Simplified single-time stochastic maximum principle
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Abstract. Many microeconomic and engineering problems can be formu-
lated as stochastic optimization problems that are modelled by It6 evo-
lution systems and by cost functionals expressed as stochastic integrals.
Our paper studies some optimization problems constrained by stochastic
evolution systems, giving original results on stochastic first integrals, ad-
joint stochastic processes and a version of simplified single-time stochastic
maximum principle. It extends to the stochastic case the work of first
author regarding the geometrical methods in optimal control, constrained
by normal ODEs. More precisely, our Lagrangians and Hamiltonians are
stochastic 1-forms. Physical and economic applications of the general re-
sults are discussed.
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1 Introduction

The objective of this paper is to study the single-time stochastic optimal control
problems by some crucial geometrical observations/intuitions. Besides mathematical
curiosity, however, there are practical motivations for imposing new point of views on
such problems.

The paper is organized as follows. Section 2 recalls some preliminaries results on
Wiener processes. In Section 3 we start from It6 product formula and a variational
stochastic differential system in order to introduce the adjoint (dual) It6 stochastic
differential system. Section 4 combines the mathematical ingredients necessary to
obtain an optimizing method by selecting a nonanticipative decision among the one
satisfying all the constraints. In Theorem 4.1 one proves that if exists an optimal con-
trol w*(-) which determines the stochastic optimal evolution z(-), then there exists an
adapted dual process p(t,w):cqo, which verifies the adjoint (dual) stochastic differ-
ential system. This result is called single-time stochastic maximum principle. Section
5 presents the optimal feedback control of a continuously monitored spin. Section
6 analyses the Ramsey and Uzawa-Lucas stochastic models using our formulation
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of stochastic maximum principle. Section 7 underlines the most important original
contributions.

A still open problem for the stochastic optimal control is the stochastic multitime
maximum principle [15]. The difficulties of this problem are involved in the definition
of the multitime stochastic It0 evolution and in accepting a payoff as a curvilinear
integral or as a multiple integral.

In this paper we formulate and prove a new single-time stochastic maximum prin-
ciple, different from the classical maximum principles existing in the stochastic lit-
erature (e.g., [2], [10]). The advantage of our theory consists in the possibility of
extending it to the multitime case. Consequently we are able to state a multitime
stochastic maximum principle associated to curvilinear integral actions or multiple
integral actions. We remark that one cannot build a multitime version starting from
the classical statements of the stochastic maximum principles.

Since the stochastic optimal evolution, the variational optimal evolution and the
adjoint optimal evolution are not generally given by explicit formulas, we show how
is possible to apply numerical simulations for solving the control stochastic problems.

2 Wiener process

Let 0,7 be fixed points in Ry and denote by Qur the closed interval 0 < ¢ < T. Let
t € Qor be the parameter of evolution or time.

Let (92, F,P) be a probability space endowed with a complete, increasing and
right-continuous filtration (a complete natural history)

{(ft)t :t e QOT} .

Such a probability space (Q, F, (]:t)tGQOT ,]P’) is called filtred probability space. Let us
denote by K1,Ks C F two arbitrary c—algebras with the property 1 C Ko, We say
that the filtration satisfies the conditional independence property if for all bounded
random variables X, all ¢ € R, we have

(2.1) E[X | Ki] =E[E[X | K2 | Ki].

This property implies that the conditional expectations with respect to Iy and Ky
commutes.
For a process = (2 (t,w)),cq, ., the increment of x on an interval (t1,t2], t1 < ta,
is given by
x ((t1,t2]) = z (t2,w) — z (t1,w).

Definition 2.1. (Martingale) Let x = (z(t,w))tcqy, be an Fi-adapted process.

1. The process x is called weak martingale if E [z ((¢,s]) (w) | Ft] =0, for allt,s €
R, such thatt < s.

2. The process x is called martingale if E [z (s,w) | Ft] = x4, for allt,s € Ry, such
that t < s.

3. The process x is called strong martingale if E[x ((¢,s]) (w) | Fi] = 0, for all
t,s € Ry, such thatt <s.
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Obviously, every strong martingale and every martingale is a weak martingale.

Definition 2.2. (Wiener process) A stochastic process (W(t,w) : t € Qor) is called
Wiener process (starting at zero) (or Brownian motion) if W(0,w) = 0 and W(t,w)
is a gaussian process with E [W(t,w)] = 0 and for t1,t3 € R, we have

E [W(t1,w) W(ts,w)] = min {t1,t2}.

Definition 2.3. The stochastic process (W(t,w) :t € Qor) is called F— Wiener
process if, in addition,
E[W(s,w) | Ft] = W(t,w),
for allt,s € Ry, such thatt < s.
A first example of martingale is the Wiener process.
Hypothesis RL Suppose that a sample function x : Qor — R is continuous from
the right and limited from the left at every point. That means, for everytq € T, t | tg,

implies x (t) — x (to) and for t T to, limyy, x (t) exists, but need not be x (to). We
use only stochastic processes x where almost all sample paths have the RL property.

3 Ito6 product formula and

adjoint stochastic systems
Let Qo7 be the closed interval 0 < ¢ < T in Ry and ¢t € Qg be the time. For any
given Euclidean space H, we denote by (-, ) (resp. |-|) the inner product (resp. norm)

of H. Let M? (Qor; H) denote the space of all F;—progressively processes z (-,w)
with values in H such that

]E/ I (¢, )| dt < oo,
Qor

Given a filtred probability space (Q, F, (ft)teRip ,IP’) satisfying the usual conditions,

on which a Wiener process W (-,w) with values in R? is defined, we consider a con-
straint as a controlled stochastic system

(3.1) z(0)=20€R", a=1,d, i=1,n,

{ dmi = ,ui (t, z¢, up) dt + O’; (t, z¢, up) AW,
where
w(z(hw),u(hw)): Qor xR* x U — R",

o(hz(w),u(,w)): Qr x R" x U — R™*4

and, for simplicity, we denote x (¢,w), respectively u (t,w), by x; and u;. Here and
in the whole paper we use Einstein summation convention. For a new viewpoint
regarding the stochastic ODE, see [3], [4]. We assume:

(H1) p, o, and f are continuous in their arguments and continuously differentiable
in (z,u);

(H2) the derivatives of p and o in (z,u) are bounded;
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(H3) the derivatives of f in (z,u) are bounded by C (1 + |z| + |u|) and the deriva-
tive of h in z is bounded by C (1 + |z]).

The process u (-, w) is called control (vector-valued) variable. We assume that
u (t,w) has values in a given closed set in R* and that u (t,w) is satisfying the
hypothesis RL. In addition we require that u (¢t,w) gives rise to a unique solution
x (t) = ™ (t) of (3.1) for t € Qor. This control is taken from the set

A= {u(-,w) | u(-,w) € M? (QOT,Rk)}.
Any u () € Ais called a feasible control.

Definition 3.1. Let (Q, F, (‘7:‘5)@& ,]P’) be given, satisfying the usual conditions and

let W (t) be a given standard (F;),cp,
u (-, w) s called admissible, and the pair (z (-,w),u(-,w)) is called admissible, if

— Wiener process with values in R?. A control

1. u(w) € A;
2. x(-,w) is the unique solution of system (3.1);

3. some additional conver constraint on the terminal state variable are satisfied,

e.g.
z(T,w) € K,

where K is a given nonempty convex subset in R™;
4. [z (w),u(w) € Ly (Qor; R™) and h (2 (T,w)) € Lx (O R).

The set of all admissible controls is denoted by Ag.q.
Taking into account hypothesis (H1)-(H3), for a given u (-,w) € Agq, there exists
a unique solution
z (-, w) € M? (Qr,R™)

of the system (3.1) (see [8] or [20]).

3.1 It6 product formula

In order to prove the single-time stochastic maximum principle using the ideas rising
from the papers [15], [14], [17], [16], we need the following auxiliary result, which is
a special case of the It6 formula ([2, Theorem 3.5.2, p. 265]). To prove this Lemma,
one uses Ité stochastic calculus rules: dWg dW?P = §%%dt, dWg dt = dt dWg = 0,
respectively dt? = 0, for any a,b = 1,d, where the Kronecker symbol §*° represents
the correlation coefficient.

Lemma 3.1. (Itd6 product formula) Suppose the processes (' (t))tEQOT and (pi (t)) ey,

are solutions of the Ité stochastic systems

{ dz'(t) = p' (t,x (t,w) ,u(t,w))dt + o' (t,z (t,w),u(t,w)) dWE,
z (0,w) =9 € R",

respectively,

{ dp; (t) = a; (t,z (t,w) ,u (t,w)) dt + giq (t, z (t,w) ,u (t,w)) AW,
p(0,w) =p” e R,
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where the coefficients in both evolutions are predictable processes. Then

d (pi (t) x* (t)) = pdx’ + xdp; + qib026abdt, 1=1,n,

where the operator d is the stochastic differential.

3.2 Adjoint stochastic system

Definition 3.2. (Variational stochastic system) Let u (-,w) be an admissible control.
Let , , ,
dry = p' (t,xe,up) dt + o, (t, x4, u) AW

be a stochastic evolution whose coefficients p* and o' are of class C' in the second

i o’ i ol
argument. Denote u; ; = 525, 0,.; =

axd — OxzI "

The linear stochastic system
(3.2) g} = (pl; (t, e, ue) dt + o'y (e, ue) AW €

is called variational stochastic system with control u (-,w).

Definition 3.3. (Adjoint stochastic system) Consider the stochastic evolution (3.2).
A linear stochastic system of the form

(3.3) dp; (t) = (a§- (t, zy,uy) dt + qli,j (t, ¢, up) de) pi(t), b=1,d, i,j=1,n

is called the adjoint (dual) stochastic system of (3.2) if the scalar product py, (t) €* (t)
is a global stochastic first integral, i.e., d(p;(t)&'(t)) = 0.

Theorem 3.2. The stochastic system
dp; (t) = [(—,u;j (t, 2, up) + 0w (8, 24, ) foj (t, x¢,up) (5ab) dt—
_Ufzxj (tv Lt, ut) tha] pi (t)
is the adjoint stochastic system with respect to the variational stochastic system (5.2).

Proof. For simplicity, we will omit w as argument of processes. Let

dfé = (,ufcj (t,z¢,uy) dt + afmj (t, 2y, up) dW“) 5?, i,7=1,n,

be the linear variational stochastic system. Denote the adjoint stochastic system by

dp; (t) = (a§» (t, oy, uy) dt + qij (t, 2, up) de) pi (), i,7=1,n.

We determine the coefficients a’ (¢, ;,u;) and qéj (t,2¢,us) such that py (t) €F (¢) be
a stochastic first integral, i.e.,

d(pr (1) €° (1)) =0,

where d is the stochastic differential. Imposing the identity,

pi () €5 (t) = p; (0)€°(0), for any t € Qor,
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or

0=d (pr ()" (1) = pi (1) & (1) (b (£, 1, ws) + af (t, w0, ) +
gLy (e, up) ollfzj (t, x4, ug) 6°P)dt + p; (t) &7 (t) (crizj (t, 2y, ur) + q,ilj (t, ¢, ut)) AW,
we obtain

a;’ (t,.’L‘t,Ut) = _M;J (t,.]?t,u,g) - q(ZJ,k (t,It, ut) Ul]jxj (t,$t7Ut) 6ab7

qzizj (t7xt>ut) = _lexj (t,:vt,ut) .

4 Optimization problems with

stochastic integral functionals
Stochastic optimal control problems have some common features: there is a constraint
diffusion system, which is described by an It6 stochastic differential system; there are
some other constraints that the decisions and/or the state are subject to; there is
a criterion that measures the performance of the decisions. The goal is to optimize

the criterion by selecting a nonanticipative decision among the ones satisfying all the
constraints.

Next, we introduce the cost functional as follows

(4.1) J(u()):E[ ftx(tw),u(t,w)dt+ T (z(T,w))|,

Qor

where the running cost 1-form f (¢, 2 (t,w),u (¢, w)) dt has the coefficient
fGz(hw,u(w) :RxR*xRF — R

and ¥ (z (,w)) : R — R. The simplest stochastic optimal control problem (under
strong formulation) can be stated as follows: Find

(4.2) max J (u(-,w)) over Agq,

constrained by

(4.3)

dai =y (t, @0, up) dt + 0% (£, @4, ug) AW,
z(0)=xz0 €R", a=1,d, i

The goal is to find u* () (if it ever exists), such that

T (" () = macc ] (u ().
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4.1 Simplified stochastic maximum principle

Let Qo be the closed interval 0 < ¢ < T, in R, and t € Q¢ be an arbitrary time
in Qor . Let (Q,F,P) be a probability space. The information structure is given
by a filtration (F3),cq, ., satisfying the usual conditions, which is generated by a F-
Wiener process with values in RY, W (-) = (Wi (-), ..., W4 (-)) and augmented by all
the P—null sets. Sometimes, for simplicity, we will omit w as argument of processes.

In order to solve the problem (4.2), with state constraints (4.3), we introduce the
stochastic Lagrange multiplier

p (t,W) S L_27_- (QQT, Rn) s

where sz (Qo7,R™) is the space of all R"—valued adapted processes such that

E/ ¢ (t,w)|? dt < 0.
Qor

To extend the methods of the first author ([15], [17]) to the stochastic control theory,
let us suppose (pt)terT as a stochastic Ito-process:
dpi (t) = a; (t, x4, u) dt + Gia (t, T4, ue) AW,

where (a; (t, 71, ut));cq,,.» Tespectively, (gia (, 1, ut)) are predictable processes

of the form (see (3.3))

teQor

Qa; (t7$ta ut) = af (t’xtvut)pj (t) 5

Gia (t,xt,Ut) = q{a (taxtvut)pj (t)v Za] = ]-anv a = ]-7d

Now, we use the Lagrangian stochastic 1—form
£ (ta T, utapt) = f (ta Tt, ut) dt+

+pi (t) [0 (8, e, u) dt + o, (¢, 24, up) AW — daf]

The adjoint process p (¢, w) is required to be (]:t)teQOT —adapted, for any t € Qor.
The contact distribution with stochastic perturbations constrained optimization
problem (4.2)-(4.3) can be changed into another free stochastic optimization problem

(4.4) max [E { Lt xe,u,pr) + V(2 (T,w)) |,
u(r,w)EAga Qor

subject to

p(t,w) € P, Vt € Qor, x(0,w) = 29 € R,

where the set P will be defined as the set of adjoint stochastic processes. The problem
(4.4) can be rewritten as

(4.5) max [E {/ [f (t, z¢, up) + pi (t,w) ' (t, ¢, ut)] dt+
u(-,w)EAqq Qor
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+ / p; (t,w) ofl (t, xe,up) AW — /
Qor Q

subject to

p(t,w) € P, Vt € Qor, 2(0,w) =29 €R", i =1,n.

pi (t,w) dmi + U (z(T, w))} ,

oT

Due to properties of stochastic integrals [12], we have

E (/ Di (t,LLJ) 0'2 (t,xt,ut) tha) =0.
Qor

Evaluating

/ pi (t,w) dxi
Qor

via stochastic integration by parts, it appears the control Hamiltonian stochastic
1—form
H (t7 Tt, Uty Pt qt) = f (t7 T, ’I,Lt) dt+

(4.6) + [pi (t) ' (t, g, ug) — p; (1) afmj (t, e, ut) ai (t, s, ur) 5‘”’} dt.

It verifies

H = Ltp; (t) dzy —pi (t) ohyy (8,20, u) of (2, up) 6°Pdt — p; (t) 0 (¢, 20, 1) AW,
(modified stochastic Legendrian duality).

Theorem 4.1. (Simplified stochastic maximum principle) We assume (H1)-(H3).
Suppose that the problem of mazimizing the functional (4.1) constrained by (4.3) over
Aqq has an interior optimal solution u* (t), which determines the stochastic optimal
evolution x (t). Let H be the Hamiltonian stochastic 1—form (4.6). Then there exists
an adapted processes (p (t,w)),cq,, (adjoint process) satisfying:

(i) the initial stochastic differential system,

4 OH . . ,
dz* (t) = s (t, e, 05, pr) + Ol (8 w0, up) 0p (62, uf) 6°Pdt + ol (, @y, up) AW

(ii) the adjoint linear stochastic differential system,

dp1 (ta W) - 7Hwi (ta T, u;fkvpt) — Dy (t) Jixi (ta T, UI) thaa
Di (T, w) = WU, (QST), 1€ m;

(#i) the critical point condition,

Huye (t,me,uf,p) =0, c=1,k.

Proof. In the whole this proof, we will omit w as argument of processes. Suppose that
there exists a continuous control u* (¢) over the admissible controls in A,4, which is
an optimum point in the previous problem. Consider a variation

u(t,e) =u*(t) +eh(t),
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where, by hypothesis, h (t) is an arbitrary continuous function. Since u* (t) € Aqq
and a continuous function over a compact set (o7 is bounded, there exists a number
gp, > 0 such that

u(t,e) =u* (t) +eh(t) € Aga, V|e| < ep.

This € is used in our variational arguments.
Now, let us define the contact distribution with stochastic perturbations, corre-
sponding to the control variable u (¢, ), i.e.,

da’ (ta 5) - :ui (ta € (t’ 5) , U (ta 5)) dt + 051 (tv x (ta 5) ) U (ta 5)) thaa

for i € 1,n, or,

P () = 0.+ [ a0 u(s) st

+/ ol (s, (s,€),u(s,e))dWe, VYt € Qop, Vi I,n
Qo

and z (0,¢) = zp € R™. For |¢| < €y, we define the function
1O =E|[ fate et me)
Qor

For any adapted process (p;) we have

teQor

/Q pi (1) [0tz (te),u(te))dt —dz' (t,e)] +

+/ pi(t) o (£ 2(t,2),ult,e) AWE =0, i = Tm,
Qor

To solve the foregoing constrained optimization problem, we transform it into a free
optimization problem ([17]). For this, we use the Lagrange stochastic 1—form which
includes the variations

L(t,x(te),u(te),p)=f(tz(te),u(te))d+
+pi (t) [0 (¢, (t,e) u(t,e))dt + o) (t,x (t,e), u(t,e)) dWy — da* (t,€)],
where i = 1,n. We have to optimize now the function

J(e):E{ . L(t,x(t,e),u(te),p)+ ¥ (x(T,e))|,

with doubt any constraints. If the control u* (¢) is optimal, then
J(e) < J(0),Y|e| < en.

Explicitly,

J(e) = IE/Q [f (t,z (t,e),u(t,e)) + p;i(t) 't (t,z (t,e),u (t,a))] dt—
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s

= U pi (t)da’ (t,2) + ¥ (2 (Te))|, i =T,
Qor
To evaluate the integral

pi (t)dz’ (t,e),
Qor

we integrate by stochastic parts, via Lemma (3.1). Taking into account that (p;)
is an It6 process, we obtain

teQor
Je)=E /Q [ (2 (8,€) v (£ €)) + pis (6) i (12 (£,) s (1, €))] -

—E [pi (t) (t,s)|OT— /Q - @' (t,e) dp; (t)} +

ax®

+E/ pj (t) o, (t,x (t,e),u(t,e))op (t,x (t,e),u(t,e)) 6% dt + E¥ (z (T,¢)),
Qor

with O'Zmi (t,z (t,e),u(t,e)) |e=0= aixi (t,2¢,uz). Then,
j(s):E{ f(t,x(t,s),u(t,a))dt}+
Qor

+E /Q e 9) w2 -
—p; (t) aiwi (t,x (t,e),u(t,e))of (t,x (t,e),u(t,e)) 6% dt+

+E [ /Q B 2t (t,e) dp; () — p; (1) @ (t,g)ﬂ +EV (2 (T, ¢)).

Differentiating with respect to e (and this is possible, because the derivative with
respect to €, for € = 0, exists in mean square; see, for example, [6] or [19]) it follows

T(&):E 0 {[fa:’“ (t,x(t,s),u(t,e))eri(t)u;k (t,x(t,e),u(t,e))f

—p; (¢) crfnizk (t,z(t,e),u(te)) 0}; (t,z(t,e),u(t,e)) §b—
—pj (t) Jizi (t,z (t,e),u(t,e))ofn (t,x(t,e),u(te)) 69 dt + dpy, (1)} xF (t,€) +

HE/ e (62 (£,€) ,u (t,2)) + pi (8) e (8,2 (£,€) ,u (t,2)) —
Qor

—p; (¢) ngiuc (t,z (t,e),u(t,e)) aé (t,z(t,e),u(te)) 5
—p; (%) ‘7211 (t,x (t,e) ,u(t,e)) opye (t,x (te),u(t,e)) 8] he(t) dt+
+EV,; (z(T,¢)) 2l (T,¢), c = 1,d.

Evaluating at ¢ = 0, we find

J(0)=E ARICAACERDESAC Pl () —
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—p; (t) Uia:ia:k (t, s, uz) op (t, T4, up) 5o

—p; () 03 (80, w0) Oy (820, up) 6°°)dt + dpy (1)} 2 (£,0) +

+EV i (1) 2k (T) +E/ [Fue (62, uy) + pi (8) prie (20, uf) —
Qor

—p; (t) 0 iue (G uy) of (2, uf) 6% —
—p; (1) 07 (8,20, 47) Ope (20, u) 0°°) B (2) dt,
where z (t) is the state variable corresponding to the optimal control u* (t).

We need J7 (0) = 0 for all h(t) = (he (¢ ))e=17- On the other hand, the functions
x¢ (¢,0) are involved in the Cauchy problem

dzt (t,0) = (uij (t, 2z (t,0),u(t,0))dt + o' _; (t, 24, uy) tha) xd (t,0)

azd

+ (e (t,2 (£,0) ,u (£,0)) dt + 0hya (t, 2, ur) AW) B (t), t € Qor, 7 (0,0) =0 € R"

and hence they depend on h (t). The functions z¢ (¢,0) are eliminated by selecting P
as the adjoint contact distribution

dpy; (t) = _[fz’“ (tvxtvut) +Di (t) /‘;k <t7xtaut) —Pj (t) iniwk (taxtvut) 0'12 (tawhut) 5ab

(4.7) —pj (t) o’ M ; (t, @, up) mek (t, x¢, up) 6‘”’] — Mk (t, 24, us) pj (1) AW,

for any Vt € Qor, with stochastic perturbations terminal value problem [13]

Pk (T) = \Ilwk (LIJT) , k = 1,77,.
The relation (4.7) shows that
ap (t,ze,us) = — for (t, 2, up) — pi (t) ,U;k (t, ze,us) +

+ |pj (t) ol i (t, 2, uy) op (t,ze, ue) + pj (t) o o) i (t @, uy) Ohon (e, ug)| 070

It follows

(48) dpk (t) = _Ha:k (t7xt7u:7pt) —Pj (t) Ok (t xt7ut) th ) k= 1 n.

and

(4.9) Hop (t,xe,ur,pe) =0, VE € Qor, forall b=1,k.

Moreover,
(4.10)

, OH . . ,
dz' (t) = s (t, @, 0y, ey ) + Ongs (E e, uf) o (8, @4, uy) 5% dt + ol (t, 3, up) AW,

i

vt € Qor,z (0) = zg, Vi =1,n.
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Remark 4.2. 1) The relations (4.8), (4.9) and (4.10) suggest Ité (stochastic Euler-
Lagrange) equations associated to the Hamiltonian stochastic 1-form H. The Ité sys-
tem (4.9) describes the critical points of the Hamiltonian stochastic 1—form H with
respect to the control variable.

2) If the control variables enter the Hamiltonian stochastic 1—form H linearly
affine, either via the objective function or the stochastic evolution or both, then the
problem is called linear stochastic optimal control problem. In this case the control
must be bounded, the coefficients of u(t) determines the switching function, and it
appear the idea of stochastic bang-bang optimal control.

Example Let ¢ € Qy; and the standard Wiener process W = (Wt)teﬂm' We
consider the following controlled system

dry = ugdt +dWy, t € Qo1, xo =29 =0, = (1) = x4, free,

with the control domain being Aqq C R. Denote by J (u(-)) = —E (me (x4 + u?) dt) .
the cost functional. This problem means to find an optimal control u* to bring the
It6 dynamical system from the origin xy at time ¢ to a terminal point x, which is
unspecified, time ¢ = 1 such as to maximize the objective functional J.

The control Hamiltonian 1—form is

H (tvxtaut,pt,(h) = (7 (xt + u?) +ptut) dt.

Since 5 o2
H H
Oy (=2us +p1) T oou?
the critical point u; = £+, for the coefficient function of dt, is a maximum point. On

the other hand, the adjoint system dp; = —g—;f + pdW; becomes dp; = —dt + p,dW;.
Also, since the point x; is unspecified, the transversality condition implies p (1) = 0.

It follows the costate p; = e~ 5 tW: (po — f(f e3=Ws ds) , the optimal control uy = &

with the corresponding evolution dxs; = %psds + dWs, s € Q1. Integrating on Qq,
we find z; = fot (e72tWr (po — [y e2~Wads)) dr + W,.

The numerical simulation can be done using the Euler method for the following
equation of evolution dz(t) = (p(t)/2)dt + dW (¢t) and the adjoint equation dp(t) =
—dt + p(t)dW (t). We obtain the orbits: (¢, p(t,w)), (¢, z(t,w)), (¢, u(t,w)).

Fig. 1 (¢, p(t,w)) Fig. 2 (t,z(t,w))

Figl(tx[t.omega]) Fig2 (t,p[t.omega)
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0.54 0.64
0.4
; - LA . 0.2
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Fig. 3 (t,u(t,w))

Fig3(t,c[t,omega])

5 Optimal feedback control of a
continuously monitored spin

The dynamics of the continuously monitored spin system is described by the SDEs [7]

dry = i(rﬂ — 7¢)sin? 0 dt + /7 (1 —17) cos 6 AW,
t

sin 9t

1
o, = (—Ut + (% — 1= 5)sin*6, cos@t) dt +/n Wi,
t

Tt

where the polar coordinates (r,0) represent the state space, the parameter 7 € [0, 1]
is the detection efficiency of the photodetectors and u; is the amplitude of the mag-
netic field applied in the y-direction. The special case 7 = 1 means perfect detector
efficiency.

Remark. Letting the initial value of r equal to 1 (rg = 1) we see that drg = 0
and hence r; = 1, Vt > 0. Hence, r = 1 is a forward invariant set of the foregoing
stochastic dynamics. Physically, this means that if the detection is perfect, a pure
state of the system will remain pure for all time.

We pose now the following optimization problem: Suppose that at time t the
state of the system is (r,0). Let ugs,s € [0,T] (T is the time at which the experiment
terminates) be a square integrable function. We define the following expected cost-

to-go ) — & { /Q ) (;u - Um,ot)) dt} :

where the expectation value is taken with respect to every possible sample path that
starts at (r,0) at time ¢. The function U is a measure of the distance of the state from
the desired target state (r,6) = (1,0). For well-posedness we require that U(1,0) =0
and U(r,0) > 0,¥(r,0) # (1,0). For example, U = 1 — rcosf. We seek the control
law v that maximizes J.

The control Hamiltonian 1—form is

1
H= (—QU% - U(rt,Qt)) dt
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2

1 1
+p1 (2(77 — 1) sin® 0; + 2yn (1— rf)rt cos? 0, + 1 "t sin® 9t> dt
Tt Tt

1 1—r? 1
+p2 (—ut + (% -n— 5) sin? 6, cos 0; + n Tzrt sin 0; cos 0; — nr—z sin 0; cos 9t> dt.
t t t

6 Ramsey and Uzawa-Lucas stochastic models

Ramsey stochastic models We suppose that an investor is able to invest his wealth
to do some products and he can get profit from this activity. Let z(¢) be the capital
of investor, a(t) the labor and ¢(t) > 0 the rate of consumption, at time t. Since
there must be some risk in the investment, the Ramsey deterministic model [11]
dx(t) = (f(x(t),a(t)) — c(t)) dt can be changed into a stochastic model

da(t) = (f(2(t), a(t)) — c(t)) dt + o(x(t))dW (1),

where W (t) is a 1-dimensional standard Wiener process and o is a C! function. For
simplicity, we introduce the following assumptions: (1) the function f is given by the
Cobb-Douglas formula f(z,a) = kz®a”, where k, a, 3 are some constants; (2) during
a relatively short period we can take a(t) = a = constant. If 5 = 1, then the stochastic
evolution is

dz(t) = (kazx®(t) — c(t)) dt + o(x(t))dW (t), (0) = .

We propose to maximize the performance function

J(c() =E (/QT et CVV“) dt + x(T)) ,

where 7 is the bond rate, and v € (0, 1) determines the relative risk aversion 1 — v of
the investor.
In this case, the control Hamiltonian stochastic 1-form is

(e arscanp) = e S di ot (has (0) = o) — (D)o (al0) .
Applying the Theorem 4.1, it follows
dz(t) = (kax®(t) — c(t)) dt + o(x(t))dW (t), (0) = x;

dp(t) = —p(t) (ozk:owc(t)o‘_1 — o (z(t))o(x(t)) — U’(ac(t))2) dt
—p(t)o’ (x(t))dW (t),

The optimal control
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fixes the optimal stochastic state evolution

—rt

d(t) = (kax“(t) e p(t)ﬁ) dt + o (z(t))dW (¢)

and the optimal stochastic costate evolution
dp(t) = —p(t) (akaz(t)*~" — 0" (z(t))o(x(t)) — o' (x(1))?) dt

—p(t)o’ ((t))dW (2).

The simulations refer to
1
o(x) = §z2; k = 0.005;a = 1000;y = 0.8;7 = 0.3; o = 0.5.

The figures 4 and 5 represent the orbits: (¢, z(t,w)) and (¢, p(t,w)), respectively.

Fig. 4 (t,z(t,w)) Fig. 5 (t,p(t,w))

Fig4(tx[t,omega]) Fig5 (1,p[tomega])

0.8
0.69

0.8 044

0.29

Uzawa-Lucas stochastic models The Uzawa-Lucas deterministic model [5]
(first published in 1965 by Uzawa [18] and reconsidered in 1988 by Lucas [9]), refers
to a two sector economy: (1) a good sector that produces consumable and gross in-
vestment in physical capital; (2) an education sector that produces human capital.
Both are subject to maunder conditions of constant returns to scale. All the variables
are also accepted as per capita quantities. Let introduce the following data: k is the
physical capital, h is a human capital, ¢ is the real per capita consumption, u is the
fraction of labor allocated to the production of physical capital, § is the elasticity of
output with respect to physical capital, p > 0 is a positive discount factor, v > 0 is
the constant technological level in the good sector, § > 0 is the constant technological
level in the education sector, n is the exogenous growth rate of labor, o~! is the con-
stant of the elasticity of intertemporal substitution, and o # 3. Given the importance
of the sustainable development process, a modern economic approach regarding the
role of human capital in economic growth in the case of the Romanian economy, using
deterministic Uzawa-Lucas model, is done in [1].

The Uzawa-Lucas deterministic problem:

c l—0 _
max J(u(-),c(:)) = /Q e Pt M dt + k(T),

u,c
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subject to
dk(t) = (vk(t) u(t)' ™ — nk(t) — c(t)) dt, k(0) = ko,
dh(t) = 6(1 — u(t))h(t)dt, h(0) = hg

can be extended to the stochastic problem:

max J(u("), () = E (/sng e Pt C(t)lljo dt + k(T ))

subject to
dk(t) = (vk(#)Pu(®)' ™7 — nk(t) — c(t)) dt + o1 (k(t))dW (t), k(0) = ko,

dh(t) = 6(1 — u(t))h(t)dt + oa(h(t))dW (£), h(0) = ho.

In this case, the control Hamiltonian stochastic 1-form is

H(t,x,coopr,q) = e 1
— g

+pe (k) u ()™ = nk(t) — c(t) — o1 (k(1)or (k(¢))) dt
+q: (0(1 —u(t)h(t)) — o5(h(t)o2(h(t))) dt
Applying the Theorem 4.1, it follows
dk(t) = (vE@)Pu(®) " Ph(t)' P —nk(t) — c(t)) dt + o1 (k(t))dW (t)
dh(t) = §(1 — u(t))h(t)dt + oo (h(t))dW (t)
dp(t) = —p(t) (v = k()" Ph(t)' 77 —n — of (k(1))o1 (k(1)) — o1 (k(1))?) dt
—p(t)oy (k(t))dW (¢)
dq(t) = —q(t) ((6(1 —u(t)) — o5 (h(t))o2(h(t)) — o5(h(t))?) dt + a5 (h(t))dW (1))
Hury = (p(0)(1 = B u(t) Ph(t)' " —q(t)sh(t)) dt =0
Hewy = (—p(t) + e 7 ¢(t)~7) dt =0.

It follows the optimal control

c*(t) = e%mp(t)%l’ u*(t) = (’Y(l —ﬂ)l)t))" k(t)

which fixes the optimal stochastic state evolution

)
(

dk(t) = <vk(t) (V“a b) Zgg) U k() e p(t);> dt + o (k(1))dW (1)

dh(t) =& <h(t) (7(16— B) SE?) ’ k(t)) dt + o (h(t))dW (1)
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and the optimal stochastic costate evolution

dp(t) = —p(t) (+7 = k() Ph(t)' 7 —n — o] (k(t))o1(k(2)) — o1 (k(2))?) dt
—p(t)o’ (k(t))dW (¢)

dq(t) = —q(t) ((6(1 — u(t)) — o3 (h(t)oa(h(t)) — o5 (A(1))?) dt + o5 (h(t))dW (¢))

The simulations refer to

o1(z) = o9(x) = z; 8 = 0.25;v = 1.05;

§ = 0.005;n = 0.01; p = 0.04; 0 = 1.5, hg = 10; ko = 0.

The figures 6, 7, 8, 9, 10 and 11 represent the orbits: (¢, k(t,w)), (¢, h(t,w)),
(¢, p(t,w)), (£, q(t;w)), (£ et w)), (tult,w)).

Fig. 6 (¢, k(t,w)) Fig. 7 (¢, h(t,w))
Fig8 (1p1[,omega]) Fig7(tx2[t,omegal)
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Fig. 8 (¢,p(t,w)) Fig. 9 (t,q(t,w))
Fig8(t.x[t.omega]) Fig9 (1,p2[t.omega])
40 7
6
30
5
4
20
3
104 y
1
0 20 40 60 80 100 0 20 40 60 80 100




172 Constantin Udrigte, Virgil Damian

Fig. 10 (¢, c(t,w)) Fig. 11 (t,u(t,w))

FiglO(t,c[t,omega]) Figll(t,uft,omega])
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7 Conclusions

Alternatively to the classical stochastic control literature (e.g., [2], [10]), we start from
a non-linear Ito differential system and we build a stochastic variational system and
also an adjoint stochastic system. Both systems (variational and adjoint) are created
considering a fixed control function. In order to prove the Theorem 4.1, regarding
the single-time simplified stochastic maximum principle, we variate the control func-
tion. Our approach is different from those existing in the classical literature. We
also apply a geometrical formalism, using the integrand 1-form, in order to offer a
way of changing the single-time problems into multitime problems (objective func-
tionals given by curvilinear integrals or multiple integrals, constrained by multitime
It6 evolution equations).
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