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Abstract

This paper is concerned with the analysis of convergent sequential and parallel over-
lapping domain decomposition methods for the minimization of functionals formed by a
discrepancy term with respect to data and a total variation constraint. To our knowl-
edge, this is the first successful attempt of addressing such strategy for the nonlinear,
nonadditive, and nonsmooth problem of total variation minimization. We provide several
numerical experiments, showing the successful application of the algorithm for the restora-
tion of 1D signals and 2D images in interpolation/inpainting problems respectively, and
in a compressed sensing problem, for recovering piecewise constant medical-type images
from partial Fourier ensembles.
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1 Introduction

In concrete applications, e.g., for image processing, one might be interested to recover at best
a digital image provided only partial linear or nonlinear measurements, possibly corrupted
by noise. Given the observation that natural and man-made images can be characterized by
a relatively small number of edges and extensive relatively uniform parts, one may want to
help the reconstruction by imposing that the interesting solution is the one which matches
the given data and has also a few discontinuities localized on sets of lower dimension.

In the context of compressed sensing [6, 7, 8, 21], it has been clarified that the min-
imization of [dnorms occupies a fundamental role for the promotion of sparse solutions.
This understanding furnishes an important interpretation of total variation minimization,
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i.e., the minimization of the L'-norm of derivatives [34], as a regularization technique for
image restoration. The problem can be modelled as follows; let Q C R ford = 1,2 be a
bounded open set with Lipschitz boundary, and H = L?(Q). For u € L} (Q)

[ [ 1] L1

. P
V(u,Q) :=sup udivp dx: e C.(Q) ,|Pllo <1
Q

is the variation of u. Further, u € BV (Q), the space of bounded variation functions [1, 24], if
and only if V (u,Q) < oco. In this case, we denote |D(U)|(Q) = V(u,Q). If u e WI(Q)

e Sobolev space of L!-functions with L!-distributional derivatives), then |D(u)|(Q) =
o |Vuldx. We consider as in [12, 38] the minimization in BV (Q) of the functional

J(u) = [|Tu— g3 + 2a |D(u)| (), (1)

where T : L2(Q) — L2(Q) is a bounded linear operator, g € L%(Q) is a datum, and a > 0
is a fixed regularization parameter [23]. Several numerical strategies to perform e [ciehtly
total variation minimization have been proposed in the literature. Without claiming of being
exhaustive, we list a few of the relevant methods, ordered by their chronological appearance:

(i) the linearization approach of Vogel et al. [20] and of Chambolle and Lions [12] by
iteratively re-weighted least squares, see also [18] for generalizations and refinements in the
context of compressed sensing;

(ii) the primal-dual approach of Chan et al. [13];

(iii) variational approximation via locally quadratic functionals as in the work of Vese et
al. [2, 38];

(iv) iterative thresholding algorithms based on projections onto convex sets as in the work
of Chambolle [10] as well as in the work of Combettes and Wajs [15] and Daubechies et al.
[19];

(v) iterative minimization of the Bregman distance as in the work of Osher et al. [33]
(also notice the very recent Bregman split approach [27]);

(vi) graph cuts [11, 16] for the minimization of (1) with T =1 (the identity operator) and
an anisotropic total variation;

(vii) the approach proposed by Nesterov [31] and its modifications by Weiss et al. [39].

These approaches di [ed significantly, and they provide a convincing view of the interest
this problem has been able to generate and of its applicative impact. However, because of
their iterative-sequential formulation, none of the mentioned methods is able to address in
real-time, or at least in an acceptable computational time, extremely large problems, such
as 4D imaging (spatial plus temporal dimensions) from functional magnetic-resonance in
nuclear medical imaging, astronomical imaging or global terrestrial seismic tomography. For
such large scale simulations we need to address methods which allow us to reduce the problem
to a finite sequence of sub-problems of a more manageable size, perhaps computable by one
of the methods listed above. With this aim we introduced subspace correction and domain
decomposition methods both for [;3inorm and total variation minimizations [25, 26, 35]. We
address the interested reader to the broad literature included in [26] for an introduction to
domain decompositions methods both for PDEs and convex minimization.

1.1 Di culty of the problem

Due to the nonsmoothness and nonadditivity of the total variation with respect to a nonover-
lapping domain decomposition (note that the total variation of a function on the whole domain
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equals the sum of the total variations on the subdomains plus the size of the jumps at the
interfaces [26, formula (3.4)]), one encounters additional di Cculities in showing convergence
of such decomposition strategies to global minimizers. In particular, we stress very clearly
that well-known approaches as in [9, 14, 36, 37] are not directly applicable to this problem,
because either they do address additive problems or smooth convex minimizations, which
is not the case of total variation minimization. Moreover the interesting solutions may be
discontinuous, e.g., along curves in 2D. These discontinuities may cross the interfaces of the
domain decomposition patches. Hence, the crucial di [Cculty is the correct numerical treat-
ment of interfaces, with the preservation of crossing discontinuities and the correct matching
where the solution is continuous instead, see [26, Section 7.1.1].

The work [26] was particularly addressed to nonoverlapping domain decompositions Q; U
Q CcQcC QuUQyand Q1 N Qy = (. Associated to the decomposition define V; = {u €
L2(Q) : supp(u) C Q;}, for i = 1,2; note that L?(Q) = V1 @& V,. With this splitting we wanted
to minimize J by suitable instances of the following alternating algorithm: Pick an initial
Vi@ Vo3 u§°’ + u§°’ = u©®, for example u® =0, and iterate

"~ argming, ey, J(v1 + ué”))

%S:H-l) ~arg minszVZ j(ug.n-'-l) + VZ)
TG EENTI G T Gt

In [26] we proposed an implementation of this algorithm which is guaranteed to converge
and to decrease the objective energy J monotonically. We could prove its convergence to
minimizers of 7 only under technical conditions on the interfaces of the subdomains. However,
in our numerical experiments, the algorithm seems always converging robustly to the expected
minimizer. This discrepancy between theoretical analysis and numerical evidences motivated
our investigation on overlapping domain decompositions. The hope was that the redundancy
given by overlapping patches and the avoidance of boundary interfaces could allow for a
technically easier theoretical analysis.

1.2 Our approach, results, and technical issues

In this paper we show how to adapt our previous algorithm [26] to the case of an owverlap-
ping domain decomposition. The setting of an overlapping domain decomposition eventually
provides us with a framework in which we successfully prove its convergence to minimizers of
J, both in its sequential and parallel forms. Let us stress that to our knowledge this is the
first method which addresses a domain decomposition strategy for total variation minimiza-
tion with a formal theoretical justification of convergence. It is important to mention that
there are other very recent attempts of addressing domain decomposition methods for total
variation minimization with successful numerical results [30].

Our analysis is performed for a discrete approximation of the continuous functional (1),
for ease again denoted 7 in (3). Essentially we approximate functions u by their sampling
on a regular grid and their gradient Du by finite dilerences Vu. It is well-known that such
a discrete approximation '-converges to the continuous functional (see [4]). In particular,
discrete minimizers of (3), interpolated by piecewise linear functions, converge in weak-x-
topology of BV to minimizers of the functional (1) in the continuous setting. Of course,
when dealing with numerical solutions, only the discrete approach matters together with its
approximation properties to the continuous problem. However, the need of working in the
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discrete setting is not only practical, it is also topological. In fact bounded sets in BV are
(only) weakly-x-compact, and this property is fundamental for showing that certain sequences
have converging subsequences. Unfortunately, the weak-«-topology of BV is “too weak” for
our purpose of proving convergence of the domain decomposition algorithm; for instance,
the trace on boundary sets is not a continuous operator with respect to this topology. This
di [culity can be avoided, for instance, by IM-approximating the functional (1) by means of
quadratic functionals (as in [2, 12, 38]) and working with the topology of W12(Q), the Sobolev
space of L2-functions with L2-distributional first derivatives. However, this strategy changes
the singular nature of the problem which makes it both interesting and di [Ccult. Hence,
the discrete approach has the virtues of being practical for numerical implementations, of
correctly approximating the continuous setting, and of retaining the major features which
makes the problem interesting. Note further that in the discrete setting where topological
issues are not a concern anymore, also the dimension d can be arbitrary, contrary to the
continuous setting where the dimension d has to be linked to boundedness properties of the
operator T, see [38, property H2, pag. 134]. For ease of presentation, and in order to avoid
unnecessary technicalities, we limit our analysis to splitting the problem into two subdomains
Qi and Qp. This is by no means a restriction. The generalization to multiple domains comes
quite natural in our specific setting, see also [26, Remark 5.3]. When dealing with discrete
subdomains Q;, for technical reasons, we will require a certain splitting property for the total
variation, i.e.,

IVul(Q) = [VU|g, [(Q1) + c1(U|a\Qyury)s  [VU[(Q) = [VUlq,[(Q2) + c2(uf,\0mur,), (2)

where c; and c; are suitable functions which depend only on the restrictions u|o,\0,)ur;
and U|a,\0,)ur, respectively, see (9) (symbols and notations are clarified once for all in the
following section). Note that this formula is the discrete analogous of [26, formula (3.4)]
in the continuous setting. The simplest examples of discrete domains with such a property
are discrete d-dimensional rectangles (d-orthotopes). Hence, for ease of presentation, we will
assume to work with d-orthotope domains, also noting that such decompositions are already
su [cieht for any practical use in image processing, and stressing that the results can be
generalized also to subdomains with di Lerent shapes as long as (2) is satisfied.

1.3 Organization of the work

The paper is organized as follows. In Section 2 we collect the relevant notations and symbols
for the paper. Section 3 introduces the problem and the overlapping domain decomposition
algorithm which we want to analyze. In Section 4 we address the approximate solution of the
local problems defined on the subdomains Q; and we show how we interface them, by means
of a suitable Lagrange multiplier. Section 5 and Section 6 are concerned with the convergence
of the sequential and parallel forms of the algorithm. In particular, in Section 5 we provide a
characterization of minimizers by a discrete representation of the subdilerential of 7. This
characterization is used in the convergence proofs in order to check the reached optimality.
The final Section 7 provides a collection of applications and numerical examples.

2 Notations

Let us fix the main notations. Since we are interested in a discrete setting we define the
discrete d-orthotope Q = {x} < ... < XJlVl} x...x{x{<..< X‘]ivd} C R4, d € N and the
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considered function spaces are H = RN1xN2x-.xNa 'where N; e Nfori=1,...,d. Forue X
we write u = u(X;)iez With
—
7 .= {1”..,Nk}
k=1
and
u(xi) = u(xi,, ..., x%)

where iy € {1,..., N} and (Xi)iez € Q. Then we endow H with the norm
1 1
L1 Li7d 1 Lizd

[ull# = lull2 = upl> = ue)?
i€ zeQ

We define the scalar product of u,v € H as

1
(Uv)r = ulxi)v(xi)
ieT
and the scalar product of p,q € H¢ as
L1
(P Q)0 = (P(Xi), 4(Xi))Ra
ieT

with (y, z)ga = Jé:l y;z; forevery y = (y1,...,ya) € RY and z = (z1, ..., 24) € R%. We will
consider also other norms, in particular

—1
[ I | L
Jull, = ueg)lP, 1<p<oo,

i€
and

[[ulloc = sup [u(xi)|.

i€z

We denote the discrete gradient Vu by

(Vu)(xi) = (VW) (X, - -, (V) (xi))

with
L, j d 1 j dy i
(Vu)j(xi) _ u(xil,..., Z‘J_H,...,xid) — u(xil,...,xij,...,xid) if i; <N;
ifb': Nj
forall j=1,...,dand for all i = (iy,...,iy) € Z.
Let ¢ : R — R, we define for o € H?
1 1
d(o)(@Q = o(utx)) = (o)),
i€ zeQ
C—1
where |y = y2Z +...+y32. In particular we define the total variation of u by setting ¢(s) = s
and o = vu, i.e., 1 1
Vu[(Q) :== [Vu(xi)| = Vu(x)|.

i€ zeQ



OVERLAPPING DOMAIN DECOMPOSITION METHODS FOR TV-MINIMIZATION 6

For an operator T we denote T* its adjoint. Further we introduce the discrete divergence
div : H* — H defined, in analogy with the continuous setting, by div = —V* (V* is the
adjoint of the gradient V). The discrete divergence operator is explicitly given by

oxy—proed g xd)  ifl<ii<Ng
(divp)(xj)) = ﬁ}l X)) ifip =1
-p (xlf?,...,xgld) if ip =Ny
frenxd)y—plexd . xE ) ifl<ig<Ng
+.+ pled L xdy ?fidzl
—p(xL, .. 1ng71) ifi; =Ny,
for every p = (pt,...,p%) € H¢ and for all i = (ig,...,ig) € Z. (Note that if we considered

discrete domains Q which are not discrete d-orthotopes, then the definitions of gradient and
divergence operators should be adjusted accordingly.) With these notations, we define the
closed convex set

1 1
K:= divp:pe X px)|, <1 forallxeQ ,
I:h 1 .
where [p(x)|., = max [p*(X),...,|p?(X)| , and denote P (u) = argmin,.g [Ju — v|]2 the

orthogonal projection onto K. We will often use the symbol 1 to indicate the constant vector
with entry values 1 and 1p to indicate the characteristic function of the domain D C Q.

3 The Overlapping Domain Decomposition Algorithm

We are interested in the minimization of the functional
J(U) = | Tu—g|5 +2a|V(W)| (D, ®3)

where T € L(H) is a linear operator, g € H is a datum, and a > 0 is a fixed constant. In
order to guarantee the existence of minimizers for (3) we assume that:

(C) J is coercive in H, i.e., there exists a constant C > 0 such that {7 < C} :={ue H:
J(u) < C} is bounded in H.

It is well known that if 1 € ker(T) then condition (C) is satisfied, see [38, Proposition 3.1].

Now, instead of minimizing (3) on the whole domain we decompose Q into two overlapping
subdomains Q; and Q, such that Q = Q; U Qy, Q1 N Qy, # (), and (2) is fulfilled. For
consistency of the definitions of gradient and divergence, we assume that also the subdomains
Q; are discrete d-orthotopes as well as Q, stressing that this is by no means a restriction, but
only for ease of presentation. Due to this domain decomposition H is split into two closed
subspaces V; = {u € H : supp(u) C Q;}, for j = 1,2. Note that H = V1 + V5 is not a direct
sum of V; and V,, but just a linear sum of subspaces. Thus any u € H has a nonunique
representation

L1
@X) XGQ]_\QQ

u(x) = )tu(X) xXeQinNQy, wev, i=12 4)
U2X) XEQz\Ql
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We denote by I'; the interface between Q; and Q, \ Q; and by I'; the interface between Q;
and Qp \ Qy (the interfaces are naturally defined in the discrete setting).
We introduce the trace operator of the restriction to a boundary T;

Trr: Vi — R, i=1,2

with Tr |r, v; = V; |r,, the restriction of v; on ;. Note that R"i is as usual the set of maps
from I'; to R. The trace operator is clearly a linear and continuous operator. We additionally
fix a bounded uniform partition of unity (BUPU) {X1, X2} C H such that

@ Tr|r, x;=0fori=1,2,

0 X1 +Xx2=1,
(c) suppx; € Q; fori=1,2,

(d) max{|[Xtlloo, [IX2lloo } = K < o0

We would like to solve
argmin, 4, J(U)

by picking an initial V; + V5 u§°> + Uéo) =u® e H, eg., a§°> =0,i = 1,2, and iterate
L] +1) (n)
~argmin ey, J(vi+03"7)
Tr‘rl”L)l:O
~argmin ey, JUTTD +vy)

Tr|r,v2=0
D =y 4 uzgn+1) 5)

{ L+1) = Xl . u(n+l)
%’"’2 1+1) =Xz ur+1)
Note that we are minimizing over functions v; € V; for i = 1,2 which vanish on the interior
boundaries, i.e., Tr |, v; = 0. Moreover u(™ is the sum of the local minimizers ugn) and
ugn), which are not uniquely determined on the overlapping part. Therefore we introduced

a suitable correction by X1 and X2 in order to force the subminimizing sequences (ui"))neN

and (u§”’)n€N to keep uniformly bounded. This issue will be explained in detail below, see
Lemma 5.5. From the definition of x;, i = 1,2, it is clear that

+1)

u§.n+1) + ugn+l) — u(n+1) — (Xl + XZ)u(n+1) — U§n+l) + —Jgn+l).

Note that in general u{” # @ and u{” # @{”. In (5) we use "~ (the approximation

symbol) because in practice we never perform the exact minimization. In the following section
we discuss how to realize the approximation to the individual subspace minimizations.

4 Local Minimization by Lagrange Multipliers

Let us consider, for example, the subspace minimization on Q;

argmin o, J(Vi+U2) = argmin ey, [[Tve — (9 — Tup)|[5 + 20 [V (v1 + Uz o,)] (Q).
Tr|rv1=0 Tr|r, v1=0
(6)
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First of all, observe that {uc H :Tr |, u="Tr|r, U, J(u) <C} C {J <C}, hence the
former set is also bounded by assumption (C) and the minimization problem (6) has solutions.

It is useful to us to introduce an auxiliary functional 7;° of 7, called the surrogate func-
tional of J (cf. [26]): Assume a,u; € Vi, Uy € Vo, and define

TP Uy + Uz,@) := T (Ug + U) + Jug —afl — ||T (uz - a) 3. (7)
A straightforward computation shows that
Ji (U1 +Up,8) = [jup — (@ + (T*(g — Tuz — Ta)) |a,)[I5 + 2a|V(u1 + U2)| (Q) + (a, g, Up),

where @ is a function of a, g, uz only. Note that now the variable u; is not anymore e [edted
by the action of T. Consequently, we want to realize an approximate solution to (6) by using
the following algorithm: For ugo) = U&O) € Vi,

u&“l) =argmin ey, J7(up+uy, uf)), > 0. (8)
Tr|r1u1=O

Additionally in (8) we can restrict the total variation on Q; only, since we have

V(ur +Ww)[(Q) = [V(ur+uz) |, ] (Q1) + c1(Uz](@\0:)ur)- )

where we used (2) and the assumption that u; vanishes on the interior boundary I';. Hence
(8) is equivalent to

: Oy _ : 2
argmin uev,  JP(UL+ U, ul?) =argmin yev,  [Jus — a3 + 200 V(U + U) o, | (Qu),
Tl’|rlu1=0 Tl’|rlu1=0

where z; = uf) +(T*(@—Tuy —Tuge))) lo,. Similarly the same arguments work for the second
subproblem.

Before proving the convergence of this algorithm, we need to clarify first how to practically
compute u&“l) for GYZ) given. To this end we need to introduce further notions and to recall
some useful results.

4.1 Generalized Lagrange multipliers for nonsmooth objective functions

Let us begin this subsection with the notion of a subdifferential in finite dimensions.

Definition 4.1. For a finite locally convex space V and for a convex function F : V —
R U {—o0, +o0}, we define the subdilerential of F at X € V, as the set valued function
1
if F(X) =

oF (x) .= 0 TF ), >

{xX*eV:xy-—x)+FX)<F(y) VYyeV} otherwise.
It is obvious from this definition that 0 € OF (X) if and only if X is a minimizer of F. Since we
deal with several spaces, namely, H,V;, it will turn out to be useful to sometimes distinguish
in which space the subdifferential is defined by imposing a subscript OyvF for the subdifferential
considered on the space V .
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We consider the following problem
argmin,cy{F (X) : Gx = b}, (10)
where G : V — V is a linear operator on V. We have the following useful result.

Theorem 4.2. [28, Theorem 2.1.4, p. 305] Let N = {G*A: A€V} = Range(G*). Then,
Xo € {X €V : G(X) =b} solves the constrained minimization problem (10) if and only if

0 € 9F (xo) + N.

4.2 Obligue thresholding

We want to exploit Theorem 4.2 in order to produce an algorithmic solution to each iteration
step (8), which practically stems from the solution of a problem of this type

argmin_y,cv, [un — 213 + 20|V (U1 + Uz [o,)| (Q1).
Tl"rlul:O

It is well-known how to solve this problem if u, = 0 in §_21 and the trace condition is not
imposed. For the general case we propose the following solution strategy. In what follows all
the involved quantities are restricted to Qi, e.g., U1 = U1 |g,, U2 = U2 |g,.

Theorem 4.3 (Oblique thresholding). For us € V, and for z1 € V1 the following statements
are equivalent:

(i) up =argmin_uev, [Jur — 2113 +2a |V (us + u2)| (Q);
Tr\.—lulzo

(ii) there exists | € Range(Tr |r,)* = {n € V1 with supp(n) =1} such that 0 € U3 — (21 —
n) + ady; [V( +uz)| (Qu)(u3);

(iii) there exists | € Vi with supp(n) = 1 such that u; = (I — Pax)(Z1 +U2 —n) —u2 € Vy
and Tr |, U =0;

(iv) there exists N € V1 with supp(n) = 1 such that Tr |, N = Tr |, 22 + Tr |, Pax(n —
(z1 + U2)) or equivalently n = (Tr [r,)* Tr [y (21 + Pax(n — (z1 + U2))).

We call the solution operation provided by this theorem an oblique thresholding, in analogy
to the terminology in [17], because it performs a thresholding of the derivatives, i.e., it sets
to zero most of the derivatives of u = u; +u, ~ z1 on Q, provided u, which is a fixed vector
in Vs.

Proof. Let us show the equivalence between (i) and (ii). The problem in (i) can be reformu-
lated as

uj = argmin, ¢y, {F (u1) == [ur — 213 + 20|V (uz + up)| (Q1), Tr |, Uy = 0} (11)

Recall that Tr |r,: Vi — R is a surjective map with closed range. This means that
(Tr |r,)* is injective and that Range(Tr |r,)* = {n € V1 with supp(n) = I'1} is closed. Using
Theorem 4.2 the optimality of uj is equivalent to the existence of n € Range(Tr |r,)* such
that

0 € 0y, F(u7) + 2n. (12)
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Due to the continuity of ||u; — z;]|3 in V1, we have, by [22, Proposition 5.6], that
Ov; F (u1) = 2(u1 — z1) + 200y, [V (- + U2)[ (Q1)(u1). (13)
Thus, the optimality of uj is equivalent to
0 €Uy —2z1+n+0ady, [V(-+ U2)[ (Q1)(up). (14)

This concludes the equivalence of (i) and (ii). Let us show now that (iii) is equivalent to (ii).
The condition in (iii) can be rewritten as

& = —Par)(z1+uz—n), & =uj + uy.

Since |V(-)] > 0 is 1-homogeneous and lower-semicontinuous, by [26, Example 4.2.2], the
latter is equivalent to

0€&" —(za+uz—n)+ady, [V (Q)E),

and equivalent to (ii). Note that in particular we have 0y, |V(-)| (Q1)(§*) = 0y, |V (- + u2)| (Q1)(u3),
which is easily shown by a direct computation from the definition of subdi Lerkntial. We prove
now the equivalence between (iii) and (iv). We have

uy = (I =Pax)(@1+uz—n)—uzeVy, neVywith supp(n) =T, Tr|rpLu; =0
= 23 —N—Pax(z1 +Uz2 —n).
By applying Tr |, to both sides of the latter equality we get
0="Tr|r, 22 —Tr |, N —Tr |, Pax(z1 + Uz —n).
By observing that — Tr |, Pox(§) = Tr |, Pax(—¢&), we obtain the fixed point equation
Tr|r, n="Tr|r, 22+ Tr [, Pax(n — (22 + U2)). (15)
Conversely, since all the considered quantities in
(I =Pax)(z1+uz—n) — Uz

are in V1, the whole expression is an element in V1 and hence uj as defined in (iii) is an element
in V1 and Tr |, uj = 0. This shows the equivalence between (iii) and (iv) and therewith
finishes the proof. O

We wonder now whether any of the conditions in Theorem 4.3 is indeed practically satis-
fied. In particular, we want to show that n € Vi as in (iii) or (iv) of the previous theorem is
provided as the limit of the following iterative algorithm:

1 1
N@ e vy, suppn@ =1y D =(Tr ) Trir, 21 +Pax(™ — (z1+Uz)) , m=>0.

(16)
Proposition 4.4. The following statements are equivalent:

(i) there exists N € V1 such that n = (Tr |r)* Tr |r, (Z1 + Pox (N — (21 + U2))) (which is in
turn the condition (iv) of Theorem 4.3)
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(i) the iteration (16) converges to any n € V1 that satisfies (15).
For the proof of this Proposition we need to recall some well-known notions and results.

Definition 4.5. A nonexpansive map 7 : ' H — 'H is strongly nonexpansive if for (U, — Vp)n
bounded and || T (U,) — T (Vn)|l2 — |[Un — Vi|l2 — O we have

Up —Vp — (7 (u,) —7(vp)) — 0, n— .

Proposition 4.6 (Corollaries 1.3, 1.4, and 1.5[5]). Let7 : H — H be a strongly nonexpansive
map. Then fixT ={u € H : T () =u} #0 if and only if (T"u),, converges to a fixed point
Uo € fix T for any choice of u € H.

Proof. (Proposition 4.4) Projections onto convex sets are strongly nonexpansive [3, Corollary
4.2.3]. Moreover, the composition of strongly nonexpansive maps is strongly nonexpansive
[5, Lemma 2.1]. By an application of Proposition 4.6 we immediately have the result, since
any map of the type 7(§) = Q(&) + & Iis strongly nonexpansive whenever Q is (this is
a simple observation from the definition of strongly nonexpansive maps). Indeed, we are
looking for fixed points of n = (Tr |r,)* Tr |, (z1 + Pox(n — (z1 + u2))) or, equivalently, of

&= Ir)” -rl}l’-l-i,rl Pafﬂf[)—frqr |r1)*|—;|}|’1 Iry uz?ﬁ/\/here E=(Tr|r)*Tr |, (N—(z1+u2). O
=Q

=%

4.3 Convergence of the subspace minimization

From the results of the previous section it follows that the iteration (8) can be explicitly
computed by

uf™? = 5, + (@~ Tuz — Tuf?) +u —n®) — ug, (7
where S, ;= I — P, and n® € V; is any solution of the fixed point equation

1 1
N=(Tr|r) Trirn U2 +T5@=Tup = Tul?) = P +T*(g = Tu, = Tul? +u, — 1)) .

The computation of n® can be implemented by the algorithm (16).

Proposition 4.7. Assume Uz € Vo and ||T| < 1. Then the iteration (17) converges to a
solution uy € V1 of (6) for any initial choice of ugo) € V.

The proof of this proposition is standard, see [15, 17, 26].
Let us conclude this section mentioning that all the results presented here hold symmetri-
cally for the minimization on V,, and that the notations should be just adjusted accordingly.

5 Convergence of the Sequential Alternating Subspace Mini-
mization

In this section we want to prove the convergence of the algorithm (5) to minimizers of 7. In
order to do that, we need a characterization of solutions of the minimization problem (3) as
the one provided in [38, Proposition 4.1] for the continuous setting. We specify the arguments
in [38, Proposition 4.1] for our discrete setting and we highlight the significant di Lerknces with
respect to the continuous one.
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5.1 Characterization of Solutions

We make the following assumptions:
(A,) ¢ :R — R is a convex function, nondecreasing in R™ such that

(i) ¢(0)=0.

(ii) There exist c >0 and b > 0 such that cz —b < ¢(z) <cz+hb, forall z € R™.

The particular example we have in mind is simply ¢(s) = s, but we keep a more general
notation for uniformity with respect to the continuous version in [38, Proposition 4.1]. In this
section we are concerned with the following more general minimization problem

argmin, e, {7,(u) := | Tu — g[|5 + 2ad(|Vu])(Q)} (18)

where g € H is a datum, a > 0 is a fixed constant (in particular for ¢(s) = s).

To characterize the solution of the minimization problem (18) we use duality results from
[22]. Therefore we recall the definition of the conjugate (or Legendre transform) of a function
(for example see [22, Def. 4.1, pag. 17]):

Definition 5.1. LetV and V™ be two vector spaces placed in the duality by a bilinear pairing
denoted by (-,-) and @ : V — R be a convez function. The conjugate function (or Legendre
transform) @* : V* — R is defined by

@*(u*) = sup{(u,u”) — e(u)}.
ueV

Proposition 5.2. Let {,u € H. If the assumption (A,) is fulfilled, then ( € 0J,(U) if and
only if there exists M = (Mg, M) € H x H<, % < c¢1 € [0, +00) for all X € Q such that

"M 0

<M(x), (VW) (X))ga + 200 (|(VU)(X)|) + 2a¢; = 0 forallxeQ (19)

20
T*Mpg —divM + = 0 (20)
—Mp =2(Tu —g), (21)

where §F is the conjugate function of ¢1 defined by ¢1(s) = ¢(|s]), for s € R. 3
If additionally ¢ is differentiable and |(Vu)(X)| # 0 for X € Q, then we can compute M

o' (I((Vu)(X))
—‘ (VU)X (Vu)(x). (22)

The proof of this proposition specifies the one of [38, Proposition 4.1] to our discrete
setting, it is technical, and it is deferred to the Appendix.

Remark 5.3. (i) For &(s) = s the function ¢y from Proposition 5.2 turns out to be ¢1(S) =
IS|. Its conjugate function ¢F is then given by

as
M(X) = —2a

.y N 0 for|s*| <1
$i(s") = sup{(s",s) — Isl} = st
s€R 00 else

Hence condition (19) specifies as follows

(M(X), (Vu)(X))ga + 20| (Vu)(x)| = 0

and, directly from the proof of Proposition 5.2 in the Appendiz, \I\Z(X)\ < 2a for all
x e Q.
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(ii)

(ii)

We want to highlight a few tmportant differences with respect to the continuous case.
Due to our definition of the gradient and its relationship with the divergence operator
—div = V* no boundary conditions are needed. Therefore condition (10) of [38, Propo-
sition 4.1] has no discrete correspondent in our setting. The continuous total variation
of a function can be decomposed into an absolute continuous part with respect to the
Lebesgue measure and a singular part, whereas no singular part appears in the discrete
setting. Therefore condition (6) and (7) of [38, Proposition 4.1] have not a discrete
correspondent either.

An interesting consequence of Proposition 5.2 is that the map S, = (I —Pox) is bounded,
i.e., ||Sa(z®)||2 — oo if and only if |2¥|2 — oo, for k — oco. In fact, since

Sa(z) = argminu— z||3 + 2a|Vu|(Q),
ue
from (20) and (21), we immediately obtain
1. -
S.(z) =z - 5dlvM,

and M is uniformly bounded.

5.2 Convergence properties

We return to the sequential algorithm (5). Let us explicitly express the algorithm as follows:
Pick an initial V4 + V, 3 ’ug‘” + rj§°> = u® e H, for example, D’Z(.O) =0,i = 1,2, and iterate

CO . o)
= AT, () (n+10)
=y Y =agmin ey J B0 W) o, L1
I ] Tr‘rlu;]_:O
1 ||£|'l+1’0) = U'(n)
Z
gud Y =argmin e, FFETHY +up,uf) m=0,.. M -1
Tr‘rzuzzo

fot+1) = u§n+1,L) + ué"”’M)

|

+1) .- X1 - y(r+1)

ao D =y, - u*D),

(23)

Note that we do prescribe a finite number L and M of inner iterations for each subspace

respectively and that u+1 =
this section we want to prove its convergence for any choice of L and M.

G§n+1) ~(n+1)

Observe that, for a € V; and ||T|| < 1,

+ 05", with u§"+1) # l“jg”ﬂ), i = 1,2, in general. In

lu; —all3 — [ITu; — Ta|3 > C|lu; — al3, (24)
for C = (1 — ||T||?) > 0. Hence
JW) =77 w) < J7u,a), (25)
and
JP(u,a) — J7 (U, ;) = Clu; —al}. (26)
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Proposition 5.4 (Convergence properties). Let us assume that ||T| < 1. The algorithm in
(23) produces a sequence U™),en in H with the following properties:

(i) JM) > FuC*D) for alln € N (unless ut =y ).
(i3) 1im, o [[u*D —u®M||, = 0;
i) the sequence (U),en has subsequences which converge in H.
(iii) € g
Proof. Let us first observe that
J®) = 7@+, u”) = gp@” +og?,uf" ),
o (n+1,1) - : (n+1,1) «
By definition of u; and the minimal properties of u;y in (23) we have
FE@” + 057, a0 = gD + o, i),
From (25) we have
jls(u§n+1,1) + ﬁgn), u§n+1,0)) > jls(ugn+1,1) + Ugn), U§n+1’1)) — j(u§n+1,1) + ﬁgn))
Putting in line these inequalities we obtain
JUM) > JH +agv).
In particular, from (26) we have

After L steps we conclude the estimate

j(u(n)) > j(U§n+1’L)+U§n)),

and
L
Ty — j(u§n+1,L) " Ugn)) . I’_ITTFLL@H) B u§n+l,€)”%.
(=0
By definition of u§”+1’l) and its minimal properties we have

j(u:(Ln+1,L) + Uén)) > jzs(u:(Ln+1,L) + u§n+1,1)’ u§n+1,0)).
By similar arguments as above we finally find the decreasing estimate
JUM) > " o) = g D) = 7@ + wY), @7)

and
j(u(n)) o j(u(n+1))
1

M|
>C  uIEE g9 g e gt gtz (28)

/=0 m=0
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which verifies (i).

From (27) we have 7(u®) > 7(u®™). By the coerciveness condition (C) (u(™),,cy is uni-
formly bounded in 7, hence there exists a convergent subsequence (u(™)),cy and hence (iii)
holds. Let us denote u( the limit of the subsequence. For simplicity, we rename such a sub-
sequence by (u(™),cn. Moreover, since the sequence (7 (u()),,cn is monotonically decreasing
and bounded from below by 0, it is also convergent. From (28) and the latter convergence we
deduce

% L1
Mj
n+1/0+1) (n+1,0) 2 in+1 m+1) (n+l,m) 2
lug —u Ul u; Iz —0, (29)

U n — oo.
/=0 m=0

In particular, by the standard inequality (a® +b?) > %(a+b)? for a,b > 0 and the triangle
inequality, we have also
[u®™ — @+, -0, n— . (30)

This gives (ii) and completes the proof. O

The use of the partition of unity {x1, X2} allows not only to guarantee the boundedness
of (u™),cn, but also of the sequences (@), en and (@) en.

Lemma 5.5. The sequences (u1 ))nGN and (u2 )neN produced by the algorithm (23) are
bounded, i.c., there exists a constant C > 0 such that Hu(n)Hz <C fori=1,2.

Proof. From the boundedness of (u(),,cn we have

152 = [x:u]2 < ku®p <€ fori=12

From Remark 5.3 (iii) we can also show the following auxiliary lemma.

Lemma 5.6. The sequences (r]gn’L))n and (ngn’M))n are bounded.
Proof. From previous considerations we know that

UETL,L) — Sa(z(n,L—l) ~(n—1) _ (n,L)) _ D—(n—l)

ugnyM) =g (z{M-D (n Ly _ (n M)) (mL).

a(Z5 + Uy

Assume (ni"’L))n were unbounded, then by Remark 5.3 (iii), also Sa(zin’L*l) +G§"71) —ni”’L))
would be unbounded. Since (”("))n and (u(”’L))n are bounded by Lemma 5.5 and formula
(29), we have a contradiction. Thus (r](” L))n has to be bounded. With the same argument
we can show that (r]2" M)y,, is bounded. O

We can eventually show the convergence of the algorithm to minimizers of 7.

Theorem 5.7 (Convergence to minimizers). Assume ||T|| < 1. Then accumulation points of
the sequence (U™),en produced by algorithm (23) are minimizers of J. If J has a unique
minimizer then the sequence (u(”))neN converges to it.
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Proof. Let us denote u®>) the limit of a subsequence. For simplicity, we rename such a sub-
sequence by (u(™),,cn. From Lemma 5.5 we know that (’"(”))neN, (u("))neN and consequently
(u(” L))neN,(uz ))neN are bounded. So the limit u(>) can be written as

u®) = > + yP = > 4 g (31)

where u(°°) is the limit of (uln L))neN, () is the limit of (u(" M)y,.en, and UZ(OO) is the limit

of (u(”))neN for i = 1,2. Now we show that u(°°) = u(°°). By using the triangle inequality,
from (29) it directly follows that

Ju$™ M gl -0, n— . (32)

Moreover, since X2 € V» is a fixed vector which is independent of n, we obtain from Proposition
5.4 (ii) that
X2 —u®*Dy|, -0, n— oo,

and hence
@ — gV, -0, n— o (33)

Putting (32) and (33) together and noting that

+1,M ~ ~(n+1 +1,M ~(n+1
S+ @, + T — a5 o > udTH —adP),

we have
Hugn+l,]\/[) o 'Jgn+l)||2 N 0’ n — oo, (34)
which means that the sequences (u(”’M))neN and (G(”))neN have the same limit, i.e., u(°°) =

ug°°> which we denote by u(oo) Then from (34) and (31) it directly follows that U(oo) = u(°°)
As in the proof of the obllque thresholding theorem we set

F (u(n+1 L) = ||u:(ln+1,L) - Z§n+1’L)||% + 2G|V(U§n+1’L) + Hgn)a )’(Ql)
1

where ﬁ
Z§n+l,L) — u§n+1,L—l)+(T (G- T~(n) Tu§n+1,L—1))) .

The optimality condition for u{"**) |

0c avlFl(U(n LL)y +2n§n+1,L)

where

1
Ny = () Tl @)+ o 2D )

In order to use the characterization of elements in the subdilerkential of |Vu|(Q), i.e.,
Proposition 5.2, we have to rewrite the minimization problem for F;. More precisely, we

define g
= 1LL)\ . 1,L ~ 1+1,L 1,L
Fu@™™ ) = g w0 -2+ 20 @) @)
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for &) ¢ vy with Tr |r, &5 = a{”. Then the optimality condition for £+ is
0 € aF ("1 + 2nimrtD (35)

Note that indeed &"*") is optimal if and only if u{"***) = g»*.0) ag”@ is optimal.
Analogously we define '

= 1 1 1 1 1
Fa(gg™™ ") = g —ug E - 2"+ 20V &) (@)

for &M ¢ v, with Tr |, M) = 4"+ and the optimality condition for £§"* )
is

0 € AF,(EF 1My 4 on{r* D (36)
where

r_l(n+1 M) _ (Tl’ |F2) Tr |F2 (Z(n+1 M)) + P (n(n+1 M) (n+1,M) . u§n+1,L))

Let us recall that now we are considering functionals as in Proposition 5.2 with ¢(s) =s,
T=1,and Q=Q,;, i =1,2. From Proposition 5.2 and Remark 5.3 we get that E§”+1’L), and
consequently u$"""") is optimal, i.e., —2n{"*"") ¢ aF (€™ H1), if and only if there exists

(n+1) _ (n+1) o (n+l) g (n+1)
an M; = Mg 7 M"Y e Vi x Vit with M"Y (x)] < 2a for all x € Qg such that

(M0, (V™™ + T07))(0)ga + 200V + TN =0 (37)
—2u" () — 2P () — divMITY () — TP () =0, (38)

for all x € Q;. Analogously we get that E("+1 M) and consequently u(" LM) s optimal, i.e.,

—on{t D ¢ 9B, M)y if and only if there exists an M{"*Y = (M("+1) My e
Vo x Ve with M (x)| < 2a for all x € Q, such that

(M 060, (g™ ™+ uf ) 00) ra + 200((V (U + TN =0 (39)
2(u(n+1 M) (X) _ Z§n+1’M) (X)) div I\/Iz(n+1) (X) 2r](n+1 M) (X) =0, (40)

for all x € Q,. Since (M{™(x))en is bounded for all x € Q; and (M5" (X)) is bounded
for all x € Q,, there exist convergent subsequences (M "k)(x))keN and (M, "k)(x))keN Let
us denote Ml(oo)(x) and MZ(OO)(X) the respective limits of the sequences. For simplicity we
rename such sequences by (Ml(")(x))neN and (Mz(")(x))neN.

Note that, by Lemma 5.6 (or simply from (38) and (40)) the sequences (n&"’L))neN and
(r](" M))neN are also bounded. Hence there exist convergent subsequences which we denote,

for simplicity, again by (r](” Dy cn and (n My -\ with limits r](oo), i = 1,2. By taking in
(37)-(40) the limits for n — oo we obtain

(M{™209, (VUL + uf?)00)ra +2a((VUE? +uf?)NEI) =0 forall x € O
—2u () — 28(x)) — divM I (x) — 20 (x) =0 forall x € Q;
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(MED 00, (VU + u$)) (9 )rs + 2 (| (VUL +u$)(x))) =0 for all x € Q;
—2uS () — 28(x)) — divME(x) — 208 (x) =0 forall x € Q,

Since supp n&oo) =T and supp n§°°> =TI, we have

(M (), (VUCD) () + 200([(VUCI)())) =0 for all x € O

_ (41)
—2T*((TUCN) () — g (%)) — divMII(x) =0 forall x e Q;\ Iy

(M), (VU () ga + 20([(VUCN)()) =0 for all x € Q,

_ (42)
—2T*((TUCN)(x) — g (%)) — divMI(x) =0 forall x € Qy \ I,.

Observe now that from Proposition 5.2 we also have that 0 € 7(u() if and only if there
exists M) = (M, M©) with [M{(x)| < 2 for all x € Q such that

(MO (x), (V(U)(x))ra + 20d(|(VUC) (X)) =0 forall x € Q

—2T*((TuCN)(x) — g (X)) — divM©)(x) =0 for all x € Q. (43)

Note that l\ﬁj(oo)(x),j = 1,2, for x € Q1 N Qy satisfies both (41) and (42). Hence let us
choose

I%E‘X’)(x) if x € Q1 \ My

M) = )
My (x) ifxe(@Q\Q)ul,

With this choice of M () equations (41) - (43) are valid and hence u(* is optimal in Q. [

Remark 5.8. (i) If Vu(®)(x) # 0 for x € Q;, ) =1,2, then I\Z;OO) is given as in equation

(22) by
(Vu®) g;)(x)

(VU o) ()|

() o —
M; ™ (x) = —2a

(ii) The boundedness of the sequences (Ugn))neN and (Ugn))neN has been technically used for
showing the existence of an optimal decomposition u(®) = ugoo) + ugoo) in the proof
of Theorem 5.7. Their boundedness is guaranteed as in Lemma 5.5 by the use of the
partition of the unity {X1,X2}. Let us emphasize that there is no way of obtaining the
boundedness of the local sequences (ugn’L))neN and (ug"’M))neN otherwise. In Figure 6
we show that the local sequences can become unbounded in case we do not modify them

by means of the partition of the unity.

(iii) Note that for deriving the optimality condition (43) for u® we combined the respective
conditions (41) and (42) for ugoo) and ugoo). In doing that, we strongly took advantage
of the overlapping property of the subdomains, hence avoiding a fine analysis of ngoo)

and ngoo) on the interfaces 'y and y. This is the major advantage of this analysis with
respect to the one provided in [26] for nonoverlapping domain decompositions.
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6 A parallel algorithm and its convergence

The parallel version of the previous algorithm (23) reads as follows: Pick an initial V1 +V;, >

09 + 0 = u® e 7, for example G =0, i = 1,2, and iterate
:!]?(Irz+l 0) _ ~(n)
(In+1 o argmm mev,  JPun+ 0, u") o, L1
Tr‘r1u1—0
+1,0) _ ~(7L)
pug ™t 2 =argmin ey, J5(@ +up,ud ™) m=o0,...,M -1 (44)
Tl"rzuz 0
A L+l) (n+1 D (n+1'M)+u(”)
“: +1) _ X u(n+1)

i) ) . = ¥ - u(*+D)

We are going to propose similar convergence results as for the sequential algorithm.

Proposition 6.1 (Convergence properties). Let us assume that ||T| < 1. The parallel algo-
rithm (44) produces a sequence (UM), e in H with the following properties:

(i) JM) > FuC*D) for alln € N (unless ut = u*1 ).
(i) 1im,, o [[u@*D —u@™|; =0
(iii) the sequence (U™), cn has subsequences which converge in H.

Proof. With the same argument as in the proof of Theorem 5.4, we obtain

L
JU™) = g + @) > ¢ ||u§”!”’““—ui"”%

=0

and ¥
TWO) — J@ + 0y s C U et

m=0

Hence, by summing and halving

j(u(n)) (j(u(n+l L) ('fl)) + j(~(n) §n+1,M)))

C h ) g, B ) L ( )
1,0+1 +1,0) 2 +1,m+1 +1, 2
Juy” —ug" 2 + Jug"™ =" =g

> =
- 2

/=0 m=0

We recall that 7 (u() = || Tu™ —g||3+2a|Vu™|(Q) (and T is linear). Then, by the standard
inequality (a? + b?) > Z(a+h)? for a,b >0, we have

1
%J(THI) —q % = E %%MLL) +u§ D) 4y —d %
2
2

2

IN

1 1L) | ~ ~ 1M
ST 4 %) — gl + T @ +u ) g
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Moreover we have
(n+1) 1 H (n+1,L) | ~(n) ~(n) | (n+1,M) -
|V(u N(Q) < 5 |V (ug + 05 )[(Q) + V(T +u, Q) .

By the last two inequalities we immediately show that
2

(n+1) 1 e (n+1,L) ~(n) ~(n) (n+1,M) L]
J(u )SE TS + iy + 7@l +uy My

hence
L7(u(n)) - j(u(n+1))

%L —
M|
U D g 2 S g2 >0, (45)

u;

N O

>
/=0 m=0
Since the sequence (7 (u™)),en is monotonically decreasing and bounded from below by 0,
it is also convergent. From (45) and the latter convergence we deduce
1

%& o —
uEED 2 gD G2 0, ns oo, (46)

In particular, by again using (a? +b?) > Z(a+b)? for a,b > 0 and the triangle inequality, we
also have
[u® —u* D), -0, n— . (47

The rest of the proof follows analogous arguments as in that of Proposition 5.4. O

Analogous results as the one stated in Lemma 5.5 and Lemma 5.6 also hold in the parallel
case. With these preliminary results the following theorem holds:

Theorem 6.2 (Convergence to minimizers). Assume ||T|| < 1. Then accumulation points of
the sequence (UM™),cn produced by algorithm (44) are minimizers of J. If J has a unique
minimizer then the sequence (U(n))neN converges to it.

Proof. Note that u*1) is the average of the current iteration and the previous, i.e.,

LD = uf" BB gD 4y
5 .
Observe that the sequences (U ), cn, S, cn and (U(M),cn are bounded. Hence

there exist convergent subsequences. By taking the limit for n — oc we obtain

Lo = P +ug + e
2

which is equivalent to
uC) = 4l + >

With this observation the rest of the proof follows analogous arguments as in that of Theorem
5.7. ]
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7 Applications and Numerics

In this section we shall present the application of the sequential algorithm (5) for the min-
imization of 7 in one and two dimensions. In particular, we show how to implement the
dual method of Chambolle [10] in order to compute the orthogonal projection P,x(g) in the
oblique thresholding, and we give a detailed explanation of the domain decompositions used
in the numerics. Furthermore we present numerical examples for image inpainting, i.e., the
recovery of missing parts of images by minimal total variation interpolation, and compressed
sensing [6, 7, 8, 21], the nonadaptive compressed acquisition of images for a classical toy
problem inspired by magnetic resonance imaging (MRI) [7, 29]. The numerical examples of
this section and respective Matlab codes can be found at [40].

7.1 Computation of P,x(g)

To solve the subiterations in (5) we compute the minimizer by means of oblique thresholding.
~(n) (n+1,0+1) (n+1,0)

More precisely, let us denote u, = U5, ug = u; , and z; = uy +T*(@—Tuy —
Tu§”+1’€)). We shall compute the minimizer u; of the first subminimization problem by

ur=(1 =Pax)@Zi+uz—n)—uz €V
for an n € V1 with suppn = "1 which fulfills

Trir, (N) =Tr |, 21+ Pox(n — 21 — u2)).

Hence the element n € V; is a limit of the corresponding fixed point iteration
1 1
N@ e vy, suppn@ =1y, nOD = (Tr ) Tr|r, z2+Pax(®™ —21-uz) , m=>0.
(48)
Here K is defined as in Section 2, i.e.,

1 1
K= divp:peH, |p(X¥)|, <1 ¥xe€Q

To compute the projection onto aK in the oblique thresholding we use an algorithm proposed
by Chambolle in [10]. His algorithm is based on considerations of the convex conjugate of
the total variation and on exploiting the corresponding optimality condition. It amounts to
compute P,x(g) approximately by adivp®, where p is the nth iterate of the following
semi-implicit gradient descent algorithm:

Choose T > 0, let p©@ = 0 and, for any n > 0, iterate

00+ () = P (x) T (V(divp™ — g/0))(x)
1+ 1 v (divp®™ — g/a)) 0

For T > 0 su [ciehtly small, i.e., T < 1/8, the iteration o divp(™ was shown to converge
to Po.x(g) as n — oo (compare [10, Theorem 3.1]). Let us stress that we propose here this
algorithm just for the ease of its presentation; its choice for the approximation of projections
is of course by no means a restriction and one may want to implement other recent, and
perhaps faster strategies, e.g., [11, 16, 27, 33, 39].
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7.2 Domain decompositions

In one dimension the domain Q = [a, b] is split into two overlappmg mtervgﬁ Lef{_—‘Ql NQy| =
G be the size of the overlap of Q; and Q,. Then we set |Q;| =: n; = +G , Q1 = [a, nl]
and Q, = [ny — G+ 1,b]. The interfaces 'y and I, are Iocated ini = nl + 1 and np — G
respectively (cf. Figure 2). The auxiliary functions X1 and X, can be chosen in the following
way (cf. Figure 1):

L1

1 X; € Q1 \ Qo
X1(X;) = 1- L(i—(n - G+1) xiEngQz

C1¢

1 Xi € Q2 \ Q1
Xe(xi) = :

@(i—(nl—G+1)) XiEQlﬂle

Note that x1(x;) + X2(x;) =1 forall x; € Q (i.eforalli=1,...,N).

chil
chi2
n N

L L L L L L L
10 20 30 40 50 60 70 80 90 100

Figure 1: Auxiliary functions x; and x» for an overlapping domain decomposition with two subdo-
mains.

In two dimensions the domain Q = [a, b] x [c, d] is split in an analogous way with respect
to its rows. In particular we have Q; = [a, n1] x [c,d] and Q, = [n; — G+ 1, b] x [c, d], compare
Figure 3. The splitting in more than two domains is done similarly:

Set Q = Q1 U...UQys, the domain Q decomposed into N domains Q;, i =1,..., N,
where Q; and Q;4+1 are overlapping for i = 1,...,N — 1. Let |Q; N Q;+1| =1 G
equidistant for every i =1,...,N — 1. Set s = [N1/N]. Then

le[l,s+%]><[c,d]

fori=2:N -1
Qiz[(i—l)s—%+1,is+§]><[c,d]
end

Qy = [(Nfl)s—%+1,N1] x [c, d].
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The auxiliary functions x; can be chosen in an analogous way as in the one dimensional case:
%1 —((1-1s-G/2+1)) (XiysYip) € Qi1 NQ;
Xi(Xiy, Yip) = % (XigsYiz) € Qi \ (Qi—1 U Qi+1)
= L(i1 — (is— G/2 +1)) (Xiy, Yin) € Qi N Qi1

fori=1,..., N with Qo = Q41 = 0.
Q,

M

M

O
Figure 2: Overlapping domain decomposition in 1D.

a = X1
Q1 \ Q

Xy | — —— T — ——
Q1N Qs

Xpg+1 | —— —— M —_— —
Q\ Qg

b= XN

Figure 3: Decomposition of the image in two domains Q; and Q.

To compute the fixed point n of (15) in an e [cieht way we make the following considera-
tions, which allow to restrict the computation from Q; to a relatively small stripe around the
interface. The fixed point n is actually supported on "1 only, i.e., n(x) =01in Qs \ 1. Hence,
we restrict the fixed point iteration for n to a relatively small stripe Q1 Cc O Analogously, one
implements the minimizations of n, on Q,. A similar trick was also used in [26] to compute
suitable Lagrange multipliers at the interfaces of the nonoverlapping domains. However, there
we needed to consider larger “bilateral stripes” around the support of the multiplier, making
the numerical computation slightly more demanding for that algorithm.

7.3 Numerical experiments

In the following we present numerical examples for the sequential algorithm (23) in two
particular applications: signal interpolation/image inpainting, and compressed sensing.

In Figure 4 and Figure 5 we show a partially corrupted 1D signal on an interval Q of
100 sampling points, with a loss of information on an interval D C Q. The domain D
of the missing signal points is marked with green. These signal points are reconstructed
by total variation interpolation, i.e., minimizing the functional 7 in (3) with a = 0.4 and



OVERLAPPING DOMAIN DECOMPOSITION METHODS FOR TV-MINIMIZATION 24
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Figure 4. We present a numerical experiment related to the interpolation of a 1D signal by total
variation minimization. The original signal is only provided outside of the green subinterval. The
initial datum g is shown in (a). As expected, the minimizer u(>) is the constant vector 1, as shown in
(b). In (c) and (d) we display the rates of decay of the relative error and of the value of /7 respectively,
for applications of the algorithm (23) with diLerent sizes G=1,5,10,20,30 of the overlapping region of
two subintervals.
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Figure 5. We show a second example of total variation interpolation in 1D. The initial datum g is
shown in (a). As expected, a minimizer u(>) is (nearly) a piecewise linear function, as shown in (b).
In (c) and (d) we display the rates of decay of the relative error and of the value of 7 respectively, for
applications of the algorithm (23) with di [erent sizes G=1,5,10,20,30 of the overlapping region of two
subintervals.
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Tu = 1g\p - U, where 1q p is the indicator function of Q\ D. A minimizer u®) of 7 is
precomputed with an algorithm working on the whole interval Q without any decomposition.
We show also the decay of relative error and of the value of the energy .7 for applications of
algorithm (23) on two subdomains and with diLerknt overlap sizes G = 1,5, 10, 20,30. The
fixed points n’s are computed on a small interval ﬁi, i =1,2, of size 2. These results confirm
the behavior of the algorithm (23) as predicted by the theory; the algorithm monotonically
decreases 7 and computes a minimizer, independently of the size of the overlapping region.
A larger overlapping region does not necessarily imply a slower convergence. In these figures
we do compare the speed in terms of CPU time. In Figure 6 we also illustrate the e [edt
of implementing the BUPU within the domain decomposition algorithm. In this case, with
datum g as in Figure 5, we chose a = 1 and an overlap of size G = 10. The fixed points n’s
are computed on a small interval Q;, i = 1, 2 respectively, of size 6.

100 iterations 100 iterations
T T T T T T

| e
|

— Reconstruction — Reconstruction
O Interface i [| O Interface
ul ul
u2 u2
Inpainting Region Inpainting Region
n n n . n n n .

. . . . . . . . . .
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100

(a) (b)

Figure 6. Here we present two numerical experiments related to the interpolation of a 1D signal by
total variation minimization. The original signal is only provided outside of the green subinterval. On
the left we show an application of algorithm (23) when no correction with the partition of unity is

provided. In this case, the sequence of the local iterations uln), ué") is unbounded. On the right we

show an application of algorithm (23) with the use of the partition of unity which enforces the uniform
boundedness of the local iterations u{™, u{™.

Figure 7 shows an example of the domain decomposition algorithm (23) for total variation
inpainting. As for the 1D example in Figures 4-6 the operator T is a multiplier, i.e., Tu =
1o\p - U, Where Q denotes the rectangular image domain and D C Q the missing domain in
which the original image content got lost. The regularization parameter a is fixed at the value
10~2. In Figure 7 the missing domain D is the black writing which covers parts of the image.
Here, the image domain of size 449 x 570 pixels is split into five overlapping subdomains with
an overlap size G = 28 x 570. Further, the fixed points n’s are computed on a small stripe
Q;, 1=1,...,5 respectively, of size 6 x 570 pixels.

Finally, in Figure 8 we illustrate the successful application of our domain decomposition
algorithm (23) for a compressed sensing problem. Here, we consider a medical-type image
(the so-called Logan-Shepp phantom) and its reconstruction from only partial Fourier data.
In this case the linear operator T = S o F, where F denotes the 2D Fourier matrix and S is a
downsampling operator which selects only a few frequencies as output. We minimize 7 with
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Initial Picture 146 iterations

Figure 7: This figure shows an application of algorithm (23) for image inpainting. In this simulation
the problem was split into five subproblems on overlapping subdomains.

o set at 0.4 x 10~2. In the application of algorithm (23) the image domain of size 256 x 256
pixels is split into four overlapping subdomains with an overlap size G = 20 x 256. The fixed
points n’s are computed in a small stripe Q;, i =1,...,4 respectively, of size 6 x 256 pixels.
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A Proof of Proposition 5.2

It is clear that { € 0.7, (u) if and only if u = argmin, 4 {J,(v) — ({, V) }, and let us consider
the following variational problem:

inf {7(v) = @ V)nd = inf [TV — g1z + 209 ( VV)(Q) — (€, v)n} (P)
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Sampling domain in the frequency plane

26 iterations 126 iterations

(c) (d)

Figure 8: We show an application of algorithm (23) in a classical compressed sensing problem for
recovering piecewise constant medical-type images from given partial Fourier data. In this simulation
the problem was split via decomposition into four overlapping subdomains. On the top-left figure,
we show the sampling data of the image in the Fourier domain. On the top-right the back-projection
provided by the sampled frequency data together with the highlighted partition of the physical domain
into four subdomains is shown. The bottom figures present intermediate iterations of the algorithm,
i.e., u(?®) and u(125),
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We denote such an infimum by inf(7?). Now we compute (P*) the dual of (P). Let 7 : H — R,
G:HxH!—R, G :H—R, G :H!— R, such that

f(V) = _<Z1V>'H
Gi(Wo) = |[lwo — g3
Go(W) = 2adp(w[)(Q)

Ggw) = Gi(wo) + Go(W)
with w = (Wp, W) € H x H%. Then the dual problem of (P) is given by (cf. [22, p 60])

sup {—=F*(A\"p*) —G"(—p")} (P*)
p*EH xHI

where A : H — H x H? is defined by
Av = (Tv, (VW)L ..., (V)9

and A* is its adjoint. We denote the supremum in (P*) by sup(P*). Using the definition of

the conjugate function we compute F* and G*. In particular

1

FrNP*) = sup{{A"p", V) — F(V)} = sup(A"p* + {,v)p = o
veH veH oo otherwise

where p* = (pg, p*) and
G () = sup {(p", W)ppa — G(W)}
weEHxHI

= sup {{pg, Wo)# + (p*, W)3a — G1(Wo) — G2(W) }
w=(wo,w)EH xHM

= sup {(po, Wo)# — G1(Wo)} + sup {(p*, W)y — G2(W)}

woEH werd
=G1(py) + G5(p")

We have that 1 —1

Gipe) = " +gp

H
and (see [22])
oo P! o
G>(p*) = 2a¢; o

if % € Dom ¢7, where ¢7 is the conjugate function of ¢ defined by

¢1(s) = d(s]) seR.

For ease we include in Appendix B the explicit computation of these conjugate functions. So
we can write (P*) in the following way

11
sup  — —fo +g,—p0 — 203 L‘_—I (1.49)
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where 1 1
K= p*eHxH: ‘p(” e Dom ¢} for all x € Q,A*p* +7 =0

The function ¢1 also fulfills assumptlon (Ay)(ii) (i.e., there exists c; > 0,b > 0 such that
1z — b < ¢1(z) < ciz + b, for all z € R™). The conjugate function of ¢; is given by
$1(s) = sup,cr{(s.z) — ¢1(z)}. Using the previous inequalities and that ¢, is even (i.e.,
¢1(z) = ¢1(—2) for all z € R) we have
1
—b if [s| <c1
else '
(1.50)

(sup{(s, z) — ca|z| + b} >)sup{(s,z) — ¢1(2)} > sup{(s,z) —c1|z| —b} =
z€R z€R z€R

In particular, one can see that s € Dom ¢7 if and only if |s| < c;.
From A*p* + { = 0 we obtain

(NP, W)y + (W) = (P, AW)ga+r1 + (L, W) = (P, TW)1 + (P*, VW)ga + ((,w) =0 for all w € H.
Then, since (p*, Vw);a = (—divp*, w)y (see Section 2), we have

T*py — divp* +{ =0.
Hence we can write K in the following way

L1 L1

K= p*=@;p)eHxH: P09l ( ) <cp forall xe Q,T*p; —divp*+{ =0
We now apply the duality results from [22, Theorem 111.4.1], since the functional in (P) is
convex, continuous with respect to Av in H x H¢, and inf(P) is finite. Then inf(P)= sup(P*)e
R and (P*) has a solution M = (Mg, M) € K.

Let us assume that u is a solution of (P) and M is a solution of (P*). From inf(P)=
sup(P*) we get

M ™
ITu—gll5 +2a0( VU@ — (L =~ —= +9,~Mo H—2a¢1 bq @ (s

where M = (Mo, M) € H x 14, X&) < ¢, and T*Mg — divM + ¢ = 0, which verifies the
direct implication of (20). In particular

—(Z,u)p = (T*Mo, Uy — (divM, U}y = (Mo, Tuy + (M, VU)ya,

and

B -y %|
ITu=g/3+ (Mo, Tu)r+(M, Vu)ye+200( VUD(@+ —,= +0,~Mo  +2a¢] - (@) =0.

H
(1.52)
Let us write (1.52) again in the following form

[(Tu—g))>+  Mo(x)(Tu)(x) + M’ (x)(Vu)’ (x) + 2G¢(\(VU)(X)D
zeQ zeQ zeQ j=1

ey F"(x)r
4

+

+9(X) (—Mo(X)) +  2a¢1
zeQ zeQ

(1.53)

Now we have
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-

_ 1 1
L 2ap((VWEI) + T MICUTUIe) + 2007 2 > 2a((VWX))

'ﬂ—_'jzl Mj(>_<)y|(Vu)j(x)|+2a¢; M@l 0 by the definition of ¢, since 20 M)
SUPgerd{(M7(X), S)ra — 2a¢(ISD}EIsupSERd{<|Mj(X)|, |S|>|%_ 2a6(|S))} -

2. [(Tu — @)(X)[2 + Mo()(Tu)(x) + 20D 4 g(x))(~Mo(x) = (((Tu)(X) — g(x)))? +
] 7

[, ]
Mo(G)((TU)(x) —g(x)) + &) "= ((Tu)(x) — g(x)) + 2@ = > o,
Hence condition (1.52) reduces to
[ — L1
200((VOOI) +  MIC)(TUY () + 2005 %";ff) =0 forallxeo  (159)
j=1
— Mop(X) = 2((Tu)(x) —g(x)) for all x € Q. (1.55)

Conversely, if such an M = (MO,M) € H x H% with 'MZ%)‘ < ¢y exists which fulfills
conditions (19)-(21), it is clear from previous considerations that equation (1.51) holds. Let
us denote the functional on the left side of (1.51) by

P (u) == [ Tu — g[|3 + 2a¢(|Vu(Q) — (€, u)
and the functional on the right side of (1.51) by
I:IlvI I?|
P*(M) =~ —=+g,~Mo fzo«bl oy @
" 2a

We know that the functional P is the functional of (P) and P* is the functional of (P*).
Hence inf P = inf(P) and supP* = sup(P*). Since P is convex, continuous with respect to
Au in ‘H x H?, and inf(P) is finite we know from duality results [22, Theorem 111.4.1] that
inf(P)=sup(P*)e R. We assume that M is no solution of (P*), i.e., P*(M) < sup(P*), and
u is no solution of (P), i.e, P (u) > inf(P). Then we have that

P (u) = inf (P) = sup (P*) = P*(M).

Thus (1.51) is valid if and only if M is a solution of (P*) and u is a solution of (P) which
amounts to saying that { € 0.7,(u).

If additionally ¢ is dilerentiable and [(Vu)(x)| # 0 for x € Q, we show that we can
compute M (x) explicitly. From equation (19) (resp. (1.54)) we have

2”;*” ~(M(x), (VU)())gs — 2a0(|(VU)()]). (1.56)

From the definition of conjugate functlon we have

MO MOl vico) —

2007

2067 = 2asup $1(t)
20 teR ] 1
M (X)|
= 20(3%) g 't d1(t)
= Moo 1 1 (1.57)
= 20asuUp sup g S —®uSh
t>0 serd a Rd

=t

— 1] 1
=sup  -M(X),S pa —200(|S)(Q) .
SeRd
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Now, if [(Vu)(x)| # 0 for x € Q, then it follows from (1.56) that the supremum is taken on
in S = |(Vu)(x)| and we have

Vs(—(M(x), S)ra — 2ad(|S[)(Q)) =0

which implies
¢'(((Vu)(X)))
[(Vu)(X)|

and verifies (22). This finishes the proof.

M7 (x) = —2a (Vuy(x) j=1,....d,

B Computation of conjugate functions

Let us compute the conjugate function of the convex function Gi(wo) = |wo — gl/3. From
Definition 5.1 we have

G1(po) = sup {(Wo, po)# — G1(Wo)} = sup {(Wo, Po)# — (Wo — 9, Wo — g)2}-
woEH woEH
We set H(wp) := (Wo, p§)x — (Wo — 9, Wo — g)#. To get the maximum of H we compute the
Gateaux-di [erkential at wg of H,

H'(wo) = pg — 2(wo —g) =0

and we set it to zero H'(wo) = 0, since H”(wp) < 0, and we get wo = 2 +g. Thus we have
that
1 1

sup Hwo) = ™0+, = Gi(p5)
woEH H
Now we are going to compute the conjugate function of G,(w) = 2a¢(|w|)(Q). Associated

to our notations we define the space Hy = Ry "¢ From Definition 5.1 we have

G;(p*) = §U75 {{w, p*)pa — 200 (IW))(Q) }
weHd
= sup sup {5 — 2000W)(@)
Mo |G @ )
sup {(t, [p*)» — 200(t)(Q)}.

teHy

If  were an even function then
sup {(t, [p*[)» — 2ap()(V} = fgg{@ " [)n — 200(t)(Q)}

teHy
0 U =

=2asup t, — d()(Q)

te”l;! 29
— 2a¢ P

g Y

where ¢* is the conjugate function of ¢.
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Unfortunately ¢ is not even in general. To overcome this di Ccullty we have to choose a
function which is equal to ¢(s) for s > 0 and does not change the supremum for s < 0. For
instance, one can choose ¢1(s) = ¢(|s|) for s € R. Then we have

sup {(t, [p"[) — 2a¢(t)(Q)} = fgg{ﬂ, "3 — 2091 ()(Q)}

teHg |:|:|:'| 1 L1
=2asp L2 4i(0@
e ]

=200 P (@

where ¢7 is the conjugate function of ¢;. Note that one can also choose ¢1(s) = ¢(s) for
s> 0and ¢1(s) = o for s < 0.
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