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ABSTRACT. In this paper, Morozov’s discrepancy principle is considered for
the non-convex afi — B4z sparsity regularization (o > 8 > 0). It is shown
that if 7 > 1 satisfies some conditions, there exists a regularization parameter
a such that § < ||A(x5a7ﬁ) — 4%|ly < 76 holds. Furthermore, it is shown that
« converges to 0 as 6 — 0. In addition, well-posedness and convergence rate
results are presented for the regularized solution under Morozov’s discrepancy
principle. Numerical simulation results are reported to illustrate the efficiency
of the proposed approach.

1. Introduction. In this paper, we consider solving an ill-posed operator equation
of the form

Ax) =y, (1)
where x € /{5 is sparse, A : {5 — Y is an operator from the /5 space to a Banach
space Y, not necessarily linear. Norms in 5 and Y are denoted by | - ||¢, and

I - |y, respectively. In practice, the right-hand side y is known only approximately
with an error up to a level 6 > 0. Therefore, we assume that we know 3° € Y
with [|y® — y|ly < d for a given § > 0. The most commonly adopted technique to
solve problem (1) is the ¢,-norm sparsity regularization with 1 < p < 2, cf. the
monographs [20, 41] and the special issues [5, 14, 29, 30] for many developments on
regularization properties and minimization schemes. For 0 < p < 1, the £,-norm
sparsity regularization has been studied in [7, 8, 10, 21, 45] and other references. We
refer the reader to [27, 33, 38] for alternatives to the {y-norm sparsity regularization.

A non-convex regularization term of the form af| - ||, — B - |le, (@ > B8 > 0)
has attracted attention in the area of sparse recovery over the last five years, see
[15, 16, 34, 35, 47, 49] and references therein. In [15, 16], we investigate the well-
posedness and convergence rate of the non-convex sparsity regularization problem

min {725(0) = 514(2) 47+ Rasle) . @
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where x € /5 and
,R’Oéﬁ(‘r) = a”m”fl - B”xufz? a > ﬁ > 0.

Denoting nn = /«, we can equivalently express the objective function \73, 5(x) in
(2) as

SIAG@) o + aRy(a), 3)

where
RW(I) = ||‘TH€1 777”1‘”@27 OL>O, 1 >77>0'

The ¢ — {5 regularizer was first addressed in [19] for nonnegative least squares
problems. Then it was extended to afy — ¢ regularization ([15]). In [15], we present
the analysis of well-posedness and a numerical algorithm. The af; — 8¢5 regularizer
behaves more and more like the fg-norm as §/a — 1. Meanwhile, R, g(z) behaves
like to a constant multiple of the ¢1-norm as /o — 0. For the case /o = 1,
Ra,5(x) is a good approximation of a constant multiple of ||z|,. In addition, some
analogous penalties have been proposed, e.g. ¢? — (2, {1/l etc. Nevertheless, there
lacks the theoretical analysis on the well-posedness of the regularization. These will
be done in forthcoming papers.

In practice, it is crucial to choose an appropriate regularization parameter « for
problem (2) where the parameter 7 is fixed. Generally speaking, there are two kinds
of rules to determine «, one is of a priori kind and the other is of a posterior kind.
For an a priori rule, « is chosen by a = O(d), e.g. @ = ¢§ with a fixed constant
¢ > 0. However, it is challenging to determine an optimal value of ¢. Among
a posteriori rules, Morozov’s discrepancy principle (MDP) is the most commonly
adopted technique to determine the regularization parameter o = (8, 4°) > 0 such
that

5 < A2l ) o lly < 76 (4)
holds, where 7 > 1 and x‘;’ﬁ is a minimizer of jo‘fﬁ () in (2). If the minimizer of
\73, () is unique, it can be shown that there exists a regularization parameter o
such that (4) holds ([1, 2, 43]). However, due to the non-convexity of j(f)ﬁ(x), there
may exist multiple minimizers of »73, (). One can not ensure the existence of o
such that (4) holds ([40, 43]). In this paper, we show that if 7 is large enough, then
the existence of « satisfying (4) can be guaranteed. Furthermore, we discuss the
well-posedness and convergence rate of the af; — B¢ regularization under MDP.

In addition, we extend the technique discussed above to a general convex penalty
term.

1.1. Related works. The first theoretical analysis on MDP for Tikhonov regular-
ization dates back to 1966 ([39]). Several numerical algorithms have been proposed
to compute the regularization parameter a for the classical quadratic Tikhonov
regularization ([22, 36, 37]). Subsequently, MDP is extended to general convex reg-
ularizations. In [9], MDP is applied to the Tikhonov regularization with convex
penalty terms more general than the classical quadratic one. In [31], two itera-
tive parameter choice methods by MDP are proposed for non-smooth Tikhonov
regularization with general convex penalty terms.

We note that the results cited in the previous paragraph are limited to linear ill-
posed problems. Due to the existence of multiple minimizers, the techniques for lin-
ear ill-posed problems can not be extended to nonlinear ill-posed operator equations
directly. Indeed, a drawback of MDP lies in the fact that a regularization parameter
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with (4) might not exist for nonlinear operator equations. Special regularization
techniques are needed to analyze the existence of the regularization parameter «
which is determined by MDP. In [40], for the classical quadratic Tikhonov regu-
larization, it is shown that minor restrictions to the nonlinear operator F' and the
solution x' of the equation F(x) = y can guarantee the existence of a regularization
parameter o such that § < |F(2%)—y°|| < 76 (7 > 1), and a convergence rate result
is proved. In [2], for a general convex penalty term, the existence of « is shown
under certain conditions. It is illustrated that for this parameter choice rule, a — 0
and 07/a — 0 (¢ > 1) as the noise level ¢ goes to 0. In addition, convergence rate
analysis is given with respect to the generalized Bregman distance. In [3], conver-
gence rates are investigated using variational inequalities, where the regularization
parameter is determined by MDP. A relation between uniqueness of minimizers in
Tikhonov-type regularization and Morozov-like discrepancy principles is shown in
[1].

When the penalty term is non-convex, fewer results are available. Convergence
rate results can be found in [46] for the || - ||, + | - [|7, penalty term and in [15] for
the || - |le; — nl| - ||¢, penalty term. In these references, one needs additional source
condition and the assumption that there exists « such that MDP holds. To the
best of our knowledge, no result is available in the literature on the validity of MDP
when the penalty term is non-convex.

1.2. Contribution and organization. In [15], we introduced the non-convex
aly — Bls sparsity regularization method, with the primary interest in the regu-
larization properties. However, there lacks a systematical and theoretical analysis
for MDP, especially on the existence of the regularization parameter . The aim of
this paper is to extend MDP to the non-convex af; — (3¢5 sparsity regularization.

Throughout this paper, we assume the operator A has the following property:
there exists v > 0 such that for arbitrary x;,xo € fo,

[A(z2) = A1) = A'(21) (w2 — 21) [y < 7l A(22) = A1)y

We prove there exits at least one a such that

5 <A@ ) — olly < (max {r202, (3 +29)8% + 62 + 29) " — AO)y })* . (5)

Under (5), we investigate the well-posedness and convergence rate of the regularized
solution of problem (2). We show that with the parameter choice rule (5), « — 0
as the noise level § goes to 0. When A is linear and bounded, we prove there exits
at least one « such that

5 < || Ax8 5 — 1lly < (max {726%,36% + 28|y’ v })* .

For traditional MDP with linear ill-posed problems, the existence of o can be
guaranteed. Nevertheless, for nonlinear ill-posed problems, the discrepancy is not
continuous with respect to «. So it is challenge to choose an appropriate 7 to
ensure the existence of a. The upper bound ¢(d) in (5) seems loose. Nevertheless,
the modified MDP (5) can ensure the existence a. Once the existence of « is
guaranteed, we can determine an « by Algorithm 1 such that the modified MDP
(5) holds. So the upper bound ¢(d) is natural for the development of the algorithm.
We present a numerical experiment to show the upper bound ¢(9) is actually needed,
cf. Fig. 7.

Note that we can apply the same technique to nonlinear ill-posed operator equa-
tions with a general convex penalty term ®(x). From [2], for a general convex
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penalty term, the existence of o can be guaranteed under a rigid condition, i.e.,
there is no o > 0 with minimizers xi’lﬁ, x5a2ﬁ such that

1AG@SY) =0 ly <8 <78 < | A@D%) — oy

This condition is difficult to verify. Indeed, if the general convex penalty term fulfills
some conditions, there exits at least one « such that (5) holds. These will be done
in forthcoming papers.

An outline of the rest of this paper is as follows. In the next section we introduce
the notation and review results of the af; — 3¢5 sparsity regularization. In Section 3,
we investigate the existence of « determined by MDP. In addition, we give analogous
results for linear ill-posed problems. In Section 4, we present the well-posedness and
convergence rate of the regularized solution under MDP. Furthermore, we show that
MDP can guarantee a(8,%°) — 0 as § — 0. Finally, numerical experiments about
linear and nonlinear ill-posed problems are presented in Section 5.

2. Preliminaries. Before discussing MDP, we briefly introduce some notation and
results of the al; — B¢y sparsity regularization.
Denote by

4, € argain { H14() ~ % + Ry (o)} 0
z€ly

a minimizer of the regularization function j(fﬂ () in (2). Let Eiﬁ be the set of all

such minimizers xi’ 5 An element =t € £, is called an Ry,-minimum solution of the

equation (1) if

A(z") =y and R, (27) = ;IélgI;{Rn(:E) | A(z) =y}

For any « = (x1,xa,---) € {2, we define the index set
I(z) ={i e N|z; #0}.
Throughout this paper, we will assume the operator A and the data y° have the

following properties.

Condition 2.1. (i) A: ¢y — Y is Fréchet differentiable.
(ii) A : €y — Y is weakly sequentially closed, i.e. ,, = x in {5 and A(z,) — y in
Y implies that A(z) = y.
(iii) There exists a constant v > 0 such that
JA(z2) — A1) — A'(21) (@3 — o)y <Y1 A(2) — A@)lly VYan,oz € b (7)
(iv) There exist § > 0 and 7 > 1 such that
ly =4’ lly <6 <76 <[A0)—¢lly. (8)

The condition (7) was used in [18, pp. 278-279], [32, pp. 6], [42, pp. 69-70]. Tt
follows from (7) that

A (z1) (22 — z1)[ly < (1+7)[A(22) — A(z1)[ly

which has been adopted by several researchers.

In (8), we require ||A(0) —y°||y > 70, which is a reasonable assumption. Indeed,
if & < ||A(0) — ¥°|ly < 76, then 0 can be viewed as a good approximation to
the regularized solution x‘; 5- Moreover, in applications, it is almost impossible to
recover a solution from observed data of a size in the same order as the noise.
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Next, we recall some properties of R, (0 < n < 1) which are crucial tools in
analyzing the existence of the regularization parameter o and the well-posedness of
the regularization, cf. [15] for their proofs.

Lemma 2.2. Let0 < n < 1. The function R, (z) in (3) has the following properties:
(i) (Coercivity) ||z||e, = oo implies R, () — oo.
(ii) (Weak lower semi-continuity) x,, — x in £y implies liminf,, R, (x,) > Ry(z).
(ili) (Radon-Riesz property) z, — x in ly and Ry,(x,) = Ry(x) implies x, — x
m 62.
Definition 2.3. (Morozov’s discrepancy principle) For fixed 0 < n < 1, given
7 > 1, choose a = (8, y?) > 0 such that

8 < || A2 ) —¢'lly < 70 (9)
holds for an element xgﬁ € /J‘;’ﬁ.

The following first order necessary condition for problem (2) is standard ([16,
Lemma 3. 1]).

Lemma 2.4. Let

J(x) :=G(z) +P(x), x€ly (10)
where G is Fréchet differentiable and ® is convex. If & is a minimizer of J(x), then
(G(2),2— 1) > B(&) — D(2) for all z € lo. (11)
Corollary 1. Let 0 # 17504,5 € Uy be a minimizer of jo‘f’ﬁ(z) in (2). Then
5
Azl )" (A(:ci 8) — y6> - '6?70“5,,2 —ad 5 ) > allzd slle, — allz]le, for all z € L.
’ ’ 25, sllez ’ ’
(12)
Proof. Define
1
G(z) = 5[l A(z) - VIIF = Bllzlle, and  @(z) := oz,
Then
G'(2) = A'(2)" (A() — o) — D2
[le
By Lemma 2.4, we have
(G'(d 5),2 — @b 5) > ®(af, 3) — D(2) for all z € L. (13)
This proves the corollary. O

3. Existence of regularization parameter. In this section, we discuss the exis-
tence of the regularization parameter o which is determined by MDP. In the rest of
this paper, we let 0 < 1 < 1 be fixed, and view « as the regularization parameter.
Then, 8 = an. For fixed 0 < n < 1 and noise level § > 0, define functions

1
F(ag,5) = 5 Ae,5) = v I3 (14)

m(a) = T3 5(27, 5) = min Jg 5(z) (15)

for a € (0, 00).
Next, we recall some properties of R, (22, 3), F(x2, 3) and m(a), cf. [44] for their
proofs.
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Lemma 3.1. R, (xiﬁ) is non-increasing, and F(a:‘;ﬁ) and m(a) are non-decreasing
with respect to a € (0,00).

Lemma 3.2. Under Condition 2.1, there exist ay, s € RT such that
|A(zo, 5,) = ¥°lly <8 <76 < || A, 5,) =¥ llv,

ai,B1 az,B2
where B = aqn, B2 = aon.

Proof. Let o, — 0 as n — oo and denote x,, := ximﬁn € ‘ngn,ﬁn' Let zf be an
R,-minimum solution of the equation (1). Then,

1 1 1
SNAG) = 1B < mlan) < T3, 5, (01) < 56+ anRy(ah) — 562,

This implies that there exists a small enough a; such that HA(xil,Bl) —0ly <.
Now let o, — 00 as n — oco. Then
1 1 /1
0 Rofen) £ 8, 5, on) < 2 (S14O) 1 ) = 0= Ry(0).
By Lemma 2.2 (iii), this implies that x,, — 0. Since A is weakly sequentially closed,
A(zn) = A(0) in Y. Hence,
liminf |A(z,) — ¢’ [ly > [ A(0) — o°[ly > 0.

So there exists a sufficiently large ay such that ||A(z 5 ) —¢°|ly > 70. O

az,B2

Thanks to Condition 2.1 and Lemma 2.2, the following result is standard, cf. [18]
for its proof.

s

an,Bn
jgn,ﬂn (x). Then {z,} contains a convergent subsequence {xn,} such that x,, —

Lemma 3.3. Let o, > a >0 as n — oo. Denote by x, :=x a minimizer of

x‘saﬂﬁ in y, where x‘saﬁ is a minimizer of j(f’ﬁ(m),
Proposition 3.4. The function m(«) is continuous.

Proof. Suppose a@ — ag # 0. Let ap/2 < a < 3a/2, 8 = an and Sy = agn. We
have

lim [J2 5(20 5) — Ty 50 (T0,5)] < lim [T2 (20, 5) — Ty 50 (0 5]

a—ro a—roQ

: é 1 8 §
< lim [ja»ﬁ(xaoﬂo) - ‘7@0,/30 (z@0750)] )

a—roQ
i.e.
. ) . S5 S5 S5 S5 . 5
lim (o —ao)Ry(za,) < lim [Ja,ﬁ(%,ﬂ) — Ja0,80 (waoﬂo)] < lim (a—ao)Ry(Tag,8,)-

a—aq a—aq a—aqg
(16)
Since xi’ﬁ is a minimizer of jo‘fﬁ (),
1
F(,5) + aRp(w5,5) < F(0) + aRy(0) = S[|A(0) — o[}

Hence, Rn(xi,ﬁ) < ||A(0) — ¥°||2- /v, which implies Rn(x‘;ﬁ) is bounded. Thus,

i (0 a0)Ry (25, 5) = lim (0~ ag)Ry(a, 5,) = 0. (17)
A combination of (16) and (17) implies that

: 5 (.8 5 5
alirgo [jayﬁ(xa,ﬁ) o ‘7040,[30 (xaoﬁo)] =0.

This proves the lemma. O
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Even though m(«) is continuous, the functions F' (xiﬁ) and Rn(xi, ) are not
necessarily continuous with respect to . If (9) does not hold for any parameter «,
then [[A(z?, 3) — ¥°|ly has a jump at a certain parameter. Actually, we have the
following lemma, the proof is similar to that of Theorem 2.3 in [44].

Lemma 3.5. For each a > 0, there exist xilﬁ, 5 € E‘S 5 such that
51 . 5,2
F(z,5) = el,rcléf F(z), F(z,5) = sup F(x).
a,B T€LY 8

A minimizer of J? o 5 may be non-unique. In general, F(x? ﬁ) is set-valued and
discontinuous. Hence, the inequality (9) may not hold. More premsely, there exists
a regularization parameter a such that

1A% ) = olly <8 <78 < [ A7) =4’y (18)

To prove the existence of a regularization parameter « satisfying (9), it is sufficient
to ensure that there are no minimizers xi’,lﬁ, xy 5 of Jgﬂ( x) for (18) to be valid.
Next we show if there is no parameter « such that (18) holds, then there exists a
satisfying (9). The proof is similar to that of Theorem 3.10 in [2].

Lemma 3.6. Assume Condition 2.1. If there is no a > 0 with minimizers xi’lﬂ, xizﬂ

€ Ei’ﬁ such that (18) is valid, then there exist a = a(8,1°) > 0 and xiyﬁ € Ei,ﬁ
such that (9) holds.
Proof. Assume that no « fulfilling (9) exists. Define two sets
M:={a: Ela:iﬂ € Eiﬁ with ||A(xiﬁ) —°|ly <5},
M:={a: Elxiﬁ € Eiﬁ with ||A(xi75) — ||y > 76}
Since there is no o > 0 with minimizers xi’lﬁ, x6’2 € £5 5 such that

1@ = y'lly <8 <78 < | A@3%) =4 llv,

MAM =0 and M UM = R*. Denote & := sup M. It follows from Lemma 3.2 and
the monotonicity of F(w‘;yﬁ) with respect to o that 0 < & < co. Next, we consider
two cases:

Case 1. @ € M. Then we choose a sequence a,, — a+. Denote z,, := ;v‘;mﬁn
,C‘S . By Lemma 3.3, we can ﬁnd a subsequence {z,, } of {z,} and a minimizer
z0 .3 of j5 ( ) such that x,, — 2

satlsfymg (18)

" Now ay,, > @, and because no parameter «

|A(zn,) = 4y > 76 (19)
for all av,, . By Condition 2.1 (i), A is continuous. Then
[A(zn,) = 9°lly = (1A=L 5) = o’y <6, (20)

which contradicts to (19).

Case 2. a ¢ M. Here we choose a sequence a, — a— and we can find a subse-
quence {z,,} of {x,} with ,, — 2% .. Then

a,B°
[A(zn,) = 4’y < 6. (21)
Meanwhile,
[A(zn,) = o’y = A= 5) = ¢ lly > 79, (22)

for k — oo, which is a contradiction to (21). O
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Note that the inequality (9) holds under the assumption there is no « satisfying

(18). This condition is difficult to verify. Next we prove that if xi’lﬁ, mi’% satisfy

(18), then we can provide an estimate for ||A(Jc5a2ﬁ) — 0%
Lemma 3.7. Assume xi’,lﬁ, xi’?ﬁ satisfy (18). Then

7267 < | A22%) = I} < (3+29)8% +6(2+ 29) [y — A0) |y

Proof. Denote 7 := zi’lﬁ, Tg = 9322/3 If z; = 0, by (18), [|A(0) — ¢°[ly < 9,
contradicting to the assumption ||A(0) — y°|| > . Hence, x1 # 0. From Corollary
1, we have

<AunWAunf)

Take z =0 in (23),

By

||371||€2’

z— x1> > al|lzi]le, — a||z||e, for all z € £y, (23)

By

(4@ (Al =) = 250 -0} = allall, ~ alol

Then,

alleale, < (400" (Alen) ~ %)~ 25 )
< JA@@1) = ¢’ Iy A" @) zally + Bllai -
It follows from Condition 2.1 (iii) that
alzille, = Bllzille, < A@1) = oIy A (@1)a ||y
< A(z1) = Iy (1 +)[1A©0) — A(z1) |y (24)

In addition,
1 sz < 1 512
FIAG2) = 9°lly < SllA(@2) =9Il + allzzlli - Bllzzll2
1
= SIAG) =9I + allar ]y = Blla - (25)
A combination of (24) and (25) implies that

1 1

SIAG2) =9I < 587+ 6(1+ ) Aar) — o + 5 — AO)ly
< 2v+3

- 2

This proves the lemma. O

6%+ 8(1+7)[[A(0) =y’ [ly-

From Lemmas 3.6 and 3.7, we deduce the following result.

Theorem 3.8. Assume Condition 2.1. Then there exist a regularization parameter
a such that

§ < A 5) —y’lly < (0), (26)

where ¢(8) := (max {720%, (3 + 27)8% +6(2 + 279) |y’ — A(O)”Y})l/2'
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We note that the upper bound ¢(§) from Theorem 3.8 is only O(6'/?). Never-
theless, in Theorem 3.10, we prove @ — 0 as § — 0. So if the noise level is small
enough, we can obtain a good approximation of the value of «. Furthermore, in
Section 4, we show xi_’ 5= zt as & — 0. It implies that we can obtain a satisfactory
inversion results if the noise level is small enough.

For a numerical realization of MDP (26), we can make use of an iterative algo-
rithm described in [40], cf. Algorithm 1. Even though « is determined from the
upper bound: ||A(xiyﬁ) —4°|ly = ¢(d), we can still obtain the convergence of the
regularized solution. Numerical simulation results reported in Section 5 show that
we can obtain better inversion results if «a is determined by Algorithm 1.

Though the upper bound ¢(§) seems loose, the existence of « can be guaranteed.
In some applications of inverse problems, one has to assume the existence of a such
that § < ||y5fA(:ci)B)||y < ¢d. Here, the upper bound is O(d), but it is challenging
to choose an appropriate ¢. As a result, one can not find o with an algorithm similar
to Algorithm 1.

Algorithm 1 Tterative algorithm for o under MDP (5)

Choose 7>0,n=1,0< g <1, ag > 0 with ||A(5c5a0’50) — 0y > c(6)
set 7 =0
while A, ) = °lly > c(d)
j=j+1
Qj = qo-1
1)
compute x5

end

max __ . . min __ . .
ap®™ =ajo1, oM = qj

while § < HA(:cijﬁj) —10ly < ¢(6) not true
j=7+1

aj = (o + o) /2

compute x‘;j’ 8;

if HA(xij’ﬁj) —°|ly > ¢(8) then aft = q;
if \|A(xij7ﬁj) —40|ly <4 then it =
end

In the following, we will show that for MDP, o = «(6,%°) — 0 as the noise level
0 —0.

Lemma 3.9. Let a > 0 be fized. If A(z*) =y and

1
x* € argmin {2||A(x) — |3 + a’Rn(x)} )

TrELly

then z* = 0.

Proof. By the assumption, we have

* 1 * *
aRy(2") = S A@") = yly + aRy(a7)

IN

%IIA((1 —t)z") —yl} + aR,((1 — t)a”), (27)
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for any t € (0,1). Since R, ((1 —t)z*) = (1 — t)R,(z*), we can rewrite (27) as

1A =t)z) —yll§
2 t ’

0 <aRy(z*) <
Since
A((1=t)a") —y = A(a™) + A'(z")(~ta") + o(|| — ta™[le,) —y = A'(a")(—t2") + o(2),
we have .

0 < aRy(z") < 5 A4 (z")a" + o(D)]3-
Take the limit as ¢ — 0% to obtain R, (z*) = 0. Since

A =mllz*lle, +nllz" e, = lz*[le,) = Rp(2") =0,

we must have z* = 0. 0
Theorem 3.10. Let 6, — 0 and y°* — y as n — oco. Then o, — 0 where

an = a0, y%) is the regularization parameter obtained from MDP (9) with §
replaced by 0., .

Proof. Suppose «,, does not converge to 0, i.e. 3oy >0,V N € N, Ing > N
such that |ou,, — 0| > ap. This implies that there exists a subsequence of {a, }, still
denoted by {«,} such that a,, > ap. Denote

. 1
st € ongamin {514(2) 977+ aoRy(a) |
xr€ly

and

1
Ty = xi" 5, € argmin {||A(x) — 2% + Otan(ﬂf)} .
e xr€ly 2

By Lemma 3.1, ||A(a:i75) —1°||2 is non-decreasing with respect to a. Hence,

1 5 1 5
§||A(33%°) -y’ |5 < 5\\14(%) -3

AN

1

5 max{7?07, (3+27)07 + 622+ 29)[y™ — A(O)lly} — 0.
(28)

By the definition of %, there exist 2* € f» and a subsequence {z;°} such that

x° — z* in £y. Since A is weakly sequently closed and Yo =y, Azn0) — Yo —

A(z*) — y, it follows from the weak lower semi-continuity of the norm that
0< SlA@") — yllf < Hminf J[AGS) — v |
2 k—oo 2

k

1
< S max{r’5,,, (3+27)0n, + 0n, (24 29)[ly°"* — A(0)[ly} — 0.

2
(29)
Hence, Az* = y. In addition,

1 . . . 1 o o
314G ol -+ a0y (a) < mint { 214G — 1P 1 + aoRyai) |
1
< lim inf {||A(x) — |2 + aoRn(as)}
k—o0 2

= 21A4(@) i + a0y () (30)
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for any @ € ¢5. Thus, z* is a minimizer of 3||A(z) —y[|? + aoR,(z). By Lemma 3.9,
this implies that 2* = 0. Then y = A(0). Hence, ||A(0) — ¥°|ly = |ly — ¥°lly < 9,
contradicting to || A(0) —°|| > & in Condition 2.1 (iv). This proves the theorem. [

The afy — Bl5 sparsity regularization has been applied to solve linear ill-posed
problems; e.g. compressive sensing. Even if A is linear, J. (f’ 5 1s in general non-convex.
We require the linear operator A to be bounded. Then A satisfies Condition 2.1
(ii). Hence, all lemmas and propositions in Section 2 and 3 hold. Note that if A
is linear, Condition 2.1 (iii) holds for any v > 0. When v = 0, we can state the
following result.

Theorem 3.11. If A in (1) is linear and bounded, then there exists a parameter o
such that

5% < ||Ax‘iﬁ — y‘SH% < max {72(52,352 + 2(5||y6||y} . (31)

Note that the analysis of well-posedness and convergence rate under (31) is sim-
ilar to that for non-linear ill-posed problems.

4. Regularization properties. In this section we consider the well-posedness of
the regularization method. We prove that the regularized solution 1’27 3 defined by
(6) converges to an R,-minimum solution of the problem A(z) = y. In addition, we
discuss the convergence rate of :r‘; 5- The proofs are along the lines of standard qua-
dratic Tikhonov regularization ([18]) and sparsity regularization ([24, 28, 41, 46]).
However, the convergence rate is different from that in [15] since the regularization
parameter « is now determined by (26).

Theorem 4.1. (Convergence) Let xiflﬁn be a minimizer of jg:,ﬁn (z) defined by
(2) with the data y°~ satisfying ||y — y°*|| < 6., where 8, — 0 if n — co and y°»
belongs to the range of A. Let o, be chosen by the discrepancy principle (26). Then
there exists a subsequence of {xi:ﬁn}, still denoted by {xi’;ﬁn}, that converges to
an R,-minimizing solution x' in ly. In addition, if the R,-minimizing solution xt
s unique, then

dim 2 5 — 2T, = 0.

Proof. Denote y, := y°, , = xiﬁ,,@m 1 := Bn/a,. By the definition of z,,, we
obtain

1
§‘|A(xn) - yn”% + anllznlle, = Bullznlle,
1
< §||A($T) — ¥ + anlal(le, = Bullz e,

1
< 502 + anllolle, = Bull e (32)

By (26), this implies that R,(z,) < R,(zf). Hence, the sequence {R(z,)} is
bounded. Denote

c(6n) = (max {7207, (3 +27)6; + 6,(2+29) [y’ — A(O) v })* .
We have ¢(d,,) — 0 as §,, — 0. In addition,
[A(zn) —ylly < [|A(zn) = ynlly + ly = ynlly < c(dn) + 6n. (33)

N

Then
lim A(z,) =v. (34)

n—oo
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On the other hand, it follows from (32) that
tim sup (f[nlle, = nllznlle,) < =" lley = nllz" - (35)

Since ||zn|le, —n|zn e, is bounded, there exist an element 2* € ¢5 and a subsequence
of {x,}, still denoted by {x,}, such that z, — z* in f3. Together with (34), it
follows that

AG") — glly < liminf [ Az,) — ylly = 0.
Hence, Az* = y. Meanwhile, by Lemma 2.2 (ii), we have
2" ley = mllz"(le, < Timinf (|2, e, —nllznlle,)
< llaes = nlla" e, (36)

By the definition of zf, 2* is an R,-minimizing solution. If the R,-minimizing
solution is unique, then * = x'. A combination of (35) and (36) implies ||z, |l¢, —
alzalles = 2t s, —nllatle,. Thus, Ry () = Ry(al). Then lim [lz,, — aflr, = 0
by Lemma 2.2 (iii). O
Assumption 4.2. Let 2f # 0 be an Ry-minimizing solution of the problem A(zx) =
y that is sparse. There exists an w; € Y such that

= A(z)*w; Vie I(ah). (37)

In addition, assume there exists a fixed M > 0 such that ||z||,, < M. Define
={zely: |zl < M}.

Assumptlon 4.2 and its modified form were introduced in [11, 23]. This assump-
tion can be viewed as a source condition and it implies that the operator A fulfills
some kind of “finite basis injectivity condition” which is commonly used in sparsity
regularization.

Next, we present an inequality under the source condition. The linear conver-
gence rate O(8) (or O(6'/?)) can be derived from this inequality.

Lemma 4.3. Assume Condition 2.1 and Assumption 4.2. Then there exist con-
stants ¢1 > ca, depending on M, such that

(@ =Bz =2l < Rap(r) = Rap@h) + (ca — e2f)[A@x) = ANy (38)
for any x € M.
Proof. By the definition of I(z'), we have

(@=Blz—a'le =(@=5) | D lei—all+ D |l |-

1€1(zt) i¢I(zt)
Then,

(@ =Bz —=2'lle — (Ra,p(z) = Ras(ah)

=—a Y (Il =)

1€l(zt)

+H(a=B) Y |wi—a]|+ BT - Ty), (39)

i€l(zth)
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where
1/2 1/2 1/2
T1:<Z'“'2> S DR ST
i i¢1(at) i€l(at)
1/2
o= > lul=| X laif®
i¢I(xh) i¢I(xh)
Observe that T5 > 0. Since
1/2 1/2 1/2
ST R FE I (D =0 IS
4 icl(zt) igI(xt)
we see that
1/2 1/2
Ty <Tye=| Y |af — > I : (40)
i€l(zt) i€l(zt)

Thus, from (39),
(@=B)z—ale, < Rap(@) — Rapla) +a Y |z — a2l

i€l(zt)
+(a—B) Y | —al|+ BTs (41)
iel(zt)
By the assumption, we have
il + lef| < M + [|2]|es,
1/2 1/2
0<flaflley < | D2 lail*|  + | D lelP
iel(zt) iel(xt)
Consequently,
£ Ged-kl)al+idd
iel(x
T, = €l(x) < Tl ST ey -2l (42)

1/2 1/2 — ||$TH6 )
P el
( > |wi|2> +( ) x3|2> '

icl(zt) i€l (zt)

A combination of (41) and (42) shows that

(@ B)z — 2l < R ple) — Rovg(ah) + (2a+Mﬂ) S -l

T
W) 2=,
(43)
In addition, by Assumption 4.2,

s = ll = I{ena = o) = [ A'la) (@~ )| < mas ol |14 @)z - 2Dy

Hence,

3 o —af < 1) max [lwilly A/ — 21y
eI 1€l(zt)
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Then, by Condition 2.1 (iii), we have
Y lzi—all < [I(@h)] max [lwilly (1+7)[|A() — A"y (44)
. iel(zt)
1€l(zt)
A combination of (43) and (44) implies that
(a=B)llz e,
< Ra(2) = Rap(zh)
M
+ (20 8 ) Mmool (14 ) 1AG) = Ay, (45)
|12, i€l (at)
ie.
(@ =Bz = a'lley < Rap(x) = Rap@h) + (cra = c2f) [A() = A=)y,

where

M
c1 = 2/I(z")] max |jw; 14+7), c¢=———I(z")] max |jw; 14+7).
L= 2] max il (149), €2 =~ 1G] max v (1+7)
Obviously, ¢; > ¢ and ¢y — ¢o8 > 0. The proof is completed. O

Theorem 4.4. (Convergence rate) Keep the assumptions of Lemma 4.3 and let
mg’ﬁ be defined by (6). Assume that there exist parameters a and B (8 = na)
satisfying

§ < ||A@% 5) = ¥’y < e(6),
where c(8) := (max {7262, (3 + 2)62 + 5(2 + 29)|y® — A(0) ||y })"/*. Then

Hxé _ ‘TTHf < (c1 — can)(c(d) + 5)
a,f (2 = 1— n

Proof. By the definitions of 3327 5, o and 3, we see that

1 1 1
50+ Raa(ad ) < SIA@S 5) ~ 01} + Rap(al ) < 514D~y I} +Ras(e).

Hence Ra (xiﬁ) < Ra,p(zl). It follows from Lemma 4.3 that o
0> R@ﬁ(mi,ﬁ) ~ Ra,5(z")
> (a - B)llzd 5 — 2l — (1 — c2B)[ Al 5) — AGD)lly
> (a = B)1a8 5 — a'lle, — (10 — e2B)(c(8) + ). (47)
Then
||$i,g —at), < ng,g — |, < (1o — c;ﬁ)(;((” + 5)_
The theorem is proven with 5 = na. O

5. Numerical experiments. In this section, we present results from three nu-
merical experiments to demonstrate the efficiency of MDP for the ay — 85 regu-
larization. In these experiments, the ST-(«f; — 8¢3) algorithm is used to compute
the iterative solution, cf. [15, 17] for details of the algorithm. The relative error
(Rerror) is utilized to measure the performance of the reconstruction z*:

l2* — aT|le,

Rerror :=
”xTH@z
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where zT is a true solution. Exact data y' is generated by y* = A(z"). White Gauss-
ian noise is added to the exact data y' by calling y° = awgn(Ax', o) in MATLAB,
where o is the added noise, measured in dB, which measures the ratio between the
true (noise free) data y' or A(z') and Gaussian noise. The noise level § is defined
by & := ||A(z") — 4°||2. The first example deals with a linear ill-conditioned image
deblurring problem. In the second example, we consider a nonlinear ill-posed Ham-
merstein equation. The third example deals with a nonlinear compressive sensing
problem. All numerical experiments were tested in MATLAB R2010a on an i7-
1165G7 2.80GHz workstation with 32Gb RAM.

5.1. Ill-conditioned image deblurring problem. In the first example, we test
the ill-conditioned image deblurring problem which is the process of removing blur-
ring artifacts from images, such as blur caused by defocus aberration or motion
blur. The blur is typically modeled by a Fredholm integral equation of the first
kind

b
/ K(s,t) f(t)dt = g(s).

where K (s,t) is the kernel function, g(s) is the observed image and f(t) is the true
image. Note that image deblurring problem is a linear ill-conditioned problem, v = 0
and A(0) = 0 in (5). We utilize the blur problem from MATLAB Regularization
Tools ([26]) by calling [A, yT, 7] = blur(n, band, ). We choose n = 64, band = 3,
uw=0.7, 7 =2 We rescale the matrix A by A — 0.05A. Note that the condition
number does not change under the matrix rescaling. The value of ||yf||2 is 3.15 and
the condition number is around 31.4537.

To show the efficiency of MDP (5), various noise levels § are added to the exact
data y'. Note that, for various noise levels, if § < 2||y°||2/(7? — 3), then 7262 <
302 4 26]|y°||l2. Meanwhile, if 7 < v/3, it is obvious that 7262 < 362 +25||y’||2. With
7=2and § < [|y°|, it is obvious that 7262 < 362 + 26(|y°||-.

FIGURE 1. (a) « vs. 0 where « : ||A(a:iﬁ) —0lly = ¢(6); (b)
Rerror vs. 4.

To test sharpness of the upper bound in (5), we choose o with ||A(gc5a’ﬁ) —olly =
¢(6). Note that, from the perspective of computation, HA(xi)B) —°ly = ¢(6) is
unsolvable. It is infeasible to obtain the true value of a such that HA(xi 5) —ly =
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¢(6). In computational practice, this value of « can be found approximately by a
sorting from a given set of values oy, s, -+ ,ay,. For example, with a good initial
guess ag, we let a, = ag + 0.001 xn (or a;, = ag — 0.001 xn) to find a satisfactory
approximate value of o by HA(:ci_ﬁ) —9°|ly = ¢(d). In Fig. 1 (a), it is shown that
o — 0 as the noise level § — 0. Moreover, in Fig. 1 (b), we see that Rerror decreases
with respect to 0. So it illustrates the convergence of the regularized solution with
respect to the noise level §. Even though the upper bound in (5) seems loose, if the
noise levels are small enough, we can still recover satisfactory results.

Next, we test the convergence of the regularized solutions where « is determined
by Algorithm 1. Since the upper bound in (5) is loose, we choose a smaller value
of g. In this example, we let ¢ = 0.1. In Fig. 2, it is shown that « — 0 and Rerror
converges to 0 as § — 0.

FIGURE 2. (a) a vs. § where « is determined by Algorithm 1; (b)
Rerror vs. 6.

Graphs of the reconstruction z* corresponding to ¢ = 70 (6 = 0.0102 and ¢(§) =
0.18) are provided in Fig. 3. In Fig. 3 (c), the reconstruction z* is computed with
a: ||A(x5a7,ﬁ]_) —130|ly = ¢(6); Rerror is 5.38%. In Fig. 3 (d), the reconstruction x*
is computed with a determined by Algorithm 1; Rerror is 2.89%. It is shown that
we can obtain better results if @ determined by Algorithm 1.

5.2. Nonlinear Hammerstein equation. In the second example, we test a non-
linear Hammerstein equation A(z) = y with

A(x)(t) :/0 z(s)? ds.
The Fréchet derivative of A is of the form ([25])
(A'(z)h)(t) = /0 2z(s)h(s)ds.

The nonlinearity assumption (7) with v = 1/2 on the forward operator A is verified
in [25]. The exact solution x' is s-sparse, i.e. [[2T]o = 5. We let n = 100 and
s = 50. The exact data y' is obtained by y = A(z")(t) = fot 27(s)%2ds. The value
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FIGURE 3. (a) True image; (b) Observed image; (c) Recovered
image with « : ||A($ij,5j) —0lly = ¢(d); (d) Recovered image
with « is determined by Algorithm 1.

FIGURE 4. (a) o vs. § where « : ||A(xi”8) —0lly = ¢(8); (b)
Rerror vs. 6.

of ||A(0) — y||2 is 1.3760. With 7 = 2 and § < ||A(0) — ¢°||, it is obvious that
7262 < (34+7)0% + (2 +7)8]|¥°|2-

In Fig. 4, we test sharpness of the upper bound in (5). In Fig. 4 (a), it is seen that
a — 0 as the noise level § — 0, where « is determined with ||A(:c5a’ﬁ) — 0y = ¢(6).
In Fig. 4 (b), we see that Rerror decreases with respect to o. The numerical results
illustrate the convergence of the regularized solution with respect to the noise level

J.
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Next, we test the convergence of the regularized solutions where « is determined
by Algorithm 1. In Fig. 5, it is seen that o — 0 as the noise level § — 0 and Rerror
converges to 0 as § — 0.

Fig. 6 provides graphs of the reconstruction z* corresponding to o = 60 (§ =
0.0114 and ¢(§) = 0.2177). In Fig. 6 (c), the reconstruction z* is computed with
o ||A(x5a’6) —90|ly = ¢(d); Rerror is 8.28%. In Fig. 6 (d), the reconstruction x*
is computed with o determined by Algorithm 1; Rerror is 4.65%. We obtain better
results when « is determined by Algorithm 1.

FIGURE 5. (a) o vs. ¢ where « is determined by Algorithm 1; (b)
Rerror vs. 6.

5.3. Nonlinear compressive sensing. As the third example, we test the effi-
ciency of MDP in (5) with a nonlinear compressive sensing (CS) problem ([4, 6, 13,
48]) of the form

y = A(z) = a(Db(x)), (48)
where ® is a CS matrix, @ and b are nonlinear operators, respectively. For simplicity,
we write d(z) = 2 + a(z) and b(z) = x + b(z), where a and b are nonlinear maps.
In particular, let a(x) = z¢ and b(x) = 2%, where ¢,d € N,. An explicit formula of
the Fréchet derivative of A is derived in [6]:

Al(x) = [I + af,(@b(2))][@(L + b, (2))]

and A’(z) is Lipschitz continuous. It is not known whether the forward opera-
tor A fulfils the nonlinearity assumption (7) ([6]). Here, we consider a potential
application of MDP (5) in nonlinear compressive sensing.

In finite-dimensional spaces, the nonlinear CS problem is of the form
d(‘l)mml;(xn)) = Ym, where ®,,y, is a Gaussian random measurement matrix.
The exact solution z' is s-sparse. We let n = 200, m = 0.4n, s = 0.2m, v = 1/2,
¢=2and d = 3. The exact data y' is obtained by y' = a(®b(x1)).

Next we show if 7 is chosen small, the existence of o can not be guaranteed
under the condition (4). We let o = 30, then § = 0.2903 and ¢(d) = 1.1675. In
Fig. 7, it is shown if 7 < 2, then 7§ < 0.5823. Consequently, there is no a such
that the traditional MDP (4) holds. Even with a large value, e.g. 7 = 3, it is
challenging to find « such that (4) holds. Indeed, for traditional MDP with linear
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FIGURE 6. (a) True signal; (b) Observed data; (c) Recovered signal
with « : ||A(a:ij’ﬁj) —10ly = ¢(6); Rerror= 0.0828; (d) Recovered

signal with « is determined by Algorithm 1; Rerror= 0.0465.

ill-posed problems, one commonly tries a; = 37, j = 1,2, --. With j increasing, we
calculate xi’ 5 until (4) is valid. Nevertheless, for nonlinear ill-posed problems, the
discrepancy is not continuous with respect to a. If o; = 0.2, then ;11 = 0.1, we
can not find an « such that § < ||A(x5aﬁ) —y°|ly < 36 holds (cf. Fig. 7). Certainly,
we can try a; = g7 or a; = 77, etc. Nevertheless, it needs more computational
time. In addition, one still does not have the theoretical assurance on the existence
of . So it is challenging to choose an appropriate 7 to ensure the existence of «.
Although the upper bound ¢(¢) in (5) seems loose, it guarantees the existence of a.
We can determine an « by Algorithm 1 such that the modified MDP (5) holds. So
the upper bound ¢(d) appears to be natural.

In Fig. 8 (a), it is shown that & — 0 as the noise level 6 — 0, where « is
determined with \\A(xiﬁ) —1°|ly = ¢(6). In Fig. 8 (b), we see the decreasing
tendency of Rerror with respect to o. In Fig. 9, it is shown that a — 0 as the noise
level § — 0 and Rerror converge to 0 as § — 0, where « is determined by Algorithm
1.

Fig. 10 provides graphs of the reconstruction z* corresponding to ¢ = 60 (§ =
0.0095 and ¢(d) = 0.3498). In Fig. 10 (c), the reconstruction z* is computed with
« from ||A(:c5a’ﬁ) —°|ly = ¢(); Rerror is 7.34%. In Fig. 10 (d), the reconstruction
z* is computed with o determined by Algorithm 1; Rerror is 1.37%.

6. Conclusion. For the non-convex af; — 3¢5 sparsity regularization, we prove
there exist a regularization parameter « such that

§ < [|A(225) =¥’y < e(8),

where ¢(8) = (max {7202, (34 27)6% 4+ 6(2 + 27) ||y’ — A(O)Hy})lm. Furthermore,
we show that o = a(d,y°) — 0 as the noise level § — 0. It is shown that the a/f; — 30>
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FIGURE 8. (a) a vs. § where « : ||A(17‘;ﬁ) —0lly = ¢(8); (b)
Rerror vs. 4.

sparsity regularization is well-posed when « is determined by MDP. Under certain
conditions, we prove Hxiﬁ —z's, < O(c(d) +6). For linear ill-posed problems, we

prove there exists a regularization parameter « such that
5% < HAxi)B — y6||% < max {7252, 36% + 26Hy5||y}

holds. Numerical experiments indicate that the relative error decreases with respect
to 0. Even though the upper bound in (5) seems loose, the existence of « can be
guaranteed. In addition, if the noise levels are small enough, we can still recover
satisfactory results.
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FIGURE 9. (a) a vs. § where « is determined by Algorithm 1; (b)
Rerror vs. 4.
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FIGURE 10. (a) True signal; (b) Observed data; (c) Recovered
signal with « : HA(mi,ﬁ) —9%|ly = ¢(6) Rerror= 0.0734; (d) Re-
covered signal with « is determined by Algorithm 1 Rerror=
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