A SEMI-BLIND REGULARIZATION ALGORITHM FOR INVERSE PROBLEMS WITH
APPLICATION TO IMAGE DEBLURRING*
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Abstract. In many inverse problems the operator to be inverted depends on parameters which are not known precisely. In
this article we propose a functional that involves as variables both the solution of the problem and the parameters on which the
operator depends. We first prove that the functional, even if it is non-convex, admits a global minimum and that its minimization
naturally leads to a regularization method. Then, using the popular Alternating Direction Multiplier Method (ADMM), we describe
an algorithm to identify a stationary point of the functional. The introduction of the ADMM algorithm lets us easily introduce
some constraints on the reconstructions like non-negativity and flux conservation. Since the functional is non-convex a proof of
convergence of the method is given. Numerical examples prove the validity of the proposed approach.
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1. Introduction. Many applications in various scientific fields lead to inverse problems modeled as an
equation of the form

(1) Bk, f) =g,

where f is the desired solution, g is the measured data, and k is a variable on which the operator B depends,
e.g., if B(k, f) = k * f is the convolution operator then k represents the integral kernel. We consider the case
in which the problem (1) is ill-posed. As happens in practical applications, we assume that is impossible to get
the true data g but only a noisy version gs is available, such that ||g — gs|| < J, where ||-|| denotes the Euclidean
norm. The direct solution of the associated discrete system, usually leads to very poor reconstruction of the
original f, thus arises the need for regularization methods. In many situations also k is not precisely known, but
only a noisy measurement k. is available, such that ||k — k.|| < e. We will assume that the noise that corrupts
both g and k is Gaussian. Therefore, equation (1) becomes

B(k'ea.f) = gs-

We refer to the regularization of such a problem as semi-blind, since the variable k, even though is not completely
unknown, has a certain degree of uncertainty on it. Blind and semi-blind deconvolution has been largely
investigated [1, 2, 3, 6, 7, 8, 12, 15, 16, 18, 24, 29, 30]. The approach in [3, 16] requires that the blurring
operator is diagonalized by fast transforms, which is not assumed in this paper. In [6] a double regularization
approach to recover f and k was proposed, which consisted in solving

(2) (k255 £25) = axgmin T (k. )
where J(k, f) = 1T (k, f)+R(k, f), T had the role of data-fitting term and R was the penalty term. In particular

T(k,f) =Bk, f) — gs||* + 7 ||k — k||,
R(k, f) = a | Lf|| + BR(k),

where R(k) is an appropriate penalty term and L is a regularization operator which was supposed to be bounded
and continuously invertible. A numerical technique to solve (2) was proposed by the same authors in [7] using
an alternating minimization over f and k.

In this work we want to improve the results in [6, 7] by introducing a more complex penalty term for f
and by employing a more sophisticated numerical technique for the minimization. In particular we want to
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introduce for both k and f as a prior the Total Variation (TV). The TV norm has the the ability to well
preserve the edges of the signal while also reconstructing its smooth parts and has proven to well perform in
various situations. Moreover, we add some constraints like the flux conservation and nonnegativity.

We would like to stress the fact that, while here we are only considering the TV norm as a prior for k, the
extension to a general convex prior R(k) is straightforward.

The introduction of the TV and of the constraints makes the minimization of the functional we are going
to consider more complicated and so the introduction of advanced numerical techniques is needed.

For the numerical solution of the minimization we are going to use the Alternating Direction Multiplier
Method (ADMM) [9]. The ADMM algorithm was developed for solving constrained convex optimization prob-
lem, in recent years this method has been successfully applied to non-convex minimization, see, e.g., [25, 27].
However, the convergence of the algorithm is not proven in the general non-convex setting and needs to be
shown for each particular problem.

We thus prove that the resulting numerical method is convergent and we give some numerical evidences
of the improvement in the quality of the reconstructed images with respect to the proposal in [7], to the basic
method using the measured PSF for the deconvolution, and to some methods in the literature.

To the best of our knowledge an approach like the one described here has never been proposed. In particular,
most of the blind and semi-blind methods tackle the problem by considering the variables k and f separately,
see, e.g., [1], while here we propose a model that consider the two unknowns jointly. Moreover, the convergence
of the ADMM algorithm in this setup has never been proved. In particular, our approach differs from the other
ones in the literature because the variables are not decoupled. Moreover, we do not assume that the gradients
of the functional that is to be minimized are Lipschitz continuous.

This work is structured as follows: Section 2 describes the functional we want to consider and analyze some of
its properties. In Section 3 we describe the algorithm for the minimization of the functional previously introduced
and we prove its convergence, while in Section 4 we discuss the addition of some constraints. Section 5 is devoted
to numerical examples in image deblurring.In Section 6 we draw some conclusions. Finally in Appendix A.1 we
give all the detailed proofs of the results stated in the paper and in Appendix B we describe how to use the
ADMM algorithm for multiple constrained minimization.

2. The regularized functional. As previously discussed, our goal is to extend the previous results from
[6] using a more complex penalty term for both f and k. Let gs, ke, f,k € H', where H' denotes the Sobolev
space W12 which is a separable Hilbert space, see, e.g., [10, Section 9.1]. We consider the minimization of the
following functional

3) T2l (ke 1) = 1B (k) = gsll* + @™ [ flpy + P 117 + v 1k = kell* + B[kl

where

Il = / IV

is the total variation norm of h € H'. For simplicity of notation we denote by a the couple (aE, «a

We now show some theoretical properties of (3), in particular we want to show the existence of a global
minimizer, the stability of the minima, and the fact that, if @ and § are properly chosen, in relation to the
noise, the minimization of Jieﬂ induces a regularization method.

TV)'

ASSUMPTION 1. The operator B is strongly continuous on its domain.

Before proving the existence of the minimizer we first need to show some properties of Jg’:g (f, k).
For the convenience of the reader we postpone all the proofs in Appendix A.1.

LEMMA 1. The functional Jg’% (f,k) defined in (3) is positive, weakly lower semi-continuous (wlsc) and
coercive with respect to the norm ||(k, f)|I> == |k|* + || £]I*.

We are now able to state the existence of a global minimizer.

THEOREM 2 (Existence). The functional Jg”% (f, k) defined in (3) has a global minimizer.

We are now in the position to state the stability property

THEOREM 3 (Stability). With the same notation as above, let o, o TV, 8, and «y be fized. Let (g(;j)j and
(kej)j be sequences such that gs;, — gs and k¢; — ke, let (kj, fj) be minimizers obtained with data 95,5 ke;- Then

there exists a convergent subsequence of (k;, f;) and the limit of every subsequence is a minimizer of Ji’_%.
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One of the most important properties of regularization methods is the regularization property. We want
that in the ideal case, i.e., when there is no noise, we can exactly recover a true solution of the problem and
in particular that with minimum norm. Moreover, we want that, as the norm of the noise goes to 0, the
corresponding reconstructions converge to the minimum norm solution of the problem as well. This intuitively
means that, if there is not too much noise and if the parameters a®, o™V, and 3 are set accordingly, we can
trust our method to give good approximation to the true solution.

We now define what is the minimum norm solution in this setup.

DEFINITION 4. The minimum norm solution of B (ko, fo) = go s
t— i 2 : B (ko, ) = go}-
f argfrg}g{ﬂfﬂ 1 fllpy = B (Ko, f) = go}

We would like to stress the fact that the quantity || f||* + ||/ |7 is strictly related to the norm of the Sobolev
space H' which is defined as || f||%: = [ |f]> + [V f[2.

We now state that, if o, ™V, and S are chosen properly and dependently from the noise, the method
proposed is a regularization method.

THEOREM 5 (Regularization property). Let (gaj)j and (kej)j be sequences such that

95, = goll < 85 and [[ke; = kol| < ¢

TV

and such that dj,e; — 0 as j — co. Let oz?, aj

moreover, assume that it holds

, and B; be sequences such that a?,a?v,ﬁj — 0 as j — oo,

07 +ye; alV Bi

lim 7 =0, lim]—Ezl, and lim — =n 0<n<oo.
I j=oo oy j—oo o

Call (kj, f;) == (kaj’ej ,fgjjzjj), then there exists a convergent subsequence of (kj, f;) such that k; — ko and

a;,Bj
the limit of every convergent subsequence of f; is the minimum norm solution of B(ko, f) = go.

3. Minimization Algorithm. Computing a minimum of (3), since it is non-convex and non-smooth.
Moreover, the minimization over two variables by itself can be very challenging. The strategy proposed in [7]
was an alternating minimization, where at each step one variable was fixed and the functional was minimized
in respect to the other free variable. With this method it is possible to avoid the complicated minimization
over two arguments, but still the minimization over only one variable can be tough. The method we are going
to propose decouples the various terms inside (3) obtaining a series of simple minimization problems.

We now consider the finite dimensional case, in particular for simplicity we assume f,k € R™*™ (the
extension to the case where f and k belong to different spaces and are not square is straightforward).

In this section we denote by x; the ith component of the vector x and by xU) the jth iteration generated
by some iterative algorithm.

Since in many application it is possible to know that the exact solution of the problem lies in some closed
and convex set, it is then beneficial to constrain the computed approximation to lie in that set as well, i.e.,
constraining the minimization of Ji’fﬂ. We consider the following constrained minimization problem

* PR\ . d,€
(4) (k*,f*) = arg redin Jop (k)

where, with abuse of notation, we call Jg’_% the discretization of the function defined in (3) and Qy, Q¢ C R™*"
are closed and convex sets.
For computing a minimum, or at least a critical point, of Jg’:g we use the ADMM algorithm. However,

note that the classic theory of ADMM does not assure the convergence of the method in this case since Jg’fﬁ is
non-convex, see, e.g., [9]. Thus, we are going to need a different result for its convergence. In particular, we are
going to need a further assumption on Qy x Q.

Before covering the convergence property of the proposed algorithm we explicitly formulate all its ingredi-
ents.
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The isotropic Total Variation operator in this space is defined as follows. Let x € R™ be the vectorization
of a bidimensional array in R"*™ obtained by stacking its columns, then

TV (x) =) |IDix]|,
=1

where Dix = ((DWx) (D(Q)X)i)t € R?is

%

(1) _ Xi4n — Xi, 1f1§z§n(n—1)
(D X)i { Xmod(i,n) — Xis otherwise

(D(g)x) ] X — %y, if mod(i,n) # 0
i | Xi—nt1 —X;, otherwise.

With abuse of notation we will write ||x||,;, = TV (x), also in the finite dimensional case.
Let us rewrite (4) in an equivalent way

(k% f%) =arg _min B (kf) - g5+ IEI* + ™V I 7y + v [k — ke ” + B 11Kl 7,
€O, feQs

—arg__min {IB(6) —gsl* + " €7+ o™ [E| o+l -k + 5K
ke§2¥7feﬂf TV TV
k,fk,f

~

k:f(,f:f,k:k,f:f},

where f,f,f, k. k, k € RY with N = n? and, with abuse of notation, B (k,f) denotes the finite dimensional
version of B(k, f).
We now write the Augmented Lagrangian of the minimization above
EA (fa f7 fa R7 R7 k7 Aa Sa C? N)
= |1B (k. £) — s> + o™ ) + o™V [[E]| |+l — kel + 5 k]
TV TV

o 2 A
f—fH G

w3 |1+ 2 ~ wyq ||+ 2 ~
+ 5[l -k —<C,k—k>+7Hk—kH —<u,k—k>,

W1 1z 2 ~ W2
e (A CW S R

where X, {, &, p € RY.

We apply the ADMM algorithm on (6) obtaining Algorithm 1.

We call this method SeB-A as for Semi-blind ADMM.

We can observe that, due to the fact that the variables inside Jg”% are coupled, we cannot apply the
classical ADMM technique of first solving the minimization with respect to the auxiliary variables and then
the minimization with respect to the primary variables, but we need to implement an hybrid approach. The
variables are still divided in two blocks, but each block contains both primary and auxiliary variables. While
this seems counterintuitive it well works from both the theoretical and numerical point of view.

We now formulate some assumptions that we are going to need in the following.

AssuMPTION 2. B (k,f) is bilinear.
REMARK 6. The semi-blind deconvolution problem we are interested in satisfies Assumption 2.

Under Assumption 2 most of the minimization in Algorithm 1 are easily computed. We have that
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Algorithm 1 SeB-A

Given £O, k(@ A© £© ¢© and 4 initial guesses for £, k, A, &, ¢, and p, respectively. Let wy, wo, w3, ws >
0 be real fixed numbers.

for 7=0,1,...

FU+D
$6+) | = argmin L4 (ﬁ £ K[k, kD) £0); A0) g0) (), u(j’)
KU+ f.fk
kG
kU+D | = argmin £4 (1;7 k, £|FUD FUHD K GHD; \0) 0), c(j),u(”)
£G+1) k. k. f

AUHD = X0) gy, (FG1) — £U+D)

€0 — ¢, — (f(j+1) — £

C(jJrl) — C(j) — ws (f((j-!—l) _ k(j+1))

pUtD = ) — gy, (1;<j+1> _ k<j+1>)

end

/)
FUHD £ 4 2 AY
w1

KUY = (243, Apoy + 29T + (ws +wa) ) (2A;m g5 + 2vke — ¢V 4wk — ) 4 w4f<<j>)

)
KU+ Z py <k<j+1> n Q)

w3
Uty = (245 G Awn + 20T + (w1 + wy) I)_l (214;(”1)%6 — AW o O —g0) 4 wzf(jﬂ))

Where by A, we indicate the linear operator obtained from B (k, f) by fixing e.
On the other hand the minimizations with respect of f and k are non trivial, in fact

FUTD — argminaTV Hf‘” + ©2 Hf' — f(j)H2 — <£(j),f'— f(j)>
F TV 2
@\ |7
F— () 5 ¢’
w2
KU+ — argmin A HkH L ‘k _ k<j+1>H2 _ <u“>,f< _ k<j+1>>
k TV 2

i (o B2
Wy

wa
+ 2aTV

= arg min HfH
f T

2
= argmin ||k
k

v 20

To solve this minimization problems we can use, e.g., the ADMM algorithm. Since, however, in this case the
functional are proper and convex the convergence is assured by the classical ADMM theory, see, e.g., [9]. For
completeness we describe here this approach.

Consider the minimization problem

) x = axgmin x| g + ¢ [x ~ v

where ¢ > 0 is a constant. We can rewrite (7) as

N
X = argmin {} 1%l + ellx — yl?, % = Dix} .
X, X
’ 1=1



6 A. BUCCINI, M. DONATELLI, AND R. RAMALU

The related augmented Lagrangian is

2 (%, %) ZHXZH—I—cHx—yH +Z( I — Dixl|* ~ (Ai, % — Dix))

The resulting ADMM algorithm is summarized in Algorithm 2.

Algorithm 2 ADMM for TV optimization

Given x(@ and A? initial guesses for x and A, respectively. Let w > 0 be a real fixed number.

for 7=0,1,...
g+ — arg ming Eivzl (H)ACZH + %

% — Dx|” - <)\Ej),§<i - Dix(j)>)
‘ 2 N
XUt = argminy ¢ ||x — y||* + 2N, — DiXH — <)\§J), gD _ Dix>)

AGHD 26 (,A((j+1> _ DX<J'+1>)

end

2

The minimization in Algorithm 2 are easily computed. The minimization with respect to X decouples in N
subproblems that are easily solved using a two-dimensional shrinkage and the minimization with respect to x
can be achieved by solving a well-conditioned spd linear system. In particular

(3)
, Dx) 4 2 1
o _ DD+ 5 (HD 1
CWw
+

K (J)
HD 5 (d) +
XU = (2¢] + oJD*D)_l (2cy DR D*A(j))

A(J)

1)
In this setup D is the linear operator which maps RY into RV *2 defined as ( 5(2) >

We now prove the convergence of Algorithm 1 (SeB-A). This proof is very technical and inspired by [25].
The main difference between our setup and the one in [25] is that in the functional Jg’:g that we want to minimize
the variables are coupled inside the fidelity term ||B(k,f) — gs||>, while in [25] all the variables are decoupled.

REMARK 7. The convergence of Algorithm 1 is proven only under Assumption 4, i.e., that the norms of
the iterates £ and k9 remain bounded. While this seems a very strong requirement, from the numerical
experiments we can see that this condition is always satisfied. We provide some simple bounds ¢y and ¢y for

the norms of k) and £, respectively. In Section 5 we show that this bounds are far from being violated in all
computed examples.

3.1. Proof of convergence. We now give the proof of convergence of Algorithm 1.
We first analyze the unconstrained case, i.e., we consider the minimization problem

* . 2 2 2
(k*,£%) = argmin || B (k, f) — gsl|” + o™ [£]° + ™ [fll 7y + 7 [k = ke[| " + B [ Kl 7
Let us rewrite the minimization above in an equivalent way

K, £) = '{ka— 24 oB g2 TVHfH Kk — k|2 HkH f:ff{:k}.
8 (k") arg min B (k,f) — gs]|” + o™ [f]|" + TV+7|| I*+ B i ;

We now form the augmented Lagrangian related to the minimization problem (8) where, without loss of
generality, we have chosen the same w for all the augmentation terms

La(fh b kigop) = 1B (1 8) — gl + ™ €7 +a™ |8 +7l—k]+ 5]k

+%Hf‘—fH2—<£,f‘—f>+%HR—k“z—<u,l}—k>.

9)
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Algorithm 3

Given £, k@ £© and p© initial guesses for f, k, &, and p, respectively.

for j=0,1,...
FU+1) R
( 1£<J’+1> ) = argmin £ (f,k‘k(ﬂ),f(J);E(J)”u(J))

f£U+D
g0 = g0) _ (f(m) _ f(j+1))
pltD = ) _ g (f{ml) _ k<j+1>)

end

( KU+ ) = argmin L 4 (R,f|f'(j+1),k(j+1)§€(j)aﬂ(j))
k,f

The unconstrained method is described in Algorithm 3. This simplified version of our method is an algorithm
to compute the solution of an unconstrained minimization problem. In our proofs we are not going to consider
the constraint (k,f) € Qi x Q. We are going to insert this constraint only at the very end.

To proceed we need some further assumptions

ASSUMPTION 3. We assume that

(i) Ifk =0 or f =0 then B (k,f) =0;

(ii) If for a certain set K = {k(®) 1 =1,2,...} it holds that ||k(l)H < Ck, where Cg 1is a constant, then the
operators Aywy = B (k(l), -), which are linear in force of Assumption 2, have bounded norm, i.e. there
exists a constant C such that Vf and Vk € K it holds | B (k, f)|| < C||f]|.

Similarly assume that for a certain set F' = {f(l),l =1,2,...} it holds that Hf(l)H < Cp, where Cfr is a

constant, then the operators Aguy = B (-,f(l)), which are linear in force of Assumption 2, have bounded
norm, i.e. there exists a constant C' such that Vk and Vf € F it holds || B (k, )| < C|k|;
(iii) The parameter w is big enough so that

150, £) — gall* + 0P 62+ & [[f -] - (.- £).

w ||~ 2 .
1B (1, 6) = gsll* + 7 Ik — e |[* + 5 [l k|| = (k)

are strongly convex with modulus p with respect to f and k, respectively.
We now assume that the norms of the iterates /) and k@) are bounded.
ASSUMPTION 4. The norm of the iterates £9) and k) generated by Algorithm 3 are uniformly bounded.

When the flux and nonnegativity constraints are imposed we can derive some bounds that the solution should
satisfy. For more details about the flux constraint please refer to Section 4, here we only recall that the flux of
a vector x € R" is defined by

flux(x) = Z X;.
i=1

We can see that the flux bounds the norm of the iterates. Namely, if we constrain the flux of k to be ¢k then
k@ || < ¢k V 4, if we constrain the flux of f to be ¢¢ then ||[f0)|| < ¢ V 5.

The bounds proposed above are derived by the following argument. We consider f, but the extension to k
is trivial. Recalling that Vz ||z|| < ||z||,, since we are imposing that flux (f) = ¢ and that f > 0, it holds

IE] < [I£]], = flux (£) = s

Assumption 4 seems indeed strong, however, as shown in Section 5, it is always satisfied in our numerical
examples.
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For convenience we define

(10) ¢ (£.%) = ||B (k, £) — gs]” + o + 7|k — k||”,
(11) o (£) = o™V [Ifll 7y
(12) Vs (k) = Bkl 7y -

For the convenience of the reader here we only state the results and postpone the proofs to Appendix A.2.
We now state an auxiliary result that we are going to need for the following.

LEMMA 8. Let .ﬁ(j),u(j), £() kU be the iterations generated by Algorithm 3. Assume that Assumptions 1-4
hold. Then we have

HS(“” _ 5@)” <C Hf<j+1> _ f(j)H ’
H/N“) _ “(j)H <C Hl;ml) _ R(j)H
where C' > 0 is a constant.

We now state that the value of the augmented Lagrangian decays throughout the iterations.

PROPOSITION 9. With the same notation of Lemma 8 it holds that
L. (k(j+1)’f(j"rl)’f((j'i'l)’f'(j+1);£(j+1)7 u““)) y» (ku)’ £0), kD FD), @) u“))

2
< (O_ _ B) <Hf<j+1> _ f(j)H2 N Hf{(jﬂ) _ 1;<j>H2> _r (Hf(jﬂ) _ f(j)Hz . Hkum _ k(j)Hz) .
T\ w 2 2

We are now in position to state that Algorithm 3 converges to a limit.
LEMMA 10. Let L4 be the functional defined in (9) and k(j),f(j),l;(j),f(j),g(j),u(j) the iterates gemerated
by Algorithm 3. Let Assumptions 1-4 hold. Moreover, assume that %2 — £ <0 we have that
lim L4 (k(j)7f(j)’f((j)7f'(j); e ;N)) >,
Jj—oo -
where v, defined in (22), is the global minimum of Jz’;(k, f).
We can now state our primary result.

THEOREM 11. Let p, = (k*,f*,f{*,ﬂ,é*,u*) be the limit point of Algorithm 3. Assume that Assump-
tions 1—4 are satisfied. Then the followings hold
(a) p« is a stationary point, that is
(i) £. =1f, and k. = k,;
(ii) 0= Vo (£, ki) + &, and 0 = Vi (£, k.) + p,.;
(i) (k*, f*) € argmin g ) o HfHTv + <f* . f,£*> +8 HkHTv n <k* _k u*>.
(b) Assume now that Q¢ X Qx is compact then
lim dist ((f(j)’k(j)’f‘(j),f{(j); e, u“)) ’ Z*) —0,

J— 00

where Z* denotes the set of stationary points and dist the Fuclidean distance between sets and points.

The proof of Theorem 11 is very similar to the one of [25, Theorem 2.4]. As we mentioned above the main
differences between our work and the one in [25] is that in our work the variables are coupled in the functional,
while in [25] the variables are decoupled. This means that some technical details inside the proof of [25,
Theorem 2.4] needs to be addressed and adapted to our scenario.

4. Flux conservation. In many cases it is possible to know if the true solution (k, f) lies in some closed
and convex set (k, f) € Qi x Q. Therefore, we want to restrict the domain of Jieﬂ so that it can get only
values from those sets (for simplicity we suppose that Qi x Qy C D (Jieﬂ)) and our minimization becomes a

constrained one. If € x Q¢ is closed and convex we can notice that the proof of Theorem 2 becomes a simple
application of the Weierstrass Theorem.
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One of the possible constraint that we can impose is the flux conservation that here we describe in detail.
Consider, for example, the framework of convolution such that

(13) Bk, f)=k=xf.

Throughout this Section we will assume that k is such that
(i) (%) > 0 vx;
(i) [k(x)dx =1.

It is then straightforward to show, using the convolution theorem, the following

LEMMA 12. Let k be an integral kernel with compact support and let g =k * f, then

5+

After a discretization procedure by a collocation method, replacing (13) in (1), the latter becomes
g = AkX.

Lemma 12 implies that
e Aj has no negative entries;
e If the periodic boundary conditions are imposed, then
— the row-sum and column-sum of A is 1, i.e., the entries of the vector which discretize k£ sum up to
1
— If y = Az, then 1ty = 1tz where 1 = (1,1,...,1)".

DEFINITION 13. Let x € R™, we call
flux (x) = 1'x,

where 1 = (1,1,..., 1)t.
REMARK 14. In the noise free case and when periodic boundary conditions are employed it holds that

(14) flux(g) = flux(x),

where X, g are the discretizations of the true signal f and the noise free g, respectively.

In the noisy case (14) does not hold in general. Let us call g5 the discretization of gs so that gs = g+,
where n represents the discretized noise. It holds flux(gs) = flux(g) + flux(n), however, assuming that n is
white Gaussian noise, we have that flux(n) ~ 0. Therefore, in this case we have that flux(gs) =~ flux(x).

From this considerations we can see why we would like to constrain the reconstructed image to lie also in

(15) Qp = {x € R" | flux (x) = flux (gs) } -
REMARK 15. The set Qp in (15) is a closed and conver set.
We now construct Pq,., the metric projection over Qp. By definition of metric projection we have
Po, (x) in ¢ [x v
X) = arg min — ||x — .
Qp g yeQr ) y
Consider the Fourier matrix F'. The Fourier matrix F' € C"*" is defined as

(F),, == Dk=02m/n - gp 1 o, %=1

B

When normalized by ﬁ F is a unitary matrix and so ||Fz| = ||z| for all z. Note that the first row of the
matrix F' is the constant vector \1/—% Hence the first entry of F'z, for some z € R", is L\/% which is the flux
divided by y/n of z by Definition 13. Namely, 2; = ﬂu_\;(ﬁ(z) for z = F'z. This implies that

QF:{&:FX|XEQF}:{XER”HQ:W}.
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Consider now
Pq, (x) = arg min L |x —y||* = arg min L |Fx — Fy||* = F* arg min ! % -3
o yeQr 2 yeQr 2 vear 2

where we have called X = F'x,y = Fy. The solution of the last minimization problem follows straightforward
from the definition of Qp. Defining

1
2 =arg min = |% — ¥/,
yeQr 2

the j-th entry of z is

flux(gs) ¢ _
(16) 5 ={ vn J=1
X, otherwise.
Finally, we have that
(17) Po,. (x) = F*z,

with z defined in (16).
In practice the computation of P, does not need any FFT and can be done in O (n) arithmetic operations.
Let us call v;, for 7 = 1,...,n, the normalized vectors of the Fourier basis. The expansion of the vector x in

this base is
n A n
~ X1 ~
X = E Xjvj = %1—1— E X;jv;.
j=1 Jj=2

According to (17) and (16), it holds

(18) flux

= ﬂl— 71+ —1+ijvj
_ flux (gs) — X1v/n
_ flux (gs) — flux (x)

1+x

1+ x,

where the last equation holds recalling that %; = ﬂLin(x) Note that the computation of Pq,. (x) by (18) requires

only O (n) operations.

5. Numerical examples. We now give some numerical examples. Firstly we reformulate our algorithm
to be more efficient, then we compare our approach with the one in [7] on the same example proposed in their
work. Finally we compare our approach with other blind methods in the literature. For each example we
compare the result obtained by our proposal with the blind method that we considered from the literature that
provided the best result.

We consider the framework of image deblurring with spatially invariant blur, in this setting k will be the
PSF. The blurring phenomenon can be modeled as a Fredholm integral of the first kind

(19) B(k,f):/k(s—x,t—y)f(s,t)dsdt:k*f,

which, due to the spatially invariance property, reduces to a convolution. If we fix one of the two variables
and discretize (19) by a collocation method, we get a linear system which is severely ill-conditioned, meaning
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that the singular values of its matrix decreases to zero exponentially with no significant spectral gap, see, e.g.,
22, 23].

We call Ak the discretization of B (k,-) and A the discretized version of B (-, f). For simplicity we assume
that both the image and the PSF are periodic and so Ag and Ay are BCCB matrices. Since we imposed periodic
boundary condition on D defined in (5) we have that D is a BCCB matrix as well. Thanks to this choice all
the matrices involved are diagonalizable using the Fourier transform and so all the linear systems involved can
be solved exactly using the FFT in O (nlogn) flops. While this assumption is not needed for the theoretical
results it greatly simplifies the computations and lowers the computational effort. If other boundary conditions
are employed then the solution of the linear systems involved requires the usage of some iterative algorithm,
in this setting the Conjugate Gradient method would perform extremely well since all the system matrices are
symmetric positive definite and very well conditioned [21, 5].

Both the image and the PSF should not have negative values, thus we want to constrain them inside the
nonnegative cone. Since the assumptions of Section 4 hold, we can use the flux conservation on f. Moreover,
since we know that k should sum up to 1, we want to constrain the flux of k to be 1.

Summarizing we set Q¢ = Qo N Qp and Qi = Qo N Qq, where Qg is the nonnegative cone, Qp is defined in
(15), and 1 = {k € R™™*" | flux (k) = 1}.

Projecting on both Q¢ and Qy is not trivial then we have to resort to the technique described in Algorithm 7
for decoupling the projection on the two components of Q¢ and Qi . By doing so we are able to perform the
projections into the nonnegative cone and on Qp in O (n) flops. We are then able to introduce both the
nonnegativity and the flux conservation constraints in our method.

For the evaluation of the performances of the method we use the Signal to Noise Ratio (SNR), which is
computed as

SNR (F) = 20logy [ -l
() 0 0810 Hf_fT” .

The discussion on how to choose the appropriate o, ™V, and 3 is out of the scope of this paper and thus
we choose the optimal one, i.e., the one which gives the highest value of SNR among some tested ones. For a
discussion on how to select the regularization parameter for the TV regularization see, e.g., [34, 28, 31, 14, 17,
19, 26, 13, 32, 33]. Moreover, for a discussion on multiparameter selection see, e.g., [20].

In Lemma 10 we derive a theoretical condition on w; to ensure the convergence of the algorithm. In
particular, we state that w; should be big enough so that %2 — £ <0, where w = min; w;. However, from a
computational point of view, the choice of a too big w is undesirable since it is trivial to see that the bigger the
w the slower the method. Thus, we heuristically set w; =1 for all j.

For stopping both methods we use the relative distance between two consecutive iterations, i.e., we stop as
soon as

Hf(j—l) _ £ ||

—4
oo <P

Since in the considered examples we use the flux conservation (14) and nonnegativity constraints, we have that
the bounds in Assumption 4 are

(20) op =1 and o = flux(gs) .

In the computed examples we are going to show that, at least experimentally, the norm of the iterates are
bounded by the quantities (20) and so that Assumption 4 holds.

For simulating real data we add white Gaussian noise. We will refer to the ratio o = % as noise level.

We want to show that the introduction of the knowledge of the presence of the noise in the PSF and the
flux constraint helps in getting better reconstructions. We compare SeB-A against the deconvolution obtained
using directly the noisy PSF, i.e., the reconstruction obtained by minimizing

(21) £ = arg uin |B (e, £) — g + 0™ |l +0® £
0
This algorithm is very similar to the one proposed in [11], the only difference is the presence of ||f||” in the reg-

ularization term. To minimize (21) we proceed as in [11], i.e. decoupling the variables, forming the Augmented
Lagrangian and then using ADMM.
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The decoupled problem in finite dimension becomes

f =arg min {||B(k€,f) gl +a EIE),

feQo £ f

F=f £ =Df Wzl,...,N}.
The related Augmented Lagrangian is

£a(BEEAE) = B0 — g’ +a ® )

N
w1 = 2 < w 2 A
+71||f—f|| ¢ (f—f)+i§:1: {72 — ¢t (fi—Dif)].

The ADMM method is described in Algorithm 4.

Algorithm 4 Tikhonov-TV

Let £0), )\(0), and 5(0) be initial guesses for £, A, and &, respectively. Let wi,ws > 0 be real fixed positive
numbers.

or j = 0, 1,...
FU+ , iy i
( FG+D) ) = argmmL‘A (f’ f|f(J);A(J)7€(]))
£U+1) —argmfmCA (f}f I+ fU+D, A0 S(J))
AT — \O) (f(]+1 _ f(J+1))
e+ — g) (f‘(j+1) _ Df(j+1))

end

The various minimizations in Algortihm 1 are exactly performed, see [11] and Algorithm 5.

Since the minimized functional in (21) is convex it admits an unique minimizer and thus Algorithm 4
converges to it in force of the classical ADMM theory.

The implementation of SeB-A Algorithm 1 can be quite expensive. In fact, since there is no closed form for
the minimization with respect to the auxiliary variables k and f, the usage of some iterative method is required.
This implies that the computational cost of SeB-A can be fairly high. In order to damp this cost we now present
a different implementation of the algorithm. We will refer to this method as Computational SeB-A (CSeB-A).
This algorithm does not require any inner cycle for the solution of the intermediate problems, however, we are
not able to present a rigorous result of convergence. In the first numerical example we are going to show that
SeB-A and CSeB-A give equivalent results and thus in the following experiments we are going to use only the
latter for computational convenience.

Let us rewrite (4) explicitly and reformulate as in [11]

N N
(k') =arg _min B (k.f) - g6||2+aE||f|\2+aTV§;||Dif||+~y|\k—ke|\2+ﬁ§;||DikH

=arg  min {IB(k,f) g l” + o [If[* +
keQy ,feQys
k,fk,f

K=k f=f Dk=Kk,Df =1, izl,...,N},

where, f,f, k, k € RN, £ k € R¥N*2 and we have f; = < le ) and similarly for k;.
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We now write the Augmented Lagrangian of the minimization above
La(BELKKKAEC )

= [|1B (k, £) — gsl|* + " [|f]|* + a

+ SE- £ ¢ +§2[% f <si,ﬁ»—Dif>]
% i - (¢ +;[‘%?A (k0.

where A, ¢ € RV and &, u € RV*2,
We can apply the ADMM method obtaining Algorithm 5.

Algorithm 5 CSeB-A

Given (0 k() )\(0), E(O), C(O) and p, initial guesses for f, k, A, &, ¢, and p, respectively. Let wq,wa, ws,wq > 0
be real fixed numbers.

for j=0,1,...
fl+1)
6+ | = argmin L4 (f, £ K[k K0) £0); A0) £) ¢O), u“’)
KG+D f.f,k
RU+D)
kG | = argmin £4 (1;7 k, £|FUD 0D K GHD; \0) 0), c(j),u“’)
£G+1) kkf

AUHD = D) _ gy (FG+D) — £G+1)
gUHD — i) (f(j+1) _ Df(j"rl))
CUHD = ¢0) — g (RUHD — KU+D)
pUtD = () — gy, (k<a+1> _ Dk J+1))

end

As we stated above, thanks to Assumption 2 and to the fact that all the matrices involved are BCCB
matrices, the minimization above are easily computed and all have a closed form.

)
FG+D _ py, <f(j) n ﬁ)

w1
( Dif@) 4 1 S oIV
f(J+1) (H f(])_|_ E(J) )
HD £() + 2 5 H w2 /4

KUY = (245, Ay + 291 + w3l +wyD* D)~ (2A;<j>g5 +29ke — ¢9 + w3k@ — D ) 4 w4D*R(j))

)
KU+ Z py, (k<j+1> n Q)

ws3
DK+ 4 (J )
f{(jﬂ) ( 'ul (HD K+ + = (J) ﬁ)
HD kU 4 2 u syt Wi/ 4

U = (245 o1 Agen) +20PT +wi T +wsD*D) (2Ai:<j+1>g5 — A+ w fUF) — prel) 4 wQD*fU*U)
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FIGURE 1. Boat test problem: (a) Test image, (b) Noise-free PSF, (¢) Blurred and noisy image, (d) Noisy PSF.
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FIGURE 2. Boat test problem SNRs comparison: SNRs comparison between SeB-A and CSeB-A against o and 3. (a) SNR of
the image for SeB-A, (b) SNR of the image for CSeB-A, (¢) SNR of the PSF for SeB-A, (d) SNR of the image for CSeB-A.
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In all the example we do not consider the boundary conditions and we assume that all the images are
periodic

We can now proceed with the numerical tests. The computations were performed on a laptop pc with
an Intel Core i7 6700HQ with 16GB of RAM running Matlab 2016a 64-bit. The results for dbl-RTSL in
Subsection 5.2 were taken directly from [7].

5.1. Equivalence between SeB-A and CSeB-A. We would like now to show that SeB-A and CSeB-A
give equivalent results. For this purpose we use a relatively small example, since the images involved are of
128 x 128 pixels. We consider the image deblurring problem in Figure 1. We take the image in Figure 1(a)
and blur it with an out of focus PSF then add white Gaussian noise, such that ¢ = 0.02. We then add 70% of
Gaussian noise to the PSF k to obtain k..

For simplicity we fix a® = o™V = a and we run both SeB-A and CSeB-A on several choices of « and 3. In
particular we test the method on a 7 x 7 grid of parameters logarithmically spaced between 10~# and 1072. In
Figure 2 we show the SNRs obtained with different choices of a and § with the two methods. We can see that
the errors are almost the same. Moreover, we can see that the SNRs obtained with CSeB-A are slightly better
than the one obtained with SeB-A. This can be due to the fact that in SeB-A we approximate the minimization
with respect to f and k whereas in CSeB-A all the minimization are exact (up to machine precision).

We can also observe that changing a does not affect too much the quality of the reconstruction of k and,
similarly, changing § does not affect to much the quality of the reconstruction of f.

We conclude by showing, in Figure 3, the best restorations of k and f for both methods and in Table 1 the
SNRs of the best restorations. From both visual inspection and the comparison of the resulting SNRs we can
see that the difference between the two methods in term of accuracy is very small.

5.2. Comparison with dbl-RTLS. We now compare our approach to the one in [7] on the exact same
example proposed in that work. In Figure 4 we show the true image, the PSF, and the noise-free blurred image,
we add different levels of noise to both the image and the PSF and analyze the behavior in each situation. From
the visual inspection of the blurred image we can see that the periodic boundary conditions were employed in
its construction and that the center of the convolution is not in the peak of the PSF. Here we keep this behavior
so to be able to directly compare our results with the ones in [7]. In Table 2 we show the comparison of the
SNR with the different levels of noise. Finally, in Figure 5 we show the reconstructions.

From these comparisons we can see that the proposed approach is able to get a better restoration of the
image and in particular of the PSF. The gap between the two approaches gets more and more evident as the
quantity of noise increases.
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AT Wy

FIGURE 3. Boat test problem optimal reconstructions: (a) PSF computed with SeB-A (SNR=29.129), (b) PSF computed with
CSeB-A (SNR=29.211), (c) Image computed with SeB-A (SNR=20.886), (d) Image computed with CSeB-A (SNR=20.859).

SNR f SNR k
SeB-A  CSeB-A | SeB-A  CSeB-A
20.886  20.859 | 29.129 29.211

TABLE 1
Boat test problem: Comparison of the SNR obtained with SeB-A and CSeB-A for the optimal choice of parameters.

5.3. Comparison with deconvblind. We now test our method on the Satellite image blurred with an
atmospheric PSF and compare the result with the one obtained with the Matlab function deconvblind. We
consider the image and the PSF provided in the AtmosphericBlur30 dataset in the toolbox Restore Tools
[4]. We compute the blurred image by convolving the PSF provided by the toolbox with periodic boundary
conditions and we add white Gaussian noise such that 6 = 0.05 ||g||, i.e., with ¢ = 0.05. Moreover, we add white
Gaussian noise to the PSF, so that e = 0.7 ||k||. All the corresponding images are shown in Figure 6.

In this example we use the Matlab function deconvblind. This function implements a blind Richardson-
Lucy algorithm for the solution of blind deconvolution. For a fair comparison we select as initial guess for the
PSF the noisy PSF. Moreover we compare, as above, with Tikhonov-TV. For both CSeB-A and Tikhonov-TV
we select the best regularization parameter and for deconvblind the optimal number of iterations. In Figure 7
we can see the reconstructed images for the three methods and the corresponding SNRs are displayed in Table 2.

From the SNR comparison we can see that the proposed algorithm is able to outperform both Tikhonov-TV
and deconvblind. This is confirmed also by the visual inspection of the reconstructions.

We note that, since deconvblind implements the Richardson-Lucy algorithm and that the PSF is scaled
to sum up to 1 then the flux and nonnegativity constraints are satisfied by this method. However, this is not
enough for providing a good restoration of the image.

5.4. Comparison with [1]. We now compare our method with the one described in [1] denoted by
BID-ADMM. We use the Grain image blurred and we blur it, using periodic boundary conditions, with a non
symmetric PSF. We add white Gaussian noise such that ¢ = 0.01 and we also add white Gaussian noise to the
PSF, so that € = 0.8 ]|k|. All the corresponding images are shown in Figure 8.

Similarly to the previous example the reconstruction obtained with CSeB-A is much better than which
obtained with Tikhonov-TV and BID-ADMM.

From the comparison of the SNRs in Table 2 we can see that BID-ADMM is not able to well reconstruct
the PSF. However, from a visual inspection of the reconstructed PSF in Figure 9 it does not seems too far from
the original one. The main disadvantage of this method is that there is no projection in the nonnegative cone
and thus the algorithm is not able to well reconstruct the black area in the low-right corner. We have to stress
that the BID-ADMM algorithm does not need the estimation of any parameter while our method relies on a
good choice of a set of parameters. However, in [1] the authors were not able to provide a complete theoretical
analysis of their algorithm while our method is proven to converge under Assumption 4.

5.5. Bounds. In this last subsection we show that the bounds proposed in Assumption 4 are far from
being violated in all the computed examples. In Figure 10 we compare the norm of the iterates against the
proposed bounds. The norms Hf(j) H are normalized so that the bound is 1, i.e., we plot ||f(j) || /flux(gs).

In Figure 10(a) we plot the norm of () against the iteration j and in Figure 10(b) we visualize the norm
of k). From this plots we can see that the norm of the iterates increases for the first few iterations and then
stabilizes on the final value. From this analysis we can determine that, at least in the computed examples, the
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\J

(a) (b) (c)

FIGURE 4. Exzample from [7]: (a) Test image (256 X 256 pizels), (b) PSF (256 x 256 pizels), (c) Blurred image (without noise).

FIGURE 5. FEzample from [7] reconstructions with different noise levels: on the first row the reconstructed images with
Tikhonov-TV, on the second and third row the reconstructed images and PSF with CSeB-A, respectively. From left to right with
8%, 4%, 2%, and 1% of noise.

(a) (b) () (d)

FIGURE 6. Atmospheric blur test problem: (a) Test image (256 x 256 pizels), (b) Noise-free PSF (256 X 256 pizels), (c¢) Blurred
and noisy image, (d) Noisy PSF.
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(a) (b) (©) (d) ()

FIGURE 7. Atmospheric blur test problem reconstructions: (a) Image computed with Tikhonov-TV, (b) PSF computed with
deconvblind, (c¢) Image computed with deconuvblind, (d) Image computed with CSeB-A, (e) PSF computed with CSeB-A.

(a) (b) () (d)

FIGURE 8. Grain test problem: (a) Test image (256 X 256 pizels), (b) Noise-free PSF (17 x 17 pizels), (c¢) Blurred and noisy
image, (d) Noisy PSF.

bounds proposed in Assumption 4 hold and thus the hypothesis of Theorem 11 are satisfied.

6. Conclusions. In this work we have proposed a regularization method for solving semi-blind inverse
problems. We have developed a functional which incorporates the informations available on both the operator
and the solution. The developed functional is non-convex and non-smooth, however, we were able to prove the
existence of a global minimum, the stability of this minima, and that the minimization of the functional induces
a regularization method.

We proposed an algorithm for computing stationary points of the functional based on the ADMM algorithm
and we proved its convergence under some mild assumptions.

We provided some numerical examples that proved the good performances of the proposed algorithm under
several situations and when compared with other methods from the literature.

Acknowledgments. The authors would like to thank the referees for their insightful comments that greatly
improved the readability and the general quality of this paper.
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Appendix A. Proofs of Section 2 and Subsection 3.1.

A.1. Proofs of Section 2. We now give all the proofs of the results of Section 2.
We start by giving the proof of Lemma 1 which shows some basic properties of the functional Jg”%.

Proof (Lemma 1). Tt is obvious that Jieﬂ is positive and that is wlsc since it is a sum of wlsc functions. We

have to prove that it is coercive. The coercivity is trivially showed, in fact, it holds Jj%(k, B =lk—kd®+
2

ol || f|I7 — oo as ||(k, f)|| — oo. a

We now give the proof of Theorem 2, i.e., we show that the functional Ji’_; admits a global minimum.

Proof (Theorem 2). From Lemma 1 we know that Ji’fB is positive, proper, and coercive, thus 3 (k, f) €
D (Jieﬂ), where D (Jieﬂ) denotes the domain of Ji’fﬂ, such that Jieﬂ (k, f) < co. Let us call

(22) v = inf{Ji’fB (k, f): (k,f) €D (ijﬂ)},

we want to see that v is attained, meaning that the infimum is actually a minimum.
By definition of v there exist M > 0 and (k;, f;) € D (szg) such that

(23) TG (ki f3) — v and  J2G (ky, f5) < M V).

Nl=

From (23) we get that oF ||£;]|> < M and v |[k; — ke||> < M, moreover, |[k;]| — |[kc]| < Ilk; — ke|| < (%) . Thus
the following bounds hold

1

M\* M *
i< (2) el ana 150 < (35)
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i.e., the sequence (k;, f;); is uniformly bounded, so there exists a subsequence (k;, f;) (with abuse of notation
we use the same indexes) such that k; — k and f; — f, i.. (k],fj (k, f).
We now prove that v is the minimum of the functional J 5 and is attained in (k, f), i.e., (k, f) is a global

minimizer. By wlsc of Ja_ 5 we have

< d,e (7. < limi d,€ ) _ d,€
v<JYG (/ﬂ7f‘)7hjrg£fjaﬁ(/€j,f]) lim J> G (kj, fi) =

Sov= Jz”f@ (15, f) is the minimum of the functional and (l_c, f) is a global minimizer. a0

We now prove Theorem 3 which shows that the minima of Ji’fB are stable.

Proof (Theorem 3). Because (kj, f;) are minimizers it holds that

(24) T (ks f3) S JUE (ke f) V(R ) €D (J257).

Let us indicate with (lNc f) the minimizers of Jz’fg, namely (l~c, f) = ( i’fﬂ, fgéﬂ)

Since J v E] (k f) — Jé; (k f) there exists ¢ > 0 such that Jé i (l%, f) < ¢ for j large enough. The latter
implies that (||k — kell); and (||fJH) are uniformly bounded and SO like in Theorem 2, it holds that (k;, f;);
is uniformly bounded.

With abuse of notation there exists a subsequence (kj, f;); such that k; — k and f; — f. By wlsc of B
and of ||-|| we have

|B (k, f) — gs]| < 1§nigf||3(kj,fj) — gs;|| and ||k — k|| < lijxgirolfij — ke, |-
From (24) it derives

Jé’% (k, f) < lin_1>ian 03,63 (kj, f;) < limsup JJJ’EJ (k, f)

j—o0

= lim J(s“EJ (k, f) = 2?3(]“ 1), V(k’f)GD(Ji’,eﬂ)'

j—o0

In particular Jieﬂ (k. f) < Ji’f (k, f), but (k, f) is a minimizer and so Ji’fB (k. f) = Ji’fB (k, f), implying that

lim J 5 (ky f5) = J2G (R, )

j‘)OO

We have proven the weak convergence of k; and f; to _/5 and f, respectively. We now have to show that the
convergence is also strong. It is enough to prove that ||k|| > limsup,_, ., [|k;]| and || f|| > limsup, . [ f;]-

Let us suppose that 3 7 such that 7 = lim SUpP; 00 ||f]H > ||JF|| So there exists a subsequence (f")" of (fj)j
such that f,, — f and || fnl| — 7.

i (1B (ks fa) = g0, 1> + | fallry + 7 o = b I + 5 ol )

=B (&, F) = s1” + @™ | Fll g+ [ = ke][* + 8 [Ell oy + 0= (71" = timm 1£ll)
= 1B (k. ) = gsl” + @™ || Fll 7 [lF = kel + B [Fll oy, +0® (17”72

<|1B (&, 7) = gsll + @™ [ Fll g + 7 [ = kel + B8 [Fll

which contradicts the wlsc of B and the norms, so f; — f. -
Similarly we prove that k; — k. Let us suppose that 3 7 such that 7 = limsup;, [|k; — k| > Hk — kEH
So there exists a subsequence (kn),, of (k;); such that k, — ke — k — ke and ||k, — k|| — 7. By triangular

inequality

n

Hkn - ke” - er - ken” < Hkn - ken” < ”kn - ke” + er —k

EnH7
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$0 limy, 00 |[kn — ke, || = limp— 00 ||kn — Ee||. Thus

Tim (1B (kn, f) = g5, 1> + B 1kl )
= (1B F) ol + 8 Bl + 5 (3 15— kel = 1l — )

= 1B (6. ) = g5 + 8 |¥ll oy, + 8 (v ]IE = ke]|* = 72)

— — 2 —
<|[B (k. £) = 95" + BEll 7

which contradicts the wlsc of B and the norms, so k; — k. a

Finally we give the proof of Theorem 5 which ensures that the minimization of the functional J 5 induces a
regularization method.

Proof (Theorem 5). Since (kj, f;) is a minimizer we have J (k],fj) < J’EJ (k f) for all (k,f) €
D (Jij_ %7]), in particular
&5 e] ],eJ
0< 5 (ky, f3) < Ty (ko,fT) <& 46 +a) V|| + " ||fT|| + Bj 1Kol 7y »
2 :
so ||B (k;, f;) — ||fj||27 I filly-» and ||| 7y, are uniformly bounded. )
There exists a subsequence (kn, fn),, of (kj, f;); such that (kn, fn) — (k, f). We want to show that k = ko

and that f is the minimum norm solution. Moreover, we want to prove that the convergence is strong.
Let us firstly show that k = kg. Indeed, it holds

0 < ||B (k. ) — gol|* + ||k — ko)
< liminf || B (kn, fu) = g5, I” + 7 [lkn = ke, |

<timind 52 436+ aE |17+ ™ 17y + B ol

207

thus k = ko and B (/%,f) = go.
We now show that f is the minimum norm solution. We have that

. 82 4 n
152l + 2 il + 2 % hallry < 2T | 2 gy
We get
171 + 117y + 21l < Yiming (12l + Dl + 1 WEalzy )
iV ﬁn
~ mint (157 + 22 Mol + G Iov )
.. (5 +’Y ﬁn
<hnrgloréf< oF +|| ”kO”TV)

= A+ 1 +n||ko||TV,

but k = ko and so f is the minimum norm solution.

We finally prove that f,, — fT and k,, — k.
We start with f,, it is sufficient to show that [ f,|| — ||fT|| or equivalently (by wlsc of the norm) that

limsup,, , . [|fall < ||fH Let us suppose that there exists 7 such that 7 = limsup,, .|| f||* > ||fH2 and so

there is a subsequence (f;); of (f,),, such that f; — f and I1£:1? = 7, so

7112 . 2
hmsup IIkzIITV =1 llkollzy + <||f|| —hgnsuplllel > <nllkollzy
—00

l—o0
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which is a contradiction to the wlsc of the norm. So we have that f,, — f.
As for k,, we have

Hkn - kOH < Hkn - ken” + ern - kOH < Hkn - ken” +€n — Oa

which leads to the thesis. a
A.2. Proofs of Subsection 3.1. We give now the proof of Lemma 8.

Proof (Lemma 8). We prove the first inequality. Consider the optimality condition for fU+1) obtained
differentiating (9), thus 0 = Vg (FU+1) kU+D)) 4+ 9 — (f'(j"’l) - f(j+1)), where ¢ is defined in (10). Using

the update rule for .ﬁ(jH) we get
(25) s(y+1) — Vf¢( fU+D) k(]+1))

Combining Assumption 4 with Assumption 3(ii), we get that the linear operators {Ve¢ (-, k(7)) }j have uniformly

bounded norm, i.e., there exists a constant C¢ > 0 such that ||Vee (x,kUHD) — Ve (v, kUHD) || < Ce [|x — v
Hence we have

HS(J'H) _é(j)H - Hvﬂb (f(jJrl)’k(jJrl)) qug( ) K+ )H < C Hf(JJrl) £l )H i

We now move to the second inequality. Considering the optimality condition of (9) for kUt and denoting
with 0yg the subdifferential of 95 defined in (12), we get

0 € s ( a+1>) — D 4w (1;<j+1> _ KU+ ) O (1;<j+1>) AR
Thus it holds pU+Y) — pl) € 9y ( KU+ ) Mg ( ) hence
H“ml) _ “(j)H < sup Hawﬂ (1;<j+1>) — g (l;w)H '
By Assumption 4 we have that Hl;(j) H is uniformly bounded and thus there exists C; > 0 such that
H“wl) _ “(j)H <C; Hl;mn _ 1;<j>H ,

Calling C' = max {Cf, Cf{} we have the thesis. d
We show the proof of Proposition 9.
Proof (Proposition 9). We split the difference above as

LA (k(jJrl)’f(jJrl)’f((jJrl)’ f(j+1);£(j+1)’u(j+l)) L (k(j)’f(j)7l;(j)7 f(j);g(j)’u(j))
=L (k(j+1),f(j+1)7f{(j+1),f‘(j+1);€(j+1)7u(j+1)) y» (k(j‘f'l)’f(j+1)7f{(j+1),f‘(j+1);€(j)7u(j))
(26) YL (k(]”rl)’f(J”rl)’R(j+1)’f'(j+1);£(j)7u(j)) L4 (k(j)’f(j)’l;(j)i'(j);s(j)’H(j)) '
Consider the first part
(k<a+1> FUHD (U UHD, G+ (J+1)) L4 (k(j+1)’f(j+1)’f((j+1)7f'(j-i-l);é(j)’u(j))
< _ gl pUHY _ f<j+1>> i <“<J‘> — Uy U k<j+1>>
@) ==

Hg(a) <j+1>H2 n é o - W‘H)HQ ,

where the last step is obtained by recalling the definition of E(j +1) and Ut We move to the second part.
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As above we indicate with 0L 4 the subdifferential of L. Let a general element of 0L 4 be denoted with
0, ¢\ €0, ¢\La (k(jJrl)’f(jJrl)’f((jJrl)’ f(j+1);£(j)’u(j))

k k

and 0
. N (G+1) g+ G+ G+, @) ,0)

0,4\ €0, LA(k FUFD RO fUTD. £G) )
k k
Then it holds

L. (k(j+1),f(j+1),f{(j+1)7f‘(j-i-l);é'(j),u(j)) y» (k(j),f(j)’f{(j),f‘(j);é(j),u(j))
=L (k(j'i'l)’f(j+1)7f((j+1)’f'(j+1);£(j)7“(j)> L (k(j"rl)’f(j)’f((j)’f'(j+1);£(j)7u(j))

T L4 (k<j+1>7f<j>,R<j>7f<j+1>;£<j>,“<j>) L4 (k(j)’f(j)’l;(j)i'(j);g(j)’H(j))

o ] ) 2
(<)<"<lg>’(§ii>( >> glen)-(&)
A ~ A 2
+<"<l§>’(i§i)(i)> gl ) - (%)
) -GOl-sl G- (el
J+1 J+1 kj
(28) ~ -2 (Hfu—m _fu)H + [ _me + xoo _k<j>H2+H1;<j+n _1;<j>H2>,

where (a) follows from Assumption 3(iii) and (b) comes from the optimality condition for k, k, f, and f, i.e.,
from the fact that we can specialize the subgradients @ to be the one that satisfies the optimality conditions.
Combining (27) and (28) with (26) and using Lemma 8, we obtain

L, (kml) FUHD) |G+ fj+1);£(j+1)7u(j+1)) L4 (k(j)7f(j)’f((j)’f'(j);s(j)’u(j))
. . 2 . . 2 . o112
<1 e - o) + 1 [ — oo -2 (Hf(]"rl) — 10
w w 2
n ~r |12 . 12 N A~ (12
o R e I )

2
< <C_ _ g) (Hfom _ f<j>H2 + ko 1;(;')“2) ! (Hf(jﬂ) _ f<j>H2 + woo k<j>H2> q

w
We now show that the iterates generated by Algorithm 3 converges to a limit, i.e., we prove Lemma 10.
Proof (Lemma 10). We observe that since we assumed that %2 — £ <0, from Proposition 9 it holds that
the succession {ﬁA (k(j), £ R(j),f(j);ﬁ(j), u(j))} _is monotonically decreasing.

We now prove that the succession is bounded from below. £4 can be rewritten as
LA (km’ £0), kD) §0), ¢ u“))
=[5 (<,09) s ][ +0 e (b i e[ 5 i
’ TV TV
L@ Hf(j) _ f(j)H2 _ <€<j> $0) _ f<j>> LY Hf{(j) _ k(j)HZ _ <u“’ L) _ k<j>>
2 ) 2 )
B (k2. 69) — g+ 0 [ ™ [f] a6 e 5]
’ TV TV

+ % Hf(j) _ f(j)H2 _ <vf¢ (k(j)’f(j)) $O) f<j>> i % Hl;m _ kaz B <a¢g (k(j)) kO) — k<j>> .
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Using the fact that V¢ and all the elements in dvg are Lipschitz continuous and considering that %2 —£2<0

2
by assumption we get
. N AN A . . . . 2
LA (k(])’f(])7k(1)7f(J);E(J)’H(J)) > HB (ko),fo)) _géH

ot o ], oo s
TV TV

> v

where in the last step we have used the fact that v is the global minimum of Jg’% (k,f).

Since the succession {EA (k(j),f(j),l;(j),f'(j);f(j),u(j))}4 is monotonically decreasing and bounded we
have that it converges. ’ d
Finally we show the proof of our main result, Theorem 11.

Proof (Theorem 11). We only prove part (a), we omit the proof of part (b) since it can be copied with no
significant modification from [25, Theorem 2.4 part 3].
From Proposition 9 and Lemma 10 for 7 — oo we have that

Hf<j+1> ) H 0, Hf(j+1) _ f(j)H 0, Hk<j+1> _ k(j)H 0, Hl;<j+1> _ f{(j)H 0
Moreover, in force of Lemma 8 it holds
(29) H€<j+1> _ 50)“ 0, Hu(”” _ “(j)H 0.

Let ¢ be the functional defined in (10) and recall that p* = (f*, k.. f. k. &, ,u*) is the limit point (that exists

in virtue of Lemma 10) generated by the iterations of Algorithm 3. Observing that, from (29), we obtain that
f. = f. and k. = k., which proves ().

We move now to the proof of (ii). From (25) we have that 0 = Ve¢ (FU+D kU+D) 4 €Ut and by taking
the limit for j — oo we get that 0 = V¢ (f., k) + £,. Consider now kU*1 | imposing the optimality condition
for kU+1) to (9), it holds

0= Vio (f(j)’k(j‘i'l)) +u® o (I;m _ k<j+1>)
— Vi (f(j)’k(J”rl)) +u® — o (1;0) _ k<j+1>) — kG 4 kG
— Vi (f(j),k(j‘f‘l)) F Ut (l;m _ 1;<j+1>) ,
where we added and subtracted wkU+) in order to make pU+Y to appear.
Taking the limit for j — oo, since Hf{(j“) — kW H — 0, we have that 0 = V¢ (f., k) + p,, completing the
proof of (ii).

For the proof of (iii) consider the optimality condition of (9) for U+ we have that there exists 6 €
e (f<ﬂ'+1>), where v is defined in (11), such that <f _§UHD g — (50’) —w (f<j+1> - f<j>))> >0vf.

By convexity of ¥ it holds ¥ (f) — e (f<j+1>) + <f RO, W) 4y (f<f+1> . f<j>)> > 0V f. Taking
to the limit for j — co we have that 1, (f') — YPa (f;) — <f' — f*,£*> >0V f.
Using the fact that f. = f. we have
do (B) + (£ —£.6) — (va (B) + (£ -£.6)) 20 Vi
Similarly we can prove, recalling the definition of g in (12), that
vp () + (ke — ko) = (05 (k) + (ke — ko)) 20 VK,

which concludes the proof of (iii). We have then proven that the limit point of the succession is a stationary
point for the unconstrained problem. d
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Appendix B. ADMM algorithm for multiple constrained minimization. We now discuss how to
use the ADMM algorithm for solving a constrained minimization problem. Suppose that we want to constrain
a minimization problem, so that our minimizer lies in some closed and convex set Q C D (f)

x = argmin f (x),
(30) xe
subject to Ax = b.

Let us write (30) in an equivalent way

(x,%) = arg min f(x),
(31) xeQ,x
subject to Ax = b and X = x.

The Augmented Lagrangian associated with (31) is
- - Wi w
La®xA86)=F()~Ax—x) + o [x—x|” (&b~ Ax) + 7 |b — Ax|*.

The ADMM applied to (31) leads to Algorithm 6.

Algorithm 6

Let x(©), )\(0), and E(O) be initial guesses for x, A, and &, respectively

forj=0,1,...
%6+ = arg min £ (X | x0); A0, E(”)
PSS
X(j+1) — argminﬁA X ‘ i(]+1)’)\(J)’€(])
AU — A0 (%G — xG+D)

E(j+1) _ E(j) — Wy (b _ AX(jJrl))
end

It is easy to show that X7+ in Algorithm 6 is obtained by

) , AG)
%0 = py [ x0) + Z2— ) .
w1

In this way we are able to easily deal with the constrained optimization problem.

This approach is possible if the projection P is easily performed. On the other hand if the projection
into €2 is too complicated the algorithm above might not be attractive. Nevertheless, whenever that €2 can be
written as the intersection of two or more closed and convex sets, i.e.,

M
Q=] am,
m=1

if Py(m) is easily performed, then we can still use ADMM to solve the constrained minimization problem.
For the sake of simplicity we fix M = 2. Consider the minimization problem

min f (x)
st. xe QW NQ®),
which is equivalent to the following
min  f(x)

(32) X,X(1):%(2)
s.t. x(1) € Q(l),X(Q) e 0® x = X(1), X = X(2)-
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In this way we have separated the two constraints on Q™) and Q(®); hopefully the projection on each set is
easier to compute than the projection over the intersection.

The Augmented Lagrangian of the new minimization problem (32) is

La (%% %2\, 0) = F () = (Axq) = %) + 5 [lxy = x[|* = (0.x00) = %) + 5 [lxeo) = x]*-

We can now write the ADMM iterations for this £4 in Algorithm 7.

Algorithm 7

Given x(@, )\(0), and 09 initial guesses for x, A, and 0, respectively. Let wy,ws > 0 be real constant numbers.

for j=0,1,...
U+ ‘ _ 4
82’_1) =arg min Lg (X(l),X(2)|X(J); )‘(J)7 0(]))
X(2) X(1),%(2)

xU+) = arg min LA (X‘Xg;rl),xggl)§)\(j)aa(j))

AGHD Z AG) (Xg)m _ X(m))
gU+D — gl _ 4, (Xg)m _ X(m))

end

The minimization problem related to the auxiliary variables x(;) and x(3) decouples and the solution is

simply obtained by
) i A ) ) 216))
XEjl;rl) = PQ(l) <X(j) + —Wl ) ; XE;TI) = PQ(2) <X(J) + OJ—Q .

We do not consider the minimization in respect to x since it is not relevant for our scope.
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