type, aberrations are
usually specified according to their order (third-order, fifth-order, etc.), although some-
times they are called primary, secondary, etc.

Seidel aberrations are generally used for, and can be derived by, ray tracing data,
where as Zernike’s are used to describe the aberrations over a pupil. It is generally
possible to compute a Zernike polynomial from Seidel coefficients. Zernike aberrations
can be thought of as a summation of individual Seidel aberrations, and so in this way,
Zernike’s= ZSeidel’s, therefore both can be computed from ray tracing data. Because of
their relationship Zernike polynomials can be computed from Seidel aberrations, and vice
versa.

The Zernike coefficients are ordinarily found using a least-squares fit to a grid of exact
ray data, while the Seidel coefficients can be computed from paraxial ray data. A more
detailed analysis on Seidel aberrations and their distinction from Zernike aberrations can
be found in Born and Wolf[17]. As Zernike polynomials are the the primary classification

in adaptive optics an explanation of their basis is presented below.
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It is convenient to express the wavefront aberrations in terms of Zernike polynomi-
als since the Zernike polynomials are defined on the unit circle. Noll[15] introduced a
normalisation for the polynomials that is particularly suited for application to wavefront
aberrations. In this normalisation, the rms value of each polynomial over the circle is set
equal to one. The Zernike polynomials form a set of orthogonal polynomials and it is

convenient to write them as a function of p and 0[24]:

Zjeven =vn+l1 T(p)\/zcos(m,e), for m=#£0,

Zjoda = Vn+1 Z’(p)\/isin(m,e), for m+#0,

Zj =Vn+1Rp), for m=0,

where,

m \ (_1)s(n_sy n—2s
R (p):sg’)s‘(”gm—s)!("—zm_s)gp 25

Representation of some of the lower order Zernike aberrations can be seen in Figure
2.3. As shown above, the Zernike polynomials are commonly characterised by radial order
n, and an azimuthal order m. Frequently, a continuous numeration with single index, j, is
used, instead of the two indices, n and m. For a given radial order N, there are a total of
(N+1)(N —1)/2 Zernike polynomials. The power of Zernike modes comes from the fact

that they are orthonormal; the scalar product Z;.Z; is equal to 1 if i = j and zero otherwise.
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Fig. 2.3: Wavefront modes for first 5 orders of Zernike polynomials.

In many adaptive optics systems the wavefront is estimated by the coefficients of a
Zernike expansion, which can then be used to drive the adaptive optics system, primarily
the deformable mirror. However, whilst Zernike modes are a useful tool in AQO, they
have no fundamental importance; the modes of fundamental importance are those of the

deformable mirror and wavefront sensor.

2.4 Wavetront Reconstruction

In this section the problem of computing the wavefront shape from the data provided by
a wavefront sensor is addressed in a general way. The measurements (wavefront sensor

data) can be represented by a vector S (its length is twice the number of sub-apertures, N,
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for a Shack-Hartmann wavefront sensor, because slopes in two directions are measured,
and equal to N for curvature sensing). The unknowns (wavefront) is a vector ¢, which
can be specified as phase values on a grid, or, more frequently, as Zernike coefficients. It
is supposed that the relation between the measurements and unknowns is linear, at least
in the first approximation. The most general form of a linear relation is given by matrix

multiplication,
S=A¢,

where the matrix, A, is called interaction matrix. In real adaptive optics systems the
interaction matrix is determined experimentally: all possible signals (e.g. Zernike modes)
are applied to a deformable mirror, and the wavefront sensor reaction to these signals is
recorded. A reconstructor matrix, B, performs the inverse operation, retrieving wavefront

vector from the measurements:
0 = BS.

The number of measurements is typically more than the number of unknowns, so a
least-squares solution is useful. In the least-squares approach a phase vector ¢, that would

best match the data is sought. The resulting reconstructor is,

B=(ATA)"'AT.
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Here the superscript, 7, means a matrix transpose, and superscript, —1, means an
inverse matrix. Matrix operations are very frequently encountered in adaptive optics. In
almost all cases the matrix inversion presents problems because the matrix A A is singular,
which means that some parameters (or combinations of parameters) are not constrained
by the data. For example, the first Zernike mode (piston) can not be determined from the
slope measurements (but fortunately this is not important). In practice the matrix inversion
is done by removing the undetermined (or poorly determined) parameters with the help of
a singular value decomposition (SVD) algorithm([35, 6].

Wavefront sensors can be insensitive to certain kinds of wavefront errors. In Shack-
Hartmann systems with a square geometry, poorly determined modes typically include
“waffle” (quasi-periodic deformation with actuator-grid frequency). Waffle is a chess
board-like pattern of phase error. This zero mean slope phase error is low over one set
of wavefront subapertures arranged as the black squares of a chess board, and high over
the white squares. These waffle modes can be present in the reconstructed wavefront un-
less the wavefront reconstructor explicitly removes or attenuates these modes which can
corrupt the corrected image. Clearly, the wavefront sensor should be designed so that
all mirror modes can be sensed with a good signal-to-noise ratio, to avoid “waffle” and
similar effects.

The least-squares reconstructor is not the best one. There are two basic approaches
to derive the control matrix which are distinguished from each other by the quantity that
is minimised in the solution process. In the first approach the control matrix is derived
by minimising the difference between the measured wavefront slopes and the slopes asso-
ciated with the deformable mirror surface. This minimisation falls within the formalism

of “maximum a posteri estimation” and “least squares” estimation[25]. In the second
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approach statistical knowledge of both the wavefront statistics and the wavefront sensor
noise characteristics are used to derive a control matrix that minimizes the aperture av-
erage mean square residual error. Using a priori information on the signal properties
means a better reconstruction can be achieved. In the adaptive optics context it means
that both compensation order and servo bandwidth are reduced when there is not enough
photons. These two approaches are further developed by Roggemann and greater detail
can be found in[26].

There are two approaches to wavefront reconstruction, one for modal correction and
one for zonal correction. In modal reconstruction, for example, the modes of a polynomial,
e.g. Zernike modes are reconstructed from the information obtained by the wavefront
sensor. In the zonal approach, for example, the error in each subaperture of a Shack-
Hartmann sensor is minimised by tilting the wavefront in the subaperture. In a curvature
sensor system this approach is even more intuitive in combination with a bimorph as is
shown in Chapter 3.

In both cases the local piston of the wavefront elements in each subaperture have
to be treated separately in order to smoothly model the wavefront. This requires some
difficult reconstruction techniques[27]. Together with the high accuracy that is required in
the opto-mechanical alignment to ensure a precise correspondence between the wavefront
sensor elements and the deformable mirror actuators, the zonal approach becomes less

attractive than the modal approach.
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2.5 Measures of Optical Quality

For extended objects it is difficult to quantify the correction achieved in a given image.
Visually, there should obviously be an improvement, but its much harder to measure a re-
lated quality. Power spectrum analysis of corrected and uncorrected images provides some
indication of increased image quality. For correction of USAF target images, it’s clearer
to see improvement in resolution due to the sections of decreasing spatial frequency. They
also allow for the profiling of individual bar sections, from which, improvement in con-
trast can be measured. The point spread function (PSF) of an image, its optical transfer
function (OTF), modulation transfer function (MTF) and Strehl ratio (SR) describe the
effects and degradation of an object being imaged, as can be seen in Figure 2.4. These

object-image relationships are discussed in the following section.

Image plane

Wave aberrations
PSF, SR

MTE

. s
object o
image

Fig. 2.4: Image quality relationships between object and image.

2.5.1 Point Spread Function

The PSF describes the two-dimensional distribution of light at the focal plane of an imag-

ing system for a point source. It can be represented by PSF = ‘ (13 (x, y)) !2 , where P(x,y)
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is the pupil function and ~ denotes a Fourier transform. The PSF for a perfect optical
system, based on circular elements, would be an “Airy pattern”, which is derived from
Fraunhofer diffraction theory. This is used to determine the Rayleigh resolution for two
point sources. If the two point sources of light overlap such that the centres of the images
are closer than the radius of the Airy disk, the images are considered to be unresolvable.

The Rayleigh resolution limit is given by,

1.22\f
D )

=
where A, is the wavelength of the light, f is the focal length and D is the aperture size.

2.5.2 Optical Transfer Function

The optical transfer function (OTF) can be represented by ,

(F)=0(F)-2(F)

~

Here (7) is the spatial frequency, 7 is the image and O represents the object. P(?)
is called the optical transfer function. It describes the change of the modulus and phase
of the object Fourier transform (FT) in the imaging process. The modulus of the OTF

is called the MTF. For incoherent imaging,

P(?)‘g 1. Typically, the MTF decreases
with increasing frequencies, hence the small (high-frequency) details in the image are
weakened and eventually lost.

It is known for any optical system ’IS(?)‘ =0 for ‘(?)‘ > fe, where f. = % is called

the cutoff frequency, and D is the maximal size of the aperture.
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The relation between the PSF and OTF is a Fourier transform, as can be seen in Figure

2.5, so if you know one you have the other. From Fourier transfer properties it follows that

o)

P(0) = °_P(u)du and that the Strehl ratio (described in Section 2.5.4) is proportional

(o)

to the integral of the OTF over all frequencies. Figure 2.5 also presents the relationship

between other image quality relations.

Pupil function
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2
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j Point Spread Function
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Optical Transfer Function
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Modulation Transfer Function Phase Transfer Function
(MTF) (PTF)

Fig. 2.5: Aberration vs image quality for incoherent imaging - sets out relationship between pupil
function and other image quality relations.

2.5.3 Wavefront Variance

Before discussing the Strehl ratio, it is important to describe wavefront variance, presented
below.

The normalised intensity at a Gaussian focus for an aberration free lens can be repre-
sented by:

Z 1\ Z o 2

i(P)= | exp(ikW (p,6))pdpdd) . 2.11)
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For small aberrations this can be written as,
1
exp (ikW (p,0)) ~ 1 +ikW (p,0) + 5ikW(p,e)2 ..

<W2> denotes the average value of W” (p,8) over the pupil, i.e.,

RIRZ"W" dpd®
(W2) = & & 7 PP
o o pdpdd
12122
S W"pdpd®
T o

Equation 2.11 now becomes,

2

Y

i(P) ~ ‘1+ik (W) + %ikz (w)?

~ 1=K ((W2) = W)?),

where the term <<W2> — (W)2> is the variance 62, of the wavefront aberration over

the pupil.
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2.5.4 Strehl Ratio & Maréchal Criterion

The relationship between the phase aberration and image quality is quantified, in a high
quality imaging system, by the Strehl ratio, defined as the ratio of the central intensities

of the aberrated point spread function and the diffraction-limited point spread function:

I(O, 0>aberrated
I(O, O)unabermted ’

S =

where 1(§,m) is the intensity point spread function, and (&,1) are image plane coordi-
nates.
For small, arbitrary aberrations, (542) < 1, the Strehl ratio is related to the variance, qu),

of the phase aberration by:
S~1-— Gi,

where Gé is the phase variance of the wavefront aberration over the pupil. A system
is “well-corrected” when S > 0.8, the equality being called the Maréchal criterion. At the
Maréchal limit,

21\ 2
Gy = (7) o = 0.2rad?,

corresponding to an rms wavefront aberration of oy ~ A/14, or a wavefront variance,

o7, =~ A2 /200.
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2.5.5 Task-Based Assessment

Image quality metrics are methods by which image correction is often evaluated. The
Strehl ratio is an often used criterion used for point source images in astronomy, which
gives a clear and intuitive assessment of image quality which may correspond to perceived
visual improvement. The modulation transfer function and optical transfer function are
measures of how faithfully an object has been imaged, and as described previously, the
variance of wavefront phase is linked to the image quality. These qualities all have a
mathematical basis and can be readily understood.

They are specific in their judgement of whether an image is optically improved. They
do not however, provide any latitude for the ability of the observation method to discern
specific improvement. Reasons include the limited dynamic range of display and the
extent to which human vision encodes such departures from perfect imaging. Regarding
human observation, human eyes will be insensitive to marginal increases in image quality,
and as such, what is referred to as task-based assessment should be considered for some
imaging systems. The actual image improvement relative to the system components and
task needs to be considered.

Barrett et al[28] assert that “scientific and medical images are acquired for specific
purposes, and the quality of an imaging system is ultimately determined by how well the
images fulfill those purposes”. The task of the imaging system is to learn something about
the object that produced the image. As such, tasks can be divided into two classes, classifi-
cation and estimation. Classification labels the object or determines which class it belongs
to. Estimation tasks involve the extraction of numerical information from the images. Bar-

rett and Myers examine how well the task can be performed, which depends not only on
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the task and imaging system, but also in the means by which the task is performed, or the
observer. Some classification tasks will have a human observer and, alternatively, images
can be classified by computer algorithms or mathematical models. Estimation tasks are
less often performed by humans and mostly are analyzed via computer algorithm.

Task-based assessment is something that is required in adaptive optics[28]. As an ex-
ample, consider the problem of comparing the suitability of different deformable mirrors
in and adaptive optics system. Intuitively one might assume that a mirror with a higher
number of actuators would provide the best correction. This is not necessarily the case
in practical experiments as the stroke of each actuator may be too small, or the influence
functions too wide. This is demonstrated in a comparative analysis of deformable mirrors
for ocular adaptive optics by Dalimier and Dainty[29]. Here 3 types of deformable mir-
rors are evaluated in the correction of modeled ocular aberrations. It was shown that a
piezo-electric deformable mirror with 19 actuators performs better than a bimorph mirror
with 37 actuators. Also a mirror with a high stroke may not necessarily correct efficiently
if the actuators are spaced too far apart as this can result in broad influence functions.

For applications where an image is being corrected for human visual perception it
may not be critical to completely minimise the aberrations, as at a certain limit, further
correction will be imperceptible. As an example, an image may be greatly and sufficiently
improved for correction of lower order modes and further correction time not be required.
In this sense the task for which correction is being employed can dictate the level of

correction as opposed to metrics such as Strehl ratio.



3. WAVEFRONT SENSING AND CORRECTION DEVICES

Introduction

The various types of wavefront sensor can largely be divided into two generic classes:
image-plane sensors and aperture-plane sensors. The aperture-plane sensors measure the
phase gradient or wavefront slope directly, while the image-plane sensors generally mea-
sure the intensity distribution and deduce from this the wavefront aberration. Aperture
plane sensing can be viewed as direct wavefront sensing, and image-plane sensing usu-
ally as indirect wavefront sensing.

Although most wavefront correction techniques fall into these two categories, some
techniques do not strictly belong to either classification. Phase diversity is a technique
which measures the phase based on image-plane, not aperture-plane, information. In this
way it varies from true indirect methods as the wavefront phase is sought as in direct
methods, but based upon image-plane measurements. For our purposes phase diversity is

described as part of indirect wavefront sensing in Chapter 3.2.

3.1 Direct Wavefront Sensing

In direct wavefront sensing, a device is required to sense the wavefront with high spatial

resolution and speed to apply realtime correction[27]. Direct methods provide informa-
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tion about wavefront phase and this information is used to drive a wavefront corrector as
described in Chapter 2.4. Generally direct methods are employed in atmospheric and vi-
sion science where correction needs to be made at a higher rate, and is the most common
form of correction in adaptive optics. Further discussion on direct wavefront sensors is
presented below; three different types of higher order wavefront sensor (direct sensing)

are described in this Section.

3.1.1 Shack-Hartmann

The Shack-Hartmann[30] sensor, Figure 3.1, divides the telescope aperture into an array
of smaller subapertures, and a lenslet array is used to produce multiple images. When an
incoming wavefront is plane, all images are located on a regular grid defined by the lenslet
geometry. A distorted wavefront which is incident on the lenslet array will cause the the
images to be displaced from the normal positions. Displacements of image centroids in
two orthogonal directions x,y are proportional to the average wavefront slopes x,y over
the subapertures.

Thus, a Shack-Hartmann wavefront sensor measures averaged wavefront slopes over
each lenslet. If ¢(7) is the wavefront phase, the x-slope measured by a Shack-Hartmann

wavefront sensor is,

A 90(7)

2nS sub—aperture arx

d7,

where S is the area of sub-aperture. The x-slopes are typically estimated from the dis-

placements of the image centroid,
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_ Yyl

Y
where /; ;, are intensities of light on the detector pixels, with a similar expression for the
y-slopes. The centroid displacement of each subimage gives an estimate of the average
wavefront gradient over the subaperture. The measurement error of the image centroid is
due to photon noise and read noise in the detector. In practice Shack-Hartmann wavefront
sensors used to image extended objects often use a correlation method to determine the
centroids and hence the wavefront slopes.

The wavefront itself is reconstructed from the arrays of measured slopes. The Shack-
Hartmann sensor is achromatic - the image movement is independent of wavelength and
extended sources of limited extent can be used as long as they fit into the subimage bound-
ary.

In practice, a Shack-Hartmann sensor is built by putting a lenslet array in the re-imaged
pupil plane. The subimages from each subaperture are re-imaged (usually de-magnified)

onto a CCD camera by a lenslet array.

3.1.2 Curvature Sensor

The idea of curvature sensing was first discussed by Roddier[31, 32]. It relies on mea-
suring the intensity distribution in two different planes on either side of focus, using the
normalized difference between the distributions. This difference is a measure of the cur-
vature of the wavefront in the entrance pupil of the optical system and of the wavefront

tilt at the pupil edge. The principle is outlined in Figure 3.2. The central lines show the
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Fig. 3.1: Measurement principle of a Shack-Hartmann sensor. Image from each lenslet is imaged
onto detector and displacement of aberrated image points from plane wave are measured.

rays from a curved part of the wavefront form a focus before the focal plane, leading to
a local increase in intensity plane P; and a decrease in P,. The two intensity distributions

are recorded in the two planes, P and P», each a distance 8, from the focal plane.
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Fig. 3.2: Principle of curvature sensing. Curvature of aberrated wavefront causes an increase in
intensity at P1 and a decrease in intensity at P2.

For extended sources and different degrees of correction the situation becomes more
complicated. The local resolution in the wavefront measurement - given by the size of

the subapertures in a Shack-Hartmann sensor - is determined by the size of the blur that
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is caused, e.g. by the small piece of curved wavefront in Figure 3.2. If the separation 9,
is too small, this blur is too small to be measured. In addition, if the detector pixels are
too large this blur cannot be resolved and the mode corresponding to aberrations of this
size cannot be measured. Thus, the separation, d, and the pixel size have to be adjusted
according to the degree of sensitivity required.

The normalized difference between the two required intensity distributions is [31]:

I+(x7y) _I—(x7y>
I—|—(x7y) +I—(x7y)

P)
c(x,y) = o< $¢(p,9)‘1’—vz¢(p,9) :

2 ., . .
where 72 = %% (p %) + p%a%, is the Laplacian operator representing the curvature

of the wavefront. This equation is derived using the so-called intensity transport theory,
which is essentially a geometrical optics approximation to wave propagation. The wave-
front radial tilt g—g, has to be weighted by an impulse distribution, ¥, around the pupil edge.
Curvature sensing has the advantage that its output can be directly coupled to some cor-
rection devices, such as bimorph deformable mirrors, which are discussed later[31][35],

without any intervening computer (at least in principle).

3.1.3 Lateral Shearing Interferometer

The two wavefront sensing methods discussed so far rely on geometrical optics. A third
method, the shearing interferometer, uses wave optics. Here, the wavefront interferes with
a shifted version of itself in the pupil. The interference pattern, the fringes, are then used
to determine the local slope of the wavefront. Figure 3.3 displays the basic principle. The

form of the fringes in the interferogram are determined by the shape of the wavefront.
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Fig. 3.3: Principle of the shearing interferometer. Aberrated wavefront interferes with a shifted
version of itself causing an interference pattern which is the used to determine the local
slope of the wavefront.

The signal that is measured in a shearing interferometer can be expressed quite simply

as the sum of complex amplitudes,

1(7) = 5 lexp () +exp (0 (% + 7)),

=1+cos(0(F)—0(F+7)),

where 0, is the phase of the wavefront in rad, and the signal is wavelength indepen-
dent.

It becomes independent of the wavelength if the shift is proportional to the wavelength.
Grating interferometers have been used to achieve achromatic performance[33]. For small
shift | 5|, the phase difference ¢(X) — (X + 5), is approximately equal to the slope of
the wavefront in the direction of the shear vector, 5". Using a Taylor approximation for

small shear, sy, along the x-axis gives,
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O(X)—0(X +(54,0)) = sxaq);x?) +€(sy)-

In order to reconstruct the wavefront, two interferograms with orthogonal shear are
required. Extended sources reduce the fringe contrast since the quality that is being mea-

| 5’| . Like the curvature sensor, the wavefront sensor

sured is the coherence function of
geometry has to be adjusted according to the object size. The subapertures that determine
the spatial resolution of the slope measurements are represented by the size of the detector
pixels.

Another type of wavefront sensor that is being increasingly used is a pyramid senor[34].
The basic idea is that a refractive pyramid is placed in the focal plane and dissects an im-

age into four parts. Each beam is deflected, these beams form four images on the CCD

detector and is similar in principle to the Foucault knife edge test[9].

3.2 Indirect Wavefront Sensing

Indirect techniques do not directly measure the wavefront, but use information related to
the wavefront to provide the signal for the corrective element without reconstruction. In
this sense they are not wavefront sensors per se but are an element of a closed loop system
which operates to improve image quality and through this correct for wavefront aberra-
tions. Indirect techniques include, image sharpness, phase diversity and phase retrieval
and these techniques are outlined in in the following sections. Indirect methods are used

more often in industrial and medical applications. One of the main indirect techniques
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is phase diversity. Other techniques include image sharpness and various post processing
correction methods. e.g. PSF deconvolution[78, 79, 80, 81]. Image sharpening and phase

diversity are discussed in the following Section.

3.2.1 Phase Diversity

Phase retrieval[36] has been proposed as an alternative to conventional wavefront sensing
methods for control of an adaptive optics system. It uses the principle output of the optical
system to estimate the wavefront. A modification, called phase diversity, uses two or more
images captured simultaneously. A general representation of the phase diversity technique

can be seen in Figure 3.4.
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Fig. 3.4: Principle of the phase diversity technique. Two images are taken of an image, one of
which is defocused by a known distance to introduce a quadratic diversity, which can be
used to determine the phase of the wavefront.

Phase diversity[37] allows joint estimation of both the wavefront and an extended
source. The diversity is introduced most simply by measuring the image in several focal
planes. Phase diversity uses two or more images of an extended object to make joint

estimation of the object and distorting wavefront. Typically, phase diversity is introduced
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by changing the focal plane, a procedure that introduces quadratic phase diversity. The
wavefront might be estimated by the coefficients of a Zernike expansion, which could then
be used to drive the adaptive optics system. The literature on phase diversity is extensive
and a review was recently presented by Gonsalves[38].

The phase diversity method offers several advantages over other aberration sensing
methods[39]. The optical hardware is modest as requirements are essentially a beam
splitter and second detector. The technique is less susceptible to systematic errors intro-
duced by the hardware as it relies on an external reference: the object being imaged. The
technique also works well for extended objects and finally, each photon is used for both
imaging and aberration estimation. This is preferable to diverting, what can sometimes be

valuable, photons from the imagery to a separate wavefront sensor.

3.2.2 Image Sharpening

This area of research is based on a “sharpness” criterion, which is used as an image metric
to measure the degree of correction of the wavefront phase. The principle of image sharp-
ening can be explained by Figure 3.5, a schematic diagram of image sharpening methods.

The image sharpness metric is a measure of the image quality and in general the higher
this metric the better the image quality. In sharpness maximisation, a trial phase correction
is applied to the image, via a corrector, and the effect on the sharpness metric is noted.
Using a suitable sharpness metric, and a search algorithm which determines the trial phase
to be applied to the corrector, the system is driven to maximise the sharpness metric and
minimise the aberration.

The basic principle of indirect wavefront measurement systems is to make trial adjust-

ments of phase in the optical aperture; determine the effect of each trial using an easily
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Fig. 3.5: Schematic of image sharpness correction system(after Vorontsov[73]) which shows mode
of image correction without a wavefront sensor.

measurable quantity sensitive to wavefront phase, such as the intensity of a focused spot

or “sharpness”’; and then compute the correction required to maximise the measured quan-

tity. The trial adjustments and phase corrections must be repeated at a rate high enough to

track real-time changes occurring in the wavefront.

Many variations of this basic technique have been reported in the literature, both for
the transmitted wave and received wave systems[41]. Two methods of aperture correc-
tion have been employed: frequency-division (“multi-dither”)[42, 43] and time-division
(“sequential”). In each case the trial perturbations in the aperture may be made zonally or
modally. In this context, “zonally” implies independent perturbations of separate sections
of aperture, whereas “modally” implies systematic perturbations of whole aperture using,
for example, Zernike polynomials. Image sharpening based on sharpness maximisation is

explained further in Chapter 4, where some of the available sharpness metrics are given.

3.2.3 Wavefront Coding

Wavefront coding (CDM Optics Inc) [44] is not a form of wavefront sensing as such, but

is a “smart” optics device which can extend the depth of focus obtained from an image.
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Fig. 3.6: Schematic wavefront coded imaging system. A special purpose blur is introduced into an
image which causes invariance to various aberrations. Signal processing is then used to
provide an image with an increased depth of focus.

Wavefront Coding increases the depth of field that can be seen in images through a manip-
ulation of the imaging systems aberration. Wavefront coded[45] imaging systems differ
from traditional imaging systems in that they use aspheric optics to form images with a
special-purpose blur. This causes invariance to many optical aberrations including: spher-
ical aberration, field curvature, astigmatism, chromatic aberration, defocus, and alignment
related to defocus. Signal processing is used to remove the blur. The general system is
shown in Figure 3.6. The aspheric optics can be a separate element of the imaging system,
or can be integrated onto one or more optical elements. The signal processing is indepen-
dent of the object being imaged and, in general, it depends only on the imaging optics and
detector.

Joint design of the optics and signal processing is used to ensure that the amount and
form of the blur is best suited to the amount and form of signal processing for minimiza-
tion of noise effects. Signal processing to remove the image blur amplifies and changes
the phase of the spatial frequencies. This amplification not only amplifies the spatial fre-

quency content of the ideal image, but also the noise in the image. In practice it is this
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noise amplification that typically sets the limit on the amount of benefit achieved from
wavefront coding in a particular system configuration. The benefits of the wavefront cod-
ing methodology are balanced with a moderate decrease in the system signal-to-noise

ratio(SNR)[46].

3.3 Wavefront Correction Devices

Introduction

Wavefront correctors are traditionally subdivided into two classes according to the imple-
mented compensation technique - zonal and modal. Zonal correctors such as segmented
piston and tip-tilt mirrors allow individual control of a phase over a set of subapertures
providing step-wise phase compensation, whereas modal ones such as bimorph or mem-
brane deformable mirrors use a set of smooth functions (modes) to approximate the re-
quired phase function[10]. There are two main types of wavefront correction devices -
deformable mirrors and LCD spatial light modulators - and these are discussed in the

following section.

Deformable Mirrors

Deformable mirrors are currently essential to the vast majority of adaptive optics systems
and formed the basis of the initial proposal by Babcock in 1953[1]. A main advantage of
these devices is their reflective nature which permits low light losses, an important aspect
in energy-starved systems in astronomy and, to a lesser extent, vision science, where there

are limited numbers of photons.
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Deformable mirrors typically require a stroke of a few microns in astronomy and up
to 10 microns for vision science, and must respond within the coherence time of the aber-
rations. In the past there have been three main classes of deformable mirrors. Segmented
mirrors with single tip-tilt elements, and two mirror types with a continuous surface[47],
bimorph mirrors[35, 48, 49] where the curvature of the mirror surface is affected by apply-
ing a force parallel to the surface, and piezo-electric mirrors!, where a stack of actuators
behind the mirror surface pushes and pulls the mirror by applying a force perpendicular to
the surface. A more recent type of deformable mirror - membrane mirror, often referred

as MEMs (Micro-Electro-Mechanical system)[50, 51] are also described.

¢
\/\/\/\/

Mirror —p|
PZT .

Segmented mirror Piezo-electric mirror Bimorph mirror

Fig. 3.7: Three classes of deformable mirrors.

Three classes of deformable mirrors can be seen in Figure 3.7. where 3.7(a), is a
segmented mirror with tip-tilt actuators behind each segment, 3.7(b) and 3.7(c) are two
types of continuous mirrors with piston actuation in the piezo-electric mirror 3.7(b), and
bending actuation in the bimorph mirror 3.7(c). A short review of deformable mirrors is
presented below outlining their mode of operation and advantages & disadvantages. The

choice of deformable mirror can depend upon the chosen task and the quoted physical

! Bimorph mirrors are also composed of piezo-electric materials, but as a distinction, they are most often
referred to solely as bimorph mirrors.
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qualities of deformable mirrors such as actuator stroke and rms error need to be con-
sidered, depending on the system and purpose that the deformable mirror is chosen for.
Dalimier and Dainty conducted a comparative study on 3 types of deformable mirror for

the correction of ocular aberrations demonstrating this aspect of deformable mirrors[29]

3.3.1 Segmented Mirrors

Segmented mirrors (Figure 3.7a) have a number of advantages over continuous mirrors:
the segments can be moved independent of each other, can be easily replaced, and the
single segments can be combined to form large mirrors. Each subaperture of a Shack-
Hartmann sensor can be associated with a segment of the mirror so that the high order
adaptive optics system basically consists of many tip-tilt systems that can be run in paral-
lel. Just as a bimorph (curvature) mirror is well suited to work with a curvature wavefront
sensor, a segmented mirror is well suited to a Shack-Hartmann wavefront sensor. How-
ever, the discontinuous nature of segmented mirrors means one also has to avoid errors
due to residual piston. The disadvantages include problems with diffraction effects from

individual segments and the inter-segment alignment.

3.3.2 Continuous Facesheet Mirrors

Piezo-electric mirrors (Figure 3.7b) (continuous mirrors with an array of piezoelectric
actuators expanding perpendicular to the mirror surface) are in widespread use now. They
are available with >100s actuators, and the technology is well tested and very reliable.
The typical voltage that is required to move the actuators is below 100V, the bandwidth

is in the KHz range, and the typical stroke is in the Sum range. Some manufacturers use
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electrostrictive material like a lead-magnesium-niobate (PMN) crystal that is similar to

the PZT ceramics, but displays a smaller hysteresis and better motion control.

3.3.3 Bimorph Mirrors

Bimorph mirrors (Figure 3.7¢) are constructed from a thin piezoelectric (PZT) material
bonded to a thin mirror membrane. When a voltage is applied to a PZT material it ex-
pands in area, similar to a bimetallic strip. The curvature of the surface is proportional to
the applied voltage. The application of a curvature to the wavefront makes bimorph mir-
rors the natural counterpart of the curvature sensor. As such, the signal from the curvature
sensor can be fed directly to the bimorph mirror[31, 32, 35]. Bimorph mirrors are com-
mercially available only at a lower number of actuators and can be expensive if custom

built.

3.3.4 MEMs Devices

A more recent development in terms of deformable mirror has been the MEMs (Micro-
Electro-Mechanical system) mirror. These mirrors consist of a thin membrane surface
which can be manipulated when a voltage is applied. The advantage of these deformable
mirrors is that they can be produced much more inexpensively than their predecessors,
which often cost in the region of $1000 per actuator. For adaptive optics in vision science
an actuator stoke of upwards of 10um, is required and this level of stroke can be provided
by MEMs technology [50]. OKO Technologies[51, 52] produce a range of membrane
mirrors for a relatively low cost and these are helping to extend the applications of de-
formable mirrors and increase their accessibility. This research uses a 15mm, 37 channel

actuator OKO Technologies membrane deformable mirror, which will be described later.
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There are a range of commercially available MEMS mirrors, examples of which are

Boston Micromachines[53] and IrisAO[54].

3.4 LCD Spatial Light Modulators

Spatial light modulator devices have the advantage that they are compact, lightweight and
less expensive that deformable mirrors. They can also be used in transmission which is de-
sirable for some applications. These attributes make them useful in many applications in-
cluding those not traditionally associated with conventional adaptive optics[55, 56]. There
are a number of liquid crystal (LC) correctors with pixelated structure of actuators whose
operation is similar to that of piston-type segmented mirrors and also several configura-
tions of LC devices with modal-type operation similar to that of deformable mirrors with
a continuous face plate.

Traditionally, there are two major types of LC spatial light modulator:

1. Optically addressed spatial light modulators (OA-spatial light modulators), in which
a two-dimensional image controls an output intensity, phase or polarization profile;

and,
2. Electrically addressed spatial light modulators (EA-spatial light modulators), where
the modulation is controlled by electrical signals[10].
3.4.1 Optically Addressed Spatial Light Modulators

A typical OA-spatial light modulator consists of a photoconductor and a thin LC layer sit-
uated between a pair of transparent electrodes. In the absence of recording light the photo-

conductor exhibits very high resistivity limiting the voltage across the LC layer. Sufficient
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intensity of light lowers the resistivity of the photoconductor resulting in adequate voltage
being dropped across the LC. Thus, local properties of the LC layer at a given point of the
aperture depend on the intensity of the recording light. Due to the very high resolution of
OA-spatial light modulators, the intensity of the recording beam is directly converted to
the output intensity, phase or polarization profile.

Current OA-spatial light modulators are characterized by high diffraction efficiency
and good temporal performance[57]. This allows the compensation of hundreds of waves
of aberration caused by poor-quality primary mirrors in telescopes. Other applications of
OA-spatial light modulators in adaptive optics are their use for sensing and correction of
small phase distortions. Wavefront correction using a phase conjugation scheme with an

OA-spatial light modulator placed in the Fourier plane has been demonstrated[58].

3.4.2 Electrically Addressed Spatial Light Modulators

The first electrically-addressed LC spatial light modulators with pure phase modulation
were used as low-order wavefront correction devices such as adaptive LC lenses but their
use has broadened[59]. Currently, Meadowlark Optics (USA)[60] produces transparent
LC modulators with direct addressing of pixels, whose optical performance is similar to
that of piston-type-segmented mirrors. Holoeye (Germany)[61] makes phase modulators
with 1920x1200 pixels. Hamamatsu Photonics produces programmable phase modulators
consisting of an EA-spatial light modulator with amplitude modulation coupled to an OA-
spatial light modulator with phase modulation. Their recent model X8267, which is used
in this project to create controlled aberrations, allows addressing of 768x768 pixels with

a 100% fill factor[62].
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One of the known drawbacks of LC phase modulators is their slow speed. For nematic
LC modulators, the switching speed is about 100ms for 1 wave modulation. In its present
state, this technology is not suitable for use in astronomy to correct for atmospheric tur-
bulence, but there are a number of applications where fixed or slowly varying aberrations
need to be compensated. For example, correction of static aberrations and heat effects
in laser systems[63] and telescopes[64], adaptive focusing for machine and human vi-
sion, correction of the human eye aberrations[65], wide field-of-view imaging[66], and

compression and shaping of femtosecond laser pulses[67].



4. IMAGE SHARPENING

4.1 Introduction

The concept of correcting for aberrations in an optics system, based on image metrics,
was first proposed by Muller and Buffington in 1974[4]. This method uses a definition
of sharpness of image to minimize aberrations in conjunction with a wavefront correct-
ing medium. This technique was superceded with the advent of modern day wavefront
sensors, such as the Shack-Hartmann, due to the speed of correction that they facilitated.
Wavefront sensors measure quantities directly related to the wavefront which mean that
the wavefront phase can be reconstructed. Therefore, deformable mirror commands to
correct for the wavefront can be calculated and applied in realtime, offering a much faster
speed of correction, whereas image sharpening relies on a search algorithm to find the
solution in a search space which can often have a large number of degrees of freedom.
However, with increasing CCD camera speeds and computation powers of modern day
computers, this method can potentially be used for slowly varying or static aberrations,
provided convergence to the minimum residual phase error can be achieved.

An image sharpness metric is a measure of image quality and in general the higher the
metric the better the image quality. In sharpness maximisation, a trial phase correction is

applied via a corrector and the effect on sharpness is noted. Using a suitable sharpness
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metric and a search algorithm, which determines a trial phase to be applied to the wave-
front corrector, the system is driven to maximise the sharpness metric and minimise the

aberration. The two central issues are therefore;
1. choice of metric, and,
2. choice of search algorithm.

The sharpness maximisation relies on how the sharpness is defined. The problem arises
when one quantitatively tries to define the word “sharp”. Muller and Buffington define the
sharpness such that its value for an aberration-degraded image is always less than that of
the true image. In their paper Muller and Buffington set out eight sharpness metrics, some
of which they showed were maximised for zero aberration. One such set of sharpness

definitions are:

Z
Si= TI"(x,y)dxdy n=2o0r3or4, etc 4.1)
where x,y denote coordinates in the image plane and I(x,y) is the image irradiance.
These sharpness definitions are maximised when there is zero wavefront error, in the
presence of irregular object radiance distribution. This amplitude sensitivity makes this
method useful for large extended objects. Other sharpness functions, such as higher-order

moments of distribution, or entropy minimization functions,

Z
Sy =— I(x,y)In[l(x,y)]dxdy, 4.2)

have been examined by Muller and Buffington[4] and are shown to relate to low wave-

front error. A review and analysis of sharpness was carried out by Doble[68]. Some met-
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rics which have been developed are object dependant and the metric is chosen based on

the scene[41, 71, 72,73, 74,75, 76].

4.2 Principle of Image Sharpening

Muller and Buffington[4] base their definition of sharpness by saying the sharpness S, of
an image is one for which S reaches a maximum only for a true (undistorted) image. They
consider only aperture plane distortion for the sharpness definition. Let W (u,v) repre-
sent the complex amplitude at the telescope aperture without aberrations. If the distorted
complex amplitude W' (1, v) is given by;

!

W (u,v) =W(u,v) - A(u,v),

then we have an aperture plane distortion A(u,v). Here A(u,v) is any complex function
of the position (u,v) in the plane of the aperture. A system with a correcting element
will allow the addition of extra phase shifts to A(u,v), for reduction or elimination of the
distortion. Muller and Buffington sought to define the sharpness S, in such a way that
any A(u,v) (which includes the effects of correction as well as the original distortion)
other than a simple translation of the image, or a constant complex amplitude [A(u,v) =

eXpik(a+bu+cv)

, where a, b and c are constants], will reduce the value of S.
Many definitions of image sharpness S, satisfy this criterion as shown in Chapter 4.3

An example is:

Z
S= dxdyI(x,y),
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where I(x,y) is the irradiance at a point (x,y) in the image plane of the telescope
system.

Muller and Buffington proved that for monochromatic light, S reaches its maximum
only when A(u,v) is reduced to no more than the image translation described. This is
proved using a version of the Fresnel-Kirchhoff equation (outlined in Chapter 2.2.3) to
calculate the irradiance[4]. S is maximised for zero distortion regardless of the object-
radiance distribution. This indicated that sharpness metrics could be used to provide feed-
back to the correcting element in an optical system to remove distortion, even for complex
objects. There is no way which S can be increased beyond the value of an unaberrated im-

age, regardless of the aperture distortion.

4.3 Image-plane Sharpness Functions

The metric used for image correction in practice could be any quantity that indicates sys-
tem “quality” as affected by wavefront distortion and that can be calculated very quickly
(in “real-time”). Depending on the type of adaptive optics system, the performance metric
might be intensity of radiation at the focus, image sharpness[4], or scattered field statisti-
cal moments[73].

Feinup and Miller[72] explored variations of the sharpness metrics proposed by Muller
and Buffington and found that different metrics worked better depending on the type of
scene e.g. its spatial frequency content. Power law metrics with larger powers tend to
perform better with scenes having prominent scatters, whereas power-law metrics with
smaller powers perform better with scenes having no prominent scatters. The original

R
power-law metrics set out by Muller and Buffington are of the form, S = I"(x,y)dx,dy
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where n = 2,3,4. Feinup and Miller extended their form to include the second derivative
of the nonlinear point transformation.

This behaviour is due to the noise levels present in the images. An image with promi-
nent scatters will be less susceptible to noise because the image will be more readily
corrected as the power law metric will amplify the prominent scatter values to a greater
extent than the noise. Conversely, an image with no prominent scatters will not benefit as
the noise will be on a similar level as the signal and an amplification will not enhance the
signal level with respect to the noise.

They found that the behaviour of a metric is determined by the second derivative of its
point nonlinearity as a function of the image intensity. Its shown both theoretically and
experimentally that metrics having similar second derivatives gave similar results when
used in an image sharpening algorithm. For, example negative Shannon entropy acts
in a similar way to a power law near unity. Metrics whose second derivative increases
with increasing intensity emphasise bright points, whereas, metrics whose second deriva-
tive decreases with decreasing intensity emphasize making shadows and low return areas
darker. Given these trends it is then possible to specify optimal metrics for particular types
of images.

Vorontsov and Cohen[74] have applied image sharpening techniques to imaging ex-
tended objects. In one technique a coherent optical processor is used in which the signal
from the imaging camera is used to control a spatial light modulator illuminated by a
coherent wavefront. The output from the spatial light modulator will then be spatially
modulated depending on the camera signal. If this is focused onto a rotating frosted glass

plate a characteristic speckle pattern will be observed. The smaller the speckle scale, the
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higher the spatial frequency content of the image. The system is then driven to minimise
the speckle size[73].
Several of the sharpness metrics outlined by Muller and Buffington are listed below.
We start with the S| metric shown below,
Z
Sy = IP(x,y)dxdy, (4.3)
Muller and Buffington proved this metric for monochromatic light and is maximised
when there is zero aperture plane distortion. Although proven only for monochromatic
light Muller and Buffington suggested that the metric should hold valid, at least for quasi-
chromatic illumination.

Another sharpness metric is:

S> = I(x0,Y0), 4.4)

where the irradiance of the image at an particular point (xp,y) in the image plane.
Muller and Buffington suggest that objects that have a brightest spot S, will be maximised
when the image of that bright spot is shifted over the point (xo,yo). This is essentially
maximising the peak intensity of an image of a point source, taking that the maximum
intensity of a point image will be at the central maximum.

A sharpness metric used in a system described by O’ Meara[42, 43] is:

Z
S3 = |I(X,y)M(X,y)|dXdy, (45)
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where M (x,y) is a mask function. If M is an accurate replica of the true undistorted
image, then S3 reduces to §; when distortion is eliminated.

As described earlier, the power-law metrics can be used as a measure of image quality:

Z
Se= I" (xay)dXdya (4.6)

where n = 2,3,4.

A commonly employed sharpness metric, often known as “power in the bucket” is
given by:

Z
Ss = I dxdy, 4.7
A

which is an integral of the intensity in some region A, of the image space - often a
central disc or the maximisation of the amount of light passing through a pinhole.

The choice of the sharpness metric depends upon the object. S3 has been shown to
work well for point objects even for cases where the mask, M, only approximately matches
the undisturbed image. For example M, can be a pinhole which has a diameter equal to
the diffraction limited image. However this metric would not work as well for extended
objects as a priori information about the object would be required, whereas, S| is expected

to work better for extended objects[68].

4.4 Non-common Path Errors

As image sharpness maximisation determines corrections from the science camera, all the

aberrations in the system can in principle be corrected. This is in contrast to direct wave-
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front sensing, where only aberrations up until the beamsplitter which feeds the wavefront
sensor are corrected for. Inherent aberrations in the imaging system after the wavefront
sensor beamsplitter degrade image quality but are not seen by the wavefront sensor. Using
image sharpening it is possible to correct for the whole imaging pass in an adaptive optics
set up. This could, for example, be achieved by imaging a USAF target image through the
system. A search algorithm can then be used to maximise a sharpness metric, cancelling
the inherent aberrations of the optics system, by driving the deformable mirror to its op-
timal shape. The deformable mirror can be set to its “nominally” focused position - even
before adaptive correction begins.

Using an indirect wavefront sensing technique also offers the advantage that correc-
tions to be applied are determined from the science camera as opposed to in direct wave-
front sensing where a portion of the light needs to be directed to the wavefront sensor. This
1s important for imaging in low light levels and preserves the photon flux being imaged.

Transmissive correctors will be of particular benefit to such regimes and will add sim-
plicity to the optical system. Such correctors could be placed in front of the science
camera in existing adaptive optics systems and used to calibrate for non-common path
errors. The correction system does not need a reference as it uses light from the object

under observation in order to determine the necessary correction commands.

4.5 Implementation of Sharpness Maximisation

4.5.1 Sharpness Calculation

The sharpness calculation is generally a straightforward calculation of the intensities mea-

sured at the CCD camera. These values are read directly from the imaging camera buffer



4. Image Sharpening 57

and a sharpness calculation is made, which the algorithm then uses to determine the next
search space step.

The search and control algorithms to perform these operations were written in C++.
Functions were also written to control the application of voltages to the deformable mirror
for the results described in this thesis and were integrated into the main optimisation loop.
An open source function called “Image Basic”’[77] was used to read the CCD camera TIFF
files and process the image. Image Basic gives access to a host of values from the CCD
camera and provides a range of processing options.

For the S1 metric, Y. 1%(x,y)/(X.1(x,y))?, the program calculates the squared intensity
of all the pixel values and sums these (top line of metric), then the denominator, that is, the
squared sum of all the pixels, is a normalisation factor inline with conservation of energy.
This is to ensure that the sharpness calculation is calibrated for each image as the amount
of light from one image to the next may vary due to defocus modes on the mirror changing
the focus of the image.

The Image Basic function is used to measure the maximum intensity of the TIFF file
read from the camera buffer before the optimisation algorithm is run. This is used to de-
termine the maximum exposure of an unaberrated image. The exposure level is set by
varying the image exposure time. It is set at a value just below the maximum exposure
level of the CCD camera, therefore an aberrated image will have a lower maximum expo-
sure. This is done to use the maximum dynamic range of the CCD camera and means the
optimisation algorithm will be less sensitive to noise.

A study was done to examine the shape of the search space for undersampled images[8].
It was found that undersampling by increasing factors increased the non-stationarity of the

sharpness metrics with respect to sub-pixel shifts in the image. This simulation showed,
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as expected, that sampling at the Nyquist sampling rate, or above, avoided shift variance
of the image. Undersampling was also shown experimentally to increase the noise levels

for a maximised image and this is shown in Chapter 7.

4.5.2 Comparison of (Power-law) Sharpness Metrics

Certain Muller and Buffington metrics have been proven to be maximised for extended
objects whereas others are proven only for point sources, and others still are unproven
to guarantee image improvement. The metrics defined by Feinup[72] use higher order
metrics and are scene dependant as are many of the other image metrics mentioned in
Chapter 4.3. The metrics suggested by Muller and Buffington are robust and general
extended object metrics, and as such, are easy to calculate and a good choice of metric
to proceed with. The primary objective is a “proof-of-principle”, that in a robust and
simplistic physical system, wavefront aberrations can be compensated for by maximising
a sharpness metric using a wavefront sensor-less technique, and so the S;sharpness metrics

are used as a general metric for extended objects.

4.5.3 Determination of Image Quality

It is shown in Chapter 7.1, from experiments made on point source images in this thesis,
that an increased sharpness value corresponds to an increased Strehl ratio. For correction
of a USAF target image, an increased resolution for a corrected image can be identified as
corresponding to greater clarity in the sections of decreasing spatial frequency. It can be
measured physically by profiling sections of the bar target for aberrated and unaberrated
images. An increased contrast should be observed for corrected images which can be

related to an increased MTFE.



5. CORRECTION ALGORITHMS

Introduction

A substantial portion of both past and present research in the field of image processing
has been dedicated to reconstructing or estimating the photometric parameters of an ob-
ject from the observed data. These methods are post-processing techniques and correct an
image already acquired to give estimates of the unaberrated image. Deconvolution of ob-
served data is widely used as a post-processing technique[78, 79, 80, 81]. The Gerchberg-
Saxton algorithm is commonly employed for correction in phase diversity techniques[37]
and Doble presents an analysis of various search algorithms for sharpness metrics[68].

In this project sharpness maximisation requires an algorithm that provides updates on
a “live” image. The image is updated by applying a new set of parameters to the search
space. It is the task of the search algorithm to find the optimum set of parameters to
maximise the sharpness in the search space. As the search space is large, in our case
25537 degrees of freedom, mainly non-systematic search routines will be employed. The
search space is too large for a 37 actuator deformable mirror with 8-bit control, imaging
onto a 12-bit camera, to be tested systematically (except for modal searching as it reduces

the degrees of freedom), where systematically means trying every possible combination



5. Correction Algorithms 60

of 25537 degrees of freedom, so a suitable multi-dimensional search algorithm needs to
be used.

Generally, for complicated optimisation problems, non-systematic search routines,
such as, simulated annealing, the Nelder-Mead simplex, stochastic gradient descent (SGD)

or stochastic parallel gradient descent (SPGD), will give the best solution[68].

5.1 Algorithm Requirements

In the feedback system, the “new” corrective voltages to be applied to the wavefront cor-
rector are derived by a search algorithm. As opposed to direct wavefront sensing where
the voltages are determined in one step', image sharpness requires a suitable search algo-
rithm to drive the corrector to its optimal shape. Ideally when using a search algorithm
the global minimum/maximum is the final state i.e. the true minimum or maximum of the
system. This is very difficult to find for systems having a large number of degrees of free-
dom, due to the probability of getting stuck at a local minimum (or maximum). Currently
there are a wide range of search algorithms which can be classified as either systematic or
non-systematic, a brief overview of which is presented below.

Systematic search algorithms, as the name would suggest, are thorough methods which
test every possible combination or solution to the problem. They are, as a consequence,
slow but effective and are better suited for smaller search spaces and problems with low

degrees of freedom. For example, if a system had only a single aberration (such as de-

!'In fact, to ensure stability of closed-loop control, the full correction is never applied in a single step.
In practical control systems, the closed-loop bandwidth is typically 5-10 times smaller than the sampling
speed of the wavefront sensor.
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focus) it would be highly efficient to systematically vary the aberration (focus) until the
global maximum of sharpness was found.

For more complex search spaces it is often better to use non-systematic search rou-
tines. These techniques search in a quasi-random nature. They generally apply a random
solution and use information gained from this to guess the next possible iterative attempt.
Of the various non-systematic search routines, some, such as the Nelder-Mead simplex
algorithm, are not proven to determine the global maximum or minimum of a particular
problem.

Many search problems do not contain a unique solution, that is a global maximum or
minimum, but contain many local minima/maxima and some search algorithms can get
stuck in one of the local maxima/minima. Algorithms such as simulated annealing are
proven to determine the global maximum, but the speed of determination is compromised
and so the choice of algorithm will be different depending on the confines of the solu-
tion requirements. In the following section I shall outline the operation of four search
algorithms which I used to correct for induced aberrations.

An extremum (maximum or minimum point) can be either global (truly the highest or
lowest function value) or local (the highest or lowest in a finite neighborhood and not on
the boundary of that neighborhood). As can be seen from Figure 5.1, a region may contain
local maxima/minima as well as a global maximum or minimum, and this is a difficulty

search algorithms must overcome.
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Xa X2

Fig. 5.1: Schematic of 2-D search space with local (A,B,C.E,F) and global (D,G) maxima and
minima.

The search space may contain many local (or false) maxima, and ideally a search
algorithm will find the global solution. In Figure 5.1, Points A, C and E are local but not
global maxima, which lies at point G. Similarly points B and F are local but not global
minima, which lies at D[82].

The graphical representation of Figure 5.1 is for a one-dimensional search space and
its obvious that for a 37 actuator deformable mirror the search space will be much more
complicated. In Chapter 7.2.3 the search space is examined in greater detail by applying
mirror modes to an unaberrated image, with the view of proving further insight to the
nature of the search space for various aberrations.

As maxima and minima are essentially the same thing, differing only in the sign of
their definition, I shall refer to maxima from this point onwards, since the sharpness metric

1s maximised in the examples given.
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5.2 Development of Correction Algorithms

An integrated system was necessary which evaluated sharpness and then controlled de-
formable mirror actuation in a closed-loop. Also, an interface was needed to QCapture,
the Retiga CCD camera’s software, in order to evaluate the “sharpness” of each image.
The cameras exposure level needed to be checked before the search algorithm was run.
This was necessary because, as an aberrated image is corrected, its expected that the in-
tensity level of some pixels will increase as the image sharpens. If the initial maximum
exposure level was set too close to the saturation point of a camera, the exposure level may
saturate before the image is fully corrected, giving a “false” sharpness value and limiting
the degree of correction achieved. To avoid this the exposure level of the camera was set
just below the threshold value for an unaberrated image. Therefore, any aberrated image
would have a lower intensity, meaning that the full dynamic range of the CCD camera

could be utilised, reducing the effects of the read noise on the sharpness maximisation.

5.3 The Nelder-Mead Simplex Algorithm

As mentioned above, the simplex algorithm is not a systematic search algorithm in the
sense that is does not search every possible node in the search space, but it does move in a
methodical way through the search space. The simplex search method proposed by Nelder
and Mead[83] is an algorithm that tries to minimise a scalar-valued nonlinear function of
n real variables using only function values.

A simplex is a geometrical figure consisting of n+ 1 vertices, where n is the number
of degrees of freedom. In two dimensions a simplex would be a triangle, in three, a

tetrahedron and in this research, with a 37 actuator deformable mirror, a complex figure
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with 38 vertices. Each vertex represents a set of mirror voltages. Initially, 38 (n+ 1)
random sets of voltages are generated and the corresponding sharpness value is measured
for each vertex. Based on the initial evaluations the simplex attempts to adapt to the
local landscape, with the aim of contracting to the global minimum. This is done by
continuously replacing the simplex vertex with the highest (worst) function value by a
new one, using the operations reflection, expansion and contraction as shown in Figure
5.2. If none of these steps are helpful, all vertices are contracted toward the point with the

lowest (best) function value. This operation is called shrink.

simplex d beginning

of step
zx 3
high low x
reflection &
refection
and expansion 1 Setup Simplex
2 Reflect
3 Reflect
4 Reflect
contraction 5 Expand
6 Expand
7 Contract
8 Reflect
9 Reflect
4 10 Contract
. . z(x,y)=-Aexp{-(X+¥)} I Torminete Simplex
A multiple contraction
(a) (b)

Fig. 5.2: Operations through which a simplex moves through search space.

For a system with three degrees of freedom the simplex is a tetrahedron, as seen in

Figure 5.2a, and for two degrees of freedom a triangle, Figure 5.2b. The simplex opera-
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tions through which a simplex moves through the search space can be seen in Figure 5.2a,
and an example of a simplex moving to a minimum is shown in Figure 5.2b.

Four scalar constants have to be specified to define a Nelder-Mead method: coeffi-
cients of reflection (p), expansion (), contraction (), and shrinkage (o). These parame-

ters should satisfy,

p>1, x>1, 0<y<l1, O0<o<1.

The most common choices are,

p=1, x=2, y=0.5 and 6 =0.5.

The simplex can be set to run for a certain number of iterations, or to stop when a

termination criteria is met.

5.3.1 Algorithm Implementation

Firstly the function value is evaluated at the vertices of an initial simplex, which is ran-
domly generated. Then the simplex enters the optimisation routine, where it runs through
the following steps:

1.  Order the vertices such that,

flx) < fle) <o < fxng1),
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where x1,...,x,+1 denote the coordinate vectors. The ordering of the vertices is re-
peated with each new iteration of the algorithm.

2. Compute the centroid of the n best points with,

n
X= Zx,- /n,
i=1
3. Reflect the “worst” point (which is x;1) through the centroid by,
X=X+p(X—xnt1);

if f(x1) < f(xr) < f(xn), accept the reflected point and terminate the iteration.

4. If f(x,) < f(x1), calculate the expansion point by,

Xe =X+ (x,—X);

if f(x.) < f(x,) accept x, and terminate the iteration. Otherwise, if f(x.) > f(x;),
accept x, and terminate.

5. If f(xn) < f(xr) < f(xn+1), perform and outside contraction by,
Xoc :i‘i"Y(xr _X);

accept x,¢ if f(xoc) < f(xr), otherwise go to step 7 (perform shrink step).

6. If f(x) > f(xp+1), perform and outside contraction; calculate

Xie =X —Y(X—Xny1)5
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accept this point if f(x,¢) < f(x,+1), otherwise go to step 7 (perform shrink step).

7. Shrink the simplex toward the “best” point by,

vi=x1+06(x;—x1), i=2,...,n+1

and return to step 1.

The criteria for halting the procedure proposed by Nelder and Mead is,

n+1 1 n+1

(LUt -PR/ms: F= )

+

where d is a small positive scalar.

Although Nelder and Mead published their paper in 1965, no theoretical results re-
garding convergence properties of the Nelder-Mead method in higher dimensions have
yet been proven. Even finding any function in R? for which the algorithm would always
converge to a minimum still remains an open problem([84]. Therefore, one cannot say with
certainty that the maximum sharpness value reached by the simplex is the global maxi-
mum. However, I have found it produces good results in practice for the images produced

in this thesis.

5.3.2 Simplex Algorithm Constraints

The original Nelder-Mead simplex algorithm was intended for minimization of functions
with unbounded parameters and it had to be adapted for this project. The conditions for the

execution of the simplex operations were modified for the maximisation of the sharpness
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function. As the mirror operates over a discrete range of voltages, limits were set on the
voltage values that could be applied.

The termination criteria proposed by Nelder and Mead were used to restart the optimi-
sation procedure with a new simplex, where all vertices’s except for the “best” point are
randomly re-generated. This method is intended to prevent the simplex from shrinking to

a false minimum.

5.4 Stochastic Gradient Descent Algorithms

Stochastic is synonymous with “random”; the word is of Greek origin and means “per-
taining to chance” [85]. It is used to indicate that a particular subject is seen from point
of view of randomness. Stochastic is often used as the complement of the word “deter-
ministic”, which means that random phenomena are not involved. Therefore, stochastic
models are based on random trials, while deterministic models always produce the same
output for a given starting condition. As such, stochastic gradient descent is an iterative
multivariate optimisation search method. Stochastic gradient descent methods were first
implemented on an adaptive optics system by Vorontsov[86]. Stochastic methods add
randomness which help the algorithm to converge to the global maximum.

The basic premise of gradient descent algorithms is that, at each iteration of the al-
gorithm, a new approximation is obtained by modifying the old one in the direction of
the gradient of the discrepancy function. The standard gradient descent algorithm uses
the true gradient to update the actuator voltages. The true gradient is usually the sum of

the gradients caused by each individual trial perturbation. The voltages are adjusted by
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the negative of the true gradient multiplied by a step size. Therefore, standard gradient
descent requires one sweep through the training set before any voltages can be changed.

In stochastic parallel gradient descent the true gradient is approximated by the gradi-
ent of the cost function only evaluated on a single trial perturbation. The voltages are then
adjusted by an amount proportional to this approximate gradient. Therefore, the parame-
ters of the algorithm are updated after each perturbation. For a large number of degrees of
freedom stochastic parallel gradient descent is much faster than general gradient descent
and is more likely to find the global maximum.

Note that (stochastic) gradient descent methods work in spaces of any number of di-
mensions, even in infinite-dimensional ones. Two weaknesses of gradient descent meth-
ods are:

1. The algorithm can take many iterations to converge toward a maximum, if the
curvature in different directions is very different.

2. Finding the optimal 7y per step can be time-consuming. Conversely, using a fixed ,
can yield poor results. Conjugate gradient is often a better alternative and is described in
Chapter 5.4.3.

The procedure used to implement each of the gradient descent algorithms is presented

in the following Section.

5.4.1 Stochastic Gradient Descent Method

A single iteration cycle of the control voltages updated at the nth iterative steps consists

of the following steps :
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1. Initially a set of sharpness values N depending on the application of a set
of voltages (uE”),u’g..., u;’, u%,) are measured. Each sharpness value corresponds to the
application of a voltage to individual actuators.

2. Then random voltages, du;, of equal amplitude ‘Su j} = o, with a Bernoulli

probability distribution p [SM i= Oc} =p [Bu = —Oc} = 0.5 are applied to each actuator

(j"") individually and the sharpness variation is measured:

s=3S (u1,u2,...uj+5uj, ...u37) —S(ul,uz, ...uj,...u37) .
The new voltages to be applied are then,

uS-nH) = ugn) +y(").85j.5uj,

where, y<”), is the gain, which can be either adapted through the iterations, or constant.

5.4.2 Stochastic Parallel Gradient Descent Method

One of the best ways to improve iteration speed is to decrease the number of sharpness
calculations per iterations. Instead of applying random perturbations separately on each
actuator and then measuring the corresponding sharpness variation, one can introduce a set
of random voltages on all the actuators, and then measure the global sharpness variation.
This method was first tested by Vorontsov[86, 87].

The principle of this method is similar to the non-parallel method and consists of the
following steps :

1.  First the sharpness value, S(n), which corresponds to a set of voltages,
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is measured.
2. Then, random voltages Ou;, of equal amplitudes‘ﬁu j‘ = o, and a Bernoulli
probability distribution p |5u = oc‘ =p {Su i= —(x’ = 0.5 are applied simultaneously on

the j*actuator. These perturbations, applied in parallel, lead to a new set of voltages:

(u1 +Ouy,up + Ouy, ...uj+duj...,u3; —1—8u37) .

3. Sharpness variation corresponding to the parallel perturbation is then calculated:

s=3S (ul + duy,ur +Ouy, U +8uj...,u37 -1-81437) -5 (ul,uz, ...uj...,u37) .

4.  The new voltages are then:

uE.nH) = u&n) + (”).SS.SMJ-

where 'Y(") is the gain, which can either be adapted through the iterations, or constant.

5.4.3 Conjugate Stochastic Parallel Gradient Descent Method

The conjugate gradient method is an algorithm for finding the nearest local minimum of a
function of variables which presupposes that the gradient of the function can be computed.

It uses conjugate directions instead of the local gradient for moving downhill, that is, to
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a minimum. If the vicinity of the minimum has the shape of a long, narrow valley, the
minimum is reached in far fewer steps than would be the case using the method of steepest
descent[88, 89].

The conjugate gradient method is an effective method for symmetric positive definite
systems. It is the oldest and best known non-stationary method. The method proceeds by
generating vector sequences of iterates (i.e., successive approximations to the solution),
residuals corresponding to the iterates, and search directions used in updating the iterates
and residuals. Although the length of these sequences can become large, only a small
number of vectors needs to be kept in memory. In every iteration of the method, two inner
products are performed in order to compute update scalars that are defined to make the
sequences satisfy certain orthogonality conditions. On a symmetric positive definite linear
system these conditions imply that the distance to the true solution is minimized in some
norm.

The principle of this method is again similar to that for the stochastic parallel gradient
descent method and the procedure is the same for steps 1-3. The only difference is in the
determination of the next voltage step, the formula of which is shown below. Conjugate
gradient methods continue with the following step :

4.  The new voltages are then given by:

nt1) H2
(n)

D) _ H[S_g(n) ) — sty
S;

(n)

where 7S = SS(”).SMS.”) is the gradient on the j' actuator on the n'" iteration.
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5.5 Mirror Modal Correction

The previous search algorithms are methods whereby the program tries to find a combi-
nation of voltages to minimise the aberration and maximise the sharpness. To do this the
search algorithm will search a space with 25537 degrees of freedom (for our experimen-
tal conditions). Each search routine will have a different approach and path to find the
optimum voltage setting for the deformable mirror. Due to noise factors it is likely that
the maximum sharpness that can be determined is insensitive to small perturbations of a
given voltage combination, and further still, to a small change in the voltage setting for an
individual actuator. Thus, while a given search routine may have approached the region
of the maximum there may be a number of voltage combinations which provide the same
or similar sharpness values. Therefore the search algorithm may spend excess time trying
to improve the sharpness value and mirror shape unfruitfully.

The deformable mirror is of course limited by the number of physical shapes it can
make. An algorithm may determine that in a particular step the voltage of one actuator
may be OV and the adjacent actuator be at 255V. While commands will be sent to the
mirror to emulate this shape there will not be a pure step between these two actuators. So,
as the algorithm predicts that this should be the next step its not feasible for the mirror to
accurately take this form. As the mirror is limited by the number of physical shapes it can
make, a possible method of correcting for aberrations might be to cycle through the modes
of the mirror, mirror modes often being mirror shapes close to the Zernike modes which
model Zernike aberrations. In this way it will be possible to cycle through the mirror

modes of the low order aberrations which have the biggest affect on image degradation.
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In reality the number of viable mirror shapes is lower than 25537 degrees of freedom, as
the eigenvalues associated with higher order modes are very small.

The mirror modes for the OKO deformable mirror to be used in this experiment have
been measured and the necessary voltages required to apply a certain mode or given mag-
nitude of it are known. The mirror modes were measured using a Fisba interferometer to
determine the response of each actuator individually. Two measurements are required for
each actuator - two voltage values are applied to the actuator and the response is used to
determine the influence function of that actuator. This process is repeated for all actuators
and the mirror modes derived. The mirror modes for the OKO deformable mirror can be
seen in Figure 5.3%. The low order modes have some resemblance to Zernike modes but

this is not the case as the mode number increases.

Fig. 5.3: Mirror modes of 15mm OKO membrane DM.

2 Measurement of mirror modes carried out by Eugenie Dalimier in the Applied Optics Group, National
University of Ireland, Galway, Ireland.
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By searching the mirror mode space it is hoped the number of correcting combinations
will be reduced. It may not be necessary to correct for higher order aberrations as the
sharpness may be insensitive to these. Also it is important to note that the application
of higher order modes can often have adverse effects on the correction being applied.
This means that a limited number of modes should be used in correction using a modal
approach. This further reduces the number of possible corrections, in effect reducing the
search space. As can be seen from Figure 5.4, modes higher than mode 26 (approximately)

have lower singular values and will contribute little to correction and so can be ignored.

Singular values
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Fig. 5.4: Singular values for first 37 modes of OKO DM.



6. EXPERIMENTAL APPARATUS

Introduction

The aim of the experiments in the Chapters that follow is to experientially show that an
aberrated image can be corrected by maximising its sharpness value. Initially an aberrated
point source image is corrected using sharpness metrics and then the technique is applied
to extended object images. In this Chapter the experimental conditions used to correct
for an aberrated point source and extended object images are presented. A description is
given of the key elements of the experimental apparatus such as the deformable mirror,
CCD camera and the generation of Zernike aberrations using the Hamamatsu spatial light
modulator. The operation of devices that are used is explained and other considerations

such as the rate of sampling detailed.

6.1 Deformable Mirror Control

The OKO deformable mirror is a silicon micromachined membrane mirror, the shape of
which is controlled by a set of 37 voltages, between 0 and 255 volts, through the genera-
tion of electrostatic forces. A voltage V applied on an actuator (or electrode) attracts the
membrane of the mirror, proportional to V2. The maximum stroke of the OKO deformable

mirror used in this mode is 1.5um, over a 9.6mm pupil. This is a rather small stroke and
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Fig. 6.1: OKO DM actuator structure, Figure 6.1a, and operation, Figure 6.1b.

limits our ability to compensate for aberrations. The voltage was set at 230V as the maxi-
mum voltage, to prevent damage of the OKO deformable mirror. A housing unit was made
to mount the deformable mirror in to guard against accidental contact and contamination
with dust particles. The actuator structure and operation of an OKO deformable mirror
can be seen in Figure 6.1.

The OKO deformable mirror is controlled using drivers developed in C++!. Com-
mands are applied to the deformable mirror via a high voltage amplifier board which
amplifies the voltage output of the PC to the necessary voltages in the range of 0-255V,
to drive the mirror. It’s recommended by the manufacturer not to drive the deformable
mirror at its full voltage and so the maximum voltage was set to be 230V. When aligning
the optical system the deformable mirror is set in its bias position, which for a maximum
voltage of 230V, is 165V. The bias is taken as the position in which the deformable mirror
has equal stroke for the maximum and minimum voltages away from the bias. The value
of 165V as the bias voltage comes from the squared nature of the deformable mirrors
response to application of voltages, e.g. 230 ~ /1652 + 1652. The deformable mirrors

squared response to voltages can be seen below,

! Written by Dr. Liz Daly of the Applied Optics Group, at the National University of Ireland, Galway.
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ActuatorVoltages = +/biasV? + AV?2,

where a change in voltage, AV? of 4165 will result in OV or 230V being applied to
the actuators.

With the bias voltage applied to the deformable mirror the CCD camera was manually
translated to the position for which the extended image was focused. The sharpness of
the image should be a maximum, and the focus position could be checked by running
a program which applied voltage increments to all the actuators, from O to 230V, and
measured the corresponding sharpness. If the image is focused correctly for the bias
position, the sharpness should peak at the bias voltage. If the CCD camera was not at
the focus this was reflected in the corresponding position of the sharpness peak and the
CCD camera could be repositioned. Results for alignment of the deformable mirror are

presented in Chapter 7.2.

6.2 CCD Camera Noise Characteristics and Calibration

An integral component of any adaptive optics system is the science camera. Before a CCD
camera is assembled, the manufacturer can use the nominal tolerances of the electronic
components to estimate the gain to within some level of uncertainty. This calculation is
based on resistor values used in the gain stage of the CCD readout electronics. However,

since the actual resistance is subject to component tolerances, the gain of the assembled
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camera may be quite different from this estimate. The actual gain can only be determined
by actual performance in a gain calibration test.

For this reason the Retiga 1300 CCD camera to be used as the imaging camera was
calibrated. The Retiga 1300 has 1280 x 1024 pixels with pixel size of 6.7um. It was
calibrated using a Bentham Instruments Integrating Sphere, type ILIOENC. The image
files were captured using QCapture, which is the software supplied with the camera. The
calibration files are then processed in MATLAB. The Retiga 1300 camera was found
to have a gain of 2.9+0.1, where the gain is the analogue-to-digital conversion factor
(ADU - analogue to digital unit). This gives the number of electrons required to register 1
digital unit. The gain value determined for the camera is a vital parameter as the resultant
calculation of dark current, read-noise, and thus, dynamic range are based on this value.

A linearity test of the camera showed that it is linear until near saturation point. The
linearity of the camera only deviates from the manufacturer’s quoted linearity of gamma,
approaching saturation. This is significant in that the maximum intensity value in the
image should not approach the saturation point as it will affect the fidelity of the sharpness
calculation. The signal-to-noise ratio of a CCD camera relates to its dynamic range and
is given by the ratio of the maximum usable signal (12% = 0 — 4095 digital counts) to the
read noise of the CCD, which is was measured to be ~ 5 digital counts (or 15 e¢™). The
ratio is usually represented using a decibel scale (dB), or as a power of 2 (“bits”). The

signal-to-noise ratio in dB is given by

095

4
SNR = 20log = 584B.
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Therefore the signal-to-noise ratio was found to be 58dB slightly less than the 60dB
specified, and thus it operates effectively as a 10-bit camera. The dark count was measured
and found to be 0.26 e — / pix/sec. This value is higher than specified by the manufacturer
(0.15e — /pix/sec) but, is still quite small - especially for ms exposure times - and is
insignificant for most purposes when a dark frame is subtracted from the image. These
calibration results will need to be considered when determining the intensity values for
evaluation of the sharpness metric. The reduced signal to noise ratio may have an effect

on the calculation of the sharpness metric approaching a maximum in the search space.

6.3 Sampling of Point Source and Extended Object Set-ups

The sampling theorem is considered to have been articulated by Nyquist in 1928 and
mathematically proven by Shannon in 1949[90, 91]. Some books use the term "Nyquist
Sampling Theorem", and others use "Shannon Sampling Theorem". They are in fact the
same theorem.

The sampling theor