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SELF-SIMILAR PRIOR AND WAVELET BASES FOR HIDDEN
INCOMPRESSIBLE TURBULENT MOTION

P. HEAS*, F. LAVANCIER!, AND S. KADRI-HAROUNA?

Abstract. This work is concerned with the ill-posed inverse problem of estimating turbulent
flows from the observation of an image sequence. From a Bayesian perspective, a divergence-free
isotropic fractional Brownian motion (fBm) is chosen as a prior model for instantaneous turbulent
velocity fields. This self-similar prior characterizes accurately second-order statistics of velocity
fields in incompressible isotropic turbulence. Nevertheless, the associated maximum a posteriori
involves a fractional Laplacian operator which is delicate to implement in practice. To deal with
this issue, we propose to decompose the divergent-free fBm on well-chosen wavelet bases. As a
first alternative, we propose to design wavelets as whitening filters. We show that these filters are
fractional Laplacian wavelets composed with the Leray projector. As a second alternative, we use
a divergence-free wavelet basis, which takes implicitly into account the incompressibility constraint
arising from physics. Although the latter decomposition involves correlated wavelet coefficients, we
are able to handle this dependence in practice. Based on these two wavelet decompositions, we
finally provide effective and efficient algorithms to approach the maximum a posteriori. An intensive
numerical evaluation proves the relevance of the proposed wavelet-based self-similar priors.

Key words. Bayesian estimation, fractional Brownian motion, divergence-free wavelets, frac-
tional Laplacian, connection coefficients, fast transforms, optic-flow, isotropic turbulence.

AMS subject classifications. 60G18, 60G22, 60H05, 62F15, 65T50, 65T60

1. Introduction. This work is concerned with the ill-posed inverse problem of
estimating turbulent motions from the observation of an image sequence. Turbulence
motion phenomena are often studied in the context of incompressible fluids, which is
the setting of this paper. This inverse problem arises in the context of experimental
physical settings, where one is interested in recovering the kinematical state of an
incompressible turbulent fluid flow from the observation of a sequence of images, e.g.
particle image velocimetry in experimental fluid mechanics, wind or ocean currents
retrieval from satellite imagery in geophysics. Solving accurately this type of inverse
problems constitute an important issue since a complete physical theory is still missing
for turbulence phenomenology.

More specifically, the above inverse problem can be viewed as a Maximum A
Posteriori (MAP) estimation of a vectorial field u over a space of admissible solutions:

u* (Yo, Y1) € arg max psyjupu,

where y9 and y; are two consecutive observed images, u is a velocity field, and Jy
is a function of yg, y1 and u, which characterizes the evolution between yo and y;.
In this problem, u is not observed and the incompressibility constraint demands the
motion field u to be divergent-free. In this Bayesian framework, ps,, denotes the
likelihood model, which relates the motion of the physical system to the spatial and
temporal variations of the image intensity. The adjunction of a prior information p,
for the velocity field u is in this case mandatory since, as we will see in section 4, this
non-linear problem is under-constrained.
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Concerning the choice of psy|u, relevant physical models have been proposed for
fluid flow imagery. A review in the context of experimental fluid mechanics can be
found in [30]. We will assume in this paper the simple model where yg and y; are
the solutions between two consecutive times of a transport equation driven by u, see
section 4 for more details.

Concerning the choice of py, the incompressible Navier-Stokes equations perfectly
describe the structure of an incompressible velocity field, i.e. the prior for u. However,
this implicit choice of constraints leads to an optimization problem which is often
severely ill-conditioned and computationally prohibitive. Some recent works propose
to use a simplified version of Navier-Stokes equations to circumvent this issue (see
e.g. [10, 38]). On the other hand, instead of relying the prior on the Navier-Stokes
equations, spatial regularizers of u have been proposed to serve as a prior. A first
approach in this direction is to assume a low-dimensional parametric form for u, see
e.g. [4, 13]. A second strategy is to choose a prior that introduces some spatial
smoothness for u. Typically, the regularisation penalises in this case the norm of
the gradient (or higher derivatives) of u, see e.g. [24, 25, 45, 52]. Finally, a third
approach consists in the introduction of a self-similar constraint on u. Self-similarity
is a well-known feature of turbulence, theoretically and experimentally attested, see
e.g. [36]. An attempt in this direction has been conducted in [22, 23]. Besides, a
general family of self-similar regularizers has been introduced in [49]. In the same
spirit, our choice for the prior of u is the divergence-free isotropic fractional Brownian
motion (fBm), as we now justify.

In addition to self-similarity, we assume u to be Gaussian. Non-Gaussian turbu-
lent fields is an interesting alternative, which could potentially describe more accu-
rately the structure of turbulence, but they will not been considered in this paper.
Note that the definition of such models is still an active domain of investigation, see
[9, 27, 28, 36, 43]. Assuming further the stationarity of the increments of u leads nec-
essarily to u being a vector fBm (see [48]). In order to satisfy the incompressibility
constraint, u is finally demanded to be divergent-free. Although divergent-free fBm’s
can be viewed as a limiting case of the vector fBm’s considered in [48], we provide
a proper definition in section 2. In particular, a spectral integral representation is
deduced.

This choice of prior involves in practice fractional Laplacian operators, which
are numerically delicate to implement. Indeed, there is a lack of effective algorithms
in the literature able to deal in practice with those particular priors. In [49], the
authors circumvent this issue in their numerical applications by limiting themselves
to non-fractional settings. To tackle this problem, we propose to decompose fBms
on well-chosen wavelet bases. This strategy allows us to expand fractional Laplacian
operators on the wavelet components and makes their computation feasible. We focus
on two particular wavelet bases.

- As a first alternative, we propose to design wavelets as whitening filters for
divergence-free isotropic fBms. For scalar fBms indexed by time, fractional
wavelet bases represent ideal whitening filters [17, 35]. In [46, 47, 48], the au-
thors extend these bases to the case of isotropic vector fields, namely they use
the so-called fractional Laplacian polyharmonic spline wavelets. In our case
of divergence-free isotropic vector fBms, we show that for any mother wavelet,
fractional Laplacian wavelet series composed with the Leray projector is an
appropriate whitening filter.

- The second alternative is to use divergence-free wavelet bases, which are well-
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suited to our case. These wavelets simplify the decomposition, since they do

not involve fractional operators and make superfluous the use of Leray pro-

jector [14, 15, 26, 29]. However, the wavelets coefficients are then correlated.
As seen in section 5.1, implementation for the first bases can be accurately performed
in the Fourier domain. For the second bases, the computation of the associated pos-
terior density relies on the covariances of the wavelet coefficients. We provide a closed
form expression for these covariances, which allows us to propose an approximation
of the posterior using wavelet connection coefficients, see sections 5.2.1 and 5.2.2.

Moreover, an additional pleasant feature of wavelet representations is that it is
well adapted to the non-convex optimization problem of MAP estimation, since it
naturally provides a multi-resolution approach. As a matter of fact, this approach
has proved to be experimentally efficient for motion estimation problems (subjected to
different priors) [13, 25, 50]. The optimization algorithms rely on Fast Fourier Trans-
forms (FFT) or on Fast Wavelet Transforms (FWT). Finally, for the divergence-free
wavelet decomposition, we introduce an approximated MAP optimization procedure,
which turns out to be by far the fastest algorithm while being as accurate as the other
approaches.

A numerical comparison with state-of-the-art procedures is performed in section 6
on a general benchmark of divergence-free fBm. Note that, while these fields match
perfectly our priors, they are likely to be in agreement with real fluid flows according
to turbulence phenomenology, as mentioned before. As a result, our procedure seems
to recover more accurately the hidden motion field, in particular when the Hurst
parameter H corresponds to 2D and 3D turbulence models, respectively H = 1 and
H = % according to physics.

The paper is organized as follows. In section 2, we give a spectral representation
of divergence-free isotropic fBms, which will serve as the basic definition all along the
paper. In section 3, we then provide the two wavelet representations described above.
Section 4 displays the Bayesian modeling of turbulent flows in terms of wavelet coef-
ficients and considers the associated MAP estimators. In section 5, gradient descent
optimization algorithms achieving MAP estimation are presented for both wavelet
bases. The numerical evaluation of the proposed regularizers is presented in sec-
tion 6. Finally, the appendix gathers the technical proofs and some details about
the algorithms and the computation of fractional Laplacian wavelet connection coef-
ficients.

2. Spectral definition of divergence-free isotropic fBm. The unique self-
similar zero-mean Gaussian process with stationary increments is the fractional Brow-
nian motion (fBm), introduced in [34]. The definition of scalar fBm indexed by time
has been extended: to the case of multi-dimensional state spaces, i.e. vector processes
indexed by time [2]; to the field case, namely scalar isotropic fields [41]; and to both
cases, i.e. isotropic vector fields [36, 48].

As far as we are interested in the construction of a prior for turbulent vector fields,
we are particularly concerned with divergent-free isotropic vector fBm in the following
sense. For sake of clarity, this work is restricted to the bi-variate case although it is
possible to extend our results to higher dimensions.

DEFINITION 2.1. A bi-variate field u(x) = (u1(x),u2(x))T, x € R?, is a
divergent-free isotropic bi-variate fBm with parameter 0 < H < 1 if
e u is Gaussian;

o u is self-similar, i.e. for any A > 0, u(Ax) £ Mu(x);



e u has stationary increments, i.e. Yh € R? u(x) — u(x — h) is stationary;
e u is isotropic, i.e. for any rotation matriz M, u(x) £ u(Mx) ;
e u is divergent-free, i.e. divu = 0 almost surely.
Since a fBm is almost surely not differentiable, the divergence operator in the last
property is to be understood in a weak sense: for any test function ¢ € C*(R?) with
a fast decay at infinity,

divu 2 (divu,¢) = —(u/Vy),

where (.,.) (resp. (./.)) denotes the inner product of two scalar (resp. two bi-variate)
functions, and V denotes the gradient operator.

Isotropic fractional Brownian vector fields have been introduced by Tafti and
Unser [48] as the weak solution of a fractional Poisson equation, or whitening equation:

(=A)® u=oW, (2.1)

H+1
where (—A) ¢ 2 is a fractional Laplacian operator depending on the Hurst parameter

H > 0 and some bi-variate complex constant & = (£1,&2), o is a positive constant and
W is a vector of two independent Gaussian white noise. This gives rise to the solution

. _H+1

u=o(-4) % W, (2.2)

where (—A):;% is the inverse of the operator involved in (2.1). The equation (2.1)
and the solution (2.2) are to be interpreted in the sense of generalized random fields,
see [16] and [19], which explains the term “weak solution”. We refer to [47] and [48]
for more details, including the definition of the above-mentioned operators.

Isotropic divergence-free fractional Brownian vector fields, as we require, can be
constructed as a limiting case of the solution (2.2), namely when & = oo, see [48]
section 4.7. It is worth mentioning that this case indeed corresponds to a limiting
case of equation (2.1). In fact this equation has no sense for £&; = oo, but the solution
in (2.2) is well-defined when & = co.

In the following proposition, we provide a spectral representation of the isotropic
divergence-free fractional Brownian vector fields when 0 < H < 1, as defined by (2.2)
when & = oo and & = 0 (the last condition is just a normalization so as to identify
the constant o). This proposition gives an explicit representation, therefore it can
also been considered as an alternative definition. As a matter of fact, we will only
refer in the sequel to this representation when we consider isotropic divergence-free
fractional Brownian vector fields.

PROPOSITION 2.2. The isotropic divergence-free fractional Brownian vector field
u, as defined by (2.2) when £ = 0o and & = 0 admits the following representation,
for any H € (0,1),

o (etkx — 1) kk”] - 2
u(x) = %/RZ T {I |k2} W(dk), x € R=, (2.3)

where 1 denotes the identity matriz and W = (W1, Wo)T denotes a bi-variate stan-
dard Gaussian spectral measure, i.e. W1 and Wa are independent and for i = 1,2, for
any Borel sets A, B in R?, W;(A) is a centered complex Gaussian random variable,
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Wi(A) = Wi(—A) and E(Wi(A)W,(B)) = |AN B].
As a by-product, we deduce the following structure matrix function that charac-

terizes the law of the Gaussian vector field u: for any 4, j = 1, 2, for any x1, X2, X3, X4
in R?,

34 (x1, X2, X3, X4) = E[(ui(x2) — wi(x1))(u;(x4) — u;(x3))]

= O'ZCH (Filj(XQ — X3) — F;;I(XQ — X4) - Fi]H-(Xl — X3) + Filj(xl — X4)) y (24)

where cy = T'(1 — H) /(722220 (H + 1)H(2H + 2)) and

T
FH(x) = [|x|]*? ((2H +1)I— 2H|";‘H2> .

In particular, taking x; = x, —h and x3 = x4 —h, for some h € R?, shows the power-

law structure for the second order moment of the increments. We can also deduce

the generalized power spectrum Ej, j = 1,2, of each component u; of u, defined

implicitly by (see [18, 41]):

Ejj(Xl,Xg,X37X4)
1 ik (x2—x ik (x2—x ik (x1—x ik (x1—x
= 1) o E;(k) (e (x2=x4) _ gike(x2=x3) _ gike(xi—xa) 4 pik-(aa 3)) dk.

We deduce from the proof in Appendix A.1:

Ej(k) =021 g K| —2H-2 2.5

While all properties required in Definition 2.1 can be found in [48] going back
to the definition (2.2) with & = oo, they are straightforward consequences of the
spectral representation (2.3): Gaussianity and H-self-similarity of u are easily seen
from (2.3); Stationarity of the increments and isotropy follow from (2.4); Finally the
divergence-free property of u is a consequence of the presence of the Leray projection

operator [I — %] in (2.3), and will appear clearly in the wavelet decomposition of

u considered in the next section.

Remark 1. The definition of u in (2.2) is not only valid for H € (0,1) but also for
H > 1, see [48]. In the same way, the spectral representation (2.3) can be extended to
H > 1 by application of successive integrations as in [41], leading to the representation

H]

_ o / (efx — S H ik - x)7 /1) .
27 Jge [ e[| H+ k|2

u(x) } W (dk). (2.6)
In this case u has stationary increments of order N = |H| + 1, in the sense that
for any (hy, ..., hy) € (R?)N, the successive symmetric differences Dy, . .. Dy, u(x)
form a stationary process, where Dy, : £(-) — £(- + 8) — f(- — B). These increments
write specifically in this case:

N
o dex TT o . (k-hy b kk7] -
DhN...Dhlu(x):%/Rgek H2zsm< 5 J) 13 [I— IIkIIQ} W (dk).




3. Wavelet representations of divergence-free isotropic fBm. This sec-
tion presents wavelet expansions of the divergence-free isotropic fBm representation of
proposition 2.2. As pointed out in the introduction, wavelet bases are chosen in order
to make fractional calculus involved by fBms feasible and effective. In practice we
observe u on a bounded domain, say [0, 1]2. For this reason, we focus on the wavelet
decomposition of u in (L%([0,1]?))2. In the first part, the expansion of u relies on a
fractional Laplacian wavelet basis and finally involves uncorrelated bi-variate random
coefficients. In the second part, the expansion relies on a divergence-free wavelets
basis, which is well-adapted to our setting, and involves mono-variate but correlated
random coefficients. These two wavelet expansions will then allow us to derive ef-
ficient optimization algorithms (see section 5) solving the MAP estimation problem
presented in the introduction.

The construction of these two decompositions relies on an orthonormal wavelet
basis of L?([0,1]). There are several methods to build orthonormal wavelet bases of
L3([0,1]) (see [33], chapter 7). For ease of presentation, we consider the simplest one,
which consists in periodizing scalar wavelets of L2(R). Let ¢ be a mother wavelet with
compact support and its associated wavelets dilated at scale 275+ and translated by
275ty

Vpo(z) £ 267D/2y 25715 — p), (3.1)

The wavelet set {1y s(z);2 € R,¢,s € Z} form an orthonormal basis of L*(R). The
periodized wavelets 1y, ¢, s € Z is then defined by

k=40

rs () = Z Yo s(xz+k), ze€l0,1]. (3.2)

k=—o00

The set {4y (z);x € [0,1],5 > 0,0 < £ < 257!} with the indicator function over
[0, 1] form an orthonormal basis of L?([0,1]). We will assume in the sequel that 1 has
M > H vanishing moments and is H + 2 times differentiable. These conditions will
allow us to consider fractional derivatives and integrations up to order H + 2.

3.1. Fractional Laplacian wavelet decomposition. An isotropic divergence-
free fBm can in principle be decomposed in any wavelet basis of (L?(R?))2. However,
this kind of decomposition typically involves a sum depending on arbitrarily large
scales, which is not suitable for application (see [35] in the standard fBm case). In
contrast, we show in Proposition 3.1 below that in our case where u is considered on
the compact domain [0, 1]?, and under a mild condition (namely f[o,l}? u(x)dx = 0),
the divergence-free fBm enjoys a simple tractable decomposition in (L?([0, 1]?))? with
respect to fractional Laplacian wavelets.

The bi-dimensional wavelet basis of (L*([0,1]?))* is constructed from ¢} as
follows. Denoting I 4 the indicator function over the set A, we form the three following
wavelet sets:

{®4, 5,00 = V5, (@) 1y (w2); 0<b <271 51 > 0},
{(I’070742752 = ]1[0’1] (xl)T/)g:T (.232); O§f2<252_1782 > 0},

582

{@21751,52,52 = q/)per (xl)wper (xQ); Oggl<2517170§€2<28271751752 > 0}

£1,81 £2,82

Let us denote by € the set of indices (£,s) = (1, 51,2, s2) involved in these three
sets and {®g s; (£,s) € Q} the union of them. An orthonormal basis of L?([0, 1]?) is
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finally the union of the latter set with the indicator function Ijp, 12 (x) (see Theorem
7.16 in [33] with J = 0). A basis of the product space (L?([0,1]?))? is deduced by
tensorial product.

Let us now introduce the fractional Laplacian wavelets. They correspond to an
integration of order H + 1 of &y 4:

_H— 1 X .

o H ) (x) 2 / e X ||k || T by 4 (K)dk, V(L s) € Q, (3.3)
’ (2m)? Jge ’

where & denotes the Fourier transform of ®. This fractional integration operator can

be denoted in the spatial domain by (fA)ﬁ following [35], leading to the relation

<I>( - 1)( )= (=A)~ CI)ZS( ). Note that {<I>( =1, ; (£, s) € Q} constitutes a new
famlly of wavelets, Wthh is not orthogonal, unlike {<I>¢ s; (£, 8) € Q}, but biorthogonal,

where <I>(H+1) is the dual wavelet of <I>( H= 1), i.e. <<I>(H+1) @2/ 5 1)> = g ¢/0s,5 for
all £, £, 5,8 (see [1, 8, 35]).

Let us finally recall the definition of the Leray projector, denoted by P, that maps
square-integrable bi-variate functions v onto the space of divergence-free functions:

s 1 Jex [ kKT
PvE o /R {I |k2} ¥(k)dk. (3.4)

This projection operator can be represented in the spatial domain by P(v) = [v —

Vx(V-v)l.

We are now in position to present the wavelet decomposition of u in (L?([0, 1]%))2.
We assume for simplicity that f[OalP u(x)dx = 0. Note that in practice, we observe u
on a lattice with n X n sites, so the latter assumption roughly means that the mean
value of u on this lattice is assumed to be negligible.

PropoOSITION 3.1. Let u be an isotropic divergence-free fBm with parameter
H € (0,1). Assuming f[o 172 u(x)dx = 0, we have for all x € [0, 1)%:

> P el ] ), (35)

(£,8)€Q

where coefficients €p s are i.i.d. bi-variate zero-mean Gaussian random variables with
variance (270)?, and where @é_sH_l), (£, s) € 2, are defined in (3.3).

Remark 2. As shown from the proof, the simple form (3.5) holds because the
orthonormal basis of L?([0,1]?) that we have considered (the periodic wavelet basis)
involves a unique scaling function which is the indicator function I 1)2(x). It is there-
fore clear that the representation (3.5) remains valid for any other wavelet basis of
L?([0,1)%) having the indicator function as its unique scaling function. This is in
particular the case for the folded wavelet basis [33].

Remark 3. Following remark 1, it is easy to adapt the proof of Proposition 3.1
to the case H > 1 and deduce that (3.5) remains also valid for H > 1, since the
assumption f[OJ]Q u(x)dx = 0 removes all constant terms in the wavelet expansion.
Moreover, when H is an integer, there exists no clear representation of the divergence-
free fBm. Since the representation (3.5) is well defined for any H, we choose to extend
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by continuity (3.5) to integer values of H.

3.2. Divergence-free wavelet decomposition. Since u is continuous and
divergent-free, then u € de([()7 1]?), where L2, ([0, 1]?) denotes the space of divergence-
free bi-variate fields in [0, 1]2, i.e.

L2.([0,1*) 2 {v € (L*([0,1]*))? : divv = 0}.

In this section we propose a decomposition of u onto a biorthogonal wavelets basis
of L%, ([0,1]?). Such basis is constructed from an orthonormal basis of L?([0,1]?), as
described below.

Let us start from the periodized wavelets 17, £,s € Z defined in (3.2). The

primal divergence-free wavelets Wy o = (\I/éys,\llzs)T of the biorthogonal wavelets
basis of L2, ([0,1]%) are defined for (¢£,s) € Q by
- for 0</; <251_1,0 §€2<282_1781,82 >0:

Uy o(x) = vy, (20)0g, (22) and Uf ,(x) = =] (20)ip,, (22),
- for 0<0; <2571 5, >0,0,=0,8,=0":
Uy .(x) =0 and U7 (x) = 1/151 & (@)To 1 (22),
-for4; =0,51=0,0<0, <2271 59 >0:
\Ilé,s(x) = Ijo,1 (%WZ?; (z2) and ‘I’Zs(X) =0,

where 1)’ denotes the derivative of 1. To complete the primal wavelets family, the func-
tion Wo(x) £ (Tjo,12 (%), 0,132 (x))T' is superimposed, leading to the primal divergence-

free wavelets family {®, s; (€, s) € QUO0}. Note that we have ¥, s = curl[®, 5] where

curl 2 (52— -2}t and ®,, is the orthonormal basis constructed in section 3.1.
Oxo Ox1 s

The dual wavelets ‘i’gvs = (@})s,\il%,s)T are then constructed in order to be
biorthogonal to ¥y, i.e. <‘I’g75/‘i’gl’s/> = 8p0s,s for all £,€,s,s'. They are given
by ¥y = ¥, and for (£, s) € Q,

- for 0</¥; <28171,0 §€2<28271,81,82 >0:

00 = 02 (o) [ () and B0 = T, (o) [ 02, )
- for 0<0; <2715, >0,0,=0,8,=0":
U} ,(x) = 0 and ¥, (x) = I 1) (2) / e (a)da,
-for4p =0,51=0,0<0, <2271 55 >0:

\ijé,s( )= Lo,y (x1 / 11)5:7;2 x)dx and ‘I'es( ) =0.

The decomposition of u in the divergence-free biorthogonal wavelet basis de-
scribed above writes, for all x € [0, 1]?,

U(X) = Z dﬂ,slI’Z,s(X)7

(£,s)€QUO0
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where dg ¢ £ (u/ \i/[,s> are the random divergence-free wavelet coefficients. Unlike de-
composition (3.5), these wavelets coefficients are in general correlated. The following
proposition describes their covariance structure under the assumption f[o 12 u(x)dx =

0. Note that in this case, since (u/W¥y) = 0, the decomposition of u becomes

ux)= > desWes(x). (3.6)

(£,8)eQ

PROPOSITION 3.2. Let u be an isotropic divergence-free fBm with parameter
H € (0,1). Assume that f[O,HQ u(x)dx = 0. Then, the coefficients dgs, (€,8) €
are zero-mean correlated Gaussian random variables, characterized by the following
covariance function: for any (€,s), (€',s') € Q,

S(6,5,0,8') 2 Eldgsdp o] = (2m0)2(@5 77, @4, 17), (3.7)

where <I>§,_SH_2) is defined in (3.3).

In practice, the fBm u is represented by a finite number of wavelets coefficients
de.s, s0 that the covariance function 3(£, s, £, s’) becomes a matrix, say X, (see
section 4.2). The following proposition will allow us to construct an approximated
inverse matrix of X,, for later use.

PROPOSITION 3.3. The operator X : £2(Q) — (3(Q) defined for any a € £2(2) by:

[Ea]é,s = Z al/,s/z(ea 37£178/)7 V(E,S) € Qv (38)
(€,8")EN

admits an inverse operator X' given for any a € 2(Q) by:

(= tales = Z ap 1L 8,08, V(L s)€EQ, (3.9)
(' ,s")eq

where for any (£, s), (£, s") € Q,

S5, 0, 8) 2 (@1 o).

’ ’
2 s

(270)?

In the paper remainder, we will assume f[o 12 u(x)dx = 0 to fit the assumptions
of Propositions 3.1 and 3.2.

4. MAP estimation. At this point, we have gathered all ingredients necessary
to formalize properly the problem of estimating the incompressible velocity field u of
the introduction by a MAP approach. In this section, we first justify the choice for
the likelihood model ps,u from physically sound consideration. Then, we express the
fBm prior for u in terms of the two wavelet expansions presented before. Finally, we
deduce the optimization problems to solve in practice in order to obtain the MAP
estimates.
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4.1. Likelihood model. Solving a turbulent motion inverse problem consists
in recovering a deformation field, denoted later on by u, from the observation of an
image pair. To this aim, the estimation classically relies on a likelihood model linking
the unknown deformation to the observed image pair {yo,y1}. We first assume that
this image pair is the solution y(x,t) € C1([0,1]?> x R) taken at ¢t = 0 and ¢t = 1 of the
following transport equation, so-called in the image processing literature “optic-flow
equation”:

dy =
E(X’ t) +v(x,t) - Vxy(x,t) =0 ’ (4.1)

y(x,0) = yo(x)

where v(x,t) is the transportation field that verifies, at any time ¢ € R, v(.,t) €
L2, (10,1]%) due to the incompressibility constraint. It is well known [40] that we can
write yo(x) = y1(Xg(x)) where the function ¢ — X§(x), known as the characteristic
curves of the partial differential equation (4.1), is the solution of the system:

LX) = v(Xh(0. 1)

Xg(x) =x

Let us remark that system (4.1) constitutes a relevant model frequently encountered
in physics, in particular in fluid mechanics: it describes the non-diffusive advection of
a passive scalar by the flow v [30]. Assuming that fol v(X§(x), s)ds = v(x,0), then
denoting u(x) £ v(x,0) we obtain by time integration the so-called Displaced Frame
Difference (DFD) constraint:

yo(x) = y1(x + u(x)).

However, in the context of a physical experiment, the observed image pair is likely
to be corrupted by noise measurement errors. In this context, a standard approach
to estimate u is to adopt a probabilistic framework. We make the assumption that
the quantity y1(x + u(x)) — yo(x) is corrupted by a centered Gaussian noise. More
precisely, we assume that the so-called data-term DFD functional

1
oy(u) = S llyr(x +u(x)) = go(¥)I% we LG, ([0,1), wo, 91 € L2(0,1]7),  (4.2)
follows an exponential law, so that the likelihood model writes

Psyju = Bexp AV, (4.3)

where 3 is a positive constant.

A straightforward criterion to estimate deformation field u from the observation
of {yo,y1} is to maximize the likelihood: arg mingerz oy(u). Although searching
the deformation field u in L2, instead of (L?)? reduces by a factor two the number of
degrees of freedom, this problem remains ill-conditioned. This is due to the so-called
aperture problem [25, 52]. Therefore, a Bayesian framework introducing prior infor-
mation for u is needed for regularization of the solution.
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4.2. Prior models. As explained in introduction, we choose as a prior for u the
divergence-free fBm described in section 2. From the wavelets decomposition (3.5) or
(3.6), an isotropic divergence-free fBm prior can

(i) either be represented by a Leray projection of a fractional Laplacian wavelet
series, whose coefficients are distributed according to independent standard
normal distributions.

(ii) or by divergence-free wavelet series, whose coefficients are correlated accord-

ing to (3.7).
In practice, the images yo and y; are of size n x n pixels. Accordingly we will truncate
the series (3.5) and (3.6) with respect to the index set

Qn £ {€ s € Q51,50 < s = loga(n)}.

In other words, wavelet coefficients revealing scales smaller than the pixel size will
be neglected. We thus consider the vector of fractional Laplacian wavelet coeflicients
€n = (€, 62)" with €, = {€} ,; (£,5) € Q,} and the vector of divergence-free wavelet
coefficients d,, = {d¢.s; (£, 8) € O}

In order to express the prior for u in this finite dimensional case, we need to
introduce some notation. Let us first denote by 3,, the matrix whose element at row
(¢,s) and column (¢, s') is E[dg sdp +], that is the covariance matrix of d,,. From

proposition 3.2, we have for all (£,s), (£, s") € Q,:
28,8, 8') = (2n0)2(@y Y, 0l 1Y),
Its inverse may be approached by the matrix denoted by 2,1 composed of elements

_ 1 H+2) - (H+2
2n1(£75,£/’3/) — W<@27s+ )7(1);(07;_ )> (44)

From proposition 3.3, this approximation becomes accurate for n sufficiently large.
Second, for any H > 0 we introduce operator @7~ from (£2(9,,))? into (L2([0, 1]2))?
defined for any €, € (£2(2,))? by

2T Ve, 2 N g0y Y. (4.5)
(£,8)eQ),

We introduce analogously operator ¥, : £2(Q,) — L2, ([0,1]?) defined for any d €
2(Q) by

LA N . (4.6)
(£,8)€Q,

We are now in position to state the two representations of the prior for u:
(i) based on fractional Laplacian wavelet decomposition (3.5):

1 1 T
= 7) (P(_H_l) n)s th €, — ——— 2(2‘"’0)26"En; 4.7
u=P@ V), with po = e (4.7
(ii) based on divergence-free decomposition (3.6):
1 _
u="d, with pg = — ¢ 3 B dn (4.8)

(27)% det? (S,)
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4.3. Maximum a posteriori estimation. From (4.7) or (4.8), u reduces to
the knowledge of wavelet coefficients €,, or d,,. Let us rewrite the likelihood in terms
of these coefficients:

p5y|en = péy\dn = Bexp_ﬁéya
with the DFD data term (4.2) rewritten as:
L 2
y() = 57 (x.) =y, (4.9)

where
B ) 2y (x+P@TTVe)(x) or gulxida) £y (x+ L, da(x). (410)
The MAP estimates are defined by:

€," =argmax psylc,Pe, and d, = argdmax Dsy|dn Dy, - (4.11)

€n n

Solving the MAP problems (4.11) is equivalent to minimize minus the logarithm of
the posterior distributions:
i) with respect to fractional Laplacian wavelet coeflicients

€,” = argmin{dy(e,) + R(e,)} (4.12)
R(€,) = mezem (4.13)

ii) with respect to divergence-free wavelet coefficients

dy, = argmin{oy(d,,) + R(d,)} (4.14)
d’Vl
A 1 Ty -1
= — 3 4.1
R(d7b) 2/Bd71/ n dn? ( 5)

where R’s are so-called regularizers.

In the following we will assume that the Hurst exponent H is known. Posterior
models described above are thus characterized by two free-parameters, namely
and 0. However, MAP estimates (4.12) and (4.14) only depend on the product of
these two parameters, forming the so-called regularization parameter W This
regularization parameter explicitly appears in (4.13) while it is partially hidden in
the covariance matrix inverse in (4.15). Let us mention that an empirical study
shows a low sensitivity to the choice of the regularization parameter (see section 6).
Nevertheless, estimation techniques exist when no prior knowledge is available for the

adjustment of Hurst exponent or regularization parameter [21, 32, 44].

5. Optimization. In this section, we introduce algorithms to solve (4.12) and
(4.14). To deal with these non-convex optimization problems, we use a Limited-
memory Broyden-Fletcher-Goldfarb-Shanno (LBFGS) procedure, i.e. a quasi-Newton
method with a line search strategy, subject to the strong Wolf conditions [37]. More-
over, as suggested in [13] we propose to enhance optimization by solving a sequence of
nested problems, in which the MAP solution is sequentially sought within higher reso-
lution spaces. More precisely, wavelet coefficients are estimated sequentially from the
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coarsest scale 2° to the finest one 27%. At each scale, problems (4.12) and (4.14) are
solved by the LBFGS method with respect to a growing subset of wavelet coefficients.
This subset includes all coefficients from the coarsest scale to the current one 275,
coeflicients estimated at previous coarser scales being used as the initialization point
of the gradient descent. This strategy enables to update those coarser coefficients
while estimating new details at current scale 27°.

To implement the above procedure, the functional gradient and the functional
itself in (4.12) and (4.14) need to be evaluated at any point €, and d,. Note that
once the functional gradient is determined, the functional value is simple to deduce:
the evaluation of (4.10) needed by (4.9) will be a precondition to the computation of
the DFD functional gradient while (4.13) or (4.15) may be derived from their gradients
by simple scalar product with the vector of wavelet coefficients €,, or d,.

The next section provides algorithms to compute exactly the functional gradient
for the two different wavelet representations. Besides, an approached gradient com-
putation is proposed to accelerate the algorithm in the case of the divergence-free
wavelet representation.

5.1. Projected fractional wavelet series.

PROPOSITION 5.1. Let P;v denote the i-th component of the projection of a
bi-variate vector v onto L2, ([0,1]?). The gradient of functional minimized in (4.12)
with respect to € , is 362853/(6,)4—362873(6”) where fori = 1,2 and for all (£,8) € Qy,:

—H-1

Oei, 0y(en) = ((=A)77 Pil(1 (- €n) — 90 () VIL(, €n)](X), Pe.s (%)) (5.1)
0y Rlen) = megs. (5.2)

Based on these formula, we derive a spectral method for the computation of the
gradient of functional minimized in (4.12). It is based on FFT and FWT with recur-
sive filter banks:

ALGORITHM 1. (functional gradient w.r.t €,)
i) compute the FFT of the components of (g1 — yo)V1,
i1) compute fractional differentiation and Leray projection in Fourier domain
iii) compute the inverse FFT to get (—A)~= Pi[(51(-, €2) — Yo(-)) Vi (- €n)]
iv) decompose each component by FWT using the orthogonal wavelets ®p s to
obtain the data-term gradient (5.1),
v) Derive functional gradient by adding vector (5.2) to the data-term gradient.

In order to evaluate §; or its gradient in the above algorithm, one needs to reconstruct
the unknown u (4.7) appearing in (4.10) from the fractional Laplacian wavelet coef-
ficients €,. This can be done by the following spectral computation! of the inverse
fractional wavelet transform. Indeed, by commuting Leray projector with fractional
integration, (4.7) can be rewritten as:

_ 1 dk ik-x k —H-1 I kkT d 7ik-x®(0) 5.3
*WRZ eIkl *W - Xe 2, €n, (5.3)

ILet us remark that this reconstruction essentially differs from a direct spectral fBm generation
method which is known to bring aliasing side-effects, see [3].
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where we recall that ) is defined in (4.5)

n
This yields the following reconstruction algorithm:

ALGORITHM 2. (reconstruction of fBm from e¢,)

i) reconstruct leo)en from €, by inverse FWT of each component using orthog-
onal wavelets {Pgs; (£, 8) € Uy},

1) compute FFT of the two components of the latter function,

iii) compute Leray projection and fractional differentiation in Fourier domain,

iv) compute inverse FET of the two components to obtain u.

Algorithms 1 and 2 yield the ingredients necessary to approach the MAP estimate
e with a gradient descent method of theoretical complexity bounded by the FFT
algorithm in O(nlogn). Nevertheless, the computation bottleneck comes mainly from
the number of transforms that are required at each gradient decent step: 4 FFT, 4
inverse FFT, 2 FWT and 2 inverse FWT.

5.2. Divergence-free wavelet series.

5.2.1. Exact method. For notational convenience we define operators Qil’(_H -

%(Q,) — L*([0,1]%) for i = 1,2 as the two components of the operator defined in
(4.5):

731,(—H—1)€711 L p(—H-1) 5.4
J(—H-1) 2 | — =n €n. ( . )

Note that we have Qi’(fol) = 9%(*1171).
PROPOSITION 5.2. The gradient of functional minimized in (4.14) with respect
to dg,s is Oq, ,0y(dyn) + 04, ,R(dy) where for all (£,s) € Qp:

Od, ,0y(dn) = (Y1 — y0)Vy1/Pe,s) (5.5)

and

1 H
6d£,sR(dn) = W<2}L’(H+2)dn, (I>4(€,s+2)>’ (56)

Based on the previous result, we derive a spectral method for the computation of
the gradient of functional minimized in (4.14). It is based again on FFT and FWT
with recursive filter banks:

ALGORITHM 3. (functional gradient w.r.t d,,)
i) decompose (j1—y0)Vy1 by FWT using dual divergence-free wavelets {'i’gws; (e, s) €
O,} to obtain the data-term gradient (5.5),
ii) compute inverse FWT of d,, using orthogonal wavelets {®g s; (£, s) € Q,,}.
iii) compute FFT and apply operator A"+2 in Fourier domain®.
w) compute inverse FFT to get AHT2(®10)q,).
v) compute FWT using orthogonal wavelets {®g s; (£, 8) € Q,} and get (5.6),
vi) derive functional gradient by adding (5.6) to the data-term gradient.

2This supposes 2H +4 differentiability of . If we only assume H +2 differentiability, algorithm 3
can be modified as described in appendix B.
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Reconstruction of u from coefficients d,, is needed to compute g;. It is easily done
by an inverse FWT.

ALGORITHM 4. (reconstruction of fBm from d,,)

i) Reconstructu = ¥, d, fromd,, by inverse FWT using divergence-free wavelets
{Wes; (L, 8) € Q).

Algorithms 3 and 4 yield the ingredients necessary to approach the MAP estimate
d; with a gradient descent method of theoretical complexity bounded again by the
FFT algorithm in O(nlogn). However, it is less time-consuming than the approach
based on fractional Laplacian wavelet series since it requires for each gradient decent
step: 1 FFT, 1 inverse FFT, 2 FWT and 2 inverse FWT. Moreover let us remark that
a simple FWT with recursive filter banks corresponding to the dual divergence-free
wavelet basis [29] is required to compute the data-term gradient.

5.2.2. Approach method. In this section, we approach the divergence-free
regularizer gradient (5.6) in terms of matrix products, which will make computation
of the gradient more efficient since we avoid intensive use of FFT and FWT as in
algorithm 3. From proposition 5.2 and the Parseval formula, we have for all (¢,s) €
Q, :

B(2m0)? 04, Ridn) = Y de o ([KII" 00 o k), [P Do (k) (5.7)
(¢',8")eQy,

where CiDLS denotes the two-dimensional Fourier transform of ®, ;. We hereafter derive
a separable approximation of (5.7) in terms of one-dimensional connection coefficients

5,73/7&5 defined for all (¢,s'), (¢,s) € Q,, as
(p s (83> Py for 0<s,8 <s,,0<0<25710< ¢ <251

92
p,er,,< > 11[01 for 5:0,0<s'§5n,l:0,0§€’<2571
(@) _

08" bys T
(L1017 (

) wper for 0<s<s,,s=00<0<2"11"=0
H[01],< ) Io1y) for s=0,s"=0,1=0,'"=0

(5.8)
Note that for any fixed a < 0 (resp. «a > 0), fé,aé),, s €xists whenever 1) possesses
sufficient vanishing moments (resp. is sufficiently differentiable).

The two-dimensional scalar products in (5.7) can be written <ég’7s/ k), ||k||2(H+2)<i>e7s(k)>.
If H € N, Newton’s binomial theorem applies:

H+2
1 H+2 o B
=0

where

<H+2

) >A(H+2)(H+21)...(H+2i+1)/i!.
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So if H € N, plugging (5.9) into (5.7) shows that d4, ,R(d,) can be expressed in a
separable form:

H+2
Oa, R(dy) = # H+2 Zf(H+2 z)zd////f(i)
de,s 26(270)? 05,85 01,81 / 01,81:02,85, 0 1) 02,59

(@ H+2—i)
+ Zfé/ 21 S1 Zd€17817£27527 /2,22,82>' (510)
2,8

’
24, s,

The latter formula can be expressed in terms of matrix products. Let F(®) be
the matrix of size n X n composed at row index (¢, s’) and column index (¢, s) by the
element fe(,cg,,&s. Let [d,] the n x n matrix whose element at row index (¢;,s;) and
column index ({2, s2) is dg s. Equation (5.10) can then be written

1 HA2 ;
04, ,R(dy) :W [;( + )(F(H+2 D" [d,JFD + FO [[d [FH+2- z)>‘| 7

1
£,s
(5.11)

where [M]g, s denotes the (£, s)-th element of matrix M.
In the general case where H ¢ N, (5.11) does not hold anymore, but in the same
spirit we consider the following natural approximation®:

04, JR(d )xé U{ZHJ H+2 (F(H+2—i)T [d ]]F(i) +F(i)T [d ]]F(H+2—i))
Lo N T2B(20)2 | 4 - i " " ’
= £L,s
(5.12)

where | H + 2| denotes the integer part of H + 2.

We approximate matrices F(®) by an off-line FWT of scaling function connection
coefficients, as explained in appendix C and summarized in the following algorithm.
These scaling function connection coefficients are in turn easily computable as a so-
lution of a linear system, by adapting Beylkin’s fast methods [7, 5, 6], see appendix
C.

ALGORITHM 5. (off-line computation of matrices F(®))

i) Compute scaling function connection coefficients

—92\ ¢
(602 (pna =0, (55 ) w2 )

for any integers £,¢' by inversion of linear system (C.13) (see the explicit
solution (C.15)), where ¢ denotes the scaling function associated to wavelet
b.

it) Construct the discrete (2°7)-periodic function defined for any integers £,¢'
with 0 < £, 0 < 257 by:

esn (0,0 for 0< |0/ —¢) <2571
eén (E 0 =25y for 25Tl |0 — 4| < 2%,
3This approximation may be justified by considering a truncated version of the Newton’s gener-

alized formula. However, a control of the approximation error of (??) is a technical issue, which is
out of the scope of this paper.
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iii) Approach F(®) by performing the (discrete) FWT of the latter two-dimensional
function multiplied by factor 25~ .

Besides, note that for matrices F(®) with o € N, connection coefficients computed
in step 4) of algorithm 5 are classically obtained by solving an eigenvalue problem, see
[12]. Using (5.12), we hereafter propose a fast algorithm for the minimization problem
(4.14).

ALGORITHM 6. (approach functional gradient w.r.t d,)

i) Decompose (g1 —yo)Vy1 by FWT using the dual divergence-free wavelet basis
{Ups; (£,8) € Q,} to obtain the data-term gradient (5.5),

i1) Derive functional gradient by adding the first terms of (5.12) (corresponding
to the truncation chosen above) to the data-term gradient.

The reconstruction algorithm is identical to algorithm 4.

Algorithm 6 can be substituted to algorithm 3 to approach the MAP estimate d;.
In theory, it requires a theoretical complexity bounded by matrix multiplication, i.e.
O(n?). In order to reduce this theoretical complexity, one may take advantage of
the very sparse structure of matrices F(®) which could be investigated as in [39].
However, in practice FFT and FWT are the bottleneck of the computational cost.
Algorithm 6 requires only one FWT for each gradient step, in contrast to the numer-
ous FFT and FWT involved in algorithm 3. All in all algorithm 6 turns out to be
much faster than algorithm 3.

6. Numerical evaluation. In this section, we assess the performance of the
proposed estimation algorithms and compare them to recent state-of-the art methods.
As explained below, the numerical evaluation relies on a synthetic benchmark of noisy
image couples revealing the turbulence transport of a passive scalar. Turbulence is
mimicked by synthesizing fBms for various Hurst exponents, which include H = %
and H = 1 modeling respectively 3D and 2D turbulence.

6.1. Divergence-free isotropic fBm fields generation. Divergence-free isotropic
fBms were generated by a wavelet-based method relying on reconstruction formula
(5.3). More precisely, in agreement with the fBm model (4.7), the wavelets coeffi-
cients {eg s} were sampled according to standard Gaussian white noise. The fBms
realizations were then synthesized by application of algorithm 2.

In order to form an evaluation benchmark for the regularization model, a set of
5 fBm realizations were synthesized (from an identical white noise realization) with
a resolution 2% x 278 on the domain [0, 1]2. The wavelet generator was constructed
from periodized Coiflets with 10 vanishing moments, so-called Coiflets-10 [33]. Note
that these wavelets are 3 times differentiable so that our regularity assumptions are
satisfied for any H < 1. The realizations are associated to Hurst exponents H; = 0.01,
Hy = %, Hs = %, Hy = % and Hs = 1. Let us remark that the cases H = % and
H =1 are consistent with isotropic turbulence models introduced by Kolmogorov for
3D flows [27] (resp. by Kraichnan for 2D flows [28]), while the case H = 1 constitutes
a standard Brownian motion. Figure C.1 displays vector fields u(x) = (u1(x), u2(x))*
and vorticity maps Jyus(x) — dyu;(x) associated to the 5 fBms.
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Let the radial power spectrum of u be defined by:

Emé/1m9+@®m, (6.1)
Sk
where S,; is the circle of radius k. It is easy to check that according to (2.5), this
function is E(k) = ck~2H~1 where ¢ > 0. Therefore, the spectra of our 5 different
fBms decay exponentially with power respectively equal to —1.02, f%, -2, f% and
—3.

6.2. Synthetic image couple generation. To simulate the couple (yo,y1) in
the data-term (4.2), we start by a fixed image y; and derive yg from the relation
Yo(x) = y1(x + u(x)) derived in section 4.1. Since x + u(x) does not necessarily
lie on the pixel grid, we used cubic B-splines for interpolation of y;. To simulate
realistic measurement conditions, the so-generated images were then corrupted by
ii.d. Gaussian noise yielding a peak signal to noise ratio (PSNR) on yo (resp. y1)
of 33.2 dB (resp. 33.5 dB). The resulting image pairs are displayed in figure C.2 for
H=1%and H=1.

6.3. Optic-flow evaluation procedure. The divergence-free fBm fields were
estimated according to a MAP criterion, solving minimization problems (4.12) or
(4.14). The proposed approaches are compared to two other standard regularizers,
which all require the choice of a basis to decompose u. In order to make relevant
comparisons, we chose the divergence-free wavelet basis for all these alternatives.
The wavelet generator was constructed from divergence-free biorthogonal Coiflets-10
with periodic boundary conditions. Moreover, the optimization procedure used for all
regularizers was the same and relied on an identical data-term.

The five different estimation methods used for evaluation are listed and detailed
hereafter. They are denoted A, B, C, D and E. Methods A and B are state-of-the-art
algorithms while methods C, D and E implement the fBm prior.

A - Penalization of L? norm of velocity components gradients. The most common

approach in optic-flow estimation, as first proposed in [24], is to penalize the
L? norm of the velocity gradients. We used the wavelet-based implementation
proposed in [25].

B - Penalization of L? norm of vorticity gradient. In fluid motion estimation a
popular approach is to penalize the L? norm of the vorticity gradient [11, 45,
52]. Here again, we used the wavelet-based implementation proposed in [25].

C - fBm regularization in a fractional Laplacian wavelet basis. This corresponds
to solve (4.12) using algorithms 1 and 2.

D - fBm regularization in a divergence-free wavelet basis. This corresponds to
solve (4.14) computed without approximation using algorithms 3 and 4.

E - Approached fBm regularization in a divergence-free wavelet basis. This cor-
responds to solve (4.14) where the regularization term is approached using
algorithms 4 and 6.

Each of the regularizer in methods A, B, C, D and E were optimally tuned, that is
to say regularization coefficient were chosen (using a brute-force approach) in order
to the RMSE detailed hereafter. Note that an implicit regularization by polynomial
approximation has also been tested. It is a well-known approach in computer vision
[4, 13, 31, 50]. The performances were clearly below the previous approaches, so we
do not display the results in this paper.

Let S denote the set of pixel sites. The two following criteria were used to evaluate

the accuracy of estimated fields denoted by u*: the Root Mean Squared end-point
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Error (RMSE) in pixel

RMSE = (7112 > ut(x) - u(x)!2> :

x€ES

and the Mean Barron Angular Error (MBAE) in degrees

*
MBAE = % Z arcos <u(x)u(x)> ,
n lu(x)?
xeS
where u represents the synthesized fBm. Moreover, we introduce a criterion to eval-
uate the accuracy of reconstruction of the power-law decay of the radial power spec-
trum. More precisely, in logarithmic coordinates the power-law (6.1) writes as an
affine function of log(k) of the form —(2H + 1) log(x) + 7, depending on two parame-
ters, namely the Hurst exponent H and the intercept v, that can be explicitly related
to o in (2.5). Performing a linear regression (by the ordinary least squares method)
on the estimated spectrum in logarithmic coordinates, we obtain an estimation of
the affine function parameters denoted by H* and +*. The quality criterion is then
chosen to be the L' distance between the estimated and true affine functions within
the interval [log(Kmin),l0g(Kmaz)] , called the Spectrum Absolute Error (SAE):

log(Kmaz)
SAE:/ |2¢(H — H*) + 7" — 7|dz,
1

Og(Kwnin)

In order to evaluate the power-law reconstruction at small scales, we chose K. =
10 and Kpmaz = n.

Finally, we performed an additional visual comparison of the accuracy of resti-
tuted vorticity maps.

6.4. Results. In table of figure C.3, the performance of the proposed methods
(C, D and E) can be compared in terms of RMSE, MBAE and SAE to state-of-the-
art approaches (A and B). Let us comment these results. Methods C, D and E yield
the best results with respect to each criterion. Method C, i.e. the method based
on fractional Laplacian wavelets, provides the lowest RMSE and MBAE. An average
RMSE gain of 19% with respect to the best state-of-the-art method is observed, with
a peak at 26% for H = % However, considering the 3 criteria jointly, methods D
and E, i.e. exact and approached method based on divergence-free wavelets, provide
the best compromise. In particular, according to SAE it can be noticed that, unlike
method C, methods D and E achieve to accurately reconstruct the power-law decay
of the fBm spectrum. This is illustrated in figure C.4. Moreover, the approximation
used to derive method E seems to be accurate since performance of E are very close to
those of D. In figure C.5, one can visualize estimated vorticity maps with the different
methods for H = % and H =1, i.e. fBms modeling respectively 3D or 2D turbulence.
This figure clearly shows the superiority of methods D and E in reconstructing the
fractal structure of the vorticity fields.

Plots of figure C.6 show the influence of the regularization parameter in terms of
RMSE, MBAE and SAE for H = % and H = 1. Clear minima of RMSE and MBAE
are visible for methods A, B, D and E. On the other hand, method C, i.e. fractional
Laplacian wavelet basis, seems to be ‘unstable’ in the sense that it yields inhomoge-
neous performances for small variations of regularization parameter. The saturation
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of the RMSE and the MBAE for large values of the regularization parameter shows
that, on the contrary to state-of-the-art methods, sensitivity of method D and E to
the latter parameter is weak, in the sense that it yields reasonable estimation error
even for regularization parameter far from an optimal value. This error saturation
effect is illustrated in figure C.7. It displays vorticity maps produced by the different
methods for a very large regularization coefficient.

7. Conclusion. This work addresses the inverse-problem of estimating a hidden
turbulent motion field from the observation of a pair of images. We adopt a Bayesian
framework where we propose a family of divergence-free, isotropic, self-similar priors
for this hidden field. Self-similarity and divergence-free are well known features of
incompressible turbulence in statistical fluid mechanics. Our priors are bivariate frac-
tional Brownian fields, resulting from the extra assumptions that the hidden field is
Gaussian and has stationary increments. The main purpose of this article is the design
of effective and efficient algorithms to achieve MAP estimation, by expanding these
specific priors into well-chosen bases. From a spectral integral representation proved
in proposition 2.2, we represent divergent-free fBms in two specific wavelet bases. The
first option (proposition 3.1) is a fractional Laplacian wavelet basis which plays the
role of a whitening filter in the sense that the wavelet coefficients are uncorrelated.
The second alternative is to use a divergence-free wavelet basis, which is well-suited
to our case. The latter wavelets simplify the decomposition, since they neither in-
volve fractional operators nor Leray projector on the divergence-free functional space.
However, the wavelets coefficients are then correlated. We provide a closed-form ex-
pression for the induced correlation structure (proposition 3.2), which is necessary to
implement this second approach in practice. For these two approaches, the algorithms
to reach the MAP involve gradient based LBFGS optimization procedures and rely
on fast transforms (FFT or/and FWT). Moreover we propose an approximation of
the correlation structure of the coefficients in the divergence-free wavelets expansion.
It is based on off-line computation of fractional Laplacian wavelet connection coeffi-
cients. This approximation leads to the fastest algorithm without loss of accuracy.
According to an intensive numerical evaluation carried out in section 6, all proposed
algorithms clearly outperform the state-of-the-art methods. Finally, in the light of our
experiments, the divergence-free wavelet expansion seems to be the most appropriated
representation to solve our MAP inverse-problem.

Acknowledgements. The authors wish to acknowledge Pierre Dérian for fruit-
ful discussions on wavelets and their implementation. They are also sincerely grateful
to anonymous referees for their numerous insightful comments and suggestions which
considerably helped them in improving the first version of the paper.

Appendix A. Proofs.

A.1. Proof of Proposition 2.2. Let us recall (see e.g. [51]) that given a
standard Gaussian spectral measure Wi, the integral [ f(k)Wi(dk) is well-defined
whenever f € L?(R?), has zero expectation and for f, g in L?(R?):

E(/f(k)VT/l(dk)/ (k)W ( dk> /f (A1)

In (2.3), the matrix P (k) = {I - %} corresponds to the Leray projection matrix

in the Fourier domain. It is easily verified that all entries of P are in [0, 1]. For this
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reason the integral (2.3) is well defined, since for all x € R? and all H € (0,1), the
function k ~— (e™* —1)||k|[=# ! belongs to L?(R?).

Let us show that the structure function of u is given by (2.4). For j = 1,2,
denote e; the bivariate vector whose j-th component is equal to one while the other
component is zero. For all i,j = 1,2, from (2.3) and (A.1), since P? = P, we get

E[(ui(x2) — wi(x1))(u;(x4) — u;(x3))]

2
_ (2(;)2 /]Rz Hk”—2H—2e’ZI'P(k)ej (eik'xz o eik~x1) (e—ik-X4 _ e—ik'xL;) dk
2 . . . .
_ (;;)2 ‘/]RQ HkH_zH_ze;fFP(k)ej (ezk-(X2—X4) — etk(x2=x3) _ pik-(x1—%4) elk'(xl—xs)) dk.

We use Lemma 2.2 in [48] to get the following Fourier transform: for any x € R?

XXT

1 / —2H -2 k- 2H
k| P(k)e™**dk = cyr||x|*" ( 2H
(27)2 Je2 ]2

(2H + 1)1) .
where cy = I'(1 — H) /(72?7121 (H + 1)H(2H + 2)). The structure function (2.4) is
then deduced.

Finally (2.4) coincides with the structure function obtained in [48] Section 4.5
when u is defined by (2.2) with & = oo and & = 0. As this structure function
characterizes the law of the Gaussian vector field u, this shows that the two vector

fields defined by (2.3) and (2.2) (with £&; = oo and &, = 0) share the same distribution.
(]

A.2. Proof of Proposition 3.1. Let us denote by ®( the indicator function
Ijo,1)2(x), so that according to the construction explained in Section 3.1, the wavelets
Dy s, for (£,8) € QUO, form an orthonormal basis of L?([0,1]?). For any function
v € L%(]0,1]?), we have for any x € [0,1]?, v(x) = 2 (e.)cau0lVs Pes) Pe,s(x), where
(.,.) denotes the scalar product in L?([0, 1]?). By the Plancherel’s theorem, we deduce
that for any k € R* v(k) = >, (¥, Py )Py o(k), where now (.,.) denotes the scalar
product in L?(R?). Therefore, for j = 1,2,

[, 900 @) = S5, (A2)

l,s

with

My = /R ] Dy o (k)W; (dk). (A.3)

)

From (A.1) and the Plancherel’s theorem, since the wavelets are orthogonal and nor-
malized in L?, we note that 7 , are i.i.d standard Gaussian random variables.

Now recall from (2.3) that u(x) = (ui(x),uz(x))” where for i = 1,2, u;(x) =
[V (k)W (dk) + [ Via(k)Wa(dk) with V;(k) = o/(2m) (e — 1)[|k[|= "~ (5;; —
k;k;/|/k||?). Applying (A.2) to v = v;1,Vi2, we obtain for i = 1,2

W= 3wk [ 90809k,
(£,5)€QU0, j€{1,2} R?
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yielding the representation

o ; kk” .

a) =g 3 [ ey [I - } neallk| T bg )k, (A)
2 (€,8)eQU0 R2 ”kH

where Ne,s = (nl},.S?nZs)T'

Since the mother wavelet ¢ has M vanishing moments, for any (£,s) € Q, ®p 5
has M vanishing moments along at least one direction (say x1). As a consequence,
there exists a bounded function @, such that ®p (k) = (—ik1)M 04 (k) (see [33]).
So |||k~ 1®g o (k)| = |[IK||=7 1 (=ik1)Mbpq(k)| < ¢|k[|M~H1, where ¢ is some
positive constant. Since M > H, the latter bound shows that k — |k|| =7~ 1d, (k)
is square-integrable on any compact. Moreover it is square-integrable at infinity as
k — &y 4 (k) is, while k — [|k||~~! asymptotically vanishes. Hence, for any (£,s) €
Q, k — ||k||771®, 4(k) € L*(R?) and the integral in (A.4) can be split, leading to
the representation, for all x € [0,1]?,

i) =270 > P ne. @i V] ) = P [ne.0f V] 0)
(£,8)eQ2 /
kkT

i ikex R _H—-1%
o o - S T 0 (45)

where @g;Hﬁl) and P are respectively defined in (3.3) and (3.4).

The decomposition (3.5) is a consequence of (A.5), where €g,s = 2won, ,, provided
we prove that

—H- 1 , kk” .
> P nea®l V] 0) = g [ = 1) 1= S g T g (k.
oy [T 2r)? Jps Ok

(A.6)
Since by assumption f[o 172 u(x)dx = 0, integrating both sides of (A.5) on [0, 1]
leads to

/[0 1)2 P [ne,s¢é;H71)} (X)dX —P I:T’l,sq)é;Hil)} (0)
(£,8)eQ 5

+ L/ dx/ (ek* — 1) {I - kkT] Mo lIk|| =1 do(k)dk = 0 (A7)
(2m)? [0,1]2 R2 (k][ 0 0 ' .

Let w(x) = ny, s@é;Hfl)(X). Since wavelets possess at least one vanishing moment
f[0.1]2 w(x)dx = 0 that is to say w(0) = 0. According to definition (3.4) of the Leray

projector this implies that f[o 1] Pw(x)dx = 0 and therefore

/[0 N P [neyséész’l)} (x)dx = 0. (A.8)
(£,8)eQ )
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Now consider the last term in (A.7). We have for j = 1,2
0

8xj R2

. ik-x kkT —H—-14
- / (i) (1= B e =1y (1) ke
. Tk

) kkT . 0
_ ik-x I— k —H-1 / 7zk~x7]1 d dk = 0.
/Rz ‘ [ i | ol € o, O

Therefore, we obtain

ik-x kkT —H-1
e [ (R 1) [T 0 g i~ o ()
o172  Jre E

_ eik-x_ kkT H—-14%
= [ e =0 [ s [l g (A9

kk”

(e 1) [I - ”k”] o1~y (1) e

Using (A.8) and (A.9) in (A.7) proves (A.6), which concludes the proof.
O

A.3. Proof of proposition 3.2. From (3.5) and the definition of P (see (3.4)),
we have

des = Y (P leap@iy ] /Bes) = D (ean@iy) /P [Tes)).
(i.9)

(1.j)eq

Since ‘i’gys € Lfliv([O, 1]?), we have P {@575} = ‘i’&s. So
H-1)
des = Z <5(i,j)‘I)EU ).
(i,j)en

Since € j) are iid zero-mean Gaussian random variables with variance (270)%1, we
have

Eldesde o] =
(270)2 Z S @Y )+ (@ TTY 0 e 0 ).
jeq
. . . (—H-1) —H-1
Let us simplify the sum above. First, recall that @, (x) = (—-A) s(x), so
for any k=1,2:
—H-1) & —H-1) &
> (@Y @Y g )
(i,j)eQ
H—1) , (—H—1 =
Z (I)u ) 17 )v‘I’e',s%‘I”E,S)
(1j)e@
—H-1 ~ _H—1 ~
= (> Oi(®ig (-A) "7 Ty ), (—A) U5 )
(i,j)eQ

Since the mother wavelet ¢ has M > H vanishing moments, similar arguments as
in the proof of proposition 3.1 lead to [|[k||~"~1¥% _ (k)| < ¢|k|[™~#~1, where c is
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some positive constant. So [ 2 (—A) 7}271@2/ s (x)dx = ||k||H~ 1\I/k, o (k) o = 0
and a
—H—-1 ~ —H—-1 ~
D 0@y, (—A) T T )= Y OBy, (—A) 7 TR )
(i,j)eq (i,j)€QUO
= (-8)7F
Therefore
H— H— =H-1 < —H-1 =
Do @@ ) = ()T U L/ (-A) T )
(ij)en
and
9 “H-1 ~ —H-1 ~
Eldesde o) = (2m0)*((—A) "7 Weq, (—A) "2 s-) (A.10)

Second, let us introduce the curl operator, defined for any f € L1([0,1]?) by

curlf (z1,22) < / [z, t)dt, / f(t, x2) dt> ,

and note that ‘i’Ls = curl[@LS]. It is easily checked that the adjoint operator is
— %
given for g = (g1,92)" by curl g(z1,22) = —%91@17962) + 3%192(%17152) and that

— % ——

curl curl = (—A)~!. Consequently we have from (A.10)
Eldesde ] = (2m0)*(curl[@y V] / curl[@y, V)
= (27m)2<curl curl[<I>( - 1)] @2,5 1)>
= @mo)* (=) 7ty Y g 07Y)
(2mo)*(
(2ma)(

2 L H*1)>

( )_5(1)25 )a(_A)_Eq)e’is/
2(1)( HQ)CD( H- 2)>

s’

= (270
= (270

where the existence of wavelet @2;1{72) is guaranteed by the M > H vanishing

moments of the mother wavelet 1.
O

A.4. Proof of proposition 3.3. By definition of ¥ and 7', and by use of the
biorthogonality of the wavelets family {<I>(H+2) (£, s) € Q}, we have for any a € £2()

EEdes = Y. D ape (@07, @<H+2>><¢§;H*2>,¢§3H*2>>
(£,8")eQ (1,j)eQ

= Y ape(@uP 3T e ey Y ol 1))

(¢ ,s")eQ (i,j)e

_ Z Gz s <<I>§{{:,_2) <I>( H— 2)>
(€',8")eQ

= Qg s-

We can show similarly that ¥~ '3a = a. Therefore operator ™! corresponds to the

inverse operator of X.
(]
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A.5. Proof of proposition 5.1. The gradient with respect to ¢ , of the data-
term dy(ey,) in (4.12) is given by inner products with the fractional divergence-free
wavelets. Indeed, we have:

0., 0u(en) = ((71(x ) — 10(x), Vin(x, )" 59— P [27 Ve, (x)
]

— (1%, €0) — 10 (X)) VI (%, €0)/ 5P [ee.s® ] (x))

and by Fourier-Plancherel formula:

K[y, (K))

— T
00, B0(en) = (0 €)= RN () 55— |1 15 | e

g s k|2
_ BN
= ((gl (k, en) - yO(k))V?jI (k» €n>/HkH_H_1 ( kl’/jf) el,sq)&s(k»
RCE

K2\ T - R
= ([|[ <l_kl’§2'2> (1(k, €0) — 90(k)) V1 (k, €3), Pr s (K)),
%[

—H-1 _ _
= ((=8)7= P, €n) = 90()) VUL (-, €n)](x), Pe.s(x)).
The gradient with respect to 612/73 is obtain similarly. The gradient of the regularization
term is simply: Je, R(€,) = MTlo)"’E"' O
A.6. Proof of proposition 5.2. The gradient (5.5) of the data-term dy(d,,) is

obtained analogously to (5.1). For the gradient of the regularizer term, by definition
(4.4) of B, "
1
ade,sR(dn) = 3 Z Egl(eﬂ87£/78/)dl’,s’
6 (€',8")€eQ,

1 (H+2) = (H+2)
S D DR R
(€ ,5")ENm

Formula (5.6) follows from definition of ®:(+2) see (5.4).
O

Appendix B. Adaptation of algorithm 3 for irregular wavelets.
If 4 is not 2H + 4 but only H + 2 times differentiable, one may replace iii)-v) in
algorithm 3 by the following steps:
- compute AH (Q}l’(o)dn) in the Fourier domain by FFT
- compute the FWT using orthogonal wavelets {®y s; (¢£,s) € Q,} to get the
n X n matrix denoted by [e;,] whose element at row index (¢1, s1) and column
index (fa,55) is (AH(@1d,,), d,).
- compute off-line matrices F(®) for a = 0, 1,2 with algorithm 5 (section 5.2.2)
- obtain the scalar product in (5.6) by addition of matrix products

(@1, o) = N (AT (@1O0d,,), 0y o) (B g, (~A) Dy)
(€ ,8")eQ,

- (F@)T [enJF© 4 2FD [¢, JFD + FOT [[en]]Fu‘))

where (M)g, s denotes the (£, s)-th element of matrix M

£,s

9



26

Appendix C. Matrices of mono-dimensional connection coefficients.

The matrices F(®) involved in (5.12), where 0 < a < H + 2, are composed of
wavelets connection coefficients defined in (5.8). Note that F(%) is the identity matrix
since we are considering an orthonormal basis. Moreover, for a being a positive
integer, fractional Laplacian operator becomes a standard differentiation up to factor
(—1)® and F(® can be computed by solving an eigenvalue problem as detailed in
[5, 12]. However, in the more general case of fractional Laplacian differentiation, no
method have been explicitly proposed in literature. In this appendix we provide an
approximation of F(®) in terms of scaling functions connection coefficients, that turn
out to be easily computable as the solution of a linear system, as explained in the
following.

C.1. Matrix F(®, In this section we assume a > 0 and we show that any

entry féi?e,’s, of F(® can be determined recursively from an infinite series of connec-
tion coefficients of scaling functions defined at the finest scale s, = loga(n). These
connection coefficients, denoted by egi), are given for any £, ¢’ € Z by
—02\ ¢
0,0 2 (g2~ 1), (55 ) e(2na = s (©1)

where ¢ denotes the scaling function associated to wavelet 1. An efficient algorithm
(@)

Sn

for the computation of eg,” is obtained in section C.2. We hereafter propose an

approximation of fé(f;?e,,s, as a truncation of these infinite series of scaling function
connection coefficients.

Let us begin by recalling the two-scale relations associated to the orthonormal
wavelet basis {1y s(z);z € R, ¥, s € Z} defined in (3.1), see [33]:

=V2)  hpp(2x — k), (C.2)
k

=V2> gep(2z — k), (C.3)
k

where h and g are the conjugate mirror filters of finite impulse response given by hy =
%(cp(x), ©(2z—k)) and gi = %<w(x), ©(2x —k)). For any function b(¢, ¢') € L*(Z?),
let us define the following convolution operators:

Gib(L,0) £ " gb(20 + K, ). (C.4)
k
Gob(4, 1) & ngb (0,20 + k) (C.5)

Hb(0,0) & thkb (20 + k., 0') (C.6)
Hob(0,0) 2 \/§thb 0,20 + k). (C.7)
k

We also consider operator H gi) (resp. H. gz)) defined by iterating ¢ times operator H

(resp. H,). Following the methodology introduced in [7] (see details in [39]), we
obtain from (C.2)-(C.7) that for s,s" < s,

2 !’
(e, (8) o) = Gy G H ™) HE =) el (0,0). (C.8)



Self-similar prior and wavelet bases for hidden incompressible turbulent motion 27

To get a similar representation for fe(g?e',s'a we need to consider the same procedure
with periodized wavelets and scaling functions instead of ¥ and . It can be shown
that in the case of scaling functions defined at scale s, and periodized over [0, 1],
connection coefficients are (2°~)-periodic functions

+oo a2\ @ +o0
> tera -t (55 ) w@a- ke = 3 DRz o)

k,k'=—o00 k=—o00

provided the latter series converges. Therefore, by redefining operators (C.4)-(C.7)
with circular convolution on (2°)-periodic signals, we obtain similarly as (C.8): for
0<s,8 <s,andfor 0 <£<25710< <2571,

“+o0
Dy = GG HT I HS ) N e (0 k2o 1), (C.9)

k=—o0

provided the latter series is convergent. The remaining terms of F(®) can be treated
in the same way: for 0 < s < s, 0 < £ <2571

00
b = GoHHE Y7 o) (k2 1)
k=—o0
o0
oo = GHIHED 3" el (0 k2, 0) (C.10)
k=—0c0
+oo
(g?é),o,ozﬂgsn)ﬂésn) Z el (k2°",0)

k=—o0

Recursive formulae (C.9)-(C.10) show that the knowledge of egi) entirely determines
the matrix F.

Finally, as it will be explained in section C.2, egi) (€,0) ~ co|l]7172% as £ — oo,
where ¢, > 0. Since eg(i) (0, 0) = eg‘:)w —0',0), we deduce that for any 0 < ¢, ' < 2%
and for any k # 0, egi) (€+Kk2%~  0') behaves as cq [0/ —0— k25| 7172 if 257 is sufficiently
large. This shows that the terms associated to k # 0 in (C.9)-(C.10) are negligible with
respect to the the terms associated to k = 0, provided 2°" is sufficiently large. The
latter condition is a reasonable assumption in standard image setting where typically
Sp > 8. This is the reason why we propose the following approximation, for any
0< 0,0 <25

too (c) / f < | — 9sn—1
RIS NI sl ogeE e
koo es, (0,0 —2%) for 2°»~1 < |0/ — 1] < 2.

This approximation is based on the above explanation when [/ — ¢| < 252~ and is
extended to 25» =1 < |¢/ — (| < 25" in order to respect (2°")-periodicity.

The derivation of matrix F(®) is thus very simple: from (C.9)-(C.10), we see
that matrix F(® is a bi-dimensional anisotropic discrete wavelet transform of the
(2%7)-periodic function Zzioo 6&‘? (¢ + k25, ¢"), where the latter is approximated
by (C.11). In other words, relations (C.9)-(C.10) perform a basis change from the
orthonormal family {>_, ., ¢(2°" (21 + k) — O)p(2°" (v2 + k) = £');0 < {00 < 2°}
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to the orthonormal family {®¢;(€,s) € €, U0}. Indeed, recursive convolutions
appearing in (C.9)-(C.10) implement (up to the multiplicative constant 2°») the fast
recursive filtering algorithm proposed by Mallat [33] for FWT. In practice, we thus
compute F(® by a simple FWT of the discrete function defined in the right hand side
of (C.11).

C.2. Computation of connection coefficients eg(z). We hereafter adapt the
general framework proposed by Beylkin in [5, 6] to the case of the computation of
scaling function connection coefficients appearing in (C.11).

The fractional Laplacian operator is rewritten as a convolution operator for any
scaling function with a compact support. Indeed, if « —1/2 € R\N, fractional Lapla-
cian can also be defined by Riesz potential [20]:

N -0\ I 1
P (z) & <ax2> p(r) = */ W(Z)mdz’

Ca J_oo
with ¢, = VAL (Za)2 2 In the previous expression, the convolution kernel writes
@ C((1120)/2) ° P p )
k(z) 71 (C.12)
€Tr) = . .
Colz[2otT

Since we have egi)(ﬁ, ) = egj) (¢ —¢',0), the computation of all scaling function
connection coefficients reduces to the computation of egi) (¢,0) for £ € Z. From (C.2),
we derive that

-1 a L—1
—0?
o (z) =2 Z hi <8x2> o2z — k) = /222 Z hyo ) (22 — k),
k=0 k=0
where L denotes the number of non zero coefficients of the scaling filter h. Using

(C.2) for ¢ and the above relation for ¢(® in (C.1) leads to

L—-1L—-142¢—k

el(,0)=2"" 3" hphg_oey; €l (4,0). (C.13)

k=0 j=20—Fk

Moreover, an asymptotic behavior can be derived from the Taylor expansion of
the kernel (C.12) as in [5, 6]: for £ — oo,

1 1
(@) (0.0) =
60 = s + O (| €|1+2a+2M) . (C.14)

In order to compute eg(i)(& 0), we solve the linear system (C.13) subjected to the
above asymptotic behavior as boundary conditions. Specifically, for |€| > £y, where

Lmin 18 chosen sufficiently large (typically fmin > n/8), we set egi)(fa 0) = cmﬁ

Then for £ = —lin, ..., {min, an analytical solution egi)(f, 0) of (C.13) is obtained as
described below.
Let Hy be the function defined for any of ¢, j € Z by

H(f )_ hkhk—2€+j if QE_kSJSL—l‘f‘ZE—k‘,
S 0 otherwise.

4This definition can be extend to o — 1/2 € N using some appropriate kernel, see e.g. [42]



Self-similar prior and wavelet bases for hidden incompressible turbulent motion 29

Let Hy, be the matrix of size (20,5 + 1) X (2€:n + 1) whose element at row ¢ and
column j is Hi(¢ — Liin, j — lmin)- Let I denote the identity matrix. Then

L—-1
el =22y H,—1"'b (C.15)
k=0

(

where esf:) and b are (20, +1)-dimensional vector whose components are respectively
e{)(£,0) and

Loin+L L—1 —lmin—1 L-1

be:722a Z Z Hk(gfgmznaj) Z Hk(efgmlnh?)

ca|j|1+2a Ca|j|1+2a

G=lmin+1 k=0 j=—Lmin—L k=0
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Fic. C.1. Synthesized fBms u(x) = (u1(x),u2(x))T for different values of H (left). Associated

vorticity maps, i.e. Oguz(x) — Oyui(x) (right) .
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Fia. C.2. Initial image yo (left), deformation field u (middle) and final image y1 (right) for
and H = 1. Images yo and y1 have been corrupted by a white noise.
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Fic. C.3. Performance of the regularizers according to the value of H. Regularization coefficient
for methods A to E (see section 6.3 for a description) were chosen to minimize the RMSE. The

given criteria are in order RMSE/MBAE/SAE. For each value of H

to each criterion are displayed in blue.
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Fic. C.4. Radial power spectrum estimates in logarithmic coordinates (above) and ordinary
least squares fitting (below) for methods A to E (see section 6.3 for a description) for H = % (left)
and H = 1 (right), compared to ground truth and the theoretical decay. Regularization coefficients

where chosen to minimize the RMSE.
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Fic. C.5. Estimated vorticity maps for methods A to E (see section 6.8 for a description) and
for H = % (above) and H = 1 (below). Regularization coefficients were chosen to minimize the
RMSE
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Fic. C.6. Influence of reqularization coefficient on the accuracy of the estimate in terms of
RMSE (above), MBAE (middle) and SAE (below) for methods A to E (see section 6.8 for a de-

scription) and for H = %

(left) and H =1 (right).
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Fic. C.7. Estimated vorticity maps for methods A to E (see section 6.3 for a description) for

H = % and H =1 in the case of a very large regularization coefficient (~ 1e6)



