SIAM J. OPTIM. (© 2004 Society for Industrial and Applied Mathematics
Vol. 14, No. 4, pp. 1187-1215

REGIME SWITCHING STOCHASTIC APPROXIMATION
ALGORITHMS WITH APPLICATION TO
ADAPTIVE DISCRETE STOCHASTIC OPTIMIZATION*

G. YINT, VIKRAM KRISHNAMURTHY?#, AND CRISTINA IONT

Abstract. This work is devoted to a class of stochastic approximation problems with regime
switching modulated by a discrete-time Markov chain. Our motivation stems from using stochastic
recursive algorithms for tracking Markovian parameters such as those in spreading code optimization
in CDMA (code division multiple access) wireless communication. The algorithm uses constant step
size to update the increments of a sequence of occupation measures. It is proved that least squares
estimates of the tracking errors can be developed. Assume that the adaptation rate is of the same
order of magnitude as that of the time-varying parameter, which is more difficult to deal with than
that of slower parameter variations. Due to the time-varying characteristics and Markovian jumps,
the usual stochastic approximation (SA) techniques cannot be carried over in the analysis. By a
combined use of the SA method and two-time-scale Markov chains, asymptotic properties of the
algorithm are obtained, which are distinct from the usual SA results. In this paper, it is shown for
the first time that, under simple conditions, a continuous-time interpolation of the iterates converges
weakly not to an ODE, as is widely known in the literature, but to a system of ODEs with regime
switching, and that a suitably scaled sequence of the tracking errors converges not to a diffusion but
to a system of switching diffusion. As an application of these results, the performance of an adaptive
discrete stochastic optimization algorithm is analyzed.
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1. Introduction. In this paper, we consider a class of stochastic approximation
(SA) algorithms for tracking the invariant distribution of a conditional Markov chain
(conditioned on another Markov chain whose transition probability matrix is “near”
identity). Here and henceforth, we refer to such a Markov chain with infrequent
jumps as a slow Markov chain, for simplicity. It is well known that if the parameter
changes too drastically, there is no chance one can track the time-varying properties
using an SA algorithm. Such a phenomenon is known as tracking capability; see [4]
for related discussions. Our objectives include evaluating the tracking capability of
the SA algorithm in terms of mean squares tracking error, characterizing the dynamic
behavior of the iterates, revealing the structure of a scaled sequence of tracking errors,
and obtaining the asymptotic covariance of the associated limit process.

Motivation. While there are several papers that analyze tracking properties of
SA algorithms when the underlying parameter varies according to a slow random
walk [4, 19], fewer papers consider the case when the underlying parameter evolves
according to a slow Markov chain. Yet such slow Markov chain models arise in several
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applications. The main motivation for our work stems from applications in discrete
stochastic optimization. Such problems appeared in [21] and were subsequently con-
sidered in [2, 3, 10] among others; we refer the reader to [20] for a recent survey of
several methods for discrete stochastic optimization including selection and multi-
ple comparison methods, multi-armed bandits, the stochastic ruler, nested partition
methods, and discrete stochastic optimization algorithms based on simulated anneal-
ing [1, 2, 3, 9].

The discrete stochastic optimization algorithms in [2, 3] can be thought of as
random search procedures, in which there is a feasible set S that contains the minima
together with other potential search candidates. One devises a strategy so that the
optimal parameter (minimum) is estimated with minimal effort. An important varia-
tion of this is to devise and analyze the performance of an adaptive discrete stochastic
optimization algorithm when the underlying parameter (minimum) is slowly time-
varying. Such tracking problems lie at the heart of applications of SA algorithms.
In such cases, because the parameter set is finite, it is often reasonable to assume
that the underlying parameter (termed “hypermodel” in [4]) evolves according to a
slow finite state Markov chain. As will be shown in section 6, the general tracking
analysis presented in this paper for a slow Markov chain parameter readily applies to
analyzing the tracking performance of such adaptive discrete stochastic optimization
algorithms. To the best of our knowledge, this is the first time a tracking analysis has
been presented for a discrete stochastic optimization algorithm.

Applications. Discrete stochastic optimization problems arise in emerging appli-
cations such as adaptive coding in wireless CDMA (code division multiple access)
communication networks. In our recent work [11], we considered optimizing the
spreading code of the CDMA system at the transmitter. This was formulated as a dis-
crete stochastic optimization problem (since the spreading codes are finite-length and
finite-state sequences), and the random-search-based discrete stochastic optimization
algorithm of [2] was used to compute the optimal spreading code. In addition to the
random-search—type algorithms, we also designed adaptive SA algorithms with both
fixed step size and adaptive step sizes to track slowly time-varying optimal spread-
ing codes caused by fading characteristics of the wireless channel. The numerical
results in [11, 12] have shown remarkable improvement compared with that of several
heuristic algorithms. Section 6 explicitly derives performance bounds in terms of error
probabilities for the adaptive discrete stochastic optimization algorithm.

Outline. This paper considers an algorithm with constant step size and updates
that are essentially of the form of occupation measures. We are interested in the
analysis of tracking errors. First, using perturbed Lyapunov function methods [16],
we derive mean squares—type error bounds. The argument is mainly based on sta-
bility analysis. Naturally, one then asks whether an associated limit ODE (ordinary
differential equation) can be derived via ODE methods as in the usual analysis of SA
and stochastic optimization—type algorithms. The standard ODE method cannot be
carried over due to the fact that the system is now time-varying, and the adaptation
rate is the same as that of the parameter variation. By a combined use of the updated
treatment on SA [16] and two-time-scale Markov chains [22, 23], we demonstrate that
a limit system can still be obtained. However, very different from the usual stochas-
tic approximation methods in the existing literature, the limit system is no longer a
single ODE, but a system of ODEs modulated by a continuous-time Markov chain.
Thus, the limit is not deterministic but stochastic. Such systems are referred to as
ODEs with regime switching. Based on the system of switching ODEs obtained, we
further examine a sequence of suitably normalized errors aiming at understanding the
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rate of variation (rate of convergence) of the scaled sequence of tracking errors. It
is well known that for an SA algorithm, if the true parameter is a fixed constant,
then a suitably scaled sequence of estimation errors has a Gaussian diffusion limit. In
contrast, somewhat remarkably, the scaled tracking error sequence generated by the
SA algorithm in this paper does not have a diffusion limit. Instead, the limit is a sys-
tem of diffusions with regime switching. In the limit system, the diffusion coefficient
depends on the modulating Markov chain, which reveals the distinctive time-varying
nature of the underlying system and provides new insight on Markov modulated SA
problems.

Context. The main weak convergence results in this paper in sections 4 and 5
assume that the dynamics of the true parameter (modeled as a slow Markov chain
with transition probability matrix I + £Q) evolves on the same time scale as the
adaptive SA algorithm with step size u, i.e., ¢ = O(u). We note that the case
€ = O(u) addressed in this paper is much more difficult to handle than ¢ = o(u)
(e.g., € = O(u?)), which is widely used in the analysis of tracking algorithms [4].
The meaning of ¢ = o(y) is that the true parameter evolves much more slowly than
the adaptation speed of the stochastic optimization algorithm and is more restrictive
than ¢ = O(p). Furthermore, with € = o(u) one obtains a standard ODE and linear
diffusion limit, whereas with ¢ = O(u) we show for the first time in this paper that one
obtains a randomly switching system of ODEs and switching diffusion limit. Finally,
in several applications arising in wireless telecommunication network optimization,
e.g., signature code optimization in spread spectrum systems over fading channels
[11, 12], the optimal signature sequence (true parameter) changes as quickly as the
adaptation of the algorithm, i.e., e = O(u).

The rest of the paper is organized as follows. Section 2 contains the formulation
of the problem. Section 3 is devoted to obtaining mean squares error bounds. In sec-
tion 4, we obtain a weak convergence result of an interpolated sequence of the iterates.
Section 5 further examines a suitably scaled tracking error sequence of the iterates
and derives a switching diffusion limit. Section 6 presents an example of an adaptive
discrete stochastic optimization algorithm, which is motivated by [11], where such al-
gorithms have been used to perform adaptive spreading code optimization in wireless
CDMA systems. The analysis of section 3 and section 5 is used to derive bounds on
the error probability of this adaptive discrete stochastic optimization algorithm.

Before proceeding, a bit of notation is in order. Throughout the paper, z’ denotes
the transpose of z € R*" for some ¢, > 1; unless otherwise noted, all vectors are
column vectors; |z| denotes the norm of z; K denotes a generic positive constant
whose values may vary for different usage (the conventions K + K = K and KK = K
will be used without notice).

2. Formulation of the problem. We will use the following conditions through-
out the paper. Condition (M) characterizes the time-varying underlying parameter
as a Markov chain with infrequent transitions, while condition (S) characterizes the
observed signal.

(M) Let {6, } be a discrete-time Markov chain with finite state space

(21) M:{gla“'vgmo}
and transition probability matrix

(2.2) P =T+¢€Q,
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where ¢ > 0 is a small parameter, I is an mg X mg identity matrix, and
Q = (gij) € R™Mo*™0 is a generator of a continuous-time Markov chain (i.e.,
Q) satisfies ¢;; > 0 for i # j and Z;ﬂzol ¢i; = 0 for each ¢ = 1,...,myp).
For simplicity, suppose that the initial distribution P(6y = 6;) = po, is
independent of ¢ for each ¢ = 1,...,mg, where pp; > 0 and Z;iol po;i =1. Q
is irreducible.

(S) Let {X,} be an S-state conditional Markov chain (conditioned on the pa-
rameter process). The state space of {X,} is & = {ey,...,es}, where e;
for ¢ = 1,...,S denotes the ith standard unit vectors, with the ith com-
ponent being 1 and the rest of the components being 0. For each § € M,
A(9) = (a;;(0)) € RS*S, the transition probability matrix of X,, is defined
by

aij(H) = P(XnJr]_ = €j|Xn = 6i,9n = 9) = P(Xl = 6j|X() = 6,‘,00 = 9),

where i,j € {1,...,S}. For § € M, A(0) is irreducible and aperiodic.

Remark 2.1. Note that the underlying Markov chain {6,,} is in fact e-dependent.
We suppress the e-dependence for notational simplicity. The small parameter € in
(2.2) ensures that the entries of the transition probability matrix are nonnegative,
since pj; = 6;j + £¢i; > 0 for £ > 0 small enough, where é;; denotes the Kronecker ¢
satisfying ¢;; = 1 if ¢ = j and 0 otherwise. The use of the generator () makes the
row sum of the matrix P be one. The main idea is that, although the true parameter
is time-varying, it is piecewise constant. Moreover, due to the dominating identity
matrix in (2.2), {0, } varies slowly in time. The time-varying parameter takes a
constant value @; for a random duration and jumps to another state éj with j # i at
a random time.

The assumptions on irreducibility and aperiodicity of A(#) imply that for each
6 € M there exists a unique stationary distribution 7() € R¥*! satisfying

7(0) = 7' (0)A(0) and ='(0)1g = 1,

where 1, € R*! with all entries being equal to 1. We aim to use an SA algorithm
to track the time-varying distribution m(6,,) that depends on the underlying Markov
chain 6,,.

2.1. Adaptive algorithm. We use the following adaptive algorithm of least
mean squares (LMS) type with constant step size in order to construct a sequence of
estimates {7, } of the time-varying distribution 7 (6,,),

(23) %n—&-l =Ty + ,U(Xn+1 - %n)v

where p denotes the step size. Define 7,, = 7, — Em(6,,). Then (2.3) can be rewritten
as

(2.4) Tpt1 = Tn — Ui + W(Xnp1 — Em(0,)) + E(7(0n) — 7(0nt1))

Note that 7,,, 7(6,,), and hence 7,, are column vectors (i.e., they take values in RS*1).
The underlying parameter 6,, is called a hypermodel in [4]. Note that while the
dynamics of the hypermodel 8, is used in our analysis, it does not explicitly enter the
implementation of the LMS algorithm (2.3).
To accomplish our goal, we derive a mean squares error bound, proceed with the
examination of an interpolated sequence of the iterates, and derive a limit result for
a scaled sequence. These three steps are realized in the following three sections.
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3. Mean square error. This section establishes a mean square estimate for
E|7.]? = E|7, — Em(6,)]?>. Analyzing SA algorithms often requires the use of
Lyapunov-type functions for proving stability; see [7, 16]. In what follows, we obtain
the desired estimate via a stability argument using the perturbed Lyapunov function
method [16]. Use E,, to denote the conditional expectation with respect to F,, the
o-algebra generated by {Xy, 0 : k < n}.

THEOREM 3.1. Assume (M) and (S). In addition, suppose that €2 < u. Then
for sufficiently large n,

2
(3.1) E[f|2 = O (u—l—a—i—i).
Proof. Define V(z) = (¢/x)/2. Direct calculations lead to
E.V(Tn+1) = V(Tn) = En{7, [~ 470 + p(Xns1 — En(0,)) + E[r(0n) — 7(0511)]]}
(3.2) + En|—pmn + p(Xpng1 — En(6,,)) + E[r(0,) — 7T(en-&-l)]|2-

In view of the Markovian assumption and the structure of the transition probability
matrix given by (2.2),

mo mo
(3.3) = (70 = 7005 | Tp,—ay
i=1 j=1
mqo Mo _
= > 70;)ai15, -5,
i=1 j=1
= O(E)v
and likewise, detailed computation also shows that
(3.4) E,|7(05) = 7(0n41)* = O(e).

Owing to (2.2), the transition probability matrix P¢ is independent of time n. As
a result, the k-step transition probability depends only on the time lags and can be
denoted by (P?)*. By an elementary inequality, we have |7, | = [T,|-1 < (|7 |2+1)/2.
Thus,

O(e)lmn| < O(e)(V(mn) +1).

Noting that the sequence of signals {X,} is bounded, the boundedness of {7, },
and O(ep) = O(pu? + €2) via the elementary inequality ab < (a? + b?)/2 for any real
numbers a and b, the estimate (3.4) yields

E,|—umn + (Xnt1 — En(6n)) + E[n(6,) — 7"'(en-&-l)HQ
< KE, | (2]Tn]? + 4| Xng1 — En(00)] + 4?7, B(X 1 — En(6,))]

(8:5) 7B (0n) — 7(0n i) + 1l (X1 — B (0,)) E(m(0) — 7(0ns))]

+[E(m(0n) = 7(0n41)) |
= O(p* + ) (V(#n) + 1) + [BE(m(0) — 7(0ns1))

and
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En {7 [— 170 + p(Xnt1 = En(0n)) + E(m(0n) — 7(0n41))]}
= —2uV(7n) + /‘En%;z(anLl —En(0,)) + Enﬁ E(m(0n) — m(0n+1))-
Using (3.5) and (3.6) in (3.2) together with (3.3), we obtain
E,V(pt1) = V(7n)
(3.7) = =20V (7n) + pE. T, (Xpt1 — En(6)) + EnT, E(7(0n) — 7(0511))
+ O+ ) (V(Tn) + 1).
To obtain the desired estimate, we need to “average out” the second to the fourth

terms on the right-hand side of (3.7). To do so, for any 0 < T < oo, we define the
following perturbations:

(3.6)

T/e
(7,n —MZWE X1 — En(6;)),

(3.8) T/E

Vs(Fon) = 3 FE(r(0;) - 7(0;41)):
J=n
In the above and hereafter, T'/¢ is understood to be |T'/e], i.e., the integer part of T'/¢.
Throughout the rest of the paper, we often need to use the notion of fixed-6
processes. For example, by X;(0) for n < j < O(1/e), we mean a process in which
0; = 6 is fixed for all j with n < j < O(1/e).
For VE(m,n) defined in (3.8),

T/e T/e
D En[Xj41 — (0 ZE Xjt1 — +1]
j=n
(3.9) i
+ Y [EX; 11 —En(6))]].
j=n

Using the ¢-mixing property of {X;} (see [5, p. 166]),
T/e
(3.10) Z E,[X;11 —EX;1]| <K <0 uniformly in n.

We can also show

T/e
(3.11) > [EX; 41 — En(6))]] < oc.
Thus, using (3.9)-(3.11), for each 7,
(3.12) Ve (m,n)| < Ow)(V () +1).

By virtue of the definition of Vi (-) and (2.2), it follows that there exists an N,
for all n > N, such that

T/e

Vs (7 n)| = Z T [B(7(60;) = 7(0j11))]

(3.13) = |7r [m(0n) — 7(07.)]|
< |7|O(¢e)
<0@)(V(7) +1).
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We next show that they result in the desired cancellation in the error estimate.
Note that

E, Vi (Tnt1,n+1) = Vi (T, n)

3.14
(3.14) =E, [V (Tni1,n+1) =V (T, n+ D]+ EVE (T, n+ 1) = Vi (T, n).

It can be seen that

(3.15) E. Vi (Fn,n+1) = VE(Ta,n) = —pE, 7, (X1 — Em(6,))
and
(3.16)
E, Vi (Tpy1,n+ 1) —E, Vi (T,,n+1)
T/e T/e
=u > B Bua (X —Ex(0;) —p Y En7 B (X4 — En(6)))
Jj=n-+1 Jj=n+1
T/e
=K Z E,(Tns1 — %n)/En+1(Xj+1 - Eﬂ(aj))
j=n-+1
T/e
=K Z Ep[—umn + 1w(Xnt1 — En(6n)) + E(7(0,) — 7T(9n+1))]/En+1[Xj+1 — En(0;)]
j=n-+1

= O(p*)(V (7o) +1) + O(pe) = O(*)(V (Tn) + 1) + O(?).
In the above, we have used O(ue) = O(u? +€2), (2.4), and (3.2) to obtain

En[Tn+1 — Tn]| < pEL|Tn| + pEy [ Xy — En(0,)] + O(e)

(3.17) = O(u)(V () +1) + O(e).
Thus
(3.18) E, Vi (Tnt1,n+1) = Vi (T, n)

= —En T, (Xni1 — En(0)) + O(u?)(V(7n) +1) + O(?).
Analogous estimates yield that

E. V5 (Fps1,n+1) — B, V5 (Fn,n + 1)
T/e

(3.19) = Y Eu(Fur1r — 70)E((6)) — 7(0541))
Jj=n+1

= O(pe)(V (@) +1) + O(e?) = O(e* + ) (V (%) + 1),

and that
(3.20) Vs (Fasn + 1) = Vi (Fnun) = =7, B(m(0) — 7(011)-
Thus,
E. V5 (Tpi1,n+1) = Vs (mp,n
o)  Fotrsn 1) = V5 (o)

= T EB(1(0,) — 7(0ny1)) + O(u? + ) (V(F,) +1).
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Redefine Vf¥ and Vi with T'/e replaced by co. Estimates (3.9)—(3.21) still hold.
Define

W(w,n) = V(%) + Vi (7, n) + V5 (7, n).
Then, using the above estimates, we have

E W (Fpi1,n 4+ 1) — W (T, n)
=E,V(Tnt1) = V() + En[Vi (Fnt1,n + 1) = Vi (70, 1))
+En[Vs (Tng1,n+ 1) — V5 (T, n)]
= —2uV (7n) + O(p* +*)(V(7p) + 1).

(3.22)

This, together with (3.12) and (3.13) and T'/e replaced by oo, implies

E, W (Tpi1,n+ 1) — W(7,,n)

(3.23) < =2uW (Fp,n) + O(4? + €2) (W (Fn,m) + 1).

Choose p and € small enough so that there is a A > 0 satisfying
=24+ O(?) + O(p?) < —Ap.

Then, we get

(3.24) E W (Tni1,n+1) < (1= M)W (T, n) + O(p* + ).

Taking the expectation and iterating on the resulting inequality yields
EW (Fri1,n+1) < (1= Ap)" " N-EW (7, 0) + Z (1= M) NeO(u? + €?)
(3.25) J=Ne ,
< (1 =) NEW(7,0) + O <,u + Z) .

By taking n large enough, we can make (1 — Au)" e = O(u). Then

2
(3.26) EW (Fup1,n+1) <O <u + ‘Z) .

Finally, applying (3.12) and (3.13) again, replacing W (7, n) by V(7) adds another
O(g) term. Thus we obtain

2
(3.27) EV (1) <O (M et i) .

This concludes the proof. 0

Remark 3.2. In view of Theorem 3.1, in order that our adaptive algorithm can
track the time-varying parameter, the ratio £/u must not be large. Given the order-
of-magnitude estimate O(u+¢+¢2/u), to balance the two terms p and €2 /u, we need
to choose € = O(u). Therefore, we obtain the following result.

COROLLARY 3.3. Under the conditions of Theorem 3.1, if ¢ = O(u), then for
sufficiently large n, E|7,|?> = O(u).
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4. Limit system of regime switching ODEs. Our objective in this section
is to derive a limit system for an interpolated sequence of the iterates. Different
from the usual approach of stochastic approximation [4], where e = o(u), here and
henceforth, we take ¢ = O(u). For notational simplicity, however, we use £ = p.
For 0 < T < oo, we construct a sequence of piecewise constant interpolation of the
stochastic approximation iterates 7,, as

(4.1) R =Ry tE [un,un+p).

The process 7(+) so defined is in D([0, T]; R®), which is the space of functions defined
on [0,7T] taking values in RS that are right continuous, have left limits, and are
endowed with the Skorohod topology. We use weak convergence methods to carry
out the analysis. The application of weak convergence ideas usually requires proof
of tightness and the characterization of the limit processes. Different from the usual
approach of stochastic approximation, the limit is not a deterministic ODE but rather
a system of ODEs modulated by a continuous-time Markov chain.

LEMMA 4.1. Under conditions (M) and (S), {m"(-)} is tight in D([0,T];RS).

Proof. By using the tightness criteria [14, p. 47], it suffices to verify that for any
6>0and 0 < s <,

(4.2) lim limsup E[7#(t + s) — 7 (¢)|* = 0.
6—0 u—0

To begin, note that

TH(t 4 8) = TH(t) = T(tts)/n — Tt/u

(t+s)/p—1
(4.3) _
=p E (Xkt1 — k)

k=t/p

Note also that both the iterates and the observations are bounded uniformly. Then
the boundedness of {X;} and {7y} implies that

E[7H(t + s) — 7" (t)|?

(t+s)/n—1 (t+s)/n—1
=E (p Z (Xpq1 —7)" | |1 Z (Xj+1 — 7))
k=t/n Jj=t/n

(t+s)/p—1 (t+s)/pn—1
(4.4) =u ) > EXer - 7)) (X — 7)
k=t/p j=t/p
< K2 <t+s B t>2
pooop
— K((t+5) — )2 = O(s?).

Taking limsup,_,, and then lims .o in (4.4), equation (4.2) is verified, and so the
desired tightness follows. ]

4.1. Limit of the modulating Markov chain. Consider the Markov chain 6,,.
Regarding the probability vector and the n-step transition probability matrix, we have
the following approximation results.



1196 G. YIN, VIKRAM KRISHNAMURTHY, AND CRISTINA ION

LEMMA 4.2. Suppose that o] is a Markov chain with a finite state space M =
My UMy U---UM; and transition probability matriz

(4.5) P" = diag(P!,..., P") 4+ nQ,

where for each i, P' is a transition probability matriz that is irreducible and aperiodic,
and Q is a generator of a continuous-time Markov chain. For simplicity, denote M =
{1,...,mo}, p = (P(all = 1),...,P(a? = mg)) with pj = po, and the stationary
distribution of P* by v* (a row vector) fori=1,...,1. Then for some ko > 0,

(4.6) P = diag(!, ... 1)2(t) + O (n +exp (‘7’;‘)’5» ,

where z(t) € R (with t = nn) satisfies

dz(t — .
d(t ) =z(t)Q, z(0) = podiag(Ly,,, ..., Ly,),
with
(4.7) Q = diag(v?h, ..., ")Qdiag(1,,, ..., Ly,).

In addition, for n < O(1/n), the n-step transition probability matriz satisfies (with
= Tl”%

(4.8) (P =E(t) + O (n + exp <f}°t)> ,
where

E(t) = diag(Lyn,, - - -, 1, )O(t) diag(v?, ..., v,
(4.9) de(t)

e, 00) =1.

Proof. The proof is that of Theorems 3.5 and 4.3 of [23]. 0

LEMMA 4.3. Suppose that o] is the Markov chain given in Lemma 4.2. Define
an aggregated process @ = i if &l € M;, and define an interpolated process &"(-)
by a(t) =@l if t € [nmp,nn +n). Then @"(-) converges weakly to @(-), which is a
continuous-time Markov chain generated by Q given in (4.7).

Proof. The proof of this result can be found in [24].

With the above two lemmas, we can now derive a result that will be used in the
subsequent analysis. The proof is essentially an application of the above lemmas.

PROPOSITION 4.4. Assume (M). Choose € = p and consider the Markov chain
0,. Then the following assertions hold:

e Denote p* = (P(0, = 01),...,P(0, =0,,)). Then
pﬁ:z(t)—I—O(,u—i—exp(_ﬁot)) , 2(t) € RYX™Mo,
dz(t

O _.me. =0 =m.

(4.10)
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e Define the continuous-time interpolation of 0 by 0*(t) = 0, if t € [npu,
nu + w). Then O#(-) converges weakly to 0(-), which is a continuous-time
Markov chain generated by Q.

Proof. Observe that the identity matrix in (2.2) can be written as

I = diag(1,...,1) € R™Mox™o,

Each of the 1’s can be thought of as a 1 x 1 “transition matrix.” Note that under
the conditions for the Markov chain 6,,, the diag(v!,...,v!) defined in (4.7) becomes
I € Rm™oxmoand diag(pm,,. .., Ly,) in (4.7) is also I. Moreover, the @ defined in
(4.7) is now simply Q. Straightforward applications of Lemmas 4.2 and 4.3 then yield
the desired results. ]

4.2. Characterization of the limit. Consider the pair (7#(-),0"(-)). Then
{71(:),04(-)} is tight in D([0,T]; RS x M) for T > 0 by virtue of Proposition 4.4
and Lemma 4.1 together with the Cramér—Wold device [5, p. 48]. By virtue of Pro-
horov’s theorem, we can extract convergent subsequences. Do that, and still index
the subsequence by p for notational simplicity. Denote the limit by 7(-). By virtue
of the Skorohod representation, 7#(-) converges to 7(-) w.p.1, and the convergence is
uniform on any compact set. We proceed to characterize the limit 7(-). The result is
stated in the following theorem.

THEOREM 4.5. Under conditions (M) and (S), (7(:),0"(-)) converges weakly to
(7(+),0(+)), which is a solution of the following switching ODE:

(4.11) %%(t) = n(0(t)) —7(t),  7(0) = 7o

Remark 4.6. The above switching ODE displays a very different behavior than
the trajectories of systems derived from the classical ODE approach for SA. It involves
a random element since 6(t) is a continuous-time Markov chain with generator @). Be-
cause of the regime switching, the system is qualitatively different from the existing
literature on SA methods. To analyze SA algorithms, the ODE methods (see [15, 16]
and [17]) are now standard and widely used in various applications. The rationale
is that the discrete iterations are compared with the continuous dynamics given by
a limit ODE. The ODE is then used to analyze the asymptotic properties of the
recursive algorithms. Dealing with tracking algorithms having time-varying features,
sometimes, one may obtain a nonautonomous differential equation [16, section 8.2.6],
but the systems are still purely deterministic. Unlike those mentioned above, the limit
dynamic system in Theorem 4.5 is only piecewise deterministic due to the underly-
ing Markov chain. In lieu of one ODE, we have a number of ODEs modulated by
a continuous-time Markov chain. At any given instance, the Markov chain dictates
which regime the system belongs to, and the corresponding system then follows one
of the ODEs until the modulating Markov chain jumps into a new location, which
explains the time-varying and regime switching nature of the systems under consid-
eration.

Proof. To obtain the desired limit, we prove that the limit (7(-),0(-)) is the
solution of the martingale problem with operator L; given by

(4.12) Lif(x,0;) =V (z,0,)(7(0;) —z) + Qf(x,-)(0;) for each 6; € M,

where

Qf(x,)(0:) = > aijf(,0;) = > qij[f(,0;) = f(x,0:)] for each §; € M,

JEM J#i
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and for each 6; € M, f(-,0;) is twice continuously differentiable with compact support.
In the above, Vf(x,0;) denotes the gradient of f(x,6;) with respect to x. Using
an argument as in [22, Lemma 7.18], it can be shown that the martingale problem
associated with the operator L; has a unique solution. Thus, it remains to show that
the limit (7(-),0(-)) is the solution of the martingale problem. To this end, we need
only show that for any positive integer ¢y, any ¢ > 0, s > 0, and 0 < ¢; < ¢, and any
bounded and continuous function h;(-,8;) for each ; € M with j < ¢,

t+s
X {f(%(t +5),0(t+s)) — f(7(t),0(t) — /t Lif(7(w),0(u))du| =0.

To verify (4.13), we work with the processes indexed by p and prove that the above
equation holds as p — 0.

First by the weak convergence of (7#(-),0"(-)) to (7(-),6(-)) and the Skorohod
representation,

Lo
tim B Ty (7#(0,),00(0,)) [F(F(t + ), 0%(¢ -+ 8)) — §(F#(0),0°(1)]
(4.14) =t

=E H hi(T(t5),0(t))) [f (Tt + ), 0(t +5)) — f(7(2), 0(1))] -

On the other hand, choose a sequence n, such that n, — oo as u — 0, but pn, — 0.
Divide [t, t + s] into intervals of width 6, = un,. We have
(4.15)

Lo
E [ 1@ (t5),0"(t5) [f Gt + 5),0"(t + 5)) — f(7*(2),0"(t))]
j=1

Lo (t+s)/pn—1
=E H hj (%M(tj)v Gﬂ(tj)) Z [f(%lnu-&-nwelnu+n“) - f(%lnu+nuyelnu)]
Jj=1 In,=t/p
(t+3)/p—1
+ [f(%lnu+nw€lnu) - f(%lnwelnu)]
Ing=t/p

By virtue of the smoothness and boundedness of f(-,0), it can be seen that

(4.16)
t (t+5)/u—1
,lli%E hj (%u(tj)veu(tj)) Z [f(%lnu-l-nwelnp-i-nu) - f(%lnu+nﬂ76lnu)]
j=1 In,=t/p
t (t+8)/u—1

= lim E hj (%#(tj), eﬂ(tj)) Z [f(%ln,u elnu-‘rn“) - f(%lnw Hlnu)]

Jj=1 Inp=t/p
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Thus we need only work with the latter term. Moreover, letting © — 0 and 16, =
puln,, — u and using nested expectation, we can insert E; and obtain

(4.17)
£o (t+s)/u—1
E H hj (%# (tj)7 o* (tj)) Z [f(ﬁlnu s alnu-i-nu) - f(%ln,u elnu)]
j=1 Iny=t/p
Lo (t+s)/p—=1 mo mo Inu+n,—
e[ThE o) | S 5SS e
=1 Ing=t/p j=1i=1 k=in,
P(Oyr1 = 0|0, = 0;) — f(Tin,,, 0) (5,5,
Lo (t+s)/pn—1 mo Inu+n,—1
—E[[ @) | S |2 Z > Qf im0 (5,5,
j=1 In,=t/p Kj=1 k= In,

0 t+s
B[00 | [ @i, 0] as o

Since %l“n“ and 0;,,, are Fy,, -measurable, by virtue of the continuity and bound-
edness of Vf(-,0),

Lo (t+s)/pn—1
B @), 04¢)) D [fGinyin, bn,) = f s O1n,)]
j=1 In,=t/p
Lo (t+s)/pn—1 Inyg+n,—1
=E H hj (%“(tj)7 0" (tj)) Z :uvf/(%lnM ’ HZTLM) Z ElnM (Xk'+1 - 7/7\7«)
J=1 Iny=t/p k=ln,
+o(1),
where o(1) — 0 as p — 0. Next, consider the term
2o (t+s)/pn—1 1 Iny,+n,—1
@19)  tmE[[mEC).06) | 2;/ ol X B X
= om I =in,,

Consider a fixed-0 process Xy (), which is a process with 6 fixed at 6, = 6 for
In, <k <O(1/p). Close scrutiny of the inner summation shows that

In,+n,—1 In,+n,—1
(4.19) — E Ein, Xiy1 can be approximated by — E Ein, Xiy1(0)
ny, ny,
k=ln, k=ln,

with an approximation error going to 0, since, Ej,, [Xpy1 — Xp41(0)] = O(e) = O(p)
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by use of the transition matrix (2.2). Thus we have

In,+n,—1

- Z Eln,‘ Xk+1
n

=2 Z E (Xk+1(§ Moy, =a,30m, = gj) +o(1)
j=1 """ k=in,

mo Ing,+n,—1 §

1 k 1—1
Ly, o D enlA@)tt "I, =, +o(1),

j=1""" k=in, ji=1

where o(1) — 0 in probability as ;1 — 0. Henceforth, we write 1 in lieu of 1g. Note
that for each j =1,...,5, as n, — oo (recall that 6, = un,),

In,+n,—1
— > [A@))FT e — 1w (6;).
M k=In,
Note that I{t‘hw:@} can be written as Ity s, )—g,3- As p — 0 and 16, — u, by the
weak convergence of *(-) to 6(-) and the Skorohod representation, Iygu(,.y,\—9,3 —

Ltguy=a,3 W-p-1. Consequently, since 17’(f;) has identical rows,

In,+n,—1
1 ptnpu
(4.20) o > Eipy, Xpp1 — E 05) (o),
: k=in,,

= ﬂ(@(u))

That is, the limit does not depend on the value of initial state, a salient feature of
Markov chains. As a result,

(t+s)/p—1 Ing+n,—1

hm EHh (TH(t), 0%(t))) Z — Z Eyp, Xgt1

n
Iny=t/p ® k=ln,

(4.21) =E[] ni&( Z/ m(0) 1 g(u)=7, 3 du
Lo
= B[ hy(7(0,).000,) [ / w(6(0)du]

Likewise, it can be shown that, as u — 0,

Lo (t+s)/p—1 In,+n,—1
A{T})Enhj(ﬁ“(tj)ﬂ”(tj)) > 5;»@ >
j=1 Iny=t/p k=ln,
(4.22)

—E ]e_'[l hi(7(t;),0(t;)) Utm %(u)du] .

Combining (4.14), (4.17), (4.21), and (4.22), the desired result follows. a
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5. Switching diffusion limit. By Theorem 3.1, {wz(e“)} is tight for n >

T
ng, for some positive integer ng. In an effort to evaluate the rate of variation of the
tracking error sequence, we define a scaled sequence of the tracking errors {v,} and

its continuous-time interpolation v*(-) by
T — E{m(0
(5.1) Uy, = M—{ﬂ(n)}, n >ng, vH(t)=wv, for t€ [np,nu+ u).

NG

We will derive a limit process for v*(-) as g — 0. Similarly to the rate of convergence
study when 6 is a fixed parameter (see [16, Chapter 10]), the scaling factor /i,
together with the asymptotic covariance of the limit process, gives us a “rate of
convergence” result.

Note that from Proposition 4.4

(5.2)  E{n(0,)} =7(un) + O(p + exp(—kon)), where 7(un) = 2 () (),

i=1

n

where 2%(t) is the ith component of z(¢) given in Proposition 4.4. By (M), {0,} is a
Markov chain with stationary (time-invariant) transition probabilities, so in view of
(2.3),

E[r(0n) — 7(6n+1)]
7 :

Our task in what follows is to figure out the asymptotic properties of v#(-). We aim to
show that the limit is a switching diffusion using a martingale problem formulation.

(5.3)  Ung1 = Up — o + /(X1 — E{m(0,)}) +

5.1. Truncation and tightness. Owing to the definition (5.1), {v,} is not
a priori bounded. A convenient way to circumvent this difficulty is to use a truncation
device [16]. Let N > 0 be a fixed but otherwise arbitrary real number, Sy(z) =
{z € R¥ : |z| < N} be the sphere with radius N, and 7%¥(2) be a smooth function
satisfying

1 if|z| <N
TN(Z): 1 |Z|7 )
0 iflz|>N+1.

Note that 7V (z) is “smoothly” connected between the sphere Sy and Syi;. Now
define
E[r(0n) — 7(0n+1)]

Vi ’

and define v*V(-) to be the continuous-time interpolation of v2. It then follows that

(5.4) vty = vy — o T () + Vi(Xnsr — Em(6)) +

lim limsup P ( sup [N (1) > ko) =0 foreach T < 0
ko—oo 0 0<t<T

and that v*V(-) is a process that is equal to v*(-) up until the first exit from Sy,
and hence an N-truncation process of v#(-) [16, p. 284]. To proceed, we work with
{v*N ()} and derive its tightness and weak convergence first. Finally, we let N — oo
to conclude the proof.
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LEMMA 5.1. Under conditions (M) and (S), {v*N ()} is tight in D(S[0, T]; R%),
and the process {v"N(-),04()} is tight in D([0, T]; RS x M).

Proof. In fact, only the first assertion needs to be verified. In view of (5.4), for
any 6 > 0 and ¢,s > 0 with s < 6,

(5.5)
(t+s)/n—1 (t+s)/p—1
Nt 4s) =0t N () = - Y TN +vE Y (X —En(6y))
k=t/n k=t/p
1 (t+s)/p—1
+— > Em(6k) — 7(0k11))-
v k=t/u
Owing to the N-truncation used,
(t+s)/pn—1
by | < K
k=t/p
and as a result,
(t45)/u—1 ?
5.6 lim lim sup E NN ()| =o0.
(5.6) e u-»op K k_zt;u k (vi)

Next, by virtue of (M), the irreducibility of the conditional Markov chain { X, } implies
that it is ¢-mixing with exponential mixing rate [5, p. 167], En(0;) — EXyy1 — 0
exponentially fast, and consequently

(t+s)/n—1
Elp Y. (Xpp1—En(6y))
k=t/n
2
(t+s)/p—1
=Bl Y [(Xep1 — EXppr) = (BEn(0k) — EXpp1)]| = O(s).
k=t/p
This yields that
(t+5)/u—1 2
(5.7) lim llﬁljng oY (Xepr — En(6y)| =0.
k=t/p

In addition,

| /e L
(58) — > E@(O) —7(0k1)) = —=[Em(0i/,) — Ex(Or40))] = O(/0)-

Vi S VI

Combining (5.5)—(5.8), we have
im limsup E |v“’N(t +s)— v“’N(t)|2

1 =0,
6—0 1—0

and hence the criterion [14, p. 47] implies that {v*(-)} is tight. O
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2. Representation of covariance. The main results to follow, Lemma 5.4
and Corollary 5.5 for the diffusion limit in section 5.3, require representation of the
covariance of the conditional Markov chain {Xj}. This is again worked out via the
use of fixed-0 process X (6) similar in spirit to (4.19). For any integer m > 0, for
m < k < O(1/u), with 0 fixed at 0, Xy11(0) is a finite-state Markov chain with
1-step irreducible transition matrix A(f) and stationary distribution 7(#). Thus [5,
p. 167] implies that {X;+1(0) — EXk41(0)} is a ¢-mixing sequence with zero mean
and exponential mixing rate, and hence it is strongly ergodic. Similarly to (4.19),
Xk+1—EX} 1 can be approximated by a fixed 6 process X 11(0) —EXj1(6). Taking
n=mn, <O0(/p) as p — 0, n — oo, and

(5.9)

n+m 1n+m—1

lim ~ S (Xka1(0) = EXpy1(0)(Xi, 41(0) — EXy41(0)) = B(6) w.p.1,

ki=m k=m

where ¥(0) is an S x S deterministic matrix and

(5.10)
n+m 1n+m—1
}LIE% ﬁ Z Z E {(Xp41(0) — EXpo11(9)) (X, +1(0) — EXpy11(0))'} = 2(0).

kl—m

Note that (5.9) is a consequence of ¢-mixing and strong ergodicity, and (5.10) follows
from (5.9) by means of the dominated convergence theorem. Clearly, ¥(6) is symmet-
ric and nonnegative definite. The following lemma gives an explicit formula for ()
in terms of 7(#) and A(6) and is useful for computational purposes.

LEMMA 5.2. The covariance matriz 3(0) in (5.10) can be explicitly computed as

(5.11) $(0) = Z'(0)D(60) + D(0)Z(6) — D(0) — m(6)7(6),

where D(0) = diag(m1(0), ..., mm,(0)) and Z(0) is given by
Z(0) = (I — A(9) + 17’ (6)) " .
Remark 5.3. The Z(0) is termed the “fundamental” matrix [6, p. 226]. As shown
in the aforementioned reference, because A(#) is irreducible, Z(6) is nonsingular.
Proof. Note that 3(0) = lim,,_,q £#(6), where ¥# () can be expressed in terms of
m(0) as

-1 [1/n]
SH0) = B(0)€h(0) + > E&(0)E(0) + Y EL(0)&(0),
(5.12) k=—[1/u] k=1
&:(0) & X(0) — n(0),

and {X(0)} is a fixed-0 Markov chain with 0_|,/,) = ¢ and 0 = ¢ for all integer
k < O(1/u). Consider the terms in the above equation. For 0 < k£ < O(1/u),

E&u(0)6(0) = EX5,(0)Xo(0) — m(0)7'(0) = (A*(0)) E{Xo(0) Xg(0)} — m(8)7' ().

Since {Xj(0)} is geometrically ergodic and starts at k = —|1/u|, Xo(6) has distri-
bution 7(6), so E{Xy(0)X(8)} = D(6). Then using the fact that () = D(0)1, it
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follows that E&.(0)¢5(0) = (A¥(9) — 1n'(0))' D(0). Thus it is easily checked that

[1/p] [1/1]
(5:13) Jim 3 B&(O)G6) = lim 3, (4°0) ~15'6))' DIO) = (2(6) = 1) Do)

sce also [6, p. 226], where it was shown that lim,_o >t/ (A%(6)(6) — 17(6))
Z(0) — I. Similarly,

S BE(6)€(0) = DO)(Z(0) - I),
(5.14) fm 30 B0 = D00 -0

E&(0)&(0) = D(0) — m(0)'(6).
The expression (5.12) and the limits in (5.13) and (5.14) yield (5.11). O

5.3. Weak limit via a martingale problem solution. To obtain the desired
weak convergence result, we work with the pair (v*V(-),0#(-)). By virtue of the
tightness and Prohorov’s theorem, we can extract a weakly convergent subsequence
(still denoted by (vA™V(-),0#(-)) for simplicity) with limit (v™(-),6(-)). We will show
that the limit is a switching diffusion.

To proceed with the diffusion approximation, similarly as in the proof of Theo-
rem 4.5, we will use the martingale problem formulation to derive the desired result.
For v € R¥, §# € M, and any twice continuously differentiable function f(-,6) with
compact support, consider the operator £ defined by

(5.15) Lf(v,0) ==Vf(v,0)v+ %tr[VQf(v, 0)2(0)] + Qf (v, -)(0),

where X(6) is given by (5.10) and V2f(v,6) denotes (9*/0v;0v;) f(v,6), the mixed
second-order partial derivatives. For any positive integer ¢y, any ¢t > 0, s > 0, any
0 < t; <twith j < ¢, and any bounded and continuous function h;(-,8) for each
6 € M, we aim to derive an equation similar to (4.13) with the operator L; replaced
by L. As in the proof of Theorem 4.5, we work with the sequence indexed by u.
Choose n,, such that n, — oo but 6, = un, — 0. The tightness of {v*N(-),0#(-)}
and the Skorohod representation yield that (4.14)—(4.16) hold with 7#(-) and 7(-)
replaced by v*N(-) and v (-), respectively.

LEMMA 5.4. Assume the conditions of Lemma 5.1 and that (v*V (0),6*(0)) con-
verges weakly to (v (0),60(0)). Then (v (-),0%(-)) converges weakly to (v (-),0(-)),
which is a solution of the martingale problem with operator LV given by

(516) £Y[(w,0) =~V 0™, 0)N 7Y (W) + LtV 7Y, )5(60)] + (™, )0),
or equivalently vN (-) satisfies
(5.17) dv™ (t) = =N ()N (N (1) + ZV2(0(t))dw,

where w(+) is a standard S-dimensional Brownian motion and X(0) is given by (5.10).

Proof. Tn view of (5.8), the term S_{""%/* " [Ex(6)) — Br(0x11)]/v/E = O(y/R)
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can be ignored in the characterization of the limit process. Moreover,

(t+s)/pn—1
Vi Y [Xkp —En(6y)]
k=t/n
(t+5) /-1 (t+5) /u—1
Vi Y, (X —EXpp)+vi Y (BEXpp — En(6)).
k=t/p k=t/p

Since EXy11 — Em(0;) — 0 exponentially fast owing to the elementary properties of
a Markov chain, the last term above is o(1) that goes to 0 as y — 0. Thus,

(5.18)
(t+s)/p—1 (t+s)/pu—1
Nt s) — ot N = - D NN v YD (X — EXiqa) +o(1).
k=t/p k=t/u

Similarly to the argument in the proof of Theorem 4.5,

t (t+5)/u—1
,{IE%E U1 hi (N (), 0%(t) | Y [F@, O, 4n,) — F(Vh, Oin,)]
(5.19) 7= =t/ n

B 1_1 (@0 [ [ Qs @ owian].

In addition,

(5.20)
Lo (tJFS)/H*l(S In,+n,—1
fm B ] hy@o ). 00)) | = 3 o DL Vvl b ol )
j=1 Ing=t/p k=ln,
Lo (t+s)/p—1
:}}E})EUhj(v“’N(tj)ﬁ“(tj)) = > VW O, v, TN ()
j=1 In,=t/p
Lo t+s
B[ n0 )00 |- [ V6,00 @ 0 @)
j=1 t
Next we note that
(5.21)
Lo (t+s)/pn—1 In,+n,—1
E [ n@ ), 04t) |V S, V@Y, Om) S [Xist — EXpl]
J=1 In,=t/p k=ln,
Lo (t+s)/p—1
< [ETr@"Ny),040)) [Vie Y. IV (v, 0m,)
Jj=1 In,=t/p
In,+n,—1
x> B, [Xep1 — EXpp]|
k=In,

—0 as u—20
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owing to the mixing property.
Finally, define

Ing+n,—11ln,+n,—1

GingGin, = - > > B, Xk — EXpt][Xe, 41 — EXpy 1]
m

k=in, ki=ln,
It follows that
Lo (t+s)/pu—1
E[]h@" N, 0m)) | D ulV2Fp, . 0m,) (0, 4n, — in,)
j=1 In,=t/p
X (lenHJrn“ - Ul]x,#)/]
Lo mo (t+s)/p—1
=E[[r@"N),04)) [>T tw[VEFh, Om,) Wl — Vi)
j=1 J=1 In,=t/p
X (UIJX/H'”M - UZIXM)/]I{GM;LZEJ}
Lo mo (t+s)/p—1
=B r@"N ), 00) (> D 6utr [V, Oim, ) Bin,, Gin,, 91,
j=1 Jj=1 In,=t/pn

X I{Gln“, :§j} + Pus

where p, — 0 as p — 0. Since it is conditioned on 6;,, = gj, Xi41 — EXjpy1 can
be approximated by a fixed-0; process Xj11(6;) — EXy11(0;), and since Xj1(6;) —
EXj11(0;) is a finite-state Markov chain with irreducible transition matrix A(6;), it is
¢-mixing, and the argument in (5.10) implies that for each ; € M with j = 1,...,my,

(5.22)
1 Ing+n,—1in,+n,—1
— D D> B, (X5n(0) — BXk1(8)(Xk, 11(0)) — Xk, 11(65))
m

k=Iln, ki=ln,

— 3(0;) wplas pu—0,

where X(6) is defined in (5.10). By virtue of Lemma 4.3, 8#(-) converges weakly to
6(-). As a result, by Skorohod representation, sending y — 0 and 16, — u leads to
6*(uln,,) converging to §(u) w.p.1. In addition, I{Q,L(Mu):@_} — I{e(u):éj} w.p.l. It
follows that
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Lo (t4s)/pn—1
EJ]n@mN),0m)) | Y. e[V O, (Wi, 10, — i)
j=1 In,=t/p

X (v%#Jrn“ - UZIXL,L)I]

(5.23)

t+s Mo

Lo
— B[] n@"t),00)) / Dt [ VRN (), 85)5(05)] o=,y du
j=1 L=

Lo t+s
=E H hj(vN(tj),H(tj)) [/t tr [VQf(UN(u),H(U))Z(H(u))}du .

In view of (5.19)—(5.23), the desired result follows. 0
COROLLARY 5.5. Under the conditions of Lemma 5.4, the untruncated process
(v*(+),0"(-)) converges weakly to (v(-),0(+)) satisfying the switching diffusion equation

(5.24) do(t) = —v(t)dt + 2Y2(0(t))dw,

where w(-) is a standard Brownian motion and X(0) is given by (5.10).

Proof. The uniqueness of the associated martingale problem can be proved simi-
larly to that of [22, Lemma 7.18]. The rest of the proof follows from a similar argument
as in [16, Step 4, p. 285]. d

Combining Lemma 5.1, Lemma 5.4, and Corollary 5.5, we have proved the fol-
lowing result.

THEOREM 5.6. Assume conditions (M) and (S) and that (v*(0),0"(0)) converges
weakly to (v(0),0(0)). Then (v(-),0"(-)) converges weakly to (v(-),0(-)), which is the
solution of the martingale problem with operator defined by (5.15), or equivalently, it
is the solution of the system of diffusions with regime switching (5.24).

Remark 5.7. The reason for obtaining a result such as Theorem 5.6 stems from
the motivation for figuring out rates of convergence. If 6 were a fixed parameter, we
would obtain a diffusion limit as those in [16, Chapter 10]. As a consequence, the
sequence v, will be approximately normal. Now, our motivation is still for getting
the rate of convergence. However, Theorem 5.6 reveals that v, is an asymptotically
Gaussian mixture. The mixture results from the time-varying parameter.

Remark 5.8. Occupation measure for hidden Markov model. The development
thus far concerns recursive estimation of the occupation measure m(6,,), given exact
measurements of the conditional Markov sequence {X,,}. The above results can be ex-
tended to the hidden Markov model (HMM) case where the process {X,,} is observed
in noise as {Y,,}, where

(5.25) Yy, = X + o

Assume that {¢,} satisfies the standard noise assumptions of an HMM [8, 13], i.e., it is
a mutually independent and identically distributed (i.i.d.) noise process independent
of X, and 6,,. Then, given {Y,,}, to recursively estimate 7 (6,,), the following modified
version of the LMS algorithm (2.3) can be used. Replace X, 41 in algorithm (2.3) by
Y, +1. The mean square error analysis, switching ODE, and switching diffusion results
of the previous sections carry over to this HMM case. More precisely, the following
theorem holds.
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THEOREM 5.9. Consider the LMS algorithm (2.3), where X,,+1 is replaced by
the HMM observation Y41 defined in (5.25). Assume that the conditions of Theo-
rem 5.6 hold, that {(,} is a sequence of i.i.d. random variables with zero mean and
E|¢1|* < 0o, and that {C,} is independent of {X,} and {0,}. Then the conclusions
of Theorems 3.1, 4.5, and 5.6 continue to hold.

6. Application—Adaptive discrete stochastic optimization. In this sec-
tion we apply the results developed in sections 3-5 to analyzing the tracking per-
formance of an adaptive version of a discrete stochastic optimization algorithm pro-
posed by Andradéttir [2]. Throughout this section we assume that the M in (2.1) is
M =S8 ={ey,...,es}, where e; denotes the standard unit vector. In what follows,
M denotes the set of candidate values from which the time-varying global minimizer
is chosen at each time instant (according to a slow Markov chain). & is the set of
candidate solutions for the discrete optimization. Because we assume M = S, we do
not use the notation S in this section. Note that the assumption that M = S is made
purely for notational convenience. Indeed, the set M of possible values from which
the time-varying optimum is drawn can be any subset of S.

6.1. Static discrete stochastic optimization. Consider the following discrete
stochastic optimization problem:

(6.1) min B{e, (7)),

where for each fixed § € M, {c,,()} is a sequence of i.i.d. random variables with finite
variance. Let L C M denote the set of global minimizers for (6.1). The problem is
static in the sense that the set K of global minima does not evolve with time.

When the expected value E{c, (0)} can be evaluated analytically, (6.1) may be
solved using standard integer programming techniques. A more interesting and im-
portant case motivated by applications in operations research [20] and wireless com-
munication networks [11] is when E{c,,(f)} cannot be evaluated analytically and only
¢, (0) can be measured via simulation.

If a closed form solution of E{c,(#)} cannot be obtained, a brute force method
[18, Chapter 5.3] of solving the discrete stochastic optimization problem involves an
exhaustive enumeration. It proceeds as follows: For each possible § € M, compute
the empirical average

_ 1M
en(0) = NZ@(@)

via simulation for large N, and pick out 0= arg ming v, cn (6).
Since for any fixed § € M, {c,(0)} is an ii.d. sequence of random variables

with finite variance, by virtue of Kolmogorov’s strong law of large numbers, cx (¢) —
E{c1(6)} w.p.1 as N — oo. This and the finiteness of M imply that, as N — oo,

(6.2) arg min ¢y (f) — arg min E {¢1(0)} w.p.1.
oeM oeM

In principle, the above brute force simulation method can solve the discrete stochastic

optimization problem (6.1) for large N and the estimate is consistent, i.e., (6.2) holds.

However, the method is highly inefficient since ¢y (f) needs to be evaluated for each

0 € M. The evaluations of ¢y (f) for ¢ K are wasted because they contribute

nothing to the estimation of ¢y (0), 6 € K.
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The idea of discrete stochastic optimization in [3] is to design an algorithm that
is both consistent and attracted to the minimum. That is, the algorithm should
spend more time obtaining observations ¢, (f) in areas of the state space M near
the minimizer 8, and less so in other areas. Thus in discrete stochastic optimization
the aim is to devise an efficient [18, Chapter 5.3] adaptive search (sampling plan),
which allows us to find the maximizer with as few samples as possible by not making
unnecessary observations at nonpromising values of 6.

In the papers [2] and [3], Andradéttir has proposed random search—based discrete
stochastic optimization algorithms for computing the global minimizer in (6.1). In this
subsection a brief outline of the assumptions and algorithm in [2] is given. Sections 6.2
and 6.3 analyze the performance of an adaptive version of the algorithm for tracking
a time-varying minimum. In [2], the following stochastic ordering assumption was
used.

(O) For each e;,e; € M, there exists some random variable Y% such that for

alle; e K, ej € K, and e € M, [ #1475,

P(Y¢ % >0) > P(Y*% > 0), P(Ye¢ > 0) > P(Y®% > 0),
(6.3) PV < 0) > P(YSet < ().
Roughly speaking, this assumption ensures that the algorithm is more likely to
jump towards a global minimum than away from it; see [2] for details. Some examples
on how to choose Y% are given in [2]. For example, suppose c,(0) = § + w, (6) in
(6.1) for each § € M, where {w,,(f)} has a symmetric continuous probability density
function with zero mean. In this case simply choose Y% = ¢,(e;) — cp(e;). It is
easily established that such a Y®% satisfies assumption (O). In [10] a stochastic
comparison algorithm is presented for this example.
The static discrete stochastic optimization algorithm presented in [2] is as follows.
ALGORITHM 1 (static discrete stochastic optimization algorithm).
a. Step 0: (Initialization) At time n = 0, select starting point Xy € M. Set
T = Xo, and select (?g = Xp.
b. Step 1: (Random search) At time n, sample X,, with uniform distribution
from M — {X,}.
c. Step 2: (Evaluation and acceptance) Generate observation YXn-Xn — If
YXnXn >0, set X,q1 = )?n; else, set X,11 = X,,.
d. Step 3: (LMS algorithm for updating occupation probabilities of X,,) Con-
struct m,41 as

~ ~ 1 ~
Tn4+1 = Tn + E(antl - Wn)'

e. Step 4: (Compute estimate of the solution) o:

¥ = e;«, where

% ~x
i* =arg max 7.
ie{l,..,sy "tV

set n — n+ 1 and go to Step 1 (7, denotes the ith component of the
S-dimensional vector Tp,41).
The main convergence results in [2] for the above algorithm can be summarized
as follows.
THEOREM 6.1. Under assumption (O), the sequence {X,} generated by Algo-
rithm 1 is a homogeneous, aperiodic, irreducible Markov chain with state space M.
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Furthermore, for sufficiently large n, {X,} spends more time in K than other states;
i.e., if 0 = e; is a global minimizer of (6.1), then the stationary distribution 7w(0) of
{X,} satisfies 7(0) > 77(0), e; € M — K, where 7(0) denotes the ith component
of ©(6).

The theorem shows that 5;‘; is attracted to and converges almost surely to an
element in K.

6.2. Adaptive discrete stochastic optimization algorithm. Motivated by
problems in spreading code optimization of CDMA wireless networks [11], we consider
a variant of Algorithm 1 where the optimal solution § € M of (6.1) is time-varying.
Denote this time-varying optimal solution as 6,,. We subsequently refer to 6,, as the
true parameter or hypermodel. Tracking such time-varying parameters is at the very
heart of applications of adaptive SA algorithms. We propose the following adaptive
algorithm.

ALGORITHM 2 (adaptive discrete stochastic optimization algorithm).

a. Steps 0-2: identical to Algorithm 1.
b. Step 3: (Constant step-size) Replace Step 3 of Algorithm 1 with a fixed-
step-size algorithm, i.e.,

(64) %n+1 = %n +u (XnJrl - %n) ’

where the step size p is a small positive constant.
c. Step 4: identical to Algorithm 1.

Note that as long as 0 < p < 1, T, is guaranteed to be a probability vector.
Intuitively, the constant step size p introduces exponential forgetting of the past
occupation probabilities and permits tracking of slowly time-varying 6,,. The rest of
this section is devoted to obtaining bounds on the error probability of the estimate 6
generated by Algorithm 2.

6.3. Convergence analysis of adaptive discrete SA algorithm. In adap-
tive filtering (e.g., LMS), a typical method for analyzing the tracking performance
of an adaptive algorithm is to postulate a hypermodel for the variation in the true
parameter {6,}. Since 6, € M and M is a finite state space, it is reasonable to
describe {6,,} as a slow Markov chain on M for the subsequent analysis. Henceforth,
we assume that (M) holds for {6,,}. Note that the hypermodel assumption is used
only for the analysis and does not enter the actual algorithm implementation; see
Algorithm 2.

Theorem 6.1 says that for fixed 6, = 6 the sequence {X,} generated by Algo-
rithm 2 is a conditional Markov chain (conditioned on 6,,); i.e., assumption (S) of
section 2 holds. The update of the occupation probabilities (6.4) is identical to (2.3).
Thus the behavior of the sequence {7, } generated by Algorithm 2 exactly fits the
model of section 2 with my = S. In particular, the mean squares analysis of section 3,
the limit system of switching ODEs, and switching diffusion limit of section 5 hold.

Owing to the discrete nature of the underlying parameter ¢,,, it makes sense to
give bounds on the probability of error of the estimates 6 generated by Step 4 of
Algorithm 2. Define the error event E and probability of error P(E) as

(6.5) E=1{0;#0,}, P(E)=P(0;#90,).

Clearly E depends on n and the step size p; we suppress the n here for notational
simplicity. When we wish to emphasize the n- and p-dependence, we write it as E*.
Based on the mean square error of Theorem 3.1, the following result holds.
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THEOREM 6.2. Under conditions (M) and (S), if 1 = €, then there is an ny such
that for all n > ny the error probability of the estimate 0, generated by Algorithm 2
satisfies

(6.6) P(E) = P(BY) < Ku'™, 0<7 <,
where K is a positive constant independent of p and €.

The above result can be used to check the consistency: As p — 0, the probability
of error P(E) of the tracking algorithm goes to zero. The constant K can be explicitly
determined; however, it is highly conservative.

Proof. The estimate of the maximum generated by the discrete stochastic opti-
mization algorithm at time n is 7}, = argmax; 7, (where 7/, denotes the jth com-
ponent of the S-dimensional vector 7,). Thus the error event E in (6.5) is equiva-
lent to E = {arg max; 7 (0,) # argmax; %fl} Then clearly the complement event
E = {argmax; 7°(0,,) = arg max; 71/, } satisfies

where

(6.7) L < min |7"(6,) — 7’

nl
2,9

is a positive constant. Then the probability of no error is

PE)=P (arg mlaxwi(ﬁn) = arg mﬁx%ﬁ) > P <‘mzax7ri(0n) - mjax?r%

1)

for any sufficiently small positive number L. Then, using the above equation and
Theorem 3.1,
> L)

<p (max 7 (0,) — 71| > L) .
3

P(E)<P (‘maxwi(en) — max 77,
i j

(6.8)

Applying Chebyshev’s inequality to (3.1) yields, for any i,
i ~i 1
P(|7"(0n) =Tl > L) < 5 Kp
for some constant K. Thus (6.8) yields
6.9 p i) -7 |>L) < ~K
(6.9) max [7*(0n) — 7| > L) < 75 Kp.

It only remains to pick a sufficiently small L. Choose L = p”, where 0 < v < % is
arbitrary. It is clear that, for sufficiently small u, L satisfies (6.7). Then (6.9) yields
P(E) < Ku'=27. O



1212 G. YIN, VIKRAM KRISHNAMURTHY, AND CRISTINA ION

Using the diffusion approximation Corollary 5.5 and Theorem 5.6, a sharper upper
bound for the error probability can be obtained as follows. First, without loss of

generality we may order the states §; € M so that the covariances X(6) are, in
ascending order,

(6.10) %(01) < (62) <--- < B(0s),

where 3(0;) < 2(0;) (resp., X(0;) < £(6,)) means that $(6;) — £(6;) is nonnegative

definite (resp., positive definite). Note that X(6;) is explicitly computable using (5.11).
Define

(6.11) ettt ej —ei, ol'(0) e elt/33(0)el’.

THEOREM 6.3. Assume that conditions (M) and (S) hold and that yu = €. Then

for sufficiently large n the error probability of the estimate @n generated by Algorithm 2
satisfies

(6.12)
S

P(E|0, =0,;) < Z [I(e””ﬂ(;m) <0)9° (

SN
(6.13) i

aii(61)/2
+ (e 7 (un) > 0)@° (Wﬂ ,

where 2'(+),7(-) are defined in (5.2), and o7%(:) are defined in (6.11), which can be
computed using (5.11) and ®°(-) = 1 — ®(-), with () being the standard normal
distribution function.

Proof. Clearly P(E) = Y5 | P(6,, = 0;)P(E|,, = 0;). Then (5.2) yields (6.12).
Now

P(E16, =8) = P (argmpxR # il =)
J

S

=pP| J{# -7, >0} 0, =0
j=1
J#i

<Y P(@—-7,>0|6,=0;) (union bound).

oL S,
3 Mco
SR

Upper bounds for each of the S — 1 terms in the above summation will now be
constructed.
Using (5.1), with 7(un) defined in (5.2),

(6.14) R = B{n(0,)} + v/iivn = 7(un) + v/fiv, + O + exp(—kon)),
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where v(t), the limit of the interpolation of v,,, satisfies the switching diffusion (5.24),
and 3(0;) are in ascending order as in (6.10).
Define scalar processes (37! and 37 (t) as 34' = e/*'v,, and (37%(t) = e/*'v(t). Then

(37%(t) satisfies the real-valued switching diffusion
A (t) = =B (t)dt + 0;;(0(t))db(t),

where 07%(0(t)) is defined in (6.11) and b(t) is a real-valued standard Brownian motion.
Owing to (6.14), 7, — T, = e/'7, = e/™'7(un) + /afi + O(pu + exp(—kon)).
Since the O(p + exp(—kon)) does not contribute to the limit in distribution, we drop
it henceforth. We have
2,/ =
et _g)
NG

Since the process 3¢ is a Gaussian mixture and the limiting process 37¢(t) is a
switching diffusion, it is difficult to explicitly compute the right-hand side of (6.15).
However, it can be upper-bounded by considering the Gaussian diffusion processes

éji(t) and Bﬂ(t), which are defined as follows:

(6.15) P, -7 >0[0,=0;)=P (ﬁg’j >

n

7(0) = 57(0),
(0) = 57(0).

d@ji(t) - —@ji(t)dt + O'ji(gl)db(t)a
dB" (1) = =" (Dt + 0;3(0s)db(2),

Q1R
bef

Due to the ordering of the positive definite matrices £(6;) in (6.10), the scalars o;(6;)
satisfy

(616) O'ji(gl) S O'ji(gg) S S Uji(§S)~

To proceed, we claim the following result and postpone the proof until later.
LEMMA 6.4. For any a > 0, P(#'(t) < a) > P(B7'(t) < a|0(t) = 0,)

P(B'(t) < a). For any a < 0, P(F'(t) < a) < P@(t) < alo(t) = By)

P@E'(t) < a).
Lemma 6.4 implies that

IN IV

(6.17)  P((t) > alf(t) = 6;) < I(a > 0)P(F'(t) > a) + I(a < O)P(F (1) > a).

Since gj “(t) and §(t) are real-valued diffusions and are stable, their stationary co-
variances are easily computed as g% = ajzi(gl) /2 and 72 = O’?i(gs) /2, respectively.
Thus, asymptotically gji(t), Bﬂ(t) are Gaussian random variables with zero mean
and variance 0%;(61)/2 and 0%;(fs)/2, respectively. Then (6.17) yields

P(B(t) > al6(t) = 8;) < I(a > 0)d¢ (U(;l)/g) +I(as0)e* (o(gs)/2> '

Thus for sufficiently large n and sufficiently small @ > 0,

P(B > alf, = 8;) < I(a > 0)d° (O_](ZM) +1I(a <0)®° <UJ<;S)/2> .

Using this in (6.15) proves the theorem. O
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Proof of Lemma 6.4. Let t; < to < -+ < ty < t denote the sequence of jump
times of the Markov chain {0(¢)}. Let G; denote the o-algebra generated by {6(s) :
s < t,0(t)}. Then

Fi(r) = et [aﬂw(o» / Cemdb(r) + 034(0(t)) / Cdb(r) 4

ty

+o,(0(tn) / t erb(T)} ,

tN

gty =e" {Uji(al) /Ot1 e™db(t) + 7;:(01) /t2 edb(T) + - -

t1

+ 0:(01) /t erb(T)] )

tN

where 37'(t) is a zero mean scalar Gaussian variable. Conditioned on Gy, #7%(t) is

a zero mean scalar Gaussian random variable. Since o0;;(61) < 0;;(0(t)) for all ¢
by (6.16), clearly E{#7"(t)}? < E{#7/(t)}?. Hence for > 0, BE{I(8"'(t) < x)} >
E{I(37(t) < x)|G,0(t)}. Taking E{-|0(t)} on both sides and using the fact that
(37*(t) is independent of 6(t) yields P(8”*(t) < x) > P(87*(t) < z|(t)). The result for

B3 (t) is established similarly. |

Remark 6.5. First, Markov chain Monte Carlo—based simulation methods can be
used to evaluate the probability of error of the algorithm. In addition, a Gaussian
approximation—based heuristic expression can be obtained for the probability error
bounds of Algorithm 2 in lieu of Theorem 6.3. Consider a real-valued switching
diffusion process

dx = —xdt + o(0(t))db,

where 0(t) is the limit Markov chain as in section 5. The negative term —x implies
that the system is stable. Thus, by virtue of an argument as in [16, p. 323], the
covariance is given by

0

Ex(t)z(0) = E (/t exp(—(t — 5))0(0(5))db(s)> </

— 00 —0o0

exp(s)o(@(s))db(s)) .

Assume in addition that the generator @ of the Markov chain 6(t) (the one given
in condition (M)) is irreducible, which implies (see [22]) that, except for zero, all
other eigenvalues are on the left half of the complex plan. As a result, the stationary
covariance exists and is given by

S o
(6.18) 5% = EZ/ exp(—=28)0?(01) I1()=5,3d5-
=170

This covariance may be computed via the Monte Carlo method. Using 52, an approx-
imation of the probability of error for Algorithm 2 can be computed.
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