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Abstract

Adaptive optics corrected flood imaging of the retina is a popular technique
for studying the retinal structure and function in the living eye. However, the
raw retinal images are usually of poor contrast and the interpretation of such
images requires image deconvolution. Different from standard deconvolution
problems where the point spread function (PSF) is completely known, the PSF
in these retinal imaging problems is only partially known which leads to the
more complicated myopic (mildly blind) deconvolution problem. In this paper,
we propose an efficient numerical scheme for solving this myopic deconvo-
lution problem with total variational (TV) regularization. First, we apply the
alternating direction method of multipliers (ADMM) to tackle the TV regu-
larizer. Specifically, we reformulate the TV problem as an equivalent equality
constrained problem where the objective function is separable, and then min-
imize the augmented Lagrangian function by alternating between two (sepa-
rated) blocks of unknowns to obtain the solution. Due to the structure of the
retinal images, the subproblems with respect to the fidelity term appearing
within each ADMM iteration are tightly coupled and a variation of the linearize
and project method is designed to solve these subproblems efficiently. The pro-
posed method is called the ADMM-LAP method. Theoretically, we establish
the subsequence convergence of the ADMM-LAP method to a stationary point.
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Both the theoretical complexity analysis and numerical results are provided to
demonstrate the efficiency of the ADMM-LAP method.

Keywords: total variation, retinal imaging, image restoration, myopic deconvo-
lution

(Some figures may appear in colour only in the online journal)
1. Introduction

Image restoration is an important topic in image processing which is widely used in many
areas, such as astronomical imaging, medical imaging and restoring aging and deteriorated
films. The goal of image restoration is to reconstruct the best possible approximation of the
clean, original image from an observed, blurred and noisy image. The basic image restoration
problem can be described as a linear inverse problem

d=Ax+e, (1

where A € R™*" ig an ill-conditioned blurring matrix defined by the point spread function
(PSF) 9], d € R” represents the observed, blurred and noisy image, e € R" denotes the
additive noise and x € R" denotes the unknown true image to be restored.

The PSF is generally assumed to be perfectly known in standard image restoration tech-
niques. However, this is not always the case. In many applications, the true PSF (and therefore
the blurring matrix A) is unknown or partially known. This results in blind deconvolution prob-
lems where image restoration also requires recovering or approximating the PSF. If the PSF
can be parameterized by a small number of unknown parameters, the problem can be consid-
ered mildly/partially blind, or myopic. Adaptive optics (AO) corrected flood imaging of the
retina is one such myopic deconvolution problem that has received much attention. In [2, 4],
the authors present an imaging model that can transfer the 3D model to a 2D model with the
global PSF being an unknown linear combination of a few PSFs. Thus, problem (1) requires
estimating both the combination coefficients of A and the true image x in this model.

In order to guarantee the fidelity of the recovery, it is necessary to add a regularizer. There are
two well-known types of regularizers for problem (1): one is Tikhonov and the other is total
variation (TV). Tikhonov regularization was first proposed in [20] with a quadratic penalty
added to the objective function. Due to its quadratic property, it is inexpensive to minimize the
objective function. Thus, Tikhonov regularization is computationally efficient and has been
widely used. However, one disadvantage of the Tikhonov approach is that it tends to over
smooth the image and fails to preserve important image details such as sharp edges. The TV
regularizer, first proposed by Rudin, Osher and Fatemi in [16], has also been widely adopted in
image reconstruction problems [11, 17, 19, 21]. Since the TV approach uses the summation of
the variation of the image x at all pixels to control the norm (or semi-norm) and the smoothness
of the solution, it has been shown both experimentally and theoretically that the TV approach
can effectively preserve sharp edges and keep the important features of the restored image.

Following the AO retinal imaging model in [2, 4], in this paper, we consider the myopic
deconvolution model with TV regularization as follows

min @ (x, w) = gHA (w)x —d|2+ TV (x)

x€Cx,wECy

P
S.t. ij* =1,
=1

(@)
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where Cy = {x[x; > 0 fori=1,...,n%},Cyp = {w|w; > 0 for j=1,..., p}, pis apositive
parameter that is used to balance the two terms in the objective function, TV denotes the TV
regularization term, x € R" is a vectorized version of the unknown n x n image to be recov-
ered, w € R? denotes unknown weights parameterizing the blurring matrix A (w) € R"zx"z,
andd € R" is the observed, blurred noisy image (data). For the imaging model we use, the
blurring matrix A (w) is a weighted sum of p known blurring matrices A; with the form

P
A(w) = Z’U}]Aj = wiA| + Ay + - - - +prp
Jj=1

Note that the fidelity term in the objective function in (2) is nonconvex and the TV regu-
larization term is nondifferentiable and nonlinear. This poses some computational challenges
in the optimization problem. In particular, due to the existence of the parameters w and
the nonconvexity of the objective function, approaches such as the fast iterative shrinkage-
thresholding algorithm [1, 6] cannot be applied directly to solve the problem. However,
alternative approaches have been proposed to solve the optimization problem with TV regular-
ization in the literature. One particularly efficient scheme is the alternating direction method
of multipliers (ADMM) [19, 21, 28]. ADMM was first developed to solve convex optimization
problems by breaking them into subproblems, each of which are then easier to handle. Recent
work has shown that ADMM can also perform well for a variety of applications involving
nonconvex objective functions or nonconvex sets [5, 13, 22, 26, 27]. Inspired by the success
of ADMM on nonconvex problems, we consider using it as the optimization method to tackle
problem (2).

The main contribution of this paper can be summarized as follows:

e We implement an efficient algorithm called ADMM-LAP for myopic deconvolution prob-
lems with TV regularization arising from the AO retinal image restoration. Specifically,
we first apply ADMM as an outer optimization method to tackle the TV regularizer and
then apply the linearize and project (LAP) method as an inner optimization method to
solve the tightly coupled subproblems arising within each ADMM iteration. We establish
the subsequence convergence of ADMM-LAP to a stationary point and conduct a com-
plexity analysis of ADMM-LAP to demonstrate its computational efficiency for myopic
deconvolution problems with TV regularization.

e We present extensive numerical experiments to illustrate the effectiveness of the
ADMM-LAP method. In addition, we compare the performance of ADMM-LAP
with a benchmark method called ADMM-BCD where ADMM is applied to tackle
the TV regularization while block coordinate descent (BCD) is applied to solve
the coupled subproblems. Compared to ADMM-BCD, ADMM-LAP converges faster
and can reach smaller relative errors for both the restored image and the obtained
parameters.

The paper is organized as follows. In section 2, we introduce a general formulation of the
AO retinal imaging problem. In section 3, we first briefly review the iteration format of ADMM
and introduce a variation of LAP for our problem, then propose the ADMM-LAP method and
present the convergence results. A benchmark method ADMM-BCD is also discussed. The
computational complexity of both methods are analyzed in this section. Numerical results are
given in section 4, and concluding remarks are drawn in section 5.
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2. Retinal imaging problem

2.1. AO retinal imaging model

AO is a well-known optoelectronic technique that compensates for the time-varying aberrations
of the eye [3]. However, AO flood imaging suffers from an intrinsic limitation that leads to a
loss in resolution because the object is three-dimensional, the image contains information from
both the in-focus plane and the out-of-focus planes of the object. Hence, interpretation of such
images requires an appropriate post-processing, including image deconvolution. In this paper,
we focus on the myopic image deconvolution problem that arises from the AO retinal image
restoration and propose the efficient ADMM-LAP method to solve the problem.

First, we describe the structure of the AO retinal imaging model. In the continuous setting,
retinal imaging is typically modeled as a three-dimensional (3D) convolution [2, 4]:

dsp = hapx3px3p + e, 3)

where dsp is the observed image, h3p is the PSF, x3p is the three-dimensional convolution
operator, x3p is the true object, and e is the additive noise. If the true object is assumed to be
shift invariant along the optical axis, i.e., the z-axis, then x3p becomes separable with

x3p (X,y,2) = Xop (x,y) w (2),

where w (z) is the normalized flux emitted by the plane at depth z such that [ w(z)dz = 1. For
reasonable optical setups, this shift invariance along the optical axis can be guaranteed to a
sufficient degree to make this separability assumption meaningful [2].

In practice, retinal flood imaging systems typically image along a single plane of interest,
a departure from the 3D model in (3). This results in a 2D data image taken at a single depth.
For depth z = 0, this gives the observed image

dp (x,y) = dsp (x,,0).

The shift invariance assumption for the true image x3p then implies that the two-dimensional
PSF for the observed image dap(x, y) can be expressed as

hop (x,y) = /w (—2) h3p (x,y,z2) dz.

Discretizing the above integral using a quadrature rule (a simple rectangle rule is often
sufficient) we obtain the PSF for the observed retinal flood images as

)4
hop (x,) ~ Y wih;(x,y),

=1

where ht; (x,y) = hsp (x,y,z;) is the 2D PSF taken at depth z; and w; = w (z;) Az; are weights
with Az; the thickness of the jth slice of the 3D image in the quadrature sum. Thus, in our
myopic deconvolution model (2), the problem becomes determining the unknown weights w;
that parameterize the PSF with the constraints that Z;‘):l wj = landw; > O forall j. We point
out that it can be seen from numerical experiments that the global PSF in (2) is normalized (i.e.,
all entries sum to approximately 1). Therefore, the myopic deconvolution model satisfies the
fact that the PSF is energy preserving.
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2.2. Myopic deconvolution model with TV regularization

For TV regularization in (2), we follow the notations used in [19, 21]: the discrete form of TV
for a grayscale image x € R is defined as

TV () = > ||Dix]. (4)
i=1

where for each i, D;x € R? represents the first-order finite difference of x at pixel i in both
horizontal and vertical directions. We note that the 2-norm in (4) can be replaced by the
1-norm. If the 2-norm is used, then we obtain the isotropic version of TV, and if the 1-norm is
used, we obtain the anisotropic version. In this paper, we will only treat the isotropic case for
simplicity, but the treatment for the anisotropic case is completely analogous.

Notations: the two first-order global finite difference operators in horizontal and vertical
directions are, respectively, denoted by DV, D ¢ R xn?, D, € R2*" is a two-row matrix
formed by stacking the ith row of D" on top of the ith row of D and D:= (D"V;D?) €

2 . . .
R27*n s the global first-order finite difference operator.

In order to deal with the restriction on the sum of the weights, we introduce an appropriate
regularizer on w:

n 2

min DA @)x — a3+ |Dls + Sw) (5)

XE€Cx,wECy 2 —
=

where Cx:{x|x,-20 fori:1,...,n2},Cw:{w|wj>O for j=1,...,p} and
A(w) = zif:l w;A ;. The regularizer S(w) is defined as

&
2
where e € R” is the vector all ones and £ > 0 is a weighting parameter. This regularizer
penalizes solutions where the weights w; do not sum to 1, so for appropriately large &, it
can effectively enforce the summation constraint. We choose this option because it fits conve-
niently within the LAP framework in section 3.2. Another possible alternative is a Lagrangian
multiplier approach, which would strictly enforce the summation [15].

S(w) = (e w — 1)%,

3. Optimization schemes

In this section, we first briefly review the ADMM, discuss how to adapt ADMM to solve (5) and
discuss how to adapt a variation of the LAP method to solve the related coupled subproblems.
We then propose the ADMM-LAP method for solving (5) and give the convergence analysis.
A benchmark method called ADMM-BCD is also introduced in this section. We compare their
computational complexity and show that ADMM-LAP is more efficient when solving (5).

3.1. ADMM splitting

The classical ADMM is designed to solve the following two-block optimization problem with
linear constraints
min_f (u) + g (v)
uwek? (6)
s.t. Bu+Cv =z,
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where f (u): R” — (=00, +0], g (V) : R” — (—00, +o0] are convex functions, and B, C €
R andz € R are given.
The augmented Lagrangian function for (6) is given by

Lsw,v,\) = f @) +g@) +\Bu+Cv—z)+ gHBu + Cv — 2|5,

where A € R™ denotes the Lagrange multiplier, 5 > 0 is the penalty parameter.
Given (u°,v°, )\0) € R x R x R"™, the penalty parameter 3 > 0, ADMM iterates as
follows:

1 — argmin L3 (u, vk,)\k) R

u

v*T! = argmin L5 (u*t', v, XY,

v

NF =N — B (Bu ! + Cv*T! — 7).

u

In order to apply ADMM to solve (5), we introduce artificial vectors y; € R%,i=1,...,n%
then we can rewrite (5) in an equivalent form:

’12

min £ (|A@w)x — d|3 + Sw) + 3 [ly,lla + de,(x) + e, (w).
xX,w.,y 2

i=1

st. y,=Dix, i=1,...,n°% 7

where  C. = {x|x; > Ofori=1,...,n*}, Cp = {w|w; > 0for j=1,...,p}, Aw)=
Zf: L w;Ajand d¢(-) denotes the indicator function of C, i.e.,

0, seC,
56(5)—{
00, s¢C.

For convenience, let* y=I[y:»mle R2"2, where y,,y, are vectors of length n* and
[(yDis(y)il =y, € R? for i = 1,...,n* The augmented Lagrangian function for (7) is then
given by

L3, 3.2 = 5 Ao} = d}3 + Sw) + 6,0 + 8, (w)
n2 /B
#32 (Il =AY D20 + Sl Do)

where each \; € R>and A € R’ isa reordering of A; similar to y.
Consider (x, w) as one block of variables and y as the other. We can now apply ADMM as
the outer optimization method to tackle the TV regularization term in (7). Given the initial point

4Borrowing MATLAB notation, we use the semicolon in a vector to denote concatenation of terms.

6
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(b, 2%, w®, A%), the ADMM algorithm iteratively solves the following three subproblems:
yk+l = argmin Ly (x/‘,wk,y, }\k) R
y
@, w ) = argmin L (x,w, YN
Ak+l — Ak _ ﬂ ()/H»l _ka+l> .

First, for the y-subproblem, notice that minimizing £z (x", wk, y, )\k) with respect to y is
equivalent to minimizing n*> two-dimensional problems of the form

. B Lk > . 2
min ||y, Sy, = [ Dixk+ =N ) 12, i=1,2,...,n% 8
yiE}RgHy,IIHZ\Iy, +ﬁ( )i ) 5. n (8)

The solution to (8) is given explicitly by the two-dimensional shrinkage [19]

Dixk 4+ L(AK).
yit! :max{HDixk+ %(A")i L } 5(X),

oy —— P L =12, nh )
> B IDak + L (X ]2

Second, denote

’12

B
R 0= (Il = A7 (3= D) + 5 v~ D)

i=1
and define
xw. 3. X) = T4 ) x = d]}3 4+ S(w) + R(x. 3 ).
Then it can be shown that the (x, w)-subproblem is equivalent to the following problem:

(xk“,wk“) = argmin ®(x,w, y ', 0. (10)
XECx,WECy,

Note that this is a tightly coupled optimization problem with element-wise bound constraints.
Finally, update the multiplier,

NFHL= X — B (T — Dx*) . (11)
If the termination criterion is met, stop; else, set k:=k + 1 and go to the y-subproblem.

3.2. LAP method

To solve the tightly coupled (x, w)-subproblem (10), we develop a variation of the LAP method
proposed by Herring et al [10]. The LAP method is efficient for inverse problems with multi-
ple, tightly coupled blocks of variables such as the problem under consideration. Its strengths
include the option to impose element-wise bound constraints on all blocks of variables.

In this paper, we present the LAP method based on the normal equation approach instead of
the least squares approach presented in the original paper [10]. First, we consider the uncon-
strained problem where Cy, = R”z, Cw = RP. Denote the residual as r (x,w) =A (w)x —d.
Then at the iterate (x, w), the Jacobian with respect to the x block of variables is

Jo =V, w) =A@w)’, (12)
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and the Jacobian with respect to the w block of variables is

(Ax)"
@’

o= (13)
Ap0)"

Computing the update step around the current iterate (x,w) requires the gradient and
Hessian of the objective function ®(x, w, 1, XX). These are given by

. T F1 ok
Vb, N = [J7] 4 | VAR LX) (14)

i T T 2 +1 vk
Viw@(x, w, ¥ A~ p {Jx Jo I, Jw:| n [VxR (x,f S ) 0 0s)

Jode Jodw 0 VZS(w)|’

where r:=r(x, w). Here, the Hessian of the regularizer R(x) can be exact or a linearized
approximation. Let dx and dw denote the update step for the image and the parameters, respec-
tively. Then the update steps dx and dw are given by the solution of the following block linear
system

JIJ;;%—iVﬁR(x,y"“J\k) 1w m
JIJ, T Jw + V2. S(w)| 0%

Jir+ lva (x, LX)
L
Jwr + Vi S(w)

(16)

Note that omitting the regularizer terms, (16) is the normal equation corresponding to the
least-squares problem

o sl ]

that can be obtained by the Linearize step of LAP in [10].

LAP solves (16) by projecting the original problem onto a reduced space. In this paper, we
choose to project the problem onto the image space, i.e., we eliminate the block of variables
corresponding to w. When projecting the problem onto the image space, dw can be computed
by

Sw = — (I Jw + V25w)) " (JLJebx + Jor + ViuS(w)) . (17)

Plug (17) into (16) and get
(Jij + %V,%R (x, ¥, Ak)) 6x — I Jw (I Jw + viS(w))—n
X (Jpdxdx + Jor + VS(w)) = — (J,Ir + %VXR (x, A")) ,

8
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which can be simplified as
Moéx =b, (18)

the operator and the right-hand side are given by
1
M= 31 = Tui T+ VS0 I+ ViR ()1, 0).

b= —J (= JuUpJw + Vo, Sw) T )r — iva (x, 1N
+ 30w Jw + Vi, Sw)) ™ Vo S(w).

Moreover, it is easy to see that the gradient and Hessian of R(x, y"+1 s )\k) satisfy

n2

VAR (5, = 37 (DT, - ADT (v — D)

i=1

= D"\ — DTy 4 8D Dx, (19)
and
n2
VIR (x,y1X) = BD!D; = pDD. (20)

i=1

Following the above procedures, we are able to compute the unconstrained update steps dx and
dw.

Next, we consider modifying the above procedures in order to handle the element-wise
bound constraints on x and w. We know that a simple extension to the Gauss—Newton method
does not work [12], however, a simple correction, i.e. the projected Gauss—Newton method
[8] can be made convergent and it works well for many inverse problems. To this end, the
variables are divided into active set variables and inactive set variables and the step dx and jw
are computed through these two separate sets. Let the feasible index set be defined as

N:—{qu Y 20}.
Wy

Define the active and inactive sets as

A= {qu q :0},
Wy

I=N\A

XA

Then, we can divide the variables into the active set variables and the inactive set vari-

5x_,4

ables [xl } Denote the steps taken on [xA} by [
wr wy dw 4

} and the steps taken on [xI } by
wr

1 respectivel
owz|’ SP Y
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0x7 and dwz can be computed in a similar way as the unconstrained case except that the
variables need to be projected onto the inactive set. That is, dx7 at the current iterate (x, w) is
computed as:

Msx; =b, @1
the operator and right-hand side are given by
M =31 — Jo] o + V2,5w) T + ivﬁiz EXARPUN
b= —J = Ju o Jw + V2Sw) ' I r — %vxie (x, 1,09
+ 3300 dw + V2,8w) ™V, S(w),
where Jy., Ju, ViR, V2R, V.S and V2 S represent J,., Ju, ViR, V2R, V,,S and V2 S restricted
to the inactive set via projection, respectively. The reduced problem (21) does not need to be

solved to a high accuracy. For example in [10], a stopping tolerance of 10~ is used to solve
the reduced problem iteratively. After solving for dxz, w7 can be computed by

PR A -1 /.. A .
dwr = —(Ipdw + V33@))  (ILddnz + Tr + VuSw)) . 22)
For the active set, x4 and dw 4 are given by a scaled projected gradient descent step

dxa| Jr ViR (x + 6x4, T, )\k)
[611) A} -k [H,r} B { Vo S(w) ’ (23)

where J T jw, ka and VwS‘ represent the projection of J, Jw, ViR and V,,S onto the active
set, respectively.
Then dx and Jw can be calculated as a scaled combination of dx 4, dw 4, dx7 and dwz by

ox| | dxz x4
] = Lo+ s e

ow A
and the parameter 7 is selected based on the recommendation in [8]

_ max (102z]|oc» || dwz][ o)

- max ([|0xalloc. [10w.all)

Finally, the projected Armijo line search is applied to find the solution. Here the modified
Armijo condition is given by

P (Pe, (x +10x), Pe,, (w + ndw), y 1, A5
<8 (rw N +orQ(Vand ()5 09

where P¢, and P¢,, denotes the projections onto the feasible set for the image and parameters,
respectively, Q (Vx,wi’ (x,w, Y1, )\k)) denotes the projected gradient, 0 < 7 < 1 denotes

the step size by backtracking, and we set ¢ = 10~* as suggested in [15]. We point out that it is
necessary to update the inactive set and the active set in each iteration because the projection

10
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Algorithm 1. ADMM-LAP method for (7).

Input: ( 3, x0 w?, )\0) e R? x R” x R” x R¥, the penalty parameter 3 > 0.
Let {ex+1}72, be a sequence satisfying {ex+1};> C [0, 4+00) and Y €x+1 < 0o. Setk = 0.
Output: y*, x*, w*, A¥.
Step 1 Compute y**! using (9).
Step 2 Find a minimizer of
min  $(x, w, ¥+, A5,
xECx,weCy

Specifically,

1. Compute the step on the inactive set by the LAP method using (21) and (22).

2. Compute the step on the active set by (23) using the projected gradient descent method.

3. Combine the steps using (24).

4. Perform the projected Armijo line search satisfying (25) to update x**!, w**!.

5. Update active and inactive sets.
! R !
Step 3 if the residual L]iﬂ} = Ve @(x, w, Y1, N satisfies Lliﬁ}
w w
2o to step 4; else, repeat step 2.
Step 4 Compute A\*t! using (11).

Step 5 If a termination criteria is met, stop; else, set k:=k + 1 and go to step 1.

< €1, stop and
2

does not prevent variables from leaving the active set and joining the inactive set. Hence, it
makes sense that in algorithm 1, if the termination criterion is not met in step 3, we go back to
step 2 and get a new solution.

3.3. ADMM-LAP method

The proposed ADMM-LAP method for solving myopic deconvolution problems with TV
regularization is summarized in algorithm 1.

Notice that ADMM-LAP is an inexact ADMM, where the y-subproblems are exactly solved
while the (x, w)-subproblems are inexactly solved. Inspired by the recent results in [14, 22],
we prove that the ADMM-LAP algorithm converges subsequently to a stationary point.

Theorem 1. Ler (3°, x°, w®, X°) be any initial point and {(*, x*, w*, \*)} be the sequence
of iterates generated by algorithm 1. Then if [} > i)\max(A(wk)TA(wk)) and B satisfies

Bzal — LB —4a,Cy > 0, where Cy, a1, as, L are constants specified in lemmas 1 and 2,
algorithm 1 converges subsequently, i.e., it generates a sequence that has a convergent subse-
quence, whose limit (y*, x*, w*, X") is a stationary point of L. Thatis, 0 € Ls(y*, x*, w*, X¥).

To prove theorem 1, we define the following functions:

F) = |villo»
i=1
G(x, w) = §||A(w)x —d|2 + S(w) + 5, (x) + dc,, (w),

gxw) = Sl A@w)x — d|}} + S(w).

Lemma 1. The iterates of algorithm 1 satisfy:
(@) Vi@ wht) = =507 DIXT! 4,

1
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nz n2
@) | DINT =37 DI < Co

constant.

+ ||nE+ — nk||o, where Cq is a
2

|:xk+1_xk:|
k

wt —

Proof. First, notice that for (x*T! w®*!) generated by ADMM, we have x**' =
BV AR ;x’;;"l] € Cp, wht! = [wht T bt ;wht'] € Cy. From the definition of the
general subgradient, for all v, € dd¢, (x* 1),

S0, (6) — 0o, (FTHY > vy - (x — XD, VxeR”

For any x = [x;;x2;...;x,2], where x; > xf-‘“ >0,i=1,2,...,n% we have 0 > v, - (x —
XN, For any x = [x;;x2;...;x,.], where 0 < x; <x¥™', i=1,2,...,n% we have
0 < v, - (x — ¥*T1). Thus, we have v, = 0. Similarly, v,, = 0. By the first-order optimality

condition at (x*T!, wkt1),

s

112 n2
Vgt whth STOIN| D BDfofT - D)
{ng(xl‘“,wk“) + i=1 i=1

0 0

k41
— l:ni+l:| S 86cxxcw(x"+1,wk“).
T

Hence,

n2

Vgt + 3 (DIA] = BDT O — D)) — it = 0.

i=1
Then by the update of the multiplier X' = X* — 3 (y#*! — Dx**!), we obtain

)12

Vgt = = " DIN 4t (26)

i=1
We make use of the decomposition
Vg, w') — Vg™, D2 <[V, wh) — Viga, w2
+ [ Vag, w' ) — Vg " @27)
For the term || V,g(x*, w") — V,g(x*, w**")||,, we have the estimate
[ Veg(x, w') — Vg, w' )|l
= A" A" — A(w")Td — A(w THTAW Tt + A )|,
< [J A A" — A THTAN A,
+ (A TAGw R — AT TA@W |
+ [|A(w*)Td — A(w*THTd||,. (28)

Then, we estimate the terms in (28) separately with the two-weight case, i.e., w = [w; 1 — w].
Cases with p > 3 can be considered similarly, here we omit it. First,

12
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A A — A TYTAW ) ||
< JJA@HT = AT - AR,
< wrAT + (1 — whHAT — AT — (1 — T HAT |, - |AGwh)E
< AT = AZll2 - AR - [l — |,
= Amax(A] = A) - [A@) 2 - [Jw* — w1,
= cq||wt — W, (29)
where ¢1 i= Apax (AT — AT) - |A(w)x* ||, is a constant. Similarly,
AW HTAw* ) — A HTAR k|
< Amax(A1 = A2) - AT - [l - [0 — @y,
= opfjw* — w5, (30)

where ¢3 = Amax (A1 — A) - [[A@*THT||5 - [|x*]]2 is a constant.
Moreover,

lA@w'd — A(w )|l < [[(A1 = A)'d]|2 - [l — w
= C3Hwk _ wk+1 ||2, (31)

where c3 :=||(A| — A,)"d||» is a constant.
For the term ||V,g(x*, w* 1) — V,g(x* 1, w1, we have
[ Vxge, w' ) — Vg™ w5 = pllA@ ™ HTA@ D — ],

< tAmax AT TA ) - [lxf — X5, (32)
Then we know from (26)—(32) that there exists a constant Cy such that

nz nz
D ODINT =S ODIN k= 0kl
i=1 i=1 )

n? n?

=20 DIN et Y DI

i=1 i=1 5

= || Vag @t ) — Vg, wh)||,

K ¥
<
<G |:wk+l — )
where Cp :=v2max{c; + ¢3 + ¢3, pAmax(A(w ) TA(w*t1))}. Hence, we have
n? n? k1 2
K X

ZDiT)‘fH o ZDiT)‘? <G |:wk+l _ ,wk:| + H’?I;+1 - 77];H2~
i=1 i=1 2
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Lemma 2. Let {(,x, w, )\k)} be the sequence of iterates generated by algorithm 1. If
B> a]*l)\max(A(wk)TA(wk)) and f satisfies 3*a; — LB — 4a,Cy > 0, where a1, a, are constants

depending on D, L denotes the Lipschitz constant of —g(x**',w*), then {(yf, x*, wk, )\k)}
satisfies:

(@) LsOF,x*, wk, N is lower bounded and there is a constant C > 0 such that for all
sufficiently large k, we have

Eﬂ(y",xk,wk,)\k) o £g(f+1,xk+l,wk+l, Ak+1)

Vl2
Ol e | LA
2 ¥ 2t k+1 —w

b) {OF, x, wh, Ak)} is bounded.

2
%an—o—l

k(12
- = 7ixll2-
)

Proof. According to the optimality condition of the y-subproblem, we define
dit = (N, + BOFT — Dixt) € Olly; .

We know from the definition of £5()*, x*, w*, X") that

LoOF 2wt X = L0/ At X

n

=FOH) — FOM ) = ST (W), o — H')+52|\y, D> — BZHyk*'—DMHz
i=1

n®

=FO) — FOFH = S7 (M) o - k+‘>+BZ (Iyf = yi '3 + 28 = Dby — yi ™)

i=1

: 5
*Z (I8l = 95+ = (d+yt =y Zuy, AME

B
k
Ol
i=1

where the second equality follows from the cosine rule: ||b + c||> — |la + ¢||* = ||b — a||* +
2{a + ¢, b — a) and the last inequality follows from the convexity of ||y||.
Moreover, we have

Lok wh X — L08R

"Z

= gk, wh) — g, whth Z (9T — AT yot! +Z )‘L
i=1

n?

—Z(AH]) xk+1+z vt — kaHH‘Z Iyit! = D
i=1

n’

= g, wh) — g, w ) + g0, W) — gt = DT (T = D) !
i=1

+Z (N9 Dix* —Z(A"“)?Dixk+z()\k+')l.TDixk—Z(/\"+‘)l.TD;,\"‘
i=1 i=1

i=1

14
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"Z
+ gz (Il = Dx* + DTy + 2(—D ! + yi ' D + D))

i=1

nZ
L
> 7\|wk+1 — w4 §Z (Il = Dix* + D Y|y + 2(—D* ! + i, —Dx* + D))

i=1

le
37 B - Dty k)
i=1

L 1 G
— Sttt = Wt ST, - (), + 5301 - Dt D
i=1 i=1

2 2

] e R [ et S
k—+1 - k+1 k 5 k+1 k Y 2
) B wT—wh] ], 2 wT—wt] |, B
, 2
— | [ 5] | - S -k
+ 5 6 x
where C:= — % — 2“?% + % is a constant, a;, a, are constants such that fori = 1,2, ..., n2,

1Dt = x93 > @[+ — x5 and 9l 3 < @[ DT (NF); — (Ak ) [E2
respectively. The second equality follows from the cosine rule; the third inequality follows
from the convexity of g(x*, w**!) with respect to x and the Lipschitz differentiable property
of —g(¥**1, w*) with respect to w [22], L is the Lipschitz constant; the fourth equality follows
from the definition of the multiplier X' = AF — g ( k1 pxkt! ); the fifth inequality fol-
lows from lemma 1. In order to ensure C > 0, we require (3 satisfies 62a| — LB —4a,Cy >
0.
Then we know from two equalities above that

L, 2, wh N — L, N
£ |

I’l2
S Iy -y B+ H[+ }
i=1

2

2
= Zllme = a3 (33)
] B

This means for all sufficiently large &, £g(y",xk, wk, A% is nonincreasing. As D; € R2*" has
full row rank, then there exists at one X such that D;x = yff ,Vi=1,2,...,n2 Thus, we arrive

at
2

2 2
2 . k q . B .
Lo0h 2wt N = Tl —dl+ 3 Ivilla = 30 (X)] 0 = D)+ 55 - D2
i=1 i=1 i=1

n?

nz n2
. 4 -
=D Iyl + §Z Iyt = D3 + Ay —als = 37 (DF (M), — ),
i=1 i=l1

i=1

2 2
n 8 n u .
=D ¥l + 5D llys = Daxtlls + S llA) —
i=1 i=1

712 ”2
' e\ A s
= DI+ At -+ 03 D - 2
i=1 i=1

5“1

’Iz
m N )
2D I¥ile + S llA@i —d|ff + = [|x — )3 > —oc.
i=1
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Since Ls(*, ¥, w*,A") is lower bounded and Z IV + BA@NE 3 + (B Bar —

Imax(A(WHTA(w*)))||x — x| is coercive over the fea31ble set Qp:={(y,x,w):Dix =
yii=1,2,...,n%}, we conclude that {y} and {(x*, w")} are bounded. Hence, by lemma 1,
{A*¥} is bounded. O

Lemma 3. Ler Lz, X1 wht! A+ = (Gyﬁﬁ, V) Lss VAEQ). Then there exists
a constant C > 0 such that for all k > 1, for some p*+' ¢ QLY+, xh+l wh A e

have
+1
10 < & (| [ 2]

Proof. Because

+ [l - nﬁ\lz) :
2

VAiLg()/‘H,ka ftl AR+ (yk+l DX
1
:B (()‘Hl)i - ()‘k)i) ’
and
Ve Ls(F T, 1 gkt A = ZDT )J‘*‘ ()\k)l_)
0
we have
[VALs(F L XN
BZ H >\k+1 )\k) ||2
Ak-‘rl ()‘k),) H2
1 Xk
o 5] e
and

IV o LaF T, XN, < G + gt = k2

2

AR
Wk

w

By the definition of the subgradient, we make use of the decomposition and obtain

n2

ALy LN = 9% (i [l — (A, + BT — D)
i=1

—62 (I = (W), + B — Dy — (NF1),

+ (XY, + B — D)

16



Inverse Problems 37 (2021) 014001 X Chen et al

Thus, according to the optimal condition

0 € Iyl [l = (N), + SO — D),

we have
}12
=D (A1), = (A),) + B — Dty € Ly K kTN,
i=1
Letting
P = i AT,
where

n2

IJ;+1 — _ Z ((Ak+l)i _ (Ak)l) +ﬁ(Dixk —D,~xk+'),

i=1

At = iD? (1), — ().

pﬁ'“. 52 >\k+1 )‘k))

Then we have

111 < W | R | R el
/8\/_ k+1 k ) \/(1_1 k+1 k 2 0 wk+l _wk )
+6ZIIDH e+~ x"|\z+(ﬁf+f )u bl

XD xk
(H[ o } +||nk“—n§uz>,
2
o 1 1 n? :
whereC.—Co(l—|—m\/7—])—|—ﬁzl-:1 |D;|2 is a constant. O

Now we give the proof to theorem 1.

Proof of theorem 1. By lemma 2, the sequence {(*, x*,w*, \*)} is bounded, so there
exists a convergent subsequence {(y',x", w", A")}, ie., {(y, x", w", A")} converges
to (¥, x*,w*, \") as k — oo. Notice that the residual is summable, then we know from
lm% =t |2 < llngllz + I ™2 that when k — oo, [|nf —ni*'|l> — 0. Hence, for suffi-
ciently large k, we have Lg( y", XK wk AN is nonincreasing and lower-bounded. We derive that

when k — o0,
L,k wk, Xy — L5/, 1 kT A - 0.

Then we know from the proof of lemma 2 that when k& — oo,
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nZ
Sl =yit3—o,
i=1

[ex]]
k+1 k — 0
w T —wt] ||,
Then we know from lemma 3 that there exists p+! € Ly, ¥+, w !, Xty such that
when k — oo, ||p**! |2 — 0. This leads to ||p"|l» — 0 as k — oo. Based on the definition of

the general subgradient in [18], we obtain that 0 € 0Lz(y*, x*, w*, X¥), i.e., (, x*, w*, X*) is
a stationary point. (]

3.4. Complexity analysis

Now we consider the computational complexity of algorithm 1 for (7). In step 1, the main
computational costs come from computing D;x* and %()\k)l.. Since D; denotes the first-order
finite difference of x at the ith pixel, computing Dix*,i = 1, ...,n? requires 2n”> flops. Com-
puting the scalar-vector product }g()\k)i, i=1,...,n* requires 2n* flops. Finally, computing
the two-norm of the vectors D;x* + %()\k)i € R?,i=1,...,n* needs 6n> flops. Thus, step 1
costs O (n?).

In step 2, we first consider the computational cost of (21). Suppose we use the conjugate
gradient method to solve for Jxz and set the maximum iteration number to a small constant.
Then the cost is determined by the cost of multiplying JT (I — Joo(J Ju + V2, S(w)) ' J0)Jx +
iVﬁIAQ (x, ¥*1,X*) on a vector and computing — I = YL Jw + VES(w)) "I yr and
I 0@l T + V2 8(w)) "'V, S(w). Since J, = A(w)” and each PSF matrix A; allows
the use of fast Fourier transforms (FFTs) [23, 24] to multiply it with a vector, the
cost of multiplying J. on a vector is O (n2 log n) Similarly, the cost of multiplying
Jw on a vector is also O (n2 log n) by FFTs. So the cost of the matrix-vector prod-
uct of JTU — JuLJw + V28(w)) "' J1)J, and a vector is O (n*log n). Computing the
matrix-vector product of Vﬁf? (x, y"“,)\k) and a vector equals to computing the matrix-
vector product of ﬁDTD and a vector, and it can be done in O (nz) Moreover, fjj(l —
Jo UL Jw + V2 Sw)) " JDr and J] T (1 Jw + V2 8(w)) ' V,pS(w) can be performed in
o (n2 log n) by FFTs. Thus the computational cost of (21) is O (n2 log n) Next we con-
sider the cost of (22). The main computational costs in (22) are from computing the matrix-
vector product jlj »O0x7 and jwr. Since these matrix-vector products can also be acceler-
ated by FFTs, the computational cost of (22) is O (n2 log n) For (23), the main compu-
tational costs are from computing jIr, j;r Similar to the analysis for (22), the costs of

JT
computing J. r and J,r are O (n*log n) due to FFTs. The scalar-vector product —f B’%:}
w
can be done in n?> + p flops. In applications, we usually choose the image size to be
nx n =256 x 256 and the number of the unknown weights parameterizing the blurring
matrix is usually chosen to be p = 2,3 or some small values much smaller than n?, so
we always have p < n®. Thus, the cost of (23) is O (n*log n). In (24), computing the

scalar-vector multiplication ~y { gz;i ] requires n> + p flops and computing the summation

of the vectors 0xy and 0x also requires n> + p flops. Hence, the cost of (24)
Swy v Sw 4 q n~ =+ p Hops. >

is O(n?). The cost of (25) is mainly from forming Vx,w<i> (x,w, y’"“,)\k) and computing

18
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0x

the inner product (Vx,wcf (x,w, Y, )\k))T { Sw

A(w)T(A(w)x — d)
TN A(w)x — d)

} . We know that V., ® (x,w, ¥, )\k) =

} , 50 the cost of forming V.., ® (x,w, ¥, )\k) is O (n*log n) by FFTs,

. T
and computing the inner product (Vx,wq) (x, w, Y+, )\k)) { ;z}

} costs O (n?). Thus the

computational cost of step 2 is O (n2 log n)

In step 4, the computational cost is dominated by the cost of computing Dx**! and forming
By ! and BDx*T!. It is easy to see that these operations cost O (n?). Therefore, the total
computational complexity of algorithm 1 is O (n2 log n)

3.5. Comparison method

In this section, we briefly discuss a benchmark method ADMM-BCD of ADMM-LAP used in
the numerical comparisons in section 4.

BCD in ADMM-BCD stands for the BCD method [15, 25], which is another popular
approach for solving coupled optimization problems. The main idea of BCD is partitioning the
optimization variables into a number of blocks, then minimize the objective function cyclically
over each block while fixing the remaining blocks at their last updated values until convergence.
For AO retinal image problems we consider in this paper, the variables can be naturally sepa-
rated into two subsets, one for the image variable x and another for the parameters w. For the
tightly coupled (x, w)-subproblem

min %HA (w)x — d|3 + Sw) + R (x, }+, A1),

XECx,WECy

given the initial point (x*, w*), the iterative format of BCD is as follows

2V = argmin %HA (w?) x —d|+R (x, T X, (34)
xeCy

w!*) = argmin gHA (w) ¥V — d|2 + S(w), (35)
WECy,

where [ € N denotes the /th iteration of BCD.

For the numerical experiments, we inexactly solve (34) and (35) by the projected
Gauss—Newton method with bound constraints [8]. The search directions dx7 at x’ can be
computed as follows:

(WIFds + V3R (1,571 N ) e
= <;LjIr(x(1), w?) + VR (x©, 1, )\k)> , (36)

where J + ViR and Vik represent J,, VR and V?‘R restricted to the inactive set via projection,
respectively. Moreover, dx 4 is given by the projected gradient descent step and dx can be
computed by a scaled combination [8]. Finally, the projected Armijo line search is applied to
find the solution x/* 1. Then the search directions dw7 at w” can be computed as follows:

(Joduw + VES@w) ) dwz = ~JrG 0, w®) + Vo S(aw), (37)
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Algorithm 2. ADMM-BCD method for (7).

Input: ()p,xo, w’, )\0) e R? x R” x R” x R¥, the penalty parameter 3 > 0. Set k = 0.
Output: y", xk awk, Nk,

Step 1 Compute y**! using (9).

Step 2 Compute ¥, w**! by iteratively solving (34) and (35).

Step 3 If a termination criteria is met, stop and go to step 4; else, repeat step 2.

Step 4 Compute A\**! using (11).

Step 5 If a termination criteria is met, stop; else, set k ==k + 1 and go to step 1.

where jw, wa(w) and Vﬁ,S’(w) represent Jo,, VS(w) and V2 S(w) restricted to the inac-
tive set via projection, respectively. Similar to the above discussion, we can obtain dw 4 by
projected gradient descent and obtain §w by a scaled combination. Finally, the solution w/*!
can be obtained by the projected Armijo line search.

For (36), due to the large dimension, the search direction can be inexactly computed by the
conjugate gradients method. For (37), because the dimension is small, the search direction can
be computed by a direct solver. Moreover, we note that BCD is fully decoupled while optimiz-
ing over one set of variables, and the optimization over another set of variables is neglected.
This degrades the convergence for tightly coupled problems [15].

Similar to ADMM-LAP discussed in the previous section, ADMM-BCD uses ADMM as the
outer optimization method to tackle the TV regularization and applies BCD to tackle the related
(x, w)-subproblems appearing in each ADMM iteration. The main operations of ADMM-BCD
are summarized in algorithm 2.

The complexity analysis of algorithm 2 is presented as follows. First notice that step 1 and
step 4 in algorithm 2 are identical to those in algorithm 1, thus these two steps cost O (nz)

For step 2 in algorithm 2, we first analyze the computational cost of (34). To com-
pute dxz, we use the conjugate gradient method and set the maximum iteration number
to a small constant. The main computational cost is from computing the multiplication of
pd1Je + V2R (2, 1, )\k) and a vector, and computing J| r(x?, w®). Similar to the complex-
ity analysis in algorithm 1, this matrix-vector product can be done in O (n2 log n) by FFTs.
Then x4, dx can be computed in a similar way as discussed in algorithm land a projected
Armijo line search is applied to find the solution. The cost of these steps is O (n2 log n) Hence,
the total computational cost of (34) is O (n2 log n) As for the computational cost of (35), the
main computational costs of computing §w are from computing J7 J,, and J r(x*+1, w®).
We know from the definition (13) that J] is a p x n® matrix, p < n?, hence the cost of
computing J,J,, is O (n?). The matrix-vector multiplication J,r(x(*", w®) can be done in
O (nlog n) by FFTs. Moreover, the cost of computing dw 4, dw and applying the projected
Armijo line search is O (nz log n) Therefore, the cost of (35) is O (n2 log n) As aresult, the
total computational cost of algorithm 2 is O (n? log n).

As shown from numerical experiments from section 4, algorithm 2 takes longer time than
that of algorithm 1. This is mainly because BCD requires computing the matrix-vector prod-
uct J1r(x®, w®) and J] r(x*V, w?) in each iteration, while LAP only requires computing
JLr(x®, w®). Hence, BCD takes more computational costs to compute the current residual
value r and the matrix-vector multiplication jz,r, which results in a larger number of FFTs.
Moreover, the line search is applied twice in BCD to solve the search directions for both x
and w, while in LAP, only one line search is enough to obtain the search directions for both
variables. Hence, algorithm 2 costs more. Moreover, it is important to point out that algorithm
1 takes the structure of the tightly coupled problem into consideration and converges faster.
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4. Numerical experiments

In this section, we illustrate the numerical performance of the proposed ADMM-LAP method
for the myopic deconvolution problems with TV regularization arising from the AO retinal
image restoration. All our computational results are obtained by MATLAB R2018b running
on a Macbook Air with Intel Core i5 CPU (1.4 GHz).

The following notations will be used throughout the section:

e BlurLevel: an indicator used to set the severity of the blur to one of the following: ‘mild’,
‘medium’ and ‘severe’;

e NoiseLevel = |le||»/||d"||,: relative level of noise, where e denotes the noise vector of
perturbations and d* denotes the exact (noise free) data vector;

e #iter: the number of iterations performed by the algorithm;

e Rel. Err. x: the relative error ||x — x*||2 / || x*||2, where x* and x denote the true image and
computed image, respectively;

e Rel. Err. w: the relative error ||w — w* ||, / ||w* |2, where w* and w denote the true
parameters and computed parameters, respectively;

¢ SNR(x) 2 10 1ogmﬁ

is the mean intensity Valué of X and x denotes the restored image. SNR (x) measures the

quality of restoration.

: signal-to-noise ratio (SNR), where ¥ is the original image, x

In all test problems, we set the regularization parameter ;1 = 5 x 10* by trial and errors such
that the restored images had reasonable SNR and relative errors. The parameter £ was set to
& = 100 such that the obtained parameters satisfied Z?:l w; = 1. The parameter /3 was chosen
according to the assumptions in lemma 2. In order to guarantee the sequence {4152, C
[0, +00) satisfies Z;O:O €k+1 < 00, we choose €41 where a is a constant. We used
one uniform stopping criterion, that is

_ 1
T atk+1)?°

|§>(xk+l’wk+1,);<+1,)\k+l) _ i)(xk, wk’yk,)\k)| _.
|k, wk, y, AN

bl

where ®(xk, wk, ¥, M) is the objective function value in the kth iteration and e > 0 is a given
tolerance. In this paper, we set ¢ = 102, The maximum number of ADMM iterations was set
to 50. We also report the numerical results obtained by running the ADMM-BCD method. We
compare the relative error of the image x and the relative error of the parameter w estimated
by both ADMM-LAP and ADMM-BCD as well as their computational time and SNR of the
restored images.

Example 4.1. AO flood illumination retinal imaging is a popular technique which has been
in use for more than a decade [2, 4]. AO retinal imaging technique gives us the opportunity to
observe and study retinal structures at the cellular level, which is impossible to see directly in
the living eye. Due to the poor contrast of the raw AO retinal images, interpretation of such
images requires the myopic deconvolution. For this example, we consider the case p = 2. The
global PSF used in the simulation is the sum of two PSFs with the first one being focused
and the second one being defocused. Let A|, A, denote the relative blurring marices. The test
problem is a simulation generated from a 256 x 256 pixel portion of an actual AO retinal
image.

We use the regularization toolbox IR Tools [7] to build up the test problem. PRblurgauss and
PRblurdefocus are functions used to simulate spatially invariant Gaussian blur and spatially
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True image Blurred and noisy image

Figure 1. Restored images for the retinal image in example 4.1. The BlurLevel of
PRblurdefocus is set to be ‘medium’. The images from the top left to the bottom right
show the true image, the blurred and noisy image, the restored image by ADMM-LAP
and the restored image by ADMM-BCD.

invariant out-of-focus blurs, respectively. Specifically, PRblurgauss constructs a 256 x 256
PSF array P with entries

AV s 2
pfj=iexp<*1(l o +%)

2o 2 o2 o

for a given value of o, and PRblurdefocus constructs a 256 x 256 PSF array P with entries

V@), G-k (-0 <
pij =
0, elsewhere

for a given value of r.

In this example, three cases are considered. We fix one of the PSFs to be built up by
PRblurgauss with ‘mild’ BlurLevel (o = 2) and set the other as a combined PSF built up by
PRblurgauss with ‘mild’ BlurLevel and PRblurdefocus with three different BlurLevels (i.e.,
‘mild’ (r = 7), ‘medium’ (r = 15), ‘severe’ (r = 31)). In addition, function PRnoise is used to
add Gaussian noise with NoiseLevel = 0.01. We set the true parameter w* = [0.3;0.7], choose
the random image with the same size of the true image as the initial guess x° and the initial
guess w’ = [0.5;0.5].

We then test ADMM-LAP and ADMM-BCD for the two-weight case of (2) on this image.
For the case with the BlurLevel of PRblurdefocus being set to be ‘medium’, the restored images
by both methods are shown in figure 1. We can clearly see that the restored image obtained
by ADMM-LAP is much sharper, hence has a much better contrast than the one obtained by
ADMM-BCD. Moreover, the restored image is much closer to the true image.

The plots of the relative errors of the restored image x and the estimated parameters w
against iteration can be seen in figure 2. It is easy to see that ADMM-LAP can reach lower
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Figure 2. Relative errors of the restored image x (left) and the parameters w (right)
for the myopic deconvolution problem in example 4.1 with ‘medium’ BlurLevel of
PRblurdefocus.

Table 1. Numerical results of ADMM-LAP and ADMM-BCD for the AO retinal image
in example 4.1. The columns from left to right give the BlurLevel, the method name,
the stopping iteration, the relative error of the restored image, the relative error of the
solution parameters, the computational time in seconds and SNR of the restored images.

BlurLevel Method #iter  Rel.Err. x Rel.Err.w  Time/s SNR(x)
‘Mild’ ADMM-LAP 6 148 x 10! 263 x102 5023 957
ADMM-BCD 11 1.88x 107" 1.11x 107! 15453 748
‘Medium ADMM-LAP 8 137 x10°' 476 x10°2 5642 10.26
ADMM-BCD 13 219 x 107! 445 x 107! 14509 6.16
‘Severe’ ADMM-LAP 12 117x10°! 439x10%2 69.10 11.60
ADMM-BCD 12 3.04x 107! 913 x 107! 12222 3.32

relative errors than ADMM-BCD for both the restored image and the obtained parameters in
this test.

In table 1, we report the relative error of the restored image x, the relative error of the
parameters w, the computational time and SNR of the restored images for both methods for
all three BlurLevels. As can be seen from the fourth and fifth columns of table 1, ADMM-LAP
can obtain more accurate restored images and more accurate parameters than ADMM-BCD
on all three cases. The sixth column shows that ADMM-LAP is faster than ADMM-BCD, this
is mainly because BCD takes a larger number of FFTs to compute the current residual value
r and the matrix-vector multiplication j;r, and the line search is applied twice to solve the
search directions for x and w. Moreover, we can see from the seventh column that the quality
of restored images obtained by ADMM-LAP is much better than those obtained by ADMM-
BCD. We point out that it is very difficult to analyze the difference of the relative errors of x
and w between the test problems, especially because of the nonlinear relationship between x
and w. We note that even for a linear problem, the quality of the error in x will depend not
only on how ill-conditioned the matrix is, but on the distribution of singular values (e.g., is
there a well-defined gap between large and small singular values, or do they decay smoothly).
Our main purpose for this table of results is to compare the two methods (ADMM-LAP and
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True image Blurred and noisy image

Restored image by ADMM-LAP

Figure 3. Restored images for the retinal image in example 4.2. The BlurLevel of
PRblurdefocus is set to be ‘medium’. The images from the top left to the bottom right
show the true image, the blurred and noisy image, the restored image by ADMM-LAP
and the restored image by ADMM-BCD.

ADMM-BCD) for each test problem, and to see that ADMM-LAP consistently outperforms
ADMM-BCD even if the test problems change.

Example 4.2. For this example, we consider the test problem from another simulation using
adifferent256 x 256 portion of an actual AO retinal image with two blurring matrices. The size
of the image is 256 x 256. We use PRblurgauss with ‘mild’ BlurLevel, PRblurdefocus with
three different BlurLevels (i.e., ‘mild’, ‘medium’, ‘severe’) in IR Tools to build up a combined
PSF, the other PSF is built up by PRblurgauss with ‘mild’ BlurLevel only. In addition, function
PRnoise is used to add Gaussian noise with NoiseLevel = 0.01. We set the true parameter
w* = [0.3;0.7], choose the random image with the same size of the true image as the initial
guess x° and set the initial guess w® = [w?; wI] € R?, where w!,w) are random constants
from [0, 1] satisfying w? + w9 = 1.

For the case with the BlurLevel of PRblurdefocus being set to be ‘medium’, the restored
images by both ADMM-LAP and ADMM-BCD method are shown in figure 3. Like
example 4.1, it is easy to see that the restored image obtained by ADMM-LAP is much
sharper, and is much closer to the true image than the one obtained by ADMM-BCD.

We plot the relative errors of the restored image x and the estimated parameters w against
iteration in figure 4. We can also see that ADMM-LAP reaches lower relative errors of both the
restored image and the obtained parameters, hence it tends to recover more accurate restored
images and parameters.

Table 2 shows the relative error of the restored image x, the relative error of the parameters
w, the computational time and SNR of the restored images associated with three cases for both
methods. Similar to example 4.1, ADMM-LAP still outperforms ADMM-BCD in terms of the
quality of the restored images and the accuracy of the obtained parameters by large margin. It
can be clearly seen from the sixth column of table 2 that ADMM-LAP is faster than ADMM-
BCD. This is mainly because ADMM-BCD takes a larger number of FFTs and the line search

24



Inverse Problems 37 (2021) 014001 X Chen et al

Image Parameters

= ADMM-LAP } = ADMM-LAP
= =ADMM-BCD 1.6 — =ADMM-BCD

Relative Error
o o
[ 0

Relative Error

o
~

I
N

Iteration Iteration

Figure 4. Relative errors for both the restored image x (left) and the parameters w
(right) for the myopic deconvolution problem in example 4.2 with ‘medium’ BlurLevel
of PRblurdefocus.

Table 2. Numerical results of ADMM-LAP and ADMM-BCD for the retinal image
in example 4.2. The columns from left to right give the BlurLevel, the method name,
the stopping iteration, the relative error of the restored image, the relative error of the
solution parameters, the computational time in seconds and SNR of the restored images.

BlurLevel Method #iter  Rel. Err.x Rel.Err.w  Time/s SNR(x)

‘Mild’ ADMM-LAP 11 190 x 10!  1.01 x 10°!  64.76 6.52
ADMM-BCD 14 219 x 107" 274 x 107" 15213 531

‘Medium’  ADMM-LAP 15 1.33x107' 823x102 8812 9.63
ADMM-BCD 11 251 x 107" 727 x 107" 11920 4.12

‘Severe’ ADMM-LAP 5 1.62x10°! 777 x107" 4099 1797
ADMM-BCD 5 283x 107! 3.76 x 10-' 7684  3.08

is applied twice to compute the search directions, which is its computational bottleneck. The
seventh column clearly shows that ADMM-LAP obtains restored images with a much better
quality. Above all, we can see that ADMM-LAP is much more efficient and accurate for this
test example.

Example 4.3. In this example, we consider the case where three blurring matrices are pro-
vided, i.e., p = 3. The test problem is generated from the same AO retinal image used in
example 4.1. The size of the image is 256 x 256. The first PSF is built up by PRblurgauss
with ‘mild’ BlurLevel. The second PSF is a combined PSF built up by PRblurgauss with ‘mild’
BlurLevel and PRblurdefocus with ‘medium’ BlurLevel. The third PSF is a combined PSF built
up by PRblurgauss with ‘mild’ BlurLevel and PRblurdefocus with two different BlurLevels
(i.e., ‘mild’ and ‘severe’ ). In addition, function PRnoise is used to add Gaussian noise with
noiselevel = 0.01. The true parameter vector w* = [w]; w;; w3] € R3 is set to be a random
vector that satisfies w; > 0 and Z?:l w; = 1. We choose the random image with the same
size of the true image as the initial guess x° and set the initial guess w’ = [%; %; %].

The restored images by both ADMM-LAP and ADMM-BCD method are shown in figure 5.
Like examples 4.1 and 4.2, we can also see that ADMM-LAP reaches a much sharper image,
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Blurred and noisy image

True image

Figure 5. Restored images for the retinal image in example 4.3. The BlurLevel of
PRblurdefocus in the third PSF is set to be ‘mild’. The images from the top left to the
bottom right show the true image, the blurred and noisy image, the restored image by
ADMM-LAP and the restored image by ADMM-BCD.
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Figure 6. Relative errors of the restored image x (left) and the parameters w (right) for
the myopic deconvolution problem in example 4.3 with ‘mild’ BlurLevel of PRblurde-
focus in the third PSF.

it tends to recover an image that is much closer to the true image than the one obtained by
ADMM-BCD.

We plot the relative errors of the restored image x and the estimated parameters w against
iteration in figure 6. We can also see that ADMM-LAP achieve lower relative errors of both
the restored image and the obtained parameters.

In table 3, we present the relative error of the restored image x, the relative error of the
parameters w, the computational time and SNR of the restored images associated with two
cases for both methods. We can also see from the sixth column that ADMM-LAP has evident

26



Inverse Problems 37 (2021) 014001 X Chen et al

Table 3. Numerical results of ADMM-LAP and ADMM-BCD for the retinal image
in example 4.3. The columns from left to right give the BlurLevel, the method name,
the stopping iteration, the relative error of the restored image, the relative error of the
solution parameters, the computational time in seconds and SNR of the restored images.

BlurLevel Method #iter  Rel. Err.x Rel.Err.w  Time/s SNR(x)

‘Mild’ ADMM-LAP 6 130 x 1071 452 x 107! 134.03  10.68
ADMM-BCD 13 3.52x 107! 489 x 107" 26721 2.05

‘Severe’ ADMM-LAP 11 192x10! 179 x10! 156.05 7.33
ADMM-BCD 10 218 x 107" 327 x10°" 18631 6.19

advantage over ADMM-BCD in the computational time. Moreover, the seventh column shows
that the quality of restored images obtained by ADMM-LAP is much better than those obtained
by ADMM-BCD.

5. Conclusion

In this paper, we propose a new efficient ADMM-LAP method for solving large scale ill-posed
inverse problems, and more specifically myopic deconvolution problems with TV regulariza-
tion arising from the AO retinal image restoration. Specifically, ADMM is applied to tackle
the nondifferentiable and nonlinear TV regularization term first, then LAP is applied to tackle
tightly coupled (x, w)-subproblems appearing within each ADMM iteration. The convergence
results of ADMM-LAP are presented. Moreover, the efficiency of the proposed algorithm is
demonstrated with a theoretical computational complexity analysis. In our numerical experi-
ments we show that the proposed ADMM-LAP method is superior to ADMM-BCD method in
terms of both the accuracy and the efficiency. In our future work, we plan to exploit appropriate
preconditioning techniques to further reduce the iteration number and the iteration time.
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