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MKL-Ly;-SVM

BIN ZHU AND YLJIE SHI

This paper presents a Multiple Kernel Learning (abbreviated as MKL) framework for the
Support Vector Machine (SVM) with the (0, 1) loss function in the context of the binary classi-
fication task. Some KKT-like first-order optimality conditions are provided and then exploited
to develop a fast ADMM algorithm to solve the nonsmooth nonconvex optimization problem.
Convergence analysis of the ADMM is presented under certain technical assumptions. Numer-
ical experiments on real data sets show that our MKL-Lg,;-SVM can potentially outperform
one of the leading approaches called SimpleMKL developed by Rakotomamonjy, Bach, Canu,
and Grandvalet [Journal of Machine Learning Research, vol. 9, pp. 2491-2521, 2008] in terms
of the accuracy of classification and the sparsity in the combination of kernels.
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1. INTRODUCTION

The support vector machine (SVM) is an important tool in machine learning with
numerous applications [21], 22]. The theory can be traced back to the seminal work [g].
In the basic setting, the SVM deals with the binary classification task in which a data
set {(x;,y;) € R" x {=1,1} : i = 1,...,m} of size m € Ny is given and it is asked
to construct a function f (x) in order to separate the two classes of feature vectors x;
with labels y; = —1 or 1, and to predict the labels of unseen feature vectors. To this
end, the SVM first lifts the problem to a reproducing kernel Hilbert spacdﬂ (RKHS)
H, in general infinite-dimensional and equipped with a positive definite kernel function
Kk :R™ x R™ — R, via the feature mapping

x = ¢(x) = k(-,x) € H, (1)

and then considers decision (or discriminant) functions of the form

f(x) = b+ (w, ¢(x))m = b+ w(x), (2)

where b € R, w € H, (-, )i the inner product associated to the RKHS H, and the
second equality is due to the so-called reproducing property. It is not difficult to see
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that such a decision function is in general nonlinear in x, but is indeed linear with
respect to ¢(x) in the feature space H. Once f is determined, the label of x is assigned
via y(x) = sign[f(x)] where sign(-) is the sign function which gives +1 for a positive
number, —1 for a negative number, and is left undefined at zero.

It remains to estimate the unknown quantities b and w in . When the data
{(xi,y:)}™, are linearly separable in the RKHS sense, the parameter estimation is for-

mulated as an optimization problem

we%l’igleR, %Hwﬂﬁ st. yf(xi)>1, i=1,...,m, (3)
FO=w(-)+b

where ||w||Z = (w, w)y is the squared norm of w induced by the inner product. The
separability condition is described by the set of inequalities in and the objective
function is inversely proportional to the margin between the decision hyperplane in H
and the nearest points in each class. Thus, the SVM is a maximum-margin classifier
subject to the separability constraint. A solution to the optimization problem is
usually called a hard-margin SVM.

In the more general case with linearly inseparable data, which is the focus of con-
sideration in this paper, a suitable loss function L(-,-) must be employed to quantify
the error of classification since misclassification is inevitable. The resulting classifier is
called a soft-margin SVM which solves the unconstrained optimization problem

. 1 2 - £
}Ue{]—)]fll,ll?eﬂ& §HU)||H +C§£(ylvf(xz))a (4)
FO=w()+b .

where C' > 0 is a regularization parameter. For the choice of £, the original paper [§]
on SVM suggested the (0, 1) loss function, also called Lg,; loss in [23], which essentially
counts the number of misclassified samples. More precisely, we take

Lopi(y, f(x)) == H(1 - yf(x)) (5)

where H is the Heaviside unit step function

H() = {1’ o ()

0, t<0,

see the left panel of Figure

However, it was also pointed out in [8] that the resulting optimization problem is NP-
complete, nonsmooth, and nonconvex due to the discrete nature of the (0,1) loss. The
subsequent research focused on designing other simpler loss functions, notably convex
ones like the hinge loss in which the step function H(t) in is replaced by t4 in the
right panel of Figure[1 However, the hinge loss has the drawback of being unbounded
and thus is more sensitive to outliers in the data. Other convex and nonconvex loss
functions for the SVM can be found in the excellent literature review in [23] Section 2].

In recent years, there has been a resurging interest in the original SVM problem
with the (0,1) loss, abbreviated as “Lg,;-SVM”, following theoretical and algorithmic
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H(t) = [t4 o ty

Fig. 1: Left: the unit step function. Right: the function t4 := max{0,t}.

developments for optimization problems involving the “¢y norm”, see e.g., [14] (24| 25|
277, [34] [35] and the references therein. In particular, the paper [23] proposed KKT-like
optimality conditions for the linear Lg,;-SVM optimization problem and an efficient
Alternating Direction Method of Multipliers (ADMM) solver to obtain an approzimate
solution whose performance is competitive among other SVM models. In this work, we
draw inspiration from the aforementioned papers and present a multiple-kernel version
of the theory in which the ambient functional space has a richer structure than the
usual Euclidean space. More precisely, we shall formulate the Lq,1-SVM problem in the
Multiple Kernel Learning (MKL) context, see e.g., [3, [12] 16, 20]. Clearly, the MKL
framework can offer much more flexibility than the single-kernel formulation by letting
the optimization algorithm determine the best combination of different kernel functions.
In this sense, our results represent a substantial generalization of the work in [23] while
maintaining the core features of the linear Lg,;-SVM.

The contributions of this paper are described next. We show that the optimal so-
lutions of our MKL-Lg,;-SVM problem can also be characterized by a set of KKT-like
conditions. The proofs are nontrivial extensions of those in [23] and rely on interplays
between the infinite-dimensional and finite-dimensional problem formulations via the
representer theorem [I7]. Those optimality conditions can be readily exploited in de-
signing an ADMM algorithm to solve the optimization problem despite the difficulties
induced by the discontinuity and nonconvexity of the (0, 1) loss function. Two working
sets, one for the data and the other for the kernel combination, are employed to enhance
the solution speed and to render sparsity in the solution. Convergence analysis of the
ADMM is carried out under an additional assumption, and this point was completely
missing in the linear case [23]. Moreover, any limit point generated by the algorithm
is proved to be locally optimal. Finally, extensive numerical simulations on real data
sets show that our MKL-Lg,,-SVM slightly outperforms the SimpleMKL approach in
[16] in terms of accuracy of classification and the number of kernels used. Although
a preliminary version of this paper [I8] was presented at the 62nd IEEE Conference
on Decision and Control (CDC 2023), here we lay the full theoretical foundation of
the optimization problem , improve the algorithmic efficiency by the use of a finite-
dimensional formulation, and provide much more numerical evidence for the competence
of our approach.

The remainder of this paper is organized as follows. Section [2reviews the classic Lg ;-
SVM in the single-kernel case and discusses the MKL framework. Section [3| establishes
the optimality theory for the MKL-Lg,1-SVM problem, and in Section E| we propose an
ADMM algorithm to solve the optimization problem. Section [5] provides convergence
analysis of the ADMM. Finally, numerical experiments and concluding remarks are
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provided in Sections [f] and [7] respectively.

Notation

The set of nonnegative reals is written as Ry := { € R : # > 0}, and R} :=
R4 x -+ x Ry denotes the n-fold Cartesian product. We use N,,, := {1,2,...,m} to
represent the finite index set for the data points and Ny, := {1,2,..., L} for the kernels
where m and L are positive integers. Throughout the paper, the summation variable
i € N,, is reserved for the data index, and ¢ € Ny, for the kernel index. We write Zi

and ), in place of >_1" | and EZLZI to simplify the notation.

2. PROBLEM FORMULATION

In all kernel-based methods, an important issue is to select a suitable kernel and
its parameter which is also known as hyperparameter. Such a selection can be done
via cross-validation once the functional form of the kernel is specified. In this context,
Multiple Kernel Learning provides an alternative in which one employs a set of different
kernels {#¢}sen, and considers the SVM problem in the RKHS with a linearly combined
kernel ), d¢re. Each dy > 0 is a free parameter included in the optimization problem.
In other words, one seeks to simultaneously find the best combination of the kernels and
the optimal decision function via the solution of the MKL problem.

Before formally stating our MKL optimization problem for the Lg,1-SVM, we shall
first briefly continue the discussion on the single-kernel problem in the Introduction, and
then describe the necessary functional space setup borrowed from [16].

2.1. More on the single-kernel case

In this subsection, we further discuss the single-kernel version of the Ly,1-SVM along
the lines of [I8] and set up the notation. The optimization problem is cast on the
RKHS H which could be infinite-dimensional. However, one can appeal to the celebrated
representer theorem [11] to reduce the problem to finite dimensions. More precisely, by
the semiparametric representer theorem [I7], any minimizer of must have the form

f() - Zwiﬂ( ! 7Xi) + bv (7)

so that the desired function w(-) is completely parametrized by the m-dimensional vec-

T .. . o .
tor w = [wl wm] which defines the linear combination of the kernel sections
k(+,%x;). After some algebra involving the kernel trick, we obtain a finite-dimensional
optimization problem

1
min J(w,b) := ~w' Kw + C|(1 — Aw — by) +||o (8)
weR™, beR 2

where,



MKL-Ly,,-SVM 485

e K = K is the kernel matriz

K(X1,%1) o R(X1,Xm)
: e Rmx™ 9)
K(Xm,X1) o K(Xm,Xm)
which is positive semidefinite by construction,

e 1 € R™ is a vector whose components are all 1’s,

ey=[n - ym]T is the vector of labels,

e the matrix A = D, K is such that Dy = diag(y) is the diagonal matrix whose (i, ?)
entry is y;,
e the function ¢, = max{0, ¢} takes the positive part of the argument when applied

. . T
to a scalar (right panel of Figure , and vy = [(v1)4 -+ (um)4] represents
componentwise application of the scalar function,

[v]lo is the £y nornf?| that counts the number of nonzero components in the vector
v. For a scalar v € R, we often write |v]o instead.

Clearly, the composite function ||v4||o counts the number of positive components in v.
For a scalar ¢, the function |t4 | coincides with the step function in @

Remark 2.1. The linear L,;-SVM studied in [23] can be viewed as a special case of the
above problem where one employs a homogeneous polynomial kernel k(x,y) = (x"y)?
with the degree parameter d = 1. In general, if the kernel k(x,y) induces a finite-
dimensional RKHS (as is the case for polynomial kernels), then the kernel matrix K,
which is in fact a Gram matriz, must be rank-deficient when m is sufficiently large.
In such a situation, we have the rank factorization K = XX such that X € R™*™
with 7 = rank K. For example, in the previous case of x(x,y) = x'y, we have X =
[x1 -+ Xpm] € R™™ if such an X has full row rank (r = n). Then after a change of
variables w = Xw, the optimization problem further reduces to

. I/ ~ ]. ~ 112 T~
omin - J(,0) = S+ C(1 = A% = by). o (10)
where A = Dy X T € R™*" is a tall and thin matrix. This is almost exactly the problem

studied in [23].

For reasons discussed in Remark in the remaining part of this paper, we shall
always assume that the kernel matrix K is positive definite. This assumption holds in
particular, for the Gaussian kernel

oy = enp (220, (11)

202

2Since “lp norms” are not bona fide norms for 0 < p < 1, it may be better called g pseudonorm.
However, we keep the terminology “fp norm” for simplicity.
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where o > 0 is a hyperparameter, see [19]. In such a case, the matrix A = Dy K in
is also invertible since Dy is a diagonal matrix whose diagonal entries are the labels —1
or 1. Indeed, we have D)2, = D;,FDy =1.

2.2. Functional space for MKL

In order to enable MKL, we need to construct an RKHS whose kernel is a nonnegative
linear combination of some given kernels {kg}sen,. To this end, we shall follow the
mathematical machinery in [I6] Subsec. 2.1].

For each £ € Ny, let H; be an RKHS of functions on X C R™ with the kernel (-, -)
and the inner product (-, -)g,. Moreover, take dy € Ry, and define a Hilbert space
H), C Hy as

v = {feHZ: e <oo} (12)
dg
endowed with the inner product
(f.9)
(F. 9w, =7 (13)
¢

We use the convention that /0 = 0 if = 0 and oo otherwise. This means that, if
d¢ = 0 then a function f € H, belongs to the subspace Hj only if f = 0. In such a case,
H), becomes a trivial space containing only the null element. Within this framework, H
is an RKHS with the kernel ) (x,y) = dere(x,y) since

1

Vf € HZ C Hy, f(X) = <f(')”{l(xa ')>]}}1£ = dig

<f()a dgli[(X, ')>]HI( = <f()7 d@"{l(xa ')>]HI;Z :
(14)
Define F := Hj x Hj x --- x H’, as the Cartesian product of the RKHSs {H}}/en, ,
which is itself a Hilbert space with the inner product

(oo s L)y (grs- - g0))e = D (for goduy- (15)

L

Let H := €, Hj, be the direct sum of the RKHSs {H[ }¢en, , which is also an RKHS with
the kernel function

K(X7 y) = Zdzﬁl(xay)v (16)
4

see [I]. Moreover, the squared norm of f € H is known as

1% = min{z Ifellfe, = d%llfellfﬂ,Z :f =) fesuch that f; € HQ} - (17
14 4 4

The vector d = [dl afL]T € Rf_ is seen as a tunable parameter for the linear

combination of kernels {y}sen, in . It can be seen as an adaptive parameter that
will enter the MKL optimization problem so that its value will be determined during the
optimization process. Obviously, the precise linear combination of the kernels depends
on the training data.
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2.3. MKL-Lj,1-SVM optimization problem

We take inspiration from [16] and formulate the (soft-margin) MKL-Lq,;-SVM prob-
lem as

min
f=(f1,.-,frL)€EF
deRY, beR

s.t. de >0, £ €Ny, (18a)

> dy= (18b)

1 1 £
3 2 g el +C 3 Loy, Fx)
¢ A

where C' > 0 is a regularization parameter. The first (regularization) term in the ob-
jective function is chosen as such due to its convexity, see [16, Appendix A.1], which
facilitates theoretical analysis. Moreover, constraints and define the stan-
dard (L — 1)-simplex which ensures that the combined kernel is again positive definite.
Also, the compactness property of the simplex is useful in the proof that a minimizer
exists.

The last constraint in can be safely eliminated by substituting it into the objec-
tive function. Next, let us define a new variable u € R™ by letting u; := 1 —y;(f(x;) +b)
where f =3, f;. Then the next lemma is a fairly straightforward result.

Lemma 2.2. The optimization problem is equivalent to the following one:

. 1
min §||f|h%1+0||u+||o (19a)
f€EH, deR
bER, ueR™
s.t. d@Z(LfEENL
Zd@ =1
?
u; +y:(f(x;) +b) =1, i e N,, (19b)

in the sense that they have the same set of minimizers once we introduce the same
equality constraint for u in and identify f =", fo.

Proof. The proof relies on the relation . In view of that, we can rewrite the
objective function of as

. 1
min { Z d7||f£|\ﬁe +Cllugllo: f = Zfe such that f, € HQ} (20)
¢

4

where the term C|ju ||o can be seen as a constant with respect to this inner minimization.
Now suppose that the minimizer of is (f*,d*,b*,u*). We will show that it is
also a minimizer of . The converse can be handled similarly and is omitted. Let the
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additive decomposition of f that achieves the minimum in be >, fg. Then, subject
to the feasibility conditions, we have

11, . § 1 11
S i, + Ol o < SIS+ Clluslo < 5 37 Tfell, + Clus o
¢ ¢ Ot
which means that (£*,d*,b*) is a minimizer of (T8). O

3. OPTIMALITY THEORY

In this section, we give some theoretical results on the existence of an optimal solution
to and equivalently, to , and some KKT-like first-order optimality conditions.
Our standing assumption is that each kernel matrix K, for the RKHS Hy is positive
definite as e.g., in the case of Gaussian kernels with different hyperparameters. We
state this formally below.

Assumption 1. Given the data points {x; : i € N,;,}, each m x m kernel matrix Ky,
whose (4, j) entry is x¢(x;,%;), is positive definite for ¢ € Ny,.

We first provide an existence theorem for our MKL-Lg/1-SVM optimization problem
whose proof can be found in the Appendix.

Theorem 3.1. Assume that the intercept b takes value from the closed interval Z :=
[-M, M] where M > 0 is a sufficiently large number. Then the optimization problem
has a global minimizer and the set of all global minimizers is bounded.

The remaining part of this section is devoted to a characterization of global and local
minimizers of the MKL-Lg,;-SVM problem. For the sake of consistency, let us rewrite

as follows:

1 1 9
min — — + Cllu 21a
min 5 3 g1l + Clurlo (21a)
bER, UER™
s.t. dy > 0, ? e Ny,

Zd4=1
Y4
uw; +yi(f(xi) +b) =1, i €N,

where the last equality constraint (identical to (19b))) is obviously affine in the “vari-
ables” (f,b,u), and we have identified f = ), f; for simplicity. Before stating the
optimality conditions, we need a generalized definition of a stationary point in nonlinear
programming.

Definition 3.2. (P-stationary point of (21)) Fix a regularization parameter C' > 0.
We call (f*,d*,b*,u*) a proximal stationary (abbreviated as P-stationary) point of the
optimization problem if there exists a vector (0*,a*, A*) € REF1+™ and a number
v > 0 such that

d; >0, LeN, (22a)
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> dp =1 (22b)
4

w; +y (fF(x)+b0")=1, i €N, (22¢)
0; >0, LeNg (22d)
0;d; =0, £ € Np (22e)
1 ., "

vl € Np, jzfz ()= _2)\2' Yirie( -, %) (22f)

1 *|12 * *
—WW@ lig, +a* =07 =0, Le N (22g)
y' A =0 (22h)
PrOX., o ()4 o (W = 7AT) = U, (22i)

where the proximal operator is defined as
. 1
PIOX.,c||(.), ||, (2) := argmin  C|vy[jo + 7\|V —z|2. (23)
veR™ B

It can be shown [23] that the scalar version of the proximal operator above has a

closed-form solution
{o, 0<z<+/27C

(24)
z, z>+/27C or z <0,

1
= in C —(v—2)%=
ProX,,ci(), 1o (2) argmin [vilo + 2 (v—2)

see also Figure 2l The vector version of the proximal operator is evaluated by a compo-
nentwise application of , that is,
[Prox, o) 4 o ()i = Prox, oy (2:) (25)

for z € R™ because the objective function on the right-hand side of admits an
additive componentwise decomposition. Formula is called “Lg,; proximal operator”
in [23].

ProXy gl (1) 4 o (#)

L

Fig. 2: The Lg/; proximal operator on the real line.

The components of (8", a*, ™) in Deﬁnition can be understood as Lagrange mul-
tipliers, since they correspond to similar quantities in a smooth SVM problem [§]. How-
ever, here a dual problem seems difficult to derive because of the nonsmooth nonconvex
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function ||(+)+|lo- The set of equations and inequalities (22)) are interpreted as KK T-like
optimality conditions for the optimization problem , where , , and
are the primal constraints, (22d)) the dual constraints, the complementary slack-
ness, and , , d the stationarity conditions of the Lagrangian

with respect to the primal variables. We must point out that the nonsmoothness of
the problem (21)) is only found in the term |[us||o, and the corresponding stationarity
condition given in terms of the proximal operator.

The following theorem connects the optimality conditions for to P-stationary
points, and the proof is deferred to the Appendix.

Theorem 3.3. The global and local minimizers of admit the following character-
izations:

(1) A global minimizer is a P-stationary point with 0 < v < C, where the positive

number
Cy = 511}113 {Amin(K(d)) : d satisfies (18a)) and (18b)} (26)
€
in which Apin(+) denotes the smallest eigenvalue of a matrix.

(2) Any P-stationary point (with v > 0) is also a local minimizer of (21)).

4. ALGORITHM DESIGN

In this section, we take advantages of the ADMM [6] and working sets (active sets)
to devise a first-order algorithm for our MKL-Lj,1-SVM optimization problem. Before
describing the algorithmic details, we must point out that the finite-dimensional formu-
lation of the problem (see the proof of Theorem in the Appendix) is more suitable
for computation than the infinite-dimensional formulation . For this reason, we
work on the former formulation in this section. The theory developed in Section [3] in
particular, the notion of a P-stationary point, holds for the finite-dimensional problem
modulo suitable adaptation which is done next.

First, let us rewrite the equivalent finite-dimensional MKL-Lg,;-SVM optimization
problem as

1
min ~wK(d)w + C||uy|lo (27a)
WERNL, dE]RL 2
bER, ueR™
s.t. dy >0, £ € N
>
4
u+ A(d)w + by = 1. (27b)

Definition 4.1. (P-stationary point of ) Fix a regularization parameter C' > 0.
We call (w*,d*, b*,u*) a P-stationary point of the optimization problem if there
exists a vector (0%, a*,A*) € RETIH™ and a number v > 0 such that the conditions

(224). @20). @2d), 2. (@21), (@2, and
u + Ad)w + by = 1, (28a)
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w* + DyA* =0, (28b)

1
—i(w*)Tng*—i—a*—QZ =0, £ eNg (28¢)

hold.

One can show that Definition [f.I]above and the previous Definition [3.2] are equivalent,
as stated in the next proposition.

Proposition 4.2. Given a P-stationary point (w*,d*,b*,u*) in the sense of Defini-
tion there corresponds a P-stationary point (f*,d*,b*,u*) in the sense of Defini-
tion [3.2] and vice versa.

Proof. Weshall first show that Deﬁnition e Deﬁnition. Given (w*,d*, b*, u*)
and (0%, a*, ") in Definition we construct

frC)y=dp Y wike(-,x;) VLENL (29)

which will be used to check the conditions in Definition In view of the relation
(28bf), we immediately recover (22f). Moreover, from we have

1£7 11, = (d)*(w*) T Kew*

which implies the equivalence between (22g)) and (28¢|). The condition (22c) is equivalent
to (28al) because the latter is simply a vectorized notation for the former. To see this

point, just notice that the vector of function values [f*(xl) e f*(xm)] Tis equal to
K(d*)w™* in view of and f* =3, f;.

For the converse, i.e., Definition [3.2] = Definition we simply define w* :=
—Dy X", which is equivalent to , given the vector A* in the sense of Definition
Then the above proof holds almost verbatim. O

Remark 4.3. The linear relation (28b)) between A* and w* is consistent with the proof
of Theorem (see Eq. in the Appendix) and is analogous to the first formula in
[23, Eq. (11)].

Now, we aim to obtain via numerical computation a P-stationary point in the sense
of Deﬁnition and hence a local minimizer of by Theorem [3.3] To this end, let us
first recognize a “working set” (with respect to the data) and its relation with support
vectors following the development of [23] Subsec. 4.1], see also [I8, Sec. V]. Suppose that
(w*,d*,b*,u*) is a P-stationary point of . Then according to Definition there
exists a Lagrange multiplier A* € R™ and a scalar v > 0 such that holds. Define

a set
T, = {z € Ny : ul — AY € (0, \/270]} : (30)

and its complement T, := N,,,\T%. For a vector z € R™ and an index set T' C N,, with
cardinality |T'|, we write zp for the |T|-dimensional subvector of z whose components
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are indexed in T'. Then after some straightforward derivation using (22if), and ,
we obtain uj, =0 and )\*T = 0, and the working set also admits the expression

T*:{ieNm:A;‘e[—\/W,O)}. (31)

The formula tells us that the nonzero components of A* are indexed only in T, with
values in the interval [,\/ﬁ ,0). The following comments are immediate:

e The vectors {x; : i € T, } corresponding to nonzero Lagrange multipliers {\f} are
called Lg,;-support vectors in [23]. They play the same role as standard support
vectors in [§].

e Furthermore, the condition (22c) and u}, = 0 imply that any Lg,;-support vector
x; satisfies one of the functional equations f*(x)+ b* = £1. In the classic (linear)
case, the two equations determine the support hyperplanes.

At this point, we are ready to give the framework of ADMM for the finite-dimensional
optimization problem . In order to handle the inequality constraints (18al), we
employ the indicator function (in the sense of Convex Analysis)

0, zeR:
9(z) = L (32)
+oo, z¢RY

of the nonnegative orthant Ri and convert to the form:

1
min ~w ' K(d)w + C|luy o + g(z) (33a)
weR™, deRF 2
beER, ueR™, zeR®
s.t. d-z=0 (33b)
1'd=1 (33c)
u+ A(d)w + by =1, (33d)

see [0, Section 5]. The augmented Lagrangian of is given by

1
L,(w,d,b,u,z;0,a,\) = inIC(d)w + Clluyllo+9(z)+0"(d—12)+ %Hd —z|?

+a(l'd-1)+ ”2—3 (1Td—1)" + AT u+ A(d)w + by — 1]

+ B+ A@w + by — 1

(34)

where 6, a, A are the Lagrange multipliers and each p; > 0, j = 1,2,3, is a penalty
parameter. Given the kth iterate (w*, d* b¥ u*, z*; 0", ok, /\k), we use a Gauss—Seidel
scheme to update each variable:

u**! = argmin ﬁp(wk, d® v* u,z"; 6% o”, )\k) (35a)
uerR™
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whtt = argmin £,(w,d*, b*, ub*tt 2% 6% oF AF) (35Db)
weR™

b’ﬁ’l = argmin ,Cp(warl, dk7 b, ukH, Zk; ek, Oék, )\k) (35C)
bER

Zk+1 — argmin ,Cp(Wk+1, dk, bk+1’ uk+1,Z; 0k70[k, Ak) (35(1)
zeRF

dF 1 = argmin £,(w !, d,bF 1 ub gL 0%, ok A9 (35e)
deRt

9! = 9k 1 py(dFH! — 2 1) (35f)

ot = ok 4 py (1TdFH! 1) (35g)

)\k-‘rl — )\k + o [ukJrl +A(dk+1)wk+1 4 bk+1y _ 1] . (35}1)

Next, we describe how to solve each subproblem above.

(1) Updating u**!. The u-subproblem in ([35a)) is equivalent to the following problem

ub ! = argmin Clluflo + ATu + %Hu + A(d*)wF + bry — 12

ucRkR™

= argmin Clluy|p + %Hu — s"||? (36)
uckR™

o k

= proxc e, |, (s%),

where
sk =1 — Ad*)w" — bFy — X¥/p,. (37)

Define a working set T} in the kth step by

Ty = {z €N, : sk e (0, \/20/,)1)} . (38)
Then can equivalently be written as

uﬁ’l =0, uﬁtl = (39)
(2) Updating w**1. The w-subproblem in (35b) is

1
wr*l = argmin §WTIC(dk)W + AT (W + Ad )W+ by — 1)
weR™ (40)
+ Bt 4 A w by — 1

This is a quadratic minimization problem, and we only need to find a solution to
the stationary-point equation

K(d*)w + Ad*)TA" + pr A@*) T [ub T + Ad)w +bFy —1] =0 (41)
which, after a rearrangement of terms, is a linear equation
1+ pK(d")] w = =Dy [N+ py (w1 4 0by — 1)) (42)

The coefficient matrix is obviously positive definite and therefore a unique solution
whtl exists.
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(3) Updating b**!. The b-subproblem in ([35d) can be written as

b1 = argmin (A*)Thy + pQ—lHuk'*'1 + A(d®)wh T + by — 12 (43)
beR

The stationary-point equation is
v A+ oy T (0 AR W by — 1) =0, (44)

and a solution is given by

yT [)\k £ (WP AR W - 1)

mpi

PR+l — _ (45)

(4) Updating z"*!. The subproblem for z in (35d)) also admits a separation of vari-
ables, and we can carry out the update for each component as follows:

2K = argmin g(z) — (%) Tz + ijdk —z|?
zpER
= argmin g(z¢) — 052 422 (d[ — 2)? (46)
ze€R

= (dj + 05 /p2)+

where the function (-); takes the positive part of the argument. Inspired by this
expression, we can define another working set

Sp = {€EeNL :df +0;/p> >0} (47)
for the selection of kernels and Sj, = N\ Si. Then an equivalent update formula
for z is

2/t = (d" +6"/ps)s,, zgt =0. (48)

Notice that this working set is less complicated than T}, in since the function
(*)+ is continuous, unlike the proximal mapping .

(5) Updating d**!. The d-subproblem in ([35¢) can be written as

1

d** = argmin S (WHTH TS T d Kewk T + (W) TDy Y dKpw
dert 2 =1 ‘

2

n % ut+l 4 Dy ZdéKéWk+l FoEtly —1 (49)

Y4

+(0M)Td+ Zld 2P +af1Td+ B (1Ta 1)

The stationary-point equation of the objective function with respect to each dy is
1
§(Wk+1)TKng+l + o (DngWk_H)T(Ak/pl + uk+1 + bk+1y _ 1)

+ ,ol(ngk“)—r Zdthwarl + 92“ + pao(de — k+1) +aF+ 03 (le — 1) 0.

(50)
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(7)

We can rewrite it in matrix form as

(MATA+ pal +p31-17)d =v — 0" + pozF ™! + (p3 — a¥)1, (51)
where,
o A =[K Wkt . . Kpwktl] e RmxE
e and v = [vl UL]T € RY with

1
vy = _Q(Wk'irl)TKeWk'|r1 - Pl(DyKka+l)T(’\k/Pl +uttt oty — 1),

Clearly, the coefficient matrix in is positive definite, and thus there exists a
unique solution to the system of linear equations. However, it is possible that the
solution vector could contain a negative component, which is not ideal because the
components of d define the combination K(d) of the kernel matrices which must
turn out to be positive definite. In order to handle such a pathology, we propose
an ad-hoc recipe which projects the solution of the linear system to the standard
(L —1)-simplex using the algorithm in [28]. Then motivated by the second formula
in and the equality constraint , for £ € Sy we set

k+1 _
it =o. (52)

Remark 4.4. We have observed from our numerical simulations that the ad-hoc
step of projection onto the simplex, which appears artificial, can significantly speed
up convergence of the ADMM algorithm. In addition, the conference version of this
paper [18] proposed a numerical procedure for the infinite-dimensional formulation
, and the major difference is about the subproblems of w and d. Indeed, each
function fp in [I8] is parametrized by its values at the data points {x;}ien,, ,
and the squared norm involves K, 1 In this way, the vector of function values
[fg(Xl) f[(Xm)}T has to be updated for each ¢ € N;. In contrast, the
treatment in the current paper is more efficient and better conditioned since now
only w needs to be updated thanks to the representer theorem and no explicit
inversion is needed for the kernel matrices {Ky}sen,. Moreover, the update of d
is also greatly simplified to linear algebra, while previously one needed to solve a
cubic polynomial equation for each component dy.

Updating 6", With the help of the working set , the update of € in (35f)
can be simplified as:

057 =05, +pa(dT —2M g 6L =65 (53)

ko
That is, the components of 8 outside the current working set Sy are not updated.

Updating o**!. See (35g).
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(8) Updating A**1 Inspired by the property of the working set 7. (see the line

above (31))), the update of X in (35h)) is simplified as follows:

Nt = NG, + et )\%1 -0 (54)

where the vector of residuals r**! := u*+! + A(d*+1)wh+! + p*+ly — 1. In other
words, we remove the components of A which are not in the current working set.

The update steps above are summarized in Algorithm

Algorithm 1 ADMM for the MKL-Lg,1-SVM

ReqUire: Ca P1, P2, P3, {HZ}ZGNL7 max_iter.

1
2
3:
4:
5
6
7

o

10:
11:

12:
13:

. Set the counter k = 0, and initialize (w?,d°,5°,u°,z%;8° % A%).
: while the terminating condition is not met and k¥ < max_iter do
Update T}, in and u**1 by (39).
Update w*™! by the unique solution to (42).
Update b*+! by (45)).
Update Sy in nd z" 1 by (43).
: Update d**! by the unique solution to (51)) plus projection to the simplex and
52).
Update "1 by (53)).
Update o+ by (35g).
Update A**! by (54).
Set k =k + 1.
end while
return the final iterate (w”,d", b*, u¥, z*; 0", o*, )\k).

Below we give a complexity analysis of the algorithm. In each round of the ADMM
updates, we have the following observations:

In the update of w41 by (39), the main term is A(d*)w" in which takes
O(Lm?) operations.

To update w**1, the dominant computation is forming K(d*) = Y, df K, and the

solution of whose time complexity is O(m? max{L, m}).

Similarly, the product A(d*)w* is the most expensive computation in ([45) to
update b**!, and again its complexity is O(Lm?).

Updating z**! by has a complexity O(L).

To update d**!, one first computes the columns of 2 with O(Lm?) operations.
These columns can then be used to compute v with O(Lm) operations. The
product A2 needs L?m operations, and the solution of the linear system takes
O(L3) operations. Therefore, the overall complexity is O(L max{m?, Lm, L?}.

Computing 85! by (53)) takes O(L) operations which is the same as z**1, and
updating o**1 by (35g) takes O(1) operations.



MKL-Ly,,-SVM 497

e The complexity of updating A*** is O(Lm?2), the same as b**1, due to the com-
putation of the residual vector r*+1.

In summary, the time complexity for one round of updates of variables in Algorithm
is

O(max{Lm? m?3, L*m, L*}).

If the number of candidate kernels L is much smaller than m, then the above operations
count reduces to O(m?) which is reasonable.

5. CONVERGENCE ANALYSIS

In this section, we analyze certain convergence properties of Algorithm [1| proposed in
the previous section. To ease the notation, let us write U% = (Wk, d*, v*, uk, z*; Gk, ok, )\k)
for the kth iterate (k > 1) produced by the ADMM starting from some ¥°. The next
assumption will be useful in this section.

Assumption 2. There exist a positive integer K and two sets T, C N,,, and S, C N
such that for all kK > K, we have T, = T, and S = S,. That is, the working sets T} in
(138) and S in remain unchanged after k£ becomes sufficiently large.

For simplicity, let us set p; = pa = p3 = p > 0 in the augmented Lagrangian .
We first establish a lemma that describes a sufficient descent property of the sequence
{£,(¥*)}>1 of function values, and the proof is given in the Appendix.

Lemma 5.1. If the penalty parameter p is chosen sufficiently large, then there exist
positive constants 1 and € such that the inequality holds for all £ > 1:
Lp(05) = £,(051) = J|wh ! —wh|?
2
(55)

1
+ 5 [6F) = [l P — 2= 2]+ ;(A’“),

[NCRNO)

where (x) = [[ub*t! — u¥||2 + m(bFTT — %)% + ||ZF T — 2F||2 + ||dF ! — dF||?, and
(AF) = [|0FF = 0F||2 4 (F T — aF)? + AR - A2
In addition, suppose that Assumption [2| holds. Then we have a stronger inequality

€ 1
Lp(0) = £,(WF) > Flwht —wh? 4 564 + - (ah) (56)

which holds for all £ > K.

Proposition 5.2. Choose the penalty parameter p sufficiently large as per Lemma [5.1
and suppose that Assumption [2] holds. In addition, assume that the sequence of dual
variables {0%, o, AF},51 is bounded. Then {¥*},>, is also bounded.

Proof. Because of the boundedness assumption on the dual variables, the three
quadratics in £,, namely ¢;(d,z) := 8" (d — z) + 22\ld — 2|2, g2(d) :=a (17Td - 1) +
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2 (17d- 1)2, and gs(w,d,b,u) := A" [u+ A(d)w + by — 1]+ & [Ju+A(d)w+by —1|?
are all bounded from below. Hence, by Lemma we have
1

00 > L,(Wg) > L,(VF) > 5 (W wh) T (d")w* + C||u® [|o + const. (57)
In view of Assumption l letting ||w¥|| — oo will make £,(¥*) — oo which results in a
contradiction. Therefore, {w*};>1 remains bounded. The boundedness of b comes from
the assumption in Theorem [3.1] The variable d is automatically bounded due to the
simplex constraint. The boundedness of the remaining variables z and u can be shown
through an argument similar to that after with the quadratics ¢; and ¢3 defined

above. Consequently, all the primal variables are bounded, and this completes the proof.
a

Appealing to the Bolzano—Weierstrass theorem, Proposition implies that the se-
quence of ADMM iterates {¥*};>; has a convergent subsequence {U*i},;~;. The next
result gives a weak form of convergence of {¥*};>1 in terms of the distance between
two successive iterates.

Proposition 5.3. Under the assumptions of Proposition it holds that

lim || Wk — wk|2 =0, (58)
k— o0
where || ¥]|? is by definition equal to the sum of the squared norm of each variable in W.

Proof. The proof of Proposition [5.2| shows that there exists a constant C; € R
such that £,(¥) > C,. Moreover, by Lemma [5.1] E the sequence of function values
{L,(¥ )}k>1 is monotonically decreasing. Therefore, £,(¥*) must converge to some
real number as kK — oco. The next chain of inequalities should be straightforward:

00 > L,(W°%) — Cy > £,(¥°) — £,(T)
N-1
= [L,(¥F) = £, (v )]

k=0
= € 1
> Y |2 w5 ] (593)
k=0
N-1 EN 1
_ g Hwk +1 _ kHQ 5 Z Hu’“‘l _ uk||2 + m(bk+1 _ bk)2 + ||Zk+1 _ Zk||2
=0 k=0
N—-1
1
_|_Hdk+1 _ dk” + - |: 0k+1 _ 0k||2 + (ak+1 _ ak)2 + H)‘k—i-l _ )\kHﬂ ,
P k=0

(59b)

where we have used Lemma in (59al), and (59b) is just a substitution of (x¥) and
(A%) defined in Lemma Letting N — oo, we find that the series Y po  [|whT! —
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w12, 300 ldmFt —d® 12, 300 (0 = bF)2, 3T lut =2, 3T (12— 22,
SR 10T — 0712, 02 (@F T —aF)? and 32, AR — AF||2 all have finite values,
which yields the claim of this proposition. U

Remark 5.4. The full sequence convergence of Algorithm [I| seems very hard to prove
in general due to the nonsmoothness and nonconvexity of the optimization problem .
A line of research, see e.g., [2 [4 [5 10, 13, 29, B0], for this type of problems imposes
the Kurdyka—Lojasiewicz (KE) property for the objective function. However, due to the
technical difficulty that in general, the sum of two KL functions is not guaranteed to
be KL, it is not straightforward to show that our augmented Lagrangian satisfies
the KL property. For this reason, the issue of full sequence convergence will be left for
future research.

The next result gives a characterization of the limit point if the algorithm converges,
and the proof is left in the Appendix. We remark that in practice Algorithm [T converges
well as we have done extensive simulations to be presented in the next section.

Proposition 5.5. Suppose that the sequence {U*};~; generated by the ADMM algo-
rithm above has a limit point U* = (w* d*, b*, u*,z*; 0", a*, X\*). Then (w*,d*,b*, u*)
is a P-stationary point in the sense of Definition with v = 1/p; and the Lagrange
multipliers in the vector (—6*,a*, A*), and also a local minimizer of the problem .

Remark 5.6. The role of the working set Sy in and its limit set S, is to render
sparsity in the combination of the kernels {x¢}scn, for the MKL task, much similar to T
in and its effect on the support vectors. One can readily observe such sparsification
from our simulation results in the next section, see the columns “# kernels” in Tables
and [3] This phenomenon can be explained by the following argument. Because of the
nonnegativity condition (I8a]), the constraint can be interpreted as ||d||; = 1 where
| - |1 denotes the ¢; norm. The latter object is a convex relaxation of the ¢y norm and
is well known to be capable of inducing sparsity [9].

6. SIMULATIONS

In this section, we report results of numerical experiments using Matlab on a Dell
laptop workstation with an Intel Core i7 CPU of 2.5 GHz on real data sets to demon-
strate the effectiveness of the proposed MKL-Lg/1-SVM in comparison with the Sim-
pleMKL approach of [I6]. Our code can be found at https://github.com/shiyj27/
MKL-LO1-SVM.

(a) Stopping criterion. In our implementation, we terminate Algorithm if the kth
iterate (w*,d¥ b* u*, z*; 0", o*, )\k) satisfies the condition

max {37, B3, 85, Bi, B, B¢, BY, Bs } < tol, (60)
where the number tol > 0 is a tolerance level and
L T e T B e L - o e

B = llak a1, g = 0t — 01, Bk = ok — ot 5:—||A’“A’“(—1|)|.
61
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(c)

(d)
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This condition means, in plain words, that two successive iterates are sufficiently
close.

Parameters setting. In Algorithm (1} the parameters C' and p; characterize
the P-stationary-point condition (see Eq. in the Appendix), and the
working set which is related to the number of support vectors. In order to
choose the parameters C, p1, pa and ps, the standard 10-fold Cross Validation
(CV) is employed on the training data, where the candidate values of C and p’s
are selected from the same set {272,271 ... 28}, The combination of parameters
with the highest CV accuracy is picked out.

In addition, we choose L = 10 Gaussian kernels {k¢}scn, with hyperparameters
listed in Table |1 which are shared by both MKL-L(,1-SVM and SimpleMKL for

all data sets. We also set the maximum number of iterations max_iter = 10° in
Algorithm [1] and the tolerance level tol = 1072 in .

g1 02 g3 04 05 06 a7 oF;] 09 g10

01 02 03 05 07 1 12 15 1.7 2

Tab. 1: A quite arbitrary choice of the hyperparameters for 10 Gaussian kernels.

For the starting point, we set w’ = u® = A =0,2"=6"=0,a° =0 and
d’ = 11, 0% = 1 or —1. The reason for such a choice is explained in the fol-
lowing. Let us refer to the objective function J(w, d, b) in the finite-dimensional
formulation of the MKI.-Lg /1—SVM problem (see Eq. in the Appendix). Then
we immediately notice that J(0,+1,1) = Cm_ and J( —1) = Cm4 where
my and m_ denote the numbers of positive and negatlve components in the la-
bel vector y. Therefore, we should choose (w",d°, %) such that J(w?,d" %) <
Cmin{m,m_}.

Evaluation criterion. To evaluate the classification performance of our MKL-
Lo/1-SVM, we use the testing accuracy (ACC):

51gn (Z f test + b*> y;est

Mtest

1
ACC:=1—
2r’ntest ;

)

where {(x ;ebt,yte“) J=1,..., Myest } contains the testing data. Here, the quan-
tity >, £ (x*5") can be computed using . More specifically, for each ¢ € N,
we can evaluate fEC) = —=d; X2 Nyika(- Xl) on the testing data using the con-

vergent iterate produced by Algorithm [}

Simulation results. We have conducted experiments on four real data seteﬂ For
each data set, standard feature normalization is performed. Then Algorithm [1]is
run 30 times with different training and testing sets (70% of the data are ran-
domly selected for training and the rest 30% for testing), and the last 20 ACCs are

3These data sets are downloaded from the UCI repository https://archive.ics.uci.edu/
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averaged. In order to avoid possibly bad local minimizers, we use a “warm start”
strategy which initializes the algorithm with the convergent iterate of the previous
run, hoping that the performance of classifier eventually becomes stable. For com-
parisons, we run the SimpleMKL algorithrrﬁ with the same ten Gaussian kernels
(see Table 1] for the hyperparameters) under the same parameter configuration.

Sonar m =208 n =60
Algorithm # kernels Acc (%) NSV time (s)
MKL-Lg,1-SVM 1+0 76.5+3.7 145+1.5 1.04+0.08
SimpleMKL 1+0 63.3£3.1 145+0.5 0.05+0.02
Wpbe m =198 n =33
Algorithm # kernels Acc (%) NSV time (s)
MKL-Lg,;-SVM 3.412.2 | 76.840.6 13810 0.65+0.15
SimpleMKL 8.940.73 76.7£0 137+2.4 0.04+0.02
Pima m =768 n=238
Algorithm # kernels Acc (%) NSV time (s)
MKL-Lg/,-SVM 2.44+0.8 73.3+4.1 490+34.3 10658
SimpleMKL 1+0 75.9+£2.1 361+4.2 0.24+0.03
Liver m=579 n=9
Algorithm # kernels Acc (%) NSV time (s)
MKL-Ly/,-SVM 1+0 71.7+0.8 405+0 454+5.5
SimpleMKL 10£0.7 71.3£0 405+0 0.43+0.05

Tab. 2: Average performance measures for MKL-L,;-SVM and SimpleMKL on real data sets
without additional outliers.

The simulation results are collected in Table Bl where one can see that our method
achieves the best ACC on one data set “Sonar”. While the ACCs on the data sets “Wpbc”
and “Liver” are close for the two methods, our MKL-Lj,;-SVM requires much fewer
kernels (see the column “# kernels”) which significantly saves the computational cost for
testing. In addition, the two methods perform similarly on the three data sets mentioned
above in terms of the number of support vectors (NSV, sparsity in data usage) which is
equal to |T%|.

In order to see the influence of outliers in data sets on the two classifiers, we randomly
flip the labels of 10% of the samples in each data set and redo the simulations. The
updated results are reported in Table It can be clearly seen that our MKL-Lg,:-
SVM outperforms SimpleMKL in terms of the ACC on three data sets. On the fourth
data set “Liver”, the two methods have close ACCs, but our method still wins out in
terms of the number of kernels on all four data sets. As for the computational time of
training (solving the MKL optimization problems), we notice from the last columns of
both Tables [2[ and 3| that our method requires significantly more time because in general
ADMM has sublinear convergence [6] while the gradient-type algorithm in [I6] converges
linearly.

4The code for SimpleMKL is found at https://github.com/shiyj27/SimpleMKL which is adapted
for simulations reported in this paper from the source at https://github.com/maxis1718/SimpleMKL.
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Sonar m =208 n =60

Algorithm # kernels Acc (%) NSV time (s)
MKL-Ly/1-SVM 1+0 74.2942.2 14440.5 0.35+0.04
SimpleMKL 1+0 68.02+1.2 14440.5 0.05+0.02
Wpbe m =198 n =33
Algorithm # kernels Acc (%) NSV time (s)
MKL-Lg/,-SVM 4.1+2.6 69.9£0.4 138=+0 0.70+0.34
SimpleMKL 6.6+2.8 69.84+0.5 138+1.2 0.04+0.02
Pima m =768 n=3§
Algorithm # kernels Acc (%) NSV time (s)
MKL-Ly/,-SVM 3.4+1.1 69.3+2.7 507+17.8 34.14+24.9
SimpleMKL 5.4+3.4 67.7£2.8 413+23.8 | 0.31£0.05
Liver m =579 n=9
Algorithm # kernels Acc (%) NSV time (s)
MKL-Lg,1-SVM 1.840.4 66.8+1.1 40440.3 11.1+2.4
SimpleMKL 9.940.7 66.7+0 404+0 0.47+0.07

Tab. 3: Average performance measures for MKL-Lj,;-SVM and SimpleMKL on real data sets
with 10% outliers by flipping the labels y;.

; Wpbc ; Pima
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Fig. 3: Evolution of the three largest weights d, in MKL-L,1-SVM on two data sets. Left:
Wpbc, Right: Pima.

Figure [3] depicts changes of d with respect to the number of ADMM iterations for
the three largest components dy in one instance of Algorithm [I] For the “Pima” data
set, in particular, the largest component d; is close to 1 when the algorithm converges.

7. CONCLUSION

In this paper, we have extended the Lj,;-SVM to a Multiple Kernel Learning (MKL)
setting where the minimization of a regularized (0, 1)-loss function is accomplished to-
gether with the optimal combination of some given kernel functions. Despite the fact
that the corresponding optimization problem is nonsmooth and nonconvex, we have
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shown that the global and local minimizers can be characterized by a set of KKT-like
optimality conditions. For the numerical solution of the MKL-Lg,;-SVM optimization
problem, an efficient ADMM algorithm has been proposed to obtain a local optimum.
Some convergence analysis for the ADMM is also provided. Simulation results on real
data sets have manifested the effectiveness of our theory and algorithm.

Regarding future studies, second-order algorithms [26] 31l B2] B3] B4, B5] can be
developed for the MKL-Lg,1-SVM optimization problem, since they can dramatically
enhance the solution speed when the data size is not too large. In addition, it seems
interesting to investigate the case of the problem in which Assumption[1}is violated, i. e.,
some kernel matrices are positive semidefinite and singular.

APPENDIX
Deferred Proofs

Proof. [Proof of Theorem [3.1] In view of Lemma it is not difficult to argue that
the optimization problem (18) is equivalent to

. 1
min min SIFIE+C DI = il fx) + )Ly llo (62a)
beR 4
s.t. d¢ >0, £ € N

> dp=1.
4

The inner minimization problem can be viewed as unconstrained once a feasible d is
fixed. Hence we can employ the semiparametric representer theorem to conclude that
the optimal f of the inner optimization has the form

FO) =D felx) =D de > wike(x,xy), (63)
14 4 i

where f; belongs to the RKHS H), with a kernel dgry(-, -) for each £ € Ny, (see Subsec. ,

and the parameter vector w = [wl wm]T € R™ . In view of this and , the
optimization problem is further equivalent to

1
min —w' K(d)w + C|(1 — A(d)w — by) ¢ o (64a)
weR™, deRF 2
beR
s.t. de >0, £ €Ny,

> di=1,
14

where

K(d) :=> dK, and A(d):= DyK(d). (65)
l
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Here Ky is the kernel matrix corresponding to #(+,-). Let us write the objective function
as

T(w,d,b) = %WTIC(d)W +OY - Aw = byl ], (66)

It is obvious that the minimum value of J(w,d,b) is no larger than J(0,1/L,0) = C'm,
where m is the maximum value of the ¢y norm for vectors in R™. We can then consider
the optimization problem on the nonempty sublevel set

S :={(w,d,b) € R™" x T x RE : J(w,d,b) < Cm}. (67)

We will prove that S is a compact set. Due to the finite dimensionality, it amounts
to showing that S is closed and bounded. To this end, notice that the second term in
the objective function is lower-semicontinuous because so is the function ||(-)+|lo
on R and the argument (1 — A(d)w — by); is smooth in (w,d, b). We can now conclude
that J(w,d,b) is also lower-semicontinuous since the first quadratic term is smooth.
Consequently, the sublevel set S is closed. The fact that S is also bounded follows from
the argument that if we allow ||w]| — oo, then

J(w,d,b) > %w%@w > A (K(d)) W] — oo, (68)

DN =

where Apin (K(d)) > 0 is the smallest eigenvalues of £(d). Therefore, the sublevel set S is
compact and the existence of a global minimizer follows from the extreme value theorem

of Weierstrass. The set of all global minimizers is a subset of S and is automatically
bounded. g

Proof. [Proof of Theorem To prove the first assertion, let (f*,d*,b*,u*) be a
global minimizer of . If u* is held fixed, then trivially (f*,d*,b*) must be a mini-
mizer of the corresponding optimization problem with respect to the remaining variables
(f,d,b). In other words, we have

(F,d%,b%) = argmin 3 — [ fell3, + Cllutll
feF, deR” o, M
beR

s.t. dy >0, £ € N (69)
Zd@ =1
4
u +y; (f(x;) +b) =1 Vi

Since the term C||u’||o now becomes a fixed constant, the above problem turns into
a smooth conver optimization problem, thanks to the result in [I6, Appendix A.1].
Moreover, Slater’s condition clearly holds, so we have strong duality. Consequently,
conditions through hold as KKT conditions for .

It now remains to show the last condition . This time we fix d* and consider the
minimization with respect to the other three variables. More precisely, we shall consider
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the formulation derived from with the additional variable u:

1
(w*,b*,u*) = argmin  —w' K(d*)w + Clluy||o
weR™, bER 2 (70)
WeR™

s.t. u+ A(d*)w + by = 1.

Since the matrix A(d*) = D, K(d*) is invertible by Assumption |1} we can write w =
A(d*)71(1 — u — by) and convert the optimization problem to another unconstrained
version:
(u*,b*) = argmin g(u,bd) + C|lutllo (71)
ucR™, beR
where g(u,b) := (1 —u—by) "K1(d*) "' (1 —u—by) is a new quadratic term such that
the matrix /Cy(d) := Dy K(d)Dy. The following computation is straightforward:

u _ VUg(lLb) _ _ I L *\—1 —u-—
Va(u.b) [vzbg(u’ 0] == |7 m@rta - a -, "
V2g(u,b) = [yT} Kitd) I y].
Next, define
A= =Gy (d) N1 —ut = by) = Ky (d¥) LAY )W = —Dyw*. (73)

Take an arbitrary number v € (0,C1) and define a vector z := prox, .y, |, (W* = ¥A).
We need to prove z = u* which is the last equation in . To this end, we shall
emphasize three points:

(i) By the global optimality of (u*,b*), we have

g(u”,0%) + Clluiflo < g(2,b") + Cllzt[lo- (74)

(ii) Using the second-order Taylor expansion for g(u,b), it is not difficult to show that

9(z,b") — g(u*,b*) < (") " (z — ") + %IIZ —u'|?, (75)

where A1 := Apax (K1(d*) 1) = 1/ A (K(d*)).
(iii) By the definition of the proximal operator , we have

1 * *\ 12 * 1 *(12 * Y *112
C||Z+||o+gllz—(u — A7) SCIIU+||0+5||7>\ I = Cllaiflo + S IATI%
(76)

Combining the above points via a chain of inequalities similar to [23] Eq. (S12), supple-
mentary material], one can arrive at

A —1
0< AEA?ZAAZHZ

—u* <0 (77)
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where the constant term in the middle is negative since we have chosen 0 < v < €y <
Amin(K(d*) = 1/X;. Therefore, we conclude that z = u*, and we have completed the
proof that a global minimizer (f*,d*,b*, u*) of is a P-stationary point.

To prove the second assertion, let us introduce the symbol ¢ = (f,d, b, u) for con-
venience. Suppose now that we have a P-stationary point ¢* = (f*,d*, b*,u*) with an
associated vector (6%, a* A*) and v > 0. We need to show that ¢* is locally optimal in a
sufficiently small neighborhood (to be constructed). To this end, let U(¢*, d1) be a suffi-
ciently small neighborhood of ¢* of radius d; such that for any ¢ = (f,d, b, u) € U(¢*, 1)
we have v} # 0 = wu; # 0. That is to say: a small perturbation of u* does not change
the signs of its nonzero components. As a consequence, the relation

[agflo = fluiflo (78)

holds in that neighborhood. Next, notice that the first term 33, iiiffii%ﬂe in the
objective function (21a)) is smooth in (f,d), which implies that it is locally Lipschitz
continuous. Consequently, there exists a neighborhood U(¢*, d2) such that for any ¢ €

U(¢*,6,), we have ’% SeklfellE, - 150 & f;||§h‘ < C which further implies that

R I 1,0,

N 7 T . 79

3 2 g Wik = C <52 g el (79)
Now, take 6 = min {d1,d2} > 0 and consider the feasible region

0 :={¢ = (f,d,b,u) : (184, (I8H), and (I9DB) hold} (80)

of the problem . We will show that the P-stationary point ¢* is locally optimal in
O NU(¢*,0), that is, ¢ € ©NU(¢*, ) implies the inequality

I 1
*Z ||fe I, +C il < 5 Z 7 I fellfz, + C el - (81)

For this purpose, let 'y := {i : uf = 0} and T := N,,\I'.. Then by (22i) and the
evaluation formulas for the proxunal operator (see and ), we have the following

relation:
iel,, ul =0, —/2C/y <A <0, (82)
iel,, uf #0, \F =0.

Consider the subset ©; ;== ON{¢ : u; < 0 Vi € I',} of ©, and the partition © =
01 U (B\01). We will split the discussion into two cases given such a partition of the
feasible region.

Case 1: ¢ € ©1NU(¢*,0). We emphasize two conditions:

u; <0 for i€l and wu;+y; (Z fo(x4) —|—b> =1 (83)
¢

The following chain of inequalities holds:

1 *
Z -l fellE, = 5 AT
14

14
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25 3 [ 10 -
=- Z)‘?yi lz[: fe(xi) — Ze: fr(xq)| + Ze:(az —a*)(dy — d}) (84b)
=>. ;‘;‘k(ui —u)+ Y 0pde = 654 (84c)
>§EA?(“F“?)=§:AZ‘W>; (84d)

i€l

||f;|%h] (84a)

where,

e (84a) is the first-order condition for convexity of each term d%g Il fell,

e (84b)) comes from the conditions (22f) and (22g) for the P-stationary point and
the kernel trick,

e (84c) results from the feasibility condition on the right of (83]), the fact that o* is
independent of the dummy variable ¢, and the condition (18b]),

e and (84d) is a consequence of and the condition on the left of .

Combining and , we obtain .
Case 2: ¢ € (©\O1) NU(¢*,6). Note that ¢ € O\O; means that there exists
some ¢ € I, such that u; > 0 while uf = 0 (by the definition of I'.). Then we have
Juyllo > [[uillo + 1. Combining this with (79), we have
1 1 1 1
3 > dszfZ‘ll%ﬂg +Cluil, < 5 > dszfZ‘ll%ﬂg +Cluyfly=C
¢ ¢

11,
< 3 Xe: d?”féan +C luylfy,

as desired. This completes the proof of local optimality of ¢*. O

Proof. [Proof of Lemma As observed during the derivation of a solution to the
w-subproblem in , the augmented Lagrangian £, in is quadratic in the variable
w when the rest variables are held fixed. In fact, the same observation can be made for
each one of the other primal variables d¥, b*, u* z* if the nonsmooth part C|ju, ||o+¢g(z)
in £, is not taken into consideration. Indeed, the nonsmooth part affects the updates
of the variables u and z which must be handled with extra care, and this point will be
addressed in the proof of the second part of the lemma about the stronger inequality
50).
Consider now the u-update in . By definition, it must hold that

Ep(wk,dk,bk,uk,zk;ak,ak,)\k) - Ep(wk,dk,bk,uk+17zk; 0%, ok A%y > 0. (86)

Next we analyze the quadratic minimization problem . One can compute the
Hessian of £, with respect to w:

VaL,(¥) = K(d) + pA(d) " A(d) = K(d) + pK(d)?, (87)
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where we have used for the second equality. According to Assumption |1} we have
VZ,L,(¥) > nl where n:= Cy + pCf > 0 with the positive constant C; defined in (26]).
Therefore, L, is n-strongly convez [7] with respect to w which implies the inequality

Ep(Wk,dk,bk,uk—‘rl,Zk; 9k704k7Ak) _ Ep(wk"'l,dk,bk,uk"'l,zk;ﬁk,ak,}\k)
88
> 2wk — w2, )

The analysis for the b-subproblem in is similar. Indeed, the Hessian of £, with
respect to b reduces to the second-order derivative which is equal to py 'y = mp. Now,
the constant Hessian leads to the equality

,Cp(WkJrl,dk,bk,ukJrl,Zk; 0k704k7Ak) _ Ep(Wk+1,dk,bk+1,uk+1,Zk; 0k704k7Ak)
_ %(bkﬂ — B2,

(89)

The z-update in by definition implies that

£p(w}Hl S LA La LY L )\k)—ﬁp(w’“rl B L AR L L Ry L )\k) > 0.

(90)

For the d-subproblem in which is again quadratic, we can also compute the

Hessian V4L,(¥) which is equal to the coefficient matrix on the left-hand side of (5.
Hence V4L,(¥) > pI which gives rise to

k+1 gk 3k+1 _ k+1 _k+1.g9k _k yk k+1 gk+1 3k+1 k+1 _k+1.g9k _k yk
‘C/)(W ad7b ,u yZ 705047A)_£/)(W ad 7b ,u ,Z ,0,0&,)\)

> ngkﬂ _ dk”Z.

(91)

Since £, depends on the dual variables 8, o, A linearly, the updates of these variables

in (351), (35g), and (B5h) can be combined to yield the equality

k+1 qk+1 pk+1 L k+1 _k+1. gk _k yk
L,(wrtt dFtt phtt ub 1 zR 1 6% oF AF)

_ ﬁp(wk+1’dk+1,bk+1’uk+17zk+1;0k+1’ak+17Ak+1) _ _E(Ak) (92)
P
Adding up the formulas , , , , , and , we obtain
k k41 M k+1 k2, Pk PN
£o(84) = £,(05) 2 Dokt — w24 L) — (1)
n € f p—¢€ 2 (93)
k41 k|2 k k — k k
I ) )+ ) -
where (%)F := m(bFT1 — %)% 4 ||d* ! — dF |2 = (xF) — [[ubH! — u¥||? — ||zFT! — 2¥|? and

€ > 0 is a sufficient small number relative to p. Now we impose the condition

2(Ak)1/2
p > sup

k>1 (xF)1/2 7 ©)
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Because of the strict inequality, there exists € > 0 such that the left-hand side of
can be replaced with p —e. A consequence of these two inequalities is that the last two
terms in satisfy £5°(xF) — %(A’c ) > 0 for all k£ > 1 which implies the weak inequality

53).

It remains to show the strong inequality under Assumption In view of the
additional assumption on the index sets T and the L/, proximal operator , the
u-update in implies that for k& > K,

L,(wh d¥ oF uF 2% 0% oF AF) — £, (wh dF, bk uF Tt 2R 0% ok AF)

P uFr _ Py k41 k|2 95
72 b2 =Lt — bz (99)

€T.

where the second equality follovvs from the fact that ukJrl = u% = 0, see . In a
similar fashion, the z-update in ) leads to equality

Ep(wk+1,dk,bk+1,uk+1,zk;0 e 7Ak) iy ( k+1 dk bk-‘,—l uk+1 k+1;0k,ak,/\k)

_P k+1 _P N T
PG ‘) ||
(96)
where the part of Assumption |2/ on Sy plays a role. Now the desired inequality can
be established using an argument similar to the one leading to |

Proof. [Proof of Proposmon E Let {U/ = Wki},~; be a subsequence of {U*}; >4
that converges to ¥*, and let s* be the limit of the corresponding subsequence of {s*};>1
in . The blmpiebt case is the dual update for a* Since the constants p;, j =1,2,3
are p031t1ve, we have 17d* = 1, which is the condition , by taking the limit of the
«a update .

Now look at the limit of the dual update for A. Define T}, to be the limit working set
in the sense of with s* replaced by s*. After taking the limit of the update formula

, we obtain

ry, =0 and A5 =0. (97)
In addition, we check the limit of and get uy, = 0 and u*i = S*T* =(u* —r* -
X*/p1)7, where the last equality comes from the relation

sF=uf —rF — A¥/p,. (98)

With reference to , plain computation yields r*T = 0 and furthermore r* = 0. This
is the condition (28a)). Now reduces to s* = u* — A*/p; in the limit. It is then
not difficult to check that the update formula also holds in the limit which can be
written as

ut = prox%‘|(4)+||0(u* - )\*/pl) (99)

This is the condition (22i) with v = 1/p;1, and also explains why here we have used the
same symbol T}, as in

Next we take the limit of . Since we have shown , the last term in
vanishes in the limit and we are left with . Similarly, taking the limit of leads
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to (22h). In order to describe the limit of (48], let us introduce the limit working set S
in the sense of with df and 05 replaced by dj and 60, respectively. Then we have

z5, = (d"+6"/p2)s., zg =0. (100)

Moreover, taking the limit of 8* in gives dg = z§_ which is a part of the constraint
(33b)), and together with (100) implies 8 = 0. In addition, the last update formula
(52) for d implies d% = 0. These two relations establish the complementary slackness

condition (22¢]) and the desired equality d* = z*. Also, the update strategy for d ensures
that each dj is nonnegative which yields the limit (22a). In order to obtain (28c)), we
take the limit of the stationary-point equation otice that the terms involving
p1, P2, and ps vanish due to the established optimality conditions, and take into
account. Here we have a sign difference for the Lagrange multiplier 6.

The only missing condition up till now is in the index set S,. By definition, for
¢ € S, it holds that d; +0;/p2 < 0 which implies ] < —pod; < 0. This is precisely
with a sign difference. Therefore, (w*,d*, b*,u*) is a P-stationary point with v =1/p;
and its local optimality is guaranteed by Theorem (|
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