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Abstract

Motivated by applications in large-scale and
multi-agent reinforcement learning, we study
the non-asymptotic performance of stochas-
tic approximation (SA) schemes with delayed
updates under Markovian sampling. While
the effect of delays has been extensively stud-
ied for optimization, the manner in which
they interact with the underlying Markov
process to shape the finite-time performance
of SA remains poorly understood. In this
context, our first main contribution is to
show that under time-varying bounded de-
lays, the delayed SA update rule guarantees
exponentially fast convergence of the last it-
erate to a ball around the SA operator’s fixed
point. Notably, our bound is tight in its de-
pendence on both the maximum delay 7,44,
and the mixing time 7,,;,. To achieve this
tight bound, we develop a novel inductive
proof technique that, unlike various existing
delayed-optimization analyses, relies on es-
tablishing uniform boundedness of the iter-
ates. As such, our proof may be of inde-
pendent interest. Next, to mitigate the im-
pact of the maximum delay on the conver-
gence rate, we provide the first finite-time
analysis of a delay-adaptive SA scheme un-
der Markovian sampling. In particular, we
show that the exponent of convergence of
this scheme gets scaled down by 7444, as op-
posed to Ty,q, for the vanilla delayed SA rule;
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here, 74,4 denotes the average delay across
all iterations. Moreover, the adaptive scheme
requires no prior knowledge of the delay se-
quence for step-size tuning. Our theoretical
findings shed light on the finite-time effects of
delays for a broad class of algorithms, includ-
ing TD learning, Q-learning, and stochastic
gradient descent under Markovian sampling.

1 INTRODUCTION

The goal of Stochastic Approximation (SA) theory, in-
troduced by Robbins and Monro (1951), is to find
the root (or fixed point) of an operator, given access
to noisy observations. The general framework of SA
finds applications in various fields like control, opti-
mization, and reinforcement learning (RL). Recently,
the surge of interest in distributed and asynchronous
learning has motivated the study of variants of SA -
e.g., stochastic gradient descent (SGD) - in the pres-
ence of delays. This leads to the study of iterative
optimization algorithms where the gradients used for
the iterative updates are computed at potentially stale
iterates from the past (Feyzmahdavian et al., 2016;
Koloskova et al., 2022). Notably, the literature on un-
derstanding the effects of delays in SA has focused
almost exclusively on optimization.

In particular, while delayed versions of more general
SA algorithms have been shown to perform well in
practice in the context of asynchronous and multi-
agent RL (Bouteiller et al., 2020), there is little to
no theory to substantiate these empirical observations.
Bridging the above gap is the main objective of this pa-
per. However, this task is non-trivial since the transi-
tion from optimization to RL requires contending with
one major challenge: in the latter, the noisy observa-
tions are typically generated from a Markov process.
As such, unlike the i.i.d. sampling assumption in op-
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timization, the observations in RL are temporally cor-
related. The interplay between such temporal correla-
tions and delayed updates remains poorly understood
in RL. Given this motivation, we provide the first com-
prehensive finite-time analysis of SA schemes under
Markovian sampling and delayed updates. As we ex-
plain later in the paper, this entails the development of
novel analysis techniques that may be of independent
interest to both the optimization and RL communities.

1.1 Related Works

To position our work and contributions, we now pro-
vide a brief summary of relevant literature. A more
elaborate survey is deferred to Appendix A.

e SA wunder Markovian Sampling. The asymptotic
convergence of SA under correlated Markov random-
ness was thoroughly investigated for temporal differ-
ence (TD) learning in the pioneering work by Tsit-
siklis and Vanroy (1997). However, finite-time anal-
yses for TD learning and linear SA were only recently
provided by Bhandari et al. (2018); Srikant and Ying
(2019). These contributions were followed by finite-
time analyses of more general nonlinear SA algorithms,
such as Q-learning (Chen et al., 2023b; Qu and Wier-
man, 2020). More recent work has delved into the
non-asymptotic convergence of decentralized SA (Zeng
et al., 2022; Doan, 2023).

e Delays and Asynchrony in Optimization. The study
of delays and asynchrony in distributed optimization
dates back to the seminal work by Tsitsiklis et al.
(1986). While the focus of this work was on asymp-
totic convergence, the current focus in ML has shifted
towards finite-sample guarantees. As such, motivated
by the growing popularity of distributed ML, a signifi-
cant body of work has explored the finite-time effects
of delays on the performance of stochastic optimiza-
tion algorithms such as stochastic gradient descent
(SGD), and variants thereof (Feyzmahdavian et al.,
2016; Gurbuzbalaban et al., 2017; Dutta et al., 2018;
Cohen et al., 2021; Koloskova et al., 2022; Glasgow
and Wootters, 2022; Nguyen et al., 2022). We note
here that stochastic optimization is a special case of
SA, where the noise samples that enter into the gra-
dients are generated in an i.i.d. manner, i.e., they
exhibit no temporal correlations. However, for appli-
cations centered around asynchronous multi-agent RL
(MARL) (Bouteiller et al., 2020; Chen et al., 2023a;
Mnih et al., 2016), one needs to contend with two
key challenges simultaneously: (i) the randomness in
the observations comes from a temporally correlated
Markov process, and (ii) the noisy SA operator is eval-
uated at potentially stale iterates. We are unaware
of any work that provides a finite-time analysis of SA
schemes that feature both the above challenges.

1.2 Contributions

In light of the above discussion, the main contributions
of this work are summarized below.

1. Novel Problem Formulation: Our work pro-
vides the first comprehensive finite-time conver-
gence analysis for delayed SA schemes under
Markovian sampling.

2. Tight Bound in the Constant Delay Case:
We start by analyzing the constant-delay setting
in Section 3, and prove exponential convergence of
the delayed SA update rule to a noise ball around
the fixed point of the SA operator; see Theorem 1.
Our analysis reveals that the exponent of conver-
gence gets scaled down by max{r, 7,,i.}, where
T represents the constant delay, and 7,,;, repre-
sents the mixing time of the underlying Markov
process. Notably, our result (i) complies with
existing finite-time bounds for non-delayed SA
schemes (Srikant and Ying, 2019); and (ii) ex-
hibits a tight dependence on the delay T; see Sec-
tion 3 for more discussion on this aspect.

3. Tight Bound for Time-Varying Delays: One
of the main contributions of this work is to gen-
eralize our result on constant delays to arbitrary
time-varying delays that are bounded. We pro-
vide such a result in Theorem 2 of Section 4,
where we show that the exponent of convergence
gets scaled down this time by max{7maz, Tmiz }-
Here, Tpqz is the maximum possible delay. An
interesting observation stemming from our analy-
sis is that for slowly mixing Markov chains where
Tmiz > Tmaz, the effect of delays gets subsumed
by the natural mixing of the underlying Markov
process. As such, slowly miring Markov chains
tend to be more robust to delays.

4. Novel Proof Technique: As we explain in de-
tail in Section 4, achieving a tight dependence on
Tmaz 0 Theorem 2 requires a significantly differ-
ent proof technique than those existing. In partic-
ular, our proof neither employs generating func-
tion techniques as in (Arjevani et al., 2020), nor
the popular error-feedback framework as in (Stich
and Karimireddy, 2020). Instead, it relies on
a new inductive argument to establish uniform
boundedness of the iterates generated by the de-
layed SA scheme. This allows us to treat the
joint effect of delays and Markovian sampling as a
bounded perturbation, thereby considerably sim-
plifying the subsequent analysis. The resulting
approach is novel, and may be of independent in-
terest to both RL and optimization.
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5. Introduction and Analysis of a Delay-

Adaptive Algorithm: In Section 5, we pro-
pose and analyze an intuitive delay-adaptive SA
scheme, where an update is made only when the
staleness in the update direction falls below a care-
fully chosen threshold. In Theorem 3, we show
that the convergence rate of this scheme depends
on the average delay 74,4, as opposed to the max-
imum delay 7,,4,. Furthermore, the step-size for
this adaptive rule requires no knowledge at all of
the delay sequence.

6. Applications of Our Results: As we explain in
Section 2.2, our theoretical findings find applica-
tions in a variety of settings, including the effects
of delays in TD learning, Q-learning, and SGD
under Markovian sampling.

Motivation and Scope. One of the main practical mo-
tivations for the present study lies in multi-agent RL
where asynchronous communication naturally leads to
delays. That said, the scope of this paper is limited to
the single-agent case since even this basic setting poses
major technical challenges that remain completely un-
explored. As such, by laying the foundations for this
single-agent setting, our work opens up avenues for un-
derstanding and designing algorithms in more complex
MARL environments as future work. We also note
that this type of single-agent configuration has been
the key enabler for the fundamental understanding of
finite-time rates for SGD with delayed updates (under
ii.d. sampling) (Feyzmahdavian et al., 2014; Arjevani
et al., 2020; Stich and Karimireddy, 2020).

2 PROBLEM FORMULATION

The objective of general SA is to solve a root finding
problem of the following form:

Find 6" € R™ such that g(6*) = 0, (1)

where, for a given approximation parameter 8 € R™,
the deterministic function g(@) is the expectation of
a noisy operator g(6,0;) taken over a distribution
7, and {o;} denotes a stochastic observation process,
which is typically assumed to converge in distribution
to m (Borkar, 2009; Meyn, 2023).

2.1 SA under Markovian Sampling

In this paper, we consider SA under Markovian sam-
pling, i.e., the observations {o;} are temporally corre-
lated and form a Markov chain. We define

g(e) £ EOtNﬂ'[g(O’ ot)]’ (2)

where 7 is the stationary distribution of the Markov
chain {o;}. SA consists in finding an approximate
solution to (1) while having access only to sampled
instances g(0,0;) of g(0). The typical iterative SA
update rule with a constant step size « is as fol-
lows (Srikant and Ying, 2019; Chen et al., 2022),

0i11=0:+ ag(6:,0;). (3)

The asymptotic convergence of SA update rules of
the form in Eq. (3) under Markovian sampling was
first investigated by Tsitsiklis and Vanroy (1997). On
the other hand, finite-time convergence results under
Markovian sampling have only recently been estab-
lished for linear (Srikant and Ying, 2019; Bhandari
et al., 2018) and non-linear (Chen et al., 2022) SA,
requiring fairly involved analyses. Indeed, temporal
correlations between the samples of {0;}, which is also
inherited by the iterate sequence {0.}, prevents the
use of techniques commonly adopted for the finite-time
study of SA under i.i.d. sampling, triggering the need
for a more elaborate analysis.

2.2 Exemplar Applications

In this subsection, we provide some examples of the
considered SA setting under Markovian sampling.

TD learning. TD learning with linear function ap-
proximation is an SA algorithm that can be used to
learn an approximation of the value function V,,(s) of a
Markov decision process (MDP) associated to a given
policy p. In this example, we denote by s € S the
MDP state from a finite n-dimensional state space S.
The algorithm works by iteratively updating a lin-
ear function approximation parameter 8 € R™ (with
m < n) of the (approximated) value function using the
following update rule:

011 =0; + a(Ry + vV (51415 01) — V(515 04))d(s1),
V(s;0) =607 (s),

(4)
where « is the learning rate and 0 < v < 1 a discount
factor. At iteration ¢, 8y is the parameter vector of the
linear function approximation, s; is the state of the
MDP that is part of a single Markovian trajectory, R;
is the received reward, s,,1 is the next state, V (sy; ;)
is the estimated value of the state s;, and ¢(s) € R™
is a feature vector that maps the state s to a vector in
R"™. The noise in the update rule is introduced by the
random reward R;, and the random next state s;4
whose distribution is dictated by the transition prob-
abilities of the underlying Markov chain. Specifically,
the update in (4) is an instance of SA with

g(0:,00) = (Re + 7V (st51;00) — V(s50.))d(s), (5)



Stochastic Approximation with Delayed Updates: Finite-Time Rates under Markovian Sampling

where o; = (Ry, St, St+1) is the correlated sampling pro-
cess inducing the randomness. For more formal details
on TD learning with linear function approximation,
see Srikant and Ying (2019); Bhandari et al. (2018).

Q-learning. Q-learning is a reinforcement learning
algorithm that can be used to learn an optimal policy
for a Markov decision process (MDP). In Q-learning,
the goal is to learn a Q-function that maps state-
action pairs to their corresponding expected rewards.
When the state and action spaces are large, one typi-
cally resorts to a parameterized approximation of the
Q-function for each state-action pair. The special
case of linear function approximation takes the form:
Q(s, a; 0) = 0T¢>(s, a), where ¢(s,a) is a fixed feature
vector for the state-action pair (s,a) € S x A, and §
and A represent the (finite) state and action spaces,
respectively. The Q-learning update rule with linear
function approximation is another instance of SA that
takes the following form:

0111 =0+ ag(0;,0),
9(0s,00) = (R + v max Q(3t+17a,§ 0:) — Q(se41, as; 0,))d(se,ar).

The notation in the above rule is consistent with what
we used to describe the TD update rule in (4). The
information used in each time-step is encapsulated in
o¢ = (Ry, St,at, S¢+1). For more details, we refer the
reader to (Chen et al., 2022).

SGD with Markovian noise. Stochastic Gradient
Descent (SGD) is a widely used optimization method
for minimizing a function F(0) = E,.[f(0,0)] with
respect to a parameter vector 8 € R™ and a distribu-
tion w. SGD operates by updating the parameter vec-
tor iteratively in the direction of the function’s noisy
negative gradient. In this context, SGD can be re-
garded as an instance of SA with the update rule de-
fined as in (3), with g(0;,0;) = =V f(0¢, 0;). In online,
dynamic settings, the samples {o;} used in SGD can
exhibit temporal correlations. In this respect, our re-
sults are applicable to the SGD framework in which
the samples {o;} are correlated and form a Markov
chain - a setting studied for example by Doan (2022)
and Even (2023).

2.3 SA with delayed updates

In many real-world applications, the SA operator g(-)
is only available when computed with delayed iterates
and/or observations. The main objective of this pa-
per is to provide a unified framework to analyse the
finite-time convergence of SA under the joint effects of
Markovian sampling and delayed updates. We proceed
by formally introducing the setting. We consider the
following stochastic recursion with delayed updates:

0,01 =06,+0g(0;r,00—r), 07, <t (6)

where « is a constant step size and 7; is the delay with
which the operator g(-) is available to be used at itera-
tion ¢. This specific update rule is motivated by many
scenarios of practical interest. For instance, in dis-
tributed machine learning and reinforcement learning,
it is often the case that the agents’ updates are per-
formed in an asynchronous manner (Bouteiller et al.,
2020; Chen et al., 2023a), leading naturally to update
rules of the form (6).

Update rules of the form (6) have been recently stud-
ied in the context of SA but with i.i.d. observations
(see for example the works by Koloskova et al. (2022)
and Nguyen et al. (2022) for SGD updates with de-
lays). However, to the best of our knowledge, noth-
ing is known about the finite-time convergence be-
haviour of such update rules under Markovian obser-
vations. Compared with i.i.d. settings, the Marko-
vian setting introduces major technical challenges, in-
cluding dealing with (i) the use of a delayed operator
g(0:—;,,0:—+,), and (ii) sequences of correlated obser-
vation samples {o;}, which, in turn, induce temporal
correlations in the iterates {6;}. The interplay be-
tween such delays and temporal correlations requires
a notably careful analysis, one which we provide as a
main contribution of this paper. The key features and
challenges of the analysis relative to previous works
and other settings are provided with more details in
sections 3 and 4.

2.4 Assumptions and Definitions

We proceed by describing a few assumptions needed
for our analysis. First, we make the following natu-
ral assumption on the underlying Markov chain {o;}
(Bhandari et al., 2018; Srikant and Ying, 2019; Chen
et al., 2022).

Assumption 1. The Markov chain {o;} is aperiodic
and irreducible.

Next, we state three further assumptions that are com-
mon in the analysis of SA algorithms.

Assumption 2. Problem (1) admits a solution 0%,
and 3 > 0 such that for all @ € R™, we have

(6—6",8(0) —g(0") < —plo—-0"|>.  (7)

Assumption 3. There exists L > 0 such that for any
61,05 € R™ and o € {o:}, we have

8(61,0) — &(02,0)[[< L[|61 — 02| (®)

Furthermore, there exists o > 0 such that for any 0 €
R™, we have

188, 0)[< L([|6]+0). (9)
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Assumption 2 is a strong monotone property of the
map —g(0) that guarantees that the iterates generated
by a “mean-path” (steady-state) version of Eq. (1),
6;.1 =0, + ag(0,), converge exponentially fast to ™.
Assumption 3 states that g(8, o;) is globally uniformly
(w.r.t. o;) Lipschitz in the parameter 6.

Finally, we introduce an assumption on the time-
varying delay sequence {7:}.
Assumption 4. There exists an integer Tpaqr > 0
such that 74 < Tmae, VE > 0.

Remark 1. Assumption 2 holds for TD learning
(Lemma 1 and Lemma 8 in Bhandari et al. (2018))
with linear function approzimation, wvariants of Q-
learning with linear function approximation (Chen
et al., 2022), and for strongly convex functions in
the context of optimization. Similarly, Assumption 3
holds for TD learning (Bhandari et al., 2018) and
Q-learning with linear function approzimation (Chen
et al., 2022), and is typically made in the analysis of
SGD (Doan, 2022).

We now introduce the following notion of mizing time
Tmiz, that plays a crucial role in our analysis, as in the
analysis of all existing finite-time convergence studies
of SA under Markovian sampling.

Definition 1. Let 7,4, be such that, for every @ € R™
and oy, we have

IE [g(8, 0¢)[oo] — g(O)[|< e ([|0]|+1),VE = Tinize- (10)

Remark 2. Note that Assumption 1 implies that the
Markov chain {o;} mizes at a geometric rate. This, in
turn, implies the existence of some K > 1 such that
Tmiz 0 Definition 1 satisfies Tz < Klog(i). In
words, this means that for a fized 0, if we want the
noisy operator g(0,0¢) to be a-close (relative to 0) to
the expected operator g(0), then the amount of time we
need to wait for this to happen scales logarithmically in

the precision o.

3 WARM UP: STOCHASTIC
APPROXIMATION WITH
CONSTANT DELAYS

In this section, we present the first finite-time conver-
gence analysis of a SA scheme with a constant delay
under Markovian sampling. With respect to the SA
scheme with delayed updates introduced in (6), we fix
T+ = T, where 7 represents the constant delay. This
leads to the following update rule:

SA with Constant Delay:

if 0<t<r, (11)

9, = %
700+ ag0ir,0ry) if t>T

We set 0441 to 8 for the first 7 time-steps to simplify
the exposition of the analysis; such a choice is not nec-
essary, and one can use other natural initial conditions
here without affecting the final form of our result. We
now state our first main result that provides a finite-
time convergence bound for the update rule in (11).

Theorem 1. Suppose Assumptions 1-8 hold. Let
w; 2 (1 - 05ap)" ) and Wy = SO wy.  Let
0,ut be an iterate chosen randomly from {0}, such
that @, = 6 with probability Vq‘% Define roys =
00u: — 0% and 7 2 max{7, Tz }. There exists a uni-
versal constant Cy > 2, such that, for a < ﬁ, the
following holds for the rule in (11) VT > 0:
L7
E [r2,,] < Coexp (—0.5auT) + O(c2)= . T (12

with Co, = O (ai“ + %) Setting o = ==, we get

2

1
C.L?7

E [r}.] < Crexp <—0.5 T> +0(c%), (13)

with C» = O (202 1 7).
Main Takeaways: We now outline the key takeaways
from the above Theorem. From (13), we note that the
delayed SA scheme in (11) guarantees exponentially
fast convergence (in mean-squared sense) to a ball
around the fixed point 8%, where the size of the ball
is proportional to the noise-variance level o2. For SA
problems satisfying Assumptions 1-3, a convergence
bound of this flavor is consistent with what is observed
in the non-delayed setting as well under Markovian
sampling, when one employs a constant step-size. See,
for instance, the bounds for TD learning in (Srikant
and Ying, 2019; Bhandari et al., 2018), and for Q-
learning in (Chen et al., 2022).

The Effect of Delays. A close look at (13) reveals that
the exponent of convergence in the first term of (13)
scales inversely with 7 = max{7, T;n:»}. Hence, if
T > Tmiz, the constant delay 7 can slacken the rate
of exponential convergence to the noise ball. Is such
an effect of the delay 7 inevitable, or just an artifact
of our analysis? We elaborate on this point below.

On the Tightness of our Bounds. It turns out that the
inverse scaling of the exponent with 7 shows up even
for SGD with constant delays under i.i.d. sampling -
a special case of the general SA scheme we study here.
Furthermore, this dependency has been shown to be
tight for SGD in (Arjevani et al., 2020). As such, our
rate in Theorem 1 is tight in its dependence on the de-
lay 7. We also note that the inverse scaling of the expo-
nent with the mixing time 7,,;, is consistent with prior
work (Srikant and Ying, 2019; Bhandari et al., 2018),
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Table 1: Summary of results. Here, we do not show problem specific constants other than 7,,;, and Timqq-

Algorithm \ Variance Bound Bias Bound
Constant Delay (11) O(c?) 0 (exp (Wimz}))
Time-Varying Delays (14) O(c?) o) (exp (mew}
Time-Varying Delays
Delay-Adaptive Update (23) O(c?) @) (exp (ﬁ))

and is, in fact, unavoidable (Nagaraj et al., 2020). To
sum up, in Theorem 1 we provide the first finite-time
convergence bound for a SA scheme with updates sub-
ject to constant delays under Markovian sampling, and
establish a convergence rate that has tight dependen-
cies on both the delay 7 and the mixing time 7,z -

Slowly-mixing Markov Chains are Robust to Delays.
An interesting conclusion from our analysis is that
if the underlying Markov chain mixes slowly, i.e., if
Tmiz 1s large, and in particular, if 7,,;, > 7, then the
convergence rate will be dictated by 7., since then
T = max{7, Tmiz} = Tmiz- In other words, the effect
of the delays will be dominated by the natural mixing
effect of the underlying Markov process. This observa-
tion is novel to our setting and analysis, and absent in
optimization under delays with i.i.d. sampling.

Comments on the Analysis. Our proof for Theorem 1
- provided in Appendix B.1 - is partially inspired by
the analysis in (Stich and Karimireddy, 2020). How-
ever, the key technical challenge relative to (Stich and
Karimireddy, 2020) arises from the need to simultane-
ously contend with delays and temporal correlations
introduced by Markovian sampling; notably, the ex-
isting literature on optimization under delays (Stich
and Karimireddy, 2020; Dutta et al., 2018; Koloskova
et al., 2022) does not need to deal with the latter as-
pect. This dictates the need for new ingredients in
the analysis that we outline in Appendix B.1. How-
ever, as we explain in Appendix B.2, the technique
we employ to prove Theorem 1 falls apart in the face
of time-varying delays. In the next section, we will
explain in some detail how to overcome this challenge.

4 STOCHASTIC APPROXIMATION
WITH TIME-VARYING DELAYS

The goal of this section is to analyze (6) in its full
generality by accounting for Markovian sampling and
arbitrary time-varying delays that are only required to
be bounded, as per Assumption 4. In particular, we
will study the following SA update rule:

SA with Time-Varying Delays:

14
0111 =0+ ag(0i—r,,0i—r,), 7 <min{t, Trmaz}- (14)

The main contribution of this paper - as stated below

- is a finite-time convergence result for the above rule.

Theorem 2. Suppose Assumptions 1-4 hold. Let ry &
10; — 6%||, and T & max{Tiz, Tmaz}- There exists a
universal constant C > 2, such that, for a < &fz=,
the iterates generated by the update rule (14) satisfy
the following YT > 37:

8 7] < (enp (2o + 2z o)) )

1
(15)
Setting o = #1==, we get

E[r7] < (exp (—é’j;i) + 1) O(c?).  (16)

Main Takeaways: Comparing (16) with (13), we
note that our bound in Theorem 2 for time-varying de-
lays mirrors that for the constant delay setting in The-
orem 1, with 7. appearing in the exponent in (16)
exactly in the same manner as 7 shows up in (13).
Thus, all the conclusions we drew in Section 3 after
stating Theorem 1 carry over to the setting we study
here as well. In particular, since the constant-delay
model is a special case of the arbitrary-delay model
(with bounded delays), and we have already argued
the tightness of our bound for the constant-delay set-
ting, the dependencies of our bound (in (16)) on the
maximum delay 7,4z, and the mixing time 7,,;,, are
optimal. At this stage, one might contemplate the
need for studying the constant-delay case in Section 3,
given that our results in this section clearly subsume
the former. To explain our rationale, it is instructive
to consider what is already known about delays in op-
timization under i.i.d. sampling.

Some of the early works analyzing the effect of time-
varying bounded delays on gradient descent and vari-
ants thereof, show that for smooth, strongly-convex ob-
jectives, the iterates generated by the delayed rule con-
verge exponentially fast (Assran et al., 2020; Feyzmah-
davian et al., 2016; Gurbuzbalaban et al., 2017). How-
ever, the exponent of convergence in these works is
sub-optimal in that it scales inversely with 72, as
opposed t0 Tmax in our bound in Theorem 2. More
recently, under a constant delay 7, the authors in (Ar-
jevani et al., 2020) established the optimal dependence
on 7 in the exponent for quadratics; the same result
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was generalized to smooth, strongly-convex functions
in (Stich and Karimireddy, 2020). While our analysis
for the constant-delay case in Theorem 1 borrows some
ideas from that in (Stich and Karimireddy, 2020), such
a technique appears to be insufficient for achieving the
tight dependence on Ty,ax in Theorem 2.

The proof of Theorem 2 departs from previous proof
techniques for optimization under delays, avoiding
the need for using generating functions as in (Arje-
vani et al., 2020), or the error-feedback framework
with carefully crafted weighted averages of iterates as
in (Stich and Karimireddy, 2020). The purpose of
studying the constant-delay case first is precisely to
highlight the critical points that make it difficult to
adapt the aforementioned existing proof techniques to
suit our needs - we provide such a discussion in Ap-
pendix B.2. Relative to the above works that only
provide bounds for a constant delay under i.i.d. sam-
pling, our proof of Theorem 2 adopts a conceptually
simpler route: it relies on a novel inductive argument
to demonstrate the uniform boundedness of iterates.
Surprisingly, this simpler approach - which we explain
in some detail in the next section - provides a tight
bound for the more challenging general case of time-
varying delays under Markovian sampling.

4.1 Overview of Our Proof Technique

In this section, we begin by outlining the main chal-
lenges that make it difficult to adapt existing optimiza-
tion and RL proofs to our setting. We then explain the
key novel technical ingredients that allow us to over-
come such challenges. To proceed, let us define the
error (at time t) introduced by the delay as follows:

e; = g(0r,01) — 807,01 —7,)- (17)
Using the above in (14) yields
011 =0+ ag(0y,0:) — aey. (18)
We examine ||0;,1 — 0%]|? using (18), which leads to

||0t+1 — 0*||2: Jt71 + 042th — 204Jt73, with (19)

Ji1 £ 60, — 6" + ag(0t70t)||27
Jia 2 [led?, (20)
Jis £ (e, 0, — 07) + aley, g(0y, 0)).

Note that the presence of J; o and Jy 3 in (19) is a
consequence of the delay, and does not show up in
the analysis of vanilla non-delayed SA schemes. Our
convergence analysis is built upon providing bounds in
expectation on each of the three terms defined in (20).
We now elaborate on why this task is non-trivial.

e Challenge 1: Bounding the Drift. Bounding J; ;
in (20) requires exploiting the geometric mixing prop-
erty of the underlying Markov chain in (10). To do so,
the standard technique in SA schemes with Markovian
sampling is to condition on the state of the system suf-
ficiently into the past. This creates the need to bound
a drift term of the form [|0; —0;_.._. ||. In the absence
of delays, there are two main approaches to handling
this drift term. In (Bhandari et al., 2018), the authors
are able to provide a uniform bound on this term by as-
suming a projection step. However, such a projection
step may be computationally expensive, and requires
knowledge of the radius of the ball that contains 6*.
In (Srikant and Ying, 2019), the authors were able to
bypass the need for a projection step via a finer analy-
sis; in particular, Lemma 3 in (Srikant and Ying, 2019)
provides a bound of the following form:

16081,

|< O(aTimiz) (||0¢]|+0), Yt > Tiiz. (21)

The key feature of the above result is that it relates
the drift to the current iterate 8;. However, for the
delayed SA scheme we study in (14), a bound of the
form in (21) no longer applies. The reason for this
follows from the fact that the presence of delays in our
setting causes the drift ||@; — 0;_,, . || to be a function
of not just the current iterate, but several other iterates
from the past. Thus, we need a new technical result
that is able to explicitly relate the drift to all past
iterates over a certain time window. We provide such
a result in Lemma 1.

e Challenge 2: Handling Delay-induced Errors
and Temporal Correlations. Bounding J; 3 in (20)
requires handling the term (e;,8; — 6*). This step is
much more challenging compared to the i.i.d. sampling
setting considered in the optimization literature with
delays (Zhou et al., 2018; Koloskova et al., 2022; Ar-
jovsky et al., 2017; Cohen et al., 2021). The difficulty
here arises due to the statistical correlation among the
terms e; = g(Gt, Ot) — g(Ot_Tt,ot_Tt) and Ot — 0*. In
particular, there are two issues to contend with: (i)
due to the correlated nature of the Markovian samples,
E [g(6:,0:)] # g(0:), and (ii) the observation o;_,, in-
fluences the iterate 6;. In view of the above issues, we
depart from the standard routes employed in the opti-
mization literature to handle similar delay-induced er-
ror terms, and employ a careful mixing time-argument
instead to bound (e, 8; — 0™).

e Challenge 3: Time-Varying Delays. As we al-
luded to earlier in Section 3, the extension from the
constant-delay setting to the time-varying setting ap-
pears to be quite non-trivial. In Appendix B.2, we
consider a few potential candidate proof strategies for
the setting with time-varying delays; these include:
(i) a natural extension of the technique we use to
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prove Theorem 1, and (ii) an adaptation of the proof
in (Feyzmahdavian et al., 2014). Unfortunately, while
these strategies do end up providing rates, the expo-
nent of convergence exhibits a sub-optimal inverse scal-
ing with 72,

4.2 Auxiliary Lemmas

The proof of Theorem 2 hinges on three new techni-
cal results. We outline them below. Our first result
provides bounds in expectation on drift terms of the
form ||@; — 0;_.||>. To state this result, we define
7' 2 2T pan + Timi, and 14 2 max,_ << E [r7].

Lemma 1. For any t > Tmiz, we have

(@) E[|10: = 01—, II°] <2277,

L*(2r 5 + 30?).

Stmilarly, for any t >0 and 7 < t,

(i1) E [|6; — 01—, |°] < 2077,

2 o L? (2110 + 307%).
Unlike the analogous drift bounds in the RL liter-
ature (Srikant and Ying, 2019), Lemma 1 bounds
the drift as a function of the maximum iterate-
suboptimality ¢ o over a horizon whose length scales
as O(Tmiz + Tmaz). Exploiting Lemma 1, we can pro-
vide bounds on E [J; 1], E[J 2], and E[J; 3] in terms
of ;9. This is the subject of the next result.

Lemma 2. Lett > 7' = 270z + Tmiz- Then

(1) E[Ji1] <(1-2auE [rf] + O(aQTmi$L2Tt)2)
+ O(OlszizL2O'2).
(i9) E[Ja] <O(L*(2ri2+ 30%)).

(ii))  E[~Jp3] < OQL?(Tmiz + Tmaz) (T2 + 02)).

The most challenging part of proving the above lemma
is part (¢i¢), where mixing time arguments need to be
carefully applied to deal with temporal correlations.
Plugging the above bounds in (19) yields:

E[r7,1] < (1 —20p)E [rf] + O(a®L*7)(r 2 + 02),

(22)
where 7 £ max{Tmiz, Tmaz}- The above inequality
suggests that the one-step progress can be captured
by a contractive term, and an additive perturbation
that jointly captures the effects of delays and Marko-
vian sampling. The crucial step now is to handle this
perturbation term, while achieving the optimal depen-
dence on T,,4.. Our key technical innovation here is
to use a novel inductive argument to prove that the
iterates generated by (14) remain uniformly bounded
in expectation. We have the following result.

Lemma 3. Suppose o < . There erists a univer-
sal constant C > 1 such that for allt > 0, it holds that
E [7’?] < O(d?).

The above result immediately implies that the per-
turbation term appearing in (22) can be uniformly
bounded by O(a?L?70?). From this point onward, the
analysis is straightforward. It is worth emphasizing
here that the idea of establishing a uniform bound
on the perturbations induced by delays and Markovian
sampling - without a projection step - is the main de-
parture from all existing analyses.

5 DELAY-ADAPTIVE
STOCHASTIC APPROXIMATION

In the previous section, we analyzed the vanilla de-
layed SA rule under time-varying delays. Notably, the
resulting convergence rate was dependent on the max-
imum delay, T4, and selecting the proper step size
required a priori knowledge of 7,,4.. In practice, the
worst-case delay 7., may be very large, leading to
slow convergence of (14); furthermore, 7,4, may be
unknown. Here, we introduce a new delay-adaptive up-
date rule whose convergence rate only depends on the

T
average delay, T4,q = % > 74, for the T iterations over
t=1
which the algorithm is executed. Moreover, the pro-
posed delay-adaptive algorithm does not require any
knowledge of the delay sequence at all for tuning the

step size. Our proposed rule is as follows.
Delay-adaptive SA:

0r0n = {ot + g1 00-r,) 00 = Orr]|< €,
0, otherwise.
(23)
The rationale behind the above rule is quite sim-
ple: it makes an update only if the pseudo-gradient
g(0:_,, 01—, ) available at time ¢ is not too stale in
the sense that it is evaluated at an iterate that is at
most € away from the current iterate 6,. Unlike the
vanilla SA update rule, we can control the effect of de-
lays on the convergence rate by carefully picking the
threshold e. This is reflected in the next result.

Theorem 3. Suppose Assumptions 1-4 hold. Let r, &
|@: — 0%||. There exists a universal constant Cy > 1
such that for a < m, and € = «, the iterates
of (23) satisfy the following for T > Tpiz:

—auT L2aTmin
2] < (oo (i) + ) 00

Additionally, if we set o = W, we obtain

B (1] < Y1) o
ry| < | exp 1G5 L s (Tavg + 1) o).

Discussion and Insights. Relative to Theorem 2,
there are two main takeaways from the above result:




Adibi, Dal Fabbro, Schenato, Kulkarni, Poor, Pappas, Hassani, Mitra

(i) the choice of the step-size « requires no information
about the delay sequence, and (ii) the exponent of con-
vergence gets scaled down by 7444, and not 7,,4,. This
result is significant because it is the first to provide a
finite-time result for a delay-adaptive SA scheme un-
der Markovian sampling.

We now provide some intuition as to what makes the
above result possible. The vanilla SA rule in (14) al-
ways makes an update, mo matter how delayed the
pseudo-gradients are. As a result, to counter the ef-
fect of potentially large delays, one needs to necessar-
ily use a conservative step-size a that scales inversely
with 7p,q2. This is precisely what ends up slackening
the final convergence rate. In sharp contrast, our pro-
posed delay adaptive SA rule in (23), by design, rejects
overly stale pseudo-gradients. This allows us to ana-
lyze (23) as a variant of the non-delayed SA rule in
(3) with at most O(e) error. To see this, observe that
16 — 6,7, |< ¢ implies [[g(81,0) — &(8;_r,,0)|< Le.
Thus, every time we update, we move in the correct
direction up to only a small amount of error. We for-
malize this key insight in Appendix B.3, where we pro-
vide the full proof of Theorem 3. In Appendix C, we
also provide simulation results comparing non-delayed
SA with the vanilla delayed SA update (6), and with
the delay-adaptive algorithm (23).

6 CONCLUSIONS AND FUTURE
WORK

We studied the interplay between delays and Marko-
vian sampling in the context of general stochastic ap-
proximation with a contractive operator. Our analy-
sis allowed for arbitrary time-varying (potentially ran-
dom) delays that are uniformly bounded. Leveraging
a novel inductive proof technique, we provided the first
non-asymptotic convergence result for this setting, ob-
taining a rate that has a tight dependence on both the
maximum delay 7,4, and the mixing time of the under-
lying Markov chain, 7,;,. Furthermore, we proposed
the first delay-adaptive SA scheme that features two
distinct advantages relative to a vanilla delayed SA
protocol: (i) the rates for the former depend on the
average delay 74,4 as opposed to the maximum delay
Tmaz; and (ii) implementing the delay-adaptive rule re-
quires no knowledge whatsoever of the delay sequence.
The insights and novel analysis techniques from our
work pave the way for various interesting future re-
search avenues. We discuss some of them below.

1. The most natural next step would be to con-
sider the study of asynchronous multi-agent RL
algorithms where delays are inevitable. In this
context, a recent line of work on federated RL
has revealed the benefits of cooperation among

the agents by establishing linear speedups in the
sample complexity of learning, despite Markovian
sampling (Khodadadian et al., 2022; Dal Fabbro
et al., 2023; Wang et al., 2023; Zhang et al., 2024).
Can we continue to expect such speedups in the
presence of delays? What if we have stragglers
in the system that slow down the pace of com-
putation? Do the ideas (Dutta et al., 2018; Rei-
sizadeh et al., 2022) that apply in the context
of distributed optimization/supervised learning to
tackle stragglers carry over to the MARL setting?
This remains an open direction worth exploring.

. At a high level, the findings in this paper con-

tribute to a robustness theory for iterative RL al-
gorithms. While we specifically focused on robust-
ness to delays, we believe that the tools that were
developed in the process should apply to the study
of robustness to other types of structured pertur-
bations. For instance, in a recent paper, Mitra
et al. (2023) showed that TD learning protocols
(with linear function approximation) can be just
as robust to extreme compression/sparsification
as their SGD counterparts, e.g., the SignSGD algo-
rithm (Bernstein et al., 2018). We conjecture that
the inductive proof used to study delays here can
simplify and sharpen the results in Mitra et al.
(2023). We plan to verify this conjecture as part
of future work.

. Yet another avenue is to consider RL settings

more general than the ones studied here. In partic-
ular, all our results relied on the strong monotone
property in Assumption 2. Deriving tight rates
under arbitrary delays in the absence of such an
assumption will likely require some work. One
could also seek to generalize our results to set-
tings that involve nonlinear function approxima-
tion schemes (e.g., neural nets) as in Tian et al.
(2023); Cayci et al. (2023), or to two-time-scale
SA protocols that capture actor-critic methods.

. Finally, delays in physical systems often adhere

to some structure. For instance, one can imag-
ine such delays being generated randomly from
some distribution. If so, if the delays are gener-
ated in an i.i.d. manner, one should be able to
compute estimates of the mean and higher-order
moments (if they exist) of the delay distribution
with high probability, given enough samples. Can
we exploit such information to design algorithms
with better bounds than in this paper? Intuition
dictates that this should be possible. However,
to our knowledge, this remains a relatively unex-
plored direction.
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SUPPLEMENTARY MATERIALS

A Related Work

In this section, we review selected works related to the existing literature on delays in optimization, bandits, and
reinforcement learning (RL).

A.1 Delays in Optimization

The study of delays and asynchrony in optimization has been a topic of interest since the seminal work by Bert-
sekas and Tsitsiklis (1989), which investigates convergence rates of asynchronous iterative algorithms in parallel
or distributed computing systems. Subsequently, many researchers have explored the effects of delay and asyn-
chrony on various learning and optimization methods. We summarize some of the significant works in this area
below.

Agarwal and Duchi (2011) focus on distributed delayed stochastic optimization, specifically gradient-based opti-
mization algorithms that rely on delayed stochastic gradient information. They analyze the convergence of such
algorithms and propose procedures to overcome communication bottlenecks and synchronization requirements.
Their work demonstrates that delays are asymptotically negligible, achieving order-optimal convergence results
for smooth stochastic problems in distributed optimization settings.

Stich and Karimireddy (2020) introduce an error-feedback framework, which examines stochastic gradient descent
(SGD) with delayed updates on smooth quasi-convex and non-convex functions. They derive non-asymptotic
convergence rates and show that the delay only linearly slows down the higher-order deterministic term, while the
stochastic term remains unaffected. This result illustrates the robustness of SGD to delayed stochastic gradient
updates, improving upon previous rates for different forms of delayed gradients. Notably, this work provides the
best-known rate for SGD with i.i.d. noise. It is worth mentioning that most existing literature has focused on
bounds depending only on the maximum delay. However, the recent works of Cohen et al. (2021) and Koloskova
et al. (2022) have explored convergence rates that depend on the average delay sequence.

The aforementioned studies on delays in optimization contribute to understanding the impact of delays and
asynchrony in various optimization algorithms. They provide insights into the convergence properties and shed
light on the robustness of these methods to different forms of delay. Nevertheless, there is still a gap in the liter-
ature regarding the finite-time convergence rates of delayed stochastic approximation schemes under Markovian
sampling/noise.

A.2 Delays in Bandits

There has been significant research efforts on the impact of delays in bandits. Some of the key works in this area
are summarized in the following.

Non-stochastic multi-armed bandits with unrestricted delays were studied in Thune et al. (2019). The authors
prove that the “delayed" Exp3 algorithm achieves the O(1/(KT + D) In K) regret bound for variable but bounded
delays. They also introduce a new algorithm that handles delays without prior knowledge of the total delay,
achieving the same regret bound. The paper provides insights into the regret bounds for bandit problems with
delays.

The challenges of stochastic linear bandits with delayed feedback, where the feedback is randomly delayed and de-
lays are only partially observable, were addressed in Vernade et al. (2020). The authors propose computationally
efficient algorithms, OTFLinUCB and OTFLinTS, capable of integrating new information as it becomes avail-
able and handling permanently censored feedback. The authors prove optimal regret bounds for the proposed
algorithms and validate their findings through experiments on simulated and real data.

Another paper investigates a variant of the stochastic K-armed bandit problem called “bandits with delayed,
aggregated anonymous feedback" (Pike-Burke et al., 2018). In this setting, the player observes only the sum of
a number of previously generated rewards that arrive in each round, and the information of which arm led to a
particular reward is lost. The authors provide an algorithm that achieves the same worst-case regret as in the
non-anonymous problem when the delays are bounded.
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The above papers demonstrate that it is possible to design algorithms that can achieve good performance in the
presence of delays in bandits. However, the performance metric of interest in these papers is typically cumulative
regret. It is important to note here that the conclusions drawn for such a regret metric do not necessarily have
implications for the sample-complexity bounds we care about in this work in the context of delayed stochastic
approximation.

A.3 Delays in RL

Until recently, the field of reinforcement learning had not thoroughly explored the impact of delays. In what
follows, we highlight some key research works in this area.

Bouteiller et al. (2020) conducted a study on reinforcement learning with random delays, specifically focusing
on environments with delays in actions and observations. They introduced the Delay-Correcting Actor-Critic
(DCAC) algorithm, which incorporates off-policy multi-step value estimation to accommodate delays. Through
theoretical analysis and practical experiments using a delay-augmented version of the MuJoCo continuous control
benchmark, the authors demonstrated that DCAC outperforms other algorithms in delayed environments. In
this work, however, no finite-time convergence analysis is provided for the analyzed algorithms.

Mnih et al. (2016) introduced asynchronous methods for deep reinforcement learning. They presented a
lightweight framework that utilizes asynchronous gradient descent to optimize deep neural network controllers.
The authors showed that parallel actor-learners have a stabilizing effect on training and achieve superior per-
formance compared to state-of-the-art methods in domains such as Atari games and continuous motor control
problems. Note that, however, although large measurement campaigns are conducted, no finite-time convergence
analysis is performed in this work.

Chen et al. (2023a) studied the problem of policy learning in environments with delayed or missing observations.
They showed that it is possible to learn a near-optimal policy in this setting, even though the agent does not
have access to the most recent state of the system. They established near-optimal regret bounds for this case.
Note that this work focuses on regret analysis, while ours is focused on the impact of the joint effect of delays
and Markovian sampling on the finite-time rate of convergence to the SA solution, which we study through the
lenses of analyzing the interplay between maximum/average delay and mixing time on the convergence rates we
provide.
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B Proofs of the Theorems

In this Appendix, we provide the proofs for the theoretical results stated in the paper. We start by recalling
some implications of the Assumptions of Section 2 in the following.

Preliminaries

First, recall that from Assumption 2 we have, ¥ € R%:
(0" - 6,8(0)) > ul|6” —6]*. (24)

Throughout the proof, we will often invoke the mixing property (see Definition 1), which implies that, for a fixed
0, the following is true:

IE [g(8, 01)[0t—r,,..] — 8(O)[|< a ([|€]|+0) . (25)
We will also use the fact that the SA update directions and their steady-state versions are L-Lipschitz (Assump-
tion 3), i.e., Yo € {o; }1en, and V0,0’ € RY, we have:

I1g(6) — g(6")|< L[|6 — 6’|, and

(26)
Ig(8,0:) —g(6',0,)[|< L||6 — 6|
We further have
(8, 0)[I< L(||8]+0), Yo € {o:}sen, V0 € RY. (27)
Given that (z +y)? < 2(2? + 9?),Va,y € R, we will often use the following inequality:
g8, 00) < L2(]|0]|+0)* < 2L*(||0]]*+0?). (28)
Without loss of generality, we assume that
L>1, o=max{|6], 167}, n<1. (20)
We will often use the fact that, for any x,y € R, we have
1
oy < 5@ ) (30)

In addition, we will often use the fact that, for ¢t > 2, a; € R,i =0, ...,t — 1, it holds
t—1 2 t—1
(Z ai> < tZaz2 (31)
i=0 i=0

B.1 Proof of Theorem 1 and Related Lemmas

First, we recall the definition of the SA recursion with constant delay:

0 if 0<t<r
01 =1 " L (32)
at + Oég(ot,T, Oth). if ¢ >T

For analysis purposes, we define a virtual iterate, 6,. This virtual iterate is updated with the SA update direction
without delays, and it is defined as follows:
01 =0, + ag(0:,0:), 0y = 6. (33)
We also introduce the related error term d;, which is the gap between the virtual iterate and the actual iterate.
0, =6, +d,, withd,=0. (34)
From the definition of 8;, we can write the following recursions for d, for t > 0:
diy1 =d; +a(g(0s,00) — (01,00 7)). (35)

We define g(0;,0;) = 6, = d; = 0 for | < 0. We also define 7; = ||ét — 6"||. For convenience, we define 7, = 0 for
t<O0.
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B.1.1 Auxiliary Lemmas

Here, we present the main Lemmas needed to prove Theorem 1. We start with three bounds on ||d;||, |d;||? and
E;‘F:O wy]|de]|?, as follows.
Lemma 4. The following three inequalities hold:
t—1
(4) I <arLo+al Y |6, (36)
l=t—T1
t—1
(i4) Ide|> < 20°7°L%07 +20°7L* > |64, (37)
l=t—T1
T T .
(i) > wl|de|* < AWra®r2LP0® + 160°7°L* > wy[|0¢|*, (38)
t=0 t=0

where (iii) holds for o < £

Part (iii) of this Lemma is key to obtain the bound in (104). In the next Lemma, we provide bounds on the
terms [|0; — O¢—r,,., || and [|8; — 01, |I*.

Lemma 5. For any t > Timiz, we have

t—1
(2) 10s—r,i. = Osll < LaoTmiz +La Y |61]. (39)
I=t—Tmix
B t—1
(ZZ) ||9t—7—7nip 0t||2 < 2L2 mzxo- + 2L2a27’7ﬂi3¢ Z ||9lH2 (40)
l=t—Tmiz

Note that this Lemma is a variation of Lemma 3 in Srikant and Ying (2019), which is key to invoke mixing time
arguments to get finite-time convergence bounds in existing non-delayed SA analysis. Let us define

ny £ ||g (8, 04)|1%,
my £ < (et,Ot) - g(étaot))ét - 0*>7 (41)
he 2 (0, — 0%,g(8:,01) — 8(6:)).

To obtain a bound in the form (96), we need to bound E [h] properly, for which, in turn, we need Lemma 5.
Furthermore, note that, in contrast to Srikant and Ying (2019), the bound is obtained for the sequence of virtual
iterates. In the next lemma, we provide bounds for the three key terms of the bound in (90), i.e., ||g(8:,0:)||?,
my, and E [hy].

Lemma 6. For allt > 0, we have

() ny < AL?||d|*+8L*FF + 10L%02, (42)

(i) my < 6arL?c?® + 3arL*7? + 2aL? Z |du||*+277) (43)
l=t—7

11].0'2.[/2, fOT’ 0 S t S Tmix

44
40TmipL? (80% + 3E [F7]) + 8aL? Sl o E(lldilP4277], fort > Tomia (44)

(it)) Elh] < {

where (iii) holds for o < zori——

Tmiz

The proof of this last Lemma relies on the bound on ||d;|| established in Lemma 4. The proof of (iii) relies
on the mixing properties of the Markov chain {o;} and on the bounds on ||@; — 0;_, . || and ||6; — 6;_, . ||
established in Lemma 5. Part (ii7) is the key and most challenging part of the proof, which allows us to get to
the bound in (96). Using this last Lemma, in combination with Lemma 4, we are able to get the bound in (12).
The conclusion of the proof is enabled by using E [r7] < 2E [77] + 2E [||d;||?] and some further manipulations.
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B.1.2 Proofs of Auxiliary Lemmas

We first state and prove the following lemma, which we will use later in the proof of Theorem 1.

Lemma 7. For w; =
for any t,

Proof.

£ (1 —0.5pa)~ D with o < £

wy < 2w,

2
(a) p2 N\
< w_:|1=-L—
= Wi ( 2CT>
() p? \ 77
<w_,; [ 1-L1—
= W ( 20¢>
(© 1\ 77
<wp;|1-—=
=W ( 47)
(i) - 1
S Wi—j 27__
(z) 1
S Wi—5 €Xp 5
< 2wy .

, C > 2, the following inequality holds for 0 < i < 27, and

(45)

In (a), we used the bound on «; in (b), we used the bound on 4; in (¢), we used p < 1 and C > 2; in (d), we used

(1—u)

_1§(1+2x)f0r 0<z<

1
2’

and for (e), we used (1 + x)* < exp(zk) for k > 0.

(47)

O

Note that we defined g(0;,0;) = 0 for i < 0, ; = 0 for t < 0, and d; = 0 for ¢t < 0. First, note that, starting

from the definition of d; in (35),

dt+1

=di+ a(g(0:,0¢) —8(01—7,0i—7)
=di1 +a(g(Oi—1,00-1) —8(O1—1-r,00-1-1))
+ o (g(0¢,00) —g(Or—7,00—1))

¢
o +ad (g6,0)-g6 -0 )
1=0

t

g(01,01),
l=t—7+1

where (x) follows because the overlapping terms in the sum cancel out. So, we obtain, for all ¢ > 0,

d; =« Z g(0;,0p).

l=t—r

We can now prove Lemma 4, which is key to proving Theorem 1.

Proof of Lemma 4 -

(49)

(i), (ii). From (49), using the triangle inequality and the bound on the update direc-
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tion (27), we get, recalling that o > [|6y]|,

t—1
ldell = e > &6 0)]
l=t—7
(27) t—1
< aL ) (|6i]+0)
l=t—7
t—1
<arLo+al Z 116:1],

l=t—1

which proves (i). We now prove (ii). Using the triangle inequality and (31),

t—1
Idelf* = lla > &(61,00)]
l=t—T1
(31) t—1
< o’ Y lg(6,00)]
l=t—T1

Now, using the upper bound on the squared gradient norm (28),

t—1
Ide]* < o7 > |61, 00)I?
l=t—7
t—1
<20°7L* ) (/160]*+0?)

l=t—7
t—1

< 20272 L%0? + 2a°%7 L2 Z 162,

l=t—T1

which concludes the proof.
Using the above inequalities, we can now prove part (i) of Lemma 4.

Proof of Lemma 4 - (iii). First, recall that, from Lemma 4, we have

t—1
lds]|?< 20272 L%0? 4 2027 L? Z 6,12

l=t—1

(51)

(52)
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Based on Lemma 7, for 0 < ¢ < 27, we have w; < 2w;—; (see (46)). Using (53),

T T t—1
S wlld? <> wy <2a2T2L202 +2a°7L* Y ||01||2>
t=0 t=0 I=t—7
T t—1
< 2Wrar’LP0% +20°7L2 ) wy Y |64
t=0 l=t—7
() T t—1
< 2Wra?r’LP0” + 40’702 Y w6
t=0l=t—71 (54)
(s

T
< 2Wra®r?L20” +40PT°L7 Y wi|0:?
t=0

T
< 2Wrar? 0?4 80> 12 3wy (647412
t=0

T T
~ 1
2 272 2 2 272 2 2
<2Wra“tL*c” 4+ 8a“T°L ;:0 we| 0| —|—§ tEZO we||de]|%,

where for (x) we used the fact that w; < 2w; for t — 27 <1 <t — 1, and for (xx) we used the fact that each
element w;||6;]|*> appears at most 7 times in the sum, for [ = 0,...,7 — 1 (note that, by definition, 8, = 0 for
1 < 0). In the last inequality, we used o < ﬁ. We can conclude getting

T T
> willdi]P< AWra T2 L20? + 160772 L% > " wy |04, (55)
t=0 t=0

O

We now prove Lemma 5, that provides a bound on the norm of the gap Hét,TL - étH and its squared version
18¢—r,... —O:]1*.

Proof of Lemma 5. Inequality (i) of the Lemma can be easily proved by applying the definition of the
recursion (33):
t—1
16s—rie =0l < >~ 116141 — 64

I=t—Tmix

t—1
<a Y le@,a)l
I=t—Tmiz
i (56)
<La Y (|6i+0)
l=t—Tmiz
t—1
= LaoTmia + Lo > [64]].
I=t—Tmiz
Similarly, for inequality (ii), note that, squaring equation (56),
R 3 t—1
1Bi—r,.,, — Oel)? < 2020°72,,07 + 20207 Tse S II6]1% (57)
I=t—Tmix
O

We now prove Lemma 6, which provide bounds for ||g(8:,0:)||?, m¢, and E [hy].
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Proof of Lemma 6 - (i). From (28), we have ||g(0;,0:)||*?< 2L?(||0;]|>+0?), and so

ni = [|g(0:,00) 1> < 2L7(||04]]*+0?)
<2170, — 6, + 6,|*+2L%c>
< AL%||dy||2+4L?| 042 +2L% 62

. (58)
< AL?||d¢||*+4L?||0; — 6" + 6%||*+2L% 0>
< AL%||dy||+8L37F + 8L2|6*|*+2L%0?
< AL?||dy|?+8L%72 + 10L%0?,
where we used [|0*||< o. This concludes the proof. O

Proof of Lemma 6 - (ii). By the Cauchy-Schwarz inequality, Lipschitz continuity of g(0,0;) in 8 (see (26)),
and from the definition of d;, we get

my = (g(0r,0) — g<éta0t)a ét - 67
< |lg(8:,00) — g(0:.04)]|[16: — 67|
< L||6. — 6,16, — 6"
= LI|d¢[|7.

Applying Lemma 4 to bound ||d;||, we get

t—1
my < L <047'L0—|— aL Z |0l||> Tt

I=t—71
t—1
=arLo +aLl® > |67
l=t—7
(30) =1
< 2arL?0? 4 2arL?7? 4+ al? Z ([164]1*+77)

l=t—T

t—1
=207L%0” + 3a7L’i + aL® > [0,

l=t—71
(31) -1 N
< 2arL?0® + 3arL%7% + 2aL® Y (\|dl\|2+||9l|\2)

l=t—T1

t—1 t—1

< 6arL’0® + 3arL?i} +2aL” Y ||di|*+4al® Y 7.

l=t—7 l=t—7

O

Next, we provide the proof of Lemma 6, which, in turn, provides a bound for E[h;] - the term related to
Markovian sampling whose analysis requires special care and mixing time arguments.
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Proof of Lemma 6 - (iii). We start with the case 0 < ¢ < 7,,,;,. Note that, using (28),

hy = <ét - 9*7g(ét,0t) ( t))
<16 —6*[llg(61,0) — (8]

01, 1. - P

< 57} §||g(9t70t) —8(6,)|l

(31) 1 )

< 57"15 + llg(0s, 00)|I+|&(00)]| (61)
(28

) 7
<5 +2L2||0t|| +21202 + 21210, |*>+2L%0>
~2

2
< 9L2ft2 +12L%0*.

L+ 8L% +12L%7

Recall that

0 if 0<t<r
0t+1 = 0 . - ) (62)
015 + Oég(gtfr, Otf-,-) if ¢ >T

from which we can write, for ¢t > 7,
17 =717 +20(0; — 0%, 8(0,+,017)) + ?||g(O1—7,00—)|?

(30)
< rt2 + ar? + O‘”g(otfﬂ0t*T)||2+O‘2||g(0th7Oth)HQ (63)

a<l 9 9
< (T4 a)ri +2alg(0—r 0017,
and note that, for ¢ < 7, r,; = r7, and hence (63) holds true for all ¢ > 0. Now note that
880 rr0r)IP< 2E2(100 [P +0) < AL + 61%". (64)

Therefore, we can write
i1 < (L+a)rf + 8al’rf | + 12aL0”. (65)

Now, we show that, for k < Tz,
<o+ e (66)

with €, = pex_1 + 8, ¢ = 0, where p = 1 + a + 8aL? > 1, and 8 = 12aL?0?. We show it by induction. The
base case k = 0 is trivially true. Now suppose that inequality (66) is true up to some k > 0, thus
r2 < p*rd +e,, Vs <k. (67)
We can get, noting that, for all k, 0 < €, < €x41,
Tii1 < (L4 a)rg +8aLl’ry_r + 12aL?0?
< (14 a)(p*r2 4 ex) + 8aL?(pkre + e) + 12aL0?
= (1+a+8aLl®)p*r2 + (1 +a+8aL?)e, + 12aL%0? (68)

PP+ per + B
pk‘+1 2

+ €k+1,

which concludes the induction proof of (66). Now note that, given that L > 1, p < 1+ 9aL?, and, for
a < L

36L2T i’
P < (1+9aL2)F < (14 9aL?)mis < ol mmic < 025 < 9, (69)
Also note that, for all k < 752,
k—1 Tmiz—1
=8 (1+9aL% <8 (14 9aL?)™ < 287 min, (70)
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and we can get, for all k < 7,,i,, noting that rZ < 402,
72 < 218 4+ 2BTmin = 215 + 24aL?0? 1, < 907 (71)
Now note that, similarly to the calculations performed above, for t < Tz,

Ffﬂ =7} +20(0; — 0%,8(0¢,00)) + o?[|g(64, 00) |?
< (1+ )72 4 20]g(6:, 0) |2
28) (72)

< (14 )i +4aL?(|0:]*+0?)
< (1 + Q)i +4al?(2r? + 302).

Using the bound established in (71), we can get

Fry < (1+ @) + 8aL?r} 4+ 12aL%0?

73
< (1+ @)} + 84al?s”. (73)
From this, we can proceed as follows:
72,1 < (1+ )2 + 84aL?s>
<1+ @)%, + (1 +a)84al?s? + 84aL?s?
: (74)
< (14 )72 + 84aL?0? Z(l + a).
j=0
So, for 0 <t < Tz,
72, < (14 a)™i=73 + 84aL?0? f(l + )’ (75)
t+1 S 0 .
§=0

Now, given that L > 1, note that, for ar,, < 361L*2 and j = 0, ..., iz — 1, we have (1 4+ @)/ < (1+a)™ <
e?miz < 025 < 2. Thus, we get

72 < 272 + 84aL?0% 1, < 1107 (76)

Finally,
hy < 9L*77 4+ 12020
< 9L*(110%) + 12L%02 (77)
< 111L%02.

We now analyze the case in which ¢ > 7,,,;,. Adding and subtracting ét_Tmm in the left hand side of the inner
product, we have

he = (0, — 07, 8(04,0,) — 8(6,))
= <0~t - ét—’f'mi;c?g(éta Ot) - g(ét)> + <ét—'rmm - 0*7 g(éta Ot) - g(ét)>a (78)
T1 T2
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where, using (27), Cauchy-Schwarz inequality and Lemma 5,

Ty <10 — B, [I(1&(8:, 00) 1 +]Ig(80) )

7
< |6y — 07,

t—1
< 2017 <mm _ |el) (1161 +0)

l=t—Tmixz

12L(]16:]|+0)

t—1
< 20L%0 i (|0c]+0) +22L% S [16:]1(16¢]|+0)
l=t—Tmizx
(30) )
< 2(1[/20'27-7711'1; + 204L27-miIUH0tH (79>

t—1

1 1, =
vt 0 (S0 bo o)

I=t—Tmix
(31) 9 9 2 2 2 7 112
< 2“0 Tmix‘i’OZL TmixT +al Tm%:cnet”

t—1 1

202 216, 1124118, 112402
+2002 Y (a6 o

I=t—Tmiz

t—1

< 11aL?0?Tyip + 6L T + aL? Z 16:]%.

I=t—Tmix
So, taking the expectation,

t—1
E[T1] < 11aL?0*Timiz + 60L*TniE [77] + aL? Z E [116:]°] - (80)

I=t—Tmix

Now, we focus on Ty. Note that, adding and subtracting g(8;_-,...,0:) and g(8;_-,,..) to the right hand side of
the inner product, we can write

15 = <ét—7—m,;m —0%,g(0;,0:) — 8(6,))
=T +Th+T;

with

Tl = <ét*7mm - 6*’ g(ét*‘rmiwot) - g(étf‘rmm»
T2 = <ét7‘rmiz - 0*7g(ét, Ot) - g(étf'rmizaot» (82)
T3 = <ét_7-m,im - 0*7g(ét—‘rm,m) - g(ét»
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We first bound T and T3. Note that, using the Lipschitz property of the TD update direction (26) and Lemma 5,

Ty < [|6¢—r,.., — 0" lg(01, 01) — 8(B1—r,,..,00)]|
< L6+, —6°(16:r,.. — O
<L|6; s, —0:+0,—67]16, .. — 6
< LftHét—rmm - ét||+LHét—Tm,;m - 0~t||2

t—1 t—1
< L*a (m’mm + Z ||01||> 7t + L <2L2a27'3m02 +2L20% T in Z |91|2>

l=t—Tmix I=t—Tmix

. (83)
1 t—1
(0® +77) + 5L% > (10u*+77)

I=t—Tmiz

_ 72
=L ATmix

N =

t—1
+ 2030272, 0% + 2030  Thin Z AR
I=t—Tmix
t—1
< atmigL20? + aTmimLZth +al? Z ||01||27
I=t—Tmix

1
8TmizL "

where in the last inequality we used o < Taking the expectation,

t—1
E (T3] < 0TmiaL?0® + ammin LB [i77] + aL? > E[||6]%] . (84)

I=t—Tmix
With the same calculations, we can get

t—1
E (T3] < 0TmiaL?0” + aTmin L°E [i7] + aL? > E[||6]%] . (85)

I=t—Tmix

We now proceed to bound 7.
E[T1] =E [01r,,. ~ 07,800 1,0 = 80r-r,..))]
=K |:<ét—‘rmm - 6".E [g(ét—Tmma0t)|0t—7'mizvét—7'miz} - g(ét—Tmm)>:|
<E[101r,.. = O [[E [£(81-r,...00[01— 15,0 O1-r,.| = B Orr,,i) ]
2 B[00, — 07181 [+0)]

< AE (18- ri = 011817, — 60°]1+20)]
1 pa * 1 N *
< G [5Be . = 81 5 (Ber 714207
(36)

1 . .
<oE [QHGMW OB - 0*||2+2a2]
< 20E[[6: ., — 67|*+0?]

< 20E [2)0, — 0°|*+2)0; — 0;_.,..

|2+02}
t—1
< 2aR |27 + 2(2L%a?72,,0% + 202 0% Thin Z 16:(1%) + o
L I=t—Tmix
t—1
<4oE [7?] +3a0’ +a > E[6)],

I=t—Tmiz
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where for (x) we used Definition 1 of mixing time and the fact that o > 1, and in the last inequality we used

a< o 1-,,L' So, we get

E[Ty] =E [Th] +E [T2] + E [T3]

t—1
87
< 6aTmip LE [77] 4+ 5aTmiz L0 + 3aL? Z E [[6:]]%] - (87)
I=t—Tmiz
Finally, we get
E[h] =E[T1] + E[13]
t—1

< 160Tmia L?0° + 1207 L°E [77] + 4aL® Y~ E[|64]]
l=t—Tmix
< 16aT iz L2 0% 4+ 12073, L°E [77]
t—1 (88)

vsar? Y2 (B[] +E [18°])

l=t—Tmiz

t—1
< 3207min L20% + 1207 L°E [i7] +8aL® > E[||di]*+277] .
I=t—Tmix
O
B.1.3 Proof of Theorem 1
First, we have )
i1 =71+ 2a(g(0,00), 0, — 07) + o?(|g (6, 01) || (89)

Then, using (24), i.e., (g(0;),0; — %) < —ui2, we have
i1 = 77 +2a(g(01,00),0, — 0%) + || g(61, 00) ||
= 77 + 20(g(01), 0; — 0") + 20h; + 20m; + *[|g(6;, 0) | (90)
< (1 — 2ap)i? + 2ah; + 2am; + o’ny.

We now apply the inequalities obtained in Lemma 6 to bound E [h], m;, and n;. Recall that T = max{7, Tz }.
Note that, from Lemma 6 - (iii), we can write E [h¢] < hy, defining

- B if 0<¢t miz
I (1)
qt if ¢ > Tmiz
with B = 11102, and
t—1
@ = 0Tmin L? (320° + 12K [77]) + 8aL® Y E[||d]*+277]. (92)
l:thr,,”'x
As a consequence, we can write, for every ¢t > 0,
E[h] < g + By, (93)
where, in turn,
5 B if <t mix
B, = if 0< ! < . (94)
0 otherwise
Also, recall that, from Lemma 6, we have
ny < AL?||dy||>+8L%? + 10L%02,
(95)

t—1
my < 6arL?0? + 3ar L7} + 2al? Z (IIde[[*4277) .

I=t—71
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Combining these inequalities together, we have, for ¢ > 0,

E [THJ <(1-2ap)E [ f] + 2aE [hy] + 20 [my] + o’E [Hg(@t, ot)HQ]
< (1= 20p)E [77] + 20°Tmin L? (3207 + 12E [77])
t—1
+1602L2 Y E[|dyf*+277)

I=t—Tmix

+120°7L%0% + 60°7L°E [77] + 40°L* Y | E [|d)||*+277]
l=t—1

+ 40 L°E [||d,||?+277] + 10a*L?0? + 2aB;.
Combining terms, we can get

E [ff1] < (1 — 2ap+ 480°L*7)E [77] + 12802 L 70
t—1 ~ 97
+ 40’ L?E [||d;|*] + 20a*L? Z E [||d;||*4+277] + 2a.B;, (97)

l=t—7

where we have used T+ T,,i < 27. Now, using the fact that r? < 277 +2||d,||?, which implies —77 < —g +1d¢ |12,
we have
(1 —2ap+480*L*7)E [77] = (1 — ap+ 480> L*7)E [77] — auE [77]
27 2-\m [+2 E [rf] (98)
< (1—ap+48e*L*F)E [f7] — ap—— 5 Tk [1de)l?]

and, using p < 1, we can re-write (97) as

2
E [rt+1] < (1 — ap + 480 L*7)E [Ff] - au% + 12802 L*70?
t—1 (99)
+o(l+4al”)E [||de]”] +200°L* Y E[||di|*+277] + 20.B;.

l=t—7

Multiplying both sides by w;, we have

E 2
wiE [77,,] < (1 — ap+ 48a°L*7)wiE [77] — authM + 128w, 0’ L*70?
t—1 (100)
+a(l +4aL?)wE [||d]|*] +200°Lw;, Y E[||d]|*+277] + 20w, B;.
l=t—7

By summing over t =0, ..., T, we get, with Wp = EtT:o Wyt

T T T
> wE (] < (1—ap+482L%7) Y wik [77] — S5 3 wik [17]
t=0 t=0
T

+128WraL?70” + (1 +4aL?) Y wk [||d;|?]
=0 (101)

p1

T t—1
+200°L% Y wy Y E[||d]*+27] +2W,, ., 1aB.
t=0 l=t—7

P2
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Note that, from Lemma 4 - (iii), we have, picking o < ﬁ,

. T
p1 = Zth [||dt||2] < AWpa?r2L%0? + 160272 L2 Zth [”ét”ﬂ

t=0 t=0
T
< 36Wra’r’L’0” + 320°7°L* Y wik [i7] (102)
t=0
S OCTWTO' Zth Tt

Furthermore, using the fact that wy; < 2w; for [ =t —7,...,t — 1, the above bound on p;, and picking a < ﬁ,
we can bound ps as follows:

—

t—
wy IE ||dl|| +2rl]
=t—7
-1

le |dl|| —|—27‘l]

-7

||
B

~
Il

INE
[\
=7

-

~
Il
=3

1=

~

—~
<o
=

20 Y Wi [J]*+277].

I
rr
o

(103)

T
E [[|de)?] + 4%Zwtﬂ-z [77]
t=0

om'W o? r
atWro® Zth 72 ) +4%Zth [77]

t=0

IA

o
M%

S

~
Il
o

INS

(V)

\‘
/—\

w,E [77] + Wro®7,

[M]=

<57

H_
Il
<

where for (a) we used Lemma 7, for (b) we used the fact that each element w;||6,]|?> appears at most 7 times in
the sum, for I = 0,...,7 — 1 (note that, by definition, ||d;||= 7, = 0 for [ < 0), and for (¢), we used the bound on
p1. In the last inequality we simply used ar < 1. Plugging the two bounds on p; and ps in (101), we get

T

T T
S Wk [7,] < (1 —ap+15002L%7) 3wk [7] — TN wE [17]
2 2 (104)

+ 150Wra®L*70* + 2W,, .. _1aB.

Now, note that for o < 1=z, it holds that (1 — 2au + 1500 L?7) < (1 —0.5a). We can then re-write (104) as

T T T
Zth [Ft2+1] < (1 —-0.5au) Zwt]E [Ff] — O%L ZthE [T?] )
t=0 t=0 (105)

+ 150Wra?L?*70® + 2W,, . _1aB.

Now, dividing by Wr both sides of (105), bringing ZtT:O wE [ffﬂ] to the right hand side of the inequality and
-2 ZZ;O weE [r?] to the left side, we get

T T
ap Wy 9 1
— —FE [T ] < — (wt(l—OSQM)E [T ] —wE [7‘ ])
2 ; Wp " HE T Wy ; ‘ - (106)
QWTWLZT_laB

+15002L%702 + W
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(1—0.50)~ 1) note that w;(1—0.5a) = w;_1, and we can get, noting that w_; = 1
(107)

i (wt 1E rt —wE [THJ)

Now, recalling that wy

T

Z wy(1 = 0.5ap)E [77] — wiE [ffy,])

t=0 t=0

<E ] —wrE [TT+1] < 7.
Hence, we can write (106)
el XT: —LE[?] < < 704 1500202702 4 Wrnsa 108 (108)
2 & Wr N T Wy Wr
Now note that
Tmiz—1 Tmiz—1 Tmiz—1
Wipia1 = wy = (1= 05ap)~ ) < 3" (1+ap) ™ < 270 (109)
t=0 t=0 t=0
and that ) )
— < — =(1-05au)" ! 110
< o = (1= 05ap) ™, (110)
from which we can obtain, re-arranging the different terms in (108),
d ) rog (2, 4TB aL?7o?
Zwt]E [r1] < (1= 0.5ap)" g ( ) + 300
an (111)
L7
Cu(l = 0.5ap) 7172 + 0 77
— __nu
150L%7

( + @> and Cy = 300. By plugging the maximum value for the step size a =
(112)

where we define C,
(222 +4B),

we can get, defining C> =
T
S wiE [12,,] < Co(1 — 0.50p) "7 + 207,
it holds C,2ET = 2. Finally, by definition of 6,,; in Theorem 1, note that we have
(113)

W t=0
—Zwtﬂi rt

T
m
_ J22 ;
150L27
0°||°]
U

Indeed, for a =
E [Hgout

and we can conclude the proof of Theorem 1
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B.2 Proof of Theorem 2 and Related Lemmas

Let 7y = ||0; — 0" ||. Define 7/ = 27,142 + Tmiz, and recall

A
rip, max B [r7]. (114)
As we mentioned in Section 3, the proof technique of Theorem 1 cannot be directly extended to a time-varying
delay setting. To see why this is the case, please take a look back at (49) in the proof of Theorem 1, and note
that the specific way in which we can write d;, which is crucial in several key steps of the proof, relies on the
fact that the delay is constant. Accordingly, we do not see how we could generalize that type of identity to a
time-varying delay setting in a way that leads to the convergence rate we are aiming to obtain. In the rest of
this section, we provide the details and the proofs of the auxiliary lemmas introduced in Section 4, and the proof
of Theorem 2, whose structure departs completely from the proof of Theorem 1 and whose outline has been
illustrated in Section 4.

B.2.1 Proofs of Auxiliary Lemmas

We start by proving Lemma 1, i.e., the bounds on terms of the form ||@; — 8;_,||?, for some 0 < 7 < t.

Proof of Lemma 1. To prove (i), note that we can get

t—1 2
? < ( > 1164 91||>

l=t—Tmia

10: —01—r,,..

(31) t—1 )
< Tz Z HalJrl - 01”
l=t—7’m,1jm

t—1

= Tz Z 18(61—r,, 01-7,)|I” (115)
l=t—Tmixz
(28) t—1
< 20° T L Z (||0l7ﬂ||2+02)
l=t—Tmix
t—1
< 2027 L? Z (27“12_7[ + 30?).
l=t—Tmixz

Taking the expectation on both sides of the inequality, we get

t—1
E[|16; — 0i—r,... II’] < 20°7, L7 Z (2E [r{_,,] + 307)
I=t—Tmiz
t—1
<20° Tl Y (2 max E [r?] +307) (116)

t—Tmiz —Tmaz <J<t
I=t—Tmiz

< 472 042L2rt,2 + 6a2772m-$L202

= 20272, L*(2r 2 + 307%).

With analogous computations, we can get part (ii) of the Lemma, i.e.

E[16: — 0:—r 7] <2a%72,,L%(2r: 2 + 302). (117)

Recall the definition of e;:
€t £ g(9t70t) - g(et—mot—r,,)~ (118)
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As illustrated in the outline of the analysis in Section 4, for the purpose of analysis, we write the update rule as
follows:
0141 =0, +ag(0,0) — ey, (119)

from which we can write
H0t+1 — 0*”2: Jt,l -+ OZQJt72 — 20&]@37 (120)

with R
Ji1 =0, — 0" + Oég(et,Ot)HQ

Ji2 = e (121)
Jiz = (e, 0, — 0% + ag(6;,04)).

Proof of Lemma 2 - (i). Note that
Jea =10 — 0" + ag(8y, 0)||* = r{ +2a (0, — 0",g(8:, 01))
Jt,11
+a? lg(6:, 00|
J
t,12

(122)

We also observe that )
E[Ji12] = E [[|(0:,00) %]

< E[2L7 (|6¢]*+0?)]
< 2L (2E [r}] + 30?)
< 2L% (2ry 2 + 307%).

(123)

Now note that, using (24),
Jei1 = (0 — 0",8(0¢,0)) = — (0" — 0,,8(6:))
+(0; — 0", g(0:,0,) — g(0:))
< _,U/th + <0t - 6*7g(0t7 Ot) - g(et»»

T

(124)

where we now omit the dependence on the iterate ¢ in the terms we bound, for notational convenience. Now,

note that , .
Tl = <6t - etf‘rm“ng(eh Ot) - g(et» + <0t77mm -0 7g(0t7 Ot) - g(et») (125)
Ty, Ty,
where, using the Cauchy-Schwarz inequality and the triangle inequality,
T{, < 16 — 0:—r,.. I(lg (0, 00) [ +]8(0:)1])
(27)
< 2L(160: — 01—, [[([10¢]1+0))
(%) 1 126
e L T TN (CA e (126)
OéTmizL
(31) 1 2 2, 2
< L Tl 10: — 01—r,,. [ +20Tmi L([|0:]|"+07) |
where for (%) we used the fact that, from (30), we have
1 1 cb?
b= (— b) < —a® + — 12
a (ﬁa)(ﬁ)f20a+27 (127)
specifically with ¢ = a7, L. Taking the expectation on both sides and applying (ii) of Lemma 1, we get
(128)

20272 . 12
<L (M—ZZL(Z”Q +30%) 4 ATmia L(2re 2 + 302))

= 4()éTm7;IL27‘t72 + 6aTmi1L20'2.
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Now, we proceed to bound E [T},]. Note that

T1/2 = <0t77—miz - 0*7g(0t7 Ot) - g(et)>

Fe—rmie ~ ¢ (129)
=T+ Ty + T3,

with - .
Tl = <0t—‘rmm -0 7g(0t—7mm70t) - g(et—7)>
Ty = (0t—r,,.. — 0", 8(0:,0) — 8(0i—r,,,..0t)) (130)
T3 = <0t—7-mim - 0*7g(0t_7m7',.1:) - g(et»
We first bound T, and T3. Note that, using the Lipschitz property of the TD update direction (26), and
calculations similar to the ones used to bound E [T7},], we get

Ty <||0¢—r,,, —O0"1&(0s,0t) — g(Oi—r,,... 00
< L|6; ., — 0|0, — 6l
(137) L*aTmiz 16: =61+, [1*

(131)

t7 .
2 Tmie 20T i

Taking the expectation and applying (ii) of Lemma 1, we can get

- 1’nixL2
E [T2] < w
< 3047'77”'35[/2(7}72 +0?).

+ 2aTmiwL2rt72 + 3aTmmL202 (132)

With the same calculations, we can get
E [TS] < 3aT7rLiwL2(rt2,2 + 02)' (133)
We now proceed to bound Tj.

E 1) =E[(0i ., — 0,801, 0) — &01r,.,))]
=E[(0t—r,.., — 0", E (8(0t—ri0s00)|0t—r, 017, ] — 8(O1—r,,.. )]
<E0i—r,... — O E[8(Ot—r,.s s 00)|0t—rpi0s O] — 8(O1—7,0,) ]

(*) .
< aE[[|6:—r,,.. — O"[[([10:—r,.. [ +0)] (134)

<ak[[0—r,.. = O°[([0:—r,.. — 07[+20)]

< aE L ( 2 + 21",527%1_1 + 402)

9 t—Tmix

<2a(ry2 + 02),

where for (x) we used Definition 1 of the mixing time and the fact that o > 1. So, putting the above bounds
together, we get - - -
E([T},) = E[T1] + E [T2] + E [T5] < 8ammi L2 (174 + 7). (135)

This then implies
E(TY] = E[T},] + E[Ty,]

< 4a7’mimL27’t’2 + 6T min L2 0% + 8aTmin L> (re2 + 02) (136)
< 1207 min Lt + 1407, L2 0.

We also have
E[Ji1) < —pE [r7] + E[T7]]. (137)

Hence,
E[Ji1] = E [r7] 4+ 20E [Je11] + o°E [y 12]

138
<(1-2au)E [rf] + 2802 Tyi0 L74 2 + 340° Tin L2 0, (138)

which concludes the proof of the Lemma. O
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Proof of Lemma 2 - (ii). Note that

Ji2 = ||et|\2 = |lg(0,0t) — g(et,ﬂ,ot,ﬂ)nz

(31)
< 2(|lg(0r,00)|° +/|g(O1—r, 00—r)|1?)

(139)
(28) 2 2, 2 2 2, 2
< 2(2L%(|6:)*+0°) + 2L%(||01—r, | +07))
<4L2(2r? 4 302 + 21y, + 307).
Taking the expectation, we conclude getting
E[Ji2] = E [|lec]|*] < 8L*(2ry2 + 302). (140)

Proof of Lemma 2 - (iii). In the following, we drop the dependence on the iteration ¢ in most of the terms

we bound. We write .
—Ji3=(e,0, — 0" + ag(6:,0:))

= (—e,0; — 0%) + a(—e;,g(0:,01)) . (141)
A A
Note that B
A = af—et, (01, 00)) < allecll|g(¢, 00) | 142)
« 142
S5 (lecl®+llg(8¢, 00)]1?) -
Using (140) and (28) to bound E [||e]|?] and E [||g(8;, 01)||?], respectively, we get
E[A] < 5 (822 (212 +30%) +2L7 (2115 + 307)) 13
= 10aL’r¢ 5 + 15aL%0”.
We now proceed to bound A as follows:
A= (-e,0;—0")=(-g(00) +8(01—r,01r), 0 — )
= (—g(0:,0:) + (61, 01—r,),0: — 07)
A, (144)
+ (—&(0:,00—7,) +8(01—7,,0t—7,),0, — 07) .
Ag

Note that, thanks to the Lipschitz property of the TD direction and with calculations analogous to the ones
performed to obtain the bound on E [T3] (see (131) and (132)), we get

E[As] <E[L|0; — ;. |ri] < 3amminL? (12 + 02). (145)

We now bound Aq:
Ay = (—g(0s,01) +8(01—r,,.,,0t), 0, —67)
A1
+ (—g(0i—r,,..,0t) +8(01,0tr,),0; —67) .
A1z

(146)

With calculations analogous to the ones performed to obtain the bound on E [T5] (see (131) and (132)), we get
E [All] S E [LHGt — at_-,—t H?“t] S 3aTmiwL2(Tt,2 + 0'2). (147)
We now proceed to bound Ajs:
Ay = (~g(0ir,,,,0:) +8(0ir,.,),0: —0%)
A
+ <_g(0t*7mix) + g(eta Otht)a et - 0*>
Ag

(148)
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We have
A/l = <_g(0t7’rmiza0t) + g(et—'rmiz)y etf‘rmiz - 0*>
A/
e (149)
+ <_g(0t*7'mia; ) Ot) + g(@t,Tmiw), 015 - et*Tmia:>'
Al
Note that
Aty < [|8(0t—ri0s0t) — 8(Ot—r,. )10 — O, |
< (le(@i—r,..., 00) I+18(Ot—7,... ) 1) 16 — 17, |
(27)
< 2L(|101—,,., [ +0) |6: — 01—, | (150)
<2L(r}_. +20)]0;—6;,.|
1
< QOCLQTmi:c(TtQ—Tmm + 202) + - Hgt - gt—ﬂmm ”2
Taking expectation on both sides and applying Lemma 1, we get
1
E[AL,] € 207 L2 (E [r7_. ] +20%) + E[|6; — 0¢—r,... |I7]
- ATmix
< 20T iz L? (T’t,g + 202) + AT L (27},2 + 302) (151)
= 4047'77”'35[/27“7572 + TaTmie 202,
Now note that Af; can be bounded using the same calculations used for Ty in (134):
E[AY] < 2a(ry2 + 0?). (152)
Next note that
A = (—g(0i-r,..) +8(0:,00-7,),0, — 07)
= (-8(01—r,,,) +8(0i—r,,,,01-7),00 — 0")
AL (153)
+ <7g(0f—7'm7$ 9 01‘/—7'1,) + g(eta 01‘,—7})7 et - 0*>
Ady

To bound E [A),], we can proceed with calculations analogous to the ones performed to obtain the bound on
E [T5] (see (131) and (132)), getting

E[Aby] < 3aTmiz L2 (re2 + 02). (154)

Now, we write
A/QI = <_g(0t77—1niw) + g(et*ﬂm‘w*ﬂ% 0, — 0*>

) - . (155)
+ <7g(0t_7—'m7‘,m_7-t) + g(et—ﬂn,ix?ot—n)v 0, — 0 > :
Az

We see that, as before, we can bound E [A;] with the same procedure we used to bound E [Af,]:

E [A1] < 3ammeeL? (12 + 02). (156)
We write ~
Ao = (80—, —7) + 8011~ 01—7,),00 — ")

Bt (157)

+ <_g<0t*7'mim*ﬂ ) Ot*ﬁ) + g(et*‘ﬂm‘z ) Ot*‘l't)7 025 - 0*> .

Agz




Stochastic Approximation with Delayed Updates: Finite-Time Rates under Markovian Sampling

Now note that E [Agg] can be bounded with calculations analogous to the ones performed to obtain the bound
on Aq:
E [An] <E[L(101—r,,,—r — Ot—r,..[16: — 87]))]

158
< 30[TmaIL2(’Ft’2 + 02). (158)
Next, observe that
A21 = <_g(0tfrmmf'rt) + g(etf'rmmf'rta Otfn)a 0t7'rmizfrt - 0*>
. fan (159)
+ (—8(Ot—rso—7) T 8(Ot—ryio = 0t—7,), 0t — Ot —7,) -
A212
With calculations analogous to the ones performed to obtain the bound on E[Af,] (see (151)), we get
E [5212] <E [Het =0t rin—m HL (Hg(et—‘rmm—‘rt)||+||g(0t—7'mm—naOt—ﬂ,)|m (160)
S 4a(Tmim + Tmaw)LQ’rtQ + 7a(TmiI + Tmaw)L202-
Finally, note that A can be bounded using the same calculations used for T} in (134), yielding
E [Ag11] < 2a(r 2 + 0?). (161)

So, E[T3] can be upper-bounded by a sum of terms that are upper-bounded by either O(a)(r7, + o),
O(0Tmaz) (7o + 02), O(@Timia)(r7o + 02), or O(a)(Tmiz + Tmaz) (172 + 02). Putting all the terms together,
we can get

]E [_Jt,i’)] S 28aL2(Tmix + Tmaaz)({’nt,Q + 02)7 (162)

which concludes the proof. O

Now, recall the definition of the update rule for delayed SA with time-varying delay under Assumption 4:
Delayed SA: 0:11 =0+ ag(0i—r,,0t—7,), Tt < min{t, Tmaz}- (163)

Consider the mean squared error term E [r?] = E [||6; — 6”||?], and its expression derived in (120). Let us define
7' = 2Tmag + Tmiz- The bounds on E [J; 1], E[J; 2], and E[J; 3] provided in the previous section are such that
the update rule (163) satisfies the following Vt > 7/:

=E[[|6:41 - 67|
=E[Ji1] + &*E [Ji 2] — 2aE [J; 3] (164)
< (1-2auE [rﬂ + 9802 L (Tynix + Tmaz) (T2 + a?),

E [7"?+1]

with
= E [r7].

"t,2 t—IB%)l(St [Tl}
As mentioned in the outline of the analysis in Section 4, the final part of the proof of Theorem 2 is based on a
crucial argument that shows that, for a sufficiently small step size, the iterates generated by (163) are uniformly
bounded, which is shown in Lemma 3. Note that, starting from the above inequality (164), one could apply a
technique similar to Feyzmahdavian et al. (2014) to handle the delayed optimality gaps in the bound. However,
this technique would provide a suboptimal convergence rate with a 72,,, dependency on the mazimum delay. To
prove Lemma 3, that enables the obtainment of the tight linear dependence on 7,4, we first provide the following
result, which proves the base case of the induction proof on which the proof of Lemma 3 relies on.

Lemma 8. Consider the update rule in (163) and let B = 902. For 0 <t < 7' = 2Tpaz + Tmiz and a < ﬁ,
we have

E[rf]<B, 0<t<7. (165)
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Proof. Note that
Tt2+1 = rt2 +20(0; — 0%,8(601—7,,00—1,)) + 042”3(0%'&70%'&)”2

(30)
< rf JFO”? + O‘”g(ot—‘m0t—n)||2+0‘2”g(0t—na0t—n)||2

< (1+a)rf +2a/|g(0s—r,, 00—, |1? (166)

—~

< (L+ a)rf +4aL?(||0;— |*+0%)
<(1+a)y?+ 4aL2(2rf_n + 30?)
= (14 a)rf +8aL’r;_,, + 12aL’0>.
Taking the expectation on both sides, we get
E[r{,1] <1+ a)E[r}] + 8aL’E [r}_,. ] + 12aL%s". (167)
Hence, we get an inequality of the following form:
Vig1 <pVi+qVier, + 8, 0 <7 < min{t, Timaz }s (168)

with V; = E [r?], p=1+q, ¢ =8aL’Tmas, and f = 12aL?0?. We define p = p + ¢, noting that p > 1. We now
prove by induction that, for all ¢ > 0,
Vi < p'Vo + e, (169)

where

€4 —

{P€t1 +pfort>1 (170)

Ofort=0

The base case is trivially satisfied, because Vjy < V4. As the induction hypothesis, suppose that (169) is true for
0 < s <k, for some k > 0, so that
Vs <p’Vo+e, 0<s<k. (171)

Now, we check the property for k + 1, using (168), and noting that e is an increasing sequence:
Vitr <pVie + qVi—r,, + 5,
< p(p*Vo +er) + a(p" Vo + €—r,) + B
<p(p"Vo +ex) + (P Vo + er) + 8 (172)
<+ Vo+ (p+q)er + 8
= "V + eyt

From this, we can conclude the proof of (169). Now, note that

t—1
«=8Y p, (173)
=0
and so we can write, for 0 <t < 7/,
pt < pr' < (1—|-04)T/ < ear’ < £0-25 <2, (174)

using the fact that a < 4%,. Hence, using the above results, we can get for 0 < ¢ < 7't

=1
E[rf] <p'rf+e<2rf+p Z o < 2rg 4+ 2p7 = 213 +2(12aL0*)7’ (175)
§=0
< 27“8 + o2 < 902,
where we used the fact that o < 57— and that ¢ = |6y — 0"(|?< 2||6,|>+2(|0" || < 402
We have just shown that, for 0 < ¢ < 7/, it holds
E [r}] < 90°. (176)
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Now, we provide the proof of Lemma 3, which relies on Lemma 8.

Proof of Lemma 3. We know from Lemma 8 that for t =0, ..., 7/, with 7/ = 2714z + Tmiz, and a < ﬁ, we
have
E[r?] < B. (177)

We now proceed by induction to show that the bound holds true also for any ¢ > 7/, thus for all ¢ > 0. We
use (177) as the base case for the induction proof. Fix any ¢t > 7/, and as the induction hypothesis, assume that
the property is true for all s satisfying 7/ < s <, i.e.,

E[r)] <B vr'<s<t. (178)
Now, from (164) we can write
E[r7,1] < (1 —2ap)E [r7] + 980 L*(Timis + Tmaa) (11,2 + 02). (179)
Observe that from the induction hypothesis and the induction base case, the following is true:
2
— < .
rig =, max E[r7] <B (180)

Hence, we can write, recalling that B = 902 > o2,

E [rfﬂ] <(1-2au)E [rf] + 980[2L2(Tmm + Tmaz)(Te2 + 02)
< (1 —2ap)B + 9802 L*(Trmiz + Trmae ) (B + 0?)

; E1 — 2ap) B + 2B980* L*(Timix + Timaz) sy
< (1 =20 + 1960 L*(Timiz + Timaz))B-
Thus, for a < 5= < g5527 < QSLZ(T"L’;+T"M)7 we get 1 — 20 + 19602 L2 (Tyiz + Tmaz) < 1, implying
E[r{] < B. (182)
This concludes the proof. O

Using this last Lemma in conjunction with (164), we can now prove Theorem 2.

B.2.2 Proof of Theorem 2
Note that, from (164), we can write, for T' > 7" = 2700 + Tmizs

E [r7,1] < (1 —20p)E [rf] + 98¢°L* (Timiz + Tmaz) (11,2 + 0°) (1839
()
< (1 —2ap)E [r?] + 2B98a*L*(Tmiz + Tmaz)s

where for (%) we used the fact that, for o < m, it holds 7 » < B = 902, as established by Lemma 3. Iterating
the inequality, we get
E[r2,] < (1—2ap)™* "2, + 98L202 (Timiz + Tmaz)2B iu —2a)?
j=0

< (1 - 2ap)1 772, 4 98L2Q(Tmi; + Tmaz) B

<(- 2ay)t+1*T'B n 98L2a(7mi; + Trmaz)B (184)

D (1 - 2025 4 BL2 e + Tras) B

1

98L2 « (7-7ni;c + Tmuw)B
M )

< e—2oz,u(t+1)2B +
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where (x) follows because
(1 —2au)™" < e <025 <9 (185)

and by noting that apy < a < m < sl" Hence, for a < ﬁ, with C' = 196, we get the result. Setting

a= ﬁ, with C > 196 and C" = 98, we can also get

22T C'B
E [r7] < exp <Cl227') 2B+~ (186)

O
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B.3 Proof of Theorem 3

For a precision threshold € > 0 to be specified soon, recall that the update rule of delay-adaptive SA takes the
form:

0 0—7‘7 —T f0—0_7-§
(,m:{ vt (@Oir o)) I 16— 61 IS ¢ (187)
0, otherwise.
Let us define
BEe+0, and c 2 L,
where L > 0 is the Lipschitz constant defined in Assumption 3.
We use the following way of writing the update rule:
011 = 0; +ag(0;,0;) — ey, (188)
where e; = g(0+,0;) — g(01—r,,01—r,). We also define the following indicator function I;:
1 if||0, — 0., ||I<
I — if 16: = 6 l< € (189)
0 otherwise.
B.3.1 Outline of the Analysis
Recall that I, = 1 if ||@; — 0;_,,||< € and I; = 0 otherwise. Then, we can express ||@;+1 — 0% as
10041 — 0%|P= I, (K1 + &Ky o — 20K, 3) + (1 — 1,)]|0, — 67|, (190)

with
K1 £16: — 6" + ag(6:,01)?,

Kip £ |led?, (191)
K3 £ (e1,0: — 0" + ag(0y,0,)).

In order to analyze the convergence of the delay-adaptive SA update rule, we first derive bounds for K; 1, K; 2,
and — K, 3 for iterations in which I; = 1. Then, we establish a lower bound on the number of iterations in which
I; = 1. By using these two results, we are able to obtain the finite-time convergence rate of Theorem 3.

B.3.2 Auxiliary Lemmas

Similarly to Section 4, we provide three lemmas that are instrumental to proving the main result of this section,
i.e., Theorem 3. As in the case of the vanilla delayed SA update, we start by providing a result that provides
a bound on the norm of 8; — 8,_.. Note that here, unlike the non-adaptive vanilla case of Section 4, we are
able to get a bound on ||@; — 6;_.|| which is a function only of the current iterate ;. This aspect significantly
simplifies the proof. Note that this step, which plays a crucial role in enabling us to remove the dependency of
the rate on the maximum delay, is provided by the specific adaptive update rule, which only uses SA update
directions g(6;—,,,01—r,) when the distance between the delayed iterate 6;_,, - at which the direction was
computed - and the current approximation parameter 6; is smaller than the threshold e, with € set to a. In the
proof of Theorem 3 and related lemmas, without loss of generality, we also use negative indices for iterates and
observations. In particular, we define, for j < 0, 8; = 6y and 0; = og.

Lemma 9. For any T > 1 and t > 0, we have
|0 — 01—+ ||< 4Lar(ry + 28), (192)
where 3 = Le + Lo.

Using Lemma 9, we can bound K1, K} >, and K; 3 in Lemma 10.
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Lemma 10. Fort > 7., if It = 1, we have, for some absolute constants C11,C12 > 1,
(i) E[Kp1] < (1-20p+CriLl?(0®Tmie)) E[r7] + C11L* (0P Tiia) B2

(i) E[Kiz] < 2L%Tmi(E[rf] +5%)
(i)  E[-K;3] < Cralam(E [r}] + 52).

With the help of the previous lemma, we can rewrite Equation (190) as follows, when I, = 1:

E[r?1] =E[l|6041 — 67|]
=R [K;1] + @®E[K; 2] — 20F [K; 3] (193)
< (1 — 2apu + C’llLQ(OAQTmix)) E [rf] + C1L* (P Tmiz ) B2

To finish the proof, we only need to determine the number of times we update the parameter in T iterations.
This can be achieved through the following lemma, which we borrow from Cohen et al. (2021). By utilizing this
lemma, we can complete the proof and obtain the bound presented in Theorem 3.

T
Lemma 11. Let 74,4 be the average delay, i.e., Tang = % >~ 1t. The number of updates that the delay-adaptive
t=1

SA algorithm makes is at least ﬁ.

In the remainder of the section, we first provide the proofs for all the auxiliary lemmas, and then conclude with
the proof of Theorem 3.

B.3.3 Proofs of Auxiliary Lemmas

Proof of Lemma 9. Let t = — T¢, then

10,11 — 64| < aly]|g(8,, 00 )|
< aLLi(||0y|+0)

< aLLy([|0¢]|+([0: — 8u|[+0) (194)
< aLI;(||@¢]|+e+ o)
< aL (]|6¢]|+8),
from which we get
[0¢11< (14 oL)|[0¢]|+aLp. (195)

In what follows, we will recursively use the above inequality in tandem with the following facts: (i) If I; = 0,
then 6, = 6,_1 and our next steps hold trivially, and that (ii) 6; = 6 for j < 0. We then have that V¢ > 0:

16:] < (14 aL)|[0—1[+aLp
< (1+ aL)?||6;—s||+aLB(1 + aL) + aLp

T—1
< (1+aLl)||0;++alp Y (1+aL) (196)

j=0
< 2)0,_ | +2aLpr,
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where we used atL < i and the fact that, for 0 <j <7, (1+2)f < (1+2)” <e® <2 for a1 <
Now, using the above inequality on ||6:]],

1
I-

t—1

[16: — 6| < Z 10;+1 — 0]
j=t—7
194 -1
> aL(|6,]+5)
j=t=r (197)
(196)  t-1
< aL Z (2||01—+||+2aLBT) + aTLp

j=t—7
< arL(2||0;—.||[4+2LapT) + aLBT
< 2aL7||0;—.||+2LafT,

where in the last inequality we used the fact that a7 < ﬁ. Moreover,

10, — 6, || < 207L||6,_.|+2Lafr

< 2arL||0||+2LafBT 4 2arL||0; — ;.| (198)

1
< 2a7L||0¢||+2LafT + §||0t — 0|,
which results in
|0: — 01—+ ||< 4aTL||6:||+4LaST. (199)

Recalling ¢ = L3, we can write
0; —0,_.|| <4arL||0:||+4acT
16 t—r|| [6:]l (200)
<darL(r; + 2P).

Also note that (recall ¢ = Lj):

10, — 0, ||* < (4aTL|0;||+4acT)?
(4atLr; + 8acr)?

ININ TN
—

6(arLr; + 2act)? (201)

w
IN =
N

32(a’ T’ LPr} + 4a’7%c?)
< 320272 L2 (r2 + 45%).

Note that for an iteration ¢ in which an update is not made, i.e., I; = 0, we have
10001 — 6°12= 6, — 67|12 (202)
If I; = 1, we have:

18141 — 07[*= |0, + ag(8s,01) — 07|* + a?[le.||” —20{e,, 6, — 0" + ag(8y, 01)).
——

K K2 Ky

(203)

Proof of Lemma 10 - (i). In the following, we drop the dependence on the iteration ¢ in the terms we bound.

We write ) )
Kt,l = Hat — 0* + ag(@t,ot)H = ’f‘t + 2 <0t — 0*7g(0t7 Ot)>

I
+ 02 ||g(6s, 0017
————

I

(204)
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Note that
_ 2 (28) 2 2 2 2 2 2 (205)
E[L] =E[|lg(0s00)l°] < 2L (E[)|6]*] +0°) <2L*(2E [r7] +307).
Next, note that
I = (0; — 0",g(0:,00)) = —(0" — 0:,8(6:))
+ <0t - 0*,g(6t,0t) - g(et)> (206)
< —w(l=)rf +(0: — 6",8(6:,0:) — &(6:)) -
Ty
Now,
T1I = <9t - Btf‘rmizag(otv Ot) - g(ot)> + <0tfrmiz -6, g(@t, Ot) - g<0t)> : (207)
Ty, Ti,
Using the fact that 8 < o and L > 1, we can bound T7; as follows:
Ty, <10 — 017, || |(6:, 00) — 8(6:)]]
(27)
< (10t = 0—r,,.,. [12L(]|0¢]+0)
(201)
< (4aTmin L) 0t || +4aTmizc)2L(]|0:]|+0)
< 8a7mmL2||9t||2+8acnm-mLU + (8aTmiIL2U + 8Tz Lc) |0y (208)
< 80T mie L2||0¢||* +8aL? BTimino + (8aTmiz L0 + 8aTmiz L? )04 ||
< 80T min L2 04 ||> 8 L2 Tin 52 4 3207 min L % + 3207 mi0 L]0
= 40T mie L2 |0 ||* 4007 50 L 32
< 80T i 217 + 12007 50 L2 B2
< A0L% 0T pin (212 4 362).
Taking expectations on both sides of the above display, we obtain
E[T7,] < 40L*aT1ix(2E [r7] + 357). (209)
Now, observe that
T1/2 - <0t77'mm - 0*7 g(etv Ot) - g(et)> (210)

=T+ T +Ts,

with

Tl = <0t—7'm'ir - 9*’ g(et_Tm,ia:70t) - g(at_'r'mim)>
Ty = (01—, — 0",8(6:,0) — g(01—r,,..,01)) (211)
T5 = <0t—7’m1‘,z - 0*7g(0t_7-m,im) - g(et»

Note that, from (201), we have, recalling ¢ = L,

16 = O¢—r,., 12< 32a°775,;, L (] +45%) . (212)

mix

We now proceed to bound 75 and T3. Note that, using the Lipschitz property (Assumption 3) and the fact that
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1
S T T L

we obtain

Ty < ||0;—r,,.. — O7[l[Ig(0r,00) — g(Or—7,,.., 00

< L||6t—r,,., — O7[[|0t—r,,., — 64l
1

<30) ATz
< mar

L2 2 2
< 5 10t—ri, — 077+ 10t — 0l

1
0,_. . —0,°
2aTmiaj|| t—Tmixz f” (213)

2 mix

S aTmizL2||0t - 0*||2“}’047-mi.'£L2”01:—7-,,”aD - 0t||2+

< 047',,”496L27“t2 + OTminL? (32@27',3mL2 (rf + 4{32))

+

(32a27r2,mL2 (r? + 462))

20T iz
< OéTmisz’r'? + aTmin L2 (7"t2 + ﬁ2) + 16047mmL2Tt2 + 640Tmip L2 B?
< ATmie L* (1877 4 65532).

Taking the expectation, we get

E [T3] < aTmiz L*(18E [r7] + 655%). (214)

With the same calculations, we can get

We now proceed to bound E [Tl]. Using the fact that atm,i, <

So, we obtain

E [T3] < aTpnin L*(18E [r7] + 655%). (215)

< ﬁ, we can write

E [Tl] =E [<9t7'rmiz - 0*7 g(atf‘rmizvot) - g<0t77—mi1)>]

=E[(0i—r,., — 0 E[g(Ot—r,..,000t 7100t —7,..] — 8(O1—,..))]
<SE[0t—r,,., — O NE[g(0t—r,. 0|0t 70105 Ot—ri] — 8(Or—r,,..) ]
25)

)

t

—

B[, — 00—,

+0)]

INE A

[0 _p*||2 _ p* 2
SE (10070 = 0712+ (160, — 67 +20)°] (216)

IA

%]E [27’? + 2”015 — 91577-"”.1

2420, — 07[*+807]

N

%]E (27 +2)|0, — 01—r,. |12 42 (2]10; — 01—, |2+2]100 — 67]|7) + 807
< 3aE [r}] 4+ 3aE [||0; — 04—, ||I°] + 4ac?
< 3ok [r?] + 96072, (IE [rﬂ + 462) + 4ao?

< 4alE [r?] + 8ac?.

E [T}, = E [T1] + E [T3] + E [T5]
< 4aE [r7] 4 8ac® + 2 (aTpmis L (18E [r7] + 655%)) (217)
< 4607 L? (E [r7] +36?).

Combining the bounds on E [T7,] and E [T},], we obtain

E[T{] = E[T,] + E[T},]
< 4007 mio L* (2K [r7] + 38%) + 4607mie L (E [r7] + 35°) (218)
< 130aTmixL2(E [Tﬂ + 2/82)

This immediately yields:

E[l1] < ~w(1 = )E [r}] + E[T]]

—w(1 —7)E [r7] + 13007, L*(E [r}] + 28?). (219)

IA A
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Hence,
E[K: 1) =E [r}] + 20K [[1] + o°E [I5] (220)
< (1= 20 + 2640° 7035 L) E [r7] + 5260° 710 L2 8%
O
Proof of Lemma 10 - (ii).Using the notation t =t — 7, we get
ledl|= < llg(0y,0,) — (0,0, )1 +[|8(0:,0,) — &(61, 04|
< L)|0: = 8, [|+2L([|6:]+0)
< 2L|6¢||+Le + 2Lo (221)
< 2L||04]|+2L(e 4 o)
= 2(L[|0¢+c).
Note that, using the above inequality, we have
e||<L||0:+2c. (222)
Using this inequality, we can get
E [OtQKt,g] < o’E [||et||2]
< o®E [(L]|6]+20)’]
< o%E [(L]04]+2¢) 23
< o’E [(2L?0,]]*+8¢%)]
<40’L’E [rf] + 120°¢°.
O
Proof of Lemma 10 - (iii). We write
—Ky3=(—e,0;— 0"+ ag(6,0,))
= (—e:,0; — 0%) +a(—e;, g(0y,01)) - (224)
A A
Note that using (223), we have
lled||?< 4L%r? + 1262 (225)
Using this fact, we can get -
A = af—e, g(0:,01))
< allet]|||g(O¢, 04) ||
(30) o
< 5 (llec®+lg(8:, 00)1)
226
(28) o 2 2 2 2(0,.2 2 (226)
<5 (4L%r7 + 12¢° + 2L7(2r] + 307))
< %(8L2rf +18¢%)
< 4aLl*r} +9ac?,
implying that -
E [A] < aL*(4E [r]] +958?). (227)

We now proceed to bound A as follows:

A= (—e;,0,—0") = (—g(0,0;) +8(0r—r,,00—r,), 0, — 07)
= (—g(0:,0:) +&(0:) —g(0:) +(0¢,017,),0, — 07)

+ <7g(0t7 Ot—Tt) + g(ot—naot—n)a Ot - 9*> .
As




Stochastic Approximation with Delayed Updates: Finite-Time Rates under Markovian Sampling

Next, noting that ||g(0y, 0t—r,) — 8(0t—7,, 01—7,)||< L||0r — 0:—+,||< Le, we have

alL [ , €\2
< < — — .
Ay < Lery < 5 (rt + (a) ) (229)

Now, using the fact that e < o and 1 < o < 3, we have

By < 07+ 5, (230)
and
Ay < (—g(01,0:) +8(0:),0; — 0°) + (—g(0;) + g(0+,0¢+,),0; — 0%) .

All A12
Note that Ay; = T7 for T] defined above (see (206)), and therefore can be bounded accordingly as in (218):

(231)

E[A11] < 13007 L (E [r7] +28%). (232)
We now bound E [A3] as follows:
Ao = (—g(6:) +g(01,00—7,),0, — 07)
= (—g(0—+,) +g(0t,00—7,),0, — 07)
A (233)

+ <_g(0t) + g(et—ﬂ:)a Ot - 0*> .
Ap

Note that using the fact that ¢ < «, we have
Ay < 1|16 — 0, [[[6: — 67
< L(ery)

2 234
<L (ar? + 6) (234)
«

< La(r? + f?).
We now bound E [A]] as follows:
A} = (~g(0t—r,) +8(0t,01—r,),0: — 07)
= <_g(0t77}> + g<6t7‘rt70t7‘rt>7 et - 0*>
AL (235)

+(—8(0t—r,,0t—r,) +8(01,00—7,),0, — 67).
Al

Note that, using Lipschitzness (Assumption 3) and the same calculations used to arrive at (234), one can obtain

Al < [|8(01—r, 01—7,) — 8(01,00—7,)[|[|0: — 07|
< L||O:—r, — 6:]][|60: — 67| (236)
< La(rf + 5°).
Let us also observe that , - .
Al =(—8(0i—r,) + (01—, 0t—r,),0: — 07)
=(-8(0i—r) +8(0t—7,7,.),0: —0")
Ay (237)
+(—8(O01—r,—7.;,) +8(01—7,,0i7,),0, — 0%).

Ay
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Now, using Lemma 9 and the fact that e < 3, we have

Ay < L(|0t—r, =61 s, 1) 16 — 67|

We also have that

A2 = <7g(0t—n—7mm) + g(et—Tf,—Tmiz)Ot—Tt)7 et - 0*>

A21

+ <_g(9t77'tf‘rmiz ) Otht) + g(etf‘rt ) Otht)7 at - 0*> .

A22

Observe that with calculations analogous to the ones done to arrive at (238), we can obtain

E [A22] < 4CKTmi$L2(3E [th] + Qﬂz)

Now, we write

Ay = (—8(Ot—r,—rpin) + 8017 —110s0t—7,), 0t 7,7, — O7)

A211
+(—8Ot—7,—7pin) + 8Ot —7,110s 01, ), 01

- 0t77—t77—1niw> .

Az

We first bound Ayjo. Using Lemma 9 and (27),

Agip < 18017 —7nin) = 8(Ot—ry—rins 017|101 —

<2L([|0t—7, i |[+O)O — Ot —r ...,
< 2L([|0:]|+60r — Ot—r, ...
(

|+0)[|0: — 017y —7,,..

O —ri 7|

< 2L([|6:[|+]16: = 1 —r, 7. [ +0)[0 = O1—r 7, -

Furthermore, using (200) from Lemma 9 and the fact that ¢ < a, we have

10 = O0t—r, 7 | <1100 — 01—, [[+]01—7, — O

<e+10i—7, —Ot—r—7...
< e+ 4datmiaL(ri—s, + 20)
< a+4datmi L(rs + €+ 28)
< 13aTmiz L(re + B).

Hence, given that o < 8 and aTmis < 5577,

Aoio < 2L(||604]|+|0: — O1—rp—r.,...

RN 1[I ——

(30) oL 130750 L2
|0 = Oy, P+ —

= 260Tmig L 2
130T e L2
< 26aTmixL2 (r? + 52) + Mix
< 260Tmin L2 (r? + B2) + 13047'mmL2(2||0t|| +2(0; — ;... . |*+0?)
< 260Tmip L2 (r? 4 B2) + 130T i L2 (417 + 482 + 2(13%)a?
< 9207 min L2 (r? + B).

Tt —Tmixz ||

(10]1+110¢ = Oe—r,,..—r I+6)?

(20164 +10r — 64,07, )* +20%)

mz:vLQ (rt +B2) +o )

(238)

(239)

(240)

(241)

(242)

(243)

(244)
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To conclude, we bound E [Agu]. We use (25), the fact that a7, < 1 and (243). For notational convenience,
define t' £t — 7, — 7. Using manipulations similar to the ones performed above, we can get

(
=E[(g(0r) —E[g(0y,0t +,)|0,00],0y —07)]
[

<E[lg6r) — E[g(0r,0i—r,)[] |6 — 6] (245)
< E[(@)([10v]+0) (18 — 04| +(6: — 67[])]
< [(ry + (|0 — 0:[[+0)(re + [|0v — 6:]+5)]
<196L°a(E [r7] + B7).
Putting together the above bounds, we can conclude that
E[-K;3] < CiaL?aTni(E [r7] + 87), (246)
where Clg = 440. O

Proof of Lemma 11. The proof follow the same arguments as in Cohen et al. (2021), we provide details only
for completeness. Recall the definition of the average delay up to time T', 7444 £ % 23:1 7. Consider Uaryys
the number of steps ¢ for which the delay 7 is at least 27,,4. We must have Uar,,, < % (otherwise the total sum
of delays exceeds 74,47, contradicting the definition of 74,4). On the other hand, let £ be the number of updates
that the algorithm makes. Let t; < to < ... < t; be the steps in which an update is made. Denote tg = 0 and
ti+1 = T. Now, fix ¢ and consider the steps at times s, = t; +n for n € [1,2,...,t;41 —t; — 1]. In all those steps
no update takes place and 05, = 0;,. We must have 7,, > n for all n (otherwise ; = ot—tft for t = s,, and an
update occurs). In particular, we have that 7, > 27,,, in at least t;11 —t; — 1 — 274,4 steps. Formally,

# of steps in [t;, t;11] with delay bigger or equal to 27,4,
2 max{O, ti+1 - ti —1- 27—avg} (247)
Z t¢+1 — ti —1- 2Tavg-

Hence,
k—1
U27',”,g Z (ti+l - ti -1- 2Tavg)
i=0
=T — k(14 2740g)-
Finally, it follows that T' — k(1 4 274,4) < % which implies k& > 74(Ta2+1). O

B.3.4 Initial Condition

Now, we provide a bound on the initial condition Tf for t < T0. Note that

7“tz—o-l = th +2a(0; — 0%,g(0;+,,0t—7,)) + 052||g(0t—7m Ot—Tt)||2

(30)
< ri+oari + ollg(0i—r, 00— ) |*+07||g(01—r,, 017, )|

< (14 a)rf +2a)g(0—r,, 007,

(28)

< (14 a)r? +4aL?(||0;—_+, ||*+0%) (248)
< (1 4+ a)r? +4al?(2¢* + 2||64]|*4+0?)
< (1 +17aLl?)r? + 28aL?0?

t
< (1+17aL?) g + 28aL?0® Y (14 aL?).
j=0
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Using a < 5 T and (14 z) <e” <2 for z < 0.25, we have:

7'2 < (1 + 1704L2)Tm“”0'2 4 28&L202Tmix(1 + 170‘[]2)7—7,”%

Tmiz —

2 ) 2 )
S e170¢L Tm“EO_Q + 280(L20'2Tmim617aL Tmiz

(249)
< 202 4+ 560 L2602 Tomin
< 302,
B.3.5 Proof of Theorem 3
Putting together the results of Lemma 10, we have, for I, = 1:
E[|6:11 — 6* )] =E[K;1] +E [0®K; 2] — E[2aK, 3]
< (1 —2au + 2640427'miIL2) E [rtz] + 5260270 L2 32
+ 40 L°E [r}] + 120%c? + 2C12L*0* 700 (E 7] + 57) (250)
< (1= 20 + 11520% 7,3, L?) E [r7] 4 1418L% 0% 7010 87 (251)

Assume to,tl,tQ,. t;c € [T] are iterations in which updates happen after iteration Tyae + Tmiz, SO that
Tz + Tmaz < to < tl < ... < t;g. Then, we have r; = r, for all j € [tl,tH_l) We can write, for all

JE i+1’ti+2):
E [7'2-] =E |:’I“2/ }

J tiyy

—E [||¢9t;+171 ~0+ag(0, 0,

it+1

DI
+%E ey I

—20E [(e, 0, —0 +ag6y .00 )]

ti+1 z+1

(252)
=E [”015: —0+ag(6 t”ot’)” } +a’E {”et;”ﬂ

— 20K (e, 0, — 6" + O‘g(et”ot'»]
< (1 200+ 11520% i, L2)E |12

+ 1418 L2070 2.

By choosing the step size to be a < 35575, we have for all j € [t;H, t;+2)5

E[r2] < (1 - 200+ 11520%705, L)E |12 | 4 141812027305, 57
<(l-auE |:7't2’] + 1418L2@27’mixﬁ2' 259

p

By recursively using the above equation, we have
E[r2] < p"E {rf} +r, (254)
0

with p = (1 — ap) and v £ 1418L%a7,,,3?u~". Based on Lemma 11, k > — Tmiz, and based on (249),

we know E [rf/] =E[r2 ] <30% This yields:
. :

Tmiz

4'raUq+4

L2 mix 2
E [r%] < p*E {T‘?J + 9 < p"30% + 4 <exp ( a,um + am—miz>302 + 1418M
Tavs (255)

T L2 mix 2
< exp (—a,uw)602 + 1418047':64—0),
avg
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where we used exp (ﬁﬁ) < exp (1m5rz) < 2-

Additionally, if we set € = a, a = ag = , we obtain, defining Cy £ 1152,

123
1152L27n;

—u?T
E [2] < H 2
[TT] < <exp (402L27miw(7'aug T 1)) 6+ 8) o (256)

This completes the proof.
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Figure 1: Simulation performance of a TD(0) learning algorithm under delayed updates and Markovian sam-
pling. We compare three different algorithms: a non-delayed TD learning algorithm, a vanilla-delayed algorithm
(equivalent to update rule (6)), and a delay-adaptive algorithm (equivalent to update rule (23)).

C Simulation Results

In this section, we show numerical results to validate our theoretical analysis. We simulate a TD(0) learning
algorithm for policy evaluation via linear function approximation, with a setting similar to the one adopted
by Dal Fabbro et al. (2023) (see technical report) and Mitra et al. (2023) for TD learning under communication
constraints. We generate a Markov Decision Process with a state space S of dimension |S|= 20, resorting to value
function approximation with a feature space spanned by d = 10 orthonormal basis vectors. We set the discount
factor of the problem to v = 0.5. We generate the delay sequence by picking a random delay 7; at each iteration
t as a uniform random variable in the range [1, Timaz]. We set the maximum delay to T4, = 200. We compare
a non-delayed version of TD learning (“non delayed”) with the delayed scenario, for which we implement both
the vanilla approach (update rule in (6)) and the proposed delay-adaptive strategy (update rule in (23)). For
the delay-adaptive algorithm, as required by the theory (Theorem 3), we set ¢ = «. To validate our theoretical
results, we compare the results obtained with the different algorithms when the step size is the same for all
algorithms. Specifically, we set « = 0.35. We show the results in Fig. 1. As expected based on the results on
Theorem 2 and 3, we see that both the vanilla-delayed and the delay-adaptive algorithms converge to bigger noise
balls around the best linear approximation parameter 8*. At the same time, we see that the rate of convergence
of the delay-adaptive algorithm (for the same choice of step-size) is worse than the vanilla-delayed one, while
the convergence ball is smaller (for the delay-adaptive). This is in line with the theoretical results. Indeed, if
we substitute the same step size in the bounds of Theorem 2 and 3, we get a worse rate for the delay-adaptive
algorithm but a better convergence ball. Note that the main advantage of the delay-adaptive algorithm is the
fact that, unlike the vanilla-delayed algorithm, the choice of step size does not inversely depend on the maximum
delay in the delay sequence. Thus, the delay-adaptive algorithm allows one to be less conservative in the step-size
choice and agnostic of the maximum delay.
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