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A Bilevel Optimization Approach for Parameter Learning in Variational Models*

Karl Kunisch’ and Thomas Pock?

Abstract. In this work we consider the problem of parameter learning for variational 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 semismooth Newton methods for solving the resulting
nonsmooth bilevel optimization problems and show that the optimized image denoising models can
achieve state-of-the-art performance.
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1. Introduction. Variational approaches have had great success in solving inverse prob-
lems in imaging, such as image restoration, optical flow, and stereo vision. The fundamental
principle behind these approaches is to devise the solution of the inverse problem as the min-
imizer 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 trade off 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 for determining these free parameters is to evaluate the performance
of the variational model on some test data with a known optimal solution by performing
an exhaustive search over a range of useful parameter settings. This is tedious and already
becomes infeasible for more than two or three parameters.

In this work a systematic approach for the above procedure will be provided. 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 bilevel optimization problem of the following
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form:

min &(x(V))
(1.1) 920
subject to z(¥) € arg min F(x, ).

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

Concerning the choice of regularization parameters the literature typically 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 therein. The discrepancy principle is a
prominent example of an a posteriori rule, where the regularization parameter is determined
such that the data fidelity 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 determine 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 regularization 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 cited therein. Here we analyze only 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 case and the nonsmooth ¢ and £1 cases.

For the application of image restoration, bilevel optimization has been used by r2l“auppen
et al. in [29, 28, 27| to learn the parameters of different Markov random field models. In
particular, they showed that bilevel optimization provides an effective learning method, as it
overcomes the typical problems of classical probabilistic learning methods that require one
to compute the partition function of the underlying 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 not only provide
an effective learning framework but also lead to image restoration results superior to those
reported in [27]. We attribute this fact mainly 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 that in [27], as it uses
implicit 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 preliminaries. The smooth case with
a single prior as well as multiple priors is analyzed in section 3. We investigate aspects of
the geometry of the value functional £ and develop a Newton algorithm for the solution of
the inequality constrained problem (1.1). Section 4 is devoted to the existence of (1.1) and
the derivation of an optimality condition by means of a regularization procedure for the case
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when the lower-level problem is nonsmooth. The regularized problems are semismooth, and
thus we propose a semismooth Newton algorithm 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:

min € (z(9)) = [l2(9) — g2

(2.1)
subject to (V) = argmm]—" z,v) ZﬁkHkaHp —Ha: — fl3.

The lower-level optimization problems F(z,9) consists of a data and a regularization term.
The data term penalizes the squared fo-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
1Kl = > [(Kya)il?
i=1

of the result of applying linear operators Kj € R™*" 1 < k < ¢, to . We shall consider
primarily the cases p € {1,2}, and in numerical experiments also p = % The importance of
the priors |[Kxz||h, 1 < k < q are weighted by parameters 95 > 0, which are assembled in a
parameter vector ¥ = (¥1,...,19,). Observe that (2.1) admits a unique solution, which follows
from the strict convexity of the data term. The case of a nonstrictly convex data term, for
example a data term of the form %HAJ; — f|13, where A is a singular linear operator, is left for
future work.

The higher-level optimization problem &(x(¢)) penalizes the discrepancy between the min-
imizer 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 re-
duced single-level optimization problem £(1), as opposed to the bilevel optimization problem
E(x()).

We frequently make use of a standard inner product on R™ denoted by (-, -), which induces
the 2-norm ||-||2 = (-, )é We further denote by ker(K) = {x € R" : Kz = 0} the kernel of K
and by ran(K) = {Kx : x € R"} the range or column space of K. The operation max on a
vector x € 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 with (1.1) let us investigate
the scalar-valued case, i.e., z, f,g € R, ¢ =1, and K1 = 1. For p = 2 and by combining the
lower-level problem with the higher-level problem, we arrive at the single level problem

_(_f ’
{gg%(@—(H—ﬁ— > :
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Figure 1. Shape of the reduced single-level problems for the {2 and {1 cases.

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

%12%1 &, (V) = (max(0,|f| — V) sgn(f) — 9)2 )

which is nonsmooth since the solution to the lower-level problem coincides with f for all ¥
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 &, (¥) is quasi-convex. 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 guarantees this
property also for the multidimensional, single prior case for £ models.

Note that (2.1) does not explicitly consider the case of multiple training images. However,
as we will see in section 5, this does not put any restrictions on our formulation. Indeed, we
can always combine multiple images to form one large image and consider linear operators
that operate on the combined image.

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 ¢ = 1, which corresponds to computing the optimal regularization parameter in a
classical Tikhonov regularization functional:

- min (x(0) = () — g1}
3.1 =
subject to z(v¥) = argrr;in%”K:nH% + %HZE — f||§
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Solving the lower-level optimization problem we find that z(¢) = (I + KT K)~!f, and hence
(3.1) is equivalent to

(3:2) miné(9) = |7+ VK" K)™ f =g

It will be convenient to introduce K = KTK € R™". Every element € R” can be uniquely
decomposed as
=1z + 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*l2 < |lg* |2, then (3.2) admits a solution 9* > 0. If, moreover,
(Kf, f—g) >0, then ¥* > 0.
Proof. Let {9,}>2, with ¥,, > 0 being a minimizing sequence, i.e.,

(3.3) nh_}rrgo E(Wy) = ég%é’(z?).
We argue that lim,,_,,, 9¥,, = oo is impossible. In fact,
(T + 0K) 1 f = gll3 = (T + 0207 = g 15+ 1T+ 9K 1Y = ™15,
and hence, if lim,,_,o, ¥, = 0o, then
(3.4 Timn (7 0K)71F — gl13 = g3 + 1Y — oV I3
From (3.3), (3.4), and the assumptions on f* and g we have
Tim £(0,) = g 1B+ 7Y — VI3 > 17 — g 1B + 17V — V13 = £(0),

which is a contradiction, and thus {#,} is bounded. It follows that there exist a convergent
subsequence and an accumulation point ¥* € [0, 00). Since ¥ — £(1J) 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 that £'(0) = — (Kf, f — g), which by assumption is strictly negative. This contradicts
that 0 is a minimum, and hence ¥* € (0, 00). [ |

Remark 3.2. If K =1 and ||f||2 = ||g|l2 = 1, then the condition (Kf, f —¢g) > 0 becomes
1> (f,g), which is equivalent to assuming that f # g.
We next turn to investigating some of the properties of £(¢). We shall use that

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

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

T
T = E €X;e; —I-azN,
i=1

where {e;} are the normalized eigenvectors of K corresponding to nontrivial eigenvalues 0 <
A <o <A, r<nof K. If r = n, then ker(K) = {0}. We shall express f+ =", fie; and
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3.1.1. The noise-free case. In this and the following subsections we investigate qualita-
tive properties of £(¢9). We first consider the special case f* = g*, which we refer to as the
noise-free case. While this case is less relevant in practice, it is important to understand the
properties of the function £(¢) also in the noise-free situation.
Proposition 3.3. Assume that f+ = g- and f*+ # 0:
(a) Then ¥* = 0 is the unique global solution to (3.2). Moreover, 9 — E(V) is strictly
increasing from || N — g™ |3 to |13 + || Y — gN||3, and it is strictly convez for ¥ €
[0, ﬁ) and concave for ¥ € (ﬁ,oo).

(b) If A, < 2X\1, then there exists a unique U € [21 T] such that £(I) is convex for
¥ €[0,9) and concave for ¥ € (1, 00).

Proof.

(a) Note that £(0) = [|f¥ — ¢"||2 and

lim ||(I +9K)" f = gl3 = lim [|(7 +9K) 7 (fY + f4) = g3
Y—00 ¥—00
= llg* 113 + I~ = g™3 -

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

T

, \; i 4 )\19
5(19):_;((1“,-79) (14 \0)? >f2 Z(1+M“)3f2'

i=1

Therefore £(0) = 0 and &'(Y) > 0 for ¥ > 0, where we use that f* # 0. Hence & is
strictly increasing from [|fN — ¢™|13 to |lg 13 + ||fY — ¢V||3. Similarly we find that

r T

" _ 3)‘12 2)‘2 2 )‘12 . 2
£ <ﬂ>—;<(1+w) W )f ;7(1+>\i19)4(1—2>\ﬁ9)fi.

1

Hence £ is strictly convex for ¥ € [0, 53-) and strictly concave for ¥ € (ﬁ, 00).

(b) We express £”(V) = Y. hi, where

h; —/\7’2(1—2)\-19”“2 and A, = L/\?(l—)\-ﬂ)fz
2_(1‘1‘)\@19)4 ) 7 2_(1_1_)\119)5 ) 7
We note that h; is strictly monotonically decreasing on [0, )\%) fori=1,...,r, and

hence & is strictly decreasing on [0, )\—lr) We have that

1" i " 1
E"(Y) >0 for e [0,2)\T> and £"(Y) <0 for v € (2)\1 >

Together with A\, < 2); these observations imply the claim. [ |
Ezample 3.4. Let g = (g1,--.,9n) be a discrete cosine defined by g; = cos(8mi/n), 1 <i <
n,and let f = (f1,..., fn) be a shifted version computed as f; = g;+¢, c € 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 difference approximation of a one-dimensional gradient operator; i.e., (Kx)(i) =
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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 £(¥) depending on the parameter ¥.

x(i+1) —2(i) if 1 <i < n and (Kx)(n) = 0. Note that since (c,...,c)T € ker(K), c € R, we
have that g~ = f*. The nontrivial eigenvalues of K are given in ascending order by

N\ = 4sin?((im)/(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 concavity of £, for the case where f* may differ from g*.

Proposition 3.5 (convexity/concavity).

(a) If |Kgll2 < 2| fll2, then & is strictly convex on

1
) siksl: )Y
IKll2 \ | 21Kyl
(b) If f+ # 0, then & is strictly convex on (0,9), where ¥ = ming, g, >0 )\%(% —1). If
[igi <0 fori=1,...,m, then ¥ = cc. )
(c) If >0, /\—lzfigl- > 0, then there exists ¥ such that £ is strictly concave on (9, 00).

Proof.
(a) We have

L= (1 +9K) I +9K) |2 < (1 +9K) 2/l + 9K 2,
from which together with ||(I + 9K)|l2 < 1+ 9||K||2 it follows that

1 1
<
L+ 9Kz = [I(1 +9K) ]2

< T +09K) 2 <1,
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Figure 3. The noisy case. (a) shows the discrete cosine signal g and its noisy version f with additive
Gaussian noise with a standard deviation of o = 1/4. (b) shows the function values of £(V) depending on the
parameter 9 together with the bound of strict convexity which is computed according to Proposition 3.5(a).

where the upper bound follows from the fact that K is positive definite. From (3.6)
we have

E"(0) = (I(I +9K) 2K |2 (BII(I + ) 2K fll2 — 2/ + 9K) ™ Kygll2)

3
1K —2||/Cg||2> >0

> 10+ 02K e e

: 1 3 IKS]]2
provided that ¥ € (0, ”K”2( A —1)).

(b) Let P ={i e {1,...,m} : fig; > 0}. Utilizing (3.6) we find that

" — 2 2 0
a 322 1+19>\ RES Wi ;(1+19A)3f9

(3.7)

m )\2
> § - -
_3 ¢P 1+’l9)\ 4f2 +Z 1_{_0}\) (3fz 2fzgz(1+’l9)\ ))

for 9 € (0,9). Here we also use that f* # 0.
(¢) For v > )\il we have

1 K1
f,'” < 194 Z )\2f2 93 Z + )\ fz.gz =9 )\2||f||2 193 Z Ffigia
=11

and the claim follows. |
Ezample 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 add zero-mean Gaussian noise with ¢ = 1/4. Figure 3(a) plots the cosine
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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 € (0,7), where ¥ = m(,/%% — 1) is computed as

¥ = 0.8932. See Figure 3, where the typical quasi-convex 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 is a
self-adjoint 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)~! exists as
a bounded linear operator on H; see, e.g., [18, page 279]. Within this setting we consider for
geH, feH and9d >0

s min&(x(9)) = (9) — gllf
3.8 B

1
subject to x(V) = argmingHKa:H%/ + 5”33 — fliE-

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

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

(3.10) miné(9) = |7 +9K)7"f - gl

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,
equivalently, all) ¥ > 0. Then the spectrum of K consists entirely of isolated eigenvalues
0 < A1 < Ag... of finite multiplicity plus possibly the eigenvalue 0, and every x € H can be
expressed as z = > o0 x;e; + ¥, with 2V € ker(K) and e; eigenvectors of K associated with
the eigenvalues # 0. We have the analogue of Proposition 3.1.

Proposition 3.7. If | f+ — gl < |lg* ||, then (3.10) admits a solution ¥* > 0. If, more-
over, f € domiKC and (Kf, f —g)y > 0, then 9* > 0.

Proof. Using the fact that (I+9/K)~! 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 +
YK)v = v for all v € H. Consequently £'(¢9) is continuous on [0, 00) if f € dom(K). The proof
of the second part now follows as in that of Proposition 3.1. [ ]

3.2. Multiple priors. In this section we study the 5 model with multiple priors, i.e., p = 2
and ¢ > 1. It is defined as

1Y 2 1 2
(3.11) min ;WHKWIIQ +5llz = £,
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with the parameter vector ¥ = (¢1,...,9;) > 0. The minimum of the above problems is
characterized by

q
T+ Z VK = f,
k=1
or, equivalently, z = (I + > 1 _, V1K)~ f. The reduced quadratic learning functional is then
given by

2

q -1
(3.12) min £(Y) = % (I + Zz?lek) f—g

9>0
k=1

For convenience we introduce the symmetric positive definite matrix

q -1
R = (I + Z Q9k’Ck> .

k=1

To guarantee existence the following condition will be used:
(3.13) inf{||Z — gl|2 : T € ker(K}) for some k=1,...,q} > ||f — gl

We observe that in case ker(K}) = {0} for all k, condition (3.13) amounts to ||g|l2 > ||f — g]|2-
If ¢ = 1, then (3.13) is equivalent to assuming that [|g* ||z > ||f* — g*||2. This condition was
already used for the single-parameter case in Proposition 3.1.

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

Proof. Let {9™}22, denote a minimizing sequence, and suppose that lim,_, ||9"]|2 = cc.
Then there exist index sets J C {1,...,q}, J = {1,...,q} \ J and a constant »; such that

(3.14) li_)rn Ip=oc0 forkeJ and |} <Ky forke J and alln.
We set
q -1
(3.15) " = (I +) ﬁZICk> f.
k=1

Clearly {z"} is bounded and hence, on a subsequence, denoted by the same index, lim,,_,o 2" =
& for some & € R™. From (3.15)

S pKga" = f = | an+ > OpKpa"
keg keJ

Taking the inner product with ™ and observing that the right-hand side is bounded,

min 9y E ||Kk3:”||§ < K9
keJ
keg
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for a constant k3 independent of n. Since mingey ¥y — oo for n — oo, we find that
lim,, 0o Kxa™ = K& = 0 for all, meaning that & € ker(Ky) for all £ € J. Since {9"}
was chosen as the minimizing sequence, we obtain

: T no_ N2 — (14— |2 a2 —
f £(9) = lim [|l2" —gllz = [l2 — gll2 > |If — gll> = £(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 9 are given by

(VEW))k =—(Rf —9,RKxRf) fork=1,...,q,

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

(3.16) VEW ) —pu=0, pn>0,9">0, (9 =0,
where € R? is the Lagrange multiplier associated with the constraint ¢ > 0. It can be
checked that the three last conditions can be equivalently expressed as
w—max(0, u — %) = 0.
For the Hessian of £ we obtain for k =1,...,qand [ = 1,...,q the expression
V2E(D) = My + My,
where
(Mi)gs = (RKGRE,RERSf)  and  (Ma)gy = (Rf — g, RKyRERf + RKREGRS)

are symmetric matrices.
Let A ={k e {1,...,q} : (U%)r = 0} denote the set of active constraints for some local
solution ¥* of (3.11). Then, the second-order necessary optimality condition implies that

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

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

(3.18) {KrRf}]_, is linearly independent.

Since R is positive definite, {RKRf}}", is linearly independent and A/, is nonsingular.
If |Rf — gll2 is sufficiently small, then M; + M is nonsingular as well. This implies that
V2E(¥*) > 0 on RY. We summarize our discussion in a theorem.

Theorem 3.9. Assume that (3.18) is satisfied, and let 9* be a local solution of (3.11). Then,

if
q —1
(3.19) H <I+Zﬁzick> f-yg
k=1

the second-order sufficient optimality condition is satisfied at ¥*; in particular, 9* is a locally
UNIQUE MINIMUM.

Note that for f = g we have 9* = 0 as global solution. Therefore (3.19) can be interpreted
as a smallness condition on the error in the data.

is sufficiently small,
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Algorithm 3.1. Newton Learning for /o (NL-/3).
(i) Choose (99, u°) € R” x RY, and set n = 0.
(i) Determine A™ = {k: u} — 9} >0}, Z" = {k : p} — 9} <0}
(iii) Assign M = V2£(9"), P = diag(px), Q = diag(qx), where

_J1lifke A, _Joifke A,
PE=Yoitkerr, T )1itker

(iv) Solve for (619, dp):

(3.20) (A]f _QI> (ﬁi) =~ (Mn _vnfa(f(no), ;# . 19”)) '

(v) Update (91, ity = (97, u™) + (89, S, set n =n + 1, and goto (ii).

3.3. Newton algorithm. We propose and analyze a semismooth Newton scheme for solv-
ing (3.12). For this purpose we express the necessary optimality condition (3.16) in the form

(3.21) { VEW) —n =0,

p—max(0, p—9) = 0.

To solve (3.21) we utilize a semismooth Newton algorithm which is outlined in Algorithm 3.1.
To analyze this algorithm the vectors 69 and du are decomposed into inactive and active
components (69)z, (69) 4 and (du)z, (5p).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
7" is dropped. From the second equation in (3.20) we obtain

(3.22) (00)a = 0%, (Opz=—pz, V=0, pptt=o.
Turning to the first equation in (3.20) we first solve for the inactive components of 0¥ by
(3.23) Mz7(69)z = —MzA(00) 4 — (VEW"™))z
and then assign
(011) 4 = Maz(09)7 + Maa(d9).4 + (VEW™)) A — 1.

Note that while (3.20) is asymmetric, system (3.23), which is of the dimension of the inactive
set, is symmetric.
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Theorem 3.10. Let ¥* be a local solution of (3.12) with associated Lagrange multiplier pu*,
and suppose that (3.18) and (3.19) hold. Then, if ||(9°, u°) — (9%, u*)||2 is sufficiently small,
the iterations of Algorithm 3.1 converge superlinearly to (V*, u*).

Proof. We verify here the requirements for superlinear convergence of the semismooth
Newton method as given in, e.g., [17, page 238]. The max-operation is well known to be
semismooth (see, e.g., [17, 30] and the references cited therein), and D max(0,z) = x{z>0} i3
a generalized or Newton derivative. Here (x{;>03)i = 1 if #; > 0 and (x{4>0}); = 0 otherwise.
This choice of generalized derivative determines step (iii) of Algorithm 3.1. The proof will be
complete if we argue that the system matrices

(M) I
H(M)—(wa Qw,m)

are invertible with uniformly bounded inverses in a neighborhood B,(¢*, u*) of (9%, u*) for
some radius p > 0. The notation H (¢, u) emphasizes the dependence of M, P, and @ on ¥ and
. The discussion before Theorem 3.10 implies that V2E(9*) = M (9*) > 0. Hence there exists
a neighborhood B,(9*), with p > 0, and k > 0 such that |[M~1(9)||2 < & for all ¥ € B,(9*).
In particular, this implies that ||M(9)71]la < & for all ¥ € B,(¢9*) and any combination of
Z e {1,...,q} Now consider for 9 € B,(9*), u € R?, and (y,z) € R*

(3.24) H(V, 1) <§i> = (Z) .

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

1
(09)a = SR, (bp)z = 21.

From the first equation in (3.24) we find that

1
Mzz(9)(09)7 = —EMIAW)ZA + 21 + Y1,

(6p)a = Maz(09)1 + Maa(69) 4 — ya.

Combining these equalities, the invertibility of H (¢, ) with uniformly bounded inverses for
(¥, p) in a neighborhood of (9*, u*) follows. [ |

4. The £; model. In this section we analyze variational models with /1 and hence nondif-
ferentiable regularization terms. This type of model has great impact in signal processing, in
particular in imaging and compressed sensing. First, we investigate the existence of a solution
of the bilevel optimization problems. Then, we derive the optimality conditions by using a
regularization approach and passing the regularization parameter to zero. Finally, we will
develop superlinearly converging semismooth Newton algorithms that solve the regularized
problems.

4.1. Problem formulation and existence.
in&(x(9)) = 9) — g|?
min £ a(9)) = Ja(?) — g1

(4.1) a 1
subject to () = argminZz?kHKk:EHl + =l — I3
C k= 2
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The lower-level problem (4.1) admits a unique solution x = z(¢). Its optimality condition
is given by

q
S KN = f,
(4.2) =1
\e e

7

sgn(Kyz); if (Kgx); # 0,
[—1,1] if (Kgx); = 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 9* > 0.

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

q

1 1
> VRl Kirally + 5o — £ < 51715
k=1

the sequence {z,} is bounded, and hence it admits a convergent subsequence z,, — Z. We

need to argue that T = z(¢). For this purpose we note that

q q
1 1
> IRl Kanll + gllen — FIIB <> ORI Kial + glle = fl3 for all z € R"
k=1 k=1

implies that

q q

— 1 — 1
> Ol Kzl + ST~ fII3 < DOk Kaly + Gllz — fIF forall z € R,
k=1 k=1

and hence T = z(J), since the solution to the lower-level problem is unique.
Next, let {9"}22 ; be a minimizing sequence, and abbreviate z,, = x(9"). If lim,,_, [|9"]|2 =
0o, determine J as in (3.14). Since

q
1 1
S 0Kl + llen — FI3 < S151B,
k=1

we deduce that {z,}7°; is bounded and that lim,_, ||[K;z,|1 = 0 for all ¢ € J. Hence
there exist a subsequence, denoted by the same symbol, and & such that lim, . x, = Z and

K;z =0 for all ¢ € J. In particular, & is contained in the kernel of at least one operator Kj,
and thus by (3.13)

: 1 _ 1 N2 — (15— o2 a2 —
inf £(2(V)) = lim E(wn) = lim flan —gllz = |12 = gll2 > |If = gll2 = £(=(0)),

which contradicts the choice of {1J,,}5° ; as the minimizing sequence. Hence {9, }22 ;is bounded
in R%. Consequently there exist another subsequence, denoted by the same symbol, and
¥* € [0,00) such that lim, ¥, = 9¥*. Since ¥ — z(¢¥), and hence ¥ — E(x(¥)) are
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continuous, it follows that every accumulation point 9* of {d,} is a solution to (4.1), and
x* = 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

(4.3) (Kg)i =0if (Kf);=0 and <Kf g, |§§|> >0,

where % is interpreted componentwise as |E % f;Z if (Kf); # 0 and ‘E gi‘ is interpreted as

some element in [—1,1] if (K f); = 0. We now exclude that ¥* = 0 is the minimum. For this
purpose we argue that %5 (2(9))|g=o+ exists and is negative. We have

E(x(9)) — E(x(0)) = (x(0) + 2(0) — 29, 2(V) — z(0))
= =0 {x(d) + f = 29, K'A(0)) = =0 (K (2(9) + f = 29), A(?)) ,

where we use that z(0) = f.

Let Z = {i : (Kz(0)); # 0}. Then (Kz(9)); # 0 for all i € Z and all ¢ > 0 sufficiently
small. For these 7 and ¥ we have

(Kz(9))i . (Kz(0))i

M) = (R T(RO)]

as 9 — 0", For i ¢ Z we have \;(9) € [-1,1] and (K (z(9) + f —2g)); — 0 for 9 — 0", where
we use that limy_,g+ 2(9); = f; and (4.3). Therefore

1 Kf
Iim —(&(x(P)) — E(x(0 < f—9), >
(€(z(9)) — E(x(0))) = ( )\Kf\
and ¥ — &(x(¥)) is differentiable at ¥ = 0*. By (4.3) we have 4&(2())|g—o+ < 0, and hence
¥ = 0 cannot be a solution to (4.1). We note that the condition (K(f — g), ‘Kf‘> > 0 can
be expressed equally well as (K (f — ¢), A(0)) > 0 for any Lagrange multiplier A(0) associated
with ¥ = 0.
4.2. Optimality system. To derive an optimality system for (4.1) we use a regularization
approach and consider
. _ 2
miné (z(9)) = fl=(9) - gll2

(4.4) G 1
subject to x(¥) = argmrinZﬁk Zne((Kk:E)]) + §H:L' — flI3,

where, for € > 0,

Ll a3 %y t| < e
(4.5) ne(t) = 83 4e 8 ’

|t] else.
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The following properties of n. will be used repeatedly:

ne € C3(R,R), n.(e) = +e, nl(+e) = 1, n(+e) = 0, n’(t) € [-1,1],

(4.6) " 3
n.(t) € |0, % ne(t) > t, for all t € R.

Furthermore, we have
. —ot® + ot if |t <e,
(t) =
sgn(t) else

, —tr 2 it <e,
nE(t) - 0 else
—3t if t] < e,
3 : _
" (#) {0, Sy if t=—e¢,

{-3,0} if  t=e¢,
0 else.
At t = +¢ we consider, for the time being, the third derivative to be multivalued, consisting

of the right and left directional derivatives. It is simple to argue the existence of a unique
lower-level solution z. () for each € > 0. It is characterized as the solution x = z(¥) to

q
(4.7) v+ Y K N(Kpx) = f,
k=1

where
NU(Kyx) = (nL((Kgo)), - ne(Kga)m)) " € R™

Since t — n(t) is monotone, the operator z — x + > ¢_, 9, K} N/(Kjx) is strictly monotone,
and hence the solution to (4.7) is unique. Using (4.7) it follows that ¢ — x. (1) is differentiable
on [0,00)7 for each £ > 0, with the sensitivity equation given by

q
(4.8) Dﬁx + [KgNé(ka)] + Z 0ngNél(ka)KkD§x = 0,
k=1

where
Dyx € R™* [KFN!/(Kz)] = (K{ N/(K1iz), ... ,K{N;(qu)) € R"%4

and
N (Ky) = diag(n!/(Kyz)1), .-, nl((Kyz)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&(x:(9:)) (0 — I:) = 2 (x(9:) — g, Dyxe(V) (9 —Ye)) >0 for all 9 > 0.
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To eliminate Dyz. from the first-order condition (4.9) we introduce the adjoint equation

q
(4.10) p+ Y KN (Kpz)Kyp = —(z(0:) — g).
k=1

Since n! > 0, the adjoint equation admits a unique solution. Taking the inner product of
(4.8) with p and of (4.10) with Dyz(1).) we obtain

(4'11) Dﬁg(xs(ﬁs))(ﬁ - 196) =2 <p, [KgNé(kane(ﬁe))](ﬁ - 196)> >0 forald=>0
or, equivalently,
(4.12) (NL(Kpze(9:)), Kip) (9 — Vep) =20 forall 9y >0, k=1,....q.

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

( q

Te + Z V. KI N{(Kyz.) = f  (primal equation) ,
k=1

4.13 g
(.13) Pe + Zﬁa7kK,?Né’(ka€)Kkp€ = —(z: —g) (adjoint equation) ,

k=1
<Né(Kka:E), Kkp5> (Vg =) >0 foralldy>0,k=1,...,q (optimality).

The last expression in (4.13) can be expressed equally well as N.(Kx)T Kyp € —0Ig+(03),
where I+ is the indicator function of R* and dIp+ (¥;) denotes the subdifferential evaluated
at 7, k = 1,...,¢q. 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 control of a Bingham fluid; in that case the minimization variable appeared as affine,
rather than as a 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 Mordukhovich
calculus; compare [23] for mathematical programming problems with equilibrium constraints.

Theorem 4.3.  Let ¥* > 0 denote a solution to (4.1) with associated state x* = x(9*).
Then there exist an adjoint state p € R™ and multipliers A\ € R™, k=1,...,q, and £ € R"
satisfying the following optimality system:
( q
x4+ K, = f,

k=1

(Ow); € {sgn(Kk:E*)i if (Kpz™); # 0,

(4.14) p+&=—(a"—g),

(A, Kip) € —0Ig+(Vy),

(& p) =0,

(z* —g,p) <0,

(& 2") =0,

(Kgp)i =0 if|(Me)il <1 fork=1,...,q,i=1,...,m.
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Proof. The proof of Theorem 4.3 is given in the appendix. |

Remark 4.4. Before closing this subsection we comment on the chosen regularization 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+9KT) = f,

where \; € O(|(Kx);|), which can also be expressed as

IKTA = f,
(4.15) v f
Kz @A = Kz, Ao < 1,
where a ® b = (a1bq,...,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 replacing coordinatewise the norm operation |t| in (4.15) by
fe(t) = Vt2 +e. Such an approach was used for TV-regularized problems in [5], and it is
also related to the taut string algorithm, as pointed out in [13]. Alternatively a localized
regularization can be chosen by setting

L e g It| < e
(4.16) Ac(t) =4 2 2 ’
|t] else,

as used in [9, 14], for example. Let us compute to which kind of regularized primal formula-

tion the primal-dual formulation (4.15) regularized by (4.16) would lead; i.e., we replace the
generalized derivative A € O(|Kz|) by %, coordinatewise, and compute the antiderivatives

to obtain a new regularization n.(|Kx

). Carrying this out coordinatewise we obtain

(4.17) Ae(t) = 5[1082 (% + ;—i) —log (%)] if [t| <e,
(It] + (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 with the lower-level problem. Dif-
ferently from (4.4), n.(t) acts globally and the expressions for the derivations are rational
functions rather than polynomials. Thus we prefer (4.4) over (4.17).

4.3. Necessary second-order optimality condition. Here we derive a second-order nec-
essary condition for local solutions of (4.4). Beyond the intrinsic relevance for describing the
structure of the second-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 ana-
lyze a semismooth Newton method for solving (4.13). Of course, it is desirable that the gap
between the necessary and sufficient optimality conditions is small. We henceforth drop the
dependence of (9, z,p), a solution to (4.13), on € > 0.

In principle, the derivation of the second-order conditions is quite standard; see, e.g.,
[21, section 10.5]. Our situation, however, is complicated due to the lack of second-order
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smoothness of the equality constraint in (4.4). Second-order conditions for general semismooth
optimization problems 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, second, the null-space representation of the linearized equality has
a special structure since the variables x € R™ can be represented in terms of ¢ € R™. It is
therefore appropriate to give an independent derivation.

Let 9 denote a local solution to (4.4) with associated state T = 2(1)) (i.e., the dependence
of the solution on € > 0 is dropped here). We denote the set of strongly active indices by

Ag = {k : (N.(KyT), Kxp) > 0}.

On this set ¥; = 0 is determined by the necessary conditions. The critical cone for the
necessary second-order condition is defined by

62{196Rq:19k:0f01“k‘6¢715,19kZOif@kZO}.

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

q
(4.18) v+ Y UKL N(Kpz) = f.
k=1

The directional derivative of z with respect to 9 at 1 in direction ¥ is denoted by € R™. It
satisfies

(4.19) Ly + Ly = 0.

Here L1 € R™™ and Ly € R™*4 are given by

q
Ly =T1+> 0K N/(K;Z)Ky, Ly=(K]N'(K.7),..., K] N'(K,)).
k=1

We shall need the third derivatives of t — n.((Kpz(9+t19));) at t = 0, which requires attention
in case |(Kpz(9));| = e. If (Kpz(9*)); = ¢ and %((ka@—{— t0))i)|i=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#); < 0, then the third-order right directional derivative is n”'((Kpx(?));) =
—{_/%(ka@))Z Finally, if (Kz()); = 0, then the third-order right directional derivative is
multivalued with values in {0, _5%7 (Krpz(9));}. Summarizing, if n.((Kpz(9));) = €, then we
denote the third-order directional derivative of t — n.((Kpa(J + t0)):)]i—o by n’e” (K r (),
and it is given by ’

0 if (Kpa); > 0, (Kpz(9)); = ¢,

W (K D)) € S K@) i (Ki)s < 0, (Kir(9))s = =

{0, _g%(K’“‘”@)i} if (Kyi): = 0, (K (d)); = .
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We shall see that the expression n'; (K w2(19)); always appears as a factor with (K;#(?9));, and

we note that the expression n’E’ ! ﬁ((K k(1)) (Kpz(1)); is single valued. The expressions for the
case (Kzz(d)); = —¢ can be derived in a completely analogous manner. If |(Kpz(9))i] # ¢,
then the third derivative of ¢ — no(Kxx(¥ + t9));]i=0 is clearly well defined. It is again
denoted by n’e” g((K x2(9));). The expression for the third-order right directional derivative of

t = N_ (K (V) is obtained from

N0k 7)) = ding (5 (K@), (U )))

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

(4.20) Lip=—(T—9).

Finally we introduce the Lagrangian associated with (4.1)

R 1 1
Bla0.) = Y=ol + (o S 0KE i) ).
k=1

We are now prepared to establish a second necessary condition for (4.1) at (%, 7).
Theorem 4.5 (second-order necessary condition). With the notation for N;”,g introduced above

we have

q
I+ 0:KN" (K7)diag (Kp)K; R (:n)

i=1 9

0< &7, 97) 5

RT 0
for each 9 € C. Here R € R™ Y is given by
R = (K{ N/(K\@)K1p,..., K] NI (K.3)Kp)

and & satisfies (4.19). R
Proof. Let ¥ € C, set 9(t) = J + ti), and let & = z(t) denote the solution to

)

(4.21) v+ (O + the) KL NL(Kyz) = f,
k=1

where ¢ > 0, and 4 is the solution to (4.19). In the following computation it is assumed that
t is sufficiently small so that 9 + ¢ > 0 and such that £(¥(t)) > £(¥). Consequently we have

(4.22) 0 < L(x(t),9(t),p) — L(Z,T,p),

and, moreover,

V. L(Z,0,p) = 0.
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Therefore we find, using |a|2 — [b]2 — 2 (a — b,b) = |a — b2, and J € C in the first equality
below, that

0. < L(w(t),9(t),p) ~ £(3,9,p) = (V2 L7, ,p),2(t) - 7)
= Slle <t>—g\|§—énf—gua—@a)—m—m
+< (Or + t0) KL NL(Kpa(t) = > UK WT))
k=1 k=1
— ) KN, Z KIN"(Kz) Ky (x(t) — f)>
k=1 =1
= L)~ 7+ <p,z19kKk (Fia(t) - NU(Ki®) - (KT Ka(olt) - 7))

<p, > T (N:(Rua(0) ~ NA(Fu) ).

k=1

By the discussion preceding the statement of the theorem we obtain that

Jim 5 (N2 (ie(t)) — NEKGE) — N (KG) Kie(t) — )

= limy t%(Ngka(t» ~ NUE®) — NK@) Ki(w(t) )

— SN ding (K (1) — 7)) Ki(a() — 7)
+ NI (i) ding (K () — 7)) K (1) — 7))
_ % N7 (K ding (K K

As a consequence we have

1 q q
og§|\¢\|2 < > UK N3 (KyT)diag(Kj) Kka:> < > OpKE NI (KyT) K i)
k=1 k=1

L. = s _ . .
= 5”;1;“2 +3 Zﬁk<d1ag(Kkp)N€”7:§(ka)(ka), Kka:>
k=1

q
+ ZEMKEN!(KJ)KW, 7),
=1

which can be expressed as

0< &7, 97)

k=1 9

q
I+ 0K} N" (KyZ)diag (Kgp) K R (;p>
K 0 )

RT 0
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as desired. [ ]
From the discussion before Theorem 4.5 we recall that the coordinates of N !;(Kﬁ;)KZa;

and hence of N::é(Ki:%)diag(Kp)Ki:t are single valued.

4.4. Semismooth Newton algorithms. In this subsection a semismooth Newton method
for solving the necessary optimality system (4.13) for the regularized problem (4.4) is de-
veloped and analyzed. Clearly, due to the regularization of the ¢;-norm, we obtain only an
approximate solution of the original problem, but convergence for ¢ — 0 to the ¢! problem
was established above. An exact error analysis in terms of ¢ is left for future work. Conver-
gence 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

((NL(Kkz), Kkp))gx1 — p =0,
w—max(0,u — 1) =0,
where
((NZ(Kyz), Kkp))gx1 = (N(Kix), Kip) , ..., (NA(K,x), K.p)),

and max operates coordinatewise.
System (4.11) can therefore be expressed equivalently as

(4'23) G(':L" ﬂ’p7 ILI/) = 07
where

q
P+ UK N/ (Kyx)Kpp+x — g
k=1
(NZ(Kyx), Kkp))gx1 —
G(.’L’, 797]77 :u) -

q
ZﬁngNé(kaﬂ) +ax—f
k=1
p— max (0, p — )

The reason for exchanging the order of the equations is to create symmetries in the generalized
Jacobian J(z, 9, p, u) of G(z, 9, p, 1) to be specified below. In what follows we specify the value
of n”'(t) at t = ¢ to be 0. We could equally well take $€%. For (z,9,p, n) € R" xRIxR™ x RY
we define

q
Li(x,9) =T+ > K] N/ (Kyx)Ky, Lo(z) = (K{ N.(Kix),..., K] N/(K,z)),
k=1
R(z) = (K{ N!(K\z)K1p, ..., K] N/(K,2)K.p) € R™,

Max'(0, ) = diag(max’(0, f11), . .., max’(0, 1)),

where
1if pg > 0,

max’ (0, =
% (0, k) {Oif,ukSO.
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We note that there exists a neighborhood U. We find that the generalized Jacobian of G is
given by

Q(‘Ivﬂvp) R(.I) Ll(xa 19) 0
R(z)T 0 LE(z) —I
4.24 J(x, 9 =
(4.24) (,9,p, 1) Ly (e.9) L) 0 0 :
0 Max'(0, p — 9) 0 I — Max/(0, u — )
where

q
Q(z,9,p) = I+ > K[ N (Kyx) diag(Kyp) K.
k=1
A positive definiteness assumption of the upper 2 x 2 block of J(z,v,p, 1) will be required.
Let (z,9,p, 1) denote a solution to G(z, 9, p, ) = 0. Furthermore, let U = U(Z, 9, p, 1) denote
an open neighborhood of (Z,¥,p, 1), and set

(4.25) AW, p) = {k : p — 9x > 0},
and
C={09eRY: 60, =0if k€ AW, p)}.

Note that at the solution we have Jxfz, = 0, and Ji, > 0,9 > 0, and hence AV, 1) = {k :
7, > 0} coincides with the strongly active set of section 3.3. We shall utilize the following
assumption:

There exists a bounded neighborhood U = U(%, 9, p, i)
such that for all (x,d,p,u) € U

H1 x x x
) (67,597 <Q](%(’x L )> <§ 0) >0
forall ¥ € C and Lq(x,9)dx + La(z)d9 = 0.

Note that p does not appear in the positive definite condition, but boundedness 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,,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, ) could be 0 at ug = 0. This would change A(9, u) = {k : pux — 9 > 0},
but the following convergence result would remain unchanged.

By (H1) and the fact that ¢t — n”’(t) has only finitely many discontinuities, there exists

Kk > 0 such that ’ 5 5
a0y (Pt Y (55) =l (5 18

for all ¥ € C, Li(x,9)dx + Lo(z)09 =0, and (x,9,p,u) € U.
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Proposition 4.6. If (H1) holds, then J(x,¥,p, ) is reqular for each (x,¥,p,u) € U and the
inverses are uniformly bounded.

Proof. Let (z,9,p,u) € U, set A= A(Y, ) as defined above, and let Z = {1,...,r} \ A.
We show that J(z, 9, p, ) is injective. Let (0x, 09, 0p, du) € R™ x R? x R™ x RY, and assume
that

ox
oV
(426) J($a19apnu) 5]) =0.

op

We partition d¢ into coordinates associated with inactive §iz and active 6194 coordinates,
and similarly for du. The columns of R(z) corresponding to inactive coordinates are denoted
by R(z)z, and analogously for Lo(x)z. Thus R(x)z is of dimension n x #(Z), where #(Z)
denotes the cardinality of Z. From the last equation in (4.26) we have

0Ma=0 and duz=0.
From the third equation in (4.26) we have
(4.27) Ly(z,9)0x 4+ Lo(x)09 = Li(x,9)0x + Lo(z)z(d9)7 = 0.
Now from the first and second equations of (4.26)

Q(z,9,p)dx + R(x)7097 = — LT (,9)p,

(4.28) (R(x)1)" 62 = —(La(2)1)"p,

where we use that (du)z = 0. Since by (H1) the matrix (}% }BI) is positive definite on

ker (Li(z,v), L2(x)z) and the right-hand side is in its orthogonal complement, we find that
dr = 0 and 697 = 0. From the first equation in (4.26) we deduce that dp = 0. The third
equation, evaluated for the A-coordinates, implies that ouyq = 0, and hence J(x, ¥, p, u) is a
regular matrix. Since U is bounded, its closure is compact. Now, by a compactness argu-
ment and the fact that J(z,9,p, ) has at most finitely many discontinuities in z, uniform
boundedness of the inverses follows. |

A semismooth Newton algorithm for solving G(x, ¥, p, u) = 0 can now be specified.

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

(i) Choose (22,9°,p°%, %) € R® x R? x R” x R?, and set n = 0.
ox
0
op
op
(iii) Update (2"t g+l prtl pntly = (zn 97 p u™) + (0x, 09, 6p, Sp), set n = n+1, and

goto (ii).

(ii) Solve J(z™, 9" p", u") = —G(a™, 9™, p", u").
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Theorem 4.7. Let (Z,9,P, i) denote a solution of G(x,9,p,p) =0, and assume that (H1)
holds. Then, Algorithm 4.1 converges locally superlinearly.

Proof. Using well-known characterizations for semismooth functions (see, e.g., [30, page
27], it can be argued that G is semismooth. Together with uniform boundedness of the
generalized Jacobians J(z, 9, p, 1) in a neighborhood of (Z, 9, p, i), the claim follows; see, e.g.,
[30, page 29]. [ |

Algorithm 4.1, which arises as a Newton algorithm applied to the optimality condition,
is frequently referred to as the sequential quadratic programming (SQP) algorithm. The
algorithm can equivalently be obtained by iteratively minimizing a quadratic approximation
to the cost and a linear (in x 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 Newton algorithm to the reduced functional ¥ — &(z(19)), where
x (1) satisfies the nonlinear constraining equation. They differ by the property that the primal
updates of the Newton algorithm applied to the reduced functional ¥ — £(z(J)) 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 be 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 (99, %) € R? x R?, and set n = 0.

(i) Solve z+ Y ¢_ 9"KI'N/(Kyz)= f for a" (primal feasibility step).

(iii) Solve Li(a™,9")p=—(az" —g) for p" (dual feasibility step).
ox
50
op
op
(v) Update (971 un ) = (9™, u™) + (89, 0p), set n =n + 1, and goto (ii).

(iv) Solve J(z", 9", p",u") = —G(2",9",p", u").

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

0

((NUEKpx), Kip))gx1 — i
0

G(.’L’, z97p7 :u) -
v — max (0, p — )

For any solution (Z,9,p,7) to G(x,9,p, 1) = 0 we have 9 > 0. Hence L (Z,4) is positive

definite, and the implicit function theorem implies the existence of neighborhoods U(Z) x U (¥)

such that for each ¥ € U(?)) there exists a solution = = x(v) € U(z) satisfying

q
(4.29) v+ OKiN/(Kpz) — f =0,
k=1
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Moreover, ¥ — x(?) is continuously differentiable from U(¥) 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
{(z,9) : (z,9,p,p) € U(Z,9,p, 1))} C U(Z) x UWI), where U(z,9,p, i) was introduced in
(H1), and that L;(z,) is regular with uniformly bounded inverses for all (z,9) € U(z)x U(?).
For nonnegative 1 this property is obviously satisfied for all x.

In numerical practice we switched from Algorithm 4.1 to Algorithm 4.2 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 4.1.

Theorem 4.8. Let (%,9,p,71) be a solution to G(x,9,p,u) = 0. If (H1) holds, then the
iterates of Algorithm 4.1 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 AL = 25— 2T = (T 9 460, " W 4 ),

where 2" = (2™, 9™, p", u"), and 6z = (dz, 9, Ip, o) is the solution to the system in step (iii)
in Algorithm 4.2. The first step in (4.30) is a semismooth Newton step, and hence

(4.31) 12" + 6z = 2| = o(||2" — 2])),

where Z = (Z,9,p, i), and the norm ||-|| is taken in R™ x R x R” x RY. Arguing iteratively, by
(4.31) together with the Lipschitz estimates below, we find that the iterates 2" € U(z,9,p, i)
if [|(2°,9%) — (z,1)]| is sufficiently small.

Since ¥ — x(¢9) is C* on U (1)), there exists a constant K7 such that ||z () —Z|| < K;||9—9|
for all ¥ € U(¥), and in particular

(4.32) lz(9"+) = 2| = []2"* — 2| < K1[]9" T — 9] = o([[9" —J).
Moreover, we find that

L@ 9™ ) (" = p) = —(Li (2™ 0" ) — Ly(2,9)) p+ 7 — 2",
and therefore there exists a constant K5, independent of n, such that
(4.33) Ip"* = Bl < Kol|(a™ 1, 9"+ — (2, )| = o(|[0" — J])).

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

6p=—L7'(Qdx + RoY),
Sz = —L; Ly 00.

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

(4.34) RT 6z + LY op — o = —Gs.
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Introducing the symmetric matrix
P(z™, 9", p") = LY LT'QL 'Ly — RTL{ 'Ly — LILT'R
and dz and o in terms of 0¥ in (4.34) we obtain
P(a"™, 9", p") 60 — op = —Go(a",p", u").

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

(4.35) P(a", 9", p") -1 (&9) _ (—G2(x”,P"aM”)>
' Max/(0, ™ — 9") I — Max'(0, u™ — 9") ] \Ok CIANTO Ry

The second equality in (4.35) can be expressed as
Max'(0, ™ — 9™) 69 + (I — Max’'(0, u"* — 9")) dpu + p” — max(0, u™ — I9") = 0.
This implies that
(4.36) 9t =0 and it =0,

where A = A(Y", u™) is defined in (4.25) with (¢, 1) replaced by (9™, u™) and the subscript A
with 79&“ is defined in the proof of Proposition 4.6.

Finally we partition the coordinates into active and inactive ones, so that, after possible
reordering, x = (x7,x4). Accordingly P(z™,9™,p") is split into block matrices

P(z™, 9™, p" P(z™, 9", p")1.4
P(xn,ﬁn,pn) — ( ( )I ( )I ) '
P(xnaﬂn7pn)A,I P(xn70n7pn)A

Thus (4.35) is equivalent to solving the symmetric system
P(z™, 9", p")z 691 = —(NL(K;z), Kip)1 + P(a™, 9", p™) 1,49,
where we use that ¢4 = —1 4, and assigning
pitt = (PO0)a+ (NL(Kix), Kip)a,

and 19&“, it = 0 according to (4.36).

5. Numerical realization. In our numerical experiments, we consider the problem of learn-
ing the optimal regularization parameters for the ¢; model with multiple priors. For this
purpose, we consider a training data base consisting of a set of clean images and their noisy
versions that are generated by adding noise of different strengths to the clean images. Then, if
the training data base is large enough, we can expect that we can compute some “universally
optimal” parameters that lead to good denoising results, at least for images that are in the
same class as the images in the training data base (e.g., natural images or medical images).

In section 5.1 we will present the results of learning the optimal parameters for different
noise levels using different algorithms. Once we have computed the optimal parameters, the
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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.

models can be tested on previously unseen images. Results for testing will be presented in
section 5.2.

Having a set of training data (g;, f;), ¢ = 1..., N, the bilevel problem we are aiming to
solve is given by

N
. _ ) — 12
min £ (a(v)) = ;nxzw) gill3
= . ,
subject to z;(1) = argmin ZﬁkQHKkIEHl + §||93 — fill3.
k=1

To generate the training data, we first randomly sample N = 64 patches of size wx h = 64 x 64
from the BSDS500 image segmentation database [1] and store them in 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;, f;). How-
ever, we can easily convert the learning problem for multiple 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 operators K}, as the N x N block-diagonal matrices

(5.1) I?k :diag(Kk,...,Kk).
N L
times

Then, we can treat the multiple training data problem as a single training data problem with
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Figure 5. Different sets of filters used in the experiments.

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 generated from
local filter kernels x; € R**¥ such that the matrix-vector product Kjx is equal to the two-
dimensional convolution of the two-dimensional image x with the filter kernel kg, i.e.,

Kipx = x « kg,

where x denotes the two-dimensional convolution operation. Note that for the matrix-vector
product Kz, the image is treated as a column vector, whereas for the two-dimensional con-
volution with the filter kernels kg, the image is treated as a two-dimensional array.

For the filter kernels we consider various choices, e.g., standard finite difference approxi-
mations 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 /1 model. We shall study two approaches: a first approach
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that reduces the ¢; learning problem to a sequence of reweighted /o 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, Algorithm 4.2. We will compare the perfor-
mances of both approaches and finally show preliminary extensions to solving the optimal
parameters of a nonconvex 1 model. All algorithms are implemented in MATLAB and are

executed on a 2.60GHz i5 CP?U running a 64bit Linux system.

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

Let n. be the € regularized Huber-£; norm

£ £ if [t <
(5.2) nty= 4= T2 Hll=e
|t] else.

Given a point ¢, we can bound n.(t) from above via the quadratic function [3]

0= 3 (o max(a )

n — | —————— + max(e .

=5 Gnax(e, 1) ’

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
2

. 1
min &(J) 1 (I—G-Zﬁklck(j)) =y

9>0 2
k=1

where
1 1

max(e, |(Kx2)1])’ max(e, |(ka)m|)> B

is the weighted linear operator. This motivates an iterative algorithm which starts with an ini-
tial estimate of Z and then solves a sequence of quadratic single-level problems with iteratively
updated versions of . The outline of the algorithm is presented in Algorithm 5.1. The most
involved step in the algorithm is computing the solution of the weighted /5 single-level problem
which is carried out by using the semismooth Newton algorithm, Algorithm 3.1. In our ex-
periments, we observe that the Hessian matrix M involved in the Newton equation (3.20) can
have negative eigenvalues, which means that the Newton direction is not a descent direction.
In view of the higher-level function £(¢) as depicted in Figure 1, this comes as no surprise
given the concave behavior of £(¢) 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 de-
tails). It is important to point out that M is always positive definite when the iterate becomes
sufficiently close to the optimal solution, which enables local superlinear convergence of the
algorithm. During the iterations of Algorithm 3.1, we always perform full steps in p and in 1,
for all i € A™ and carry out an Armijo-type linesearch in ¥; for all i € Z" using the function
value of the higher-level optimization problem as the merit function. We set ¢ = 1072 in the
Huber-regularized |- | function in (5.2). The iterations of the inner algorithms, Algorithm 3.1,

Ky (&) = K diag (
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are stopped when a maximum number of inner iterations maxiter; = 100 is reached or the
normalized residual, i.e., the o-norm of the right-hand side of (3.20) divided by its number of
elements, is less than a tolerance of tol; = 107%. We stop the iterates of the outer algorithms,
Algorithm 5.1, when a maximum number of outer iterations maxiters = 100 is reached or the
normalized outer residual, i.e., the fo-norm of (3.20) using ¥" and recomputing &, is below a
tolerance of toly = 1073,

Algorithm 5.1. Tteratively Reweighted Learning for ¢5 (IRL-(3).
(i) Set n=0,9=0, %= f.

(11) Compute ]Ck(@) = Kgdlag(m, ey m)}(k
(iii) Solve

2

9" = al“g%lzl{)lg(’ﬂ) =

N —

q -1
(I + Zﬂkm:ﬁ)) f-g

k=1

using Algorithm 3.1.
(iv) Compute & = (I + > 9_, 9K (2))" f.
(v) Set n=mn+ 1, and goto (ii).

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 perform the
primal feasibility step, which amounts to computing the minimizer of the lower-level problem.
For this, we use a standard primal Newton algorithm with an Armijo-type backtracking line-
search which takes on average 10-20 iterations to bring the normalized residual of the primal
equation below a threshold of tol; = 107°. 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 ¥; for all i € A™ and an Armijo-type backtracking linesearch on #; for all
i € I" using the higher-level problem £(¥) as the merit function. We set ¢ = 1073 in the
fourth-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 fo-norm of the right-hand side of the Newton equation in step (iv) divided by its
number of elements, is less than a tolerance of tols = 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 iteratively reweighted
05 learning algorithm (IRL-¢2) and the reduced Newton ¢; learning algorithm (RNL-/¢;).

In general, one can see that the energy of the higher-level problem £(1}) decreases with
the diversity of the filter banks and, equivalently, that the quality of the £; models increases
with the diversity of the differentiation order included in the filter banks. Observe that
the largest performance increase comes 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 were set
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Table 1
Results for the {1 learning algorithms on natural images. The table shows the number of Newton steps and
the value of the higher-level problem E(1¥).

Algorithm  TRL-/2

oc=15 o=25 o =50
Filters k E(V) k E(V) k E(V)
15t 107  163.19 145 303.21 191 602.83
18t 4 ond 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-¢;

o=15 o=25 o =50
Filters k E(V) k E(V) k E(V)
15t 8 162.87 24  302.69 16 601,88
18t 4 ond 18 15245 33 282.02 43 562.44
DCT3 12 14755 20 270.62 37  542.90
DCT5 16 144.69 44 26541 100 525.97

to zero by the learning algorithm. This experiment suggests that the first-order filters and
hence the classical total variation prior are 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 suggests that
for piecewise constant images, the total variation is already a very good prior.

Comparing the results of the IRL-¢5 and RNL-/; algorithms, one can clearly see that
RNL-¢; needs far fewer Newton steps to converge. This can be explained by the fact that
the IRL-¢5 algorithm performs a fixed-point iteration by solving a sequence of reweighted ¢
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 superlinear convergence.

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 e, the function (4.5) utilized in the RNL-
1 algorithm is a better approximation to the true |- | function than the Huber function (5.2)
utilized in the IRL-¢s algorithm. We also tried to use a smaller € in the IRL-¢5 algorithm,
which, however, led to convergence problems.

5.1.4. Learning of a nonconvex £1 model. It is well known that the probability density

function (PDF) of the responses of zerozmean linear filters (e.g., DCT filters) on natural images
has heavily tailed distributions [15]. Figure 6 plots the negative log PDF of the 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 m function represents an
almost perfect model. However, while the | - | function is still convex, the m is nonconvex,
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Figure 6. Negative log PDF of the filter response of a DCT5 filter applied to natural images. Note that the
V| | function provides the best fit to the heavy-tailed shape of the true density function.

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 involving the nonconvex £1 quasi norm. We

2
shall see that this simple nonconvex model achieves excellent image denoising results very
close to state-of-the-art algorithms.

The bilevel learning problem involving the nonconvex 1 quasi norm is given by
2

l
min € (x(1)) = ;Hxi(ﬁ) — gill3

q L
subject to z;(¥) = argmin ZﬁkHka”% + =z — fill3,
T =1 2 2

where || Kjz||

[MENIE

= > " VI|(Kkx)i|. In order to apply our learning algorithms, we need to

regularize the above problem. Similar to (4.5) we use a locally regularized approximation of

the /| - | function:

S N 7t? +21\/E
(5.3) ne(t) =<  32VeT 16V 32

|t] else,

if |t < e,

with derivatives
_ 38 Tt :

v ) TeE teaEt I <e

(t) = /

2¢/1t]3

else,
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SO LT <

8VeT = 8VeB
ng(t) - : o 1 : else
44/t '
9t :
y W if t| <e,
e (t) = 3t else
[t]7 '

For learning, we use the reduced Newton algorithm, Algorithm 4.2, which can be easily
adapted to the ¢ 1 setting by replacing the regularized ¢1-norm with the regularized €1fqua51
norm. We term the resulting algorithm the reduced Newton ¢ 1 learning algorithm (RNL l 1)

In our experiments we observe that the Hessian matrix in the £1 case can have strongly
negative eigenvalues and that computing a positive definite approxirilation 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 behavior of the algorithm.
We stop the algorithm after the normalized residual is below a tolerance of tol = 1073 or a
maximum number of iterations maxiter = 100 is reached. The investigation 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 /| - | function (5.3). The development of an algorithm that can handle smaller ¢
is left to future work. Table 2 shows the results of applying the RNL-£1 to natural images using
DCT3 and DCTS5 filter banks and various noise levels. Observe thagt the RNL-¢ 1 algorithm
takes significantly more iterations than the RNL-¢; algorithm. However, as already said,
our predominant aim is to show the potential of the nonconvex ¢1 model and hence also

2
the limitations of the convex ¢; model. Comparing the function values of £(1)) using the ¢1
2

models to the function values when using ¢; models, as shown in Table 1, we can see that
the nonconvex 61 models lead to significantly lower function values, which means that the /¢ 1

model can recover images which are closer to the ground truth images.

Table 2
Results for the K% learning algorithm on natural images. The table shows the number of Newton steps and

the value of the higher level problem E(V).

Algorithm  RNL-¢ 1

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

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.
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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 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 preconditioning described in [25] in the case
of the ¢; models and using the limited memory BFGS quasi-Newton method [20] in the case of
the ¢ 1 models. Note that for testing we require only a moderate accuracy of the minimizers 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 ¢1; models on natural images containing zero-mean Gaussian noise of various standard
deviations, o € {15,25,50}. One can observe that larger filter banks consistently 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 ¢; 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 /1 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 £; model. Indeed, we will see that switching from the convex ¢
model to the nonconvex ¢ 1 model will overcome this limitation.

5.2.2. Comparison between the ¢; model and the E% model. Figure 10 shows a com-
parison between the convex ¢; model and the nonconvex ¢1 model using the DCT5 filter bank
for different noise levels. One can clearly see that the n;nconvex L 1 model leads to signifi-
cantly better denoising results and the difference is higher for smaller noise levels. We can
characterize the qualitative differences between the ¢1 model and the £1 model as follows:

(i) The £1 model leads to a better preservation of the contrast in th2e reconstructed 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 coefficients independently of their strength. The ¢ 1 however, performs a
stronger shrinkage of smaller coefficients and a weaker shrinkage of larger coefficients
which result 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 £;-
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 textured and nontextured areas and hence gives better results.
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(g) clean () noisy (i) 1% () 1%t 420 (k) DCT3 (1) DCT5

Figure 7. Image denoising performance of the trained ¢1 model for a natural image and o = 15. The
numbers shown in the brackets refer to PSNR values with respect to the clean image.
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(g) clean (h) noisy (i) 1°¢ () 1%t 420 (k) DCT3 (1) DCT5

Figure 8. Image denoising performance of the trained ¢1 model for a natural image and o = 25. The
numbers shown in the brackets refer to PSNR values with respect to the clean image.
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(b) noisy(4.l5)

) DCT3(23.28) (f) DCT5(23.31)

(g) clean (h) noisy ) 15t ) 15t 4 2nd (k) DCT3 (1) DCT5

Figure 9. Image denoising performance of the trained ¢1 model for a natural image and o = 50. The
numbers shown in the brackets refer to PSNR values with respect to the clean image.
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(iii) As already pointed out above, further increasing the diversity of the ¢; model does not
improve the denoising performance. In contrast, the performance of the £1 model can

be further improved by increasing the diversity of the filter bank (see alsg Table 2).

In [27], Samuel and Tappen proposed a bilevel learning algorithm for learning 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 nonconvex potential functions related
to the negative log density of a Student-t distribution. The optimization algorithm is a plain
gradient descent algorithm, where the gradients are computed using implicit differentiation.
Since the FoE model has many more degrees of freedom than our simple models, one would
expect that the FoE model would lead to better results. However, it turns out that our
simple convex f1 model leads to comparable results and our nonconvex £1 model leads to

significantly better results (see Figure 11 for an example). We do not exactly2 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
descent methods that are used in [27]. This fact justifies the use of Newton algorithms for
this kind of learning problem.

5.2.3. Comparison to state-of-the-art methods. In our last experiment, we compare the
results of our ¢ and /1 models to state-of-the art algorithms. Figure 12 shows a comparison

of the proposed modezls to the 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 nonconvex ¢ 1 model is clearly state-of-
the-art. Note that the two methods GMM and BM3D, which are superior to our £1 model, are
much more involved. For example, the GMM method uses a generic image prio2r consisting
of a GMM 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
method in this exami)le, 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 semismooth Newton methods
for learning the optimal regularization parameters in variational image denoising models,
including the smooth f5-norm as well as the nonsmooth /;-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 problem being a loss function that minimizes the error between the solution
of the lower-level optimization problem (the variational model) and the given ground truth
data. We have analyzed the structure of the arising bilevel optimization problems, and in the
case of an f5 model with a single prior we were able to show that the problem is quasi-convex
in the regularization parameter.
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Figure 10. Comparison between the convex 1 model and the nonconvex €1 model for different noise levels

and using DCT5 filters. The numbers shown in the brackets refer to PSNR wvalues with respect to the clean
1mage.
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(c) FoE-bi (29.33) (d) £1(29.33) (e) ¢

(29.70)

=

Figure 11. Comparison between our ¢1 and 5% models using DCT5 filters and the bilevel-optimized Fields

of Ezperts (FoE-bi) model [27]. The numbers shown in the brackets refer to PSNR values with respect to the
clean image.
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(b) noisy(20.17)

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

(i) clean (j) noisy (k) £y @) E% (m) FoE (n) KSVD (o) GMM  (p) BM3D

Figure 12. Comparison between the proposed {1 and £1 models to the FoE model of Roth and Black [26],

2
the KSVD dictionary learning algorithm of Elad and Aharon [11], the recently proposed 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.
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We have proposed and analyzed semismooth Newton methods that lead to efficient learn-
ing algorithms with guaranteed locally superlinear convergence. We tested the algorithms on
natural image denoising problems using different noise levels and different sets of regulariza-
tion priors. We have demonstrated that our proposed Newton algorithms can efficiently find
optimal regularization parameters requiring approximately 20 Newton iterations on average.

Furthermore, we have presented preliminary results on applying the bilevel learning frame-
work to variational models, including the nonsmooth and nonconvex £ 1-norms. In particular,
we have shown that switching from the ¢;-norm to the ¢i1-norm consistently improved the
denoising performance over the #; models. ’

Future work should include the investigation of data fidelity terms different from quadratic
ones and a further analysis of models incorporating the nonconvex ¢ 1-norm.

Appendix A. Proof of Theorem 4.3. The proof is given in several steps.

(i) First we need to address convergence of the solutions 9¥¢ to (4.4) as ¢ — 0. 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

min  [2(9) — g3+ |9 — "3
(A1) d 1
subject to z(9) = argminZz?kHkaHl + —|lz — f|3
‘ k=1 2

and the auxiliary regularized problem
: . 2 _9%]|2
min - l2(9) = gllz + 19 = 9"l2
(x2) | A Lo
subject to z(9) = argmwlnkz_:lﬁk Z;na((ka)Z) + §Hx — fll3-

Adding the term || — 9¥*||3 to the cost has no effect on the discussion preceding the
statement of the theorem. Problem (A.1) has ¢* as a unique solution. The necessarily
optimality condition for (A.2) consists of the first two equations in (4.13) and

(A.3) ((NU(Kpwe), Kipe) +2(9e 1 —95)) (0 — Vo) > 0 foralldy >0, k=1,....q.

Let {¥:}e>0 denote a family of solutions to (A.2). Since ¥* is suboptimal for (A.2),
we obtain that
[0 = 0%z < [|l2(97) — gll2 + [197[|2,

and therefore {0.}.~¢ is bounded. By the first equation in (4.13) the family z. = z(J;)
is bounded as well. Hence there exist a subsequence, denoted by the same symbol,
and ¥ € RY such that lim._o+ ¥. = ¥ and lim,_o+ z-(9.) = x(9). Taking the limit
e — 0" in

lz=(02) = glI3 + 19 = 0*|3 < l|lz=(9) — glI3 + |19 — 9|3,
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q m
where 2. (¥) = argmin, > 95 > n(Kx2):) + 3lz — f|3,
k=1 = i=1

we obtain

lx(9) = glI3 + [0 — 0[5 < [|2(9) — gll2 + [0 — 9|3

q

for all ¥ > 0, where z(¥) = argmin, > Jx||Kyz|[1 + 3[lz — f||3. By construction this
k=1

implies that ¥ = v*.

Let us henceforth set (A\;) = N/(Kpz.) and & =Y {_; ﬁe,ngNé’(kaa)Kkpa.

(ii) By (4.13) and the properties of n. the families {pc}e=0, {(Ac)k}e0, and {& }eso are
bounded. Note that the boundedness of {{:}.~o follows from the adjoint equation
since {pc}->0 is bounded. Hence, possibly after taking another subsequence, there
exist p, \p, k=1,...,q and £ such that

(Pey Ae iy &) — (D, A, €)  ase — 0.

We can now pass to the limit in the first and second equations of (4.13) and in (A.3) to
obtain the first, third, and fourth equations of (4.14). Moreover, 0 < lim,_,o+ (£, pe) =
(¢, 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
||p€||% + Z&gk <Né/(Kk$6)KkpeaKkp€> < lze — gl lIpell2-

k=1

Consequently {>°7_, 9. x|/ N/ (Kyx:)Kip:||3}e>0 is bounded. We have

q
| (e, e) | = Zﬁs,k (N (Kyze)Kipe, Kae)

k=1
q

< Okl VN (Kyze) Kipell2 |/ NE (Kpwe) Ke||2
=1

i
1
2

1
q 2 q
0+
s(zmnWme)mns) (Zmn\/7N;'<kae)m€||%> =
k=1 k=1

@)

by the properties of n. Therefore | (£, z*)| = lim._,o+ | (&, xc) | = 0, which is the
seventh claim in (4.14). To verify the last one we set Z. , = {i : |(Kjxc)i| < €} and
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(11]
(12]
(13]

(14]

P.

find that

0< Z |(Kkpe)il (1= [(Aep)il)

=1
m 3 1
< 3 WA W i (1| 20— oLy
i€ n" ((Kkze)i) 2e 2¢3
WP Wil 3 iy (1| e~ pesthaeat]) 5
- n ((Kkxe)i) 2 2¢3 i

Z'EIE’k
Utilizing that n”(t) = —525t>+ 3%, for |t| < £ one argues that lim,_,o+ SUP|¢|<c n%(t)(l -
21— %t‘o’w =0, and hence Y i (Kgp)i(1 — [(Ni)i]) = 0, as desired.
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