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State estimation of nonlinear systems with Markov state reset

Stefano Battilotti

Abstract— We present a novel observer design for a class
of single-output nonlinear systems with Markov jumps. The
Markov jump process interferes with a deterministic nonlinear
dynamics at random times and retains its state for a certain
amount of time (dwell time). The estimation process is reset at
these random times, depending on the reset values of the state
process, and then evolves as a deterministic estimate of the state
process itself. The novelty is given by the reset mechanism
adopted for the estimation process itself, depending on the
reset values of the state process. We prove that, as long as the
mathematical expectation of the dwell times has a positive lower
bound and the transition rate of the jump process at the first
exit time out of any point is bounded, the state estimation error
of the switching dynamics asymptotically converges to zero with
probability one. The state estimate over each dwell time is
designed using the novel technique of ‘“output immersion”.

Index Terms— Stochastic systems, state reset, observer de-
sign.

I. INTRODUCTION

In this paper we investigate the observer design problem
for the class of stochastic systems

at(t) = Ax(t) + f(x(t), (1)),
pt) = (Cx(t),r(t), i <t < Cpga,k=0,1,...,00,
(Ck) = q(Ck) = g(x(¢y), (G ), €]

where (o = 0, (C, A) is an observable pair, x(t) is the state
process, x(t) denotes the right-hand derivative of z(t) and
2(t7) the left-hand limit of x(¢), u(t) is the measured output
process, y(t) = (r(t),q(t)) is the interfering process and
f(x,r) and g(x,q) are for each fixed (r,q) real-valued lo-
cally Lipschitz continuous functions. We will assume without
loss of generality that (C, A) is in the observability form. The
interfering process y(t) is a jump Markov process defined
on some probability space {#/, £, P, }, where
o W =HFx 2, % C R* and 2 C R" are finite sets
endowed with the discrete topology (i.e. induced by the
metric p(v,w) =1 if v # w and p(v,w) = 0 else)
o £1is a o-algebra which contains all the singletons in %/,
i.e. the sets consisting of a single element in %
« P, is a conditional probability given y defined on £
o the components y;(t) of y(t) are right-continuous tra-
jectories with Markov times 0 = (p < (1 < -+ < (p <
-+, Cn 7 oo such that y;(t) = y; for t € [k, Crt1)
(here T means “tends monotonically increasing”; for a
definition of Markov times see 1.4 of [3]). The random
time (;, represents the time at which each y;(¢) changes
its state y;x into y; k41 and Cxy1 — (i is the time for
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which the jump process y(t) retains its state (dwell
time).

The jump process y(t) interferes with the process x(t)
through the maps f(z(t),r(t)) and the state reset x(() =
9(z(¢;),q(¢;)), @ = 1,...,n. The process (z(t),y(t)) is
described by P, , its conditional probability given (z,y).
This probability, defined according to (25), depends on
the conditional probabilities P;(Z“’) given z, associated to
each value y of y(t), and defines on turn the transition
probabilities Py, ,(u,w) of the process (z(t),y(t)) from the
state (z,y) into (u, w). As it will be seen in the statement of
our main result, we will assume that instantaneous transition
rates 0P, ,(u,w) of the process (x(t), y(t)) from (z,y) into
(u,w) are well defined and bounded.

Our study

o is limited to a deterministic evolution of the continuous
state for each fixed value y(t) = y € ¥ (the frozen
system)

« it does not allow transitions triggered by conditions on
the state (guards)

« assumes that the process r(t) (together with the first
component of the state process C'z(t) = x1(t)) can be
measured.

The first restriction is assumed only for simplicity and in
the appendix it is shown how to generalize our study to the
case of continuous evolution driven by stochastic differential
equations. The second restriction allows to exclude Zeno
phenomena and it will be relaxed in a future work. The
third restriction is also assumed for simplicity and more
generally we can assume to measure only x(¢). In this
case an observer should be designed also for estimating 7 (¢).
Our model is similar to the one considered in [4] (see also
numerous references therein).

Observers for linear systems (1) with no state reset were
proposed in [2] and for feedback linearizable nonlinear
systems in [1]. In [4] the infinitesimal generator of the
process (x(t),y(t)) is calculated and used for the analisys
of TCP flows. In this paper, we propose an observer for (1)
as a result of observers designed for each frozen system.
We assume that the state process of (1) evolves in some
compact set. Our contribution does not introduce any new
observability notion, rather it gives a new design tool for
observers with state reset. As to the observer design for each
frozen system we introduce a novel framework based on the
notion of output immersion of a system, which consists of
immersing its output space into some larger space in such a
way to increase the number of its outputs up to as many as
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peculiarity of decoupling the original n-dimensional system
into n one-dimensional systems, each with its own state and
output and for which a one-dimensional observer can be
easily designed. Stepping back in the immersion process,
one obtains an observer for the system before immersion
as a result of the n one-dimensional observers. This mainly
determines a “chained” structure for the observer. Moreover,
following [7], on account of the nonlinear nature of the
dynamics we saturate the estimation process over the same
compact set in which the state process is assumed to evolve.
However, we establish more general conditions (see (2)-(3)
and remark 2.2) under which an observer can be designed.

We define a probability space for the process z(t) =
(z(t), &(t), y(t)) where &(t) is the estimation process. In
particular, one of our contributions with respect to [4] is
to define a transition probability for this process, using the
conditional probability P;yé given (z,§&) for the process
(x(t),&(t),y), and to calculate the characteristic operator
of z(t). This transition probability chains in a natural way
the conditional probabilities Piy)a given (z, &) so that from
the properties of the state estimation error for each process
(x(t),&(t),y) it is easy to obtain asymptotic properties of
the state estimation error for the switching process z(t).
In particular, we prove that, as long as the mathematical
expectation of the dwell times has a positive lower bound
and the transition rate of the jump process at the first exit
time out of any point is bounded, the state estimation error
of the switching dynamics asymptotically converges to zero
with probability one.

A. Notations

e Rt (resp. RZ) denotes the set of real positive (resp.
nonnegative) numbers. R” is the vector space of (col-
umn) vectors with n elements. For any vector x € R™
we denote by x; the i-th element of x. Also for any
vector function f(-) we will denote by f;(-) its i-th
component.

e ||v|| denotes the euclidean norm of a vector v € R™.

o For any functions h; : 2 — R=, j = 1,2, we write
hy = hg (resp. hy = ho) if there exists a > 1 such that
hi(s) < aha(s) (resp. hi(s) > ahz(s)) for all s € 2.

o x7(t) denotes the right-hand derivative of z(¢) while
x(t™) the left-hand limit of x(t).

e T means “tends monotonically increasing”, while |
means “tends monotonically decreasing”.

II. ASSUMPTIONS AND MAIN RESULT

In this section we discuss the main assumptions and we
state the main result of this paper. Our first assumption (H1)
is on the state trajectory x(t) we want to estimate:

(H1) The state process x(t) has a compact phase space & =
{x € R" : |z;] < %), withe > 1and§; € RZ,i=1,...,n.

Remark 2.1: Each state trajectory x(¢) is assumed to stay
for all times with probability one in some compact set 2.
For our convenience, the compact set .2 has the form above.
o
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Let 6,41 € RZ and 0; € [~o0,00), i,] = 1,...,n, be
numbers such that
25 n (3P = 1)(8h — dpy1)
+(1 43841 ifi=n
0 < 222211(?}”1 —1)(on — dp+1)
—2 ZZ”;H(W”” —1)(on — dn+1)
+(3r 7t =3, ifi=1,...,n—1,
2
with
dpnt1 208, = 81,0 =2,...,n. 3

Our assumption (H2) is the following:
(H2)For eachi = 1,...,n there exist a;; : 2" x 2 — RZ,
l=1,...,n, such that

[fi(x,7) — filw,r)]? < (z1 — wp)?aqy(z,w), (4)
=1
aq(z,w) < %, (5)

n

forallc > 1,z,w € Z andr € X.

Remark 2.2: Condition (4) requires that the “incremental
rate” of each function f;(x,r) with increment z; — wy,
l =1,...,n, are bounded uniformly in r by some func-
tion a;(x,w): this condition is always satisfied by locally
Lipschitz functions f;(x,r), r € % a finite set. Therefore, in
(5) we are restricting the “incremental rates” of each function
fi(z,r) over a given compact set. Note that if a;(x,w) =0
forall l > i and i = 1,...,n ([7]) then (5) can be always
satisfied for any given &; € RZ, i = 1,...,n, i.e. for any
given 27, by choosing any ¢ > 1 and a sufficiently large
6n+1.

Assumption (H2) have the following physical interpreta-
tion. As it will be shown in the proof of our main result, the
numbers &, — dp4+1, h =1,...,n—1, and d,1, determine
the gains A;, | = 1,...,n — 1, and, respectively, A,, of
the observer which estimates the state trajectory z(t). On

the other hand, the numbers &, — dp+1, h =1,...,n — 1,
and 0,41 determine a bound for the numbers 68;; in (2) and,
therefore, for the incremental rates an;(z,w), Il =1,...,n,

over 2 x Z in (5). On account of (2) is possible to increase
this upper bound by increasing either 8,1 or &, — &p11,
h=1,...,n—1, ie. either A,, or A;. This is exactly the
interpretation of conditions (2) for ¢ = n.

We end with few comments on the conditions (5) for
i=1,...,n—1.If | =1 < 7 it is possible to increase the
upper bound for a;;(z,w) in (5) over 2" x £ by decreasing
Op1 or increasing &; — &;41,...,0; — 8;41, i.e. increasing
A;— A1 If i <1 —1 it is possible to increase this upper
bound by decreasing either 6,, or ;41— 0;42,...,0;—1— 0y,
i.e. increasing A; — A; 41 or, by (3), A,41. Therefore, a
trade-off should be sought in the selection of Aq,..., A,
for increasing as much as possible the upper bounds for all
ay(z,w), l = 1,...,n, over & x % . Farther is the map
f(x,r) from having a “triangular” structure, more difficult
is the achievement of this trade-off. This is exactly the
interpretation of conditions (2) for i =1,...,n— 1.0
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Also, let 0}, € [—00,00), 4,l = 1,...,n, be numbers such

that
237 (3M = 1)(8p — Sps1)
+3m~ lénH ifi=n
L< {23 T3k l—1)(5h—5h+1)
_4Zh z+1(3h - —1)(5h—5h+1)
+(3n =t —3r=i12)8,,, ifi=1,...,n—1.

Conditions similar to (2) are imposed on the reset maps
9(x,q) in (1):

(H3)there exist by : & x % — RZ,1=1,...,n, such that
for some
[9i(2,q) — gi(w, @))* <> (w w), (6)
=1
bz, w) < 4, (7)

forallec > 1,x,w € 2 andq € 2.

Our last assumption (H4) is on the existence of a minimum
dwell-time. Let P, , be the conditional probability given
(z,y) defined according to (25) for the process (x(t),y(t))
and let E; , the corresponding mathematical expectation.
H4)forallx € & andy € ¥

0< Hkl:fEx,y{quLl - Ck:} (8)

Remark 2.3: A positive minimum expected dwell time is
required. This avoids a number of infinite switching in every
finite time interval and has a clear physical meaning. o

Before stating the main result of this paper we need few
more notations and objects. Let

3 S
1o B(q%ﬂ
3 S
142 B(q%-)]
©))

where B(s) = = and ¢; € R, i = 1,....n

The function «; : R — (—2d,,2d,) is a continuously
differentiable bounded odd function and its main proper-
ties, extensively used in this paper, are: for all r,s € R
[oi(s) — ou(s — P2 < 0(r). (s + ) < ad(s) + o(r),
o?(s) < 4¢7. Any other (even simpler) function o, with the
same properties as «; can be used as well in the foregoing

¢i
X; (5 = r

b;

if s > &;

if —¢;<s<y

if s < —d;

results.

Define «fs) = (o1(s1),...,%n(8,)) with s =
($1,...,8n) and g(s) = (g(s1),...,9(sy)) and for each
A;>0,i=1,...,n,let ¥ C R" be the finite set defined
as follows: for each g € 2 the points & such that

Evl = 41,
& = qi+Aifoi—1(&i—1) —qi—1],i=2,...,n,(10)

are in . The set ¥will be endowed with the discrete
topology.
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Theorem 2./: Assume (H1)-(H4). There exist ¢ > 1 and
A;,b; >0,1=1,...,n, such that if
(L1) the process «E( ) (&1(t), ..., En(t)) satisfies

& (1) = (&2 (t)) + fr((&(t)), 7 (1) + Anfa (1) —
3 (t) = as(E3(t)) + fa(a(E(1)), 7 (t))
+A (o (E1(1)) — E2(t) — fu((&(1)), (1)),

&1 (t)},

, T

, T

Ei(t) f(a(E(2)),(t))
An[ Xy 1(£n l(t)) n(t)_
E1(Ck) = g1((&(C; ), a(Cy ),
&(Cr) = gi(x(&(C;)), a(Cy ) + Aifoi—1(&i-1(Ck))
—gi-1((&(C;)), a(G )], i =2,...,n an

(L2) foreachx € Z',ue 2, e R, ve ¥, andy,w € XY
the limits

04,6, (1,0,) = lim TP, (0(0), £(0). ()
= (u,v,w), T < €},

(w,0.0) # (3,6,

OP..t.(:E,9) = lim = [Par e (0(7),E(D), ()
= (z,&y), T <e} -1

exist bounded uniformly on & € R™ andv € ¥, where P ¢ ,,
is the conditional probability given (x, &, y) defined according
to (25) for the process (x(t), &(t), y(t)),

we have

+

frna(«(&(1)), r(2))],

12)

Po e y{limooflz(t) — &) =0} = 1. (13)

forallz,& € X andy € Y.

Remark 2.4: Here 0P, ¢ ,(u,v,w) for (z,&y) #
(u,v,w) can be interpreted as the instantaneous transi-
tion rate of the process (z(t),&(t),y(t)) into (u,v,w)
at the first exit time T out of (z,&y) # (u,v,w).
Also, —8Pz,g’y(3:, &,y) can be interpreted as the in-
stantaneous transition rate of the process (xz(t), &(t), y(t))
at the first exit time T from (z,&,y) into some other
state (u,v,w) # (z,&vy). It can be shown that
> we2ywew 0Py & y(u,v,w) = 0, which corresponds to
what is commonly known as a locally regular jump process
([3]). By definition of P, ¢ , (see (25)) we have that

Té,y{( ( ) a(T)vy(T)) =
= P {((7), £(7) = (u,0),7 < e}

Therefore, (LL2) is a condition on the instantaneous transition
rate of the process (x(t), &(t)) for fixed values of y(t) (i.e.
the frozen process).o

Remark 2.5: Note the “chained” structure of (11), in
which the derivative o | (£;_1(t)) is chained to & (¢), and
the use of «(&(t)) as a “saturated” estimate of x(t). This
“saturated” estimate was used in [7]. The novelty in our paper
is to use “saturated” estimates also to determine the reset
maps and to reset the estimates as well at switching times.

(u,v,w),T < e}
(14)
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While at each switching time the state x; is reset to the value
gi, the estimate &; is reset to the value ¢; +A;(o;—1(&i—1) —
Gi—1), where §;, ;1 are estimated values of ¢; and ¢;—1.

A. A motivating example

Before going further, we want to give an example for
which our observer design can be applied. Spontaneous
synchronization is fundamental for convergence of synchrony
in pulsed-coupled oscillators. When coupled to others an
oscillator is receptive to the pulses of its neighbours. Cou-
pling between nodes is assumed instanteneous and at some
(random) times an oscillator reset its phase and all nodes
in the neighbourhood adjust their phase. As model of one
oscillator we consider the Van der Pol oscillator (see [5])

i (t) = z2(t),
o3 (t) = —a1(t) + 22 (t) (1 — 23(t)),

Assume that the measured output process is w(t) = x1(¢)
and that the phase x(t) is reset at random times 0 = (y <
(1 <+ <y <--+(, T oo. At these times the oscillator is
said to “fire” and resets itself and the other oscillators in its
neighbourhood. The phase of the i-th oscillator is reset either
to 0 or 21 ((g) = —% according if the i-th or the j-th (j # @)
oscillator in its neighbourhood fires. Here & = exp bv, where
b is the dissipation factor and v the amplitude increment, and
B = e:fpb;’__ll. The numbers « and (3 determine the coupling
between oscillators.

Assume that the random times (; < --- < (,, < --- are
distributed as in a Markov chain and that the expectation of
the period between two consecutive times is never below
a certain positive number. The state trajectories xz(t) of
(15) are well defined and bounded for all times, therefore
(H1) is satisfied. Also assumption (H2) is satisfied (see
remark 2.2). Let 2 = {(0,0), (= 5,0)} and denote by ¢(t)
the jump Markov process with values in 2 and such that
z(Ck) = q(Cx) = g(x(C; ),q(C;)). Therefore, assumption
(H3) is satisfied.

Let the estimation process &(t) =
according to (L1) as follows

15)

(&1(t), &2(t)) be defined

EF (1) = aa(&a(t)) + Aqz1(2) — &1(2))]

&5 (1) = =1 (&1 (1)) + aa(Ea(1))[1 — oF(&a(t))]
+As(of (E1(1)) — E2(1)),

£1(Ck) = g1((E(Cy )): a(Cy)),
£2(Ck) = g2((&(Cy )): a(C),)) + Az (E1(Ck))
—g1((&(C; ), a (G )]s (16)

where A;,; > 0, 7 = 1 2. Here, we select ¢; = %,

j =12 A = A?’(q)l and Ay = %%, with any §,
7 = 1,2, 3, satisfying (H2)-(H3), and sufficiently large ¢ > 1.

Let ¥ be the set defined as follows: for each ¢ € 2 the
point & such that

Evl = {1,

&2 = @+ Asxi(q1) —qi] (17
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is also in . With each ¢ € 2 we can associate a
process {.%, N ,Pi‘f;} on some phase space {2, B} with
conditional probability given (z,&) equal to P_iq?i . This
process describes (z(t), &(t)) for fixed values of ¢(t). We
assume that the following transition probabilities are given
foreache >0, uec 2andve?

P {(2(1),&(1)) = (u,v) # (2, &),

where T represents the first exit time from the point (z, &)
into the point (u,v), and

1= P {(2(0), (1) = (&, £), T < e},

Also, we assume that their right-hand derivative with respect
to € (i.e. their instanteneous rates) exist bounded uniformly
on & € R™ and v € ¥. Therefore, also assumption (L2) is
satisfied and theorem 2.1 yields the convergence to zero a.s.
of the estimation error for (15)-(16).

(u,v),T < e},

III. OUTLINE OF THE PROOF OF THEOREM 2.1

The proof of theorem 2.1 is the result of the following
observations. We consider the system (1)-(11) as the result
of the switching among the members of a family of systems
with given y(s™) = (r7,¢7) € # and y(t) = (r,q) for
all £ > s . We will see that, given y(s~) = (r~,¢7) € &
and y(t) = (r,q) for all ¢ > s, (11) is an observer for (1).
By switching among the members of the family of observers
(11) with given y(s~) = (r~,¢7) € # and y(t) = (r,q)
for all ¢ > s we prove the claimed asymptotic property
(13). For proving that given y(s~) = (r~,q¢") € % and
y(t) = (r,q) for all ¢t > s (11) is an observer for (1)
we introduce a novel framework for observer design. This
framework is based on the notion of output immersion. This
notion does not correspond to any new observability notion,
rather it establishes a symplifying tool for observer design.

Definition 3.7: A system X(z,&, 1) : 27 = f(2), &7 =
g& ), = h(x),z € & Cc R, & € W C R”,
1€ .4 C RP is said to be output immersed into 3(, &, i) :
it = f(2),&6 = §(2,&,0). 2 € £ CR", Ee W CR",
e M C RP, if there exist a continuous mapping N : 2 X
WxM— M and a diffeomorphism X : 2" xW — L xW
such that (2,&) = X (z,2),z € 2 ,& € 2, and

D) 0y 4 X B g6,

= g(z, X(2,&), N(z, &, 1))

forallx € Z',& €W andu € A .

Roughly speaking, a system X is output immersed into by
if the outputs of X are mapped into the outputs of 3 under
some state transformation X . One important ‘consequence of
the condition (2,%) = X(z,z), z € 2, % € 2, is that
if the immersed dynamics & = §(&,&, 1) is an asympotic
observer for the immersed dynamics 2+ = f (%) then &F =
g(&, 1) is an asympotic observer for zT = f(z). This fact
is important as far as the observer design for £+ = f (z) is
easier than that for z+ = f(z), as it will be seen in the next
sections.

(18)
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The following result states that, given y(s~) = (r—,¢) €
Y, x(s)=axe X, Es7)=&E€W and y(t) = (r,q) for
all t > s, (1)-(11) can be immersed into a system, which
can be splitted into n one-dimensional decoupled dynamics,
each with its own one-dimensional observer. For any vector
w we denote by w; the i-th component of w.

Theorem 3.1: The system (1)-(11), given y(s~) =
(ryqg) e ¥, x(s7)=a € Z,&s ) =& € ¥ and
y(t) = (r,q) for allt > s, can be output immersed into the
system
e () = fi(z(t),r),i=1,...,n,

K2

&5 () = fila(E(t)),r) + AAi(ﬂi(t) —&i(t),i=1,...,n,
Ei(s) = gi(a(&),q7) + k(@™ , &7, q7),t > s, (19)
where

J?—(x,r) =z + fi(z,r), i=1,...,n—1,

fn(xar> = fn(;rar)? . A .

b ) = LT EDN) = o)

hi(x, &,1) == fi_i(z,7) — fina (cx({’(x,é)),r)

+A ( Al — O— (AF’L 1( E»Ay-“; E»zfl>))

@B b,

]:fl(a:7§wQ) = gl(“(F(x?AEv)LQ) — g1 (A
ki(x, & q) == gi(o(I'(2,&)),q) — 9i(x(E), q)

+Ai[gi—l(x7q) _gi—l((x F(£7é))aq)]a 1= 27' -, N,
and I' (z, é) is defined recursively as
Ii(w, &) =&, Ti(w, &, &) = & — Az
70(1‘_1(['1'_1(:177 5,17 ey ai—l)))7 1= 2, ..., n
P2, &) = (I(x, &), Doz, &1, .0, &)

The peculiarity of this output immersion is that (19) can
be split into n pairs of one-dimensional systems

zf () = fi(x(t),r), zi(s) = gi(a™,y7),
mmsz+M(U£ww> 1)
EF(t) = fila&(t)),m) + A(fui(t) — &i(t)),
Ei(s) = gi((&7),q7) +hi(z7,&7,¢47)  (22)

for t > s. Therefore an observer for (19) can be designed
by selecting only the parameters A; and ¢;, i = 1,...,n,
for each (21)-(22) on account of the fact that (22) has by
construction the form of an observer for (21).

In conclusion the proof of theorem 2.1 is structured
according the following steps:

e (Output Immersion). For each fixed value y € % of
y(t) perform the claimed output immersion of (1)-(11)
into (19).

o (Splitting). Split (19) into n systems (21)-(22). Also,
calculate the value of AYW;(z;, él), where AY is the
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generating operator of the process (2(t), &(t), y(t)) for
fixed y(t) = y and W;(z;,&;) is some at least twice
continuously differentiable function, positive definite
around z = E,

o (Parameter selection). Select the parameters Aq,..., A,
and ¢q,...,¢, in such a way that the value of
U Wi, &:)] is negative definite around = =
&, where 4 is the generating operator of the process
(z(t),&(t),y(t)). This determines by the immersion
process the values of Ay,..., A, and ¢1,...,¢, in
(19).

o (Probability chaining). Chain over consecutive dwell
times the stochastic properties of (1)-(11), obtained
from U[>"" , Wi(z;, €,)] via the Dynkin’s formula over
a single dwell time by using the transition probability of
the process (z(t), &(t), y(t)) defined according to (25).

IV. THE PROBABILISTIC SETTING

In this section we introduce a theoretical framework in
which processes (z(t),y(t)) as those defined in (1)-(11)
can be rigourously described and studied. Also, by com-
bining stochastic kernels associated to each ’frozen’ process
(2(t),y) a probability measure P, ,(A) is defined on the
cylindrical sets A generated by the values of (2(t),y(t))
and determines by extension a transition probability on the
probability space. Finally, the characteristic operator for
(2(t),y(t)) will be calculated.

1) A rtransition probability for the process (2(t),y(t)):
Let y(t) be a piecewise constant Markov process given on
some probability space {#,£,P,}, where {#, £} is its
phase space and P, its conditional probability given y. The
process y(t) has right-continuous trajectories with Markov
times 0 = (g < {3 < - < {p < +-+, , T 00 such
that y(t) = yx if ¢ < t < C(k41. The random time (;
represents the time at which y(¢) changes its state y; into
Yr+1. The measurable space {#, £} is endowed with the
discrete topology and £ contains all the singletons.

Also, let a strong (homogeneous) Markov process
{Z#, N, ngy)} be associated on some phase space {27, B}
with each y € %, with ngy) its conditional probability
given z. We may assume that & C 2. The space of
trajectories % and the o-algebra .4 are the same for all
y € ¥ . The trajectories of the process {F#, 4 ,ng)} are
assumed to be continuous and will be denoted by z(¢,y). By
z(t) = x(t,y(t)) we denote the trajectories of the process
which results from the “interference” of y(t) with z(¢,y),
yew.

Let .7* be the set of functions z*(t) defined on sums
of intervals U[tx,tkt1), 0 = to < t1 < +++ < tp < -+,
t, — oo such that for all & there exists a function zj (t) € &
which satisfies z*(¢t + t5) = z(t) for 0 < t < g1 — t
and .#* is the o-algebra generated by the cylinders on .% *.
Also, let Z be the set of piecewise constant functions ()
with values in & Let y(t) = yx if {x <t < (g1, 0 =
CO<C1<"'<C7L< ,CnTOO

We define a probability measure on A4 x £, ie. a
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probability measure for (z(t),y(t)), as follows. If
A= Ni=00¢, C”’k(}w--,"’khk (Ak) ﬂZiieCk Co(Br) (23)

where 0;A is the image of the set A under the mapping
Gt, Ct(Bk) = {(,C*() : LL’(t) S Bk} and CT’ko,mJ’k,hk (Ak)
is a cylindrical set on .#* generated by the values of z*(¢)
on 0 <t < Cpy1 — g, lee. G"ko,--<7"'mLk (Ag) = {a:*() :
(x*(TkO),...,I*(Tkhk» S Ak}, with 0 < rpg < 11 <
o < Thohy < Qi1 — (g, then

Pg;y())(A) = fBl chyO){CT007---,T0;LO (AO) n CC1 (d1‘1)} Xoeee
X fsz(zZil){Cﬁoan‘lho (Al) N CCz*Cl (de)} Koo

X anP;Z::L:ll){Crn—1,n—1,--»ﬂ“n—1,hn,1 (Anfl)
NCe, oy (dan)} X - -

XP%:L){CTM,“-,TM” (An) N CCn+1—Cn(Bn+1)} (24)

Some measurability properties of the plv0) (A) may be
easily proved.

Lemma 4.1: PY)(A) is for each A € 4" x £ a
B x A ¥ -measurable function with respect to the arguments
(x,y(-)), where /¥ is the o-algebra generated by the cylin-
ders in F¥ .

Next, we define

P,,(4) =E,PY)(4) (25)

where E, is the expectation calculated with probability P,
which corresponds to the process y(t), and Efofy('))(A)
makes sense since P (A) is (B x A )-measurable with
respect to the arguments (x, y(-)) on account of lemma 4.1.
Therefore, also P ,,(A) is (B x #')-measurable with respect
to (z,y).

Since P, ,(A) defines by virtue of (25) a probability
measure on the cylindrical sets generated by the values of
(2(t),y(t)), with z(t) = x(t,yx) whenever y(t) = y; for
G <t < (41, therefore by standard arguments it can be
uniquely extended to a probability measure on (A4™* x £),
i.e. a probability measure for the process (z(¢),y(t)). It
can be shown that the process (z(t),y(t)) has a transition
probability

P{(z(t+ s),y(t+ s)) € B x Clz(t),y(t)}

= E,P {C(B)}

z(t (26)

This can be accomplished by checking that (26) satisfies the
Chapman-Kolmogorov equation.

2) Characteristic operator of the process (z(t),y(t)): We
restrict here to the case of compact phase space 2~ and finite
set & Let Yy (., be the set of bounded Borel functions

V(z,y), (z,y) € Z x %, such that the limit
UV (z,y) = lim EzyV(Z(Tn])éy(:n)) —Viy) (27)
n— oo 2y Tn

exists where T, is the instant of the first exit from U, { U, }
being an arbitrary sequence of neighborhoods of the point
(2,9), Un | (2,y). The quantity UV (z,y) is the value on
the function f at (z,y). The set Zu =, y)e 2 x 2 Zst,(2.9)

TuA10.3

is the domain of definition of the operator 4 and for f € P
the function %V (z,y) is defined by (27). On the other hand,
let Za be the set of bounded Borel functions such that the
limit
Ez h ) h)) — )
AV(e,y) = g BV LU0 =V )

It can be shown that Yo C %y and A = i on Y.
Moreover, i and A are the characteristic operator and, re-
spectively, the generating operator of the process (z(t),y(t))
(3.

By definition T,, is the instant of the first exit from U,
{U,} being an arbitrary sequence of neighborhoods of the
point (z,y), U, | (z,y) and note that in our setting U, =
U, x{y}, U, being a neighborhood of z in 2" and {y} the
singleton in % containing y. Therefore, T,, = min{t,’, 7},
where T,,’ is the exit moment of the process z(t) from the
neighborhood U, x % and T is the moment of first exit of
y(t) out of the point y(0). We are going to calculate the
value of the characteristic operator V' (z,y) of the process
(2(t),y(t)) for all bounded and at least twice continuously
differentiable functions V(z,y) (in [4] only the value of the
generating operator of (z(t),y(t)) has been calculated).

Lemma 4.2: If the limits

OP..y 1) = lim ~P ,{(=(7), ()

, (u, w) # (2,9),
aPz,y(Z7y) = le-:llr{)l E[sz{(z(’r)?y(’t))
= (z,y),T<e}—1]

(28)

= (u,w), T < e},

(29)
exist finite for all u,w € %,

UV (z,y) = AV (z,y) + X wwea V(u,w)0P; y(u, w).
In the case of (1)

AYV(z,y) = 87V(Z,y)(AZ + f(z,7)

92 (30)

with y = (r, q).
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