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Retrieving modes of the wave front from an image
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A method for retrieving modes of the wave front reproduced by an adaptive optical system
from variations of an image is proposed. In projection methods of solution of the phase problem, the
vector representation of the problem on determining the generic point of m sets, allowing application
of the known methods of its solution at m = 2, is introduced.

1. Retrieving modes of the wave
front from variations of a point
source image

1.1. Let the distortions of amplitude and phase
of a wave front at the exit pupil W of an optical
system be described by the pupil function

G(r) = A(M) exp[ikF ()],

where T = (x,h); k=2p/l is the wave number. The
optical system is assumed adaptive, and its adaptive
element, considered as a linear system, can change
the wave front; therefore, real wave front distortions
can be represented in the form F =) + DF. Here j
determines the component of wave front distortion,
which can be compensated for by an adaptive
element, while DF is the residual distortion, not
compensated by the adaptive element. It is assumed
that the function j is an element of a finite-
dimension space, whose basis is comprised by the

actuator responses {Y,}, k=LN. Trial variations of

the wave front by the adaptive element lead to
variations of the intensity in the image. The task is
to determine and compensate for the component j
using these variations. This approach to control of
the adaptive element is called multidithering
technique and can be implemented in two ways. In
the first case, the image sharpness function is
specified, and the adaptive system operates by the

"hill climbing” principle.! The second method

involves the determination of the coefficients of
N

expansion of the unknown function j = 3 ¢.Y . This
k=1

approach was realized in Ref. 2 by making use of
variations in the second-order intensity moments in
the image and assuming the amplitude at the pupil to
be known and the basis functions to be linearly
independent in the space with the scalar product
(Yi.Y)) = @AY EY g, @)
where Y ¢is the vector of the partial derivatives.

In this section, we discuss the possibility of
realizing this approach based on the analysis of

0235-6880/05/01—02 61-05 $02.00

variation of the Fourier cosine transform for the cases
of both known and unknown amplitude at the pupil.
1.2. The Fourier cosine transform of the
intensity distribution | over the focal plane at the
spatial frequency v /I1f (f is the focal length) has
the following form (accurate to an insignificant
factor)?:
¥
F.(1L,7/1f,F) = O¢YA + DA) Acos(KDF )dF ¢
-¥
where

A=A(9;A+DA = A(F +79;DF =F (F +79- F(79.

Then we shall consider small spatial frequencies
in the form /1 f =&v/| f, where & = cosqi +singj
is the unit vector of frequency, and v > 0 is a small
value. The factor 1/1f in the expression for the
frequency will be omitted.

Using the adaptive element, change the wave
front by aY and measure the first and second
variations of the Fourier cosine transform:

dr.(1,7,F +aY)

drR, (1,7,F,Y) = .
a

a=0
¥

= -KOCYA + DA) Asin(kDF ) DY d7¢
-¥
d’F.(1,7,F +aY)

&R (1,T,F,Y) = 2

a=0
¥
= - K> QA + DA) Acos(kDF ) (DY )*dr ¢
-¥
Consider the limit

2p 2p

m (g (1,ev.F.Y)da/ (yF(1.ev,F,Y)dq =
0 0
Y * aéTYo
2 A dri/ ANOA? A d dr¢=
OOA ﬂe e ~godadr OOA (% qar

= mAFWCEIr(V(‘I‘)A (Y 9?dre= (F, v ),
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where Y/%e is the derivative with respect to the
direction of the unit vector e .

If the amplitude at the pupil is known, then the
actuator responses can be orthonormalized in
accordance with the scalar product (1), and then the
limit g.(Y) = (F,Yy) is the Fourier coefficient of the
function F in this basis and

F=8 a(Y

If the amplitude at the pupil is unknown, then
additional ~measurements and more complex
processing are needed. Take the second mixed
variation

k)Y +DF .

2
R (LF.Y c) = °F.(1,7,F +aY +bc) _
faib

=-k? S A + DA) Acos(kDF )(DY )(Dc)dr¢

as an additional measurement and consider two
limits:

2p 2p
w(Y.c)= lim OfF(1.8v,F,Y)das ¢yF.(1,8v,F c)dq =
0 0
¥ 2p
.Y 2 \%TY O N\ A2 \%‘[CO
= Zdgdrt/ — - dqgdr¢=
0" Gy 5 ooA Gy
NN A2 2 = NN p2 2 e HYHZ
= mA (Y9 derA (c9 dr¢:W
C|
-¥ -¥
and
2p
% (Y,c) = \I,'@)r% (‘)jZFC(I,Ev,F,Y,c)dq/
0
o8P 572z §7?
7¢O R(1,8v,F,Y)dgx QdﬂZFC(I,év,F,c)dqj =
0 b @
o alY e
ooAzoﬂ dagre/
& ¥ 2p ;L/2a ¥ 2 61/2
N N\ \%TYO 2 \%TYO .
7 SO0N dqdr¢— OO~ dqdr¢: =
00" e s 00" re
¥ = ¥ , 01/2
= 00A 2Y¢:¢1F¢/§00A‘ A (Y §° dre:
-¥ -¥ @
e ¥ 872 (Y .c)
‘ (;OOA‘ A 2(0(1)2 dre- =1,
[t 5 IYllcl

The function j will be sought from the condition of
minimum discrepancy

2
ckYk dr¢

¥
e
‘2F¢

QJ°Z

F-&nv -

=
I

1
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with respect to the expansion coefficients. The
extreme condition leads to the system of linear
equations

an(Yay;)=(F.Y;) i=1

which can be presented in the form

[o]
af
“TyellysT Tvsl - HY H

or
A c(YiY;) & (VieY ) = oY) @

The system (2) is non-degenerate, because the
actuator basis is linearly independent in the space
with the scalar product (1) by definition, and
therefore this system has a unique solution.

2. Method of increasing the
dimensionality and projection methods
for solution of the phase problem

2.1. Many inverse problems of optics can be
formulated as a geometric problem on finding a
generic point of the given closed sets

xT |V, (©))

where the sets V; specify the a priori properties of
the solution, the results, and the measurement
conditions. The papers by Bregman® and Gurin with
co-authors® started the solution of the problem (3) by
iteration methods in the infinite-dimensional spaces.
These methods are based on the property of the
projection Pyx of the point x onto the set V. In the
optics problems, these methods have gained a wide
use starting from the papers by Gerchberg and
Saxton, Youla, Levi, Stark, et al.® The most
complete theoretical results are obtained for the case
of convex sets of the complex Hilbert space H and
the iteration alternate projection algorithm

Xna = T ho TX, = TX,, 4)

starting from the initial arbitrary point xo1 H,
where
TXx = x+1(Px- x) =@l +1 (P - 1)gx.

The parameters of the method |1 (0,2) are referred
to as the relaxation parameters. The algorithm (4) is
easy to implement and guarantees weak convergence.
In the phase problems sets are not convex and
therefore, the convergence of the algorithm (4) for
these problems is not guaranteed.

The experience of applying the algorithm (4)
showed™® that in some cases, the algorithm converges
very slowly, and therefore it calls for a modification.
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Consider two approaches to the modification of
the algorithm (4). In the first one, proposed by Levi
and Stark,® the relaxation parameters are chosen so
that the sequence of the algorithm (4) is also
minimizing for some criterion J(X), being a measure
of closeness of the point x to the sets V. In this
case, it becomes possible to optimize the relaxation
parameters from the condition of quickest descent to
the minimum of the criterion. This approach was
successfully realized in Ref. 6 for the case of two sets
(m = 2), provided that for the criterion

I =||Px - x| +[Pox - x| ®

the sequence of the algorithm (4) is minimizing, if
the relaxation parameters meet the corresponding
inequalities given in Ref. 6. For m > 2, it was
proposed to reduce the intersection of the sets in
Eqg. (3) to the intersection of two combined sets,
joining several properties of the solution of an
inverse problem. This naturally leads to a more
complicated determination of the projection onto the
combined sets and, consequently, to a more
complicated iteration algorithm.

There is one more circumstance connected with
this approach, which is worth noting here as well. If
the sequence (4) is minimizing, then it is one of the
possible minimizing sequences for the criterion (5).
Therefore, we can change the form of the minimizing
sequence from the condition of the quickest descent.

The second approach to accelerate the convergence
of the algorithm (4) was proposed by Gurin with co-
authors® also for two sets, but convex ones. In this
approach, the successive approximations starting from
X, are determined as follows. At every iteration step,
three projections y; = P1X;,, Y2 = Pyyi, ys = P1y, are
calculated and used to determine the approximation
Xn+1 = Y1 + 1 (yz—y1). The points y; and y; belong to
the set V; and determine the ray x =y; + | (Y3 — y1).
The point y, and the vector y; —y, determine a
hyperplane, rigorously separating the set V, and the
point ys, if y3 1 V; C V,. The parameter | is found
from the condition of ray intersection with the
hyperplane:

Re(yr +1 (Ya- Y1) - Y2.¥1- ¥2) = 0.

The intersection point is taken as Xp.1.-

It is noteworthy that this approach is a little bit
different from the regular algorithm (4) of selecting
the next approximation in favor of accelerating the
convergence. In the case m > 2, the combined
algorithm was proposed in Ref. 6: to find successive
approximations by the scheme (4), but sometimes to
do the “accelerating” steps for different pairs of sets.

Both of the considered approaches for
acceleration of the convergence of the algorithm (4)
are justified only for m=2. At m>2 their
application complicates the algorithm. The restriction
of this kind can be overcome by applying the method
of increasing the dimensionality.’
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2.2. Method of increasing the dimensionality.
Consider the direct product

_ ol
=QOHs H =
s=1
and two sets in it:
Vi ={X = (Xaeee 1) T %0 = o = Xy 1 VA,
\YA ={>? = (Xgyeer Xmo1) T Xs 1 VS+1}.

Then the problem (3) is equivalent to the problem of
finding the point x1 H from the condition

AIAVECAVA ©)

At H, define the scalar product

as >01 a; XX+ an =1

m-1

— — [«

(X¥)a =@ as(XsYs)u
s=1

The operator of projection onto the set V4 is
determined by the condition

172
_ e oy ot 20
% - Ry = min|x - ] = r;;@gglas\\xs - :

Because
m-1 m-1 m-1 2 Im-1 2
o 2 [o] 2 [} [}
a aSHXS - W‘ =a aSHXS -la asXs| t|a asXs - Y|
s=1 s=1 s=1 s=1
PiX = (YoeerY),s
where
m-1
o
y= Pla AsXs.
s=1

The operator of projection onto the set \, is
determined analogously:

7 7 o ot 172
% Ry| = min|x - ¥ = ygrmglga as|xs - ys|* ;-
%6 5. A/2
ga H X - I:</5+1X5 H N
85:1 ﬂ
therefore
P\72>7 = (P2X17---7mem'1)'

The transition from the Hilbert space H to the

Hilbert space H on the direct product allowed the
initial problem (3) to be transformed into the
problem (6) and the two considered approaches to
modification of the alternate projection method to be
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applied to the solution of the problem (6) and
ultimately of the problem (3).

The method of alternate projection of the
problem (6) with optimization of the relaxation
parameters | ; and | , by the Levi—Stark method takes
the form

in+1(| 1l 2) = T\71 C 1)T\72 (0 2)Xn,

where | ; and |, are determined at every step from
the condition

IR 12 2)) = min (1Ry %oy (M) - Ko ()] +

+[PgRosa (M) - Koo (m,m)).

The method of alternate projection of the
problem (6) with the Gurin's modification is reduced,
at each of the iterations, to the determination of
three projections

Yi=RyXn, Y2 =RV, Y3 = R Y2
and the next approximation
Xos = Y1 +1 (V3 - Y1),
where | is determined from the condition
Re(yl +1(Ys- Y1)~ Yoo Yi- )72) =0

2.3. In the Levi—Stark method, first the
sequence (4) is specified accurate to the relaxation
parameters, and then the measure of closeness of the
point to the intersection sets, for which this sequence
can be minimizing, is determined. In Ref. 7, the
alternative approach was considered, in which the
measure of closeness is specified between the points —
representatives of the sets, and the minimizing
sequence is determined from this measure. This
approach lifts the restriction on the number of
intersection sets of the problem (3), and the problem
is reduced to finding a quickly convergent minimizing
sequence.

For the problem (3), the approach functional
was considered’:

m
J (X, Xgpee e X)) = é agfx - X z

s=1

where x1 H and x,1 \,, s =1m. At the solutions

of the problem (3) x=x, =...=X%,, the approach
functional achieves the minimum. The method of
constructing the minimizing sequence of the approach
functions is described in Ref. 7. The representation of
this method in the vector form will allow us to
establish the relation of this method with already
considered algorithms.

Let the space be

— o
H=QH,, Hi=H,

s=1

and two sets in it are:
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Wy ={X = (Xppee e Xn) 2 X =0 = X 1 H}

and
Vo ={X = (Xppo e Xm) 1 % T 4},
for which the projection operators are, respectively,
PiX = (Yiree+sYm)s
where
g —
Ys = a AgXs, S = lvm
s=1
and
Ry, X = (PiXqs- -, P ) -

In the vector variables, the approach functional takes
the form

— — — — 2 — AT = A
(%) =% - X5, X T M, X1 Vs
The approach functional is equal to the square

distance between the two points from different sets.
The characteristic

J(%) = g%i\% I(%, %) = J(gl,p\,/z;(l)

is a measure of closeness of the point X, to the set V.

The method of coordinate minimization by the
variables X; and X, leads to the algorithm of the
form (4):

Kinen = T T %m0 Xon = Tg%an, %ol Vi (7)
and therefore calls for modification. For this purpose,
at every iteration the projections are calculated

Vi =Ry X, Y2 =R Vi, Y3 =Rz, Ya = 5\71)73-

In fact, the iterations (7) with the unit relaxation
parameters are carried out twice. The obtained

projections specify the ray X() =V, +! (Va- ¥2),
contained in V4, because Vj is a linear set, and the
hyperplane in H is

Re(X- Vs, ¥Y3- ¥2) =0.
If V1 V,CV,, then, according to the property of
projections,

Re()?' 931 373 - 372)3 01 I')?T \72!
and
Yo - )73H2 <0,

Re(Y2 - Vi, Y3- ¥2) =-

therefore the hyperplane separates the set \, and the
point ¥, . Substitute a ray point into the equation of
hyperplane

Re(y, +1 (374 - 372) - Vs Y3~ ¥2) =0.

According to the projection property, the points meet
the following inequality

Re(Ys - Yo, Ya- ¥2) ° |V - Vul >0,
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and therefore there is a number
L =|¥s- Vo 7Re(Ys - ¥2.Ya - ¥2) 2
Y5 - V2|20V - V2| 2 2,

at which the ray x(I) at the point X(L) intersects

the hyperplane.
The approximation X;,,; will be sought in the

form Xy, = = X(I.), where |. will be found from
the condition

J()?(I 2).R,X(l *)) = lrirhif].](i(l ),P,X( )).

Thus, the method from Ref. 7 for solution of the
problem (3) includes the ideas from Refs. 5 and 6
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and can be applied to solving the problem for
intersection of more than two convex sets.
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