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ABSTRACT

In this paper we give a new wavefront estimation technique that overcomes the main disadvantages of the phase
diversity (PD) algorithms, namely the large computational complexity and the fact that the solutions can get
stuck in a local minima. Our approach gives a good starting point for an iterative algorithm based on solving a
linear system, but it can also be used as a new wavefront estimation method. The method is based on the Born
approximation of the wavefront for small phase aberrations which leads to a quadratic point-spread function
(PSF), and it requires two diversity images. First we take the differences between the focal plane image and each
of the two diversity images, and then we eliminate the constant object, element-wise, from the two equations.
The result is an overdetermined set of linear equations for which we give three solutions using linear least squares
(LS), truncated total least squares (TTLS) and bounded data uncertainty (BDU). The last two approaches are
suited when considering measurements affected by noise. Simulation results show that the estimation is faster
than conventional PD algorithms.
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1. INTRODUCTION

Phase diversity is a wavefront sensing (WFS) and image reconstruction technique used mostly in post-processing.
Due to the fact that this method uses intensity information, it is possibly sensitive to all phase aberrations, as
opposed to the conventional Shack-Hartamnn wavefront sensing technique. A serious drawback of the phase
diversity method is the long computational time, which is considerable compared to the evolution time of the
turbulence. Because of this, efforts have been made to make it faster. Some demonstrations of real-time correction
using PD have been obtained for very few corrected aberrations in Refs.!»? PD consists of collecting two or more
images. One of them is the focal plane image that has been degraded by unknown aberrations. Additional images
are obtained by introducing known aberrations into the system. This method was first proposed by Gonsalves?
for two diversity images and it was based on the minimization of a LS criterion. Since the paper of Gonsalves,
the method has been extended and improved in numerous papers.* 7 Attempts to make PD faster have been
made by better numerical algorithms,®® by using object independent error metrics to estimate the aberrations
from the data'® or by different linearization techniques.'!~13

In this paper we give a new method of real-time wavefront reconstruction using PD. Our approach is based
on the Born approximation of the wavefront when the aberrations are small. We give an analytic formula for
the PSF which is quadratic in the aberration parameters, using an implicit regularization by the finite series
of Zernike polynomials. We subtract from two diversity images (with quadratic PSFs) the focal plane image in
order to end up with linear expressions in both the aberration parameters and the object. Further, we eliminate
the constant object and end up with an overdetermined linear system in the aberration parameters only. In the
noise free case, the system can be solved by linear least squares. A characterization of the diversities which can
be used in order for the system matrix to be full column rank is given such that the obtained solution is unique.
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We also analyse the case where the images are affected by Gaussian white noise and show that we also have
to solve a linear system. The difference is that with this system, we have uncertainties both in the A matrix
and in the b vector of the linear system Ax = b. For this case, we present in Section 4 two additional methods,
truncated total least squares’* (TTLS) and bounded data uncertainty'® (BDU), which assumes that a-priori
bounds on the uncertain data are available.

This paper is structured as follows. Section 2 starts with the quadratic analytical expression of the PSF in
terms of the unknown aberration parameters. Section 3 resumes shortly the conventional PD algorithm following
Ref.> Section 4 is divided into three subsections: in Subsection 4.1 we define the estimation problem formulated
as a linear system of equations in the noise free case, in Subsection 4.2 we consider white Gaussian noise and
in Subsection 4.3 we give details for the last two solutions to the problem mentioned above, namely TTLS and
BDU. Section 5 is dedicated to numerical simulations. Concluding comments are placed in Section 6.

2. ANALYTICAL FORMULA FOR THE PSF

In this section we briefly revise the analytical formulas for the intensity PSF,'¢ which will be the starting point
of our method. For the derivations we have used the Nijboer-Zernike theory of diffraction integrals containing
small aberrations (for more details see Chapter 9 in'”), which apply to optical systems where the pupil is large
compared with the wavelength of the light used. In order to be able to analytically model the PSF we use the
Zernike polynomials for the representation of the wavefront.'® We assume here that the optical system introduces
a wavefront aberration only and that the amplitude distribution over the wavefront is uniform. The aberration
function @ is expanded as a Zernike series

d(p,0) = ZZZL" (p oy +Z™(p,0) o, = Zan (p) (ot cosmb + a,,™ sinmb) , (1)

where Z™ (p,0) = R (p)cosmb, Z, ™ (p,60) = R™ (p)sinm@ are the even and odd Zernike polynomials which
form an orthonormal basis on the unit disk, R (p) are called radial polynomials, n > 0 is the radial degree of
the corresponding Zernike polynomial, m > 0 is the azimuthal frequency, and n —m > 0 and even.

Under the assumption that @ is sufficiently small, we can linearize the wavefront
exp (i (p, 0)) = 1 +i® (p,0) . (2)
It is easily seen that the Born approximation is a Taylor approximation of the wavefront in 0. We could also
use another expansion point resulting in a slightly different linear expression, but we do not go into details here.

With Eq. (1) we obtain

exp (1® (p,0)) ~ 1+ zZR;” (p) (ot cosml + a;; ™ sinm) . (3)

After some derivations, the intesity PSF can be written as

j(re)=co+e’a+a’Qa, (4)
_ _ T, .
where a € RV, a=[ o) «; Val oY ag? a3 ... |" is the unknown aberration and ¢ € R, ¢; € RN«

Q € RNaxNalb are quantities derived from the first principles. These coefficients can also be computed from
input and output data through an identification procedure.

Eq. (4) gives a way to compute the intensities in the focal planes as functions of the Zernike coefficients «
corresponding to the aberration function ®. Given a grid of size M x N and using Eq. (4) for each point of this
grid, the intensity PSF can be written as

J(r11,011) Jj(riz,p12) ... J(rin,ein)
J (o1, 921) J(raz,022) ... j(ran,p2n)
to () = : : : : ' (5)
J(rmisonn)  J(rme,om2) .. JrMN.@MN)
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The PSF in Eq. (5) can be rewritten as a quadratic function of «
to(a) =Co+C1(In®a)+Q(IN ®a® ), (6)

where ® denotes the Kronecker product!? | Iy is the identity matrix of order N, and the coefficients Cy € RM*N |
C, € RMx(NaN) "0, € RM*(Na®N) are given below

Co (7’11) Co (7"12) Co (TlN)
co(ra1)  co(ra2) ... co(ran)
C() = . . . . ’
| co(rm1) co(raz) -+ co(Tmn)
i ClT (7’117 4,011) C1T (7’12, 9012) ce C1T (7’1N7 901N)
clT (7’2179021) C1T (T2279022) ClT (T2N7(P2N)
Cl = : . . : 9 (7)
L ClT(TMl,‘PMl) ClT(TM27<PM2) ClT(TMN,SOMN)
Q (7”11, S011)T Q (T12, <,012)T cee ) (7"1N7 901N)T
v T ~ T A T
0 Q (121, ¢21) Q (122, p22)" ... Q (121, 921)
t = . A .
L Q(TMl7<PM1)T Q(era(PMl)T Q(TMN,SDMN)T

Here Q := vec (Q) is a vector obtained by stacking together all the columns of the matrix @ from left to right.
The coefficients in Eq. (7) do not have to be compute in real-time, but are precomputed.

3. PHASE DIVERSITY

Phase diversity consists of recording one focal plane image and one or more additional images using a known
diversity (unusually defocus). If dy and d; are the observed focused and defocused images and ¢y and ¢; are the
corresponding PSFs at the moment of exposure, then their relations with the object f are

do = to(()é)*f + no (8)
dy = tl(a)*f + ny,
where * denotes convolution, ¢y is given by Eq. (6), ¢ is given by
t1 (o) = to (a + aar), (9)

ag is a known quantity and ng, ni represent measurement noise. The minimized error metric in the PD algorithm
(see for example Refs.>) measures the sum of the square errors in the difference between the observed images
and the ones obtained from the reconstructions

L=> |Dy— FTy]? +|Dy — FTy?, (10)

where * denotes an estimate value, v and v spatial frequencies and F, Do, D1, Ty, 11 are the Fourier transforms
of f,dy,dy,tg,t1. The optimum restored object, F)s, is found by minimizing L considering known aberrations

- N -1 N ~
Fy = (1T + 112)  (DoTy + Diy) (11)
Substituting the object from Eq. (11) in Eq. (10) we obtain the modified error metric
~ A -1 ~ ~
L= (1P +112)  (Dido - Doy ). (12)
u,v
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4. LINEAR PROBLEM
In this section we formulate our estimation problem as a linear system of equations and give the three solutions
mentioned in the introduction. We start the presentation with the noise free case and then we incorporate the
noise following the same steps.
4.1 The noise free case
For this part, we assume we have obtained three images, one focus plane image dy, and diversity images d; and
do, with PSFs tg in Eq. (6) and tg, k= 1...2, such that

tr (Ot) =t (a—l—adk), k=1,2, (13)

where ayg are known quantities. As stated in the previous section, the images are obtained as a convolution of
the PSF with the object f

dy = to(la)xf
0 0 () (14)
di, = te(a)xf, k=12
The approach we use here is to subtract from each diversity image the focus plane image
dgr = dp, — do = [tk () — to (a)] x f = [to (a+ agr) —to (a)] x f, k=1,2. (15)
We use further Eq. (6) to write down expressions for the two PSFs in Eq. (15) and obtain
dar = [C1(IN ® aar) + Q1 (In @ gy @ aar, + IN @ @ @ g + In ® aa, @ )] * f
Ne (16)
= |C1(UN®@aa) + Qi (IN ®@ aar @ aar) +2) g | * f, k=1,2,
i=1
where
’Uki:Qt(IN(X)ei@adk)aizl"'Na (17)
and e; = [ ... 01, 0 ... }T. With
e = C1(IN @ agr) + Q1 (I @ avar, @ awar) , k= 1,2, (18)

we get

Na
dar = (pk + 22%’%i> *f, k=12 (19)

i=1

We take the Fourier transform in Eq. (19) and using the notations Dgy, := F {dar}, Pr := F{pr}, Vii ==
FA{ogi}, F:=F{f} (of dimension Mz x Nx), we get

Nao
Dy = (Pk +2 Zaiv,ﬂ) OF, k=1,2, (20)
i=1

where ® denotes point-wise multiplication.
Next we show that the unknown aberration parameters can be determined by solving a linear system. To

this end, we can write

Ny
D4 = <P1 + QZOéiVu) OF,
i=1

N (21)
Dy = (P2 + QZOéiVQi) OF.

=1

Proc. of SPIE Vol. 8447 84476U-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 01/25/2013 Terms of Use: http://spiedl.or g/terms



Because the object is the same we can divide the two equations element by element and cross multiply the terms

to obtain
Nq No
D4 © <P2 +2 Z%‘sz) =Dgp ® <P1 + 22 aiVu‘) ) (22)
i=1 =1
or
N
Djy ®Py—Dgo © P, = QZC% (Dg2 ©® Vi — Da1 © V). (23)
i—1

Using the notation X = vec (X) for the vectorized variants of the terms of Eq. (23), we can write it as

Aa = b, (24)
where A € CMsNrxNa p ¢ CM#N7 apnd
b = [)d1®152—l~)d2@]5h
A = [DdZQVH .Dd2@‘712 DdQ@‘;Y]N(‘:I_[.EdIQ‘N/Ql Dd1®f/22 EdIQVZNu].

The least squares solution to Eq. (24) is a = (A*A)~" A*b.

We have to make a remark with respect to the two diversities used in the algorithm. If ag; and ago both
correspond to diversities of Zernike modes with odd radial degree n (we will call this an odd diversity) or with
even radial degree n (we will call this an even diversity), respectively, then ker (A) # () and the solution of Eq.
(24) is not unique.

We can prove this statement by considering two odd diversities ag; and ags. The matrices v1;, ¢ = 1 : Ny
and vg;, i = 1: N, in Eq. (17) will have only zero elements for even i. This translates, after vectorization, in
zero even columns of the A matrix. Because A has a non-empty kernel, only the unknowns corresponding to odd
n can be computed uniquely. The same type of reasoning holds true for two even diversities.

4.2 The white Gaussian noise case

Let us consider that the measuremets dy, d;, ds are affected by Gaussian white noise.

dy = tola)*xf 4+ ng
(25)
dp, = tk(a)*f 4+ ng, k=1,2.
The corresponding Eqgs. (21) will then be
Nq
Da = <P1 + 2ZaiV1i) © F'+ Ny,
i=l (26)

Nq
Dy = (Pz + QZ%VQi) ©® F + Noy,

=1

where Nyo = F {nr —no}, k =1,2. Assuming that the quantities in the brackets in Eq. (26) are not zero we
obtain

Ny Ng
Dy @ (P1 + QZaiVM) =F+Nypo <P1 + QEOtiVli> ;
=1 =1

Nq No (27)
Dgo @ (Pz + 22047:‘/21') =F+ Ny @ <P2 + 22%“@:) )
i=1 i=1

1= 1=

where @ denotes point-wise divison. Eliminating the object, we end up with

No No Na No
Dg© (Pz + 22%‘/21) —Dg10 <P1 + 22%‘/12') = Ny© (Pz + 22%“@1) —N1jp© <P1 + 22%"@) , (28)

i=1 i=1 i=1 i=1
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or

N, N N N
Dg® (Pl + 22%“@') Dy ® (Pz + QZ%Vm) = Ny©® (Pl + 2Zaivli> —N1p© (Pz + 22%"@1) . (29)

=1 i=1 i=1 i=1

With

b = Ni@P,—NyoP

0A = [NQOGVH Nog @ Via ... N20®V1Nn}—[N10®‘721 Nip @ Vas ... N10®V2Na}~
we obtain

(A+6A) o = b+ 6b. (30)

4.3 Solving the linear system

Both the coefficient matrix and the right-hand side of the overdetermined system of linear equations in Eq.
(30) are subject to errors. Additionally to the LS solution, we propose here two other methods to compute the
solution of this system, TTLS'* and BDU' | respectively.

Total least squares (TLS)2? is a method of fitting which was developed to deal with linear models Az = b
with both sides affected by errors, exactly as in the case of Eq. (30). In the TLS method one allows a residual
matrix as well as a residual vector, and the computational problem becomes

subject to (A + dA)x = b+ db. (31)

min |[[ 6486 ]|,

The TLS technique has been traditionally applied to problems that are numerically rank deficient. The idea is
to simply treat the small singular values of [ A b ] as zeros. This technique is called truncated TLS (TTLS).
The almost redundant information in [ A b ], associated with the small singular values, is discarded and the
original ill-conditioned problem is replaced with another nearby and more well-conditioned problem. The TTLS
algorithm, given in'* , can be summarized as follows:

Algorithm TTLS

1. Compute the SVD of the augmented matrix [ A b }:

No+1
[A b]ZUZV*: Zuidﬂ):{, 0’12...20’Na+1. (32)
i=1
2. Choose a truncation parameter k£ < min (Na, rank [ A b ]) such that
Ok > Ok41 and Voy = [ UNo+1,k+1 -+ UNL+1,No+1 ] 75 0. (33)

3. Partition the matrix V such that (with ¢ = N, — k + 1)

Vit Via Ne
VvV =

(34)
—~
k q
4. Compute the minimum-norm TLS solution xj, as
k= —ViaVoh = — ViV | Vaa 5% (35)
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In step 2 of the algorithm, the regularization parameter k£ has to be choosen. A possible stopping criterion can
be based on the L-curve?! . The idea in this method is to plot in a log-log scale the solution norm, ||zy||2 versus
the residual norm, || [ A b | — [ Ax b ||| r, and choose as the optimal k the truncation parameter at which
this curve has an L-shaped corner. Essentially, the corner is defined by locating the point with greatest curvature
in the log-log scale. For the implementation functions from the Regularization Tools software package®? can be
used.

The second solution that we analyse is a method of parameter estimation in the presence of bounded data
uncertainties. In Eq. (30) we assume we can determine an upper bound on the 2-induced norm of the perturbation
6A and on the Euclidean norm of §b

[0A]l2 <m,  [|6bll2 < ne. (36)

Then, we solve the following problem

minmasc{]| (4 +84) & — (b+60) [ + [04]l2 < 1, 18bll> < mp}. (37)

The BDU algorithm can be resumed as follows (following Section 3.4 in'®):
Algorithm BDU

1. Compute the SVD of A

b))

AU[O]V*[Ul U2]|:§:|V*UlEV*,O'lz...EO'N@. (38)
2. Partition the vector U*b into
{ 2; } =U*b (39)
3. Introduce the secular function
% (2 2 2 -2 772 2
fla) =107 (2% =n?I) (2% + BI) b1—@||b2||2- (40)
+ efine 151 4|
1|2 2
T =-——"""and /p = 41
I A T (1)

5-1. If b does not belong to the column span of A
a) If n > 75 then the unique solution is & = 0.

~ N1 ~
b) If n < 79 then the unique solution is & = (AA* + 5]) A*Db, where [ is the unique positive root of
the secular equation f (8) = 0.

5-11. If b belongs to the column span of A
a) If n > 75 then the unique solution is & = 0.

A\ 1 o
b) If 71 < 1 < 75 then the unique solution is & = (AA* + ﬁ]) A*b, where (3 is the unique positive root
of the secular equation f (3) = 0.
¢) If n < 71 then the unique solution is # = VE~1b, = Afb.

d) If n = 7 = 7» then there are infinitely many solutions that are given by # = SVX~1b; = BATb, for
any 0 < g < 1.
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The solution of the secular equation is feasible using the above formula, when the entire SVD of the matrix
A can be computed. For large, sparse matrices, 4 can be computed recursively as it is shown in?? . We choose a
random initial value By and perform the following recursion until the change in variables reaches a given tolerance

_ A A+ D) AT — s

& 1 (A*A+ BeD) |2

(42)

For the computation of 7 we assume a normal distribution for the SNR in an interval (Ib, ub). Accordingly, n
is computed in the probabilistic sense using the Randomized Algorithm (RA)?* . In general, the condition n < 75
can be assured by the choice of the values of the diversities.

5. SIMULATIONS

We have assumed that the atmospheric turbulence distorts only the phase of the wavefront. We further assume
that the statistics of the turbulence are described by the Kolmogorov turbulence model with the outer scale of
the turbulence Ly = 42 m, the Fried parameter 1o = 0.5 m. The wavefronts have rms values of 0.3 rad and
are written as the series from Eq. (1) with 14 Zernike coefficients. The simulations presented here consider
isoplanatic image formation, namely the PSF is considered space invariant on the entire field of view. Due to
the fact that in our simulations, TTLS and BDU have not shown improvements with respect to the LS, we only
present simulations in the no noise case and give the LS solution.

As stated in Section 2, the coefficients in Eq. (7) of the PSF in Eq. (6) are precomputed using a grid of
128 x 128 points over a pupil of diameter D = 1 m. The pupil is sampled on a 64 x 64 grid and the observed
scene is a standard image from the Image Processing Toolbox of Matlab of 128 pixels.

We have simulated 50 wavefronts with rms values of 0.3 rad. The diversities used are aq1(6,1), ag2(8,1)
(where the order of the Zernike coefficients is given in the definition of e in (4)), with values which give a
diversity shape of 0.3 rad rms. To show the gain in computational time of our algorithm, we compare the results
of PD stopped after 10 iterations or a residual tolerance in the cost function and the estimated coefficients of
le — 3 with the LS solution. In Fig. 1 we plot the mean and variance of the absolute values of the differences
between estimated and real parameter values for each Zernike coefficient (on the left) and the computational
times and the ratios of computational times between PD and LS, respectively for the 50 runs of the simulation
(on the right).

70 T T 2000 T T

° 1800 1
60 1
50
1600
e}
o
Sor 14001
20
© 1200
40 © 4 °
o o
o 1000} o 1 30
30 o 800 o
o
< o © 2 20
20} o 600 o 00
o ¢ 400+ o o B
10 0o o o © * 10
° ° 0 200+
o0 50 o
, 0 Lees®99%00, o A
0 5 10 15 0 10 15 0 10 20 30 40 50
(a) Mean and variance of the absolute values of the dif- (b) Computational times;

ferences between estimated and real parameter values
(in radians);
Figure 1: Simulation of PD and the linear algorithm with 50 experiments

Proc. of SPIE Vol. 8447 84476U-8

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 01/25/2013 Terms of Use: http://spiedl.or g/terms



We also validate the possible usage of our approach as a starting point for PD in Fig. 2. To this end we give
two plots, showing the aberration parameters obtained by initializing the PD with zero, the other obtained by
initializing PD with the LS solution, and the real Zernike coefficients. The PD algorithm was stopped when the
residual error reached a tolerance of le — 3.

150 T T T T T 100 T T
— © - PD from zero — © - PD from zero

+  PDfromLS +  PDfromLS
—%—real

100

100

-150

71000 L L L L L L —200

(a) Real and estimated Zernike coefficients (in radians)(b) Real and estimated Zernike coefficients (in radians)
@; (I1);

Figure 2: Simulation of PD with different initial points

6. CONCLUSIONS

We have developed a new method for phase aberration estimation in case of imaging through turbulence using
phase diversity. This method is based on the linearization of the wavefront for small values of the aberrations.
Using two diversity images we are able to reformulate the problem as an overdetermined system of linear equa-
tions. In the noise-free case, this system is solved with the linear least squares algorithm and in the presence of
Gaussian white noise three solution methods were presented. Results show that this approach is faster than the
PD algorithm. This proves that our method has real potential to be used in a real-time adaptive optics system.
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