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Abstract—Like other divergences, Jeffrey’s divergence (JD) is
used for change detection, for model comparison, etc. Recently,
a great deal of interest has been paid to this symmetric version
of the Kullback-Leibler (KL) divergence. This led to analytical
expressions of the JD between autoregressive (AR) processes,
moving-average (MA) processes, either noise-free or disturbed
by additive white noises, as well as ARMA processes. In this
paper, we propose to study the JD between processes that
are defined as sums of complex-valued sinusoidal processes
disturbed by additive white noises. We show that the JD
tends to a stationary behavior when the number of variates
becomes large. The derivative of the JD becomes a constant
that depends on the parameters defining the processes. The
convergence speed towards this stationary regime depends on
the differences between the normalized angular frequencies. The
smaller the difference, the slower the convergence. This result
can be obtained by interpreting some steps to compute the JD as
orthogonal projections. Some examples illustrate the theoretical
analysis.

Index Terms—Jeffrey’s divergence, Kullback-Leibler diver-
gence, change detection, model comparison.

I. INTRODUCTION

In various applications from seismic to biomedical signal
processing, change detection algorithms can be useful. The
problem is often to decide whether a change has occurred
in a set of data. For this purpose, a reference set of data
is compared with a second one which is defined by using a
sliding window. In other cases, it can be of interest to compare
different sets of data that are not necessarily recorded in the
same situations, i.e. at the same time and/or by the same
sensors and/or for the same patients in biomedical applications,
etc. This is for instance the case to detect pathology from EEG
or ECG and to analyze the properties of sea clutter in different
areas when dealing with radar processing.

Among the solutions that can be considered, spectrum com-
parison can be done, based on the log spectral distance or
the Itakura-Saito distance. In these cases, the periodogram or
the pseudo-spectra deduced from Capon’s method or subspace
methods such as MUSIC can be used.

As an alternative, Kullback-Leibler (KL) divergence, Pearson
divergence (PD) or the relative Pearson’s divergence consist in
comparing the distributions of the set of data. Several authors
have analyzed these divergences for stochastic processes and
have used them in various applications. See for instance
[1], [2] and [3]. The estimations of the KL and the PD
between two probability distributions that are not necessarily
Gaussian from sets of data have been also studied. Instead
of estimating the densities from the sets of data, the density
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ratio is directly estimated. For the KL case, this leads to
the KL importance estimation procedure (KLIEP) and the
Gaussian mixture KLIEP (GM-KLIEP) [4], [5], as well as
the M-estimator-based approach [6]. The symmetric Kullback-
Leibler (KL) divergence, known as Jeffrey’s divergence (JD),
has been computed between the distributions of the successive
samples of two time-varying AR (TVAR) processes [7]. This
method has been also used to classify more than two AR
processes in different subsets [8]. The analytical expressions
of the JD between 1%-order MA processes, that can be real or
complex, noise-free or disturbed by additive white Gaussian
noises, has also been studied in [9]. Finally, comparing AR
and MA processes using the JD has been proposed in [10].
In this paper, we present a complementary study that aims at
comparing two processes defined as sums of complex expo-
nentials disturbed by uncorrelated additive white noises. Our
purpose is to analyze the influence of the process parameters
on the JD and to give some clues for the interpretation. We will
see that the JD computed for a set of k successive samples is
not necessarily enough to conclude. Its evolution with respect
to k as well as its asymptotic increment are useful.

This paper is organized as follows: in sections II, we briefly
recall the definition and the expression of the JD. Then, the
JD between the sum of complex-valued sinusoidal processes
disturbed by additive white noises is addressed. In section III,
theoretical results are illustrated by some examples.

In the following, Ij is the identity matrix of size k and T'r
the trace of a matrix. The upperscripts 7 and ¥ denote
the transpose and the hermitian. xy,.x, = (zk,, ..., Tk,) is the
collection of samples from time ki to ko.

II. JEFFREY’S DIVERGENCE BETWEEN SUMS OF COMPLEX
EXPONENTIALS DISTURBED BY ADDITIVE NOISES

A. Definition and advantages of the Jeffrey’s divergence

The Kullback-Leibler (KL) divergence between the joint
distributions of k& successive values of two random processes,
denoted as py(z1.) and p2(x1.), can be evaluated to study
the dissimilarities between the processes [11].

KL, :/ pi(w1p)ln (M> dzy (D
o1 p2(z1:k)

When the processes are both Gaussian and real with means
t1,5 and po  and covariance matrices (1,5 and Q2 g, it can
be easily shown, by substituting p;(x1.x) and ps(x1.;) with
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the expressions of Gaussian multivariate distributions, that the
KL satisfies [12]:

(1 2) _ detQ1 k

{Tr(Qz k Ql,k) - lndeth k @

+ (2 — p1e) " Q2 (p2yk — Ml,k)]

When dealing with zero-mean processes, (2) reduces' to:

) » det@
x5 [TT(QM Qui) =k — lnm]

However, the KL is not symmetric. Therefore, the Jeffrey
divergence can be preferred. It satisfies:

KL, 3)

JD{M?) = =3 (KL(1 2 4 KLZY), (4)

Using (3) and (4) leads to the following expression of the JD:

[TT(Q2 kQue) + Tr(Que ' Q2r)] -

&)

This no longer involves a logarithm but depends on the k& x

k covariance matrices of the processes. For instance, the JD

between two real Gaussian zero-mean noises with variances
2 with [ = 1,2 is equal to:

JDk(l’Q) —k+ =

k 2 2
JD, M2 — 4~ g, %2 ) (6)

2 0'22 0'12
The increment of the JD is hence equal to
-1+ % g—;i + Z—fz) In the following, let us study the

JD between sums of complex exponentials disturbed by
additive white noises.

B. Statistical properties of the sums of sinusoids disturbed by
additive white noises

Let us assume that the processes under study are Gaussian
zero-mean and defined by their covariance matrices which can
be expressed as follows, with [ =1, 2:

Qi = Sz,kplsﬂ + 02 Iy @)

where S;, is a matrix of size & x M;, with k the number
of successive samples that are considered and M; the number
of complex exponentials with normalized angular frequencies
{0, m }m=1,...m,.- For each process, these latter are in the
interval [—m, 7| and are different from each other. However,
the two processes can have common normalized angular
frequencies. In addition, P, is a diagonal matrix of size
M; x M; whose main diagonal is defined by the variances
{V1,m }m=1,... m, of the random zero-mean magnitudes of the
complex exponentials. Finally, one has:

1 M,
Sk =[Sk SMi @®)
1 ... 1
el0i1 e.jel,Ml
6j(k71)6171 ej(kfl)ez,Ml

'In the complex case, T is replaced by
following, o< is used instead of =.

and % disappears in (2). In the
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At this stage let us recall the following properties that these
vectors satisfy. They will be useful in the remainder of this

paper.
H

(sm) sm =1
H

(Sm) " St = 4 Xiog el Cum =t

k(lmfgln) ((R=1)(01,m —O1,n)
) (At

el

sin( 5

P}

kesing( (91,n1;91,n,)) (9)
k(O m =01 n)

|szn(7

As lim [——5—25—)| = 0 for any set of normalized

k=400 ksin(—"5—"
angular frequencies satrsfyrng 01n # 61, in the interval

[—m, [, (9) becomes:

. H

% (Slrk> Sk
RN
L(sm) sme =0
The same properties hold when we consider normalized angu-
lar frequencies of both processes. The convergence speed to
tend to this limit when & increases depends on the difference

between the normalized angular frequencies. The smaller the
difference, the slower the convergence.

=1

(10)
lim

k——+o0

2

Given (7) and using the matrix inversion lemma ~, one has

forl =1,2:
1

-1 _
Qi =—

a1

(Ik — Sl,k (Jl2pl_1 + Sﬂsl’k)il Sﬁc)
1D

In the next section, using the definitions and properties of

the JD and the processes under study, we propose to study

Tr(Qa2r ' Qu1r).

“1Qu1r)

Given (7) and (11), after developing, Tr(QnglQl’k.) can
be expressed as the sum of four terms denoted as A1)
D, 021 and D>, The order of the upperscripts corre-
sponds to the order of the matrices in the trace to be computed.
Let us start expressing the first one. Since Tr(F'G) = Tr(GF)
where F' and G are non square matrices but F'G and GF are
square matrices, one has:

C. Expression of the trace Tr(Q2

1
A(271) = ?TT (Sl,kplsfk) =

Z'Ylm:i

1
U—fTr (S{hS1eP1) (12)

r(Pr)

Then, one has:
2

1 g1
2,1) __ 2 _
B = U—ZQTT (01°L;) = U—sz (13)
and
2 -1
c®D = _%TT (kaSZ,k (kasz,k + 022P271) >

(14)

2Given the matrices A, U, C and V where A and C are
assumed to be invertible, one has: (A+UCV)™' = A-1 —
AU (CT 4 vATlU) T Tvat
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In (14),
(kaSzk +022P271 . By applying again the inversion
matrix lemma, one has:

2 4 _
(kaszk-&-az Pt

let us focus our attention on the matrix

= (kaszk)_l
(15)

—(S37kS2.k) " (o2 2P + (557 S2) 1) T (95 S2,k) !

Using (14) and (15) leads to:

cen = —leTT(I ) (16)
- 0_22 I\/fg

2
T %TT((UQ (SH Sy ) h)

When k£ increases, due to the asymptotic properties (10)
of “orthogonality”, the second term of C®1) in (16) tends
to zero. Therefore, the trace C21 tends to the following
expression:

72P2 + (S;’IkSgk)il)i

lim C®Y =

k— 400

2 2
g1 g1
)= -2 M,
. 7 (In,) g2 2 (17)

Depending on the normalized angular frequencies of the sec-
ond process, the convergence speed is more or less fast when &
increases. The closer the normalized angular frequencies are,

the slower the convergence speed is.
Finally, let us study the fourth term. It is defined as follows:

DY = (18)

1 _ -1
—0722T7” (SlhijZk (0’22P2 1 + SQI{;CS&]C) SQI{;CSL]CP1>

In the above equation (18), let us denote:
Tijop = Sak (0221’32_1 + kaSz,k)

As we already did for C(1),
using (15) as follows:

T/ = S2,6(55 3 S2,%) 1SS —

TSES, (19)

(19) can be approximated by

Sz,k(kasz,k)_l X

(20)
(0272 Py + (S374S2.0) 1) 1 (S55,52.1) 71 S5 Sk
= S10k + Urjok
where:
H - om
Sijok = Sok (Sg,k&,k) S5k 51,k
Urjoe = —S2,6(53S2k) ' x
(027 2Py + (S5, S2.k) 1) "1 (SH Sa.) 1 SE, S
21

When substituting the expression (20) of Ty, into (13),
D@D can be expressed as the sum of two traces. In the
following, we propose to evaluate both:

1) The first one is induced by S; 5 i: The matrix Sy /5

stores the orthogonal projections of the columns of Sy i,
onto the space spanned by the columns of S ;. Given
the “asymptotic”’ properties (10) of orthogonality when
k tends to infinity, the orthogonal projection of the m"
column S{’?k of i onto Sy is a null column vector
except when the two processes have common normalized
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angular frequencies. Indeed, if there exists n € [1, Ms]
such as 61 ,, = 62 5, this leads to:

s -1 m
lim Sy (S5eS2k) ~ SshSTh =S (22)
k— oo ’
Therefore, lim S5 can be approximated by:
k——+oco ’
(23)

M,
where 7% = Z 00, 1n 05, With 09, g, equal to 1

when 0y ,, = 92 i and zero otherwise. In other words,
7"y = 1 if both processes share the normalized angular
frequency 6 ,,. Otherwise it is equal to 0.

Combining (18) and (23), this leads to:

1
lim ——Tr(Sl 152, k(S3 KS2k)”

k—+oo 0‘2

LSS kP A

(24)
1 M, M-
—0_2 (Sl ksl/zpl 2 Z Z 1, m591 m02,n
m=1n=1

This term is null if the processes do not have at least
one common normalized angular frequency.
2) The second one is induced by U,y 3y : When k

increases, due to the “asymptotic orthogonality proper-

999

ties”” (10), some simplifications can be done. One has:
Jm Uigas = @
. 1 -2 1 —1gH
- kggloo ﬁsz,k(ﬂz P, + EIMQ S5 kS1,k
22 1qH
= — kgl}rloo TSQJCPZ_ Sg,ksl,k
As we aim at calculating the trace of
—éTr (kaUl/Q’kpl), one has:
. EIEOO 5L (S15. 82,6 P2~ 53" 51k Pr) (26)
1 2
1, m
R ID B P
m=1n=1 2,n
Combining (12), (13), (17), (24) and (26), Tr(Qg,k_lQLk)

can be expressed as follows when & tends to infinity:

My M,
Tr(Qek 'Qui) = ZZ%m (1—=06,,,.0.,) @27
m=1n=1
My M, 5
1
+(k — M) *+ZZ 0011
m=1n= 1
Remark: When the processes have the same covari-
My M>
. T1,m _ _
ance matrix, > > 22"0p, 0., = M = M and

m=1n=1
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My Ms

> > Mm(1—0e,,,.6,,)=0.In this case, (27) becomes:
m=1n=1
2
_ o
Tr(Qzx™" Qo) = (k= Ma) 5+ My =k = Tr(ly) (28)

D. Expression of the JD

As the expression of Tr(Ql7k_1Q27k) when k tends to
infinity is similarly defined when the indices 1 and 2 are
switched and given (5) and (27), the JD can be approximated
when k tends to inﬁnity as follows:

2 2
JDD o k4 = [(k Mz) + (k — Ml)— 29)
g1
M,y M2 7
2,n
+h > S (2 P 22801~ 8o ,)
m=1n=1
My M> 5
1,m
" )
mzjln 1(’72n ’ylm) 9177“92“]

The JD depends on the parameters of the processes, namely the
normalized angular frequencies of each process, the variances
of the magnitudes of each component as well as the variances
of the additive noises. The first term of the expression includes
the JD between two zero-mean white noises with variances
012 and 022, When there is no complex exponentials in
both processes, the processes under study correspond to white
noises and (29) reduces to (6).
Note that the two other terms in (29) make it possible to point
out the differences between the sets of complex exponentials.
In the following subsection, let us analyze how the JD
evolves when k£ is incremented.

E. Analysis of the increment of the Jeffrey’s divergence
Given the expression (29) of the JD we obtained, let us now

deduce the asymptotic increment, i.e. the increment of the JD
when k tends to infinity:

AJD = lim JD,1? — JD;,_, 12 (30)
k——+oco
One has: AJD x —1
1l|o o4 Mz ’Y
1 2,n
+§ — + — )( - 691,m,92,n)
m=1n= 1
3D

The ratio of the additive-white-noise variances has an influ-
ence on the slop of the JD. In addition, when there are common
normalized angular frequencies between two processes, AJ D
is smaller.

In the next section, we suggest illustrating the way the JD
evolves when comparing two processes.

III. ILLUSTRATIONS AND COMMENTS
A. Influence of the additive-noise variances

The parameters are the following in this first simulation:

M1 = 1, 0171 = 77‘(’/5, Y1,1 = 100 and 0’12 = 1. M2 = 1,
021 = —27/5, 721 = 40 and 022 = 0.5. Then, a second
simulation is done where 092 is doubled: 052 = 1. Finally,

a last simulation is done where 052 = 2. As illustrated by
Fig. 1, the asymptotic increment is modified according to (31).
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2 2
g1 g2
It always dvependsyon o2 T o
1 2
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JD derivatives vs. number of variates k

) First simulation: JD derivative and asymptotic increment
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Fig. 1: Asymptotic increment vs increment, 15° example, with three
simulations where o522 is modified.

B. Convergence speed towards the stationary regime

The parameters are the following: the two processes are de-
fined as in the first example (See III.A) except that g5 = 0.1.
Then, two other simulations are done with 037 = —1.57/5
and finally 65 ; = —1.17/5.

Given Fig. 2, one can notice that the JD computed from (5)
and (7) tends to be the same for the three simulations when &
increases. The main differences are located when k is small.
For this reason, we suggest computing the derivatives of these
JD. They are given in Fig. 3 where they are compared with
the asymptotic increment given in (31).

©10* Evolution of the JD vs. number of variates k

12

10r S -
8- - -

\\ . . .
~First simulation

) . Second simulation

\
0 50 100 150 200 250
Number of variates

Fig. 2: JD and its approximation, 2"¢ example, with three simula-

tions where 621 becomes closer and closer to 61,1 = —7/5

As presented in (31) in the theoretical analysis in section
II, we can see that the asymptotic increment is here the
same for all the simulations. The only difference stands in
the convergence speed towards the stationary regime. Indeed,
given Fig. 3, the convergence of the JD derivative towards the
asymptotic increment is faster when the difference between
the normalized angular frequencies is large. The fluctuations
of the derivatives around the asymptotic increment are mainly

due to the products such as S]{—IkSQ’k- and S2HkSLk that must

kO m =01 )
sin( 0 Cn)
01,n)

. (Om

sim(—m_—bn

whose square is periodic with respect to k with perlod2 equal
to

be computed. They correspond to values of

‘91,'71.762,7n| .
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JD derivatives vs. number of variates k

JD derivatives vs. number of variates k
2000 T T T T T T T T T
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800| | A — SN — 1600 normalized angular frequencies-
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= [ " - \
300/ - 1 600 A AR - ]
1 / -
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; o . . . . . . . . .
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. | |
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Fig. 3: Asymptotic increment vs increment, 2"¢ example with three
simulations where 02,1 becomes closer and closer to 61,1 = —7/5

C. A more general case

The parameters are the following: M7 = 3, 611 = 7/10,
Or2=m/4, 015 =", 1 =100, 712 = 50, 71,3 = 75 and
0'12 = 1. M2 = 3, 9271 = 77‘(’/10, 9272 = 7T/2 ,92,3 = 47T/5,
v2,1 = 40, 122 = 60, 723 = 80 and 092 = 0.1. Then, a
second simulation is done where 6 o is modified: 6 2 = 7/4.
Finally, a third simulation is presented where the normalized
angular frequencies are the same for both processes.

«10° Evolution of the JD vs. humber of variates k
25 T T T T T
2F e 1
(] /'/ ]
o e -
S 15¢ First simulation - 1
fo2d _—
2 N _—
- 1 _ - R
o - -
> - " . .
2 05 — Second simulation
3 T Third simulation
P
o N J
05 | | | | \
0 50 100 150 200 250 300

Number of variates

Fig. 4: JD and its approximation, 3"¢ example with three simulations
where the processes share 1, then 2 and then 3 normalized angular
frequencies

In Fig. 4 and 5, we present the evolution of the JD and
the increment over time obtained from (5) respectively. We
compare the increment (i.e. the derivative of the JD with
respect to the number of variates k) with the asymptotic
increment obtained in (31). It confirms our theoretical analysis.
In practical cases, the covariance matrices can be estimated in
the maximum likelihood sense from the data. Then, the JD
is deduced for various sizes k of the covariance matrices. In
order to make the interpretation easier, the derivative of the

Number of variates

Fig. 5: Asymptotic increment vs increment, 3"¢ example with
three simulations where the processes share 1, then 2 and then 3
normalized angular frequencies

We have shown that the derivative of the JD with respect to
the number of variates k tends to be a constant. The resulting
asymptotic increment is of interest to compare the processes.
It consists of two terms: one which depends on the ratio of
the additive-white-noise variances and another which depends
on the complex-exponential magnitude variances, the noise
variances and the normalized angular frequencies. The analysis
of the convergence speed as well as the value of the asymptotic
increment have to be taken into account for the interpretation.

We are currently studying a comparison between the JD
between complex exponentials disturbed by additive noises
and the JD between two AR processes whose power spectral
densities exhibit sharp resonances.
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