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BILEVEL PARAMETER OPTIMIZATION FOR LEARNING
NONLOCAL IMAGE DENOISING MODELS

M. D’ELIA}, J.C. DE LOS REYES*$, AND A. MINIGUANO TRUJILLOS

Abstract. We propose a bilevel optimization approach for the estimation of parameters in
nonlocal image denoising models. The parameters we consider are both the space-dependent fidelity
weight and weights within the kernel of the nonlocal operator. In both cases we investigate the differ-
entiability of the solution operator in function spaces and derive a first order optimality system that
characterizes local minima. For the numerical solution of the problems, we propose a second-order
trust-region algorithm in combination with a finite element discretization of the nonlocal denoising
models and we introduce a computational strategy for the solution of the resulting dense linear
systems. Several experiments illustrate the applicability and effectiveness of our approach.

1. Introduction. Nonlocal image denoising has emerged in the last years as
an important alternative in image processing, due to the fact that it enables the
reconstruction of important image features by considering similar intensity patterns
between pixels or patches in a given spatial neighbourhood or all over the whole
image domain. Although, originally, research was focused on the design of direct non-
local noise filters [41, 42, 44], more complex approaches based on energy functionals
were proposed afterwards for the treatment of the denoising task [21,22,29]. This
variational framework enabled the employment of additional modeling and analysis
tools that have been used for image reconstruction tasks in a partial differential equa-
tion (PDE) setting. A similar variational framework is also employed in more recent
works (see, e.g., [2]), where the authors use energies induced by (nonlocal) fractional
differential operators.

Nonlocal denoising operators are characterized by kernels; the use of different
kernels leads to different outcomes, and tuning their parameters is a difficult task. In
recent years bilevel optimization has been successfully utilized for the identification of
optimal parameters in image processing [12,13,26]; this attempt includes analytical as
well as numerical studies, using both finite-dimensional [25,26] and PDE-constrained
optimization approaches [12,13, 24].

In this paper we aim at extending the bilevel optimization methodology to nonlo-
cal operators with integrable kernels. Similar to previous contributions, we consider
a supervised learning framework and assume existence of a training set of clean and
noisy images we can learn from. Using a variational setting similar to the one de-
veloped in [16] and [19], we analyze the differentiability properties of the solution
mapping and derive necessary optimality conditions of Karush-Kuhn-Tucker type.

To our knowledge, this is the first paper on bilevel optimization for nonlocal op-
erators. In particular, the second part of the paper addresses the problem of nonlocal
kernel identification, now subject of great interest in the nonlocal community, and
provides an alternative to neural-networks-based algorithms [33] [?]. As such, the
impact of this work goes beyond image processing, providing a useful tool in the
context of nonlocal optimization and control for a wide range of applications includ-
ing fracture mechanics [23,27,40], anomalous subsurface transport [5,37, 38|, phase
transitions [4,14,20], multiscale and multiphysics systems [1,3], magnetohydrodynam-

*Corresponding author, email:juan.delosreyes@epn.edu.ec

fSandia National Laboratories, New Mexico, USA.

8Research Center on Mathematical Modelling (MODEMAT), Escuela Politécnica Nacional,
Quito, Ecuador

Sandia National Laboratoriesis a multimission laboratory managed and operated by National Technology & Engineering Solutions of Sandia, LLC, awholly owned
subsidiary of Honeywell International Inc., for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-NA0003525.



ics [36], and stochastic processes [8,15,31,32].

The paper is organized as follows. In Section 2 we briefly summarize results of
the nonlocal vector calculus that will be useful throughout the paper and introduce
nonlocal operators for image denoising. In Section 3 we consider a bilevel optimization
approach to optimize the spatially dependent fidelity weight for a general denoising
problem. In Section 4, we introduce and analyze the problem of finding optimal
weights of a nonlocal means kernel. Finally, in Section 5, we introduce a second-order
optimization algorithm for the solution of the bilevel problems and give insights of
implementation aspects and numerical performance. Several numerical tests illustrate
our theoretical findings.

2. Preliminaries in nonlocal imaging. Let © be a bounded domain in R?.
We use the standard notation (-,-)o o and | - |lo,q for the inner product and the norm
in L%(2), the space of square integrable functions on .

2.1. Nonlocal vector calculus. The nonlocal models considered in this paper
are analyzed using the nonlocal vector calculus [18]. We recall the basic concepts of
such calculus that will be used in this paper. Given the functions u(x) : R — R
and v(x,y) : RE x R — R4 we let a(x,y) = —a(y,x) : R? x RY —» R? be an
anti-symmetric vector function and v(x,y) = y(y, x) : R¢ x R — R be a symmetric
positive kernel, integrable over 2. We define the nonlocal divergence of v as a mapping
Dv : R — R such that

Dv(x) := fRd (v(x,y) +v(y,x)) - a(x,y)dy, x e RY, (2.1)

and the nonlocal gradient of u as a mapping Gu : R? x R? — R such that

Gu(x,y) := (u(y) — u(x))a(x, y), Vx,yeR< (2.2)

The paper [18, §3.2] shows that the adjoint D* = —G, as in the local case. The
composition of nonlocal divergence and gradient gives

D(Gu)(x) =2 | (uly) ~u(x)) (@(x.y) - alx.y)) dy.

With the identification v(x,y) := a(x,y) - a(x,y) we define the nonlocal diffusion of
u as the operator Lu : R — R such that

Lu(x) := D(Gu)(x) = 2 fRd (u(y) —u(x)) v(x,y)dy, ¥xeR%
Then, we define the interaction domain €2; of a bounded region € as the set of points
outside of the domain that interact with points inside of the domain, i.e.

Q; ={y e RN\Q: v(x,y) #0, for somex e Q}.

This set is the nonlocal counterpart of the boundary 0f2 of a domain in a local setting.
In this work we consider localized kernels, i.e. 7y is such that for x € Q

{W(X,y) >0 Vye B.(x), (2.3)

Y(x,y) =0 VyeRN\B.(x),
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where B.(x) = {y e R?: |x —y|yn < €}, for all x € Q and ¢ > 0 is referred to as
interaction radius'. For such kernels, we can rewrite the interaction domain as

Qr ={yeRAQ: |y —x|n <e, forsomex e Q}.

We define the nonlocal energy semi-norm, the nonlocal energy space and the con-
strained nonlocal energy space as follows

2
Pl i= | [ 06 o) ey dydx, Ve 2@,
QU JQUOT
VQuQ):i={veL2(QuQ): |v|y < x}, (2.4)
Ve(Qu Q) :={veV(QuQ):v|g =0}, for some Q< Q.

The paper [18, §4.3.2] proves that for integrable localized kernels as in (2.3) the
constrained energy space V,.(Q u Q) is equivalent to

L2(Qu Q) :={ve L*(Qu Q) : v|g = 0}

and that |- v ~ |- |z2(@ua,). Unless necessary, we drop the dependence of V' and
V.on Qu Q.

Nonlocal volume constrained problems We consider the solution of nonlocal
elliptic problems, i.e. the nonlocal counterpart of elliptic PDEs. Due to nonlocality,
when solving a nonlocal problem, boundary conditions (i.e. conditions on the solution
for x € 0Q) do not guarantee the uniqueness of the solution, which can only be achieved
by providing conditions on the interaction domain Q; [18]. As an illustrative example,
we consider the following nonlocal diffusion-reaction equation for the scalar function
u:

—Lu+du=f x e, (2.5)

for some f € L?(Q) and A\ € L®(Q) such that A : Q@ — R*. Uniqueness of u is
guaranteed provided the following condition is satisfied [18]:

u=yg for x € Qy, (2.6)

where g is some known function in the trace space

VQ) ={z:3veV st. v|g, =2}
Without loss of generality, in our analysis we consider g = 0 so that u € V(2 u Q)

with Q = Q 1. The corresponding weak form is obtained in the same way as in the
local setting by multiplying (2.5) by a test function and integrating over €, i.e.

J (—£u+/\u—f)vdx=f J gugvdxdy+f Au— fluvdx =0, (2.7)
Q Quar Jouo; Q

where the equality follows from the nonlocal Green’s identity [18]. Note that, by
definition of G, (2.7) is equivalent to

| @ - @y - sy dcdy + [ Gu-poac=o. @)
QU JQUQ; Q

INote that, in general, nonlocal neighborhoods are Euclidean balls. However, the nonlocal calcu-
lus still holds for more general balls such as those induced by the ¢-infinity norm (see an application
in [10]).
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2.2. Nonlocal denoising formulation. In order to use the nonlocal vector
calculus for image denoising models, we consider the variational viewpoint proposed
in [21] and study the following kernels: for § > 0,

e Yaroslavsky kernel:

e Nonlocal Means kernel:

Yo(x,y) = eXP{—é%ow(t)(f(ert) —f(Y+t))2dt} X (y € B.(x)),

e Combination of the previous two kernels:

To(xy) = exp { =T (F(x) - f(3))*
_g_g J wt)(f(x+t)— f(y + t))2 dt} X(y € B.(x)), (2.9)
R2

where f is a given noisy image and X (- € B) is the indicator function over the set B.

In [7] it is shown that nonlocal means presents advantages in presence of textures
or periodic structures, whereas neighborhood filters, e.g. the Yaroslavsky filter, may
perform better for the preservation of particular edges. As a consequence, a kernel that
considers a combination of both contributions, as in (2.9), may provide an increased
denoising capability. We refer to [6] for more details on these and other nonlocal
kernels.

For a given kernel function, we formulate the nonlocal denoising problem as the
following energy minimization problem.

1
min J(u, ) = L[l + ,J AMu— f)2dsx, (2.10)
ueV, 2 2 Q

where f e L*(2 U Q) stands for the noisy image and A is a weight that balances the
fidelity term against the nonlocal regularizer. The weight A can be either a (positive)
real number or a spatially dependent quantity.

As an example, for a given noisy image, in Figure 2.1 we report for the nonlo-
cal means kernel the contour lines of a loss function associated with a scalar A and
a scalar weight w. This two-dimensional plot shows the difficulties related to the
optimization, in fact, these complex banana-shaped contour lines are a challenge for
several minimization algorithms, especially first-order ones.
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Fig. 2.1: Contour plot of a loss function for different parameters A and w for the
nonlocal means kernel.

3. Optimization with respect to A\. We study the problem of identifying the
optimal spatially dependent A in the “lower-level” denoising model (2.10). First, we
analyze the existence of a solution to the lower-level problem with fixed parameters.
Then, we state the bi-level problem for the identification of the optimal A and study
the differentiability of the solution operator and the reduced cost functional. We also
derive a first order optimality system for the estimation of the optimal parameter.
The case A € R* is studied at the end of the section as a particular instance.

3.1. Lower-level problem. We recall the energy-based formulation of the non-
local denoising problem:

1
min J(u, ) = H||u||%, + —J Ax)(u — f)? dx, (3.1)
ueVe 2 2 9]
where the energy norm || - ||y is defined as in (2.4) and, in particular, is induced by

the scalar product

oy = [ ] (o)~ ) (060 ~ o)1 x.3) dyvx

QuQr JQUQ; (32)

= QJ- J (u(x) — u(y))v(x)y(x,y) dydx, Vu,veV,.
o Jaue,

In what follows we refer to (3.1) as the lower-level problem and we study its well-
posedness as well as a necessary and sufficient conditions for the characterization of
its minima.

THEOREM 3.1. For every A € L*(Q), such that \(x) = 0 a.e., there exists a
unique solution u € V.. for the lower-level problem (3.1).

Proof. Since the functional J is bounded from below, there exists a minimizing
sequence {u,} < V.. Thanks to the coercivity in V. of the energy term, the sequence
is bounded in V,; thus, there exists a subsequence, still denoted by {u,}, that weakly
converges in V,, i.e. u, — u*. Since J is convex and continuous with respect to the
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energy norm, it is weak lower semi-continuous. Therefore,
J(u*) <lim inf J(uy).
n—0o0
The uniqueness of the solution follows from the strict convexity of the functional. O

We now consider the parameter space U := H'(Q) n L¥() and the admissible
set Upq := {n el : n(x) = 0 a.e.}. For A € Uyq, a necessary and sufficient optimality
condition for the lower-level problem is given by the nonlocal variational equality

V) + (A= 1)) 0 =0, Vo e V.. (3.3)

By choosing ¢ = u in (3.3) we have
plally < lalf+ | 3 = | Afu< Al | ol ulos.

Using the equivalence of the energy and L? norms, we then obtain the following
a-priort estimate

lulo,0 < K| #1(- (3.4)

We will use this estimate in the analysis of the differentiability properties of the
solution operator.

3.2. Bilevel problem. We consider the following bilevel optimization problem

min  J(u,A) = €(u) + gHAH?ﬁll(Q)

AeC
(3.5)
st. w=argmin J(u,\) = HHU”%/ +J Mu — f)? dx,
ueV, 2 Q
where the feasible set is C = {A € H'(Q) : b > A(x) = 0} is a subset of the control

space U.
The loss function £(u) is assumed to be strictly convex and continuous with respect
to u. The simplest case corresponds to the Peak Signal-to-Noise Ratio-related loss

function £(u) := 1|lu — u” |2, which arises from a supervised learning framework,

where 4T corresponds to the ground truth image and f to the corrupted one. In such

framework, the training set is typically large (i.e. we assume several pairs (u”, f) are
available) and the number of lower-level problems increases accordingly, but analytical
difficulties are the same. For this reason we restrict our attention to a single (u”, f)
pair which corresponds to a single lower-level problem. Alternative loss functions
based on the image statistics have also been recently proposed [24] and may also been
considered in our framework.

THEOREM 3.2. The bilevel optimization problem (3.5) admits a solution X € C.

Proof. Since the functional [J is bounded from below, there exists a minimizing
sequence {\,} < C such that J (u(An), An) = J (w(A*),A*). Also, the Tikhonov term
guarantees that this sequence is bounded in H(Q2). Thus, there exists a subsequence,
still denoted by {\,}, that converges strongly in L2.

Let u,, € V. be the unique (see Theorem 3.1) optimal solution to the lower-level
problem (3.1) corresponding to A,. From the stability estimate (3.4) we have that

0.0 < K[\ m o) < K,
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i.e. {u,} is uniformly bounded in V.. Thus, there exists a subsequence, that we still
denote by {u,}, that weakly converges in V. (and L2, because of the equivalence of
spaces) to u*. Next, we show that u® = u(\*), i.e. the limit of {u,} is the optimal
solution of the lower-level problem corresponding to A*. Formally,

JW*, \*) <lim inf J(un, ). (3.6)

n—oo

We treat the first two terms in .J as we did in Theorem 3.1 for the lower-level problem.
For the third term, we have

J M (u* — f)? hmlan 2 (u X,
Q n—o0

which, because of the strong convergence of A, in L?(€2), implies
J M (u* — f)?dx < hminff An(un — f)? dx.
Q n—:o0 Q
We conclude that

J(W*, N*) < lim inf J(un, An)-
n—o0
O The strict convexity of the denoising functional implies that the constraint (3.1) has
a unique minimizer and it can be replaced by its necessary and sufficient optimal-
ity condition. We obtain the following nonlocal-equation-constrained optimization
problem:

B

min () + 2 A3 o (3.72)
s.t. M(Uﬂﬁ)v + (/\(u - f)vw)o’g = Oa v¢ € ‘/07 (37b)

for u € V... Note that (3.7b) is obtained by taking variations of the lower-level problem;
its well-posedness follows from Theorem 3.1 as well as from the coercivity of the
bilinear form (-,)y.

3.3. Differentiability of the Solution Operator. In this section we analyze
the differentiability properties of the solution mapping. The presence of the weak norm
in the denoising model, does not allow us to obtain Fréchet differentiability results.
Fortunately, first-order optimality conditionsonly require Gateaux differentiability,
which is proved in the following theorem.

THEOREM 3.3. Let V be an e-neighbourhood containing C and Sy: V —> Vg be
the solution operator, which assigns to each A the corresponding solution to (3.7b).
Then, the operator Sy is Gateaux differentiable.

Proof. Let h € U, and u; and u be the unique solutions to (3.7b) corresponding
to A +th and A, respectively. For e and ¢ small enough, equation (3.7b) is well-posed.
Throughout the proof, we let C' > 0 denote a generic positive constant.

By taking the difference of the equations corresponding to A + th and A, we have

plug —u, )y + (A +th)(ue = f) = Mu = f),9) 5o =0
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or, equivalently,

i f j (e — w)(x) — (e — w)(¥)) (%) — B(3))1(x, y) dxdy
QU JQUQT

+ fﬂ A(x)(ur —uw)(x)Y(x)dx +t | h(x)u(x)(x)dx = tfﬂ h(x) f (x)1(x) dx.

(3.8)

Q

By choosing ¢ = u; — u and since A € V, we have

lue —ul} < C ltL W) (f(x) = ui(2)) (ur — u)(x) dx
< Ctl|hlloo]l f — el

o0,0llue — ulo,q,

which implies that

lue — ulo,0 < Ct|hloof{ll flo,q + luelon}

<
< Ctlhlo{lflog + KMo + t[Alo) }-

Therefore, the sequence {z}¢~0, with z; := (u; — u)/t, is bounded and there exists a
subsequence (still denoted by {z;}) such that z; — z weakly in V. From (3.8) we have

J J MQ(utt—u> gq/ﬂrj)\(utt—u)w+Jh(utu);zjz_lh(u_f)d,7

QUOT QU Q Q

which implies that

fQUQ, fQUQI nGz Gy + J-Q b L h(ug —u)y = — fQ h(u— f).

Taking the limit as ¢ — 0, we obtain

LUQ, LUQ, ARG+ L Azgp=— Lh(u -,

which implies that
ulz+ Az =h(f —u).

By subtracting the equations for the state and the linearized state we have

U — U U — U
,u< " —z,w>v+£2>\< 7 —z>¢=—jﬂh(ut—u)w.

Finally, by choosing ¢ = *=* — 2z we obtain

U — U

—z| < C|h|L=|us — ulon-

|4

U —U
t

The continuity of the solution operator implies that H
concludes the proof. O

= Z“v — 0 as t — 0, which
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3.4. Optimality system. Thanks to the Gateaux differentiability of the solu-
tion operator we are able to derive an optimality system for the characterization of
optimal solutions of (3.7).

THEOREM 3.4. Let (u, \) € Vo xC be an optimal solution to problem (3.7). There
exists an adjoint state p € L2(Q L Q) and Lagrange multipliers g, ug € L*(Q) and
ut, pup € HY2(T') such that the following optimality system is satisfied.

M(Uﬂ/))v + (}\(’U, - f);t/})o,g = 07V¢ € ‘/, (398“)

u(p, @)v + (Ap,0)oa = —(VLU(u), 9)oq, Vo eV, (3.9b)

—BAXN+BA = pd —pg

ﬁ% =puf —pp onl, (390
0< ph(x) LAx) =0, 0<pg(x)L(b—Ax))=0, Vxe, (3.9)
0<puf(x) LAx)=0, 0<pp(x)L(b—Ax) >0, vxel.
Pronf Tk s enmslider Hhe rednred. aosb Bunofionsl
5OV =€) + D13 (310)

where u(\) is the unique solution to the state equation (3.7b) corresponding to A.
Taking the derivative of the reduced cost with respect to A\, we have

J'(Ah = (Vé(u()\)),u'()\)h)(hQ + B\ h)g, Yhel, (3.11)
where u/(A\)h is the unique solution of the linearized equation
p(@' Nh9)y, + (M Nh, ) o = —(hlu— f),9)g g, Ve Ve (3.12)
Using the adjoint equation

:u(p7 ¢)V + (Ap7 ¢)O,Q = _(v€<u)7 ¢)0,Q> v¢ € ‘/:27 (313)

which is uniquely solvable by the same arguments as in Theorem 3.1, we obtain that
7 Oh = (' (Nh,p), — (' (Nh,p) g g + BOS ) (3.14)

By using the linearized equation we then obtain

7 (A)h = L(u — f)ph dz + BN, h) g1 (3.15)

The box constraints on the parameter A imply that the a first order necessary opti-
mality condition is given by the following variational inequality:

SO (h = \) = fQ(u — Aplh =N dz+ BOh— A 20, VheC.  (3.16)
9



The latter corresponds to an obstacle problem with bilateral bounds. Integration by
parts then yields

A v)g = (A, 0)0,0 + (VA, Vo)oa

= (\v)o,0 + %v dl' — (AN v)oq Yve H'(Q),
r

where the extra regularity, i.e. A € H?(Q), follows from [43, Thm. 5.2]. Consequently,
the variational inequality (3.16) can be written in strong form as

—BAN+ B\ = po  in Q,

oA
= —pr onl,

where the multipliers uq € L*(Q) and ur € H'Y/?(T') satisfy
(to,v—=X) =0, YvelC and (pr,v—2A) =0, YveC,
or, equivalently,

, Yvel0,b] c R, ae. inQ

(10 (x),0 — A(x)) >
>0, Yvel0,b]cR, ae. inT.

(ur (@), v = A(z))

By decomposing ug and yr in its positive and negative parts, we have

I

pey — Higys
0, A(x) =
0, AMz) <

1

=
Q1 O+ O
VoWV

0 W (@A) =0,
b, 1o () (b = ) =0,

=

and similarly for pp. O

3.5. The scalar parameter case. When )\ € R™, the Tikhonov regularization
is no longer required and the bilevel problem is given by

Orgngrglb £(u) (3.17a)
S.t./,L(U, Qp)v = A(’LL - f? ¢)(),Q = 07 V w € Vc~ (317b)

Let the Lagrangian and its derivative with respect to u be defined as
L(u, A, p) := £(u) + p(u, p)v + A(u — f,p)o.a
and
Lu(v) = (VE(u), U)o,Q + w(p,v)v + A(p,v)o,0 = 0.
It follows that
w(p,v)y + Ap,v)o0 = —(Vﬁ(u),v)o,ﬂ, VoveV..

On the other hand, the derivative of I with respect to A is given by

La(h—A) = (u— f,p)(h—A) = (h— A) L(u C fpdz=0, Yhel0,b].
10



Thus, the optimality system reads as follows.

H(U, w)v + )‘(u - fa w)O,Q = 07 vw € V;, (318&)

w(p,v)v + Ap,v)o,0 = —(Vé(u),v)(m, Y eV, (3.18Db)

P[U,b] (/\ - CJ (u—fp dx) =, Ve > 0, (3.18¢)
Q

where Pjg ) is the standard projection operator onto the interval [0, b].

4. Optimization with respect to the weights. In this section we introduce
and analyze the bilevel problem for the identification of the optimal weight in the
nonlocal means kernel. We consider a modified nonlocal means kernel where we
restrict the integral to a bounded region, i.e.

Y (X, ¥) = eXp{ ff

B, (0)

w(r) (f(x+7) = fly +7))"dr}, (4.1)

where the ¢ ball B, is the patch of the image explored within the integration and
w € Upq := {v € L*(B,(0)) : 0 < w(t) < W,Vt € B,(0)} is the spatial weight (see
equation (2.9)). This type of £* (or square) patches have been also used in [35]. Note
that, to simplify the notation in the analysis, we embedded the parameter § in the
weight w; in Section 5, for each numerical test, we provide more details on the choice
of kernel parameters, including 6.

Although our analysis is focused on a specific kernel, it can be extended to any
exponential-type kernel and, more in general, to kernels whose energy space i equiv-
alent to L2.

4.1. Lower-level problem. For a given A € RT and w € U,y we consider the
following denoising problem

min J(u, \) = %Hu\

ueVw

A
2+ ) Jﬂ(u — f)?dx, (4.2)

where the weight-depended energy space is defined as V" = {v € L2(Qu Q) : [v]yw <
oo} with

2 = vIX)—v 2 X X.
o]0 = fm fml( (%) — o(3)) (%, ) dyed

Note that the spaces V. are also equivalent to L? for all w. By proceeding in a similar
manner as in Theorem 3.1, it can be readily verified that, for every w € U,q, there
exists a unique solution u € V* for the lower-level problem (3.1). Moreover, the strict
convexity and differentiability of the fidelity term yields the following necessary and
sufficient optimality conditions

,LL(’LL7 w)V“’ + ()\(u - f)? w)o_{z = Ov Vw € ‘/cw7 (43)

where
(2, )y = j f (0(x) — v(3) (B — P rx y) dydx,  (4.4)
Qur JQUQr

and the following a-priori bound

lulve < C|lf]
11
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4.2. Bilevel problem. We consider following bilevel optimization problem for
the estimation of the optimal weight in (4.1).

min_ £(u), (4.6)

(w,u)ETqa

where the feasible set is given by Toq := {(u,w) : w € Uyq and (4.3) holds}.

THEOREM 4.1. The bilevel problem (4.6) admits a solution (u*,w*) € Tqq.

Proof. Since the functional is bounded from below, the box constraints and the
a-priori estimate (4.5) imply that there exists a minimizing sequence {(wy,, un)} € Tad
that is uniformly bounded. Moreover, the box constraints and the equivalence of
spaces imply that the sequence {u,} is also bounded in L?(Q2 U ;). Thus, there
exists a weakly convergent subsequence, that we still denote by {(w,,, u,)}, and a limit
point (w*,u*) € L?(B,(0)) x L*(Q u Q) such that w, — w* weakly in L?*(B,(0))
and u, — u* weakly in L?(2 U Q).

We next show that (u*, w*) € Toq. Since U,q is weakly closed, w* satisfies the
box constraints. Moreover, since f € L*(2 u Qy), it follows that

[P f 4 1) — Py + ) 2 s J _wt) () — fly + 7)) e

B, (0) B, (0)
Hence, Vi, (X,¥) = Y (X,y), VX,y. In addition, note that each pair (u,,w,,) solves
w f f (un, — ub) (v — V)Y, (x,y)dy dx + )\Junvdx = )\vadx7 (4.7)
QU QU Q Q
where, to simplify the notation, we used v := v(x) and v’ := v(y). Thus,

w J f (un —u* — !, +u*) (v — V)Y, (X, y)dy dx + X\ fun vdx
QUQI QUQI Q

= Ajfvdx +p J J (u* —u*") (v = V)Y, (x,y)dy dx = 0.
Q QU QU

Note that the first term goes to 0 as n — 0. In fact, the uniform bound |y, (x,y)| <
1, Yw € Uyq, and the weak L? convergence of {u,} imply that

(un — u* — ), + u*") (v — V), (%, y)dy dx
QU QU

< (up — u* — ), + u*)(v — v )dydx| — 0 as n — 0.

QUQI QUQ[

The Lebesgue dominated convergence theorem, yields

tin [ [ =)= ), Gy)dy dx

n—oo
QUQ[ QUQI

= f f (0* — ) (0 — V' )yx (x, y)dy dx.
QU QUQr
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Consequently, as n — o, (u*, w*) € Toq, ie.,

u (u* — u*") (v — 0 )y (X, y)dy dx + X | (u* — flvdx = 0. (4.8)
A, |

Finally, since the loss function is convex and continuous, it is weakly lower semi-
continuous, and, thus, (u*,w*) is a solution of (4.6). O

4.2.1. Differentiability of the solution operator. We first prove a lemma
that will be useful in the proof of differentiability.

LEMMA 4.2. Let w € Uyq and h € L?(B,(0)) be a feasible direction, i.e., there
exists some t € RT such that w + th € Uyq. Then, the weak solution of problem

Cous + AMug — f) = 0 (4.9)
with
Lo =2 [~ unxy)dy, (410)
QUQrnBe(x)
satisfies the estimate
el + MuelZ2 o0,y < A Flez@oen lul L2 @oan)- (4.11)

Proof. The weak formulation of (4.9) reads

1 J f (ug — up) (v — V) yren (X, y)dy dx + A J(ut — fludx =0, YvelV,
QU QUOT Q
(4.12)
where V; is the energy space induced by using the weight (w + th). For v = u;, the
result follows from

5 f j (t — 1) Yoy en (%, 3)dy dx + Muel oo,
QU QU

= pluell¥, + Aluel§ aue, < Alflzz@oen lutlooos; -

REMARK 1. The last result implies that

plue|Fro < M fllzz@uanlutlooua,  and  |uilr2uar < Iflz2@uans

which implies that |fut|ve < C(AN)[ f|L2@ua;)-
Next, we prove that the sequence {z;} = {%} has a bounded L? norm and,
thus, contains a weakly convergent subsequence.

LEMMA 4.3. Let w € Uyq and h € L*(B,(0)) be a feasible direction. The sequence
{2} = {(uy —w)/t}, where u and u; are the solutions of (4.3) and (4.9), is bounded
in L2

13



Proof. By subtracting the weak forms (4.3) and (4.12), and using the equivalence
of norms, we obtain

, f j ity — o — iy iy
QU QU

— J f (u—u') (v — V)Y (x,y)dy dx + )\J(ut—u)vdx:O, VveV.

QuUQr QUQr Q

(4.13)
Thus,
i @ us e uoydy dxes
QU QU
p f f (e —u) (v — v’)[7w+th(x, y) = Yw(x, y)]dy dx
QU QU
+ A J(ut —u)vdx = 0. (4.14)
Q
By choosing v = u; — v and dividing all expressions by ¢, we have
It H 2 A 2 ’ ’ ’
7 Ik = ulyw + ;HUt — Ulo,ue, TH (ue — up)(ue — u —uy + ')

QU QU

1

; [7u1+th (Xa Y) — Yw (X7 Y)]dy dx = 0.

By using the differentiability of the exponential function as a superposition operator
and the equivalence of norms, we obtain

A
7”“15 - U||(2),QUQ, + ;H“t - UH(Q),QUQ]

o(t)

<0 (nhuu(Bp(o»tfzo,g n —) e .

lo.ua, llue — ul

4
which, combined with (4.11), implies that

U — U
t

< CR)[f13-
0,QuQr

a

The lemma above guarantees existence of a weakly convergent subsequence and
of a limit point z* such that z; — 2* in L?(Q U Q7). In the following lemma we derive
the equation for z*.

LEMMA 4.4. Let z* be such that zz — z* in L>(Q U Qp). Then, z* corresponds
to the unique solution of the linearized equation

p(z*, )y + plu,v) + AM2*,v)o0a =0, YveV, (4.15)
14



with V 1= {ue L2(Qu Q) : |uly < oo}, where | - | is the energy norm induced by
the linearized kernel

(%, ¥) = Y(x,¥) f W4T — fa ) dr. (416)

B,(0)
Proof. By (4.13) we have

, f f (ot — 00 — P ooy
QUS)IQUQ[

— 1 J J (u—u') (v — )y (x,y)dy dx + )\J(ut —u)vdx = 0.
QU QU Q

Adding and subtracting (u,v)y, and dividing both sides by ¢, we have

i [ 0 = = )= s vy dx

QU QU

1
+u J J (u—u)(v— UI); [Yoo+ (%, ¥) = 7 (%, ¥)]dy dx
QUQ[ QUQ]

A
+ ?(ut — 'LL,U)07Q =0,

*in L2(2 U Qr), the strong convergence w +th — w,
and the continuity and differentiability of the exponential function as superposition
operator, imply that the limit for ¢ — 0 of the previous equation is given by

Wy A" oa +i [ [ - - oG y)dydx = o
QUQ[ QUQI
Uniqueness follows as for the state equation. O

The following theorem finalizes the differentiability result.

THEOREM 4.5. Let Sy: Uyqg — V be the solution operator which maps w
into the corresponding solution to equation (4.3). Then the operator S, is Gateaux
differentiable.

Proof. In addition to Lemmas 4.2-4.4, it only remains to prove that
U —u %

t

—0 ast—0.
L2(QuQr)

From equations (4.14) and (4.15) we obtain that the difference ¢ := *=* — 2* is
solution of the equation
p p B
M(Ca U)V + ?(uh U)Vt - ?(’U:t, U)V - ,LL(Ut, U)V + M(Uh U)V - M(u7 U)f/ + A C’U = 07
Q
or, equivalently,

1

ot [ [ )=o) [ty —fruey) ) dy ax

QU QUQr
+ p(ug —u,v)y + )\J Cv=0.
Q

15



By choosing v = ¢ we have

ulCl? + AL 22 = il — O

u [ ] e O [frunntxn) ~fruby) )|y i
QU QU

The nonlocal Poincaré inequality, the convergence u; — wu in L*(Q2 U Q;) and the
differentiability of the exponential function, allow us to take the limit as t — oo,
which yields the result. O

4.3. Optimality system. The differentiability of the solution operator allows
us to derive an optimality system that characterizes the optimal solution of (4.6).

THEOREM 4.6. Let (u,w) be an optimal solution to problem (4.6). Then, there
exists a Lagrange multiplier p € L2(Q U Q) such that the following optimality system
is satisfied.

M(UM?)VW + (/\(U, - f)/(b)o’g = Oa Vw € va

w(p, 9)ve + (Ap, o + (VUu), ), o =0, voe v (4.17)

I f J [(U(w) —u(w)") (P — ')V ih—w) (%, y)]dy dx =0, VheUaq.
QU QU

Proof. Let the reduced cost functional be defined as

j(w) = €(u(w)), (4.18)

where u(w) is the unique solution to the state equation (4.3) corresponding to w. By
taking the derivative of the reduced cost with respect to w, in direction h, we have

7'(w)h = (Ve(u(w)), v (w)h), o,

where u/(w)h is the unique solution to the linearized equation
p(u (Wh,¥) o + plu(w), ¥) g + AW/ (Wh,¥) g =0, VeV
As in (3.18b), the adjoint equation is given by
w(p,v)yw + A(p,v)o,0 = —(Vﬂ(u),v)o,ﬂ, Yoe V™, (4.19)
which is uniquely solvable by the same arguments as in Theorem 3.1. Thus we obtain
3 (w)h = = (e (w)h,p) . = A(u (w)h, )

Using the linearized equation and considering the box constraints on w, we then get
the first order necessary optimality condition

J@t-w)=p [ [ ] @) - ) -5 Fn-w ey |dydxo,
QU QUQr
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for all h e U,q. O
REMARK 2. When w is a scalar parameter, the last expression in the optimality
system may be replaced with

Pro,wy (w - C(u,p)‘7> =w, VYe>0,

where Pyow is the standard projection operator onto the interval [0, W] and

(uvp)(/ =

f f (u—u)(p— P)yw(x,y) f —(fx+7) = fly +7)° dr | dy dx.

QU QU B,(0)
This enables the use of projection algorithms for solving the bilevel problem.

5. Numerical tests. In this section we propose a numerical algorithm for the
solution of the bilevel problem and illustrate our theory with several numerical tests.
First, we describe the discretization of the system of optimality conditions and the
technique used to evaluate the kernel. Then, we present the optimization algorithm
which relies on a trust-region scheme with active set prediction and limited mem-
ory BFGS matrices. The section concludes with results of numerical computations
illustrating the main features of the proposed approach.

5.1. Discretization. As we are interested in developing a second-order algo-
rithm to solve the optimality system (3.18), we consider an H!'-Riesz representation
of the derivative, j'(A\)h of the reduced cost, where

§'(N)h = f (u— fph dx+ BN\, h) . (5.1)
Q
Note that the functional above solves the following variational equation
(y7 h)O,Q + (v% Vh)O,Q = (('LL - f)p7 h)07Q + ﬂ(>\7 h)H17 (52)

or, equivalently, the following PDE

—Ay+y=—FBAN+ B+ (u—fp in Q,
oy oA (5.3)
== =0+ on 0f2.
on B&ﬁ
Since we are interested in possibly discontinuous nonlocal solutions we use two finite
element bases to approximate u and p in L?(Q) and y, A in H'(Q). Specifically, we
consider piecewise constant and piecewise linear elements, respectively, defined over
a partition of Q U 7, which we denote as 7". Throughout this section we denote
discretized quantities by using the superscript s, and we fix y = %

First, we consider the nonlocal systems involved in the discretization with respect
to A; in this case we let w(t) = 672, for all t in (4.1). The discrete analogue of the
nonlocal variational equations in (3.9) is given by

Mouf +miuf — 3 ulaly = Xl VI, eTh,  (5.4a)
T,eT

X;Lpzh + nipz 2 pj 72 N i - u?v VTZ € Th; (54b)
T,eT
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where ul, p, X', and f! are the values of the approximate nonlocal state, nonlocal
adjoint, fidelity weight, and forcing term at triangle 7;, and *ygfj is the value of the
approximate kernel for x € T; and y € T}, and n; := ZTj VZj' The evaluation of f/,
X? and %h ; depends on the location of the pixels and is described in detail in the next
section.
We rewrite system (5.4) in a more compact form as follows
(diag(A) + diag(n) —T)u = Aof, (5.5a)
(diag(X) + diag(n) —I)p =u” —u, (5.5b)
where, for a vector v, diag(v) is the n x n diagonal matrix whose diagonal entries
are the components of v, and where o is the Hadamard product, i.e., vow :=

(vlwl, e ”unwn)T for any two vectors v,w € R™. The bold notation refers to the
vectors whose components are the values of the variables at the DOFs. The matrix
[ is such that I j := }";.

Equation (5.3) for the gradient of the reduced cost functional for problem (3.7)
is discretized as

(A+ B)y = F(u,\), where

Aij = J, Vi V;dx, B;;= f ipjdx, and
0 Q

F(u,A); =J

Q

(" = fMp" + BA") ¢idx + i /\?’J Vi - V,dx
j=1 28

being ¢; and ¢; elements of the finite element basis associated with triangles T; and
T}, respectively, and AP the values of the finite element solution A" at the degrees of
freedom.

Second, we consider the optimization with respect to w; we let A € RT and
w € RT. Thus, (5.5) becomes

(A, + diag(n,,) — Tw)uy = Af (5.6a)
(AL, + diag(n,,) — Tw)pw = u” — uy, (5.6b)

where we use the sub-index w to indicate the dependency of the kernel on w. The
gradient of the reduced cost functional for problem (4.6) is discretized as

7' (w)" = py - (diag() — Tw) . (5.7)
for which 7, := ZTJ_ fwﬂv_j and fw,i,j . %ﬂ” is a discretization of 7(;), defined in
(4.16).

Finally, we mention that in our numerical experiments we precondition the non-

local systems by the following diagonal precondititoner P: let a;; be the entries of
the matrix of the system for u”, we have:

—1/2
‘P’L,i = (Za%) .
J

Using this preconditioner, we solved the nonlocal systems with the Loose Generalized
Minimal Residual Method (LGMRES).
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5.1.1. Evaluating the modified nonlocal means kernel. For a given image
f:Q — [0,255], where = [0, N] x [0, M], the evaluation of the modified nonlocal
means kernel requires the identification of several patches within the image. In this
section, we describe how to define those regions and efficiently evaluate the kernel.
Since the kernel decays exponentially away from the origin, we consider a relatively
small radius p. Also, recall that for both the optimization with respect to A and w
we only consider constant weights, i.e. w(t) = weR™T.

By definition, Q7 = [—¢, N +¢] x [—¢, M + ¢]\ Q; we extend f to zero outside
Q. We assume that the pixels are uniformly distributed and ordered over the domain
and label them by the integer ¢. As illustrated in Figure 5.1, pixel ¢ is located at the
upper-left corner of the element T; € 7" so that every element is associated with one
pixel. N

In this setting, the approximation /\f introduced above consists in the value of \"
at the pixel corresponding to element T;, i.e. pixel 2.

0lo) (0l (01
7T 7

119}

alo

Fig. 5.1: Description of patches and pixel discretization in relation to the finite element
grid.

Let f" be an approximation of f in the computational domain such that f! =
f(2), i.e., the value of the approximate image over the element T; corresponds to the
value of the image at pixel 4. A patch P;(f) is a sub-image of f" around pixel 4 given
by

Pi(f)(t) = f"(i+1),  Vie[-p:p],
where the interval [a : b] denotes the closed interval of integers from a to b.

We refer to the sum of the image values within a patch as the patch measure and
denote it by p;(f). Notice that a patch will have at most (2p + 1)? =: |P| pixels. We
approximate the value of the kernel in (4.1) at points corresponding to pixels (2, j) as
follows:

Vi~ exp { - w<Pi(f2) +p;(f*) -2 Pi(f)(#) o Pj(f)(ﬂ) }

te[—p:p]? (58)
x (7 € B(3) n 'yf’j =3

This serves as an approximation of ’yzhyj in (5.4), where elements are associated with

the corresponding pixels.
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As noted in [39], high dissimilarity values between each pair of patches do not
provide meaningful information to the resulting image restoration process, therefore in
(5.8) we introduce the threshold parameter ¢ > 0 that acts as an acceptance tolerance
between patches. Furthermore, we consider large interaction radii, i.e. € » 1. This
constraint induces a multi-banded matrix approximation of the nonlocal operator with
£ —1 bands yielding at most (2¢ 4+ 1)? =: £ neighbors per pixel. These two constraints
ensure that only close and similar regions of the image are compared and, at the same
time, it reduces memory allocation and computational cost. As a consequence, the

nonlocal kernel can be evaluated in O(|77\ [NM(1+E)— 5]) operations.

5.2. Optimization algorithm. The reduced objective functionals (3.10) and
(4.18) are not necessarily convex since equations (5.5) and (5.6) are not linear in terms
of X and w, respectively. Thus, we resort to trust-region methods with a quadratic cost
involving limited memory BFGS matrices. First, we summarize the limited memory
approach and then briefly introduce the projected trust-region algorithm developed
in [45] for the solution of general nonlinear box-constrained optimization problems.

5.2.1. Limited memory BFGS. For large-scale optimization problems, lim-
ited memory methods are known to be effective techniques, as they require minimal
storage and provide easy-to-compute second order information, often resulting in a
fast local superlinear convergence rate [28]. The limited memory BFGS method ap-
proximates the inverse of the Hessian of a functional j at iteration k + 1, say Hyy1,
without storing the dense matrices Hy, at each iteration. Instead, it stores m correc-
tion pairs {g;, d; }iefe—1:k—m] < R™?, where

G = Xip1 — X5 and d; :=Vj(xit1) — Vi(x;),
that contain information related to the curvature of j. Paper [9] introduces a compact

form to define the limited memory matrix By, = H, Lin terms of the n x m correction
matrices

Sk = (qk—nl e qk—l) al’ld Yk; = (dk—m . dk—l) .

The main idea of the algorithm is that the matrix S; Y} can be written as the sum of
the following three matrices (used within the algorithm):

Sq Yy = Ly + Dy + Ry,

where Ly, is strictly lower triangular, Dy, is diagonal, and Ry, is strictly upper trian-
gular. For # > 0, if the correction pairs satisfy ¢ d; > 0, then the matrix obtained
by updating 61,, with the BFGS formula and the correction pairs after k-times can
be written as

By, := 01, — Wi MW, , (5.9a)
where W), and M}, are the block matrices given by
Wk = (Yk st), (59b)
_(~De  Lf \
Mk = < Lk, QS];rSk> . (5.9C)

Note that, as M is a 2m x 2m matrix, the cost of computing the inverse in (5.9¢)
is negligible. Hence, using the compact representation (5.9a), various computations
involving By, become inexpensive, as is the case of the product of By times a vector.
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One aspect of the BFGS method is that each update is positive definite. As the
limited memory formula (5.9a) can also be stated as

By = VkTHka +pquq;, (5.10)
with p, = (q,;rdk)_l and Vi := I, — prdrgl. Thus, we can guarantee positive
definiteness using Powell’s method [34] in which dj, is redefined as

d if ¢} di. = 0.2¢] Brd

dy = 1 it gy di 0.2q;, Brdy, (5.11)
agdy + (1 — ag)Brqr otherwise,

0.84; Brgx

where aj = If the updated q,Idk is too close to zero, to maintain

q; Brar—q, di
numerical stability, the limited memory matrix is not updated.

5.2.2. Active set estimation and search direction. Because of the box con-
straints, second order information is only relevant far from the bounds. Following [45],
and assuming 0 and b as lower and upper bounds, respectively, we introduce the
quantity £ := min {ﬁk, c|Vy (xk)||}, where (5 and c are positive constants such that
0<fr < %, and define the strongly-active and inactive index sets by

Api={ie{l,...,n}: xp; <& Vv xp; = b— &}, (5.12a)
Ik = {1,...,”}\Ak = {Z € {1,...,n} : fk < Xk, < b—gk}, (512]3)

respectively, where xy, ; is the i-th element of x;. Now, suppose the current trust

region radius is A > 0, with its maximum value A.x > 0, and let £ > 0. We can
obtain a search direction at step x; as follows:
e Projected gradient direction: Compute

~

dS,(A) := max {O,min {b, Xp — AA /ikVn(xk)}} — Xp. (5.13)

e Projected trust-region direction: We look for a direction df:k(ﬁ) defined
for each index of the sets Ay and I, respectively. We begin with Ay, for
which we let U,f"’ be the subvector

pAk ) X if xx; < &k,
koo b—xp; ifxp;=>b—¢&.
Then we define the subvector
dAk (ﬁ) I A Ag
-, ;= minK 1, oA v k. (5.14)
Uk

For the inactive set I we solve a reduced trust-region subproblem. Here,
let By be partitioned into two submatrices B,?’“ and B,ﬁ"‘, obtained by taking
columns of By indexed by Ay and Iy, respectively. Let di’%(ﬁ) be a solution
of the following TR—-subproblem

. T : 1 T
min dT[(Bé’“) (Vi) + Birdgs) | + 57 (B]) "Bl (5.15)
s.t. [d] < A.
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The projected trust-region direction is then defined as

Ar (A
dfkrk(ﬁ) ‘= max {O,min {b, Tk + (j”j{g%;) }} — X (5.16)

Since this direction may not be a descent direction for j for far iterates, we
use a convex combination with the gradient direction as follows.
e Search direction: Let

du (D) = t4xdS (D) + (1 =ty )d (D), (5.17)
where tj is a solution of the following one-dimensional problem

min_j(zy + td$,(A) + (1 — t)d5 (A)). (5.18)

te[0,1]

5.2.3. Algorithm. We state next the projected trust-region algorithm with L-
BFGS update as described in [45].

5.3. Experimental results. We present the results of the bilevel optimization
with respect to A and w using the modified nonlocal means kernel. The results are
organized as follows: for each test we report a figure and a table. The figure displays
the clean image u” from a database, four noisy images, (a)—(d), and the corresponding
(optimal) denoised images, (e)—(h). Values of the Structural Similarity Index (SSIM),
which measure the similarity of the recovered image against u”, are also included
(rounded up to two digits). In the table we report optimal SSIM values and output
parameters of the optimization.

For our computations, we use images from the USC-SIPI Image Database and
the FVC2000 Database, which are padded with a border of zeroes of width ¢, in order
to deal with information in ;. For each image, a sample of four noisy images is
obtained by adding different levels of Gaussian noise with standard deviation o; that
is f = u” 4+ n with n ~ A(0,0%). The values of o are taken according to Table 5.1.
We use the constant patch radius p = 5, i.e., each patch contains 121 pixels and we
set the interaction radius € so that there are at most 5 min{N, M} neighbors per pixel.
The problem dimension N and M will be specified below for each experiment.

Table 5.1: Parameters associated to noisy data

Sample (a) (b) (c) (d)

02 101.5 102.0 102,5 103.0

Filtering § 5x 102 10% 3.16 x 10> 5.13 x 10?

5.3.1. Optimizing the fidelity parameter \. We consider both the case of
constant A € [0,b] and space-dependent A € C = {\ € H(Q) : b > A(x) = 0}. The
upper bound b is set to 10° and the acceptance tolerance is set to ¢ = 1072, Recall
that in this case we set w(t) = §~2; values for each image are reported in Table 5.1.
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Algorithm 1 Projected Trust-Region Algorithm with L-BFGS Update

1: Choose xy and a symmetric positive definite matrix Hy. Let constants satisfy
0<fBo<2,¢>00<vi<l<u,0<m<m<lve(01),weR, Ag>0,
and Apax > Ampin > 0. Now set me N, k=0, and By = H, '

2: repeat N

3 Let Ay := min {Amax,max{Amin, Ak}} and A = Ay.

4: Determine index sets Ay and Iy, by (5.12a) and (5.12b).

5

6

Find d';”k(ﬁ) by determining d:},’;(ﬁ) and diﬁg(ﬁ) as in (5.14) and (5.15).
Set

Kk :=min< 1 Amax d
. Vil Vil |

T Compute dfk(ﬁ) and t4 as in (5.13) and (5.18), respectively. Let
(D) 1= typd$ (B) + (1 — tyn)dify (D).
8: Compute

J(@i + dui) — J(zk)
Vi (xr) Tdar(A) + 5 dur (D) T Brdar (D)

Txk =

9: if j(zx) — gz + d*k(ﬁ)) > —UVj(l‘k)Tdfk(A) and ry = 71 hold then

~

10: Let qx := dyk, Try1 := g + dug, B = A, and

A A if7'1<7’,,<k<7'27
k+1 = ~
oA if Ty = To.

11: Let m := min{k + 1, m}.

12: Update By, with the n x m matrices Sy and Y}, to get By1.
13: Let kK = k + 1 and return to step 1.3.

14: else R

15: Let A = A,

16: Return to step 1.5.

17: end if
18: until x satisfies a stopping criteria.

Constant parameter. We initialize the TR algorithm with A\g = 100 and we note
that, for A € [0,b], the gradient of the reduced cost functional (3.10) reduces to
Vj(\) = (u—f)-p.

The results are displayed in Figure 5.2 and Table 5.2. In the latter we report, for
each clean image and its corresponding noisy sample, the optimal A, its SSIM value,
the number of iterations of the TR algorithm, and the dimensions of the image. From
Figure 5.2 we note that, after the optimization, there is a significant increase in the
SSIM values. Moreover, as expected, the nonlocal means kernel allows regularization
of each sample while preserve the textures (see, e.g., [21]). Hence, discontinuities are
preserved and restored without blurring. Furthermore, in Table 5.2 it is noticeable
that the the best solution found for each noisy image is located in the interior of the
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convex set.
We also note that, at each iteration, the objective function decreases monotoni-
cally and the radius of the trust-region decreases around the solution.

(d) SSIM: 0.34

cameraman (a) SSIM: 0.82

(e) SSIM: 0.92 (f) SSIM: 0.88 (g) SSIM: 0.78 (h) SSIM: 0.65

monarch

(e) SSIM: 0.95 (f) SSIM: 0.92 (g) SSIM: 0.82 (h) SSIM: 0.64

Fig. 5.2: Resulting images of scalar parameter optimization
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Table 5.2: Results of scalar optimization

Sample Best \ gsiv  teration (N, M)
Count
(a) 81.39288608477064  0.9067 6
2 () 3.711999777944892  0.8731 16 (256, 256)
S (o) 199.3507646217158  0.7452 14 ’
(d) 250.1708380247259  0.5508 18
g (a 221.1940317431237  0.9246 14
g (b) 21.55437493757969  0.8765 14 (256, 256)
£ (o)  170.63141217270092 0.7811 13 '
g (d) 171.0574733520938  0.6469 13
s @ 81.27508954688543  0.9529 6
= ) 3.448376834317583  0.9153 21 (256, T71)
: (c) 111.9243249470581  0.8194 9 '
(d) 165.9950203556561  0.6363 14

Spatially dependent parameter. The optimization with respect to a space-depend-
ent A is a large scale nonconvex problem; thus, to prevent stagnation in regions far
from local minima, we restart the optimization in the following two cases [11,30]:

1. The trust region radius Ay becomes sufficiently small. Whenever Ay < Apin,
we set Ap = Apeset With Ayeset € (0, Apmax] and continue iterating if there is a
decrease in the objective function. This is done in order to prevent algorithm
to halt at a non-stationary point, whenever the trust region radius decreases
too quickly.

2. The value q,;rdk is too close to zero. If q,;rdk < ¢ « 1, then all the stored
pairs {¢;,d;} are removed and both Sy and Y} are rebuilt from scratch. This
prevents the occurrence of ill-conditioned updates.

Moreover, after each successful update of the limited memory pairs, we modify the
L-BFGS initialization parameter 6 in (5.9), by setting 0x = ldel/jq,| [17]. We set
the maximum number of iterations to 10% initializing with the constant candidate
Ao = 200.

The results are displayed in Figure 5.3 and Table 5.3. In addition to the noisy
sample and its corresponding set of solutions to each image u” of the database, we
also include a third row of images displaying the optimal A(x). In the table we report
the optimal SSIM value, the number of iterations of the TR algorithm, the order of
magnitude of the 2-—norm, and the dimensions of the image.

In Figure 5.3, we note that the optimal SSIM is much higher than the one asso-
ciated with the noisy image and that there is a significant improvement compared to
results obtained with a constant \. We also observe that the optimal parameter is
able to catch discontinuities and noise, see in particular (¢) and (d).
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Table 5.3: Results of optimization with respect to A(x).

Sample SSIM Iteration (N, M)

Count

(a)  0.9311 1000
o]
g (b))  0.8922 9
S (o 08172 518 (256, 256)
(d) 06947 295
e () 0990 6%
8 (b) 0.8690 9
256, 256
g (c) 0.8626 206 (256, 256)
8 (d) 0.8092 679
g (@) 09683 31
§ (b)) 09248 13
1
g (c) 0.8854 14 (256, 171)
(d) 07711 1000

o B

(c) SSIM: 0.50

Lena

(a) SSIM: 0.93

Fig. 5.3: Resulting images of spatial parameter optimization
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cameraman (a) SSIM: 0.82 (b) SSIM: 0.64 (c) SSIM: 0.45 (d) SSIM: 0.30

(c) SSIM: 0.86 (d) SSIM: 0.81

monarch

Fig. 5.3: Resulting images of spatial parameter optimization
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Training set. We consider a batch learning approach: we are interested in learning
the fidelity constant A\ from several images with the same noise level by solving the
following coupled optimization problem:

i, L(U) (5.19a)
8.t /,L(U“ ’(/))Vl + )\('LLZ = fia 'l/])(),ﬂ = 0, Vz/; € ‘/171 e I7 (519b)

where U = {u;};er is a set of reconstructed images from a noisy sample F = {f;}ier
and L is a generalization of the loss function ¢, defined as

1
m Z m Z i — UZTH(%Q, (5.19¢)

el el

being UT = {ul'};c; a set of clean images.Finally, V; is the function space associated
with the kernel generated by the noisy image f;.

Problem (5.19a) has the drawback that for every nonlocal system in (5.19¢),
we need to compute and evaluate a different kernel, which results in a costly and
long computation. Therefore, we replaced spaces {V;}ier from (5.19¢) with the single
space Vi, whose associated kernel vz corresponds to the noisy “mean image” F =
ﬁ Ziel fz

Following the analysis carried out for problem (3.17), we can further get a system
of adjoint equations and a reduced derivative, resulting in the following optimality
system

#(Uiﬂ/))vp + )\(UL - fiaw)O,Q = 03 VQ/) = Vﬁai € Ia (5203)
1
w(pi, )ve + Api, @)oo = m(ug — U, 9o, Vo e Vg, (5.20b)
Pro b ( — CZ — fi,04) ) =), Ve > 0. (5.20¢)
el

The training set of clean and noisy images is constructed as follows: we select ten
images {ul };c; from the FVC2000 Database and resize them down to 203 x 190 pixels.
Then, pixelwise, we add Gaussian noise of variance 02 = 103 to obtain the noisy data
{fi}ieL

We initialize the TR algorithm with Ao = 100, b = 10°, and set the weight of the
kernel to w = 0.1. The results are displayed in Figure 5.4 and Table 5.4, respectively.
In the latter, we report the SSIM value of the reconstruction for each image. After
15 iterations of the algorithm, the optimal value of A was 4.44416033704.

In Figure 5.4 we note an increase in the SSIM values of the denoised images, com-
pared to the clean ones. However, it is noticeable that the shape of F is affecting the
denoising process as most results present a noisy boundary around centered portions
of the fingerprint (e.g. items B,F, and G) or higher regularization in non-centered
portions of the fingerprint (e.g. items B, E, and F). This behavior is expected as
intensity values are highest around each fingerprint, yet inside they are lowest. This
propagates for the averaged fingerprint in F, and thus the kernel does not regularize
the overlapping areas of images with non-centered fingerprints.

Finally, in Figure 5.5 we show the outcome of the denoising algorithm (lower-level
problem) for one noisy image that does not belong to the training set. The lower-
level problem is solved in correspondence of the optimal (trained) A. The behaviour
described in the paragraph above replicates for the denoised validation image.
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SSIM: 0.6

914
B

A SSIM: 0.6435  SSIM: 0.6

B SSIM: 0.5635  SSIM: 0.6502

7

C SSIM: 0.6103  SSIM: 0.6580

M 4

SSIM: 0.7206

i

SSIM: 0.6196

Np—

ireva S A I T e e |

E SSIM: 0.6048 SSIM: 0.6786 J SSIM: 0.6797  SSIM: 0.7597

Fig. 5.4: Resulting images of scalar parameter training

Test SSIM: 0.6545  SSIM: 0.7406

Fig. 5.5: Validation image with trained parameter
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Table 5.4: Results of batch training

Sample SSIM Sample SSIM

A 0.6914 F 0.6179
B 0.6502 G 0.7052
C 0.6580 H 0.5732
D 0.6680 I 0.7206
E 0.6786 J 0.7597

5.4. Optimizing with respect to the weight w. We solve problem (4.6) with
w € C = [0, W]. Note that every evaluation of the reduced objective functional (4.18)
requires the numerical solution of (4.3), and hence requires updating ,,. However, by
definition, we have that 7, = 'y;‘;é/ “0 which provides a fast way to get a new kernel
for any wy,wq € C.

Additionally, the gradient of the reduced objective functional (4.18) requires the
computation of the linearized kernel 7", see (5.7). According to (5.8), we have

~h __~h
Tw,ig = V(1),i,4

S (—pi<f2>—pj<f2>+2 v Pi(f)(t)on(f)(t))

te[—p:p]?

for all pixels i,5 € 7". Letting ﬁlhj = —pi(f3) —p;(f?) + 22 e[ ppp2 Pi(f) (@) ©
P;(f)(t), A% can be easily computed by the Hadamard product 7% o¥". Furthermore,
3" depends on the noisy image f only. Thus, it is computed once and for all and we
have v = exp{—w - ¥"}.

As numerically, the exponential function has a limited exponent range which
prevents the effects of underflowing and overflowing, care has to be taken whenever
choosing W and ¢. Considering that the entries of 7" are in [0, 1], here we focus on
avoiding underflow. This numerical condition occurs for images with high levels of
noise, i.e., patches are highly dissimilar, resulting in a matrix with entries close to
0. Hence, if W is high, then the formula ~,,, = 'yf;;/ “° can return a constant matrix
with no further possible updates. In contrast, if we make W small, then optimizing
in images with low levels of noise, i.e., close-to-one patch distance, will result in an
underestimation of the optimal value for w. This comes as W can be taken as low such
that it is accepted as optimal, whereas the best image reconstruction could require
w = W. In order to avoid this behavior, we set W = K max{300/max 3", 5/x x 107°}
with K given as in Table 5.5 and & is a scaling parameter introduced below. This value
is chosen so that whenever the entries of 3" are small due to low levels of noise, cases
(a) and (b), then w can be taken as big as some multiple of 300 that avoids underflow;
and if the entries of ¥ are big due to high levels of noise, cases (c) and (d), then the
values of w will be again limited to avoid a constant matrix. Now, for the acceptance
tolerance we set ¢ = 10719 which will be applied once for an initial kernel of parameter
w_1 = 1075, This allows us to keep entries that could be deleted whenever w > w_,
yet still remove entries with high dissimilarity values. Additionally, as in practice the
numerical range C is small, we scale the argument of the objective function in order
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to further avoid cancellation errors whenever reaching a local minimum. For this, we
set the scaling parameter £ = 1076, Finally, we set A = 100.

Table 5.5: Parameters for weight optimization

Sample  (a) (b) (c) (d)

K 2 1 1 1

wo 2x107° 1x107° 5x10% 2x107C

We initialize w with wg as reported in Table 5.5. The corresponding results are
presented in Figure 5.6 and Table 5.6. For each clean image and its corresponding
noisy sample, we report the optimal w, the corresponding SSIM, the number of it-
erations of the TR algorithm, and the dimensions of the image. We again observe a
significant increase in the SSIM values and that the optimal parameters are within
the interior of the convex set C.

(d) SSIM: 0.34

i - p—

(e) SSIM: 0.90 (f) SSIM: 0.84 (g) SSIM: 0.75 (h) SSIM: 0.60

Fig. 5.6: Results for the kernel weight optimization
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(e) SSIM: 0.92

(e) SSIM: 0.95

(b) SSIM: 0.64

(F) SSIM: 0.91

(f) SSIM: 0.86

() SSIM: 0.78

(g) SSIM: 0.82

Fig. 5.6: Results for the kernel weight optimization

Table 5.6: Results of weight optimization

Best w ggmy Iveration
Count

(a)  0.00010058037591041884 0.9039 23
S (b))  3.479534200755 x 107°  0.8446 19
2 (o) 1.365942222785 x 107> 0.7477 13

(d)  6.010164391428 x 1075 0.5978 16
g (a)  0.00016391632182323091 0.9249 29
§ (b)  4.748817967295 x 1075  0.8638 19
2 (c) 1.039828 596 144 x 10™°  0.7764 11
§  (d)  4.667619915317 x 107% 0.6591 11
= () 9.386449960967 x 10~°  0.9519 26
£ (b) 1.062 158 555166 x 10™°  0.9073 16
8§ (o 2.500581 037726 x 107°  0.8216 9
B (d)  4.946448008344 x 107% 0.6577 13
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5.5. Comparison between methods. Finally, we briefly compare the results
obtained after optimizing problems (3.17), (3.7), and (4.6), and compare them with
total variation denoising. For this purpose, we select a fingerprint image, named
fprint3, and add Gaussian noise with standard deviation ¢ = 10%. Each result is
displayed in Figure 5.7, where the SSIM value of the optimal image is also provided.
Moreover, a close-up of each image is plotted, in order to compare the graphical
differences of each method.

Visually, it is clear that total variation denoising does not perform as well as
most of the nonlocal approaches. The well-know staircasing effect of total variation is
present in the fingerprint structure. In (b) and (d) the border of the fingerprint retains
some noise, which comes from underfitting, and the intensity level of the number at
the top is smoothed. In contrast, image (c) recovers the border of the fingerprint and
the number is sharper.

R R
LIHume 7 uliume 7

fprint3 (a) SSIM: 0.76 (b) SSIM: 0.67 (c) SSIM: 0.79 (d) SSIM: 0.72

(b) Scalar A (c) Spatial A (d) Weight w

Fig. 5.7: Comparison between local and nonlocal denoising methods

(a) Total Variation denoising, (b) Nonlocal denoising for scalar A, (c) Nonlocal denoising for spatially
dependent A, (c) Nonlocal denoising for kernel scalar w.
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