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Abstract

In this article, the denoising of smooth (H!-regular) images is considered. To reach
this objective, we introduce a simple and highly efficient over-relaxation technique for
solving the convex, non-smooth optimization problems resulting from the denoising
formulation. We describe the algorithm, discuss its convergence and present the results
of numerical experiments, which validate the methods under consideration with respect
to both efficiency and denoising capability. Several issues concerning the convergence
of an Uzawa algorithm for the solution of the same problem are also discussed.
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1 Introduction

In this article, we consider numerical methods for solving the following nonsmooth, strictly
convex optimization problem
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] dx, (1)

where () is a domain in R? (a rectangle in many applications); 31, 82 > 0 denote regularization
parameters; dx = dridrs; and V is a closed vector or affine subspace of H'(Q) (it can be
H'(Q) itself).

As discussed and thoroughly tested in [11], the denoising approach based on formulation
(1) is very efficient in cases, where the noise contained in the original image (observation)
z is not due to a single normal distribution with fixed variance, but contains outliers and
other degradations due to mixed and varying characteristics of the noise distribution (e.g.
[8, 19, 18]). This case also includes the so-called “salt and pepper noise” [1].

To elucidate the practical usability of the considered formulation, let us give immediately
an example illustrated in Figure 1. The example is related to slow-combustion (smouldering)
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Figure 1: Front profiles of a lens-paper burn before (h(z,t)) and after (hgerea(,t)) filtering
the data [16].

fronts propagating in burning sheets of paper [16]. The process can be modelled using the
Kardar-Parisi-Zhang (KPZ) equation

Oh = c+vAh + %(Vh)2 + 1, (KPZ)

where h = h(x,t) is the height of the interface, ¢ its zero-slope velocity, and 7 denotes the
effective noise [10]. In order to characterize the burning material using the model parameters
¢, v, and A, the propagation of the emerging one-dimensional front was recorded with a CCD-
camera system. Outliers in the resulting image were caused by, e.g., ash particles detached
from the front. The denoising in this example turned out to be very successfull, because the
unrealistic points (pixel values) showing nonphysical decrease of the height of the burning
front were removed but the local variation remained, which allowed the estimation of the
unknown model parameters with a sufficient accuracy using local fitting techniques [16].
The numerical results in this paper are also based on a few real recordings related to this
application. Based on this real data, we present a comparison of the results based on (1)
with those obtained with some classical methods for image processing ([9, 15]) to validate
the approach here.

The basic difficulty concerning the image denoising problem with L!-fitting is its nondif-
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ferentiability in the classical sense, although the recent trend introducing even more severe
nonsmoothness in optimization based image restoration is to consider formulations with non-
smooth BV /TV-type regularization. For an excellent description of various formulations and
related algorithms, and a suggestion to determine an appropriate regularization parameter we
refer to [1] and articles therein. Properties related to the use of L'-norm for image denoising
have been studied in e.g. [18].

From an algorithmic point of view, we investigated and developed in [11] an active-set
method (ASM) for solving the discrete problem resulting from finite element discretization
of (1). Being able to solve problems with hundreds of thousands of unknowns, we feel that
this is a successfull method for a nonsmooth optimization problem. However, the efficiency
of ASM relies on the corresponding efficiency of a linear system solver for a Poisson problem
on a sequence of varying and highly irregular geometries. Both the geometrical reasons
(e.g. unstructured grid to capture corner singularities for complicated domains) and the
needed amount of memory (CG method with multigrid preconditioner, see [13, 12]) are both
good reasons to consider alternative solution methods for (1). The successive over-relaxation
methods discussed in this article for solving (1) are clearly related to the ones discussed in
[2, 3] and [5] for the solution of problems from nonsmooth mechanics. To the best of our
knowledge they have never been applied to image processing with L!-fitting.

The content of the article is as follows: In Section 2, assuming that V = H}(Q), we
provide several characterizations of the unique solution of problem (1) and discuss various
consequences, including some which have computational implications. In Section 3, we dis-
cuss the finite element approximation of problem (1). In Section 4, we discuss the iterative
solution of problem (1) and of its finite element analogues with a particular emphasis on
a SOR type algorithm; for this last algorithm we will introduce a strategy for varying the
relaxation parameter at each time step and will prove that it guarantees the convergence.
In Section 5, we will discuss the implications of taking V' = H'(Q) in (1), a reasonable as-
sumption indeed, from a practical point of view; we will show that we still have existence of
solutions, but that uniqueness is a problematic issue, that we will discuss with some details
in both the continuous and discrete cases. Finally, in Section 6 we present and discuss the
results of numerical experiments.

2 Existence, uniqueness and characterizations of the
solution to problem (1)

Suppose for simplicity that V' = H}(Q) (the more complicated case V = H'(Q) will be
considered in Section 5); suppose also that z € L*(2) (which covers all practical applications).
Since () is bounded, the mapping

UH\//Bl

defines over H} () a Hilbertian norm, equivalent to the one induced by H'(2). The func-
tional v — |Jv — z||L1(q) is conver and continuous over L*(Q), and therefore over H(f2).
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From these properties, problem (1) (a classical problem from Calculus of Variations) has a
unique solution u characterized by (cf., e.g., [3, Lemma 1.4.1], [5]):

u € HY (),

0 0 0
[ it = ) g (0 =) ot (0) = () 2 0, o € (@),

where

= /Q v — z|dz, Vv € LY(Q) (D Hy(Q)).

Variational problems such as (2) are known as variational inequalities (of the second kind,
by some authors); constructive methods for the solution of a large selection of variational
inequalities (mostly from Mechanics and Physics) can be found in, e.g., [3], [5].

Remark 2.1. In the non-differentiable context associated with the functional j(-) relation
(2) plays the role of the Euler-Lagrange equations associated to the differentiable problems
from Calculus of Variations.

Remark 2.2. An equivalent formulation of (2) is provided by the following (multi-valued)
equation:

u € Hl(Q)

51 922 52 + 6](u) >0,

1

(3)

where 0j(u) is the sub-gradient of j(-) at w.
Another equivalent characterization of the solution is provided by

u€ Hy(Q),\ € A ={p e L*(Q) | |u(x)] <1 ae. in Q},
9%

51 B 52 +)\=0mQ7 (4)

1

Mu—z) = |u—z|,

which, in some sense, makes (3) more precise by identifying the unique element of 0j(u)
(namely \) for which the inclusion in (3) reduces to an equation in L>(Q2). Incidentally, if
the boundary T' of Q is smooth and/or Q is convex, the property A € A(C L*>®(Q)) implies
u € W»P(Q) for all p € [1,400), which implies in turn (from one of the Sobolev imbedding
theorems; see, e.g., [17]) that u € CY*(Q) for all o € [0,1), i.e., it has “almost” the C?(Q)-
reqularity.

Remark 2.3. It can be shown (see, e.q., [3], [5]) that the system (4) characterizes the pair
{u, \} as a saddle-point over H}(2) x A of the Lagrangian functional L defined by:

L(v, ) = %/9(51!81)/8951]2 + Bo|0v/0xo|*)dz + /Q,u(v — 2)dw.



Following [3], [5] (see, also [4, Chapter 4]) the above observation suggests to solve problem
(1), via the equivalent system (4), using the Uzawa type algorithm of the form:

M is given in A (A" =0, for evample). (5)

Forn >0, A" being known, compute u™ and X" as follows: solve

" O*u™ Pun _
u" € Hy(S2), _61—337% - 52_8:5% + A" =0 1in Q, (6)
AT = Py[(A" + p(u” — 2)], (7)

where Py, the orthogonal projection operator from L?(2) onto A, is defined by
Pp(p)(z) = inf[1, sup[—1, u(x)]], a.e. in Q, Yu € L*(Q).
We observe that, for obvious reasons, u™ has the same reqularity properties as u, namely
u" € Hy(Q) N WP(Q),V¥p € [1,+00)

Theorem 2.1. Suppose that

0 < p < 2min(py, f2)ko, (8)
where, in (8), ko is the smallest eigenvalue of the operator —A in H}(Q). Then, for all
X €A, s<2, andp € [1,+00), we have

lim w" =w in W*P(Q), 9)

n—-+0o0o
where u is the solution of problem (1).

Proof. Denote u™ —u and A" — \ by @" and A", respectively. From (6) and (7) we then have
by subtraction and since the operator Py is a contraction of L*():

u" € Hy(Q), —m% — 52% + A" =01in Q, (10)
and
A o = I3+ ptlo g (11)
where || - [loo = || - || z2()- Relations (10) and (11) imply in turn that
/Q [ﬁl gi 88;:1 + ﬂggzz ;;2] dx + /Q N'odr = 0, Vo € Hy(9), (12)
and
I 50 = 1A 50 = —QP/Q N'atde — p? @ q- (13)

Taking v = @" in (12) and combining with (13) and the well-known inequality

IVollga = Kollvllg o, Yo € H (),
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(where kg is the smallest eigenvalue of —A operating in H}(Q)) yields
IN5.0 = 1IN IG 0 = pl2min(Br, B2) — kgl VE" G o- (14)

Suppose that the condition (8) holds; then the sequence {|[A\"||3 o}nz0 is decreasing; since it
is bounded from below by 0, it converges to some (non-negative) limit, implying from (14)
that

lim Va" =0in (L*(Q))?,

n—-+o0o
le.
lim " = wu in Hy(Q). (15)

n—-4o0o

Combining (15) and (10), we can show (we skip the details) that
N — Xin H1(Q) N (L®(Q) weak-*),
which implies in turn that
u" — u weakly in W>P(Q),Vp € [1, +0c0). (16)

The injection of W?2?(Q) into W*P(Q) being compact if s < 2, relation (16) implies the
convergence result (9), and also

u" — u in CH*(Q), Va € [0,1).
[

This concludes Remark 2.3 (algorithm (5)-(7) deserves further comments, some of them
will be given in following remarks).

Remark 2.4. The equivalent system (4) has proved already quite useful by: (i) bringing
information on the reqularity of the solution u of problem (1); (ii) leading us to an iterative
method quite easy to implement in order to compute the solution. Actually, system (4) can
tell us more. Indeed, suppose that

z € W2°(Q) N Hy(Q). (17)

(A wvery strong assumption, implying that there is no need for the problem (1) based L*-
smoothing, since, from (4), it does not bring more than the W (Q)-reqularity, precisely.)
Multiplying by u — z both sides of the elliptic equation in (4), we obtain, after integration by
parts, that

Ju 0 ou 0

_— — _— — — 1 — . 1
[ o =2+ g a2 do ot el =0 (15)
Denote u — z by w. It follows then from (18) that

/ [@1

2

+ Ba

2

dw
(9:171
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ow 0z ow 0z
1 = 0. 1
o +/Q {61 Oxy 011 * 628:62 61'2} do + Jlwll, () 0 (19)



Integrating by parts in the second integral in the left-hand side of (19) we obtain:

/ [51

Let us denote by B the vector {B1, B2} and by |B| = /7 + 5 the Euclidian norm of this
vector. It follows from (20) and the Schwarz inequality in R? and from the Young inequality

that
922 |17
de-t ]y [ 1- 18] H—
LY(®) or?

/ 0 ‘
Q)

It then follows from (21) that
For less smooth functions z, the relation u = z will take place, if and only if B = 0.

2

ow |?
8372

+ /2

a—w ] dx —/ [ﬁl 52 } wdz + [[wl| ;1 gy = 0. (20)

2
0%z

Ow | il <0. (21)
03 =@/ '

81'2

ow |’
Oy

2
0%z

022 (22)

92z ||?
u==zif |B] <1 H—
g /\/ =

L°°(Q).

Remark 2.5. The numerical experiments reported in [11] show that the number of iterations
(nit) required for the convergence of the discrete analogue of the Uzawa algorithm (5)-(7)
increases with 1/ |B| (z staying the same). Actually, for “small” values of |3, nit becomes
prohibitively large, making the active set method (ASM), thoroughly discussed in [11], a
very attractive alternative. As we will see in Section 4, one of the main features of the
over-relaxation method discussed here is that its performance improves as 3 gets smaller, a
behavior it shares with the ASM algorithms discussed in [11]. In order to comprehend why
the performances of the Uzawa algorithm (5)-(7) deteriorate when |B| gets smaller (z staying
the same) we are going to return to system (4), assuming that 5y = Py = B, for simplicity.
First we observe that (4) implies

NeA u=—F"H=A)""A (23)

and
/(z —u)(p— AN)dx >0, Vu € A. (24)

In (23), (=A)™" denotes the inverse of —A for the homogeneous Dirichlet boundary condi-
tions; from now on we will denote by G (for Green) the above operator (—A)~". Operator
G is self-adjoint, compact and positive definite over L*(Q); if T' is smooth enough and/or
is convez, then G is an isomorphism from L*(Q) onto H}(Q) N H*(Q). Combining (23) and
(24) yields

A EA, /(6‘1G)\ +2)(p— N)dx >0,V € A. (25)
Q

The elliptic variational inequality (25) is one of the many dual problems of (1). Actually,
(25) characterizes A as the solution of the following minimization problem:

AeA, TN <T (), VreA (26)
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with
T () = %ﬁl /Q (Gp)pdz + /Q zpdx, Y € L*(9). (27)

Problem (25), (26) is well-posed from the boundedness of A and from the continuity and
strict convexity of J* over L*(Q). Since the differential DJ*(u) of J* at p verifies

DJ*(p) = B~ G+ z, Yu € L*(9), (28)
it follows then from (24)-(28) that the Uzawa algorithm (5)-(7) can be rewritten as:
A0 is given in A. (29)
Forn >0, we obtain A" from \" via
A= PA[X" — (BTG + 2)], (30)

i.e., algorithm (5)-(7) is a gradient method with projection. In order to study the dependence
in B of the convergence of algorithm (5)-(7), we introduce \g = BN\, Ag = {u € L*(Q) |
\w(x)| < 871 a.e. in Q}, and, without loss of generality, replace p by Bp in (7) and (30).
With obvious notation, algorithm (5)-(7), (28)-(30) can be rewritten as

Ay is given in A; (31)
for n >0, we obtain )\g“ Jrom \j via
Ny = Py [N — p(B71GAE + 2)]. (32)

Concerning the convergence of algorithm (31), (32), VB > 0, we have convergence of
{AB o if the condition 0 < p < 2kg holds (where, as in (8), ko is the smallest eigenvalue
of —A in H}(Q)). Since operator G lacks the Ly(Q)-ellipticity property (i.e., there is no ¢
(> 0) such that [,(Gu)udz > cHuHiQ(Q) , V€ L*(Q), we can not expect the convergence
to behave uniformly with respect to B; in that case, the factor dominating the convergence is
the “size” of Ag, which increases with 371, making the target Az more costly to reach as 3
decreases (actually, unless = € H*(Q) N Hy (), we can prove that limg g, A8l 120y = +00).

Remark 2.6. Although this issue is of little interest with respect to L*-fitting, we can wonder
about the behavior of the solution of problem (1) when |3| — +o0. In that direction, we can
show that if u is the solution to problem (1), with V = H}(Y), then

lim u =0 in Hy(Q) NW>P(Q),V¥p € [1,+0c0).

min{B1,82}—+o0

3 Finite element approximation of problem (1)

We suppose that Q is a polygonal domain of R%?. Next, we introduce a triangulation Tj
of 2 whose vertices coincide with the original observation points, i.e., the pixel coordinates



defining the image to be denoised. We approximate then H} () by the finite element space
Von, defined as follows:

Von = {v | v e C’'(Q),v|r € P, VT € Tp,v =0 on '}, (33)

where P; is the space of polynomials in two variables of degree < 1. Let ¥y, be the set

of the vertices of 7, which do not belong to I'. We suppose that Xq, = {PZ}ZN:O{, where

Nop, = Card(Xop,). To Xy, we associate the following vector basis of Viy:
By, = {wz}zN:O{Lv (34)
where the w;s are uniquely defined by

wiEV()h, Vi=1,...,Ngh,

35
wiP) =1, % = 1,...., Now wi(Q) = 0, ¥Q vertex of Ty, Q # P (33)
We then have
Non
v = Zv Nw;, Yu € Vop. (36)

Finally, we denote by «; the area of the polygonal domain which is the union of the triangles
of T, which have P; as a common vertex.
Using the above space Vyy, we approximate problem (1) associated to V = H}(Q) by

Find u;, € Vg, such that J,,(up) < Jp(v), Yo € Vip, (37)

Jh(v>:%/g [51 88

Using, for example, the methods discussed in [3, Section 1.6] and [5] we can prove that
the approximate problem (37) has a unique solution characterized by

where
NOh

62 de + - Z a; |v(P;) — z] . (38)

up € ‘/Oha
ouy, 8(1; ) auh ( h):|
A A — | dx
/g; |:/81 (9x1 axl ﬁ2 81’2 (39)
1 NOh N()h
+§ izl()éih} —Zl Zoﬂuh _Zz|] >0, You € Vi,

From the above two references we can also prove that if: (i) For example, z; = z(F)
with z € CY(Q); (ii) h is the length of the largest edge(s) of Ty; (iil) Vh, the angles of Tj, are
bounded from below by 6y > 0, then

lim uj, = v in Hj(Q), (40)
h—0

u being the solution of problem (1).



Remark 3.1. If we fix h, then: limg_,oup, = f\i)f Z;W;.

Remark 3.2. In (39), assume that v = NO{” viw; and up, = Nof u;w;, and denote {vz}NOh
and {uz} " by v and w, respectively. The approximate problem (39) takes then the following
( equwalent} formula:

u € RNor,

(B1A1 + B2Az)u - (v —u) + jp(v) — jp(u) >0, Vo € RNon
Non

where the matrices Ay and Ay are both symmetric and positive definite; x -y = Y. zy;
Vo = {z;} X0 and y = y;~F € RN and we have
Non

Zaz lvi — 2], Yo = {v;}Ror € RNor,

(41)

System (41) characterizes u as the unique solution of the following minimization problem
(equivalent to (37)):

mln[ (BLAL + BaAg)v - v + jp(v)], with v € RNon, (42)

Remark 3.3. One can show (see, e.g., [11, Lemma 3.1]) that the solution w of problem (41),
(42) is characterized by the existence of X = {\;}X°F such that
Non
(B1A1 + f2Ar)u - v + Zaz)\ v; =0, Vo = {vl}NOh € RNon,
1=1

The system (43) is clearly a discrete analogue of (4). From (43), we can derive an Uzawa
algorithm for the solution of problem (41), (42); such an algorithm has been investigated in
[11]. An important consequence of (43) 18 that, in the discrete case, there is always a positive

number Puin, depending upon z = {z;};° Of, such that

u==z Zf |ﬁ| S 6mina with Bmin Z AIIHH/\/HAlz“zO + ||A22||io’ (44)

with Ayin = min; oy, @ = 1,..., Nop, and |yl = max; |y|, ¢ = 1,..., Nop, Vy = {yl}N‘)h €
RNon . Relation (44) (whose (easy) proof is left to the reader) is a discrete analogue of (22).
The lower bound of Buin in (44) depends on the smoothness of z (assuming that z; = z(P;),
Vi = 1,..., Now); it ranges, typically, from O(h*), if z is piecewise continuous, to O(1), if
2z € W2>(Q).

(43)

4 A point-wise over-relaxation method for the solution
of the approximate problem

4.1 Generalities

In ref. [11], we discussed the iterative solution of problem (37), (39) by an active set method
and by a discrete variant of the Uzawa algorithm (5)-(7). The results of the numerical experi-
ments presented in [11] show clearly the superiority of the active set approach, particularly as
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B gets smaller. Our goal here is to discuss a third method, of the point-wise over-relaxation
type; see also [21]. After describing the algorithm (in Section 4.2), we will discuss its con-
vergence (in Section 4.3). The automatic adjustment of the relaxation parameter(s) will also

be addressed.

4.2 Description of the over-relaxation algorithm
The finite dimensional problem (41), (42) is a particular case of

weRY, J(u) < J(w),Yv e RY, (45)
where J(v) = Jo(v) + J1(v), with

1
Jg('v):§A'v-v—b-’v, Vv € RY, (46)
and
N
Ji(v) =) ailv — 2|, Yo = {vi}Y, € RV (47)
i=1

We suppose, in (46), (47), that A is an N x N matrix, symmetric and positive definite, that
b= {b}Y¥, € RY and that o; > 0, Vi = 1,..., N. The minimization problem (45) has a
unique solution characterized by

ueRY, (Au—-0b):(v—u)+ Ji(v)— Ji(u) >0, Yo € RV, (48)

Remark 4.1. Compared with problem (41), (42), we have included in (45) the linear func-
tional v — b - v, this allows us to cover the situations where one wishes to make the change
of variables v < v — z and/or solve (1) when V = Hy(Q) = {v € HY(Q) | v =g on T} with
g smooth enough (g € C°(T') N HY*(T'), typically).

Following, e.g., [2, 3, 5], we advocate the following relazation algorithm:

u’ = {u?, ..., ul} is given in R™; (49)
forn >0, u® = {ul,...,u%} being known we compute u™*' = {uf* .. uwit} as follows:
For i =1,..., N, solve the following one-dimensional minimization problem
u?+1/2 c R, (50)
1 1, n+1/2 1 1
Juytt ol / ULy uR) < T al vl ), Yo € R,
and compute

W =l WP (WY =) (with WP € [1,2)). (51)

A strategy for the choice of w}', leading to the convergence of the relaxation algorithm,
will be provided below. Concerning the solvability of problem (50), it follows from, e.g,
[2, 3, 5], that problem (50) has a unique solution characterized by:

u?—H/Z c ]R,
0Jo , i1 ntel  nHl/2  p n nt1/2
ot ) (= ) (52)
1
+aifv; — 2| — [uf T = 2i]) > 0, Vo, € R

11



A more explicit form of (52) being (with obvious notation):

u?+1/2 c R,
i—1 N
n n+1/2 n n+1/2
O aiuy™ + a4 Y agup = bi) (v — u ) (52)
j=1 j=i+1
+ a;(|v; — 2| — u?+1/2 —z|) >0, Yu; € R,
Actually, from (52’), we can easily show that
. b7'1+1/2 ; b'@—i—l/? -
u; /2 — min (ﬂ, max(z;, 4) : (53)
Qi Qi
with
i—1 N
+1/2 n n
b S g - 3 g o1
j=1 j=i+1

From the practical point of view, (53) and (54) are the two most important relations of
this article, since they allow explicit determinination of u*"/?. Tt follows from 2, 3, 5] that

if one takes w!* = 1Vi and n, the convergence of (the Gau-Seidel type) algorithm (49)-(51)
is guaranteed. However, as usual with this type of algorithm, it is always tempting to speed
up the convergence through the use of w}* > 1, if feasible. In that direction, we suggest the

following adaptive strategy for the choice of w":

If (w2 = 2)(ul — z) <0, take w? = 1, namely u™' = o2, (55)
else
u?}+1/2 .

if ——— > 1, take w}' = wy (With wy € (1, Wopt)), (56)

else (since 0 < (ul™% — 2))/(u? — z) < 1) take

u; — 2
W' =min | ——— wy | . (57)
(u? _ u?H/Q f)

In (56), wept (< 2) is the optimal relaxation parameter for the solution of the linear
systems associated to matrix A. The choice of wy; will be discussed in the following section.

4.3 Convergence of the relaxation algorithm

In this paragraph we are going to prove the convergence of the relaxation algorithm (49)-
(51), assuming that w!" is provided by (55)-(57). To prove the convergence, we will make a
systematic use of the following classical relation (which is nothing but a Taylor expansion
applied to the polynomial function Jy(+)):

1
Jo(w) — Jo(v) = (Av —b) - (w — v) + EA('w —v) - (w—w), Yv,w € R". (58)
We are going to prove now the following convergence theorem

12



Theorem 4.1. Suppose that we use (55)-(57) to adjust wl. Then, Vu® € RN, we have

lim u" = u, (59)
n—-+0o

u being the solution of problem (45), (48).

Proof. We divide the proof in two parts, the first one being dedicated to proving that if
(55)-(57) holds, then

lir+n (u" —u™) = 0. (60)
n—-+0oo
1) We have
J(u”) _ J(un+1)
N
= Z[J(u?“, coouth ) = Tt et L ul)]
i=1
N
= Z[JO(U?H, coout ) — Jo(uy el )
i=1

+ai(|uf — 2| = Juftt = z])] (61)

(i) Consider first those indices 7 for which (55) prevails; we have then w? = 1 and u}"*! =
n+1/2

u, and the corresponding terms in (61) verify from (58):
n+1 n+l _n n n+1 n+l ,n+l | n n
J(uy™ o u g ) — J (e T g, uy)
_ n+1 n+1 n n n+1 n+1 n+1 n n
= Jo(u!™ ot g uy) — Jo(u T T Tl uy)
n n+1
+a(luf =z = [uf ™t = z))
aJO n+1 n+l  n+l | n n n n+1 (62)
= ou (W™, T ud ) (9 — )
7
+1 ’ n __ n+1’2+ (| n __ ’_’ n+l _ })
5 i |ui = U a;(Jul — z| — |u; 2il)-
: 1/2 .
Since u*! = u7™/? it follows from (52) and (55) that (62) reduces to
1 2
n+1 n+1 n n n+1 n+1 n+1 n n n n+1
Jui™ o ul g uy) — J (e T T g, uy) > S |l — up e
(63)
(ii) The other two situations, namely the ones associated with (56) and (57) are easier to
handle since the mapping v; — J(u]t, ... ,u?fll, Vi, Uy 1, - - ., UY) is linear-quadratic when

restricted to the half-lines v; < z; and v; > z;, implying in particular that in the situations
(56) and (57) we have

oJ

n+1 n+l  n+l/2 p ny __

%(u1 o g, uy) =0 (64)
7

: 1/2
since u /% # z;: we also have
9J ( n+1 n+1 n ) _ oJ ( n+1 n+1

n n ny
— (W g, g, uy) — (T T v U - Uy = (W — ),

13



if v; and w; are on the same side of z; (which is the case of un+1/2)

If (56) or (57) hold we have thus from (58), (64), and (65):

n+1 n+l . n n n+1 n+1 | n+1 n n
J(Ul ,...,Ui_l,ui7...,UN)—J(Ul ’...7ui_1,ui ,UiJrl,...,UN)
oJ 1 2
. n+1 n+1 n+1 n n+1 n n+1
_au(ul g ey ,l_l,ul ,U,L+1,...7UN)(U _u )+§a”| I3 —U; |
i
oJ
_ n+1 n+1 n+1 n n
— [_8ui(u1 s U T g uly) (66)
oJ 1
n+1 nt+l  n+1/2  p n n+1 n+1
_6“(% ety g uR) (e — g )+2azz|u —u; |
i
o n+1 n+1/2 n n+1 1 u” n+1|2
= a;(ul™ — u; Y(ul — )+ 2am| T — | )

Observe that we have, from (51), u™' — u™/? = “CL (4241 — 47) which combined with

K2 wi (]
(66) yields
J n+1 n+l , n n J n+1 n+l , n+l | n n
(uf™, oy ) = T e ul T g )
2 —w 2 2—w 2
= nz (0773 |U?+1 — U?| > f(lz'z' |U?+1 — U?‘ 5 (67)
2(,02- wa

if (56) or (57) hold.
Since wy € [1,2), we have 0 < (2 —wyf)/(2ws) < 1. Combining (63) and (67) we obtain
by summation in ¢ that

(2

N
n n Q—Wf n n|2

It follows from (63) and (68) that the sequence {J(u")},>o is decreasing; since it is
bounded from below by J(u), it converges to some limit, implying that the left and then
right side in (68) converge to zero as n — +oo. We have thus proved (60) since a; > 0,
Vi=1,... N.

2) To prove the convergence of {u"},>9, we observe that (48) implies

N
(Au—b) - (u" —u) + > afju — 2| — |u; — z[] >0,

which implies in turn that

(Au" —b) - (u" —u) + Y aqlul — 2] — Ju; — z]]

=1

Zgij ") (g — ) ZO@ =zl = |ui =zl = A(u" —u) - (u" —u). (69)

14



It follows from (69) that

N
0Jo 0o +1/2
;[auz (u") - ou; (U?J’_l? c. ’u?jllv U? / 7U?+1, o ,U%)](U? _ uz)
N o N
+ a—J(U?H, o uM u?+1/2,u?+1, oo uy) (Ul — ) + Z allu — 2| — Jui — 2]
i=1 v pa

> Au" —u) - (u" —u). (70)

Relation (70) can be rewritten as

N i—1
1/2
S i) — up ™) + auluf — ) wF - )
i=1 j=1
N 57 N
0 +1/2 +1/2 +1/2
+Z%(u?+1,...,u?ff,u? /,u?+1,...,u7](,)(u?—u? /)+Zai[|“?_zi|_ uy / — 7]
i=1 ¢ i=1
N
0Jo +1/2 +1/2
ZZ%(U?+1’.--,U?_+11, ZL /,U;:_p--o,u%)(ui—u? /)
=1 i
+aillug — 2] — [uf T =z A - ) - (u ).

Since from (68) the sequence {J(w,)},>0 is bounded, it implies that the sequence {w, }n>0
is bounded in RY. Moreover, (51) and (60) imply lim,_, o (u"*/2 — u™) = 0. Combining
these properties with the Lipschitz continuity of the function & — |£|, we can easily show
that the

left-hand side of (70) converges to zero as n — +oc. (71)

Since, from (52), the first term in the right-hand side is > 0, it follows from (70) and (71)
that

lim A(u" —u) - (u" —u)=0.

n—-+o0o

Matrix A being positive definite, the above relation implies lim,, ,,, u" = wu, which
completes the proof of the theorem. n

Remark 4.2 (On the choice of wy). Suppose that one applies algorithm (49)-(51) to the
solution of problem (1), using a single relazation parameter w, i.e., w is independent of i and
n. On one hand, for the Gauf$-Seidel type method with w = 1, we surely have convergence.
On the other hand, for small h, wep s close to 2. These observations together suggest that
a universal candidate for optimal w would be around 1.5. However, numerical tests suggest
that better and sharper way is to magjorize w} in (56), (57) by wWopt-
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5 Solving problem (1) in H(Q)

5.1 Generalities

There is no basic difficulty at generalizing the methodology discussed in the previous sections
to those cases where the set V' in problem (1) is of the following type:

V={ve H(Q),v=gonTy}, (72)

where 'y is an open subset (not necessarily connected) of the boundary I' of Q0 (we have
thus [ dI' > 0); indeed, assuming that g is smooth enough (i.e., 35 € H'(Q) such that
g = §|r,) the affine space V' is non-empty implying that the associated problem (1) has a
unique solution u verifying the variational inequality problem (2), with V replacing H} ().
Similarly, the solution u of the problem (1), (72) is characterized by the following variant of
system (4):

ueV,xeN={uecL*Q)||u)| <1, ae on Q},

0*u 0*u
Y 52t A0 Q
hge ~Prgg TA=0I (73)

EVU-’I’LZOOHF\FO,

Mu—2z)=|u-—z|,

6]}

0 f
[, i.e., u verifies a Neumann boundary condition on I'\ 'y and a Dirichlet one on I'g. As
in Section 2 with (4), we can derive from (73) an Uzawa algorithm operating in V' x A and
converging to {u, A}, if the analogue of p in algorithm (5)-(7), is taken positive and small
enough. The finite element method discussed in Section 3 applies, after minor modifications,
to the approximation of the problem (1), (72). To solve the resulting finite dimensional
problem, we can use the relaxation method discussed in Section 4.

In this section we are going to address the case where in problem (1) we have:

vV =H(Q). (74)

where, in (73), 3 denotes the matrix ( ) and n is the unit outward normal vector at

Such a choice makes sense from a practical point of view; it avoids in particular the pre-
processing of the boundary data as described in Section 6.1. From a mathematical point
of view, problem (1) is a little more complicated with V' defined by (74) than by (72),
concerning in particular the uniqueness of the solution. This increase in complexity persists
at the discrete level.

5.2 Formulation of the variational problem. Existence and unique-
ness of solutions
2
] dx,

With J(-) still defined by

2
1
+ 551

7w = [ [!v—ZH%ﬁl
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we consider the following problem from Calculus of Variations:
Find v € H*(Q) such that J(u) < J(v),Yv € H'(Q). (75)

We will start our discussion on the existence of solutions to problem (75) by proving the
following

Lemma 5.1. The functional
v (ol + [ Vol (76)
defines over H*(Q2) a norm equivalent to the (usual) H*(2)-norm

2 2
v ol + / Vol da] 2.

Proof. Let us denote by |[||-||| the functional in (76); this functional is clearly a norm over
H'(€2). Moreover, since 2 is bounded we have (from the Schwarz inequality in L*(2))

101l gy < 12 [0]] 2y » Yo € L2(9Q) (D HY(R)), (77)
with || = measure(2). Combining (76) with (77) yields
o]l < max(1, (2% [[o]l 1o, , Yo € H(Q). (78)
Suppose that there is no positive constant ~ such that
10l ) < v l0lll, Yo € HY(Q). (79)

This implies the existence of a sequence {v, },>o such that

v, € H'(Q) with vl g1y = 1,Vn > 0, (80)
i o] = 0. 1)

Relation (81) implies
i ol = Jim [ [V, dr =0, 2

Combining (80) with (82) yields

Hm ol o) = 1. (83)

n—-4o00

The sequence {v, },>¢ being bounded in (the Hilbert space) H'(Q), we can extract from it a
subsequence — still denoted by {vy, },>0 — such that

lim v, = w weakly in H*(Q). (84)

n—-+00
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Since ) is bounded, it follows from the celebrated Kondrachev theorem (see, e.g., [17])
that the injection from H'(Q) into L*(Q) (and therefore into L'(Q)) is compact. We have
thus, from (84),

lim v, =w in L*(Q),
n—-+o0o

which combined with (82) and (83) yields
||w||L1(Q) =0 and ||w||L2(Q) =1 (85)

The first relation in (85) implying w = 0, the second one makes no sense, which implies that
sequences verifying (80) and (81) do not exist, which implies in turn the existence of v > 0
such that relation (79) holds true. Inequalities (78) and (79) imply the equivalence of the
two norms. [

Equipped with Lemma 5.1, we can easily prove the following

Theorem 5.1. Suppose that z € L*(2); then, the variational problem (75) has at least one
solution. Moreover, the solutions of problem (75) are characterized by

u € HY(Q), /QﬁVu-V(v—u)dx+j(v)—j(u) >0,Yv € H'(Q), (86)

where
i) = /Q v — 2| dz, Yo € LX(Q)(> HY(Q)).

Proof. Observe that the functional [J(-) being convez and continuous over H'(Q) is weakly
lower semi-continuous on that space. Next, consider a minimizing sequence {u,},>o for
problem (75); we have thus

u, € H(Q),¥n >0, and
lim J(u,) = inf J(v)>0. (87)

n—-+00 vEH(Q) -

We clearly have
[tnllfrqy < € and / \Vu,|* de < C,¥n > 0,
Q

for some constant C'(> 0), which implies, from Lemma 5.1, that the sequence {u,},>0 is
bounded in H'(2). We can extract thus from {u,},>o a subsequence — still denoted by
{tn}n>0 — such that

lim u, =u weakly in H'(Q).

n—-+00

From the weak lower semi-continuity property mentioned above, we have

inf 7(v) < J(u) <liminf J(u,) = lim J(u,) = inf J(v),

n——+o0o n—+o00 veH1(Q)

a chain of relations showing that J(u) = inf,cp1 ) J(v).

18



Since J(-) = Jo(-) + j(-), where

To(v) = %/Q 2

+ B2
the variational inequality characterization (86) follows classically (see, e.g., [3, Lemma 1.4.1],
[5]) from the convexity of j(-) and Jo(+) and from the differentiability of Jo(:). O

ov

3x2

2
] dz (= 1/Bw - Vodz), Yo € H'(Q),
Q

ov
8$1

B

2

Now that the existence of solutions to problem (75) has been “secured”, we are going to
investigate the uniqueness (or non-uniqueness) properties of the solution(s). A first step in
that direction is provided by the following

Theorem 5.2. All the solutions to problem (75) have the same component in H*(2) N L3()
in the decomposition H'(Q) = (H'(Q)NLE(Q)) SR, where L§(Q) = {v € L*(Q) | [, vdx = 0}.

Proof. Suppose that both u; and us are solutions to problem (75); it follows then from (86)
that

/QBVul - V(ug —uy)dx + j(ug) — j(ug) >0

and .
[ 59 s = wahde ) = () > 0,

The above two relations imply by addition that
min(fy, 52)/ |V (ugy — ul)\2 dr < / EV(uZ —uy)+ V(ug —up)dr <0,
Q Q

which implies in turn that V(us —uy) = 0 on €Q, i.e., us — u; = constant, which proves the
theorem. ]

In order to push our analysis further, we are going to take advantage of the fact that the
solutions to problem (75) verify the following variant of the characterization (4) (which was
obtained for V' = Hj(Q2) in (1)):

ueV, e A={uec L*Q)||u(x) <1ae onQ},

0%u 0%u )
_/31(9_%_/5’28—I%—k)\_01nQ7 (8)

EVu-nzoonI‘,

AMu—z)=|u—2z|.

It follows from (88) and classical regularity results for the solution of elliptic equations with
constant coefficients (see, e.g., [17, 7]) that if  is convex and/or I' smooth enough, then
u € W2P(Q),Vp € [1,+00) (which implies that v € CY*(Q),Va € [0,+00), i.e., u has
“almost” the C?(Q-regularity). Another implication of (88) and Theorem 5.2 is that all the
solutions to problem (75) “share” the same A. We are going to use the characterization (88)
to identify a particular problem (75), which has multiple (in fact an infinity of) solutions if
By is large enough:
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Take 2 = (—a,a) x (0,b), where a and b are both positive, and z defined as follows:

0, if —a,0 0,0
2a) =9 € (~a,0)x (0,5, (89)
1, ifze(0,a)x(0,b).
Using (88), one easily verifies that the solutions of problem (75), (89) are given
(i) if 81 > a®, by
u(zy, w2) = uo(w1, ¥2) + ¢, V{21, 22} (= 2) €, (90)
with X
uo(x1, T2) = 5 + 2—61x1(2a — |z1])
and . 2 )
a a
ce|l—=1-L, 21— L.
(I3 )5(=3)

Problem (75) has thus in infinite family of solutions parametrized by c if 3; > a®.
(ii) if 0 < By < a? by

0 if {z1, 22} € (—a,—/B1] x (0,b)
u(zy, 22) = 5+ g5 01(2V/Br — |wl),  if {z1, 22} € [-V/Br, VB x (0,0),  (91)
1 if {@1, 22} € [V/B1,a) x (0,b).

Problem (75), (89) has thus a unique solution “as soon as” 0 < 3; < a?.

The particular problem (75) that we are presently discussing is exemplary in the sense
that z defined by (89) is a “pure” jumping function (clearly related to the Heaviside step
function); it may be therefore instructive to study the behavior of u as 8 — 0. Taking
advantage of the representation (91), we can easily show that

VB
lu = 2]l 1y = b5 and [Ju — 2| o) = Vb

Vb1
: = (92)

NG

To conclude this uniqueness related discussion we are going to complete Theorem 5.1 by
proving the following

Theorem 5.3. Suppose that z € C°(Q); then the corresponding problem (75) has a unique
solution.

Proof. Observe first that it follows from (88) that

/Q Az = 0. (93)

Suppose that (75) has a solution u such that u — z > 0. We have then, from (88), A(z) >0
a.e. on €2, which combined with (93) implies A = 0. It follows then from (88) that v = z. If
w is also a solution of (75), it shares with u the same A, implying, from (88), that |w — z| =
AMw — z) = 0. We have thus w = z = u, i.e., the uniqueness of the solution if u — z > 0.
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A similar conclusion holds if u — 2z < 0. Suppose now that u — z changes sign over (2; since
the functions uw and z are both continuous, the sets QT = {x € Q | u(x) — z(x) > 0} and
Q- ={z € Q] u(x)—z(x) <0} are both open subsets of Q2. Suppose now that there exists
a positive constant ¢ such that u + ¢ is also a solution of (75). Take now xy € 9~ (the
boundary of Q7); we have then u(zg) — z(z¢) = 0 and u(zg) + ¢ — 2(x¢) = ¢ > 0. From the
continuity of the functions u — z and u + ¢ — z, there exists, “close to xy”, an open subset O
of Q7 such that (u— z)[o < 0 and (u+c— 2)|o > 0. The first inequality implies, from (88),
that A = —1 on O, while the second inequality implies A = 1 on O, which is contradictory,
implying that there is no positive ¢ such as u + ¢ solves (75). Using Q% this time, we can
prove similarly that there is no positive ¢ such that u— ¢ solves (75); u is therefore the unique
solution of (75). O

Remark 5.1. This is the H'()) analogue of Remark 2.6: if u is the solution of (75), we
can prove that

lim = oo in W?P(Q),Vp € [1, +00),
min{p1,B82}—+00

the function function cs being a constant, solution to the following one-dimensional mini-
mization problem:

co ER, |z — CooHLl(Q) <lz- CHLl(Q) ,VeeR.

Since the solution u to problem (75) and c are not necessarily unique, the above convergence
result has to be understood in the sense of sub-sequences.

5.3 A brief discussion of the finite element approximation of prob-
lem (75)

We proceed as in Section 3, the main difference being that this time the fundamental discrete
space is B
Vi ={v e C%Q) | vlr € P,,VT € Tp.}, (94)

with 7;, a triangulation of €2. From the set ¥, = {Pi}f-v:hl of the vertices of 7, we introduce
the following vector basis of V:

B = {wi}fihlv
with w; uniquely defined by
Vi=1,...,Npw € Vh,wi(P) =1, wi(P)=0Yj=1,... Ny j#i.

We approximate problem (75) by

Find uy, € V}, such that Jy,(up) < Jp(v), Vo € V4, (95)
where N
1 o |2 o |2 1
_ = v Bl I - (P — 2
Jn(v) 5 /Q [ﬁl 8901 + 5o 07 T+ 5 ; a; |[v(P;) — z, (96)

with «; as in Section 3.
We can “easily” prove the following

21



Theorem 5.4. The finite dimensional problem (95) has at least one solution. Moreover, the
solutions of (95) are characterized by

up € Vi,
Guh ( ) 8uh ( — Uh)
_ — | d
/ [51 8x1 Oxq 62 0z ! (97)
Zai lv(P;) — 2| — Z a; |up(P;) — zi|] > 0,Yv € Vi,
=1 =1
and the existence of A\, such that
’LLhEVh,)\hEAh:{/LEVhHM( )’<1V2=1 Nh},
Ouy, Ov Oouy, Ov
= 98
/ {618951 o0 P50 (m] dx + Z(mh =0,Yv € Vj, (98)
An(P)(un(P;) = zi) = un(F) = zil ,VZ =1,.... Ny

Concerning the uniqueness property of the solutions to problem (95), we can show that,
as in the continuous case, if u, and wj, are both solutions of (95), then u;, — uj}, is a constant

and moreover
Np, Np,

> ailun(P) =zl =) aiup(P) — 2l (99)
i=1 i=1
Suppose that uy, is a solution to (95) and introduce the sets I, Iy, and /_ defined by
I, ={ie{l,...,Np} | un(P;) — z > 0}, Iy = {i € {1,..., Ny} | up(P;) — z; = 0}, and
I ={ie{l,....,Nu} | un(P;) — z < 0}, respectively. Take now ¢ € R, sufficiently small, so
that u,(P;) +c— 2 > 0,Vi € I, and up(P;) +c— 2; < 0, Vi € I_. Suppose now that uj, + ¢
is also a solution to (95); it follows then from (99), and from the definition of I, Iy, and I_,
that

Np,
3 un( P —ZZ’—ZCYth ) +c— z
i=1
:Zaz(uh( +te—z)+ Y ailz—c—un(P) +d ) a (100)

i€l el i€l
=c(Q_ o= o) +|C|Zaz+2azlw ) =l
i€l iel_ i€ly

It follows from (99) and (100) that uj, + ¢ is a solution to (95) if and only if

) ai=> ) +el) ai=0. (101)

icly il i€ly

It is pretty obvious that equation (101) has non-trivial solutions if and only if

Z o — Z o = Zai. (102)

i€l 1€l i€ly
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We have shown thus that if u;, is a solution to (95), other solutions (in fact an infinity of
them) exist if and only if relation (102) holds.

Concerning the convergence of {uy}, when h — 0, it can proved, using the methods
discussed in, e.g., [3, 5], that if the angles of the triangulation 7 are bounded from below,
uniformly in & by 6 > 0, then we can extract from {uy, }; sub-sequences converging in H'(Q)
to solutions of problem (75). Actually, any converging sub-sequence extracted from {uy}
converges (strongly in H'(Q)) to a solution of problem (75).

There is more to say about the approximate problem (95), particularly its iterative so-
lution; this will be discussed in a forthcoming publication. We will conclude this section by
proving that if h being fixed, B is small enough, then u;, = z;. In order to prove this result,
we will start from (98), rewritten in vector-matrix form, using the notation of Section 3,
Remarks 3.2 and 3.3; we have thus

(61A1 + 52A2)u -V + D)\ VD = O,

103
/\Z(UZ—ZZ):lul—ZA,VZZL,Nh ( )

In (103), the matrices Ay, A, are symmetric and positive definite, and D is the N x N,
diagonal matrix defined by d;; = «;. Taking v = u — z in (103), we obtain

Np
(ﬁlAl + ﬁgAg)(’U, — Z) . (’LL — Z) + Z (073 |ul — Zi| = —(61041- + /BQAQ)Z . (’U, — Z)
=1

Np

2 2
<181 1Az + 1Azl S i — =l

i=1

which implies in turn that

Ny,
(GuA+ o) = 2)- (w2 + 3 (o= 1811431 + 4 ) =l < 0. (101
1=1

Suppose that

81 < (_min_ an)/y/l Azl + Az (105)

1=

.....

it follows then from (104) that w = z if relation (105) holds. The right-hand side in (105)
depends of the regularity of z; it ranges from O(h?) if z is piecewise continuous, to O(1) if
z € Wa>(Q).

6 Numerical experiments

In this section, we present the results of numerical experiments. The experiments were
performed on an HP9000/J280 workstation (180 MHz PA8000 CPU) and the 1-d and 2-
d variants of (49)—(51) as part of Algorithm 2 were implemented with C language. As
middleware for preparing the examples, calling the external C-routines and illustrating the
results we used Matlab.
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6.1 The denoising algorithm

To summarise the algorithmic results of earlier sections, the nonsmooth SOR (NSOR) algo-
rithm for solving (43) reads as follows:

Algorithm 1. [lterate (49)—(51), where A = 51 Ay + $2As and U?H/Q and wl are computed
using (53) and (55)—(57), respectively, until

| —uf|| <. (106)
Here ¢ is a given stopping tolerance.

In practice, in the light of Remark 4.1 (cf. also Section 5.1), we consider the non-
homogeneous Dirichlet boundary condition. Our overall suggestion for a denoising algorithm
treats a two dimensional image data by first applying the technique of Section 4.2 on the
boundary, which is supposed to consist of individual strips, i.e. 0Q = U, ;, i = 1,...,n.
For example, for Q = (xg, 1) X (yo,y1) the natural division consists of I'y = (xq, z1) X Yo,
[y = (zo, 1) X y1, 's = 29 X (Yo, 41), and T'y = 21 X (yo,y1). The presmoothed values at the
boundaries are then used as a nonhomogeneous boundary condition in (43).

Algorithm 2.
0° Imitialization: Choose 31,52 > 0 and wy € (1,2).

1° Boundary fix: Solve the one-dimensional counterpart of (1) using Algorithm 1 sepa-
rately on the boundary strips I'; such that the change points between the strips are used
as a nonhomogenous boundary condition in the individual problems. Here one needs
to choose an appropriate single reqularization parameter B, whose relation to [y, Bo de-
pends on the application'. For example, § = 30 max(f1, B2) was applied in Figure 1
after some test runs.

2° Domain fix: Solve the 2-d problem (43) using Algorithm 1 with the values from Step 1
determining the nonhomogeneous Dirichlet boundary condition.

6.2 Comparison of restoration capability

As already mentioned in the introduction, the characteristic behaviour of the L; method
(1) itself was thorouhly studied in [11] using simulated data and different analytical error
measures. Here, we first continue the exploration of such a denoising methodology by in-
troducing a brief comparison concerning the restoration properties of this method and a few
well-known, popular methods, based on real data related to the front propagation process as
presented in Section 1 (cf. Figure 1).

The denoising comparison is based on (pieces of) two samples from the burning front
image repository that has been collected as part of the research activities. These two different
sample images (data) are used in the following roles:

!Discretized two-dimensional problems have more supporting pixels for the unknown pointwise value to
be determined than in the corresponding one dimensional case (see, e.g., [12]): typically such a shortage of
information must be compensated with larger regularization parameter in 1-d for appropriate results.
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Figure 2: Test data image (left) and a local zoom (right).

1. Test data: The first image, illustrated in Figure 2, is used to fix the free parameters in
different denoising methods to be tested (cf. Table 1). The image contains first seventy
(70) burning fronts of an experiment.

2. Validation data: A second image is used to validate the results of different methods,
which are illustrated in the figures given in Appendix B (cf. Table 2). We also used
seventy (70) burning fronts from the initial image.

The two main goals and corresponding measures for denoising properties are the following:

Errors: The height of the propagating burning front should not decrease. To quantify this,
we calculate the number of points (pixels) in an image h € R™*", where h(t;, z;)+tol <
h(ti—1,z;). Here t; denotes the ith front, ¢ = 2,...,m, (m = 70) and z; the jth pixel
j=1,...,n, (n = 1000). tol denotes the tolerance related to the accumulation of
floating point errors, which was taken as 10° - machine_epsilon ~ 10711

Distances: The local variation of the front shoud not be destroyed, i.e., the denoised image
should be as close as possible to the original one excluding the outlying values with
decreasing front. Moreover, to have a quantified possibility to compare the results of
different methods, we also need a distance measure between their results. For this
purpose, we compute the mean absolute deviation between two images (matrices) hq

and hy according to
1 m n
— D H(ha)ij — (ha)igl-

i=1 j=1

Let us next describe shortly the methods that are to be compared with the one considered
in this paper. Basically there exists numerous methods for image denoising and different
classifications of possible techniques can be given. One way to classify different possibilities
(cf., e.g., [14] and references therein) is to consider:
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Transform based methods, where the basic idea is to, first, make a linear transformation
of the given image (signal) to new basis, then decrease or remove the effect of coefficients
corresponding to “noisy” basis functions, and, finally, reconstruct the denoised signal
using the inverse transform with the modified coefficients/basis functions. Two of the
most popular methods from this family were chosen, namely the Fourier method, where
the transform is made to the frequency domain, and the Wavelet method where the
time-frequency (scale) domain is considered [15]. We further restrict ourselves to one-
dimensional methods, which are applied in a front-by-front fashion to raw images. Free
parameters for the Fourier method is to decide which frequency band is diminished to
suppress the noise, and for the Wavelet method to determine how the coefficients in
the time-frequency plane should be modified.

Kernel based methods, where the basic idea is to define a local kernel (usually a moving
window), which localizes the computation of a suitable statistical estimate representing
the local reconstruction of a noisy pixel value. Two of the most popular methods from
this family were chosen, namely the mean and median filter [6]. These methods become
well-defined as soon as the shape of the moving window, here the length and hight of
it in pixels, is given. Notice that pixels near the boundaries, where the mask refers to
nonexisting values, need a special treatment. Here we choose the simplest solution to
include in the computation of the estimate only those values that actually exist in the
image.

Optimization/PDE based methods, where the basic idea is to define a suitable cost
functional (or a PDE usually representing optimality condition of the corresponding
cost functional), whose minimizer represents the smoothed image. The method con-
sidered in this paper, clearly, belongs to this class. The free parameters to be fixed (cf.
Algorithm 2) are 81, 8, > 0, 3= f(51, ), and w € [1,2).

Tables 1 and 2 in Appendix A contain the results (i.e., the errors and distances between
different reconstructions) of different methods for test and validation images, respectively.
The test data was used for hand-tuning the free parameters in different methods in such a
way that the unphysical errors of decreasing front in the test image were removed completely.
In practice, this yielded the following choices for different methods

Fourier: We used the middle-band-rejection strategy (see [20]), i.e. altogether 2.2% of the
tails of the frequency band (11 lowest and 11 highest) was kept and the middle-band
omitted.

Wavelet: We used 10th order Daubechies wavelet family with six levels of details (i.e.

seven decomposition levels altogether). The wavelet coeffients {¢;;},l = 0,...,6,j =
0,...,1024, were modified using soft, adaptive thresholding strategy (see [15, Chapter
10]), i.e.

o sign(cy;) (|| — 01), el > 0,
; 07 |Clj| < 91'

The levelwise thresholds {6;} were chosen as 0,4, - [0.01 0.02 0.03 0.04 0.05 0.05 0.01]
where 0,4, = max;; |c;|.
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Mean and Median: 5x7 window (mask) size was used for both approaches.
Li-method: The parameters were chosen as 51 = 0.1, B = %, 3 =308 for I'; UT, (the
x-boundary strips) and = 305, for I's U Ty (the y-boundary strips).

Figures 5-9 show the actual appearance of the results of different methods for the valida-
tion image. Both the whole result (i.e., the restored image) and a zoomed, local result are
given to illustrate the characteristic (qualitative) behavior of different methods.

Let us draw the following conclusions from these tests

e According to Tables 1 and 2 a cluster of quantitatively appropriate results (emphasized
with bold font in the tables) is given by median filter and L; method. They both
remove almost all errors and remain sufficiently close to each other and the original
image. This result coincides with the basic charasteristic of the L;-norm based M-
estimate, the median, which can tolerate up to 50% of erroneous values [8]. As we
see this behaviour is also captured in the L; method, which on the contrary to the
local, window-based median also smooths the overall appearance of the image due to
H' smoothing. The smoothing effect is also supported by the closeness of distances
between the restorations of the mean filter and the L; method. The plain median filter,
due to the discontinous character of the used statistical estimate, yields a staircase-like
structure along the front lines. This (qualitative) difference is clearly visible in Figures
8 (right) and 9 (right).

e The transform-based, linear methods dramatically oversmooth the results and are un-
able to generalize the removal of erroneous values to the validation image. Also the
mean filter yields some loss of details although the errors are well restored also in the
validation image.

6.3 Efficiency of NSOR

Next we consider the efficiency of nonsmooth SOR. Three different strategies for choosing
the over-relaxation parameter w were tested and compared. The first approach (NSOR_fix)
is to use a constant value (w = 1 or w = 1.5). The other approach (NSOR_var) is to
have a variable choice according to (51). To this end, we also included in the comparison
a simple adaptive approach (NSOR_ada), based on our numerical experience with NSOR.
The heuristic is based on the general observation that w should be as large as possible
within the “convergence region” of the procedure. Hence, we start with a sufficient large
value (1.6-1.7 was used in the numerical experiments) and if the error tolerance in (106)
eFtt = |JuFt! — k|| starts to increase, i.e. e*! > ¥ for k > 1, during the iterations
(suggesting that the algorithm might be diverging), we decrease the current value of w by
taking 0.97w.

To compare the efficiency of different approaches, we use the whole recordings of same
two sample images as in the previous section, and study the number of iterations and the
actual CPU time. Notice, however, that because the CPU time is measured from Matlab
(tic...toc), the approach with varying w" is not comparable with the other approaches. It’s
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Figure 3: Number of iterations over different values of 5; = 5 in Tables 5-7 for Image 2 on
logarithmic scales.

CPU time per iteration is much larger, because it includes transform of the over-relaxation
vector {w?}¥ | between Matlab and the C-routines via the Mex-interface, which according to
the numerical results seems to dominate the CPU usage. Hence, only number of iterations
allows a true comparison between the efficiency of the scalar and vector-valued over-relaxation
cases.

The results of these tests are reported in Tables 3-7 and illustrated in Figure 3. Based
on all this information we draw the following conclusions:

Convergence and comparison of variants: All three variants and four actual procedures
are able to solve the minimization problem and, from the denoising point of view, they
all work very well in the appropriate region of the values of 31, (5. Furthermore, as
illustrated in Figure 3, for small values of g the Gauss-Seidel type algorithm with
w = 1 is very efficient, but its efficiency decreases dramatically as ( increases. Both
fixed over-relaxation w = 1.5 and the adaptive procedure stabilize the performance
of the method over a large interval of possible values of the regularization parameter.
As a whole, however, the most stable and efficent method is the one with varying w,
whose convergence was also thoroughly analyzed in Section 4.3, because its number
of iterations both with respect to the number of unknowns (Tables 3-4) and different
values of regularization parameters (Tables 5-7) remains in the best overall level.

Overall efficiency: From the computational point of view, the nonsmooth SOR algorithm
is simpler but much more efficient and memory friendly than, e.g., the algorithm pre-
sented in [11]. More precisely, in the current implementation which is suitable for real
images the elements of the FE representations A;, Ay, and {ozz}fvzof are included in
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the procedure explicitly. This means that we do not need to allocate any additional
vectors in the code, since pointwise updates to {u;} (and {w;} for NSOR_var) and
also the monitoring of the error criterion can be implemented in an override fashion.
Moreover, this means that the number of iterations of the algorithm coincides precisely
with the number of sweeps through the data vectors. We feel that the efficiency of the
proposed methodology is very promising, especially, when noticing that we are solving
a nonsmooth optimization problem.

Effect of regularization: The algorithms are working better for smaller values of (1, f,
where the nonsmooth term in the cost functional is more dominating. Moreover, as
illustrated in Table 6, too small values of the regularization parameters, where the
formulation will not change the observation z at all, are indicated by only one iteration.
This coincides with the analysis in Section 3 (Remarks 3.1 and 3.3) Hence, this allows
one to tune and monitor the appropriate values of g;, i = 1,2, using visual inspection
or, e.g., the heuristics proposed in [11, 1].

6.4 Conclusions from the numerical experiments

As a whole, we obtained very promising results from all the tests that were performed. The
nonsmooth SOR procedure is simple to implement and it provides very efficient performance
with minimal memory consumption. Hence, it is a very good candidate for even larger
problems (with millions of pixels) where the overall smoothness is to be preserved, like in
our lens-paper burn example.
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A Tables

Errors | Distances
Fourier Wavelet Mean Median Ly
Original 373 0.5003 0.3796  0.1637 0.0104 0.0683
Fourier 0 0.4095 0.4872 0.4972 0.4844
Wavelet 0 0.3645 0.3765  0.3629
Mean 0 0.1583 0.0983
Median 0 0.0658
Lq 0

Table 1: Errors and distances between the results of different methods for the test data

image.

Errors | Distances
Fourier Wavelet Mean Median Ly
Original 922 0.3147 0.3693  0.1950 0.0266 0.0918
Fourier 196 0.2967  0.2910 0.3062  0.2830
Wavelet 255 0.3409 0.3634  0.3400
Mean 16 0.1781 0.1094
Median 6 0.0824
Ly 3

Table 2: Errors and distances between the results of different methods for the validation data

image.
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Image 1 Image 2

m n mxn | Iters. CPU w Iters. CPU w
50 25 1250 22 0.03  1.4603 26 0.01  1.4603
100 50 5 000 29 0.02 1.5054 30 0.02 1.5054
150 75 11 250 32 0.05 1.5520 30 0.05 1.5054
200 100 20 000 32 0.08 1.5520 34 0.09 1.5520
250 125 31 250 29 0.12 1.5054 34 0.14 1.4603
300 150 45 000 36 0.22 1.5520 45 0.27  1.4603
350 175 61 250 39 0.33  1.5520 35 0.29 1.5520
400 200 80 000 40 0.46 1.5054 43 0.49 1.5520
450 225 101 250 37 0.55  1.5520 73 1.05 1.5054
500 250 125 000 37 0.69 1.5520 64 1.18 1.5520
550 275 151 250 61 1.38  1.4603 62 1.41  1.5520
600 300 180 000 53 1.42  1.5054 64 1.75 1.5520
650 325 211 250 53 1.68 1.5054 62 2.15  1.5520
700 350 245 000 46 1.70  1.5520 64 2.47  1.5520
750 375 281 250 53 2.22  1.5054 64 2.68 1.5520
800 400 320 000 42 2.05 1.5520 73 3.65 1.5054
850 425 361 250 53 2.94  1.5054 64 3.56  1.5520
900 450 405 000 53 3.33  1.5054 64 4.10 1.5520
950 475 451 250 53 3.78  1.5054 62 4.67  1.5520
1000 500 500 000 53 4.49  1.5054 64 5.26  1.5520

Table 3: Number of iterations, CPU time, and final value of w for NSOR _ada with, from the
restoration result point of view, good values 3; = 0.2 and 3 = 0.04; ¢ = le—5 and w® = 1.6.

Image 1 Image 2
m n m=n | Iters. CPU | Iters. CPU
50 25 1250 27 1.27 32 1.27
100 50 5 000 33 1.26 36 1.30
150 75 11 250 33 1.30 36 1.28
200 100 20 000 33 1.36 36 1.36
250 125 31 250 33 1.45 36 1.47
300 150 45000 37 1.63 36 1.61
350 175 61 250 38 1.83 36 1.75
400 200 80 000 38 1.96 37 1.96
450 225 101 250 38 2.20 56 2.64
500 250 125 000 38 2.42 56 2.93
550 275 151 250 41 2.97 56 3.28
600 300 180 000 41 3.04 56 3.70
650 325 211 250 41 3.43 56 4.18
700 350 245 000 41 3.76 56 4.74
750 375 281 250 41 4.10 56 5.11
800 400 320 000 41 4.59 56 5.70
850 425 361 250 41 4.92 56 6.25
900 450 405 000 41 5.36 56 6.87
950 475 451 250 41 5.95 56 7.74

1000 500 500 000 41 6.46 56 8.29

Table 4: Same as Table 3, but using NSOR_var; wo,: = 1.6.

33



Image 1 Image 2

w=1 w=1.5 w=1 w=15
B1 | Iters. CPU Iters. CPU | Iters. CPU Iters. CPU
5e-4 1 0.15 1 0.10 1 0.10 1 0.11
Te-4 2 0.18 17 1.17 2 0.19 18 1.22
9e-4 7 0.48 19 1.26 6 0.42 19 1.26
2e-3 10 0.71 26 1.80 11 0.76 25 1.69
4e-3 17 1.13 26 1.73 20 1.31 26 1.71
6e-3 18 1.24 27 1.94 22 1.50 26 1.77
8e-3 21 1.39 26 1.71 25 1.64 27 1.77
le-2 28 2.03 27 1.88 28 1.90 28 1.91
3e-2 65 4.99 32 2.25 91 7.05 27 1.92
5e-2 | 108 9.44 33 2.49 153 13.14 54 4.20
Te-2 | 200 17.72 70 5.66 175 15.14 62 4.75
9e-2 | 208 19.12 73 5.91 210 18.73 76 6.05
2e-1 324 29.54 126 10.15 411 37.38 160 13.56
4e-1 | 764 68.77 293  25.36 | 607 55.89 236 20.31
6e-1 | 1193 104.67 457 40.24 | 804 71.96 333 2843
8e-1 | 1616 132,57 636 60.28 | 1276 113.78 507  43.86

1 2104 178.14 840 71.81 | 1610 141.71 623 54.84

Table 5: Number of iterations and CPU time for NSOR_fix with different values of 5; = (s;
two fixed values of w for € = le — 5, largest 1000x500 images from Table 3.

Image 1 Image 2
B | Tters. CPU w Iters. CPU w
5e-4 1 0.10  1.6000 1 0.10  1.6000
Te-4 20 1.16  1.5520 24 1.56  1.6000
9e-4 27 1.63  1.6000 26 1.54  1.6000
2e-3 26 1.53 1.5054 32 2.08  1.6000
4e-3 36 2.20  1.6000 24 1.43  1.4603
6e-3 24 1.42  1.4603 23 1.52  1.4603
8e-3 30 1.83  1.5520 28 1.67 1.5054
le-2 31 1.85 1.5520 31 2.04  1.5520
3e-2 32 2.14  1.4603 27 1.79  1.5054
oe-2 33 2.34  1.5054 46 3.48  1.5520
Te-2 69 5.52  1.5054 53 4.12  1.5520
9e-2 72 5.97  1.5054 65 5.43  1.5520
2e-1 97 8.34 1.6000 | 140 12.44 1.5520
4e-1 | 225 20.07 1.6000 | 207 18.75 1.5520
6e-1 | 349  30.82 1.6000 | 297  26.92 1.5520
8e-1 | 493 42.85 1.6000 | 445 40.04 1.5520
1 659  56.75 1.6000 | 548  47.31 1.5520

Table 6: Number of iterations and CPU time for NSOR_ada with different values of 8; = Sy
e =le—5and w® = 1.6, largest 1000x500 images from Table 3.
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Image 1 Image 2
B1 wgpt Iters. CPU | Iters. CPU
5e-4 1.0 1 1.41 1 1.47
7e-4 1.0 2 1.52 2 1.51
9e-4 1.0 7 1.98 6 1.89
2e-3  1.05 9 2.16 9 2.17
4e-3  1.09 14 2.63 16 2.81
6e-3  1.22 13 2.58 13 2.54
8e-3 1.24 13 2.60 15 2.76
le-2  1.26 15 2.74 15 2.76
3e-2 1.51 28 4.40 27 4.31
Se-2  1.62 38 5.95 35 5.51
7e-2  1.63 47 7.17 38 6.03
9e-2  1.66 43 6.75 44 6.88
2e-1 1.76 67 9.81 67 9.88
4e-1  1.80 | 104  14.48 86 12.19
6e-1 1.84 | 126 17.16 | 115  15.93
8e-1 1.87 | 138 1850 | 134 17.99

1 1.87 209  27.12 140 18.73

Table 7: wop: (seeked by hand), number of iterations, and CPU time for NSOR_var with
different values of 5, = (5 for the largest 1000x500 images from Table 3; ¢ = 1e — 5.
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B Figures

Figure 5: Denoised front profile using Fourier filter: restored validation image (left), local
zoom of the result (right).
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Figure 9: Denoised front profile using L;-filter: restored image
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