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Abstract

By using chaos expansion into multiple stochastic integrals, we make a wavelet analysis of two self-
similar stochastic processes: the fractional Brownian motion and the Rosenblatt process. We study the
asymptotic behavior of the statistic based on the wavelet coefficients of these processes. Basically, when
applied to a non-Gaussian process (such as the Rosenblatt process) this statistic satisfies a non-central
limit theorem even when we increase the number of vanishing moments of the wavelet function. We apply
our limit theorems to construct estimators for the self-similarity index and we illustrate our results by
simulations.
© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

The self-similarity property for a stochastic process means that scaling of time is equivalent
to an appropriate scaling of space. That is, a process (¥;);>0 is self-similar of order H > 0 if for
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all ¢ > 0 the processes (Y¢;)r>0 and (" Y:)i>0 have the same finite dimensional distributions.
This property is crucial in applications such as network traffic analysis, mathematical finance,
astrophysics, hydrology or image processing. We refer to the monographs [7,14] or [28] for
complete expositions on theoretical and practical aspects of self-similar stochastic processes.

The most popular self-similar process is the fractional Brownian motion (fBm). Its practical
applications are numerous. This process is defined as a centered Gaussian process (B,H )r>0 with
covariance function

1
RHUJ)zﬂﬂBﬁBf)zE(ﬁH+wy{—U—mFH), ts>0. (1

It can be also defined as the only Gaussian self-similar process with stationary increments. Re-
cently, this stochastic process has been widely studied from the stochastic calculus point of view
as well as from the statistical analysis point of view. Various types of stochastic integrals with
respect to it have been introduced and several types of stochastic differential equations driven by
fBm have been considered. Other stochastic processes which are self-similar with stationary in-
crements are the Hermite processes (see [8,12,29]); an Hermite process of order g is actually an
iterated integral of a deterministic function with g variables with respect to the standard Brownian
motion. These processes appear as limits in the so-called noncentral limit theorem and they have
the same covariance as the fBm. The fBm is obtained for ¢ = 1 and it is the only Gaussian Her-
mite process. For g = 2 the corresponding process is known as the Rosenblatt process. Although
it has received less attention than the fractional Brownian motion, this process is still of interest in
practical applications because of its self-similarity, stationarity and long-range dependence of in-
crements. Actually the great popularity of the fractional Brownian motion in practice (hydrology,
telecommunications) is due to these properties; one prefers fBm rather than a higher order Her-
mite process because it is a Gaussian process and the corresponding stochastic analysis is much
easier. But in concrete situations when empirical data attest to the presence of self-similarity and
long memory without the Gaussian property (an example is mentioned in the paper [30]), one
can use a Hermite process living in a higher chaos, in particular the Rosenblatt process.

When studying self-similar processes, a question of major interest is to estimate their self-
similarity order. This is important because the self-similarity order characterizes in some sense
the process: for example in the fBm case as well as for Hermite processes this order gives
the long-range dependence property of its increments and it characterizes the regularity of the
trajectories. Several statistics, applied directly to the process or to its increments, have been
introduced to address the problem of estimating the self-similarity index. Naturally, parametric
statistics (exact or Whittle approached maximum likelihood) estimators have been considered.
But to enlarge the method to a more general class of models (such as e.g. locally or asymptotically
self-similar models), it could be interesting to apply semiparametric methods such as wavelets
based, log-variogram or log-periodogram estimators. Information and details on these various
approaches can be found in the books of Beran [7] and Doukhan et al. [13].

Our purpose is to develop a wavelet-based analysis of the fBm and the Rosenblatt process by
using multiple Wiener-1t6 integrals and to apply our results to estimate the self-similarity index.
More precisely, let ¥ : R — R be a continuous function with support included in the interval
[0, 1] (called the “mother wavelet”). Assume that there exists an integer Q > 1 such that

[ﬂwmmZOIMp:QL””Q—l 2)
R

and
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/ 12y (1)dt 0.
R

The integer O > 1 is called the number of vanishing moments. For a stochastic process
(X1)refo,n1 and for a “scale” a € N* we define its wavelet coefficient by

t

1 oo 1
dlai) = - / v (— - i) X,dt = Va /O ¥ (1) Xaerindx 3)

a

fori = 1,2,...,N; with N, = [N/a] — 1. Let us also introduce the normalized wavelet
coefficient

d(a,i)

da,iy = ——————
(Ed?(a, )2

4)

and the statistic

Nq
VN(a)zi d*@a,i)—1). (5)
N,
a =1

The wavelet analysis consists in the study of the asymptotic behavior of the sequence Vy(a)
when N — oo. Usually, if X is a stationary long-memory process or a self-similar second-
order process, then ]Edz(a, i) is a power-law function of a with exponent 2H — 1 (when
a — 00) or 2H + 1 respectively. Therefore, if Vy(a) converges to 0, a log—log-regression
of N%, Z,N:al d*(a j»1) on to a; will provide an estimator of H (with an appropriate choice
of (aj);). Hence, the asymptotic behavior of Vy(a) will give the asymptotic behavior of the
estimator completely (see the Section 5 for details). There are four main advantages to use
such an estimator based on wavelets: first, it is a semiparametric method that can be easily
generalized. Second, it is based on the log-regression of the wavelet coefficient sample variances
onto several scales and the graph of such a regression provides interesting information concerning
the goodness-of-fit of the model ( X2 goodness-of-fit have been defined and studied in [3] or [4]
from this log-regression). Third, it is a computationally efficient estimator (this is due to the
Mallat’s algorithm for computing the wavelet coefficients). Finally, it is a very robust method: it
is not sensitive to possible polynomial trends as soon as the number of vanishing moments Q is
large enough.

This method has been introduced by Flandrin [15] in the case of fBm and later it has been
extended to more general processes in [1]. The asymptotic behavior of the estimator obtained
from the wavelet variation has been specified in the case of long-memory Gaussian processes
in [6] or [21], for long memory linear processes in [27] and for multiscale fractional Gaussian
processes in [4]. However the case of the Rosenblatt process has not yet been studied (note that
the wavelet synthesis of Rosenblatt processes was treated in [2] and we will use this method in
the section devoted to simulations).

In our paper we will use a recently developed theory based on Malliavin calculus and Wiener-
Itd6 multiple stochastic integrals. Let us briefly recall these new results. In [25] the authors gave
necessary and sufficient conditions for a sequence of random variables in a fixed Wiener chaos
(that means in essence that these random variables are iterated integrals of a fixed order with
respect to a given Brownian motion) to converge to a standard Gaussian random variable (one of
these conditions is that the sequence of the fourth order moments converges to 3 which represents
the moment of order 4 of a standard Gaussian random variable). Another equivalent condition is
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given in the paper [24] in terms of the Malliavin derivative. These results created a powerful link
between the Malliavin calculus and limit theorems and they have already been used in several
papers (for example in [33,9,10] to study the variations of the Hermite processes).

Recall (see [15,3]) that if X = B is a fBm in (5) then the following fact happens: for any
Q > land H € (0, 1) the statistic Viy(a) renormalized by VN converges to a centered Gaussian
random variable. If Q = 1 then the barrier H = 3/4 appears: that is, the behavior of Vy (a) is
normal (i.e. it satisfies a central limit theorem) only if H € (0, 3/4) and we prove in Section 3
that the limit of Vy(a) (normalized by N 2-2H)y i a Rosenblatt random variable R{’ when
H € (3/4, 1). This non-central limit theorem is new in the case of the wavelet based statistic
(it is known for other type of statistics, such as the statistic constructed from the variations of the
process, see [33]). In this case we also prove that the limit holds only in law and not in L? in
contrast to the case of quadratic variations studied in [33].

The study of Vy(a) in the Rosenblatt process case (see Section 3, formula (17) for the
definition of the Rosenblatt process) with H € (1/2, 1) shed light on interesting and somehow
intriguing phenomena. The main fact is that the number of vanishing moments Q does not affect
its convergence and the limit of Vi (a) is always non-Gaussian (it is still Rosenblatt). This fact is
unexpected and different to the situations known in the literature. Actually, the statistic Vjy can be
decomposed into two parts: a term in the fourth chaos (an iterated integral of order 4 with respect
to a Wiener process) and a term in the second chaos. We analyze here both terms and we deduce
that the term in the fourth Wiener chaos keeps some of the characteristics of the Gaussian case
(it has to be renormalized by /N and it has a Gaussian limit for H € (1/2,3/4)). But the main
term in Vjy (a) which gives the normalization is the second chaos term and its detailed analysis
shows that the normalization depends on H (it is of order of N 1=HY and its limit is (in law) a
Rosenblatt random variable.

The consequences of these results are also interesting for the wavelet based estimator of the
self-similarity order. Assume that a sample (X1, ..., Xy) is observed, where X is a fBm or a
Rosenblatt process. First, by approximating the wavelet coefficients (3), we consider a statistic
VN (a) that can be computed from the observations (X1, ..., Xy) and we prove that the limit
theorems satisfied by Vy (a) also hold for Vy (a) as soon as a is large enough with respect to
N. Second, we deduce the convergence rates for the wavelet based estimator of H following the

cases: Q > 2and X isafBm, Q = 1,H € (3/4,1) and X isafBmor H € (%,1) and X
is a Rosenblatt process. The regularity of i also plays a role. For practical use, it is clear that
if X is a fBm it is better to chose Q > 2 and the mother wavelet i to be twice continuously
differentiable (for example, this is the case when v is a Daubechies wavelet with order > §). On
the other hand, if X is a Rosenblatt process the number of vanishing moments Q plays no role.
Our simulations illustrate the convergence of Vi (a) and of the estimator of H in this last case.
Our results open other related questions: for a stationary long-memory Gaussian or linear
process, parametric estimators (such as the Whittle’s estimator, see [17,18]) or semiparametric
estimators (such as wavelet based estimator, see [21,27]) satisfy a central limit theorem with an
“usual” convergence rate (that is +/N for Whittle’s estimator and /N/a for a wavelet based
estimator). This is not the case of the Whittle’s estimator for non-linear functionals of a long-
memory Gaussian process (see [19]). As we prove in our paper, this is no longer the case for
the wavelet estimator based on the observation of a Rosenblatt process. Therefore it seems that
the Rosenblatt processes and the second order polynomials of Gaussian process give the same
asymptotic behavior for the estimators. Indeed, in [19] it has been established that the Whittle’s
estimator in the case of second order polynomials of Gaussian processes satisfies a noncentral
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limit theorem with a Rosenblatt distribution as a limit and with the same convergence rate as in
Theorem 4. Several interesting questions arise naturally from this: first, are there any reciprocal
results true? (i.e. may we suspect that the Whittle’s estimator of the long-memory parameter for
the increments of the Rosenblatt process and the wavelet based estimator of the long-memory
parameter for a second order polynomial of a long-memory Gaussian process also satisfy the
same noncentral limit theorem?) Second, are the conclusions the same for other semiparametric
estimators such as log-periodogram or local Whittle’s estimators?

We organized the paper as follows. Section 2 contains some preliminaries on multiple Wiener-
Itd integrals with respect to the Brownian motion. In Section 3 we treat the situation when the
driven process is the fBm. In this case our new result is the noncentral limit theorem satisfied by
the wavelet based statistic proved in Theorem 2. In Section 4 we enter into a non-Gaussian world:
our observed process is the Rosenblatt process and using the techniques of the Malliavin calculus
and recent interesting results for the convergence of sequence of multiple stochastic integrals, we
study in details the sequence Vjy (a). In Section 5 we construct an observable estimator based on
the approximated wavelet coefficients and we study its asymptotic behavior. We also construct
an estimator of the self-similarity order and we illustrate its convergence by numerical results.

2. Preliminaries
2.1. Basic tools on multiple Wiener-It6 integrals

Let (W;):cfo,] be a classical Wiener process on a standard Wiener space ({2, F, P). If
f e ILZ([O, T1") with n > 1 integer, we introduce the multiple Wiener-1t6 integral of f with
respect to W. We refer to [23] for a detailed exposition of the construction and the properties of
multiple Wiener-It6 integrals.

Let f € S, which means that there exists an n > 1 integer such that

F=D" Cipinla xoxay
i|a"'1i)l

where the coefficients satisfy c;, .. ;, = 0 if two indices ix and i, are equal and the sets A; €
B([0, T']) are disjoint. For such a step function f we define

L(f)= > i, W(A,) ... W(4,,)

where we set W([a, b]) = W;, — W,. It can be seen that the application I, constructed above
from S, equipped with the scaled norm \/L;F I l2 0. 7ym to L2(£2) is an isometry on S, i.e. for

m, n positive integers,

E (I (f)1In(g)) = n!(f, g)]LZ([O’T]n) ifm=n, (6)
E U, (f)n(2) =0 ifm#n.
It also holds that
() =1 (F) )
where f denotes the symmetrization of f defined by f(xl, R % Zaesn oy, s

x(r(n))-
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Since the set S, is dense in L2([0, T']") for every n > 1, the mapping I, can be extended to
an isometry from L2([0, T]") to L2(£2) and the above properties (6) and (7) hold true for this
extension. Note also that /,, can be viewed as an iterated stochastic integral

1 pty t
0 JO 0

We recall the product formula for two multiple integrals (see [23]): if f € L?([0, T]") and
g€ ILZ([O, T1™) are symmetric functions, then it holds that

mAn
L) In(8) = Y 0Cy Crlmsn—2e(f ®¢ 8) ®)
=0
where C¢ = ev(+lz)v and the contraction f ® g belongs to L>([0, T]"*"~2%) for £ =
0,1,...,m A n with

(f®€g)(slv "'5Sﬂflvt17 --~»tm7l) = / f(s]a cees Sp—g, UL, 7”@)
[0,7]¢
X g, ooyt Uty ..., ug)duy ... dug.
In general the contraction f ®, g is not necessarily a symmetric function even if the two
functions f and g are symmetric.
3. The case of the fractional Brownian motion

3.1. A presentation using chaos expansion

We will assume in this part that X = B a (normalized) fractional Brownian motion (fBm in
the sequel) with Hurst parameter H € (0, 1). Recall that B is a centered Gaussian process with
covariance function (1). It is the only normalized Gaussian H -self-similar process with stationary
increments. Recall also the fBm (B,H )iefo,n] With Hurst parameter H € (0, 1) can be written

t
Bﬁ:/ K", s)dW,, tel[0,N]
0

where (W;, t € [0, N]) is a standard Wiener process and for s < ¢, and for H > % the kernel
K H has the expression

t
K9, s) = cHs%_H/ (u— s)H_%uH_%du O]

s

2
with cy = (&%)é)) and B(-, -) the beta function. For r > s and for every H € (0, 1)

the partial derivative of K with respect to its first variable is given by

H 1_

%(t,s)zalKH(t,s)ch (;)2 T —H-3, (10)

In this case it is trivial to decompose in chaos the wavelet coefficient d(a, i). By a stochastic
Fubini theorem we can write
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1 1 a(x—+i)
d(a,i) = ﬁ/ Y (x)Bl, ;dx = JE/ ¥ (x)dx </ dBf)
0 0 0

1 a(x+i)
_Va / ¥ (x)dx / K¥ (ax 4+ 1), 0)dWy = I (fai ()
0 0

where /] denotes the multiple integral of order one (actually, it is the Wiener integral with respect
to W) and

1
Jai(u) = l[o,a(i+1)](u)~/5/(“ ) Ow(x)KH(a(x +1), u)dx. (11)
L_j)v

Thus, foralla > Oandi € N,

E (@, D) = Il faillZago = @' Cy (H)

1 1
withc¢<H>=—%/0 /0 YW )x — x[PHdx dy’ (12)

(see [3]). This formula is essential for the estimation of H (see Section 5). Using the product
formula (8)

L(NH1(g) = L(f®g) +(f &r2o.n)

we obtain
®2 2
] NZ 1 (£22) + 1 fai oy, ) ooy
N() = — : 1l =
No &= (Ed(a, 1))’
where
fy)=a ey fof- (13)

As a consequence the wavelet statistic Viy can be expressed as a multiple Wiener-Itd integral of
order two and therefore the chaos expansion techniques can be applied to its analysis.

3.2. A multidimensional central limit theorem satisfied by (Vy(a;))1<i<e

When the observed process is a fBm with H < 3/4, the statistic Vi (a) satisfies a central limit
theorem. This fact is known and we will not insist on this case. We just recall it to situate it in
our context. Since EIZZ(f) = Z!Hf”iZ[o,N]@’ if (a;)1<i<¢ is a family of integer numbers such

thata; = iafori =1, ...,£ and a € N*, it holds that

Cov(Vn(ap), Vn(ay))

ap uq
2\—2H—-1 2 2
= 2'(pqa ) CT//(H) N Z Z fa(g; i’ Jag, ]/)L2([0 N])®2
ap aq j=1j'=1
1 N,,p Naq
_ —2H-1 -
=2(pga®)” Cy(H)™? Noy N ZZ Jap.js Jag.j >]L2([() N

4g j=1 j'=1
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We know (see e.g. [3,4]) that:
. .
<fapaj’ fuq:j/)Lz([O,N]) =K (d(ap’ ])d(aqv J ))

1 1 1
=—5<pqa2)”2a“’ / f YO ()
0 0

X |px —qx" + pj — qj'1" dx dx’ (14)
and using the Taylor expansion and the property (2) satisfied by ¥,
. o N\AH—4

Sapei- Fag.1V2aqowy = Paa*™ 20 (L4 1pj — i)

| Naj Nag
. o N\4H—4
= [Cov(Viv(ap), Vw(ag)l = C- 3~ 3 O (1+1pi = 4/'l) e

aq j=1 j'=1

Consequently, if Q > land H € (0, 1) orif Q =1 and H € (0, 3/4),
NyCov(Vy(ap), VN(aq))Njgoel(P,q, H) with

I
A = o T

00 1 1 pl / / . / )

k;x) Cw(H)fO fo VY () px — gx’ + kdpg P dx dx’ | 15

where d is a constant depending only on p and g. Moreover, the following limit theorem holds
true.

Theorem 1. Let (X;);=0 be a fBm, Vy(a) be defined by (5) and L\"(H) = (1(p,q,
H))1<p,g<¢ with £1(p, q, H) defined in (15). Then if Q > land H € (0,1) orif O =1
and H € (0,3/4), foralla > 0,

VNa (Vi) zize —— Now (0, L3711 (16)

Proof. It is well-known in the literature (see e.g. [3]). O

The above central limit theorem does not hold for Q = 1 and H € (;31, 1). We will focus on
this case in the following paragraph.

3.3. A noncentral limit theorem satisfied by Vy(a)

We need at this point to define the Rosenblatt process. The Rosenblatt process with time
interval [0, N], denoted in the sequel by (R,H )ie[0,N] appears as a limit in the so-called noncentral
limit theorem (see [12] or [29]). It is not a Gaussian process and can be defined through its
representation as a double iterated integral with respect to a standard Wiener process (see [32]).

More precisely, the Rosenblatt process with self-similarity order H € (%, 1) is defined by

t t
R = /0 fo LI (y1, y2)dwy, dwy, (17)



J.-M. Bardet, C.A. Tudor / Stochastic Processes and their Applications 120 (2010) 2331-2362 2339

where (W;, t € [0, N]) is a standard Brownian motion and

t
LE(y1, y2) = dulio.n(v) 1. (2) / WK (u, y)91 K (u, yr)du, (18)
y

1Vy2

with K the standard kernel defined in (9) appearing in the Wiener integral representation of the
fBm, its derivatives being defined in (10) and

 H+1 1 H \?
H =—— and dy = ) (19)
2 H+1\2QH-1)

The random variable Rfl is called a Rosenblatt random variable with self-similarity index H. A
Rosenblatt process is a process having stationary increments and

e It is H-self-similar in the sense that for any ¢ > 0, (R¥);>0 =@ (c# R¥),~0, where “=(@”
means equivalence of all finite dimensional distributions;

e E(|RH|P) < oo for any p > 0, and R has the same variance and covariance as a standard
fractional Brownian motion with parameter H.

e The paths of the Rosenblatt process are Holder continuous of order § < H.

We obtain the following noncentral limit theorem for the wavelet coefficient of the fBm with
H > 43'1' Define

(20)

2H?(2H — 1))‘/2 (fo1 W(x)dx)z ! (fol xlﬂ(x)dx)z

Ez(H)Z( 4H =3 Cy(H) -1 Cy(H)

Then,
Theorem 2. Let (X;):>0 be a fBm and Vi (a) be defined by (5). If Q = 1 and % < H <1,
6 (H)NZH vy (@) —2— RH
Ng— 00
where Hy = 2H — 1, £,(H) is defined by (20) and quo is a Rosenblatt random variable given
by (17).
Proof. With fji,a) defined as in (13), we can write

Using the expression (11) of the kernel f, ;, one has
Na
D 0w D 1 o.a+11(32)

i=1

W) = S
N a?HCy(H) N,

1 1
x f( /( YOY QKT (@(x +i), y1) K¥ (a(z + i), y2) dxdz.
VO

M 2 _;
- I)VO = 1)

To show that the sequence £, ! (H)N, 3’21{ I ( ji,a)) converges in law to the Rosenblatt random

variable R%H_l R%H_l

it suffices to show that its cumulants converge to the cumulants of (see
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e.g. [17] where it has been proven that the law of a multiple integral of order 2 is given by its
cumulants). On the other hand, we know (see [17,25]) that the k-cumulant of a random variable
I (f) in the second Wiener chaos can be computed as follows

(b)) = /{0 RSO0 02 35) - f Gt 0 0 ) @)

In particular the kth cumulant of the Rosenblatt random variable R%H ~1is given by

(RPN = dfyy | (HQH — 1))

2H-2
X / [|x1—x2|...|xk_1—xk|-|xk—x1|] dxl...dxk.
[0,1]%
We compute
Ck (Cw(H)NaZ_Zle (m@))
Ng
= NCH-Dkpn—k / dyj...dy dxidzy ... dxgdzg
¢ > [0.1]¢ (0,17

i1yenig=1

X Y)Y DY (x2)¥(z2) ... ¥ () ¥ (zk)

x KM (a(x) +i1), ynK P (a(z1 +i1), y2)

x K (a(xr +in), y2) K (a(za +i2), y3) x - --
x K™ (@(xi—1 + ik—1), ) K (a(zic + 1), yi)
x K™ (aCe + in), y) K (azi + k), y0).

Using Fubini theorem and the fact that (for every x, x’, i, j, a)

a(x+i)Aa(x’+j) " "
/ K" (a(x 4+ 1), yDK" (a(x"+ j), yDdy1 = Rp(a(x + i), a(x" + j))

0
= aZHRH(x +i,x' 4+ ))

(from the representation of the fBm as a Wiener integral with respect to the Wiener process) we
get

ch (cw(H)N[%*?HIz( };‘)))
Nq
= Néng_z)kNa_k Z / dxidzy ... dxgdzg
iooip=1710.1]%
X Y x)Y @)Y (x2) ¥ (22) .. Y () ¥ (2k)
X Ry (z1 +1i1,x2 +i2)Ry(z2 +i2, x3 +13) ...
X Ry (zk—1 +ix—1, Xk +ix) Rp (2 + ik, x1 +11)
Nq
= NPH=Dkg2Hk Nk Z / N dxidz; ... dxpdzz
[0,1]

ilyemir=1
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XY )Y DY (2) ¥ (z2) ... ¥ () ¥ (zr)
X [lz1 —x2 4 i1 —ial - |22 — x3 +i2 — i3] ...

: . .. 2H
X |zg—1 — Xk + ix—1 — ix| - lzx — x1 4 ix — 1]

Na
2H -2k xn1—k . . . . . . \2H
= NPHDENTK N (i —ial . liker — ikl - li — 1)

i1yenipg=1

* /[0 12 dxpdzy ... dxgdzey (x) Y 2DV (2) ¥ (22) - - () ¥ (2k)

71— X2 2H % — X1 2H
1 1+ —
<+i1—i2) (+ik—i1>

Na
~ NP QH — DENE Y (i —ial - lieer — ikl - i — i )2

iyenig=1

X /[0 - dxidzy ... dxpdziy (x) ¥ (@)Y )Y (22) ... W ()Y (2k) X121 -« - Xk Zk

X

and we used the fact that the integral of the mother wavelet vanishes and a Taylor expansion
of second order of the function (1 + x)2#. By a, ~ b, we mean that the sequences a, and b,
have the same limit as n — 00. As a consequence, by a standard Riemann sum argument, the
sequence

Na
2H—-2)k n1—k . . . . . . N2H-2
NEHZDENTE SN (i — ol x - ¢ lig—y — il ik — i1])

N, . . s N2H-2
_ Nk < liy — il X -+ X |ig—1 — il lix — i1}
S Z N,

1 a

[yl =

converges to the integral

2H-2
/ k(|x1_x2|X"'X|xk—1_xk||xk—xl|) dxq...dxg
[0,1]

and therefore it is clear that the cumulant of £, ! (H)N az_ZH 53 ( 1&,“)) converges to the k cumulant

of the Rosenblatt random variable R%H -1 (see [29,32]). O

In the case of the statistic based on the variations of the fBm, in the case H € (3/4,1)

2
H H
<Bm_BL)
N N

the statistic % Z,N: 61 N2 — 1, renormalized by a constant times N 2-2H converges in
IL2(.Q) to a Rosenblatt random variable at time 1 (see [33]). In the wavelet world, our above
result gives only the convergence in law. The following question is then natural: can we get L2-
convergence for the renormalized statistic Vi (a)? The answer is negative and a proof of this fact
can be found in the extended version of our paper available on arXiv. But we will present below

a brief and heuristic argument to see what the > convergence does not hold. The term f Ii,a) can
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be written as

1 1

Na
m F Z 1[O,a(i+1)] (yl)l[o,a(i+1)]()’2)
a

i=1

1 1
X<1[0,ai]()’1)1[0,ai]()’2) / / dxdzy ()Y () K (@(x + i), yn K (a(z + i), y2)

FD (1, y2) =

100y ) Lat.a(12 (02) f / drdzy OV K (@(x + ), y1)

1 1

x K™ (a(z +1), y2) + 110.ai1(32) Vai.a(1 i1 (31) ﬁl / dxdzyr () (2)
u_iJo

x K™ (a(x 4+ i), yD K™ (a(z + 1), y2) + Vai.a(+01 ) Nai.a(4i) (72)

1 1
x / / .dxdzlﬁ(X)lﬂ(Z)KH(a(x+i),y1)KH(a(z+i),y2)>

Dy + L9250y + L9 G v + £8P G, ).

N2 2Hf(a ,2) N2 2Hf(a ,3) N2 2Hf(a 4)

It can be shown that the terms and converge to zero in

L2([0, 00)?) as N, — oo. It remains to understand the convergence of the term fy (@.1) . Using
again the property (2) of the mother wavelet ¥ we can write

1
2HC¢(H)N

x (K™ (@G + 1), y0) = K7 (ai, y))

x (KH @z +10), y2) — K1 (ai, yz)) .

FuD(y, y) = f f dxdzyr ()Y (2)110.ai1 (¥ 10,41 (¥2)

Therefore, with a(a, i, x) and B(a, i, z) located in [ai, ax + ai] and [ai, az + ai] respectively,

a 1
Iz(}v‘”)—WN (Z/ f Qe (Y (210,011 () 0,011 32)

x axd K" (a(a, i, x), y1) x azd K" (B(a, i, 2), yz))-

By approximating the points «(a, i, x) and B(a, i, z) by ai and since (from the usual approxima-
tion of a sum by a Riemann integral) when N, — oo, with y1, y» € [0, N],

Na

> Loty 0.1 (7)1 K 7 (@i, y1)91 K (ai. y,)
i=0

N{l
~/ dualKH(au,yl)E)lKH(au,yz)
(y1Vvy2)/a

~

D laLZH_I(yl, ¥2)
2H-1
Ly

where is the kernel of the Rosenblatt process with self-similarity index 2H — 1 (see its
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definition in (18)), the sequence £5 1(H )Ng’ZH f]f,a’l) is equivalent (in the sense that it has the
same limit pointwise) to NI_ZHL%\,H_I. Then, in some sense, EZ_I(H)Naz_zH V(@) is equiva-
lent to N'=2H [ (L2H=1y = N1-2H R2H=1 — 72H=1 by this equivalence is only in law. The
fact that the sequence N, S_ZH Vi (a) is not Cauchy in L2 comes from the fact that the sequence
N1—2H RIZVH ~!is not Cauchy in IL? as it can be easily seen by computing the square mean of the
difference N1—2H R?VH_I — MI_ZHRIQWH_l.

4. The Rosenblatt case
4.1. Chaotic expansion of the wavelet variation

We study in this section the limit of the wavelet-based statistic Vy given by (5) in the situation
when the observed process X is a Rosenblatt process. Throughout this section, assume that
X = R is a Rosenblatt process with self-similarity order H > 1/2 defined via the stochastic
integral representation (17). We first express the statistic Viy(a) in terms of multiple stochastic
integrals. The wavelet coefficient of the Rosenblatt process can be written as

1
d(a,i) = ﬁ/() YORMdx

1 a(x+i) pa(x+i) Y
= \/5/ I)0(-)C)dx / f La(x-i—i) (yl s yz)dW)’ldWyz
0 0 0

- 12 (ga,i('a ))
where, with H' and dy defined in (19),

8a.i (1, ¥2) = du~/aljo.ai+11 (V1) 10.a+1)(V2)
1 a(x+i) , ,
x/( dx v (x) f WK™ (u, yD01 K™ (u, y2)du
y

7}'1;@'2 —z)\/O 1Vy2
for every y1, y2 > 0. The product formula for multiple stochastic integrals (8) gives
L()H(g) = Ii(f ® g) +4L(f ®18) +2(f, &)12(0.N)22

if f, g € L2([0, N1?) are two symmetric functions and the contraction f ® g is defined by
N
(f @180, y2) = / f 1, x)g(y2, x)dx.
0
Thus, we obtain

dP(a,i) = 14 (857) + 412 (30 @1 8a.) + 2080 oo yp

and note that, since the covariance of the Rosenblatt process is the same as the covariance of the
fractional Brownian motion, we will also have

. 2
E (@, D) = E (B2(80.))” = 2lga.ilfagq pp = a2 Cy (H).

Therefore, we obtain the following decomposition for the statistic Viy(a):
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2H-1 1 1 e 2 e
Vv(a) =a =" Cy(H)" =~ dh (g;"jl-) +4) 1 (2i®18ai) | =T2+ Ty
ali=1 i=1

oH- 4N
Ty =a M0y ()™ 2o 3 D (8. @1 8a.i)
a4 i=1

| N
Ty = a=2H-1C, ()~ — I ( ®2)'
y=a v (H) N, ; 4840

To understand the limit of the sequence Vi we need to regard the two terms above (note that
similar terms appear in the decomposition of the variation statistic of the Rosenblatt process,
see [33]). In essence, the following will happen: the term 74 which lives in the fourth Wiener
chaos keeps some characteristics of the fBm case (since it has to be renormalized by /N, except
inthe case Q = 1 and H > ?—1 where the normalization is N, a2_2H ) and its limit will be Gaussian

with (22)

(except for Q = 1 and H > 43'1)' Unfortunately, this somehow nice behavior does not affect the
limit of Viy which is the same as the limit of 7> and therefore it is non-normal (see below).
Now, let us study the asymptotic behavior of ET42. From (22), we have

Na

o 1
T4=I4(g1(\',‘)) where gl(\‘,‘)za H=1c, (H) lN_ gf?, (23)
a =1

and thus, by the isometry of multiple stochastic integrals,

ET4 = 4'” ~(a)||]L2 [0,N]*

where by g(“) we denoted the symmetrization of the function g&?) is its four variables. Since
18812210 e < 88 12210 yye We obtain
8N N2po,nps = N8N NL2po, vyt

N,
—4
ET4 <4'Cw(H)2 H-2 zzgul’gaj]LZON]

Ll']—

N,
= 4'C\D(H) 2 T2 Z gul’ ga] ]LZ(ON]

But,

1 . .
<ga,ia gasj)Lz(O,N]®2 = EE(d(aa l)d(as ]))

Again, using the fact the fBm and the Rosenblatt process have the same covariance, we obtain the
same behavior (up to a multiplicative constant) as in the case of the fractional Brownian motion.
That is, using (15) and the proof of Theorem 2.

Proposition 1. Let (X;); = (R,H )i>0 be a Rosenblatt process and Ty be defined by (22). If
0> land He (3.1)orif Q=1and H e (.3), then with ¢1(1, 1, H) defined in (15)

NoE(T7) < Nadllgy lizgo.wpe - 31(1. 1 H) (24)
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and, if Q = l1and H € (% 1) then with £, (H) defined in (20),

NEHETE) < N4 1000y rnatielt =

The above result gives only an upper bound for the L? norm of the term 7y; this will be sufficient
to obtain the desired limit of the sequence Vy (a) in the Rosenblatt case. It will follow from the
following paragraph that the L? norm of the term T4 will be dominated by the L2 norm of the
term 73 and therefore the limit of 7, will be the limit of the statistics Vy (a).

4.2. Asymptotic behavior of the term T,

We study here the term in second Wiener chaos that appears in the decomposition of Vi (a).
We have

(a) (@)
=1 h with iy’ = 4— E 26
We first compute the contraction g, ; ®1 g4.;- We have

N
(8a,i ®1&a,i) (Y1, Y2) = / 8a,i(¥1,2)8a,i (2, 2)dz
0

5 a(i+1)
= adH1[o,a(i+1)](y1)1[o,a(i+1)](yz)/ dz
0

1 a(x—+i) , ,
X [/ , dx v (x) (/ KT, yndh kY (u,z)du)}
(“TV‘"'—i)vo y1Vvz

1 a(x'+i) , ,
X f . dx'yr (x") / WK™ W y)o K (', 2)du’
(%71‘)V0 vz

1
= ad a1 O 10| /( a0 f / )

a(x+i) pa(x’+i) unu'
X / / M(u,yl,u/,yz)dudu’/ M(u,z,u/,z)dzj|
¥ b 0

where Mu, yi,u', y2) = n K (u, y)o1K? ', y») and H = (H + 1)/2. Now, we have
already seen that f(;m K", 2)KH (s, 7)dz = Ry (t, s) with Ry (¢, ) given in (1) and therefore
(see [23, Chapter 5])

’

unu
f M@u,z,u',z2)dz = HQH' — Dlu —u')?" 2. (27)
0

(In fact, this relation can be easily derived from [, K2 (u, ynKH" (v, y1)dy1 = Ry (u, v),
and will be used repeatedly in the sequel.) Thus denoting ay = H'QH' — 1) = H(H + 1)/2
and since v is [0, 1]-supported, we obtain
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(8a.i ®1 8a.) V1, ¥2) = adyorr 110.a+17 D) 10.at+1)1(32)
1 1
X dxdx/l//(x)llf(x/)
/(”—i)vo /&yz—i)v()

a(x+i) palx’ +z) )
/ / — P2 M (u, yr, 0, yo) dudu.
¥2

By direct computation, it is possible to evaluate the expectation of Tz2 as follows (the proof can
be found on the extended version on arXiv)

atdt
NIHET) — 3 2A
N—oo " H(2H — 1)Cj (H)
2
x < f )W )xx jux — vx’|2H’—2dxdx’dudv>
[0,114
320QH — 1) (Cy(H)\? Cy(H)\?
CL(H) = Y i = (4a(m) L2 (28)
H(H+1)2 \ Cy(H) Cy(H)
where we used fipxx/|ux — v/ |PH 2dudy = f(ff(f/m’ — VPH 2 dy =
T (|x|2H’ L PH Zx —x’|2H’) and o,d¥ = L(2H — 1)2H?. We do not prove

here this estimate because it is a consequence of the following proposition which show that the
sequence C ;2 1(H )N, al_H T, (and therefore the sequence Vy(a)) converges in distribution to a
Rosenblatt random variable with self-similarity index H.

Proposition 2. Let (RtH )i>0 be a Rosenblatt process and let T, be the sequence given by (22) and
computed from (R;H)t20~ Then, for any Q > 1 and H € (%, 1), with Cr, given by (28), there

exists a Rosenblatt random variable RlH with self-similarity order H such as

_ _ D
CT21 (H)N=HAT, — R

Proof. This proof follows the lines of the proof of Theorem 2. With T, = I (h%) ) in mind, as in

the proof of Theorem 2, a direct proof that cumulants of the sequence N, 6} -Hp, (hgf,’)) converge to
those of the Rosenblatt process can be given. Indeed, since the random variable N, ;_H I (hgf,’)

is an element of the second Wiener chaos, its cumulants can be computed by using formula (21).
By using the key formula (27)

o (1 0)

= NG~ f v dyehy O, yz)h‘N’”(yz, ¥3) X i (e 1)
[0,1]

— N Hkgm2HEC (F) R gk g2k f nlﬁ(xj)‘ﬂ(x )doxjdx

k=1
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a(xi+iy) a(x +i1) a(xj+ij) a(x +z,)
/ / / / duldul dujdu
2H' -2

with the convention ug;; = uj. Next, we will make the change of variables ii; = au; and
u' = au’j and this will simplify the factors containing a. We thus get

ct (N,}’HIZ (h53>)) NHEC, (H) 4k g2 o2 / ]_[w(x])w(x )

X141 X +11 XpFik xk+1k
/ / f / duldu1 dukduk

() (o)™

We will note at this point that the vanishing moment property of the wavelet function i allows us
to replace integration intervals [0, x; +i;] by intervals [i;, x; +i;]. After doing this, we perform

the change of variables it; = u; —i;,u'; = u/] —1ij (forevery j =1, ..., k) to obtain
o (N;’le (h%n)) _ N;ch¢(H)*k4kdg‘a%}‘ / N ]_[ ¥ (X)) (x)dx;dx)
,,,,, iv=1710.1]

’
X1 x| Xk X k 2H =2
x/ / / / dudu ... dugdu), H|uj—u'j|
0 Jo 0o Jo =1
k 2H -2
Vi / . .
X (l_[|uj—uj+1+lj—lj+1|> ,
j=1
. . ~ i ~ u,; .
and then, with changes of variables i ; = z—’ andu'; = x—’_, we can write
J J

o (5711 (1)

= N,k Cy (H) 4k azf o fo N ijx )Y (x)dxdx)
[0.1]

i1yenny ir=1

k 2H'-2
x/ duidu ... dugdu), l_[|x]u]—xj u';
[Oyl]zk
k 2H'-2
! ’ 7 . .
X |xjuj—xjuj+1+zj—zj+1|
j=1
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= Na—HkC,/,(H)—k4kd121koz%‘ /[.0 ]]Zk nx]x w(xj)t/f(x )dx]dx

[1yeny ir=1

X Z 1_[|l]—l]+1|2H 2/ duiduf ... dugdu)
0,172

‘ 22,

< \ [T wjxs —uja] [1

j=1 j=1

wx, —uix 202

X = UjH1X 4]

1+ L
j —1lj+1

An analysis of the function (1 + x)2# "~2 in the vicinity of the origin shows that the cumulant
Ck (NC}_H I hﬁ\?) behaves as (we recall that by a, ~ b, we mean that the sequences a, and

by, have the same limit as n — 00)

k
I—H (@) —Hk K gk g2k o 2 N (e (v VK
a (N30 () ~ N eyt aka A@W;IW%WﬂpMﬂﬂﬁﬂﬂ

‘ 2H'-2
X Z l_[ lij —ijsl 2H' 2/0 - dudu . .. dugduy, (H lujx; — u/jx; ) .

i1,ig=1j= Jj=1

By using an usual Riemann sum convergence, we notice that

2H'—2
N, HE Z ]_[Iz — P = Nk Z ]_[("f ”“')

if,-mig=1j=1 if,-ig=1j=1

converges as N, — oo to the integral
2H'-2
R e PR )
[0,1]

which is dp; —k _kck(RH ) (here ck(RH ) denotes the cumulant of the random variable RH ). We
conclude that

k
1-H (a) —k 4k gk H o ) 7 Ay
Ck (Na I (hN )) N;;o Cy (H) "4 dycr (R )A.O,I]Zk jlzll XX ;P ()Y (x)dx jdx;

2H'-2
X duidu; ... dugdu, | | luix; u x|
f[o,l]Zk 1 k jXj

j=1

1 1
- Cy(H)~ k4deaH<f0 fo I//(x)l//(x/)%x2H

k
+ ()~ x — x/|2”’dxdx/> ck (R
= Cy (H) 4% ak,cy (H Y er (RT)

where we recall the notation Cy, (H) = —% fol fol Y (OY () |x —x' 2 dxdx’. As a consequence

C;zl T converges in law to Rf] where Cr, = 4dy %”;((Z)) 0
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We finally state our main result on the convergence of the wavelet statistic constructed from a
Rosenblatt process. Its proof is a consequence of Propositions 1 and 2.

Theorem 3. Let (X;);>0 = (RIH )i=0 be a Rosenblatt process and Vy(a) be defined by (5).
Then, for any Q > 1 and H € (%, 1), there exists a Rosenblatt random variable R{’ with

self-similarity order H such as
-1 1-H D H
CT2 (H)N, " Vn(a) m Ry,
where Cr,(H) is given by (28).

It is also possible to provide a multidimensional counterpart of Theorem 3 in the case of a vector
of scales (ai)j<j<¢ Where £ € N*.

Theorem 4. Let (X;);>0 = (R,H),Zo be a Rosenblatt process and Vi (a) be defined by (5). Then
forevery Q > land H € (%, 1) it holds that

Nl H D
Vi (ai) e (R{:I],...,RII{Z)
Cr,(H) L<it N—00

where Rﬁ. are normalized Rosenblatt random variables for all i = 1,...,L and for all
AL, - .., Ag € R the k-th cumulant of the random variable Zi’:l )»ijij is

Z Ay oo hjeer(RE

where ck(RlH ) denotes the k-th cumulant of the Rosenblatt random variable with self-similarity
order H.

Remark 1. Notice that, since the components of the vector (Rf{ Lrvees Rf /z) are random vari-
ables in the second Wiener case, its finite dimensional distributions are completely determined
by the cumulants.

Moreover, we deduce that the asymptotic covariance matrix of the random vector (N, ;_H
Vn(ai))i<i<e is

E=C2H<"1_H) . 29

e=CLun (') (29)

Proof. The proof follows the lines of the proof of Theorem 3. Since for every A1, ..., A,;, € Rthe
1 H

linear combination Uy := Zﬁ LA Cr ( 2] Vi (aj) is amultiple integral of order two, it is possible
2

to compute its cumulants by using the formula (21). We will obtain the following expression for
the k-th cumulant of Uy,

1-H \k
At (e
Uy = =4 dyy ... dye (M2 @ O, v gDy,
ck(Ue) (CT2(H)> /[o,l]k Y1 yk( 1hy (v, y2) + +m Y 1, y2)

¢
YA, R O, M))

N <X1h§f;)(yk,y1)+'”+
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and then, as in the proof of Proposition 2, we can write

k
4d%a?a PHN-H ¢ Aiv oo A
ck(Uﬁ) — ( H”™H a 2 ']1 : Jk
J1

Cy(H)Cr,(H) | & = Gr gl
Najy Naj k aji(x1+ir)
x Y . Z/ dx;dux] ...dxkdx,;]_[w(xq)w(x;)/
i1=1 ir=1 (0,172 g=1 0
aji(xj+ir) aji (xx+ik) aji (xp+i)
X / du/l/ duk/ duj,
0 0 0
X 2H'-2
< T Tl = ujllug — wig]
=1
where we used again the convention uyy; = uj. We proceed as previously in the proof of

Proposition 2 (with changes of variable) and then we obtain

4d% o, N1 TRy
U — HYH J1 Jk
o (c <H>cT2(H)> ; 2 G

1
,,,,, ) 3,
“/1 ajk
X Z Z/ dxdx] ... dxgdx;
i1=1 ir=1 (0,173

k
X l_[qu(/ll/f(xq)y[f(x;) /() N duydu ... dugdu,
=1 [0.1]

' 2H'—2
7! /.. . .. . .
X (1_[ lwrxy — wpxy | wgxp ji — wipr X1 i +inji — ll+1Jl+1|) :
I=1

Thus, when N, — o0,

a2 NH O\ &
U ~ HYH Ji J
o (CMH)CTZ(H)) 2 G

Najy Naji

k
x ZZ/ ; dxpdx] ... dxedy [ xgx, v v (x))
[0,17% a=1

i1=1 ixr=1

i X 2H'-2
I . . 2H' -2 / / ’ot
X 0Jjr — a1 Jjia1 duiduf ... durdu UjxX] — uzx
<|||] +1J1+1l )/[0’1]% 1 k ||| 1%

=1 =1

k
_(4diana*t Cy (HHN M LA,
Cy(H)Cr,(H) = Gt

Najy Najy

x Yy (l_[llzjz — i 2)

i1=1 ir=1
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k
4d2 2HC H’ 4
— HAHA v(H) Ajp e hjy
i\ Cymenm ) o

k
X/ [Ty =y P72 ) dyr . dk
[0.11F \;—3

4
— > AR,

Ng—o00 .
where Rf’ is a Rosenblatt random variable with index H and ck(RlH ) is its k-th cumulant. [

Remark 2. It is possible and instructive to study the behavior of the term 73 in the cases Q > 1
and H € (%, 1) orQ=1and H € (%, %) It can be already seen from its asymptotic variance

that it is very close to the Gaussian case. We can actually show this term converges in law to
a Gaussian random variable. This fact does not influence the limit of the statistic Vy but we
find that it is interesting from a theoretical point of view. We will denote by Cr, (H) a positive
constant such that

NoET] = N,—o0 C7,(H).

Then the following holds: suppose that R is a Rosenblatt process with self-similarity order H.
Suppose that O > lor Q = 1land H € (%, %) Then with T, defined in (22),

INaTs NTDOJ N(o, 0%4(H)) .

The proof can be done by using a criteria in [24] in terms of the Malliavin derivatives. In the
other case, i.e. Q = l and H € (f—‘, 1), the limit in law of the renormalized Vy is a Rosenblatt

random variable.
5. Applications and simulations

Throughout this section X# = (X,H )ieRr, denotes a fBm with H € (0, 1) or a Rosenblatt
process with H € (1/2,1).

5.1. Asymptotic normality of the sample variance of approximated wavelet coefficients

Here a sample (X[/, X, ..., X! of X# is supposed to be observed. For any couple (a, b),
define the following approximations of the wavelet coefficients d(a, b) and of the normalized
wavelet coefficients d(a, b) defined in (3) and (4):

e(a,b)

_. (30)
aH+]/2C11/2(H)

1L, [k N
e(a,b)ZﬁZXkl//<;—b) and é(a, b) =
k=1

The above expression are the usual Riemann approximations. Define also for a > 0,

Na

Vy(a) = NLZ(?(a,i) - 1). 31)

a4 =1



2352 J.-M. Bardet, C.A. Tudor / Stochastic Processes and their Applications 120 (2010) 2331-2362

Remark 3. These approximations of wavelet coefficients and their sample variance can be
directly computed from data for all mother wavelet ¥. In the particular case of a multiresolution
analysis with orthogonal discrete wavelet transform (that means a = 2/), the very fast
Mallat’s algorithm (similar to FFT for the Fourier’s transform) can also be applied to obtain
a different approximation ey (27, k) of d(27, k). However, when j — o0, e(2/, k) ~ ey (27, k).
Indeed, let ¢ the scaling function of a multiresolution analysis satisfying f ¢()dr = 1
and f Y2(t)dt = 1. Then it can be established that (see for instance [21]) ep(2/, k) =
272 [dey (27t —k) XN 9 — )Xy = 272N X [idey (27 +5) — k) (D).
When j — oo, since ¢ is compactly supported on I, we obtain (2’/' (t+s)— k) ~
¥ (27/s —k) fors € I. Then ey (2/, k) ~ 272N X,y (2775 — k) [, p()dt = e(2/, k)
because f ¢(t)dt = 1; more precisely, a first order expansion gives ey 21, k) = e, k) +
Op(277), with an approximation error which is negligible with respect to the approximation
error computed in the following Lemma 1. The very low time consumption of the Mallat’s
algorithm together with a straightforward computation of e(2/, k) without multiresolution
analysis, provides a clear advantage of the wavelet based estimator of the parameter H with
respect to the estimators based on a minimization of a criterion (such as maximum likelihood
estimators).

Now the following result can be proved:

Lemma 1. Assume that v € C"(R) withm > 1 and  is [0, 1]-supported. Let (ax)reN be a
sequence of integer numbers satisfying N a;,l N—> oo and ay N—> 00. Then, for any Q > 1,
—00 —00

NH NH—Q/2
. (32)

~ 1
E|Vn(ay) — Vy(an)| = C + + — lor—0>-1)
| =\ Vay " e T o e

Proof. First note that,
-1

1 1
~ . g 2| / NI _ +/12H
E[(e(a,w—d(a,z))]——2%(}1)/0 /0 drde Y (O ()1t — 1|
2H>

2 1 a—1 % .
+= | Ay Y v =) 1+l -
a Jo =0 a
1 a—1 k k/ 2H
72“’@‘”(;)( .
k,k'=0

From standard Taylor expansion, if g is supposed to be m times continuously differentiable and
[0, 1]-supported, for all @ > 0,

1 a—1 k 1
-2.8 (—) —/ g(t)dt
4= \¢ 0

and there exists C depending only on H, Q and v such that ‘ fol () +0*dr| < C
((1 +i)*H _Q). Therefore, there exists C depending only on H, Q, m and v such that for all

k/ZH
t__ )
a
k/2H
i+
a

kK

a a

.k
I+ -
a

< sup [g" ()]

1
1e[0,1] am
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2H a +i)2H>

am

=C <(1 +i)?HC 4

Finally, as it was already proved in [3], there exists C depending only on H and v such that for
allm >1anda > 0,

1 k P\ kK PH 1,1 c
= 2 lﬁ(—)w(—) A —f / dede’y ()Y ()t — 127 | < =
a k=0 a a a a 0 0 P
1 a=1 / /2H 1 1
'l/‘mMUE:W(E>f—E- -—/ /(mwwmwgmp_ﬂm'gg.
@70 K=o ¢ a 0 Jo a

All those inequalities imply that there exists C depending only on H, Q, m and v such that for
alla > 0,

(33)

) \2H—Q \2H
E[(é(a,i)—d(a,i))z]§C<l+(1+l)m +(1 +2i,1) >
a a a

Using Cauchy—Schwarz’s inequality,

Ny
E|Vy(a) — Vy(a)| < NLQZ;E &*(a, i) — d*(a, i)
1N“E~.~.2]E~.J.2
< N—a; [(e(a,t)—d(a,t))i| |:(e(a,l)+ ((l,l))]
1 R
SE; E[(e(a,z)—d(a,z))}
~ ~ 2
x \/IE |:8d2(a, i +2 (E(a, i) —d(a, i)) }
| M ) 7\ V2
< ﬁ(N—a;E[(e(a,l) —d(a,t)) D

N, 1/2
x (Nia I;E [4&2@, i) +2 (é(a, i)—d(a, i))zD

| N 7\ 2
< ﬁ(N—a;JE [(é(a,i) —&(a,i)) D
| Ny ) 1/2
x <4+2N—a;1@[(5(a,i)—&(a,i)) D
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since E [5 2(a, i)] = 1 by definition. Finally, from inequality (33) and with a large enough,

~ . 1 . 2
2 E [(e(a, i)—d(a, 1)) i|

2H-Q 2H
log(Ng) N, N
<C <— + Lg_p<1+ o Lp_g--1+ a%m

1 Yo

Nq

a Nya™

1 log(N) N2H-Q N2H
SC<_—"_N m— 112H o=-1+ qm+2H— Q12H 0>-1+ q2(m+H) .

We will use Lemma 1 to prove the following result.

Proposition 3. Assume that v € C™(R) withm > 1 and { is [0, 1]-supported. Let (ay)reN be

a sequence of integer numbers satisfying Na Nl —> oo and ay —> o0. Then,
N— N—oo

L If X" isa Bmwith0 < H < 1and Q > 2 orwithO < H < 3/4and Q = 1, and if

—1—(1A22
Nay ( ’ ) —> 0, then Theorem 1 holds when Vy (a) is replaced by VN(a)

N—oo

—1-(1A
2. If X" is a fBm with 3/4 < H < 1 and Q = 1, and if Nay, ( 3)—>Othen

N—o00
Theorem 2 holds when Vi (a) is replaced by Vi (a).
3. If X! is a Rosenblatt process with 1)2 < H < 1,Q > 1 and if Na;,2 N—> 0, then
— 00

Theorems 3 and 4 hold when Vy (a) is replaced by VN (a).

Proof of Proposition 3. The three different cases are respectively obtained from the Markov
Inequality. Indeed, for ¢ > 0 and with = 1/2,2 — 2H, 1 — H (respectively),

~ 1 N* _  ~
P(N V(@) — Vy(@)| > &) < S E |Vy(a) — Vn(a)].

Using Lemma 1, it remains to obtain conditions for insuring

N® 1 NH NH-Q/2

— Ly_o-—1| — 0 34

a“ \/_N H+m +aL;Q+H 2H-0>—1 N—o00 (34
N

for all H to show the three cases of Proposition 3.
1. Fora =1/2, 0 >2and 0 < H < 1, condition (34) with « = 1/2 leads to

2m

—1-5 o
max (Na;z, Nay *1 Na, ¢ 12H—Q>—l)

2m
_2 —1-
< max (NaN s Nay ) — 0.

N—o0

—1- (l/\sz)
It induces the condition Nay,

For Q =1landany 0 < H < 3/4, cond1t10n (34) leads to

—>0

2m

_ —1- —
max (NaNz, Nay, 2H+H , Nay, 2”) — 0.
N—o0
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—1-(1A21
Since 0 < H < 3/4, it also induces the condition Na,, ( ’ )
2. If Q =1and 3/4 < H < 1, then condition (34) witha =2 — 2H leads to

max (N a;,

—>0

1 2m

—m’ NCl T 4-2H N ’%—ZH 1Q=1’ Na;, _221-11Q=2>

—1- 2m
< max (NaN ,Nay, 3) — 0,

—1— (IAT’”>
and it also induces the condition Na,, —> 0.
3.If 0 > 1and 1/2 < H < 1, then condition (34) w1tha =1— H leads to

1-
max (NaN = ,Na 1 ", Nay 1= Moo= 1) < max (NaN ,NaN ’") — 0,

N—o0

which leads to the condition N a;,z N—> Osincem >1. 0O
—00

Remark 4. For a concrete estimation of H, the conditions between N and ap provided in
Proposition 3 do not depend on H . Usually, when these conditions depend on H, the convergence
rate in the model can be improved. An adaptive procedure for estimating the smallest order
possible for (ax) could be also built as in the paper [5]. Anyway, we do not think that
conditions provided on (ay ) in Proposition 3 are optimal. They could be improved by controlling
E [(VN (a) — Vy (a))z] instead of | f/\N (a) — Vn(a)|. However, such computations are very long
and tedious in the case of the Rosenblatt process (it requires the computations of fourth-order
moments) and we have preferred to avoid them. Moreover, the simulations we give below will
show that our results are not so far to be optimal.

Since the case of fBm has been already studied (see for instance [3]) we only provide below
the numerical results when X is a Rosenblatt process. Thus, we first exhibit the main result of

1-H _ D
this paper, i.e. the limit theorem C ;2 ! (H) (%) Vn(an) N—> Rf{ following the procedure
—> 00
described in the sequel.
Concrete procedure of simulations:

e The samples of Rosenblatt processes are obtained following a similar procedure as the one
presented in [2]. With more details, to generate a Rosenblatt process sample (xH )i<j<N:
1. Generate a sample of length 1 + N % m (in practice we use m = 100) of a fBm with
parameter (H + 1)/2. We use a wavelet based method introduced by Sellan (see [20]) with
a Daubechies wavelet of order 10 but a circular matrix embedding method can also be
applied (more details can be found in [13]). Note that this sample is normalized and thus
Var[fBm(1)] = 1. Next, one obtains a sample of length N * m of a fractional Gaussian
noise (fGn) defined by the increments of the fBm, i.e. fGn(k) = fBm(k + 1) — fBm(k)
with Var fGn(k) = 1.

2. Taqqu proved in [29] that: (,%H Zl['ﬂ (fGn2(i) — 1)) L (R Jo<s<1, Where RH

<t<l n—o0
is a (non-normalized) Rosenblatt process, since (1 + H)/2 > 3/4 is the parameter of

the fGn. Thus, with n = mN,t = j/N and j = 1,..., N, one computes Y; =
W ijl(fan(i) — 1). In this way (Y;)1<j<n approximatively provides a path of

H
(RfLy. RY. ... R
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Table 1
1-H ~
Computation for different choices of ¥, H, N and ay of ~/MSE of C;z ! (H) (%) Vy (ap) from 100 independent
replications.
H 0.6 0.7 0.8 0.9
N =500 A 331 400 335 169 408 170 1.08 353 149 153 114 1.05

Yymy 223 240 211 151 1.55 1.80 0.85 091 094 070 0.75 0.89
Ye 229 245 2.09 176 1.57 149 1.23 0.85 093 1.05 074 0.81

N = 2000 Va 6772 3.19 299 27935 72 1.64 37951 88 156 43888 9.1 0.75
Yyme 2.09 191 199 1.33 1.60 140 1.04 1.08 130 0.68 0.67 0.77
Ye 195 1.81 1.72 1.18 141 156 1.21 1.01 125 066 072 0.89

N =10000 vy 2.60 277 286 149 1.41 143 0.67 0.84 093 052 046 0.59
Yymye 1.86 1.79 2.07 1.10 1.24 143 0.72 0.70 0.83 051 054 0.60
Ye 155 1.86 1.72 1.01 1.08 129 0.64 073 0.75 051 053 0.56

3. Compute now X =/ %NH Y; for j = 1,..., N: using the H-self similarity of
the Rosenblatt process, (X fl yeer X 1{',’ ) is approximatively a trajectory of a normalized (i.e.
Var R{’ = 1) Rosenblatt process.

The Matlab procedures to generate a trajectory of a fBm or a Rosenblatt process can be

downloaded from http://samos.univ-paris1.fr/-Jean-Marc-Bardet.

e Several mother wavelets i are used:

— The Daubechies’ wavelet of order 4, ¥4 (which is such that Q = 4 and C 1 ([0, 1]) but not
C2([0, 11));

— The Mexican Hat wavelet, ¥y (which is such that Q = 2 and ¥ € C*°(R) and is
essentially compactly supported);

_ The function ¥¢ such that W (r) = 1(r — 1)t — 1) (ﬂ it %) for all 7 € [0, 1] and
Yc = 0 elsewhere (which is such that Q = 3 and ¥ € C*°([0, 1]) except in O and 1).

e The values of constants Cy, (H), Cy (H') and Cr, (H) are obtained from usual approximations
of integrals by Riemann sums.

Monte Carlo experiments using 100 independent replications of trajectories are realized for
each H = 0.6,0.7,0.8 and 0.9 and for N = 500, N = 2000 and N = 10000. The
sequence of scales (ay)y is selected to be such that ay = [N0'4], ay = [NO'S] or ay =
[N0©]. The following Table 1 provides the results of simulations, which are values ~/MSE of

I-H
Crl(H) (%) Vi (ay) for the different choices of ¥, H, N and ay.
The main points to highlight from these simulations are the following:

1-H
e globally, for N and ay large enough then <CT2 ! (H) (%) VN (aN)>N seems to converge

in distribution to a centered distribution with a variance close to 1;

e if ay is not large enough (in these simulations, ay = [N 0'4]), there is a bias which clearly
appears in the case of 4 since this wavelet function is not regular enough. In this way we
may see that the conditions required for (ax) in Proposition 3 are close to be optimal.

e Since Rosenblatt processes are generated from an approximation algorithm based on a wavelet
synthesis, the larger H the higher the octave required to obtain a convenient trajectory.
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0.25 i
0.2

0.15 N
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0 . :
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1-H ~
Fig. 1. FFT estimation (Silverman’s method) of the density of the limit of (C;2 1 (H) (%) Vn (aN)) for
N

H=07,N=10000anday = N 06 from 100 independent replications.

251 q

1.5 q

0.5 4

-0.5 1 1

-1.5
0 0.5 1 15 2 25

1-H ~
Fig. 2. Convergence of the sequence (C;Ql (H) (%) VN(aN)) for H=0.7anday = NOS,
N

Because memories of computers are finite and we expect a low consumption time, the
generator of Rosenblatt process has a lightly smaller variance than it should have in the case
H = 0.9. Moreover in such a case, there is a very slow convergence rate, i.e. (N /aN)O'l, in
the limit theorem.

An example of the estimation of the limit density is also presented in Fig. 1 in the case
H = 0.7, N = 10000 and ay = N%°. Such a density is quite similar to a standard Gaussian
density but a Kolmogorov—Smirnov test invalidates the hypothesis that this distribution is a
N(0, 1) law. This result should be compared with the numerical simulation of the Rosenblatt
density given in [31].

1-H
Finally, Fig. 2 shows the convergence of the sequence <CT2 ! (H) (%) VN (aN)> when
N

N increases. This sequence does not seem to converge in L2(£2) as it is claimed in Section 3.
5.2. Estimation of H

Here we consider that a sample (X1, ..., Xy) of X = o2X*H with X a fBm or a Rosenblatt
process is known and H and o> > 0 are unknown. Denote the sample variance of wavelet
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coefficients
T
In(an) = —— > e*an. j).
Ny, =

Then, following Proposition 3, one deduces that

1 Ty (ian) D
N %N -1 —_— i)1<i 5 35
(02C1/,(H) (iayn)2H+1 g N0 (i)1<i<e (53)
L

where the asymptotic distribution (&;)<; <, is a Gaussian distribution (with « = 1/2 when X H
isafBmand Q > 2) or a Rosenblatt distribution as defined in Theorem 4 (with « = 1 — H when
X* is a Rosenblatt process). Therefore, from the so-called Delta-Method, we also have

Ng, (1og (Ty Gay)) — @H + 1) loglian) —log(@>Cy () _ —— (ei)izize
(36)

Therefore, a log—log-regression of (TN (iaN)) by (ian)<j<¢ provides an estimator of H

1<i<¢t

(this estimation method has been introduced in [15]). Such an estimator is defined by

T 1 ' / -1 o 1
Hy = 2 0) -(2,2¢) z, (log(IN(laN)))lsng — 5 37
where Zy(i, 1) =logi and Z,;(i,2) = 1 foralli =1, ..., £. Then Proposition 3 implies

Proposition 4. Assume that v € C™(R) withm > 1 and ¢ is [0, 1]-supported. Let (ay)reN be
a sequence of integer numbers satisfying Na;/l N—> oo and ay N—> oo. Let (X1,...,XnN)an
—> 00 — 00

observed sample of X = o> X" where X" is a fBm or a Rosenblatt process. Then,
1.if X" isafBmwith0 < H < land Q > 2 o0rwith0 < H < 3/4and Q = 1, and

—1—(1n2e
if Nay ( ’ ) N?oo 0, then with y*>(H, ¥, £) > 0 defined in (40) and depending only on

H, Y and ¢,

N  ~
[ Ay = H) —— N (0.72(H. . 0) ; (38)
an N—o00
2. if X" is a Rosenblatt process with 1/2 < H < 1, Q > 1 and if Na;,2 N—> 0, then
—00

N 1-H R D
(_) (Ay - H) —2— Ly (39)
an N—o00

where Ly y ¢ defined in (41) is a distribution depending only on H, y and {.
Proof of Proposition 4. From the results of Proposition 3, the relation (35) is clear since

TN (a) = VN (a) + 1 for all a > 0. Now using the usual multidimensional Delta-method (see for
instance [34]) with the transformation function g(xy, ..., x¢) = (log(x1), ..., log(xg)) applied
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to the limit theorem (35), one obtains

o 1 TN(iaN) )
Nay <g (C;sz(H) ((iaN)2H+1 >1<i<z> g1, ..., 1))

D
—> Jo(1, ..., D(&D1<i<es
N—o0
where Jg (1, ..., 1) is the Jacobian matrix of g at point (1, ..., 1). Therefore, since Jy(1,...,1)

is the identity matrix, one obtains (36). Then, 2H + 1 can be estimated from an ordinary least
squares regression and we obtain:

ey !/ _1 - . - .
20y +1=(1,0) - (2)20) " Z; (tog(Tn Gian))), ., = M (tog(Tn ian))), -, -

with My a (1 x £) matrix. Hence, the formula (37) can be deduced. Moreover, (36) implies

= D
Ng, (CHN +1D) = CH+ 1), oo MeEii=ize.
Therefore, when X is a fBm, since (ei)1<i<t 2./\f (O, Liz)(H)) from (16), we deduce (38)
with

2 1 © ,
vy (H, ¥, €)= ZMle (H)M,. (40)

The same trick implies (39) when X 7 is a Rosenblatt process and

1 /
LH,x//,E = EM@ (R{_,Il’ e, Rfl) 41

with the distribution of (Rfl Lreees Rf{ e) defined in Theorem 4. 0O

Remark 5. An estimator of o2 can also be provided by this method, with the same convergence
rate.

Remark 6. In Proposition 4 we do not study the case where X is a fBm, 0 = 1 and
3/4 < H < 1.Indeed, in a statistical framework devoted to the estimation of H, since the choice
of v is arbitrary, there is no reason to chose ¥ with Q = 1 which gives a worse convergence rate
than  with Q > 2.

We summarize our results concerning the convergence rate, with m > 2 and ay = N 17248 with
§ > 0 arbitrarily small:

1.if X¥ isafBmand Q > 20or Q = 1l and 0 < H < 3/4, the convergence rate of ﬁN is
N1/4=5/2.

2. if X is a Rosenblatt process and Q > 1, the convergence rate of Hy is N1—H)/2-3(1~H),

Such convergence rates are weak in a parametric framework. For instance, applied to the
increments of a fBm, the convergence rate of the maximum likelihood or the approximated
Whittle maximum likelihood estimator are N!/2 (see [11] or [16]); as far as we know, there are
not such results in the case of the Rosenblatt process. An estimator based on quadratic variations
has been studied in [33] and a noncentral limit theorem is proved with convergence rate N'=;
but such an estimator is almost parametric and cannot be applied to processes which are not
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strictly self-similar. As it was previously recalled in the introduction, the wavelet based estimator
is interesting because it can also be applied in a semiparametric framework.

Remark 7. In a statistical framework when X is a Rosenblatt process, (X1, ..., Xy) is known
but H unknown, how to obtain a confidence interval from (39)? We propose a three-step
procedure. The first step /1\s to chose ay = [NY*] with § > 0 arbitrarily small (for instance
6 = 0.05) and compute Hy. The second step consists in the computation of the quantile g (for
instance the 97.5%-quantile) of the distribution of L Ay Eiieﬁned by (39)) from Monte-Carlo

simulations of Rosenblatt processes with parameter H = Hy. Indeed, it is possible to replace
(39) by:

N 1_HN(I? —H)—Lg ,, —2>0
ay N Hy vl N oo

P N 1—Hy v\ H-1 - v
because LﬁN,w — Ly ye m 0 and (H) X (—) =exp [(H — Hpy) log (W)]

ay
%) 1 from (39) and Slutski’s lemma. Finally, the confidence interval of H will be
4 —> 00

N 17 N—1 N 17 v—1 . . . .
|:—q (H) ,q (ﬂ) :| since the density of L Ayt 18 clearly an even function.

Since there are no other asymptotic results than ours on semiparametric estimators of H for a
Rosenblatt process, we can only numerically compare the wavelet estimator with other estima-
tors. We have chosen two usual semiparametric estimators of long memory parameters: the local
Whittle estimator (d/gnoted Hwhiwe) defined in [26] and the adaptive global log-periodogram
estimator (denoted Hpogper) defined in [22]. Remark that such estimators are applied to the in-
crements of X. Note also that both the Matlbab softwares of these estimation procedures can be
downloaded from http://samm.univ-paris1.fr/-Jean-Marc-Bardet. For completing the numerical
study, we have considered two cases of wavelet based estimators:

° ﬁHaaI where ¢ is the Haar mother wavelet defined by ¥(x) = 1 for 0 < x < 1/2 and
Y(x) = —1for 1/2 < x < 1 and elsewhere ¥ = 0; moreover, we consider ay = [N%3] and
€= [N°3].

e Hy. where ¥c is wavelet function defined above; moreover, we consider ay = [N 041 and
£ =[N°3].

For both these estimators the number £ of scales is chosen as a sequence depending on N because
additional simulations have shown that the variance of these estimators is optimal with such a
choice. The results of simulations are given in Table 2.

The conclusions from Table 2 are the following:

e The local Whittle estimator ﬁyhittle is clearly the most accurate. The wavelet based estimator
Hy,. is almost as accurate as Hwhite. The estimator Hp ogper seems to be a little less accurate
while Hyjgar is not satisfying (it can be explained by the fact that this wavelet function is not
continuous in 1/2).

e It appears that the convergence rate of the estimators depends on N and all the estimators
seem to be consistent.

o The variance of Hpogper S€ems to increase as N 1=H \when H increases unlike both wavelet
estimators while theoretical results say that their variances behave as N!=# (see Propo-
sition 4). An explanation of this phenomenon is the following: the asymptotic variance
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Table 2

Empirical mean and +/MSE of ﬁHaar, ﬁ¢c, ﬁWhitlle, ﬁLnger for different choices of H and N, from 100 independent
replications.

H 0.6 0.7 0.8 0.9
Mean MSE Mean MSE Mean MSE Mean MSE
N =500 ﬁHaar 0.38 0.32 0.43 0.35 0.47 0.37 0.43 0.49
I,ijﬁc 0.56 0.15 0.62 0.16 0.72 0.15 0.84 0.10
Hwhittle 0.62 0.07 0.69 0.07 0.77 0.08 0.87 0.09
H ogPer 0.58 0.17 0.67 0.16 0.71 0.18 0.77 0.24
N = 2000 ﬁHaar 0.50 0.18 0.60 0.18 0.70 0.16 0.83 0.11
Hy. 0.59 0.07 0.65 0.07 0.75 0.08 0.85 0.07
Hwhittle 0.65 0.06 0.71 0.04 0.80 0.05 0.88 0.05
Hy ogPer 0.60 0.08 0.65 0.10 0.75 0.12 0.82 0.13
N = 10000 ﬁHaar 0.54 0.16 0.58 0.15 0.66 0.16 0.69 0.22
Hy 0.60 0.04 0.66 0.05 0.76 0.05 0.86 0.04
Hwhittle 0.64 0.04 0.72 0.03 0.79 0.03 0.89 0.03
Hi ogPer 0.60 0.05 0.67 0.06 0.74 0.08 0.85 0.07

~ ~ ~ . Ci(H)
Var(Hy) of Hy. or Hpa behaves as the (2,2)-component of the matrix T24

(Z;ZZ@)_I Z,50Zy (Z(;Zg)_l (“WN)z_zH where X, is given in (29). After computations we
obtain that
£ o em S ’
R C%z(H) i; logi x i;] i - Zig i log i 22
iy - 5 e

¢ ¢
€Y log?i — <Z logi>
i=1 i=1
1 — H)*C% (H 2-2H

U PCLED s (%) (€ - o).

4H* N

Therefore the larger £ the smaller Var(fl\w). Morgpver if N = 10000,ay = [N°*] and
¢ = [N%3], with ¥ = V¢, we obtain for Var(Hy) =~ (0.024)2, (0.028)2, (0.030)? and
~ (0.030)? for respectively H = 0.6,0.7, 0.8 and 0.9. It explains why the different ~/MSE
do not numerically seem to depend on H even if they theoretically depends on H.
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