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SOME AVERAGING AND STABILITY RESULTS
FOR RANDOM DIFFERENTIAL EQUATIONS*

STUART GEMANY

Abstract. This paper concerns differential equations which contain strongly mixing random processes
(processes for which the “‘past” and the “future” are asymptotically independent). When the ‘‘rate’ of mixing
is rapid relative to the rate of change of the solution process, information about the behavior of the solution is
obtained. Roughly, the results fall into three categories:

1. Quite generally, the solution process is well approximated by a deterministic trajectory, over a finite
time interval. 2. For more restricted systems, this approximation extends to the infinite interval [0, ). 3.
Conditions for the asymptotic stability of X = Ax, where A is an n X n matrix-valued random process, are
obtained.

1. Introduction. We are concerned with approximate solutions for a class of
ordinary stochastic differential equations. These equations involve continuous and
strongly mixing processes (stochastic processes for which the ““past” and the ‘“future”
are asymptotically independent). The idea is to average (take the expected value of) the
right hand side of the stochastic equation, and ask when does the solution of the
resulting deterministic equation accurately describe the behavior of the original system.
Roughly, the more rapid the mixing the more appropriate the approximation.

In the general, nonlinear case, we will establish conditions under which the random
solution ‘“‘stays close,” in a probabilistic sense, to the associated deterministic solution.
In the linear homogeneous case, we will explore the relation between asymptotic
stability in the averaged equation, and asymptotic stability in the random equation:
specifically, when does the first imply the second?

Loosely speaking, let ¢ (¢, w) be a continuous and mixing (though not necessarily
stationary) R™-valued random process, where w is a sample point in a probability
space. For every £ >0, ¢(t/¢, w) is also a mixing process, and, as ¢ - 0, the mixing rate
of ¢(t/e, w) becomes arbitrarily rapid. Let H: R*XR™ X R' - R", and, for each x, ¢,
and ¢ >0, define

G.(x,t)= E[H(x, ¢(t/¢, w), t)]a

the expected value of H(x, ¢(t/e, w), t). Consider the following random differential
equation, together with its associated ‘‘averaged equation”:

X (t w)=H((x:(t, w), (t/e, w), 1), x.(0,w)=x0€R",
)}e(t)= Ge(Ye(t)’ t)’ YS(O)"‘:X().

We are interested in results such as

(1.1)

(1.2) lim P{ sup [x.()=y.()|>n}=0,
>0 e[0,T]
for some T>0 and all n >0, and
lim sup E|x. (t)— y. (¢)>=0.
>0 =0
The following problem is closely related. For fixed w, let H (x, w, t) map R" X R !
into R". Assume that for each x, H(x, w, t) is a mixing process, and for each x and ¢
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RANDOM DIFFERENTIAL EQUATIONS 87

define G(x, t)= E[H (x, o, t)]. Consider the random equation
X (b w)=eH(x.(t, 0), 0, 1),  x:(0,w)=xo,

with its averaged equation

ye(t)=£G(YS(t)’ t)7 ys(O)sz-

We wish to approximate x. (¢, w) by y.(¢), for small ¢. The change of variables t > t/¢
makes the connection to the previous problem:

X (t, w)=H(x.(t, w), w, t/€), x.(0, )= x,,
ys(t)=G(ye(t)’ t/b‘), Ys(0)=xo,

and as £ >0, H(x, w, t/¢) becomes an increasingly rapid mixing process.
Both problems will be treated together, and in slightly greater generality, by
considering systems of the form

X (tw)=F(x.(t,w), o, t, t/e),  x.(0, w)=xo,

1.3)
YS(t)=Ge(YE(t)9 t)7 y€(0)=x0,

where

(Q, #, P) is a probability space,
F:R"XQXR'XR'>R",

for fixed x and ¢, F(x, w, t, 7) is a mixing process, and
G.(x,t)=E[F(x, w, t, t/¢)].

With regards to stability, we will treat
(1.4) X(t,w)=A(, 0)x(t, w)

(where A is an n Xn matrix-valued process), giving conditions on A under which
asymptotic stability of

y(0)=E[A@D)]y ()

implies asymptotic stability for (1.4) (L* and almost sure).

Systems similar to (1.3) have already been studied by several authors (cf. Khas-
minskii [9], [10], Cogburn and Hersh [5], Papanicolaou and Kohler [14], White [19],
and Blankenship and Papanicolaou [3]). Mostly, however, the results have been of a
different nature, with particular attention given to conditions under which x.(¢)
converges (as £ »0) to a diffusion process on finite intervals, [0, T/e], some T >0.
Averaging results, like (1.2), are usually discussed in conjunction with a central limit
theorem for (x. (t)—-ye(t))/\fs on [0, T] (cf. Khasminskii [9] and White [19]). The
possibility of an extended averaging, to [0, 0©), has not been explored (see, however,
Blankenship and Papanicolaou [3] for some stability and diffusion approximation
results on [0, c0)). Finally, we should mention that results somewhat analogous to ours
have been obtained in the context of It5-like equations (see Vrkoc [17] and Lybrand
[13D.

Section 2 is devoted to notation, definitions, and a preliminary lemma. In § 3, we
will treat averaging in linear systems, on the interval [0, ). As a by-product, the
aforementioned stability result for the linear homogeneous random system is obtained.
Sections 4 and 5 discuss averaging in nonlinear systems, on the intervals [0, T'] and

[0, 0©) respectively. Finally, § 6 explores the application of the theorems to several
examples.
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2. Preliminaries. First, let us define the types of mixing to be used. Given the
probability space (0, &, P),let F, « Fand F,° < Fbe two families of o-fieldsindexed by
t 0. Mixing will be defined in terms of these families, and, in each application, these
families will be defined in terms of the right-hand side of the stochastic system. (For now,
think of %% asthesigmafield generated bysomestochasticprocessbetweenthetimes a and
b, any a=b.)

In formulating and utilizing the various strong mixing conditions, it is convenient to
introduce a certain signed measure: for every t =0 and 6 =0, let v,5(- ) be the measure,
on (AX O, F{ X Fiss), defined by

0,5(B)=P(w: (w, w)e B)—P X P(B)

Be Fo X Fis. Since {Be FoX Frys: (w: (w, w)e B)e F} is a monotone class which
contains the elementary sets, (w: (w, w)€ B) is in 9 for all Be %4 X Fris, O the
definition makes sense. Notice that v, s = 0 whenever %, and %, 5 are independent with
respect to P (extend from the rectangles). Loosely speakmg, the total variation of v,
will be small whenever %, and %55 are “‘nearly”’ independent.

Here are three versions of ‘“‘strong mixing”

Type 1. 8)=sup su v.s(AXB)| -0
yp p(8) Sup Sup, P(A)I b ( )]
Be% s
P(A>0
as § >0,
Type 1L p(d)= sup  sup  |v,5(A)~>0
t=0 e@o @'ws
as 8 > o,
Type III. p(8)=sup sup lv.s(AXB)->0
=0 AR
as 6 » 00,

The first two were introduced by Kolmogorov (see Volkonskii and Rozanov [16]),
and the last by Rosenblatt [15]. Type I has been frequently used in the context of
stochastic differential equations (cf. Khasminskii [10], Cogburn and Hersh [5], and
Papanicolaou and Kohler [14]). It is not hard to show that I=>II=>III, and further
implications can be disproved by counterexample. If {5} is generated by a stationary
process, then any of the strong mixing conditions implies ergodicity.

|v].,s(+) will refer to the total variation measure. Since v, 5 is the difference of two
probability measures:

[v]s(@xQ)=2, and [v],s(2xQ)=2 SUP o lv:,s(A)|~

AeFHX
So, with Type II (or I) mixing:
|v].s( QX Q)=2p(8).

The following lemma plays a central role in obtaining each of our results. After its
proof, we will show, heuristically, how it is applied to the averaging problem. The
procedure outlined here can also be used to establish the consistency of some continu-
ous time stochastic approximation algorithms, as will be demonstrated in a forthcoming
article.
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For convenience, we will not distinguish between “for almost every «’’ and ‘‘for
every w”. Look at the systems

it w)=H(x(t, w), w, t), x(0,w)=x0€R",
yO=Gy@),1),  y0)=x,,

where
1. H is jointly measurable in its three arguments.
2. G(x,t)=E[H(x, », )], and for all i and j

J . d . .
P Gi(x, t)exists, and G(x, t)and o Gi(x, t) are continuous (in (x, t)).
x]' j

3. For some T >0:
a. There exists a unique solution, x (¢, w), on [0, T] for every o,
b. A solution to

[¢]
Eg(t, 5, x)=G(g(t s, x), 1), g(s, s, x)=x,

exists on [0, T]1Xx[0, T]xXR".
We will use the following notation:
1. g(t,s,x)=(8/3s)g(t s, x).
2. g(t s, x)=the n X n matrix with (i, j) component
d
& t7 ) -
P (¢ s, x)

3. IfK:R">R'and KeC!,

a
ox

K’(x)=(aile(x),- e K(x)), and

K5 x5, 00)= (K@ s 0 - 2K (g(0.5,1)

4. Define the families of o-fields %4 and %;” such that, for each 1 =0,

x=x(s,w)

Fo contains the o-field generated by
{Hx,w,5):0=s=t,—0o<x <o}, and
F; contains the o-field generated by
{H(x, w, s): t =5 <00, —00 < x <00},
Two facts that will be needed are:
1. gt s, x)=—g:(t s, x)G(x,s)

forall te[0, T), s [0, T), and x € R" (cf. Hartman [7, Chap. 5]), and
2. Forany f: QX Q- R, F4y X F measurable,

| 1, 0)~fw, m)} dP@) dP)= | fw, m) dveg
QxQ QxQ0

(follows easily from the definition of v,o, and a monotone class argument for functions
on O xQ).
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LEMMA 1. Forany C' function K: R">R" and t€[0, T):
E[K(x(t)]=K(y(t)

+ 4[: an (%K(g(t, s, x (s, w)))) - H(x(s, ), m, s) dvs o ds,

provided that

(%K(g(t, 5 x(s, w)))) CH(x(s, 0), ), and

(%K(g(t, 5, %G, w)))) CH(x(s, @), o, 5)

are absolutely integrable on QO x QX [0, T], with respect to dP(w) dP(n) ds.
Proof.

K (x(t, @)= K(y(1))

— [ L k(g s, x(s, ) ds
Jo ds

et

=], K'(g(t, 5, x(s, ®))) - {8:(t: 5, X (5, @) (s, @)+ gs(1, 5, x(5, ))} ds

t

= [ K6t 5. x5, 00) - {80055 0DH (5,00, 019)

—g.(t, s, x(s, )G (x(s, w), s)} ds

[ [ (ZK s 26 00) - (H x5, 0), @, 5)= Hx(s, @), m,5)) dP(n) s
0 ‘0 \0X

Hence

E[K (x(1))]

= K(y()+ |

0

| (EKGesx6om)

AH(x(s, w), w, s)—H(x(s, w), n, s)} dP(n) dP(w) ds

~KOO+[ | (K556 0)) Hex( 0)7.5) dvsods. QED.

0 ‘OxQN

Here is an example of how the lemma may be used. Return to (1.1), and let Fh be
the sigma field generated by

{¢(t, w):a=t=b},
using strict inequality for a or b infinite. Assume Type II mixing, and observe that
[v],s (X Q)=2p(8/¢)
for the process ¢ (t/¢, ») (i.e. now defining %5 by the process ¢ (t/¢) instead of ¢ (¢)).
Letting K (x)= |x — y.(¢) in Lemma 1:

t

Elx. )=y 0= |

0

| (EK el 5xls @) - Hxes w), d(s/e, m), ) doso ds.
axq \0X
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Then, when we can, we write (for any small 6 > 0)

Eke0=y.0F = 0@+ [ | (ZK@(sx6-5.0))

8

“H(x.(s ~ 8, ), ¢(s/&,m), ) dvs0 ds
—00+[ [ (Kt x(-5.0))

“H(x.(s— 8, w), d(s/e, m), s) dvs_s5 ds

(since x.(s — &) is F5 ° measurable)
=0(5)+0(p(8/¢)).

Finally then,
lim E]x,(0) = y.(1)f" = O(8)> lim Elx, ()~ Y =0,

and, hopefully, uniformly on some ¢ interval.

3. Linear systems.
A. Stability for the homogeneous equation. The question of averaging relates

naturally to the question of stability. If A(¢, w) is an n X n matrix of random processes,
and

B=E[A(1)]
is constant, when does asymptotic stability of the averaged system
3.1 y(©)=By(t)
imply some manner of stability for
(3.2) Xt w)=A(t, w)x(t, w)?

In this direction, Infante [8)] showed that if A(f, w) is ergodic, and if for some
symmetric positive definite matrix P,

3.3) E[max eigenvalue(A” (¢)+ PA ()P~ )] <0,

then
x(t)-»0 as.

Now suppose (3.3) is satisfied, and let R be the symmetric positive definite square root
of P. Then (3.3)>

E[m%xTRA(t)R‘lx] <0
lx|=1
=>max x'RBR 'x<0

xeR"
|x|=1

=(3.1) is asymptotically stable.

However, the converse is not true, i.e. the asymptotic stability of (3.1) does not imply
(3.3). In fact, it is easy to find systems in which (3.1) and (3.2) are stable, but (3.3) is
violated. (Recently, Blankenship [2] considerably generalized the condition (3.3). But
still, the above discussion holds, i.e. stability in (3.1) is not sufficient for the generalized
version of (3.3).)
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In a similar vein, Blankenship and Papanicolaou [3] discuss (3.2) when A(¢) is
ergodic Markov with compact state space, and the equation is ‘“‘close” to a related Ito
equation, in a suitable sense. In this case, (3.2) inherits the stability properties of the Ito
equation, and the latter are well understood. The point, then, is to utilize the available
machinery for Ito equations in analyzing the stability of (3.2).

Here, we define sufficient conditions on the process A(¢) under which the stability
of (3.1) implies that of (3.2). The main requirements are that: (1) A(¢) be bounded, and
(2) roughly, A(¢) be nearly independent of itself at sufficiently small separations of ¢. For
(2), Type I mixing with “rapidly” decreasing p(8) will suffice (for example see remark 2
below). Notice that A(¢) need not be stationary (in fact, B may depend on ¢).

Specifically, let

Xt w)=A(, 0)x(t, w), x(0,w)=x0€R",

where
1. A(t, w)is an n X n matrix of real valued random processes satisfying:
a. A(t, w)is piecewise continuous for each w, and
b. JA(t, w)| = c; for all ¢ and w, and some constant c;."
2. The equation

(3.4) y(©)=B(1)y (),
where
B()=E[A(®)],
is exponentially stable, i.e. if (¢, s) is the transition matrix for (3.4), then
3.5) |D(t, 5)| = ye 7

for all = s =0, and some positive constants y and A.
For each t =0, define %, to be the o-field generated by {A(s): 0=s =t},and ;" to
be the o-field generated by {A(s): t =s = o0}. For each § >0 let

1
8)=sup sup —-—
p)=sup P BA)
Be%F 15
P(A)>0

|vz,6(A X B)|

THEOREM 1. There exists an ro>0, depending only on n, cy, vy, and A, such that

min (p(8)+8)<ro=>x(t)~>0

in mean square and almost surely.
(Theorems 1 and 2 will be proved together.)

Remarks: 1. Since |B(t)| = ¢y, (3.5) is equivalent to a variety of seemingly weaker
statements, such as

j 1 D1, to) dt =M

for all t; =, =0 and some constant M (see Brockett [4]).

1 . . .
For any m X n matrix A, |A| refers to the “induced norm”, i.e.
|A]= max |Ax|,
xeR"
Ix|=1

using the Euclidean norm in R" and R™.



RANDOM DIFFERENTIAL EQUATIONS 93

2. As an example, consider the system
X (t, w)= A(t/e, w)x.(t, w),

where E[A(t, w)] is a stability matrix, and A is bounded. If the components of A form a
(vector valued) ergodic Markov process, satisfying Doeblin’s condition, then A is Type
I mixing. The theorem says that

x.(t, w)=>0

in mean square and almost surely, for all ¢ sufficiently small.

3. For situations like the one discussed in remark 2, the question of whether a.s.
convergence holds for every £ >0 is unresolved. (As far as mean square convergence
goes, counterexamples, when ¢ is too large, are easily constructed.)

Here is a particularly simple example. Let A; and A, be constant matrices with the
property that

pA;+(1-p)A;

is negative definite, for some 1> p > 0. Choose an i.i.d. sequence of A;’s and A,’s with

probabilities p and 1—p respectively. For i=0,1, - - -, define A(t, w) to be the ith
member of the sequence, on the interval t € [i, i +1). Does x (¢, w), defined by
(3.6) Xt w)=Al, 0)x(t, w),

converge to 0 almost surely? Theorem 1 says that if, instead, we choose A(t, w)
piecewise constant on the intervals [ig, ie + ), then x(t, w)-> 0 a.s. for all ¢ sufficiently
small.

Notice that the Kolomogorov zero-one law applies, with the following implication:
if ¢ (¢, s, ) is the transition matrix for (3.6), then either |¢ (¢, 0, w)| >0 a.s., or

pllé(t 0, w)| >0} =0.

B. Averaging in inhomogenous systems. For each &, 1 Z¢ >0, define

3.7) X (t,w)=A(@ t/e, w)x.(t, w)+d (1, t/ e, w),
and
Ye(£) =B ()y. (1) +e. (1)
with
x.(0, w)=y.(0)=x0€R",

where

1. Foreacht, r,and w, A(t, 7, w) is an n X n matrix {a;;(¢, 7, » )}, and d (¢, 7, w) is an
n-vector {d;(t, 7, w)}. For each i and j

a. a; and d; are joinly measurable in their 3 arguments, and

b. for each w and ¢ >0

a;i(t,t/e,w) and di(t, t/e, w)

are piecewise continuous.

2. There exist constants ¢; and ¢, such that

A, 7, 0)|=c, and |d(t, 7, 0)=cs

for all ¢, 7, and w.
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3. The o-fields %, and %; satisfy the Type I mixing condition, where % is the
o-field generated by

{AG, 1, w): 0=7=1,0=s<oo}U{d(s, 7, w): 0=7 =1, 0=5 <0},
and %, is the o-field generated by
{A(s, T, w): t=7<00,0=s<oo}U{d(s, 7, w): t=7<00,0 =5 <0}

4. B.(t)=E[A(t,t/e)] and e.(¢t)= E[d(¢, t/e)]. If ®.(¢, s) is the transition matrix

for
Ye(t)= B (t)y. (1),
then there exist positive constants y and A such that
| (1, s) =y e 72

forallt=zs=0and 1=¢>0.

THEOREM 2. For all ¢ sufficiently small, sup;=¢ Ex? (1)< o0, and

lim sup E|x.(t)—y. (t)*=0.

e=>0 ;=0
Remark. For systems of the form
X (t, w)=eA(t, w)x.(t, w)+ ed(t, w),

the change of variables ¢ - t/¢ shows that, whenever E[A(¢)] is constant, exponential
stability of

y()=E[A@®)]y ()

is sufficient for (4).

Proofs of Theorems 1 and 2. (The proof of Theorem 1 by itself is quite simple.
Nevertheless, it is more efficient to combine the two.)

For now, consider the equations

Xt w)=Al 0)xt, w)+d(t, w),
(3.8) y(@&)=B(@t)y(t)+e(1),
x(0, w)=y(0)= x,.

The conditions on A, d, B, and e are those of Theorem 2, taking A(¢, 7, w)and d (¢, 7, w)
independent of their first arguments, and looking only at ¢ = 1. However, do not yet
assume that p(6)- 0.

We will require some bounds on x(¢) and y(¢). These follow easily from the bounds
onAandd. Forall t=0,s5s=0, and w:

(3.9 ()= x ()| =t = 5]e™ "V ealx (5)] +c2),
(3.10) |x () — x0| = te " (c1]x0| + 2),
and
(3.11) [y (£)— x0| = te ' (c1]x,0] + c2).
Below, we will introduce constants ki, k5, * -+, k1o. It is important to note the

dependence of these constants: they are (only) functions of c1, ¢, 7, A, |xo|, and n.
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Let g(t, s, x) be the solution to (3.8) satisfying

y(s)=x.
Then

gt s, x)=a¢( s)x + jt &t o)e(o) do

s

where ¢ (t, s) is the transition matrix for

y(©)=B@)y(®).
With y(0) = xo, the solution to (3.8) satisfies
ly(®)l=1g(t 0, xo)| = k1
for some constant k; (use condition 4 of Theorem 2).

Put K(x)=|x—y(¢)]” in Lemma 1 (for linear systems, Lemma 1 extends easily to
piecewise continuous right-hand sides):

Ek@-y0F=2[ | (6¢sn60)+] o60)e@dr-y0)os)
“(A(s, n)x(s, w)+d(s, m)) dvs, ds.
For any § such that 0<d=tand 6 =1:
Ek@-y@P=2[ | (66 5602+ [ 66.00e(r) do =)o)
0 (AGs, (s, )+ (s, m)) v ds
2] (osne-s, w)+£ b(t,)e(0) do = y(0) (4 )

(1) (A(s,m)x(s— 96, w)+d(s,m)) dvsods
2 [ fees
: (X(S, (l))—X(S —8’ w))¢(t’ S)(A(S, ﬂ)x(s, w)+d(s$ "7))
+(¢(t, S)yx(s =8, w)+J o(t, e (o) da'—y(t))
(111) - (1, )YA(s, 1) (x(s, @)~ x(s =5, w))} dv,o ds.

Treat each term (I, 11, and III) separately.
For a bound on I we have, for some constant k,

“I"=k,8e " forall 0<8=t86=1.

InII, vs0 can be replaced by v,_ss (these measures agree on (A X Q, FOXFT )s =
8, and, of course, x(s — 8, w) is ﬁé"a-measurable). Expand the matrix multiplications
(because they involve only n dependence, two of the terms vanish when the v
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integration is done):

t
“IIr=2 Y J J b1 (8, 8)Pim (8, $)xn (5 — 8, @)x0(s — 8, @ )aAmo(S, M) dvs—55 ds
5 JOxQ

1,m,n,0

2 5 [ gualt )t )55 =8, (s, m) s s
8 JOxQ

I,m,n

+2 ¥ J J j Gin(t, )i (2, 8)en(0)x0(s — 8, ®)amo(s, M) do dvs_ssds
8 JOxO

L,m,n,0 s

22 5 [ 50 500058, @)am(s, m) doasds.
5 JOx0

ILm,n

If two functions, f and g, are 4 ° and F; -measurable, respectively, and if
E|fl<eo
and
lg|=c almost surely,

then (see Billingsley [1], Chapter 4)

[ f@hm)do oo =20@)EIfle
QxQ

Apply this to IT and get:
t
“II”§4n4c172p(6)J e PMOEX2 (s —8) ds
)
t
+4n3c,y%p(8) I e A Ex(s — 8) ds
]
2 t
+4n4clczy7p(6) j e M WEx (s —8) ds
5
t
+4n’c,y(t)yp(8) J e N OVEx*(s—8)ds
£
t
§k3p(5)j e " OEx(s) ds
0

+ka(ca+y(@))p(8) J e')‘('_s)\/Exz(s) ds, forall0<é=t,
0
5=1.
For III, use (3.9):

“IIr =2 I

t
j 2 e 08658 (e, |x (s, )|+ c2)’ d|vleo ds
5 JOxQ

t
+2 I J {Y e Tx(s, )|+ v e MV 86 (ca|x (s, W)+ c2)
5 JOxQ

t
+ J ve " do + y(t)}y e M9, 8% (c4|x (s, )|+ ¢2) d|v]s0 ds.
£
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There are three types of terms, those involving Ex?, those involving E|x|, and those not
involving x:

t
“III” = ksb J e M OEx*(s) ds
0

+ke(ca+y(2))8 J”e')‘('"s)\/Exz(s) ds

+kc.6, forall0<é6=t6=1.
When 0=¢<§=1, (3.10) and (3.11) imply
(3.12) Elx(t)—y(@©)* = ks b ™.
Combine (3.12) with the bounds on I, II, and III: forall0<8=1and t=0

Elx(t)— y(t)lzékg{ée"“+(p(6)+8)J‘e"’\("s)Exz(s)ds
(3.13) 0 ,
+(Cz+y(t))(p(8)+6)j e M NEx (s)ds+626}.

For T>0, let z(T)=sup,cjo,r)2 Ex’(s). If t€ [0, T] then

Ex*(t)=2y((WEX (1) + Elx ()~ y(t)P

(3.14) §—§2(p(8)+5)22(T)+ { 2k, +§{52(c2+ kl)}z(T)+ ko+koc28.

Choose 0 < a; <1, and then choose ry such that

k9r
—ro=aji.
Y o=@

Note that ro depends only on ¢y, ¢2, ¥, A, |Xo|, and n. For any 8 such that
(3.15) p(8)+8<ro
(3.14) implies

Ex*()= a12*(T)+azz(T)+ a3

for all t€[0, T], where a, and a3 depend only on ¢y, ¢, 7, A, |xo|, and n, and where
a;<1. Hence

22(T)= a1 2*(T)+ azz(T)+ a3
>z3(T)<a<©
for some « depending only on ¢, ¢, ¥, A, |xo|, and n. Finally then,

sup Exz(t)< a <00,
te[0,00)

Now look at (3.7). A(t, t/e, w) and d (¢, t/ e, w) have joint mixing rate
pe(8)=p(8/¢).
Hence (3.15) becomes

(3.16) p(8/e)+ 6 <ry.
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Since p(8)~ 0, for all ¢ sufficiently small there will exist a § satisfying (3.16). Therefore

(3.17) sup Exi(1)<a <o

te[0,00)
for all £ sufficiently small.
Return to (3.13). Put 8 = ¢'/? and choose ¢ < 1 small enough so that (3.17) holds:

- o
Elxs(t)—ys(t)'2§81/2k9+k9(p(8 1/2)_‘_51/2);
1/2
+k9(62+k1)(p(€—1/2)+81/2)OfT+k962€1/2

for all t =0, which gives Theorem 2.

To get Theorem 1, rewrite (3.13) using ¢, =0 and the bound |y(¢)| = | (L 0)xo| =
[ xo|ve ™

Elx()=y(@®P =koe ™ +ko(p(8)+8) Jte_)‘('"s)Exz(s) ds

t
+3ko|xo|ye ™ I e MTNEx*(s) ds
0

for all § =1 and ¢ =0. Now suppose (3.15) holds for some 8§ =1. Then
Ex*(t)=2y((WEx*(t)+ Elx(1)— y(t)P

t 1/2
- — — _ Y 4

=2lxolye Ma*+koe A'+Aa1I e MTOEx(s) ds + 3kolxo|y e ’\’T

0

t
=kioe M+Aa, J' e M FEx?(s) ds
0
for all =0, and some constant k;o. Multiply by e and apply the Gronwall inequality
(use (3.9) and (3.10) for the required continuity of Ex*(t)) to obtain

Exz(t)é k10 e_“(l_“l).
Since a1 <1,

(3.18) Ex*(1)~0,

which is one part of Theorem 1 (in a linear system, (3.18) cannot depend on |xol).
As it turns out, Ex*(t)- 0 fast enough to insure almost sure convergence as well.
Fix € >0 and choose n >0 such that

enf € ) €
e’ (c -+ )<<.
n 12 2 )

If
E
An={w:|x(nn)|%—}
2
then
4 4 (1
P(A,,)é?Exz(nn)ézikwe Anm(1=ey)

= P(A, infinitely often)=0.
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Fix we (A, infinitely often) (( - )° refers to set complement). For some N,
n>N=>|x(nn, o)| <—;—.

For any t> Nn, |t —non|=n for some no> N. Hence, by (3.9), |x(t, ) —x(non, 0)| =
ne"(ci(e/2)+c)<e/2=>|x(t, w)|<e. Q.E.D.

4. Averaging on finite intervals. Now look at some more general systems.
Theorems 3 and 4 concern:

X (t, w)=F(x.(t, w), w, t, t/e),
“4.1) Ye(£)=G:(y:(1), t),
xe(O, w)= YG(O)':er Rn

where

1. F is jointly measurable with respect to its four arguments, and for all i, j, k,
and w,
) &
Fi(x,0,t,7), —Fi(x,0,t,7), ——Fi(x,0,1,7)
(")x]‘ ax,-axk
are continuous (in (x, t, 7)).
2. F is Type II mixing, with %; the o-field generated by

{F(x,w,5,7):0=1r=t,—00<x <00, =5 <0},
and %; the o-field generated by
{F(x,w, s, 7): t=7< 00, —00<x <00, 0= s <00}

3. G.(x,t)=E[F(x, w, t, t/€)].

THEOREM 3. Assume also that:

4. There exist continuous functions B1(r, t), By(r, t), and Bs(r, t), such that for all i, j,
k,7=0, and w:

a. |Fi(x, , t, 7)|=Ba(|x], t);

b. |(3/8x,)Fi(x, w, t, 7)| = Ba(lx|, 1);

c. |(8%/0x;9x1)Fi(x, w, t, 7)| = Bs(|x|, 1).

5. SUP.>o, rcfo, 1] |Ve ()| = K, for some constants T and K.
Then

sup |x£ (t)— Ye (t)l >0
tel0, T}

in probability as € > 0.

Remarks: 1. 5 will be satisfied (for every T >0) if, for example,

Bi(r, )=B(t)(r+1)

for some continuous function B(¢).

2. 1 through 5 are not sufficient to guarantee the existence of a solution, x.(¢), on
[0, T'] for every w. Some realizations of x, (¢) may be singular, but this does not affect the
conclusion of the theorem (the definition of x. (¢) after such a singularity is arbitrary).
See § 6, Example C for a demonstration of this behavior.

3. For linear and certain related systems the theorem remains true using Type II1
in place of Type II mixing.
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Proof. Fix n such that 1>5>0. Let R(r): R' > R" such that
1, r=(K+1),
R(n= {o, r§§K+2;2
and R € C?. Define
A.(x,w,t)=R(xP)F(x, 0,1, t/¢)
and let
G.(x,t)=E[A.(x, », 1)].
Define £, (¢, w) and y.(¢) by
£t 0)=H. (. 0), o t), %£(0, w)=x0, and

$(0=G.(0:(). 0, 3.(0)=xo,
Condition 5 implies that

4.2)

Ye(t)=Je (1)
for all € >0 and ¢ € [0, T]. Consequently, if for some wo and &> 0,

sup |%,(f, w0)— Peo()I = m,
te[0,T]

then
xeo(t, wO) = -fao(t» wO)

for all [0, T]. Hence
P{ sup |x.(t)—y.(t)|>n}=P{ sup [£.(t)—F.(t)|>n}
te[0,T] te[0,T]
for all £ > 0. First we will prove

4.3) lim sup E|£.(1)—9.(0)*=0,

€20 (¢[0,T]

and then we will show that
4.4) lim P{ sup [£.(1)=J.(t)>n}=0
€20  te[0,T]

is a consequence of (4.3).
Let g.(t, s, x) be the solution to

a A
ag\s(t’ S, X)= Ge(§8(t, S, X), t)’

“-3) ge(s, 8, x)=x.
Here are some bounds for the ~ system:
(i) because R(|x|*)=0 whenever |x|=ZK +2,

£ |=K +2

foralle >0, te[0, T], and w;
ii) because of condition 4, there is a constant which bounds

a9
|ﬁei| ’

2
Iax,'

0 A o
H.;|, IGE,»I,
0xX;j0Xy

|a2A

ax,-axk

a A
- Gei
ax i

eil» el ’ and &i
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forall i, j, k,te[0,T], e >0, w, and x;
iii) there is a constant which bounds
2

a A
—g&.i|, and ei

Igsil’ ‘ax’.

axjaxk

forall T=t>s5=0, e >0,and x (differentiate (4.5) once, and then twice, with respect to
x and use (ii)).

Choose & and t such that 0=8=¢=T, and apply Lemma 1 to (4.2) using
K(x)=|x=J.(n):

Elf.()- 3.0

[ (K@t 00) - Al 0hn ) dusods
QxQ

O =[] (GG A 0)) Al o) 5) oo
() + L an (ax(ge (s, £.(s 5, a))))) AL (R.(5— 8, @), m, 5) dvso ds

+ L an { (%K(@E 4,5, £.(s, w)))) A (F(s @), $)

(I11) —(%K(és @t s, £.(s =5, w)))) AL (. (s— 8, @), M, s)} dvy ds.

Now bound each term separately. (i), (ii), and (iii) imply
“I” = 0(8).
In II, replace v, by vs-55 and again use (i), (ii) and (iii):

“II”=O(p(6/¢€))
(the mixing rate of F, and therefore H,, is p(8/¢)). Finally,

t
“III” éL L . |£e (s, w)— % (s — 8, w)|

6 A
sup [V{(-K @ 5,00) - Al m, 9| alolo as.

Ix|=K+2
From (i), (ii), and (iii):

|£e (s, w)—%.(s — 8, w)| = O(8),
and

sup
Ix|=K+2

Y (K @5 2) - B )} | =00,

and consequently
“III” = 0(8) (fortels, T)).
Hence, for any § € [0, T1],

Sup El£.()= 9. (0> = O(8)+ O (p(8/¢)).
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Since
sup Elf.()—9.() = 0(8),
te[0,8]

lim sup E|£.(t)-9.() = O(3),
€0 (c[0,T)
which proves (4.3).
Because of (ii), the derivatives

£.() and $.(1)

are bounded for all ¢ >0 and ¢t € [0, T']. Under these circumstances, (4.4) follows easily
from (4.3). Q.E.D.

5. Averaging on [0, 20). Here, the conditions are more severe. Look again at (4.1)
with assumptions 1, 2, and 3, but restrict B;, B,, and B3 of assumption 4 to dependence
on |x| alone. Further, we require the solution of the deterministic equation, y. (), to
have the following stability property: when perturbed, it returns asymptotically to its
original trajectory. This is the ‘“physical”’ meaning of assumption 6 below. (It does not
imply y. (t)- yo, for some constant y,.) Since the random solution persistently wanders
from the deterministic trajectory, some such stability for the latter is necessary. In
bounded linear systems, 6 is equivalent to exponential stability, and in this sense, it is a
generalization of the assumption made in § 3.

Finally, we assume that x. (¢, w) is bounded in ¢, w, and £ >0. A more delicate
analysis, following along the lines of Theorem 2, would perhaps eliminate this restric-
tion, provided that the right hand side be bounded (at large x) by a linear function of x.

A simple example of an equation to which Theorem 4 applies is

d(t/e, w)
1+x.(t w)’

If ¢ is bounded, Type II mixing, and (say) E[¢] =0, then

5.1) Xt w)=—x.(t, )+ x:(0, w)=0.

lim sup Ex. (t)°=0.
>0 (=0
THEOREM 4. In (4.1), assume 1, 2, 3, and:
4. There exist continuous functions B(r), B2(r), and Bs(r), such that for all i, j, k,
t=z0,7=0, and w:
a. |Fi(x, o, t, 7)| = B1(x]);
b. |(3/3x))Fi(x, w, t, 7)| = B(x|);
c. (0°/0x;0x)F;(x, w, t, )| = B(|x]).
5. There exists a bounded region D such that

x.(t, w)e D

foralle >0,t=0, and w.
Let g. (8, s, x) be the solution to

ad
5;ge(ta 8, x)=Ge(ge (8 5, x), 1), 8e(s, 5, x)=x.

6. There exists a constant K, and continuous functions M,(t, s) and M-(t, s), such
that:

a. supzep |g(t, 5, x)|=K forallt=s=0, £ >0;
b. K =M,(t, s)Zsup,cp|d/dx)g.(t s, x)| forallt = s =0, £ >0;
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c. My(t, s)=supyep |(0%/0x:0x;)g. (t, 5, x) | for all i, j, t =5 =0, e >0;
d. ]éMl(t,s)dséKforallt>O;
e. o My(t, s)ds =K forall t>0.
Then
lim sup E|x.(t)—y. ()" =0.

e=>0 ;>0

Remark. 6 can be replaced by 6a, and, for some a >0,

(5.2) sup xT(i G.(y, t))x <—a|x|?
lyl=K ax
for all xeR", £>0, and t=0 (K as defined in 6a). The remainder of 6 is then a
consequence of (5.2). In the example, (5.1), (5.2) holds with any a <1.
Proof. By now the approach is obvious, so only an outline is included. Using
Lemma 1, bound

Elxs(t)_))e(t)lz

by the usual 3 terms. Proceed as in Theorem 3, but use M(¢, s) or M(t, s) whenever
((3/0x)ge(t, s, x)) or ((3°/3x:0x;)8.(t, s, x)) appears. Everything else is bounded by
constants. The integrability of M; and M, allows the conclusion

sup Elx.()—y:(t)* = O(8)+ O(p(8/¢)),

and the theorem follows.

6. Examples. A. Consider an unforced damped spring-mass system:

6.1) X(t, 0)+{c+f(t/e, o)}x.(t, w)+{k +g(t/e, 0)}x.(t, w)=0
where

1. ¢ and k are positive constants,

2. f(t, w) and g(t, w) are zero mean, piecewise continuous, jointly type I mixing,
and uniformly bounded in ¢t and @ (for example generate f and g from
independent Markov chains with finite state spaces and irreducible aperiodic
transition matrices).

From Theorem 1 we conclude that for all ¢ sufficiently small

x.(t)>0
in mean square and amost surely. See Infante [8] and Blankenship [2] for discussions of
stability in (6.1) from a slightly different point of view.
B. Suppose that we observe an R"-valued stochastic process ¢ (¢, w ), together with

an R'-valued stochastic process z(t, ). We wish to choose a coefficient vector x € R"
such that

x - ¢(t)

approximates, in the sense of minimum mean square error, z(¢). If the marginal

distribution of (¢(#), z(¢)) is independent of ¢, then the problem has a well defined
solution:

#=E[¢¢ ] 'E[¢z]

(assuming E[¢¢ "] is nonsingular). An obvious adaptation of the stochastic approxi-
mation algorithm for computing £ (cf. Duda and Hart [6] or Wasan [18]) is

X (t w)=ed(t, o z(1, )= @ (1, ) x. (1, W)}
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Assume (in addition to the above assumptions) that (¢ (¢), z(¢)) is piecewise continuous,
Type I mixing, and uniformly bounded in ¢ and w. Theorem 2 implies

(6.2) lin(l)tl_ixgloElxe(t)—)2|2= 0.

(Note: As is the case in discrete time, replacing ¢ by 1/¢ allows for the replacement of
(6.2) by x(¢#)~ X a.s. This and other versions of continuous time stochastic approxima-
tion will be discussed in a future article. See Kushner [11] and Ljung [12], and
references therein, for some recent publications in this area.)

C. As an illustration of the behavior discussed in remark 2 following Theorem 3,
consider the Bernoulli equation with random coefficients:

Xe(t, 0)+p(tf &, 0)x. (1, 0)+q(1/ &, 0)x. (1, @) =0,

(63) x.(0,w)=1

where r is any constant except 0 or 1. Assume that (p(t, ), q(¢, @))is continuous, Type I
mixing, and uniformly bounded in ¢ and w. Since the solution to (6.3) is

t =1/(r=1)
x.(t, )= {e(r—l)fép(S/e,w)ds +(r—1) I e(r-l)fsp(u/e,w)duq(s/e’ w) ds} ,
0

x. (¢, ) can be singular at finite #. For each w, define x (¢, w) to be zero after a singularity.
If 5(t)= E[p(t, w)] and G(¢)= E[q(t, )], then the averaged equation has solution

t -1/(r—1)
yo() = {e(r—mop(s/e)ds (- 1)J' DI (o ds}
0

To avoid singularities in y.(¢), assume that for all 1 =0
qt)=0 ifr>1 or
qg=0 ifr<l1.

For any T >0 and n >0, Theorem 3 asserts that

lim P{ sup [x.(¢)—y.(t)|>n}=0.
tel0, T

-0
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