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Abstract

We consider the problem of estimating a function s on [—1,1]¥ for large
values of k by looking for some best approximation of s by composite functions
of the form g o u. Our solution is based on model selection and leads to a very
general approach to solve this problem with respect to many different types of
functions g, u and statistical frameworks. In particular, we handle the problems of
approximating s by additive functions, single and multiple index models, neural
networks, mixtures of Gaussian densities (when s is a density) among other
examples. We also investigate the situation where s = gou for functions g and u
belonging to possibly anisotropic smoothness classes. In this case, our approach
leads to a completely adaptive estimator with respect to the regularity of s.

1 Introduction

In various statistical problems, we have at hand a random mapping X from a mea-
surable space (€2,.4) to (X, X) with an unknown distribution Ps on X depending on
some parameter s € S which is a function from [~1,1]¥ to R. For instance, s may
be the density of an i.i.d. sample or the intensity of a Poisson process on [—1,1]*
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or a regression function. The statistical problem amounts to estimating s by some
estimator 5 = §(X) the performance of which is measured by its quadratic risk,

R(s,3) = Es[d*(s,9)]

where d denotes a given distance on §. To be more specific, we shall assume in
this introduction that X = (Xj,...,X,) is a sample of density s? (with s > 0)
with respect to some measure p and d is the Hellinger distance. We recall that,
given two probabilities P, Q dominated by u with respective densities f = dP/du and
g = dQ/du, the Hellinger distance h between P and @ or, equivalently, between f
and ¢ (since it is independant of the choice of i) is given by

R(PQ) =19 =5 [ (VF-Va) dn (1)

It follows that v/2d(s,t) is merely the Ly-distance between s and .

A general method for constructing estimators s is to choose a model S for s, i.e.
do as if s belonged to S, and to build 5 as an element of S. Sometimes the statistician
really assumes that s belongs to S and that S is the true parameter set, sometimes
he does not and rather considers S as an approximate model. This latter approach
is somewhat more reasonable since it is in general impossible to be sure that s does
belong to S. Given S and a suitable estimator s, as those built in Birgé (2006) for
example, one can achieve a risk bound of the form

R(s,5) < C gn£d2(s,t) +71D(S)|, (1.2)
€

where C' is a universal constant (independent of s and S), D(S) the dimension of the
model S (with a proper definition of the dimension) and 7, which is equal to 1/n in
the specific context of density estimation, characterizes the amount of information
provided by the observation X.

It is well-known that many classical estimation procedures suffer from the so-called
“curse of dimensionality”, which means that the risk bound (1.2) deteriorates when
k increases and actually becomes very loose for even moderate values of k. This
phenomenon is easy to explain and actually connected with the most classical way
of choosing models for s. Typically, and although there is no way to check that such
an assumption is true, one assumes that s belongs to some smoothness class (Holder,
Sobolev or Besov) of index a and such an assumption can be translated in terms of
approximation properties with respect to the target function s of a suitable collection
of linear spaces (generated by piecewise polynomials, splines, or wavelets for example).
More precisely, there exists a collection S of models with the following property: for
all D > 1, there exists a model S € S with dimension D which approximates s with
an error bounded by e¢D~/% for some ¢ independent of D (but depending on s, «
and k). With such a collection at hand, we deduce from (1.2) that whatever D > 1
one can choose a model S = S(D) € S for which the estimator § € S achieves a
risk bounded from above by C [CQD_Q‘X/ kot TD]. Besides, by using the elementary
Lemma 1 below to be proved in Section 5.6, one can optimize the choice of D, and
hence of the model S in S, to build an estimator whose risk satisfies

R(s,5) < C'max {302k/(2°‘+k)720‘/(20‘+k); 27} . (1.3)



Lemma 1 For all positive numbers a, b and 0 and N* the set of positive integers,

inf {aD~Y +bD} < b+ min {2@1/(9+1)b6/(0+1); a} < max {Sal/(9+1)b9/(0+1); Zb} .
DeN~

Since the risk bound (1.3) is achieved for D of order 7K/ 2a+k) a5 7 tends to 0, the
deterioration of the rate 72¢/(2¢+k) when k increases comes from the fact that we
use models of larger dimension to approximate s when k is large. Nevertheless, this
phenomenon is only due to the previous approach based on smoothness assumptions
for s. An alternative approach, assuming that s can be closely approximated by suit-
able parametric models the dimensions of which do not depend on k£ would not suffer
from the same weaknesses. More generally, a structural assumption on s associated
to a collection of models S, the approximation properties of which improve on those
of S, can only lead to a better risk bound and it is not clear at all that assuming
that s belongs to a smoothness class is more realistic than directly assuming approx-
imation bounds with respect to the models of §’. Such structural assumptions that
would amount to replacing the large models involved in the approximation of smooth
functions by simpler ones have been used for many years, especially in the context of
regression. Examples of such structural assumptions are provided by additive models,
the single index model, the projection pursuit algorithm introduced by Friedman and
Tuckey (1974), (an overview of the procedure is available in Huber (1985)) and arti-
ficial neural networks as in Barron (1993; 1994), among other examples. It actually
appears that a large number of these alternative approaches (in particular those we
just cited) can be viewed as examples of approximation by composite functions.

In any case, an unattractive feature of the previous approach based on an a priori
choice of a model S € S is that it requires to know suitable upper bounds on the
distances between s and the models S in S. Such a requirement is much too strong
and an essential improvement can be brought by the modern theory of model selection.
More precisely, given some prior probability 7 on S, model selection allows to build
an estimator § with a risk bound

CR(s,3) < inf {inf d*(s,t) + 7 [D(S) + log (1/7(S))] } , (1.4)
Ses | tes

for some universal constant C' > 0. If we neglect the influence of log (1/7(.S)), which is

connected to the complexity of the family S of models we use, the comparison between

(1.2) and (1.4) indicates that the method selects a model in S leading approximately

to the smallest risk bound.

With such a tool at hand that allows us to play with many models simultaneously
and let the estimator choose a suitable one, we may freely introduce various models
corresponding to various sorts of structural assumptions on s that avoid the “curse
of dimensionality”. We can, moreover, mix them with models which are based on
pure smoothness assumptions that do suffer from this dimensional effect or even with
simple parametric models. This means that we can so cumulate the advantages of
the various models we introduce in the family S.

The main purpose of this paper is to provide a method for building various sorts
of models that may be used, in conjonction with other ones, to approximate functions
on [—1,1]* for large values of k. The idea, which is not new, is to approximate the
unknown s by a composite function g ou where g and u have different approximation



properties. If, for instance, the true s can be closely approximated by a function gou
where u goes from [~1,1]* to [~1,1] and is very smooth and g, from [~1,1] to R,
is rough, the overall smoothness of g o u is that of g but the curse of dimensionality
only applies to the smooth part u, resulting in a much better rate of estimation than
what would be obtained by only considering g o u as a rough function from [—1, 1]*
to R. This is an example of the substantial improvement that might be brought by
the use of models of composite functions.

Recent works in this direction can be found in Horowitz and Mammen (2007)
or Juditsky, Lepski and Tsybakov (2009). Actually, our initial motivation for this
research was a series of lectures given at CIRM in 2005 by Oleg Lepski about a
former version of this last paper. There are, nevertheless, major differences between
their approach and ours. They deal with estimation in the white noise model, kernel
methods and the L-loss. They also assume that the true unknown density s to be
estimated can be written as s = gou where g and u have given smoothness properties
and use these properties to build a kernel estimator which is better than those based
on the overall smoothness of s. The use of the Ly .-loss indeed involves additional
difficulties and the minimax rates of convergence happen to be substantially slower
(not only by logarithmic terms) than the rates one gets for the Ly-loss, as the authors
mention on page 1369, comparing their results with those of Horowitz and Mammen
(2007).

Our approach is radically different from the one of Juditsky, Lepski and Tsybakov
and considerably more general as we shall see, but this level of generality has a price.
While they provide a constructive estimator that can be computed in a reasonable
amount of time, although based on supposedly known smoothness properties of g and
u, we offer a general but abstract method that applies to many situations but does
not provide practical estimators, only abstract ones. As a consequence, our results
about the performance of these estimators are of a theoretical nature, to serve as
benchmarks about what can be expected from good estimators in various situations.

We actually consider “curve estimation” with an unknown functional parameter
s and measure the loss by La-type distances. Our construction applies to various
statistical frameworks (not only the Gaussian white noise but also all these for which
a suitable model selection theorem is available). Besides, we do not assume that
s = g o u but rather approximate s by functions of the form g o u and do not fix in
advance the smoothness properties of ¢ and u but rather let our estimator adapt to
it. In order to give a simple account of our result, let us focus on pairs (u, g) with
u mapping [—1,1]¥ into [~1,1] and g [-1,1] into R. In this case, our main theorem
says the following: consider two (at most) countable collections of models T and F,
endowed with the probabilities A and ~ respectively, in order to approximate such
functions u and g respectively. There exists an estimator 5 such that, whatever the
choices of u and g with g at least L-Lipschitz for some L > 0,

CRES) < dsgon + t { it &)+ IDF) + o1 /2(F)]}

+ nf {gg£d2(u,t)+7[D(T)logT_l—l—log(l/)\(T))]}, (1.5)

where d, denotes the distance based on the supremum norm. Compared to (1.4),
this result says that, apart from the extra logarithmic terms and the constant C’



depending on L, if s were of the form ¢ o u the risk bound we get for estimating
s is the maximum of those we would get for estimating g and u separately from a
model selection procedure based on (F,~) and (T, \) respectively. A more general
version of (1.5) allowing to handle less regular functions g and multivariate functions
u = (u1,...,u;) with values in [~1,1]' is available in Section 3. As a consequence,
our approach leads to a completely adaptive method with many different possibilities
to approximate s. It allows, in particular, to play with the smoothness properties of
g and w or to mix purely parametric models with others based on smooth functions.
Since methods and theorems about model selection are already available, our main
task here will be to build suitable models for various forms of composite functions
g o u and check that they do satisfy the assumptions required for applying previous
model selection results.

2 QOur statistical framework

We observe a random element X from the probability space (€2, 4, P;) to (X, X') with
distribution P, on X depending on an unknown parameter s. The set S of possible
values of s is a subset of some space L, (E, u) where p is a given probability on the
measurable space (E, ). We shall mainly consider the case ¢ = 2 even though one
can also take ¢ = 1 in the context of density estimation. We denote by d the distance
on Ly(E, 1) corresponding to the Ly (£, p)-norm || - ||, (omitting the dependency of d
with respect to ¢) and by E4 the expectation with respect to Py so that the quadratic
risk of an estimator s is Ey [dQ (s,5) } The main objective of this paper, in order to
estimate s by model selection, is to build special models S that consist of functions of
the form f ot where t = (¢, ...,t) is a mapping from E to I C R, f is a continuous
function on I and I = szl I; is a product of compact intervals of R. Without loss
of generality, we may assume that I = [—1,1]". Indeed, if I = 1, ¢ takes its values in
L =[f—a,f+al, >0 and f is defined on I, we can replace the pair (f,t) by
(f,t) where t(z) = a~[t(z) — 8] and f(y) = f(ay + B) so that t takes its values in

[—1,1] and f ot = fot. The argument easily extends to the multidimensional case.

2.1 Notations and conventions

To perform our construction based on composite functions f o t, we introduce the
following spaces of functions : 7 C L, (E, i) is the set of measurable mappings from
E to [—1,1], Fi.» is the set of bounded functions on [—1, 1)! endowed with the distance
doo given by doo(f,g) = sup,e_1,1y [f(%) — g(x)| and Fi . is the subset of Fj o which
consists of continuous functions on [—1,1]". We denote by N* (respectively, R% ) the
set of positive integers (respectively positive numbers) and set

2] =sup{j €Z]j <z} and [z]=inf{jeN*|j>z2}, forall z€R.

The numbers x A y and x V y stand for min{z,y} and max {z,y} respectively and
log, (x) stands for (logx) vV 0. The cardinality of a set A is denoted by |A| and, by
convention, “countable” means “finite or countable”. We call subprobability on some
countable set A any positive measure m on A with 7(A) <1 and, given 7 and a € A,
we set m(a) = w({a}) and Ar(a) = —log(m(a)) with the convention A(a) = +oo



if 7(a) = 0. The dimension of the linear space V is denoted by D(V). Given a

compact subset K of RF with [O( # (), we define the Lebesque probability u on K by
p(A) = AMA)/N(K) for A C K, where \ denotes the Lebesgue measure on R¥.

For z € R™, x; denotes the j™ coordinate of z (1 < j < m) and, similarly,
x;; denotes the jth coordinate of x; if the vectors x; are already indexed. We set
z|? = Py x? for the squared Euclidean norm of x € R™, without reference to the
dimension m, and denote by B,, the corresponding closed unit ball in R™. Similarly,
|| = max{|zi],...,|zm|} for all x € R™. For z in some metric space (M,d)
and r > 0, B(z,r) denotes the closed ball of center x and radius r in M and for
AC M, dxz,A) = infycad(x,y). Finally, C stands for a universal constant while
(' is a constant that depends on some parameters of the problem. We may make
this dependence explicit by writing C’(a,b) for instance. Both C' and C” are generic
notations for constants that may change from line to line.

2.2 A general model selection result

General model selection results apply to models which possess a finite dimension in
a suitable sense. Throughout the paper, we assume that in the statistical framework
we consider the following theorem holds.

Theorem 1 Let S be a countable family of finite dimensional linear subspaces S of
Ly(E, ) and let w be some subprobability measure on S. There exists an estimator
5= 5(X) with values in UgesS satisfying, for all s € S,

E[d* (s,5)] < C inf {d*(5,9)+7[(D(S) V1) +A(9)]}, (2.1)

where the positive constant C' and parameter T only depend on the specific statistical
framework at hand.

Similar results often hold also for the loss function d"(s,s) (r > 1) replacing d*(s, 3).
In such a case, the results we prove below for the quadratic risk easily extend to the
risk Eg [d"(s,S)]. For simplicity, we shall only focus on the case r = 2.

2.3 Some illustrations

The previous theorem actually holds for various statistical frameworks. Let us provide
a partial list.

Gaussian frameworks A prototype for Gaussian frameworks is provided by some

Gaussian isonormal linear process as described in Section 2 of Birgé and Massart (2001).
In such a case, X is a Gaussian linear process with a known variance 7, indexed by

a subset S of some Hilbert space Lo(FE, ). This means that s € S determines the

distribution Ps;. Regression with Gaussian errors and Gaussian sequences can both

be seen as particular cases of this framework. Then Theorem 1 is a consequence of

Theorem 2 of Birgé and Massart (2001). In the regression setting, Baraud, Giraud

and Huet (2009) considered the practical case of an unknown variance and proved

that (2.1) holds under the assumption that D(S) V Ar(S) <n/2 for all S € S.



Density estimation Here X = (X1,...,X,,) is an n-sample with density s? with
respect to p and S is the set of nonnegative elements of norm 1 in Lo(F, ). Then
d(s,t) = V2h (s%,1?) where h denotes the Hellinger distance between densities de-
fined by (1.1), 7 = n~! and Theorem 1 follows from Theorem 6 of Birgé (2006) or
Corollary 8 of Baraud (2011). Alternatively, one can take for s the density itself, for
S the set of nonnegative elements of norm 1 in Ly (F, x) and set ¢ = 1. The result
then follows from Theorem 8 of Birgé (2006). Under the additional assumption that
s € Lo(F, u) NLoo(E, p), the case ¢ = 2 follows from Theorem 6 of Birgé (2008) with
=1 sl (1V log ].0)-

Regression with fixed design We observe X = {(z1,Y1),...,(zn,Yn)} with
E[Y:] = s(x;) where s is a function from F = {z1,...,2,} to R and the errors
gi = Y; — s(x;) are i.i.d. Here p is the uniform distribution on E, hence d?(s,t) =
n~13"  [s(@;) —t(z;)]? and 7 = 1/n. When the errors g; are subgaussian, Theorem 1
follows from Theorem 3.1 in Baraud, Comte and Viennet (2001). For more heavy-
tailed distributions (Laplace, Cauchy, etc.) we refer to Theorem 6 of Baraud (2011)
when s takes its values in [—1,1].

Bounded regression with random design Let (X,Y") be a pair of random vari-
ables with values in F x [—1,1] where X has distribution p and E[Y|X = z] = s(z)
is a function from F to [—1,1]. Our aim here is to estimate s from the observation
of n independent copies X = {(X1,Y1),...,(Xy,Y,)} of (X,Y). Here the distance
d corresponds to the Lo(E, u)-distance and Theorem 1 follows from Corollary 8 in
Birgé (2006) with 7 =n~!.

Poisson processes In this case, X is a Poisson process on F with mean measure
s? - u, where s is a nonnegative element of Lo(E, ). Then 7 = 1 and Theorem 1
follows from Birgé (2007) or Corollary 8 of Baraud (2011).

3 The basic theorems

3.1 Models and their dimensions

If we assume that the unknown parameter s to be estimated is equal or close to some
composite function of the form gou withu € 7' and g € Fi.. and if we wish to estimate
gowu by model selection we need to have at disposal a family F of models for approxi-
mating g and families T;, 1 < j <[, to approximate the components u; of u. Typical
sets that are used for approximating elements of /. or T! are finite-dimensional
linear spaces or subsets of them. Many examples of such spaces are described in
books on Approximation Theory, like the one by DeVore and Lorentz (1993) and we
need a theorem which applies to such classical approximation sets for which it will
be convenient to choose the following definition of their dimension.

Definition 1 Let H be a linear space and S C H. The dimension D(S) € NU {oco}
of S'is 0if |S| = 1 and is, otherwise, the dimension (in the usual sense) of the linear
span of S.



3.2 Some smoothness assumptions

In order to transfer the approximation properties of g by f and w by ¢ into approx-
imation of g o u by f ot, we shall also require that g be somewhat smooth. The
smoothness assumptions we need can be expressed in terms of moduli of continuity.
We start with the definition of the modulus of continuity of a function g in 7 ..

Definition 2 We say that w from [0,2]" to Rﬁ_ is a modulus of continuity for a
continuous function g on [—1,1)' if, for all z € [0,2]', w(z) is of the form w(z) =
(wi(z1),...,wi(2z1)) where each function w; with j = 1,...,1 is continuous, nonde-
creasing and concave from [0,2] to Ry, satisfies w;(0) =0, and

l
lg(@) =g <> _willz; —ysl)  for all z,y € [-1,1].
j=1

For a € (0,1)! and L € (0,400)!, we say that g is (a0, L)-Hélderian if one can take
w;(z) = Ljz% for all z € [0,2] and j = 1,...,1. It is said to be L-Lipschitz if it is
(e, L)-Hélderian with o = (1,...,1).

Note that our definition of a modulus of continuity implies that the w; are subadditive,
a property which we shall often use in the sequel and that, given g, one can always
choose for w; the least concave majorant of w; where

w;i(z) = sup lg(z) —g(z1,...,xj—1, 25 + 2, Zj41, ..., 27|
ze[—1,1)5 z;<1—z

Then w;(z) < 2w;(z) according to Lemma 6.1 p. 43 of DeVore and Lorentz (1993).

3.3 The main theorem

Our construction of estimators 5 of g o u will be based on some set & of the following
form:

6:{l,F,’y,Tl,...,Tl,Al,...,Al}, ZGN*, (31)

where I, Tq,...,T; denote families of models and «, \; are measures on F and T}
respectively. In the sequel, we shall assume that & satisfies the following requirements.

Assumption 1 The set & is such that

i) the family F is a countable set and consists of finite-dimensional linear subspaces
F of Fi o with respective dimensions D(F) > 1,

ii) for j =1,...,1, T} is a countable set of subsets of Lq(E, ) with finite dimen-
stons,

iii) the measure v is a subprobability on F,

i) for j=1,...,1, A\j is a subprobability on T;.

Given &, one can design an estimator 5 with the following properties.

Theorem 2 Assume that Theorem 1 holds and that & satisfies Assumption 1. One
can build an estimator s = 5(X) satisfying, for allu € T' and g € F. with modulus



of continuity wg,

l

CEs[d*(s,3))] < Zqﬂingr.{lwg’j(d(uj,T))+T[A)\j(T)+i(g,j,T)D(T)]}
g=1" "

FP(s,g0u)+ inf {9, F) +7[8,(F) + D(F))},  (32)
where i(g,7,T) =1 if D(T) = 0 and otherwise,
i(g,5,T) =inf {i € N*|lw} ; (e7") < miD(T)} < +o0. (3.3)

Note that, since the risk bound (3.2) is valid for all g € Fj. and u € T!, we can
minimize the right-hand side of (3.2) with respect to g and u in order to optimize the
bound. The proof of this theorem is postponed to Section 5.4.

Of special interest is the case where g is L-Lipschitz. If one is mainly interested by
the dependence of the risk bound with respect to 7 as it tends to 0, one can check that
i(g,4,T) <log7~! for 7 small enough (depending on I and L) so that (3.2) becomes
for such a small 7

l
C'Es[d* (5,5)] < ;Tigj {d*(u;, T) + 7 (AN, (T) + D(T)log 7 ") }
+d?(s,gou) + Igré% {d% (g, F) + 7 [D(F) + Ay (F)]} .

If it were possible to apply Theorem 1 to the models F' with the distance do, and
the models T with the distance d for each j separately, we would get risk bounds of
this form, apart from the value of C’ and the extra log 7! factor. This means that,
apart from this extra logarithmic factor, our procedure amounts to performing [ + 1
separate model selection procedures, one with the collection F for estimating g and
the other ones with the collections T; for the components u;, finally getting the sum
of the [+ 1 resulting risk bounds. The result is however slightly different when g is no
longer Lipschitz. When g is (o,L)-Holderian then one can check that i(g, j,T) < L;r
where L;7 =1if D(T') =0 and, if D(T) > 1,

Lir = [aj—l log (1L [T’D(T)}_l)} \/1 (3.4)
< C'(L,o) [log(r™") V1og(L3/D(T)) V 1] . (3.5)
In this case, Theorem 2 leads to the following result.

Corollary 1 Assume that the assumptions of Theorem 2 holds. For all (o, L)-
Hélderian function g with a € (0,1)" and L € (R%)!, the estimator § of Theorem 2
satisfies

l
CE,[d? (5,3)] < ]Zl Jnf {1L5d%9 (u;, T) + 7 [Ax, (T) + D(T)Lj1) }
+d?*(s,gou) + }%% {d2(9,F) +7[A(F)+D(F)]}, (3.6

where L is defined by (3.4) and bounded by (3.5).



3.4 Mixing collections corresponding to different values of [

If it is known that s takes the special form g o u for some unknown values of g € F .
and u € T, or if s is very close to some function of this form, the previous approach is
quite satisfactory. If we do not have such an information, we may apply the previous
construction with several values of [ simultaneously, approximating s by different
combinations g; o u; with u; taking its values in [—1,1]!, g; a function on [~1,1]' and
[ varying among some subset I of N*. To each value of [ we associate, as before, [ + 1
collections of models and the corresponding subprobabilities, each [ then leading to an
estimator §; the risk of which is bounded by R (5, g1, u;) given by the right-hand side
of (3.2). The model selection approach allows us to use all the previous collections of
models for all values of [ simultaneously in order to build a new estimator the risk of
which is approximately as good as the risk of the best of the 5;. More generally, let
us assume that we have at hand a countable family {S,, ¢ € I} of sets &, of the form
(3.1) satisfying Assumption 1 for some [ = [(¢) > 1. To each such set, Theorem 2
associates an estimator 5y with a risk bounded by

Es [d2 (87 :9\@) ] < (Hlf) R<§57 9, u)a
g,u
where R(Sy, g, u) denotes the right-hand side of (3.2) when & = &; and the infimum
runs among all pairs (g,u) with g € Fie),c and u € T, We can then prove (in
Section 5.5 below) the following result.

Theorem 3 Assume that Theorem 1 holds and let I be a countable set and v a
subprobability on I. For each ¢ € I we are given a set &; of the form (3.1) that
satisfies Assumption 1 with | = [(¢) and a corresponding estimator s; provided by
Theorem 2. One can then design a new estimator s = s(X) satisfying

CE[d? (s,3)] < inf inf {R(5s, g,u) +7A,(0)},
el (gyu)

where R (S, g, u) denotes the right-hand side of (3.2) when & = &, and the second
infimum runs among all pairs (g,u) with g € Fie),e and u € TUO,

3.5 The main ideas underlying our construction

Let us assume here that p = ¢ = 2 and E = [~1,1]* with & > [ > 1. Our approach
is based on the construction of a family of linear spaces with good approximation
properties with respect to composite functions gowu. More precisely, if one considers a
finite dimensional linear space F' C F; o, for approximating g and compact sets T; C T
for approximating the u;, we shall show (see Proposition 4 in Section 5.1 below) that
there exists some ¢ in T = Hé-:l Tj such that the linear space Sy = {fot|f € F}
approximates the composite function g o u with an error bound

l
d(gou,S) < dos(g, F) + V2D wy (d(u;, T)). (3.7)
j=1

The case where the function g is Lipschitz, i.e. wy ;(z) = Lz for all j, is of partic-
ular interest since, up to constants, the error bound we get is the sum of those for
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approximating separately g by F' (with respect to the L.-distance) and the u; by
T;. In particular, if s were exactly of the form s = g o u for some known functions
uj, we could use a linear space F' of piecewise constant functions with dimension of
order D to approximate g, and take T; = {u;} for all j. In this case the linear space
S, whose dimension is also of order D would approximate s = g o u with an error
bounded by D=1/t Note that if the uj were all (3, L)-Holderian with 3 € (0,1]%, the
overall regularity of the function s = g o u could not be expected to be better than
(B-Holderian, since this regularity is already achieved by taking g(y1,...,v) = y1. In
comparison, an approach based on the overall smoothness of s, which would com-
pletely ignore the fact that s = g o u and the knowledge of the u;, would lead to an

_ _ -1
approximation bound of order D~?/% with g = k (Z;?:l ﬁ;1> . The former bound,

D=1 based on the structural assumption that s = g o u therefore improves on the
latter since B < 1 and k > [. Of course, one could argue that the former approach
uses the knowledge of the wuj, which is quite a strong assumption. Actually, a more
reasonable approach would be to assume that v is unknown but close to a parametric
set T, in which case, it would be natural to replace the single model S, used for
approximating s, by the family of models S5(F) = {S;|t € T} and, ideally, let the
usual model selection techniques select some best linear space among it. Unfortu-
nately, results such as Theorem 1 do not apply to this case, since the family S(F)
has the same cardinality as T and is therefore typically not countable. The main
idea of our approach is to take advantage of the fact that the u; take their values in
[—1,1] so that we can embed T into a compact subset of 7¢. We may then introduce
a suitably discretized version T of T (more precisely, of its embedding) and replace
the ideal collection Sg(F') by St(F), for which similar approximation properties can
be proved. The details of this discretization device will be given in the proofs of our
main results. Finally, we shall let both T and F vary into some collections of models
and use all the models of the various resulting collections St (F) together in order to
estimate s at best.

4 Applications

The aim of this section is to provide various applications of Theorem 2 and its corol-
laries. We start with a brief overview of more or less classical collections of models
commonly used for approximating smooth (and less smooth) functions on [—1,1]¥.

4.1 Classical models for approximating smooth functions

Along this section, d denotes the Lo-distance in Lo([—1, 1]’“, 2*kdw), thus taking ¢ = 2,
E = [-1,1]* and u the Lebesgue probability on E. Collections of models with the
following property will be of special interest throughout this paper.

Assumption 2 For each D € N the number of elements with dimension D belonging
to the collection S is bounded by exp[c(S)(D +1)] for some nonnegative constant c(S)
depending on S only.

11



4.1.1 Approximating functions in Holder spaces on [—1,1]"

When k£ = 1, a typical smoothness condition for a function s on [—1,1] is that it
belongs to some Holder space H*([—1,1]) with a =r+ o/, r e Nand 0 < o/ <1
which is the set of all functions f on [—1,1] with a continuous derivative of order r
satisfying, for some constant L(f) > 0,

FO (@) — fOy)| < L)z —y|* for all z,y € [~1,1].

This notion of smoothness extends to functions f(x1, ..., ;) defined on [—1,1]*, by
saying that f belongs to H*([—1,1]F) with a = (a1, ..., ) € (0, +00)F if, viewed as
a function of z; only, it belongs to H([—1,1]) for 1 < i < k with some constant L(f)
independent of both ¢ and the variables z; for j # ¢. The smoothness of a function s
in H¥([—1, 1]%) is said to be isotropic if the a; are all equal and anisotropic otherwise,
in which case the quantity @ given by

ol —
Il
| =
R+

corresponds to the average smoothness of s. It follows from results in Approximation
Theory that functions in the Holder space H®([—1,1]¥) can be well approximated
by piecewise polynomials on k-dimensional hyperrectangles. More precisely, our next
proposition follows from results in Dahmen, DeVore and Scherer (1980).

Proposition 1 Let (k,r7) € N* x N. There exists a collection of models Hy,, =
Up>1 Hir(D) satisfying Assumption 2 such that for each positive integer D, the
family Hy, (D) consists of linear spaces S with dimensions D(S) < C}(k,7)D spanned
by piecewise polynomials of degree at most r on k-dimensional hyperrectangles and

for which

inf  d(s,S) < inf d(s,S) < CL(k,r)L(s)D/k
SeHin(D) (s, )—Seﬁf,r(D) oo(5:5) < Calhym)Ls) ’

for all s € HY([—1,1]%) with sup;<;cp o <7+ 1.

4.1.2 Approximating functions in anisotropic Besov spaces

Anisotropic Besov spaces generalize anisotropic Holder spaces and are defined in a
similar way by using directional moduli of smoothness, just as Holder spaces are de-
fined using directional derivatives. To be short, a function belongs to an anisotropic
Besov space on [—1,1]* if, when all coordinates are fixed apart from one, it belongs
to a Besov space on [—1,1]. A precise definition (restricted to k& = 2 but which
can be generalized easily) can be found in Hochmuth (2002). The general defini-
tion together with useful approximation properties by piecewise polynomials can be
found in Akakpo (2012). For 0 < p < +o0, k > 1 and B € (0,4+00)¥, let us de-

note by ng([—l, 1]%) the anisotropic Besov spaces. In particular, Bg,m([—l, 1]F) =
P ([<1,1]%). Tt follows from Akakpo (2012) that Proposition 1 can be generalized
to Besov spaces in the following way:.

12



Proposition 2 Let p > 0, k € N* and r € N. There exists a collection of models
B, = Upsy Brr(D) satisfying Assumption 2 such that for each positive integer D,
By(D) consists of linear spaces S with dimensions D(S) < C}(k,r)D spanned by
piecewise polynomials of degree at most r on k-dimensional hyperrectangles and for
which

inf  d(s,S) < C(k DBk

for all s € BEP([—L 1%) with semi-norm ]s\ﬁpp and (3 satisfying

sup B <r+1 and 6>k [(p_l — 2_1) Vv O] . (4.1)
1<i<k

4.2 Estimation of smooth functions on [—1,1]*

In this section, our aim is to establish risk bounds for our estimator § when s = gou
for some smooth functions g and u. We shall discuss the improvement, in terms of
rates of convergence as 7 tends to 0, when assuming such a structural hypothesis, as
compared to a pure smoothness assumption on s. Throughout this section, we take
q=2, E=[-1,1]F and d as the Ly-distance on Lo(E, 2 *dz).

It follows from Section 4.1 that, for all r > 0, Hy,, satisfies Assumption 2 for some
constant ¢(Hy, ). Therefore the measure v on Hy,, defined by

AL(S) = (c(Hg,) +1)(D+1) forall S e Hg, (D) \ U Hg (D) (4.2)
1<D'<D
is a subprobability since

3 ) < 37 e D [ (D) eI < 37D < 1,
SeHy, D>1 D>1

We shall similarly consider the subprobability A defined on By , by
AN(S) = (c(Bry) +1)(D+1) forall S € By, (D)\ ) B (D). (4.3)
1<D'<D

Finally, for g € HY([-1,1]") = B ([-1,1]") with a € (R})!, we set 19llqv. 00 =
|9|av,00,00 + Inf L’ where the infimum runs among all numbers L' for which w, j(z) <
L'z%M for all z € [0,2] and j = 1,...,1.
4.2.1 Convergence rates using composite functions
Let us consider here the set Sy (o, 3,p, L, R) gathering the composite functions
gou with g € H®([—1,1]) satisfying 9l .00 < L and u; € Bpﬁjfpj with semi-norms
’“j‘ﬁ . < Rj for all j =1,...,1. The following result holds.

jPiPj

Theorem 4 Assume that Theorem 1 holds with ¢ = 2. There exists an estimator 5
such that, for alll > 1, a, R € (Ri)l, L>0,08...,08 € (Ri)k and p € (0, +oo)!
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with E]‘ >k [(pj_l — 2_1) \/0} for1 <j<I,

sup C'Es [dz(s, 5)]
Sesk‘,l(avﬁ7paLvR)
! — 2k 72—67(%/\” 21 2a
< Z(LR;%Ml)zﬁj(ajm)M [7L]%P5esAD+k | [TomrTies + 7L,

j=1
where £ = log(77 1) V1og(L?) V1 and C' depends on k,l,c, B and p.

Let us recall that we need not assume that s is exactly of the form gowu but rather, as
we did before, that s can be approximated by a function s = gou € Sy (e, 8, p, L, R).
In such a case we simply get an additional bias term of the form d? (s,3) in our risk
bounds.

Proof: Let us fix some value of [ > 1 and take s = gou € S;(a,3,p,L, R) and
define
r:r(a,,@)—l—k{niax al\/ P M L BMJ.
The regularity properties of g and the u; together with Propositions 1 and 2 imply
that for all D > 1, there exist F' € H;,(D) and sets T; € By, (D) for j = 1,...,l such
that B
D(F) < Ci(l,e, B)D;  doolg, F) < Ch(l,a, B) LD™/1;

and, for 1 < j </,
D(Tj) < Cy(k, e, B;,p5) D;  d(uy, Ty) < Ch(k, v, Bj,p;) R;D /%,

Since the collections H;, and By, satisfy Assumption 2 and wy j(z) < Lz%"! for all
j and z € [0, 2], we may apply Corollary 1 with

6l,r == (laHl,m’YTaBk,ry e ,Bkﬂn, AT, ceey )\r>

the subprobabilities 7;, and A, being given by (4.2) and (4.3) respectively. Besides,
it follows from (3.5) that £; 7 < C'(I, )L for all j, so that (3.6) implies that the risk
of the resulting estimator 5, is bounded from above by

l 3 —
CR(Eirg.u) =Y inf [LPRSM D2 %/k 4 Dre| 4 int [12D7/! 4 D7),

D>1

Jj=1

for some constant C’ depending on [, k, o, 34, ..., 3;. We obtain the result by opti-
mizing each term of the sum with respect to D by means of Lemma 1, and by using
Theorem 3 with v defined for £ = (I,7) € N* x N by v(I,7) = e~#*+1 for which
Ay(l,r)r < ({+r+1)R(5,,,g9,u) for all I, 7. ]

4.2.2 Structural assumption versus smoothness assumption

In view of discussing the interest of the risk bounds provided by Theorem 4, let us
focus here, for simplicity, on the case where g € H*([—1, 1]) with o > 0 (hence [ = 1)

and u is a function from £ = [~1,1]* to [~1,1] that belongs to Hﬁ([—l, 1]%) with
B € (R%)*. The following proposition is to be proved in Section 5.7.
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Proposition 3 Let ¢ be the function defined on (]Ri)2 by

B Ty ZfCL‘ V y S ]-;
P(x,y) = { x Ay otherwise.

Forallk>1,a>0, B € (Ry)*, g€ H*([-1,1]) andu € 7—[5([—1, 117,
goue HY([~1,1)%) with 6; = ¢(Bi,a) for1<i<k. (4.4)

Moreover, 0 is the largest possible value for which (4.4) holds for all g € H*(]—1,1])
and u € H'B([—l,l]k) since, whatever 8' € (R%)* such that 0, > 0; for some i €
{1,...,k}, there exists some g € H*([—1,1]) and u € H'B([—l, 1]%) such that gou ¢
HO'(-1,1%).

Using the information that s belongs to 7-[9([—1, 1]¥) with @ given by (4.4) and that
we cannot assume that s belongs to some smoother class (although this may happen
in special cases) since @ is minimal, but ignoring the fact that s = g o u, we can
estimate s at rate 720/(0%k) (as 7 tends to 0) while, on the other hand, by using
Theorem 4 and the structural information that s = g o u, we can achieve the rate

P20/2a+) | (1 [log 1] )PP/ (Blant)+)

Let us now compare these two rates. First note that it follows from (4.4) that 6; < «
for all i, hence 6 < o and, since k > 1, 2a/(2a + 1) > 20/ (20 + k). Therefore the
term 72/ (20+1) always improves over 720/(20+%) when 7 is small and, to compare the
two rates, it is enough to compare 6 with 5(a A 1). To do so, we use the following

lemma (to be proved in Section 5.8).

Lemma 2 For all a« > 0 and B € (R%)*, the smoothness index

0= (¢(Ot, 61)’ R QZS(OZ,ﬂk))

satisfies 0 < B(a A1) and equality holds if and only if Supy<i<i Bi < aV 1.

When sup;«;<; 8;i < aV 1, our special strategy does not bring any improvement as
compared to the standard one, it even slightly deteriorates the risk bound because of
the extra log 7! factor. On the opposite, if sup;«;«x i > a V 1, our new strategy
improves over the classical one and this improvement can be substantial if 5 is much
larger than oV 1. If, for instance, « = 1 and S =k = B; for all j, we get a bound of

order [T (log 7*1)]2/ 3 which, apart from the extra log 7—! factor, corresponds to the
minimax rate of estimation of a Lipschitz function on [—1, 1], instead of the risk bound
72/(2+k) that we would get if we estimated s as a Lipschitz function on [—1,1]¥. When
our strategy does not improve over the classical one, i.e. when sup;«;<; i < aV1, the
additional loss due to the extra logarithmic factor in our risk bound can be avoided by
mixing the models used for the classical strategy with the models used for designing
our estimator, following the recipe of Section 3.4.
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4.3 Generalized additive models

In this section, we assume that £ = [—1,1]*, p is the Lebesgue probability on E and
q = 2. A special structure that has often been considered in regression corresponds
to functions s = g o u with

w(zy,. .. xp) =ui (@) + .. Fue(zr);  s(z) =g (ui(z) + ... +uelzy), (4.5)

where the u; take their values in [-1/k,1/k] for all j = 1,...,k. Such a model
has been considered in Horowitz and Mammen (2007) and while their approach is
non-adaptive, ours, based on Theorem 2 and a suitable choice of the collections of
models, allows to derive a fully adaptive estimator with respect to the regularities
of g and the u;. More precisely, for r € N, let T, be the collection of all models
of the form T' = Ty + ... 4+ T}, where for j = 1,...,k, T} is the set of functions of
the form z — t;(x;) with € E and t; in B;,. Using A, = A as defined by (4.3),
we endow T, with the subprobability )\gk) defined for 7" € T, by the infimum of the
quantities Hle Ar(T3) when (T4, ..., Ty) runs among all the k-uplets of IB%'fﬂ” satisfying
T =T +...+T. Finally, for o,L >0, 8, R € (R%)* and p = (p1,...,px) € (R)*,
let S24d(a, B,p, L, R) be the set of functions of the form (4.5) with g € H*([~1,1])
satisfying |9, < L and u; € ng,pj([—l,l]) with |uj|6j,pj7pj < Rjk™! for all j =

1,...,k. Using the sets &, = (1,H1,T,'yr,’]1‘r,)\§ak)) with » € N we can build an
estimator with the following property.

Theorem 5 Assume that Theorem 1 holds with g = 2. There exists an estimator s
which satisfies for alla, L >0, p, R € (Rﬁr)k and 3 € (Ri)k with B > (1/p; —1/2)
forallj=1,...,k,

sup C'E, [d2(s,§)]
sGS,‘?dd(a,B,p,L,R)
) - k 2 2(an1)B,
S L 2a+1 73a+1 4 Z <L(Rjk71/2)a/\1) 2(an)Bj+1 (TE) 2(aA1)B;+1 + TE,

J=1

where L = log (7*1) V log (LQ) V1 and C' is a constant that depends on o, 3,p and
k only.

If one is mainly interested in the rate of convergence as 7 tends to 0, the bound we get
is of order max{72%/ (a1 [+ log(7~1)]2(@ADB/R(eADB+)Y where f = min{f, .. ., Bi}.
In particular, if o > 1, this rate is the same (up to a logarithmic factor) as that we
would obtain for estimating a function on [—1, 1] with the smallest regularity among

a7617"'7ﬁk'

Proof: Let us consider some s = gou € Sﬁdd(a,ﬂ,p,L, R)yandr =1+ [aV pV
...V Bg]. For all D,Dy,...,Dy > 1, there exist F' € H; (D) and T; € By, (D;) for
all j =1,...,k such that

D(F) < Ci(r)D;  dos(g,F) < Cy(r)LD™%;
and, for 1 < j <k,

D(T;) < Ci(k,r,p) Dyj;  d(u;,T;) < Cy(k,r,p) Rik'D; ™.
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If T =Ti+...+ T, then D(T) < Y8, D(Ty), Ayw(T) < S AN (TY) < (e(Bry)+

1) Z§:1(Dj +1). Moreover, d(u,gg’) < Z?:l d(uj, Ty,) < Chk™1 Z?:l Rij_Bj7 hence,
_ k —20;

d*(u, T) < (C4)*k~' 325_) RFD; ™ and finally,

k
d2(a/\1) (u’ T) < (04)2(01/\1) Z(Rjk71/2)2(a/\1)Dj—Q(CV/\l)IBJ'

=1

For all T, L7 < C'(«)L and since wy(z) < Lz* for all z € [0,2], we may apply
Corollary 1 with [ = 1 and get that the risk of the resulting estimator s, satisfies

C'R(5:,9,u

Mw

inf |L2(R;k~1/2)2@M) D=2/ 4 DrL| 4 inf [L?D™>* + D).
D>1

>1

J=1

We conclude by arguing as in the proof of Theorem 4. 0

4.4 Multiple index models and artificial neural networks

In this section, we assume that £ = [~1,1]*, ¢ = 2 and d is the distance in Lo(E, p)
where 1 is the Lebesgue probability on E. We denote by |- |1 and | - | respectively
the ¢1- and fs-norms in R* and Cj the unit ball for the ¢;-norm. As we noticed
earlier, when s is an arbitrary function on F and k is large, there is no hope to get a
nice estimator for s without some additional assumptions. A very simple one is that
s(x) can be written as g((f,z)) for some 6 € C, which corresponds to the so-called
single index model. More generally, we may pretend that s can be well approximated
by some function § of the form

S(z) =g ((br,2),..., (0, )

where 01, ..., 0; are | elements of Cy, and g maps [—1, 1]' to R, [ being possibly unknown
and larger than k. When 5 = g o u is of this form, the coordinate functions u;(-) =
(0j,-), for 1 < j <, belong to the set Ty C T of functions on E of the form = — (0, x)
with 6 € Ci, which is a subset of a k-dimensional linear subspace of La(FE, i), hence
D(Ty) < k. A slight generalization of this situation leads to the following result.

Theorem 6 Assume that Theorem 1 holds with ¢ = 2. For j > 1, let T} be a subset
of T with finite dimension k; and for I C N* and | € I, let F; be a collection of
models satisfying Assumptions 1-(i and iii) for some subprobability ;. There exists
an estimator s which satisfies

CE, [d*(s,3)]
l
. . ) . .
< %ggeﬂfien d*(s,gou) + A(g,Fr,m) +Tj§:1 kji(g, 3, T3) |, (4.6)

where Ty =T x ... x Ty, i(g, j,Tj) is defined by (3.3) and

A(g,Fp,y) = 1nf {d )+T[D(F)+AW(F)]}.
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In particular, for all | € I and (o, L)-Hélderian functions g with o € (0,1)' and
Le (R

CE,[d® (5,3)) ]

l
< uiéllgl d*(s,gou) + A(g, Ty, ) +7 Zl k; Uj log (113 (k;7) ") \/ 1} . (4.7)

j=
Let us comment on this result, fixing some value [ € I. The term d(s, gou) corresponds
to the approximation of s by functions of the form g(ui(.),...,w/(.)) with g in Fj.
and uy,...,u; in T1,...,T; respectively. As to the quantity A(g,F;, ), it corresponds
to the estimation bound for estimating the function g alone if s were really of the
previous form. Finally, the quantity 7 2221 kji(g,J,T};) corresponds to the sum of the
statistical errors for estimating the w;. If for all j, the dimensions of the 7T} remain
bounded by some integer k independent of 7, which amounts to making a parametric
assumption on the u;, and if g is smooth enough the quantity 22:1 kji(g, j, Tj) is

then of order 7log 7! for small values of T as seen in (4.7).

Proof of Theorem 6: For all j, we choose A; to be the Dirac mass at 7} so that
A\, (Tj) = 0 = d(uy, T};). The result follows by applying Theorem 2 (for a fixed value
of [ € I) and then Theorem 3 with v defined by v(I) = e~ for all [ € I. [

4.4.1 The multiple index model

As already mentioned, the multiple index model amounts to assuming that s is of the
form
s(x) =g ((61,2),...,(0;,x)) whatever z € E,

for some known [ > 1 and k;j = k for all 5. For L > 0 and a € (R%)!, let us
denote by S*(L) the set of functions s of this form with g € H*([—1,1]") satisfying
HgHOL,oo < L. Applying Theorem 6 to this special case, we obtain the following result.

Corollary 2 Assume that Theorem 1 holds with ¢ = 2 and let I C N*. There exists
an estimator 3 such that for alll € I, o € (R%)! and L > 0,

sup C'E,[d*(s,5)] < L%T%—I—lm‘ﬁ,
seSX(L)

where £ = log(771) Vlog(L?k~ 1)V 1 and C’ is a constant depending on | and c only.

The effect of the dimension k£ only appears in the remaining term. The latter is
essentially proportional de k7(log(771) Vv 1), at least for k > L2. It is not difficult to
see that there is no hope to get a faster rate than k7 over Sf(L). Indeed, by taking
| = L =1 for simplicity and g the identity function, we see that S*(1) contains the
unit ball of a k-dimensional linear space and this is enough to assert that, at least in
the regression setting, the minimax rate is of order k7. As to the extra logarithmic
factor log(7~!), we do not know whether it is necessary or not.
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Proof: Fix s = gou € §*(L) and apply Theorem 6 with Tj; = Tj for all j > 1,
I = {1}, F; = H;, and ; defined by (4.2) with k =l and r = [oy V...V y]. Arguing
as in the proof of Theorem 4, we obtain an estimator 5(; ) the risk of which satisfies

R(50,),9,u) = C’ [[i)n>f1 (LQD_E/Z + DT) + Tkﬁ] <o’ [LﬁQﬁT% + k7L,
for constants C’ and C” depending on [ and « only. Finally, we conclude as in the
proof of Theorem 4. 0]

4.4.2 Case of an additive function g

In the multiple index model, when the value of [ is allowed to become large (typically
not smaller than k) it is often assumed that ¢ is additive, i.e. of the form

9, y) =gi(y1) + ...+ ay) foralye[-1,1], (4.8)

where the g; are smooth functions from [—1,1] to R. Hereafter, we shall denote by
]-"lAcdd the set of such additive functions g. The functions s = gou with g € .7-"lAchl and

u € T¢ hence take the form

l

5(x) =Y g;((0;,x)) forallzcE. (4.9)
j=1
Foreach j =1,...,l, let F; be a countable family of finite dimensional linear subspaces

of F1 o designed to approximate g; and 7; some subprobability measure on F;. Given
(F1,..., 1) € H§:1 F;, we define the subspace F of Fj o as

F={f(y,--ou) = fily) + ...+ fily) | f; € Fj for 1 <j <1} (4.10)

and denote by F the set of all such F' when (F1,..., F}) varies among Hé’:1 [F;. Then,
we define a subprobability measure v on F by setting

l
V()= [TwE) or A(F) =) A (F),
i=1 i=1

when F is given by (4.10). For such an F, dy(g,F) < z;zl dso(gj, Fj), hence

g9, F
d* (g, F) < ZZ;-ZI d%(gj, Fj) and D(F) < Zé-:l D(F;). We deduce from Theorem 6

the following result.

Corollary 3 Assume that Theorem 1 holds with ¢ = 2 and let I C N* and for
Jj =1, let Fj be a collection of finite dimensional linear subspaces of F1o satisfying
Assumption 1-i) and-iii) for some subprobability ;. There exists an estimator s such
that

CE [d?(s,3)] <inf  inf d*(s,gou) +
[d( )]_ldgefﬁgdme%l (s,gou) :

(Rj<ga ]Fj7 AWJ') + Tki(gv.ja TO)) ,

l
=1
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where
Ri(g,F;,A,) = Fi_rel% {d2(g;, Fj) + 7 [D(F}) + Ay, (Fy)] b for1<j <L
J J

Moreover, if s of the form (4.9) for some I € I and functions g; € H*([—1,1])
satisfying ngHaj w < Lj for aj,Lj > 0 and all j = 1,...,1, one can choose the IF;
and 7y;j in such a way that

l 2 205
E, [d*(s,8)] < C' |D L w5 4+ kL (4.11)
j=1

where L = log (7'_1) V1v [\/3:1 log (L?k:_l)] and C' is a constant depending on |
and aq,...,q; only.

For j > 1, R; = R;(g,Fy, A,yj) corresponds to the risk bound for the estimation
of the function g; alone when we use the family of models F;, i.e. what we would get
if we knew 6; and that g; = 0 for all 7 # j. In short, 22:1 R; corresponds to the
estimation rate of the additive function g. If each g; belongs to some smoothness
class, this rate is similar to that of a real-valued function defined on the line with
smoothness given by the worst component of g, as seen in (4.11).

Proof of Corollary 3: The first part is a straightforward consequence of Theorem 6.
For the second part, fix s = gow and r = [ V...V y]. Since the g; are (a; A
1, Lj)-Hélderian, (g, j,To) < C'L for some C’ depending on the a; only. By using
Proposition 1, Lemma 1 and the collection F;, = H; , with v;, defined by (4.2), for
all j = 1,...,1, R; < C'infp  {L2D72% + Dr} < O"(L3/ P00 7205/ (os 1) o 1y for
some constants C’, C” depending on the ¢ only. Putting these bounds together, we
end up with an estimator s, the risk of which is bounded from above by the right-
hand side of (4.11). We get the result for all values of r by using Theorem 3 and
arguing as in the proof of Theorem 4. 0

4.4.3 Artificial neural networks

In this section, we consider approximations of s on E = [~1,1]* by functions of the
form

l
S(x) = Ry ({aj,x) +by)  with [b;] + |ag]s <27, (4.12)
7j=1

for given values of (I,7) € I = (N*)2. Here, R = (Ry,...,R)) € R!, a; € R¥, b; € R
for j =1,...,1 and ¥ is a given uniformly continuous function on R with modulus of
continuity w,. We denote by S, the set of all functions 5 of the form (4.12).

Let us now set ¢,.(y) = ¢ (2"y) for y € R and, for x € E, u;(xz) = 27" ((a;, x) + b;),
so that uj € T belongs to the (k+ 1)-dimensional spaces of functions of the form z
(a,x)+b. We can then rewrite § in the form gou with g(y1,...,y) = Zé‘:l R (y;)-
Since g belongs to the I-dimensional linear space F' spanned by the functions ¥,.(y;),
we may set F = {F'}, A,(F) =0 and apply Theorem 6. With w, ;(y) = |R;|wy (2"y),
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(4.6) becomes,

l
CE,[d® (s,8,,)] < d*(s,8) +7(k+1))_inf {i € N* | IR3w,, (2"e™") < (k + )i }.
j=1

If wy(y) < Ly® for some L > 0,0 < a <1 and all y € Ry, then, according to (3.4),

CEs[d®(s,31,)] < d*(s,5) +kr zl: a Mog(IRFL*2% (k7] 1)) \/ 1
7j=1

< d*(s,3) + lkr [r log4 + o' log, (z IR]% LQ[k‘T}_l)} . (4.13)

These bounds being valid for all (I,r) € I and 5§ € §;,, we may apply Theorem 3 to
the family of all estimators 5., (I,7) € I, with v given by v(l,r) = e"!=". We then
get the following result.

Theorem 7 Assume that Theorem 1 holds with ¢ = 2 and that v is a continuous
function with modulus of continuity wy(y) bounded by Ly® for some L > 0,0 < a <1
and all y € Ry. Then one can build an estimator s = §(X) such that

CE,[d* (s,5))]

< . . 2 _ -1 2 2 —1 ) )
< (l}gfel gé%f,r {d (8,5) + lktr |1+ (ra)” " log, (l |R|Z, L°[kT] )]} (4.14)

Approximation by functions of the form (4.12). Various authors have pro-
vided conditions on the function s so that it can be approximated within 1 by func-
tions § of the form (4.12) for a given function . An extensive list of authors and
results is provided in Section 4.2.2 of Barron, Birgé and Massart (1999) and some
proofs are provided in Section 8.2 of that paper. The starting point of such approxi-
mations is the assumed existence of a Fourier representation of s of the form

s(z) = K, . cos ((a,x) + 0(a)) dFs(a), Ks€eR, [é(a)| <,

for some probability measure Fy on RF. To each given function 1 that can be used
for the approximation of s is associated a positive number § = (1)) > 0 and one has
to assume that

Cs.p = / lalydFy(a) < +o0, (4.15)

in order to control the approximation of s by functions of the form (4.12). A careful
inspection of the proof of Proposition 6 in Barron, Birgé and Massart (1999) shows
that, when (4.15) holds, one can derive the following approximation result for s.
There exist constants 7y, > 1, 74 > 0 and Cy > 0 depending on v only, a number
R, 3 > 1 depending on ¢, g only and some 5 € S;, with |R|; < R, g such that

d(s,5) < KCy [Z_TW + Rsﬁl_l/2 for r > ry. (4.16)
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Putting this bound into (4.14) and omitting the various indices for simplicity, we get
a risk bound of the form

R(l,r) = CK® [27°7 4 R 4+ K21k [L+ (ra) ' log, (IR*L*[kr] )],

to be optimized with respect to I > 1 and r > ry. We shall actually perform the
optimization with respect to the first three terms, omitting the logarithmic one.
Let us first note that, if RK < |/ryk7, one should set r = ry, and [ = 1, which
leads to
R(1,ry) < Ckrry [1+ (rpa) tlog, (R2L2[k7]_1)} .

Otherwise /rykT < RK and we set

RK
= =i > —2ry < V =" = )
r=r"=inf {7" > 1y ‘ 2 < (R/K) rkr} and =1 [W-‘
If I* > 1, then RK (r*k7)~'/2 < I* < 2RK (r*k7)~'/2 hence
1 2R3L2K
< * e ——— .
R(I*,r*) < CRKVr*kT [1 + — logJr <(k7')3/2\/7‘7*>] (4.17)

If I* = 1, then R? < K~ 2r*kt and rypkt < RK < v/r*kt, hence r* > ry and
r* —1 > r*/2. Then, from the definition of r*,

REK™/(r*/2)kr < RK™'\/(r* — Dkr < 27207=)7 < 9727,

hence vr*kr < (K/R)2-2t(1/2) < /2K and (4.17) still holds. To conclude, we
observe that either —2vry log2 < log (RK \/ T¢k7’) and 7* = ry, or the solution zy
of the equation

2z7log2 = log (K/ [R\/ED —(1/2)log 2
satisfies 7y, < zp < r*. Since log 29 < 2p/e, it follows that
r* > log <K/ [R\/ED / (2v1log 2 + e_l)

and, by monotonicity, that

ri*l (éiifjf;) = (27log2+e7") log,. ((;f)ifij(@) [log <R\I/(E>] i

where £ is a bounded function of k7. One can also check that

o rog (i) [me

2vlog?2

and (4.17) finally leads, when 7* > 7y, to

1/2
R(I*,r*) < CRK (m |710g £/ [RW)D [L+aiL]. (4.18)

2vlog?2

In the asymptotic situation where 7 converges to zero, (4.18) prevails and we get a
risk bound of order [~k log(kT)]"/2.
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4.5 Estimation of a regression function and PCA

We consider here the regression framework
EZS(XZ')—FEZ‘, 1=1,...,n,

where the X; are random variables with values in some known compact subset K
of R¥ (with k > 1 to avoid trivialities) the ¢; are i.i.d. centered random variables of
common variance 1 for simplicity and s is an unknown function from R* to R. By
a proper origin and scale change on the X;, mapping K into the unit ball B; of R¥,
one may assume that the X; belong to By, hence that £ = By, which we shall do
from now on. We also assume that the X; are either i.i.d. with common distribution
p on E (random design) or deterministic (X; = z;, fixed design), in which case
pw=mn""t > iy 0g,, where 0, denotes the Dirac measure at z. In both cases, we choose
for d the distance in Lo(E, ). As already mentioned in Section 2.3, Theorem 1 with
7 =n""! applies to this framework, at least in the two cases when the design is fixed
and the errors Gaussian (or subgaussian) or when the design is random and the Y;
are bounded, say with values in [—1,1].

4.5.1 Introducing PCA

Our aim is to estimate s from the observation of the pairs (X;,Y;) for i = 1,...,n,
assuming that s belongs to some smoothness class. More precisely, given A C RF
and some concave modulus of continuity w on R, we define Hy(A) to be the class
of functions h on A such that

|h(xz) — h(y)| <w(|lz—y|) forallz,yec A

Here we assume that s is defined on By and belongs to Hy (By), in which case it can
be extended to an element of Hy, (Rk), which we shall use when needed. Typically,
if w(z) = Lz* with a € (0,1] and the X; are ii.d. with uniform distribution p
on E, the minimax risk bound over H, (Bj) with respect to the Lo(FE, u)-loss is
C' L2k/(k+20)y =2a/(k+20) (where C’ depends on k and the distribution of the &;).
It can be quite slow if k is large (see Stone (1982)), although no improvement is
possible from the minimax point of view if the distribution of the X; is uniform on
By. Nevertheless, if the data X; were known to belong to an affine subspace V of R¥
the dimension [ of which is small as compared to k, so that u(V) = 1, estimating the
function s with Lo(E, p)-loss would amount to estimating s o ITy, (where IIy denotes
the orthogonal projector onto V') and one would get the much better rate n 20/ (I+2a)
with respect to n for the quadratic risk. Such a situation is seldom encountered in
practice but we may assume that it is approximately satisfied for some well-chosen V.
It therefore becomes natural to look for an affine space V' with dimension [ < k such
that s and s o Ily are close with respect to the Lo(FE, u)-distance. For s € Hy, (Rk),
it follows from Lemma 3 below that,

/ 5(2) — s o Ty () du(z) < / w? (| — Thye]) dyu(x)
E E

< ow? [(/Em—nwsfdu(x))l/zl :
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and minimizing the right-hand side amounts to finding an affine space V' with dimen-
sion [ for which [, |z — Iy | dp(z) is minimum. This way of reducing the dimension
is usually known as PCA (for Principal Components Analysis). When the X; are de-
terministic and p = n~! > i, dx,, the solution to this minimization problem is given
by the affine space V; = a + W, where the origin ¢ = X,, = n~* Yo X; € By, and
W is the linear space generated by the eigenvectors associated to the [ largest eigen-
values (counted with their multiplicity) of X X* (where X is the k£ x n matrix with
columns X; — X,, and X* is the transpose of X). In the general case, it suffices to
set a = [ xdp (so that a € E) and replace X X* by the matrix

= /E(az —a)(x —a)" du(x).

If A1 > Xy > ... > Ap >0 are the eigenvalues of I' in nonincreasing order, then

k

—1I d A 4.1
[l e dute) = Y (1.19)

j=l+1

(with the convention ) = 0) and therefore

s —soMy|a<|s— soHVlH2 < 2w? (4.20)

{V| dlm(V) 1}

4.5.2 PCA and composite functions

In order to put the problem at hand into our framework, we have to express solly; in
the form ¢ o u. To do so we consider an orthonormal basis w1, ..., u; of eigenvectors
of XX* or I' (according to the situation) corresponding to the ordered eigenvalues
A1 > A2 > ... > A > 0. For a given value of [ < k we denote by at the component
of a which is orthogonal to the linear span W; of @y, ...,%; and for z € By, we define
uj(r) = (z,7;) for j = 1,...,1. This results in an element u = (uy,...,w) of 7! and
gL + 23':1 uj(z)u; = Iy, (x) is the projection of = onto the affine space V; = a* +W,.
etting

l
g(z)=s|at + szﬂj for z € [-1,1]",

leads to a function g o with u € 7% and g € Fi . which coincides with s o 1ly, on
By, as required. Consequently, the right-hand side of (4.20) provides a bound on the
distance between s and g o u. Moreover, since s € Hy (Rk),

l l l
l9(2) =g < w | 1Dz = Y za| | =w | D (2 = )as| | =w(lz=2)),
j=1 Jj=1 Jj=1
(4.21

so that we may set w,; = w for all j € {1,...,}.

In the following sections we shall use this preliminary result in order to establish
risk bounds for estimators §; of s, distinguishing between the two situations where p
is known and p is unknown.
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4.5.3 Case of a known p

For D € N*, we consider the partition P, p of [~1,1]! into D' cubes with edge length
2/D and denote by Fj p the linear space of functions which are piecewise constant on
each element of P, p so that D(F; p) = D! for all D € N*. This leads to the family
F = {F,p, D € N*} and we set v(F, p) = e~ P for all D > 1. We define u; as in the
previous section and take for T; the family reduced to the single model T; = {u;}
for j =1,...,1. Then D(T;) = 0 for all j and we take for A\; the Dirac measure on
T;. This leads to a set & which satisfies Assumption 1 and we may therefore apply
Theorem 2 which leads to an estimator 5; with a risk bounded by

Dl+D}

CE. s = 5lE] < o9 + jut { ulo. Fi) +

Since s o Ily; and g o u coincide on By, it follows from (4.20) that

Is — gowull3 = s — s o Iy |2 < 2w?

Moreover, for all cubes I € P, p and x € I, the Euclidean distance between x and
the center of I is at most vID™!, hence by (4.21), dw(g, Fi.p) < w (\ﬁD_l) for all
D > 1. Putting these inequalities together we see that the risk of §; is bounded by

CE, ||ls - 5ill3] < w? (4.22)

4.5.4 Case of an unknown u

When p corresponds to an unknown distribution of the X;, the matrix I' is unknown,
its eigenvectors %y, ..., ur and the vector a as well and therefore also the elements
U1,...,u; of 7. In order to cope with this problem, we have to approximate the
unknown u; which requires to modify the definition of T} given in the previous section,
keeping all other things unchanged. For each v € R¥ with |v| < 1, we denote by ¢, the
linear map, element of 7', given by t,(x) = (z,v). Denoting by B} the unit sphere in
R¥ we then set, for all j, Tj =T = {t,, v € B;} which is a subset of a k-dimensional
linear subspace of Lo (). It follows that Assumption 1 remains satisfied but now with
D(Tj) = k. Since u; € Tj for all j, an application of Theorem 2 leads to

k D'+ D
CE,[d* (5,5) me, )+ d*(s,g0u) + inf {dio(g,Fz,DH - }
j=1

where i(g, j,T) is given by (3.3). Since, by (4.21), wy; = w for all j € {1,...,(},

. 13
i(9,5,T) = i = inf {z eN*[lw? (e7") < Zn} .

Arguing as in the case of a known pu, we get

CE, [lls —%ll3] <




Let ip = {log (D/\ﬂ)—‘ If i < ip, then kli/n < klD/n since ip < D. Otherwise,
i>ip+1>2and

) > k:l(z -1)

12 2( )>l22 ’Hrl

kli
> U=
-2

which shows that kli/n < 202w? (ﬂD 1) 4 kID/n. Finally

)
CEs {Hs—gl”g} < W A])+1nf l2 2<\fD ) M)}

n
Jj=Il+1

< w2 \Z)\j +lk:[1)r§f1{ (\/D ) 255}’

j=l+1

which is, up to constants, the same as (4.22). We do not know whether the multi-
plicative factor [k arising here and missing in (4.22) can be improved or not.

4.5.5 Varying [

The previous bounds are valid for all values of [l € I = {1,...,k} but we do not know
which value of [ will lead to the best estimator. We may therefore apply Theorem 3
with v(I) = [72/2 for | € I which leads to the following risk bound for the new
estimator 5 in the case of a known u:

k
DA +w (xle‘l) + Dl +logl J;Llogl

j=l+1

CE; |:HS—8H } inf inf |w?
1e{l,..k} D>1

Apart from multiplicative constants depending only on k, the same result holds when
p is unknown. If w(z) = Lz® for some L > 0 and « € (0, 1], we get, since Z?:l—i—l Aj <
(k — )A\j+1 (with the convention Agyq = 0),

CEs [HS B g”ﬂ < nf =~ inf {Lz[(k — D\g1]® + LA°D % +

D' +logl
T lef{l,...k} D>1 ’

n

Assuming that n > L™2 to avoid trivialities and choosing D = [(nLQZO‘)l/(Hm)J, we
finally get

logl L2l/(l+2a)
~12 . 2 a g
CE, [Hs — sHQ] < le{llr,l..f.,k} {L (k= DNga]* + T ey (¢

For [ = k, we recover (up to constants) the minimax risk bound over H (By ), namely
C" (k) LK/ (k+2a) =20/ (k+20) - Therefore our procedure can only improve the risk as
compared to the minimax approach.
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4.6 Introducing parametric models

In this section, we approximate s by functions of the form s = gou where g belongs to
Fi.c and the components u; of u to parametric models T; = {u;(6,.), 0 € ©;} C T
indexed by subsets ©; of R¥i with k;j > 1. Besides, we assume that the following
holds.

Assumption 3 Foreachj=1,...,l, ©; C By, (0, M;) for some positive number M;
and the mapping 6 — u;(6,.) from O, to (T, d) 18 (5], ;)-Holderian for 5; € (0,1]
and R; > 0 which means that

d(u;(8,.),u;(0',.)) < R; |0 — 6| forall 6,0 €O, (4.23)
Under such an assumption, the following result holds.

Theorem 8 Assume that Theorem 1 holds and let I > 1, Tq,...,T; be parametric
sets satisfying Assumption 3, F be a collection of models satisfying Assumption 1-i)
and v be a subprobability on F. There exists an estimator s such that

CE, [d*(s,3)]
< d*(s,gou)+ inf [d2. (g, F) + 7(Ay(F) + D(F))]

l

l
7 | D kilog(1+ 2R ) |+ inf [iw2; (e7) +ir (14 k871
=1 =1

forallge Fioanduj €Ty, j=1,...,1
In particular, for all (o, L)-Hélderian functions g with a € (0,1]' and L € (R% )Y,

CE, [d*(s,5)] < d*(s,gou)+ inf [d2.(g, F) + 7(Ay(F) + D(F))]
l
Z [k log(1 +2M; R/ 4 (£; v 1) (1 + /-cjﬁj—l)} . (4.24)

where

1L?
ﬁj:ilog | forj=1,...,1L (4.25)
j (1+ kjﬁj )T

Although this theorem is stated for a given value of [, we may, arguing as before, let [
vary and design a new estimator which achieves the same risk bounds (apart for the
constant C') whatever the value of .

As usual, the quantity infper [d (g, F) + 7(Ay(F) + D(F))] corresponds to the
estimation rate for the function g alone by using the collection F. In particular, if
g € HY¥([-1,1))) with a € (R%), this bound is of order 72¢/(23+1) as 7 tends to 0 for
a classical choice of F (see Section 4.1). Since for all j, ¢ is also (a; A 1)-Holderian
as a function of x; alone, the last term in the right-hand side of (4.24), which is of
order —7 log 7, becomes negligible as compared to 72%/ (2841 and therefore, when s is
really of the form g o u with g € H®([~1,1]) the rate we get for estimating s is the
same as that for estimating g.
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Proof of Theorem 8: For n >0 and j =1,...,[, let ©[n] be a maximal subset of ©;
satisfying |t —t'| > n for all ¢,' in ©;[n]. Since ©; is a subset of the Euclidean ball
in R¥ centered at 0 with radius M;, it follows from classical entropy computations
(see Lemma 4 in Birgé (2006)) that log |©;[n]| < k;log(1 + 2M;n~1). For all i € N*,
let T;; be the image of ©;,; = ©,[(R;e’)~"/%] by the mapping 8 + u;(8,.). Clearly,

log |T5i| < log|©y] < kylog (1+ 20, R} ¥ e/} <k [10g(1 + 2045 R}/ ™) + i

and because of the maximality of ©;; and (4.23), for all 6 € ©; there exists 8 € ©;;
such that d(u;(8,.),u;(8,.)) < R; |0 — §|’Bj < e " so that T}; is an e *-net for T;. For
j=1,...,l,weset T; = Uz‘zl T} i so that the models in T; are merely the elements of

the sets Tj;. For a model T that belongs to T}, \U; <y Tjle™"] (with the convention
Uy = @) we set

A, (T) = log Tyl +i < kylog (1 4+ 2M; )™ ) i (14 k57

which defines a measure \; on T; satisfying

SuMSD D N <) et <

TETj 1>1 tEiji i>1

Since for all j and T € T;, D(T) = 0, we get the first risk bound by applying
Theorem 2 to the corresponding set &. To prove (4.24), let us set i(j) = |£;] V1
for j =1,...,1 with £; given by (4.25), so that 1 <i(j) < £; vV 1 and notice that, if

22 L5V 1, then 12e 2% < or (14 k5871 ). I £; > 1, then £; < i(j) +1 < 24,

hence

127250000 < (i) + D) (14 ky877) < 2857 (14 k877
and
lwg’j(efi(j)) < lL?efZO‘ji(j) < 2e*% LT (1 + k:jB;l) < 2e*L;T (1 + k:]ﬂj_l> .
Otherwise, £; < 1,i(j) =1> £L; V1 and

w2 (e D) <ir2e <7 (14 k677

so that in both cases [w?

2 (e71)) < 2e2(L; v 1)r (1 + kjﬁj—l), which leads to the

conclusion. 0]

4.6.1 Estimating a density by a mixture of Gaussian densities

In this section, we consider the problem of estimating a bounded density s with respect
to some probability u (to be specified later) on E = R¥, d denoting, as before, the
Lo-distance on Lo(F, ). We recall from Section 2.3 that Theorem 1 applies to this
situation with 7 = n7Y|s]|oo (1 V log ||s]|oc). A common way of modeling a density on
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E = RF is to assume that it is a mixture of Gaussian densities (or close enough to
it). More precisely, we wish to approximate s by functions s of the form

l
s(x) = qup(mj, ¥j,z) forall z € RF, (4.26)
j=1

where I > 1, ¢ = (q1,...,q) € [0,1]' satisfies Zé‘:ﬂlj = 1and for j = 1,...,,
p(m;,%;,.) = dN(m;, E?)/d,u denotes the density (with respect to p) of the Gaussian
distribution A (mj,Z?) centered at m; € RF with covariance matrix EJQ- for some
symmetric positive definite matrix ¥;. Throughout this section, we shall restrict
to means m; with Euclidean norms not larger than some positive number r and to
matrices ¥; with eigenvalues p satisfying p < p < p for positive numbers p < p. In
order to parametrize the corresponding densities, we introduce the set © gathering
the elements 6 of the form 6 = (m,¥) where ¥ is a positive symmetric matrix with
eigenvalues in [p,p] and m € Bg(0,7). We shall consider © as a subset of RF(k+1)
endowed with the Euclidean distance. In particular, the set M} of square k x k
matrices of dimension k is identified to R** and endowed with the Euclidean distance
and the corresponding norm N defined by

ko k
N2(A) =) "> A7, if A= (Aij)icics -

i=1 j=1 1<j<k
This norm derives from the inner product [A, B] = tr(AB*) (where B* denotes the
transpose of B) on M}, and satisfies N(AB) < N(A)N(B) (by Cauchy-Schwarz in-
equality) and N(A) = N(UAU™1) for all orthogonal matrices U. In particular, if A
is symmetric and positive with eigenvalues bounded from above by ¢, N(A) < vVke.
We shall use these properties later on. For b = r?/(2p%) + klog(v/2p/p) and p the
Gaussian distribution N(0,2p?I;) on R¥ (where I; denotes the identity matrix) we
define the parametric set T by

T = {u(a,.) =2 /p(0,.), 0 € @} .

For parameters 61 = (m1,%1),...,0; = (m;,%;) in O, the density § can be viewed as
a composite function g o u with

9(y1,-- ) = fqyi + .+ Lqy? (4.27)

and u = (u1,...,u) with u;(.) = u(d;,.) for j =1,...,1. With our choices of b and
w, u(@,.) € T for all § = (m,X) € © as required, since for all x € F

2
@ [l =@ - m)
0 = 7 i ! S
p(,) dety P g2 2
2 2 E—l(x_m”?

< (952 2)k/2 |z —m| Im| _’
< (2p°p )" exp 27 22 5
< (2ﬁ2p72)k/26r2/(252) < b

An application of Theorem 8 leads to the following result.
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Corollary 4 Let s be a bounded density in Lo(E, ), d(.,.) be the La-distance, T =
1 loo(1VI0g slloc), M = Vg7, b= 12/(27) b log(V20/ p), B = /K2e™/257)

and S
1 4le“°1~

:71 S ——— .

£ =5 Og<1+k¢(kz+1)>

There exists an estimator s satisfying for some universal constant C' > 0
CE; [d*(s,3)] <inf [d*(s,gou)] + lk(k +1)7 [log(1 +2MR) + (L(1) v 1)], (4.28)

where the infimum runs among all functions u = (u1,...,w) € T and g of the

form (4.27).

The second term in the right-hand side of (4.28) does not depend on g nor u and is
of order —7log T as 7 tends to 0. As already mentioned, one can also consider many
values of [ simultaneously and find the best one by using Theorem 3. Up to a possibly
different constant C, the risk of the resulting estimator then satisfies (4.28) for all
[ > 1 simultaneously. The problem of estimating the parameters involved in a mixture
of Gaussian densities in R* has also been considered by Maugis and Michel (2011).
Their approach is based on model selection among a family of parametric models
consisting of densities of the form (4.26). Nevertheless, they restrict to Gaussian
densities with specific forms of covariance matrices only.

Proof of Corollary 4: First note that for all § € ©, |0] = |m| + N(2) < r + Vkp.
Hence, if we can prove that for all 8y = (mqg, 39), 61 = (m1,%1) in ©

(4.29)

Y

e b/
d(u(&o, .),u(@l, )) < \/Wi)Q ‘90 — 01’

Assumption 3 will be satisfied with
M;=M = r+Vkp and R; = \/k/Qe_me_l =R forj=1,...,1L

We shall therefore be able to apply Theorem 8 with T; = T for all j, 7 = n™!||s||oo(1V
log||s]|s), F = {F'} where F is the linear span of dimension D(F) = [ of functions g of
the form (4.27) and  the Dirac mass at F'. Since the functions g of the form (4.27) are
L-Lipschitz with L; = 2g;e® < 2¢? for all j, we shall finally deduce (4.28) from (4.24).
We therefore only have to prove (4.29). Let us first note that

d?(u(fy,.), u(6y,.)) = 2eh? (N (mo, ¥2), N (my, E%)) , (4.30)

where h denotes the Hellinger distance defined by (1.1). Some classical calculations
show that

exp [—%(ml —mo, (33 + 22) "L (my — mg)>]

DIIRED I 31 Sty
et

and from the inequalities, 1 — e™* < z and log(det A) < tr(A — Ij;) which hold for all
z € R and all matrices A such that det A > 0, by setting ¥? = Eg + %2 we deduce

B2 (N (mo, 53), N (my, £3)) = 1 -
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that

Ah? (N (mo, X5), N (m1, £7))
2o '8 + S8yt
2log [det ( o 1 JQF 0= )} + (my — mg, 27 2(my —my))
tr (26121 + Eozfl — QIk) + (m1 — mg, 2_2(m1 — m0)>
tr ((Eo - 21)261(20 - 21)2;1) + <m1 — my, E_Q(ml - m0)> = U1 + U2,

IN

IN

with
Up =tr (S0 — £1)55 (S0 — )71 and Uz = (myq — mo, 72 (my — mo)).

It remains to bound U; and Us from above. For U, taking A = (Xg — 21)261 and
B = %12 — 1) and using the fact that the eigenvalues of ¥5' and ;' are not

larger than B_l, we get
Ur = [A,B] < NAN(B) = N((Zo -2 )N(ETH(Zo — 1))
2 _
< NEINETIN -3 < PR
P

Let us now turn to Us. It follows from the same arguments that the symmetric matrix
Y2 = %2 + %2 satisfies for all z € R¥,

(222, x) = Sz + [Sizf” > 2p° |z,

hence )
_ mo —m
Uy = (my —mo, £7(m1 —myg)) < |02,021|
Putting these bounds together, we obtain that
k k
4h? (/\/’(mo,Eg),J\/’(ml,E%)) < ﬁ (NQ(El — Zo) + ‘mo — m1’2> = ? ’00 — 01‘2 :

which, together with (4.30), leads to (4.29). 0

5 Proofs of the main results

Let us recall that, in this section, d denotes the distance associated to the || ||, norm
of Ly(E, ) and dy the distance associated to the supnorm on Fj .
5.1 Preliminary approximation results

The purpose of this section is to see how well f ot approximates g o u when we know
how well f approximates g and ¢ = (t1,...,t;) approximates u.

Proposition 4 Letp > 1, g € Fi¢, f € Floo and t,u € T If wg 45 a modulus of
continuity for g, then

l
lgou— fotly < delg. f) +27> wy (luj —tlp)
j=1

with the convention 2Y/°° = 1.
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Proof: It relies on the following lemma the proof of which is postponed to the end of
the section.

Lemma 3 Let (E,&,p) be some probability space and w some nondecreasing and
nonnegative concave function on Ry such that w(0) = 0. For all p € [1,+00] and
h e LP(M);

lw (A, < 2'Pw(||R],),

with the convention 21/ = 1.

We argue as follows. For all y,y' € [~1,1]", |g(y) — g(/)] < Zé.:l wg.i(ly; — y;l) and,
since p is a probability on F,

lgou—fotl, < llgou—gotly+llget—fotf,

1
< Do waillus =] +lgot—fotl,
=1 ,
!
< Y wgs(luy =Dl + sup |g(y) — f(y)l
j=1 ye[-L1])!
1
< 27wy (llug = tllp) + deo(g. £,
j=1
which proves the proposition. 0

Proof of Lemma 3: Since there is nothing to prove if ||h||, = 0, we shall assume that
|h]l, > 0. The assumptions on w imply that, for all 0 < a < b, b~ w(b) < a~tw(a)
and w(a) < w(b). Consequently, for p € [1, +00],

/ WP(B]) dp = / WP ([]) D<o dps + / WP () Dy d
FE FE E

wP(|R])

wP(b)
< w’(b) + WP Lpspdp < wP(b) + P dp,
e AP v Jg

and the result follows by choosing b = ||h||,. The case p = oo can be deduced by
letting p go to 4o0. 0

5.2 Basic theorem

We shall first prove a general theorem of independent interest that applies to finite
models T for functions in 77 and is at the core of all our further developments.

Theorem 9 Let I be a countable set and v a subprobability on I. Assume that, for
each ¢ € I, we are given two countable families T, and Fy of subsets of T' and Fl00
respectively such that each element T of T, is finite and each F' € Fy is a linear
subspace of dimension D(F) > 1 of Fi . Let \; and ~ be subprobabilities on T, and
Fy respectively. One can design an estimator s = 5(X) satisfying, for all ¢ € I, all
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u€ T and g € Fic with modulus of continuity w,,

l

2 (. = . . 2
OB (53] < juf §1inf 3w (s = tll) +7180(T) + o8 T + 4,0
j:

(5,9 0u) + inf {d2 (. F) +7 [D(F) + A, (F)]}.

Proof: For each t € UTET,_; T and F € F; we consider the set F} = {fot, f€ F} C
L,(E, i), which is a D(F)-dimensional linear space. This leads to a new countable
family of models Sy together with a subprobability 7, on S, given by

Sy={ F,. t T Fel,}: F) =~(F) inf |T|7"\(T). 5.1
y ) GTLJT P EF s m(F) =ve(F) b T N(T). (5.0)
V4

We then set

s=UJs and  w(F)=v(O)m(F) for F; €Sy
lel

It follows that

Ar(F) = Ao (F) 4 inf (A5, (T) +log(|T)] + Au(t) for Fy € Sy,

Applying Theorem 1 to S and 7 leads to an estimator s satisfying, for each £ € I,

CE,[d? (5,3) ]

s 2
< Fergéfqre,teT{d (s, F) + 7 [D(F) + Ay, (F) + Ay, (T) + log | T| + A, (0)]} .

We now use Proposition 4 which implies that, for each fot € Fj,

(s, fot) < (ls—gouly+lgou—fot]y)?

2
!
< | lls = gouly+doclg, £) +2"93 " w (Iluy —t5llq)
j=1
!
< 3| ls—goulls +d3lg, f) +41)_wy; (lug —tilla) | -

=1

for some universal constant C since 21/¢ < 2. The conclusion follows from a mini-
mization over all possible choices for f and t. 0]

5.3 Building new models

In order to use Theorem 9, which applies to finite sets T, starting from the models
T which satisfy Assumption 1, we need to derive new models from the original ones.
Let us first observe that, since u; takes its values in [—1,1] and p is a probability on
E, d(0,uj) < 1. It is consequently useless to try to approximate u; by elements of
L4(E, i) that do not belong to B(0,2) since 0 always does better. We may therefore
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replace T C Ly(E, ) by (T N B5(0, 2)) U {0}, denoting again the resulting set, which
remains a subset of some D(T')-dimensional linear space, by T'. Moreover, this mod-
ification can only decrease the value of d(T,u;). Since now T" C B(0,2), we can use
the discretization argument described by the following lemma.

Lemma 4 Let T C B(0,2) be either a singleton (in which case D(T) = 0) o
subset of some D(T)-dimensional linear subspace of Ly(E, p) with D(T) > 1. For
each n € (0,1], one can find a subset T[n] of T with cardinality bounded by (5/1)P(

such that
inf d(t,v) <infd(t,v)+ [nAD(T)] foralveT. (5.2)
teT[n] teT

Proof: 1If D(T) = 0, then T = {t}, we set T'[n] = {(—1V t) A1} and the result is
immediate since v takes its values in [—1, 1]. Otherwise, let 77 be a maximal subset
of T such that d(t,t') > n for each pair (¢,t') of distinct points in 7. Then, for
each ¢t € T there exists t' € T” such that d(t,t') < n and it follows from Lemma 4 in
Birgé (2006) that |T’| < (5/7)P™). Now set T[n] = {(=1Vt)Al,t € T'}. Then (5.2)
holds since D(T') > 1. [

We are now in a position to build discrete models for approximating the elements of
TL. Given j € {1,...,1}, T; in T; and some ¢ € N*, the previous lemma provides a
set Tj[e~"] satisfying |T;[e™]| < exp [D(T}) (i + log5)]. Moreover,

d(uj, Tj [e7"]) <d(u;, Tj) + [e " AD(T})] forallue 7! and i € N*, (5.3)

We then define the family T of models by
l .
T=T=][][T;[e ] with (i;,Tj)) eN*x T for j=1,....,1p.  (54)
Then each T =T} [e*il] X ... x T [e*il] in T has a finite cardinality bounded by

l
log |T| < Z ) (ij +log5) . (5.5)

5.4 Proof of Theorem 2

Starting from the families T;, 1 < j < [, we build the set T given by (5.4) as
indicated in the previous section and we apply Theorem 9 to F and T. This requires
to define a suitable subprobability A on T, which can be done by setting, for each
T=T e x...xT[e] inT,

l

l
A(T) = [] M(T)) exp[~i;D(T3)]  ox = > [ (T) +4D(Ty)] -
j=1 j=1

Applying Theorem 9 to F and T with I reduced to a single element and v the Dirac
measure and using (5.5) and (5.3) which implies that

teTln[f a‘]Wg,j(HUj—thp) < woy ([e7 AD(T))] +d (u), Ty))

< Wy ( A D(T; )) + Wg,j (d(uﬂ"Tj))
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by the subadditivity property of the modulus of continuity w, ;, we get the risk bound

l
CE,[d (5,3)] < mf) {21 W2 (d(uy, T))) + w2 (e~ A D(T)))]
7j=1

+ 7 [An, (T3) + (2i; + og 5)D(Ty)] }
+d*(s,g0u)+ inf {d3(9, F) +7[D(F) + A, (F)]}

where the first infimum runs among all 7; € T; and all i; € N* for j = 1,...,L.
Setting i; = (g, j,Tj) implies that lwgvj (e7% AD(T})) < 7i;D(Tj), which proves

(3.2). As to (3.6), it simply derives from the fact that, if D(T") > 1, then
i(9,5,T) < [(20;) M og (IL2[FD(T)) )] < [ogllog (ZLg[TD(T)]—l)} \/1=L;r.

5.5 Proof of Theorem 3

It follows exactly the line of proof of Theorem 2 via Theorem 9 with an additional
step in order to mix the different families of models corresponding to the various sets
Sy. To each &y corresponds a family of models Sy and a subprobability 7, on S, given
by (5.1). We again apply Theorem 9 with I and v as given in Theorem 3.

5.6 Proof of Lemma 1

If D =1, we get the bound a + b. When a > b, we can choose D such that
(a/b)/+1) < D < (a/b)/0+1) 11, s0 that

aD™ +bD < a(a/b)"0/ D 4 p [(a/b)l/(H-H) 11| = b+ 241/ O+ 0/(0+1)

and the bound b + [2at/@FV0/(0+D) A q] follows. If b > a, the bound 2b holds,
otherwise b < a!/(@+Dp0/(0+1) and the conclusion follows.

5.7 Proof of Proposition 3

It suffices to show that for all i € {1,...,k} and x € [~1,1]*, the map g o u,(t) =
gou(xy,...,xi—1,t,Tit1,...,x) from [—1,1] into R belongs to 7—[0([—1, 1%). If at
least o or B; are not larger than 1, the result is clear. Otherwise both are larger than
1 and we can write 5; = b; + 5, and @ = a+ ¢ with a,b € N* and ], o’ € (0, 1]. Both
functions g and u, are b; A a times differentiable and the derivatives g(z) ou, and ug)
for £ =0,...,b;Aa are Holderian with smoothness p = (8; —b;Aa)A(a—b;Aa) € (0,1].
Since the derivative of order b; A a of g o u, is a polynomial with respect to these
functions, we derive (4.4) from the fact that the set (H?([—1,1]¥),+,.) is an algebra
on R.

We shall prove the second part of the proposition for the case k£ = 1 only since the
general case can be proved by similar arguments. For p > 0, let h, € H"([-1,1]) \
Uy, HP' ([~1,1]). Given o, 8 > 0, we distinguish between the cases below and the
reader can check that for each of these g € H*([~1,1]), u € HP([~1,1]), gou €
H?([—1,1]) with 8 = ¢(a, 8) but gou ¢ H? ([~1,1]) whatever ¢ > 6. If a, 8 < 1,
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take g(z) = |z|* and u(y) = |y|? for all 2,y € [~1,1],if 1 < B and a < B3, take g = hy,
and u(y) = y for all y € [—1,1], finally, if @« > 1 and a > f, take g(z) = « for all
€ [-1,1] and u = hg.

5.8 Proof of Lemma 2
For all a > 0, the map defined for y in (0, 4+00) by

1

1 fylan)Tt ify>(av1)Th
) a” otherwise,

¢a(y> = ¢(a, 1/y)

is positive, piecewise linear and convex. Hence,

1 1< 1 1 1
== - al 7| 2¢a || = -
552 (3)2% () =75

and equality holds if and only if 5; < (a Vv 1) for all ¢ or if for all i, §; > (aV 1). We
conclude by using the fact that ¢(«, z) < z(aw A 1) for all positive number z and that
equality holds if and only if z < aV 1.
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