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NONLINEAR FILTERING IN SPATIO-TEMPORAL
DOUBLY STOCHASTIC POINT PROCESSES
DRIVEN BY OU PROCESSES

MICHAELA PROKESOVA AND VIKTOR BENES

Doubly stochastic point processes driven by non-Gaussian Ornstein—Uhlenbeck type
processes are studied. The problem of nonlinear filtering is investigated. For temporal
point processes the characteristic form for the differential generator of the driving process
is used to obtain a stochastic differential equation for the conditional distribution. The
main result in the spatio-temporal case leads to the filtering equation for the conditional
mean.
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1. INTRODUCTION

The filtering in point processes is an old problem which comes from applications in
medical diagnostics and optical communications (see [14] and the references therein).
The counts registered in time are modelled as a realization of an inhomogeneous
point process the intensity of which depends on a random function. This is the
doubly stochastic point process situation (particularly if the inhomogeneous point
process is conditionally Poisson then the resulting doubly stochastic point process is
Cox). The filtering aims to estimate the random function given the observed counts.
A nonlinear estimation leads to the conditional expectation evaluation studied by
many authors (cf. [3, 10, 11, 15]). It is of interest to consider the case when the
random function has a well-defined representation as a solution of a stochastic differ-
ential equation. In this case the result is again in a form of a stochastic differential
equation which can be solved numerically. Various special cases — when the random
function is a Gauss—Markov diffusion process or a Poisson driven Markov process,
were solved in [15].

In [2] we extended the solution for temporal Cox processes to the case when the
random intensity is a function of an Ornstein-Uhlenbeck (OU) type process ([1])
derived from a Lévy process. This leads to a wider class of intensity processes
with prescribed marginal distribution, typically nonnegative. Therefore the diffu-
sion component of the Lévy process was omitted (also because for this component
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the problem was solved). We can surely obtain nonnegativity by a suitable trans-
formation but in that way we loose the linear character of innovations given by the
stochastic differential equation for OU processes.

Further generalization which is of great interest is that from temporal to spatio-
temporal point processes. Here still the time dynamics is dominant but a random
spatial coordinate is added to each count, representing e.g. the location of a mov-
ing detector. A pioneering work in this field is [7] which developes the notion of a
conditional intensity (cf. [6]) and a representation theorem for the conditional char-
acteristics. In the applications besides filtering also prediction and smoothing are
considered and results for It process obtained. The aim of the present paper is to
develop analogous results for the broad class of driving random functions of OU type
including the case of infinite activity underlying Lévy process with finite variation.
In this new setting a substantial extension of models is obtained.

The structure of the paper is as follows: in Section 2 the necessary background
from Lévy and OU type processes is gathered. In Section 3 the filtering problem
is defined and some comments to previous solutions given. In Section 4 we turn to
the spatio-temporal situation. The doubly stochastic analytic point processes are
defined and their properties recalled. Section 5 yields the main result, the filtering
equation for a spatio-temporal point process of given type is developed.

2. LEVY PROCESSES AND PROCESSES
OF ORNSTEIN-UHLENBECK TYPE

In this section we review the basic definitions and properties of the Lévy processes
and the Ornstein—Uhlenbeck type processes derived from them. The general theory
about Lévy processes was taken from [12] and [13], and the theory about Ornstein—
Uhlenbeck type processes derived from Lévy processes and some more specialized
results come from [1] and [4].

Definition 1. Let Z = {Z(t)}:>0 be a stochastic process defined on a probability
space (2, F,P) taking values in R? whose realizations are right continuous with
limits from the left almost surely (rcll). Suppose that Z is stochastically continuous
with stationary and independent increments and Z(0) = 0 a.s. Then Z is called a
Lévy process.

In the paper we will denote the limit from the left by Z(¢t_) = limgy¢ Z(s).

Definition 2. Let X be a random variable taking values in R?. The cumulant
transform C{- X} of X is defined by

C{vt X} =logE[e"" X)), veRY,
where (-, -) denotes the scalar product.

The following convenient property holds for the cumulant transform of any Lévy
process.
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Theorem 1. (Sato [13], Theorems 1.1 and 1.3) Let Z = {Z(t)};>0 be a Lévy
process taking values in R%. Then for the cumulant transform of Z holds

ClviZ(t)y =tC{vi Z(1)}, foranyt>0, veR? (1)
and Z(1) has the Lévy—Khintchin representation

ClotZ(1)} = i a, v>—% (v, Av)—&—/Rd () 1 =i o, 2) 1{Je| < 13) (). (2

where |z| denotes the Euclidean norm of z, A is a symmetric nonnegative-definite
d x d matrix, a € R?, and yu is a measure on R? satisfying 1({0}) = 0 and

/ (Jz|* A D p(da) < oo.
]Rd

The triplet (a, A, 1) is unique.

Definition 3. We call the triplet (a, A, 1) from the previous theorem the generat-
ing triplet, u is called the Lévy measure of the process Z(t).

The Lévy—Ito decomposition of a Lévy process into a deterministic, a Brownian
diffusion and a pure jump part is now formulated (it is a special case of Theorem
1.4 from [13]).

Theorem 2. Let Z(t) be a Lévy process taking values in R? with the generating
triplet (a, A, it). For any G € B((0,00) x R?) let Jz(G) = Jz(G,w) be the number of
jumps at time s with height Z(s,w)— Z(s_,w) such that (s, Z(s,w)—Z(s_,w)) € G.
Then Jz(G) has Poisson distribution with mean i(G). If Gy,...,G, are disjoint,
then Jz(G1),...,Jz(Gy) are independent. We can define, a.s.,

Z1(t,w) = lim {zJz(ds, dz,w) — zfi(ds, dz)} (3)
0 J 0] x {e<z|<1}

+/ xJz(ds, dz,w),
(0, x {|z|>1}

where the convergence on the right-hand side is uniform in ¢ in any finite interval
a.s. The process {Z;(t)} is a Lévy process with the generating triplet (0,0, ). Let

Zs(t,w) = Z(t,w) — Z1(t,w).

Then {Z5(t)} is an a.s. continuous Lévy process with the generating triplet (a, 4, 0),
Zs(t) = at + B(t), B(t) is the Brownian motion with covariance matrix A. The
processes {Z;(t)} and {Z3(t)} are independent.
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Corollary 3. (Cont and Tankov [4] Proposition 3.7) Each Lévy process can be
represented for any € > 0 as Z(t) = Z¢(¢t) + R¢(t) where Z¢(t) is a process with finite
number of jumps on each bounded time interval and R¢(¢) is a mean-zero square
integrable martingale such that its variation Var(R(t)) — 0 as € — 0.

The properties of Jz in Theorem 2 show that it is a Poisson random measure
on R, x R? with intensity measure ji(ds, dz) = dsu(dz). Thus for a deterministic
measurable function f on [0,#] x R? the integral with respect to Jz

/Rdfsy)Jz (ds,dg) = 3 Fltustm),

n,t, €[0,t]

is a stochastic process with jumps 7, € R? at times t,, where J; = Y o>t O(tnyn)
(6 denotes the Dirac measure).

We will consider the case A = 0. Then M(Rd) < o0 leads to a pure jump process
with finitely many jumps on each finite time interval while when p(R¢) = oo (infinite
activity case) the jump times form a countable dense set in R,. Nevertheless, even
when 1(RY) = oo the trajectories of Z may have finite variation. This happens if
and only if

ﬂJmmxw (4)

In the sequel we will always assume that A = 0 and (4) holds for the process

Z(t). When a = flx|<1 zp(dx) it holds

mwan/ww>mmm (5)

:LAQM““” (6)

is a purely jump process with finite variation. If moreover p(R%) < oo then Z(t) is a
compound Poisson process, i.e. it has only finite number of jumps in any bounded
interval.

and

Now we can introduce the Ornstein—Uhlenbeck type (OU type) processes. Sup-
pose first that d = 1.

Definition 4. Let Z(¢) be a one-dimensional Lévy process, v > 0 and consider the
stochastic differential equation for X (¢), t >0
dX(t) = —yX (¢)dt + dZ (). (7)

The stationary solution of (7) is called a process of Ornstein—Uhlenbeck type (OU
type process). Z(t) is called the background driving Lévy process (BDLP) for X (¢).

To be able to specify the conditions under which (7) has a desired solution we
need one more definition.
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Definition 5. A random variable Y with characteristic function ¢ has a self-
decomposable distribution if for all ¢ € (0,1) there exists a characteristic function
1. such that

Y(v) = Y(ev)he(v) for all v € R.

Theorem 4. (Barndorff-Nielsen and Shephard [1], Theorem 1) Let ¢ be the char-
acteristic function of a random variable X. If X is self-decomposable then there is

a stationary stochastic process X (t) and a Lévy process Z(t) such that X (¢) Zx
(equality in distribution) and

t
X(t) = e "X(0) + / e =9 dZ(ys), (8)
0
for all v > 0, thus X (¢) satisfies (7).

The process (8) is a unique stochastically continuous Markov process and it has a
modification with right-continuous realizations with left limits. We will always work
with this rcll modification of X (¢).

We can also start with the BDLP Z(t) — there exists a sufficient condition on
Z(t) for the existence of a stationary solution of the equation (7). For the general
case see e.g. [9] Theorem 3.6.6. Here we discuss the case of purely jump Z(¢) with
finite variation.

Lemma 5. (Barndorff-Nielsen and Shephard [1], Lemma 1) Let Z(¢) be a Lévy
process specified by (5) and assume that for its Lévy measure holds

Amlog(x)u(dx) < o0. 9)

Then there exists a unique solution of the equation (7) and X (¢) can be written
as (8). For the cumulant transform of X (t) holds

CLCEX() = / T ofec 1 Z(1)) ds. (10)

If we moreover suppose that p has a differentiable density w and we define a function
u by

u(x) = /100 w(vx)do, (11)

then u is the Lévy density (density of the Lévy measure) of the marginal distribution
of the process X (¢) and w can be computed from u by

w(r) = —u(z) — zu' (), (12)

where ' (x) denotes the derivative of u.
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For d > 1 let Z(t) be the d-dimensional Lévy process with characteristic function
given by (5) and suppose for simplicity that p has the density w with respect to
d-dimensional Lebesgue measure and denote by w;(x;) the ith marginal of w, i.e.

’wl(l‘,) = / w(m) dxl .. d$i_1 dxi-{-l .. d$d.
R (d=1)

If each w; satisfies condition (9) then we may (on account of Lemma 5) define the
stationary processes X;(t) by

t
X;(t) = e " X;(0) + / e =347 (vs).
0

The vector process X (t) = (Xi(¢),...,Xq(t)) is then the solution of the vector
stochastic differential equation

AX(t) = —yX (1) dt + dZ(~1), (13)

where v > 0, and it is a vector OU type process.

3. FILTERING PROBLEM

In this section we will briefly review some solutions of the filtering problem for the
temporal Cox point processes. Let ® be a Cox point process on Ry with driving
random measure A. That means conditionally ® | (A = A) is a Poisson point process
with intensity measure A. Assume that A is absolutely continuous with respect to
the Lebesgue measure, with density A\. The random process A is called the driving
intensity (function) of ®. We will make the following assumptions on A

(L1) {X(t)}i>0 is an R? valued stochastic process and the driving intensity of ®
has the form
A(t) = At X(2)),

where \ : R, x R? — R, is a positive function, X (¢) will be also called the
driving process.

(L2) Tt holds
E(A(t, X(t)) < oo, for all t € Ry.

Now we can formulate the filtering problem for ®. Denote the number of points of
® in [0,t] as
N(t) = 8([0,),  teR,.

In the filtering problem our aim is to find the MSE optimal estimator A of A, X (1))
given {N(s),0 < s < t}, i.e. the random function A that minimizes

E[AL X (1) — A? | N(s),0 < s < 1.
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The solution is the conditional expectation of the driving intensity

>)

(t) =E[N\¢t, X(t) | N(s), 0 <s <. (14)

Thus our problem reduces to the evaluation of (14).

To shorten the notation we will denote by hat all the conditional characteristics
given the sample path of @, i.e.

E[-]=E[ | N(s), 0 < s <.

For example for the conditional characteristic function of X (t) we write

~

Pi(v) = E[e! X O],

Definition 6. Suppose X(t) is a Markov process and there exists a nonnegative
function g¢(v, X (¢)) with finite mean such that for all At > 0 it holds

1 ,
= [E [ 2X — 1 X)) | < 9w, X)), (15)
where AX (t) = X(t + At) — X (¢t).

The characteristic form for the differential generator of X (¢) is defined as

: 1 i(v
(o] X (1) = Jim < E [e< AXE) 1| X(t)} , (16)

if the right hand side exists.

In [15] the following theorem is proved.

Theorem 6. (Snyder and Miller [15], Theorem 7.4.2) Let ® be a Cox process on
R, with driving intensity A. Suppose (L1) and (L2) are satisfied for the R%-valued
driving process {X (¢)}:>0 which is Markov stochastically continuous and suppose
that A(t, X (t)) is left continuous. Then the following differential equation holds for
the conditional characteristic function of X ()

dde(v) = E[e“”’x(”)\lft(v\X(t))] dt (17)

+E [e“”’x(”)()\(t, X(t) — X(t))]

~

Jo(v) = E X,

Equations of this type for temporal Cox point processes with driving Markov jump
or diffusion processes of special types were obtained by [3, 10, 11, 14]. Inverse Fourier
transform of (17) leads to a differential equation for the conditional distribution of
X(t) given {N(s), 0 < s < t}. This equation can be solved numerically recursively in
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time, cf. [15]. The desired estimate of X(t) is obtained by evaluating the expectation
of A(t, X (t)) with respect to this distribution. Our aim is not the numerical solution
but the extension of the class of models for the theoretical study of the filtering
problem.

Consider a Cox point process ® driven by an OU type vector process X (¢). The
characteristic form of the differential operator for such X (t) was derived in [2].

Lemma 7. (Benes and Prokesova [2], Lemma 1) Let X (¢) be an OU type d-
dimensional process given as a solution of (13) with v > 0 and with the background
driving Lévy process Z(t) satisfying equation (5). If X (¢) has finite mean then the
characteristic form for the differential generator for X (¢) is

Wilo | X(0) = =i (o, X0+ [ (€0 = p(aa). (18)

The main result of [2] is the following theorem which yields the differential equa-
tion for the probability density of X (¢).

Theorem 8. (Benes and Prokesovd [2], Theorem 2) TUnder the assumptions of
Theorem 6 and Lemma 7 let the Lévy measure p have density w with respect to the
Lebesgue measure. If u(RY) < oo the conditional probability density of X (¢) given
{N(s),0 < s < t}, satisfies

o) = (a1 = p®) + Ge o)+ (o PN Y g
+pi(x) ()\(t,a:) - X(t)) X(lt) (dN(t) YO, dt) :

where p; * w denotes the convolution of p; and w.
Generally (also for pu(RY) = o) it holds

Wte) = 2 (FGostvze) + 5 + (o T o a0)

() (Me2) ~ 3(0) th) (av(t) Aty ar)

where F~! denotes the inverse Fourier transform.

In the following examples we demonstrate both situations from the Theorem 8
ford=1.

Example 1. a) The gamma OU process X (¢) has marginal probability density

p(x) = g/ tem x>0, p(x)=0, z<O0, (21)
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with parameters o > 0, v > 0. The Lévy density of the gamma distribution is

Now using the equation (12) from Lemma 5 we can evaluate the density w of the
Lévy measure p of Z(1)

w(z) = ave™ ™, x>0, w(z) =0, =<0,
w is finite. From Lemma 7 we get

U, (v | X(1) = w( S 1) — vy X (1) (22)

o — 1

and from Theorem 8 we get for the gamma OU type process
dpi(z) = —vy(pe(2) — (Pe * €a)(2))) dt
R dpe(z
+7 <pt(x) +a péi )> d (23)
1

+ i) (At,2) = A1) Ol (av() - Ayar),

where &, is the density of the exponential distribution with parameter «.

b) The inverse Gaussian (IG) OU type process X (t) has the marginal probability
density

2
em2( 5 70 §>0, v>0, >0
and the Lévy density

1
wr)=—20zx
W=
Using Lemma 5 we obtain the Lévy density of the Lévy measure p of Z(1)

1 6,1 , 1 .
——— (=4 =T, x>0
5 2 (—+7) 7z
Here we can see that [, w(z)dz = oo (infinite activity case with finite variation —
(4) holds) and thus equation (20) from Theorem 8 applies.

w(z)

4. SPATIO-TEMPORAL DOUBLY STOCHASTIC ANALYTIC
POINT PROCESSES

Spatio-temporal point processes can be defined in several ways (cf. [5]). We follow
the approach of Fishman and Snyder [7] based on the notion of an analytic point
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process. Further doubly stochastic spatio-temporal point processes are defined and
the problem of filtering is studied.

A spatio-temporal point process is a point process ® defined on X' = [0, 00) x R¥.
Let N be the set of all locally finite simple counting measures on X’ (simple means
that ¢({z}) < 1 for all z € X,¢ € N). Denote 9 the smallest o-algebra on N
which makes mappings ¢ — ¢(B) measurable for each Borel set B C X. We will
put (Q,F) = (N, M), with ® being the identity map from (Q, F,P) to N, P is the
probability distribution of ® and let

E®([0,t) x R¥) < oo for any t¢>0. (24)

The symbol N(t), ¢ > 0 will now denote the random variable equal to ®([0, ) x RF),
N(0) = 0.

A simple counting measure is characterized by its support. Thus we can identify
the realizations ®(w),w € 2 as

<I>(w) = {(tlﬂ"l), <t27T2)7 e },

where 0 < t; < t9 < ... are the times of events and r; € R¥ their locations. For
j=12,... let U; = {(t1,71), (t2,72),...,(tj,7;)} and F; C F be the o—algebra
generated by U;. Further let 7y = o{® [jo4)xrr} C F be the o—algebra generated
by the past of the process up to time t, Fo = {0),Q}.

Definition 7. A spatio-temporal point process @ is analytic if the following con-
ditions hold:
a) P(N(t) < oo) =1 for all ¢ > 0 finite.

b) The measure P;(Q) = P(U; € Q), @ € B(R¥*+1J) is absolutely continuous
w.r.t. Lebesgue measure on RF+1J 5 =12 ..

c¢) The conditional distribution
Fj+1(t ‘ .7'-]) = P(tj+1 <t | t1,r1,... ,tj,Tj),

j=0,1,2,... satisfies F;11(¢ | F;) < 1 for all finite ¢ a.s.

According to the condition b) of Definition 7 there exists f;[(t1,71),..., (¢j,75)]
the density of the first j points of ®. The conditional density
_ fj+1[(tla Tl)a R (tjarrj)v (t,’l”)]

fj+1(t7r|fj)_ fj[(tlarl)a"'7(tjyrj)] ;721 fl(tvr|f0):fl(t7r)v

enables to define

(toriw) = 0, to <t <t
gilt,mw) = fj+1(t,7’\7:j)[1_ftz Jer fiva(s,a | F5) dg ds] .
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Definition 8. The conditional intensity of an analytic spatio-temporal point pro-
cess is defined by
A (t,r) = gN(t)(t,r).

E U;/R )\*(u,v)dvdur < 00 (25)

for any B € B(Rk) and 0 <t < u < oo it holds a.s.

Under the condition

E[®([t,u) x B) | Fi] = E [/tu/B)\*(u,v)dvduft]. (26)

Also, the likelihood of a realization of the process observed up to time ¢ is expressed
by means of the conditional intensity as

N(t) t
Li(w) = H A (t;, 1) exp [—/ / A (u,v)dv du} , (27)
i=1 0 JRE
assuming the product to be equal to 1 if N(¢) = 0.

Lemma 9. Suppose that for the intensity A of a spatio-temporal Poisson point
process IT holds (24) and that A is absolutely continuous with respect to the Lebesgue
measure on R, x R¥. Then II is analytic and its conditional intensity is equal to
the intensity function A\* = A.

Proof. Condition a) from the Definition 7 follows from (24), b) and ¢) from the
absolute continuity of A with respect to the Lebesgue measure on X. A* = X follows
from (26) and the definition of the Poisson point process. O

It is just the Poisson process for which the conditional intensity is non-random.
Now we proceed to the doubly stochastic processes.

Let (Q*, S, P*) be another probability space and
PO x Fis [0,1]

a probability kernel such that for each w* € Q* P(w*,.) is the distribution of a
spatio-temporal point process, denoted ®*.

Definition 9. A doubly stochastic (spatio-temporal) point process is a process
with distribution P(A) = P'(A x Q*), A € F, where

Pl(AxS) = / P(w*, A)P*(dw*),, S€S.
S

If for each w* € Q* P(w”,") is the distribution of a Poisson point process on X, the
doubly stochastic process with distribution P is called a Cox process.
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Theorem 10. (Fishman and Snyder [7], Theorem 3) Let ® be a doubly stochas-
tic spatio-temporal point process such that ®* is analytic for each w* € Q* and
the corresponding conditional intensities A* (¢, 7;w,w*) are jointly measurable in the
arguments t,r,w and w* and

t
/ [/ / A (s, q;w,w*)dgds| P'(dw x dw*) < oo. (28)
axo Lo Jre

Then (i) @ is analytic,
(ii) the conditional intensity A*(¢,7;w) of the point process ® is

ﬁ(t,r;w) =E'\ (¢, r;w,w*)|Fr x Sol,
where Sy = {0, Q*} is the trivial o-algebra and E’ the expectation w.r.t. P’.

Combining the theorem with Lemma 9 a direct consequence for the Cox pro-
cesses is

Corollary 11. Let ® be a Cox process on X satisfying (24), such that its driving
measure A(w*) is absolutely continuous with respect to the Lebesgue measure on X
a.s. Then ® is an analytic doubly stochastic point process.

5. FILTERING FOR SPATIO-TEMPORAL DOUBLY STOCHASTIC
ANALYTIC POINT PROCESSES DRIVEN BY OU TYPE PROCESSES

In the above setting used for doubly stochastic spatio-temporal point processes, the
filtering problem means doing inference about the value of the unobserved w* if we
observe the realization {(t1,71), ..., (tn@),"N@)} in [0,¢) x R*. We can express the
conditional probability

P*(S|F)w) =P QxS |F xSo)w,w*), SeS,

using the likelihood. The likelihood of a general doubly stochastic process is equal
to

t
Li(w) = Hﬁvz(f)/\* (ti,r;) exp [—/ A (u,v) dv du] .
0 Jrk
Theorem 12. (Fishman and Snyder [7], Theorem 5) For a doubly stochastic process
® satisfying the conditions of Theorem 10 it holds for all S € § and ¢ € [0, >0)

1

P*(S | F)(w) = @)

/ Li(w,w")P*(dw™),
s
P a.s. on F;. Here L;(w,w*) are likelihoods for ®* given w*, cf. (27).

This so-called representation theorem has important consequences.
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Corollary 13. Let ® be a doubly stochastic analytic point process satisfying con-
ditions of Theorem 10 and suppose that the conditional intensities \*(¢,7, w,w™)
are left continuous in ¢ and continuous in r. For an (F; x S)-measurable spatio-
temporal vector random field Y (¢,7;w,w*) defined on [0,00) x RF x Q x Q* denote
Y(t,r) = E'[Y(t,r;w,w")|F x Sol. It holds

Y(t,r) = E*(Y(t,7) exp(€(1))),

where E™ is the mean value with respect to P* and

// (A*(s,7) — )\*87“ drds—l—// O(ds, dr). (29)
Rk Rk * (s,7)

Now we have at our disposal all we need to attack the problem of filtering for
a doubly stochastic point process driven by OU type temporal stochastic process
{X(t)}. We are interested in the filtered estimate X (£) = E'[X (£, w,w*)|F; X Sp]. To
be able to derive the differential equation for X we need the It6 differential formula
for a special type of vector process. Stochastic integral with respect to the Poisson
random measure is understood in the sense of [4], Subsection 8.1.4.

Lemma 14. Let ® be a doubly stochastic point process from Theorem 10. Let for
the vector process ((t) = (¢*(t),...,¢{™(t)) hold

d((tyw,w") = alt;w,w”)dt + C dZ(yt;w") + O(t,ryw,w*)P((dt, dr);w,w”),
Rk
(30)

where «, § are random m-dimensional vectors, C' is an m X d matrix of real numbers,
and {Z(t)} is a d-dimensional Lévy process with the characteristic function given
by (5). We assume that «, ¢ have sample paths which are left continuous in ¢ and
continuous in r and are (F; x S;)-measurable, where S; = 0{Z(s);s <t} C S. Let
n be a C1(R™) scalar function. Then 7 satisfies the following stochastic differential
equation a.s.

an(c®) = (a0, L0y are [ c(e-) + dte.r) - i) oat, )

+ [ (ete) + €)= (et ) Tt ), (31)

where Jz is a Poisson process satisfying (6).

Proof. We need to show that

ooy -uco) = [ (ato §2<>>dt (32)

/ /R -)+0(t, 7)) = n(C(t-))) @(dt, dr)
+/o /Rd (n(¢(t-) + Cy) — ((¢(t-)))) Jz(dnt, dy),
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holds a.s.

Let us first suppose that the Lévy process Z has finite Lévy measure p, i.e.
{Z(t)} has only finite number of jumps on every interval [0,¢) a.s. Then we can
proceed like in the classical proof of the It6 formula in [8]. We consider a sequence
of partitions 7; = {7y j,...,7j+1,;} of the interval [0,¢) defined for j € N by
i—1

J

Tij = t, 1=1,2,...,5+1.

For any such partition we can write

n(¢(E) =n(C(0)) =D n(¢(ri41.1)) —n(C(7i3)) = D> n(C(7i5)+AL(7i,5)) —n(C(7i7)),
i=1 i=1
where
A((Tig) = ((Tiv1,) — C(Tij) = AAij + AB; j + AD; j,
and

Tit1,5
NA;; = a(s;w,w*)ds,
T

i
Tit1,j5
AB;; = C/ dZ(vs;w,w™),

Ti+1,j
AD;; = / | N St w,w*)®((dt, dr); w,w®).

Let us write n(G(£)) = n(¢(0)) = X, + g, + L, where
2ay =
2ip; =
2ipy =

From the mean-value theorem we have

Hm Y= /0 t <a(5), gZ(s)> ds. (33)

-

s
I
-

n(¢(7i,5) + AL(7i5)) — n(C(7i5) + AB; j + AD; 5),

-

s
I
—

n(¢(7i,5) + OB j + AD; j) — n(((7i,5) + AD; 5),

-

s
I
—

n(¢(7i,5) + AD; 5) — n({(7i,5))-

Because ® is an analytic doubly stochastic point process it has only finite number
of points in [0,t) x R¥ thus fg Jgx ®(ds, dr) has only finite number of jumps. The

same holds for . .
¢ [aztw=c [ [ iz ay)
0 0 JR4
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when the Lévy measure p of Z is finite on R?. Moreover the jumps of ® and .Jy
arise at different times a.s. Thus for big enough m(w,w*) there is at most one jump
of ® and Jyz in each [7; ;, Ty+1,;) for any j > m(w,w*) and

®([0,t) xR¥ ;w,w™)
ij = > n(¢(m,5) + 6(t1, 1)) — n(C(75))
' =1
f(f 1 [pa Jz (vs, dy)#0] ds

Do, T > 0(C(705) + Cg) = 1(C(74.5)-

g=1

Here (t1,71), (7tq,yq) are the occurrence points of @, Jz, respectively and the in-
tervals [77;,Ti4+1,;) and [74j, Tq+1,;) are the elements of the partition containing the
points ¢, t, respectively. From the continuity of n and the existence of left limits
for ¢ it follows

®([0,t) xRF ;w,w*)

lim Z = Z n(C(ti—) + 0(ti,m1)) —n(C(ti-))

Jj—oo

//Rk )+ 6(s,7) = n(¢(s-))) @(ds, dr)  (34)

S 1 fga Tz (s, dy)#0] ds

Jim > = Z 1(C(tq_) + Cyq) = n(C(tg_))

/ /Rd -)+Cy) = n(¢(s-))) Jz(dvs, dy), (35)

almost surely. By combining (33), (35) and (34) we get (32).

For general Lévy processes {Z(t)} we know from Corollary 3 that every Lévy
process can be decomposed as Z(t) = Z¢(t) + R°(t), where Z¢(t) is a Lévy process
with finite number of jumps in any bounded interval and R¢(t) is a mean-zero square
integrable martingale with Var(R¢(t)) — 0 as ¢ — 0. Denote by (¢ the process
defined by (30) but with the Lévy process {Z¢(t)} instead of {Z(¢)}.

Suppose that n and its first derivatives are bounded by a constant K. Then

In(¢(t-) + Cy) —n(C(t-))] < KCy
thus the right hand side of (32) is finite since Z (¢ fo Jga yJz(d(y, s)) is. Moreover

(¢ (1) = n(¢*(®)* < KQ(RE(t))Q-

Thus
lim #(¢°(2)) = n(¢(®)),

in L2(P). But the equation (32) holds for (¢ and taking the limits on both sides we
get the equality (32) also for Z(t).
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A general Lévy process fulfilling the assumptions of Lemma 14 is of finite variation
thus if we define the sets Ay = {(w,w*) : {(s;w,w*) < M for all s < t}, then
Ay — (2 x Q*) as M — oo. But 7 is bounded with bounded first derivatives on
Apr and (32) holds on Apy. Thus taking limit M — oo the validity of (32) follows
for any ( satisfying the assumptions of the theorem. O

Now we are ready to derive the differential equation for the conditional mean X
of X(¢).

Theorem 15. Let ® be a doubly stochastic point process from Theorem 10 driven
by an OU type d-dimensional process X (¢) given by (13) with v > 0 and with the
Lévy process Z(t) satisfying equation (5). Suppose that the conditional intensities
A*(t,r) are left continuous in ¢ and continuous in r. Then the conditional mean X (t)
satisfies

dX(t) = —~yX(t)dt— / (E[X ()N (t,r)] = X(t_)A*(t,r)) drdt (36)
Rk

~ N e ™ ., 1 ., ~
—i—/Rk(E[X(t,))\ (t,r)] — X(t)M(t, ))X;(t,r) o(dt, dr) + dZ(yt),

Proof. Let ¢(t) = [X(¢),£(t)] be a vector process with (d 4+ 1) components.
Combining (13) and (29) we get the stochastic differential equation for ¢

d¢(t) = ( _ ka_(;f(_(t%\I) dr ) dt + < S log %;Oq)(dt» dr) ) - ( dZéVt) ) .

Fori=1,...,dlet
ni(C(t)) = Xi(t) exp(&(t)).

Then n; are continuously differentiable functions and we have

8771‘ ef(t) Z:j
% = 0 j#i,d+1

Thus we can use Lemma 14 for ¢ and each n; with

o) = (=X~ [ (=Tl
o(t,r) = {0,...,O,log;;},

e - (1),

where 1 is d X d identity matrix and 0 is 1 X d matrix of zeros. Using the equalities

ni(C(t=) + Cy) — (mi(C(t-))) = (X (£) + y)et =) — X (t)e =) = e,
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and
m(CHE) +0(tr) —mi(C(t)) = Xi(t_)eftIH8 3T _ xy (1 )ett)
= () (} - 1) ,
we obtain
aC(B) = X () [ =X drar (37)
nc(t) [ =T et dn) + [ et s (dot. dy).

Now from Lemma 13 we have X;(t) = E*(1;(¢(t))) and from Fubini’s theorem

dX;(t) = E*(dni(¢(1))).

Therefore taking expectations on both sides of (37) and writing

E” [/ yet ) Iz (dvt, dy)} =E" [65(”/ yJz(dvt, dy)] = dZ (1),
R4 R4
we obtain the equation (36). O

Corollary 16. Let ® be a spatio-temporal Cox process from Corollary 11 driven
by an OU type d-dimensional process X (¢) from the Theorem 15. Suppose that the
conditional intensities A*(¢,r) are left continuous in ¢ and continuous in 7. Then the
conditional mean X (t) satisfies equation (36).
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