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ESTIMATING A DISCRETE DISTRIBUTION VIA HISTOGRAM SELECTION

NATHALIE AKAKPO!

Abstract. Our aim is to estimate the joint distribution of a finite sequence of independent categorical
variables. We consider the collection of partitions into dyadic intervals and the associated histograms,
and we select from the data the best histogram by minimizing a penalized least-squares criterion. The
choice of the collection of partitions is inspired from approximation results due to DeVore and Yu. Our
estimator satisfies a nonasymptotic oracle-type inequality and adaptivity properties in the minimax
sense. Moreover, its computational complexity is only linear in the length of the sequence. We also use
that estimator during the preliminary stage of a hybrid procedure for detecting multiple change-points
in the joint distribution of the sequence. That second procedure still satisfies adaptivity properties and
can be implemented efficiently. We provide a simulation study and apply the hybrid procedure to the
segmentation of a DNA sequence.

Mathematics Subject Classification. 62G05, 62C20, 41A17.

Received August 1st, 2008. Revised April 21, 2009.

1. INTRODUCTION

Let Y7,Y5,...,Y;, be independent random variables taking values in the finite set {1,...,7}, where r is an
integer and r > 2. Let s be the joint distribution of (Y7,Y2,...,Y,,), that we consider as the R"-valued function
defined on {1,...,n} with lth coordinate function

ief{l,...,n}—PY; =1),

for [ =1,...,r. The aim of this paper is to study a nonparametric estimator of the distribution s. References
treating about this problem are so scarce that we can only cite three of them. Aerts and Veraverbeke [1]
propose a kernel estimator, whose convergence rate is given under a Lipschitz regularity condition. More
recently, Lebarbier and Nédélec [20] and then Durot et al. [15] have studied procedures based on the model
selection principle introduced by Barron et al. [3]. Thus, all their results are nonasymptotic. In both cases,
a family of linear spaces of real-valued functions defined on {1,...,n} is given, and the procedures allow to
select from the data, by minimizing some penalized criterion, one space among that family in which all the
coordinate functions of s are estimated. The choice of the penalty is supported by an oracle-type inequality.
Lebarbier and Nédélec [20] consider two different penalized criteria, one based on least-squares, the other one
on maximum-likelihood, and spaces of piecewise constant functions. Durot et al. [15] consider only a penalized
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2 N. AKAKPO

least-squares criterion, but provide an oracle-type inequality that is valid for almost all finite families of linear
spaces. Moreover, they are particularly interested in three families of spaces. The so-called exhaustive indicator
strategy corresponds with the family made up of all spaces of functions piecewise constant on some partition
of {1,...,n}, a family already encountered in [20]; the exhaustive Haar and non-exhaustive Haar (or neH)
strategies are based on families made up of spaces generated by some Haar wavelets. In these three cases,
the resulting estimator is proved to have adaptivity properties. Due to the richness of the underlying families
of spaces, both exhaustive strategies yield estimators that only satisfy an oracle-type inequality up to a In(n)
factor, but the non-exhaustive one does not have the same drawback. Besides, implementing the first strategy
requires O(n3) computations, against only O(nIn(n)) for the other two.

In this paper, we study the penalized least-squares estimator defined as in [15] but based on a fourth family
of linear spaces: in our case, each space is composed of functions piecewise constant on a partition of {1,...,n}
into dyadic intervals. Thus, we will refer to our estimator as the d-estimator. The collection of linear spaces we
consider has been chosen for its potential qualities of approximation, as suggested by approximation results for
real-valued functions due to DeVore and Yu [14] and DeVore (cf. [6]). Adapting the proofs to our framework, we
prove that our collection of spaces has indeed good approximation qualities with respect to R"-valued functions
defined on {1,...,n} that either belong to Besov bodies — some discrete analogues of balls in a Besov space —
or have bounded variation. On the other hand, the number of spaces per dimension is low enough to yield an
oracle-type inequality with no extra logarithmic factor. The conjunction of both properties of our collection
allows to prove adaptivity results in the minimax sense. From a theoretical point of view, the d-estimator thus
satisfies properties similar to those of the neH-estimator, and is also proved to be adaptive for functions with
bounded variation. Moreover, the d-estimator can be implemented with only O(n) computations. Notice that
a similar collection of linear spaces has lately been used by Birgé [5,6] and Baraud and Birgé [2] for estimation
by model selection in various statistical frameworks.

As an application of our estimation procedure, we address the problem of multiple change-point detection
in the distribution s. Our aim is then to estimate s by a function that is piecewise constant on some partition
of {1,...,n} with a number of intervals much smaller than n. That issue has attracted much attention due
to its application to the segmentation of DNA sequences into regions of homogeneous composition (cf. the
review [8] by Braun and Miiller). Owing to the length of sequences such as DNA ones, a special attention
must be paid to the computational complexity of the statistical procedures. Braun et al. [9] prove consistency
results for the estimation of the change-points and the number of change-points when using a penalized quasi-
deviance criterion, but their estimator suffers from a heavy computational complexity, of order O(n3). The
two-stage procedure proposed by Gey and Lebarbier [17] in a Gaussian regression framework can be adapted
to the framework considered here (cf. [19], Chap. 7). The preliminary stage uses CART algorithm to select a
partition. In order to reduce the size of the partition, the second stage consists in selecting a partition among
the rougher partitions built on the previous one, by minimizing a penalized least-squares criterion. In the best
case, the number of computations falls down to only O(nln(n)) for the first stage of the procedure. Last, a few
linear time procedures exist, such as the one proposed by Fu and Curnow [16] (¢f. [11] for the implementation)
and the one studied by Szpankowski et al. [23]. We propose in this paper a hybrid procedure similar to that
of [17], where the first stage consists this time in selecting a partition into dyadic intervals. In practice, our
hybrid procedure can be implemented quite efficiently. Moreover, unlike the CART-based hybrid estimator, our
hybrid estimator is proved to enjoy some adaptivity properties, which are similar to those of the d-estimator,
up to a multiplicative constant. Notice that, contrary to [9], our aim is not to detect all the change-points, but
only the most relevant ones.

The paper is organized as follows. In Section 2, we describe the statistical framework and introduce notation
used throughout the paper. The next section is devoted to the theoretical study of the d-estimator. Then,
we present the subsequent hybrid procedure. The performance of these procedures are illustrated in Section 5
through a simulation study. In particular, we discuss there the practical choice of the penalties constants.
Besides, we compare the d-estimator with the ne H-estimator introduced in [15], and apply the hybrid procedure
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to a DNA sequence. The paper ends with the proof of the approximation result needed to derive one of the
adaptivity properties.

2. FRAMEWORK AND NOTATION

2.1. Framework

We observe n independent random variables Y7, ...,Y,, defined on the same probability space (£2,.4,P) and
with values in {1,...,7}, where r is an integer and r > 2. We assume that n is a power of 2, n > 2, and write
n = 2N. The distribution of the n-uple (Y1,...,Y,) is represented by the r x n matrix s whose ith column is

si=(PY;=1)...P(Y; :r))T, fori=1,...,n.
Observing (Y1, ...,Y,) is equivalent to observing the random r x n matrix X whose ith column is

X; = (]Iyi=1 e ]Iy%:,«)T7 fori=1,...,n.
It should be noted that the distribution s to estimate is in fact the expectation of X.

2.2. Notation

All along the paper, we identify real-valued functions defined on {1,...,n} with R"-vectors, so that u =
(ug ...u,) € R™ represents the function w : ¢ € {1,...,n} — u;. In particular, for any subset I of {1,...,n}, we
call indicator function of I, and denote by 17, the R™-vector whose ith coordinate is equal to 1 if 7 € I, and null
otherwise. In the same way, we identify R"-valued functions defined on {1,...,n} with elements of .Z(r,n),
the set of real matrices with r rows and n columns. Given an element ¢ € .Z(r,n), we denote by t® its Ith row
and by ¢; its ith column. Thus t € .#(r,n) represents the function, also denoted by ¢, defined on {1,...,n},
whose value in i is the R"-vector t;, while (V) ... t(") are the coordinate functions of ¢.

The space # (r,n) is endowed with the inner product defined by

n T
() =D .
i=1 I=1

That product is linked with the standard inner products on R” and R™, denoted respectively by (.,.), and (., ),
by the relations

<ta u> = Z<tia ui>T = Z<t(l)vu(l)>n'
i=1 =1
The norms induced by these products on .Z(r,n), R” and R™ are respectively denoted by ||.||, ||.||- and ||.]|»-

Another norm on . (r,n) appearing in this paper is
[t]]o == max { |tV };1 <i<m 1 <1<}

Let us now define some subsets of .# (r,n) of special interest. The set composed of the r x n matrices whose
columns are probability distributions on {1,...,r} is denoted by &. Given a linear subspace S of R", the
notation R” ® S stands for the linear subspace of .Z (r,n) composed of the matrices whose rows all belong to S.

When the distribution of (Y,...,Y},) is given by s, we denote respectively by P; and E, the underlying
probability distribution on (Q2%", 4%™) and the associated expectation.

Last, in the many inequalities we shall encounter, the letters C,C1,cq,... stand for positive constants.
Sometimes, their dependence on one or several parameters will be indicated. For instance, the notation C'(«, p)
means that C' only depends on « and p. The only constant whose value is allowed to change from one line to
another is denoted by C, with no index.
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3. THE d-ESTIMATOR

We study in this section the d-estimator of the distribution s, thus called because it takes values in the set of
piecewise constant functions on some partition of {1,...,n} into dyadic intervals. We begin with the definition
of the estimator, explain the underlying model selection principle and justify the form of the involved penalty
thanks to [15]. Then, we present the main result of this paper, about the adaptivity of the d-estimator. They
greatly rely on an approximation result that will be proved later in the article. Last, we describe the algorithm
used to implement that procedure and give its computational complexity.

3.1. Definition of the d-estimator

A partition of {1,...,n} into dyadic intervals is a partition of {1,...,n} into sets of the form {kn2=7 +
1, .., (k+ 1)n2‘j}, where j € {0,..., N} is allowed to change from one interval of the partition to another,
and k € {0,...,27 — 1}. We denote by M the family of all such partitions of {1,...,n}. We consider the
collection of linear spaces of the form R” ® S,,,, where m € M and S, is the linear subspace of R" generated
by the indicator functions {I;,I € m}. In the sequel, the term ‘model’” refers indifferently to such a subspace
of . (r,n) or to the associated partition in M. For all m € M, the least-squares estimator of s in R" ® S, is
defined by

8, = argmin | X — t||%.
tER"®@Sm
Over each interval I € m, §,, is constant and equal to the mean of the R"-vectors (X;)ier-

Ideally, we would like to choose a model among the collection M such that the risk of the associated estimator
is minimal. However, determining such a model requires the knowledge of s. Therefore the challenge is to define
a procedure m, based solely on the data, that selects a model for which the risk of 3 almost reaches the
minimal one. In other words, the estimator §; should satisfy a so-called oracle inequality

Es[lls — 8m)%] <C inf E[|ls — 8m|?].

S[” wll ] > mleM S[” mll ]

Besides, as often, the risk of each estimator §,, breaks down into an approximation error and an estimation
error roughly proportional to the dimension of the model. Indeed, for all m € M, the estimator §,, satisfies

. 1
Is = smll>+ (1= 1sloc) Do < Bu[lls = $0nl2] < lls = sl + (1= 5 ) Do, (3.1)

where s,, is the orthogonal projection of s on R" ® .S, and D,, is the dimension of S, (¢f. [15], proof of Cor. 1).
Reaching the minimal risk among the estimators of the collection thus amounts to realizing the best trade-off
between the approximation error and the dimension of the model, which vary in opposite ways. Therefore, we
consider the procedure

1 = argmin {|| X — 5,,]* + pen(m)},
meM
where pen : M — RT is called penalty function. The d-estimator 5 of s is then defined as
5= 8p.

Our choice of penalty, that relies on results proved in [15], is justified by an oracle inequality, up to a quantity
that depends on ||s|lec (¢f. inequality (3.4) below).

Proposition 3.1. Let pen : M — R be a penalty of the form

pen(m) = co Dy, (3.2)
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where, for m € M, D, is the dimension of Sy,. If co is positive and large enough, then
Eq [Ils = 51°] < Cleo) inf {lls = smll* + Dim}- (3:3)
Moreover, if ||s|lec < 1, then
Es [lls = 81°] < Cleo)(1 = [Islloc) ™" inf Eslls - Sml?]- (34)
Proof. For all 1 < D < n, we introduce the subcollection of models of dimension D:
Mp ={m e Mst. D, =D}.

In order to evaluate the cardinal of M p, let us describe M in a more constructive way. Let 7 be the complete
binary tree with root (0,0) such that:

e forall j € {l,...,N}, the nodes at level j are indexed by the elements of the set
A(]):{(]ak)ak:0a72jf]—}a )

e forall j € {0,...,N —1} and all k € {0,...,27 — 1}, the left branch that stems from node (j, k) leads
to node (j + 1, 2k), and the right one, to node (j + 1,2k + 1).

The node set of 7 is N' = UN_A(j), where A(0) = {(0,0)}. The dyadic intervals of {1,...,n} are the sets
I ={k2V 7+ 1, (k+1)2V 77}

indexed by the elements of A'. Hence we deduce a one-to-one correspondence between the partitions of {1,...,n}
that belong to M and the subsets of N' composed of the leaves of any complete binary tree resulting from an
elagation of 7. The cardinal of Mp is thus equal to the number of complete binary trees with D leaves
resulting from an elagation of 7. So it is given by the Catalan number D! (2%):11)) and upper-bounded by 4.

Therefore, choosing for instance L = In(8), we get

n

Z exp(—LD,,) = Z IMp|exp(—LD) < 1.

meM D=1

Inequality (3.3) thus follows from Theorem 1 in [15]. Inequality (3.4) results from the upper-bound (3.3) and
the lower-bound given in (3.1). O

From now on, we will always assume that the d-estimator derives from a penalty of the form pen(m) = ¢o D,
where the constant cg is positive and large enough to yield an oracle-type inequality. Choosing in practice an
adequate value of ¢ is an issue that will be treated in Section 5. By way of comparison, let us mention that the
ne H-procedure studied in [15] satisfies the same kind of oracle-type inequality (cf. [15], Prop. 3). But the similar
procedure based on the exhaustive collection of partitions of {1,...,n} only satisfies an oracle-type inequality
such as (3.4) within a In(n) factor, owing to the greater number of models per dimension (¢f. [15], Prop. 1).

Last, notice that § does not necessarily belong to &?. Nevertheless, since the vector (1...1) belongs to any
Sm, for m € M, the elements in a same row of s sum up to 1. In order to get an estimator of s with values
in &, we may consider the orthogonal projection of 5 on the closed convex &2, whose risk is even smaller than
that of s.

3.2. Adaptivity of the d-estimator

Though the oracle-type inequality (3.4) ensures that, under a minor constraint on s, the estimator 5 is almost
as good as the best estimator in the collection {8, }mem, it does not allow to compare § with other estimators
of s. Therefore, we now pursue the study of s adopting a minimax point of view. We consider a large family
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of subsets of &, to be defined in the next paragraph. Let us denote by & some subset in that family. Our
aim is to compare the maximal risk of s when s belongs to S to the minimax risk over S. We may rewrite the
upper-bound (3.3) for the risk of § as

E.[|ls — 5]%] < Clco) inf { inf HsfsmHQJrD}, (3.5)

1<D<n U meMp

where we recall that Mp = {m € M s.t. D,, = D} and s,, is the orthogonal projection of s on R” ®.5,,,. Thus,
the approximation qualities of our family of models with respect to each subset S remain to be evaluated. More
precisely, for each subset S, and each dimension D, we shall provide upper-bounds for the approximation error
infenmp |8 — sm||? when s € S.

On the one hand, we consider subsets of & introduced in [15], whose definition is inspired from the charac-
terization in terms of wavelet coefficients of balls in Besov spaces. In order to define them, we equip R™ with
an orthonormal wavelet basis, the Haar basis.

Definition 3.2. Let ¢ : R — {—1,1} be the function with support (0, 1] that takes value 1 on (0,1/2] and —1
on (1/2,1]. Let A = U;V::llA(j), where A(—1) = {(-1,0)} and
AG) ={(,k),k=0,...,29 =1}, for j=0,...,N — 1.

If X\ = (—1,0), ¢» is the R™-vector whose coordinates are all equal to 1/y/n.
If A= (j, k), where j # —1 and k € A(j), ¢ is the R"-vector whose ith coordinate is

0 2 2L k), fori=1
ANi= —F— - = , ore=1,...,n.
)

The functions {¢x}rea are called the Haar functions. They form an orthonormal basis of R™ called the Haar

basis.

Any element t € .#(r,n) can be decomposed into

N-1
t= Z Z Broa

J=—1XeA())
where, for all A € A, 3, is the column-vector in R” whose [th coefficient is ﬂgl) = <t(l), Ox)n, for L =1,... 7. So,

we improperly refer to the 3\’s as the wavelet coefficients of t. Besov bodies are then defined as follows.

Definition 3.3. Let o > 0, p > 0 and R > 0. The set composed of all the elements t € .#(r,n) such that

| [N 1/p
% ( Z 9ip(a+1/2-1/p) Z |5/\|£> <R,

j=0 AEA(F)
where, for [ =1,...,7, 5/(\” = (t®, ), is denoted by ZB(a,p, R) and called a Besov body. The set of all the
elements of & that belong to #(«, p, R) is denoted by ZZ2(«, p, R).
We also consider subsets of &2 whose definition is inspired from functions of bounded a-variation.

Definition 3.4. Let o > 0 and R > 0. For t € .#(r,n), let

i e}
Va(t) = sup sup {ZItxjtzjllli/a}~

1<i<n—1 ro<...<T§ 1
s.t. 1<zg<z;<n ~J=
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The set composed of all the elements t € .#(r,n) such that V,(¢) < R is denoted by ¥ (a, R). The set of all
the elements of & that belong to ¥ (a, R) is denoted by ¥ #(a, R).

Notice that, for all t € 4 (r,n), when a > 1,

Va(t) = { Dot - tz'1||71-/a}
1=2

so that V,(t) may be interpreted as the £; /,-norm of the “jumps” of ¢.
For a wide range of values of the parameters (o, p, R) or («, R), we are able to bound the approximation
errors appearing in (3.5) uniformly over B («, p, R) and ¥ Z(a, R).

Theorem 3.5. Letp € (0,2], « >1/p—1/2 and R > 0. For all s € P (c,p, R) and all D € {1,...,n}, there
exists a partition m € M such that D, = D and

s — sml|> < C(a,p)nR*D 2>,

That result will be proved in Section 6.

Theorem 3.6. Let o > 0 and R > 0. Let k() = (1 — 2704200/ /(1 — 2=1/C2)) " For all s € ¥ P (v, R)
and all j € {0,...,N}, there exists a partition m € M such that 1 < Dy, < k1(a)2? and

s — sm||*> < C(a)nR*272%,

Proof. The proof of Proposition 3 in [6] can be readily adapted to our framework, whatever a > 0. In the proof
of that proposition, the assumption a € (0, 1] is only used to bound k;(a) and C(«). O

Let us now come back to our initial problem, that is comparing the performance of 5 with that of any other
estimator of s. For & > 0, p > 0 and R > 0, the minimax risk over Z2(«, p, R) is given by

Ra(o,p,R) =inf  sup  Eg|ls — 3|
S s€BP(a,p,R)

where the infimum is taken over all the estimators § of s. We denote by Ry (o, R) the minimax risk over
¥V P(a, R). Thanks to the above approximation results, we obtain, as stated below, that, for a whole range of
values of (a, p, R) or (a, R), the estimator § reaches the minimax risk over B («, p, R) and ¥ & («, R) within
a multiplicative constant. Therefore, § is adaptive in the minimax sense not only over the same range of Besov
bodies as the ne H-estimator (cf. [15], Cor. 4) but also on a wide range of sets in the scale {¥ 2 (o, R) }a>0,r>0-

Theorem 3.7. For all p € (0,2] and a > 1/p —1/2, if n='/2 < R < n®, then

sup E, [Hs - §||2] < C(ep,,p)Rez(a, p, R).
SEBP(a,p,R)

For all a > 0, there exists a real ko(a) € (0,1) such that, if R >n"'? and R < ka(a)n®, then

sup  E,[||ls — §[I°)] < C(co,a)Ry(a, R).
s€V P(a,R)

Proof. Let us fix p € (0,2],a > 1/p—1/2 and n=*/? < R < n®. Combining inequality (3.5) and Theorem 3.5
leads to

sup E,[||s — 5/*] < C(co,,p) inf {nR*D7** + D}. (3.6)
€ BP(0p,R) 1<D<n
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In order to realize approximately the best trade-off between the terms nR?D 2% and D, which vary in opposite
ways when D increases, we choose D as large as possible under the constraint D < nR?D~2%. Let us denote
by D* the largest integer D such that D < (nRQ)l/(HQa). One can easily check that, given the hypotheses
linking n and R, D* does belong to {1,...,n}. Since 2D* > (nR?)/(1+2%) we deduce from inequality (3.6) the
upper-bound

sup By [||s = 5]1°] < Cleo, a,p)(nR?)Y Y,
SEBP(a,p,R)

The matching lower-bound for the minimax risk over Z%(a, p, R) is proved in [15] (Thm. 3).
In the same way, for @ > 0 and n='/2 < R < n®, we get

sup B, [||s — 5[] < Cl(co, @) (nR?)Y etD).
s€¥ P(a,R)

The definition of ks () and the matching lower-bound for the minimax risk over ¥ #(a, R), for /2 < R <
ka(a)n®, are given in Proposition 7.1.

O

3.3. Computing the d-estimator

Since the penalty only depends on the dimension of the models, we denote by pen(D) the penalty assigned
to all models in Mp, for 1 < D <n. A way to compute § could rely on the equality

. . 2 _ . . & 2
i (X =8l +pent)} = i { i 1X —dnlP +peniD)}

We should thus compute the best estimator for each dimension D € {1,...,n}, and choose one among them
by taking into account the penalty term, as in [19] (Chap. 3) or [9]. But, even with Bellman’s algorithm, that
requires polynomial time. Here, we shall see that we can avoid such a computationaly intensive way by taking
advantage of the form of the penalty.

Let us express more explicitly the criterion to minimize. The dyadic intervals of a given partition m € M are
denoted by {i,...,ixt1 — 1}, k=1,...,Dp, with 1 =4y <iy... <ip,+1 =n+1. Forall 1 <k < D,,, any
column of §,, whose index belongs to {if,...,ix11 — 1} is equal to the mean X (i), : ix11) of the columns of X
whose indices belong to the interval {ig,...,ix+1 — 1}. Owing to the form of the penalty, and to the additivity
of the least-squares criterion, the whole criterion to minimize breaks down into a sum:

D,
1X = 8|1 + pen(m) = Y L(ix, ir41), (3.7)
k=1
where, for all 1 < k < D,,,
ipt1—1 -
Llig,igrr) =co+ D X = X(ix :inr)ll7-
i=i

By comparison with the method suggested in the previous paragraph, we are left with only one minimization
problem, with no dimension constraint, instead of n. We now turn to graph theory where our minimization
problem finds a natural interpretation. We consider the weighted directed graph G having {1,...,n + 1} as
vertex set and whose edges are the pairs (4, j) such that {7,...,j — 1} is a dyadic interval of {1,...,n} assigned
with the weight L£(7, 7). We say that a vertex j is a successor to a vertex i if (7, j) is an edge of the graph G and
we associate to each vertex i its successor list I';. For all 1 < D < n, a D + 1-uple (i1,142,...,ip41) of vertices
of G such that 11 = 1, ipy+1 = n+ 1 and each vertex is a successor to the previous one, will be called a path
leading from 1 to n + 1 in D steps. The length of such a path is defined as Zszl L(ik,ik+1). Determining m
thus amounts to finding a shortest path leading from 1 to n + 1 in the graph G. That problem can be solved
by using a simple shortest-path algorithm dedicated to acyclic directed graphs, presented for instance in [10]
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TABLE 1. Algorithm for computing 5.

Step 1: Initialization
Set d(1) =0 and p(1) = +oo.
Fori=2,...,n+1,

set d(i) = 400 and p(i) = +oo.

Step 2: Determining the lengths of the shortest paths with origin 1
Fori=1,...,n,
for j € Iy,
if d(j) > d(i) + L(i, j),
then do d(j) < d(i) + L(i,j) and p(j) < i.

Step 3: Determining a shortest path P from 1 ton + 1

Set pred =p(n+1) and P = (n+ 1).

While pred # +oo,
replace P with the concatenation of pred followed by P,
do pred < p(pred).

Step 4: Computing the d-estimator
Set D = length(P) — 1.

Fork=1,...,D,
fori= P(k),...,P(k+1)—1,

set §; = X(P(k): P(k+1)).

(Sect. 24.2). For the sake of completeness, we also describe it in Table 1. We have to underline that there are
only 2n — 1 dyadic intervals of {1,...,n}. Therefore, the graph G, with n + 1 vertices and 2n — 1 edges, can
be represented by only O(n) data: the weights L£(i, ), for 1 < i <n and j € T';, and the successor lists T';, for
1 < i < n. In the key step of the algorithm, i.e. step 2, each edge is considered only once. When the time comes
to consider the edges with origin 7, the variables d(z) and p(i) respectively contain the length of a shortest path
from 1 to ¢ and a predecessor of i in such a path. Just before the edge (i,7), where j € T';, be processed, the
variables d(j) and p(j) contain respectively the length of a shortest path leading from 1 to j and a predecessor
of j in such a path, based solely on the edges that have already been encountered. Then dealing with the edge
(i,7) consists in testing whether the length of the path leading from 1 to j can be shortened by going via ¢ and
updating, if necessary, d(j) and p(j). What clearly appears from the above description of the algorithm is that
its complexity is only linear in the length n of the sequence.

4. HYBRID PROCEDURE

We shall now apply the previous procedure to the detection of multiple change-points in the distribution s.
Let us give a first glimpse of what can be expected from the d-estimator for that problem. In Figure 1, we
plot the first coordinate function of a distribution s, € .#(2,1024) that is piecewise constant over a partition
with only 3 segments together with the first coordinate of a realization of s,. The value of ¢y has been chosen
so as to minimize the distance between s, and its estimator. If both change-points in s, are indeed detected,
the selected partition, due to its special nature, also points at irrelevant ones. In order to get rid of them, we
propose a two-stage procedure, that we name hybrid procedure. After describing it, we provide an adaptivity
result for that procedure and end this section with computational issues.

In the sequel, we suppose that n > 4. We shall work with the set .# (r,n/2) of r x (n/2) real matrices and
introduce other notation. For all ¢ € .Z(r,n), we denote by t* (resp. ¢°) the element of .#(r,n/2) composed
of the columns of ¢ whose indices are even (resp. odd). We equip .#(r,n/2) with the norm analogous to the
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FIGURE 1. (Color online) First coordinate functions of the distribution s, (thin black line) and
of its d-estimator §, (thick yellow line).

norm ||.|| on .# (r,n). For the sake of simplicity, we also denote by ||.|| that norm on .# (r,n/2). For a partition
m of {1,...,n/2}, we denote by S’ the linear subspace of R™/? generated by the indicator functions of the
intervals I € m and by D/ its dimension. We are now able to describe the hybrid procedure. First, the previous
procedure based on X*® provide us with a random partition of {1,...,n/2} into dyadic intervals denoted by m?°.
Then, we consider the random collection M® of all the partitions of {1,...,n/2} that are built on m°. For each
partition m of {1,...,n/2}, we define the least-squares estimator of s° in R” ® S;, by

$°,, = argmin || X° — t||%.
tER™®SY,

Then we select
i = argmin {[[X° — 5,02 + pen° (m) },
meM®
where the penalty pen® will be chosen in the next paragraph. That partition provide us with the estimated
change-points in the distribution s. As a matter of fact, we define the hybrid estimator 5, of s as the random
r X n matrix whose submatrices composed respectively of columns with even indices and of columns with odd
indices are both equal to s°;0. The application of this procedure to s, is illustrated by Figure 4. Notice that
other ways of splitting the sample could be considered. This one has been chosen for ease of notation.
We obtain the following upper-bound for the risk of 5p,y3.

Theorem 4.1. Let D be the cardinal of m® and pen’ : M* S R* bea penalty of the form
eni° (m) = (cl teln (ﬁ/Djn))D;n, (4.8)
where ¢1 and co are positive. If ¢y, ¢1 and co are large enough, then
E, [lls — Sunll?) < Cleoser, )] int {lls = smll? + D} +11s° = 0]
Thus, if s also satisfies ||s° — s°||> < Ainfpem {||s = sml|> + D }, then
~ . 2
Es [||s — Snyo]|?] < Clco, 1,2, A) mlg/f\/t {lIs = smll* + D }. (4.9)
Inequality (4.9) must be compared with inequality (3.3). In particular, provided s° and s® are close enough, the
adaptivity properties of the hybrid estimator are similar to those of the d-estimator. The constant C(co, ¢1, ¢, A)

in (4.9) is expected to be larger than the constant C(cp) in (3.3), but we will see in Section 5.3 that, in practice,
provided the penalty constants are well chosen, the risk of 553 is not so far from that of 5.
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Proof. Forall1 < D < 13, the number ND of partitions in ﬂ' with D pieces satisfies

= D—1 eD\"”
Ny = < () .
o= (p-1)=(7)
The above inequality results from a property of binomial coefficients that may be found in [21] (Prop. 2.5) for
instance. So the weights defined by

L(D) = In(2¢) + In(D/D), for 1 < D < D,

are such that

D
>~ Npexp(—DL(D)) < 1.
D=1
Moreover, given X®, the penalty pen’ given by (4.8) fulfills the hypotheses of Theorem 1 in [15] provided c;
and cq are large enough. With a slight abuse of notation, for any partition m of {1,...,n/2}, we still denote
by t,, the orthogonal projection of an element t € .Z(r,n/2) on R" ® S/,. Working conditionally to X®, the

collection M® is deterministic, so we deduce from Theorem 1 of [15] applied to the estimator s°0 of s° that
Eeo [|Is° = %m0 |I?IX*] < Cler, e2) [|5° = s5,el|® + pen’ (1i®)]. (4.10)

We recall that the d-estimator of s® is s* = s*,5,.. So, thanks to the triangle inequality, and since an orthogonal
projection is a shrinking map, we get

I5° = siell®* < C(IIs° = s°l* + [|s* — s*[1%).
By definition, D= Dl..,so
ﬁlo(m.) = Clﬁ.

Taking into account the last two inequalities and integrating with respect to X® leads from (4.10) to
Eq[|ls® — 5%mell?] < Cler,c2)|l|s° — s°|1? + Ego [||5* — s°[|*] + Ese (ﬁ)}
Besides, it follows from the definition of 55,; that
s = Bnysll® = lls* = 8% |12 + [|s° = %o |1
Applying the triangle inequality, we then get
lIs = 3yl < C(Ils® = s°11° + [|s° = 8%me[|?)-

Consequently,
E,[|ls — §hyb||2] < Clc1,¢2) [Hs" — 5% + Eqe [Is* — ?Hﬂ + Ese (ﬁ)} (4.11)

Let us denote by M’ the set of all partitions of {1,...,1/2} into dyadic intervals. For the risk of s*, inequal-
ity (3.3) provides

E. [||s® — s*||?] < C inf *—s* >+ D 1. 4.12

[lls* = s*"] < Cleo) inf {lls® = s7.l° + Dpy } (4.12)

~

In order to bound the term Ese (D), we need to go back to the proof of Theorem 1 in [15] (Sect. 8.1). As already
seen during the proof of Proposition 3.1, we can choose a positive constant L such that ) . exp(~LD;,) < 1.
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Let us fix a partition m € M’ and £ > 0. Using the same notation as in [15], we deduce from the proof of
Theorem 1 in [15] that there exists an event {d¢(m) such that Pge (Q¢(m)) > 1 — exp(—¢&) and on which

coD < C1|s* — 55,112 + Ca(co) Dl + C3D + C4€.

Therefore, if ¢y > C3, then
D < Cleo)(lIs* = sl + Dy, + ).
Integrating this inequality and taking the infimum over m € M’ then yields

E. (D) < C(co) inf | {lIs* = st | + Di, ). (4.13)
Moreover, one can check that

inf *_ s 2+ D V< inf - 24+ D). 4.14
nf {ls" =P+ Dy} < inf {lls = sl + Do} (4.14)

Combining Inequalities (4.11) to (4.14), we finally get
E,[||s — 8nys]|2] < Clco, 1, [07.2 inf meDm] 0
[lls = Snyl?] < Clco,er,e2) [[Is° — s°|| +mHelM{HS sml|* + D }

Regarding the computation of 55,3, we know from Section 3.3 that determining s* only requires O(n) compu-
tations. On the other hand, since pen® is not linear in the dimension of the models, ° has to be determined
following the method suggested at the beginning of Section 3.3 and using Bellman’s algorithm. Thus, the sec-
ond stage requires O(D?) computations. However, if s belongs to Z2(a, p, R) or ¥ Z(a, p, R), it follows from
Inequalities (4.13) and (4.14) and the proof of Theorem 3.7 that the expectation of D is of order n'/(1+20),
In such a case, the second stage of the hybrid procedure is thus expected to require much less than O(n?)

computations.

5. SIMULATION STUDY

In the previous sections, our main concern has been to propose a form of penalty yielding, in theory, a
performant estimator. In this section, we study some practical choice of the penalty for each procedure. Besides,
we compare the d-estimator with the neH-estimator proposed in [15] on several simulated examples. We also
compare on a DNA sequence our hybrid procedure with that based on CART (¢f. [19]) and that based on the
neH-procedure (cf. [15], Sect. 7).

5.1. Choosing the penalty constant for the d-estimator

We have examined some examples for r = 2 and r = 4, with different values of n = 2. For r = 2, the
distribution s is entirely determined by its first coordinate function, that is the only one to be plotted (cf.
Fig. 2). For r = 4, examples s4 to sy are plotted in Figure 3 (left column).

As already said in Section 3.1, the d-estimator has been designed for satisfying an oracle inequality, what it
almost does according to Proposition 3.1. Therefore, the risk of the oracle, i.e. inf,,ea Es [Hs — §m||2}, serves
as a benchmark in order to judge of the quality of 5, and also of the quality of a method for choosing a penalty
constant. The different quantities introduced in the sequel have been estimated over 500 simulations. Denoting
by 3(c) the d-estimator when ¢y takes the value ¢, we have first estimated

c*(s) := arg{nin Es[|ls — §(c)||2],

where, in practice, we have varied ¢ from 0 to 4, by step 0.1, and from 4 to 6 by step 0.5. We plot in Table 2
an estimation of ¢* and the ratio Q* between an estimation of E[||s — §(c*)||?] and the estimated risk of the
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F1GURE 2. (Color online) Left column: first coordinate functions of s (thin black line) and §
(thick orange line) for s € {sq, sp, sc}; Right column: first coordinate functions of s (thin black
line) and $,cp (thick green line) for s € {s4, Sp, Sc }-

TABLE 2. Performance of the d-estimator for different choices of the penalty constant.

S r| N c* Q* Ej 0 Qj
Sqe || 2110 1.7]124]19]0.2]|27
sp ||2]110|1.7]11.9]20]0.2]2.1
Se||21131221.7(20]0.1]1.8
Sqg||4110] 21141240214
Se ||4112 12513 23]0.1]1.3
spl 4132713250113

oracle. In view of the results obtained here, it seems difficult to propose a value of ¢y that would be convenient
for any s. Therefore, as in [15], Section 8, we have tried a data-driven method, inspired from results proved by
Birgé and Massart in a Gaussian framework (cf. [7]). Given a simulation of (Y71, ...,Y,), the procedure we have
followed can be decomposed into three steps:

e determine the dimension D(c) of the selected partition for each value ¢ of the penalty constant ¢y, where
¢ increases from 0, by step 0.1, until D(c) = 1;
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TABLE 3. Comparison between the d-estimator and the neH-estimator.

s || r| N || riskg | riskpes | riskg/riskpen | timeg/time, e
Sq || 2110 11.5 16.4 0.7 8.6
sp || 2] 10 22.1 26.5 0.8 1.1
Se |1 2] 13 40.2 36.2 1.1 0.5
sq || 4110 | 14.0 194 0.7 1.2
Se || 4] 12| 18.3 23.8 0.8 0.6
sp|l41]13| 33.0 37.7 0.9 0.3

e compute the difference between the dimensions of the selected partitions for two consecutive values
of ¢y and retain the value ¢ corresponding to the biggest jump in dimension under the constraint
b(é) < Dpax, where Dy .y is a prescribed maximal dimension;
e set ¢; = 2¢ and compute the d-estimator with pen(D) = ¢é;D.
Here we have taken Dp.x = 60 when N = 10, Dyax = 200 when N = 12 and Dy, = 300 when N = 13. We
give in Table 2 the ratio @); between the estimated risk of s for that procedure and the estimated risk of the
oracle. We also give estimations of the mean value and standard-error of ¢;, denoted respectively by ¢; and o;.
One realization of each d-estimator computed with that method is plotted in Figures 2 (left column) and 3
(center column).

Let us analyze the results of the simulations. The data-driven method really seems to adapt to the unknown
distribution s: in terms of risk, it is almost as good as if we knew the constant that minimizes the risk of s.
Let us now compare the different values of @Q* (or Q;). As foreseen by the oracle-type inequality (3.4), the
ratio between the risk of the d-estimator and that of the oracle depends on s. In particular, the ratios @* or
Q; reach their highest value for s,. It should be noted that the first coordinate function of this example takes
values very close to 1 on a large segment (cf. Fig. 2), a critical case according to the oracle-type inequality.
However, for all examples studied here, the values of those ratios remain quite low, inferior or close to 2, except
for s,.

5.2. Comparing the d-estimator with the neH-estimator

For examples s, to s¢, we have realized 500 simulations of the d-estimator and the neH-estimator, using
a data-driven penalty (cf. [15], Sect. 8, and the previous paragraph). We provide in Table 3 the estimated
risks of each procedure, denoted by risky and risk,.gz. Thanks to MATLAB “tic” and “toc” functions, we have
measured the computational time of those 500 simulations for each estimator, denoted by time; and time, .
The ratio of those computational times is given in Table 3. The neH-estimators of examples s, to s¢ are plotted
in Figures 2 and 3 (right columns).

Those results confirm that both procedures have about the same quality of estimation, with a slight advantage
though for the d-procedure for almost all the examples. As to their computational time, let us recall that the
neH-procedure requires O(n In(n)) computations, against only O(n) for the d-procedure. That difference clearly
appears through our simulations. The d-estimator seems faster to compute if n is large enough, and else requires
roughly the same computational time as the neH-estimator. The only exception here occurs with s,, but 500
simulations of 5, can be computed within a few minutes only.

5.3. Choosing the penalty for the hybrid procedure

For the first stage of the hybrid procedure, the d-estimator has been computed using the data-driven penalty.
For the second stage, the practical choice of an adequate penalty is more delicate, since the theoretical penalty
depends in this case on two constants and on the dimension D of the partition selected during the first stage.
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TABLE 4. Comparison between the hybrid estimator and the d-estimator.

S || D | Dy | Dhyb || Qhyb:d
sall 3] 95(33) |29(04)] L6
sy || 8 [16.1(3.1) | 4.5(1.0) || 1.6
sal 5] 8920 |3008)] 1.7
se || 51123214911 || 17
1 1
0.8t 0.8l
0.6¢ — 0.6} _
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FI1GURE 4. (Color online) First coordinate functions of s (thin black line) and §, (thick yellow
line) for (a) s = s, and (b) s = sp.

Since those two constants seem difficult to determine, we have assigned to all partitions of {1,...,n/2} into D
intervals the penalty
pen’(D) = AD.

The value of B is determined once again according to the same process as ¢é; (¢f. Sect. 5.1), varying the value of
the constant by step 1, and taking Dyax = D. Since that penalty is a linear funtion of D, the second stage of the
hybrid procedure can be implemented in that case with the same algorithm as the d-procedure (¢f. Sect. 3.3).
As the graph associated with all the partitions built on a partition with D intervals has (’)(ﬁQ) vertices, the
second stage thus requires (’)(ﬁQ) computations, instead of (’)(ﬁ3) if we had used a penalty with two constants.

We have tested the hybrid procedure on examples s,, sp, sq and s.. The hybrid estimators of these examples
are plotted in Figures 4 and 5. In order to draw a comparison between the hybrid procedure and the d-procedure,
we give in Table 4 the following information for distributions s,, sp, sq and s, still computed over 500 simulations.
We first recall the dimension D of the partition on which s is built. Then we indicate the estimated mean of
the dimensions Dd and Dhyb of the partitions selected respectively by the d-procedure and the hybrid procedure
with data-driven penalties, and give between parentheses their estimated standard errors. We also give the
ratio Qnyp:a between the estimated risk of the hybrid estimator and the estimated risk of the d-estimator. The
estimated means of Dhyb and Dd indicate that the dimension of the partition selected by the hybrid procedure
is much closer to the true one. Moreover, Figures 4 and 5 show that the most significant change-points are still
detected and quite close to the true ones, and that irrelevant change-points are much fewer with the hybrid
procedure. The only price to pay is an increase in risk, but only by a factor of the order of 2.

5.4. Application to the segmentation of a DNA sequence

A DNA sequence of length n can be considered as a realization of a n-uple (Y7,...,Y;,) of independent
categorical variables with values in {1, ..., 4}, when coding the set of bases {A,C,G,T} by {1, ...,4} for instance.
We have tested our hybrid procedure on a DNA sequence taken from the Bacillus subtilis genome. The whole
genome of that bacterium (available on the NCBI website, under accession number NC_000964 in the Genome
database) is composed of two complementary strands, each counting approximately 4 millions of bases. We
have applied our procedure on the DNA sequence composed of the first 22! =2 097 152 bases of the strand
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FIGURE 5. (Color online) Coordinate functions of s (thin black line) and §p,p (thick yellow
line) for (d) s = s4 and (e) s = se.

usually referred to as the (4) strand. For the sake of readability, we only represent in Figure 6, realized with
MuGeN software [18], the genes corresponding to the first 178 000 base pairs (bp) of B. subtilis genome. We
shall mainly distinguish between two kinds of genes: those coding for proteins and those coding for structural
RNA. The first ones are represented by cyan or magenta arrows, depending on their orientation, an unfilled
arrow indicating that the protein function is still unknown. The other ones are represented by red arrows if they
code for ribosomal RNA (rRNA), dark blue arrows if they code for transfer RNA (tRNA), and by an empty box
if they code for a small cytoplasmic RNA (scRNA). The rest of the sequence corresponds to intergenic regions,
that do not contain any gene.

Let us first analyze our results for the subsequence represented in Figure 6. Our hybrid procedure delineates
19 segments: in Figure 6, the 18 corresponding change-points are represented by the highest vertical bars,
and numbered from 2 to 19 so that the number ¢ indicates the beginning of the ith segment. The estimated
proportions of bases A,C,G,T in each segment are given in Table 5. Segments 2, 8, 12 and 18 clearly correspond
with the 4 regions of the sequence composed at the same time of genes coding for rRNA and of genes coding for
tRNA. Table 5 shows that these segments have almost the same composition, that differs from the composition of
any other segment. Segments 3, 5, 16 and 17 correspond with 4 regions mainly composed of protein coding genes
oriented in the negative sense. We detect all such regions except for the smallest one of about 300 bases (near
45 000 bp). All the other segments are mainly composed of protein coding genes oriented in the positive sense.
In particular, segment 15 includes all the genes known to code for ribosomal proteins. Let us also underline
that segments 9 and 13 have similar compositions and are both situated just after one of the 4 segments coding
for rRNA and tRNA. But, as the function of the protein coded by gene csfB in segment 9 is unknown, we do
not know whether such similarities are related to a biological feature.

Let us now compare our results to the aforementionned procedures. The hybrid procedures based on CART
and on the neH-procedures have been tested on the subsequences composed respectively of the first 200000
bases of B. subtilis (+) strand in [19] (Sect. 7.2.3) and of the first 22! bases of that same strand in [15] (Sect. 7.2).
In Figure 6, the resulting change-points are represented by the smallest vertical bars, numbered from 2 to 10,
for the former procedure, and by the medium height bars, numbered from 2 to 17, for the latter procedure.
As [19] and [15], we detect all the regions composed of genes coding for rRNA and tRNA. We recover the same
changes of orientation as [15], except for the shortest region, and also detect another change (near 160 000 bp).
The 15th segment obtained with our dyadic based hybrid procedure can be compared with the 13th segment
obtained by [15], that contains all genes known to code for ribosomal proteins except for the one following gene
sigH. Consequently, as [15], we slightly improve on the results obtained by [19]. Besides, unlike [19] or [15], we
detect two segments that might be relevant to the biologist. Moreover, our method is expected to be the fastest
since its first stage has the lowest computational complexity.
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FIGURE 6. (Color online) Annotation of the first 178 000 base pairs (bp) of B. subtilis genome,
and change-points detected by the hybrid procedures based on CART (small bars), on the
neH-procedure (medium bars) and on the dyadic procedure (tall bars). Protein coding genes
are represented by cyan or magenta arrows, depending on their orientation, unfilled when the
protein function is unknown. Red and dark blue arrows represent genes coding respectively for

16| 17 18

rRNA and tRNA. The empty box stands for a gene coding for scRNA.
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TaABLE 5. Estimated proportions of bases A, C, G, T (in percentage) in the 18 first segments
obtained by applying our hybrid procedure to B. subtilis (+) strand.

Segment | 1 2 3 4 5 6 7 8 9 10
Begin | 1 | 9730 | 14850 | 16386 | 22530 | 26626 | 29698 | 30210 | 35330 | 35842

A 32| 26 30 31 27 33 30 26 37 33

C 22| 31 18 25 22 24 22 30 19 23

G 26 | 21 33 26 31 24 33 21 29 26

T 20| 23 18 18 20 18 15 23 15 18

Segment 11 12 13 14 15 16 17 18
Begin | 49154 | 90114 | 101378 | 102402 | 114690 | 158722 | 159746 | 160770
A 31 26 37 31 31 24 26 26
C 24 30 20 25 23 20 21 30
G 26 22 27 26 27 40 34 21
T 19 22 16 18 19 17 19 22

Let us end with a comparison of our results with those obtained in [22] by using hidden Markov chain models
on the whole (+) strand of B. subtilis genome. At the level of gene detection, our procedure, that relies on
the assumption that the bases are independent, cannot rival with that used in [22]. But we can compare the
biological features of the groups of genes that our procedure highlights with those associated with the hidden
states of the most complex model fitted by [22] (see their Fig. 3). Our method does not seem to detect neither
intergenic regions and protein coding genes having a similar composition (called atypical genes in [22]), nor genes
coding for hydrophobic proteins. But we detect the other four features, since we delineate large groups of genes
coding for structural RNA, groups of protein coding genes with negative orientation, groups of protein coding
genes with positive orientation, and among them the group of genes coding for ribosomal proteins, described
in [22] as the main region composed of highly expressed genes. Notice also that the distinction between those
four features is not made by any of the less complex models tested by [22].

6. PROOF OF THE APPROXIMATION RESULT OVER BESOV BODIES

This section is devoted to the proof of Theorem 3.5, that extends the approximation result of DeVore and
Yu [14] (Sect. 3) to the approximation of R"-valued functions defined on {1,...,n} by piecewise constant
functions. For r = 1, that extension simply results from [14] (Cor. 3.2) and Proposition 6.5 (¢f. Sect. 6.2),
which is not the case anymore for r > 2. We first describe the approximation algorithm adapted from [14].
Then, we give the main lines of the proof and also demonstrate the key result, which is a direct consequence of
the approximation algorithm. The proofs of more technical points are postponed to the next subsections.

6.1. Approximation algorithm

Let us fix p € (0,2], « > 1/p—1/2, R>0and D € {1,...,n}. In order to prove Theorem 3.5, we look for
an upper bound for

inf |t — tp?
mg/l\/lp [ ml
uniformly over t € #(a, p, R). Let I be a dyadic interval of {1,...,n}. The restriction of the norm ||.|| to I is

denoted by ||.||r. Let U be the linear subspace of R™ generated by the vector (1...1), we denote by E(¢, I) the
error in approximating ¢ on I by an element of R" ® U, i.e.

&(t,1) = inf t—clr.
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Besides, both intervals obtained by dividing I into two intervals of same length are called the children of I.
The algorithm proposed by DeVore and Yu [14] (Sect. 2) proceeds as follows. We fix a threshold e > 0. At the
beginning, the set Z' (¢, €) contains [y = {1,...,n}. If & (t, I(o,o)) < ¢, then the algorithm stops. Else, I(g 0
is replaced in the partition Z'(¢,€) with his children, hence a new partition Z?(¢,¢) of {1,...,n}. In the same
way, the kth step starts with a partition Z¥(¢,¢) of {1,...,n} into k dyadic intervals. If Supezit,e) E2(t, 1) < e,
then the algorithm stops, else an interval I such that & (t,I) > € is chosen in Z¥(t,¢) and replaced with his
children, hence a new partition Z¥*1(¢,¢) of {1,...,n} into k + 1 dyadic intervals. The algorithm finally stops,
giving a partition Z(¢,€). Denoting by S(¢,¢€) the linear space composed of the functions that are piecewise
constant on Z(t,€), the approximation A(t,€) of ¢ associated with this partition is defined as the orthogonal
projection of ¢ on R” ® S(¢,€). So, the approximation error of ¢ by A(t, €) satisfies

lt— At OlP= > (&(t,1)* < |Z(t, )l

I€Z(t,e)

For any € > 0 such that the algorithm stops at the latest at step D, the approximation of ¢t that we get belongs
to the collection {R” ® S, } e, Therefore

nf =t < [T( 0l

Let us denote by Ep(t) the infimum of |Z(, €)|e® taken over all € > 0 satisfying |Z(¢,€)| < D. This is in fact the
quantity that we shall bound, as indicated in Theorem 6.1 below.

Theorem 6.1. Let p € (0,2], « >1/p—1/2 and R > 0. For all D € {1,...,n} and t € B(«a,p, R),
Ep(t) < C(a,p)nR2D 2>,
We then get Theorem 3.5 as a straightforward consequence of Theorem 6.1.

6.2. Proof of Theorem 6.1: the main lines

We shall prove Theorem 6.1 by following the path of DeVore and Yu in [14] (Sect. 3). Here are the notions
and notation that we will need along the proof. Let p > 0, « > 0 and t € .#(r,n). For every subset I of
{1,...,n}, let

1/p
— 3 _ p
&) = inf (Sl -ol)

kel

We define the vector t#®? in R™ whose coordinates are

tg’a’p _ SIUP |I|—(a+1/p)gp(t, I), fori=1,...,n,
B

where the supremum is taken over all the dyadic intervals I of {1,...,n} that contain i. We denote by ||.||¢,
the (quasi-)norm defined on R™ by
n 1/p
fulle, = (3 i)
i=1

(that is a norm only for p > 1) and by ||.||¢, s its restriction to a subset I of {1,...,n}. We define on R" the
discrete Hardy-Littlewood maximal function M, by

(Mp(u)), = sup =Y ulle, 1, fori=1,...,n,
I>i
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where the supremum is taken over all the dyadic intervals I of {1,...,n} containing i. Last, we recall that
every vector u € R™ is identified with the function u : i € {1,...,n} — w;, hence the meaning of notation such
as u < wor u?, forueR"” veR"and g > 0.

The beginning of the proof directly results from the way the algorithm works out. A dimension D being fixed,
choosing € > 0 as small as possible such that the algorithm generates a partition with at most D intervals leads
to a first comparison between the quantities £p(t) and D~2%, without making use of any particular hypothesis
on t.

Proposition 6.2. Let a > 0 and p(a) = (o +1/2)7L. For all D € {1,...,n} and t € A (r,n),

Ep(t) < C(a) |27 D=2,

p(o

Proof. If t#:%2 = 0, then, whatever € > 0, & (t, I(o,o)) <€, 80 Ep(t) = 0, which completes the proof in that case.
Let us now assume that t#®?2 is non-null, and let € > 0. If & (t,I(O’O)) <'e, then |Z(t,e)] = 1. Else, let I be a
dyadic interval that belongs to Z (¢, €), then I is a child of a dyadic interval I such that

€< & (t, I~)
Using the definition of t#*2, we get, for all i € I,
E(t, 1) < |T|*H/2 b2,
Since I C I, [I| = 2|I| and p(a) = (o +1/2)~1, the last two inequalities lead, for all i € I, to
€ < Ql/p(a)|1|1/p(a)t§7a,2,
hence
@) <937 (o)™

icl
Then we deduce by summing over all the intervals I in the partition Z(¢,€) that

[Z(t,e)] < 22| ) erle,

Whether &;(t,1(o,0)) < € or not, by choosing e = 21/P(@)||¢he:2||,
contains at most D elements and satisfies

D=1/P(®) " we get a partition Z(¢,¢) that

p(a)

2

[Z(t, Ol < D -2P2/r@) 2}

As p(a) = (a +1/2)71, we conclude that

Z(t,€)|e? < 4oF1/2|he2)?  p-2or O

p(a)

The proof of Theorem 6.1 now relies upon three inequalities. The first one allows to draw a comparison between
Ep(t) and D2 via a term that does not depend on t#*2 anymore but on theor(@) Tt is the discrete analogue
of a particular case of Theorem 4.3. of [13].

Proposition 6.3. Let a > 0 and p(o) = (o +1/2)7L. For allt € #(r,n),

4% < C(a) My(a) (t27).
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For a > 0, p(a) = (a +1/2) Y and D € {1,...,n}, Propositions 6.2 and 6.3 immediately lead to

Ep(t) < C(0)|| Mp(ay (47 @)|[2 D=2,

p(a)

Let us now fix p € (0,2]. By Jensen’s inequality, we have

[ Moy (5P D)]], <t POTVRI M ) (2P |,

pla) P

and
tﬁyaﬁp(a) < tﬁ,aﬁn,

hence )
Ep(t) < C(a)”2(a+1/2_1/p)HMp(a)(tﬁ’am)He D72,

The following maximal inequality (inequality (6.15) below) ensures a control of u over its maximal functions. It
is in fact the discrete version of the Hardy-Littlewood maximal inequality, that may be found in [4] (Thm. 3.10,
p. 125).

Proposition 6.4. Let ¢ > 1. For all u € R™,
[My(u)le, < Clg)lulle,-
Since the maximal function Mg, ¢ > 0, is related to M; by the property
M (u) = (My(u?))"?, for all u € R™,
Proposition 6.4 yields, for all » > ¢ > 0 and u € R",

([ M (u)

Ly < C(Ta Q)Hu

0, (6.15)
Thus, when applied with u = t#*? r = p and ¢ = p(a), this inequality leads to

Ep (t) < C(Oz,p)nQ(a+1/2_1/1’) ||t?i70z,p|

2 —2a
epD .

Last, Proposition 6.5 below provides the adequate control of the £,-(quasi-)norm of t#“P by the size of the
wavelet coefficients of ¢ and allows to complete immediately the proof of Theorem 6.1.

Proposition 6.5. Letp € (0,2] and o > 1/p—1/2. For allt € 4 (r,n),

N-1 1/p
||tﬁ7aﬁp||€p < C(a,p)nf(oﬂrl/%l/p) < Z 9ip(a+1/2—1/p) Z |5/\|$> ,

7=0 AEA())

where, for all A € A, By is the column-vector of R" with lth line ﬁg\l) = (W, px\)p, forl=1,...

6.3. Proof of Proposition 6.3

The proof of Proposition 6.3 mostly relies on a lemma that we demonstrate after introducing some notation.
Let I be a dyadic interval of {1,...,n}, t € #(r,n), and p > 0. By a compactness argument, there exists at
least one vector in R”, denoted by v, (¢, I), satistying

it = (X I = wyte D) "

kel
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We define the vectors u,(t,I) and t#*PI in R" whose coordinates are null outside of I and given otherwise
respectively by
(up(t, 1)), = |t = vp(t, I)||, foriel,

and
tg’a‘p’l = sup |J|7@FYPIg (t,]), forie 1,
IDJ>i
where the supremum is taken over all dyadic intervals J of {1,...,n} that are contained in I and contain i.

Last, for u € R", we denote by u* its decreasing rearrangement, i.e. the R"-vector satisfying
wy >uy > ... 2wy and {u;1 <i<n}={|lu|;1<i<n}

Lemma 6.6. Let a >0, p > 0 and t € .#(r,n). Let I be a dyadic interval of {1,...,n} containing at least
two elements. For all j € {1,...,]I]/2},

111/2
(“p(tal)); < C(a,p)( Z kafl(tﬁ,a,p,l)z + 5 (tﬁ,a,p,1)2>.

k=j

Proof. Wefix j € {1,...,|I|/2}. Let E be the set composed of all the indices i in {1, ...,n} satisfying (t#:*P1); >
(tﬁvo"p’f);. As |E| < j — 1, we only have to prove that

111/2

(up(t, 1)), < Cla,p <Z ot (hend +j“(tﬁ’o"”’1);> (6.16)

for all the indices i € {1,...,n}, except maybe for those belonging to E. Consider ¢ € {1,...,n} such that
i¢ E. Ifi¢lI, then (up(t, I))Z = 0, so inequality (6.16) is trivial. Suppose now that ¢ € I and i ¢ E, and let
{I;}1<i1<m be the sequence of dyadic intervals defined by

I = I, Ij4; is the child of I; containing ¢, and I,, = {i},

where m > 2 because |I| > 2. Notice that, for all I € {0,...,m — 1}, [I;41] = 27YI|. Let ¢ be the strictly
positive integer such that

2~ 1| < 5 <2791
That definition implies, in particular, that 27|I| > 1, hence ¢ < m. From the triangle inequality,

q
(up(t, 1)), <D Nt i) = op (8, 1)1 + Z lvp(t, I—1) = vp(t, 1) ||, (6.17)
=2 l=q+1

with the convention that the first sum in inequality (6.17) is null for ¢ = 1. Let us fix [ € {2,...,m} and
determine an upper-bound for the term |vp(t, I;—1) — vp(¢, I)||». We recall that I; C I;_; and |I;_1| = 2|I;|.
Besides, for all p > 0, the (quasi-)norm |||/, satisfies a triangle inequality within a multiplicative constant C(p),
where we can take C(p) = 1 for p > 1, and C(p) = 2/? for 0 < p < 1. Therefore, we get

lop(ts 1) = vp(t, 1) e < CEITITP(Ep(t, Tr) + (8 11)),

which leads to
llop(t, i—1) — vp(t, L) |» < Cla, p)|L|* mmtuo‘pl (6.18)
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Let us bound the first sum appearing in (6.17). For all I € {2,...,m}, we have

. * .
mlntﬁkvohpaI S (tﬁya»P’I) ; = min (tﬁ »0,P;s )k’
kel Ll 1 <k<|n|

and, as ;41| = |1;]/2,

|1 |11
|Il|0‘:C’(a)/ 2z <Cla) Y kT
|

Ll k=|I141]

Consequently, when ¢ > 2, inequality (6.18) yields

q |11

ZvatIll —up(t, 1) |\T<C’apz Z kaltﬁ’””)
1=2 k=|I141]
111/2

Clawp) Y ke ()
k=j

Regarding the second sum appearing in (6.17), we now use inequality (6.18) combined with the following
remarks. For all [ such that ¢ + 1 <1 < m, we have mingey, ti’a’p’l < tg’o"p’I, since I; contains i, and we recall
that |I;] = 2= (=Y |I|. Therefore,

S lpltTie) = vt ) < Clan gl (E0T), 32 2700
l=q+1 l q+1
Furthermore, remember that 2~ (@+1|I| < j and i ¢ E, so we finally obtain
Z lvp(t, Li-1) — vp(t, I)l» < Cla,p)j* (tﬁ’a’p’I);-
l=q+1

We have thus proved inequality (6.16) and Lemma 6.6. O

Let us now prove Proposition 6.3. Let a > 0, p(a) = (a +1/2)7!, t € .#(r,n) and i € {1,...,n}. From the
definition of & (t, I) for a subset I of {1,...,n}, and due to the fact that & (¢, {i}) = 0, we have

12 < sup 177 a8 1) o,
=X

where the supremum is taken over all the dyadic intervals I of {1,...,n} that contain 4, except for {i}. We fix
such an interval I. The sequence {(up(a) (t, I));}1<j<n decreases and is null for j > |I] + 1, hence

171/2 )
i (8. D7, < QZ ( tp(a) (t, 7)) ) :

For 0 < p,q < +oo, we denote by |.|¢, , the Lorentz (quasi-)norm defined on R™ by

1/q
||u||em—(Zz @)
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For all subset I of {1,...,n}, we denote by |.||¢
allu € R” and 0 < p,q < +0o0,

1 the restriction of ||.||¢, , to I. In particular, notice that, for

p,q»

lulle,, = llulle, and f[u*lle, , = llulle,,-

From Lemma 6.6 and the definition of p(«), we get

11/2 11/2 A\ o
lupe & D2, < (a)< St (j” > k“l(tﬁ’a*”“)’f)k) il (G ||ep<a).2>-
j=1 '

k=3
Using a discrete version of Hardy’s inequality (3.19), in [4] (p. 124), and noticing that t#®P(@)] < thap(@) e
are led to

p(a).2>]

e (& D), < €7

Last, since p(a) < 2, we conclude thanks to classical inequalities between Lorentz (quasi-)norms (cf. [4],
Prop. 4.2, p. 217) that

t;iyaﬂ < C( sup|I| 1/p(a)Htﬁ am(a)He

I3 vt

where the supremum is taken over all the dyadic intervals I of {1,...,n} that contain i.

6.4. Proof of Proposition 6.4

Let ¢ > 1 and w € R™. As M;(u) = M;(|u]), we can suppose that u has positive or null coordinates. Let us
first demonstrate that, for all i € {1,...,n},

(M (w); < c( Zu;) (6.19)
k=1

If i = 1, then this inequality easily follows from the definitions of (M7 (u))T and u}. Let us now fix i € {2,...,n}.
We can write u as u = v + w, where v and w are the R"-vectors whose respective coordinates are

v = max{u, — u;,0} and wy = min{uy,u]}, for k=1,...,n.

From the triangle inequality, we deduce that Mj(u) < M;(v) + Mi(w). Properties of discrete decreasing
rearrangements analogous to Inequalities (1.14) and (1.16), in [4] (p. 41), then lead to

(M ()] < (Mi(0))iya1 + (Mi(w))[ijo)-

Moreover,
(M (w))Tijo) < [[M1(w)llen < lwllew,
and, from the discrete version of Theorem 3.3, in [4] (p. 119),

(M ()21 < 20 vl

Consequently,
(Mi(w); < C(i vl + flwlle)- (6.20)
Let I be the set of all the indices [ € {1,...,n} such that u; > u}. From the definitions of v and w, we get

11

[vller + illw][e= < Z“k + (i — [I)uf = Z“k’
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which, given inequality (6.20), completes the proof of (6.19). We now have

1M (w)*|l7, < Clg Z ( _1Zuk> : (6.21)

Let us denote by ¢’ the conjugate exponent of ¢ and write, for all 1 <k <n, uf =k~ /94 f1/ad uy. We deduce
from Holder’s inequality that

n i ¢ n a/d i
() <3 () ()
i=1 k=1 i=1 k=1
Interchanging the order of the summations, we obtain

> ( = zuk) g

i=1

3

b
Il
—

Consequently,
[(My(u)*[le, < Cla)llu" e,
hence Proposition 6.4.

6.5. Proof of Proposition 6.5

Let pe (0,2], a>1/p—1/2and t € #(r,n). Foralli € {1,...,n} and all 0 < J < N, we denote by I(J,1)
the only dyadic interval of length n2~7 that is contained in {1,...,n} and contains i. From the definition of

theoP we deduce
[ Z (n=127) apﬂz( (t,1(J,7)) ) (6.22)

2

Let us first suppose that 0 < p < 1. From the definition of Ep(t, I(J,i)), we have
\P
(ot 1(1) < > Nt —tall
keI(J,i)

For all =1 < j < N — 1, the functions {¢x}xca(j) are constant over any dyadic interval of length n2- G+,
Therefore, if k belongs to I(.J, %), then

N—1
te—ti=Y_ Y B(drk—bri):
J=J XeA(j)
As 0 < p <1, we deduce from the classical inequality between ¢,-quasi-norm and ¢;-norm

n

N—1
> (&0 120))" < 2n2ori2and 37 r/n 37 gy

i=1 j=J AEA())

Interchanging the order of the summations, we get

=7,

N-1
< C(a, p)nt—Plat1/2) Z 9dpla+1/2—1/p) Z [EN]i
J=0 AEA()
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Let us now consider the case 1 < p < 2. We fix 0 < J < N — 1 and define
N—1
=2 2. B
J=J XeA(j)
As t — T(J) is constant over any dyadic interval of length n2=7,
Ep(t,1(J,1)) = E(T(J), I(J,1)).

This equality and the definition of &, (T'(J), 1(J,4)) lead to

n

Z(s(um) Z S @),

i=1 i=1 kel(J)

< n2- Jﬁj(z IREYE il )

j=J NEA(j

From (6.22) and this last inequality, we get

n N-—1 P
ey, <o Y (230 X I8idond )
0

k=1 J= j=J AeA())

Then, using one of Hardy’s inequalities (c¢f. [12], Lem. 3.4, p. 27) and remembering that, for all j € {—1,..., N—
1}, the functions {¢x}rea(j) have disjoint supports, we conclude that

N—1 n
[#Pf < Cla,pyn™ Y 277 S~ |IBA2 D |oa sl
j=0 AEA(H) k=1

hence Proposition 6.5.

7. LOWER BOUND FOR THE MINIMAX RISK OVER ¥ Z(a, R)

Proposition 7.1. For all a > 0, there exists a real ko(a) € (0,1) such that, if R > n~'/? and R < ko(a)n®
then

)

Ry (a, R) > C(a)(nR?)Y/ 2ot

Proof. Let R > 0 and 0 < J < N. For 6 € {0, 1}2J, we use the notation 6 = (6o, ...,0s_1). The Hamming
distance between two elements 6 and ¢ in {0,1}2” is 6(6,6') = 2 _1 |0 — 07.]. The Kullback-Leibler divergence
is denoted by K. We shall construct a family {sg}oco of elements of 4 Bz(oz R) indexed by a properly chosen
subset © of {0,1}2". According to Birgé’s version of Fano’s lemma (cf. [21], Cor. 2.19), if maxg g-co K(sg, s9r) <
k1In(|0]), where x is a universal constant that belongs to (0,1), then

1—k 4
1

R«;/(Oz, R) >
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where 7% = ming ¢rco,020' |9 — so/||?. Let us fix 6 € {0, 1}21. We define sy € .4 (r,n) by
sél) =1/2+4 agy

522) =1/2—agy

sél):OforSSZST, ifr>3
where a = v2R27%7 /4 and gy = Ziigl(%k - D1, Forall 1 <i<j<n,
o5 = s03ll- = av/2lge(j) — ga(i)].
Since gy is constant on any dyadic interval of length n/2” and takes values in {—1,1},
Voa/%(sg) <27 (2v2a)"/* < RV,

s0 89 € ¥ (a, R). Besides, as ||gg|lco < 1, if we assume that R272/ < /2, then sy € &. Let us rather assume

that v/2R27*/ < 1. We can then apply Lemma 4 of [15] and get, for all 6,6’ € {0, 1}21,
K(Se, 89/) < 4”89 — 59/H2.

Now, according to Varshamov-Gilbert’s lemma (c¢f. [21], Lem. 4.7, for instance), we can choose © C {0, 1}2J
such that, for any two distinct elements 6,6’ € ©,

5(0,0') > 27 /4 (7.23)
and In(|O©]) > 27/8. For all 6,6’ € {0,1}2", ||sy — s/ ||2 = 8a2n2775(0,6"), so, for all 6,0’ € O,
K(sg,50) < 2%a*>n277 In(|©|)

and

n? > 2na?.
Let us now set kz(v) = min (y/k/25, (2°/k)*27(@F1/2)) ‘and assume that n='/2 < R < ky(a)n®. We can then
define J as the smallest integer in {0,..., N} such that 28a?n2=7 < k, i.e.

J=min {0 < j < N s.t. (k12°nR?)Y o) < 27},
Such an integer J does satisfy V2R277 <1 and leads to

Ry (o, R) > C(k,a)(nR?)Y/ (2a+1), O
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