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1. Introduction

Stochastic approximation, introduced by Robbins and Monro [37] as a tool for statistical computation, is
today a main paradigm for online algorithms for system identification, adaptive control, and optimization. A
comprehensive and detailed account of the field can be found in texts by Kushner and Yin [25] and Borkar [11].
Standard stochastic approximation scheme is given by

X1 — Xy —a(m)M, 11 = a(n)h(X,), 1)

where {X,},5, (iterate sequence) and {M,},-, (noise sequence, usually assumed to be unbiased with restrictions
on its variance) are sequences of R?-valued random variables, and h:R? — R? is a Lipschitz continuous
function. Further, {a(n)},.o is a sequence of positive real numbers denoting the step-size sequence. The
convergence analysis of Recursion (1), where one wishes to show that the iterates X, converge to x* € R?,
belonging to the zero set of the function h(-), is usually accomplished using the martingale method (see Duflo [17])
or the ordinary differential equation, or o.d.e., method (introduced by Derevitskii and Fradkov [16] and later
generalized by Benaim et al. [4] to include set-valued dynamical systems). The martingale method involves
showing that the norm distance between the iterate and the desired solution goes to zero using the generalized
martingale convergence theorem, whereas the o.d.e. method involves the identification of a dynamical system
whose solution trajectories the iterates are shown to track. The method of choice usually depends on the ease
of verification of various assumptions involved, in a particular application setting. For example, in stochastic
approximation schemes used to solve stochastic variational inequality problems (SVIP), the martingale method
has been found to be extremely useful (see Jiang and Xu [20], Koshal et al. [23], [usem et al. [19]), whereas the
o.d.e. method is applied in the analysis of learning algorithms and gradient-based schemes (Sutton et al. [40],
Borkar and Meyn [13], Bhatnagar and Prashanth [7]). Different noise models also have been, most notably the
martingale noise model and the Markov noise model. The study of stochastic approximations with Markov
noise terms was pioneered by Metivier and Priouret [28], where the assumptions on the law of the Markov
noise terms guarantees the existence of a solution to Poisson equation, which is then used to convert the
Markov noise case to stochastic approximation with Martingale noise terms. An extension of the above
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method when the drift function is discontinuous can be found in Fort et al. [18]. An alternate set of Markov
noise conditions that does not require the existence of solution to the Poisson equation was studied by Borkar [10]
(which we extend to our framework presented later).

Under the o.d.e. method of analysis, different step sizes for different components of the iterate in Recursion (1)
introduces different timescales, if the step sizes satisfy a certain rate condition. Such schemes are known as
multitimescale stochastic approximation schemes and are well studied in the presence of martingale noise
with set-valued or single-valued dynamical systems (Ramaswamy and Bhatnagar [36], Perkins and Leslie [34],
Borkar [9]) and Markov noise with single-valued dynamical system (Karmakar and Bhatnagar [21]). In this
paper, we present a two-timescale stochastic approximation scheme with set-valued maps and nonadditive
iterate-dependent Markov noise and study its asymptotic behavior. The framework studied in this paper, to
the best of our knowledge, is the most general two-timescale stochastic approximation framework studied
to date.

1.1. Overview of Two-Timescale Stochastic Approximation Schemes
The standard two-timescale stochastic approximation scheme is given by

Y1 =Y, — b(”)Mgl = b(n)hZ(Xn/ Yn)r (Za)
Xust = X = a(mM)y = a(mhy (X, Yo), (2b)

where 1 > 0 denotes the iteration index, {X,},s( is a sequence of R%-valued random variables, {Y,},, is a
sequence of R-valued random variables, for any i € {1,2}, h; : R%*®2 — R% is a Lipschitz continuous function,
and for every i € {1,2}, {MS)}nzl is a R%-valued square-integrable martingale difference sequence. The step-size
sequences {a(n)},so and {b(n)},s, are sequences of positive real numbers chosen such that they satisfy

lim,, o0 % =0 in addition to the Monte Carlo step-size conditions. The condition lim,— % = 0 ensures that

after a large number of iterations, the time step of Recursion (2a) is much smaller than that of (2b). Thus, the
Recursion (2a) appears to be static with respect to the Recursion (2b). Borkar [9], using the dynamical systems
approach studied by Benaim [3], showed the above intuition to hold. More precisely, the faster timescale
Recursion (2b), was shown to track the ordinary differential equation (o.d.e.) given by

dx

—~=h 3
it 1(X,y0), 3)
for some yy € R%, and assuming that for every y € R%2, o.d.e. (3) admits a unique globally asymptotically stable
equilibrium point, say A(y), the slower timescale Recursion (2a) was shown to track the o.d.e. given by,

Zl = I(Ay), y). 4)
t
Further, the map y — A(y) was assumed to be Lipschitz continuous.

An important application of the above stochastic approximation scheme is in the computation of a saddle
point of a function. Given a function f : R x R — R, (x*,y*) € R1*% (x* € R" and y* € R%, respectively) is a
saddle point of the function f(-,-) if

inf sup f(x,y) = sup inf f(x,y) =f(x",y"). ®)

xeR% yeRé2 yeRd:2 xeR?

From Bertsekas [6, proposition 5.5.6], we know that the function f(-,-) admits a saddle point if for every
(x,y) €RY,

(1) =f(x,) and f(-,y) are convex functions, and

(2) the sub level sets of functions x — sup, cps, f(x,y) and y — —inf, s f(x,y) are compact sets.

Over the years, significant effort has been devoted to developing algorithms to compute such points (see
Nedi¢ and Ozdaglar [32] and Benzi et al. [5] and the references therein). Most of the solutions proposed in the
literature require the computation of partial derivatives of the function f(-,-). However, in practice, the closed-
form expressions of the partial derivatives are often not known or are expensive to compute, and in such cases,
one often estimates the partial derivatives using values of the objective function (see Spall [39] for one such
estimation method). The two-timescale stochastic approximation scheme can be used to compute a saddle
point with noisy partial derivative values by setting h1(x,y) := =V, f(x,y) and ha2(x,y) := V, f(x,y), where V, and
V, denote the partial derivative operators with respect to x and y, respectively. In this setting, the sequences
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{Mﬁll)}nzl and {M,(f)}nzl could contain the partial derivative estimation errors, and the map A(-) denotes
correspondence between y € R and the minimum of the function f(-, y). The vector field associated with o.d.e.
(4) is now given by V,, f(x, y)|;=5(,), which can be shown to be the same as V, f(A(y),y) using the envelope theorem
from mathematical economics (see Milgrom and Segal [30]). Thus, the slower timescale maximizes the function
y — inf ga f(x,y) = f(A(y), y), thereby at the limit, the iterates of Recursion (2) converge to a saddle point of
the function f(,-).

In some cases, the function whose saddle point needs to be computed is itself averaged with respect to a
certain probability measure. For example, consider the function f: R%*%2 x ¥ — R, where ¥ is a compact
metric space, and for some probability measure p on ¥, one wishes to compute the saddle point of the
function f, : R+ — R, where for every (x,y) € RI1+%, fulx,y) = fy, f(x,y,s)u(ds). If one has access to i.i.d.
samples with probability measure p, then the saddle point problem above can be solved using Recursion (2).
But if access to such samples is not available and one uses Markov chain Monte Carlo methods to sample from
the measure y, then Recursion (2) has a nonadditive iterate-dependent Markov noise component. The re-
cursion in this case takes the following form:

Yiir = Yo = bm)M, = bl (X, Yo, 1), (6a)
Xt = Xy —a(mM,), = a(why (X, ., ), (6b)

where {Sf})}nzl and {55,2)},721 denote the Markov noise terms taking values in an appropriate state space. The
Recursion (6) was studied by Karmakar and Bhatnagar [21] under assumptions similar to those of Borkar [9]
that include the Lipschitz continuity of the maps hi, hy, and A.

Often, the maps /1 and h, in Recursion (2) are not Lipschitz continuous, and the map A is not even single
valued (i.e., the o.d.e. (3) has a globally asymptotically stable equilibrium set). This motivates one to study the
two-timescale recursion with set-valued drift functions. The recursion then takes the following form:

Yot = Yo = b(n)MZ), € b(n)Ha(Xo, Y), (7a)
X1 = X —a(m)M), € a(n)Hy (X, Vo), (7b)

where H; and H; are set-valued maps and other quantities have similar interpretation to those in Recursion (2).
The above recursion was studied by Ramaswamy and Bhatnagar [36], and the map A was allowed to be set
valued and upper semicontinuous.

1.2. Contributions of This Paper and Comparisons with the State of the Art
In this paper, we study the asymptotic behavior of the recursion given by

+

Yo = Yo = bME, € bn)Ha (X, Y, 82, (8a)

Xusr = Xy = a(n)Myy € a()H (X, Y, S), (8b)
where H; and H, are set-valued maps and {5511)}”20 and {Sff)}nzo are the Markov noise terms taking values in
compact metric spaces ¥V and ¥?, respectively. We show that the fast timescale Recursion (8b) tracks the

flow of the differential inclusion (DI) given by

dx
ad M) 1 (dsD
dt € e () /sm) Hl (x’yo’s )” (ds ) ©)

for some 15 € R%, where DY (x, y) denotes the set of stationary distributions of the Markov noise terms {55,1)},,20
for every (x,y) € R?, and the integral above denotes the integral of a set-valued map with respect to measure .
(This is explained in Section 2.2, see Definition 6.) Further, we assume that for every y € R%, the above DI
admits a unique globally attracting set A(y). The map y — A(y) is also assumed to be upper semicontinuous (see
Definition 1 in Section 2.1). The slower timescale Recursion (8a) is shown to track the flow of the DI given by

dy @ @
I € Uyen(y) /Rdlxy(z) H, (x,y,s )y(dx,ds ), (10)
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where y — D(y) denotes a set-valued map taking values in the space of probability measures on ¥?, and the
map D(:) is defined such that it captures both the equilibration of the fast timescale iterates to A(-) and the
averaging due to the Markov noise terms {5'2},50-

In comparison with the two-timescale framework studied by Karmakar and Bhatnagar [21], our work allows
for the drift functions (i.e., H; and Hj) to be set valued, and the map A(-) is allowed to be set valued and upper
semicontinuous, which is much weaker than the requirement imposed in Karmakar and Bhatnagar [21] of
being single valued and Lipschitz continuous. The generalization to the set-valued case allows one to analyze
Recursion (6) when the driftfunctions iy and h, are single valued and are just measurable, because the graph of
such a map can be embedded in the graph of a upper semicontinuous set-valued map as in Borkar [11, chapter 5.3(iv)].
We refer the reader to Borkar [11, chapter 5.3] for several other scenarios in which the study of stochastic
approximation scheme with set-valued maps becomes essential.

Our work further generalizes the two-timescale framework studied in Ramaswamy and Bhatnagar [36] by
allowing for the presence of Markov noise terms. The analysis in this paper does not extend in a straight-
forward manner from that by Ramaswamy and Bhatnagar [36] and requires results from set-valued map
approximations, parametrization, integration, and the use of probability measure-valued functions. However,
the method of analysis adopted in this paper can be appropriately adapted to obtain the same convergence
guarantees as in Ramaswamy and Bhatnagar [36] when the Markov noise terms are absent.

1.3. Overview of the Analysis and Organization of the Paper

It is known that continuous, convex, and compact set-valued maps taking values in a finite dimensional space
admit a continuous single-valued parametrization. The properties of the set-valued drift function ensure that
the drift functions H; and H, are convex and compact set-valued maps and are upper semicontinuous.
However, such maps do not admit a continuous parametrization. We can work around this problem by
enlarging the graph of the drift function because the graph of drift function can be embedded in the graph of a
continuous, convex, and compact set-valued map that admits a continuous single-valued parametrization.
Thus, a sequence of continuous single-valued maps can be obtained that approximate the set-valued drift
function from above. This enables us to write the Inclusion (8) in the form of Recursion (6) with an additional
parameter. The results needed to accomplish the above are stated in Section 2.1.

Before proceeding further, one needs to identify the mean fields that the Recursion (8) is expected to track.
To this end, we need some results from the theory of integration of set-valued maps that are reviewed in Section 2.2.
Further, the measurablility and integrability properties of the drift functions of the recursion are investigated,
and the characterization of the integral of a continuous set-valued map in terms of its parametrization is
established.

In Section 2.3, we compile some definitions and results from the theory of differential inclusions that are
needed later to characterize the asymptotic behavior of Recursion (8). Further, in Section 2.4, we state the
assumptions and the main result of the analysis of single timescale stochastic recursive inclusions with
nonadditive iterate-dependent Markov noise from Yaji and Bhatnagar [41], and in Section 2.5, we define and
compile some results needed from theory of the space of probability measure-valued functions.

In Section 3, we state and motivate the assumptions under which the Recursion (8) is analyzed. Using the
results from integration of set-valued maps reviewed in Section 2.2, the mean fields are defined and the main
convergence result is stated. The mean fields defined in Section 3 possess some properties that ensure the
existence of solutions (of their associated differential inclusions). These properties are established in Section 4.
This section also shows that appropriate modifications of the continuous set-valued maps that approximate
the drift functions (obtained in Section 2.1) approximate the mean fields, which play an important role in the
analysis later.

The analysis of Recursion (8) consists of two parts. In Section 5.1, the Recursion (8) is analyzed along the
faster timescale. The Recursion (8) when viewed along the faster timescale appears to be a single timescale
stochastic recursive inclusion with nonadditive iterate-dependent Markov noise. In Section 5.1, we show that
Recursion (8) viewed along the faster timescale satisfies all the assumptions associated with the single
timescale recursion presented in Section 2.4. Applying the main result of single timescale analysis, we
conclude that the faster timescale iterates converge to A(y) for some y € R%. In Section 5.2, the slower timescale
recursion is analyzed. It is shown that the linearly interpolated sample path of the slower timescale iterates
(defined in Section 5.2.1) tracks an appropriate DI. Continuous functions tracking the flow of a dynamical
system are known as asymptotic pseudotrajectories (see Benaim et al. [4] for definition and related results). The
asymptotic pseudotrajectory argument in this paper presented in Section 5.2.2 comprises the following steps:
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(1) The first step is to get rid of the additive noise terms, {M;z)}nzl. This involves defining an o.d.e. with an
appropriate piecewise constant vector field and showing that the limit points of the shifted linearly in-
terpolated trajectory of the slower timescale iterates coincide with the limit points of the solutions of this o.d.e.
in the space of continuous functions on [0, o) taking values in R%2. Further, a simple argument gives us that the
set of limit points of the shifted linearly interpolated trajectories of the slower timescale iterates is nonempty.

(2) The second step is to show that the limit point obtained in the first step is in fact a solution of DI (10).
This is accomplished using probability measure-valued functions reviewed in Section 2.5. This method also
hasbeenused inanalyzingstochasticapproximationschemesasinRecursion (6) by Karmakar and Bhatnagar [21]
and by Borkar [10]. But the analysis in these references made explicit use of the Lipschitz property of the
underlying drift functions. We observe that continuity is sufficient to carry out this analysis. This is also where
our analysis significantly differs from that of Ramaswamy and Bhatnagar [36]. That the equilibration of the
faster timescale is also accomplished using probability measures simplifies the proof compared with that of
Ramaswamy and Bhatnagar [36].

In Section 5.2.3, the limit sets of the slower timescale iterates are characterized in terms of the dynamics of
DI (10). In addition to the above, using the convergence of the faster timescale iterates to A(-) obtained in
Section 5.1, we obtain the main convergence result of this paper (i.e., Theorem 4ii).

In Section 7, as applications, we provide methods for computing a solution to constrained and un-
constrained optimization problems. In the first application, we present an algorithm to compute an e-optimal
solution of a constrained convex optimization, where the optimization problem is obtained by averaging the
quantities involved with respect to the stationary distribution of an underlying Markov chain. Such problems
arise in optimal control where the controller must find an optimum parameter where the changes in state of
the underlying system can be modeled by a Markov chain. The cost function and system constraints are
dependent on the state of the system, and the controller seeks to find the optimum of the long-run average of
the cost function while satisfying the long-run average constraints. In such applications, the stationary dis-
tribution of the system states is not known, but one has access to a sample path of system state changes. We propose
a two-timescale scheme, which performs primal ascent along the faster timescale and dual descent along the slower
timescale with the knowledge of the current state at a given iteration. Using the theory presented in this paper, it is
shown that the limit set of the iterates of the proposed two-timescale scheme are contained in the set of Lagrangian
saddle points of the underlying averaged constrained convex optimization problem. Further, the algorithm does
not assume the differentiability of the objective function and requires only a noisy estimate of the subgradient. In the
second application, we present an algorithm to compute an e-optimal solution of an unconstrained optimization
problem, using newtons method, where on the faster timescale, the approximation of the newton update is
computed without the need for explicitly inverting the hessian matrix of the objective function. Further, we
allow for a general nondiminishing noise model for the error in hessian and gradient estimation.

In Section 8, we conclude by providing a few directions for future research and outline certain extensions
where we believe the analysis remains the same.

2. Background
In this section, we will briefly review some results needed from the theory of set-valued maps and differential
inclusions, present a brief outline of the analysis of the single timescale version of stochastic recursive in-
clusions with nonadditive iterate-dependent Markov noise, and define the space of probability measure-
valued functions, with a metrizable topology, which are needed later in the analysis of the two-timescale
recursion.

Throughout this paper, ¥ denotes a compact metric space and the metric on & is denoted by dy. Further, let
1<d€Z,1<dy€Z, d:=dy +dy, and (x,y) denote a generic element in R?, where x € R" and y € R®%.

2.1. Upper Semicontinuous Set-Valued Maps and Their Approximation
First, we will recall the notions of upper semicontinuity, lower semicontinuity, and continuity of set-valued
maps. These notions are taken from Aubin and Cellina [2, chapter 1.1].

Definition 1. A set-valued map F : R? x ¥ — {subsets of R} is
e Upper semicontinuous (u.s.c.) if, for every (xo, yo, So) € Rix &, for every € > 0, there exists 0 > 0 (depending
on (xo,Yo,50) and €) such that,

Il (x,y) = (x0,v0) || < 6, dy(s,s0) <6 = F(x,y,5) € F(xo,Yo0,5) + €U,

where U denotes the closed unit ball in R
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o Lower semicontinuous (l.s.c) if, for every (xo,yo,50) € RIx &, for every zo € F(xo,Yo,50), for every sequence
{(Xn, Y, Sn)}us1 converging to (xo, Yo, so), there exists a sequence {z, € F(x,,yn, sx)} converging to z.

* Continuous if it is both u.s.c. and ls.c.
For set-valued maps taking compact set values, we have the above mentioned notion of u.s.c. to be

equivalent to the standard notion of u.s.c. (see Aubin and Cellina [2, p. 45]). In this paper, we will encounter
set-valued maps that are compact set valued, and hence we have chosen to state the above as the definition of
upper semicontinuity.

Set-valued maps studied later satisfy certain properties under which we will be able to approximate them
with a family of continuous single-valued maps with an additional parameter. These properties are natural
extensions of the properties imposed on maps studied by Benaim et al. [4] and Ramaswamy and Bhatnagar [36]
to the case of stochastic recursive inclusions with Markov noise, and we choose to call such maps stochastic
approximation maps (SAM). The definition of SAM is stated below.

Definition 2 (SAM). A set-valued map F : R? x ¥ — {subsets of R¥} is a stochastic approximation map if,

(a) for every (x,y,s) € RY x &, F(x, y,5) is a convex and compact subset of Rk,

(b) for every (xo, Yo, S0) € R x &, for every RYx & sequence, say {(X, Yn, Su)},>1 converging to (xo, yo, So) and a
sequence {z, € F(Xy, Yu, Sn)},s0 converging to z € Rk, we have that z € F(xo,Y0,50), and

(c) there exists K > 0 such that for every (x,y,s) € R x &, SUP.cp(x,y,5) llzll < K(1 + [|(x, »)l])-

For SAM appearing in two-timescale stochastic recursive inclusions, the condition (c), which is stated above, is
replaced by an equivalent condition:

(c)’ there exists K > 0 such that for every (x,y,5) € R x ¥, SUP,cF(x,5) Izl < K + ||x]] + [lyl])-

The condition (b) in the definition of SAM tells us that the graph of the set-valued map F, ¥(F), defined as
Y(F):={(x,y,5,2) : z€ F(x,y,5), (x,y,5) € RY x ¥} c RY x ¥ x Rk,

is closed and hence the said condition is known as the closed graph property. The condition (¢) (or (c)’) is known
as the pointwise boundedness condition, and it makes sure that the “size” of the sets linearly grows with the
distance from the origin. This is the only condition where we differ from the conditions imposed by Benaim
et al. [4] and Ramaswamy and Bhatnagar [36]. It is easy to show that when the Markov noise component is
absent, condition (c) (or (c)’) imposed in this paper is the same as the one in Benaim et al. [4] (Ramaswamy and
Bhatnagar [36]).

As a consequence of the properties possessed by a SAM, F, one can show that the map F is u.s.c. This claim
follows from arguments similar to those in Aubin and Cellina [2, chapter 1.1, corollary 1] and is stated as a
lemma below.

Lemma 1 (u.s.c.). A set-valued map F, which is a SAM, is u.s.c.

The graph of a convex and compact u.s.c. set-valued map can be embedded in the graph of a sequence of
decreasing continuous set-valued maps. The following statement is made precise in the following lemma.

Lemma 2 (Continuous embedding). For any set-valued map F that is a SAM, there exists a sequence of set-valued
maps {F}, such that for every 1 > 1, F) : R? x  — {subsets of R¥} is continuous and satisfies the following.

i. For every (x,y,5) € R"x ¥, FO(x,y,s) is a convex and compact subset of RF.

ii. For every (x,y,s) € R x ¥, F(x,y,s) € F*D(x,y,s) € FO(x,y,s).

iii. There exists K® > 0 such that for every (x,y,s) € R x &, SUP, i), 121l < KO +[|(x, ). (If the set-valued
map F satisfies condition (c) instead of (c) in the definition of SAM, we have SUP,cri)(x,y,5) llzll < KO + ||x|| + [|yll).

Furthermore, for every (x,y,s) € R x ¥, N1 FO(x,y,s) = F(x,y,s).

The statement of the above lemma can be found in Aubin and Cellina [2, p. 39] and the proof is similar to the
proof by Aubin and Cellina [2, chapter 1.13, theorem 1] (a brief outline can be found in Yaji and Bhatnagar [41,
appendix A]). The following are some useful observations from the proof of Lemma 2.

1. sup,,; K" is finite and let K := sup,,, K¥, and

2. for e_very (x,y,5) € R x &, for every_e > 0, there exists L (depending on € and (x, y, s)), such that for every
1>L, FO(x, y,s) € F(x,y,s) + el where U denotes the closed unit ball in IR,

Continuous set-valued maps admit a parametrization by which we mean that a continuous single-valued
map can be obtained that represents the set-valued map in the sense made precise in the lemma below, which
follows from Aubin and Cellina [2, chapter 1.7, theorem 2].
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Lemma 3 (Parametrization). Let F bea SAM, and for every | > 1, let the set-valued map F? be as in Lemma 2. Then for every
I > 1, there exists a continuous single-valued map f® : R x ¥ x U — R, where U denotes the closed unit ball in R¥, such
that

i. for every (x,y,s) € R x ¥, FO(x,y,s) = fO(x,y,s, U) where fO(x,y,s,U) = {fD(x,y,s,u): u e U}, and

ii. for KO as in Lemma 2iii, for every (x,y,s,u) € R? x ¥ x U, we have that ||fP(x,y,s,u)l| < KO +||(x,y)l|)
(If the set-valued map F satisfies condition (c) instead of (c) in the definition of SAM, we have ||f"(x,y,s,u)|| <
KO@ + [l + yll)-)

Throughout this paper, we will use U to denote the closed unit ball in R, where the dimension k will be
made clear by the context.

Remark 1. To summarize, as a consequence of Lemma 2, we have that corresponding to a set-valued SAM (which is
upper semicontinuous), there exists a sequence of continuous set-valued maps, denoted by F?, within which the
SAM may be embedded and the sequence of continuous set-valued maps {F"},.; approximate F as explained in
Lemma 2. Further, as a consequence of Lemma 3, we have that corresponding to every member of the sequence,
there exists an appropriately defined continuous single-valued map denoted by f®.

Combining Lemmas 2 and 3 we obtain the approximation theorem stated below.

Theorem 1 (Approximation). For any SAM F, there exists a sequence of continuous functions { f},., such that for every
121, fO:R*x $x U — R is such that,

i. for every (x,y,s) € RYx ¥, F(x,y,s) Qf(l“)(x,y, s, U) Qf(l)(x,y, s, U) and f(l)(x,y, s,U) is a convex and compact
subset of R* and

ii. for KV as in Lemma 2iii, for every (x,y,s,u) € R?x ¥ x U, we have that ||fP(x,y,s,uw)| < KO +/(x,y)|)
(If the set-valued map F satisfies condition (c) instead of (c) in the definition of SAM, we have ||f"(x,y,s,u)|| <
KO+ [fxl| + [|ylD)-)

Furthermore, for every (x,y,s) € RY x ¥, F(x,y,s) = N1 fP(x,y,s, U).

2.2. Measurable Set-Valued Maps and Integration
Here, we will review concepts of measurability and integration of set-valued maps. These concepts will be
needed to define the limiting differential inclusion, which the recursion studied in this paper is expected
to track.

Let (W, Z4) denote a measurable space and F: W — {subsets of R} be a set-valued map such that, for
every w € W, F(w) is a nonempty closed subset of R¥. Throughout this subsection, F refers to the set-valued
map as defined above.

Definition 3 (Measurable set-valued map). A set-valued map F is measurable if for every C C R¥, closed,
FYC):={weW : F(w) N C # 0} € Fy.

We refer the reader to Li et al. [27, theorem 1.2.3] for other notions of measurability and their relation to the
definition above.

Definition 4 (Measurable selection). A function f : W — R¥ is a measurable selection of a set-valued map F if f is
measurable and for every w € W, f(w) € F(w).

For a set-valued map F, let #(F) denote the set of all measurable selections. The next lemma summarizes
some standard results about measurable set-valued maps and their measurable selections.
Lemma 4. For any measurable set-valued map F,

i. S(F)#0.

ii. (Castaing representation) there exists {f,},=1 € -#(F) such that, for every w € W, F(w) = cl({fu(w)},s1), where
cl(-) denotes the closure of a set.

We refer the reader to Li et al. [27, theorems 1.2.6 and 1.2.7] for the proofs of Lemma 4i and ii, respectively.

Definition 5 (u-integrable set-valued map). Let u be a probability measure on (W', #4). A measurable set-valued map
F is said to be p-integrable if there exists f € .”/(F), which is u-integrable.
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Definition 6 (Aumann’s integral). Let i be a probability measure on (W', .%+). The integral of a p-integrable set-
valued map F is defined as,

/ Fw)u(dw) = :/ f)u(dw) : f e AF), fis u— integmble}.
W W

The next lemma states a useful result on the properties of the integral of a set-valued map, which is convex and
compact set valued.

Lemma 5. Let u be a probability measure on (W, F+) and F a p-integrable set-valued map such that for every w € W', F(w)
is convex and compact. Then, [W F(w)u(dw) is a convex and closed subset of R¥.

For a proof of the above lemma, we refer the reader to Li et al. [27, theorem 2.2.2].

Now, we will briefly investigate the measurability properties of a SAM. First, we will define slices of a SAM,
F, for each (x,y) € R? and for each y € R%2, As shown in Lemma 2, when F is a SAM there exists {F"};, a
sequence of continuous set-valued maps that approximate F, and for every I > 1, the set-valued map F? can be
parameterized with single-valued maps f) as in Lemma 3. We will define similar slices of F) and f as well.

Definition 7. Let F: RY x ¥ — {subsets of R} be a SAM. Let {F"},,; and {f"}., be as in Lemmas 2 and 3,
respectively.
i. For every (x,y) € R?, define Fixy + F — {subsets of R} such that for every s € ¥, F.,)(s) := F(x,y,s).

: ¥ — {subsets of R¥} such that for every s€ ¥, a0 (s) :=

ii. For every [ > 1, for every (x,y) € RY, define F )

FO(3,,9). o
(1)111 For every [ > 1, for every (x,y) € R, define f : ¥ x U — R such that for every (s,u) e ¥x U, f((;)y)(s u) =
Oy, s u).
F(w F)or every y € R%, define F, : R x ¥ — {subsets of R*} such that for every (x,s) e R" x ¥, F,(x,s) :=
X,Y,s
For every [ > 1, for every y € R%, define F : R x & — {subsets of R¥} such that for every (x,s) € R1x &,
Wa@—ﬂa%@
vi. For every [ > 1, for every y € R%, define f(l) R x & x U — RF such that for every (x,s,u) € R x ¥ x U,
75, ) = £, ).
The next two lemmas summarize properties that the slices inherit from the maps F, F® and f?. Let (%)
denote the Borel sigma algebra associated with the metric space (¥,dy).

Lemma6. LetF: R x ¥ — {subsets of R*} bea SAM. Let {F},. and { {1}, be as in Lemmas 2 and 3, respectively. For
every (x,y) € RY, let F(,), (xy) and f((’)y) denote the slices as in Definition 7. Then, for every (x,y) € RY,

i. Fiy is a measurable set-valued map and for every s € ¥, F(y,)(s) is a convex and compact subset of R¥. Further,
there exists C(,,) = K(1+ |[(x,y)l[) > 0 such that for every s € ¥, SUP_cr () lzll < Ciryy. (If F satisfies condition (c)’
instead of condition (c) in the definition of SAM, we have C(y,) = K(1 + ||x|| + ||y||))

ii. foreveryl>1, F ) is a measurable set-valued map and for every s € ¥, F(x y)(s) is a convex and compact subset of

RX. Further, there exzsts C(l) = KO(1 +||(x,9)ll) > 0 such that for every s € &, SUP.c0 () Izl < Cgc)y) (If F satisfies

condition (c)’ instead of condltzon (c) in the definition of SAM, we have C(l) = K(l)(l + (I + [lyID)-

iii. for any probability measure u on (¥, 2(S)), every measurable selectzon of Fixy) is u-integrable and hence F ) is
u-integrable.

iv. for every I > 1, for any probability measure u on (¥, 2(S)), every measurable selection of F() ) is p-integrable and
hence F() is - zntegmble

V. for every I1>1, f is continuous and for every s € &, f((;)y)(s u) = Fg()y
)

()
The proof of the above lemma is similar to that of Yaji and Bhatnagar [41, lemma 4.1], and we will provide a
brief outline here. Fix (x,y) € R?. In order to show that F(yy) is measurable, one needs to establish that F(‘1 )(C) €

B(¥) for any C C R* closed. Using the closed graph property of F, one can show that Fg ! «y(C) is closed subset of
¥ and hence is in #(¥). The bound C,,) and the claim that F,,(s) is convex and compact for every s € ¥
follows from conditions (¢) (or (c)’) and (a) in the definition of SAM, respectively. Because all measur-
able selections of F(., are bounded, they are p-integrable for any probability measure u on (¥, #(¥)).

! !
)(s) and sup ., |l f((x)y)(s u)|| < Cfx),y) where

is as in part ii of thzs lemma.
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The arguments are exactly same for the claims associated with the slices of approximating maps F", for every
I > 1. Finally, part v of the above lemma follows from the properties of maps f stated in Lemma 3.

Let u be a probability measure on (R x ¥, (R x ¥)), where Z(R" x &) denotes the Borel sigma algebra
on metric space R x ¥ with metric max{||x — x’||, d¢(s,s")} for every (x,s), (¥/,s’) € R" X ¥ (in fact Z(R" x &) is
the same as the product sigma algebra #(R™)® ). The support of the measure y denoted by supp(u) is
defined as a closed subset of R" X ¥ such that

1. p(supp(p)) =1, and

2. for any other closed set A C R x & such that u(A) =1, we have supp(u) C A.

For any probability measure y on R% x &, such a set always exists and is unique (see Parthasarathy
[33, chapter 2, theorem 2.1]).

Lemma 7. Let F: RY X ¥ — {subsets of R} be a SAM satisfying condition (c)’ instead of condition (c) in the definition
of SAM. Let {FO},,; and {f®} ., be as in Lemmas 2 and 3, respectively. For every (x,y) € R?, let F,, F and f," denote the
slices as in Definition 7. Then, for every y € R%,

i. F, is a measurable set-valued map, and for every (x,s) € RN x ¥, Fy(x,s) is a convex and compact subset of RF.
Further, for every (x,s) € R" x &, SUP_c, () lIzll < Ky/(1 + ||x[|), where K, := max{K, K||y||} and K is as in condition (c)’
in the definition of SAM.

ii. foreveryl>1, F(yl) is a measurable set-valued map, and for every (x,s) € R" x &, F(f (x,s) is a convex and compact
subset of R¥. Further, for every (x,s) € R X &, SUP.e, (x5 12l < K(y (1 + ||x|l), where K;) := max{K", KO||y||} and K"
is as in Lemma 2iii. ‘

iii. for every probability measure y on (R" X &, B(R" x ¥)) such that supp(u) is a compact subset of R" X ¥, every
measurable selection of F, is u-integrable and hence F, is u-integrable.

iv. for every | > 1, for every probability measure p on (R™ X f, B(R™ x F)) such that supp(u) is a compact subset of
R% X &, every measurable selection of F(yl) is p-integrable and hence F(yl) is u-integrable.

v. for every 1>1, fy(l) is continuous and for every (x,s) eRh x &, fy(l)(x,s, u) =F£,l)(x,s) and sup, |l fy(l)(x,s,u)ll <
K;l)(1+||x||), where K;,l) is as in part ii of this lemma.

The proof of parts i, ii, and v of the above lemma are similar to the corresponding parts in Lemma 6. We will
provide a proof of part iii, and the proof of part iv is exactly the same.

Proof. Fix y € R®%.

iii. Consider f € .7(F,). By part i of this lemma, we have that || f(x,s)|| <K, (1 +]|x||). Because supp(u) is a compact
subset of R% x & there exists M >0 such that for every x € R% for which there exists se€ & satisfying
(x,5) € supp(u), we have ] < M. Hence, ||fy, . f o 5)uldxds)li=I [, sl s)l< [, Ilfes)ludxds)<

fs ulop(H)Ky(l+||x||) p(dx,ds) <K, (1+M). Therefore, every measurable selection f € .(F,) is u-integrable and hence F,

is p-integrable. O

)

: (xy) |
(¥, B(F)), and f((x?y) is a continuous parametrization of FEx),y) for every [ > 1 and for every (x,y) € R?. Similarly,
by Lemma 7iv and v, we know that F;l) is u-integrable for any probability measure u on (R x ¥, Z(R% x &))
with compact support, and fy(l) is a continuous parametrization of F(yl) for every [ > 1 and for every y € R%.
A natural question to ask is about the relation between integral of map FD  (or P(yl)) and the integral of its

()
parametrization f, O (or fy(l)). The next lemma answers this question. Before stating the lemma, we introduce

x,
the following not(atyi)on, which will be used throughout this paper.

Let (- --) denote the space of probability measures on a Polish space “---” with the Prohorov topology (also
known as the “topology of convergence in distribution”; see Borkar [12, chapter 2] for details). For any
probability measure v € P(¥ x U), let vy € P(F) denote the image of measure v under the projection ¥ x U —
¥ (i.e., for any A € B(Y), vy(A) = /AXU 1(ds, du)). Similarly, for any probability measure v € P(R% x & x U), let
Vpirxg, Vg and vge belonging to P(R% x &), P(¥F) and P(R™M), respectively, denote the image of measure v

under the projections R x ¥ x U - RN x ¥, RT x ¥ x U — ¢, and R" x ¥ x U — R%, respectively.
Lemmas. Let F: R? x ¥ — {subsets of R*} bea SAM. Let {FV},., and {f1},5, be as in Lemmas 2 and 3, respectively. For
every I > 1, for every (x,y) € R, let FEQ,y)’ fé?y), and for every y € R% let F;l), fy(l) denote the slices as in Definition 7.

i. For every 1> 1, for every (x,y) € RY, for any probability measure u € P(¥),

/ PO (©)u(ds) = { / £ (s wvlds, du) s v e (S x U), vy = y}.
4 Ixu

By Lemma 6iv and v, we know that F ' is a p-integrable set-valued map for any probability measure u on
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ii. Suppose F satisfies condition (c)’ instead of condition (c) in the definition of SAM. Then, for every | > 1, for every
y € R%, for any probability measure y € P(RY x F) with compact support,

/ Pg)(dx, ds)u(dx,ds) = { / fy(’)(x, s, u)v(dx,ds,du) : v € P(R" x F x U), Vgt g = y}.
R4 xS RUxPxU

Remark 2. For any v € P(R" x & X U) with vga .4 = 11, the support of the measure v is contained in supp(u) x U
because by Borkar [12, chapter 3, corollary 3.1.2], there exists a u a.s. unique measurable map g: Rh x ¥ — P(U)

such that v(dx, ds, du) = q(x, s, du)u(dx,ds) and 1 = v(R" x ¥ x U) = fRfﬁ oy VX, ds, du) = /Rdlx 97[_/‘11 q(x, s, du)]

pldx, ds) = fSUPP(H)

of measure v is also compact and bX Lemma 7v it is easy to deduce that for all measures, v € P(R" x & x U) with

compact support, for all y € R%, fy( is v-integrable for all / > 1.

[ /u q(x, s, du)]p(dx, ds) = v(supp(u) x U). Therefore, when supp(u) is a compact set, the support

The proof of part i of the above lemma is exactly same as that in Yaji and Bhatnagar [41, lemma 4.2]. The
proof of part ii is similar but with minor technical modifications and is presented below.

Proof. ii. Fix y € R, [ > 1 and u € P(R% x &) with compact support.

Consider z€ [, F\(x,s)u(dx, ds). Then there exists f € .#(F") such that z = Jatr g S (x,8)p(dx, ds). Let G :
R% x ¥ — {subsets of U} be such that for every (x,s) € R" x ¥, G(x,s) = {u € U : f(x,5) = fy(l) (x,s,u)} . By the fact
that fy(l) (x,s,U) = Fg) (x,s) and because f(x,s) € F;l)(x, s) for every (x,s) € R% x ¥, we have that G(x, s) is nonempty.
By the continuity of fy(l) (x,s,), we have that G(x, s) is closed for every (x,s) € R" x ¥. Forany C C U closed, G™}(C) €
B[R x F) (for a proof, see Yaji and Bhatnagar [41, appendix B]), and hence G is measurable. Because G is
measurable, by Lemma 4i, we have that #(G) # 0. Letg € .(G) and let § : R" x ¥ — R% x & x U be such that for
every (x,5) € RN XY, §(x,9):=(x,5,g(x,s)). Let v=ug! (push-forward measure). Clearly, Vg, =y and
Jar ><Ej,xufy(l)(x, s, upv(dx, ds, du) = [o, nyufy(’)(x, s,u)ug(dx, ds, du) = [L,, ><safy(l)(x, s,8(x, 8))uldx, ds) = [L4 o f(x,5)-
t(dx, ds) = z. Therefore, the left-hand side (L.H.S.) is contained in the right-hand side (R.H.S.).

Let v e P(RN x & x U) with vga, g = u. By Borkar [12, corollary 3.1.2], there exists a p a.s. unique measurable
map g : R" x ¥ — P(U) such that v(dx, ds, du) = q(x, s, du)p(dx, ds). Because u has compact support, v has compact
support, and hence fy(l) is v-integrable (see remark following Lemma 8). Therefore, ,/]Rdlefx U fy(l) (x, s, uyv(dx, ds, du) =
fRd1 ol /u fy(l) (x,s,u)q(x, s, du)]u(dx, ds). By Lemma 7v, we know that for every (x,s) € R x &, fy(l) (x,s,U) = F;l)(x, s),
and hence f'(x,s, U) is convex and compact subset of R¥. Therefore, for every (x,s) € R" x &, /u f;l)(x, s, 1) -
g(x,s,du) € F(yl)(x,s). Let f: R" x ¥ — R be such that for every (x,s) € R" X ¥, f(x,s) := fuf(’)(x, s, u)q(x, s, du) -
Then clearly, f is measurable and f € Y(F(yl)). Therefore, [os. g1 fy(l)(x, s, upv(dx, ds,du) = [o. o[, fy(l)(x, s, 1)
q(x, s, du)|u(dx, ds) = /Rdl g f(x,9)pu(dx, ds) € fRd1 g F;l)(x,s)y(dx, ds). The above gives us that the R.H.S. is contained
in the LH.S. o

2.3. Differential Inclusions and Their Limit Sets
Here, we will review the results of Benaim et al. [4] on the theory of differential inclusions and give definitions
of limit sets associated with such dynamical systems that are used later in the paper.

First, we define a set-valued map whose associated DI is known to admit at least one solution through every
initial condition. Such set-valued maps are called Marchaud maps, and the definition of such a map is
stated below.

Definition 8 (Marchaud map). F : R¥ — {subsets of R} is a Marchaud map if,

i. for every z € R¥, F(z) is a convex and compact subset of R,

ii. there exists K > 0 such that for every z € R, SUP,ep(y) 21l < K(1 + |[z[]), and

iii. for every z € R¥, for every Rf-valued sequence, {z,},s, converging to z € R¥, for every sequence {z/, €
F(zn)}ns converging to z’ € R, we have that z’ € F(z).

Let F be a Marchaud map. Then the DI associated with the map F is given by

dz

— € F(2). 11
n (2) (11)
Because F is a Marchaud map, it is known that the DI (11) admits at least one solution through every initial
condition (see Benaim et al. [4, section 1.2]). By a solution of DI (11) with initial condition z € R, we mean a
function z : R — R¥ such that z(-) is absolutely continuous, z(0) = z and for ae. t € R, % € F(z(1)).
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Now, we will recall the notions of flow, invariant sets, attracting sets, attractors, basin of attraction, and
internally chain transitive sets. All these notions are taken from Benaim et al. [4].

The flow of DI (11) is given by the set-valued map @ :RFxR — {subsets of R} such that for every
(z,t) € RF X R,

D(z,t) := {z(t) : z is a solution of DI (11) with z(0) = z}.

For any set A C RF, let ®(A, ) := U,ea®(z, 1).

A closed set A C RF is invariant for the flow @ of DI (11) if for every z € A, there exists a solution z(-) of
DI (11) such that, z(0) = z and for every t € R, z(t) € A.

A compact set A C R is an attracting set for the flow @ of DI (11) if there exists an open neighborhood of A,
say O, with the property that for every € > 0, there exists T > 0 (depending on € > 0 only) such that for every
t>T, (0, t) S N°(A), where N°(A) stands for the e-neighborhood of A.

A compact set A C RF is an attractor for the flow @ of DI (11) if A is an attracting set and is invariant for the
flow @ of DI (11).

For any z € R, wo(z) := No®@(z, [f, 0)), where ®(z,[t, ®)) := Ugp2i®(z,q). For any set A C R, the basin of
attraction of set A is denoted by B(A) and is defined as

B(A) :={z€ RF : wol(z) C A}

If A C Rf is an attractor whose basin of attraction is the whole of R (i.e., B(A) = R¥), then A is called a global
attractor.

Given a set A C RF and z,2’ € A, for any € > 0 and T > 0, there exists an (¢, T) chain from z to z’ for DI (11) if
there exists an integer n € N, solutions z;,...,z, to DI (11) and real numbers ty,...,t, greater than T such that

e forall ie{l,...,n} and for all g € [0,4], and zi(q) € A,

o forallie{l,...,n}, || zi{t;) — zi:1(0) ||< €,

* z1(0) -z lI< e and [ z,(ty) — 2’ [[< e.

A compact set A C R is said to be internally chain transitive if for every z,z’ € A, for every € > 0, and for every
T > 0, there exists (¢, T) chain from z to z’ for DI (11).

Suppose L C R is an invariant set. Then, the flow of DI (11) restricted to the invariant set L is a set-valued
map, ®L : L x R — {subsets of R} such that for every (z,t) e LXR,

O (z,t) := {z(t) : z(-) is a solution of DI (11) with z(0) = z, and for every t € R, z(t) € L}. (12)

2.4. Single Timescale Stochastic Recursive Inclusions with Nonadditive Iterate-Dependent Markov Noise
In this section, we review results by Yaji and Bhatnagar [41] on the analysis of single timescale stochastic
recursive inclusions with nonadditive iterate-dependent Markov noise.

Let (QO,.#,P) be a probability space and {Z,},so be a sequence of R?-valued random variables satisfying

Zus1 — Zy —a(n)My41 € an)F(Z,, Sy), (13)

where the following assumptions hold:

Assumption S(A1). The map F : R? x ¥ — {subsets of R’} where (¥,dy) is a compact metric space is such that
i. for every (z,5) € RY X ¥, F(z,5) is a convex and compact subset of RY,
ii. there exists K > 0 such that for every (z,5) € R? x &, SUP, ez IZIl < K(1 + |lz]]), and
iii. for every z € R4, for every R x ¥ valued sequence, say {(zu,su)},»1 converging to (z,s), and for any
sequence {z, € F(z,,5,)},51 converging to z’, we have z’ € F(z,s).

Assumption S(A2). {S,},s is a sequence of ¥-valued measurable functions on Q such that for every n >0,
for every A € B(S), P(Sys1 € AlS, Zi,m < 1) = P(Sys1 € AlSy, Zy) = T(Zy, $)(A) as, where T1: R x & — P(¥)
is continuous.

Assumption S(A3). {a(n)}, is a sequence of positive real numbers satisfying

i. a(0) <1 and for every n >0, a(n) >a(n + 1),
ii. X2 ,a(n) =co and Z;":O(a(n))2 < o0,
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Assumption S(A4). {M,},.; is a sequence of R?-valued random variables on Q such that for a.s.(w), for any T > 0,
1imy—co SUP,, oy I Sk a(m)My(w)l| = 0, where 7(n, T) := min{m > n : 37=a(k) > T}.

Assumption S(AS5). P(sup,. [|Z,]| < o) = 1.

A detailed motivation for each of these assumptions can be found in Yaji and Bhatnagar [41]. We will briefly
explain them and their consequences.

Assumption S(A1l) ensures that the set-valued map F is a SAM, and Assumption S(A2) is the iterate-
dependent Markov noise assumption. As a consequence of Assumption S(A2), for every z € R?, we know that
the Markov chain defined by the transition kernel I'l(z, -)(-) possesses the weak Feller property (see Meyn and
Tweedie [29]). In addition to the above, because the state space is compact, the set of stationary distributions
for the Markov chain whose transition probability is given by II(z,-)(-) is nonempty for every z € R?. Let
D(z) € P(¥) denote the set of stationary distributions of the Markov chain whose transition kernel is I1(z, -)(-)
(for any z € RY, u € D(z) if and only if for every A € Z(¥), w(A) = fg) I(z,s)(A)u(ds)). We also know that for
every z € R?, D(z) is a convex and compact subset of ?(¥), and the map z — D(z) has a closed graph (see Yaji
and Bhatnagar [41] and the references therein). Assumption S(A3) is the standard step-size assumption, and
Assumption S(A4) is the general additive noise assumption, which ensures that the contribution of the
additive noise is eventually negligible (for various noise models satisfying Assumption S(A4), see Benaim et al.
[4]). Assumption S(A5) is the stability requirement on the iterate sequence.

The set-valued map, F:R? — {subsets of R} that serves as the vector field for the differential inclusion (DI)
that the iterates are expected to track is defined as,

E(2) = Upenis /j F.(s)u(ds)

for every z € R?, where for every z € R?, F, depotes the slice as in Definition 7i of the set-valued map F
appearing in Recursion (13). The set-valued map F is a Marchaud map (see Yaji and Bhatnagar [41, lemma 4.7])
and the associated DI given by

dz .+

—e€eF 14
5 €@ (14)
admits at least one solution through every initial condition (see Benaim et al. [4, section 1.2]). Let X(z¢) denote
the set of solutions of DI (14) with initial condition zy € RY and X := U,,ere2(20) (the set of all possible so-
lutions). For every zy € RY, ¥(z) is a subset of (R, RY), the set of all R%-valued continuous functions on R. The
set (R, RY) is a complete metric space for the metric D defined by

e8]

1
D(z,2):= > s min(lz = 2l 1, 1),
k=1

where ||z — 2’[|[_y 5 := sup_i j ll2(t) — 2’(#)]|- As a consequence of Benaim et al. [4, lemma 3.1], we have that £
and for every zg € R?, L(z) are closed and compact subsets of ¢(R,RY), respectively.

Let t := 0 and for every n > 1, {(n) := 2=} a(k). Define the stochastic process with continuous sample paths
Z:QxR—RY as

t—t(n)
tn+1)—tn)

tn+1)—t

Z(w, t) := tn+1) — t(n)

|20+ J2.(@)

for every (w,t) € Qx[0,00), where n is such that t€ [t(n) t(n+1)) and for every (w,t) € QX (-0,0], let
Z(w,t) := Zop(w). Then the main result from the analysis of recursion (13) in Yaji and Bhatnagar [41] is as
follows.

Theorem 2. Under Assumptions S(A1)-S(A5), for almost every w € Q,
i. the family of functions {Z(w,- + t)}59 is relatively compact in 6(R,R?),
ii. every limit point of {Z(w,- + t)}1so in 6(R,R?) is a solution of DI (14), more formally,

tlim D(Z(w,- +1),%) =0, and
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iii. the limit set denoted by L(Z(w,")), defined as

L(Z(w,")) := Nizo{Z(w,q + 1) : > 0},

is nonempty, compact, and internally chain transitive for the flow of DI (14).
For a proof of the above theorem, see Yaji and Bhatnagar [41, theorems 6.6 and 6.7].

2.5. Space of Probability Measure-Valued Functions

In this section, we will define the space of probability measure-valued measurable functions on [0, c0). We will
introduce an appropriate topology on this space and show that such a space is compact metrizable. These
spaces are used in the theory of optimal control of diffusions (see Borkar [8]) and also in analyzing stochastic
approximation schemes (see Yaji and Bhatnagar [41], Borkar [10]). Quantities defined in this section will serve
as tools in analyzing the stochastic recursions later.

Throughout this section, U will denote the closed unit ball in R*% and for any r > 0, B, denotes the closed
ball of radius r in R centered on the origin. For every r > 0, let (U x B, x ¥) denote the set of all functions
y(-) on [0, c0) taking values in P(U X B, X ¥) (space of probability measures on U X B, X ¥ equipped with the
Prohorov topology) such that y(-) is measurable. Formally,

MU x B, xF) :={y :[0,00) > P(U X B, x ¥) : y(-) is measurable}.

Similarly, for every r > 0, M(B, X ¥) (or JM(B,)) denotes the set of all functions y(-) on [0, c0) taking values in
P(B, x ¥) (or P(B,)) such that y() is measurable. Formally,

M(By x F) :={y : [0,00) = P(B, x ¥) : y(-) is measurable},
M(B,) := {y : [0,00) = P(B,) : y(-) is measurable}.

For every r >0, let Tyxpxy denote the coarsest topology on JM(U X B, X ¥), which renders continuous the
functions y(-) — fo g(t)[quB (1, x,5)y(t)(du, dx, ds)]dt for every f € €(U X B, x #,R), for every g € L»([0, T], R),
and for every T > 0.

Similarly, for every r > 0, let 75 vy denote the coarsest topology on JU(B, X &), which renders continuous the
functions y(:) — fo IQlI /B w5 f(x,8)y(H)(dx, ds)]dt for every f € €(B, X ¥, R), for every g € L»([0,T],R) and for
every T > 0.

Finally, for every r > 0, let 75, denote the coarsest topology on Jl(B;), which renders continuous the functions,

() — fOTg(t)[/B f(x)y(t)(dx)]dt for every f € €(B,, R), for every g € L5([0,T],R), and for every T > 0.
The following is a well-known metrization lemma for the topological spaces defined above.

Lemma 9 (Metrization).
i. For every r >0, the topological space (M(U X B, X &), Tuxp,xy) is compact metrizable.
ii. For every r >0, the topological space (M(B, X &), Tp,xg) is compact metrizable.
iii. For every r > 0, the topological space (M(B,), ts,) is compact metrizable.

We refer the reader to Borkar [10, lemma 2.1] for the proof of the above metrization lemma. The next lemma
provides continuous functions between the above defined metric spaces, which are used later. The proof of the
lemma below is an extension of Yaji and Bhatnagar [41, lemma 5.2] to the above defined metric spaces. Recall that
for any probability measure v € P(U X B, X &), vp,xg € P(B, X ¥) denotes the image of the measure v under the
projection UX B, X ¥ — B, X ¥ (i.e., for every A € B(B, X ¥), vgxy(A) = quA v(du, dx, ds)). Similarly, vg, € P(B,)
denotes the image of measure v under the projection U X B, X ¥ — B, (ie., for every A e %(B,), v (A) =

qu A v(du, dx, ds)). It is easy to see that vp, is also the image of vp «xy under the projection B, X ¥ — B,.

Lemma 10. For every r > 0,
i. the map 61 : P(UX B, Xx¥) — P(B, X ¥) such that for every v e P(UX B, X ¥), 01(v) := vpxy is continuous.
ii. the map 0y : P(B, X ¥) — P(B,) such that for every v € P(B, X ¥), Oo(v) := vp, is continuous.
iii. for any y € M(U X B, X &), we have that 010y € M(B, X ¥) where for every t >0, (01 0y)(t) = O1(y(t)).
iv. for any y € M(B, X &), we have that 6,0y € M(B,) where for every t >0, (02 0y)(f) = Oa2(y(F)).
v. the map ©1 : M(U X B, X ¥) — M(B, X F) such that for every y € M(U X B, X F), O1(y) := 01 0y is continuous.
vi. the map ©, : M(B, X ¥) — M(B,) such that for every y € M(B, X ¥), @z(y) := O 0y is continuous.
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Proof. Fix r > 0.

i. Let {v"},5; be a sequence in P(U x B, X ¥) converging to v e P(UX B, x¥) as n — oo, and let 7: U X
B, x ¥ — B, x ¥ denote the projection map such that for every (u,x,s) € UX B, X ¥, n(u, x,s) = (x,s). Clearly, nt
is continuous and for any continuous function f € €(B, X ¥,R), f om is continuous. Because U X B, X ¥ is a
compact metric space, from Borkar [12, theorem 2.1.1(ii)], we get that for every f € €(B, x ¥, R), fUXB wg(fom):
(u, x,s)v*(du,dx, ds) — quB g (f om)v(du,dx,ds) as n — co. By definition, we have that for every n >0, vi .o =
vl (the push-forward measure) and vp .y = vi~'. Therefore, for every f € (B, x ¥, R), /B SV o
(dx,ds) — fB 5.f (x,8)vB,xy(dx, ds). Hence, by Borkar [12, theorem 2.1.1], we get that vj; . — vp,xy as n — o in
P(B, X Y), which gives us continuity of ().

ii. Similar to part i of this lemma.

iii and iv. Composition of measurable functions is measurable.

v. Let {yn},>1 be a sequence in M(U X B, X ¥) converging to y € M(U X B, X ¥) as n — co. Then we know
that for every f € (G(UXB x ¥, R), for every T >0, and for every g€ Ly([0,T],R), /0 NGl fUXB g f (U, x,8) -
Yu(H)(du, dx, ds)|dt — /0 g(t)[quB g f (1, x,8)y(t)(du, dx,ds)]dt as n — co. Let 7 denote the pr0]ect10n map as in
part i of this lemma, and we know that for any f € 6(B, x¥,R), for € €(U X B, x¥,R). Then we have that
for every f e ‘6(B X ¥,R), for every T >0, and for every g€ L,([0,T],R), /0 (t)[quB g (f o)1, x,8)yn(t) -
(du, dx, ds)]|dt — fo Ol /UXB oy (f om)(u, x,8)y(t)(du, dx, ds)]dt as n — co. By arguments similar to part i of this
lemma, we have that for every f E‘@(B x ¥,R), for every T >0, and for every g€ L([0,T],R), /0 g(t)-

quB i f (x,8)(01 0 y)(1)(dx, ds)|dt — fo e[ quB (g f(x,8)(610y)(t)(dx,ds)]dt as n — co. Therefore, ©1(y,) —
@1()/) in M(B, X ¥) as n — oo, which gives us continuity of ().
vi. Similar to part v. of this lemma. ©

3. Two-Timescale Scheme and Preliminary Results
In this section, we will formally define the two-timescale recursion as well as state and motivate the as-
sumptions imposed (Assumptions A1-A10).

3.1. Recursion and Assumptions
Let (Q,.#,P) denote a probability space, {X,},s, be a sequence of R%-valued random variables on Q, and
{Y,}50 be a sequence of R%-valued random variables on Q, which satisfy for every n >0,

Y1 = Yo = bmM, € b(mHz (X0, Y2, S, (15a)
Xus1 = Xy = a(0)M,)y € a()H (X, Y., S), (15b)

where the following assumptions hold.

Assumption A1. The map H; : RY x ¥ — {subsets of R"} with ¥V a compact metric space with metric dy), is

such that
i. for every (x,y,5) € R? x U, Hy(x,y,sV) is a convex and compact subset of R,

ii. there exists K > 0 such that for every (x,y,s) € RI x 1), SUP e, (x,y,60) [lx’|| < K(1 + [|x|| + |[yl]), and
iii. for every (x,y,sV)eRx ¥, for every (RY x Ef(l)) valued sequence, {(X,, Y, 5)},i51 converging to (x,y,sV) €
RIxPD, and for every sequence {x/, € Hl(xn,yn,sn )}as1 converging to ¥’ € R%, we have that x’ € Hy(x, y,s( ).

Assumption A2. The map H, : RY x ¥? — {subsets of R%} with ¥ a compact metric space with metric dye is

such that
i. for every (x,v,5?) € R? x ¥?), Hy(x,y,5s?) is a convex and compact subset of R%,

ii. there exists K > 0 such that for every (x,y,s?) € RY x @), SUPy ey 5 I/ 11 < KCL+ Il + Iy,

iii. for every (x,y,5?)eR!x¥?, for every (RYx EP(Z))—Valued sequence, {(xn,y,,,s,7 )}n>1 converging to
(x,y,5?) e R x @), and for every sequence {y/, EHz(xn,yn,sn )}as1 converging to iy’ € R, we have that
Y € Ha(x,y,s?).

Assumption A3. {S{ }uso is a sequence of ¥V-valued random variables on Q such that for every n > 0, for every

Ae B, PGS € AISL, X, Yo, 0<m<n) =P, € AISY, X, Y,) = TV(X,,, Y,,, SV)(A) a.s, where TV : RY x
D — p(FWD) is continuous.
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Assumption A4. {51(42)};720 is a sequence of ¥@-valued random variables on Q, such that for every n > 0, for every
Ac BI), PSP, €AlS2, X, Ym, 0<m<n)=P(SZ, € AISP, X, Y,) =T1?(X,,Y,,5P)(A)as, where TI?:R?x
F@ - P(F?) is continuous.

Assumption A5. {a(n)},>, and {b(n)},s, are two sequences of positive real numbers satisfying

i. a(0) <1 and for every n >0, a(n) >a(n + 1),

ii. b(0) <1 and for every n >0, b(n) > b(n+1),

ifi. lim, e % = 0, and

iv. Tga(n) = S b(n) = co and $57,((a(n)* + (b(n))*) < co.
Assumption A6. {Mf})}nzl is a sequence of R -valued random variables on Q such that for a.e.(w), for any T > 0,
limy—c0 SUP,, <1 |l pL. a(m)Mf;il(a))ll =0, where t'(n,T) := min{m > n : 3" a(k) > T}.

Assumption A7. {Mﬁzz)}n21 is a sequence of R%-valued random variables on Q such that for a.e.(w), for any T > 0,
1My —eo SUP,, g2 | >k b(m)Mﬁf)H(a))ll =0, where 2(n, T) := min{m > n : 3= 1b(k) > T}.

m=n

Assumption A8. P(sup,,. ([ Xyl +[|Yxl]) < o0) = 1.

3.2. Justification for the Assumptions
Assumptions Al and A2 ensure that H; and H, are SAMs. Assumptions A3 and A4 are the iterate-dependent
Markov noise assumptions. Under Assumption A3, for every (x,y) € R4, the Markov chain associated with the
transition kernel given by Y (x,y,-)(-) possesses the weak Feller property (see Meyn and Tweedie [29]). In
addition to the above, because ¥V is a compact metric space, the Markov chain associated with the tran-
sition kernel TTV(x, y,-)() has at least one stationary distribution for every (x,y) € R? (u € (V) is stationary
for the Markov chain associated with the transition kernel ITM(x, y,-)() if for every Ae B(FW), u(A) =
Lo I (x, y, sW)(A)u(dsV)). For every (x,y) € R, let DD(x,y) € P(FV) denote the set of stationary distri-
butions of the Markov chain associated with the transition kernel IV (x,y,-)(-). It can easily be shown that
i. for every (x,y) € RY, DW(x,y) is a convex and compact subset of P(SY), and
ii. the graph of the map (x,y) — DW(x,y) is closed, that is, the set

%(D(l)) — {(x,y, u) € R x g;(gf(l)) (v,y) R, peDV(x, y)}

is a closed subset of RY x (¥1).

The proofs of the above two statements are similar to those in Borkar [11, p. 69]. Similarly, under As-
sumption A4, for every (x,y) € RY, the set of stationary distributions (denoted by D®(x,y)) associated with the
Markov chain defined by the transition kernel M?(x,y,-)() is a nonempty, convex, and compact subset of
P(F?), and the map (x,y) — D?(x,y) has a closed graph (i.e., the set 4(D?) defined in an analogous manner
as 9(DW) is a closed subset of RY x P(F?)).

Assumption A5 is the standard two-timescale step-size assumption. Assumption Ab5iii tells that eventually,
the timestep takenby Recursion (15a) is smaller than the time step taken by Recursion (15b). Hence, Recursion (15a)
is called the slower timescale recursion, and Recursion (15b) is called the faster timescale recursion. As-
sumptions A6 and A7 are the conditions that the additive noise terms satisfy. These guarantee that the
contribution of additive noise terms is eventually negligible. For various noise models where these additive
noise assumptions are satisfied, we refer the reader to Benaim et al. [4].

Assumption A8 is the stability assumption that ensures that the iterates remain within a bounded set.
Although this is a standard requirement in the study of such recursions, it is highly nontrivial. An important
future direction would be to provide sufficient conditions for verification of Assumption A8. In several
applications, stability is ensured by projecting the iterates into a convex compact set, where the convex,
compact set is chosen such that desired attractors (i.e., set of points to which the iterates converge to) lie
within. In such cases, the recursion studied takes the form

Yo = py[yn + b(n)(h2 (X Y, 5,9) + Mffjl)],

X, = px[x,, + a(n) (h1 (Xn, Y,, s;,”) + Mﬁ}ﬁl)],
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where the maps 11 and h; denote single-valued Lipschitz continuous maps as in Karmakar and Bhatnagar [21],
and Py and Px denote projection maps into appropriate convex and compact sets. The above recursion can be
rewritten as

Yoot = Yo+ 00n) (yv (Yoi o (X, Yo, S2) + ML ) + (b)),
Xps1 = X, +a(n) (yx (X,,;hl (X Y., S(nl)) + Millll) + o(a(n))),

where yx(X,; 11 (X, Y,,,S(l)) +M(1)1) denotes the directional derivative of the projection map Px(-) along the
direction 111 (X, Yy, S ) + Mn 11 (similarly, yy (Y, hz(Xn, Y., S(Z)) + Mfi)l) denotes the directional derivative of the
projection map Py(-) along the direction (X, Yy, S ) + Mn +1) In most cases, these directional derivatives are
not continuous, and in order to analyze the above recursion, we define the underlying set-valued drift

functions as
Ha(x,y,5%) := Nesoco (U||(x’,y’)—(x,y)||<€{7/y (y’;hz (x’,y’,s(z)) + z) cze AP(x, y)}),
Hi(x,y, sW) 1= Nesoco (U||(x/,y')—(x,y)ll<€{7/X (x’;h1 (x’,y’,s<1)) + z) cze AD(x, y)}),

where ¢o(-) denotes the convex closure of a set, and A?(x,y) denotes the support of the Condltlonal distribution
of M w+1 8iven a sigma algebra .7, ({#,.},5o is a filtration with respect to which {M +1}n>0 is a martingale
difference array), which is assumed to be compact. The above set-valued drift functions can be shown to be
SAMs, and hence the projected scheme can be rewritten in the form of the recursion studied in the paper.

Viewing stochastic approximations with projections as schemes with set-valued maps have been used to
analyze recursions arising in variational inequalities by Nagurney and Zhang [31]. Several other schemes used
to solve optimization problems, which rely on the martingale-based method for the analysis of the underlying
stochastic approximation schemes, obtain stability as a consequence of stronger assumptions on noise and
drift functions, which are easily verifiable under that particular application setting (see Jiang and Xu [20],
Koshal et al. [23]). Further, adaptive projection-based methods, which are rooted in Chen et al. [14] and Chen
and Yunmin [15], guarantee stability by truncating iterates when found to be lying outside a prescribed
compact set and have been extended to the case with Markov noise by Andrieu et al. [1] and Fort et al. [18].
Yaji and Bhatnagar [42] extend these adaptive projection schemes to stochastic approximations with set-valued
maps without Markov noise.

3.3. Some Additional Assumptions and Preliminary Results

The Markov noise terms in the faster timescale, in limit will average the drift function H; w.r.t. the stationary
distributions given by the map (x,y) — DW(x,y). The appropriate set-valued map whose associated DI the
faster timescale recursion is expected to track is given by

H1(x, y) = UyeD(U(x,y) '/;J(l) Hl,(x,y) (5(1))H(d5(1)) (16)

for every (x,y) € R’m where for every (r,y) € R, the integrand Hj ) denotes the slice as in Definition 7i of
the set-valued map H; in Recursion (15b). As a consequence of the step-size Assumption A5 with respect to the
faster timescale (15b), the slower timescale recursion (15a) appears to be static and one would expect that the
family of Dls,

dx

eH 17
ar 1(%, o), (17)
obtained by fixing some 1 € R% to describe the behavior of the faster timescale recursion (15b). Before we
proceed, we need to ensure that for every y, € R, the DI (17) has solutions through every initial condition.
The next lemma states the map H1( Yo) is a Marchaud map for every y, € R%, which ensures that the DI (17)
has solutions.

Lemma 11. For every yo € R%, the set-valued map Hi(-,yo) : R®" — { subsets of R} is a Marchaud map.

Proof of the above lemma is given in Section 4. The next assumption will ensure that for every y, € R%, the
DI (17) has a global attractor to which one expects the faster timescale iterates {X,},so to converge.
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Assumption A9. For every yo € R, the DI (17) admits a globally attracting set, A,. The map A: Ry, —
{subsets of R}, where for every y € R, A(y) := A, is such that

i. for every y € R%, SUP,er(y) [lx|l < K(1 + |ly|l), and

ii. for every y € R%, for every R%2-valued sequence, {y,},=1 converging to y € R, and for every {x, € A(yn)},20
converging to x € R%, we have x € A(y).

With respect to the slower timescale recursion (15a), the faster timescale recursion will appear to have
equilibrated. Further, the Markov noise terms average the set-valued drift function H, with respect to the
stationary distributions. In what follows, we construct the set-valued map that the slower timescale recursion
is expected to track and which captures both the equilibration of the faster timescale and the averaging by the
Markov noise terms.

Before we proceed, recall that P(R% x ¥?) denotes the set of probability measures on R% x 92 with the
Prohorov topology. For any u € P(RN x $@)), tps, € P(RM) and pge € P(S?) denote the images of the prob-
ability measure y under projections R* x ¥@ — R4 and R x $? — @), respectively (for any A € ZB(R"),
g (A) = [, g0 pldx,ds@), and similarly for every A € B(F?), uge(A) = [, , u(dx,ds?)).

Define the map D : R” — {subsets of P?(R" x &)} such that for every y € R%,

D(y):= {y eP (R”“ X 9’(2)) :supp(ugs ) € A(y) and for every A € %(9’(2)), Uy (A)= /y(z) @ (x, y,s(z)) (A)u (dx, ds(z)) },
(18)

where supp(ug.,) denotes the support of measure pgs, (i.e., supp(ugs) CR? is a closed set such that
Lige: (supp(pigs ) = 1, and for every closed set A C R, with i« (A) = 1, we have supp(ugs,) € A). A natural
question to ask is whether D(y) is nonempty for every y € R%, and if it is nonempty, what properties the map D(-)
possesses and its relation to the stationary distributions of the Markov noise terms {S,(qz)}nzo. The lemma below
answers these questions.

Lemma 12. The map D(-) defined in (18) satisfies

i. for every y € R®, D(y) is nonempty, convex, and compact subset of P(R" x $?)),

ii. for every y € R%, for every R%-valued sequence, {y,},s; converging toy € R%, and for every PR x $?)-valued
sequence {" € D(yn)}us1 converging to u € P(R* x @), we have u € D(y).

iii. for every y e R%, co({6y ® v € P(R" x S?) : x* € A(y), v € DD (x*,y)}) C D(y), where for any x € R", &,
denotes the Dirac measure.

Proof.

i. Fix y € R%2. Consider the product measure i := 6, ® v € P(R" x $1?), where &, € P(R™) denotes the Dirac
measure on some x* € A(y) (i.e., for every A € B(R%), 5,-(A) = 1if x* € A, 5, (A) = 0 otherwise) and v € P($?)
is such that v € D®(x*, y) (i.e., v is a stationary measure of the Markov chain whose transition kernel is
given by IT?(x",y,-)(-)). Then, ups =06, and because x* € A(y), supp(ups) = {x'} C A(y). Further, pgo =v
and for every A€ B(S?), 4 oo TT?(x,y,8)(A)u(dx,ds) = [0 fon TP (x,y,sP) (A0, (dx)|v(ds?) = [0 T (x*,y,s2) -
(A)v(dsP)=v(A), where the last equality follows from the fact that v € D®@(x*,y). Therefore, 6, ® v € D(y), and

hence D(y) # 0.

Let u', u? € D(y) and a € (0, 1). Consider the measure u := au' + (1 — a)y? (i.e., forany A € ZR" x $?), u(A) =
apl(A) + (1 — @)u?(A)). Clearly, u € P(RM x $?), pps, = apgy, + (1 - @), and pge = aple + (1 - a)ul,. For
i€el,2, supp(yﬁw) C A(y), from which we have ,u%,,,] (Ay)) =1, and hence pgs, (AMy)) = ayﬁgd] Ay +(1-a)-
12, (A(y)) = 1. Therefore, supp(uigs ) € A(y). For every A € B(S?), [, oo TP (x,y,sP)(A)u(dx,ds?)=a [, 4o -
T2 (2, s@) (A (d,d5D) + (1= ) [0 T2 (3,152 A, ds®) = apl  (A) + (1= @)ji2  (A) = g (A). There-
fore, y == au' + (1 — @)p® € D(y), which gives us the convexity of D(y).

In order to show that D(y) is compact, we will first show that the set D(y) is a closed set. Consider {u"},.; such
that for every n > 1, u" € D(y) converging to p € P(R? x ?)). Clearly, {tga tus1 converges to s in P(RM).
Because for every n > 1 and because supp(ug,, ) € A(y), we have u"(A(y)) = 1 for every n > 1. By Assumption A9,
A(y) is a compact subset of R” and by Borkar [12, theorem 2.1.1(iv)], we have limsup, B (A(Y)) < pige (A(Y))-
Therefore, piga (A(y)) = 1, which gives us that supp(ugs4 ) € A(y). Clearly, {uf, },51 converges to pge in P(S2).
Because ¥ is a compact metric space, by Borkar [12, theorem 2.1.1(ii)], we know that for every f € (S, R),
[ fGON o (@52) = [ fGO )ty (d5?) as 1 — o0, Let vi(d32) i= [, o I (x,y,s?)(d5O)u(dx, ds?) € P(F2)
for every n > 1 and v(ds?) := /]Rdl < 1?(x,y, s?)(d5@)u(dx, ds?). 1t is easy to see that for any f € ¢(¥?,R),
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fyu)f @) (ds?) = /Rdl <ol fgf(mf E@(x,y,s@)(d5?)]u"(dx,ds?)). By Assumption A4, (x,s?)— fy(Z)f (?)
?(x,y,s?)(d5?) is continuous for any f € G(F?,R). Therefore, as u" — p in PR x ¥?), we have
Fonsgnl fyn FEOMT® 1, sO) @) (e, ds) = [ ol frn fEPTO ,y, 82)(d52) sk, ds) or [ fG2)-
VI(d5?)) = [0 f(3@)v(d5?) . Because for every n > 1, u" € D(y), we have [ o, f3@)ul, (d5@) = [, fEP)v"(d5?)
for every f € 6(¥?,R). Thus, for every f € 6(¥?,R), we have /g:(z) FE@)uge (d5?) = fy(z) F(E@)(d5?). Therefore,
tige = v, which establishes that u € D(y), and hence D(y) is closed. To establish the compactness of D(y), we show
that the set D(y) is relatively compact in P(R% x $?). For any measure y € D(y), the support of the measure p,
denoted by supp(u) is contained in A(y) x $?, which is a compact set independent of i € D(y). Thus, the family of
measures {u : 4 € D(y)} is tight, and, by Prohorov’s theorem (see Borkar [12, theorem 2.3.1]), we have a set of
measures D(y) that is relatively compact in P(R% x ¥?). Therefore, D(y) is closed and relatively compact.

ii. Lety, — yin R® and " € D(y,) — u in P(R" x $?) as n — . Let B; denote the closed unit ball in R%.
By Assumption A9, we have that the set-valued map y — A(y) is u.s.c. Therefore, for every € > 0, there exists
6 > 0(depending on € and y) such that for every y’ € R%, satisfying |ly’ — y|| < 6, we have A(y’) € A(y) + €B.
Because A(y) is compact, A(y) +€B; is compact. Because y, — y, there exists N such that for every n > N,
ly» — yll < 6. Then, for all n > N, A(y,) € A(y) + €B;. By the above, we have that limsup,,_, gy (Ay) +e(By)) =1
for every € > 0. Because u" — u, we have that uf, — pga in P(R4) and by Borkar [12, theorem 2.1.1(iv)],
we have that for every € >0, ugy(A(y)+eBi) =1. Because A(y) is compact, A(y) = Nus1(A(y) +1B;1) and
g (A(Y)) = limy 0 s, (A(y) + £ By) = 1. Therefore, supp(ugs ) € A(y). Let vi(ds®) := [, 0 TTO(x,y,, sP)(d5?) -
'(dx,ds'?) € P(S?) and v(d5?) := [, oo TTP(x,y,5@)(d5?)u(dx,ds®). Then, for any f € €(¥?,R), for any
nx1, fg»m f(g(z))vn(g(z)) = fRM ) [fg»m f(§(2))1‘[(2)(x, Yn,s 5(2))(015(2))]#”(‘19@ ds'?) and fg<z>f(§(2))v(§(2)) = f]Ra1 ) [fg)(z) :
FENTT(x,y,5?)(d5?) | u(dx,ds?). Because for every n > 1, u" € D(y,), we have that supp(u") € A(y,) x S
By using the u.s.c. property of the map A(-) and the fact that y, — y, we get that for any € > 0, there exists N
such that for every n > N, A(y,) X ¥? C (A(y) + €By) x $?). Therefore, for every f € ¢(¥?,R), for every n > N,
Jyo fED W (ds?) = /( AeeBe | Lo f (s (x,y,,,5)(d5?)]u" (dx,ds'?). By assumption (A4), the map (x,y,5?)
— [0 fGPIT (x,y,5@)(d5?) is continuous, and hence its restriction to the compact set (A(y) + €B;) X C x $@
is uniformly continuous, where C C R% is a compact set such that for every n > 1, y, € C. By the above, we can
conclude that for any & > 0, there exists Ny such that for every n > Nj, for every (x,5?) € (Ay) + €B1) x 9@,
| [y fEOI@(x, y, s@)(d5?) = [ ) fEPIT? (v, y,sP)(d5?)| < & Therefore, for every f € €(9?,R), there exists
N := max{N,N;} such that for every n >N,

/y . f(§<2>)v" (dge)) _ /j . f(§<2>)v(d§<z))
<

@) 1@ @) (75@) | 7 @) _ @ 3@
LA ) ) ) s
The second term in the R.H.S. of the above inequality goes to zero as n — oo (use the definition of v(d5?),
Assumption A4 and Borkar [12, theorem 2.1.1(ii)]). Therefore, taking the limit in the above equation, we get
that for any f € 4(9?,R), for every &> 0, im, e | [0 fEPW"(d5?) = [, f(5P)1(d5?)| < & Hence, v" — v in
P(F?) as n — oco. Clearly, e — [igo as 1 — co. Therefore, v = 42, which gives us that p € D(y).

iii. Follows from part i of this lemma. O

€+

Define the set-valued map Hj : R% — {subsets of R“1} such that for every y € R%,

ﬁz(y) = UyED(y)‘/

R4 xg?

Ha,y (x, 5(2)) u (dx, ds<2)) , (19)

where for every y € R, H,, denotes the slice as in Definition 7iv of the set-valued map H,. Because for every
y € R%, for every u € D(y), supp(u) is compact, by Lemma 7iii, we know that the slices H,,, are u-integrable for
every u € D(y). So the above set-valued map is well defined, and we will show later that the slower timescale
iterates track the DI given by

dy
d_{ e L(y). (20)



Yaji and Bhatnagar: SR/ in Two Timescales with Markov Noise
Mathematics of Operations Research, 2020, vol. 45, no. 4, pp. 1405-1444, © 2020 INFORMS 1423

The above DI is guaranteed to have solutions as a consequence of the lemma below.

Lemma 13. The set-valued map Hy : R? — { subsets of R%} is a Marchaud map.

The proof of the above lemma is given in Section 4.

Remark 3. In order to understand the DI (20) better, we consider the cases where the map A(:) is single-valued and
the case where Markov noise terms are absent. These special cases also highlight the fact that our results are a
significant generalization of the results by Ramaswamy and Bhatnagar [36] and Karmakar and Bhatnagar [21].

1. When the map A(-) is single valued, for any u € D(y), because supp(ugq ) € A(y), we have that pps, = 0;),
where 6, €P(R%) denotes the Dirac measure at A(y). Therefore, the measure p = 0,4 ® lgo. Because
ueD(y), we know that for every A€ Z(S?), uge(A) = [ go 12y, sP)A)uldx,ds?) = [ o [, T
(x,y, s(z))(A)(SA(y)(dx)] g (ds®) = fg,(z) 2(A(y), y, @) (A) pgo (ds?). Thus, pge € DP(A(y),y), where D@ (A(y),y)
denotes the set of stationary measures of the Markov chain with transition kernel I1?(A(y), v, -)(-). Therefore,
for every y € R%,

Hz(y) = UyED(y)/

) @)\ _ 2) (2)

where Hy (), denotes the slice as in Definition 7i of the set-valued map H,. Therefore, DI (20) is nothing but the set-
valued analog of the slower timescale DI in Karmakar and Bhatnagar [21].

2. Suppose Markov noise terms are absent (for the analysis and definition of such a recursion, see
Ramaswamy and Bhatnagar [36]). Then, such a recursion can be rewritten in the form of Recursion (15), with
Markov noise terms taking values in a dummy state space F = $@) = [} with transition laws [TV (x,y,s*) =
[1?(x,y,s") = 65 for every (x,y) € R%. Then, it is easy to deduce that the stationary distribution maps D"(x, ) =
D®@(x,y) = 65 for every (x,y) € R%. Then, for every y € R%, any u € D(y) is of the form u =v® s, where v €
P(R™) with supp(v) C A(y). Then, for any y € R%,

Ha(y) = Upenyy) / Ha, (x,S(Z))/“‘(dx, ds(Z)) =V oen) Ha,y(x, 8" )(dx) = co(Urer Ha(x, 1, 57)),
Rt X supp()CA(y) /RN

which is exactly the same slower timescale DI as in Ramaswamy and Bhatnagar [36].
Suppose now that the following holds in addition:

Assumption A10. DI (20) has a globally attracting set ¥ C R%, then, the main result of this paper states that for
almost every w, as n — oo,

(39)  Uafat ¢ ).

4. Mean Fields and Their Properties
In this section, we prove that for every y € R%, the set-valued map Hi (-, y) and the set-valued map Hy(-) defined
in Equations (16) and (19), respectively, are Marchaud maps.

Recall that by Assumptions Al and A2, the set-valued maps H; and H, are SAMs. For such set-valued maps,
by Lemma 2, we know that there exist sequences of continuous set-valued maps, denoted by {Hgl)},Zl and
{Hg)}lzl, which approximate H; and H», respectively. Further, by Lemma 3, these approximating maps admit a
continuous parametrization denoted by, h(ll) and hg). Throughout this section, {Hgl)}lzl, {Hg)}, {hgl)}lzl, and
{hg)}lzl denote the maps as described above.

Similar to the definition of the maps H; and H,, we define the maps obtained by averaging the set-valued
maps Hgl) and Hg) for every [ > 1 with respect to measures given by the maps (x,y) — DY (x,y) and y — D(y).

Definition 9. Let the maps D" : RY — {subsets of ?(¥V)} and D :R% — {subsets of P(R" x ¥?))} be as in
Section 3. For every [ > 1, .
i. for every (x,y) € RY, define A" : R? — {subsets of R} such that,

(1 1
Hg)(x, y) = UyED(l)(X,y) ‘L(l) Hi,)(x,y) (5(1))y(ds(1))l
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where Hgl)(x , denotes the shce (as in Definition 7ii) of the set-valued map H(l), and

ii. for every yeR®, define Y : R — {subsets of R2} such that,

TD)) = O (v 4@ @
H2 (y) UyED(y) ./W Hz,y(xrs )y(dx,ds ),

where Hg?y denotes the slice (as in Definition 7v) of the set-valued map Hg).

1 g2

In the lemma below, we prove that for every y € R%, the maps I:Ig)(-, y) and the map I:Ig) () are Marchaud
maps for every I > 1.

Lemma 14. For every [ > 1,
i. the set-valued map A : RY — {subsets of R“Y} is such that,
a. for every (x,y) € ]Rd H()(x y) is a nonempty, convex and compact subset of R, and
b. for KO >0, where K" is as in Lemma 2, for every (x,y) € RY, sup, s, Il < KO + [|x]| + [lyl]),
I for every (x,y) € RY, for R¥*-valued sequence, {(xu, Yn)}ns1 converging to (x, y) € RY, and for every sequence {x/,
H()(x,,,y,,)} converging to x’ € Rdl we have that x’ EH(’)(x Y).
ii. for every y € R%, the map H ', y) is a Marchaud map,

iii. the map Hg)(‘) is a Marchaud map.

Proof. Fix [ > 1.

i. For every (x,y) € R?, by Lemma 6iv, Hg)(xy)

(x,y) € RY, I:Iy)(x,y) is nonempty. Let x!,x2 eHg)(x, y) and a € (0,1). Then by Lemma 8i, there exist v!,1? €
P(SY x U) such that for i€ {1,2}, Vi € DW(x,y) and x' = /Sf(l)xu hgl)(xy)(s(l) uyWi(ds,du), where U denotes
the closed unit ball in R%. Then, ax! + (1 — a)x? = /y(l)xu Lix y)(s(l) w)(av' + (1 — a)v?)(dsW, du). Clearly,
(av! + (1 —ap?)yo = ocv,f(l +(1- 04)1/9,(1 e DW(x, y), where the last inclusion follows from the fact that DW(x, Y)
is a convex subset of P(¥WV). By Lemma 8i, we get that ax +(1-a)x? eH(Z)(x y) Therefore, H( )(x y) is convex.

By Lemma 6ii, for every (x,y) € R, the set-valued map H1 (xy) 18 bounded by C(Z) = KO(1 + |||l + |lyll)- Therefore, for
every f € (Hi ), for every sV € 0, || f(sD)|| < C(l) - Thus, for every x’ eH()(x y) by definition, x’ = fq,l)f(s(l))‘u(ds 1))
for some f € .7(H") and some u € DY (x,y). Therefore, for every x' e AV (x,y), ||l < S IF D) u(ds™) < C )
KO@ + 2]l + [Iyll).

As a consequence of the arguments in the preceding paragraph, for some (x y) € R, in order to show that H( )(x y)is
compact, it is enough to show that it is closed. Consider a sequence {x" € F}(x,y)},>; converging to x* € R%. Then by
the defrrutlon of H )(x y) and by Lemma 8i, for every n > 1, there exists v" € (! x U) such that Vi € DW(x,y) and

= foouy 1 (w (s(l) up™(dsV, du). Because 1 x U is a compact metric space, P(¥1) x U) is compact, and hence there
exists a subsequence {1 };s such that {v};-; converges to v € P(¥1) x U). Clearly, {vii ko1 converges to vy and by
Borkar [12, theorem 2.1.1(ii)], x™ = [ . h(ll)(x ) D, wp(dsh, du) — [0, 1(xy)(s(l) u)v(ds", du) = x*. Because for
every k, vy(l) e DW(x, y) and by the fact that DY(x,y) is closed, we get that vy € D! )(x,y). Therefore, x* =
Lo h(l(xj)(s(l) duyv(dsV, du) and vy € DV(x,y). Thus, x* € A (x, y) which gives us that A\ (x, ), is closed.

Let {(xx,Yn)},>1 be a sequence converging to (x,y) and let {x, € H )},,>1 be a sequence Convergmg to x”. Then, by
Lemma 8i, for every n > 1, there exists v € (¥ x U) such that GRS DY (x,,y,) and x/, = J 1>><uh(, x/y)(s V" (dsV, du).
Because ¥ x U is a compact metric space, ?(¥1 x U) is a compact metric space, and hence there exists a subse-
quence, say {1 }i>1, such that {v"},.; converges to v € ?(¥V x U). Clearly, v" g = Vgo in P(SD) and by the closed
graph property of the map (x,y) — D(l)(x, y), we have that vy € DY(x,y). Using the Contmmty of the map h( (-), itis easy
to show that ime Sup(u ey 1y, )( s, u) — hg”xy(sln ;) = 0. Then, [l = [q, 1 1(m( W, w)yw(dsV, du)|| <||x’ -

ey 80V (@D )]+ Sy I o) 61 =BG GO ) s, r) | g 1y (60 100V (), i)
/y(l)xuh(ll)(x W (s(l) u)v(ds",du)||. Now use Borkar [12 theorem 2.1.1(ii)] in the above inequality to obtain limy_, ||x’ —
/5,<1)th§l(x y)(s(l), u)v(ds™,du)|| = 0. Then Lemma 8i gives us that x’ EI:Iil)(x, ).

ii. Follows from part i of this lemma.

iii. The proof” is similar to part i of this lemma with minor mod1f1cat10ns The first modification is the use of
Lemma 8ii instead of Lemma 8i. For example, in order to show that H (y) is closed for some y € R%, fix

is p-integrable for every ue€ DW(x,y). Hence, for every
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sequence {y,},>1 C Hg)(y) converging to y’. Use Lemma 8ii and the definition of ﬁg)(y), to obtain
{V"} s € PR x ¥ x U), where U denotes the closed unit ball in R% and the sequence {1}, is such that for
everyn21,vl, o €D(y)and y, = [0 o, h(zl,)y(x, s@, uyv(dx,ds'?, du). By definition of D(y), for every n > 1,
supp(viL,  ge) € Aly) X $? and hence supp(v") € A(y) x 12 x U, which is a compact subset of R x @ x U.
Now by Prohorov’s theorem, the sequence {1"'},..; is a relatively compact subset of P(R% x ¥ x U) and hence
has a convergent subsequence. By Lemma 12i, D(y) is compact, and hence every limit point of {vi, .} is
in D(y). The rest of the argument is same as the corresponding in part (i) of this lemma.

In order to show that qu)(-) has a closed graph, fix sequences {y,},>; converging to y and {y; EI:IS) Yn)}us1
converging to i’. Use Lemma 8ii, to obtain {v""},,.; € P(R" x @ x U) such that for every n > 1, Vi segr € D(Un)
and y, = [, ><S,,(Z)thg’)y(x, s@, up(dx,ds'?,du). Then, for every n > 1, supp(v") C A(y,) X ¥@ x U. By Assump-
tion A9, for any 6 > 0, the set L := {x € A(})) : || — y|| < 6} is a compact subset of R%. Therefore, there exists N large
such that for every n > N, supp(v") C L x $? x U. By Prohorov’s theorem, the sequence of measures {v"},. is
tight and has a convergent subsequence. Clearly, by Lemma 12ii, every limit point of {V,, . 4u }usn is in D(y). Now

the rest of the argument is the same as the corresponding argument in part i of this lemma. O

By Lemma 2, we know that for every [ > 1, for every (x,y) € R?, Hy(x,y) C H§l+1)(x, y) < Hgl)(x, y) (similarly,
Hy(x,y) C Hgﬂ)(x, y) C Hg) (x,1)). The next lemma states that the above is true for H; and H;" as well for every
ie{l,2}.
Lemma 15. . . .

i. For every 1> 1, for every (x,y) € R?, Hy(x,y) A (x,y) AV (x,y).

ii. For every 1 > 1, for y € R, Hy(y) AV (y) < AV ().

iii. For every (x,y) € RY, ﬂzmHﬁl)(x, y) = UueD0 () Niz1 /g)(l) Hg{)(x,y)(s(l))ﬂ(ds(l))-

iv. For every y € R%, N AV (y) = Uen(y) Nzt foir g Hg,)y(x,s(z))y(dx, ds®@).

v. For every (x,y) € RY, Hy(x,y) = n,zlﬁlﬁ’)(x,y).

vi. For every y € R®, Hy(y) = ﬁzZlﬁél)(y)-

Proof. The proofs of parts i and ii follow directly from the definition of H;, Hl@ for every [ > 1 and the fact that
for every i € {1,2}, Hi(x,y) C Hi(m)(x, y) < HI(Z) (x,y) for every (x,y) € RY. The proof of part iii is similar to part iv,
and we present the proof of part iv below (the proof of part iii is in fact the same as that of Yaji and Bhatnagar
[41, lemma 4.4(ii)]).

iv. Fix y € R®. Then, by definition of H{(y), we have that for every [ > 1, for any € D(y), St g
u(dx,ds®) cAY (y). Therefore, Uueny) Nis1 Jfon wgo Hg)y(x, su(dx, ds?) € N AP ().

Let i’ € N1HY(y). Then, for every [ > 1, there exists ! € D(y) such that i’ € j —— Hg)y(x,s(2))yl(dx, ds?).
Because {yi'},.; is a subset of D(y), for every I > 1, supp(u') C A(y) x $@. Hence, the sequence of probability
measures {1t} is tight and, by Prohorov’s theorem, has a limit, say u* € P(R% x $?)). Let {I;}>, be a subsequence

!
ng)y(x,s(z)) .

such that p — p*ask — oo, and, by Lemma 12i, we know that D(y) is compact, which gives us u* € D(y). Because
forevery ! > 1, for every k such that [y > [, . (Hg*y) )C .Y (Hg,)y), we get that for every [ > 1, for every k such that [, >,
/Rdl g Hé{)lj(x, s@) ylk(dx, ds@) = y'. For every [ > 1, by Lemma 8ii, we know that for every k such that [ > I, there
exists v € P(RH x S@ x U) (U denotes the closed unit ball in R%) such that v’ = [Rdl ngmxuh(zl,)y(x' 5@, u)-
v (dx, ds®, du) and v\1 ., = p'. Further, for every I > 1, for every k such that; > I, supp(v(9) € A(y) x #@ x U,
and hence {v("¥}, ., is tight and, by Prohorov’s theorem, has a convergent subsequence. For every [ > 1, let v
denote a limit point of the sequence {v"},, ;. Because for every > 1, {v](é@,lf)xy(z) = i}y and ph - prask — oo,
we have that v](éll g = 1€ D(y). By Borkar [12, theorem 2.1.1(ii)], for every [ > 1, ¥’ = fRdl SOl hgll)y(x, 5@, u)-
v (dx,ds'?,du), and hence by Lemma 8ii, ' € [, H%(x,s(z))y*(dx, ds?), where u* € D(y). Therefore, there
exists u* € D(y) such that for every I>1, y € fRdl s Hg’)y(x, s@)u*(dx,ds?). Hence, y' € Upeny) Niz1 fRdl g "
HY), (x, s®)u(dx, ds®)-

The proof of part v is similar to the proof of part vi, and we present a proof of part vi below (the proof of part v is
exactly the same as that of Yaji and Bhatnagar [41, lemma 4.4(iii)]). .

vi. From part ii of this lemma, we have that, for every y € R, Hy(y) C ﬂ;leg)(y).

9@
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Fix y € R and p € D(y). Let ¥ € Nis1 [os, g H;{)y(x,s(z))y(dx, ds?). Then, for every I > 1, there exists f!) €
S (Hg’)y) such thaty’ = fRdl e FO(x, s(z))y(dx, ds?). Letd(j, A) = inf{||ij — zI| : z € A} for every i € R™ and for every

A CR*® compact. By Lemma 5, we have that fRleg,Q) Hz,y(x,s(z))y(dx, ds?) is compact and convex. Then,

d(y', /}Rd1 o Ha, (x, 5(2)) u (dx, ds(Z))) = inf{”y’ —z|:z€ /}Rd1 o H,, (x, 5(2))[J (dx, ds(Z))}

= fev;r&%y) y - [Rdl ><9><2)f(x15(2))'u(dx’ ds(Z)) '
- feyir(l}ffz,y) ./Rdl XF) (f ! (x, S(Z)) -f (x,s(z)))y (dx, ds(2)) ‘
) s o)

B /Rdl ) inf{ ‘f ! (x, 5(2)) —¥ H ‘yeHy, (X, S(z)) }y(dx, ds(z)),

where the last equality follows from Li et al. [27, lemma 1.3.12]. By Yaji and Bhatnagar [41, lemma 3.7], we
know that for every [ > 1, the map (x,5?) — d(fO(x,s?), Hz,y(x,s(z))) is measurable, and from the last equality,
it follows that for every I > 1,

0 ) = )

By Observation (2) stated after Lemma 2, we have that for every (x,5s?) e R% x $?), lim;_, d(f¥(x,s?),
Hy,(x, s?))) = 0. Because p € D(y), supp(u) C A(y) x @, for every [ > 1,

/R e d (f ® (x, 5(2)),H2,y (x,s(z)))u(dx, ds(z)) = /A e d (f(l) (x, 5(2)),H2,y (x,s@)y(dx, ds(z))).

Because A(y) is compact, there exists M > 0 such that for every x € A(y), ||x|| < M. By Lemma 7ii, Assumption A2
and Observation (1) stated below Lemma 2, we have that for every [ >1, for every (x,s?) € A(y) x 92,
d(fD(x,s?), Hyy(x,s?)) < (Kg) + K)(1 + |lx]l) < (max{K, K]ly|[} + K)(1 + M). By the bounded convergence theo-
rem, we have

d(}/’, /R . Hy, (x,s(Z)) H(dx, ds(z))) < lim d( £0 (x, s<2>), H,, (x, S(z))) ,u(dx, ds<2>) —0

[—=00 J Ry 5@

Therefore, d(V/, [ou, g Hay(x,s)u(dx,ds?)) = 0, and by Lemma 5, we know that [, e Hay(x,s?)u(dx,ds®)
is a closed subset of R%. Hence, v’ € /Rd1x5f<2> Hzly(x,s(z))y(dx, ds®?) .
From the arguments in the preceding paragraph, we have that for every y € R%, for every p € D(y), Njz1 /Rdl @

Hgl/)y(x,s@)y(dx, ds@) C o4, g Hay(x,sP)u(dx, ds®). Thus, for every y € R,

O (, @ 2
Upepy) Ot /R o Hz,y(x, § >) y(dx,ds( >) C Upen(y) /
XS R

By part iv of this lemma, we get that for every y € R%, ﬂlle:Ig)(y) CHy(y). o

Hy, (x, s(z)) u (dx, ds(z)) =H, ).

I x g2

Lemma 16. The set-valued map Hy : R? — {subsets of R™} as defined in Equation (16) is such that,

i. for every (x,y) € R%, Hy(x,y) is a nonempty, convex, and compact subset of R™,

ii. there exists K>0 (same as in Assumption Alii such that for every (x,y)€RY, SUP ey, ) X1 <
KQ+[|xl[ + llyll), and X

iii. for every (x,y)€R?, for every Re-walued sequence, {(x,,yn)},s1 converging to (x,y), and for every {x! €H
(Xn, Yn)}ps1 converging to x’, we have x’ eHl(x,y).

Proof.

i. Fix (v,y) € R. By Lemma 6iii, Hy () is p-integrable for every u € D (x,y). Hence, Hi(x,y) is nonempty.
For every [ > 1, by Lemma 14i(a), we know that I:Iy) (x,y) is convex and compact subset of R%. By Lemma 15v,
we have that H(x,y) = ﬁlzllflgl)(x, y), and hence H;(x,y) is convex and compact.
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ii. Fix (x,y) €RY. For any x’ €H1(x,y), there exists ue€DW(x,y) and f €.7(Hix,)) such that x" = fy(l) f(sM)-
1(ds"). By Lemma 6i, we know that for every stV € U, ||f(sV)|| < Cry) = K(1 + ||x[[ + [lyll). Therefore, [|x'|| =

||/y(1)f(s(1)) pu(dsD)| < Cayy = KA+ [lx] + lIyll)-
iii. Let {(x,Yu)},>1 be a sequence converging to (x,y) and {x/, € F;(x,, )} ,>1 be a sequence converging to x’.

Then, by Lemma 15v, we have that for every [ > 1, for every n > 1, x], € Hgl) (X4, Yx). By Lemma 14i(c), we have
that for every [ > 1, x’ eI:Iy)(x, y). Thus by Lemma 15v, we have x’ eﬁl(x, y). O
Lemma 11 is an immediate consequence of the above lemma. Similarly, the proof of Lemma 13 follows from

the fact that {Hg)}lzl are Marchaud maps (see Lemma 14iii), which approximate H, (see Lemma 15vi and the
linear growth property of the map A(-) (i.e.,, Assumption A9i).

5. Recursion Analysis
In this section, we present the analysis of Recursion (15). The analysis comprises two parts.

The first part deals with the analysis of the faster timescale recursion, where we show that the faster
timescale iterates {X,},»; converge almost surely to A(y) (as in Assumption A9) for some y € R%.

The second part deals with the slower timescale recursion analysis, where we show that the slower timescale
iterates {Y},},s; track the flow of DI (20).

Throughout this section, we assume that Assumptions A1-A9 are satisfied.

5.1. Faster Timescale Recursion Analysis
For every w € Q, for every n >0, the two-timescale recursion (15a and 15b) can be written as

Y (@) = Yo(w) = b)M, (@) = bn)Vi(w), (21a)
X1 (@) = Xu(@) = a(mM), (@) = a(m)Vi(w), (21b)

where for every n >0, V! and V2 are such that for every w € Q,
V(@) € Hy (X,(@), V(@) SV (@),
V() € Hy (X, (@), Yo(w), SP ().

Recursion (21) can be rewritten as

Yor(@) - Y@»ﬂ)ﬁ? %;Mﬂ<ﬂ

X (@) = Xu(@) = a(m) (Vh(@) + M (@)

n+1

V(@) +

for every w € Q) and for every n > 0. The above can be now written in the form of the single timescale recursion
(i.e., (13)):

Zuit = Zo = (MMt € a(F (Z,, S), (23)

where
1. for every n >0, Z, = (Xy, Yn),

2. forn>0, M,;1 = (M(l) M(VZ +M(2)1))

n+17 a(n)

3. F: R x ¥V — {subsets of R?} such that for every (x,y,sV) € R? x 1, F(x,y,sV) = (H(x,y,sV),0).

We now show that the quantities defined above satisfy the assumptions associated with the single timescale
recursionasinSection 2.4. Clearly, by Assumption A5, the step-size sequence {a(n)},5, satisfies Assumption S(A3),
and by Assumption A3, the Markov noise terms, (st }uso satisfy Assumption S(A2). As a consequence of
the stability Assumption A8, we have that P(sup,., [|Z, := (X, Yu)l| < o) =1, and hence Assumption S(A5)
is satisfied.

Consider the set-valued map F defined above. Clearly, by Assumption Ali, for every (x,y,s1) € R? x 0,
F(x, y,s(l)) is a nonempty, convex, and compact subset of R?. Further, by Assumption Alii, we have that for
every (x,,5") € RY X 91, Sup(, o 11 M =SUPy gy iy | S KT+ [+ 1D < mas K, KCHL + (e, ),
where C >0 is such that ||| +[lyl| < Cl|(x,y)|| for every (x,y) € R (see Kumaresan [24, theorem 4.3.26]).
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By Assumption Aliii, the map H; has a closed graph, and hence the map F also has a closed graph. Therefore,
the set-valued map satisfies Assumption S(A1).
Recall that for every T >0, for every n >0, t'(n,T) := min{m > n: Z/-la(k) > T}. Let

Oy :={w € Q : Assumptions A6, A7, and A8 hold}. (24)

Clearly, P(€21) = 1. Let @ € Q; and fix T > 0. For any n >0,

k

> a(m)My (@)

m=n

3 atm) 2 (V2(@) -+ ME )

men - a(m)

S el ()

m=n

sup
n<k<t(n,T)

< sup
n<k<t!(n,T)

+ sup
n<k<t!(n,T)

By Assumption A8, for every w € (), there exists r >0 such that sup,.,(||X,(w)|| + [[Yn(w)||) < 7. Because
for every n >0, for every w € (), Vﬁ(m) € Hy(Xy(w), Yy(w), S%z)(w)), and by_ Assumption A2ii, we have that
V()| < KA + [IXu()|| + IYa(w)l]) < K(1 4+ 7) =: R < 0. Further, by Assumption A5iii, for every 0 <e <T,
there exists N such that for every n >N, b(n) < 755a(n). Therefore, for every n >N, for every m>n,

Sielb(k) < 755 275 a(k). Thus, for every n > N, Z,fl:(:’T)_l b(k) < e and t!(n,T) < t*(n, T). Therefore, for every

0<e<T, for every n > N,

k

2 amMy (@)

m=n

k

> almMy), ()

m=n

sup
n<k<t'(n,T)

ﬁ b(m)M; ()

m=n

< sup
n<k<t'(n,T)

+€eR+ sup
n<k<t2(n,T)

Taking the limit in the above equation and using Assumptions A6 and A7 give us that for every 0 <e < T,

k

> A(m)My ()

m=n

lim sup < Re.

n—ee n<k<tl(n,T)

Therefore, for every w € (), for every T >0, lim,_, sup, <kt (n,T) ||Z’,§1=n a(m)M,,11(w)|| = 0. Thus the additive
noise terms {M,},>; satisfy Assumption SA4.

Therefore, quantities in Recursion (23) satisfy Assumptions SA1-SA5, and we apply the main result of the
single timescale recursion (see Theorem 2iii) to conclude the following.

Lemma 17. Under Assumptions A1-A8, for almost every w, there exists a nonempty compact set L C R? (depending on w)
such that

i. (Xy(w), Yu(w)) = L as n — oo, where {(X,, Yu)} s is as in Recursion (15).

ii. the set L is internally chain transitive for the flow of the DI,

dx A
at | Hi(x,y) _ (25)
dy 0
dt

The set-valued map associated with the DI (25) is clearly a Marchaud map (use Lemma 16). Further, any
solution (x(-),y(-)) of DI (25) is such that for every t € R, y(t) = y(0) and x(-) is a solution to DI (17) with
Yo = y(0).

Fix w € Q such that Lemma 17 holds. Let L CR? be as in Lemma 17. Let

A={xy) eR':xeAy), yeR?}, (26)

where for every y € R, A(y) is as in Assumption A9. Because L is internally chain transitive for the flow of
DI (25), by Benaim et al. [4, lemma 3.5], we know that it is invariant. Let (x*,y*) € L and (x(-), y(-)) be a solution
to DI (25) with initial condition (x*, ) and for all f € R, (x(f), y(t)) € L. Then, for every t € R, y(t) = y* and x(-) is
a solution of DI (17) with yo = y*. By Assumption (A9), there exists a compact subset A(y*) C R%, which is a
globally attracting set for the flow of DI (17) with yy = y*. By definition of a globally attracting set, we have that
Nizo{x(q + ) : ¢ = 0} € A(y*). Therefore, (x(t),y(t)) = A(y*) X {y'} € A, and because for every t € R, (x(f),y(t)) € L,
we get that LN A # 0. In fact, for any closed set C C R invariant for the flow of DI (25), the above argument
gives us that CNA # 0. If we are able to show that LNA =L, then, by Lemma 17i, we obtain that
(Xu(w), Yn(w)) = LC A as n — oo. In this regard, we need to impose the following assumption.
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Assumption A11. For any compact set C C R, invariant for the flow of DI (25), for any open neighborhood O of
C N A, there exists an open neighborhood 0" of C N A such that

D0 NC,[0,0) CONC,

where @€ : C x R — {subsets of R} denotes the flow of DI (25) restricted to the invariant set C (see Section 2.3
for definition).

Remark 4. The above assumption is a weaker form of Assumption Al imposed by Borkar [11, chapter 6] (that
implies Assumption A1l above). The above assumption is basically the Lyapunov stability condition (see Benaim
et al. [4, definition IX(ii)]) for the flow restricted to the invariant set C. We will see that in the application studied
later, the above assumption is satisfied.

Lemma 18. Under Assumptions A1-A9 and A11, for almost every w, L C R? as in Lemma 17 is such that
Lc{(xy) eR':x e Ay), y e R2L

Therefore, (X, (@), Yn(w)) = LC{(x,y) eR?:x€A(y), y€R%} as n — oo, where {(Xy, Yu)}uso is as in Recursion (15).

Proof. We present a brief outline here to highlight where Assumption A1l is used.

Let A C R be as in Equation (26). Fix w € Q) and obtain L as in Lemma 17. We know that L is internally chain
transitive for the flow of DI (25), and because it is also invariant, L N A # (. By Assumption A9, for every (x*, i) € L,
weL((x*,y")) CLNA. Thus, for every (x*,y*) €L, for every solution of DI (25), (x(-),y(-)) such that (x(0),
y(0)) = (x*,y*), and for every t € R, (x(t), y(t)) € L, for every open neighborhood O of L N A, there exists ¢ > 0 such
that (x(f), y(t)) € 0 N L. By Benaim et al. [4, lemma 3.13], we get that for every open neighborhood 0 of L N A, there
exists T > 0, for every (x*,y*) € L, for every solution of DI (25), (x(-), y(:)) such that (x(0), y(0)) = (x*,y*) and for
every t € R, (x(t),y(t)) € L, for some t € [0, T], (x(f),y(t)) € ONL.

Fix € > 0. Then, by Assumption A11, there exists an open neighborhood of L N A, O such that DLONL,[0,0)) C
N¢(LNnA)N L. From arguments in the previous paragraph, we can find T > 0 such that for every (x*,y*) € L, for
every solution of DI (25) with (x(0), y(0)) = (x*,y*) and (x(t), y(t)) € L for every t € R, there exists t € [0, T] such that
(x(t), y(t)) € 0 N L. Therefore, (L, [T, o0)) € N¢(L N A) N L. Thus, L N A is an attracting set for ®'. Now the claim
follows from Benaim et al. [4, proposition 3.20]. O

5.2. Slower Timescale Recursion Analysis

Before we present the analysis of slower timescale recursion, we present some preliminaries where we will
define various quantities needed later. Throughout this section, let {Hg)}lzl and {hg)}lzl denote maps as in
Section 4. Further, we will allow Assumptions A1-A9 and A1l1 to be satisfied. The slower timescale recursion
analysis is similar to the analysis of single timescale inclusion by Yaji and Bhatnagar [41] with minor
modifications arising because of the presence of faster timescale iterates. Throughout this section, U denotes
the closed unit ball in R%2, and B, denotes the closed ball of radius r > 0 in R centered on the origin.

5.2.1. Preliminaries. Let #(0) := 0 and for every n > 1, #(n) := 2} b(m). Define Y : Q X [0, c0) — R™ such that
for every (w,t) € QX [0, c0),
Y(w,t) = ( £ £

tn+1)—t(n)

Fn+1)—t

)Y,Hl(w) + (m

Jrac@
where 7 is such that t € [£(n), £(n + 1)).
Consider the slower timescale recursion (15a) given by

Yur = Yo = b)M, € bn)Hy (X, Yo, S
for every n > 0. By Lemma 2, we have that for every [ > 1, for every n >0, Hy(X,, Yy, S(nz)) C Hg)(Xn, Y., S,(f)).
Therefore, for every [ > 1, the following recursion follows from the above (i.e., (15a)):

Yo = Yo = bM, € bmHY (X, Y., 52).
By Lemma 3, we know that for every [ > 1, the set-valued map Hél) admits a continuous single-valued pa-
rametrization hg). The next lemma allows us to write the slower timescale inclusion in terms of the pa-
rametrization of Hg), and the result follows from Yaji and Bhatnagar [41, lemma 6.1].
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Lemma 19. For every | > 1, for every n > 0, there exists a U-valued random variable on QJ, U,(f), such that for every w € Q,

Y1(@) = Yal(@) = bDMEE), (@) = b)) (X, (@), o), SP (@), U ().

n+1
For every [ > 1, define T : Q x [0, 00) — P(U x R x $@) such that for every (w,t) € Q x [0, ),
F(l)(a), t):= 611,(11)(&)) ® (an(m) ® (35(”2)((‘)), (27)

where 6u(’)(m) € P(U) denotes the Dirac measure at U («w) € U (for every A € ZA(U), 6u(z>(w)(A) =1if U,(f)(a)) €A,
0 otherwise), 0x, () € ?(R") denotes the Dirac measure at X,(w) € R, and similarly, 050y € P($?) denotes
the Dirac measure at S (w) € $?,

The lemma below provides an equicontinuity result used later.

Lemma 20. For every | > 1, for every r > 0, the family of maps

{y erld — h(zl) (x,y, s(z),u)v(du, dx, ds(z)) TV E @(U X B, X EP(Z))}

UxB,x9?@

is equicontinuous.

Proof. Fix | > 1. By Lemma 3, we know that the map hg)(-) is continuous. Hence, the map hg)(-) restricted to the
compact set B, x rU x $? x U is uniformly continuous. Therefore, for every € > 0, there exists 6 > 0 such that for

every (x,y,59,u),(x,y’,s?,u)e B, x rtUx ¥ x U, satisfying |ly—y'|| <0, ||h(21) (x,y,5?,u)— hg) (x,y/,5?,ul| <e. There-
fore, for 6 >0 as above, with [ly -y’ <6, for any v € P(U X B, x ¥?), ||, 0 W (x,y,5? 1) -v(du,dx,ds®) -
S 1Sy 5@ up(du, d, dsO < [ oo )Gy, 5@, u) = H (5@, ) [v(du, dx,ds®) <e. o

For every [ > 1, define G : Q x [0,00) — R*% such that for every (w,t) € QX [0, ),
GO(w, 1) = Y (Xu(@), Yu(@), SP(@), UV (@), (28)

where 1 is such that t € [£(n), £(n + 1)).

In what follows, most of the arguments are sample pathwise, and we use smaller case symbols to denote the
above-defined quantities along a particular sample path. For example, x,,, y,, uﬁ,l), mgl, s,(f), y(t), )/,(11) (t), and
g0(#) denote X, (), Ya(w), UP(w), M(nzll(a)), SP(w),Y(w, 1), T(w,t), and GY(w,t), respectively, for some w
fixed.

5.2.2. Main Result: Asymptotic Pseudotrajectory. For every w € Q, for every [ > 1, and for every f > 0, let #V(+; f)
denote the solution of the o.d.e.

P =g"(t+7) (29)

for every t > 0 with initial condition §#"(0;%) = y(f).

Let O be as in (24). Then by Assumptions A6-A8, we have that P(Q2;) = 1. First, we will get rid of the
additive noise terms. In this regard, we prove the lemma below that states that for every w € €, the family of
functions {}(- + t)}5¢ and {#”(;;#)},5o have the same limit points in ([0, ), R%2) for every I > 1. The proof of
the lemma below is similar to that of Yaji and Bhatnagar [41, lemma 6.3] and is given in Appendix A.

Lemma 21. For almost every w, for every | > 1, and for every T > 0,

[7a+ 5 - 7"@:1| = 0.

lim sup
=00 0T

The lemma below guarantees the existence of limit points for {{/’(; £)};s in €([0, o), R%). The proof is similar
to that of Yaji and Bhatnagar [41, lemma 6.4] and is given in Appendix B.

Lemma 22. For almost every w, for every | > 1, the family of functions {§V(; t)},, is relatively compact in 6([0, co), R%).



Yaji and Bhatnagar: SR/ in Two Timescales with Markov Noise
Mathematics of Operations Research, 2020, vol. 45, no. 4, pp. 1405-1444, © 2020 INFORMS 1431

As a consequence of Lemmas 21 and 22, we get that for almost every w,

i. the family of functions {j(- + 1)}, is relatively compact in 6([0, o), R?), and

ii. the linearly interpolated trajectory of the slower timescale iterates, j(-), is uniformly continuous on [0, o).

The next proposition states that every limit point of {y/(- + t)},»¢ is a solution of DI (20) on [0, c0). The proof is
along the lines of that of Yaji and Bhatnagar [41, proposition 6.5], but with modifications arising because of the
presence of faster timescale iterates.

Proposition 1. For almost every w, every limit point y*(-) of {y(- + £)}1s0 in 6([0, 00), R%) satisfies the following.
i. For some r >0, for every 1 > 1, there exists 7 € M(U x B, x $?)) such that for every t >0,

/ h(zl) (x, v'(q),5?, u) 7(q) (du, dx, ds(z)) dg.
UxB,x¥?

t
y(t) = y'(0) + /O

ii. For every 1 >1, ¥ as in part i of this proposition is such that for almost every t > 0,
©: (7)) € D(y (1).

iii. y*(-) is absolutely continuous and for almost every t € [0, 0),

dy ( ) e Ffy(1).

Proof. Let (), := {w € Q) :Lemma 18 holds}. From the proof of Yaji and Bhatnagar [41, theorem 6.6 ], it is clear that
Q; € Q, and P(Q,) = 1. Fix w € Q, and let t, — oo be such that y(- + t,) — y*(-) in 6([0, o), R%).

i. Fix [>1. By Assumption 8, there exists r >0 such that sup,.,(|lx.l| +[lyll) < 7. Then, for any t >0,
yO(t) := 6 0 ® Oy, ®0.0) € P(U X By X $?), where n is such that te€ [#(n),*(n+1)). Therefore, y¥ € M(U x
B, x @), and by Lemma 9i, we get that the sequence {y)(- +1,)},.; has a convergent subsequence in
M(U x B, x $@). Let 7¥ be a limit point of {y!)( + t,)},5; and, without loss of generality, assume y"(- +t,) —
70 as n — co. By definition of #”(-;t,), we have that for every n > 1, for every t >0,

t t
y(l)(t,‘ ty) = y(tn) + [} g(’) (q + tn)dq = y(tn) + [) hg) (x[t,z+qjl Yit,+ql, 5 %tzn)w]’ [fn+q )dq,

where for any t >0, [t] :=max{n >0:t>#(n)}. Using the definition of yD(-+t,) (see (27) and recall that
YO +t,) =T (w,- +t,)) in the above, we get that for every n > 1, for every t >0,

./leB,xsf<2> h2 (x'y[t”m]’s ,u)y (q+t”)(d”/dx,d5 )]dq.

Because (- + t,) — y*(-) in 6([0, ), R%2), by Lemma 21, we have that #”(-;t,) — y*(-) as n — 0. By taking the
limit in the above equation, we get that for every f >0,

9(1)(# tn) = y(tn) + /t

0

t
,415130 7Ot t,) - y(tn)] = nlgrolo /O /u e hg) (x, y[t,,+q],s(2>,u)y<z>(‘7 + i’n)(du, dx, ds<2>)}dq,

t
/ B (x, Vit e 52, u)ya) (q+t) (du, dx, ds<2>) ]dq. (30)
UxB,x¥?

v -y ©=lim [

Because y)(- + t,) — #?(:) and by our choice of the topology for M(U x B, x ¥'?), we have

t - t ~
/ [/ f(q, u, x,s(z))y(l)(q + tn)(du, dx, ds(z))]dq —/ [/ f(q, u,x,s(z))f/(l)(q) (du, dx, ds@))]dq -0
0 [J UxB,x9? 0 LJ UxB,x¥?

for all bounded continuous f 1[0, x U x B, x ¥? — R of the form

Fla0%) = 3 gl fi<2)
m=1
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for some N > 1, scalars a,,, and bounded continuous functions g, fi on [0,¢], U X B, X @), respectively, for
1<m < N. By the Stone-Weierstrass theorem, such functions can uniformly approximate any function in
@([0,t] x U x B, x $@,R). Thus, the above convergence holds true for all real valued continuous functions on
[0,t] x U x B, x @), implying that 'y (q + t,)(du, dx,dsP)dg — 15V (q)(du,dx,ds?)dg in P([0,t] x U X B, x
$@). Thus,

t
/ [ / B (x, V@), s(z),u) yO(q + tn)(du, dx, ds(2>)]dq
0 UxB,x¥?

t
- / [ / hg)(x,y*(q),s(z),u)f/(l)(q)(du,dx,ds(”)]@” —0
0 LJuxB,xy®

as n — oo. Because {¥(- + ty)|g}n>1 uniformly converges to y()ly, we have that the function g — y,4q)
uniformly converges to y*(")|g on [0, t]. Using the above and Lemma 20, we have that for every € > 0, there
exists N(depending on €) such that for every n > N, for every q € [0,1],

(31)

() (2) () (2)
/UXB?XW) hy (x,y[thrq],s ,u)y (q+tn)(du,dx,ds )

B / W [y @), 52, )y O g + ) (du,dx, ds ) | < e. 2
UxB,x¥?

Now,

t
L1 B0 )00 1 e 59)
0 [JUxB,xy@

! 1
- / [ / W (@), s, u) () (du, dx, ds@)) ]dQH
0 [J UxB,x9?@

<

t
/ / W (it 5@ 10) Y0 0 + 1) (s, d, a5 dg
0 JUxB,x4?

' I
- / / hy (x, v'(q),5?, u) yO(q + t) (du, dx, ds(z))qu
0 JUxBx$?

+

t
/ [ / W (v (@), s, u)y O (g + ) (du, i, ds(z))]dq
0 UxB, xS

t
=L s, )70 )
0 |J UxB,x¥?

Taking the limit as # — oo in the above equation and using (31) and (32), we get

t I
1L st
0 [JuxB,xy®@

t I
_./ / iy (x'y*(Q)/S(z),u)?(l)(q) (du, dx, ds(z))]dq
0 UxB,x$®?

for every € > 0. Therefore, for every t >0,

lim

n—oo

<e€t

t
lim

n—o0 0

/ h(zl) (x, Yit,+qls s, u)y(l) (g + tn) (du, dx, ds(2)) ]dq
UxB,x¥?

t
= [ oy @) 70 e, d5)
0 UxB,x$®@
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Substituting the above limit in Equation (30), we get that for every t >0,

¢
y'(H-y0) = / [ / h (x,y*(q),s(z),u)f/(’)(q)(du, dx, ds(z))]dq.
0 LJuxB,xy®

ii. Fix I > 1. Let u := ©;(y"). Then, for every n > 1, u¥(- + t,) = ©1(yY(- + t,)) and because y(- + t,) — 77
in M(U x B, x $?), by Lemma 10v, we get that u®(- + t,) — g?(:) = ©;(7?) in M(B, x $?) as n — co. In order
to prove that for almost every t >0, y(l)(t) € D(y*(t)), we need to show that for almost every t >0,

L. supp(fiy (1) € A'(1)), and
2. for every A € B(9?), [19,(2) (D(A) = [oiy g0 TP,y (1), s2)(A)E(t) (dx, ds?).

First, we present a proof of the claim in part 1 above. y() = @,(u?) € M(B,) and because asn — oo, ul(-+t,) — oo,
by Lemma 10vi, we have that yB (- +t,) — y ) in {((B,). Because as 11 — oo [,LB)( + 1) = yB in J(B,), by Borkar [11, chap-
ter 6, lemma 3], we have that for almost every t > 0, there exists a subsequence {y};s; and a subsequence of natural
numbers {c,},>; such that

pzMWHMﬁMW) (33)
k=1

m Q’(Br) as p — oo. Fix t > 0 such that the above holds. By the definition of y(l) we have that for every k> 1,
pB (t +ty,) = Y[mnkv where [t + £, ] := max{m > n:t+t, > (m)}. Because y(- + t,,) — y*(f), using the uniform
continuity of 7(-), we have that the function f € [0, ) — y; +y ] uniformly converges on compacts to the
function y*(-). Therefore, Yiet, ] — y'(t) as k — oo, and by Lemma 18, we have that X[t+t, ] = A(y*(t)). Further, by
the definition of r >0, as in part i of this proposition, we get that sup,., [|x,|| < r. Hence, A(y*(t)) N B, # 0
and X, | — Ay (t)) N B, as k — oco. For every € >0, clearly (A(y*(t)) + B¢) N B, is compact and there exists
K large such that for every k > K, x4, | € (A(y*(t)) + Be) N B,, and hence 6y ot ((A(y"(#)) + Be) N By) =1 for every
k > K. Because - Z;” 1 yB)(t + ty,) — gz(t) in ®(B,) as p — oo, by Borkar [12, theorem 2.1.1(iv)] we have that, for
every € >0,

limsup — Z y(l)(t + 1y )((A(y'(H)) + B¢) N B,) = limsup éi Oy (A(y'(t)) + Be) N By)
k=1

p—oe Cpiog p—eo
=1

< iy (O((AW' () + B) NB,) < 1.

Therefore for every € >0, ﬁg)(t)((/\(y (£))+Be)NB,) =1, which gives us that g) (H(Ay*(1))NB,) =1, and hence
supp(yBy(t)) C A(y'(t)). Because (33) holds for almost every t>0, we have that for almost every t>0,
supp({i5 (1)) € Ay (1).

The proof of the claim in part 2 above is similar to the proof of Yaji and Bhatnagar [41, proposition 6.5(ii)], and we
provide a brief outline for the sake of completeness. Let { fi};»; € 6(¥?, R) be a convergence determining class for ?(?).
By an appropriate affine transformation, we can ensure that for every i > 1, for every s® € ¥, 0 < fi(s?) < 1. Define

= :Z;;b(k)(fz’(sin) - L (z)ﬁ(§(2))1‘[(2)(xk, Yy, S?) (dg(Z)))

for every n > 1, for every i > 1. For every i > 1, {C\},; is a square integrable martingale w.r.t. the filtration
{Fn=0(Xx, Y1, 52:0<k<n)},s; and further 32 E[(C,, - )*[F,] <232 ,(b(n))* <. By the Martingale con-
vergence theorem (see Borkar [11, appendix C, theorem 11]), we get that for almost every w, for every i > 1,
{C'},51 converges. Let Q,, :={w € Q: Vi>1, {C,} converges}. Define Q* := Q,, N (), and from the arguments
above, we get that P(Q)*) = 1. Therefore, for every w € Q*, for every i > 1, and for every T >0,

2(n,T)

> bk (fl (51(31) / o ﬁ(é(z))l_[(z) (xk, Vi, s](cz)) (dé(z))) -0
g

k=n
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as n — oco. By our choice of {fi};5;, the fact that the step-size sequence {b(n)},s, is nonincreasing and the
definition of u”), we get that for every w € (J*, for every i > 1, and for every T >0,

7 ) = ) ) 59 i+ o=,

where [g+t]:=max{n>0:¢>#(n)}. By Assumption A4, we have that for every i > 1, the function (x,y,s?) —
fi(s@) - fym FETT?(x,y,5?))(d5?) is continuous, and hence the restriction of the above function to the
compact set B, x rU x @ is uniformly continuous, where r > 0 is as in part i of this proposition. Using the
uniform continuity above and the fact that lim;_, supOquTH]_/(q + 1) = Yjg+|| = 0 (which follows from definition
of y(-) and uniform continuity of j(-)), we get that for every w € (¥, for every i > 1, and for every T >0,

i [, ) - 0t .

We know that as n — oo, y(- +t,) = y*() in 6([0,00),R%) and u?(- +t,) — i?(-) in M(B, x $?). Further, by
arguments similar to Lemma 20, the family of functions

uO(g +1t) (dx, ds<2>)dq - 0. (34)

{y erl — / [ﬁ(s<2)) - / HEHP(x, y,s(z))(dE(z))}v(dx, ds®):v e P(B, x 9)@))}
B, x$? g

is equicontinuous. Therefore, for every w € (', for every T >0,

Lol LA o)

- [ ST 0+ 0,252 [ g+ ) ) | =,
I

(s?) - / FED)TD (x, y*(g), s?) (d5?) ] 1 (q + 1) (dx, ds®)dg
F@

[l [ ey o)) (a2)

Using the above and Equation (34), we get that for every w € ), for every T > 0,

L e = [ ey a2y |06 a2 ag =0

By applying Lebesgue’s differentiation theorem (see Borkar [11, chapter 11.1.3]), we get that for every w € ()", for every
i>1, and for almost every t > 0,

/ 2 |:fi(s(2)) - /( ﬂ(§(2))n(2) (x’ y*(t), S(Z))(dg(z))]‘a(l)(t)(dx, ds(z)) _
B,x¥ 7o)

Because for every t > 0, i’)(t) € P(B, x $?)), it is also an element of P(R" x F?)) with supp(ji¥(t)) C B, x $?. Therefore,
for every w € (), for every i > 1, and for almost every t > 0,

/R g [f,-(s(Z)) _ L ) FAEO)TO (x, (), s(2>)(d§(z))]ﬁ(’)(t)(dx, ds?) = 0.

Because { f};5; is a convergence determining class for (#?)), from the above, it follows that for every w € Q*, for almost
every t >0,

lim

t—oo

lim

t—o0

i (), 05| = 0

i (H(d5?) = / 1 (v, y* (), s?) (d5@) 1O (1) (dx, ds@).
R4 x9@
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iii. Fix [ > 1. Then, by part i of this proposition, y*(-) is clearly absolutely continuous, and for almost every
t>0,

dy'(t) :/ hg)(x,y*(t),s(z), w) O (t) (du, dx, ds?).
dt UxR4 xF?)

By part ii of this lemma, we know that for almost every t >0, & (7?)(t) = ?gzxy(z)(t) = 77](1341 <o (t) € Dy ().
Hence, by Lemma 8ii, for almost every t >0,
dy*(t
y(® = / h(zl)(x,y*(t),s(z),u)f/(l)(t)(du, dx, ds(z))
dt UxRI xH?
U () 2
€ Uen(y ) it Hy (x,8'%) pe(dx, ds™)
(1 *
=Hy (v’ (1).
Because the above holds for every [ > 1, we get that for almost every ¢ >0,
dy*(t)

=o€ Nty (y (1) =Fa(y (1),

where the last equality follows from Lemma 15vi. O

A continuous function y: R — R® is said to be an asymptotic pseudotrajectory for the flow of DI (20)
if lim;_c D(y(- + 1), Z2) = 0, where X2 C (R, R") denotes the set of solutions of DI (20). Fix w € Q*. Extend
y(-) to the whole of R by defining #(t) = #(0) for every t < 0. Then by Assumption A8 and uniform con-
tinuity of 7(-), we have that the family of functions {j(- + t)}5 is relatively compact in €(R, R%). Let y*(-) be a
limit point of the above family of functions. Then, by Proposition 1iii, *(-)|jo ) is a solution of DI (20) on [0, c0).
Usually, the negative time argument is omitted because it follows from the positive time argument.

Fix T > 0. Let t, — oo be such that y(- + t,) — y*(-) in €(R,R%). Then, y(- +t,—T) —y*(-—T). By Proposition 1iii,
Y'(- =Tl is a solution of DI (20) on [0,c0). Therefore, y(-)|_rq is absolutely continuous and for

ae. te[-T,0], d%t(t) € Hy(y'(t)). Because T was arbitrary, we have that the Y ()(=e,0y 18 solution of DI (20) on

(—00,0]. Therefore, y*(-) € Y2 and, by Benaim et al. [4, theorem 4.1], we get the following result.

Theorem 3 (APT). Under Assumptions A1-A9 and A11, for almost every w, the linearly interpolated trajectory of the slower
timescale recursion (15a), y(-), is an asymptotic pseudotrajectory of DI (20).

5.2.3. Characterization of Limit Sets. As a consequence of Theorem 3, for almost every w, the limit sets of the
slower timescale recursion, L(i), defined as

L) = Nizo{j(q + 1) : g > 0} (35)

can be characterized in terms of the dynamics of DI (20). Further, using Lemma 18, we obtain the main result
of this paper, which we will state below.

Theorem 4 (Limit set). Under assumptions A1-A9 and All, for almost every w,
i. L(y) is a nonempty, compact subset of R and is internally chain transitive for the flow of DI (20), and
ii. if Assumption 10 is satisfied, then L(yy) C¥ and as n — oo,

(3] = ueslt () x o

Yn

Proof. Fix w € ()",
i. By Theorem 3, we know that j(-) is an asymptotic pseudotrajectory for the flow of DI (20). Now the claim
follows from Benaim et al. [4, theorem 4.3].
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ii. By parti of this theorem, we know that L(j) is internally chain transitive for the flow of DI(20). Because %
is a globally attracting set for DI(20), by Benaim et al. [4, corollary 3.24], we get that L(y) € %Y. Therefore,
Yn — Y as n — oo and by Lemma 18, we get that, as n — oo,

() = Uea(a) x 1)
6. Applications

In this section, we consider applications of the theory to problems in convex optimization. First, we present an
application of the theory to solve a constrained convex optimization problem, where the objective function
and the functions defining the constraints are averaged with respect to the stationary distribution of a Markov
process. Then, we present another application where Newton’s method is used to solve an unconstrained
optimization problem. Throughout this section, we assume that ¥V = $? = ¢ and || < co.

7. Application: Constrained Convex Optimization
In this section, we consider an application of the theory to a problem of constrained convex optimization.
Throughout this section, we assume that D = F@ = & and |¥| < co. The finiteness of the state space is an
assumption imposed only for this application and not in the analysis of the scheme presented in the paper.
Let the objective function | : R x ¥ — R be such that J(-) is continuous and for every s € &, J(-,s) is convex
and coercive (i.e., for any M >0, there exists r > 0 such that for any x € R% with ||x|| > 7, we have that
J(x,s) > M). The functions describing the constraints are given by C: ¥ — R and w : ¥ — R%. We assume
that for any s € ¥, the set ¥(s) := {x € R" : C(s)x = d(s)} is nonempty. The law of the Markov noise terms is
given by IT: R" x ¥ — P(¥) such that TT is continuous and let p € P(¥) denote the unique stationary dis-
tribution of the Markov chain given by the transition kernel T(x,-)(-) for every x € R%.
Let d](x,s) denote the set of subgradients of the convex function J(-,s) at the point x € R". Formally,

dJ(x,s) := {g eRM: Vx' eRY, J(x',s) > J(x,s) + (g, —x}}.

Then, it is easy to show that for every (x,s) € R" x &, d](x,s) is convex and compact. Further, the map (x,s) —
dJ(x,s) possesses the closed graph property. We assume that the map (x,s) — JJ(x, s) satisfies the linear growth
property, that is, there exists K> 0 such that sup,,.y [I¥'ll < K(1 + [|x]]).

Let ], : R" — R be defined such that for every x € R", J,(x) := [, J(x,s)u(ds). Similarly, define C,, := [, C(s)-
u(ds) € R= and w, := [, w(s)u(ds) € R”2. The optimization problem that we wish to solve is given by

OP(u) : min J,(x), subject to:
xeR%

Cux = wy.
The standard approach in solving the optimization problem OP(u) is the projected subgradient descent al-
gorithm whose recursion is given by

Xu41 = P‘u (Xn - ﬂ(”)(gn + Mn+1))/

where ¢, € d],(X;1), My11 is the subgradient estimation error and P, denotes the projection operation onto the
affine subspace &, := {x € R4 : Cux = w,}. Such a scheme cannot be implemented when y is not known. This is
the case in problems arising in optimal control.

The feasible set of the optimization problem OP(u), given by %, is nonempty because for every s € ¥, %(s) is
nonempty. Further, because for every s € ¥, J(-,s) is coercive, the function J,(-) is coercive and hence bounded
below. Therefore, the optimization problem OP(u) has at least one solution. Let the solution set of the op-
timization problem OP(u) be denoted by Z.

For any r > 0, let B, denote the closed ball of radius r in R% centered on the origin. For every s € ¥, pick
xs € %(s) and compute M; := max{J(xs,s’) : 5,5 € F}. Then, x, := ey p(s)xs € ¥, and [, (x,) < My. Because [¥] <
oo and the functions J(:, s) are coercive, for some M > max{0, M}, there exists r > max{||xs|| : s € ¥} such that for
every s € ¥, for every x € B, J(x,5) > M, and for every s € ¥, B, N %(s) # 0. Then Z C B,. Instead of OP(u), we
will solve the following penalized/regularized optimization problem given by

K+1
> max{||x|[* - 7*,0},

J . . € R
OP(p) : min Ju(x) + 55 Il +
subject to: Cyx = wy,

where r > 0 is as determined above, K is the constant associated with the linear growth property of the sub-
gradient map JJ(-,s), and € > 0 is an arbitrary constant small in value. Then, it is easy to show that OP(u) has
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at least one solution, and the set of solutions of O~P(y) denoted by 7 is such that Z C B,. Further, for any X € Z,
for any x* € Z, Ju(X) — Ju(x*) <e.

Consider the Lagrangian L : R? — R associated with the optimization problem OP(u) defined such that for
every (x,y) € RY,

— 17,0} + (y, Cux — wy).

€
Lx,y) = Jul) + 5 51K +

Let ] : R" x ¥ — R, be defined such that for every (x,s) € R X &, J(x,5) := J(x,s) + 55 ||xI* + KL max{||x|> — 2, 0}.
Then, for every (x,s) € R" x &,

Jul) = J ) + 55 e+

—1r%,0} = /yf(x, s)u(ds).

When the transition law IT (and hence p) is not known, we propose the following recursion, which performs
primal descent along the faster timescale (i.e., minimization of L(-,y) w.r.t. x) and dual ascent on the slower
timescale (i.e., maximization of L(x,-) w.r.t. y). The recursion is given by

Y1 = Yu = b(n)(C(S0) Xy — w(Sn)), (36a)
Xs1 — X — a(n)M 1 € —a(m)(I(Xy, Su) + C(Sn)TY.), (36b)

where the step-size sequences {a(n)},so and {b(n)},so are chosen such that they satisfy Assumption A5
and {M!},.; denotes the subgradient estimation error, which is assumed to satisfy Assumption A6 (e.g., when
{M.},5 is i.i.d. zero mean with finite variance, Assumption A6 is satisfied; more generally, Assumption A6 is
satisfied if {M}},; is a martingale difference sequence satisfying Assumption A3 in Borkar [11, chapter 2.1]).

It is easy to see that the maps (x,y,s) — — —(df(x,s) + C(s)"y) and (x,y,s) — C(s)x w(s) satisfy Assumptions Al
and A2, respectively. The linear growth property of the map (x,y,s) — —(9J(x,s) + C(s)Ty) follows from the
linear growth property of x — JJ(x,s). Further, by Bertsekas [6, proposition 5.4.6], we get that for every
(x,y) €RY, = [(3](x,5) + C(s) y)(ds) = (I, (5) + Cpy) = —IL(x, y).

For every y € R, let A(y) := {x e R : —Cly € 8] (x)}. Then, for every y € R™, A(y) is nonempty because L(-,y)
is convex and coercive. Further, [A(y)| = 1 that is, A(y) is a singleton because L(:,y) is strictly convex. For
any y € R%, x’ € A(y) if and only if there exists § € R” in the set of subgradients of the function J,(-) +
K max{||-|? - *,0} at & such that § + 5x" + Cly = 0. So either ||x'|| <7 or if [|x'[| > r, then max{[lx'||* - 1*,0} =
[lx’|* = 7*, and hence for some g € . (x'), § =g+ (K+1)x, from which we get that,

(K +1+ —)||x II'=llg + Cayll < K+ K|/l + [IC; I Iyll-

Thus, for K’ := max{K,r, ||CT||} we get that for every y € R%, ||A(y)|| < K’'(1 + ||y|)). The set A(y) is clearly globally
attracting for the flow of DI Xe —(Jf L) +Cl .Y), and by Aubin and Cellina [2, theorem 6], the map y € R% —
Ay) is u.s.c. (because A(-) is also single Valued it is continuous). Hence, the map A(:) satisfies Assumption 9.
If the iterates are stable for a.e. w (i.e., Assumption 8 is satisfied), the result in Section 5.1 gives us that for

almost every w, there exists a nonempty compact set A C R? such that (X,(w), Y,(w)) = A as n — o and A is
internally chain transitive for the flow of DI,

dx 3 T

h 0
By the arguments in Section 5.1, we have that A N 4(1) # 0, where G(A) := {(A(y),y) : y € R%}. Let 0 C R be an
open neighborhood of §(1). Let 0"(5) := {(x,y) € R? : L(x,y) — L(A(y),y) < 6}. By Aubin and Cellina [2, chap-
ter 1.2, theorem 6], the map y € R% — L(A(y),y) is continuous, and hence 0"(5) is an open neighborhood of
%(A). Further, it is easy to show that Ns-00’(5) = 9Y(A), and hence Ny=0(0"(5) N A) = 4(A) N A. Because A C RY is
compact, there exists 0* > 0 such that 0"(6*) N A € 0 N A. Consider any solution of DI (37), (x(-), y(-)) starting at
(x*,y*) € 0(6") N A and satisfying for every t € R, (x(t), y(t)) € A. Recall from Section 5.1 that (x(-), y(-)) as above
is such that for every >0, y(t) = y* and x(-) is a solution of DI, & e (8]y(x) +CT WY ") = =dL(x,y*) and hence
descends along the potential L(x,y*). Therefore, the solution (x(-), y(-)) remains w1th1n 0’(6*) N A, which gives
us that ®4(0"(6*) N A,[0,0)) CONA, where ®* denotes the flow of DI (37) restricted to the set A. Thus,
Assumption All is satisfied, and, from Lemma 18, we get the following result.

Lemma 23 (Faster Timescale Convergence). For almost every w, (X,(w), Yn(w)) — 9(A) as n — oo.



Yaji and Bhatnagar: SR/ in Two Timescales with Markov Noise
1438 Mathematics of Operations Research, 2020, vol. 45, no. 4, pp. 1405-1444, © 2020 INFORMS

Theorem 3 gives us that the iterates {Y,},.o in Recursion (36a) track the flow of DI,
d
Y e Useoty / (Clo)x — w(s))v(dx, ds), (38)
RU xS

where, for every y € R%, D(y) is as in Equation (18). Because for every y € R%, A(y) is a singleton and because p
is the unique stationary distribution of the Markov chain given by transition kernel II(-)(-), we get that for
every y € R, D(y) = 6, ® u. Therefore, DI (38) takes the following form:

dy _
= Cud) - wy (39)
In order to analyze the asymptotic behavior of o.d.e. (39), we need the following version of the envelope
theorem. The proof of the envelope theorem below is similar to that by Milgrom and Segal [30].

Lemma 24 (Envelope Theorem). Let y : [0, T] — R be an absolutely continuous function. Let L:R%x[0,T] — R be
defined such that for every (x,t) € R" x [0,T], L(x,t) := L(x, y(t)). Then,

i. for every x € R, L(x,") is absolutely continuous and there exists % C [0, T| with Lebesgue measure T such that for
every t € %, for every x € R™, BL(X Y exists and aL(x ) = (dﬁ(tt),C X = TWy).
ii. the function V :[0,T] — R where for every 0 <t <T, V(t) :=inf g, L(x,t) is absolutely continuous. Further,

forany 0 <t<T,
o7
V() = V(0) + / w dq.
0

x=A(y(q))

Proof.

i. Because y(-) is absolutely continuous, it is differentiable almost everywhere, and let % C [0, T] be the set of
t € [0,T] such that dy(t) exists. Then clearly, the Lebesgue measure of % is T.

Fix x € R, Then, L(x ) is a Lipschitz continuous function because for any y’,y” € R%,

IL(x,y") = LG, y")| = (v —y", Cux — wy)|

! pX = w;,||

= By

where f, := [|Cyx — w,||. Further, L(x, ) is differentiable (i.e., totally differentiable because it is linear in y), and
the total der1vat1ve is given by V,L(x,y’) = (Cux — w,) for every y’ € R®%. Because L(x, -) is the composition of an
absolutely continuous function y( ) and a Lipschitz continuous function L(x, -), we have that L(x,-) is absolutely

continuous. By Rudin [38, theorem 9.15], we have that for every t € %, aL‘g 4 exists and aL;’t‘ A = (df;(tt) ,Cux —wy).
ii. Because y(-) is absolutely continuous, there exists a > 0 such that sup, 7 ly(H)l| < a. Further, by As-
sumption A9, for every € [0,T],

V(t) = mf Lix,t) = 1r1f L(x, t).
IIXH<K’(1+I|y(f)H) IIXH<K’(1+0¢)
Therefore, for every 0 <t <t <T,
V() =Vl < sup  [L(x,#) = L(x, D)

xR
||x]| <K’ (1+a)

< sup
xR t
|lx||<K’ (1+a)

= sup [(y(t) - y(t), Cux — w,)|

xeRI1

llxll<K’ (1+a)

<| sup ||Cux —wy |[ly() - y(®)|.

xeR“1:
[lx]| <K' (1+a)
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Now the absolute continuity of V() follows from absolute continuity of y(-). Because V(-) is absolutely
continuous, W) exists for a.e. g € [0,T], and forany 0 < ¢t < T, V(t) = V(0) + /Ot avig) dg. Let g € (0, T) be such that

dv(q) exists and g€ 9. Then, forq" >q, V(q') - V(g) < L()\(y(q)) q) - L(A(y(q)) q). The right derivative of V(-) at g,

V(q) avig
Tdg

whlch is the same as satisfies aL(x odLvg)) A(y(q» C0n51der1ng g< q and repeating the above argument

gives us oL ( X )|x Ay(g) S d )] . Thus, for a.e. q € [0, T] |x Ay(g) = dv ) and because V(-) is absolutely con-

tinuous, for any 0<t<T,
L, q)

dg. O
x=Ay(9)
Let Q, : R — R be defined such that for y € R, Q,(y) := inf,cps L(x,y) = L(A(y),y). The function Q,(-) is the
objective function of the dual of the optimization problem OP(u) and is a concave function. By the strong
duality theorem (see Bertsekas [6, proposition 5.3.3]), the dual optimization problem given by maxcps, Qu(y)
has at least one solution and let the set of solutions of the dual optimization problem be denoted by ¥. Further,
the strong duality theorem also gives us that for any y € ¥ and for any x € Z, Quly) = ]H(x)

V() = V(0) + /0

Let y : R — R® be a solution of the o.d.e. (39) with initial condition y € %Y. Then, y(-) is absolutely continuous
and for a.e. t € [0,00), 2 = = CuMy(t)) — w,. By Lemma 24ii, we have that for any t >0,

7 dt
AL(x,q)

V(t) = V(0) + /0 dq,

x=A(y(q))

=V(0)+ A <d§—(qq)r C;L/\(Y(Q)) - w#>dq/

= V(0) + /0 ICLA () - w,|Pdg. (40)

Because V(t)=Qu(y(t)) and V(0) = Q.(y), where y € Y, we get that V(t) — V(0) <0. Hence, for every t >0,
fot IC.A(y(q)) = wy||2dq <0, which gives us that [|CyA(y(t)) — w,|| = 0 for a.e. t € [0, c0). Thus, for any solution of
o.d.e. (39), y(:), with initial condition y € ¥, we have that C,A(y) — w, = 0 and for every t > 0, y(t) = y. Therefore,
Y C {y € R% : CyA(y) — w, = 0}. Further, by Bertsekas [6, proposition 5.3.3(ii)], any y € R such that C,A(y) —
w,=0isa solutlon of the dual optimization problem, and hence ¥ = {y € R : C,A(y) — w,, = 0} (from thls, it also
follows that % is closed).

In the theorem below, we summarize the main convergence result associated with Recursion (36).

Theorem 5 (Convergence to Lagrangian Saddle Points).
i. For any solution y(-) of the o.d.e. (39) with any initial condition yo € R%, which is bounded for t >0 (i.e.,
sup,., lly(t)l| < c0), we have that as t — oo, infycy [ly(t) —y|| — 0.
ii. For any y €%, A(y) is a solution of the optimization problem OP(u) (i.e., A(y) € Z).
iii. If the iterates remain stable for almost every w (i.e., Assumption A8 is satisfied), then, for almost every w,
a. Yy(w) > % as n — oo, and

X(w) Ay) d
b. (Yn(w))ﬂUyeoy{( y C R4,
Proof.
i. Let y(-) be a solution of the o.d.e. (39) with initial condition y, € R% (assume Yo ¢ Y; otherwise, we know

that for every t > 0, y(t) = yo and hence the claim follows) such that sup,.,[ly(t)]| < M for some M > 0. Then,
Y()l[0,c0) is uniformly continuous because for any 0 <t <t < oo,

Ive) -yl = | [ (Covta - )
< [ (eully@l + e

< (ICullM + [l ) = 2).
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The function y € R — ||C,yy — w,| is uniformly continuous, and hence the function t € [0, o) — ICLy(t) — w,ll
is uniformly continuous. Further by Lemma 24ii, for any ¢t >0, 0 < V() - V(0) < Qu(y) — V(0) < co, where
y €Y. The claim that as t — oo, y(t) — ¥ is equivalent to the claim that as t — oo, ||C,y(t) — w,|| — 0.

Suppose there exists € > 0 such that for every T > 0, there exists t > T such that ||C,,y(t) — w,|| > €. From the uniform
continuity of t — |[|C,y(f) — w,l|, there exists 6 >0 such that for every t,t € [0, c0) satisfying |t —t'| <0, ||C.y(t) —
wyll = ICuy(t') — w,l| < §. Therefore, we can obtain a sequence {t,},,; such that for every n > 1, 6 <t, < t,1; — 20 and
for every te(t, —0,t, +0), [|Cuy(t) — wyl|l > 5. Let N be such that w
get that

< N, where y € %. Then, by Lemma 24ii, we

Qu(y(tn+1)) = V(0) = V(tn+1) — V(0)
IN+1 [
- [ oy - w iy
- [ "Iy () — wullda
N
>3

n=1 tn_(S

)

t+

)
ICuy(q) — wylPdq

2
> Q,u (]/) - V(O)/

which contradicts the fact that V(t) — V(0) < Q,(y) — V(0). Therefore, lim;c [|C,y(t) —w,| = 0.

ii. Lety € %Y. Then, we know that CyA(y) —w, = 0, and hence A(y) is feasible for OP(u). By the definition of
A(y), we have that for every x € R%, L(A(y),y) < L(x,y). Now the claim follows from Bertsekas [6, proposi-
tion 5.3.3(ii)].

iii. Let w be such that Theorem 4 holds.

a. Then, by Theorem 4i, we know that there exists a nonempty, compact set A € R% such that as n — oo,
Y, (w) — A. Further, A is internally chain transitive for the flow of o.d.e. (39) and hence is invariant. Let y(-) be
a solution to o.d.e. (39) with initial condition in A and for every t € R, y(t) € A. Because A is compact,
sup,., lly(t)|| < oo, and hence by part i of this theorem, we get that y(t) — % as t — co. Because for every t > 0,
y(t) € A, we get that ¥ N A # (0. Further, for some y € Y, (Ng>o{y’ € R% : Quy) - Quly') <o) NA=YnNA. For
any € > 0, there exists 0, > 0 such that {y’ € R% : Quy) — Quy’) < 0} NA C N(Y N A), where N¢(-) denotes the
e-neighborhood of a set. By using Lemma 24ii, it is easy to show that ®*({y’ € R : Q.(y) - Qu(y') <6} N A,
[0,00)) € N¢(Y N A), where ®* denotes the flow of o.d.e. (39) restricted to set A (see Section 2.3). Therefore,
YN A is an attracting set for the flow ®*. From Benaim et al. [4, proposition 3.20], we get that ¥ N A = A.
Therefore, as n — oo, Y, (w) — Y.

b. Follows from part iii(a) of this theorem and Lemma 23. O

7.1. Newton’s Method with Markov Sampling
Let the objective function J: R% x ¥ — R be such that J() is continuous and for every s € &, J(-,s) is twice
continuously differentiable, convex, and coercive (i.e., for any M > 0, there exists r > 0 such that for any x € R%
with [|x|| > r, we have that J(x,s) > M). Let V](x,s) and H(x,s) denote the gradient and hessian, respectively, of
the convex function J(-,s) at the point x € R”*. We assume that the map (x,s) — V](x,s) satisfies the linear
growth property, that is, there exists K > 0 such that V](x,s) < K(1 + ||x||) and that there exists r > 0 such that
the maximum eigenvalue of the hessian H(x,s) is bounded above by r.

Let ], : R% — R be defined such that for every x € R%, | u(x) = fy J(x,s)1(ds). The optimization problem that
we wish to solve is given by

min [, (x).
xeR%

Clearly, the function ], is twice continuously differentiable. While for every s € & the hessian of the function
Ju(,5) need not be invertible, we assume that the hessian of the averaged function J,(-) at x, denoted by H,(x),
is invertible for any x and that there exists an 1 > 0 such that the minimum eigenvalue of the matrix H,(x) is
bounded below by 1 for every x. Further, because for every s € ¥, J(-,s) is coercive, the function J,(-) is coercive
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and hence bounded below. Therefore, the optimization problem OP(u) has at least one solution. Let the
solution set of the optimization problem OP(u) be denoted by Z and because H,() is invertible, |Z| = 1.

The standard approach in solving the optimization problem OP(u) is the Newton’s algorithm whose re-
cursion is given by

Xt = X, = a(n) (H; (X V]u(X0) + M),

where M,.; is the error in gradient and hessian estimation. When the cardinality of the set ¥ is large,
computation of expectations of the gradient and hessian for every iteration is infeasible. Hence, one resorts to
sampling-based approaches in which the expectation of the gradient and hessian are replaced by the gradient
and hessian of the function J(-, S,), respectively, where S, is sampled from a distribution such that the desired
expectation is obtained in the limit.

We consider a popular sampling approach known as the Markov sampling method where samples are
obtained from a Markov chain with a unique stationary distribution u. Let the law of the Markov sampling
terms be given by IT: R? x ¥ — P(¥). We assume that IT is continuous and p € P(¥) is the unique stationary
distribution of the Markov chain given by the transition kernel I1(x,y,-)(-) for every (x,y) € R*%. As in the
previous section, for any r > 0, let B, denote the closed ball of radius r in R" centered on the origin.

We propose the following recursion, which performs Newton update estimation on the fast timescale and
the Newton update on the slow timescale. The recursion is given by

Xpp1 — Xy = _b(n)an (413)
Y}'H—l - Y‘rz - a(n)Ml’H—l € —ﬂ(n)(H(Xn, S;)T[H(Xn/ S;:)Yn - v](Xn/ S‘/l)] ® Bé)r (41b)

where the step-size sequences {a(n)},, and {b(n)},, are chosen such that they satisfy Assumption A5 and Bs,
the closed ball of radius & centered on the origin in R%, denotes the nondiminishing, bounded error com-
ponent in the estimation of the gradient/hessian, whereas {M, } denotes the diminishing error component in
the estimation and is assumed to satisfy Assumption A6. Further, {S,}, {S//}, and {S,} are chosen such that
they are independent sampling processes with the same sampling law as {S,}, by which we mean that at
iteration #, if X,,, Y, are the solution estimate and the current update estimate, respectively, and S,, S/, and S/
are the current samples, the samples S,.1, S;,, and S; are sampled independently from the distributions
I1(Xy, Yu, Sn), 11Xy, Yy, S;,), and T1(X,, Yy, S;), respectively.

One can easily show that the set-valued drift function in Recursion (41b) is upper semicontinuous with
convex and compact set values. The linear growth property of the drift function follows from the maximum
eigenvalue bound and the linear growth property of the map (x,s) — VJ(x,s). If the iterates remain stable for
a.e. , by Lemma 18, we have that for a.e. w, there exists a nonempty compact set A CR% such that
(Yy(w), Xy(w)) = A as n — co and A is internally chain transitive for the flow of DI,

%) c (—Vy(HHH(x)y - V]#(x)HZ) ® B

dx
ar 0

, (42)

where V, denotes the gradient with respect to y. For every x € R%, the differential inclusion given by

% € —Vy(”HH(x)y - Wy(x)nz) ® By (43)

is a 6-inflated system (see Kloeden and Kozyakin [22] for a definition) of the o.d.e,,

Y 9,y - VI IP),

and clearly the point HF,(x)_1V]y(x) is a global attractor of the above o.d.e..

From the result of Kloeden and Kozyakin [22] on continuity of attractors, we have that for any (x, 9), the
6-inflated dynamical system as in Equation (43) has a global attractor (denoted by As(x) € R%), and for any
sequence {(x,, 0,)} converging to (x, 6), H(As,(x,),As(x)) converges to zero, where H(:) denotes the Hausdorff
metric on the family of compact and convex subsets of R? (see equation (13) in Yaji and Bhatnagar [42] for a
definition). Clearly, for any x, Ao(x) = H, (x)7tv] u(x). Further, we assume that for any 6; > 0, there exists a 0
small enough such that the Hausdorff distance between As(x) and Ag(x) is less than §; uniformly for all x.
(Although we state this as an assumption, under the assumptions on the hessian matrix H, imposed above,
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we feel that the analysis in Kloeden and Kozyakin [22] can be modified to obtain the same.) From the above
and the linear growth property of the gradient VJ,(-), it now follows that the map x — As(x) satisfies As-
sumption A9.

Theorem 4 now gives us that for a.e. w, the iterates X,(w) converge to an internally chain transitive set of the DI,

dx

7 € C0(As(x)

(44)
C Hy(x)'V]u(x) @ Bs,,

where the last inclusion follows from choosing 6 small enough. The lower bound on the minimum eigenvalue
of the hessian matrix H,(-) gives us that the mean field of the DI (44) is a Marchaud map. From the result on
continuity of attractors in Li and Zhang [26], we have that for any € > 0, there exists 6; small enough such that
the DI (44) has a global attractor As such that As C Ao @® B, where Ay = {x € R" : V],(x) = 0}, the global
attractor of the o.d.e.,

dx _
o = 'V, o)

Thus, by choosing 6 > 0 small enough, the iterates X,, of Recursion (41) converge to the e-perturbed solution of
the optimization problem given by

min [, (x).
xeR%

8. Conclusions and Directions for Future Work

We have presented a detailed analysis of a two-timescale stochastic recursive inclusion with set-valued drift
functions and in the presence of nonadditive iterate-dependent Markov noise with nonunique stationary
distributions. The analysis in Section 5 shows us that the asymptotic behavior of the two-timescale re-
cursion (15) is such that the faster timescale iterates in recursion (15b) track the flow of DI (17) for some fixed
value of the slower timescale variable, and the slower timescale iterates track the flow of DI (20). The as-
sumptions under which the two-timescale recursion is studied in this paper are weaker than those in current
literature. Recursions with such behavior are often required to solve nested minimization problems that arise
in machine learning and optimization. A special case of constrained convex optimization with linear constraints is
considered as an application where the objective function is not assumed to be differentiable, and further, the
objective function and constraints are averaged with respect to stationary distribution of an underlying Markov
chain. When the transition law and hence the stationary distribution is not known in advance, a primal descent-
dual ascent algorithm as in Recursion (36) can be implemented with the knowledge of the sample paths of the
underlying Markov chain, and the analysis presented in this paper guarantees convergence to an e-optimal
solution for a user specified choice of €. Further, another application is presented where we show that the
Newton’s method to compute a solution to an unconstrained convex optimization problem with non-
diminishing bounded noise model for the errors in gradient and hessian estimation converges to an e-optimal
solution if the bound on the nondiminishing error is sufficiently small, while not requiring an explicit in-
version of the hessian.

We outline a few important directions for future work.

1. For two-timescale stochastic approximation schemes with set-valued mean fields, to the best of our
knowledge, there are no sufficient conditions for stability in the current literature. We believe extensions of the
stability result for single-timescale stochastic approximation by Borkar and Meyn [13] and Ramaswamy and
Bhatnagar [35] can be made to the case of two-timescale recursions. Another approach to stability could be
along the lines of Andrieu et al. [1].

2. In many applications, the iterates are projected at each time step and are ensured to remain within a
compact, convex set. Such projections often arise due to the inherent need of the application at hand or are
used to ensure stability. Such projected schemes tend to introduce spurious equilibrium points at the
boundary of the feasible set. Further complications arise due to the presence of Markov noise terms; most of the
time, the projection map is not differentiable, and only directional derivatives are known to exist. Such projected
stochastic approximation schemes for a single-valued case without Markov noise component are analyzed by
Nagurney and Zhang [31] and should serve as a basis for analyzing more general frameworks with projection.

3. In some applications arising in reinforcement learning, the noise terms are not Markov by themselves,
but their lack of Markov property comes through the dependence on a control sequence in addition to the
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iterate sequence. Under such controlled Markov noise assumption, the two-timescale stochastic approxi-
mation scheme has been analyzed by Karmakar and Bhatnagar [21] but with single valued, Lipschitz con-
tinuous drift functions. Extending the analysis presented in this paper to the case with set-valued drift
functions and controlled Markov noise is straightforward and requires no major change in the overall flow of
the analysis. This extension allows one to analyze the asymptotic behavior of a larger class of reinforcement
learning algorithms (see Perkins and Leslie [34]).

4. Several other applications, such as two-timescale controlled stochastic approximation and two-timescale
approximate drift problem also can be analyzed with the help of the results presented in this paper (see Borkar
[11, chapter 5.3] for definitions of the above).

Appendix A. Proof of Lemma 21
Fix w € Q1, [ >1, and T > 0. We prove the claim along the sequence {#(n)},5; from which the claim of Lemma 21 easily
follows.

Fix n > 0. Let ©2(n, T) := min{m > n : #(m) > #*(n) + T}. Let q € [0, T]. Then there exists k such that #(n) + g € [£(k), £*(k +
1)) and n <k <7*@n,T)-1. By the definition of #(-) and §(;#(n)), we have that y(t(n) +q) = ay; + (1 — @)yey1 and
7(g; £(n) = af V(B (k) — £5(n); £(n)) + (1 — a)fO(£(k + 1) — £(n); £(n)), where a = W Because §j)(-; °(n)) is a solution
of the o.d.e. (29), we have that for every k > n, #(£(k) - £(n); £(n)) = y, + S} b)Y (x;, 5,57, 1), and by Lemma 19, we

A
have that for every k > n, y, = y(£(k)) = yu + Z};} b(j)h(zl)(x]»,yj, s](.z), u](l)) + Z;‘;} b(])m](i)1 Thus,

[0 + 9) - 7 g; £ 0| <

k-1 k
a 3 bG)m + (1= a) D b(m
j=n j=n

k-1 k
< al| > b()mi} ||+ (1 - a)|| > b(m)
j=n j=n
: 2
< sup |12 b(G)m .
n<k<t(n,T)|| j=n

Because the R.H.S. of the above inequality is independent of g€ [0,T], we have sup, <q<T [7(E (1) + 9) — §O(q; E(n))|| <
SUP,ck<e2(ur | Z}‘:n b(]')m](.i)] |l. Therefore, limy,— SUPg<ger (£ (1) + ) — 70(g; £ ()| < limy— 0 SUP, <z |l Zf:n b(]')m](-;f)1 |l. Now

the claim follows from Assumption A7.

Appendix B. Proof of Lemma 22
Fix I 21, w € Q. By Assumption A8, we know that there exists r >0 such that sup,. (|[x.ll +ly.l) <7, and hence
sup,. 790;t) = sup,., y(t) <r.

For any t >0, let [t] := max{n > 0: #*(n) < t}. For every t >0 and g1, € [0,) (w.Lo.g. assume g; < q»), we have

q2
~(1 . ~(1 . _ I 2 1
7706 = 72| = H / W (Xiesqt Yiesqr Sy ”fth])dq”
7

72
U] @ 0
< / th (x[t+q]/y[t+q]5[t+q]f”[t+q])Hd‘7
T

q2
< / KO(1 + [t + [v1e-g1l)da
< C(gy - q),

where C? := KO(1 + r) and r > 0 is such that sup,,o(I[xall + llyall) < r. Thus, {#(;; t)}150 is an equicontinuous family. Now the
claim follows from the Arzella-Ascoli theorem.

References

[1] Andrieu C, Moulines E, Priouret P (2005) Stability of stochastic approximation under verifiable conditions. SIAM ]. Control Optim. 44(1):
283-312.

[2] Aubin JP, Cellina A (2012) Differential Inclusions: Set-Valued Maps and Viability Theory, vol. 264 (Springer Science & Business Media, New
York).

[3] Benaim M (1996) A dynamical system approach to stochastic approximations. SIAM ]. Control Optim. 34(2):437-472.

[4] Benaim M, Hofbauer J, Sorin S (2005) Stochastic approximations and differential inclusions. SIAM ]. Control Optim. 44(1):328-348.

[5] Benzi M, Golub GH, Liesen ] (2005) Numerical solution of saddle point problems. Acta Numerica 14:1-137.

[6] Bertsekas DP (2009) Convex Optimization Theory (Athena Scientific, Belmont, MA).



Yaji and Bhatnagar: SR/ in Two Timescales with Markov Noise
1444 Mathematics of Operations Research, 2020, vol. 45, no. 4, pp. 14051444, © 2020 INFORMS

[7] Bhatnagar S, Prashanth L (2015) Simultaneous perturbation newton algorithms for simulation optimization. |. Optim. Theory Appl. 164(2):
621-643.
[8] Borkar VS (1989) Optimal Control of Diffusion Processes. Pitman Lecture Notes in Mathematics, vol. 203 (Longman Scientific and Technical,
Harlow, UK).
[9] Borkar VS (1997) Stochastic approximation with two time scales. Systems Control Lett. 29(5):291-294.
[10] Borkar VS (2006) Stochastic approximation with controlled Markov noise. Systerms Control Lett. 55(2):139-145.
[11] Borkar VS (2008) Stochastic Approximation: A Dynamical Systems Viewpoint (Cambridge University Press, Cambridge, UK).
[12] Borkar VS (2012) Probability Theory: An Adwanced Course (Springer Science & Business Media, New York).
[13] Borkar VS, Meyn SP (2000) The ODE method for convergence of stochastic approximation and reinforcement learning. SIAM ]. Control
Optim. 38(2):447-469.
[14] Chen HF, Guo L, Gao AJ (1987) Convergence and robustness of the Robbins-Monro algorithm truncated at randomly varying bounds.
Stochastic Processes Their Appl. 27:217-231.
[15] Chen HF, Yunmin Z (1986) Stochastic approximation procedures with randomly varying truncations. Sci. China Ser. A: Math., Phys., Astron.,
Tech. Sci. 29(9):914-926.
[16] Derevitskii D, Fradkov AL (1974) Two models analyzing the dynamics of adaptation algorithms. Avtomatika i Telemekhanika (1):67-75.
[17] Duflo M (2013) Random Iterative Models, vol. 34 (Springer Science & Business Media, New York).
[18] Fort G, Moulines E, Schreck A, Vihola M (2016) Convergence of markovian stochastic approximation with discontinuous dynamics.
SIAM |. Control Optim. 54(2):866-893.
[19] Iusem A, Jofré A, Oliveira RI, Thompson P (2017) Extragradient method with variance reduction for stochastic variational inequalities.
SIAM |. Optim. 27(2):686-724.
[20] Jiang H, Xu H (2008) Stochastic approximation approaches to the stochastic variational inequality problem. IEEE Trans. Automatic Control
53(6):1462-1475.
[21] Karmakar P, Bhatnagar S (2017) Two time-scale stochastic approximation with controlled markov noise and off-policy temporal-difference
learning. Math. Oper. Res. 43(1):130-151.
[22] Kloeden P, Kozyakin V (2000) The inflation of attractors and their discretization: The autonomous case. Nonlinear Anal.: Theory Methods
Appl. 40(1-8):333-344.
[23] Koshal ], Nedic A, Shanbhag UV (2013) Regularized iterative stochastic approximation methods for stochastic variational inequality
problems. IEEE Trans. Automatic Control 58(3):594-609.
[24] Kumaresan S (2005) Topology of Metric Spaces (Alpha Science International, Oxford, UK).
[25] Kushner H, Yin G (2003) Stochastic approximation and recursive algorithms and applications (Springer, New York).
[26] LiD, Zhang X (2002) On dynamical properties of general dynamical systems and differential inclusions. ]. Math. Anal. Appl. 274(2):705-724.
[27] Li S, Ogura Y, Kreinovich V (2013) Limit Theorems and Applications of Set-Valued and Fuzzy Set-Valued Random Variables, vol. 43 (Springer
Science & Business Media, New York).
[28] Metivier M, Priouret P (1984) Applications of a Kushner and Clark lemma to general classes of stochastic algorithms. IEEE Trans. Inform.
Theory 30(2):140-151.
[29] Meyn SP, Tweedie RL (2012) Markov Chains and Stochastic Stability (Springer Science & Business Media, New York).
[30] Milgrom P, Segal I (2002) Envelope theorems for arbitrary choice sets. Econometrica 70(2):583-601.
[31] Nagurney A, Zhang D (2012) Projected Dynamical Systems and Variational Inequalities with Applications, vol. 2 (Kluwer Academic Publishers,
Norwell, MA).
32] Nedi¢ A, Ozdaglar A (2009) Subgradient methods for saddle-point problems. . Optim. Theory Appl. 142(1):205-228.
33] Parthasarathy KR (1967) Probability Measures on Metric Spaces, vol. 352 (American Mathematical Society, Providence, RI).
34] Perkins S, Leslie DS (2012) Asynchronous stochastic approximation with differential inclusions. Stochastic Systems 2(2):409-446.
35] Ramaswamy A, Bhatnagar S (2016) A generalization of the borkar-meyn theorem for stochastic recursive inclusions. Math. Oper. Res. 42(3):
648-661.
[36] Ramaswamy A, Bhatnagar S (2016) Stochastic recursive inclusion in two timescales with an application to the Lagrangian dual problem.
Stochastics 88(8):1173-1187.
[37] Robbins H, Monro S (1951) A stochastic approximation method. Ann. Math. Statist. 22(3):400-407.
[38] Rudin W (1976) Principles of mathematical analysis. International Series in Pure and Applied Mathematics (McGraw-Hill, New York).
[39] Spall JC (1992) Multivariate stochastic approximation using a simultaneous perturbation gradient approximation. IEEE Trans. Automatic
Control 37(3):332-341.
[40] Sutton RS, Maei HR, Precup D, Bhatnagar S, Silver D, Szepesvéri C, Wiewiora E (2009) Fast gradient-descent methods for temporal-
difference learning with linear function approximation. Proc. 26th Annual Internat. Conf. Machine Learning (ACM, New York), 993-1000.
[41] Yaji VG, Bhatnagar S (2018) Stochastic recursive inclusions with non-additive iterate-dependent markov noise. Stochastics 90(3):330-363.
[42] Yaji VG, Bhatnagar S (2020) Analysis of stochastic approximation schemes with set-valued maps in the absence of a stability guarantee and
their stabilization. IEEE Trans. Automatic Control 65(3):1100-1115.

[
[
[
[



	Stochastic Recursive Inclusions in Two Timescales with Nonadditive Iterate-Dependent Markov Noise
	Introduction
	Background
	Two-Timescale Scheme and Preliminary Results
	Mean Fields and Their Properties
	Recursion Analysis
	Applications
	Application: Constrained Convex Optimization
	Conclusions and Directions for Future Work


