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Abstract. Image inpainting is the process of touching-up damaged or unwanted portions of a picture and is an
important task in image processing. For this purpose Bornemann and Marz [J. Math. Imaging Vis. , 28 (2007), pp. 259-
278] introduced a very efficient method called Image Inpainting Based on Coherence Transport which fills the missing region
by advecting the image information along integral curves of a coherence vector field from the boundary towards the
interior of the hole. The mathematical model behind this method is a first-order functional advection PDE posed on a
compact domain with all inflow boundary. We show that this problem is well-posed under certain conditions.
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1. Introduction. As image processing has become an active field of mathematical research
[15, 5], the task of digital image inpainting has also been approached by mathematical methods
in the last decades. Image inpainting serves the purpose of touching-up damaged or unwanted
portions of a picture. In mathematical image processing, images are considered to be functions
w : Qp — R defined on a typically rectangular image domain Qg C R?. The value w(x) € R
often represents an intensity of light which is perceptible as a gray color. Technically, image
inpainting is a problem of data interpolation: apart from )y we are given, as part of the problem
formulation, an inpainting domain, i.e., a subdomain (2 C )y which marks the damage or the
portion which has to be touched-up. And the “good” part of the image, which is to be kept, is
given as a function ug : Qg \ @ — R defined on the data domain Q) \ Q (1 is undefined on Q).
Now, the task is to find a function u : O — R, defined on the missing part (3, which interpolates
the data ug. The very important side condition on an acceptable solution u is that the completed
image i := 1o - 1o\ q + u - 1o, now defined on the whole image domain (), should look nice,
i.e., u should interpolate the data 1 in a visually plausible manner.

Since there is no ubiquitous mathematical definition of the terms “nice” and “visually plausi-
ble” such a definition is part of the task. Consequently, many different approaches to the inpaint-
ing problem have been made. Regarding non-texture inpainting PDE-based models were first
suggested in the articles of Caselles et al. [14] or Masnou et al. [26] and several other PDE-based
models have been proposed thereafter. These models were either phenomenologically derived,
or came from variational principles, or were inspired by a variational idea with phenomenolog-
ical modification of the Euler-Lagrange equation. The orders of the resulting PDEs range from
first order, e.g. as in advection models [30, 11, 24], to second order, e.g. as in anisotropic diffusion
[31] or the complex Ginzburg-Landau equation [21], to third order, e.g. as in nonlinear transport
and curvature-driven diffusion equations [7, 16, 17], and fourth order, e.g. the models based on
Euler’s elastica [25, 28] or on a modified Cahn-Hilliard equation [9, 8, 12]. While PDE-based ap-
proaches are good at inpainting geometric features they are typically not as good at inpainting
textures. In order to cope with textures exemplar-based and patch-based algorithms [18, 27, 29, 6]
have been designed and combined with PDE models [13] as also non-local operators [20] have
been developed to handle both textures and geometric features.

Many of the PDE-based approaches are non-linear and/or of a high order. Thus, the numeri-
cal algorithms are typically iterative and computationally expensive. In contrast, Image Inpainting
Based on Coherence Transport [11, 24] features a first-order quasi-linear functional PDE. The result-
ing algorithm is very efficient because of the low order of the PDE (only one pass through the
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FIG. 1.1. Object removal by inpainting using the methods of [11, 24]. (a) shows the original image. (b) the masked region
defines the inpainting domain. (c) & (d) show two intermediate stages of the inpainting process. (e) shows the final inpainted result.

pixels is required) while the functional dependence on the image makes for visually pleasing
results. The aim of this paper is a framework for well-posedness of the functional PDE model
underlying Image Inpainting Based on Coherence Transport [11, 24].

1.1. Image Inpainting Based on Coherence Transport. In the PDE-based approaches cited
above, the authors usually start with continuous models and discretize them to obtain algorithms
for digital image inpainting. In [11], we approached the problem from the opposite direction; our
point of departure was the discrete inpainting problem.

The simple idea of the generic inpainting algorithm (cf. [11, Section 2]) is to fill the inpainting
domain by traversing its pixels in a fixed order starting on the boundary and proceeding towards
the interior. Thereby we compute the color-value of each pixel as a weighted average of color-
values from initially known or already inpainted neighboring pixels.

In [30, 11] the default way to order the pixels was to order them according to their Euclidean
distance-to-boundary. But generalized distance-to-boundary concepts can be applied too. In-
deed, in [24] we have demonstrated that employing adapted distance functions produces more
pleasing results. The algorithm is non-iterative, each pixel is visited once and the domain in-
painted in a single pass. Figure 1.1 shows some intermediate stages of the filling process. Because
of its simple structure the algorithm is extremely fast.

In [11] we demonstrated that this method is related to a PDE model. The high-resolution
vanishing-viscosity limit (cf. [11, Section 3]) of the weighted-averaging step in the generic algo-
rithm, for a special class of weights, yields the transport equation

(c[u](x),Vu(x)) =0, x€Q\X, ula\q = to - (1.1)

This is a PDE of first order where c[u] defines characteristic curves along which we advect image
information. In addition, in [11] we obtained that the transport field of (1.1) satisfies

(clu](x),VT(x)) >B>0, x€Q\XL (1.2)

where T is exactly that generalized distance-to-boundary function (cf. [24]) which induced the
pixel order in the algorithm. We will see later that this inequality rules out characteristic points,
i.e., points where the characteristic curves would tangentially intersect the data domain.

Looking at (1.1), we can give the following rationale: imagine a (human) restorer doing brush
strokes in the missing area (). Assuming that she only uses color given by the data 1y on 02 and
that her brush strokes lie along trajectories of a vector field c which start at the boundary, we end
up with the dynamical system

x' = clu](x), x(0)==xp€0Q),

=0,  u(0) = uolx), 43

which describes exactly the characteristics of problem (1.1). Because we paint from every bound-
ary point into (), the characteristics, which are the brush strokes, are supposed to meet some-
where; the locations where they meet are contained in the exceptional set £ of equation (1.1). In
fact control of this exceptional set is important for user interaction [24].

Ideally, in order to obtain an aesthetic inpainting, the vector field ¢ in (1.3) would need to
reflect the full expertise of our restorer, which is generally not possible. At least the vector field
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¢ should be adapted to and hence depend on the image u. In [11], the vector c[u](x) includes
an estimation of the tangent vector, which is tangent to the level line of u going through the
point x. This is because brush strokes are supposed to continue level lines of uy which have
been interrupted by Q). By applying structure tensor analysis to the image we estimate approximate
tangent information or so-called coherence information. The structure tensor S is a positive semi-
definite 2 x 2-matrix. Its set-up consists of the following two steps:

vo(x,y) = /kg(x,y,h) u(h) dh, Sop(x) = /Kp(x,y) Vyve(x,y) - Vyva(x,y)T dy, (1.4)
oN) Qo

where ¢ > 0 and p > 0 are the smoothing scales of the kernels k, and K,. The approximate
tangent g(x) is the eigenvector of Sy ,(x) with respect to the minimal eigenvalue. The motiva-
tion for this is (cf. [1]) that we look for a normed vector g(x) which is almost orthogonal to the
gradient Vi in neighborhood of x, i.e., (g(x), Vu)? ~ 0. Since want to reduce the influence of
noise and irrelevant small-scale features, we replace u with a smoothed version v, and consider
(g(x), Vyvg>2 ~ 0 instead. Finally, we integrate the expression and formulate the almost or-
thogonality condition rigorously as a weighted least squares problem (g7 Sy, (x)g — min) which
involves the structure tensor. The benefit and the robustness of structure tensor analysis have
been revealed in different works, e.g. [33] and [1].
The approximate tangent or coherence vector g(x) then is inserted in the weight function

1 2 2
wey) = oy Fnee (1 (gt @x—0)) a5)

which is used in the algorithm to advect color-values by computing weighted averages [11]. The
vector ¢ depends on the image u and guides the advection as it influences w. The transport vector
c[u](x), as it corresponds to w by the vanishing-viscosity limit (cf. [11, Section 3]), is thus guided
by coherence and is mostly (up to regularization effects from vanishing-viscosity) aligned with
the approximate tangent.

1.2. Contribution of this Paper. In the following we will provide a well-posedness frame-
work for problem (1.1) which entails two major challenges: the general geometry which inpaint-
ing domains can exhibit on the one hand, and the involved dependence of c[u] on u on the other.
Because of the structure tensor analysis, the vector c[u](x) not only depends on the single value
u(x) but on a part u|p of the image, meaning the dependence on u is of a functional type.

Problem (1.1) is not restricted to inpainting or image processing and could occur in other
contexts. In this paper, we study the problem independent of the particular construction of the
coefficients within the inpainting model, but dependent on general features such as continuity,
differentiability, etc. In fact we study the more general problem

(c[u](x), Du) = flu](x) L% in Q\X,

(1.6)
ulan = uo -
where Du denotes the BV-derivative measure and £? the Lebesgue measure.

Our strategy is to focus on the linear problem which we obtain from fixing the functional
argument c[v](x) by a function v first. In this step we cope with the general geometry of inpaint-
ing domains () as well as that of the exceptional set £. By taking into account a regularization
feature which is true for our inpainting model, namely that c[v] is C! on Q) \ X for every choice of
v, we construct a candidate solution using the method of characteristics. The characteristics start
at the boundary and cover all of () \ X where we can now define a solution. But since X is the
place where different characteristics meet which might provide incompatible function values, we
cannot expect the solution to be continuous across X, even in the case of smooth boundary data.
In Lemma 3.5 we show that constructed solution can be extended onto the exceptional set £ as an
element of the space BV (()) and we give an estimate of its BV-norm in terms of the problem data.
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Apart from the uniqueness of the solution (Theorem 3.8) we prove in Theorem 3.9 that the solu-
tion depends continuously, with respect to the BV-weak*-topology, on the coefficient functions,
the boundary data, and also on the generalized distance-to-boundary function T.

In the second step we tackle the quasi-linear problem (1.6) by fixed-point theory. From the
linear theory we obtain a solution U[v] depending on v. Now, U is a self-mapping (Corollary 4.2)
and so any fixed-point u = U[u] of the map U will solve (1.6). Our existence result of Theorem 4.5
is a consequence of Schauder’s fixed-point theorem and allows for a very general functional de-
pendence of the coefficients in (1.6) on the solution. Theorem 4.5 as well as Schauder’s theorem
does not provide uniqueness. Indeed, we give an example which demonstrates that the solution
is not unique when we allow for a too general functional dependence. Thus, we restrict later
to a causal Volterra-type functional dependence which is also a feature of our inpainting model.
Under this causal functional dependence we can prove existence and uniqueness (Theorem 4.14)
and also continuous dependence (Theorem 4.16) on the data c, f, and u( by a contraction argu-
ment. Similar approaches which utilize fixed-point theory for the derivation of local solutions to
functional-differential problems posed on the half space can be found in [22] where the author
considers classical solutions for time-dependent non-linear PDEs with memory effect.

As a consequence of the general theory, we can positively answer the question of the well-
posedness of the inpainting model (1.3): there is a unique solution which depends continuously
on the data image u( and the parameters in the model.

1.3. Outline of the Paper. In Section 2 we give a full description of the problem with all
its requirements. Section 3 discusses the linear problem in detail: in Section 3.1 we study the
characteristic coordinates, in Section 3.2 we prove the existence of a solution, and in Section 3.3
we show that this solution is unique and stable. Section 4 deals with the general quasi-linear
problem (1.6) by using fixed-point theory: in Section 4.1 we justify the formulation of the problem
as a fixed-point problem, in Section 4.1.1 we prove that a fixed-point exists and in Section 4.1.2
we give an example of non-uniqueness. In Section 4.2 we introduce the concept of causality
with respect to the functional argument. Uniqueness and stability of the solution in the case of
functional causality are the subjects of Sections 4.2.1 and 4.2.2.

2. The Problem and its Requirements. In this section we will first collect all the require-
ments and then state the full problem at the end. We begin with the domain.

REQUIREMENT 2.1. Domains Q0 C R? are required to be open, bounded, simply connected, and to
have have a C'-boundary.

The boundary 0 is a simple closed C!-curve. Throughout this paper we denote by 7 : R —
0Q) a generic periodic parametrization of 0Q). Furthermore, by I = [2,b] C R we denote an
interval such that y|j is a generator of .

In the introduction we talked about the generalized distance-to-boundary function T which
induced the pixel serialization in the algorithm. This function is also involved in the continuous
model and plays the role of time. Hence, we call T time function. Here we consider time functions
whose range corresponds to a finite time interval. That means that these time functions will
incorporate a stop set, on which they become maximal. Here we state the geometric properties
of admissible stop sets.

REQUIREMENT 2.2. A stop sets X is a closed subset of (), where X is either an isolated point, or a
connected set with tree-like structure. If . is not an isolated point, we assume that ¥. is the union of finitely
many rectifiable C'-arcs L. The collection {Zk k=1, n is assumed to be minimal in the number n of arcs,
so X is decomposed by breaking it up at corners and branching points. Furthermore, we require for each
arc Xy that its relative interior Xy has a given orientation by a continuous unit normal ny : X — S

Later on, we will need a concept of one-sided limits towards z € 3.

DEFINITION 2.3. A point x € Q\ X which has a unique closest point p in the interior of some arc
¥y is said to be on the plus-side (minus-side) of ¥ if

x—p
lx — pl

=+m(p)  (=m(p)) -
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A sequence (xp)neN, Xn € Q\ X approaches z € 3 from the plus-side (minus-side) if the sequence
converges to z and almost all elements x,, are on the plus-side (minus-side) in symbols:

Xy = Zy (xp —z_).

Next, we collect the properties of admissible time functions. We do this in two steps. In
the first collection of requirements we summarize sufficient features which make time functions
behave reasonably in between the boundary and the stop set. In the second collection we add
requirements considering the behavior close to and on the stop set.

REQUIREMENT 2.4. Time functions T : () — R are defined on a domain () in accordance with
Requirement 2.1. and satisfy the following conditions:

1. T € C3(Q).

2. The boundary of Q) is the start level: T |yq = 0.

3. T incorporates a stop set X in accordance with Requirement 2.2, i.e. L is the maximal level of T. We
norm the maximal value as T|y, = 1.

4. T increases strictly from 0Q) to X, i.e., VT (x) =0 < x € L.

5. Good behavior near ¥: let y € ¥, h € S a unit vector, and let T(y +rh) =1 — O(r?) (p = p(y, h))
as r — 0. We require that there is a bound q such that p(y,h) < q forally € £, h € S.

In the following we denote upper level-sets of T by Q1) = {x € Q: T(x) > A}. Because

of Requirement 2.4, the field N,
_ VI(x)
N = o)
is well-defined on Q) \ Z. N is continuously differentiable and extendable onto 0Q) and gives the
normals to level lines Qr_, = 0Q7>,. We also need a good behavior of the maps T and N at X.

REQUIREMENT 2.5.

1. N has one-sided extensions onto the relatively open components ¥ and those extensions coincide with
:|:11k:

N*(y) = lim N(x) = —m(y), N~ (y) == lim N(x) = n(y)

=y x—y—

for every y € 3.
2. The derivative DN has one-sided extensions onto the relatively open components X, i.e.,

(DN)*(y) := lim DN(x), (DN)~(y) := lim DN(x)

X—=Y+ X—=Yy—

exist for every y € 3.
3. IDN| € LY(Q), i.e., poles of |DN)| at corner-, branching- and terminal nodes of ¥. are integrable. This
feature is assumed to hold in the case that 3. is an isolated point as well.
What remains are the assumptions on admissible transport fields and the right-hand sides.
Those are as follows.
REQUIREMENT 2.6. Assume that a domain Q) and a time function T with stop set ¥ according to
the requirements stated above are already specified. Transport fields are maps of the form

c:LYQ) —» CHQ\X)?, with c[.](x):LY(Q) = R?*, and c[v]: Q\Z — R>.

and are required to satisfy: (Dyc[v] denotes the derivative of c[v] with respect to x € Q \ X.)
1. For fixed v € LY(Q) we have c[v] € C}(Q \ £)? with the properties:
a) c[v] and Dyc[v] extend continuously onto 9Q).
b) c[v] and Dyc[v] have one-sided extensions (c[v]™, c[v] ™ respectively (Dyc[v])™, (Dxc[v])™) onto
the relatively open components 3 of .
2. Uniform unit speed and inward-pointing condition:
a) |c[v](x)| = 1forall x € O\ L and forall v € L1(Q).
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b) There is a uniform lower bound B > 0 such that
B < {(c[v](x),N(x)) <1 VxeQ\XZ and Vovell(Q). .1

¢) Both conditions a) & b) hold for the one-sided extensions c[v] ™, c[v] ™ of c[0].
3. Uniform bounds and continuity in v
a) Let zx, k € {1,...,m} denote the terminal-, branching- and kink nodes of ¥. For every ¢ > 0,

m
such that each disk Be(zy) is compactly contained in Q), we set Ve :== ¥ U |J Be(zg). For every
k=1
admissible € > 0, there is a bound M, such that

|Dyc[v](x)| < Me, VxeQ\V., and VoveL(Q).
b) The matrix-valued map Dyc : L'(Q) — C(Q\ £)?*? is L'-bounded by
[Dxe[o]ll 1oy <M1 Voe LY(Q).

In particular, for every v € L1(Q), poles of | Dxc[v]| which occur at the terminal-, branching- and
kink nodes of X. are integrable.

c) c is continuous in the following manner: if v € L' (Q) and (vy)nen is a sequence in L'(Q)) with
[v—vnllp1(q) — O, then the sequence of images c[v,] converges uniformly to c[v],

le[v] = c[on]lle0 = 0.
REQUIREMENT 2.7. Right-hand sides are maps of the form

f:LYQ) = CclQ), with f[.](x):LY(Q) =R, and flo]:Q—=R.
and are required to satisfy: (V. f[v] denotes the derivative of f[v] with respect to x € Q0 \ 2.)
a) The map f is bounded by

Iflellee <Mz Ve LN Q).
b) The map Vf : L1(Q) — C(Q)? — the derivative of f[v] w.r.t. the variable x — is bounded by
IVifollle <Mz VoeLl(Q).

c) f is continuous in the following manner: if v € LY(Q) and (vn)nen is a sequence in L' (Q) with

[0 = vnll11() — O, then the sequence of images f[vn] converges uniformly to f[v],

If[o] = flonlllc = 0.

Now that we have collected all assumptions, we finally state the problem.
PROBLEM 2.8. We search for u € BV (Q)), such that

(clu](x), Du)y = flu](x) L2 in Q\Z,
ulan = o,

where 1y € BV (0Q)) and the coefficients satisfy the requirements above.

Remark: in Section 3.2 we will apply the method of characteristics to construct a solution.
Requirement 2.6 part 2b) states that the specified time function T is a global Lyapunov function
(cf. [3]) for this dynamical system and the set X is an attractor. This might seem unnatural, but it
is not: considering the Cauchy problem o;u + ad,u = 0 on the half-plane t > 0, we see that the
natural time function T(t,x) = t is a Lyapunov function for the flow induced by the transport
field c = (1,a)". Note also that the natural time T(t,x) = t is the Euclidean distance to the x-axis
which is the boundary of the half-plane ¢ > 0.

Throughout the paper we denote by (2 a domain, by X a stop set, by T a time function with
the field of normals N and by ¢ a transport field all in accordance with the requirements 2.1, 2.2,
2.4,2.5,and 2.6.
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3. The Linear Problem. In this section we concentrate on the linear problem
(c[o)(x), Du) = f[o](x) - £2 in Q\Z,  ulo=up, (€AY

which we obtain by keeping the functional argument fixed with some arbitrary v € L}(Q). Our
goal is to construct a global solution u € BV(Q)) which is defined on all of Q). Throughout this
section we simplify the notation ¢ := c[v], f := f[v] by omitting the functional argument.

3.1. A Customized Coordinate System. Requirements 2.4, 2.5, and 2.6 in combination are
such that the family of characteristics gives us a customized coordinate system for the linear
problem (3.1). This section reveals the properties of the induced coordinate system. The follow-
ing lemma yields a bound on the arc-length of characteristics.

LEMMA 3.1.

a) Let q be the bound from Requirement 2.4 part 5, let ¢(t) := —t% and let
To(x):==14+¢(1—T(x)). (3.2)

Then, the gradient V'Ty of the transformed time function Ty blows up at ¥ and is bounded below
|VTo(x)| > mg >0, for all x € Q\ X, away from zero.

b) For every reqular Cl-curve x : [0,a] — Q\ Z (a = oo admissible) which satisfies the following
condition

X'(7)

[%'(7)]

0<B< <N(x(’r)), > . vreloa], (3.3)

the arc-length of x is uniformly bounded by

1
B-mg’

arclength(x) < (3.4)
Proof.

a) The function T is well-defined since 0 < T < 1 and its derivative is VTy(x) = H(x) - N(x)
with

H(x) = ;(1 CT(x)) 7 |VT(x)] > 0. (35)

Lety € £, h € S! and r > 0. By Requirement 2.4 part 5 we have 1 — T(y + rh) = CyrP with
C; > 0. Because T € C%(Q) and VT|s = 0 we conclude that |[VT(y + rh)| = CorP~! with the
same p as before. Consequently, H exhibits the asymptotic
p(i=q) P
H(y+7rh) =Csr 1 P71 =Cyr
as r — 04 and, since g > p(y, h) holds uniformly according to Requirement 2.4 part 5, must
blow up H(y + rh) — oo for any choice of y € £, h € S'.
We will show next that |[VTy| > my > 0. Assume by contradiction that the infimum of
H = |VTy(x)| is zero. Now, choose an open neighborhood U of ¥ such that H|y; > M
for some constant M > 0. This is possible because of the blow up. The restriction H |ﬁ\u
onto the compact complement O \ U is a continuous function and must take the minimum at
some point £ € Q\ U, i.e.,, H(%) = 0. But then (3.5) implies |VT(£)| = 0 which contradicts
Requirement 2.4 part 4, since £ ¢ X. Thus, H = |V Tj| has a minimum m greater than zero.
b) Using T we estimate the arc-length from above by

a a
/
X

To(x(@)) = To(x(0) = [ (VTo(x), ') dv = | <N<x> > IV To(x)] - 2] de
0

4 |x,
0

a a
> ﬁ/\VTo(xﬂ x| dt > ,B-mo/\x’|d1':,8~m0-arclength(x).
0 0
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Since 0 < Ty < 1, we conclude (3.4). The bound on the arc-length depends only on  and
information from T.

0
Because of its nice properties the transformed version T defined by (3.2) will be identified

with the time variable of the characteristics. Whenever we speak about Ty we mean this trans-
formed version of a given time function T. The next lemma discusses the globality of the charac-
teristics: they cover all of Q) \ 2.

a)

b)

LEMMA 3.2.
The characteristic initial value problem (IVP)

¥ =cly), y(0)=xcQ\X, (3.6)

has a unique maximally continued solution y : |t t+[ — R?, with —co < t_ < 0 < t; < co.
Every trajectory y connects the sets 0Q and %, i.e.,
lim y(t) € 0Q), lim y(t) € .

st sty

For every point z € ¥y in the relative interior of some C'-arc of ¥, there are exactly two trajectories
which hit z in the limit t — t., one for each side of >.
The transformed transport field cq

c

extends continuously onto the stop set ¥. by co|s = 0. Its trajectories vy, i.e., solutions of y' = co(y),

satisfy
To(yo(A +5)) = A+ To(yo(s)) -

Proof.
Because c is Lipschitz continuous there is a maximally continued, unique solution y of (3.6)
with time domain |t_, ¢t [ and 0 € ]t_,t;[. Because of the unit speed condition |c| = 1, y

never stops inside ) \ X and never blows up. The inward-pointing condition (2.1) implies, by

TT0(y(1)) = (VTo(y(1),e(y (1)) = mo- >0, (3.8)

that To(y(t)) strictly increases at least by a rate of myg - B. Thus, y collapses at boundary of
Q\ X. Forward in time, as t — t, y will collapse at ¥ and backward in time, as t — t_, y
will collapse at 0(). Because of unit speed the values ¢ , t_ mean the arc-length of the piece
which connects x with X and that of the piece which connects x with Q). Hence, by Lemma
3.1, t4, t_ are finite. Assume now that z € ik and consider the side where the normal 7, (z)
points to. According to Definition 2.3 b) we call this side the “plus-side” and the opposite side
the “minus-side”. Since ¢ and Dc both extend from the plus-side onto ¥4 by ¢* and (Dc)",
the backward IVP

Yy =—cy), y(0) =z,  withe(z):=c"(z).

has a unique solution that starts at z € 3 and evolves away from X into the plus-side. Hence,
vice versa there is only one solution y of the forward IVP (3.6) that approaches z from the
plus-side. The same argumentation holds true for the minus-side.

From (3.2) we know that Ty < 1. Consider again the forward IVP (3.6). For A with Tp(x) <
A < 1, there is a unique time T(A), when the trajectory y crosses the A-level of Ty. This is
because Ty(y(t)) increases strictly by (3.8), so y crosses the A-level only once . Viewing T as a
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function of A, the implicit function theorem applied to Ty (y(7)) = A yields the differentiability
of T with respect to A and the derivative is given by

1
(VTo(z),c(z)) z=y(1(M)) .

Using again the inward-pointing condition (2.1) and recalling that |V Ty| > my > 0, we infer

T(A) =

0<1 <

my-B -

Let s := Tp(x). Then, the function T maps [s,1] to [0,t,[ with 7(s) = 0 and 7(1) = ¢;.
Moreover, we have for t/(A) — 0as A — 1 since |VTy(y(t(1)))| = | )
we change the independent variable

yo(A) :==y(T(A)) .

Then, y satisfies the initial condition yo(s) = y(0) = x and has the derivative

Vo(A) =y (t(A)) - T(A) = <VT0C((Z)

D@ oy )

Consequently, y is a trajectory of cg which satisfies, by construction,
To(yo(A+5)) = To(y(t(A +5))) = A+s=A+To(x) = A+ To(yo(s))-

Because VT blows up at ¥ while |¢| = 1, in the limit we have ¢y(y) — 0 as y — z € X which
yields the continuous extension of ¢y onto X.
0
Part b) of Lemma 3.2 shows that the time variable of a characteristic y( of the transformed
field cg is given by Ty. We use this feature to introduce new coordinates on ) \ X whose con-
ception is similar to polar coordinates on a disk. Whenever we speak about ¢y we mean the
transformed version of a given transport field c according to equation (3.7).
COROLLARY 3.3. Let ¢ : R — 9Q), a periodic parametrization of 9Q and let I = [a,b[ C R be an
interval such that «y(I) = 0Q). Then, the general solution (t,s) of the forward IVP

v =coy), y(0) = y(s),

defines a diffeomorphism & : ]0,1[ x |a,b] — Q\ (ZUS) , where S = {¢(t,a):t €]0,1[}. The
inverse map &1 (x) = (t(x),s(x))" is given by &1 (x) = ( To( x), v Y (To(x),x)) )T wherey(t, x)
denotes the general solution of the backward IVP

y' =—coly), y(0) =xc O\ (ZUS).

The relation between ¢ and 1 is

¢(ts(x)) =n(To(x) —t, x). (39)

Proof. ¢ solves the forward IVP and we know from Lemma 3.2 that any curve {( ., s) is located
in O\ X and connects the sets 0Q) and X. By this, it is obvious that the set QO \ (£ U S) is simply
connected and open in IR?, and that ¢ maps |0, 1] x ]a,b[ onto Q \ (ZUS).

Clearly, ¢ is differentiable with respect to time t. Since v € C!(Ja, b[,9Q) and ¢y € C1(Q\ &, R?),
we obtain ds¢ from the variational equation

9+(s&) = Deg o & - 3sE , 95¢(0,5) = 7'(s) .



10 T. MARZ

Next we discuss 7, the solution of the backward IVP. From Lemma 3.2 we know the trajectory
7(.,x) hits the boundary after time t = Ty(x). Hence, 1(Tp(x),x) is the unique point on the
boundary that corresponds to x which implies further

1(To(x),x) =9(s(x)) = s(x) =77 (y(To(x),%)) .

Because ¢(.,s(x)) and #(.,x) both connect the points x and 7(s(x)) along the same curve in
opposite direction and have the same absolute velocity |cg], it follows that t(x) = Tp(x) and
furthermore the relation

E(ts(x) =n(To(x)—t, x).

With #(x) and s(x) we have the inverse map ¢! (x) = (t(x),s(x))". The differentiability proper-
ties of 71, Ty and ¢y imply the differentiability of ¢! (x) as we obtain D,# from the variational
equation for the backward IVP

%(Dxn) = —Dcoon-Day, Dyy(0,x) =1.
0

In the following lemma, we collect diverse properties of the coordinate system introduced
above. We will make use of these properties in the proofs later on where we will often change to
characteristic variables.

LEMMA 3.4. Let 7y and ¢ as in Corollary 3.3. Then,
a) if y is clockwise, the Jacobian DG = (9:¢|9s¢) of the diffeomorphism & has a positive determinant

which satisfies the estimate

det D¢

0 < detD¢ < [9:5][0s¢] < 5

(3.10)

If 7y is counter-clockwise, the assertions hold for — det D¢.

b) for each of the relatively open C'-arcs ¥y of X, we can find two subsets Jy. . and Ji _ of I such that the
maps &(1,s) with s € Ji 1 and &(1,s) with s € Ji,_ are both regular Cl-parametrizations of ¥y (+
and — relate to the orientation given by ny).

¢) Dcoo { - 9s¢ is integrable over [0, 1] x [a, b].

d) The inverse map &~ is one-sided extensible onto the relatively open C'-arcs ¥ of X..

Proof.
a) By Lemma 3.2 part b), we have

To(¢(t,s)) =t, Vs € la, b .

That means that the function (¢, .) : Ja,b[ — Q parametrizes the t-level of Ty and is clockwise
if the initial one &(0,s) = y(s) was. In this case ds¢* := (—9s&, ds&1) points to the exterior of
Q7,>t, and can be decomposed 9;¢- = —N o ¢ - |05¢] in terms of the normal field N (which
points into the interior) and its magnitude. Since 0;¢ is aligned with the normed vector c o ¢,
we decompose it similarly 0;¢ = c o ¢ - |0;¢|. We conclude that

+det D = det(9,£[0:8) = (a1, ~9:6* ) = [:€19:¢] ¢, N) o 8

depending on the orientation of . Because ¢ is a diffeomorphism, the determinant is never
zero. The inward-pointing condition (2.1) implies the positiveness of + det D¢ as well as the
relation

detDE < [0g]joig] < £ 5520
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FIG. 3.1. LEFT: The left image shows the domain () in white, the boundary o) in blue, and in red the stop set ¥ with terminal
nodes z1 and zy . The red vector n is the normal of ¥ and defines the plus and the minus side. The black curves are two characteristics,
both start at 0Q), but the upper one approaches L. from the plus side while the other comes from the minus side. RIGHT: The right
image illustrates the decomposition of the level line {Ty = A} = (A, .), the green curve, into four parts. In black we have the
characteristics which hit the terminal nodes. For each node only the “first” and “last” one of the characteristics hitting the node are
painted. In solid blue we have the parts y(Jz, ) and (], ) which comprise all the start points for which characteristics hit terminal
nodes of X. The complement is painted dashed blue and consists of the two parts y(J+) and v(J-). Here, y(J+) (v(]J-)) contains all
start points for which characteristics approach X. from the plus side (minus side) and end in the relative interior of *. With parameter
sets ]z, Jzp, J+, and ], that correspond to the decomposition of the boundary curve <y, we obtain an analogous decomposition of the
level line {Top = A} = &(A, .) by (A, J2,), §(A, Jzy), €A J4), G(A, J-). If now A — 1, ie., {Tg = A} = X, the curves §(1, ])
and ¢(1, ]-) remain and give two parametrizations of X.

b) From the proof of Lemma 3.2 part b) we know that ¢ by (A,s) = y( T(A,s) ,s) is related to
the original characteristic problem y’ = c¢(y) with initial value y(0,s) = 7(s), where T was
implicitly defined by

To(y(t,s)) =47, 0<A<I. (3.11)

Hence, T depends on s € [a,b[ as well. Clearly, 7 is periodic in s and C!-smooth on [0, 1] x
[a,b]. The question here is what happens in the limit A — 1. Since Typ({(1,s)) = 1 implies
¢(1,s) € £, we see that s — {(1,s) parametrizes X. From Lemma 3.2 part a) we know that if
z € ¥ then there are only two trajectories which meet at z, one for each side of %. Now, let
the set J consist of all s € |a, b[ such that {(1, s) is a terminal node of one of the arcs 21, ..., Xy.
In the set J; . we collect all elements of I \ ] such that the family of curves

SA ) Ty = Qp=a s — &(A,s)

reaches the arc ¥ from the plus-side in the limit A — 1. Analogously, considering the minus-
side, we choose Ji _. For an illustration see Figure 3.1 in which ¥ = ¥ is oriented by n; and
7 is clockwise. For s € Ji . we extend the right-hand side of the original IVP by ¢, then both
limits

lim y(t,s) =z(s) € X, lim y'(t,s) =c"(z(s)),

t—)t+($) t—)t+(S)

exist and the equation Ty( y(7,s) ) = 1 has the unique solution 7(1,s) = t,(s). Since |V Ty|
blows up at X (see Lemma 3.1 part a)), we are not finished with the properties of ds7. The
continuity of 7(1,s) = t4(s) is a consequence of the mean value theorem by

(L) = (L, p)| < [T(L,5) = T(A,8)| + [t(A,8) = T(A, p)| + [T(A, p) — T(1, )
9rT(An,9)I[1 = Al + [T(A) = T(A, p)| + 0T (Az, p)[1 = A

ﬁu —Al+1T(As) —T(Ap)| -

IN

IN
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Similarly, we obtain the continuous extension of (A, s) by 7(1,s):
1
[7(Ls) =T, p)l = =1 = Al +[T(A,5) = T(A, p)] -
0-B

As a first result we have that the parametrization &(1,s) = y(7(1,s),s) of the arc ¥ is con-
tinuous. Now, we study the partial derivative ds7. The implicit function theorem applied to
(3.11) gives

0= (VTy,oy)ost+ (VTp,0sy) = 05T = — <I(\]Z<Iag> , (3.12)
Because ¢ and N have continuous one-sided extensions, we have
lim N( y(t(A,s),5) ) = N*((s)) , lim c( y(t(A,s),5) ) = ¢ (=(s) )

A—1 A—1

and thus, it suffices to look at dsy. The IVP for dsy gives us

t
9sy(t,s) =7 (s) + /Dc oy(h,s)-0sy(h,s) dh .
0

By Requirement 2.6 part 1a) ¢ and Dc both extend continuously, and by Requirement 2.6
part 3a) |Dc o y(h,s)| has a uniform bound when we restrict the domain of s to a small &-
neighborhood U (c) of say o € Ji .

|Dcoy(h,s)| <M, (h,s) €10,7(1,s)] x Ue(0) .
Gronwall’s lemma (cf. [32]) yields the bound
sy (£,5)] < |7/ (s)[eM" < [/ (s)]eMT1),

which implies the existence of lim, 1 9sy( T(A,s),s). The continuity of this limit as function
of s follows from the mean value theorem, the established bounds, and the corresponding
continuity of T:

@sy(T(L,8),5) = Ay (T(A,s),5)| < MY (5)[eM™ ) |2(L5) — T(A,5)] -

The continuous extension of (A, p) — 9sy(T(A, p), p) follows from this and the triangle in-
equality. From (3.12) we know that d;7(A, s) has the same continuity properties as dsy. Sum-
marizing, we have for s € Ji ; that

9sC(A,s) = 9wy (T(A,8),8) - 9sT(A,s) + dsy(T(A,s),5) (3.13)

extends continuously onto A = 1 by 95¢(1,s). Finally, for the regularity of 95 (1,s), we have
to show that [95¢(1,s)| # 0. In part a), we have already used that 9;¢ = [9s¢| - N and that

det(c|9;¢) = |9s¢| det(c|N") = [05&] (¢, N) > [95Z] - B - (3.14)

Now, we substitute (3.13) into the left-hand side of (3.14). Bearing in mind that d;y = coy, we
obtain

195€(A, )| (¢, N) = det(coy(t(A,s),s)|9sy(T(A,s),s)) .

Hence, |05G(A, s)| becomes zero if and only if det(c o y|dsy) does. It is easy to check, that the
determinant det(c o y|dsy) satisfies the IVP

% det(c o y|dsy) = trace(Dcoy) - det(coy|dsy) , det(coy|dsy)|i—o = det(coy(s)|y'(s)) > 0.
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Thus, the determinant has the same sign as the initial value and being an exponential function
cannot become zero within finite time:

lim det(coy(t,s)|osy(t,s)) #0.

t—ty (S)

Hence, we have [0s¢(1,s)| # 0 and the parametrization is regular.
c) By the chain rule, the derivative of ¢y = ¢/ (c, VTp) is

R S __c°c T . T 12
Do = 57 <Dc VT (VTO De+cT-D To)> :

Using that 95¢ = £N* o &+ [95¢| and |9:¢| = 1/ {c, VTp), we write the product Dcg o & - 95 as

. B . . J_— C T- . J_ T- DzTO . J_
Deo o & - 9uF = +|9&][0:c] (Dc N - (N De-N* el - N )>og.

Inspecting the derivative of N = VTj/|VTy| we see that

D2T, D2T, D2T,
DN = (I-N-NT). =N+ .NtT. = . -

( )T T VTl
Finally, we estimate

c]
(¢, N)

Devog-3i¢] < 0l (1De- N+

det D¢
p

where we have used (3.10) in the last step. The right-hand side of the last inequality is inte-
grable over 0, 1] x [a, b[. This follows from resubstituting ¢ and the integrability requirements
on Dc and DN over () (cf. Requirements 2.6 and 2.5).

d) Let z € 3. For the plus-side there is a unique s € Jk+ with §(1,s) = z. By this we define
s*(z), which extends the s(x) component of &~ 1(x). Since t(x) = Ty(x) is defined on %, we
are done.

(|NT.Dc-Nl| + |NLT-DN-C|)> of

IN

1
(|Dc +5(IDel + |DN|>) of,

Remark: A side effect of Lemma 3.4 part c) is that -
1
2.2(1,5) ='(5) + [ Deyoe(r,9)-2:c(r,s) dr, s € Jis
0
is integrable over J; ;, and dominated convergence yields the rule
lim / & (L) ds = /asg(l,s) ds . (3.15)
i+ i+

3.2. Existence of a Solution. In this section we prove the existence of a solution to the linear
problem (3.1) in the space of functions of bounded variation. We construct a candidate solu-
tion with the method of characteristics. First we scale the PDE of (3.1) with the positive factor
1/ {c(x), VTy(x)) to get the equivalent PDE

(co(x),Du) = fo(x)- L% in Q\Z, (3.16)

with
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The latter is the transformed transport field as in (3.7). For PDE (3.16) the characteristic equa-
tion is exactly the forward IVP from Corollary 3.3 and its solution ¢ gives the family of forward
characteristics. Similarly, the solution 7 of the backward IVP from Corollary 3.3 gives the fam-
ily of backward characteristics. Let now v(t,s) := u o {(t,s). Then, at least formally, the partial
derivative of v with respect to t is given by

do(t,s) = (Vuog(t s), 9l(t,s)) = (Vu,co) 0 §(ts) = foo 5(ts) -
Apart from that v satisfies the initial condition (7* denotes the pull-back operation)
0(0,5) = u(5(0,5)) = u(v(s)) = uo(v(s)) = 7v"uo(s) -

Thus, by the fundamental theorem of calculus, we obtain

v(t,s) = v up(s) + /fo og(t,s)dr. (3.17)
0

The function v represents our candidate solution u in characteristic variables (t,s). By using the
inverse map ¢! from Corollary 3.3 and the relation (3.9) between ¢ and 77, we push v forward
onto O\ £ to have u = v o ¢! in original variables x

To(x
u(x) = uo(n (T, )+ / foon(t,x)dt . (3.18)
0

For the analysis of the candidate solution, it is useful to decompose it additively as

0

¢
v1(t,s) = v up(s) , vy(t,s) = /fo oé(t,s)dt,
| (3.19)

S

(x

ur(x) = uo(n(To(x),x)) ,  wax)= [ foon(r,x)dr.

o

The lemma below shows that the so-constructed candidate belongs to BV, the space of func-
tions which the linear problem (3.1) as well as the quasi-linear Problem 2.8 is stated for.

LEMMA 3.5. The candidate solution u from (3.18) with its decomposition u = uj + uy from (3.19)
has the properties:
a) u is an element of BV(Q\ ) N L®(Q)). Its derivative measure is

Du=cy(x)-u + Vuo(x)-L* with p:= G (Ll ® D'y*uo) ,
and the total variation is bounded by |Du|(Q\ X) < Mq\ 5, with

_ Duol | (Nflle , [Vl 2 £ oo
Moy = oo (5 +ﬁ2'mo) Te(9) )Jr[33

- (IDell 1y + IDN s gy ) -
(3.20)

The L (Q))-norm is bounded by

£ lleo

B-mo

[ull () < lluollr=a0) +



WELL-POSEDNESS OF INPAINTING BY COHERENCE TRANSPORT 15

b) u extends onto X, i.e., u is an element of BV(Q)) N L*(QY). Compared to part a) the extension intro-
duces in the derivative Du an additional jump part for every C'-arc y of .

Du = c&(x) -1+ Vuy(x) L4 i(u{k(x) — ugk(x)) ng(x) "HlLZk ,
k=1

where uy, and u{k are the left and right interior BV-traces of u on %. The bound on the total variation
is added up by

Dul(Q) < Moys +2- () - (D) - (321)

Before going into the details of the proof, we summarize some facts concerning the change
of variables. If ¢ € C}(Q) or ¢ € C}(Q\ X) is a test function, we will denote by (t,s) := ¢ o
¢(t,s) the test function in characteristic variables. By the chain rule we then obtain the derivative
Vish = DET - Vi@ o & with respect to (t,s). By inversion we get

det D& - Vg o = (—aSgHatgL) Visth .
Let ! = I(k) be the non-trivial permutation of {1,2}, then we write for the k-th component

det DZ - 0o = (—1)' - (9s&; dsp — 0:&y Osp) = (—1)'+ (9 (0sy - ) — s (3ely - 9) ) . (3.22)

The last equality can easily be derived from the product rule. Finally, we remark that ¢ (t,s) is
periodic in the variable s, since { is, i.e., ¢(t,a) = (¢, b).

Proof. (of Lemma 3.5) First, we compute the derivative measure Du, which in both parts is
the same process. Let ¢ € C}(Q) be a test function. For the moment we restrict the discussion to
lower level-sets of Ty denoted by (<, for 0 < A < 1. Note that Qg <1 = Q.

When later on we have ¢ € C}(Q\ £) (respectively ¢ € C}(Q\ £)?), as is the case for part
a), we will choose A big enough such that supp ¢ C Q7 <). For part b) we will pass to the limit
A — 1instead.

The derivatives of u; and u; from the decomposition (3.19) will be computed separately. For
Dyu; we have to study the following integral:

b oA
/ uy(x) oxg(x ://01 (t,5) Oxpo&(t,s) detDE(t,s) dt ds
0

Ory<a a

//“”‘0 (01(0s&; - ) — 05(9¢E; - 9) ) dt ds.

By changing the order of integration, using the integration-by-parts formula for functions of one
variable, and the fact that y*u is a periodic BV-function, one obtains

/7“0 / 3511Pdtd5——l/A/h’Yuo (0:G1 - ¢) dsdt
0

—1)1/’)/*140(5) [0sG1 - 9lig ds + ( //atgl Dy uo(s) at -

Because ¢ has compact support in (), we have furthermore (0,s) = ¢ 0 £(0,s) = ¢(7(s)) =0,
so the result reduces to

b

b A
_ (—1)1/01()\,5) 3&(A,s) - p(A,s) ds + ( l//at§1~lpdth'y*uo(s).
0

a a
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For the vector-valued version we test with ¢ € C!(Q)? and obtain

/ w1 (x) div p(x) dx = / (%) 3191 (%) dx + / 11 (%) 292 (%) dx

Ory<a Ory<a Qry<a

:—/ (A,8),0sE (A, )>v1)ts /b/A l/JatCL dth’Y“O()
0

a

By once more using the relations 9;¢+ = cé- 0, 956+ = —No - |0s&], the last result can be
written as
b

b A
/ uq (x) divgo(x)dx:/(<go,N>-ul)og(}\,s) |BS§(A,S)|dS—// <¢,c3‘>o§dth'y*uo(s).
a 0

Ory<a a

The first summand integrates with respect to the one-dimensional Hausdorff measure 7' along
the A-level of Ty. For the restriction of #! onto A-levels of Ty we will use the notation H!L A :=
HL Qg — ). In the second integral we change variables by pushing-forward the product measure
L' ® Dy*ug with the diffeomorphism ¢. Let i denote the pushed-forward measure

pe= (L1 @Dy ug)

then we finally obtain
[ m@) dive() dr= [ (p(x),N@) mx dn'LAx) = [ {(p(x),cf () dulx).
Ory<a Q Ory<a

For the derivative of u; we perform the same steps as above with the integral

/ up(x) op(x) dx = (— //vzts 0¢(0sCy - ) — 95 (0¢C; - W) ) dt ds .

Ogy<a

We change the order of integration, perform integration by parts, and use the periodicity in s to
arrive at
b

= (—1)1/02()\,5) 95C1(A,s) - P(A,s) ds — // (0sE) 90y — 0:; 950y ) - P dt ds .

a
Because of vy = up o ¢ we can, according to (3.22), substitute the last integrand to get
b

b A
:(—1)1/02@,5) 9&(A,s) - Y(A,s) ds — //detpg.akuzog.¢dtds.
. /]

a

By means of the last result and a change of variables, we end up with
/ up(x) div ¢(x) dx = / (@(x),N(x)) up(x) dH'LA(x) — / (¢(x), Vua(x)) dx,
Ogy<a ) Ory<a
when testing with ¢ € C!(Q)2. Adding the partial results for u; and u, gives us

/ u(x) div g(x) dx:/ (9(x), N(x)) u(x) dH'LA(x)

Ory<x 0

_ / <§0(x),cé(X)> du(x) — / (p(x), Vup(x)) dx .

Qry<a Qry<a

(3.23)

Now, we are ready to turn to the proof of the assertions a) and b).
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a) In this part we have Q \ T as the domain of u. If we test with ¢ € Cl(Q \ £)?, we can choose
A < 1 so big that (3.23) reduces to

/u(x) div g(x) dx = — / <g0(x) , g (%) du(x) + Vuy(x) dx> .
o) o)

Thus, in this case the derivative measure is given by
Du = ¢y (x) - p+ Vup(x) - L2

What remains to show is the boundedness of [|u||gy(q\y)-
For the total variation |Du|(Q) \ ) we estimate both summands separately, beginning with

[ (o) autx)

b1 b1
[ [{oct)ocataDrue)| < [ [laozldtdDy uols)- ol
/ |

Q a a 0
1 / Du0|
< —— - [ d|Dy"ug|(s) - |l @lle = No]loo -
< o | A0TE) ol 2ol
Clearly, the total variation of this summand is bounded by
< [Duo|
(Q\%)
‘ ,u‘ \B) < /3 mo

which is the total variation of the boundary data times the bound on the arc-lengths of char-
acteristics from Lemma 3.1. The total variation of the second summand is exactly the L!-norm
of Vu2:

b 1 b 1
/ﬁwmmmx://nmpgdaDam@://’4u¢&w+&ﬁ@w dt ds
Q a 0 a 0

b 1 b 1
g//\asg\ 19502 dt ds+//\8t§| 10502 dt ds
2 2

This step is completed if the last two integrals are bounded. We write d;v, = fy o ¢ and use
(3.10) to get

detD
i 9rea] = gl fo 021 = it | 7es 0| = 0421 dl o1 < 2528 If ot
and obtain a bound on the first integral:
b 1 1 b 1 1
//\asa 10,02 | dit ds < B// det D |f o ¢ dtdsgg.nf”w.zz(n).
a 0 0

The second part is a bit more involved. We estimate the integrand by

t 1

902 = [ (Vooe(r,.),0(r, ) dr = 1aig] seal <
0

(Vfool(t,.),dse(t,. )| dT.I

O

Because the latter is independent of ¢, we obtain

b 1 b 1
//| & Iosea] dids < 5o //| Vfo0l(t,s),dsE(T,9))| dr ds.
0 0

a a
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Now, the same argumentation that we used in the proof of Lemma 3.4 c) to show the integra-
bility of Dcg o ¢ - d5¢ applies here for the integrability of (V fy o ¢, 0sC). After expanding V f
we obtain

(Vvot,0d) = icloce] (— (V5N ) + Lo (NT-De N+ N4 DN ) ) o

(&' N)
Hence, there is the integrable upper bound

[(Vfyog,a) | < 9 Dg

(IIVroo I/l <|D+|DN|>)

which implies

b1
19l 2y 1 Il
/ O/ i peval deds < Sz =2(@) + 5% (1Dl + 1PN

Putting together the partial results we firstly get a bound on the L!-norm of Vuy

'Zzﬂk )+ %Ilw (IDell sy + DNy

and secondly learn that the total variation |Du[(Q) \ £) is bounded by Mg, 5.
By (3.18) we have for the L*-norm of u

V() 11y < ; Nfllo - £2(0) +

Iflleo
B-mo

Now, we want to view u as a BV-function on the domain Q. Thus, test functions are in C (Q)?,
and thus, we have to study the limit A — 1in (3.23). In part a) we already have bounds on the
total variation of the components concerning ¢y (x) - # and Vuy(x) - £2, which do not depend
on A. Hence, these bounds stay the same, and we can focus on the remainder

[ullzo(y < lluollz=@a) + | Tolleo |l folleo < [0l oo a2y +

b
[ (0(0), =N()) u(x) aHLA) = [ (93,908 (A,5)) o(A,5) ds .
o} a
In Lemma 3.4 b) we introduced a partition of the interval I,

n

I= U (]k,‘l*U]k,*) U ]/

k=1

such that ¢(1, . )[j,, and ¢(1, .)[j, _ are both regular parametrizations of 34, one for the plus-

side and one for the minus-side of 3. If s € | then the characteristic (A, s) hits a terminal-,
branching- or kink-node of X, as A tends to 1. Let z, ...,z denote all these nodes, then we
partition | into a collection J;,, ..., ]z, by defining ., := {s € ] : {(A,s) = z; as A — 1}.
Accordingly, we decompose the integral

a/b (A, s)> v(A,s) ds = li}! ds +1:X:1 / ds+/

Jk,~

For J;,-contributions, we have the estimate

[ ()02t 0) o5 ds| = | [ (g N) wdH ()| < liglls o) HEA J2))
z ENT:)
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Because the curve-arc {(A, J;;) degenerates to the single point z; (see Figure 3.1), its length
H! (€(A, Jz,)) tends to zero. Hence, the contribution of those summands vanishes.

For the remaining summands we perform only those which go along &(A, Ji ), since the same
argumentation applies to the others which go along (A, Ji ). By Lemma 3.4 b) we know that
&(1,.) : J4 — 3¢ is a regular parametrization and its tangent is given by the limit

95¢(1,s) = lim 905G (A, s) SE Ji+t -
A—1
By Requirement 2.5 part 2 the field of normals extends to ik that means
lim —N o ¢&(A,s) =n,od(1,s) SE Jra.
A—1 !

Finally, we define the extension u onto % by using the extensions of & !(x) and s(x) from
Lemma 3.4 d). Let z € ¥, with corresponding s*(z) € Ji ., then we set

uf (z) :=0(1,5%(2)) . (3.24)

Conversely, we have 1, 0 &(1,5) = v(1,57(&(1,5))) = v(1,s) forall s € J . Now, we can
turn to the limit. For abbreviation let 1(A,s) := ((¢, —N) - u) 0 {(A, s), then

/ (@, —N)-udH(x) — / (@, mg) - uy AH' LT (x)
EAJis) 0

- /h(A,s)~|asfj()L,s)|ds—/h(l,s)~|asg‘(1,s)|ds

]k,+ ]k,+

< [ I(Ls) =, 9)] - P2 (L) |+ [2:E(1,5) = [2:8 (A, 5) |- [h(A,5)] ds
Ji+

< [ (L8 = k(5|01 ds + ho g iy [ 110:2(L5)] — [2:E(,5)] | ds.
]k,+ ]k,+

By the extensions of N and u the product |h(1,s) — h(A,s)| - |9s¢(1,s)]| tends to zero for every
s € Jx4. Furthermore, by Lemma 3.4 part c) and the subsequent remark we know that the
following bound is integrable

[h(1,5) = h(A,5)] - 1058 (1,5)] < 2|70 & | () - [958 (L,5)] -

Thus, the corresponding integral vanishes in the limit by dominated convergence. By same
argumentation the second integral tends to zero too.
Summarizing, this means

/ (¢, —N) -u d?—[l(x) — / (@, ny) - uk+ d?—llLZk(x) ,
C()\Jk,«#)

/ (¢, —N) -1 dH(x —>/ )oup dAHILS(x)
(:()\Jkﬁ) Q

as A — 1, and together we obtain the jump part for

/ (¢, —N) - udH(x / —up) (@) dH LE(x) .
C(A/Ik,+)U¢(AJk,7)
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The bound on the total variation of the jump part is

/(u;f—ui) (@) dH'LE(x)]| <2 [[@lleo - |1t ooy - H' (i) -
Q

What remains to show, is that the one-sided limits u,j, U defined above are in fact the BV-
traces ugk and uy, of u on . This is true, but we postpone this point to Lemma 3.7. Clearly,
the complete additional jump part is given by the sum over all k and the upper bound on its
total variation is given by 2||u||;~(q) - H'(Z). We have shown, that u is in fact an element of
BV(Q)) with ||u[[gy(q) bounded by the given data, and its derivative measure reads

Du = f(”;(x) —u (%)) me(x) - H'LEZg + ¢y (x) - p + Vuo(x)- L.

0
So far we have seen that the candidate solution is an element of BV ((2). Now, the following
lemma shows that our candidate solution is in fact a solution of the linear PDE (3.1).
LEMMA 3.6. The candidate solution u from (3.18) solves the PDE in (3.1).
Proof. By viewing u as an element of BV (Q) \ X) we have, according to Lemma 3.5,

Du=cy(x)-p + Vua(x) L%,

By orthogonality, we obatin

(co(x), Du) = (co(x), Vua(x)) - L,

and the PDE is satisfied if {co(x), Vup(x)) - £2 equals fo(x) - £2. With ¢ € Co(Q) we test the
measure (co(x), Vi (x)) - £? . By changing variables, ¢y = ¢ o &, vy = u o ¢, we obtain

1

i/l¢ co, Vita) CdetDédtds_//tp (018, (~0.8 00 + i 0,0, ) ) dtds
0

a 0

S

://¢-atvz.<at§,—asgl> dtds://goog-foo(;-detD(;dtds:/gofodx.
a 0 a 0 @)

Here, we used the fact that d;vp = fy o ¢ from (3.19). This shows that the total variation of the
difference measure is

| {eo(x), Vua(x)) - £2 = fo(x) - L2](Q2) =0,

and hence the measures are equal. 0
Next we study BV-traces of the candidate u along level-lines of Ty. In particular we will see
that u satisfies the boundary condition as BV boundary trace.
LEMMA 3.7. Let u be the candidate solution from (3.18), then
a) (start): u satisfies the boundary condition, i.e.,

lim — / lug(z) — u(x)| dx =0

for every Lebesgue point z € 0C) of u.
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(restart): for every z € Q) \ X that corresponds to a Lebesgue point z' of uy, that means z/ = «(s(z))
is a Lebesgue point of ug, we have

.1 .1
r2151+r7 / lu(z) —u(x)|dx=0  and rlg(ﬁrj / |u(z) —u(x)|dx=0.
B7 (2) B (z)

B~ (z) and B; (z), for r small enough, denote the cut-off disks
B (z) := {x € B,(2) : To(x) < To(2)}, B (z) := {x € B,(z) : To(x) > To(2)} .

Let T := Qg,—) bea A-level of Ty for some 0 < A < 1and let T be oriented by N|r. If z € T, the result
above means that the traces ui and uy are identical. There is no jump across T, and if z corresponds
to a Lebesgue point of uy, then it is itself a Lebesgue point of u. Owing to the identity of both traces the
restriction u|r is well-defined. Moreover, we have u|r € BV(T).

(stop): for every z € 3 that corresponds to a Lebesgue point z' of ug with respect to the plus-side of
3y, that means z' = (st (z)) is a Lebesgue point of g, we have

. + —
rgr&ri / lul (z) —u(x)| dx =0.

B (2)

Here, u;" (z) is defined by (3.24). B/ (z) is the disk centered at z and restricted to the plus-side. Hence,
the trace u;:rk is given by u,". Moreover, we have uk+ € BV(). The analogous result holds for the
minus-side.

Proof.
& b). Let z € O\ £ and let (7, 0) be its characteristic coordinates, i.e., z = &(t,0). Choose
r > 0 sufficiently small, then

s+(r) t1(r,5)
1
. / u(z) — u(x)| dx = - / l0(7,0) — 0(t,s)| det DE dt ds .

B (2) s T

1
)

Because any level-line of Ty is a regular C!-curve, the cut-off disk B, (z) tends to a half disk,
aligned with the tangent 0 (7, 0) of this curve. Thus, the we obtain the asymptotic s+ (1) =
o+ O(r). Since detD{(t,s) # 0, a similar argument applies regarding the f-variable, i.e.,
t1(r,s) = T+ O(r). Taylor expansion yields 9 (t,s) = 95 (T,s) + O(t — T) and therefore we
have

[956(7,5)|

p - mo

for a suitable constant C. The difference is estimated by

det D&(t,s) < [9:¢| - |9s&| = +O0(t-1)<C+0O(t—1),

[o(t,5) — 0(t,0)| <|7"uo(s) = 7" uo(@)] + loa(t,5) — 0a(x,0)] ,

with

t T
foa(t,5) — va(v,0)| = | [ foo &lh,s) dh— [ foo&lh,0) dh
0 0

t t
< [1¥foo sl 0l s —al dn+ | [ fooe(ho) dn
0 T
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Because z ¢ %, we have for r that the cut-off disk B; (z) is contained in some lower level-set
QOr,<) with A < 1. Hence, t < A for the last two integrals, and the following bound exists:

M = ||V fol| L= (q) - sup 1058 (h,s4)] -
()05 ()54 (7)]

In summary,
[o(t,s) — 0(1,0)| < [v*uo(s) — 7 1o(@)| + £ Ms — o] + || foeslt — 7|
< |7 ug(s) — v up(o)|+ O(s — o) + O(t — 1) .
Armed with the last result and the estimate of the determinant, we have

s+ (r) £+ (r)

rlz / lu(z) — u(x)| dx < rlz / |7 uo(s) — Y up(o)| - C+O(s —0o)+ O(t — 1) dt ds
B (2) s-(r) T
c s+(r)
< — | [ue(s) =7 ue(o)| ds +O(r) .

The latter expression tends, as r — 0, to zero for any Lebesgue-point o of y*uy, i.e., for any
Lebesgue-point z' = (o) of up. If z € 9Q), then QO N B,(z) = B; (z) and the argumentation
above shows that u satisfies the boundary condition as BV-trace. If z € QO \ X, we have got
the assertion for the B; (z)-case. In the B;~(z)-case the one and only difference is that, after
having changed variables, we have to integrate the t-variable over the interval [t_ (7, s), T]. For
the remainder one must perform the same steps to get the assertion for the B;~(z). Finally, the
restriction u|r is defined, and when parametrizing I regularly by ¢, (s) := (A, s), we have

Su(s) =uod(A,s) =v(A,s) =7 up(s) +v2(A,s) s €R.

Since v;(A, s) is a periodic C!-function, while y*1(s) is a periodic BV-function, the sum ¢}u
is a periodic BV-function, and consequently u|r € BV(T).

¢) In order to argue in the same way as in part a) & b) we cannot use diffeomorphism ¢, because
colz = 0 and thus detD¢(1,s) = 0. But at least &1(s) := &(1,s) with s € Ji ; is a regular

parametrization of ¥ (cf. Lemma 3.4 b)), so we set up a local diffeomorphism by considering
the unscaled backward IVP

y' = —c(y), y(0,5) =&(1,s), s € Ji+

with ¢ extended onto ¥ by ¢*. Let T(s) = 7(1,s) denote the time when y(.,s) reaches the
boundary dQ). In the proof of Lemma 3.4 b) we have seen that 7 : ], ; — R is continuously
differentiable. For s € Ji . we have

7(s)
uoy(t,s) =y up(s) + / foy(hs)dh, wfol(l,s)=uloy(0,s)= %inguoy(t,s) .
—
t

Let then z € ¥ withz = & (o), o € Ji .. For small r, we obtain

st (r) t(r,s)
/ [uf 0y(0,0) — woy(t,s)|| det Dy] dt ds

=
3
Py
N
N
w
|
—
-
>
(=)

by changing variables. For r small enough, the determinant | det Dy(t,s)| is approximately
| det Dy (0, 0)| with

| det Dy(0,0)| = [05¢1(0)[|c™ (2)[[ (" (2), nk(2)) | # 0
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which is non-zero because of Requirement 2.6 part 2c). For the functions s (r), s—(r), and
t(r,s) we have the same asymptotic, for r — 0, as in the previous part.

Let 7 = min(7(s), 7(0)) and 7, = max(7(s), 7(0)). If 1 = 7(s), we sets; = ¢, and otherwise
we set s = s. For the difference |u;" 0 y(0,07) — u o y(t,s)| we estimate first

(©) o(s)
/foyh(r dh—/foyhs

(3.25)

oyhs1 dl’l

/foyha — foy(hs)dn| +| [ foy(ho)dh

< ||f||oo-|T( )= (s )\+||Vf|\oo-IIBSy(.,s*)||oo-rl~\s—o|+||f||oot
< (Iflleo - 105sT(s) [+ 1V flloo - 195y (-, 5% lloo - 1) - s = 0 4[| fl oot -

Because 7(s) and 7(0) are arc-lengths of characteristics, 7j is bounded by 1/( - mg) according
to Lemma 3.1. And, as highlighted in the proof of Lemma 3.4 b), when s is restricted to small
neighborhood around ¢ € Jj , we also have uniform bounds on |9;7(s*)| and ||9sy(.,5*)||co-
Taking this into account, the upper bound in (3.25) is O(s — o) + O(t) and consequently

luf oy(0,0) —uoy(t,s)| = |v"ug(c) — v"uo(s)| + O(s — ) + O(t) .
As in part a) & b), we obtain

st (r)
1 c * *
2 [ @ —u@lax< = [ yuels) = v'uo(e)] ds+O(r),
B (2) s—(7)

which tends to zero whenever z, by y(¢) = y(s*(z)), corresponds to a Lebesgue point of .
From the representation

u;' oé(1,s) =y up(s) + /fo oé(t,s)dt, s € Ji+

it is obvious that u; o &(1,s) is a BV-function of one variable on the interval J; , and that
TAS BV () since &(1,5) is regular. .
Remark: part b) of Lemma 3.7 is called “restart” because having stopped the characteristics

at some intermediate A-level I of Tj, the restarted problem

(e(x),Dw) = f(x)-£L* in Oz, wlr = ulr .

is of the same type as (3.1). This is, because Lemma 3.7 b) ensures that u|r € BV(I'). Moreover,
when applying the same method of construction, then w reproduces u by w = u|QT0> e

3.3. Uniqueness and Stability. We have seen that the linear problem (3.1) has a solution
in BV(Q). In this section we carry on with the uniqueness of the solution and its continuous
dependence on the data.

THEOREM 3.8. The solution of the linear problem (3.1) is
a) unique and stable regarding perturbations of the boundary data: let u and w be solutions of PDE (3.1)

in O\ X such that u|yq = ug and w|yq = wo, then

[ —w|| =) = [[tto — woll (30 -
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stable regarding perturbations of the right-hand side of PDE (3.1): let u and w be the solutions of

(c(x), Du) = f(x)- L2, (c(x), Dw) = g(x) - L2,

in Q1 \ X with the same boundary data u|yq, = wlyn = U , then

I =gl

= wll im0y < L

Proof.
By the linearity of the scaled PDE the difference k := u — w clearly satisfies the homogeneous

<C0(X),Dh> =0 inQ\Z , l’l|aQ = ho = (u() — wo) .

In the following passage we prove that the latter problem has a unique solution. Let ¢ €
CHO\Z). Wesetp = po&and v = h o & Moreover, let ) := Q\ (U S) as in Lemma 3.3.
Next, we want to rewrite the PDE in characteristic variables. If we change the variables first
and compute the BV-derivative of v afterwards, we obtain

/ oupds = ./' 0ot detDEd(ts) = [ o (1) (%@l p) ~2u(@Ei-¥)) dlt,s)
1(Q) (o)
/¢ ' (358, dDio(t, ) — & dDso(t, s)) -

1

And, if we proceed the other way round, meaning we first compute the BV-derivative of u
and then pull back onto characteristic variables, we obtain

/hak(pdx— /godeh /¢ &1 dDgh(x) / ¢ e, Dih(t,s) .

a(®)
Hence, we have é‘ﬁ_l Dih = (—1)! (3¢ Dyv — 3¢&; Dsv) and employing matrix-vector notation,
this can be written as

DT

¢, 'Dh = (=36 "0:5")Disv = det DG - DE'Dysv = Disv = det D¢

. gﬁ—th . (3.26)

The latter equality yields a chain rule. Note that in the special case of Dh = Vh(x) - L2 being
absolutely continuous one gets back the well known chain rule:

gﬁ*th =Vho( - & (L2LO) =Vho¢ - detDg - L2LG (D).
From (3.26) we read off
det Dg - Dyo = (98,8, 'Dh) = (co &8, Dh) = & ((co, Dh)) =
and hence the homogeneous PDE in characteristic variables is simply D;v = 0. Since visa BV-
function on |0, 1[ x Ja, b[ = £~1(Q)), there exist slices vs(t) := v(t,s) for almost every s € |a, b|

(see [4, Chapter 3.11]). By theorem [4, Theorem 3.107] such a slice vs is itself a BV-function of
one variable on ]0, 1] and its derivative relates to the partial derivative of v by

Do = (ElL ]a,b[) ® Do .

The PDE D;v = 0 clearly implies that the derivative of every slice is zero and therefore the slice
v, is equivalent to a constant v(t,s) = a(s) at most depending on s. Finally, a(s) is fixed by
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the boundary condition. Let z € dQ) with z = y(c). Proceeding as in the proof of Lemma 3.7
a), we write down the integral for the boundary trace as

s4(7)

1 c’
la(s) — v*ho(0)| ds + O(r) .

2 [ Iy —h@ldy ==

QNB,(x) s_(r)

Thus, in order to satisfy the boundary condition the only possible choice is a () = y*ho(0)
whenever o € |a, b[is a Lebesgue-point of y*hg. In summary, the solution of the homogeneous
problem is given by

o(t;s) =7"ho(s) = h(x) =ho(n(To(x),x)),
which further implies the stability equation
[ =l ) = [11llLo () = Iholle@0) = 110 — woll L= a0) -

The solution u is thus unique in the case of wy = uy.
Here again, we consider the equivalent scaled problems

{co(x), Du) = fo(x) - L2, {co(x), Dw) = go(x) - L2 .
By using the uniqueness result from part a), we can write down the solutions as

T(](x T(](x
u(x) = mo(n(To(x),x) + [ foon(tx)dr, w(x) =u((Tox),x)+ [ soon(rx)dr.
0 0

The difference of the solutions is easily estimated by
u(x) ~ 0(2)] < 1o~ gollr- To(w) < =8l

- mo

taking the essential supremum on the left-hand side yields the assertion.
0
Having the uniqueness of the solution and the continuous dependence on the right-hand

side as well as on the boundary data, the last theorem of this section focuses on the continuous
dependence of the solution on the transport field and the time function.

THEOREM 3.9. Let (cn)neN be a sequence of transport fields and let ¢ be a transport field. Let

(fn)nen be a sequence of right-hand sides and let f be a right-hand side. Let (T,)nenN be a sequence of
time functions and let T be a time function with corresponding fields of normals N, = VT, /|V Ty,| and

N =

VT/|VT|. Consider the family of linear problems
{cn(x), Dun) = fu , Unlan = uo , {cn(x), Nu(x)) = B,
<C(X),D1/l> =f, u|BQ = Uo, <C(x) (X)> > B,

in O\ X, respectively Q \ X. If the following requirements hold

1
2
3
4
5.
6
7
8

. fn converges uniformly to f: || fu — flleo — 0,
. Vfu is bounded: ||V fulleo < My foralln,

- Cp converges uniformly to c: ||cp — ¢||le0 — 0,

. Dcy is bounded: || Dep|| 1y < Mo forall n,

Ty, converges uniformly to T 1Ty — Tllo — O,

. VT, converges uniformly to VT: |VT, — VT||ew — 0,
. DNy is bounded: || DNy|| 11 () < Ms for all n,

. lengths of stops sets ¥, are uniformly bounded: H'(%,) < My for all n,
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9. there is a positive lower bound on
min{mo , inf mnlo} >m >0,
nelN

where my, o, mg denote the positive minima of the transformed time functions T, o, To from Lemma 3.1,

then the sequence of solutions u, converges BV weakly*to u, i.e.,
Uy = u in BV(QY), as n— .
Proof. L'-convergence. We begin with showing the L!-convergence of u, to u. Again, we use

the scaled PDEs

(cno(x), Dup) = fuo and (co(x), Du) = fo,

where the first PDE was scaled with 1/ (c,, VT, o) and the second one with 1/ (¢, VTj). We
denote the backward characteristics associated with the transport fields ¢, o by #,. Likewise, 1
denotes the characteristics corresponding to cg. The solutions are then given by

Tppo(x)
un(x) = Uy, (x) + 12, (x) = uo(nn(To(x),x)) + / fuoona(T,x)dt,
0
To(x)
u(x) = up(x) + uz(x) = uo(n(To(x),x)) + / foon(t,x)dr.

0

with an additive decomposition as in (3.19). We split the proof into three steps.
Step one. We restrict the discussion to a lower level set Q<. By Lemma 3.5 we know that
the solutions are bounded by
]l M
u © S UQ || + S ZOES + — = C1 ’
e < ol + o < lollimoo) + 5

where M denotes the L*-bound of the family {f,, f}. The same estimate is true for ||| ) <
Ci. Now, we choose A such that [|un|1\qp ) < Cr- L2(Q\ Qr,<)) < €/6 and obtain
o< <
£
3

. Moreover, we choose 1y € IN such

wn = ullpye) < Nl = ullpaiaq o) +2C1 L2\ Opy<p) < lun = ullpyq, ) +

Ory<a

For the remainder of the proof we focus on [[uy — u|| 1, _ )
0=

that for n > ng each stop set &, (corresponding to T},) is compactly contained in O\ O, <,. Thisis
possible because T;, converges uniformly to T. From now on we consider only the subsequences
starting at index ng. So, we can be sure that the point x € Q7 <) does not belong to one of
the singular sets X,,. Hence, all curves 7, ( ., x) are well-defined. In addition, we have that T},
converges to Ty and that VT, o converges to VT both uniformly on Qr <.

Step two. We study the contribution ||uy, — quLl(QTos/\). Let a(x) := min{Ty(x), T,,0(x)},

then we have following pointwise estimate
a(x) M
() = 12| < [ Voo a(5,2) — foo (x0T G2 Tiol() = To(w)]
0
Now, we make M/ (B - m)| T, — T0||Lm(QTO<A)£2(QTOS,\) < &/6 by using the locally uniform
convergence of T; o to Ty, and find

A
3
lzn = w2l € [ [ 100 n(T%) = o © BT, )] - L agey((7) dr dx+ =

QT()S/\ 0
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The remaining integral will become smaller than ¢/6 by dominated convergence since the inte-
grand possesses the integrable bound [fo o 17 — fon © 1fn| - Ljg o)) < 2M/ (B - 112) and converges
pointwise almost everywhere to zero. In combination with step one, we end up with

3 2¢
n = ull ey <) < ltn =l o) + l2n = u2llay )+ 3 < e —mllag ) + 5 -

Step three. We study the contribution |[u1,, — u1[/11(qy, _,)- For now, we assume that the
0=/
boundary data is continuous. Then we can appeal to dominated convergence again to make

it =1l sy = [ 10005 (Two (%), ) = 1oy (To(0), %)) .,
Ory<a

small given that 7, (T, 0(x),x) converges pointwise to #(Tp(x),x). The difference 7,(.,x) —
1( ., x) of the characteristics satisfies the IVP

(n =)' = co(n) = cnolign) ,  (1n—n)(0,x) =0.

Hence, for t < a(x), integration yields

(= m)(t,x) = [ coly(z,2)) = euolmu(z, ) d .
0

Next, we supplement ¢y (#, (7, x)) and use the triangle inequality to get a first estimate

17w = 11(£, x) §/|Co(77(r,x)) = co(7a (T, 2))[ + |co (7 (T, %)) = eno (11 (T, X)) | dT .
0

Form Requirement 2.6 3a) we get a bound |Dc(x)| < M, since x € Ory<r- A similar bound
|Deo(x)| < M must hold for the transformed transport field cg. This in turn implies the existence
of a Lipschitz constant L, for ¢y which is valid on Q7 <. For 0 < t < a(x) all points #(t, x) and
11a(t, x) are located in Q7 <). We conclude that

t

o= 1(62) < [ La- I = 0l(T,%) dT+ tco = cng
0

L®(Qry<a) 7

and apply Gronwall’s lemma (see [32])
[n =l (t,) < t-e"2[lco = enpllim(ay, ) < Ca+ lleo = enollim(ag, -y - (3.27)

Because of + < a(x) = min{Ty(x), T,0(x)} < A for x € Qr,<,, the constant is C) = A -eMLa.
The sequence ¢, o converges uniformly ¢y on Qr, <, since ¢, — cand VT,o — VTj do so too.
Consequently, we can make the difference |1, — 77| (¢, x) arbitrarily small. Based on that result, we
estimate the difference |17, (T, 0(x), x) — #(To(x), x)|. For abbreviation we set T = Ty(x) and 7, =
Ty 0(x). Estimate (3.27) is valid for t < a(x) = min{7, 7, } only. Hence we need to supplement:
in the case of T = min{7, 7, } we proceed as

10 (T, x) = 1(T, %) < (i (T, ) — 17 (T, %) | + |17 (T, ) — 17(T, %)
< =enoonm(., )i (em))  |T— Wl +Ca-llco — cno

1To — Tuoll L=y )
/ <A
< B-m +Cy - leo — Cn,O||L°°(QT09) .

L2 (Qry<a)
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In the case of 7, = min{7, 7,} we supplement 7(7,, x) instead #,(7,x) and obtain the same
result. Now, we have everything to conclude that |17, (T, 0(x),x) — #(Tp(x),x)| — 0. And in
the case of continuous boundary data up, we infer from dominated convergence that |[u7, —
u1|| L(Qgy<1) < &/6 when n is sufficiently large. In the case of general BV boundary data we

approximate u( by a sequence (u’é) ke of smooth functions. Note that u; ,, and u; solve the PDE-
problems with f;, = f = 0 and boundary data uy. Let ”Il(,n and u’l‘ be the solutions with zero
right-hand side and boundary data u’(‘). Then, Theorem 3.8 tells us that the differences in both
cases are |[uy, — u’{,nHLm(Q) = ||lu; — u’{HLw(Q) = ||lup — u’éHLm(aQ). Now, we choose k so large
that 2||ug — u’é||Loo(aQ) - £2(Q) < &/6 and obtain

k 2 k k €
1,0 =il (e o) < 2lluo = ugll=(aay - £7(Q) + llu1, — uillyag, ) < 37

where [[uf  —uk|| 1 (O, ) Was treated as described above. This step completes the ¢/3-argument
, o<

which proves the L!-convergence of u,, to u.

BV -weak*-convergence. By Lemma 3.5 all the functions u, u, are elements of BV(Q)). Using the
uniform bounds [|fu[[ec < M, [V fulleo < My, [|Denlliq) < Mz, [DNnllp1(q) < Ms, HU(Z,) <
My, and m < my,, o, we learn from (3.20) and (3.21) that the sequence of total variations |Du,|(€))
is also bounded. By [4, Proposition 3.13], the boundedness of the sequence |Du,|(Q2) along with

0

the L!-convergence u, — u imply the BV-weak*-convergence of u, to u.

We have seen that the linear problem (3.1) has a unique solution in BV(Q) and that the
solution depends continuously on the data. In other words, this problem is well-posed in BV (Q}).
Certainly, one might ask what the point of using the space BV (Q) is, because if the boundary data
ug were C!, one could solve in C!(Q \ £). The advantage of our approach is that we can close the
gap: u is defined on all of ), not only Q \ %, and we have a description of what happens to u on
Y; we know that the solution belongs to BV (Q)). This is very useful, since in BV (Q)) it is easy to
obtain compact subsets (with respect to the weak* topology) and compactness will be crucial for
the existence theory of the quasi-linear problem.

4. The Quasi-Linear Problem. In Problem 2.8 the transport field as well as the right-hand
side depend non-locally on the function u which we are looking for. The first goal of this section
is to prove the existence of a solution of the quasi-linear Problem 2.8. The plan for doing so is
to interpret a solution u as a fixed-point of a certain map U. The map U in turn is obtained
as an application of the theory of the previous section: by fixing the functional argument of
the coefficients by some v € L!(Q) the linear theory will give us a unique solution U[v] which
depends on v. Now, we will show that U is a well-behaved self-mapping such that Schauder’s
fixed-point theorem provides us with the existence of a fixed-point u = U[u]. Any fixed-point of
U is a solution to Problem 2.8.

4.1. Formulation as a Fixed-Point Problem. In order to formulate a fixed-point problem we
need to find the function space X in which U : X — X will be a well-behaved self-mapping. Here,
we define the subsets of BV(9Q)) and X C BV(Q)) with which we work.

DEFINITION 4.1. Let Q) be a domain and X a stop set according to Requirements 2.1 and 2.2. Let
My, My, M3 be the bounds on Dyc[v], f[v], Vxf[v] from Requirements 2.6 and 2.7.
a) We denote by
B =B(00Q) := {v € BV(9Q) : [|0||p~90) < My, |Do| < Ms}

the set of boundary functions. (My, Ms are generic constants.)
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b) Let M. € R and M, € R be given by

. M, . L2(0
M, : <M4+ﬁ.mO) £2(Q), (4.1)
o, Mo Ms M, Mz \ o M;
My = 2 =0 H (Z)+ﬁ-m0+( 5 +ﬁ2_m0) L (Q)+ﬁ3'mg (M1+||DN||L1(Q)>
42)
We set

X =2(Q):={v€BV(Q): o] nq) < M., [Do|(Q) < M.} .

The corollary below justifies the change of our viewpoint: Problem 2.8 is in fact equivalent to

a fixed-point problem.

COROLLARY 4.2. Let all of the data O3, &, T, ¢, f and ug be as assumed in Problem 2.8. Then,

a) for fixed v € LY(Q), the unique solution of the linear problem with transport field c[v] and right-hand
side f[v] defines a map / operator of type U : L}(Q)) — BV(Q).

b) The solution operator U, after restriction to X, is a self~-mapping of type U : X — X .

Proof.

a) Let v € L'(Q) be arbitrary but fixed then the linear theory guarantees the existence of a
unique solution U[v] which belongs to BV (Q)) according to Lemma 3.5. In other words, the
map U : L'(Q) — BV(Q) is well-defined.

b) Let U[v] be the solution of the linear problem. Lemma 3.5 provides us with the following
estimate of the L*-norm

1 [0l

Ulo 0 < |lu ) + ’
U] L) < l[uollre (a0 B - mq

and with an estimate of the total variation

IDUBII(O) < 2: (Ul () + ool o+ (U B 2
(ol

35 ([IPelllna) + PNl ) -
pr-m
0

+

Using the bounds M;, My, M3 from Requirement 2.6 and 2.7, and also the bounds M4, M5 on
uy € B, it is easy to see that the upper bounds

U110y < M, IDU[0][(Q) < M

hold independently of v. Summarizing, the operator U is in fact of type U : L'(Q) — X.
Because of X C BV(Q) C L'(Q) we can restrict the domain of U to X, and thus U : X — X is

a well-defined self-mappings.
0

4.1.1. Existence of a Fixed-Point. The next step is to conclude the existence of fixed-points
u = U[u]. The tool for achieving this objective is Schauder’s fixed-point theorem (cf. [34], [19])
which states
Let & be a Banach space and let M C X be a non-empty, convex, and compact
subset. Let the map F : M — M be continuous. Then, F has a fixed-point
x € M,ie,x = F(x).
The next two lemmas show that X and U : X — X satisfy the assumptions of Schauder’s theorem.
LEMMA 4.3.
a) The set X of Definition 4.1 is non-empty, convex, and sequentially compact in the BV -weak* topology.
b) The map U : X — X is sequentially continuous in the BV-weak™ topology.
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Proof.

a) The set X, by its definition, is convex and obviously non-empty. Because X is ||.||py(q)-
bounded, the sequential compactness is a consequence of [4, Theorem 3.23].

b) Let (vn)nen be a sequence in X which tends to v € X in the BV-weak* topology. Then, we
have in particular |[v — va|11() — 0. Now set ¢, := c[on], ¢ := c[v], fu := floal, f = f[0],
uy := Ulvy], u := U[v]. By Requirement 2.6 and 2.7 all the assumptions of Theorem 3.9 a) and
b) are satisfied, which tells us that U[v,] = u, — u = U[o].

0
In order to apply Schauder’s theorem we use a result from [10], which characterizes the

weak* convergence of sequences in the dual space X’ of a separable normed space X'.

LEMMA 4.4. Let (X,]|.||) be a separable normed space. Let ¢ = (0,)neN be a sequence with
llow|| =1and X = speTcT Let (X', .]") be the dual space with induced norm. Then,

a) the function ||x'||, := Z 27"x'(0y)| defines a norm on the dual space X’.
=1

b) a||.| -bounded sequence (x})keN in the dual space X' converges to x' € X' in weak*-topology if and
only if it converges with regard to || . ||s, i.e., || X — x'[|c — 0, as k — oo.

Proof. Part a) is [10, Lemma 1], while part b) is [10, Theorem 1]. 0

Finally, we come to our central existence result.

THEOREM 4.5. The map U : X — X admits a fixed-point u = Uu].

Proof. In [4, Remark 3.12] we learn that BV(Q)) = X" is the dual of a separable space X'.
By Lemma 4.4 we can introduce a new norm ||.||; which characterizes the weak*-topology on
BV(Q)). In terms of the new norm we see that Lemma 4.3 part a) tells us that X is non-empty,
convex and || . ||o-compact, while part b) tells us that the operator U : X — X is || . ||o-continuous.
Now, Schauder’s fixed-point theorem yields the existence of a fixed-point u = U[u]. 0

4.1.2. Example of Non-Uniqueness. We consider an almost linear problem on Q2 \ X, where
the transport field does not depend on u and where the right-hand side does not depend on x:

(c(x),Duy = flu]- £, ulan=0, flul:=¢g ( ||u||L1(Q)) : 4.3)

Here, ¢ : R — R is a continuous bounded function so that f satisfies Requirement 2.7. Having
fixed the functional argument of f, the solution U[v] is given according to (3.18) and reduces to

To(x) To(x) I To(x)
Ulv](x) = / folv] o (T, x) dt = f[v] / Ty on(T,x) / I (T, x)|dt . (4.4)
0 0 0

The last equality in (4.4) becomes obvious by looking at the characteristic ODE 1’ = —cp o 17: we
see that || = 1/ (¢, VTp) oy since |c| = 1. Let a(x) denote the arc-length of the curve 7 (., x)
which connects x = #(0,x) and the point 7(Tp(x), x) on the boundary 9Q), then (4.4) can be

written as U[v](x) = f[v] -a(x) = g ( 1o/l 1) ) -a(x). Thus, if u = U[u] is a fixed-point, it must
satisfy

u(x) = g (lullpoy ) -atx) . (45)

Consequently, u(x) = a - a(x) is a scalar multiple of the arc-length function a. Substituting u(x) =
a - a(x) in (4.5) accordingly yields a scalar fixed-point problem

woax) =g (a lallpi) atx) = a=g(a-lalnq) = @ .

If § is a continuous bounded function with many fixed-points «, e.g. §(t) = max{0, min{t,1}},
then the operator U has as many fixed-points as §.
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4.2. Uniqueness and Stability under Causality. In this section we will show the uniqueness
of the fixed-point given that the functional dependence of the coefficients ¢ and f is of Volterra-
type, i.e,, if it is causal. The notion of time induced by the time function T allows us to define
causality.

DEFINITION 4.6. Let Q) be a domain and T a time function according to Requirements 2.1 and 2.4.
Let F(Q)) and G(Q)) be function spaces defined on Q) and let f be an operator

f:F(Q) = G(Q), with fl.1(x): F(Q) = RY, xeQ.

Let T(x) be the time of the point x € Q), then we call the lower level-set Q1) of T the “past” of x. We
say that the functional dependence of f is causal or of Volterra-type if the equation

flol(x) = flo-Ta; 4, 1(x)

is valid, i.e., if the value f[v](x) depends only on those values which v takes on in the past of x.
This causality provides us with the following domain restriction feature: let A be in the range
of T and let v € F(Q). For x € Q) we have the inclusion Oro7(x) C Or<p which implies

flol(x) = flo-Ta, ., 1) = flo-Ta,., ().

Hence, the domain restriction (onto Q7. ) f : F(Qrcp) = G(Qr<y) is well-defined.

The requirements on transport fields and right-hand sides are updated as follows. Regarding
the causality statements, we refer to the same given time function T.

REQUIREMENT 4.7. Let ¢ : L1 (Q) — CY(Q\ )2 be a transport field according to Requirement 2.6.
c is required to satisfy in addition:
a) the functional dependence of c is of Volterra-type.
b) cis Lipschitzinv: ||c[v] — c[w]]|ec < Ly - ||v — w11y

REQUIREMENT 4.8. Let f : L}(Q) — C'(Q) be a right-hand side according to Requirement 2.7. f
is required to satisfy in addition:
a) the functional dependence of f is of Volterra-type.
b) fis Lipschitzinv: || fv] — flw]l[ee < Lo - [[v — wl|1qy)-

Our first result is that U inherits the causality of the coefficients.

LEMMA 4.9. If the functional dependence of the coefficients c, f is causal, then the functional depen-
dence of the solution operator U : X — X is causal too.

Proof. Let v € X be arbitrary but fixed. Let Ty, ¢y, and fy denote the transformed versions of
T, c, and f. Clearly, cp and fj are as causal as c and f. Let #[v]( ., x) the backward characteristic;
n[v](.,x) is the solution of

y' = —colo](y), y(0) =x.

For every t € ]0, To(x)[ we know that #[v](f,x) € Qg 1,(x). Thus, 77[v](.,x) depends only on
the restriction —cy[v] |QT0<TO (»y Which depends only on v-1q, . . In other words no](.,x) is
causal. From the representation of U[v](x)

(x

To(x)

Ufo](x) = uo([0](To(x), x)) + / folol onlo)(z,x) dz,
0

it is now obvious that U[v](x) = U[ v - log g |(x). 0

In the following we investigate fixed-points of U : X) — X,, where X, = X(Qr <« 2) =
{U|QTO< . : v € X} denotes the domain-restricted version of X. By Lemma 4.9 the operator U :
X — X is causal, and so the domain-restricted version U : X, — X, is well-defined. The proof
of Lemma 4.9 shows in addition that U[v] (as function of x) solves the domain-restricted linear
problem. Finally, every fixed-point u of the original operator U : X — X after domain restriction
u|QT0< , belongs to X and is a fixed-point of U : X, — X,. As the existence question has been
settled in Theorem 4.5, the next step is to prove the uniqueness.
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4.2.1. Uniqueness of the Fixed-Point. In this section we will show that, for any choice of
0 < A <1, the operator U : X, — X, is Lipschitz. Moreover, we will see that U : X — X, isin
fact contractive for a suitable choice of A. The latter feature will then imply the uniqueness of the
fixed-point.

For the estimation of the difference U[v;] — U[vz] we prepare by setting up a PDE which

is satisfied by the difference. For the purpose of abbreviation, we set ¢; := c[v;], fi = f[vil,
i € {1,2}. Let u; and u; respectively denote the solutions of the two linear problems in Qr,
{1(x), Dur) = fi(x) - L2 inQy, utlon = uo1
and <Cz(X),DM2> = fz(x) : Ez in Q)\ , u2|aQ = Upy2 .

For the first considerations we use different boundary data. When setting 11 = 12 = ug later
on, we will obtain the relations

up = U], up =Uloy]. (4.6)

Let w denote the difference w := u; — uy. After having subtracted the problems from each other,
the difference w must satisfy the PDE

(c1(x), Dw) = (fi(x) — fo(x)) - L% = (c1(x) — c2(x),Dup)  in Qry<h s

and the boundary condition w|yn = wp := up1 — Upp.

As in the proof of Theorem 3.8 we see that w is the unique solution of this linear PDE. But, in
order to solve for w, we cannot directly apply the method of characteristics, since the right-hand
side is not an absolutely continuous measure. Instead we approximate the right-hand side by
absolutely continuous measures. Since u; € BV(Q), by [4, Theorem 3.9], there exists a sequence
(U2,1)nen of C®(Q))-functions which converges strictly to uy, i.e.,

[u2 = uznllp1(q) = 0 and  [|Du|(Q) — [Duzu|(Q)[ — 0.

Moreover, we have Duy, = Vuy,(x) - £2 and |Duy,|(Q) = Vgl 11()- Using such a se-
quence we obtain an approximate problem

(e1(x), Dwy) = (fi(x) = fa(x) = (c1(x) = ca(x), Vuugu(x))) - £2 in Qpen,  (47)
with a sequence of solutions w, which we can construct. We scale with 1/ (c1, VTj) and set

_ @ 0. © Fio = fi 0 f2
1,0

€10:= =t , = , = , = Jz
YO e, Vo) 27 {e1, VTp) (1, VTo) f (c1, VTo)

(if we were to be consistent, we would set fo := f2/ (c2, VTy), which differs from f3). The
family of forward characteristics {( ., s) of PDE (4.7) are trajectories of c1 ¢ and we obtain wy in
characteristic variables by

t
wy, 0 &(t,5) = Y wo(s) + / (fl,O - fg - <C1,0 — cg, Vuz,n>) oé(t,s)dr. (4.8)
0

The consideration of the sequence w, will not be of any use if w, does not tend to w in an ap-
propriate fashion. We will show the desired convergence in Lemma 4.11. But first, we rewrite
(wy, — w) o . Because the PDE for u; has the same transport field ¢, we have

t
up o &(t,s) = v up1 + /fl,o oé(t,s)dt, and
0

t
Uy 0C(t,s) =upy,o0y(s)+ / (c1,0, V) 0 ¢(T,s) dt
0
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by the fundamental theorem of calculus. With the last two observations, and with wy = ug; —
upp, W = Uy — up, we end up with

t
(wy —w)o& = (up —ugn) 0 &+ (Y Uz — v uop) +/ (<C(2],Vu2,n> —fg) of(t,.)dtr. (49)
0

As a second step of preparation, we will show that there are uniform bounds on the determi-
nant of D¢.

LEMMA 4.10. For fixed v € LY(Q), let &[v] : ]0,1] x |a,b[ — Q\ (S UL) denote the diffeomor-
phism from Corollary 3.3 given by the solution of the IVP

y = colv)(y) y(0) =7(s) .
Then, for 0 < A < 1 there are bounds k) and K, such that
0 < ky < detD¢[v](t,s) < Ky Y (t,s) €10,A] X |a,b] .

The bounds k) and K, depend on A, but not on v. Moreover, k), decreases, while K, increases monotoni-
cally with A.

Proof. The right-hand side of the IVP is given by ¢[v] = c[v]/ (c[v], VT). By Requirement 2.6
part 3a), there is the uniform bound |Dxc[v](x)| < M., x € Q\ V¢, and a similar bound My, will
hold for Dyco[v](x). The diffeomorphism ¢[v] maps the set |0, A[ x ]a, b[ onto Oy, < for every v.
Now, we choose € so small that O, -, C Q\ V; and obtain a bound that depends on A only:

Dacole](6)] < Mysny + Yx€Oper , Voell().
From Lemma 3.4 a) we know that det D&[v] < [0:{[0]| - |9s¢[v]| < |9sE[v]|/ (B - mp). Since 95¢[v]
solves the ODE 09,¢[v]" = Dyco[v] o &[] - 9s¢[v] we estimate

t
058 [0]](,5) < 7" [leo +/MO,S(A)|aS§[v]|(TIS) dr, tel0,A].
0

An application of Gronwall’s lemma gives [9s¢[0]|(t,5) < ||Vl €xp ()\ Mo ,\)> and leads to

Neexp (A- Mo,
det D&[v](t,s) < Il EX}; (m o (A)) =K, V(ts)€]0,A[x]ab|.
Mo

For the lower bound consider the inverse &[0] ! (x) = (To(x), s[0](x)) on Qg <a, with s[v](x) =

v~ 1(n[v](To(x),x)) and the backward characteristics 77[0]( ., x). The determinant of Dy&[v] ! is
bounded by det D,&[v] 7 (x) < |V To(x)| - |Vs[v](x)| and

Vaslo] ()" = (771 ()" - (9 (o) (To(x), %) - VTo(x)T + Danlo] (1, 2) 1,019 -

Since x € Q7,.), we can estimate |D,#[v](t, x)| in the same way as [95¢[v](t,s)| which gives us
|Dyn[v](t, x)| < exp ()L : MO,E(A)). Finally, we observe that

det Dy¢[v] 1 (x) <

IVToli~y [ [IVToll~(0)
minge(, 5 |7 (5)| p - mo

+ exp ()\ . MO,E()\))) , XE QT0<)\ .
We set 1/k, equal to the right-hand side of the last inequality. Then, we have

Ferpas = det (D2 (69) ) = det Do) () oo < -
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for (t,s) €]0,A[ x ]a, b[, since in this case {(t,s) € Qr, 5. Both bounds k) and K, do not depend
on the choice of v € L'(Q). The monotonicity properties of k) and K, as functions of A are
obvious. |

Now, we can turn to the approximation of w by w,.

LEMMA 4.11. Let w and wy, be as defined above. Interpret the L! (Q1,<)-functions w and wy, as
absolutely continuous measures w(x) - £2 and wy(x) - £> on Qg < p. Then, the sequence of measures
Wy (x) - L2 converges weakly* to w(x) - L2.

Proof. Let ¢ € Co(Q1,<)) be a test function. By changing variables it follows that

A

/ (wy (pdx—// o detDE dt ds .

Ory<a a0

We use the representation of (w, — w) o ¢ from (4.9) and study the convergence of the three
summands in (4.9) separately. The first summand is estimated by

[ [y —u2) - ) 0 detDE dt ds| < iz = 2l ey, |l

and the right-hand side tends to zero, because the sequence uj , strictly tends to u; in BV(Q)).
For the second summand we write

b A
// Y upn(s) — v up2(s)) - ¢o¢-det D dt ds
0

a

= /w w2as) 7' 02(6) [ 9o+ detDE dtds| < C- /w (1,0 = 02)(5)] - |7'(5)] .

a

The constant C comes from the estimate below. Let k) and K, be as in Lemma 4.10. With k, <
det DE(0,s) < |7'(s)|/ (B - mp) we obtain

j\(pog(t,s)dethf(t,s) dt
d <A R e =
7 ()] Bomg Ky PN

Moreover, we have

J 10 trzn = m02) @) - 1Y (5) s = [ | (a0 = u2) o) | dH! () = [} (12,0 = w2) a2 0 0
a Q)

Here we apply the trace operator for BV-functions .30 : BV(Q) — L'(dQ,H!), v — o[y
According to [4, Theorem 3.88] the trace operator is continuous in the strict topology on BV (Q}).
Hence, |[(u2,n — u2) o[l 11 (90,21) tends to zero as n tends to infinity.

Let ¢(t,s) := @o((t,s)-detDE(t,s). By changing the order of integration, we get for the
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third summand

ifj(<cg'vu2/n>—f§)OE(T,S) dt-(t,s) dt ds
00

’ b A A
// (<cg/vuz,n> —fé’) o &(T,s) (/tp(t,s) dt) dt ds
0 T

a

A

— /b/(<cg,wz,n>—f§)og.hog.detpgdrdSZ / (<cg,Vu2,n>_fg).hdx.

a 0 QT0</\

In the second equality we have used the function # which comes from the following consid-
eration: by the definition of ¢ and since ¢ is a diffeomorphism, there is a continuous function
h € C(Qr,<)) such that

A
hof(t,s) = (det D&E(t,s)) ! - (/zp(t,s) dt) .

Next, we use the fact that u, solves the PDE (¢ (x), Duy ) = f3(x) - £2. Setting ¢(x) := h(x) - c3(x)
as a new test function which belongs to C (QTO< /\)2 we have

/ (<cg,Vu2,n> —fg) “hdx = / (¢, Viug,) dx — / (@,dDuy(x)) .
QT0</\ QT0</\ QT0</\

Owing again to the strict convergence of u; , to uy, we conclude that the last integral expression
tends to zero as n — oo. Summarizing the three steps above we obtain

[ - w)x) 9 dx >0 Ve (@),

07:0<)»
which means wy (x) - £2 = w(x) - £2 on O, <. O
Based on the properties of the sequence w,, we show in the following that the operator U is

Lipschitz.
LEMMA 4.12. Let A,h > 0 be such that A + h < 1. We set

Qpinp = Qrpersn \ Oryca = {2 € Q: A < To(z) <A+h}.
Then, the difference w = uy — uy satisfies

@l i) < A+R) - Capn - llto1 — uo2

L1(30),H1)
+Copn - LAQ) - (A +0) - s = allis(ag o) + 1 1 = Foll sy o))

+ Chgh - M - (()\ +h)-ller = eallis (g, ) T ller = C2”L°°(0T0<A+h)) ~
(4.10)
Here, the factor C, := K, /(B -mq-ky) is an increasing function of A.
Proof. We use the approximation of w by w, again. Because of the weak*-convergence accord-
ing to Lemma 4.11 and because of the lower semi-continuity of the total variation with respect to
the weak*-convergence (for the semi-continuity of norms, e.g., see [2]), we have

2 .. 2 ..
ol 1y, ) = ‘w L ‘ (Qry<ir) < llggf‘wn L ‘ (Qry<p) = iminf f[wn 11 a ) -
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Thus, we can estimate |[wp|[1(q,, _,) instead. Using the representation of w, by (4.8), we obtain
o<

b A+h b A+h
l0all 12 1) = //|wn|OC-detD§dtds§ //|y*(u0,1—u0,2)|dethdtds
0 0

b A+h (4.11)

+/ / </|f1,0_fg|OC(T,S)+‘<(C10—62) Vu2n> 0 &(1,s) d'r) det DZ dt ds .
a0 \D

By arguing the same way as in the proof of Lemma 4.11, we get for the first summand in the
right-hand side of (4.11)

b A+h

/ |7* (o1 — uo2)(s)|-det DG dt ds < (A +h) - Coyp - luog — uopllpraomr) -
a 0

Regarding the third summand, let g(t,s,t) := [c19 — 3| 0 &(T,8) - [Vug,| 0 &(T,5) - det DE(t,s) .
Then, we estimate

A+h t

[ [l /
JE{Fe (7))

a 0

b A4h
0¢(r,s) dv-detDZ dtds < [

t
/g('r, s,t) dt dt ds
0

_

For the inner integrals with respect to ¢, we have

A A
[t =lero — 1+ [Tzl o& [ detDE(t,s) dt < (lern — I+ [Vazal) 08+ (A = 7) Ky
T

In the next step we multiply with det D&(7,s)/k) > 1 and take away the scaling factor, which is
in the transport fields and the right-hand sides of the PDE, by 1/ (c1, VTo) < 1/(mq - B):

K)

/‘g dt < (leg — 2| - [Vug,u|) 0 &(7,8) - det DG(,s) - (A — 1) - o By

By the last result and the definition of C) we infer on the one hand that

b A A+h

[ ] [ s@stydtards <@+ Coller=eallisiag, . - IVu2alln<a,)
a0 0

and on the other hand that

b A+hA+h
/ / / T5,8) didrds < h-Cyaller = el o V82l 1y, ) -

Finally, for the second summand in the right-hand side of (4.11) we need to perform the same
steps with g(T,s,t) := | f1,0 — Y] 0 &(T,5) Ao, © ¢(t,s)-det DE(t,s). Up to some replacements
we obtain the same estimate: ||c; — c3| L®(Qg,1) has to be replaced with || f1 — f2|| L2(Qg,-1) and
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[Vuzull 1 has to be replaced with £2(Q7, ;). Combining the last considerations we con-

O )
clude the following estimate of ||wy || L{(Qryoer)
leonlliyar, o = (A H1) Cagn- lluon — w02l @)
+ Can L2(Qry< i) ((7\ +h) - fi = fallisg ) +0- 1A= f2HL°°(QTO<A+h)) (4.12)
+ Cuin [ V2allirag o (V41 ller = eallisqag, ) + - ller = 2l o ) -

Because of the strict convergence of u ,, we have ||V, || 1 ) = |Dua|[(Qgy<r1n)- Hence,

QTO</\+h
taking the lower limit on both sides of (4.12) and plugging in the estimates |Dus|(Qp <a4n) <

M., and £2(0T0< Axn) < L£2(Q) finally yields (4.10). Lemma 4.10 tells us that K, increases while
k, decreases with A, hence C, increases with A. O
COROLLARY 4.13. For any choice of 0 < A < 1 the operator U : X, — X, is L'-Lipschitz

[Ulo1] = Uloallr oy ) <A lor = o2lliay ) - (4.13)
Here, « is defined by x := Cy - (L - L2(Q) + Ly - M) and is an increasing function of A.
Proof. Let v1,v, € X),. When we consider the operator U, we always use the same boundary

data 1y € B. Hence, (4.6) holds and we have w = 1y — up = U[v1] — U[vy], since uy1 = g = .
By using Lemma 4.12 with h = 0 we see that

U] = Uloa]ll ey ) < A+ Ca (52(9) A= fallis (g, o) + Mo - ller = Cz\|L°°(QTO<,\)) :

For the differences f; — fo = f[v1] — f[v2] and ¢1 — ¢ = c[v1] — c[v2] we use the causality and the
Lipschitz conditions, which we require. That is

1f1 = falliog, o) < Ifor-Tag ] = flo2 - oy ]l

< Lo+ |[(o1 = 02) Loy () = L2~ llor =020l )

and analogously ||c; — cz||Lw(QTO<A) <Lj-|v1— 212HL1(0T0<A>. Now, (4.13) follows easily. Finally,

K, increases with A since C, does so too. 0
Now that we have brought together all ingredients we are able to show the uniqueness of the
fixed-point.

THEOREM 4.14. Let the transport field ¢ : L'(Q) — CY(Q\ )? and the right-hand side f :
LY(Q) — CY(Q) satisfy Requirements 4.7 and 4.8. Then, the solution operator U : X — X of the
(non-restricted) original problem has a unique fixed-point u € X, u = Ulu].

Proof. First, we show that, for any choice of 0 < A < 1, the domain-restricted operator
U: X, — X, has a unique fixed-point. In order to do so we decompose Q7 into finitely
many stripes () 1)1, of “thickness” 1. Let the step size h be such that h < 1/x, and let L :=
|A/h| € N be the number of steps. Then, Qg <y = Qo U...UQpy 1), U Q) 1y For the first
step, consider the operator U : X, — X, on Qp <, = (0. By Corollary 4.13 and the choice of h
we have a contraction

IUlor] = Uloa] oy < Bren- llor =2l ay ) < llor = o2lliyay ) -

If now u; = Ufuy] and up = U[uy] were two different fixed-points, we had, after domain-
restriction onto Q1 .y, the nonsensical inequality

lur = u2llpray ) < lln = w2lliay ) -

Consequently, all fixed-points coincide on the stripe O, .
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Next, we perform an inductive step. Assume that all fixed-points coincide on (), we show
that they must also coincide on Q .1y, = Q- Let ug = U[uq] and up = U[uz] be two different
fixed-points again. We apply Lemma 4.12 with A = lhto w = w3 —up. Let A := Qg (11
Because 11 and u» coincide on )y, (4.10) reduces to

lllzsay < Cog - (£2(9) - 1 flua] = fluall o) + Mes - llelir] = clua] ) ) -

By employing the Lipschitz conditions on c and f, and bearing in mind that 1; and u, coincide
on (), we obtain

lur = u2llpiq 0 = BR@e0n - 1 = v2lliq,y), ) -

By the contractivity, (1), < hxy < 1, we see that [[u; — u2||L1(Q(z+1>hm) = 0 and so the fixed-

points also coincide on the next stripe (), 1)y, ;- For the remaining last stripe we have to adapt

the step size to i = A — Lh < h and the same argumentation applies.

As claimed, the domain-restricted operator U : X, — X, has a unique fixed-point for any
choice of 0 < A < 1. Now the last step: assume by contradiction that the non-restricted operator
U : X — X has two different fixed-points, 17 and u,. Therefor, u; and u; must differ on a subset
W C Q with £2(W) # 0. Because the stop set . has Lebesgue measure zero, £2(%) = 0, we can
choose 0 < A < 1 so close to 1 that £2(W N Qg,-,) # 0. Thus, we have

1 = w2l oy ) = = w2l wnay, ) # 0

But, because 11 and u2|QTo -, are fixed-points of the domain-restricted operator U : X, —

|QT0<)\

X), we also have [|u1 — ua|| 11 ) = 0 by the previous uniqueness proof. A contradiction. [

QTO</\

4.2.2. Continuous Dependence of the Fixed-Point. In this section, we show that the unique
fixed-point depends L!-continuously on the transport field, the right-hand side, and the bound-
ary data. To this end we consider two linear problems:

{c[o](x), Du) = flo](x) - L2 in Q\X, ulpn = uo,
(€[] (x), D) = flo](x) - £2 in Q\Z, ilon = 1o,

where we assume that for both problems the same domain (2, the same stop set ¥, and the same
time function T (with transformed version Ty) are specified.

Moreover, we assume that ¢ and ¢ both satisfy the Requirements 2.6 and 4.7 with the same
bounds, and also that f and f both satisfy the Requirements 2.7 and 4.8 with the same bounds.
Finally, we assume 1 € ‘B and #iy € *B. By the latter assumptions we are sure that we obtain two
solution operators

U:x—x, o— U, and U:x—x, o—U,

which respectively correspond to the two linear problems above and possess the same domain
and range X, which depends on all those bounds. In the following we view ¢ and f as perturbed
versions of c and f. In order to measure perturbations we introduce the following norm:

DEFINITION 4.15. For maps of type g : LY(Q)) — C,(Q\ Z)? or of type g : L}(Q) — C(Q)4,
d € IN, we define the norm

18llo:=sup ig[o]lle -
veLl(Q)

THEOREM 4.16. Consider the two solution operators U and U as described above. Let u and i be the
unique fixed-points of these operators, i.e., u = Ulu] and @ = Ulil]. Then, for every ¢ > 0, one can find
6 > 0 such that

lu =il < e, whenever (Jluo = fiollpsanzey + £2(Q)-If = fllo + Mes-lle =2lo) <.
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Proof. Let v,3 € X be arbitrary but fixed and set u; := U[v], up := U[d]. On the restricted
domain Q75,0 < A <1, the difference w := u; — up must solve the problem

(c[v](x), Dw) = (f[o] = F[0])(x) - £2 = {(c[o] - &[8]) (x), Duz) , wla = 1o — o -

Again, we choose a sequence i, € C*(Q), strictly converging to u in BV (Q)), to set up an ap-
proximate PDE which has Vuy ,(x) - £2 instead of Du,. And again, the sequence wj, of solutions
converges weakly* to w. In order to proceed as in Lemma 4.12 we rewrite the right-hand side of
the PDE as

{c[v](x), Dwn) = ((flo] — f18]) — (c[v] — c[a], Vo)) (x) - £2
+ ((f18] = flo]) — (c[o] — &[a], Vi) (x) - L2
For the first summand of the new right-hand side we will apply the steps from the proof of

Lemma 4.12. Regarding the second summand let { = {[v] be the characteristics corresponding to
the field c[v]p and let

L0181 712D — tefe) —2fo], Vo]
80 = (el Iy} -

As in the proof of Lemma 4.12 we have to estimate the integral of g. After having changed the
order of integration and having estimated the determinant, we obtain

J

a

A+h
0

<(A+h)-Cagn- / |(f[8] = f[8]) — (c[8] — €[8], Vuz,u) (x) dx

t b A+h
/gofjrs drdetD¢ dids < (A+h)- A”’ //go (t,8)det D&(t,s) dt ds
+
0

IN

(A1) - o (£2(Q) - I£18) = F18) oo + I Vtt2.0]l 120y - l1e10) — 28] 1
<A +h) - Cagn (L2(Q) - I = Fllo+ IVuzalliagay - e = ello) -
Putting both estimates together and taking the lower limit, we end up with
lllriar oy S AR - Cagn- lluo = ol a0,
+ Coan - L2(Q) ((A+1) - If[o] = flellli (g, ) + - 1£10] = FIOUo(rgy o)
+ Chan - M (A1) - iefo] = c[o] (g, ) + B~ elo] = el -y )
+ (A +h) - Con (L) - 1 = Fllo+ Mas - e = &lo) -

Now we can show the continuous dependence in the domain-restricted situation. Fix 0 < A <1,
choose a step size 0 < h < 1/x) and let L := [A/h| € N be the number of steps. Furthermore,
let

(||M0 —iollpEas) + L2HQ) - = fllo + Max-[lc— C||0) (4.14)

for some 6 > 0. Let I € INg, I < L. With the result above we estimate on the set Qr (1)

0l g S O £2Q) - (A 1fe] = Tl (cag ) + A 2] = fTolli(eag o)

+Ca - M+ (A efe] = cl8]ll i .y + 1 ele] = cllls(y, g ) + A Ca- 8-
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By using the Lipschitz condition on c and f and the definition of x, from Corollary 4.13 we obtain

||w||L1(QT0<(l+1)h) S A- C/\ ) + /\K/\ . ||Z) — ﬁHLl(QTOdh) + hK)\ . ||Z) - ﬁHLl(QTO<(1+1)h) .

Now, we substitute the two fixed-points u and 7, i.e., wesetu; =v=uand up =9 =1,

||u_ﬁHL1(QTO<(I+1)h) S/\C}L(s‘f'/\K/\ HM—TZHLI( +h'K)\'||M_a||L1(QT0< (415)

Qry<in) (1)

We define the error on the set Qg <y, to be e := [lu — |11 )- By our choice of h we have

Oy <in
(1 — hxy) > 0 and estimate (4.15) yields an error recursion of the form

!
1 <o+a-egg = ¢4 < Zak~§,
k=0

where § := (A-Cy-8)/(1—hxy) and a := (A-x,)/(1 — hx)). On the restricted domain Qr,
we have now |lu — ii| LY(Qpy ) < ery1 < Cy -6 and the continuous dependence is obvious in

this case. Let now ¢ > 0 be given. For the full domain () we choose A so close to 1 that ||u —
it|| L{(0\Op ) < &/2. Based on that A we find & and L. What remains to do is to require § =

C;'-e/2, then |lu —ii||;1(q) < € will hold whenever (4.14) holds. 0

5. Conclusions and Applications. In this paper we have demonstrated that the linear ad-
vection problem (3.1) on a two-dimensional compact domain with all inflow boundary can be
well-posed. The solution which we construct is global and is defined on all of () as an element
of the space BV(Q); it satisfies the PDE on Q) \ X where X is an interior outflow set. Secondly,
we have shown that the corresponding quasi-linear functional problem (1.6), where we allow
for quite general functional dependence, admits a solution but the solution need not be unique.
To cope with that we restricted the problem to have causal Volterra-type functional dependence.
Based on this causality we were able to prove uniqueness and as well as stability. As an applica-
tion of the theory presented above we can derive the well-posedness of the PDE model behind
Image Inpainting Based on Coherence Transport. What needs to be done here is to verify that the
transport field c of the inpainting model (1.1) satisfies Requirements 2.6 and 4.7. As pointed out
in the introduction the set up of ¢ is complicated since c is obtained from the vanishing-viscosity
limit applied to the weight function of (1.5) which depends non-linearly on the structure tensor of
(1.4). The verification of Requirements 2.6 and 4.7 is thus rather technical and is the subject of [23,
Chapter 6]. Existence and uniqueness of the solution are then consequences of Theorems 4.5 and
4.14. We have also seen that the transport field ¢ depends on a couple of parameters, namely all
the parameters of the structure tensor and the weight function, and on the data image u. Finally,
as a consequence of Theorem 4.16 the solution of our inpainting model depends continuously on
these parameters and .
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