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Abstract

We derive an upper bound on the local Rademacher complexity of £,-norm multiple kernel learn-
ing, which yields a tighter excess risk bound than global approaches. Previous local approaches
analyzed the case p = 1 only while our analysis covers all cases 1 < p < oo, assuming the different
feature mappings corresponding to the different kernels to be uncorrelated. We also show a lower
bound that shows that the bound is tight, and derive consequences regarding excess loss, namely
fast convergence rates of the order 0(,1*1% ), where o is the minimum eigenvalue decay rate of the
individual kernels.

Keywords: multiple kernel learning, learning kernels, generalization bounds, local Rademacher
complexity

1. Introduction

Propelled by the increasing “industrialization” of modern application domains such as bioinformat-
ics or computer vision leading to the accumulation of vast amounts of data, the past decade expe-
rienced a rapid professionalization of machine learning methods. Sophisticated machine learning
solutions such as the support vector machine can nowadays almost completely be applied out-of-
the-box (Bouckaert et al., 2010). Nevertheless, a displeasing stumbling block towards the complete
automatization of machine learning remains that of finding the best abstraction or kernel (Scholkopf
et al., 1998; Miiller et al., 2001) for a problem at hand.

In the current state of research, there is little hope that in the near future a machine will be able
to automatically engineer the perfect kernel for a particular problem (Searle, 1980). However, by
restricting to a less general problem, namely to a finite set of base kernels the algorithm can pick
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from, one might hope to achieve automatic kernel selection: clearly, cross-validation based model
selection (Stone, 1974) can be applied if the number of base kernels is decent. Still, the performance
of such an algorithm is limited by the performance of the best kernel in the set.

In the seminal work of Lanckriet et al. (2004) it was shown that it is computationally feasible to
simultaneously learn a support vector machine and a linear combination of kernels at the same time,
if we require the so-formed kernel combinations to be positive definite and trace-norm normalized.
Though feasible for small sample sizes, the computational burden of this so-called multiple kernel
learning (MKL) approach is still high. By further restricting the multi-kernel class to only contain
convex combinations of kernels, the efficiency can be considerably improved, so that ten thousands
of training points and thousands of kernels can be processed (Sonnenburg et al., 2006).

However, these computational advances come at a price. Empirical evidence has accumulated
showing that sparse-MKL optimized kernel combinations rarely help in practice and frequently are
to be outperformed by a regular SVM using an unweighted-sum kernel K =Y ,, K, (Cortes et al.,
2008; Gehler and Nowozin, 2009), leading for instance to the provocative question “Can learning
kernels help performance?” (Cortes, 2009).

A first step towards a model of learning the kernel that is useful in practice was achieved in Kloft
etal. (2008), Cortes et al. (2009), Kloft et al. (2009) and Kloft et al. (2011), where an /,-norm, g > 1,
rather than an /; penalty was imposed on the kernel combination coefficients. The /,-norm MKL is
an empirical minimization algorithm that operates on the multi-kernel class consisting of functions
fix = (w,0(x)) with [|Jw]|, < D, where ¢y is the kernel mapping into the reproducing kernel
Hilbert space (RKHS) #; with kernel k and norm ||.||,, while the kernel & itself ranges over the set

of possible kernels {k = Y*_, 6,k ( 16|, <1, 8> 0}.

In Figure 1, we reproduce exemplary results taken from Kloft et al. (2009, 2011) (see also
references therein for further evidence pointing in the same direction). We first observe that, as
expected, £,-norm MKL enforces strong sparsity in the coefficients 8,, when g = 1, and no sparsity
at all for g = oo, which corresponds to the SVM with an unweighted-sum kernel, while intermediate
values of g enforce different degrees of soft sparsity (understood as the steepness of the decrease
of the ordered coefficients 6,,). Crucially, the performance (as measured by the AUC criterion) is
not monotonic as a function of ¢; ¢ = 1 (sparse MKL) yields significantly worse performance than
q = oo (regular SVM with sum kernel), but optimal performance is attained for some intermediate
value of ¢. This is an empirical strong motivation to theoretically study the performance of /,-MKL
beyond the limiting cases g = 1 or g = oo.

A conceptual milestone going back to the work of Bach et al. (2004) and Micchelli and Pontil
(2005) is that the above multi-kernel class can equivalently be represented as a block-norm regu-
larized linear class in the product Hilbert space H := H; X --- X Hy;, where #, denotes the RKHS
associated to kernel k,,, 1 < m < M. More precisely, denoting by ¢,, the kernel feature mapping
associated to kernel k,, over input space X, and ¢ : x € X — (¢1(x),...,0p(x)) € H, the class of
functions defined above coincides with

HvaaM = {fw X <wv¢(x>> ‘ w= (w(l)’. . "w(M))v HwHZ,p < D}> (1)
where there is a one-to-one mapping of g € [1,00] to p € [1,2] given by p = % (see Appendix A
for a derivation). The ¢, ,-norm is defined here as H'szp = H(Hw(l)Hkl,...,Hw(M)HkM)Hp =

(Z%ZI Hw(’") Hfm) e ; for simplicity, we will frequently write Hw(’") H2 = H'w(’") H .
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Figure 1: Splice site detection experiment in Kloft et al. (2009, 2011). LEFT: The Area under ROC
curve as a function of the training set size is shown. The regular SVM is equivalent to
q = oo (or p = 2). RIGHT: The optimal kernel weights 6,, as output by £,-norm MKL are
shown.

Clearly, the complexity of the class (1) will be greater than one that is based on a single kernel
only. However, it is unclear whether the increase is decent or considerably high and—since there is
a free parameter p—how this relates to the choice of p. To this end the main aim of this paper is to
analyze the sample complexity of the above hypothesis class (1). An analysis of this model, based
on global Rademacher complexities, was developed by Cortes et al. (2010). In the present work,
we base our main analysis on the theory of local Rademacher complexities, which allows to derive
improved and more precise rates of convergence.

1.1 Outline of the Contributions
This paper makes the following contributions:
e Upper bounds on the local Rademacher complexity of /,-norm MKL are shown, from which
we derive an excess risk bound that achieves a fast convergence rate of the order

2 (1 . . . S
oM i (1 1)n_l%x), where o is the minimum eigenvalue decay rate of the individual

kernels! (previous bounds for £,-norm MKL only achieved O(M »” n*%).

e A lower bound is shown that besides absolute constants matches the upper bounds, showing
that our results are tight.

e The generalization performance of £,-norm MKL as guaranteed by the excess risk bound is
studied for varying values of p, shedding light on the appropriateness of a small/large p in
various learning scenarios.

1. That is, it 3d > 0 and & > 1 such that for all m = 1,...,M it holds kﬁ-m) <dj~ %, where kﬁ-m) is the jth eigenvalue of
the mth kernel (sorted in descending order).
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Furthermore, we also present a simple proof of a global Rademacher bound similar to the one
shown in Cortes et al. (2010). A comparison of the rates obtained with local and global Rademacher
analysis, respectively, can be found in Section 6.1.

1.2 Notation

For notational simplicity we will omit feature maps and directly view 0(x) and ¢,,(x) as ran-
dom variables = and (™ taking values in the Hilbert space H and #,,, respectively, where & =
(a:(l), . ,a:(M)). Correspondingly, the hypothesis class we are interested in reads H, p y = { Jw:
z— (w,x) | Jwll,, < D}. If D or M are clear from the context, we sometimes synonymously

denote H, = H, p = H, p . We will frequently use the notation (u(’”))ﬁ’l"z1 for the element u =
(u, . uM)y € H = H x ... x Hy.

We denote the kernel matrices corresponding to k and k,, by K and K,,, respectively. Note that
we are considering normalized kernel Gram matrices, that is, the ijth entry of K is %k(:ci, x;). We
will also work with covariance operators in Hilbert spaces. In a finite dimensional vector space, the
(uncentered) covariance operator can be defined in usual vector/matrix notation as Exza'. Since
we are working with potentially infinite-dimensional vector spaces, we will use instead of za ' the
tensor notation x ® « € HS(# ), which is a Hilbert-Schmidt operator H +— H defined as (z @ x)u =
(x,u)x. The space HS(#) of Hilbert-Schmidt operators on # is itself a Hilbert space, and the
expectation Ex @ x is well-defined and belongs to HS(#) as soon as E||z||? is finite, which will
always be assumed (as a matter of fact, we will often assume that ||x|| is bounded a.s.). We denote
by J = Ex ®x, J,, = Ex(™ @ x(") the uncentered covariance operators corresponding to variables
x, ™) it holds that tr(J) = E||«|3 and tr(J,,) = E Ha:(m) Hi

Finally, for p € [1,o0] we use the standard notation p* to denote the conjugate of p, that is,
pre(l,00] and%—i—ﬁ =1.

2. Global Rademacher Complexities in Multiple Kernel Learning

We first review global Rademacher complexities (GRC) in MKL. Let x1,...,x, be an i.i.d. sample
drawn from P. The global Rademacher complexity is defined as

1 n
R(H,)=E sup ('w,;;cix,} ()

Sfw€H),

where (6;)1<i<y is an i.i.d. family (independent of (;) ) of Rademacher variables (random signs).
Its empirical counterpart is denoted by R(H ) =
E [R(Hp) ’:1:1 ooy ar;n] =E, SUP ., c, (w, % Y ,oix;). The interest in the global Rademacher com-
plexity comes from that if known it can be used to bound the generalization error (Koltchinskii,
2001; Bartlett and Mendelson, 2002).

In the recent paper of Cortes et al. (2010) it was shown using a combinatorial argument that the
empirical version of the global Rademacher complexity can be bounded as

~ cp*
R(H,) <D
( P)— \/2n

where ¢ = % and tr(K) denotes the trace of the kernel matrix K.
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We will now show a quite short proof of this result, extending it to the whole range p € [1, <], but
at the expense of a slightly worse constant, and then present a novel bound on the population version
of the GRC. The proof presented here is based on the Khintchine-Kahane inequality (Kahane, 1985)
using the constants taken from Lemma 3.3.1 and Proposition 3.4.1 in Kwapién and Woyczynski
(1992).

Lemma 1 (Khintchine-Kahane inequality). Let be vy, ..., vy € H. Then, for any q > 1, it holds

n n g
ol Lomt< (e X )
i= i=

where ¢ = max(1,q* — 1). In particular the result holds for ¢ = ¢*.

Proposition 2 (Global Rademacher complexity, empirical version). For any p > 1 the empirical
version of global Rademacher complexity of the multi-kernel class H,, can be bounded as

*

~ t
Vi>p: R(H,,)gD\/ M

(tr(Km))m:l

Proof First note that it suffices to prove the result for 7 = p as trivially |||/, , < [|z||,,, holds for all
t > p and therefore R(H),) < R(H;).

We can use a block-structured version of Holder’s inequality (cf. Lemma 15) and the Khintchine-
Kahane (K.-K.) inequality (cf. Lemma 1) to bound the empirical version of the global Rademacher
complexity as follows:

g def. 1 ¢
R(H,) = Es sup (w,— ) oix;)
fwEH, ”z;

Holder 14
< DEq||-) o
n:= 2,p*
i=1
Jensen

M 1 (m)
<'0(Es Y|, Lowl”]

m=1 i=

m=1 i=1
~————
=tr(Ky)
p* M
=D \/ (tr(l{m))m:1 "
n T
what was to show. [ |

Note that there is a very good reason to state the above bound in terms of ¢ > p instead of solely

in terms of p: the Rademacher complexity ﬁ(HI,) is not monotonic in p and thus it is not always
the best choice to take 7 := p in the above bound. This can be readily seen, for example, for the
easy case where all kernels have the same trace—in that case the bound translates into R(H,) <

D /e KD Interestingly, the function x — xM2/*

n

is not monotone and attains its minimum for
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x = 2logM, where log denotes the natural logarithm with respect to the base e. This has interesting

consequences: for any p < (2logM)* we can take the bound R(H ») <D/ Ww, which has
only a mild dependency on the number of kernels; note that in particular we can take this bound for
the £;-norm class R(H, ) for all M > 1.

The above proof is very simple. However, computing the population version of the global
Rademacher complexity of MKL is somewhat more involved and to the best of our knowledge has
not been addressed yet by the hterature To thlS end, note that from the previous proof we obtain

H,)<ED./p* /n( m—1 (Z —1 H H ) ) . We thus can use Jensen’s inequality to move the
expectation operator inside the root,

) <oV o LB G Y 7). ®

m=1
but now need a handle on the —-th moments. To this aim we use the inequalities of Rosenthal
(1970) and Young (e.g., Steele, 2004) to show the following Lemma.

Lemma 3 (Rosenthal + Young). Let Xi,...,X, be independent nonnegative random variables sat-
isfying Vi : X; < B < oo almost surely. Then, denoting C, = (2qe)?, for any q > % it holds

1 n
e 1n) <c((5)'+ (L)),
iz
The proof is defered to Appendix B. It is now easy to show:

Corollary 4 (Global Rademacher complexity, population version). Assume the kernels are uni-
< B < oo, almost surely. Then for any p > 1 the population version of
global Rademacher complexity of the multi-kernel class H,, can be bounded as

BeDM t*

*
5 n

M
m=1

Vt>p: R(Hp,pm) <Dt \/ZH(tr(Jm))

Fort > 2 the right-hand term can be discarded and the result also holds for unbounded kernels.

Proof As above in the previous proof it suffices to prove the result for # = p. From (3) we conclude
by the previous Lemma

sy <oyfB( L ()7 + (e rri)”;));*

=tr(Jn)
< Dp* \/ H tr fn/ll

\/ eDM ’ p
n
where for the last inequality we use the subadd1t1v1ty of the root function. Note that for p > 2 it is
p*/2 <1 and thus it suffices to employ Jensen’s inequality instead of the previous lemma so that
we come along without the last term on the right-hand side. |

For example, when the traces of the kernels are bounded, the above bound is essentially determined

1
by 0(” A\/lﬁp ) We can also remark that by setting r = (log(M))* we obtain the bound R(H;) =

o(3).
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2.1 Relation to Other Work

As discussed by Cortes et al. (2010), the above results lead to a generalization bound that improves
on a previous result based on covering numbers by Srebro and Ben-David (2006). Another recently
proposed approach to theoretically study MKL uses the Rademacher chaos complexity (RCC) (Ying
and Campbell, 2009). The RCC is actually itself an upper bound on the usual Rademacher com-
plexity. In their discussion, Cortes et al. (2010) observe that in the case p = 1 (traditional MKL),
the bound of Proposition 2 grows logarithmically in the number of kernels M, and claim that the
RCC approach would lead to a bound which is multiplicative in M. However, a closer look at the
work of Ying and Campbell (2009) shows that this is not correct; in fact the RCC also leads to a
logarithmic dependence in M when p = 1. This is because the RCC of a kernel class is the same as
the RCC of its convex hull, and the RCC of the base class containing only the M individual kernels
is logarithmic in M. This convex hull argument, however, only works for p = 1; we are unaware
of any existing work trying to estimate the RCC or comparing it to the above approach in the case
p>1

3. The Local Rademacher Complexity of Multiple Kernel Learning

We first give a gentle introduction to local Rademacher complexities in general and then present
the main result of this paper: a lower and an upper bound on the local Rademacher complexity of
¢p-norm multiple kernel learning.

3.1 Local Rademacher Complexities in a Nutshell

Letxy,...,x, be ani.i.d. sample drawn from P; denote by [E the expectation operator corresponding
to P; let F be a class of functions mapping x; to R. Then the local Rademacher complexity is
defined as

n

1
R(F)=E sup -Y oif(m), “4)
fexpr2<ri=y

where Pf? :=E(f(x))?. In a nutshell, when comparing the global and local Rademacher complex-
ities, that is, (2) and (4), we observe that the local one involves the additional constraint P f2 <r
on the (uncentered) “variance” of functions. It allows us to sort the functions according to their
variances and discard the ones with suboptimal high variance. We can do so by, instead of McDi-
armid’s inequality, using more powerful concentration inequalities such as Talagrand’s inequality
(Talagrand, 1995). Roughly speaking, the local Rademacher complexity allows us to consider the
problem at various scales simultaneously, leading to refined bounds. We will discuss this argument
in more detail now. Our presentation is based on Koltchinskii (2006).

First, note that the classical (global) Rademacher theory of Bartlett and Mendelson (2002) and
Koltchinskii (2001) gives an excess risk bound of the following form: 3C > 0 so that with probabil-
ity larger then 1 — exp(—1) it holds

|Pf—Pf*| §C<R(5f)+ ’) =:3, Q)

n

where f:= argmin s ¢ %Z?:l f(xi), f*:=argming 4 Pf, and Pf :=Ef(x). We denote the bound’s
value by & and observe that, remarkably, if we consider the restricted class
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Fs:={f € F :|Pf—Pf*| <8}, we have by (5) that f € % (and trivially f* € F5). This is re-
markable and of significance because we can now state: with probability larger than 1 — exp(—2¢)

it holds
‘Pf—Pf*|§C<R(75)+\/z>. (6)

The striking fact about the above inequality is that it depends on the complexity of the restricted
class—no longer on the one of the original class; usually the complexity of the restricted class will
be smaller than the one of the original class. Moreover, we can again denote the right-hand side of
(6) by 8"V and repeat the argumentation. This way, we can step by step decrease the bound’s value.
If the bound (seen as a function in 8) defines a contraction, the limit of this iterative procedure is
given by the fixed point of the bound.

This method has a serious limitation: although we can step by step decrease the Rademacher
complexity occurring in the bound, the term \/t/7 stays as it is and thus will hinder us from attaining
a rate faster than 0(\/1/7) It would be desirable to have the term shrinking when passing to
a smaller class 5. Can we replace the undesirable term by a more favorable one? And what
properties would such a term need to have?

One of the basic foundations of learning theory are concentration inequalities (e.g., Bousquet
et al., 2004). Even the most modern proof technique such as the fixed-point argument presented
above can fail if it is built upon an insufficiently precise concentration inequality. As mentioned
above, the stumbling block is the presence of the term \/t/7 in the bound (5). The latter is a
byproduct from the application of McDiarmid’s inequality (McDiarmid, 1989)—a uniform version
of Hoffding’s inequality—,which is used in Bartlett and Mendelson (2002) and Koltchinskii (2001)
to relate the global Rademacher complexity with the excess risk.

The core idea now is that we can, instead of McDiarmid’s inequality, use Talagrand’s inequality
(Talagrand, 1995), which is a uniform version of Bernstein’s inequality. This gives

Pf—Pf| < C<R<7>+G(7> t+t> 3. %)

n n

Hereby 62 (F ) := sup reg Ef 2 is a bound on the (uncentered) “variance” of the functions considered.
Now, denoting the right-hand side of (7) by 9, we obtain the following bound for the restricted class:
3C > 0 so that with probability larger then 1 —exp(—2¢) it holds

§C<R(75)+o(fa)\/z +2> (8)

As above, we denote the right-hand side of (8) by 8™" and repeat the argumentation. In general, we
can expect the variance 6(Fs) to decrease step by step and if, seen as a function of &, the bound
defines a contraction, the limit is given by the fixed point of the bound.

|Pf—Pf*

It turns out that by this technique we can obtain fast convergence rates of the excess risk in the
number of training examples n, which would be impossible by using global techniques such as the
global Rademacher complexity or the Rademacher chaos complexity (Ying and Campbell, 2009),
which—we recall—is in itself an upper bound on the global Rademacher complexity.
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3.2 The Local Rademacher Complexity of MKL

In the context of £,-norm multiple kernel learning, we consider the hypothesis class H), as defined

in (1). Thus, given an i.i.d. sample x,...,x, drawn from P, the local Rademacher complexity is

given by R.(Hp) =Esup;, cp .pp < (W, Lyn o), where Pf2, :=E(fuw(x))>.

We will need the following assumption for the case 1 < p < 2:

Assumption (A) (low-correlation). There exists a cg € (0,1] such that, for any m # m' and w,, €
Hyp Wy € Hyy, the Hilbert-space-valued variables V). .. ™) satisfy

Cs f E<wm,x(”’)>2 < E( f <wm,w(’")>)2.
m=1 m=1

Since H,,, H,y are RKHSs with kernels k,,k,,, if we go back to the input random variable
in the original space X € X, the above property means that for any fixed 7,#' € X, the variables
kn(X,1) and k,y(X,t") have a low correlation. In the most extreme case, cg = 1, the variables are
completely uncorrelated. This is the case, for example, if the original input space X is RM, the
original input variable X € X has independent coordinates, and the kernels ki, ..., ky each act on
a different coordinate. Such a setting was considered in particular by Raskutti et al. (2010) in the
setting of /1-penalized MKL. We discuss this assumption in more detail in Section 6.3.

Note that, as self-adjoint, positive Hilbert-Schmidt operators, covariance operators enjoy dis-
crete eigenvalue-eigenvector decompositions J = Exz @ = Y7 Aju;®@u; and J,, = Ex
zm = Y k&m)uﬁm) ® uﬁ.m), where (u;);>1 and (usm)) j>1 form orthonormal bases of # and #,,
respectively.

We are now equipped to state our main results:

Theorem 5 (Local Rademacher complexity, p € [1,2] ). Assume that the kernels are uniformly
bounded (||k||., < B < o) and that Assumption (A) holds. The local Rademacher complexity of the
multi-kernel class H, can be bounded for any 1 < p <2 as

16 M

n

. /BeDM t*

Vtelp,2]: R.(H,) < :

m=1

< imin (er_rl* , ceth*zkﬁmv >
=

1%
2

Theorem 6 (Local Rademacher complexity, p > 2). The local Rademacher complexity of the multi-
kernel class H), can be bounded for any p > 2 as

n A

2 & 2 _
R,(Hp)g\/ min(r, D2M» ~'A,).
j=1

Remark 7. Note that for the case p =1, by using t = (log(M))* in Theorem 5, we obtain the bound

16 M

R(H)< | —
(Hy) < .

N \/Ee%Dlog(M)
n

)
oo

( i min (rM,e3D2(logM)27»§-m)>>
=1

m=1

for all M > e* (see below after the proof of Theorem 5 for a detailed justification).
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Remark 8. The result of Theorem 6 for p > 2 can be proved using considerably simpler tech-
niques and without imposing assumptions on boundedness nor on uncorrelation of the kernels.
If in addition the variables (™)) are centered and uncorrelated, then the spectra are related

as follows : spec(J) = UM_, spec(Jn); that is, {Ni,i>1} =M, { Alm) > 1} Then one can

1

write equivalently the bound of Theorem 6 as R,( \/ ym 1 X7y min(r, DM 17\5.’")) =

2

( -y min(r, DM 7717»5”)) | Hl . However, the main intended focus of this paper is on the
m=

more challenging case 1 < p <2 which is usually studied in multiple kernel learning and relevant
in practice.

Remark 9. It is interesting to compare the above bounds for the special case p = 2 with the ones
of Bartlett et al. (2005). The main term of the bound of Theorem 6 (taking t = p = 2) is then

essentially determined by O (\/ M, =1 min (r, K(,m))> If the variables (™)) are centered and
uncorrelated, by the relation between the spectra stated in Remark 8, this is equivalently of order

O<\/ % ):;?:1 min (r, A j)> which is also what we obtain through Theorem 6, and coincides with the
rate shown in Bartlett et al. (2005).

Proof of Theorem 5 The proof is based on first relating the complexity of the class H, with its
centered counterpart, that is, where all functions f,, € H), are centered around their expected value.
Then we compute the complexity of the centered class by decomposing the complexity into blocks,
applying the no-correlation assumption, and using the inequalities of Holder and Rosenthal. Then
we relate it back to the original class, which we in the final step relate to a bound involving the
truncation of the particular spectra of the kernels. Note that it suffices to prove the result for t = p
as trivially R(H,) < R(H;) for all p <t.

STEP 1: RELATING THE ORIGINAL CLASS WITH THE CENTERED CLASS.  In order to exploit
the no-correlation assumption, we will work in large parts of the proof with the centered class
Hy = { fuw | |wl2,, < D}, wherein fy : @ — (w, &), and & := x — Ex. We start the proof by

noting that fu,(x) = fuw(x) — (w,Ex) = f,(x) — E(w,x) = fi(x) — Efw(x), so that, by the
bias-variance decomposition, it holds that

Pfa=Efu(®)’ =E(fu(@) ~Efu(@))] + (Efu(@)) = PTi, + (Pfu)’- ©

Furthermore we note that by Jensen’s inequality

”E’””Z’P*:@”Ew ”2)1* (£ @ <m>>”5)”'*

Jensen M ) L ;*
ZE =) =] (e
m 1
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so that we can express the complexity of the centered class in terms of the uncentered one as follows:

1 n

R.(Hy,) =E sup <'w,f G,-a:,->
fwEHp, ”,;
Pf2 <r

1 & 1 &

<E sup (w,—) o;&;) +E sup (w,—) ocEx
ﬁueH,,,< ”i; ) fwer,< ”i; )
sz <r Pf}ugr

Concerning the first term of the above upper bound, using (9) we have P fﬁ, < Pf2, and thus

1 & 1 & -
E sup <w,fZG,-zE,->§E sup <w,fZG,-zE,->:Rr(Hp).
fwEH,, ni3 fwEH,, ni3
Pf2<r Pf2<r

Now to bound the second term, we write

1 n 1 n

E sup <w,fZGiIEa:> =FE *ZG" sup (w,Ex)
fw€EH,, ni3 N1 | fwEH),

Pf2 <r Pf}l,gr

2\ 2
(w.Ez) [E( 1Y
< sup (w,Ex -) O;
FwEH,, ni3

Pf,zugr

=+/n sup (w,Ex).
waHpa
PfL<r

Now observe finally that we have

Holder

(w,Ez) < [lwl, ||Ex|

(10)
2 ol 52

as well as
(w,Ex) =Ef,(x) <1\/Pf2,.

We finally obtain, putting together the steps above,

M

Rt < R y) i (7., ] (stm)) 1

This shows that we at the expense of the additional summand on the right hand side we can work
with the centered class instead of the uncentered one.

STEP 2: BOUNDING THE COMPLEXITY OF THE CENTERED CLASS.  Since the (centered)
covariance operator E£") @ &™) is also a self-adjoint Hilbert-Schmidt operator on #,,, there exists
an eigendecomposition

Ez" g&™ =Y A"a" o al", (12)
=1
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wherein (ﬂ(/m) )j=>1 is an orthogonal basis of H,y. Furthermore, the no-correlation assumption (A)
entails EZ(?) @ £ = 0 for all  # m. As a consequence,

M 2 M
PRy = E(fuw@)? = E( L (wna™) = ¥ (w;, (E20 22w,
m=1 m—
M M oo
< e Y, (wn (B2 @2 )w,) = Y YA <wm,a§.’")>2 (13)

and, for all j and m,

5(1 T oa a) = BL § oo (al,al) (s, al) o g L ¥ (a0 a0
i=1 .

i,l=1 s
7 (m)
1 1 A
= (" (- Y Ee" wa a") = = (14)
n n'= n
=E&(m gz0m)
Now, let hy,...,hy be arbitrary nonnegative integers. We can express the local Rademacher

complexity in terms of the eigendecomposition (12) as follows

- 1 &
R, (H,) = E  sup <w, — ZGiiii>
fuw€H,PFL<r n

Il
_

= B sup ((w")
fw€H,:PfA<r

— 1 m ~(m ~ (m M
E  sup <w, (Z(; Zcij:l( )7u5- )>u§ )) >

fw€H,:PFE<r j=1 "i=1 m=1
* o 5 (m _(m)y ~(m)\M
0 5 g (B

Pf.fugr ]:1 m—=

C.-S., Jensen
< sup
P2 <r
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where for (%) we use the linearity of the scalar product, so that (13) and (14) yield

L (13),34) retyM p © | ”
R,(Hp) < \/m—l—ﬂﬂ sup <'w,< Z <*20i5’3§m),’&5~m)>11§m)) >
" JweH, j=hm+1 izl m=1

Ho’éier rcs_l Z%:] i

—I—DEH

j=hm+1 Vi=1

STEP 3: KHINTCHINE-KAHANE’S AND ROSENTHAL’S INEQUALITIES. We can now use
the Khintchine-Kahane (K.-K.) inequality (see Lemma 1 in Appendix B) to further bound the right
term in the above expression as follows

oo 1 n M
o £ froraa)
=1 izl m=1{3 p+
* 1
Jensen M > 12 p P
2 E(ZEU Y Yoz amal >'
m=1 j:hm-‘rl nl:l -‘H;n
1

Jensen *
< =
n

Note that for p > 2 it holds that p*/2 < 1, and thus it suffices to employ Jensen’s inequality once
again in order to move the expectation operator inside the inner term. In the general case we need a
handle on the &--th moments and to this end employ Lemma 3 (Rosenthal + Young), which yields

( f‘, E( | i ii@l(m),ﬁ;m)y)f) +

INE

Q

<

*

VR

>
|
‘*
N

Il
o
<
*
!
<
1*
7N
~.
gk
>
L~
S

T
g
t

~. .

N— N—
S
i
.C-K-

IN
)
<
*
_|_
7N
ok
>
S

3

Il
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where for (*) we used the subadditivity of /- and in the last step we applied the Lidskii-Mirsky-

(m) (m)
i =N

1M 2
res Yo h *2 [ BMv*
\/ 5 Lm=1 "D ep ( ! 4

n n n

Wielandt theorem which gives Vj, m : A . Thus by the subadditivity of the root function

()] )
j=hm+1 m=1|| g
oo M L
( ) 7»5"”) | YBeDMTp
j=hm+1 m=1 n

— . (15
STEP 4: BOUNDING THE COMPLEXITY OF THE ORIGINAL CLASS. Now note that for all
nonnegative integers #,, we either have

1, —1 M ep**D? v 50m) "
n 2m1n<\/g,D H(tr(‘]m))m:IH%) < n H L A
j=hm+1 m=1

(in case all A, are zero) or it holds

o tmin (y/reg 0 (e

(in case that at least one £, is nonzero) so that in any case we get

n™2 min (\ [reg!,D \/H (tr(fm))]n‘fﬂ ﬁ)
- 2

R,(H))

n n

_ \/rcsl):%_lhm+ ep**D?

p*
2

Jl
2

J

2

—1yvM
) < rcs Ym—1hm
B n

—1vM oo M
re h *ZDZ

S\/ o Zmotfm  Jep ( y x§.'">> (16)

n n j=hm+1 m=1|| p*

2

Thus the following preliminary bound follows from (11) by (15) and (16):
4reg Y b |depiD2|| (& M VBeDM7" p*
Ry (H,) < ¢ s Znifm | dep ( y xﬁ"”) L YBDMED (4
n n j=hmt1 m=1| " n

for all nonnegative integers &, > 0. We could stop here as the above bound is already the one that
will be used in the subsequent section for the computation of the excess loss bounds. However, we
can work a little more on the form of the bound to gain more insight on its properties—we will show
that it is related to the truncation of the spectra at the scale r.

STEP 5: RELATING THE BOUND TO THE TRUNCATION OF THE SPECTRA OF THE KERNELS.
To this end, notice that for all nonnegative real numbers A1,A; and any a;,a, € R" it holds for all
g=1

VAI+VA < V241 +4) (18)
1
laill,+lazll, < 2! [la1 +azf, <2[lar + a2, (19)
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(the first statement follows from the concavity of the square root function and the second one is
proved in appendix B; see Lemma 17) and thus

R, (Hp)
(18) res'YM *2 2 > M VBeDM7 p
< 8 ) Zm—l m + ep < Z }‘ém)) 4 — =
\ n n J=hmt1 m=1112 n
£1-to-£ ,« M 1
roo|g M = VBeDM 7 p*
< = | re; 1M (hm> + ep*2D2 < Z }\45’")) + 67’]9
\ n m=1 % j=hm A1 m=1 p* n
(19) 16 M VB eDM 7" p*
< H (rcZs It ” 7 hyy + ep*2D? Z k ) _
\ n J=hm+1 m=1112 n

where to obtain the second inequality we applied that for all non-negative a € RY and 0 < g < p < oo
it holds?

' 1 Holder 1/q 1_1
(¢,-to-£, conversion) [|afl, = (1,a%)7 < (||1|| /- llaf ||p/q) =M |, (20)

Since the above holds for all nonnegative integers #,,, it follows

1
16 M VBeDM " p*
R.(H,) < ( min rcg Iyt ” 7 hyy + ep*2D? Z k ) eipp
\ n >0 j=hm 1 m=1 p* n
1
16]] [ & M | VBeDM? p
— - ( Z min (rcgl M~ ep*zDZXSm)>) _—,
\ n j=1 m=1 p* n
which completes the proof of the theorem. |

Proof of Remark 7 To see that Remark 7 holds notice that R(H;) < R(H,) for all p > 1 and thus
by choosing p = (log(M))* the above bound implies

M

1
n v BeDM ¥ p*

p* n

1
n v BeDM r* p*

n

ORI [ e p—)

[%7“)7[00 16 5 M
< \ — ( min <rcglM, ep*sz*Dzkﬁ.m)>>

n 4

j

o M
_ 10 . -1 (m)
— \ . <J§mm <rc8 M, e3D?(logM )] )>m—l i

which completes the proof. |

m=1

gk

1 m=1lloo

N \/Ee%D(logM)

n

Y

2. We denote by a? the vector with entries a;’ and by 1 the vector with entries all 1.
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Proof of Theorem 6.
The eigendecomposition Ez @ & = Y7 Aju; @ u; yields

Pfy = E(fu(@) = Blw.a) = (w, Broww) = Y b (wu)’, @)
=1
and, for all j

1 & 2 1 1 &
E<E20iwi,uj> = n ZGG;<$,,u1><az1,uJ o Lid. —22 cc,-,uj>2
i=1 i,I=1 i=1
1 1 & A
- n<u‘,~,(n;Eaz,~®w5)uli>:n]. 22)
—_———
=Ex®x

Therefore, we can use, for any nonnegative integer A, the Cauchy-Schwarz inequality and a block-
structured version of Holder’s inequality (see Lemma 15) to bound the local Rademacher complexity
as follows:

n
R.(H),) = E sup <'w,126im,~>
fwEHpPf,<r i=1

= E  sup <Z[wul uJ’Z\/7 Zcm,,u»u»

Sfw€H), PfL<r j=

+ <w, Z IZG,x,,u])uj>

j=h+1 izl
c:s.@).@  frh
\/ o +E sup (w, Z chaz,,u] uj)
Jfw€H, j=h+1 ni3

Holder
<
p* —to— 62
\/ +DM P

Zciwi,uj>u]
nia

2,p*

Z chmlauj

Jj=h+ H
1
Jensen rh 1 g 12 7
< —+DM» 2 E(-Y cizi,u;)?
2 ! (_z (Y o)
Jj=h+1 i=1
<2<2)x,~

n

2
rh DMl

< R R VS

Since the above holds for all A, the result now follows from VA + VB < / 2(A + B) for all nonneg-
ative real numbers A, B (which holds by the concavity of the square root function):

2 2 _ _
Rr(Hp)S\/ min (rh+D2Ml’2* ! \/ me DZMI’* ).

n 0<h<n = h+1
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4. Lower Bound

In this subsection we investigate the tightness of our bound on the local Rademacher complexity of
H),. To derive a lower bound we consider the particular case where variables W 2™ are i.id.
For example, this happens if the original input space X is RM, the original input variable X € X has
i.i.d. coordinates, and the kernels k1, ..., ks are identical and each act on a different coordinate of
X.

Lemma 10. Assume that the variables V... &™) are centered and identically independently
distributed. Then, the following lower bound holds for the local Rademacher complexity of H), for
any p > 1:

Ri(Hy.pa) = Rt (Hy pagie 1)-

Proof First note that since the ) are centered and uncorrelated, that

m=1 m=1
Now it follows
1 n
Rr(Hp,D,M> = E sup <’LU, - Z 0[.’13i>
. P <r ni3
W Jlwlly, <D
1 n
= E sup <'w, - Zcimi>
w: D (wmamy? < TS
' llwl, <D
1 n
> E sup <'w, - Z 6,-:1:,'>
m : w(’”),:c(”’>>2 <r/M n =1
w: ‘w(m) ‘z p <D
o] = = 0]
M 1 n
= E sup Z <'w(m>, - Zciml(m)>
Vm : <'uu(’"),w(”’)>2 <r/Mm=1 n i=1
w: _1
Vm : Hw("’) ‘2 <DM P
= Y E sup <w(’"),f Y ciz™),
m=1 <w<"‘)7:t("’)>2 <r/M n i=1
w(m)-

: _1
o] <o
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so that we can use the i.i.d. assumption on =™ to equivalently rewrite the last term as follows:

2 iid. 1 ¢ |
R.(Hppm) > E sup <M'w(1),fZG,-:L'E >>
(w1, 2)? < r/u n:=
wl): 1
o] <o
DIy
= E sup <M'w( ,726,-331. >
( <M’w(])‘w<1)>2 <rM n i=1
w):

1
] <ow
2

1 & 1
= E sup <w(1),n§{6[m£ )

<w<]),z(])>2 <M
O ), <ou

= RrM(Hl .DM!/P* ,1)

In Mendelson (2003) it was shown that there is an absolute constant ¢ so that if AL > % then for all

r>1 ~ it holds R,(H1,1,1) \/ Yy = , min(r, k( )) Closer inspection of the proof reveals that more

generally it holds R,(H) p,1) > \/‘ Y7 min(r, Dz?\, ) f?x, " >
together with the previous lemma to obtain:

02 so that we can use that result

Theorem 11 (Lower bound). Assume that the kernels are centered and identically independently
distributed. Then, the following lower bound holds for the local Rademacher complexity of H),.

There is an absolute constant ¢ such that if NV > 2 then for all r > 1 Landp > 1,
Cxn . "
R (Hppa) > ¢ - X min(rM, D7 A, (23)
J:

We would like to compare the above lower bound with the upper bound of Theorem 5. To this
end note that for centered identical independent kernels the upper bound reads

VB DMP p

R.(H,) < \/ me (rM cesz*zMﬂ* . )

which is of the order O(\/ Y7 min (rM ,D*M ” kgl))) and, disregarding the quickly converging
term on the right hand side and absolute constants, again matches the upper bounds of the previous
section. A similar comparison can be performed for the upper bound of Theorem 6: by Remark 8
the bound reads

gl

m:l‘

1

which for i.i.d. kernels becomes \/ 2/ny7_ymin (rM ,D>M > 7»31)) and thus, besides absolute con-
stants, matches the lower bound. This shows that the upper bounds of the previous section are
tight.
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5. Excess Risk Bounds

In this section we show an application of our results to prediction problems, such as classification
or regression. To this aim, in addition to the data xy,...,x, introduced earlier in this paper, let
also a label sequence yy,...,y, C [—1,1] be given that is i.i.d. generated from a probability dis-
tribution. The goal in statistical learning is to find a hypothesis f from a pregiven class ¥ that
minimizes the expected loss E I(f(x),y), where [ : R? + [—1,1] is a predefined loss function that
encodes the objective of the given learning/prediction task at hand. For example, the hinge loss
I(t,y) = max(0,1 — yt) and the squared loss [(z,y) = (t —y)? are frequently used in classification
and regression problems, respectively.
Since the distribution generating the example/label pairs is unknown, the optimal decision func-
tion
f* 1= argminE I(f(x).)
fer
can not be computed directly and a frequently used method consists of instead minimizing the
empirical loss,
n
f= argminl Y 1(f (i), yi).
fex i
In order to evaluate the performance of this so-called empirical risk minimization (ERM) algorithm
we study the excess loss,

Pl —lp) = El(f(2),y) —EI(f*(x),).

In Bartlett et al. (2005) and Koltchinskii (2006) it was shown that the rate of convergence of the
excess risk is basically determined by the fixed point of the local Rademacher complexity. For
example, the following result is a slight modification of Corollary 5.3 in Bartlett et al. (2005) that is
well-tailored to the class studied in this paper.

Lemma 12. Let F be an absolute convex class ranging in the interval |a,b] and let | be a Lipschitz
continuous loss with constant L. Assume there is a positive constant F such that

Vi€ F: P(f—f ) <FP(ly—1I). (24)
Then, denoting by r* the fixed point of

2FLR 1, (F)

or all x > 0 with probability at least 1 — e the excess loss can be bounded as
Jf P ty

r*  (11L(b—a)+27F)x
Note that condition (24) on the loss function is fulfilled, for example, when the kernel is uni-
formly bounded and the loss function is strongly convex and Lipschitz continuous on the domain

considered (Bartlett et al., 2006). This includes, for example, the squared loss as defined above, the

3. We exploit the improved constants from Theorem 3.3 in Bartlett et al. (2005) because an absolute convex class is
star-shaped. Compared to Corollary 5.3 in Bartlett et al. (2005) we also use a slightly more general function class
ranging in [a, b] instead of the interval [—1, 1]. This is also justified by Theorem 3.3.
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logistic loss I(¢,y) = In(1 4+ exp(—yt)), and the exponential loss [(z,y) = exp(—yt). The case of
the hinge loss (see definition above) is more delicate, since it is not a strongly convex loss function.
In general, the hinge loss does not satisfy (24) on an arbitrary convex class ¥ ; for this reason, there
is no direct, general “fast rate” excess loss analogue to the popular margin-radius bounds obtained
through global Rademacher analysis. Nevertheless, local Rademacher complexity analysis can still
be put to good use for algorithms based on the hinge loss. In fact, the hinge loss satisfies, under an
additional “noise exponent condition” assumption, a restricted version of (24), namely, when f* is
taken equal to the Bayes classifier. This can be used to study theoretically the behavior of penal-
ized ERM methods such as the support vector machine, and more precisely to obtain oracle-type
inequalities (this roughly means that the penalized ERM can be shown to pick a correct trade-off
of bias and estimation error, leading to fast convergence rates). In this sense, the local Rademacher
complexity bound we have presented here can in principle be plugged in into the SVM analysis of
Blanchard et al. (2008), directly replacing the local Rademacher analysis for a single kernel studied
there under setting (S1); see also Steinwart and Christmann (2008, Chapter 8) for a comparable
analysis. This more elaborate analysis does, however, not fall directly into the scope of the com-
parably simpler result of Lemma 12, which considers simple ERM over a fixed model, so that we
refer the reader to the references cited above for more details.

Lemma 12 shows that in order to obtain an excess risk bound on the multi-kernel class H), it
suffices to compute the fixed point of our bound on the local Rademacher complexity presented in
Section 3. To this end we show:

Lemma 13. Assume that ||k||., < B almost surely and assumption (A) holds; let p € [1,2]. For the
fixed point r* of the local Rademacher complexity 2F LRML2 (Hp) it holds

(LE7)
j:hm“"l m=1

Proof For this proof we make use of the bound (17) on the local Rademacher complexity. Defining

LE7)

in order to find a fixed point of (17) we need to solve for r = y/ar+ b, which is equivalent to solving
r?> — (a+2b)r +b*> = 0 for a positive root. Denote this solution by r*. It is then easy to see that
r* > a+ 2b. Resubstituting the definitions of a and b yields the result. |

1
3

n 4v/BeDF LM r* p*

»* n
2

4¢T 1 F2 M_ h *2D2
r* < min —5  cm=l R L=t Fim +8FL °p
0<hy<oo n n

1
3

N 2v/BeDF LM ¥* p*

Pt n
2

4eVFEYM_ 22
=8 " Em=tTm 4 b=4rL | P

n n

)

We now address the issue of computing actual rates of convergence of the fixed point * under the
assumption of algebraically decreasing eigenvalues of the kernel matrices, this means, we assume
dd,, kg.m) <d,j % for some a,, > 1. This is a common assumption and, for example, met for
finite rank kernels and convolution kernels (Williamson et al., 2001). Notice that this implies

oo oo 1 0o
Y A < dy Y < dy | xdx=d, Xl
J=hmt+1 ! J=hm+1 fim 1 —oay, hm

d
_ m hl_(xm . 2
I—o, ™ 23)
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To exploit the above fact, first note that by £,,-to-£, conversion

4cs ' F2XM by, s\ FPPMYM_ 2, cg F2M*”
T T Lm=lTm o yp < 4F

(//l2 )lr‘n/I:] HZ/p*
2

n n? n

so that we can translate the result of the previous lemma by (18), (19), and (20) into

LI /e Fem? P"h2 M
r* < min 8F |- <5+4ep*2D2L2 Z 7\. ) _
Ogh’ném n J h”l+1 ‘ m= 1 %
L 4VB eDFLM* p*

(26)

n

Inserting the result of (25) into the above bound and setting the derivative with respect to A, to zero
we find the optimal A,, as

1
B = (4c5dmep*2D2F—2L2Mf* *2n> e
Resubstituting the above into (26) we note that

_ 20m
r — H n H»Ocm

so that we observe that the asymptotic rate of convergence in n is determined by the kernel with
the smallest decreasing spectrum (i.e., smallest o). Denotmg dmax = MaXp—1,. Mdn, Omin :=

1
M Oy, and iy 1= (405dmdxep*2D2F 2L2M P ) Tomin we can upper-bound (26) by

ming,—;, .,
L
ro< 8F\/? gl g FAM 2 AV BeDI LM
— n

1

3—0o 4+/BeDF LM r*

< 8y 2 M g™+ P
1_(xmm n

— Ymin 2 1 %min
S 16 eﬂ _1 (dmaxDszp*z) l+0(mln F l+0‘mln M Umin (Fil) ni 1+0yi,
V 1-— Olmin
4\/BeDFLM7* *
+ ; P 27)

We have thus proved the following theorem, which follows by the above inequality, Lemma 12, and
1
the fact that our class H), ranges in BDM »" .

Theorem 14. Assume that ||k||., < B, assumption (A) holds, and it Idpx > 0 and o := Qpip > 1
such that for all m = 1,... M it holds Kﬁ.m) <dmaxj % Letl be a Lipschitz continuous loss with
constant L and assume there is a positive constant F such thatVf € F : P(f — f*)? <F P(ly —1p+).
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Then for all x > 0 with probability at least 1 — e™* the excess loss of the multi-kernel class H,, can
be bounded for p € [1,...,2] as

3—(X ﬂ L o— 2 (1 _ o
P(ly—1p) < tlel[lig]186\/>lacé*“(dmaxDsztﬂ)1+°¢Fa+iM1+1fo<(tL Dy
P, -

+47\/1§DLM%r* . (22BDLM* + 27F )x
n n

We see from the above bound that convergence can be almost as slow as O(p*M »” n*%) @f at
least one 0, =~ 1 is small and thus O;, is small) and almost as fast as O(n_l) (f ay, is large for all
m and thus oy, is large). For example, the latter is the case if all kernels have finite rank and also
the convolution kernel is an example of this type.

Notice that we of course could repeat the above discussion to obtain excess risk bounds for the
case p > 2 as well, but since it is very questionable that this will lead to new insights, it is omitted
for simplicity.

6. Discussion

In this section we compare the obtained local Rademacher bound with the global one, discuss related
work as well as the assumption (A), and give a practical application of the bounds by studying the
appropriateness of small/large p in various learning scenarios.

6.1 Global vs. Local Rademacher Bounds

In this section, we discuss the rates obtained from the bound in Theorem 14 for the excess risk and
compare them to the rates obtained using the global Rademacher complexity bound of Corollary 4.
To simplify somewhat the discussion, we assume that the eigenvalues satisfy kgm) < dj~%* (with
o > 1) for all m and concentrate on the rates obtained as a function of the parameters n, o, M, D
and p, while considering other parameters fixed and hiding them in a big-O notation. Using this
simplification, the bound of Theorem 14 reads

vt € [p,2]: P(lf—lf*) - 0((t*D) ‘i“MlJ“l%a(%*_‘)n—l%) 28)

(and P(I p—lp) = 0<(DlogM) i )y %) for p = 1). On the other hand, the global Rademacher
complexity directly leads to a bound on the supremum of the centered empirical process indexed by
F and thus also provides a bound on the excess risk (see, e.g., Bousquet et al., 2004). Therefore,
using Corollary 4, wherein we upper bound the trace of each J,, by the constant B (and subsume it
under the O-notation), we have a second bound on the excess risk of the form

Vielp2: Plj—lp)= o(z*DM%n-%). (29)
First consider the case where p > (logM)*, that is, the best choice in (28) and (29) is t = p. Clearly,
if we hold all other parameters fixed and let n grow to infinity, the rate obtained through the local

Rademacher analysis is better since o > 1. However, it is also of interest to consider what happens
when the number of kernels M and the £, ball radius D can grow with n. In general, we have a bound
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on the excess risk given by the minimum of (28) and (29); a straightforward calculation shows that
the local Rademacher analysis improves over the global one whenever

™~ o(m).

Interestingly, we note that this “phase transition” does not depend on a (i.e., the “complexity” of
the individual kernels), but only on p.

If p < (logM)*, the best choice in (28) and (29) is t = (logM)*. In this case taking the minimum
of the two bounds reads

2 o— o
Vp < (logM)* : P(lf —lp) < O(min(D(logM)n*%, (DlogM)‘T“M'Tflxn*'Ta)), (30)

and the phase transition when the local Rademacher bound improves over the global one occurs for

O(v/n).

M j—
DlogM

Finally, it is also interesting to observe the behavior of (28) and (29) as o — co. In this case, it means
that only one eigenvalue is nonzero for each kernel, that is, each kernel space is one-dimensional.
In other words, in this case we are in the case of “classical” aggregation of M basis functions, and
the minimum of the two bounds reads

Vielp2: P—Ip)< 0<min(Mn—1,z*DM%*n—%). 31)

In this configuration, observe that the local Rademacher bound is O(M /n) and does not depend on
D, nor p, any longer; in fact, it is the same bound that one would obtain for the empirical risk mini-
mization over the space of all linear combinations of the M base functions, without any restriction on
the norm of the coefficients—the £,-norm constraint becomes void. The global Rademacher bound
on the other hand, still depends crucially on the £, norm constraint. This situation is to be compared
to the sharp analysis of the optimal convergence rate of convex aggregation of M functions obtained
by Tsybakov (2003) in the framework of squared error loss regression, which are shown to be

ofom (22))

This corresponds to the setting studied here with D = 1,p = 1 and o0 — o, and we see that the
bound (30) recovers (up to log factors) in this case this sharp bound and the related phase transition
phenomenon.

6.2 Discussion of Related Work

We recently learned about independent, closely related work by Suzuki (2011), which has been
developed in parallel to ours. The setup considered there somewhat differs from ours: first of all,
it is required that the Bayes hypothesis is contained in the class w* € H (which is not required in
the present work); second, the conditional distribution is assumed to be expressible in terms of the
Bayes hypothesis. Similar assumptions are also required in Bach (2008) in the context of sparse
recovery. Finally, the analysis there is carried out for the squared loss only, while ours holds more
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generally for, for example, strongly convex Lipschitz losses. However, a similarity to our setup is
that an algebraic decay of the eigenvalues of the kernel matrices is assumed for the computation of
the excess risk bounds and that a so-called incoherence assumption is imposed on the kernels, which
is similar to our Assumption (A). Also, we do not spell out the whole analysis for inhomogeneous
eigenvalue decays as Suzuki (2011) does—nevertheless, our analysis can be easily adapted to this
case at the expense of longer, less-readable bounds.

We now compare the excess risk bounds of Suzuki (2011) for the case of homogeneous eigen-
value decays, that is,

2

P(i; 1) = O( (D) em' v (#*1);1—1%) ,

to the ones shown in this paper, that is, (28)—we thereby disregard constants and the O(n~!) terms.
Roughly speaking, the proof idea in Suzuki (2011) is to exploit existing bounds on the LRC of
single-kernel learning (Steinwart and Christmann, 2008) by combining Talagrand’s inequality (Ta-
lagrand, 1995) and the peeling technique (van de Geer, 2000). This way the Khintchine-Kahane,
which introduces a factor of (p*) Ta into our bounds, is avoided.

We observe that, importantly, both bounds have the same dependency in D, M, and n, although
being derived by a completely different technique. Regarding the dependency in p, we observe that
our bound involves a factor of (¢*) ra (for some t € [p,2] that is not present in the bound of Suzuki
(2011). However, it can be easily shown that this factor is never of higher order than log(M) and
thus can be neglected:

1. If p < (log(M))*, then r = log(M) is optimal in our bound so that the term (t*)l%a becomes
(log(M)) .
2 2

2. If p> (log(M))*, then p* <log(M) so that the term (¢*) T+a is smaller equal than (log(M)) T+a.

We can thus conclude that, besides a logarithmic factor in M as well as constants and O(n~!) terms,
our bound coincides with the rate shown in Suzuki (2011).

6.3 Discussion of Assumption (A)

Assumption (A) is arguably quite a strong hypothesis for the validity of our results (needed for
1 < p <2), which was not required for the global Rademacher bound. A similar assumption is also
made in the recent works of Suzuki (2011) and Koltchinskii and Yuan (2010). In the latter paper, a
related MKL algorithm using a mixture of an £;-type penalty and an empirical ¢, penalty is studied
(this should not be confused with £,,_;-norm MKL, which does not involve an empirical penalty and
which, for p = 1, is contained in the £,-norm MKL methodology studied in this paper). Koltchinskii
and Yuan (2010) derive bounds that depend on the “sparsity pattern” of the Bayes function, that is,
how many coefficients w}, are non-zero, using an Restricted Isometry Property (RIP) assumption.
If the kernel spaces are one-dimensional, in which case ¢;-penalized MKL reduces qualitatively
to standard lasso-type methods, this assumption is known to be necessary to grant the validity of
bounds taking into account the sparsity pattern of the Bayes function.*

4. We also mention another work by Raskautti et al. (2010), investigating the same algorithm as Koltchinskii and Yuan
(2010), but employing a somewhat more restrictive assumption on the uncorrelatedness of the kernels, which corre-
sponds to taking cg = 1 in assumption (A).
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In the present work, our analysis stays deliberately “agnostic” (or worst-case) with respect to the
true sparsity pattern (in part because experimental evidence seems to point towards the fact that the
Bayes function is not strongly sparse); correspondingly it could legitimately be hoped that the RIP
condition, or Assumption (A), could be substantially relaxed. Considering again the special case of
one-dimensional kernel spaces and the discussion about the qualitatively equivalent case ot — oo in
the previous section, it can be seen that Assumption (A) is indeed unnecessary for bound (31) to
hold, and more specifically for the rate of M /n obtained through local Rademacher analysis in this
case. However, as we discussed, what happens in this specific case is that the local Rademacher
analysis becomes oblivious to the £,-norm constraint, and we are left with the standard parametric
convergence rate in dimension M. In other words, with one-dimensional kernel spaces, the two con-
straints (on the L?(P)-norm of the function and on the / p» block-norm of the coefficients) appearing
in the definition of local Rademacher complexity are essentially not active simultaneously. Unfor-
tunately, it is clear that this property is not true anymore for kernels of higher complexity (i.e., with
a non-trivial decay rate of the eigenvalues). This is a specificity of the kernel setting as compared
to combinations of a dictionary of M simple functions, and Assumption (A) was in effect used to
“align” the two constraints. To sum up, Assumption (A) is used here for a different purpose from
that of the RIP in sparsity analyses of /| regularization methods; it is not clear to us at this point
if this assumption is necessary or if uncorrelated variables ") constitutes a “worst case” for our
analysis. We did not suceed so far in relinquishing this assumption for p < 2, and this question
remains open.

Besides the work of Suzuki (2011), there is, up to our knowledge, no previous existing analysis
of the ¢,-MKL setting for p > 1; the recent works of Raskutti et al. (2010) and Koltchinskii and
Yuan (2010) focus on the case p = 1 and on the sparsity pattern of the Bayes function. A refined
analysis of ¢,-regularized methods in the case of combination of M basis functions was laid out by
Koltchinskii (2009), also taking into account the possible soft sparsity pattern of the Bayes function.
Extending the ideas underlying the latter analysis into the kernel setting is likely to open interesting
developments.

6.4 Analysis of the Impact of the Norm Parameter p on the Accuracy of /,-norm MKL

As outlined in the introduction, there is empirical evidence that the performance of /,-norm MKL
crucially depends on the choice of the norm parameter p (cf. Figure 1 in the introduction). The
aim of this section is to relate the theoretical analysis presented here to this empirically observed
phenomenon. We believe that this phenomenon can be (at least partly) explained on base of our
excess risk bound obtained in the last section. To this end we will analyze the dependency of the
excess risk bounds on the chosen norm parameter p. We will show that the optimal p depends
on the geometrical properties of the learning problem and that in general—depending on the true
geometry—any p can be optimal. Since our excess risk bound is only formulated for p < 2, we will
limit the analysis to the range p € [1,2].

To start with, first note that the choice of p only affects the excess risk bound in the factor (cf.
Theorem 14 and Equation (28))

a2
v, = tg{lp}g] (Dpt*) '*“M“l%a(xl**l).

So we write the excess risk as P(/; — <) = O(v;) and hide all variables and constants in the O-
notation for the whole section (in particular the sample size n is considered a constant for the pur-
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Figure 2: 2D-Illustration of the three learning scenarios analyzed in this section: LEFT: A soft
sparse w*; CENTER: an intermediate non-sparse w®*; RIGHT: an almost-uniformly
non-sparse w*. Each scenario has a Bayes hypothesis w* with a different soft spar-
sity (parametrized by ). The colored lines show the smallest /,-ball containing the
Bayes hypothesis. We observe that the radii of the hypothesis classes depend on the
sparsity of w™ and the parameter p.

poses of the present discussion). It might surprise the reader that we consider the term in D in the
bound although it seems from the bound that it does not depend on p. This stems from a subtle
reason that we have ignored in this analysis so far: D is related to the approximation properties of
the class, that is, its ability to attain the Bayes hypothesis. For a “fair” analysis we should take the
approximation properties of the class into account.

To illustrate this, let us assume that the Bayes hypothesis belongs to the space # and can be
represented by w*; assume further that the block components satisfy |[w |, =m P, m=1,....M,
where § > 0 is a parameter parameterizing the “soft sparsity” of the components. For example,
the cases B € {0.5,1,2} are shown in Figure 2 for M = 2 and assuming that each kernel has rank
1 (thus being isomorphic to R). If n is large, the best bias-complexity tradeoff for a fixed p will
correspond to a vanishing bias, so that the best choice of D will be close to the minimal value such
that w* € H, p, thatis, D, = ||w"||,. Plugging in this value for D, the bound factor v, becomes

Vpi= H'w*||ﬁ min t*HL&MHH%(%*_I) . (32)
t€[p,2]

We can now plot the value v, as a function of p for special choices of a, M, and B. We realized
this simulation for oo = 2, M = 1000, and B € {0.5, 1,2}, which means we generated three learning
scenarios with different levels of soft sparsity parametrized by B. The results are shown in Figure 3.
Note that the soft sparsity of w* is increased from the left hand to the right hand side. We observe
that in the “soft sparsest” scenario (§ = 2, shown on the left-hand side) the minimum is attained
for a quite small p = 1.2, while for the intermediate case (B = 1, shown at the center) p = 1.4 is
optimal, and finally in the uniformly non-sparse scenario (§ = 2, shown on the right-hand side) the
choice of p =2 is optimal (although even a higher p could be optimal, but our bound is only valid
for p € [1,2]).
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Figure 3: Results of the simulation for the three analyzed learning scenarios (which were illustrated
in Figure 2). The value of the bound factor v, is plotted as a function of p. The minimum
is attained depending on the true soft sparsity of the Bayes hypothesis w* (parametrized

by B).

This means that if the true Bayes hypothesis has an intermediately dense representation, our
bound gives the strongest generalization guarantees to £,-norm MKL using an intermediate choice
of p. This is also intuitive: if the truth exhibits some soft sparsity but is not strongly sparse, we
expect non-sparse MKL to perform better than strongly sparse MKL or the unweighted-sum kernel
SVM.

6.5 An Experiment on Synthetic Data

We now present a toy experiment that is meant to check the validity of the theory presented in
the previous sections. To this end, we construct learning scenarios where we know the underlying
ground truth (more precisely, the £,-norm of the Bayes hypothesis) and check whether the param-
eter p that minimizes our bound coincides with the optimal p observed empirically, that is, when
applying £,-norm MKL to the training data. Our analysis is based on the proven synthetic data de-
scribed in Kloft et al. (2011) and being available from http://mldata.org/repository/data/
viewslug/mkl-toy/. For completeness, we summarize the experimental description and the em-
pirical results here. Note that we have extended the analysis to the whole range p € [1,o0] (only
p € [1,2] was studied in Kloft et al., 2011).

6.5.1 EXPERIMENTAL SETUP AND EMPIRICAL RESULTS

We construct six artificial data sets as described in Kloft et al. (2011), in which we vary the degree of
sparsity of the true Bayes hypothesis w. For each data set, we generate an n = 50-element, balanced
sample D = {(x;,y;) }!_, from two d = 50-dimensional isotropic Gaussian distributions with equal
covariance matrices C = I, and equal, but opposite, means y, = mw and y_ = —u.. Figure 4
shows bar plots of the w of the various scenarios considered. The components w; are binary valued;
hence, the fraction of zero components, which we define by sparsity(w) := 1 — % Z?: (Wi, 18 a
measure for the feature sparsity of the learning problem.
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Figure 4: Toy experiment: illustration of the experimental design. We study six scenarios differing
the sparsity of the Bayes hypothesis considered.

For each of the w we generate m = 250 data sets Dy,..., D, fixing p = 1.75. Then, each
feature is input into a linear kernel and the resulting kernel matrices are multiplicatively normalized
as described in Kloft et al. (2011). Next, classification models are computed by training ¢,-norm
MKL for p = 1,4/3,2,4,00 on each D;. Soft margin parameters C are tuned on independent 1,000-
elemental validation sets by grid search over C € { 10/ | i=—4,-3.5,... 70} (optimal Cs are attained
in the interior of the grid). The relative duality gaps were optimized up to a precision of 1073, The
simulation is realized for n = 50. We report on test errors evaluated on 1,000-elemental independent
test sets.

The results in terms of test errors are shown in Figure 5 (top). As expected, ¢;-norm MKL
performs best and reaches the Bayes error in the sparsest scenario. In contrast, the vanilla SVM
using a uniform kernel combination performs best when all kernels are equally informative. The
non-sparse {4/3-norm MKL variants perform best in the balanced scenarios, that is, when the noise
level is ranging in the interval 64%-92%. Intuitively, the non-sparse /4/3-norm MKL is the most
robust MKL variant, achieving test errors of less than 12% in all scenarios. Tuning the sparsity
parameter p for each experiment, £,-norm MKL achieves low test error across all scenarios.

6.5.2 BOUND

We evaluate the theoretical bound factor (32) (simply setting o0 = 1) for the six learning scenarios
considered. To furthermore analyze whether the p that are minimizing the bound are reflected in
the empirical results, we compute the test errors of the various MKL variants again, using the setup
above except that we employ a local search for finding the optimal p. The results are shown in
Figure 5 (bottom). We observe a striking coincidence of the optimal p as predicted by the bound
and the p that worked best empirically: In the sparsest scenario (shown on the lower right-hand
side), the bound predicts p € [1,1.14] to be optimal and indeed, in the experiments, all p € [1,1.15]
performed best (and equally well) while p = 1.19, already has a slightly (but significantly) worse
test error—in striking match with our bounds. In the second sparsest scenario, the bound predicts
p = 1.25 and we empirically found p = 1.26. In the non-sparse scenarios, intermediate values
of p € [1,2] are optimal (see Figure for details)}—again we can observe a good accordance of the
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Figure 5: Toy experiment: empirical results (top) and theoretical bounds (bottom).

empirical and theoretical values. In the extreme case, that is, the uniform scenario, the bound
indicates a p that lies well beyond the valid interval of the bound (i.e., p > 2) and this is also what
we observe empirically: p € [4, 0] worked best in our experiments.

6.5.3 SUMMARY AND DISCUSSION

We can conclude that the empirical results indicate the validity of our theory: the theoretical bounds
reflect the empirically observed optimal p in the idealized setup where we know the underlying
ground true, that is, the £,-norm of the Bayes hypothesis. We also observed that the optimality of
a particular p strongly depends on the geometry of the learning task: the sparsity of the underlying
Bayes hypothesis w. This raises the question into which scenarios practical applications fall. For
example, do we rather encounter a “sparse” or non-sparse scenario in bioinformatics? However, this
investigation is beyond the scope of this paper (see Chapter 5 in Kloft (2011) for an analysis aiming
in that direction).
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The results of our analysis are especially surprising, when recalling the result of Suzuki (2011)
discussed in Section 6.2. For the setup of homogeneous eigenvalue decay of the kernels as consid-
ered in the toy experiment setup here, their bound is optimal for p = 1, regardless of the sparsity of
the Bayes hypothesis. This is counter-intuitive and in strong contrast to our empirical analysis on
synthetic data, where the optimality of a certain value of the norm parameter p crucially depends on
the sparsity of the Bayes hypothesis. At this point we have no explanation for this behavior and this
leaves an open issue for relating theory to empirical results. The analysis carried out in this paper
may serve as a starting point for subsequent analyses aiming in that direction.

7. Conclusion

We derived a sharp upper bound on the local Rademacher complexity of £,-norm multiple kernel
learning under the assumption of uncorrelated kernels. We also proved a lower bound that matches
the upper one and shows that our result is tight. Using the local Rademacher complexity bound,
we derived an excess risk bound that attains the fast rate of O(n’l%x), where o is the minimum
eigenvalue decay rate of the individual kernels.

In a practical case study, we found that the optimal value of that bound depends on the true
Bayes-optimal kernel weights. If the true weights exhibit soft sparsity but are not strongly sparse,
then the generalization bound is minimized for an intermediate p. This is not only intuitive but also
supports empirical studies showing that sparse MKL (p = 1) rarely works in practice, while some
intermediate choice of p can improve performance.

Of course, this connection is only valid if the optimal kernel weights are likely to be non-sparse
in practice. Indeed, related research points in that direction. For example, already weak connectivity
in a causal graphical model may be sufficient for all variables to be required for optimal predictions,
and even the prevalence of sparsity in causal flows is being questioned (e.g., for the social sciences
Gelman, 2010, argues that “There are (almost) no true zeros”).

Finally, we note that there seems to be a certain preference for sparse models in the scientific
community. However, previous MKL research has shown that non-sparse models may improve
quite impressively over sparse ones in practical applications. The present analysis supports this by
showing that the reason for this might be traced back to non-sparse MKL attaining better general-
ization bounds in non-sparse learning scenarios. We remark that this point of view is also supported
by related analyses.

For example, it was shown by Leeb and Potscher (2008) in a fixed design setup that any sparse
estimator (i.e., satisfying the oracle property of correctly predicting the zero values of the true target
w*) has a maximal scaled mean squared error (MSMSE) that diverges to . This is somewhat
suboptimal since, for example, least-squares regression has a converging MSMSE. Although this
is an asymptotic result, it might also be one of the reasons for finding excellent (non-asymptotic)
results in non-sparse MKL. In another, recent study of Xu et al. (2008), it was shown that no sparse
algorithm can be algorithmically stable. This is noticeable because algorithmic stability is connected
with generalization error (Bousquet and Elisseeff, 2002).
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Appendix A. Relation of MKL to Block-Norm Formulation

For completeness, we show in this appendix the relation of kernel weights formulation of MKL to
block-norm formulation.

A.1 The Case p € [1,2]

We show that denoting w = (w'!), ..., w™)), for any g € [1,c], the hypothesis class
M
{fo'_> Z <wm7 V em¢m(x)> ‘ HwHZ <D, Ho”q < 1}7 (33)
m=1

is identical to the block norm class
Hypy={f:x— (w,0(x)) | wll,, <D} 34

where p 1= Tq This is known since Micchelli and Pontil (2005). To this end, first we rewrite (33)
as

M
wm
H,,,D,M:{f X { ‘ Z | ”2 <D |6, <1} (35)

However, solving

1y Jlwnll3
inf ) 20 st [0, <1
6 24 6,
for fixed w > 0, the optimal @ is attained at
ol
[

0, = Vm=1,....M.

qul 1/4’
Yot 1w 3

Plugging the latter into (35), we obtain (34) with p = Tq which was to show.
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A.2 The Case p €]2,00]

Even if p > 2, we can obtain an alternative formulation of the block norm MKL problem, as
shown in Aflalo et al. (2011), by the definition of the dual norm |||, of a norm |||, that is,
[Ix[l, = supy, (,y) —[|y[|, it holds

2 2 M % 2
lol3, = [(lwalp) | = s Y O fwal-
" m=1llp/2 " g:)6]| <1 mmt

Thus defining ¢ := (p/2)* we can obtain a learning-the-kernel MKL formulation from the above

equation. A difference to the case p < 2 lies in the kernel weights 0,, appearing in the nominator
instead of the denominator.

Appendix B. Lemmata and Proofs
The following result gives a block-structured version of Holder’s inequality (e.g., Steele, 2004).

Lemma 15 (Block-structured Holder inequality). Ler & = (2(M),... 2 y = (yI ... y") e
H = H, x --- x Hy. Then, for any p > 1, it holds

(@,y) <llzl2plyll2, -

Proof By the Cauchy-Schwarz inequality (C.-S.), we have for all x,y € H:

m) )y S -
(x,y) = @™ y"™) < Y lzll2llyll
1 m=1
= (&2, 12 2), (Y2, 1y ]2)).

<zl pllyllp

= Mz

Proof of Lemma 3 (Rosenthal + Young) It is clear that the result trivially holds for % <p<l1
with C, = 1 by Jensen’s inequality . In the case p > 1, we apply Rosenthal’s inequality (Rosenthal,
1970) to the sequence Xi,...,X, thereby using the optimal constants computed in Ibragimov and
Sharakhmetov (2001), that are, C; = 2 (¢ < 2) and C;, = EZ? (g > 2), respectively, where Z is a
random variable distributed according to a Poisson law with parameter A = 1. This yields

1 n q 1 n 1 n q
E<”,-—lei> < C,max (nqi;IEXiq, (ni_zlx,) ) (36)

By using that X; < B holds almost surely, we could readily obtain a bound of the form nlj—i’l on the
first term. However, this is loose and for ¢ = 1 does not converge to zero when n — co. Therefore,
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we follow a different approach based on Young’s inequality (e.g., Steele, 2004):

IA
N
S
N————
il
N \bT
1=
=
25

|
EZ}EXZ.
1=

It thus follows from (36) that for all g > %

(3 5x) <a((2)+ (E=0))

where C, can be taken as 2 (¢ < 2) and EZ? (g > 2), respectively, where Z is Poisson-distributed. In
the subsequent Lemma 16 we show EZ¢ < (¢+¢)4. Clearly, for g > % itholds g+e < ge+eq =2eq
so that in any case C, < max(2,2eq) < 2eq, which concludes the result. [ |

We use the following Lemma gives a handle on the g-th moment of a Poisson-distributed random
variable and is used in the previous Lemma.

Lemma 16. For the g-moment of a random variable Z distributed according to a Poisson law with
parameter A = 1, the following inequality holds for all ¢ > 1:

1k
Ez1 L - Y < (g+e).
e /= k!

Proof We start by decomposing EZ4 as follows:

Q| =

9 k4 © k4
E! = 0+,;E+ X a

k=g+1

Il
Q| =
N
~
(gl
Py
I
|| &
=
+
D1
RS
S~

(37

IA
Q| —
VR

Q

B}

+
(ol
~| =
~

(38)
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Note that by Stirling’s approximation it holds k! = v/2me™k (£)? with T < W < 1 for all g.
Thus
Y =1,
_— = e 4 ki(qu)
k:qzﬂ K kzgil V2metk
— - 1 ek+qkfk

=1 V2meta(k+q)

= 1 e\k
Y o ()
k; 2me"+a(k+q) \k

(+) = 1 e\
L )

k; 2mek \k
Stiing o = l'

= k!

eq-H

where for (x) note that e%k < e%+(k+ ¢) can be shown by some algebra using #ﬂ < < 1o
Now by (37)

1
EZ? =~ (g7 +e"") <qf+e? < (q+e)?,

which was to show. |

Lemma 17. For any a,b € R"! it holds for all g > 1

1-1
lall, +1bll, <27 [la+bl|, <2|[a+b],-

Proof Let a = (ay,...,a,) and b= (by,...,b,,). Because all components of a,b are nonnegative,
we have

Vi=1,....m: a?+b?§ (a,-+b,-)q

and thus
lall7 +1b]|Z < lla+b]. (39)

We conclude by /,-to-£; conversion (see (20))

200 ;1 1 1
lall,+16l, = [l(lall,161,)], < 2' ;H(Ilqu,Hbllq)Hq = 2" (Jlaflg+ b)2)7
(9 1
< 27 9la+bl,,
which completes the proof. |
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