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Abstract

The purpose of this essay is to analyse a recently proposed bilevel learning scheme
for image reconstruction in one dimension which optimises under a box constraint
with respect to both the regularisation parameter and the order of the regulariser.
The learning scheme is based on ICTV regularisation and is distinguished by the
fact that it involves fractional order IC'T'V seminorms, which happens to reduce
the staircasing effect. Along the analysis of the existence and uniqueness for the
bilevel learning scheme, the fractional Sobolev spaces are studied, leading to a result
concerning the asymptotic behaviour of the Gagliardo seminorm due to Bourgain,
Brezis and Mironescu. The fractional ICTV seminorms are introduced and the
asymptotic behaviour is investigated. In particular they are shown to lie interme-
diate between the surrounding integer /CTV seminorms. Further, the existence of
extremal functions for these new seminorms is established and the connection with
the total variation is analysed. Finally, a theorem guaranteeing the existence and
uniqueness of a solution to the learning scheme is proven.
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1 Introduction

1 Introduction

In Image Analysis and Signal Processing, variational noise removal techniques and
PDE methods have gained lots of popularity over the last decades. In a paper from
1992, the mathematicians L. I. Rudin, S. Osher and E. Fatemi introduced a total
variation based noise removal method which can be considered as the starting point
of this development, see [FOR92]. This method relies on minimising the so-called
RO F-functional

1
ROF,(u) == §Hu — |72y + TV (u),

where I := (0,1) is the domain of a 1D-image/signal, ug € L?(I) represents the
corrupted image, and 7'V (u) denotes the total variation of u, i.e.

np—1

1

V() = swp [ di= s Y fulwe) - (o)
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The corrupted image ug is of the form
Uy = Ue + 1,

where u, represents the clean picture and 7 is the noise that we want to remove.

] |\wf

(a) Original signal (b) Noisy signal (¢) ROF denoised signal

Figure 1: (taken from [WXO09]) ROF denoising of a signal including piecewise con-
stant, piecewise linear and piecewise parabolic parts.

As figure 1 shows, the ROF method has the property that it preserves disconti-
nuities in noisy step functions. However, there is a problem with this scheme. When
using total variation based image reconstruction schemes, the solutions are usually
piecewise constant which results in an effect called staircasing. In two dimensions,
the staircasing effect is responsible for the formation of blocks in the reconstructed

image, see figure 2.
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{a) Noisy image (b) TV reconstructed image (c) Staircasing (block-formation)

Figure 2: (taken from [PS14]) TV image reconstruction and Staircasing.

The outcome of minimising the RO F-functional depends on the choice of the so-

called regularisation parameter & € R,. On the one hand, if we choose a to be
very small, the functional basically minimises the L?-error to the corrupted image,
which means that we get a reconstructed image that is very close to ug, but where
the noise is still not removed. On the other hand, if we choose a to be very large,
the functional basically just minimises the total variation, which results in an over-
smoothed image that is not necessarily very close to uy. Therefore, one is interested
in finding “good” or even optimal regularisation parameters.
In order to find optimal regularisation parameters, one uses so-called bilevel learning
schemes, which adapt themselves to given perfect data. Bilevel learning schemes
are constrained optimisation problems where the constraint consists of solving an
optimisation problem itself. The latter one is called the lower level problem or the
second level problem. The idea of the learning scheme is now as follows. Suppose
our variational method is based on minimising the functional J = 7, where « is the
vector consisting of all regularisation parameters. It would be a very difficult task to
tune the regularisation parameters by hand in order to find a suitable constellation
(particularly when optimising for more than one parameter as in the subsequently
discussed ICTV regularisation, cf. (1.1)). Instead, we choose a quality measure @
such that Q(u,) evaluates the quality of a minimiser u, € argmin, J,(u). Then the
bilevel learning scheme minimises the quality measure with respect to the parameter
vector q, i.e. it is of the form

min - Q(ua)
st. U, € argmin J,(u)

u

An example for a bilevel learning scheme which uses the RO F-functional as vari-
ational approach and the squared L?-error to some clean test picture u. € L*(I) as
quality measure is the following:

ran>151 [tta — UCH%?(])
(B1) s.t.  u, = argmin ROF,(u) "
u€BV (I)
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The scheme (B;) then looks for the optimal regularisation parameter o* such that
the ROF-reconstruction u}, minimises the L?-error to u.. The disadvantage of this
scheme is again the staircasing effect, since it is based on minimising the ROF-
functional.

There are two popular regularisation methods that are known for reducing the stair-
casing effect, the ICTV (infimal-convolution total variation) regulariser and the
TGV (total generalised variation) regulariser, which coincide in one dimension.
The integer ICTV seminorm/regulariser of order k£ + 1 € N.; and weight o =
(ag,...,ox) € REM on [ is defined by

k—2
- ; r_ ) r /
|U|10Tv§+1(1) = Ule%l5<f> {040|U Uo|/vzb(1) + E iy1|v; Uz+1|./\/lb(1) + Otk|vk_1|Mb(1)},
VO<i<k—1 i=0

(1.1)

where we are using the notation |u'|p, = TV (u).
An often used regulariser in this class is the ICT'V regulariser of order two, which
reads as

[ulicerve = inf | {aolu’ = vola,n) +aluolan )
The definition of the regularisers can easily be adapted to a two dimensional setting.
A result of image reconstruction by using ICTV? (with squared L? fidelity/data
term) is shown in figure 3.

We see that the staircasing effect in the ICTV? reconstructed image is reduced
compared to the T'V reconstructed image. To see this mathematically, we take a
function vy € BV (I) and look at the expression in the ICTV? regulariser. If we
think of vy as the distributional derivative of some other function wy € BV (I), then
the first term of the regulariser can be seen as first order 7'V term involving the total
variation of wy and the second term can be seen as second order TV term involving
the total variation of wy, which is small if wy is piecewise linear. Therefore, this
second order TV term can counteract possible staircasing created by the first order
TV term.

In this essay, we will investigate the following bilevel learning scheme that optimises
both the regularisation parameter and the order of the ICTV regulariser (the order
of derivation) proposed by E. Davoli and P. Liu in [DL16]:

(a*,r*) = argmin {Huw — e[ Za(py t (@,7) € [a, AJlrI+T % [1,R]}
(B) (OM). )
U 1= argmin <||U—U0||L2(1) + |UI10TV,;(1)>
weBCV(I)

In this scheme, a, A > 0 and R > 1 are fixed real numbers and BC'V_ denotes the
space of functions with corresponding finite /C'TV. seminorm (definition 10). To
give sense to the scheme, we need to define /C'T'V seminorms for non-integer orders.
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(¢) TV denoising (d) ICTV? denoising
Figure 3: (taken from [DSV17]) TV and ICTV? image reconsruction.

The advantage in working with seminorms of fractional order is that fractional
order derivatives reduce contrast and staircasing effects.
We will define the fractional order ICTV seminorms ||;opyk+s for & € N and
s € (0,1) in such a way that they are in some sense intermediate between the
surrounding integer ICTV-spaces. For instance (see definition 9), the fractional
ICTYV regulariser of order 1+ s for s € (0, 1) is defined by

|l rervats oy = voEWS’jgil_s)(I), {aolu’ = svolaty(r) + ars(1 = s)|volyeassa-on }
(’Uo)IZO

and the corresponding ICTV space is defined by
BCV (1) := {u € L'(I) : |ulropyiesry < 00}

This definition already shows that we need to study fractional Sobolev spaces
before we can understand the fractional IC'T'V spaces. The structure of this essay
is as follows.
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Structure. The goal of this essay is to analyse the existence and uniqueness of
a solution (a*,r*) to (B) (which corresponds to the reconstructed image g ,«).
The main reference for this essay is [DL16].
Section 2 is based on [Alt06], [EG92] and [Sch16] and provides a quick review of
the cornerstones in the theory of functions of bounded variation. The main results
of this section will be approximation and compactness in the space BV'.
In section 3, we are going to study fractional Sobolev spaces. The first part of the
section serves as an introduction to the main results in the theory of fractional
Sobolev spaces and provides an important toolbox including embedding theorems
and a Poincaré-type inequality, which will be used frequently throughout this essay.
The mentioned results concerning classical Sobolev space theory can be found in
[Eval0O]. In the second part of the section, we are going to study the asymptotic
behaviour of the so-called Gagliardo seminorm on which section 4 crucially relies.
The results of this subsection are based on [Mal4] and [BBMO02], where the latter
one is the main reference.
In section 4 we define both the integer IC'T'V regulariser as well as the fractional
ICTV regulariser and study the connection between them by looking at the
limit behaviour of the fractional ICT'V seminorms. The section is concluded by
investigating the existence of extremal functions for the fractional /C'T'V seminorms
and a theorem relating the /C'T'V seminorms to the total variation. The results in
this section provide the foundation for the study of the bilevel learning scheme (1)
in section 5.
In section 5, we can finally use our results from the sections 3 and 4 to prove an
existence and uniqueness theorem for the learning scheme (B). The results in the
sections 4 and 5 are based on [DL16].

Contribution. This essay is not intended to provide new research results.
Rather, the aim of this essay is to come up with an improved version of the original
paper [DL16]. This involves firstly the correction of any mistakes made in [DL16]
which I was able to find, and secondly an attempt to improve the clarity of the
argumentation in the proofs.

In particular, this version of the proof of theorem 11 corrects and simplifies the
original one, and arose from collaboration with Pan Liu (especially lemma 2).
Further, this essay is aimed to be as self-contained as possible and hence it might
be accessible to a wider audience.

Acknowledgements. First of all I would like to thank my advisor Dr Carola-

Bibiane Schonlieb for suggesting this interesting topic and for her continuous sup-
port. Throughout the essay-writing process she provided plenty of good ideas and
always had an open ear for my questions.
Secondly I would like to thank Pan Liu for a very fruitful discussion of his paper
[DL16] and in particular for working together with me on the proof of theorem 11.
It was a great pleasure for me to discuss mathematics with both Carola Schonlieb
and Pan Liu on this modern topic of bilevel learning.




2.1 Recap on signed Radon-measures

2 Functions of Bounded Variation

2.1 Recap on signed Radon-measures

In this section, we will recall some facts about signed Radon-measures. The re-
sults will not be proven in this essay, but we refer to [Rud87] for a more extensive
discussion of the topic. We start by defining signed Radon-measures.

Definition 1 (Signed Radon-measure). Let U be a set and let A be a o-algebra on
U. Amap p: A— (—00,00) is called a signed Radon-measure, if the following two
properties are satisfied:

(1) p is a signed measure, i.e. for any pairwise disjoint family of sets (A,), C A

there holds
H (U An) = ZM(AH>‘

neN neN

(13) The variation of p,

ul : A — 10,09
|1l (A) = sup {Z!u(An)! JAnc A Ann A, =0 Vm # r} 7
neN neN

defines a Radon-measure, i.e. a Borel-measure that is finite on compact sets
and that satisfies the exterior reqularity condition

vAeU: |uf(A) = Inf [u|(B).
BCU open
We denote by M(U) the space of all signed Radon-measures.
Remark 1. The space M(U) endowed with the total variation norm

il me = 1l ()
1s a Banach space.

The main theorem in the study of the space M is Riesz’s representation theorem.
Before we state the theorem, we recall the definition of two important function

spaces.

Definition 2. Let Y C RY. We define the space of compactly supported continuous

functions
C.(U) :={f € C(U;R) : supp(u) compact}

and the space of continuous functions that vanish at infinity by
oo
Cod) == C.(U)
={f e CU;R): I(fn)n C C.(U) s.t. f, —> [ uniformly}
={f e CU;R): Ve >0 3K C U compact s.t. |f(z)| <e Ve e U\K}

_ {f € CWUR): lim f(x) = o} |




2.1 Recap on signed Radon-measures

Remark 2. The space Co(U) endowed with the norm || - || s a Banach space.

Riesz’s representation theorem provides a connection of the spaces Co(U) and
M(U). To be precise, it says that M(U) is the dual of the space Cy(U).

Theorem 1 (Riesz’s Representation Theorem, Cj = M). Let U C RY and let
A Co(U) — R be linear and continuous. Then there exists an unique signed Radon-
measure j1 € M(U) such that

A= [ £ dn

u
There holds
il m@y = Ml ecownry == sup [A(f)]-
feCo(U)
[l Flloo<1

We note that this theorem implies that for any bounded sequence (u,), in L*(U) C
M(U) = C{(U) there exists a signed Radon-measure u € M(U) and a subsequence
such that u, — u in M(U) along this subsequence, i.e.

/un-deN—>u/fdu

u
for any f € Co(U).

Another important application of the theorem is the following. Consider the space
X = Cy(RY). Since X is separable, there holds weak-* compactness in the dual
X' = M(R") which means that for any bounded sequence (i), C M(RY) there
exists some p € M(RY) and a subsequence such that p, — p in M(RV), i.e.

[ £m— [ 1
RN RN
for any f € Co(RY).

Besides the weak-*x convergence, there is also a notion of weak convergence in

M(RM).

Definition 3 (Weak Convergence in M(RY)). Let (pin)n, 0 be positive Radon-
measures on RN . Then we say that the sequence (i), converges weakly to p, denoted

by i 2 i, if
/ fdpn — / [du
RN RN
for any f € C.(RY).
To round the section off, we note the following connection between weak and

weak-* convergence:

* M
fin = p = pip, = pand ||| peny < C.

10



2.2 Definition and first properties

2.2 Definition and first properties

In some tasks in image analysis, in the analysis of partial differential equations and
in the calculus of variations, the given problem turns out to naturally provide no
more than an estimate on the L'-norm, which often results in difficulties. The prob-
lem is that since L' is not reflexive, we cannot extract a convergent subsequence
for a L' bounded sequence. In particular, we do not get easily a limit function (in
the PDE context the limit would be a candidate for the solution of the equation).
To overcome this problem, one passes into the space of signed Radon-measures M
instead of working in L.

The motivation for defining the space of functions of bounded variation is the prob-
lem described above for the non-reflexive Sobolev space Wi, We would like to have
a Banach space that contains W' and where a bounded sequence has a convergent
subsequence. We will see that the function space BV possesses these properties.

Notation. Let U C RY be open. For a function u of integrability class L'(U), we
can identify u with the distribution

(u)y : CU) — R, ¢ +—> (u, o) ::/uqb ach,
u
and we write Vu € M(U;RYN) if the distributional gradient
V{u): CXURY) — R, ¢ — (Vu,¢) = —(u,V - ¢) = —/U(V'¢) ac”
u

can be extended to an element of Co(U;RYY = M(U;RY), i.e. to a continuous
linear functional on Co(U;RYN).

Definition 4 (The space BV). Let U C RY be open. We define
BVU) :={u € L'U) : Vu € MU;RY)}
to be the space of functions of bounded variation over U.

We note that the so-defined function space, endowed with the right norm, is
actually a Banach space which contains W1!(f). This means that the condition
Vu € M(U;RY) is weaker than the condition Vu € L'(U; RY), in the sense that the
latter one is more restrictive. Moreover, we could have defined BV (i) equivalently
in a different way as the following theorem shows.

Theorem 2. Let Y C RY be open. Then the following holds:
(1) The space BV (U) can be equivalently written as
BV(U) = {ue L*(U) : TV (u) < oo},

where the total variation of the function u is defined by

TV(u)=  sup / u (V- ¢) dcv.
peC (URN) JU
l[$lloc<1

11



2.2 Definition and first properties

(i)
(iid)

Proof.

(i)

(iid)

WYY U) is contained in BV (U).
BV (U) endowed with the norm

[ull vy = llulley + TV (u) (2.1)
1s a Banach space.

(1) Firstly, let w € BV (U). Then Vu is understood as the extension of
V(u) to Co(U; RY). By definition of || - || pary) = || - [|2(co@iry)r), We have
for all ¢ € CHU;RY) C Co(U;RY) that

/u W(V - 8) dLY = —(Vu, ¢) < (Vi )] < | Varl ey |61

So TV (u) < ||Vu| pmeiryy < 00.
For the other direction, let w € L'(U) with TV (u) < oo. By definition of the
distributional gradient K = V(u), the finite total variation of u implies

sup  |K(¢)] < C < . (2.2)
PECE URY)

ll¢lloo<1
This estimate implies that we can extend K to a continuous linear functional
on Co(U;RY) as follows: Let ¢* € Co(U;RY). By approximation, there exists
a sequence (¢,,), C C®(U;RY) with ¢,, — ¢* uniformly. Using linearity of K

and our estimate (2.2), we obtain

| K (6m) — K ()| = K (¢m — &) < Clldm — drllpo@y — 0.

m,r—00

Hence, (K (¢,)),, is as Cauchy sequence in R convergent and we can extend
K by K(¢*) == lim K(,) to K € L(Co(td; RV);R).
n—oo

Let u € WHH(U). By definition, u € L'(U) and the distributional gradient can
be represented by an element in L*(U), i.e. there exists a function g € L'(U)
such that K (¢) := (Vu, ¢) = (g, ¢) for all test functions ¢ € C>(U;RY). The
Cauchy-Schwarz inequality yields

sup K (0)] < [lgllzr@y < oo
PECE (URN)
l[6lloo<1
As we have seen in the proof of (7), this estimate implies that we can extend
K to a continuous linear functional on Cy(U;RY). Hence, u € BV (U).

It is easy to see that BV (U) is a vector subspace of L' (i) and that (2.1) defines
anorm on BV (U). It remains to show that the space is complete. This follows
directly from the completeness of L'(U/) and the lower semi-continuity of the
total variation with respect to L'-convergence. We will prove the latter fact

at the beginning of the next subsection.
O

12



2.3 Approximation and Compactness

The strong convergence in BV provided by the norm defined in (2.1) is just
rarely used. We will define a more useful type of convergence in BV, the weak-
star convergence. The advantage of the weak-star convergence is that one can show
that given a bounded sequence in BV, we can extract a weakly-star convergent
subsequence in BV

Definition 5 (Weak-* convergence in BV). Let U C RY be open and let (uy,),, be a
sequence in BV (U). We say that (uy,), converges weakly-x in BV (U) to some limit
function uw € BV (U) if

Uy - LY S LN Vu, > Vu o in MU).

2.3 Approximation and Compactness

The goal of this section is to prove that we can approximate BV -functions by smooth
functions and that bounded sequences in BV have L!-convergent subsequences. As
a first step, we have to show that L!-limits are actually in BV.

Lemma 1 (Lower semi-continuity). Let U C RY be open. Further, let (u,), C
BV (U) with u, — u in L'(U). Then there holds the inequality

lullaveo < lmin 5o, (23)
In particular, if the right hand side is finite, then u € BV (U).
Proof. Since u,, — u strongly in L'(U), we have norm-convergence, i.e.

Tim lun| e = [l @- (2.4)

Let now ¢ € CH(U;RY) with ||¢||o < 1. Using the strong L'-convergence we obtain

/ w(V-¢) dCN = lim [ u, (V- ¢) dCY < liminf TV (u,).
u

n—o0 u n—o0

Hence, there holds
TV (u) < lminf TV (u,),

n—oo
which implies together with (2.4),
lullBvan = llullrey + TV () < limfJug 22 @ +lim inf TV (u,)
< limi 1
< liminf (Jlunl|z2 @) + TV (un))

= liminf ||u, || v @),
n—oo

the desired inequality (2.3). O

13



2.3 Approximation and Compactness

One of the most important and useful theorems in the theory of functions of
bounded variation is the result that functions of bounded variation can be approxi-
mated by smooth functions. This result is useful since it allows to prove things first
for smooth functions, which is often a lot easier than proving it directly, and once this
is done, one uses an approximation argument based on the following approximation
theorem.

Theorem 3 (Approximation Theorem). LetUd C RY be open. Then given a function
u € BV(U), there exists a sequence (uy,), C BV (U) N C®U) of smooth functions
with
u, — u in L*(U), and
TV (up) — TV (u).

The proof in the general case is rather technical due to boundary difficulties. To
see the idea behind the proof, we will prove the theorem for the special case i = RY
and refer to [EG92] for the proof of the general case.

Proof. (U = RY) Let u € BV(RY) be arbitrary. Then by definition of the space
BV, u e LY(RY) and Vu € M(RY;RY). We choose y € C®(RY) with 0 < y < 1,
J x dCY =1 and define the mollifiers

RN
1 x
Xe(x) := X (g> , €>0.
By standard Lebesgue-theory, the functions u, := w % y1 are of regularity class

C*>(RY) and there holds u,, — u in L'(R").

In particular, this implies ||uy | r1@yy — ||ul|L1 @y, thus it remains to show that
TV (u,) — TV (u). To this end, let ¢ € CHRY;RY) with ||¢|/. < 1 and compute,
using the properties of the convolution,

/un(V~¢) ch_/(u*XQ(v-@ dcy

RN RY
:/u((V@*Xi) ac®
RN
:/UV' (¢*X%> dENSTV@L)’
RN

where we used in the last step that ¢ * x1 € C}(RY;RY) and ||¢ * x1|lc < 1. This
calculation shows (uy), C BV (RY) and

limsup TV (u,) < TV (u).
n—oo
By using lemma 1, we obtain
TV(u) <liminf TV (u,,) < limsup TV (u,) < TV (u).

n—00 n—o00

Hence TV (u,) — TV (u) and the theorem is proven for the case U = RY. O

14



2.3 Approximation and Compactness

When we think back to our motivation of defining the space of functions with
bounded variations, the key point was that we wanted to have a space where bounded
sequences possess convergent subsequences. With the approximation theorem at
hand, we can state and prove the desired compactness result for the space BV'.

Theorem 4 (Compactness Theorem). Let U C RN be open and bounded. Then
given a sequence of functions (uy), C BV (U) with ||u,| pyvw) < C for some constant
C > 0, there exists a function u € BV (U) such that along a subsequence there holds

u, — u in L'(U).

Proof. Step 1: We show that for a smooth function f € BV (U)NC*>(U) there holds
TV (f) = /|ny dch. (2.5)
u

For all ¢ € CL(U;RYN) with ||¢]|c < 1 we find by using Gaufi’s theorem

. N _ _ . N N N
/uf(V o) dL /qu 6 dL §|!¢||oo/u|Vf| ac S/Mlvﬂ ack,

which shows

TV(f) < / V1] dL>. (2.6)
u

To show the other direction, we consider a sequence of functions (¢, ), C CL(U;RY)

with ||¢n|lee < 1 and
\%
(bn — (bf = f

n—o0 V]

This is possible since ¢y € L*(U;RY) with ||¢f]| = 1 due to density of C}(U;RY)
in L'(U;RY). We use again Gaufi’s theorem to obtain

/uf(V-%) dﬁN:—LVf-¢nd£N7;>O—/L{Vf-¢fch:u/wl ac™.

in L'(U).

Together with (2.6), we deduce (2.5).
Step 2: Let now (u,), be a bounded sequence in BV (U). We apply the approxima-
tion theorem to each u,, and obtain a sequence (f,), C BV (U) N C>®(U) with

1
| frn = unllLr@y < - and TV (f,) <c VneN

for some constant ¢ > 0. Using ||us| vy < C and “Step 17, this implies the
boundedness of (f,), in Wh(U). Since the embedding W' (i) < L'(U) is com-
pact, there exists some u € L'(U) such that f, — w in L'(U) for a subsequence.
Then there also holds u, — u in L*(i) along a subsequence since

1
o= wnllia < llu = Fullrao + I = wnllsren < e = falliign + - — 0,

It remains to show that u € BV (U), but this follows from lemma 1. ]

15



2.3 Approximation and Compactness

To conclude this section, we remark that by adaptations (and using Rellich-
Kondrachov), one can show the following stronger compactness result:

Remark 3. IfU C RY is a bounded domain with Lipschitz reqularity and (u,), a
bounded sequence in BV (U), then there exists a subsequence that converges strongly

in LY(U) for all q € [1,1%), where 1* := = ((= 00 if N = 1).

16



3.1 Definition and main results

3 Fractional Sobolev Spaces

3.1 Definition and main results

As motivation let us firstly recall that the Sobolev space W*P(I) for s € N and
p € [1,00] is defined as the space of LP(I) functions whose distributional derivatives
up to order s can be represented by a LP(I) function, i.e.

WeP(I) :={u e LP(I): D*u € LP(I) Va < s} .

The space W*?(I) endowed with the norm

lullwsry = Y 1Dl L),

a<s

is a Banach space. We would like to allow the derivative-index s also to lie in R \N.
So we want to define for s € R;\N a Banach space W*? which is intermediate
between the integer derivative-index Sobolev spaces W *? and WsI#1» whose norm
also measures fractional-order derivatives. The way this is done is by a modified
Holder condition.

Definition 6 (Gagliardo seminorm). Let s € (0,1) and p € [1,00). We define for
u € LP(I) the Gagliardo seminorm by

u(r) — u(y)|P
[ulwsnery == / Ju(z) = uly)” dx dy
T

‘LE _y‘lJrsp

Definition 7 (Fractional Sobolev spaces). Let s € R, \N and p € [1,00). We define
the Fractional Sobolev space with derivative-index s and integrability-indez p to be

which becomes a Banach space endowed with the norm
[ullwary = lllwisrey + 1Dl tom-

Remark 4. In this essay we will mostly consider Fractional Sobolev spaces with
derivative-index s € (0, 1), for which the definition reads as follows:

WD) = {u e LP(I) : fulweny < 00}, [ullwenay = l[ullzoy + [ulwsn.

One of the most important tools in Sobolev space theory are the Sobolev embed-
dings, so it is just natural to ask whether we also have them for fractional Sobolev
spaces. Fortunately the answer to this question is positive. We will just state em-
beddings into LY spaces and into Sobolev spaces, but it should be mentioned that
there hold also embeddings into C* spaces.
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3.1 Definition and main results

Before we state the theorem, we want to think about what we would expect by
simply adapting the conditions from the Sobolev embedding theorems for integer
derivative-order Sobolev spaces.

We denote the Sobolev number corresponding to the Sobolev space W*P by ;.
Recall that in one dimension

1

Yop =8— —.
S,p p

For a non-positive Sobolev number, i.e. in the case sp < 1, we would expect
Web — L1

for some ¢ > 1 if

Vs.p Z 70,95

which is true without further restriction if sp = 1, and for ¢ < ﬁ if sp < 1.
The following theorem confirms that our expectations are correct. It includes also
an important compactness statement for ¢ strictly less than the “fractional critical

) * Y4
exponent” p* = T

Theorem 5 (Sobolev Embedding into LY spaces). Let s € (0,1) and p € [1,00)
such that sp < 1.

(1) If sp < 1, there exists a constant C' = C(s,p) > 0 such that there holds
[l oy < Cls,p)[ullwosmy  Yu € WH(T)
for all ¢ € [1,p*], where

«_ _ D
1—sp

p

18 the fractional critical exponent.
Moreover, the embedding WP (1) < Li(I) is compact for all 1 < q < p*.

(13) If sp =1, then there holds the continuous embedding
WeP(I) — LY(I)
forall1 < g < oo.

Proof. We refer to [DPV12]. O

Another powerful Sobolev embedding theorem is about embeddings into other
Sobolev spaces

WS,P (SN Wr)q

18



3.1 Definition and main results

with higher integrability index ¢ > p. By adapting the classical theory we would
expect the condition

Vsp = Vra-

Since ¢ > p, this implies r < s, which means that we cannot gain both higher
integrability and higher differentiability. Our expectations are again correct as the
following theorem shows:

Theorem 6 (Sobolev Embedding into W™ spaces). Let s,r € (0,1) and p,q €
[1,00) such that g > p, r < s and
1 1

§——2>r——.
p q

Then there holds W*?(I) C W™(I) and

36
‘U,|Wr,q([) < E|U‘Ws,p([) Yu € Ws’p(l).

Proof. We refer to [Sim90]. O

Apart from the embedding theorems, there are also some nice other properties.
By identification of fractional Sobolev spaces with Besov spaces, one can show that
the fractional W*? spaces are reflexive for p > 1, see e.g. [Tril0].

Theorem 7 (Reflexivity). The fractional Sobolev spaces W*P are reflexive for s €
RJr\N; D€ (1700)

In many cases, we will have a bound on the Gagliardo seminorm |-|ys.»(7y for some
sequence, but we would like to bound the full norm ||- ||ys» (1) such that we can make
use of the reflexivity to deduce the existence of a weakly convergent subsequence.
This can be done by using the following Poincaré inequality.

Theorem 8 (Poincaré inequality). Let s € (0,1) and p € [1,00) such that sp < 1.
Then there exists a constant C > 0 such that

s(1—s)
lu = (W)l ) < CWWWW,W),

where (u); denotes the mean value of w over I, i.e. (u); = |71‘ Ju(zx) dz.

Proof. We refer to [BBM02] where the result is proven for s > $ and to [MS02] for
the generalisation to s € (0, 1). O

Note that since I is bounded and since the fractional critical exponent satisfies
p* > p whenever sp < 1, this theorem provides in particular an estimate for the
LP(I)-norm.
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3.2 Limit behaviour of the Gagliardo seminorm as s /' 1

3.2 Limit behaviour of the Gagliardo seminorm as s "1

In this section we will study the limit behaviour of the Gagliardo seminorm

|ul ey = / Ju(z) = ul)l dy (0<s<1) (3.1)

|$—y|1+8

as s ' 1. Clearly, for non-constant smooth functions u € C*°(I), there holds

];1}‘1} |'U/’Ws,1([) = Q.

In particular the Gagliardo seminorm (3.1) does not converge to
i = s = [ (2)] da
1

as s /' 1. However, as we shall see, there holds the following result, which goes
back to Brezis, Bourgain and Mironescu, and can be found in [BBMO02].

Theorem 9. Let u € BV (I). Then there holds

As a first step, we take an arbitrary sequence (p.).-o of radial mollifiers, i.e. a
family of nonnegative radial functions p, : R — R* which are absolutely integrable
and satisfy

o [p(x)dr =1,
0

o V6>0: lgré!pg(x)dxzo.
We observe that it is enough to show that for all u € BV (I) there holds

/ / |U(T:3: - Z\( (o= y) dedy — TV() as &0, (3.3)

Indeed, to see that (3.3) implies (3.2), let € = 1 — s and choose the specific sequence
(pe)eso defined by

g

pe(x) = WH[O,U(WD-

An important role in the proof of (3.3) plays the limit behaviour of the integral over
the set {(z,y) € I x I : x > y}.
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3.2 Limit behaviour of the Gagliardo seminorm as s /' 1

Proposition 1. Let u € WY(I). Then there holds

// = |z — y| pe(z —y) dz dy — 0/1|U/(y)dy as € = 0. (3.4)

Proof. Step 1: We show that for any u € W'(I) and any nonnegative p € L*(R):

u(w
//‘ |x—y| ( —y) de dy S fulwa ool e (3.5)

By the Sobolev extension theorems, there exists an extension @ € WH(R) such that
@ = u in I, % has compact support, and |@|y11@) S |ulwii(p. Note that for any
h € R\{0} there holds

1 — — _
W /|u(:c + h) —a(r)| de < |alwow) S Julwi
R

Hence, we find

//m |x—y| . dﬂfdy<//‘“ |x_y| o — y) da dy

:/ ﬁ/|u(w+h)—u(x)|dx p(h) dh

R

N |U|W171(I)||PHL1(R)7

the desired estimate (3.5).

Step 2: We claim that it suffices to show (3.4) for a dense subset of W (I), for
instance C?(I) .

Using the estimate (3.5), we obtain for any u,v € Wh(T)

//|u Ix—yl pe(x —y) dv dy — //'U |x_y| 5( —y) dz dy

//Ilu )| =) =Wl

|z — |

//M_U |$_<T—v><y>|p5(x_y) iz dy

5 |u — U|W171(1)7

21



3.2 Limit behaviour of the Gagliardo seminorm as s /' 1

which implies the claim. B
Step 3: We show (3.4) for u € C*(I). Let y € I be arbitrary, but fixed.
By Taylor’s theorem we have

ju(z) — u(y)|

|z — |

—hmwﬂsu—y|Vxe@w+&

for some 0 < 9 <1 —y. Hence, we find

y+o

7}?&%—§@l—zmw>pxw—wdxf;/@—ywAI—wdx

/6 hpe(h) dh

0,

AN

|

e—0

1

which implies by the properties of the radial mollifiers:

Ju(z) — u(y)| "Flue) - u()
. U\x u
%/ mw (“'“ﬂ%/ ww o ) de

y+9

|11m/p€x—

= [v/(y)| lim pe(h)dh

e—0
0

= [u'(y)].

Since y was arbitrary, we have shown the pointwise convergence
Iu :
pe(x —y) de — |u'(y)| Vy € I. (3.6)
’{L’ — y’ e—0

We note that u € C’2(.f ) is certainly Lipschitz. Therefore the convergence in L'([)
follows from (3.6) and

]u — T ip(u
/‘ m—m pe(z — y) dz < Lip(u)

by the dominated convergence theorem. It follows (3.4), which is nothing else than
the convergence of the L'(I)-norms. O
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3.2 Limit behaviour of the Gagliardo seminorm as s /' 1

Remark 5. e Using the same procedure, we see that any ¢ € C(I) satisfies

1
i [ ) — o)
e—0 T —Yy
Yy

p-(z —y) dv=¢'(y) Vyel, (3.7)

which will be crucial in proving (3.3).

o A similar computation as in “Step 1”7 for uw € BV (I) — using the estimate

ﬁ Jlu(z + h) —u(z)|de < TV (u) - yields :

limsup// [ulz - y| 6( —y) dr dy < TV (u). (3.8)

e—0

Now we can prove theorem 9.

Proof of Theorem 9. As we have already seen, it suffices to show (3.3).
Step 1: We claim that for any u € L'(R), ¢ € C!(R) and any nonnegative radial

function p € L'(R):

o0

) p(z — y)dzdy

u\r) —u
< [ [P oo - oy 39
R y R R
Without loss of generality we can assume that p = 0 in some ball around the origin.

(Otherwise replace p by p, = NI 1yp and take n — o0)
Observe that since p is radial, there holds for all z € R:

[ plz—y) _ [ ple—y)
! - @_gé Ly (3.10)

Therefore, by renaming integration variables, (3.10) and Fubini’s theorem, we find

// p— dxdy—// p x)dydx

. Ty
_ R/ ?u(m) (x)”; __yy) dz dy
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3.2 Limit behaviour of the Gagliardo seminorm as s /' 1

Hence, we have

/]ou(y)%j(wp(x —y)dxdy| = 7u o(x)p(x — y)dxdy
/ r=rn

Yy

/ ulz ||90( V(e — y)dady.

U,

IN

(fv)p(fc —y)| drdy

IA
T~ 7

Step 2: Let now u € BV (I) and let ¢ € C}(I) with ||| < 1.
By extending u and ¢ with zero outside of I, we are in the situation of “Step 1”.
We write K := supp(p) and r := dist(/¢, K). By using (3.9) we then obtain

/lj)u(y)%g(wpe(x—y)dxdy S//%h&(xﬂpg(x—y)d:ﬂ@
// Ju(x) —u(y)l |$_y| pe(z — )dxdy%—//'u‘x—_z‘(y)’pg(x—y)dxdy
//|u |x_y| Moo - yydudy + ”u”fl“) 7pe(h) dh

r

//‘u \x—y‘ pe(z — y)dzdy + o(1). (e = 0)

We note that for fixed y € I, using (3.7), there holds

T o) = ely) e - ely)
y/u(y)x—_ypa@ — y)dz = u(y) y/ x—_ypa(x —y)dz + o(1)

— u(y)¢'(y).

e—0

Since ¢ € C!(I), it is certainly Lipschitz and hence for € sufficiently small:

[uw 2= o~ gyas| < fut) [ EELZED o - yyae] + €
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3.2 Limit behaviour of the Gagliardo seminorm as s /' 1

Since u € BV (I), the right-hand side (as a function of y € I) is absolutely integrable
over I and we can apply the dominated convergence theorem, which yields

1

ygéo/y/U(y)%fy)pa(x—y) dr dy = /U(y)so’(y) dy.

0

By taking the limit inferior in the previous calculation we find

1

/u(y) '(y)dy <m£glf//’“ ‘x_y‘ pelz —y) dz dy. (3.11)

0

The relation (3.11) holds for all ¢ € C}(I) with ||¢|ls < 1, hence

lu(x
TV (u) < 1113&&// P y| p:(x —y) dx dy.

Together with (3.8), we obtain

. |u(z) —u(y)|
hm// x—y)drdy =TV (u),
lim R XY (u)

which is exactly (3.3), what we wanted to show. O

Instead of working with some fixed u, one could also consider the case of a se-
quence. Bourgain, Brezis and Mironescu showed a strong compactness result by
using a variant of the Riesz-Fréchet-Kolmogorov theorem, see [BBM02, Theorem 4].
For our purposes, the following special case is sufficient for this essay.

Theorem 10 (Case of a sequence, Compactness). Let (s,), C (0,1) be a sequence
with s, /1 as n — oo. Further, let (u,), C L*(I) satisfy

(i) (un)r =0 for alln € N, and
(i1) (1 — sp)|tn|wenr(ry < C uniformly in n.

Then (uy,), is relatively compact in L'(I), and there exists a function v € BV (I)
such that

u, — u in L'(I)

n—oo

up to a subsequence.

Proof. We refer to [BBM02, Theorem 4]. O
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4.1 Definition of the space

4 Fractional ICTV Spaces

4.1 Definition of the space

Firstly, let us recall the definition of the ICTV *! seminorm for k& € N.
Throughout this section we will make use of the notation |u/|yq, ) = TV (u). This
becomes particularly handy when for instance some v € L'(I) is the distributional
derivative of a function © € BV (I) such that we can write |v|r, ) = TV (0).

Definition 8 (Integer-order ICTV seminorm). Let u € BV (I). Then we define for
k€N anda = (ap,...,ap) € RE the integer ICTV seminorm/ ICTV regulariser
of order k + 1 and weight o on I by

k—2
|U|ICTV§+1(I) = ) Ei]?‘f/‘(l) {Oz0|u’ — UO|Mb(I) + Z Qipr|vl — Ui+1|Mb(I) + Ofk|U;g_1|Mb(I)} .
véglgk—1 i=0
For k =1 the above definition reads
[ulrorvew = inf { a0l = vola, () + arlvglamyin } - (4.1)

Note that in case of the ICTV? regularisation, the choice of a very large a; in
(4.1) will result in a T'V-similar regularisation.
We will now define the fractional-order ICTV space via defining a suitable semi-
norm. We want to define the seminorm in such a way that it is intermediate between
the surrounding integer-order IC'T'V seminorms. As we shall see, the following def-
inition works.

Definition 9 (Fractional-order ICTV seminorm). Let u € L*(I) and let s € (0,1).

(i) For k =1 and a = (ap, 1) € R2, the fractional ICTV seminorm/ ICTV
requlariser of order 1 + s and weight o on I is defined by

-—_ 1 ! PR —_—
|ul servaes ) = UOEWS’ll‘I*lsf“*S)(IL {aolu’ = svo|ag, 1y + aus(l S)|UO|WS71+S(1—S)(I)} -

(v0)1=0

(i4) For k € Nuy and o = (ag, ..., a;) € REYY the fractional ICTV seminorm/
ICTV requlariser of order k + s and weight o on I is defined by

’“‘ICTV;“*S(I)

k—3
= inf {aolu’ —volag,(ry + D i) = vialag iy +
V0, Vp—2€BV(I), =0

vp_  EWSIHsA=9)(T),
(vk—1)1=0

+ Oék_l‘v;C_Q - Svk—lyMb(I) + Ozks(l - S)’vk_1’W5,1+s(1—s)(I)}.
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4.2 Limit behaviour of the fractional ICTV seminorm

Definition 10 (Fractional ICTV spaces). Let k € N, s € (0,1) and a € REF.
We denote by BCV (1) the space of functions with finite fractional ICTV*+5(1)
seminorm,

BCVFs(I) .= {u € L) : [l joyis ) < 00},

and we define the norm on this space to be

HU\|BCV§+S(1) = ”U”Ll(f) + ’u|ICTVO'f+S(I)'

Moreover, we define

BOV*(I) .= {fue L)) | Jae R{fjl cu € BOVFS(D)}.

4.2 Limit behaviour of the fractional /CTV seminorm

The first thing we have to check is whether our definition of the fractional ICTV
seminorm is compatible with the definition of the integer IC'T'V seminorm. For
simplicity we will just consider the case £ = 1. We will state a general result in
the end which follows by simple adaptations. Our goal is to prove the following
theorem:

Theorem 11 (Limit behaviour of ICTV seminorm). Let u € BV (I). Then there
holds, up to a subsequence:

(4) ll_{% ‘u’ICTVaHS(I) = ao|u | pmy(1)
(12) ligrl_jlnf |U|10TVO}+S(I) > ulrerva.

As a first step we need to investigate the limit behaviour of the W#®*s(1=5) semi-
norm as s — 1. Fortunately, a part of the work of this was already done in section
3.2 in deriving the limit behaviour of the W*! seminorm. We will use theorem 9 to
show:

Lemma 2 (Limit behaviour of W*'**(1=%) seminorm). Let v € BV (I) N C>=(I).
Then there holds
lim sup (1 = 8)|ulysarsa-o gy < [0 ay (- (4.2)
s5—

Proof. Since u € BV (I)NC>(I) and s € (0, 1), there holds the pointwise estimate

[u(z) = u()] < [ mynle =yl < 'Ly ole = yI?

for all x,y € I. Hence, we have

1 1
14s(1—s) lu(z |1+S(1 Y
’ ‘Ws I+s(l=s) (T // |£L'— |1+s+s2(1 s) dx dy
0 O

u\x
/ ’ ’1+s d dy

= |0/ [3aa) Tulwen .
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4.2 Limit behaviour of the fractional ICTV seminorm

which implies the estimate

s(1—s)
|u’WS Ls(1=5) (T) < |u ’1+s(1 5) | |;;ss(11 s (43)

Without loss of generality, we may assume that |u'|ag ) 7# 0 (otherwise (4.2) is
trivial). Then there holds

and we deduce from (4.3) and theorem 9 that

limsup (1 — s)[ulyys1+sa-0 () < limsup (1 — )|u|;I}L:(11 ;)
s—1 s—1

1 (1—s)

= lim sup [((1 — 3)|U|W5v1(1)) Trs(i=s) . (1 _ 3)1is(1is)]
s—1

= hm sup [e 1+—S(11_;) 10g((1—8)|u|ws,1<1>> . elfsl(;i)s)i ]og(l—S):|
s—1

= [t | pmy(ry - 1 = | a1
0

Besides the asymptotic behaviour of the W'+5(1=%) seminorm, we need some
compactness and lower semicontinuity result for W'+5(0=%) functions with mean
zero. This becomes very important once we consider minimal sequences for the
infimum in the definition of the fractional ICTV seminorm.

Lemma 3 (Compactness and Lower Semicontinuity). Let (s,), C (0,1) be a se-
quence with s, — § for some 0 < § < 1. Further, let (v,), C W (1= sn) (1)
satisfy

(1) (vn)r =0 for alln € N, and

(2) sup Sn<1 - Sn)|vn|Ws"’1+S"(lfs")(I) < 0.
neN

Then there holds the following:

(i) If 5 < 1, there exists a function v € WSSU=5(I) such that, up to a subse-

quence,
v, — v in L*(I)
n—o00
and
5(1 = 8)|v|wsrssa-9y < ligioa}f $n(1 = 8n) [Vn]wan1tsna—sn) (1) (4.4)
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4.2 Limit behaviour of the fractional ICTV seminorm

(ii) If s =1, there exists a function v € BV (I) such that, up to a subsequence,
v, — v in L'(I)

n—oo

and

|U/|Mb(1) < 117ILIE)IOI.}f Sn(l — Sn>|Un|Wsn,1+s"(1—S")(I). (45)

Proof. For n € N, we write p,, := 1+s,(1—s,) and we set p := 1+5(1—35). Without
loss of generality — up to a subsequence — we may assume that the sequences (s,),
and (pp), converge monotonically. We obtain the following five cases:

e Case 1: 5 € [%,1), Sp \( § and p, P,
)y Sn N\¢ S and p, \ P,
], $n /5 and p, D,
e Case J: 5¢€ %,1),3n/‘§andpn\13,
o Case 5: 5=1 s, /1landp, \ (1

e Case 2: 5 € (0,

= N

(
o Case 3: 5 € (0,
(

Case 1: In this case, there holds for all n that s < s, and p > p,. Since the function

1
f:(00,1) =R, f(z) ::x—m
is strictly increasing, we also have
1 1
Sn—p—n:f(sn)Zf(S)ZS_z—j-
Hence, we can apply theorem 6 and obtain
[V | wer(r) < %|vn|wsn,pn(1) < 144|vp|lwsneny < C (4.6)

n

for all n, where we used s, > 5 > % and assumption (2) in the last two steps.
Note that the constant on the right-hand side does not depend on n, i.e. we have
an uniform bound on the W#%? seminorm. In order to use the reflexivity of W$P
(theorem 7), we need a uniform bound on the full norm. This is done via the
Poincaré inequality (theorem 8):

We have sp < 1, hence by theorem 8 and (4.6) there holds

anHLl_ﬁgﬁ(I) S |vnlwsey < C, (4.7)
where we used (v,); = 0. Since 1%;5 > p and [ is bounded, (4.7) implies in particular
a control of the LP-norm and hence

lonllweoy = lloalloy + loalwaray Sllvall 2y o+ [onlweom S foalwesn < €
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4.2 Limit behaviour of the fractional ICTV seminorm

By theorem 7, W*P(I) is reflexive. Thus, there exists a function v € W*P(I) such
that, up to a subsequence,

v, = v weakly in W*P(I).

Since 5p < 1 and p* > p > 1, the embedding WS?(I) — L'(I) is compact by
theorem 5. Hence, up to a subsequence,

v, — v strongly in L'(I). (4.8)

The first part of the claim is proven and it remains to show (4.4). To this end, we
note that (4.8) implies, up to a subsequence, convergence almost everywhere such
that we find by Fatou’s lemma

|U|1154/§,ﬁ(1) < liggolf |Onl i snmm (1)
which implies the desired estimate (4.4).
Case 2: Our goal is again to apply theorem 6 in order to get boundedness of our

sequence (vy), in some fractional Sobolev space W*P. We show that there exists
some s < § and some p > p such that, for n sufficiently large, there holds

$ < Sy D2 Pn (4.9)
and
1 1
Sp — — ZS__- (410)
Pn p

We simply set s := 5 — e, and p := p + ¢, with some e, € (0,5) and &, > 0 to be
determined later. We observe that the condition (4.9) is satisfied, for n sufficiently

large, for any choice of ¢ and ¢,. Note that for all n, we have

1

For any choice of ¢, € (0,5) we can find some €, > 0 such that the right-hand side

is nonnegative, i.e. such that (4.10) holds.
Now we can conclude exactly as in the first case

|[Un|lwsr(ry < C
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4.2 Limit behaviour of the fractional ICTV seminorm

and hence by Poincaré, reflexivity of W*?(I) and compactness of the embedding
WeP(I) < LY(I), there exists a function vs, € W*P(I) such that, up to subse-
quences,

vy, — Vs, weakly in WHP(I), and

Vp — Vs, strongly in L'(I).

If we now let 5,6, — 0 and use a diagonal argument, we obtain the desired
v € W%P(I). As in the first case, by using Fatou’s lemma, we are then able to
deduce the estimate (4.4).

Case 3: We show that there exists some s < § such that, for n sufficiently large,
there holds s < s,, and

1 1
Sp— — > 8 — —.
Dn b
We set s := s, — ¢ for some ¢ € (0, %) fixed. Then clearly s < s; <5, < 5. Since

pn — P, we have for n sufficiently large

1 1
— — - <g¢,
Pn P
hence
1 1 1 1
Sp——2851——285— |-+ =5——.
Pn Pn p p

Thus, we can apply theorem 6 and analogously to the previous cases, we find a
function v € W*P(I) such that, up to subsequences,

v, = v weakly in W*P(I), and
v, — v strongly in L'(I).

By using Fatou’s lemma, we obtain (4.4), which also shows that v € W*P(I) since
the right hand side of (4.4) is finite by assumption (2).

Case 4: In this case, there holds for all n that s; < s, and p; > p,. Further, we
observe

o pi — f(s0) = f(s1) = 51 — pil

where we used that f is strictly increasing on (0,1). So we can apply theorem 6
and proceed as previously.
Case 5: By assumption (2), there holds
(1 — sn)\vnlwsn,lm < C

uniformly in n. Observe, that we are in the situation of theorem 10, which shows
the first part of the claim. Regarding the estimate (4.5), we refer to [BBM02]. O
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4.2 Limit behaviour of the fractional ICTV seminorm

Now we will use both the asymptotic behaviour of the W**5(0=%) norm from
lemma 2, and the compactness and lower semicontinuity result from lemma 3, in
order to prove theorem 11.

Proof of Theorem 11. (i) We note that by definition of |u[;oqpy1+spy: (take vy = 0)

|U‘IC’TVO}+$([) < ap || pm, (1) (4.11)

for all s € (0,1). Hence, there holds

5—

By definition of the fractional IC'T'V seminorm, we find for each 0 < s < 1 some
function v, € W*50=9)(I) with (v,); = 0 and

ol — svsl (1) + 18(1 = 8)|vslyyarssa-o () < [ulgopyivs gy + 8- (4.13)

We write p := 1+ s(1 — s) and observe that sp < 1. Thus, we can use theorem 8,
the Poincaré inequality, to obtain

1
s(I—s) \»
losllzray S osl 2 ) S (W) [V wr ) (4.14)

By (4.13) and (4.11), there holds the uniform estimate (in s)
s(1 = 8)|vg|lwswy < C

for some C' > 0, such that we deduce from (4.14),

1 s(1—s)
<
Isosllen = =5 ((1 - sp)Pl) 0

D=

le.
sv, — 0 in LY(I).
s—0
We note that we have by (4.13),

ao\u’ — SUS‘Mb(I) < ’u‘ICTVO}’“S(I) s

such that taking the limit inferior yields
aolt|amy(r) < lirsriiglf |ul rervas (4.15)
Combining (4.12) and (4.15) results in

hr?jélp ‘U|ICTVQH'S(I) < |t a1y < lirsn_}glf ‘U|ICTVQ1+S(I)’
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4.2 Limit behaviour of the fractional ICTV seminorm

which implies
y_{% |U’10TVD}+S(I) = O‘0|u/|Mb(I)‘
(ii) Let v € BV(I) be an extremal function for |u|;crv2(p), i-e. such that

aolu' — v|py ) + a1V | vy ) = Ul rerve.

By the approximation theorem (theorem 3), there exists a sequence of smooth func-
tions (v,) C BV (1) N C*®(I) such that

v, — v in L', and
Ol r) — [ [ay -
By definition of the fractional IC'T'V seminorm, we have
’u‘ICTVO}“(I) < aglu’ — s (vp — (Un) 1) My (r) + c1s(1 = s)|vn — (Un)I|Wsﬁl+s<1*s>(1)
= aolu’ — svp 4 8(Vn) 1|y (1) + Q18(1 = 8)[Un|prsatsa-9(7-
Using lemma 2, we obtain

lim SPP ‘U|ICTV;+S(1) < aolu’ = vl (ry + ol (va) 1] + el a1
s—

and passing to the limit n — oo, we find

lim sup |ul reryies oy < aolu’ — vlag ) + @ol(v)1] + vy
S—

(4.16)
= ’u|ICTVa2(I) + ao|(v)1].

By definition of the fractional IC'T'V seminorm, we find for each 0 < s < 1 some
function v, € W*150=9)([) with (v,); = 0 and

aplt” — svs|ay(ry + ars(1 = 8)|vslwsvsa-o gy < fulpopyaes gy + (1 —s).  (4.17)

With regard to (4.16), the conditions (1) and (2) of lemma 3 are satisfied. By lemma
3, we find a function v € BV (I) such that, up to a subsequence,

v, — v in L*(),
s—1
and
V| (1) < ligrl_jlrlfs(l — 8)|vs| s avsa—a (1)
Taking the limit inferior in (4.17), we obtain
aplu’ — 0| My (1) + 0‘1|UI|Mb(I) < lirsn_jlnf ‘U|ICTVO}+S(I)’
which implies

lulrervea) < liglLin |“|ICTVD}+5(1)

by definition of the ICTV? seminorm. O
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4.3 Extremal functions and seminorm equivalences

By adaptations of the arguments used in the proof, we obtain for £ € N.; the
following result:

Remark 6. Let k € Ny and let uw € BV (I). Then there holds, up to a subsequence:

(4) ll_{% |U|10Tv<’;+0f_”7ak>(1) = |U|ICTV(’;O AAAAA @

4.3 Extremal functions and seminorm equivalences
4.3.1 Extremal functions for the fractional /CTV seminorm

In the first part of this subsection, we deal with the existence of extremal functions
for the fractional /CTV seminorms from definition 9. For simplicity, we just con-
sider the case k = 1. The general case follows then by simple adaptations.

In the case k = 1, we want to solve for given u € BCV!*#(I) the following con-
strained minimisation problem:

(P min ag|u’ — sv| ) + a18(1 = 8)[v]paresa-o
st. v e WsHsU=s)() (v); =

Before we prove the existence of a solution to the optimisation problem (P,), we
first note that every BCV.*#(I)-function is of bounded variation.

Remark 7. Let u € BCV,.}™(I) for some a € RZ and s € (0,1). Thenuw € BV (I).
Proof. By definition of the fractional IC'T'V seminorm, we can find a function v €
Wel+s(=9)([) with (v); = 0 such that

aolu’ = svlay ) + aas(l — s)|vlwsarsa-s ) < |U|ICTVa1+S(I) + 1.

We note that s(1+ s(1 —s)) < 1, hence by theorem 5

”U“Ll(I) S O||U||Ws,1+s(1—s)([)

for some C' > 0, and we obtain

| [y (n) < U = sVl + sllvlly
S |u/ — SU|M;,(I) + OS||UHWS,1+S(1—S)(I)

1 !
= a_ (a0|u — SU|Mb(]) + OélS(l — S)|U|Ws,1+s(1—s)(]))

o
+ <Cs — a—ls(l - s)) [Vl wsatsa-o () + Os[|v|| presa-o g
0

’u‘ICTVHS nt1 o
< s (C -2 s>) [olsssa-agn + Cslollpassa-nq
0

< oQ.

]
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4.3 Extremal functions and seminorm equivalences

Now we are going to prove, that for any function v € BCV.!*$(I), we can find an
extremal function for the fractional IC'T'V seminorm. In other words, we prove the
existence of a solution to (P,).

Theorem 12 (Existence of extremal functions). Let w € BCV!TS(I) for some
a € ]R%r and s € (0,1). Then there exists a solution v* to the optimisation problem
(P,), i.e. there exists v* € Ws(=9)([) with (v*); = 0, such that

P = ag|u’ — sv*| pyny + aas(1 — )| fwearsa-o 1y = |ulroryits -

Proof. By definition of the expression |ul rorvi+e(r), there exists a minimising se-
quence (v,), C W*s(0=9)(]) with (v,); = 0 for all n € N and

ot — 5Un| My () + 15(1 = 8)|Up|prsassa—s g — |uljorvies (1y- (4.18)
In particular, since [u|;cpy1+s(;) < 00 and the left-hand side is convergent, we have

Sup ‘/Un|Ws,1+s(1—s)(I) S C
neN

for some ¢ > 0. We note that s(1 + s(1 —s)) < 1, hence theorem 8 yields
Sup [V llws1+sa-0 ) < C,
where we used the fact that (v,); = 0 for all n € N. By reflexivity of W*+s(1=s)(])
(theorem 7), we find a function v* € W=1+5(1=5)(T) such that, up to a subsequence,
v, = v* weakly in W= (),

By theorem 5, the embedding W*'*+*(1=%)(I) < L'(I) is compact and hence, up to
a subsequence,

v, — v* strongly in L*(I). (4.19)

By lemma 1, the total variation is lower semicontinuous with respect to the L!-
convergence, and as we have seen earlier, the W**+*(1=%) seminorm is weakly lower
semicontinuous. Thus, we conclude that

PV < lim inf aolu’ — svp| (1) + lim inf a15(1 = 8)|vplysaesa—a(p
< hm mf [ovo|u — svp| (1) + a13(1 — 5)|vn|prsatsa—a (]
= |U|ICTV;+S(1)7
where we used (4.18) in the last step. We note, that there also holds
qu* > |U|JCTV(§+S(1)=

which follows from the definition of [u|;cpy+s ) and the fact that v* € Welts=9)(T)
satisfies

(v*)r = lim (v,); =0

n—oo

by (4.19) and since (v,,); = 0 for all n € N. O
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4.3 Extremal functions and seminorm equivalences

By adaptations of the arguments used in the proof, we obtain for £ € N.; the
following result:

Remark 8. Let u € BOV (1) with some k € Noy, a € R¥™ and s € (0,1). Then
the infimum in definition 9 is attained.

4.3.2 Seminorm equivalences

We want to investigate the relationship between the fractional IC'T'V seminorms
and the total variation. As we shall see, they are equivalent. For simplicity, we will
again consider the case k = 1.

Proposition 2. Let s € (0,1). Then there holds
BV (I) ~ BOV'*(I).

Proof. Regarding (4.11), it is enough to show that there exists an o € R% such that
‘UI’Mb(I) S |u’ICTVa1+$(I)' (4.20)

Let v € W*Hs(=3)(T) with (v); = 0 be arbitrary. We use theorem 5 and theorem 8
to deduce

[ | a1y < " — 80|ty (1) + sllvllzry
S "U/ — SU’Mb(I) + OS|’U‘W§,1+S(175)(I)

for some constant C' > 0. Hence, by arbitrariness of v, there holds (4.20) with
a:=(1,{%). O
By adaptations of the proof, we obtain for £ € N the following result:
Remark 9. Let k € N and let s € (0,1). Then there holds
BV (I) ~ BOV*(I) ~ BCV**(I) ~ BOV*(I). (4.21)

The last equivalence relation in (4.21) can be shown by [BV11, Theorem 3.3].
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5.1 The Bilevel Learning Scheme

5 Analysis of the Bilevel Learning Scheme

5.1 The Bilevel Learning Scheme

We want to analyse the following bilevel learning scheme, which is looking for the
optimal parameter vector a € R’fl and the optimal order » > 1 of the ICTV
regulariser at the same time:

(a*,7*) := argmin {Huw — uCH%Q(I) (o, 1) € [a, AT+ x [1,R]}
(B) (CY,T)‘ )
var = angmin ([lu— uoll3a + lulrerven
weBCV(I)

In this scheme, uy € BV (I) represents the noisy image and u. € BV (I) a clean
(free of noise) test picture. Moreover, the numbers a, A > 0 and R > 1 are fixed.
We note that the integer /C'T'V seminorm of order » = 1 is not defined yet, however
it is natural to set

|U|ICTVD}O(I) = 040|U/|Mb(1)'

The bilevel learning scheme (B) then results in an optimal reconstructed image
Ug+ p+. Our aim is to show that (B) admits a unique solution and hence our recon-
struction is well-defined.

As we shall see, the restriction of the range of possible o and r to lie within the box

(o, 1) € [a, A+ % [1, R), (5.1)

ensures that u,s .~ belongs to the class BCV'. (I). Further, (5.1) is necessary in
order to realise the bilevel scheme (B) numerically. For a numerical algorithm, we
refer to the appendix and [DL16], where the authors propose a first order primal-
dual algorithm which relies on non-smooth convex optimisation and Besov space
techniques.

5.2 Existence and Uniqueness of Solutions

The following lemma will be essential in proving the existence of a solution to (B),
since it provides a compactness and lower semicontinuity result.

Lemma 4. Let k € N, (s,), C (0,1) and let (a™),, C RE™ be a sequence of vectors

n

a™ = (af,...a}) that satisfy
a< inf o< sup o <A (5.2)
1€{0,....,k} i€{0,....k}

for some a, A > 0. Further, let (uy), C L*(I) with u, € BOVES(I) for alln € N

and

SUD [|tn|| gy hron gy < 00 (5.3)
neN “
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5.2 Existence and Uniqueness of Solutions

Then there exists 0 <5 < 1, a = (ay, . .., ax) € R¥ and a functionu € BCVES(I)
(u € BV (I) respectively if k = 1 and § = 0) such that there holds, up to a subse-
quence, S, — 5, a, — a and

u, — u in BV (I).

Moreover, there holds

h}ngolf ‘un|ICTV(fTTS”(I) > Oéo|U/’Mb([) s Zf§ = 0, k=1.
|U‘IC’TV(’;O ’’’’ @ ifs=0, k> 1.

Proof. (Just for k =1)
By the boundedness assumption (5.2) and the Bolzano-Weierstrafl theorem, there
holds, up to a subsequence,

a" = (ag, af) — (a0, m),

Sp — S,

for some a := (ag, ;) € (a,A) x (a, A) and 5 € [0, 1].
Since u,, € BCV*(I) for all n, by using theorem 12, we can find functions v, €
Wendtsn(l=sn)(T) with (v,); = 0 that satisfy

agluy, = Sntn|ag,(r) + af'sp(l — Sn)|Unlwsnatsna-sn) (1) = |un|1(JTval,f5”(I)- (5.4)

We write p, := 1+4s,(1—s,) and observe that s,p, < 1 for all n. Hence, by theorem
8, we have

[onlly S HU”HLW(D

1
sp(l—s, Pn
S << ( ) ) |Vn|wsn.om (1)

1— Snpn>pn_1

1-pn
= [Sn(l - sn)(l - Snpn)] pno- Sn(l - Sn)|vn|Ws7“P”(I)'

It is easy to see that the first term in the last line is uniformly bounded in n, i.e.
we obtain

lonlloray S lvall s ) S 80 (1 = su)[vnlwenen ), (5.5)

and we find (using s, < 1)

|u;z|/\/(b([) < |U Snvn|/\/lb +Sn||vn||L1(I)

(5.6)
S Jun, = $nUnlmy () + Sn(1 = $p)|Un|wenen (1.
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5.2 Existence and Uniqueness of Solutions

By the boundedness assumption of the sequence (a"), and (5.3), we deduce from
(5.6) that

sup [|[un || pv(r) S sup HunHBcvlrn(z) < 00,
neN neN «

i.e. the sequence (uy), is uniformly bounded in BV(I). Hence, there exists a
function u € BV (I) such that, up to a subsequence, there holds

u, — u in BV(I).
We note that since s,p, < 1 and by (5.5), we have

fonllzonry S ol oz ) S Sn(1 = s0) oalwonon ),

hence (note s,, < 1)

$n(1 = sp)lonllwsnen(ry < |vnllzen(ry + sn(1 = sn)[vnlwsnen (1)
g Sn(l — Sn)’Unlv[/Sn,pn([)
S HunHBch},tsn Iy

where we used the boundedness assumption of the sequence (a"),, in the last step.
In view of (5.3), this implies

sup S, (1 — 85) [V ||wsnen (1) < 00. (5.7)
neN
We distinguish the cases § =0, 5 € (0,1) and 5 = 1:
Case § =0: As in the proof of theorem 11, we obtain from (5.7) that, up to a
subsequence,

SpUy — 0 in LY(I).
By using (5.4), we conclude

h}f_l}i;lf ’u”|ICTVal,TS"(I) = hﬁgg}f [, = Snvnl sy 1) + 07 8n (1 = 50) [Vl wenon ()]

> liminf of [ul, — $,00) My ()
n—oo

> O‘0|ul|Mb(I)’

Case 5 € (0,1): We note that we are in the situation of lemma 3. Hence, there exists

a function v € W™*+5(0=9)(I) such that, up to a subsequence,

v, — vin L'(I) (5.8)

n—oo

and

§(]_ - §>|U|W§,1+§(1—§)(I) S hgg.}f Sn(]- - Sn)|vn|WSn7Pn(I)-
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5.2 Existence and Uniqueness of Solutions

By using (5.4), we conclude

ligi;lf |Un|ICTV;$sn(I) = lirrlgitgf [af[ul, — $nn|ayry + 7 sn(1 = $0)[Vn|wanmn (1)

> ligg)lf ag|uy, — SnUn| ) + hﬂi{if a1 (1 = 8p) [Un|wsnen (1)
> Ozo|ul — §U|Mb(l) + Oz1§(1 — §)|U|W§,1+§(1—§)(1)
= ‘u’ICTVo}‘Lg(])?

where we used in the last step the definition of the fractional /CTV seminorm
together with the fact (v); = 0 (follows from (5.8) and (v,); = 0).

Case § = 1: In this case, by lemma 3, there exists a function v € BV (I) such that,
up to a subsequence,

v, — v in L'(I)

n—oo

and
/ . .
|U |Mb(I) S hm lnf Sn(l - Sn)|,Un|WSn,1+Sn(1*Sn)(])-
n—o0
Similar to the previous case, we obtain

lim inf un|jopyion gy = @olt’ = vl + aalv'|mya) 2 fuliorve -

]

Now we are able to prove the existence and uniqueness of solutions for our bilevel
learning scheme (B). The main work lies in proving the existence, whereas unique-
ness will easily follow from strict convexity.

Theorem 13 (Existence and Uniqueness for (B)). Let ug,u. € BV (I) be given.
Then there exists a unique solution

(o, 1) € [a, A" % [1, R]
to (B) with the corresponding optimal reconstructed image
Uy p» € BCVI(I).

Proof. Step 1: We show that for each (a,7) € [a, A]l'JT! x [1, R], there exists a
unique function u,, € BCV](I) satisfying

||Ua,r - U0||%2([) + |Ua,r|[C’TVOf([) = uegcl‘lvrir([) |:||U — U0||2L2(1) + |u|ICTVJ(I) . (59)

To this end, we first note that

st e = wolltagy + luliervzn | =: v € 0.00).

40



5.2 Existence and Uniqueness of Solutions

Hence, by definition of ~, there exists a minimising sequence (u,), C BCV](I) with
[t — ol 22y + |tnlicTvy 7 (5.10)

In view of remark 9, the sequence (u,), is uniformly bounded in BV (I), hence we
find some u,, € BV (I) such that (up to a subsequence)

Uy — Uq, in BV(I)
and by compactness
Uy — Ug, in L*(1).

We use lemma 4 (and the fact that integer order /CT'V seminorms are lower semi-
continuous with respect to weak-star convergence in BV') to conclude

|t — Uo“%z(]) + |tay | eV < liggggf [ — UOH%Z(I) + li7£r_1>i£f [tnlrcTvy (1)
< liminf | luy = wol[72(r) + [unlrervy )
=,

where we used (5.10) in the last equality. Note that this shows in particular that
u € BCV!(I) and hence (5.9) follows.
To show uniqueness, it is sufficient to show that the functional

J: BOV(I) = R, J(v) := [[v = uoll72(r) + [liorve

is strictly convex. This is clearly true, since the squared L2-norm is strictly convex
and the IC'TV seminorm is convex.
Step 2: We write

[ :=inf {||uam - uc||%2(1) (a,7) € [a, A]MHE x [1,R]}

and note that I' € [0,00). Hence, there exists a minimising sequence {(a”,7,)},
with

(", ry) € [a, A] T X 1, R] (5.11)
for all n € N and
2
[wanr, — UCHLZ(I) — L,

where uqn ,, € BCV_ 7 (1) is the unique function from step 1 satisfying

— 2 Tn = 1 — 2 T™n .
| twan i, U0HL2(1) + ‘ua”,rn’IC’TVan (I) ueBICn\I/i};:(I) [Hu u0HL2(I) + ‘U|ICTVan (I)]
(5.12)
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5.2 Existence and Uniqueness of Solutions

We observe that by (5.11) and the definition of the ICTV seminorms, (take all
V; = 0)

\U0|ICTVT” S luglmy (),
which implies ug € BCV 7 (I). Then, in view of (5.12), there holds
Huoﬂl,rn - UOH%W) + ‘ua”,rn’ICTV;I{(I) < ‘UO’ICTVT” n ~ ‘Uo’Mb

and we deduce
sup Hua",rnHBCVc:;;(]) < 00.
neN

By (5.11) and Bolzano-Weierstraf}, there exist some r*, k € [1, R] such that, up to a
subsequence,

rn — 1% ] — k.
Clearly, for n sufficiently large, there holds o™ € [a, AJ**! and
T'n = k+ Sns

where s, :=1, —k — r*—k =:5 € [0,1]. Hence, we are in the situation of lemma
4 and we find o* € [a, A]"*! and a function ugys .~ € BCV. (I) such that, up to a
subsequence,

Ugn gy, — Ugs o i BV (I)
and by compactness
Ugn = Ugs g 1N L*(I).
Thus, we can deduce
it e = tel[Zagry < i [, — ey =T

It remains to show that the minimiser is unique, but this follows directly from the
strict convexity of the squared L?(I)-norm. O

42



6 Conclusion

6 Conclusion

Now that we have finished the mathematical analysis of the bilevel learning scheme
(B), we want to have a look back on what we have done in this essay. Further, we
will have a look at a simulation of the scheme and discuss open problems in the
end.

Review. Let us briefly remind ourselves of the cornerstones in this essay. After
having recalled the main results from the theory of the space BV in section 2
(approximation and compactness), we started studying fractional Sobolev spaces
in section 3. In the first part of section 3, we provided, apart from the definition
of the spaces, a very useful toolbox consisting of embedding theorems (including
compactness), a Poincaré inequality and a theorem stating reflexivity. We used
these tools throughout our analysis to find convergent subsequences. In the second
part of section 3, we studied the asymptotic behaviour of the Gagliardo seminorm
and proved our first big theorem (theorem 9) which built the basis for section 4.
In section 4, we investigated the asymptotic behaviour of the fractional ICTV
seminorms (theorem 11, remark 6). On our way to this result, we proved a very
useful compactness and lower semicontinuity result (lemma 3) which has been
used in the proof of lemma 4, which was crucial for establishing the existence of
a solution of (B). In the last part of section 4, we saw firstly, that for an ICTV
function there always exists an extremal function for the infimum in the definition
of the ICTV seminorm (theorem 12, remark 8) and secondly, that the fractional
ICTV seminorms are actually equivalent to the total variation (proposition 2,
remark 9).

Section 5 was then all about the proof of theorem 13, the existence and uniqueness
of a solution to (B). In the first step of the proof, we showed that minimising
sequences for the minimisation problem in the second level of the bilevel learning
scheme are bounded in BV such that we were able to use compactness in BV and
lemma 4, the key lemma in the proof, to deduce the existence of a solution. The
second step was then to show with a minimising sequence for the first level of the
scheme (B) at hand, that we are in the situation of lemma 4, which concludes the
proof. This shows that the main work was in the proof of lemma 4, which made
use of our results from sections 4.2 and 4.3.

Finally, deducing uniqueness of the solution was straightforward by using strict
convexity.

Staircasing effect. One motivation in using our bilevel learning scheme was to
reduce the staircasing effect which occurs in total variation based image reconstruc-
tion schemes. Figure 4 illustrates the signal denoising via (1) where the clean signal
includes a piecewise linear part. Apparently, the staircasing effect is attenuated and
we get a very satisfactory result.
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6 Conclusion

] 0.5 71 (; 0!5 1
(a) Clean signal u, (red) and noisy signal ug (blue) (b) Optimal reconstructed signal 2+ ;- (blue)

Figure 4: (taken from [DL16]) Denoising via the bilevel learning scheme (B) with
a=0.001, A=2.5 and R = 2.

Current and future works. The following problems are currently/can be taken
up for further research:

e Higher dimensions: A generalisation of the bilevel learning scheme (B) to the
two dimensional setting (analysis and numerics).
In the one dimensional setting we used the Gagliardo seminorm as a way to ex-
press fractional derivatives, which can be seen as a global definition (no point-
wise information). Another approach would be to use fractional derivatives
in the sense of Riemann-Liouville. The so-called left-sided Riemann-Liouville
derivative provides a definition of the fractional derivative pointwise almost
everywhere, see [CZ15].
Using this pointwise approach, in [CZ15] the function space BV for s € (0,1)
is introduced. This space consists of L' functions with s-bounded variation,
that is

TV:(u) := sup /—u(:c) divig(z) dz,
PeCe ()
[fllo<1 €2
where Q C R? is the domain of the image u, and div® is the sum of the
Riemann-Liouville fractional derivatives of order s over all coordinate direc-
tions.
This approach could be used as starting point to construct a regulariser in two
dimensions similar to the fractional IC'T'V seminorms. The key challenge is
the lack of knowledge of the space BV?®, i.e. whereas we were able to use all the
interpolation space tools and Sobolev space properties in the Gagliardo set-
ting, we basically start from scratch in two dimensions with this new starting
point.

o New reqularisers: A further extension to fractional order ICTV seminorms.
The authors of [DL16] are currently investigating this point with the help of
quasiconvexity theory.
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6 Conclusion

e Denoising locally: Improving (B) by a spatially dependent learning method.
A trilevel learning scheme which improves (B) is suggested by P. Liu in [Liul6].
The idea of the scheme is as follows. Given a partition of the domain in cubes,
we find for each cube the optimal regularisation parameter separately and then
glue the corresponding reconstructed images together. The learning scheme
then finds the best such partition and results in the image corresponding to
this optimal partition.
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7.1 Notation

7 Appendix

7.1

Notation

I:=(0,1) CR.

R; :=(0,00) C R.

X’: Dual space of X.

LVN: Lebesgue-measure of dimension N.

|t/ | pm,(1): Total variation of u on 1.
1,2€Q L .

Io(x) = o - Characteristic function on the set Q c RV.
0,2 &€

(u)g == ‘51' J u: Mean of u on €, where |Q] is the Lebesgue-measure of €2.

(tn), (tn)n, (Un)nen: Sequences with running index n.

supp(u) := {z € Q : u(z) # 0}: Support of u: Q — R.
dist(€21,€22): Distance of the sets 2,y C RY.
Lip(u): Lipschitz constant of w.

D%u: The a-th derivative of w.

0, O: Landau-symbols.

|z] ;= max{m € Z : m < x}: Floor-function.

<o Write A < B if there exists C > 0s.t. A <CB.
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7.2 Numerics

7.2 Numerics

The following numerical method for solving the lower level problem in (B) is pre-
sented in [DL16]. It relies on the fact that we can identify fractional Sobolev spaces
with Besov spaces, see [Tril0]. Let us consider the case k = 1.

By definition of the fractional /C'T'V seminorms and using the minimax formulation
of Besov spaces presented in [GLMO7], we find

o1
min [5”“ - UOH%%I) + |u|ICTVa1+5(I)

1
— %111)51 [§||u — UOH%/?(I) + a0|u’ — SUO|M1,(I) + a13(1 — 5)|7}0|Ws,1+s(1s)(1):|

S/

u,vg Pyt

. 1 s s’
= min max §Hu — |72 + (U = 500, 9) = Xgao + 15(1 = 5) /|Kt * Vg | :
T

where K7 denotes the operator from [GLMO07, Section 3.4], s :== 1+ s(1 — s), and

0  if |p(z)| <«
SR

oo, else

for x € I. We observe that the reformulated minimax problem is actually a saddle-
point problem which fits into the framework of [CP11] and can be solved by a
first-order primal-dual algorithm.

The numerical solution of the bilevel problem for ICTV* is a matter of future
research. The case k = 2 has been investigated in [DSV17].
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