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In this paper we study the kernel multiple ridge regression framework, which we refer
to as multi-task regression, using penalization techniques. The theoretical analysis of this
problem shows that the key element appearing for an optimal calibration is the covariance
matrix of the noise between the different tasks. We present a new algorithm to estimate
this covariance matrix, based on the concept of minimal penalty, which was previously used
in the single-task regression framework to estimate the variance of the noise. We show,
in a non-asymptotic setting and under mild assumptions on the target function, that this
estimator converges towards the covariance matrix. Then plugging this estimator into the
corresponding ideal penalty leads to an oracle inequality. We illustrate the behavior of our

algorithm on synthetic examples.

Keywords: multi-task, oracle inequality, learning theory.

1. Introduction

A classical paradigm in statistics is that increasing the sample size (that is, the number of
observations) improves the performance of the estimators. However, in some cases it may
be impossible to increase this sample size, for instance because of experimental limitations.

*. http://www.di.ens.fr/~solnon/
. http://www.di.ens.fr/~arlot/
. http://www.di.ens.fr/~fbach/
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Hopefully, in many situations practictioners can find many related and similar problems,
and might want to use those other problems as if it gave more observations for his initial
problem. The techniques using this heuristic are called “multi-task” techniques. In this
paper we study the kernel ridge regression procedure in a multi-task framework.

One-dimensional kernel ridge regression, which we refer to as “single-task” regression
has been widely studied. As we briefly review in Section [l one has, given n data points
(X;,Yi), to estimate a function f, often the conditional expectation f(X;) = E[X;|Y;], by
minimizing the quadratic risk of the estimator regularized by a certain norm. A practically
important task is to calibrate a regularization parameter, i.e., to estimate the regularization
parameter directly from data. For kernel ridge regression (a.k.a. smoothing splines), many
methods have been proposed based on different principles, e.g., Bayesian criteria through
a Gaussian process interpretation é% e.g., waﬂmmé, M) or generalized
cross-validation (see, e.g., m, ). In this paper, we focus on the concept of minimal
penalty, which was first introduced by Birgé and Massart (M) and |Arlot and Massart

) for model selection, then extended to linear estimators such as kernel ridge regression
by |Arlot and Bachl (2011).

In this article we consider p > 2 different (but related) regression tasks, a framework
we refer to as “multi-task” regression. This setting has already been studied in different
%r& Some of those (Thrun and £2’S]11113@ﬂ, M; Qamand, m; Bakker and Hgskgﬂ,

) empirically show that it can lead to performance improvement. Emng_ei_aﬂ (IZQld)
also obtained a theoretical criterion (unfortunately non observable) which tells when this

phenomenon asymptotically occurs. Several different paths have been followed to deal with
this setting. Some (see for instance (Obozinski et alJ, m; Lounici et alJ, Q(Ld), consider a
setting where p > n, and formulate a sparsity assumption which enables them to use the
group Lasso, assuming that all the different functions have a small set of common active
covariates. We exclude this setting from our analysis, because of the kernel nature of our
problem, and thus will not consider the similarity between the tasks in terms of sparsity,
but rather in terms of an Kuclidiean similarity. An other theoretical approach has been also
taken (see for example, Brown and Zidek (1980), Evgeniou et all (2005) or/Ando and Zhang

) on semi-supervised learning), the authors often defining a theoretical framework
where the multi-task problem can easily be expressed, and where sometimes solutions can
be computed. The main remaining theoretical problem is the calibration of a matricial
parameter (typically of size p), which characterizes the relationship bewteen the tasks and
extends the regularization parameter from the single-task regression. Because of the high
dimensional nature of the problem (i.e., the small number of training observations) usual
techniques, like cross-validation, are not likely to succeed. &gw@ M) have a
similar approach to ours, but solve this problem by adding a convex constraint to the
matrix, which will be discussed at the end of Section Bl Through a penalization technique
we show in Section 2] that the only element we have to estimate is the correlation matrix X
of the noise between the tasks. We give here a new algorithm to estimate X, and show that
the estimation is sharp enough to derive an oracle inequality, both with high probability
and in expectation. Finally we give some simulation experiment results and show that our
technique correctly deals with the multi-tasks settings with a low sample-size.

Notations. We now introduce some notations, which will be used throughout the article.
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e The integer n is the sample size, the integer p is the number of tasks.
e For any n X p matrix Y, we define
y=vec(Y):=Yi1,....Yn1,Y12,..., Yno,.. .. Y1 ..., Yy ) € R™P,
that is, the columns Y7 := (Yij)1<i<n are stacked.
o M, (R) is the set of all matrices of size n.
e S,(R) is the set of symmetric matrices of size p.
e S (R) is the set of symmetric positive-semidefinite matrices of size p.
o ST (R) is the set of symmetric positive-definite matrices of size p.

e = denotes the partial ordering on S,(R) defined by: A < B if and only if B — A €
S (R).
P

1 is the vector of size p whose components are all equal to 1.

. 1s the usua uclidaean norm on or any € N: Vu € s ||W = 1 U
, is th 1 Euclid RF f keN: VueRF |ul3 Kol

2. Multi-task regression: problem set-up

We consider p kernel ridge regression tasks. Treating them simultaneously and sharing their
common structure (e.g., being close in some metric space) will help in reducing the overall
prediction error.

Let X be some set and F a set of real-valued functions over X. We suppose F has a
reproducing kernel Hilbert space (RKHS) structure dmwﬂ, |L%_d), with kernel k£ and
feature map ® : X — F. We observe D,, = (X;,Y;l,....,Y/), € (X x RP)", which

give us the positive semidefinite kernel matrix K = (k(X;, X;))1<ij<n € S} (R). For each

task j € {1,...,p}, Dl = (Xi,yg)?zl is a sample with distribution P;, for which a simple
regression problem has to be solved. In this paper we consider for simplicity that the
different tasks have the same design (X;)7_;. When the designs of the different tasks are
different the analysis is similar, but the notations would be more complicated.

We now define the model. We assume (f1,.. ., fP) € FP, ¥ is a symmetric positive-

definite matrix of size p such that the vectors (& )§:1 are i.i.d. with normal distribution

7
N(0,%), with mean zero and covariance matrix 3, and

Vie{l,...,n},Vje{l,....p}, v/ = FI(Xi) +& .

This means that, while the observations are independent, the different tasks are correlated,
with correlation matrix > between the tasks. We now place ourselves in the fixed-design
setting, that is, (X;)!_; is deterministic and the goal is to estimate (fl(X,-), . ,fp(Xi))le.
Let us introduce some notation:

® [imin = Mmin(2) (resp. imax) denotes the smallest (resp. largest) eigenvalue of X.

e ¢(3) := fmax/Hmin is the condition number of 3.



SOLNON, ARLOT AND BACH

To obtain compact equations, we will use the following definition:

Definition 1. We denote by F the n X p matric (fj(Xi))lgigmlgjgp and introduce the
vector f := vec(F) = (fl(Xl),...,fl(Xn),..'. ,fP(Xy)) € R™, obtained by stacking the
columns of F. Similarly we define Y := (y]) € Muxp(R), y := vec(Y), E := (¢]) €
Myxp(R) and € := vec(E).

In order to estimate f, we use a regularization procedure, which extends the classical
ridge regression of the single-task setting. Let M be a p X p matrix, symmetric and positive-

definite. Generalising the work of Evgeniou et all (IZDDE), we estimate f = (f!,..., fP) € FP
by

p p
fr € argmin Z Z 23S My . (2.1)

geFT i=1 j=1 j=1 =1

Remark 1. Requiring that M »= 0 implies that Eq. (21)) is a convex optimization problem,
which here, because we consider the square loss, can be solved through the resolution of a
linear system, as explained later. Moreover it allows an RKHS interpretation, which will
also be explained later.

Example 1. The case where the p tasks are treated independently can be considered in
this setting: taking M = Minq(\) := Diag(A\1,...,\p) for any X € RP, which leads to the

criterion
n

%Z U - XD+l (2.2)

j=1 i=1

that is, the sum of the single-task criteria described in Section [3.  Hence, minimizing
Eq. 22) over A € RP amounts to solve independently p single task problems.

Example 2. As done by|Evgeniou et all (tZMﬁl), for every A, € (0,+00)?, define

At (p—1Du —p
Mimitar(\, 1) := (N + pp) I, — p11" = - . (2.3)
—p A4 —1Dp

Taking M = Mgimiar(\, ) in Eq. 1)) leads to the criterion

—ZZ i>>2+A§p:H9ijr+uZp:Zp:H9] & (2.4)

i=1 j=1 J=1 Jj=1k=1

Minimizing Eq. (Z4) enforces a reqularization on both the norms of the functions ¢’ and
the norms of the differences ¢ — g¥. Thus, matrices of the form Mgmiar(A, 1) are useful
when the functions ¢/ are assumed to be similar in F. One of the main contribution of the
paper is to go beyond this case and learn from data a a similarity matriz M between tasks.

Example 3. We extend Fxample[d to the case where the p tasks consist of two groups of
close tasks. Let I be a subset of {1,...,p}, of cardinality 1 < k < p — 1. Let us denote
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by I¢ the complementary of I in {1,...,p}, 11 the vector v with component v; = licr, and
Diag(I) the diagonal matriz d with component d; ; = 1;cr. We then define
n

14
My (A, p,v) := M, + uDiag(I) + v Diag(I¢) — Ehl} — ﬂhclﬁ . (2.5)

This matriz leads to the following criterion, which enforces a reqularization on both the
norms of the functions ¢° and the norms of the differences g% — ¢* inside the groups I and

1€ :

Ly s +Azug I+ 22| -+

lel

S -

jelckele
(2.6)
As shown in Section 8, we can estimate the set I from data (see .Jacob et all (2008) for a

more general formulation).

Remark 2. Since I, and 117 can be diagonalized simultaneously, minimizing Eq. (Z4)
and Eq. [2.9) is quite easy: it only demands optimization over two independent parameters,

which can be done with the procedure of Arlot and BacHl ({2@)

Remark 3. As stated below (Proposition[3), M acts as a scalar product between the tasks.
Selecting a general matriz M is thus a way to express a similarity between tasks.

Following [Evgeniou et. al M), we define the vector-space G of real-valued functions
over X x {1,...,p} by

G:={g: Xx{l,....,p} =>R/Vje{l,....p}, g(j) € F} .

We now define a bilinear symmetric form over G,

p p
v97h€g ) ga ZZM],l<g(7J)7h(7l)>F7

Jj=11=1

which is a scalar product (see proof in Appendix [A]) and leads to a RKHS (see proof in
Appendix [B)):

Proposition 2. With the preceding notations (-,-)g is a scalar product on G.
Corollary 1. (G, (-,-)g) is a RKHS.

In order to write down the kernel matrix in compact form, we introduce the following
notations.

Definition 3 (Kronecker Product). Let A € M,,,(R), B € M, ,(R). We define the
Kronecker product A ® B as being the (mp) x (ng) matriz built with p x q blocs, the block
of index (i,7) being A; ;- B:

A17lB c. Al,nB

A® B = : . :
ApiB ... Ap,B
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The Kronecker product is a widely used tool to deal with matrices and tensor products.

Some of its classical properties are given in Section [D} see also Horn and Johnson (IlBB.]J)

Proposition 4. The kernel matriz associated with the design X = (Xi,4)ij € X x
{1,...,p} and the RKHS (G, {-,-)g) is Kpy i = M~ ' @ K.

We can then apply the representer’s theorem (Scholkopf and SleaL M) to the mini-

mization problem (Z1]) and deduce that fi; = Apry with

A = A o= Kng(Kag + nplop) ™ = (M7 @ K) (M~ & K) + nl,y) "

Now when working in multi-task regression, a set M C S (R) of matrices M is
given, and the goal is to select the “best” one, that is, minimizing over M the quadratic
risk n 71| far — f||3. For instance, the single-task framework corresponds to p = 1 and
M = (0,+00). The multi-task case is far richer. The ideal choice, called the oracle, is

~ 2
M* e argmin{HfM —fH } )
MeM 2

However M* is not an estimator, since it depends on f. As explained by ‘Arlot and Bach
(@), we choose M as a minimizer over M of

1 2
crit(M) = p. Hy - fMH2 + pen(M) ,

where the penalty term pen(M) has to be chosen appropriately. The unbiased risk estima-
tion principle (introduced by ,M) requires

1 |~ 2
Efari(00] ~E |7 - ]
which leads to the (deterministic) ideal penalty
1, =~ 9 1 ~ 2
pen(01) = E | Ui s = 18] - [ [y - 7] -
Since fM = Apy and y = f + ¢, we can write

[ =, = [ o = 11, + el = 206, Anse) + 266, (o — vy

Since ¢ is centered and M is deterministic, we get, up to an additive factor independent
of M,
2E [(e, Apre)]
engy(M)= ———M—— |
p 1d( ) np
that is, as the covariance matrix of € is ¥ ® I,,,
2tr AM . (E ®1 )
peny (M) = ( - ) . (2.7)
np
In order to approach this penalty as precisely as possible, we have to sharply estimate X.
In the single-task case, such a problem reduces to estimating the variance o2 of the noise

and was tackled by |Arlot and Bacli (2011). Since our approach for estimating 3 heavily
relies on these results, they are summarized in the next section.
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3. Single task framework: estimating a single variance

This section recalls some of the main results from |Arlot and Bach (2011) and can be con-
sidered as a special case of Section 2 with p = 1, ¥ = ¢? > 0 and M = [0, +oc]. Writing
M = X\ with X € [0, +00], the regularization matrix is

YA€ (0,+00), Ay=Ayg =K(K+n),)" ", (3.1)
Ag = I, and Ay, = 0; the ideal penalty becomes
202 tr(A
pen;g(A) = % .

By analogy with the case where Ay is an orthogonal projection matrix, df(\) := tr(A,) is
called the eﬂ“ectlve degree of freedom, first introduced by [Hastie and Tibshirani (1990) and
generalized by (@ The ideal penalty however depends on ¢?; in order to have
a fully data—drlven penalty we have to replace o2 by an estimator 52 inside pen;y(\). For
every \ € [0, 4o00], define

(2 tr(A)\7K) — tr(A;KA)\7K))
- .
Theoretical arguments show that when a penalty proportionnal to pen,;, (A\) is chosen, then
if the proportionnality coefficient is smaller than o2/n the procedure overfits, while when
this coefficient is greater than o /n the procedure leads to good estimation properties and a
low effective degree of freedom. The following algorithm was introduced in 'Arlot and Bachl
) and uses this fact to estimate o?.

Algorithm 1. Input: Y e R", K € §;1T(R)

penmin()‘) = penmin()‘7 K) =

1. For every C > 0, compute

~

1

Ao(C) € argmin {— | A\ kY — YH% + Cpenpiy (A, K)}
Ae[0,400] LT

2. Output: C such that df(\(C)) € [n/10,n/3).

An efficient algorithm for the first step of Algorithm [is detailed in |Arlot and Massart
(@), and we discuss the way we implemented Algorithm [l in Section [l The output C
of Algorithm [Mlis a provably consistent estimator of o2, as stated in the following theorem.

Theorem 5 (Corollary of Theorem 1 of [Arlot and Bacll (2011)). Let 8 = 150 and o = 2.
Suppose € € N'(0,021L,) with 0% > 0, and that \g € (0,+00) and d, > 1 exist such that

lnn

df(\o) < v/n and — H(A)\O — L,)F|? < d,0? — - (3.2

)
Then for every 6 > 2, some constants no(é), k > 0 and an event Q) exist such that P(Q2) >
1 — kn? and for n > ng(6), on Q,

<1 — Bla+d) h;") o2 <O < (1 + Bla+0)dy hlfl")) o2 (3.3)

Remark 4. The values n/10 and n/3 have no particular meaning and can be replaced by
n/k, n/k', with k > k' > 2. Only 8 depends on k and k.
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4. Estimation of the noise covariance matrix 2

Thanks to the results developped by [Arlot_and Bach (2011) (recapitulated in Section B, we
know how to estimate a variance for any one-dimensional problem. In order to estimate X,
which has p(p + 1)/2 parameters, we can use several one-dimensional problems. Projecting
Y onto some direction z € RP yields

Y, =Y - z2=F-24+FE-z2=F, +¢, , (Pz)

with e, ~ N(0,021,) and 02 := Var[e - 2] = 2" ¥z. Therefore, we will estimate o2 for z € Z
a well chosen set, and use these estimators to build back an estimation of X.
We now explain how to estimate ¥ using those one-dimensional projections.

Definition 6. Let a(z) be the output C of Algorithm [ applied to problem (PZ), that is,
with input Y, € R™ and K € ST (R).

The idea is to apply Algorithm [I to the elements z of a carefully chosen set Z. Noting
e; the i-th vector of the canonical basis of RP, we introduce Z = {¢;, i € {1,...,p}} U
{ei+e€j, 1 <i<j <p} We can see that a(e;) estimates ¥;;, while a(e; + e;) estimates
Yii+ 3, +2%; ;. Henceforth, ¥; ; can be estimated by (a(e; +¢€;) —a(e;) —a(e;))/2. This
leads to the definition of the following map J, which builds a symmetric matrix using the
latter construction.

p(p

Definition 7. Let J: R™% " — S,(R) be defined by

J(a17’”7ap7a1727"'7a1,p7’”7ap—1,p)i,i = a; Zfl <1 <p,
Qij — Qi —a; . .
J(al,...,ap,a172,...,a17p,...,ap_lvp)m:# if <i<j<p.

This map is bijective, and for all B € S,(R)
J_l(B) = (3171, o ,BpJ,, Bl71 + 3272 + 23172, R ,Bp_17p_1 + Bp7p + QBp_Lp)
This leads us to defining the following estimator of 3 :

S = J(a(er),...,alep),aler +e2),...,ale1 +ep),...,alep—1 +€p)) . (4.1)

Let us recall that VA € (0,+00), Ay = A\ x = K(K+n\l,)~!. Following|Arlot and Bach
) we make the following assumption from now on:

vjie{l,....p}, Fo; € (0,400),
1 Inn
df(og) < v and =~ [(Ar, = T)Fey |5 < 85\ =

We can now state the main result of the paper.

(Hdf)

Theorem 8. Let 3 be defined by Eq. (A1), o =2, k > 0 be the numerical constant defined
in Theorem [A and assume (Hdf) holds. For every § > 2, a constant ny(5), an absolute
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constant Ly > 0 and an event ) exist such that P(Q) > 1 —kp?n=% and for every n > ng(6),
on €,

(L-mME =T (14T, (4.2)

where n:=Li(a+9d)p

Theorem [l is proved in Section [Dl It shows S estimates X with a “multiplicative” error
controlled with large probability, in a non-asymptotic setting. The multiplicative nature of
the error is crucial for deriving the oracle inequality stated in Section [, since it allows to
show the ideal penalty defined in Eq. (2.7)) is precisely estimated when ¥ is replaced by X.

An important feature of Theorem [ is that it holds under very mild assumptions on
the mean f of the data (see Remark [l). Therefore, it shows X is able to estimate a
covariance matrix without prior knowledge on the regression function, which, to the best of
our knowledge, has never been obtained in multi-task regression/

Remark 5 (On assumption (Hd)). Assumption (HAI) is a single-task assumption (made
independently for each task). The upper bound +/In(n)/n can be multiplied by any factor
1 <d, < +v/n/In(n) (as in Theorem [d), at the price of multiplying 1 by d, in the upper
bound of Eq. (£2]).

Assumption (HAI) is rather classical in model selection, see |Arlot and Baclt (tZ_MI) for
instance. In particular, (a weakened version of) (HdAH) holds if the bias n=t||(Ax — I,,) F., |3
is bounded by Cy tr(Ay)~%2, for some Cy,Cy > 0.

Remark 6 (Scaling of (n,p) for consistency). A sufficient condition for ensuring S s a
consistent estimator of ¥ is

In(n)
c(2)?
pe(E) 7 —
which enforces a scaling between n, p and c¢(X). Nevertheless, this condition is probably not
necessary since the simulation experiments of Section [@ show that X can be well estimated

(at least for estimator selection purposes) in a setting where n>> 1.

— 0,

Remark 7 (Choice of the set Z). Other choices could have been made for Z, however ours
seems easier in terms of computation, since |Z| = p(p+1)/2. Choosing a larger set Z leads
to theoretical difficulties in the reconstruction of f‘,, while taking other basis vectors leads to
more complex computations. We can also note that increasing |Z| decreases the probability
in Theorem[8, since it comes from an union bound over the one-dimensional estimations.

5. Oracle inequality

We now show that the estimator introduced in Eq. (41]) is precise enough to derive an
oracle inequality when plugged in the penalty defined in Eq. (Z71)).

Definition 9. Let & be the estimator of ¥ defined by Eq. (1)) . We define

— . . 2 ~
Mea%g\;n{HfM—yH2+2tr <AM-(E®In))} . (5.1)
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We assume the following assumption, which means that the matrices of M are jointly
diagonalisable, holds true:

P € 0,(R), MC {PT Diag(ds, ... d,)P, (di)l_, € (0, +oo)p} . (HM)

Theorem 10. Let a = 2, § > 2 and assume (HdAf) and (M) hold true. Absolute constants
Ly > 0 and ', a constant ny(6) and an event Q exist such that P(2) > 1— K'p*n=% and the
following holds as soon as n > ny(0).First, on S,

a1l () et o Vo) et e
(5.2)
Second,
o~ 2 ~
I S Py s o

2
P p 15

4
+Loc(E)* tr(Z)(a + 6) p n2 np

Theorem [ is proved in Section [El Taking p = 1 (hence ¢(X) = 1 and tr(X) = o2), we

recover Theorem 3 of |Arlot_and Bachl (201 l) as a corollary.

Remark 8. Our result is a non asymptotic oracle inequality, with a mutliplicative term of
the form 1+ o(1). This allows us to claim that our selection procedure is nearly optimal,
since our estimator is close (with regard to the empirical quadratic norm) to the oracle one.
Furthermore the term 1+ (In(n))~! in front of the infima in Eq. (52) and (G3) can be
further diminished, but this yields a greater rest as a consequence.

Remark 9 (On assumption (HM). Assumption (HM) actually means all matrices in
M can be diagonalized in a unique orthogonal basis, and thus can be parametrized by their
etgenvalues. In that case the optimization problem is quite easy to solve. If not, solving
EI) may turn out to be a hard problem, and our theoretical results do not cover this set-
ting. However, it is always possible to discretize the set M as in|Arlot_and Bach (tZ_MI) or,
i paractise, to use gradient descent; we conjecture Theorem still holds without ([HIMI)
as long as M is not “too large”, which could be proved similarly up to some uniform con-
centration inequalities.

Note also that if My,..., Mg all satisfy (HM)) (with different matrices P), then The-
orem [IQ still holds for M = Ufle My, with ]P’(SNI) > 1—9Kp*n~%, by applying the union
bound in the proof.

Remark 10 (Scaling of (n,p)). Eq. (52)) implies the asymptotic optimality of the estimator
I3 when
trY  p?(In(n))? ) I TIPS 2
T At et N
«(>) p>< n <<J\JH€1M np Ju f2

In particular, only (n,p) such that p3> < n/(In(n))® are admissible.

10



MULTI-TASK REGRESSION USING MINIMAL PENALTIES

Remark 11 (Relationship with the trace norm). Our framework relies on the minimization
of Eq. (2Z1) with respect to f. |Argyriou et all (tZ.(ZOﬁ ) has shown that if we also minimize with
respect to the matriz M subject to the constraint tr M~ =1, then we obtain an equivalent
reqularization by the nuclear norm (a.k.a. trace norm), which implies the prior knowledge
that our p prediction functions may be obtained as the linear combination of r < p basis
functions. This situation corresponds to cases where the matrizc M ™' is singular, and we
allow this explictly in our experiments.

Note that the link between our framework and trace norm (i.e., nuclear norm) reqular-
1zation is the same than between multiple kernel learning and the single task framework of
\Arlot and Bach (fZ_(Z11| ). In the multi-task case, the trace-norm regularization, though effi-
ctent computationally, does not lead to oracle inequality, while our criterion is an unbiased
estimate of the generalization error, which turns out to be non-convex in the matriz M.
While DC programming techniques (see, e.g. |Gasso et QJJ, [ZMQ, and references therein)
could be brought to bear to find local optima, the goal of the present work is to study the
theoretical properties of our estimators, assuming we can minimize the cost function (e.g.,
in special cases, where we consider spectral variants, or by brute force enumeration).

6. Simulation experiments

In all the experiments presented in this section, we consider the framework of Section
with X = R? d = 4, and the kernel defined by Va,y € X, k(z,y) = H;-lzl e~ 1wyl
The design points Xi,..., X, € R? are drawn (repeatedly and independently for each
sample) independently from the multivariate standard Gaussian distribution. For every
je{l,....p} F1() =", k(- ) where m = 4 and 21, ..., z, € R? are drawn (once for
all) independently from the multivariate standard Gaussian distribution, independent from
the design (X;)1<i<n. Thus, the expectations that will be considered are taken conditionally
to the z;. The coefficients (a)1<i<m . 1<j<p differ according to the setting.

Settings. Four experimental settings are considered:

A] Various numbers of tasks: n = 100 and Vi,j, o] = 1, that is, Vj, f/ = fa :=
>t k(- ). The number of tasks is varying: p € {2k /k = 1,...,25}. The covari-
ance matrix is ¥ = ¥ 4 ,, defined as the first p x p block of ¥ 4 50, where ¥ 4 50 has been
drawn (once for all) from the Wishart W (I5g,50,100) distribution. The condition
number of ¥ 4, increases from ¢(X42) ~ 1.17 to ¢(X4,50) =~ 22.50 as p increases.

B| Various sample sizes: p = 5, Vj, f/ = f4 and ¥ = Yp has been drawn (once
for all) from the Whishart W (5, 10,5) distribution; the condition number of ¥p is
¢(Xp) =~ 22.05. The only varying parameter is n € {50k /k =1,...,20}.

C| Various noise levels: n = 100, p = 5 and Vj, f/ = fa. The varying parameter is
Y=Y, :=tXp with t € {0.5k /k=1,...,20}.

D| Clustering of two groups of functions p = 10, n = 100, ¥ = X has been

drawn (once for all) from the Whishart W (I, 20,10) distribution; the condition
number of Xz is ¢(Xg) ~ 24.95. We pick the function f := Y, a;k(-, z;) by drawing

11
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(ai,...,qn) from standard multivariate normal distributions and finally f! = ... =

P=ff= ==,

Collections of matrices. Two different sets of matrices M are considered in the Exper-
iments A-C, following Examples [1l and

Mimilar = {Msimilar (A p) = (A +pN)Ip - %11T /(A ) € (0, +OO)2}
and  Minq := {Mina(A) = Diag(A1,...,Ap) /X € (0,+00)P} .

In Experiment D, we also use two different sets of matrices, following Examples [3 :

Mclus = U {MI ()\,u,,u) /(Aau) € (07 +OO)2} UMsimilar
Ic{1,...p}.I1¢{{1,....p}.,0}
and  Mipgerval = U {MI ()\wunu) /(>\7lu’) S (07 +OO)27[ = {17 s 7]{7}} UMsimilar .
1<k<p—1

Remark 12. The set Mys contains 2P — 1 models, a case we will denote by “clustering”.
The other set, Minterval, 0nly has p models, and should take advantage of the knowledge of
the structure of the Setting D. We call this setting “segmentation into intervals”.

Estimators. Concerning Experiments A-C combining the two possible sets of matrices
with two penalization procedures (that is, with the penalty defined in Eq. (Z7) and either
Y. known or estimated by X) leads to four estimators defined by

Va € {similar,ind} , VS € {Z,i} ) ‘]/0;75 = fM\a,S = Aﬁa,sy

—

1 ~ |2 2
where M, g € argmin {— Hy — fMH + —tr(Ay - (S® In))}

and X is defined by Eq. (£I). As detailed in Examples [IH2] fin 45 and ﬁnd,z are con-

catenations of single-task estimators, whereas f_ . =
k)

tage of a setting where the functions f7 are close in F thanks to the regularization term
Sl = fFI1%.

Concerning Experiment D, given the two possible sets of matrices, plus the single-task
matrices, we consider the following three estimators :

s and fsimﬂar,g should take advan-

V3 € {clus,interval,ind} , fg = f@; = AM\By

— 1 ~ 12 2
where My eargmin{—Hy—fMH +—tr(AM-(S®In))}
MeMy NP 2 np

Remark 13 (Finding the jump in Algorithm [l). The Pseudo-Algorithm [ raises the ques-
tion of how to detect the jump of astimated dimensionality of df(\), which happens around
the variance we want to estimate. We chose to select an estimator of C of o0 such that

it was the smallest index such that df(Xo(a)) < n/2. An other approach was attempted,
namely by choosing the index corresponding to the largest instantaneous jump of df (Ao(C))

12
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(which is piece-wise constant and non-increasing). This approach had a major drawback,
because it sometimes selected a jump far away from the “real” jump, which consisted of
several small jumps. Both these approaches gave similar results in terms of prediction er-
ror, and we chose the first one because of its direct link to our theoretical criterion given in
Algorithm [1.

Results. The results of the Experiments A-C are reported in Figures [[H8l In each exper-
iment, N = 1000 independent samples y € R"™ have been generated. Due to computation
time, only N = 100 samples have been generated in simulations B. Expectations are es-
timated thanks to empirical means over the N samples, and error bars correspond to the
classical Gaussian 5% level difference test (that is, empirical variance over the N samples
multiplied by 1.96/v/N). The results of Experiment D are reported in Table [l . Here
also the expectations are estimated thanks to empirical means over the 1000 samples. The
p-value corresponds to the classical Gaussian difference test, where the hypotheses tested
are of the shape Hy = {¢ < 1} against the hypotheses H; = {q > 1}, where the different
quantities q are detailed later. We compute the p-value of the test that is, the minimal risk
that leads the tests to reject the tested hypothesis.

= With the estimated X
* With the true >

o o
e
i

°© o o 9o
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o

@
e

—f

Quadratic errors, multi-task
o
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0.1+
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00 5 10 15 20 25 30 35 40 45 50

Figure 1: Increasing the number of tasks p (Setting A),Aquadratic errors of multi-task esti-
mators (np) 'E[|| fsimitar,s — f]|?]. Blue: S =3. Red: S = X.

Comments. As expected, multi-task learning significantly helps when all f7 are equal, as
soon as p is large enough (Figure [3)), especially for small n (Figure [6) and large noise-levels
(Figure ). Increasing the number of tasks rapidly reduces the quadratic error with multi-
task estimators (Figure[I]) contrary to what happens with single-task estimators (Figure [2]).
A noticeable phenomenon also occurs in Figure [[land even more in Figure 2t the estimator
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~

mators (np)_lE[Hﬁndﬁ — fII*]- Blue: S=13. Red: S =23.

Quantity estimated : ¢ Mean | Empirical variance | Hy p-value
E[|| ferus — fII?/II.fina — fI*] | 0.6683 0.2935 g>1|<107"
E[|| finterval — f1I* /Il fina = fII*] | 0.6596 0.2704 g>1|<107"
E[|| fintervat = f1I%/Il ferus — £II°] | 0.99998 0.1645 g>1] 05006

Table 1: Clustering and segmentation (Setting D).

ﬁnd,g (that is, obtained knowing the true covariance matrix X) is less efficient than fin 48
where the covariance matrix is estimated. It corresponds to the combination of two facts:
(i) multiplying the ideal penalty by a small factor 1 < C,, < 1+ o(1) is known to often
improve performances in practice when the sample size is small (see Section 6.3.2 of
(EIE)), and (ii) minimal penalty algorithms like Algorithm [lare conjectured to overpenalize
slightly when n is small or the noise-level is large ,) (as confirmed by Figure[T).
Interestingly, this phenomenon is stronger for single-task estimators (differences are smaller
in Figure [I) and disappears when n is large enough (Figure [), which is consistent with
the heuristic motivating multi-task learning: “increasing the number of tasks p amounts to
increase the sample size”. However the advantage of the multi-task procedure (compared
to the single task one) seems to decrease when p becomes very large, as seen in Figure Bl
This seems reasonable since the multi-task procedure requires the estimation of the matrix
Y that is, p(p + 1)/2 parameters, and thus induces a large variance when n is small (here,
p = 50 and n = 100).

14
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= Improvement of the multi-task procedure\
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0.851

Ratio of the quadratic errors
o
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a

Figure 3: Increasing the number of tasks p (Set/‘ging A), improvement of multi-task compared
to single-task: E[Hfsimilar,f - f”2/”find,§ - sz]

Figures M and [B] show us that our procedure works well with small n, and that increasing
n does not seem to significantly improve the performance of our estimators, except in
the single-task setting with > known, where the under-penalization phenomenon discussed
above disappears.

Table [ shows us that using the multitask procedure benefits the estimation accuracy,
both in the clustering setting and in the segmentation setting. The last line of Table [Il does
not show that the clustering setting improves over the “segmentation into intervals” one,
which was awaited if both select a model close to the oracles, which are the same on both
cases.

7. Conclusion and future work

This paper shows that taking into account the unknown similarity between p regression tasks
can be done optimally (Theorem [I0]). The crucial point is to estimate the p x p covariance
matrix ¥ of the noise (covariance between tasks). An estimator of ¥ is defined in Section [,
where non-asymptotic bounds on its error are provided under very mild assumptions on the
mean of the sample (Theorem []), which is probably the most important theoretical result
of the paper.

Simulation experiments show that our algorithm works with reasonable sample sizes, and
that our multi-task estimator often perform much better than its single-task counterpart.
Up to the best of our knowledge, a theoretical proof of this point remains an open problem
that we intend to investigate in a future work.
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Figure 4: Increasing the sample size n (Setting BA), quadratic errors of multi-task estimators
(np) " 'E[|| fsimilar,s — f]|?]. Blue: S =3. Red: S = X.

Theorem [I0 only holds when matrices M can be diagonalized simultaneously (assump-
tion (HM)])), which often corresponds to cases where we have a prior knowledge of what
the relations between the tasks would be, and which is the only known case where the
optimization is quite easy. We do plan to expand our results to larger sets M, which may
require new concentration inequalities and new optimization algorithms.
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la Recherche (DETECT project, reference ANR-09-JCJC-0027-01) and from the European
Research Council (SIERRA Project ERC-239993).

We give in Appendix the proofs of the different results stated in Sections 2 E and [l
The proofs of our main results are contained in Sections [D] and [El

Appendix A. Proof of Proposition
Proof It is sufficient to show that (-,-)¢g is positive-definite on G. Take g € G and S =

(Sij)1<i<j<p the symmetric postive-definite matrix of size p verifying S? = M, and denote
T = St = (T;j)1<ij<p- Let f be the element of G defined by Vi € {1...p}, g(-,i) =
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This shows that (g, g)g > 0 and that (g,9)¢ =0=f=0=g=0. [ |

Appendix B. Proof of Corollary 1]

Proof If (x,7) € X x {1,...,p}, the application (f!,..., fP) — f/(x) is clearly continuous.
We now show that (G, (-,)g) is complete. If (g, )nen is a Cauchy sequence of G and if we de-
fine, as in Section[Al, the functions f, by Vn € N, Vi € {1...p}, gn(-, 1) = D% _1 Tikful:, k).
The same computations show that (f,(-,7))nen are Cauchy sequences of F, and thus con-
verge. So the sequence (fy,)nen converges in G, and (g, )nen does likewise. [ |

Appendix C. Proof of Proposition (4
Proof We define

61,9 ()
(I)(xh?) = M_l : 5
5p7jq)(x)
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with 0; ; = 1,—; being the Kronecker symbol, that is, §; ; = 1 if ¢ = j and 0 otherwise. We
now show that @ is the feature function of the RKHS. For g € G and (z,l) € X x{1,...,p},
we have:

M;ilg(-,5), @ (z, 1)) 5

Il
Me
M*@

(9, ®(x,1))g
1

.
Il
-

7

D MM, 6 i(g (), () 7

m=1

I
-M“
-M“

<
Il
—_
-
Il
—_

(M ' M_l)j,m(sm,lg(xaj)

[
-
WE

0
3
Il

1

I
Me

8j09(x, j) = g(z,1) .

<.
Il
-

Thus we can write:
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Appendix D. Proof of Theorem

D.1 Some useful tools

We now give two properties of the Kronecker product, and then introduce a useful norm
on S,(R), upon which we give several properties. Those are the tools needed to prove
Theorem

Property 1. The Kronecker product is bilinear,associative and for every matrices A, B, C, D
such that the dimensions fit, (A® B)(C ® D) = (AC) ® (BD).

Property 2. Let A€ M,(R), (A®1,)" = (AT ®I,).

Definition 11. We now introduce the norm | - || on S,(R), which is the modulus of the
etgenvalue of largest magnitude, and can be defined by

IS| = sup ‘zTSz‘
Z€RP, ||z]l,=1

This norm has several interesting properties, some of which we will use and which are stated
below.

Property 3. The norm || - || is a matricial norm: ¥(A, B) € S,(R)?, ||AB]| < | A|l|B]-
We will use the following result, which is a consequence of the preceding Property.
1o _
VS € Sp(R), VT € SFF(R), [T~28T=|| < |ISIT -
We also have:

Proposition 12.
VE e S(R), [Z@ Ll =[IZ] -

Proof We can diagonalize ¥ in an orthonormal basis: 3U € O, (R), 3D = Diag(p1,...,p1p), X =
UTDU. We then have, using the properties of the Kronecker product:

YeL=U"eL)(DeL)(U®I,)
—(UeL) (DL)(U®I,) .

We just have to notice that U ® I,, € O,,(R) and that:

D® I, =Diag(pn, ..o fl1y -y fhpy -y fp) -

n times n times

This norm can also be written in other forms:

Property 4. If M € M,(R), the operator norm ||M|, := supycgpn\ (o {%} is equal

to the greatest singular value of M: \/p(M T M). Henceforth, if S is symmetric, we have
IS1 = 11512
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D.2 The proof
We now give a proof of Theorem B using Lemmas [[3], [4] and I35 which are stated and
proved in Section [D.3] The outline of the prove is the following:

1. Apply Theorem [l to problem (Pz) for every 2z € Z in order to

2. control ||s — (||, with a large probability, where s, € RPPT1/2 are defined by

S = (2171, . ,Ep,pa 21’1 + 2272 + 22172, ey Ei,i + Ej,j + 222"]‘, .. )
and ¢ := (a(er),...,a(ep),aler +e2),...,a(er +ep),alea +e3),...,alep—1 +¢€p)) -

3. Deduce that & = J (€) is close to ¥ = J(s) by controlling the Lipschitz norm of J.

Proof 1. Apply Theorem We start by noticing that Assumption (Hdf) actually
holds true with all Ao ; equal. Indeed, let (Ao ;)1<j<p be given by Assumption (Hdf) and
define A\g := minj—;__, Ao ;. Then, X\g € (0,+00) and df(\g) since all Xg; satisfy these
two conditions. For the last condition, remark that for every j € {1,....p}, Ay < Ao and
A+ ||(Ax — I)F,,||3 is a nonincreasing function (as noticed in |Arlot and Bach (2011)) for
instance), so that

1
< xR0

1 1
n H(AAO - fn)Feng < n |’(A>\o,j In) FEJH2 n

(D.1)

In particular, Eq. (8:2) holds with d,, = 1 for problem (Pzl) whatever z € {e1,...,¢e,}.
Let us now consider the case z = ¢; +¢; with ¢ # j € {1,...,p}. Using Eq. (D.I)) and
that Fe e, = Fe, + Fe;, we have

H(B)\O - In)Fei—l—ej H; < (Bxo — In) Fe, ||§+H(B>\o - In)Fey‘ H;+2<(B)\O_In)Fe (Bxo _In)Fej> :

The last term is bounded as follows:
2(Brg = In)Fers (Bag — In)Fey) < 20[(Bag — L) Furll - | (Brg — In) |
§ 2\/71 ln(n \/EME]‘J’
<+/nln(n)(X;; +2;,)

<(1+¢X)yvnln(n E“—I-E”—I—ZE”)
= (1 +¢(2))y/nin(n)o?

e%+eJ ’
because Lemma [[3] shows
(Ez i+ E] j) (1 + C(E))(Eiﬂ' + Ej,j + 2Ei,j) :

Therefore, Eq. (3.2)) holds with d,, = 1+ ¢(X) for problem (Pz)) whatever z € Z.
2. Control |[|s — (||,: Let us define

m = Bla+06)(1+¢(%))
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)

By Theorem [ for every z € Z, an event (2, of probability greater than 1 — kn™° exists on

which, if n > ng(9),
(1=m)o? <a(z) < (1+m)o? .

So, on Q :=(,c, Q,
€= sllo <mlIsllo - (D.2)

and P(2) > 1 — sp(p + 1)/2n~% by the union bound. Let

>
|Z]| ==sup|¥;;| and Ci(p):= sup {m} ‘
ses,® L 12

Since [|s]|, < 4|2/, and Ci(p) =1 by Lemma [I4] Eq. (D.2]) implies that on €,

1€ = slloe < 4m (Bl < 4mlI=] - (D.3)

3. Conclusion of the proof: Let

e |

CeRp(p+1)/2

17Ol
1<l } '

By Lemma[I5, Cs(p) < $p. By Eq. ([0), on ©,
IS =Sl = [17(¢) = J(s)[| < Cap) € — 5]l < AmC2()IZ] - (D.4)

Since ) ) ) )
IE7288 72 — L = IS 2 (E -T2 < =M= -2

and [|X[||Z7Y = (), Eq. (D) implies that on €,
1 1
2722577 — Ll < 4mCIENIS™ = 4n1Ca(p)e(S) < 6mpe(S) -

To conclude, Eq. (@2]) holds on  with

In(n)

n = 6pc(X)B(a+0)(1 + ¢(X)) - < Li(a+9)p n(n)

¢(%)? (D.5)

n

for some numerical constant L. [ |

Remark 14. As stated in |Arlot and Bach (2011), we need Vno(8)/In(ng(d)) > 504 and
/1no(0)/In(np(0)) > 24(290 + 9).

Remark 15. To ensure that the estimated matriz 3 is positive-definite we need that n < 1,

that is,
1 /% > 68(a + 8)pe(E) (1 + () .
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D.3 Useful Lemmas
Lemma 13. Let p > 1, ¥ € S/ T(R) and () its condition number. Then,

C(Z) -1 Em’ + Ej,j

l<i<i<p, %..>_
Visi<jsp, %2 —0siii 3 ’

(D.6)

Remark 16. The proof of Lemmalld shows the constant cEEgH cannot be improved without

additional assumptions on 2.

Proof It suffices to show the result when p = 2. Indeed, (D.6) only involves 2 x 2
submatrices (i, j) € Sy T(R) for which

= cX)—-1 ¢2)—-1
1<¢(¥)<c(¥) hence 0< () 1 < )+l

So, some 6 € R exists such that ¥ = || 2[R, DRy where

Ro = <—CZISI§2) 2222;) b= <(1) 2) and A= c(lz) '

Therefore,

B s2(0) + Asin?(9) 152 sin(26)
=X < 1-) )\ sin(26) )\00522(9) + sin2(9)>

So, Eq. (D.6)) is equivalent to

(1 — \)sin(26) - 1-A1+A

2 =1 2
which holds true for every 6 € R, with equality for § = 7/2 (mod. 7). [ |
Lemma 14. For every p > 1, C1(p) := supyeg, (r) % =1.

Proof With ¥ = I, we have ||X||oc = | 2] =1, so Ci(p) > 1.
Let us introduce (4, j) such that |; j| = [|X[|cc. We then have, with ej, being the k" vector
of the canonical basis of RP,

1551 = led Sej < lef Seil V2 ]e] Se; V2 < (12152

Lemma 15. For every p > 1, let Cy(p) := SUD¢cRp(p+1)/2 m”‘é(@m. Then,

S
N

<Cip) < p -
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Proof For the lower bound, we consider

1 ... 1
G=(1,...,1, 4,...,4 ), then J(Cl):
— ——
p times p(p;l) times 1 ... 1

so that [|J(¢)]] = p and ||« = 4.
For the upper bound, we have for every ¢ € RP®P*1/2 and » € R? such that 2], =1

JIQz=] Y wmdQu| < Y Tl < 1Tl 21T -

1<i,j<p 1<i,j<p

By definition of J, || J(¢)|lec < 3/2]|¢]|,. Remarking that |z[3 < p||z\|§ yields the result.
|

Appendix E. Proof of Theorem

The proof of Theorem [I0l is similar to the proof of Theorem 3 in |Arlot and Bach (2011).
We give it here out of completeness.

E.1 Key quantities and their concentration around their means

Definition 16. We introduce, for S € S *(R),

—

M, (S) Eajl‘“/jgéljl\;n{HﬁM—YH2+2tr(AM-(S®In))} (E.1)

Definition 17. Let S € Sp(R), we note Sy the symmetric matric where the eigenvalues
of S have been thresholded at 0. That is, if S = U' DU, with U € Op(R) and D =
Diag(dy,...,dp), then

S, := U Diag (max {dy,0},...,max {d,,0}) U

Definition 18. For every M € M, we define

b(M) = ||(Anr — Inp) f1I3

vi(M)=E[(e, Apye)] = tr(Ap - (2@ 1))

(M) = (e, Ape) —E[(e, Ape)] = (e, Ape) —tr(Ay - (2R 1))
v2(M) = E [|Anel3] = tr(AjAv - (R @ 1))

02(M) = || Anrell — E [l Anell3] = | Amell3 — tr(AyAn - (B L))
03(M) = 2(Anre, (Anr = Lnp) f)

04(M) = 2(e, (Inp — Anr) f)

A(M) = —20,(M) + 8,(M) .
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Definition 19. Let C4,Cp,Cc,Cp,Cg,Cr be fized nonnegative constants. For every x >
0 we define the event

QIE — Qx(My OA7 037 CCa CD7 OE7 CF)

on which, for every M € M and 61,02,605,04 € (0,1]:

(01 ()] < 01 tr (AT Av - (B @ 1)) + (Ca + CpoT ]3| (E.2)
6(M)| < b tr (Af Avr - (S ® 1)) + (Co + Cb; )al| 2] (E-3)
183(M)| < 03 || (Lnp — Ann) f 3 + Crb5 ' || (E4)
162 (M)] < 64 [|(Lnp — Ara) f 15 + Crb; 'z S| (E.5)

Of key interest is the concentration of the empirical processes d;, uniformly over M €
M. The following Lemma introduces such a result, when M contains symmetric matrices
parametrized with their eigenvalues (with fixed eigenvectors).

Lemma 20. Let P € Op(R), and suppose that (HM)) holds. ThenP(Q,(M,Cys,Cp,Cc,Cp,Cg,Cr)) >
1— p61027+1n(n)e—x if

Ca=2,Cg=1, Cc=2, Cp=1, Cg =306.25, Cr=306.25 .
Proof We can write

At = Agyyay = (PR L) (D7 @ K) (D7 @ K +nply) ™| (P& 1)
= QTAVCh,...,dpQ 5

with Q = P® I, and Ay, 4 = (D~' @ K)(D~' @ K + npl,,)~". Remark that Ay 4
is block-diagonal, with diagonal blocks being By, , ..., By, using the notations of Section 3l

With € = Qe = (E~1T, - ,ENPT)T and f: Qf = (flT, - ,f;T)T we can write

61(M)] = (&, Agy,..a,8) — E [(5 gdl,...,dpgﬂ :
|62(M)| = Hgdl,...,dpgr —E [“gdl,...,dpg ﬂ ;

165(M)| = 2(Aq, . a8 (Aay, a0, — Tnp) f)
’64(M)‘ = 2<Ea ([np Ad1,...,dp)f> :
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We can see that the quantities d; decouple, therefore

51(M)] = z_p;<si,3dia>—E[<a,Bd@1 ,
62(M)] = 2 |Ba&il3 — E [IBadil3]
@WMZ%?@&M&ﬁ%m%
64(M)| = fy@mh—am%.

s
I
—_

Using Lemma 9 of |Arlot and Bacli (2011), where we have p concentration results on the

sets QZ, each of probability at least 1 — 1027*’“‘(")6 we can state that, on the set (_; QZ,
we have
P
161 (M)] <0y Var[] tr(Bj, Ba,) + (Ca + Cpy ) Var[g]
i=1
P

|62(M)] <~ 6y Var[&] tr(By, Ba,) + (Co + Cpby M Var[g] |

=1

2
|05(M)| < 2+CE9§1xVar[é}] ,

et

s
Il
—_

05 || (1 = Ba) i

p 12
55(0M)| < Y64 H(In—Bdi) |, + Crorte varfs]

-
Il
—

To conclude, it suffices to see that for every i € {1,...,p}, Varlg;] < ||Z].

E.2 Intermediate result

We first prove a general oracle inequality, under the assumption that we use inside the
penalty an estimation of X which does not underestimate > too much.

Proposition 21. Let C4,Cp,Cc,Cp,Cg > 0 be fized constants, v > 0, g € [0,1/4) and
Ks >0. On Q14 (M, Ca,Cp,Cc,Cp,CE), for every S € SfT(R) such that

(E.6)

> (1 s inf {b<M> + 0a(M) + K In(n) | 2] })

’Ul(M)

and for every 6 € (0, (1 — 46s)/2), we have:
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o~ 2 R ) ' B

nlp HfMo(S) B sz = %]\/}25\4 {nlp HFM B FHz + 25 = ((ip 2 ®IN))}
1 2 0sKs | In(n)|X]]

T T2 465 [(2@’ +3Co +6Cp +6Cp + 2(Cp + Cr))y + — } M= e

Proof The proof of Proposition21lis very similar to the one of Proposition 5 inlArlot and Bach
). First, we have

[ = 7] = b3y + wa(01) + d00) + 5 0) (E3)
| A= = 170 = 718~ 200 00) — 200000) + 6,M0) + el - (B9)
Combining Eq. (E)) and (E.9), we get:
Hfmw - sz +2tr (Am(s) (S —%); @ In)) + AM,(S)) .
E.10
< it {HfM ol 2t (- Do ) + £<M>} .

On the event € 1,,, for every 6 € (0,1] and M € M, using Eq. (E2) and (E3) with
0 =61 = 04,

—~ 1
[AM)] < 0(6(M) + v2(M)) + (Ca + 5(Cp + Cp))yIn(m)[Z] - (E.11)
Using Eq. (E3) and (E4) with 63 = 03 = 1/2 we get that for every M € M Eq.

|

which is equivalent to

Fu — F(\j > %(b(M) +03(M)) — (Co +2Cp + 205y ) |2 |

~ 2
b(M) + v (M) < 2 HFM - FH2 +2(Ce +20p + 2CE)y In(n)|Z] - (E.12)

Combining Eq. (EII)) and (EI2), we get

N ~ 2 1

B <26 | Py - P+ (CA +(2Cc +4Cp +4Cp)0 + (Cp + CF)§> Y| -
With Eq. (EI0), and with C; = C4, Cy = 2C¢ +4Cp + 4CE and C5 = Cp + Cp we get

—~ 2
(1 26) Hfm(s) . sz 4 2tr <AMO(S) (S —%),® In)) <

inf {HfM . sz F2tr (Awr - (S — %) ®In))} + (01 o0+ %) @) -

MeM
(E.13)
Using Eq. (E.6) we can state that
tr (Agz () (S = £) @ ) = ~8s ((6(M(9)) + v2(My()) + Ksn(m)IS])
which then leads to Eq. (EX) using Eq. (EI2) and (EI3). [ |
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E.3 The proof itself

We now show Theorem [I0 as a consequence of Proposition 2Tl It actually suffices to show
that & does not underestimate ¥ too much, and that the second term in the infimum of
Eq. (E7D) is negligible in front of the quadratic error (np)~!||far — f|12.
Proof On the event  introduced in Theorem B Eq. (4.2 holds. Let

7= (D) (1+(L)) .

By Lemma 22] below, we have:

o [OM) +va(M) + K In(n) [|] KsIn(n)|[X]]
J\/}Ielf\/t { v (M) } =2 ntr(X)

In order to have ]\/Zo(i) satisfying Eq. (E.), it suffices to have, for every g > 0,

KsIn(n)|[%]]
ntr(X)

In(n)

20g =68(a+ d)py e

which leads to the choice

_/38(a+o)vtr(R))
KS‘( 5515 > |

We now take 0g = 6 = (9 In(n))~!. Using Eq. (E7) and requiring that In(n) > 6, we get
on 2 =0nN Q(a+6) 1n(n)(./\/l, Ca,CB,Cc,Cp,Cg, CF)3

2tr <AM (E-D),® In)>

1 -~ 1 . 1 - 2
Tl = (1 i) et [ o[+ m
2\ ! 72952p%~2 tr(%)2
+<1— 3T(n)> [QCA+3CC+60D+60E+IH(71) <18CB+18CF+ SIE >]
< (a4 g I
np
Using Eq. (D.5) and defining
In(n)
m = 1230 + )y o) (14 o(5)) . (.14)
we get
1~ 1 , 1|~ 2 (A - (B0 1))
i | O < - _ _
anfM fH2 - <1+ln(n)>1\/}25\4{anfM fH2+772 np
2\ ! 72952p%~2 tr(X)2
+ <1— 3ln(n)> [20A+3CC+60D+6CE+ID(H) <1803+180F+ SIE )}
2
(ot g
np
(E.15)
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Now, to get a classical oracle inequality, we have to show that nov1 (M) = natr(Apy
(X ® I,)) is negligible in front of || fa; — f||?>. Lemma B2 ensures that:

|| =]

M > 2
VM e M, Vz >0, ()

01 (M) < vp(M) + x| -

With 0 < C,, < 1, taking z to be equal to 728%p? In(n)c(X)?(1+¢(X))2 tr(X) /(Cpn||Z[) leads

to

723%p? In(n)c(X)%(1 + (X)) tr (%)
Cn )

Then, since vo(M) < va(M) + b(M) and using also Eq. (E.8]), we get

772’[)1(M) § QCnUQ(M) +

(E.16)

)< (17 = £+ 182m1 + 1850001
On € we have that for every 6 € (0,1), using Eq. (E3) and (E4),
[63(M)|+165 (M) < 26 (HfM — 1] - 1801 - \53<M>r>+<cc+<cD+cE>e-1><a+a> In(n)IZ] .

which leads to

Cc +(Cp + Cg)0~1
1426

5200 + 18500 < o [ Far 1]+ (a+8) ()= -

Now, combining this equation with Eq. (E.I6]), we get

4C,,0 Co+ (Cp+Cg)o—!
1+ 20
n 7282p? In(n)c(2)?(1 + ¢(X))? tr(X)

n

mn(01) < (14 1220 ) | - 7]+ 26 (&) ()]

Taking 6 = 1/2 then leads to

mn(M) < (1+ C) ~ +CalCo +2(Cp + Cp))(e +6) () 1]

7287 In(n)e(2)2(L + ¢(5))? tr(S)
+ c, .

We now take C,, = 1/1In(n). We now replace the constants C'4, Cp, Cc, Cp, Cg, Cr by
their values in Lemma 20} and if we require that 21n(n) > 1027, we get, for some constant

L37

2 \! 72962 p*? tr(%)?
(1—7)> [1851.5—1—ln(n) <5530.5+ Tyt )>+616.5 <1+ln >

3In(n 4=
726%p% In(n)e(2)2(1 + ¢(X))? tr(%) tr(2
+ . < oo [
(E.17)
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From this we can deduce Eq. (5.2]).
Finally we deduce an oracle inequality in expectation by noting that if n=}|| fi—f 1?2 <

R, s on ﬁ, using Cauchy-Schwarz inequality

e [ =1L - (32 [0+ 2 - 1]

np
< E[Rug] + %”W\/E [Hfﬁ— ij . (E.18)

We can remark that, since || A/ < 1,

n 2 2 2 2 2
|72 = 7|, < 20 A40sel3 + 201y — Aa0) £13 < 23 + 81515 -

B ||F - 1) <12 (mwlmn + ans18)”

together with Eq. (EJ5) and Eq. (EIS), induces Eq. (5.3), using that for some constant
Ly >0,

dp(p+1)+p 4 2 p 1 9
- @ - N < I -
12 3 =0+ ” 11l ) < La—gzs { 120 + ” I1£112

We can finally define the constant Lo by:

,p*In(n)? ,p*In(n)?

np

Lac(2)* tr(2)(a + ) + L4ﬁ|||2||| < Lae(2)* tr(2)(a +6)

Lemma 22. Let n,p > 1 be two integers, x > 0 and ¥ € SF(R). Then,

f {tl‘(ATA’ (EeI,))+z|X| } S 9 z|| ]
A€M (R), A <1 tr(A- (S ® 1)) ntr(%)

Proof First note that the bilinear form on M,,,(R), (A, B) — tr(A"B- (X ®1,)) is a scalar
product. By Cauchy-Schwarz inequality, for every A € M,,,(R),

tr(A- (@ 1,)? <tr(S@ L) tr(ATA- (S ®1,)) .

Thus, since tr(X ® I,,) = ntr(X), if c=tr(A- (X ® I,)) > 0,

2

tr(ATA- (2 ®1,)) > T
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Therefore

f {tr(ATA. (X2® 1)) +;n|||2|||} - inf{ c ;p|||z|||}

AeMyp(R), A1 tr(A- (X ® 1)) ~ >0 | ntr(X) c
4l
> )
=2 ntr(X)
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