Multi-Class Classification with Maximum Margin Multiple Kernel

A. Proof of theorem 1

Proof. Let H be the family of hypotheses mapping
X xYtoR defined by H = {z = (2,y) = pn(z,y): h €
H}. Consider the family of functions H= {@por: re

H } derived from H , where ®, is the p-margin function
loss defined by ®,(z) = 1,<¢ + max(0,1 — z/p) 15>0.
By the Rademacher complexity bound for functions
taking values in [0, 1] (see (Koltchinskii & Panchenko,
2002; Bartlett & Mendelson, 2002)), we can write that
with probability at least 1 — ¢, for all h € H,

log 2

< R,(h) +2Rg(®,0H) +3 T

E [(I)P(ph(xvy))]
Since 1y<o < ®,(u) for all u € R, the generaliza-
tion error R(h) is a lower bound on the left-hand side,
R(h) = E[ly[h(m/)—h(x)]go] < E[@p(ph(x,y))]. Fur-
thermore, since ®, is 1/p-Lipschitz, by Talagrand’s
contraction lemma (Ledoux & Talagrand, 1991), we
have EJA%S(@p o ﬁ[) < %i)?{s(ﬁ[)

For any fixed y € Y and any 7 € [1,m], define ¢; as
2(1,—y,) — 1. Since ¢ € { —1,+1}, the random vari-
ables o; and o;¢; follow the same dlstrlbutlon Using
this fact and the sub-additivity of sup, Rg(H) can be
upper bounded as follows:

Rs(H) = %E {Sup Zaiﬂh(ﬂfi,yi)}
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Let HY ™" = {max{hy,...,lu}: h; € Hy,i € [1,¢ —
1]}. It is known that the empirical Rademacher of a
function class defined as that of the maxima of several
hypotheses is upper bounded by the sum of the em-
pirical Rademacher complexities of the sets to which
each of these hypotheses belong to (Ledoux & Ta-

lagrand, 1991), thus E)Afis(Hgf*l)) < (¢ — D)Rg(Hy).

Now, rewriting pp(x;,y) explicitly, using again the
sub-additivity of sup and observing that —o; and o;
are distributed in the same way leads to
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This concludes the proof. O

B. Proof of lemma 1

Proof. For any h € Hg and x € X, by the repro-
ducing property, we have h(z) = (h, K(x,-)). Let
Hg = span({K(xi,-): i€ [l,m]}), then, for ¢ €
[1,m], h(xz;) = (W,K(z,-)), where h' is the orthog-
onal projection of h over Hg. Thus, there exists a« =
(1y.. . am,)" € R™ such that B’ = Y7 oy K (24, -).
It [hlls < A, then aTKe = 1[5 < B} < A?
where K is the kernel matrix of K for the sample S.
Conversely, any > 7, ;K (z;,) with a'Ka < A? is
the projection of some h € Hy with ||h]|% < AZ.

Thus, for any y € ), there exists a¥ =
(@¥,...,a¥y)T € R™ such that for any i € [1,m)],
hy(zi) = Y0, @ Kpu(wi, o), and o’ "Kua? < A
where K,, is the kernel matrix associated to K,, for
the sample (z1, ...,z ). In view of that, we can write

o 1

Re(Hy) = — | ihy ()]
)= 5, 3o

1
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{ sup O'K#ay} .

HEM 1, yeY, ¥
Now, by the Cauchy-Schwarz inequality, the supre-
mum sup,, o ' K, aV is reached for KL/2ay collinear
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with K,lL/QU, which gives supaygAO'TK“ay =

Ay/oTK,o. Thus,

= A
Re(HY) = —E [ sup \/O'TKHO'}
moluyem,
A
A5 s v,
meo Lpuem,;
which concludes the proof. O

C. Proof of lemma 3

Proof. Tt first helps to rewrite the optimization in the
following equivalent form:

gion t subject to: Vk € [1,p], t > ug 1 + AV — Y0)-
>0,t

The Lagrangian L associated to this problem can be
defined for any t € R, A > 0, and B8 € RP, 8 > 0, by

p
L(tvkaﬁ) :t+26k(uo‘,k +A(;\Y/k _’YO) _t)

k=1

By the KKT conditions, the following holds:

aL p p
o1y g=0e= YsH=1 0

k=1 k=1
L
— = (e — o) = 11
D\ kzzjlﬂmk %) =0, (11)
Vk: B >0, ugr + A (6 —70) =17 (12)

Here A\*, t*, and (3" denote the optimal values for
the dual problem maxg>ominy ; L(¢, A, 3). Note that
Slater’s condition holds for the convex primal prob-
lem, which implies that strong duality holds and that
A* and t* are also optimal solutions to the primal prob-
lem. The conditions (10) and (11) follow from the fact
that VL = 0 at the optimum and (12) follows from the
complementary slackness condition that guarantees for
all k, B (Wor + X (& —0) —t*) = 0. Note that the
condition in (10) as well as the constraint S, > 0,
which is imposed on dual variables that correspond to
inequality constraints, implies 8% € Aj.

We first consider the subset of solutions to the dual
optimization that are equal to 17 = maxy.3, >~, U k-
Note that any feasible point in this simpler optimiza-
tion is also a feasible point in the original problem.
Now, consider the dual optimization, which can be
simplified by removing ¢ when we impose 8 € Aj:
maxgea, miny > p_; Be(tor + A(Fk — 70)). When-
ever it is the case that A* = 0 or that 7, = 7
for all k£ where B; > 0, we can further simplify

the objective to maxgea, Y peq Bklo x = Maxy Ug k.
Note this implies that A* = 0 iff 4. > 70 (where
kmax = argmaxy, Ue ), since all constraints of the orig-
inal problem in lemma 2 must be satisfied at the op-
timum. Thus, T} is found as the solution to the dual
problem whenever \* = 0 or 7 = o for all k& where
Bk > 0.

Now we seek an expression 75 that is equal to the
optimum of the dual optimization in the cases not ac-
counted for by 7T7. That is, we consider the case A* > 0
and the existence of at least one k such that §; > 0
and i # 0. In order for condition (11) to be satis-
fied in this case, there must be at least two coordinates
Bx and B;, that are non-zero for k and k' that satisfy
Y& < Yo < Y- This is because both a negative coef-
ficient, i.e. (Fx — 70), as well as a positive coefficient,
ie. (Fx — 7Y0), must be present in order for 0 to be
found as convex combination. Now, fix any two co-
ordinates k and k' that are non-zero in 8" and that
satisfy 4, < vo < g with 7, # r (there exists at
least two such coordinates by the argument just dis-
cussed). From condition (12) we know that

Ug i + A" (Ve = 70) = Vo p + A (T —0)

PN S N GE))

Ve — Tk
Plugging this back into (12) we find an expression for
the optimal objective value t*:

*
t" = g ok + (1 — app ) Uo i,

k' =70

where 0 < o = % < 1. However, we still do

A =
not know which & ankd 13' are active at the optimum.
We do know that for all k, t* > usr + A* (Y% — Y0)
since all constraints must hold at the optimum, which
also implies, for all k and %/,

t* > agp (U x + A (% — 7))
+ (1 = agp)(Uo ke + A (G — 70))
= g Ue k + (1 — Qg i )Ug i/
+ X (e (e —70)) + (1 — arp) G —70)) -

=0

Thus, we can maximize over all feasible choice of k
and &’ in order to find the value at which the above
inequality is tight:

t" = max appUsk+ (1 — apw)us i,
(kK ET,

which gives us the expression T3 for the optimum in
the intersection case. Finally, taking the maximum
over 17 and Ty completes the lemma. O
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D. Theorem 3

Theorem 3. Fiz p > 0 and let p’ = Card(I,) < p and
p" = Card(J,) < p*. Then, for any § > 0, with prob-
ability at least 1 — § over a sample of size m, the fol-

lowing multi-class classification generalization bound
holds for all h € H':

o2 log(p' + 1)
R(h) < R,(h)+ o \/T% + MAmax — 5

log %

+3 . (14)

2m

where T, =max(maxye, Tr[Ky ]|, max, e s, Tr[Kg x/])

and Amax =max (maxger, | Kk ||2, max(, gy, ||I~<k,k' 2),

with Ky, zak,erk+(1—ak7k/)K;C/ and oy, | = %’“:%;{Z
Proof. Let M, = {(k, k") € [0,p] x [1,p]: (% < 70 <
Yk) A (Y& # i)} as in the proof of Theorem 2. By
lemmas 1-3 and Jensen’s inequality, we can write:

~ A
Re(HL) < —E{ K }
s(Hx) < m o (k,g}?eXMpa Rk @
A
< \/E [ max O'TKng/O'].
m\/ o Lk k)em,

Note that for any k, k', o 'Ky o < ||o||?| Kk |l2 =
m|| Ky x||2. Now, for any ¢ € R, by the convexity of
exp and Jensen’s inequality, we have

T T
etE[max(kyk/)eMpa K ko] SE[etmax(k'k/)eMpa Kk‘k/cr]

.
=E[ max €7 Kewe]
(koK) EM,,

< E[ Z etaTKkyk/a-].

(k,k")eM,

For any (k,k') € M,, we have Elo 'K o] =
Tr[Ky x/]. Thus, by Hoeffding’s inequality, the follow-
ing holds

E[etUTKk,k/O'] — etTr[Kkyk/] E[et(aTKk’k/o-—E[o-TKkykla'])]

< et T\r[Kk.k/]etz)‘?naxmz/gl

Therefore, we can write
et E[max(k,k/)eMp UTK,C7,C/ o]
< (p/ + p//)et maxy, s Tr[Kk,k/}etz)\fnaxmz/S
Taking the log of both sides and rearranging gives

E[ max O'TKk’k/O'}
(k,k")eM,

+ A2, m?/8.

max

1 / /!
< max Tr[Kp]+ M
(k,k")EM, ’ t

Choosing t = /8(log(p’ +p"))/(A2,.,m?) to minimize
the upper bound gives

E[ max o K o]
o (k,k")eM,

1 / /!
< max  Tr[Kgg] + mAmax M.
(k,k")eM, ’ 2
Plugging in this upper bound on the Rademacher com-
plexity of H in the learning guarantee of theorem 1
concludes the proof. O

E. Proof of lemma 4

Proof. We introduce M;(yy) = maxper, (o) Tr[Kx]
and M{(v0) = max(x ke, (vo) Tr[Kk,x], where we
write I,(70) and J,(70) to make the dependency of
these sets on 7 explicit. With these definitions, we
can write T, = max (M (o), M{(70))-

Notice that if Tr[K}] < Tr[Ky], then Tr[Kyp] <
Tr[Ky] since Tr[Kg] is a convex combination of
Tr[K) and Tr[Ky/]. Thus, if (k, k') is the maximiz-
ing pair of indices defining Mj(vy) and Tr[Ky] <
TI’[K]C/], we have M{(’V()) = TI’[Kkk/] S TI'[K]C/} S
maxy,,>~, Tr[Ky] = Mi(v). By contraposition, if
Mi(v0) < Mi(v0), then Tr[Ky] < Tr[Ki]. In view
of that, we can rewrite 1., = max(M (), M2(v0)),
where M3(y0) = max(yien,(vo) Tr[Kk x|, where
Np(y0) = {(k, k) € [L,p*: (G < 70 < ) A (G #
?k’) A (TI‘[K]C/} < TI‘[K]CD}

Now, let A\g > 7, we will show that T\, < T.,,. First
note that if T, = M1 (\g), then, since by definition of
My, Mq1(XNo) < Mi(v) < T,, this shows immediately
that T)\U < T’Yo'

Otherwise, T, = Ma(Xo). Let (I,1") be the maximiz-
ing indices in the definition of M3(Xg). Then, since
Tr[Ky] — Tr[K;] < 0 holds, we can write:

= 3 -
Ty, = X2 mufry) + 22— y[Ky |
Y — N Y — N
_ e Tr[KG] — 3 Te[Ky] L Ao(Tr[Ky] — Tr[K)))
=M =M
%l’ T‘I‘[Kl} — /’% TI'[Kl/] + VO(TI‘[KI’] — T‘I‘[Kl])
- Y= Vi =M
= 70 (] 4+ 20 Ty ).
Y — N Y — N

If (I,I) € Np(v), the right-hand side is upper
bounded by Ma(v) < T,,. Otherwise, if (,I') is not
in N, (70), since by definition of Ny, (v0), Yir > Ao > 0,
this can only be because v9 < 74;. But in that case both
~; and ;- are greater than or equal to 9. Then, by def-
inition of Mj (), Tr[Ky] < max(Tr[K;], Tr[Ky]) <
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Mi(v) < T,,. Thus, the inequality T, < T4, holds
in all cases. O

F. Alternative M’K optimization

Here we present an alternative formulation of the M?K
algorithm, which results in a quadratically constrained
linear program. Such a problem can be solved with
any standard second order cone programming (SOCP)
solver. We find this formulation can be faster to solve
than the SILP formulation for smaller size problems,
especially in the case of fewer classes.

First, consider the dual formulation with the margin
constraint appearing instead as an additional penalty
term in the objective with regularization parameter I'.
For every choice of vy in the constraint version of the
optimization there exists a choice of I' that results in
an equivalent optimization problem.

m

C m p

. T T

min max E Q; ey — 5 E o; Oy E K (i, 25)
k=1

(o3
il i=1 ij=1

m
—FZ%‘
i=1
st. Vi, o; < ey, o 1 =0

p>0, p'1=A.

The objective is linear in u and « and concave in « and
both g and a are drawn from convex compact sets.
The = is drawn from a closed convex set, however, it is
unbounded from below. One can add a lower bound on
~ that has no effect on the optimal solution in order to
achieve compactness and, thus, the minimax theorem
applies and we permute the min and the max and solve
for p and ~ first. Focusing on the terms that depend
on p and ~y, we have:

C m

. T

min ——pu u—1I ;

Y 2 M izzl%

s.t. Vi,Yy £ v, v < uTn(ﬂUi;yz‘ay)
p>0, p'1=A,

where u, = Z;nj:l o] oKy (zi,2;). Consider the
partial Lagrangian for the constraints on -y, which in-
troduces dual variables 3 > O:

C T i
L:—EN U—F;%‘

+D 0> Biyvi — @iy y)) -

i=1 yFy;

At the optimum, it is guaranteed that

. 0L
Vi, g =T+ ) Biy=0 < > By =T.

Y#Yi Y#Yi

Enforcing this constraint explicitly gives the follow-
ing simplified objective, where -y is no longer appears

(since I'D 2 vi — 325 ysy, Biyvi = 0):

. c .
minmax — —uTu - Z Z HTﬁi,yn(%’a Yir )
#oB20 2 1=1 y#y;
s.t. Vi, Z Biy =T
Y#Yi
> 1=
nw>0 p 1=A.

Note the minimax theorem applies once again (the ob-
jective is linear in p and 8 which are both drawn from
convex compact sets) and we can first solve the mini-
mization over p for a fixed B. Since the objective and
the constraints are linear in p it is sufficient to con-
sider a solution that places all of the possible mass on
a single coordinate of p. Thus, an equivalent objective
is: min,, NT(—%U - >, Dyt BTy, y) =
miny A(*%Uk - Z:il Zy;ﬁy? Bi,ynk (xia Yis y)) A final
reformulation, via the introduction of the variable ¢,
simplifies the objective further:

max At
Bt
t. Vk, t < ¢ . Y
S.t. 5 >~ 75“1@ - Z Z Bi,ynk(xwyhy)
=1 y#y;
Vi, Y Biy=T,B>0.
Y#£Yi

Plugging this solution for g and ~ back into the orig-
inal optimization gives the final overall quadratically
constraint linear program:

m
max E ale, + At
Bt =

1=

C m
s.t. Vk, t < -5 Z aiTaij(l"uxj)

ij=1
m
- Z Z ﬁi,yrr/k(m’ia y27y)
=1 y#y;
Via Zﬂi,y:Fa /620

Y#Yi
Vi, o; < ey, a/1=0.
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Table 4. Performance of several algorithms on the cal-
tech101 dataset for varying numbers of training points per
class (PPC). The dataset consists of 102 classes and 48
kernels.

PPC  UNIF BINMKL OBsc UFO M3K

5 46.0£0.9 54.0£0.7 525+£0.6 47.9+0.7 51.4+1.2
10 57.9+£0.8 659+09 651£1.0 629+£0.7 66.0+1.1
15 646+£10 71.8£05 71.4+£06 70.6+£0.6 72.6+0.9
20 684+09 754+11 757+12 73.5+1.1 76.0£0.8
25 719+16 77.1+12 782£08 755+13 79.3£1.0

G. Caltech 101 performance

Here we present the numerical values that are dis-
played in figure 2.



