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KYBERNETIKA — VOLUME 49 (2013), NUMBER 6, PAGES 829-854

NUMERICAL ANALYSIS OF A SEMI-IMPLICIT DDFV
SCHEME FOR THE REGULARIZED CURVATURE
DRIVEN LEVEL SET EQUATION IN 2D

ANGELA HANDLOVICOVA AND DANA KOTOROVA

Stability and convergence of the linear semi-implicit discrete duality finite volume (DDFV)
numerical scheme in 2D for the solution of the regularized curvature driven level set equation is
proved. Numerical experiments concerning comparison with exact solution and image filtering
problem using proposed scheme are included.

Keywords: mean curvature flow, level set equation, numerical solution, semi-implicit
scheme, discrete duality finite volume method, stability, convergence

Classification: 35K65,66MO08, 656M12

1. INTRODUCTION

The curvature driven level set equation [16]

Vu
uy — |Vu|V. <Vu|> =0, (1.1)
as well as its nontrivial generalizations, is used in the applications as the motion of in-
terfaces (free boundaries) in thermomechanics (solidification, crystal growth) and com-
putational fluid dynamics (free surface flows, multi-phase flows of immiscible fluids, thin
films), the smoothing and segmentation of images and the surface reconstructions in
the image processing, computer vision and computer graphics (see e.g. [16] [15] 10] and
many others see references therein).

As in the previous papers see e.g. [4],[6] the regularization of the original level set
equation is used. We will study the following equation

s — F(IVu))V. (JC(VVUUO o, (1.2)

where the function f and its properties will be described in assumptions below. The
unknown function u(t,z) in (1.2)), defined in I x Q, Q C IR? is a bounded Lipschitz
domain, I = [0,T], T > 0 is a time interval, and we will consider the equation with zero
Dirichlet boundary conditions and with an initial condition:
u(t,z) = 0 onl x 09, (1.3)
u(0,2) = u’(z). (1.4)
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We will study our numerical scheme under the following hypothesis, called hypothesis
(HO):

e ) is a rectangular domain in IR
o w0 e HYQ).

For the regularization function we will use two possibilities. First is well known Evans-
Spruck regularization (see [4]) and for our purpose we call it hypothesis

(H1):
o) =VFT R,

with fixed regularization parameter £ > 0.
For convergence study we need further regularization assumption as in [6]; we will
call it hypothesis

(H1):

f(z) = min(v/ 22 +€2,b),

with fixed regularization parameter £ > 0 and another real fixed parameter b, € < b.

The derivation of our numerical method for solving equation is based on the
finite volume methodology (see e.g. [5]). There are also many interesting results in this
topic for numerical schemes obtained by finite difference method and finite element
method as well, some of them are mentioned in [6] so here we focus only for those that
are based on finite volume methods.

The mathematical analysis of finite volume methods for mean curvature flow level
set equation is partly proposed in [0, [I3] [7], applied to the co-volume scheme initially
proposed by Walkington [I7] for the Evans-Spruck regularisation of the problem (hypoth-
esis (H1)). Walkington’s initial scheme is nonlinear and its linear semi-implicit variant
is suggested in [9]. Such semi-implicit scheme is proved to be efficient, as keeping all
theoretical properties of Walkington’s scheme. It is used in solving various practical 2D
and 3D (large-scale) image analysis problems [3]. In [9] [13] the L*° stability of the so-
lution and the L! stability of its gradient are given. Moreover, in [7], the consistency of
the scheme is proved using the Barles and Souganidis [2] approach for solving nonlinear
PDEs. However, the convergence of the co-volume semi-implicit scheme to the exact
solution remains an open problem.

Another approach using finite volume scheme but with the additional points on edges
of the finite volume is used in [6] but with further regularization parameter (hypothesis
as (H1)). In this case the convergence analysis is presented for proposed scheme.

We construct the so-called discrete duality finite volume scheme based on idea [I]
as was presented in [I1] and [§]. From construction point of view this scheme is most
closer to those in [9]. The main difference is that for DDF scheme we use two meshes,
primal and dual and we have new additional unknowns for the dual mesh. Together
with further regularization as in (H1) we are able to prove convergence results for DDF
scheme for the regularization level set equation.
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g

Remark. (see [0]) Function 7(zy is strictly monotone and it holds for every ¢,d € Ry :

c d 2
(f(c)_f(d)> (c—d)) > alc—d)? a>0. (1.5)

Now, following [6], we define the weak solution of our problem.

Definition 1.1. (Weak solution of (1.2))-(1.3 Under hypotheses (H0), (H1)
-

or (H1) we say that u is a weak solution of |-D D l- ) if, for all T > 0:
1. we L2((0,T); Hi(Q)) and u; € L2((0,T) x Q) (hence u € C°((0,T); L2(2)));
2. u(+,0) = up;

3. the following holds

/ / (ut rku . ;)ﬁ) + v“}fa;z(:;)(t; “'”)> dadt = 0, (1.6)

Yo € L*((0,7); Hy (Q)). (1.7)

In the next section we present in a detail our numerical scheme and in the section 3
we prove its stability. In the section 4 the convergence results are shown. Finally section
5 is devoted to the numerical experiments using proposed scheme.

2. SEMI-IMPLICIT DDFV SCHEME

We choose a uniform discrete time step 7 = NLT and replace the time derivative in 1|
by the backward difference. The nonlinear terms of the equation are treated from the
previous time step while the linear ones are considered on the current time level, this

means semi-implicitness of the time discretization.

Definition 2.1. (Semi-implicit in time discretization) Let 7 be a given time step,
and u° be a given initial level set function. Then, for n = 1,...,Np, Ny -7 =T, we
look for a function u™, solution of the equation

1 u™

— ! vau™
a1 7 V'(mw—w))' 21)

Let us introduce now the fully discrete semi-implicit scheme. In the image processing
applications, a digital image is given on a structure of pixels with rectangular shape in
general (dashed lines rectangles in Figure [1]). This set of pixels can represent original
rectangular finite volume mesh. We denote it by 7. Since in every discrete time step of
the scheme we have to evaluate gradient of the level set function at the previous
step [Vu"~1|, we put a diamond shaped regions to edge, as can be seen in Figure [2, onto
the computational domain and then take an approximation by finite differences in this
region. Such approach allows simple, fast and clear construction of fully-discrete system
of equations. Now we describe proposed discretization in details.
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Fig. 1. Original (dashed lines rectangles) and dual (solid lines
rectangles) mesh

2.1. Definition of the mesh

We restrict to the uniform mesh in 2D space as is it usual in image processing problems.
The numerical scheme can be created on the general mesh too with the properties as
in [I]. In image processing problems we often deal with the rectangular domains as the
union of the set of pixels; so it is natural to use uniform mesh in this case.

Our volume mesh will consist of cells V;; € 7j, associated with nodes x;;, say i =

1,...,Ny, j = 1,..., Ny with the property @ = |J Vj;. The numerical solution
Vi €Th

computed in the representative point x;; we denote be u;j. All finite volumes V;; € T
are squares with the edge of the length h.

Duality mesh, shifted to the north-east direction, consists of cells Vij € T, associated
with nodes Z;;, say ¢ = 0,...,N;, j = 0,..., Ny in such a way that T;; is the right
top corner for the volume V;; of the original mesh and the boundary finite volumes are
degenerated in such a way that Q = | Vij (see Figure [1)). The numerical solution

Vij€Th

computed in the representative point T;; we denote by u;;. Again all inner finite volumes
V.; € T, are squares with the edge of the length h.

For each V;; € T by N;; we denote the set of all neighbouring (west, east, south,
north) finite volumes Viyp j1q, p,q € {—1,0,1}, |p| + |g| = 1. Let m(V;;) denote the
volume of V;;. In our case m(V;;) = h?. The segment connecting the center of Vij
and the center of its neighbour V4, i1, € N;; is denoted by off and its length is in
our discretization h for all of the finite volumes. The sides of the finite volume V;; are
denoted by e} with the length h. For the dual mesh the notation will be the same, but
”overlined”. For the evaluation of the gradients we use a diamond mesh which is the
union of D;, and D, where

Dy = U Dij,
(4,)=(0,0),...,(N1,N2)
where D;; has the vertices {z;;,%; j—1,Ti+1,5,Tij, } with degenerated (triangles) dia-
monds on the boundaries (for ¢ = 0, or ¢ = Np) and

5}1 = U E’L]?
(4,)=(0,0),...,(N1,N2)
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where D;; has the vertices {2, Tij, i j41, Ti—1,;} with degenerated (triangles) diamonds
on the boundaries (for j = 0, or j = N3). Under this notation it is clear that 2 = D,UDy,.

———————————————————————————————

-------------------------------

Fig. 2. Values of u in the original mesh and values of w in the dual
mesh

As it is usual in finite volume methods [5], we integrate (2.1)) over every co-volume

Vij, ©=1,...,N1, j = 1,..., Ny, and then using the divergence theorem we get an
integral formulation of (2.1])
1 u —u" ou™
ds (2.2)
/ Vur—1 T Z / Vu” 1) ouPa =%
Vi, f(‘ |) |p|+\q\ 1 f | )
where v is a unit outer normal to the edge e 4 of sz For the approximation of the

left-hand side of (2.2)) we get

1 —u"! uly —uft p2
/ R, P A E (2.3)
| FQVurT) 7 AQET

where AQ);; is the value of function f of an average modulus of gradient in V;;.

This average will be computed using the values of the gradients on the sides e of the
finite volume, which we have to approximate on the right-hand side of as well. On
the right-hand side of , the normal derivative is naturally expressed by the finite
difference of neighbouring pixel values divided by the distance between pixel centers.
To approximate the modulus of gradients on the pixel sides, we use the approximation
of a gradient of diamond mesh. We use the following definitions for p,q € {—1,0,1},
Ip| + ¢/ =1 and a(p) =0, if p >0, and a(p) = -1 if p= —1.

Vpoufj — (p(“ﬁp,g ) 7 Uita(p),j h“i+a(p),j—1> 7 (2.4)

V0O = (qua(q) ~ 1ot 9T — “Z)) _ (2.5)

J h ’ h
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Fig. 3. Diamonds D;; (gray) and diamonds D;; (white) with
primal-dual mesh and unknowns u (gray points) and @ (black points)

The formulas can be understood as an approximation of the gradient in
D;; and D”, respectlvely Both sets of diamonds one can see in Figure |3
Now we define in accordance with a hypothesis (H1):

Pl = [Vl 2 4 22 = F(IVPg). (2.6)

ij

For the further analysis we need hypothesis (H1) and then we denote

QU™ ™! = min(y/|VPeul V2 4 €2, b) = F(IVPTulTY). (2.7)

We will use the same notation because the first case will be used only for Stability 1
This is a regularized norm of the gradient on the sides of the finite volume V;; (this
is the same as in diamond mesh) computed by the solution known from the previous
time step n — 1. The regularized averaged gradient inside the finite volume V;; can be
expressed in several ways, for example as an arithmetic or harmonic mean. If we take
an arithmetic mean we can denote it in the following way:

1 e
AQiT = DL Qi (2.8)
Ipl+1gl=1

Note that for the dual mesh we have:

1,0;n—1 —Ln-1 —1,0;n—1 —Ln-1
Q "= Qz] ’ i " - Qz 1j ’
0’1, 1 1,0;n—1 0,—1;n—1 ——1,0;n—1
Q "= QU ) Qij "= Qij—l : (2-9)

Combining all the above considerations we end up with the following approximation
(the same for the dual mesh)

ou™ u;’ g _u;l,
2 /fqu” o 5% Y. e (2.10)

Ipl+lgl=1 jpq lpl+1g|=1 tj
74
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Note that the length of each side of the finite volume is h as well as the distance between
the points where the numerical solution is computed. Now we can define the discrete
initial values in the following way:

u) = m(;ij) /uo(x) dz VVi; € Ty, (2.11)
Vij
@0 = i / u’(z) de YV € T,.
Y m(Viz) ?
Vij

If we put together the right-hand sides of (2.3)) and (2.10]) and consider zero Dirichlet
boundary conditions, we can write the following linear system of equations which has to

be solved at every discrete time step n, n=1,..., Np.
Definition 2.2. (Fully-discrete semi-implicit DDFV scheme) Let u?j, ﬂ?j,
i =1,...,N1, 7 = 1,..., N5 be given discrete initial values for the original and the

dual meshes, respectively as in 1) Then, for n = 1,..., Ny we look for uj;, g,
i=1,...,Ny, j=1,..., No, satistying

ujy  h? (i — Uity jig) “?jil h?

A n—1 7 Z QPQ%nfl = AQ@*l 7’ (212)

LY [pl+lg|=1 ] LY
ui; h? (@~ Whpyrg) _ Ty B 2.13
Tn—17+ I e s ver R (2.13)

Qij pl+a=t Qi Qi

We define discrete functions in the following way:
1

un(@) = 5 (unv (@) + 7, 7()) (2.14)

where up,, v (z) = u;;, for x € V;; and ﬂh,V@C) = U;;, for © € V;; are piecewise constant
functions.

Now, after definition of a gradient and its regularization on the side, we can define
constant gradients on D;; and Eij in the form

Vuij = <Ui+17jh i f?i’j_l) on D;j, (2.15)
Vu;; = <Uij _;i_l’j, ui’jﬂh_ uij) on Dj;

and

Vuij for z € Dij,

Vun(z) = { Vil for v c D (2.16)
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Definition 2.3. For the space discretization described in this section we denote by (h)
the space discretization of . As in [I], we define Ly, the discrete function space with
function in the form (2.14]) endowed with the inner product

1 _
([un, va]] = 3 Z uij vij h* + Z Uij Uij h
Vij €Ty V” ET;L
as a discrete Ly inner product. Now by Hj, we define the discrete function space, with the

functions defined in (2.14) with the gradient defined in (2.16). For the L? gradient norm
we use the usual norm, but for piecewise constant functions (on D;;, D;;, respectively).

Definition 2.4. For time and space discretization described in this section we denote
by (7, h) the time-space discretization of (0,7") x Q. Then the function u,j is in time
and space piecewise constant function defined as follows:

urn(t,z) = % (uT,h,V(t,x) +up x)) , (2.17)
where
urpv(t,z) = wpyforzeVy, te((n—1)7,n7
u, ,w(tz) = uyforze Vij, t € ((n—1)1,n7].

3. PROPERTIES OF THE SCHEME
3.1. Stability 1

In this subsection we present the stability properties for proposed scheme only under
the hypothesis (H1).

Lemma 3.1. Let the hypotheses (H0) and (H1) hold. Then there exist unique solutions
u;zl = (u?l’ ce - auRhNZ% ﬂz = (%107 ve- ’ﬂgth)
of the scheme (2.12)), (2.13)) for any value of the regularization parameter £ > 0 and for

any time step n = 1,..., Ny. Moreover, for the fully discrete numerical solution u,
the following estimates hold

[l e (1x) < Nl oy (3.1)

Lemma 3.2. Let the hypotheses (H0) and (H1) hold. Then for the fully discrete scheme
(2.12), (2.13) the following stability result holds for any time step m =1,..., Nr:

Z Z Qzl +Z > 7) h72+ (3.2)

n=1V;; €Ty, n=1y, €T AQ’L]
Z Z \/ VPl +e2 2 < C,
Vi €Tn (p,9)€{(0,1),(1,0)}

where C is a generic constant and depends only on data of the problem, not on h or 7.
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Remark. Proofs for both lemmas can be found in [§].

3.2. Stability 2

In this subsection we want to show another stability properties of our approximation
of the solution. For this purpose we need further regularization assumption. We have
introduced it in hypothesis (H1). As we have described in the section of space-time
discretization we recall that on D;; and ﬁij we have defined constant gradients as in
2-16).

The regularization of the absolute value of a gradient on D;; and ﬁij in the sense

2.7
b= min(\/|Vul]? + €2, b) = F([Vuly]) on Dy (3.3)
Qy; min(y/|Vap[2 + 2, b) = f(|Vagy]) on Di.

As in [6], let F' be the function defined by

Vs € Ry, F(s) = /% dz € [82 82} . (3.4)
0

Lemma 3.3. Let the hypotheses (HO) and (H1) hold. Then for the solution of discrete
scheme (2.12)), (2.13)) the following stability results hold:

m _un 1) B2 m (ﬂ?,_ﬂ?fl)Q B2
2 Z AT At X o

1,] 7L=1V”€? AQU
1 m
52 S (Vuyl = [Vu P R2 > (vay] - [vag )2 h2) +
n=1 \D;; €Dy, D;;€Dy,
S OF(Vun) R+ Y F(Vag) h* < ¢ (35)
D;; €Dy D;;€Dy,

where C is a generic constant and depends only on data of the problem, not on h or 7.

Proof. The main idea is similar to that in [6] but in our case we Work with two
different sets of equations. First we multlply the fully discrete scheme (2.12)) and (2.13 -

with the term u};, — u;"! and Ups — Uy ~! respectively and sum over all of the volumes

i g J
V;; and V;;. Then we put the equatlonb together and we immediately have

—1\2 . —n—1\2
(uh —uiy )" b2 (wy - )" 2
> o1 7 > o T
Vi; €T ij V., eTh Qi
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Z Z (ugy — uiyp jyq) (U *“Z'_l)jL
pg;n—1

Vi; €Tn |pl+]q|=1 ij
n —n, —n—1
Z Z zg i+p¢j+q)(uij_uij ) -0
—pq;n—1 -
V., €Ty Ipl+lal=1 Qij

We can rearrange last two terms on the left-hand side using the discrete duality formula
1) which gives the constant gradients on D;; and D;; respectively. We get:

n—1 2 —n _ =n—1 2 2
Z (ufy — uij ) h* n Z (@ —uy ) h*
el 7 0 T

Vi €T i = Qij

Z (ufy — u?+1,j)2 + (ug; — ﬂ2j71)2 _

n—1
D;;€Dp ij
-1 _ 1 — — —n—1 —n—1
(uy — ufpy ) (uy ™ — i) + (@ — ;) (i —wii)
2 = *
D;;€Dy gl

Z (ufy —up i 0)® + (@ — iy ;)? B

n—1
5ij€ﬁh QZ]
Z (U?J - uﬁj+1)(“?j_1 - uzj_jﬁ + (Uz _Ezn—l,j)(ﬂ?j_l _ﬂ? 11 ) — 0
n—1 -
Bijeﬁh i
which can be rewritten into the form
n—1)2 -
(ugy — gy )" 2 (w5 — D
2 a7 > Tl 7
= i Ve, AW
Vull |2 = Vul, V! — Vuy, Vg !
s ARV T ey TPV,
D.eD, ij B, Qi
From the definition of the functions F' and f in (3.4]) we have
|VPauy|
z dz
F(|VPL|) — F(|VPu™Y) = .
(IVPIus]) — F(IVPhu™|) 75
|VPaupt|
As in [6], we use the properties of the functions F' and f:
; d (d—c)? d
z dz —c
Ve,d € Ry, + < (d—c¢), (3.6)
fz)  2f(e) ~ flo)
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which results in

n n— n n— |VU? n n—
F(|Vuij|) - F(W“ij 1|) (|VU - |vuij ! )2 > er_ll)qvuij - |vuij 1|) =
ij
Vv Vu 2 ,-Vun.fl
Vb 5y — gy < Y Ve Ve
Qi Qi

The same estimation we can obtain for the ”overlined” terms, too. Using these facts
and the hypothesis (H1), we have

n n—1\2 —n _n—1)\2
(uij — U ) ]ﬁ (uzj u;; ) }ﬁ
y o) oy B R,
Vii €T gl Vi;€Th AQU
2 — T 2,2
Di; ED'» D;;€Dy
> (F(Vu) = FAVa D) A2+ Y0 (FOVag)) - F(vag ) h* <0,
D;; €Dy, Di;€Dy
Summing the last inequality over n = 1,...,m we obtain

m o n 1)2 h2 m (ﬂn._ﬂﬂfl)z h2
Z Z w Qnul 74-272 % ?—F

i €Th

1 & .
27)21 S (v - vt e D (Ivay| - (van ) e |+

Di;€Dn D;; €Dy
> F(Vughhi+ > F(vaphr® < Y F(IVuhr+ ) F(Va,
D;;€Dy, D,; €Dy, D;j€Dy, D;;€Dy,

which, using the properties of the initial condition, gives the final result. O

4. CONVERGENCE

First we define, as in [I] and [6], the approximation of the function, its discrete gradient
and other useful approximations. The discrete solution we have already defined in (2.17)).

1
durp(t,z) = 5 (6u77h,v(t,x) + 6uT7h’V(t,x)) (4.1)

ufy — u"_1

Ourpyv(t,x) = —————forxeVy, te((n—1)1,n7]

T

N n—1
uy — g —

ou, () = —————forzeVy, te((n—1)7n7]
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AQon(t,z) = % (AQrnv(t.2) + 4Q, , 7 (t.7))
AQrnyv(t,x) = AQJ for x € Viy, t € ((n— 1), nr]
AQT’h’V(t,x) = AQ;} forz € Vy;, t € (n—1)7,n7]
AQuu(tw) = 5 (AQrpy (o) + AQ, ,(1,0))

AQ, v (tx) = AQZ_1 for x € V;, t € ((n — 1)1, n7]
Eﬂh’v(t,x) = Ey{l for z € Vi, t € ((n—1)7,n7]

Vul  for z € D, t € (n—1)7,n7]
— 1) 77/]7 ’
Vurn(t, z) { vay;,  for x € Dy, t € ((n—1)7,n7]

= Vu?t forx € Dy, t € ((n— 1)1, n7]
— 1) 71,]7 )
Vit o) { Vﬂ?j*l for x € D;j, t € ((n — 1)7,n7]

1
wra(t ) = 5 (wr,h,v(tal“) +w7,h,v(t7$))
uf —ult
wenv(te) = wh = LY forxeVy, te((n—1)rn7
" ! TAQY
al —a
w () = wh = L9 forzeV,;, te((n—1)7,n7]
7, Vb - YT T ——=n—1 RN ’
TAQ;;
\Y t,
H-,—’h(t,l') _ u‘r’h( .’IJ)

F(IVur n(t, 2)))
Now we can rewrite our scheme (2.12)), (2.13]) into the form

n o _ . m
(uij — i pirg) _ n 2
qu;n—l = —wjh

Ipl+1q|=1 ij

=N —n
(uij_uier,jJrq) _ —n 2
—pgin—1 = —w;h

pllad=1 @i

Under these definitions and from the stability results we can conclude:

(4.2)
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Theorem 4.1. Let the hypotheses (HO) and (H1) hold. Then for the solution u,j of

the discrete scheme (2.12)), (2.13)) defined in (2.17) and for the gradient Vu. j defined
in (4.4) the following stability results hold for arbitrary m =1,..., Np:

7/ Urn dt+17T/(|V = [Fural)® o+
AQTh i - Ur,h Ur,h X
0 Q ’ 0 Q

/F(|Vu77h(m7,x)|) dz < C. (4.9)
Q

Moreover, due to the hypothesis (H1), the term mﬂ p 1s bounded and we have

/ / suZ ), dedt < C, (4.10)
0 Q

where C is a generic constant and depends only on data of the problem, not on h or 7.

Let us denote by (H) the following hypothesis:
e Hypotheses (HO), (H1) are fulfilled;

e The sequence (T, hm)men denotes a sequence of space-time discretization of
(0,T) x © in the sense of Definition such that h,, and 7, > 0 tend to 0
as m — oo;

e For all m € N, the family {u;, i=1,...,N1, j=1,..., Ny, @}, i = 0,..., Ny,
j=0,...,Na,n € N} is such that (2.12)), (2.13) hold and the function w,,, p,, is
defined by (2.17]).

To obtain convergence of an approximate solution we need the following lemma.

Lemma 4.2. (Strong convergence of the approximate gradient of ¢)  Let hy-
pothesis (H) be fulfilled. For all p € C2°((0,T) x 2), we denote by 175 = p(n7, x;;) and

7 = p(n7,Z;;). We introduce the approximations

rn e P ph -
VZSD: ( z+1,]h ’Lj, i hz,j 1) (411)

and —n Ao 14 rn. 1— rn
Vz‘j‘P: ( j hz— 7J’ m-&-h U) , (4.12)

Viie for x € Dij, t € ((n — 1)1, n7]

Vene(t,x) = { (4.13)

ﬁ;«p for x € D;;, t € ((n— 1), nTl.

Then V, »¢ strongly converges in L>((0,T) x Q) to Vy as h — 0 and 7 — 0.
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Proof. For such a regular space discretization the outward normal to the vertical
edges is n; = (1,0) and to the horizontal edges ny = (0,1). The function ¢ is smooth
enough, so using Taylor expansion for € D;; we immediately have

t, x; i) ta 1]
Volt.a)-m = POTta) 2200 oy,

t7ii' - t’ T; i _
Vgo(t,x) ‘ny = 90( l']) ]_20( - >J 1) +C”(t)h
where Cj;(t), Cy;(t) are bounded independently of the discretization and similarly for
x € D;j. The convergence result is then the consequence of these estimations. (|

Theorem 4.3. (Convergence properties) Let hypothesis (H) be fulfilled. Then there
exists a subsequence of (7., b )meN, again denoted by (7, hm)men and there exists a
function w € L>((0,T); H}(Q2)) N C°((0,T); L*(€)), such that

u; € L?((0,T) x Q),

u(0,.) = u°,

uTnuhm —uEc LOO((O’ T); LQ(Q))7

Ury by — T € L((0,7); Hy (2))

and there exist functions H € L2((0,T)xQ)?, w € L*((0,T)x Q) such that H,, , — H

weakly in L2((0,T) x Q)% (see (4.7)), and such that w,, 5, — W and du,,, p, — U
weakly in L?((0,7) x ) as m — oo. Moreover,

Vs, | = [Vt | = 00 L2((0,T) x Q) (see (4.4), (4.5))

and the following relation holds:

T
| Vour, h >|2 [ o
n}gnoo// (Ve (L)) dzdt = //H(t,x) Vu(t, z) dadt. (4.14)

0 Q

Proof. From the definition of F (3.4]), the estimation (4.9) and hypothesis (H), we
have

F(s) > s/2b, /|Vu7m$hm (n7,z)*>dz < CV¥n=1,2,...,Nr.
Q

Hence we can apply the results of [I] (Lemma 3.6) and [6] (Theorem 6.1), which is a
generalization of Ascoli’s theorem and shows the convergence

U, () — @€ L((0,T); L*(Q)).

Thanks to (2.11]), we have @(-,0) = ug. We also get, thanks to [I] (Lemma 3.6), that
ue L>®((0,T); H: () and that

Vs, h, = Vu
weakly in L?((0,7T) x 2)2.
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From (4.10) and hypothesis (H) we get that w,,, 5, is bounded in L?((0,7) x Q)
for all m € N. Therefore there exists a function w € L2((0,T) x §2) such that, up to a
subsequence of the preceding one, w,,, 5, — W weakly in L2((0,7) x Q). Similarly, from
(4.10) we have 4, , — T weakly in L2((0, 7)), which shows that u; € L*((0,T)x)
(see [6]). o

Similarly, from (4.9) and hypothesis (H), H,, », — H weakly in L?((0,7T) x Q)2, up
to a subsequence of the preceding one.

Using l ,

Let us now focus on the difference between |Vu,,, 5, | and |[Vur p.. |-

we get the existence of C' > 0 independent of m such that
1Y% | = [Vt o 22 0,7y x02) < CTons

which provides

lim [|[Vur, a,| = [V, lL20,m)x0) = 0 (4.15)
m—00

Now the idea is similar to that in [6]. For simplicity we now for a moment omit the
indices m for h and 7.

Let ¢ € C((0,T) x Q) be given. We again denote by r7; = p(n7,x;;) and F,"J =
(nT,Z;;). Multiplying first equation of (4.8) by 7173, and the second equation of (4.8) by

7T;;, summing over all of the finite Volumes and all n, we get after small rearrangement

_ ZT Z (U?J - U?+1,j)(7”?j - T?Jrl,j) i Z (u?g - quJrl)(r% - T2j+1)
7_1_71 —n—1

n=1 D;; €Dy, ] D.; €D, Qij

_Z Z wnrnh2

n=1 V;;€Ty

N _ _ _ _
—XT:T Z (Uzn]_u?]—l)(rz _7",] 1) i Z j Ui 13)(7"?]'_7"?—1,3‘)
n—1 —n—1
n=1 DijGDh, Q'L.] D” GDh Ql]

Nt
=d. 7 D Wk (4.16)

n=1 Vi]‘ GT},,

Now, putting two equations together, we obtain
T1 = 7T2 with

N _ _ _ _
T — ir 3 (uy — witpy ) (riy — rityay) + @ — w75 =775 1)

Q!
n=1 D;; €Dy, L)

N _ _ _ _
n ZT: - Z (U:L] - “3j+1)(7°?j - 7ﬂz?fj-kl) + (u?g - u?ﬁlyj)(r?j - T?—l,j)
—n—1
n=1 \B., b, o
and

Z Z w"r"hQ—l—Z Z w”h2 o

n=1 Vi,€T, n=1 Vv, T,
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Using the approximation V. ¢ of Vi as in (4.13)), we can write that

T
T = 2//H7—7h - Vo np dzdt.
0 Q

Now we again return back to the subsequence (7, h.,) and denote the expression by

Ty and Th,, using the definitions (4.6) and (4.7):

T
Tim = 2//H7n17hm Vi b, e dzdt,
0 Q

T
Tom = 2//me,thme7hm dzdt.
0 Q

Hence, by weak/strong convergence from above and Lemma

T

lim T1m=2//F-Vg0 dzdt.
0 Q

We have on the other hand

Hence

Since the above equality holds for all ¢ € C2°((0,7T) x ), it also holds by the density
for all v € L2((0,T); H}(R)). Hence we get

T

T
//ﬁ - Vo dadt = —//@v dzdt. (4.17)
Q 0 Q

0

T T
//F-Vﬂ dadt = —//wndxdt. (4.18)
0 0

Q Q

and also

Now we multiply l} by Tuj;, and 7u;;, respectively, sum over all of the finite

volumes and all n. Again, after similar rearrangement, we get T3 = —T}, where
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Nt n n 2 —n —n 2
T — - (uiy —udyq ;) + (W5 — 0 _1) n
3= Z Z Qﬂfl
n=1 D;;€Dy vy
Np (un —ul )2 + (ﬁ” —u \V4 2
ij ~ Wi+ ij — W1 AVurn* dudt
T L o J F(Fursl)
n=1 D;;€Dy )
and
n,ni2 —n 2—n
T, = g E wiuh” + g E hu
n=1 V€T z,G’Th
We use similar notation as in the previous case T3, = —Tym:

2
// |V“Tm’m| dadt, (4.19)
f( |vu7—m B

T
T47n = 2//w7—n17 R HTW‘LJIWL dzdt.
0

We have, by weak/strong convergence from

T
lim T4m:2//@ﬂdxdt,
0 Q

which leads, using (4.18)), to

T T
lim T3, = —2//@ u dzdt = 2//F Vu dzdt. (4.20)
0 0 00
We now define
[ v )2
Uy t T
=2 e dxdt. 4.21
O/Jf|VuTmh or) 20

Let us now prove that T3, and T5,, have the same limit. Writing

2
// |VUT7—,,JL | d dt*// |Vu7'm7h )| dl’dt
f( |Vu7m7hm t x) f(IVurn, t 37)|)

2 Yy, (nt,x)?

Vup,, (n7, x) B . wdt —
>orf F(Vun, (- Dra)) ~ F(Vun, (ar, )

n=1 Q
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Vuh Vuh

-7 dxdt +
f |Vuh ) f( |V’uh )|)

dxdt.

/ Vs, ., (0T, r)? — Vs, b, ((n—1)T, r)?
|Vurm, o ((n=1)7,2)|)

Now, using the property -, the hypothesis (H) and the relation (3.5)), we get

lim (Tgm - T5m) =0.

m— 00

Hence we also get that

T T
lim T5,, = —2//@ u dzdt = 2//? Vu dzdt, (4.22)
0 Q 0 Q
which completes the proof of (4.14)). O

Lemma 4.4. Let up and vy, be the arbitrary functions of the discrete function space Hy,.
We denote by

T — Z ( (Vuij)z _ Vuij . V’Uij (V?)ij>2 _ Vuij . V’Uij> hf
‘ F(Vugl)  f(Vuigl)  f(Vegl)  f(I Vi)

2

5 ( (Vay)*  Vay Vo, (V)2 Vg - VW) h2 (4.23)
5o, FVE) f(Va) (V) f(ves ) 2
Then it holds
Ty > 0. (4.24)

Proof. Using Cauchy-Schwartz inequality, we immediately have

[V, |V, ) 12
T > - (Vuz —|vvl)7+
6 Di;;h (f(VuijD F( Vo)) Vi NS
V| Vi > _ R
> aa)  Fqvoy ) (VEul = Vol 5 20
pocs, V) f(VUg)

due to the hypothesis (H1) and the remark below (monotonicity of the function f). O

Lemma 4.5. Let Hypothesis (H) be fulfilled. We assume that the sequence (7., hun ) menN
denotes an extracted sub-sequence, the existence of which is provided by Theorem
Let ¢ € C((0,T) x Q) be given and the notation from the Lemma is used. We
denote

=2 <f(Vu§;-) v T0vEeD <\v |>> Bl
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FOvagh — FOVaED T A(Ve) (Ve

((W vay Ve | (Vie)? Vuzavijw)fﬂ
D;;€Dy,

and
Nt
T =Y TTF. (4.25)
n=0

Then this gives

Vi, Ve ho© )
il Vrwhe? ) (G, V) dadt (4.26)
/ / ( |wf,n,m|> F(Vr )

and the following holds

T

i = H— Ve u— T
W%POOTm_O/Q/(H Aoy (V7 - Vo) dadi (4.27)

and

T T
H- v aAx = va v ar v 2
O/Q/H Vo dzdt O/Q/f“v“') Vo dadt, Yo € L2((0,T); H (). (4.28)

Proof. We can rewrite T},: T;, = %T5m — T — T + Topm, where Tk, is defined in

(-21):
T

|Vu-,— hm ‘2
moy dt
//f (Vur ) 0
0
and

T
vu‘r 'VT hom P
T — ’"L7 m moy m dxdt,
m / F(Vur, nl)

FUNV 7 h 2l) ’

T
(VT h @)2
Ty = / / WV )™ 4.
’ F(V i l)
0 Q

We already know from ((4.22):

T T
1 _
lim §T5m://Eﬂdxdtz//H-Vﬂdxdt.
0 Q 0 Q

T
Tsm :/ Vit i * Vg Jn P dxdt
0
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From the results of Lemma we have V. ¢ strongly converges in L>((0,T) x )
to Vo as h — 0 and 7 — 0, which implies together with the results of Theorem
H. , — H

Tm ,lm

lim T%,, = lim //HTW;Lm(t,x)VTm’hmgo(t,x) dodt =

m— o0 m— o0
0 Q

T
O/Q/H(t,:c)Vga(t,x) dzdt.

T
T, t7 T, t?
lim Ty, = lim / / Vit O D)Vl (B 2) gy
0 Q

M — 00 m— o0 f(vv—m,hnﬁp(t’x))

T T

2
lim Ty,, = lim //( s P :c)) d:z:dt://M dxdt.
T =B ) ) ety T

From these results we obtain

— 2
lim T, = / / T.va-ave- Y2V, Vo
Q

m—00 f(Ve)  f(Ve)

which gives ([#.27). From Lemma [4.4] we know that T}, is non negative, so we have

T

0/ / IW\ V(v — V) dadt > 0. (4.29)

By density argument we obtain

T

// |W| )(Vu Vo) dedt >0 Vo € L2((0,T); HY(Q)).
0

Following the idea of [6], we apply Minty trick with v =a— A, A > 0, ¢ € C((0,T) x
Q). After dividing by A we obtain

T

Vu-Xxp

0
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We can let A — 0 in the above inequality, using Lebesgue’s dominated convergence
theorem. We then get

T

// 3>)V¢ dzdt > 0.

0

Since this holds also for —, we get

T
7Y Gy dedt =
0/ [ = ety 7 =

The above equality can again be extended to all ¢ € L?((0,T); H}(2)), which achieves

the proof of (4.28]). O

Lemma 4.6. Under the same assumptions as in Lemma |Vur,, n,| converges in
L2((0,T) x Q) to |Vu| as m — oo (the notation is the same as in Lemma [4.4)).

Proof. Let ¢ € C2°((0,T) x Q) be given. We denote by 775 = ¢(n7,z;;) and 7}; =
o(nT,Z;;). Let us denote

T

|Vur,, IV b # )
i | LY Tonhon Vir, | = Voo nool) dadt.
0/ [ (Al = w5 (el = V)

From (4.26)), after using Cauchy-Schwartz inequality we have
0< Ty, <Tp.

We write Tm = TlOm — Tllm — T12m7 with

T

Vs vl ) _
Tiom m o — VuT"“ | = 1Vul]) dzdt
on= | | ( F(Vumney ~ Favay ) (Vemra =1V
0 Q
T 2 (v T |v
Tm_—//< “> +// MUl (170 — (Va]) dedt +
b= %o = fw | 0 gy (VI

T

/ / [Vthanra] (févvﬂl) B f<||v¢;|>>

0 Q
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T 2 2
ﬂ%:!!(ﬁg%‘;%ﬁﬁzﬂdm“

T

VU’THL shm

[ [ Frezztel (96 = (97, ,6l) dode -
J ,

( Vol Ve k¥l >
FUVel)  f(IVr ¢l

Now, using Cauchy-Schwarz inequality and estimates from the previous results, we
have

0 < Twom < T +C IVo| = V| Ly 0,1)x0) + C IVOl = Vi b @l Lac0,7)x9) -

Passing to the limit and using strong convergence of the approximation of a gradient,
we obtain, as in [6]

T

. |V [Vl _
0 < limsupTiom < 2//( (IVa| — |Ve|) dzedt +
m—o = S S A(VE) (V) |

C llel = IVl L, 0,1y x2)-

This holds for any ¢ € C°((0,T) x Q) we take ¢ — @ in L2((0,7); H}()) and then
the right-hand side tends to zero and we have

. vu‘l’ hom ‘ |v'r h §0|
1m'//(| el ) (9, | (V1) dadt =0
meeo f(Vur, n, ) f(V b l) ’

From the property (1.5)) of f, we immediately have the conclusion of the lemma. O

Theorem 4.7. Let Hypothesis (H) be fulfilled. We assume that the sequence (7., ln )meN
denotes an extracted sub-sequence, the existence of which is provided by Theorem
Then the function @ € L>((0,T); H}(2)), such that u,,, n, — @ in L>((0,T); L3(Q))

is a weak solution of —- in the sense of Definition Moreover,

Vs, h, — VU in L2((07T) X Q)Q (see 1' and
\Vur,, bl = |Vl [V, p,.| — VAl in L2((0,T) x Q).

Proof. We remind first that w is the weak limit of the w,,, p,, defined in (4.6) from

Theorem Using Lemma and (4.18) we obtain

//wv dzdt = // 7 \V M Vo dadt, Yo € L*((0,T); Hy(Q)). (4.30)
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From Lemma we get W = —% and this results in that u is a weak solution of
(11.2)-(1.3)-(L.4) in the sense of Definition Moreover, from Lemma |4.6| and Theorem
"

e have the weak convergence Vu,, p, — Vu in L*((0,T) x Q) and the strong
convergence of |Vu,, p, | — |Val, [Vur,, n,| — |Va| in L2((0,T) x Q).
Now we prove the strong convergence of a gradient. Let again ¢ € C°((0,T") x )
be a given arbitrary function. From Cauchy-Schwartz inequality we have

T

//(Vurm,hm —va)? dedt < 3(Tizm + Tiam + Tism),
00

where
T
Ti3m = //(Vurm,hm = Vorhn ) dadt,
0 Q
T
Tiam = //(me,hm‘ﬁ — Vi)? dadt,
0
T
Ti5m = //(V@ — va)? dxdt.
0 Q

From Lemma [£.2] we immediately have

hIIl T14m = 0

For Ti3,, we have (we denote by < .,. > the scalar product of a piecewise constant
functions in Lo (Q))

T
Tigm = / <Vur, hpm = Vi b ® Vs, n, — Vo, n, 0> dt =
0

T T T
//|vu%hm|2 dxdt—2/ < NUs,y, s Voo hn @ > dt+//|v7m,hm¢|2 dadt.
0 Q 0 0 Q
From the previous results we get
T T T
lim Ti3m ://|VH\2 dxdt—2/ < Vu,Vep > dt—l—//|V<p|2 dzdt =
e 0 Q 0 0 Q

T

//|Vﬂ— Vo|? dadt.
Q

0
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Now, for arbitrary € > 0, we can choose ¢ in such a way that

T
//V(p Va)? dzdt < e.

0

Collecting these results together completes the proof. O

Remark. The strong convergence of a gradient can be also proved by the classical
results of a weak convergence in a Hilbert space:

weak convergence + convergence of norms = strong convergence.

5. NUMERICAL EXAMPLES

We choose for the illustration only two numerical experiments that use the proposed
scheme in 2D. Further examples concerning image processing problems and comparing
the results with the exact solution and computing the experimental order of convergence
one can find in [8]. The 3D scheme and numerical experiments for this case one can find
n [II] and [12].

Example 5.1. In this experiment we use the exact solution to study the EOC for DDF
scheme. We use the solution presented in [I4] to the level set equation of the following
form

24,2
-1
u(z,y,t) = min{% +1¢,0}.
We have computed the problem on the square Q = [—1,25,1.25] x [—1,25,1.25] with

zero Dirichlet boundary conditions, in time interval [0, 7] = [0, 0.3125].

The solution contains flat regions and a singular circular curve with gradient jump,
so we cannot expect second order accuracy. However as we see from the table, the
numerical schemes converge also in this singular case and naturally, EOC is equal (or
close to) 1 for the solution error. We have used SOR algorithm for solving linear system
with tolerance 1.0e-10. The regularisation parameter was chosen as ¢ = h? and 7 = h2.
The results for Ly errors both for the solution F5 and gradient EG» are given in Table

n T E2 EGQ FOC

10 6.25e-02 5.51855e-02 - 2.58165e-01 -

20 1.5625e-02 | 3.17089e-02 | 0.79870 | 2.16399e-01 | 0.25817
40 | 3.90625e-03 | 1.68439e-02 | 0.91266 | 1.75709e-01 | 0.30005
80 | 9.76563e-04 | 8.86524e-03 | 0.95538 | 1.41097e-01 | 0.31651
160 | 2.44141e-04 | 4.41592e-03 | 0.97606 | 1.12646e-01 | 0.32488
320 | 6.10352e-05 | 2.22861e-03 | 0.98657 | 8.97433e-02 | 0.32792

Tab. 1. Example 1, error reports and EOCs, ¢ = h% and 7 = h?
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Example 5.2. We will use the scheme for the filtering of 20 percent salt and pepper
noise added to the image with function of the asteroid, we set N = 250 and 7 = h2.
In Figure [4] are shown the noisy image and the results of filtering after 1, 2 and 6 time
steps. The initial value for u;;-s were set as the median of the four neighbouring values
of u.

Fig. 4. Initial noisy image with 20 percent salt and pepper noise
(top), filtering results after 1 (left), 2 (middle) and 6 (right) time steps
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