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Abstract

In this paper, we establish non-asymptotic bounds for accuracy
of normal approximation for linear two-timescale stochastic
approximation (TTSA) algorithms driven by martingale dif-
ference or Markov noise. Focusing on both the last iterate
and Polyak—Ruppert averaging regimes, we derive bounds
for normal approximation in terms of the convex distance
between probability distributions. Our analysis reveals a non-
trivial interaction between the fast and slow timescales: the
normal approximation rate for the last iterate improves as
the timescale separation increases, while it decreases in the
Polyak—Ruppert averaged setting. We also provide the high-
order moment bounds for the error of linear TTSA algorithm,
which may be of independent interest. Finally, we demonstrate
that our theoretical results are directly applicable to reinforce-
ment learning algorithms such as GTD and TDC.

Extended version — https://arxiv.org/abs/2508.07928v2

1 Introduction

Stochastic approximation (SA) methods play an important
role in the field of machine learning, especially due to their
role in solving reinforcement learning (RL) problems (Sutton
and Barto 2018). Recent studies cover both asymptotic (Ne-
mirovskij and Yudin 1983; Polyak and Juditsky 1992) and
non-asymptotic (Moulines and Bach 2011) properties of SA
estimates. In particular, two-timescale stochastic approxima-
tion (TTSA) algorithms (Borkar 1997) refer to the class of
methods that update two interdependent variables with sepa-
rate step size sequences, one typically decreasing faster than
the other. This class of methods is especially important in
RL, where policy evaluation in the off-policy setting requires
TTSA methods such as the Gradient Temporal Difference
(GTD) method (Sutton, Maei, and Szepesvari 2008).

An important question for SA algorithms is related to
the accuracy of Gaussian approximation (GAR) of the con-
structed estimates. Classical results on GAR for SA algo-
rithms, such as (Polyak and Juditsky 1992; Konda and Tsit-
siklis 2004), are asymptotic and do not provide convergence
rates. At the same time, the latter results play an important
role in statistical inference for optimization (Fan 2019), as
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they pave the way for non-asymptotic analysis of various pro-
cedures for constructing confidence intervals. We focus on
the linear two-timescale SA problem, that is, we aim to find a
solution (6*, w*) that solves the system of linear equations:

A+ Apw =0b1, Al + Aypw =0by,

assuming that the solution (6*, w*) is unique and is given by
0 = Ail(bl — A12A521b2), w* = A;zl(bg — Azlg*) s

with A = A — A12A§21A21. We consider the setting,
where the underlying matrices A;; and vectors b;, 7,j €
{1, 2}, are not accessible. Instead, following (Borkar 1997),
we assume that the learner has access to a sequence of ran-
dom variables { X}, } e taking values in a measurable space
(X, X), and vector/matrix-valued functions b;(z), A;;(z),
1,7 € {1, 2}, which serves as stochastic estimates of b; and
A, ;, respectively. The corresponding recurrence runs as

Op1 = Ok + Br{by ! — AT, — AT M}

k+1 k+1 k+1
w1 = wi + {bs Tt — ASH0, — A5 wg

ijs
()

where ), € R%, w, € R%, and b¥, A?j are shorthand
notations for b;(X},) and A;;(Xy), respectively. The scalars
Vi, Bk > 0 in (1) are step sizes, and the underlying SA
scheme is said to have two timescales as the step sizes sat-
isfy limy o0 Bk /7vk < 1 such that wy, is updated at a faster
timescale. In our paper we consider 3, = co g(k + ko)™°
and i, = co,(k + ko) ~* with exponents a and b satisfying
1/2 < a < b < 1. When {X}}ren are i.i.d., and under
appropriate technical assumptions on the parameters of (1),
it is known (see e.g. (Konda and Tsitsiklis 2004)), that the
asymptotic normality of the "slow" timescale 6} holds:

By P (0 — 0%) = N(0,%) @)

with some covariance 4. The authors in (Mokkadem, Pel-
letier et al. 2006) generalized this result for the averaged
iterates of non-linear SA:

0, :=n"1! 22:1 Op, Wp:=n""! ZZ:1 wi . (3)

The latter estimates correspond to the Polyak-Ruppert aver-
aging procedure introduced in (Ruppert 1988; Polyak and
Juditsky 1992), a popular technique for stabilization of the
SA algorithms. The authors of the recent paper (Kong et al.



2025) obtained the non-asymptotic convergence rates for the
averaged iterates #,, and w,, in Wasserstein distance of or-
der 1, using the vector-valued versions of the Berry-Essen
theorem for martingale-difference sequences due to (Srikant
2024). In this paper, we not only generalize these results
for the setting of Markov noise, but also establish the corre-
sponding convergence rates for the last iterate 6y. The main
contributions of this paper are the following:

* We derive non-asymptotic bounds for the accuracy of
normal approximation for the Polyak—Ruppert-averaged
TTSA /n(f, — 6*) and last iterate B, /*(6,, — 6*) in
terms of convex distance under martingale-difference
noise assumptions. Our results indicate that the normal ap-
proximation for the last iterate improves as the timescale
separation increases and achieves a convergence rate of
order up to n~ /4, up to logn factors. We show that
the Polyak—Ruppert averaged TTSA iterates achieve the
same rate of normal approximation, but require that the
timescales ;. and -, coincide up to a constant factor.
While our analysis for the Polyak—Ruppert averaged
TTSA generalizes recent results due to (Kong et al. 2025),
we provide, to the best of our knowledge, the first fully
non-asymptotic analysis of the normal approximation
rates for the last iterate of TTSA.

* We generalize the obtained results for normal approxi-
mation for the averaged TTSA and the last iterate to the
setting of Markov noise. Our results show a convergence
rate of order up to n~'/6, up to logarithmic factors, with
the same conclusion regarding timescale separation as in
the martingale noise case. This is the first result on the
normal approximation rate for TTSA with Markov noise.

Notations. For a matrix A € R%*? we denote by || A]|
its operator norm. For symmetric positive-definite matrix
Q =Q" =0, Q € R¥™ and z € R% we define
the corresponding norm ||z||o = /2T Qz, and define the
respective matrix Q-norm of the matrix B € R%X¢ by
Bllq = sup, | Bx|lg/[|*|lq. For sequences a,, and b,
we write a, Siog, by if there exist ¢, > 0 (not depending
upon n), such that a,, < ¢(1 4 logn)®b,,. In the present
text, the following abbreviations are used: "w.r.t." stands for
"with respect to", "i.i.d. " - for "independent and identically
distributed", "GAR" - for "Gaussian Approximation".

Related works Classical results in the stochastic approx-
imation (Borkar 2008) study the asymptotic properties of
the single timescale SA algorithms, with the properties of
averaged estimated studied in (Polyak and Juditsky 1992).
Two-timescale SA schemes were studied in (Borkar 1997,
Tadi¢ 2004; Tadic 2006) in terms of almost sure convergence.
Asymptotic convergence rates of linear two-timescale SA
were studied in (Konda and Tsitsiklis 2004), where the au-
thors showed that asymptotically E[||0x — 6*]|?] = O(B%)
and E[[|wy — w*[]*] = O().

Non-asymptotic error bounds for TTSA were first devel-
oped in (Dalal et al. 2018; Dalal, Szorenyi, and Thoppe 2020)
under the martingale noise assumptions and additional pro-
jections used in the update scheme (1). These results were
further improved in (Kaledin et al. 2020) for linear TTSA
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problems. (Haque, Khodadadian, and Maguluri 2023) refined
the results of (Kaledin et al. 2020) obtaining the MSE bounds
E[||0x — 6*|?] and E[||w), — w*||?] with the leading terms
given by By, Tr Xy and ~; Tr 3, where the covariances X
and X, aligns with the CLT in (2). (Kwon et al. 2024) con-
sidered the version of (1) with constant step sizes and studied
convergence to equilibrium for the corresponding Markov
chain. Non-linear TTSA has been considered in (Doan 2024)
under strong monotonicity assumptions, focusing on obtain-
ing the MSE rate of order O(1/k) for k-th iterate.

Central limit theorem for TTSA iterates has been estab-
lished in (Mokkadem, Pelletier et al. 2006), where the asymp-
totic version of the CLT was proved both for the last iter-
ates (6, wy) and their Polyak—Ruppert averaged counter-
parts (0, @, ). (Hu, Doshi, and Eun 2024) established an
asymptotic CLT for general TTSA under Markov noise and
controlled Markov chain dynamics, without quantifying the
convergence rate. (Kong et al. 2025) studied the CLT for av-
eraged iterates (6,,, @, ) and provided a non-asymptotic CLT
with the convergence rate studied in terms of Wasserstein
distance of order 1.

2 Gaussian Approximation for SA Algorithms

We outline a general scheme for proving the normal ap-
proximation. We consider vector-valued nonlinear statistics
T(X1y,...,X,) € R% which can be represented in the form

T=W+D, 4)

where W is a linear statistic of the random variables
X1,..., Xy, and D is a small perturbation. This approach
is well studied when X1, ..., X, are i.i.d. random variables
(Chen and Shao 2007; Shao and Zhang 2022) or form a
martingale-difference sequence (Shorack 2017). The case of
Markov random variables can be reduced to the setting of
martingale-difference sequences through the Poisson equa-
tion (Douc et al. 2018, Chapter 21). We consider the de-
composition (4) and assume, without loss of generality, that
E[WW ] = I,. To measure the approximation quality, a
common approach is to use the supremum of the difference
between measures taken over some subclass H C Conv(R%)
of the collection of convex sets Conv(R?). Specifically, for
probability measures y, v on R?, we write

da(p,v) = suppey [1(B) —v(B)| -

Examples of H include the class of all convex sets, half-
spaces, rectangles, ellipsoids, etc. The choice of different
collections of sets 7 may be motivated by the needs of a
particular application and may introduce differences in the
dependence of the results on the problem dimension d. In-
deed, even this dimensional dependence for linear statistics
W can vary; see (Bentkus 2003) and (Kojevnikov and Song
2022) for the respective results for i.i.d. sequences and mar-
tingale differences. In this paper, we focus on the convex
distance p°, defined as

P s V) = SUPBeConv(R4) |,u(B) - V(B)‘ )

and rely on the following proposition to reduce the problem
of Gaussian approximation for the nonlinear statistic W + D
to that for the linear statistic W:

Conv(



Proposition 1 (Proposition 2 in (Sheshukova et al. 2025)).
Let v be a standard Gaussian measure in R%. Then for any
random vectors W, D taking values in R, and any p > 1,

pCO (W + D, v) < pCom (W, )
+2cy/ PRV ) [ D7),

where cg is the isoperimetric constant of class Conv(R?).
Similar results can be derived for other classes of sets H,
with the constant ¢y depending on the isoperimetric proper-
ties of the specific class H; see, e.g., (Klivans, O’Donnell,
and Servedio 2008). Proposition 1 shows that the estimation
of p“°™ (W + D, N'(0,1)) can be reduced to:
1. Estimating p©°™ (W, N(0,1));
2. Estimating moments E[|| D||?] for some p > 1.
To bound p©°™v (W, N(0,1)), one can apply a Berry-Esseen
bound for the appropriate linear statistic, e.g., (Shao and
Zhang 2022) for i.i.d. random variables or (Srikant 2024;
Samsonov et al. 2025; Wu, Wei, and Rinaldo 2025) for the
martingale-difference setting. The most involved part of the
proof is the proper estimation of E[|| D||?].

3 GAR for TTSA with Martingale Noise

Assumptions and definitions. We investigate the linear
TTSA algorithm given by the equivalent form of (1):
Okt1 = Ok + Br(br — A110) — Arpwg + Viey), (5)
Wi1 = W + k(b2 — A210; — Agowy, + Wii1) . (6)
In this recurrence, the noise terms V1, Wi41 are given by:
Vipr = ebtt — AP0, — 0%) — AT (wi, — w?),
Witr = Ellejrl - Agfl(ek —0%) - Aggl(wk —w"),

)

where we used the notation AT! := AN — A;; fori, j €

{1,2}, and the random vectors ef;" !, ef;f! are given by

k+1 _ 1. k+1 k+1 % k+1
el = it AR ARy
k+1 _ v k+1 k+1 p* k+1_ %
el = bET — AR — ALt

We consider a setting where the random elements V4, and
Wi41 form a martingale-difference w.r.t. filtration F;, =
o(X1,...,Xk), Fois trivial. We first consider the martingale
noise setting. This setting covers the i.i.d. setting from (Konda
and Tsitsiklis 2004) and also serves as a basis for subsequent
analysis of the Markov noise setting.

®)

A 1. The noise terms are zero-mean given JFy, ie.,
]E]:k [Vk+1} = O, and ]E]:k [Wk+1] =0.

Next, for a given p > 2, we impose the following moment
bound on Vi1, Wiq:

A2 (p). There exist myy, my > 0 such that for any k € N:

EV[|[VialP] < my (1 +EM2[]6), — 67|71
+EVP g —w|7])

EYP[[[WeralP) < mw (1 +EYP[]|0r — 07|I7)
+EYP[lwg — w*||P]) -
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The assumption A 2(p) appears in a similar form with
p = 2 in (Kaledin et al. 2020, Assumption A4). Since our
results require to control high-order moments of the TTSA
iterates 6y, and wy, it is natural to require that p-th moment of
Vi4+1 and Wy are finite. Next, we present an assumption
on the quadratic characteristic of V; and Wy:

A3. Noise variables el‘c,+1 and E{C/I}"I defined in (8) have zero

conditional expectation given Fy,, that is, BT+ [E@H] =0
and BT+ [s"fvﬂ] = 0. Moreover, there exist matrices Xy,
Yw, Xvw such that for any k > 0:

E7 [y ey} ] = By BT [y ey ] = Bw
E7 [y H{ew '] = Svw -

This assumption relaxes the one stated in (Kong et al.
2025), where the authors required the quadratic characteristic
of the entire vectors V41 and Wy to be constant. However,
this assumption is unlikely to hold due to the structure of
these vectors outlined in (7). We also impose the following
conditions on the problem matrices:

Ad4. Matrices —Agg and — A\ = — (A11 - A12A521A21) are
Hurwitz.

A4 is common for the analysis of both the linear two-
timescale SA, see (Konda and Tsitsiklis 2004), and single-
timescale SA, see (Durmus et al. 2025; Mou et al. 2020). A4
implies, due to the Lyapunov lemma (stated in the supplement

paper for completeness), that there exist matrices Q;rz =
Q22 = 0, QA = Qa = 0, such that

IT—vkA22llQ, <1—asyk, azx:= m ) ©)
IT—BrAllQa < 1—anaBr, aa = gga7

provided that the step sizes 7 and (; are small enough.

Precisely, for p > 2, we impose the following assumption A

5(p) on the step sizes:

A5 (p). Step sizes (Vi)k>1, (Br)k>1 are non-increasing se-

quences of the form

B =coplk+ko)™", i =co(k+ko) ",

where 1/2 < a < b < 1, fraction co g/co ~ is small enough,

and constant kg satisfies the bound ky > Casp*/®
the constant C 45 does not depend upon p.

, wWhere

In the subsequent main results, we set the parameter p of
order log(n). Hence, the parameter ko will depend on the
total number of iterations to be performed. The same effect
appears in the single-timescale SA algorithms (Durmus et al.
2025; Wu et al. 2024). This effect is unavoidable at least in
the setting of the constant step size algorithms, see (Durmus
et al. 2021, Theorem 1).

A6. There exist Ca,Cyp > 0 such that for any i, j € {1,2},
sup,ex || A (2)]| V [|Agj (@) — Aij|| < Ca,
supgex [|bi(z)]| V [Ibi(z) = bil| < Cp

We expect that A6 can be replaced with an appropriate
moment condition, at least in a setting where the noise vari-
ables Vi, and W}, form a martingale difference. At the same

time, our further generalizations to the Markov noise setting
inherently rely on the boundedness of A;;(x) and b;(z).



3.1 Moment Bounds for Martingale TTSA

Given the assumptions A1 - A6, we present the classical
reformulation of the two-timescale SA scheme (5)-(6), which
is due to (Konda and Tsitsiklis 2004), see also (Kaledin et al.
2020). We define recursively the following sequence of ma-
trices { L } ken, with Ly = 0, and

Lyt1 := (L, — YwAsa Ly + BrAsy Ao Uy)
-1
X (I—ﬁkUk> s Uk :ZA—Alng .
and define Loo = aaAmax(@a)/(Amin(Q22)2||A12]]). As
shown in (Kaledin et al. 2020, Lemma 18), under A5 above
recursion on Ly, is well-defined, and every L, satisfies the
relation || Ly || < L. In addition, define the matrices:
Bfl =A—ApsLy, Dy:=Lpy + A2_21A21 ,
B, = (Br/ k) (Li41 + Ay As1) A1z + Ao
In a similar vein as performing Gaussian elimination, we
obtain a simplified two-timescale SA recursions:

Proposition 2 (Observation 1 in (Kaledin et al. 2020)). Con-
sider the following change of variables:

0, := 0, — 0", W = wy —w*—l—Dk,lék.

Then the two-timescale SA (5)-(6) is equivalent to:

Opr1 = (I — BpBY,)0k — BrAinty — BrVita

) g (10)
Wyy1 = (I =y Boo) Wk — BrDiVir1r — eWeot -

Our further analysis, both for martingale and Markov noise,
will essentially rely on the decoupled TTSA updates (10). We
refer to this dynamics as to the "decoupled” one, since the

update of the scale w1 no longer depends directly on O,
only through the noise variables Vi1, and Wy ;. Now we
aim to upper bound the quantities

My, = EVPan|”], MY, = EVP[6:]7]

Similarly to (9), we show in the supplement paper, that

1= BrBiilles <1 - (1/2)Bkaa ,
I =Bl Qee < 1= (1/2) 0022 -
The result (11) together with the structure of the updates (10)
enables us to expand the recurrence and to show that the
error component, associated with the initial error 6y — 6*

and wy — w* decay at the exponential rate. Precisely, the
following bound holds:

Proposition 3. Let p > 2 and assume A1,A2(p), A3, A4, A
5(p), and A6. Then for any k € N it holds

M, ST (1 - Biaa/8) + 9282, (12)
w k 1/2
My, S 1—o (1 —ja22/8) +P3’Yk/ ,  (13)

where < stands for inequality up to constants not depending
upon k and p.

)
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Discussion. Proposition 3 provides, to best of our knowl-
edge, the first high-order moment bounds in the linear TTSA

with martingale noise. The scaling of the r.h.s. with 8 ,1/ ? for

M,fﬂm and 7,1,/2 for M;;DH,p coincides with the one previ-
ously obtained for the particular case p = 2 in (Kaledin et al.
2020). Similar asymptotic results were previously obtained in
(Konda and Tsitsiklis 2004). We expect that the dependence
of the r.h.s. of (12) and (13) upon p can be improved based on
applying the Pinelis version of Rosenthal inequality (Pinelis
1994, Theorem 4.1) instead of Burkholder’s inequality (Os-
ekowski 2012, Theorem 8.6), that was used in the current
proof, yet we expect that this approach introduces additional
technical difficulties.

3.2 GAR for Polyak-Ruppert Averaged TTSA

Based on the results of the previous section, we can now
quantify the Gaussian approximation rates for /n(6,, — 6*)
for the Polyak-Ruppert averaged estimator 6,, from (3). Now
we present the key decomposition:

Ally — 0%) = O — k1 A2 A5y (wr — wiy1)
Bk Vi (14)
+ (Vi1 — A1z Ay, W)
The proof of the above identity is given in the supplement

paper. Taking sum in (14) for k¥ = 1 to n, and using the
definition of Vj, 1, W1 in (7), we get:

VRAG, — 0*) = 2= 30 Y + RE, (15)

where we set 111 = ent — Ajp Ay el and R is a
residual term defined in the supplement paper. Assumption

A3 implies that the variance Var[eft — A15 A5 ebt s

constant for any k, so we can define
Y. := Var[el, — AjpAy ely] € R¥xd  (16)
The following theorem holds:

Theorem 1. Assume Al,A2(logn), A3, A4, A5(logn), and
A6. Then, it holds that
_ 1 1
Conv _n* <
1% (\/ﬁA(en 0 )’N(O7EE)) ~logn na/2+n(1—b)/2 .

Proof sketch. We apply Proposition 1 to the decomposition
(15) and obtain, with v ~ N(0, X.), that

pConV (\/ﬁA(éﬂ o 9*)’ I/) < pConV (n*1/2 Zd’k“’ I/)
k=1

T
+ 202/p+1E1/(p+1) [||E;1/2R£r”p:| .

T>

Due to A1 and A 6, sequence {¢p+1}ren is a bounded
martingale-difference sequence w.r.t. Fj with constant
quadratic characteristic. Hence, 77 can be estimated applying
a slight modification of (Wu, Wei, and Rinaldo 2025, The-
orem 1). It remains to bound the moments of 75, which is
done using Proposition 3.



In the theorem above, the coefficients before
“II,

Discussion.
the terms depend upon the initial errors ||6g—6*]|, ||wo—w
and upon the factors 1/(1 — a) and 1/(1 — b). That is why
the result in its current form does not apply directly if b = 1.
We expect that the result holds in this case as well, perhaps
at a price of introducing additional logarithmic factors. The
same remark applies to Theorem 2-Theorem 4 stated below.

Since 1/2 < a < b < 1, the bound of Theorem 1 is
optimized when setting a = 1/2 + 1/logn and b = a +
1/log n, yielding the final rate of convergence of order

PO (VA (0, — 0%),N(0,2.)) Stogn n V4. (17)
The result of (17) improves upon the previously established
results of (Kong et al. 2025). The authors of that paper ob-
tained a rate of n=1/4, up to log n factors, in terms of Wasser-
stein distance. This implies convergence rate n~'/8 in the
convex distance, which is slower than (17). The choice of a
and b in (17) corresponds to nearly the same scales for /3, and
&, effectively reducing the problem to a single-scale LSA.

The obtained n~ /% rate aligns with the one established for
this problem with i.i.d. noise in (Samsonov et al. 2024).

3.3 GAR for the Last Iterate
In this section, we derive the normal approximation rates for
the last iterate ﬂn 0+1. Following (Konda and Tsitsiklis
2004) and using (10), equations for 05, and Wy writes as
Ort1 = (I— BrA)0), — By Aror — By Vi1 + Bk5,i1)7
Whr1 = (I — Yk Ag2) @k — BrDiViers — Wigr — Br0L,
where we set
S = AnaLiby , 07 = —(Lit1 + Agy Ast) Aroy, .

Throughout the analysis we use the following convention:

G =TI, 0= 8,A), G2 =115, (1= 7iAs) .

Enrolling the above recurrence and following (Konda and
Tsitsiklis 2004), we get from the previous recurrence that

Onir = =30 BiGY 0 + RESE, (18)

where R12* is a remainder term defined in the supplement pa-
per. The leading term in representation (18) is a linear statis-
tics of ey, ey which are martingale difference sequences
with constant quadratic characteristics due to A3. Now we
define

Bt = Var[Y]o 85G5 aty] -

It is known that 3 13125 converges to a fixed matrix X125t
which is a solution of the Ricatti equation

E};st _ ﬂO(AEI;St + EL%StAT _ Ee) ,

where 3. is defined in (16). Moreover, the convergence rate
is proportional to 3, i.e.

[ sl el IS

The proof of the above result is given in the supplement paper.
The following assumption guarantees that the covariance
matrix 3, 1315t is non-degenerate, which is important for
the further applications of Proposition 1.
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A7. Step size exponents a,b satisfy 2b > 1 4 a. Moreover,
assume that the total number of iterations n satisfies n® >
C' a7, where C 57 does not depend on a, b, and can be traced
following the supplement paper.

Theorem 2. Assume AI,A2(logn), A3, A4, A5(logn), A6, A
7. Then, it holds that

pCOIlV (ﬁ_1/2§n+17N(0 21ast))

Nlogn nb/2 H 76‘7 (19)

n(Bb—a—2)/2

Discussion The proof of Theorem 2 is similar to the one
of Theorem 1, but relies on the decomposition (18) instead
of (15) used in the averaged setting. Additional technical
difficulties arises when controlling the moments of the term
R!2st, Bounding the latter term requires additional constraint
2b > 1+ a imposed in A7.

Since 1/2 < a < b < 1, the bound of Theorem 2 is
optimized when setting a = 1/2 + 1/logn and b = 1 —
1/ log n, yielding the final rate

—1/4
9

P (B0 N (0,25 Siogn

~log

provided that n is large enough. To the best of our knowledge,
this is the first result concerning the Gaussian approximation
rate for the TTSA last iterate.

Note that Theorem 2 reveals phenomenon, which is com-
pletely different from what was previously observed for
the Polyak-Ruppert averaged iterates in Theorem 1. Indeed,
the right-hand side of the bound (19) contains the term
n~(=a=2)/2 which favors separation between 3, and v,
and vanishes when the scale exponents are close.

4 GAR for TTSA with Markov Noise

In this section we generalize the results obtained in Section 3
to the more practical scenario when { X} } ey form a Markov
chain. Namely, we impose the following assumption:

B1. The sequence { X} }ren is a Markov chain taking values
in a Polish space (X, X) with the Markov kernel P. Moreover,
P admits  as a unique invariant distribution and is uniformly
geometrically ergodic, that is, there exists tnix € N, such
that for any k € N, it holds that

A(P*) := sup di(P¥(z,-),PF(a’,.)) <

z,x’ €X

(1/4) [k /tmix | )

Moreover, for all k € Nand i,j € {1,2} it holds that
Er[A}] = Aij and Er[b}] = b; .

Parameter ¢,,;x in B 1 is referred to as a mixing time, see
e.g. (Paulin 2015), and controls the rate of convergence of
the iterates P* to 7 as k increases.

4.1 Moment Bounds for TTSA with Markov Noise

First, we introduce a counterpart to A5 that is needed to
derive moment bounds for the setting of Markov noise.



B2 (p). (vk)k>1, (Bk)k>1 are non-increasing sequences of
the form

Br = co,p(k + ko) ~°,

where 1/2 < a < b < 1, fraction cy g/cg - is small enough,

and constant kg satisfies the bound ko > Cp 2p4/ b
the constant C'g o does not depend upon p.

Ve = coy(k+ ko)™,

, where

The proof of moment bounds is more involved compared
to the martingale noise case. Following the decomposition
outlined in (Kaledin et al. 2020), we first represent the
noise variables (Vi11, Wi+1) as a sum of their martingale
(Vk(j)_)l, W,Ei)l) and Markovian components (Vk( +)1, W,Ei)l)

a way that
1 0 1
Vigr =V + v Wi = w0 +wl)
Here E7* {Vk@l} =0 and E7* {W,gi)l} = (. This represen-
tation is obtained using the decomposition associated with
the Poisson equation, see (Douc et al. 2018, Chapter 21)

and additional summation by parts. Then we define a pair of
coupled recursions, which form exact counterparts of (10):

el(c—&)-l (I- BBy ) - ﬁkAlzw Bka(il ,

o), =1 — B DRV, — )

Wepr = U~ ’Yszz)w 15

where ¢ € {0,1}. Then it is easy to see that 0, =
9,20) + 9(1 and wy, = w(o) + w( ). Precise expressions for
9,(;)7 0 (Z) V(z) W,Ez) can be found in the supplement paper.

Proposition 4. Let p > 2. Assume A4, A6, B 1, B2(p). Thus,
it holds for any k > 0 that

M{,, ST (1 — “45) + p* /B
7 k ;
M, ST =o(1 = =5) + PV -

Proof sketch. The idea of the proof is to bound martingale
and Markov parts separately using the techniques from Sec-
tion 3. Note that Proposition 4 directly mimics the similar
result obtained under the martingale noise setting in Proposi-
tion 3. The only difference is that the constants hidden under
< additionally depends upon the parameter ;.

4.2 GAR for Polyak-Ruppert Averaged TTSA

To proceed with Gaussian approximation for Polyak-Ruppert
averaging, we use the decomposition (15) to transform the lin-
ear statistic Y ;_, 541 to a sum of martingale-increments.
This transformation is done through the Poisson equation,
see (Douc et al. 2018, Chapter 21). Under A 6, function
Y(z) = ey(z) — AjpaAy ew(z) is a.s. bounded, which
implies that there exists a function g% : X — R% such that

9" (x) - Pg’(z) = ¥(z) .
We set g}/, := g% (Xj+1) and define

My =g}, — Pg} ,
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which form a martingale-increment w.r.t. 7. Then we can
rewrite (15) as

VAl = 0%) = 7= 3o Me +RPV™ - (20)

where RE™™ is a residual term defined in the supplement.
Under B 1 there exists a matrix M4k ¢ Ro*do guch that

R (e — 7)) S N(O,DEY) @D
Due to (Douc et al. 2018, Theorem 21.2.5), we get that
Var[M;] = Smark
Now we state the counterpart to Theorem 1:

Theorem 3. Assume A4, A6, B 1, B2(logn). Then it holds
that

pCOIlV(\/ﬁA(én _ 9*)’N(07 zmark)) (22)

1 1 aA/J’J
Slogn TL1/4+TL(1 b)/2+ +fH 1-

Proof sketch. The proof of Theorem 3 consists of two main
parts. First, we derive a Gaussian approximation rate for the
linear statistic ﬁ ZZ:l Mp, using an appropriate martingale

CLT. It is especially non-trivial, since E* [Mk{Mk}T} is
not constant. We circumvent this problem using an appropri-
ate modification of the argument due to (Fan 2019). Next, we
estimate the moments of RP"™ using the techniques estab-

lished in Proposition 3 for 51(60)7 12),&0) and then combining this

with a separate bounds for the Markov part élil), uNJ,(Cl).

Discussion. It is easy to see that, given that b > a, the
right-hand side of (22) is optimized when setting a = 2/3
and b = 2/3 4+ 1/(log n). This yields the final rate of order

n~1/6 up to logarithmic factors:

PO (VnA(B, — 6%),N(0, M%) <00y n~ /60 (23)

To the best of our knowledge, (23) provides the first result
concerning the Gaussian approximation rates for the TTSA
problems with Markov noise. The suggested step size sched-
ule mimics the one predicted by Theorem 1 and essentially
reduces the TTSA scheme to a single-timescale one.

4.3 GAR for Last Iterate of TTSA

We start this section by introducing a counterpart to (18)
based on the idea of the decomposition (20) for Polyak-
Ruppert averaging:

Bn 1/2 Ont1=— ZJ —0 B G§1+1 . M +Rl§LSt’m ;o (24

where Rt jg a residual term that is given in the supple-
ment paper. Note that the leading term in representation (24)
is martingale difference sequence. Now we define

:Var[Zj Oﬁj j+1 n ]} :

It is known that 3, 1X1astm converges to a fixed matrix
slastm which is a solution of the Ricatti equation

_ ﬁo(AEg%t,m + Eloaost,mAT _ Zrongrk) ,

last,m
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last,m
2:oc



where E“O‘;‘rk is defined in (21). Moreover, the convergence
rate is proportional to 3, i.e.

|5 et — lastan < b

The proof of the above result is given in the supplement paper.
Now we formulate a counterpart to A7:

B 3. Step size exponents a,b satisfy 2b > 1 + a. Moreover,
assume that the total number of iterations n satisfies n® >
Cp 3, where C'p 3 does not depend on a, b, and can be traced
from the supplement paper.

Theorem 4. Assume A4, A6, B 1, B2(logn), B 3. Then it
holds that

pConv(ﬁgl/Zén_H,N(O’ ELiSt"m)) (25)
n
b anf; 1 1 1
Slogn nz H(l - ] J) + 2b—1 + 2a—b + 3b—a—2 °*
=0 n- 4 n-z n- 2

Proof sketch. The proof of Theorem 4 uses the same ma-
chinery of Gaussian approximation for non-linear statistics
based on representation (24). In this setting control of the
moments of the term R!5%™ is a delicated problem, which
requires the additional constraint 2b > 1 + a imposed in B 3.

Discussion. It is easy to see that, given that b > a, the
right-hand side of (25) is optimized when setting ¢ = 2/3
and b =1 — 1/(logn), and yields the final rate in terms of n
of order up to n~'/6 up to logarithmic factors:
pConv(Bgl/ZénJrl’J\/(O7 El:ést,m)) <logn n—l/ﬁ )

~

This rate, to the best of our knowledge, is the first one ob-
tained for the last iterate of TTSA with Markov noise.

S Applications to TDC and GTD

In this section, we show that the results derived in Section 3
and Section 4 apply to the Gradient Temporal Difference
(GTD) (Sutton, Maei, and Szepesvéari 2008) and Temporal
Difference with Gradient Correction (TDC) (Sutton et al.
2009) methods. These methods address the problem of classi-
cal TD learning, which is based on single-timescale stochastic
approximation and is known to fail in off-policy RL settings
where data are drawn from a behavior policy different from
the target policy (Baird 1995; Tsitsiklis and Van Roy 1997).
We consider a discounted MDP (Markov Decision Process)
given by a tuple (S, A, P, 7, \). Here S and A denote state
and action spaces, which are assumed to be complete sep-
arable metric spaces with their Borel o-algebras B(S) and
B(A), and X € (0,1) is a discount factor. Let P(+|s, a) be a
state-action transition kernel, which determines the probabil-
ity of moving from (s, a) toaset B € B(S). Reward function
r: 8§ x A — [0,1] is deterministic. A Policy 7 (+|s) is the
distribution over action space A corresponding to agent’s
action preferences in state s € S. We aim to estimate value
function

V™ (s) = E[EZOIO Ner(Sy, Ap)|So = 5] ,

where Ay, ~ w(-|sk), and Sky1 ~ P(:|Sk, Ax). Define the
transition kernel under 7,

P (Bl|s) = [, P(Bls,a)n(dals) . (26)

36633

We consider the linear function approximation for V7 (s),
defined for s € S, § € R?, and a feature mapping p: S —
R? as V" (s) = ¢ (s)6. Our goal is to find a parameter 6*,
which defines the best linear approximation to V™. We denote
by w the invariant distribution over the state space S induced
by P™(:|s) in (26). Consider the following assumptions on
the generative mechanism and on the feature mapping ¢(-):
TD 1. Tuples (sk, ax, s).) are generated i.i.d.with s, ~ y,
ag ~ 7(-|sg), sj, ~ P(:|sk, ax) .

TD2. Feature mapping ¢(-) satisfies sup,cs ||o(s)|| < 1.

As an alternative to the generative model setting TD 1, our
analysis covers the Markov noise setting:

TD3. Suppose that we obtain a Markovian sample trajectory
{(sk, ar, i)} 32 which is generated when a stationary be-
havior policy  is employed. Assume that the Markov kernel
P admits a unique invariant distribution p and is uniformly
geometrically ergodic, that is, there exist tyix € N, such that
forany k € N, it holds that
sup_doy (Ph([s), PA(1s") < (1/) /0]
s,8'€S
We introduce the k-th step TD error for the linear setting:
8k = rr + A0 o1 — Oy @i,
where we have defined
ok =@(sk), Th=r1(sK k) -

Generalized Temporal Difference learning. The GTD(0)
algorithm is defined by the following recurrence for £ > 1:

{9k+1 = 01 + Br(or — Aors1) (@) Twr , g € RY,
Wit1 = Wi + Ve (Opor —wr) , wo=0.

(27)
It is clear that the GTD(0) recurrence (27) is a particular case
of the linear TTSA given in (5)-(6).

Temporal-difference learning with gradient correction.
The TDC algorithm employs dual updates for the primary
parameter vector 0 and the auxiliary weight vector wy. Its
update rule is given by

{9k+1 = Ok + B — Bedpr+1 (ol wi)
W1 = Wi + Yk (0k — o5 Wk)Pk -

It is possible to check that both updates schemes (27) and
(28) satisfy the general assumptions A1-A4 and A6 under
TD 1 and TD 2. Similar, B 1 holds under TD 3. Thus, all
the results from Section 3 and Section 4 applies for both
algorithms. We provide details in the supplemental paper.

(28)

6 Conclusion

In this paper, we provided, to the best of our knowledge,
the first rate of normal approximation for the last iterate and
Polyak-Ruppert averaged TTSA iterates in a sense of convex
distance, covering both the martingale-difference and Markov
noise settings. A natural further research direction is to con-
sider the problem of constructing confidence intervals for
the TTSA solution (6*,w*) based on bootstrap approach or
asymptotic covariance matrix estimation, and perform a fully
non-asymptotic analysis of the suggested procedure. Another
important direction is the construction of lower bounds to
ensure tightness of the rates obtained in Theorem 1-4.
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