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Abstract

In this work we consider the problem of parameter learning for vari-
ational image denoising models. The learning problem is formulated as
a bilevel optimization problem, where the lower level problem is given
by the variational model and the higher level problem is expressed by
means of a loss function that penalizes errors between the solution of
the lower level problem and the ground truth data. We consider a class
of image denoising models incorporating £,-norm based analysis priors
using a fixed set of linear operators. We devise semi-smooth Newton
methods to solve the resulting non-smooth bilevel optimization prob-
lems and show that the optimized image denoising models can achieve
state-of-the-art performance.

Keywords: Regularization parameter, image denoising, learning theory,
non-differentiable optimization, bilevel optimization, semi-smooth Newton
algorithm.

AMS Subject Classification: 49J52, 49N45, 68U10.

1 Introduction

Variational approaches had great success in solving inverse problems in imag-
ing, such as image restoration, optical flow and stereo vision. The fundamen-
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tal principle behind these approaches is to devise the solution of the inverse
problem as the minimizer of an energy functional, which is designed such
that its minimum-energy state reflects the characteristic properties of the
solution. For example, popular priors assume that the solution is piecewise
constant or piecewise smooth.

Usually, variational models incorporate a number of free parameters.
These parameters are used for example to tradeoff between regularization
and data fidelity or to locally adapt the variational model to the input data.
Selecting optimal parameters is by far not trivial. A possible procedure to
determine these free parameters is to evaluate the performance of the varia-
tional model on some test data with known optimal solution by performing
an exhaustive search over a range of useful parameters settings. This is te-
dious and becomes infeasible already for more than two or three parameters.

In this work a systematic approach for the above procedure will be pro-
vided. We cast parameter selection as a learning problem. Given a certain
variational model, the task consists in learning the parameters such that the
variational model minimizes a certain loss functional on a training database.
This naturally leads to a bi-level optimization problem of the following form:

min &(z(J))
(1.1) 920
subject to z(v¥) € arg min F(z, V)

The bi-level problem consists in a lower-level optimization whose solution
x(19) is an argument of the higher-level minimization problem. The aim of
the bi-level problem is then to find a parameter vector ¥ such that £(z(9))
attains a minimum value.

Concerning the choice of regularization parameters the literature typi-
cally distinguishes between a-posteriori and a-priori parameter rules, as well
as error-free parameter choice rules, see e.g. [10, 12], and the references cited
there. The discrepancy principle is a prominent example for an a-posteriori
rule, where the regularization parameter is determined such that the data fi-
delity term at the optimum equals the size of the noise level. Here we require
knowledge of the noise level as well as the noisy data. A-priori rules deter-
mine the regularization parameter solely from knowledge of the noise level.
The class of parameter free methods includes generalized cross validation
and balancing principles between the error in the fidelity and the regular-
ization terms. Most of the work on parameter choice techniques addresses
the case of a single scalar parameter.

Bilevel optimization problems are an active research area in their own
right, see e.g. [2] and the references provided there. Here we only analyze the



specific bilevel problem (1.1) to the extent that is required to propose and
investigate numerical methods for its solution. In this work the functional £
of the upper level problem will be smooth while for the lower level problem
we distinguish between a smooth quadratic and the non-smooth ¢; and £1
cases. ’

For the application of image restoration, bilevel optimization has been
used by Tappen et al. in [28, 29, 27] to learn the parameters of different
Markov random field models. In particular, they showed that bilevel opti-
mization provides an effective learning method, as it overcomes the typical
problems of classical probabilistic learning methods that require to com-
pute the partition function of the underyling probability density function.
However, while Tappen et al. used gradient methods for learning that do
not come along with any convergence guarantees, we propose fast Newton
methods that come along with locally super-linear convergence. It will turn
out that our proposed Newton algorithms do not only provide an effective
learning framework but also lead to image restoration results superior to
that reported in [27]. We mainly attribute this fact to the ability of our
proposed algorithms to be more successful in finding a (local) minimizer of
the bilevel optimization problems, than the gradient methods used in [27].
In [24], a bilevel learning approach was proposed for sparse analysis prior
learning using an ¢; model. The approach is similar to [27] as it uses im-
plicit differentiation to compute the gradient of the higher level problem
with respect to the learning parameters.

Let us give a brief summary of the contents of the following sections. In
Section 2 we present the precise problem statement and provide some prelim-
inaries. The smooth case with a single as well as multiple priors is agnalyzed
in Section 3. We investigate aspects of the geometry of the value functional
& and develop a Newton algorithm for the solution of the inequality con-
strained problem (1.1). Section 4 is devoted to existence of (1.1) and the
derivation of an optimality condition by means of a regularisation procedure
for the case when the lower level problem is non-smooth. The regularized
problems are semi-smooth and thus we propose a semi-smooth Newton algo-
rithm for their solution. Numerical experiments for a wide variety of priors
and for images of different qualitative features are presented in Section 5.



2 Preliminaries

In this work we put our emphasis on the following class of problems:
(2.1)
: _ 12
min € (z(9)) = ll=(9) - glf2

q
subject to xz(¥) = arg n;in}"(:z:,ﬁ) = %kzl Il Kz + 3z — fII3.

The lower-level optimization problems F(z,1) consists of a data and of
a regularization term. The data term penalizes the squared ¢ -norm of
the discrepancy between the noisy image f € R™ and the unknown image
x € R™. The regularization term is a sum of ¢ > 1 so-called analysis based
priors (see e.g. [31]), penalizing the £} -norms

n
1K glh = |(Kyz)il?

i=1
of the result of applying linear operators K € R™*" 1 < k < g to x. We
shall consider primarily the cases p € {1,2}, and in numerical experiments
also p = % . The importance of the priors ||Kxz|b, 1 < k < ¢ are weighted
by parameters ¢ > 0, which are assembled in a parameter vector ¥ =
(01, ..., 0¢).

The higher-level optimization problem &(z(d)) penalizes the discrep-
ancy between the minimizer of the lower level optimization problem z (1)
and given ground truth data g € R™ by means of the squared 2-norm. In
some situations we will eliminate x which leads to a reduced single-level
optimization problem £(1), as opposed to the bi-level optimization problem
E(x(0)).

We frequently make use of a standard inner product on R"™ denoted
by (-,-), which induces the 2-norm ||-||2 = <,>% We further denote by
ker(K) = {x € R" : Kz = 0} the kernel of K and by ran(K) = {Kz : z €
R™} the range or column space of K. The operation max on a vector z € R"
is understood to operate elementwise, i.e.

max(0,z) = (max(0,z1),...,max(0,z,)) .

To obtain some insight into the cost functional £ associated to (1.1) let
us investigate the scalar-valued case, i.e. z,f,g € R, ¢ = 1 and K; = 1.
For p = 2 and by combining the lower level problem with the higher level
problem we arrive at the single level problem

f 2
o0 =(L5 )
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Figure 1: Shape of the reduced single level problems for the ¢ and the ¢;
case.

We plot its graph for the scalar-valued case in Figure 1 (a) for various choices
of the ratio f/g. It is easy to show that all sublevel sets of £, (9) are convex
and hence &, (V) is quasiconvex. In the case of p = 1 the single level problem
becomes

min £¢,(9) = (max(0, || - v) sgn(f) - 9)°

which is non-smooth since the solution to the lower level problem coincides
with f for all 9 larger than a threshold value. Figure 1 (b) shows &, (J) again
for various choices of the ratio f/g. Again, it can be shown that &, (9) is
quasiconvex. The quasi-convexity is of interest since it improves the chance
that optimization algorithms find the optimal regularization parameters of
the models. In the following section a sufficient condition is found that the

guarantees this property also for the multi-dimensional, single prior case for
£? models.

3 The /5, model

3.1 Single prior

Let us first consider the most simple instance of (2.1) where we set p = 2 and
q = 1, which corresponds to computing the optimal regularization parameter



in a classical Tikhonov regularization functional:

gy [mREEO)= 1) -3
' subject to x (1) :argmingHK:EH%+%||m—f\|%,

Solving the lower-level optimization problem we find z(9) = (I+9KTK)™1f
and hence (3.1) is equivalent to

(3.2) min £(0) = |(1 + 0K7K) " f — gl

It will be convenient to introduce K = KT K € R™*". Every element z € R"
can be uniquely decomposed as

=2 + 2t € ker(K) @ ran(K).
In our first result, we give a condition which ensures the existence of a

minimizer of (3.2).

Proposition 3.1. If ||f+ —g*lla < [lg*[l2, then (3.2) admits a solution
U* > 0. If moreover (Kf, f — g) > 0, then ¥* > 0.

Proof. Let {0,}5°, with 9,, > 0 be a minimizing sequence, i.e.

n—oo

(3.3) lim E(¥,) = ég%z‘:(z?).
We argue that lim 9,, = oo is impossible. In fact,
n—oo

(I +9.K) 7 f = g3 = |(T +9,K) 7+ = g I3+1(T + 9.K) 71 — VI3,

and hence, if lim ¥, = oo, then
n—oo

(3-4) lim [|(7 + 9, K) 7 f = gll3 = llg™ 15+ 7Y = g™II3.
n—o0
From (3.3), (3.4) and the assumptions on f* and g we have
Tim £(0) = [lg* 13+ 17 — g3 > 1 — g 3+ 17 — 9V 1 = £00).

which is a contradiction and thus {¢,,} is bounded. It follows that there
exists a convergent subsequence and an accumulation point ¥* € [0, 00).



Since ¥ — £(¥) is continuous, it follows from (3.3) that every accumulation
point is a solution to (3.2).
Now we assume that ¥* = 0 and note that

(3.5) E'W) =—((I+9K)2Kf,(I+9K)' f—g) .

We find £'(0) = — (K f, f — g) which by assumption is strictly negative. This
contradicts that 0 is a minimum and hence ¥* € (0, 00). O

Remark 3.2. If K = I and || f||2 = ||g]|2 = 1, then the condition (K f, f — g) >
0 becomes 1 > (f, g) which is equivalent to assuming that f # g.

We next turn to investigate some of the properties of £(«#). We shall use
that

(3.6) E"(9) =3{I+IK)'Kf, Kf) —2((I +9K)*Kf,Kg).

Since K > 0 is symmetric, every element x € R™ can be expressed as

I8
z=Y me;+a,
=1

where {e;} are the normalized eigenvectors of K corresponding to nontrivial
eigenvalues 0 < Ay < --- < A, r <n of K. If r = n, then ker(K) = {0}. We

' T
shall express f+ = fie; and gL =Y gie;.
= i=1

=1

3.1.1 The noise-free case

In this and the following subsections we investigate qualitative properties of
E(). We first consider the special case f = g, which we refer to as the
noise-free case.

Proposition 3.3. Assume that f+ = g+ and f+ #0.

(a) Then ¥9* = 0 is the unique global solution to (3.2). Moreover, 9 — E(V))
is strictly increasing from ||fN — g™ |3 to |lgt |3 + || N — gN|3, it is
strictly convex for 9 € [0, ﬁ) and concave for 9 € (ﬁ, 00).

(b) If A, < 2X\1, then there exists a unique U € [ﬁ, ﬁ] such that £(V) is
convez for ¥ € [0,9) and concave for 9 € (9, 00).



Proof.
(a) Note that £(0) = || f¥ — ¢"||2 and
(I +9K) 7 f = gll3 = Jim [[(7+9K) 7" (/Y + /) = gll3

€L N N
= llg™ 13+ 1~ = g™I3 -

lim ||
Y—00

By (3.5) and since f+ = g we have

r

, Y M 229
E0) == (e~ T = 2 mnap

i=1 i=1

Therefore £'(0) = 0 and £'(9) > 0 for ¥ > 0, where we use that f+ # 0.
Hence £ is strictly increasing from || f¥ — ¢™|13 to [|g* |13+ fY — ¢V]I3.
Similarly we find that

') = ZT:( . )i = Z A73(1—%-0)1"2

- o L+x0)t (L4 A0)° P —~ (1+ A9)* vl
Hence £" is strictly convex for 9 € [0, ﬁ) and strictly concave for
g€ (zh.00)

(b) We express £"(¢) = > h; where
i=1

i —6)
Tt~ 27 and b= o

hi = O
¢ (1 + )\1’19)5

(1= N9 f7.

We note that h; is strictly monotonically decreasing on [0, )\%) for ¢ =

1,...,r, and hence " is strictly decreasing on [0, %) We have that

1 1
E"(W) >0 for Ye€[0,——) and E£"(Y) <0 for VI € (K,oo)
1

"o\,

Together with A\, < 2)\; these observations imply the claim.
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Figure 2: The noise-free case. (a) shows the discrete cosine signals g and f,
where we used an offset value of ¢ = 1/2. (b) shows the function values of
€(Y¥) in dependence of the parameter 9.

Example 3.4. Let g = (g1,-..,9n) be a discrete cosine defined by g; =
cos(8mi/n), 1 < i < n and let f = (fi1,..., fn) be a shifted version com-
puted as f; = g; + ¢, ¢ € R. Figure 2 (a) plots the signal g for n = 100
together with its shifted version f, where ¢ = 1/2. Furthermore, let K be
a finite differences approrimation of a one-dimensional gradient operator,
ie. (Kx)(i)=2(i+1)—=x() ifl <i<n and (Kz)(n) = 0. Note that
since (c,...,c)T € ker(K), ¢ € R, we have that g- = f*. The nontrivial
etgenvalues of K are given in ascending order by

A = 4sin®((in)/(2n)), i=1,..,n—1.

According to Proposition 3.3 we find that £ is strictly convex for ¥ € [0,0.125)
and strictly concave for ¥ € (506.648,00). See also Figure 2.

3.1.2 The noisy case

The following result provides sufficient conditions for convexity and concav-
ity of £, for the case where f* may differ from g=.

Proposition 3.5. (convezity/concavity).

(a) If | Kglla < 3K fll2, then € is strictly convex on

(0’ T <\/M_l>>




Figure 3: The noisy case. (a) shows the discrete cosine signals g and its noisy
version f with additive Gaussian noise with a standard deviation of o = 1/4.
(b) shows the function values of £(¢) in dependence of the parameter ¢
together with the bound of strict convexity which is computed according to
Proposition 3.5 (a).

(b) If f+ #0, then & is strictly convex on (0,1), where
2
¥ =miny,g,>0 )\%(% —1). If figi <0 fori=1,...,m, then ¥ = co.

T ~
(c) If > %figi > 0, then there exists ¥ such that £ is strictly concave on
i=1""
(9, 00).

Proof.

(a) We have
1= (I +9K)~ (I +9K) 12 < (I +9K) " 2lI(1 + 9K 2,

from which together with ||( + 9K)|l2 < 1+ 9||K||2 it follows that

1 1

< < (I +9K) Y <1,
T oIk = [T ok, < 10+ 70

where the upper bound follows from the fact that (I +9K) is positive

10



definite. From (3.6) we have

E"(9) 2 (I +9K) 2K f |2 (31 (1 +9K) 2K fll2 — 2[|( + 9K) "' Kygll2)

3
> [|(I +9K) 2K </c —2|IK >>o,
> |I( ) K fl2 (1“9”,6”2)2\\ fll2 = 2[IKgl2
provided that 9 € (0, - (/3 {2 — 1)).
(b) Let P={i€ {1,...,m}: fig; > 0}. Utilizing (3.6) we find
(3.7)
" % /\2 2 = )‘2
= ——fi =2 ———=figi
£"(9) 3;(1+M)4f, gmmgfg
>3 zm: N 2+§:7A2 (3f% = 2figi(1 +ON))
T e T T {00 S

for ¥ € (0,1). Here we also use that f+ # 0.

(c) For ¥ > /\% we have

~ 1
2
=1 "1

and the claim follows.

O

Example 3.6. Let g and K be as defined in Example 3.4, but now let f
be a noisy version of g, where we added zero-mean Gaussian noise with
o = 1/4. Figure 8 (a) plots the cosine signal g for n = 100 together with
its noisy version f. According to Proposition 3.5 (a). We get that & is

strictly convex on 9 € (0,9), where 9 = H’C1||2 ( ;H;gg”; - 1) is computed

as ¥ = 0.8932. See Figure 3, where the typical quasiconvex behavior of the
learning functional € can be observed.

3.1.3 A remark on the infinite-dimensional case

Let K be a closed densely defined linear operator between Hilbert spaces
H and Y, with H separable. Then K = K*K is a selfadjoint nonnegative
operator in H with dense domain that we denote by dom(K), see e.g. [18],
page 326. Moreover, for every A with Re A > 0 the resolvent (K + A\I)~!

11

> 0,



exists as bounded linear operator on H, see e.g. [18], page 279. Within this
setting we consider for g € H, f € H and 9 > 0

. min € (x(9)) = [|2(9) — gllf
' subject to z(1¥) = arg mlngHK:EH%/ + %Hx — fl%.

The necessary and sufficient optimality condition for the lower level problem
is given by
(3.9) (I +9K)x = f.

It has a unique solution z(9) € H for each ¥ > 0. If ¥ > 0 then z(v) €
dom(K). Again we have an equivalent reduced problem

(3.10) min £(0) = ||(1 + 0K) "1 ~ g%,

and the orthogonal decomposition
=2V + 2t € ker(K) @ ran(K),

where the closure is taken in H. We assume that (I +9K)~! is compact for

some (or equivalent all) ¢ > 0. Then the spectrum of K consists entirely of

isolated eigenvalues 0 < A1 < Ag... of finite multiplicity plus possibly the
[e.@]

eigenvalue 0, and every x € H can be expressed as = Y. x;e; + 2V with
i=1

2 € ker(K) and e; eigenvectors of K, associated to the eigenvalues # 0.

We have the analogue of Proposition 3.1.

Proposition 3.7. If |f* — gtz < |lg*|lz, then (3.10) admits a solution
9 > 0. If moreover, f € dom(K) and (Kf, f —g)y >0, then 9* > 0.

Proof. Using the fact that (I +9/C)~! leaves ker(K) and (ker(K)* invariant
we can proceed as in the proof of Proposition 3.1 to get the first part of the
result. Note that limy_,o+ (I + 9K)v = v for all v € H. Consequently £'(19)
is continuous on [0,00) if f € dom(K). The proof of the second part now
follows as the one of Proposition 3.1. O

3.2 Multiple priors

In this section we study the ¢ model with multiple priors, i.e. p = 2 and
q > 1. It is defined as

1 2 1 2
(3.11) min o kzlﬁkllkallz + 5l = Fll2,

12



with the parameter vector ¥ = (¥1,...,7;) > 0. The minimum of the above
problems is characterized by

q
T+ Z YKz = f,
k=1
q
or equivalently z = (I + > 9xK;)~!f. The reduced quadratic learning
k=1
functional is then given by

. 1 : -1 2
(3.12) min £(0) = 5[(7 + ;ﬁkl@) f—als.

For convenience we introduce the symmetric positive definite matrix

q
R = (I + Zﬁklck)_l
k=1

To guarantee existence the following condition will be used
(3.13)  inf{||z — gll2: T € ker(K}) for some k=1,...,q} > | f — gll2-

We observe that in case ker(K}) = {0} for all k, condition (3.13) amounts
to |lgll2 > ||f —glle. If ¢ = 1, then (3.13) is equivalent to assuming that
lgtll2 > |Iff —g*|l2. This condition was already used for the single-
parameter case in Proposition 3.1.

Proposition 3.8. If(3.13) holds and ker(Ky)Nker(K;) = {0} for all k # 1,
then (3.12) admits a solution.

Proof. Let {9"}7° ; denote a minimizing sequence and suppose that lim ||9"|2 =
n—oo
oo. Then there exist index sets 7 C {1,...,q}, J = {1,...,¢q} \ J and a

constant ki such that

(3.14) lim Y} = oo for k € J, and |9}| < k1 for k € J and all n.

n—o0

We set

q
(3.15) 2= (I+ ) pKy) .
k=1

13



Clearly {z"} is bounded and hence on a subsequence, denoted by the same
index, lim z" = z for some = € R". From (3.15)
n—00

0Kk = f — (wn+ Y OpKia").

keg keT
Taking the inner product with 2™ and observing that the righthand side is
bounded

min J7 E | Kpz"™||3 < ko
keg
keJg

for a constant k9 independent of n. Since inlg ¥} — oo for n — oo we find
€

lim Kpa" = Kyxt = 0 for all , meaning that & € ker(Ky) for all k € J.

n—oo
Since {¥"} was chosen as minimizing sequence we obtain

inf £00) = lim [la" — g3 = 13— gl3 > 7 — g1 = £(0)
where we used (3.13). This is a contradiction and hence every minimizing
sequence is bounded. Since ¥ — £(¥) is continuous the claim follows. [
The partial derivatives of £ with respect to ¥j are given by
(VEW))k = —(Rf — g9, RKkRf) for k=1,...,q,

where R is evaluated at 9. Taking into account the inequality constraint
¥ >0 in (3.12), the first order necessary condition is given by

(3.16) VEW*) — =0, p > 0,9 >0, {u,d") =0,

where p € R? is the Lagrange multiplier associated to the constraint ¥ > 0.
It can be checked that the three last conditions can be equivalently expressed
as

p — max(0, u — c) = 0.

For the Hessian of £ we obtainfor k =1,...,qandl =1,..., q the expression
V2E(9) = My + My,

where

(M1)ky = (RKERf,RK/Rf) and (M2)g; = (Rf — g, REyRKRf + RKRKERS)

are symmetric matrices.

14



Let A={ke{l,...,q}: (%) = 0} denote the set of active constraints
for some local solution ¥* of (3.11). Then, the second order necessary opti-
mality condition implies that

(3.17) V2E(9*) is semidefinite on T,

where T is the tangent space of the active constraints T' = {0 € R? : ¢}, =
0 for all k € A}. Note that M; is a Gram-matrix corresponding to the
vectors {RKyRf}{_,. We assume that

(3.18) {Kry}{_, is linearly independent for any y € R".

Then, with y = R f and since R is positive definite, {RK,R f}]", is linearly
independent and M; is nonsingular. If ||Rf — g||2 is sufficiently small, then
M + Mj is nonsingular as well. This implies that V2E(9¥*) > 0 on RY. We
summarize our discussion in a theorem.

Theorem 3.9. Assume that (3.18) is satisfied and let ¥* be a local solution
of (3.11). Then, if

q
(3.19) (1 + Zﬁ};le)*lf — gll2 is sufficiently small,
k=1

the second order sufficient optimality condition is satisfied at 9%, in partic-
ular, 9% is a locally unique minimum.

Note that for f = g we have ¥* = 0 as global solution. Therefore (3.19)
can be interpreted as smallness condition on the error in the data.

3.3 Newton algorithm

We propose and analyse a semi-smooth Newton scheme to solve (3.12). For
this purpose we express the necessary optimality condition (3.16) in the form

{vg(ﬁ*)—u_o

3.20
(3:20) pu—max(0, p —ct) =0,

where ¢ > 0 is an arbitrarily fixed constant. To solve (3.20) we utilize
a semi-smooth Newton algorithm which is outlined in Algorithm 3.1. To
analyze this algorithm the vectors 9 and du are decomposed into inactive

15



Algorithm 3.1 Newton Learning for ¢o (NL-{5)
(i) Choose (99, %) € R" x RY, set n. =0

(i) Determine A" = {k:pup —cd} >0}, I = {k : p} — eV} < 0}

(iii) Assign M = V2E£(9"), P = diag(px), Q = diag(qx) where

_ cif ke A" _ 0if ke A"
PE=Yoitkerr TV 1iker

(iv) Solve for (89, dy)
o (5 9) (5n) = (o il am)

(v) (9Lt = (97, u™) + (69, dp), set n =n + 1 and goto (ii).

and active components (69)z, (69) 4 and (du)z, (0p) 4 respectively, and M
is partitioned accordingly

Here, for notational convenience the unknowns are ordered in such a manner
that the inactive coordinates appear first and the active ones last, and the
iteration index for the sets A™ and Z" is dropped. From the second equation
in (3.21) we obtain

(322) (5Q9>A = _§n7 (5/J’)I = _IU’ZTZLW 79Z+1 = 07 Nngl =0.

Turning to the first equation in (3.21) we first solve for the inactive compo-
nents of §¢ by

(3.23) Mzz(éﬂ)z = —MIA(CSQ?)A — (Vg(ﬁn))z
and then assign
(0p) 4 = Maz(69)z + Maa(09) 4+ (VEW™)) A — pa-

Note that while (3.21) is asymmetric, system (3.23) which is of the dimension
of the inactive set, is symmetric.

16



Theorem 3.10. Let 9* be a local solution of (3.12) with associated La-
grange multiplier p*, and suppose that (3.18) and (3.19) hold. Then, if
(99, u0) — (9%, u*)||2 is sufficiently small, the iterations of Algorithm 3.1
converge superlinearly to (0*, u*).

Proof. We verify here the requirements for superlinear convergence of the
semi-smooth Newton method as given in e.g. [17],pg.238. The max-operation
is well-known to be semi-smooth, see e.g. [17, 30] and the references given
there and D max(0,x) = X{z>0} is a generalized or Newton derivative. Here
(X{z>0})i = L if 2, > 0 and (x{y>0})i = 0 otherwise. This choice of gener-
alized derivative determines step (iii) of Algorithm 3.1. The proof will be
finished, if we argue that the system matrices

_ [ M) —1
H(ﬁ’u)_<P(1‘},u) Q(&u))

are invertible with uniformly bounded inverses in a neighborhood B, (¥, 11*)
of (v*,p*) for some radius p > 0. The notation H (¥, ) emphasizes the
dependence of M, P, and @ on ¢ and p. The discussion before Theorem 3.10
implies that V2£(9*) = M(9*) > 0. Hence there exists a neighborhood
B, (9*), with p > 0, and £ > 0 such that [|[M~1(9)|2 < & for all ¥ € B,(9*).
In particular, this implies that || M (9)77]|2 < & for all ¥ € B,(¥*) and any
combination of Z € {1,...,q}. Now consider for ¥ € B,(9*),r € R? and
(y,z) € R™

(3.24) H, 1) (gi) . (‘Z)

As in the computation before the statement of the theorem we find

1
(00) 4 = 24, (bu)z = 21.

From the first equation in (3.24) we find

1
MII(ﬁ)((gﬁ)I = _EMIA(ﬁ)ZA + 27 + Y1,
(6p)a = Maz(09)z + Maa(69)a — ya.

Combining these equalities, invertibility of H (¢, 1) with uniformly bounded
inverses for (¢, 1) in a neighborhood of (¢*, u*) follows. O
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4 The /; model

In this section we analyse variational models with ¢; and hence non-differentiable
regularization terms. This type of model has great impact in signal process-
ing, in particular in imaging and compressed sensing.

4.1 Problem formulation and existence

. _ 2
min & (z(9)) = ll=(9) - gllz
(4.1) ) o 1 2
subject to z(1) = argmin ) Iy || Kpz|1 + 5[z — f|5.
T k=1

The lower level problem (4.1) admits a unique solution z = z(¥). Its
optimality condition is given by

q
S KN +a=f
(4.2) b=l
M e

7

sgn(Kyx); if (Kiz); # 0
[—1,1] if (Kxx); = 0.
We have the following existence result analogous to Proposition 3.1.

Proposition 4.1. If (3.13) holds, then (4.1) admits a solution ¥* > 0.

Proof. We first argue that ¢ — x(J), with z(J) the solution to the lower
level problem, is continuous. Let 9" — 9 and z,, = 2:(9"). Since

q

1 1
S 0Kl + llen — £ < 1513
k=1

the sequence {z,} is bounded and hence it admits a convergent subsequence

Zpn, — T. We need to argue that T = x(v). For this purpose we note that

q q
1 1
> O Kyl + lzn = FIIE < ORI K]+ Slle = flI3 for all z € R"
k=1 k=1

implies that

q q
— _ 1, — 1
SOl Kzl + 5117 — £13 < > Okl Kl + Slle — ]} for all & € R,
k=1 k=1
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and hence T = x(?J), since the solution to the lower level problem is unique.
Next, let {9™}2°; be a minimizing sequence and abbreviate x,, = x(J"). If
limy, o0 [|¥"]|2 = 00 determine J as in (3.14). Since

1
219 1K xznlls + 5 llon = £115 713

2*2

we deduce that {z,}2%, is bounded and that lim,_, || K;zy|1 = 0 for all

1 € J. Hence there exists a subsequence, denoted by the same symbol, and

Z such that lim, .oz, = £ and K;& = 0 for all ¢ € J. In particular, Z is
contained in the kernel of at least one operator K; and thus by (3.13)

inf g8 (@(9)) = lim () = lim e — gl = | — gl3 < 1 — gl3 = £((0)),
which contradicts the choice of {1J,,}7°, as minimizing sequence. Hence
{U,}52 ,is bounded in RY. Consequently there exists another subsequence
denoted by the same symbol, and 9* € [0,00) such that lim, ,~ 9, = ¥*.
Since ¥ — x(v), and hence ¥ — &(x(v)) are continuous, it follows that every
accumulation point 9* of {¢,} is a solution to (4.1), and z* = z(9*).

Remark 4.2. In case of only one prior, we can give a sufficient condition to
exclude the case that ¥* = 0. For this purpose we assume that

Kf

(4.3) (Kg): = 0 (Kf) = 0 and (Kf — g, 7

——) >0,

where |I[§§‘ is interpreted componentwise as |E[I§ f%zl’ if (Kf); # 0 and ‘E ; i
is interpreted as some element in [—1, 1], if (K f); = 0. We now exclude that
Y* = 0 is the minimum. For this purpose we argue that %E(m(ﬁ))]ﬂ:m
exists and is negative. We have

E(x(V)) = E(x(0)) = (2(9) + x(0) — 29, 2(V) — 2(0))
== (z(0) + f = 2, K*A(0)) = =0 (K(z(?) + f — 29), A(?)) ,
where we use that z(0) = f.

Let T = {i : (Kx(0)); # 0}. Then (Kxz(¥)); # 0, forall ¢ € 7 and all
¥ > 0 sufficiently small. For these ¢ and ¥ we have
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For i ¢ Z we have \;(9) € [—-1,1] and (K(z(9) + f —2g)); — 0 for 9 — 07,
where we use that gher z(¥); = fi and (4.3). Therefore
—0

lim_ = (E(2(9)) — £((0))) = —2 < K(f—g) é;’ >

and ¥ — &(z(V)) is differentiable at ¥ = 0. By (4.3) we have %g(x(ﬁ))lﬁzm <
0 and hence ¥ = 0 cannot be a solution to (4.1). We note that the condition
<K(f - 49), %> > 0 can equally well be expressed as (K(f — g), A(0)) >0
for any Lagrange multiplier A\(0) associated to ¢ = 0.

O

4.2 Optimality system

To derive an optimality system for (4.1) we use a regularization approach
and consider
in&(z(9)) = [|=(9) — g|3
wmin &(2(9)) = [la(9) - g1

(4.4) ‘ ‘ q m 1
sbiet t02(0) = argnin 3k Yon(Kie) + 3l 11

where, for € > 0,

Ll e %y t| < e
(4.5) ne(t) = 8e3 4e 8

|t] else .

The following properties of n. will be used repeatedly
(4.6)
ne € C*(R,R), ne(£e) = e, nl(xe) = +1, n(+e) = 0, n’(t) € [-1,1]

3

n’(t) € [0, 2—], ne(t) >t for all t € R.
€

Furthermore, we have

o (1) = —Lti 4 2t it <e
€ sgn(t) else

3\
I
—~~
o~
N—
Il

—2 P it <e
0 else
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3t if t<e

5 .
" {077} if t=—¢
ne®=3 8%} i =
0 else.

At t = +& we consider, for the time being, the third derivative to be multi-
valued consisting of the right and left directional derivatives. It is simple to
argue the existence of a unique lower-level solution x. () for each € > 0. It
is characterized as the solution x = x(¥) to

q
(4.7) v+ Y K N(Kpz) = f,
k=1
where
N.(Kpz) = (nL((Kpz)1), ..., nL((Kpz)m))" € R™,

q

Since ¢ — n.(t) is monotone, the operator z — = + > VKl N/(Kyz) is
k=1
strictly monotone and hence the solution to (4.7) is unique. Using (4.7) it
follows that ¥ — x.(¥) is differentiable on [0, 00)? for each ¢ > 0, with the
sensitivity equation given by
q
(4.8) Dy + [K{ NL(Kyx) + > 0K N/ (Kya) Ky Dga = 0
k=1

where
Dyx € R™, [K[Nl(Kyx)] = (K{ N/(Ki),..., K] Nl{(K.x)) € R™4
and
N (Kyx) = diag(n ((Kxx)1), ..., nl (Kkx)m)) € R™™.

Let 9. denote a solution to (4.4), which exists under the assumption of
Proposition 4.1. Then the first order optimality condition for (4.4) is given
by

(4.9)

Dy&(xe(9:)) (0 — V) = 2(x (V) — g, Dyx(9:) (9 — <)) > 0, for all 4 > 0.

To eliminate Dyz. from the first order condition (4.9) we introduce the
adjoint equation

q
(4.10) p+ > KN/ (Kpz)Kiep = —(z:(9e) — g).
k=1
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Since n” > 0 the adjoint equation admits a unique solution. Taking the
inner product of (4.8) with p and of (4.10) with Dyx(vJ.) we obtain

(4.11)

Dy&(z=(0:)) (0 — V) = 2 (p, [K}f NL(Kyze(9:))](9 — ¥:)) >0 for all ¥ > 0

or equivalently
(4.12)  (NU(Kpze(Ve)), Kip) (U — Vep) > 0 for all 9 >0, k=1,...q.

Summarizing, the necessary optimality condition for the regularized problem
is given by
(4.13)

q
Te + Z ., KEN(Kyx.) = f  (primal equation)
k=1

q
Pe + Z Ok KEN! (Kpae) Kype = —(2e —g)  (adjoint equation)
k=1
L <N€/(ka5),Kkpg> (U —0Z;) 20, forall ¥, >0, k=1,...,q (optimality) .

The last expression in (4.13) can equally well be expressed as N/(Kz)T Kyp €
—0Ig+(V;), where Ig+ is the indicator function of R* and dIg+ (9%) denotes
the subdifferential evaluated at 97, k = 1,...,r. To obtain an optimality
system for the original problem (4.1) we shall pass to the limit ¢ — 0% in
(4.13). A similar procedure was used in [9] in the context of optimal con-
trol of a Bingham fluid; in this case the minimization variable appears as
affine, rather than as multiplicative term like in our case and a different
type of regularization was used. Alternatively a first order condition can be
obtained by using the Mordukovich calculus compare [23] for mathematical
programming problems with equilibrium constraints.

Theorem 4.3. Let 9* > 0 denote a solution to (4.1) with associated state
x* = x(V*). Then there exists an adjoint state p € R™ and multipliers A\, €
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R™ k=1,...,q and £ € R™ satisfying the following optimality system

q
o+ > RKE N = f,
k=1

sgn(Kpz™); if (Kgx™); #0
)i € { 1,1 if (Kpa*)i =0

(4.14) p+&=—(z" —g),
<k7Kkp>€ —0Ig+ (V%)
(&p) =
@*—gp> 0,
(§2%) =
\(Kkp)Z-:Ozf|()\k)i|<1, fork=1,...,¢q,i=1,...m

Proof. The proof of theorem 4.3 is given in the appendix. O

Remark 4.4. Before closing this subsection we comment on the chosen reg-
ularization n. of the norm function in (4.5), by comparing to other choices
that were made in related cases. The optimality condition for the lower level
problem in (4.4) with ¢ = 1 is given by

z+IKTA=f
where \; € O(|(Kz);|), which can also be expressed as

{m+z9KT>\:f

(4.15)
K2l ® A= Kz, [Nw < 1,

where a ® b = (a1b1,...,apb,). The same system is obtained by Fenchel
dualization of the lower level problem in (4.4) with A chosen as the dual
variable. A regularization of this primal-dual formulation is obtained by re-
placing coordinate-wise the norm operation |¢| in (4.15) by fi-(t) = V2 +¢.
Such an approach was used for TV-regularized problems in [5], and it is also
related to taught string algorithm as pointed out in [13]. Alternatively a
localized regularization can be chosen by setting

L 8 <
— - i
(4.16) aet) =4 22 T2

|t] else ,

as used in [9, 14], for example. Let us compute to which kind of regular-
ized primal formulation, the primal-dual formulation (4.15) regularized by
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(4.16) would lead, i.e. we replace the generalized derivative A € 9(|Kz|) by
ﬁ;é?m), coordinate-wise, and compute the antiderivatives to obtain a new
regularization 7. (|Kxz|). Carrying this out coordinate-wise we obtain

2

(4.17) fie(t) = E[log(% + ;*6) - IOg(g)] if |t| < e
(|t] +(log(2) — 1)) else .

This regularization of n(t) is again C?-regular with monotone derivative 7.,
which is essential for the solvability of the necessary condition associated to
the lower-level problem. Differently from (4.4), n.(t) acts globally and the
expressions for the derivations are rational functions rather than polynomi-
als. Thus we prefer (4.4) over (4.17).

4.3 Necessary second order optimality condition

Here we derive a second order necessary condition for local solutions of
(4.4). Beyond the intrinsic relevance for describing the structure of the sec-
ond order necessary condition its discussion is motivated by the fact that
we introduce a second order sufficient condition in the following subsection
in order to analyse a semi-smooth Newton method for solving (4.13). Of
course, it is desirable that the gap between necessary and sufficient opti-
mality condition is small. We henceforth drop the dependence of (9, z,p),
solution to (4.13) on € > 0.

In principle, the derivation of the second order conditions is quite stan-
dard, see e.g. [21], Section 10.5. Our situation, however, it is complicated
due to the lack of second order smoothness of the equality constraint in
(4.4). Second order conditions for general semi-smooth optimization prob-
lems were investigated for instance in [6]. Our situation here is somewhat
different, however. First, only the constraints lack sufficient regularity, while
the objective functional is regular, and secondly the null-space representa-
tion of the linearized equality has a special structure since the variables
z € R™ can be represented in terms of ¥ € R™. It is therefore appropriate
to give an independent derivation.

Let ¥ denote a local solution to (4.4) with associated state T = z(1),
(i.e. the dependence of the solution on & > 0 is dropped here). We denote
the set of strongly active indices by

Ag = {k : (NL(KyZ), Kip) > 0}.
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On this set J;, = 0 is determined by the necessary conditions. The critical
cone for the necessary second order condition is defined by

62{196Rq:19k:0f01“k€¢715,ﬁkZOifngO}.

For any 9 € C we have 9 + t0 > 0 for all ¢ > 0 sufficiently small. For
convenience we also recall the primal equation

q
(4.18) v+ KN (Kyw) = f.
k=1

The directional derivative of z with respect to ¥ at ¥ in direction ¥ is denoted
by & € R™. It satisfies

(4.19) Ly + Lyd = 0.

Here L; € R™™™ and Lo € R™™ 7 are given by

q
Ly =T+ K] N/(KZ)Ki, Ly=(K]N'(K.7),...,K] N'(K,T)).
k=1

We shall need the third derivatives of ¢t — n.((Kpz(d + t9));) at t =

0, which requires attention in case |(Kix(¥)):| = . If (Kpz(9*)); = ¢
and %((Kkac@ + t9))i)li=0 = (Kpi); > 0, then by the formulas above
(4.7) we have that the third order directional derivative is 0, if on the
other hand (Kj#); < O then the third order right directional derivative
is n”'((Kgpz(9));) = —E%(ka(ﬁ))l Finally, if (Kz(9); = 0, then the third
right directional derivative is multivalued with values in {0, —5%, (Kpx(9)):}.

Summarizing, if n.((Kxx(J));) = ¢ then we denote the third order direc-
tional derivative of t — n.((Kpx(9 + t9));)|t=0 by n;”ﬁ(ka(ﬂ))i and it is
given by 7

0 if (Kk:E)Z >0, (Kkl'(ﬂ))l =€

W (K@) e d o Era (@) i (i) <0, (Kia(D); = ¢

e, e

0, —S—S(Kka:(z?))i} if (Kyi)i = 0, (Kpa()); = .

(Krx(1)); always appears as factor

"
e,0

with (Kj2(1));, and we note that the expression n;”ﬁ((ka(ﬁ))z)(ka(ﬁ))l is

We shall see that the expression n
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single valued. The expressions for the case (Kjz(1)); = —e can be derived in

a completely analogous manner. If |(Kyz(J)):| # €, then the third derivative
of t = n.(Kpx(¥ + t9))i]i=o is clearly well defined. It is again denoted by

n;” S((K #2(9));). The expression for the third directional right derivative of

t = N_;(Kyx(?)) is obtained from
N;/,/é(ka(@)) = diag(n’e”’ﬁ((ka(ﬁ))l), " (K (9))m) ).

Associated to the local solution (Z,7) we recall the adjoint equation,
which we now express as

(4.20) Lip=—(T-g)
Finally we introduce the Lagrangian associated to (4.1)

. 1 a
L(w,0,p) = gllz = gllz + (P, + > WK NL(Kyw) - f).

k=1
We are now prepared to establish a second necessary condition for (4.1) at
(7,9).
Theorem 4.5. (Second order necessary condition) With the notation for
NE”’l§ introduced above we have

q
- DTN () ‘ .
0< (ZZ‘IT,’ﬂT) I+Z;1 ﬁzKZ Ns’ﬂ(KZa:)dlag (Kp)K,L R <,lx9)

R 0
for each ¥ € C. Here R € R™ Y is given by
R = (K{ N/(Kxz)K1p, .., Ky NI (K@) Kqp)
and & satisfies (4.19).

Proof. Let 9 € C, set 9(t) = 9 + t0, and let 2 = z(t) denote the solution to

LS}

(4.21) T+ (O + te) K N (Kyw) = f,
k=1

where ¢ > 0, and @ the solution to (4.19). In the following computation
it is assumed that ¢ is sufficiently small so that ¥ + ¢ > 0 and such that

E(V(t)) > E(¥). Consequently we have

(4.22) 0 < L(z(t),9(t),p) — L(Z,T,p).
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and moreover o
V. L(Z,¥,p) =0.
Therefore we find, using |a|? — |b|2 — 2 (a — b,b) = |a — b|?, and ¥ € C in the
first equality below, that
0 < L(a(t).9(t),p) ~ £@.9.p) ~ (Vo £E,D.p). (1) - 7)

= Sllat) — gl ~ 517~ gll3 — (a(t) ~ 7,7~ g)

q
+ (0, (O + ) KF N (Kya(t)) — Y 0K} (NL(K,T))
k=1 k=1
q . q
— ZtﬂkKk (Ky) — Z N” (K7) Ki(x(t) — 7))
k=1 k=1

— la(t) = 72 + (0, > BT (NU(Kpa(t)) — NL(KG) — NI (K7) Ky((t) - 7))

q
+{p, ) 0Ky (N2(Ka(t) — N2(K;T)).
k=1
By the discussion preceeding the statement of the theorem we obtain that

Jim 5 (VK1) — NAKi®) — N (i) Ki(elt) — )

— lim, ﬁ(mm( ) — NUEE) — N (K@) K (at) - 7)

— SN ) ding (K1) — 7)) Ki(a(r) — 7)

+ o NI (i) ding (K (w(t) — ) Kila(t) ~ 7)

1 . o
= §N;11§(ka)d1ag(ka)ka
As a consequence we have
1 1 d
0< =&+ 3 p,ZﬁkK,Z’N”’ (Kyz)diag(Kyi) Kyd) + (p, Y 0k N (KT) Kyi)
k=1 k=1

1. R _ . .
= Sl + 5 > On{diag(Kip) N (KxT) (Kyi), Kyi)
k=1
q —
k=1
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which can be expressed as

q _
0 < (.fT 1§T) I+k¥1ﬁngNéi2§(ka)diag (Kkp)Kk R (:L‘)
RT 0
as desired. O

From the discussion before Theorem 3.1 we recall that the coordinates
of N;”&(Kii")Kijc and hence of Né’/&(Kiﬁc)diag(Kp)Kijc are single valued.

4.4 Semi-smooth Newton algorithms

In this subsection a semi-smooth Newton method for solving the necessary
optimality system (4.13) for the regularized problem (4.4) is developed and
analyzed. Convergence of the regularized problem to the original one was
already studied in Theorem 4.3. We utilize that the optimality condition
in (4.11) can equivalently be expressed by means of the complementarity
formulation
((NZ(Eg), Kgp))gx1 — =0
w—max(0, u — ) =0,

where

((NL(Kpz), Kkp))gx1 = (NL(Kiz), Kip) , ..., (NL(K,z), K,p)),

c is any positive scalar and max operates coordinate-wise.
System (4.11) can therefore be expressed equivalently as

(4.23) G(z,9,p, 1) =0,

where

q
p+ > 19kKkTN£’(Kk:U)Kkp +r—g
k=1
(NLU(EKyx), Kip))gx1 — 1
G(x,9,p,p) = .
Z ﬁngNé(ka) +x—f
k=1
p — max (0, p — ¢9)

The reason for exchanging the order of the equations is to create symmetries
in the generalized Jacobian J(x, 9, p, u) of G(z, 9, p, ) to be specified below.
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In what follows we specify the value of n”(t) at t = +e to be 0. We could
equally well take :Fs%' For (z,9,p,u) € R" x R? x R™ x R? we define

q
Li(,9) =1+ Y 0uKi N/ (Kpx)Ky, La(x) = (K{ N.(K12),..., KL N/(K,2)),
k=1
R(z) = (K{ N/(Kyx)Kip, ..., K] N/ (K.x)K,p) € R"™,

Max'(0, ) = diag(max’(0, f11), . . ., max’'(0, uq)),

where
1if pup >0

/0, —
maxc (0, g {OifukSO.

We note that there exists a neighborhood U We find that the generalized
Jacobian of G is given by

(4.24)
Q(‘ra ﬁap) R(J?) Ll(xvﬂ) 0
R(z)T 0 LT (x —I
J(x,0,p, ) = ) ) ;
Ly(z,9) Lo (z) 0 0
0 cMax’ (0, p — ) 0 I — Max'(0, u — ¢9)
where

q
Q(z,0,p) = T+ K[ N (Kyx) diag(Kyp) K.
k=1
A positive definiteness assumption of the upper 2x2 block of J (z, 9, p, p) will
be required. Let (Z,7,p, 1) denote a solution to G(:c,z?,g,,u) = 0. Further
let U = U(%,9,p,t) denote an open neighborhood of (Z, 9,7, ) and set

(4.25) A, 1) = {k : pp — e > 0},
and
C={0eR?: 60, =0if ke A9, n)}.
Note that at the solution we have ¥4, = 0, and 7, > 0,95 > 0, and hence

A, 1) = {k : i, > 0} coincides with the strongly active set of Section 3.3.
We shall utilize the following assumption:

There exists a bounded neighborhood U = U(Z, 9, D, i)
such that for all (z,9,p,u) € U

(H1) Q(z,9,p) R(x)\ [z
ooty (U ) (50) >0
for all ¥ € C and Li(z,9)0x + La(x)dv = 0.
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Note that u does not appear in the positive definite condition, but bound-
edness of the p-coordinates in U will be used below.

Comparing (H1) to the second order necessary condition of Theorem 4.5
we note that (H1) requires positive definiteness in a neighborhood of (z, 9, p),
that perturbations of the active set need to be admitted and that the values
of n/ at t = £¢ are fixed, whereas in Theorem 4.5 they appear as directional
derivatives. For the purpose of this subsection the choice of max’(0, ux) could
be 0 at g = 0. This would change A(J, u) = {k : pr. — ¢ > 0}, but the
following convergence result would remain unchanged.

By (H1) and the fact that ¢ — n”’(¢) has only finitely many discontinu-
ities, there exists k > 0 such that

a0 Qe TO) (55) 2wl (5 ) 1B

for all ¥ € C, Li(x,9)dx + La(z)69 = 0, and (x,9,p,n) € U.

Proposition 4.6. If (H1) holds, then J(x,9,p, u) is regular for each (z,9,p, n) €
U and the inverses are uniformly bounded.

Proof. Let (z,9,p,u) € U, set A= A(0, ) as definded above, and let Z =
{1,...7} \ A. We show that J(z,9,p, u) is injective. Let (dx, 9, dp,oun) €
R” x R? x R™ x R? and assume that

ox

oV
(426) J(xv 191 b, ,U’) 5p =0.

op

We partition §¢ into coordinates associated to inactive 497 and active 61 4
coordinates, and similarily for du. The columns of R(z) corresponding to
inactive coordinates are denoted by R(z)z and analogously for Ly(z)z. Thus
R(x)7 is of dimension n x #(Z), where #(Z) denotes the cardinality of Z.
From the last equation in (4.26) we have

094 =0 and duz = 0.
From the third equation in (4.26) we have
(4.27) Lyi(z,9)0x 4+ La(x)d0 = Ly (z,9)0x + Lo(z)z(69)z = 0.
Now from equations one and two of (4.26)
Q(z,9,p)0z + R(x)7697 = —LT (z,9)p

4.28
2 (R(2)1)" 6z = —(La(z))"p
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where we use that (0p)z = 0. Since by (H1) the matrix <}?T IEI> is positive
T

definite on ker (Lq(x,d), La(z)7) and the right hand side is in its orthogonal
complement, we find dx = 0 and 97 = 0. From the first equation in (4.26)
we deduce that dp = 0. The third equation, evaluated for the A-coordinates
implies that du 4 = 0, and hence J(z, 9, p, p) is a regular matrix. Since U is
bounded, its closure is compact. Now by a compactness argument, and the
fact that J(x, ¥, p, 1) has at most finitely many discontinuities in z, uniform
boundedness of the inverses follows. O

A semi-smooth Newton algorithm for solving G(z,¥,p, 1) = 0 can now
be specified.

Algorithm 4.1 Newton Learning for ¢; (NL-¢;)

(i) Choose (2°,9°,p% u%) € R® x R? x R™ x RY, set n = 0,

ox

1%

op

op

(iii) Update (z"F1,gmtt prtl yntly = (2,97 p", pu™) 4 (62,09, 6p, dp),
set n =n+ 1 and goto (ii).

(ii) Solve J(z™, 9™, p", u™) = —G(a", 9", p", u"),

Theorem 4.7. Let (z,9,p,fi) denote a solution of G(z,9,p,u) = 0 and
assume that (H1) holds. Then Algorithm 4.1 converges locally superlinearly.

Proof. Using wellknown characterizations for semi-smooth functions, see e.g.
[30] pg. 27, it can be argued that G is semi-smooth. Together with uniform
boundedness of the generalized Jacobians J(z, 4, p, ) in a neighborhood of
(z,9,p, i) the claim follows, see e.g. [30], pg. 29. O

In numerical optimization Algorithm 4.1, which arises as Newton al-
gorithm applied to the optimality condition, is frequently referred to as
sequential quadratic programming (SQP-) algorithm. The algorithm can
equivalently be obtained be iteratively minimizing a quadratic approxima-
tion to the cost and a linear (in = and ) approximation to the constraining
equation, which in our case is the necessary optimality condition to the
lower level problem. Algorithm 4.1 is closely related to applying a New-
ton algorithm to the reduced functional ¥ — £(x(¢#)), where z(1}) satisfied

31



the nonlinear constraining equation. They differ by the property that the
primal updates of the Newton algorithm applied to the reduced functional
¥ — E(x(9¥)) live on the nonlinear constraining manifold, while iterates of
Algorithm 4.1 are contained in the tangent space to the constraint at the
current iterate. It is well-known that the former of these two algorithms
can obtained from the latter by introducing feasibility steps, [16]. For the
current problem this is given in Algorithm 4.2.

Algorithm 4.2 Reduced Newton Learning for ¢; (RNL-¢;)
(i) Choose (9%, %) € RY x R, set n = 0,

q
(ii) Solve z + > V"K' N/(Kyxz) = f for ™ (primal feasibility step),
k=1

(iii) Solve Li(a™,9")p=—(a™ —g) for p™ (dual feasibility step),

ox
6
op
op

(iv) Solve J(a™ 9™, p™, u") = —G(a", 9", p",u"),

(v) Update (971 1) = (97, u™) + (89, 6p), set n = n+1 and goto (ii).

Due to the feasibility steps the right hand side of step (iii) in Algorithm
4.2 has the form

0

(NL(Krx), Kpp))gx1 —
G(x,9,p,p) = .

p — max(0, p — )

For any solution (Z,9,p, ) to G(z,9,p, ) = 0 we have J > 0. Hence
Li(z,9) is positive definite, and the implicit function theorem implies the

existence neighborhoods U(Z) x U(¥) such that for each ¥ € U(J) there
exists a solution z = z(¥) € U(Z) satistying

q
(4.29) z+ Y K] NL(Kpz) — f=0.
k=1
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Moreover ¥ — z(¢) is continuously differentiable from U(4)) to U(z). The
solution in step(ii) of Algorithm 4.2 is chosen to satisfy ™ € U(z). Without
loss of generality we may assume that {(x,9) : (z,9,p,u) € U((z,9,p, 1))} C
U(z) x U(Y) , where U(Z,9, p, i) was introduced in (H1), and that L (x, )
is regular with uniformly bounded inverses for all (x,9) € U(Z) x U(¥). For
nonnegative 1 this property is obviously satisfied for all x.

In numerical practice we switched from Algorithm 4.2 to Algorithm ?7?
for small values of epsilon (e.g. ¢ < 1072). Moreover we used a reduced form
of the system in step (iii) which will be detailed after addressing convergence
for Algorithm 4.2.

Theorem 4.8. Let (7,9,p,11) be a solution to G(x,9,p,u) = 0. If (H1)
holds, then the iterates of Algorithm 4.2 converge locally superlinearly.

Proof. The proof can be given by standard arguments and hence it suffices
to give the main steps.
The iteration can be characterized by

(4.30) 2" — 2Tl =20 5 — 2T = (2" 9™ 4 60, p" T " 4 ),

where 2" = (", 9", p", u"), and 6z = (dz, 09, dp,d0u) is the solution to the
system in step (iii) in Algorithm 4.2. The first step in (4.30) is a semi-smooth
Newton step and hence

(4.31) 12" + 6z — z[| = o(]|2" — 2])),

where z = (z,9,p, i), and the norm || - || is taken in R™ x R? x R™ x RY.
Arguing iteratively, (4.31) together with the Lipschitz estimates below, we
find that the iterates 2" € U(Z,9,p, i), if ||(z",9°) — (z,9)| is sufficiently
small.

Since ¥ — z(¥9) is C! on U(Y) there exists as constant K; such that
lz(9) — z|| < K1||9 — || for all ¥ € U(¥Y), and in particular

(432) @™ 7| = o™+ — 2] < K\ [ — 3] = o(|[9" — J]).
Moreover we find that

Ly(z" 0" (" = p) = —(La (@™, 9" ) — Lo(2,9)) p+ 2 — 2™,
and therefore there exists a constant K, independent of n, such that
(433) " = Bl < Kol (@™, 90"Y) = (&,9)] = o([[9" — ).

Combining (4.31) - (4.33) the claim follows. O
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We next express step (iv) of Algorithm 4.2 in terms of the variables
(9, ). From the first and third equations of (iv) we derive

op=—L{'Qdx + RSV
69 = —L; Ly ox.

Here and below we drop the dependence of L1, Lo, R and (Q on the current
iterate (z™, 9", p"). The second equation of (iv) gives

(4.34) RT 6z + LY 6p — 6p = —Gs.
Introducing the symmetric matrix
P(z", 0", p") = LYL7'QLT Ly — RTL7'Ly — LYLT'R,
and dz and oy in terms of 0¥ in (4.34) we obtain
P(z", 9", p") 80 — op = —Ga(2",p", u").

Combined with the forth equation in (iii) we obtain the asymmetric system
(4.35)

< P(z", 9", p") -1 ) <619> B <G2($”,p”,,u”)>

cMax/(0, ™ — c9™) T — Max/(0, ™ — c™) ] \OH S\ G pt) )
The second equality (4.35) can be expressed as

eMax' (0, u™ —c9™) §9+ (I —Max' (0, u™ — ™)) S+ p" —max (0, u™* — ™) = 0.

This implies that

(4.36) 9 =0 and 2T =0,

where A = A(V", u") is defined in (4.25) with (9, u) replaced by (9", u")
and the subscript A with 19&“ was defined in the proof of Proposition 4.6.
Finally we partition the coordinates into active and inactive ones, so
that, after possible reordering, z = (xz,x4). Accordingly P(z™, 9™, p") is
split into block matrices
P(xnaﬁn)pn)l- P($n719n7pn)I,A
P(x", 9", p") = .
P(‘/L‘na’ﬂn7pn)./4,l- P(xn)ﬁnupn)f\
Thus (4.35) is equivalent to solving the symmetric system
P($n719n’pn)z 5191 = _<Né(K2$)7 sz>I + P(xn/ﬁnapn)I,AﬁZ?
where we use that §¢4 = —1 4, and assigning
pitt = (P 89)a+ (NU(Kix), Kip)a,

and 9!, pf! = 0 according to (4.36).
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Figure 4: Subset of the ground truth data g extracted from the BSDS500
database [1] and the noisy data f using a noise level of o = 25.

5 Numerical realization

In our numerical experiments, we consider the problem of learning the op-
timal regularization parameters for the ¢; model with multiple priors from
a set of training data (g;, fi), i = 1...N,

N
min £(z(9)) = Z; i (9) — gill3

subject to z;(9) = argmin " Vi Kxxls + Lz — fil2
z k=1

To generate the training data, we first randomly sample N = 64 patches of
size w x h = 64 x 64 from the BSDS500 image segmentation database [1]
and store them into vectors g; € R¥" . The reason for sampling random
patches in a large database is to generate samples of a large diversity by
simultaneously minimizing the amount of training data. Then, we generate
the noisy versions f; € R*? by adding Gaussian noise with different standard
deviations o € {15,25,50} to g;. Figure 4 shows an exemplary subset of the
training data together with a noisy version.

In previous sections, we did not consider the case of multiple training
data (g;, fi). However, we can easily convert the learning problem for mul-
tiple training data to the form (4.1) by stacking up all g; and f; to large
vectors, i.e. § = (¢g1,...,9n) and f= (f1,--, fn) and by defining the linear
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Figure 5: Different sets of filters used in the experiments.

operators K r as the N x N block-diagonal matrices

(5.1) K, = diag(Kp, ..., K1) -
——

N times

Then, we can treat the multiple training data problem as a single training
data problem with a modified linear operator K and the analysis carried
out in the previous sections can be applied.

The linear operators K € R™*"™ we consider in our experiments are gen-
erated from local filter kernels x; € R**" such that the matrix-vector prod-
uct Kz is equal to the two dimensional convolution of the two-dimensional
image x with the filter kernel xy, i.e.

Kpr=x %k,

where * denotes the two-dimensional convolution operation. Note that for
the matrix vector product Kjz, the image is treated as a column vector
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whereas for the two-dimensional convolution with the filter kernels xp, the
image is treated as a two-dimensional array.

For the filter kernels we consider various choices, e.g. standard finite
difference approximations of first- and second-order derivatives or higher-
order linear operators obtained from the basis vectors of the two-dimensional
discrete cosine transform (DCT). Figure 5 shows the filter kernels we used
in our experiments. For the boundary conditions, we modify the linear
operators in a way such that the image data is reflected at the boundaries.

5.1 Learning

In the following sections we show how to learn the optimal regularization
parameters ¥ in the multiple prior £; model. We shall study two approaches:
A first approach that reduces the ¢; learning problem to a sequence of
reweighted ¢y learning problems which will be solved using Algorithm 3.1
and a second approach that directly solves the ¢; learning problem using
the reduced Newton algorithm 4.2. We will compare the performances of
both approaches and finally show preliminary extensions to solving the opti-
mal parameters of a non-convex £1 model. All algorithms are implemented
in Matlab and are executed on a22.60GHz i5 CPU running a 64Bit Linux
system.

5.1.1 Iteratively reweighted /> learning

Motivated by the fixed point algorithm for solving the lower-level ¢; prob-
lems [32, 8], we consider a sequence of reweighted ¢s problems for learning
the optimal regularization parameters of the ¢; problem.

Let n. be the ¢ regularized Huber-¢; norm

t2 € :

=+5 ifft<e
5.2 ne(t) =42 2 -
(5:2) (1) {\t\ else .

Given a point , we can bound n.(t) from above via the quadratic function [3]
ne(t) < <t2 + max(e, \ﬂ)) .
2 \max(e, 7]
Now, assume, we are given an & which is sufficiently close to the optimal

solution of the lower level problem. We can then approximate the ¢; bilevel
learning problem as a quadratic single level problem

) 1 - -1 2
min £(9) = 5| (1 + ;ﬁklck(x)) f—dl3,
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where

1 1

ICo(2 :KTdia — ) eeny -
k() k g(max(&‘(Kkl')lD max (e, [(KiZ)m|)

)Kk 5

is the weighted linear operator. This motivates an iterative algorithm which
starts with an initial estimate of & and then solves a sequence of quadratic
single level problems with iteratively updated versions of #. The outline
of algorithm is presented in Algorithm 5.1. The most involved step in the

Algorithm 5.1 Iteratively Reweighted Learning for ¢o (IRL-{2)
(i) Set n=0,0=0,z = f

(ii) Compute Ki(#) = K diag( 1 L VK

max(e,[(Kx2)1]) "~ max(e,[(Kp)m|)
(iii) Solve
1 q
9" = argglzigé'(ﬁ) = 5”([ + ;ﬂklck(i'))lf -9l

using Algorithm 3.1

(iv) Compute & = (I + 3> 9°Kx(2))~1f
k=1

(v) Set n=n+ 1, goto (ii)

algorithm is computing the solution of the weighted ¢o single level problem
which is carried out by using the semi-smooth Newton Algorithm 3.1. In our
experiments, we observe that the Hessian matrix M involved in the Newton
equation (3.21) can have negative eigenvalues which means that the Newton
direction is not a descend direction. In view of the higher level function £(19)
as depicted in Figure 1, this comes as no suprise given the concave behavior
of £(1¥) away from zero. In this case we use a positive definite approximation
of M by flipping the signs of the negative eigenvalues (see [22] for more
details). It is important to point out that M is always positive definite
when the iterate becomes sufficiently close to the optimal solution which
enables the algorithms local superlinear convergence. During the iterations
of Algorithm 3.1, we always perform full steps in p and in 9;, Vi € A™ and
carry out a Armijo-type linesearch in 1J;, Vi € Z™ using the function value of
the higher level optimization problem as the merit function. We set ¢ = 1073
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in the Huber-regularized | - | function in (5.2). The iterations of the inner
Algorithm 3.1 are stopped, when a maximum number of inner iterations
maxiter; = 100 is reached or the normalized residual, i.e. the £5 norm of
the right hand side of (3.21) devided by its number of elements is less than
a tolerance of tol; = 1076, We stop the iterates of the outer Algorithm 5.1,
when a maximum number of outer iterations maxiters = 100 is reached or
the normalized outer residual, that is the 2 norm of (3.21) using 9" and
recomputing Z is below a tolerance of tols = 1073.

5.1.2 Direct ¢; learning

Next we discuss the reduced Newton learning algorithm for ¢; problems as
presented in Algorithm 4.2. In step (ii) of the algorithm, we need to per-
form the primal feasibility step which amounts to computing the minimizer
of the lower level problem. For this, we use a a standard primal Newton
algorithm with Armijo-type backtracking linesearch which takes on average
10-20 iterations to bring the normalized residual of the primal equation be-
low a threshold of tol; = 107Y). In step (iii) of the algorithm we need
to compute the dual feasibility step which we solve by using the Matlab
mldivide command. We again use a positive definite approximation of the
matrix P in (4.35) in case it has negative eigenvalues, by flipping the signs
of the negative eigenvalues. Furthermore we perform full steps on p and 1;,
Vi € A" and an Armijo-type backracking linesearch on ¢;, Vi € " using
the higher level problem £(9) as the merit function. We set ¢ = 1073 in
the 4-th order polynomial approximation of the | - | function in (4.5). We
stop the algorithm when a maximum number of iterations maxiter = 100 is
reached or the normalized residual, i.e. the ¢2 norm of the right hand side of
the Newton equation in step (iv) devided by its number of elements is less
a tolerance of toly = 1073.

5.1.3 Results

Table 1 shows the result of learning the optimal regularization parameters
on natural images for various linear operators and noise levels using the it-
eratively reweighted ¢ learning algorithm (IRL-¢3) and the reduced Newton
/1 learning algorithm (RNL-/;).

In general, one can see that the energy of the higher level problem &()
decreases with the diversity of the filter banks and equivalently, the quality of
the /1 models increase with the diversity of the differentiation order included
in the filter banks. Observe that the largest performance increase comes
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Algorithm TRL-¢

o=15 o=25 o =50
Filters k £ k £ k  £W)
15t 107 163.19 145 303.21 191 602.83
15t 4 gnd 119 152.98 190 28291 174 563.86
DCT3 132 148.79 141 272.60 183 545.46
DCT5 101 147.67 150 268.12 506 529.83
Algorithm RNL-¢;

c=15 =25 o =250
Filters k £ k £ k  EW)
15t 8 162.87 24 302.69 16 601,88
15t 4 ond 18 15245 33 282.02 43 562.44
DCT3 12 147.55 20 270.62 37 542.90
DCT5 16 144.69 44 265.41 100 525.97

Table 1: Results for the ¢; learning algorithms on natural images. The table
shows the number of Newton steps and the value of the higher- level problem

£0).

through adding second-order filters to the first-order derivative filters. We
also performed experiments where we added first-order derivative filters to
the DCT filter banks and it happened that the weights of the first-order
filters where set to zero by the learning algorithm. This experiment suggests
that the first-order filters and hence the classical total variation prior is not
very suitable for natural images. In contrast, we observed that on randomly
generated piecewise constant images the learning algorithm always preferred
first-order filters over any additional higher order filter, which suggest that
for piecewise constant images, the total variation is already a very good
prior.

Comparing the results of the IRL-¢» and RNL-/; algorithms, one can
clearly see that RNL-/; needs far less Newton steps to converge. This can
be explained by the fact that the IRL-¢s algorithm performs a fixed-point
iteration by solving a sequence of re-weighted /5 learning problems and hence
the overall algorithm is in principle a first-order algorithm. In contrast, the
RNL-¢; algorithm is a full Newton algorithm on the original ¢; learning
problem and hence exhibits super-linear convergence.
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Figure 6: Negative log probability density function (PDF) of the filter re-
sponse of a DCT5 filter applied to natural images. Note that the m
function provides the best fit to the heavy tailed shape of the true density
function.

Furthermore, one can see that the RNL-¢; algorithm stops at slightly
smaller energies. This is explained by the fact that for a fixed value of ¢ the
function (4.5) utilized in the RNL-¢; algorithm is a better approximation to
the true | - | function than the Huber function (5.2) utilized in the IRL-f
algorithm. We also tried to us a smaller € in the IRL-¢2 which however lead
to convergence problems.

5.1.4 Learning of a non-convex /1 model
2

It is well known that the probability density function (PDF) of the responses
of zero mean linear filters (e.g. DCT filters) on natural images have heavily
tailed distributions [15]. Figure 6 plots the negative log PDF of last DCT5
filter shown in Figure 5 applied to natural images together with different
model fits. One can clearly see that the |- |? function provides a bad fit
to the negative log PDF which is consistent with the inferior performance
of quadratic energies for image regularization. Although the | - | function
provides a much better fit than the |-|? function, the /| - | function represents
an almost perfect model. However, while the | - | function is still convex the
\/m is non-convex which makes the lower problem much harder to solve.
Our aim is now to show that we can utilize the algorithms developed
in this paper to learn the optimal regularization parameters of a model
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involving the non-convex £1 quasi-norm. We shall see that this simple non-
convex model achieves excéllent image denoising results very close to state-
of-the-art algorithms.

The bilevel learning problem involving the non-convex ¢ 1 quasi-norm is

given by

l
%121515@(19)) = l; i (9) — gill3

q 1
subject to x;(¥) = argmin 2 > U] K|/ + %Ha: — fill3,
x k=1 2

=

where ||Kyz||3 = >" 1 \/|(Kkx);|. In order to apply our learning algo-
rithms, we neéd to regularize the above problem. Similar to (4.5) we use a
locally regularized approximation of the m function:
3t 7t? 21/
(5.3) n(t) =4 3V 16V | 32
|t] else ,

if [t| <€

with derivatives

33 Tt
i d TavE tags l<e
ne(t) = t else
2y/[tP ’
{—9t2+7. if  Jt<e

8ve” 8(?3

Ve

else,

n
€ else.

e - { _4§? if It| <e
8\/It]7
For learning, we use the reduced Newton Algorithm 4.2, which can be easily
adapted to the £1 setting by replacing the regularized ¢; norm with the
regularized £1 qu2asi—n0rm. We term the resulting algorithm the reduced
Newton ¢ 1 leQarning algorithm (RNL-/ 1 ).
In our experiments we observe that the Hessian matrix in the £1 case

can have strongly negative eigenvalues and that computing a positivé defi-
nite approximation of the Hessian by simply flipping the signs of the negative
eigenvalues does not always lead to a very good second order approximation.
This results in a worse convergence bahavior of the algorithm. We stop the
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algorithm after the normalized residual is below a tolerance of tol = 1073,
or a maximum number of iterations maxiter = 100 is reached. The inves-
tigation of an improved Newton algorithm, for example the development of
a trust region Newton method is subject to future work. For computing
the primal feasibility step, we use the limited memory BFGS quasi-Newton
method [20], where again for convergence reasons, we set ¢ = 1072 in the €
regularized m function (5.3). The development of an algorithm that can
handle smaller ¢ is left to future work. Table 2 shows the results of apply-

Algorithm RNL-¢;
2

oc=15 o=25 o =50
Filters k &) k E(9) k E(9)
DCT3 47 134.02 100 253.35 100 527.13
DCT5 13 128.63 100 240.63 100 500.83

Table 2: Results for the £1 learning algorithm on natural images. of Newton
2
steps and the value of the higher level problem &(99).

ing the RNL-£1 to natural images using DCT3 and DCTS5 filter banks and
various noise lgvels. Observe that the RNL-/1 algorithm takes significantly
more iterations than the RNL-¢; algorithm. 2Hovvever, as already said, our
predominant aim is to show the potential of the non-convex 1 model and
hence also the limitations of the convex ¢; model. Comparing 2the function
values of £(1) using the ¢ 1 models to the function values when using ¢;
models as shown in Table 1 we can see that the non-convex ¢1 models lead
to significantly lower function values which means that the 62; can recover
images which are closer to the ground-truth images. ’

5.2 Testing

In this section we use the learned models from the last section to evaluate
their denoising performance on unseen images from the BSDS500 database [1].
Furthermore, we will show comparisons to related methods as well as state-
of-the-art algorithms.

In this work, we inherently assumed that the noise level of the images
is known in advance. We point out that this assumption is reasonable also
for practical problems since in many cases, the noise level can be computed
from the image acquisition process, can be specified by the user, or can be
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estimated by separate algorithms [19].

Having given the noise level, we compute the solution of the lower-level
problems using the first-order primal-dual algorithm [4] with the precon-
ditioning described in [25] in case of the ¢; models and used the limited
memory BFGS quasi-Newton method [20] in case of the £1 models. Note
that for testing we require only a moderate accuracy of the n;inimizers of the
lower-level problems and hence we stopped the algorithms after the change
of the function value was below a threshold of tol = 1073,

5.2.1 Results of the /; model

Figures 7, 8 and 9 show the denoising results of the learned ¢; models on
natural images containing zero-mean Gaussian noise of various standard
deviations, o € {15,25,50}. One can observe that larger filter banks con-
sistently lead to a better image denoising performance, where in particular,
the DCT filters are much better in recovering textured areas. Furthermore
one can see that while the first-order filters lead to cartoon-like images (see
the detail views in the last rows of the figures), the higher order filters lead
to much more naturally appearing results.

From the experiments we can observe an interesting limitation of the
/1 models. While the step from simple first-order priors (i.e. the total
variation) to higher order priors (e.g. second-order derivatives or DCT3)
gives the largest performance increase, the performance seems to saturate
when further increasing the diversity of the filter banks (e.g. from DCT3
to DCT5) and hence we expect that the performance of ¢; models cannot
be improved much more by keep adding priors to the model. We do not
think that this is due to a wrong set of priors (we also experimented with
dictionary priors such as SVD and ICA priors) but is an inherent limitation
of the 1 model. Indeed, we will see that switching from the convex ¢; model
to the non-convex /¢ 1 model will overcome this limitation.

5.2.2 Comparison between the ¢; model and the /1 model
2

Figure 10 shows a comparison between the convex ¢; model and the non-
convex £1 model using the DCT5 filter bank for different noise levels. One
can clear2ly see that the non-convex £1 model leads to significantly better
denoising results and the difference iS2 higher for smaller noise levels. We
can characterize the qualitative differences between the £1 model and the £1
model as follows: ’
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(i) The ¢ 1 model leads to a better preservation of the contrast in the re-
constructed image than the ¢ model. Let us interpret both models in
terms of a shrinking process. It is known that the ¢; model performs
in principle a soft-shrinkage of the coefficient which shrinks the coef-
ficients independently of their strength. The £1, however, performs
a stronger shrinkage of smaller coefficients and a weaker shrinkage of
larger coeflicients which results in a better preservation of the contrast.

(ii) The ¢; model is not very successful in recovering homogeneous areas
although it preserves textured regions very well. This effect comes
from the convexity of the 1 norm which cannot distinguish very well
between homogeneous regions and textured regions. In contrast, the
concave shape of the £1 norm is much more successful in distinguishing

2
textured and non-textured areas and hence gives better results.

(iii) As already pointed out above, further increasing the diversity of the
¢1 model does not improve the denoising performance. In contrast,
the performance of the £1 can be further improved by increasing the

2
diversity of the filter bank (see also Table 2).

In [27], Samuel and Tappen proposed a bilevel learning algorithm to
learn the optimal filters (comparable to a dictionary) of the so-called Fields
of Experts (FoE) model of Roth and Black [26]. The FoE model uses a sum
of priors involving non-convex potential functions related to the negative log
density of a Student-t distribution. The optimization algorithm is a plain
gradient descend algorithm, where the gradients are computed using implicit
differentiation. Since the FoE model has much more degrees of freedom as
our simple models, one would expect that the FoE model would lead to
better results. However, it turns out that our simple convex 1 model leads

to comparable and our non-convex £ model leads to significantly better
2

results (see Figure 11 for an example). We do not exactly know the reason
for the improved performance of our simpler model, but possibly, our Newton
algorithms are distinctly more accurate in approximating (locally) optimal
solutions than the gradient descend methods that are used in [27]. This fact
justifies the use of Newton algorithms for this kind of learning problems.

5.2.3 Comparison to state-of-the-art methods

In our last experiment, we compare the results of our /; and £1 models to
2
state-of-the art algorithms. Figure 12 shows a comparison of the proposed
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models to the Fields of Experts (FoE) model of Roth and Black [26], the
KSVD dictionary learning algorithm of Elad and Aharon [11], the recently
proposed Gaussian mixture model (GMM) of Zoran and Weiss [33] and
the BM3D algorithm of Dabov et al. [7] which define the current state-of-
the-art in image denoising. One can see that while the convex ¢; model
cannot compete with the current state-of-the-art, the non-convex /1 model
is clearly state-of-the-art. Note that the two methods GMM and2 BM3D
which are superior to our £1 are much more involved. For example, the
GMM method uses a generic2 image prior consisting of a Gaussian mixture
model with 200 components, each of them specified by a 64 x 64 covariance
matrix. Decomposing these covariance matrices into its eigenvectors, we end
up with a total of 12800 filters whereas our £1 model uses only 24 DCT5
filters. The BM3D method is still the best methi)d on this example, although
it can also lead to strange artifacts, as can be seen from the overemphasis
of the stripe-like texture in the detail view in Figure 12.

6 Conclusion and Outlook

In this paper we have proposed semi-smooth Newton methods for learning
the optimal regularization parameters in variational image denoising mod-
els including the smooth £ norm as well as the non-smooth ¢; norm. The
parameters are learned in a way such that the minimizers of the variational
models give the best approximation to given ground truth solutions. This
naturally leads to a bilevel optimization approach with the higher level prob-
lem being a loss function that minimizes the error between the the solution
of the lower level optimization problem (the variational model) and given
ground truth data. We have analyzed the structure of the arising bilevel
optimization problems and in case of a £» model with a single prior we were
able to show that the problem is quasiconvex in the regularization parame-
ter.

We have proposed and analyzed semi-smooth Newton methods that lead
to efficient learning algorithms with guaranteed locally superlinear conver-
gence. We tested the algorithms on natural image denoising problems using
different noise levels and different sets of regularization priors. We have
demonstrated the our proposed Newton algorithms can efficiently find opti-
mal regularization parameters requiring approximately 20 Newton iterations
on average.

Furthermore we have presented preliminary results on applying the bilevel
learning framework to variational models including the non-smooth and non-
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(g) clean (h) noisy (i) 1°* (G) 1%t +2"* (k) DCT3 (1) DCT5

Figure 7: Image denoising performance of the trained ¢; model for a natural
image and o = 15. The numbers shown in the brackets refer to PSNR values
with respect to the clean image.

convex {1 norm. In particular, we have shown that switching from the ¢;
2
norm to the ¢ 1 consistently improved the denoising performance over the £,

models.

Future work should include the investigation of data fidelity terms dif-
ferent of quadratic ones and a further analysis of models incorporating the
non-convex £ 1 norm.

A  Proof of Theorem 4.3

The proof is given in several steps.

(i) First we need to adress convergence of the solutions 9¢ to (4.4) as e —
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(a) clean b) noisy (20.17) (c) 1%°(28.17)

(d) 1% + 27%(28.73) (e) DCT3(28.81) (f) DCT5(28.93)

(g) clean (h) noisy (i) 1°* (G) 1%t +2"* (k) DCT3 (1) DCT5

Figure 8: Image denoising performance of the trained ¢; model for a natural
image and ¢ = 25. The numbers shown in the brackets refer to PSNR values
with respect to the clean image.

0T. It is not difficult to see that convergent subsequences of ¢ converge
to a solution of (4.1) but since the solutions to (4.1) are not unique,
this may not be the desired one. For this reason we adapt Barbu’s
trick and introduce (only for the purpose of deriving the optimality
condition) the auxiliary problem

: 9) — 2 19_,19*2
min [(9) ~ glf3 + 19— 13

(A1) . o 1 )
subject to z(9¥) = argmle?kHKk:EHl + |l — flI5,
“ = 2
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(d) 1% 4 2"4(23.15) ‘ (e) DCT3(23.28) ‘ (f) DCT5(23.31)

(g) clean (h) noisy (i) 1°* (G) 1%t +2"* (k) DCT3 (1) DCT5

Figure 9: Image denoising performance of the trained ¢; model for a natural
image and ¢ = 50. The numbers shown in the brackets refer to PSNR values
with respect to the clean image.

and the auxiliary regularized problem
(A.2)

: o 2 _9%|2
min - [|z(J) — g2 + 19 — 9713

q m
. . 1
subject to z(1¥) = argmzlnkzﬁ‘k z;ns((Kkl")i) + §||$ — fli3.
-1 =

Adding the term || — 9¥*||3 to the cost has no effect on the discussion
preceeding the statement of the theorem. Problem (A.1) has 9* as
unique solution. The necessarily optimality condition for (A.2) con-
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(8) & (h) €1 (i) & (¢

=

Figure 10: Comparison between the convex #; model and the non-convex £1

model for different noise levels and using DCT'5 filters. The numbers ShOW121
in the brackets refer to PSNR values with respect to the clean image.

sists of the first two equations in (4.13) and
(A.3)

(<Né(ka5)7 Kkp3>+2(196,k_19;::))(ﬁk_ﬁs,k) Z 07 fOI' all 19]{: Z 07 k= 1) s

Let {0:}c>0 denote a family of solutions to (A.2). Since ¥* is subop-
timal for (A.2) we obtain that

[0 = [l < [l2(97) = gll2 + [[97]2

and therefore {¥;}c~0 is bounded. By the first equation in (4.13)
the family x. = x(J.) is bounded as well. Hence there exists a
subsequence, denoted by the same symbol, and ¥ € RY such that
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(b) noisy(20.17)

(c) FoE-bi (29.33) (d) £1(29.33) (e) £1(29.70)

Figure 11: Comparison between our ¢; and £1 models using DCT5 filters and

2
the bilelvel-optimized Fields of Experts (FoE-bi) model [27]. The numbers
shown in the brackets refer to PSNR values with respect to the clean image.

lim,_,g+ 9. = 9 and lim,_,o+ 2.(9.) = x(¥9). Taking the limit ¢ — 0
in

e (92) = gl13 + |19 — 9713 < llz=(9) — gll3 + |9 — 973,

q m
) 1
where z.(9) = argm;n;ﬁk Zlng((Kka:)l) + §H:U — fl3,

we obtain

l2(9) = gll3 + 19 = 97115 < [l2(9) — gll2 + 19 — 9713

q
1
for all ¥ > 0, where z(¥) = argminZﬁkHKk:rHl + 5“3: — fl3. By
k=1
construction this implies that ¢ = ¢*.

q
Let us henceforth set (\.)r = NL(Kyze), and & = > ﬁs,ngNé’(kaE)Kkpg.
k=1

(ii) By (4.13) and the properties of n. the families {p: }->0, {(Ac)k }e>0, and
{&:}e>0 are bounded. Note that the boundedness of {£:}c>0 follows
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(b) noisy(20.17) (c) £1(28.46)

(e) FoE(28.72) (f) KSVD(29.19) (g) GMM(29.48) ) BM3D(29.53)

Y "y
i
‘ "

(m) FoE (n) KSVD (o) GMM (p) BM3D

(i) clean (j) noisy (k) 41 OR4

Figure 12: Comparison between the proposed ¢; and £1 models to the Fields

of Experts (FoE) model of Roth and Black [26], the KSVD dictionary learn-
ing algorithm of Elad and Aharon [11], the recently proposed Gaussian mix-
ture model (GMM) of Zoran and Weiss [33] and the BM3D algorithm of
Dabov et al. [7]. The numbers shown in the brackets refer to PSNR values
with respect to the clean image.

from the adjoint equation, since {pc}e>o is bounded. Hence, possibly
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after taking another subsequence, there exist p, \x, &k = 1,...,¢, and
¢ such that
(Pe, Aehy &) — (P, A, €) as e — ot.

We can now pass to the limit in the first and second equation of (4.13)
and in (A.3) to obtain the first, third and fourth equation of (4.14).
Moreover 0 < lim,_,o+ (&, ps) = (£, p), which gives the fifth assertion
in (4.14). Passing to the limit in A. we find the second assertion of
(4.14). Taking the inner product of the adjoint equation with p. and
passing to the limit we obtain the sixth equation in (4.14).

(iii) To verify the last two claims, we note at first that by the adjoint

equation

q
HPEH% + | Zﬁa,k <N£/(kas)Kkp€a Kkp€> ’ < ||.7}5 - g” sz-:HQ-
k=1

q
Consequently { > U x|/ N (Kgxe) Kipe |3} >0 is bounded. We have
k=1
q
| <§€7x6> | = ‘ Zﬁa,k <N£/(kae)Kkps7kas> |
k=1

IV N (Kyze) Kipell2 || N (Kpre) Koo

q

1 1 o+
< Q_ Vel VN (i) Kipel[3)2 (3 Veill VN (Ko Kiael[3)2 ©= 0,
k=1 =1

by the properties of n. Therefore | (¢, z*)| = lim,_o+ | (&, zc) | = 0
which is the seventh claim in (4.14). To verify the last one we set
Te = {i:|(Kgze)i| < e} and find

<

.MQ |

Il
KR

ﬁa,kz

K2

0< > |(Bxpe)il (1= |(Acp)il)
=1

“ 3 1
= ) (Erpe)il (1= | = (Kp)i — = (Kgx)?))
] 2¢e 2¢e
IEIEJC

le;k ‘\/W(Kkpa)z| M (1-— ’%(kae)z — T;(kas)ﬂ)

< IV R (Kol (3 s (1= | (e = 55 )?)-

1€1, i

IN
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11z1ig that n = —53t°+5=, Ior < g one argues that l1m + SUup ey L—
Utilizing that n” (t 2ot for |t that lim, g (1
lt|<e

I
|%t - %t3|)2 = 0 and hence Y (Kgp)i(1 —|(\i)i]) = 0, as desired.
i=1
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