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Abstract In Machine Learning algorithms, one of the crucial issues is the representation
of the data. As the given data source become heterogeneous and the data are large-scale,
multiple kernel methods help to classify “nonlinear data”. Nevertheless, the finite combina-
tions of kernels are limited up to a finite choice. In order to overcome this discrepancy, a novel
method of “infinite” kernel combinations is proposed with the help of infinite and semi-infi-
nite programming regarding all elements in kernel space. Looking at all infinitesimally fine
convex combinations of the kernels from the infinite kernel set, the margin is maximized
subject to an infinite number of constraints with a compact index set and an additional (Rie-
mann-Stieltjes) integral constraint due to the combinations. After a parametrization in the
space of probability measures, it becomes semi-infinite. We adapt well-known numerical
methods to our infinite kernel learning model and analyze the existence of solutions and con-
vergence for the given algorithms. We implement our new algorithm called “infinite” kernel
learning (IKL) on heterogenous data sets by using exchange method and conceptual reduction
method, which are well known numerical techniques from solve semi-infinite programming.
The results show that our IKL approach improves the classifaction accuracy efficiently on
heterogeneous data compared to classical one-kernel approaches.
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1 Introduction

In classical kernel learning methods, a single kernel is used to map the input space to a
higher dimensional feature space. But for large scale and heterogeneous data in real-world
applications [17,19], multiple kernel learning (MKL) is developed [4,21]. The main intuition
behind multiple kernel learning is to combine finitely many pre-chosen kernels in a convex
combination [21]

K
ke (i, X)) 1= D Beke (X, X)) M

k=1

In this paper, we shall basically refine the sum in (1) by an integral, as we shall closely
explain. In [4], a multiple kernel reformulation is modeled by semi-definite programming
for selecting the optimum weights of corresponding kernels. This reformulation has some
drawbacks in computation time because of semi-definite programming and this reformula-
tion is developed in [21] by semi-infinite linear programming with the following optimization
model:

max 6 (0 eR,BeRK)

K
such that g > 0, Zﬂ" =1,
k=1

K @
D BeSc(@) > 6 Ve e R,
k=1

l
0<a<Cl and ) ya; =0,

i=1

where1=(1,1,1,..., DT e R,

The finite combinations of kernels are limited up to a finite choice. This limitation does
not always allow to represent the similarity or dissimilarity of data points, specifically highly
nonlinearly distributed and large-scaled ones. A finite combination may fail, here. In order
to overcome this, with the motivation of previous studies [3,12,14,15], a combination of
infinitely many kernels in Riemann—Stieltjes integral form is proposed to allow an infinite
wealth of possible choices of kernels in the kernel space which is called infinite kernel learn-
ing (IKL) [12,13,16]. This makes the problem infinite in both its dimension and its number
of constraints; which is so-called infinite programming (IP). The mathematical foundations
of IKL is established by mathematical analysis and the theory of semi-infinite programming
in [12,13,16]. An infinite combination is represented by the following formula:

klg(X,‘,Xj) :=/k(x,~,Xj,a))dﬁ(a)), (3)
Q

where w € Q is a kernel parameter and 8 is a monotonically increasing function of integral 1,
or just a probability measure on 2. Furthermore, the kernel function k(x;, X;, @) is assumed
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to be a twice continuously differentiable function with respect to w, i.e., k(x;, Xj, -) € Cc2.
The infinite combination can be, e.g., a combination of Gaussian kernels with different widths
from a set €2, i.e., kg(X;, X;) = fQ exp(—w ||x1 —X; ||§)dﬂ (w). It is obvious that the Gauss-
ian kernel is from a family of twice continuously differentiable functions of the variable w.
Hereby, the wealth of infinitely many kernels is used to overcome the limitation of the kernel
combination given by finitely many pre-chosen kernels. The questions on which combination
of kernels and on the structure of the mixture of kernels can be considered and optimized,
and it may, e.g., be answered by homotopies [12,13,16].

With this new formulation, we have the opportunity of recording (“scanning”) all possible
choices of kernels from the kernel space and, hence, the uniformity is also preserved. Let us
note that infinitely many kernels correspond to infinitely many coefficients. Kernel coeffi-
cients are defined through an increasing monotonic function by means of positive measures
[13,16].

The IKL formulation is given in [12,13,16] by

Ige/lgx 0 (6 € R, B: apositive measure on £2)

such that 0 — / T(w,a)df(w) <0 (x € A), 4)
Q

[ap=1.

Q

where T'(w, @) := S(w, @)= 3 1_, ;. S(w. @) = 3 > i ot yiyjk(x;. X, 0) and @ 1=
[0,1]and A :={x € R! |0 <a<Cland 25:1 «;y; = 0} are our index sets.

We note that there are infinitely many inequality constraints because of the inequality con-
straint which are uniform in o € A, and the state variable g is from an infinite dimensional
space. Thus, our problem is a one of infinite programming (IP) [1]. The dual of (4) can be
written as

min ¢ (0 € R, p: a positive measure on A)
o.p

such that o — / T(w,a)dp(a) >0 (w € Q), 5)
A

/d,o(ct) =1.

A

Because of the conditions fQ dB(w) =1 and f 4 dp(e) = 1, positive measures B (or p) are
probability measures and these measures are parametrized in this paper via the probability
density functions as in [13,16].

We note that the primal IKL formulation (4) and the dual IKL formulation (5) are very
similar, where minimization is swapped with maximization, the direction of inequalities in
the constraints are changed in (5), the index sets A, 2 and the variables &, w are replaced
with each other such that both index sets are compact and the objective functions, 6, o, of
both the dual and the primal are continuous. Thus, similar formulations, definitions and the
theorems (covergence, discretizations etc.) written for the primal problem can be expressed
for the dual problem in terms of the variables and the index set of the dual problem. How-
ever, we observe that the primal and the dual problem are different as far as the way how
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the sets of inequality constraints are defined. In fact, there can be problems with nondegen-
eracy (that can be related with instability) just for one of the problems, not for the other. In
[11-13,16], it is explained that the LICQ condition is violated because of the linear depen-
dency of the equality and the inequality constraints on the lower level problem of the primal
problem. In order to overcome this degenerate case, we perturbed the equality constraint of
(2) with a monotonically decreasing sequence (&,),¢n such that £, — 0 (v — 00), where,
Zf'zl a;yi =&y.

Corollary 1 [13,16] Let us assume that there exist (8, 0) and (p, o) which are feasible for
their respective problems, and are complementary slack, i.e.,

o :/T(a),ot)dp(oz) and 6 :/T(a),ot)dﬂ(a)).
A A

Then, B has measure only where o = f 4 T (w, @)dp(a) and p has measure only where
0 = fQ T (w, a)dB(w) which implies that both solutions are optimal for their respective
problems.’

In this study, we restrict ourselves to probability measures, which constitute our subspace
of positive measures, and we use parametrized models of IKL given by probability den-
sity functions (pdfs) in [13,16]. Throughout this study, we assume that we are given pdf
function f7 (w; -) for our primal problem. We do not need to write the equality constraint
fQ dB(w) = 1, since we assume that our measures are probability measures. Then, we para-
metrize these measures via pdfs f7 = f7 (w; pF), taking the place of positive measures
B. Let us denote the parameters of a pdf by p? = (pf, pf s g,);’;,)T for the primal
problem. It is constrained and elements of a suitable parameter set can be written as follows:

PP = (p” e R | (P) =0 (i e IP). VT (9P) 20 (j e JP)).

We note that after a parametrization, our primal (or dual) problem has variables in finite
dimension since instead of optimizing with respect to measure S which is in an infinite
dimensional space, we minimize with respect to the pdf parameter vector g% . This parame-
trization allows us to define our infinite programming problem by semi-infinite programming
(SIP) since the variables are in a finite dimension and there are infinitely many inequality
constraints. Hence, our primal problem turns into the following SIP with additional constraint
functions UlP (%) and vf (#7), coming from the definition of the parameter sets related to
the specific pdf function of the primal problem [13,16]:

(Primal SIP) min —6
9,51)7)

such that /T(a), o) [P (w; pF)d(w) — 6 > 0 (a € A), ©

Q
v (pP) =0 (iel?),
vEeF) =0 (jeJP).
2 Numerical analysis of IKL

One of the early methods mostly used to solve SIP problems in practice, e.g., in engineering
applications, is discretization [7]. It is based on a selection of finitely many points from the

' Communication with E. J. Anderson.
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infinite index set of inequality constraints. In our study, these infinite index sets are A and Q
for the primal and the dual problems, respectively.
The discretized primal SIP problem of (6) can be written by the following formulations:

P(Ay) min —6
G,pp
subjectto g7 ((0, pP), a) ::/T(a),a)fp(a); ©F)do —0 >0 (acAy),
Q

@)
vl (F)=0 (i e I7),

VPeP) =0 (je ).

Here, by the symbol P(-) we denote the primal, k is the iteration step, and the discretized
set Ay will be discussed within Strategies I and II in Sect. 3. It is obvious that €2; can be
defined by a one-dimensional uniform grid.> Hereby, & should not be confused with our
kernel function.

Let vP(Ar), MF (Ay) and G (Ay) denote the minimal value, the feasible set and the
set of (global) minimizers of our primal problem (6) with A replaced by Ax. Under suitable
regularity conditions (reduction ansatz) [7], the optimal solutions of the lower level problems
depend locally on the parameters, i.e., measures. Furthermore, the relation with the pdfs has
been established with a dual pairing and by the pdfs as test kind of functions from the dual
space.

Let d; be the Hausdorff distance d; (Ax, A) between A and A, which is given by

Pp— 1 /

di(Ag, A) = I;lea/i( yI’rél,?k Hy y ||2
Now, with the Hausdorff distance, we will introduce the discretizability notion for our prob-
lems based on the definitions in [22]. In these problems, y = a and y’ = &’ for the primal
case. In the following definitions, the distance to the solution (6*, pp*) of the primal SIP
will be defined by the Hausdorff distance, too. We note that the optimal solution of the primal
problem exists because of the continuity of the objective functions and inequality constraints,
and compactness of the feasible sets which is proposed subsequently in Closer Explanation
1 [24]. Here, we employ Theorem of Weierstrass. We denote the distance functions d; for
the primal problem as df.

Definition 1 The primal problem (6) is called finitely reducible if there is a finite set Ao C
A for some k = kO such that UP(Ako) =vP(A),and (Ap)ken, strictly isotonically increases?
as k — oo.

Definition 2 The primal problem (6) is called weakly discretizable if there exists a sequence
of discretizations (Ay)ren, such that vP (4p) = vP(A) (k — o0).

We note that we have v” (A;1) < v¥ (A42) if Ay1 C Ay for our primal problem. Let us recall
that we consider the standard form of primal SIP problems, i.e., a minimization problems. In
closer detail, as the infinite index set grows, the number of inequality constraints increases.
This forces the feasible set to become smaller at each iteration k. Thus, the minimum of the
objective function increases (see Fig. 1).

2 A uniform grid is discretization of a considered set where all elements x = (x12, XDy ey xl)T have same
spacing with respect to their ith coordinate (i = 1, 2,...,[). For example in R“, all rows have the same
spacing and all of the columns have the same spacing (but not necessarily the same as the row spacing).

3A sequence (Ag)eN,, is called strictly isotonically increasing if Ax 7cé Akt (k € Np).
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Fig. 1 Symbolic illustration of the minimum values with respect to different feasible sets corresponding
different discretizations; an example

Definition 3 The primal problem, (6) is called discretizable if for each sequence of finite
grids Ay C A (k € Np) satisfying dp(Ak,A) — 0 (k - o0), where d (Ap, A) =

ma} min ”a —a H there exist solutions (9, g.)k )kENo of the discretized prlmal problems
a€A o'cAy

(7) such that the following relations hold:

min | @.pF) - ©.p™)| 0 ®)
©.97)egP (4) 2

and vF(4p) - vP(A) (k - o0).
Corollary 2 If the primal problem (6) is finitely reducible, then it is weakly discretizable.

Proof Let us assume that (6) is finitely reducible. Then, by definition, there exist a ko € Ng
and finite sets Az C A such that v7(Aw) = v”(A). Then, it is obvious that v7 (Ay) —
vP(A) (k- o0). u]

Under the discretizability notion established above, we introduce the conceptual discret-
ization algorithm in the following section.

3 Conceptual discretization method

The conceptual discretization method is based on an update of the discretization according to
some stopping criterion for the convergence of the optimal solution. We adapt the conceptual
discretization method [7,8,22] to our primal problem in Algorithm 1.

In Algorithm 1, the stopping criterion is theoretically established since one needs to check,
e.g., 2P (b, p,;P), o) > —§ (« € A). Alternatively, we introduce some stopping criterion
based on the idea of a Cauchy sequence.

Generally speaking, in our problem and many real-world situations, an optimal solution
is not known. In order to stop at a sufficiently close approximately optimal solution, the
increment between the steps has to be small enough, i.e., ||Xx+1 — Xkll, < €p for a fixed
€0 > 0 which comes from the definition of “Cauchy sequence” evaluated at the k-th iteration
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Algorithm 1 Primal Conceptual Discretization Method (PCDM)

B} positive number, i.e., § > 0
f P probability density function
PP the set where pdf parameters lie

0 unknown variable for minimization, to be evaluated
» the parameter vector of the pdf

pcoM (0, p%, 4,5, 7, PT)

1: k:=0

2: Initialize a discretization Ay C A.

3: DO Compute a solution (6, (pl?) of

min _ (—6)
QER.KJP

. P P
subjectto g7 ((0, %), ) >0 (x € Ap),
P (eP)=0 (eI,

VPP)=0 (je ).

4: if g7 (0. ). @) = =6 (e € A) then

5: STOP

6: else

7:  Ag41 := Ay U {any finitely many further points from A}
8 ki=k+1

9: end if

10: END DO

for a fixed €9 > 0. A second alternative stopping criterion is based on the idea of a Cauchy
sequence again, but on the value of the objective function F; it is determined by looking at
the decrement of the objective function at iterations by (F(xx) — F (Xx+1)) < €1 for a fixed
€1 > 0. As a third alternative, the first and the second criteria are both integrated in a single
criterion by (F (X)) — F(Xk+1)) [IXk — Xk+1 ||2_1 < € for a fixed ) > 0.

In our problems, the objective functions are F¥ (0, p¥) := —0 and FP (o, pP) := o for
the primal and the dual problems, respectively. With this notion, we establish our stopping
criteria in different forms. In the following, we refer to one of the stopping criteria for the
primal and the dual problems:

3.1 Stopping criteria for the primal problem

| @i 9T = 09|, < 0 forafixed e >0,
|—6k — (—k41)| < €1 forafixed ] > 0, ©))

—1
(~0k = (~61)) | G 9F) = G pFp) || < €2 forafixed e > 0.

Next, we will give an important assumption for the following Theorem 2.

Assumption 1 The feasible set M7 (A) is compact.
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. )
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Fig. 2 Transversal intersection (excision) of the feasible set with a box; an example taken from [18,24] (the
surface may come from an equality constraint; the figure implies perturbational arguments of [24])

Closer Explanation 1 In fact, our (feasible) set satisfies compactness on the lower level but
not on the upper level. Indeed, on the upper level, 6 € R is unbounded for the primal problem
(6). Let us recall that we parametrized 3. We need a compact feasible set to have convergence
of subsequences towards the optimal solution guaranteed, and also for the discretizability
given in the following theorem. We encounter this problem by transversally intersecting
the feasible set with sufficiently large transversal families of elementary geometrical sets
(squares, boxes, cylinders or balls); this compactification is introduced in [18,24].

In an implicitly defined way, this corresponds to the following feasible subset of the primal
SIP with some nonnegative (semi-continuous) functions G” :

My (A) - = {(9, »7) \ 0 eR, g7((0,p7),0) = 0 (« € A),
87 =GP, p7). ) =0 (@ M), (10)

where g7 (0, pF), &) denotes the inequality constraint function of the primal problem. We
note that the latter function may also be vector-valued.

Besides of this theoretical approach by function G¥, a more practical one consists of the idea
of transversally cutting with a cube. This can be geometrically illustrated by the cube in Fig. 2:

Remark 1 When performing the transversal sections, it is important to take into account any
priori information given about where a possible global solution, minimizer or maximizer, of
our regarded optimization problem is located. Let us recall that we look at the primal and dual
problems after parametrization, such that the parameters themselves become new decision
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Fig. 3 Illustration of the transversal cutting around the height function with a box; an example

variables. So we choose the intersecting parallelpipe large enough in order to include such
an expected global solution. Of course, to gain that a priori knowledge, a careful analytical
investigation may be helpful and should be done, e.g., in terms of growth behaviour and
convexity kind of properties. In fact, for the ease of exposition, we just think of minimization
rather than both minimization and maximization.

As a first, simple but important class of problems we mention such ones with a strictly
convex graph (given by the constraints), i.e., an epigraph with the form of a potential, e.g., a
paraboloid. In any such a case, we know that the lower level set with respect some arbitrary
and sufficiently large level is nonempty and compact. Then, we can choose and raise our
transversally cutting parallelpipe so that, in a projective sense, the lower level set and, hence,
as an element, the global minimizer is contained in the parallelpipe and, therefore, in the
excised subset of the epigraph.

This treatment and careful geometrical arrangement guarantees the equality of set of min-
imizers of the original problem, gP (A), and the set of minimizers after compactification,
Glomp(A), ie., G7(A) = GI,,,(A) which is illustrated in Fig. 3.

Let us underline that our strict convexity is not guaranteed in general. In fact, the fulfill-
ment of this property on the one hand depends on how the kernel functions are chosen and
how the kernel matrices are evaluated at the input data. On the other hand, it depends on how
the parameters are involved into the density functions and how the possible nonlinearity can
be characterized by convexity and the growth kinds of conditions, e.g., in terms of Morse
indices [9].

We can adopt this idea to our problem in order to transversally cut around our height
function on the boundary of the epigraph with a cube, as shown by Fig. 3.

Under our Closer Explanation 1, we obtain a general convergence result for this method
based on Theorem 13 in [22].

Theorem 2 Let Assumption 1, after the compactification introduced in Closer Explanation
1 be satisfied, and let the primal problem and the sequences of discretizations (Ay)ken, and
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(Q)ken, satisfy
Ao C Ay (k € No) and df (Ag, A) — 0 for k — oc.

Based on possible compactifications, we may from now on suppose that M(Ag) and M(20)
are compact. Then, the primal problem, (6) is discretizable, i.e., the problem P(Ay) (k € Np)
has solutions (6, pZ’), and such sequences of iterative solutions satisfy

min @ o) = @ 97| >0 (k> o0). (11)
©*.p% eGP (4) 2

We refer to [22] for the proof of Theorem 2. By this theorem, we guarantee the convergence
of approximate solutions to optimal solutions for sufficiently large k with (11).

Closer Explanation 3 We note that the assumptions of Theorem 2 should be satisfied before
we discretize our infinite index set. We know that our index set A is compact, and we assume
that our sequences of discretized set Ay (k € No) converge to A. Then, our semi-infinite
problem is discretizable.

We also note that the minima which are stated in the theorem exist since the Euclidean
norm is continuous and bounded from below, and, indeed, always nonnegative. Other prop-
erties used here are the existence of optimal solution (0%, 5’.)7’*), i.e., the set of minimizers
GT (A) exists for the primal problem, since our feasible set is compact and the objective
function is continuous, and we use that the set G¥ is compact, too, Theorem of Weierstrass
(see [2]).

Next, we give the definition for the local primal which is defined around some open
neighbourhoods of the local minimizers.

Definition 4 [22] Given a local miniznizer @, %) of the primal problem (6), the primal
SIP is called locally discretizable at (0, pP_) if the discretizability relation holds locally, i.e.,
if there exist neighbourhoods U @.6P) of (4, ) such that the locally discretized problem

P'°¢(A) for the primal problem, namely,

Pc(A): min —0
©.9P)eU; P,
subjectto [ T'(w, @) f7 (v, pF)dw — 0 > 0 (x € A),

v (9F) =0 (i €I”),
VEeFP) =0 (jed?)

obtained as the restriction of P(A) to open neighbourhood U ;. 6P)> is discretizable.

The following Theorem 4 is based on Theorem 15 given in [22], and it gives a convergence
result for the discretization method applied to our problems. Let us recall the definition of a
local minimum of order p before giving the result.

Definition 5 A feasible point X is called a local minimizer of order p > 0 of the problem to
minimize f(x) on a feasible set M C R”" if with suitable constants € > 0 and M > 0, the
following relation holds:

f(x) — f(X) > M|x—x||5 forallx e M with |x — X[, <e.
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Theorem 4 Let (0, 9F) be a local minimizer of the primal problem (6) of order p, and let
sets M(Ag), M(A), be restricted to a compact subset K C R". We further suppose that the
Mangasarian—Fromovitz Constraint Qualification (MFCQ) (see [7]) holds at (8, ). Then,
the problem (6) is locally discretizable at o, 5573). In closer detail: There is some §7> >0
such that for any sequences of grids (Ay)ken, € AN with le(Ak, A) = 0 (k —> o0) and
for any sequences of solutions (6, K";cp)keNo of the locally restricted problem P'°¢(A), the
following relation holds:

|6 0F) = @.87)| = al (407 (k> o0)

Closer Explanation 5 The result of Theorem 4 is true for the global minimization problem
(6) since the sets M(Ay) and M(A) are restricted to a compact subset [22]. We note that after
compactification by transversally intersecting the feasible set with sufficiently large trans-
versal elementary geometrical sets (see Closer Explanation 1), we satisfy the compactness
assumption for Theorem 4.

Let us observe that the sets A and Q are compact. We recall that the discretization
of Q may simply be a one-dimensional grid, and the elements of the discretized set of
A may consist of a combination of its corner points, which will be explained later in
this section. All the discretized sets are further refined based on the previous sets, i.e.,
A C Ag41 (k € Ny). The refinement of the following iterations depends on the type and
the dimension of the set. For example, if the index set Y is an interval Q := [a, b], then
a one-dimensional grid Y can be chosen such that the distance between neighbouring grid

points is defined by Ay; = bk;oa (i =0,1,...,ko) for some ko € N, and with the grid

Y= {vilyi=a+iAy, i=0,1,...,ko} C [a, b]. We can refine Y by updating ko such
that ky = ko + 1.

Until now, we have provided theorems which guarantee convergence of the discretization
method under some assumptions. If the dimension of the continuous index variable is larger
than 2, then the computational complexity of the discretization grows exponentially. In fact,
we need an (I — 1)-dimensional grid of the index set. For example, we use a grid of [0, C]!
for the vector & in our primal problem for the discretization of the index set A. The size of
the mesh grows fastly as the dimension / increases. In closer detail: For our primal problem
(6), the infinite index variable « is lying in an /-dimensional underlying space. Moreover, the
dimension of the elements in A is the same as the number of the training points used in our
SVM which forces the index variable to a high dimension as the number of the training points
increases. This makes the discretization algorithmically more difficult. Let us observe that
the set A is an (I — 1)-dimensional polytope, indeed, it is the intersection of the hyperplane
Zf:l «;y; = 0 with the box constraints 0 < «; < C (i =1,2,...,1),as we learn from the
definition of A.

We propose two strategies to find a discretization of the set A. The first Strategy I is based
on an interpretation of the set A by the combination of its corner points. In this way, we can
discretize the standard simplex instead of the set A directly. The second Strategy II is based
on the linearization of the set A, which is established on theoretical foundations [24].

Strategy I [10] (Triangulation):

In this first strategy, we use Lemma of Carathedory given to represent the elements of A by
its corner points. Furthermore, we apply a triangulation for some standard simplex A" and,
hence, a discretization of A will be inherited via AY. To do this, we transform the polytope
A to the standard simplex and doing a normalization by representing the coordinates of A
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X2

1

Fig. 4 Illustration of the 2-simplex in R3

with its barycentric coordinates. After Example 1, we will explain how the triangulation is
refined stepwise in an algorithmic way. Let us define the standard simplex and the relation
with barycentric coordinates:

Definition 6 For any N € Ny, let the standard N -simplex (or unit N-simplex) be given by

AN = [a e RN*!

N+1
>0 (G=12,...,N+1), Zaizl}.
i=1

The simplex AV is lying in the affine hyperplane obtained by removing the restrictions
a; >0@G=1,2,..., N+ 1) in the above definition.
The vertices of the standard N-simplex are the standard unit-vectors (points)

eo = (1,0,0,...,007,
er = (0,1,0,...,0)7,

ey = (0,0,0,...,DT.

There is a canonical map from the standard N-simplex to an arbitrary N-simplex (polytope)
AN with vertices vy, va, ..., VN, given by

N+1
av— a .= Zaivi (a = (a1, ar, ...,aN_H)T € AN).
i=1
The coefficients g; are called the barycentric coordinates of a point @ in the N-simplex
AN (i=1,2,..., N+ 1). The standard 2-simplex in R is illustrated in Fig. 4.

Closer Explanation 6 In order to apply the canonical mapping with barycentric coordi-
nates, we assume A = AN N + 1 is the number of vertices of A and all vertices of A
have entries never different from 0 and C. Then, we can benefit from representing the points
a € A by its barycentric coordinates and by the vertices of standard simplex or, as we will
use below, we may assume all components o; (i = 1,2,...,1) to be 0 or C, respectively

[10].
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Letus fix y; € {1} (i =1,2,...,1) being the output data (labels) and recall the index
setd=foer [0<a=C (=12 .Hand ¥ ey =0},

Without loss of generality, we assume that there is some ip € {1, 2, ...,/ — 1} such that
yi =---=Yi = land yj;4+1 = --- = yy = —1. Furthermore, as prepared in our Closer
Explanation 6 for simplicity, we take C = 1 for this strategy. (We could also choose C
different than 1; in fact, we can apply the same procedure below.) Since Zé:] a;y;i =0, we
have the following equation from the definition of the set A:

ap + - oy =y, oo ay, (12)

where «; € {0,1} ( € {1,2,...,1}). Specifically, the trivial solution to the Eq.12 is a
vertex of our polytope A. By this intuition, we will consider the elements of polytope A by
the combination of its binary vertices.

Remark 2 The polytope A has finitely many corner points. In particular, let » := min{io, [ —
io}. Then, A has >"7_ () (") corner points.

Example 1 Letl =6, yy =y, =1, y3=---=ys = —1. Then,
o]+ oy = a3 +ag + a5+ ag. (13)
There are 15 different corner points. The trivial one is (0, O, .. ., 07, which corresponds

to the number (é) (3) =1.
We observe that we must have corner points with two nonzero elements or four nonzero
elements to satisfy Eq. 13. Let us start with the corners having two nonzero elements:

(1,0,1,0,0,0), (1,0,0,1,0,0), (14)
(1,0,0,0,1,0), (1,0,0,0,0,1), (15)
0,1,1,0,0,0),...,(0,1,0,0,0, 1), (16)
1,1,1,1,0,0),...,(1,1,0,0, 1, 1), 17)

where (14), (15) and (16) represent (%) (?) = 8 many points, and (17) corresponds to (%) (g) =
6 many ones. Then, the total number of corner pointsis 1 +2-4+1-6 = 15.

3.2 Algorithmic way to find all vertices (or corner points) of A

Let p € Abeany point. Indeed, for the ease and completeness of explanation, we may assume
that p is an interior point of A, especially, not a corner point. Now, we choose a line d through
p in A. We take two points g1 and g2 on d which lie on the opposite sides of p and maximize
the distance to p. Then, g1 and g2 must be on same hypersurfaces (hyperfaces) bounding the
convex region A. Next, choose a line d> through g1 which lies in the hypersurface containing
q1. This line intersects that face into two parts. The face has one more codimension (one
less dimension). The point g; is a convex combination of the two new intersection points.
Continuing this way finishes the construction principle.

We illustrate the intuition of this algorithmic way of finding corners of polytope A with
Fig. 5. Obviously, p is a convex combination of g3, g4 and gs, the vertices of A.
Now, let N := > () (l_r’o). Then, we can discretize the standard simplex in RN*! and

,
finally map it onto A to discretize A. More formally, we firstly recall Definition 6,

AN:[aGRN+1

N+1
ai20(i21,2,...,N+1),Zaizl]. (18)
i=1
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Fig. 5 Illustration of the algorithmic way of finding corner points of A; an easy example for / = 3 (in R3)

Now, let us define a mapping

N+1
T: AN — Awith T(a):= D avi € A (a=(ar,a,....an41)" € AV),
i=1

where the set {v1, v2, ..., Un+1} consists of the vertices of A. By this methodology, we can
find the elements of this discretization Ay of A which are represented by a combination of
vertices of the simplex. This can be mathematically formulated as follows. Any point p € A
can be represented by

N+1
p= auv, (19)
i=1
where the set {vy, v, ..., vy+1}isthecollection of verticesof Aanda; (i =1,2,..., N+1)

are the barycentric coordinates for A (see Definition 6). To be able to write a point p from
A as in (19), we need to find the coordinates a¢; (i = 1,2,..., N + 1) from the standard
N-simplex. Hence, the simplex A" has to be discretized.

One of the main advantages of this strategy consists in working with the standard simplex
and its vertices. However, the discretization of the simplex is not uniform because of the
unsymmetries of the grid points. As it is clear from Fig. 6, the distances of the neighbouring
mesh points are nonuniform, i.e., A; # Ay # Az # Ag.

In order to overcome nonuniformity, we propose a method which transforms the bary-
centric coordinates of polytopes to a sphere as shown by Fig. 7 (for closer information, see
[25]). Let us consider a particular face F of some polytope and its corresponding spherical
face F’ as shown in Fig. 7. Each point in F can be described by barycentric coordinate sys-
tems induced by vertices of F after the triangulation as given above. Let us assume that we
create a distribution of points inside F. We can obtain each of the points in this distribution
by a linear interpolation between the vertices of our barycentric coordinates system. Simi-
larly, the distribution on F’ can be obtained through the same steps of interpolation between
the vertices of barycentric coordinate systems on the sphere [25]. Since we have a uniform
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a

Ay

Fig. 6 Nonuniform sampling of a standard simplex AN an example in R3, Al # Ay # A3 # Ay

Fig. 7 Transformation of the barycentric coordinates of a polytope to a sphere [25]

Fig. 8 Discretization of the
sphere; an example [25]

sampling over a sphere (see Fig. 8), we achieve a uniformly discretized set of points of our
polytope A.

Remark 3 1t is important to observe the computational intractability of Strategy I because

of the exponential growth of the corner points, as the dimension of «, i.e., the number of
data points, increases. It is clear from the example that the number of binary vectors grows
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exponentially, namely, in the way of 2/, which makes the algorithm impractical. To make the
algorithm practical, we do not search for all corners but we generate random corners in our
implementations for exchange method which is introduced in Sect. 6.

We also propose a theoretically prepared second strategy which is based on a linearization
procedure, and the implementation is left to future study.

Next, we propose a second strategy which is more theoretical.

Strategy II (Linearization):

The second strategy is based on the linearization of A in some open neighbourhood Ug.aP)
locally around a given point @ € A, e.g., a vertex of A. [24]. Mathematically, we deﬁne
= T(oe) as follows:

21 = u(a),
22 =g (a),
T: { zks1 = vy (@), (20)
Zky2 =811 (0 — @),
g =goi-k (@ — @),
where k is the cardinality |Lo(e)| of Lo(a) :={€ € L | ve(@) =0}, L = {1,2,...,2l}. Let
Lo(a) = {€1, €2, ..., 4}, u(a) and v(e) be defining equality and inequality constraints of

the index set A defined by u(«) := Zle a;y; and v (@) == ap, Vs(a) ;= —aj—s + C (r €
{1,2,...,1}, se{l+1,1+2,...,2l}),and let the vectors &, € R (wv=1,2,....,1—1—k)
complete the set {Vu(a)} U {Vue(a)| € € Lo(a)} to a basis of R’

Indeed, we assume that the Linear Independent Constraint Qualification (LICQ) condition
which requires the linear independency of the equality and the inequality constraints, is
satisfied for the lower level problem of (6). Here, we refer to our analysis from Sect.5.3.3
in [11], including the perturbation theory (if needed) as being presented there. Then, by
means of Inverse Function Theorem applied at & on T, we conclude that there exist open
and bounded neighbourhoods U I'c r,U? € R around ((0, pp) o) such that 7' :
T|U1><U2 U'x U2 - W :=TU" x U?) is a C'-diffeomorphism. Shrinking U', we can

guarantee that YV is an axis parallel open box around (6, §7),0p) € R x R'. Then, for

each (0, p*) € U', the mapping &, _p, = (f((e, »F), -))lU2 cU? — §%isa C'-dif-
feomorphism which transforms the (relative) neighbourhood A N U 2 of & on the (relative)
neighbourhood

({0} x H* x R-17%)yn §2 c R!

of 0, where S? = §(0, 8) stands for the open square around 0 = 0; with a half side of length
8. Here, H* denotes the nonnegative orthant of R*:

H :={zeR| z20>0 (£ e(l1,2,...,k)).

We call CIJ(B’ PP 2 canonical local change of coordinates of a. By this strategy, we locally
transform A 1nto a rectangular manifold with corners and edges where the discretization will
takes place in. More generally, a discretization point z from the discretized set (regular grid)
H* corresponds to a discretization point

=T Q1)
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P(f.g”7.v” v” uv)
P(f.8" u” v¥)

Fig. 9 Illustration of the local discretization in Hk, P(f, go"’, uP, vP) is the discretized problem and
P(f, gP, uP, vP, u, v) is the primal SIP problem, where v is the number of grid points, f is the objec-
tive function and g73 is the inequality constraint of the SIP problem; an example [24]

from the set A by the back transformation 71, implicitly represented by:

aj Z1
a 22
P ' A
T g1 | =T Zk+1 (22)
Of+2 Tk+2
L o ] L <

The geometric illustration is shown in Fig. 9. The details of this method can be found
in [24].

In the case of our problem, A is already given by linear equalities and inequalities. For this
reason, we can perform the linearization more easily. Indeed, we go from any vertex « to the
neighbouring vertices and, by this, find a relative neighbourhood of & in A of “triangular”
shape (cf. Fig. 10). Herewith, we obtain a linearization, but we do not guarantee 90V inscribed
at . However, it can be achieved by the transformation described above (if being wished).

Note 1 Strategy Il is more theoretical, but we can perform it more practically: it aims at find-
ing how to compute “local” (neighbourhoods). In our problems, u# and v are linear, so that the
transformation T is linear and that inverse transformation, T- 1 is linear, too. However, since
A has the special form of a polytope, one can use the neighbourhoods by the (relative) interi-
ors of sub-polytopes (generated by neigbouring vertices), as being shown in Fig. 10. If we do
this for all vertices a, then only inferior points remain, which constitute an (interior sub-)
polyhedron that is often relatively small, especially, if the number of vertices is not too high.
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Neighbourhoods
of A, P and p,

1
[
I
]
I
1
]
'

[
]

Fig. 10 Tllustration of the (local) linearization of A, with linear « and v [11]

This interior sub-polyhedron is shown by the shaded region in Fig. 10. With such a polyhe-
dron we can proceed in our way again, and we continue, until the sub-polyhedron remaining

is small enough, indeed. Now, all subdividing sets can be discretized by some scheme (e.g.,
by some canonical grids or by a uniform sampling on a sphere after transforming barycentric

coordinates inside of the sub-polyhedron).

4 Exchange method

Another concept which is more powerful than discretization is the exchange method [6,7,22,
23]. It is, in terms of refinement and complexity of the algorithm, located between discretiza-
tion and the reduction ansatz. Given a discretization Ay, the discretized upper level problem

P (Ay) (7) is solved approximately, whereby the solution of the lower level problem
min g((6. B). @) (23)
subjectto o € A
is obtained, firstly. In a next iteration, the discretization points of Aj are updated, until the
algorithm terminates according to some stopping criterion. The adapted exchange algorithm

to our primal problem is given by Algorithm 2.
As it is discussed in Sect. 3, we can use anyone of the alternatives from (9) as a stopping

criterion.
In this section, we apply the exchange algorithm to our SIP problem which is param-
etrized by a well known so-called uniform continuous density function from probabibilty

theory [20]. Before constructing the algorithm, we find constraints of our density function in
the following example.

Example 2 We assume that the objective and the constraint functions, f, 4, g, u, v, respec-
tively, are two times continuously differentiable C? functions. Now, the global continuity
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Algorithm 2 Primal Exchange Method (PEM)

B} positive number, i.e., § > 0
f P probability density function

PP the set where pdf parameters lie
Output
O unknown variable for minimization, to be evaluated

[ the parameter vector of the pdf
o dual variable of SVM (support vectors)
PEM(Gk, oF o A8, [P, P7’)
1: k:=0
2: Initialize a discretization Ay C Q.
3: DO Compute a solution (6, [p;cp) of

min _ —0
0eR,pP
subject to gp((Q, &)P), o) = fQ T(w, a)fp(a); pp)dw —60 20 (xe€ Ay,
Py =0 Gel?),

VP@P)=0 (jeJP).

4: Compute local solutions oz;; (i =1,2,...,i) of the reduced problem such that one of them, say oz;;o, isa
global solution, i.e.,

PO 9. ) = min &P (O p]). ).

2if ¢F (0. o). ) = —8 withasolution (@, $7) ~ (6. o). then
STOP

: else )

Aps1 ::Aku{a,’(u: 1,2,..,,ik}

ki=k+1

10: end if

11: END DO

©°

can fail for our function g, depending on the parametrization of the corresponding pdf.
As an example, we choose a uniform continuous density function with parameter vector
3:)7) = (a, b) (a < b) [20]. Let us recall that the pdf of the uniform continuous density is

1
P, _ b= @ <w<b, 24
[T (@i (@, b)) { 0, w<aorw>b. 24
We observe that the term ﬁ makes the function g (cf. (6)) discontinuous, actually, unde-

fined at a = b. On the other hand, we need an inequality constraint, e.g., of the form “<”,
such as in a < b. To encounter this, let us introduce a sufficiently small positive number
€ > 0 such that the following relation is requested:

a—+e <b.

Then, we prevent from equality of a and b with this small positive number and, hence, from
discontinuity, by the additional inequality constraint functions. In the following, the algo-
rithm of exchange method for solving our primal problem parametrized by a function (24),
is presented.
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Algorithm 3 Primal Exchange Method (PEM) Parametrized by Uniform Continuous
Density function
Input:
A aninfinite index set
B} positive number, i.e., § > 0
€ positive number, i.e., € > 0
Output:
Ok unknown variable for minimization, to be evaluated
ap  aparameter of the pdf
by aparameter of the pdf
oy dual variable of SVM (support vectors)
PEM (6, ag, by, ax, A, 8, €)
1:k:=0
2: Initialize a discretization Ay C A.
3: DO Compute a solution (6, ay, by) of

min —6
0eR,aeR,beR
subjectto g7 (6, a,b), @) i= [ T(w, @) fF (w;a,b)dw —6 >0 (« € Ap),
a-+e <b.

4: Compute local solutions oz,'; (i =1,2,...,i) of the reduced problem such that one of them, say ot;co, is
global solution, i.e.,

&7 (O . b)) = min ¢ (O . b). ).

5t if g7 ((0k. ak. by). o)) = —8 with a solution (9, a, b) ~ (6. ax. by). then
6: STOP

7: else .

8 Apil ::Aku{a;(u: 1,2,...,ik}.

9: k:=k+1

10: end if

11: END DO

The convergence of the exchange method applied on our primal problem by Algorithm 3
is presented through the following theorem [22].
Theorem 7 [22]. We refer to ./\/lz,?,mp(A) which is obtained by the compactification of feasi-
ble set MF (A), by transversally intersection of original feasible set with simple geometrical
bodies (e.g., parallelpipes) provided by Closer Explanation 1. Then, the exchange method
(with § = 0) either stops at some iteration ko € No with a solution @, 557’) = (Okg» p}::) of

(6) or the sequence (6, &’Z))keNo of solutions of (7) satisfies

min H(@k, »F) — (. &;7’)” 50 (k- o0).
©,9%)egP (4) 2

Proof We prove the theorem by contradiction. Let us assume that the algorithm does not
stop with a minimizer of (6). As in the proof of Theorem 2 given in [22], by our assumptions,
a solution (0, g.),?) of (6) exists, (0, &3,;”) € /\/lz.f,mp(Ao), and with a suitable, existing sub-
sequence (6, , p;":),,eNO and a vector (A, %) such that (6, , p]Z:) - @,6P) (v > 00),
where the solution is in the compact elementary geometrical body (parallelpipe or so) C (see
Closer Explanation 1), (8, ) € C and pF e PP, and we find

—0 < v(A).
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P

comp

(A) or, equivalently, (@, §F) > 0 (a € A) for
the value function ¢ (6, pF) of lower level problem, i.e., (0, p¥) = mig g((o, pp), a).
oe

Again, we must show (0, p¥) € M

In view of ¢ (6, 3:),3’) = g((6, pZ’), 0511), we can write

9@, 8P =Gk, PP +0O, §T)—0Ok, PT)=g((Ok, T, )+ @, §T)—p Ok, ).

Since Ot; € Ak+1, we have g((Gk+1, 5”1311)’ a,i) > 0 and by continuity of g and ¢, we find

00, 57) = @Ok, o). &) =8 (Oh1, 97 afy )+ (90, 5700k, 9T)) — 0

for k — oo, which concludes the proof. We refer to [7] for detailed explanation. O

5 Conceptual reduction method

The conceptual reduction method is based on local reduction which starts with an arbitrary
point x* (not necessarily feasible) for the SIP problem and solves the lower level problem at
that point, i.e., it solves Q(x*) to find all the local minima y', y2, ..., y" of Q(x*) (finiteness
of local minnima is assumed):

0(x) myin g(x,y)

25
such that u;(y) =0 (k € K) and ve(y) >0 (£ € L). 22

We note that our infinite index sets are compact, and the differentiability, nondegeneracy
and continuity assumptions of our model defining functions hold. Then, by Theorem of
Heine-Borel there are finitely many local minima of the lower level problem Q(x) indeed
(cf. [24]).

It finds the optimal solution for the reduced finite problem which has r many constraints,
and the iteration continues until the stopping criterion given by line 4 of the Algorithm 4 is
fulfilled. Alternatively, one can choose one of the stopping criteria from (9). In the following
algorithms, we presented our conceptual reduction method, adapted to the primal problem
(6) based on [7].

We observe that step 2 in Algorithm 4 is very costly as it requires a global search for min-
ima of g((6k, g.);cp), a) on A. We must avoid an execution of this step in the overall process as
much as possible. Step 2 assumes that there are only finitely many minima of the lower level
problem for the primal (the dual case). If it does not hold, another method, e.g., discretization,
should be used. Let us note that step 3 solves a finitely constrained optimization problem
which requires only local searches and can be efficiently performed, e.g., by a Newton-type
of method.

Remark 4 The only difference between the exchange method and the conceptual reduction
method is the starting point of the iteration. In the exchange method, we start with an initial
feasible (discretized) index set. But, on the other hand, in the conceptual reduction method,
we do not need to find a discretized set but an initial guess of the optimal solution of the upper
level problem which does not need to be feasible. In our primal problem, as it is discussed
in Sect. 2, we have difficulties in computing the discretization of the set A. We proposed
different strategies to discretize the set A by Strategies I and II. Alternatively, to solve our
primal and the dual problems, we can use the conceptual reduction method without any need
of a discretization step.
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Algorithm 4 Primal Conceptual Reduction Method (PCRM)

Input:
(6, pg) ) initial guess for the optimal solution which is not necessarily feasible
€ sufficiently small positive number to be used for one of the stopping criteria given by (9)
f P probability density function
rP the set where the pdf parameters lie
Output
Ok unknown variable for minimization, to be evaluated

&JZD the parameter vector of the pdf
o dual variable of SVM (support vectors) (i =1,2,...,r)

PCRM (61, o7 s, 60, oy 5. /7, PT)

1: k:=0
2: Determine all local minima oz,lc, oc,zc, e az of

P P
min O, ,0).
aeAg (Ok, o ), @)

3: DO Compute a solution (6%, [p’P*) of

min _ —0
0eR,pP
subjectto g7 (0. p7).ab) == [ T(. ) [P (w: pP)dw—0 >0 (1 =1.2.....7),
weP)=0aGel?),

VE®P) =0 (jesP).

4: if One of the stopping criteria given by (9) is satisfied, then
5: STOP

6: else

T Gk o) = 0%, 9T

8 ki=k+1

9: end if

10: END DO

Table 1 Data set description Data set # Instances # Attributes Attribute characteristics

Votes 52 16 Categorical
Bupa 345 6 Integer, real and categorical

6 Implemantation of IKL

We tested our IKL problem based on Algorithms 3 and 4 for two kinds of data sets. The
discretization of the index set is obtained by random search of corner points.

We first implemented our method on votes data which is a homogeneous data set and
secondly, we tested our method on bupa data set* which is a heterogeneous data set. Data
descriptions are given in Table 1.

We compared our results with the single kernel SVM model introduced in Sect. 1. Fur-
thermore, we considered a single kernel SVM for the comparison with our IKL because of

4 Available from http://archive.ics.uci.edu/ml/.
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Table 2 Percentage of the accuracy

Data set Single kernel SVM (%) IKL by exchange method (%) IKL by PCRM (%)
Votes 92 75 91
Bupa 73 99 99

its simplicity. Let us note that single kernel is a special case of multiple kernel learning, i.e.,
the upper limit of multiple combination of kernel is taken as K = 1.

For both single kernel SVM and IKL, we selected the regularization constant of SVM, C,
by 5-fold cross validation from the search set

27°,273,271,2,2%,2°,27, 29, 2" 213},

The results are interpreted by the accuracy percentage which is computed by the ratio of cor-
rect classification to total number of test points. Further, we used LibSVM package [5] for
single kernel SVM and the parameter of Gaussian kernel is chosen by 5 fold cross validation
over a search set of {0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1}. We implemented our IKL
model by Algorithm 4 with a Gaussian kernel, and the search space for a Gaussian kernel
width is chosen as 2 = [0, 1]. All the implementations are done in Matlab 7.0.4. In order to
have finitely many local minima in the lower level problem and to use Heine Borel Theorem,
the domain of our variable 6 is restricted to a compact set, e.g., [—100, 100]. We used the
fmincon function of Matlab Optimization toolbox to implement both the exchange and the
conceptual reduction method.

As our IKL aims to help for the classification of heterogeneous data, the results given
by Table 2 show that IKL increased the accuracy from 73% to 99% for bupa set whereas it
could not be successful for homogeneous data, votes. The results for homogeneous data can
be improved if different kernels are chosen and different numerical methods are used. This
will be a subject of our future study.

7 Conclusion

By means of new ideas, we developed well-known numerical methods of semi-infinite pro-
gramming for our new kernel machine. We improved the discretization method for our specific
model and proposed two new algorithms (see Strategies I and II). The advantage of these
methods were discussed and the intuition behind these algorithms were visualized by figures
and examples. We stated the convergence of the numerical methods with theorems and we
analyzed the conditions and assumptions of these theorems such as optimality and conver-
gence. We implemented our novel kernel learning algorithm called IKL by two well-known
numerical methods for SIP, i.e., exchange method and conceptual discretization method.
We achieved very satisfactory accuracy for heterogeneous data and we also got promising
accuracy for homogeneous data. As it was claimed by us that IKL was developed to help clas-
sification of heterogeneous data, these results validated our proposal. The accuracy results for
exchange method on votes data is not promising due to the discretization step at the exchange
method.

In addition, we intend to study infinite programming and investigate primal-dual meth-
ods instead of reducing the infinite problem into semi-infinite programming. Furthermore,
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we will investigate our works with MFCQ and strong stability of all Karush—Kuhn—Tucker
(KKT) points [7] in the reduction ansatz.
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