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Optimal Filter Approximations in
Conditionally Gaussian
Pairwise Markov Switching Models

N. Abbassi, D. Benboudjema, S. Derrode and W. Pieczynski

Abstract—We consider a general triplet Markov Gaussian linear system
(X,R,Y), where X is an hidden continuous random sequence, R is an
hidden discrete Markov chain, Y is an observed continuous random
sequence. When the triplet (X,R,Y) is a classical “Conditionally
Gaussian Linear State-Space Model” (CGLSSM), the mean square error
optimal filter is not workable with a reasonable complexity and different
approximate methods, e.g. based on particle filters, are used. We propose
two contributions. The first one is to extend the CGLSSM to a new,
more general model, called the “Conditionally Gaussian Pairwise Markov
Switching Model” (CGPMSM), in which X is not necessarily Markov
given R. The second contribution is to consider a particular case of
CGPMSM in which (R,Y) is Markov and in which an exact filter,
optimal in the sense of mean square error, can be performed with linear-
time complexity. Some experiments show that the proposed method and
the suited particle filter have comparable efficiency, while the second one
is much faster.

Index Terms—Gaussian switching system, Exact optimal filtering,
Hidden Markov models, Conditionally Gaussian Linear State-Space
Model, Conditionally Gaussian Pairwise Markov Switching Model.

I. INTRODUCTION

ET us consider three random sequences X7 = (X,..., Xx),

RY = (Ri,...,Rn) and Y = (Yi,...,Yy), where
the sequences X and Y} take their values in R™ and RY
respectively, while Ry is discrete finite, each R,, taking its values
in Q={0,...,K —1}. Both X} and RY" are hidden, while Y{’
is observed. The problem we deal with in this paper is the sequential
search of (RY,XY) from Y¥'. The optimal filter is given by

E [Xnt1 |y§l+1] = Z p(rns1 ’y;hq) E [Xn1 ‘Vrn+17y’f+1]’
Tn+1

and its variance is

Var [Xo1 |[yi™] = Y7 p (rasa [y Var X [rae, yi 7

Tn41

So, we search to express p (rni1 [y7'), B [Xni1 [rng1,yT "]
and E [Xp 1 X011 [, y7H ] from p (ra [y7), E[Xa ra, y7 ],
E [XnX; \rn,y[‘] and y, ;. We assume that the random switch
sequence RY is a Markov chain. Also, to simplify, we consider that
random variables Y,, and X,, conditionally on switches have zero
mean.

Our work is related to the so-called “Conditionally Gaussian Linear
State-Space Models” (CGLSSMs), which have been widely applied
in different situations. Due to their popularity in many different
fields and, in particular, in different “tracking” problems [1], [2],
speech processing problems [3], or biomedical engineering ones [4],
these models are known under different names as “switching linear
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dynamic systems” [4], “jump Markov linear systems” [5], “switching
linear state-space models” [6], “conditional linear Gaussian mod-
els” [7], or still “conditionally Gaussian linear state-space models”
[8].

These models combine two well-known and efficient models: a
hidden Markov chain (with correlated noise) for the couple RY.XNM
and a Gaussian linear system for the distribution of (XI,Y1)
conditional on R{'. However, in spite of its intuitive and simple
formulation, exact optimal filtering or smoothing is not workable
with a reasonable computational time. Thus, a great deal of effort
has been devoted to propose different approximate solutions, whether
deterministic [9], [10] or stochastic [11], [12]. Among the latter,
methods based on sequential Monte Carlo algorithms became very
popular and can present quite satisfactory efficiency in numerous
situations [5]. They are shown to be asymptotically optimal; however,
a good choice of the importance measure, which is used to sample
particles, can be difficult in complex situations. In addition, the
requested number of particles quickly increases with the dimension
m of the state space R™. Here we propose an alternative method,
which consists in taking a different model for which the exact optimal
filter can be computed with a complexity linear with respect to
the observation time m by using the recent models in [13]. The
difference between these recent models and the classical ones is the
following. In the classical models the triplet (X2¥, R, Y') and the
couple (X1, RI) are Markov, while the couple (RY,Y?) is not
necessarily Markov. In the recent models the triplet (X1, R1', Y1)
and the couple (R{V7 Y{V) are Markov, while the couple (X', R{V)
is not necessarily Markov.

More precisely, extending result in [14], we propose the two
following contributions:

(i) The CGLSSM is a linear Gaussian system conditionally on R
which verifies the following conditions:

R{V is a Markov chain; €
Xn+1 - C;+1(R7L+1) Xn + Ci+1(RTL+1) Un+1; (2)
Yoi1 = Chi1(Rut1) Xos1 4+ Crpa(Rust1) Vi d3)

where C;(R]-), i=1,...,4,j =0,...,N — 1, are appro-
priate matrices depending on the switches RY, X, is given,
and Uy,...,Upn, Vi,..., V are sequences of independent
centred Gaussian random vectors with unit variance-covariance
matrices and such that U, 1 and V,, 41 are independent from
R} for each n = 1,...,N — 1. Thus, given RY = rl,
the couple (XI,Y?Y) is a classical Gaussian linear system
in which the classical optimal Kalman filter can be applied.
In such a system X%’ is linear Gaussian and Markovian, and
the distribution of Y{ given X} is very simple. We propose
to extend this model to a more general one, in which, given
RY = rY, the couple (X{,Y?) is a “Gaussian Pairwise
Markov Model” (GPMM). Such a GPMM model, which can
be of interest with respect to the classical model and in which
neither X¥ nor Y¥¥ is necessarily Markovian, is more general



but still allows the use of exact Kalman filter [15], [16].
The general model (X1, R}, Y1) so obtained will be called
“Conditionally Gaussian Pairwise Markov Switching Model”
(CGPMSM);

(ii)) The classical CGLSSM is thus a particular case of the
CGPMSM such that, given RY = rY, X¥ is Markov and Y%
is not necessarily Markov. We consider another recent particular
case of the CGPMSM in which, given RY =V, YV is
Markov and X% is not necessarily Markov, which belongs to
the family of models in [13]. The interest of this model, called
“Conditionally Gaussian Observed Markov Switching Model”
(CGOMSM), is that the exact optimal filtering is workable with
linear complexity in time, even if RYY = rY’ is not observed.

The organization of the paper is as follows. The next section
is devoted to the new model we propose, extending the classical
CGLSSM. Section III contains the description of a particular case
called CGOMSM, which allows exact filtering in the presence of
unknown switches. Experiments are presented in section IV and the
last section contains conclusions and perspectives.

II. THE CGPMSM AND THE GPMM

Let us note that the classical CGLSSM given with (1)-(3) can be
reformulated as:

RY is a Markov chain; (€]
Xnt1| _ Al i(R n+1 Xn
Yot1 A} 1 (Rnt1) Y.
|:B71L+1(Rn+1) 0 ] [Un+1} )
Bl i1(Rny1) Baji(Ro1)] [Vagr]”
with AL (Rot1) = Chpi(Retr), Brji(Rey1) =
Crii(Rut1), Ajii(Ruy1) = Chii(Rny1)Crhyi(Rnta),

B)1(Rnt1) = Chi1(Rut1)Chii(Rut1) and By (Rot)
CfrllJfl(Rn-H)-

Setting R2™" = (R, Ry41), the classical CGLSSM given by (4)-
(5) can be extended to the new CGPMSM according to:

(X{V,R{V,Yf]) is Markovian and

P (Pns1 |[rnsXnt1, ¥pg1) =P (a1 [ra); - (6)
|:Xn+1:| _ |:An+1(Rn+1) A2 (Rn+1):| |:Xn:| N

Yn+1 n+1(Rn+1) n+1(Rn+1) Yn
B, 1Ry BLa (R [Unga @
Bn+1(RZ+1) n+1(Rn+1) V7L+l ’

with given X;,Y: and Gaussian distributions p(x1,y; |r1),
with AS(RJ™), B} (R/"") appropriate matrices depending on
the switches and with W = (Wi,...,Wy), with W,, =
[Un Vn]t a sequence of independent centred Gaussian random
vectors with unit variances and such that W, 4 is independent from
(XT,RY, YY) foreachn=1,...,N — 1.

Remark: There exists situations in which the observed chain and
the hidden chain play symmetrical roles, and no one is a “natural”
noisy version of the other. For example, let X} be unemployment
and let Y2 be inflation. It could be of interest to estimate X2 from
Y, and it also could be of interest to estimate Y= from XV . Thus
the general CGPMSM, which is symmetrical with respect to X%V
and Y{V , would be better suited than the classical CGLSSM in such
situation.

Given RY = rY the couple (X{',YY) is then a “Gaussian
Pairwise Markov Model” (GPMM) in which optimal Kalman filter
can still be applied, as studied in a general context in [15], [16]. Let
us briefly recall how it runs in a GPMM considered here. Forgetting
the dependence of (X2¥, YY) on the switches, the filtering problem

is to compute p (xn41 |y?"") from p(x,|y}) and y, ;. Let
p(xnly?) = Nk, Zn), p (%041 [¥1H) = Nttpr, Snsr)s

and W, | = {gni

Xn, Xpn+1, and Y41 verify

Xnt1 A Al
= X, B,iiW,i1,
[YWFJ [An-%l} * {An-!—l Yn ¥ i i

. For fixed y7, (7) means that the variables

and thus p(xn+1,yn+1 |Y;L) is Gaussian with mean m,41 and
variance S,4+1 given by

my A},,H] {A%H}
- n + no 8
{mg+1} [Afz-u H Al Y @
n+1 n+l| n+1 n41 ¢
{5311 Sﬁj {An_H} Zn [An_ﬂ} + Bn1By,1109)

Then p (Xn41|y7') = p(Xnt1|yne1,¥y?) is Gaussian with
mean and variance given by

HKpp1 = Sn+1(5211)_1(yn+1 —-mY, ) +my; (10)
S = 803 — S7Y(S¥Y) TSN (11)

Thus (8)-(11) define the Kalman filter in GPMM, and it can be
applied in CGPMSM (6)-(7) if the switches RY = rY are known.
Once they are not known, p (rn41|y?"") cannot be computed
sequentially and has to be approximated using, e.g., a particle filter.

I1I. THE CGOMSM AND RELATED EXACT FILTER

In this section we introduce a new model, which is a particular
case of the CGPMSM given by (6)-(7) and in which the exact optimal
filter can be computed with linear complexity in time. Called “Condi-
tionally Gaussian Observed Markov Switching Model” (CGOMSM),
this new model is a CGPMSM such that AZ_(R2T!) = 0.
More precisely, we define a CGOMSM as a triplet Markov chain
(XY, RY, YY) verifying :

(Xfr,R{V,Yf’) is Markovian and

p (rn+1 |TTH Xn, yn) =P (Tn+1 |Tn ) 5

Xos1| _ [Ana BT AZL(RITH] [Xa
= 4 n+1 +
YTL+1 0 An+1(Rn ) Y

(mi)] [vin)

(12)

Bn+1 (RZH) Bi+1

B,r1(RpTH)
Let

1 n+1 2 n+1
Q, ., (xnth) :{8§+1E:§+1; 8’4“'182“”

n+1 n+1
= Bn+1(rn )B:L+ ( n+1)'

Let us derive how the exact fast (with complexity linear in
time) optimal filter can be computed in any CGOMSM. The
computation of initial p (r1 [y, ), E[X1 |r1,y, ], B [XaXS |r1,y, ],

(14)

and Var[Xil|y,] from p(r:) and p(xi,y,|r1) is trivial.
For n = 1,...,N — 1, we can express p(rni1 |y"Jr1 )s
E [Xn+1 |Tn+l Y1+1 and E [Xn+lxn+1 |Tn+1ay1

from p(rnlyy), E[Xn|rn,y?] and E [Xanl |7, yﬂ,

P (m_H,ynJrl |7n,¥, ) and y,_,, using simple relations given in
introduction.

An important point, which makes the difference between
CGOMSM and classical models, is that, according to (12)-(13),
(RY, YY) is a Markov chain. In fact, as we are going to see,
this allows the exact computation of p (rn11 [y7™"), which is not
possible in classical models and which needs to be approximated with
a particle filter for example.



According to (12)-(13), p (*n+1 |7n, ¥, ) = P (Tn+1 |Tn ), and thus
we have

p (Tn+17 yn+1 ‘T”a y'n,) =P (Tn+1 |’f’n )p (Yn+1 |rz+1ayn) ’ (15)
where
=N (An(xn"

Ny Qi (en ). (16)

Besides, since (RY, YY) is Markov, we have

P (Yosr [tny0)

p (Tn+1»yn+1 |T77«7yn)p (Tn |Y?)
)
> p(rai1,Your Py ) p(ra lyh)

Tn,Tn41

p (TmrnJrl |yn+1) =

and thus
p (Tn+17 yn+1 |TTL7 yn ) p (T" |y? )
D P (et 1 Yoga Irns v ) P (ra Iy )

a7
According to (13), conditionally on RY = ¢V, the vec-
tor (Xn+1, Ynt1) depends on (X,,Y,) linearly and is Gaus-
sian (please note that (X,,Y,) is not Gaussian as its
distribution is a Gaussian mixture). This implies that the
Gaussian X,,+1 also depends on (X,,Y,,Y,t1) linearly
and thus can be written as X,41 = F, 1 (RPTHX, +
LRy Y+ 301 (R Y1 + Gt (R Wi, with
E [Wn+1 ‘7‘”+1,y?+1] =E [Wn+1] =0 and Fn+1, In+1, Jn+1,
G, +1 expressed from parameters in (13) by eq. (22)-(25) specified
below. To simplify notations let us set

p (rn |Tn+l7 y?“) =

H’ﬂ+1(Rz+1a YZ+1) = In+1(RZ,+1)Y'n + Jn+1(RZ,+1)Y'n+17
(18)

so that we finally have

Xpt1 = Frr1 (R X0 4+ Gt (R Wi

+H. 1 (R YT (19)

So the filter is given by

E [XnJrl ’Tn+1ay711+1] = Z (P (Tn }TnJrlvy’:’LhLl)

Tn

[Frra(c2POE [Xo o2 y 2] 4 Hoa (v ,yZ“)])-

Using (13), we can show that (Ry,+1, Yr+1) and X,, are independent
conditionally on (R,,Y). Thus we have E {r”“,y"“] =

E[X, |rn,y7 ], and finally get

E [X"+1 }Tn+17y"+1] = Z (p Tn !’f’n+17y"+1)

n n+1

[F'rH»l( +1 [ n |T7L7 Y1 ] + Hn+1 +1, Yn

o
] is computed in a similar way:

1= (p (rn [rnsa, yiHh)

E[Xp1 Xl [rasn, y7

E [Xn+1X¢L+1 |Tn+1 ) y71L

[Frr (07 TE [Xn X5, frn, 37 Fra () +
Frp1 (o™ E X [ra, yi T Ho (00 vy )

+Hn+1( n+17 yZ+I)E [sz ‘r'ru Y1 ] F;+1(r2+1)
G (1) Gl (77)
+H, 41 (r, 7YZ+I)H$L+1(I'Z+17YZ+1)])~

Finally, let us specify F,11, In41, Jn+1, and G, 4+1. Accord-
ing to (13), p (xn_H,yM_1 ’xn,rﬁ+1,yn) is Gaussian with mean

@n

An+1( n+1)xn + An+1( n+1)Yn
An+1(rz+1)yn
trix Q,, 1 (rp") in eq. (14).

] and variance-covariance ma-

Then P (Xn41 [Tt X0, ¥, Vi1 ) is Gaussian
with mean A (™%, 4+ AZL(rTYy,  +
Q. (e Qi () T Vg - An+1( n DY)
and variance-covariance matrix Qi (rith) —
Qi+1(r3“)(Qﬁ+1(rZ§“)) Z+1(I‘Z+1) We see that

Friai(r H) = An (o) (22)

T (07 = Qo (7 ) ( Qi () (23)
Lt (e ) = AL (00 = T (00 A (771 124)
Gn+1(rn )Gn+1(r2“) = Q:LH(I'ZH) -

T (e Q0L (). (25)

So eq. (18) writes

n+1)

ay'n. = An+1( ’ﬂ+1)yn + Jn+1(rn+l)

(yn+1 - ATL+1( n+1)yn)'

Hn+ 1 (
(26)

Finally, let us consider the CGOMSM model (12)-(13). The
proposed filter runs as follows. Forn =1,...,N —1

1) Compute Q,,,(ri*") matrix from (14);

2) Compute P (Pt Yogr ITns¥n) =
P(rog1|mn)p (Yos |r"+1,yn) from  p(rn41lrn) and
the Gauss1an distribution p yn+1 ’rn ,yn) given by (16);

3) Compute p Tn ‘Tn+1 y1 ) from (17);

4) Compute Fn+1( ") from (22), Jnp1(riTh) from (23),

G (rp )Gl (e 71) from (25) and Ho (RF!, YY)
from (26);
5) Compute E [Xn+1 }rnﬂ,yl ] from (20) and

E [Xn1Xhi1 [rage,y? ] from (21).

As no computation above depends on n, we see that the filter running
time is linear in the number of observations.

IV. EXPERIMENTS

We present two series of experiments, where, in both of them,
XN and Y are real valued. In the first series, we try to understand
how far -when the optimal filtering is concerned- the corresponding
CGOMSM, obtained from CGPMSM by modifying some parameters,
is from the true CGPMSM. To study this point, data are sampled with
a CGPMSM and then filtered using the same CGPMSM on the one
hand, and a CGOMSM on the other hand. In the second series of
experiments, we examine the behaviour of the CGOMSM based filter
with respect to the classical CGLSSM based one.

Therefore, consider XY and Y as scalar-valued processes
(m = g = 1). In all experiments, we consider homogeneous
systems, which means that matrices A;+1, BiH_l, fori=1,...,4,
in (7) do not depend on n. Let us briefly examine the differences
between a general CGPMSM and the “corresponding” CGOMSM,
obtained from the considered CGPMSM in some way. The dis-
tributions of both of them are thus defined by the distribution of
(T1,T2) = (X1,R1,Y1,X2,R2,Y2), and this distribution can
be written as p (t1,t2) = p(r1,72)p(X1,y1,X2,¥s |71,72). As
the distribution of the Markov chain RY will be the same in
the CGPMSM and in the corresponding CGOMSM, we have to
compare p (X1,y;,X2,¥s |71, 72). Finally, let us temporarily forget
the conditioning by (R1, R2) and compare the Gaussian distributions
p (X1, Y1, X2, y2)'



Let Z3 = (Z1,Z2) = (X1,Y1,X2,Y2). To simplify, let assume
that all means are zero and all variances are 1. The Gaussian
distribution of Z? is then given by the covariance matrix

1 b a d
z2_ |b 1 e ¢l [T X
Fl_ae 1 b_{E 1"]' @7
d ¢ b 1

Thus the distribution of Z% is defined by five co-variances a, b,
¢, d, and e, with the condition that I‘Z% is definite positive. The
dependence graph is presented in Fig. 1.

The corresponding equation (5) is here of the simple form

Xni1]  [AY A?] [X, N B! B?| [U,u: 28)
Y| |A® A% |Y. B B*| |V’

with

Al A? 1 1 [a—eb
{AS A‘J‘EF T 1-b? {d—cb

e—ab

c— db} » (29)
B' B?| [B' B?
{BS’ B‘J {BS B*

Thus we can say that the CGPMSM model is a CGOMSM model

when A3 = 0, which is equivalent to d —cb = 0. To obtain the latter,

we can modify either b, ¢, or d.

Consider now the complete homogeneous CGPMSM whose dis-
tribution is defined by p(r1,72) and T'Z(r2), with a, b, ¢, d,
and e replaced by a(ri), b(r3), c(r?), d(r}), and e(ri). Given
(R1, R2) = (71, 12), the co-variances a(r?), b(r}), ¢(r?) and e(r?)
can be the same in both CGPMSM and CGOMSM distributions,
and the only difference can be at the d(r$) value level: it is of any
value in CGPMSM while it is equal to ¢(r?)b(r?) in CGOMSM.
In other words, the distributions of (Ri, R2), (X1,Y1,Xz2), and
(Y1,X2,Y2) are strictly the same in the CGPMSM considered and
in its “approximate” CGOMSM version.

In all experiments below, we will consider two switches 2 =
{0,1}, and the following simplified parameter set

(@) p(ri,r2) = p(r)p(rzfr) with p(r =0) = p(r1=1) =

0.5,and p(ra =0]r1 =0)=p(ro=1|r1=1) =g;
(i) b(r?) = b(r2), a(r}) = a(re), c(r}) = c(r2), d(r?) = d(r2)
and e(r?) = e(re).

t
} =T -3r ‘st (30)

Finally, each CGPMM used in experiments will be defined by eleven

parameters: g, b(0), a(0), ¢(0), d(0), e(0), b(1), a(1), ¢(1), d(1),
and e(1). We will consider the following slightly simplified model

Al(er™h) A2(en™] _ [a(rat)  B(ra+r)
At A T (1) (raan)

In the two series of experiments below, the number of samples

was set to N = 2000 and results are means of 200 independent
experiments.

€2y

A. First series of experiments

The aim of this series is to simulate realizations of T =
(X{V JRY, YV ) according to the general CGPMSM, and to estimate
(R{V . <\ ) from Y with different particular methods, seen as ap-
proximate methods of the optimal one. We considered five methods:

(i) the “Reference Method”, denoted by RM-KS (KS stands for
“Known Switches”), where RY = r¥ is considered as known
and where the estimated XY = %1’ is obtained by the optimal
Kalman filter given by (8)-(11);

(ii) the particle filter suited to CGPMSM, by extension of [5],
denoted by RM-US (US stands for “Unknown Switches”);

(iii) the new alternative method we propose, denoted by M1-US, by
considering that v(0) = v(1) = 0, and by applying the exact
filter described in section III;

(iv) the Kalman filter based on CGOMSM and known switches,
denoted by M1-KS;

(v) the Kalman filter based on the classic CGLSSM (see below)
and known switches, denoted by M3-KS.

To further simplify, we consider here that b(0) = b(1) = b. To
obtain the classical CGLSSM-based filter in (v), we consider, in (29)
and (30), that e(r,,) —ba(rn) = 0, ¢(rn) —bd(rn) = 0, and ¢(r,) =
a(r,)b?, which are its classical properties (see Fig. 1).

In all models studied here, we set ¢ = 0.9, b = 0.3, a(0) = 0.1,
a(1l) = 0.5, ¢(0) = 0.4, ¢(1) = 0.9, e(0) = 0.75, and e(1) = 0.33.
Then we chose 9 different couples (d*(0),d’(1)), defining 9 different
CGPMSM, in such a way that the corresponding v = v(0) = (1)
(see (31)) vary from O to 0.4 with a step of 0.05. Therefore we
increase -y on purpose: the larger v the greater the difference between
the model CGPMSM used to simulate data and the model used to
restore them with M1-US (i.e., the model CGOMSM obtained by
setting v = 0). We also filter data with M3-KS, where the CGLSSM
used is obtained in the following way. First we set ¢ = 0.9, b =
0.3, a(0) = 0.1, and a(1) = 0.5. Then, as known in the classical
CGLSSM (see Fig. 1), we also set e(0) = d(0) = a(0)b, ¢(0) =
a(0)b?, e(1) = d(1) = a(1)b, and ¢(1) = a(1)b>.

Thus, in each case, tY = (xI,r),yY) have been simulated
according to the real parameters and x3' is estimated using RM-
KS, RM-US, M1-KS, M1-US, and M3-KS. The difference between
x} and the estimated %2 is calculated with the Mean Squared Error
(MSE) & 3> (x4 — %n)?. The number of particle for the particle
filter method depends on the model and on the parameters of the
model. Experiments not reported here lead to a number Np = 200
of particles. We make use of Sequential Importance Resampling (SIR)
when N, 1= ﬁ < %, where w; is the weight of particle
; A (wy)?

J.

Results are presented in Fig. 2. Computation time for the particle
filter method (RM-US) is approximately 1.47 seconds, whereas it is
0.014 second for the exact CGOMSM method (M1-US). Generally
speaking, the computation time is about half time the number of
particles longer for RM-US than for M1-US. From these results, we
can put forth the following conclusions:

1) The main conclusion is that when ~ increases, i.e. when the
CGOMSM used by method M1-KS and the reference CGPMSM
used to sample data break away, the results obtained using M1-
KS remain very close to those obtained using RM-KS based on
known switches (curves are nearly superposed). This means that
M1-KS algorithm is very robust with respect to -y;

2) The particle filter applied to the true CGPMSM model gives
quite satisfactory results. They are nearly equivalent to those
obtained with M1-US method but with a computation time about
100 times shorter;

3) Comparing M1-KS with M1-US shows that the new method
seems quite robust with respect to the knowledge / ignorance of
the switches (even if the switches are rather poorly estimated);

4) The results obtained with M3-KS based on the classical
CGLSSM and known switches are quite poor, which means that,
at least in the context considered, CGLSSM is a rather poor
approximation of the general CGPMSM;

5) Both RM-US and M1-US (in which (RY, Y¥) is Markovian)
allow to estimate r¥: we find about 20% of error ratios in both
estimators, and the results vary little with .

6) Variation of ~ has very little influence on the results.
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Fig. 1. Dependence graph of p (x1,y;,X2,y>) in the general CGPMSM (left - 5 parameters) and in the classical CGLSSM (right - 2 parameters).
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Fig. 2. MSE for the five methods studied in the first set of experiments.

In experiments not reported, we evaluated if the parameters of
the switching chain p(ra =0[r1 =0) = p(re =1 =1) = ¢
modify the conclusions obtained above. We showed that, as gq
increases, the MSE growths for all methods except for CGLSSM.
When q is small (i.e. switches are frequent), the RM algorithms are
more performing than the M1 ones.

B. Second series

The aim of this series of experiments is to study which one
among CGOMSM and CGLSSM models is “closer” to the general
CGPMSM model, when optimal filtering is concerned. In these
experiments, we set b(0) # b(1). To ensure that the results are
not possibly due to a dissymmetry of the CGPMSM, we used a
CGPMSM in which XY and Y¥' play symmetric roles. Therefore we
considered a(r,) = ¢(r») and d(rn) = e(ryn). There is no classical
CGLSSM of interest verifying this condition; indeed, in CGLSSM
we would have ¢(r,) = a(r,)?b(r,), and thus either b(r,) = 1
or b(r,) = —1, which are cases with no interest. Thus we used
the “Extended CGLSSM” (ECGLSSM), obtained from (7) by setting
AZ (R = 0 (thus B(r,) = 0 in (31), but &(ry,) are not
necessarily zero). Thus the CGPMSM (7) extends the ECGLSSM,
which itself extends the classical CGLSSM (2)-(3). ECGLSSM and
CGOMSM can be seen as two symmetrical approximations of the
CGPMSM with the same number of free parameters.

Finally, data are sampled with respect to a symmetrical CGPMSM
and restored with methods based on the true CGPMSM (reference
method RM-KS), with methods based on the CGOMSM obtained by
setting y(rn) = 0 (methods M1-KS and M1-US), and with methods

Case 1 Case2 Case3 Cased4 Case)S
b(0) 0.9000 0.7000  0.5000  0.3000  0.8000
a(0) | 0.2000 0.2000  0.2000  0.2000  0.5500
B(0) | 0.1254 0.0817 0.0536  0.0307  0.3500
a(0) 0.3128 0.2571  0.2268  0.2092  0.8300
d(0) 0.3054 0.2217 0.1536  0.0907  0.7900
b(1) 0.4000 0.4000 0.1000  0.8000  0.3000
(1) | 0.6000 0.6000 0.6000 0.6000  0.4000
B(1) | 03761  0.2450  0.1608  0.0921  0.2000
a(1) 0.7504  0.6980 0.6160 0.6736  0.4600
d(1) 0.6161 0.4850 0.2208  0.5721 0.3200

TABLE I

PARAMETERS OF THE FIVE SYMMETRICAL CGPMM CASES STUDIED IN
THE SECOND SERIES OF EXPERIMENTS.

Case 1 Case 2 Case 3 Case 4 Case 5
Square error between x3¥ and xN
RM-KS | 0.27182 0.60697 0.82975 0.64165  0.57802
MI1-KS | 031054 0.60792 0.82992  0.64190  0.58090
M2-KS | 0.50170 0.66560  0.86202  0.64394  0.63725
RM-US | 0.51635 0.67744 0.90203 0.73091 0.61710
MI1-US | 0.48351 0.66294 0.88792 0.68142  0.60033
M2-US | 0.66988 0.78122 0.94102 0.77297 0.87519
Error ratio between r{\’ and f{\’ (%)
RM-US 30911 32.782 35.697 33.159 30.308
M1-US 29.392 31.275 34.671 32.019 29.046
M2-US 38.094 35.026 35.756 33.265 36.984
TABLE 11

SQUARED ERROR AND ERROR RATIOS OBTAINED WITH THREE MODELS
AND SIX METHODS (RM-KS, RM-US, M1-KS, M1-US, M2-KS AND
M2-US). PARAMETERS USED ARE REPORTED IN THE TEXT.

based on the ECGLSSM obtained by setting S(r,) = 0 (method
M2-KS). The symmetrical CGLSSM chosen to sample data is given
by (31) with a(r,) = §(rn), B(rn) = ¥(rn), a(rn) = ¢(rn), and
d(rn) = e(rn). Applying (29)-(30) for two switches 7, = 0, 1 leads

to
a(rn)| | 1 b(rn)| |a(rs)
We set ¢ = 0.4 and thus each CGOMSM studied is defined by ten
parameters b(0), a(0), d(0), a(0), 5(0), b(1), a(1), d(1), a(1), and
B(1) verifying (32), which leads to five free parameters. We consider
five cases whose parameters are given in Table I, whose results are
specified in Table II.
According to the results, we propose the following conclusions:

(32)

1) The main conclusion is that, in both “known switches” and “un-
known switches” cases, algorithm M1 always gives better results
than M2 one, and the difference can be significant (Case 1). This
means that, when the optimal filtering is considered, CGOMSM
better approaches the general CGPMSM than ECGLSSM does;

2) Comparing the difference of the results obtained with M1-US
with respect to those obtained with M1-KS, with the analogous



difference when replacing M1 by RM, we see that the new
method is a bit more robust than the particle filter based ones;

3) Regarding the estimation of the switches, which can be an
objective in itself, the method M1-US appears more efficient
than M2-US. As in the first series, the computation-time is about
100 times shorter for M1-US or for M2-US than for RM-US.
This is a crucial advantage of the new method with respect to
the particle filter based ones.

4) The error ratio in switches estimation could seem being large,
but this is normal because of the low signal-to-noise ratio. In
fact, as the means are all set to zero, the influence of switches on
the distribution of Y is reduced to variances and covariance.

V. CONCLUSION

Extending some preliminary results from [14], we proposed an
exact filter called “Conditionally Gaussian Observed Markov Switch-
ing Model” (CGOMSM). The CGOMSM family of models is very
flexible, so that it was possible to build a model as a close approxi-
mation to the CGPMSM (also see theoretical justifications in [17] of
its closeness with the classical CGLSSM). We showed that, at least
in the context of this study, our filter showed comparable efficiency
with respect to a suited particle filter, while being much faster. Indeed,
its computation times is nearly comparable to that of Kalman filter
applied in absence of switches. In addition, problems like weights
degeneracy can appear in the particle filter based methods, which is
not the case in the proposed CGOMSM-based method.

Let us mention some perspectives for further works. First, it will be
interesting to pursue comparison with an extension of the Interacting
Multiple Model [12] to the pairwise context considered here. Also,
parameter estimation and related unsupervised filtering provide a
natural perspective for further works.

REFERENCES

[1] M. Arulampalam, S. Maskell, N. Gordon, and T. Clapp, “A tutorial
on particle filters for online nonlinear/non-Gaussian Bayesian tracking,”
IEEE Trans. Signal Process., vol. 50, no. 2, pp. 174-188, Feb. 2002.

[2] B. Ristic, S. Arulampalam, and N. Gordon, Beyond the Kalman filter:
particle filters for tracking applications. Artech House, 2004.

[3] N. S. Kim, T. G. Kang, S. J. Kang, C. W. Han, and D. H. Hong,
“Speech feature mapping based on switching linear dynamic system,”
IEEE Trans. Audio, Speech, Language Process., vol. 20, no. 2, pp. 620—
631, 2012.

[4] J. F. Smith, A. S. Pillai, K. Chen, and B. Horwitz, “Identification and
validation of effective connectivity networks in functional magnetic res-
onance imaging using switching linear dynamic systems,” Neurolmage,
vol. 52, no. 3, pp. 1027-1040, 2010.

[5] C. Andrieu, M. Davy, and A. Doucet, “Efficient particle filtering for

jump Markov systems. Application to time-varying autoregressions,’

IEEE Trans. Signal Process., vol. 51, no. 7, pp. 1762-1770, Jul. 2003.

B. Ait-El-Fquih and F. Desbouvries, “Fixed-interval Kalman smoothing

algorithms in singular state-space systems,” The Journal of Signal
Processing Systems, vol. 65, no. 3, pp. 469478, 2011.
[71 M. R. Morelande and B. Moran, “An unscented transformation for
conditionally linear models,” in Proc. IEEE Int. Conf on Acoustics,
Speech and Signal Processing (ICASSP’07), Honolulu, Hawaii, USA,
Apr. 2007.
[8] O. Cappé, E. Moulines, and T. Rydén, Inference in Hidden Markov
Models. Springer-Verlag, 2005.
[9]1 O. Zoeter and T. Heskes, “Deterministic approximate inference tech-
niques for conditionally Gaussian state space models,” Statistics and
Computing, vol. 16, no. 3, pp. 279-292, 2006.
[10] G. Kotsalis and A. Rantzer, “Balanced truncation for discrete time
Markov jump linear systems,” IEEE Trans. Autom. Control, vol. 55,
no. 11, pp. 2606-2611, 2010.

[11] A. I Petrov and A. G. Zubov, “On applicability of the imm approach to
state estimation for systems with sojourn-time-dependent Markov model
switching,” IEEE Trans. Autom. Control, vol. 41, pp. 136-140, 1996.

[6

=

[12] H. A. P. Blom and Y. Bar-Shalom, “The interacting multiple model
algorithm for systems with Markovian switching coefficients,” Automatic
Control, IEEE Transactions on, vol. 33, no. 8, pp. 780-783, Aug 1988.

[13] W. Pieczynski, “Exact filtering in conditionally Markov switching hidden
linear models,” Comptes Rendus Mathematique, vol. 349, no. 9-10, pp.
587-590, May 2011.

[14] N. Abbassi, D. Benboudjema, and W. Pieczynski, “Kalman filtering
approximations in triplet Markov Gaussian switching models,” in Proc.
IEEE Int. Workshop on Statistical Signal Processing (SSP’11), Nice,
France, Jun. 2011, pp. 290-294.

[15] R. S. Lipster and A. N. Shiryaev, Statistics of Random Processes: 1.
General theory, 2nd ed. springer, 2001.

[16] F. Carravetta, A. Germani, R. Liptser, and C. Manes, “Filtering of
nonlinear stochastic feedback systems,” SIAM Journal on Control &
Optimization, vol. 40, no. 5, pp. 1576-1584, Feb. 2002.

[17] S. Derrode and W. Pieczynski, “Exact fast computation of optimal
filter in Gaussian switching linear systems,” IEEE Signal Process. Lett.,
vol. 20, no. 7, pp. 701-704, Jul. 2013.



