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Abstract

We present for the first time an asymptotic convergence analysis of two time-scale stochastic approximation
driven by ‘controlled’ Markov noise. In particular, both the faster and slower recursions have non-additive con-
trolled Markov noise components in addition to martingale difference noise. We analyze the asymptotic behavior
of our framework by relating it to limiting differential inclusions in both time-scales that are defined in terms of
the ergodic occupation measures associated with the controlled Markov processes. Finally, we present a solution
to the off-policy convergence problem for temporal difference learning with linear function approximation, using
our results.

1 Introduction

Stochastic approximation algorithms are sequential non-parametric methods for finding a zero or minimum of a func-
tion in the situation where only the noisy observations of the function values are available. Two time-scale stochastic
approximation algorithms represent one of the most general subclasses of stochastic approximation methods. These
algorithms consist of two coupled recursions which are updated with different (one is considerably smaller than the
other) step sizes which in turn facilitate convergence for such algorithms.

Two time-scale stochastic approximation algorithms [I9] have successfully been applied to several complex prob-
lems arising in the areas of reinforcement learning, signal processing and admission control in communication net-
works. There are many reinforcement learning applications (precisely those where parameterization of value function
is implemented) where non-additive Markov noise is present in one or both iterates thus requiring the current two
time-scale framework to be extended to include Markov noise (for example, in [I3], p. 5] it is mentioned that in order
to generalize the analysis to Markov noise, the theory of two time-scale stochastic approximation needs to include
the latter).

Here we present a more general framework of two time-scale stochastic approximation with “controlled” Markov
noise, i.e., the noise is not simply Markov; rather it is driven by the iterates and an additional control process as
well. We analyze the asymptotic behaviour of our framework by relating it to limiting differential inclusions in
both timescales that are defined in terms of the ergodic occupation measures associated with the controlled Markov
processes. Next, using these results for the special case of our framework where the random processes are irreducible
Markov chains, we present a solution to the off-policy convergence problem for temporal difference learning with
linear function approximation. While the off-policy convergence problem for reinforcement learning (RL) with linear
function approximation has been one of the most interesting problems, there are very few solutions available in
the current literature. One such work [4] shows the convergence of the least squares temporal difference learning
algorithm with eligibility traces (LSTD(\)) as well as the TD(A) algorithm. While the LSTD methods are not feasible
when the dimension of the feature vector is large, off-policy TD(A) is shown to converge only when the eligibility
function A € [0,1] is very close to 1. Another recent work [5] proves weak convergence of several emphatic temporal
difference learning algorithms which is also designed to solve the off-policy convergence problem. In [IT], 12, 3] the
gradient temporal difference learning (GTD) algorithms were proposed to solve this problem. However, the authors
make the assumption that the data is available in the “off-policy” setting (i.e. the off-policy issue is incorporated
into the data rather than in the algorithm) whereas, in reality, one has only the “on-policy” Markov trajectory
corresponding to a given behaviour policy and we are interested in designing an online learning algorithm. We use
one of the algorithms from [3] called TDC with “importance-weighting” which takes the “on-policy” data as input
and show its convergence using the results we develop. Our convergence analysis can also be extended for the same
algorithm with eligibility traces for a sufficiently large range of values of A\. Our results can be used to provide a
convergence analysis for reinforcement learning algorithms such as those in [6] for which convergence proofs have not
been provided.

To the best of our knowledge there are related works such as [I4} [16, [I7, [I5] where two time-scale stochastic
approximation algorithms with algorithm iterate dependent non-additive Markov noise is analyzed. In all of them
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the Markov noise in the recursion is handled using the classic Poisson equation based approach of [II, [10] and applied
to the asymptotic analysis of many algorithms used in machine learning, system identification, signal processing,
image analysis and automatic control. However, we show that our method also works if there is another additional
control process as well and if the underlying Markov process has non-unique stationary distributions. Further, the
mentioned application does not require strong assumption such as aperiodicity for the underlying Markov chain
which is a sufficient condition if we use Poisson equation based approach [2] [I4]. Additionally, our assumptions are
quite different from the assumptions made in the mentioned literature and we give a detailed comparison in Section

The organization of the paper is as follows: Section [2] formally defines the problem and provides background and
assumptions. Section Bl shows the main results. Section Ml discusses how one of our assumptions of Section 2 can be
relaxed. Section[f] presents an application of our results to the off-policy convergence problem for temporal difference
learning with linear function approximation. Finally, we conclude by providing some future research directions.

2 Background, Problem Definition, and Assumptions

In the following we describe the preliminaries and notation used in our proofs. Most of the definitions and notation
are from [9] 211 [7].

2.1 Definition and Notation

Let F denote a set-valued function mapping each point 8 € R™ to a set F/(f) C R™. F is called a Marchaud map if
the following hold:

(i) F is upper-semicontinuous in the sense that if 6,, — 6 and w,, — w with w,, € F(0,) for all n > 1, then
w € F(#). In order words, the graph of F' defined as {(,w) : w € F(0)} is closed.

(ii) F(#) is a non-empty compact convex subset of R™ for all § € R™.

(iii) Je > 0 such that for all § € R™,

sup |[|z]| < (1 +[|0]),
zEF(0)

where ||.|| denotes any norm on R™.

A solution for the differential inclusion (d.i.)

o(t) € F(0(t)) (1)

with initial point 6y € R™ is an absolutely continuous (on compacts) mapping 6 : R — R™ such that 6(0) = 6y and

0(t) € F(0(t))

for almost every t € R. If F'is a Marchaud map, it is well-known that (I) has solutions (possibly non-unique) through
every initial point. The differential inclusion () induces a set-valued dynamical system {®;}ier defined by

D, (0p) = {6(¢) : 0(-) is a solution to ([dl) with #(0) = o }.
Consider the autonomous ordinary differential equation (o.d.e.)

6(t) = h(6(1)), (2)

where h is Lipschitz continuous. One can write (2)) in the format of () by taking F'(8) = {h(0)}. It is well-known
that (@) is well-posed, i.e., it has a unique solution for every initial point. Hence the set-valued dynamical system
induced by the o.d.e. or flow is {®;}ier with

®;(60) = {0(t)},

where 6(-) is the solution to (2)) with 8(0) = . It is also well-known that ®;(.) is a continuous function for all t € R.
A set A C R™ is said to be invariant (for F') if for all 6 € A there exists a solution 6(-) of () with 6(0) = 6,
such that §(R) C A.
Given a set A C R™ and 0", w"” € A, we write " <4 w" if for every € > 0 and T > 0 dn € N, solutions
01(-),...,0,(:) to ) and real numbers t1,to,...,t, greater than T such that

(i) Oi(s) e Aforall 0 <s<t;andforalli=1,...,n,



(11) Hﬁz(tz) — 91+1(0)H S € for all i = 1, e, — 1,
(iii) 1|01(0) —0"]] < e and [|0,(tn) — w"| < e.

The sequence (61(:),...,0,(+)) is called an (¢,7T) chain (in A from 6" to w”) for F. A set A C R™ is said to be
internally chain transitive, provided that A is compact and 0" < 4 w” for all §”,w” € A. It can be proved that in
the above case, A is an invariant set.

A compact invariant set A is called an attractor for ®, provided that there is a neighbourhood U of A (i.e., for
the induced topology) with the property that d(®:(6”),A) — 0 as t — oo uniformly in 8” € U. Here d(X,Y) =
supgr e x infyrey |07 —w”|| for X, Y C R™. Such a U is called a fundamental neighbourhood of the attractor A. An
attractor of a well-posed o.d.e. is an attractor for the set-valued dynamical system induced by the o.d.e.

The set
Wq>(9”) = ﬂ (I)[t,oo) (9”)
t>0

is called the w-limit set of a point 8” € R™. If A is a set, then
B(A) ={0" e R™ : we(0") C A}

denotes its basin of attraction. A global attractor for ® is an attractor A whose basin of attraction consists of all
R™. Then the following lemma will be useful for our proofs, see [9] for a proof.

Lemma 2.1. Suppose ® has a global attractor A. Then every internally chain transitive set lies in A.

We also require another result which will be useful to apply our results to the RL application we mention. Before
stating it we recall some definitions from Appendix 11.2.3 of [21]:

A point 8* € R™ is called Lyapunov stable for the o.d.e (2) if for all e > 0, there exists a § > 0 such that
every trajectory of (2)) initiated in the d-neighbourhood of 6* remains in its e-neighbourhood. 6* is called globally
asymptotically stable if 8* is Lyapunov stable and all trajectories of the o.d.e. converge to it.

Lemma 2.2. Consider the autonomous o.d.e. 0(t) = h(0(t)) where h is Lipschitz continuous. Let 0* be globally
asymptotically stable. Then 0* is the global attractor of the o.d.e.

Proof 1. We refer the readers to Lemma 1 of [21l, Chapter 3] for a proof.

We end this subsection with a notation which will be used frequently in the convergence statements in the
following sections.

Definition 2.1. For function 0(.) defined on [0, 00), the notation “D(t) — A ast — oo” means that Ny>o{0(s) : s >t} C
A. Similar definition applies for a sequence {6,}.

2.2 Problem Definition

Our goal is to perform an asymptotic analysis of the following coupled recursions:

Ot = O+ a(n) [A(On,wn, Z20) + M, | (3)
Wert = wo+b(n) [g(0nswns Z87) + M) (4)

where 6, € R%, w, € R¥,n > 0 and {Z,(f)}, {My)},i = 1,2 are random processes that we describe below.
We make the following assumptions:

(A1) {Z,Si)} takes values in a compact metric space S, i = 1,2. Additionally, the processes {Z,Si)},i = 1,2 are
controlled Markov processes that are controlled by three different control processes: the iterate sequences

0.}, {w,,} and a random process Agf )\ taking values in a compact metric space U@ respectively with their
) p g p 1Y 1Y y
individual dynamics specified by

B®

for B® Borel in S, i = 1,2, respectively.

Remark 1. In this context one should note that [1l, [10] require the Markov process to take values in a normed
Polish space.



(A2)

(A3)

(A4)

Remark 2. In [20)] it is assumed that the state space where the controlled Markov Process takes values is
Polish. This space is then compactified using the fact that a Polish space can be homeomorphically embedded
into a dense subset of a compact metric space. The vector field h(.,.) : R? x S — R? is considered bounded
when the first component lies in a compact set. This would, however, require a continuous extension of h' :

R% x ¢(S) = R? defined by W' (z,s') = h(z,p~'(s')) to R? x ¢(S). Here ¢(-) is the homeomorphism defined
by ¢(s) = (p(s,51), p(8,82),...) €[0,1]°°, and {s;} and p is a countable dense subset and metric of the Polish
space respectively. A sufficient condition for the above is h' to be uniformly continuous [22, Ex:13, p. 99].
However, this is hard to verify. This is the main motivation for us to take the range of the Markov process as
compact for our problem. However, there are other reasons for taking compact state space which will be clear
in the proofs of this section and the next.

h: RF x S 5 R? is jointly continuous as well as Lipschitz in its first two arguments uniformly w.r.t the
third. The latter condition means that

vz e SW (0, w, zV) — h(0' ', 2| < LD (|0 — 0'|| + ||w — w']])

Same thing is also true for g where the Lipschitz constant is L(?). Note that the Lipschitz constant L does
not depend on 2 for i = 1,2.

Remark 3. We later relax the uniformity of the Lipschitz constant w.r.t the Markov process state space by
putting suitable moment assumptions on the Markov process.

{M,(f)},i = 1,2 are martingale difference sequences w.r.t increasing o-fields
Fn=0Om,wp, MWD, 20 m <ni=1,2),n>0,
satisfying _
BlIM 1P 1Fa) < KA 10417 + llwn]®),i = 1,2,
for n > 0 and a given constant K > 0.

The stepsizes {a(n)}, {b(n)} are positive scalars satisfying

> => b(n) =00, 2 4+b(n)?) < oo, —— — 0.
2 a(n) 4 (n) 2 (a(n) (n)*) < '3
Moreover, a(n),b(n),n > 0 are non-increasing.

Before stating the assumption on the transition kernel p(9,i = 1,2 we need to define the metric in the space of
probability measures P(S). Here we mention the definitions and main theorems on the spaces of probability
measures that we use in our proofs (details can be found in Chapter 2 of [I8]). We denote the metric by d and
is defined as

dipv) =279 [ fidu— [ fidvluv € P(S),
S f s [ 1

where {f;} are countable dense in the unit ball of C'(S). Then the following are equivalent:

(i) d(pn,p) =0,
(ii) for all bounded f in C(S5),

/Sfdun—>/3fdu, (5)

(iii) for all f bounded and uniformly continuous,

/Sfd,un—>/sfdu.

Hence we see that d(p,, p) — 0 iff [ fjdp, — [ fidp for all j. Any such sequence of functions {f;} is called
a convergence determining class in P(S). Sometimes we also denote d(p,, ) — 0 using the notation u, = pu.
Also, we recall the characterization of relative compactness in P(.S) that relies on the definition of tightness.
A C P(S) is a tight set if for any € > 0, there exists a compact K. C S such that pu(K.) > 1 —¢ for all u € A.
Clearly, if S is compact then any A C P(S) is tight. By Prohorov’s theorem, A4 C P(S) is relatively compact
if and only if it is tight.

With the above definitions we assume the following:



(A5) The map S x U@ x RTF 5 (200 ¢ 9 w) — p@(dy|z?,a?,0,w) € P(SP) is continuous.

Remark 4. (A5) is much simpler than the assumptions on m-step transition kernel in [1, Part II,Chap. 2,
Theorem 6].

Additionally, unlike [20, p 140 line 13], we do not require the extra assumption of the continuity in the 6
variable of p(dy|z, a, ) to be uniform on compacts w.r.t the other variables.

For 6, = 0, w, = w for all n with a fixed deterministic (§,w) € R¥** and under any stationary randomized
control () it follows from Lemma 2.1 and Lemma 3.1 of [20] that the time—homogeneous Markov processes

Z,(f), i = 1,2 have (possibly non-unique) invariant distributions \Il( ) @i =12,

Now, it is well-known that the ergodic occupation measure deﬁned as

\Pgw o (dz,da) = \Il((;)w o ([d2)7m D (2, da) € P(SD x UD)
satisfies the following:
PO, 0@ 0N = [0 Ayl 0) v, (2 da) ()
0 s xu Jso

for f@ .80 R € Cp(SW).

We denote by D@ (0,w),i = 1,2 the set of all such ergodic occupation measures for the prescribed 6 and w. In the
following we prove some properties of the map (8, w) — D@ (6, w).

Lemma 2.3. For all (A, w), DY (0, w) is convex and compact.
Proof 2. The proof trivially follows from (A1), (A5) and (@).

Lemma 2.4. The map (§,w) — D¥(0,w) is upper-semi-continuous.

Proof 3 Let 0, — 0,w, — w and U :> VAQNS P(S(i) x U®M) such that U € DW(0,,,w,). Let gr(f)(z,a) =
fSU (y)p™ (dy|z, a 9n,wn) and g (z,a) fSU (y)p™ (dy|z,a,0,w). From (@) we get that

/ FO) D (dz,UD) = lim FO )0 (dz, UW)
S (@)

n—oo (4)

n—o0

S
—Jim [ OOy, w,) 8 (4, da)
SG) i) Jg)

= lim 99 (z,0) 09 (dz, da).

N—=00 Jg(i) [y (%)

Now, p(dy|z,a,0,,w,) = pP(dy|z,a,0,w) implies g( )( ) = gW(.,-) pointwise. We prove that the convergence
is indeed uniform. It is enough to prove that this sequence of functions is equicontinuous. Then along with pointwise
convergence it will imply uniform convergence on compacts [22, p. 168, Ex: 16]. This is also a place where (A1) is
used.

Define g’ : SO x UMW x R¥**F 5 R by ¢'(2/,d,0',w') = Jso FO)pD (dy|z,a’,0',w'). Then g’ is continuous.
Let A = SO x U® x ({0, U0) x {wn} Uw). So, A is compact and ¢'| 4 is uniformly continuous. This implies
that for all € > 0, there exists 6 > 0 such that if p' (51,52) < 0, i (a1, a2) < 6,01 — 02]] < 9, ||Jwr — wa|| < I, then
lg' (51, a1, 61, w1) — g'(s2,a2,02,ws)| < € where s1,s2 € SO ar,a5 € UD 0,0, € ({6 }UG) wl,wg € ({wn} Uw) and
o' and i/ denote the metrics in S® and U respectively. Now use this same 8 for the {gn (,)} to get for all n the
following for p'(z1,22) < 6,1/ (a1,a2) < §:

199 (21, a1) — g (22, a2)| = |9’ (21, a1, 0y W) — g/ (22, a2, Op, wy)| < €.

Hence {g,(f)(~, )} is equicontinuous. For large n, sup, ,)est xu® gfli)(z,a) — g9 (2,a)| < €/2 because of uniform

convergence o gn. )}, hence [o; i gni z,a) — g (z,a G z,da) < €/2. Now (for n large),
f (1) h PR (4) (4) D (dy. d 2. N ¥ i

| / 4 (2, ) ¥ (dz, da) — / ¢ (2, )0 (dz, da)|
S() x (i) SG) x (i)

=| 0 o0) = o0 (¥ dzda) ¢ [ g uazda) — [ g0 a8 do)
SG) xUG) S(i) x (i) SG) xUG)
<e/2+] 99z U dzyda) ~ [ g0 00 s, do)
S xU® S() x (1)
< e (7)



The last inequality follows the fact that \Pg) = U@, Hence from (@) we get,
OO = [ OOz a0, 80z, do
5@ s xU® Jsm

proving that the map is upper-semi-continuous.
Define §(0,w,v) = [ g(0,w, 2)v(dz,U?) for v € P(S® x U?) and §(0,w) = {§(0,w,v) : v € D@ (0, w)}.
Lemma 2.5. §(-,-) is a Marchaud map.
Proof 4. (i) Convexity and compactness follow trivially from the same for the map (6, w) — D3 (0, w).
(ii)
1900, w, v)]
= I [ o6, 2w(az U]
< [ 16,0, 2)w(dz.U2)
< /L(Q)(WH +[lwll +119(0,0, 2)[)v(dz, U?)
< max(L®, 12 [ [9(0,0,)]1w(d2, UO) (L + 6] + ]
Clearly, K (0) = max(L®,L® [ g(0,0,z2)||lv(dz,U?)) > 0. The above is true for all §(0,w,v) € §(0,w),v €

D@ (0, w).

(iii) Let (O, wn) — (0,w), G(On, wn,vn) — m,v, € D (0,,w,). Now, {v,} is tight, hence has a convergent sub-
sequence {vy, } with v being the limit. Then using the arguments similar to the proof of Lemma one can
show that m = §(0,w,v) whereas v € D@ (0, w) follows directly from the upper-semi-continuity of the map
(0,w) — D@ (0, w) for all 6.

Note that the map fL(, -) can be defined similarly and can be shown to be a Marchaud map using the exact same
technique.

2.3 Other assumptions needed for two time-scale convergence analysis
We now list the other assumptions required for two time-scale convergence analysis:

(A6) for all § € R?, the differential inclusion
w(t) € §(6,w(t)) (8)

has a singleton global attractor A\(§) where X : R? — RF is a Lipschitz map with constant K. Additionally,
there exists a continuous function V : R¥** — [0, 00) satisfying the hypothesis of Corollary 3.28 of [9] with
A ={(0,\(0)) : @ € R?}. This is the most important assumption as it links the fast and slow iterates.

(A7) Stability of the iterates: sup,,(||0n| + [Jwn|]) < oo a.s.

Let 0(.),t > 0 be the continuous, piecewise linear trajectory defined by (t(n)) = 6,,,n > 0, with linear interpo-
lation on each interval [t(n),t(n + 1)), i.e.,

- t—t(n)

0(t) = 0n + (Ony1 — en)m,t € [t(n),t(n+1)).

The following theorem is our main result:
Theorem 2.6 (Slower timescale result). Under assumptions (A1)-(A7),
(O, wn) = Uprea, (07, A(0%))a.s. as n — oo,
where Ag = ﬁtzom is almost everywhere an internally chain transitive set of the differential inclusion
6(t) € h(ow)), (9)

where h(0) = {h(0,\(0),v) : v € DD (0, X(0))}. We call ®) and (@) as the faster and slower d.i. to correspond with
faster and slower recursions, respectively.



Corollary 1. Under the additional assumption that the inclusion
0(t) € h(0(1))),

has a global attractor set Ay,
(On s wr) = Ugreca, (0%, A(0%))a.s. as n — oo.

Remark 5. In case where the set D) (0,w) is singleton, we can relax (A6) to local attractors also. The relaxed
assumption will be

(A6)’ The function §(8,w) = [ g(0,w, z)l"((fz) (dz) is Lipschitz continuous where I‘éi)u is the only element of D) (0, w).
Further, for all § € RY, the o.d.e

w(t) = g(0,w(t)) (10)

has an asymptotically stable equilibrium X(0) with domain of attraction Gy where X : RY — R¥ is a Lipschitz

map with constant K. Also, assume that (), Gg is non-empty. Moreover, the function V' : G — [0,00) defined

by V'(0,w) = Vp(w) is continuously differentiable where Vy(.) is the Lyapunov function (for definition see [21),

Chapter 11.2.3]) for the o.d.e. (I0) with \(0) as its attractor, and G = Jycga{10} X Go}. This extra condition

is needed so that the set graph()\):={(0,\(9)) : 0 € R} becomes an asymptotically stable set of the coupled o.d.e

w(t) = g(0(t), w(t)),0(t) = 0.

Note that (A6)’ allows multiple attractors (at least one of them have to be a point, others can be sets) for the faster
o.d.e for every 6.
Then the statement of Theorem [2.8 will be modified as in the following:

Theorem 2.7 (Slower timescale result when A(6) is a local attractor). Under assumptions (A1)-(A5), (A6)’ and
(A7), on the event “{wy,} belongs to a compact subset B (depending on the sample point) of (\ycpa Go eventually”,

(Onywn) = Ugrea, (07, A(0%))a.s. as n — oo.

The requirement on {wy} is much stronger than the usual local attractor statement for Kushner-Clarke lemma
[10, Section II.C] which requires the iterates to enter a compact set in the domain for attraction of the local attractor
infinitely often only. The reason for imposing this strong assumption is that graph(\) is not a subset of any compact
set in R¥T* and hence the usual tracking lemma kind of arguments do not go through directly. One has to relate the
limit set of the coupled iterate (0, wy,) to graph(\) (See the proof of LemmalZ ).

We present the proof of our main results in the next section.

3 Main Results

We first discuss an extension of the single time-scale controlled Markov noise framework of [20] under our assumptions
to prove our main results. Note that the results of [20] assume that the state space of the controlled Markov process
is Polish which may impose additional conditions that are hard to verify. In this section, other than proving our two
time-scale results, we prove many of the results in [20] (which were only stated there) assuming the state space to
be compact.

We begin by describing the intuition behind the proof techniques in [20].

The space C([0, 00); R?) of continuous functions from [0, 00) to R? is topologized with the coarsest topology such
that the map that takes any f € C([0,00); R?) to its restriction to [0,7] when viewed as an element of the space
C([0,T);R?), is continuous for all T > 0. In other words, f, — f in this space iff fuljor) — fljo,7]- The other
notations used below are the same as those in |20, 21]. We present a few for easy reference.

Consider the single time-scale stochastic approximation recursion with controlled Markov noise:

Tnt1 = Tpn + a(n) [h(zn, Y,) + Mpia] . (11)

Define time instants t(0) = 0,£(n) = )" a(m),n > 1. Let Z(t),t > 0 be the continuous, piecewise linear trajectory

m=0

defined by Z(t(n)) = x,,n > 0, with linear interpolation on each interval [t(n), t(n + 1)), i.e.,

B(t) = 2 + (2001 — xn)t( t —t(n)

m,t € [t(n),t(n 4+ 1)).

Now, define h(z,v) = [h(z,z)v(dz,U) for v € P(S x U). Let u(t),t > 0 be the random process defined by
u(t) = oy, z,) for t € [t(n),t(n +1)),n > 0, where §(, q) is the Dirac measure corresponding to (y,a). Consider the
non-autonomous o.d.e.

&(t) = h(z(t), u(t)). (12)



Let z°(t),t > s, denote the solution to (I2)) with z*(s) = Z(s), for s > 0. Note that 2°(t),t € [s,s+T] and 2°(¢),t > s
can be viewed as elements of C([0,T]; R?) and C([0, 00); R?) respectively. With this abuse of notation, it is easy to
see that {2°(.)|(s,s+77,s > 0} is a pointwise bounded and equicontinuous family of functions in C([0, T]; R%) VT > 0.
By Arzela-Ascoli theorem, it is relatively compact. From Lemma 2.2 of [20] one can see that for all s(n) 1 oo, {Z(s(n)+
)|[ (n),s(n)+T7]>

n > 1} has a limit point in C([0,T];R?) VT' > 0. With the above topology for C([0,00);RY), {x*(.),s > 0} is
also relatively compact in C([0, 00); R?) and for all s(n) 1 0o, {Z(s(n) +.),n > 1} has a limit po1nt in C([O o0); R9).

One can write from () the following:

Z(u(n) +1) = 2(u(n)) + /O h(@(u(n) + 1), v(u(n) + 7))dr + W" (1),

where u(n) 1 oo, Z(u(n) +.) — zZ(-),v(t) = (Yo, Zy) for t G [t(n),t(n + 1)),n > 0 and W™ (t) = W(t + u(n)) —
W(u(n)), W) =W, + (Wpt1 — Wn)%, Wo =3 1" ( )Mpg41,n > 0. From here one cannot directly take
limit on both sides as finding limit points of v(s+.) as s = oo is not meaningful. Now, h(z,y) = [ h(x, 2)d(y,q)(dzxU).

Hence by defining h(z, p) = [ h(z, z)p(dz) and pu(t) = 6, one can write the above as

Z(u(n) +t) = z(u(n)) + /0 h(z(u(n) + 1), plu(n) +7))dr + W™(t). (13)

The advantage is that the space U of measurable functions from [0, 00) to P(S x U) is compact metrizable, so sub-
sequential limits exist. Note that u(-) is not a member of U, rather we need to fix a sample point, i.e., u(.,w) € Y.
For ease of understanding, we abuse the terminology and talk about the limit points ji(-) of u(s + .).

From (I3) one can infer that the limit Z(-) of Z(u(n)+.) satisfies the o.d.e. &(t) = h(z(t), u(t)) with u(-) replaced
by fi(-). Here each fi(t),t € R in fi(-) is generated through different limiting processes each one associated with the
compact metrizable space U; = space of measurable functions from [0,¢] to P(S x U). This will be problematic if
we want to further explore the process fi(-) and convert the non-autonomous o.d.e. into an autonomous one.

Hence the main result is proved using an auxiliary lemma [20, Lemma 2.3] other than the tracking lemma
(Lemma 2.2 of [20]). Let u(n(k)) 1 co be such that Z(u(n(k)) +.) — Z(-) and p(u(n(k)) +.) — (), then using
Lemma 2.2 of [20] one can show that z"("(®)(.) — #(.). Then the auxiliary lemma shows that the o.d.e. trajectory
(k) () associated with p(u(n(k)) +.) tracks (in the limit) the o.d.e. trajectory associated with fi(-). Hence
Lemma 2.3 of [20] links the two limiting processes Z(-) and fi(-) in some sense. Note that Lemma 2.3 of [20] involves
only the o.d.e. trajectories, not the interpolated trajectory of the algorithm.

Consider the iteration

Ont1 =0n +an) [h(0,,Yn) + €n + Mpiq], (14)

where €, — 0 and the rest of the notations are same as [20]. Specifically, {Y,,} is the controlled Markov process
driven by {6,} and M,41,n > 0 is a martingale difference sequence. Let 6(t),t > 0 be the continuous, piecewise
linear trajectory of (I4) defined by (t(n)) = 6,,n > 0, with linear interpolation on each interval [t(n),t(n + 1)).
Also, let §°(t),t > s, denote the solution to ([[Z) with §°(s) = (s), for s > 0.

The convergence analysis of (I4)) requires some changes in Lemma 2.2 and 3.1 of [20]. The modified versions of
them are precisely the following two lemmas.

Lemma 3.1. For any T > 0, sup,c(s 17 0(t) —0(t)|| — 0, a.s. as s — oo.
Proof 5. The proof follows from the Lemma 2.2 and the remark 3 thereof (p. 144) of [20].

Now, u can be viewed as a random variable taking values in i = the space of measurable functions from [0, co)
to P(S x U). This space is topologized with the coarsest topology such that the map

T
v() EU—>/O g(t)/fdu(t)dteR

is continuous for all f € C(S),T > 0,9 € L3]0,T]. Note that U is compact metrizable.

Lemma 3.2. Almost surely every limit point of (u(s +.),0(s +.)) as s — oo is of the form (7i(-), 0(-)) where (-
satisfies (t) € D(O(t)) a.e. t.

Proof 6. Suppose that u(n) 1 oo, p(u(n)+.) — f(-) and O(u(n) +.) — 6(-). Let {f;} be countable dense in the unit
ball of C(S), hence a separating class, i.e., Vi, ffidu = ffz-dy implies p = v. For each 1,

C' Z ( fz m+1 /fz dy|Y7naZma9 ))7”217



is a zero-mean martingale with Fp, = 0(O0m, Y, Zm,m < n). Moreover, it is a square integrable martingale due to
the fact that f;’s are bounded and each ' is a finite sum. Its quadratic variation process

= Z B (ons) = [ S)p(d91Yons Zo ) ] + EI(G)
is almost surely convergent. By the martingale convergence theorem, (& ,n > 0 converges a.s. for all i. As before let
7(n,t) = min{m > n : t(m) > t(n) +t} fort >0,n > 0. Then as n — oo,

7(n,t)

Z ( fz m+1 /fz dyIYm,Zm,t? ))*)0, a.S.

fort > 0. By our choice of {fi} and the fact that {a(n)} is an eventually non-increasing sequence (the latter property
is used only here and in Lemmal39), we have

7(n,t)

Z (a(m) —a(m +1)) fi(Yms1) = 0, a.s.

From the foregoing,
7(n,t)
Z( (m+1)fz( m+1 704 /fz dy|Ymvzm79 )) HO, a.s.

for all t > 0, which implies

7(n,t)

Z a(m /f1 p(dy|Ym, Zm,0m)) — 0, a.s.

m=n

for all t > 0 due to the fact that a(n) — 0 and fi(.) are bounded. This implies

/::Ht / /fz p(dy|z, a,0(s))) (s, dzda))ds — 0, a.s.

and that in turn implies

/u(n) ) / /fz p(dylz,a,0(s)))u(s, dzda))ds — 0, a.s.

(this is true because a(n) — 0 and f;(-) is bounded) where 0(s) = 0, when s € [t(n),t(n+1)) for n > 0. Now, one

can claim from the above that

/u:?) / /fz p(dy|z, a,0(s))) (s, dzda))ds — 0, a.s.

This is due to the fact that the map S x U x R 3 (z,a,0) — | f(y)p(dy|z,a,0) is continuous and hence uniformly
continuous on the compact set A =S x U x M where M is the compact set s.t. 8, € M for all n. Here we also use
the fact that ||0(s) — Omll = |h(Om, Yin) + €m + Myi1||(s — 8m) = 0,5 € [tm, tm+1) as the first two terms inside the
norm in the R.H.S are bounded. The above convergence is equivalent to

/ / /fz pdylz,a,0(s + u(n)u(s + u(n), dzda))ds — 0, a.s.

Fiz a sample point in the probability one set on which the convergence above holds for all i. Then the convergence
above leads to

[ ([ 56~ [ stmtantz.o. 06t dzdaris = 0 i (15)

Here we use one part of the proof from Lemma 2.3 of [20] that if u"(-) — p*>°(-) € U then for any t > 0,

//fsza sdzdads—//fsza (s,dzda)ds — 0,



for all f e C([o, t] x S x A) and the fact that f,(s,z,a) = [ fi(y)p(dy|z,a,0(s + u(n))) converges uniformly to

(s, 2z, a = [ fily)p(dy|z,a,0(s)). To prove the latter, define g : C([O,t] [0,¢] x S x A —= R by g(6(-),s,2,a) =
ffZ p(dy|z,a, (s ) ). To see that g is continuous we need to check that if 0,(-) — 0(-) uniformly and s(n) — s,
then 6y, ( (n)) — 6(s). This is because ||0n(s(n)) — 0(s)|| = [|0n(s(n)) — O(s(n)) + 6(s(n)) — O(s)|| < ||0n(s(n)) —
O(s(n))|| +1|6(s(n)) —0(s)||. The first and second terms go to zero due to the uniform convergence of 0, (-),n > 0 and
continuity of 0(-) respectively. Let A = {0(u(n) + MNium),un)+4,m = 1} U é(')|[0,t]~ A is compact as it is the union of
a sequence of functions and their limit. So, g|(ax[0,gxsxv) is uniformly continuous. Then using the same arguments

as in Lemma[Z4) we can show equicontinuity of {fu(.,.)}, that results in uniform convergence and thereby (I3). An
application of Lebesgue’s theorem in conjunction with ({If) shows that

/ /fZ p(dy|z, a, 9( )))ia(t, dzda) = 0 Vi

for a.e. t. By our choice of {fi}, this leads to

flt.dy < U) = [ plaslz.a.8(0)ice, deda)
a.e. t. Therefore the conclusion follows by disintegrating such measure as the product of marginal on S and the

regular conditional law on U ([20, p 140]).

Remark 6. Note that the above invariant distribution does not come “naturally”; rather it arises from the assumption
made to match the natural timescale intuition for the controlled Markov noise component, i.e., the slower iterate
should see the average effect of the Markov component.

The proof of the following lemma, in this case, will be unchanged from its original version, so we just mention it
for completeness and refer the reader to Lemma 2.3 of [20] for its proof.

Lemma 3.3. Let pu™(-) = p>°(-) € U. Let 0™(-),n = 1,2,...,00 denote solutions to (I2) corresponding to the case
where u(-) is replaced by p™(-), forn =1,2,...00. Suppose 6™(0) — 0°°(0). Then

lim sup [|0™(¢t) —0>°(t)]| =0

n=0 ¢c[0,T)
for every T > 0.

Lemma 3.4. Almost surely, {0,} converges to an internally chain transitive set of the differential inclusion
0(t) € h(0(t)), (16)
where h(0) = {h(0,v) : v € D(0)}.

Proof 7. Lemmal3.3 shows that every limit point (fi(-), 0(-)) of (u(s+.),0(s+.)) as s — oo is such that 6(-) satisfies
I2) with u(-) = f(-). Hence, 0(-) is absolutely continuous. Moreover, using LemmalZ2, one can see that it satisfies
(I8) a.e. t, hence is a solution to the differential inclusion [I8). Hence the proof follows.

Lemma 3.5 (Faster timescale result). (0,,,w,) — {(8,\(0)) : 0 € RY} a.s.

Proof 8. We first rewrite (3) as
Opir = O + b(n) [en + M) } :

where €, = Z((n))h(ﬁn,wn,Zfll)) — 0 asn — o0 a.s. and Mﬂl = b((n))M(l)1 forn > 0. Let ap, = (0, wn), =

(0,w) € R¥T* G(a,2) = (0,9(c, 2)), €, = (€n,0), Mfﬁzl = (Mr(li)l,Mﬁzl) Then one can write (3) and {J)) in the
framework of (I4) as

G = an +b(n) [Glam, Z) + ¢, + M2, (17)
with €, = 0 as n — 00. ay,n > 0 converges almost surely to an internally chain transitive set of the differential

inclusion
a(t) € G(a(t)),

where G(o) = {G(a,v) : v € DD (0, w)} with G(e,v) = (0,§(0,w,v)). In other words, (0, wy),n >0 converges to
an internally chain transitive set of the differential inclusion

w(t) € §(0(t), w(t)),0(t) = 0.
The rest follows from the second part of (A6).
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Remark 7. Under the conditions mentioned in Remark 4 the above faster timescale result should be modified as
follows:

Lemma 3.6 (Faster timescale result when A(6) is a local attractor). Under assumptions (A1) - (A5), (A6)’ and
(A7), on the event “{wy} belongs to a compact subset B (depending on the sample point) of (Ngcpa Go eventually”,

(0, w,) = {(6,7(0)) : 0 € R} a.s.
Proof 9. Fiz a sample point w. The proof follows from these observations:
1. continuity of flow for the coupled o.d.e around the initial point,
2. sup, 0] = My < ox,

3. the fact that the set graph(\) is Lyapunov stable (V'(.) as mentioned in (A6)’ will be a Lyapunov function for
this set), and

4. the fact that ;5 @(s) : s > t is an internally chain transitive set of the coupled o.d.e

w(t) = §(0(t), w(t)),6(t) =0, (18)
where &(.) is the interpolated trajectory of the coupled iterate {c,}.

As {0 ||0]] < My} x B C Ugerailt} x Go}, the first three observations show that for all € > 0, there ewists a
T. > 0 such that any o.d.e trajectory for {I8) with starting point on the compact set {0 : ||0|| < M1} x B reaches the
e-neighbourhood of graph(\) after time T.. Further,

(a(s):s>tc{0:[6] <M} x B.
t>0

Then one can use the last observation by choosing T > T to show the required convergence to the set graph(\).

Remark 8. One interesting question in this context is to analyze whether one can extend the single timescale local
attractor convergence statements to the two timescale setting under some verifiable conditions. More specifically, if
there is a global attractor Ay for

0(t) € h(6(t)),

then can one provide verifiable conditions to show
P[(0n, wn) = Upea, (6, A(0))] > 0.

Here \(0) is a local attractor as mentioned in (A6)’.
There are two ways in which this could possibly be tried:

1. Use Theorem [2.7 where we show that on the event {wy,} belongs to a compact subset B (depending on the
sample point) of (Nycra Go “eventually”,

(O, wp) = Ugrea, (07, M(07))a.s. asn — oo,

which is an extension of Kushner-Clarke Lemma to the two timescale case. Therefore the task would be to
impose verifiable assumptions so that P ({w,} belongs to a compact subset B (depending on the sample point)
of Ngere Go “eventually”) > 0. In a stochastic approzimation scenario it is not immediately clear how one
could possibly impose verifiable assumptions so that such a probabilistic statement becomes true.

2. The second approach would be to extend the analysis of [8,[9] to the two timescale case. In our opinion this is
very hard as this analysis is based on the attractor introduced by Benaim et al. whereas the coupled o.d.e (I8)
which tracks the coupled iterate (0,,,wy) (therefore the interpolated trajectory of the coupled iterate will be an
asymptotic pseudo-trajectory [8] for (I8)) has no attractor. The reason is that one cannot obtain a fundamental
neighbourhood for sets like Upea, (0, A(0)) as the 6 component will remain constant for any trajectory of the
above coupled o.d.e.

Thus it is immediately not clear as to how this question can be addressed and this will be an interesting future
direction.
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From the faster timescale results we get, ||w, — A(0,)| — 0 a.s., i.e, {wy,} asymptotically tracks {A(0,)} a.s.
Now, consider the non-autonomous o.d.e.

0(t) = h(0(t), MO(1), u(t)), (19)

where pu(t) = 6,0) 4o when t € [t(n),t(n + 1)) for n > 0 and h(0,w,v) = [ h(0,w,2)v(dz). Let 0°(t),t > s denote
the solution to () with 0°(s) = 0(s), for s > 0. Then

Lemma 3.7. For any T > 0,sup;c(s 17 0(t) —0°(t)|| — 0, a.s.

Proof 10. The slower recursion corresponds to
Ops1 = O, + aln) [h(@n,wn, Z0) + MY } :

Let t(n+m) € [t(n),t(n) + T]. Let [t] = max{t(k) : t(k) < t}. Then by construction,

B(t(n+m)) =0(t(n) + > a(n + k)R@OEn + k), warr, Z80) + S
=0(t(n)) + Y a(n + kh(@(tn + k), \O(t(n + k), 2,)

+Z (n+ ) (h(B(t(n + k), wosr, Z100) = b0t + K)), ANOnsr ), Z300))
+5n,n+m;

where On ntm = Cntm — Gn With ¢, = Zm_ a(m )M( -)H’ n > 1.
3 t(n+m) _
O em-+)) = 6 + [ RO 0 MO0, w0t
t(n)

=0(t(n) + > a(n + kYO (t(n + k), A0 (t(n + k))), 28,

t(n+m)
+ / (R(6" (£), (6" (1), (1)) — R(6") ([8]), MO ([8]), u([£]))))dt.

Let t(n) <t <t(n+m). Now, if 0 <k < (m—1) andt € (t(n+k),t(n +k+ 1)],

16° ()] < (16| + | ’ )5(9“”) (7): M0 (7)), (7)) d |
t(n+l4+1) N
< 16l + Z/ ) (1200,0, Z8 DI+ LO (IO + (K + 1) 0" (7)]]))dr

t
T / 1 0.0 ZE) LGN+ (€4 ()]
t(n+
t
< Co+ (M + LYNONT + LO(K + 1) / 1610 () |,
t(n)

where Cy = sup,, ||0n|| < 00,sup,ecgqm [|R(0,0,2)|| = M. By Gronwall’s inequality, it follows that
16 @) < (Co+ (M + LOAO)T)eH 0T,

t
107 () — 0" (t(n + k)| < / [R(6") (), A(0°™) (5)), Zﬁik)llds
t(n+k)
< (|In(0,0, Zflik)ll + LX) (¢t = t(n + k)
t
+ LMK +1) / 168 (s)||ds
t(n+k)

< Cra(n+ k),
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where Cp = (M + LW N0)]]) + LYK 4 1)(Co + (M + L)) T)eX ™ BT Thus,
1L G (0, A0 (0), 1)) — B i, NG (), ()i
<5 ) 30 0), 20 - W ) A0 ), 28
<Ly [0 - e+ )l

< CrL a(n + k)?

< CTLZ@(TL—i—k:)2 — 0 as n — oo, where L = LW (K +1).

k=0
Hence
—_ m71 -
10(t(n +m)) — 0™ (tn+m)) < LS aln+k)|0tn+ k) — 01 (t(n+ k)|
k=0
+CrL> a(n+ k) +sup [|0n n ik
k=0 k=20
m—1
+1W a(n + k)[[wnk — AMOntx) |l
k=0
m—1 _
< LY aln+k)|0(tn+ k) — 01 (t(n + k)|
k=0
+ CTLZ a(n + k)* 4 sup [|0nnrl
k=0 k=0
+ LOT sup |wnir — AMOngi)||, a.s.
k>0
Define

K= CrLY a(n+ k) +sup|6nnsrll + LOT sup [wnik — Asr) -
=0 k>0 k>0

Note that K1, — 0 a.s. The remainder of the proof follows in the exact same manner as the tracking lemma, see
Lemma 1, Chapter 2 of [21].

Lemma 3.8. Suppose, p"(-) = p>=(-) € UM, Let 0"(-),n = 1,2,... 00 denote solutions to (I3) corresponding to
the case where u(-) is replaced by u™(-), forn =1,2,...,00. Suppose §™(0) — 6°°(0). Then

lim sup [|0"(t) — 6°(t)] — 0
n—oo tE[O,T]

for every T > 0.
Proof 11. It is shown in Lemma 2.3 of [20] that

[ [ 7 owrsazias = [ [ oo az1as 0

for any f € C([0,T] x S). Using this, one can see that

II/0 (A(6(5), A(8%(5)), 1" (8)) — B8 (5), A(8 (5)), 1™ (s)))ds]| — 0.

This follows because X\ is continuous and h is jointly continuous in its arguments. As a function of t, the integral
on the left is equicontinuous and pointwise bounded. By the Arzela-Ascoli theorem, this convergence must in fact be
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uniform for t in a compact set. Now for t >0,
167 (8) — 6= @)l
< [1"(0) — (0 ||+/ 17(67 (), (6" (5)), 1" (5)) = R(6 (), A8 (5)), ™ (5)) | ds
< [16"(0) = 6>(0 |I+/0 (1R(6™ (5), A" (5)), 1™ (5)) — h(6 (), A6 (5)), 1" ()| ls
+ /Ot(llﬁ(t?f"’(s), MO (5)), 1™ (5)) = B0 (), A8 (5)), > (5))[])ds

Now, using the fact that X is Lipschitz with constant K the remaining part of the proof follows in the same manner
as Lemma 2.3 of [20)].

D

Note that Lemma B8 shows that every limit point (fi(-),(-)) of (u(s +.),0(s +.)) as s — oo is such that 6(.)

satisfies (I9) with u(-) = a(-).

Lemma 3.9. Almost surely every limit point of (u(s + .),

satisfies fi(t) € DM (O(t), \(O(t))).

Proof 12. Suppose that u(n) 1 oo, p(u(n) +.) = () and O(u(n) +.) — 6(-). Let {fi} be countable dense in the
unit ball of C(S), hence it is a separating class, i.e., for all i, [ fidp = [ f;dv implies p = v. For each 1,

D

(s4.)) as s — oo is of the form (ii(-),0(-)), where fi(-)

n—1
G= Y alm) (200 ~ [ R 2D AP, 0 ).

is a zero-mean martingale with F, = J(@m,wm,ZS),A%),m < n),n > 1. Moreover, it is a square-integrable
martingale due to the fact that f;’s are bounded and each ¢, is a finite sum. Its quadratic variation process

==§Z ((2800) = [ )0l 28, AD O )15 + EI(GH)

is almost surely convergent. By the martingale convergence theorem, {(i} converges a.s. Let T(n,t) = min{m > n :
t(m) > t(n) +t} fort >0,n>0. Then as n — oo,

7(n,t)

Z a’( m+1 /f dy|Z(1) A(l)vomawm)) %07 a.s.,

fort > 0. By our choice of {fi} and the fact that {a(n)} are eventually non-increasing,

7(n,t)

Z —a m+ 1))fl( m+1) — 0, a.s.

m=n

Thus,
7(n,t)

Z a(m)(fi(Z1) /f w(dy|ZH, AD 6, w,,)) = 0, a.s.

m=n

which implies
t(n)+
/ / /fZ p(dy|z,a,0(s),0(s))) (s, dzda))ds — 0, a.s.
t(n)

Recall that u(n) can be any general sequence other than t(n). Therefore

/u?: / /fz p(dy|z, a,0(s), 0(s))u(s, dzda))ds — 0, a.s.,

(this follows from the fact that a(n) — 0 and f;’s are bounded) where 0(s) = 0,, and 1w (s) = w, when s € [t(n),t(n +
1)),n > 0. Now, one can claim from the above that

u(n)+t .
1@> / ‘/ﬂ p(dy|=, a, 0(s), NB(s)))pu(s, dzda))ds — 0, a.s.
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This is due to the fact that the map SM x UM x R“H* 5 (2, 4,0, w) — | fi(y)p(dy|z, a,0,w) is continuous and hence
uniformly continuous on the compact set A =
SW % UM x M; x M, where M; is the compact set s.t. 0, € My for all n and M, =

lw] < max(sup |wy|, K’)} where K’ is the bound for the compact set \(My). Here we also use the fact
that || wy — AN0(s))|| = 0 for s € [tm,tma1) as X\ is Lipschitz and ||w,, — A(0)|| — 0. The above convergence is
equivalent to

/ / /ﬁ p(dy|z, a,0(s +u(n)), \(0(s + u(n)))))u(s + u(n), dzda))ds — 0 a.s.

Fiz a sample point in the probability one set on which the convergence above holds for all i. Then the convergence
above leads to

/0 (/ fi(z /fZ p(dy|z, a,0(s), \(0(s))))ji(s, dzda)ds = 0 Vi. (20)

For showing the above, we use one part of the proof from Lemma 2.3 of [20] that if u™(-) — p°°(-) € U then for any

t,
//fsza sdzdads—//fsza (s,dzda)ds — 0

for all f e c(o,t] x SO x y® In addition, we make use of the fact that fn(, a) =

)- 2,
ffZ p(dy|z,a 9(5 + u(n)), A(0 (s + u(n)))) converges uniformly to f 8,2, a ffZ p(dylz, a 9( ), A(6(s))).
prove thzs define g : C([0,%]) x [0,t] x SV x UL — R by g(0(-),s,2,a) = [ fi(y) dy|z a, 9( A(0(s))). Let

A" = {0(u(n) + MNium),um)+4,m > 1} U9( Mjo,4- Using the same argument as in Lemmam and (A6'), i.e., A is Lip-
schitz (the latter helps to claim that if 0,,(-) — 0(-) uniformly then X\(0,(-)) — A(0(-)) uniformly), it can be seen that
g is continuous. Then A’ is compact as it is a union of a sequence of functions and its limit. So, gl arx(0,4xs®xv™M)

is uniformly continuous. Then a similar argument as in Lemmal[Z4) shows equicontinuity of {fn(.,.)} that results in
uniform convergence and thereby (20). An application of Lebesque’s theorem in conjunction with (20) shows that

/ /fZ p(dylz, a,0(t), \O(t)))fi(t, dzda) = 0 Vi

for a.e. t. By our choice of {fi}, this leads to

it dy x UD) = / p(dylz, a, 6(6), MO())i(t, dzda),

a.e. t.

Lemma [3.8 shows that every limit point (f(-), 0(-)) of (u(s+.),0(s+.)) as s — oo is such that (-) satisfies (I9)
with p(-) = fi(-). Hence, 6(-) is absolutely continuous. Moreover, using Lemma [3.9] one can see that it satisfies (3]
a.e. t, hence is a solution to the differential inclusion ().

Proof 13 (Proof of TheoremZBland 7). From the previous three lemmas it is easy to see that Ag = Ny>0{0(s) : s >t}
is almost everywhere an internally chain transitive set of ().

Proof 14 (Proof of Corollary [l). Follows directly from Theorem[2.8 and Lemma 2]l

4 Discussion on the assumptions: Relaxation of (A2)

We discuss relaxation of the uniformity of the Lipschitz constant w.r.t state of the controlled Markov process for the
vector field. The modified assumption here is

(A2)’ h:R¥Fx SM - R? s jointly continuous as well as Lipschitz in its first two arguments with the third argument
fixed to same value and Lipschitz constant is a function of this value. The latter condition means that

vz e W |[a(0,w,2) = h(8' 0, 2V < LOEW)((16 = 6] + [[w —w']).
A similar condition holds for g where the Lipschitz constant is L(?) : §() — R,

Note that this allows L((.) to be an unbounded measurable function making it discontinuous due to (A1). The
straightforward solution for implementing this is to additionally assume the following:

(A8) sup, LW (Z) < 0o aus.
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still allowing L(®)(.) to be an unbounded function. As all our proofs in Section [ are shown for every sample point
of a probability 1 set, our proofs will go through. In the following we give such an example for the case where the
Markov process is uncontrolled.

It is enough to consider examples with locally compact S (because then we can take the standard one-point
compactification and define LY arbitrarily at the extra point).

Let S = Z and let Zr(f), n > 0 be the Markov Chain on Z starting at 0 with transition probabilities p(n,n+1) = p
and p(n,n — 1) =1 —p. We assume 1/2 < p < 1. Let L& (n) = (1;%)”.

Note that Z,Si), n > 0 is a transient Markov Chain with Z,(f) — +00 a.s. From this it follows that inf,, Z,(f) > —00,
and thus sup,, L (Z{") < oo almost surely. It follows that (L®(Z{)),en is a bounded sequence with probability
1, but this bound is clearly not deterministic since there is a non-zero probability that the sample path reaches large
negative values.

However in the following we discuss on the idea of using moment assumptions to analyze the convergence of single
timescale controlled Markov noise framework of [20]. We show that the iterates (I4) (with €, = 0) converge to an

internally chain transitive set of the o.d.e. (IZ). For this we prove Lemma [BJ] under the following assumptions: For
all T >2,i=1,2,

(S1) The controlled Markov process Y;, as described in [20] takes values in a compact metric space.
(S2) Foralln >0,0<a(n)<1,> a(n) =00, > a(n)? < oo and a(n+1) < a(n),n > 0.
(S3) h:R?x S — R? Lipschitz in its first argument w.r.t the second. The condition means that

Vz €S, |[h(6,2) — h(0, 2)Il < L(2)([|6 — 6'])).

(S4) Let ¢(n,T) = max(m: a(n)+a(n+1)+ -+ a(n+m) <T) with the bound depending on T". Then

n 0<m<é(n,T)

16
sup E < sup L(Yn+m)> < 0.

(S5)
sup &/ [egzﬁfzf)m“(”+W)L(Yn+m)} < 0.

Note that (S4) and (S5) are trivially satisfied in the case when L(z) = L for all z € S i.e. the case of Section

Remark 9. As long as one can prove Lemmal 31l for all T > 2 it will hold for all T > 0, thus one can combine
(S4) and (S5) into the following assumption:

sup B 6578zt 0550 < o,
n

As an instance where such an assumption is verified, consider the Markov process of [10, Eqn. (3.4)] defined
by
Yin+1 = A(0,)Yn + B(0,)Wita

where A(0), B(0),0 € RY, are kx k-matrices and (W,,)n>0 are independent and identically distributed R*-valued
random variables. Assume that the following conditions hold true for all z,y € S:

(a) L(Y,,) is a non-decreasing sequence.

(b) Forr>0,R>0,
Hsﬁlp e L(A(0)z+B(9)y) < LRaRrerL(x) +MReCRL(y)
9|<R

for some Cr, Mg, Lr >0 and ar < 1.

Then
E |:6TL(Y")|YH,1 =z, Op_1= 9:|
< /erL(A(O)erB(O)y)Mn(dy)
< Lrag"e™™® 4+ MpE [ecRL(Wn)]

= Lpag"e™® 4+ Kp,
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with Kr = MpFE [ecRL(W")] (this follows from the fact that W, are i.i.d if we assume that E [eCRL(Wl)} < 0).
Choosing large values of T, one can show that

E {eTL(Yn)|Yn—1 =2,0,_1 = 9} < Bre™® 4 Ky
where Br = Lrar”™ < 1. Using the above, for large r
E [t 0| = BB [erH 01V, 1,0, ]| < BrE [er2 07 0] + K,

which shows that
sup F [eTL(Y")} < 00.

Choosing r > 8T,
sup F {68TL(Y"')} < 00.

Note that this is a much weaker assumption that (A8).

(S6) The noise sequence M,,n > 0 (need not be a martingale difference sequence) satisfies the following condition
$(n,T) !
sup B Z | LY r—y < 00.
" m=0

(S7) sup,, [|0,] < cc.

With the above assumptions we prove the following tracking lemma:

Lemma 4.1. For any T > 0,8Upc(s s47) 0(t) —0(t)|| — 0, a.s.

Proof 15. Lett(n) <t <t(n+m). Now, if 0 <k <(m—1) andt € (t(n+ k), t(n+k +1)],

[ @I < 10N+ 1| BOT (7), pu(r))dr |

t(n)
k—1
<0l + > /
1=0"*t

t(n+1+1)

t

[ RO Yol + L0 ) )i
t(n+k)

) (1800, Yos) || + L(Yura) 09 (7)) dr

t

< Cot MT + / LY (7)) [0 (7) | dr

t(n)

where Y (1) =Y, if T € [t(n),t(n+ 1)). Then it follows from an application of Gronwall inequality that
||9t(n)(t)|| < Oeftt(n) L(Y (7))dr ae t

where C = Cy + MT. Next,

t
J0°0) = 0 e+ kDI < [ 6 6), Yo s
t(n+k)
t
< B Yo = tn-4 0) + LWass) [ 6 (5)ds
t(n+k)
t
< Ma(n+ k) + CL(Ynyr) / eliny LY (D7 g o
t(n+k)
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Then

t(n+m)

I o (R(6"™) (1), u(t)) — RO ([t]), pl[2]))) e

m—1 (n+k+1)
<[ IO, Vi) — B (). Vst
o Jt(ntk)
1

k=
m—

IN

t(n+k+1) . .
L(Yass) / 160 () — 80 (4 + )| d.
t(n+k)

IN
M5 T
=) Lo
)
B

where

ek = L(Yasr)a(n + k)2 | M 4 CL(Yyp)eXimo 20000 ]

3
i

16(t(n +m)) — 0" (t(n+m))| < Y L(Ynsr)a(n + k)[6(t(n + k) — 6" (t(n + k)|

Eol
Il
= O

3
[

+ Cr + ||5n,n+m||a

ke
Il
=]

where 0y ptm = ng?l a(k)Mpgi1.
Therefore using discrete Gronwall inequality we get

16(t(n +m)) — 0 (t(n + m)|| < r(m, n)eXimo ALY

where r(m,n) = ZZZOI(Ck +a(n+ k)| Mytrt1]])-
Now, for some X € [0,1],
16 () — 0(1)]

< (1 =N (t(n+m + 1)) — O(t(n +m + 1)) + M| 0°) (t(n +m)) — 8(t(n + m))||
+ max(A\, 1 —A) /t(n+m+1) [A(01) (s), u(s)) | ds
’ t(n+m)

< r(m+ 1, n)e S0 ST a4 m) [M 4+ CL(Ygm)eZhoo dmHOL0n)]

Therefore

pn,T) = sup [0 (E) — 81| < r(@(n, T+ 1),n)eXics almthL¥usi)
te(t(n),t(n)+T)

+a(n)

M+C sup L(Yoqm)e ST a(ntk) L(Yatr) )
0<m<o(n,T)

Now to prove the a.s. convergence of the quantity in the left hand side as n — oo, we have using Cauchy-Schwartz
inequality:

iE[p(n, <2KTZ( [ (n,T+1),n)) })1/2+4M2ia(n)2+
n=1 n=0

0o 2
402 Z a(n)zE < sup L(Yn+m)> 224’(" 1) a(n+k)L(Yyir)

n=1 0<m<e(n,T)

where Kp = \/sup Ele AT al (n+R)L(Yntr)] which depends only on T due to (S5). Now, the third term in the
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R.H.S is clearly finite from the assumptions (S4) and (S5). Now we analyze the first term i.e.

1/2
oo 1/2 [ee] d)(n,T)
(E {r(qﬁ(n,T + 1),n)4D §2\/§Z E Z Ck
n=1 n=1 k=0
1/2
o0 ¢(n,T) 4
+2V2) L E || Y a(n+ k)| Mg : (21)
n=1 k=0
Nezxt we analyze the first term in the R.H.S of (Z1) again using Cauchy-Schwartz inequality:
1/2
o0 (i)(’ﬂ,,T)
D EI| X e
n=1 k=0
- 4N 1/2
<8M?> ¢(n,T)*a(n)* | E sup  L(Ynix) +
ot 0<k<(n,T)

1/2

0o 8
8C*>  ¢(n,T)’a(n)* | E <o<ks<lf<) T)L(Yn—i-k)) AL a(nti) LYot )

n=1

Therefore the the R.H.S will be finite if we can show that > - | ¢(n,T)?a(n)* is finite. For common step-size sequence
a(n) = %, @(n, T) = O(n) thus the above series converges clearly. One can make the series converge for all a(n) = n—lk

with & < k <1 by putting assumptions on higher moments in (S4) and (S5) .
In the above we have used the following inequality repeatedly for non-negative random variables X and Y :

2n—1

E {(X ¥ Y)Q"} <23 [\/E[XZ"] ¥ \/E[Y2"']]

with n € N.
Now,
QN 1/2
o) ¢(W7T) 4
S e X atn+ 0 Mol
n=1 k=0
4\ 1/2
- 6(n.T) !
< Z a(n)® | E Z | Myt gt |
n=1 k=0

which is finite under assumption (S5) and the fact that a(n) are non-increasing.

5 Application : Off-policy temporal difference learning with linear
function approximation

In this section, we present an application of our results in the setting of off-policy temporal difference learning with
linear function approximation. In this framework, we need to estimate the value function for a target policy 7 given
the continuing evolution of the underlying MDP (with finite state and action spaces S and A respectively, specified
by expected reward r(:,-,-) and transition probability kernel p(:|-,-)) for a behaviour policy 7, with m # m,. The
authors of [11, 12} 3] have proposed two approaches to solve the problem:

(i) Sub-sampling: In this approach, the transitions which are relevant to deterministic target policy are kept
and the rest of the data is discarded from the given “on-policy” trajectory. We use the triplet (S, R,S’) to
represent (current state, reward, next state). Therefore one has “off-policy” data (X, R,,W,),n > 0 where
E[R,X], = s,W, = 5] =r(s,a,8), PW, = ¢|X] =s) =p(s|s,a) with 7(s) = a, m being the target policy
and X/ . n > 0 is a random process generated by sampling the “on-policy” trajectory at increasing stopping
times.
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ii) Importance-weighting: In this approach, unlike sub-sampling, all the data from the given “on-policy” trajectory
i) I t ighting: In thi h, unlike sub ling, all the data fi the gi “ licy” traject
is used. One advantage of this method is that we can allow the policy to be randomized in case of both behaviour
and target policies unlike the sub-sampling scenario where one can use only deterministic policy as a target
policy.

Then they introduce gradient temporal difference learning algorithms (GTD) [I1} 12} B] for both the approaches.

Currently, all GTD algorithms make the assumption that data is available in the “off-policy” setting i.e. of the
form (X], Rp, Wy),n > 0 where {X} are i.i.d, E[R,|X] = s,W,, = §] = r(s,a,s") and P(W,, = §'|X] = s) =
p(s']s,a) with w(s) = a, 7 being the deterministic target policy. Additionally, the distribution of {X/} is assumed
to be sampled according to the stationary distribution of the Markov chain corresponding to the behaviour policy.
However, such data cannot be generated from sub-sampling given only the “on-policy” trajectory. The reason is
that a Markov chain sampled at increasing stopping times cannot be i.i.d. In the following, we show how gradient
temporal-difference learning along with importance weighting can be used to solve the off-policy convergence problem
stated above for TD when only the “on-policy” trajectory is available.

5.1 Problem Definition

Suppose we are given an on-policy trajectory (X, A, Rn, Xn+1),n > 0 where {X,,} is a time-homogeneous irre-
ducible Markov chain with unique stationary distribution v and generated from a behavior policy 7, # m. Here the
quadruplet (S, A, R, S’) represents (current state, action, reward, next state). Also, assume that m,(als) > 0 for all
s € 85,a € A. We need to find the solution §* for the following:

0= vis)n(als)p(s'|s,a)d(0; s, a,5")¢(s)

= E[px,4,0x,R, X011 (0)$(X)]
=b— A0, (22)
where

(i) 6 € R is the parameter for value function,

. _ m(A]X)
(viil) px,a, = T (An]X)?

= Elpx.a, Rnp(X)].

Hence the desired approximate value function under the target policy 7 is V) = G*Tqﬁ. Let Vo = 07 ¢. Tt is well-known
([]) that 6* satisfies the projected fixed point equation namely

Vo =1Tlg , T Vp,
where X R
g,V = in(|V = f]l.),
g, argmin([[V — f]l.)
with G = {V4]0 € R?} and the Bellman operator
T™Vo(i) =Y > w(ali)p(jli,a) YVa(i) + (i, a,5)].
JES a€eA

Therefore to find 6*, the idea is to minimize the mean square projected Bellman error J(0) = ||Vy — Ilg,T™Vp|?
using stochastic gradient descent. It can be shown that the expression of gradient contains product of multiple
expectations. Such framework can be modelled by two time-scale stochastic approximation where one iterate stores
the quasi-stationary estimates of some of the expectations and the other iterate is used for sampling.
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5.2 The TDC Algorithm with importance-weighting
We consider the TDC (Temporal Difference with Correction) algorithm with importance-weighting from Sections 4.2
and 5.2 of [3]. The gradient in this case can be shown to satisfy
1
=5 VI(0) = Elpx,r,0x 1, %02 (0)(X)] = vE[px, 1, ¢(Xng1)(X) T Jw(0),
w(9) = El¢(X)$(X)"] ™ Elox, R, 0%, R X1 (0)6(X)].

Define ¢, = ¢(X), ¢, = ¢(Xnt1), 0n(0) = 6x, R, X1 (0) and p, = px, a,. Therefore the associated iterations in
this algorithm are:

23
Wpt1 = W + b(”) [(pnén(&z) - ‘lsgwn)‘bn} s ( )

with {a(n)}, {b(n)} satisfying (A4).

5.3 Convergence Proof

Theorem 5.1 (Convergence of TDC with importance-weighting). Consider the iterations (23) of the TDC. Assume
the following:

(1) {a(n)},{b(n)} satisfy (A4).

(i) {(Xn, Rn, Xnt1),n > 0} is such that {X,} is a time-homogeneous finite state irreducible Markov chain
generated from the behavior policy mp, with unique stationary distribution v. E[R,|X, = s, X,41 = §] =
Y aca(als)r(s,a,s8") and P(X,11 = 8’| X = 8) = > ,cam(als)p(s]s,a) where m, is the behaviour policy,
7 # mp. Also, E[R?| Xy, Xnt1] < 0o for all n almost surely, and

(iii) C = E[¢(X)d(X)T] and A = Elpx g, ¢(X)(d(X) — v(Xpn+1))T] are non-singular where X ~ v.
(iv) mp(als) >0 for all s € S,a € A.
(v) sup, ([10n]| + [[wnll) < o0 w.p. 1.
Then the parameter vector 6, converges with probability one as n — oo to the TD(0) solution (22).
Proof 16. The iterations [23) can be cast into the framework of Section[Z2 with
(i) 28 = X, 4,
(ii) h(0,w,2) = E[(pn(0n(0)dn — 1505 w)) | Xn-1 = 2,00 = 0, w, = ],
(iii) g(0,w,z) = E[((pndn(0) — ¢5w)¢n )| Xn—1 = 2,00 = 0, w = w],
(iv) My = pu(Bn ()b — 10s0kwn) = Elon(Gn(0n)bn — 10,85 wn)|Xnor, b wal,
(v) M)\ = (pu0n(0n) — STwn)on — Bl(pndn(0n) — bn” wn)dn| Xo—1, b, wn),
(i) Fr = 0Om, W, Rn—1, Xon—1, Amn—1,m < nyi=1,2),n > 0.

Note that in (i) and (iii) we can define h and g independent of n due to time-homogeneity of {X,}.
Now, we verify the assumptions (A1)-(A7) (mentioned in Sections[2.2 and[2.3) for our application:

(i) (A1): 7 Vn,i = 1,2 takes values in compact metric space as {X,} is a finite state Markov chain.
(i) (A5): Continuity of transition kernel follows trivially from the fact that we have a finite state MDP.

Remark 10. In fact we don’t have to verify this assumption for the special case when the Markov chain is
uncontrolled and has unique stationary distribution. The reason is that in such case (A5) will be used only in
the proof of LemmalZ.3. However, if the Markov chain has unique stationary distribution Lemma 2.3 trivially
follows.

(iii) (A2)
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(a)
|h(0,w,z) — h(0',w', 2)||

= |[Elpn(0 — 9/>T(7¢(Xn+l> — ¢(Xn))p(Xn) — 7pn¢(Xn+1)¢(Xn)T(w —w')|Xp—1 = 2]||

< L2)|0 = 0| M2 + [lw — w'[| M?),
where M = max,es [|¢(s)| with S being the state space of the MDP and L = maxX(, a)e(5x A) % Hence
h is Lipschitz continuous in the first two arguments uniformly w.r.t the third. In the last inequality above,
we use the Cauchy-Schwarz inequality.

(b) As with the case of h, g can be shown to be Lipschitz continuous in the first two arguments uniformly w.r.t

the third.
(¢) Joint continuity of h and g follows from (iii)(a) and (b) respectively as well as the finiteness of S.

(iv) (A8): Clearly, {Mr(lz)rl},z = 1,2 are martingale difference sequences w.r.t. increasing o-fields F,,. Note that

E[||M7(l€)rl||2|]:n] < K+ |0n]1 + |wa]|?) a.s., n >0 since E[R2|X,,, Xn11] < 0o for all n almost surely and S

is finite.
(v) (A4): This follows from the conditions (i) in the statement of Theorem [5]l

Now, one can see that the faster o.d.e. becomes
W(t) = Elpx,4,0X, R0 X011 (0)0(X)] = Elo(X)$(X) T Jw(?).

Clearly, C™*E[px,a,0x, Ry, Xn1 (0)0(X)] is the globally asymptotically stable equilibrium of the o.d.e. Moreover,

V'(0,w) = 3| Cw—E[px,a,0x,R,,x,: (0)S(X)]||? is continuously differentiable. Additionally, N(0) = C™'Elpx, 4,0x R0, X1 (0)
and it is Lipschitz continuous in 0, verifying (A6)’. For the slower o.d.e., the global attractor is A~ E[px a, Rn¢(X)]

verifying the additional assumption in Corollary [l The attractor set here is a singleton. Also, (A7) is (v) in the
statement of Theorem [5 1l Therefore the assumptions (A1) — (A5), (A6'), (A7) are verified. The proof would then

follow from Corollary 1.

Remark 11. The reason for using two time-scale framework for the TDC' algorithm is to make sure that the o.d.e’s
have globally asymptotically stable equilibrium.

Remark 12. Because of the fact that the gradient is a product of two expectations the scheme is a “pseudo”-gradient
descent which helps to find the global minimum here.

Remark 13. Here we assume the stability of the iterates (23). Certain sufficient conditions have been sketched for
showing stability of single timescale stochastic recursions with controlled Markov noise [21), p. 75, Theorem 9]. This
subsequently needs to be extended to the case of two time-scale recursions.

Another way to ensure boundedness of the iterates is to use a projection operator. However, projection may
introduce spurious fixed points on the boundary of the projection region and finding globally asymptotically stable
equilibrium of a projected o.d.e. is hard. Therefore we do not use projection in our algorithm.

Remark 14. Convergence analysis for TDC with importance weighting along with eligibility traces cf. [3, p. T4]
where it is called GTD(\)can be done similarly using our results. The main advantage is that it works for A < LL’Y
(A € [0,1] being the eligibility function) whereas the analysis in [J)] is shown only for XA very close to 1.

Remark 15. One can analyze this algorithm when the state space is infinite by imposing assumptions on ¢ as well
as the target and behavior policies.

6 Conclusion

We presented a general framework for two time-scale stochastic approximation with controlled Markov noise. More-
over, using a special case of our results, i.e., when the random process is a finite state irreducible time-homogeneous
Markov chain (hence has a unique stationary distribution) and uncontrolled (i.e, does not depend on iterates), we
provided a rigorous proof of convergence for off-policy temporal difference learning algorithm that is also extendible
to eligibility traces (for a sufficiently large range of A) with linear function approximation under the assumption
that the “on-policy” trajectory for a behaviour policy is only available. This has previously not been done to our
knowledge.
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