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The determination of directional power density distribution of an electromagnetic wave
from the electromagnetic field measurement can be expressed as an ill-posed inverse
problem. We consider the resolution of this inverse problem via a maximum entropy
regularization method. A finite-dimensional algorithm is derived from optimality con-
ditions, and we prove its convergence. A variant of this algorithm is also studied. This
second one leads to a solution which maximizes entropy in the probabilistic sense. Some
numerical examples are given.

1. Introduction

In this paper, we present entropy regularization algorithms in order to determine electro-
magnetic wave propagation directions from the measurement of the six components of
the electromagnetic field. Most of existing methods assume that the electromagnetic wave
is similar to a single plane wave. In this case, for a fixed frequency, the electromagnetic
field is fully described by the wave normal direction vector k. Nevertheless, this assump-
tion is generally too restrictive. For a more realistic analysis of an electromagnetic wave
in a plasma, Storey and Lefeuvre have introduced the concept of wave distribution func-
tion (WDF) [5]. This function describes the wave energy density distribution for every
frequency and propagation modes. The WDF f is related to the spectral matrix V of the
electromagnetic field component by a Fredholm integral of the first kind [5]

Viw) = Jq(k,w)f(k,w)dk, (1)

where k is the wave normal vector and w the frequency. In practice, the WDF is com-
puted for the most significant frequency (often there is only one significant frequency) of
the spectrogram. The integrating kernel g is a known function depending on the propa-
gation media. The spectral matrix V is defined with the measured electromagnetic field
e:R* — RS by V = é(w)é*(w) where é denotes the Fourier transform of e and s € N* is
the number of field components. It is a Hermitian matrix. This definition of the spectral
matrix is an approximation of the real spectral matrix. Indeed, e is a random signal and
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128 Determination of a power density

we should use mean values of e. Here we assume that e is deterministic. In what follows,
we will identify the spectral matrix with a vector of C", where n = s2. Solutions of the
inverse problem of determining f from measurements of V' were proposed by Lefeuvre
using a maximum entropy method [6]. However, for a fixed frequency, we have to solve
the integral equation problem

V= Jq(x) Fx)dx, (12)

where the unknown function f is nonnegative. This inverse problem is known to be ill-
posed.

The concept of WDF can be transposed to the case of electromagnetic wave propa-
gating in vacuum. Equation (1.1) remains valid if we use the vacuum kernels instead of
the plasma kernels and if the electromagnetic wave has a single polarization mode [7].
The use of the WDF concept for electromagnetic wave propagating in vacuum has been
studied for the interpretation of ground penetrating radar investigations, and, in particu-
lar, the one proposed for the NetLander mission to Mars [7]. The aim of this instrument
was to explore the first kilometers of Mars subsurface to study its geological structure and
look for water.

Here we use a maximum entropy regularization method to solve this problem. We
minimize the quantity

2

L HEH) (1.3)

HV - JQ(x)f(X)dx

with the constraint f > 0, where H is a negentropic term (to be defined later) and y a
regularization parameter. In fact, H is not the negentropy in the probabilistic sense since
f is not a density. But the minimization of H leads to a smooth solution. The main dis-
advantage of the maximum entropy solution of [6] is that the constraints on the solution
are too strong. The regularization process provides a relaxed problem and the error we
introduce allows to search a solution in a much wider domain. Moreover, we obtain a
solution not far from the data that looks like a minimizer of H.

The maximum entropy regularization method is a useful tool to solve such inverse
problems. Amato and Hughes [1] have studied the convergence of this method to show
that it is a correct regularization process. This convergence is also studied in [3] by making
a link with the classical Tikhonov method [11, 12]. A generalization is investigated in [8].

The mathematical model of the problem is described in Section 2. We define the ne-
gentropy in Section 3. In Section 4, we set the optimization problem: the feasible do-
main of this problem has to be relaxed to find optimality conditions. We present two
algorithms, but the solutions we obtain do not minimize negentropy. So we modify the
optimization problem in Section 5. Finally, we present numerical tests in Section 6.

2. Mathematical model

In this section, we present the mathematical model. We consider a measured space (E, A,
0), where E is a compact subset of R?, p > 1, and the measure ¢ verifies 6(E) < +oo. The
power density on (E,sd) can be defined as follows.



Olivier Protetal. 129

Definition 2.1. The power density is a couple (a,m), where « € R* and m is a probability
measure on (E, ). Let A C E be the power 74 of the subset A is given by

A = am(A). (2.1)

The aim of this paper is to determine a power density («, m) which verifies the equation
0ch qdm=1V, (2.2)
E

where V € C" is known and q € L*(E,C",0) is the integration kernel. In plasma physics,
we have to solve this kind of problem to determine the power density distribution of an
electromagnetic wave m and the total power o from the measurement of the electromag-
netic field components. In this case, we typically have n = 36.

The set of probability measures is too large and we will only consider measures that
are continuous with respect to the measure 0. We denote H = L?(E,R,0) (C L'(E,R,0)
thanks to our assumptions). For all F € H and F = 0 ¢-a.e., we can define a power den-
sity (a, (F/a)do), where a = [|Fl|11(gr,0) and (F/a)do is the measure of density F/a with
respect to 0. Note that F — [yagdm where a = ||Fl|[1(grs) and m = Fdo/a is a linear
bounded operator from H to C".

More generally, we consider a linear bounded operator v = (y1,...,y,) : H — C", y*:
C" — H its adjoint operator and we assume that R(y*) c L*(E,R,0) (R denotes the
range). We have to solve

y[F] =V. (2.3)

From the Riesz theorem, we deduced that there exist n functions q; € L*(E,C,0), i =
1,...,n, such that y;[F] = (g, F)n. These functions are integration kernels, and we have

vieC, y*(l)= Re(iz,-q,-), (2.4)

i=1

where g; denotes the conjugate complex of g;. The condition R(y*) C L*(E,R,0) is
equivalent to

Vi=1,...,n, gq;€L”(ECo). (2.5)

The problem of solving (2.3) is an ill-posed problem. Indeed, v is an operator from
H (an infinite-dimensional Hilbert space) to the finite-dimensional Hilbert space C". So,
the operator y is not injective and there is no uniqueness of the solution (if it exists). In
addition, we want to determine a solution which is also stable, that is continuous with
respect to the data V. This will be crucial for the physical and numerical stability. To deal
with this challenge, we use a maximum entropy regularization method.

The principle of Tikhonov’s regularization method is to minimize the quantity

[y (F] - V|[e, +uQ(F), (2.6)
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where p is called the regularization parameter and ) is a suitable regularizing functional.
This method is equivalent to minimizing the functional Q on the set {[|y[F] — V]lc» <
O(p)} [1]. In this paper, we use an entropic term as the regularizing functional (see
Section 3) and we restrict the domain to the Hilbert space H whereas usually, maximum
entropy regularization is performed in L!. We will see in the following section that there
is no problem to define the entropy. First we recall some definitions.

3. About entropy
Let the function ¢ : Rt — R be defined by

xIn(x) ifx >0,

(x) = { (3.1)

0 else.

The notation m; < m, means that the measure 1, is absolutely continuous with respect
to the measure m,.

Definition 3.1. Let f,g € L'(E,R,0) such that fdo and gdo are two probability measures
and fdo < gdo. We define the relative information content of f with respect to g by

_ f
I(f,g) = JE fin L do (3.2)

If the condition fdo <« gdo is not verified, then I(f,g) = +oo. If g is the noninforma-
tive probability density (see the definition below), then I(f,g) is called the information
content of f. The negentropy (negative entropy) of f is then defined by

H(f)=1(f,g). (3.3)

The noninformative probability density is a known function of the model. Physically,
it is the probability density of a noise measured in the system. For example, in the case
of an electromagnetic wave in vacuum WDE, E is the unit sphere. Now, since isotropy
occurs (there is no privileged direction of propagation for a plane wave in vacuum), we
deduce that the noninformative density probability is constant over the unit sphere. So,
we may assume that the noninformative probability density is given by

Vx€e€E, g(x)= ﬁ. (3.4)

For the sake of simplicity, we will suppose that 6(E) = 1, so the negentropy of f is

H(f) = qu o fdo. (3.5)

Entropy of a probability density can be seen as a “distance” between f and the density
of the noninformative probability g. To calculate the solution of the inverse problem,
we minimize a functional involving negentropy. Thus, we determine the solution, which
contains less information with respect to the density g. From the physical point of view,
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this allows to preserve the physical significant information. So, it is primordial to know
the noninformative density g quiet accurately. One can refer to [10] for the axiomatic
derivation of the maximum entropy principle. The next lemma gives some properties
of H.

LEMMA 3.2. In the sequel, denote K = {f € L*(E,R,0) | f >0 0-a.e.}. For all f €K,
—e ! < H(f) < +oo. The functional H : L*(E,R,0) — R is lower semicontinuous (l.s.c.),
strictly convex on K and verifies that for all € > 0, for all f € K such that f = € o-a.e., for all
gEK, foralld €[0,1],

H(f+AMg—-f)—-H(f)= AL (1+Inf(x))(f —g)(x)da(x) +o(A). (3.6)
Proof. Let f € L*(E,R,0),

H(f)= $o f(x)do(x) +I $o f(x)do(x); (3.7)

Ler\f(x)q} {x€Elf(x)=1}

as

vxe€[0,1], —e!=<xlnx=<0o0,
i (3.8)
Vx>1, 0<xlnx<x-,

so we deduce

H(f) <l fllizEro) < +oo, H(f)>-e . (3.9)

The proof of the lower semicontinuity of functional H can be found in [1, 8].
We now prove (3.6): let f € K such that f > ¢ let g € K. We have for a.e. x € E,

¢(f () +A(g(x) = f(x))) —p(f (%)) =A(1+1In f(x)) (g(x) — f (x)) +0(A) (3.10)

since ¢ is derivable on R** and ¢'(x) = 1 +Inx.
The functional H is strictly convex by the strict convexity of ¢ on R*. O

4. A penalized problem
We now define the penalized cost functional or smoothing functional ], we want to min-
imize:
2
Jo:H—R,  Fe ||V —y[F]|[. + uH(F), (4.1)
where y > 0 is a regularization parameter. We have the following lemma.

LeEmMA 4.1. The functional ], is Ls.c. and strictly convex on K. In addition, ife >0, f,g € K
with f = ¢ 0-a.e., then

VA€ 0,1, Ju(f+Ag—f)) —Ju(f) =MDJu(f),g = flu+o(d), (4.2)
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where

DJ,(f) =u(+Inf) = 2y*[V —y[f]], (4.3)
Ju(@) = Tu(f) +(DL(f).g = flu (4.4)

Proof. The functional F — ||V — y[F]||. is continuous on H by continuity of y, hence it
is L.s.c. We conclude that J, is Ls.c. on K by Lemma 3.2. Furthermore, F — ||V — y[F] IIén
is Fréchet-differentiable and its gradient is —2y*[V — w[F]], so (4.2) is proved by
Lemma 3.2 as well.

The functional ], is strictly convex on K by strict convexity of H and by convexity of
the term ||V — y/[F] II%cn. So, we can write

Ju(f +Mg =) <@ =DJu(f) +Au(g),

A (4.5)
Tu(f+A(g Af)) Ju(f) <Ju(@) ~Ju(f)-

Equation(4.4) follows by taking the limit of the last equation when A — 0. O

The penalized optimization problem stands as follows:

(P

minJ, (F),

FeK={feH|f=00-ael}. (4.6)

The existence of a solution to problem (%) is not obvious since the cost functional
is not coercive in H. To illustrate this fact, we give a simple counterexample: we set E =
[0,1], o is the Lebesgue measure on [0,1] and f : E — R, x — x /2. Then H(f) =2<
oo and we can build a sequence { fy}ken C H such that fy — f a.e., |l fklly — +o0, and
H(fr) = H(f) < +oo.

Nevertheless, since ], is strictly convex, the solution to (%,) is unique if it exists. It is a
function of H : F,, v. The power density can be obtained by setting & = ||F,, v ||11(g,r,s) and
m = (F,v/a)do.

Therefore, we do not minimize the negentropy of Definition 3.1 since F, v is not a
probability density. Rigorously, the negentropy of the solution is H(F, v/a). Moreover,
the cost functional does not verify (4.2) on the whole set K because ¢ is not derivable at
0. So, we have to modify this problem, taking a smaller feasible set. We study the modified
problem in the next section to determine approximate first-order optimality conditions.

4.1. Relaxation of the feasible set. We just mentioned that (%) cannot be directly solved
because J, is not coercive and (4.2) is not satisfied. So we choose a smaller feasible set to
ensure (4.2). To deal with the lack of coercivity, we bound this new domain. For 0 < ¢ <
T < +o0, we set

Kr={f€eHl|e< fo-ae, |fllu=<T} (4.7)

It is a closed, convex subset of H. The “relaxed” problem reads
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T
(@27)
minJ,(F), F eK,r. (4.8)

THEOREM 4.2. Problem (4.8) has a unique solution F;’T € K. A necessary and sufficient
condition of optimality is

VfeKer, (DL(F"),f—Fa')y=0, (4.9)
where
DI, (Fp") = =2y*[V = y[F5T]] +u(1 +InFgT). (4.10)

Proof. The existence and uniqueness of the solution is standard, see [2, Corollary III.20,
page 46]. We call it F;™. Then

Vg€ Ker, VAE 0,1, J(F' +A(g—F5")) = Ju(F2") = 0. (4.11)
With Lemmas 3.2 and 4.1, this is equivalent to

VgE€Ker, (DJ(FST),g—FyT)y =0. (4.12D)

With the optimality condition (4.9), we may now construct the solution to (%,).

LeEmMMA 4.3. If there exists F;’T € K such that
F;’Tzexp(—1+§1//*[V—1//[F;’T]]>, (4.13)
that is, F;’T is a fixed point of a functional
I,:H— H, F»—»exp(—l+§w*[V—w[F]]>, (4.14)

then forall0 < &' < eand T' = T, F9" is the unique solution of (P5°""). Furthermore F&' is
the unique solution of problem (P,) and we denote it by F,v.

Proof. Let F;’T € K such that
Fpl =exp ( —1+ [%1//* [V - w[F;T]]) o-a.e. (4.15)
We get
pln (Fp") = —p+2y* [V —y[FoT]] o-ace. (4.16)
So

VieK, (=2y*[V—y[F]+u(1+In(FT)), f = F )y =0, (4.17)
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and we see that F;’T verifies (4.9). Therefore, F;’T is the solution of (4.8). As Ke, 7 C Ky 1
forall0< ¢ <eand T' = T, we conclude that F;’T is the solution of problem (@;"T' ). Itis
also the solution of problem (%,). Suppose that F € K exists such that J,(F') < J ‘u(F;’T),
then the function

e, T ’
FH +F

F= 4.18
5 (4.18)
verifies F' > &/2 = §and [|Fllu < (1/2) f(IF5 Tl + IIF llw) = T’ so F € K 3. Since F&7 is

the solution of (@’g’?), we have J(FeT) < J(F') and we deduce that FST is a solution of
(P4). Moreover, it is the unique solution of (%) since Jj, is strictly convex. O

Lemma 4.3 also shows that if the functional ', has a fixed point, it is unique.

We are now able to find the solution as a fixed point. In the next subsection, we study
the existence of a sequence that converges to this fixed point. That will be the essential
tool to set an infinite-dimensional algorithm.

4.2. An infinite-dimensional algorithm. We define the sequence {Fj}rcn of H by

Fy e H,
(4.19)

2
Frar = exp ( NS 1//[Fk]]>.
If it converges, the limit is a fixed point of the functional I',.. It is also the solution to ().

LEmMA 4.4. The functional T, is continuous from H to L*(E,R, o). Furthermore, the in-
equality

2
TPl = 0 (= 14 2y LIVIE+ Gyl ) (4.20)

is obtained.

Proof. We remark that F — exp(F) is continuous from L® (E, R, ¢) to itself and y* is con-
tinuous from C” to L* (E,R,0).

Inequalities are obtained with the continuity of operators v and y*: there exist two
constants Cy, and Cy+ such that

lw(B)llcn < CylIFllu,

(4.21)
||1//*(x)||Lm(E,R,u) < Cy-lIxllcr.

Since the exponential function is nondecreasing, one obtains the results by injecting the
last inequalities in the expression of T',. O

Now we show the convergence of the sequence {Fi}en. The following lemma gives
a condition on the regularization parameter g which implies that the sequence {F}ren
stays in a ball of fixed radius.
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LEmMa 4.5. Let F be such that ||F|ly < R; if

2C,+[IIVlicr + CyR]
1+1n(R) :

(4.22)

then |Tu(F)llw < Rand [T, (F) =& o) < R.
Proof. We have
2Cy=[IVllcr + CyR]

1+In(R) ’ (4.23)
u[1+1n(R)] = 2Cy+ [IVllcr + CyR],

SO
2
RZeXp(—1+;CW*[”VH@:+CV,R]>, (424)

and we deduce the two inequalities. O

We will use a fixed point criterion: if the functional I, is a contraction, then the se-
quence is converging. In the following lemma, we give a condition on y for the sequence
to converge.

LemmA 4.6. T, is Fréchet differentiable on H and its derivative is
2
dr,(F)-h= f‘al"y(F)l//* oy[hl]. (4.25)

Let ||Follu < R. If y verifies (4.22) and if
p>2R*Cy+Cy, (4.26)

then the sequence (Fy)ren converges in H and in L* (E, R, 0) to the unique fixed point F,y
of T

Proof. The functional T, is differentiable since F — exp(F) is differentiable from L (E, R,
o) to itself, and F — y*[w[F]] is linear continuous from H to L*(E,R,0). By Lemma 4.5,
we deduce that for all k € N, 0 < F; < R. Furthermore, (4.26) leads to

sup  [|dTu(F)|| g 1) < 1. (4.27)
{FEH|0<F<R}

We conclude using the Banach fixed point theorem on the complete set {Fe H |0 < F <
R} with the distance induced by L®. The sequence converges to the unique fixed point
F,v € {F€H|0<F <R} of I, strongly in L*(E,R,0) and in H (by compactness). [

We may summarize in the following theorem.
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THEOREM 4.7. If u verifies (4.22) and (4.26) (i.e., u large enough), then problem (%) has
a unique solution F, v limit of the sequence {Fi}ren defined by

Foe{FeH|0<F <R},

4.28
Fkﬂ:exp<—1+§1//*[V—1//[Fk]]> — T, (F). (4.28)

The convergence stands in L® and in H.

Shortly speaking, we have an infinite-dimensional algorithm that converges to the so-
lution of the maximum entropy regularization problem for a fixed parameter y great
enough. Theorem 4.7 shows that the solution F,, v of (%) is obtained as the limit of the
sequence {Fi}ren and belongs to L*(E, R, o).

However this algorithm is not useful from the numerical point of view. Indeed, it is
an infinite-dimensional one and an inappropriate discretization process may lead to slow
computations. Nevertheless, we are able to derive a finite-dimensional algorithm from
the optimality condition (4.9). This is the aim of the next subsection.

4.3. A finite-dimensional algorithm. Lemma 4.3 suggests to look for the solution F, v
of problem (%) as F, v = G,,v, where

Guv = exp 1+ iw* 1), (4.29)
where A € C" has to be determined. The next lemma gives a sufficient optimality condi-

tion on A to solve (%,). In addition, we have an analytic expression for the solution.

Lemma 4.8. Let A € C" such that
P J 4(0) exp ( 1 [%w* m(a))da, (4.30)
E

then the function G, v € H, defined by (4.29), is the unique solution of (P,).

Proof. By the definition of G,y and with the assumption R(y*) C L*(E, R, 0), there exist
e>0and T > e such that G, v € K r. Writing the expression of F, v in (4.9), we can see
that it is verified. So F,, v is the unique solution of problem (4.8). With Lemma 4.3 and
the strict convexity of J,, it follows that it is the unique solution of (%,). O

Therefore, we only need to find the value of A € C" to determine G,,y. So the problem
turns to be a finite-dimensional one. We define the sequence {A}ren of C" as

)Lo S Cn,

. 431
A1 = yu(Ak) dJV—Lq(o)exp(— 1+§1//*[/1k](0)>d0. (4.31)

The function y, : C* — C" defined in (4.31) is differentiable and its derivative is

dy,(V) -h = —% Lq(a)qf(o)exp ( 1t iw* [A](o)) - hdos (4.32)
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thus

2

lldyu (A) - hllen < =pP IRl cr, (4.33)

=

where p,ak) is the spectral radius of matrix M,(lk) of dimension (#,#) such that for all 1 <
i,j < n (we use the Euclidean norm on C"),

M%) = L 4i(0)d;(0) exp ( g %w* [Ak](o))da. (4.34)

Using the Frobenius norm of matrix M,Sk), we have the inequality

@)J >

1<i,j=<n

2

(4.35)

2 _
Pl = Ml = exp ( ~ 1+ Cye [ | 0o

The sequence {Ax}ren converges to the fixed point of y, only if p,(lk) is small enough
for any k. So we cannot use it to calculate \. However, we are able to construct an-
other sequence converging to A noting that for all 7 >0, A = y,(A) is equivalent to A =
A —71[A = p,(A)]. So we can obtain A as limit of the sequence {Ii}ren

l() e C",

oot = e — 7l =y (o) 1. (4.36)

This sequence will be used to determinate the solution practically. If 7 is chosen small
enough and y is great enough, it converges.

LEMMA 4.9. Assume that for every k € N, the spectral radius of Mf,k) is less than m, € R*™*;
then the sequence Iy converges if 0 <7 < 1/(1+ (2/u)my,).

Proof. The matrix M,Sk) is Hermitian of nonnegative type since for all ¢ € E, q(0)g'(0) is
nonnegative Hermitian and exp(—1+ (2/u)y* [A¢](0)) > 0. Let h, : C" — C" be the func-
tion A — A — 7[A — y,(A)]. The derivative of h, is

YAveC, dh()-v= ([1 - !%TMH)V. (4.37)

Since M;,k) is Hermitian, there exists an orthogonal basis of eigenvectors and we call B%
the transition matrix. So Bik)([l -7l — (2/y)TMf,k))B(k) =[1-7]I- (Z/y)TA,Sk), where
(2/[4)TA,(4k) is a diagonal matrix with positive elements. Thus, the spectral radius of [1 —
7]l - (Z/y)TM,Sk) is strictly less than 1 — 7 since the spectral radius of M,ﬂk) is less than m,
and 0 < 7 < 1/(1 + (2/u)m,). We deduce

ke = Iellen =< 11 = DI = eMPI [l = el

4.38
S(I—T)Hlk—lk,l ( )

Ccn

because [|Al|?> = p(A*A). So the sequence converges. O
P q
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We have a proof of the convergency of sequence {li}rcn if the spectral radius of the
matrix M is uniformly bounded with respect to k. In the next lemma, we give an
estimate of the spectral radius of M®» with the Frobenius norm.

LemMmA 4.10. Let ||lpllcn < R; if

p— n _1
yzZCw*R<log(W)+l) ) (4.39)
Cy
where C,, > 0 verifies
[y (F)|cn < CylIFllER.0) (4.40)

then the whole sequence is bounded by R, and the spectral radius p,(,k) of M,ﬂk) satisfies

2
(4.41)

j 4i(0)d;(0)do
E

1<i,j<n

2
P,Sk) = exp ( -1+ ‘[,[CW*R)J z

Proof. We prove the result by induction. We assume that there exists k € N* such that for
all j <k, [lljllcr <R, then

e llen = (1 —T)R+T<||V||([n +C,;,exp(— 1+ 5@,&)) (4.42)

and condition (4.39) implies
, 2
||V||@+Cu,exp<—1+;CwR) <R (4.43)

For all kK € N, we have ||/x|| < R and (4.41) is a direct consequence of (4.35). O

ProposiTioN 4.11. If (4, R) satisfies condition (4.39), then y, has a unique fixed point A in
the closed ball B(0,R). Moreover, if || [hllc» < R and 7 is small enough, then A is the limit of
the sequence {Ii} ken.

We now give a more precise description of the algorithm defined by (4.36).

Algorithm 4.12.
(1) Initialization. Given V € C", choose [y € C", y >0, € >0, 7 € ]0,1].
(2) Iteration k. (a) Compute

2
yullin) =V — Lq(a) exp ( 1y [lk_l](a))da. (4.44)

(b) Compute Iy = -1 = 7[le-1 = yu(le-1)].
(3) Stopping criterion. If |I[x — x| < €, then STOP, else k := k+ 1 and go to (2).

The algorithm converges if the regularization parameter is great enough. The main
advantage of this method is that it determines a vector of C" which is the fixed point of
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a functional. Moreover, we have an analytic expression for this solution. The convergence
of the algorithm is linear since we have shown that || lr41 — lllcr < (1 — 7)1k — k-1 [l In
Lemma 4.9. The number 7 has to be chosen as great as possible for a faster convergence.

Now we perform a sensitivity analysis of the optimal value function with respect to y
and V. Let V € C" be fixed. We suppose that for the data V, the sequence (4.31) converges
for all y = p, > 0. We define the function ¢; by

€t too[ — R, pr—Ju(Fv) +ue . (4.45)

Similarly for any A > 0 fixed, we suppose that the sequence (4.31) converges for all V e
B(0,R), where R > 0, and we define the function &, by

¢,:B(0,R) c C" — R, V— J.(Eyv) +pe . (4.46)

ProrosITION 4.13. Let €, and &, be the functions defined by (4.45) and (4.46).

(1) €, is continuous and increasing.
(2) &, is continuous and verifies

¢, < ||V||2n+%. (4.47)

Proof. Let yy >y = y,. For all F € K, J, (F) > ], (F) since (H(F) +e™!) = 0, hence €, is
increasing. To prove continuity, we suppose there exists a sequence {yx}ren anda § >0
such that gy — p and for all k, |€; (ur) — € (y)| > 8. Let € > 0 be small enough, so there
exists N € N such that [y — pun| < 8(y — €)/2€,(¢) and |y — px| < . Assume that yy < p,
then

]y(F;AN,V) - (HN) = (/"_.”N)H(FﬂN,V) (4-48)

50 |Ju(Fuy,v) — €1(un)| < 8/2 since H(F,,v) < € (4)/un. Hence, J,(Fyy,v) < €1 (). This
contradiction proves the result. The case yy = p can be shown similarly.

We can show the continuity of €, by the same way. The inequality (4.47) is obtained
by taking F = 0. O

We just proved the fixed point existence if y is large enough; in fact, it is true for any
p > 0. We use a scaling method to prove it.

ProPOSITION 4.14. For every u >0, the solution F, of problem (P,) exists and verifies
(4.13). Moreover, F, can be computed with the sequence {£} ,en defined by

¢ e,

, o\ , (4.49)
b = (1 - i)ek + 7oV, (&)

for some o >p >0, 7, € 10,1 and o = po/p.

Proof. With Proposition 4.11, we know that there exist £, € C", 4, >0and 0 < 7, < 1 such
that the sequence {€x}ren defined by (4.36) converges. Then the solution F,, of problem
(P,) exists for every u = p,.
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Assume now that y < y, and set o := o/t > 1. As shown in the proof of Lemma 4.9, the
eigenvalues of the gradient of the function € — (1 — 7,)€ + 7,),,(£) are nonnegative, and
the spectral radius is bounded by 1 — 7,. As —dy,, is nonnegative and « > 1, we deduce as
before that the sequence {¢;} defined by

¢ e,
, )\, , (4.50)
b = (1 - ;)ek + ToYu, (&)
is converging to some ¢’ that verifies
4 <1— —")f’+foyy (&),
(4.51)
2 = To)%(f )
Setting A = €'/« yields
2 *
A=y (ad) =V -y exp(— 1+—vy (oc)t)) ,
- Ho (4.52)
A=V - t/l[exp ( -1+ ‘u—l//*()t))] =V -ylexp(—1+2uy™(1))] = y.(1).
We conclude with Lemma 4.8 that (%) has a (unique) solution. O

In summary, we have a finite-dimensional algorithm that converges to the solution
of maximum entropy regularization for all 4 > 0. However, Proposition 4.14 shows that
the number of iteration increases when p decreases since the speed of convergency is
(1 = Top/ o).

We know the analytic expression of the solution and the problem is now a finite-
dimensional one. However, the entropy involved in the functional we have minimized
is not the entropy in the sense of Definition 3.1 because the solution is not a probabil-
ity density. The algorithm we present in the next section allows to find a solution which
maximize the true entropy. It is a variant of the previous one.

5. Computing the probability density

We look for a solution that maximizes entropy in the sense of Definition 3.1. This leads
to the problem

(%)

2. +uH(F),
(a,F) e R* x {f e K|l flleEroe =1}

min|[V — ay[F]| 5.1)

Here, « € R* is the total power and F is a probability density because of the constraint F €
{f €K |IlfllneEre = 1}. So, if the solution exists, it minimizes negentropy as defined
in Definition 3.1.
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We cannot solve (5.1) in the same way as problem (%,). Indeed, the cost functional
is no more convex because of the bilinear term ay[F]. On the other hand, the feasible
domain is convex since for all f,g € {f € K| | fllLgre) =1}, forall A € [0,1], we have
Af+(1-21)g €K, and

IAf+1=DgllnEre =MflloEre + (1 =DglnEre =1 (5.2)

by positivity of f, g. Anyway, if F is solution of (%), we can view |[F||1i(gRr,0) as an
approximation of the power. So we use the previous section results on (%,). We define
the sequence {li}ren by

I, e C",
Re ((V,gu(lk)) cr)
Oy = , 5.3
M a0 ) )
iy =V - 8k,;4g[4 (lk)’
where g, : C" — C" is defined by
2
gD =V -y, = JEq(a) exp ( Ly [l](a))do. (5.4)
We assume that
VieC", Re({(V,gu(D))e) =0; (5.5)

since &y, is an estimation of the power, it has to be positive. If 8, — §* and [y — I*, then
I =V -8g,I"). (5.6)

Last equation is quite similar to the necessary and sufficient condition of optimality (4.9)
of problem (%,).

ProposITION 5.1. Let I* =V — §*g,(I*) with §* > 0; define

Fl*

2

Fi« = ex <71+* [ ), =T (5.7)

Pt )

Then fi« is a probability density and it is the unique solution of problem

minl|——Y | + éj 6o F(o)do
8*||Fi (g R,0) o OBl g re) JE ' (5.8)
F e {f eHI|f=00-ae, |fllnEre = 1}.
Moreover, fi= verifies
2 2

VaeR, [|[V-6%F. ||L1(E,[R,U)V/[fl*] o < |V —ay[fi-]llc. (5.9)
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Proof. We have
IF=v-06*g(I*) = —2y*[V -8"g,(I") - I"] =0
— 2y [V - 8% g, (17)] +y<£w*[l*]> —0  (5.10)
= 2y*[V=80*y[F: || +u(1+InF;x) =0.

Dividing the last equation by §* gives a sufficient optimality condition for problem (5.8).
So Fj« is the unique solution to this problem. As {f e H | f = 0 o-a.e,, ||l =1} CK,
we get the conclusion.

To show (5.9), we suppose that [ fi+] # 0 (otherwise the result is obvious). We define

2
0:R—B, o ||V~ allF 0¥ i DI (5.11)

It is a continuous and strictly convex function. The unique minimizer of 6 (denoted a*)
verifies

0'(a) = =2[|Fi|| 1 (g o) Re ((V — oa*||F ||L1(E,R,a)1/’[fl*]’l//[fl*DfC”) =0, (5.12)

that is,
oo RelVyliide) . -
||Fl*||L1(E,u@,g)||1l’[ﬁ*”|<cn 0

The above proposition shows that if the sequence given by (5.3) converges, then its
limit provides a power density (6%, fi+do), which minimizes the error with the data V.
Moreover, fi+ has a minimal negentropy in the probabilistic sense. Now, we show that the

obtained solution is the unique solution of problem (Pse 1B | ). We call

UL (E,R,0

Ju(aF) = ||V = ay[F]||5, + uH(F), (5.14)

we have J,(1,F) = J,(F).
The previous result proves that if the sequence defined by (5.3) converges, then its
limit is a solution of problem (o« Fx |1 ;... )- We have a result of convergence.

PROPOSITION 5.2. Assume that there exists ¢ > 0 such that

Vu=0,vieC", |lg.)

Cn =G, (515)

then there exists a y, such that the sequence defined by (5.3) converges for every u = u, large
enough.

Proof. We have to compute the derivative of the function defining the sequence (5.3):

Re ((V,gu(D) c)

— V-
b (guDrgu(D)er S

(). (5.16)
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We get
/ Re(<V’gﬂ(Z)>({:n)
D=-—"—"—7"Vg()
o g0l
Re ((V, ng(l»@) Re ((V, Vg,,(l))@,) Re (<g,u(l)’ Vg,,(l»@)
- &) 2 -2 2 2 .
|lgu Dl llgu Dl llgu Dl
(5.17)
A short computation gives
lsupllqo;,(l)ll < 20| V[l (1+2x,), (5.18)
ecr
where
af VgDl
= lseucIz |gu(l)|| . (5:19)

Thanks to assumption (5.15) and (4.33), there exists a constant ¢ > 0 such that x, < ¢’/u.
It is clear that there exists y, > 0 such that ¢, is contractive for every u > ,. O

Remark 5.3. Assumption (5.15) seems to be surprising, but in fact it is primordial. This
assumption can easily be derived from the physical model: g,(I) is the spectral matrix
corresponding to the WDF exp(—1+ (2/u)y*[I]) > 0. Since the WDF is positive, it means
that the electromagnetic wave has a nonzero energy, and thus the spectral matrix cannot
be zero. We can see (5.15) from the model noting that the spectral matrix trace is the
constant function 1 on the sphere.

Remark 5.4. We have not prove the convergency for all 4 > 0. Anyway, in practice, V < .
So we have to perform a (physical) normalization process; this means that we use the
operator ey instead of y, where € > 0 is a small number (usually ¢ = [[V[|/]ly|l). Hence,

~

we have to solve the problem (%) (according to the proof of Proposition 4.14), and
the new regularization parameter ji = u/e* is large.

We now can write the algorithm more precisely and we introduce a relaxation param-
eter 7 useful for numerical computations.

Algorithm 5.5.

(1) Initialization. Given V € C", choose ¢, € C", 4 >0, 7 € ]0,1[, € > 0.
(2) Iteration k. (a) Compute

g (bir) = Lq(a) exp ( 1+ %w* [ek,l](a))da. (5.20)
(b) Compute

Re ((V,gu(lk-1)) )
(CACSIN A

(c) Compute € = (1 = 7) k-1 + [V — Sk 1,ugu(€k-1) ]

Skt = (5.21)
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(3) Stopping criterion. If [€ — €x_1| < €, then STOP, else k := k+ 1 and go to (2).

Remark 5.6. In this section, we have supposed that R(y*) C L*(E,R,0) to establish the
algorithms. If this condition is not verified, we can slightly modify the operator y to
overcome this problem. More precisely, if v : F — [;q(0)F(0)do with g ¢ L*(E,C",0),
we can find a ¢° € L®(E,C",0) such that ||g — ¢°ll;2(g,cne) < €. The function g allows
to define a new operator v, : F — [;q%(0) f (0)do, which verifies R(y,) C L*(E,R,0) and
lwe[F] — w[F]llcr < ellFlln. This new operator can be used for the computation instead
of y, and it verifies the desired condition.

6. Numerical tests

In this section, we perform some numerical tests for the resolution of (2.3) with the two
algorithms previously described. For these tests, we consider the propagation of an elec-
tromagnetic wave in vacuum. We give below the corresponding expression of operator .
We denote by €, = ||V — y[F,v] ||%cn the error and « is the computed approximation of
total power P.

For the numerical computation of the solution, we need to find 7 > 0 small enough for
the algorithms to converge. The number 7 must be great enough for a fast computation.
To determine this parameter, we have used the following rules:

(i) lett, >0,k =0,and ¢, = 0;
(ii) iteration k : 7% and € are known; compute €x41;
(iii) if [1€xs1 — Cillcr = 1€k — €k—1llcn, then Ty = 747, where 0 < r < 1.

In the computation, we used r = 0.5. We can also utilize a linear search strategy for
the best value of 7. We have chosen to stop the algorithms when ||l — Ikllc» < €, where
€ >0 is chosen small enough (here € = 10712).

All numerical tests were performed on a Power Mac 2 x G4 with the scientific software
Scilab 2.6. For these examples, the average time for one iteration was 28.5 milliseconds.
This is corresponding to the average number of 35 iterations per second.

6.1. Wave distribution function in vacuum. In the case of an electromagnetic wave
propagating in vacuum, we have the relation

o2
V=J J q(6,8)F(6,¢) sin 0.dp 6, 6.1)
0 Jo

where V is the data vector, F is the WDF of the electromagnetic wave, and g is the in-
tegrating kernel of vacuum. Writing the components of the spectral matrix as a vector
provides the data V. We see with (6.1) that we integrate over the unit sphere: 8 € [0, 7]
denotes the polar angle and ¢ € [0,27] the azimuthal angle. This is quite clear because
WDF is the directional distribution of the power of electromagnetic wave. The expression
of g is analytically known [7].

According to (6.1), we put E = [0, 7] X [0,27], do = (sin6/27)d0d¢, and we define the
operator ¥ by

yiH—C", Fe— J J 10, $)F(6,0) sin 0 6. 6.2)
0 JO
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IV —y(@®l

Figure 6.1. Iterative search of the regularization parameter y that fits the Morozov discrepancy prin-
ciple.

This operator is continuous on H and the adjoint operator verifies R(y*) c L*(E,C",
0) [7]. From the expression of y, we see that we have to compute a double integral. For
this computation, we have used the Gauss-Legendre quadrature method with 20 points
on the interval [0,77] and 40 points on [0,27]. In the following tests, this integration
method seems to be accurate enough because the results do not change dramatically if
the number of Gauss points is larger.

Numerical validation of algorithms was done with simulated data. In the first tests, V
was obtained for a WDF that was a sum of Dirac measures. The data vector of a Dirac
in (64,¢4) of power P is simulated by taking V' = P/sin(04)q(64,¢4). The case of a Dirac
is important because it physically corresponds to an electromagnetic plane wave. Second
tests are performed with data corresponding to an a.e. continuous WDEF. The simulation
has been made by computing the integral (6.1). For some of these examples, a noisy data
V9 was introduced with ||V = V9]¢ < 8, where 8 > 0 is the noise level.

The choice of the regularization parameter is a difficult task in the case of noisy data.
It must be chosen small enough to make a small error, and large enough to guarantee
stability. A commonly used rule is the discrepancy principle of Morozov [4]. We choose u
such that ||V — y[F,]llc, = §, that is, we do not make a smaller error than the noise level.
In the numerical tests, since we used simulated data, we decided to choose g such that
0 < |V —vy[F,]llc, < 26. This choice is made a posteriori using the fact that the function
g~ IV —=y[E,v]lcn is quite linear when y is small (see Figure 6.1). Note that the noise
level § is known from the experience.

6.2. Test of Algorithm 4.12. We first used Algorithm 4.12 for data corresponding to a
Dirac measure or a sum of Dirac measures. We present the results in the case of one-single
Dirac and the sum of three Dirac measures to illustrate the behaviour of the algorithm
that is able to detect more than one direction.

6.2.1. Case of one Dirac measure. We have made computations with 8; = 1.5, ¢4 = 2 and
for P; = i/2 with i = 1,...,50. For each value of P;, we have computed the relative power
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error given by

i Pi
€, =—", 6.3
L= (63)
where «; is the computed approximation of total power P;. For this example, we set y = 1.
The function €,(P) is plotted in Figure 6.1. We see that the error increases when P de-
creases; it is less than 10% for a power P > 4. We have also computed the mean direction

(0,¢) given by

(oY)

! j 0F(6,4)da(6, ),
)y JE

IFll 1 (ER,o

i ) (6.4)
b= | $FO.9o(6,9)
Il ERe) JE
of a Dirac with ¢4 = 2, P = 8 and for 0, varying from 0 to 7. From these values, we can
compute the angles errors €9 and €4 by

:|9d—é|, €¢:|¢d_(/§|. (6.5)

€g
b4 2

We can see how the average direction changes with 6. We see that the average direction
is close to the true one when it is far enough from the poles. The “large” error on ¢,
near the poles can be explained by the “bad” representation of the unit sphere in (6.4).
Similarly, we obtain a large error if ¢4 is chosen near 0 or 271. Another value for ¢4 far
enough from the edge of E gives a similar result as that plotted in Figure 6.2. We conclude
that the results obtained in this case are satisfactory. The method is able to detect the
direction and the power of a Dirac with small errors if the direction is not too close to the
edge of E and if the power is great enough.

6.2.2. Case of the sum of three Dirac measures. We have built an example for a sum of three
Dirac measures which support the vertices of an equilateral triangle on E. For this exam-
ple, we have added a noise to the simulated data V. It verifies |V — VO||cs < 1 (precisely
= 0.764, this correspond to a relative noise level of 3.1%). The regularization parameter y
was chosen according to the noise level; we have taken y = 0.5 because the corresponding
solution has a small error and 1 = § < ||V — y[F]|lcr, more precisely, the relative error is
5.5% (see Table 6.1 for the results). We plot the contour of the solution on Figure 6.3. We
observe three peaks centered on the directions of the three Dirac measures. The solution
is in this way satisfactory.

We have performed a sensitivity analysis with respect to . Indeed, in Section 3, we
gave an interpretation of entropy as the “distance” to the noninformative probability den-
sity g. To see the numerical effects of entropy, we computed the solution for the same data
with different values for y. Theoretically, a great value of u leads to a solution with a great
entropy, that is a solution not too “far” from g. In Figure 6.3, we see the result obtain for
¢ = 50 and the different results are reported in Table 6.1. We see that the error €, quickly
increases with y while H is decreasing. The number of iteration is dramatically increasing
when y becomes small, so that we are not able to compute the y-solution for all 4 with
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Figure 6.2. Variation of the average direction @ (plotted with +, the true value is the solid line), ¢
(plotted with x), and errors €y, €4 for a Dirac with P = 8, ¢4 = 2, and 0, varying from 0 to 7. The plot
named “relative power error” show the variation of €, for a Dirac with 6; = 1.5, ¢4 = 2 and P varying
from 0.5 to 25.

Table 6.1. Results obtained for a simulated noisy data V of a sum of three Dirac measures. We have
made four computations for different values of the regularization parameter y. The Min and Max are,
respectively, the minimum and the maximum of the solution on E.

Y o €a €; H Ju Min Max  #It. T
0.5]9.891 2.07% 1.842 —1.452 5741 2.200E—6 6.947 8377 2.5E-3
1 19.868 1.83% 3.159 —1.660 9.360 1.521E—4 4.597 3317 6.25E—2
5 19814 127% 1027 —1.990 24.691 2.678E—2 3.136 465 0.05
50 | 8.008 17.35% 117.633 —2.338 17.862 0.195 1.725 7 1

this algorithm. We observe that we need more and more iteration when ¢ — 0 to converge.
The solution obtained for g = 50 is very flat and has a very large error €, = 117.6. We re-
mark that the optimal value function is not increasing but there is no contradiction with
Proposition 4.13 since we have to add y/e to obtain an increasing function.
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Figure 6.3. (a) Contour plot of the solution obtained by algorithm (4.36) for three Dirac measures
with p = 0.5. (b) Solution obtained for three Dirac measures with y = 50.

6.3. Test of Algorithm 5.5 on a continuous density. In the previous section, we pre-
sented tests of the first algorithm to identify a three-Dirac distribution. Now we give
an example of reconstruction of an a.e. continuous distribution with Algorithm 5.5. Let
Fi(6,¢) = 4(cos* 0 + sin’ ¢), the function used to simulate the data vector V. In this exam-
ple, we use a noisy data V' with ||V — V?|| = 0.670, which is about 5.1% compared with
IV llc». To avoid so-called inverse crime, we have used a finer quadrature rule to compute
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the data V: more precisely, we used 64 points on the interval [0,7] and 128 points on
[0,27].

The function F; is represented in Figure 6.4. We use a spherical plot: the value of the
function is described by a gray-level code on each hemisphere. We see that F; is not con-
tinuous at the two poles of the sphere. This discontinuity is explained by the “bad” repre-
sentation of the unit sphere: E = [0,7] X [0,27]. The solution obtained by Algorithm 5.5
is also plotted in Figure 6.4.

We see that the computed solution looks like F;. We used the following parameters:
€=10"12, y =3, 7 =0.008. The algorithm stopped after 1818 iterations, the error with
respect to the data €, and the negentropy H are, respectively, 1.127 and —2.460. (The
error is about 8.0% compared to ||V l|c».) We see that this solution is satisfying because
€, is greater than the noise level but it is small enough anyway.

This example allows to compare problems (%) and (5.1). Let g, be defined by p, =
ud* || Fr« |l 11 (E,r,0) With the notations of Proposition 5.1. With this proposition, we know
that f» achieves the minimum of functional

2

F— HV ~EeulR)|| +uHF) (6.6)
2 o

over K. So fi+ is the solution of (97)”5). We can now compare the two problems by com-
puting the solution of (%, ).

We found p, = 176.35 with the computation of the solution of (QN%). The computed
solution of problem (%,,) is very far from the data (€, = 5133.6). So, for this example,
the solution of (QN%) is much better than the solution of (?,,). For (5.1), we get a much
smaller error for a much larger y.

7. Conclusion

In plasma physics, the determination of the directional power density distribution of an
electromagnetic wave from the measurement of the field components is an inverse ill-
posed problem. This problem can be written as

y[F]=V, (7.1)

where v is a linear bounded operator from H = L?(E,R,0) to C", V the spectral matrix,
and F the wave distribution function (WDEF). Lefeuvre and Delannoy [6] have proposed
to solve this problem by maximizing an entropic term —H(F) = — [; FIn Fdo under the
constraint y[F] = V. However, this constraint is too “restrictive,” it indeed limits the fea-
sible domain to a linear subspace of H. That is why we have studied the relaxed problem

(Pu):

minJ,(F) = ||V - w[F]|[, + #H(F),
FeK={feH|f=00-ae},

(7.2)

where y is a regularization parameter. The latter parameter has to be chosen small enough
to allow a solution with a small error thanks to the data V, and large enough for stability.



150 Determination of a power density

North hemisphere South hemisphere

90 1 90 1
120 __60 120 _

60

150 30 150
180 0 180
210 330 210 330
240 300 240 300
270 270

(a)

North hemisphere South hemisphere
90 1 90 1
120 60 120 60
150 30
180 0
210 330

240 300
270

Figure 6.4. (a) Spherical plot of the initial function F, which provides the data vector V. (b) Solution
obtained by Algorithm 5.5 corresponding to the data V of the function F,.

Solving (%,) permits us to search the solution in a much larger domain. More pre-
cisely, the obtained solution verifies [|y/[F] — Vlc» < € with € > 0, this inequality is clearly
more realistic from the numerical point of view. The regularization by the negentropy
functional is also important from the physical point of view. Instead of using standard
method to solve the problem (%), we have first built a fixed point algorithm in C”
(Algorithm 4.12) thanks to a sufficient condition of optimality. Moreover, the uniqueness
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of the obtained solution has been proved. We have shown the existence of the solution for
every value of the regularization parameter. Nevertheless, in the numerical computation,
we have seen that it is not possible to compute the solution for too small value since the
computational time goes to infinity.

As both the above method and the Lefeuvre’s one give solutions which do not maxi-
mize entropy in the probabilistic sense, since they are not probability densities, we have
built a second algorithm (Algorithm 5.5) derived from the first one which allows the
“true” entropy to be maximized.

We have performed numerical tests on experimental data from a satellite that is de-
voted to the study of magnetosphere. We have compared the solution given by the algo-
rithms described in the present paper to the ones obtained with two different methods
that are commonly used by physicists. Results show that the method we described is more
accurate and stable. They are reported in [9].
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