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rithm, are popular tools for solving large-scale linear systems arising from image deblur-
ring problems. These algorithms, however, are hindered by a semi-convergence behavior,
in that the quality of the computed solution first increases and then decreases. In this
paper, in order to overcome the semi-convergence behavior, we propose two iterative algo-
rithms based on soft-thresholding for image deblurring problems. One of them combines
Regularization CGLS with a denoising technique like soft-thresholding at each iteration and another com-
Iterative algorithms bines MRNSD with soft-thresholding in a similar way. We prove the convergence of
Soft-thresholding MRNSD and soft-thresholding based algorithm. Numerical results show that the proposed
Filter algorithms overcome the semi-convergence behavior and the restoration results are
slightly better than those of CGLS and MRNSD with their optimal stopping iterations.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Image deblurring is a process of reconstructing an approximation of an image from an observed but degraded image,
which is often modeled as the solution of the linear operator equation

Kf +e=g, (1)

where f € R” is a vector representing the true n x n image we aim to recover, e € R* represents random noise, g € R*
stands for the observed distorted image, and K € R™™ is a blurring matrix with special structures [30,40]. Such problems
arise in applications such as astronomy, medical imaging, geophysical applications and many other areas
[18-20,23,28,32,39,48,54,55]. Typically Eq. (1) comes from the discretization of an ill-posed continuous model, that is, the
matrix K is ill-conditioned and noise in the data may give rise to significant errors in the computed approximate solution.
As a result, directly solving the equation Kf = g does not yield an accurate and stable approximate solution and it is neces-
sary to resort to a regularization method. In the literature many regularization techniques can be found, such as Tikhonov
regularization [52], truncated singular value decomposition (TSVD), truncated iterative algorithms (e.g. steepest descent
and conjugate gradient (CG) iterations) [18,54] and hybrid approaches [8,33,35,36,45].
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A suitable value of the regularization parameter is important when incorporated with a regularization approach. For Tik-
honov regularization, various parameter-choice techniques can be used, such as the discrepancy principle [41], the L-curve
[18,28], generalized cross validation (GCV) [21], the weighted-GCV (W-GCV) [14] and the fixed point algorithm (FP) [3].
These parameter-selection methods have both advantages and disadvantages and it is nontrivial to choose an ‘optimal’ reg-
ularization parameter [28,54].

Iterative regularization algorithms like CG and steepest descent can be favorable alternatives to Tikhonov regularization
[10,18,42,49,50,54]. They access the coefficient matrix K only via matrix-vector multiplication with K and/or K. It is known
that applying these iterative regularization algorithms to solving the linear system Kf = g is often hindered by a semi-con-
vergence behavior. That is, the first few iterations produce regularization solutions and, after some ‘optimal’ iteration, the
approximate solutions converge to some other undesired vector. This undesired vector is contaminated by errors and is
therefore a poor approximation. In other words, an imprecise estimate of the termination iteration is likely to result in a poor
approximate solution and hence it becomes crucial to decide when to stop the iterations. Parameter-selection methods such
as the discrepancy principle and the L-curve can be used to choose such a proper termination, but it is also nontrivial as in
the case for Tikhonov regularization.

The difficulty in determining the stopping iteration number of iterative regularization algorithms can be partially allevi-
ated by employing hybrid approaches [4,9,12,14,26,27]. Lanczos-hybrid type approaches combine an iterative Lanczos bidi-
agonalization algorithm with a regularization algorithm such as Tikhonov regularization and TSVD at each iteration.
Regularization is therefore achieved by Lanczos bidiagonalization filtering and appropriately selecting a regularization
parameter at each iteration. Recently, parameter-selection methods such as W-GCV and FP have been studied for the Lanc-
zos-Tikhonov hybrid approach, see [4,14]. The W-GCV based Lanczos-Tikhonov hybrid approach makes the solution be less
sensitive to iteration number. However, it is characterized by the semi-convergence property as the iteration proceeds. The
GKB-FP algorithm in [4]| combines a partial Golub-Kahan bidiagonalization (GKB) iteration with Tikhonov regularization in
the generated Krylov subspace and the regularization parameter for the projected problem is chosen by FP. In some cases,
GKB-FP yields more accurate solutions than W-GCV based Lanczos-Tikhonov. But in some cases the two methods perform
comparably.

In this paper, we propose two iterative algorithms based on iterative regularization algorithms and soft-thresholding for
image deblurring. Recall that it is the noise in the right-hand side g and its propagation with iterations that are the main
reason of the semi-convergence behavior of iterative regularization algorithms like CGLS and MRNSD. Therefore, we pro-
pose to combine the iterative regularization algorithms with a noise reduction technique like soft-thresholding at each iter-
ation to suppress the propagation of noise and thus overcome the semi-convergence behavior. One of the proposed
algorithms combines CGLS with soft-thresholding at each iteration and another combines MRNSD with soft-thresholding
in a similar way. The resulting algorithms are stable and very effective in practical applications. We prove the convergence
of MRNSD and soft-thresholding based algorithm. Numerical experiments show that the proposed algorithms overcome
the semi-convergence behavior and the restoration results are slightly better than those of CGLS and MRNSD with their
optimal iterations.

The outline of the paper is as follows. In Section 2.1 we first review the classical CGLS iteration and then give soft-thres-
holding and CGLS based iterative algorithm, called CGLS-like. A widely used satellite test problem is considered to demon-
strate the utility of CGLS-like compared with CGLS. In Section 2.2 we present an MRNSD-like algorithm and prove its
convergence. Several numerical examples are given in Section 3 to illustrate the efficacy of the proposed algorithms. Finally
Section 4 gives some conclusions.

2. Soft-thresholding based iterative algorithms

We are interested in using iterative regularization algorithms such as CG and the steepest descent to solve the large-scale
linear systems Kf = g. Since our problems are usually not symmetric, we solve the normal equations K'Kf = K"g using the
conjugate gradient algorithm for least squares problems (CGLS) [7] and the modified residual norm steepest descent
(MRNSD) algorithm [44], respectively. Due to the ill-conditioning of K and the presence of noise in the right-hand side g,
these algorithms are characterized by the semi-convergence property: the quality of the computed solution first increases
but then after some optimal iteration begins to decrease. In this case, it is hoped to overcome the semi-convergence behavior
by combining the iterative algorithms with a denoising technique like soft-thresholding at each iteration, see also [1,24].
Recall that the soft-thresholding operator S, is defined component-wise by

(Su(x)), = sgn(x;) - max{\xi\ —%,O} i=1,...,N, xeR". 2)
We propose two algorithms based on soft-thresholding in the following.
2.1. CGLS-like algorithm

We first review the classical CGLS iteration [7,25,28]. Express the (k + 1)-th approximate solution as fi.1 = fy + op;, then
the residual vector, i.e. 1y, = g — Kfy,1, satisfies rp,; = ry — o, Kp,, and
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Sii1 = K1 = K're — 0w K"Kp, = s — 0K Kp,.
Then enforcing s,,; orthogonal to s, leads to

(ks Sk)

KT Kpsi)

Assume the next search direction py.,, i.e. py.; = Sk+1 + BPw is orthogonal to K'Kp,. Then
<KTkavsk> = <KTKpl<apk - ﬁk—lpk—l> = <KTKpI<7pk>'
Thus,

(Sk,5k> <Sk’$k>

(K"Kpy.,p) (KD, Kpi)
In addition, (py.,,K"Kp,) = (Sts1 + Bxbr, K'Kpy) = 0 gives

O =

(se:1.K'Kp,) B (Siee1, = 3¢ (vt — Si))  {Sk15 k1)
KKy Toosd T busd

Pr=—
These relations give the following algorithm.

Algorithm 1. CGLS

Given: Matrix K, initial guess fo and right-hand side g.
Setf=fo,r=g—Kf,s=K'r, and y =s7s,
fork=1,2,...,do

if(k==1),setp=s,

otherwise compute =7 /Y4 and p = s+ fip,

q =Kp,

x=7y/q"q,

f=f+op,

r=r-oq,

s=K'r,

Yold = 7>

y =sTs,

determine if stopping criteria are satisfied

end for

In [31] it was shown that as k increases, ||r¢|l, = ||g — Kfi||, will decrease monotonically, |/fi||, will increase monotonically
if f = 0, but ||s¢||, = ||K"r¢|l, will often exhibit large oscillations when K is very ill-conditioned. Moreover, the (k + 1)-th iter-
ate f,1 minimizes the residual norm ||g — Kf||, among all vectors f from the Krylov subspace

Kin (1<T1<7 1<Tg) - span{KTg K'KK'g, ..., (1<TI<)"1<Tg}.

Assume f, and fi. are the approximate solution at k-th iteration and the true solution, respectively. Define relative error
by ||firue — fkll2/|ftruell,- Then from this definition we see that the lower the relative error is, the closer the computed solution
is to the true solution and therefore the higher quality it has. For discrete ill-posed problems, CGLS often exhibits a semi-con-
vergence behavior in terms of relative error because of the presence of noise, and only an early termination of iterations pro-
vides an accurate solution. For example, we consider the satellite test problem, which has been widely used in the literature
for testing algorithms for image deblurring problems [47]. We obtain the test data from image restoration package Restore-
Tools' by Nagy and several of his students [43]. The true and blurred noisy images are shown in Fig. 1. The relative error history
of CGLS is shown in Fig. 2(a). It is clear that the relative error first decreases and then after about 60 iterations begins to increase.
This phenomenon is referred to as semi-convergence.

Here, we propose a CGLS-like algorithm to overcome this semi-convergence behavior by suppressing the propagation of
noise at each iteration round of CGLS. Based on the CGLS iteration, we recursively derive that

(s,s;)
fesr = fi + okpr = fier + 1Py + kP = =fo + Z%P, fo+ Z Kpj Iép p;,
j7

! http://www.mathcs.emory.edu/~nagy/RestoreTools/index.html.
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(a) Original (b) Blurred and noisy

Fig. 1. Satellite test data.
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Fig. 2. Convergence behavior of CGLS and Algorithm 2 on satellite test problem. Initial guess for both algorithms is the zero vector.

and in a similar manner,

k
S \Si
Ter1 =8 — I<f0 Kpj lép pjv

j=0

k
sie1 =K'g —K'Kfy — 59 SK'Kp;,
0

(Kp;.Kpj)
=

k
Dki1 = Sks1 + Z (H'B1>SJ =Sk + Z <H 5]+51] 2 1 )5]-

Notice from components of fi,1, 71,51 and py,; that the residual vector ry,; contains directly the noisy right-hand
side g, or in other words, the noise in g propagates mainly via the residual vectors, since matrix-vector multiplications
Kp; have suppressed noise in p; [17,16]. Therefore, we propose to filter the residual vector by a denoising technique like
soft-thresholding at each CGLS iteration to suppress noise propagation. To make this more clear, we consider the
iteration:

fesr = Jo + by,

T =T — ouKpy,
Tier = Su(Tks)s

Ska = sk — auK"Kp,,
Skr1 = KTTIH—h

Pii1 = Skt + BiPx-

Similarly to CGLS, we enforce the following two essential properties:

Sie,5) =0 and  (p,1,K'Kpy) = 0.
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A direct consequence of the first inner product is
(1, 5¢) = (S — K Kpy, si) =0,
and thus

<sk’ Sk)
(K"Kpy.si)

k =

From the assumption that p,,, is orthogonal to K'Kp,, one obtains that (p,, K'Kp,_;) = 0. Substituting sy = p — f¢_1Pr_1 in
<I<Tka¢ sk> gets

(KTkavsk> = <KTkaapk - ﬁk—lpk—l> = <KTKpI<7pI<> = <ka7ka>'

Therefore,

(Sk, Sk)
(Kpy., Kpy,)

In addition, writing (p,{, K"Kp,) = 0, with py,; = St.1 + BiDi. leads to
(Sks1 + Bubi K'Kpy) = 0,

requiring

O =

ﬁ _ _<sk+1 ) KTka>
k <ka7 ka>

This yields an iteration described by the following algorithm.

Algorithm 2. CGLS-like

Given: Matrix K, initial guess fo, right-hand side g, soft-thresholding parameter > 0
and threshold value 7(0 < T < 1).
Setf=fo,r=g—Kf,s=K'r,y=s"s,and 6 =1,
fork=1,2,...,do
if(k==1),setp=s,
otherwise compute f = %’gq) and p = s+ fp,
q=Kp,
x=7/q"q,
Joua =1,
[ =foua+op,
r=S8,(r—uaq),
s=KTr,
y = sTs,
0 = |lfoia = fll2/1f l2s
if 0 < tor|r|, =0, break;
end for

We remark that applying the soft-thresholding operator on the residual vector at each iteration prevents simplifying g, in
Algorithm 2 to the form in CGLS, i.e. s}, ;Sy.1/55Sk. As a consequence, one additional matrix-vector multiplication is required
for B, in Algorithm 2, compared with the original CGLS algorithm. Recall that applying soft-thresholding on an N-length vec-
tor requires O(N) operations. This cost is clearly less than that of a matrix-vector multiplication involving an N x N blurring
matrix, which is O(NlogN). In this event, for K € R™*" the computational complexity of both Algorithms 1 and 2 at each
iteration is O(n? logn). In fact, the simple soft-thresholding operator makes iterations much stable. For example, we plot the
relative error history of Algorithm 2 with yt = 4 x 107% for the satellite test problem in Fig. 2(a). From this plot we see that as
the iteration number k increases, the relative error of the approximation first decreases and then remains steady, showing
that an accurate stopping iteration number for Algorithm 2 is no longer such vital. In addition, we show the ¢,-norm of r;
against iteration k from 1 to 200 in Fig. 2(b). We observe that numerically, the quantity ||ry||, of Algorithm 2 decreases mono-
tonically and moreover, faster than that of CGLS. For further comparison, restored images of CGLS and CGLS-like after 200
iterations are provided in Fig. 3. This figure shows that after 200 iterations, the computed solution of CGLS is very poor
but CGLS-like is relatively stable.
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(a) CGLS (b) CGLS-like

Fig. 3. Deblurring results at 200th iteration for satellite test data.

We finally remark that the proposed algorithm is different from Lanczos-hybrid type approaches in overcoming semi-
convergence behavior. Lanczos-hybrid type approaches first project the large-scale problem onto Krylov subspaces of small
(but increasing) dimension and then apply any direct regularization algorithm to solve the projected problem. It implies that
Lanczos-hybrid type approaches suppress the semi-convergence behavior by filtering the solution of the projected problem
with any regularization method like Tikhonov regularization. Algorithm 2, in contrast, is designed to overcome the semi-con-
vergence behavior by filtering the residual vector with a denoising algorithm at each iteration. Recall that it is the noise in
the right-hand side g and its propagation with iterations that cause the semi-convergence behavior. Then it may be more
effective to filter the residual vector which mainly bears the noise in g rather than filter the solution of the projected problem
at each iteration.

2.2. MRNSD-like algorithm

Unconstrained Krylov subspace algorithms like CGLS for computing approximate solutions are fast, but they do not pro-
duce approximate solutions preserving nonnegativity. Consider minimizing the regular least squares function

1) = 5 IKF g2 )

subject to a nonnegativity constraint f > 0. In [44] the authors provided a nonnegatively constrained minimization algo-
rithm, which is a variant of the EMLS algorithm proposed by Kaufman [34]. They parameterized f = e?. Then the constrained
minimization problem as in (3) transforms into the problem of minimizing the following unconstrained function

= 1
J@ =5 Ke* ~g5.
Differentiating using the chain rule gives that
grad, J(z) = Fgrad J(f) = FK"(Kf — g), F = diag(f).

Setting grad,J(z) = 0, the authors in [44] obtained the Karush-Kuhn-Tucker conditions for this particular constrained min-
imization problem in f-space. They assumed the iteration of the form:

fis1 = fe + by,

where p, = F.K" (g — Kf;) and the line search parameter o, is obtained by minimizing the residual norm ||g — Kf||, subject to
f = 0 at each iteration, i.e.

u = argmin g —K(fi +opy)ll, = argmin r — okpyl,,

o€eR, fr+op,=0 o€R, fr+op,=0

in which we have defined the k-th residual vector r, = g — Kfi. To be more precise, let s, = K"r, and thus Dr = FSk, then sim-
ple calculation gives that

# = min (%,min<pk>i<o<—<fk>,»/(pk>f)) ~ min (%,min<pk),-<o<—<fk>,»/<pk>,->).

Consequently, the (k + 1)-th residual vector,
ey = 8 — Kfeyr = 1 — o Kpy,

satisfies ||[rii1]l, < [|7kll,. This is called the modified residual norm steepest descent (MRNSD) algorithm.
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Algorithm 3. MRNSD

Given: Matrix K, initial guess fo and right-hand side g.
Set f =fy, s =K'(g — Kf), F=diag(f), and y = sTFs,
fork=1,2,..., do

p=Fs,

q=Kp,

o = min(y/q"q, miny, <o(~i/Pi)),

f=f+oap,

F = diag(f),

z=K"q,

s=s5-—0z

y = sTFs,

determine if stopping criteria are satisfied
end for

We note that MRNSD has been extended to solve weighted least squares problems by Bardsley and Nagy [2] and the ex-
tended algorithm can be viewed as a preconditioned version of MRNSD in which the preconditioning matrix is constructed
using a priori knowledge of noise statistics. Preconditioning strategies for both algorithms have been considered as well.
These algorithms can provide more accurate approximate solutions and be computationally competitive with unconstrained
Krylov subspace algorithms. We remark that preconditioning techniques are beyond the scope of this study and we do not
consider them here. We also remark that the authors in [37] used an active set approach to solve nonnegative least squares
problems appearing in nonnegative matrix factorization, while recently the authors in [22] use the fast Nesterov’s optimal
gradient algorithm to solve such nonnegative least squares subproblems. Applying these algorithms to framelet-based image
deblurring problems (see e.g. [6,13,51]) is currently under investigation.

It has been shown in [44] that MRNSD can be more stable than unconstrained Krylov subspace algorithms like CGLS.
However, MRNSD also exhibits a semi-convergence behavior because of the presence of noise (specific examples are detailed

(d) MRNSD (e) Algorithm 2 (f) Algorithm 4

Fig. 4. Example 3.1: Original, contaminated, and restored images by different algorithms for 256 x 256 boat image convolved by a 3 x 3 Gaussian kernel
and degraded by 2% Gaussian white noise.
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in the later section). In this case, we filter the residual vector by the soft-thresholding operator at each iteration to address
this undesired behavior as in Algorithm 2. To be more specific, iterate

Jerr  =Ji + oupy,
FI<+1 = diag(fkﬂ )7

Tker =T — ouKpy,
- (4)
T = Su(Tes),
T
Ske1 =K iy,
D1 = Fk+15k+l-

Although the above 1 is different from that equal to g — Kf, in MRNSD, we still determine o, by minimizing ||r, — aKp; ||,
subject to a nonnegative solution, i.e.

B . o (Kpy, i) .
o = argmin ||r, — oKp, |, = min (W’ ming, <o(—f)i/(Dw);) |- (5)

0€R, fitop,=0
Observing from the iterate scheme (4) that s, = K'r; and p,, = Fisi, we derive

o (FiSksSk) 3
0 = min <<ka7ka> 7m1n(l’k)i<0( (fk)i/(pk)i) .

Putting these relations together results in our algorithm in the following.

Algorithm 4. MRNSD-like

Given: Matrix K, initial guess fo, right-hand side g, soft-thresholding parameter y > 0
and threshold value t(0 < T < 1).

Setf=fy, r=g—Kf, s=K'r, F=diag(f), y=s"Fs,and 6 =1,

fork=1,2,..., do

p=Fs,

q = Kp,

o = min(y/q"q, miny, <o(=fi/p;))

Joa =f,

f = foua +0p,

F = diag(f),

r=S8,(r—ouaq),

s=KTr,

y =sTFs,

G = |fora = fll2/IfNl2,

if o <t or|r|, =0, break;
end for

We see that at each iteration both Algorithms 3 and 4 require two matrix-vector multiplications and Algorithm 4 needs
one more soft-thresholding. Recall that the cost of the soft-thresholding operator on an n?-length vector is O(n?), which is
much less than O(n? log n) for matrix-vector multiplications. Thus, both Algorithms 3 and 4 require O(n? log n) operations at
each iteration. We also see that r in Algorithm 4 is different from that in MRNSD. However, the following result shows that
the monotonicity of ||r¢||, in Algorithm 4 is preserved as that in MRNSD, which consequently guarantees the convergence of
Algorithm 4.

Theorem 1. Let K be any N-by-N matrix and assume S, as defined in (2). If ||r¢|l, > O, then ry.1 = Su(ry — 0xKpy) generated by
Algorithm 4 satisfies the relation

Tsallz < [7ll

and Algorithm 4 converges for any initial guess fo.

Proof. Let 71 = 1 — o Kp, as in (4). We first show that |71, < [|7k]l,- This inequality holds naturally if ||Kp|, = O. For
[Kpill, > O, define

B(o) = |1 — oKpy |3
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and let o, = %. Simple calculation shows that
2
2
2 2.2 2 2 2 _ (Kpy, 1)
®(or) = [Irell3 + IKpell307 — 2(Kpy, Ty = ||kl + |Kpill3 (00 — o)™ = W
kll2

It is clear that ¢&(x) decreases monotonically with respect to o in [0,04]. Note from (5) that
o = min (o, ming,,<o(—(fi);/(Px);)) and as a result 0 < oy < o Thus @(o) < @(0), following

a2 = @(ou) < D(0) = [Iril3-

We now prove that |[r.1|l, < [[Fx:1ll,- It is clear that [[re |3 = ISu(Fea1)ll3 = 34 (Su(Fes1));|*. For each component (Fy;1);,
the definition of S, reveals that

- N Fe)il = /2 (T )| = /2
sl ={g if ko)l < /2 ©
and therefore
[(Su(Tie1))il < 1T )il (7)

(d) MRNSD (e) Algorithm 2 (f) Algorithm 4

Fig. 5. Example 3.1: Original, contaminated, and restored images by different algorithms for 256 x 256 boat image convolved by a 3 x 3 Gaussian kernel
and degraded by 5% Gaussian white noise.

Table 1
Summary of restoration results of different algorithms for Example 3.1.
Noise level Method Itr ReErr SNR CPU
2% CGLS 5 0.0583 24.68 0.90
MRNSD 12 0.0587 24.63 1.78
Algorithm 2 9 0.0568 2491 2.03
Algorithm 4 17 0.0584 24.67 2.51
5% CGLS 2 0.0759 22.40 0.51
MRNSD 3 0.0762 22.36 0.69
Algorithm 2 6 0.0745 22.56 1.50

Algorithm 4 10 0.0762 22.36 1.89




188 J. Huang et al./Information Sciences 271 (2014) 179-195

It follows that

2 = 2 = 2 = 2
Ireally = D 1SuFree)il* < D oIFr)il” = IFeaallz,
i

1
and as a result,

ITietlly < IFeally < Tl

Finally, under the assumption that ||r¢|, > 0 we show that |11, < |Irk|l,- Suppose ||[rk:1]l, = ||Tk|l, by contradiction and
2 ~ 2 2
thus [[ri.1[l2 = [Fiiall2 = lIrill3- Then

0.3 : : 1600
—+—CGLS ] ——CGLS
0.25 | =— Algorithm 2 / 1400 —o— Algorithm 2
02k —— MRNSD — - MRNSD
' —¢— Algorithm 4 1200 —<— Algorithm 4
S 015 1000
o o
) = 800 |}
5 i
© \
o) 0.1 / 600 %xé,\\g’\”““
— 400 |-\ —
*”““)MM« R
Ry ke - 200 Ho
oo 000050 x .
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0.05 : 0 00009
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iteration iteration
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Fig. 6. Example 3.1: Plots of relative error and ¢,-norm of vector r against iteration for different algorithms.
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Fig. 7. Example 3.1: Plots of relative error against noise level from 1% to 10% for different Algorithms.
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> (1)l = 18u(Feia)) ) =0.

i
For all i, observing from (7) we have |(Fx.1);|* — |(Su(Fx:1))|> = 0, requiring that
|(?k+1)i| = |(Su(fk+1))i|-

This, combining with (6), yields that (fy,1); = O for all i and thus 7,y = 0. Therefore, 0 = ||,1]|, = [|7«|l, and we arrive at a
contradiction.

Notice that there is no requirement on fy for proving ||r,,1]ly < ||7k|l,, thus the convergence of Algorithm 4 is proved for
any initial guess fo.

Remark 2. In the above proof, we used essentially the property of [|S.(x)|, < ||x|, for any x € RY, and moreover
IS.(X)|l, = [IX]|, if and only if x = 0. We can use this observation to present a slight generalization of Algorithm 4, in which
S, is replaced by any operator D satisfying

(d) Alg. 2 with the Wiener filter (e) Alg. 2 with soft-thresholding

(g) Alg. 4 with the Wiener filter (h) Alg. 4 with soft-thresholding (i) Alg. 4 with median filtering

Fig. 8. Example 3.2: Contaminated and restored images by different algorithms for 256 x 256 house image convolved by a 3 x 5 motion kernel and
degraded by 8% Gaussian white noise.
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DX, < lIxl, x € R

and moreover || D(X)|, = ||x||, if and only if x = 0, and Theorem 1 stands still.

3. Numerical examples

In this section, we give several numerical examples to illustrate the performance of the proposed iterative algorithms:
CGLS-like and MRNSD-like, for image deblurring problems. Our tests were done by using MATLAB 7.10.0 (R2010a) on a
PC computer with Intel(R) Core(TM)2 Duo CPU 2.93 GHz and 2 GB memory. The floating-point precision is 10~'°. The initial
guess of each algorithm is set to be a zero vector and the threshold value 7 for both Algorithms 2 and 4 is set to be 107>, The
signal-to-noise ratio (SNR) and the relative error (ReErr) are used to measure the quality of a restored image. They are de-

fined by
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Fig.9. Example 3.2: Plots of relative error and ¢,-norm of vector r against iteration by different algorithms for blurred house image degraded by 8% Gaussian

white noise.
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Table 2

Example 3.2: Summary of restoration results by different algorithms for blurred house image degraded by 8% Gaussian white noise.
Method Itr ReErr SNR CPU
CGLS 2 0.0880 21.11 0.59
MRNSD 3 0.0862 21.26 0.62
Alg. 2 with the Wiener filter 14 0.0851 21.41 3.39
Alg. 2 with soft-thresholding 4 0.0856 21.35 0.97
Alg. 2 with median filtering 7 0.0828 21.64 1.89
Alg. 4 with the Wiener filter 8 0.0845 21.46 1.36
Alg. 4 with soft-thresholding 5 0.0849 21.42 0.90
Alg. 4 with median filtering 9 0.0821 21.71 1.64
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SNR = 20lo M7 ReErr = w7
810 [fowe — £ el

with fie and f being the original and restored images, respectively. The number of iterations (denoted by “Itr”) and the
elapsed CPU time in seconds (denoted by “CPU”) of each algorithm are reported as well. The optimal iterations for
Algorithms 1 and 3 are obtained by considering the smallest relative error of the restored images. The optimal parameters
u for Algorithms 2 and 4 are chosen by trial and error.

3.1. Comparison of Algorithms 1-4

We first demonstrate the performance of Algorithms 2 and 4 compared with Algorithm 1 (CGLS) and Algorithm 3
(MRNSD).

Example 3.1. The original 256 x 256 image boat, shown in Fig. 4(a), is first blurred by a 3 x 3 Gaussian kernel with standard
deviation o, = 2 and then degraded by 2% and 5% Gaussian white noises, respectively. Blurred noisy images and the restored
images by Algorithms 1-4 are shown in Figs. 4 and 5. It can be seen from the figures that images restored by Algorithms 2
and 4 contain less noise and are smoother than those from original CGLS and MRNSD, respectively. This is not unexpected
since we filter the residual vector in Algorithms 2 and 4 at each iteration.

Table 1 reports the restorations determined by Algorithms 1-4 in ReErr, SNR, CPU and Itr. Observing from the table that
the ReErr and SNR values of Algorithms 2 and 4 are slightly better than or comparable to those of CGLS and MRNSD, and
moreover, Algorithm 2 is shown to be better than Algorithm 4. All algorithms are fast and produce satisfactory results in
seconds.

Figs. 6(a) and 6(c) provide convergence histories of Algorithms 1-4 for 2% and 5% Gaussian white noises, respectively. For
the two test cases, CGLS again exhibits a clearly semi-convergent behavior. MRNSD is relatively stable but still exhibits the
semi-convergence behavior, especially for higher noise level 5%. The proposed Algorithms 2 and 4 successfully overcome the
semi-convergence behavior of the original CGLS and MRNSD algorithms, respectively. In addition, we plot the ¢,-norm of
vector r against iteration number for 2% and 5% noise levels in Figs. 6(b) and 6(d), respectively. The two figures show that
|Ir|l, of Algorithms 1-4 decreases monotonically, which is consistent with our theoretical results. It should be noted that
for Algorithm 2, after 14 iterations for 2% noise and 7 iterations for 5% noise, |||, =0 and hence the iteration stops.
Similarly, Algorithm 4 stops after 37 iterations for 2% noise and 15 iterations for 5% noise.

For further comparison, Fig. 7 plots relative errors of all four algorithms for noise level from 1% to 10%. We see that the
proposed Algorithms 2 and 4 provide slightly better or comparable results, especially for higher noise levels.

3.2. Comparison of using different filters in Algorithms 2 and 4

In this subsection, we consider using other denoising techniques compared with the soft-thresholding operator in Algo-
rithms 2 and 4. Median filtering and the Wiener filter are used. The median filter is a popular nonlinear noise reduction tech-
nique which is very widely used in digital image processing because, under certain conditions, it preserves edges while
removing noise [38,46,53]. It runs through the signal entry-by-entry, replacing each entry with the median of neighboring

Table 3
Example 3.2: Summary of restoration results of different algorithms for blurred house image degraded by 5% salt-and-pepper noise and Poisson noise,
respectively.

Noise Method Itr ReErr SNR CPU
5% salt & pepper CGLS 1 0.1312 17.64 0.34
MRNSD 1 0.1312 17.64 0.27
Alg. 2 with the Wiener filter 38 0.2268 12.89 8.83
Alg. 2 with soft-thresholding 1 0.1312 17.64 0.36
Alg. 2 with median filtering 7 0.1177 18.59 1.81
Alg. 4 with the Wiener filter 32 0.1507 16.44 5.29
Alg. 4 with soft-thresholding 1 0.1312 17.64 0.28
Alg. 4 with median filtering 9 0.1167 18.66 1.59
Poisson noise CGLS 1 0.0906 20.86 0.39
MRNSD 1 0.0906 20.86 0.27
Alg. 2 with the Wiener filter 16 0.0976 20.21 3.90
Alg. 2 with soft-thresholding 4 0.0891 21.00 1.01
Alg. 2 with median filtering 7 0.0864 21.27 1.84
Alg. 4 with the Wiener filter 13 0.0899 20.93 2.20
Alg. 4 with soft-thresholding 4 0.0898 20.94 0.72

Alg. 4 with median filtering 9 0.0858 21.33 1.62
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entries. For each pixel in an n x n image, computing the median from a neighborhood of size m x m requires O(m) compar-
isons, and thus applying the median filter to the whole image requires ©(n?>m) operations. This cost is clearly less than that of
matrix-vector multiplications with K € R™*"™ i.e, O(n? logn). Another noise-removal technique considered to replace soft-
thresholding in Algorithms 2 and 4 is the Wiener filter, which is based on statistics estimated from a local neighborhood of
each pixel [38]. For a neighborhood of size m x m, estimating the local image mean and standard deviation requires O(m?)
operations. Therefore, applying the Wiener filter to an n x n image costs O(n>m?) operations, again less than O(n? logn) for
matrix-vector products. In summary, both Algorithms 2 and 4 with any of soft-thresholding, the Wiener filter and the med-
ian filter require O(n?logn) operations at each iteration. In our tests, MATLAB build-in functions medfi1t2 with window
size 3 x 3 and wiener2 with window size 9 x 9 are used.

Example 3.2. Original 256 x 256 house image is contaminated by a 3 x 5 motion blur, generated by MATLAB command
fspecial ( ‘motion’,4,1),and 8% Gaussian white noise. Fig. 8(a) shows the blurred and noisy image. The restored images
by all algorithms are shown in Fig. 8. From these figures, we see that restorations of our algorithms are smoother than those
of CGLS and MRNSD. Moreover, Algorithms 2 and 4 with the median filter produce results comparable to those with soft-

(g) HyBR (h) Algorithm 2 (i) Algorithm 4

Fig. 10. Example 3.3: Original, contaminated, and restored images by different algorithms for 256 x 256 cameraman image convolved by a 5 x 5 Moffat blur
and degraded by 3% Gaussian white noise.
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Fig. 11. Example 3.3: Plots of relative error and ¢,-norm of vector r against iteration by different algorithms for blurred and noisy cameraman image.

thresholding and clearly better than those with the Wiener filter. In addition, we plot convergence histories of these
algorithms in Figs. 9(a) and 9(c) and ||r||, against iteration number in Figs. 9(b) and 9(d). Indeed, Algorithms 2 and 4 with
each denoising technique overcome the semi-convergence behavior and make the resulting approximate solutions be less
sensitive to the iterations.

Table 2 lists the corresponding restoration results in ReErr, SNR, Itr and CPU. From this table we observe that Algorithms 2
and 4 with each noise-removal technique produce better ReErr and SNR values and the median filter based algorithms are
best.

For further comparison, Table 3 reports the restoration results for the blurred house image contaminated by 5% salt-and-
pepper noise and Poisson noise, respectively. From the table, we see that Algorithms 2 and 4 based on the median filter are
best especially for the blurred image degraded by salt-and-pepper noise. This is not unexpected since median filtering is very
effective in removing salt-and-pepper noise [38]. It tells us that we may choose specific noise-removal techniques for specific
situations, making the proposed algorithms become more flexible.

3.3. Comparison with other algorithms

We now compare the proposed soft-thresholding based Algorithms 2 and 4 with three popular algorithms: range re-
stricted GMRES (RRGMRES) algorithm from [11], weighted-GCV based Lanczos-Tikhonov hybrid approach (HyBR) from
[14] and iterative shrinkage-thresholding algorithm (ISTA) [5,15] given by

fer =Su(fe+ K€~ Kf)). fo=0.

Clearly, ISTA is easy to implement. We note that RRGMRES is a variant of the classical Krylov subspace algorithm GMRES and
it is more suitable when applied to the solution of linear systems of equations with a singular or nearly singular matrix [11].
Lanczos-hybrid approach combines an iterative Lanczos bidiagonalization with a SVD-based regularization method to stabi-
lize the semi-convergence behavior. The MATLAB implementations of RRGMRES and HyBR are obtained from Regularization
Tools® by Hansen [29] and RestoreTools by Nagy et al. [43], respectively. The initial guess for all algorithms is zero and ISTA stops
if Ife1 — fella/Ilfill, < 7. Similarly to CGLS and MRNSD, optimal restorations of RRGMRES are reported according to the smallest
relative error of the restored images.

Example 3.3. We seek to restore the 256 x 256 cameraman image, which has been contaminated by a 5 x 5 Moffat blur with
parameters s; =S, =2, p=0 and =2 (see [30] for more details) and 3% Gaussian white noise. The original and
contaminated images are shown in Figs. 10(a) and 10(b), respectively.

Figs. 10(c)-10(i) provide a qualitative comparison of images restored by different algorithms. Algorithm 4 can be seen to
yield a restoration of higher quality with less noise and artifacts. Corresponding convergence histories of different algorithms
and plots of ||r||, against iteration are shown in Fig. 11. We remark that at k-th iteration, r, in CGLS, MRNSD, RRGMRES, ISTA,
HyBR represents the residual vector, while r, in both Algorithms 2 and 4 represents the filtered residual vector given by
T = Su(ree1 — au—1Kpy_;). Like ISTA and Lanczos-hybrid, Algorithms 2 and 4 are stable and successfully overcome the

2 http://www.imm.dtu.dk/~pcha/Regutools/.
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Table 4

Example 3.3: Summary of restoration results of different algorithms for blurred and noisy cameraman image.
Method Itr ReErr SNR CPU
CGLS 6 0.0928 20.65 1.05
MRNSD 17 0.0930 20.63 2.61
RRGMRES 4 0.0928 20.65 0.94
ISTA 42 0.0944 20.50 6.38
HyBR 8 0.0947 20.47 2.17
Algorithm 2 12 0.0919 20.73 2.65
Algorithm 4 27 0.0927 20.66 4.20

semi-convergence of the original CGLS and MRNSD algorithms, respectively. Table 4 gives a quantitative comparison of the
restorations determined by these algorithms. This table illustrates that Algorithm 2 provides slightly better SNR and ReErr
values and as usual, ISTA is relatively slower than other algorithms.

4. Conclusions

In this paper, we have proposed two soft-thresholding based iterative algorithms, CGLS-like and MRNSD-like. The pro-
posed algorithms filter the residual vector at each iteration to overcome the semi-convergence behavior of CGLS and MRNSD,
making iterations be more stable. We have proved the convergence of MRNSD-like. We demonstrated through a variety of
test problems that our approaches stabilize the iterations, make the solution less sensitive to the number of iterations, and
provide slightly better deblurring results than the classical CGLS and MRNSD methods. We have compared the proposed
algorithms with Lanczos-hybrid, RRGMRES and ISTA as well. Finally, we note that carefully selecting a noise reduction algo-
rithm for specific situations makes the proposed algorithms become more flexible. The research of computing optimal p or
updating it automatically at each iteration is currently under investigation.
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