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Abstract. In this paper we consider inverse problem for a general class of nonlinear sto-
chastic differential equations on Hilbert spaces whose generating operators (drift, diffusion
and jump kernels) are unknown. We introduce a class of function spaces and put a suit-
able topology on such spaces and prove existence of optimal generating operators from these
spaces. We present also necessary conditions of optimality including an algorithm and its
convergence whereby one can construct the optimal generators (drift, diffusion and jump
kernel).

1. INTRODUCTION

Most of the system dynamics found in physical and engineering sciences are
developed on the basis of fundamental laws of science as currently understood
by scientists and engineers. The basic parameters that determine the dynam-
ics are often obtained from physical experiments which are not expected to
guaranty absolute accuracy thereby presenting uncertainty in the model. In
particular, in the study of biological, medical, management, economic and so-
cial sciences mathematical models are not so well developed and hence require
empirical approach and mathematical analysis to develop such models.
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Dynamic systems arising from physical and applied sciences in general, are
governed by either deterministic or stochastic ordinary or partial differential
equations, or integral equations, or combinations thereof. Given the system
dynamics, one is interested to find control policies from an admissible class to
steer the system so as to meet certain objectives subject to various state and
control constraints, see [2], [3], [6] and the references therein. These are the
so called direct problems; in other words, the system dynamics is fully known
and the primary objective is to find controls which can force the system to
reach specified goals. In contrast, the inverse problem is concerned with the
identification of the unknown system dynamics from available and possibly
noisy data(see [1], [4], [5], [7], [8], [9], [10], [11], [12]).

In reference [1], inverse problems for infinite dimensional deterministic and
stochastic systems, are considered with applications to partial differential
equations and nonlinear filtering. Reference [4] presents techniques for iden-
tification of nonlinear systems given by input-output models popular in engi-
neering sciences. In reference [12] the authors consider inverse problems for a
class of partial differential equations from mathematical physics, in particu-
lar, a nonlinear heat equation with unknown system parameters or unknown
initial or boundary data. In reference [9] the authors use the so called “collage
theorem” based on Banach fixed point theorem to solve inverse problems for
deterministic and random ordinary differential equations including mean field
equations. In reference [10] the authors introduce a statistical treatment of
inverse problems constrained by models with stochastic terms. In particular,
the authors propose a technique along with the objective (score) functionals to
determine the unknown space dependent coefficients for an elliptic partial dif-
ferential equation (governing the spatial dynamics of subsurface flows) and a
parameter inversion problem for power grid governed by ordinary differential-
algebraic equations. Also they propose and discuss in details the merits and
demerits of several alternative objective (or score) functionals. In reference
[11] the author considers a linear filtering problem (arising in communication
engineering) with an unknown linear filter for recovering signals embedded in
additive noise. The problem is formulated as a min-max problem and some
finite dimensional approximation techniques are used to treat the problem.

Recently we considered inverse problem for finite dimensional stochastic
systems [5] governed by It6 differential equations identifying the infinitesimal
generators controlling drift and diffusion only. In this paper we consider a
much more general inverse problem for infinite dimensional stochastic systems
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of the form

dx = Axdt + F(x)dt + B(x)dW (t) + [ C(z,&)q(d€ x dt),
Vs

z(0) = o, (1.1)

where the operator A is a known unbounded linear operator generating a Cop-
semigroup of bounded linear operators on a Hilbert space, while the nonlinear
operators {F, B,C} are unknown. Our objective is to identify the unknown
operators. Towards this goal we introduce the objective functional

T
J(F,B,C) = E{/O 0, 2(8))dt + D(2(T))}, (1.2)

where x = z(F, B,C)(t), t € I, is the mild solution of equation (1.1). The in-
tegrand ¢ and the function ® may also depend on available data not explicitly
shown. The problem is to find a triple (F, B,C') from a suitable topological
space of nonlinear maps or operators, to be introduced shortly, such that J
attains its minimum. The results of this paper are applicable to both finite
and infinite dimensional nonlinear stochastic differential equations including
semilinear stochastic partial differential equations. These results are also ap-
plicable to control theory to determine optimal feedback control operators.

In order to consider the problem as stated above we need certain nota-
tions and terminologies. Let {H,U} denote a pair of real separable Hilbert
spaces with H denoting the state space, U the state space of Brownian mo-
tion, and L(U, H) the space of bounded linear operators from U to H. Let
(Q, F, Fi>0, P) be a complete filtered probability space where {F;,t > 0} is
an increasing family of sub-sigma algebras of the sigma algebra JF, continuous
from the right and having limits from the left. Let {WW(¢),t > 0} be an F-
adapted U valued Brownian motion with incremental covariance operator @,
a symmetric positive nuclear operator in L(U). Let {¢;,i € N} be a complete
ortho-normal basis of U given by the eigen vectors of Q, Qe; = \;e;, with
Ai > 0 being the corresponding eigen values. Thus the Brownian motion W
can be expressed as W(t) = > (W (t),e;)e; where {(W (t),e;) = Bi(t),i € N}
is a family of mutually independent real valued Brownian motions with mean
zero and variance E(W (t),¢e;)? = EB;(t)? = t(Qe;,e;) = tA;. Since Q is nu-
clear, > (Qe;, e;) = > A\; < 0o. To consider the jump process, we let V' denote
a Polish space (complete separable metric space) and B(V') denote the Borel
algebra of subsets of V' and p(d¢ x dt) denote a random measure defined on
the sigma algebra of subsets of the set Vs x I where I = [0,7] is the time
interval and V5 =V \ By with By denoting the open ball in V' of radius § > 0
and centered at the origin. Throughout the rest of the paper it is assumed,
without further notice, that for each ¢t € I, and A C Vj, the measure process
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p(Ax[0,t)) is F; adapted. The measure p is said to be a Poisson random mea-
sure (or a counting measure) on the measurable space (Vs x I, B(Vs) x B(I))
if for each Borel set S C Vs and each time interval I' C I, the probability that
there are exactly n jumps of sizes (or with range) confined in the set S is given
by
n
Pip(s xT) =n) = TERO oy (rs)am)
where A denotes the Lebesgue measure on I and 7 (a positive measure) denotes
the Lévy (jump) measure on Vy. The term 7(.S) (the Lévy measure of the set
S) denotes the mean rate of jumps of sizes confined in the set S. The measure
7w can be chosen according to the specific needs of applications. Define the
random measure
q(S xT)=p(S xT)—m(S)AT)
with mean zero and variance 7(S)A(I"). The process q(d§ x dt) is called the
compensated Poisson random measure.

Throughout rest of the paper we assume without further notice that the ini-
tial state, the Brownian motion, and the Poisson random measure are stochas-
tically independent.

2. ADMISSIBLE CLASS OF DRIFT-DIFFUSION-JUMP TRIPLES

To consider the inverse problem as stated above it is necessary to give a
precise characterization of the admissible set of drift-diffusion-jump triples
denoted by Puq. Let {cr, K} be any pair of positive numbers and let F, g, and
B,k denote the class of functions (operators) given by

Fo Kk = {F:H—>H‘ | F(0) ||z < a and

HF(Q?l)—F(JJQ) ”HSKHxl—J}Q HH Vxl,xQEH} (2.1)
and

Box = {B :H — L(U,H)| || B(O) |l zw,m) < o and

| B(w1) — B(z2) [l cu,m< K || 21 — 22 [|g ¥V 21,22 € H} (2.2)

Clearly, these are Lipschitz maps whose values at zero vector do not exceed
the number «, and the Lipschitz coefficients do not exceed K. The larger the
parameters {c, K} are, the larger are these classes {Fq k', Bak }. Let BC(V;)
denote the space of bounded continuous real valued functions defined on the set
Vs C V,and Lo(m) = La(Vs, m) denote the class of real valued Borel measurable
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functions defined on V5 which are square integrable with respect to the Lévy
measure 7. Let (a,b) be a pair of nonnegative Borel measurable real valued
functions defined on Vj so that a,b € BC (V) N L3 (7). We introduce the class
of jump kernels C, as follows:

Cap = {C cHxVs — H continuous!
| C(z,&) = Cy, &) lu<al@) |z —yllu, Ve,ye H Vs
and [|C0.6) < H6). € €. 23)

Using the above three classes we introduce the set of admissible drift-diffusion-
jump triples given by the Cartesian product P,q = Fo,x X Ba, i X Cap. Using
the notations of Willard [13] we denote the domain space H x Vs by X, and
the range space Hy, X Lyo(U, H) X Hy, by Y where H,, is the Hilbert space H
furnished with the weak topology 7, and L,,,(U, H) is the space of bounded
linear operators L£(U, H) endowed with the weak operator topology 7y,. The
range space Y is then endowed with the product topology 7w = Tw X Two X
Tw. We consider the function space YX = F,(X,Y) which has the natural
Tychonoff product topology. Note that the set P,q is a subset of the function
space YX and it is given the topology of point wise convergence [10] denoted
by 7. For each (z,§) € X = H x V, let II, ¢ denote the projection map given
by
Me(Y™) = {(F(2), B(z),C(x,€)) | (F,B,C) € Y},
This is simply the evaluation map. We are concerned with the set given by

Hx,E(Pad) = {(F(z), B(z),C(x,%)) ’ (F,B,C) € Paa}-

It is clear that for each (z,{) € X = H x Vj, the closure of the (z,¢)-
projection of F, g denoted by I, ¢(Fo x) = Ho(Fa,x) = {F(z), F € Fox},
is a closed bounded convex subset of H and hence weakly (or 7,) compact.
Similarly, the closure of each (z,£)-projection of By ki, given by II, ¢(Ba k) =
I1,(Ba,x), is a closed bounded convex subset of £(U, H) and hence compact
in the weak operator topology (7y,). For each (z,£) € X, the closure of the
(x,&)-projection of Cqp, given by Il ¢(Cqp) = {C(x,€) : C € Cqp}, is a closed
bounded convex subset of H and hence weakly (or 7,,) compact.

Theorem 2.1. The set P,q, a subset of the function space YX, is compact in
the point wise topology Tp.

Proof. The Hilbert space H endowed with the weak topology 7, is a Hausdorff
topological space, and the space L(U, H) furnished with the weak operator
topology 7., is also a Hausdorff space. The Cartesian product of Hausdorff
spaces is Hausdorff. Thus the space Y furnished with the product topology
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Tw is Hausdorff. It follows from the preceding discussions that the set P,q is
point wise closed and that for each (x,&) € X the closure of II; ¢(Pqyq) is T
compact. Hence it follows from Willard [13, Theorem 42.3 |, that the set Pyq
is compact in point wise topology 7. O

3. EXISTENCE OF OPTIMAL DRIFT-DIFFUSION-JUMP TRIPLES

Consider the system (1.1) with (F, B, C) € P,q and the objective functional
(1.2). First, we present a result on existence, uniqueness, and regularity prop-
erties of solutions of equation (1.1). For this we introduce the following spaces
of random processes. Throughout the rest of the paper, we let I = [0,T] de-
note the closed bounded interval and By (I, H) the Banach space of H valued
bounded measurable functions endowed with the sup-norm topology. In the
study of stochastic differential equations subject to both Wiener process and
Poisson random process (or Lévy process) we expect the solution trajectories
to have discontinuities of no more than that of the first kind. In order to
include such processes we may introduce the space B2 (I, H) consisting of F-
adapted H valued random processes having finite second moments. Here we
introduce the norm topology given by

1/2
|« = sup{ (B | 2(t) 7). e 1}.
With respect to this norm topology, B% (I, H) is a Banach space.

Theorem 3.1. Consider the system (1.1) and suppose A is the infinitesimal
generator of a Cy-semigroup S(t),t > 0, on H with S(t),t > 0, being compact.
Then, for each initial state xo € Lo(Fo, H) (having finite second moment)
and each drift-diffusion-jump triple (F, B,C) € Pyq, the stochastic differential
equation (1.1) has a unique mild solution x € B2 (I, H).

Proof. The proof is fairly standard. We present a brief outline. Before we
begin we note that, for proof of existence of solution, compactness of the
semigroup S(t),t > 0, is not required. We need it for the next theorem.
Recall that by a mild solution of equation (1.1) we mean the solution of the
corresponding stochastic integral equation,

z(t) = S(t)zo+ /0 S(t—s)F(x(s))ds + /0 S(t— s)B(x(s))dW (s)

t
+/ St —s)C(x(s),&)q(dE x ds), tel. (3.1)
0 JVs
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The proof is based on Banach fixed point theorem. We present a brief outline.
Define the operator A given by

(Az)(t) = S(t)=zo +/0 S(t— s)F(x(s))ds+/0 S(t —s)B(x(s))dW(s)

—l—/t St —s)C(x(s),&)q(dE x ds), tel. (3.2)
0o Jv;s

We show that A : B¢ (I, H) — B% (I, H). Computing the expected value of
the norm square of the process (Ax)(t) and using Fubini’s theorem and the
properties of It0 integrals we obtain

t
B (A0} < AMPE | oo [ +4002> [ B | Fa(s) Iy ds
0
t
A [ B Ba(s)Q g ds (3.3)
0

2 [ 2
+4M /0 E( v | C(z(s),€) I W(df))ds, tel.

By virtue of the property (2.3) of C' € C, 3, one can readily verify that
| Icaw.o r@e < @] aema) )
5 5

+(2 [ V*(&)7(dE)). (3.4)

Vs

Using the growth and Lipschitz properties (2.1)-(2.3) of the triple (F, B,C) €
Puad, in the inequality (3.3) one can verify that

E || (Az)(t) |H< Cu(t) + Co(t) sup{E | x(s) |5, 0<s <t} (3.5)
where
Ci(t) = AME || wo |3 +8tM>(ta® +t || b |7,y +T7Q)
and
Ca(t) = 8tM* (K[t + TrQl+ || a [|7,r)), tE L.

Hence, for x € B4 (I, H), we have

sup{E || (Az)(t) |3, t €1}

< Ci(T) + Co(T) sup{E || 2(s) |[3r, 0<s<T}. (3.6)

Thus it follows from the above inequality that Az € B% (I, H) whenever z €
BZ (I, H) proving that A maps B% (I, H) to itself. Following similar steps,
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one can verify that

E || (Az)(t) = (Ay)(1) [5< B(t)/o E | a(s)—y(s) lf ds, tel, (3.7)

where R
B(t) = 4M2(tK2 +TrQ+ || a H%Q(ﬂ)), tel
Define
pi(z,y) =sup{E || z(s) —y(s) [F, 0<s<t}
and 3
B=p(T) =AM*(TK* + TrQ+ || a |I7,(x),

and denote p?(x, %) by o;(x,y) for all t € I. Using these notations in the above
inequality we find that

t
oi(A, Ay) < B /0 ou(@,y)ds, tel. (3.8)

Let A™ denote the m-fold composition of the operator A. For m = 2, it follows
from the above expression that

t t
(A2, A%) < B / os(Az, Ay)ds < 8 / 504(, y)ds
0 0

< B(t*/2)e(x,y), tel (3.9)
Repeating this iterative process m times one finds that
or(A™z, A™y) < B (t™ /ml)oy(w,y), teE,

and hence pp(A"z, A"y) < /B™(T™/m!)pr(x,y). In terms of the norm of
the Banach space B2 (I, H), this inequality is equivalent to the following in-
equality
| A"z — A"y [|pa(1,0y< Ym | @ — v | Ba,(1,1)

where v, = /B™(T™/m!). It is clear that for my € N sufficiently large,
0 < Yme < 1. Thus A™ is a contraction and hence it follows from Banach
fixed point theorem that it has a unique fixed point z° € B (I, H). This
implies that the operator A itself has z° as the unique fixed point. This
completes the outline of our proof. O

As indicated in the introduction, our objective is to solve the inverse prob-
lem. The problem is to find a drift-diffusion-jump triple (F°, B°,C°) € P4
for system (1.1) that minimizes the functional (1.2). The question of existence
of an optimal triple is crucial. Before we consider this problem, we prove the
continuity of the map (F,B,C) — x(F, B,C) representing the (mild) solu-
tion of the stochastic differential equation (1.1) corresponding to the triple
(F, B,C). We present this in the following theorem.
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Theorem 3.2. Consider the system (1.1) with the admissible set of drift-
diffusion-jump triples Pyq and suppose the assumptions of Theorem 3.1 hold.
Then the solution map (F,B,C) — x(F, B,C) is continuous with respect to
the T, topology on Puq and the norm topology on the space BS (I, H).

Proof. Let (F* B* CF) € P,q be a generalized sequence such that it converges
to (F°,B°,C°) € P,q in the 7, topology. Let 2* € B (I, H) be the mild
solution of equation (1.1) corresponding to the triple (F*, B¥, C*), and 2° €
B% (I, H) the mild solution corresponding to the triple (F'°, B, C°). We show
that ¥ —%5 2° in the Banach space BZ (I, H) as the sequence

(F*, B¥ C*) 25 (F°, B°, C?).

Clearly, the pair (z*,z°) satisfies the following stochastic integral equations

2 (t) = S(t)xo + /t S(t — s)F*(2*(s))ds + /t S(t — s)BF(z*(s))dW (s)

0 0
t
+ / S(t— )C*(ak (s), €)glde x ds), € 1, (3.10)
0 JVs

t t

z°(t) = S(t)xo + / S(t— s)F°(x°(s))ds + / S(t — s)B°(x°(s))dW (s)
0 0

—i—/ S(t—s)C°(x°(s),€&)q(d¢ x ds), tel. (3.11)
0 Jv;s

Subtracting equation (3.11) from equation (3.10) term by term we obtain the
following identity

ok (t)—a(t) = / S(t — s)[F*(a*(s)) — F*¥(a°(s))]ds
0
+ /0 S(t—s) [Fk(xo(s)) — F°(2°(s))]ds
+/0 S(t — 5)[B"(2"(s)) — B*(2°(s))]dW (s)
+ /0 S(t—s) [Bk(mo(s)) — B°(z°(s))]dW (s) (3.12)
w8 910 9,9 - H2(s), Dlatat x ds)
0o Jv;

t
T / S(t—5)[C*(2°(s), ) — C°(a°(s), E)a(de x ds), t € 1.
0 JVy

Computing the expected value of the norm square of the fifth term on the right
hand side of the above expression using the Lipschitz property of the elements
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of the set C, and the properties of the compensated Poisson random measure
q and Fubini’s theorem, we obtain

E | /0 g S(t = 8)[C* (2" (s),€) — C*(a(s), ©)la(dé x ds) |

= E/ ISt = $)[C*(z"(s),€) — C*(a(5), )] |7 m(d€)ds
0 JVs

< M2E/O g I C* (2" (s), €) — C*(2°(s). €) I3 m(d€)ds

t
<M a2, /0 B || 2(s) — 2°(s) |2 ds, te 1.

Using this estimate and computing the expected value of the norm square
of the process [z*(t) — 2°(t)] given by equation (3.12) and following similar
procedure, we obtain the following inequality

E [ () — 2°(t) %
t 2F(s) — 2°(s) |2 ds
S’Y/OEH (5) = 2°(s) |I* d
8T / E || S(t— $)[F*(@°(s)) — F*(a°())] I} ds
0
3 / E || S(t - 5)(BX(2°(s)) — Bo(a°()))Q" |20, 1) ds (3.13)

t k(.0 o0/ 0 9
+8/0 /VE | S(t - 8)[CH(a°(s),€) = C°(a°(s), 6] I3 w(d€)ds, ¢ € 1,

where v = 8M2[K*(1+TrQ)+ || a H%Z(W)]. Define

el(t) = 8T/0 E || S(t—s)[F*(°(s)) — F°(z°(s))] |3 ds, t€ I, (3.14)

(1) = 8 /0 E || S(t - 5)[BX(2°(s)) — Bo@*())]QY? |2 01, d

= 8/0 D AE || S(t—s)[B"(a%(s)) = B°(x°(s)e |3 ds, t €1, (3.15)

) =8 [ [ BJIS(-9)(C"w(s).9) - C°a(s).) I w(d)ds, te 1.
v (3.16)
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and

() = E || () —2°@) |4, tel, (3.17)
Ft)y=eft)+ebt) +e5t), tel (3.18)

Using the expressions (3.17) and (3.18) in the inequality (3.13) we obtain the
following inequality

o (1) < ’y/t " (s)ds +eF(t), tel. (3.19)
0

It follows from Gronwall inequality applied to the expression (3.19) that
t
OF(t) < eF(t) + ’y/ {expy(t — s)}ef(s)ds, tel. (3.20)
0

Considering the expression (3.14), and recalling that F*¥ ™ F° point wise
in H and the semigroup S(t),t > 0, is compact, it is easy to verify that the
integrand (within the norm symbol) of the expression for ef(t) converges to
zero strongly in H for almost all s € [0,¢), P-almost surely and for every
t € I. Further, using the growth and Lipschitz properties of the elements of
the set F, i, one can verify that the H-norm of the integrand is dominated
by an integrable random process. Thus it follows from Lebesgue dominated
convergence theorem that e¥(t) converges to zero for each t € I. Considering
the expression (3.15) for €5(t), we note that B*¥ ™% B° (in the weak operator
topology of L(U, H)) point wise, and the semigroup S(t),¢ > 0, is compact.
Thus each component of the integrand within the norm symbol for the process
ek(t) converges strongly to zero in H for almost all s € [0,¢) P-a.s and each
t € I. Recall that the operator Q(€ L(U)) is positive nuclear and hence the
sum »_ \; < oo. Further, note that all of the components of the integrand
are dominated by a single integrable random process and thus, by dominated
convergence theorem, the integral of the sum converges to zero for each t € I.

Hence, ek(t) — 0 for each ¢ € I. Considering the third component e%(t) for

any t € I, we recall that C* =% C° in H point wise on X. Thus again, by
virtue of compactness of the semigroup, we conclude that the norm of the
integrand converges strongly in H. Since z° € B2 (I, H) it follows from the
properties (i) and (ii) of the set C, 5 that the integrand is dominated by a square
integrable random process. Hence, again by dominated convergence theorem,
it follows from the expression (3.16) that ef(t) — 0 for each ¢ € I. Since
ek (t), given by the expression (3.18), is uniformly bounded on I and converges
to zero for each t € I, it follows from Lebesgue bounded convergence theorem
that the integral in the expression (3.20) converges to zero. Thus it follows
from the inequality (3.20) that ¢*(¢) — 0 uniformly on I. This proves the
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continuity of the map (F, B,C) — z(F, B,C) from P,q to B% (I, H) in their
respective topologies. This completes the proof. O

Remark 3.3. For proof of convergence in the strong (norm) topology, we
have used in the above theorem the compactness property of the semigroup
S(t) for t > 0. This is easily verified by following the same technique as seen
in [3, Theorem 4.4, p.3180]. Since similar technique applies to {e¥, ek} also,
we demonstrate this for the component {e5} only. For any ¢ € (0,7] and for
any 0 < € < t, we rewrite the expression (3.16) as follows:

e5(t) = 8/ E || S(t —)[C*(a°(5),€) — C°(a(5), )] |3 w(d€)ds
[0,t]x Vs

= 8/ E|[S(e){S(t — e = 5)[CM(a%(5),€) — C°(2°(s), )1 }|[F;m(d€)ds

[0,t—e]x V5

+8/t_5 AéE HS(t—s)[ck’(gw(s)’5)_00(1}0(8)’5)] H]zq W(d{)ds, tel

Since C* 1% C° in H point wise, the term within the curly bracket converges
to zero weakly in H for almost all s € I, P-a.s and the operator S(¢) is compact,
it follows from the arguments given in the proof that the first integral on the
righthand side converges to zero as k — oo. Using the growth properties of
Cap and recalling that 2° € B% (I, H), one can easily verify that the second
term satisfies the following inequality,

t
k(.0 ol o )
SL%&E”““”W“x®é%fwx@@mmmﬁms

SMM%Mﬁmwwwamfmwaa

Thus our conclusion stating that elg(t) converges to zero point wise on [ is
verified.

Now we are prepared to prove existence of optimal drift-diffusion-jump
triple.

Theorem 3.4. Consider the system (1.1) with the objective functional (1.2)
and admissible set of drift-diffusion-jump triples P,q. Suppose the assumptions
of Theorem 3.2 hold and that £ is a real valued Borel measurable function on
I x H and lower semi-continuous in the second variable, and ® is also a Borel
measurable real valued function and lower semi-continuous on H satisfying the
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following growth properties:
[(t, )| < an(t) +az || @ |, (3.21)
[@(2)] < az +aq ||z | (3.22)

for an € LT(I), and az,a3,as > 0. Then there exists an optimal triple
(F°,B°,C°) € Paq that minimizes the cost functional (1.2).

Proof. Since the set P,q is compact in the point wise topology, it suffices to
show that J is lower semicontinuous in this topology. Let (F*, B*, CF) € Puq
be a generalized sequence converging to (F°, B°, C°) € P,y in the point wise
topology. Let (z* 2°) € B2 (I, H) denote the corresponding mild solutions of
equation (1.1). Tt follows from the continuity Theorem 3.2 that zF — 2° in
BZ (I, H). Since { is lower semicontinuous in the state variable it is clear that
0(t,z°(t)) < lim €(t, z%(t)) for aet € I, P —a.s. (3.23)
k—o0
The elements of P,q have at most linear growth and therefore the solutions
{(z*,2°)} are contained in a bounded subset of B% (I, H). Thus it follows
from the growth property of ¢ as described by the inequality (3.21), that
((t,z*(t)),t € I, is dominated from bellow by an integrable random process.
Hence by virtue of generalized Fatou’s Lemma we conclude that

T T T
o . k . k
E/o L(t,x(t))dt < E/o lim #(¢,2"(t))dt < lim E/o 0(t, x"(t))dt.

k—o00 k—o00

(3.24)

Since P is also lower semicontinuous on H and has the growth property (3.22),
it follows from similar argument that
E®(2"(T)) < E lim &(*(T)) < lim ED(*(T)). (3.25)

k—o00 k—o0

Sum of lower semi continuous functionals is lower semi continuous. Thus by
adding (3.24) and (3.25) we obtain

J(F°,B°,C°) < lim J(F* B C*)
k—o00
proving lower semicontinuity of J on P,4 in the point wise topology 7;,. Hence
it follows from compactness of the set P,q4 that J attains its minimum on P,q.
This completes the proof of existence of an optimal drift-diffusion-jump triple
as stated. O

Remark 3.5. The results presented above also hold for drift-diffusion-jump
triples which are functions of both time and space {F(t, z), B(t,x),C(t,z,&)}
under the assumption that the family of functions {F, i, Ba,Kk,Cap} satisfy
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the properties (2.1),(2.2) and (2.3) and that they are also uniformly Holder
continuous exponent 0 < 6 < lint € [.

4. NECESSARY CONDITIONS OF OPTIMALITY

In this section we present the necessary conditions of optimality character-
izing the optimal drift-diffusion-jump triple whereby one can determine the
optimal triple from the admissible class P,q and hence construct the stochas-
tic dynamic model. We recall that BS (I, H) C L% (I, Ly(S2, H)) denotes the
space of Fi-adapted Lo(€2, H) valued norm bounded measurable processes de-
fined on I. Similarly, B% (I,L(U,H)) C L% (I,L2(92, L(U, H))) denotes the
space of Fi-adapted Lo(Q, L(U, H)) valued norm bounded measurable pro-
cesses on I. For convenience of notation we use {DF, DB, DC} to denote
respectively the Gateaux differentials (directional derivatives) of {F, B,C} in
the state variable x € H. Throughout the rest of the paper we assume that the
initial state xg, the Wiener process W, and the compensated Poisson random
measure ¢ are mutually stochastically independent.

Theorem 4.1. Consider the system given by equation (1.1) with (F,B,C) €
Paa and the cost functional given by (1.2). Suppose the assumptions of The-
orem 3.4 hold and that the elements of Puq are once continuously Gateaux
differentiable in the state wvariable with the derivatives uniformly bounded.
Then, in order for the triple (F°, B°, C°) € Puq with the corresponding so-
lution x° € B% (I, H) to be optimal, it is necessary that there exists a triple
(Y, ZE,9) € BL(I,H)x L% (I, L(U,H))x L (I xV, H) satisfying the inequality
(4.1) and the stochastic adjoint and state differential equations (4.2)-(4.3) as
presented below:

E/z < F(°) = FO(@®), > dt + E/ITT[(B(:C") - B°(2%)) Q =*)dt

+ E/I/VE < C(°,€) — C°(2°,€), 0 >p w(dE)dt > 0
>0,V (F.B,C) € Py, (A1)

where Z(t) = —DB°(x°(t); (1)) and ¢(t,£) = —(DC°(2°(t),§)) ¥(t), (t,€) €
Ix Vs, with {DB°, DC°} denoting the Gateauz derivatives of { B°, C°} with re-
spect to the state variable evaluated at x°. The function v denotes the solution
of the following adjoint equation,
—dip = A*pdt + (DF°(z°(t))) dt + Vi (x(t))pdt + Vo(z°(t))wdt
+ Ly (t, 2°(t))dt+DB°(x°(t); ¥ (t))dW

" / (DC?(2°, £))*wq(dé x dt) (4.2)
Vs
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fort e I, Y(T) = ®,(x°(T)), where Vi(x°(t)), t € I, is a non-positive sym-
metric L(H) (bounded linear operators in H ) valued random process following
from the bilinear form

—Tr(DB°(2%y)Q(DB (2% ¢))") =< Va(z°)y, ¥ >;

and Va(z°(t)), t € 1, is another non-positive symmetric L(H) valued random
process given by the bilinear form

- [ < DCa” €y (D7, )1 >=< Vala (). v >
3
with x° € B (I, H) being the solution of the sate equation

dz® = Ax°dt + F°(x°)dt + B°(z°)dW + [ C°(x°,£)q(d€ x dt) (4.3)
Vs

fort eI, z°(0) = x.

Proof. Let (F°,B°,C°) € Py be the optimal drift-diffusion-jump triple with
the corresponding (mild) solution of equation (1.1) denoted by z° € B% (I, H).
Let (F,B,C) € P,q be an arbitrary element and ¢ € [0, 1]. Define the triple
(F©, B¢, C*) as follows

F® = FO+4e(F—F°), B° = B°+&(B—B°), C° = C°+&(C—C°), € € [0,1].

It follows from convexity of the set P,y that (F'¢, B5,C¢) € Puq, and by virtue
of optimality of the triple (F°, B°, C°), we have

J(F¢,B°,C°) > J(F°,B°,C°), Veel01]. (4.4)

Let z¢ € B2 (I, H) denote the (mild) solution of equation (1.1) correspond-
ing to the triple (F*¢, B¢, C*). Clearly, the processes {x°, 2°} satisfy respectively
the following stochastic integral equations,

2°() = S(t x0+/ S(t— $)F(x ())ds+/0 S(t— 5) B (2 ())dW (s)

/ [ (=510, atag x s, e (4.5)

x°(t) = S(t)zo + /0 S(t—s)F°(x°(s))ds + /0 S(t —s)B°(z°(s))dW (s)
+/ S(t—s)C°x°(s),£)q(d¢ x ds), tel (4.6)
0 Jvs

and they are elements of B2 (I, H). Clearly (F*, B%,C*) BN (F°,B°,C°) and
hence it follows from Theorem 3.2 that 2° —>» 2° in B% (I, H). As justified
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below, the process y given by the following limit
y(t) =lim(1/e)(@*(t) — 2°(t)), teT,

exists and belongs to B (I, H). Subtracting equation (4.6) from equation (4.5)
term by term and dividing by ¢ and letting € | 0 one can easily verify that y
satisfies the following stochastic integral equation,

y(t) = /0 S(t — 5)DF°(2°(s))y(s)ds

+ / S(t — s)[F(z°(s)) — F°(2°(s))]ds
0

+ / S(t — 5)DB(a%(s); y(5))dWV ()
0

+ / S(t —s)[B(x°(s)) — B°(z°(s))]dW (s) (4.7)
0

+ [ st -9peo(s), Oushds x ds)
0 Jv;

+ / S(t — 8)[C(x%(5),€) — C°(a%(s),E)|q(de x ds), te T,
0 Jvs

where for any x,z € H, DF°(x)z denotes the Gateaux differential of F*
evaluated at = in the direction z with DF°(x) € L(H), and DB°(x;z) de-
notes the Gateaux differential of B® evaluated at x in the direction z with
DB°(z,-) € L(H,L(U, H)), and similarly, for any £ € Vs, DC°(z,£))z denotes
the Gateaux differential of C° evaluated at x € H in the direction z € H
with DC°(x,&) € L(H). By assumption these Gateaux derivatives are uni-
formly bounded in = € H. It follows from the integral equation (4.7) that y is
the mild solution (if one exists) of the following linear stochastic differential
equation on H,

dy = Aydt + DF°(x°(t))y(t)dt + DB°(x°(t); y(t))dW (t)

+ [ DCO(a°(t),€))y(t)q(dE x dt) + dM[PC,
Vs

y(0) =0, tel, (4.8)

driven by the (semimartingale) process M B¢ = {MtF’B’C,t € I} which is
given by

M = [P(a°(1)) — FO(a°(1))]dt + [B(a®(t)) — B°(«°(1))]dW (1)
+ /v [C(2°(t), &) — C°(2°(t), &)]q(dE x dt), tel. (4.9)
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Let SM 4 denote the Hilbert space of norm square integrable H valued F;-
adapted semi martingales {M;,t > 0} starting from the origin, that is My = 0.
Since (F, B,C),(F°,B°,C°) € P,q and z° € B% (I, H), it is straightforward
to verify that the drift (vector) [F(z°(-)) — F°(x°(-))], the diffusion (operator)
[B(2°(")) — B*(2°(-))], and the jump kernel [C(z°(-),£)) — C°(z°(-), €)], € € Vi,
are norm square integrable Fj-adapted random processes. Hence MFB.C ¢
S M and therefore, as a special case, it follows from Theorem 3.1 that equation
(4.8) has a unique mild solution y € B% (I, H). Thus MPBC — 4 is a
bounded linear map, denoted by T, from the Hilbert space SM s to the Banach
space B (I, H) and hence continuous. We denote this by y = T(MFEC),
Using the inequality (4.4) and dividing the following expression,

J(F®,B5,C%) — J(F°,B°,C°) >0, Ve € [0,1],

by € and letting ¢ | 0 we obtain the Gateaux differential of J at (F°, B®,C°) €
Pq in the direction (F—F°, B—B°, C —(°) satisfying the following inequality,

dJ((F°, B°,C°),(F — F°, B — B°,C — C°))

T
_ E{ /0 < La(t,2°(1)), () >ur dt+ < Bo(2°(T)), y(T) >H} >0
for all (F, B,C) € Pyq. (4.10)

For notational convenience, we introduce the following linear functional:

T
L(y) = E{/O < Lp(t,2°()), y(t) >p di+ < Dy (2°(T)), y(T) >H}. (4.11)

Since ly(-,2°(-)) € LNI, Ly(Q, H)), y € B (I, H) C L (I, Ly(, H)), and
O, (2z°(T)) € La(Q, Fr, H) and y(T') € L2(Q, Fr, H), we conclude that y —
L(y) is a continuous linear functional on B2 (I, H). Hence it follows from the
above analysis that the functional L, given by the composition map

MEPBC sy L(y) = (Lo T)(MFBC) = L(MFBO), (4.12)
is a continuous linear functional on the Hilbert space of semi martingales SM .
Thus it follows from representation of Hilbert space valued semimartingales
and Riesz representation theorem for Hilbert spaces that there exists a triple

(0., 0} € LYUI, Lo (2, H)) x L3I, Lo (2, L(U, H))) x L3(I, La(r, Lo (2, H)))

such that
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R T
L(MEBCY = E/o < F(x°(s)) — F°(2°(s)), ¥ (s) > ds
T
+ E/O Tr{(B(z°(s)) — B°(z°(s)))Q="(s) }ds (4.13)

T
+E/0 K/é < C(x0(3)7£) _ Co(xo(s)’g),(p(&g) - W(dé’)ds

Hence, it follows from (4.10),(4.11),(4.12) and (4.13)that
dJ((F°,B°,C°);(F—-F°,B—B°,C—-C")

T
_E / < F(2°(s)) — F*(a°(s)),(s) > ds
0
T
L E /0 Tr((B(a(s)) — B°(2°(s))) Q =*(s)]ds (4.14)

T
+ E/(; \/Vé < C([BO<3>75) - Co(mo(S),f),gp(s,é') > ﬂ-(dg)ds
>0

for all (F,B,C) € P,q. This proves the necessary condition (4.1). We show
that the triple (¢, 2, ¢) is given by the solution of the adjoint equation (4.2).
Since y € B (I,H) C L§(1,L2(Q, H)) and ¢ € L§(I, L2(S2, H)), the scalar
product <y, > is well defined for almost all ¢ € I, P — a.s. Computing the
Ito differential of this scalar product we have

d <y, >=<dy,y >+ <y, dp >+ << dy,dy >>, (4.15)

where the third component on the right hand side of the above equation de-
notes the quadratic variation term. Using the stochastic variational equation
(4.8) in the first term on the right hand side of the above expression we obtain
<dy, Y >+ <y, dy >
=< Aydt + DF°(x°)ydt + DB°(z°;y)dW, ¢ >
+< [ DC°(a° &)yq(dE x dt), ¢ >
Vs
+ <dMPPC Y > 4+ <y dy >
=<y,dy + A*pdt + (DF°(z°))*dt + DB (z°;¢)dW >

+ < y/v (DC°(x°,€))*q(dé x dt) > + < o, dMFBC > | (4.16)

In order to consider the quadratic variation term in equation (4.15), let us
note that the variational equation for y given by (4.8)-(4.9) contains (the sum
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of) four martingale terms as follows,
DB°(z°%y)dW + [B(z°) — B°(x°)]dW
+ [ PO uatae x i) + | (07,6~ Ca”, lalde x ).

Vs

In contrast, it is clear from the expression (4.16) that the equation for
contains at most the sum of two martingale terms given by

DB )AW — | (DC°(a”,€))"ba(de x ).

Hence the quadratic variation term is given by
<< dy,dp >>=<< dy,dp >>1 + << dy, di) >>
where the first term corresponds to the Wiener martingale and the second

term corresponds to the martingale generated by the Lévy (poisson) jump
process. Integrating the first term of the quadratic variation we obtain,

E/I << dy,dip >>
_ E / << DB%(a°y)dW + [B(a°) — B°(«°)|dW, DB°(2°, {)dW >>
I
— B [ (DB ) QDB (" )}
~B [ TH{(BG) - B QDB ) Yt (117)

- E/f{< y, Vi(@*)$ > =Tr{[B(2°) — B*(z*)|Q[DB"(2% v)]"} }dt.

Note that Vi(z°(t)), t € I, is a non-positive symmetric £(H) valued es-
sentially norm bounded random process following from the first component
of the above quadratic variation. Similarly, integrating the second quadratic
variation we obtain,

E/1 << dy,dy >>9
—-E [ [ < DO . (D07, > m(de)i
I JVy

_ E/[/V5 < C(xo,é') _ CO($O,§)7 (DCO(.%'O7£))*¢ S ﬂ(dé’)dt
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—E / <y, Vol () > dt
I
B / / < O(°,6) — C°a°,€), (DC°(2°, )" > n(de)dr,  (4.18)
1JVs

where V5(2°(t)), t € I, is a non-positive symmetric L£(H) valued essentially
norm bounded random process following from the first component of the above
quadratic variation term. Integrating the expression (4.15) and substituting
the expressions (4.16), (4.17) and (4.18) we arrive at the following expression

E /I d<yp>

—E /1 <y, {di + A*pdt + (DF*(2°)"ddt + [Vi(®) + Va(a®(8)]dt} >
+E/I < y,{DBO(mO;z/J)dW+/V5(DC’°(:U°,§))*¢q(d§,dt)} >
+E /I {< 4, dM*BC > —Tr{[B(2°) — B°(2°)|Q(DB°(2%))*}dt}
~E /I /V < C(2°,€) — C°(2°,€), (DC°(22,€))* > m(dE)dt. (4.19)

Then setting
) + A*pdt + (DF*(2%)) bdt + [Vi (%) + Va(z°)]wdt
DB + [ (DO, €)"bald, )
= ly(t,a°)dt, tel, (4.20)

in the expression (4.19) we obtain
E[d
/I <y, >
— _E gw 7 o 7 a,b,c
/I<y, (ta;)dt>+E/I<de >
~B [ TH{{B") - B QDB ) Yt
- E// < C(x°,&) — C%x°,€), (DC°(x°,£))* > w(dE)dt.  (4.21)
1 JVs

Next, using the identity (4.9) (characterizing the semi martingale M5 in
the above expression and integrating we obtain



Identification of drift-diffusion-jump operators for stochastic systems 833
T
E<y(D).6(1) > +B [ <ylt). Llt.a?(t) > di
0

T
_ E/O {< 0, [F(2°) — F°(2°)] >
— Tr([B(a:o) — B%(z%)]Q[DB°(x°; w)]*)

- [ <lew.o - o9l (DCn, 9y v > w(do}dt
’ T
+ E/O < ¥, [B(a°(t)) — BY(@°())]dW (1) >

T
+ E/O /Vé <1, [C(2°,€) — C°(a°,€)] > q(de x dt). (4.22)

Using stopping time argument one can verify that the last two stochastic
integrals in equation (4.22) vanish. Hence, for ¢/(T') = ®,(2°(T")), the identity
(4.22) reduces to the following one,

E < y(T)7(I);p(xO(T)) > +E /T < ?J(t),&;(t,xo(t)) S dt
0
T
= E/O {< 1, [F(xo) — F0<q;0)] > —Tr([B(xO) _ BO(CL'O)]Q[DBO((EO;w)]*)

—/V <[C(2?,8) = C%(2,¢)], (DC(2°,€)) Y] > ﬂ(df)}dt- (4.23)

Taking
=(t) = —DB(@°(t): v(t)), ¢ € I,
p(t,§) = —(DC°(2°(t), §))", (t,§) € I x V5,

and using this in the above expression, it is easy to see that the right hand
member equals L(MPPC) as seen in equation (4.13), while the left hand
member equals L(y) as seen in the expression (4.11), thereby satisfying the
required identity (4.12). As seen above in the expression (4.14), this gives
the necessary condition (4.1). Thus equation (4.20) with the terminal condi-
tion ¢(T) = ®,(x°(T)) is a necessary condition. Hence equation (4.2), being
identical to equation (4.20) with the terminal condition as stated above, is
a necessary condition giving the adjoint equation. Necessary condition (4.3)
needs no proof since it is the system equation (1.1) corresponding to the op-
timal drift-diffusion-jump triple (F°, B®,C°) with 2° being the corresponding
solution. This proves all the necessary conditions of optimality. O

Remark 4.2. Let us note that Remark 3.5 also holds for the necessary con-
ditions of optimality given by the above theorem.
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5. CONVERGENCE OF NUMERICAL ALGORITHM

Here we present an algorithm whereby one can construct the optimal drift-
diffusion-jump triple.

Proposition 5.1. Suppose the assumptions of Theorem 4.1 hold. Then there
exists (and one can construct) a sequence {(F*, B¥ C*)} € Puq along which
the corresponding sequence of values of the cost functional {J(F*, B¥,C*)}
converges monotonically to a (possibly) local minimum.

Proof. We will divide the proof into five steps.

(Step 1): Choose a triple (F!, B!,C!) € P,4 and consider the system equa-
tion (4.3) with (F°, B°,C°) replaced by the triple (F!, B!,C') and let a'
denote the corresponding solution.

(Step 2): Use the quadruple (F!, B, C!, 1) in place of (F°, B°,C° 2°) in
the adjoint equation (4.2) with Vi (z'(¢)) and Va(x!(t)) given by

< Va(a'(t)m, e >
= _TT{DBI(‘/El?nl)Q(DBl(xIa772))*}7 for N, 12 € H7 le I7

< Va(a' (t))n1,m2 >

= —/ < DCl(azl,ﬁ)m, (DCl(xl,f))*ng > w(d€), for m,me € H, tel,
Vs

and solve this adjoint equation for '. Then define

2(t) = 2(t) = —DB (21 (t); 1 (1)), t € I,

p(t,€) = @' (t,6) = —(DC (' (1),£)) ¥ (¢), (t,€) € I x V.
This step yields the septuple (F*!, BY, O,z ! 21, o).

(Step 3): At this step, replace the septuple (F'°, B®, C°, x°,1° Z° ¢©°) by the
septuple (F!, BY, O,z ! Z1 ¢!) in the inequality (4.1) giving

T
E/‘<ﬂf@wﬁwfwxww>w
0
T
+ E/0 Tr{(B(a:l(t)) — Bl(xl(t)))QEl(t)*}dt

+E/ < [CEME),6) — CMa (1), )], o (¢ )m(de)dt
IXV5
>0, V (F,B,C) € Poa. (5.1)

If this inequality holds then the septuple (F!, B!, C! a! ¢! =t pl) is opti-
mal. Since an arbitrary choice of the triple (F'', B!, C?) is not expected to be
optimal we must ignore this and proceed to the next step.
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(Step 4): Here we choose a new triple (F2, B2, C?) as follows
FP=F!'—eyp!, B2 =B!' —e2!,C% = C' — ey, (5.2)

where ¢ > 0 is chosen sufficiently small so that (F?, B2, C?) € P,q. Then the
Gateaux differential of the cost functional J evaluated at (F', BY,C') in the
direction — (¢!, =1, ') with step size € > 0 is given by

T
dﬂwﬁwxmfdw£2¢»=fE/|WMwPﬁ
OT
_E /0 Tr(E (H)Q(E (1)) dt
—aﬂwnwwa@M%w.ww

For notational convenience, let us define
T T
G =B [ 00 B [ TrE OQE ©) )
0 0
vB [ 1600 I nldeyi 5.9
IXV§

Using Lagrange formula and the expressions (5.3) and (5.4), the cost functional
evaluated at (F2, B2, C?) can be written as follows:

J(F?, B* C*) = J(F',B",C") = eG(y", E", ") + o(e). (5.5)
It is clear from the above expression that for ¢ > 0 sufficiently small

J(F', BY,C") > J(F? B? C?).

(Step 5): Returning to (stepl) with the triple (£, B2, C?) and repeating the
process, one generates the sequence {(F*, B¥ C*)};~; and the corresponding

sequence of values of .J given by {J(F*, B*,C*)} >1 that satisfies the following
train of inequalities,

J(F', B, cY) > J(F? B? C?

> J(Fk,Bk,Ck) > J(Fk+1,Bk+1,Ck+1) o

Further, it follows from the assumptions of Theorem 3.4, in particular
(3.21)-(3.22), and the growth properties (2.1)-(2.3) that

inf{J(F,B,C),(F,B,C) € Py} > —oc.
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Thus the sequence {J(F*, B¥ C¥)};>1 is a monotone decreasing sequence
bounded away from —oo and hence it converges possibly to a local minimum.
This completes the proof. O

Remark 5.2. It is interesting note that the admissible set P,q can be eas-
ily expanded by increasing any of the parameters {a, K} and the functions
{a,b € Lj(m)}. For example, if {a < & K < K} and {a < a,b < b €
L3 (m) point wise 7 — a.e on Vs}, then Poq C P, Hence we expect the fol-
lowing inequality to hold,

inf{J(F,B,C),(F,B,C) € Pu} < inf{J(F,B,C),(F,B,C) € Pag},
thereby increasing the possibility of further improvement if desired.

Open Problem: It would be interesting to extend the results of this paper
to general Banach spaces.
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