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Abstract

We consider the least-square regression problem with regularization by a block 1-norm,
i.e., a sum of Euclidean norms over spaces of dimensions larger than one. This problem,
referred to as the group Lasso, extends the usual regularization by the 1-norm where all
spaces have dimension one, where it is commonly referred to as the Lasso. In this paper,
we study the asymptotic model consistency of the group Lasso. We derive necessary and
sufficient conditions for the consistency of group Lasso under practical assumptions, such
as model misspecification. When the linear predictors and Euclidean norms are replaced
by functions and reproducing kernel Hilbert norms, the problem is usually referred to as
multiple kernel learning and is commonly used for learning from heterogeneous data sources
and for non linear variable selection. Using tools from functional analysis, and in particular
covariance operators, we extend the consistency results to this infinite dimensional case
and also propose an adaptive scheme to obtain a consistent model estimate, even when the
necessary condition required for the non adaptive scheme is not satisfied.

1. Introduction

Regularization has emerged as a dominant theme in machine learning and statistics. It pro-
vides an intuitive and principled tool for learning from high-dimensional data. Regulariza-
tion by squared Euclidean norms or squared Hilbertian norms has been thoroughly studied
in various settings, from approximation theory to statistics, leading to efficient practical al-
gorithms based on linear algebra and very general theoretical consistency results ([Cikhonoy

Rnd Arsentr, [[097, Wahba, [[990, Fastic ot all, P00T, Btetnward, P00, Cicker and Smald,
Ro02).

In recent years, regularization by non Hilbertian norms has generated considerable inter-
est in linear supervised learning, where the goal is to predict a response as a linear function
of covariates; in particular, regularization by the 1-norm (the sum of absolute values), a
method commonly referred to as the Lasso ([Tibshirani, {994, [Dsborne et all, P00(), allows
to perform variable selection. However, regularization by non Hilbertian norms cannot be
solved empirically by simple linear algebra and instead leads to general convex optimiza-
tion problems and much of the early effort has been dedicated to algorithms to solve the

optimization problem efficiently. In particular, the Lars algorithm of [Efron et al] (P004)




allows to find the entire regularization path (i.e. the set of solutions for all values of the
regularization parameters) at the cost of a matrix inversion.

As the consequence of the optimality conditions, regularization by l-norm leads to
sparse solutions, i.e., loading vectors with many zeros. Recent works (fhao and Y, 006,
Yuan and Lid, R007, FZou, P006) have looked precisely at the model consistency of the
Lasso, i.e., if we know that the data were generated from a sparse loading vector, does the
Lasso actually recover it when the number of data points grows? In the case of a fixed
number of covariates, the Lasso does recover the sparsity pattern if and only if a certain
simple condition on the generating covariance matrices is verified (Yuan and Linl, 2007). In
particular, in low correlation settings, the Lasso is indeed consistent. However, in presence
of strong correlations, the Lasso cannot be consistent, shedding light on potential problems
of such procedures for variable selection. Adaptive versions where data-dependent weights
are added to the 1-norm allow to keep the consistency in all situations (Fou, P00E).

A cousin to the Lasso is the group Lasso, where the covariates are assumed to be clustered
in groups, and instead of summing the absolute values of each individual loading, the sum of
Euclidean norms of the loadings in each group is used. Intuitively, this should drive all the
weights in one group to zero together, and thus lead to group selection ([Yuan and Lid, P006).
In Section B, we extend the consistency results of the Lasso to the group Lasso, showing
that similar correlation conditions are necessary and sufficient conditions for consistency.
The passage from groups of size one to groups of larger sizes leads however to a slightly
weaker result as we can not get a single necessary and sufficient condition (in Section P.4,
we show that the stronger result similar to the Lasso is not true as soon as one group has
dimension larger than one). In our proofs, we relax the assumptions usually made for such
consistency results, i.e., that the model is completely well-specified (conditional expectation
of the response which is linear in the covariates and constant conditional variance). In the
context of misspecification, which is a common situation when applying methods such as
the ones presented in this paper, we simply prove convergence to the best linear predictor
(which is assumed to be sparse), both in terms of loading values and sparsity patterns.

The group Lasso essentially replaces groups of size one by groups of size larger than
one. It is natural in this context to allow the size of each group to grow unbounded, i.e.,
to replace the sum of Euclidean norms by a sum of appropriate Hilbertian norms. When
the Hilbert spaces are reproducing kernel Hilbert spaces (RKHS), this procedure turns out
to be equivalent to learn the best convex combination of a set of basis kernels, where each
kernel corresponds to one Hilbertian norm used for regularization (Bach et al], 004a). This
framework, referred to as multiple kernel learning (Bach et all], R0044)), has applications
in kernel selection, data fusion from heterogeneous data sources and non linear variable
selection (Lanckriet et al], R004d). In this latter case, multiple kernel learning can exactly
be seen as variable selection in a generalized additive model (Hastie and Tibshirani, [[990).
We extend the consistency results of the group Lasso to this non parametric case, by using
covariance operators and appropriate notions of functional analysis. These notions allow
to carry out the analysis entirely in “primal/input” space, while the algorithm has to work
in “dual/feature” space to avoid infinite dimensional optimization. Throughout the paper,
we will always go back and forth between primal and dual formulations, primal formulation
for analysis and dual formulation for algorithms.




The paper is organized as follows: in Section [, we present the consistency results for the
group Lasso, while in Section [J, we extend these to Hilbert spaces. Finally, we present the
adaptive scheme in Section {] and illustrate our set of results with simulations on synthetic
examples in Section .

2. Consistency of the group-Lasso

We consider the prediction problem of Y € R from X € RP, where X has a block structure
with m blocks: X = (Xi,...,Xp,) with each X; € RP, and 377", p; = p. The only
assumptions that we make on the joint distribution Pxy are the following:

(A1) X and Y have finite fourth order moments: E||X||* < co and E||Y||* < cc.
(A2) The joint matrix of second order moments X xxy = EXX T e RP*P ig invertible.

(A3) We let w € RP denote any minimizer of E(Y — X "w)?. We assume that E((Y —
w ! X)?|X) is almost surely greater than o2, > 0. We let denote J = {j, w; = 0} the
sparsity pattern of w.!

The assumption (Af) does not state that E(Y|X) is a linear function of X and that the
conditional variance is constant, as is commonly done in most works dealing with consistency
for linear supervised learning. We simply assume that given the best linear predictor of Y’
given X (defined by w), there is a still a strictly positive amount of variance in Y. If (AB) is
satisfied, then the loading vector w is uniquely defined and is equal tow = (EXX ") "'EXY.
Note that throughout this paper, we do not include a constant term, but we could do so
by adding a constant random variable as a group of size one. In particular, all moment
matrices are never centered and we will refer to second order moment matrices as non
centered covariance matrices, or simply covariance matrices.

We often use the notation ¢ = Y —w' X. In terms of (non centered) covariance matrices,
our assumption (AB) leads to: Yeelx = E(eg]X) > o2. and Y.x = EeX = 0 (but ¢ might
not in general be independent from X).

We always assume that the number m of groups is fixed and finite. Considering cases
where m is allowed to grow with the number of observed data points, in the line of
Ehausen and Y4 (R006), is outside the scope of this paper.

Notations Throughout this paper, we consider block covariance matrices ¥ xx with m?
blocks ¥ x,x;, i,7 = 1,;m. We refer to the submatrix composed of all blocks indexed by
sets I, J as Xx,x,. Similarly, our loadings are vectors defined following block structure,
w = (wy,...,wy) and we denote wy the elements indexed by 1.

2.1 Group-Lasso

We consider independent and identically distributed (i.i.d.) data (x;,y;) € RP X R, i =
1,...,n, sampled from Pxy and the data are given in the form of matrices ¥ € R” and
X € R™P and we write X = (X1,..., X;) where each X; € R"*?i. Throughout this paper,

1. Note that throughout this paper, we use boldface fonts for population quantities.



we make the same i.i.d. assumption; dealing with non identically distributed or dependent
data and extending our results in those situations are left for future research.
We consider the following optimization problem:
1 m
in —IV — Xapll? NMaps

i 51V = Xl + 003

j:
where d; is a set of strictly positive fixed weights. Note that considering weights in the
block 1-norm is important in practice as those have an influence regarding the consistency

of the estimator (see Section [ for further details). Note that we can rewrite = ||V — Xw||?
as follows:

1 - — 1. - 1 -
—HY — Xw||2 = =Yyy — 2yxw + —wTEXXw,
2n 2 2

where iyy = %YTY, i]yx = %?TX' and ﬁ]XX = %X'TX' are empirical (non centered)
covariance matrices. Our optimization problem is thus equivalent to:

m
i, 35 = S+ gu S+ A, Z d;[w;]. (1)
We denote 0 any minimizer of Eq. (). We refer to w as the group-Lasso estimate?. Note
that with probability tending to one, if (AP)) is satisfied (i.e., if ¥x x is invertible), there is
a unique minimum.

Problem (f]) is a non-differentiable convex optimization problem, for which classical tools
from convex optimization (Boyd and Vandenberghd, R003) lead to the following optimality
conditions (see proof in Appendix [A]]):

Proposition 1 A vector w € RP with sparsity pattern J = J(w) = {j, w; # 0} is optimal
for problem (1) if and only if

vj e Je, Hixjxw - zA3XJ-YH < Andj, (2)
) A A And;

VJ S J, EXij—Eij:—wj” 2y (3)
wj |

2.2 Algorithms

Efficient exact algorithms exist for the regular Lasso, i.e., for the case where all group
dimensions p; are equal to one. They are based on the piecewise linearity of the set of
solutions as a function of the regularization parameter )\, (Efron et al] R004). For the
group Lasso, however, the path is only piecewise differentiable, and following such a path is
not as efficient as for the Lasso. Other algorithms have been designed to solve problem ([
for a single value of \,, in the original group Lasso setting ([Yuan and Lin, R00d) and in
the multiple kernel setting (Bach et al], P0044H, Fonnenburg et al], 006, Rakotomamonjyj
Bt al], 007). In this paper, we study path consistency of the group Lasso and of multiple
kernel learning, and in simulations we use the publicly available code for the algorithm
of Bach et al] (R004H), that computes an approximate but entire path, by following the
piecewise smooth path with predictor-corrector methods.

2. We use the convention that all “hat” notations correspond to data-dependent and thus n-dependent
quantities, so we do not need the explicit dependence on n.



2.3 Consistency results
We consider the following two conditions:

1

max — ||Yx,x, T3 x, Diag(d /[wslwa | < 1, (4)
ieJe dl
max — || x,x, 3, Diag(d /[wslwa | < 1, (5)
ieJe dl

where Diag(d;/||w;||) denotes the block-diagonal matrix (with block sizes p;) with erﬁlpj
on the diagonal, and wj denotes the concatenation of the loadings indexed by J. These are
conditions on both the input (through the joint covariance matrix ¥ xx) and on the weight
vector w. Note that, when all blocks have size 1, this corresponds to the conditions derived
for the Lasso (Zhao and Yd, P00, Fuan and Lin|, P00, Fod, P006). Note also the difference
between the strong condition (fJ) and the weak condition (f]). For the Lasso, with our
assumptions, [Yuan and Lin (PO_O7|) has shown that the strong condition (@) is necessary and
sufficient for path consistency of the Lasso; i.e., the path of solutions consistently contains
an estimate which is both consistent for the 2-norm (regular consistency) and the 0-norm
(consistency of patterns), if and only if condition ([) is satisfied.

In the case of the group Lasso, even with a finite fixed number of groups, our results are
not as strong, as we can only get the strict condition as sufficient and the weak condition
as necessary. In Section P.4, we show that this cannot be improved in general. More
precisely the following theorem, proved in Appendix B.1], shows that if the condition (f]) is
satisfied, any regularization parameter that satisfies a certain decay conditions will lead to
a consistent estimator; thus the strong condition () is sufficient for path-consistency:

Theorem 2 Assume (Af]), (AR) and (AB). If condition () is satisfied, then for any
sequence A, such that A, — 0 and A\,n'/? — 400, then the group-Lasso estimate W defined
in Eq. (1) converges in probability to w and the sparsity pattern J(w) = {j,w; # 0}
converges in probability to J (i.e., P(J(w) =J) — 1).

The following theorem, proved in Appendix B.2, states that if there is a consistent
solution on the path, then the weak condition (f|) must be satisfied.

Theorem 3 Assume (Afl]), (AR) and (AB). If there exists a (possibly data-dependent) se-
quence A, such that w converges to w and J(w) converges to J in probability, then condition

(3) is satisfied.

On the one hand, Theorem [ states that under the “low correlation” condition (), the
group Lasso is indeed consistent. On the other hand, the result (and the similar one for the
Lasso) is rather disappointing regarding the applicability of the group Lasso as a practical
group selection method, as Theorem [ states that if the weak correlation condition () is
not satisfied, we cannot have consistency.

Moreover, this is to be contrasted with a thresholding procedure of the joint least-
square estimator, which is also consistent with no conditions (but the invertibility of ¥ xx),
if the threshold is properly chosen (smaller than the smallest norm ||w;|| for j € J or with
appropriate decay conditions). However, the Lasso and group Lasso do not have to set such



a threshold, and empirical evidence shows that in the finite sample case, they do perform
better ([Libshirani, [1994), in particular in the case where the number m of groups is allowed
to grow (Meinshausen and Yu, R006). In this paper we focus on the extension from uni-
dimensional groups to multi-dimensional groups for finite number of groups m and leave
the possibility of letting m grow with n for future research.

Finally, by looking carefully at condition () and (ff), we can see that if we were to
increase the weight d; for j € J¢ and decrease the weights otherwise, we could always be
consistent: this however requires the (potentially empirical) knowledge of J and this is
exactly the idea behind the adaptive scheme that we present in Section .

2.4 Refinements of sufficient condition

Our current results state that the strict condition ([) is sufficient for path-consistency of the
group Lasso, while the weak condition (J) is only necessary. When all groups have dimension
one, then the strict condition is also necessary ([Yuan and Lin], P007). The main technical
reason for this difference is that in dimension one, the set of vectors of unit norm is discrete,
and thus regular squared norm consistency leads to estimates of the signs of the loadings
(i.e., their normalized versions w;/||w;|) which are ultimately constant. When groups have
size larger than one, then w;/||w;|| will not be ultimately constant (just consistent) and
this added dependence on data leads to the following refinement of Theorem [ (see proof

in Appendix B.3):
Theorem 4 Assume (Afl]), (AR) and (AB). Assume the weak condition () is satisfied

and that for all i € J¢ such that d%' HEXiXJE)_éXJ Diag(d;/||w;||)wj ‘ =1, we have
w T
T -1 WiW;
A EXJXiEXiXJEXJXJ Diag d]/”W]” ij - 7 A >0, (6)
Wj W

with A = —E;éXJ Diag(d;/||w;|)ws. Then for any sequence \, such that A\, — 0 and
Anl/* — o0, then the group-Lasso estimate 0 defined in Eq. (@) converges in probability
to w and the sparsity pattern J(w) = {j,w; # 0} converges in probability to J.

This theorem is of lower practical significance than Theorem P] and Theorem J. It merely
shows that the link between strict/weak conditions and sufficient /necessary conditions are
in a sense tight (as soon as there exists j € J such that p; > 1, it is easy to exhibit examples
where Eq. () is or is not satisfied). The previous theorem does not contradict the fact that
condition () is necessary for path-consistency in the Lasso case: indeed, if w; has dimension

Wl
one, then I;,, — % is always equal to zero, and thus Eq. (f) is never satisfied. Note that

J
when condition (é) is an equality, we could still refine the condition by using higher orders
in the asymptotic expansions presented in Appendix [B-3.

2.5 Loading independent sufficient condition

Condition (f) depends on the loading vector w and on the sparsity pattern J, which are
both a priori unknown. In this section, we consider sufficient conditions that do not depend
on the loading vector, but only on the sparsity pattern J and of course on the covariance



matrices. The following condition is sufficient for consistency of the group-lasso, for all
possible loading vectors w with sparsity pattern J:

1
—Xx, XJEXJX Dlag(d) uy|| < 1. (7)

d;

C(Xxx,d,J) =max max
i€de Vied, [|u;ll=1
As opposed to the Lasso case, C(Xxx,d,J) cannot be readily computed in closed form,
but we have the following upper bound:

by d,J) — d;
C(Exx, rlrgg ;

ZEX X ( XJXJ>k.j

keJ

)

where for a matrix M, ||M|| denotes its maximal singular value (also known as its spectral
norm). This leads to the following sufficient condition for consistency of the group-Lasso

(which extends the condition of [Yuan and Lir] (R007)):
max - 3 d; |3 S, (k)

' jel keJ

<L (8)

Note that testing the existence of a set of weights d such that Eq. () is true is a linear
programming problem. Moreover, given a set of weights d, better sufficient conditions than
Eq. (§) may be obtained by solving a convex optimization problem:

2
Proposition 5 The quantity y Jmﬁax” ‘ XXXy E}iXJ Diag(dj)uJH 1s upperbounded by
jed, Uj =1
. -1 -1 .
M>;01,nt?}1\{/1“:1 trM (Dlag(dj)EXJXJ Exx XX 5, Xy Dlag(dj)> , (9)

where M is a matriz defined by blocks following the block structure of ¥ x,x,. Moreover,
the bound is also equal to

. min . )\Tlm.
AeR™, Diag(dj)EXJXJ Exyx, XX, Xy ZXJX Diag(d;)<Diag())

Proof We let denote M = wu' = 0. Then if all u; for j € J have norm 1, then we have
trM;; = 1 for all j € J. This implies the convex relaxation. The second problem is easily
obtained as the convex dual of the first problem (Boyd and Vandenberghd, R003)). [ |

Note that for the Lasso, the convex bound in Eq. (f) is tight and leads to the bound given
above in Eq. () and by fuan and Lin] (2007). For the Lasso, Zhao and Yu (2006) consider
several particular patterns of dependencies using Eq. (§). Note that this condition (and
not the condition in Eq. () is independent from the dimension and thus does not readily
lead to rules of thumbs allowing to set the weight d; as a function of the dimension p;;
several rules of thumbs have been suggested, that loosely depend on the dimension on the
blocks, in the context of the linear group Lasso (Yuan and Lin, P00F) or multiple kernel
learning (Bach et al], R004h); we argue in this paper, that weights should also depend on
the response as well (see Section []).




2.6 Alternative formulation to the group-Lasso

Following [Bach et al] (R004al), we can instead consider regularization by the square of the
block 1-norm:

2

—Y Xwl?
u%& | wl|® + un Zdllng

This leads to the same path of solutions, but it is better behaved because each variable
which is not zero is still regularized by the squared norm. The alternative version has also
two advantages: (a) it has very close links to more general frameworks for learning the kernel
matrix from data ([Lanckriet et al] R004h), and (b) it is essential in our proof of consistency
in the functional case. We also get the equivalent formulation by using empirical covariance
matrices:

2

1. m
wme%) §EYY—EYXU)+ w TS xxw + ,Un Z;deij . (10)

The following proposition gives the optimality conditions for the convex optimization prob-
lem defined in Eq. ([[()) (see proof in Appendix [A.7):

Proposition 6 A vector w € RP with sparsity pattern J = {j, w; # 0} is optimal for
problem ([14) if and only if

vieds  [Sxxw =S| < md; (5 diflwi). (1)
djw;

sl

Note the correspondence at the optimum between optimal solutions of the two optimization
problems in Eq. () and Eq. ([d) through X\, = p, (3, di||wil]). As far as consistency
results are concerned, Theorem [ immediately applies to the alternative formulation because
the regularization paths are the same. For Theorem [, it does not readily apply. But
since the relationship between A, and g, at optimum is A\, = py (>, di|lw;||) and that
>, dil|w;]| converges to a constant whenever w is consistent, it does apply as well with
minor modifications (in particular, to deal with the case where J is empty, which requires

fhy, = 0O).

Vied,  Exxw—Sxy = —pn (O, dillwill) T (12)

3. Covariance operators and multiple kernel learning

We now extend the previous consistency results to the case of non-parametric estimation,
where each group is a potentially infinite dimensional space of functions. Namely, the
non parametric group Lasso aims at estimating a sparse linear combination of functions of
separate random variables, and can then be seen as a variable selection in a generalized
additive model ([Hastie and Tibshirani, [[990). Moreover, as shown in Section B.§, the non-
parametric group Lasso may also be seen as equivalent to learning a convex combination of
kernels, a framework referred to as multiple kernel learning (MKL).

In this nonparametric context, covariance operators constitute appropriate tools for
the statistical analysis and are becoming standard in the theoretical analysis of kernel




methods (Fukumizu et al], P004, [Gretton et al], P00, Fukumizu et al], 007, [Caponnettd
[ and de Vitd, R005). The following section reviews important concepts. For more details,

see Bakel] (1973) and [Fukumizu et al] (R004).

3.1 Review of covariance operator theory

In this section, we first consider a single set X and a positive definite kernel k on X,
associated with the reproducing kernel Hilbert space (RKHS) F of functions from X to
R (see, e.g., Bcholkopf and Smolg (ROOI) or Berlinet and Thomas-Agnan| (R003) for an
introduction to RKHS theory). The Hilbert space and its dot product (-,-) are such that
for all x € X, then k(-,z) € F and for all f € F, (k(-,x), f) = f(x), which leads to the
reproducing property (k(-,x),k(-,y)) = k(z,y) for any (z,y) € X x X.

Covariance operator and norms Given a random variable X on X with bounded
second order moment, i.e., such that Ek(X,X) < oo, we can define the (non centered)
covariance operator as the bounded linear operator X xx from F to F such that for all
(f.9) € FxF,

(f;Exxg) = E(f(X)g(X)).

The operator X x x is auto-adjoint, non-negative and Hilbert-Schmidt, i.e., for any orthonor-
mal basis (ep)p>1 of F, then 302, |2 xxe,||? is finite; in this case, the value does not depend
on the chosen basis and is referred to as the square of the Hilbert-Schmidt norm. The norm
that we use by default in this paper is the operator norm [|Exx|| = supser, =1 IZxx fll;
which is dominated by the Hilbert-Schmidt norm. Note that in the finite dimensional case,
the (non centered) covariance operator is exactly the (non centered) covariance matrix, and
the Hilbert-Schmidt norm is the Frobenius norm, while the operator norm is the maximum
singular value (also referred to as the spectral norm).

Empirical estimators Given data x;,7 = 1,...,n sampled i.i.d. from Pyx, then the em-
pirical estimate ¥ x x of X x x is defined such that (f, ¥ xxg) is the empirical (non centered)
covariance between f(X) and g(X), which leads to:

. 1 &

where u ® v is the operator defined by (f,(u ® v)g) = (f,u){g,v). If we further assume
that the fourth order moment is finite, i.e., Ek(X, X)? < oo, then the estimate is uniformly
consistent i.c., |[Lxx — Xxx/| = Op(n~"/?) (see Fukumizu et al] (B007) and Appendix [C.1)),
which generalizes the usual result of finite dimension.?

Cross-covariance and joint covariance operators Covariance operator theory can be
extended to cases with more than one random variables (Bakei], [[973)). In our situation, we
have m input spaces X1, ..., X, and m random variables X = (X7,...,X,,) and m RKHS
Fiyeooy Fm-

3. A random variable Z, is said to be of order Op(ay) if for any n > 0, there exists M > 0 such that
sup,, P(|Zn| > Man) < 1. See Van der Vaart] ([199q) for further definitions and properties of asymptotics
in probability.




If we assume that Ek;(X;, X;) < oo, for all j = 1,...,m, then we can naturally define
the cross-covariance operators X x, x, from F; to JF; such that V(f;, f;) € F; x Fj,

(fi:Zx,x; f5) = E(fi(Xa) (X))

These are also Hilbert-Schmidt operators, and if we further assume that Ek;(X;, X j)2 < 00,
for all j = 1,...,m, then the natural empirical estimators converges to the population
quantities in Hilbert-Schmidt and operator norms at rate Op(n~/2). We can now define
a joint block covariance operator on F = F; X --- X F, following the block structure
of covariance matrices in Section . As in the finite dimensional case, it leads to a joint
covariance operator X xx and we can refer to sub-blocks as ¥ x, x, for the blocks indexed

by I and J.

Moreover, we can define the bounded (i.e., with finite operator norm) correlation oper-

ators through Xx,x, = Eﬁ(/inC XX, Eﬁ(/ij (Bakeil, [979). Throughout this paper we will

make the assumption that those operators Cx,x; are compact for i # j: compact oper-
ators can be characterized as limits of finite rank operators or as operators that can be
diagonalized on a countable basis with spectrum composed of a sequence tending to zero
(see, e.e., Brezi§ ([[98()). This implies that the joint operator Cx x, naturally defined on
F =F; X -+ X Fp, is of the form “identity plus compact”. It thus has a minimum and a
maximum eigenvalue which are both between 0 and 1 (Brezid, [[980). If those eigenvalues are
strictly greater than zero, then the operator is invertible, as are all the square sub-blocks.
Moreover, the joint correlation matrix is lower-bounded by a strictly positive constant times
the identity operator.

Translation invariant kernels A particularly interesting ensemble of RKHS in the con-
text of nonparametric estimation is the set of translation invariant kernels defined over
X = RP, where p > 1, of the form k(x,2') = gq(2’ — z) where ¢ is a function on RP with
pointwise nonnegative integrable Fourier transform (which implies that ¢ is continuous).
In this case, the associated RKHS is F = {q1/2 x g, g € L?(RP)}, where q1/2 denotes the
inverse Fourier transform of the square root of the Fourier transform of ¢ and * denotes
the convolution, and L?(RP) denotes the space of square integrable functions. The norm is

equal to
s [IFW)P
117 = [ o

where I and @Q are the Fourier transforms of f and ¢ (Wahba|, {990, Bcholkopf and Smold,
R001)). Functions in the RKHS are then functions with appropriately integrable derivatives.

In this paper, when using infinite dimensional kernels, we use the Gaussian kernel &, (z,z’) =

12
q¢r-(x—12') = exp(—inm%x2 [ ).

One-dimensional Hilbert spaces In this paper, we also consider real random variables
Y and e embedded in the natural Euclidean structure of real numbers (i.e., we consider
the linear kernel on R). In this setting the covariance operator ¥ x .y from R to F; can
be canonically identified as an element of F;. Throughout this paper, we always use this
identification.

10



3.2 Problem formulation

We assume in this section and in the remaining of the paper that X; € &; where Xj; is
any set on which we have a reproducible kernel Hilbert spaces Fj, associated with the
positive kernel k; : X; x &; — R. We now make the following assumptions, that extends
the assumptions (Afl]), (AB) and (AB). For each of them, we detail the main implications
as well as common natural sufficient conditions. The first two conditions (AH]) and (A
depend solely on the input variables, while the two other ones, (Af) and (A[]) consider the
relationship between X and Y.

(A4) For each j =1 ...,m, F; is a separable reproducing kernel Hilbert space associated
with kernel k;, and the random variables k;(-, X;) have finite fourth-order moment,
ie., Ek;(X;,X;)? < cc.

This is a non restrictive assumption in many situations; for example, when (a) X; = RPs
and the kernel function (such as the Gaussian kernel) is bounded, and when (b) &; is a
compact subset of RPs and the kernel is any continuous function such as linear or polynomial.
This implies notably, as shown in Section B.1], that we can define covariance, cross-covariance
and correlation operators that all Hilbert-Schmidt (Bakei, [973, Fukumizu et al], P007) and
can all be estimated at rate O,(n~'/2).

(A5) All cross-correlation operators are compact and the joint correlation operator C'xx is
invertible.

This is also a condition uniquely on the input spaces and not on Y. Following [Fukumizu et al)
(R007), a simple sufficient condition is that we have measurable spaces and distributions
with joint density px (and marginal distributions px,(z;) and px,x, (z;,7;)) and that the
mean square contingency between all pairs of variables is finite, i.e.

E{—pxixf(xi’xj) — 1} < 0.
px; (Ti)px; (25)

The contingency is a measure of statistical dependency (Reny], [959), and thus this sufficient
condition simply states that two variables X; and X, cannot be too dependent. In the
context of multiple kernel learning for heterogeneous data fusion, this corresponds to having
sources which are heterogeneous enough. Essentially, we use this assumption to make sure
that the functions fi,...,f,, are unique. This ensures the non existence of any set of
functions fi,..., fm in Fq, ..., Fm, such that Efj(Xj)2 > 0 and a linear combination is zero
on the support of the random variables. In the context of generalized additive models, this
assumption is referred to as the empty concurvity space assumption (Hastie and Tibshirani,

990).

(A6) There exists functions f = (f1,...,f,) € F = F1 x --- x Fp, and a function h of
X = (X1,..., X;) such that E(Y|X) = Y7, £5(X;) + h(X) with EA(X)? < oo and
Eh(X)f;(X;) =0forallj=1,...,mand f; € F;. We assume that E((Y —f(X))?|X)
is almost surely greater than o2, > 0 and smaller than o2, < co. We let denote
J = {j,f; = 0} the sparsity pattern of f.

11



This assumption on the conditional expectation of Y given X is not the most general and
follows common assumptions in approximation theory (see, e.g., Caponnetto and de Vitd
(R00H), [Cucker and Smald (P003) and references therein). It allows misspecification, but it
essentially requires that the conditional expectation of Y given sums of measurable functions
of X; is attained at functions in the RKHS, and not merely measurable functions. Dealing
with more general assumptions requires to consider consistency for norms weaker than
the RKHS norms (Caponnetto and de Vitd, P003, Bteinwar, R001]), and is left for future
research. Note also, that to simplify proofs, we assume a finite upper-bound o2, on the
residual variance.

‘ ‘ ‘ w2 o 1/2
(AT) For all j, 3g; € F; such that f; = EXijgj, i.e., each f; is in the range of EXij'

This technical condition, already used by [Caponnetto and de Vitd (P00J), which concerns
all RKHS independently, ensures that we obtain consistency for the norm of the RKHS
(and not another weaker norm) for the least-squares estimates. Note also that it implies
that E fj(Xj)2 > 0. For practical cases, this is not a restrictive assumption. Indeed, for
finite dimensional Hilbert spaces, this is always true. For the common situation where
X; = RPj, Px, (the marginal distribution of X;) has a density px;(x;) with respect to
the Lebesgue measure and the kernel is of the form k;(z;,2}) = ¢;(x; — 2), we have the
following proposition (proved in Appendix [C.5):

Proposition 7 Assume X = RP and X is a random variable on X with distribution Px
that has a strictly positive density px(x) with respect to the Lebesque measure. Assume
k(z,2") = q(x — 2') for a function ¢ € L*(RP) has an integrable pointwise positive Fourier
transform, with associated RKHS F. If f can be written as f = q* g (convolution of q¢ and

g) with [ 5;(;6();) dx < oo, then f € F is in the range of the square root E¥§( of the covariance
operator.

The previous proposition gives natural conditions regarding f and px. Indeed, the condition
2

5;(;6()95) dx < oo corresponds to a natural support condition, i.e., f should be zero where X
has no mass, otherwise, we will not be able to estimate f; note the similarity with the usual

condition regarding the variance of importance sampling estimation (Brémaud), [999).

Notations Throughout this section, we refer to functions f = (f1,...,fm) € F = F1 X
-+ X F, and the joint covariance operator X x x. In the following, we always use the norms
of the RKHS. When considering operators, we use the operator norm. We also refer to a
subset of f indexed by J through f;.

3.3 Nonparametric group Lasso

Given ii.d data (z;5,v;), ¢ = 1,...,n, j = 1,...,m, where each z;; € &j, our goal is to
estimate consistently the functions f; and which of them are zero. We let denote X and Y
the data matrices. We consider the following problem:

2 2
n

1 u i [ <
%1}1 %Z Yi —ij(xji) + 771 Zdefj”
=1 j=1

i=1

12



We obtain a similar formulation to Eq. ([[(), where empirical covariance matrices are re-
placed by empirical covariance operators:

2

min vy — (£, Sxv) + 3 (f Sxx ) + Zdum . (13)

fer 2

We let denote f any minimizer of Eq. ([[J), and we refer to it as the non parametric group
Lasso estimate, or also the multiple kernel learning estimate. Note that by Proposition [L,
the previous problem has indeed minimizers.

Note that formally, the finite and infinite dimensional formulation in Eq. ([[()) and
Eq. ([[3) are the same, and this is the main reason why covariance operators are very prac-
tical tools for the analysis. Furthermore, we have the corresponding proposition regarding
optimality conditions (see proof in Appendix [A.3):

Proposition 8 A function f € F with sparsity pattern J = J(f) = {j, f; # 0} is optimal
for problem ([13) if and only if

vieds  [Sxxs = Sxy | < pnds (Sidillfil) (14)
dif;
I1£511°
A consequence (and in fact the first part of the proof) is that an optimal function f must be
in the range of Syy and f]XX, i.e., an optimal f is supported by the data; that is, each f;
is a linear combination of functions k;(x,x;;), ¢ = 1,...,n. This is a rather circumvoluted
way of presenting the representer theorem (Wahbd, [990)), but this is the easiest for the
theoretical analysis of consistency. However, to actually compute the estimate f from data,
we need the usual formulation with dual parameters (see Section B.5).

Moreover, one important conclusion is that all our optimization problems in spaces
of functions can be in fact transcribed into finite-dimensional problems. In particular,
all notions from multivariate differentiable calculus may be used without particular care
regarding the infinite dimension.

Vied  Sxxf-Sxy=—un (X dillfil]) (15)

3.4 Consistency results

We consider the following strict and weak conditions, which correspond to condition (H)
and () in the finite dimensional case:

max - Hz . Cxxs Cx o, Ding(d; /16 Deal| < 1, (16)
max - [ £ Cxox Cilx, Ding(d/ I e < 1. an)

where Diag(d;/|/f;||) denotes the block-diagonal operator (with block sizes p;) with opera-
tors ﬁ] F; on the diagonal. Note that this is well-defined because Cxx is invertible and
J

that it reduces to Eq. (f]) and Eq. (f]) for finite dimensional spaces. The following theorems
give necessary and sufficient conditions for the path consistency of the nonparametric group
Lasso (see proofs in Appendix and Appendix [C.3):
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Theorem 9 Assume (AH), (AB) , (AW]), (Afl) and that J is not empty. If condition
(14) is satisfied, then for any sequence p, such that p, — 0 and pnnt/? — o0, then any
sequence of nonparametric group Lasso estimates f converges in probability to £ and the
sparsity pattern J(f ) = {jJ, fj # 0} converges in probability to J.

Theorem 10 Assume (AH), (AB) , (AB), (Afl) and that J is not empty. If there exists
a (possibly data-dependent) sequence p, such f converges to £ and J converges to J in
probability, then condition (I7]) is satisfied.

Essentially, the results in finite dimension also hold when groups have infinite dimen-
sions. We leave the extensions of the refined results in Section P.4 to future work. Condition
(L) might be hard to check in practice since it involves inversion of correlation operators;
see Section B.g for an estimate from data.

3.5 Multiple kernel learning formulation

Proposition § does not readily lead to an algorithm for computing the estimate f In
this section, following [Bach et al] (R0044), we link the group Lasso to the multiple kernel
learning framework (Lanckriet et al], R004H, [Pontil and Micchelli, 2005, Rakotomamonjy|
Bt al], R007) Problem ([[J) is an optimization problem on a potentially infinite dimensional
space of functions. However, the following proposition shows that it reduces to a finite
dimensional problem that we now precise (see proof in Appendix [A.4):

Proposition 11 The dual of problem ([13) is

1 - 1 al Ko
| 2 2 i 18
e { 2n I e 2, Z:r?axm d? } ’ (18)
where (K;)ap = ki(zq,2p) are the kernel matrices in R™*™, for i =1,...,m. Moreover, the

dual variable o € R™ is optimal if and only if there exists n € R’} such that ZJ 1 njdz =1
and

m
> K+ npnI, | =Y, (19)
j=1
T T
) o Kia o' K«
Vie{l,...,m}, dzj < max d?l =n; =0. (20)
' PERRE) s

the optimal function may then be written as f; = n; Y oy aik;(-, zij).

Since the problem in Eq. ([I§) is strictly convex, there is a unique dual solution a. Note
that Eq. ([9) corresponds to the optimality conditions for the least-square problem:

min%iyy —(f.Sxy) + <f Sxxf)+ Z Hw]H

fer

whose dual problem is:
Rt 2
max HY npol|® — g niKi | ap,
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and unique solution is v = (3 7 n; K + npinl,) 1Y . That is, the solution of the MKL
problem leads to dual parameters a and set of weights 1 > 0 such that « is the solution to the
least-square problem with kernel K = z 1 njK;. Bach et al] (R004a)) has shown in a very
similar context (hinge loss instead of the square loss) that the optimal 7 in Proposition [L]]
can be obtained as the minimizer of

1 1 “
J(n) = —— Y - 2 T K
() = maxc =5 IV = numa " = 5o E: ik | o

with respect to 7 > 0 such that z -1 77j = 1. This formulation allows to derive probably
approximately correct error bounds (Canckriet et al], P004H, Bousquet and Herrmanm|, P003).
Besides, this formulation allows 7 to be negative, as long as the matrix Z;”ZI n; K is positive
semi-definite. However, theoretical advantages of such a possibility still remain unclear.

3.6 Estimation of correlation condition (E)

Condition (f]) is simple to compute while the non parametric condition ([[§) might be hard
to check even if all densities are known. The following proposition shows that we can

consistently estimate the quantities HEX %, Ox.x; C’X;XJ Diag(d;/||f; H)gJ‘ given i.i.d. sam-

ples (see proof in Appendix [C.4):

Proposition 12 Assume r, — 0 and k,n'/? — co. Let o = <ZjeJ K; + nmnIn) Y and
i = J( al K;a)'2. We Then, for all i, the norm HE ,.CXiXJC;(JlXJ Diag(dj/||fj||)gJH
s consistently estimated by:
-1
1/2 1
Kj/ ZKj—i—nkanIn ZA_,KJ al . (21)

jed je3 v

In Section fJ, we use this proposition with n = 10,000 to empirically check that the condi-
tion ([[7) is not satisfied.

4. Adaptive multiple kernel learning

In previous sections, we have shown that specific necessary and sufficient conditions are
needed for path consistency of the group Lasso and multiple kernel learning. The following
procedure, adapted from the adaptive Lasso of fod (2006), leads to a two-step procedure
that always achieves consistency, with no condition such as Eq. ([[d). We first begin by the
consistency of the least-square estimate (see proof in Appendix [C.6):

Theorem 13 Assume (AH), (AB), (AB), (Af), (AB). The unique minimizer f,.iLnS of
1. . 1, - K
S2vy = Yyxf+ S {f, Exxf) + 5 SR,
=1

converges in probability to f if kn, — 0 and k,n'/? — 0. Moreover, we have HfHLnS —fll =
O, (s 1/24_,{—1”—1/2)

15



Since the least-square estimate is consistent and we have an upper bound on its conver-
gence rate, we follow (R004) and use it to defined adaptive weights d; for which we get
consistency without any conditions on the value of the correlation operators.

Theorem 14 Assume (Afl), (AB), (AB), (Af), (AB). Let f° 215 be the least-square esti-

mate with regularization parameter proportional to n='/3, as defined in Theorem [13. Let f
denote any minimizer of

2

1. A 1 A ,uon
o2vy = Byxf+ o {f, Bxxf) + ZH )il 151

For any v > 1, f converges to f and J(f) converges to J in probability.

Theorem [[4 allows to set up a specific set of weights d;. This provides a principled way
to define data adaptive weights, that allows to solve (at least theoretically) the potential
consistency problems of the usual MKL framework (see Section [ for illustration on synthetic
examples).

In the context of multiple kernel learning, the following proposition gives the expression
for the solution of the least-square problem, necessary for the computation of adaptive
weights in Theorem [[4.

Proposition 15 The solution of the least-square problem in Theorem [ is given by
-1

Vj, f]LS Zaz ng 'wztha— ZK +7”L/<:3nIn Y
7=1

1/2

with norms HfJLSH = (a"Kja)'", j=1,...,m.

Other weighting schemes have been suggested, based on various heuristics. A notable one is
the normalization of kernel matrices by their trace ([Canckriet et al], P004H), which leads to
dj = (tri]xjxj)l/z = (%trKj)l/z. Bach et al] (2004H) have observed empirically that such
normalization might lead to suboptimal solutions and consider weights d; that grow with
the empirical ranks of the kernel matrices. In this paper, we give theoretical arguments that
indicate that weights which do depend on the data are more appropriate and work better
(see Section [ for examples).

5. Simulations

In this section, we illustrate the consistency results obtained in this paper with a few simple
simulations on synthetic examples. In the finite dimensional group case, we generated a
joint random covariance matrix for 6 groups of size 3, obtained by sampling the entries of
its square root from independent standard normal distributions; three non zero loadings
were also sampled from independent standard normal distributions. Finally, we chose a
noise level of standard deviation 1/2. For cases when the correlation conditions (§) and (B)
were or were not satisfied, we then tried different weighting schemes, i.e., different ways of
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Original Adaptive Unit trace
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Figure 1: Regularization paths for the group Lasso for three weighting schemes (with corre-
lation condition satisfied): (left) unit weights, (center) adaptive weights, (right)
weights corresponding to unit trace constraint. For each of the three plots, plain
curves correspond to values of estimated 7);, dotted curves to population values
7n;, and bold curves to model consistent estimates. As expected, all weighting
schemes lead to correct model selection for at least some parts of the paths.

setting the weights d; of the block 1-norm: unit weights, weights equal to d; = (tri)xjxj )1/2
(which corresponds to unit trace constraint on the kernel matrix), and adaptive weights as
defined in Section [ In Figure [] and Figure [}, we plot the approximate regularization paths
corresponding to 200 i.i.d. samples, computed by the algorithm of Bach et al] (2004h)). We
only plot the values of the estimated variables 7);, 7 = 1, ..., m for the alternative formulation
in Section P.6, which are proportional to ||w;|| and normalized so that Py ﬁjd§ =1 (note
that the values of 1; depends on d; so that even the population values may be different for
different weighting schemes, even when applied on the same data). We compare them to
the population values 7;: both in terms of values, and in terms of their sparsity pattern (n;
is zero for the weights which are equal to zero).

In Figure [, the strict correlation condition () was selected to be satisfied for the
unit weighting scheme, thus, as expected the unit weighting scheme leads to correct model
selection for at least some parts of the paths. In the example we show, the condition (f)
was also satisfied for the unit trace scheme; and the adaptive weights also perform well.
However, in Figure fl, where the weak condition () was not satisfied, none of the two
response-independent schemes are selecting the correct model, while the adaptive weights

do.

For the non parametric case, we followed the same approach and we generated 6 corre-
lated Gaussian real random variables (with covariance matrix with condition number 100).
We then selected three zero functions and the three functions shown in Figure ] and a
Gaussian kernel with bandwidth 7 equal to one, for each dimension. We selected a covari-
ance matrix such that the condition ([[7), as estimated in Section B.g from 10,000 samples,
was not satisfied. In Figure [, we show the regularization paths from 400 i.i.d. samples.
As expected the adaptive weighting scheme manages to obtain a model consistent estimate.
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Original Adaptive Unit trace

= 0.5 =05 =05/ T

Figure 2: Regularization paths for the group Lasso for three weighting schemes (with cor-
relation condition not satisfied): (left) unit weights, (center) adaptive weights,
(right) weights corresponding to unit trace constraint. For each of the three
plots, plain curves correspond to values of estimated 7);, dotted curves to popu-
lation values 7;, and bold curves to model consistent estimates. In this situation,
only the adaptive weights leads to correct model selection for at least some parts
of the paths.

-2 -5
-10 0 10 -10 0 10 -10 0 10

Figure 3: Functions to be estimated in the synthetic non parametric group Lasso experi-
ments.

However, such schemes should be used with care, as there is one added free parameter (the
regularization parameter k of the least-square estimate used to define the weights): if chosen
too large, all adaptive weights are equal, and thus there is no adaptation, while if chosen
too small, the least-square estimate is overfit (this is the case in the right plot of Figure [).

6. Conclusion

In this paper, we have extended some of the theoretical results of the Lasso to the group
Lasso, for finite dimensional groups and infinite dimensional groups. In particular, under
practical assumptions regarding the distributions the data are sampled from, we provide
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Figure 4: Regularization paths for the nonparametric group Lasso for three weighting
schemes (with correlation condition not satisfied): (left) unit trace weights, (cen-
ter) adaptive weights obtained with x = 1073, (right) adaptive weights obtained
with x = 1075, For each of the three plots, plain curves correspond to values of
estimated 7);, dotted curves to population values 7;, and bold curves to model
consistent estimates. In this situation, only the adaptive weights with reasonable
regularization parameter x leads to correct model selection for at least some parts
of the paths.

necessary and sufficient conditions for model consistency of the group Lasso and its non-
parametric version, multiple kernel learning.

The current work could be extended in several ways: first, a more detailed study of
the limiting distributions of the group Lasso and adaptive group Lasso estimators could be
carried and then extend the analysis of Zou (2006) or Juditsky and Nemirovsk] (2000), Wy

()7 in particular regarding convergence rates. Second, our results should extend
to generalized linear models, such as logistic regression (Meier et all, R00(). Finally, it is of
interest to let the number m of groups or kernels to grow unbounded and extend the results
of Zhao and Yy (R006)), Meinshausen and Yy (R00§) to the group Lasso.

Appendix A. Proof of optimization results

In this appendix, we give detailed proofs of the various propositions on optimality conditions
and dual problems.

A.1 Proof of Proposition
We rewrite problem in Eq. (), in the form

. 1 a al 1 TS m
Jj=
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with constraints V7, [[w;|| < vj. In order to deal with these constraints we use the tools from

conic programming with the second-order cone, also known as the “ice cream” cone (Boyd

and Vandenberghd, P003). We consider the Lagrangian with dual variables (3;,v;) € RPi xR

such that ||53;]| < ;-
1. A 1 -
‘C’(w’vaﬁay) = §EYY - EYXU) + §’UJTEXXUJ + )\ndTv - ﬁT’U) - 'YTU.

The derivatives with respect to primal variables are

vwﬁ(wav’ﬁvv) = ZA:XXU)_EA}XY_B’
VU‘C(w’v,ﬁv’y) And_ -

At optimality, primal and dual variables are completely characterized by w and (8. Since
the dual and the primal problems are strictly feasible, strong duality holds and the KKT
conditions for reduced primal/dual variables (w, 3) are

Vi, 1551l < And; (dual feasibility) , (22)
Vi, B; = i]Xij — ilxjy (stationarity) , (23)
V7, ﬁijj + |w;||And; =0 (complementary slackness) . (24)

Complementary slackness for the second order cone has special consequences: w;rﬁj +

|lw;l|And; = 0 if and only if (Boyd and Vandenberghd, P003, [Cobo et all, [99§), either
(a) wj = 0, or (b) w; # 0, [|Bj]| = And; and In; > 0 such that w; = —Q—iﬂj (anti-

proportionality), which implies 3; = —wjﬁ and 7; = ||lwj||/d;. This leads to the propo-
J

sition.

A.2 Proof of Proposition [f]

We follow the proof of Proposition [| and of Bach et al] (20044). We rewrite problem in
Eq. ([[0), in the form

1. A 1 A 1
i “Syy -3 —w'y — pint?
wGRRI&lﬂI&}m’ R D YY yxw + 2w XXWw + 2Mn )

with constraints that Vj,||w;| < v; and d"v < t. We consider the Lagrangian with dual
variables (3;,7;) € RP x R and ¢ € Ry such that ||5;]| < ;:

1. . 1 1o 1
L(w,v,3,7,6) = §Eyy — Yyxw + §wT2xxw + §unt2 —BTw—yTv+8(d v —1t).

The derivatives with respect to primal variables are

Vw[r(wﬂ%ﬁfY) - zA])()(fw_i:)(y_ﬁ7
vvﬁ(wav,ﬁv’y) = 0d— 7>
Vtﬁ(wav,ﬁﬁ) = Hnt — d.
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At optimality, primal and dual variables are completely characterized by w and (. Since
the dual and the primal problems are strictly feasible, strong duality holds and the KKT
conditions for reduced primal/dual variables (w, 3) are

Vi, B = f]X,Xw - f]X.y (stationarity - 1) , (25)

V7, Zd |w;|| = — ,m ”ng (stationarity - 2) , (26)

V3, <%> wj + [Jwj]| | ,max ”g—ZH =0 (complementary slackness) . (27)
J 3y 7

Complementary slackness for the second order cone implies that:

8\" 1)
(%) st sl e, 1200,

J

goeey

if and only if, either (a) w; =0, or (b) w; # 0 and ”6]_'” = max HS—iH, and 3n; > 0 such
{ yeees TV 7
that w; = —n;3;/ptn, which implies ||w;| = 77]— max Hﬁl”
i=1,...m
By writing n; = 0 if w; = 0 (i.e., in order to cover all cases), we have from Eq. (R6])
1 Hﬂ I e 11/
>y dillw;ll = o max S =, which 1mphes Py ﬂ?] = 1 and thus Vj, n; Z%i”wﬁ'.
This leads to 6; = —w; iy, , ~, d;i||lw;||. The proposition follows.
J ik 77] ||wJ|| im1

A.3 Proof of Proposition

By following the usual proof of the representer theorem (Wahbd, [[990), we obtain that
each optimal function f; must be supported by the data points, i.e., there exists o € R"™*"
such that for all j =1,...,m, f; = >, ajik(-,z;;). When using this representation back
into Eq. ([J), we obtain an optimization problem that only depends on ¢; = GjTaj for
j=1,...,n where G; denotes any square root of the kernel matrix K; , i.e. K; = G]GJ-T.
This problem is exactly the finite dimensional problem in Eq. ([[(}), where X ; is replaced by
Gj and w; by ¢;. Thus Proposition f applies and we can easily derive the current proposition
by expressing all terms through the functions f;. Note that in this proposition, we do not
show that the «; are all proportional to the same vector, as is done in Appendix A4

A.4 Proof of Proposition

We prove the proposition in the linear case. Going to the general case, can be done in the
same way as done in Appendix [A.3. We simply need to add a new variable u = Xw and to
“dualize” it. That is, we rewrite problem in Eq. ([[0), in the form

1, - 1
i Y ) 4 2 pnt?
weERP, veﬂgnl,nteR, u€Rn 2nH ull”+ ghnt

21



with constraints that Vj, ||w;|| < v; and d"v < t and Xw = u. We consider the Lagrangian
with dual variables (8;,7;) € RP% x R and 6 € R, such that ||3;|| < 75, and o € R™

1o . 1 -
E(w,v,u,ﬁ,%aﬁ) = %HY—u||2—|—,unozT(u—Xw)+§pnt2—Z {Bj—rwj —{—’y]’U]}—{—(S(dTU—t)

j=1
The derivatives with respect to primal variables are
\Y E(wv u, 3,7, ) — X o —
wavauﬂﬁa’yva) = 5d_7
wavauﬂﬁa’yva) = :U‘nt_é
)

vl (
+L(
1 _
VuL(w,v,u, 3,7, = —(u—Y + pyna).
n

Equating them to zero, we get the dual problem in Eq. ([1§). Since the dual and the primal
problems are strictly feasible, strong duality holds and the KKT conditions for reduced
primal /dual variables (w, ) are

Vi, Xw =Y + ppna =0 (stationarity - 1) , (28)
T o )1/2
Kia . .
V7, E djl|w;|| = nax % (stationarity - 2) , (29)

7j=1

- T
—X'a TK.a)l/2
Vj, < J ) wj + |Jw;l| ,max % =0 (complementary slackness) (30)
j seeny T 7

Complementary slackness for the second order cone goes leads to:

_xT T T N\1/2
X« w; + |[w; || max M —0
dj J J =1,....m dz ’

T \1/2
)Y/ K
if and only if, either (a) w; =0, or (b) w; # 0 and % = max %, and
i=1,...,m i
T 7 \1/2
_ K
Jn; > 0 such that w; = —n; (—XjTa>, which implies ||w;|| = n;d; max %.
i=1,....m i
By writing n; = 0 if w; = 0 (to cover all cases), we have from Eq. (£9), Z;n:l dj||w;|| =
(T K;a)'/? C 9 o
max -————— which implies Y 7" i1 djn; = 1. The proposition follows from the fact

i=1,....m dl 3
that at optimality, w; = —n; — X]Toz

Appendix B. Detailed proofs for the group Lasso

In this appendix, detailed proofs of the consistency results for the finite dimensional case
(Theorems P] and ) are presented. Some of the results presented in this appendix are corol-
laries of the more general results in Appendix [J, but their proofs in the finite dimensional
case are much simpler.
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B.1 Proof of Theorem J

We begin with a lemma, which states that if we restrict ourselves to the covariates which
we are after (i.e., indexed by J), we get a consistent estimate as soon as )\, tends to zero:

Lemma 16 Let Wy any minimizer of
15 _ 9 1. . 1 Te¢
o 1Y = Xgwsll” + A > djllw|| = S2vY — Ryxgws + Swy Exgxgwy + An > djlw;]l.
jeJ JjeJ
If \, — 0, then Wy converges to wy in probability.
Proof If A\, tends to zero, then the cost function defining wy converges to F,(wy) =
%Eyy —Yyx,w3y + %w}EXJXJ wy whose unique (because X x, x, is positive definite) global

minimum is wy (true generating value). The convergence of wy is thus a simple consequence

of standard results in M-estimation (Van der Vaar, 995, Fu and Knight], P00Q). |

We now prove Theorem [J. Let wy be defined as in Lemma [lf. We extend it by zeros
on J¢. We already know from Lemma [[f that we have consistency in squared norm. We
now need to prove that the probability that @ is optimal for problem in Eq. ([l) is tending
to one.

By definition of wjy, the optimality condition (J) is satisfied. We now need to verify
optimality condition (f). Denoting e =Y — w' X, we have:

Yxy = Xxxw+ Uxe = <2XX + Op(n71/2)> W+ Op(n1/?) = Sxx,wy + Op(n/?),
because of classical results on convergence of empirical covariances to covariances (Van_de
Vaart], [99§), which are applicable because we have the fourth order moment condition
(Afl). We thus have:

ijxy—i:XXJ?I}J :EXXJ(WJ—TI)J)+OP(H71/2). (31)

From the optimality condition Yx,y — x,x,%Wy = A, Diag(d;/||w;||)iwy defining @y and
Eq. (B1)), we obtain:

3 — w3 = =My, y, Diag(d; /|| i3 + Op(n~"/?). (32)
Therefore,

Sxpey — Expex, W3 = Exgex, (wy —dg) + Op(n~'/?) by Eq. (BI) ,
= MZxyex, Dxhx, Diag(ds/[|d;])i@y + Op(n~/?) by Eq. (B2).
Since @ is consistent, and \,n'/2 — 4oo, then for each i € J€,

1
di\y,

(2X¢Y - ZAfXZfXJ lDJ)
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converges in probability to X x, x, E)_(}IXJ Diag(d;/||w||)wy which is of norm strictly smaller
than one because condition () is satisfied. Thus the probability that @ is indeed optimal,
which is equal to

1
PIVieJl, ——
{V@ € T

is tending to 1, which implies the theorem.

~ ~ B 1 R R ~
XXy — EXiXJwJH < 1} > H P{ﬂ Yx,v —EXiXJw_]H < 1}
ieJe v

B.2 Proof of theorem [3
We prove the theorem by contradiction, by assuming that there exists ¢ € J¢ such that

1 _ .
7 I Dlag(dj/HWjH)WJH > 1.
T

Since with probability tending to one J(w) = J, with probability tending to one, we have
from optimality condition ([J):

iy =S54, (Sxay = An Diag(d; /1y )ibg )
and thus

Sxy —Exx01 = Sxy — XX, Yxx, Sxy + AnEx xSy x, Diag(d; /[[w; )i
= A, + B,.
The second term B,, in the last expression (divided by A,) converges to
v = EXiXJE;(iXJ Diag(d;/||w;|)wy € RP7,
because w is assumed to converge in probability to w and empirical covariance matrices
converge to population covariance matrices. By assumption ||v|| > d;, which implies that
T
the probability P { <ﬁ> (Brn/An) = (di + ||v||)/2)} converges to one.
The first term is equal to:
A, = Sxiv — 2x,x, i}ixJEXJY
= iniXJw - ZAinXJ ij;(.leJ ZA:XJXJW + 2A:Xif-r - iniXJ ij;(.leJ ZA:XJf-?
= i:XiE - i:XiXJ i:A;(}]XJEXJE

= 2A:Xif-r — XXX, 2;(§XJ ZA:XJE + Op(nilp)

IR _ - -
T Zek (xl“ - EXiXJEXixekJ> +0p(n?) = Cp + 0p(n71/?)
k=1

The random variable C), is a mean of i.i.d. random variables with finite variance. Thus,
by the central limit theorem, it is asymptotically normal (Van der Vaarf, [99§). We thus
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simply need to compute the mean and the variance of C,. We have EC, = 0 because
E(Xe) =X¥x. =0, and

var(C,) = EC:=E(E(C:|X))

1 & - _ 2
= E EZE@QX) (Cﬂm - Exixgzxixﬁm) ]
k=1
1 & 2
= E [? > o <96kz - EXiXJE;(iXJka) ]
k=1

1
_ 2 -1
= Eo-min <2XiXi — XX X5 EXJXJEXJXi) .

Thus n'/2C,, is asymptotically normal with mean 0 and covariance matrix larger than
UIQmHEX,-lXJ = afnin X (Zx,x; — 2X, X5 E;(iXJ Y x,x;) which is positive definite (because this
is the conditional covariance of X; given Xj and Y xx is assumed invertible). Therefore

P(n'/?vT A, > 0) converges to 1/2, which implies that P(ﬁT(An + Bp)/ A\ = (d; +

lv|])/2) is asymptotically bounded below by 1/2. Thus since ||(A4, + Bp)/An| = ﬁT(An +
Bn)/An = (di + ||v]])/2 > d; implies that w is not optimal, we get a contradiction, which
concludes the proof.
B.3 Proof of Theorem {
We first prove the following refinement of Lemma [[§:
Lemma 17 Let Wy any minimizer of
1.5 = 1. - 1 .
oY = Xywg|* + A > dillw; |l = S 2vy — Yyx,wg + ;UIEXJXJWJ + A Y djlw]l.
JjeJ JjeJ
If A\, — 0 and )\nnl/2 — 00, then )\—ln(u?J — wj3) converges in probability to
A = =3y, Diag(d; /| w;[)wy.
Proof We write w3y = wy + )\nA. A is the minimizer of the following function:
A 1 A
F(A) = Syx, (W3 +MA) + 5 (wa + AT Ex x, (Wr 4+ AnA) + X0 Y dj[[wy + A
j€eJ
o A2 Te T
= )\nEYXJA + EA EXJXJA + )\nWJ EXJXJA + )‘n Zdj (HW] + )\HAJH — HWJH) + cst
j€eJ
. A
= MEex;A+ TnA Yxyxs A+ A Zdj ([lw; + Al = [lwl]) + cst,
jed

by using Yy x; = W3 Xx,x; + Xex;. The first term is O,(n~'/2)\,,) = 0,(A\2), while the last

ones are equal to [|[w; + A\ A — [|[w;]| = An”z—j”TA]’ + 0p(Ap). Thus
1 dwi |
F(A)/N2 = 58T Sx,x,8+ ) HJTW’J’ Aj +op(1).
jeJ J
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By Lemma [[f], wy is O,(1) and the limiting function has an unique minimum; standard
results in M-estimation shows that A converges in probability to the minimum of the last
expression which is exactly A = —E)_(}I x, Diag(d;/||w;[[)wys. [ ]

We now turn to the proof of Theorem . We follow the proof of Theorem J. Given @
defined through Lemma [[f and [[7, we need to satisfy optimality condition (J) for all i € J¢,

with probability tending to one. For all those i such that d% HEXZ'XJ E;&XJ Diag(d;/||w;||)wj H <
1, then we know from Appendix , that the optimality condition is indeed satisfied. We
= 1, and for which we

now focus on those i such that d% EXiXJE)_(ixJ Diag(d;/||w;||)wgs ‘
have the condition in Eq. (). From Eq. (B2) and the few arguments that follow, we get
that

Sxy = Exx 01 = A Exx, Bxh x, Diag(d;/||d;])ig + Op(n~'/?) (33)

Moreover, we have from Lemma [[7 and standard differential calculus, i.e., the gradient and

the Hessian of the function v — |[v|| are v/|v|| and - (I — wl ),
f[o]] vTw

~ T
W; W An WiW,
L= 4 (ij — #) Aj+o0,( M) (34)

gl Itwsll - lTwyli wlw;

From Eq. (BJ) and Eq. (B4), we get:

1 ¢ 3 - _ .
/\—H(EXZY = SxxW5) = Exx; Sy x, Diag(di/[lwl)ws + op(An)
T
W, W
+AnXx,x; S x, Diag |d;/|lwjll <ij - {) A+ O0,(n~Y2N 1.
W, W;
Since A, = o,(n~Y*), we have O,(n™'/2\;1) = o0,(\,). Thus, since we assumed that

1S5, 55, Ding(d; /[[w; [ )wall = di. we have:

2

1 A
= d12+0p()‘n)

' )\—(Exiy — Sx,x,W3)
n

T 1 . WJWJ‘T
—2X0 A S xEx,x, Xy, x, Diag | dj/||wjll(lp, — —=-) | A,
W] Wj

which is asymptotically strictyl smaller than d? if Eq. () is satisfied, which proves optimality

and concludes the proof.

Appendix C. Detailed proofs for the non parametric formulation

We first prove lemmas that will be useful for further proofs, and then prove the consistency
results for the non parametric case.
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C.1 Useful lemmas on empirical covariance operators

We have the following lemma, proved by Fukumizu et al] (R007), which states that the
empirical covariance estimator converges in probability at rate Op(nfl/ 2) to the population
covariance operators:

Lemma 18 Assume (AH) and (AB). Then ISxx — Xxx|| = Op(n='2) (for the operator
norm), |Exy — Exy || = Op(n~Y?) and |Sx.|| = Op(n~/2).

The following lemma is useful in several proofs:

Lemma 19 Assume (AE} Then (i?XX + ,unI> Yxx — (Exx + unj')_1 EXXH = Op(nfl/Qlun),

and (2 + MnI) Sxx — (Sxx + pn)”! EXXH = Op(n =2 pp).

Proof We have:

<2XX + MnI) Sxx — Oxx + )t Sxx
. -1 .
= <EXX + Mnf) (Exx — Bxx) (Exx + pad)  Sxx

This is the product of operators whose norms are respectively upper bounded by ! ,Op(n_l/ 2)
and 1, which leads to the first inequality (we use ||[AB|| < ||A||||B]|). The second inequality
follows along similar lines. |

Note that the two previous lemma also hold for any suboperator of X xx, i.e., for ¥x,x;.

Lemma 20 Assume (AH), (A[) and (AB). There exists hy € Fy such that fy = E%fXJhJ.

Proof The range condition implies that

1/2 1/2 —1/2
fJ = Dlag(EX/X )gJ - Dla‘g(z / )CX/JXJCXJé(JgJ

The result follows from the identity X x,; x; = D1ag(21/2 )C')l(/JQXJ (Dia, g(El/2 )C;(/JQXJ)* and

the fact that if ¥ x; x; = UU* and f = Ua then there exists 8 such that f = 21/2 (Bake],
[973). m

C.2 Proof of Theorem [

We now extend Lemma [[§ to covariance operators, which requires to use the alternative
formulation and a slower rate of decrease for the regularization parameter:

Lemma 21 Let f3 be any minimizer of
2

1. .
§EYY —Yyx, fi+ <fJ, Sx,x, f3) + ;d il
j

If i, — 0 and ppn'/? — +o0, then HJEJ — f5]| converges to zero in probability. Moreover for
any ny, such that n, > ,u%/ 2 then || fy — £3] = Op(nn).
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Proof Note that from [Pontil et al] (2007), we have:

2

i 511
Sodillil | < | dilsl | 3 S

jed jeT jeT

with equality if and only if || f;|| = ||fj|| for all j € J. We consider the unique minimizer fy
of the following cost function, built by replacing the regularization by its upperbound,

LI

1. . 1 A Hn
F(f3) = 5%y = Svxy fo+ 55 Sxx o) + 5 Dol > 5]

jed jed

Since it is a regularized least-squares problem, we have:
_ ~ -1 /. A
f3= (EXJXJ + MnD> (EXJXJfJ + 2XJ€> )

where D = (ZjeJ dj||fj||) Diag(d;/[/fj]|). Note that D is upperbounded and lowerbounded

(as an auto-adjoint operator) by strictly positive constants times the identity operator, i.e.,
Diaxd = D = Dpinl. We now prove that fy — fy is converging to zero in probability. We
have:

~ 1.
<EXJX_] + MnD> EX_]a = Op(n_l/zlu'r_zl)7 (35)

~1 -1 ..
< D i iy - Moreover, similarly, we have

. -1
because of Lemma @ and H <EXJXJ + ,unD>

“ 1 . “
(EXJXJ + MnD) Yx;x5f3 - <2XJXJ + MnD> Sx,xf5 = Op(n ™2 h). (36)

Besides, by Lemma [[9,

. 1
<2XJXJ + /‘"D> Yxyx5f3 — (EXJXJ + /‘nD)il Yxyxyf3 = Op(nil/Qlur:l)- (37)
Fo_ e ~1/2,,-1
Thus fy —f5 =V +Op(n~"/*p, "), where
- [(EXJXJ + D) Sx,x, — I] f; = — (Sxyx; + fnD) " i Dfy.

We have

v (£, D (S, x5 + pn D)~ Dfy)

D?naxﬂ%z (f3, Ex;x5 + ,uaninI)_2 f3)

DIQIIaX/’LW/(fJ? (Ex;x, + ,uaninI)_l fy)

D?nax/‘n<h.1’ Exsxs (Expxy + ,uaninI)i1 hy) by Lemma R,

Dipaschin|| 3%,

INCINCININ
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Finally we obtain | fy — f3]| = Op(,u,ll/2 +n 2.

We now consider the cost function defining fj:
2
Fulfy) = 25y — 8 SR> i (5
n(f3) = 5%vy = Byx, fa+ 505 Exxg fa) + 5 ; il
j

We have (note that although we seem to take infinite dimensional derivatives, everything
can be done in the finite subspace spanned by the data):

2
B i e B e d; || £51I>
Fn(fJ) F(fJ) - 2 Zd]Hf]H ZdefjH Z HfH ’
jed jed jed J
d; f; d; fi
ViFA) = ViF(D) = o | (S alnl ] 1 - (S alsl ) 55

jeJ jed
Since the right hand side of the previous equation corresponds to a continuously differen-
tiable function of fy around fy (with upper-bounded derivatives around fy), we have:

IV 1, Fu(f3) = Ol < Cpanllfy = fll = pnOp(/* + 172 ).
Moreover, on the ball of center fy and_radius 7, such that n, > ,u}/ 2 + 1p=1/2 (to
make sure that it asymptotically contains fj, which implies that on the ball each f;, j € J
are bounded away from zero), and 7, < 1 (so that we get consistency), we have a lower

bound on the second derivative of (ZjeJ dj||f]||) Thus for any element of the ball,

Fu(f3) 2 Falf3) + (Vs Fa(f3), (f3 = f3)) + Cnll f3 = f3 1%,

where C' is a constant > 0. This implies that the value of F,(fy) on the edge of the ball is
larger than -
Fo(f3) + aptnOp(p* + 07 P + Ol i

Thus if 12y, > nnui/ % and 02y > n~1/2p,, then we must have all minima inside the

ball of radius 7,, (because with probability tending to one, the value on the edge is greater
than one value inside and the function is convex) which implies that the global minimum
of F,, is at most 7, away from fy and thus since fy is O(,u%/ 2) away from fyj, we have the
consistency if

Ny < 1 and n, > ,u%/2 + nil/Q,ugl,

which concludes the proof of the lemma. |

We now prove Theorem []. Let f3 be defined as in Lemma [[d. We extend it by zeros on
J¢. We already know the squared norm consistency by Lemma [Iff. We need to prove that
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with probability tending to one f is optimal for problem in Eq. ([3). We have by the first
optimality condition for fy:

Sx,y — Sxyx, f3 = | flla Diag(d; /| f51]) f3,

where we use the notation || f|la = >, d;| f;|. We thus have by solving for f3 and using

iXJY = ZAfXJXJfJ + ZAfXJsI
_ . -1, .
fi= (EXJXJ + MnDn> (EXJXJfJ + EX.V?) )

with the notation D,, = || f|lq Diag(d;/||f;]]). We can now put that back into ¥x,.y —

)y Xye Xy fy and show that this will have small enough norm with probability tending to one.
We have for all 7 € J¢

. . _ . . . ~1 . .
Yxy —Xx:x5/3 = Xxiv — XX x5 (EXJXJ + ,unDn) (EXJXJfJ + EXJ5>

A ~ 1.
= _EXZ'X_] <EXJXJ + MnDn> EXJXJfJ

. . . 1.
+Xx, v — XX, X5 <2XJXJ + ,unDn> Y X;e

. . . 1
= —Yx;x;f51+Xx,x; (EXJXJ + ,unDn) pin Dy f3

~ ~ ~ -1 .
+Xx,v — XX, X, <EXJXJ + MnDn> X Xje

~ ~ 1
- EX,'XJ (EXJX_] + ,U'nDn) ,U'nanJ

A A A 1.
+EX¢€ - E)(7;)(.:[ <2XJXJ + ,unDn> EAXV‘]{-:

= A, + B,.

The first term A,, (divided by uy,) is equal to

A R . -1
,u_n = XX, X5 <2XJXJ + ,unDn> D,f3.
n
We can replace ZA]XZ,XJ in % y Xx,x; at cost Op(n_l/z,uﬁlﬂ) because (fy, E;(}]XJf.ﬁ < 00

(by Lemma P{). Also, we can replace i]XJXJ in % by Yx,x, at cost Op(nl/Q,u;l) as a
consequence of Lemma [[9. Those two are op(1) by assumptions on p,. Thus,

A _
o EXZ'XJ (EXJXJ + ,unDn) ! D, fy + Op(l).
n
Furthermore, we let denote D = ||f||; Diag(d;/|/f;||). From Lemma P1], we know that D,, —
D = o0,(1). Thus we can replace D,, by D at cost o,(1) to get:

A, _
— = Yx,x; (Sxyx5 + 1nD) " DEy 4 0p(1) = Cy + 0p(1).

n

30



We now show that this last deterministic term C,, € F; converges to:
1/2 -1
C = EX¢X¢CXiXJCXJXJDgJ7

where, from (Aff), f; = E%QX g;. We have

Co—C = 3% Cxx, [Dlag(z/ ) (Exyxy + D) Dlag(zl/z ) = Cx,x, | Des

= 1/2 x,Ox.x; KnDgy.

where K, = Diag(Xy / ) (Ex,x; + nD)” Dlag(El/2 ) - C)_(}XJ. Moreover, we have:

Diag(SY y,)Cx;x; Kn = —tnD (Sx,x, + D)~ Diag(SY 7y ).

Following [Fukumizu et al] (B007), the range of the operator (EZQXZ,CXZ.XJ) = Cx,x; 21/2

is included in the closure of the range of Diag(¥x,x;) (which is equal to the range of
Y x;x; by Lemma ) For any vy € Fy in the intersection of two ranges, we have vy =
Cx; x5 Diag(EXij Juy (note that Cx,x, is invertible), and thus

(KnDgy,v3) = (Kn,Dgy,Cx;x,Diag(¥x,x;)us)
= (=D (Zx,x; + D)~ Ding(ZY? ) Dey, uy)

which Op(uyll/ 2) and thus tends to zero. Since this holds for all elements in the intersection
of the ranges, Lemma 9 by [Fukumizu et al] (007) implies that ||C,, — C|| converges to zero.

We now simply need to show that the second term B, is dominated by u,. We have:
~ ~ ~ -1 L ~
|Zx,e]l = Op(n~/2) and ||Xx,x, (EXJXJ —|—unDn> Yx,ell < || Xx;e||, thus, because con-
dition (f]) is satisfied and y,n'/? — +oo, then B,, = 0,(i1,) and thus for for each i € J¢,

1

< en ZA:X%'Y - ZA:X%'X fJ)
difin ||| < !

converges in probability to a limit with norm strictly smaller than one. Thus

1
Pl —
{diunllf\\d

is tending to 1, which implies the theorem (using the same arguments than in the proof of
Theorem f in Appendix [B.1]).

~

y — ixifoJ“ < 1}

C.3 Proof of Theorem E

Before proving the analog of the second group-Lasso theorem, we need the following ad-
ditional proposition, which states that consistency of the patterns can only be achieved if
pnn'/? — 0o (even if chosen in a data dependent way).
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Proposition 22 Assume (AH), (1}), (AB), (Afl) and that J is not empty. If f is con-
verging in probability to £ and J(f) converges in probability to J, then pnnt/?
probability.

— 00 N

Proof We give a proof by contradiction, and we thus assume that there exists M > 0 such
that liminf,,_ o ]P’(Mnnl/ 2<M ) > 0. This imposes that there exists a subsequence which
is almost surely bounded by M (Durretf, P004). Thus, we can take a further subsequence
which converges to a limit py € [0,00). We now consider such a subsequence (and still use
the notation of the original sequence for simplicity).

With probability tending to one, we have the optimality condition ([[§):
Sxye + x5 85 = Sxgv = S, f5 + | fla Diag(d; /|L.f51) 5.
If we let denote Dy, = n'/2 || flla Diag(dj/HfjH), we get:
D, f; = [ZA]XJXJ + Dnnfl/Q] nt/? {f.] — fJ] + n1/2i]XJ€,
which can be approximated as follows (we denote D = |/f||; Diag(d;/||f;]|)):
10 Dfy + 0p(1) = S, x,n'"” [fJ - fJ] +op(1) +n'/?Yx,e,
We can now write for ¢ € J%

n1/2 <2X¢Y - EXZ'XJJEJ) = nl/QiXﬁ + 2A:XiXJnl/Q(f‘] o f'])
WS+ Sl — f) 4 o1

We now consider an arbitrary vector wy € Fj, such that Xx, x,wy is different from zero
(such vector exists because X x;x; # 0). Since the range of X x;x, is included in the range

of ¥x,x, (Bakei, [[979), there exists v; € F; such that Yx,x,v; = Zx,x,wy. Note that

. . 1/2
since X x; x,wy is different from zero, we must have EX/,X,vi % 0. We have:
1 1

Y2 (v, Sxy — Sxixy f1) = v, Bx,e) + (wy, Bxgx,n 2 (5 — f1) + 0,(1)
= M2, Sx,e) + (wy, poD fy — n?Sx,e) + 0p(1)
<wJa ,UODfJ> + n1/2<vi’ EX¢€> - n1/2 <wJ’ 2XJ€> + Op(l)

The random variable E,, = n'/?(v;, i]xi5> — n'2(wy, f]XJ5> is the sum of i.i.d random vari-
ables with finite second moment. It is thus asymptotically normal, and we simply need to
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compute its mean and variance. The mean is zero and we have:

1 n
En = WZ vi(xki)—ij(wkj) Ek,
k=1

jedJ
2
> 1 ¢ .
E(EZX) = EZ vilwr) — Y wizry) | EEGIX)
k=1 JjedJ
2
1 — )
> EZ i (k) _ij(xkj) Tmin
k=1 j€eJ
= afmn@i, i:xixivﬁ + aﬁﬁn(wJ, i:XJXJw.]> — 2afnin<vi, i:XiXJ’LUJ>, and thus
EE, > 00V, Sx,x,0i) + 0min (W3, Sx,x,W5) — 2005, (03, Sx,x,03)
= 0pin (Vi Sx,x,Vi) — Ooin (Ui, Ex, X, W)

The operator C’)_(J1 X5 Cx,x, has the same range as Cx,x, (because C is invertible), and
is thus included in the closure of the range of Diag(Eﬁf/fXj) (Bakey, [979). Thus for any

u € F;, C')_(J1 X5 Cx,x,u can be expressed as a limit of terms of the form Diag(E;/fXj)t. We
thus have that

. 1/2 _ . 1/2
(u, Cx,x, Diag(Sy 7 Jwa) = (u, Cx,x, O x, Oy xy Diag(33x Jwos)
can be expressed as a limit of terms of the form
. 1/2 . 1/2
<t, Dlag(zX/ij)CXJXJ Dlag(EX/ij )wJ> = <t, EXJXJU}J> = <t, EXJXiU’i>
= (75,Diag(zﬁg/ij)CXJX¢E¥i§i0i> — (u, CXiXJC)};XJCXJXZ'Eﬁ(/inU»'

This implies that Cx,x, Diag(E;(/fXj)wJ = Cx,;x; C)_(Jli CXJXiE;/inUz‘, and thus we have:

EBZ > 0 (vi Yxox,vi) — 0 (v, B3y, Cxix, Diag(23 7y Jws)

min
. 2 2 1/2 1 1/2
— Umin<vi7 z:)(1)(11)’l> - O-min<vi7 EX,X, CXiXJ CXJX_]CXJXi 2X1X1v2>

2 1/2 -1 1/2
= Umin<EX/iXivia (I- CXiXJCXJXJCXJXi)E)(/iXZ’vi>'

By assumption (AfF), the operator I —Cl, x, C';(Jl X5 Cx, x; is lower bounded by a strictly pos-

itive constant times the identity matrix, and thus, since E;(/?Xl v; # 0, we have EE2 > 0. This

implies that nt/ 2<vi, )y XY — )y XXy fJ> converges to a normal distribution with strictly pos-

itive variance. Thus the probability P <n1/2(vi, Sxy — 2x,x, f1) = dill fllallvil| + 1) con-

verges to a strictly positive limit (note that || f||q can be replaced by ||f||g without changing
1/2

the result). Since p,n'/? — pg < oo, this implies that

P <M51(Ui72XiY —Sxx,f3) > dz‘HfHdH”z‘H)
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is asymptotically strictly positive (i.e. has a strictly positive liminf). Thus the optimality
condition ([I4) is not satisfied with non vanishing probability, which is a contradiction and
proves the proposition.

|

We now go back to the proof of Theorem [L. We prove by contradiction, by assuming
that there exists ¢ € J¢ such that

1/2 — .
2%, Cxoxs Cxax, Ding(d; /16D | > 1.

1
d;

Since with probability tending to one J(f) = J, with probability tending to one, we have
from optimality condition ([[§), and the usual line of arguments:

. . . . . . RN I
Yxvy —2x, x5 [3 = XXXy (EXJXJ + il flla Diag(dj/HfjH)) Yy x,f

~ ~ “ ~ ~ -1 .
+¥xe — XX x5 <2XJXJ + 1 f llapin Diag(dj/llfjH)) Yxje-

Following the same argument as in the proof of Theorem [, (and because pnnt/? — 400
as a consequence of Proposition PJ), the first term in the last expression (divided by uy)
converges to

1/2 _ :
v = B, Cxoxs O, x, Ifla Diag (/16 e
By assumption ||v;]| > d;||f]|;. We have the second term:
~ ~ ~ ~ ~ -1,
Sxie = Sxoxs (Sxoxs + nl flla Ding(ds 1f51))  Sixe

A N 71 N
= 0,(n V)~ Sx.x, <2XJXJ + pnllfla Diag(dj/”fj”)) Sx,e + 0, (n~V2).

.

The remaining term can be bounded as follows:

. . . ~1.
E <H2X¢XJ (Sxyxs + €l Ding(dy/151)) S,

2 —1 2
Omax |le B . &1/2
< 2ol (Sxaxs + llfla Diag(d/I6]))  SYoy,
2
< @trzxixi,
n

which implies that the full expectation is O(n~!) (because our operators are trace-class, i.e.
have finite trace). Thus the remaining term is Op(nfl/ 2) and thus negligible compared to

in, therefore W (2 XY — )y XXy fJ) converges in probability to a limit which is of norm
n d

strictly greater than d;. Thus there is a non vanishing probability of being strictly larger
than d;, which implies that with non vanishing probability, the optimality condition ([[4) is
not satisfied, which is a contradiction. This concludes the proof.
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C.4 Proof of Proposition [[2
Note that the estimator defined in Eq. (RI)) is exactly equal to

(Sxyx + nd) " Diag(ds /I (FE); 1) (FE5)a ).

Using Theorem [[3 and the arguments from Appendix [C.3 , we get the consistency result.

C.5 Range condition of covariance operators

We let denote C(q) the convolution operator by ¢ on the space of real functions on RP
and T'(p) the pointwise multiplication by p(x). In this appendix, since we look at different
Hilbertian products of functions on RP, we use the notations (-,-)z and (-,-)12(,,) and
() r2(mry for the dot products in the RKHS F, the space L?(px) of square integrable
functions with respect to p(z)dz, and the space L?(RP) of square integrable functions with
respect to the Lebesgue measure. With our assumptions, for all f,§ € L2 (RP), we have

(£,9)2 = (C(@)'*F,C(0)"/9) 5.
Denote by {A;}r>1 and {ex}r>1 the eigenvalues and the eigenvectors of the covariance
operator X xx, respectively. Since px (x) was assumed to be strictly positive, all eigenvalues

are strictly positive. For k > 1, set f = A;l/zek. By construction, for any k,¢ > 1
MNelk o = (ex, Deg) p = /P(fﬂ)@k(ﬂ?)@z(ﬂ?)dﬂﬂ

NN [ ox(@) @) fi@de = NP B £ g

Thus {fx}x>1 is an orthonormal sequence in L?(px). Let f = C(q)g for g € L*(RP). Note
that f is in the range of Eig( if and only if <f, E’1f> is finite. We have:

[e'e) ) 2
o) =S A (e ) = ZAplep, 020 Z)\ (/ ()dac)
p=1
e 2
. ) g (33)
, — dz,
=305 i < 0912y = [ 220

which concludes the proof.

C.6 Proof of Theorem

We have:
LS —1 .
<EXX + Iin1> XXy
and thus:

= (Bxx + knl)  Sxxf — f +O0y(n"Y?k,) from Lemma [g
= = (Bxx +snl)  Eaf + Op(n k).

Since f = Ex/f(g, we have || — (Sxx + fnl) " knf||2 < Ckyllg||, which concludes the proof.
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C.7 Proof of Theorem [14

We define f as the minimizer of the same cost function restricted to fyc = 0. Because f 75;91 /3

is consistent, the norms of ( fyf;gl s3); for j € J are bounded away from zero, and Lemma 1l
applies with j, = pon=1/3, ie., f converges in probability to f and so are the patterns of
zeros (which is obvious by construction of f ). Moreover, for any n > 0, from Lemma P, we
have ||fy — f3]l = Op(n~Y6t1) (because i/ + 0121t = Op(n~1/9)),

What remains to be shown is that with probability tending to one, f is optimal for the
full problem. We just need to show that with probability tending to one, for all ¢ € J¢,

£ x5 = Exixs (F5 = FOI < pall Flall (F20)all 77 (38)

Note that || f||4 converges in probability to ||f|ls > 0. Moreover, by Theorem [[3, [|(fX5 )i —

no1/3
fil| = Op(n=1/%). Thus, if i € J°, i.e., if f; = 0, then [|(fX5 ;)l| = Op(n=1/5). The left hand
side in Eq. (BY) is thus upper bounded by Op(n_1/2 + n~Y/6+1) while the right hand side
is lower bounded asymptotically by n='/3n?/6. Thus if —1/6 + 1 < —1/3 4+ /6, then with
probability tending to one we get the correct optimality condition. As soon as v > 1, we
can find n small enough and strictly positive, which concludes the proof.
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