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ITERATIVE FEATURE SELECTION IN LEAST SQUARE
REGRESSION ESTIMATION

PIERRE ALQUIER

ABSTRACT. In this paper, we focus on regression estimation in both the induc-
tive and the transductive case. We assume that we are given a set of features
(which can be a base of functions, but not necessarily). We begin by giving a
deviation inequality on the risk of an estimator in every model defined by using
a single feature. These models are too simple to be useful by themselves, but
we then show how this result motivates an iterative algorithm that performs
feature selection in order to build a suitable estimator. We prove that every
selected feature actually improves the performance of the estimator. We give
all the estimators and results at first in the inductive case, which requires the
knowledge of the distribution of the design, and then in the transductive case,
in which we do not need to know this distribution.

1. THE SETTING OF THE PROBLEM

We give here notations and introduce the inductive and transductive settings.

1.1. Transductive and inductive settings. Let (X, B) be a measure space and
let Br denote the Borel o-algebra on R.

1.1.1. The inductive setting. In the inductive setting, we assume that P is a dis-
tribution on pairs Z = (X,Y) taking values in (X x R,B ® Bg), that P is such
that:

P|Y| < o0,

and that we observe N independent pairs Z; = (X;,Y;) for i € {1,...,N}. Our
objective is then to estimate the regression function on the basis of the observations.

Definition 1.1 (The regression function). We denote:
f:X =R
x— P(Y|X = x).

1.1.2. The transductive setting. In the transductive case, we assume that P,y is
some exchangeable probability measure on the space ((X x R)?V, (B ® Bg)¥?V).
We will write (X;,Y;)i=1..2n = (Z;)i=1...2n a random vector distributed according
to PQN.

Definition 1.2 (Exchangeable probability distribution). Let &) denote the set
of all permutations of {1,....,.k}. We say that P,y is exchangeable if for any
o € Gyn we have: (X,(;), Yy())i=1..2n has the same distribution under Py that

(X5,Y5)iz1..2N-
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2 P. ALQUIER

We assume that we observe (X;,Y;)i=1.. n and (X;)i=n+1..2n8; (Xi, Yi)iz1. N 18
usually called the training sample and (X;,Y;)i=n+1..2n the test sample. In this
case, we only focus on the estimation of the values (Y;)i=n+41..2n. This is why
Vapnik @] called this kind of inference ”transductive inference”.

Note that in this setting, the pairs (X;,Y;) are not necessarily independent, but
are indentically distributed. We will let P denote their marginal distribution, and
we can here again define the regression function f.

1.2. The model. In both settings, we are going to use the same model to estimate
the regression function. Let © be a vector space, and:

F:0xX—-R
(0,2) — F(0,2) = fo(x)

be such that, for any xy € X, the application 6 — fy(x¢) is linear. We define the
model:

F = {f@(),9 € 9}
Remark that we do not assume that f belongs to F.

1.3. Presentation of the results. In both settings, we give a concentration in-
equality on the risk of estimators in monodimensionnal models of the form:

{ab,a € R}

for a given 6.

This results motivates an algorithm that performs iterative feature selection in
order to perform regression estimation. We will then remark that the selection
procedure gives the guarantee that every selected feature actually improves the
current estimator.

In the inductive setting, it means that we estimate f(.) by a function f € F, but
the selection procedure can only be performed if the statistician knows the marginal
distribution P(x) of X under P.

In the transductive case, the estimation of Yn 41, ..., Yoy can be performed by
the procedure without any prior knowledge about the marginal distribution of X
under P. We also give in this case some generalizations (like the case where the
test sample has a different size).

We then briefly show that the technique used to obtain bounds in models of
dimension 1 can also be used in more general models.

In a last section, we come back to the assertion that in our method, ”every
selected feature actually improves the current estimator” and show how this can be
interpreted as an oracle inequality.

2. MAIN THEOREM IN THE INDUCTIVE CASE, AND APPLICATION TO ESTIMATION
Hypothesis. In all this section, we assume that F and P are such that:
V0 € ©, Pexp [fo(X)Y] < +c0.
2.1. Notations. For any random variable T" we put:
V(T) = P|(T - PT)’]
M3(T) =P [(T - PTﬂ ,
and we define for any v > 0:

P [exp (yT) dw]

Pyr(dw) = P exp (vT)]
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For any random variables T, 7' and any v > 0 we put:
Vir(T') = Pyr [(T' - PwTT'ﬂ
MsT(T/) = Pyr [(T/ - P’YTT/)B:| .
We give now notations that are specific to the inductive setting.

Definition 2.1. We put:

R(0) = P (Y = fo(X))’]
N

6) = % D0 (¥~ folX0)

i=1
and in this setting, our objective is f7 where:

0= in R(6).
argr(}g(l_)lR( )

Now, we suppose that we are given a finite family of m vectors:
Oy = {91, ...,6‘m} C 6.

We are going to use the family ©g to estimate the function f, the estimator will be
under the form:

f(i[]) = Zak}fek(x)7
k=1

where every «j will depend on the observations Zi, ..., Zn. We can think of Qg as
a basis of ©, but actually there is no other assumption about ©g than finiteness.
Every 6 defines a monodimensional submodel of F:

{fa9k(')a o€ ]R} = {O‘fek(')v o€ R} :
In a first step, we are going to work on each of these submodels individually. So let
us put, for any k € {1,...,m}:
Pfo, (X)Y]
P [fo,(X)?]
& i Jo, (X0)Yi
% sz\il o (XZ)2

_ ) R(afh) —
@ = argmin (aby)

Y. = 1 6 =
A, arggnelﬁr(a k)

£ fo, (X)?
P [fo,(X)?]

C =

2.2. Main result. The following theorem gives a control of the excess risk of an
estimator in the model {fu0,(.), @ € R} for each k. This estimator is not the usual
least square estimator &; but Crpdag.

Theorem 2.1. Let us put:
Wy = fo(X)Y = P (fo(X)Y).
Then we have, for any ¢ > 0, with PEN -probability at least 1 — &, for any k €
{1,....,m}:
2log 2V (W) log® 22
N Plfe.(X)?] N3

R(dekek) —R(akek) < CN(P,m,E,Qk),
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where we have:

\)

C'N(P,m,a,Gk) = IH

N | v )E

2log 22 V2
P[fo,(X)?]
4

2log 277” log? 22

£

NV (Wek) \/NV (ng)GP[fgk(X)2]7

+ I,

with:
1
Iy (7) = / (1= B)> M2, (We) dB.

The proof of the theorem is given at the end of this section, let us first show how
we can use it in order to build an estimator under the form:

FO =" anfa ()
k=1

Actually, the method we will use requires to be able to compute explicitely the
upper bound in this theorem. Remark that, with & and m fixed:

V2 [MB (Wp,)]

C Pama 59 5 :
M O S SV Wo) T P U ()7

and so we can choose to consider only the first order term. Another possible choice
is to make stronger assumptions on P and O that allow to upper bound explicitely
Cn(P,m,e,0;). For example, if we assume that Y is bounded by Cy and that fg,
is bounded by Cj, then Wy, is bounded by Cj = 2Cy C}, and we have (basically):

641/2C?% 4096C7t log® 2
OV (Wo )% Plfo,(X)2] SNV (Wp,)® P[fs, (X)?]

The main problem is actually that the first order term contains the quantity
V' (Wp,,) that is not observable, and we would like to be able to replace this quantity
by its natural estimator:

C’N(P,m,a,Gk) <

2

N N

N 1 1

Vi =% > |Yifo (Xi) - N > Yjfo (X))
i=1 j=1

The following theorem justifies this method.

Theorem 2.2. If we assume that there is a constant ¢ such that:
vk € {1, ...,m},P[exp (chk)} < 00,
we have, for any € > 0, with PN -probability at least 1 — ¢, for any k € {1,...,m}:

210g47m Vie +10g4—m
N Plfe.(X)?] N3 ¥

R(Ck&kek) — R(akek) <

where we have:
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and:
Cn(P,m,e,0;) =Cyn ( 9k) 1og2 dm
. _
2log? 2m log 2m 2log 22
+ = 2V (WE )+ ——=—1 —=
Pfo, (X)?] | (W3.) VNV (Wg) A\ NV 2)
210g2 4—m [ log? 2 2log 4m
—° & 2V (W, —= = I 25 &
Pl | V2 Vo) Uy e | NV )
N 4m 2 2m 4
2 2V (Wy, ) log 22 logz <& 2log
_ }/1 Xz g _"_ g I g
¥ 2 Vil (X \/ N NV (W, )* "\ VNV (Wa)
and:

1
Jo (7) :/0 (1-0) M35W2 (W92) dg.
2.3. Application to regression estimation.

2.3.1. Interpretation of theorems .1 and 2.3 in terms of confidence intervals.
Definition 2.2. Let us put, for any (,6') € ©%

dp(0,6') = W’W [(fo(X) = for(X))?] = JPW (6 -0, w(x)?),

Let also ||.||p denote the norm associated with this distance, ||6||p = dp(8,0), and
(.,.) p the associated scalar product:

(0,0')p = P fo(X)for(X)].
Because @y, = arg mingegr R(afdy) we have:
R(dekek) — R(akﬁk) = d?D(dekﬁk,akek).

So the theorem can be written:

P®N{Vk e{l,...m}, d5(Cranby,arbs) < B(e, k:)} >1—c¢,

where 3(e, k) is the bound given by theorem .1 or more likely by theorem P.9.
Now, note that @0 is the orthogonal projection of:

0= in R(6
arg min R(9)
onto the space {afi,a € R}, with respect to the inner product (.,.) p:
QR = arggleiﬂdp (Oz@k,o) .
Definition 2.3. We define, for any k and e:

P

Then the theorem is equivalent to the following corollary.

Corollary 2.3. We have:
PN [k € {1,...,m},0 € CR(k,e)] > 1 —e.

In other words: (Vyeqq, .y CR(K, €) is a confidence region at level e for 0.

Definition 2.4. We write H’;f the orthogonal projection into CR(k, €) with respect
to the distance dp.
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2.3.2. The algorithm. The previous formulation of theorem R.1 motivates the fol-
lowing iterative algorithm:

e choose 0(0) € O, for example, (0) = 0;
e at step n € IN*, we have: 0(0),...,0(n — 1). Choose k(n) € {1,...,m} (this
choice can of course be data dependent), and take:

O(n) = T 0(n — 1);
e we can use the following stopping rule: [6(n —1) — H(n)H?D < Kk where
0<k< =

Definition 2.5. Let ng denote the stopping step, and:

FC) = Jono) ()
the corresponding function.
2.3.3. Results and comments on the algorithm.
Theorem 2.4. We have:
peN [vn €{1,...no}, RIO()] < RO (n—1)] — d% (0(n),0(n — 1))] > 1 —e.
Proof. This is just a consequence of the preceding corollary. Let us assume that:
Vk € {1,...,m}, R(Crar0r) — R(arb;) < B(e, k)
Let us choose n € {1,...,n9}. We have, for a k € {1,...,m}:
6(n) = T"6(n — 1),
where H];f is the projection into a convex set that contains §. This implies that:
(6(n) —6(n—1),6 —6(n)), >0,

or:

dp(0(n —1),0) > dp(0(n),0) + dp(0(n — 1),0(n)),
that can be written:

R[0(n —1)] = R(0) = R[0(n)] — R(0) + dp(6(n — 1),6(n)).
O

Actually, the main point in the motivation of the algorithm is that, with prob-
ability at least 1 — ¢, whatever the current value 6(n) € ©, whatever the feature
k€ {1,...,m} (even chosen on the basis of the data), H%EG(n) is a better estimator
than 6(n).

So we can choose k(n) as we want in the algorithm. For example, theorem P.4
motivates the choice:

k(n) = arg max d3 (0(n —1),CR(k,e)).

This version of the algorithm is detailed in figure 1. If looking for the exact maxi-
mum of

dp(f(n—1),CR(k,¢))

with respect to k is too computationnaly intensive we can use any heuristic to
choose k(n), or even skip this maximization and take:

k(1) =1,...k(m)=m,k(m+1)=1,...,k(2m) =m, ...
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FIGURE 1. Detailed version of the feature selection algorithm.
We have ¢ > 0, k > 0, N observations (X1,Y1),...,(Xn,Yn), m fea-
tures fo,(.), ..., fo,.(.) and 6(0) = (61(0),...,6,,(0)) = (0,...,0) € R™.
Compute at first every dy and ((g, k) for k € {1,...,m}. Set n « 0.

Repeat:
e set n«—n-+1;
e set best_improvement «— 0 and 6(n) «— O(n — 1);
e for k € {1,...,m}, compute:

vy =P I:fek(X)2} )

e = 30 0P [fo, ()0, (X)]

i un (lnl = 5(e 1)
and if 6 > best_improvement, set:
best_improvement «— 0k,
k(n) <« k;
o if best_improvement > 0:

Ok(n) (n) = Oy () + sgn(yr) (I%I — B, k))+;

until best_improvement < k (where sgn(x) = —1 if < 0 and 1 other-
wise).

Return the estimator:

7O =3 0u(n) fo, ().
k=1

Such a procedure could look similar to the famous Widrow-Hoff algorithm [@]
(also known as ADALINE), which estimates the function f(.) by an estimator under

the form:
Z akf@k ()7
k=1

and updates the oy sequentially by a gradient descent strategy. Actually, there
are two major differences: first, the gradient descent requires the calibration of a
parameter n > 0, that is avoided here, then, ADALINE is only a way to compute the
usual least square estimator, and has absolutely no guarantees against overlearning
if the family {fo,, ..., fo,, } is too large.

Example 2.1. Let us assume that X = [0,1] and let us put © = LLy(P(x)). Let
(0k)ken+ be an orthonormal basis of © and we simply take, for any = and 6:

fo(x) = 0(x).

The choice of m should not be a problem, the algorithm avoiding itself overlearning
we can take a large value of m like m = N (see later for more details). In this
setting, the algorithm is a procedure for (soft) thresholding of coefficients. In the
particular case of a wavelets basis, see Kerkyacharian and Picard [E] or Donoho
and Johnstone [ for a presentation of wavelets coefficient thresholding. Here, the
threshold is not necessarily the same for every coefficient. We can remark that the
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sequential projection on every k is sufficient here:
k(1) =1,...,k(m) =m,
after that (m + n) = 6(m) for every n € IN (because all the directions of the

different projections are orthogonals).

Actually, in the case given in the example, it is possible to prove that the estima-
tor is able to adapt itself to the regularity of the function to achieve a good mean
rate of convergence. More precisely, if we assume that the true regression function
has an (unknown) regularity [, then it is possible to choose m and ¢ in such a way
that the rate of convergence is:

_23
N7z5+1 log N.
We prove this point in the last section of this paper.

2.4. An extension to the case of Support Vector Machines. Thanks to a
method due to Seeger [@], it is possible to extend this method to the case where
the set O is data dependent in the following way:

N
©0(Z1, ., Zn, N) = | ) ©0(Z;, N),
i=1

where for any z € X x R, the cardinal of the set ©y(z, N) depends only on N, not
on z. We will write m/(NN) this cardinal. So we have:

1©0(Z1, ..., Zn, N)| < N [©0(Zi, N)| = Nm/(N).
We put:
O0(Z;,N) = {91-71, ...,Gi)m/(N)} .
In this case, we need some adaptations of our previous notations. We put, for

ie{l,..,N}:
) =—— 3 (= (X))

j€{l,...N}
i

For any (i,k) € {1,...,N} x {1,....,m/(N)}, we write:
Zj;éi f(t-,k(Xj)Yj
Ej;éi fei,k(Xj>2
P [fo, (X)Y]
P [fo, . (X)?]
ﬁ Zj;éi f(h,k(Xj)Q

P [ fo, . (X)?]

Theorem 2.5. We have, for any € > 0, with P®N -probability at least 1 — ¢, for
any k € {1,...m'(N)} and i € {1,...,N}:

&,k = argminr;(ab; i) =
acR

O = i R 9 =
Qi ko arggnéﬁ (ab; 1)

Cik =

2log YWy ()
N -1 P I:fezk(X)Q}

R(C; ki 105 1) — R(@; 10 k) <

10g3 2Nm/(N)
+ WCNfl(P, Nm/(N),E,QLk).

We can use this theorem to build an estimator using the algorithm described in
the previous subsection, with obvious changes in the notations.
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Example 2.2. Let us consider the case where © is a Hilbert space with scalar
product {.,.), and:

fo(x) = (0, ¥ (x))

for any 8 € © and x € X, where U is an application X — ©O. Let us put
Oo[(z,y), N] = {¥(x)}. In this case we have m/(N) =1 and:

N
FO =D i (U(X0), ().
i=1

Let us define,
K(z,2') = (¥(x),¥(z")),
the function K is called the kernel, and:
I:{lgiSNZOéi)l#O},

that is called the set of support vectors. Then the estimate has the form of a
support vector machine (SVM):

f() = Z amK(Xi, )
icl

SVM where first introduced by Boser, Guyon and Vapnik [E] in the context of
classification, and then generalized by Vapnik [@} to the context of regression

estimation. For a general introduction to SVM, see also Cristianini and Shawe-
Taylor [i] and Catoni [{.

Example 2.3. A widely used kernel is the gaussian kernel:

£0.2)),

K, (x,2") = exp (—7 5

where d(.,.) is some distance over the space X and v > 0. But in practice, the
choice of the parameter « is difficult. A way to solve this problem is to introduce
multiscale SVM. We simply take © as the set of all bounded functions X — R, and
for any = and 6:

Now, let us put:
@0[($,y>, N] = {KQ(xv ')7 K22 (Xa ')a ey sz’(N)(Ia )} .

In this case, we obtain an estimator of the form:

R m/(N)
f() = Z Z al}kKTC (XZ, ')a

k=1 i€l

that could be called multiscale SVM. Remark that we can use this technique to
define SVM using simultaneously different kernels (not necessarily the same kernel
at different scales). For example, in order to imitate the oscillation of wavelets, we
can introduce a more sophisticated SVM estimator, based on the kernel family:

Ky y(z,2") = exp (—2%7(z — 2')?) cos (27”,’1(90 — :v/))

for y € {1,....m1}, v € {1,...,ma} (note that m’(IN) = mims).
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2.5. Proof of the theorems. In a first time, we prove a lemma that is the basis
of proofs of theorems @ and E

Lemma 2.6. We have, for any 0 € ©, v >0 and n > 0:

2 3 1
Pexp (W = 1) = exp { TV (W) + 3 [ (0= 828, (W) a5 -},

and

2 3

1
Pexp (-1 — ) =exp { TV W) = T [ (1= 9203, (W) a5 -0}

Proof. For the first equality, we write:

log P exp (YWy — 1) = log P exp (YWpy) —
v v
= [ Paw, Wy as—n = [ = 9)Vauw, (W) 5~
0 0

2 Y (m_ 3)2
= 77‘/(We) +/o %Mgm (We)dp —n

2 3 1
g i
= 7‘/ (We) + 7/0 (1= B)*M3gw, (W) dB — 1.
For the reverse equality, the proof is exactly the same, replacing v by —v. O

We can now give the proof of both theorems.

Proof of theorem @ Let us choose k € {1,...,m}, for any A\ > 0 and 7 > 0 we
have:

exp{ﬁ’“z [Yifo.(X:) = P (Y f3, (X)) —nk}

A N
= {Pexp [NWek — 7]7\];}}

A% A3
= o [ eV (W) + gy [ (- 90y, (Wa)d5 -

by the first equality of lemma E By the same way, using the reverse inequality
we obtain:

N
N exp { P (Y fo, (X)) = Yifo,(X:)] — nk}

[ A2 A3

1
V(Wm—m/O( - 6P My, (o) dd .

So we obtain, for any k € {1,...,m}, for any A\ > 0 and n; > 0:

P®N exp {

3
< 2exp B_]’CVV(Wek)_n ] cosh{ ?\r?/ (- 0)°M, (Wek)dﬂ]

nyek P(Yfek(X))‘ —nk}

)\2 )\6 1 2
< 26Xp 2NV(W9k) 77k+ SN4 (/ ( 6) MB)"“W@ (WGk)dﬂ) 1 5
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since, for any = € R, we have:

22
cosh(z) < exp <7) .

Now, let us choose € > 0 and put:

i A ' 273 ’ €

We obtain:

peN i exp{ Ak

k=1

N
=1

i AL ! 2773 ’ €
— 2k v (W, _ W, <
and so:

PONIVE € {1,...,m},

N
5 O Yifa, (X0) = P (Y £, (X))
i=1

)\ 5
< 2Ly wy,) + ZE (

' 2173 ’ 10g2—m
< 2k [a-oray,, moas) +25E ] -

2N log 21
e =\ .
V(WGk)

We obtain, with P®N-probability at least 1 — ¢, for any k € {1,...,m}:

Now, we put:

% Z Yifo, (Xi) — P (Y fo, (X))’

2V (W, ) log 22 log% 2m /1 9. 3
< £ < 1-8)"M We,)d
—\/ N NV @) Uy 7 M, (o) 5

For short, we take the notation of the theorem:

2

I ()= [ (=823, (W),

Now, dividing both sides by:

P[fek(X)ﬂ
we obtain:
1 2V (Wy )log2m 2 (2)]og3 2m
|dkck_ak| S - \/ ( ek) 0g c + O (N) 0g 36
P [fo,(X)?] N NV (Wp,)

In order to conclude, just remark that:

R(dkckek) — R(akek) = |olka — ak|2 P [fgk (X)2] .
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Proof of theorem @ Remark that, for any 6 € ©:
V (Wy) = P (W2) — P(Wy)?,

we will deal with each term separately. For the first term, let us remark that we
obtain the following result that is obtained exactly as lemma @ For any 0 € ©:

Pexp {*y [P (WGQ) — Wﬂ — 77}

2 1
_exp{%V(Wg)-i-%/(; (1-0) M35W2 (We)dﬂ 77}

Let us apply this result to every 0y for k € {1,...,m}:

peN exp{)\k (Wg) - ZYQ fo (X ] - }
Aj 9 A3 Ak
= exp{ﬁV (W5,) + ﬁJk N Tk
where: .
_ 3 2
Jo (7)—/( = B Mgz (W5) dB.
0
Taking:
Y 9 A3 Ak 2m
N = 2NV(W9k)+—2N2J9k N ) Tloe—
and:
. 2N log 27’”
vV (Wg)

we obtain that the following inequality is satisfied with P®-probability at least
5, for any k:

N 2V (W2 ) log 22
(2.1) P(WeQ,C)S%Z ? fo. (Xi)? + \/(9%

n log 277” J 2log =*
NV (W) "\ NV (W)
Z Y2f9k + Ay

for short. Now, we try to upper bound the second term, —P (Wg) . Remark that,
for any 6:

1 & ’
(NZYJ@(X») = P (Wp)*
=1 1 !
= (N;Yife(m— ) <NZYfe +P(W9)>
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Remember that in the proof of theorem @ we got the upper bound, with probability
at least 1 — £, for any k:

% Z Yifo, (Xi) — P (Y fo, (X))’

2
m 2 4m m
< \/QV (Wp,) log 42 N log2 =* I, 2log 4 7
N NV (Wg,) NV (W)
that gives:
N 2
(22) —P(Wp)? < — ( Z ifor (X )
= 5 i
\/2V (We, ) log 22 N log? 4z 2log 12
N NV (Wo) " \ VNV (Wa)
| X
2
\/QV(ng)log‘le N log2 dm I 2log &2
N NV o)\ NV ()

1Y ’
- <N2Yife(Xi)> + By
=1

for short. Let us combine inequalities P.1 and .4, We obtain that, with probability
at least 1 — ¢, for every k we have:

V(W) =P (W3) — P (Wp,)”

2
ZY ka ( ZYf(.),C ) + A + B

= Vk + Ai + Bg..
(]
Proof of theorem @ This proof is a variant of the proof of theorem EI, the
method it uses is due to Seeger [[4]. Let us define, for any i € {1,..., N}:
Pi(.) = PN (|Z)).

Let us choose (i,k) € {1,..., N} x {1,...,m'(N)}, for any \;r = X\ x(Z;) > 0 and
Nik = Mik(Z;) > 0 we have:

i
P; exXp N—;kl Z I:}/;fez,k('X7) - P (Yfel,k(X))} — Ni.k
J#i

ik

a1y (Wou)

< expl

+L 1( — B)* M3, (We,..) dB — ik
)2 0 BlkW ik %,

T "0,k
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by the first equality of lemma @ In the same way, we obtain the reverse inequality
and, combining both results, for any (i,k) € {1,..., N} x {1,...,m/(N)}, for any
Aik > 0 and n; > 0O:

Ak Ak
< 2exp mv (Wei,k) — 74,k | cosh mh,k

2 )\6
i,k i,k
< 2exp l72 — V(Wei,k)_ni;k+78(N_1)4Iik1 ,

where: .
L= [ (= 07Mb, (Wa,)as
0 —~ Wo,
for short. Now, let us choose € > 0 and put:

2 6

A2 2O
S v (W, ) + W12, —log

k= 9N —1) S(N—1)

€
2Nm/(N)’
We obtain:

N m/(N)
PENY N exp{)\i,k Nl_ 1 D Yifor (X)) = P (Y fo, (X))

i=1 k'=1 j#i
A A6 e
Y V(W ) — —2" 12 4 log———
2(N — 1) (Wo...) SV — D)t ok OB N
N m/(N) 1
:P®NZ Z ‘Piexp{)‘i;k ﬁzyyfe'z,k(XJ)_P(Yfel,k('X))
i=1 k=1 i
A2, Ao €
W (W ) — ——F 2 loo—— Y < g,
2(N — 1) (Wo...) SV — Dt ok TNy [ S
Now, we put:
2N log Y/ (N)
Aik = Al =7
vV (We,,)
and achieve the proof exactly as for theorem @I O

3. SIMULATIONS IN THE INDUCTIVE CASE

3.1. Description of the example. Here, we assume that we have:
Y= f(Xi) +&

fori € {1,..., N} with N = 210 = 1024, where the variables X; € [0,1] C R are i.i.d.
from a uniform distribution (0, 1) (and we assume that the statistician knows this
point), the n; are i.i.d. from a gaussian distribution A/(0, o) and independant from
the X;. The statistician observes (X1,Y1),...,(Xn,Yn) and wants to estimate the
regression function f.

We will use three estimations methods. The first one will be an SVM obtained by
the algorithm described previously, the second one a thresholded wavelets estimate
also obtained by this algorithm, and we will compare both estimators to a ” classical”
thresholded wavelet estimate, as given by Kerkyacharian and Picard [E]
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3.2. The estimators.

3.2.1. Thresholded wavelets estimators. Let us describe briefly the thresholded wavelet
estimator. Let (¢, 1) be the father wavelet and the mother wavelet, and:

bix(z) =252z + k)
for k € {0,...,27 — 1} = S;. For the sake of simplicity, let us write:
Yo1k() = o(2)
for k € {0} = S_1.
Here, we will use the Haar basis, with:
p(x) = ]1[0,1] ()
d(@) =11 1 (@) =1

In the general case, we should use warped wavelets (for more details, see Kerky-
acharian and Picard [[]): we put F(z) = P(X < z), and:

1
3>

. 1 &
Bik = N ;Yi%,k(F(Xi))-

Just remark that the use of this method implies some assumptions about F' that
are not required by our algorithm (here again, see Kerkyacharian and Picard [E})
In the case of the example, we will have:

N

A 1

Bik = N z; Yith;k(X5).
iz

For a given kK > 0 and J € IN, we take:
J

fi() = Z Z B 1(1B.kl = Ktn)ji(.)

j=—1keS;

P log N
NF=A TN

Actually, we must choose J in such a way that:

where:

J -1
27 ~ i3

When x = 0 we obtain a classical wavelet estimator, and when x > 0 we obtain a
thresholded wavelet estimator, this is what we are going to do.
Here, we choose k = 0.5 and J = 7.

3.2.2. Wawvelet estimators with our algorithm. Here, we use the same family of
functions, and we apply the algorithm given in subsection E So we take:

m =27 =128.

We change only one thing in the method in order to obtain faster computations:
here, applying the central limit theorem, we replace the theoretical confidance in-
terval by its asymptotic gaussian approximation.

More precisely:

JE 5N o (X0)Y: — Pfo (X)Y]

=~ N(0,1).
o S (fo (XY = £ 20 f (X5)Y;)
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FIGURE 2. Values of ¢; and ¢; in the fonction Blocks(.).
1 1 2 3 4 5 6 7 8 9 10 |11
Ci 4 -5 |3 —4 |5 42 |1 =21 43 | =3.1] 2.1 | —4.2
t; 0.10] 0.13| 0.15( 0.23| 0.25| 0.40| 0.44| 0.65| 0.76| 0.78| 0.81

We put:
2
VRS S (0¥~ & 30 fo ()Y,

’Uk,N - \/N °

We obtain: )
P X
(Créus, — k) M ~ N(0,1),
Vk,N

or:

(R(dekek) — R(akek))

Uk, N
and so we use the confidence interval for aj:

. Vg, N
Gk B, (X e
where g, is the a-quantile of A(0,1).

Remark that the numerical results are not very different if we use the confidence
interval given by theorem @

Moreover, let us remark that the union bound are always ” pessimistic”, and that
we use a union bound argument over all the m models despite only a few of them
are effectively used in the estimator. So, we propose to actually use the individual
confidence interval for each model:

Vk,N
P [fe,(X)?]
instead of the theoretical union bound interval.

Cray £ G-z

3.2.3. SVM estimator. Here, we use the multiscale SVM estimator described in
example E of subsection @, with kernel:
Ky (z,2') = exp (—(272 — 272')%) = exp (—2%7(z — 2')?)

and v € {1,...,m/(N)} where m'(N) = 6.
We use the same gaussian approximation than in the previous example, and the
individuals confidence intervals.

3.3. Experiments and results. The simulations were realized with the R soft-

ware [[[].

For the experiments, we use the following functions f that are some of the
functions used by Donoho and Johnstone for experiments on wavelets, for example
in [E], and by a lot of authors since then:
2w(1 4+ v)

+ v

Doppler(t) = u/t(1 —t) sin where v = 2 and v = 0.05

1
HeaviSine(t) = 1 [4 sindnt — sgn(t — 0.3) — sgn(0.72 — t)}

11
1
BlOCkS(t) = Z g Ci]l(ti,-l‘oo)(t)
=1

where sgn(t) is the sign of ¢ (say —1 if ¢ < 0 and +1 otherwise). The values of the
¢; and t; are given in figure 2.
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FIGURE 3. Results of the experiments. For each experiment, we
give the mean risk (R) and the mean excess risk (R — o?) for each

estimator.

Function s.d. | standard thresh. wav. | multiscale

() o thresholded with our | SVM
wavelets method

Doppler 0.3 | 0.158 / 0.068 | 0.151 / 0.061 | 0.149 / 0.059

HeaviSine | 0.3 | 0.154 / 0.064 | 0.138 / 0.048 | 0.129 / 0.039

Blocks 0.3 | 0.150 / 0.060 | 0.146 / 0.056 | 0.159 / 0.069

Doppler 1 1.142 / 0.142 | 1.114 / 0.114 | 1.091 / 0.091

HeaviSine | 1 1.156 / 0.156 | 1.084 / 0.084 | 1.055 / 0.055

Blocks 1 1.155 / 0.155 | 1.105 / 0.105 | 1.104 / 0.104

We consider 6 experiments (for the three regression functions and two different
values for o, 0.3 and 1). We choose e=10%. We repeat each experiment 20 times.
We give the results in figure 3.

The result of thresholding wavelets following [E] or using our algorithm is com-
parable. However, our thresholding method gives best results, especially when the
noise level is significant. The main advantage of our method is that is is self-
contained: in the ”standard” thresholding, we have to choose the parameter x.
Here, the choice k = 0.5 seemed to give the better results, but this choice was
possible only because we knew the regression function in these simulations. In real
life problems, the choice of x could be more problematic.

SVM gave best results, except in the case where f = Blocks. But the main
advantage of SVM is that it is much easier to generalize in the case where X is not
R or an interval of R, but for example in the case where X = R™ with n > 2. More
genarally, let us assume that X is a metric space for some distance d. We can use
SVM with the gaussian kernel ((z,2') € X?):

d*(z,z")
K. N — _227 ) )
V(z,2") = exp ( — )

4. THE TRANSDUCTIVE CASE

Remark that in this section, we make no longer assumptions about the existence
of an exponential moment for fo(X)Y.

4.1. Notations. Let us recall that we assume that Py is some exchangeable prob-
ability measure on the space ((X x R)2N (B x B]R)®2N). Let (X;,Y:)iz1.20n =
(Z;)i=1..2n denote a random vector distributed according to P .

Let us remark that under this condition, the marginal distribution of every Z;
is the same, we will call P this distribution. In the particular case where the
observations are i.i.d., we will have P,y = P®2N | but what follows still holds for
general exchangeable distributions Psy .

We assume that we observe (X;,Y;);=1.. n and (X;)i=n+1..2n. In this case, we
only focus on the estimation of the values (Y;)i=n+1..2n-
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FIGURE 4. Experiment 1, f = Doppler and ¢ = 0.3. Up-left: true
regression function. Down-left: SVM. Up-right: wavelet estimate with
our algorithm. Down-right: ”classical” wavelet estimate.
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FIGURE 5. Experiment 2, f = HeaviSine and o = 0.3.

Definition 4.1. We put, for any 6 € ©:
1N
2
ri(6) = N ; (Y; — fo(X3))
12N
PO) =5 S (- fo(X)*.

i=N+1
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FIGURE 6. Experiment 3, f = Blocks and ¢ = 0.3.

Our objective is:

0y = i 0
9 aI‘gI@Iéléng( ),

if the minimum of 75 is not unique then we take for 6, any element of © reaching
the minimum value of rs.

Let ©g be a finite family of vectors belonging to ©, so that |©g] = m. Actually,
Oy is allowed to be data-dependant:

Oy = @o(Xl, ...,XQN)

but we assume that the function (X7, ..., Xan) — ©¢(X7y, ..., Xon) is exchangeable
with respect to its 2N arguments, and is such that m = m(N) depends only on N,
not on (Xl, ...,XQN).

The problem of the indexation of the elements of © is not straightforward and
we must be very careful about it. Let <g be a complete order on ©, and write:

O0 ={601,....0}
where
01 <o ... <@ Om.

Remark that, in this case, every 6 is an exchangeable function of (X1, ..., Xan).
In some cases, we will use other indexations. For example, in the case of SVM, we
will take m = 2N and:

Q0 = {U(X1), ..., U(Xan)} .

Clearly, there is no reason for having #; = ¥(X1). In such a case, if necessary we
can use another notation, for example define 87 = ¥(X;). Then we will have:

©0 = {01, 0}

where 67 is not an exchangeable function of (X, ..., Xan).
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Now, let us write, for any k € {1,...,m}:

Zl 1f(-)k( )
Zz 1f«9k( )
Y fo, (X0)Yi
S fo, (Xi)?

k
= 0
af = argmelﬁrl (aby) =

k .
= 9 =
az = argmin ro(afy)

N zfv L fo, (X0)?

ck = .
& 1 fou(X0)?

4.2. Basics Results.

Theorem 4.1. We have, for any e > 0, with Pyn-probability at least 1 —e, for any
ke{l,..,m}:

Yoy Jo, (X0)?Y?
¥ SN Jon (X0)?

Remark 4.1. Here again, it is possible to make some hypothesis in order to make
the right-hand side of the theorem observable. In particular, if we assume that:

IBeR;, P(Y|<B)=1,

log sz
N

o [(Cko/f).@k] —ra(ab.0) < 4 l

then we can get a looser observable upper bound:
PQN{Vk e{l,...m}, o [(Cko/f).@k} - rg(o/gﬂk)

N iy fon (X7 1og%m}>1_€
NZl N+1f0k( )2 N B

If we don’t want to make this assumption, we can use the following variant, that
gives a first-order approximation for the bound.

<4|B%?+

Theorem 4.2. For any € > 0, with Pan-probability at least 1 — ¢, for any k €

{1,....,m}:
ro [(Cko/f).@k} —ro(ak Oy)

<810g47m sz 1f9k Y2 \/ Z?leek( )4Y410g
a N sz N+1 fek 2N

Remark 4.2. Let us assume that Y is such that we know two constants by and By
such that:

Pexp (byY) < By < 0.
Then we have, with probability at least 1 — e:

1 2N B
sup Y; < —log Y
ie{1,....2N} by €

So the bound of the theorem leads to a looser observable bound:
T2 [(Cko/f).@k} —ra(ak.0r)

m N m
< 8log ST N Zz 1 ka Y2 \/ 212 1 fek( i)t 10g dm 10g4 4NBY
= 1

N N Zz N+1 fOk 2NbY

A proof of this assertion is given in the next section.
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The proofs of both theorems are given in the next section: however, we are going
to see at first how to apply this result.

Let us compare the first order term of this theorem to the analogous term in the
inductive case (theorems and @) The factor of the variance term is 8 instead
of 2 in the inductive case. A factor 2 is to be lost because we have here the variance
of a sample of size 2N instead of N in the inductive case. But another factor 2
is lost here. Moreover, in the inductive case, we had the real variance of Y f(X)
instead of the moment of order 2 here.

In the next subsection, we give several improvements of these bounds, that allows
to recover a real variance, and to recover the factor 2. We also give a version that
allows to deal with a test sample of different size, this being a generalization of
theorem @ more than of its improved variants.

4.3. Improvements and generalization of the bound. The proof of all the
theorems of this subsection is given in the next section.

4.3.1. Relative bounds. We introduce some new notations.
Definition 4.2. We write:

VO € ©,112(0) =r1(0) + r2(0)
and, in the case of a model k € {1,...,m}:

k .
ay o = argminry z(ady).
acR

The we have the following theorem.

Theorem 4.3. We have, for any e > 0, with Pan-probability at least 1 —¢, for any
ke{l,..,m}:

2
% S [Fo (XY — ab oo (X)) | 1og 2
2N
% Ei:NJrl ft‘)k (Xi)2 N

TQ(CkO/ka) - Tg(oe;“@k)) <4

It is moreover possible to modify the upper bound to make it observable. We
obtain that with Pyy-probability at least 1 — ¢, for any k € {1,...,m}:

o((5))

So we can see that this theorem is an improvement on theorem when some
features fy, (.) are well correlated with Y. But we loose another factor 2 by making
the first-order term of the bound observable.

ra [(CFad)Ok] — ra(abby)
16logdm [ 1 &
= % [N ; (foo (X0)Yi — ok fo, (X1)%)°

4.3.2. Improvement of the variance term.

Theorem 4.4. We have, for any € > 0, with Pyn-probability at least 1 —e, for any
ke{l,..,m}:

, (CkakQ )= (Osz ) < 1 210g_2;n Vi (k) + Va(0r)
R P N LS2N g (X0)2
- N N Zui=N+1J 0k i
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where:
1 1 i
Z Yifo, (X Nznfek(Xj) :
z:l j=1
2

1 2N 1 2N

V) =5 D |YilaX) =5 D0 Yifa(X))
i=N+1 j=N+1

It is moreover possible to give an observable upper bound: we obtain that with Pop-
probability at least 1 — e, for any k € {1,...,m}:
1 ] 4log 4m Vi (0r)

am
Zos T | TN LI (X)?

] () RO

| Zles N TR e (X

Here again, we can make the bound fully observable under an exponential mo-
ment assumption about Y.

(] [(Cka]f)ek] — 7“2(04’2“9@ S [1

_|_

4.3.3. Test sample of different size. In the context of classification, Catoni @ gave
a method in order to be able to deal with the case where the test sample is of size
(k + 1)N where k is an integer greater than 0. More precisely, we assume that
Pr+1)n is an exchangeable probability distribution on (&X' x R)*+DN and that we
observe:
(Xl,Yl),...,(XN,YN) and XN+1,...,X(;€+1)N.

In the case where k > 1, the variance term will be better than in the case where

k = 1. This method can be used in the setting of regression too.

Definition 4.3. From now, we will use the notation, when k # 1:

1 N
0) = —S (Vi — fo(X
) N;:l( fo(
1 (k+1)N

’I”Q(e):m Z (}/z_fe(XZ))2

i=N+1
We still consider a family:
O0(X1, oo, Xg)n) = {01, -, 0 }

that is data-dependent in an exchangeable way, with the same indexation conven-
tion than in the case where k = 1. Now, let us write, for any h € {1,...,m}:

Z/“?Jlff fe,x DY;
SR fan (X0)2

ol = arg Hli]IR} ro(aby) =
acR

£ fo, (Xi)?

ch = .
k+1)N
o SO fo, (X2

Let us finally put:
(k+1)N

k+1 Z oz
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and, for any 6 € O:

V= P{ [(fg(X)Y) - P(fg(X)Y)r}.

Then we have the following theorem.

Theorem 4.5. Let us assume that we have constants By, and By, such that, for any
he{l,..,m}:
Pexp (B [ fo, (X:)Yi]) < Ba.

For any e > 0, with Pj41)n probability at least 1—¢ we have, for any h € {1,...,m}:

(1+4)°

E+1)N
o DI fo, (X0)?

3 3 6

16 (log 4m) ® (1og w) 64 (log 42 (1Og w) ]

3HENIVE 95NV,

2Vy, log 4Tm
N

To (Cho/ft?h) — 1y (agﬁh) <

+

Here again, it is possible to replace the variance term by its natural estimator:
2

. 1 X 1Y
Vo, :NZ f@(Xi)Yi_NZfG(Xj)Yj
i1 =

4.4. Application to regression estimation. We give here the interpretation of
the preceding theorems in terms of confidence; this motivates an algorithm similar
to the one described in the inductive case.

Definition 4.4. We take, for any (6,60') € ©%:

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

GO0 =\ S el — (0P =[5 Do (8- 0w

i=N+1 i=N+1
Let also 0|2 = d2(0,0) and:

1 (k+1)N
(0,07), = FION i:;-i-l fo(Xi) for (Xi).

We define, for any h € {1,...,m} and e:

CR(h,e) = {9 €0 : (0 —C"alby,04),| < \/ﬁ(a,h)} ,

where 3(e, h) is the upper bound in theorem [L1] (or in the other theorems given
previously).

For the same reasons as in the inductive case, these theorems implies the follow-
ing result.

Corollary 4.6. We have:
Py [Vhe{l,..,m},0; € CR(h,e)] > 1 —e.

Definition 4.5. We call Hg’s the orthogonal projection into CR(h, ) with respect
to the distance ds.

We propose the following algorithm:
e choose 6(0) € © (for example 0);
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FIGURE 7. Detailed version of the feature selection algorithm in

the transductive case.
We have ¢ > 0, k > 0, N observations (X1,Y1),...,(Xn,Yn)

and also Xny1,..., X(ps1)n, m features fp,(.),..., fo,,(.) and 6(0) =
(01(0), ...,0m(0)) = (0,...,0) € R™. In a first time, compute every af
and (e, h) for h € {1,...,m}. Set n «— 0.

Repeat:
e set n«—n-+1;
o set best_improvement «— 0 and 6(n) = 6(n — 1);
e for h € {1,...,m}, compute:

1 (k+1)N
Uh = EN Z fon (Xi)?,
i=N+1
. 1 (k+1)N
Wh‘—oﬁ—v—z Z fo, (Xi) fo, (X5),
hi=1 i=N+1

5h~4m(wh«—5@Jw)i
and if 0, > best_improvement, set:
best_improvement «— oy,
h(n) < h;
o if best_improvement > 0:

O (1) = Onay () + sgm(yn) (el = B(e )
until best_improvement < k.

Return the estimation:
Yvii, '-'737(k+1)N} = [f(XN-i-l)a maf(X(kJrl)N)}

where:

zj n) fo, ()

e at step n € IN*, we have: 6(0),...,0(n — 1). Choose h(n), for example:
h(n) = arg {n{lax }dg(@(n —1),CR(h,¢)),
he

.....

and take:
6(n) = 1,0 (n — 1);

e we can use the following stopping rule: ||6(n — 1) — G(n)Hg < k where 0 <
K< 4.
Definition 4.6. We write ng the stopping step, and:
FO) = fono) ()
the corresponding function.

Here again we give a detailed version of the algorithm, see figure 7. Remark that
as in the inductive case, we are allowed to use whatever heuristic to choose k(n) if
we want to avoid the maximization.
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Theorem 4.7. We have:
Poy [vn €{1,...no}, 2 [0 (n)] < 1210 (n — 1)] — &2 [6(n), O(n — 1)]] >1-¢

The proof of this theorem is exactly the same as the proof of theorem @

Example 4.1 (Estimation of wavelet coefficients). Let us consider the case where
O does not depend on the observations. We can, for example, choose a basis of O,
or a basis of a subspace of ©. We obtain an estimator of the form:

f(i[:) = Z athh (‘T)
h=1

In the case when (fp,)r is a wavelet basis, then we obtain here again a procedure
for thresholding wavelets coefficients.

Example 4.2 (SVM and multiscale SVM). Let us choose © as the set of all
functions X — R, fo(x) = 0(x), a family of kernels K7, ..., K,y for a m/(N) > 1
and:

Q0 = {Kn(Xi, ) h € {1,/ (N)},i € {1, (h+ )N}

In this case we have m = (k 4+ 1)Nm/(N). We obtain an estimator of the form:

R (N) 2N ‘
fz) = Z Za]’hKh(Xj,x).

h=1 j=1
Let us put:
I ={je{l,...2N},a?" #0}.
We have:

(V)
fy=>" > o"Kn(X;,x),
h=1 j€I,
that is a Support Vector Machine with different kernels estimate; like in example
E, the kernels K}, can be the same kernel taken at different scales.

Example 4.3 (Kernel PCA Kernel Projection Machine). Let us take © as a Hilbert
space, with scalar product (.,.), let us take a function ¥ : X — © and consider the
kernel:

K(z,2") = (¥(z), ¥(2)).
Let us consider a principal component analysis (PCA) of the family:
{U(X1), 0y U (X (kv ) }

by performing a diagonalization of the matrix:

(K (Xia Xj))lgi,jg(k-',-l)N ’

This method is known as Kernel PCA, see for example Schlkopf, Smola and Mller
(3. We obtain eigenvalues:

)\1 2 . 2 )\(k-i-l)N

and associated eigenvectors e!, ..., e®*TDN associated to elements of ©:
(k+1)N (k+1)N
k+1)N
U= Y el U(X) o Yy = Y eIV (X))
i=1 i=1

that are exchangeable functions of the observations. Using the family:

Qo = {¥1, ..., Vir)n }
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we obtain an algorithm that selects which eigenvectors are going to be used in the
regression estimation. This is very close to the Kernel Projection Machine (KPM)
described by Blanchard, Massart, Vert and Zwald [EI] in the context of classification.

5. PROOF OF THE THEOREMS IN THE TRANSDUCTIVE CASE

5.1. Proof of theorems @ and Q Here again, the first thing to do is to prove
a general deviation inequality. This one is a variant of the one given by Catoni @]
We go back to the notations oh theorem @ and @, with test sample of size V.

Definition 5.1. Let G denote the set of all functions:

g: (X xR xR - R
(217 ceey ZQN,’U,, ’LL/) — g (217 ceey ZQN,’U,, ’LL/) = g(uaul)

for the sake of simplicity, such that g is exchangeable with respect to its 2V first
arguments.

Lemma 5.1. For any exchangeable probability distribution P on (Z1, ..., Zan), for
any measurable function 1 : (X x R)?Y — R that is exchangeable with respect to
its 2 x 2N arguments, for any measurable function X : (X x R)?N — R? that is
exchangeable with respect to its 2 x 2N arquments, for any € © and any g € G:

Pexp(% i{g[fG(XH-N)? Yz‘+N} - g[f‘g(Xi)’ YZ} }

22 2N 2
— ng[fg(xl),}/z} _77> < PGXp (_77)
9 i=1

and the reverse inequality:

P Sl ] -t ]

i=1

)\2 2N 2
— ng{f‘g(){z),n} _77> SPeXP(—W)v
9 i=1

where we write:

for short, and:

2 if g is nonnegative,

cqg =
1 otherwise.



ITERATIVE FEATURE SELECTION IN LEAST SQUARE REGRESSION ESTIMATION 27

Proof. In order to prove the first inequality, we write:

pexp(Nz{[ Xion). Yiew | ~a o(x0. %]}
—%%g[fe(&)%r—ﬁ
—Pexp<210gcosh{ 9| fa(Xern), Yirw] - %g[ﬂ)(xi),n}}

i=1
)\2 2N 2
-3z g[fH(Xi);}/z} =1
i=1
This last step is true because P is exchangeable. We conclude by using the inequal-
ity:

{E2

Vz € R,logcoshz < ER

We obtain:

IOgCOSh{ [fe( 1+N)7Y;+N}_%g[f0(Xi)uYi}}

< 2)\—;2 {g[fO(Xi-i-N)vY;-i-N} —g[fg(Xi),Yi] }2 < ’ Q{fe(Xi),Yir.

The proof for the reverse inequality is exactly the same. O

We can now give the proof of the theorems.

Proof of theorem E From now we assume that the hypothesis of theorem @ are
satisfied. Let us choose & > 0 and apply lemma .1 with n = —loge’, and ¢
such that g(u,u’) = uu’. We obtain: for any exchangeable distribution P, for any
measurable function A : (X x R)?Y — R that is exchangeable with respect to its
2 x 2N arguments, for any 6 € O:

\2 2N
Pexp(A Z[f@( Xitn)Yipn — fo(X z} Nz Zf Y2+loga> <¢

i=1

and the reverse inequality:

\2 2N
PeXP<)\ Z[fe( )Y — fo(Xivn) z+N] - N2 Zf Y2+log£> <é

i=1

Let us denote:
\2 2N

XN:[ Xisn)Yipn — fo(X i:| NQZf )?Y?

i=1

f(0,€',) +loge’.

The previous inequalities imply that: for any exchangeable P, for any measurable
function A : (X x R)*¥ — R that is exchangeable with respect to its 2 x 2N
arguments, for any 6 € O:

(51) Pepr((Zl, ) Z2N)5955/7)\) < 25/-

Now, let us introduce a new conditional probability measure:

— 1
P:(ZN)' D S Ve ietn oy

C0EGaN
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Remark that P,y being exchangeable, we have, for any bounded function h :
(X xR)*N - R,

Ponh = Pay (Ph).

The measure P is exchangeable, so we can apply equation @ For any values of
Z1, ..., ZoN We have:

Vo € @, ﬁexp f((Zl, ...,Z2N>,9,E/, A) < 2¢’.

In particular, we can choose 8 = 0(Z1, ..., Zan) as an exchangeable function of
(Z1, ..., Zan), because we will have:

1
W Z €Xp f(Za'(l)v sy Z(T(2N))7 o(ZU(l)a sy ZU(2N)))5 ela A)
c€Gan
1
= G Z exp f(Zy(1)s s Zoan))s 0(Z1,s ooy Zon)) €/, A) < €.

ce€Gan

Here, we choose as functions 6 the members of ©¢: 61, ..., 0, (remember that we
choose this indexation in such a way that for any k, 6 is an exchangeable function
of (Z1,..., Zan)). We have, for any Aq, ..., A, that are m exchangeable functions of
(Zl, ceey ZQN)Z

Py |dk € {1, ...,m},f((Zl, ...,ZQN),Hk,a’,Ak) > O:|

= Py Q{f((zl, o Zon), Ok ) > o}]
< Py kiﬂ (F((Z1, oy Zan) Ok €', A) > 0)]
=
= PonP in (f((Z1, ey Zon), Ok €', Nk) > 0)]
= Py éﬁ[n (F(Z1, s Zon), 00, A) > 0)]

< Pon Y Pexp f((Z1, . Zon), Ok, k)
K=1

Now let us apply inequality @, we obtain:

Pon [ﬂk e{1,....m}, f((Z, ...,ZQN),ok,€/7)\k) > 0] < Py 225/ =2m=¢
k=1

if we choose:

From now, we assume that the event:
{Vk € {17 "'7m}7 f ((Z17 a3} ZQN)v ok; iv )\k) S 0}
2m
is satisfied. It can be written, for any k € {1,...,m}:

log sz
Ak

N
% > [fek (Xirn)Yirn — fo, (Xz')Yz}
=1

A\ 2N
SN2 Z o (X:)?Y? +
i=1
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Let us divide both inequalities by:

2N
Z fek(X 2

i=N+1
We obtain, for any k € {1,...,m}:
A 2N X )2y2 log 2m
ok — CFak| < W iz Jon (X0)Y, +2T
NZZ N+1 f9k( )

2 aq
It is now time to choose the functions A\;. We try to optimize the right-hand
side with respect to A, and obtain a minimal value for:

Nlog 277”
& S0 fo (X0)2YP

This choice is admissible because it is exchangeable with respect to (Z1, ..., Zan).
So we have, for any k € {1,...,m}:

A =

= 2 [fo, (Xi)2Y 2] log 22
‘Ckal—a2|<2\/N i=1 k € '
NZZ N+1 fek( )2
Finally, remark that:

k‘ ro [(Cka’f)ﬁk] —ro(ak0y)

’Ckoelf — as
N Zz N+1 ft‘)k( )2
that leads to the conclusion that for any k € {1,...,m}:

o Z?Nl 7o, (Xi)?¥?] log %
N Zz N+1 ft‘)k( )2
This ends the proof. O

3

T [(Cka]f)ﬁk] — rg(o/gﬁk) < 22

Proof of theorem [f.3. We write:
12N | X L
N O o (XY = 5 D (XY 4 5 Y S (XY
i=1 i=1 i=N+1

and try to upper bound the second term. We apply lemma , but this time
with g such that g(u) = (uu’)? that is nonnegative, and obtain, for any &, for any
(exchangeables) 6 and A:

2N
1
Z f‘%(Xi i = NZf9k }/12 2NNZf9k i4 Ofa'

i=N+1
2N loge
A= 1 2N 4y4’
N Zi:l f9k (XZ) Yz

we apply this result to every 6 € ©g, and combine it with theorem by a union
bound argument to obtain the result. ([

We choose:
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5.2. Proof of theorem [t.3. First of all, we give the following obvious variant of

lemma @:

Lemma 5.2. For any exchangeable probability distribution P on (Z1, ..., Zan), for
any measurable function n : (X x R)?N — R that is exchangeable with respect to
its 2 x 2N arguments, for any measurable function X : (X x R)*N — R that is
exchangeable with respect to its 2 x 2N arguments, for any 6§ € ©:

A N
Pexp (N Z{ [f0(Xe)Yiinw = a(0)fo(Xin)?] = |fo(X0)Yi = al0) fo(X,)?] }

- )\2 2N 9
- N? > [fG(Xi)Yi - a(ﬁ)fe(XiF] - n) < Pexp(—n)
i=1

and the reverse inequality, where:
a(f) = arg glel]%l r1,2(ab).

Proof. This is actually just an applicatin of lemma @, we just need to remark that
a(6) is an exchangeable function of (Z, ..., Zax), and so we can take in lemma, f.1:
g(u,u') = uu' — u’a(h),

that means that:
91fe(X2),Yi] = fo(X:)Y: — a(0) fo (X)*.
O

Proof of theorem @ Proceeding exactly in the same way as in the proof of theorem
@, we obtain the following inequality with probability at least 1 — e:

2
2N
% Zi:l fo, (X4)Y: — O‘If,2f9k (Xi)Q log 277”

P for (X)? N

This proves the theorem. (I

(5.2) r2(C*akfy) —ro(akby)) < 4

Before giving the proof of the next theorem, let us see how we can make the first
order term observable in this theorem. For example, we can write:

2
o, (XZ)Y; - alf,2f9k (XZ)Q}
k 212 k k]2 4
= [fek(Xi)Yi — a fo,(Xi) } + [041 —041,2] for (Xi)
+ 2[f0k (X3)Y; — of fo, (Xz')ﬂ {O/f - a’f,z} for (Xi)%.
Remark that it is obvious that:

lof — a1 ,| < |o] — aj],

and so:
fo (XY, — ok fo, (X))
< [Fon(X0Y: — b fo, (0] + [ — k] o, ()"

+ 2|0, (X)Y: = af fo, (X0)? o — ab| fo, (X0)?.

Now, just write:

af —ak = (1 —Ck) ok — (Cka’f —04’2“)
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and so we get:

[, (X)Y: — aliafo (X0)?]
[fek( )Y — af fo, (X )2}2 + {Cka]f - ag]zfek (Xi)*
+2|ckal — ab]| (1 = Mok | 1o, (X0)* 4+ (1 €) (o) fo (X!
+ 2| fo, (X0)Y: — o fo, (X0) 2‘ [c*ak — af| o (X2)?
+2‘f9k — Ak f (X H ~1 al‘fgk( )2

So finally, equation p.2 left us with a second degree inequality with respect to
|Ckak — ok or ro(CK alﬁk) — r2(ak6y)) that we can solve to obtain the following
result: with probability at least 1 — ¢, as soon as we have:

L , 2 | 2N 4| 41og 2
lﬁ i:;‘rlfek(Xi) ] > [N;fek(‘xi) 1 N

which is always true for large enough N, the quantity ’Cka’f — 0/2“‘ belongs to the
interval:

2
210g2%bi\/b2+a(lo;i?m ER ANRENG OL IS v f9k<xi>4)
2

N [0 o, (02— LS gy (x|

with the following notations:
. 2
NZDJC‘% o‘lka }+|o‘k l_c |f9k ) } )

Nz2f0k [‘a 1_ k)‘fek( +‘f0k a1f9k( )2‘}

Remark that only one of the bounds of the interval is positive. So we obtain the
following result: with P;n-probability at least 1 — €, as soon as:

L 2 L Alog 2m
[N Z fek(Xi)2] > [szek(Xl)4‘| T€

i=N-+1 i=1
we have:

410g2 2m

Vk € {1,...,m}, 72 [(C*af)0k] — ra(ab6y) <

i

b+ \/b2 ta (1 gN?m [% E?NN-H ka( )2}2 - % fivl ka (X1)4)
{% ZfNN-i-l fo, (X )2}2 - % {% Zfivl fo, (Xi)ﬂ

2
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We can notice that this bound may be written:

8alog 2 log & 2
T [(Cka]f)ﬁk] — 7“2(04’59@ < % + O ([%] )

_810g [NZ fo. (Xi)Yi — ¥ fo, (X ))2 +O<{lo;gv%r>.

The next step would be now to replace the bound by an observable quantity, by
getting a bound like:

—Z fo (X0)Ys — of fo, (X))

< 23 (oot ok +0 (152

with high probability. This can be done very simply, using lemma EI with this
time:

glu,u') = (uu' — uzoz(G))2 .
We obtain the bound:

T9 [(Cko/f)t?k] - Tg(oz;“@k)

16 log
< 2000852 LS (o (XY - b (02

i=1

o(P5))

5.3. Proof of theorem Q The proof is exactly similar, we just use a new variant
of lemma .|, that is based on an idea introduced by Catoni [ff] in the context of
classification.

Definition 5.2. Let us write:
To(Zi) = fo(X1)Y;
for short. We also introduce a conditional probability measure:
1
2) _
P( ) = ﬁ Z 5(Z1 »»»»» ZNZN+o(1)r s ZN+o(N))*
T oe6N

Remark that, because P is exchangeable, we have, for any function h:
Ph=P [P@h].

Lemma 5.3. For any exchangeable probability distribution P on (Z1, ..., Zan), for
any measurable function n : (X x R)?N — R that is exchangeable with respect to
its 2 x 2N arguments, for any measurable function X\ : (X x R)?N — R which is
such that, for any i € {1,...,2N}:

MZ1, .y Zon) = N1y oo, Zi, Zig Ny Zig1 s ooos Zik N1y Ziy Zig N1, s Z2N),
for any 0 € ©:

@)\
P exp{ PN A Z [To(Z;) — To(Zixn))
i=1

P | N1y :
P | S 2 D2 = T Zuaw) |~ < Pesp(-n)

and the reverse inequality.
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Proof. Let Lhs denote the left-hand side of lemma E For short, let us put:

NZ{fe XiyN)Yien — fo(Xi ] *NZ [Ty(Z b(Zipn)).

Then we have:

N
A A2
Lhs = Py exp p® <N Z [TG(Zi) - TG(ZHN)} - 2Ns(6‘) - 77)

=1

i=1

N
< PyyP? eXp(% > {Te(Zi) - Te(ZHN)} - %5(9) 77>7
by Jensen’s conditional inequality. Now, we can conclude as in lemma @:
Lhs = Py exp <Zlogcosh{ A {TQ(Z ) — TQ(Z,L'+N):| } - %5(9) - 77)
i=1
2 N 2 22
< Py exp (W ; |:T0(Zi) - Te(Zz'JrN)] - ﬁsw) - 77)

= Py exp(—n)-
O
Proof of theorem . We apply both inequalities of lemma @ to every O,k €

{1,...,m}, and we take:
5= 2N log 277” '
s(0)

We obtain, for any k € {1,...,m}:

P2y X 2m
E A ) _ _ <
Pexp{ N < [TG(Zz) T@(ZH-N)] log c nex¢

Or, with probability at least 1 — ¢, for any k:

N 2m
1 2log 2 o) S
N;[TQ(ZZ)_TG(ZH-N)]S T{P (5(9) )] ;
so:
N 2N
1 1 2log 2m 2log < o)
[N;mz)—ﬁi_%w < 215 b,

We end the first part of the proof by noting that:

2N
ZTG % > To(Z)

i=N+1

PPs(0) = Vi(0) + Va(0

Now, let us see how we can obtain the second part of the theorem. Note that:

> To(Zi) - (% > Te(Zi)) :

i=N+1 i=N+1

We upper bound the first term by using lemma .1 with g(fo(X;),Y;) = fo(X;)?Y? =
To(Z;)?, so with probability at least 1 — ¢, for any k:

2log = L 52N T (Z:)4
ZT@ <—ZT9 \/0g€N%i;_l at )

1=N+1
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For the second order term, we use both inequalities of lemmalp.1 with g(fo(X;),Y;) =
fo(X,)Y; = Ty(Z;), so with probability at least 1 — ¢, for any k::

| 2 ] 2N 2
(Em) - (5 3 me)

1 N 1 2N
< | N
< N;TG(ZJ N > To(Z

1 2N
e nz
i=N+1 N =1

Ly Tg 1)2log 22 1 X
<2\/ ' & 2 Tzl

i=1

Putting all pieces together (and replacing € by £/3) ends the proof. O
5.4. Proof of theorem E

Proof of theorem @ We introduce the following conditional probability measures,
for any i € {1,..., N}:

1

P; = (k+1)! E : 5(Z1 ----- Zi—1,ZN(o(1)=1)+i1Dit1,mm0s
’ A< Gy
ZN+i—1:ZN(0(2)—1)+i1ZN+it1seereens ZeN+i—1ZN (0 (k+1)=1)+i ZkN+it1rsZ(k+1)N) *
and:
N
P = ® P;
=1
and, finaly, remember that:
(k+1)N

1
b= (k+1)N Z 02,

Note that, by exchangeability, for any nonnegative function
h:(X xR)FHDN LR
we have, for any ¢ € {1,...,N}:
Puy1ynPih(Z1, ..., Zon) = Pyyryn(Z4, ..., Zon).

Lemma 5.4. Let x be a function R — R. For any exchangeable functions A,
N (X x R)YFDN SRy and 6 : (X x R)FDN - © we have:

(k+1)N

N
Pexpi X | o > X[ - 5 x| fcxow] | —n
i=N+1 i=1
2 2
< exp (1) exp{AélNi*,;f)P {[x(meom) - pu(neon)] '}
3
N1+ k)3 o , -
TR e SRy VI T By X R }

where we put A = N Z1, ..., Zgey1yn), 0 = 0(Z1, ., Zeyryn ) andn = n(Z1, ., Zgy1)n)

for short. We have the reverse inequality as well.

Before giving the proof, let us introduce the following useful notations.
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Definition 5.3. We put, for any 6 € ©, for any function x:
X{ = x (Yifo(X3)),

and:
X" = x (Y fo(X))

that means that:
] (k+1)N

Py’ = (k+1)N Z Xt

We also put:

Su0) = su o inf
X() iE{l,...,(/Ic)-l-l)N}X ie{l,...,(k+1)N}

Proof of the lemma. Remark that, for any exchangeable functions A, n : (X X
R)FDN L R, and 6 : (X x R)*N — © we have:

(k+1)N

oo 4 | 3 oforov] - Solsouxon] | -

i=N+1

k
=exp ( HIP exp LNZ XitjiN — NXZ

=exp ( Hexp NZXH?N H]P exp{ E;k)xf}

where we put A = A7, ..., Zkn), 0 = 0(Z1, ..., Zkn) and np = n(Z4, ..., Zyn) for
short.
Now, we have:

N
A1+ k) A1+ k
logHIPiexp{ ( + 9} ZlogIP exp{ (k]—\i} )xf},

i=1
and, for any i € {1,..., N}:

A1+ k
S EETN
AL+k) o o NM(A+E)? 0 0\2
= - S P + TP [ (- Paxd) ]
P+ e (X! — Pixy)
A(1+k)

1</\(1+k:) 5)2 1
2 Nk Piexp[—ﬁxf}

b, <x§’ - P {x{ exp [-6x7]}

/Nk
0

3
0
P exp [—5x]] ) exp (=X | 5

Note that, for any 8 > 0:

V) a0 3
1 IPZ- <X10 . ]Pz {Xz exp [ 6Xz]}> exp (_ﬁxf)

P; exp [—ﬁx?] P; exp [—ﬁxﬂ

3
S| su inf o 7
B Le{l,.r.).,k}xﬂr“ DN T qh g XU l)N‘|
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and so:
N N
A1+Ek) 4 1 M1+ k) 9
1 P; — T yIL < — P\’
Ogg eXp{ NE NS TN&T & Xi
N (1 +k)? p o2
+% z s Pi (¢~ Pix!)’]
3
X(L+ k) “ I
6N2k3 ie{l,...,(k+1)N} Xi i€{l,...,(k+1)N} Xi '
Note that:
1 k
0 _ 0
P;x; = el ZXi+jN
7=0
and so:

1 (k+1)N
NZ]PZXl_k-FlN Z Xz PXa

remark also that:

1Y 0 o 2
N;]Pi {(Xi —Pix?) }

| BN | (N 2 )
=+ DN ; T\ e+ DN ; X (O =P
we obtain:
(k+1)N X
I Y, — — X,)Y; | —
exp kN > falx NZfe( ) n
1=N+1 =1
A2(1+ k)2
= exp (—7) eXp{éNiJ;Q)P [(X" — PXQ)Q}
N(1 4 k)? ’
+ 0 0
—_— su P — inf .
6N2k3 ie{l,..., (k+1)N}X ie{1,.. 7(lc—',—l)N}X‘| }
The proof of the reverse inequality is exactly the same. O

Let us choose here again x such that y(u) = w, namely: x = id. By the use
of a union bound argument on elements of ©y we obtain, for any € > 0, for any
exchangeable function A : (X x R)*+DN — R, with probability at least 1 — ¢, for
any h € {1,...,m}:

(k+1)N
w2 X Zfeh
1=N+1
A1+ 1)? n A2(14+1)° log 2
<= P P s+ =

Let us choose, for any h € {1,...,m}:

2N log =
(1+4)°P [(X"” - Px"hﬂ

A=

)
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the bound becomes:

1 (k+1)N 1 N
N 2 (XY= D fa, (XY
i=N+1 i=1

2 m
_ <1 N 1) ) P [(XGh, — PXGh,) } 1og? N Sid(eh)3 log %
- k 2N 3INP (Xeh _ Pxeh)2
We use the reverse inequality exactly in the same way, we then combine both

inequality by a union bound argument and obtain the following result. For any
€ > 0, with Py,1)y probability at least 1 — & we have, for any h € {1,...,m}:

(1+d)°
k+1)N
e SO fo, (X0)2

3
2 (log 2)% S;g(0)  (log 22)* S (6n)°
+ — + s :
3NEV INZVG,

2V, log 277”

(5.3) 72 (Chaly) — 12 (akf)) < N

remember that:

V=P { [(fg(X)Y) - P(fg(X)Y)r} .

We now give a new lemma.
Lemma 5.5. Let us assume that P is such that, for any h € {1,...,m}:
36}1 > O, B, > O,Pexp (6h |f9h(X)Y|) < By,.

This if for example the case if fo,(X;)Y: is subgaussian, with any Bn, > 0 and

B = 2exp { 2L [0, Y]}

Then we have, for any € > 0:

1
PN { sup  fp, (Xi)Y: < A log >1-e.

(k+1)NBy,
1<i<(k+1)N €

Proof of the lemma. We have:

Plyyn ( sup  fo,(X;)Y: > 5)
1<i<(k+1)N

= P(kJrl)N (Fie{l,....,(k+1)N}, fo,(X;)Y; > 5)
(k+1)N
= Y Plj, (xovizs
i=1
< (k+1)NPexp (Br|fo,(X:)Y: —s|) < (k+ 1)NBpexp (—0rs).
Now, let use choose:
1. (k+1)NB,

s =—1log
h

3

and we obtain the lemma. O
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As a consequence, using a union bound argument, we have, for any £ > 0, with
probability at least 1 — ¢, for any h € {1,...,m}:

Si 0 = su Xi Y; — inf Xi Y;
a(0n) et (EH)N} fo, (Xi) e fo, (Xi)
2
<2 g 2(k + 1)mNBh'
Bh
By pluggin the lemma into equation @ we obtain the theorem. O

6. SIMULATIONS IN THE TRANSDUCTIVE CASE

6.1. Description of the example. Here, we assume that we have:
Y= f(Xi) +&

for i € {1,...,2N} with N = 2!% = 1024, where the variables X; € [0,1] C R
are i.i.d. from a uniform distribution /(0,1) (here we DO NOT assume that the
statistician knows this point), the n; are i.i.d. from a gaussian distribution N (0, o)
and independant from the X;. The statistician observes (X1,Y7), ..., (Xn, Yy) and
XN41, -, Xon and wants to estimate Yy 1, ..., Yon.

We will here again use three estimations methods: an inductive method, that
does not take advantage of the knowledge of Xn 1, ..., Xon, and two transductive
methods. For the inductive method, we take the tresholded wavelet estimator that
we used in the experiments in the inductive case. For the transductive method, we
use here again a wavelet estimator and a (multiscale) SVM.

6.2. The estimators.

6.2.1. Thresholded wavelets estimators. In this case, as we assume that we don’t
know the distribution P(x), we have to estimate it and use a warped wavelet esti-

mator. We take:
N

1
FN(,T) = N Elﬂ(Xz < ,T),
and:

. 1 &
Bik = % ;Yﬂ/fj,k(FN(Xi)),

FrQ) =20 BBkl = wtn)vn(Fi ().

j=—1keS;
Here again, we choose k = 0.5 and J = 7.

6.2.2. Wavelet estimators with our algorithm. Here, we use the same family of
functions, and we apply the transductive method described previously. Here again,
we use gaussian approximations for the confidence intervals (but we double their
length in order to take into account the variance of both samples).

6.2.3. SVM estimator. The transductive SVM estimator is taken with kernel:
Ky(z,2') = exp (-2 (z — 2')?)

and v € {1,...,m/(IN)} where m/(N) = 6. We use the same gaussian approximation
than in the previous example.

6.3. Experiments and results. We consider the same functions than in the in-
ductive case. We choose e=10%. We repeat each experiment 20 times. We give
the results in figure 8.



ITERATIVE FEATURE SELECTION IN LEAST SQUARE REGRESSION ESTIMATION 39

FIGURE 8. Results of the experiments. For each experiment, we
give the mean risk 5.

Function s.d. | "inductive” transductive transductive
f) o thresholded thresh. wav. | multiscale
wavelets with our | SVM
method
Doppler 0.3 |0.234 0.174 0.165
HeaviSine | 0.3 | 0.134 0.156 0.134
Blocks 0.3 | 0.187 0.171 0.177
Doppler 1 1.179 1.152 1.120
HeaviSine | 1 1.092 1.110 1.065
Blocks 1 1.153 1.144 1.129

7. BOUND ON A MULTIDIMENSIONNAL MODEL

7.1. Theorem and algorithm. In this subsection, we try to generalize the algo-
rithm described in sectionE to the case where there are multidimensional models.
The idea is that, for example, if ©g = {61,02,03}, we could try not only to make
projections on:

{ab;,a € R} forie{1,2,3}
but also on a bidimensional space like:
{ab) + 802, (a, B) € R?}.

More precisely, let us give the following definitions. First of all, we assume that we
are in the case where k = 1, so the test sample and the learning sample have size
N. We always assume that:

O0(Z1, ..., Zan) = {61, ..., Om }
is such that every 6y is an exchangeable function of (Z1, ..., Zan).

Definition 7.1. For everyd > 0,0 < j1 < ..<jg<m-+1land S = (0;,,...,0;,) €
0d we put:

Js(@) = (fo,, (@), s fo,, ()

For convenience, let us put, for any a = (a!,...,a?) € R%:

d
!/ kp.
asS —E o0,
k=1

Remark that we have:
afs(.) = fas'(\) 1 X = R;
let us put:

1 2N
Oy = 7 D [s(Xi)' fs(Xi)
=1

H
|

S 1 - ’
C NZfS(Xi) fs(Xi)
i=1

1 _
MS = 50{%2 (™,
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and finally:
ozfQ—arg Hel}él 1.2 (aS’) ZYfS 012) '
af = arg min 1 ( Zst cs)™!

For any matrix M we will let p(M) denote the biggest eigenvalue of M.
Here, ozf , is our objective but we can only observe af, and the matrix M.

Remark 7.1. Note the change in the objective. In this subsection, we try to mini-
mize 71,2 and not rs.

Theorem 7.1. Let d > 0, let S € ©%. Let us put:

12N

1 1
Bz =% Zl Y2C, 5 f5(X) fs(X0)Cy 5
For any € > 0, we have, with Psn-probability at least 1 — €:

4p (Big

ri2 (M%ag8) =2 (0f,8') < T“’) <dlog(2) + 21log é) .

Note that sz is not observable, except in the case of classification where we
have Y; € {—1,+1} and so ¥;? = 1, which implies that B{, = I and so:
p(Biz) =1,

In the general case we have the following corollary.

Corollary 7.2. Letd >0, let S € ©%. Let us put:

ZYQ )fs( )Cl,év

that is observable, and:
1 = 4 -1 / -1 / 2
=N >y (>\1,201,22 fs(Xi) fs(Xi)Cy 3 >\1,2) ;
i=1

where:

P (3172) = HSll,llp )\Bl)g)\l = )\17231)2)«1_’2.
All=1

For any € > 0, we have with Pyn-probability at least 1 —
8p (BY 2
’I”LQ (./\/1804‘198') — T172 (01‘197281) S % (d 10g(2) + 210g g)
4[DF, +log 2 ]
+ - = —c-
N2
We can now give a new algorithm to perform regression estimation, that is a
variant of the one given in section E Before all, we have to choose k dimensions
di,...,dy and k models
S1 €0, .S, € 0%,
We apply theorem EI to all the models simultaneously by a union bound argument
and we obtain k confidence regions:

CR1,....,CRy
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and the corresponding projections:
Iy, ..., k.
We then use the following algorithm:
e choose 0(0) = 0;
e at step n € IN*, define:
K'(n) = argrr}ﬁxdl,g (O(n — 1), 0(n — 1))

and
0(n) =y (n)f(n — 1);
e stop when dy 2 (0(n),0(n — 1)) < k.

Example 7.1. By takingk =m, d; = ... =d,, =1 and §; = 6, for all i, we obtain
exactly the projection algorithm described in section @

Example 7.2. Let us take k = m, d; = i for any ¢ and S; = (04, ...,0;): we are
in the case of nested submodels, and we obtain a procedure similar to Lepski’s
method, at least as it is described by Birg [

7.2. Proofs. For convenience, we assume that S is chosen once and for all, and so
we will let B » stand for Bf2, Cy,2 for Cf2, and D o for DfQ. We keep the notation
fs(.) to avoid confusion with the true regression function f(.).

Proof of theorem . Let us state the following variant of lemma 7 obtained
exactly in the same way. For any measurable function  : (X x R)?*Y — R that is
exchangeable with respect to its 2 x 2N arguments, for any measurable function
v : (X x R)?N — R, that is exchangeable with respect to its 2 x 2N arguments,
for any A € R%:

_% N
Py exp <7< ]1\’,2 Z{fS(Xi)Yi - fs(Xz'+N)Yi+N}a /\> — A% - 77)
=1
2 1 2N ., 2
SPQNeXp<FYWN <6122f$(X’L)}/’LaA> - ||)\H2_77 )
=1

that can be written:
2
P exp <7A/\’ LN — n) < Poy exp (%)\Bm}\’ N — n)
where:
N
N Z{‘I’(Xi)n - \I/(XiJrN)YiJrN}-
So we have:

2
/ Py exp(yA)\’ — AN —77) d\ S/ Py exp<7_)\3172)\’ Y Y —77> d.
Rd Rd N

Using Fubini’s theorem we obtain:

2
Pon / exp <7A/\’ SN — n) d\ < Poy / exp </\ <”Y—BL2 - 1> N n) dA.
IR‘d IR’d N

Now, let us assume that 7 is small enough for the matrix

2

ol
I-LB

N b2
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to be definite positive. Actually this means that:

N
) > p(Bi2)

or:
- N
K p(Bi2)
Then we get:
N % exp(—1)
PgN T2 exp ZAAI—’I] §P2N N
\/det (1-%B12)
or:
o8 1 o8
Py |exp| ——AA" —n || < Poy |exp | —n — = logdet | I — ~—=Bj .9 )
4 2 N 7
Let us put:
1 2 1
n= —5 logdet <I — ’YNB172> + log g,
we get:

Py

2 1 2 1
exp(%AA' + 3 log det (I — 7NBm) — log g>] <e.

This implies that:

4
Py AA’§—210g >1—c.
T e fdet (1-%B)
Finally, note that:
AA/ = T172 (./\/lsafS’) — T172 (0528/) .

We obtain the following result. For any € > 0, for any measurable function ~ :
(X x R)?2N — R that is exchangeable with respect to its 2 x 2N arguments:

Pon |12 (Msa‘lsS’) —T12 (a‘nyS’) < % log ! >1—e.
i a\/det (I — %BI,Q)
In particular if we choose:
N
TN\ 2% Bia)
then we obtain the theorem. ]

Proof of corollary . In a first time, let us introduce the following obvious nota-
tion:
;2 .
Bf =Bo= > Y703 fs(Xi) fs(Xi)Cys
i=N+1
Now, we state a new variant of lemma @: For any measurable function 7 : (X x
R)?Y — R that is exchangeable with respect to its 2 x 2N arguments, for any
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measurable function A : (X x R)?Y — R? that is exchangeable with respect to its
2 x 2N arguments:

P2N exXp </\B2/\/ — /\Bl/\/ — 77)

2N
1 -1 1 N2
< Pay exp (m > v (ACTE fs(X0) s(X)CTEN) - n) :

i=1

Now, taking:
A=Ni),
and:
1
n = log -
€
we obtain:
Dis+logl
Pon )\11232)\/1)2 < )\1_]231 /1)2 + T‘f >1—c.
So, with probability at least 1 — e:
p(B12) = )\1,231,2)\1_’2 = /\1,231/\/172 + /\1,232)\11,2
D1y +logd
Dy +logt Dy +logt
<2 sup AB\ + T12T 08 2p(B1) + T2 T 08

IAl=1 VN VN

The last step is to combine this inequality with theorem EI by a union bound
argument. (I

8. INTERPRETATION OF THEOREM @ AS AN ORACLE INEQUALITY

We conclude this paper by going back to the inductive case. We first give a
weak variant of theorem @, in order to obtain an easily observable bound. We
then use theorem @ as an oracle inequality to show that the obtained estimator
is adaptative, which means that if we assume that the true regression function f
has an unknown regularity (3, then the estimator is able to reach the right speed of

—23
convergence N 25+ up to a log N factor.

8.1. A weak version of theorem R.1]. Let us assume that X = [0,1] and let us
put © = L2 (Px)). Let (0x)rew~ be an orthonormal basis of ©, and we simply take,
for any z and 6:

that m is chosen and we still have:
B0 = (01, ..., 0m).

Moreover, let us assume that P is such that Y; = f(X;)+n; where n; is independant
of X; and has an unknown distribution, with of course P = 0 and P(n?) =< 02 <
oo with a known o. We do not assume stronger hypothesis about 7.

Theorem 8.1. We have, for any € > 0, with P®N -probability at least 1 — ¢, for
any k € {1,...,m}:

4[1+log27m

N
N _ 1
R(Ckakt?k) — R(a;ﬁk) < N ] N ; fgk (Xi)2}/i2 =+ B? + o?



44 P. ALQUIER

The proof is given at the end of the section. Note that this theorem is more
general than theorem E in the following way: we do not require the existence of
exponential moments for the noise n;. But, at least for large values of IV, the bound
is less tight.

8.2. Rate of convergence of the obtained estimator. Now, let us put:

0, = i R(6
arg, _min R(f)

(that depends effectively on m by ©¢g = {61,...,0:n}), and let us assume that f
satisfies the two following conditions: it is regular, namely there is an unknown
G >1and a C > 0 such that:

15, = ]I} < Cm™,
and that we have a constant B < oo such that:
sup f(z) < B
T€EX
with B known to the statistician. It follows that:
113 < B,
If follows that every set, for k € {1,...,m}:

Fr = iaﬂj:ai < B? ﬂ@
j=1

is a convex set that contains f and so that the orthogonal projection: Hﬁ’m =

Hgm ...Hgl (where HI};’“ denotes the orthogonal projection on Fj) can only improve
an estimator:

2
v, [upme — £\ <o - 115

Actually, note that this projection just consists in thresholding very large coeffi-
cients to a limited value. This modification is necessary in what follows, but this
is just a technical remark: most of the time, our estimator won’t be modified by
H?m for any m.

Remember also that in this context, the estimator given in definition @ is just:

f(@) = fo(),
with:
0 = TI7° .. T15°0.
Theorem 8.2. Let us assume that © = LLa(P(x)), X = [0,1] and (0x)ren- is an
orthonormal basis of ©. Let us assume that we are in the idealized regression model:
Y = f(X)+n,

where P = 0, P(n?) < 02 < oo and n and X are independant, and o is known.
Let us assume that f € © is such that there is an unknown 8 > 1 and an unknown
C > 0 such that:

2 _
15, = flp < Cm™7,
and that we have a constant B < oo such that:

sup f(z) < B
reX
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with B known to the statistician. Then our estimator f (given in definition @ with
no = m here, build using the bound (e, k) given in theorem E), with e = N2
and m = N, is such that, for any N > 2,

~ 2 _
PN [ENf = || | < '€, B,o)N T log N,
P

where we have:
C'(C,B,0) = 2C + 50B% + 440°.

Remark that this theorem shows that the estimator is able to achieve the good
rate of convergence, up to a log N factor, with an unknown (.

We can remark too that the given C'(C, B, o) isn’t the best possible. It is easy
to improve C’, but this is pointless here. The reason is that theorem @ has only
an asymptotic interest. In order to have good results for a given N, we have to use
theorem @ that gives numerically better results than its weaker version, theorem
@. The reason why we use the weaker version here is that it is more easy in this
context to study asymptotics properties.

8.3. Proof of the theorems: theorem E used as an oracle inequality.

Proof of theorem . Actually, the proof is quite straightforward: instead of using
the techniques given in the section devoted to the inductive case, we use a result
valid in the transductive case and integrate it with respect to the test sample. There
are several ways to perform this integration (see for example Catoni [ﬂ])7 here we
choose to apply a result obtained by Panchenko @} that gives a particularly simple
result here.

Lemma 8.3 (Panchenko [L(], corollary 1). Let us assume that we have i.i.d. vari-
ables Ty, ..., (with distribution P and values in R) and an independant copy
T = (17,...,T§) of T = (T, ...,Tn). Let &(T,T") for j € {1,2,3} be three mea-
surables functions taking values in R, and &3 > 0. Let us assume that we know two
constants A > 1 and a > 0 such that, for any u > 0:

peN [gl (T, T') > & (T, T') + /& (T, T’)u} < Aexp(—au).

Then, for any u > 0:

P®2N{P®2N [6(T, T)|T]

> PO (61 T)|T) + /PN (1, T)|T] } < Aexp(l — au).

Now, a simple application of the first inequality of lemma @ (given in the

2m

transductive section) with € > 0, any k € {1,...,m}, g = id, n = 1 + log #* and:

k= oN o\ 2
]{I Z’L’:l Jek( 7/) 1

leads us to the following bound, for any k:

PO oxp \/N_n% SV [fo (X0)Yi — fo, (Xivn)Yian]

o~ —2n| <exp(-n),
Va2 fo (X027
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or:
N
pe2N Z fek Y f9k( 1+N)}/i+N] > Zfek 2Y2
€
< ) =—.
< exp(=1) 2k exp(1)
We now apply Panchenko lemma with:
T = fo,(X0)Yi, T] = fo,(Xixn)Yisn
N
/
&(1,7') = Zﬂ, &(T,T') = N;T
&(T,T') = N?Zf“’k RERN)
and A =a = 1. We obtain:
pN NZ ka Y P[fek( ) ]]
4n N €
2 _
2 | 72 20 Lo (KO + P U (XPY2| < exp(1 =) = 5.

Remark finally that:

P [fo,(X)?Y?] < P [fo,(X)?] (B? + 0?),
and by the orthonormality property of the basis (0x)r>1:

P fo.(X)*] =1.

We proceed exactly in the same way with the reverse inequalities for any k and
combine the obtained 2m inequalities to obtain the result:

N

1
RN E
P {er{l,,m},ﬁ

i=1

fou(X0)Y: — Plfa, <X>Y]]

4+ 4log2m N
> J Tf > [fo (Xi)?Y? + B2 +02]}

i=1
N
®2N 1
=P er{la-"am}aﬁz ka(Xl)}/Z_P[fﬁk(X)Y]
i=1
4+4log2n N
> TfZ[fgk(Xi)2n2 + B2 +a2]} <e
i=1
that ends the proof. O

Proof of theorem . Let us begin the proof with a general m and ¢, the reason of
the choice m = N and ¢ = N~2 will become clear. Let us also call £(g) the event
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satisfied with probability at least 1 — ¢ in theorem B.1]. We have:

P®N P®N

s -],

Tg(e

-

+ poeN

F.m 2
(1-1g) HHP’ f—= fHP :
First of all, it is obvious that:

P®N

=1e) s -1

12
(1-Tee) (HH?”fH;Hﬂ%)]

<2 (B*m+ B?) = 2¢(m + 1)B>.

< 2P®N

For the other term, just remark that:
o 2 2 , 2
nfN g - fHP = |ofr .o - fHP < [ofrme. o - fHP

2
o Fom' yym/ e 1,e
o LR O—fHP

m

Z 1+10g l Zfek )?Y? + B® +0°

This is where theorem @ has been used as an oracle inequality: the estimator that
we have, with m > m/, is better than the one with the ”good choice” m’. We have
too:

— 2
A {[B = I

P®N ]]-E a)

g7

< poN + (m")~2PC

27[1“% l ngk 2Y?2 + B? + 52

2m
§m8[1+]1\?g s} [Bz—i—az}

So finally, we obtain, for any m’ < m:

m 2 8 [1 + log 22
oz | s e

P®N

+ (m')"2PC 4 2¢(m + 1) B.
The choice of:
m' = N
leads to a first term of order N 7T log * and a second term of order N 1. The
choice of m = N and € = N2 gives a first term of order N e log N while keeping

—23
the second term at order N2#+1 and the last term at order N~'. This proves the
theorem. ]
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