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We consider a discrete-time Markov chain observed through another Markov chain. The
proposed model extends models discussed by Elliott et al. (1995). We propose improved
recursive formulae to update smoothed estimates of processes related to the model. These
recursive estimates are used to update the parameter of the model via the expectation
maximization (EM) algorithm.

1. Introduction

Hidden Markov chains have been the subject of extensive studies, see the books [1, 2]
and the references therein. Of particular interest are the discret-time, finite-state hidden
Markov models.

In this paper, using the same techniques as in [3], we propose results that improve the
finite-dimensional smoothers of functionals of a partially observed discrete-time Markov
chain. The model itself extends models discussed in [2]. The proposed formulae for
updating these quantities are recursive. Therefore, recalculation of all backward estimates
is not required in the implementation of the EM algorithm.

This paper is organized as follows. In Section 2, we introduce the model. In Section 3,
a new probability measure under which all processes are independent is defined and a
recursive filter for the state is derived. The main results of this paper are in Section 4
where recursive smoothers are derived.

2. Model dynamics

A system is considered, whose state is described by a finite-state, homogeneous, discrete-
time Markov chain Xj, k € N. We suppose that Xj is given, or its distribution is known.
If the state space of Xj has N elements, it can be identified without loss of generality, with
the set

SXZ {61,...,61\]}, (2.1)
where e; are unit vectors in RN with unity as the ith element and zeros elsewhere.
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Write %‘3 = 0{Xo,..., X}, for the o-field generated by Xy,..., Xk, and {F,} for the
complete filtration generated by the %Y; this augments ¥} by including all subsets of
events of probability zero. The Markov property implies here that

P(Xp41 = ej | Fi) = P(Xgs1 = e; |Xk). (2.2)

Write aji = P(Xk+1 =ej | Xi = e,-),A = (a]',') € RNXN,
Define Vi1 := Xiy1 — AX; so that

Xir1 = AXk + Vg, (2.3)

{Vi}, k € N, is a sequence of martingale increments.

The state process X is not observed directly. We observe a second Markov chain Y
on the same state space as X but with probability transitions perturbated by X. More
precisely, suppose that

P(Yir1 = €| %k vV 0 {Xks1}) = P(Yir1 = €| Yio Xks1), (2.4)

where {9} is the complete filtration generated by X and Y.
Write

bs,ri = P(Yk+1 =e | Yi=enXpr1 = ei): (2.5)

and B = {b;,i}, 1 <s,r,i < N. Note that Zﬁ\il bsri = 1. We immediately have the following
representation for Y:

Yii1 =B Y ® Xiy1 + Wiy, (2-6)

where Wy, k € N, is a sequence of martingale increments.

Let {Yy} be the complete filtration generated by Y.

Our objective here is to seek recursive filters and smoothers for the states of the Markov
chain X, the number of jumps from one state to another for the occupation time of a state,
and for a process related to the observations.

3. An unnormalized finite-dimensional recursive filter for the state

What we wish to do now is starting with a probability measure P on (Q,\/,_,%,) such
that
(1) the process X is a finite-state Markov chain with transition matrix A;
(2) {Yx}, k € N, is a sequence of i.i.d. random variables and
P(Yis1 =€ |9V 0 {Xir1}) = P(Yis1 =€) = 1/M.
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We will now construct a new measure P on (Q,\/;,%,) such that under P, E[ Yi1 |
Y vV 0{Xis1}] = BYi ® Xjy1. Write

N
Ao = 1_[ (Nbs)ri)<Ye,€s)<Ye7|>8r)(Xz,ei)’ LeN, (3.1)
sri=1
k
Ax =T (3.2)
=1

where by, is the probability transition defined in (2.5).

With the above definitions, E[Ax+1 | 9x] = 1. Now set (dP/dP) |, = Ax. (The existence
of P follows from Kolmogorov’s extension theorem.)

Recall that for a §-adapted sequence {¢x},

E[Ax¢r | Y]

Elgw 1] = E[Ax | Y]

(3.3)

Write gik(em), 1 <t <N, k € N, for the unnormalized, conditional probability distri-
bution such that

E[Ak <Xka€m> | Oyk] = qk(em). (3.4)
Now zf\iﬁXk,e,-) =1,s0
N B N -
qu(e,') :E[Akzo(k:ei) |°yk] :E[Ak|6yk]. (3.5)
i=1 i=1
Therefore, the normalized conditional probability distribution
prlem) = E[(Xi,em) | Yi] (3.6)
is given by
gk (em)
prlem) = o (3.7)
Sk ae)

To simplify the notation, we write

(Nb )<Yk)es)<Yk—luer>
s,rm >
s,r=1 (38)

c(Yi, Y1) = (Cl(Yk,Yk—l)>-~-)CN(Yk>Yk—l)),-

1=

Cm (Yk, kal) =

THEOREM 3.1. For k € N, the recursive filter for the unnormalized estimates of the states is
given by

gk = diag[c(Yi, Yi-1) |Agk-1. (3.9)
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Proof. In view of (3.1), (3.2), (2.3), and the notation in (3.8),

N
E[Ar(Xisem) | Vi) = [ (Nbgym) Moo Tirer)

s,r=1

E[Ak-1(Xk-1,€i) (Aeiem) | Y]

Mz

1

N
= o (Vi Yie1) D ami(qr-1-€1),

i=1

(3.10)
and
B N
E[AXk | Yi] = D E[Ax(Xkem) | Yilem
m=1
N N
3.11
= > > amiCm (YeYio1) (qk-1,€) em G110
m=1i=1
= diag[c(Yi, Yi-1) |Age-1,
which finishes the proof. O

4, Recursive smoothers

We emphasize again that these improved recursive formulae to update smoothed esti-
mates are used to update the parameters of the model via the EM algorithm.

THEOREM 4.1. For k > m, the unnormalized smoothed estimate E[AxXy | Yk] = Yk is
given by

Y = diag[gm]vim. (4.1)
Proof. Write [T5_,..1 A 2 Ay ix.
E[Ak<meei> |Oyk] = E[A <Xm’ez>Am+l k |Oyk
= E[A <Xmsel>E[Am+l k |6'yk v &F |6~yk
:E[A <Xmaez>E[ m+1,k|0yk\/dpm] |o'yk] (4 2)
= E[A <Xm’ez>7 m+1,k |qyk \ {Xm = ei}] |6‘yk] ’
B[ (X e | Y E[Amorx | Ve v [Xor = ei}]
é < m:ei> <Vm,€i>,

where

Vi = (E[Aerl,k | Gyk \ {Xm = 61}],...,E[Am+1)k | Oyk \Y {Xm = eN}]),. (4.3)
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Therefore,

z

E[Aka|Oyk Z Ak meez |Oyk

N (4.4)
=> (qm-ei) (Vmrei)ei
i=1
= diag[gqm | vim- 0
The same argument shows that the following lemma holds.
LemMa 4.2. The process v satisfies the backward dynamics
Vi = A*diag[c(Yoms1, Yon) [Vins1s v =(1,...,1) € RV, (4.5)

Here A* is the matrix transpose of A.

4.1. Recursive smoother for the number of jumps. The number of jumps from state e,
to state e, in time k is given by

k

K= z (Xe-1,er) (X e5). (4.6)
=1

TuEOREM 4.3. Write 6($}°) = E[AcF} | Yk ).
k
0( ]’;s) = Zasr<q€—laer><vf—l)er>~ (47)
e=1
Proof.
E[AFE | Y] = D E[(Xe-1,e,) (Xere) A | Y]
= ZEHX(? 1er) (AXp1,e0) A | Y]
k —
= Z rE[<X€—l’er>Ak | Oyk] (48)
k f—
= ZE Ae—1(Xe-1,er)E[ Aok | Wi v {Xeo1 = e }]| Wi]

k
= Qsr Z(W 1’er><v€—l)er>)

=1

which finishes the proof. O
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LEMMA 4.4,

o($i51) =T A" diag [c(Yir1, Yi) | - L+ aq(qr.er)>

where1 = (1,...,1) € RN and

||l>

k
Z Ge-1-er)e,A* diag[c(Yy, Y1) ] - - - A* diag[c(Yk-1,Yi) ]

Proof. Using the backward recursion (4.5),

k
Z qe-1,er)e,A* diag[c(Ye, Y1) ] - - - A* diag[c(Yis1, Yi) ] - 1
l

I

Also note that

T}y = T A* diag[c(Yier, Yi) |+ ae (g€, er.

Therefore,
0(F51) =Tiyy - L =T A*diag[c(Yis1, Yi) ] - L+ag(qi-er),

and the result follows.

(4.9)

(4.10)

(4.11)

(4.12)

(4.13)

O

4.2. Recursive smoother for the occupation time. The number of occasions up to time

k for which the Markov chain X has been in statee,, 1 <r <N, is

k
Z Xf)er

LemMA 4.5. Write 0(0}) = E[AxO}, | Yg].

k

= > (qee) (veer),

=0

U( 21’1) = ZI,CA* dlag [Q(YkJrl)Yk)] . l+ <qk+1,er>,

where

k
P Z (qe-er)e,A* diag[c(Ye, Yeo1)] - - - A* diag[c(Yi-1,Yk) ],

and

T = Z A diag [e( Y, Yi) | + (qre1r€r ) er.

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)



Lakhdar Aggoun 351

4.3. Recursive smoother for state-to-observation transitions. The parameters estima-
tion of our model requires estimates and smoothers of the process

[\/]x-

g]r;sm —

(Xf—l)er><Y€71)es><Y€;em>~ (419)
=1

Lemma 4.6. Write 6(T™) = E[Ak T | Y.

k
o(TE) = > (qe-1e) (ve-1,e:) (Yo-1,5) (Yo, em), (4.20)
=1
o(TEN) = @A diag[c(Yie)] - 1+ (qrser) (Yir1se5)s (4.21)
where
k
(D]’( £ Z <Qe—1,er) (Yf—laes> <Yg,€m>€;A* dlag [Q(Ye)] ne A*dlag [E(Yk)]) (4.22)
=1
and
O, = DrA*diag[c(Yi1) |+ (gr-er) (Ye-1565) (Yo,em)er. (4.23)
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