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Abstract

We study a variational problem for simultaneous video inpainting and motion esti-
mation. We consider a functional proposed by Lauze and Nielsen [25] and we study, by
means of the relaxation method of the Calculus of Variations, a slightly modified version
of this functional. The domain of the relaxed functional is constituted of functions of
bounded variation and we compute a representation formula of the relaxed functional.
The representation formula shows the role of discontinuities of the various functions in-
volved in the variational model. The present study clarifies the variational properties of
the functional proposed in [25] for motion compensated video inpainting.

1 Introduction

We consider a variational model proposed by Lauze and Nielsen [25] for motion compensated
video inpainting. The problem of video inpainting can be formulated as follows. Let €2 be
a spatiotemporal domain, D a subset of ), and f a real function representing a gray-value
video content which is known over Q \ D. Hence, the subset D is a spatiotemporal region
where the video data is lost. The problem consists in looking for a video u which is defined
on the whole of €2, matches f outside the region D, and has a content inside D which satisfies
a regularization constraint which, typically, consists in spatial piecewise smoothness.

In motion compensated video inpainting the content of the reconstructed video inside D is
also required to be coherent with the apparent motion of the video in Q\ D. Apparent motion
means a motion that can be estimated only through gray-value variations of the function f
in Q\ D and it is represented by a vector field o denoted optical flow (all these notions will be
carefully defined in the next section where the mathematical model will be presented). Motion
compensated inpainting requires the joint estimate inside D of both the gray-value video u
and the optical flow field o associated to u. The variational model for motion compensated
video inpainting, proposed by Lauze and Nielsen in [25], has been applied more recently by
the same authors also to the problems of video deinterlacing [23] and video super-resolution
[24]. See also [4, 5] for other approaches to the problem of motion estimation, and [9, 14] and
Chapter 5.3 of [6] to the problem of simultaneous video and motion estimation.



The variational model by Lauze and Nielsen requires the minimization of an integral func-
tional of the Calculus of Variations whose integrand has linear growth with respect to partial
derivatives of first and second order of the unknown functions. The linear growth makes it
possible to reconstruct a video content which is discontinuous along the boundaries of moving
objects in the video, which is an important requirement. Though a functional of this type is
well defined on a Sobolev space of functions with distributional partial derivatives belonging
to L'(Q), nevertheless such a function space is not a reflexive Banach space. Hence, in order
to achieve information about minimizing sequences of the functional we have to resort to the
relaxation method of the Calculus of Variations and to compute the corresponding relaxed
functional.

The main purpose of the present paper, after a suitable modification of the variational model
by Lauze and Nielsen in order to achieve a functional with better variational properties,
is the study of the corresponding relaxed functional. Such a study gives information about
numerical algorithms designed for the original functional: a minimizing sequence of the (mod-
ified) Lauze and Nielsen’s functional converges, up to a subsequence, to a minimizer of the
relaxed functional in a suitable topology. Minimizers of the relaxed functional are vector
valued functions of bounded variation, so that a video content which is discontinuous along
the boundaries of moving objects can be reconstructed. Moreover, we find a representation
formula of the relaxed functional which shows explicitly the role of discontinuities of the
various functions involved in the variational model.

The paper is organized as follows. In Section 2 we introduce the Lauze and Nielsen’s func-
tional and we propose a modification of the functional in order to obtain a model with
improved variational properties. Then we define the relaxed functional. In Section 3 we
specify notations and we give all the required mathematical preliminaries. In Section 4 we
find the domain of the relaxed functional, i.e., the space of functions which make the re-
laxed functional finite. It turns out that the domain is constituted of functions of bounded
variation. In Section 5 we find a representation formula of the relaxed functional: such a
representation formula shows the role of discontinuities of the various functions in the vari-
ational model (see Remark 5.2, Remark 5.4 and Remark 5.6). Some technical details are
given in the Appendix. Eventually, in Section 7 the existence of minimizers of the relaxed
functional and the convergence property of minimizing sequences of the original functional
are deduced.

2 The variational model

In this section we introduce the variational model proposed by Lauze and Nielsen [25] for
motion compensated video inpainting, then we discuss a modified version of their energy
functional which permits us to address the issue of existence of minimizers.

In the following, the gray-value video content (called simply video in the sequel) will be
represented by a real, summable function defined on a three-dimensional spatiotemporal
domain. We denote by Qs C R? the spatial domain, assumed bounded, open, connected
and with Lipschitz boundary, and we denote by [0,7] the time domain. Then we set 2 =
Qs x [0,T], and we denote by (z,t) a point belonging to 2.

We denote by D C €2 the missing data locus and we assume that D is a known, open set. The
degraded video is a function f € L*(Q\ D). For almost any ¢ € [0, 7] the function f(z,t) is
defined for a.e. x € Qs \ D, and we say that such a function is a frame of the video f at time



t. Then the set 5 x {t} N D represents the missing data locus in the frame of the video at
time ¢ (the hole to inpaint). We assume that both the set D and the set 2\ D have Lipschitz
boundary and that the set 9D N2 has positive surface measure.

The aim of video inpainting is to reconstruct a suitable gray-value video content on D from
the datum f. We denote by u : 2 — R the restored video, and we show in the sequel that
the function u has to be looked for in the class of functions of bounded variation. For almost
any t € [0, 7] the function u(z,t) is defined for a.e. x € €, and we say that such a function
is a frame of the restored video w at time t¢.

A simple approach to video inpainting tries to recover each damaged frame independently,
as proposed for instance by Bertalmio et al. [7]. However, such a method often yields
artifacts, such as flicker. Conversely, in motion compensated video inpainting, frames of the
restored video u are reconstructed from the degraded video f exploiting the property of f
of being defined on a three-dimensional (spatiotemporal) domain. Particularly, coherence
corresponding to the apparent motion of the video is enforced between reconstructed frames
u(z,t) at different times ¢.

For this purpose a vector field o : Q — R?, called optical flow, is estimated simultaneously
with the recovered video u. The vector field o is an approximation to the so-called 2-D motion
field, which is the projection onto the image plane of the three-dimensional vector field of
velocities of objects moving in the scene. The optical flow is estimated from time variation
of gray-value intensity of the video f, and in this sense it corresponds to an apparent motion
(see [6], Section 5.3.2).

In the next subsection we discuss how the optical flow is applied in the variational model
proposed by Lauze and Nielsen [25].

2.1 The Lauze and Nielsen’s original model

The starting point is the assumption that the gray-value intensity of the video f is approxi-
mately constant along apparent motion trajectories, at least for a short duration. Hence, if
t — x(t) denotes the trajectory in the image plane of a point belonging to the visible surface
of an object moving in the scene, the constancy df /dt of the video intensity formally implies
(the definition of the required derivatives in a weak sense will be given later)

af

E + <vxf70> =0, (1)

where 0 = dx/dt gives the apparent motion, V, is the spatial gradient operator, and (-,-)
denotes the Euclidean scalar product. Equation (1) is called the optical flow constraint (see
[22] for more details).
Based on a work by Uras et al. [27], Brox et al. [11] argue that estimation of apparent motion
can be improved by requiring that also the spatial gradient of intensity be approximately
constant under motion. In this case the constancy dV f/dt of the intensity gradient formally
implies

oV f

ot

where H, denotes the Hessian with respect to the spatial coordinates.

We are now sufficiently equipped to introduce the Lauze and Nielsen’s functional [25] (we
notice that in [25] the roles of the sets 2 and D are interchanged: here we prefer to denote by
Q the image domain, according to the standard notation of the calculus of variations). We

+ (H:rf) o=0, (2)



denote by ¥ the vector field (o1, 02,1), so that the constraints (1) and (2) can be rewritten
as
(V£,X) =0, (VV. )X =0, (3)

where V now denotes the spatiotemporal gradient, and VV, is a 2 x 3 matrix of mixed
space-time second derivatives. Next, for ¢ > 0, we set ¢(t) = /t + ¢, where ¢ is a small
positive parameter. Then, the Lauze and Nielsen’s functional [25] is defined by

ELZ(u,o):/ng(vauﬁ)dﬁ?’+/ng(<vu,2>2+\(vvxu)zﬁ) dc3+/gcp(yva|2)dc3,

and the function u satisfies u(z,t) = f(z,t) for a.e (z,t) € Q\ D. We denote by £3 the
three-dimensional (spatiotemporal) Lebesgue measure, and we denote by | - | the Euclidean
norm of both vectors and matrices. We have set equal to one all the weights that, in the
functional given in [25], multiply the integrals (they are not essential in the present paper
since we are interested in an existence result). The functional Epz is well defined for u, o
belonging to the following Sobolev spaces:

weWr(Q),  oeWh (R N L®(Q;R?),
provided that also f € W2(Q\ D). The meaning of the terms in ELz is the following:

(i) the first integral is a spatial regularization term which, penalizing the total variation of
Vu, enforces the piecewise smoothness of the frames of the reconstructed video u;

(ii) the second integral penalizes global deviations from the gray-value constancy assump-
tion and the spatial gradient constancy assumption (see (3)), thus enforcing coherence
corresponding to apparent motion between frames of the reconstructed video u;

(iii) the third integral is a spatiotemporal regularization term which, penalizing the total
variation of Vo, enforces the piecewise smoothness of the optical flow o.

In the following subsection we argue that, in order to look for the existence of minimizers in
a suitable function space, it is favorable to modify the energy functional.

2.2 The modified energy functional

First we observe that it is not natural to assume the existence of derivatives (even in a
weak sense) of the datum f, since it can be affected by noise which can be modeled in a
deterministic setting for instance by a L function, but without derivatives. Hence we drop
the condition u(z,t) = f(z,t) for a.e (z,t) € Q\ D and we add to the functional a term which
penalizes a global deviation from such a condition:

/ o(1f — u?)dL?,
Q\D

The function space W21(2) is not a reflexive Banach space, nevertheless, even enlarging
W2L(Q) to the generalized space BH(Q2) of functions with bounded hessian [16], i.e., the
functions u € W1(2) whose second order distributional derivatives are bounded measures
on €2, the presence of the term |(VV,u)X|? in the argument of the function ¢ makes the
functional Erz not coercive on BH (£2). However, even adding to Ez a term which makes



the functional coercive on BH (), that would not yield a satisfactory variational model.
Indeed, because of the compact injection BH(Q2) — WH(Q) [16], BH functions are not
appropriate to represent a video content, which requires a function having discontinuities
along the boundaries of objects in a video scene. For this purpose we need a functional
having minimizers in the class of functions of bounded variation.

Then we propose an approach, inspired by the work by Bredies et al. [10], where the authors
introduce a regularization functional which enforces piecewise smoothness both of the function
u being reconstructed and of an approximation of its gradient. For this purpose we introduce
a vector field v : Q — R? which approximates the spatial gradient V,u. We set

u e Wl’l(Q), v = (1}1,1}2) S [Wl’l(Q)]2, o= (01,02) < [Wl’l(Q)]Z,
and w = (u,v,0) € V(Q), with V(2) = [WH1(Q)]5. For a given p > 0 we define
0,Y) = 77— o(z)dL?, for any y € Q, 4
)= @B, Jans, " W

where B,(y) = {z € R : |z — y| < p}. Then we set ¥, = (01,,02,,1) and we assume that p
is a fixed small parameter.
We define, for any (u,v) € [W11(Q)]3, the functional
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and for any w € V(Q), the functional

G(w) = / ¢ ((Vu, S,)% + (Vo) S, %) dL?.
Q
Eventually, for any w € V() we define the overall functional

E(w) = F(u,v) + G(w) + /Q o(|Va|?)dL? + C/Q o(lo})dc?, (5)

where ¢ is a small positive constant. In the sequel we also extend the choice of the function
¢ (see Section 3.2).
The meaning of the terms in the functional F is the following:

(i) the first integral in F'(u,v) is a fidelity term which penalizes the discrepancy between
the reconstructed video v and the datum f in the set Q \ D where data are available;

(ii) the second and third integrals in F'(u,v) are spatial regularization terms which enforce
the vector field v to approximate the spatial gradient V, u, and enforce the piecewise
smoothness both of the frames and of the frame gradients of the reconstructed video u;

(iii) the integral in G(w) penalizes global deviations from the gray-value constancy assump-
tion and the spatial gradient constancy assumption, thus enforcing coherence corre-
sponding to apparent motion between frames of the reconstructed video wu;

(iv) the last two integrals in E(w) are, respectively, a spatiotemporal regularization term
which enforces the piecewise smoothness of the optical flow o, and a term which helps
to make the functional coercive.



Eventually, the replacement of the vector field o with the average o, on a ball with fixed radius
has been introduced in order to achieve the following properties: (i) uniform convergence of
the sequence {O’Z’}h when the sequence {0"};, converges in L'; (ii) as a consequence of (i),
an explicit formula for the contribution of the term G to the relaxed energy density along
discontinuity sets of functions u,v (essentially, the boundaries of objects in video scenes).
These properties will be discussed in sections 5.2 and 6, as well as the complications that
arise if the average o, is not taken.

2.3 The relaxed functional

The function space W11(Q) is not a reflexive Banach space, hence, in order to achieve
information about minimizing sequences that are bounded in V() we have to resort to
the relaxed functional of £ [13].

We set X(Q) = [LY(Q)]?, w € X(), and we extend the functional E to X () by means of
the functional & : X (Q) — [0, +oc] defined by

[ E(w) ifweV(Q),
E(w) = { +o0o  elsewhere on X ().

We denote by &€ the relaxed functional of £, i.e., the lower semicontinuous envelope of £ with
respect to the strong topology of X (). For every w € X(§2) we have

E(w) = inf {gﬂgofg(wh) H{w"} cV(Q),w" - win X(Q)} . (6)

The following properties hold ([13], Proposition 1.3.1 (iii)): £ is lower semicontinuous with
respect to the strong topology of X (Q); if £ has a minimizer in X (Q2), then

inf F = in &(w). 7
witiey E0) = it £(w) @)

In the following sections we characterize the subset Y (2) C X (£2) where the relaxed functional
£ is finite. Then we find a representation formula of £(w) for any w € Y (). Eventually, we
prove the existence of a minimizer of £ in Y (2). We obtain that a minimizing sequence of F
converges, up to a subsequence, to a minimizer of £ in the strong topology of X (Q).

3 Mathematical preliminaries

For n =1, 2,3, we denote by L" the Lebesgue n-dimensional measure in R”, and we denote
by H? the Hausdorff two-dimensional measure in R3. If A and B are bounded subsets of
R™ and B is open, by A CC B we mean that A C B. Let B(Q) be the o-algebra of Borel
subsets of Q. For every measure p : B(Q) — R*, k € N, we denote by |u| its total variation.
If 1 is a real or vector valued measure and v is a positive measure, then du/dv denotes the
corresponding Radon-Nikodym derivative. If A € B(Q2) we set u| A(B) = u(A N B) for every
set B € B(Q). If a,b € R” with n > 1 we denote by a ® b their tensor product.

We denote by BV (Q2) the space of functions of bounded variation in €2, i.e., the functions
u € LY(Q) such that the distributional (spatiotemporal) gradient of u is representable as a
measure Du : B(2) — R3 with finite total variation.



For any u € BV (), we denote by u™ (z,t),u"(x,t) the approximate lower and upper limit
of u at the point (z,t), which satisfy u™(z,t) < ut(z,t). We set

Su={(z,t) € Q: u (z,t) <u't(z,t)}.

The set S, will be considered as the discontinuity set of u, and for H?-a.e. (z,t) € S, a
normal unit vector v,(x,t) can be defined. If u € BV (2), then the Lebesgue decomposition
of Du is given by

Du = Du + D*u, D% = Vu - L3, D?uy = Ju + Cu,

where D% is the absolutely continuous part of Du with respect to £3, with density denoted
by Vu = dD%/dL3, the measure D*u is the singular part of Du, the measure Ju is the jump
part of Du:

Ju(B) = /S B(uJr — U7 )y dH?,
N

with B € B(Q2), and Cu is the Cantor part of D*u. The density Vu coincides a.e. with the
gradient of u defined in the sense of approximate limits [2].

We denote by D,u : B(f) — R? the measure whose components are the distributional
derivatives of w with respect to the spatial coordinates. We denote by V u the density of the
absolutely continuous part of Dyu with respect to £3, we denote by Dj3wu the singular part of
D, u, we denote by v, . the orthogonal projection of v, on the spatial subset of space-time
R3, and we denote by J,u, Cpu the jump part and the Cantor part of D3u, respectively. We
use analogous notations for the distributional derivative of u with respect to time: Diu, Ozu
and Dju.

If v = (v1,v2) € [BV(Q)]?, we denote by Dv the 2 x 3 matrix valued measure whose rows are
Dvl, DUQ.

For any u € BV () we denote by u;D,ugD the inner and outer trace, respectively, of v on
0D. The following Poincaré-Friedrichs inequality in BV will be useful (see [12], Lemma 6,
for a proof):

Lemma 3.1. Let u € BV (D) and let T C dD be such that H*(T') > 0. Then there exists a
constant Cg such that for any w € BV (D) the following inequality holds:

lullcoy < Cr (100(D) + [ lujolar?).
We say that a sequence of functions {u"} € BV (Q) converges to u € BV (Q) with respect to
the weak-+-topology of BV (Q), and we write u” BVZw u, if
uh —u in LY(Q), and Du — Du  weakly as measures,
where a sequence of finite Radon measures {u"} is said to converge weakly to a finite Radon
measure p if [2], for every function w € Co(9), we have [, wdp — [, wdp.
3.1 Slicing properties

For any subset Q C R3 and i = 1,2,3, we denote by €; the orthogonal projection of Q on
a plane perpendicular to e;, where {ej, e, e3} denotes the canonical basis of R3. For any
z € ; we define the slice Q) by means of

Q ={scR:z+se cQ}.



For any u € BV (Q) we define for H?-a.e. z € €,
u.(s) = u(z + se;) Vs € QL.

The following slicing properties hold [1]: for H?-a.e. z € Q; (i=1,2,3), u, € BV () and

W(s) = (Vulz + sei), 1) | /Q Du.dL(:) = (Du,ey) (8)

3.2 Functions of measures

Let k € N and ¢ : R¥ — R be a convex function satisfying the following growth conditions:
Jay >0and as > 0:  ailé] —ag < V() < ay|€] +az VE € R 9)
Then for any ¢ € R* there exists the limit [21]

o Y(E)
Yoo(§) = tllinooT’
which is said the recession function of .
Given a measure p : B(Q) — R*, we consider its Lebesgue decomposition p = u® - L™ + i,
where % is the density of p with respect to £ and p® is the singular part of p with respect
to L™. According to [21] the following function of measure can be defined:

Ao (1° du’®
VO = () £ ), )y (),

and the measure ¢ (1®) is absolutely continuous with respect to |u*] .
Hence for every set B € B()) we have

wB) = [ wyac+ [ woo( )dw. (10)

dp®
d|p|
For the properties of functions of measures we refer to [21].

In the sequel we extend the choice of the function ¢ : R™ — RT by requiring that ¢ is
nondecreasing and, for every k € N, the function v : R¥ — R defined by means of ¥(£) =
©(|€]?) be convex, Lipschitz, and satisfy the growth conditions (9). Such properties are
satisfied for instance if ¢(t) = v/t + ¢ is the function used by Lauze and Nielsen. Another
example of ¢ useful in the applications is the following:

st if t € [0,1]

o(t) =
Vt—1 ifte(1,400).

4 The domain of the relaxed functional £

In this section we characterize the subset Y (Q) C X () where the relaxed functional & is
finite. We find that functions (u, v1, v, 01, 02) belonging to the subset Y (2) are all of bounded
variation in . We set Y (Q) = [BV(Q)]°.



First we motivate the strategy used in the proof. We need to show that a sequence {w"} =
{(u",v", ™)}, on which the functional F(w") is uniformly bounded, is also uniformly bounded
in V(Q) First we show that the sequence {v"} is uniformly bounded in W', then we
prove an analogous result for the sequence {u”} (the result for the sequence {o"} is easy).
The property that the relaxed functional £ is finite Y (Q) then follows immediately by an
application of the BV compactness theorem [20].

The estimate of Vo® in L' is obtained from the integrals involving the derivatives of v" using
the growth properties of function ¢, and the property that the average on a ball with radius p
converts a sequence {¢"} uniformly bounded in L' into a sequence {a;}} uniformly bounded
in L. In order to prove that the sequence {v"} is also bounded in L', first we prove that
the sequence {6?}, of mean values of vzh on (2, is bounded for ¢ = 1,2, then we get the desired
result by means of the Poincaré-Wirtinger inequality. The boundedness of {E?} is achieved
by resorting to a one-dimensional problem by applying a slicing argument to the functional
fQ\D |f —uhdL3 + [, |[Vu — v"|dL3 (after estimating function ¢ from below thanks to its
growth properties).

The estimate of V' in L(Q) is obtained analogously. Then, by means of an estimate based
on the fidelity term we find that {u”} is also uniformly bounded in L'(Q\ D). The estimate
of {u} in Wb is then completed by resorting first to the trace theorem on 9D N, then to
the Poincaré-Friedrichs inequality (Lemma 3.1) applied on the set D.

Theorem 4.1. Let w = (u,v,0) € X(Q) be such that £(w) < +oo. Then w € Y (Q).

Proof. There exists a sequence {w"} = {(u",v", o")} € V(Q), converging to w in X (£2), such
that

+o0o > E(w) = hEng(wh) = hliEiI-loo E(wh). (11)

In the following M will denote a positive constant, independent of h, which will vary from
estimate to estimate.

We divide the proof into three steps.

Step 1. We prove that the sequence {v"} is uniformly bounded in [WH1(Q)]2.

Using (5) we have

E(wh) > F(uh,vh) > / @(|vah\2)d£3,
Q

from which, using (11) and by definition of the function ¢ (see Section 3.2), we have
M > /Q |V 0" dL3. (12)
Analogously, since F(w") > G(w") and ¢ is nondecreasing on R, we have
M>/ (Vo) ShdL? > /| ool ol + BlldL?,  fori=1,2 (13)
Moreover we have
E(wh) > c/Q<p(]ah\2)d£3, M > /Q 0" ldc?,

from which it follows that {¢"} is uniformly bounded in [L'(£2)]?, so that, using (4), {U;}} is
uniformly bounded in [L>(Q2)]?. Then, using (12) and (13), we have that V,v" is uniformly



bounded in [L'(Q;R?)]? and ;0" in [L'(Q)]?. Tt follows that Vo is uniformly bounded in
[LY(Q;R3)]2. Using Poincaré-Wirtinger inequality in W11(Q) it then follows for i = 1,2,

lof — Pl ey < C /Q Vohlacd < K (14)

where C' and K are positive constants independent of h and @h is the mean value of vf‘ on ().
Let now span({ej,ez2}) be the spatial subset of space-time R3. We have for i = 1,2:

/ Vol — ohdLd > / (Vaul, ;) — vt|dL? (15)
Q Q
Then, using (5) and (11), by definition of the function ¢, we have
Mz [ gpatat [ (Gt - otac, (16)
Q\D Q

from which, using Poincaré-Wirtinger inequality (14) and (15), we obtain for ¢ = 1,2 and h
large enough:

MKz [ gf -+ [ (Vo e) - ollac.
O\D Q

We now prove, by using a slicing argument, that the sequence {W?} is bounded for ¢ = 1, 2.
Using Fubini’s theorem and the slicing properties (8), we get

M+K2/ { yfz—ug\ds+/ yu’;’—vﬂds} dL?(z),
o |/ Qi

where I! = (2\ D) is open, and by Fatou’s lemma,

M+Kz/ liminf{ \fz—uf;|ds+/ yuQ'—vﬂdS} dL(z).
1 QL

Q; h—+o00

Then, for H2-a.e. z € QN {z: Il # 0}, we have f, € L'(I!), u? € WHI(I1), and, up to the
extraction of a subsequence depending on z, we have

; |f. — ul|ds + /QZ luh’" —T|ds < 1, < +o0, (17)

z

for any h and with [, > 0 independent of h. Assume now that for some i € {1,2} the sequence
{vl'} is not bounded. Then, up to a subsequence (not relabeled for simplicity), |[v7| — +oo0.
Given s € A C I, where A is a connected component of I, we have for any s € A,

s

)+ 705 —3) + / [ (€) — T de. (18)

S

h
z

|

ul(s) = ul(

Inequality (17) implies that {u"} is uniformly bounded in L'(I). Then, by Fatou’s Lemma,
for a.e. s € I! we have liminf;, . [u?(s)| < +00. Then we can choose 5 € A in such a way
that, up to a subsequence, |u”(5)| is bounded with respect to h. Hence by (17) and (18) we

get that for a.e. s € A there holds limj,_, o |u"(s)| = 400 and this contradicts (17). We
conclude that the sequence {o”} is bounded for i = 1, 2.
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Using Poincaré-Wirtinger inequality (14), it then follows that the sequence {v"} is uniformly
bounded in [Ll(Q)]2, so that {v"} is uniformly bounded also in [Wl’l(Q)]z.
Step 2. We prove that the sequence {u"} is uniformly bounded in Wh(Q).
Using the result of Step 1 and the estimate (16) we have that V,u" is uniformly bounded in

LY(©;R?). Moreover, using (5) and (11), by definition of the function ¢, we have
M> /Q (Vuh, Syt > /Q (Vo o) + Bl L3, (19)

Since {JZ} is uniformly bounded in [L°°()]?, this last estimate implies that also dyu” is
uniformly bounded in L'(€2). Tt then follows that Vu" is uniformly bounded in L'(£2; R3).
Estimate (16) then implies that {u"} is uniformly bounded in L'(2\ D), so that {u"} is also
uniformly bounded in W11 (Q2\ D). By our assumptions the set 2\ D has Lipschitz boundary,
hence, using the trace theorem for W' functions, we obtain

/ lu|dH? < L,
oDNQ

where L is a constant independent of h. Since H2(OD N Q) > 0, using Lemma 3.1 in the
particular case of W functions, we get

" | 21(py < Cr (/D|wh|d,c3+/aD Q\uhdH2>,
N

from which it follows that the sequence {u"} is uniformly bounded in L'(D), so that {u"} is
uniformly bounded also in W11(€Q).

Step 3. We conclude the proof of the theorem.

Now, using (5) and (11), by definition of the function ¢, we have

Mz/ |vah\d£3+c/ lo"|dL3,
Q Q

from which it follows that the sequence {(c%, 0%)} is uniformly bounded in [Wl’l(Q)]2.
Using the results of Step 1 and Step 2, we find that the sequence {w"} is uniformly bounded
in V(€2), so that {w"} is uniformly bounded also in Y (€2). Then, using the BV compactness

theorem [20], the sequence {w"} admits a subsequence converging in X (Q) = [L'(Q)]° to
a vector valued function belonging to Y (2). Since w" — w in X (Q), it follows that w =
(u,v,0) € Y(£2) and the proof of the theorem is concluded. O

5 The representation of the relaxed functional £

In this section we find a representation formula of the relaxed functional £. Such a represen-
tation formula will show the role of discontinuities of the various functions in the variational
model (see Remark 5.2, Remark 5.4 and Remark 5.6). First we give separate representation
formulae for the various terms in the functional, then such formulae will be collected in the
representation result for £. At the beginning of all the following subsections we motivate the
strategies used in the proofs.
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5.1 Relaxation of functional F

In this section we find a representation formula for the relaxed functional of F'. We express
the functional F' by means of functions of measures and we resort to properties of functions of
measures proved by Goffman and Serrin [21]. First we estimate the relaxed functional from
below by using the lower semicontinuity of functions of measures ([21], Theorem 3). Then we
estimate the relaxed functional from above by using an approximation property of functions
of measures ([21], Theorem 4), which is based on convolutions with mollifiers. The use of
convolutions permits us to obtain a local representation formula for the relaxed functional
of F' on open subsets A CC ). Eventually, we extend the representation formula to the
whole of €2 by adapting to our problem the techniques developed by Corbo Esposito and De
Arcangelis in [15].

In the following we need the notion of strongly star-shaped domain [15]. We say that the
spatial domain € is strongly star-shaped if 25 is star-shaped with respect to some point
xo € Q and, for every x € €, the half open line segment joining x( to z, and not containing
x, is contained in €;.

It will be useful to define the following relaxed functional localized on subsets of (2. Let
A C Q be open; we set V3(A) = [WHL(A)]3 and Y3(A) = [BV(A)]3. First we localize the
functional F on the set A:

Flu,v, A) = / o(1f —ul)dL + / (| Vau — o)dLd + / (I Vav]?)dL?,
A\D A A

so that we have F'(u,v) = F(u,v,Q). Then we extend the functional F' to Y3(A) by means
of the functional F : Y3(A) — [0, +oc] defined by

F(u,v,A) if (u,v) € V3(A),

f(u, v, A) = { 400 elsewhere on Y3(A)

We denote by F the relaxed functional of F with respect to the componentwise weak-x-
topology: for every (u,v) € Y3(A) we have

F(u,v, A) = inf {%minf F(u,o", A) = {(h, o)} € V3(A), (u”,0") =Y (u,0) in Y3<A>} ,

and we set F(u,v) = F(u,v,). We prove the following representation result.

Lemma 5.1. Let (u,v) € Y3(Q2), then
Fluw) = / o(1f — u)dL® + / (| Vau — o)dL? + / (| Va0]?)dc?
Q\D Q Q

+ Co[[Dzul(Q) + [Dgo|(Q)], (20)

where the constant Cy is given by the recession function of ©(t?) evaluated at 1:

C, = lim go(t2)
o = .

21
t—4oo ¢ ( )

Proof. The representation formula of F(u,v) is an application of the results in [21]. We
divide the proof into three steps.
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Step 1. Estimate of F(u,v) from below.

We shall treat the matrix valued measure D,v as a vector valued measure D,v : B(Q) — R*?
with components (Dyv1, Dyv2).

We define the measures p1 : B(Q2) — R? and ps : B(Q) — R?? as follows:

w1 = Dyu—v- L3, o = Dyv.

Let 41 : R?2 — R and 92 : R?? — R be convex functions satisfying the growth conditions (9)
and such that 1;(£) = ¢(|£|?) for i = 1,2. We consider the functions of measures 11 (1) and

Pa2(p2).

Using (21) we have ; o(§) = C, for |{| = 1 and ¢ = 1,2. Moreover, the Radon-Nikodym
derivative duj/d|u;| is a vector valued function with unit norm ([2], Corollary 1.29). Then,
using formula (10), we have

() (@) = /Q (V= v2)dL? + Cp| D3ul(2).

Analogously, we find
ba(i2)(Q) = /Q (IV202)dL? + Cl D3] ().

Let now {(u”,v")} C V3(Q) be a sequence converging to (u,v) with respect to the compo-
nentwise weak-*-topology of Y3(2). We define the following sequences of measures {u/} and
{ub}: f
pht = (Vaul — oMy - 23 ph = Vol L3
We have
Pt = [ o I+ ) (O) + (),

and ,u? — M1, M’ﬁ — ug weakly as measures. By using the lower semicontinuity property of
functions of measures ([21], Theorem 3), we have

%mian(uh, oP) > / Q| f = ul*)dL? + 1 (1) () + o (p2) (),
——400 Q\D

and by taking the infimum with respect to all sequences {(u”,v")} C V3(Q2) such that
(ul, oM BVzw (u,v) in Y3(Q2), we obtain

Fu,v) > /Q | PUT =P £ 0 0) @)+l @) (22)

Step 2. Estimate of F(u,v,A) from above for any open set A CC Q.

Let {¢"} be a sequence of positive numbers converging to zero as h — +o0, and let {pah} be

a sequence of symmetric mollifiers, with pah having support in the sphere |(x,t)| < e". Let
h

{u"} and {v"} be sequences of functions defined by means of convolutions u”

P = v« pah, where * denotes the convolution operator. For any h, let Q" denote the set

Q" = {y € Q : dist(y, 99Q) > &"}.
Let A CC Q be an open set. We have (u”, v") € V5(A) for h large enough and, by Theorem
2.2 of 2], we have (u",v") "=V (4, v) in Y3(A).

=uxp® and

13



By the properties of function ¢, the function ¢(#?) is a Lipschitz function of the variable .
Then we have

/ o(f —u?)dL? — / olf —u")dL?| < T / u—uhldcd,  (23)
QM\D QM\D QM\D

where L is the Lipschitz constant. Then we obtain

/ o(1f —ul?)dL? = lim ol — uPP)dc?. (24)
Q\D h—+o0 Jom D

Moreover, by the properties of mollifiers, we have for y = (z,t) € Q"

Vol (y) = - / Voo (2 — )u(2)dL(2),
Q

and by definition of distributional gradient,

hy) — o™ (y) = &z — u(z) —
Vaul(y) — o"(y) /Qp< y)dD <>/

Q

o = L) = [ 7 ),

Q

Then, by using the approximation property of functions of measures ([21], Theorem 4), we
have

r(p)(Q) = lim [ o(|Veu" =" P)ac’. (25)
h—+o0 Jqh
Analogously, we find
o) (@) = lim [ p(IVa 2L, (26)
h—+oco Jqhr

Collecting equalities (24-26), and taking into account that A C Q" for large enough h, we get

— 400

[ 1 = )L+ n () () + n(a) ) = L inf Pl o, 4) > Fu, v, 4),
oD
for any A CC , from which it follows

/Q\D P(If = u*)dL® + w1 (ua)(Q) + ¢a(p2)(Q) = sup{F(u,v, A) : ACC Q). (27)

Step 3. Estimate of F(u,v,Q) from above for a strongly star-shaped spatial domain Q.
We assume first that the spatial domain €2 is strongly star-shaped with respect to xg. In
the following we adapt to our problem the argument used in Lemma 4.1 of [15] in order to
obtain

F(u,v,Q) = sup{F(u,v,A) : A CC Q}.
Since, by definition of F it immediately follows that sup{F(u,v, 4) : A cC Q} < F(u,v,Q),
then we only need to prove that

sup{F(u,v,A) : A CC Q} > F(u,v,9). (28)

We set y = (z,t) € R3 and yo = (20,7/2). Let r € (0,1) and let Q, denote the set
Qr = r(Q — o) +yo. Let (u,v) € ¥3(Q) and let {(u”, v")} C V3(Q) be a sequence such that

(ul,vM) BV v (u,v) in Y3(Q,) and

F(u,v,9Q,) = lﬁm inf F(u”, ", Q,). (29)
——400
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Let now p € (0,7) and let Q,,, denote the set ., = (1/p)r(Q2—1yo) +yo. Since Q@ = Q3 x [0, 7]
and €, is strongly star-shaped, then Q CC Q,,.

Then, for ¢ € R?and 7 € R, weset z = (£,7) € R3, and we define the map y(2) = yo+p(z—y0)
and the functions

h —}uh z uz:lu z vhzzlvh z vzzlv z
up(z)—p W(2)),  up(2) p(y( ), vp(2) ’ W(2)),  vp(2) p(y( ) -

*

One can check that (u, v} BV (up, vp) in Y3(Q2) as h — 4o00. Then, using (29) and (23),
we get:

Flu,v,Q,) > hEI—&I-loo Q\D@(|f_uh|2)dﬁg
+ %Ti{}f p3/Q [¢(|vxuh(y(2))_Uh(y(z))|2)+s0(|vxvh(y(z))‘2)} L3 (2)

P

— uf*)dL?
> /QT\Dw(\f uf?)

+ pttmin [ [p(Veu(a) = pef(:)) + oVerh ()] de(e)

2\ 7,3 | B i h o h
= - + p°liminf { R
/QT\D o(lf —u|*)dL’ +p i in { (U5 V)

+ [ [eVenhia) = ob @) + (VeI P) d£3<z>}, (30)
where
R(uhoof) = [ [eVeuh(a) = p(a)P) = o(1eub(z) = b)) 4L (2).

Arguing as in the proof of inequality (23), and denoting by L the Lipschitz constant of 91,
we have

R < L= p) [ 2l e),

from which, since v! — v, in [L'(€2)]%, it follows

timsup [yl )| < L1~ 9) [ [0 E) = 900 (31)
h—+o00 Q

and, by definition of the function v,, we have lim,_,; g(p) = 0.

Taking the supremum with respect to sets A CC €2, letting » — 17 in the right-hand side of

(30), and using (31), we have

sup(Flu,v, A)s Acc ) = [ pllf —uae - (o
Q\D
+ pmint [ [o(9eudc) = )P + o Verh ()] ac’ (o).

from which, using the continuity of fQ\D o(If — u|?)dL? with respect to the strong L'(€2)
topology, which is proved in (23) by replacing Q" with Q, it follows

sup{F(u, v, ) : A CC Q} > p f(up,vp,Q)Jr/Q\D [o(If = ul®) = p*o(|f —upl*)] dL?—p’g(p).
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Since F(uy, vy, ) is lower semicontinuous, by letting p — 1~ we obtain inequality (28).
Using inequality (28) for a strongly star-shaped spatial domain g, and adapting to our
problem the method developed in [15], we obtain inequality (28) for a Lipschitz spatial
domain 25;. The proof is sketched in the Appendix.

Eventually, the statement of the lemma follows from inequalities (22), (27) and (28). O

The jump part of the total variation terms in the representation formula (20) characterizes
the role of discontinuities of functions u and (v1,v2) in the term F. We have

Diu = (u" —Uu Wy H? | Sy +Chu, Div; = (v) —’L)Z-_)I/vi’x'HQ | Sy, +Cyvi, 1=1,2. (32)

2

We set
Sv - Sv1 U S’U27

for H2-a.e. (x,t) € Sy let vy(z,t) denote the normal unit vector, and let v, , denote the
corresponding orthogonal projection of v, on the spatial subset of space-time R3. Then the
jump part Jyv of the measure D?v and its total variation can be written as

Jov = (v —07) ® vy r - H*[ Sy, | Jpv|(Q) = / (0T —v7) @ vy |dHE

v

By using (32) and taking the Euclidean norm of the 2 x 2 matrix inside the above integral
we obtain the following structure formulae.

Remark 5.2. Let (u,v) € Y3(12), then

Diul(@) = / (w0 — ) v dH 4 1Cau] (@ Su),
S

Dl(Q) = / VOF =002+ @f = 0y )2 [ ldH? 4+ [Cool(@ S.).

5.2 Relaxation of functional G for a fixed vector field o

In this section we find a representation formula for the relaxed functional of G when the
vector field o is taken fixed. Here we make use of the spatial average of the optical flow on
a ball. Particularly, we use the property that the average on a ball with radius p converts
a sequence {o"} converging strongly to o in L' into a sequence {02} uniformly converging
to o,. This property, together with an uniform bound of Vu! and Vo" in L', permits us to
reduce the computation of the relaxed functional of G to the case of a fixed vector field o via
the equality (see next subsection for a precise formulation):
lim G(u", 0" ") = lim Gu" " o).
h—+00 h—+o00

In order to compute the relaxed functional we follow a different method, with respect to
functional F', by expressing the functional G in such a way to resort directly to the relaxation
result proved by Giaquinta, Modica and Soucek in [18], and based on theorems by Reshetnyak
[26]. The reason is the following. The average on a ball with radius p converts a L! vector
field o into a continuous and bounded field o,. It then turns out that the functional G,
considered for a fixed o, as a functional of u, v, satisfies the assumptions of the relaxation
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theorem in [18]. It follows that the proof given for functional G is more straightforward in
comparison to the case of functional F.

Eventually, the average of the optical flow ¢ on a ball, together with the application of the
result in [18], permits us to obtain a representation formula for the relaxed functional of G
such that the density of the jump part of the energy can be explicitly computed (see Remark
5.4). The issues that arise without taking such an average are discussed in Section 6.

We extend the functional G, for a fixed function o, from V3(2) to Y3(£2) by means of relaxation
with respect to the componentwise weak-*-topology. We localize the functional G on the open
set A C Q; for any w = (u,v,0), with (u,v) € V3(A) and o € [L'(A)]?, we define

G(w,A):/Ag0(<Vu,Ep>2+|(VU)Zp\2) drs,

so that we have G(w

= G(w, ). We extend the functional G by means of the functional
G : Y3(A) x [L'(A)]? — [0, 400

| defined by

[ G(w,A) if (u,v) € V3(A), o € [LYH(A))?,
Glw, 4) = { +oo elsewhere Ofl Y3(A) x [L1(A)]2

For every w = (u,v,0) € Y3(A) x [L'(A)]? we define

h—+o0

G(w, A) = inf {liminf Gul, " o, A) - {0} € VB(A), (ul, M) BV (u,v) in Y},(A)} ,

and we set G(w) = G(w, ). The localized versions of functionals G, G and G will be used
later in the proof of Theorem 5.5 about the representation result for &.

In order to write the representation formula for G, given w = (u,v,0) € Y3(Q2) x [L1(Q)]?, we
define the measure i, : B(Q) — R3, with components jt, = (w0, fwl, fw2), as follows:

pwo(B) = (E,, Du)(B) = /B<Zp,dDu>,

pwi(B) = (£, Dv;)(B) = /B(Zp,dei>, for i =1,2, (33)

for any B € B(Q2). The measure S, is the singular part of j1,, with respect to £3.
We have the following representation result for the relaxed functional G.

Lemma 5.3. Let w = (u,v,0) € Y3(Q) x [LY(Q)]?, then
Gw) = [ ¢ (Va2 + |(T0)5,) de® + Colup (). (34)

Proof. The representation formula of G is an application of the results in [18, 26].
Let & € R3 for i = 1,2,3, and let & € R®3 be the vector with components ¢ = (&1, &2, &3).
Let ¥ : Q x R33 — R be the function defined by

3
U(y, &) = (Z(Ep(y),&)2> :

=1
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Using (4) the function 3, is continuous and bounded: [¥,(y)] < C for any y € €, with
C = C(o, p, Q) positive constant. Then, by definition of the function ¢ and using the growth
conditions (9), ¥(y, &) is a continuous and convex in £ function with linear growth, i.e.,

a1ClE| — a2 < U(y,€) < aiClé] +az ¥y, &) € A xR (35)

For (u,v) € Y3(Q) we set U = (u,v1,v2). We shall treat the matrix valued measure DU as
a vector valued measure DU : B(Q)) — R33 with components (Du, Dvy, Dvg). Analogously,
we denote by VU the vector in R33 with components (Vu, Vv, Vo).

Given U € V3(2) and o € [L}(Q)]?, we rewrite the functional G in the form

G(u,v,0) = /Q U(y, VUL . (36)

Following [18], we define for every (y, £, &) € Q x R33 x R* \ {0} the function
_ ¢ 3
(y,& &) =¥ (3/7 ) o= ((1/§0)2

€ <2p(y),€i>2> €o- (37)
0

=1

Let now 1 : B(2) — R332 x RT be the measure with components
1 = (Du, Dvy, Dvy, £3). (38)

Both DU and £? are absolutely continuous with respect to |u|. Then, by the properties of
the function ¥ and according to the result in [18], the relaxed functional G is represented by

_ —( dDU dc3
o) = | Uy, ——, - | dlul. 39
Gluveio) = [ ¥ (o i) )

The statement of the lemma now follows from the evaluation of this integral. The measure
|| has the Lebesgue decomposition

ul = k| + lpol, et = V1| VUR - L2, (40)

where p* = (D*u, D*v1, D®v2,0). Using Proposition 3.92 of [2], we have

acd _ ! a.e. in 2 d—ﬁg =0 inS, wherep®=pulS (41)
dlul 1+ VU2 ’ dlpl 7 '
Moreover we have
dDU VU

a.e. in €. (42)

dul 1+ VU2

lim W(ya 67 &)) = \Iloo(ya 5)7

&—07t

Since, for any y € €,

then, taking into account the above properties of measures p and DU, integral (39) takes the

dD*U
o (g, &) ael, 43
(10 Sy )l (43)

form

g(u,v,a):/g‘ll(y,VU)dﬁ‘g%-/

Q
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where D*U = (D*®u, D*v1, D%v2). Now we have

/ U(y, VU)dLS = / e ((Vu, 8,02 + |(Vo)S,?) dL?. (44)
Q Q
Moreover, since we have

dDsU dD%u., dD%vy dDsvy 5112
o \Ys 557 ) = Lo ( P> 7s> ( P 73> + P 7s> )
dlp| dlp| d|p| dlp|

and the following relations between Radon-Nikodym derivatives hold:

dpty dD?%u du? . dD%v; )
wl , =), wr — ,———), fori=1,2,
ape ~ S el = S )
it follows ADSU
[ (55250 ) il = ol (45)
0 d|p|
Eventually, the statement of the lemma follows from equalities (43-45). O

The total variation of the jump part of the measure y, in the representation formula (34)
characterizes the role of discontinuities of functions v and (v1,v2) in the term G. We have

Ju=(u" —u )y, - H2|S,, Jui = (v — v vy, - H Sy, i=1,2.

We denote by ) the jump part of uf, and by ,ug the Cantor part. Then, using (33), the
measure j; has components p, = (ulq, ul,, pls) given by:

io(B) = [ (Spddu) ula(B) = [ (Spddud, fori=12,
B B
for any B € B(2). We have |us,|(2) = |ul () + |u$|(Q). Now we set
U:(U7’U171}2):Q—>R3, SU:SUUSU7

and we denote vy the normal unit vector for H2-a.e. (z,t) € Sy. Then the measure p;, and
its total variation can be written as

pg = U =U WS, v0) - H2[Su, |il(Q) = /5 (U = U)(S,, wu)|dH?.

By taking the Euclidean norm of the vector (UT—U~)(X,,vy) € R3 inside the above integral
we obtain the following structure formula.

Remark 5.4. Let (u,v) € Y3(Q) and o € [L}(Q)]?, then

il () = /S s \/<Vu72p>2 (ut =)+ (v, 2p)? (0 —v7)2 + (v —vy)2]dH? . (46)
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5.3 Relaxation of functional F

In this section we find a representation formula for the overall relaxed functional of E. The
estimate from below is obtained by means of the lower semicontinuity of the relaxed func-
tionals of F', of G with fixed o, and of the remaining terms depending only on o, respectively.
The estimate from above is based on convolutions with mollifiers. By using an approxima-
tion property of functions of measures ([21], Theorem 4), and Reshetnyak continuity theorem
([26], Theorem 3), we show that the relaxed functionals of both F' and G can be estimated
from above by using the same sequence of functions {(u/,v")} built via convolution. Eventu-
ally, we obtain a local representation formula for the relaxed functional of E on open subsets
A CC Q, which can be extended to the whole of Q by adapting again the techniques in [15].
We localize the functional E on the open set A C Q; we set V(A) = [WH1(A)]5 and X (A) =
[LY(A)]5. For every w = (u,v,0) € V(A) we define

E(w,A):F(u,v,A)—|—G(w,A)—i—/Acp(]Va|2)d£3—i—c/A<p(\a\2)d/J3,

so that we have E(w) = E(w,). Next, for every w = (u,v,0) € X(A) we define the

functional ( ) (A4)
E w, A ifwe V(A )
g(w, A) - { +00 elsewhere on X(A)v

we define the relaxed functional localized on the set A:

— 400

E(w, A) = inf {lgminfé'(wh,A) "} c V(A),w" - win X(A)} ,

and we set £(w) = &(w, ).
Collecting the results of Lemma 5.1 and Lemma 5.3, we get the following representation
formula for the relaxed functional &£.

Theorem 5.5. Let w = (u,v,0) € Y(). Then we have

5(w):f(u,v)—i—g(w)+/&290(\V02)d£3+C¢\DSU|(Q)—i—c/ggo(\o[Q)dE?’. (47)

Proof. We divide the proof into two steps.
Step 1. Estimate of E(w) from below.
Let {wh} = {(u",v" o")} C V() be a sequence such that w" — w in X () and

lim inf £ (w") < 4-o0.
h—+4o00

Then, up to the extraction of a subsequence,

liminf £(w") = lim ") = lim E(w") < 400,
h—+o00 h—+o00 h—+o00

and, from the proof of Theorem 4.1, up to the extraction of a further subsequence,
w" P2 in Y (Q).

Since the relaxed functional F is lower semicontinuous with respect to the componentwise
weak-*-topology, we have

%mJiran(uh, o) > Flu,v). (48)
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Now we prove the analogous estimate for the functional G. First we prove that

lim inf ", ") = liminf 4
égigoG(u o, o™ ﬁgigo(}'(u o, o). (49)

Let {27} be a sequence of vector fields 2/ : @ — R? with components
_ (<wh, =), (Volt, S0y, (Vo z’;>) ,

and let {2!'} be a sequence of vector fields z& :  — R3 with components
= ((Vut,2p), (V01 3,), (Vb 3,))

Since the function 1 : R?* — R such that (&) = ¢(|¢]?) is Lipschitz, then we get:

| vtehact - [ wEhac
Q Q
< L/Q |2 — 2L = /Q (T, (S = £ + (Vo) (Sh - 5,) 2]

1/2
< L/\z’;—zpy IV + Vol 2+ |vog 2| ac?

G, 0", o) — G v, 0)] =

1/2
/d£3

< Loup[Shiy) — S| [ (196 + Vel + Veh) ac,
yeQ Q

where L is the Lipschitz constant of . Since (u”,v") BV v (u,v), then {u"} is uniformly
bounded in WH(Q) and {v"} is uniformly bounded in [W1(Q)]? (see Proposition 3.13 of
[2]), from which it follows

|G, ", o) — G(u", " a)\<LMs1elg]Zh() 2,(y)],
Yy

where M is a positive constant independent of h. Since " — & strongly in [L!(Q2)]?, then
Eg — ¥, uniformly, from which equality (49) follows. Then, by the lower semicontinuity of
G with respect to the componentwise weak-*-topology, we have

lim inf G(w") = liminf G(u", ", o) > G(w). (50)

h—+o00 h—+o00

We now consider the terms depending on the vector field o = (01, 02). We have Do : B(§2) —
R%3; then let ¢ : R?*3 — R be a convex function satisfying the growth conditions (9) and
such that (&) = ¢(|¢|?). If we consider the function of measure ¥)(Dc), then we have

H(Do") (@) = / (Vo 2)ac
Q

Since o V=Y o, then, by using the lower semicontinuity property of functions of measures
([21], Theorem 3), we get

lim inf [/ go(VUh|2)dC3+c/go(\ah|2)d£3] > /@(|VU|2)dC3+C¢|DSJ\(Q)
h—+oo |/a Q Q
+ c/ o(lof?)dc?. (51)
Q
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Eventually, collecting the inequalities (48), (50) and (51), and by taking the infimum with
respect to all sequences {w"} C V() such that w"” — w in X (), we obtain the estimate

(w) 2f(u,v)—i—g(w)—&—/Q@(WU2)d£3—i—C@\DSJI(Q)—i—c/ﬂcp(\a]Q)dL’?’. (52)

Step 2. Estimate of E(w) from above.
Let {¢"} be a sequence of positive numbers converging to zero as h — 400, and let {p° h} be
a sequence of symmetric mollifiers, with p° havmg support in the sphere |(x,t)] < ", Let

u”, v" and o" denote the convolutions u” = w % p°', V" = v * p° " and o = o * Jou ", For any

h, let Q" denote the set Q" = {y € Q : dist(y, 9Q) > €h}
Let A CC Q be an open set. We set {w"} = {(u",v", o")}; we have w" € V(A) for h large

enough and w" h BV in Y (A). Using equalities (24-26), we have

F(u,v) = hEI—Eoo F(ul, o™, Q). (53)

Now we show that an analogous equality can be obtained for the relaxed functional G(w) by
using the same sequence of functions {(u/,v")} built by means of convolution.

We use the same notations as in the proof of Lemma 5.3; we set U = (u,v1,v2) and U" =
(ul, v, vB). By the properties of mollifiers, and by definition of distributional gradient, we
have for y € Q"

VU (y / Vo' (2 —y) @ U(2)dL3(2) = /Q o= (2 — y)dDU (2). (54)

Let now p denote the measure defined in (38); for y € Q" we define the function with values
in R33 x R*:

h h
pxpt (y) = /st (z —y)du(z) = (Vuh,Vv{L, va, 1),

where we have used (54) and the following property of mollifiers:
/ psh(z —y)dL3(z) =1 vy € Q.
Q

Then we define the following sequence of measures {u}, where u : B(Q) — R332 x RY for
any h € N:
= (Vu", Vol Vol 1) - 230"

By Theorem 2.2 of [2] we have
B(Q) = [P](2") < |ul(Q) < +00,  for any h € N, (55)

and p" — u weakly as measures (see also proof of Theorem 4 of [21]). Then, by using the
approximation property of functions of measures ([21], Theorem 4), we have

Q)= i )L y) = lim PO = lim [uP](Q).
() = Bim ot ()AL (y) = Hm Jurt|(QF) = m 7] () (56)

Let now ¥ and ¥ denote the functions defined in the proof of Lemma 5.3. The function ¥ is
continuous in  x R33 x R, positively homogeneous of degree 1 in (£,&y) and, using (35),
satisfies the growth condition

U(y, & &) < a1Cl€] +azéo Y(y,& &) € QA x R33 x RT,
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Since p" — u weakly as measures, using (56), the representation formula (39), and the
properties of function ¥, an application of Reshetnyak continuity theorem (see Theorem 2.39
of [2] and Theorem 3 of [26]) yields

_ _ dDU dL? _ dDU" dc3
QMZ/\I’<y,,>d/~L= lim /W<y77>d,u'h'
W = J Y\ @l dl ) = I Y\ T @ )

Using now the definition of measures p”*, (40) and formulae (41) and (42) of Radon-Nikodym
derivatives in the case (u”,v") € V3(Q"), the definition (37) of function ¥, and expression
(36) of functional G, we have

— aDu" ac? )
Uily, ——, —— d,uh :/ U(y, VUM AL = G, o™, 0, Q).

S (o o ) 1 = [, w0 90h02 = :
Using (55) and arguing as in the proof of (49) we get

lim G(u", 0" 0, Q" = lim G(u", 0" " Q)
h—+o00 h—+o00

from which it follows
G(w)= lim Gu" " o" QM. (57)

h—-+o00

With the same method of proof we get

/@(]Valz)d£3+C¢IDSa|(Q)+c/ o(|o2)dL? = Tim [/ S|V 2)ac?
Q 0 h——00 Qh

+ c/m (p(|ah]2)d£3] | (58)

Collecting equalities (53), (57) and (58), and taking into account that A C Q" for large
enough h, we obtain

F(u,v) +G(w) + w(IVUIZ)d£3+C¢IDSJ(Q)+C/w(lalg)dﬁ?’
Q Q

> liminf E(w", A) > E(w, A),

h—+4o00

for any A CC €, from which it follows

F(u,v) +Glw) + /Q (Vo)L + Cy| Do () + /Q o(lo?)dc®
> sup{€(w,A): AcCc Q}. (59)

Using the same method of proof of Step 3 and of the Appendix, in the proof of Lemma 5.1,
we find
E(w, Q) = sup{&(w, A) : A cC Q}. (60)

Eventually, the statement of the theorem follows from inequalities (52), (59) and (60). O

The jump part of the total variation term |D*c|(€2) in the representation formula (47) char-
acterizes the role of discontinuities of the vector field o = (07, 02) in the relaxed functional
£. We have

Déo; = (o — 0; Wey - H? |So, + Coy, i=1,2,

(2
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and we set

So = Soy | Soa-

Then the computation of the total variation of the measure D?c yields the following structure
formula.

Remark 5.6. Let 0 = (01,02) € [BV())?, then

Do) = [ \flof — o)+ (o7 — o7 )2 + (Ol @\ 5,).

6 Further remarks on the spatial average of the optical flow

The integral formula in Remark 5.4 yields a representation of the contribution of G to the
jump part of the energy of the type

- - 2
/ Kt u™ vt 07,0, vy, 1) dH?.
SuUSy

The average of the optical flow o on a ball with a fixed radius p permitted us to compute an
explicit expression of the function K, which is given in (46).

In this section we discuss the complications that arise if we do not take the average of ¢ on
a ball. First we discuss the behavior of the relaxed functional £ when p tends to zero. We
have ([28], Theorem 5.14.4)

lim o,(y) = (y) = oW +o ()

o 5 , for H?-a.e y € Q,
p—

where the function & is called the precise representative of the BV function o.

In this section we emphasize the dependence of functionals on the radius p of the ball. We
further assume o € [BV(Q) N L>®(Q)]? and we consequently restrict the spaces V (€2),Y ().
For any w € V() we denote Ey(w) the functional obtained by replacing o, with o in E(w).
For any w € Y (2) we denote Eo(w) the functional obtained by replacing o, with & in E(w).
Moreover, for any w € Y (2) and any p > 0 we denote the relaxed functional by &,(w).

If we now take the limit p — 0T in formula (46), using Lebesgue dominated convergence
theorem, we find that such a formula tends to

/uusv \/<Uu, §)>2 (ut — u*)2 + <yv’ §>2 [(Uf _ Uf)2 + (U; _ U;)Q] dHQ,

where & = (61,02,1). Dealing analogously with the other terms, we find for any w =
(u,v,0) € Y(): B

lim &,(u,v,0) = Eo(u,v,d).

p—0F
The functional &, is lower semicontinuous (being a relaxed functional) for any p > 0. How-
ever, the functional £, though well defined in Y (Q), is not lower semicontinuous with respect
to the weak-+-topology of Y (£2) (see for instance [5] for a special case). Hence such a func-
tional can not be the relaxed functional of Ej.
Without taking the average o,, the relaxation problem is complicated by a phenomenon of
fine-scale oscillations (microstructures). Such a phenomenon has been studied in detail by
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Conti, Ginster and Rumpf in [14], where the authors use ¢(t) = v/t and consider only the
gray-value constancy assumption, but take into account neither the spatial gradient constancy
assumption, nor the inpainting problem. In this case fine-scale oscillations of functions u, o
may appear in the vicinity of the set of simultaneous discontinuities of such functions.

In [14] a representation formula for the relaxed functional is found where the jump part of
the energy is of the type (assuming for simplicity S, C S,):

/K(u+,u_,a+,a_,z/u)dH2,
S,

where the function K can be obtained by evaluating the infimum of a suitable functional.
The idea is that functions of class W' approximating u and ¢ near a point & € S,, and
yielding the infimum in (6), should join v~ (z) and u™*(z), and o~ (x) and o™ (z), respectively,
by means of an optimal profile in a small neighbourhood of = [3].

In [14] it is shown that such a profile is simple (essentially planar) in special cases, i.e.,
under suitable assumptions on the gray-value video v and the optical flow field o. In such
cases the local minimization problem at the discontinuity set S, is solved and the function
K is explicitly computed. However, there are also cases where the profile is not simple, in
particular microstructures appear, and an explicit expression of the energy density K is not
available.

7 Existence of minimizers of &

The following result is an immediate consequence of Theorem 4.1 and of properties of the
relaxed functional.

Theorem 7.1. The relazed functional € has a minimizer in Y (Q). A minimizing sequence
{wh} Cc V(Q) of E converges, up to a subsequence, to a minimizer of € in the componentwise
weak-*-topology of Y (). Moreover, E(w") converges to the minimum of €.

Proof. Let {w"} C Y(Q) be a sequence on which the functional £ is uniformly bounded:

sup &(@") < +oo.

heN
The proof of Theorem 4.1 implies that the functional E is coercive with respect to the
componentwise weak-#-topology of Y (£2). Using this property of E and Proposition 1.3.1 (iv)
of [13], we find that also £ is coercive, so that the sequence {w"} is uniformly bounded in Y ().
Then, using the BV compactness theorem [20], the sequence {w"} admits a subsequence
converging in X(Q) = [LY(Q)]° to a function w € Y (2). Since the relaxed functional £
is lower semicontinuous, the existence of a minimizer of £ in Y(Q2) then follows from an
application of the direct method of the Calculus of Variations.
With the same proof of Theorem 4.1, a minimizing sequence {w"} C V(Q) of E admits a
subsequence, not relabeled for simplicity, converging to a function w € Y () in the compo-
nentwise weak-*-topology of Y (Q). Since E(w") = £(w"), using (7) and the semicontinuity
of €, we have

3,00 = i B) > it o) > B,
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from which it follows that w minimizes £. Eventually, using again (7), it follows

ol B0 = i El) =)

O

The numerical minimization of functional Erz in [25] corresponds, in the framework of the
modified functional E, to computing a vector valued function w such that E(w) approximates
the infimum of £ in V(). By Theorem 7.1, E(w) also approximates the minimum of the
relaxed functional £ in Y/(€2).

Appendix

We prove inequality (28) for a Lipschitz spatial domain 5. The proof is based on an adapta-
tion to our problem of the method developed in [15] for integral functionals of the gradient.
In the following we only give a sketch of the proof highlighting the main differences with
respect to the proof in [15].
In the sequel we set

F_(u,v,9Q) = sup{F(u,v,A) : A CC Q}

and we assume that F_(u,v,Q) < +o0o. By using Lemma 1.4 of [15] there exists a finite open
covering {C}j=1,. ) of Q, such that the set C; N ) is strongly star-shaped with Lipschitz
boundary for every j. Let ©; = C; N € x [0,T1], and let {c;};—1,. 1 be a partition of unity
associated to {€2;};-1

-----

By Step 3 in the proof of Lemma 5.1, for every j = 1,...,k, there exists a sequence

{(ul uy, ])} C V3(€;) such that (u ;‘, ;1) V =" (u,v) and a.e. in Y3(;), and
hmsupF(uj,v],Q ) < F_(u,v,Qj) < +o0. (61)
h—+00

We first assume u € L>®(Q) and v € [L®(Q)]? so that, arguing as in Lemma 2.1 of [15], the

sequence {(u” ug, vj v")} can be chosen in such a way that

[u | oo,y < lullze@ys I lpeo @,z < l0llizee(yes (62)

for every j = 1,...,k. Thanks to Theorem 2.5 of [15], F_(u,v,-) is the restriction to the
family of all bounded open sets of the Borel measure F, defined as:

Fi(u,v)(B) = inf{F_(u,v,A) : Aopen, BC A}

for every bounded Borel set B. By the lower semicontinuity of 7_ and (61), using Proposition
1.80 of [2], we get

hgrfoo{/Qj\Dw<|f—u?|2>dﬁ3+/ ¢ [@(1Vau = 212) + (1720} )| dﬁ?’}

Q;

/ EdF(u,v) (63)
Q;
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for every £ € Cp(Q2;). For p € (0,1) we set

k k

h _ . h h _ .k
“p—PZ%“jv Up —PZ%%

j=1 j=1

then it follows that “Z — pu in L'(Q) and UI}} — pv in [L'(2)]? as h tends to +oo.
By the properties of function ¢, let now 1y : R — R be the convex and Lipschitz function
such that 1 (t) = ©(t?). Then, by convexity of 1y, we have:

k
/Q\Dgo(\f—ug|2)d£3 wo(f—ug)dc?):/mwo f—p;ajug s (64)

O\D

k
= p/n\pwo ;O‘j(f_“?) ac’ + (1 -p) Po(f)dL3.

O\D

Using the functions 1 and w9 introduced in Step 1 of the proof of Lemma 5.1, we have by
convexity of ¥ and s:

F(up, v}, Q) — . bo(f —up)dL? = /Q 1 (Vouh —vp)dL? + /Q Po(Vevp)dL®  (65)

IN

k k
pZ/ ajwl(ku? — v?)dﬁg’ +(1 —p)/ 1 % Zuyvzaj dc?
j=179 & P =

k k
- pZ/ang(vxv?)dﬁg—i-(l—p)/wg 1’%})2@}@%% dcs.
j=17% @ j=1

Hence, using inequalities (64) and (65), equality (63), (62) and Lebesgue dominated conver-
gence theorem, the a.e. convergence of (u;’,v?) to (u,v) and the property of o of being a
partition of unity, it follows

k
F(pu,pv,Q) < 1imsupF(UZ,U£,Q)SPZ/ ajdF «(u,v) + (1 —p) Po(f)dL?
h—s+00 = Jo, Q\D

+

k k
(1 —P)/ V1 1 P uzvxaj + 2 P e vaaj ac?
Q e 1-p s

- p / dF o(u,v) + (1 — ) / Go(F)AL? + (1 — p)r(0) + a(0)][€).
Q Q\D

Then, letting p — 1~ and using growth condition (9) for function vy, we get inequality (28):

F(u,v,Q) < liminf F(pu, pv, Q) < F_(u,v,9). (66)

p—1-
We now consider the case (u,v) € [L'(2)]3. For every k € N and u € L'(Q) we set

Tru = max{—k, min{u, k}},

27



and, for v € [L'(Q)]?, we set Twv = (7xv1, Tkv2). By (66) and the lower semicontinuity of F,
we have
Flu,v,0) < llim inf F(rpu, v, Q) < liminf F_ (1pu, 750, Q). (67)
—+00 k—+o00

To conclude the proof, it is enough to show that

lgminff,(Tku,Tkv,Q) < F_(u,v,9Q). (68)

Let now A CC Q and let {(u",v")} C V3(A) be a sequence such that (u”,v?) = (u,v)
and a.e. in Y3(A), and
limsup F(u", 0", A) < F(u,v, A). (69)
h—+o00

Let k € N be fixed; we set E" = {x € A: v}(x) >k or v}(x) > k}. We have

/d)l(vakuthvh)dﬁg = V1 (Vul —oM)de? + / 1 (—mpo™)dL?
A An{uh>k}

/(A\Eh)ﬂ{uh<k}

/ ¢1(vxuh — Tkvh)dﬁs
ANErN{uh <k}

/ wl(quh — vh)d[,3 + ﬁ’k(uh, vh, A), (70)
A

IN

where

Tip(ul o, 4) = [01(Vau = 7o) = 1 (Vou” = )] ac?

/AmEhm{uh<k}

+ / ’lﬁ1<—7'k1)h)d£3.
An{uh>k}

Using the Lipschitz property of 11 and the growth condition (9) we have

fl,k(uhﬂ-]h’A) < Ll/

|7'kvh — vh|d£3 + / (a1|vh| + ag)dL3,
AnErN{uh <k} An{ul>k}

where Lj is the Lipschitz constant of 11, from which it follows

lim sup T\l,k(uhv /Uha A) < 2[fl / ‘”U|d,c3 + / (CL]_|’U| + a?)d[’g = Tl,k(uv v, A))
ANEN{u<k} An{u>k}

h—+o00
(71)
where E = {z € A:vi(x) > k or va(z) > k}. Since the function ¢ is nondecreasing, then we
have

/ Yo (Vempv™)dL? = / o(|Vero"?)dL? < / Yo (VM) dL? + Ty i (v, A), (72)
A A A

where

Ty (v, A) = / 2(0)dL3,
Anfvp>k}n{vh >k}

lim Thu(o", A) = / Po(0)dL3 = Ty (v, A). (73)
Aﬁ{’ul>k‘}ﬁ{’l}2>k‘}

h—+o00

and
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Taking into account that, for fixed k € N, (rpu”, 70") — (7pu, 7v) in [L1(Q)]3 as h tends to
+00, arguing as in the proof of (24), using (70) and (72), we get:

F(mpu, g0, A) < limian(Tkuh,Tkvh,A)S/gp(\f—mu|2)d£3
A

h—+o00

4+ lim sup/ [wl(vmuh — Uh) + Qﬂz(vxvh)} c?
h—+o00 JA

+ lim sup(f17k(uh, o', A) + Ty (v, A)),
h—+400

from which, using (69), it follows

Flnuno,A) < Fuod)+ [ dolf = najat® - [ vos - wpac?
A A
+ Tl,k:(ua v, A) + TQ,k(Ua A)
< F_(u,v,Q)+ Lo/ | T — u]dﬁg + T i (u, v, Q) + T (v, ),
Q

where Lg is the Lipschitz constant of 9. Taking the supremum with respect so subsets
A CC Q in the left hand side we find

F_(mpu, v, Q) < F_(u,v,9Q) + Lo/ | 7w — u|d,C3 + T g (u, v, Q) + T (v, ),
Q

from which, using (71) and (73) and taking the limit as k — 400, we get

lim sup F_ (tpu, 750, Q) < F_(u,v,9),
k——+o0

which yields (68) and concludes the proof.
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