COMMUN. MATH. SCI. (© 2011 International Press
Vol. 9, No. 2, pp. 413-457

UNCONDITIONALLY STABLE SCHEMES FOR HIGHER ORDER
INPAINTING*

CAROLA-BIBIANE SCHONLIEB! AND ANDREA BERTOZZI

Abstract. Higher order equations, when applied to image inpainting, have certain advantages
over second order equations, such as continuation of both edge and intensity information over larger
distances. Discretizing a fourth order evolution equation with a brute force method may restrict the
time steps to a size up to order Az* where Az denotes the step size of the spatial grid. In this
work we present efficient semi-implicit schemes that are guaranteed to be unconditionally stable. We
explain the main idea of these schemes and present applications in image processing for inpainting
with the Cahn-Hilliard equation, TV-H~! inpainting, and inpainting with LCIS (low curvature image
simplifiers).
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1. Introduction

An important task in image processing is the process of filling in missing parts
of damaged images based on the information gleaned from the surrounding areas.
It is essentially a type of interpolation and is called inpainting. Thereby one could
restore images with damaged parts due to, for instance, intentional scratching, aging,
or weather. Or one can recover objects which are occluded by other objects, where
within this context the process is called disocclusion. In fact the applications of image
inpainting are countless. From the restoration of ancient frescoes [3], to the medical
needs of reducing artifacts in MRI-, CT- or PET imaging reconstructions [47], digital
image inpainting is ubiquitous in our modern computerized society. Since the first
works on image inpainting by Mumford, Nitzberg and Shiota [57], Masnou and Morel
[52], Caselles, Morel, Sbert and Gillette [21], and Bertalmio et al [10], much effort has
gone into developing digital algorithms. These methods include the texture synthesis
and exemplar-based approach (see, e.g., [20, 29, 32, 72]) and a number of variational-
and PDE-based approaches. This paper focuses on the latter.

In mathematical terms, image inpainting can be described in the following way:
let f be the given image defined on an image domain 2. The problem is to reconstruct
the original image u in the damaged domain D C {2, called the inpainting domain.
More precisely, let 2 C R? be an open and bounded domain with Lipschitz boundary,
B;,By two Banach spaces and f € By be the given image. A general variational
approach in inpainting can be written as

min { B(u) = R(u)+|A(f —u)[3, }. (1.1)

u€ B
where R: By — R and

Xo Q\D

AMz)= o D (1.2)
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is the characteristic function of Q\ D multiplied by a constant A\g>1. R(u) denotes
the regularizing term and [[A(f —u)|| 5, the so called fidelity term of the inpainting
approach. By C By in general, signifying the smoothing effect of the regularizing term
on the minimizer u € By. Depending on the choice of the regularizing term R and the
Banach spaces By, Bs, various inpainting approaches have been developed. The most
famous model is the total variation (TV) model, where R(u)= [, |Vu| dz denotes the
total variation of u, By = L?(Q)) and By =BV () the space of functions of bounded
variation; cf. [23, 25, 61, 60]. A variational model with a regularizing term containing
higher order derivatives is the Eulers elastica model [26, 27, 52] where R(u)= [, (a+
bk?)|Vu|dz with positive weights a and b, and curvature x=V-(Vu/|Vu|). Other
examples to be mentioned for (1.1) are the active contour model based on Mumford
and Shahs segmentation [68], the inpainting scheme based on the Mumford-Shah-Euler
image model [35], inpainting with the Navier-Stokes equation [11], and wavelet-based
inpainting [28, 30], only to give a rough overview. For a more complete introduction
to image inpainting using PDEs we refer to [26, 18, 63].

1.1. Second- versus higher-order inpainting approaches. Second order
variational inpainting methods (where the order of the method is determined by the
derivatives of highest order in the corresponding Euler-Lagrange equation), like TV
inpainting, have drawbacks as in the connection of edges over large distances (Con-
nectivity Principle, cf. Figure 1.1) and the smooth propagation of level lines (sets of
image points with constant grayvalue) into the damaged domain (Curvature Preser-
vation, cf. Figure 1.2). This is due to the penalization of the length of the level lines
within the minimizing process with a second order regularizer, connecting level lines
from the boundary of the inpainting domain via the shortest distance (linear interpo-
lation). The regularizing term R(u)= [, |Vu|dx in the TV inpainting approach, for
example, can be interpreted via the coarea formula, which gives

min/ [Vu|dr <= nlzin/ length(T'y) dA,
u Q N

— 0o

where I'y ={z € Q:u(x)=A} is the level line for the grayvalue A. If we consider on
the other hand the regularizing term in the Eulers elastica inpainting approach the
coarea formula reads

min/ (a+bK%)|Vu| dr <= lein/ a length(T'y) +b curvature?(I'y) d\. (1.3)
u Q A

— 00

Thus not only the length of the level lines but also their curvature is penalized (where
the penalization of each depends on the ratio b/a). This results in a smooth con-
tinuation of level lines over the inpainting domain also over large distances; compare
Figures 1.1 and 1.2. The performance of higher order inpainting methods can also
be interpreted via the second boundary condition, which is necessary for the well-
posedness of the corresponding Euler-Lagrange equation of fourth order. Not only
are the grayvalues of the image specified on the boundary of the inpainting domain,
but also the gradient of the image function, namely the direction of the level lines, is
given.

In an attempt to solve both the connectivity principle and the staircasing effect
resulting from second order image diffusions, a number of third and fourth order
diffusions have been suggested for image inpainting. The first work connecting image
inpainting to a third order PDE (partial differential equation) is the transport process
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Fic. 1.1. Two examples of curvature based inpainting compared with TV inpainting from [26].
In the case of large aspect ratios the TV inpainting fails to comply to the Connectivity Principle.

B

Original Image TV inpainting : b/a =0
.'i .
b/a=10 b/a=20

F1G. 1.2. An exzample of elastica inpainting compared with TV inpainting from [27]. Despite the
presence of high curvature, TV inpainting truncates the circle inside the inpainting domain (linear
interpolation of level lines, i.e., Curvature Preservation). Depending on the weights a and b Eulers
elastica inpainting returns a smoothly restored object, taking the curvature of the circle into account.

of Bertalmio et al [10]. The image information, modeled by Au, is transported into
the inpainting domain along the level lines of the image. The resulting scheme is a
discrete model based on the nonlinear PDE

u=V+iu-VAu,

and is solved inside the inpainting domain D using the image information from a
small stripe around the boundary of D. The operator V+ denotes the perpendicular
gradient (—0,,0;). Due to the lack of communication among the level lines, the
transportation may result in kinks or contradictions inside the inpainting domain.
Thus in [10] the equation above is implemented with intermediate steps of anisotropic
diffusion. In [11] the authors develop a theory for the proper boundary conditions in
[10] by making a connection to the Navier-Stokes equations. The two conditions on the
“boundary” of the inpainting domain correspond to the no slip condition for Navier-
Stokes. A variational third order approach to image inpainting is CDD (Curvature
Driven Diffusion) [24]. To solve the problem of connecting level lines also over large
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distances (connectivity principle), the level lines are still interpolated linearly. The
drawbacks of the third-order inpainting models [10] and [24] have driven Chan, Kang
and Shen [27] to a reinvestigation of the earlier proposal of Masnou and Morel [52] on
image interpolation based on Eulers elastica energy (1.3). The fourth order elastica
inpainting PDE combines CDD [24] and the transport process of Bertalmio et al [10],
and is able to solve both the connectivity principle and the staircasing effect. Other
recently proposed higher order inpainting algorithms are inpainting with the Cahn-
Hilliard equation [13, 14], TV-H~! inpainting [19, 64] and combinations of second and
higher order methods, e.g. [51].

In this paper we are especially interested in three, rather new, fourth-order in-
painting schemes. Namely, we shall discuss Cahn-Hilliard inpainting, TV-H~! inpaint-
ing, and inpainting with LCIS (low curvature image simplifiers). We start the discus-
sion with the inpainting of binary images using the Cahn-Hilliard equation [13, 14].
The inpainted version u of f € L?() is constructed by following the evolution of

= A (—eAu—i— 1F’(u)> FAf—u), (1.4)

where F'(u) is a so called double-well potential, e.g., F(u)=u?(u—1)2. The applica-
bility of the Cahn-Hilliard equation for the inpainting of binary images is due to the
double well potential F'(u) in the equation. The two wells correspond to values of u
that are taken by most of the grayscale values. Choosing a potential with wells at
the values 0 (black) and 1 (white), Equation (1.4) therefore provides a simple model
for the inpainting of binary images. The parameter ¢ determines the steepness of the
transition between 0 and 1. Further, the fourth order regularizing term in the equa-
tion provides the advantages of higher order inpainting approaches which have been
discussed before, such as the ability to connect level lines also over large distances (cf.
(1.3)).

The second method of interest in this paper is a generalization of the Cahn-
Hilliard inpainting approach to grayvalue images which has been recently proposed in
[19, 64] and is called TV-H~! inpainting. Therein the inpainted image u of f € L*(Q)
shall evolve via

ur=Ap+A(f—u), pedTV(u), (1.5)
with

TV () = {fQ |Vu|dz, if |u(m)\ <1 ae. in Q,
400, otherwise,

where 0TV (u) denotes the subdifferential of the functional TV (u). To build the
connection to Cahn-Hilliard inpainting the authors in [19] show that solutions of an
appropriate time-discrete Cahn-Hilliard inpainting approach I'-converge, as ¢ — 0, to
solutions of an optimization problem regularized with the TV norm. A similar form
of this approach appears in the context of decomposition and restoration of grayvalue
images; see for example [49, 58, 70]. Further, in Bertalmio et al [12], an application
of the model from [70] to image inpainting is proposed. In contrast to the inpainting
approach (1.5) the authors in [12] use a more general form of the TV-H~! approach
for a decomposition of the image into cartoon and texture prior to the inpainting
process. The latter is accomplished with the method presented in [10]. Moreover, we
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would like to mention that in [45] the authors consider a complex Ginzburg-Landau
energy for inpainting of grayscale- and color images.

The third inpainting model we are going to discuss is inpainting with LCIS (Low
Curvature Image Simplifier). This higher order inpainting model is motivated by
two famous second order nonlinear PDEs in image processing — the works of Rudin,
Osher and Fatemi [60] and Perona Malik [59]. These methods are based on a nonlinear
version of the heat equation

u =V (g(|Vu|)Vu),

in which ¢ is small in regions of sharp gradients. LCIS represent a fourth order relative
of these nonlinear second order approaches. They are proposed in [69] and later used
by Bertozzi and Greer in [15] for the denoising of piecewise linear signals. In this
paper we consider LCIS for image inpainting. With f € L?(£2) our inpainted image u
evolves in time as

ur==V-(9(Au)VAu) +A(f —u),

with thresholding function g(s)= H% Note that with g(Au)VAu=V (arctan(Au))

the above equation can be rewritten as
up=—A(arctan(Au)) + A(f —u). (1.6)

1.2. Numerical solution of higher-order inpainting equations.

One main challenge in inpainting with higher order flows is their effective numeri-
cal implementation. Discretizing a fourth order evolution equation with a brute-force
method may restrict the time steps to a size up to order Az* where Az denotes the
step size of the spatial grid. Such a brute-force method is computationally prohibitive
and hence it is essentially never done; see, e.g., [65].

The numerical solution of higher-order equations, like thin films, phase field mod-
els, surface diffusion equations, and many more, occupied a big part of research in
numerical analysis in the last decades. In [31] the authors propose a semi implicit fi-
nite difference scheme for the solution of second order parabolic equations. A diffusion
term is added implicitly and subtracted explicitly in time to the numerical scheme in
order to suppress unstable modes. Smereka uses this idea to solve the fourth-order
surface diffusion equation; cf. [65]. The same idea is applied by Glasner to a phase
field approach for the Hele-Shaw interface model; cf. [40]. Besides the finite differ-
ence approximations, there also exist many finite element algorithms for fourth-order
equations. Barrett, Blowey, and Garcke published a series of papers on the solution
of various Cahn-Hilliard equations; cf. [5, 6, 7]. For the sharp interface limit of Cahn-
Hilliard, i.e., the Hele-Shaw model, Feng and Prohl analyze finite element methods in
[37, 38]. Finite element methods for thin film equations are studied, for instance, in
[8, 46].

For image inpainting, efficient numerical schemes for higher-order methods is an
active area of research. As discussed in [26] one of the most interesting open problems
in digital inpainting is, in fact, the fast and exact digital realization. In the case of
Cahn-Hilliard inpainting, in [13] the authors propose a semi-implicit scheme which
constitutes the common numerical method discussed in this paper. They verify its
computational superiority compared with currently used numerical methods for three
curvature driven approaches. It turns out that Cahn-Hilliard inpainting performs at
least one order of magnitude faster than the curvature methods. In [33, 34] Elliott
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and Smitheman propose a finite element method for TV-H~! minimization in the
context of image denoising and cartoon/texture decomposition. They also prove rig-
orous results about the approximation and convergence properties of their scheme.
An extension of their approach to TV-H~! inpainting would be interesting. Note
that, however, the difference of the inpainting approach from denoising and decom-
position is that the former does not follow a variational principle and the fidelity
term is locally dependent on the spatial position. Another algorithm for TV-H!
inpainting is proposed by one of the authors in [62]. This work generalizes the dual
approach of Chambolle [22] and Bect et al. [9] from an L? fidelity term to an H™!
fidelity and extends its application from TV-H~! denoising [1, 2] to image inpainting.
The main motivation for the work in [62] is that with the proposed algorithm the
domain decomposition approach developed in [39] can be applied to the higher-order
total variation case. Being able to apply domain decomposition methods to TV-H!
inpainting can result in a tremendous acceleration of computational speed due to the
ability to parallelize the computation. Another very recent approach in this direction
is [18], where the authors propose a multigrid approach for inpainting with CDD.

In this paper we discuss an efficient semi implicit approach based on a numerical
method presented in Eyre [36] (also cf. [71]) called convexity splitting. Convexity
splitting was originally proposed to solve energy minimizing equations. We consider
the following problem: Let E € C?(RY R) be a smooth functional from RY into R,
where N is the dimension of the data space. Let € be the spatial domain of the data
space. Find v €RY such that

1.7
u(.,t=0)=up, in €, (L.7)

{ut =_VE(u), in,
with initial condition ug€RY. The basic idea of convexity splitting is to split the
functional E into a convex and a concave part. In the semi implicit scheme, the con-
vex part is treated implicitly and the concave one explicitly in time. Under additional
assumptions on (1.7), this discretization approach is unconditionally stable, consis-
tent, and relatively easy to apply to a large range of variational problems. Moreover
we shall see that the idea of convexity splitting can be applied to more general evo-
lution equations, and in particular to those that do not follow a variational principle,
especially to the inpainting Equations (1.4) and (1.5).

Convexity splitting methods, although possibly not under the same name, already
have a long tradition in several parts of numerical analysis. In finite element approx-
imations for PDEs, examples for such numerical schemes can be found in the works
of Barrett, Blowley, and Garcke; cf. [4] Equation (3.42) for an application to a model
for phase separation. In [35] a finite difference scheme for second-order parabolic
equations is presented which also uses the convexity splitting idea; cf. Equation (5.4)
in [35]. Further convexity splitting is also discussed in a more general optimization
context; cf. [73] Chapter two for an overview on this topic.

The main part of the paper illustrates the application of the convexity splitting
idea to the three fourth-order inpainting approaches (1.4), (1.5), and (1.6). Moti-
vated by the analysis in [17], we show that with this numerical approach we are
able to (approximately) compute strong solutions of the continuous problem with an
unconditionally stable finite difference scheme. The numerical scheme is said to be
unconditionally stable if all solutions of the difference equation are bounded indepen-
dently from the time step size; cf. Definition 2.2. Moreover, we prove consistency
of these schemes and convergence to the exact solution. Further, we present nu-
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merical results demonstrating the effect of the higher order regularizing term in the
approaches. In the case of TV-H~! inpainting and inpainting with LCIS we directly
compare the visual results with the second order TV inpainting method.

Organization of the paper. In Section 2 the idea of convexity splitting is pre-
sented. After an introduction to gradient systems we state and prove Eyre’s theorem
about the unconditional stability of the convexity splitting scheme. Sections 3-5 are
dedicated to the application of convexity splitting to Cahn-Hilliard inpainting (1.4),
TV-H~! inpainting (1.5), and inpainting with LCIS (1.6). In the case of Cahn-Hilliard
and TV-H™! inpainting the corresponding Equations (1.4) and (1.5) are not strictly
gradient flows, but their evolution is the sum of the gradients of two different ener-
gies. Here, convexity splitting is applied to each of these energies and results in a
semi-implicit scheme for the whole evolution. Rigorous proofs for the consistency of
the numerical scheme, the boundedness of numerical solutions and their convergence
to the exact solution are given. For each of these inpainting algorithms numerical
results are presented. In the conclusion of the paper open problems are discussed.

Notation. In this paper we discuss the numerical solution of evolutionary dif-
ferential equations. Therefore we have to distinguish between the exact solution u of
the continuous equation and the approximative solution U of the corresponding time
discrete numerical scheme. We write capital Uy for the k;, solution of the discrete
equation and small uy =u(kAt) for a solution of the continuous inpainting equation
at time kAt with time step size At. Let e, denote the temporal discretization error
given by e =uy — Uy. In subsection two, u and U are vectors in R, where N denotes
the dimension of the data. In all other parts of this paper v and U are assumed to
be elements in L2(€2). Let E € C?(H,R) denote a functional from a suitable Hilbert
space ‘H to R, and VE(u) its first variation with respect to w. In the discrete set-
ting H=R". Throughout this paper ||-|| denotes the norm in L?($2) (or the Euclidean
norm in the discrete setting), and (-,-) the inner product in L2(2) (or in R" in the dis-
crete setting). Finally, since we pose all three inpainting approaches (1.4)-(1.6) with
Neumann boundary conditions, we have to define the non-standard space H~1(Q) as

H Q)= {FeHl(Q)* | (F 1) e =o},

with norm ||-||_1::HVA‘1-||L2(Q). Thereby the operator A~! denotes the in-

verse of A with Neumann boundary conditions. In more detail, let H(Q):=

{peH (Q): [,vde=0}. Then u=A"'FeH'(Q) is the unique weak solution of
the following problem:

Au—F=0,in €,
Vu-v=0, on 0f.

For a more elaborate derivation of the above space we refer to [19], Appendix A.

2. The convexity splitting idea

As already discussed in the Introduction, convexity splitting methods are used in
a wide range of optimization problems; cf. Section 1.2 for relevant references. Orig-
inally designed to solve gradient systems, we shall see in this paper that convexity
splitting schemes are relevant for more general problems, i.e., for evolution equations
which do not follow a variational principle. See Sections 3-5 for our three inpainting
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approaches (1.4)-(1.6).
First we introduce the notion of gradient flows and the application of convexity split-
ting methods in this context. To do so we follow the explanations and notations in
Eyre’s work [36].

We consider Equation (1.7). If E fulfills the following conditions;

(i) E(u)>0,VueRY,
(i1) E(u)— o0 as ||ul| — oo, (2.1)
(iii) (J(VE)(u)u,u) > A\Vu e RN,

then Equation (1.7) is called a gradient system and its solutions are called gradient
flows. Thereby J(VE)(u) is the Jacobian of VE in u, A€ R and (.,.) denotes the inner
product on RY with corresponding norm [[u||* = (u,u). All gradient systems satisfy
the dissipation property, i.e.,

dE(u)
dt

and therefore E(u(t)) < E(ug) for all t>0.

If E(u) is strictly convex, i.e., A in condition (2.1)(iii) is positive, then only a
single equilibrium for the gradient system exists. Unconditionally stable and uniquely
solvable numerical schemes exist for these equations (cf. [66]). If E(u) is not strictly
convex, i.e., A <0, multiple minimizers may exist and the gradient flow can possibly
expand in u(t). The stability of an explicit gradient descent algorithm, i.e., Ugy1 =
U — AtV E(Uy), in this case may require extremely small time steps, depending of
course on the functional E. For fourth order inpainting approaches, for instance,
E(Uy) contains second order derivatives resulting in a restriction of At up to order
(Ax)* (where Ax denotes the step size of the spatial discretization). Therefore the
development of stable and efficient discretizations for non-convex functionals E is
highly desirable.

The basic idea of convexity splitting is to write the functional E as

E(u):Ec(u)_Ee(u)> (22)

=—IVE@)?,

where
E,cC?*(RY,R) and E,(u) is strictly convex for all u€ RY, o€ {c,e}. (2.3)
The semi-implicit discretization of (1.7) is then given by
Uit1—Ur=—At(VE.(Up41)—VE(Uy)), (2.4)

where Uy =1ug.

REMARK 2.1. We want to anticipate that the setting of Eyre, and hence the
subsequent presentation of convexity splitting, is a purely discrete one. Nevertheless
it actually holds in a more general framework, i.e., for more general gradient flows. In
the case of an L? gradient flow for example, the Jacobian .J of the discrete functional
E just has to be replaced by the second variation of the continuous functional E in

L2(Q).

In the following we show that convexity splitting can be applied to the inpainting
approaches (1.4), (1.5), and (1.6), and produces unconditionally gradient stable or
unconditionally stable numerical schemes.
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DEFINITION 2.1. [36] A one-step numerical integration scheme is unconditionally
gradient stable if there exists a function E(.):RY —R such that, for all At >0 and
for all initial data:

(i) E(U)>0 for all U €RY,

(ii) E(U)— o0 as [|[U]| — oo,

(i) E(Ugs1) < E(Uy) for all Uy € RY,

() If E(Uy)=E(Uy) for all k>0 then Uy is a zero of VE for (1.7) and (2.1).

Note that Cahn-Hilliard inpainting (1.4) and TV-H™! inpainting (1.5) are not
given by gradient flows. Hence, in the context of these inpainting models the meaning
of unconditional stability has to be redefined. Namely, in the case of an evolution
equation which does not follow a gradient flow, a corresponding discrete time stepping

scheme is said to be unconditionally stable if solutions of the difference equation are
bounded within a finite time interval, independently of the step size At.

DEFINITION 2.2. Let u be an element of a suitable function space H defined on
O x[0,7], with QCR? open and bounded, and T >0. Let further G be a real valued
function and u, =G (u, D) be a partial differential equation with space derivatives
D%, a=1,...,4. A corresponding discrete time stepping method

U1 =Us + AtGy(Uk,Up41,D Ui, DUg11), (2.5)

where Gy, is a suitable approximation of G in U and Ugq is

e unconditionally stable, if all solutions of (2.5) are bounded for all At>0
and all k such that kAt <T.

e consistent if

li At) =
A, TH(AH =0

where T, (At) is the local truncation error of the scheme and defined as

u —Uu
Tk(At)Z%tk—Gk(uk,uk+1,Dauk,Dauk+1), (26)

and ux =u(kAt) is the exact solution at time t=kAt. In what follows we
abbreviate Ty, for T (At). Moreover, we define the global truncation error to

be
(A) = mix 7 (A1)
A numerical scheme is said to be of order p in time if
T(At)=O(At?)  for At—0.

We start with a theorem of Eyre [36]. The proof presented below follows the same
arguments as in [36] with additional details.

THEOREM 2.3 ([36] Theorem 1). Let E satisfy (2.1), and E. and E. satisfy
(2.2)-(2.3). If E.(u) additionally satisfies

<J(VE6)(’U,)U,U> 2 -A (27)
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when A <0 in (2.1)(iii), then for any initial condition the numerical scheme (2.4) is
consistent with (1.7), gradient stable for all At>0, and possesses a unique solution
for each time step. The local truncation error for each step is

7= 5 (VL) + (V@) VE(u(©)),

for some & € (kAt, (k+1)At) and for some @ in the parallelopiped with opposite vertices
at Uy and Upy.

REMARK 2.2. Condition (2.7) in Theorem 2.3 is equivalent to the requirement that
all the eigenvalues of J(VE,) dominate the largest eigenvalue —\ of —J(VE), i.e.,

@7 (21
(J(VE)(wu,u) = =X = (=J(VE)(u)u,u)

for all u€ RY, or

A>|N|,  for all eigenvalues A\>0 of E.. (2.8)

Proof. (Eyre [36]). The unconditional gradient stability of (2.4) in the sense of
Definition 2.1 is established first. By our assumptions in (2.1) properties (i) and (ii)
in Definition 2.1 immediately follow. Property (iv) follows from the general behavior
of gradient systems, i.e., if E(Uy)= E(Up) for all k>0 then Up is an w- limit point of
(1.7) and (2.1) and hence Uy is a zero of VE (cf. [48]). The main part of the proof
consists of the verification of property (iii). Namely we have to show that

E(Ug1) <EU), YU,eRY.

To do so we consider the difference E(Uyi1)—E(Uy). The proof is by repeated
application of Taylor’s theorem. We start with an exact expansion of E about Uy
up to second order and obtain

E(Uy)=E(Uk+1) = (VE(Ug+1),Ur+1— Uk)
3 (I (VEWiir —a(Uiir ~Ue)Uisn ~ Ui, Ui~ Us)
for some o€ (0,1). Then by assumption (iii) in (2.1) we get
E(Uk11) = E(Ux) < (VE(Ui41), U1 — U) + A | Uk 1 = Ui >
By (2.2) and (2.4) this is the same as
E(Uk11) = E(Ux) < (VEe(Ug41) = VEe(Ur11), Uk 1 = Uk) + [N Uk 1 — Uk

1
- <At(Uk+1 —Ui)+VE.(Ups1) = VE(Ui),Ups1 _Uk>

1
—— (VEL(U1) = VEU) Ui ~ U} + (W= 5; ) 01Ol
(2.9)
Similarly, we Taylor expand E. about Uy41 and Uy, respectively, as

Ec(Ux)= Ec(Upt1) = (VEe(Ug+1),Upy1—Uy)
+3 (J(VEe(Us1 — a1(Upgr — Ug)))Urs1 — Ui, Uk p1 — Ui,
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and

Ee(Uk-H) :Ee(Uk) =+ <VE6(Uk)7Uk+1 - Uk>
1
+§ (J(VE (U, — 2 (Ui41 —Ug))) U1 — Ug, Upp1 — U),

for some «; and as in (0,1). Since E. is convex, then J(VE,) is positive definite
and its eigenvalues are positive. By bounding the eigenvalues of J(VE.) by A >0 and
adding the above expressions we get

(VEe(Uit1) = VEe(Uy), U1~ Ur) = M| U1 = Ug||°.

Substituting this in (2.9), we obtain
N 1
B~ B0 <= (A= N+ 55 ) 10 Uil

By applying condition (2.7) (i.e., (2.8)) the result follows for all At>0. Hence the
method is unconditionally gradient stable.
To prove the unique solvability of (2.4) we consider the nonlinear equations

Ugy1+AtVE(Ug1) = Ry,

which must be solved at each step for a given Rj. Since E. is strictly convex,

1
3 |Uk41]* + AtEe(Ugs1) — (Uns1, Rie)

has a unique minimum in U4 for all A¢, and (2.4) has a unique solution for all
At>0. The consistency and the local truncation error of (2.4) can be established
by similar Taylor expansions as the ones we did above to prove the unconditional
stability of the scheme. More precisely it consists of expanding Uy41 and Uy, around
(k+1/2)At, and VE.(Ugy1) and VE(Uy) around Uy /2. This finishes the proof
of Theorem 2.3. O

In the following we apply the idea of convexity splitting to our three inpainting
models (1.4), (1.5), and (1.6). For this we change from the discrete setting to the
continuous setting, i.e., considering functions u in a suitable Hilbert space instead of
vectors u in RY. Although the first two of these inpainting approaches, i.e., Cahn-
Hilliard inpainting and TV-H~! inpainting, are not given by gradient flows, we show
that the resulting numerical schemes are still unconditionally stable (in the sense of
Definition 2.2) and therefore suitable to solve them accurately and reasonably fast.
For inpainting with LCIS (1.6) the results of Eyre can be directly applied, even in the
continuous setting; cf. Remark 2.1. Nevertheless, also for this case, we additionally
present a rigorous analysis, similar to the one done for Cahn-Hilliard and TV-H!
inpainting.

3. Cahn-Hilliard inpainting

In this section we show the application of convexity splitting to Cahn-Hilliard
inpainting (1.4). Recall that the inpainted version u(x) of f(z) is constructed by
following the evolution equation

up=A <€AU+ 1F/(u)> +A(f—u)
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to steady state. This modified Cahn-Hilliard equation is introduced in [13] for the
inpainting of binary images. The latter, mainly numerical paper, was followed by
a very careful analysis of (1.4) in [14]. To start with, the authors prove global ex-
istence of a unique weak solution of the evolution Equation (1.4). More precisely
the solution u is proven to be an element in C([0,7];L*(Q))NL*(0,T;V), where
V={¢peH*Q)|0¢/0r=0on 90}, and v is the outward pointing normal on 0.
Under additional conditions on the given image f, they also derive some very in-
teresting results concerning the continuation of the gradient of the image into the
inpainting domain. In fact, in [14] the authors prove that in the limit Ag— o0 a
stationary solution of (1.4) solves

A (eAu— 1F’(u)> =0, inD,
€

u=f, on 0D, (3.1)

Vu=Vf, on dD,

for f regular enough (f€C?). The existence of a stationary solution of (1.4) is
assured in [19]. Additionally, in [14] the authors present numerical examples which
show that the connectivity principle is fulfilled, and compute a bifurcation diagram
for stationary solutions of (1.4). This supports the claim that fourth-order methods
are superior to second-order methods with respect to a smooth continuation of the
image contents into the missing domain.

The idea to apply convexity splitting in order to solve (1.4) numerically was born
in [13]. The numerical results presented there illustrate the usefulness of this scheme.
Although the authors do not analyze the scheme rigorously, based on their numerical
results they conjecture unconditional stability. In the following we shall present this
numerical scheme and derive some additional properties based on a rigorous analysis
of the latter.

The original Cahn-Hilliard equation is a gradient flow in H ! for the energy

1
Biu)= [ §IVuP+ L P,

while the fitting term in (1.4) can be derived from a gradient flow in L? for the energy

Ez(u):%/ﬂ)\(ffu)de.

However, note that Equation (1.4) as a whole is no longer a gradient system. Hence,
for the discretization in time, we apply the convexity splitting discussed in Section
2 to both functionals F; and E5 separately. Namely, we split E; as Fy = FE1.— Fqe,
with

€ C 1 C

Erc(u) :/ - |Vu|2 +2 |u|2 dz, FEi.(u) =/ ——F(u)+ 1 |u|2 dx.
Q 2 2 O € 2
A possible splitting for Fy is Fy = Ey. — Eo, with
- 1 2 o 1 2 2
Ese(u)== [ Colu|” dz, Ese(u)== [ =A(f—u)"+Cslu|” dx.
2Ja 2Ja

To make sure that Fi., F1. and Fs., Fs. are strictly convex, the constants C and
C5 have to be chosen such that C7 > %7 Cy > \o; see [14].
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Then the resulting discrete time-stepping scheme for an initial condition Uy =wuyg
is given by

Uk+1—U,
% — _VH*I(Elc(Uk-i-l) _Ele(Uk)) —V 2 (EQC(Uk+1) _E2€(Uk))7

where V-1 and V2 represent gradient descent with respect to the H~! inner prod-
uct and the L? inner product respectively. This translates to a numerical scheme of
the form

Uri1—U,
% +eAAU 41 — C1AUg 41 +CoUp 41
1
:*AF’(U}C)—ClAUk—F)\(f—Uk)—i-CgUk, in Q. (3.2)
€

We enforce Neumann boundary conditions on 012, i.e.,
VUiy1-1=VAUr11-1=0, on 08, (3.3)

where 7 is the outward pointing normal on 952, and compute U411 in (3.2) in the
spectral domain using the discrete cosine transform (DCT). The idea to use spectral
methods for equations involving Laplacian operators is classical and is based on the
fact that the Laplace matrix is diagonalized in the spectral domain. Hence, solving
these equations in the spectral domain can be done much faster since matrix mul-
tiplication is replaced by scalar multiplication (multiplying with the elements in the
main diagonal). Since additionally there also exist fast numerical methods to com-
pute the discrete Fourier/Cosine transform (such as the fast Fourier transform (FFT))
this method has an overall computational advantage. Let U be the DCT of U with
eigenvalues );. Then Equation (3.2) in U reads

Upt1(4,5)
(1= C1 A (55 i+ 52 0)) + Co AT (i,5) + SLAF (U (i,§) + AA(f = Uy)
1+ CoAt + eAt(5z A+ 5 )2 = CLAH(zz A+ 52 A5)

3.1. Rigorous Estimates for the Scheme. From Theorem 2.3 we know
that (at least in the spatially discrete framework) the convexity splitting scheme (2.2)-
(2.4) is unconditionally stable, i.e., separate numerical schemes for the gradient flows
of the energies F4(u) and Es(u) are non-increasing for all A¢>0. But this does not
guarantee that the numerical scheme (3.2) is unconditionally stable, since it combines
the flows of two energies. In this section we shall analyze the scheme in more detail
and derive some rigorous estimates for its solutions. In particular we show that the
scheme (3.2) is unconditionally stable in the sense of Definition 2.2. Our results are
summarized in the following theorem.

THEOREM 3.1. Let u be the exact solution of (1.4) and uy, =u(kAt) the exact solution
at time kAt, for a time step At>0 and k€N. Let Uy, be the kth iterate of (3.2) with
constants Cy >1/e, Cy > Xg. Then the following statements are true:

(i) Under the assumption that ||[uy||_; and |VAu,|, are bounded, the numerical
scheme (3.2) is consistent with the continuous Equation (1.4) and of order
one in time.
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Under the additional assumption that
F'(Up_1)<K (3.4)

for a nonnegative constant K, we further have

(ii) The solution sequence Uy, is bounded on a finite time interval [0,T], for all
At >0. In particular for KAt<T, T >0 fized, we have for every At >0

VUK + AL || AT 3
< T (VU |13+ ALK | ATo |5+ ALTC2, DN, ), (35)

for suitable constants Ky and Ka, and constant C depending on ,D,\g, f
only.

(iii) The discretization error ey, given by ey, =uy — Uy, converges to zero as At — 0.
In particular, we have for kAt <T, T >0 fized, that

T
||Vek||g+At%HAekH§§EeKlT-C-(At)Q, (3.6)

for suitable constants C,C, K.

REMARK 3.1. Note that our assumptions for the consistency of the numerical
scheme only hold if the time derivative of the solution of the continuous Equation
(1.4) is uniformly bounded. This is true for smooth and bounded solutions of the
equation.

Further, since we are interested in bounded solutions Uy, of the discrete Equation
(3.2), it is natural to assume (3.4), i.e., that the nonlinearity F” in the previous time
step (k—1)At is bounded. Also note that the constant K in (3.4) can be chosen
arbitrarily large.

The proof of Theorem 3.1 is organized in Propositions 3.2-3.4.

PROPOSITION 3.2 (Consistency (i)). Under the same assumptions as in
Theorem 3.1, and in particular under the assumption that ||uy|l_, and |VAuw], are
bounded, the numerical scheme (3.2) is consistent with the continuous Equation (1.4)
with ||| -1 =O(At) as At—0, where 7, is the local truncation error as defined in
Equation (2.6) above.

Proof. Let 11, be the local truncation error defined as in (2.6). Then

TkZT,i—i-T/g,
with
u —u
Té:i]ﬁit k—ut(kAt)
’7']3 ZGAA(uk+1 —uk) _ClA(UkJrl —uk) +CQ(Uk+1 —uk)
Uk41 — Uk Uk41 — Uk Uk41 — Uk
—eAtAZ T OIAIA R L O A
¢ At ! NI At
ie.,

U —u 1
T = “Zit’ueﬂuk“ - gAF'(uk) —A(f —up) — CLA (upg1 —ug) + Co(upy1 —up).
(3.7)
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Using standard Taylor series arguments and assuming that ||uy||_; and [|[VAw |, are
bounded we deduce that the global truncation error 7 is given by

T:m]?XHTk||71:O(At) as At —0. (3.8)
a

PRrROPOSITION 3.3 (Unconditional stability (ii)). Under the same assumptions
as in Theorem 3.1 and in particular assuming that (3.4) holds, the solution sequence
Uy fulfills (3.5). This gives boundedness of the solution sequence on [0,T].

Proof. We consider our discrete model

Ug1— U
At

1
= gAF’(Uk.) —ClAUk+)\(f—Uk)+02Uk,

+ eAAUp 1 — C1 AU+ 1+ C3Up 41

multiply the equation with —AU41 and integrate over 2. We obtain
1
= (IVU1 113 = (Y0, TUk11), ) + €IV AU 13+ C1 | AV 1§ +Co | VU |

1
= E <F”(Uk)VUk7VAUk+1>2 +C4 <AUk,AUk+1>2
+ <V)\(f — Uk),VUk+1>2 +CYy <VUk,VUk+1>2.

Using Young’s inequality we obtain

oy G (I9Ua 2~ IVUIE) + el VAT 1]+ Co | AT 4]+ Co VU

< o P VU + o [V AU |2+ 1AV + D AT 2
+% HVUk||§+%HVUk+1H§+§HWf—Uk)Hé%HVUMH%-
Using the estimate
IVA(f = Uil <223 VU3 4+ C (2, D, Ao, f)

and reordering the terms, we obtain

1 C 1 C )
(+2-3) ||wk+1||§+¢ AV 2+ (e— ) VA3

1 C!
- (mﬁ?“z) IVOLE -+ s [ OV + S AV +C(2,D, 0,1,

By choosing § =2¢2, the third term on the left side of the inequality is zero. Because
of Assumption (3.4) we obtain the following bound on the right side of the inequality

|F"(U) VUl < K2 VU3,

and we have

2, O4 2
(5 + 5 ~3) V0l + G 1AV 2

1 C K?
§(+2+)\0+ >VUk|2+||AUk||2+C(QDA0af)
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Now we multiply the above inequality by 2A¢ and define
C=1+AtCy—1),

= K2
C=1+At (Cz+2/\3+263>.

Since C5 is chosen greater than A\g>1, the first coefficient C is positive and we can
divide the inequality by it. We obtain

C C C
VU [+ AL AV 3 < 5 IVULI + At G ATL I+ ALC(R. D0, 1),

where we updated the constant C'(€2,D, Ao, f) by C(Q,D, )\, f)/C.

Since %: >1, we can multiply the second term on the right side of the inequality
by this quotient to obtain

C
IV U2+ At ||AUk+1|2(||VUk|2+At . |AUk||2)+Atc<ﬂ D, 2. f).

We deduce by induction that

QY Qu

k
C
IO+ At 2 AU < ( ) (|VUO||§+AtC}||AUo||§)

+Atz< ) (Q,D, o, f)

1—|—K2At 2 Cy 2
At—||A
anr (Vo + a2 jav):
L (14 Ky At)
—S—Ati:o (K anC@D 200,

For kAt <T we have

HVUkH;JrAt% | A3 < et ('VU°||§+At% ”AU°|§>
+AtT F2= K0T C(Q D, X, f)
_ J(Kam KT <|VUO||§+A1S%1 |ATo I3
FALT C(Q,D, ), f)),

which gives boundedness of the solution sequence on [0,7] for any T >0, assuming
that (3.4) holds. o

The convergence of the discrete solution to the continuous one as the time step
At —0 is verified in the following proposition.

PROPOSITION 3.4 (Convergence (iii)). Under the same assumptions as in
Theorem 3.1 and in particular under Assumption (3.4) the discretization error ey,

fulfills (3.6).
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In order to prove Proposition 3.4 we need the following auxiliary lemma.

LEMMA 3.2. The error ey between the exact and approximate solution defined as in
Theorem 3.1 fulfills

/Qe;c dr=O0((At)?).

Proof. [Proof of Lemma 3.2] Because of the fidelity term in (1.4) and (3.2),
solutions of these equations are not mass preserving, i.e., fQ e does not in general
vanish. In fact we have, for a solution wuy of (1.4),

1
dt 0 9] €Ja Q

1
=—c [ VAuy-i+- VF’(uk)-ﬁ—l-/)\(f—uk),
o0 € Joq Q

where we have used Gauss divergence theorem to obtain the boundary integrals.
Assuming zero Neumann boundary conditions as in (3.3) the two boundary integrals
vanish, and hence

d
a QukZ/Q)\(f—uk).

In particular

d
- /D - (3.9)

A similar computation for the discrete solution of (3.2) shows that

<A1t—|—02>/Q(Uk+1—Uk)_/Q>\(f_Uk)v

and in particular

(Alt +02) /D(UkH—Uk):(). (3.10)

Next, let us follow the lines of the consistency proof in (3.7). Then the discretization
error ey, satisfies

e —e
% +eA?ep 11— CrAegq1+Coepin
1 1
= E(Uk+1 —ug) — E(Uk+1 —Up) +€A%uj1 — €A Up i

—C1Aupy1 +C1AUg 41 + Couggpr — CoUg 41
1
=— (GAF/<U]€) —C1AU, —l—)\(f— U}c) —I—CgUk)

1
+ (GAF'(Uk)+)\(f—Uk) —C1Auk+Czuk> + T

=— <1A(F/(Uk) *F/(’U,k)) *ClA(Uk 7uk)+CQ(Uk 7uk) 7)\(Uk uk)> + Tk
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As before, integrating over €2, applying Gauss divergence theorem and the zero Neu-
mann boundary conditions for u; and Uy, we get

<Alt+02>/S;(ek_t,_l—ek;)"’/QAek:/Tk? (3.11)
+Cg>/Q(Uk+1—uk)—/Q(uk)t
(
Q

(a
(Alt—’_CZ)/ uk—i—At(uk)t—l—O((At)z)—uk)_/Q(Uk)t
O(AL).

Now, to prove our claim we apply induction on k. First, assuming that uwg=Ujy in €,

we have that
/ €0 = 07
Q

where

Q

and hence

(Alt +02) /Qelzomt). (3.12)

Assuming that assertion (3.12) holds for all indices <k and using (3.9) and (3.10) we

have, for (3.11),
e /( - )+/A —/
Al 2 o Ck+1—Ck o €= | Tk

<A1t+02> /Qe;H1 —O(At) 4 Xo <A1t+02> _10(At) =0(At)

1
<N+C2>/Q€k+1=O(At),

and hence
(1+02At)/ er =0((At)?)
Q
for all £>0. 0

We continue with the proof of Proposition 3.4.

Proof. [Proof of Proposition 3.4] In the proof of Lemma 3.2 we have used the
consistency result (3.7) to show that the discretization error e, satisfies

€L+1 — €k
Al
__ <1A(F’(Uk) () — Cr AU — )+ Co (U — ) — MU —uk)> .

+eA?ep 11— CrAeps1 +Crepyn
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Multiplication with —Aeg1 leads to

1
Kt<v(€k+1*6k) V€k+1>2+6||VA€k+1H§+ClIIAekHH;JngHVekHHQ
1 !
:*<A(F/(Uk)*F (Uk)),A6k+1>2*

€
+<V/\(Uk *uk),vek+1>2

Further, because

Cl <A(Uk 7uk),A6k+1>

— Yy <V(Uk *uk),vek+1>2+<VA7177€,VA61€+1>2.

1

~ (IVer 13— (Ver, Versa), ) =

S (IVern 2= Ver]2),
we obtain

1
oaz IVerts 15— IVexll3)+ el VAekgall5+Cr [ Aenialls +Col | Veriall
1
< E <A(F/(Uk) — F'(uk)),Aek+1>2 +C1 <A€k,Aek+1> — <V)\ek,Vek+1>2

+ Oy <V€k,V6k+1>2

+ (VAT 7, VAek 1),
Applying Young’s inequality leads to

1

s (19ersall3 = [Ver ) + €l Ve 3+ Ci | Aex 13+ Ca | Versal
1

= (F"(Uy)VU,—F

C Cio
() Vg ), V A1)+ oo | Aey | + 2
201 2

[Aesi1lls
5 C C. 5
2 03 2 L2 2, 272
+%||Vek||2+§|\vek+1”2+@||V€k||2 HV@’C“H?
1 2
26 I7ell” 1+ ||VA6k+1||2-

Let us consider the remaining inner product in the last inequality

~((F"(U)VU~F
1

H(uk>vuk>7VA€k+1>2
1
<F”(U;€)V€k,VAek+1> +

— (" (ur) =

m

F”(Uk))Vuk,VAek+1>

1 (Sr 56 2
i ) = PP @) Tl + (2430 ) IV 8w
Next we assume that (3.4) holds and that Vuy is uniformly bounded on [0,7]
particular, that

< 25 |F"(U)|Vex|[l5+

IK >0 such that [|Vug, <K for all kAt <T (3.13)

The latter assumption will be proven in Lemma 3.3 just after the end of this proof
Moreover, since F" is locally Lipschitz continuous we obtain
1

- <(F”(Uk)VUk - F”(uk)Vuk),VAekH)Z

C' 05 O
< e IVerlB+ o llenl+ (32430 ) IVacun,
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where we have set C' to be a universal constant for all bounds. Further, using Lemma
3.2 and

llex I3 =llex. — O(A8)* + O(At)?3
<2|ler,— O(AL)? |3 +2[O(AL)?|3,

we can apply the Poincaré inequality to the L? norm of ej. In sum we get

1 ) ) 5
(2At+02 (1_22> 3>|Vek+1|2+01 (1—) ||A@,€+1||2

04 O5-+0
+( 4 5+ 06

2 2e

1 X 6 C C o )
=\2ar T2, T 25, A
—(2At+253+252+256 [Verlls+ 35, 1Al

1

26

) IV Aep 2

72, + 5 HO(N)2H§-
Next we choose d; =1 and multiply the inequality with 2At:

(14 AH(Ca(2—02) = 83)) [ Veral3 + AtCh || Aega [
+ At <2€ — 04—

0549
e [N

N, C 20
<(14At(Z204 22 & AC A
_( " (53+52+(5 ¢ Goe ))vek|2+ C || Ael3

+*||Tk|| 1+At I\O(At) I3

Let

~ = A3 C c 2C

C=1+AHCH(2—65)—65), C=1+At[04=224 2 4122,
(53 (52 (556 566

Now, by choosing all ds such that the coefficients of all terms in the inequality are

nonnegative and the quotient C / C>1, and by estimating the last term on the left

side from below by zero, we get

2 Cq 2
[Vertalls +At€ [PANCTY s

C 9 1 5 At
< S IVeul+ At | Ae s+

1 9 2C 2112
= (5 1n21+ 20 10080213)
and because C:' / C >1 we further have

C C C
IIVek+1H§+Atgl |Aeki1]la < Vel (IVekIIEFAL1 IIAekHi)

At
+5 (Il S0 g).
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By induction on k£ we obtain

C
2 1 2
IVertallz + Atz [Aetill;

k+1 C
) (1veal + 20 S 1acal
c
é ' 1 2 2C 2
(é> (o maxtini2 -+ 5o l0wolR)
At &

_ At i (L1 2 20 212
— Y K0’ (5 madn ) + S0

=0

<

PR
QY Qu

_|_
Al
o1

S
I
o

At
<=

1 2C
e a2+ 50 J0(AY?1R).

where we have used the fact that eg=0 and 1< % =14 K;At. Hence, by using the
consistency result (3.8) we conclude, for kAt <T', that

T
Vel A |Aer]f < ZekT - (A0,

d
From [13, 14] we know that the solution u to the continuous equation globally

exists and is uniformly bounded in L?(Q2). Next we show that assumption (3.13)
holds.

LEMMA 3.3. Let uy be the exact solution of (1.4) at time t=kAt and let T >0. Then
there exists a constant C' >0 such that ||Vuy||y <C for all kKAt <T.

Proof. Let K (u)=—eAu+LF’'(u). We multiply the continuous evolution Equa-
tion (1.4) with K (u) and obtain

(ur, K (u))y = (AK (u), K(u))y + A(f —u), K(u)),-

Let us further define
1
E(u)::f/ |Vu|2dz+f/F(u)dx.
2Ja €Jo

Then we have

(utg, K (1)) = <ut,—eAu+ 1F’(u)>2

1
= (Vug,eVu), + <ut,F’(u)>
€ 2
d
=2 (
since u satisfies Neumann boundary conditions. Therefore we get

%E(u) :—/Q |V K (u)]? dz+ (M(f —u), —eAu), + <)\(f—u),1F’(u)>2. (3.14)

€

u),
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Since F(u) is bounded from below, we only have to show that F(u) is uniformly
bounded on [0,7], and we automatically have that |Vu| is uniformly bounded on
[0,7]. We start with the last term, and recall the following bounds on F”'(u) (cf. [67]):
There exist positive constants C7,C5 such that

F'(s)s>C15*—Cy, VseR
and, for every ¢ >0, there exists a constant C3 such that
|F’(s)| <00 8*+C5(5), VseR.

Using the last two estimates we obtain the following:

<A(f—u),%F’(u)>:ﬁ Fyfde—22 [ Fjuds

2 € Ja\p € Ja\p

<20 [ ) e ey~ 2 [ ey DD
Q\D Q\D €

€ €

< MC(f,9) (501/ qux+C3(5)Q\D|> fAOCl/ u? dx
Q\D € Q\D

€ €

A
L MCa[2\ D)
€
AoCh 2
< -2 (1-50(£,9)) u” dz+C(Xo,e,6,Q,D, f),
Q\D

where we choose 6 <1/C(f,§2). Therefore integrating (3.14) over the time interval
[0,77] results in

T d T ) T
/0 £E<u<t))dtg/o —/Q|VK(u)\ dmdt—i—/o NS — ) —eAu, dt
L 6C(f,Q))/O /Q\Du drdi+T-C(Xo,6,6,2,D, f).

Next we consider the second term on the right side of the last inequality. From
Theorem 4.1 in [13] we know that a solution u of (1.4) is an element in L?(0,T’; H?(12))
for all T > 0. Hence Au € L?(0,T;L*(Q)) and the second term is bounded by a constant
depending on T'. Consequently, for each 0 <t <T', we get

E(u(t) <E(u(0))+C(T)+T-C(Xo,€,6,Q,D, f)

B /T AoCy
0

€
and with this, for a fixed T'> 0, that |Vu/| is uniformly bounded in [0,T7]. d

/Q|VK(u)|2dx+ (1—6C(f,Q))/ u2d4 dt,

Q\D

3.2. Numerical results. In our computations the optimal At turned out
to be At=1 or 10 (depending also on the size of € and \g). Numerical results of
the above scheme are presented in Figures 3.1, 3.2 and 3.3. In all of the examples
we follow the procedure of [13], i.e., the inpainted image is computed in a two step
process. In the first step Cahn-Hilliard inpainting is solved with a rather large value
of ¢, e.g., e=0.1, until the numerical scheme is close to steady state. In this step the
level lines are continued into the missing domain. In a second step, the result of the
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Fic. 3.1. Binary image with unknown center and the solution of Cahn-Hilliard inpainting with
Ao =10% and switching € value: u(600) with e=0.1, u(1000) with ¢=0.01

Fic. 3.2. Text removal from a binary image: the solution of Cahn-Hilliard inpainting with
Ao =10° and switching € value: w(200) with e=0.8, u(500) with ¢=0.01

first step is put as an initial condition into the scheme for a small ¢, e.g., e=0.01, in
order to sharpen the contours of the image contents. The reason for this two step
procedure is twofold. First of all in [14] the authors give numerical evidence that
the steady state of the modified Cahn-Hilliard Equation (1.4) is not unique, i.e., it is
dependent on the initial condition inside of the inpainting domain. As a consequence,
computing the inpainted image by the application of Cahn-Hilliard inpainting with
a small € only, might not extend the level lines into the missing domain as desired.
See also [14] for a bifurcation diagram based on the numerical computations of the
authors. The second reason for solving Cahn-Hilliard inpainting in two steps is that it
is computationally less expensive. Solving the above time-marching scheme for, e.g.,
€=0.1 is faster than solving it for e=0.01. This is because of the damping introduced
by C1, i.e., ¢, into the scheme; cf. (3.2). All numerical examples presented here have
been computed in orders of 10 seconds on a 1.86 GHz processor with 1 GB RAM.
For a further discussion on computational times for the convexity splitting method
applied to Cahn-Hilliard inpainting we refer to [13].

One possible generalization of Cahn-Hilliard inpainting for grayscale images is to
split the grayscale image bit-wise into channels

K
u(x)~ Zuk(:p)Q*(k*U,
k=1

where K >0. The Cahn-Hilliard inpainting approach is then applied to each binary
channel uy separately, compare Figure 3.5. At the end of the inpainting process
the channels are assembled again and the result is the inpainted grayvalue image
in lower grayvalue resolution, compare Figure 3.4. In Figure 3.6 the application of
bitwise Cahn-Hilliard inpainting for the restoration of satellite images of roads is
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FI1G. 3.3. Vandalized binary image and the solution of Cahn-Hilliard inpainting with Ao = 10°
and switching € value: w(800) with e=0.8, u(1600) with ¢=0.01

demonstrated. One can imagine that the black dots in the first picture represent
trees that cover parts of the road. The idea of bitwise binary inpainting is proposed
in [30] for the inpainting with wavelets based on the Allen-Cahn energy.

Inpainted image

80 100 120

FiG. 3.4. Cahn-Hilliard bitwise inpainting with K =8 binary channels (Ao =108, with ¢=0.1
until t=800 and €¢=0.01 until t=1200)

4. TV-H! inpainting

In this section we discuss convexity splitting for TV-H™! inpainting (1.5). To
avoid numerical and theoretical difficulties we approximate an element p in the
subdifferential of the total variation functional TV (u) by a smoothed version of
V- (Vu/|Vul|), the square root regularization for instance. With the latter regu-
larization the smoothed version of (1.5) reads as

Vu

with 0 <d< 1. In contrast to its second-order analogue, the well-posedness of (1.5)
strongly depends on the smoothing used for V- (Vu/|Vul). In fact there are smoothing
functions for which (1.5) produces singularities in finite time. This is caused by
the lack of maximum principles which in the second-order case guarantee the well-
posedness for all smooth monotone regularizations. In [16] the authors consider (1.5)
with A=X\g in all of €, i.e., the fourth-order analogue to TV-L? denoising, which
was originally introduced in [58]. They prove global well-posedness, in one space
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initial condition? inital condition3 initial conditions

1200 iterations, Schannel

Fi1G. 3.5. The given image (first row) and the Cahn-Hilliard inpainting result (second row) for
the channels 2,3 and 5.

Inpinted image

Fic. 3.6. Bitwise Cahn-Hilliard inpainting with K =8 binary channels applied to road restoration

dimension and for smooth initial data, for the arctan regularization

<72T arctan (ug /5)) , (4.2)

xT

where 0 <§ < 1. For the square root smoothing

Uy
/‘ .7:|2+52

they conjecture, supported by empirical evidence, that singularities occur in infinite
time, not finite time. The behavior of the fourth-order PDE in one dimension is also
relevant for two-dimensional images since a lot of structure involves edges which are
one-dimensional objects. In two dimensions similar results are much more difficult to
obtain, since energy estimates and the Sobolev lemma involved in its proof might not

(4.3)
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hold in higher dimensions anymore. We also note that in [19] the authors prove the
existence of a weak stationary solution for (1.5) in two space dimensions.

In the following we present the convexity splitting method applied to (1.5) for both
the square root and the arctan regularization. Similarly to the convexity splitting for
Cahn-Hilliard inpainting, we propose the following splitting for the TV-H~! inpainting
equation. The regularizing term in (1.5) can be modeled by a gradient flow in H~!
of the energy

Eq(u) :/ |Vuldx,
Q

where |Vu| is replaced by its regularized version, e.g., 1/ |Vu|2—|—<527 0>0. We split
E1 as ElC_E167 with

C C
Ero(u) = / CLIvuP da, and By () = / ~[Vul+ SVl de.
Q Q

The fitting term is split into Ey = FEs. — Fs., analogous to Cahn-Hilliard inpainting.
The resulting time-stepping scheme is given by

U1 —Ug VU
_ AA =C1AAU, - A .
Al +C4 Uk41+CoUp1=C4 Uy <V <|VUk|)>

O U+ A(f = Uh). (4.4)

We assume that U1 satisfies zero Neumann boundary conditions and use the DCT
to solve (4.4).

The constants C; and C5 have to be chosen such that Fy., Fi.,Fo., Fo. are all
strictly convex. In the following we demonstrate how to compute the appropriate
constants. Let us consider C; first. The functional F;. is strictly convex for all
C1>0. The choice of C for the convexity of Fi. depends on the regularization of
the total variation we are using. We use the square regularization (4.3), i.e., instead
of |Vu| we have

/G(|Vu\)dx, with G(s)=+/s2+42.

Setting y = |Vu| we have to choose C; such that %yQ —G(y) is convex. The convexity

condition for the second derivative gives us that

2 1
CETCRR

C1>G"y) = C1> 5

is sufficient as has its maximum value at y =0. In the one dimensional case,

52
(82 +y2)3/%
we would like to compare this with the arctan regularization (4.2), i.e., replacing

Uy
[ue|

by Zarctan(%) as proposed in [16]. Here the convexity condition for the second

derivative reads
d (2
Ci+ 75 (77 arctan (Z)) > 0.

The =+ sign results from the absent absolute value in the regularization definition. We
obtain

2 1
Ci+

L Sty
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The inequality with a plus sign instead of + is true for all constants C7 >0. In the
other case we obtain

2 0
Ci>———>,
Y P
which is fulfilled for all seR if C; > 6%' Note that this condition is almost the same
as in the case of the square regularization.

Now we consider Es = FEy. — Fs.. The functional Fs,. is strictly convex if Cy > 0.
For the convexity of Es. we rewrite

1
Ege(u):E/Q—)\(f—u)Q—&—Cﬂu\zdx
:/ @|u|2d;v+/ —&(f—u)2+@\u|2d:c
L2 op 2 2

CQ 2 CQ )\0 2 )\0 2
= [ Z|ul*d —2_2 Nofu—22 7.

This is convex for Co > Ay, e.g., with Cy =Xy +1 we can write

C 1 2 A
Eze(u)z/D;|u2d:c+/Q\D (2u+>\of> - ()\3+20> |fI? de.

4.1. Rigorous estimates for the scheme. As in Section 3.1 for Cahn-
Hilliard inpainting, we proceed with a more detailed analysis of (4.4). Throughout
this section we consider the square-root regularization of the total variation both in
our numerical scheme and in the continuous evolution Equation (1.5). Note that
similar results are true for other monotone regularizers such as the arctan smoothing.
Our results are summarized in the following theorem.

THEOREM 4.1. Let u be the exact solution of (4.1) and ur =u(kAt) be the exact
solution at time kAt for a time step At>0 and k€N. Let Uy be the kth iterate of
(4.4) with constants Cy >1/5, Co > \g. Then the following statements are true:

(i) Under the assumption that ||uw||_, and ||VAu, are bounded, the numerical
scheme (4.4) is consistent with the continuous Equation (1.5) and of order
one in time.

(i) The solution sequence Uy is bounded on a finite time interval [0,T], for all
At>0. In particular, for EAt<T, T'>0 fixed, we have for every At >0,

IVUL[I5 + ALKy [ VAU <e27 (| VU |13+ AtKy | VAU |3 + AtTC(Q,D, Mo, f))
(4.5)
for suitable constants K1, Ko, and a constant C, which depends on 2, D, X\, f
only.
(iii) Let ey, =uyp —Uy. For smooth solutions uy and Uy, the error ey, converges to
zero as At—0. In particular, for KAt<T, T >0 fized, we have

T
[Vexll3 + AtM, |V Ael; < TAR0N (4.6)

for suitable positive constants My, Ms and Ms.
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REMARK 4.1. For the convergence result in Theorem 4.1 (iii) we assume that
smooth solutions to both the continuous in time problem and the discrete in time
approximation exist. The validity of this assumption is not known in general. Note
however that the global regularity results are known in 1D for the arctan smooth-
ing [16]. Moreover, our numerical results show no indication of singularities in 2D.
Therefore, it is not unreasonable to analyze the convergence under these assumptions.

The proof of Theorem 4.1 is split into the three separate Propositions 4.2-4.4.

PROPOSITION 4.2 (Consistency (i)). Under the same assumptions as in The-
orem 4.1 and in particular under the assumption that ||uw||_, and |[VAul, are
bounded, the numerical scheme (4.4) is consistent with the continuous Equation (4.1)
with ||| =1 = O(At) as At— 0, where T, is the local truncation error.

Proof. The local truncation error is defined over a time step as satisfying
T = 7'k1> + 7',?,

where

u —U
= % —uy (KAL), 77 =C1A® (upgr —up) + Co(upr1 —up),

ie.,

7uk+17uk Vuk
Tkm+A<V' (W» A )

—I—ClAQ(uk_H —ug)+Co(upy1 —ug). (4.7)

Using standard Taylor series arguments and assuming that |ug||_;, [[VAu|, and
[lut|ly are bounded we deduce that

7]l =O(At) for At—0. (4.8)

a0

PROPOSITION 4.3 (Unconditional stability (ii)). Under the same assump-

tions as in Theorem 4.1 the solution sequence Uy, fulfills (4.5). This gives boundedness
of the solution sequence on [0,T].

Proof. If we multiply (4.4) with —AUy4+1 and integrate over €2 we obtain
! ; Co || VUi |3+ Ch IVAU 41 |I5
o (19U [ (0, TUii1),) + o VUi |3+ C1 [V A

vy,
:<AV- S - ,AUk+1> +Cy (VAU VAU 1),
\/ VUL +62

(VA =Uk)),VUis1)y + Co (VUL VUi 1),
Applying Young’s inequality to the inner products on the right and estimating

IVAf = Up)ll5 < 223 | VU[5 + C(2,D, Ao, f)
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results in

sz (19U 2= IVUIE) + G| 9Tk |3+ C [V AT 2

VU, C
< <Av (k) ,AUk+1> +5711||VAU]C||§+0151HVAU]C_HHg

\/ VU] + 62

2)\
= HVUk||2+52||VUk+1||2 & ||VUk||§+C253||VUk+1||§+C(Q,D,/\o,f)-

2

Now, the first term on the right side of the inequality can be estimated as follows

U, U,
<AV- (v’;) 7AU1<:+1> :_<vv. (V;;) ,VAUk+1>
\VIVUR|* +62 , VIVU|"+462 )

2
1 VU,
<— VV-(k) +54||VAU1€+1||§~

\/ IVUL|? +62

Applying Poincaré’s and Cauchy’s inequality to the first term leads to

Q

2
VU,
A (’“) < < (IVU[3 + | AU |13+ VAU 12).

VU +62 0

Interpolating the L? norm of Au by the L? norms of Vu and VAu, we obtain

1
(Mtw(l bs) - )||vvk+1|§+<cl<1—51>—64>VAUMHE

L 2§, G C(1/5,9) ¢ C1/6,9) ,
< Ao b2 U035 C(1/5,Q)
(2&+ 5 5 T o IVU 5+ A VAU |2

+C(Q,D, )\, f).

For 6;=1/2, i=1,...,4 we obtain

1 Cy—1 C
(5 + 25 ) IV0l+ S5 1980

1
< (2A+4’\ +2(02+C)) ||VUk||§+2(Cl +0C) \\VAUk||§+C(Q,D,/\O,f).

Since C and Cy are chosen such that C; >1/6>1 and Co > Ao >1, the coeflicients
in the inequality above are positive. The rest of the proof is similar to the proof of
Proposition 3.3. We multiply the inequality by 2At and set

Co=14+AtCy—1), Cp=C1—1, C.=1+2AtAN+2(Ca+C)), Ca=4(C1+C).
We obtain

Ca ||VUk+1||§+Ath ||VAUI€+1||§ < CC||VUk||§+Atcd||VAUIC||§+2AtC(QaDa)\0af)‘
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Dividing by C, (which is >0) we have
C C. C 2
IVt ll3+ At VAU 3 < G VUL + At [VAUL + 5 AtC(@.D o, f).
We rewrite the right hand side of the inequality such that

VUil +At L IVAU 4 &

C C

<= 4 ( ||VUk||2+At||VAUk||2) +C—At0(ﬂ D, o, ).

Since Cy>1 we can multiply the first term within the brackets on the right hand side
of the inequality with Cy and will only get something which is larger or equal. For
the same reason we can multiply the second term within the brackets with

CeCp _ (1+2At(4NG+2(C2 +0)))(C1 — 1)
C, 1+ ALH(Cy—1)

1<

and get

IIVUk+1H2+At HVAUkJrl”Q

- C.Cyq
- C

a

(IIVUk||2+At [VAULIE) + & AMC(E. D, ).
By induction it follows that

C.Cq
Ca

k
V03 +Aegt VAUl < (St ) (I90al3+ art vatal? )

k—1 i
C.Cy 2
At E —C(Q,D,\ .
+ i:O( Ca ) Ca ( s Ly 07f>

Therefore we obtain for kAt <T
2 Cb 2 KT 2 Cb 2 2
2 2 = 2 2 ’ ’ ’ .
IVU|| +Atc VAU |5 <e VU] +Atc VAU || +AtTC C(Q,D, o, f)

O

Finally we show that the discrete solution converges to the continuous one as At
tends to zero.

PROPOSITION 4.4 (Convergence (iii)). Under the same assumptions as in
Theorem 4.1 (i) the error ey, fulfills (4.6).

Proof. By our discrete Approximation (4.4) and the consistency computation
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(4.7), we have for e, =uy — Uy

€k+1 — €k
JZT +C1A2€k+1 +Cg€k+1

1 1
= Kt(uk+1 —up)— E(UkJrl —Ug) +C1A%up 41 — C1A?Up 11 + Coug 1 — CoUp 1

=— | 1A U, -A | V- VU +A(f = Ug) +CoUy
\/ | VU 462
—|A| V- % —)\(f—’u,k)—ClAQUk—Cguk + Tk
\/ [ Vg + 62
VU, Vuy,
—l-AlV | —L |-V | —L
( (\/IVUk|2+52) (\/IVuk2+52>)

JrClAz(Uk 7Uk)+CQ(Uk, *Uk) 7/\(Uk 7uk)

+ Tk

Taking the inner product with —Aeg1, we have

1
~7 (Vlers1—ex). Ver)y +Cr [VAeka [l +Col| Versa s

VU Vuy,
< ( (\/|VU;€|2+52) (,/|vuk|2+52)) ,
+Cl<A2(Uk_Uk)aAek+1>2+<V)\(Uk_Uk)7velc+1>2
—Cg(V(Uk—uk),Vek+1>2—<VA_1T;C,VA€;€+1>2.

Using the same arguments as in the proof of Proposition 3.4 we obtain

1
i (1Veral3 = 1 Verl) +CuIVAer il +Cal| Vernll

VU Vuy,
c{ea(v {2 ) v () ) )
( (\/|VUk|2+52) (\/|Vuk|2+52)) )
C A3
+5Tl IVAer|5+Ci61 HVAek+1||§+5*§ IVerlls+8 [ Veralls

C 1
+ 5*22 IVerll5+Cada [ Verall + o I17llZ 1 + 641V Aerpalls. (4.9)

We consider the first term on the right side of the above inequality in detail,
VU, Vuy,
AV | ——— |-V | —— ,Aek+1>
< ( (\/|VUk|2+52) (\/Vuk|2+52)) )
U
- <v SO A /S B (R 7 ,mem> R
\ [VU [+ 62 \ [ Vug|? + 62 ,
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We get

2 2
v. Vu _ Au | Ul + 20U Uy Uy + Uy Uy

2
VIVul?+62 ) /| Vul?+62 (IVul” +42)3/2

Next, we apply the gradient to this expression and obtain

Vu

\/ [ Vul? +62

VAu Au V(U2 + 20Uy Uy Uy + uiuyy)

= - 2 -V(|Vu|2)— 2
/|Vu|2+52 2(|Vul” +42)3/2 (|[Vu|”+62)3/2

3(U2Uaa 4 2 Uy gy + U2 Uy, )
2(|Vul® +§2)5/2

VIV

~V(|Vu\2),

where
2Vu- Zm Ug U+ Uy U
IV - Ugy Ug Ugy + Uy Uyy
Uyy
and

V (U Ui + 20 Uy Uy + Ui thyy ) = 2(Ug Ui + Uy Uy ) Vg + 2 (U Uiy + Uy gy ) Vi

+ uiVum + 2ty Vg + uiVuyy.

Reordering the involved terms we have

Vu

\/ | Vul® + 62

=Hq(Vu) - VAu+ Hy (g, Uy U, Uy s Uy ) * Vg + Hs (U s Uy Ui Uiy, Uy ) - Vg
+ Hy(ug,ty) - Vg + Hs (g, ty) - Viigy + He (U, Uy) - Vi,

VAR



C.B. SCHONLIEB AND A. BERTOZZI 445

where

1

|Vaul|® 462
(IVul* +4§2)3/2
3(ulugy + 2ugptyUgy + Uzuyy)uw
(|Vu|2+52)5/2 ’

Hl(Vu) =

H2(U:cauy7ua::muwy7uyy) = <

Aty + 2(UpUgy + Uy Uy )

(IVu|® +62)3/2

3(ulug, + 2Up Uy Uy + uzuyy)uy
(|Vu|® +62)5/2 ’

HS(urvuyvum:auzy’uyy) - (

2

uI
il ) =GP e
B 2ug 1,
Holtert) =G up oy
Hﬁ(uxvuy) =

(IVul? +62)3/2°

Now we are going to insert this into (4.10). For ease of notation we suppress the time
index k for now, i.e., we define U :=Uy, u:=wui and e:=ej. We obtain

VU Vuy,
VIV | —2— | -V | ——— ,VAek+1>
< \/ | VUL|? +62 \/ | Vg |* +62 )

= <H1 (VU) . VAU — H1 (VU) . VAU,VA€k+1>2
UI>Uy7Uzm7UwyaUyy) : VUw - HQ(ua:;uyauza:yuwyauyy> : vuw7VAek+1>2

+(Ha(

+(H3(Up, Uy, Upar, Uy, Uyy) - VU, = H3 (U Uy U, Uy Uygyy) - Vg, VACK 1) o
+(Hy(Uyz,Uy) - VUgy — Hy(Ug,ty) - Vge, VAeg 1),

+(H5(Uy,Uy) - VUzy — Hs (g, 1y ) - Viigy, VACL 1),

+(He(Uz,Uy) - VUyy — He (g, ty) - Vg, VAer 1),
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< = H(VU) (VAU =V Aw) [+ = |V A (H1 (V) — Hy(VO))|
%||H2<UI,U@,,UM,UWUW> (VU V) 3

g V10 (Ha ittty ) = Ha (U U U U

g (U2 Uy U U Uy (VU = Vi )
%nwy-(H?,(ur,uy,umm,umy,uyy)fH3<Um,vaUmUw,Uyy»n%
—|—2%||H4(Uw,Uy)-(VUM—Vum)Hg —HVum (Hy (g uy) — Hi(Us, Uy)) I3
+%||H5(Um,vy>-<Vny—Vumy>||%+%||ww~<H5<ux,uy>—H5<UmUy>>||%

1 1
+?5||H6(vaUy) : (VUyy _vuyy)Hg‘Fﬁ”V“yy ) (H6(va“y) _Hﬁ(UmUy))”g
+66(|V Aeg 13,

for a suitable constant ¢ >0. Next we want to use that the H;’s are Lipschitz contin-
uous in €2, with Lipschitz constants L(1/0) < oo, for ¢ >0, which grow as § decreases.
For simplicity, we only present the proof for the first part of Hs, i.e., for

Aty +2( Uy Uy + uyumy) Uy (BUgy + uyy) + 2uyumy
(IVul? 4-62)3/2 (IVul? 4 §2)3/2
The others follow similarily. We have

1 —
H2 (uxauyauzm;uxyauyy) -

||H21(U17uy7uzwvuzz;7uyy)_H%(Uvay»UszwyaUyy)H?

Uz (BUze + Uyy) + 2Uytzy Uz (3Uzs+ Uyy) +2UyUszy
(IVuP+62)3/2  (|[VU|?+62)3/2

Ug (3uaz +Uyy) Uz (3Uszax +Uyy)

(IVul* +82)3/2 (VU +82)3/2

(e +10)

‘ UyUzy UyUsy

' (|Vul* 4 42)3/2 (|VU\2+52)3/2 )
Us

| e

IN

Uz

e wor ), e =)

IN

2
2“ 42% Exy
(IVU]* +62)3/2

+2

o o)
TNVl +82)32 (VU +62)3/2 ) |,

From our assumption in Theorem 4.1 (iii) we have a continuous in time smooth
solution v on a finite time interval. In particular this gives us a uniform bound for
the second derivatives of the exact solution wu, i.e., there exists a C'>0 such that
[tz || oo + ||ty || oo + || yyll oo < C on a finite time interval [0,7]. Further, with the fact

that the function W is uniformly bounded for § >0 and for all z,y € R we
have

2

||H21(uw,uy,um,uxy,uyy) _H%(vaUyaUvawyvay)HQ
c Uy _ U,
T (Vu e2)32 (VU 462)3/2 |

+C||3esa —eyylly

‘ Uy _ Uy
(IVul*+02)3/2 ([VUJ*+062)3/2 |,

+2C +2C ||exylly
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where we used a universal constant C'>0 for the uniform bounds. Moreover, for
a fixed y and § >0 the function W is Lipschitz continuous with constant
L(1/6), which is increasing as ¢ decreases. By additionally applying the triangular
inequality once more we eventually have

||H21(ur7uy7uzmauwy7uyy) _H%(UvayvUzmaUIyﬂUyy)HQ
<CL(1/6)(lexll2+ lleyllz+ | Vell2) + Clleaall2 + [leayll2+ leyy ll2),

and hence that Hj is Lipschitz continuous. Similarly one can show that the other
H,’s are Lipschitz continuous. Let us further observe that Hy, H,, Hs, Hg are uniformly
bounded for § > 0. Moreover, the uniform boundedness of Hy and Hjs for the discrete
in time solution U on a finite time interval is given by the smoothness assumption
in Theorem 4.1 (iii) for U. Then, with the Lipschitz continuity and the uniform
boundedness of the H;’s on a finite time interval, and the uniform boundedness on
a finite time interval of Vuy, Aug, and VAuy for the exact solution wug given in
Theorem 4.1 (iii), we eventually obtain an estimate for (4.10):

VU Vuy,
Vv | —=2— |-V | —=2— ,VAek+1>
< IVU|* + 62 V| + 62 )
C CL
fSHVAeIImLCLfIIVeIIg fHVexH%+;5||Veyl\§+7(|lem||§+IIewy||§+IIeyyH%)

C C -
+ ;5||veww||§+ ;gHvewy”g"‘ ;SHveyyng+65HVA61¢+1H§7 (4.11)

where L=1L(1/6) denotes a universal Lipschitz constant for the H,’s and C is a
universal constant for the involved uniform bounds.
Further, having assumed zero Neumann boundary conditions for (1.5) and (4.4), i.e.,

Vu-ﬁ:VV~<W>~ﬁ:07 on 99,

VIVuE+ o2

where 77 is the outward pointing normal on 0f2, the second and third derivatives in
(4.11) can be bounded by

lewa 13+ leayll3 + leyylI3 + 1 Vewa 13 + | Veay 13 + | Veyy I3 < B(| Aell3 + [ VAe[3),
(4.12)
for a suitable constant B >0. Because of the Neumann boundary conditions we also
get that [,Ae=0. Hence, we can apply Poincaré’s inequality to [|Ae||2 and obtain,
for (4.9),

1 _
(74’02(1 (52) ) |\Vek+1\|§ + (01(1 7(51) — 04 765) ||VAek+1||§

2At
1 Co MN3CL , [(Ci C

N\t t+t5 — B A

—(2At+52+5 5 )“Vekllﬁ(g +o5+ 0[25 DIIV ecl3+ 5 Hmn ”

where we reintroduced the index notation ey for e. Therefore by following the lines
of the proof of Proposition 3.4 we finally have, for kAt <T,

T
Vel +AtMy ||V Ael; < e (A0,
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for suitable positive constants My, My and M3. 0

REMARK 4.5. Note that the Lipschitz continuity of the H;’s — necessary for the
estimates in the convergence proof — breaks down if § — 0, where § is the smoothing
parameter in the square-root regularization (4.3) of the total variation.

4.2. Numerical results. Numerical results for the TV-H™! inpainting ap-
proach are presented in Figures 4.1 and 4.2. For a comparison of the higher order
TV-H™! inpainting approach with its second order cousin, the standard TV-L? in-
painting method, in Figure 4.2 we consider the performance of both algorithms in a
small part of the image in Figure 4.1. In fact the result shown in Figures 4.1 and
4.2 strongly indicates the continuation of the gradient of the image function into the
inpainting domain. A rigorous proof of this observation, as the one for Cahn-Hilliard
inpainting (cf. Section 3), is a matter of future research. In both examples the total

variation |Vu| is approximated by 1/|Vu|® +6 and the time step size At is chosen to
be equal to one. The computational time for the example in Figure 4.1 is of the order
of 100 seconds on a 1.86 GHz processor with 1 GB RAM.

FiG. 4.1. TV-H~' inpainting: u(1000) with Ao = 103

FiG. 4.2. (1) u(1000) with TV-H~1 inpainting, (r.) w(5000) with TV-L? inpainting

5. LCIS inpainting

Our last example for the applicability of the convexity splitting method to higher-
order inpainting approaches is inpainting with LCIS (1.6). With f& L?(Q) our in-
painted image u evolves in time as

uy =—A(arctan(Au)) + A(f —u).

In contrast to the other two inpainting methods that we discussed, this inpainting
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equation is a gradient flow in L? for the energy

E(u):/QG(Au)der%/Q)\(ffu)z,

with G’ (y) =arctan(y). Therefore Eyre’s result in Theorem 2.3 can be applied directly.
The functional E(u) is split into E.— E,. with

Ec(u):/g%(Au)de+%/Q%|u\2 dz,

1
E.(u) :/ —G(Au)+ Q(Au)Qd:c+ 7/ f)\(f—u)2+% lul? da.
Q 2 2 Ja 2
The resulting time-stepping scheme is

Upi1—U,
% +C1 A% Up 114 CoUpy 1 = —Alarctan(AUg)) + C1 AUy + A(f — Ug) + CoUy.

(5.1)
Again we impose homogeneous Neumann boundary conditions, use DCT to solve
(5.1), and choose the constants C; and Cs such that E. and E. are all strictly convex
and condition (2.7) is satisfied. The functional F. is convex for all Cy,C2>0. The
first term in F. is convex if C'; > 1. This follows from its second variation, namely

V2E,. (1) (v,w0) = (;S / (CyA(ut sw) — arctan(A (u+ sw))) Av dx)

_ / <Cl - AT (ZuP) AvAwdz.

For Ej. to be convex, V2E;,(u)(v,w) must be >0 for all v,w e C>, and therefore

s=0

1
Ci——=>0.
i (Awe
Substituting s = Au we obtain
Chr> ! VseR
712 SEE

This inequality is fulfilled for all s€R if C7>1. We obtain the same condition
on C for G'(s)=arctan(3). For the convexity of the second term of E., the second
constant has to fulfill Cy > \y; cf. the computation for the fitting term in Section 4.
With these choices of C; and Cs also condition (2.7) of Theorem 2.3 is automatically
satisfied.

5.1. Rigorous estimates for the scheme. Finally we present rigorous
results for (5.1). In contrast to the inpainting Equations (1.4) and (1.5), inpainting
with LCIS follows a variational principle. Hence, by choosing the constants C; and
Cy appropriately, i.e., C;>1, Co> g (cf. the computations above), Theorem 2.3
ensures that the iterative scheme (5.1) is unconditionally gradient stable. In addition
to this property, we present similar results as before for Cahn-Hilliard and TV-H~!
inpainting.

THEOREM 5.1. Let u be the exact solution of (1.6) and uy, =u(kAt) the exact solution
at time kAt, for a time step At>0 and k€N. Let Uy, be the kth iterate of (5.1) with
constants C1>1, Cy > X\g. Then the following statements hold:
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(i) Under the assumption that ||uy||_, and ||VAul, are bounded, the numerical
scheme (5.1) is consistent with the continuous Equation (1.6) and of order
one in time.

(ii) The solution sequence Uy is bounded on a finite time interval [0,T] for all
At>0. In particular, for kEAt<T, T >0 fized, we have

VU2 +AtKL [ VAUR|2 <27 (VU2 + At K1 |V AUo||3 + AtTC(Q, D, Mo, f))
(5.2)
for suitable constants Ky, Ky, and a constant C depending on 2, D, \g, [
only.
(iii) Let ex, =up —Uy. If

||VAuk||§ <K, for a constant K >0, and for all kAt <T (5.3)

then the error ey converges to zero as At—0. In particular, for kAt<T,
T >0 fized, we have

T
IVerll5+ALM ||V Aek |5 < EeMaT(At)Q, (5.4)

for suitable nonnegative constants My, Mo and Ms.

REMARK 5.1.  As in Theorem 4.1 (cf. also Remark 4.1) the convergence of the
iterates Uy to the exact solution is proven under an assumption on the exact solution,
i.e., assumption (5.3), whose validity is unknown in general. However, previous results
in [15] for the denoising case, i.e., for A(z) =)Ao in all of 2, and for smooth initial data
and smooth f, suggest the assumption is also reasonable for the inpainting case.

The proof of Theorem 5.1 is organized in the following three Propositions 5.2-5.4.
Since the proof of consistency follows the lines of Proposition 3.2 and Proposition 4.2,
we just state the result.

PROPOSITION 5.2 (Consistency (i)). Under the same assumptions as in Theo-
rem 5.1 and in particular assuming that ||uyl|_, and |[VAu||, are bounded, we have

|7l _y =O(At)  for At—0.

Next we would like to show the boundedness of a solution of (5.1) in the following
proposition.

PROPOSITION 5.3. (Unconditional stability (ii)) Under the same assumptions as
in Theorem 5.1 the solution sequence Uy, fulfills (5.2). This gives boundedness of the
solution sequence on [0,T].

Proof. If we multiply (5.1) with —AUy41 and integrate over 2, we obtain

1
= (19013~ (VU VUi1), ) + Ca VUi 3+ C1 | VAT 1

= (Aarctan(AUk),AUk+1>2 +C4 <VAUk,VAUk+1>2
(VAN =Uyk)),VUrs1)y +Co VU, VUi 1), -
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Using the same arguments as in the proofs of Proposition 3.3 and 4.3 we obtain
e
2At

C1 2 2, A 2
< <Aarctan(AUk),AUk+1>2 + E ||VAUk H2 +C161 ||VAUk+1 ||2 + E ||VUk||2

(IV U113 = IVUI) + Ca IV Ui 3+ C1 | VAV 1

C
02 VUi 34 5 VU +Cods VUi +C(2,D. 0. ).

Now, the first term on the right side of the inequality can be estimated as follows

(Aarctan(AUy),AUjp41), = — (Varctan(AUy), VAUg41),

1
=—( — VAU, AU,
<1+(AUk)2v Y% k+1>2

2

1 1 2
< —||————=VAU. 0. AU,
<5 | Travye VAT, Tl VATl
1
sa||VAUk||§+64||VAUk+1||§- (5.5)

From this we get

1
(557 +Call=00) =02 ) IVUaally +(Ca(1 = 62) = 80) [V AV

1 A(% 02 2 Cl 1 9
<\oactas, T3 —+=)IvA Q,D N0, f).
_(2At+262+ 63)||VU7€||2+ 51 +54 Hv Uk'||2+c( s ,)\0,f)
Analogously to Section 4.1, with

Co=1+AtCy—1), Cp=Ci—1, Co=1+2At(N2+20s), Ca=4(Ci+1),

we obtain

C C 2
VU3 +At - VAU < (Hwouiwtcl uvmfoni+AtT50<Q,D,Ao,f>) :

which gives boundedness of the solution sequence on [0,7] for any T'>0 and any
At>0. 0

The convergence of the discrete solution to the continuous one as At — 0 is verified
in the following proposition.

PROPOSITION 5.4 (Convergence (iii)).  Under the same assumptions as in
Theorem 5.1 and in particular under assumption (5.3), the error ey, fulfills (5.4).

Proof.  Since all the computations in the convergence proof for (5.1) are the same
as in Section 4.1 for (4.4) except of the estimate for the regularizer A (arctan(Au)),
we only give the details for the latter and leave the rest to the reader. Thus, for
the inner product involving the regularizer of (5.1) within the convergence proof, we
obtain

(—A (arctan(AUy) —arctan(Aug)) , Aegi1),

= (V (arctan(AUy) —arctan(Auy)), VAeri1),

= (w(AU,) VAU, —w(Aug) VAug, VAe,11),

=—(w(AU)VAer, VAek 1) — (w(AU,) —w(Aug))VAu,, VAegr 1),

0+ 01
2

1
< o5 1w (AT IV A l5+ 55 [l (w(Auk) —w(AU)) [V Aug] 5+ IV Aes41]3,

L
201
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where we have used that

1
V (arctan(Au)) = WVAU =w(Au)VAu.

Using the uniform boundedness of w(s) for all s€R, the uniform bound on VAuy
from Assumption (5.3), and the Lipschitz continuity of w, we get

(—A(arctan(AUy) —arctan(Auy)), Aegy1),
C CL 0+0
< 2*5||VA€kH§ + EHA%H%‘F TIHVA%H 13-

Moreover, because of the zero Neumann boundary conditions fulfilled by solutions of
(1.6) and (5.1), i.e.,

Vu-ii=V(arctan(Au))-7n=0, on 0%,

where 77 is the outward pointing normal on 92, Aej has zero mean and we can apply
Poincaré’s inequality to obtain

(—A(arctan(AUy) —arctan(Aug)) , Aexs1),

Cc CL 0406
s(—+—) IV A€+ 52

2
2 251 ||VA61€+1H2'

Following the same steps as in the proof of Proposition 4.4 we finally have, for
EAt<T,

T
[ Ver||5+AtM, |[VAex |3 < EeMsT(At)z

for suitable positive constants M7, My and Ms3. 0

5.2. Numerical results. For the comparison with TV-H™! inpainting we
apply (5.1) to the same image as in Section 4.2. This example is presented in Figure
5.1. In Figure 5.2 the LCIS inpainting result is compared with TV-H~! - and TV-L?
inpainting, for a small part in the given image. Again the result of this comparison
indicates the continuation of the gradient of the image function into the inpainting
domain for the two higher-order methods. A rigorous proof of this observation is a
matter of future research. For the numerical computation of (5.1) the arctan(s) was
regularized by arctan(s/d), § >0 and At chosen to be equal to 0.01. The inpainted
image in Figure 5.1 has been computed in about 90 seconds on a 1.86 GHz processor
with 1 GB RAM.

6. Conclusion

In this paper we present several higher order PDE-based methods for image in-
painting, along with unconditionally stable time-stepping schemes for the solution of
these equations. Specific examples discussed include Cahn-Hilliard inpainting, TV-
H~! inpainting, and inpainting with LCIS. The construction of these schemes is based
on the idea of convexity splitting, also introduced in this paper. We study the nu-
merical analysis of the schemes including consistency, unconditional stability, and
convergence. Below we consider some open problems for this class of methods.
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Fia. 5.1. LCIS inpainting u(500) with § =0.1 and Ao =102.

Fic. 5.2. (1) w(1000) with LCIS inpainting, (m.) wu(1000) with TV-H™' inpainting, (r.)
w(5000) with TV-L? inpainting

e The advantage of fourth order inpainting models, over models of second dif-
ferential order, is the smooth continuation of image contents, including direc-
tion of edges, across gaps in the image. Fourth order PDEs require an extra
boundary condition compared with second order equations and this is the mo-
tivation for additional geometric content provided by such methods. However,
in general, the additional boundary condition could involve any of the higher
derivatives, and for inpainting is it desirable to continue the first derivative
accross the inpainting region. The methods proposed here are global meth-
ods based on an L? fidelity term associated with the known information. For
the special case of the Cahn-Hilliard equation [14], in the limit as Ao — o0
a stationary solution is proved to satisfy precisely the desired two boundary
conditions — matching of grey value and matching direction of edges. We
conjecture that analogous results are true for the other methods presented
here although a rigorous proof is beyond the scope of this manuscript.

e For the proofs of convergence of the discrete solution to the exact solution,
i.e., for the proofs of Theorem 4.4 and Theorem 5.4, we had to assume that the
exact solution is bounded on a finite time interval in a certain Sobolev norm.
As we already argued in the remarks after the statement of the theorems,
these assumptions seem to be heuristically reasonable considering earlier re-
sults in [15, 16]. Nevertheless a rigorous derivation of such bounds is still
missing.

e Besides the fact that rigorous results for fourth-order partial differential equa-
tions are rare in general, an asymptotic analysis of our three inpainting models
would be of high (even practical) interest. More precisely the convergence of
a solution of the evolution Equations (1.4), (1.5), and (1.6), to a station-
ary state is still open. Since the inpainted image is the stationary solution
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of those evolution equations, the asymptotic behavior is of course an issue.
Also, in practice the numerical schemes are solved to steady state (up to an
approximational error). Note that in addition to the fourth differential order,
a difficulty in the convergence analysis of (1.4) and (1.5) is that the equations
do not follow a variational principle.

e The discrete schemes proposed in this paper are unconditionally stable and
their numerical performance is a matter of 10 to 100 seconds for small to
medium-sized images, i.e., 128 x 128 to 256 x 256 pixels, and gaps that con-
stitute about one to ten percent of the image domain. Fast numerical solvers
for higher order inpainting models is still a mostly open field of research.
Among such fast solvers we found the recent contribution of Brito-Loeza and
Chen [18] very interesting and forward-looking, who use a multigrid method
to solve inpainting with CDD (Curvature Driven Diffusion). Another ap-
proach is the Split Bregman method of Goldstein and Osher [41, 42], which
suggests a splitting of a higher-order variational problem in two consecutively
minimized first-order problems. Although not directly applicable to the non-
variational inpainting techniques (1.4) and (1.5), their method promises an
efficient solution of, e.g., (1.6) LCIS inpainting.
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