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Abstract

We are concerned with a wavelet—based treatment of nonlinear diffusion equa-
tions in the context of image processing. In particular, we focus on the Perona—
Malik model as a suitable instrument for smoothing images while preserving
edges. We are not exploring a complete new method of solving the Perona-
Malik equation but, inspired by Weickert et.al., we develop a new variant, based
on wavelet technology, of regularizing this specific equation. By carefully choos-
ing the generators, we are able to derive all inner products and integrals of the
weak formulation with high efficiency. We prove that the proposed scheme over-
comes the ill-posedness of the nonlinear Perona—Malik diffusion equation and
illustrate the obtained results by some numerical experiments.

keywords, phrases: Nonlinear diffusion, regularization of Perona—Malik equations,
smoothing, edge preservation, interpolating and operator adapted wavelets

1 Introduction

An important field in image processing is the restoration of the ‘true’ or the ‘cartoon’
image from an observation. In almost all applications the observation is a noisy and
blurred version of the true image. There are several ways to attack the restoration prob-
lem, e.g. by solving a related variational formulation or by solving a partial differential
equation.
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In this paper we focus on image restoration methods by means of partial differential
equations which induce a smoothing while keeping the edge information. A very proper
model for that task was introduced by Perona and Malik, see [13], which results in a
nonlinear diffusion equation

O = div(g(|Vul*) Vu), (1)

where ¢ is supposed to be a smooth, non-increasing function with ¢(0) = 1,g(x) > 0
and g(z) tending to zero at infinity. Model (1) might be extended by choosing tensor—
valued diffusivities. Here we limit the analysis to the scalar—valued case. In order to
solve the restoration problem, the function g should be chosen such that the diffusion
process described by (1) behaves like a classical diffusion for small gradients and does
nothing for large gradients. In the pioneering paper of Perona and Malik the following
model is suggested .
AN

o) = e )
A drawback using this specific function ¢ is that it induces ill-posedness of (1). It is
shown e.g. in [19] that there exist also diffusivities g which induce well-posedness of
(1). A necessary condition to ensure existence and uniqueness of the solution is that
the flow-function ®(s) := g(|s|?)s must be nondecreasing, see [17] (classical theory of
ordinary differential equations) or [2] (theory of maximal monotone operators).

The main goal of this paper is to overcome the ill-posedness of equation (1) by a
reasonable wavelet—based regularization which is induced by an adequate discretization.
In principle, we follow the idea of Weickert et.al., see [9, 20, 19], where the discretization
is based on a finite-differences method that provides certain filtering properties, well-
posedness, mean conservation etc. Weikert’s idea goes as follows: discretize spatially
problem (1) by finite differences and obtain a system of ordinary differential equations

Z—ZL = A(u)u. (3)
It is shown in [20] that under certain conditions on the matrix A(u) - such as A(u) € C*,
symmetry, non-negative off diagonals, irreducibility - the system (3) exhibits well-
posedness, continuous dependency on the initial values and on the right hand side of
(3), mean-value conservation, extremum principle, and, finally, convergence to the sta-
tionary constant state.

The main result of this paper is the proof that the resulting system of ordinary dif-
ferential equations obtained by a wavelet—based discretization fulfills all the required
conditions to circumvent ill-posedness, and, moreover, that all building blocks com-
bined here result in a very thrifty numerical scheme.

The remaining sections of the paper are organized as follows: in Section 2 we sum-
marize all required ingredients; in Section 3 we present our wavelet—based discretization



and prove the main result; Section 4 is concerned with the concrete application to the
one— and two—dimensional cases; finally, in Section 5 we present numerical experiments.

A remark to the philosophy of this paper — the intention is not to rediscover all the
nice techniques to numerically solve the Perona—Malik diffusion equation. This paper
mainly aims to show how several buildings blocks taken from wavelet analysis can be
reasonably combined to construct a new variant of the Perona—Malik regularization.

2 Preliminaries

Let Q be a sufficiently smooth bounded domain in R? and 7" > 0. In the original
setting, the equation (1) is defined for all functions w : (0,7") x Q@ — R with continuous
derivative on (0,7) and such that u(t,.) € C*(Q) for all t € (0,7). We denote the
space of such functions by C1(0,7;C?%(Q)). The weak formulation of the problem is
defined for functions in C*(0,T; H'(£2)). In order to achieve a spatial discretization of
the continuous Perona—Malik equation, we search for a solution in a finite dimensional
subspace, let say V;, of H'(Q). Here we do not focus on applying the classical Galerkin
approach to approximate the solution of the continuous problem since we do not have
existence of a continuous solution in general, see [9].

Instead of the Galerkin idea we limit the problem to choosing some Ansatz space
V; for some fixed j and to solve the related discretized problem. For our purpose,
an adequate space V; means that we are able to overcome or to circumvent most of
the appearing difficulties caused by the weak formulation. This requires test functions
that allow a thrifty computation of all the inner products and integrals. All this can
be performed by generators and wavelets in a multiresolution framework.

2.1 Generator functions and multiresolution on the torus

We consider a very natural setting for images, consisting of periodic functions on the
bounded domain  := [0, 1]%. Hence, we need to briefly review the concept of multires-
olution analysis on the torus. To this end, instead of the d-dimensional unit interval
Q we take the torus T := R?/Z?. Let us now consider the following periodization
mapping from L*(R?) to L?(T?)

@) =) fla+1). (4)
lezd

Note that every scaling function ¢ satisfies the so called scaling equation with a filter
mask h = {h}reza, as follows:

o) =m"? Y | o (Mz — k), (5)
kezd
where M is a so-called scaling matrix and m = |det M|. Functions that satisfy (5)

are also called (M, h)-refinable. Assuming that ¢ is a scaling function which generates
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a multiresolution analysis of L?(R?), the latter mapping can be used to construct
periodized scaling functions

(61 = DAL+ D =m? Yy (M- +1) — k), (6)
lezd lezd

which fulfill a rescaling property (5) as well, i.e. we have

D) =) dla+0) =Y m'?>Y md(Ma+1)—k) =Y hlolx) (7)
lezd lezd kezd kezd
and for the rescaled versions
[G1(@) = D haldhiisal (@) = Y hp-aakl6) (). (8)
nezd p€eEZY

Note that the periodization procedure preserves the compactness property of scaling
functions, which is characterized by the finite filter mask, cf. (5) and (7).
Finally, defining Z%7 := Z¢/(MJ7Z<) one can show that the spaces

Vi) := span{[¢], k € Z%7},  j € Ny, (9)

form a multiresolution analysis of L?(T'?), see for details [6]. The construction principle
holds for the orthonormal as well as for the biorthormal framework, which is of interest
for our approach.

2.2 Interpolating generator functions and quadrature rule

In order to construct easy to implement quadrature rules, the usage of interpolating
Ansatz functions is preferred. An interpolating scaling function fulfills by definition

o(k) = dop, keZ (10)

A simple construction scheme is given, in the one dimensional case, by the so-called
Deslauriers-Dubuc scaling functions, see [12, 8],

¢* (2) = (" % ¢")(2), (11)

where §(-) = g(—-), and ¢ denotes here a Daubechies generator of order N. Through-
out the paper we shall use this kind of compactly supported scaling functions. This
is reasonable since it is shown in [12, 8] that ¢?" generate a multiresolution analysis.
Moreover, the construction of smooth duals is ensured by [3].

In order to develop a quadrature rule, we introduce an interpolation projector by

mi(v) = m Y o(MIk) g (12)

keZd:3

For this interpolation projector we quote the following L.,— error estimate, see [11],
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Theorem 2.1. Let w; be the interpolation operator (12) associated with a continuous,
compactly supported (M, h)-refinable function ¢, which is ly-stable and belongs to the
Sobolev space W™(L1(R?)) for some n € N. M is assumed to be an isotropic scaling
matriz, i.e. there exist some A, B € GL(d) and a diagonal matriz D = diag{\1, ..., ¢}
with |A\1| = -+ = |A4|, so that M = ADB. Then there ezists C > 0, so that for all
v € WH(Loo(T?)) the error estimate

lo =75 () | L ey < Cr(M) 7Y,
holds true. Here (M) denotes the spectral radius of M.

Now we may define in a usual way a quadrature rule for the integral fQ v by

Q( /Q vdr) = /ﬂ mi(o)de =m S w(MIk), (13)

keZd:i

As a simple consequence of Theorem 2.1 the following error estimate for this quadrature
rule (13) holds
/ v(x)dx — / 7;(v)dx
Q Q

2.3 Generator functions via integration and differentiation

< Cr(M)=n+D),

As a final refinement of our Ansatz system we apply a method that allows a construc-
tion of scaling functions by integration and differentiation, see e.g. [10, 16, 4]. This
refinement enables us to use differential operator adapted generator functions which
‘absorb’ the derivatives.

The basic idea is to start with a dual pair of generator functions and to apply some
integration and differentiation in order to obtain another dual pair of scaling functions
(now equipped this sort of ‘derivative absorbing property’). The next quoted theorem
states how the new dual pair can be obtained.

Theorem 2.2. Let ¢, gz~5 € L*(R) be a dual pair of compactly supported scaling functions
with symbols H and H respectively, which generates a dual MRA of L*(R). Let o€
H'(R) and [, ¢ = ngZ; = 1. Then there exists a dual pair ¢, p € L*(R) of compactly
supported scaling functions with

Ple)=dx+1)—¢x),  ¢(z)=d@) —px—1),
The symbols h and h of v and ¢ satisfy the following relations:

1+ 2 ~ Q> -
= H(z), h(z):1+zH(z).

h(z)

The functions ¢ and ¢ also generate a dual MRA of L*(R).



3 Wavelet regularization by spatial discretization

This section is devoted to the main result of this paper, namely to show that our
wavelet regularization by spatially discretizing the Perona—Malik equation results in a
well-posed problem for which we present an implicit scheme that is solved by a fixed
point iteration.

3.1 Semi-discrete formulation

Let Q be as before, T > 0 and u,ug be sufficiently smooth so that the following
boundary value problem (which might be ill-posed for a certain class of functions g) is

well-defined

O = div(g(|Vu|*)Vu)  in (0,T) x Q (14)
Uj,_, = Up in Q (15)
U, o =1, _,,i=1,...,d in (0,7). (16)

According to the periodic boundary conditions we choose [V;] as the underlying Ansatz
space, which is a finite dimensional subspace of H;(Q) if the generator function was
properly chosen. Note that the existence of boundary values of Sobolev functions
follows from the Trace Theorem for Sobolev functions, see [1], and that there exists a
L?(0Q)-valued trace of a H'(Q)-function onto 9 such that every v € H, () is periodic
almost everywhere on the boundary 0€). Thus the resulting semi-discrete problem is
to find some w/ € C''(0,T;[V;]) such that the variational equation

(8tuj(t),v)+(g(|Vuj(t)|2)Vuj(t),Vv> — 0 (17)
W(0) = (18)

is fulfilled for all v € [V;] and ¢ € (0,T"). In case of discrete initial values uo we can
choose [V}] so that ug € [V;]. Then we can use ug instead of ) in (18).

3.2 Well-posedness

Let {¢x, A € A;}, where A; := {\ = (j, k),k € Z%}, be a basis of [V;] and let N; be
its dimension, i.e. N; = #A;. With this notation, v/ € C*(0,T; [V}]) has the following
expansion

uj = Z CAQZ)A (19)

)\EAJ'

with coefficients ¢y € C'(0,T). Furthermore, let A € RYi*Yi denote the mass matrix
associated with the nodal basis of [V}], i.e.

A)\,u, = ((b)\a (b,u,)u )\7 JIAS AJ (20>



Theorem 3.1. Let ug € [V;] and T > 0. Assume the mass matriz A to be reqular and
let

G(o)(z) == g<} Z c,,VQﬁ,,(:L’)}Q)c, r €N ceRY (21)

VEAJ'

be Lipschitz continuous with respect to ¢ with Lipschitz constant L > 0. Then there
exists a unique set of coefficients cx € H(0,T) such that u/ = E,\eAj Cx@y 18 the unique
solution of the discrete problem (17)-(18).

Proof. Taking as test functions ¢,, u € A;, and using dyu’(t) = Z)\eAJ_ A (t)pr and
Vul(t) =3¢ A, ex(t)V oy, the semi-discrete problem (17)-(18) results in an equivalent
ODE system:

> AM006) + > a®(9(|D @Ve)Ver Ve) = 0 (22)

)\EAJ' )\EAJ' VEAj

a(0) = cn  (23)

which can be rewritten as
Al(t) + B(c(t))c(t) = 0 (24)
c(0) = co, (25)

where ¢y, = (up, ¢») and B : RYi — RNi*Ni represents the nonlinear term

Bule) = (9(| D aVe|")Vor Vo), ceRY. (26)

VEAJ'

The regularity of A allows us to transform the initial value problem (24)-(25) into an
integral representation

c(t) = co —/0 A7'B(c(s))c(s)ds. (27)

Note, that ¢ € C'(0,T)"i solves the initial value problem (24)-(25) if and only if
c € C°0,T])Ni and c solves the integral equation (27). Introducing the space X :=
C°([0,T],RY7) equipped with the norm ||c||, := supg<ier e "||c(t)]|2 (this is then a
Banach space), the solution ¢ of (27) has to be a fixed point for S : X — X where S
is defined as

t
S(e)(t) == co —/ A7'B(c(s))c(s)ds. (28)

0
The existence of a fixed point is shown by proving that S is a contraction for one r, i.e.

15(c) = S(@)l» < glle =], (29)



for some 0 < g < 1. For ¢t € [0,T] we have

s -sewl, - | A*1<B<c<s>>c<s>—B<é<s>>e<s>)ds2

< JlAa- <S)H ds
< A7 1|| — B(&(5))é(s)), |ds. (30)
0 AeA
Additionally, for s € [0,T] we may compute
(Blets)els) = BEs)As)) = > Bulel — Ba(@(5))éu(s)
HEA;
- Z( }Z /(5)V0[") Vor, Vo, ) (s) ( !Z 6(5)V0|") Vor, V0, ) u(s)
= 2 / u(E(s ))(:v))V@(x)V%(x)d:c- (31)
HEA;
The Lipschitz continuity of G
HG(@@:) ~GE@)| <Lle=d| ¥re@ecer (32)
and the estimate
Guleh)(@) = Guleh)(@)] < ||Gle) (@) - GEn) @), (33)
results, for s € [0, 7], in
(Bet)ets) - B(&(s))é(s))A
<y / G(e()) (1) — Gul#(5)) ()] | Vr (1) V()|
< Let) —els)], / V60 (2) V6, () . (34)
HEA;

Combining the latter estimate with estimate (30) we obtain

[S(e)(t) — S(e)(t)

VAN

I

||A_1||/O LHC(S)—&(S)HZdS /‘ng)\ 1)V, (z)|dw

A UEA;

IA

t
Cle — &, / o5 ds, (35)
0



where C' = ||A7Y|L Z)\7M6Aj Jo|Vér(2)Vé,(x)|dr is a finite constant. With the help
of (35) we finally obtain

e’”HS(c)(t)—S(é)(t)H2 < C|]c—é||r/0 e "9 s
< Fje—al, (36)

which shows that, for suitably chosen r (r > 0 and % < 1), S is contractive. The
application of Banach’s Fixed Point Theorem completes the proof. O

3.3 Conservation of well-posedness after applying quadrature
rules

Thanks to the Dahmen & Micchelli scheme, see [5], we have a method for exactly

computing the entries of the mass matrix A in (24). The remaining task is to numer-

ically approximate the integral term B in (24). We aim to apply the quadrature rule
introduced in Subsection 2.2. This yields the following approximation B of B

Br(©) = Q(Bru(e) = Q((9(ID e V0u[") Vor, V4, )

VeAj
=m Z_(g(\z V| )V@Wu) L MHEN; e RN (37)
kezd.i vEA;
Hence, we obtain a perturbed system to be solved
Al (t) + B(c(t))e(t) = 0 (38)
c(0) = co. (39)

Thus, we have to ensure that system (38)-(39) is solvable and that its solution approx-
imates the solution of (17)-(18). To this end, we reformulate our problem: let ¢(t) be
a solution of

d(t) = F(t,ct)) (40)
c(0) = ¢ (41)

for all t € (0,T], where F(t,c) := —A~!'B(c)c. Then the problem is to show that the
solution continuously depends on the right hand side F. The initial values are not
affected by applying the quadrature rule. Thus, by [18], we have to show that F'(t,c)
is continuous, and that there exists an o > 0 such that F'is, with respect to ¢, global
Lipschitz continuous on

D, :={(t,d)|t€[0,T],||d— || < a}.



It follows that for each € > 0 there exists some § > 0 such that the solution é(¢) of the
perturbed problem

d(t) = F(tct) (42)
c(0) = ¢ (43)

with continuous F' satisfying
|E(t,d) — F(t,d)|| <8 for ||d—c|| <« (44)

exists and that the estimate
[6(t) —c@)] <«

holds true.

Note that the global Lipschitz-continuity of F' on D,, is a direct consequence of the
Lipschitz-continuity of G.

The next proposition verifies condition (44).

Proposition 3.1. Assume all the condition required in Theorem 2.1. Moreover, as-
sume A to be regular and that B and B fulfill a Lipschitz condition. Let F(t,c) =
—A7'B(c)e. Then there exists some § such that

|F(t.d) — F(t,d)|| <.

Proof.

[£(t,d) = F(t.d)| AT B(d)d — A7 B(d)d|| < |A7Y[]| B(d) — B(d)]|||d]
HAWHéw—B@WH@©—B@WMB@—B@DWH

< A7 (Cilld = cll + Cor(M) 704D 4 Cyld — ] ) ]

IN

The norm ||d|| is finite on D, since, by Theorem 3.1, the solution ¢ of (40)-(41) is
continuous on [0, 7] and therefore bounded on D,,. It follows:

Hﬁ’(t, d) — F(t, d)H < 1A ((Cy + C3)a+ CQT(M)*j("Jrl))C.
We have to choose v and j so that the expression on the right side is less then §. O

3.4 Time discretization

We suggest to use the implicit Euler method for approximating the time derivative.

For each time step t,, = n7, n = 1, ..., Nyaa, the discretized time derivative of «/ reads
as A
Ul — Uy
T

10



Hence we obtain the following implicit problem for u, € [V;]:

(575 ) 4 (VBT V) = 0 wel) ()
g = w (46

Since the implicit Euler method is absolutely stable for all increments 7 > 0, we
immediately have that the global discretization error is bounded in time, see e.g. [7,
14, 15]. Expressing v/ = > XA, ch ¢y, the discrete problem reads as

ST =N on o) +7 Y A9 Ve[ ) Ve Ve) = 0, ped

AEA,; AEA; VEA;
L = .
After applying the quadrature rule we have
A =D+ 1B = 0 (47)
L = . (48)

The system (47)-(48) can be solved with the help of Newton’s method. To this end,
we define .
F(e) = Alc — ") + 7B(c)c. (49)
The First-Order-Newton—Scheme requires the computation DF with respect to c.
Formally we have ) .
DF(c) = A+ 7(DB(c)c+ B(c)), (50)
where DB(c) denotes the matrix of partial derivatives of B. For later convenience we
derive the product DB(c)c explicitly

DB, = 5 e, —n 5 5 (w90 a6

VeAj v yeA kezd.d M-k
with
Vu D ren, Véil?)
OV _ ey ety 2 (VuP) Y aVeve,  (52)
acy acu
KEA;
andu =3, ) cudy. Introducing the operator S :  — RNi>*Ni where Sy, = VoV,

we may write

DBOw = S % (gg/(|vu|2)Zcﬁwﬁwyvmwu)))ﬂd%cy (53)

VEAJ' kezd:i HGA'
_ 9 Z( 13 eV, TSC)SAM))]M%. (54)
kezd.i neA;

Note that the appearing terms reduce in complexity if we make use of our special
basis functions ¢ obtained by the integration/differentiation procedure described in
Subsection 2.3.
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4 The regularization scheme in one and two dimen-
sions

In what follows we show how in the one- and two-dimensional cases all ingredients
provided above must be combined.

4.1 The one—dimensional case

Let ¢ be a generating function calculated as prescribed in Theorem 2.2, i.e.

¢'(z) = oz +1) — é(x) (55)

with ¢ satisfying the interpolating property, i.e. ¢(k) = dpx. Moreover, let [p] be the
periodization of ¢ as in (4). Note that for the periodization of an interpolating function
¢ we have

[0(277p) =22 " 9(2 (27 p +1) — k) = 2%, (56)

lEZ
with
y 1, k=p+21lforleZ

P 0, otherwise

Next, we see that
d

@[soi] () = PPYY Q@ (@+1) —k)
= VY (P (x+1) —k+1)— o2 (x+1) — k)

= 2([¢_,](2) — [})(2))-
Thus, the values of the derivative on the grid {277p,p =0,...,2 — 1} are given by
d . o B o o A
=il 277p) = 201 )(27p) = (41 (277p)) = 220, — OL,)- (57)

The spatial discretization requires the computation of A and BY. In order to
compute A we apply a Dahmen and Micchelli algorithm which ensures exact com-
putation of the inner products. The procedure in the periodic case goes as follows:
assuming j to be large enough, we have the following structure of the mass matrix

entries )
A = / [oi]lel] = / elol + / 0l el + / Wil ;e
0 R R R

Consequently, the computation can be reduced to the known non-periodic case. The
related eigenvalue problem is then obtained by the usual refinement property of ¢

[ A@il@ie = (3 buhpin-a) [ ci@ieads (58)

PEZ mMEZL
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For the nonlinear term we obtain

B0 =20 Y (o] X ealet

pEZL:I meZl:J

Vil ).

—29 % (g (231' (epr1 — Cp)Q))ng/2(5§,k—1 0O = ’l)) o

pezl,j

Ip

and consequently, B (¢)c becomes

(BY()e), = > Bi'(0)a

lezti
= 2% Z (g <23j (Cp-i-l - Cp)Z)) (Op—1 = Op,i) (Cpa1 — Cp))
pELYI
= 2% (G(Ck — Cp-1) — é(ckﬂ - Ck))7 keZ', (60)

with G(z) == g(2%2?)z.
Next, we show that the resulting systems (exact and perturbed)

AV () + BY(c)e =0 (61)
AV (t) + BY(c)e = 0 (62)

fulfill all properties that ensure gray value conservation. In order to prove that result,
we shall follow techniques provided in [20, 19].

Proposition 4.1. The average gray value v of ug defined by

remains unchanged after applying the semi-discrete diffusion filtering described by (61)
r (62).
In other words, if u is a solution of the semi-discrete problem (61) or (62), then for

allt € [0,T] we have
Z a(t) =1
N / Nj AEA,
Proof. First, we observe that the coefficients of A%/, BY_ BLJ satisfy
e all row sums of AYY are equal; this follows by the fact that

kl = Z/ ‘Pl Z/ 901 Kl Z/ (63)

leZl J lezti leZtyJ lezti

do not depend on k,

13



e all row sums of BY as well as of B are equal to zero; this can be seen by

considering | | |
S lell =2 Y (6l )~ lefh =0,

lezti leztyi

where in particular for p € Z' holds
> Il @ 7p) =0.
lez1:i
It follows then
1
. , N .
S 80=3 [ o] 2wl @)l @@ =0 6
1€Z1i 1zt 0 mezld

and

IRAICEDSESD DR €1 (D DRHEALY Ei(=)

, , , . 279p
/A leZ1:d peZL:J meZL:J

Hence, we obtain

D (AM), == (Be)oh==>_ > Buldeu=—> (D By)eu =0

)\EAJ' )\GA]' )\EAJ' MEAJ' MEAJ' )\EAJ'
(66)

Z (Ac))\ = const. (67)

)\EAJ'

It follows that

Since all row sums of A are equal, we may conclude

const = Z(Ac)/\ = Z Z Ay = Z(Z Azu)e, = (Z Axy) Z c,=0C Z Cu,

AEA; AEA; peEA; HEA; AEA; AEA; HEA; HEA;
(68)

i.e. the average gray value remains constant in time. O

Finally, we consider the time discretization and the resulting Newton scheme. To this
end, we have to choose some time step 7 > 0. As illustrated before, our discretization
in time results then in an implicit Euler scheme. Let ¢" denote the n-th iterate of
the coefficient vector corresponding to the time step ¢, =nr, n=1,... , npae = T/7.
Then the scheme to be solved reads as

AV =)+ B () = 0, n=1 s M (69)
CO = CO' (70)

14



The explicit structure of the derivative of B/ (c)c required for the application of New-
ton’s scheme is given by

22j (é"(cl — Cj— 1) él<01+1 — Cl)), l=k

o (B (¢)e —2% (G (¢, — l=k-1
D (e = LD () ()
C| —2]( Cl+1_cl) l:k?+1
0, else .

Since the whole scheme is solved in the nodal generator basis it might happen that the
final Newton system to be solved is ill-conditioned. In this case we suggest to apply
wavelet preconditioning techniques in order to stabilize the problem.

4.2 Two—dimensional case

The two—dimensional case is treated exactly the same way as the one-dimensional one.
The only difference is that we are not able to generate by the integrating/differentiating
method a fully interpolating generator function.

We generate the nodal basis function by tensor products of the one-dimensional
scaling functions

[@)(z,y) = [l(@)[l(y), (x,y) € [0,1]% (72)
The components of the gradient applying Ansatz (55) are given by

219l 9) = <A@ =2 (6, )@ - W) e) (@)
5o@(w0) = (@) 1)) =)@ (6w - 60D, ()

where the gradient evaluated on {277p,p € Z*7} has the following explicit structure

@)@ 70) = (pusacs — I o) 272 (75)
%[‘Pi](Q_]p) = [@il](z_jpl)(épm/@—l - 5p2,k2)- (76)

Note that now all values of [¢7] on {277p,p =0,...,2/ — 1} are required.
The computation of the mass matrix A%J can be reduced to the one-dimensional
case

Ay = [wieiee= [ [ @0
- [ @@ [ e - 4545, @
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For B?J as well as DB*J we use expressions (75)-(76) and the general properties of
B% and DB%. Due to the semi-interpolating property of the gradient the summation
over Z*7 in

B0 = 2 Y (o] T Vo)) vieiiviel))

pEZL?I mEZ>I

(78)

2=Jp

is reduced to the summation over Z'7. The matrices B>/ and DB?7 are sparse by the
compactness of ¢. Their computation is therefore reduced to the computation of the
non-zero entries. Since the values of the product V[(I)i]V[CI){ ] do not depend on the
solution c¢ they can be pre-computed, which results in a reduction of the complexity of
the numerical scheme to be implemented.

5 Numerical experiments

This section is devoted to demonstrate the performance of the presented wavelet—based
scheme to solve the Perona-Malik equation. Firstly, we show how the discretized non-
linear diffusion process acts on one-dimensional synthetic/simulated data, and sec-
ondly, on a two—dimensional ‘eye’-image. In order to highlight and to compare the
nonlinear smoothing effect, we compare the results obtained with several diffusivity
functions (ranging from linear to nonlinear ones). For the computation of the nonlin-
ear term we choose, as described in Subsection 2.2, the interpolating Deslauriers—Dubuc
functions of order larger or equal than two, i.e. the lowest order Ansatz function is
the hat function. This in turn induces our finite dimensional Ansatz space [V}] to start
with.

5.1 The one—dimensional example

The data were simulated by compositing piecewise constant or smooth functions and
adding some i.i.d. Gaussian noise, see e.g., the upper left image in Figure 1.

In the examples the resolution was chosen such that it was fitting to the scale j = 9.
Moreover, we have picked the diffusivity function g as in (2). Then, one important
observation is that the computational cost for one Euler iteration (one time step)
requires at most two to three Newton iterations.

As we can observe in Figure 1, the scheme produces reasonable results. Nevertheless,
in some regions which are initially smooth, see again Figure 1: lower left image, the
scheme creates certain ‘stair’ irregularities. But this effect is not that unusual; it is the
so—called stair—casing and stems from instabilities in the discretization of the Perona—
Malik equation, see [9)].

In Figure 2, one Euler iteration of both the nonlinear and linear scheme to different
kinds of data is shown (time step ¢ = 0.001). It becomes clearly visible that the
nonlinear scheme preserves the edges very well, as expected.
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Figure 1: Wavelet-based variant of nonlinear smoothing with the Perona—Malik model
after one time step ¢ = 0.001. Upper left: complete initial data (solid line) and
smoothed data (dotted line); Upper left, lower left and right: zoom in different subin-
tervals.

Finally, in Figure 3 results for increasing values of ¢ are visualized. The scheme
produces stable results tending to a step function with a small number of jumps.

We summarize that the wavelet-based variant of the Perona—Malik discretization
behaves like other used approaches (e.g. pixel-based implementations), and is therefore
an alternative tool to efficiently solve this sort of problems.

5.2 The two—dimensional example

The initial ‘eye’ image is shown in Figure 4. To this image we have added i.i.d. Gaussian
noise. Contrary to the previous example we have chosen here the following diffusivity
function:

1, z <9
9r5(@) = { Lcos(n(z — 8)/7) + 1), §<z<7+0 (79)
0, r>v+0

where v > 0, 6 > 0 such that v+ < 1. The function g, ; decreases from 1 to 0 inside
the interval (6,0 + 7) and is properly smooth inside (0,1). For v — 0 the function ¢
tends to the characteristic function with jump of size one in ¢, i.e. smoothing barrier is
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0. The behavior of the smoothing scheme depends significantly on these two parameters
9 and 7. The underlying function (here cos) is less relevant, it has just to be smooth
enough. The smoothing rate of the scheme increases with ¢ and v controls the region
were non—uniform smoothing appears.

Here we limit the choice of the parameters 0 and ~ to the point—wise maximum g of
|Vug|?, where ug is the noised initial image. In the first example we set v = 1/32 and
d = 3u/64, so that for all gradient values greater then /51/8 no smoothing occurs. In
the second and third examples we set 7 = p/5 and § = 0 and § = 2u/5 respectively.

The corresponding diffusivity functions g(s?), where s is the absolute value of the
gradient, are shown in the Figure 5.

In Figure 6, we have marked the pixels which were not affected through the smooth-
ing process (for one time step ¢ = 0.1), and visualized the results of the denoising
corresponding to the three diffusivities.

Finally, in the Figure 7 we compare nonlinear with linear smoothing. For the non-
linear smoothing we have again used the diffusivity g,,/32.3,/64, Whereas g(s?) = 1in
the linear case.

As in the previous example we summarize that also in the two—dimensional case
the wavelet—based variant of Perona—Malik regularization results in a thrifty algorithm
and yields good results.

References

[1] Hans Wilhelm Alt. Lineare Funktionalanalysis, 4. Auflage. Springer, Berlin, 2002.

[2] Felix E. Browder. Nonlinear maximal monotone operators in Banach space. Math.
Annalen, 175:89-113, 1968.

[3] S. Dahlke, P. Maass, and G. Teschke. Interpolating scaling functions with duals.
Journal of Computational Analysis and Applications, 5(3):361-373, 2003.

[4] W. Dahmen, A. Kunoth, and K. Urban. A wavelet-Galerkin method for the Stokes
equations. Technical Report ISC-95-05-MATH, Institute for Scientific Computa-
tion, Texas A&M University, August 1995.

[5] W. Dahmen and C.A. Micchelli. Using the refinement equation for evaluating
integrals of wavelets. SIAM J. Numer. Anal., 30:507-537, April 1993.

6] W. Dahmen, S. Prodorf, and R. Schneider. Multiscale methods for pseudodif-
ferential equations on smooth manifolds. In C.K. Chwi, L. Montefusco, and L.
Puccio, editors, Proceedings of the International Conference on Wawvelets: Theory,
Algorithms, and Applications, pages 385-424, 1995.

[7] P. Deuflhard and A. Hohmann. Numerische Mathematik I. Gruyter, Stuttgart,
1993.

18



8]

[9]

[10]

[11]
[12]

[13]

[14]
[15]
[16]

[17]
[18]
[19]
[20]

David L. Donoho. Interpolating wavelet transforms. Technical report, Department
of Statistics, Stanford University, 1992.

S. Kichenassamy. The Perona-Malik paradox. SIAM Journal of Applied Mathe-
matics, 57(5):1328-1342, 1997.

P.G. Lemarié-Rieusset. Analyses multi-résolutions non orthogonales, commutation
entre projecteurs et dérivations et ondelettes vecteurs a divergence nulle. Revista
Mat. Iberoamer, 8:221-237, 1992.

Mathias Lindemann. Wavelet Expansions and Besov Spaces, 2004. PhD Thesis.
S. Mallat. A Wawvelet Tour of Signal Processing. Academic Press, San Diego, 1998.

P. Perona and J. Malik. Scale space and edge detection using anisotropic diffusion.
IEEE Trans. Pattern Anal. Mach. Intell., 12:629-639, 1990.

H. R. Schwarz. Numerische Mathematik. Teubner, Stuttgart, 1997.
J. Stoer. Numerische Mathematik II. Springer, Berlin, 2000.

Karsten Urban. On divergence-free wavelets. Advances in Computational Mathe-
matics, 4(1,2):51-82, 1995.

W. Walter. Differential and Integral Inequalities. Springer, Berlin, 1970.
W. Walter. Gewohnliche Differentialgleichungen. Springer, Berlin, 1976.
J. Weickert. Anisotropic Diffusion in Image Processing. Teubner, Stuttgart, 1998.

J. Weickert and B. Benhamouda. A semidiscrete nonlinear scale-space theory an
its relation to the Perona-Malik paradox. In Advances in Computer Vision, pages
1-10. Springer, 1997.

19



nonlinear smoothing linear smoothing

800 800
smoothed signal smoothed signal
700 200}
600
600
5001
500
200
400
300f
300
200
200
1001
or 100
- 1 1 1 1 1 1 1 . . , . . . . . \ \ \ . ,
0 01 02 03 04 05 06 07 08 09 1 ) 01 02 03 04 05 06 07 08 0.9 1

nonlinear smoothing linear smoothing

7001
initial signal initial signal
— - smoothed signal — - smoothed signal

670

0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9

1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

nonlinear smoothing linear smoothing
6251

625
— initial signal — initial signal
smoothed signal smoothed signal

595 L L L L L L L L L , 595 L L L
0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

nonlinear smoothing linear smoothing

700
T moomea
~ ~ smoothed signal — - smoothed signal

0.8 0.9 1
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Figure 4: Left: initial image, right: noisy image.
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different diffusivity functions.
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