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Abstract

Double Q-learning (Hasselt, 2010) has gained significant success in practice due to
its effectiveness in overcoming the overestimation issue of Q-learning. However,
the theoretical understanding of double Q-learning is rather limited. The only
existing finite-time analysis was recently established in (Xiong et al.l 2020), where
the polynomial learning rate adopted in the analysis typically yields a slower con-
vergence rate. This paper tackles the more challenging case of a constant learning
rate, and develops new analytical tools that improve the existing convergence rate
by orders of magnitude. Specifically, we show that synchronous double Q-learning

attains an e-accurate global optimum with a time complexity of {2 (%), and

the asynchronous algorithm achieves a time complexity of Q (W) , where

D is the cardinality of the state-action space, v is the discount factor, and L is a
parameter related to the sampling strategy for asynchronous double Q-learning.
These results improve the existing convergence rate by the order of magnitude
in terms of its dependence on all major parameters (¢, 1 — «, D, L). This paper
presents a substantial step toward the full understanding of the fast convergence of
double-Q learning.

1 Introduction

Double Q-learning, proposed in Hasselt| (2010)), is a widely used model-free reinforcement learning
(RL) algorithm in practice for learning an optimal policy (Zhang et al., 2018alb; Hessel et al., 2018).
Compared to the vanilla Q-learning proposed in [Watkins and Dayan|(1992)), double Q-learning uses
two Q-estimators with their roles randomly selected at each iteration, respectively for estimating
the maximal Q-function value and updating the Q-function. In this way, the overestimation of
the Q-function in the vanilla Q-learning can be effectively mitigated, especially when the reward
is random or prone to errors (Hasselt, [2010; [Hasselt et al., 2016} Xiong et al., [2020). Moreover,
double Q-learning has been shown to have the desired performance in both finite state-action space
setting (Hasselt, [2010) and infinite setting (Hasselt et al.l 2016)) where it successfully improved
the performance of deep Q-network (DQN), and thus inspired more variants (Zhang et al., 2017}
Abed-alguni and Ottom), 2018) subsequently.

In parallel to its empirical success in practice, the theoretical convergence properties of double
Q-learning has also been explored. Its asymptotic convergence was first established in|[Hasselt (2010).
The asymptotic mean-square error for double Q-learning was studied inWeng et al.|(2020b) under
the assumption that the algorithm converges to a unique optimal policy. More recently, in Xiong
et al.| (2020), the finite-time convergence rate has been established for double Q-learning with a
polynomial learning rate o« = 1/¢t*,w € (0, 1). Under such a choice of the learning rate, Xiong et al.
(2020) showed that double Q-learning attains an e-accurate optimal Q-function at a time complexity
approaching to but never reaching Q(e%) at the cost of an asymptotically large exponent of ﬁ
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Table 1: Comparison of time complexity for synchronous and asynchronous double Q-learning.

SyncDQ Stepsize Time complexity’
Xiong et al| (2020) (t; o € jw=tl-n—l % w= 6/17 1 —
(o ()] [ ()

This work A1—)° | Q (%) Q (W)

AsyncDQ Stepsize Time complexity '

Xiong et al.|(2020) (%”’;J) € Lf = 11_ Ui _1> 1%7 ('f - 6/17 : w :L223L)1 .
[ ) o (e )] )

This work 1—y)° | Q (eiz) Q (W) ((1 e 2)

T The choices w — 1,w = 7 and w = g optimize the dependence of time complexity on €, 1 — v, and L

inXiong et al.[(2020), respectively. In addition, we denote a V b = max{a, b}.

However, a polynomial learning rate typically does not offer the best possible convergence rate, as
having been shown for RL algorithms that a constant learning rate achieves better convergence
bounds (Beck and Srikant| 2012} [Bhandari et al.| 2018} [Li et al.,|2020). Therefore, a natural question
arises as follows:

Can a constant learning rate improve the convergence rate of double Q-learning by orders of
magnitude? If yes, does it also improve the dependence of the convergence rate on other important
parameters of the Markov decision process (MDP) such as the discount factor and the cardinality
of the state-action space?

In this paper, we develop novel analysis techniques and provide affirmative answers to the above
questions.

1.1 Our contributions

This paper establishes sharper finite-time bounds for double Q-learning with constant learning rates,
which improve the existing bounds by orders of magnitude. Our result hence encourages to apply the
constant stepsize in practice to attain better convergence performance.

For synchronous double Q-learning, where all state-action pairs are visited at each iteration, we show
that with constant learning rates a; = « € (0, 1), the algorithm converges to an e-accurate global
optimum with a time complexity of Q (%), where + is the discount factor and D = |S||.A] is

the cardinality of the finite state-action space. As a comparison, for the e-dominated regime (with
relatively small ), we show that double Q-learning attains an e-accurate optimal Q-function with a
time complexity of Q(e%), whereas the result in | Xiong et al.| (2020) (see Table does not exactly

reach Q(e%) and its approaching to such an order (n := 1 — w — 0) is at an additional cost of an
asymptotically large exponent on ﬁ For the (1 — )-dominated regime, our result improves on
that in Xiong et al.| (2020) (which has been optimized in the dependence on 1 — ~ in Table [T| by

O((lnl_lv>7>.

For asynchronous double Q-learning, where only one state-action pair is visited at each iteration via
a single sample trajectory, we show that the algorithm attains an e-accurate global optimum with
a time complexity of Q (ﬁ), where L denotes the covering time (see (15)), and depends on

the sampling strategy. As illustrated in Table[I] our result improves upon that in|[Xiong et al.|(2020)
order-wisely in terms of its dependence on € and 1 — ~y as well as on L by at least O (L°).

Technically, our finite-time analysis approach here is very different yet more direct than the techniques
in|Xiong et al.|(2020). Our goal is still to bound the convergence error via a pair of nested stochastic
approximation (SA) recursions, where the outer SA captures the learning error dynamics between



one Q-estimator and the global optimum and the inner SA captures the error propagation between
the two Q-estimators. Rather than constructing two block-wisely decreasing bounds for the nested
SAs as in Xiong et al.|(2020), which appears challenging if not infeasible under the constant learning
rate, we devise new analysis techniques to directly bound both the inner and outer error dynamics
either per iteration (for synchronous sampling) or per frame of constant iterations (for asynchronous
sampling). We then treat the output of the inner SA as an noise term in the outer SA, and combine
the two bounds to establish the finite-time error bound of the learning error.

1.2 Related work

Due to large number of studies in Q-learning, we only review the most relevant ones on the double
Q-learning and the vanilla Q-learning under tabular/function approximation settings.

Theory on double Q-learning: Double Q-learning was proposed and proved to converge asymptoti-
cally in|Hasselt (2010). In Weng et al.| (2020b)), the authors explored the properties of mean-square
errors for double Q-learning both in the tabular case and with linear function approximation, under
the assumption that a unique optimal policy exists and the algorithm can converge. The most relevant
work to this paper is|Xiong et al.|(2020), which established the first finite-time convergence rate for
tabular double Q-learning with a polynomial learning rate. This paper provides sharper finite-time
convergence bounds for double Q-learning under a constant learning rate, which requires a different
analysis approach.

Tabular Q-learning and convergence under various learning rates: Proposed in [Watkins and;
Dayan| (1992)) under finite state-action space, Q-learning has aroused great interest in its theoretical
study. Its asymptotic convergence has been established in Tsitsiklis| (1994)); Jaakkola et al.| (1994);
Borkar and Meyn| (2000); Melo| (2001); Lee and He| (2020) by requiring the learning rates to satisfy
Yoego =o0and ), @i < co. Another line of research focuses on the finite-time analysis of Q-
learning under different choices of the learning rates. [Szepesvari (1998)) captured the first convergence
rate of Q-learning using a linear learning rate (i.e., oy = %). Under similar learning rates, |[Even-Dar
and Mansour| (2003) provided finite-time results for both synchronous and asynchronous Q-learning
with a convergence rate being exponentially slow as a function of ﬁ Another popular choice is the
polynomial learning rate which has been studied for synchronous Q-learning in[Wainwright (2019b)
and for both synchronous/asynchronous Q-learning in |[Even-Dar and Mansour| (2003)). With this
learning rate, however, the convergence rate still has a gap with the lower bound (Azar et al., [2013).
To handle this, a more sophisticated rescaled linear learning rate was introduced for synchronous
Q-learning (Wainwright, 2019b\c} |Chen et al.,[2020) and asynchronous Q-learning (Qu and Wierman,
2020), and thus yields a better convergence rate. The finite-time bounds for Q-learning were also
given for constant learning rate (Beck and Srikant, [2012; (Chen et al., [2020; |Li et al., |2020). In
this paper, we focus on the constant learning rate and obtain sharper finite-time bounds for double
Q-learning.

Q-learning with function approximation: When the state-action space is considerably large or even
infinite, the Q-function is usually approximated by a class of parameterized functions. In such a case,
Q-learning has been shown not to converge in general (Baird, 1995)). Strong assumptions are typically
needed to establish the convergence of Q-learning with linear function approximation (Bertsekas
and Tsitsiklis) |1996; Melo et al., 2008 |Zou et al.,[2019; |Chen et al.,[2021b; Du et al., 2019} |Yang
and Wang| 2019} Jia et al.,|2019; [Weng et al.,|2020al |2021)) or neural network approximation (Cai
et al.} |2019; [ Xu and Gu, 2020). A two time-scale variation of Q-learning with linear function
approximation was proposed in (Carvalho et al., [2020) which provably converges with probability 1.
The convergence analysis of double Q-learning with function approximation raises new technical
challenges and is an interesting topic for our future study.

2 Preliminaries on Double Q-learning

We consider a Markov decision process (MDP) over a finite state space S and a finite action space
A with the total cardinality given by D := |S||.A|. The transition kernel of the MDP is given by
P:SxAxS — [0,1] denoted as P(-|s,a). We assume a random reward function, denoted by
Ry : S x Ax S~ [0,1], and its expectation is denoted by E[R, (s, a, s')] = R%,. Note that the
analysis of this paper easily applies to reward functions of different ranges by scaling. A policy
7 := 7(+|s) captures the conditional probability distribution over the action space given state s € S.



For a policy 7, we define the Q-function (i.e., the state action value function) Q™ € RISIXIAl a9

Qﬂ(&a) Z’thziaau
(ltNTf( [st)
sy ~P(-|s¢, at)

with (s1,a1) = (s,a), and v € (0, 1) is the discount factor.

Both the vanilla Q-learning (Watkins and Dayan, [1992) and double Q-learning (Hasselt, 2010) aim to
find the optimal Q-function Q* which is the unique fixed point of the Bellman operator 7 (Bertsekas
and Tsitsiklis, |1996) given by

TQ(Sv a) = IE:s’f\/]P’(~|s,:,(J,) Rzla + ’yglgﬁQ(s/v (L/) . (h

Note that the Bellman operator 7 is y-contractive which satisfies ||[7Q — T Q'|| < v ||Q — Q’|| under
the supremum norm ||Q|| := max; , |Q(s, a)|.

Double Q-learning: The idea of double Q-learning is to keep two Q-tables (i.e., Q-function estima-
tors) @ and QP and randomly choose one Q-table to update at each iteration based on the Bellman
operator computed from the other Q-table. Let {/3;};>1 be a sequence of i.i.d. Bernoulli random
variables satisfying P(3; = 0) = P(3; = 1) = 0.5. At each time ¢, 3; = 0 indicates that Q7 is
updated, and otherwise QA is updated. The update at time ¢ > 1 can be written as,

{Qﬁ»l(& a) :(1 - dt(sv a)ﬁt)Qf(& a) + dt(87 a)ﬂt (Rt + /VQtB(Slv CL*)) )
QFr1(s:a) = (1= dy(s,a)(1=5,)) QF (5,0) + (s, a)(L = B;) (Re+1Q7 (s',07))

forall (s,a) € SxA, a* = argmax,. 4Q“(s',a), and b* = arg max,c ,QZ(s', a). The difference
between the (a)synchronous sampling is captured by the learning rate

2

a, for synchronous version
aty(s,a), for asynchronous version

Gy(s,a) == { 3)

where 7;(s,a) = 1{(s, a,)=(s,a)} i an indicator function. It can be seen that different from syn-
chronous double Q-learning which updates all (s, a)-pairs at each iteration, the asynchronous al-
gorithm samples only one state-action pair to update a chosen Q-estimator. Particularly, in the
synchronous version, s’ is sampled independently between iterations following s’ ~ P(:|s, a) for all
(s,a), whereas in the asynchronous version, s’ are consecutive sample transitions from one observed
trajectory (i.e., Markovian sampling). Finally, we note that in (Z)) the rewards R for both updates of
Q{  and Qt+1 are the same copy of Ry(s,a, s’).

As indicated by the update rules (2), at each iteration only one of the two Q-tables is randomly chosen
to be updated. This chosen Q-table generates a greedy optimal action, and the other Q-table is used
for estimating the corresponding Bellman operator (or evaluating the greedy action) to update the
chosen table. Specifically, if Q“ is chosen to be updated, we use Q* to obtain the optimal action a*
and then estimate the corresponding Bellman operator using QZ to update Q“. As shown in [Hasselt
(2010), E[QB(s', a*)] is likely smaller than E max, [Q“ (s, a)], where the expectation is taken over
the randomness of the reward for the same (s, a, s") tuple. Such a two-estimator framework adopted
by double Q-learning can effectively reduce the overestimation.

Without loss of generality, we assume that @ and Q® are initialized with the same value (usually
both are all-zero tables in practice). For (a)synchronous double Q-learning, it can be easily shown
that either Q-estimator is uniformly bounded by Viax := ﬁ throughout the learning process (see,
for example Xiong et al. (2020)). Specifically, for either i € { A, B}, we have ||fo || < Vmax and
||Q§ —Q* || < Viax for all ¢ > 1, which will be useful in the finite-time analysis in the sequel.

3 Synchronous Double Q-learning

In this section, we start with modeling the error dynamics to be nested SAs, which will be useful to
understand the nature of double Q-learning algorithms. Then we provide the finite-time results for
synchronous double Q-learning, followed by a proof sketch to understand analysis insights.



3.1 Characterization of the Error Dynamics

In the following, we represent the (a)synchronous double Q-learning algorithms as a pair of nested
SA recursions, where the outer SA recursion captures the error dynamics between the Q-estimator
and the global optimum Q*, and the inner SA captures the error propagation between the two Q-
estimators which enters into the outer SA as a noise term. Such a characterization enjoys various
useful properties and prompts a structured way of finite-time analysis for both sampling cases.

Outer SA: Denote the iteration error by r,(s,a) = Q7*(s,a) — Q*(s,a) and define the empirical

Bellman operator ﬁQ(s, a) := Ri(s,a,s") + ymax, c4Q(s’,a’). Then we can have for all ¢ > 1
(see Appendix A),

re1(s,a) = (1= au(s,a))ri(s,a) + @i (s, a) (Ge(r1) (s, @) + €15, a) + (s, a")), (4
where £, := T,Q* — Q*, v, := QF — QA Gi(ry) == ’7}@? ~TQ" =T, (ry + Q%) — 7,Q*, and

afy, for synchronous version

.. Note thatitis b
afii(s,a), for asynchronous version y

the equivalent learning rate du (s, a) := {

design that we use the same sampled reward R; in both 7A§Q* and ﬁQf‘ in the definition of G (7).

These newly introduced variables have several important properties. First of all, the noise term {&; };
is a sequence of i.i.d. random variables satisfying Ee; = E[T;Q*] — Q* = TQ* — Q* = 0 € RP,
In particular, for the asynchronous case, we have TtT e¢ = €¢(8t, ay) which is a Markovian noise
(process) for t > 1, where 7¢,; € RP. Furthermore, it can be shown that (see Appendix A)

1
||5t|| < Vmax - T - (5)
L—x
Moreover, it is easy to show that ||G;(r¢)|| < - ||r¢||, which follows from the contractive property of
the empirical Bellman operator given the same next state. We shall say that G; is quasi-contractive in
the sense that the «y-contraction inequality holds only with respect to the origin 7, = 0.

Inner SA: We further characterize the dynamics of v, = QF — Q! as an SA recursion (see Ap-
pendix A):

viri(s,a) = (1 = du(s, a))vi(s, a) + au(s, a) (He(ve)(s, a) + (s, a)) , (6)
where &(s, a) is defined in , H; = E(H¢|F), pe := Hy — Hy, and H, is defined in (18) in
Appendix A. It can be shown that H; is quasi-contractive satisfying ||H:(4)|| < ”TA’ lve]], and

{1 }+>1 is a martingale difference sequence with respect to the filtration F; defined by 1 = {0,
where €2 denotes the underlying probability space and for ¢ > 2,

P ({sk}, {Rk-1}, Br-1,2 <k <1t), for synchronous version,
A (Sk,ak, Ri—1,Bk—1,2 < k <t), for asynchronous version.

)

We note that for synchronous sampling, {sx} and {Rj_1} are respectively the collections of sam-
pled next states and the sampled rewards for each (s,a) pair; and for asynchronous sampling,
{(sk, ax, Sk+1) }k>2 are consecutive sample transitions from one observed trajectory.

Now our goal is to provide the finite-time bound for the nested SA recursions (@) and (6). Note that
B¢ (present in the outer SA) captures the random switching behavior of double Q-learning, and plays
an important role in connecting the error dynamics of inner and outer SAs. The error dynamics of the
inner SA, which has a unique contractive operator, affects the overall convergence via its coupling to
the error dynamics of the outer SA.

In the sequel, we present our main result of the finite-time error bounds and consequently the time
complexity of synchronous double Q-learning. We also make a thorough comparison with existing
results to highlight our significant improvement.

3.2 Finite-time Analysis

For the synchronous double Q-learning, at each iteration, one of the two Q-tables is chosen and all
its state-action pairs are sampled and updated. In Theorem|[I] we present a finite-time error bound
on the learning error [|r,|| = ||Qf* — Q*||, based on which we further derive the time complexity
in Corollary [T} We then provide a proof sketch of Theorem I]in Section[3.4] Its complete proof is
deferred to Appendix B.




Theorem 1. Consider the synchronous double Q-learning in with a constant learning rate
ar = a € (0,1) and v € (0,1). Then there exist some universal constant ¢ > 0, such that with
probability at least 1 — 8, the learning error vy = Qi — Q* satisfies

‘ c 2D
[reall < A7 {lra ]l + e aln—, (®)

forallt > 1, where h := 1 — I_Tva.

The following insights of the convergence of double-Q learning can be drawn from (8)). The first term
on the RHS of (8) shows that the initial error decays linearly with respect to the number of iterations
(in logarithmic scale). The second term is a constant error which can be controlled by the size of
the learning rate. By decreasing the learning rate «, this error vanishes at an order of O(/«). This
bound can be used to guide the choice of stepsizes according to the desired learning accuracy levels.
Note that there is trade-off between the initial error decay rate and the constant learning error: a
smaller stepsize « yields a smaller learning error, but leads to a larger h that is closer to 1 and thus
slower decaying of the initial error.

With the above result, we are ready to derive the following time-complexity result, which characterizes
the number of iterations required to achieve a statistically meaningful finite-time error bound using
synchronous double-Q learning. Recall that with the reward R; € [0, 1], the Q-function falls within
the range [0, ﬁ] Therefore, it is reasonable to consider € € (

=
Corollary 1. Foranye € (0, ﬁ] the time complexity for synchronous double Q-learning to achieve
an e-accurate optimal Q-function (i.e.,

Te,8,0)— 0 [ %
(€,7,0,D) = m :

Proof. We first show that if o < < = 511 Z)D and T > YgE—mr ’v)ov ((12_7), then ||r741]] < e. To proceed,
using Theorem ] the first term on the nght hand side (RHS) of (8] can be bounded as

@ €(1 ( i) e

B il < ! Irill < 5 ©)

where (i) follows from the inequality 1 4+ = < exp( ) and (ii) follows from the bound ||r|| < ﬁ

0 is given by

In

Applying the upper bound of « to the second term on the RHS of ' we obtain =k ﬂ/) T4/ Q ln D < 5
which combining with (9) proves the initial claim.

Then, further applymg the bound on « in the lower bound of 7', we obtain the desired time complexity

bound 1" > 8<% In 22

W and Q denotes the omission of logarithmic factors in the corollary. ]

2
In 7=

Comparison with existing results: We compare our result with the time complexity of synchronous
double Q-learning provided in Xiong et al.|(2020), which is given by

1 D = 1 1 =
T:Q<((1_7)662111(1—'y)762> +<1_7h’1(1_7)26> )a (10)

where w € (%, 1). We consider the following two major regimes. (a) For the e-dominated regime
(with relatively small ~), clearly the result in does not achieve the order of 2 (ln D/ 62) whereas
our result does. Further, its approaching to such an order (w — 1 in Table|l)) is also at an additional
cost of an asymptotically large exponent on ﬁ (see the last term of ). (b) For the (1 — v)-

dominated regime, the dependence on 1 — 7 can be optimized by taking w = g in ( | compared

to which our result achieves an improvement by a factor of O <<ln —) > (see Table

Comparing to the lower bound obtained in |Azar et al,| (2013), which is T = Q(W log %)

after translating to finite-time complexity under synchronous sampling, we see that the orders of
dependence on D and § are tight. The order of ¢ is tight up to a logarithm factor. The only major gap
appears in the dependence on 1 —
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3.3 Numerical Experiment

To illustrate our theoretical results, we apply the synchronous double Q-learning to an MDP adapted
from (Wainwright, 2019b) by modifying the deterministic rewards there to be uniformly distributed
over {Rsq — 0.5, Rsq + 0.5}, where R, € {0, 1} is the expected reward at (s, a). We set the initial
conditions as Q4 = QP = 1.0 with appropriate dimensions. Figureillustrates the convergence
rate of synchronous double Q-learning under constant stepsize with different discount values. Since
the decay of the initial error usually dominates the learning process, it is not easy to observe the
slower convergence rate T' = Q(E%) when only using constant stepsize. To better illustrate the latter,

we first apply the rescaled linear stepsizes (o; = ﬁ) at the beginning to reduce the initial

errors. Then from ¢ = 103, we switch to a constant stepsize of & = 0.001. The plotted curves are
averaged over 1000 independent runs. It can be observed that the ratio in the middle region under
constant stepsize is about —0.5, which is consistent with our analysis of T = Q(% log 1) = Q(E%)
(see Corollary[T). Besides, the non-diminishing learning errors are also captured by our Theorem 1]

We also compare the convergence against a polynomial stepsize (a; = to%) using the same MDP
as in the last example with the same initialization of the Q functions. The results are shown in
Fig. 2] which are averaged over 10 independent runs. Under the same discount factor, a constant
stepsize generally yields faster convergence than a polynomial stepsize due to the linear decay rate
(see Theorem [I)). Convergence becomes slower when increasing the discount factor under both
stepsizes, but polynomial stepsize is more susceptible to the change of discount factor than constant
stepsize.

3.4 Proof Sketch of Theorem/[T]

We first give a high-level idea about the difference between our approach and that in | Xiong et al.
(2020). Our central goal here is to bound the convergence error via a pair of nested SA recursions,
where the outer SA captures the learning error dynamics between one Q-estimator and the global
optimum, and the inner SA captures the error propagation between the two Q-estimators. |Xiong et al.
(2020) constructed two block-wisely decreasing bounds for the nested SAs and characterized only
a block-wise convergence. Such an approach is rather complicated, and does not appear to extend
easily to the constant learning rate case. In contrast, we take a very different yet more direct approach
here. We devise new analysis techniques to directly bound both the inner and outer error dynamics
per iteration. We then treat the output of the inner SA as a noise term in the outer SA, and combine
the two bounds to establish the finite-time error bound of the learning error.

Specifically, our proof of Theorem [I]consists of five steps.

Step I: Deriving a template finite-time bound applicable to both SAs. We focus on a general SA
with a quasi-contractive operator, which captures the interconnection structure between the outer and
inner SAs of double Q-learning via a few noise and error terms. We provide a finite-time bound for
such an SA by unfolding the SA recursively and carefully combining those noise terms into several
smaller recursions. Such a bound involves the coupling of the outer and inner SA error terms, and is
critical for further deriving a sharper finite-time bound for the synchronous Double-Q learning. We
present this bound in Proposition 1 in Appendix C.



Step II: Bounding outer SA dynamics E ||7;|| by inner SA dynamics E ||v;||. We apply Proposi-
tion 1 to the error dynamics of 7 in (@), and take the expectation to obtain

t
v —
Elreall < Bl + 5o Y hF Wil + El]) + E W, (1n
k=1
where h = 1 — 122 a and Wiy 1 = (1 — &;)W; + Guey, with initialization Wi = 0.

The bound in (TT]) captures the coupling between the nested SAs of double Q-learning, where v; of
the inner SA enters as a tracking error term into the bound on r; of the outer SA. To further bound
the outer SA error, we need to handle both ||| and ||W||.

Step III: Bounding [E ||V, To bound E ||, ||, we first construct an F;-martingale sequence
~ ant—i
Wi=(1-5) Wi forl<i<t

where it can be shown that W, = W, and W; = 0. Following this way, for each ¢ > 1, we
construct W, as the martingale surrogate of ;. Equipped with such a property, and further applying
the Azuma-Hoeffding inequality (see Lemma 3) and a Gaussian function integration technique
(see Lemma 4), we show that ~

E ||Wt+1 H S 2DVmax\/av

where D = 2¢/In2D + /7 and Vi is defined in . The complete results are presented in Propo-
sition 2.

Step IV: Bounding inner SA dynamics E ||1||. The inner SA captures the difference between two
Q-estimators, and is an error existing specifically in double Q-learning. Bounding E ||1¢|| is one of
the key steps to handle the coupling between two nested SAs.

Note that the v4-recursion (6) also satisfies the SA condition in Proposition 1. Then we have
t—1
vl < 5oy BTFIE | M|+ E M|, (12)
k=1
where 7 := HT” and M1 = (1 — o) My + apur, with initialization M; = 0. To bound E || M|, we
construct the martingale surrogate of M, for each ¢ > 1. Specifically, we construct the F;-martingale
sequence { M; }1<i<iy1 as M; == (1 — )t~ M; with My, = M1 and E (Ml) = 0. Then by

further characterizing the boundedness of the martingale, applying the Azuma-Hoeffding inequality,
and the Gaussian function integration technique in Lemma 4, we obtain in Proposition 3 that

E || M1 < 2DViax V20
Finally, we substitute the bound of E || M;|| into to have

6D Viax V20
E |1 §71_7 : (13)

The above bound indicates that the inner SA error is uniformly bounded by a constant which can be
controlled by the learning rate. Thus, the learning rate will play an important role to guarantee the
overall convergence by ensuring such an error to asymptotically vanish when entering into the outer
SA error as in (TT).

Step V: Deriving overall finite-time complexity. The last step is to “instantiate” the bounds of
E|[W;|| and E||v;|| in (1), from which we have for any ¢ > 1,

6D/ 2
(1—7)3

The above expectation bound is equivalent to the high probability bound on ||r;|| by replacing In 2D

with ¢ln % for some universal constant ¢ > 0 (see for example |Wainwright| (2019b)). We then
readily have that (8)) holds with probability at least 1 — 6.

E|[repall < B el + (14)



4 Asynchronous Double Q-learning

In this section, we first develop the finite-time analysis for asynchronous double Q-learning, and then
provide a proof sketch for the main theorem.

4.1 Finite-time Analysis

Differently from the synchronous algorithm, at each iteration asynchronous double Q-learning updates
only one state-action pair for a randomly chosen Q-estimator. The sampled state-action pairs come
from a single trajectory of the underlying MDP. Thus the statistical properties of the MDP plays an
important role in the finite-time analysis.

We next make the following standard assumption, which is widely used in the studies of asynchronous
Q-learning (Paulin, [2015} [Qu and Wierman, 2020; [Li et al., [2020).

Assumption 1. The Markov chain induced by the stationary behavior policy 7 is uniformly ergodic.

We further introduce the following notations that will be used in the analysis. We denote by p,
the stationary distribution of the behavior policy over the state-action space S x A and denote
Hmin = Mil(s 4)eSx.A (s, a). Intuitively, it suggests that the smaller fi,,;, is, the more iterations
it takes to visit all state-action pairs in a single trajectory. Alternatively, we define the so-called
covering number in the following, which is the number of iterations required to cover all state-action
pairs at least once with the probability of at least one-half:

1
L =minqt: i P(B > = 15
wine: | min P@or00) 2 5| 13

where ; denotes the event that all state-action pairs have been visited at least once in ¢ iterations.

In addition, the ergodicity assumption indicates that the distribution of samples will approach to the
stationary distribution p.. at the so-called mixing rate, defined as

1
i = drv (P'(|(s1,01)), 1r) < 5 0 16
mln{ (51’111111)36)(S><A TV( (-(s1,a1)), 1 )_4} (16)

where P!(-|(s1, a1)) is the distribution of (s, a;) given the initial pair (s1,a1), and dyv(u, v) is the
variation distance between two distributions p, v.

Next, we provide the finite-time convergence result for asynchronous double Q-learning in the
following theorem. We provide a proof sketch in Section[d.2]and give the full proof in Appendix F.
Theorem 2. Let € (0,1),6 € (0, 1), € € (0, ﬁ] and suppose Assumptionholds. Consider asyn-

chronous double Q-learning with a constant learning rate oy = o = lnCQ min § (1 —7)%2, triix }

with some universal constant c; > 0. Then asynchronous double Q-learning learns an e-accurate
optimum, i.e., ||Q# — Q*|| < ¢ with probability at least 1 — 76 given the number T of iterations

satisfies
~ 1 tmi 1
T=0 ( ( +—= ) In ) :
,U/min€2(1_’y)7 /Lmin(l_'y) 6(1_’7)2

where tiy is defined in (I6).

The above time complexity result is given in terms of the mixing time. To facilitate the comparison
with the existing results, we further characterize it in terms of the covering number, which can be
obtained from standard arguments for Q-learning (see (Li et al.| 2020)).

Corollary 2. Under the same conditions of Theorem[2} consider a constant learning rate oy = o =

—%7 min {(1 — )82, 1} with some constant ca > 0. Then asynchronous double Q-learning can

' Q4 — ¢

learn an e-accurate optimum, i.e.,
~ L 1
T=0Q 1
(eﬂ(l —)7 e —7)2) ’

< ¢, with probability at least 1 — 70 if the number T
of iterations satisfies

where L is defined in (I3).



Comparison with existing results: We compare our result with the time complexity of asynchronous
double Q-learning in |Xiong et al.|(2020), which is given by

L DL* “ 12 1 =
T:Q<<(1_7)6621n(1_7)762> +<1—’yln(1—'y)2e) ), 17

where w € (1/3,1). Our result in Corollary [2|improves this characterization by orders of magnitude
in terms of the dependence of the time complexity on all key parameters €, D, 1 — v, L (see Table [I).
In particular, the dependence on the covering number L in is optimized by choosing w = 2/3,
under which Corollary [2|improves by a factor of at least O(L%). Comparing our results to the
lower bound obtained in|Azar et al. (2013), the order of ¢ is tight up to a logarithm factor.

4.2 Proof Idea of Theorem

Differently from the proof of Theorem|[T|that does per iteration analysis, the central idea to analyze the
asynchronous case is to capture the learning error in terms of the key noise and error terms over all the
preceding iterations (see equation (36) in Appendix F). A novel development lies in the new method
for analyzing the noise and error terms that involve the Bernoulli switching parameters specifically in
double Q-learning. For example, we construct an augmented Markov chain to the underlying MDP
to derive a concentration inequality on the visitation probability of an (s, a)-pair in a Q-table when
subject to both Markovian sampling and Bernoulli switching (see Lemma 5). Moreover, we develop
a conditional concentration analysis when bounding certain learning error term in the presence of
Bernoulli switching (see Appendix G). These new techniques play a critical role in improving the
complexity bound in terms of its dependence on the sampling related parameters such as L in (I3)) or
tmix 1N @ We refer the readers to Appendix F for the complete proof.

5 Discussion and Conclusion

In this paper, we derived finite-time bounds for double Q-learning using constant learning rates under
both synchronous sampling and Makovian asynchronous sampling, which order-wisely improves
the dependence on all the important factors compared to the existing results. To achieve this, we
developed a systematic approach and a series of novel techniques to bound two nested stochastic
approximation recursions.

Although the presented characterization does not achieve the same convergence rate as the best
available results of the vanilla Q learning (which are Q(ﬁ) for synchronous Q-learning and

Q(W} for asynchronous Q-learning so far, in terms of sample complexity. See |Li et al.| (2021,
2020); |Chen et al.|(2021a)) etc., and comparison tables therein), our analysis serves as an important
step toward a fully understanding of the fast convergence of double-Q learning. The current analysis
in this paper treats deterministic and random rewards in the same. However, since double Q-learning
essentially reduces the estimation bias caused by the randomness or errors in rewards, further
improvement on the order of the dependence on the discount factor might be achieved by explicitly
taking into consideration how the variance of the random reward affects the convergence rate. This
requires a new and refined analysis. Moreover, a better convergence rate might also be achieved by
introducing other techniques into the algorithm, such as mini-batches. Experimentally, there is no
conclusive comparison between Q-learning and Double Q-learning in the literature. For example,
a recent experimental study (Weng et al., |2020b) under a similar setting to this paper shows that
when using the same step size, Q-learning has a faster rate of convergence initially but suffers from a
higher mean-squared error. On the other hand, when double Q-learning uses twice the step size of
Q-learning, their simulation shows that double Q-learning achieves a faster initial convergence rate,
at the cost of a possibly worse mean-squared error than Q-learning. This topic is still up to the future
investigation to have a solid conclusion.

Another important yet challenging topic is the convergence guarantee for double Q-learning with
function approximation. In addition to the lack of the contraction property of the Bellman operator in
the function approximation setting, it is likely that neither of the two Q-estimators converges, or they
do not converge to the same point even if they both converge. Characterizing the conditions under
which double Q-learning with function approximation converges is still an open problem.
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