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Abstract

The recent definition of fractional Brownian motions on surfaces has raised the statistical issue
of estimating the Hurst index characterizing these models. To deal with this open issue, we propose
a method which is a based on a spectral representation of surfaces built upon their Laplace-Beltrami
operator. This method includes a first step where the surface supporting the motion is recovered
using a mean curvature flow, and a second one where the Hurst index is estimated by linear
regression on the motion spectrum. The method is evaluated on synthetic surfaces. The interest
of the method is further illustrated on some fetal cortical surfaces extracted from MRI as a means
to quantify the brain complexity during the gestational age.

keywords fractional Brownian motions on surfaces, Laplace-Beltrami operator, Hurst index esti-
mation, fetal cortical surface.

1 Introduction

The introduction of the fractional Brownian motion (fBm) by Mandelbrot and Van Ness [25, 27] has
inspired a great deal of research towards the modeling of phenomena of an irregular nature. Initially
defined in R, this random process has been extended to R? to give birth to a wide variety of random
fields accounting for complex spatial phenomena (see, for instance, [12, 36, 5, 29, 44] or [15] for an
exhaustive survey). Besides, there is still an active research to find appropriate definitions of fBm on
non-Euclidean spaces such as surfaces [22, 23, 43, 17, 18]. In this paper, we focus on this kind of fBm
following the definition approach proposed in [17, 18].
On the interval [0, 1], the fBm can be defined by a Fourier expansion
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where C' is a positive constant, H € (0,1) the so-called Hurst index, (§); a series of independent,
centered, standard and normally distributed random variables, (¢;); an orthogonal basis of L?(I;R)
composed of eigenfunctions of the Dirichlet-Laplacian operator A, and A; the eigenvalue of A associated
to the eigenfunction ¢;. In [17, 18], authors proposed a construction of a fBm R on an arbitrary
compact connected surface S of R? without boundaries using an analogous expansion
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R= C'Zfl)\;( (&1 — ¢1(0)), (1)
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where o is a fixed point on S, and (\;, ¢;) are couples of eigenvalue and eigenfunction of the Laplace-
Beltrami (LB) operator defined on S (see [8] and Section 2 for a definition). As for the original fBm,
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Figure 1: Top row: examples of an fBm defined on a sphere. Bottom row: Corresponding fBs.

the obtained fBm is self-similar with stationary increments, and has realizations whose regularity is
almost surely Holder of order H. Given a fBm R on S, a so-called fractional Brownian surface (fBs)

S°* = S+ RN (2)

could be further defined by deforming S in the direction of its outer unit normals N [18]. Some
simulations of fBm defined on the sphere and their associated fBs are shown on Figure 1 for different
values of H.

There is a huge statistical literature about the estimation of the Hurst index of the original fBm
(see [7, 14, 15] for review) and its extensions in R? (see, for instance, [4, 37, 44]), ranging from spectral
methods to filtering methods such as quadratic variations or wavelet transforms. By contrast, to the
best of our knowledge, there is not any method available for the estimation of the Hurst index of a
fBm defined on a surface. Hence, the main contribution of the paper is the construction of a first
method that enables to estimate the Hurst index H of a surface S°P from one of its realizations.

One of the spectral methods commonly used for the original fBm B relies upon the so-called
periodogram [7] defined as
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Pv(A) =— E_
for frequencies A = —2]’3” with k = 0,---, N — 1. This periodogram can be seen an estimator of the

spectral density of the increments of the motion B. Due to the behavior of this density, it can be
shown that, when A is close to 0,

log (E(Pn (X)) = C + (1 = 2H) log(|A]) +£(A),



for some constant C, and random Gaussian variables €(A). As a result, the Hurst index H can be
estimated by a linear regression of the log-periodogram on the log-frequency. In this paper, this
estimation method is extended to the case when the fBm is defined on a surface. This extension is not
straigthforward: in the FEuclidean case, the support of the motion is set in the definition and known.
By contrast, in the surface case, the reference surface S indexing the motion is unobserved. Hence,
this reference surface has to be estimated prior to any estimation procedure. The method we propose
is based on a spectral representation of the surface built upon its LB operator. It includes an initial
recovery of the reference surface followed by a regression procedure on the motion spectrum.

2 Estimation method

In this section, we present our method for the estimation of the Hurst index of a fBs S°P (see Equation
2). The method has two main steps, a first one where the reference surface S and the Brownian
motion R are both estimated from the observed surface S°P, and a second one where the Hurst index
is estimated using a Fourier representation of R on S. The whole method is summarized in Algorithm
(1) and visualised on Figure 2. Each algorithm step is described into details in the next subsections.

Algorithm 1 Estimation of the Hurst index H.

Require: A realization of the fBs S° (denoted the same).
1: Smooth S° to get an estimate S of the reference surface S.
2: Compute an estimate R of the fBm R on S.
3. Compute the Fourier coefficients of R on S.
4: Estimate H of the Hurst index H of the Brownian surface S°P by linear regression.
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Figure 2: A schematic representation of Algorithm 1. The input to the algorithm is an observed {Bs
(S°P) and output is an estimate of the Hurst index H of the fBm.

2.1 The LB operator and its discretization

The estimation method, as well as the surface model, relies upon the LB operator of a surface. In this
part, we set up the framework in which this method is designed.



For a compact Riemannian manifold S in R3, one can define a space of square integrable functions
defined on S

2 = Uu: U2 (0. ]
£2(8) = { S—>R,/S < oo},

and equip it with the inner product (-,-) defined for all u,v € £L%(S) by (u,v) = [yuvds.

The LB operator A on S is an extension of the definition of the Dirichlet-Laplacian operator on
the non-Euclidian space S. It is defined as a combination of the gradient and divergence operators
on S, namely A = div o grad. The spectrum of this operator {(\, ¢x) € RT x £2(S),k =1,2,...} is
defined as the set of solutions of the differential eigenvalue problem [8]

Agp = —A\p@k. (3)

It is at the basis of the definition of the fBm on S in Model 1. Using a Green Formula, the spectral
problem above can be restated in a weak form

(Voér, Vi) = —Ni{on, i), Vi € LA(S). (4)

In practice, we deal with discrete meshes rather than compact surfaces. Hence, for an implemen-
tation purpose, we discretize the eigenvalue problem stated above using a finite element method [32].
Let G = {V, &} be a mesh composed of aset V = {Py,---, Py} of N vertices on S and a set £ of edges
between these vertices. On {1,---, N}, we define a space of square integrable functions

PWV)={u:{l,---,N} - R, Zu ) < 00},

where u(n) represents the value of a function u at vertex P,. The space [?(V) can be equipped with
the inner product defined, for all u,v € I2(V), by (u,v) = Egzl u(n)v(n).

We define a linear function 1); on the mesh vertices such that, for every vertex P,, 1;(n) = d;n,
where 9, is the Kronecker symbol. In this way, the function ¢, can be interpolated by a linear
combination Zjvzl Nk s of 1 defined with coefficients 7y; = ¢5(P;). Substituting this interpolant in
the weak form (4), we get

N N
D ki (Vs Vbi) = =X Y g (g, i), (5)

j=1 j=1

In a matrix form, this is equivalent to the following algebraic generalized eigenvalue equation

where g = [nk1, -+, men] T, and A and B are N x N sparse matrices with the following elements:
oot ot By if (i,j) € E,
Al J) =\ — Lnenp Altn)  if i=4, !
0 0.W.
and
Il ita] if (i,j) € E,
B(ij) = Zmexoll i - )
0 O0.W.

where «;; and 3;; are the angles opposite to the edge F;P; in two triangles ¢; and t3 sharing this edge,
|tn| indicates the area of the triangle t,, and N (i) denotes the index set of all vertices of the 1-ring
neighbourhood of P;.

Being symmetric and positive deﬁmte the matrix B admits a Choleski decomposition B = B3Bs.
Thus, setting new coordinates g = ank, Problem 6 becomes

B 2AB 2¢; = Ay 9)



Hence, it can be solved by finding pairs of eigenvalues and eigenvectors (Ag,@r) of the matrix
B~3AB~3. Further imposing that eigenvectors 7y are orthonormal with respect to the inner product
(B-, ), solutions ¢}, = B %nk are orthonormal with respect to the usual Euclidean inner product.

Besides, due to the Weyl’s theorem [45], the contribution of Mth term in Equation (1) is of order
oM —(d/4+H/ 2)), which becomes negligible for large M’s and fine triangulation. So, in practice, the
fractional Brownian random field of Equation (1) can be approximated on a discrete mesh by a field
denoted Rjs having

M
(44 H
p=CY (W) 1o - R, (10)
1=2
as interpolation coefficients and a vertex P, as an origin.

2.2 Recovery of the reference surface

To get an estimate of the reference surface S, we first smooth the observed surface S°° by applying a
mean curvature flow [21]. Such a procedure relies upon the definition of a heat equation involving a
2D manifold €; which evolves with time ¢ :

Tong on 0x0.T) (1)
f’t:O = foa on Qt7

where f stands for some coordinate components of {2;, and A; for the LB operator on the manifold
Q. Starting from the initial state €y, points of €); move in the direction of the inner normal to a
distance which is proportional to the mean curvature. These displacements tend to smooth 2; as the
time t evolves. A schematic representation of this procedure is given in Figure 3. Let us quote that
it establishes a one-to-one correspondence between points of the initial surface €2y and those of the
successive smooth surfaces €.

So as to be solved numerically, Equation (11) is discretized in time using a first order backward
finite difference scheme and in space using the discretization of the LB operator introduced in the
previous section. This leads to a discrete heat equation of the form

(B +dtA)f™ = Bf™, (12)

where f™ denotes f at a time t,, = m x dt, and A and B are matrices given by (7) and (8), respectively.
This approach is known to be numerically stable even for large time steps and convergent, at least for
convex surfaces [21].

Figure 3: The mean curvature flow smoothing procedure applied to a surface. Geodesic paths of two
points PiOb and Pj‘?b to their corresponding points on the final smoothed surface are shown in blue and
yellow colors, respectively.

The MCF is applied to the observed surface S°° by setting €y = S°P. It is stopped at a time ¢*
when Qy is entirely inside S°P. Pratically, this stopping condition is considered as fulfilled when all
angles between the vector PS™ P and the normal vector to Q0 at PS™ are all acute.



As the MCF tends to move the barycenter of the surface ), the barycenter of €); is aligned to the
one of S°P at each time t. Moreover, so as to compensate for a surface shrunking, the final surface
Q4+ is dilated with an iterative procedure that avoids the creation of surface singularities such as
point crossing. At each iteration of this procedure, problematic mesh triangles with too acute angles
are identified and kept fixed while other triangles are slightly dilated. The holes left by problematic
triangles are then filled by a linear interpolation and faired by a mean curvature flow.

In this way, we obtain an estimate S of the reference surface S. We could then estimate pairs
{(, gzgk)}é\/[: , of eigenvalues and eigenvectors of the LB operator on S by solving Equation (6) with
A and B derived from S.

The procedure is pursued by an approximation of the fBm Rj;. According to Model (2), the
value Rps(P) of the field Ry at some vertex P of S depends on the distance between the vertex P
and its corresponding vertex P°P on S°. At a vertex P, of the estimated reference surface S, it is
approximated by

Ry (n) = w(n) — @, (13)

where w(n) = d(PS, P,) is the Euclidean distance between P and P, vertices, and @ = + Egzl w(n)
is a mean distance. The resulting estimate of Rj; is zero-mean, which is consistent with its theoretical
definition.

2.3 Spectral estimation of the Hurst index

According to Model (10), Fourier coefficients of a discrete fBm on a surface mesh are given by

Mo
Pr = (P, or) = CZA;(ZJF : )(<<P1790k> — 1(Po)(1, k))&, (14)
1=

where (A, ¢;); are couples of eigenvalue and eigenvector of the LB operator of the surface mesh. Due
to the orthogonality of eigenfunctions, Fourier coefficients reduce to

pr = C')\;:(

for k=2,---, M. Consequently,
d
logE[p7] = —(5 + H)log(\) + log(C%), k=2,...,M. (16)

This equation shows a linear relationship between log E[p7] and log(A).

This relationship suggests to estimate H and C' from the slope and intercept of a least square
linear regression line computed on points {\;, E[p%]} in log-log scale. For that, an estimate of the
expectation term E[ﬁi] would be required. If many realizations of R were available, such an estimate
could be obtained using some laws of large numbers. However, we only have one realization of the
fBm.

To deal with this constraint, we shall start with the log-spectrum of Rj; given by

log(3}) = —(§ + H)log(h) +log(C?) +log(€}),  k=2,....M, a7)

which follows from Equation (15). To apply a least square linear regression analysis, we propose a
binning strategy. Formally, let {E;,l = 1,2,..., L} be a partition of spectral indices {2,3,..., M}, and
N; be the size of the set Ej. Taking the averages in both sides of (17) on each bin Ej, leads to a linear
model of the form

Yy =ax;+v+ep, l:17"'7L> (18)

where 1 1 1
n=p o logw), =5 Do log(ph), &= > loe(&), (19)
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a=— <;l + H) and ~ = log(C?). (20)

Due to the Central Limit Theorem, the distribution of £; can be approximated for large N; by a
normal distribution of mean o = E[log(¢?)] and variance Var[log(£2)]/N;. Furthermore, since {&;}
has a standard normal distribution, {¢3} has x? distribution, and

po = log(2) + ¥ (3), 21)

where 1) is the so-called -function, which is the first derivative of the Gamma function [28]. Hence,
setting

B =7+ po, (22)
Equation (18) is asymptotically equivalent to
Yy = ax; + B+ €, l=1,2,...,L. (23)
2
where &; are i.i.d of law N (0, Uﬁ(’l) Regression parameters a and 3 of this linear model can be estimated
by minimizing a weighted least square criterion:

J(a,B) = Zivé(yz — oz — f)°, (24)
=1

This leads to the following estimates

L N L N L N
. > v my — (2l g e) (2 g ) 925
@ = I N2 I N \2 ; (25)
Dl v r — (i )
L

L
N, N,

= —_ . 26
P Zl_lN—ﬁ” CL N1 (26)

Now, according to (20), H and C can be obtained as

H=a+d/2, C=+/exp(f— o). (27)

In our estimation procedure, the regression (23) is defined and applied with the estimates i and p of
the LB operator eigenvalues and fractional Brownian field coefficients, respectively.

3 Numerical study

We evaluated the proposed algorithm of Section 2 on synthetic data. Using the method developed in
[18], we simulated a set of 1000 fractional Brownian spheres with Hurst indices H uniformly sampled
from a uniform distribution in (0.05,0.95). A triangulated unit sphere with N = 2562 vertices served
as a reference surface S. The first M = 1600 LB eigenpairs of S were computed using the linear FEM
of (2.1). Then, fBms R on S were generated via (10) with C' = 1. Fractional Brownian spheres were
synthesized by displacing vertices of S in direction of their corresponding outer normal vectors by an
amount of R. Some examples of such surfaces were shown on (1).

For each surface, H was estimated according to (1); the mean curvature flow was applied with
dt = 0.1. The mean bias (mBias) and the root mean square error (rMSE) of the estimates Hj, of Hy
at the kth experiment were computed as

1 1000 1 1000
ing — T N T 2
mBias = ;(Hk Hy)  xMSE =, |+ ;(Hk H;)2. (28)

Results are presented in (1) for different numbers n of bin elements. tMSE of H did not significantly
depend on n. Both, the mBias and the rMSE were quite low. The rMSE was about 0.06 corresponding
to a relative error of 6 %.



Table 1: Estimation of the Hurst index H on 1000 fractional Brownian spheres. The number n refers
to the number of bin element used in the regression procedure 23.

Binned regression
n=50 n=40 n=30 n=20 n=10

mBias of H -0.011 -0.0089 -0.0069 -0.0041 -0.00039
rMSE of H  0.065 0.065 0.065 0.064 0.064

Statistics
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Figure 4: mBias and rMSE of the estimates of the Hurst index H as a function of H values.

The simulated surfaces were further classified into 9 groups depending on their H value: the ith
group contained surfaces with H € [0.05 4 0.1 (i — 1),0.05 4+ 0.14) for i = 1,2,...,9. For each group,
we computed the mBias and rMSE for n = 10. Results are shown in Figure 4. We observe that the
method tended to overestimate H in the lowest range (<= 0.35) and underestimate it in the highest
one (> 0.75). The maximal rMSE was below 0.1 (10 % error). The most accurate results were achieved
for surfaces with medium values of H in [0.45,0.55).

4 Application to fetal data

The proposed method was applied to a dataset of fetal cortical surfaces. This dataset was acquired
at the Department of Neuroradiology at La Timone Hospital (Marseille, France) between January 1st
and December 31st, 2011, in a clinical context and has been used to study the evolution of cortical
complexity through gestational development [19]. It consisted of in vivo magnetic resonance images
of fetal brains acquired in utero using a 1.5 teslas MR machine, from which cortical surfaces were
extracted. Details of the acquisition and preprocessing steps, including image segmentation and 3D
reconstruction of surfaces, are explained in [26].

In this dataset, we selected 12 subjects free of diseases according to radiological criteria. The
gestational age of these subjects was between 21 and 34 weeks at the time of MRI acquisition (mean
age: 29.6 + 3.5 weeks). Thus, we had 24 triangulated hemispheric surfaces.

(b)

Figure 5: The first steps of Algorithm 1 applied to a fetal brain hemisphere: (a) the observed surface
(in gray) and smooth surface (in green), (b) the estimated reference surface (in blue), (c¢) the estimated
fractional Brownian field on the reference surface.

(a)

(©)
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Figure 6: Linear regression on the spectrum of the cerebral hemisphere of Figure 5 (a) complete
regression, (b) partial regressions with the breakpoint I* = 20.

Considering each brain hemisphere as a realization of a fBs, we applied Algorithm 1 to estimate
its Hurst index. The first steps of this algorithm are illustrated on Figure 5a. As explained in Section
2, the estimation of the Hurst index consists of applying a linear regression procedure to the spectrum
of the fractional Brownian field on the surface. However, as illustrated on Figure 6a, we observed
that relationships between the logarithms of the spectrum energy y; and its corresponding scales (see
Equation (19)) was not linear on cortical surfaces. Moreover, when performed on this spectrum,
regression analysis could lead to negative Hurst index which were out of the expected range (0, 1).
This issue could be due to mesh artefacts or numerical inaccuracies of the approximation of large LB
eigenpairs. In fact, by using the linear FEM, the absolute error of approximation of LB eigenvalues
is bounded by the square of eigenvalues. Moreover, the error of approximation of LB eigenvectors is
bounded by corresponding eigenvalue [40]. Hence, as eigenvalues increase, their approximation error
may increase, leading to inaccurate spectrum features x; and y;.

To fix this issue, a segmented linear regression was performed. In this method, x;’s was broken
into two segments. The breakpoint (the border of low and high z;’s) was manually set from the
data of the smallest surface in database (having 930 vertices) to [* = 20 at a point where the linear
trend of the first eigenvalues started to be invalided; see illustration on Figure 6b. Let us quote that
the approximated reference surfaces of all subjects in the database had similar shapes but different
sizes. So, their LB eigenvalues were similar up to a scaling factor [33]: larger surfaces had smaller
eigenvalues. So, the x;« value itself could not be used as the breakpoint since it was scaled across
subjects and could result in regression analysis in different spectral bands.

On Figure 7a, we show estimates H of the Hurst index of left and right hemispheres as a function
of the gestional age. We observe that older subjects tend to have smaller values of H. As age increases
during the fetal age, folds appear on the brain surface, increasing the complexity of the cortical surface
([26]). So, the decrease of H with age may reflect this increase of complexity.

In the literature, it was observed that larger fetal brains are more folded (e.g. [26]). This was also
verified by simulation on some mechanical models ([41, 42]). On Figure 7b, we plot the value of H as
a function of the hemispheric volume. We observe that H decreased as the volume increased. This
suggests again that the Hurst index could be a good indicator of surface complexity.

5 Discussion

The recent definition of fractional Brownian motions on surfaces [17, 18] has raised the issue of esti-
mating the Hurst index which characterizes these new models. In this paper, we proposed an original
estimation method which is based on a spectral representation of surfaces built upon their Laplace-
Beltrami operator. This method involves two main steps: a first one where a mean curvature flow
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Figure 7: (a) H versus gestational age, and (b) H versus hemispheric volume of fetal subjects.

is applied to recover the surface indexing the fBm, and a second one where a regression procedure
is applied to the fBm spectrum to identify the Hurst index. The method was tested on simulated
surfaces leading to a mean error of about 6%, which is a promising score for a first attempt to solve
the open issue.

The method can be seen as an extension of a spectral method currently used for classical fBm. By
extending other classical methods, it could also be possible to construct alternate estimation methods
for surface-indexed fBm. For instance, the classical filtering methods based on quadratic variations
[24] or wavelets [16] could be extended using some recent wavelet representations on graphs [1, 20].
To avoid the effect of numerical inaccuracies of the approximation of large LB eigenpairs, our method
was applied considering only the lowest eigenpairs. As a result, the method mainly captured some
information about the surface low-frequencies. Using alternate filtering methods, we could focus on
surface high-frequencies and complete these information.

The Hurst index is a feature which characterizes the global regularity of a fractional Brownian
object (random field or surface) assuming that it is homogeneous. Some heterogeneous random field
models (indexed on R%) known as multifractional Brownian fields [5, 29, 9, 2, 3, 44] were defined to
account for local variations of the regularity of a field. Some methods were also constructed to estimate
the local regularity of these fields. However, it remains an open question to define mathematically
some heterogeneous fractional Brownian surfaces with a varying local regularity. Still, our estimation
method could be extended to deal with the estimation of the local regularity of heterogeneous surfaces
using a local spectrum analysis based on a windowed Fourier transform on surfaces [39, 30, 31].

Besides, the Hurst index is an isotropic features which characterizes the object independently
of any direction. The fBs, itself, is an isotropic model that has the same properties whatever the
orientation. For random fields, there has been a lot of research devoted to the definition of anisotropic
models, as well as the characterization and estimation of their directional properties [12, 6, 10, 13,
37, 35, 36, 34, 38, 11, 44]. Defining and analyzing anisotropic fBs is another path of research that is
opened by this work.

References

[1] L. AVENA, F. CASTELL, A. GAUDILLIERE, AND C. MELOT, Intertwining wavelets or multires-
olution analysis on graphs through random forests, Appl. Comput. Harmon. Anal., (2018).

[2] J. AYACHE AND J. LEVY-VEHEL, Generalized multifractional Brownian motion: definition and
preliminary results, in Fractals: Theory and Applications in Engineering, L. Lévy-Véhel and
Tricot, eds., Springer, 1999, pp. 17-32.

10



[3]

[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

A. BENASSI, P. BERTRAND, S. COHEN, AND J. ISTAS, Identification of the Hurst index of a
step Fractional Brownian motion, Stat. Inference Stoch. Process., 3 (2000), pp. 101-111.

A. BENAssSI, S. COHEN, AND J. IsTAS, Identifying the multifractional function of a Gaussian
process, Statist. Probab. Lett., 39 (1998), pp. 337-345.

A. BENASSI, S. JAFFARD, AND D. Roux, Flliptic Gaussian random processes, Rev. Mathem.
Iberoamericana, 13 (1997), pp. 19-89.

D. BENSON, M. M. MEERSCHAERT, B. BAUMER, AND H. P. SCHEFFLER, Aquifer operator-
scaling and the effect on solute mizing and dispersion, Water Resour. Res., 42 (2006), pp. 1-18.

J. BERAN, Statistics for long-memory processes, Routledge, 2017.

M. BERGER, A Panoramic View of Riemannian Geometry, Springer Berlin Heidelberg, Berlin,
Heidelberg, 2003.

H. BIERME, C. LACAUX, AND H. SCHEFFLER, Multi-operator scaling random fields, Stoch. Proc.
Appl, 121 (2011), pp. 2642-2677.

H. BIERME, M. M. MEERSCHAERT, AND H. P. SCHEFFLER, Operator scaling stable random
fields, Stoch. Proc. Appl., 117 (2007), pp. 312-332.

H. BIERME AND F. RICHARD, Estimation of anisotropic Gaussian fields through Radon trans-
form, ESAIM: Probab. Stat., 12 (2008), pp. 30-50.

A. BoNnaMI AND A. ESTRADE, Anisotropic analysis of some Gaussian models, J. Fourier Anal.
Appl., 9 (2003), pp. 215-236.

M. CLAUSEL AND B. VEDEL, Ezplicit construction of operator scaling Gaussian random fields,
Fractals, 19 (2011), pp. 101-111.

J. COEURJOLLY, Simulation and identification of the fractional brownian motion: A bibliograph-
ical and comparative study, J. Stat. Softw, 5 (2000), pp. 1-53.

S. COHEN AND J. ISTAS, Fractional fields and applications, Springer, 2013.

P. FLANDRIN, Wawvelet analysis and synthesis of fractional Brownian motion, IEEE Trans. Inf.
Theory, 38 (1992), pp. 910-917.

Z. GELBAUM, Fractional brownian fields over manifolds, T. Am. Math. Soc., 366 (2014), pp. 4781—
4814.

Z. GELBAUM AND M. Trrus, Simulation of fractional brownian surfaces via spectral synthesis
on manifolds, IEEE Trans. Image Process., 23 (2014), pp. 4383-4388.

N. J. GIRARD AND K. CHAUMOITRE, The brain in the belly: What and how of fetal neuroimag-
ing?, Magn. Reson. Imaging, 36 (2012), pp. 788-804.

D. HAMMOND, P. VANDERGHEYNST, AND R. GRIBONVAL, Wavelets on graphs via spectral graph
theory, Appl. Comput. Harmon. Anal., 30 (2011), pp. 129-150.

G. HUISKEN, Flow by mean curvature of convex surfaces into spheres, Australian National Uni-
versity, Centre for Mathematical Analysis, 1984.

J. IsTAs, Manifold indexed fractional fields, ESAIM Probab. Stat., 16 (2012), pp. 222-276.

J. IsTas AND C. LACAUX, On locally self-similar fractional random fields indexed by a manifold,
Stochastics An International Journal of Probability and Stochastic Processes, 85 (2013), pp. 489—
499.

11



[24]

[25]

[26]

[40]

[41]

[42]

J. IsTas AND G. LANG, Quadratic variations and estimation of the local Hdélder index of a
Gaussian process, Ann. Inst. Henri Poincaré, Prob. Stat., 33 (1997), pp. 407-436.

A. KoLMOGOROV, Wienersche spiralen und einige andere interessante kurven im hibertschen
raum, Acad.Sci.URSS, 26 (1940), pp. 115-118.

J. LEFEVRE, D. GERMANAUD, J. DuBoIs, F. ROUSSEAU, I. DE MACEDO SANTOS, H. AN-
GLEYS, J.-F. MANGIN, P. HUPPI, N. GIRARD, AND F. DE Guio, Are developmental trajectories
of cortical folding comparable between cross-sectional datasets of fetuses and preterm newborns?,
Cereb. Cortex, (2015), pp. 1-13.

B. B. MANDELBROT AND J. VAN NESs, Fractional Brownian motion, fractional noises and
applications, SIAM Rev., 10 (1968), pp. 422-437.

S. E. PAv, Moments of the log non-central chi-square distribution, arXiv:1503.06266 [math, stat],
(2015).

R. PELTIER AND J. LEVY VEHEL, Multifractional Brownian motion: definition and preliminary
results, Tech. Report 2645, INRIA, 1996.

H. RaBIEl, F. RIcHARD, O. COULON, AND J. LEFEVRE, Local spectral analysis of the cerebral
cortex: New gyrification indices, IEEE Trans. Med. Imaging, 36 (2017), pp. 838-848.

H. RaBIEI, F. RICHARD, J. LEFEVRE, AND O. COULON, Estimating the complexity of the
cerebral cortex folding with a local shape spectral analysis, in Vertex-frequency analysis of graph
signals, L. Stankovi¢ and E. Sejdi¢, eds., Springer Nature, 2019.

M. REUTER, S. BiasorTi, D. GIORGI, G. PATANE, AND M. SPAGNUOLO, Discrete Laplace-

Beltrami operators for shape analysis and segmentation, Comput. & Graph., 33 (2009), pp. 381—
390.

M. REUTER, F.-E. WOLTER, AND N. PEINECKE, Laplacebeltrami spectra as “shape-DNA” of
surfaces and solids, Comput. Aided Des., 38 (2006-04), pp. 342-366.

F. RICHARD, Analysis of anisotropic Brownian textures and application to lesion detection in
mammograms, Procedia Environ. Sci., 27 (2015), pp. 16-20.

F. RICHARD, Some anisotropy indices for the characterization of Brownian textures and their
application to breast images, Spat. Stat., 18 (2016), pp. 147-162.

F. RICHARD, Tests of isotropy for rough textures of trended images, Stat. Sinica, 26 (2016),
pp- 1279-1304.

F. RICHARD, Anisotropy of Hélder Gaussian random fields: characterization, estimation, and
application to image textures, Stat. Comput., (2017), pp. 1-14.

F. RICHARD AND H. BIERME, Statistical tests of anisotropy for fractional Brownian textures.
Application to full-field digital mammography, J. Math. Imaging Vis., 36 (2010), pp. 227-240.

D. SHUMAN, B. RICAUD, AND P. VANDERGHEYNST, Vertez-frequency analysis on graphs, Appl.
Comput. Harmon. A., 40 (2016), pp. 260-291.

G. STRANG AND G. J. Fix, An analysis of the finite element method, vol. 212, Prentice-hall
Englewood Cliffs, NJ, 1973.

T. TALLINEN, J. S. BIGGINS, AND L. MAHADEVAN, Surface sulci in squeezed soft solids, Phys.
Rev. Lett., 110 (2013), p. 024302.

T. TALLINEN, J. Y. CHUNG, F. RoUussEAU, N. GIRARD, J. LEFEVRE, AND L. MAHADEVAN,
On the growth and form of cortical convolutions, Nat. Phys., 12 (2016), pp. 588-593.

19



[43] N. VENET, On the existence of fractional brownian fields indexed by manifolds with closed
geodesics, arXiv preprint arXiv:1612.05984, (2016).

[44] T. Vu AND F. RICHARD, Statistical tests of heterogeneity for anisotropic multifractional Brow-
nian fields, Stoch. Proc. Appl., (2020), https://doi.org/10.1016/j.spa.2020.01.012. In press.

[45] H. WEYL, Das asymptotische veteilungsgesetz der eigenwerte linearer partieller diffentialgleichun-
gen, Math. ann., 71 (1912), pp. 441-479.

19



