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Abstract

We study properties of solutions to second order Total Generalized
Variation (TGV2) regularized L'-fitting problems in dimension one.
Special attention is paid to the analysis of the structure of the solutions,
their regularity and the effect of the regularization parameters.

Keywords: Total generalized variation, robust data fitting, regulariza-
tion techniques.

1 The L'-TGV? functional

In this work we study the variational problem
min u — flly + TGVE(w), (1.1)

where f is the input data, u denotes a solution, and & = (3, a) > 0 stands for
a vector-valued regularization parameter. The precise definition of TGV?
will be given below. For the moment it suffices to know that it is a flexible
regularization functional which adapts to first and second order smoothness
of the data. The TGVi—functional is a special case of the TGV’C%—functional,
where k > 2, which was introduced in [3]. In [3] basic analytical properties
of TGV’;. and numerical results with an L? data-fitting term for the cases
k =2 and k = 3 are provided. One way of interpreting TGV’O%, consists in
realizing that it regularizes independently on different regularity scales of
the function that it is applied to. Compared to the BV-functional [10] we
recall that constant functions are in the kernel of BV, while polynomials of
degree constitute the kernel of TGV, see [3].

The reason for focussing on the case k = 2 in spatial dimension one is
given by the fact that we aim at getting detailed insight into the effect TGV%
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on the structure of the solution to (1.1). We expect that generalizations to
k > 3 are possible.

The advantages and differences of the L' data-fitting term over the L?-
performance criterion are well reported in the literature. From the point of
view of robust statistics L' should be preferred over an L? fidelity term, since
the latter magnifies errors introduced by outliers. Geometric features and
scale separation properties of the L' criterion are reported in e.g. [5, 8, 9, 13].
All of these papers address the L'-BV, as opposed to the TGV case, which
is in the focus of the present paper. The numerical realization of the L'-BV
problem is typically considered in the discrete formulation with L' replaced
by ¢'. Among the techniques that were analyzed we mention linear pro-
gramming, generalized reweighted least-squares, and splitting techniques,
see e.g. [6, 12], and semi-smooth Newton methods [7].

The subsequent sections are structured as follows. Section 2 contains
notation that will be used throughout the paper as well as a summary of
useful facts on functions of bounded variation with special attention paid to
the one-dimensional case. The precise problem formulation is contained in
Section 3. Introducing a set-valued generalization of the sign operation that
is applicable to Radon measures allows an elegant description of necessary
and sufficient optimality conditions. In Section 4 monotonicity and staircas-
ing properties of the solution to (1.1), as well as its jump set, are analyzed.
It is shown that zero degree staircasing, well-known for the solutions of BV-
regularized problems, is replaced by staircasing of degree one for solutions
to (1.1). The optimality conditions allow to argue that certain regularity
properties of the data f, like absolute- and Lipschitz continuity, as well as
piecewise affinity are inherited by the solution to (1.1). This is treated in
Section 5. Section 6 focuses on the effect of the regularization parameter
on the solution. The asymptotic behavior of the solution and monotonicity
properties of the performance and complexity summand in the cost func-
tional are proved. Further threshold bounds on the solution in terms of the
regularization parameters are obtained. The paper concludes with examples
illustrating these bounds.

2 Notation and preliminaries

2.1 Measures and functions

For a function u : Q@ — R, we denote by |u| the pointwise absolute value:

|ul(z) == |u(z)].
A function u : (a,b) — R is said to be piecewise affine, if there are finitely
many disjoint (open) intervals I,...,Ix such that (a,b) = Ui\il I;, and u

is affine on each I;. Here I; denotes the relative closure of I; in (a,b).
Let 2 C R™ be a Borel set and let M(£2, R™) denote the space of (vector-
valued) Radon measures on . The total variation measure of u € M() is



denoted ||, and we define the norm ||| pq() = |p|(€2), see e.g. [11].

For each p € M(Q,R™) there exists a polar decomposition p = sgn(u)|u|
with sgn(p) € L>(Q, |p|) and ||sgn(p)||co < 1. The notation p < v denotes
the fact that the measure p is absolutely continuous with respect to the
measure V.

We denote by £™ the Lebesgue measure on R™, while H* denotes the
k-dimensional Hausdorff measure on a suitable ambient space. The Dirac
measure concentrated at x is denoted d,,. The restriction of a Radon measure
i to a Borel set A is denoted p A, where (uA)(B) := u(AN B).

Finally, we like to recall what the Radon norm means for distributions.
A distribution u on 2 is a Radon measure (in the sense that there is a

1€ M(Q) such that [, v dp = (u, v) for all v € C°(Q2)) if and only if
lullav = sup {{u, v) | veCE(Q), [lv]lo <1} (2.1)

is finite. In particular, if finite, the supremum coincides with the norm in

Therefore, we have, for distributions v and w, the identities
IDw| = sup {(w, V') | veCE(Q), [lv]lo <1} (2.2)
and
IDu — wl|amg = sup {{w, w) + (u, w') | w € CZ(Q), |wllo <1} (2.3)

where the value oo is possibly attained.
If u can be identified with an element in the dual space C§(£2)*, then by
density the set of test functions C2°(Q) can be replaced by CF(Q).

2.2 Functions of bounded variation

Following, e.g., [1], a function u € L*(Q2) on a non-empty open set 2 C R™
is said to be of bounded variation, denoted u € BV(2), if the distributional
derivative Du is a (vector-valued) Radon measure. In other words

/udiv¢ dxz—/gbdDu, for all ¢ € C°(Q2,R™).
Q Q

In BV(2) we define the norm ||ul|; + ||Dul|pm and the BV-seminorm by
TV(u) = ||Dul|pm. A sequence {u'}2, in BV(£2) converges strongly to
u € BV(Q) if both [[u’ —ul|f1q) — 0 and [[Du’ — Dul[pqq) — 0. Weak
convergence is defined as u’ — u strongly in L'(Q) and Du® — Du weakly™*
in M(Q,R™).

In the following, let m =1, Q = (a,b) and u € BV (). Recall that z € Q
is called a Lebesgue point if there exists a @(x) such that

1 [P

lim — ulz) —u dy = 0.
i [ i) (o)



The set of points where this limit does not exist is called the approximate
discontinuity set, denoted by S,. In the one-dimensional case, the approx-
imate left and right limits, u™(x) and u™(r) exist for every z € B and are
defined by satisfying

lim u(z) —u(y)] dy =0 and hm / u- —u dy =0,
tim = [ (@) = )| dy | ()l dy

respectively. The set of points # where v~ (x) # u™(z), which is called the
Jump set J,, of u, is known to be at most countable and to coincide with S,,.
We can decompose the distributional derivative of a u € BV(2) as Du =
D%+ Diu+ D, where D% = /L' is the absolutely continuous part, with
«' the approximate differential, D7u represents the jump part which can be
represented as
Dy = (ut —u" )YHLJ,,

and D¢ is the Cantor part which vanishes on any Borel set o-finite with
respect to H?. The singular parts of D are denoted by D$ = DJ + D¢, For
u € CY(Q) the approximate differential coincides with the common notion
of derivative.

For u € BV(Q) we will be mostly working with good representatives as
defined in [1, Theorem 3.28]. These are functions @ : 8 — R which are
continuous outside J,, and satisfy for some unique ¢, € R that

(t) € ¢y + Du((a,t)) + [0,1]Du({t}) for all ¢ € (a,b).

In this sense, u~ and u™ are good representatives of u.

3 Problem formulation and optimality conditions

Assumption 3.1. Throughout this paper, unless otherwise stated, we as-
sume that Q = (a,b) C R

We write problem (1.1) as

in F h Flu):=|f— TGVZ P
Jmin P, where F(u) = | = ull o) + TGVEW)  (P)

for a = (8,) > 0 and

TGVZ(u) := sup { /

w de | v e Q) ol < B, IVl < af,
Q

(TGV®"P)
also called the predual or supremum definition of TGVZ(u). The existence of
solutions to (P) follows from the lower semi-continuity of the TGV seminorm
shown in [3].



Here we prefer to work with the minimum characterization of TGVZ(u),
expressed as

2,min L . i
TGV(@CV) (u) = werlr?sl{/r%s)) (O‘HDU - wHM(Q) + /BHDU]”M(Q))- (TGV™™)

Observe that the minimization problem in (TGV™") is just L'-TV for u/,
as the singular part D*u cannot be approximated by w. In [3] it was shown
that for u € C>°(Q2), we have

TGVZ™™ (u) = TGV (w).
In the following, we will prove this equivalence for general u € L*() along
with showing the equivalence of || - [|[gy(q) to the norm
[ - HBG\@ = | lpi) + TGVZ.

Proposition 3.2. For u € L*(Q) the supremum definition (TGV™'?) and
the minimum characterization (TGV™?") coincide, that is

- Du — D = TGV%
Juin - allDu—wlly + Bl Dwla a(w)

~ sup {/qu dr | v e Q). ol < B, /]l < o).

Proof. First observe that the supremum in (TGV*®"P) can also be written as
the negative infimum

TGVE(u) = — inf {- /

w do | v e CAQ), vl < B, I <.
Q

(3.1)
Moreover, by density of C2(2) in C3(£2) with respect to the C?-norm, C2(Q2)
in (3.1) can be replaced by C3(Q2). We therefore introduce X = C3(f),
Y = C4(Q) and the operator A : v — v/, for which A € £(X,Y). Defining
furthermore

Fi: X = (—00,o) Fi(v) = I ezpy (0),

Fy:Y — (—o0, 0] Fo(w) = Ifj| oo <ar (@) — / uw’ dx,
Q

the infimum in (3.1) can be expressed as
inf Fi(v) + Fa(Av).
veX

We employ the Fenchel-Rockafellar duality formula for this setting. Accord-
ing to [2] this is justified if

Y = |J A(dom(F) — A dom(F)),
A>0



where dom(F}) and dom(F») denote the effective domains of F; and Fj,
respectively, i.e., the set where F} (resp. F») admits finite values.

Since each w € Y can be written as w = A(A~'w) with A > 0 such that
IN"w|lo < @ and 0 € dom(F}), this is immediately clear. Consequently,
we know that

ml}}_l Fi(—ANw) + Fy(w) = — in)f( F1(v) + Fy(Av) = TGVZ(u).
wey™ vE

In particular, the infimum on the left is attained. Computing Fj'(—A*w)
gives

FY (—=Aw) = sup {(w, —v') | v € CF(Q), |lvllx < B} = Bl D]l

according to (2.2) and noting that —A*w can be interpreted as an element
of C3(Q)*. Likewise, (2.3) gives

F3(w) = sup {(w, w) + (u, ') | w € CH(Q), |lw]o < a} = a||Du— w||pm.
These considerations yield the desired identity. O

Lemma 3.3. There exist constants 0 < ¢ < C' < oo such that foru € L*(Q),
we have

c(llull o) + TV () < fJullpi@) + TGVE(w) < C([lull L) +TV(w).
Proof. The inequality
lull 1) + TGVA(w) < max(1, ) ([[ull (o) + TV(w))

is trivial: By Proposition 3.2, we can employ the minimum characteriza-
tion (TGV™") and take w = 0.
In order to complete the proof we have to show

c(llullpry + TV(w)) < lullpiq) + TGVE(u) (3.2)

for some ¢ > 0. We may assume that ||Dul|| ) < oo, since otherwise the
claim is trivial, both sides of the inequality being infinite. We begin by
showing that, for some constant C; = C1(£2) > 0,

”DUHM(Q) < C’l(HDu — ’LZ)”M(Q) + ||u”L1(Q))7 for all w e R. (3.3)

Indeed, let us take v(x) := wx + h for some h € R such that [v = [,u
By the continuity of the differential operator D : v — v’ on affine functions,
there exists a constant Cy = C2(Q) such that ||Dvl|p1q) < Cof|v|lpiq). It
follows that

[ Dullpmee) < [[D(u — )|l me) + ||DUHL1(Q)
< |ID(u =)l mee) + C2llvlLr @
< [|D(u —v)|| me) +C2HU—UHL1 )+ CollullL1(q)-
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Applying the Poincaré inequality [1, p. 152] to the middle term in the last
expression, where we observe that [(u —v) = 0 by construction of v, we
obtain for a constant C; independent of u

[ Dull pmee) < CL{lID(u = v) | mee) + lull i)

Since Dv = w, we may deduce (3.3).

Next we take w € BV(Q) and let w := (b — a)~! [w(z) dz. Then
another application of the Poincaré inequality shows that there is a constant
C3 = C3(Q, d) such that

|[Du — @[ pme) < 1Dy —wlam) + lw =0 110
< Cs(al|Du — wl| pm) + Bl Dwl| pe))-

Combining (3.3) and (3.4) and taking the infimum over w € BV(Q) now
yields (3.2) by Proposition 3.2, concluding the proof. O

(3.4)

For stating optimality conditions based on subdifferential calculus, let
us study the subdifferential of the L!-norm and the norm in M(2). For this
purpose we need the following generalization of the sign function.

Definition 3.4. Let € M(Q). Then, sgn(u) denotes the unique element

in L>®(Q,|p|) for which p = sgn(u)|u|. Moreover, the set-valued sign is
defined as

Sgn(p) = {v € L=(Q) N L=, |ul) | [vllos < 1, vllooju < 1,

v =sgn(u), |u|-almost everywhere},

with [|v]|o, |, denoting the |u|-essential supremum of |v].
For u € L'(£2), we moreover define Sgn(u) = Sgn(ull).

It is obvious that if u € L*(€), then v € L*(£2) belongs to Sgn(u) if and
only if v(t) = u(t)/|u(t)| almost everywhere in {u # 0} and v(t) € [—1,1]
almost everywhere in {u = 0}. Hence, the set-valued sign of u € M(Q2) can
be regarded as the generalization of the sign to Radon measures.

Having this notion, the subgradient of the norm in L(2) and M(Q) can
be characterized, for the latter at least for predual elements.

Lemma 3.5. The following identities hold:
(i) If u € L' (), then O|| - |1 (u) = Sgn(u).
(ii) If € M(R), then |- |Lua (1) N1Co(Q) = Sgn(s) N1 C(€2).

Proof. For the first part, note that from subdifferential calculus, w € L>(2)
is in 9| - ||1(w) if and only if

lw]leo <1 and /wu dz :/ |u| dz.
Q Q
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The latter expression is equivalent to [ {u 750}(& — w)\u| dz = 0. Conse-
quently w = 1 almost everywhere in {u # 0}, and hence the equivalence
holds as stated.

For the second part, recall that for a given p € M(Q2), v € Cy(€2) implies
v e LX) N L>(Q, |u]) with [[v]lse, i, < Jv]loc. Now, v € Cy(92) satisfies

v e lm() NC(Q) ifandonly if ol <1 and {u, v) = lullac

By the decomposition p = sgn(u)|p| and [|ul|pm = [o1 d|ul, the latter is
equivalent to

ol <1 and | (sgne) ~v) dud =0

and this, in turn, to v = sgn(u), |u|-almost everywhere. Therefore, the
characterization holds as stated. O

Proposition 3.6. A pair (u,w) € BV(Q)? is a minimizer for (P) if and
only if there exists a v € H3(Q) such that

v" € Sgu(f —u),

—v" € aSgn(Du — w), (

v € fSgn(Dw).

o oo
NI

Proof. We will show that the maximization problem
max { [ f0" dz | v e BY@), ol < 8. W] a0 [0/l <1} (P)
Q

can be regarded the predual problem for (P) and derive the optimality con-
ditions from Fenchel-Rockafellar duality. First, note that (P’) has a solution
v* € H() since the functional to maximize is weakly continuous and the
constraints correspond to a non-empty, convex, closed and bounded subset
of HZ(2). Hence, writing the maximum in (P’) is justified.

For the purpose of establishing Fenchel-Rockafellar duality, we introduce

X = HXQ) x H(Q), Y =H}Q) x L*Q),

and the linear and continuous mapping A : X — Y according to A(v,w) =
(w+v',w’). Furthermore, let

Fi: X = (—00,00),  Fi(v,w) =TI 1< (0) + I jozay (@),
Fy:Y — (—o0,00],  Fa(,v) —1{0}(¢)+/ﬂf¢ dz + Iy o<1y (¥)-

It is easy to see that (P’) is equivalent to

max (P') = — (v,g%feX Fi((v,w)) + F2(A(v,w)).



To employ Fenchel-Rockafellar duality in this situation, we again establish
the sufficient condition

Y = [ AM(dom(F;) — A dom(F})). (3.5)
A>0

Let (¢,v) € Y be given. In order to obtain the desired representation of
this part, we have to “split off” a suitable affine part from . Therefore, we
choose g = hg + hi1x with hg, h1 € R such that

/Q Yolx) dz = /Q bl d, /Q 2o(z) do = /Q () + o(x) da

is satisfied (this linear system of equations for (hg, h1) can easily seen to be
uniquely solvable). Furthermore, we construct

wiz) = / “Wo—W)@) dy, () = / "6+ w)(w) dy.

Note that w € HE(Q): Indeed, —w' = ¢ — ¢y € L*(Q), w(a) = 0 by

construction and )
wlt) = [ o= )(w) dz = 0.

Likewise we find v € HZ(2). In fact, —v' = w + ¢ € H}(Q), v(a) = 0, and
by Fubini’s theorem it follows that

o(b) = /<+¢ dx—//¢ $o)(w) dy — é(x) d
//1dxw o)y dy/¢

=/< — 1) — o) (@) — b(z) da
CLb b
:/ x1o(z) d:c—/ ap(z) + ¢(x) dz =0.

Therefore, (v,w) € X with
(6,9) = (0,9%0) — (w +v',w) = (0,2%) — A(v,w).
By choosing A > 0 appropriately, we can now achieve that
N olle <1, AN Wl <@ AT 0]l < B
and since A"'A(v,w) = A(A"1v, A~ 1w), the representation

(,%) = M(0, A" ) —A (A o, A7 1w)).

-

edom(F») €dom(Fy)
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Since (¢,1) € Y was arbitrary, (3.5) is established.
Therefore, we have

<(vf2)igx Fl((v,w))—i—Fg (A(v,w)))—i—((w,rg)igw Fl*(—A*(w,u))—i—Fg*((w, u)) =0,

in particular the minimum is attained at some (w*,u*) € Y*. Interpreting
(¢,70) € HZ(Q)* x H}(Q)* = X* as distributions of order 1 and 0, respec-
tively, the functional dual to F} can be expressed as

V,Ww)EX,
V]| <B, [|wlloo<a

by virtue of (2.1). Noting that —A*(w,u) = (Dw, Du — w) in the distribu-
tional sense, it follows

Fy (—A*(w,u)) = a||Du — w|| pm + Bl Dw|| pm-

Likewise, we deduce

B(ww)= s (o) + /Q (u— fYp de = |f —ulx
$=0, [[1)]lee<1

leading to max (P’) = min (P) as claimed. Moreover, the optimality
conditions can be expressed in terms of subgradients: A primal-dual pair
((w,u), (v,w)) € Y* x X is optimal if and only if

(v,w) € OF] (—A*(w,u)) and A(v,w) € OF5 ((w,u)).

Using that 90 = {0}, the results of Lemma 3.5 as well as the subdifferenti-
ation rule J||f — - [[1(u) = =9 - ||1(f — ), this means

v € BSegn(Dw), w+v' =0
w € aSgn(Du — w), W' € —Sgn(f —u).

Using w = —v’ and, consequently w’ = —v”, the characterization (Of)—(Og)
follows. O

4 The structure of the solutions

4.1 First-degree “staircasing” and monotonicity

In the L1-TV case, i.e., for the problem

ue%l\i}(lm v = flli@) + allDull sma),
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the conditions (Of)—(Opg) are replaced by the simpler conditions
v' € Sen(f —u), (4.1)
—v € aSgn(Du). (4.2)

These conditions imply the well-known “staircasing of degree zero” phe-
nomenon: u is piecewise constant when it does not equal f. In fact, arguing
formally, if u(z) < f(z) then u < f in a neighborhood I of = and by (4.1)
we have that v = 1 and hence v is affine on I. By (4.2) therefore v’ = 0
and hence u is constant on I.

For L'-TGV? we get a similar staircasing phenomenon “of the first de-
gree”, meaning that u” = 0 in a suitable sense when u does not equal f.

Definition 4.1. Let u € BV(Q) for Q C R. For = € Q, we then set
u(z) = max{u(z),u (z)}, and wu(z)=min{ut(z),u (v)}
(equating ut =u~ =a on Q\ Jy).

Observe that w and u are “good representatives” of u. In particular,
they are continuous on Q \ J,,.

Lemma 4.2. Let f,u € BV(Q2). Then the set of x € Q with u(xz) < f(x)
(resp. u(z) > f(x)) is open.

Proof. Suppose that @(x) < f(r). We may further assume v =7 and f = f.
We let d := f(z) — u(z) > 0. We may then find 6 > 0 such that

|IDf|((x,z+9)) + |Du|((z,z +0)) < d/3

and
|IDf|((x — 6,2)) + |Dul((x — d,x)) < d/3.

Here we use that 0 = limj,o [Df|((z,2 4+ 1)) = |Df|(Nien(z,z + 7)) and
analogously for u. The characterization of “good representatives” in Sub-
section 2.2, shows that for a constant ¢, we have

u(t) € ey + Du((a,t)) + [0, 1]Du({t}),
so that, for € € (0,0), we have
u(x 4+ €) < u(x) + |Dul((x, €]).
Likewise we find for € € (0,d) that
f(z+e) = flz) — [DfI((z,¢€]).

Consequently, we obtain u — f < —d/3 on (x,z + ¢). A similar calculation
can be performed on (x —9,z). We find that u < fon I := (x—9d,2+6). O

11



Proposition 4.3. Let f € BV(Q), and suppose that u € BV(£2) solves (P)
with the minimum in (TGV™") achieved by w € BV (). Suppose w < f on
an open interval I C Q. Then we have

(i) (Du—w).I=0,ie,u =wonl and|D%ul(I)=0.
(it) w' =0 on I and 0 < —Dw. I < §, for some x € I.
(11i) The function w = v’ is non-increasing on I.
If, on the other hand, w > f on I, then in addition to (i), we have
(i) w' =0 on I and 0 < Dw.l < 0, for some x € I.
(11i’) The function w = v’ is non-decreasing on I.

Proof. We consider the case @ < f, as the case u > f can be shown with
analogous arguments. B

From (Oy) it first of all follows that v” =1 a.e. on I. In particular, v’ is
strictly monotone. Next, it follows from (O, ) that

—v' € aSgn(Du — w).

Since v’ is strictly monotone and I is open, we must have v' € (—«, «) on
I. This forces Du — wi I = 0. Hence v/ = w on I and |D%u|.I = 0. This
concludes the proof of (i).

On the other hand, (Og) gives

v € BSgn(Dw)

The fact that, v” = 1 implies that v is a quadratic function that reaches its
minimum on I at exactly one point 2 € I. Elsewhere on the open set I we
must have v € (—f,3). This forces —Dwi.] < §, on I as well as 0 > D*w.
Therefore also w’ = 0 on I. This concludes the proof of (ii). Property (iii)
is an immediate consequence of (ii). O

Remark 4.4. Using the arguments of the proof of Proposition 4.3 it is now
simple to argue rigorously staircasing of degree zero for the L'-TV case.
Iteration of this reasoning implies “staircasing of degree k — 17 for TGV¥.

Corollary 4.5. Let f € BV(Q), and suppose u € BV(Q2) solves (P) with
the minimum in (TGV™") achieved by w € BV(Q). Let

Aypi=A,;UAp,, where A,p:={rcQ|u(z)< f(x)}.

Then w = u' and w'" = 0 on Ay y. Moreover, |D*ul(Ayz) = 0, and the set
Ay g as well as Ay y and Ay, are open.

Proof. This is an immediate consequence of Lemma 4.2 and Proposition
4.3. O
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Figure 1: The construction in the proof of Proposition 4.7.

4.2 Structure of the jump set

Proposition 4.3 already tells as that J, N A, y = 0, that is, v has no jumps
on any open set where it does not equal f in a suitable sense. Our next
proposition strengthens this result, in particular showing the behavior on
0A,. . It shows that the jumps of u are contained in the jumps of f in the
sense of graphs.

Definition 4.6. For f € BV(Q), let us define the jump graph as

Gy:={(z,t) |z € Js, t € [f(x), f(2)]}.

Proposition 4.7. Let f € BV(Q2), and suppose u € BV(Q) solves (P).
Then G, C Gy, and, in particular, J, C Jy.

Proof. Again we use the particular properties of BV-functions in the one-
dimensional case as outlined in Section 2.2, in particular the left and right
limits f*(x) always exist and Sy = J;. We choose z € J,, and consider
only the case u™(z) < u™(z), the opposite case being similar. To show that
G. C Gy, we have to show that f(z) <u™(x) and u™(z) < f(z). Since the
proofs of these two properties are analogous, we study only the first one.

To reach a contradiction, we assume that f(x) > v~ (x), which implies
that f~(z) > u™(z). We denote the difference by ¢ := f~(z) —u"(z) > 0
and choose v € (0,1/2] such that

ey <ut(z) —u (z). (4.3)

We consider the functions u, := u +cyxp, for B, := [z — p, z]; see Figure 1
for a sketch of the construction. Then

/ F@) — uply)] dy = / F) — uly)] dy + / F) - uly) — eyl dy.
Q O\B, B, w

We claim that

[ 110 —uw) -l dy < [ 170) —utw)] dy (4.5)
B

P By
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for some small p > 0.
In B,, we have pointwise almost everywhere

f—u—cy| <A =f —ul+7f—u—c],
so it suffices to show that

/ @) - uly) — ¢ dy < / @) - u()| dy (4.6)
By

P
By the definition of approximate limits, (f —u)” = f~ —u~ = ¢, and we
get

1
0 <lim — —-u —c| d
<l 0= 0@ —d dy

1 1

<lim — |f—f_|dy+lim/ lu—u"| dy =0.
PO P B, PO p B,

This implies that

tm =~ [ [(f = u)(y)] dy > lim (a—lj (F—w)y) ¢ dy):c.

PO P B, PO PJB,

and establishes the existence of some small p > 0 such that (4.6) and conse-
quently (4.5) hold. Moreover, since J,, is at most countable p can be chosen
such that z — p ¢ J,. Recalling (4.4), this implies

1f = upllry < If —ullo)- (4.7)
Observe, finally, that by the definition of u,, we have

Du, = Du+ cy(6p—p — 0z).
Therefore, by the choice (4.3), a part of the jump of u at x of mass ¢y <
|Diu({z})| is shifted to z — p & J,,. It follows that
1Dy = wllpmee) = 1D%u = wllpy@) + D0+ ¢y(6z—p = 02)l| mee)
= D% — w1 (o) + 1Dl me) = [Du = wllam)-

Consequently ||Du — wl|rq(q) in (P), where w € BV(Q), is not affected by
replacing v by u,. Minding (4.7), this shows that F'(u,) < F'(u), so u cannot

be optimal. Hence we have found the desired contradiction and can conclude
the proof. ]

Remark 4.8. The same argument works in R! for general L'-TGV*, (k > 1),
so, in particular L'-TV. For the L?>-TV problem

: 2
Jmin (1F = ullfag) + ol Dl

with f € BV(Q)NL>®(Q) and Q@ C R™, n > 1, the property J,, C J¢, up to a
set of H"~! measure zero, has already been shown by a different technique
in [4].
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4.3 Summary

We summarize the findings of this section in the following theorem.

Theorem 4.9. Suppose u € BV () solves (P) for f € BV(S2). Then there
exists an open set A, r, union of at most countably many disjoint open
intervals I; = (a;,b;), (i =0,1,2,...), such that

(i) u=f on Q\ Ay y.

Moreover, for each i = 0,1,2,..., there exist points x; € I; such that the
following hold.

(i) f(ai) < ut(a;) < flai), and f(b;) < u™(bi) < f(bi).

(iii) Both u|(a;,z;) and u|(z;,b;) are affine. Moreover, u™ (z;) = u™(x;),
that is, u is continuous on I;.

(iv) Eitheru < f oru > f onI;. In the former case, (u')™(z;) > (v/) T (2;).
In the latter case, (u')™ (x;) < (u)"(z;).

Proof. This is an immediate consequence of Propositions 4.3 & 4.7. 0

5 Preserved properties

5.1 Continuity

Proposition 5.1. Suppose that f : Q@ — R is (absolutely) continuous and
that u € BV(Q) solves (P). Then u is (absolutely) continuous.

Proof. In the one-dimensional case under consideration, v has a continuous
representative on Q \ J,. The preservation of continuity therefore follows
from the fact that J, C Jy = () which was established in Proposition 4.7.

Next we show the preservation of absolute continuity. We write A, ; =
U:2, L, where the intervals I; are open and disjoint. We then write

£ :c+/ Fs)ds, (teQ).

Such a representation holds thanks to the absolute continuity of f. Minding
that, by Proposition 4.3, u is also absolutely continuous on (J]_, I; C Ay,

we define .
f1), teQ\Ui L
g;(t) =197, j
and

wit) =i+ [ a6 s
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u

[

f \ f \
I=(a,d) I'= (d,b)
(a) Ilustration of 4 (b) Illustration of @

Figure 2: Constructions in the proof of Theorem 5.2

Clearly u; =g;. lfa¢g ngl I;, then ¢; = c¢. Otherwise ¢; = u™(a). The
idea is that u; is formed from f by replacing it by u on each of the intervals
I; = (ci,di), (i = 1,...,7), where u(c;) = f(¢;) and u(d;) = f(d;). Thus
’LLj = f on Q \ ngl Il

We finally let
flt), teQ\Ayy,
g(t) =17, !
u (t), te A%f’

If we then show that u; — u in L'(2) and uj =gj — g in LY(9), it follows
that u; — u in W11(Q) and u is absolutely continuous with v’ = g.
Firstly, we indeed observe that

o0
li P — =1l L f N =
fim, 19 — gl jlggo Z v = fllpy =0,
i=7+1
thanks to [[u’ — f'|[L1(a, ;) < o0 and El(U?ij_H I;) — 0.
Secondly, we observe analogously that

Jim luj = @) = lim '2;1 lw— fllgi,) = 0.
i=j

This concludes the proof. ]

Theorem 5.2. Let f : Q — R be Lipschitz continuous with Lipschitz con-
stant L, and suppose that u € BV () solves (P). Then u is Lipschitz con-
tinuous with Lipschitz constant at most L.

Proof. Observe that the set A, ¢ is open, and |[v/| < L pointwise a.e. on
Q\ A, f, as u = f on this set. We want to show that |u’| < L pointwise a.e.
on all of Q.

Let w € BV(f2) be a function achieving the minimum in (TGV™™®). By
Proposition 4.3, we have v’ = w and w’ = 0 on A, . Thus || < L a.e. on
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A, 5 will follow if we show |w| < L on A, ¢. Since 04, f is L'-negligible and
u is absolutely continuous by Proposition 5.1, a referral to the fundamental
theorem of calculus then shows that u has Lipschitz factor at most L, as
claimed.

We may study w separately on the sets Au,f and flf’u, whose union
constitutes A, r. Since the proof is analogous (with some sign changes) in
both cases, we concentrate on flu’f, i.e., on the case u < f, and show that
|lw| < L on flu,f. Let I C fluyf be a maximal open interval, that is, there
exists no open interval I’ # I with I Cc I' C /Nlu’f. (Recall that, flwc CR
being open, it is the union of countably many disjoint open intervals.) By
Proposition 4.3, 0 < —Dw.I < 6, for some x € I, so that for some wy, w9 €
R, wy > wy, we have w = w; on (¢,z) and w = we on (z,d). Moreover,
since u < f on I, there exists € > 0 such that u(z) + € < f(x).

To reach a contradiction suppose that wy; > L. Then

v =w; >L>f" on (). (5.1)

It follows that u(y) + € < f(y) for y € (¢,x). By the maximality of I, we
deduce that ¢ = a. Thus, on (a, ], we have u + ¢ < f and u is affine with
slope wy. Suppose we < wi, and set L := max{L,wy} as well as (see Figure

2(a))

{u(y» yeleb), {w<y>, y € [x,b),
w(y) =
, L, y € (a,x).

Using (5.1) it follows that u < @ < f on (a,x). Moreover &' —w = v — w
on [z,b), 7 —w =0 on (a,x), and

[0 (2) — 0~ ()] < [w'(2) —w ()],

where we use that L < wy. It is thus easily seen that F (@) < F(u), contra-
dicting the optimality of u for (P). Hence, if wy > L, then wy = w1, so that
u is affine on I = (a,d) with slope w; = ws.

Let us now assume that d < b. Setting # = d and L = max{L, w" (d)} an
argument by contradiction using the above construction shows that w™(d) >
wi. By the maximality of I we have u(d) = f(d). Let h € (A, r N (d,b)) be
the point closest to d in this set. Then u = f on Iy := [d, h]. Suppose h > d.
The function w then minimises || f* — w||; on (d, h) subject to the boundary
values wt(d) on d and w™(h) on h. Since f’ < L and w™(d) > wy, it follows
that w > w; a.e. on (d, h). Indeed, if we had w(y’) < wi, then (see the proof
of Lemma 4.2) there would exist y € (d,y'] and L € [w(y), w(y)]N[L, w* (d))
such that f/ <@ < w on (d,y) for

B(z) = {E, x € (d,y),

w(z), otherwise.



Then also |Dw|(€2) < |Dw|(£2), which would contradict the optimality of w.
Since now w > wy > L a.e. on I, we may actually assume (choosing L=uw
and y = h) that w = wy a.e. on Iy. In fact, if w*(h) < wy (when h < b), we
could take y = h and L = max{L,w" (h)}, contradicting that w*(d) > w;.
Thus wt(h) > wy (when h < b) and w > w; a.e. on I Uy = (a,h]. The
same conclusion holds already by earlier reasoning when h = d.

Suppose h < b. It now follows from u(h) = f(h) that u > f on an interval
I' = (h,e) C Q. Indeed, since h € dA, ;N (d,b) and wt(h) > w1 > L,
we have the existence of € > 0 such that B := (h,h 4 €) N A, s satisfies
LY(B) >0 and v/ = w > L a.e. on B (see again the proof of Lemma 4.2),
while u = f a.e. on (h,h + ¢€) \ B. From here it follows by integration that
B = (h,h+¢€) and v > f on I’ = B. We may again take I’ maximal,
in the sense defined above. Using (ii') of Proposition 4.3 we obtain the
existence of ' € (h,e) such that for some w},w) € R, with w] < wj, we
have w = w} = w*(d) > w1 > L on (h,2') and w = w) on (2/,¢e). But then
w > L on I', which implies that v~ (e) > f~(e). By the maximality of I’,
we thus necessarily have e = b. This implies that Q = TU Iy U I’.

When h = b, we take I’ = (.

When d = b, we take h = b and Iy = I’ = ().

Let us now define (see Figure 2(b))

u(d)+ L(y —d), yel,
a(y) == u(h)+Ly—h), yel', w(y):=L, (y € (a,b)).
u(y)v y S I(),

Then v < u < f on (a,d), and f < @ < w on (h,b). It follows that
@ — fllLr) < llu— fllp(q). Trivially also Du — @ = 0, and Dw = 0, so
that clearly F'(u) < F(u). This provides the desired contradiction to the
assumption wy > L. Since wy < wq, it follows that w < L on I. A proof
by contradiction completely analogous to the one above further shows that
wg > —L, so that |w| < L on I. This concludes the proof. O

5.2 Piecewise affinity

Theorem 5.3. Let f : 0 — R be piecewise affine, and suppose that u €
BV(Q) solves (P). Then u is piecewise affine.

Proof. By Proposition 4.3, u is piecewise affine on any open interval I &
Ay, p. Trivially this results extends to any open interval I C A, y. Clearly u
is also piecewise affine on any open interval I C Q\ A, ¢, since it is equal to
f there. The only problem therefore lies in showing that A, s is the union
of at most finitely many open intervals. From there the same result follows
for Q\ A, .
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Let I € {I,...,In} be one of the finitely many open intervals on which
f is affine. It then suffices to show that A, ; NI consists of finitely many
open intervals.

Recall that by Proposition 4.7 and continuity of f on I we may assume
that u continuous on I. Let I’ = (¢,d) C A, r NI be maximal. In view of
the continuity of u on I this means that for € {c, d}, either u(z) = f(x)
or x € J1. If no such interval exists, then due to Lemma 4.2, we have u = f
on I and there is nothing to prove.

Next we note that there are at most two sub-intervals I’ C App Nl
sharing a boundary point of I. It therefore suffices to study the number of
subintervals I’ = (¢, d) with ¢,d & 9I. For such intervals, both u(c) = f(c)
and u(d) = f(d), while u # f on I'. Let us assume that u < f on I'. The
opposite case can be treated analogously. By Proposition 4.3, u is piecewise
affine on I, with at most one point of discontinuity for w = u’. Consequently,
the assumptions u(c) = f(c¢) and u < f on I yield w*(c) < (f')"(¢). By
Proposition 4.3, moreover, w is non-increasing, so that w < f' = (f/)*(c) on
I'. Consequently u(d) = f(d) is impossible. This contradiction shows that
Ay, p N1 consists of at most two intervals, specifically those with at least one
boundary point meeting a boundary point of I. O

Remark 5.4. The proof also shows that u does not oscillate away from f in
the middle of an interval I on which f is affine.

6 The effect of the regularisation parameters

6.1 Convergence

In this subsection, we consider problem (P) with the regularization term
weighted for simplicity with a single parameter A > 0, that is we consider

in F = f - ATGVZ(u). P
Looine Nu) = |If —ullpiq) + #(u) (Px)

Proposition 6.1. For o, > 0 fized, let uy be a solution of (P) with
A>0. Then

(i) uy — f strongly in L*(Q) as A \, 0.

(ii) Every sequence \; /' 00 has a subsequence {\;; }]Oio, such that Uy, —
f* weakly in BV(Q) as j — oo, where f* is a solution to the L'-
regression problem

i - . 1
Join llf = uloe (6.1)

(i4) The function A\ || f —uxll1(q) is non-decreasing, while the function

A= TGVZ(uy) is non-increasing.
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Proof. The proof of (i) is elementary: Suppose that uy /4 f in L'(Q). Then
there exist § > 0 and a sequence \; \, 0, (i =0,1,2,...), such that

6 < Hu)\z - fHLl(Q) < F)\z‘(uAi) < FAz(f)

But F)y,(f) — 0 as i — oo, which gives a contradiction to the above inequal-

1ty.
The proof of (ii) is somewhat more involved. First of all, we observe that
TGV?(u) = 0 for affine functions u. Since uy solves (P,), we find that

min [[(f —ux) —vllpy) = If —urllLr@)s

v affine

and consequently
uy € X :={uec LY(Q) | (f —u)* =0}. (6.2)

Note that X is a closed with respect to strong convergence in L'(£2). In
fact, let {u;} denote a sequence in X with limit u. For arbitrary e > 0 we
have |lu — u'[|1(q) < €/2 for i large enough. Then for such i

If = ullpiy < IIf = vllpie) + llu' — ullio)

= min ||(f —v") = vl p1q) + v’ = ull 1 q)

v affine
< min [ —w) — vl + 2~ ull)
< i — — .
< min [|(f —u) vl q) +e

Let w = w) be such that the minimum in (TGV™?") is achieved for u = uy.
Further, denote the mean

Uy = [ﬁl(sz)]—l/guA dct,

and similarly let wy be the mean of wy on Q. We define u§(t) := twy + ¢y,
where ¢y € R is chosen such that 4§ = @). The Poincaré inequality [1,
Theorem 3.44], applied twice, then gives for a constant C' dependent on §2
alone, and a constant C’ dependent on @ and C, that
[ux — ulllL1 () < Cl[Dux — Duf|[ pm(e)
= C||Dux — wxl| m(e)
< C|[Duy — wxllm) + Cllwa — @allz1(a) (6.3)
< C||Duy — whllame) + C2[|Dwal| pme
< C'TCVE(uy).

Observe then that {F)(uy)}r>o is bounded, because

Ex(un) < Fx(f7) = If = ) < oo
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Thus TGV?Y(U,\) — 0, for A 0o, and hence by (6.3)
lux —ulll i) — 0, for A 7 oo. (6.4)

Observe now that {uy, }52, is bounded in L'(2) since {F)(uy)}a>0 being
bounded. Hence {u§ }72, is bounded by (6.4). Since the functions uf_,
(1=0,1,2,...), are afﬁne we may therefore find an unrelabeled subsequence
Ai oo, such that u§, — u” strongly in LY() for some affine function u.
Consequently also uy, — u® strongly in L!(£). Since u), € X and since X
is closed it follows that (f —u®)* = 0, which by u® being affine implies that
f* = u® solves (6.1). This establishes that uy, — f* strongly in L!(12).

We still need to bound {|[Duy,|sm)}i2g to get weak convergence in
BV(2). Towards this end, we observe from (6.3) and the discussion following
it that [|Duy, — Dus [|m@) — 0. But {||Du, || mq)}i2o is bounded since
{uf, 12 is bounded in LI(Q) and the functions uf are affine. Therefore
{HDu A llm@) }i2o is also bounded. This completes the proof of claim (ii).

Claim (iii) follows by a generic argument. Let > A. We then have

If —wurllzi) + ATGVE(un) < [If = wullzrg) + ATGVE(u,), and
If = wallpr) + 1 TGVE(uy) < |If — urllpio) + n TGVE(uy).

Therefore, summing, we find that
(1= N TGV () < (11— X) TGV(w),

so that TGVZ(u,) < TGVZ(uy), if > A. This shows that A — TGVZ(uy)
is non-increasing. Next, we deduce that

1f = unllpi) + ATGVE(ur) < |If = upll o) + ATGVE(uy)

< I = uulli @) + ATGVE(un),
which shows that
1f —ullzy) < IIf — upllre)

concluding the proof of the claim and the lemma. O
Remark 6.2. With reference to (ii) above, note that as TGVZ(u) = 0 forces

Dw = 0 and thus v to be a constant, we find that f* is a solution of the
constrained problem

min Hf_uHLl(Q subject to TGVZ(u) = 0.
u€EBV(Q

Remark 6.3. In the following we will see that, actually, uy = f* for suffi-
ciently large A. The convergence proof above remains valid also when A 7 \*
where uy« = f* at A*.
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6.2 Thresholding

We next derive bounds on @ ensuring that either u = f* or u = f solve (P).
We begin with the L' regression case.

Proposition 6.4. There ezists o, * € (0,00), such that whenever f €
BV(Q), a > o, and B > B*, then (P) is solved by the L' regression f* of
f.

Proof. The proof is based on the Poincaré inequality argument found in
the proof of Proposition 6.1. Let u € BV (Q) be arbitrary. Then for any
w € BV(Q)let u(t) := tw + ¢ where ¢ is chosen such that @* = . Then

1f = o) = vrg&irrlle 1f = vllLia)
< ylgéi?le(”f —ull i) + lu = vl o)
<|\f = ullpo) + llu — u®ll Ly @)
According to (6.3) we have
lu = u®(| 1 (0) < CllDu = wlpe) + C*| Dwl| s

where C is the constant for the Poincaré inequality in €2. Now, choosing w
such that it achieves the minimum in (TGV™?") for the chosen u it follows
that

1f = i@ < If —ullpi@ + TGVg(u)  for all u € BV(Q),

provided that o > C and 8 > C?. Thus o* = C and B* = C? satisfy the
claims of the proposition independently of f. O

We next derive bounds on & that ensure that v = f for the solution of
(P), at least for reasonably simple f. Similar results for L-TV can be found
in [5, 8].

Notation. Let f : ) — R be piecewise affine with Iy,..., Iy, the maximal
disjoint ordered (open) intervals on each of which f is affine. We denote

— ; T
Of := i:q}.l.r'}N/J (I;).

Proposition 6.5. Let f : Q@ — R be piecewise affine with Jy =0 and

5 > {2ﬂ/a+a, a < /2B, 65)

228, a> /28

Then u = f whenever u is a solution of (P).
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Proof. We study when the optimality conditions (Of)-(Og) hold with u = f
and w = f’. For this purpose we need to find v € H3(2), satisfying

v” € Sgn(0),
—v' € aSgn(0), and
v € BSgn(D7 f").

Let I1,...,In; be the intervals of affinity of f, with I; = (a;,b;), with
a; = a, be =b,a;41 = b, 1 = 2,...,Nf — 1. Also let dai S {*1,+1}
denote the direction of the jump of f" at a;, (i = 2,...,Ny). Then the
optimality conditions reduce into

V() e [-1,1], (teQ), (6.6)

V(L) € [—a,a], (te), (6.7)

o(t) e [-6,8], (te€Q), and (6.8)
v(ar) =0, v(bn,) = 0, v(a;) = Bda,- (6.9)

Let us set 0, := 28/a + « and suppose 0, > 2a. Then (o, 0, — a) is a
welldefined open interval and we can set

t2/2, t € (0,a),

() = —a?/2 + at, t € (a, 06 — ),
—a? 4+ ad, — (6 —1)2/2, t€ (6« — ,dy),
28, t € (0x,00).

We can check that r € C*([0,00)) N HZ,.((0,00)). Continuity at . requires
that r(6,) = 23: the condition for the latter is just —a? 4+ ad, = 23, which
suggested the definition

de =20 /a+ a.

Moreover we note that 7(0) = 0. If a < /23, which corresponds to the first
case of (6.5), this implies the requirement that d, > 2a. The derivatives of r
satisfy ' € [—a, o, " € [—1, 1] almost everywhere in 2. We now define the
dual variable by assigning its values on each of the interval I;, i = 1,..., Ny,
according to
v(t) = pd; + ¢r(t — a;), fort € I,
with
d2a

¢ =4 (dig1—d;)/2 fori=2,...,Ny—1,
_de—lv
with jump directions d; at the jump points defined in (6.9). Note that
¢; € {—1,0,1}. Since, by assumption, dy > d,, we have r(b; — a;) = 2,
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and therefore v € C(£2). Moreover '(0) = r/(b; — a;) = 0 and this implies
that v € C'(Q). Finally we chose v such that v(a1) = v(by,) = 0 and hence
v € H3(Q). Since ¢; € {—1,0,1} it follows that v' € [~a,a], v" € [-1,1].
By construction it follows that v(¢) € [, 5]. Thus we find that v satisfies
(6.6)—(6.9).

To cover the second case of (6.5), suppose that a > /28. Setting 6=
2v/283, observe that § < 2a and 6 < 4, (with equality at a = /253). We now
define

£2/2, te(0,6/2),
F(t) =4 0%/4 — (6 —t)2/2, te(6/2,0),
283, te (8,00).

Then 7#(0) = 0 and r(§) = 28 by the choice of 4. Clearly again 7 €
HZ ((0,00)) with #(0) = 0 and #(T) = 0 for any T > 6, as well as
r’(t) € [-1,1] for a.e. t € (0,00), and r'(t) € [—a, ] for all t € [0,00).
Defining v as above with 7 in place of r, similar reasoning shows that (6.6)—
(6.9) hold. 0

Remark 6.6. Observe that as the intervals on which f is affine get smaller,
B also has to become smaller to guarantee “locking” u = f by Proposition
6.5. An example illustrating this point is provided by Example 6.12 below.

In the following proposition we consider the case of piecewise affine func-

tions allowing for jumps in the function values as well as in the derivative.

Proposition 6.7. Let f : Q — R be piecewise affine with Jf N Jp =0 and

a <28 and 20+ 48/a < 0. (6.10)
Then u = f whenever u is a solution of (P).

Proof. We shall adapt the proof of Proposition 6.5. With (6.10) holding, the
first case of (6.5) holds as well and we can use the function r of the proof
of Proposition 6.5.

The optimality conditions with v = f and w = D®f are satisfied if we
find v € H3(Q) satisfying

v" € Sgn(0),
—v' € aSgn(D’f), and
v € BSgn(D/Df),
or equivalently if (6.6) - (6.8) hold and (6.9) is replaced by

v(ar) =0, v(bn,) =0, v(a;) = Bdy,, if a; € Jy,
(6.11)
V'(a;) = adg,,if a; € Jy, fori=2,... Ny,
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where, as above, d,, € {—1,1} if a; € Jp U J, with the sign depending on
whether the jump is negative or positive.

The function r needs to be modified to guarantee that the last require-
ment in (6.11) holds. Note at first that r/(6./2) = . This follows from the
fact that a < %* < 6. — «, which is implied by o? < 23. The idea now
is to add “extra points” to Jy around points of Jy. For I,...,Iy,, with
I; = (a;,b;) and b; — a; > &y, denoting the intervals on which f is affine, we
consider intervals

Li=L\|J I, (i=1,...,Np),
SCEJf

and
I" := (x = 6:/2,2 + 6,/2), (x € Jy).

Recall here that Jy U Jy = {ag,...,aNf}. The condition §; > % + 2«
guarantees that 0, = % +a< %f and hence El(fz-) > §, and Cl(I*) = 0.
The intervals I; and I* ,z € J ¢, form a new partition I = (@i, a;41) of (a,b),
with i =1,... ,M, for some M, and a; = a, Ay = b. Each jumppoint of
f is the midpoint of some interval I;, each jumppoint of f’ is a boundary
point of some I;. If @; coincides with some a; € J, then v(a;) = v(a;) is
already defined there. Otherwise, is a; is an endpoint of some [*, say the
left endpoint. Then we define the values of v as v(a;) = —f and for the right
endpoint v(a;+1) = +p if the jump of f is positive and s v(a;) = 5 and for
the right endpoint v(a@;4+1) = —pf if the jump is negative. Now v on (a,b)
can be defined as in the proof of Proposition 6.5, with a; replaced by a;, and
Nj = M. For a; = aj, with a; € Jp, we have v(a;) = v(a;) = Bd,; and for
a; = aj, with a; € Jy we have that a; is the midpoint of the interval I; and
hence v'(a;) = v'(a;) = ady;. Thus this v is our desired dual variable. [

Remark 6.8. The “locking” of u to the data f, as studied in Proposition 6.7,
does not necessarily hold for any values of a and § when Jy N Jp # (. This
point will be demonstrated in Example 6.11 below. Moreover, Example 6.12
below demonstrates that locking may not be achived for functions that are
not (finitely) piecewise affine, even when the function is continuous.

Generally, we have the following “partial locking” result.

Proposition 6.9. Suppose u is a solution of (P) with the minimum in
(TGV™™) achieved by w € BV(QY). Then we have the following.

(i) Ifu< f oru> f an open interval I, then L*(I) < 2a.

(ii) If u € BV(Q) and w < v’ or w > v/ a.e. on an open interval I, such
that f' € BV(I), then £L}(I) < 28/a.
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Proof. We first show point (i), considering only the case u < f, as the case
w > f is analogous. We choose arbitrary z,2’ € I with < 2/. By the
necessary optimality condition (O, ), we have v'(z),v'(2') € [—«, a]. while,
since v =1 on I by (Oy), we get

V'(2) = (z) = /X[m/]v” det = £(2' — z).

We therefore deduce that |2’ — x| < 2o and £1(I) < 2a.

To show point (ii), we simply employ in the above proof, the condition
(Op) in place of (O4), to get v(z),v(z") € [-B, B]. Then we use the condition
(Oq) in place of (Oy) to get v(z') —v(z) = [ Xpav' AL = Fal2' — z).
Thus we deduce alz’ — x| < 20. O

Propositions 6.5 and 6.9 imply the following corollary.

Corollary 6.10. Let f : Q — R be piecewise affine with J; = 0 and suppose
that 6; > 28/a and (6.5) hold. Then the optimal solution satisfies u = f
and w = f'.

Proof. By Proposition 6.5 condition (6.5) implies that v = f. Since 65 >
23/, Proposition 6.9 shows that £!(I) < &7 for any open interval I such
that w < f’ or w > f'. It follows that w(z;) = f'(x;) at some z; € I; for
eachi=1,..., Ny. But then it is optimal to pick w = f’. ]

6.3 Examples

We next study some counter-examples regarding the thresholds on @ which
guarantee that u = f solves (P). The next example demonstrates that for
general piecewise affine f, (P) may not be solved by u = f for arbitrary
choice of a, 8 > 0.

Example 6.11. Let us take the domain Q := (—1,1) and consider on €2 the

function
t <0,

05
Uy ::{1—t, t>0.

We study again the optimality conditions (Of)—(Og). The conditions (O, ),(Op)
state that for some v € HZ(1)

—v" € aSgn(Du — w), and
v € fSgn(Dw). (6.12)

These conditions are compatible with v and v’ having zero traces on 012,
i.e. v € HZ(Q), only if there exists § > 0 such that w = v’ and w’ = 0 on
(-1,-14+0)U(1-4,1).
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Figure 3: Function f of Example 6.12.

Suppose then that v = f solves (P). Consider w € BV(Q2) that minimizes

|w = Dfl| pme) + [1Dwl pm) = 1+ lw+ xo,0) L1 @) + 1Dw]| pmq)-

From the reasoning above, we have that for some 6 > 0, w =0on (—1,—1+
d), and w = —1 on (1 —4,1). But then necessarily ||Dwl|rqq) > 1, which
gives w = —x(p,1) as the optimal choice.

We next show that u = f and w = —x(o,;) cannot solve (P). The
optimality conditions (O,),(Og) for this choice would state that

—v" € aSgn(dy), and
v € BSgn(—do),

so that v/(0) = —a, and v(0) = —(. But, minding that v € H3(Q), the
function v is differentiable in the distributional sense with o' (Lipschitz)
continuous. Since v > —f by (6.12), clearly we cannot then have v(0) = —f
with v/(0) = —a < 0. Thus u = f cannot solve (P).

Our final example concerns functions with countably many affine parts,
but no jumps.

Example 6.12. Let us consider 2 = (0,1) and the sawtooth function

t o
f(@t) = /o Z(X(Q-Q—i,s-z—i)(s) - X(3-2—i,4-2—i)(3)) ds
i=2

depicted in Figure 3. The function f is absolutely continuous with countably
many affine parts, but Df’ = > 7°,(dg.9-i — d3.9-1), so that f’ has infinite
variation on (0,0) for any J > 0.

Suppose u and w solve (P) for f. As in Example 6.11 above, there must
exist 6 > 0 such that w = v/ and v’ = 0 on (0,6). If u = f, this would
imply that w has infinite variation on (0, d), and so clearly cannot minimize
IDf — wl pme) + [[Dw]| ). We conclude that u = f cannot solve (P).
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