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Abstract

We consider estimation of multivariate densities with histograms which
are based on data-dependent partitions. We find data-dependent par-
titions by minimizing a complexity penalized error criterion. The es-
timator may also be characterized as a series estimator whose basis
is chosen empirically. We show that the estimator achieves minimax
rates of convergence up to a logarithmic factor over a scale of smooth-
ness classes containing functions with anisotropic and spatially varying
smoothness. The method may also be viewed as based on the pres-
moothing of data. We show how the optimal amount of presmoothing
depends on the spatial inhomogeneity of the density.
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1 Introduction

We consider density estimation based on i.i.d. multivariate random vectors
taking values in R?. We estimate densities with histograms, which we define
to be rectangularwise constant estimates, and the value of the estimate in



each rectangle is taken to be the empirical probability divided by the volume
of the rectangle. The main problem is how to choose the partition defining
the histogram in an optimal way.

Histograms with equispaced bins are not able to adapt to spatially varying
smoothness. This problem appears already in the one dimensional case.
Furthermore, in the multivariate case the density to be estimated may have
anisotropic smoothness: the density function may vary more in one direction
than in the other directions. We should choose bins to be thinner in the
direction where the density varies more.

By choosing the partition in a flexible way we are not so vulnerable to
the curse of dimensionality. Indeed, in high dimensional cases accurate esti-
mation may be possible if the "effective dimension” of the density is small.
Effective dimension could mean for example the number of variables with re-
spect which the density has variability. Indeed, an extreme case of anisotropic
smoothness occurs when the density is almost constant on its support with
respect to some variables. These types of densities could be estimated well
if we had a method of choosing the partition of the histogram economically:
we should choose a partition which only delineates the support with respect
to those directions where there is no variation.

We define the histogram estimator as a minimizer of a complexity penal-
ized error criterion. As the error criterion we take the empirical risk with the
Lo contrast function, and the complexity of the histogram is defined to be
the number of sets in the partition. The set of candidate partitions is fixed,
and defined by the set of dyadic splitting sequences. Thus the estimator is
similar to the dyadic regressograms considered in Donoho (1997).

An important property of the estimator is that we can define it in two
ways: (1) as a histogram estimator and (2) as a series estimator associated to
a basis of multivariate Haar functions. The characterization of the estimator
as a series estimator makes it possible to analyze asymptotic properties of
the estimator and the definition of the estimator as a histogram makes it
possible to find a fast algorithm for evaluating the estimates. In the histogram
characterization the partition is chosen empirically and in the series estimator
characterization the basis is chosen empirically. Instead of thresholding the
empirical coefficients in a fixed basis the method chooses empirically a basis
where the thresholding is performed.

We show that the estimator achieves minimax rates up to a logarithmic
factor over a scale of anisotropic smoothness classes, for the L, loss. We con-
sider histograms with unequal binwidths in every direction and thus we nearly
achieve the minimax rates over smoothness classes containing functions with
considerable spatially varying smoothness. To apply the estimator we have
to choose a bound for the maximal fineness of the partitions we consider. We



may increase the flexibility of the estimator by choosing the maximal allowed
resolution to be fine. On the other hand this will increase the computational
complexity of the estimator. We shall show how the bound for the maximal
fineness depends on the spatial inhomogeneity of the density. We show also
how the computational complexity depends on this bound for the maximal
fineness. The method we propose may be seen as based on presmoothing the
data since the estimator uses only the frequencies on the partition defined
by the finest resolution level.

We give some references to the previous literature on histograms with
irregular data-dependent partitions, and on other spatially flexible estimation
methods.

1. Multivariate regressograms. Breiman, Friedman, Olshen and Stone
(1984) introduced CART (Classification and Regression Trees) as a
method for estimating classification and regression functions with piece-
wise constant estimates. They constructed data-dependent partitions
by a two step procedure. First they found a set of candidate partitions
by minimizing an empirical error criterion in a myopic fashion, and
then they chose the final partition by minimizing an error-complexity
criterion among the set of candidate partitions.

Donoho (1997) considered 2-dimensional Gaussian regression on a fixed
and regularly spaced design. He considers an estimator which is defined
as a minimizer of an error-complexity criterion. Unlike in CART, where
the set of candidate partitions is constructed empirically, he considered
candidate partitions which are obtained by sequential dyadic splitting
of the rectangle containing the support of the regression function.

2. Multivariate histograms. Density estimation with CART-type methods
was considered by Shang (1994), Sutton (1994), Ooi (2002). Hiisemann
and Terrell (1991) consider the problem of optimal fixed and vari-
able cell dimensions in bivariate histograms. Lugosi and Nobel (1996)
present L;-consistency results on density estimators based on data de-
pendent partitions. Barron, Birgé and Massart (1999) constructed a
multivariate histogram which achieves asymptotic minimax rates over
anisotropic Holder classes for the Lo loss. Their histograms had differ-
ent number of bins in different directions but in a single direction bins
were equispaced. A modified Akaike criterion for histogram estimation
with irregular splits was studied in the multivariate case by Castellan
(2000) who gives oracle inequalities for Kullback-Leibler and Hellinger
loss.



3. Other methods. Multivariate density estimation based on wavelet ex-
pansions has been considered in Tribouley (1995). Neumann (2000)
constructed an estimator based on wavelet expansions which achieves
minimax rates up to a logarithmic factor over a large scale of anisotropic
Besov classes in the Gaussian white noise model. Kerkyacharian, Lep-
ski and Picard (2001) consider a kernel based adaptation scheme to
cope with anisotropic smoothness.

In Section B] we define the estimator in two ways as a histogram and
as a series estimator. We present an algorithm for the computation of an
estimate. In Section Bl we give the rates of convergence of the estimator.
Some of the proofs are in the Appendices.

2 Estimators

2.1 Dyadic histogram

Let X', ..., X" € R? be i.i.d. random vectors whose density function we
want to estimate. A histogram with partition P is defined by

flz,P) = Z _ R Ig(z), z € RY, (1)

= vol(R)

where ng = #{X* € R} are the frequencies for the sets of the partition. We
will define a set of partitions from which we search the optimal partition.

Collection of partitions. We define a collection of dyadic partition gen-
erating trees. The optimal partition will be searched from the collection of
partitions generated by these partition generating trees.

Definition 1 A collection of dyadic partition generating trees T(Ry, J), as-
sociated with a rectangle Ry C R?, and with a bound for split numbers
J = (J1,...,Ja), Ji € {0,1,...}, consists of binary trees whose each node
is annotated with a rectangle, and each non-leaf node is annotated with a
splitting direction in {1,...,d}.

1. The root node is annotated with Ry.

2. Let a non-leaf node be annotated with rectangle R = 1< _, [cyn, dm] and
direction | € {1,...,d}. The split point is

s=(d—q)/2.
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Denote

RY(R)={reR:z<s}, RYJR ={recR:a>s}

l,s

The left child of the node is annotated with Rl(f?(R) and the right child
is annotated with Rl(vls)(R).

3. In direction | at most J; splits will be made, [ =1,...,d.

We make some remarks concerning the definition.

e In fact, a set of dyadic partition generating trees is completely deter-
mined by the initial rectangle and by the splitting directions; since the
splits are always made at the midpoints of the sides of the rectangles,
the annotation of the nodes with rectangles is redundant.

e The simplest dyadic partition generating tree is the tree which consists
only of the root node, and this tree is the single member of T(Ry,0).

e The bound J for the split numbers implies a bound for the depth of
the tree: the depth is at most |.J| = 3., J;. (We define the depth of
a tree to be equal to the largest depth among the depths of its nodes
and we stipulate that the depth of the root node is 0 and the depth of
the children of the root is 1, and so on.)

e Note that a tree generating a dyadic partition may be an unbalanced
tree: some terminal nodes may have depth equal to |J| but the depth
of some other terminal nodes may be less than |.J|.

Each tree in the set T(Ry, J) generates a partition: the partition is the
collection of the rectangles associated with the leaf nodes of the tree. This
is the content of the definition below.

Definition 2 (Collection of dyadic partitions.) The dyadic partition associ-
ated to tree T € T(Ry,J), where T(Ry, J) is defined in Definition [, is

P(T) = {R(t) : t € Tex(T)}, 2)

where Ter(T) is the set of terminal nodes of T, and R(t) is the rectangle
annotated to node t. The collection of dyadic partitions P = P(Ry, J), with
base rectangle Ry and with depth bound J is denoted with

P(Ry, J) = {P(T): T € T(Ro, J)}. (3)



Complexity penalized error criterion. Define the empirical risk of a
density estimator f : R — R with

. 1 — L
n = - 7XZ> ) 4
()15 "
where (g, z) is the Ly contrast function,
g @) = =29(x) +llgllz,  ¢9:R'—= R, z€R™

Minimization of || f— f||? over estimators f is equivalent to the minimization
of || f = flI3— 1113, and minimization of v, (f) amounts to the minimization of

|f = fII3—If1l3, up to the approximation [g. ffant S f(XZ) Indeed,
I1F=FB= 18 = =2 F+ 1503

~ =20ty A +IIFI
1=1

A

= u(f). (5)

A histogram f (+,P) is uniquely defined through its partition P and we use
the notation

ERR,(P) =5 (). (6)
We have that

: (7)

2

2
ng

ERR,(P) = —Rze;m =—1f°(P)

The complexity of a histogram is taken to be the number of sets in the
partition of the histogram. Let 0 < a < oo and define the complexity
penalized error criterion as

COPERR,(P,a) = ERR,(P) + a - #P. (8)

Definition of the dyadic histogram. The dyadic histogram is defined
as a minimizer of the complexity penalized empirical risk, when we minimize
the complexity penalized empirical risk over the set of dyadic partitions.

Definition 3 (Dyadic histogram.) Define the partition corresponding to pa-
rameter o as

A

Po = argminpcpp, nCOPERR, (P, a), 9)
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where P(Ry, J) is defined in (3). The dyadic histogram is defined as
fn,a:f('aﬁa)~ (10)
where f(-,P) is defined in ().

Remark 1 The estimator depends, besides the smoothing parameter «, also
on the maximal directionwise split numbers J and on the initial rectangle R,.
Theorem [ gives conditions for the choice of these parameters. In particular,
« and J will depend on the sample size n. In Theorem [l we take Ry = [0, 1]¢
but in practice one would estimate Ry. A reasonable choice is to define Ry as
the smallest rectangle containing the observations, whose sides are parallel
to the coordinate axis.

2.2 Series estimator

We define a series estimator by using a basis of Haar-wavelets. We will prove
that the series estimator is in fact identical with a dyadic histogram. A
dyadic histogram is a useful representation of the estimator when we want
to find algorithms for the calculation of the estimates. The representation of
the estimator as a series estimator is useful when we want to find asymptotic
properties of the estimator.

Denote

f@,W,0,B) = Ipja(z) + Y _wybyp(x), xR (11)
PpeB

where B is an orthonormal system of functions in Ly ([0, 1]%), W = (wg)ses €
{0,1}5, © = (04)ge € RB. Vector W chooses a subset of B and vector ©
gives the coefficients of the expansion. We will assume that f[O,l]d ¢ =0 for
all ¢ € B and since we estimate densities we may include the indicator I jja
to all expansions.

Multivariate Haar wavelets. The univariate Haar scaling function is
n(o) = Ijp,1; and the univariate Haar wavelet is 77(1) = I1/2,1) — Ljo,1/2)- Denote

D (1) = 2O (@t kL) e [0,1],
with ¢ € {0,1}, jm € {0,1,...}, and k,, € {0,...,2/m —1}. Let

l 1 0
o @) =0 @) (@w), @ = (2,20 €RY, O (12)



where | € {1,...,d}, j = (J1,---,Ja) € {0,1,..3% k = (k... ,ka) € K,
and

K;j={k=(ki,....ka) : ky=0,...,2" =11 =1,...,d} (13)

is the set of translation coefficients corresponding to resolution index j. Func-
© () is (a constant times) the indicator of a rectangle but

tion Hi:lnjm,km
we have multiplied with Haar wavelet 77('117)kz (2;) in ().

J

Dyadic rectangles. Define the rectangle corresponding to the pair of
multi-indeces (j,k) € {0,1,...}¢ x K; as

k k+1
Ry =TI, [—l ! ) (14)

217

where K is defined in (I3). We have defined in Definition [l a collection
of dyadic partition generating trees. When the root node is annotated with
rectangle [0,1)¢, then every node of the tree is annotated with a dyadic
rectangle. We have a bijective correspondence between dyadic rectangles
and pairs of multi-indeces, defined by (). We denote with Z(¢) the pair of
multi-indeces associated with a node, that is, when a node is annotated with
rectangle R;i, then Z(t) = (4, k).

Collection of pre-bases. Definition Bl of a collection of pre-bases is a
counterpart of Definition B of a collection of partitions. A difference is that
now we take the initial rectangle Ry = [0,1)?. We defined in Definition & a
collection of partitions generated by a collection of partition generating trees.
We define analogously a collection of pre-bases generated by a collection of
partition generating trees.

In () we defined the partition associated with a partition generating tree.
We define analogously a pre-basis B(7 ) annotated with a partition generating
tree. Collection B(7) is a finite orthonormal system and f[OJ}d ¢ = 0 for each
¢ € B(7T). We call these collections “pre-bases” since it is possible to extend
these to be bases of Ly([0, 1]%).

Definition 4 (Collection of pre-bases.) When T € T([0,1]¢,J) is a dyadic
partition generating tree, where T([0,1]¢, J) is defined in Definition [, and t
is a node of T, let s(t) € {1,...,d} be the direction annotated with t and let
Z(t) be the pair of multi-indeces annotated with t. Denote with NT(T) the
set of non-terminal nodes of T. The pre-basis associated to tree 7 is

B(T) = { GOt e NT(T)} , (15)
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where ¢§13€ is defined in [{IA). The collection of pre-bases L£(J), with depth
bound J = (Ji,...,Jq), is

L(J)={B(T):T €T([0,1]",J)}. (16)

Collection of tree weights. We define a series estimator whose terms
are a subset of a pre-basis B(7). The series estimator is defined with the
help of 0-1-weights which choose a subset of the pre-basis. In order the
series estimator to be equivalent with a dyadic histogram we need to make
a restriction to the weights of the series estimator. The pre-basis B(7)
is associated with tree 7 and we require that the weights are such that
they correspond to a pruning of the associated tree. The collection of tree-
weights Wiree.; = Wiree,s(B), associated with B € L(J), is the set of vectors
W = (wg)pes € {0,1}P, which satisfy the condition that a weight can be
zero only when all the “ancestor” weights are zero at the coarser resolution
levels. Define

Wiree,s = {(w¢)¢eg e {0,1}5: if wg = 0 then wy =0 for all ¢' C gb} )

(17)
Here ¢/ C ¢ means for ¢ = gbg(%)), ¢ = gbgg,/))) € B, that Ry) C Ry, where
Rji, is defined in ([4)).

When ¢ C ¢ then we say that ¢’ is a child of ¢. The tree condition
says that if w, = 0, then wy = 0 for all children ¢’ of ¢. Choosing a subset
of B(T) with the help of weights W € Wy s(B(7T)) is equivalent to the
pruning of tree 7 € T([0,1]%, J).

Definition of the series estimator. Analogously to (i) we define a com-
plexity penalized error criterion

E(W,0,B,a) =, (f(,W,0,B)) +a-D(W), (18)

where 7, is defined in (), and the complexity penalization is taken to be the
number of terms in the expansion:

DW) = #{wy : wy =1} + 1, (19)

where W = (wg)gep € {0,1}5. We have added 1 in the definition of D(W)
since the function Iy ja is also in the expansion ([[Il). The series estimator
Jn.o 18 @ minimization estimator where we search a best pre-basis B;, , and a
best sub-set of B}, , so that the tree condition is satisfied. The coefficients of
the expansion are given by the empirical coefficients ©,,(5):

0.8)= (8,) . o= D0l (20)



Definition 5 (Dyadic series estimator.) The empirical choice for the basis
B and for the coefficient vector W is defined by

(B:,m W;fa) = argminBeL(J),Wewme,J(B)gn(VVa O.(B), B, ). (21)

The dyadic series estimator is defined by
fra(@) = f (2. W, ,,0.(8:.),Bh,), xR (22)

n,a n,a)

where f(-,W,0,B) is defined in (I1).

2.3 Equivalence between estimators

We may prove that the a dyadic histogram is equivalent to a series estimator.

Lemma 1 We have that fn,a = fo o where fn,a is defined in () and f;

is defined in (Z4), when the initial rectangle of the dyadic histogram is Ry =
[0,1)4.

A proof of Lemma [l may be found in the technical report. See also Engel

(1994).

2.4 Algorithms and computational complexity

Let us discuss algorithms for solving the minimization problem (f]). The solu-
tion is the partition defining the estimator. One may solve the minimization
problem by first building a large multitree which contains all paths leading
to partitions, and then pruning the tree.

2.4.1 Growing the tree.

First we construct a multitree with a single root node and at most 2d children
for every node. The root node will correspond to the initial rectangle R,.
We have d ways of choosing the splitting direction and each binary split gives
two bins. Thus 2d children will represent the rectangles resulting from the
binary splits in d directions. At most J; splits will be made in direction [,
thus the depth of the tree will is |.J|;mq, = max;—1,.. q|J;|. We shall record the
number of observations ng in each bin R, and calculate —n%/(n*vol(R)), so
that we are able to calculate () for all partitions. When some bin is empty
of observations we shall not split it anymore. The resulting tree will have at
most

IJ‘max

> (2d)" = O ((2d) o) (23)

=0
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nodes. For the choice J = J, as in ([28), there is O ( alogy Zd)) nodes in the
tree.

2.4.2 Pruning the tree.

To prune the tree we start from the next to the highest level, and travel
to the root node one level at a time. For each node we find out whether
the split in some of the d directions helps (whether it results to a smaller
complexity penalized error criterion). If the split does not help, we shall cut
the tree below the node. This is a multivariate version of the Fast algorithm
for Dyadic CART given in Donoho (1997). The number of flops required by
the algorithm is bounded by the number of nodes of the tree given in (23).

We formulate a lemma which states that the minimization problem may
be solved by this bottom-up algorithm.

Lemma 2 Let T' be the tree grown in Section [2.4.1] Let t be some non-
terminal node of T and ty, 1 =1,2, 1 =1,...,d, be the children of t. Denote
with Ry and Ry, respectively, the rectangles annotated with these nodes. De-
note the partition minimizing the complexity penalized error criterion, when
we localize to rectangle R which is annotated to a node of T', by

Pua(R) = argming s o COPERR, (P, ),

where P(R) is the set of partitions P(R, J'), defined in Definitiond and J' =
J —depth(R), where depth(R) is the vector of the number of splits which has
been made in each direction to reach R. Let

M = min {COPERR, ({R,},a),
COPERR, (ﬁn,a(Ru), a) + COPERR, (ﬁn,a(Rgl), a> d=1,.. .d} .

Then,

{R:}, when M = COPERR, {R:}, ),

Pral(R) = Po(Ry;) UPy(Ry), when
M = COPERR, (PW(RU), a) + COPERR, (PW(RQZ), a) .
Proof. When Py € P(Ry),i=1,2,1=1,...,d, then

COPERR, (Py,U Py, a) = COPERR, (Py, ) + COPERR,, (Py, a).
(24)

11



Indeed, Py; and Py are partitions of disjoint rectangles and thus (24) follows
from () and the fact that #(Py U Py) = #Py; + #Pay. On the other hand

P(R,) = {{R}} U {Pu U Py : Py € B(Ry),i=1,2,1=1,.. .,d} .
We have proved the lemma. O

Remark 2 In particular, when we choose ¢ in Lemma Bl to be the root of
tree T, then R, = Ry and P, o(Ry) = P, is the global solution defined in

@).

3 Rates of convergence

We prove that the estimator achieves optimal rates of convergence up to
a logarithmic factor over anisotropic Besov classes Bs,(L). The parameter
p = (p1,...,pa) of the Besov ball may be such that p, < 2 for each | =
1,...,d. In order to reach optimal rates of convergence over such function
classes containing functions with high spatial variability, it is essential that
the bin widths may have variable length in any single direction. We denote
the intersection of the Besov ball with the set of bounded densities as

f:fsp(L,Boo):Bsp(L)ﬁ{fi le,ogngoo}, (25)

[0,1)¢

where 0 < By, < 00, and we define the anisotropic Besov ball Bg,(L), where
s=(s1,...,8q4) € (0,1]4, p = (p1,...,pa) € [1,0]%4, 0 < L < o0, to be the
set of functions f : [0,1]¢ — R satisfying for [ = 1,...,d,

||D§1f||Lpl(A§l) < Lh*,

where 0 < h < 1, D! f(z) = f(z+he)— f(x), ¢, € R? with the 1:th coordinate
one and he other coordinates zero, and

A ={(z1,...,29):0< 2, <1,m#A1,0< 3 <1—h}. (26)

For more on anisotropic Besov spaces, see Nikol’skii (1975).

The result. The exponent r of the optimal rate of convergence and the
anisotropic smoothness index o are defined by

d -1
g }: ~1
= pu— . 27
" 2041’ 7 (11 K ) ( )
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Besides the smoothing parameter «, the estimator depends on the vector of
maximal directionwise split numbers J and we take

Jo=(Tnts ey dnd)s Jua = Ealog2 n—‘ , (28)
[

where a > 0 is the fineness parameter. The initial rectangle of the dyadic
histogram is Ry = [0, 1]%.

Theorem 1 Let X', ..., X" be i.i.d. observations from the distribution of
density f € F. When s;, pi, and the fineness parameter a in (2Z8) are such
that

o—(1/p—1/2); >0, l=1,...,d (29)

and
o 1

20+10—(1/p—1/2)4

<a<l, l=1,...,d, (30)

then

2r R 2
limsup( n ) supEf/ (f_fnozn> < 00,
n—o0 1Oge n fer [0,1)¢
where f, o is defined in (D),

1
a, = CBy 081 , (31)
n

and C > 0 1s a sufficiently large constant.
A proof of Theorem [ is given in Section Bl

Remark 3 (Adaptiveness of the estimator.) The choice of penalization pa-
rameter « in Theorem [ does not depend on the smoothness parameters
$1,...,84, nor on pq,...,pq, or L. Vector J depends on si,...,s4 and on
fineness parameter a. The lower bound for a depends on the parameters s;
and p;, but we may take parameter a arbitrarily close to 1.

Remark 4 (The fineness parameter and restrictions on the smoothness.)
Because s; < 1 we have ¢ < 1/d. By @), ¢ > (1/p — 1/2);. Thus,
Theorem [ holds only for ¢ satisfying

G 2)
max (— — = <o <
I=1,...d \ Py 2 N

Thus, for large values of d, parameters p; cannot be much smaller than 2.
When min;—y _qp; > 2, Theorem[Mholds for 0 < ¢ < 1/d. FigureMshows the

QU+
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Figure 1: The admissible range C of o and p; for a) d =2 and b) d = 4.

possible values of (p;,0) € [1,2] x [0,d7!] for a) d = 2 and b) d = 4. Region
A is the region where condition (29) is violated, so that o < (1/p, —1/2),.
Region B is the region where condition (B) may not be satisfied because
d = oTs) e /pll_l T > 1. Region C is the region where condition (29) is
satisfied and ¢ < 1.

3.1 Proof of Theorem [

Since dyadic histograms are equivalent to dyadic series estimators, as proved
in Lemma [I], it is enough prove the theorem for the series estimator. We go
through the steps of the proof and after that we give details for the proofs
of step 2 and step 4. Details for step 1 are given in Appendix [Al and step 3
is proved in the technical report.

Step 1. (Application of an oracle inequality.) The first step is to bound
the MISE of the estimator by a minimal complexity penalized approximation
error. We have for series estimator f; , , defined in @2), when «, is defined
in (B1) and J, is defined in (28) with fineness parameter 0 < a < 1, for
continuous densities f : [0,1]? — R, that

" 2 . ]
— <
Ep|[foa = fll, < C (Wg}llgl)leKoK( f,W,0,B,a,) + Con™ 1, (32)

where C; and (5 are positive constants,

K(7.7,0,8,0)=||f(-.w.0,8)~ 1| +a-DOV), (3

14



f is defined in (), a > 0, D(W) is defined in ([T) ,
Ko = {(,6,8) € W(B) x R¥ x L ||/, W.0,B) < 2B}, (34)

where W(B) = Wirees,(B) as defined in (), £ = L(J,,) is defined in (IG),
and Bs > ||f]| 18 & positive constant. Eq. (B2) is proved in Appendix [Al

Step 2. (Choosing a basis.) We bound the approximation error by finding
a pre-basis B, € L(J,), which is in a sense the best pre-basis for f € B,,(L).
After fixing the pre-basis to be B}, , we choose the vector of coefficients to
be the coefficients of f in the pre-basis B, ; © = (B}, ), where

(M(B)==(]£df¢)¢68. (35)

We have the upper bound

in  K(f,W,0,B,a,) < in  K(f,W,04(B,), B, ),
(W,g,lll’)’r)lEKo (fa 9 ) ,O[ )— WEIVT\I/I(%Z;") (f f( a’n) Qn o )

where W(B;, ) = Wiree, 1, (B;,,) is defined in (7).

Step 3. The minimization is restricted to the tree weights. One may show
that this restriction does not increase much the complexity penalized approx-
imation error: we do not get much better approximation by minimizing the
weights over a larger collection of weights. When (29) holds,

su min K(f,W,04(B. ),B. ,ap,
P e (f 1(B.,), Bs, an)
< C sup min _ K(f,W,04(B}, ), B}, ,an), (36)

fEBsp(L) We{0,1}Ban

for a positive constant C', depending on s,p, L,d. A proof of (BH) may be
found in the technical report. See also Donoho (1997).

Step 4. The last step is to bound the complexity penalized approximation
error in (B). We have that

sup  min_ K(f,W,0;(B,), B, a,) < Cal. (37)

fEBsp(L) We{0,1}Ban

This proves the theorem by the choice of a,, in (BII).
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3.1.1 Step 2

We define a best basis for the approximation of functions in B,(L). Let
h:{1,2,...} —{1,...,d}. We apply function h as a direction selection rule.
We define trees and multi-indeces with the help of a direction selection rule:

e Every tree in T([0,1]%,J), defined in Definition [, is uniquely deter-
mined by the splitting directions. Let 7, p; be the partition generating
tree determined by the following rules.

1. Split the root node in direction A(1).

2. The 2™ nodes at depth m are splitted in direction m + 1, for
me{0,...,M—1}.

e For any direction selection rule h we define the corresponding sequence
of multi-indeces J = J, : {0,1,...} — {0,1,...}, by T = (j1, ..., ja),
where j;(m) is the number of times direction [ was chosen by h up to
step m: j;(0) = 0 and

gilm) =#{m’' <m:h(m') =1},  m=12,..., (38)
I=1,...,d

(Definition of h*.) We define a direction selection rule h*, which depends
on the vector of smoothness indeces s = (s1, ..., s4) of the anisotropic Besov
space Bg,(L). Define the sequence Z(m) = Z,(m) = (z1(m),...,zs(m)) €
[0,00)%, m =0,1,..., satisfying Z(0) = (0,...,0), and

z1(m)sy = -+ = zg(m)s
{ z(m)+ -+ zd(riz) = 7(111. (39)

That is, Z(1) € {x € [0,00)? : 215 = - - - = 2g54} is such that S0 z(1) = 1,
and Z(m) = mZ(1) for m > 1 integer. We define h* so that J* = J+ is an
approximation to Z, taking values on a grid. The direction selection rule h*
is defined by the following rules.

2. Write J*(m) = (j5(m),...,j5(m)). Define for m =1,2,..,
h*(m+1) = argmaxe(; d}zl(m) — j/(m).

That is, we choose the direction where J*(m) is furthest below from
Z(m).
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By the definition, z;(m)s; = mo, for [ =1,...,d. Thus,
Ji(m)s; ~ mo (40)

as m — oo where o is defined in (7). This means that the proportion in
which direction [ was chosen, j;(m)/m, is approximately equal to o/s;.

(Definition of the pre-basis.) We choose
M = [alogay'].

Qn

We have, see Eq. (),

g (M) < Jngs l=1,...,d, (41)
where J,, = (Jy1, ..., Jnq) is defined in (£8). Thus
Tz, € T([0,1)4, ). (42)
Define the best pre-basis
B, = B(Tp sz, ), (43)
where B(7) is defined in ([H). Eq. [#2) implies that
B, € L(J,)
where L£(J) is defined in ([@). Define the basis
B* = {Ipye} UB(The o) - (44)

This is a spatially homogeneous anisotropic basis. A proof that B* is a basis
of Ly([0,1]%) may be found in the technical report.
3.1.2 Step 4

Largeness of the wavelet coefficients in basis B*. We need a bound
to the coefficients f[o 1 fo, ¢ € B*. To give the bound it is convenient to
write the basis in terms of Haar-basis functions. We have that

. _ (h*(m+1)
B =U {%*(m),k IS KJ*(m)}a

m=0

where gb% are defined in () and K is defined in ([3). We denote the
coefficients of f by

h*(m
[0,1]¢

where m = 0,1,... and k € K 7+().
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Lemma 3 Let f € By(L), s = (s1,...,5q4) € (0,1]%, p = (p1,...,pa) €
[1,00]¢. Then we have for m =0,1,..., that

1/Pix,

Do sl < 242 o m(o /2= /by, ), (46)

K€K 75 (m)
where we use the notation I, = h*(m + 1) and
P = min{p,, 2}, l=1,...,d, (47)
and o is defined in ([27).

A proof of Lemma Bl may be found in the technical report.

Final lemma. Eq. (B1) follows from Lemma E below.

Lemma 4 Let [Z9) be satisfied, let a satisfy

o 1
a > l=1,...,d 48
T 1o (Up—1/2), A (48)

where o is defined in (27). Let M = M, be an integer satisfying

M, > alog,a™! (49)
and let B, = B(Tp» ). Then
sup  min K (f,W,04(B%), B, a) < Ca™, (50)

fEB.,(L) We{0,1}84

for a positive constant C, depending on s,p,L,d, when 0 < a < 1 is suffi-
ciently small, where r = o /(20 + 1) is defined in ([27).

Proof. As before, we denote J* = [Jp,~. We prove that

M
Z Z min {T;k,a} < <2+ ;gp%’“l’) . 20/ (20+1) (51)

m=0 k€K 7+ ()

and .
= 2112
2 20/(20+1)
S Y e 2 e 52
m=M+1keK 7+ ()
when 0 < o < 1 is sufficiently small, where 7, is defined in (), Cp 14 =

----------

.....

B = B} and with the basis B,, = B*.
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Proof of (BIl). Let m* > 1 be defined by

m* = [L log2a_1—‘ | (53)

20 +1
Note that m* < M since a > 1/(20 + 1) by the lower bound in ). Write

Z Z min {77, a} <A+ B, (54)

where

X Z 3 a—aZQm— (2m+1 — 9)

S 20405 1/(20+1) — 2a20/(20+1) (55)

by the definition of m* in (B3), and

M
B “ Z Z min {Tfﬂk,Oé}

m=m*-+1 kEKJ*(m)
M
1—p;x /2 D)%
< E o P/ E | Tt [P0 (56)
m=m*+1 kEKJ* (m)

where p; is defined in (EZI), and we use the notation [, = h*(m + 1). Above
we used the fact min{ 2 at < ol TP2 T P for I =1,...,d. Indeed, we
have that when 72, < a, then a!=7/2|7,,,[P* > 72, and When 2. > «, then
a2 T P> a We have from Lemma [ that

S Il < V2L B =0+ 12— 1/p. (5T)

k‘EKJ* (m)

Continuing from (B6),

M
B < Cp,L,d Z ot P, /29 =Py, mBm (58)

m=m*+1

M
= CoLa E ot P, /29 =P, M Bmgbry, (M —m)Bm

m=m*-+1
Cp7L7d m*
S ;gpyLyi . O{QO’/(ZO’-Fl)’ (60)
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where in (B) we applied (B1). In (BE9) we applied

o P /29— P, m(0+1/2) 4

which holds due to the choice of m* in (B3), and we applied in (B9) also the
fact

g (e = 1
9P, (M =m)fm Q=B ym
= S

which holds because p;: > 1, because >~ ;7" =r/(1 —r) for 0 <r <1,
and because [, > 0 which is assumed in ([Z9). The claim (B]) follows from

B, (BH), and (B0).

Proof of (52Z). We have that

oo] [ee) 2/@;6”
2 2 e = 2 | 2 Il (61)
m=M+1 kEKJ*(m) m=M+1 k‘EKJ* (m)
< 202 ) gmmhe (62)
m=M+1
2412 )
—28., M
< mao7 2 (63
2112 95
ﬁ*a
S gmog© (64)
2112 )
. ~20/(204+1)

where in (BIl) we applied the subadditivity of the function z +— 2P/2 in

(B2) we applied (E1), in [B3) we applied that for 0 <r <1, 0" | 7™ =
rM+1/(1 —r) and the fact that 8, > 0, in (64]) we applied the choice of M in

(9, and in (BH) we applied the lower bound for a@ in ([EF)). We have proved
Lemma @l O
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A Oracle inequality

A.1 General setting

We will state an oracle inequality in a general setting, in order to simplify
the notation and exposition. We denote

fna(x) = f (x, Ana> , r € RY, (66)
where .
fla,A) =) Mo(z), z€eR (67)
peD

where D C Ly([0,1]¢) is a collection of functions, we will assume that D
has finite cardinality, and A = (Ay)gep € RP gives the coefficients of the
expansion,

~

A, o = argmin, &, (A, a), (68)

En(A @) =7 (f(A)) +a- D(A),
where 7, is defined in @), o > 0,

D(A) = #{As : Ay # 0}, (69)
and K c RP.
Theorem 2 We have for the estimator fma defined in ([6A), based on i.i.d. ob-
servations X, ..., X™ from the distribution of a continuous density f : [0,1]¢ —
R, that
. 2
J— ~ ] _1
Ef | e, f“2 1o < C1 jnf K (f.A )+ Con™, (70)
where )
K(f.A ) = |70 = £ +a- D), (71)

Ko = {A K ||IF(-, Al < 2300} , (72)
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where By, > || f|loo @s a positive constant.

log, (#D
= Cp, Boo % , (73)

where Cr,, Cy, Cy are positive constants, and 1g is the indicator of the event
= (Ifnanlloe < 2B) - (74)

A.2 Proof of Theorem

Denote f = fn,an and A = An,an. We condition on the set  so that A € K.
Let f be the true density and let A° € K. Denote

C = ClK(f7 AO? an)a
where ('] is a positive constant to be chosen later. We have that
E|f - /I3
= [ (=12 1) at
IR CRED
< o [ P (1F- 1B 1)
¢
= (+ Cin/ P (Hf — flI3 > Con~ 't + C) dt, (75)
0

where (5 is a positive constant to be chosen later. Let a > 0. Now

def

A (I = 115> Cn e 4¢)
= (a+0If-fI3
> allf = fI3+ CLE(f,A% @) + Con™'t) (76)

Lemmal@limplies that the theoretical error-complexity of the minimization es-

timator may be bounded by the theoretical error-complexity of f* = f(-, AY),
with the additional empirical term:

K(f, A, an) < K(f, A% ) + 20 (f — fo)
s |If = fI2 < K(f,A% a,) — a,D(A) + 2, (f . f°> .
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Thus we may continue (@) with
A e (o (f-)> 1 0Dl
() it o)
< (m(f= 1) > wih)e)

. @KMNQK%WBQ

where we used the fact that on €, Ae Ky, and we denote

1 . Cl a
¢ = — min -1, —— >,
2 a+1 a+1

N 2 A

wi) = [[Fen) = o[+ 11 = 2+ T

7(A) = C; [nay, (Cri D(A®) + Cr2D(A)) + ], (77)
_1 CQ _C’l—a—l _a+1
T_§a+1707',1_ CZ 70772— 02 .

We need to choose C;, Cs, and a so that 2C-1 < £2. This inequality will be
needed in (). This choice is possible: we take 2(a + 1)/Cy < . We need
also C1/(a+1) —1 > 0 to guarantee £ > 0. We have

P(A) < P(B). (78)

We prove that
P(B) < Cexp{~H(C1,Bx) '}, (79)
where C' and O, are positive constants. This proves the theorem, when we

combine ([[3) and ([F).

Proof of ([{9). For ® C D, let Ky ¢ be the set of coefficients in Ky which
are non-zero exactly at the positions given by set ®:

Koo ={A € Ky: Ay #0if and only if ¢ € d},
where we use again the notation A = (A\y)gep. Let for i =1,2,..,

D, ={dCD:#b=1}
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be the set of subsets of D of cardinality [. We may write

o0

Ko = J | Koo

=1 ®eDy,

That is, we make a countable partition of Ky and each member of the parti-
tion is the set of vectors A which have exactly [ non-zero elements. We have

that .

Bc|J Bs.
=1 ®cy,
where 3
n : A — Un 0
AT R AT NAY
A€Kop @ UJ(A)
For & € D,

P (Bg) < 2exp{—(CBs) ' (t +1L)},

where C, is a positive constant defined in (@0) and
L = C By log (#D).
We prove (B0) below. We have that

l
n-(77)(22)

P(B) < 2> Y exp{—(C1Bx) '(t+IL)}

=1 ®ehy

< 2; <e ZD) exp{—(CLBx) *(t +1L)}

< Cexp{~(CLB.) 1},

Thus,

by the choice of L. We have proved ([[9) up to proving (80).

Proof of (80)). Denote

Z = supv(9g),
geg
where R
A _f0
g_gq;.: f<’ ) ZAEKoq;. s (I)G]D)l.
w(A) ’

(81)

(82)



Denote ~ oo
2 1FCA) = O3
vo = sup ||g||5 = sup
g€y H ||2 AeKo, o ’LU2(A)

and

T=0C, [nan (C’TJD(AO) +Cro l) + t} )

We have for ® € D, A € Kg ¢, that 7(A) = 7, where 7(A) is defined in ([Z0).
Thus, for ® € D; and A € Ky o,

1 ~ oll2 T ~ 0 T\ 1/2
w2 ([fen =+ D) 2 e -r), (0"
Thus n
< —. 4
Vo > - (84)
We have that
(BZ)? < || flloo (1 + D(A%)) 771 (85)
We prove equation (8H) below in page 7 Denote
n® =71t + C.oLl).
Then we have
(BEZ +n)* < 2[(EZ)*+ 7]
< 277" [Bu (I4+ D(A°)) 4+t + Cro L]
< 207!
< & (86)

since
C:'t > L(CriD(A°) + Cral) +t > BoagD(A) + (Boo + CroL) L + ¢,
where we used na,, = L and C;1Cp log, (#D) > 1. Eq. (86l implies that
P(Ba) =P (228 < P(Z> EZ+1). (57)

Denote
b=sup{[|gll«: 9 € G},

and
v = sup{Var;(g(X")) : g € G}.
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By Talagrand’s theorem, as given in Bousquet (2002), Theorem 2.3, by ap-
plying the inequality h(t) > ¢*/(2+2t/3),t > 0, for h(t) = (1+t) log(1+t)—t,
we get

2
P(Z>EZ+n) < .
(22 BZ+n) < exp {2[v+2bEZ+nb/3]} (88)

We have n
v < [ flloovo < ||f||oo;

Also, for for ® € Dy and A € Ky o,

T

A) > 8
w(d) > - (59)
and thus
2n = 0 4dn
b<— sup [[f(A) = flle < =B, B=2|fl,
T AEKQ@ T
by the definition of Ky. Thus, applying inequalities £FZ < &, n < &,
v BEZ4h/3 < = flle (148 £2+1/3)
de n
2 2 llCr/2. (90)
Thus
P(Z>FEZ+n) <exp{—(t+1L)/(BxCr)}. (91)

Eq. (B0) follows from (B7) and (@1).

Proof of BH). Let A € Koo where ® € I;. Denote D(A,A°) = {¢p € D:
Ay # 0 or A} # 0}. Let {t1,...,%¢y} be a basis of the span of D(A, A?). We
have k < #D(A, A°) <1+ D(A®) and, applying (B3),

DAY — 02
wp WD P
A€Ko, o w (A) T
Thus we may apply Lemma [ with B2 = n/7 to get (83). O

A.3 Proof of (32)

The series estimator f; , defined in (Z2) is equal to the estimator fn,a defined
in (B6), under suitable identifications. Indeed, we note that we can write

f;a(x) = f <ZL‘, Wn,a, (:)n,a, Bna> , r € RY, (92)
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where

(Bn,om én,on Wn,@) - argmlnBGE OeRB WeW(B) g (W @ B O[) (93)
We have that R
fral@) = faa(z), xzeRY (94)
when we choose
D= {lyy}UlJB,
BecL
and
K c {AeRP: A e W(B) for some Be L}. (95)

Definition (@3) is explained by the fact that the vectors A = (Ay)sep have to
be such that components are non-zero only for a single basis B: {¢ : A\, #
0} C B for some B € L. Eq. (@) holds since we may use the identification
)\¢ = w¢9¢.

Cardinality of the library. To apply Theorem P]we have to check that the
smoothing parameter in (B1l) has the same order as the smoothing parameter
in (). This follows becaus the cardinality of the dictionary D = {ljg ¢} U
Uger(s)B satisfies

# D<C- nalog2(2d) (96)

for a positive constant C'. The calculation of the cardinality of the library is
basically the same as the calculation in (Z3)). Indeed, every function in B(7),
defined in (IH), may be obtained as a node of a large multitree which has 1
root node, where the number of children of each node is equal to 2d, and the
depth of the tree is equal to |J,|me < [alogyn]. The number of the nodes
of the tree in question is Z‘J" mar=L(9d)t < (2d)!Inlmas

Final detail. Theorem Bl involves set Q defined in ([Z2). We need to show
that the restriction to this set is not essential. We have the bound

2
B | = Fl310e < (1ol +170) P (2), 07)
where we applied the fact that ||g||3 < |lg||%, when the support of g is
contained in [0, 1]¢. First, for all samples,
1 franlloo < 1" (98)

for some x > 0. We may prove (B8) by noting that by Lemmal ||f; ,|lc =
| fnalloo and || fr.allee < 217!, since 217! is the minimal volume of the rectangles
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in the partition of histogram fma. Second, we need that for sufficiently large

n7
P(0) <0, exp {—nl_“ L’J; ”°°} , (99)

for some k' > 0, where 0 < a < 1 is the fineness parameter in ([28). Equation
[@9) follows from Bernstein’s inequality. (Note that also in the proof of (@9)
we apply Lemma [I1) O

B Auxiliary lemmas

B.1 Complexity penalized approximation error

Lemma 5 Let By, be a basis of Ly([0,1]%) such that B C B, where B is an
orthonormal system. Then,

in K (f,W,0
i K (f,W,04(B), B, )

= a+Zmin{9?7¢,a}+ Z 9]%@,

oeB d€B\B

where 9f7¢ = fRd f¢; @f<8) = (ef,¢>)¢>65'

B.2 Pre-oracle inequality

Let
C ={gx:rk €K}, (100)

where g, : R? — R and K is a set of parameters. Let D : K — [0,00) be a
penalization term and define the complexity penalized empirical risk as

5”("{7 Oé) = Tn (gn) + D(“)v (101)

where 7,(g) is defined in (#l) and o > 0 is the smoothing parameter control-
ling the amount of penalization. We assume that D(k) takes larger values
for more complex g,.. Let & be such that

En(Rya) < inﬂf{é’n(/{, a) + €, (102)
KE

where € > 0 and define the minimization estimator by

f =gz (103)
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Lemma 6 Let C C Ly(R?) be parameterized by (I00) and let f = gz € C
where k satisfies (IT4). Then for each f° = g0 € C,

K(f,k @) < K(f, 1, 0) + 2+ 20 (f = 1°).
where f is the true density,
K(f,r,a) = |lgs = fll5 + o D(x),

and v, (g) is the centered empirical operator defined by

o) = 300X = [ o

~

Proof. We have for g = f, g = f°,

lo= 718 =ule) = I£15 =2 | fo+207" 30 a(x),
=1
Thus,

Pt = (F) o (5~ 5= 12 =2 (= 1°) . (104)
We have

= K(f,k,a) = Eu(k, @)+ Eu(k, ) — K(f, K, a)
< K(f kya)—Eu(k,a) +Eu(k° ) + e — K(f, K", a) (105)

= |-, =D+l = N1 = 1
— 2, (f— f°> te. (106)
In (IH) we applied ([02) and in ([0H) we applied (I04). O

B.3 Expectation of the supremum

Let G be a set of linear combinations of an orthonormal system:

k k
G- {zm P B} (107
j=1 j=1

where {¢1,..., ¢} is an orthonormal system and 0 < By < co. We have a
bound for E'sup,.; v,(g) which depends essentially from /k/n.
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Lemma 7 Let G be defined in [{IT7). We have that

Bsup,(g) < Ball 7142 (k/m) .
ge

Proof. By the Cauchy-Schwartz inequality, for g = Zle 0;0; € G,

Ze V() < <2022yn ;) )1/2.

We have E|X|'/2 < (E|X|)/2. Thus,
. 1/2
Esu;g) vn(g) < B (Z EVn(¢j)2> :
ge j=1

We have
Evy(9;)? < || flloen™,

which implies the lemma.
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