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Abstract

This article provides a variational formulation for hard and firm thresholding. A
related functional can be used to regularize inverse problems by sparsity constraints.
We show that a damped hard or firm thresholded Landweber iteration converges to its
minimizer. This provides an alternative to an algorithm recently studied by the authors.
We prove stability of minimizers with respect to the parameters of the functional and
its regularization properties by means of I'-convergence. All investigations are done in
the general setting of vector-valued (multi-channel) data.
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1 Introduction

Thresholding is a simple technique for denoising signals and images. When the signal is
represented in terms of a suitable basis (for instance a wavelet basis) small coefficients are
set to zero and larger coefficients above some threshold are possibly shrinked. Therefore,
thresholding (or shrinkage) usually produces signals that are sparse, i.e., that have only a
small number of non-zero coefficient. So it works particular well if the original noise free
signal can be well-approximated by a sparse one.

Since the seminal papers [15, 18, 19] soft and hard thresholding operators have been
extensively studied. While both have been used indifferently in the practice, from a theo-
retical point of view the first attracted most of the attention. In fact [7] established a varia-
tional formulation for denoising by ¢; penalization, which results in simple soft-thresholding.
This interpretation has caught much attention due to its similarity and near-equivalence
to the well-known Rudin-Osher-Fatemi de-noising model [29] based on total variation min-
imization. While soft-thresholding is a very simple operation, total variation minimization
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requires the solution of a degenerate PDE. Although the latter problem has stimulated
interesting results both in theory and practice, see for instance [8], soft-thresholding still
remains a very efficient and simple numerical strategy. The interested reader is referred to
[13] for a recent and interesting comparison of these two methods.

As one of the main contributions of this paper we establish a connection between hard-
thresholding and the minimizer of a conver functional. To our knowledge this is the first
convex variational interpretation of hard-thresholding. We had actually introduced the
corresponding functional already in [24], but while later investigating the role of its param-
eters we realized the surprising fact that its minimizer is connected to hard-thresholding in
a special case. Varying parameters allows further to “interpolate” between soft and hard
thresholding. It turns out that the resulting generalized thresholding operators coincide
with the ones introduced in [25] under the name of firm shrinkage.

In many situations the signal is not given explicitly but implicitly by an operator equa-
tion or linear inverse problem with possibly noisy data. We refer for instance to deconvolu-
tion and super-resolution problems [14, 16, 31], image recovery and enhancing [12, 21|, prob-
lems arising in geophysics and biomedical imaging [23, 26], statistical estimation [20, 34],
or to compressed sensing [3, 5, 17, 28]. A strategy which has recently become popular is
to regularize these reconstruction problems by ¢;-constraints. Unfortunately, the minimizer
of the resulting functional can no longer be computed explicitly. Several authors have pro-
posed an iterative soft thresholding algorithm to approximate the solution [22, 30, 31, 20],
and in [11] its convergence was proved. On the basis of these recent achievements for the
solution of inverse problems with sparsity constraints, several articles appeared with further
generalizations [2, 27, 32, 33].

In [24] we proposed a new functional involving a weighted ¢;-norm with adaptive weights,
i.e., the weights are variables of the functional as well. The minimizer of this functional
is suggested as the regularized solution of the corresponding linear inverse problem. This
functional again promotes sparsity with respect to a suitable basis or frame, and as we
already mentioned above it is related to a (damped) hard or firm thresholding operator.
However, we note that unless the operator in the inverse problem is unitary, the correspond-
ing functional is only convex if we introduce a certain quadratic term which leads to an
additional damping in the hard or firm thresholding operator.

Recently, similar approaches to adaptive weights appeared also in sparse statistical es-
timation, see e.g. [37] and references therein.

Our work in [24] was originally motivated by vector valued (multi-channel) problems,
where each vector component possesses a sparse expansion with respect to the same frame,
and additionally the different components obey the same sparsity pattern, i.e., have their
non-zero components at the same locations. Color images are a typical example of such
vector valued data with coupled components. Common sparsity patterns can be modelled
with weighted ¢1-norms of componentwise £, norms of the coefficients where typically ¢ > 1,
see also [6, 35]. All results in this article will be derived in this general multi-channel setting,
although for many applications the mono-channel case will be sufficient. In particular, we
will also derive (several) generalizations of the hard and firm thresholding operator to the
vector-valued case (while corresponding soft thresholding operators were already computed
in [24]).

In [24] we suggested an algorithm for the minimization of our new functional. It consists



in alternating a minimization with respect to the frame coefficients and a minimization with
respect to the weights in the ¢;-norm. The former is done via a (possibly damped) soft
thresholded Landweber iteration scheme, which in the monochannel case coincides with
the algorithm analyzed by Daubechies et al. in [11]. The minimizing weights (for fixed
coefficients) can be computed explicitly. The convergence of this two-step algorithm is
shown in [24].

Realizing the connection of our functional to (damped) hard and firm thresholding, it is
natural to ask whether the corresponding thresholded Landweber iteration converges as well
to its minimizer. Under certain conditions on the parameters ensuring (strict) convexity
of the functional, we prove such convergence. Compared with our first two-step algorithm
the new algorithm clearly has the advantage of providing a single iteration scheme, and
we expect that it will have faster convergence in practice (although this issue is postponed
to later investigations). Our variational formulation generates a new family of iterative
damped thresholding algorithms as a natural extension of soft and hard thresholding. We
further note that [4, 36] investigate properties of iterative pure hard thresholding schemes,
in particular, [4] shows its convergence. However, for non-trivial operators it seems that
one can only associate a non-convex functional to the pure non-damped hard-thresholding
operator, so the algorithm provides only a local minimum which may differ for different
initial points.

We also discuss the dependence of the minimizers on the parameters and their stability
properties. In particular, we show that the minimizers of our functional weakly converge
to the minimizer of the ¢;-regularized functional analyzed in [11] for certain limits of the
parameters. The proof requires the use of the I'-convergence machinery [10]. As a further
corollary we prove regularization results, which correspond again to certain limits of the
parameters. The variational techniques employed in the last part of the paper reflect very
much the similarities between our functional with the one proposed by Chambolle in [6] as
the discrete counterpart of the Ambrosio-Tortorelli approximation [1] of the Mumford-Shah
functional.

The paper is organized as follows. Section 2 introduces notation and our functional.
Further, we recall the double-minimization algorithm in [24] and the corresponding conver-
gence result. Section 3 discusses the connection to hard and firm thresholding operators,
and derives their generalization to the vector valued case. Section 4 is devoted to the conver-
gence proof of the thresholded Landweber iteration to minimizers of our original functional.
The dependence of minimizer on the parameters will be discussed in Section 5.

2 Motivation

2.1 Some notation

Before starting our discussion let us briefly introduce some of the spaces we will use in the
following. For some countable index set A we denote by £, = £,(A), 1 < p < oo the space
of real sequences u = (u))xep with norm

1/p
lullp, = [Julépll == (Z\mlp> , 1<p<oo

AEA



and |lul|co := supyeca |ua| as usual. If (vy) is a sequence of positive weights then we define
the weighted spaces ¢, , = £p, ,(A) = {u, (urvy) € £p(A)} with norm

1/p
[ullpw = llullpoll = [[(urva)llp, = (Z vﬁ\mV’))

AEA

(with the usual modification for p = 0o0). If the entries u) are actually vectors in a Banach
space X with norm || - || x then we denote

lpo(A, X) == {(un)ren, ur € X, (|luallx)rea € Lpo(A)}

with norm [|ulf,,(A, X)|| = [|(lusllx)aeallpo(A)]|. Usually X will be RM endowed with
the Euclidean norm, or the M-dimensional space ff]\/[ , i.e., RM endowed with the {g-norm.
By R, we denote the non-negative real numbers.

2.2 A functional modelling joint sparsity

Let £ and H;, j = 1,..., N, be (separable) Hilbert spaces and Ay ; : K — H;,j=1,..., M,
¢=1,...,N some bounded linear operators. Assume we are given data g; € H;,

M
gj:ZAf,jf€7 j:]-auN
/=1

Our main task consists in reconstructing the (unknown) elements f, € K, £ =1,..., M.
To address the formulation of an algorithm to recover the vector components f, € IC,
¢ =1,...,M, assume that we have given a suitable frame (1y)xep C K indexed by a

countable set A. This means that there exist constants C7,Cy > 0 such that

CLllFIE < STIHF NP < CollfIR - forall feK. (2.1)
AEA

Orthonormal bases are particular examples of frames. Frames allow for a (stable) series
expansion of any f € K of the form

f = Fu:= Zu,\@b,\ (2.2)

AEA

where u = (ux)xep € ¢2(A). The linear operator F' : l5(A) — K is called the synthesis map
in frame theory. It is bounded due to the frame inequality (2.1). In contrast to orthonormal
bases, the coefficients u) need not be unique, in general. For more information on frames
we refer to [9].

By using frames the problem of recovering f; € K can be restated in terms of frame
coefficients in £o(A, RM). To this end we introduce the operators Ty ; = Ay ;jF : fo(A) — Hy

and
N

M N M
T:l(ARY) - H, Tu= <ZTM1/) = <Z AMFM) :
j =1

=1 =1 j=1



where H := @;vzl H; is the Hilbert space equipped with the inner product () ;95> > y h;) =
> y (g5, hj) with g;,h; € H;. Then we want to solve approximatively the equation

M
gi = > Tyju', j=1,...,N.
/=1

Resuming the data vector into g = (gj) j=1,..,M € H the above equation can be written as

g = Tu. (2.3)

Once the solution v = (uf\) is determined we obtain a reconstruction of the vectors of

interest by means of f; = Ful = o uﬁ@b,\.

In practice, it often happens that the problem of recovering u from g is ill-posed or
ill-conditioned, i.e., the operator T is not boundedly invertible or has very large condition
number. A usual way out is regularization. In [24] we proposed to work with the following
functional

T(u,0) = Iy (u,0) = [Tu— g2+ > vallually + > wallually + 3 0x(oa — v2)2,
AEA AEA AEA
(2.4)

where ¢ € [1,00] and 0 = (0)),w = (wy) and p = (py) are suitable sequences of positive
parameters. The variable u is supposed to be in £3(A, RM) and v € loo p-1(A)y, ie., the
subset of positive sequences in £, ,-1(A). Observe, that uy is a vector in RM while vy is
just a positive scalar for all A € A.

We are interested in the joint minimizer (u*,v*) of this functional, and u* is then
considered as a regularized solution of (2.3). The variable v is an auxiliary variable that
plays the role of an indicator of the sparsity pattern.

Regularization always implicitly models the solution u. In other words, one assumes
preknowledge about u. Our functional (2.4) is related to joint sparsity. This means that
we assume that all the components of the solution f,, £ =1,..., M can be well-represented
as a linear combination of the same small subset of frame elements ¥y, A € Ag, where Ag is
a finite (small) subset of A, i.e.,

Ji= Z ultx.
A€Ao
It is important to note that Ag does not depend on £. For some intuition why the functional
J promotes joint sparsity we refer to [24], but we will also see some reasons below. Further,
we note that the functional is even interesting in the monochannel case M = 1. Then it
just promotes usual sparsity and provides an alternative regularization to the one analyzed
in [11].
At this point it is useful to denote the ’sparsity measure’ by

O (u,v) = @) (u,v) = > walluallg + D wallualld+ D Oalpx — va)? (2.5)
\eA NeA AeA

which allows to write
J(u,v) = |Tu— g|H|* + @@ (u,v).



In [24] we gave a criterion on the parameters w, 6, p for the (strict) convexity of ®(@(u,v),
and hence of J, for the cases ¢ = 1,2,00. Let us a provide a slight generalization of this
criterion.

Lemma 2.1. Let spin := minSp(T*7T'), where Sp(T*T') denotes the spectrum of T*T. A
sufficient condition for the (strict) convezity of Je(qgw(u,v) is that the functions

Fx(2,y) = (wx + smin) 2[5 + yllzllq + Ory?, 2 eRY,y >0
are (strictly) convez for all A € A. In the cases q € {1,2,00} this is satisfied if

(w)\ + Smin)e)\ > % (26)

(with strict inequality for strict convexity), where

M, g=1
kg =1 1, q¢=2, (2.7)
1, ¢q=o0.

Proof. The discrepancy with respect to the data in the functional J(u,v) can be written as
ITw — g[H|I* = (Tu, Tu) — 2(Tu, g) + ||lg|H|* = (u, T*Tu) — 2(Tu,g) + ||g|H|*
= sminllul3 + (u, (T*T — swinl)u) — 2(T'u, g) + || g,

where I denotes the identity. Since sy, = min Sp(7*T") the operator T*T — syl is positive,
and consequently the functional

w (u, (T°T = smind)u) — 2(T'u, g) + |93
is convex. Thus, J is (strictly) convex if the functional

J(u,0) = swinl|ul3 + 0@ (u,v) = 37 F(uy,v))
AEA

is (strictly) convex. Clearly, this is the case if and only if all the F) are (strictly) convex,
which shows the first claim. The second claim for the cases ¢ = {1,2, 00} is shown precisely
as in [24, Proposition 2.1]. |

Usually one has sy, = 0 and then (2.6) reduces to the condition already provided in
[24]. However, there are cases where T*7T is invertible and then spmin > 0, so (2.6) is weaker
than wyf) > Kq/4 in [24]. Further, we expect that condition (2.6) with suitable k, is also
sufficient in the general case g € [1, c0].

2.3 An algorithm for the minimization of J

In [24] we developed an iterative algorithm for computing the minimizer of J(u,v). It
consists of alternating a minimization with respect to u and v. More formally, for some
initial choice v(®, for example v(®) = (PA)aea, we define

u™ = arg Min, g, (p,mM) J (U, v,

" o) (2.8)

U(n) = arg minvefoo,p—l(/\)-&- J(u(

6



The minimizer v of J(u™,v) for fixed u(™ can be computed explicitly by the formula

o = { o= il 1l < 2601, 29)
A 0, otherwise .

The minimization of .J(u,v™ ) with respect to u and fixed v(»~Y can be done by an
thresholded Landweber iteration scheme similar to the one analyzed in [11]. So let v =
(va)xen be a fixed positive sequence and u () € lo(A,RM) be some arbitrary initial point
and define

Uiy = U (ugm1y + T*(g = Tugm-1))), m>1, (2.10)
where
(U ) = (1+wy) 7158 (uy) (2.11)
and
S (z) =z — PL,(2), =eRM, (2.12)

with Pf;Q denoting the orthogonal projection onto the unit ball of radius v/2 in R™ with
respect to the ¢’-norm where 1/¢' + 1/¢ = 1. For g € {1,2,00} explicit formulas for 53/2
are given in [24].

By extending the arguments in [11] it was shown in [24, Proposition 4.9] that the itera-
tion (2.10) strongly converges to the minimizer of K (u) = J(u,v) under mild conditions on
v and w.

In [24] we showed that algorithm (2.8) indeed computes the minimizer of the functional
J. For technical reasons we assume that ||7’|| < 1. This can always be achieved by a suitable
scaling of the functional.

Theorem 2.2. Let 1 < g < oo and assume that J is strictly conver (see also Lemma 2.1).
Moreover, we assume that £y 1/ (A, RM) s embedded into £o(A,RM), i.e., infycp wy > 0.
Then the sequence (u™,v(™),cn converges to the unique minimizer (u*,v*) € £oy(A, RM) x
loop-1(A)1 of J. The convergence of u™ is weak in Lo(A,RM) and that of v™ holds
componentwise.

For the most interesting cases q € {1,2,00}, assume in addition

40 \wy > 0 > Kq (2.13)

for all X € A, with kg in (2.7). Then the convergence of u™ to u* is also strong in
lo(A,RM). Moreover, v —v* converges to 0 strongly in £a,9(A).

We note that condition (2.13) can actually be relaxed to

)i\Ielf\Zl(wA + Smin)0x > Kq

in order to ensure strong convergence. A careful inspection of the proof of [24, Theorem
3.1] allows to relax also the condition infycp wy > 0 to Spin + infyep wy > 0. Indeed this
condition is sufficient to ensure the coerciveness (see Definition 1 below) of the functional
and hence the existence of minimizers (see the direct method of the calculus of variation,
e.g. [10, Theorem 1.15]). More details on the analysis of the algorithm and an implementable
version can be found in the original paper [24].



3 Relation to Hard and Firm Thresholding

The functional J = Jéqg » depends on many parameters. So far their role was not yet com-
pletely clarified. It turns out that there is an intriguing relationship to hard-thresholding,
which explains the parameters as well.

3.1 A simple monochannel case

For the sake of simple illustration we start with the monochannel case M = 1 and the
parameter w = 0 for the moment. (The choice of ¢ becomes clearly irrelevant if M = 1).
Further, we assume that (1)) is actually an orthonormal basis of H and A : H — H is
unitary, so that 7*7T is the identity operator on ¢5(A) and 7™ is an isometry. Then

1T — gH|* = llu — T"g|I5. (3.1)

Setting f = T*g € ¢3(A) we consequently study the functional

J(u,0) = Jop(u,v) = [|Tu—gl3+ Y valual + > Ox(pa — va)
NeA AeA

= > [(ux = £)% + valual + 0a(px — v2)?] .
AEA

Due to Lemma 2.1 and since Spyin(7*7T") = smin({) = 1 a sufficient (and actually necessary)
condition for convexity of J is

0\ >1/4 for all A € A,

and J is strictly convex in case of a strict inequality. In our special case, J decouples as the
sum

J(u,v) = Z Goy prifr (Ur, V)
AEA

where

Gope(r,y) = (v =2 +ylal +0(p—y)*,  z€Ry>0.
Hence, the component (u3,v3), A € A, of the minimizer (u*,v*) of J(u,v) is the minimizer
of Go, i (2,Y)-

Lemma 3.1. Let p > 0, 0 > 1/4 and z € R. Then the minimizer (z*,y*) of Go (%, y)
for x e Rjy >0 is given by

" = hg,(2)
e sgle*], |=*| < 26p,
0, otherwise
where
0, |z < p/2,
hop(z) = {4 51 (2 —sign(2)5), p/2 < |2| < 26p, (3:2)
z, |z] > 26p.



2 20p

Figure 1: Typical shape of the function hg ,. Here the parameters are p =2 and 6 = 1/2.

Proof. The statement follows from a straightforward computation, but can also be deduced
as a special case of Theorem 3.2 below (considering w = 0 and ¢ = 2 for instance). |

Note that for 6 = 1/4 the function h;, , equals the hard thresholding function,

0, 2] <
z, |z >

hajap(2) = hylz) = {

DN

In particular, hard-thresholding can be interpreted in terms of the (joint) minimizer of the
functional 1
T(u,0) = Jlu—fI3+ D valua| + 1 > (ox =)’
AEA AEA

and the minimizer is even unique although the functional is convex but not strictly convex.
Note that it can be shown directly that also for § < 1/4 the minimizer of the functional J
is still unique and coincides with the one for # = 1/4, although the functional is then even
not convex any more.

Hence, not only soft-thresholding, but also hard-thresholding is related to the minimizer
of a certain convex functional. This observation applies for instance to wavelet thresholding.

In the case 6 > 1/4 the function hg , is the firm thresholding operator introduced in [25],
see Figure 1 for a plot.

Furthermore, letting # — oo in the above lemma, we recover the soft-thresholding
function,

. 0 |z| <
1 = g ’ -
Hm ho,p(2) = 5,(2) { 2 —sign(2)8, 2| >

NN

Hence, hy , can be interpreted as an interpolation between soft and hard thresholding.



3.2 The multichannel case with identity operator

Let us now consider the general multichannel case M > 1 with non-trivial parameter w.
However, we again assume that T is as simple as in the previous section. In light of (3.1)
we actually take 7" to be the identity on /5(A).

Our functional now has the form

T(u,v) = J§D (u0) = [lu— FI3+ 3 walluall} + > oalluallg + 3 Oa(oa — va)? (3.3)
AEA AEA AEA

with u € fo(A,RM) and v € £, ,-1(A)4. By Lemma 2.1 a sufficient (and actually necessary)
condition for convexity of J in the cases ¢ € {1,2,00} is

(L4+wr)fh > %
with k4 as in (2.7). The functional J decouples as the following sum,
_ (9)
J(u,v) = ZGQ?\,pA,wA;f,\(u)"U)‘)
AEA
with

G(Q)

bopiz(®:y) = o —zl3 +wlal3 +yllzlg +0(p—9)®, z€RY,yeRy.  (3.4)

As in the previous section the minimization of J reduces to determining the minimizer of
the function Gy)  on RM x R..

Before stating the theoretical result let us introduce the following functions for ¢ =
1,2, 00, respectively. For ¢ =2, 0 > 1/4 and z € RM we define

o 0, I2ll2 < /2,
—p/2
hop(2) = | wtn DR p/2 <zl < 26p,
z, 2]l > 26p.

Now let ¢ = 1, § > M/4 (ensuring strict convexity) and z € R™. Then we distinguish
different cases.

1. If ||z]|co < p/2 then

1
h)(2) = 0.
2. If ||z|l1 > 26p then
1
h(gvl))(z) = z.

3. If |2]|c > p/2 and ||z|l1 < 26p then we order the entries of z by magnitude, |z, | >
|ze,| > ... > |z, Forn=1,..., M define

(3.5)

10



As follows from the proof of the next theorem there exists a unique n € {1,..., M}
such that >, [2¢;| > np/2,
|26, | = tn(2) (3.6)

and
‘Z£n+l‘ < tn(z) (3'7)

(where the latter condition is void if n = M). With this particular n we define the
components of hélz)(z) as

1 . .
(Z))fj =Ry SlgH(Zgj)tn(Z), J=1...,n,

V(2)e, =0, i=n+1,... M

)

(h§")
(h§)

Finally, let ¢ = oo, 6 > 1/4 and z € RM. Again we have to distinguish several cases.

1. If ||z]|1 < p/2 then
hy)(z) = 0.

2. If ||z]|co > 260p then
h(oo)

0. (z2) = =.

3. If ||z]l1 > p/2 and ||2]|e < 20p then we order the coefficients of z by magnitude,
|ze,| > |2e,] > ... > |2¢,,]- Define

sn(2) ==

49n ZW | —p/2

Let m be the minimal number in {1,..., M} such that s;,(z) > 0. (Such m exists
since spr(z) > 0 follows from ||z]|; > p/2.) As follows from the proof of the next
theorem there exists a unique n € {m,..., M} such that

20, 2 sn-1(2)  and [z, ] < sn(2)

(where the first condition is void if n = 1 and the second condition is void if n = M).

Then we define the components of h( ) as
(h)(2)e, = sign(zg)sa(z),  j=1,....m,
(hg?;)(z))fj =2 j=n-+1,..., M.

These functions h(Q) provide different generalizations of the firm shrinkage function hy , in
(3.2) to the multlchannel case. As shown in the next result they are intimately related to

the minimizer of the function G((,qz) Wizt

11



Theorem 3.2. Let g € {1,2,00} and z € RM. Assume
(w+ 1) > ke /4 (3.8)

with kg in (2.7) ensuring strict convezity of the function G in (3.4) by Lemma 2.1.

0,p,w;z
Then the minimizer (u,v) € RM x R, of Gl

0,pw;z (L) over (z,y) € RM x Ry is given by

w=(1+w) 7l (),

flell
v = P — #7 HUHQ < 29/)7 (39)
0, otherwise .

The proof of this theorem is rather long and technical, and therefore postponed to the
Appendix. We note that condition (3.8) is required to ensure uniqueness of the minimizer

of Gg pw:-- In case of equality in (3.8) a variant of the above theorem still holds. Only the

uniqueness of n in the definition of the function hgq/)) for ¢ = 1 and ¢ = oo is not clear yet,

but any valid n would yield a minimizer of Gy ...
Now, the minimizer (u*,v*) of the functional J for trivial operator 7" in (3.3) is clearly
given by

wt = HY (f), (3.10)
vt = V), (3.11)
where » "
(He?p,w(f) ))\ = (1+ W)\)_lhei(lwn’m (f)), (3.12)
" i luille, gl
(@), *  oea =g lludlles el < 200
(Vg’p (u ))A o { 0, ' otherwise . (3.13)

We note the following relation to the damped soft-thresholding operator Ué?a), in (2.11),
which will be useful later.

Lemma 3.3. Suppose (14 wy)fy > kq/4 for all X € A. Let v = %{?(Hg,p,w(f)). Then

H) (f) = USD(S).

Proof. Let (u*,v*) be the minimizer of the functional J in (3.3). Then u* = Héq;w(f) and

v* = Vg(i)) (u) by (3.10) and (3.11). Since (u*,v*) minimizes J(u,v), we have in particular

u* = argmin, J(u,v*). By Lemma 4.1 in [24] it holds u* = Uég?w(f), which shows the
claim. |

Finally note that there is also the following alternative iterative way of computing the
functions hg ,.

12



Proposition 3.4. Let ¢ € {1,2,00} and 46 > k4. For z € RM and some v(®) € R, define
forn>1

/

Z(n) = S(qr)L—U(Z) = T — Pq(n—l)/g(x)

o v

o = p— %Hz(n)uq’ HZ(n)Hq < 20p
0, otherwise .

Then 2™ converges and lim,_o, 2™ = h((ff))(z). Moreover, if 40 > k4 then we have the
error estimate |2(") — h((fﬁ))(zﬂ < AlznD) — hé?l))(zﬂ with v == 4% < 1.
Proof. By Lemma 2.1 the corresponding function

Jo(u,v) = |Ju— 2|2 +vllully +0(p —v)?, weRM v e Ry, (3.14)

is convex. The proposed iteration corresponds precisely to the scheme (2.8) and by Theorem
4.3 the scheme thus converges. The error estimate follows from Proposition 5.4 in [24]. W

Convergence of the scheme in the previous lemma holds even for general g € [1,00]
provided the parameters are such that the corresponding functional in (3.14) is convex
(although it is not completely clear yet that also the corresponding error estimate is true).

However, it remains open whether a practical way of computing the projection Pf;Q exists
for values of ¢ different from 1,2, co.

4 Iterative Thresholding Algorithms

Now we return to the analysis of the functional J with a general bounded operator T" and
M > 1 channels. By rescaling J we may assume without loss of generality that ||| < 1.
However, note that rescaling changes the parameters 0, w and Spin = Smin(7*7"), so that
eventually one has to take care not to destroy the convexity condition

9)\(8mm(T*T) + w)\) > Hq/4. (4.1)

We will now formulate and analyze a new algorithm for the minimization of J with non-
trivial operator T'. In contrast to the algorithm (2.8) analyzed in [24] it consists only of a
single iteration scheme rather than a double minimization algorithm.

We first need to introduce surrogate functionals similar to the one in [11]. For some
additional parameter a € fo(A, RM) let

J*(u,v3a) = J(u,v) + u = al3 | T(u - a)| K[>,
Our iterative algorithm reads then as follows. For some arbitrary u(?) € £5(A, RM) we let

(u™, ™) = argl(rniI; T (u,v;u™ ), > 1. (4.2)

u,v

The minimizer of J*(u,v;a) can be computed explicitly as we explain now. Denoting by
®(9) (4, v) the ’sparsity measure’ defined in (2.5) a straightforward calculation yields

T (u,v;0) = [|Tu = gIH|* = |Tu = TalH|* + |lu — all3 + & (u,v)
= |lu—(a+T*(g = Ta))|3 + & (u,v) + |g|H|* — | TalH|* + l|al3 — [la+ T*(g — Ta)|3.

13



Since the terms after ®(9) (u,v) are constant with respect to u and v it follows that

arg min J*(u,v;a) = argmin J'(u,v;a)
(u,0) (u,v

where
J'(u,v;a) = |Ju—(a+T"(g—Ta))|3 + 29 (u,v).

We note that J" and, hence, J*(u,v;a) (for fixed a) is strictly convex if
O\(1 4 wy) > Hq/4

by Lemma 2.1. Since J' coincides with J where T is replaced by the identity and g by
a+ T*(g — Ta) we can invoke the results of the previous section to compute the minimizer
(u*,v*) of J" and of J*(u, v;a). Indeed, if ¢ € {1,2,00} and 6)(14+wy) > K4/4 for all X € A
then

ut = H(g’q) (a+T*(g —Ta)), (4.3)

p,w

and v* = V, % (u*) with Hy") | and V%) defined in (3.12) and (3.13). It immediately follows

that the algorithm in (4.2) reads

u = H(q)

o (W £ T (g — T, (4.4)

It is actually not necessary to compute all the corresponding v(™’s. The final v* can easily
be computed by v* = Ve(fi)) (u*) if one is interested in it.

Algorithm (4.4) is a thresholded Landweber iteration. We note, however, that we cannot
treat pure hard thresholding in this way, as this requires § = 1/4 and w = 0. Since
IT|| < 1 we have certainly also spmin = Smin(7*7") < 1 and hence the convexity condition
ismin > Kq/4 cannot be satisfied. Moreover, if spyin = 0 (which often happens in inverse
problems) then we have to take wy > 0, which enforces a damping in the thresholding
operation. Nevertheless, an “interpolation” between soft and hard thresholding is possible.

Before investigating the convergence of the thresholding algorithm (4.4) let us state an
immediate implication of the previous achievements.

Proposition 4.1. If [|T|| < 1 and 4(1+wy)0\ > kg for all X\ € A (ensuring strict convexity
of the surrogate functional J*) then a minimizer (u*,v*) of J satisfies the fized point relation

ut = Hg(?lvp(u* +T%(g — Tu")),

Conversely, if J is conver and (u*,v*) satisfies the above fixed point equation then it is a
minimizer of J.

Proof. Observe that J*(u*,v*;u*) = J*(u*,v*), but in general J*(u,v;a) > J(u,v) for
all (u,v) because ||T'|| < 1. Hence, if (u*,v*) minimizes J(u,v) then it also minimizes
J*(u,v;u*) and by (4.3) (noting that 4(1 + wy )0\ > kq) the stated fixed point equation is
satisfied.

14



Conversely, if (u*,v*) satisfies the fixed point equation then by Theorem 3.2 (u},vy)
is the minimizer of G\ = Gy, p, w,:z for z = (u* + T*(g — Tu*))y, ie., 0 is contained in
the subdifferential of G for all A € A. If J is convex then by Proposition 3.5 in [24] the
subdifferential of J at (u,v) contains the set

DJ(U, U) = (QT*(TU - g)v 0) + D(P(q)(u? U)a
where

DD (u,v) = {(€.1) € La(A,RY) x £1,,(A), &1 € 030 - [lg(1ua) + 2wy,
€ [luallgs™ (va) +20x(vx — pa), A € A}
where 9st(x) = {1} for z > 1 and 9s*(0) = (—o0,1]. Using Lemma A.l it is then

straightforward to verify that 0 is contained in DJ(u*,v*) C dJ(u*,v*), and hence, (u*,v*)
minimizes J. |

Note that the first part of the above theorem does not require convexity of J as the gen-
eral convexity condition (smin(7*T") +wy)0x > Ky/4 is stronger than the required condition
since Smin < 1.

For later reference we note that the minimizer of J actually satisfies also another fixpoint
relation in terms of the soft-thresholding operator:

Proposition 4.2. If ||T|| < 1 then a minimizer (u*,v*) of J satisfies the fixed point equa-
tions

ut = Uig?w(u* +T*(g—T"a)),

vt = VD (),

with UIS?LZ defined by (2.11).

Proof. The relation v* = Ve(’? (u*) is clear. Similarly as in the previous proof we have

J(u*,v") = min J(u,v") = min J*(u,v*;u"),

and uv* minimizes J*(u,v*;u*) for fixed v* and w*. By Lemma 4.1 in [24] it follows that

ut = Ulgg?w(u* +T*(g —Tu")) as claimed. [ |

Note that the previous result does not pose any restrictions on the parameters 6, p, w. In
particular, J(u,v) may even fail to be jointly convex in u,v. Furthermore, the two relations
in Theorem 4.2 are coupled whereas the first relation in Theorem 4.1 is independent of the
second one.

4.1 Convergence of the iterative algorithm

Let us now investigate the convergence of the iterative algorithm (4.4).

15



Theorem 4.3. Let ¢ € {1,2,00} and assume that ||T|| <1 and

)1\nf 407 (Smin + wr) > Kq (4.5)
eA

with $min = minSp(T*T") (ensuring strict convexity of J by Lemma 2.1). Then for any
choice ul9 € £y(A;RM) the iterative algorithm (4.2), i.e.,

7pw

u = [ ( (n—1) +T*(g—Tu<"*1>)), (4.6)

converges strongly to a fized point u* € lo(A;RM) and the couple (u*,v*) with v* = Vg(%) (u*)
is the unique minimizer of J. Moreover, we have the error estimate

™ =z < 5| — w3 (4.7)

. 40, (1— min
with B := supyep W <1

An essential ingredient for the proof of this theorem is the following.

Lemma 4.4. Assume g € {1,2,00} and 40\(1+wy) > k4 for all A € A. Then the operators

H(Q)

0.pw 4TC Lipschitz continuous,

1HY () = Hy) (2)]l2 < Llly — 2|2

with constant L := supyc 49)(144_(3)_&
q

Proof. By Lemma 3.3 we have He(q;w(z) = Uﬁ?w(z) with v = Ve(%)(He(q;w(z)) =: v(z). By
the triangle inequality

| CH% o) = (Hy (2Dl

< U L wx = U @l + (UL, () Ui‘g;»w(z)wg

= Woy)w v(y),w
= (14w 189, @0 - 9 (ZA)||2+HS o) =S G| (48)

ux(y)

Since Sffi) (x) =2 — Pg;/Q(:z:), where Pg;/Q is the orthogonal projection onto the £, -ball of
radius vy /2 the first term can be estimated by

||£;(q

@ @2) = S0 ()2 < s — 2all2-

Further, it was proved in [24, Lemma 5.2] that | P (z)— P% (z)| < Ky|lv—w| for all v, w > 0,
and z € RM with K1 = VM and Ky = Ko, = 1. The second term in (4.8) can thus be
estimated by

/

/ K
1S5ty (3) = Sitly @l = 1S () a(2) = P jn(@)llz < S2oa(y) = oa(2)

K
= SUVEDHSD S = Vel (Ho ()il
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Using the definition of Vg(‘i)) in (3.13) and distinguishing different cases we obtain

Vi (Hitp o) = Vo () (I < 5 [l ,,M< Dalla = 1D, (2)xllg
< T;A||<H§?3,w<y>>x—<ﬂé?3 (2Dally < 29 SENHYD ))x — (HD ()l
where R, = 1 for ¢ € {2,00} and Ry = v/M. Altogether we deduced
IED ())x — (HE ()l
< (ren) ™ o = sl + SN W) — (DDl

Noting that K,R, = k4 we obtain

(1= o ) I = (LDl < (1-+2) s =

Summing over A € A we finally obtain

IA5.0) = HJ) @ < s el =2l = =2l
and the proof is completed. |
Proof of Theorem 4.3. Let I denote the operator
D(u) == HY) (u+T*"(g—Tu)). (4.9)

Then clearly, (™ = T'(u(®~1). By Lemma 4.4 T is Lipschitz,

IN(y) — T(2)ll2 < I1HYD (y + T*(g — Ty)) — HY) (= +T*(g — T2))||2

S Lly+T(g—=Ty) —2=T(g = T2)|2 = L|(I =T*T)(y — 2)l2

% 49}\( _Smin)
< L|\II =T*T — = L(1 — sy — =
< LIT=TT] 2l = L0 = sy — 2l = sup A0S

= Blly — zll2- (4.10)

ly — 2|2
Kq

Since by assumption 8 < 1 it follows from Banach’s fixed point theorem that u(™ converges
to the unique fixed point u* of I' and

™ =y = [P @® ) =Pz < Bl = e

By induction we deduce (4.7). By Theorem 4.1 (u*,v*) with v* = Vg(z)) (u*) is the unique
minimizer of J. |
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4.2 Convergence for the non-contractive case

In the previous section we have established with relatively simple arguments the convergence
of the algorithm (4.2) to the minimizer of J under the condition (4.5). Thus, we provided
an alternative to the first established algorithm (2.8) in [24].

It is intriguing to investigate what happens in the case when condition (4.5) is relaxed
to

inf 40, (syu; > ko) 411
)I\IGIA )\(Smn —|—C<J)\> Z Ryq ( )

and clearly, the remaining case is when there is equality in the above condition. The latter
means that the iteration map I, see (4.9), is still non-expansive, but not strictly contractive
anymore.

We will use Opial’s fixed point theorem:

Theorem 4.5. Let the mapping I' from H to H satisfy the following conditions:
(i) T is nonexpansive: for all z,2" € H, |[Tz —TZ|| < ||z = 2/||;
(i) T is asymptotically regular: for all z € H, [Tz —T"z|| — 0, for n — oo;
(iii) the set F of fized points of I' in H is not empty.
Then for all z € H, the sequence (I'z),en converges weakly to a fixed point in F.

A simple proof of this theorem can be found in [11].

The goal of our analysis in this section is to show that the map I' defined in (4.9) and
ruling the iteration of the algorithm (4.2) fulfills the requirements of Theorem 4.5. By
condition (4.11) and (4.10) we have

IT(2) =Tz < 12 = 2ll2,

which shows the non-expansiveness (i). If spyin +wy > v > 0 for all A € A, then there exists
a minimizer of J(u,v) by coerciveness as already noted before. From Theorem 4.1 we have
that such minimizers are fixed points of I', and hence also (iii) is satisfied. It remains to
show (ii).

Lemma 4.6. If |T| < 1 and 4(1 + wy)fx > Kq for all X € A then the mapping I' is
asymptotically reqular.

Proof. We first show that both (J(u(™ %(’qp) (u™)))pen and (J* (u+D), 1/9(3)) (u™tD); u™)),en

are nondecreasing sequences. By definition of w1 we have

Tt VD D)) < 7 @l VD @) ) <o ™, Vi ™) ul)
= 7 Vy B w™)),
and

@2, VD ()4 < (D VD (D)) < g D YD (D) o),
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Moreover, observe that

JS(u(nJrl)’ VQ(Q)(U(nJrl)); u(n)) _ {]&S(U(nJrQ)7 V(Q) (u(n+2)); u(nJrl))

P 0,p
> J5(u™tD), V()(j)) (u™H); ™))y — J(ut), Vg(j,) (u™+)Y)
= lul™*) — ™3 — T — W) R > (1= 7)) u™T — w3
—C

Clearly, C > 0 and by the latter inequality we have

N
CZ Hu(n—f—l) o u(n)H2

S
o

M) =

(Js(u(nJrl)’ VG(,(Z)) (u(nJrl)); u(n)) o Js(u(n+2)’ VG(,(;) (u(n+2)); u(nJrl)))

i
o

J* (), 0(3)) (uW); @) — g5 N+ Vg(z)) (uN+2)y, u(NJrl)))

Il
<N

< 7™M, V2 (w);u) < oo,

This implies 32 o ™) — w2 < 00 and [[u™*) — u(| — 0 for n — co. Therefore

T (@) = ()|l = Ju™D — u™ |, — 0 and the mapping T is asymptotically
regular. |

By combining the previous achievements, we obtain the following convergence result.

Theorem 4.7. If |T|| < 1, infyep 40 (Smin + wy) > Kq and smin + infrcp wy > 0 then for
any initial choice u(®) € £y(A,RM), the sequence

G V. H(q)

30 (w17 (g = Tu™)), (4.12)

converges weakly to a fived point u* of T' and (u*, Vg(j)) (u*)) is a minimizer of J. Moreover,

if 40X (Smin +wy) > kg for all X € A then u* is the unique fized point of I' and (u*, Vg((f))(u*))
18 the unique minimizer of J.

We do not further insist in the task of investigating the strong convergence of the
sequence (U(n))neN under the conditions of Theorem 4.7 when infycp 46 (Smin + wy) = Kq.
We refer to [11, Proposition 2.1, Proposition 3.10, Section 3.2] for results in this direction
related to soft-thresholding.

5 On Variational Limits

In this section we investigate how the minimizers of J = J, (a)

0.pw VALY when the parameters
are changed.
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5.1 Approaching soft-thresholding

We will now keep the sequence p fixed and let w = w®) and 6 = 0%) vary with k € N. For
brevity we denote the corresponding functionals by J) = J 9(?,2)7[)7&0(@.
The result below reveals how one can continuously approach minimizers of the functional

Ky(u) = || Tu—glHI* + > palluallgs
AeA

by means of minimizers of J). K, is closely related to the soft thresholding operator S,()q)
in (2.12), and its minimizer can be approximated by the algorithm (2.10) with wy = 0,
which indeed is a pure soft-thresholded Landweber iteration, see [11, 24].

Theorem 5.1. Let g € {1,2,00}. Suppose p is a sequence satisfying infycp px > 0. Assume
that the entries Hg\k) are monotonically increasing with k for all X and

s (G (k)y _
kll_)Iglo()l\Ielf\ 0,") = oo. (5.1)
Further suppose
kg < PP < C (5.2)
for some constant C' > k4 and
(k) 1 (k=1) 1
wy — <w - (5.3)
Y g™ T 40

for all X € A and k € N, where ¢’ denotes the dual index of q, i.e., 1/¢ +1/qg = 1
as usual. Denote by (u®),v®)) the (unique) minimizer of Jiy(u,v) = J£?2)7p7w(k) (u,v).
Then the accumulation points of the sequence (u(k))keN with respect to the weak topology in
lo(A,RM) are minimizers of K,. In particular, if the minimizer of K, is unique then u(k)
converges weakly to it.

The proof of this theorem uses some machinery from I'-convergence [10] as a main tool.
To state the corresponding result we first need to introduce some notion.

Definition 1. (a) A functional F : X — R on a topological space X satisfying the first
axiom of countability (i.e., being metrizable) is called lower semicontinuous if for all
x and all sequences z, converging to x it holds F'(z) < liminfy F(zy).

(b) A function F : X — R is called coercive if for all t € R the set {z : F(z) < t} is
contained in a compact set.

The following well-known result can be achieved as a direct combination of [10, Propo-
sition 5.7, Theorem 7.8, Corollary 7.20, Corollary 7.24]. For the sake of completeness we
provide a proof, which implicitly uses techniques from I'-convergence. For more details we
refer to [10].
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Theorem 5.2. Let X be a topological space which satisfies the first axiom of countabil-
ity. Assume that Fy, k € N, is a monotonically decreasing sequence of functionals on a
topological space X that converges pointwise to a functional F, i.e., Fii11(z) < Fi(x) and
limy oo Fi(x) = F(x) for all x € X. Assume that F is lower semicontinuous and coer-
cive. Suppose that xp, minimizes Fy, over X. Then the accumulation points of the sequence
(zx)ken are minimizers of F. Moreover, if the minimizer of F is unique then xj converges
to it.

Proof. Let (z1) be a sequence converging to x € X. By lower-semicontinuity and since Fj,
is monotonically decreasing we have

F(x) < limkinf F(z) < limkinf Fi(xr). (5.4)
Furthermore, by pointwise convergence we have

inf{lim sup Fy(x),zx — 2} < F(z)
k

where the infimum is taken over all sequences x; converging x, and in the inequality it was
used that this infimum is certainly less then the quantity attained for the constant sequence
xp = x. The above infimum is actually attained, see [10, Proposition 8.1 ¢) and d)], so
there exists a sequence x; — x such that F(x) > limsup, Fi(x) and by (5.4) it follows
F(z) = limg, Fi(zk), and furthermore F'(x) > limy(inf,ex Fi(z)). Since x was arbitrary, it
follows that

gclrel)f( F(z) > h}gn(;rg)r{l Fi(x)). (5.5)
Since Fy, > F, we have {z, Fj(x) <t} C {z,F(z) <t} for all ¢ and the latter is contained
in a compact set by coerciveness. Thus, if z; minimizes F}, for each k then the sequence xy
is contained in a compact set. Hence, we can extract a subsequence xy,; which converges to
one of the accumulation points 2’ of . Then inequality (5.4) yields

. / . T .
Inf F(z) < F(a') < lim Fy, (xy,) = 12?%%5? Fi,; (2)).

Together with (5.5) it follows that

F(2') = inf F(z) = lim(min F}, (z)).

(@) = inf F(a) = lim(miy F}, (x)
This means that 2’ minimizes ' and we showed that all accumulation points of the sequence
(zx) are minimizers of F'. Now if the minimizer of F' is unique then with the same argument
as above it follows that every subsequence of x; contains another subsequence that converges
to /. But then xj itself must converge to z’. [ |

Proof of Theorem 5.1. First we show that K, is coercive and lower-semicontinuous with
respect to the weak topology of fo(A,RM). Since infy py > 0 we have

ulls < (iugp;) S palluallz < Gy 3 pallualle
c

AEA AEA
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Hence, if u is such that K,(u) < t, then |Julls < Cyt, which shows that {u € {o, K,(u) < t}
is contained in the /3 ball of radius C,t, which is compact in the weak topology. Hence, K,
is coercive.

Since we are interested in minimization problems it suffices to consider our functionals
on the set X = {u € fy,K,(u) < C} for a sufficiently large C. Observe that by [10,
Proposition 8.7] the space X is indeed metrizable with the weak topology inherited from
lo(A,RM),

Now consider a sequence (u(k)) which is weakly convergent to u. By weak convergence
and lower semicontinuity of the H norm we have ||Tu — g|l3 < limy || Tu® — g||3. Weak
. . k) ,
convergence in £ implies convergence of the components ). Hence, by Fatou’s lemma we

further have

> oalually = 3 patimin u” [, < limint Y~ pa .
A A A

This implies that K, is lower-semicontinuous in X.
If (u®, v*)) minimizes J(k) then vk) = Ve(&))’p(k) (u®)). Hence, (u®),v(*¥)) is a minimizer

of Jix if and only if u®) minimizes as well the functional

Fiy(w) = Juy(w, Vp) o (w)).

Above we have already seen that the set X is bounded in the ¢ norm, hence, if u € X
then its components satisfy |luy|, < C’. By assumption (5.1) and since py is bounded away
from 0, there exists a kg € N such that ||uy|, < 205\k)p>\ for all £ > ko and all A € A.
Consequently

’Ug\k) = py— ||U)\||q = A,

200

and the functional Fi;) is given by

K [Juxll;
Fy(w) = |Tu— g+ pallually + ) <“’g sl - el

AEA AEA A

for all k > kg and uw € X. Clearly, it suffices to restrict all considerations to k > kg.
Since the £;-norm on RM is equivalent to the ¢3-norm it follows from (5.1) and (5.2)

that
tim 3 (g - 200 ) =
el A A2 0 o)
AEA A

for all u € X. Hence F{; converges pointwise to K, on X. Further, note that (5.3) implies

2
@y 2 el CH 5 k-1 1 5
Wy lluallz 49(1€) < | wy 4 H(k) luxllz < Wy i k—1) lluxllz

A Rq'U N
k-1 luxll;
<ol Yl - =5
46
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Thus, Fiy(u) < Fg_1(u) for all w € X and k& > ko. In particular, Fj;) > K, and,
hence, coerciveness of K, implies that F;, is coercive as well. Thus, F{;) has a minimizer.
Moreover, by (5.2) Jiy is strictly convex, and therefore the minimizer is unique. Invoking
Theorem 5.2 yields the statement. |

REMARK: Let us give explicit examples of sequences 9§\k) and wg\k) satisfying the condition

in Theorem 5.1. For g € {2, 00} one may choose Hg\k) increasing with &k and satisfying (5.1),

for instance Hf\k) = k. Then with C > 1 one chooses wf\k) = 40%) and it is not difficult to
A
verify (5.2) and (5.3).
B) 5 (C=DM g(k-1)

For ¢ = 1 one may choose C' > M and a sequence Hf\k) such that HE\ > ~ear=t 0
and (5.1) is satisfied, for instance

g _ ((C=1MN"
A CM—-1) "

Then as before set w(k) = _C_

7 and again it is easy to verify (5.2) and (5.3).
A

5.2 Regularization results

By using the tool of I'-convergence provided by Theorem 5.2 we can easily show two regu-
larization results associated to the functional J. Let us first consider the functional

THw,0) = T}y r(w,v) = | Tu— g[H|? + 705 (u,v).

We are interested in studying the behavior of the minimizers (u¥,v?) of J}! for 7 — 0.
We have the following straightforward result.

Lemma 5.3. Let ¢ € {1,2,00} and assume that |T|| <1 and

)l\Ielf\ 407 (Smin + wr) > Kq (5.6)

With Smin = min Sp(T*T). Fort > 0 let (uk,v?) be a minimizer of J}. Then v = Vg(%) (uk).

Proof. Observe that both J! and J éqip _, arestrictly convex and THu,v) = J (QQ)rp m(u, TV).
7 o of J©

Therefore (uf,v}) is the minimizer of 7! if and only if (u*, 7v}) is the minimizer of J,

Vs % rprw’
Hence, Tvf = Q(‘fip(u*;), due to the minimality of 7v} for Jéq’)mm(uj, -), and by deﬁTnition,
Vg(?ip(ui) = 7"/6%)) (uk). We conclude that v} = 1/'9(3)) (uk). T [ |
Proposition 5.4. Let q € {1,2,00} and assume that |T|| <1 and

}\I€1£49)\W)\ > Kg. (5.7)

Furthermore suppose wy >~ > 0 for all A € A. Choose u® € lo(A,RM) and set g = Tu®.

Then for all T > 0 the functional jH{w,p;T has a unique minimizer (uk, Vg(z))(ui)). Choose a

23



sequence (Tp)nen of positive reals which converges monotonically to 0. Then u} converges
weakly to the unique solution u* of the minimization problem

muin @g‘f’))’w(u, Ve(j)) (u)) subject to Tu=g. (5.8)
Proof. We first argue that (5.8) has a unique solution. Existence follows from coerciveness,
lower semicontinuity of @ngj (U Ve((i)) (u)) and because g = Tu®. Furthermore, the problem

min @é?}u’p(u,v) subject to Tu=g

(uv)

has a unique solution (u',v') since (5.7) implies strict convexity of @éqi ,- Then vl =

Vg(i)) (u'), and hence, u' is also the unique minimizer of (5.8).

By the condition wy > v > 0 for all A € A we have J!(u,v) > 77|ul|3, and hence
u — T (u, Vg(;) (u)) is coercive with respect to the weak topology in ¢5. Hence, it has a
minimizer and (u,v) — J}(u,v) has a minimizer as well. Condition (5.7) implies strict

convexity of 7!, and thus the minimizer is unique. Now, we can estimate

N Lot « (@« 1 v @)« 1 (@)
ug I3 < ;<I>9‘f,),w(qu9f§, (uy,)) < ﬁﬁn(um%i (uy,)) < ﬁﬁn(uﬁ%,‘; (uh))
1
~y (Vi (uh))

Therefore, the sequence (u? )nen is uniformly bounded in ¢o(A,RM). Hence, there exists a

subsequence (u} )jeny which converges weakly to u* € £5(A,RM). Let us denote again this
J

subsequence by (u} )nen. Since it is bounded we can restrict our attention to the space

X ={u € {y, @g?/))w(u, Vg(i,) (u)) < @é?;w(ut ‘/9(3)) (u'))}. With the same argument as above

X is contained in the f5 ball of radius 1/+, and hence, X is metrizable when endowed with
the weak topology induced by (s, see [10, Proposition 8.7].

Clearly, the term 7, ®(@ (u, Ve(z)) (u)) converges monotonically to 0 for all w € X. Hence,

the sequence (7} (u,Tn%(fi)) (u)))nen converges pointwise and monotonically decreasing to
|Tw — g|H|[?. Since || Tu — g|H||? is lower semicontinuous and trivially coercive in X (by
weak compactness of X itself), we conclude by Theorem 5.2 that u* minimizes | Tu— g|H|?,
ie, Tu*=g.
Certainly
<I>((,q)

»P,W

(", VO () > 00 (uf, VO (), (5.9)

Since limy, o0 Ve(i) (uf Ia = Ve(ff))(u*) A, by Fatou’s lemma, we can estimate

(9)
P,

P,

(', VP (w*)) < liminf @ (uf Vp?(ul)).

™ " 6,p Tn

Since @éq/)) Sk, Ve(? (u} ) is bounded, we may again pass to a subsequence of 7, (labelled

again 7,) so that the right hand side above converges, and

o) LW VyD(w) < lim o) (ur VD (uz)).

(
0,p,w nooo 0:pw
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We have shown before (actually by definition of X) that

1 * *
Y (05 Vol (u3,)) < — T2 (a3, Vpd (2, ) < @)

(@)
G,p w 0,p " G,p,w(uT’ VG,p (UT))

and therefore <I>( 9)

pr(u*"/e(,qp)( )) < (I)(‘I)

0,p,w
(5.9) we obtain that u* solves the minimization problem (5.8) and thus coincide with u'.
Hence, any subsequence of u} possesses another subsequence which converges to ul, and

we conclude that u itself must converge to u'. |

(uf, Ve((i)) (u')). Combining the last inequality with

A similar result can be achieved as well by considering a slightly different sequence of

functionals. Define
U (w,0) =Y wallually + D walluall3
AEA A€EA

and

T2,0) = TZ e (w,0) = [Tu— gIHIP + 7D (w,v) + 3 0r(or —va)%  (5.10)
A

Similarly to the arguments above we can show the following results.

Lemma 5.5. Let ¢ € {1,2,00} and assume that |T|| <1 and

f 40 (Smin A1
)1\I€1A A(Smin + wy) > Ky (5.11)

T YT

with sypin = min Sp(T*T). Fort > 0 let (ul,v*) be a minimizer of J2. Then v = Vg(qf))(ui).
Proposition 5.6. Let q € {1,2,00} and assume that | T|| <1 and

)1\nf 40 (Smin + wr) > Ky (5.12)
eA

with Spmin = minSp(T*T). We furthermore assume that wy > ~v > 0 for all A € A.
Choose u® € lo(A,RM) and set g = Tu®. Then for all T > 0 the functional J? = jﬁ%w,pw
has a unique minimizer (uZ, Q(qzj(uj)) Let (Tp)nen be a sequence of positive reals which
converges monotonically to 0. TY”hen uy, ~ converges weakly, and its limit u* uniquely solves
the minimization problem

min U9 (u,p) subject to Tu = g. (5.13)

Proof. Exactly as in the proof of Proposition 5.4 one shows uniqueness of the minimizer «.
Let u' be a solution of the minimization problem (5.13), which is unique since wy > v > 0

implies that u — yl? (u, p) is strictly convex. We can estimate

VO ) < 172w VO () < g2 ()
E,p n 'YTn n n E”O n ’Y n

Tn’

luz, I3 < 7‘1’(‘”(

_ \I;(Q) ’
S (u', p).
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Therefore, the sequence (u% )nen is uniformly bounded in ¢ (A, RM) and we can extract
a subsequence (uj )geN which converges weakly to u* € fo(A,RM). Let us denote again

such subsequence by (uZ )nen. We may restrict our attention to the space

w

X = {u € by, |Jul3 < fy’l\ll(q)(uT,p)} N {u € £2,3v such that J7(u,v) < oo} .

By definition X is contained in an fo-ball and hence, metrizable when endowed with the
weak topology induced from /5. It is easy to see that J2(u,v) < oo for arbitrary 7 > 0 if
JZ(u,v) < oo. Moreover, for fixed u € X the weight v/ = Vs ,(u) minimizes v — T2 (u,v),
ie., J2(u, Vs ,(w) < JZ(u,v). In particular, u} is contained in X for all n.

Now, a straightforward computation shows that

22 |U/\|| — Y0 A_V(q p( w)y)? gj}n(u,Vfiq) (u)) < o0

)

AEA AEA "

for all u € X and n large enough, hence the first term converges monotonically to 0 as
n — oo. It follows that the sequence (J2 (u, VE) (u)))neny monotonically converges to

|Tw — g|H||? for all u € X.

Since || Tu — g|H||? is lower semicontinuous and coercive in X it follows from Theorem
5.2 that u* minimizes ||Tu — g|H||?, i.e., Tu* = g.

Clearly,

™’

v, p) > WO (uf, p). (5.14)

Using lim,, Vg) (

™’

u} ) = px we can show (by possibly passing to a subsequence of (7))

(", p) = o) (u*,p) < lim ) (uf V) (ul)).

w T
n—oo P aoP "

(w3, V) () < 272 (uz, VP (z,)) < WPt p)

™

We have shown before that ®ngw

and therefore we have % (u*, p) < \IJSJ)(UT, p). Together with (5.14) we obtain u* = uf, and
with the same argument as in the proof of Proposition 5.4 we argue that the full sequence
u,, converges weakly to u. [ |

A Appendix

Proof of Theorem 3.2

The proof uses subdifferentials. This requires to formally extend the function Gy, ... to
RM x R by setting Gopw=(x,y) = o0 if y < 0. In [24] the following characterization was
provided.

Lemma A.1. Let (u,v) € RMxR,. Then (&,7) € RM xR is contained in the subdifferential
8G((,qﬁ)w Lz, y) if and only if

¢ € 21 +w)u— 22+ - ||y(u),
n € llulldst (@) +20(0 — p),
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where sT(v) := v for v >0 and st (v) = co for v < 0.
REMARK: We recall that the subdifferential of the g-norm on RM is given as follows.

e If 1 < g < oo then

B7(1) itz =0,
ol - lg(a) = {(@)M } otherwise
B =1 ’

llllg

where B? (1) denotes the ball of radius 1 in the dual norm, i.e., in £, with % +4=1
o If ¢ =1 then
- h(z) = {£€€RY: &ed| (@), e=1,...,M} (A.1)
where 9| - |(z) = {sign(z)} if z # 0 and 9| - |(0) = [-1,1].
e If ¢ = 0o then

BY(1) it x =0,
COHV{(Sign(l‘Z)@z : |33€| = ||z]|o} otherwise,

ol 1) = { (A.2)

where conv A denotes the convex hull of a set A and e, the /-th canonical unit vector
in RM,

Proof of Theorem 3.2. First observe that Gy .. is strictly convex, continuous on its do-
main RM x R, and bounded from below, further Gy , .- (7, y) — oo when ||z||2 + |y| — oc.
Thus, there exists a unique minimizer. Hence, we have to prove that 0 € 9Gg p ;- (u,v). It
is straightforward to see that once ||ul|/, is known then v is given by (3.9).

From here on we have to distinguish between the different g. Let us start with the easiest
case ¢ = 2. Assume u # 0 and ||u|l2 < 260p. By the characterization of the subdifferential in
Lemma A.1 it follows that v = p— ||Z£2, and 0 € 2(1+w)u—2z+ (p ||u||2)8|| ||l2(u). Since
u # 0, we have 9| - ||2(u) = {”u”2} and 0 = 2(1+w)u— 22+(| 37 u. A straightforward
computation gives

ull2

p 1
- (1 _r _ =
: <( T Sl 40)“

and hence

_ P 1 p
et = (@ e+ g = g5) Tl = (40) = 5 ) ol + 5

Since by assumption 46(1 +w) > 1 we find that

I1zll2 — p/2

ulle = :
(1+w)-— ﬁ

The latter equivalence makes sense only if ||z||2 — p/2 > 0, otherwise we would have a
contradiction to u # 0.
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If w = 0 then v = p and necessarily ||z|]|2 < p/2. This proves that v = 0 if and only if
llzll2 < p/2. So let us assume then ||z]2 — p/2 > 0. By the computations done above we
obtain

_ P 1
2= | UF)+ o g |
(1+w)fﬁ
which is equivalent to
—p/2 40(1 —p/2
_lelpi2 g 40049 el =g
(1+w—g)lzl W1 +w) =1zl

Due to the assumption ||ulls < 26p, this relation can only hold if ||z]|2 < 26(1 + w)p.
Let us finally assume that |lullz > 20p. Then v = 0 and it is straightforward to check
that u = (14+w) 1z, and ||z|2 > 20(1 + w)p. Summarizing the results, and considering the

definition of h(Q)

o(14w),p WC have

u=(1+w) i, (2)

as claimed.
Let us turn to the case ¢ = 1. We assume first u # 0 and ||ul[; < 20p. By Lemma A.1 it
follows that v = p— lulls “and 0 € 20+w)u—2z4+(p— ”qu )| - ||1 (w). The latter condition

20
implies
0, Joel < p/2 — I,
= +wy)™ A3
( 2 { zp — sign(zy) (p/2 ”“”1) .zl > p)2 — ||u||1' (A.3)
Thus, we need to determine ||ul[;. Let £ € {1,..., M} and assume u’ # 0. Then we have

0=214+w)u—2z+(p— ”ggl)&gn( %), hence z* = (1 4+ w)u’ + ( %) sign(u’) and
|2 = (1 + w)|ue| + (g - %). Denoting S = supp(u) = {£ : uy # 0} and n = #S we

obtain Jul
p U1
Sl = 1+l 40 (- L) (A1)
les

Thus, we need to determine S and n in order to compute ||ul[1, i.e.,

ullh = 49(1+—W (Z\ Ze| ——> =: vg(2). (A.5)

Summarizing the conditions needed so far, the set S (of cardinality n) has to satisfy

2ies |zl —F
2 - ==2_ < fi 11 A.
|ze| > p/ 0 tw) —n orall €S, (A.6)
Spes e~
< p/2-—="= = fi 1174 A.
‘Zf‘ = p/ 4.0(].4-&))-’07 or a ¢S7 ( 7)
and
0 <wg(z) = |lully <20p (A.8)
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by the initial assumption ||ul; < 20p. By (A.6) and (A.7), S has to contain the n largest
absolute value coefficients of z. Thus, if the entries of z are ordered such that |z, | > |z¢,| >
... > |2, then it suffices to find n such that

1 @ p

w2l =5 (49
]:
Dz < 20(1 +w)p, (A.10)
j=1

and

n np
P Zj:l ‘Z€j| -2

> L , A1l

0l > S - AT e —n (A.11)

n np
p 2j=1lal —F

< = - A12

21| < 2 40(1+w)—n’ ( )

where the last condition is void if n = M. Note that condition (A.10) is a straightforward
consequence of (A.5) and [jul|; < 260p.

Observe that the sequence n +— n~! 2?21 |Zgnj| is decreasing with n by the ordering
of |z Thus, if p/2 > [z4] = [|2]|ec then condition (A.9) cannot be satisfied for any
n € {1,...,M}. In this case the initial assumption was consequently wrong, and hence,
either u = 0 or |jully > 20p. If ||jull; > 20p then v = 0, and hence, u = (1 + w)~1(2),
e, [|z][1 = (1 + w)|lu|l1 > 26(1 + w)p which contradicts ||z|lec < p/2 as ||z|l1 < M|z]|eo <
Mp/2 < 20(1 + w)p by the assumption 6(1 + w) > M /4. Thus, we conclude that u = 0 if
2]l < p/2

Now assume that ||z|; > 26(1+w)p. First note that then u = 0 is not possible. Indeed,
if w = 0 then v = p and hence, z € p/20| - |[1(0) = B*(p/2). Hence, ||z|/x < p/2 which
contradicts ||z]l; > 26(1 + w) by the same reasoning as above. We now argue that also
lull1 < 20p is not possible. Clearly, if ||z||; > 20(1 4+ w)p then (A.10) is not satisfied for
n = M. However, there might exist n = m < M for which (A.10) is satisfied. In this case it
suffices to show that condition (A.12) is never satisfied for n = 1,...,m. Indeed, for n <m
we estimate the right hand side of (A.12) as

M
Izl — Zj:n-i—l ‘Z£j| - %)

p 2=l =% _p

2 40(1+w)—n 2 49(14+w)—n

<B_29(1+w)p—(M—n)\zgn+l\—%: M—n e | <l |
2 401+ w)—n 401 +w)—n' "t S

Here we used the ordering of the [z, | and 46(1 +w) > M. Thus, (A.12) cannot be satisfied
and, hence, we necessarily have ||ul[; > 20p. As already mentioned above we obtain u =
(14 w)~1z in this case.

It remains to treat the case ||z]|cc > p/2 and ||z][1 < 26(1 4+ w). In this case it it is not
possible that u = 0 since then v = p and, hence, z € B®(p/2), i.e., ||z||cc < p/2, as already
noted above. Also |jul|; > 20p cannot hold since this would imply v = (1 + w)~ !z and
consequently ||z]]1 = (1 + w)||ull1 > 20p(1 + w). This means that we are in the situation
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assumed in the beginning of the proof for ¢ = 1. Since w exists and and is unique also
its support is unique and there must exist a unique n satisfying (A.9), (A.10), (A.11) and
(A.12). Once n is known, the support S of u corresponds to the indices of the n largest
entries of z and |jul|; is given by (A.5), while the entries of uy are determined by (A.3).
Considering the definition of ¢,(z) in (3.5) (with 0 replaced by (1 + w)) we deduce that

u=(1+ w)_lhél()Hw),p(z)

for all the cases as claimed.

Let us finally consider ¢ = co. Let us assume for the moment that u # 0 and ||u|ec <
20p. Then v = p — %. Let S be the set of indices ¢ for which |u/| = ||u|lec. We
enumerate them by ¢;,...,¢,. For simplicity we further assume that entries z,,, ..., 2, are
positive (the other cases can be treated similarly by taking into account the corresponding
signs). Then the numbers uy,, ..., uy, are also positive since choosing them with opposite
signs would increase the function Gy, ... From Lemma A.1 and the characterization of
9| - |loo(u) we see that 2(uy(1 + w) — z¢) = 0 for the uy not giving the maximum, i.e.,

up=(1+w)tz forl¢s.

If n:=#5 =1, i.e., the maximum is attained at only one entry, then for the corresponding
¢ € S we obtain by Lemma A.1, 0 = 2(1 + w)uy — 22y + p — ”u2|l,°°, ie.,

u=(14+w)™* (Zg— (g — %))

As uy = ||ul|o this necessarily implies zp > zp for £/ ¢ S = {{}, i.e., |z¢| = ||2]|oc. Moreover,
solving for uy yields

B 46

401+ w) -1
Since uy > 0 and uy < 260p this necessarily requires z; = ||z]|cc > p/2 and ||z]|oc < 40(1+w)p.
The realization of the maximum only at uy is valid only if uy < uy for all ¢ ¢ S = {¢}, i.e.,

v < ity (el = /).

(20— p/2).

Ug

Otherwise we may assume that n = #S5 > 1 and we put
t:=|lulloc =up forall £eS.

By the characterization in Lemma A.1 and the explicit form of 9| - ||oo(u) we then have

t .
2t — 2z, = — (p—%> aj, j=1,...,n—1,
" n—1
2t — 2z, = — (p— %> (1 —Zak>
k=1
for some numbers ay, ..., an—1 € [0, 1] satisfying » ; a; < 1. This is a system of n nonlinear
equations in t and aq,...,a,—1. We proceed to its explicit solution by following two steps:
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e We solve first the linear problem

20 +w)t =22, = —va;, j=1,....,n—1,
n—1

21+ w)t — 2z, = —v (1 — Zak> .
k=1

e Thesolutiont = T(v, 24, ..., 2, ) of the linear problem depends on the data v, z¢, , ..., 2¢

Since v = (p — 2—%) we can find the solution of the nonlinear system by solving the

fixed point equation

n*

t
t=T(p— —, 2, ..., 2").

So, let us solve the linear problem. To this end we follow the computations in [24, Lemma
4.2]. The linear system can be reformulated in matrix form as follows:

1+w v/2 0 o - 0 t E73
l+w 0 v/2 o - 0 ax :
: : : : : : : Z0,
l+w —v/2 —v/2 —v/2 -+ —v/2) \ap—1 2, — v/2
=B

Denoting the matrix on the left hand side by B, a simple computation verifies that

1+w)™ I+w)™?t I+w)?t o (14w
2(n—1) _2 _2 _2
s 1 2wy B I
- E v v v v
2 2 2l
v v v

Then we can compute explicitly the solution ¢ by

1 - v
= 2
n(l+w) ;;a] 2

By substituting v = p — % =p— ;—9 into the last expression and solving the equation for
t we obtain
460 - p

j=1

Since ||u|loc =t and 0 < ||u|loc < 26p by the initial assumption this requires

S Lz, | > p/2 (A.13)
j=1
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and

1 n
gZW‘ < 200(1 + w). (A.14)
j=1

The solution of the linear system gives also a; = = (’U/Q +(n = Dze; = Xpeqr, (i) ng) .
We require a; > 0 and 1 — Z;:ll a;j > 0. We have a; > 0 if and only if

1
Zgjzn_l Z zg, —v/2
ke{l,...n}\{j}

By substituting v = (p — 2—%) and recalling the value of ¢ as just computed above we obtain

40(1 + w)
> —-p/2]. Al
b=l tw)(n—1) -1 2 el (A-15)
ke{l,..n}\ {5}
A direct computation also shows that Z;:f aj =214 2 (Z"fl 2o, — (n — 1)Zgn) . Thus,

n nv Jj=1
it holds 1 — Y%~/ a; > 0 if and only if

n—1

1
w2 oy | Qe vl

j=1

Again the substitution of v = (p — 2_t0) gives

n—1
40(1 + w)
> —p/2]. Al
The initial assumption that the maximum of n is attained precisely at wu,,,...,u,, can be
true only if
40(1 + w) - ,

By combining this condition with (A.15) and (A.16) we deduce that S necessarily contains
the indices ¢; corresponding to the largest coefficients of z. Thus, we may assume that the
indices are ordered such that |zg | > |2ze,| > ... > |24, ]

Summarizing what we have deduced so far, in particular, (A.13), (A.14), (A.16) and
(A.17), the conditions u # 0 and |lul|; < 26(1 + w)p hold if and only if there exists n €
{1,..., M} such

n
Z ‘ij| > p/2¢ (A18)

j=1

1 n
- Dzl < 200(1 +w), (A.19)

j=1
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and

40(1 + w)
2l < 43<1+—w Z\ze =2 = saa), (A.20)
460(1 —i—w
2l 2 are)m Z| 2] =5 | = sn-1(2), (A.21)

where the first condition is only considered if n < M — 1 and the last condition if n > 1.

Now assume that ||z||; < p/2. Then clearly, there exists no n € {1,..., M} such that
(A.18) is satisfied. Thus, either u = 0 or ||ul|cc > 20p. If ||u|lcc > 260p then v = 0 and
u = (1 +w) !z, Consequently, |z]lc = (1 + w) Hullooc > 2p0(1 + w) which yields a
contradiction to the assumption as [|z||c < [|2]1 < p/2 < 2pf(1 + w) by (3.8). Thus, u =0
i |12l < p/2.

We assume next that ||z||cc > 20p(1 + w). In this case condition (A.19) is certainly not
satisfied for n = 1. However, there might exist n > 1 such that Z;L;ll |ze;| > 2p0(1+w)(n—1)
but >0 |z¢,| < 2p0(1 + w)n. A straightforward computation shows then that [z, | <
20p(1 + w). Furthermore,

B 40(1 4+ w) = p
Snfl(z) - 49(14—&1)(71-1)-1 jz;|z€j‘ _5
40(1 + w)

> Wt 1= 1(29p(1 +w)(n—1)—p/2) = 20p(1 +w).

Hence, condition (A.21) is not satisfied for this particular n. We now argue that then also
for n’ > n (A.21) cannot be satisfied. To this end we claim that |2y, | > $;,(2) implies
5m(2) > sm—1(2) for arbitrary m. Then |z, ,| > sn(z) would imply |z, | > |z,.,| >
$n(2) > sn—1(z), a contradiction to what we have just shown, and by induction (A.21)
cannot hold for arbitrary n’ > n. To prove the claim we estimate

1

m(sn(z) — 8n-1(2))

B 1 1 p |26,
_<40(1—|—w)n—1_40(1+w)(n—1 > ZW' 2 T —1) -1
40(1 4 w) ! P sn(2) _

= (401 +w)n — 1)(40(1 + w)(n — 1) — 1) Z} 2l =5 )+ 401 +w)(n—1)—1 0

J=

We conclude that either u = 0 or ||ul[y > 20p. The former case is impossible since u = 0

implies z € BY(p/2), i.e., ||z]1 < p/2 < 2p0(1 + w). Thus, ||lull; > 20p and consequently
= (1 4+ w)~!z as already noted above.

We finally assume ||z][; > p/2 and ||z||cc < 2p8(1 + w). Then certainly u # 0 since this

would imply 2 € BY(p/2), i.e., ||z||1 < p/2. Moreover, ||ul|o < 20p since the opposite would
result in 2z = (1 +w)u, i.e., ||z]co > 2p0(1 +w). Hence, by the arguments above there exists
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n such that conditions (A.18), (A.19), (A.20) and (A.21) hold. Considering the definition

of hgﬁzrw)’p we conclude that

u = (1+whi @),
in all cases. ]
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