Chapter 4

Support Vector Machines

4.1. HoOw TO BUILD THEM

4.1.1. THE CANONICAL HYPERPLANE. Support Vector Machines, of wide use and
renown, were conceived by V. Vapkik (Vapnik, 1998). Before introducing them,
we will study as a prerequisite the separation of points by hyperplanes in a finite
dimensional Euclidean space. Support Vector Machines perform the same kind of
linear separation after an implicit change of pattern space. The preceding PAC-
Bayesian results provide a fit framework to analyse their generalization properties.

In this section we deal with the classification of points in R? in two classes. Let
Z = (z,y), € (R? x {-1, +1})N be some set of labelled examples (called the
training set hereafter). Let us split the set of indices I = {1,..., N} according to
the labels into two subsets

L= {iel y= 1),
I,:{ZEIyZ:—].}

Let us then consider the set of admissible separating directions

Az ={we R? : supinf((w,z;) — b)y; > 1},
beR €1

which can also be written as

Az ={w e R? : max(w, ;) + 2 < min(w, z;) }.
el iely

As it is easily seen, the optimal value of b for a fixed value of w, in other words the

value of b which maximizes inf;c;((w, x;) — b)y;, is equal to

1
by = = [max(w,:m) + min(w, Il>}
el i€l

LEMMA 4.1.1. When Az # @, inf{||w||? : w € Az} is reached for only one value
wz of w.

PROOF. Let wg € Az. The set Az N{w € R?: [Jw|| < |lwol|} is a compact convex
set and w +— |lwl||? is strictly convex and therefore has a unique minimum on this
set, which is also obviously its minimum on Az. O
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132 Chapter 4. Support Vector Machines

DEFINITION 4.1.1. When Az # @, the training set Z is said to be linearly sepa-
rable. The hyperplane

H={zecR?: (wg,z)—by =0},
where

wyz = argmin{|jw| : w € Az},
bZ = bwz7

is called the canonical separating hyperplane of the training set Z. The quantity
|wz]|~! is called the margin of the canonical hyperplane.

As minjer, (wz,x;) — max;er_(wz,x;) = 2, the margin is also equal to half the
distance between the projections on the direction wyz of the positive and negative
patterns.

4.1.2. COMPUTATION OF THE CANONICAL HYPERPLANE. Let us consider the con-
vex hulls X; and X_ of the positive and negative patterns:

X+ = {Z N ()\i)iel+ S Rfj, Z A = 1}7

i€l i€l
DC_:{Z)\ixi :()\i)iel_ ERif,Z)\i=1}.
iel_ i€l

Let us introduce the closed convex set

V:x<’,—x7 = {$+—x7 LTy GCXZ+,{E7 Ex,}
As v — ||v]]? is strictly convex, with compact lower level sets, there is a unique
vector v* such that
*||? = inf Zivevh
0¥ = ing {Jll* < € V)

LEMMA 4.1.2. The set Ay is non-empty (i.e. the training set Z is linearly separa-
ble) if and only if v* # 0. In this case
2 *

ACH

and the margin of the canonical hyperplane is equal to %|[v*|.

This lemma proves that the distance between the convex hulls of the positive
and negative patterns is equal to twice the margin of the canonical hyperplane.
PRrROOF. Let us assume first that v* = 0, or equivalently that Xy NX_ # &. For
any vector w € R?,
min{w, r;) = min (w, x),
i€[+< ’L> $€x+< >
max(w, ¥;) = max (w, ),

so minger, (w, ;) — max;es_(w,z;) <0, which shows that w cannot be in Az and
therefore that Ay is empty.
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Let us assume now that v* # 0, or equivalently that Xy N X_ = @. Let us put
w* = 2v*/||v*||?. Let us remark first that

fg}il(?l}*, x;) — %E}§<w*’ x;) = ziég&(ly*7 x) — mseugg)_ (w*, x)
= 1 f * - p—
m+exflx,ex,<w I+ T2 >
= —— inf (v*,v).
ol o
Let us now prove that inf,cy(v*,v) = [[v*||?. Some arbitrary v € V being fixed,

consider the function
B |fv+(1- ﬁ)v*HQ :[0,1] = R.

By definition of v*, it reaches its minimum value for 8 = 0, and therefore has
a non-negative derivative at this point. Computing this derivative, we find that
(v —ov*,v*) >0, as claimed. We have proved that

ng}r+1<w*7mz> — Erelz}zqw*,xi) =2,

and therefore that w* € Az. On the other hand, any w € Az is such that

2 < mi i) — ;) = inf < inf = |
< minfw, z;) — max(w, ;) = inf (w,v) < flwl] inf o] = [l o]
This proves that ||w*| = inf{||lw| : w € Az}, and therefore that w* = wy as
claimed. O

One way to compute wz would therefore be to compute v* by minimizing

2
{ Z/\iyixi : (M)ier € R} 72/\1 = ZZyMi = O}.

il il el
Although this is a tractable quadratic programming problem, a direct computation
of wz through the following proposition is usually preferred.

PROPOSITION 4.1.3. The canonical direction wz can be expressed as

N
_ *
wz = QG YiLs,
i=1
N

where (a);Lq is obtained by minimizing

inf{F(a) :a € A}

where
A= {(ai)iel eRLD aiyi = 0};
i€l
and )
F(a) = HZ oyl — 2 Z 0.
iel il
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PROOF. Let w(a) = > ,c; asyix; and let S(a) = 13, ;a;. We can express
the function F(«) as F(a) = ||w(a)||* — 4S(c). Moreover it is important to no-
tice that for any s € Ry, {w(a) : @ € A,S(a) = s} = sV. This shows that
for any s € Ry, inf{F(a) : @« € A,S(a) = s} is reached and that for any

as € {a € A : S(a) = s} reaching this infimum, w(as) = sv*. As
s+ s2||v*||? — 4s : Ry — R reaches its infimum for only one value s* of s, namely
at s* = W, this shows that F'(«) reaches its infimum on A, and that for any

a* € A such that F(a*) = inf{F(a) : « € A}, w(a*) = Wv* =wyz. O

4.1.3. SUPPORT VECTORS.
DEFINITION 4.1.2. The set of support vectors 8 is defined by
S={x; :(wz,z;) — bz =y}
PROPOSITION 4.1.4.  Any a* minimizing F(a) on A is such that
{z; :af >0} C8.

This implies that the representation wz = w(a*) involves in general only a limited
number of non-zero coefficients and that wzy = wyz:, where Z' = {(x;,y;) : z; € 8}.

PROOF. Let us consider any given ¢ € I and j € I_, such that o > 0 and o] > 0.
There exists at least one such index in each set I_ and Iy, since the sum of the
components of a* on each of these sets are equal and since ), ; aj > 0. For any
t € R, consider

ap(t) = af +tl(k € {i,j}), kel

The vector a(t) is in A for any value of ¢ in some neighbourhood of 0, therefore
%‘tZOF[a(t)] = 0. Computing this derivative, we find that
yi{w(a®), zi) + y;(w(a”), z;) = 2.
As y; = —yjy, this can also be written as
yi[{w(a”), ) = bz] +y; [(w(a™), z;) —bz] = 2.

As w(a”) € Az,
ye[(w(e®),m) —bz] > 1, kel

which implies necessarily as claimed that

yi[(w(a), zi) — bz] = y;[(w(a*),z;) —bz] = 1.

O

4.1.4. THE NON-SEPARABLE CASE. In the case when the training set Z = (z;,
y;)N_, is not linearly separable, we can define a noisy canonical hyperplane as fol-
lows: we can choose w € R? and b € R to minimize

N

(4.1) C(w,b) = Z[l — ((w, ) = b)yi] , + 5wl

where for any real number 7, ;. = max{r,0} is the positive part of r.
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THEOREM 4.1.5. Let us introduce the dual criterion

N X
Fla) = Zai ~5 Zyiaixi
i=1 i=1

2

N
and the domain A' = {a S Rf o < 1, = 1,...,N,Zy,»ai = O}. Let a* € A
i=1

be such that F(a*) = supyecq F(a). Let w* = Zf;l y;oix;. There is a threshold
b* (whose construction will be detailed in the proof), such that

C(w*,b*) = weﬂigt},fbeﬂkc(w, b).

COROLLARY 4.1.6. (SCALED CRITERION) For any positive real parameter A let us
consider the criterion

N
C(w,8) = X2 31 = ((w,22) — bywi], + L2
i=1
and the domain
N
/)\: {aeRf:ai S)\Q,iz 1,...7N7Zyiai :O}
i=1

For any solution o* of the minimization problem F(a*) = SUPgea F(«a), the vector

w = Zi\il yiaix; is such that

grelﬂfk Crw®,b) = weﬂlkgbeR Calw,b).

In the separable case, the scaled criterion is minimized by the canonical hyper-
plane for A large enough. This extension of the canonical hyperplane computation
in dual space is often called the box constraint, for obvious reasons.

PROOF. The corollary is a straightforward consequence of the scale property
Cx(w,b,x) = N2C(A\"tw, b, \z), where we have made the dependence of the crite-
rion in z € R explicit. Let us come now to the proof of the theorem.

The minimization of C(w, b) can be performed in dual space extending the couple
of parameters (w,b) to W = (w,b,7) € R? x R x RY and introducing the dual
multipliers « € Rf and the criterion

G(a,w) = Z%‘ + Zai{ (1= ((w,z;) = b)y;] —vi} + &[|w]>.

We see that
C(w,b) = inf sup G[a,(w,b,’y)],

'YERf aeRf

and therefore, putting W = {(w,b,7) : w € R, b € R,y € RY }, we are led to solve
the minimization problem

G(ay,w,) = inf sup G(a, W),
EEW&E]R?»]
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whose solution W. = (wx,bs,V«) is such that C(Ws,b.) = inf(y p)eratr C(w,b),
according to the preceding identity. As for any value of o € Rf ,

inf sup G(a,w) > inf G(o/, W),
weEW acRY weW

it is immediately seen that

inf sup G(a,@) > sup inf G(a,w).
weWwW aG]Rf aGRf weWwW

We are going to show that there is no duality gap, meaning that this inequality is
indeed an equality. More importantly, we will do so by exhibiting a saddle point,
which, solving the dual minimization problem will also solve the original one.

Let us first make explicit the solution of the dual problem (the interest of this
dual problem precisely lies in the fact that it can more easily be solved explicitly).
Introducing the admissible set of values of «,

N
A = {QGRN:OSOZZ' < 177': 1"'-3Nazyiai :0}7
i=1
it is elementary to check that

inf G(a,w) =

y I g 9 S ‘A 9
weW

—00, otherwise.

As

G[O‘ﬂ (w7070)] = %Hw”2 + Zai(l - <w73€i>y¢),

we see that inf,,cge G[a, (w,0,0)] is reached at

N
Wq = E Yi Qs
i=1

This proves that

inf G(o, W) = F(w).

wew
The continuous map « + inf__35 G, W) reaches a maximum o, not necessarily
unique, on the compact convex set A’. We are now going to exhibit a choice of
w* € W such that (a*,@w*) is a saddle point. This means that we are going to show
that

G(a*,w") = inf G(a*,w)= sup G(o,T").
wew acRY

It will imply that

inf sup G(o,w) < sup G(a,w") = G(a*,W")
weW acR{ acRY

on the one hand and that

inf sup G(o,w) > inf G(a*, W) =G(a*, w")
weW acR{ weW
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on the other hand, proving that

G(a*,w*) = inf sup G(a,w)
EEWQGRﬁ

as required.
CONSTRUCTION OF w*.

o Let us put w* = wgx.
o If thereis j € {1,..., N} such that 0 < aj <1, let us put

b* = (z;,w") —y;.
Otherwise, let us put
b* =sup{(z;,w*) —1:a; >0,y;, =+1,i=1,...,N}.

e Let us then put

If we can prove that

<0, of =0,
(4.2) L= ((w", ;) =b")yi ¢ =0, 0<af <1,
>0, of =1,

it will show that v* € RY and therefore that w* = (w*,b*,7*) € W. It will also
show that

N
Gla,@) =) v+ Y il = (@, z) —b )y + 5@,
i=1 i,ar=0

proving that G(a*,w*) = SUPq ey G(a,w*). As obviously G(o*,w*) = Gla*, (w*,
0,0)], we already know that G(a*, w*) = inf 35 G(a*,w). This will show that
(a*,w") is the saddle point we were looking for, thus ending the proof of the theo-
rem. [

PROOF OF EQUATION (4.2). Let us deal first with the case when there is j €
{1,..., N} such that 0 < aj < 1.

For any i € {1,..., N} such that 0 < af < 1, there is € > 0 such that for any
t € (—€,€), a* +tye; —tyje; € A, where (e )N, is the canonical base of RY. Thus
%lt:OF(a* + ty;e; — ty;e;) = 0. Computing this derivative, we obtain

F(o™ + tyie; — tyje;) =y — (w*, ;) + <W*’wj> —Yj
= yi[1— ((w, ;) — b")yi].

Thus 1 — ((w, xi) — b*)yi = 0, as required. This shows also that the definition of b*
does not depend on the choice of j such that 0 < aj < 1.

At =0
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For any ¢ € {1,...,N} such that af = 0, there is ¢ > 0 such that for any
€ (0,€), a* +te; — ty;y;e; € A'. Thus %“:OF(a* + te; — ty;y;e;) < 0, showing
that 1 — ((w*, ;) — b*)yi < 0 as required.

For any ¢ € {1,..., N} such that af = 1, there is € > 0 such that a* — te; +
ty;ye; € A'. Thus dt|t (@ —te; + tyiy;e;) < 0, showing that 1 — ((w*, ;) —
b*)y; > 0 as required. This shows that (a*,w*) is a saddle point in this case.

Let us deal now with the case where o* € {0, 1}V. If we are not in the trivial case
where the vector (y;), is constant, the case a* = 0 is ruled out. Indeed, in this

case, considering o* + te; + te;, where y;y; = —1, we would get the contradiction
2= %\t:oF(a* +te; +te;) <O0.

Thus there are values of j such that aj = 1, and since Zil a;y; = 0, both
classes are present in the set {j : o = 1}.

Now for any i,j € {1,..., N} such that o] = o} = 1 and such that y; = +1 and
y; = —1, %lt:OF(a* —te; —tej) = =2+ (w*, z;) — (w*, ;) <0. Thus

sup{(w*,x;) = 1: 0] =1,y = +1} <inf{(w", 2;) +1: 0] = 1,y; = —1},

showing that
1-— ((w*,x@ - b*)yk Z 0,0éz =1.
Finally, for any 7 such that o = 0, for any j such that aj =1 and y; = y;, we have

0

a‘tZOF(O{* +te; — tEj) = yz<w*,$z . lEj> < 0’

showing that 1 — ((w*, z;) — b*)y; < 0. This shows that (a*,@*) is always a saddle
point.

4.1.5. SUPPORT VECTOR MACHINES.

DEFINITION 4.1.3. The symmetric measurable kernel K : X x X — R is said to be
positive (or more precisely positive semi-definite) if for any n € N, any (x;)"; € X",

aienﬂgnZZal (xi,xj)a; > 0.

i=1 j=1

Let Z = (x;,9:)Y; be some training set. Let us consider as previously

N
A:{aeRf :Zaiyi:()}.

i=1

Let
N

N N
= ZZ a;y; K 'Iza'r] Yjoj — 2Za1
1=1 j=1

=1

DEFINITION 4.1.4. Let K be a positive symmetric kernel. The training set Z is
said to be K-separable if

inf{F(a) :a€ A} > —c0.
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LEMMA 4.1.7. When Z is K -separable, inf{F(«) : o € A} is reached.

PRrOOF. Consider the training set Z’ = (z£,y;)¥.,, where

N

x;:{{{K(xk,xe)}N " T/g(z’,j)} e RV,

k=1,6=1 =1

We see that F(«) = HZL aywh||? =2 vazl a;. We proved in the previous section
that Z’ is linearly separable if and only if inf{F(«) : « € A} > —o0, and that the
infimum is reached in this case. [

PROPOSITION 4.1.8. Let K be a symmetric positive kernel and let Z = (x;,y;)¥,
be some K -separable training set. Let o € A be such that F(a*) = inf{F(a) : o €
A}. Let

I'={ieN:1<i< Ny, =-1,a; >0}
I'={ieN:1<i<N,y; = +1,0; >0}

N N
b :5{5 Gy K (zj,m_) + g ozjyjK(xj,:z:”)}, i_el* iy el
=1 =1

where the value of b* does not depend on the choice of i and iy. The classification
rule f: X — Y defined by the formula

N
f(z) = sign (Z oy K(x;, ) — b*)
i=1

is independent of the choice of a® and is called the support vector machine defined
by K and Z. The set § = {z; : Zil aly K (z;,x;) —b* = y;} is called the set of
support vectors. For any choice of o, {z; 1 af >0} C 8.

An important consequence of this proposition is that the support vector machine
defined by K and Z is also the support vector machine defined by K and Z’ =
{(zs,9:) : af > 0,1 < i < N}, since this restriction of the index set contains the
value o* where the minimum of F' is reached.

PRrROOF. The independence of the choice of o*, which is not necessarily unique,
is seen as follows. Let (z;)Y; and 2 € X be fixed. Let us put for ease of notation
N1 = . Let M be the (N + 1) x (N + 1) symmetric semi-definite matrix defined
by M(i,j) = K(xj,xj), i =1,...,N+1,j=1,...,N + 1. Let us consider the
mapping ¥ : {z; :i=1,...,N + 1} — RN*! defined by

(4.3) W(w) = [MY2(i,5)] .0, e RVHL

=1

Let us consider the training set Z’' = [\Il(acl)7 yl]f\il Then Z' is linearly separable,

9 N
-2 E 7%
i=1

and we have proved that for any choice of a* € A minimizing F(«),

N
Fla) = HZ: ;Y ¥ (z;)

Wy = va:l afy;¥(z;). Thus the support vector machine defined by K and Z
can also be expressed by the formula

fla) = sign[<wz,, U(z)) — bz
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which does not depend on a*. The definition of 8 is such that ¥(§) is the set of
support vectors defined in the linear case, where its stated property has already
been proved. [

We can in the same way use the box constraint and show that any solution
a* € argmin{F(a):a € A,a; < \?,i=1,..., N} minimizes

N N
a0 Y1 (L waik(ea) —b)u
i—1 J=1

+

1 N N
+t3 DD iy K (wiaj).

i=1j=1

4.1.6. BUILDING KERNELS. Except the last, the results of this section are drawn
from Cristianini et al. (2000). We have no reference for the last proposition of this
section, although we believe it is well known. We include them for the convenience
of the reader.

PROPOSITION 4.1.9. Let Ky and Ky be positive symmetric kernels on X. Then for
any a € Ry

(aK: + Ko)(z,2") ¥ Ky (2,2') + Ka(z,2')

and (K1 - Ks)(z,2') < Ky (2, 2") Ko (2, 2')

are also positive symmetric kernels. Moreover, for any measurable function

g: X - R, Ky(z,z') dzefg(x)g(a:’) is also a positive symmetric kernel.

PrOOF. It is enough to prove the proposition in the case when X is finite and
kernels are just ordinary symmetric matrices. Thus we can assume without loss of
generality that X = {1,...,n}. Then for any a € R, using usual matrix notation,

(o, (aK7 + KQ)O(> = ala, Kja) + {a, Ksa) > 0,
(o, (K4 o) ZazKl I K2(i, )
- Z oKy (i, k) K2 (k, ) Ka(i, )y
Y.
= Z Z[Kll/2(k7i)ai] K2(iaj) [Kll/Q(kﬂj)O‘j] >0,

>0

(o, Kgar) Zalg a; = (Z aig(i)> >0
U

PRrROPOSITION 4.1.10. Let K be some positive symmetric kernel on X. Letp: R —
R be a polynomial with positive coefficients. Let g : X — R? be a measurable func-
tion. Then

p(K)(.’);‘7 xl) d:efp[K(xﬂ ml)] ’
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exp(K)(z,z") def exp[K (z,2')]

def
and Gy(z,2") = exp(—|lg(z) - g(«")|*)
are all positive symmetric kernels.

PROOF. The first assertion is a direct consequence of the previous proposition. The
second comes from the fact that the exponential function is the pointwise limit of a
sequence of polynomial functions with positive coefficients. The third is seen from
the second and the decomposition

Gy(w,a') = [exp (= llg(@)2) exp(=llg(@)]1?) | exp [2(g(x). 9(a"))]
(]

ProproOSITION 4.1.11. With the notation of the previous proposition, any training
set Z = (w4, € (T)Cx{—l, +1})N is Gg4-separable as soon as g(x;),i=1,...,N
are distinct points of R%.

PROOF. It is clearly enough to prove the case when X = R? and g is the identity.
Let us consider some other generic point xx1; € R? and define ¥ as in (4.3). It is
enough to prove that ¥(z1),..., U(zy) are affine independent, since the simplex,
and therefore any affine independent set of points, can be split in any arbitrary way
by affine half-spaces. Let us assume that (z1,...,zy) are affine dependent; then
for some (A1,...,An) # 0 such that sz\; A =0,

N N

i=1 j=1

Thus, (/\i)f-v:"{l, where we have put Ayy; = 0 is in the kernel of the symmetric
positive semi-definite matrix G(;,2;); je{1,...n+1}- Therefore

N

Z )\iG(xi, $N+1) =0,

i=1

for any zy41 € RY. This would mean that the functions = +— exp(—||z — z;||?)
are linearly dependent, which can be easily proved to be false. Indeed, let n € R?
be such that ||n|| = 1 and (n,z;), i = 1,..., N are distinct (such a vector exists,
because it has to be outside the union of a finite number of hyperplanes, which is
of zero Lebesgue measure on the sphere). Let us assume for a while that for some
AN, € RN, for any z € RY,

N
> Aiexp(—|z - zi*) = 0.
=1

Considering = = tn, for t € R, we would get

N

> Aiexp(2t(n,x;) — ||z;|*) =0, teR.
i=1

Letting t go to infinity, we see that this is only possible if A; = 0 for all values of i.
O
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4.2. BOUNDS FOR SUPPORT VECTOR MACHINES

4.2.1. COMPRESSION SCHEME BOUNDS. We can use Support Vector Machines
in the framework of compression schemes and apply Theorem 3.3.3 (page 125).
More precisely, given some positive symmetric kernel K on X, we may consider
for any training set Z’' = (z},y})"_, the classifier fzr + X — Y which is equal to
the Support Vector Machine defined by K and Z’ whenever Z’ is K-separable,
and which is equal to some constant classification rule otherwise; we take this
convention to stick to the framework described on page 117, we will only use fZ/
in the K-separable case, so this extension of the definition is just a matter of
presentation. In the application of Theorem 3.3.3 in the case when the observed
sample (X;,Y;)Y, is K-separable, a natural if perhaps sub-optimal choice of Z’
is to choose for (x}) the set of support vectors defined by Z = (X;,Y;)¥, and to
choose for (y;) the corresponding values of Y. This is justified by the fact that
fz = fzr, as shown in Proposition 4.1.8 (page 139). If Z is not K-separable, we
can train a Support Vector Machine with the box constraint, then remove all the
errors to obtain a K-separable sub-sample Z’ = {(X;,Y;) : af < A\2,1 <i < N},
using the same notation as in equation (4.4) on page 140, and then consider its
support vectors as the compression set. Still using the notation of page 140, this
means we have to compute successively o* € argmin{F(a) : o € A,a; < A\?}, and
a** € argmin{F(a) : « € A,o; = 0 when af = A\?}, to keep the compression set
indexed by J = {i : 1 <i < N,a}* > 0}, and the corresponding Support Vector
Machine fj. Different values of A can be used at this stage, producing different
candidate compression sets: when A increases, the number of errors should decrease,
on the other hand when X\ decreases, the margin ||w||~! of the separable subset Z’
increases, supporting the hope for a smaller set of support vectors, thus we can use A
to monitor the number of errors on the training set we accept from the compression
scheme. As we can use whatever heuristic we want while selecting the compression
set, we can also try to threshold in the previous construction a}* at different levels
n > 0, to produce candidate compression sets J,, = {i : 1 < i < N,a;* > n} of
various sizes.

As the size |J] of the compression set is random in this construction, we must
use a version of Theorem 3.3.3 (page 125) which handles compression sets of arbi-
trary sizes. This is done by choosing for each k a k-partially exchangeable posterior
distribution 7 which weights the compression sets of all dimensions. We immedi-
ately see that we can choose 7, such that —log[m,(A(J))] < log[|J|(|J] +1)] +

7] log [ U< .

If we observe the shadow sample patterns, and if computer resources permit, we
can of course use more elaborate bounds than Theorem 3.3.3, such as the transduc-
tive equivalent for Theorem 1.3.15 (page 30) (where we may consider the submod-
els made of all the compression sets of the same size). Theorems based on relative
bounds, such as Theorem 2.2.4 (page 72) or Theorem 2.3.9 (page 107) can also be
used. Gibbs distributions can be approximated by Monte Carlo techniques, where
a Markov chain with the proper invariant measure consists in appropriate local
perturbations of the compression set.

Let us mention also that the use of compression schemes based on Support Vector
Machines can be tailored to perform some kind of feature aggregation. Imagine that
the kernel K is defined as the scalar product in Lo(7), where 7 € M. (©). More
precisely let us consider for some set of soft classification rules { fo: X—>R;0€ @}
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the kernel
K(z,2') = fo(x) fo(x")m(dB).

0€©

In this setting, the Support Vector Machine applied to the training set Z = (a;,
yi)ﬁil has the form

N
fz(x) = sign </0€@ fo(x) Zyiaifg(xi)ﬂ(de) — b)

and, if this is too burdensome to compute, we can replace it with some finite

approximation
fz(x) = sign ( Zfek T)wy —b> :

where the set {0k, k = 1,...,m} and the weights {wy, k =1,...,m} are computed
in some suitable way from the set Z’' = (z;, ¥;):,a,>0 Of support vectors of fz. For
instance, we can draw {0, k = 1,...,m} at random according to the probability
distribution proportional to

o),

i fo ()| m(

define the weights wy by

WE = Slgn (Z yzazfek :Ez > /

i=1

Zyz zf@ :L'z

and choose the smallest value of m for which this approximation still classifies Z’
without errors. Let us remark that we have built fz in such a way that

mLH}rloo Fz(xi) = fz(:) = yi,  as.
for any support index ¢ such that «a; > 0.

Alternatively, given Z’, we can select a finite set of features ©' C © such that Z’
is Ker separable, where Ko (x,2') = Y 5o/ fo(z)fo(z') and consider the Support
Vector Machines fz/ built with the kernel Kgo/. As soon as ©’ is chosen as a function
of Z' only, Theorem 3.3.3 (page 125) applies and provides some level of confidence
for the risk of fz.

4.2.2. THE VAPNIK—CERVONENKIS DIMENSION OF A FAMILY OF SUBSETS. Let
us consider some set X and some set S C {0,1} of subsets of X. Let h(S) be the
Vapnik—Cervonenkis dimension of S, defined as

h(S) = max{|A| tAC X, |Al<occand ANS = {0,1}A},

where by definition ANS = {ANB: B € S} and |4| is the number of points in A.
Let us notice that this definition does not depend on the choice of the reference set
X. Indeed X can be chosen to be | J S, the union of all the sets in S or any bigger
set. Let us notice also that for any set B, h(B N S) < h(Y), the reason being that
AN(BNS)=BnN(ANS).
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This notion of Vapnik-Cervonenkis dimension is useful because, as we will see
for Support Vector Machines, it can be computed in some important special cases.
Let us prove here as an illustration that h(S) = d+1 when X = R? and S is made
of all the half spaces:

S={A,p :weR" bR}, where Ay, = {z € X : (w,z) > b}.

PROPOSITION 4.2.1. With the previous notation, h(S) =d + 1.

PROOF. Let (e;)?*} be the canonical base of R¥! and let X be the affine subspace

it generates, which can be identified with R%. For any ()} € {—1,41}¢+1

let w = Zfill ¢;e; and b = 0. The half space A, N X is such that {e;;7 =
L d+1}N(App NX) = {e; ;& = +1}. This proves that h(S) > d+ 1.

To prove that h(S) < d + 1, we have to show that for any set A C R? of size
|A| = d+ 2, there is B C A such that B ¢ (AN.S). Obviously this will be the case if
the convex hulls of B and A\ B have a non-empty intersection: indeed if a hyperplane
separates two sets of points, it also separates their convex hulls. As |A| > d + 1,
A is affine dependent: there is (Ay)zea € R4\ {0} such that > ., A,z = 0 and
Y zearz =0. The set B ={x € A : \; > 0} and its complement A\ B are non-
empty, because ZIGA Az = 0and A # 0. Moreover 35, cpAe =3, ca\p —As > 0.

The relation
ApX = —Az T
S ZieB WD

leB * zeB z€A\B

shows that the convex hulls of B and A\ B have a non-void intersection. O
Let us introduce the function of two integers

k=0

which can alternatively be defined by the relations

(I)h

n

n when n < h,
®" 1+ ®" | when n > h.

THEOREM 4.2.2.  Whenever |J S is finite,

si< o

()

THEOREM 4.2.3. For any h <n,
oh < exp[nH ()] < exp[h(log(}) +1)],

where H(p) = —plog(p) — (1 —p) log(1 —p) is the Shannon entropy of the Bernoulli
distribution with parameter p.

PROOF OF THEOREM 4.2.2. Let us prove this theorem by induction on ||JS]. It
is easy to check that it holds true when ||JS| = 1. Let X = |J S, let x € X and
X' = X\ {z}. Define (A denoting the symmetric difference of two sets)

S'={AeS: AN {z} e S},
"_{AeS:AN{x)¢S).
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Clearly, U denoting the disjoint union, S = S’LUS"” and SNX’' = (S'NX")U(S"NX").
Moreover |S’| = 215" N X'| and |S”| =|5” N X'|. Thus

IS| =S|+ 18" =2[S"NnX'|+|5"| =[SNX'|+ ]S NnX].

Obviously h(SNX') < h(S). Moreover h(S'NX") = h(S") — 1, because if A C X' is
shattered by S’ (or equivalently by S’ NX"), then AU{z} is shattered by S’ (we say
that A is shattered by S when ANS = {0,1}). Using the induction hypothesis, we
then see that [ SN X'| < &'} + /()" But as [X'| = [X| -1, the right-hand side

of this inequality is equal to @f)((f), according to the recurrence equation satisfied

by ®.

PROOF OF THEOREM 4.2.3: This is the well-known Chernoff bound for the
deviation of sums of Bernoulli random variables: let (o1,...,0,) be i.i.d. Bernoulli
random variables with parameter 1/2. Let us notice that

oh = onp (Zai < h) .
=1

For any positive real number \ ,

P(i o; < h) < exp(AR)E {exp (—A zj; 0>:|

. = exp{)\h—l—nlOg{E[eXp(_/\Ul)]}}'

Differentiating the right-hand side in A shows that its minimal value is
exp[—nX (L, 1)], where K(p,q) = plog(2)+ (1 —p) log(i;_z) is the Kullback diver-
gence function between two Bernoulli distributions B, and B, of parameters p and
q. Indeed the optimal value A* of X is such that

E[o1 exp(—A*a1)]

h=n E [exp(—A*o1)]

= th/n(O'l).

Therefore, using the fact that two Bernoulli distributions with the same expecta-
tions are equal,

log{E [exp(—A"01)] } = =A"Bun(01) = K(Bijn, Bij2) = =A% = K(2, 3).

n

The announced result then follows from the identity

H(p) = log(2) — K(p, 3)
_ P _
= plog(p™!) + (1 — p) log(1 + T—,) < plloglv H+1].
4.2.3. VAPNIK—CERVONENKIS DIMENSION OF LINEAR RULES WITH MARGIN. The

proof of the following theorem was suggested to us by a similar proof presented in
Cristianini et al. (2000).

THEOREM 4.2.4. Consider a family of points (x1,...,x,) in some Euclidean vec-
tor space E and a family of affine functions

H={gws: E—R;we E,|w|=1,beR},
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where
Juwp(z) = (w,x) =b,  z€E.

Assume that there is a set of thresholds (b)), € R"™ such that for any
(yi)iq € {—1,41}", there is gy € H such that

0 (g (1) — bi)i > 7.

Let us also introduce the empirical variance of (z;)1q,

n

1
Var(zy,...,x,) = EZ x

i=1

n

1 2
-~y

In this case and with this notation,

(4.5)

Var(z1,...,2,) n—1 when n is even,
v? (n— 1)"2;1 when n is odd.

Moreover, equality is reached when ~y is optimal, b; =0, i =1,...,n and (z1,...,
Zn) 18 a reqular simplex (i.e. when 27 is the minimum distance between the convex
hulls of any two subsets of {x1,...,xz,} and ||x; — ;|| does not depend on i # j).

PROOF. Let (s;); € R™ be such that >, s; = 0. Let o be a uniformly distributed
random variable with values in &,,, the set of permutations of the first n integers
{1,...,n}. By assumption, for any value of o, there is an affine function g, , € H

such that
r{nn [Guwp(x:) — bi] [20(s,5) > 0) — 1] > .

i=1,...,

As a consequence

<Z sa(i)xi,w> = Z So(i) (<{E2, w} —b— bz) + Zso(i)bi
i=1 i=1

i=1

Z ‘50'(1 | + So(i )b

1

n

i
2

Therefore, using the fact that the map x — (maux{O7 x}) is convex,

n 2 n 2
E ( > >E (max {0, Z’y|sg(i)| + Sg(i)bi}>
i=1 i=1

> (oo f0 320 +E<sa<i>>bi})2 . (le)

i=1 i=1

where E is the expectation with respect to the random permutation . On the other

hand
]E (
i=1

> ZE ||‘r2||2+ZE so‘ )80(3))<x17xj>

1#]
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Moreover
1 - 1<
2\ _ 2 _ 2
Elsow) = ,E <Z Sa<i>> =25t
i=1 i=1
In the same way, for any i # 7,

E (s0(0%0() = 5 Ty E | 2 So@ot
i#]

= n—l Zss]

#J

Il
=
3
| Lt
=
| —
N
[]=
»
N——
[\v)
I
()=
»
=N
| I

Thus

a(3)Li

E (
i=1

2 n n
) - (Z ) Dl = s Yooy
3 i=1

i#]

[(% + ) el

Il
VR
<.

Il 3
-
@
=N
SN—

We have proved that

Var(zq,...,z

This can be used with s; = 1(i < §) —1(i > %) in the case when n is even and

8; = ﬁ]l( i<ty — nilﬂ(z > 1) in the case when n is odd, to establish the
first inequality (4.5) of the theorem.
Checking that equality is reached for the simplex is an easy computation when

the simplex (z;)?_; € (R™)" is parametrized in such a way that

(1 =g,
z;i(J) { J

| ]

0 otherwise.

Indeed the distance between the convex hulls of any two subsets of the simplex is
the distance between their mean values (i.e. centers of mass). O
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4.2.4. APPLICATION TO SUPPORT VECTOR MACHINES. We are going to apply
Theorem 4.2.4 (page 145) to Support Vector Machines in the transductive case.

Let (XZ,Y)(kH) be distributed according to some partially exchangeable dis-
tribution P and assume that (Xi)z(vg'l)N and (Y;)N, are observed. Let us con-
sider some positive kernel K on X. For any K-separable training set of the form
7' = (Xi,yg)gi';l)N, where (y, )(i—’l_l)N e YE+DN et £, be the Support Vector
Machine defined by K and Z’ and let v(Z’) be its margin. Let

1 (k+1)N (k+1)N

2= KX, Xi)+ ———— K(X;, X
R i:l,.T?}ﬁq)N (X, X3) + (k+1)2N2 2_:1 1; is Xk)

(k+1)N
K(X;, X;)
EST 2

This is an easily computable upper-bound for the radius of some ball containing
the image of (X1,..., X(,41)n) in feature space.
Let us define for any integer h the margins

—1/2
1

4.6 =(2h—1)""% and =(2h(1- s :
(4.6)  y2n = ( ) and  Yan+1 h+ 172

Let us consider for any h =1,..., N the exchangeable model

Ry ={fz :2' = (X;, y) N iy K-separable and (Z') > Ry}

The family of models Ry, h =1,..., N is nested, and we know from Theorem 4.2.4
(page 145) and Theorems 4.2.2 (page 144) and 4.2.3 (page 144) that

log(|Ry]) < hlog(@).
We can then consider on the large model R = |_|£[:1 Ry, (the disjoint union of the

sub-models) an exchangeable prior m which is uniform on each R, and is such that
m(Ry) > h+1 Applying Theorem 3.2.3 (page 116) we get

PROPOSITION 4.2.5. With P probability at least 1 — €, for any h =1,..., N, any
Support Vector Machine f € Ry,

ra(f) <
Fal f 1—exp [——ﬁ(f) _ %log(e(k-;l)N) _ 10g[h(h+]b)]—log(e):|
11
kE  xeRr, 1-— exp(—%)
~ (/)
e

Searching the whole model Ry, to optimize the bound may require more computer
resources than are available, but any heuristic can be applied to choose f, since the
bound is uniform. For instance, a Support Vector Machine f’ using a box constraint

)(k+1)N

can be trained from the training set (X;,Y;)Y; and then (y/ can be set to

yi = sign(f'(Xy)), i =1,..., (k+ 1)N.
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4.2.5. INDUCTIVE MARGIN BOUNDS FOR SUPPORT VECTOR MACHINES. In or-
der to establish inductive margin bounds, we will need a different combinatorial
lemma. It is due to Alon et al. (1997). We will reproduce their proof with some tiny
improvements on the values of constants.

Let us consider the finite case when X = {1,...,n}, Y = {1,...,b} and
b > 3. The question we will study would be meaningless when b < 2. Assume
as usual that we are dealing with a prescribed set of classification rules R = { f:
X — H}. Let us say that a pair (A, s), where A C X is a non-empty set of shapes
and s : A — {2,...,b— 1} a threshold function, is shattered by the set of func-
tions F' C R if for any (0,)zea € {—1,+1}4, there exists some f € F such that

Mmingeca 0y [f(a:) — s(m)] > 1.

DEFINITION 4.2.1. Let the fat shattering dimension of (X, R) be the maximal size
|A| of the first component of the pairs which are shattered by R.

Let us say that a subset of classification rules F' C YX is separated whenever for
any pair (f,g) € F? such that f # g, ||f — gllec = maxzex|f(z) — g(x)| > 2. Let
M(R) be the maximum size |F| of separated subsets F' of R. Note that if F is a
separated subset of R such that |F| = M(R), then it is a 1-net for the L, distance:
for any function f € R there exists g € F such that ||f — g]lcc < 1 (otherwise f
could be added to F' to create a larger separated set).

LEMMA 4.2.6. With the above notation, whenever the fat shattering dimension of
(X, R) is not greater than h,

hm\(p _ 9y
log [M(R)] < log[(b— 1)(b— 2)n]{10g [Zi‘lgg(&))(b 2, 1} +1log(2)

<log[(b—1)(b—2)n] { [log {(b;?)n} + 1} logh(2) + 1} + log(2).

PROOF. For any set of functions F C Y¥, let #(F) be the number of pairs (4, s)
shattered by F. Let t(m,n) be the minimum of ¢(F) over all separated sets of
functions F C Y% of size |F| = m (n is here to recall that the shape space X is
made of n shapes). For any m such that ¢(m,n) > Zl L (M (b—2)7, it is clear that
any separated set of functions of size |F| > m shatters at least one pair (4, s) such
that |A] > h. Indeed, from its definition t(m n) is clearly a non—decreasing function
of m, so that t(|F|,n) > Z?:l (") (b—2)". Moreover there are only ZZ (M (b=2)

pairs (A, s) such that |A] < h. As a consequence, whenever the fat shattering
dimension of (X, R) is not greater than h we have IM(R) < m.

It is clear that for any n > 1, ¢(2,n) = 1.

LEMMA 4.2.7. For any m > 1, t[mn(b—1)(b—2),n] > 2t[m,n—1], and therefore
t[2n(n—=1)---(n—r+1)(b—1)"(b—2)",n| >2".

PROOF. Let F' = {f1,..., frin(v—1)(b—2)} be some separated set of functions of size
mn(b —1)(b — 2). For any pair (fa;—1, f2i), ¢ = 1,...,mn(b —1)(b — 2)/2, there is
x; € X such that |fo;—1(z;) — fai(x;)] > 2. Since |X| = n, there is € X such that
Symn=DG=2/2 g (0 — 2) > m(b— 1)(b—2)/2. Let I = {i : 2; = x}. Since there
are (b — 1)(b — 2)/2 pairs (y1,y2) € Y2 such that 1 < y; < yo —1 < b — 1, there
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is some pair (y1,y2), such that 1 < y; <y < b and such that >, ; 1({y1,y2} =
{f2ic1(@), fai(x)}) = m. Let J = {i € I : {fai—1(x), f2i()} = {y1,y2}}. Let

Fi ={faic1 vi € J, faii(x) =y1} U{foi 13 € J, fai(x) =y},
Fy={faic1 11 € J, faimi(x) =92} U{foi 11 € J, fai(x) = ya}.

Obviously |F1| = |Fz| = |J| = m. Moreover the restrictions of the functions of F} to
X\ {z} are separated, and it is the same with F,. Thus F strongly shatters at least
t(m,n — 1) pairs (4, s) such that A C X\ {2} and it is the same with F». Finally,
if the pair (A, s) where A C X'\ {z} is both shattered by F; and F, then F; U F;
shatters also (AU {z},s’) where s'(z') = s(2’) for any 2’ € A and §'(z) = | 2322 ].
Thus Fy U Fy, and therefore F, shatters at least 2t(m,n — 1) pairs (A4,s). O

Resuming the proof of lemma 4.2.6, let us choose for r the smallest integer such
that 2" > Z?:l (") (b — 2)*, which is no greater than

{log[Zfl (e-2r] | 1}.

log(2)

In the case when 1 <n <r,
log(M(R)) < X] log(|Y]) = nlog(b) < rlog(b) < rlog|(b— 1)(b— 2)n] + log(2),

which proves the lemma. In the remaining case n > r,

t[2n"(b—1)"(b—2)",n]
>t2n(n—1)...(n—r+1)(b—1)"(b—2)",n]

-
Thus |M(R)| < 2[(17 -2)(b— 1)n} as claimed. O

In order to apply this combinatorial lemma to Support Vector Machines, let us
consider now the case of separating hyperplanes in R? (the generalization to Support

Vector Machines being straightforward). Assume that X = R% and Y = {—1,+1}.

For any sample (X)Z(-ZJ{DN’ let

R(XFFINY — max{||X;]| :1<i< (k+1)N}.
Let us consider the set of parameters
0 ={(w,b) eR*xR : |w| =1}.

For any (w,b) € O, let gywp(z) = (w,z) —b. Let h be some fixed integer and let
v = Ef()(l(’wl)]\l)’m7 where v, is defined by equation (4.6, page 148).
Let us define ( : R — Z by
—5 when r < —4y,
—3  when —4vy <r < —27,
—1 when —2y<r<Q0,
+1  when 0<r <2y,
+3  when 2y <r < 4y,
+5  when 4y <.
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Let Gup(2) = ([guw,p(x)]. The fat shattering dimension (as defined in 4.2.1) of
(XN (G +7)/2 (w,0) € O})

is not greater than h (according to Theorem 4.2.4, page 145), therefore there is
some set F of functions from ka'H)N to {—5,—3,—1,4+1,+3,+5} such that

log(|F]) < log[20(k + 1)N] {10:(2) {log (W) + 1} + 1} + log(2).

and for any (w,b) € ©, there is f,;, € F such that sup{|fus(X;) — Gus(Xi)| 1i=

S (k+ 1)N} < 2. Moreover, the choice of f,, ;, may be required to depend on
(Xi)gi?)N in an exchangeable way. Similarly to Theorem 3.2.3 (page 116), it can
be proved that for any partially exchangeable probability distribution P € M}F(Q),
with P probability at least 1 — ¢, for any f,,, € F,

1 (k+1)N
= > 1lfus(X)Yi < 1]
i=N+1
k: —
< —]L_l,\ien& [l—exp(_%)] 1{1_
exp[ Z [fup(X:)Y; < 1] — log(|3"|)+log(e)]}
- N
Z fw b Y < ]_]

Let us remark that
1{21[g0,5(X;) > 0] = 1 # Vi } = 1[Gup(X,)¥; < 0] < 1[fus(X)Yi 1]
and
1 fwp(Xi)Yi < 1] < 1[Gup(X:)Y < 3] < 1 [gup(X:)Y; < 47].
This proves the following theorem.

THEOREM 4.2.8. Let us consider the sequence (Yp)nen+ defined by equation (4.6,
page 148). With P probability at least 1 — e, for any (w,b) € ©,

(k+1)N

— > 1{21fgus(X) 2 0] 1 £V

1=N+1

E+1 . -1
< % inf [1—exp(—%)] {1—

AER ,heEN*

A
exp l—m 1[guwp(X;)Y; < 4Ry,]

log[20(k + 1)N]{ 55 log (<D ) 4 1}  log [ 21040 ] }

N
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1 N

TN 4 1[guws(Xi)Yi < 4Ry].
=1

Properly speaking this theorem is not a margin bound, but more precisely a margin
quantile bound, since it covers the case where some fraction of the training sample
falls within the region defined by the margin parameter v, which optimizes the
bound.

As a consequence though, we get a true (weaker) margin bound: with P proba-
bility at least 1 — ¢, for any (w,b) € © such that

= ming,s(X)Yi >0,

i=1,...,

1 (k+1)N
iy 2 Howe(X)Yi <0
i=N+1

< %{1 — exp {_ log [20(k-+ 1) {16R2+272 1og(e(’“+1>Nv2> + 1}

N log(2)~? 4R?
1 €
+ N log(ﬁ)} }

This inequality compares favourably with similar inequalities in Cristianini et al.
(2000), which moreover do not extend to the margin quantile case as this one.

Let us also mention that it is easy to circumvent the fact that R is not observed
when the test set X](\f_tll IV is not observed.

Indeed, we can consider the sample obtained by projecting kaH)N on some

ball of fixed radius Ry,ax, putting

Rmax
tRmax(Xi) —min{l, }Xz
12X

We can further consider an atomic prior distribution v € M}r (Ry) bearing on Ruyax,
to obtain a uniform result through a union bound. As a consequence of the previous
theorem, we have

COROLLARY 4.2.9. For any atomic prior v € Mi (Ry), for any partially exchange-
able probability measure P € M}r(ﬂ), with P probability at least 1 — €, for any
(w,b) € O, any Rmax € Ry,

| (DN
i 0 {2l ot (62 0] -1 27

k + 1 . A —1
< _ _2 _
-k /\E]le}}fzeN* [1 exp N)} {1

N

_m 1 [gw,b o tRInax (XZ)Y; < 4Rmax7h]
i=1

e DI R
- N

exp
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N
1
e S 1[0 © e (X0)Yi < AR
=1

Let us remark that tg . (X;) = X;, i = N+ 1,...,(k+ 1)N, as soon as we
consider only the values of Ryx not smaller than max;— 1, (k+1)n||X;[ in this
corollary. Thus we obtain a bound on the transductive generalization error of the
unthresholded classification rule 21 [gw,b(Xi) > 0] — 1, as well as some incitation to
replace it with a thresholded rule when the value of Ry ,x minimizing the bound
falls below maxi:N+1’...’(k+1)N||X¢||.
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