JOURNAL XX VOL. XX, NO. XX

Q-learning with Uniformly Bounded Variance

Adithya M. Devraj, and Sean P. Meyn, Fellow, IEEE

Abstract—Sample complexity bounds are a common
performance metric in the Reinforcement Learning literature.
In the discounted cost, infinite horizon setting, all of the
known bounds can be arbitrarily large, as the discount factor
approaches unity. These results seem to imply that a very large
number of samples is required to achieve an epsilon-optimal
policy. The objective of the present work is to introduce a
new class of algorithms that have sample complexity uniformly
bounded over all discount factors. One may argue that this
is impossible, due to a recent min-max lower bound. The
explanation is that these prior bounds concern value function
approximation and not policy approximation. We show that the
asymptotic covariance of the tabular Q-learning algorithm with
an optimized step-size sequence is a quadratic function of a
factor that goes to infinity, as discount factor approaches 1; an
essentially known result. The new relative Q-learning algorithm
proposed here is shown to have asymptotic covariance that is
uniformly bounded over all discount factors.

Index Terms—Reinforcement learning, Q-learning, stochastic
optimal control

I. INTRODUCTION

ANY Reinforcement Learning (RL) algorithms can be

cast as parameter estimation techniques, where the goal
is to recursively estimate the parameter vector §* € R? that
directly, or indirectly yields an optimal decision making rule
within a parameterized family. In these algorithms, the update
equation for the d-dimensional parameter estimates {6,, : n >
0} can be expressed in the general form

Ont1 =0, + Oén+1[f(0n) + AnJrl] s

in which 6, € R? is given, {a,} is a positive scalar gain
sequence (also known as learning rate), f : R — R% is a
deterministic function, and {A,} is a “noise” sequence.

The recursion (1) is an example of stochastic approximation
(SA), for which there is a vast research literature. Under
mild assumptions, the estimates converge to a limit satisfying

f(6*) = 0. Moreover, the best algorithms achieve the optimal
mean-square error (MSE) convergence rate:

E[l6n — 6*[1*] = O(1/n) )

n >0 (D

It is known that TD- and Q-learning can be written in the
form (1) [1], [2], [3]. In these algorithms, {6, } represents the
sequence of parameter estimates that are used to approximate
a value function or Q-function.

It was first established in our work [4], [3] that the
convergence rate of the MSE of Watkins’ Q-learning (i.e., Q-
learning with a tabular basis) can be as slow as O(1/n2(1=7)),

if the discount factor v € (0,1) satisfies v > 1, and if the
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step-size «, is either of two standard forms (see discussion in
Section IV-A). It was also shown that the optimal convergence
rate (2) is obtained by using a step-size of the form «v,, = g/n,
where g is a scalar proportional to 1/(1—+y); this is consistent
with conclusions in more recent research [5], [6]. In the earlier
work [7], a sample path upper bound was obtained on the rate
of convergence that is roughly consistent with the mean-square
rate established for v > % in [4], [3].

Since the publication of [7], many papers have appeared
with proposed improvements to the algorithm; often including
(non-asymptotic) finite-n bounds on the MSE (2). Ignoring
higher order terms, these bounds can be expressed in the
following general form [8], [5], [9], [6], [10]:

1 B
(I—v7 n
where p > 2 is a scalar. The constant B is a function of the
total number of state-action pairs, the discount factor -, and
the maximum per-time-step cost. Much of the literature has
worked towards minimizing p through a combination of hard
analysis and algorithm design.

It is widely observed that Q-learning algorithms can be
very slow to converge, especially when the discount factor
is close to 1; The bound in (3) offers an explanation for
this phenomenon. Quoting [8], a primary reason for slow
convergence is “the fact that the Bellman operator propagates
information throughout the whole space”, especially when
the discount factor is close to 1. We do not dispute these
explanations, but in this paper we show that the challenge
presented by large discounting is relatively minor. In order to
make this point clear we must take a step back and rethink
fundamentals: Why do we need to estimate the Q-function?

Letting Q*(z,u) denote the optimal Q-function evaluated
at the state-action pair (z,w), the main reason for estimating
the Q-function is to obtain the optimal policy:

E[16, — 6*?] < 3)

¢*(x) ;== arg min Q*(x, u)

It is clear from the above definition that adding a constant to
Q* will not alter ¢*. This is a fortunate fact: the Q-function
can be decomposed as (see for example [11], [12], [13]):

Q" (w,u) = Q" (w,u) + T )
-
where the scalar n* denotes the optimal average cost, and
Q* (z,w) is uniformly bounded in v, z, and w.

The reason for slow performance of Q-learning when v ~ 1
is because of the high variance in the indirect estimate of the
large constant 1* /(1 — ). It is argued in Section V that if the
error in the constants is ignored, a far tamer bound is obtained:

Eflo, - 077 < B ®
(L=py)P n
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where p* < 1, and 1 — p* is an upper bound on the spectral
gap of the transition matrix for the pair process (X, U) under
the optimal policy (details are in Section V-C).

Q-learning: {Wﬂ =1/1-7)

—g=1/(1-p")
1/(1—7) =10°

Relative Q-learning: — g = 1/(1 — p*y)
120
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Fig. 1. Comparison of Q-learning and Relative Q-learning algorithms for the
stochastic shortest path problem of [4]. The relative Q-learning algorithm is
unaffected by large discounting.

The new relative Q-learning algorithm proposed here is
designed to achieve the upper bound (5). Unfortunately,
we have not yet obtained this explicit finite-n bound. We
have instead obtained formulae for the asymprtotic covariance
that corresponds to each of the algorithms considered in
this paper (see (9)). Numerical results in Figure 1 confirms
the fast convergence of relative Q-learning in comparison
to the Q-learning algorithm. More details are contained in
Section VI-A.

The rest of the paper is organized as follows: The close
relationship between the asymptotic covariance and sample
complexity bounds is discussed in Section II-B, based on
the theoretical background in Section II-A. Section III
sets notation and provides background on MDPs, and
Section IV contains background on Q-learning (along
with new interpretations on the convergence rate of these
algorithms). Section V is devoted to the new relative Q-
learning algorithm. Section VI contains discussion of our
results, and directions for future research and conclusions are
contained in Section VIL

II. PRELIMINARIES
A. Stochastic Approximation & Reinforcement Learning

_Consider a parameterized family of R?-valued functions
{f(0) : 6 € R?} that can be expressed as an expectation,

F(0)=E[f(6,9)],

with ® € R™ a random vector, f : R? x R™ — R?, and the
expectation is with respect to the distribution of the random
vector ®. It is assumed throughout that there exists a unique
vector 0* € R satisfying f(0*) = 0. Under this assumption,
the goal of SA is to estimate 6*.

The sequence of estimates obtained from the SA algorithm
are defined as follows:

9n+1 = 0n + an+1f(9n 5 Qn—i-l) (7)

6 e R?, (6)

where 6, € RY is given, ®,, has the same distribution as ¢ for
each n > 0 (or its distribution converges to that of ¢ as n —
o0), and {a,,} is a non-negative scalar step-size sequence.
We assume «,, = g/n for some scalar g > 0, and special

cases in applications to Q-learning are discussed separately in
Section IV.

Asymptotic statistical theory for SA is extremely rich. Large
Deviations or Central Limit Theorem (CLT) limits hold under
very general assumptions for both SA and related Monte-Carlo
techniques [14], [15], [16], [17], [18].

The CLT will guide design and analysis of algorithms in
this paper. For a typical SA algorithm, this takes the following
form: Denote the error sequence by

0, =0, —0* (8)

Under general ~conditi0ns, the CLT states that the scaled
sequence {y/nf, : m > 0} converges in distribution to
a multivariate Gaussian A(0,34). Typically, the covariance
matrix of this scaled sequence is also convergent:

Yo = lim nE[H HT] 9)

n—oQ

The limit 3y is known as the asymptotic covariance. Provided
it is finite, (9) implies (2), which is the fastest possible rate
[14], [15], [17], [19], [20]. For Q-learning, this also implies a
bound of the form (3), but for n “large enough”.

An asymptotic bound such as (9) may not be satisfying for
RL practitioners, given the success of finite-time performance
bounds in prior research. There are however good reasons to
apply this asymptotic theory in algorithm design:

(1) The asymptotic covariance >y has a simple representation
as the solution to a Lyapunov equation.

(ii)) The MSE convergence is refined in [21] for linear SA
algorithms (see Section II-C): For some § > 0,

Y, =n"18+0(m %), where, ¥, :=E[0,0]] (10)

See [22] for general results that may be applied to many
nonlinear algorithms found in RL.

(iii) The asymptotic covariance lies beneath the surface of
the theory of finite-time error bounds. Here is what can be
expected from the theory of large deviations [23], [24], for
which the rate function is denoted

—07(3)] > ¢}

The second order Taylor series approximation holds under
general conditions:

Ii(e) :==— li_)m %log P{]6..(4) (11)

I.(g) = 2 3 12
He) = oz + O) (12)
where o2 (i) = $¢(i, 1), from which we obtain
P{10,.(:) — 0°())| > €}
e?n (13)

= exp{—m +O(ne®) + o(n)}

where o(n)/n — 0 as n — oo, and O(ne®)/n is bounded
in n > 1, and absolutely bounded by a constant times &>
for small € > 0.

@iv) The Central Limit Theorem (CLT) holds under general
assumptions:

Vb, & w (14)
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where the convergence is in distribution, and where W is
Gaussian A (0, Xy) [15], [14]; a version of the Law of the
Iterated Logarithm (LIL) also holds [25]:

n ~
lim ,/————0,€C
nsoo \/ 2 loglogn c

where C = {v € R? :
corollary is [26]:

n ~
lim sup 4 [ ==—————|0n|| = {/ Amax (E
lgﬁ}ip 210glognH nll : ( 9)

The asymptotic theory provides insight into the slow
convergence of Watkins’ Q-learning algorithm, and motivates
better algorithms such as Zap Q-learning [3], and the relative
Q-learning algorithm introduced in Section V.

UTEglv < 1}. An immediate

s5)

B. Sample complexity bounds

A sample complexity bound for an algorithm is defined
based on the number of iterations required to obtain a desired
probability of error. Consider for concreteness a single entry
i of a parameter estimate in SA: for given d,¢ > 0, we seek
an integer 7;(e,0) such that

P{0,(i) — 07(i)| >} <, forall n>Ti(c,6). (16)

Such bounds are a foundation of statistical learning theory
[27]. Below are three techniques to construct 7, beginning
with the most common approach:

1. LDP theory The inequalities of Hoeffding and Bennett
are finite-n variants of (11):

P{0n(i) — 0" ()] > £} < bexp(—nLi(e)), n>1 (17)

where b is a constant and I;(¢) > 0 for ¢ > 0. A sample
complexity bound then follows easily, with

ni(e,6) = 1 [log(b) + log(6~1)] (18)

Ii(e)
See for example [28], [29], [30], [31], and [32], [33] for
general theory in a Markov setting.
2. MSE Given a true finite-n version of (10):
El(0n (1) — 07(1))*) < 7°(i)n~" (19)
A sample complexity bound follows from Chebyshev’s
inequality, using

—27/
(e, 8) = ”Egl) 57

(20)

Finite-n bounds on mean-square error are contained in [6],
[34], [21], [35], and the mean ¢, bound in [5] implies a
similar sample complexity bound.

3. CLT A finite-n version of the CLT is the Berry-Esseen
bound: for all z > 0,
K;

N

where g;(z,n) is the error probability with CLT scaling:

0i(z,n) = P{\/n|0,(i) — 6 (i)| > z00(i) }

21

0i(z,n) — QF(z)‘ <

and F is the complementary CDF for a standard Normal r.v..

For i.i.d. sequences, a simple expression for K; is available;

bounds for Markov sequences is less complete [36], [37].
For any z > 0 and § > 2F (), denote

22 1 K?

(e, 0,2) = max{ ?Ug(i) ’ Zm}

The bound (21) implies a family of sample complexity bounds
that can be optimized over z: for n > 7;(e, 4, 2),

(22)

Ki s
Jn s
The asymptotic covariance is central to each approach:
1. If the the limit (11) and the bound (17) each hold, then
the rate function must dominate: I;(¢) < I;(). To maximize
this upper bound we must minimize o3 (i) (recall (12), and
remember we are typically interested in small € > 0).
2. Similarly, the mean-square error bound (19) combined with
the approximation (10) implies (i) > o2(i).
3. The bound (23) requires o3 (i) through the definition (22).
This theory provides strong motivation for considering the
asymptotic covariance ¢ in algorithm design.
Based on the above discussion, we conjecture that

P{|0.(i) — 0% (i)| > e} < 2F(2) +2

(23)

(i) The sample-path complexity bound (18) with I quadratic
is possible for Watkins’ algorithm, provided we use «,, =
[14 (1 —v)n]~! in the right hand side of the update
equation (1). This step-size was proposed independently in
(51, [38].

(i) With relative Q-learning, we can obtain similar sample
complexity result with v, = [1+ (1 — p*)n]~L, which is
independent of .

However, for more complex algorithms we do not expect to

obtain tight bounds, with I;(¢) = I;(¢). For this reason we

advocate the CLT for algorithm design and evaluation, even
without a sharp Berry-Esseen bound. We frequently find that
the CLT is highly predictive of parameter error, where the

covariance oj(i) is estimated via independent runs. Fig. 2

shows results from one experiment using the relative Q-

learning algorithm: the histograms were obtained based on 103

independent runs, with time horizons ranging from N = 103

to 10°. The CLT approximation is good even for the shortest

run, and nearly perfect for N > 10%,

C. Explicit Mean Square Error bounds for SA

We first present a special case of the main result of [21] for
linear SA algorithms, and then an extension to nonlinear SA.
These results are later recalled in applications to Q-learning:
Even in the tabular setting (see Section IV-A for definitions),
the Q-learning algorithm is a nonlinear SA algorithm, due to
a minimization that appears in the recursion.

The analysis of the SA recursion (7) begins with the
transformation to (1), with A, 11 = f(0n, Pry1) — F(On).
The difference f(0,®, 1) — f() has zero mean for any
(deterministic) # € R? when ®,, | has the same distribution as
® (recall (6)). Though the results of [21] extend to Markovian
noise, for the purposes of this paper, we assume that {A,,} is
a martingale difference sequence:
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(A1) The sequence {A, : n > 1} is a martingale difference
sequence. Moreover, for some 62A < oo and any initial

condition 8y € R,
Efl Al [ Ary, A] SGAA+[16,]%), 120

We also assume a scalar, diminishing step-size sequence:
(A2) «, = g/n, for some scalar g > 0, and all n > 1
With 3, defined in (10), denote

02 = trace (X,,) = E[||0,]?]

We say 02 — 0 at rate 1/n* (with > 0), if for each ¢ > 0,

lim n“feai =0 and lim n’”gai =00 (24)
n—oo n—oo
It is known that the maximal value is pu = 1.
The analysis in [21] is based on a “linearized”
approximation of the SA recursion (7):
9n+1 - en + Qp41 [An+19n - bn—i—l] (25)

where, 4,11 = A(Pp41) is a d X d matrix, and b,4; =
b(®,41) is d x 1. Let A and b denote the respective means:

A=E[A(®)], b=E[b(®)] (26)

where the expectations are in steady state. We assume that
the d x d matrix A is Hurwitz, a necessary condition for
convergence of (25):

(A3) The d x d matrix A is Hurwitz. O
(A3) implies that A is invertible, and 6* = A~'b.
The recursion (25) can be rewritten in the form (1):
Ont1 = On + g1 [AOn, — b+ Appa] 27
in which {A,} is the noise sequence:
Api1 = Apy10" = b1 + Ania0y (28)

with 1‘1n+1 = A, 41 — A. The parameter error sequence also

evolves as a simple linear recursion:
On1 = O + n 1[40y + Ay (29)

The asymptotic covariance (9) exists under special
conditions (see Thm. II.1), and under these conditions it
satisfies the Lyapunov equation

(gA+LDSg + So(gA+ 3I)T + ¢*Sa =0
where the “noise covariance matrix”’ YA is defined to be
YA = E[(An+19* - anrl) (AnJrla* - bn+1)T]

Thm. II.1 is a special case of the main result of [21] (which
does not impose the martingale assumption (Al)).

(30)

€2V

-1000 0

1000 -1000 0 1000

Histogram of {v' N 6 ~ (i)} for 103 independent runs. The CLT approximation is good even for the shortest run, and nearly perfect for N > 10%.

Theorem IL.1. Suppose (Al) — (A3) hold. Then the following
hold for the linear recursion (29), for each initial (®g, 0p):

(i) If Real(\) < —35 for every eigenvalue X of gA, then
Y, =n"18 +0(n"179)

where § = 6(A,¥A) > 0, and X9 > 0 is the solution to the
Lyapunov equation (30). Consequently, E[||0,,]|?] converges
to zero at rate 1/n.

(ii) Suppose there is an eigenvalue \ of gA that satisfies

—00 = Real()\) > —1

Let v # 0 denote a corresponding left eigenvector, and
suppose that Sav # 0. Then, E[|v76,|?] converges to 0 at
a rate 1/n?®. Consequently, E[||0,,]|?] converges to zero at
rate no faster than 1/n. O

Prop. I1.2 extends the conclusions of Thm. II.1 to nonlinear
SA (1). The proof is contained in Appendix A.

Proposition 1L.2. Consider the general SA algorithm (1).
Suppose (Al) — (A3) hold with A := 0pf(0)|e=e~, and that
f has the form

1)

with F' Lipschitz continuous, a strict contraction, and C" in
a neighborhood of the origin. Then,

(i) If Real(\) < —35 for every eigenvalue X of gA, then

(a) The CLT holds for {W,, = /n8,}, with asymptotic
covariance Y9 > 0 the solution to the Lyapunov equation
(30).

(b) Weak convergence goes beyond bounded and
continuous functions: for any measurable function
g: R — R with at most quadratic growth we have

lim E[g(Wy)] = E[g(Ws)],

n— oo

0 € RY

—0+ F(0),

Weo ~ N(Oa 29)

In particular, E[||0,,]|2] converges to zero at rate 1/n, and

lim nX, = Xg

n—oo

(ii) Suppose there is an eigenvalue \ of gA that satisfies
—00 = Real()\) > —1

Let v # 0 denote a corresponding left eigenvector, and
suppose that Y av # 0. Then, E[|v70,,|?] converges to 0 at
a rate 1/n2@. Consequently, E[||6,||%] converges to zero at
rate no faster than 1/n2.

It seems likely that the finite-n bound in Thm. II.1 also
holds for the nonlinear SA algorithm. We believe that coupling
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techniques of [7] is one way to establish such results for Q-
learning. More importantly, even though the finite-n result
remains a conjecture, we have already highlighted how the
CLT is often predictive of finite-n performance.

III. MARKOV DECISION PROCESSES FORMULATION

Consider a Markov Decision Processes (MDP) model with
state space X, action space U, cost function ¢: Xx U — R, and
discount factor v € (0,1). It is assumed throughout that the
state and action spaces are finite: denote ¢ = |X| and ¢,, = |U].
In the following, the terms ‘action’, ‘control’, and ‘input’ are
used interchangeably.

Along with the state-action process (X,U) is an i.i.d.
sequence I = {Iy, I, ...} used to model a randomized policy.
It is assumed without loss of generality that each I, takes
values in a finite set. An input sequence U is called non-
anticipative if

Un :Zn(Xo,UQ,Il...,Un_l,Xn,In), nz()

where {z,} is a sequence of functions.

Under the assumption that the state and action spaces are
finite, it follows that there are a finite number of deterministic
stationary policies: {¢(") : 1 < < £,}, where each ¢() : X —
U, and £, < (£,)". A randomized stationary policy is defined
by a probability mass function (pmf) 4 on the {1,2,...,6,} X

X, such that
d>
SDINCILES
k=1
with p(k,z) = P{t,(k) =1 | Xo,... ,Xpn_1,X, = x} for
eachn >0,1 <k </, and x € X. It is assumed that ¢,, is
a fixed function of (I,,, X,,) for each n.
For each u € U, the controlled transition matrix P, acts on
functions V: X — R via
=Y Py(z,2")V(2)
z’'eX
=EV(Xpnt1)| Xn=2,U,=u; Xk, I};,Up : k < n]

(32)

where the second equality holds for any non-anticipative input
sequence U. For any deterministic stationary policy ¢, let
S denote the substitution operator, defined for any function
q: XxU—=R by

Spq () = q(, p(x))
If the policy ¢ is randomized, of the form (32), we then define

Zu (z, ") ()

With P viewed as a single matrix with ¢ - £,, rows and /¢
columns, and Sy viewed as a matrix with £ rows and £ - £,
columns, the following interpretations hold:

S¢q

Lemma IIL1. Suppose that U is defined using a stationary
policy ¢ (possibly randomized). Then, both X and the pair
process (X,U) are Markovian, and

(i) Py := S4P is the transition matrix for X.

(i) PSy is the transition matrix for (X,U). ad

A. Q-function and the Bellman Equation

For any (possibly randomized) stationary policy ¢, we
consider two value functions

Vo(z) =Y (vPy)"Sye () (33a)
n=0
Qo(z,u) = Z(’YPS¢)"C (x,u) (33b)
n=0
which are related via
Qo (x,u) = c(z,u) + 7PV (2) (34)

The function V3 : X — R in (33a) is the value function that
corresponds to the policy ¢ (with the corresponding transition
probability matrix Fp), and cost function Syc, that appears in
TD-learning algorithms [1], [39]. The function Qg : X x U —
R is the fixed-policy Q-function considered in the SARSA
algorithm [40], [41], [42].

The minimal (optimal) value function V*(x):=
is the unique solution to the Bellman equation:

ming V()

V@) =min{ee, 0+ 3 Pe V) 69)

x’eX

Any minimizer defines a deterministic stationary policy
¢*: X — U that is optimal over all input sequences [13]:

¢*(x) € argmin {c(a:,u) + Z Pu(a:,a:')V*(x’)} (36)
“ x’eX
The Q-function associated with V* is given by (34) with
¢=¢"*, which is precisely the term within the brackets in (35):
Q" (x,u) :=c(x,u) + yP,V* ()

The Bellman equation (35) implies a similar fixed point
equation for the Q-function:

Q" (z,u) = c(z,u) + yP.Q" () 37)

in which Q(z) := min, Q(z,u) for any @: X x U — R.
For any function ¢: X x U — R, let ¢?: X — U denote an
associated policy that satisfies

¢?(x) € argmin g(z, u) (38)
u
It is assumed to be specified uniquely as follows:
Q1= (;5(“) such that
x = min{i : (¥ (z) €argmin ¢(x, u), for all z € X} (39)

Using the above notations, and the definitions in Lemma III.1,
the fixed point equation (37) can be rewritten as

Q*(x,u):c+'yPS¢*Q*(x,u), where ¢*=¢7, g=Q" (40)
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IV. Q-LEARNING

The goal in Q-learning is to approximately solve the fixed
point equation (37), without assuming knowledge of the
controlled transition matrix. We restrict the discussion here
to the case of linear parameterization for the Q-function:
Q%(z,u) = OT4(x,u), where § € R? denotes the parameter
vector, and ¥: X x U — R? denotes the vector of basis
functions.

For a given parameter vector § € R, let BY : X x U — R
denote the corresponding Bellman error:

B (2,u) := e(w,u) + yP.Q’ () — Q° (2, u)

A Galerkin approach to approximating the optimal Q-function
Q™ is formulated as follows: Obtain a non-anticipative input
sequence U (using a randomized stationary policy ¢), and a
d-dimensional stationary stochastic process ¢ that is adapted
to (X, U). The Galerkin relaxation of the fixed point equation
(37) is the root finding problem: Find 6* such that,

(41)

~ %

Ti07) = E[BIL1Guli)] = 0,
where, for each € R?, B 41 is the “temporal difference”

BY .1 = (X0, Up) +7Q° (Xps1) — Q% (X, Uy)

and the expectation in (42) is with respect to the steady state
distribution of (X, U, (). Equation (42) is often called the
projected Bellman equation. It is a special case of the general
root-finding problem that is the focus of SA algorithms.

The following Q(0) algorithm is the SA algorithm (7),
applied to estimate 6* that solves (42): For initialization
6y € RY, define the sequence of estimates recursively:

Cn = ¢(X7L, Un)

The choice for the sequence of eligibility vectors {(,,} in (44)
is inspired by the TD(0) algorithm [43], [1].

For a sequence of d x d matrices G = {G,}, the matrix-
gain Q(0) algorithm is described as follows: For initialization
6y € RY, the sequence of estimates are defined recursively:

6n+1 == 6n + an+1Gn+1¢(Xn7 Un)gfbil (45)

1<i<d (42)

(43)

Hn-‘rl - an + an-&-lgng::-l 3 (44)

A common choice is

n -1
G = (i > (X, Uy (X, U@) (46)
k=1

The success of these algorithms has been demonstrated in
a few restricted settings, such as optimal stopping [44], [45],
[46], deterministic optimal control [47], and the tabular setting
that is imposed throughout the remainder of the paper.

We assume a tabular setting throughout this work.

A. Tabular Q-learning

The basic Q-learning algorithm of Watkins [48], [49] (also
known as “tabular” Q-learning) is a particular instance of the
Galerkin approach (44). The basis functions are taken to be
indicator functions:

Yi(z,u) = {(z,u) = (", u)}, 1<i<d @47)

where {(z* u¥):1 < k < d} is an enumeration of all state-
input pairs, with d = ¢ - £,,. The goal of this approach is
to exactly compute the function QQ*. Letting w denote the
invariant pmf of the Markov chain (X, U), and substituting
Cn = ¥(X,,U,) with ¢ defined in (47), the objective (42)
can be rewritten as follows: Find 8* € R< such that, for each
1 <1 <d,

~

0= E[By1%i(Xn, Un)] (48)
= [ela’,u) +1E[Q” (Xns1)| X = &' Uy = u'] (49)

_ QG*(l,i7ui)}w(xi7ui)

where the expectation in (48) is in steady state. The conditional
expectation in (49) is

E[Q" (Xnt1)| X, = 2", U, =] = PuQ" (a)
Consequently, (49) can be rewritten as

0 =B (2", u)w(z, u') (50)
If w(z?, u?) > 0 for each 1 < i < d, then the function Q%"
that solves (50) is identical to the optimal Q-function in (37).

There are three flavors of Watkins’ Q-learning that are
common in the literature. We discuss each of them below.

Asynchronous Q-learning: The SA algorithm applied to
solve (48) coincides with the most basic version of Watkins’
Q-learning algorithm: For initialization 6y € RY, define the
sequence of estimates {6,, : n > 0} recursively:

0n+1 - 9n + anJrngj_lw(Xna Un)

Algorithm (51) coincides with the Q(0) algorithm (44), with
1) defined in (47). Based on this choice of basis functions, a
single entry of 6 is updated at each iteration, corresponding
to the state-input pair (X,,U,) observed (hence the term
“asynchronous”). The parameter 6 can be identified with the
function Q7 in this tabular setting. This equivalence justifies a
slight abuse of notation: replace Q’ by Q and set BY, ; =BY
(defined in (43)), resulting in a more familiar form of (51):

Qn-‘rl(Xn’ Un) = Qn(Xna Un) + Oén+1g1?_:1

and Q" (z,u) = Q™ (w,u) if (z,u) # (Xn, Un).
With o, = 1/n, the ODE approximation of (51) takes the
form (see [2] for details):

(D

(52)

4 gy (z,u) = w(z,u) |c(z,u) + YPug, (%) — qi(z,u)| (53)

in which ¢ (z) = min, ¢(z,u) as defined below (37). We
recall in Section IV-B conditions under which this ODE is
stable, and explain why we cannot expect a finite asymptotic
covariance in typical settings.

A second and perhaps more popular “Q-learning flavor” is
defined using a particular “state-action dependent” step-size
[7], [31], [38]. For each (z,u), denote cv,(x,u) = 0 if the
pair (x, u) has not been visited up until time n — 1. Otherwise,

n—1

,on(wu) =Y H{X; =x,U; =u} (54)
=0

ap(z,u)= o)
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The ODE approximation of (52) simplifies with (54):

Far(x,u) = c(w,u) +yPug, (x) — gi(z,u)  (55)

The asynchronous variant of Watkins’ Q-learning algorithm
(51) with step-size (54) can be viewed as an instance of G-
Q(0) algorithm defined in (45), with the matrix gain sequence
(46), and step-size o, = 1/n. On substituting the Watkins’
basis dAeﬁned in (47), we find that this matrix is diagonal:
G, =11, where

n

~ 1 , ,
H . 1) = — = g = g )
n(i, 1) RZH{Xk Uy =u'}, 1<i<d
k=1
By the Law of Large Numbers, we have
lim G, = lim ;' =111 (56)

n— oo n—oo

where 11 is a diagonal matrix with entries I1(7,1) = w(a?, u?).
It is easy to see why the ODE approximation (53) simplifies
to (55) with this matrix gain.

Synchronous Q-learning: In this final flavor, each entry
of the Q-function approximation is updated in each iteration.
It is popular in the literature because the analysis is greatly
simplified.

The algorithm requires a model that provides the next state
of the Markov chain, conditioned on any given current state-
action pair: let {X! : n > 1,1 < i < d} denote a
collection of mutually independent random variables taking
values in X. Assume moreover that for each ¢, the sequence
{X} :n > 1} is iid. with common distribution P,:(x?, ).
The synchronous Q-learning algorithm is then obtained as
follows: For initialization 8, € R?, define the sequence of
estimates {6, : n > 0} recursively:

d
0n+1 - en + an+1 Z [C(l.iv uz) + ’er” (X7Z'L+1)

=1

(57)
— Q¥ (¢! ul) v (2, uf)
Once again, based on the choice of basis functions (47),

and observing that 6 is identified with the estimate Qe, an
equivalent form of the update rule (57) is

O () = Q" (&) + ey [c(mi, u')
+9Q™M (X ) — Q" (', u')], 1<i<d

Using the step-size «,, = 1/n we obtain the simple ODE
approximation (55).

(58)

B. Convergence and Rate of Convergence
Convergence of the tabular Q-learning algorithms can be
established under the following assumptions:
(Q1) The input U is defined by a randomized stationary
policy of the form (32). The joint process (X,U) is an
irreducible Markov chain. That is, it has a unique invariant
pmf w satisfying @ (z,u) > 0 for each z,u.
(Q2) The optimal policy ¢* is unique. O
Both ODEs (53) and (55) are stable under
assumption (Q1) [50], which then (based on the results

of [2]) implies that 8 converges to Q* a.s.. To obtain rates of
convergence requires an examination of the linearization of
the ODE:s at their equilibrium.
Linearization is justified under Assumption (Q2), which
implies the existence of € > 0 such that
¢*(x) = argmin Q°(w,u), if [Q° - Q| <e

uel

Lemma IV.1. Under Assumptions (Q1) and (Q2) the following
approximations hold

(1) When ||q: — Q*|| < ¢, the ODE (53) reduces to
2q = —I[I —vPSy-]g — b
where 11 is defined below (56), and b(xz,u) =

—w(x,u)c(x,u), expressed as a d X 1 column vector.
(ii) When ||g: — Q*| < &, the ODE (55) reduces to

44y =—[I —yPSylq — b

(59)

where b(z,u) = —c(x, u).

The proof is contained in Appendix B.
The definition of the linearization matrix A in (26) is
extended to non-linear functions as follows [4], [51]:

A= 89?(6”9:9*

The crucial take-away from Lemma IV.1 is the linearization
matrix that corresponds to each tabular Q-learning algorithms:

A= —II[I —yPS4~] in case (i) of Lemma IV.I  (60a)

A= —[I —~vPSy] in case (ii) of Lemma IV.1 (60b)

Since v < 1, and PSy- is a transition matrix of an irreducible

Markov chain (see Lemma III.1), it follows that both matrices
are Hurwitz.

We consider next conditions under which the asymptotic
covariance for Q-learning is not finite. The noise covariance
matrix XA defined in (31) is diagonal in all three flavors of
Q-learning discussed in Section IV-A. For the asynchronous Q-
learning algorithm (52) with step-size (54), or the synchronous
Q-learning algorithm (58), the diagonal elements of YA are

s(i,8)

given by X A(

* * 2 7 i

PE[Q(Xns1)~ Pu@(@)* | X =2, Up =]

* * 2

—2E (V' (Xns1) = PV (@) ’

The noise covariance for asynchronous Q-learning with step-
size a, =1/n is ¥4 =IIXAII, with II defined below (56).

Theorem IV.2. Suppose that assumptions (Q1) and (Q2) hold,
and o, = 1/n. Then, the sequence of parameters {0,}
obtained using the asynchronous Q-learning algorithm (51)
converges to Q* a.s.. Suppose moreover that the conditional
variance of V*(X,,) is positive:

Z w(x,u)Py(z, 2 )[V*(2") — P,V* (2)]* > 0

’
x,x’

X, = 28U, = ui)] 61)

(62)

and (1 —7y)maxw(z,u) < i (63)
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Then,
(i) The asymptotic covariance of the algorithm is infinite:

lim nE[||6, — 0%*] = oo
n— oo

(i) E[||6,, — 07||?] converges to zero at a rate no faster than
1/n20-7), O

The inequality (63) is satisfied for v > 3

Thm. IV.2 explains why the Q-learning algorithm can be
terribly slow: If the discount factor is close to 1, which is
typical in many applications, using a step-size of the form
oy, = 1/n results in a MSE convergence rate that is much
slower than the optimal rate 1/n.

Similar conclusions hold for the other flavors of tabular
Q-learning, for which the algorithm admits the ODE
approximation (55). Based on Lemma IV.1, the linearization
matrix for these algorithms is defined in (60b). This poses
problems when vy > %, but for these algorithms there is a
simple remedy:

Theorem IV.3. For asynchronous Q-learning with the step-

size rule (54), or synchronous Q-learning with step-size o, =

1/n, the matrix shown in (60b) is equal to the linearization

matrix A = 89?(0”0:9*' It has one eigenvalue \y = —(1 —

v), and Re(A(A)) < —(1 — ) for every other eigenvalue.

Consequently,

(1) Subject to (62), the asymptotic covariance is not finite
whenever v > %

(ii) Suppose that the step-sizes are scaled: use «,(x,u) =
[(1 — y)n(x,u)]~t for asynchronous Q-learning, or o, =
[(1 — y)n]~t for synchronous Q-learning. Then, the
eigenvalue test passes: for each eigenvalue A = \(A),

Re(A) = —(1— ) "Re(A([I —yPSg])) < -1

The resulting asymptotic covariance is obtained as a
solution to the Lyapunov equation (30), with g = (1—~)~1,
and Y a = X3 defined in (61). O

The step-size rule o, = [(1 —~)n]~! is equivalent to o, =
[1+ (1 —v)n]~! that appears in [5], in the sense that each
algorithm will share the same asymptotic covariance.

Overview of proofs: We begin with Thm. IV.2. The proof
of convergence can be found in [48], [52], [2]. The proof of
infinite asymptotic covariance is based on an application of
Prop. I1.2. A brief overview follows.

To establish the slow convergence rate, an eigenvector
for A (defined in (60a)) can be constructed with strictly
positive entries, and with real part of the corresponding
eigenvalue satisfying Re(\) > —1/2 (see Appendix A.2 of
[4]). Interpreted as a function v: X x U — C, this eigenvector
satisfies vT¥Av =

72 Z w(x, u)|v(x, u)|*Py(z, ") [V*(2)

z,u,x’

—PV*(2)]? (64)
where YA is the noise covariance matrix (recall (61)), and
v denotes complex-conjugate transpose. Assumption (62)
ensures that the right hand side of (64) is strictly positive,
as required in part (ii) of Prop. IL.2.

Thm. IV.3 is based on the simple structure of the eigenvalues
of the linearization matrix A = —[I — yPSy~] defined in
(60b). Because P.S- is the transition matrix for an irreducible
Markov chain, it follows that all of its eigenvalues are in the
closed unit disk in the complex plane, with a single eigenvalue
at A = 1. Consequently, A has a single eigenvalue at A =
—(1—7), and Re(A(A)) < —(1 —~) for all other eigenvalues.
An application of Prop. II.2 then implies both (i) and (ii) of
the theorem. g

Theorems IV.2 and IV.3 motivate the introduction of new
algorithms whose performance does not degrade with large .

V. RELATIVE Q-LEARNING

The following relative Bellman equation was inspired by
the decomposition (4):

H*(z,u) = c(z,u) + yP, " (x) — 0(u, H")  (65)

where 6 > 0 is a positive scalar, iz : X x U — [0, 1] is a pmf
(both design choices), and (u, H*) =" p(x, u)H*(z,u).
For example, we may choose p concentrated at some fixed
pair (z®,u®), so that (i, H) = H(x*,u®) for any H.

With v = 1, the fixed point equation (65) is very similar
to the fixed point equation that appears in the average cost
Q-learning formulation of [53], though the motivations are
different: the prior work is devoted to Q-learning algorithm
for the average cost criterion, while the present paper concerns
reliable algorithms in the discounted cost setting. Motivation
for the relative Q-function is similar to the introduction of
normalization to define the advantage function of RL [54].

Define H*(x,u) := Q*(z,u) — (p, Q*), which by (4) can
be expressed

Q (1) = (1, Q")

It follows that H* is uniformly bounded in ~, x, and u [11],
[13]. The relationship (i) in Prop. V.1 is immediate from the
definitions. Part (ii) implies that H* is uniformly bounded over
~v € [0,1). Observe that (66) implies that Q* can be recovered
from H* and p.

H*(z,u) =

Proposition V.1. Under (Q1)—-(Q2), the solution H* to (65)
is unique, and satisfies:

(i) H*(z,u) = Q" (x,u) — k, with
§ 4 x
k= T+6—~ =, Q) = ’Y<MH> (66)

(i) H*(z,u) = H*(z,u) + n*/6 + o(1), where o(1) — 0

as v 1T L
O

Proof. The proof of (i) follows from (65) and (37). This
further implies

1_7 *
m)<M>Q>

%Wu—w)wm

H* (z,u) = Q*(x,u) — (1 -
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This concludes the proof of (ii), since (1—7)(x,@*) — n* as
~ 1 1; this well known fact follows from (4) (see also [11]).
O

The objective in relative Q-learning is to estimate H*. Since
Q* and H* differ only by a constant, the policy ¢* defined in
(40) satisfies ¢p* = ¢?, with ¢ = H* (see (38)). It is therefore
irrelevant whether we estimate Q™ or H*, if we are ultimately
interested only in the optimal policy.

We conjecture that estimating H™* results in finite-n error
bounds of the form (5), which is uniformly bounded for all
~ < 1 (in sharp contrast to finite-n bounds for estimating Q*—
recall (3)). We establish here that the asymptotic covariance
is uniformly bounded in « under the right choices for § and
the step-size.

A. Relative Q-learning Algorithm

Consider a linear parameterization for the relative Q-
function: H?(z,u) = 0T¢(x,u), where § € R? denotes the
parameter vector, and ¢: X x U — R? denotes the vector of
basis functions. We restrict the discussion here to the tabular
case, where the basis functions {¢; : 1 < i < d} are the
indicator functions defined in (47).

The goal in tabular relative Q-learning is to find 68* such
that

F(07) == E[{c(Xn, Un) + YH® (Xn11) = 6(u, H”')

6
— H (X, Un) }9( X, Un)] = 0 ©7

where U is a non-anticipative input sequence (obtained using
a randomized stationary policy ¢), H’(z) = min, H?(z, u),
and the expectation is with respect to the steady state
distribution of the Markov chain (X,U). With the basis
functions chosen to be indicator functions (47), interpretations
similar to (48)-(50) hold, and the objective (67) can be
rewritten as: For each 1 <3 </,

Fi(0%) = [e(a u) + 7P E” (a')

(68)
—6(u, HY — HY (xl,ul)}w(xl,ul) =0
where w denotes the invariant pmf of (X, U).

We once again assume (Q1) and (Q2) of Section IV-B
throughout. Under (Q1), it is easy to see that H " that solves
(68) is identical to the optimal relative Q-function in (65).
Assumption (Q2) implies existence of £ > 0 such that

¢*(z) = argmin H% (z,u)
u€ey

|H —H*|| <  (69)

As in Section IV-A, there are many flavors of relative Q-
learning algorithm that are possible. We restrict our discussion
here to the asynchronous relative Q-learning algorithm, which
requires access to a single sample path of the Markov chain
(X,U). Extension of the results and discussion to other
flavors of the algorithm is straightforward.

Asynchronous Relative Q-learning: The asynchronous
algorithm is a direct application of SA to solve (67): For

initialization 6, € R? define the sequence of estimates
{6, : n > 0} recursively:

Oni1 = O0n + @y [C(Xnv Un) + 7ﬂ9" (Xn+1)

_ On\ _ I70n (70)
Oy, HO) = H" (X, Un) | 46( X, U)

Based on the choice of basis functions (47), a single entry of
6 is updated at each iteration, corresponding to the state-input
pair (X,,,U,) observed. By identifying 6 with the estimate
H? we can rewrite (70) as
HnJrl(Xnv Un)=H"(Xpn,Up)+ani1 [C(Xn; Un)
FYH" (Xng1) = 6{p, H") = H" (X, Un)]

With a,, =1/n, the ODE approximation of (71) takes the form

(71)

%ht(a?, u)=w(z,u) [C(a:, u) +yPyhy ()
—8(u, hy) — ht(%“)}

in which h,(z) = min, h¢(x,u). Based on the discussion in
Section IV-A, a “more efficient” relative Q-learning flavor is
defined using a particular state-action dependent step-size (54).
The ODE approximation (72) simplifies in this case:

Lhi(x,u) = c(w, u) +yPuby (2) = 6, he) — hy(w,u) (73)

(72)

Henceforth we restrict discussion to the relative Q-learning

algorithm with a scaling of this specific step-size: a,(z,u) =
-1 . S

g- [n(z,u)] with g > 0. We initially assume g = 1.

B. Stability and Convergence of Relative Q-learning
Convergence of the algorithm holds under mild conditions:

Theorem V.2 (Stability & Convergence). Consider the relative
QO-learning algorithm (71) with step-size «,(x,w) satisfying
(54). Then, lim,, ..o H™ = H*, a.s., for each initial condition.

O

The proof of the theorem follows from [2, Theorems 2.1
and 2.2], which tells us that stability of the ODE (73) implies
firstly that

supsup H"(z,u) < 00 a.s.

and then convergence follows from more well known
arguments. Global asymptotic stability of the ODE is
established in Prop. A.l. A martingale noise assumption is
imposed on the SA recursions considered in [2], [17] (it
is argued that the stability result holds for more general
Markovian noise). This extension is not required to prove
Thm. V.2, as we can cast the relative Q-learning algorithm
precisely within the setting of [2].

The algorithm in (71), with step-size rule (54) can be
rewritten as:

H" Y (2,u) = H"(x,u)

- (74)
+ an+1(xau)[ (H’H’ X’rL7 Unvxa U) + An+1($ ) U)]

where

F (X, Ups 2, u) = [TH”(x, uy-H"(z,u)|{X, =2,U, =u}



JOURNAL XX VOL. XX, NO. XX

for any H,
TH(x,u) = c(x,u) + yPH(x) — 6, H) ~ (75)
and {A,} is the noise sequence: A, 11 (z,u) =
V(H(Xoi1) = PH" (@) ) {Xy = 2,Up =u}  (76)

The recursion (74) is SA with Markovian noise.

For the purpose of analysis, it is best to visualize the
algorithm (74) with step-size rule (54) as “d parallel stochastic
approximation algorithms”, one for each state-action pair
(x,u). If a particular (X, , U, ) is observed in the n'" iteration,
then the corresponding H-value is updated, with the rest of
the H-values left unchanged.

The martingale difference property is expressed as follows:

E[Anii(z,u)|F,] =0,  foreach (z,u) € X x U, (77)

where F,, = 0(X,,, U : m < n). A second assumption of
[2] also holds: for some constant K > 0,

EllAnga (2, w) 1 Fa] < K1+ || H"|?) (78)

C. Convergence Rate of Relative Q-learning

We now analyze the asymptotic covariance of the relative
Q-learning algorithm (71) that approximates the ODE (73).
Following along the lines of analysis in Section IV-B, the
covariance analysis requires two ingredients: identification of
the noise covariance X in (31), and examination of the
linearization of the ODE (73). Recall that a finite asymptotic
covariance depends on properties of the eigenvalues of the
linearization matrix A = 9y f(6)| P

As for the first ingredient, it follows from (76) that the noise
covariance is a diagonal matrix, with E(A”) =

* PYSRANY i,
VE[(H (Xa) =P ()" | (Xa, Un) = (@ )] (79)
This is identical to the noise covariance in Watkins’ algorithm:

Lemma V.3. The noise covariance matrix X%\ for the Q-
learning algorithm (defined in (61)), and ZZ for the relative
Q-learning algorithm (defined in (79)) are identical.

Proof. The proof is a direct application of Prop. V.1: with
Ky =0(u,H*)/(1 —~) we obtain, for each 1 <1i < d,

S = [Q )~ P @)’ | X =i U =]

=B [(H(Xn1) 45y — Pt (@) =y | X =2, U =]
— EZ (i,3)
O

We henceforth denote X4 = X4 = ¥A.

We turn next to the linearization of the ODE (73) at its
equilibrium: this is justified under Assumption (Q2), which
implies the existence of € > 0 such that (69) holds. The
following result is a direct analog of Lemma IV.1 for the
relative Q-learning algorithm.

Lemma V4. Under Assumption (Q2), when ||i~LfH < &, with
€ > 0 used in (69), the ODE (73) simplifies to

Ay = —[I —yPSp-+6 1@ plhy — b

where b(z,u) = —c(z,u). O

In Lemma V.4, 1 € R? is viewed as a column vector with
each component 1; = 1, 1 < ¢ < d, and ® denotes the
outer product. The lemma provides a simple expression for
the linearization matrix:

A=—[I—~vPSyp»+0-1® y (80)

In addition to (Q1) and (Q2), we impose the following
additional assumption for the convergence rate analysis:

(Q3) The Markov chain with transition matrix PSg- is uni-
chain: the eigenspace corresponding to the eigenvalue \; = 1
is one-dimensional. a

Denote

p* = max{Re(\;) : i > 2} (81)

where the maximum is over all eigenvalues of PSy- except
A1 = 1. Under (Q3) we have p* < 1, and in fact p* < 0
is possible. Let p denote the magnitude of the second largest
eigenvalue of PSy-:

p =max{|\;|: \; # 1}

The scalar p is also known as the mixing rate of the Markov
chain (X ,U), with the input sequence U defined by ¢*, and
1—p is the spectral gap of the corresponding transition matrix.
While p* < 1 is always true under (Q3), this does not exclude
the possibility that p = 1 (i.e., there is no spectral gap). We
have an obvious bound:

Lemma V.5. The quantities p and p* defined in (81) and (82)
satisfy p* < p.

The bound is achieved if there is a real and positive
eigenvalue satisfying \s = p.

The following theorem (which is analogous to Thm. I'V.3 for
the Q-learning algorithm) is the main result of this subsection.

(82)

Theorem V.6. For the asynchronous relative Q-learning

algorithm (71) with step-size rule (54), the matrix A in (80)

is equal to the linearization matrix A = 89?(9)‘0:0*. If we

choose § > ~(1 — p*), then each eigenvalue of A satisfies

Re(A(A4)) < —(1 — ~p*). Consequently,

(i) The asymptotic covariance is infinite if vp* > %
also I/;EAVQ > 0, where v is an eigenvector of PSy- with
eigenvalue satisfying Re(\s) = p*.

(i1) Suppose that the step-sizes are scaled:

and

(2, u) = [(1 = vp*) - nl(z,u) ™" (83)

Then, the eigenvalue test passes: each eigenvalue A\(A)

satisfies

Re(A(A))=—(1—vp") '"Re(A(I—7PSp-—6 - 1 ® p))
< -1

The asymptotic covariance of the resulting algorithm is

obtained as a solution to the Lyapunov equation (30), with

g=(1—p*)7L, and Y a defined in (79). O

To be clear: the condition p < 1 is not necessary for
stability of relative Q-learning, or uniform boundedness of
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Fig. 3. Relationship between the eigenvalues of the matrices PSy«, Aq, and A.

the asymptotic covariance. Consider the example illustrated
in Fig. 3. The plot of eigenvalues for PSy- shown on the
left hand side indicates complex eigenvalues on the unit
circle, so that p = 1. The plots show that p* < 1, and
therefore, —(1 —yp*) < —(1 — ). In this case, Thm. V.6 (ii)
implies that the relative Q-learning algorithm with step-size
an, = g [n(z,u)]™t, g = —[1 — vp*]~* will have finite
asymptotic covariance.

We close the section with proof of Thm. V.6.

Proof of Thm. V.6: The proof is based on comparing
the eigenvalues of the matrix A with the eigenvalues of
the linearization matrix that corresponds to the asynchronous
Watkins’ Q-learning algorithm (recall Lemma IV.1 (ii), and
Eq. (60b)):

A, = —[I —PSy] (84)

Lemma V.7. (i) The matrix A, is Hurwitz. Furthermore,
there exists a single eigenvalue at \ = —(1 — =), and all
other eigenvalues satisfy

Re(A(4y)) < —(1—~p")

where p* € [0,1) is defined in (81).

(ii) The vector 1 is a right eigenvector of A, with eigenvalue
A1 = —(1—~+0). Moreover, every eigenvalue \ of A, that
is not equal to —(1 — v+ 0), is also an eigenvalue of A,,
with identical left eigenvectors.

(85)

Proof. The proof of (i) follows from the following
observations: Thm. IV.3 combined with assumption (Q3)
establishes the upper bound Re(A(4,)) < —(1 — ~). The
column vector 1 is an eigenvector, whose eigenvalue coincides
with this identity: A,1 = —(1 —~)- L.

We now prove (ii). The first claim follows from these steps:

Al = —[[—4PSp +6-1@pu]l = —(1—y+6)-1

If A # —(1—~+0) is an eigenvalue of A4, with corresponding
left eigenvector v, we have:
WT =vTA=—vT[I —vPSy —§- 1@ p
(@)

—vT[I — yPSy]
=vTA,

where (a) follows from orthogonality of 1 and the left
eigenvector v. a

Lemma V.8 asserts that (85) holds for every eigenvalue in
the relative Q-learning algorithm if ¢ is greater than or equal

to 1 — p*. The choice § = ~ will always satisfy the condition
in Lemma V.8. The proof is immediate from Lemma V.7.

Lemma V.8. Suppose we choose § > ~(1 — p*). Then,
each eigenvalue of the linearization matrix A defined in (80)
satisfies

Re(A(4)) < —(1— ") (36)

Consequently, the matrix A is Hurwitz, for all 0 < v < 1/p*.
O

Proof of Thm. V.6. Lemma V.8 proves the first conclusion in
Thm. V.6: Each eigenvalue of the linearization matrix A of
relative Q-learning satisfies Re(A(A)) < —(1 — vp*). The
proof of (i) and (ii) then follow from Prop. IL.2. g

VI. DISCUSSION

Theorems IV.3 and V.6 contain conditions for finite
asymptotic covariance of the Q-learning and relative Q-
learning algorithms. Here we provide a more quantitative
comparison. We begin with a coarse comparison, considering
the trace of the respective covariance matrices.

Proposition VL.1. Denote by $1(g), $2(g), the asymptotic
covariance matrices for Q-learning and relative Q-learning
with o, = g - [n(z,u)]~L. Each is finite for all sufficiently
large g, and satisfy the following bounds, uniformly in ~y:

2
{trace (Eg(g))} >0 <trace(EA)>’ sub. to (62) (87a)

' (1=7)?
) trace (X3)

Proof. The proof of eqn. (87a) follows from Prop. VI.2. This
result also implies that the lower bound for ${(g) in (87a) is
attained with g, = (1 — «)~!. The upper bound (87b) is a
simple consequence of Thm. V.6. o

These bounds show a significant contrast in performance
when 1/(1—+) > 1/(1 — p*). However, we find that the two
covariance matrices actually coincide on a subspace. This is
made precise in the following subsections.

A. Covariance Comparison on a Single Eigenspace

The stark contrast between the two covariance matrices is
made clear here. Denote by A, the eigenvalue of the matrix
Aj, = A (defined in (80)) that has the largest real part (marked
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with pink circles in the third part of Fig. 3), and v}, the
corresponding left-eigenvector. Similarly, denote \;, to be the
eigenvalue of A, (defined in (84)) that has the largest real
part (the green circle in the second part of Fig. 3), and v,
the corresponding left-eigenvector. Our interest here is the
magnitude of the non-negative quantities

o2(1,1):=v] Bvg,  and o} (1,1):=v] Shuy, (88)

Explicit formulae are easily obtained, and then optimized over
g. Analogous formulae are obtained in Section VI-C for other
eigenvectors, so we omit the proof of (89) here.

Proposition VI.2.

2
2 ) UAq(lal) _1 89
o,(1,1)=g T 21— g>[2(1 —7)] (89a)
2
9 9 UAh(l’l) B 11
on(1,1)=g T 2g(1—7p7) g>[2(1 —=~p")]7" (89b)

where aqu(l, 1)::V);12A1/q1 and o3, (1, 1)::VZIZA1/;“. The
minimizing gains are given by g, = (1 —~)~' in (89a), and
gn = (1—~p*)~L in (89b). This results in the minimal values,

o% (1,1)
. 2 Ag\
mino;(1,1)=—"——,
g q( ) (1 _7)2

o, (1,1)
—=h = (90
(1—p*y)? e

mincoi(1,1)=
9
O

The gains introduced in Prop. VI.2 imply Re(\) < —1
for any eigenvalue of either g,A4, or g¢,Ap. Denote by
(An1,vn1) the eigenvalue/left-eigenvector pair of the matrix
Ay, with corresponding right-eigenvector 1. Similarly, denote
by (g1, v41) the eigenvalue/left-eigenvector pair of the matrix
A, with corresponding right-eigenvector 1. These eigenvalues
correspond to the green circles in Figure 3, and (Ag1,v41)
coincides with (A, ,v,, ). However, a similar property does
not hold for the matrix Aj. We compare next the variances
on the eigenspace spanned by 1:

021 p— y;]l Egz/ql and 0,211 = V}Tﬂl Zguhl ©n

Proposition VI.3. Consider the Q-learning and relative Q-
learning with step-size scaling g, and gy, defined in Prop. VI.2,
and with 6 > ~(1 — p*) in (67). Then,

2
2 A1 2

JQA;JI
BT

T 1)1t py—2(7—9)) ©2)

2 2 2
where, o3 :aAq(l, 1):V$12A1/q1, TR, 1 :y}TﬂZAyhl. O

g

For the choice of § > (1 — p*), we have o7, < 07(1,1)
defined in (89b), consistent with (87b) of Prop. VI.1.

In Fig. 1 we compare the performance of Q-learning and
relative Q-learning algorithms applied to a simple 6-state MDP
that was considered in [3, Section 3]. Experiments were run for
v =0.999 and v = 0.9999, and in each of the two cases, we
implemented Q-learning with optimized step-size o, = g4/n,
gq = 1/(1 — ), and relative Q-learning with optimized step-
size o, = gn/m, gn = 1/(1 — p*v). In addition, we also
implemented Q-learning with «,, = g5 /n; the motivation is
discussed in the following subsection.

We return now to Figure 2, which shows histograms of
{V/NOx (i)} from the relative Q-learning algorithm (obtained
from 10 independent runs with random initial conditions,
up to time horizon 106, with data collected at this value,
and intermediate values N = 103, 10%, 10°). The theoretical
pdf’s were obtained based on the CLT (14): the distribution
of v N0y is approximated by N(0,Xy) for large N, with X
obtained as a solution to (30). The figure makes clear that the
CLT predicts finite-N behavior for N as small as 10*. This is
remarkable, but not surprising given the prior work [3], [38].

B. Solidarity on a Subspace

Prop. VI.2 again shows that a larger gain g is required in
Watkins’ algorithm, and we can expect a larger asymptotic
covariance. Prop. VL.3 compares the asymptotic covariance
with optimal gains for the two algorithms on a particular
subspace. The question we ask here is: what about the
remainder of R%?

The asymptotic covariances appearing in Prop. VI.1 solve
the respective Lyapunov equations:

(93a)
(93b)

0=F% + S4FT + ¢°Sa
0=F2) +S0FT + ¢*°Sa

where [, = gA, + %I and Fy, = gAp + %I. It is shown
in Prop. V1.4 that the solutions are identical on the subspace
Ré = {v € R?: vT1 = 0} in the sense that

’UTEZU) = UTZQw, for all v,w € Rg (94)

This identity is valid even when F, is not Hurwitz, so that
is not finite valued. The proof makes use of the representations

oo
IS = 92/ vielfat s aefdtw dt
oo . (95)
ISk = 92/ viefrt S aefnt dt
0

Proposition VL4. Suppose that the matrix Fy is Hurwitz.
Then the asymptotic covariance Z’g exists and is finite, and
moreover (94) holds, subject to the definition of (95).

Proof. Given the representation (95), it is enough to establish

vietfe = otetfn forallt>0and ve RS (96)
The proof makes use of the following identity:
vTFq =o' Fy, for all v € Rg o7

Moreover, FJ: R¢ — R¢ and FZ: R¢ — RE.

These identities imply many others. Starting from UTFq =
vI Fy, for v € RY, we obtain v F,F, = vTF2, and the identity
0T F2 = v'F} follows since (v1F,)T € R{. By induction we
obtain v F}' = v!F}" for each n and each v € R{, and then
(96) follows from the Taylor series representation of the matrix
exponential. a

Prop. V1.4 says that in the subspace that is orthogonal to
the column vector 1, the solutions to the Lyapunov equations
in (93b) are identical, provided we use the same scalar gain.
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Q-learning: {m” =1/(1-7

Relative Q-learning:
—g=1/(1-p"y

g=1/(1=p"y)
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Fig. 4. (a) Span norm error for Q-learning and Relative Q-learning are similar, even for v ~ 1. (b) Average error for the three algorithms, with 1/(1—v) = 10%.

Along with Prop. V1.3, this implies that the challenge faced
when estimating the Q-function, as opposed to the relative
Q-function is due to estimating a constant. If an algorithm
designer is content with ignoring the error in constants, they
can obtain a significantly lower asymptotic covariance Q-
learning algorithm.

Fig. 4 (a) contains plots of the span-semi-norm of the errors
in the Q-function estimates obtained using Q-learning and
relative Q-learning algorithms. Once again, experiments were
run for v = 0.999 and v = 0.9999, and for each ~, we
used two different step-sizes for the Q-learning algorithm:
g9q = 1/(1 — =), and g, = 1/(1 — p*v). Since the span
semi-norm ignores the error in the constants, we notice that
the performance of the Q-learning and relative Q-learning
algorithms with the same step-size g, = 1/(1 — p*~y) is very
similar — consistent with our findings in Prop. VI.4. Figures 1
and 4 (a) illustrate the behavior of each of the three algorithms
on a single sample path. Fig. 4 (b) shows the average error of
obtained from N = 10 independent runs of each algorithm.

C. What if the Transition Matrix is Diagonalizable?

If the matrix PS;; is diagonalizable, this means that there is
a basis consisting of eigenvectors, and also a basis consisting
of left-eigenvectors. Viewed as column vectors, we find that
d — 1 of the left eigenvectors span RZ. From this we obtain a
refinement of Prop. VI.4: a solution to the Lyapunov equation
on R¢, and on all of R? when F is Hurwitz.

If PS:; is diagonalizable, then the definition (84) implies
that the same is true for A,. Let {v; : 1 <14 < d} be a basis
of left eigenvectors for A,, with corresponding eigenvalues
{\i : 1 <i < d}, and suppose the eigenvalues are ordered so
that A1 (A4,) = —(1 — 7).

Lemma V.7 (ii) asserts that {v; : 2 < i < d} are also left
eigenvectors for Ay, with common left eigenvalues. Moreover,
I/;r]l =0 for 2 <1 < d, so that their span equals Rg.

For each 2 <+4,5 < d, consider the quantities:

o3 (i,j) = v} Shv;

o (i, j) = I/ZTEAVJ-

20; s Ty
c(i,7) =vXv;
q( .7) 17077 (98)

The identity o7 (i,j) = o0}(i,j) follows from Prop. VI4.
Multiplying the left hand side of (93a) and (93b) by l/;f , and
the right hand side by v;, we obtain

2 UZA(Z7.7)

1—g(\i+ ) ©9)

o2(i,j) = on(i,j) =g

For the optimal gains g, and g, appearing in Prop. VI.2,
substitution into (99) gives the approximation when v ~ 1:
For 2 <14,5 <d,

yi 2
aé(i,j>:0<"f(_“j)>, ag@,j):o(m> (100)

D. Performance Comparison via Total Discounted Returns

So far, Figures 1 and 4 illustrate convergence rate of the
estimates of the Q-functions. As noted earlier, even though
the limits of the two algorithms are different, the policies
induced by the optimal Q-function and the relative Q-function
are identical.

Shown in Fig. 5 are plots of the average total discounted
rewards obtained with the Q-function estimates; the x-axis
indicates the number of iterations (log scale). The plot was
obtained by implementing N = 100 parallel simulations of
the Q-learning and relative Q-learning algorithms with their
optimized step-sizes g, and g, and in each sample path, after
n = 10" iterations, k = 1,...,6, the average total discounted
reward 7),(¢) that corresponds to the policy ¢ induced by the
Q-function estimates was computed using Monte-Carlo:

n,(¢) :=E lZ V' R(Xy, ¢>(Xt>>1 (101)
t=0

where the expectation was estimated using M = 10 roll-outs

and computing the empirical average, and the infinite sum

within the expectation was replaced with a finite sum until

T =10* for v = 0.999 and T = 5 x 10* for v = 0.9999.

—g=1/1-7) g=1/(1=p"y)

»

107, 60

10 [ kb o o i 50

< 8 40

B 6 30

g 4 20

] 3 !
g 2‘ 1/(1—7) =10 10‘ 1/(1—7) =10
%@ 0 0

[SSEEETY 102 10° 10

10° 10° 10' 102 10° 10* 10° 105 M

Fig. 5. Estimates of 7 (¢) defined in (101) with ¢ = ¢9 and ¢ = ¢", the
policies that are induced by the Q-function and relative Q-function estimates
with g =1/(1 —~) and g = 1/(1 — p*~) respectively.

The reliability of relative Q-learning is remarkable:
estimates reach the optimal in about n = 100 iterations, and
remain there for all larger n. The sequence of policy estimates
obtained from Q-learning also reach an almost-optimal one
quickly, but consistently take a large excursion resulting in
very poor performance, and finally returning to the optimal
policy after 10° iterations (y = 0.999) and 10° iterations
(v = 0.9999).
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VII. CONCLUSIONS AND FUTURE WORK

The factor 1/(1 — +)? is ubiquitous in RL complexity
bounds, where p > 2. We have shown that this dependency
is artificial: if we ignore the constant terms (that does not
affect the optimal policy), this factor can be improved to
1/(1 — p*y)P, where p* < 1 under very general conditions.
Specifically, we showed that the classical Q-learning algorithm
of Watkins has asymptotic (CLT) variance that grows as a
quadratic in 1/(1 — ), and the relative Q-learning algorithm
has asymptotic variance that is bounded by a quadratic in
1/(1 — p*v). We believe that this will lead to comparable
improvements in sample complexity bounds.

The techniques introduced in this work can also be
extended to various other RL algorithms. For example, it
is straightforward to modify the recursion (70) to obtain a
relative TD(0)-learning algorithm for a discounted cost MDP,
with linear function-approximation. The choice of p may
require care in a continuous state-space setting.

The contributions of this paper are complementary to the
Zap-Q techniques of [3]. In view of the matrix gain Q-learning
algorithm (45), the goal in [3] is to obtain an optimal matrix
gain sequence {G,,+1} that will result in minimum asymptotic
covariance Xg. It is straightforward to Zap our relative Q-
learning algorithm, resulting in a further variance reduction.

We close with three open problems:

(i) Choice of . The choice 6 = 1 serves our purpose
of uniformly bounding the asymptotic variance. Perhaps a
larger § will result in better transient behavior?

(i) Optimizing p (in terms of variance and transients).

(iii) Extensions outside of the tabular setting.
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APPENDIX

A. Convergence Rate of Nonlinear Stochastic Approximation

Proof of Prop. I1.2. Part (i) of the Proposition follows from
the main result of [17, Ch. 7].

The proof of (ii) uses similar ideas as in [21]. For simplicity
we normalize so that 8* = 0, and take g = 1 so that o, = 1/n.

The proof proceeds by contradiction: Suppose that
n?@ E[||0,,]?] is bounded in n for some ¢ > go, and
consequently 1722E[||0,,[|?] tends to zero as n — oo, for any
01 > 0 > pg. We then use the new definition W,, = n<0,,
and denote, for a fixed 6 € RY,

Fu(0) = (n+1)2f(n"90),

T, = a,nlA,

On multiplying each side of (1) by (n + 1)2 we obtain
Wn+1 - Wn + an+1[Qan + ?n(Wn)] + Tn+1

where o, = o0 + o(1l) appears through the Taylor series
approximation (n + 1)¢ = n2 + ga,+1n2 + o(ay+1).

Under the assumption that n?¢*E[[|0,]|?] is bounded in n,
it follows that

Tim_E[[7, (W) — Fo(Wa) ] = 0
and from this we obtain the approximately linear recursion for
W= E[W, W]
S =S Fanalle+ AT+ (o A)T+Ea+ 504
where the vanishing sequence {&,} is composed of three

approximations: replacing o, by o, the replacement of f. by
fo. and the final term:

oy 1 E[(0n W + o (W) (0nWa + fr,(Wi))T]

Denote 02 = n%E[|v™W,|?] = v"X%v, a vanishing

sequence that evolves according to the recursion
2 2 2 T
Opi1 =05 +ani1[2(0— 00)o;, +vTEW] +VTE, v

As in [21], this can be regarded as a deterministic SA recursion
that is unstable under our assumption that p— gy > 0. An ODE
approximation, along with the fact that vTXY v > 0 for at

least one n, implies that U,% — 00 as n — oo under this

assumption. This contradiction completes the proof. g

B. ODE Approximation of Q-learning
Proof of Lemma IV.I. We prove (i) only, since the (ii) is
identical. Recall the definition of the ODE (53): %qt = fq),
where for any ¢: X x U - R, and 1 <i < d,
?z(Q) = E[{C(Xnv Un)+7g(Xn+l)*Q(Xm Un)}wz(Xna Un)]
Substituting ¢(Xn11) = ¢(Xny1, 0" (Xny1)) for [l —Q*| <
¢ implies (i), (recalling the tabular basis):
?z(q) = E[C(Xnv Un)¥i(Xa, Un)}
+E [wz (Xna Un){fYQ(Xn-‘rla dj* (Xn—i-l)) - Q(Xna Un)}]
= w2, u')e(z?, ub)
+ (@ u) {7 Pula',2))q(a’, 6" (a7) — q(a’,u)}
J
C. Convergence Analysis of Relative Q-learning g
Prop. A.1 is established here, which follows from Props. A.3
and A.4 below.

Proposition A.1. The ODE (73) is globally asymptotically
stable, with unique equilibrium H*.

For any H : X x U — R, the span semi-norm is denoted

|H||s := max H(x,u) — min H(z,u) (102)

Th operator T defined in (75) is a y-contraction [11]:

Lemma A.2. For any 0 < ~ < 1, the operator T is a y-
contraction: For any H : X x U - R and H : X x U = R,

ITH - TH'|s < ~v|H - H'|ls (103)
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The contraction property is used next to prove the stability
of the ODE (73) in the span semi-norm.

For each ¢t > 0, define }Nlt := hy — H*, where H* is the
unique solution to the fixed point equation (65). Define

¢ =", k= min{i : 99 () € argmin by (x,u)}
Prop. A.3 establishes exponential convergence of h; to H*

in the span semi-norm, which implies the same rate of
convergence for H*(z, ¢} (z)) to H*(z, ¢*(z)).

Proposition A.3. For any 0 <~ < 1, and some K < oo,
lhells < e” O lholls  (104a)
1H* (2, 67 () —H* (2, 6 (x))]| < Ke™ =" |[hol| (104b)

Proof. By the variations of constants formula, and using the
notation (75), the solution h; to (73) satisfies:

t
ht(x,u):ho(x,u)e*w/ e~ (Thy)(x,u)ds
0

Subtracting H*(z ,u) from both sides, and using the fact that
H*(z,u) = (TH")(xz,u), we obtain

he(x,u) = ho(z,u)e™
+/0 e~ (t=9) [(Ths)(ﬂc,u) - (TH*)(x,u)}ds

The following inequalities are then immediate

max hy(x, 1) < max ho(z,u)e™
T,u T,u

) ) ~ (105a)
N / e max [(Tha) (&, u)— (TH) (&, w) | ds
0 T ,u
min iLt(x y U) > min BO(I' s u)eit
- s _ (105b)
+ [ e min [(Th) @ o)~ (FH ) o )] ds
0 T,u

Subtracting (105b) from (105a),

t
Viells < e olls + / e~ | T, — TH" |5 ds
o, (106)
< e holls + 7 / == | || ds
0

where the second inequality follows from (103). Therefore,

t
et s < ||ho||s+7/ &*|lhalls ds
0

Applying the Gronwall’s inequality completes the proof of
(104a); (104b) follows from (69) and (104a). a

Define for each t > 0
vy =, hy) (107)

Prop. A.3 (in particular, Eq. (104a)) implies h; — H*
exponentially fast, in the span-semi-norm: for some K < oo,

(108)

To establish global exponential stability of the ODE (73), it is
sufficient to show that , — 0 exponentially fast.

he=1-r+ef |efll < Ke U7 holls

Proposition A.4. For any v < 1, and 6 > 0, the function
defined in (107) satisfies, for some K < 00,
el < e o] + Kem U7 ||
Proof. Differentiating both sides of (107), and using (73),
%Tt = <M7%ht> = <M7Ttht — hy) _ (109)
={(u,Thy —hy —TH*+ H*)

where we have used the fact that H* = TH*.
Using (108) and (104b), the non-linear term on the right
hand side of (109) admits the approximation,

{,Thy — TH*)

=7 3wl w)Pule, ) [ (o, 67 (2) ~ H* (2,67 ()
-4~ <M 5 Bt>

=7 3wl w)Pule,[H (', 65 (2) ~ H' (2, 6" ()

i (o, 65 )]+ (=0) e
=(y=0) r+e]

where |e7| < Ke~(1=1t||hg]| for some K < oo. Substituting
this into (109) completes the proof:

Apy=(y—0—-1) 1 +e},

¢
ry = e (7740 Ly +/ e~ (=+OT v dr
0
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