2210.01400v3 [cs.LG] 21 Feb 2023

.
.

arxiv

Linear Convergence of Natural Policy Gradient Methods
with Log-Linear Policies®

Rui Yuan'? Simon S. Duf$ Robert M. Gower?
Alessandro Lazaric! Lin Xiaof

February 22, 2023

Abstract

We consider infinite-horizon discounted Markov decision processes and study the convergence
rates of the natural policy gradient (NPG) and the Q-NPG methods with the log-linear policy
class. Using the compatible function approximation framework, both methods with log-linear
policies can be written as inexact versions of the policy mirror descent (PMD) method. We
show that both methods attain linear convergence rates and @(1 /€2) sample complexities using
a simple, non-adaptive geometrically increasing step size, without resorting to entropy or other
strongly convex regularization. Lastly, as a byproduct, we obtain sublinear convergence rates
for both methods with arbitrary constant step size.
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1 Introduction

Policy gradient (PG) methods have emerged as a popular class of algorithms for reinforcement
learning. Unlike classical methods based on (approximate) dynamic programming [e.g., Puterman,
1994, De Farias and Van Roy, 2003, Bertsekas, 2012, Sutton and Barto, 2018], PG methods update
directly the policy and its parametrization along the gradient direction of the value function [e.g.,
Williams, 1992, Sutton et al., 2000, Konda and Tsitsiklis, 2000, Baxter and Bartlett, 2001]. An
important variant of PG is the natural policy gradient (NPG) method [Kakade, 2001|, which is a
direct application of natural gradient method [Amari, 1998] for RL. NPG uses the Fisher information
matrix of the policy distribution as a preconditioner to improve the policy gradient direction, similar
to quasi-Newton methods in classical optimization [Martens, 2020]. Variants of NPG with policy
parametrization through deep neural networks were shown to have impressive empirical successes



[Schulman et al., 2015, Lillicrap et al., 2016, Mnih et al., 2016, Schulman et al., 2017, Haarnoja
et al., 2018, Tomar et al., 2022].

Motivated by the success of NPG in practice, there is now a concerted effort to develop conver-
gence theories for the NPG method. Neu et al. [2017] provide the first interpretation of NPG as a
mirror descent (MD) method [Nemirovski and Yudin, 1983, Beck and Teboulle, 2003|. By leveraging
different techniques for analyzing MD, it has been established that NPG converges to the global
optimum in the tabular case [Agarwal et al., 2021, Khodadadian et al., 2021b, Xiao, 2022] and some
more general settings [Shani et al., 2020, Vaswani et al., 2022, Grudzien et al., 2022, Chen and
Theja Maguluri, 2022|. In order to get a fast linear convergence rate for NPG, several recent works
consider the regularized NPG methods, such as the entropy-regularized NPG [Cen et al., 2021] and
other convex regularized NPG methods [Lan, 2022, Zhan et al., 2021|. By designing appropriate
step sizes, Khodadadian et al. [2021b] and Xiao [2022] obtain linear convergence of NPG without
regularization (See Section 6 for a thorough review. In particular, Table 1 provides a complete
overview of our results.). However, all these linear convergence results are limited in the tabular
setting (direct parametrization). It remains unclear whether this same linear convergence rate can
be established in the function approximation regime.

In this paper we provide an affirmative answer to this question for the log-linear policy class.
Our approach is based on the framework of compatible function approzimation [Sutton et al., 2000,
Kakade, 2001], which was extensively developed by Agarwal et al. [2021]. Using this framework,
variants of NPG with log-linear policies can be written as policy mirror descent (PMD) methods
with inexact evaluations of the advantage function or Q-function (giving rise to NPG or Q-NPG
respectively). Then by extending a recent analysis of PMD [Xiao, 2022], we obtain a non-asymptotic
linear convergence of both NPG and Q-NPG with log-linear policies. A distinctive feature of this
approach is the use of a simple, non-adaptive geometrically increasing step size, without resorting
to entropy or other (strongly) convex regularization.

1.1 Outline and Contributions

In Section 2 we review the fundamentals of Markov decision processes (MDP), and describe the log-
linear policy class and the general NPG method. In Section 3 we explain the compatible function
approximation framework and show that both NPG and Q-NPG can be expressed as inexact versions
of the PMD method.

Our main contributions start from Section 4, which contains our results on Q-NPG. We present
convergence results of Q-NPG in two different settings: one assuming bounded transfer error and
a relative condition number (Section 4.1) and the other assuming bounded approximation error
(Section 4.2). In both cases, we obtain linear convergence up to an error floor towards the global
optima. The extensions of the analysis of PMD [Xiao, 2022] are highly nontrivial and require quite
different techniques (see Section 6.1 for more details). Compared with the sublinear convergence
results of Agarwal et al. [2021], we do not need a projection step nor the assumption of bounded
feature maps. However, our results depends on some distribution mismatch coefficients and has
larger error floors. In Section 4.3, by further assuming that the feature maps are bounded and
have a non-singular covariance matrix, we obtain an (5(1 /€?) sample complexity for Q-NPG with
log-linear policies. In particular, our sample complexity analysis also fixes errors of previous work.

In Section 5, we analyze the NPG method under the assumption of bounded approximation
error, and show that it also enjoys linear convergence up to an error floor as well as an O(1/€?)
sample complexity. As a by product of our analysis, we also obtain sublinear an O(1/k) convergence



rate for both NPG and Q-NPG with unconstrained constant step sizes and no projection step.

2 Preliminaries on Markov Decision Processes

We consider an MDP denoted as M = {S, A, P,c,v}, where S is a finite state space, A is a
finite action space, P : § x A — S is a Markovian transition model with P(s" | s,a) being the
transition probability from state s to s’ under action a, ¢ is a cost function with ¢(s,a) € [0,1] for
all (s,a) € Sx A, and v € [0,1) is a discounted factor. Here we use cost instead of reward to better
align with the minimization convention in the optimization literature.

Let A(X) denote the probability simplex for an arbitrary set X. The agent’s behavior is modeled
as a stochastic policy m € A(A)ISl, where 7, € A(A) is the probability distribution over actions A
in state s € §. At each time ¢, the agent takes an action a; € A given the current state sy € S,
following the policy m, i.e., a; ~ m5,. Then the MDP transitions into the next state s;y; with
probability P(s¢r1 | S¢,a¢) and the agent encounters the cost ¢; = ¢(s¢, ar). Thus, a policy induces
a distribution over trajectories {s¢,at, ct}¢>0. In the infinite-horizon discounted setting, the cost
function of m with an initial state s is defined as

Vs(m) = E thc(st,at) | so =s|. (1)

at’\’ﬂ'st
st+1~P(-|s,a¢) Lt=0

Given an initial state distribution p € A(S), the goal of the agent is to find a policy 7 that minimizes
the expected cost function

Vo(m) © B, Va(m)] = Y puVala) = (V(w),p).
seS

A more granular characterization of the performance of a policy is the state-action cost function
(Q-function). For any pair (s,a) € S x A, it is defined as

def =

Qsa(m) = E Zytc(st,at) | so =s,a0 =al . (2)
at~Ts,

st41~P([st,ar) LE=0

Let Qs € R denote the vector [Qs alaca. Then we have V() = Eoun, [Qs.a(m)] = (75, Qs(T)).
The advantage function' is a centered version of the Q-function:
def

As,a(ﬂ-) = Qs,a(ﬂ-) - V;(ﬂ-)’ (3)

which satisfies Eqr, [Asq(m)] =0 for all s € S.

Visitation probabilities. Given a starting state distribution p € A(S), we define the state
visitation distribution d™(p) € A(S), induced by a policy =, as

o0
def
d7(p) = (1 =) Esgmp | Y V' Pr(se =5 50|,
t=0

! An advantage function should measure how much better is a compared to 7, while here A is positive when a is
worse than m. We keep calling A advantage function to better align with the convention in the RL literature.



where Pr™(s; = s | s¢) is the probability that the ¢-th state is equal to s by following the trajectory
generated by 7 starting from sg. Intuitively, the state visitation distribution measures the probability
of being at state s across the entire trajectory. We define the state-action visitation distribution

d™(p) € A(S x A) as

I def n
dia(p) = d5(p)msa = (1 —7)Esonp

ZVt Pr"(s; = s,a; = a | 30)] . (4)

t=0

In addition, we extend the definition of d™(p) by specifying the initial state-action distribution
veASxA),ie.,

S def = T
ds,a(”) = (1 - 7) E(SO,GO)NV [Z fyt Pr (St =Ss,at = a ’ S0, CL())] . (5)
t=0

The difference in the last two definitions is that for the former, the initial action ag is sampled
directly from 7, whereas for the latter, it is prescribed by the initial state-action distribution v. We
use d compared to d to better distinguish the cases with v and p. Without specification, we even
omit the argument v or p throughout the paper to simplify the presentation as they are self-evident.
From these definitions, we have for all (s,a) € S x A,

d;r > (1 - 7)/087 d_sﬂ:a > (1 - 7)ps7T5,a, dsﬂ:a > (1 - ’7)7/8,&' (6)

Policy parametrization. In practice, both the state and action spaces S and A can be very
large and some form of function approximation is needed to reduce the dimensions and make the
computation feasible. In particular, the policy 7 is often parametrized as m(0) with § € R™, where m
is much smaller than |S| and |A|. In this paper, we focus on the log-linear policy class. Specifically,
we assume that for each state-action pair (s, a), there is a feature mapping ¢, € R™ and the policy
takes the form

exp(¢, 40)

Darea exp(d ,0)
This setting is important since it is the simplest instantiation of the widely-used neural policy
parametrization. To simplify notation in the rest of this paper, we use the shorthand V,(6) for

V,(m(0)) and similarly Qs q(60) for Qs q(m(0)), Asa(8) for Asq(m(6)), d? for dg(a), Jga for J;t[(le), and
d? , for J;r[(f)).

7Ts,a(e) = (7)

Natural Policy Gradient (NPG) Method. Using the notations defined above, the parametrized
policy optimization problem is to minimize the function V,(#) over § € R™. The policy gradient is
given by [see, e.g., Williams, 1992, Sutton et al., 2000]

1
VGVp(e) = :Eswd‘g,awﬂsw) (Qs,a(0) Vg log s a(0)] . (8)

For parametrizations that are differentiable and satisfy »° . 4 7s4(f) = 1, including the log-linear
class defined in (7), we can replace Qs (6) by A 4(#) in the above expression [Agarwal et al., 2021].
The NPG method [Kakade, 2001] takes the form

oo+ — ") _p F(69) w1, (60, (9)



where 7, > 0 is a scalar step size, F,(6) is the Fisher information matrix

F(0) & By amsto) [V0108 Toa(0) (Volog mea(0)) | (10)

and F,(0)" denotes the Moore-Penrose pseudoinverse of F},(6).

3 NPG with Compatible Function Approximation

The parametrized value function V,(6) is non-convex in general [see, e.g., Agarwal et al., 2021].
Despite being a non-convex optimization problem, there is still additional structure we can leverage
to ensure convergence. Following Agarwal et al. [2021], we adopt the framework of compatible
function approximation [Sutton et al., 2000, Kakade, 2001], which exploits the MDP structure and
leads to tight convergence rate analysis.

For any w € R™, § € R™ and state-action distribution ¢ € A(S x A), we define the compatible
function approrimation error as

LA(wa 97 C) d:ef E(s,a)w{ |:(wTv9 log 7"-s,a(e) - As,a(e))z} . (11)

Kakade [2001] showed that the NPG update (9) is equivalent to (up to a constant scaling of ny)
g+l — pk) _ nkwik), wik) € argmin, cgm L g (w,H(k),J(k)), (12)

where d*) is a shorthand for the state-action visitation distribution J’T(G(k))(p) defined in (4). A
derivation of (12) is provided in Appendix A (Lemma 1) for completeness. In other words, w*k) is
the solution to a regression problem that tries to approximate As7a(0(k)) using Vg log 7rs7a(9(k)) as
features. This is where the term "compatible function approximation error" comes from. For the
log-linear policy class defined in (7), we have

= def
Vi IOg 7"'s,a(e) = ¢s,a(9) = gbs,a - Za’EA 7"'s,a’(e)qss,a’ = ¢s,a - anns(e) [¢s,a’] 5 (13)
where ¢ 4(0) are called centered features vectors.
In practice, we cannot minimize L 4 exactly; instead, a sample-based regression problem is solved
to obtain an approximate solution w(*). This leads to the following inexact NPG update rule:

gl — k) _ nkw(k), w®) ~ argmin,, L4 (w, o) J(k)). (14)

The inexact NPG updates require samples of unbiased estimates of A, ,(#), the corresponding
sampling procedure is given in Algorithm 4, and a sample-based regression solver to minimize L 4
is given in Algorithm 5 in the Appendix.

Alternatively, as proposed by Agarwal et al. [2021], we can define the compatible function
approximation error as

LQ(’LU, 97 <) d:ef E(s,a)w{ [(wT¢s,a - Qs,a(e))2] (15)

and use it to derive a variant of the inexact NPG update called Q-NPG:

oUFD = k) p (), w® ~ argmin,, Lo(w, H(k),d(k)). (16)



For Q-NPG, the sampling procedure for estimating Q () is given in Algorithm 3 and a sample-
based regression solver for w(*) is proposed in Algorithm 6 in the Appendix.

The sampling procedure and the regression solver of NPG are less efficient than those of Q-
NPG. Indeed, the sampling procedure for A 4(#) in Algorithm 4 not only estimates Qs q(f), but
also requires an additional estimation of V(6), and thus doubles the amount of samples as compared
to Algorithm 3. Furthermore, the stochastic gradient estimator of Lg in Algorithm 6 only computes
on a single action of the feature map ¢ ,. Whereas the one of L, in Algorithm 5 computes on
the centered feature map ¢ 4(0) defined in (13), which needs to go through the entire action space,
thus is |.A| times more expensive to run. See Appendix B for more details.

Following Agarwal et al. [2021], we consider slightly different variants of NPG and Q-NPG,
where d®) in (14) and (16) is replaced by a more general state-action visitation distribution d *) =
J’T(G(k))(u) defined in (5) with v € A(S x A). The advantage of using d*) is that it allows better
exploration than d®) as v can be chosen to be independent to the policy W(H(k)). For example, it
can be seen from (6) that the lower bound of d™ is independent to , which is not the case for d™.
This property is crucial in the forthcoming convergence analysis.

3.1 Formulation as Inexact Policy Mirror Descent

Given an approximate solution w®) for minimizing Lg (w,H(k),cZ(k)), the Q-NPG update rule

kD) = 9k — pw® | when plugged in the log-linear parametrization (7), results in a new
policy
1
Fglfa+l) = _Z(k) Wg{? exp (_le ¢Zaw(k)> ) V(S, a) €S x ‘A’

where (%) is a shorthand for 71'5,&(0(]“)) and Zék) is a normalization factor to ensure ZaeA ngf;_l) =1,

for each s € S. We note that the above 7(*t1) can also be obtained by a mirror descent update:

(k+1) _ i (k) (k)
Ty argperril&) {nk <<I>sw ,p> + D(p, g )} , VseS, (17)

where ®, € RMI*™ is a matrix with rows ($s.a)T € R™ for a € A, and D(p, q) denotes the Kullback-
Leibler (KL) divergence between two distributions p,q € A(A), i.e.,

def Pa
D(p,q) = ) palog <q—>-

acA

A derivation of (17) is provided in Appendix A (Lemma 2) for completeness.

If we replace ®,w®) in (17) by the vector [sta(ﬂ'(k))]aeA € RMI, then it becomes the policy
mirror descent (PMD) method in the tabular setting studied by, for example, Shani et al. [2020],
Lan [2022] and Xiao [2022]. In fact, the update rule (17) can be viewed as an inexact PMD method
where Q,(7(®)) is linearly approximated by ®4w*) through compatible function approximation (15).
Besides, with the replacement of ®,w®) by [sta(ﬂ(k))]aem (17) can also be viewed as a special
case of the mirror descent value iteration for the regularized MDP studied by Geist et al. [2019],
Vieillard et al. [2020], Kozuno et al. [2022]. Similarly, we can write the inexact NPG update rule as

(k+1) _ : 3() () Dip. 20 1
0 argpg&l&){nk< g w ,p>+ (p, g )}, Vs e S, (18)



where w®) is an approximate solution for minimizing L 4 (w, oK) J(k)) defined in (11), and <I>§’“) €
RIMIX™ i5 a matrix whose rows consist of the centered feature maps ((Esﬂ(H(k)))T, as defined in (13).

Reformulating Q-NPG and NPG into the mirror descent forms (17) and (18), respectively, allows
us to adapt the analysis of PMD method developed in Xiao [2022] to obtain sharp convergence rates.
In particular, we show that with an increasing step size 1, o< v, both NPG and Q-NPG with log-
linear policy parametrization converge linearly up to an error floor determined by the quality of the
compatible function approximation.

4 Analysis of Q-NPG with Log-Linear Policies

In this section, we provide the convergence analysis of the following inexact Q-NPG method
g+ — k) _ nkw(k), w® ~ argmin,, Lo (w, o) d(k)), (19)

where d*) is shorthand for J”(‘g(k))(y) and v € A(S x A) is an arbitrary state-action distribution

that does not depend on p. The exact minimizer is denoted as wik) € argmin,, Lg (w, %) a4 (k)).
Following Agarwal et al. [2021], the compatible function approximation error can be decomposed
as

Lo(w®,00) d®)) = Lo(w® 6® d®) _LQ(wy@)ﬁ(lf),g(k)) +LQ(w§k),9(k)7d(k)),

Statistical error (excess risk) Approximation error

The statistical error measures how accurate is our solution to the regression problem, i.e., how
good w® is compared with wik). The approximation error measures the best possible solution for
approximating Q57a(9(k)) using ¢s, as features in the regression problem (modeling error). One
way to proceed with the analysis is to assume that both the statistical error and the approximation
error are bounded for all iterations, which is the approach we take in Section 4.2 and is also the
approach we take later in Section 5 for the analysis of the NPG method.

However, in Section 4.1, we first take an alternative approach proposed by Agarwal et al. [2021],
where the assumption of bounded approximation error is replaced by a bounded transfer error. The

transfer error refers to Lg (wik), o) d *), where the iteration-dependent visitation distribution d®)

is shifted to a fixed one d* (defined in Section 4.1).
These two approaches require different additional assumptions and result in slightly different
convergence rates. Here we first state the common assumption on the bounded statistical error.

Assumption 1 (Bounded statistical error, Assumption 6.1.1 in Agarwal et al. [2021]). There exists
estat > 0 such that for all iterations k > 0 of the Q-NPG method (19), we have

E {LQ(ww),g(k),g(k)) _ LQ(wgc),Q(k)’ d(k))} < gt (20)
By solving the regression problem with sampling based approaches, we can expect €gar =

O(1/VT) [Agarwal et al., 2021] or esar = O(1/T) (see Corollary 1) where T is the number of
iterations used to find the approximate solution w(®).



4.1 Analysis with Bounded Transfer Error

Here we introduce some additional notation. For any state distributions p,q € A(S), we define the
distribution mismatch coefficient of p relative to g as

HPH def s
— = max —.
9o sES (s

Let 7* be an arbitrary comparator policy, which is not necessarily an optimal policy and does not
need to belong to the log-linear policy class. Fix a state distribution p € A(S). We denote d™ (p)
as d* and d”(e(k))(p) as d®)| and define the following distribution mismatch coefficients:

1
p— 1_’}/'

def

d*
9, <

p

&

; (21)

d*
d®)

(6) 1
= —1 P

and 9 def %'
-

oo o0 o0

Thus, for all £ > 0, we have ¥}, < 9,. We assume that 9, < oo, which is the case, for example,
if ps > 0 for all s € S. This is commonly used in the literature on policy gradient methods [e.g.,
Zhang et al., 2020, Wang et al., 2020] and the NPG convergence analysis [e.g., Cayci et al., 2021,
Xiao, 2022|. We further relax this condition in Section 5.2.

We also introduce a weighted KL divergence given by

D & Eyeqr [D(, 7))

If we choose the uniform initial policy, i.e., 7[2?3 = 1/|A] for all (s,a) € S x A (or §©) = 0), then
D < log|A| for all p € A(S) and for any 7* € A(A)S. The choice of the step size will directly
depend on Df in our forthcoming linear convergence results.

Given a state distribution p and a comparator policy 7%, we define a state-action measure d* as

€ (S) d*
©F g Unify(a) & = (22)

d;, :
’ A

and use it to express the transfer error as Lg (wik), oK) d *)

Assumption 2 (Bounded transfer error, Assumption 6.1.2 in Agarwal et al. [2021]). There exists
€bias > 0 such that for all iterations k > 0 of the Q-NPG method (19), we have

E [LQ (), o), d*)} < epin. (23)

The €pias is often referred to as the transfer error, since it is the error due to replacing the
relevant distribution d*) by d*. This transfer error bound characterizes how well the Q-values
can be linearly approximated by the feature maps ¢, ,. It can be shown that €pios = 0 when 7k
is the softmax tabular policy [Agarwal et al., 2021] or the MDP has a certain low-rank structure
[Jiang et al., 2017, Yang and Wang, 2019, 2020, Jin et al., 2020]. As mentioned in Agarwal et al.
[2021, Remark 19], when €pias = 0, one can easily verify that the NPG and Q-NPG are equivalent
algorithms. For rich neural parametrizations, ep;,s can be made small [Wang et al., 2020].

The next assumption concerns the relative condition number between two covariance matrices
of ¢s,q defined under different state-action distributions.



Assumption 3 (Bounded relative condition number, Assumption 6.2 in Agarwal et al. [2021]). Fix
a state distribution p, a state-action distribution v and a comparator policy 7w*. Let

Sir © Bais |00a0ia] . and S, E B (0006l (24)

where d* is specified in (22). We define the relative condition number between ¥ ;. and X, as

-
def w MW

Ky = max ————— 25

Y weRm wl Y, w’ (25)

and assume that K, is finite.

The k, is referred to as the relative condition number, since the ratio is between two different
matrix induced norm. Notice that Assumption 3 benefits from the use of v. In fact, it is shown in
Agarwal et al. [2021, Remark 22 and Lemma 23| that x, can be reasonably small (e.g., K, < m is

always possible) and independent to the size of the state space by controlling v.
Our analysis also needs the following assumption, which does not appear in Agarwal et al. [2021].

Assumption 4 (Concentrability coefficient for state visitation). There exists a finite C, > 0 such
that for all iterations k > 0 of the Q-NPG method (19), it holds that

dgk)2
Eqo g+
e [(d)

The concentrability coefficient is studied in the analysis of approximate dynamic programming
algorithms [Munos, 2003, 2005, Munos and Szepesvari, 2008]. It measures how much p can get
amplified in k steps as compared to the reference distribution df. Let ppin = minges ps. A sufficient
condition for Assumption 4 to hold is that ppi, > 0. Indeed,

4% \2
(%)=

In reality, \/C), can be much smaller than the pessimistic bound shown above. This is especially the

< C,. (26)

dk)
d*

d(k)

p

1
B (1 - 7)pmin.

[e.e]

=14

(6) 1
<

Esgr (27)

[e.e]

case if we choose 7* to be the optimal policy and d*) — d*. We further replace C), by C, defined
in Section 4.2 that is independent to p and thus is more easily satisfied.

Now we present our first main result.

Theorem 1. Fiz a state distribution p, an state-action distribution v and a comparator policy 7*.
We consider the Q-NPG method (19) with the step sizes satisfying ng > I_T“’DS and N1 > %nk.
Suppose that Assumptions 1, 2, 5 and / all hold. Then we have for all k > 0,

1\F 2 2/IA (9,\/C, +1) [ [Fy
E |:Vp(7T ):| Vp(ﬂ- ) < (1 19p> 1—~ + 1—~ ( 1_ ’Yestat + 6b1as> .

The main differences between our Theorem | and Theorem 20 of Agarwal et al. [2021], which is
their corresponding result on the inexact Q-NPG method, are summarized as follows.
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e The convergence rate of Agarwal et al. [2021, Theorem 20] is O(1/vk) up to an error floor
determined by egat and epas. We have linear convergence up to an error floor that also
depends on egot and €pias. However, the magnitude of our error floor is worse (larger) by a
factor of 19/)\/0_/), due to the concentrability and the distribution mismatch coefficients used
in our proof. A very pessimistic bound on this factor is as large as |S|?/(1 — v)2.

e In terms of required conditions, both results use Assumptions 1, 2 and 3. Agarwal et al. [2021,
Theorem 20| further assume that the norms of the feature maps ¢, , are uniformly bounded
and w® has a bounded norm (e.g., obtained by a projected stochastic gradient descent). Due
to different analysis techniques referred next, we avoid such boundedness assumptions but
rely on the concentrability coefficient C, defined in Assumption 4.

e Agarwal et al. [2021, Theorem 20| uses a diminishing step size 1 oc 1/v/k where k is the total
number of iterations, but we use a geometrically increasing step size m;, o ¥ for all £ > 0.
This discrepancy reflects the different analysis techniques adopted. The key analysis tool in
Agarwal et al. [2021] is a NPG Regret Lemma (their Lemma 34) which relies on the smoothness
of the functions log s 4(#) (thus the boundedness of ||¢sq||) and the boundedness of |w*)],
and thus the classical O(1/v/k) diminishing step size in the optimization literature. Our
analysis exploits the three-point descent lemma [Chen and Teboulle, 1993] and the performance
difference lemma [Kakade and Langford, 2002], without reliance on smoothness parameters. As
a consequence, we can take advantage of exponentially growing step sizes and avoid assuming
the boundedness of ||¢ 4| or [Jw®)]|.

Using increasing step size induces fast linear convergence. The reason is that Q-NPG behaves
more and more like policy iteration with large enough step size. Intuitively, when n, — oo and
QS(H(k)) is equal to the linear approximation ®,w®) which is the case of the linear MDP [Jin et al.,
2020] with epias = 0, (17) becomes

iy ({000}
m = arg min ses
S ngA(.A) QS( )7 p ) )
which is exactly the classical Policy Iteration method [e.g., Puterman, 1994, Bertsekas, 2012]. Thus,
Q-NPG can match the linear convergence rate of policy iteration in this case. We refer to Xiao
[2022, Section 4.4] for more discussion on the connection with policy iteration.

As a by product, we also obtain a sublinear O(1/k) convergence result while using arbitrary
constant step size.

Theorem 2. Fiz a state distribution p, an state-action distribution v and an optimal policy 7*.
We consider the Q-NPG method (19) with any constant step size i, =n > 0. Suppose that Assump-
tions 1, 2, 3 and / all hold. Then we have for all k > 0,

%EE Vo ®)] - V() < ﬁ <% + 20p> L2Vl (fp_\/@+ 1) < /1’?76“% + ﬁ) .

v

A deviation from the setting of Theorem 1 is that here we require 7* to be an optimal policy”.
Compared to Theorem 20 in Agarwal et al. [2021], our convergence rate is also sublinear, but with

In our analysis, we need to drop the positive term E [Vp(ﬁ(k)) — Vp(ﬂ'*)} to obtain a lower bound, thus require

7" to be an optimal policy.
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an improved convergence rate of O(1/k), as opposed to O(1/v/'k). Moreover, they use a diminishing
step size of order O(1/v/k) while our constant step size is unconstrained.

4.2 Analysis with Bounded Approximation Error

In this section, instead of assuming bounded transfer error, we provide a convergence analysis based
on the usual notion of approximation error and a weaker concentrability coefficient.

Assumption 5 (Bounded approximation error). There exists €approx > 0 such that for all iterations

k >0 of the Q-NPG method (19), it holds that
E [Lo(w,6%),d™)] < eopprox. (28)

As mentioned in Agarwal et al. [2021], Assumption 5 is stronger than Assumption 2 (bounded
transfer error). Indeed,

d~*
d (k)

d

14

. (6)
Lo(®, 0¥, dwy < 1

. ;
— Lo(w®, 0%, d®),

o0

LQ (w£k)7 Q(k), CZ*) <

o0

Assumption 6 (Concentrability coefficient for state-action visitation). There exists C,, < oo such
that for all iterations of the Q-NPG method (19), we have

ha Y
E(s7a)ch(k) (T}ﬂ) S CI/7 (29)
ds,a
where hgkg represents all of the following quantities:
diOal ) af Al aal), and dinl, (30)

Since we are free to choose v independently of p, we can choose vs, > 0 for all (s,a) € S x A
for Assumption 6 to hold. Indeed, with v, denoting min, 4)esx.A Vs, We have

i)\ r{) ©) 1
Floard® k@) = EEAd® = T (1)

S,a

where the upper bound can be smaller than that in (27) if ppi, is smaller than vp;y.

Theorem 3. Fiz a state distribution p, an state-action distribution v and a comparator policy 7*.
We consider the Q-NPG method (19) with the step sizes satisfying ng > I_T“’DS and Ngy1 > %nk.
Suppose that Assumptions 1, 5 and 6 hold. Then we have for all k > 0,

E [V, (x®)] - V,(n") < (1 - %)k : 2 ~+ 2\/(3_;(_19{;* 2,

Compared to Theorem 1, while the approximation error assumption is stronger than the transfer
error assumption, we do not require the assumption on relative condition number k, and the error
floor does not depends on k, nor explicitly on |A|. Besides, we can always choose v so that the
concentrability coefficient C,, is finite even if C), is unbounded. However, it is not clear if Theorem 3
is better than Theorem 1.

(\/estat + \/eapprox) .
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Remark 1. Note that Theorems 1, 2 and 3 benefit from using the visitation distribution d® instead
of d%) (i.e., benefit from using v instead of p). In particular, from (6), d®) has a lower bound that
is independent to the policy #®) or p. This property allows us to define a weak notion of relative
condition number (Assumption 3) that is independent to the iterates, and also get a finite upper
bound of C,, (Assumption ¢ and (31)) that is independent to p.

4.3 Sample complexity of Q-NPG

The previous results focus on iteration complexity, i.e., number of iterations used for updating 6.
Here we establish the sample complexity results, i.e., total number of samples of single-step in-
teraction with the environment, of a sample-based Q-NPG method (Algorithm 2 in Appendix B).
Combined with a simple stochastic gradient descent (SGD) solver, Q-NPG-SGD in Algorithm 6, the
following corollary shows that Algorithm 2 converges globally by further assuming that the feature
map is bounded and has non-singular covariance matrix.

Corollary 1. Consider the setting of Theorem 3. Suppose that the sample-based QQ-NPG Algorithm 2
is run for K iterations, with T' gradient steps of §-NPG-SGD (Algorithm () per iteration. Furthermore,
suppose that for all (s,a) € S x A, we have ||¢sq| < B with B > 0, and we choose the step size
a= ﬁ and the initialization wg = 0 for §-NPG-SGD. If for all § € R™, the covariance matriz of
the feature map followed by the initial state-action distribution v satisfies

| & s > 1, (32)

-
E(s,a)NV [gbs,agb&a
where I, € R™™ js the identity matriz and p > 0, then

1_ i)K 2 n 2 (19[) + 1) \/ Cyfapprox

E [Vp(W(K))} - Vp(W*) < ( 9, 1—x 1—7

S (F () o).

In Q-NPG-SGD, each trajectory has the expected length 1/(1 —~) (see Lemma 4). Consequently,
with K = O(log(1/€)log(1/(1 —~))) and T = (’)(ﬁé?), Q-NPG requires K « T/(1 —v) =

@(ﬁ?) samples such that E [Vp(ﬂ'(K))] — Vo(m*) < O(e) + O(iﬁff‘;m) The O(1/€?) sample
complexity matches with the one of value-based algorithms such as Q-learning [Li et al., 2020]
and also matches with the one of model-based algorithms such as policy iteration [Puterman, 1994,
Lazaric et al., 2016] .

Compared to Agarwal et al. [2021, Corollary 26| for the sampled based Q-NPG Algorithm 2,
their sample complexity is O(W) with K = W and T = W Despite the im-
provement on the convergence rate for K, they use the optimization results of Shalev-Shwartz and
Ben-David [2014, Theorem 14.8] to obtain eg = O(1/+/T), while we use the one of Bach and
Moulines [2013, Theorem 1] (see Theorem & as well) to establish faster ey = O(1/7)°. With
further regularity (32), Agarwal et al. [2021] mentioned that esar = O(1/T") can also be achieved

through Hsu et al. [2012, Theorem 16]. In addition, Agarwal et al. [2021] use the projected SGD

3Thanks for Yanli Liu, who pointed out that Agarwal et al. [2021, Corollary 6.10] also use Bach and Moulines
[2013, Theorem 1] in an early version https://arxiv.org/pdf/1908.00261v2.pdf to obtain egxar = O(1/T).
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method and require that the stochastic gradient is bounded which is incorrectly verified in their
proof *. In contrast, to apply Theorem &, we avoid proving the boundedness of the stochastic gradi-
ent. Alternatively, we require a different condition (32). A proof sketch of our corollary is provided
in Appendix C.5 for more details.

As for the condition (32), it is shown in Cayci et al. [2021, Proposition 3| that with v chosen as
uniform distribution over § x A and ¢54 ~ N(0,1,,) sampled as Gaussian random features, (32)
is guaranteed with high probability. More generally, with m < |S||.A|, it is easy to find m linearly
independent ¢, among all |S||.A| features such that the covariance matrix ¥, has full rank. This
is a common requirement for linear function approximation settings [Tsitsiklis and Van Roy, 1996,
Melo et al., 2008, Sutton et al., 2009)].

5 Analysis of NPG with Log-Linear Policies

We now return to the convergence analysis of the inexact NPG method, specifically,
glk+1) — k) _ nkw(k), w®) ~ argmin,, L4 (w, ok J(k)), (33)

where d *) is a shorthand for d 7r(e(k))(y) and v € A(S x A) is an arbitrary state-action distribution
that does not depend on p. Again, let wik) € argmin,, L4 (w, ok) J(k)) denote the minimizer. Our
analysis of NPG is analogous to that of Q-NPG shown in the previous section. That is, we again
exploit the inexact PMD formulation (18) and use techniques developed in Xiao [2022].

The set of assumptions we use for NPG is analogous to the assumptions used in Section 4.2. In
particular, we assume a bounded approximation error instead of transfer error (c.f., Assumption 2)

in minimizing L 4 and do not need the assumption on relative condition number.

Assumption 7 (Bounded statistical error, Assumption 6.5.1 in Agarwal et al. [2021]). There exists
estat > 0 such that for all iterations k > 0 of the NPG method (33), we have

E [LA(ww),g(k),g(k)) _LA(w£k)79(k)7J(k))] < Egat. (34)

Assumption 8 (Bounded approximation error). There exists €approx > 0 such that for all iterations

k >0 of the NPG method (33), we have
E[La(l,60,dM)] < cupprox. (35)

Assumption 9 (Concentrability coefficient for state-action visitation). There ezists C,, < oo such
that for all iterations k > 0 of the NPG method (33), we have

J(k+1) 2 d™ \2
B ayed® [(W)] <G and K, qm [(W)] < G (36)

Under the above assumptions, we have the following result.

“Indeed, the stochastic gradient of L¢ is unbounded, since the estimate @s,a(ﬁ) of Qs,q(0) is unbounded. This is

because each single sampled trajectory has unbounded length. See Appendix C.5 for more explanations.
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Theorem 4. Fiz a state distribution p, a state-action distribution v, and a comparator policy 7*.
We consider the NPG method (33) with the step sizes satisfying ng > 1;—7D6 and Ng+1 > %nk,
Suppose that Assumptions 7, 8 and 9 hold. Then we have for all k > 0,

2 VO, (0, +1)
_|_
1—7 1—7

B 1)) - votr) < (1- })k

(\/Estat + \/Eapprox) .

Compared to Theorem 3, our convergence guarantees for Q-NPG and NPG have the same
convergence rate and error floor, and the same type of assumptions.

Now we compare Theorem 4 with Theorem 29 in Agarwal et al. [2021] for the NPG analysis.
The main differences are similar to those for Q-NPG as summarized right after Theorem 1: Their
convergence rate is sublinear while ours is linear; they assume uniformly bounded ¢, and w®)
while we require bounded concentrability coefficient C,, due to different proof techniques; they use
diminishing step sizes and we use geometrically increasing ones. Moreover, Theorem 4 requires
bounded approximation error, which is a stronger assumption than the bounded transfer error used
by their Theorem 29, but we do not need the assumption on bounded relative condition number.

We note that the bounded relative condition number required by Agarwal et al. [2021, Theo-

rem 29| must hold for the covariance matrix of &g’;ﬁ for all £ > 0 because the centered feature maps

q@% depends on the iterates #). This is in contrast to our Assumption 3, where we use a single
fixed covariance matrix for Q-NPG that is independent to the iterates, as defined in (24).

In addition, the inequalities in (36) only involve half of the state-action visitation distributions
listed in (30), i.e., the first and the fourth terms. From (31), the upper bound of C, is obtained
only through (6), which is a property of d™ itself for all policy 7 € A(A)S. Thus, C, in (36)
can share the same upper bound in (31) independent to the use of the algorithm Q-NPG or NPG.
Consequently, our concentrability coefficient assumption is weaker than Assumption 2 in Cayci et al.
[2021] which studies the linear convergence of NPG with entropy regularization for the log-linear
policy class. The reason is that the bound on C,, in (31) does not depend on the policies throughout
the iterations thanks to the use of d(®) instead of d*) (see Remark 1 as well). See also Section 5.2
for a thorough discussion on the concentrability coefficient C,,.

Similar to Theorem 2, we also obtain a sublinear rate for NPG while using an unconstrained
constant step size.

Theorem 5. Fiz a state distribution p, an state-action distribution v and an optimal policy 7*. We
consider the NPG method (33) with any constant step size n, =n > 0. Suppose that Assumptions 7,
8 and 9 hold. Then we have for all k > 0,

1 <D0 +2§p> PRV AR

k-1
% tZ:;E [Vp(ﬂ(t))} — Vp(ﬂ'*) < m 1_ ~ (\/Estat + \/Eapprox) .

Compared to Theorem 2, again here we require 7* to be an optimal policy for the same reason
as indicated in Footnote 2. Furthermore our sublinear convergence guarantees for both Q-NPG and
NPG are the same. Compared to Theorem 29 in Agarwal et al. [2021], the main differences are also
similar to those for Q-NPG as summarized right after Theorem 2: our convergence rate improves
from O(1/vk) to O(1/k); they use a diminishing step size of order O(1/v/k) while we can take any

constant step size we want.
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Despite the difference of using d®) instead of d® for the compatible function approximation
La(w®, 0®) d*)) notice that same sublinear convergence rate O(1/k) is established by Liu et al.
[2020] for NPG with constant step size, while their step size is bounded by the inverse of a smoothness
constant and they further require that the feature map is bounded and the Fisher information
matrix (10) is strictly lower bounded for all parameters § € R™ (see this condition later in (37)).
With such additional conditions, we are able to provide a O(W) sample complexity result of

NPG next.

5.1 Sample complexity of NPG

Combined with a regression solver, NPG-SGD in Algorithm 5, which uses a slight modification of
Q-NPG-SGD for the unbiased gradient estimates of L 4, we consider a sampled-based NPG Algorithm 1
proposed in Appendix B and show its sample complexity result in the following corollary.

Corollary 2. Consider the setting of Theorem /. Suppose that the sample-based NPG Algorithm 1
is run for K iterations, with T gradient steps of NPG-SGD (Algorithm 5) per iteration. Furthermore,
suppose that for all (s,a) € S x A, we have ||¢sq|| < B with B > 0, and we choose the step size
o= 8% and the initialization wg = 0 for NPG-SGD. If for all € R™, the covariance matrix of the
centered feature map induced by the policy w(0) and the initial state-action distribution v satisfies

E gy [35:0(0)(5.a(0)T] 2 4, (37)

Rm)(m

where 1, € is the identity matriz and p > 0, then

E [V, (r")| ~V,(r") < <1— i>K 2, Wpt 1) /Cocappros

9, 1—x 1—7

A (1 ) ).

Now we compare our Corollary 2 with Corollary 33 in Agarwal et al. [2021], which is their
corresponding sample complexity results for NPG. The main differences between Corollary 2 and
Corollary 33 in Agarwal et al. [2021] are similar to those for Q-NPG as summarized right after
Corollary 1: Their sample complexity is O(W) while ours is @(W), they consider a
projection step for the iterates and incorrectly bound the stochastic gradient due to a similar error
indicated in Footnote 4 (and see Appendix D.41 for more details), while we assume Fisher-non-
degeneracy (37).

Compared to Corollary 1, the sample complexities for both Q-NPG and NPG are the same. The
assumption (37) on the Fisher information matrix is much stronger than (32), as (32) is independent
to the iterates. However, despite the difference of using v instead of p, the Fisher-non-degeneracy (37)
is commonly used in the optimization literature [Byrd et al., 2016, Gower et al., 2016, Wang et al.,
2017] and in the RL literature [Liu et al., 2020, Ding et al., 2022, Yuan et al., 2022|. It character-
izes that the Fisher information matrix behaves well as a preconditioner in the NPG update (9).
Indeed, (37) is directly assumed to be positive definite in the pioneering NPG work [Kakade, 2001]
and in the follow-up works on natural actor-critic algorithms [Peters and Schaal, 2008, Bhatnagar
et al., 2009]. It is satisfied by a wide families of policies, including the Gaussian policy [Duan et al.,
2016, Papini et al., 2018, Huang et al., 2020] and certain neural policy with log-linear policy as a
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special case. We refer to Liu et al. [2020, Section B.2] and Ding et al. [2022, Section 8] for more
discussions on the Fisher-non-degenerate setting.

To prove Corollary 2, our approach is inspired from the proof of the sample complexity analysis
of Liu et al. [2020, Theorem 4.9]. That is, we require the Fisher-non-degeneracy (37) and apply
Theorem & to the minimization of function L 4(w,#,d?) without relying on the boundedness of the
stochastic gradient. A proof sketch is provided in Appendix D.4. Compared to their result, they
obtain worse O(W) sample complexity for NPG due to a slower O(1/k) convergence rate.

5.2 Discussion on the Distribution Mismatch Coefficients and the Concentra-
bility Coefficients

We have already mentioned in the comparison with Agarwal et al. [2021] right after Theorem 1 that,
although we have linear convergence rates, the magnitude of our error floor is worse (larger) by a
factor of ¥,/C, (9,4/C, for Theorem 3 and 4), due to the concentrability C,, and the distribution
mismatch coefficients 9, used in our proof. Such difference comes from different nature of the proof
techniques. Here the distribution mismatch coefficients 9, and the concentrability coefficients C,
and C, are potentially large in our convergence theories. We give extensive discussions on them,
respectively.

Distribution mismatch coefficients ©J,. Our distribution mismatch coeflicient 1, in (21) is the
same as the one in Xiao [2022]|. It contains both an upper bound and a lower bound. The linear
convergence rate in our theories is 1 — 19% > 0. Thus, the smaller 1, is, the faster the resulting linear
convergence rate. The best linear convergence rate is achieved when 9, achieves its lower bound.
Here our analysis is general that it includes all the distribution mismatch coefficient 4, induced by
any target state distribution p. Our results generalizes and sometimes also improves with respect
to prior results.
A very pessimistic and trivial upper bound on 9, is

1

0, <— -
? = (1 =) pmin

However, if the target state distribution p € A(S) does not have full support, i.e., p; = 0 for some
s € S, then ¥, might be infinite from this upper bound. Xiao [2022] just assumes that ¥, is finite.
We further propose a solution to this particular issue. Indeed, if p does not have full support,
consider 7* as an optimal policy. We can always convert the convergence guarantees for some state
distribution p’ € A(S) with full support, i.e., p,, > 0 for all s € S as follows:

Voln®) = Vi) = 3 oo (V) = Vila)) = 3 Bt (Vate®) — Vi)
ses '8

seS
> o (V) — V() ) = ‘

 se8

< (vp,(w“ﬂ) - vp,(w*)) .

o0

P P
o 0

Then we only need convergence guarantees of V,y (7(*)) — V,/(7*) for arbitrary p’ obtained from all

our convergence analysis above. In this case, the linear convergence rate depends on

™ (p')
o

U — < o0.

def 1
¥

‘ o
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Equation (21) provides the lower bound ﬁ for 1J,. Such lower bound can be achieved when the

*

target state distribution p satisfies that p = d™ (p) where 7* is an optimal policy. The advantage
of this case is that, not only it implies the best linear convergence rate, more importantly, the
fast linear convergence rate is known to be . So we know the convergence rate explicitly without
any estimation, even though the optimal policy or the policy iterates are unknown before training.
Hence, we know when to stop running the algorithm. Lan [2022] only considers the case when
p=d" (p) and we are able to recover the same linear convergence rate + in their result.

Furthermore, the convergence performance Vp(ﬂ'(k)) — V,(7*) depends on the target state distri-
bution p. If the optimal policy 7* is independent to the target state distribution p which is usually
the case in RL problems, then we are always allowed to fix p = d™ (p) for the analysis without
knowing p and 7* and derive this best linear convergence performance with rate -, because we use
the initial state-action distribution v in training which is independent to p.

Finally, from (21), if d®) converges to d*, then ¥}, converges to 1. This might imply superlinear
convergence results as Section 4.3 in Xiao [2022]. In this case, the notion of the distribution mismatch
coefficients ¥, no longer exists for the superlinear convergence analysis. In other words, it is no
longer concerned.

Concentrability coefficients C,. The issue of having (potentially large) concentrability coef-
ficients is unavoidable in all the fast linear convergence analysis of the inexact NPG that we are
aware of, including even the tabular setting (e.g., Lan [2022] and Xiao [2022]) and the log-linear
policy setting (Cayci et al. [2021], Chen and Theja Maguluri [2022] and ours).

First, in the fast linear convergence analysis of inexact NPG, the concentrability coefficients
appear from the errors, including the statistical error and the approximation error. Thus, one way
to avoid having the concentrability coefficients appear is to consider the exact NPG in the tabular
setting (See Theorem 10 in Xiao [2022]). Because the tabular setting makes no approximation error
and the exact NPG makes no statistical error. We consider the inexact NPG with the log-linear
policy. Consequently, we have the concentrability coefficients multiplied by both the statistical error
€stat and the approximation error (epias in Assumption 2 or €ypprox il Assumption 5 and 8).

To remove the concentrability coefficients, one has to make strong assumptions on the errors
with the Lo, supremum norm. In the tabular setting, Lan [2022] and Xiao [2022] assume that
||C§(7T) — Q(7)|loo < €stat- The cons of such strong assumption requires high sample complexity and
is explained in details in Section 6.1 below. In the log-linear policy setting, Chen and Theja Maguluri
assumption in the function approximation regime. Due to the supremum norm, e€p;,s is unlikely
to be small, especially for large action spaces. Under this strong assumption, Lan [2022], Xiao
[2022] and Chen and Theja Maguluri [2022] are able to eliminate the concentrability coefficients.
To avoid assuming such strong assumptions, Cayci et al. [2021] and our paper consider the expected
Lo errors in the log-linear policy setting, which are much weaker assumptions, especially much more
reasonable for the approximation error ep;,s compared to the one in Chen and Theja Maguluri [2022].
The tradeoff is that, the concentrability coefficients can not be eliminated in this case both in Cayci
et al. [2021] and our results.

Furthermore, as mentioned right after Theorem 4, under the expected error assumptions (As-
sumption 7 and 8), our concentrability coefficient C), is better presented than the one in Assumption
2 in Cayci et al. [2021] in the sense that it is independent to the policies throughout the iterations
thanks to the use of d*) instead of d®) (which is mentioned in Remark | as well) and is controllable

[2022] assume that [|Q(6%)) — M lloo < €pias for the approximation error, which is a very strong
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to be finite by v, while the one in Cayci et al. [2021] depends on the iterates, thus is unknown and
is not guaranteed to be finite.

Finally, like the distribution mismatch coefficient, the upper bound of C, in (31) is very pes-
simistic. By the definition of C), in (29), one can expect that C), is closed to 1, when 7(8) and 7(++1)
converge to 7* with 7* the optimal policy.

So our concentrability coefficient C), is the “best” one among all concentrability coefficients in
the sense that, it takes the weakest assumptions on errors compared to Lan [2022], Xiao [2022]
and Chen and Theja Maguluri [2022], it does not impose any restrictions on the MDP dynamics
compared to Cayci et al. [2021] and it can be controlled to be finite by v when other concentrability
coefficients are infinite [Scherrer, 2014].

It is still an open question whether we can obtain fast linear convergence results of the inexact
NPG in the log-linear policy setting, with small error floor and a much improved concentrability
coefficient, e.g., as the same magnitude as the one in Agarwal et al. [2021].

6 Related work

6.1 Technical Contribution and Novelty Compared to Xiao [2022]

Our technical novelty compared to Xiao [2022] is summarized as follows.

e Our linear convergence results (i.e., Theorem 1, 3 and 4) are not direct applications of Theorem
10 in Xiao [2022]. Indeed, Xiao [2022] establishes the connection between NPG and a specific
form of policy mirror descent (PMD) with the use of the weighted Bregman divergence for the
tabular setting, while we show that this connection can also be established for the function
approximation setting via the compatible function approximation framework (11). We also
modify the PMD framework of Xiao [2022] with the linear approximation of the advantage
function in (18), inspired from the compatible function approximation framework. Thus, the
approaches of deriving the PMD form update are different. Without this work of using the
compatible function approximation framework to bridge NPG and PMD, it was not clear at
all that the analysis of Xiao [2022]| could be extended in the log-linear policy setting. So our
work is the first step of showing that the proof techniques used in Xiao [2022] can be extended
in function approximation regime. In fact, the extension is highly nontrivial and requires
significant innovation (see details below). As for future work, one can extend our work to
other function approximation setting through a similar compatible function approximation
framework. See Section 7 for more details about the future work.

e Besides, our linear convergence results only consider the inexact NPG update. Compared to
Theorem 14 in Xiao [2022], which is their corresponding result on the inexact PMD method,
we improve their analysis by making much weaker assumptions on the accuracy of the esti-
mation Q(m). Xiao [2022] requires an Lo, supremum norm bound on the estimation error
of Q, ie., H@(ﬂ) — Q(7)|loo < €stat, Whereas our convergence guarantee depends on the ex-

pected Lo error of the estimate, i.e., Assumption 1 and 7. For instance, Assumption 1 from
equation (63) can be written as E [(qﬁ;r’aw(k) — gblawik))z] < €gtat, Which can be interpreted

as E [(@(ﬂ') - Q(ﬂ'))z] < €gtat under the linear approximation setting. The techniques for

handling L., and Lo errors are very different. Not only our assumption is weaker, it also
benefits from the sample complexity analysis that we explain next.

19



e Consequently, when considering the sample complexity results we derived for sample-based
(Q)-NPG in Corollary 1 and 2, the difference between our work and Theorem 16 in Xiao [2022],
which corresponds to their sample complexity results, is even more significant. Corollary 1
with Algorithm Q-NPG-SGD (Algorithm 6) satisfies Assumption | with a number of samples
that depends only on the feature dimension m of ¢ and does not depend on the cardinality of
state space |S| or action space |A|. In contrast, the assumption ||Q(7) — Q(7)|lcs < €star With
the Loo norm in Xiao [2022, Theorem 16| causes the sample complexity to depend on [S||.A|.

Furthermore, Xiao [2022] uses a Monte-Carlo approach with multiple independent rollouts
per iteration, while our sample-based (Q)-NPG uses one single rollout (Algorithm 3 and 4)
combined with regression solvers; Xiao [2022] derives a high probability sample complexity
result, while we derive the convergence of the optimality gap E [Vp(ﬂ'(K ))] — V,(7*) which can
guarantee that the variance of Vp(ﬂ'(K )) converges to zero. Thus, our sample-based algorithms
had not been considered in Xiao [2022] and our proofs of Corollary | and 2 require a different
approach.

In particular, our sample complexity analysis regarding to the policy evaluation is novel. Al-
though our sample-based algorithms had been considered previously in Agarwal et al. [2021]
and Liu et al. [2020], none of their analysis on the sample complexity was correct. Indeed,
Agarwal et al. [2021] required the boundedness of the stochastic gradient estimator, which
might not hold as we extensively discussed in Appendix C.5. We fixed this by showing that

E [@M(e)ﬂ is bounded. See Appendix C.5 for all the subtleties, including a proof sketch of

Corollary 1. Liu et al. [2020] also incorrectly used an inequality where the random variables
are correlated. See the detailed explanation (Footnote () in Appendix D.4. We fixed this
error with a careful conditional expectation argument. Please refer to Appendix D.4 for all
the details, including a proof sketch of Corollary 2. These dimensions are where an important
part of the technical work was done. Therefore, outside of the tabular setting, and considering
NPG methods that make use of a regression solver, our complexity analysis is currently the
only analysis that is entirely correct that we are aware of.

e Finally we not only extend the work of Xiao [2022] to NPG for log-linear policy, but also
consider the Q-NPG method and establish its linear convergence analysis. This is a method
that is unique to log-linear policy and again had not been considered in Xiao [2022].

6.2 Finite-Time Analysis of the Natural Policy Gradient

NPG for the softmax tabular policies. For the softmax tabular policies, Shani et al. [2020]
show that the unregularized NPG has a O(1/v'k) convergence rate and the regularized NPG has a
faster O(1/k) convergence rate by using a decaying step size. Agarwal et al. [2021] improve the con-
vergence rate of the unregularized NPG to O(1/k) with constant step sizes. Further, Khodadadian
et al. [2021a] also achieves O(1/k) convergence rate for the off-policy natural actor-critic (NAC),
and a slower sublinear result is established by Khodadadian et al. [2022a] for the two-time-scale
NAC.

By using the entropy regularization, Cen et al. [2021] achieve a linear convergence rate for NPG.
A similar linear convergence result has been obtained by rewriting the NPG update under the PMD
framework with the Kullback—Leibler (KL) divergence [Lan, 2022] or with a more general convex
regularizer [Zhan et al., 2021]|. Such approach is also applied in the averaged MDP setting to achieve
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linear convergence for NPG [Li et al., 2022a]. However, adding regularization might induce bias
for the solution. Thus, Lan [2022] considers exponentially diminishing regularization to guarantee
unbiased solution. Furthermore, by considering both the KL divergence and the diminishing entropy
regularization, Li et al. [2022b] establish the linear convergence rate not only for the optimality
gap but also for the policy. That is, the policy will converge to the fixed high entropy optimal
policy. Consequently, Li et al. [2022b] show a local super-linear convergence of both the policy and
optimality gap, as discussed in Xiao [2022, Section 4.3].

Recently, Bhandari and Russo [2021], Khodadadian et al. [2021b, 2022b] and Xiao [2022] show
that regularization is unnecessary for obtaining linear convergence, and it suffices to use appropriate
step sizes for NPG. In particular, Bhandari and Russo [2021] propose to use an exact line search for
the step size (Theorem 1 (a)) or to choose an adaptive step size (Theorem 1 (c)). Similar adaptive
step size is proposed by Khodadadian et al. [2021b, 2022b]. Notice that such adaptive step size
requires complete knowledge about the environmental model. Instead, a sufficiently large step size
might be enough. In this paper, we extend the results of Xiao [2022] from the tabular setting to
the log-linear policies, using non-adaptive geometrically increasing step size and obtaining a linear
convergence rate for NPG without regularization.

NPG with function approximation. In the function approximation regime, there have been
many works investigating the convergence rate of the NPG or NAC algorithms from different per-
spectives. Wang et al. [2020] establish the O(1/v/k) convergence rate for two-layer neural NAC with
a projection step. The sublinear convergence results are also established by Zanette et al. [2021]
and Hu et al. [2022] for the linear MDP [Jin et al., 2020]. Agarwal et al. [2021] obtain the same
o1/ \/E) convergence rate for the smooth policies with projections. This was later improved to
O(1/k) by Liu et al. [2020] by replacing the projection step with a strong regularity condition on
the Fisher information matrix, and it was also improved to O(1/k) by Xu et al. [2020] with NAC
under Markovian sampling. The same O(1/k) convergence rate is established for log-linear policies
by Chen et al. [2022] when considering the off-policy NAC.

With entropy regularization and a projection step, Cayci et al. [2021] obtain a linear convergence
for log-linear policies. Same entropy regularization and a projection step are applied by Cayci
et al. [2022] for the neural NAC to improve the O(1/vk) convergence rate of Wang et al. [2020]
to O(1/k). In contrast, we show that by using a simple geometrically increasing step size, fast
linear convergence can be achieved for log-linear policies without any additional regularization
nor a projection step. We notice that Chen and Theja Maguluri [2022, Theorem 3.4]° also uses
increasing step size and achieves linear convergence for log-linear policies without regularization.
The main differences between our result and Theorem 3.4 in Chen and Theja Maguluri [2022] are
fourfold. First, they rely on the contraction property of the generalized Bellman operator, while
we consider the PMD analysis approach. So the proof techniques are completely different. Second,
their parameter update results in the off-policy multi-step temporal difference learning, whereas we
require to solve a linear regression problem to minimize the function approximation error. Third,
their step size still depends on the iterates which is thus an adaptive step size and is proportional to
the total number of iterations K, while ours is independent to the iterates nor to K. Finally, their
assumption on the modeling error requires an Lo, supremum norm, i.e., ||Q,(8%*)) — <I>w£k) lloo < €bias
for all states s of the state space, our convergence guarantee depends on the expected error (e.g.,
Assumption 2, 5 or 8) which is a much weaker assumption. After publication of our results, we

This result appears after conference proceedings and is available on https://arxiv.org/pdf/2208.03247 . pdf.
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are aware of the concurrent work of Alfano and Rebeschini [2022]. They only analyze the Q-NPG
method and achieve similar linear convergence results as our Theorem 1. In particular, their result
in Theorem 4.7 has a better concentrability coefficient compared to our Theorem 1. However, their
Assumption 4.6 assumes that the relative condition number upper bounds a time-varying ratio
which depends on the iterates, while our Assumption 3 is independent to the iterates, as defined
in (25). Furthermore, they only consider the case when the initial state distribution is the same
as the target state distribution, while our analysis generalizes with any target state distribution,
which is extensively discussed on the distribution mismatch coefficients in Section 5.2. See Table 1
a complete overview of NPG in the function approximation regime.

Fast linear convergence of other policy gradient methods. Different to the PMD analysis
approach, by leveraging a gradient dominance property |Polyak, 1963, Lojasiewicz, 1963], fast linear
convergence results have also been established for the PG methods under different settings, such as
the linear quadratic control problems [Fazel et al., 2018] and the exact PG method with softmax
tabular policy and entropy regularization [Mei et al., 2020, Yuan et al.,, 2022]. Such gradient
domination property is widely explored by Bhandari and Russo [2019] to identify more general
structural MDP settings. Linear convergence of PG can also be obtained through exact line search
[Bhandari and Russo, 2021, Theorem 1 (a)| or by exploiting non-uniform smoothness [Mei et al.,
2021].

Alternatively, by considering a general strongly-concave utility function of the state-action oc-
cupancy measure and by exploiting the hidden convexity of the problem, Zhang et al. [2020] also
achieve the linear convergence of a variational PG method. When the object is relaxed to a general
concave utility function, Zhang et al. [2021] still achieve the linear convergence by leveraging the
hidden convexity of the problem and by adding variance reduction to the PG method.

7 Conclusion and Discussion

In this paper, for both NPG and Q-NPG methods applied for the log-linear policy, we establish the
linear convergence results with non-adaptive geometrically increasing step sizes and the sublinear
convergence results with arbitrary large constant step sizes. Our work is the first step of showing
that the policy mirror descent proof techniques used in Xiao [2022] can be extended in function
approximation regime.

The main focus of this paper was the theoretical analysis of NPG method. The results we have
obtained open up several experimental questions related to parameter settings for NPG and Q-NPG.
We leave such questions as an important future work to further support our theoretical findings.

An interesting application from our work is to investigate the sample complexity of natural
actor-critic with our PMD analysis. Indeed, our paper obtains w*) by a regression solver. One
can also use temporal difference (TD) learning (e.g., Cayci et al. [2021], Chen and Theja Maguluri
[2022], Telgarsky [2022]) with Markovian sampling to achieve similar O(1/¢?) sample complexity
result. The performance analysis of TD learning will be expressed for €., which directly imply
the total sample complexity results through our theorems.

One natural question is whether we can extend our analysis to the general policy classes. Here we
provide one possible way. It can be extended by using a similar compatible function approximation
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Table 1: Overview of different convergence results for NPG methods in the function approximation
regime. The darker cells contain our new results. The light cells contain previously known results
for NPG or Q-NPG with log-linear policies that we have a direct comparison to our new results.
White cells contain existing results that do not have the same setting as ours, so that we could not
make a direct comparison among them.

Setting | Rate | Reg. C.S. 1.S.* | Pros/cons compared to our work

Linear convergence

Regularized NPG with log-linear

[Cayci et al., 2021] Linear v v Better concentrability coefficients C,

Weaker assumptions on the approximation
Off-policy NAC with log-linear . error with Ly norm instead of Lo, norm;
) . L Linear v .. . . .
[Chen and Theja Maguluri, 2022] They use adaptive increasing stepsize, while
we use non-adaptive increasing stepsize

Q-NPG with log-linear Linear v Their relative condition number depends
[Alfano and Rebeschini, 2022] on t, while ours is independent to ¢

Q-NPG/NPG with log-linear

(this work) Linear 4
Sublinear convergence
PMD for linear MDP O(L) v
[Zanette et al., 2021, Hu et al., 2022] vk
Two-layer neural NAC 1
[Wang et al., 2020] O(ﬁ) v
Two-layer neural NAC 1
[Cayci et al., 2022 O(x) v v
NPG with smooth policies 1
[Agarwal et al., 2021] O(ﬁ) v

NAC under Markovian sampling
with smooth policies O(1) v
[Xu et al., 2020]

NPG with smooth and
Fisher-non-degenerate policies (9(%) v
[Liu et al., 2020]

Q-NPG with log-linear

1
[Agarwal et al., 2021] O( \/E) v They have better error floor than ours

Weaker assumptions on the approximation
error with Lo norm instead of L., norm;
They use adaptive increasing stepsize, while
we use non-adaptive increasing stepsize

Off-policy NAC with log-linear
[Chen et al., 2022]

Q-NPG/NPG with log-linear
(this work)

O(3) 4

* Reg.: regularization; C.S.: constant stepsize; I.S.: increasing stepsize.
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framework. Concretely, consider the parameterized policy

exp(fs,a(0))
Za’GA exp(fs,ar(0))’

where f ,(6) is parameterized by 6 € R™ and is differential. As Agarwal et al. [2021] mentioned,
the gradient can be written as

Ts,a(f) =

V@ lOg ﬂ's,a(e) - gs,a(e) where gs,a(e) - v@fs,a(e) - Ea’wﬂs(G) [VOfs,a’(e)] .

The NPG update is equivalent to the following compatible function approximation framework
2
o0 = oM — e, wl € argminE( 4 g0 [<A8,a(0(k)) - ngs,a(H(k))> ] '

As Alfano and Rebeschini [2022, Remark 4.8] mentioned, if we assume that for all (s,a) € S x A,
function f(#) satisfies

Foal0® D) = £, ,(00) — i ()T g, o (60,

which is the case for the log-linear policies, then one can easily verify that the NPG update resulted
in a new policy is also equivalent to the policy mirror descent update

(k+1) _ ; (), (k) (k)
U arg min, {nk <Gs w ,p>+D(p,7Ts )}, Vs € S,

where G} € RMI*™ s a matrix with rows (9s.a(0F)T € RY*™ for a € A. Consequently, one can
extend our work naturally in this general setting to derive linear convergence analysis for NPG.

Perhaps one can consider the exponential tilting, a generalization of Softmax to more general
probability distributions. Another interesting venue of investigation is to consider the generalized
linear model instead of linear function approximation for the ) function and the advantage function.

One interesting open question is that is there a way to increase stepsize when the discount factor
is unknown. So far the PMD proof techniques used in Lan [2022], Xiao [2022] and ours require that
the discount factor is known. Perhaps the work of Li et al. [2022a] can help to find a way to increase
stepsize when the discount factor is unknown. Indeed, Li et al. [2022a] consider the averaged MDP
setting. So there is no discount factor. They achieve linear convergence for NPG by increasing
the stepsize with some regularization parameters. It will be interesting to investigate if the way of
increasing stepsize in Li et al. [2022a] can be applied in our setting.

Acknowledgment

We gratefully acknowledge Daniel Russo who pointed out that we did not cite properly Bhandari
and Russo [2021] in the literature review in the previous version.

We also acknowledge the helpful discussion with Yanli Liu on the sample complexity analysis of
both Q-NPG and NPG.

We would also like to thank the anonymous reviewers for their helpful comments.

24



References

Alekh Agarwal, Sham M. Kakade, Jason D. Lee, and Gaurav Mahajan. On the theory of policy gra-
dient methods: Optimality, approximation, and distribution shift. Journal of Machine Learning
Research, 22(98):1-76, 2021. (Cited on pages 3, 5, 6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 19, 20,
21, 23, 24, 35, 37, 38, 40, 41, 52, 60, and 61.)

Carlo Alfano and Patrick Rebeschini. Linear convergence for natural policy gradient with log-linear
policy parametrization, 2022. (Cited on pages 22, 23, and 24.)

Shun-ichi Amari. Natural Gradient Works Efficiently in Learning. Neural Computation, 10(2):
251-276, 02 1998. ISSN 0899-7667. (Cited on page 2.)

Francis Bach and Eric Moulines. Non-strongly-convex smooth stochastic approximation with con-
vergence rate o(1/n). In Advances in Neural Information Processing Systems, volume 26. Curran
Associates, Inc., 2013. (Cited on pages 13, 38, 52, 62, and 65.)

J. Baxter and P. L. Bartlett. Infinite-horizon policy-gradient estimation. Journal of Artificial
Intelligence Research, 15:319-350, Nov 2001. ISSN 1076-9757. doi: 10.1613/jair.806. (Cited on

page 2.)

Amir Beck. First-Order Methods in Optimization. SIAM-Society for Industrial and Applied Math-
ematics, Philadelphia, PA, USA, 2017. ISBN 1611974984. (Cited on page 62.)

Amir Beck and Marc Teboulle. Mirror descent and nonlinear projected subgradient methods for
convex optimization. Operations Research Letters, 31(3):167-175, 2003. (Cited on page 3.)

D. Bertsekas. Dynamic Programming and Optimal Control: Volume II; Approrimate Dynamic
Programming. Athena Scientific optimization and computation series. Athena Scientific, 2012.
(Cited on pages 2 and 11.)

Jalaj Bhandari and Daniel Russo. Global optimality guarantees for policy gradient methods, 2019.
(Cited on page 22.)

Jalaj Bhandari and Daniel Russo. On the linear convergence of policy gradient methods for finite
mdps. In Proceedings of The 24th International Conference on Artificial Intelligence and Statistics,
volume 130 of Proceedings of Machine Learning Research, pages 2386-2394. PMLR, 13-15 Apr
2021. (Cited on pages 21, 22, and 24.)

Shalabh Bhatnagar, Richard S. Sutton, Mohammad Ghavamzadeh, and Mark Lee. Natural ac-
tor—critic algorithms. Automatica, 45(11):2471-2482, 2009. ISSN 0005-1098. (Cited on page 16.)

L.M. Bregman. The relaxation method of finding the common point of convex sets and its application
to the solution of problems in convex programming. USSR Computational Mathematics and
Mathematical Physics, 7(3):200-217, 1967. ISSN 0041-5553. (Cited on page 63.)

R. H. Byrd, S. L. Hansen, Jorge Nocedal, and Y. Singer. A stochastic quasi-newton method for
large-scale optimization. SIAM Journal on Optimization, 26(2):1008-1031, 2016. doi: 10.1137/
140954362. (Cited on page 16.)

25



Semih Cayci, Niao He, and R. Srikant. Linear convergence of entropy-regularized natural policy
gradient with linear function approximation, 2021. (Cited on pages 9, 14, 15, 18, 19, 21, 22
and 23.)

Semih Cayci, Niao He, and R. Srikant. Finite-time analysis of entropy-regularized neural natural
actor-critic algorithm, 2022. (Cited on pages 21 and 23.)

Shicong Cen, Chen Cheng, Yuxin Chen, Yuting Wei, and Yuejie Chi. Fast global convergence of
natural policy gradient methods with entropy regularization. In Operations Research, 2021. (Cited
on pages 3 and 20.)

Y. Censor and S.A. Zenios. Parallel Optimization: Theory, Algorithms, and Applications. Oxford
University Press, USA, 1997. (Cited on page 63.)

Gong Chen and Marc Teboulle. Convergence analysis of a proximal-like minimization algorithm
using bregman functions. SIAM Journal on Optimization, 3(3):538-543, 1993. (Cited on pages
11 and 63.)

Zaiwei Chen and Siva Theja Maguluri. Sample complexity of policy-based methods under off-policy
sampling and linear function approximation. In Proceedings of The 25th International Conference
on Artificial Intelligence and Statistics, volume 151 of Proceedings of Machine Learning Research,
pages 11195-11214. PMLR, 28-30 Mar 2022. (Cited on pages 3, 18, 19, 21, 22, and 23.)

Zaiwei Chen, Sajad Khodadadian, and Siva Theja Maguluri. Finite-sample analysis of off-policy
natural actor—critic with linear function approximation. IEEE Control Systems Letters, 6:2611—
2616, 2022. (Cited on pages 21 and 23.)

D. P. De Farias and B. Van Roy. The linear programming approach to approximate dynamic
programming. Oper. Res., 51(6):850-865, November 2003. ISSN 0030-364X. doi: 10.1287/opre.
51.6.850.24925. (Cited on page 2.)

Yuhao Ding, Junzi Zhang, and Javad Lavaei. On the global optimum convergence of momentum-
based policy gradient. In Proceedings of The 25th International Conference on Artificial Intelli-
gence and Statistics, volume 151 of Proceedings of Machine Learning Research, pages 1910-1934.
PMLR, 28-30 Mar 2022. (Cited on pages 16 and 17.)

Yan Duan, Xi Chen, Rein Houthooft, John Schulman, and Pieter Abbeel. Benchmarking deep
reinforcement learning for continuous control. In Proceedings of the 33rd International Confer-
ence on International Conference on Machine Learning - Volume 48, ICML’16, page 1329-1338.
JMLR.org, 2016. (Cited on page 16.)

Maryam Fazel, Rong Ge, Sham Kakade, and Mehran Mesbahi. Global convergence of policy gradient
methods for the linear quadratic regulator. In Proceedings of the 35th International Conference
on Machine Learning, volume 80 of Proceedings of Machine Learning Research, pages 1467—-1476.
PMLR, 10-15 Jul 2018. (Cited on page 22.)

Matthieu Geist, Bruno Scherrer, and Olivier Pietquin. A theory of regularized Markov decision
processes. In Proceedings of the 36th International Conference on Machine Learning, volume 97
of Proceedings of Machine Learning Research, pages 2160-2169. PMLR, 09-15 Jun 2019. (Cited
on page 7.)

26



Robert Gower, Donald Goldfarb, and Peter Richtarik. Stochastic block BFGS: Squeezing more
curvature out of data. In Proceedings of The 33rd International Conference on Machine Learning,

volume 48 of Proceedings of Machine Learning Research, pages 1869-1878, New York, New York,
USA, 20-22 Jun 2016. PMLR. (Cited on page 16.)

Jakub Grudzien, Christian A Schroeder De Witt, and Jakob Foerster. Mirror learning: A unifying
framework of policy optimisation. In Proceedings of the 39th International Conference on Machine
Learning, volume 162 of Proceedings of Machine Learning Research, pages 7825-7844. PMLR, 17—
23 Jul 2022. (Cited on page 3.)

Tuomas Haarnoja, Aurick Zhou, Pieter Abbeel, and Sergey Levine. Soft actor-critic: Off-policy
maximum entropy deep reinforcement learning with a stochastic actor. In Proceedings of the 35th
International Conference on Machine Learning, volume 80 of Proceedings of Machine Learning
Research, pages 1861-1870. PMLR, 10-15 Jul 2018. (Cited on page 3.)

Daniel Hsu, Sham M. Kakade, and Tong Zhang. Random design analysis of ridge regression. In
Shie Mannor, Nathan Srebro, and Robert C. Williamson, editors, Proceedings of the 25th Annual
Conference on Learning Theory, volume 23 of Proceedings of Machine Learning Research, pages
9.1-9.24, Edinburgh, Scotland, 25-27 Jun 2012. PMLR. (Cited on page 13.)

Yuzheng Hu, Ziwei Ji, and Matus Telgarsky. Actor-critic is implicitly biased towards high entropy
optimal policies. In International Conference on Learning Representations, 2022. (Cited on pages
21 and 23.)

Feihu Huang, Shanggian Gao, Jian Pei, and Heng Huang. Momentum-based policy gradient meth-
ods. In Proceedings of the 37th International Conference on Machine Learning, volume 119 of
Proceedings of Machine Learning Research, pages 4422-4433. PMLR, 13-18 Jul 2020. (Cited on
page 16.)

Nan Jiang, Akshay Krishnamurthy, Alekh Agarwal, John Langford, and Robert E. Schapire. Con-
textual decision processes with low Bellman rank are PAC-learnable. In Proceedings of the 34th

International Conference on Machine Learning, volume 70 of Proceedings of Machine Learning
Research, pages 1704-1713. PMLR, 06-11 Aug 2017. (Cited on page 9.)

Chi Jin, Zhuoran Yang, Zhaoran Wang, and Michael I Jordan. Provably efficient reinforcement learn-
ing with linear function approximation. In Proceedings of Thirty Third Conference on Learning
Theory, volume 125 of Proceedings of Machine Learning Research, pages 2137-2143. PMLR, 09-12
Jul 2020. (Cited on pages 9, 11, and 21.)

Sham Kakade and John Langford. Approximately optimal approximate reinforcement learning. In
Proceedings of 19th International Conference on Machine Learning, pages 267-274, 2002. (Cited
on pages 11, 33, and 34.)

Sham M Kakade. A natural policy gradient. In Advances in Neural Information Processing Systems,
volume 14. MIT Press, 2001. (Cited on pages 2, 3, 5, 6, 16, and 33.)

Sajad Khodadadian, Zaiwei Chen, and Siva Theja Maguluri. Finite-sample analysis of off-policy
natural actor-critic algorithm. In Proceedings of the 38th International Conference on Machine
Learning, volume 139 of Proceedings of Machine Learning Research, pages 5420-5431. PMLR,
18-24 Jul 2021a. (Cited on page 20.)

27



Sajad Khodadadian, Prakirt Raj Jhunjhunwala, Sushil Mahavir Varma, and Siva Theja Maguluri.
On the linear convergence of natural policy gradient algorithm. In 2021 60th IEEE Conference
on Decision and Control (CDC), page 3794-3799. IEEE Press, 2021b. (Cited on pages 3 and 21.)

Sajad Khodadadian, Thinh T. Doan, Justin Romberg, and Siva Theja Maguluri. Finite sample anal-
ysis of two-time-scale natural actor-critic algorithm. IEEFE Transactions on Automatic Control,
pages 1-16, 2022a. (Cited on page 20.)

Sajad Khodadadian, Prakirt Raj Jhunjhunwala, Sushil Mahavir Varma, and Siva Theja Maguluri.
On linear and super-linear convergence of natural policy gradient algorithm. Systems & Control
Letters, 164:105214, 2022b. ISSN 0167-6911. (Cited on page 21.)

Vijay Konda and John Tsitsiklis. Actor-critic algorithms. In Advances in Neural Information
Processing Systems, volume 12, pages 1008-1014. MIT Press, 2000. (Cited on page 2.)

Tadashi Kozuno, Wenhao Yang, Nino Vieillard, Toshinori Kitamura, Yunhao Tang, Jincheng Mei,
Pierre Ménard, Mohammad Gheshlaghi Azar, Michal Valko, Rémi Munos, Olivier Pietquin,
Matthieu Geist, and Csaba Szepesvari. Kl-entropy-regularized rl with a generative model is
minimax optimal, 2022. (Cited on page 7.)

Guanghui Lan. Policy mirror descent for reinforcement learning: linear convergence, new sampling
complexity, and generalized problem classes. Mathematical Programming, Apr 2022. ISSN 1436-
4646. (Cited on pages 3, 7, 18, 19, 20, 21, and 24.)

Alessandro Lazaric, Mohammad Ghavamzadeh, and Rémi Munos. Analysis of classification-based
policy iteration algorithms. Journal of Machine Learning Research, 17(19):1-30, 2016. (Cited on
page 13.)

Gen Li, Yuting Wei, Yuejie Chi, Yuantao Gu, and Yuxin Chen. Sample complexity of asynchronous g-
learning: Sharper analysis and variance reduction. In Advances in Neural Information Processing
Systems, volume 33, pages 7031-7043, 2020. (Cited on page 13.)

Tianjiao Li, Feiyang Wu, and Guanghui Lan. Stochastic first-order methods for average-reward
markov decision processes, 2022a. (Cited on pages 21 and 24.)

Yan Li, Tuo Zhao, and Guanghui Lan. Homotopic policy mirror descent: Policy convergence,
implicit regularization, and improved sample complexity, 2022b. (Cited on page 21.)

Timothy P. Lillicrap, Jonathan J. Hunt, Alexander Pritzel, Nicolas Heess, Tom Erez, Yuval Tassa,
David Silver, and Daan Wierstra. Continuous control with deep reinforcement learning. In 4th
International Conference on Learning Representations, ICLR 2016, San Juan, Puerto Rico, May
2-4, 2016, Conference Track Proceedings, 2016. (Cited on page 3.)

Yanli Liu, Kaiqing Zhang, Tamer Basar, and Wotao Yin. An improved analysis of (variance-reduced)
policy gradient and natural policy gradient methods. In Advances in Neural Information Process-
ing Systems, volume 33, pages 7624-7636. Curran Associates, Inc., 2020. (Cited on pages 16, 17,
20, 21, 23, and 61.)

Stanistaw Lojasiewicz. Une propriété topologique des sous-ensembles analytiques réels. Equ. De-
rivees partielles, Paris 1962, Colloques internat. Centre nat. Rech. sci. 117, 87-89 (1963)., 1963.
(Cited on page 22.)

28



James Martens. New insights and perspectives on the natural gradient method. Journal of Machine
Learning Research, 21(146):1-76, 2020. (Cited on page 2.)

Jincheng Mei, Chenjun Xiao, Csaba Szepesvari, and Dale Schuurmans. On the global convergence
rates of softmax policy gradient methods. In Proceedings of the 37th International Conference on
Machine Learning, volume 119 of Proceedings of Machine Learning Research, pages 6820—6829.
PMLR, 13-18 Jul 2020. (Cited on page 22.)

Jincheng Mei, Yue Gao, Bo Dai, Csaba Szepesvari, and Dale Schuurmans. Leveraging non-uniformity
in first-order non-convex optimization. In Proceedings of the 38th International Conference on
Machine Learning, volume 139 of Proceedings of Machine Learning Research, pages 7555-7564.
PMLR, 18-24 Jul 2021. (Cited on page 22.)

Francisco S. Melo, Sean P. Meyn, and M. Isabel Ribeiro. An analysis of reinforcement learning with
function approximation. In ICML, pages 664-671, 2008. (Cited on page 14.)

Volodymyr Mnih, Adria Puigdomenech Badia, Mehdi Mirza, Alex Graves, Timothy Lillicrap, Tim
Harley, David Silver, and Koray Kavukcuoglu. Asynchronous methods for deep reinforcement
learning. In Proceedings of The 33rd International Conference on Machine Learning, volume 48
of Proceedings of Machine Learning Research, pages 1928-1937, New York, New York, USA, 20-22
Jun 2016. PMLR. (Cited on page 3.)

Rémi Munos. Error bounds for approximate policy iteration. In Proceedings of the Twentieth Inter-
national Conference on International Conference on Machine Learning, ICML’03, page 560-567.
AAAI Press, 2003. ISBN 1577351894. (Cited on page 10.)

Rémi Munos. Error bounds for approximate value iteration. In Proceedings of the 20th National
Conference on Artificial Intelligence - Volume 2, AAATI’05, page 1006-1011. AAAI Press, 2005.
ISBN 157735236x. (Cited on page 10.)

Rémi Munos and Csaba Szepesvari. Finite-time bounds for fitted value iteration. Journal of Machine
Learning Research, 9(27):815-857, 2008. (Cited on page 10.)

Arkadi Nemirovski and David Berkovich Yudin. Problem Complexity and Method Efficiency in
Optimization. Wiley Interscience, 1983. (Cited on page 3.)

Gergely Neu, Anders Jonsson, and Viceng Gémez. A unified view of entropy-regularized markov
decision processes, 2017. (Cited on page 3.)

Matteo Papini, Damiano Binaghi, Giuseppe Canonaco, Matteo Pirotta, and Marcello Restelli.
Stochastic variance-reduced policy gradient. In Proceedings of the 35th International Conference
on Machine Learning, volume 80, pages 4026-4035. PMLR, 2018. (Cited on page 16.)

Jan Peters and Stefan Schaal. Natural actor-critic. Neurocomputing, 71(7-9):1180-1190, mar 2008.
ISSN 0925-2312. (Cited on page 16.)

B.T. Polyak. Gradient methods for the minimisation of functionals. USSR Computational Mathe-
matics and Mathematical Physics, 3(4):864-878, 1963. ISSN 0041-5553. (Cited on page 22.)

Martin L. Puterman. Markov Decision Processes: Discrete Stochastic Dynamic Programming. John

Wiley and Sons, Inc., USA, 1994. ISBN 0471619779. (Cited on pages 2, 11, and 13.)

29



R. Tyrrell Rockafellar. Convex analysis. Princeton Mathematical Series. Princeton University Press,
Princeton, N. J., 1970. (Cited on page 63.)

Bruno Scherrer. Approximate policy iteration schemes: A comparison. In Proceedings of the 31st In-
ternational Conference on International Conference on Machine Learning - Volume 32, ICML’14,
page 11-1314-11-1322. JMLR.org, 2014. (Cited on page 19.)

John Schulman, Sergey Levine, Pieter Abbeel, Michael Jordan, and Philipp Moritz. Trust region
policy optimization. In Proceedings of the 32nd International Conference on Machine Learning,
volume 37 of Proceedings of Machine Learning Research, pages 1889-1897, Lille, France, 07-09
Jul 2015. PMLR. (Cited on page 3.)

John Schulman, Filip Wolski, Prafulla Dhariwal, Alec Radford, and Oleg Klimov. Proximal policy
optimization algorithms, 2017. (Cited on page 3.)

Shai Shalev-Shwartz and Shai Ben-David. Understanding Machine Learning - From Theory to
Algorithms. Cambridge University Press, 2014. ISBN 978-1-10-705713-5. (Cited on pages 13
and 52.)

Lior Shani, Yonathan Efroni, and Shie Mannor. Adaptive trust region policy optimization: Global
convergence and faster rates for regularized mdps. In The Thirty-Fourth AAAI Conference on
Artificial Intelligence, AAAI 2020, New York, NY, USA, February 7-12, 2020, pages 5668-5675,
2020. (Cited on pages 3, 7, and 20.)

Richard Sutton, Hamid Maei, Doina Precup, Shalabh Bhatnagar, David Silver, Csaba Szepesvari,
and Eric Wiewiora. Fast gradient-descent methods for temporal-difference learning with linear
function approximation. In Proceedings of the 26th International Conference on Machine Learning,
pages 993-1000, Montreal, June 2009. Omnipress. (Cited on page 14.)

Richard S. Sutton and Andrew G. Barto. Reinforcement Learning: An Introduction. The MIT
Press, second edition, 2018. (Cited on page 2.)

Richard S Sutton, David A. McAllester, Satinder P. Singh, and Yishay Mansour. Policy gradient
methods for reinforcement learning with function approximation. In Advances in Neural Infor-
mation Processing Systems 12, pages 1057-1063. MIT Press, 2000. (Cited on pages 2, 3, 5, 6,
and 33.)

Matus Telgarsky. Stochastic linear optimization never overfits with quadratically-bounded losses
on general data. In Proceedings of Thirty Fifth Conference on Learning Theory, volume 178 of
Proceedings of Machine Learning Research, pages 5453-5488. PMLR, 02-05 Jul 2022. (Cited on

page 22.)

Manan Tomar, Lior Shani, Yonathan Efroni, and Mohammad Ghavamzadeh. Mirror descent policy
optimization. In International Conference on Learning Representations, 2022. (Cited on page 3.)

John Tsitsiklis and Benjamin Van Roy. Analysis of temporal-diffference learning with function
approximation. In Advances in Neural Information Processing Systems, volume 9. MIT Press,
1996. (Cited on page 14.)

30



Sharan Vaswani, Olivier Bachem, Simone Totaro, Robert Miiller, Shivam Garg, Matthieu Geist,
Marlos C. Machado, Pablo Samuel Castro, and Nicolas Le Roux. A general class of surrogate
functions for stable and efficient reinforcement learning. In Proceedings of The 25th International
Conference on Artificial Intelligence and Statistics, volume 151 of Proceedings of Machine Learning
Research, pages 8619-8649. PMLR, 28-30 Mar 2022. (Cited on page 3.)

Nino Vieillard, Tadashi Kozuno, Bruno Scherrer, Olivier Pietquin, Remi Munos, and Matthieu Geist.
Leverage the average: an analysis of kl regularization in reinforcement learning. In Advances in

Neural Information Processing Systems, volume 33, pages 12163-12174. Curran Associates, Inc.,
2020. (Cited on page 7.)

Lingxiao Wang, Qi Cai, Zhuoran Yang, and Zhaoran Wang. Neural policy gradient methods: Global

optimality and rates of convergence. In International Conference on Learning Representations,
2020. (Cited on pages 9, 21, and 23.)

Xiao Wang, Shigian Ma, Donald Goldfarb, and Wei Liu. Stochastic quasi-newton methods for

nonconvex stochastic optimization. SIAM Journal on Optimization, 27(2):927-956, 2017. doi:
10.1137/15M1053141. (Cited on page 16.)

R. J. Williams. Simple statistical gradient-following algorithms for connectionist reinforcement
learning. Machine Learning, 8:229-256, 1992. (Cited on pages 2 and 5.)

Lin Xiao. On the convergence rates of policy gradient methods. Journal of Machine Learning
Research, 23(282):1-36, 2022. (Cited on pages 2, 3, 7, 8, 9, 11, 14, 17, 18, 19, 20, 21, 22, 24, 41,
62, 63, and 64.)

Tengyu Xu, Zhe Wang, and Yingbin Liang. Improving sample complexity bounds for (natural)
actor-critic algorithms. In Advances in Neural Information Processing Systems, volume 33, pages
4358-4369. Curran Associates, Inc., 2020. (Cited on pages 21 and 23.)

Lin Yang and Mengdi Wang. Sample-Optimal Parametric Q-Learning Using Linearly Additive

Features. In Proceedings of the 36th International Conference on Machine Learning, pages 6995—
7004. PMLR, 2019. (Cited on page 9.)

Lin Yang and Mengdi Wang. Reinforcement learning in feature space: Matrix bandit, kernels, and
regret bound. In Proceedings of the 37th International Conference on Machine Learning, volume

119 of Proceedings of Machine Learning Research, pages 10746-10756. PMLR, 13-18 Jul 2020.
(Cited on page 9.)

Rui Yuan, Robert M. Gower, and Alessandro Lazaric. A general sample complexity analysis of
vanilla policy gradient. In Proceedings of The 25th International Conference on Artificial Intelli-

gence and Statistics, volume 151 of Proceedings of Machine Learning Research, pages 3332-3380.
PMLR, 28-30 Mar 2022. (Cited on pages 16 and 22.)

Andrea Zanette, Ching-An Cheng, and Alekh Agarwal. Cautiously optimistic policy optimization
and exploration with linear function approximation. In Proceedings of Thirty Fourth Conference

on Learning Theory, volume 134 of Proceedings of Machine Learning Research, pages 4473—-4525.
PMLR, 15-19 Aug 2021. (Cited on pages 21 and 23.)

31



Wenhao Zhan, Shicong Cen, Baihe Huang, Yuxin Chen, Jason D. Lee, and Yuejie Chi. Policy mirror

descent for regularized reinforcement learning: A generalized framework with linear convergence,
2021. (Cited on pages 3 and 20.)

Junyu Zhang, Alec Koppel, Amrit Singh Bedi, Csaba Szepesvari, and Mengdi Wang. Variational
policy gradient method for reinforcement learning with general utilities. In Advances in Neu-

ral Information Processing Systems, volume 33, pages 4572-4583. Curran Associates, Inc., 2020.
(Cited on pages 9 and 22.)

Junyu Zhang, Chengzhuo Ni, Zheng Yu, Csaba Szepesvari, and Mengdi Wang. On the conver-
gence and sample efficiency of variance-reduced policy gradient method. In Advances in Neural
Information Processing Systems, 2021. (Cited on page 22.)

32



Here we provide the missing proofs from the main paper and some additional noteworthy obser-
vations made in the main paper.

A Standard Reinforcement Learning Results

In this section, we prove the standard reinforcement learning results used in our main paper, includ-
ing the NPG updates written through the compatible function approximation (12) and the NPG
updates formalized as policy mirror descent ((17) and (18)). Then, we prove the performance dif-
ference lemma [Kakade and Langford, 2002], which is the first key ingredient for our PMD analysis.
The three-point descent lemma (Lemma 11) is the second key ingredient for our PMD analysis.

Lemma 1 (NPG updates via compatible function approximation, Theorem 1 in Kakade [2001]).
Consider the NPG updates (9)

gk+1) _ p(k) _ nka(g(k))T VoV, (6W),
and the updates using the compatible function approzimation (12)

gk+1) _ g(k) _nkwik)7

where wik) € argmin, cgm La (w,H(k),J(k)). If the parametrized policy is differentiable for all 0 €
R™, then the two updates are equivalent up to a constant scaling (1 — ) of ng.

Proof. Indeed, using the policy gradient (8) and the fact that ) . , Vs 4(0) = 0 for all s € S, as
n(0) is differentiable on 6 and ) . 4 75« = 1, we have the policy gradient theorem [Sutton et al.,

2000]

1
VoV,(8) = ﬁEsNde’aNm(g) [As 0(0) Vg log s o(0)] . (38)

(k)

Furthermore, consider the optima wy ’. By the first-order optimality condition, we have

VLa(w! ,9<k> J< >)—o

< E(sa [( V logﬂ'ga) Asﬂ(@( ))) Vy log ﬂ_(k)} —0
T
< E(s a)~d *) |:V6 log 7Ts a 0 log 7Ts a :| (s,a)~d (K) [As,a(e(k))VQ log 7r(k)
(O)+5) Fp(e . o)

Thus, we have
Wl = (1=7)F,(0)VyV,(6®)

which yields the update (9) up to a constant scaling (1 —~y) of 7. O
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Lemma 2 (NPG updates as policy mirror descent). The closed form solution to (17) is given by

exp (—nkfbsw(k))

) = 7lh o G (39)
ZGE.A Ts,a €XP (—T]k(zﬁ;—’aw(k))
exp <—nk<f>gk)w(k))
=me ® - T (40)
S aeamsd exp (< (65.a(00)) T w®)
- - OO k)
argpénAl&) {nk <<I>8 w ,p> + D(p, 74 )} , VseS, (41)

where © s the element-wise product between vectors, and @&’“) e RAX™ s defined in (18), i.e.

= T ef 3
(38) " % 6.u(60%) S T

Such policy update coincides the inevact NPG updates (33) of the log-linear policy, if g+ —
6% — ppw® with w®) ~ argmin,, L4 (w,8®),d®); and coincides the inezact Q-NPG updates (19)
of the log-linear policy, if 0+ = 9% — paw®) with w*) ~ argmin,, Lg(w,0®), d*).

Proof. For shorthand, let ¢ = ®,w*). Thus, (17) fits the format of Lemma 10 in Appendix I where
(k)

g =ms . Consequently, the closed form solution is given by (98), that is

AleH1) 7 @ emms _ 75 @ emm@sw®
8 EaEA ﬂgfge—nkga E(IEA wgﬁl) e—nkszaw(k)
— 1@ ()Y (k)
- exp (= ®s(0*))w®)

T Seeamt e (< (Gual60®)) T w®)’

(42)

where the last equality is obtained as
&s,a(e(k)) = ¢s,a - ]Ea/Nﬂ.gk) [(ﬁs,a’] = ¢s,a — Cs,

with ¢s € R some constant independent to a.
Similarly, by applying Lemma 10 with g = @gk)w(k), the closed form solution to (41) is (42).
As for the closed form updates of the policy for NPG (33) and Q-NPG (19) with the parameter
updates 0D = 9k) _ 500(F) it is straightforward to verify that it coincides (39) and (40) given
the specific structure of the log-linear policy (7), which concludes the proof. O

Lemma 3 (Performance difference lemma [Kakade and Langford, 2002]). For any policy 7,7 €
A(A)S and p € A(S),

V) = Vi) = T Eppeir [Anal)] (43)

1

= :ESN(IN [(Qs(w/),ws - 7rg>] , (44)

where Qs(m) is the shorthand for [Qs o(m)]aca € R for any policy .
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Proof.  From Lemma 2 in Agarwal et al. [2021], we have

V(7)) - V(') = ﬁE(M)NdW [Asa(r)] = ﬁﬂzwﬂ [(Ay(x'),ms)]

where Ag(7) is the shorthand for [Ag4(7)]aea € R for any policy 7. To show (44), it suffices to
show
(As(n"),7s) =(Qs(n), s — ), forall s €S and m,7' € A(A)S.

Let 1,, denote a vector in R™ with coordinates equal to 1 element-wisely. Indeed, we have

3

—
=

(As(r'),ms) = (Qs(n") = Vi(n') - 1 4, 7s)
= (Qs(),7s) — (Vs(n') - 1), 705)
= <Q8(7T,)7778> - VS(ﬂJ)
2 (Qu(r") 7w — ),

from which we conclude the proof. O

B Algorithms
B.1 NPG and Q-NPG Algorithm

Algorithm | combined with the sampling procedure (Algorithm 4) and the averaged SGD procedure,
called NPG-SGD (Algorithm 5), provide the sample-based NPG methods.

Algorithm 1: Natural policy gradient

Input: Initial state-action distribution v, policy 7(9), discounted factor v € [0,1), step size
1o > 0 for NPG update, step size o > 0 for NPG-SGD update, number of iterations T'
for NPG-SGD

1 for k=0t%to K —1do
2 Compute w®) of (33) by NPG-SGD, i.e., Algorithm 5 with inputs (T, v, 7*), ~, )
3 Update 8%+ = () — 5,0*) and n,

Output: 7&)

Similarly, Algorithm 2 combined with the sampling procedure (Algorithm 3) and the averaged
SGD procedure, called Q-NPG-SGD (Algorithm 6), provide the sample-based Q-NPG methods.

B.2 Sampling Procedures
(k)

In practice, we cannot compute the true minimizer wy ’ of the regression problem in either (33)
or (19), since computing the expectation L4 or Lg requires averaging over all state-action pairs
(s,a) ~ d®) and averaging over all trajectories (sg, ag, co, s1,- -+ ) to compute the values of ngg and

)

Ag]fa. So instead, we provide a sampler which is able to obtain unbiased estimates of Qs 4(6) (or

Ay q(0)) with (s,a) ~ d?(v) for any 7(6).
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Algorithm 2: Q-Natural policy gradient

Input: Initial state-action distribution v, policy 7(9), discounted factor v € [0,1), step size
1o > 0 for Q-NPG update, step size a > 0 for Q-NPG-SGD update, number of
iterations 1" for Q-NPG-SGD

1 for k=0t%to K —1do
2 Compute w® of (19) by Q-NPG-SGD, i.e., Algorithm 6 with inputs (T, v, 7", ~, a)
3 L Update 0%+ = k) — pp ) and 1,

Output: myx)

Algorithm 3: Sampler for: (s,a) ~ d?(v) and unbiased estimate @Sﬂ(Q) of Qs,4(0)

Input: Initial state-action distribution v, policy 7(€), discounted factor v € [0, 1)

1 Initialize (sg,ap) ~ v, the time step h,t = 0, the variable X =1

2 while X =1 do

3 With probability ~:

4 Sample sp11 ~ P(- | sp,an)

5 Sample ap1 ~ 7, (0)

6 h<+h+1

7 Otherwise with probability (1 —~):

8 L X =0 > Accept (sp,ap)

9 X =1
10 Set the estimate QSh,ah(Q) = c(sp, ap) > Start to estimate @8;“%(9)
11 t=nh

12 while X =1 do
13 With probability ~:

14 Sample sp41 ~ P(- | s¢,at)

15 Sample agyq1 ~ 7, (0)

16 Qshﬂh (0) «— Qsh,ah (9) + C(3t+1> at—i—l)
17 t+—t+1

18 Otherwise with probability (1 —~):
19 L X=0 > Accept Qs a,(0)

Output: (s, ap) and @sh,ah (0)
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To solve (19), we sample (s,a) ~ d*) and @\glfg by a standard rollout, formalized in Algorithm 3.
This sampling procedure is commonly used, for example in Agarwal et al. 2021, Algorithm 1].

It is straightforward to verify that (sp, ap) and @ sn.a, (0) obtained in Algorithm 3 are unbiased for
any (). The expected length of the trajectory is 1;{. We provide its proof here for completeness.

Lemma 4. Consider the output (sp,ap) and @Shyah (0) of Algorithm 3. It follows that

Pr(sp = s,ap = a) = Jza(u),
E|Quuan(®) | snan] = Qo (0).
Proof. The expected length (h + 1) of sampling (s,a) is

Eh+1] = ZPrh E)(k+1) = ny (k+1) —7.
k=0

The probability of the state-action pair (s,a) being sampled by Algorithm 3 is

Pr(sp, = s,ap =a) = Z Vso,a0 ZPr(h = k)Pr"9 (s, = s,a, = a | h = k, s0, a0)
(s0,a0)ESx.A k=0

~

o
) -
= > Vaoad =D P (s, = s,ar = a | so,a0) = dl,(v).
(s0,a0)eSx.A =

Now we verify that Q sn.ap, (0) obtained from Algorithm 3 is an unbiased estimate of Q, 4, (€). Indeed,
from Algorithm 3, we have

H

@Shﬂh(e) = Z (St+h, Qtth), (45)

t=0
where (H + 1) is the length of the horizon executed between lines 13 and 19 in Algorithm 3 for

calculating @8;“%(9)- To simplify notation, we consider the estimate of @5@ for any (s,a) € S x A
following the same procedure starting from line 10 in Algorithm 3. Taking expectation, we have

H
E c(se,ar) | so = s,a0 =a
H
E c(st,ap) | so=s,a0=0a,H =k

E[Q:a(0) | 50| =E

k
E c(st,ar) | so=s,a0 =a

t=0

,Yk

M8 dE

e
Il

0

=(1-7E [Z C(Smat)Z’yk | s =s,a0 = a]
t=0 k=t

=E Zykc(st,atﬂsozs,ao:a] i Qsa( )

t=0
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The desired result is obtained by setting s = s, and a = ay,. O

Similar to Algorithm 3, to solve (33), we sample (s, a) ~ d ¥) by the same procedure and estimate
A\é,]fl) with a slight modification, namely Algorithm 4 [also see Agarwal et al., 2021, Algorithm 3.

Notice that the sampling procedure for estimating @ (@) in Algorithm 3 is simpler than that for
estimating A ,(0) in Algorithm 4, since Algorithm 4 requires an additional estimation of V;(6) and
thus doubles the number of samples to estimate A ,(0). As in Lemma 4, we verify in the following
lemma that the output (s, as) is sampled from the distribution d? and fAlsh,ah (#) in Algorithm 4 is
an unbiased estimator of Aj, 4, (6) for all policy 7(6).

Lemma 5. Consider the output (sp,ap) and A\sh,ah(ﬁ) of Algorithm 4. It follows that

1
E 1] = ——
[h+1] -
Pr(sp = s,ap = a) = Jga(u),

E|Ag,a,(8) | spoan| = Ay (6)-

Proof. Since the procedure of sampling (s, ap) in Algorithm 4 is identical to the one in Algorithm 3,
from Lemma 4, the first two results are verified. It remains to show that Ag, ,, (#) is unbiased.
The estimation of Ag, 4, () is decomposed into the estimations of Qs q,(6) and Vj, (0). The

procedure of estimating Qs, 4, (6) is also identical to the one in Algorithm 3. Thus, from Lemma 4,
we have

E[Qunon(®) | 50| = Quy, (0)

By following the similar arguments of Lemma 4, one can verify that
E[V0) | snoan] = Vi, (6).

Combine the above two equalities and obtain that

~

E Aoy (0) | 5nan] = E Qoo (0) = Vor 0) | 5y 0] = Qo (0) = Vi (0) 2 Ay, (0),

—~
=

O

B.3 SGD Procedures for Solving the Regression Problems of NPG and Q-NPG

Once we obtain the sampled (s, a) and A\S,G(H(k)) from Algorithm 4, we can apply the averaged SGD
algorithm as in Bach and Moulines [2013] to solve the regression problem (33) of NPG for every
iteration k.

Here we suppress the superscript (k). For any parameter § € R™, recall the compatible function
approximation L, in (33)

La(w0.0%) =5 go | (7 600l0) ~ 4.0) ]

With the output (s,a) ~ d? and Xs,a(o) from Algorithm 4 (here we suppress the subscript h), we
compute the stochastic gradient estimator of the function L4 in (33) by

VwLa(w,0,d% % 2 (Jaas,a(e) _ Es,a(e)) Bs.a(0). (46)

Next, we show that (46) is an unbiased gradient estimator of the loss function L 4.
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Algorithm 4: Sampler for: (s,a) ~ d?(v) and unbiased estimate g&a(Q) of Agq(0)

[~ S5, S NI R

®

10
11
12
13
14
15

16
17

18
19

20

21
22
23
24
25
26
27
28

29
30

Input: Initial state-action distribution v, policy 7(€), discounted factor v € [0, 1)

> Accept (sp,ap)

> Start to estimate @8;“%(9)

Initialize (sg,ag) ~ v, the time step h,t = 0, the variable X =1
while X =1 do
With probability ~:
Sample sp11 ~ P(- | sp,an)
Sample ap 41 ~ 75, (6)
h+<h+1
Otherwise with probability (1 —~):
| X=0
X=1
Set the estimate QSh,ah(Q) = c(sp, ap)
t=nh
while X =1 do

With probability ~:
Sample 5411 ~ P(- | s¢,at)
%ample g1~ Topr (0)
Qspa (0) < Qspay, (0) + c(St41, at41)
tt+1

Otherwise with probability (1 —~):
| X=0

X=1
Set the estimate @h(e) =0
t=nh

while X =1 do

Sample a; ~ 7, (0)

Ve (0) <= Vs, (0) + c(s1, ar)

With probability ~:
Sample sp41 ~ P(- | s¢,at)
t+—t+1

Otherwise with probability (1 —~):
| X=0

Output: (sp,ap) and A\Sh,ah 0) = QSh,ah(Q) - T7sh(0)

> Accept Q) q,(0)

~

> Start to estimate Vj, (6)

~

> Accept Vj, (0)
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Lemma 6. Consider the output (s,a) and Xs,a(o) of Algorithm /. and the stochastic gradient (416).
It follows that

E [@wLA(w,e,dﬁ) = VyLa(w,0,d?,

where the expectation is with respect to the randomness in the sequence of the sampled sg, ag, - -« , S¢, G
from Algorithm /.

Proof. The total expectation of the stochastic gradient is given by

E[@wLA(w,e,JO)] 2 E . i0 [2 <wT<z‘>s,a(9)—Es,a(9)) @S,a(e)}
= B odo 1..6) [2 (w%,a(e)—ﬁsva(e)) ass,a(o)\s,a], (47)

where the second line is obtained by (s,a) ~ d? from Lemma 5.
From Lemma 5, we have

Eagaosvar | Asal6) | 50 = 5,00 = a] = A34(0). (48)

Combining the above two equalities yield

~ ~ 4
vaLA(w,e,de)] = By o

as desired. O

Since (46) is unbiased shown in Lemma 6, we can use it for the averaged SGD algorithm to
minimize Ly, called NPG-SGD in Algorithm 5 [also see Agarwal et al., 2021, Algorithm 4].

Algorithm 5: NPG-SGD
Input: Number of iterations T, step size « > 0, initialization wg € R™, initial state-action
measure v, policy (), discounted factor v € [0, 1)
1 fort=0toT —1do
2 Call Algorithm 4 with the inputs (v, 7(8),~) to sample (s,a) ~ d? and 2{37@(9)
Update w1 = wy — aﬁwLA(w, 0,d?) by using (46)

3

T
Output: weys = %thl Wy

Similar to Algorithm 5, once we obtain the sampled (s, a) and @S,a(ﬁ) from Algorithm 3, we can
apply the averaged SGD algorithm to solve (19) of Q-NPG.
Recall the compatible function approximation Lq in (19)

LQ(ZU, 0, d~€) = E(&G)NCZG |:<wT¢s,a - Qs,a(e))2:| :
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With the output (s,a) ~ d? and @Sﬂ(H) from Algorithm 3, we compute the stochastic gradient
estimator of the function Lg in (19) by

VuLo(w,0,d%) 22 (0T ds0 — Qsa(6)) dua (49)

and use it for the averaged SGD algorithm to minimize Lg, called Q-NPG-SGD in Algorithm 6 [also
see Agarwal et al., 2021, Algorithm 2]. Compared to (46), the cost of computing (49) is |.A4] times
cheaper than that of computing (49). Indeed, to compute (49), we only need one single action for
¢s,a, while to compute (46), one needs to go through all the actions to compute (557a(9). Thus, the
computational cost of Q-NPG-SGD is |.A| times cheaper than that of NPG-SGD.

Algorithm 6: Q-NPG-SGD
Input: Number of iterations T, step size « > 0, initialization wg € R™, initial state-action
measure v, policy (), discounted factor v € [0, 1)
1 fort=0toT —1do

2 Call Algorithm 3 with the inputs (v, 7(6),~) to sample (s,a) ~ d? and @s7a(9)
Update wy1 = wy — aﬁwLQ(w, 0,d?) by using (19)

3

T
Output: wey = %thl Wy

The estimator @wLQ(w, 0, d~9) is also unbiased following the similar argument of the proof of
Lemma 6. We formalize this in the following and omit the proof.

Lemma 7. Consider the output (s,a) and @s7a(9) of Algorithm 3 and the stochastic gradient (19).
It follows that

E [@wLQ(w,e,Ja) = VuLo(w,0,d?),

where the expectation is with respect to the randomness in the sequence of the sampled sg, ag, -+ , St, ay
from Algorithm 3.

C Proof of Section 4

Throughout this section and the next, we use the shorthand Vp(k) for Vp(H(k)) and similarly, Qgﬁz for
Qs,a(ﬁ(k)) and Ag’fg for As,a(ﬁ(k)). We also use the shorthand ng) for the vector [ 2’2} p c RIMA
ac

and Agk) for the vector [Ag,g] e RMI
ac

We first provide the one step analysis of the Q-NPG update, which will be helpful for proving
Theorem 1, 2 and 3.

C.1 The One Step Q-NPG Lemma

The following one step analysis of Q-NPG is based on the mirror descent approach of Xiao [2022].
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Lemma 8 (One step Q-NPG lemma). Fiz a state distribution p; an initial state-action distribu-
tion v; an arbitrary comparator policy m*. Let wﬁk) € argmin,, LQ(w,H(k),CZ(k)) denote the exact
minimizer. Consider the w®) and #®) given in (19) and (17) respectively. We have that

3,1 =) (VD = V) 4 (1 =) (V0 = v, ()

0[5 S N, () 57 5 N (o L)

seS acA s€S acA
QD @
A, (o ) 4 X ke (0 Ll
seS acA s€S acA 7 7 ’

3 @
FY el (- o)+ S d) (6Tl - o)

(5,0)ESx A (5,0)ESx A
@ ®
> dmol, (o @) > dim, () - 6Tl
(5,0)ES x A (5,0)ES X A
© @
<%% %m% (50)

Proof. As discussed in Section 3.1 and from Lemma 2, we know that the corresponding update from
7*) to 7(+1) can be described by the PMD method (17). In the context of the PMD method (17),
we apply the three-point descent lemma (Lemma 11) with C = A(A), f is the linear function
i <<I>8w(k), > and h : A(A) — R is the negative entropy with h(p) = >, c 4 Palogpa. Thus, h is of
Legendre type with rint dom h N C = rint A(A) # 0 and Dy(+,-) is the KL divergence D(-,-). From
Lemma 11, we obtain that for any p € A(A), we have

Nk <<I>Sw(k),7rgk+1)> + D(ng“),ﬂgk)) < <<I>sw(k),p> + D(p, 7T&gk)) D(p, (k+1))

Rearranging terms and dividing both sides by ny, we get

(200,749 ) 4 Lp(rt+), 1) < Lp(p,a) — Lpp,al).  (51)
Mk Tk Tk
Letting p = ﬂgk) yields
<<I>sw(k),7rgk+1) - ﬂgk)> < —%D(ﬂ'gkﬂ),ﬂgk)) - n—lkD(ﬂgk),wng)) <0. (52)

(k)

Letting p = 7} and subtract and add 7s ~ within the inner product term in (51) yields

(@50®, 74D — 7)) 1 (@00, 7P — 72 < nimw:,wg“) - 771 D(x3, 7).
k k
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Note that we dropped the nonnegative term %D(Wﬁkﬂ) ng)) on the left hand side to the inequality.

Taking expectation with respect to the distribution d*, we have

Egng [<<I>sw( ), w{ D — gk)ﬂ + Eggr [<<I>sw(k),77§k) - 7T;k>} < n—lka - 771kD1>2+1- (53)

For the first expectation in (53), we have

Eqmgr [<(I>Sw(k),7r§k+1) )]

S

_ Zd*< rkFD) 7Tgk)>

seS

_ Z d; dtk+1) <<I>sw() (+1) _ 7Tgk)>

g+
seS Ws
2 O 3 i (@m0 )
s€S

> 9 de+1 <<I> w®) | kD) _ 7Tgk)>

seS
S QY 9 10, 3l < R

seS s€S
= 9,017 <Vp(k+1) V) 40, 3l D (@) — W), xl D — £ (54)

seS

where the last equality is due to the performance difference lemma (44) in Lemma 3 and the two
inequalities above are obtained by the negative sign of <<I> w® 1 (k—H) ng)> shown in (52) and

by using the following inequality
ds D (21)

D) < g1 < 0,

The second term of (54) can be decomposed into four terms. That is,

ngk+1) <<I>sw(k) _ Q) k) _ 7Tgk)>

seS
=T IR (6T — Q1) + 30 3 ) (@) — 61,0 )
s€S acA ’ s€S acA ’ ’ 7
_ kA (k1) T (k) _ ) (R) kD) (k1) (T (R (k)
Z Z s s,a ¢s,a * + Z Z S s,a ¢s,a * Qs,a
seS acA s€S acA
n Z Z A+ 7 ¢8 . (w* _ ) 1 Z Z dlk) 778{“ < B <Z55T,aw£k)>
seSacA s€S aceA
=0+@+0®+®, (55)

where D, @, @ and @ are defined in (50).
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For the second expectation in (53), by applying again the performance difference lemma (44),
we have

Equae [{@00®, 7 — 72)]
= Eouar [(QW, 70 — )] + Bovae [(@,0®) — Q0,20 — 7))
D (1) (V9 Vo) + B [(500® — QP70 —77)]. (56)
Similarly, we decompose the second term of (56) into four terms. That is,
Eyar [(@o0®) = QW) ) — 1))

=2 > dim < saw® ) +3 Y dint, (Qg{fa ¢;r,aw(’“’)

seS acA seSacA
= Y dnlely (w® - )+ X dmld (ol - Q)
(s,0)ESX.A (s,0)ESX.A
+ Y dmol, (W —e®) Y a, (1) - olwl)
(s,a)ESXA (s,a)ESXA
=a+D+0+@, (57)

where @, (), © and (d) are defined in (50).

I

Plugging (54) with the decomposition (55) and (56) with the decomposition (57) into (53)
concludes the proof. O

Consequently, the convergence analysis of Q-NPG (Theorem 1, 2 and 3) will be obtained by
upper bounding the absolute values of D, @, @, @, @, ®, ©, @ in (50) with different set of
assumptions (assumptions in Theorem | or assumptions in Theorem 3) and with different step size
scheme (geometrically increasing step size for Theorem 1 and 3 or constant step size for Theorem 2).

C.2 Proof of Theorem 1

Proof. From (50) in Lemma 8, we will upper bound |D] and |3)] by the statistical error assump-
tion (20) and upper bound |2)| and |@)| by using the transfer error assumption (23).
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Indeed, to upper bound |(D)], by Cauchy-Schwartz’s inequality, we have

O < X T oL, (w9 - )

sES aceA
alF ’ ﬂﬁ{gjl) ?
= 2 ( d*-zlni(f (a)> D d Unifa(a) (qb;r,a <w<k>—w£’“)))2
(s,0)€Sx A 3 . (s,a)eSxA
k1) 2 [ (k1)) 2
(24) (ds > (Ws’“ ) Nt
= . G)EE;SXA d; i UnifA(a) Hu)(k) — Wk S
[/ k1) 2]
< Esgr (dsd: ) |A|Hw(k) —w,{k) ?
A B i ax
< ¢C”’A"w(k)_“’£k) e (58)
g+

where the second inequality is obtained by Cauchy-Schwartz’s inequality, and the third inequality
is obtained by the following inequality

3 (wﬁf‘if ”)2 <> alb =1, (59)
acA acA

Then, by using Assumption 3 with the definition of &, (58) is upper bounded by

(25) 2
o € ot fwt —ul?)
< e yw (60)
1=7 RO
where we use the shorthand
def
Zj(k) = E(s7a)mg(k) |:¢S7a¢;—,a] . (61)

Besides, by the first-order optimality conditions for the optima wﬁk) € argmin,, Lg(w, k) q (k)), we
have

(w — w&k))TVwLQ(wik), 0" d*)y >0, for all w € R™. (62)
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Therefore, for all w € R™,
Lo(w,0®) d®k)) — (wik),g( ), d k)
2 .
= E(s a)~d (k) < oW — qbs ,a + ¢Iaw£k) - ng) :| - LQ(wik)v H(k)7 d(k))

k k k
= Bt |(61aw - %w( ]+ 200 = 0l TE g (00008 - QE)6sa
2

T e g
Zit)
(h 2
Hw wP . (63)
Zi)
Define
i & Lo(®.00.d®W) — Lo(wl",o™).d®).
Note that from (20), we have
E [Géfa)‘t] S €Estat - (64)
Plugging (63) into (60), we have
ColAlky 1)
@ = e (65)

Similar to (58), we get the same upper bound for |3)| by just replacing Wgﬁj_ Y into wgtz That is,

ColAlky
|®| é | |,7 6stad: (66)

To upper bound |2)| and |@)|, we introduce the following term

(k) d_ef L ( ()79(k)7d*)

bias

Note that from (23), we have

E [61(925] < €Ebias- (67)
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By Cauchy-Schwartz’s inequality, we have

@ < Z Z A1) 7 (kt 1 wgk) — Q)
seS acA
2 2
(dgk—i-l)) (ngj1)> )

< | : Unita(o) (oL, — QL
< . a)EZSXA 7 Unifa(a) . a)EZSXAdS Unif 4(a) <¢s7aw Qs, )

2 2
_ 3 (dgk+1)> (”g? 1)> (k)
- * ; bias

(s,a)eSxA ds UnlfA(a)

2
(59) kv B (20 k
2 e [( Y, o )

Similar to (68), we get the same upper bound for |@)| by just replacing Wgﬁj_l) into wgtz That is,
k
@ < VO, (69)

)) separately by using

Next, we will upper bound the absolute values of @, (), © and () of (5(
again the statistical error (20) and by using the transfer error assumption (23).
Indeed, to upper bound |@], by Cauchy-Schwartz’s inequality, we have
k
@ = > ar® ol (w® - wl)
(s,a)ESXA
2
(az)? (=42) )
< -~ 7 * . Uni T (k) (k)
- Z d: - Unif 4(a) Z d; - Unifa(a) ( 54 (w W )>
(s,a)ESX A (s,a)ESXA
. (k)
B dt - Unif 4(a) * s
(s,a)eSxA ° ax
E T
From the definition of k,, we further obtain
(25) 2
@ < \/|A|/-£,, wk) — P .
(%) [ Al wk) — ) ‘2
l—n 2 )
EN T
I—n
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Similar to (70), we get the same upper bound for |@| by just replacing wgﬁz into 75 ,. That is,

.A/ﬁ:,,
|©| é ’ ’ — stat (71)

To upper bound |(b)|, by Cauchy-Schwartz’s inequality, we have

® < > @ |(ele! - ol)

(s,a)eSxA
az)? (x)”
- 3 % Z d*-UnifA(a)< ;rawik’—Qg'ch)z
(s,a)ES XA a; a)eSxA

3 (@ (=52)° i

* bias
(s,a)eSxA ds UnlfA(a)

(59)
< |A|e 72
bias®

Similar to (72), we get the same upper bound for |(d)| by just replacing wgkg into 73 ,. That is,

ORVUVECE (73)

Plugging all the upper bounds (65) of [D], (68) of ||, (66) of [B)], (69) of |D)], (70) of |@|, (72)
of |®)|, (71) of |©| and (73) of || into (50) yields

Dz Dy 2V/ Al (9,4/C, +1 /i,,

A=y)m (=) L—x
(74)

def

where § = Vp( ) — V,(7*). Dividing both sides by ¥, and rearranging terms, we get

D; 1 D#
o 213 (4 =)
T =) md, 9,) \ T =m0, — 1)

2\/\7(\/7+ ><\/ o Staﬁ\/bm)'

L=y
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If the step sizes satisfy ng41(9, — 1) > n0,, which is implied by 741 > /v and (21), then
D ( 1 ) < Di )
<[([1-—— O +
(1= )1 (P — 1) Up (1 =)y — 1)

WA/ ) <\/ - stat+\/blas>

L=y

<(1- %)Hl (50 Tz 7)7173(27% - 1)>

+Zk:<1_ﬁip>k_t2\/m<\/c_p+ﬁ_lp) <\/ Ky stat+\/€b1as>'

I—n

Op+1 +

Finally, by choosing ng > 7D0 and using the fact that

-, (=) (12 -1) =

we obtain
D; 1\* 2
Ok < 0p + —E— < <1——> =
(1 - ’Y)nkﬂp ﬂp 1—
2 k—1—t
VIA (v 79 )Z<1_i> (\/ Ky e(?t+\/e(t-)>-
1—7 P 19[) 1—1 sta bias
Taking the total expectation with respect to the randomness in the sequence of the iterates w(®, - .. w®*=1
we have
E [Vp(®)] = V()
1\" 2
< 1——) ——
B < ﬁp) |
2 (VT ) kst kit e
: R =R
1— v ; < ﬂp 1— v tat bi
k
< (1 _ i) 2
- v,) 1—7

Al (T, + L) & 1
VA ) > () (Ve )

(64)+-(67) ( 1 >’“ 2
< 1——) —/—
- ¥,) 1—v

L2 |A|(\/_+ )

1 k—1—t 5
1— tzg <1 - 19_p> <\ / ﬁestat + v 6biaus)
1\ 2 2@ p\/ D) ([ E
< (1 — 19_p> 1—~ + 1_ ( 1_ ’Yestat + v 6b1as>
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where the second inequality is obtained by Jensen’s inequality. This concludes the proof. O

C.3 Proof of Theorem 2

Proof. By (74) and using a constant step size 7, we have

D} D; 2/ |A| (19 Vv C —I-l) K k k
0y (Ops1 — Ok) + 0 < —h— — k& PV Zp v_ () \/p)‘
P( k+1 k)“‘ k> (1_7)77 (1_7)77 + 1—~ 1_,yestat+ €hias
Taking the total expectation with respect to the randomness in the sequence of the iterates w©® .o kD)

summing up from 0 to k — 1 and rearranging terms, we have

k—1
D WV/IAl(0p\/Co+1) ( [Ry
< __~0 . P 14 v .
ﬁPE [519] + ;:0 E [515] > (1 — 7)77 + 19[)50 +k 1— ~ < 1— Vestat + 6b1as> 5

where we use the following inequalities

(64)
E[ Eg?at} < \/E [Eg?at} < VéEstat;

(67

)
E|: 6l(oti)as:| < E |:El()ti)as:| < \V/ €Ebias-

Finally, dropping the positive term E [0;] on the left hand side as 7* is the optimal policy and
dividing both side by k yields

e
—_

D N 29,
(1—=7)nk  (1—=7)k

24/ Al (9,4/C, +1 /
+ | |(1p_’y p ) ( 1/?’Y€stat+\/€bias>-

E [V, ()] = v,(x") <

| =
o~
[l
[e)

C.4 Proof of Theorem 3

Proof. Similar to the proof of Theorem 1, by Lemma 8, we upper bound the absolute values of @),
@, ®, @, ®, ®, ©, @ introduced in (50), separately, with the set of assumptions in Theorem 3.

In comparison with the proof of Theorem 1, we will also upper bound [D], |®|, |@| and |©| by
the statistical error assumption (20) as in the proof of Theorem 1. However, we will upper bound
@), |@), |®)] and || by using the approximation error assumption (28) instead of the transfer
error assumption (23).
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To upper bound |@)|, by Cauchy-Schwartz’s inequality, we get

@ < 3 dERED 6T, (w® - wl)]

seES ac A
dgk+1>)2 Wgﬁjn)? ] 2
) \ (s Q)EZSXA < Js(é) | (s a)EZSXAdS(Z) ( ;r’a (w(k) B wik)))
5 dgk—i-l) glfa_i_l) 2 ,
2 \ E(sa)~d® <T€’) Hw(k) o -
(2) \/Cu Hw(k) — ¥ ‘2
Zk)
Yol

Similar to ||, by using Assumption 6 and Cauchy-Schwartz’s inequality, and by simply replacing
7+ into 7(F) or 7* and replacing d*+1) into d*, we obtain the same upper bound of |3)|, |@| and

|©|, that is
B @) lel < \Coer.

E(k) dZGf LQ (wﬁk)a 0<k)7 dN(k))

approx

Next, we define

By Assumption 5, we know that
k
E |:62(1p)prox] < €approx-
To upper bound |@)], by Cauchy-Schwartz’s inequality, we have

@ < Y3 Al o ul® - o

s,a

s€eSacA
piany 2 (k+1) 2
< x EOET 5 ooy
\ (s,a)eSxA dsﬂ (s.rc8x A
dgk-i—l) gkgl) 2
- \E(&G)Nd'(k) (T%) 'EELI;)I)TOX

(29) A
< \/ C, 6z(aup)prox .

Similar to |@)|, by using Assumption 5 and Cauchy-Schwartz’s inequality, and by simply replacing
7+ into ) or 7* and replacing d**1) into d*, we obtain the same upper bound for |@)|, ||

and |(d)|, that is
’@‘7 ’@‘7 ’@‘ < V CVEELI;))prox-

o1



Consequently, plugging all these upper bounds into (50) leads to the following recurrent inequality

D} D; 2¢/C, (¥, +1) (k) (k)
3, (6 —0k) + 0 < k - kil + £ < €stat TV €a rox) .
p (041 — Ok) + O, A= = T \/ tat \/ PP

By using the same increasing step size as in Theorem 1 and following the same arguments in the
proof of Theorem 1 after (74), we obtain the final performance bound with the linear convergence
rate

(\/Estat + \/Eapprox) .

E [V, ()] - V() < (1 - ﬁi[))k 1 37 e (_19,; 1)

C.5 Proof of Corollary 1

In order to better understand our proof, we first identify an issue appeared in the sample com-
plexity analysis of Q-NPG in Agarwal et al. [2021, Corollay 26]. Agarwal et al. [2021] adopts the
optimization results of Shalev-Shwartz and Ben-David [2014, Theorem 14.8] where the stochastic
gradient §LQ (w,0,d?) in (19) needs to be bounded. However, although they consider a projection

step for the iterate w; and assume that the feature map ¢, is bounded, %LQ (w, 0, d 9) is still not
guaranteed to be bounded. Indeed, recall the stochastic gradient of the function L¢ in (49)

ﬁwLQ (w7 97 JG) =2 <wT¢s,a - @s,a(e)) ¢s,a-

They incorrectly use the argument that w, ¢ , and @ s,a(0) are bounded to imply that

‘@wLQ(w,e,cﬁ)H

is bounded. In fact, Q\SA(H) can be unbounded even though E [@\sﬂ(ﬁ)] = Qs.a(0) € [0, ﬁ] is

bounded. To see this, we can rewrite @s,a(ﬁ) from (45) as

H

Qsa(0) = (st ar),
t=0

with (so,a0) = (s,a) ~ d? and H is the length of the sampled trajectory for estimating Qs,0(0) in
Algorithm 3. From Algorithm 3 and from the proof of Lemma 4, we know that the probability of
H =k +1 is that

Pr(H =k+1) = (1 — )"

So, with exponentially decreasing low probability, H can be unbounded. Consequently, |C§s7a(0)|
upper bounded by H is not guaranteed to be bounded.

Proof sketch. Instead, we adopt the optimization results of Bach and Moulines [2013, Theorem 1]
(see also Theorem 8), which does not require the boundedness of the stochastic gradient. However, in
our following proof, we can verify that E [@S7a(9)2] is bounded even though @s,a(ﬂ) is unbounded.
As to verify the condition (vi) in Theorem 8 in our proof, i.e., the covariance of the stochastic
gradient at the optimum is upper bounded by the covariance of the feature map up to a finite
constant, we use a conditional expectation argument to separate the correlated random variables
@s,a(ﬂ) and ¢, with (s,a) ~ d? appeared in the stochastic gradient.
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Proof. From Theorem 3, it remains to upper bound the statistical error ,/esac produced from the
Q-NPG-SGD procedure (Algorithm 6) for each iteration k. We suppress the superscript (k). Let woyt
be the output of T steps Q-NPG-SGD with the constant step size 5 éz and the initialization wg = 0,
and let w, € argmin,, LQ(w,H,Je) be the exact minimizer. To upper bound ég,¢ from (20), we
aim to apply the standard analysis for the averaged SGD, i.e., Theorem 8. Now we verify all the
assumptions in order for Q-NPG-SGD.

First, (i) is verified by considering the Euclidean space H = R™.

The observations (¢s7a, @3711(9)@537&) € R™ x R™ are independent and identically distributed,
sampled from Algorithm 3. Thus, (ii) is verified with z, = ¢, € R™ and z, = @s,a(ﬁ)%,a cR™.
As the feature map ||¢sq]| < B, we have E [||¢s,a||2} finite. From (32), we know that the

2 .
is

covariance E [qﬁs,aqﬁ;a] is invertible. To verify (iii), it remains to verify that E [H@S,G(H)(b&a
finite. Indeed, by using ||¢sq| < B, we have

E [Hés,a(e)qbs,a

2] < BE[Qua(0)?].

~ 2
Thus, it remains to show E [(Q&a(Q)) ] finite for (iii). From (45), we rewrite Qs a(0) as

H
Qs.al E (s, ar),
t=0

with (s0,a0) = (s,a) ~ d? and H is the length of the trajectory for estimating Qs q(6). Thus, (iii)
is verified as the variance of Q) 4(f) is upper bounded by

[ 00 k 2
~ 2
E |:<Qs,a(6)> ] = E(s,a)NJB kZOPr(H =k)E (tz_gc S¢, Qg > | H=Fk,so =s,a0=a

00 k 2
=K 0)do (1—fy)Z’ykE (Zc st,at> | H=Fk,s0=s,a0 =a
k=0 t=0

oo

2
< IE(s,a)wd" (1 - 7) nyk(k + 1)2 < (1 — 7)27 (75)
where the first inequality is obtained as |¢(s¢, ar)| € [0, 1] for all (s¢,ar) € S x A.
Next, we introduce the residual
def 19) 1o -
f = (Qs a( ) Tés a) ¢s a (— §vaQ('w*a 97 de) (76)

From Lemma 7, we know that

E [@wLQ(w*,e,J")} = VuLo(w,,0,d?%).
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So, we have that
1 -
E[¢] = 5vaQ(w*,e,d@) =0,

where the last equality is obtained as wy is the exact minimizer of the loss function Lg. Thus, (iv)
is verified with that f is %LQ, &y is € and 6 is w in our context.

From Q-NPG-SGD update 49, we have (v) verified with step size «/2 in our context.

Finally, for (vi), from the boundedness of the feature map ||¢s 4| < B, we take R = B such that

E [||<;ss,a||2 ¢s,a¢;a} < B%E [$y401,]. Tt remains to find o > 0 such that
E[¢€7] < 0°E [$1a00,]
We rewrite the covariance of £ as
E[eT] © E [(@Svaw) ~wlbna) ¢Sva¢;ia}

— Bietr | (Qal®) T6.0) 60000, 5]

= Euedo [E [(@s,a(e) —w/ %)2 | s,a] @,@L} :
Thus, it suffices to find ¢ > 0 such that

| (Qual®) ~ 0] 00) [sv0] =2 (Qua(®)) | 5:0] 2000000600+ (w]000)" < (71

for all (s,a) € S x A to verify (vi). Besides, we know that

B[(Qu®)’ 1sa] < 2

We also know that |Qs4(6)] < ﬁ and ||¢sq|| < B. Now we need to bound [Jw,||. Again, since w,

is the exact minimizer, we have V,,Lg(w,, 6, d 9) = 0. That is

E gy | (9] 650 = Q0al0)) 65.a] =0,

which implies

.I>
Wy = <E(s,a)~30 {(bs,a(b;r,a}) E(s,a)r\d@ [Qs,a(e)és,a]
(6) 1 T 1
< 1 — ~ (E(s,a)wu |:¢s,a¢57a]> E(&a)Nd*(a [Qs,a(9)¢57a] .
By the boundness of the feature map ||¢sq| < B and the Q-function |Qsq(0)| < ﬁ, and the
condition (32), we have the minimizer w, bounded by

([l (? —
Wy .
u(l —7)?

o4



Py 2
By using the upper bounds of E [(Qsﬂ(ﬁ)) | 8,&], |Qs,0(0)], ||wsll and ||¢sql, the left hand side
of (77) can be upper bounded by

. - 2 2 2B2 B*
g [<Qs’“(9) m ¢S’“> | s’a} S ) A Ry A Tel e

- (1—17)2 ((u(lBj 7) +1>2+1>

< * ( B + 1> 2
T (=2 =) '
Thus, in order to satisfy (77), we choose

7= 1\?7 (u(lB—z o 1) '

Now all the conditions (i)-(vi) in Theorem & are verified. With step size o = #, the initial-
ization wg = 0 and T steps of Q-NPG-SGD updates (19), we have
E [LQ(wout,H,cZG) — Lo(ws, 8,d%) < T (O’\/—-l- B Hw*H)
2
4 (V2 B? B?
(),
T\1—v\pul-7) n(l—7)

Consequently, Assumption 1 is verified by

2 B2
Estat < 1T <M(1—’Y) (\/%—I-l) —I—\/%>

The proof is completed by replacing the above upper bound of /egtat in the results of Theorem 3. O

D Proof of Section 5
D.1 The One Step NPG Lemma

To prove Theorem 4 and 5, we start from providing the one step analysis of the NPG update.

Lemma 9 (One step NPG lemma). Fiz a state distribution p; an initial state-action distribution v;
an arbitrary comparator policy w*. At the k-th iteration, let wik) € argmin,, L4 (w, 9k J(k)) denote
the exact minimizer. Consider the w®) and 7®) NPG iterates given in (33) and (18) respectively.
Note

de 5
e La@®,00,d®) - L, 00, d®), (78)
de 5
g;prox :f LA(’[U &) )0 7d(k))7 (79)
5 Ev® v, (),
If Assumptions 7, 8 and 9 hold for all k > 0, then we have that
Dy Dy VG, (W,+1)
9, (6 —0) + 0 < k - kil + vee < sa+ €a; rox>- 30
p(k—i—l k) k (1—7)77/& (1_ ) 1—~ tat \/ pp ( )
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Proof. As discussed in Section 3.1 and from Lemma 2, we know that the corresponding update from
7*) to 71 can be described by the PMD method (18). From the three-point descent lemma
(Lemma 11) and (18), we obtain that for any p € A(A), we have

M <<I>gk)w(k),7rgk+1)> + D(r*D) By < g <(I)gk)w(k)’p> + D(p, 7®) — D(p, nl+D),

Rearranging terms and dividing both sides by 7, we get

<<I>§k)w(k),7rgk+l) — p> + iD(ﬂgk-H)mgk)) < iD(p,wgk)) _ iD(p,wng)),
Tk Tk Mk
Letting p = ﬂgk) and knowing that
<<fgk)w(k),7rgk)> =0 for all k£ > 0,
which is due to (13), we have
(80u®, 20 < _ L p@ln ey — L piato pG+0) < g (81)
’ ’ o ° U -
Letting p = 7} yields
<<I>(k)w(k)77r(k+l) o 7T*> < iD(Tr*,ﬂ'(k)) N iD(ﬂ'*’Tr(k—"_l))_
’ ’ LT e S

Note that we dropped the nonnegative term %D(ngﬂ), ﬂgk)) on the left hand side to the inequality.

Taking expectation with respect to the distribution d*, we have

- r/= 1 1
Egoge [(®Fw®) 7OV g o [{(®F®) 725N < —Df — — D5 . 82
ol e (300,53 < Lt Lo e
For the first expectation in (82), we have
Eua [(30000), r0))
_ Zd: B p(#) | 7 (k+D)
seS < >
ds  kv1) /@), (B) _(k+1
— Zde )<q)g J® | 7l )>
seS s
(21)2(81) 19k+1zdgk+1) <<I>gk)w(k)’7rgk+1)>
seS
(n);(sl) ﬁpzdgk-l—l) <i)gk)w(k),7r§k+l)>
seS

= VR aeaern [(ﬁgg’fg)Tw(k)]
= R aaantn {Agﬂ + 9B (5 a)nd k+1) {(églﬂ)T’w(k) - Ag’fa}

= 0= (VD = VD) 0By [ Tw® — a8 (83)

)
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where the last line is obtained by the performance difference lemma (43), and we use the shorthand

(Z_Sglz as Qgs,a(e(k))-

The second term of (83) can be lower bounded. To do it, we first decompose it into two terms.
That is,

E(s,a)Nd_(kH) (Qgglfg)—rw(k) - Aglfg] = E(s,a)Nd_(kH) [(Qgglz)—r(w(k) - wik))]

+ E(s a)~d :+D) [(ﬁgg@)Twik) - As]fa] : (84)
@)

We will upper bound the absolute values of the above two terms |D| and |2)| separately. More
precisely, similar to the proof of Theorem 3, we will upper bound the first term |D| by the statisti-
cal error assumption (34) and upper bound the second term |2)| by using the approximation error
assumption (35).

To upper bound (D), we first define the following covariance matrix of the centered feature map
k) def — (k) T
280 £ i |85 GEDT]. (85)

Here we use the superscript (k) for Zgﬂ()k) to distinguish the covariance matrix of the feature map

Y defined in (61) in the proof of Theorem 1, as the centered feature map (53(12) depends on the
iterates 6.
By Cauchy-Schwartz’s inequality, we have

@ < Y A |EE)T@® —wl)

(s,a)eSxA

(J(k+1)>2 )
Y Ly (@) w® - o))

(s,a)eSxA ds,a (s,a)eSxA

T(k+1)\ 2
(85) _ ds,a k (k)

a

IN

’2
(k) °
RO

By further using the concentrability assumption 9, we have

(36)
@ < %z,,

< \/c,, (LA(ww),e(k),J(k)) _ LA(w§k>,9<k>,g<k>)> (86)

© Vedh, (87)

o7

(k)

wk) — w, ‘2

*)
R




(k) (k)

where (86) uses that wy ’ is a minimizer of L4 and wy ’ is feasible (see the same arguments of (63)
in the proof of Theorem 1).

For the second term |@)] in (84), by Cauchy-Schwartz’s inequality, we have

@ < % a|E e - Al
(s,a)eSxA
2

5 ~ 2

< [ x B s e -
(s,a)eSxA dsﬂ (5,0)ESx A
S(k+1)\ 2 0 i
- \E(s,a)wzi(k) (W) La(wy ,H(k),d(k))
(36)+(79)

< Cuee(xl;))prox- (88)

Plugging (87) and (88) into (83) yields

Eqg- [<<I>gk)w(k)’7rgk+l)>] > 9,(1—7) (V;m) _ Vp@c)) —9,,/C, <\/ M 4 \/ eg’;LmX> . (89)

Now for the second expectation in (82), by using the performance difference lemma (43) in
Lemma 3, we have

—Egsa [<‘f§k)w(k)ﬂ:>] = —E(a)ndr [Agkg] + E (s q)nd {Agfa - (@{Z)Tw(k)}
= (1=9) (VP = Vo)) + Equapeir [A%) = @) Tw®] . (90)

The second term of (90) can be lower bounded. We first decompose it into two terms. That is,

- - k
By [A% = 08D T0® | =B g |AS) - 08 Twl]

+ E(s,a)wti”* [(églfa)—r(wik) - w(k))] : (91)

Now we will upper bound the absolute values of the above two terms |@| and |(b)| separately.
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For the first one |@], by Cauchy-Schwartz’s inequality, we have

@ < > odr,

(s,a)ESX A

A) — ()Tl

IN
—
2 f”=1|
BSIERS
~ | ~—
no
S
B
8=
/N
—
oL
2z
SN—
_|
g/\
ES)
=
=
2 Z
N——
[N}

(36)+(79)
< Cuez(i];)prox . (92)

For the second term |(B)| in (91), by Cauchy-Schwartz’s inequality, we have

® < Y dn @) @ - w®)]
(s,0)ESX.A
_ (dz.)* 0 ((GNT (0®) — )
= dN(k) Z s,a (((bs,a) (w Wi ))
(s,a)eSxA 950 (s,a)eSxA

N
(£9) ~ 30 ) _ @
R [(dé@) ] o = ‘2;%
36 2
? el

s

d k)

86 ~ ~
< \/ Cy (La(w®,009,d ) = L@, 00),d®))

D Jo,b) (93)

Thus, we lower bound (91) by

s

—Egg [<i)gk)w(k)7 o >} (92)+(93)

2 =) (V9 = Vote)) = VG (el Vel ) (09

Substituting (89) and (94) into (82), dividing both side by 1 — « and rearranging terms, we get

D* D VO, (9,+1) k) (k)
9, (9 —0k) + 0 < k - kel + Lo < eé 2T\ €a rox) .
A (e P g A 1—7 Ve Vi

D.2 Proof of Theorem 4

Proof. From (80) in Lemma 9, by using the same increasing step size as in Theorem 1, i.e. g >
I_T“’DS and ng4+1 > nk/7, and following the same arguments in the proof of Theorem 1 after (74),
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we obtain the final performance bound with the linear convergence rate

1\* 2 VO ,,+1)
k * v
E [Vp(ﬂ'( ))] - Vp(ﬂ' ) < <1 - 19_p> 1— ~ + 1 _p/y (\/Estat + \/Eapprox) .
O
D.3 Proof of Theorem 5
Proof. From (80) in Lemma 9 with the constant step size, we have
Df Dy VG, (9, +1) k) ()
9, (0 —0k) + 0 < k - kil + - F < 6£a+ €a r0x>~
pBrrt =00+ 06 S g Ty 1~ Vel Vi
Taking the total expectation with respect to the randomness in the sequence of the iterates w(®, - .. w®*=1
yields
E[D;] E[Di,]
9, (E[0k41] —E[0]) +E[0 < R -
p( [Ok-+1] [0k]) [0%] (1—)7 (1—~)n
C,(W,+1
Al (] )
ED;] E[Di]
(I=yn  (A=vm
VG, (9, +1) \/ (k) \/ (")
| VE |:€stat] +4/E [eappmx}
G0+ E[DE]  E[Di,] VO, (9, +1)
< — .
— (1 _ ,Y)n (1 _ ’Y)TI + 11—~ (\/Estat + \/Eapprox)
By summing up from 0 to k — 1, we get
k—1
D} VvC, (9, +1
9,E 6] + ZE 6] < ﬁ + 9,00 + k- % (Vestar + /Eappron) -
t=0

Finally, dropping the positive term E [0;] on the left hand side as 7* is the optimal policy and
dividing both side by k yields

k—1
1 Dj 29 VO, (9,4 1)
- Vo =V (7*) < 0 4 A v e +
k =0 . [ o(m )} o) < I—9)mk  (A—-7)k 1—7 (\/EStat \/6appr0X) '

D.4 Proof of Corollary 2

There is a similar remark for the proof of Corollary 2 to the one right before the proof of Corollary 1
in Appendix C.5. We notice that there is the same error occurred for the proof of NPG sample
complexity analysis in Agarwal et al. [2021]. Recall the stochastic gradient of L4 in (46)

~

VeLa(w,0,d%) =2 (qu_Ss,a(H) _ AM(H)) Bs.a(0).
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It turns out that V,La(w,6,d?) is unbounded, since the estimate XSQ(H) of Ag4() can be un-
bounded due to the unbounded length of the trajectory sampled in the sampling procedure, Algo-
rithm 4. Thus, Agarw (11 et al. [2021] incorrectly verify VL4 (w,6,d?) bounded by claiming that
A, «a(0) is bounded by =

Proof sketch. Despite the difference of using either d? or d? in the loss function L A, we use the
same assumptions of Liu et al. [2020], i.e., the Fisher-non-degeneracy (37) and the boundedness of
the feature map, and verify all the conditions of Theorem 8 without relying on the boundedness of
the stochastic gradient. In particular, similar to the proof of Corollary 1, we verify that E [25@(9)2]

is bounded even though A\s,a(ﬁ) is unbounded. To verify the condition (vi) in Theorem & in our proof,
we use the same conditional expectation argument as in the proof of Corollary 1 to separate the
correlated random variables A\s,a(ﬁ) and ¢ 4(0) with (s,a) ~ d? appeared in the stochastic gradient.
Thanks to this argument, we fix a flaw in the previous proof of Liu et al. [2020, Proposition G.1] °.

Proof. Similar to the proof of Corollary 1, we suppress the subscript k. First, the centered feature
map is bounded by H(ﬁ&a(H)H < 2B. In order to apply Theorem &, it remains to upper bound

E[||A\s7a(9)q_ﬁs,a(9)||2] and |Jw, | with w, € argmin, L4(w,#,d?), and find ¢ > 0 such that

B (ual®) = 0] 600(0)) | 5.0 =B [ (3.09)" 1 5:0] = 24,0001 6.00) + (w]60(0))” < 2

holds for all (s,a) € S x A and 6 € R™.

Similar to the proof of Corollary 1, the closed form solution of w, can be written as

we = (Eg oo [és,aw)&s,a(eﬂ)*E(s,aw (Qea(0)Gea(6)] -

From (37), we have

2B
p(l =)

N 2 ~
Now we need to upper bound E [(As,a(e)) |s,a} from (95). Indeed, by using As.(6) =

[y <

In a previous version of the proof in Section G, Liu et al. [2020, Proposition G.1] use the inequality
—~ _ 2 _ _ T - _ 2 _ _ T
[ (30(0) = 01 6000)” 52000) (600(0) 7| < B[ (A10(0) = 0T 6000)) | B [3.00) (5.00))]

which is incorrect since QS’G(Q) and d?s’a(e) are correlated random variables. To fix it, we use the following conditional
expectation argument

[(£00) 07 60)" 6.0 (5.00) | =B [B[ (100 0 5.00)) 1 5:0] 6,00 (5.00)].

~ _ 2
and bound the term E [(AS,G(H) - qubs,a(ﬁ)) | &a] in (95). This error is recently fixed by Liu et al. [2020] on
https://arxiv.org/pdf/2211.07937.pdf in their original paper.
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@s,a(e) - ‘75(9), we have

E {(K&a(@))z | s,a}

IN

OF [(@s,a(e))Q | s,a] 4+ 9E [(178,@(9))2 | s,a]

8
(1—=7)*

—
=z

(96)

~ 2
where the last line is obtained, as E [(Y/;a(H)) \s,a} shares the same upper bound (75) of
~ 2
E [(Qs,a(9)> | s, a] by using the similar argument.
_ ~ _ 2
From (96) and ¢s4(6) < 2B, we verify E [HA&Q(H)QB&Q(Q)H } bounded as well.

~ 2 _
By using the upper bounds of E [(As,a(9)> | s,a}, llwil], [As,a(8)] < % and HQSS’“(H)H < 2B,

the left hand side of (95) is upper bounded by

. _ 2 8 16 32 16B*
E [(As@(e) - wI¢s,a(6)> ’ Sra} < ( (1 —~)? + p2(1—~)2

Thus, we choose
2v/2 (232
oc=——|—+1
-~
Now all the conditions (i)-(vi) in Theorem & are verified. The reminder of the proof follows that
of Corollary 1. O

E Standard Optimization Results

In this section, we present the standard optimization results from Beck [2017], Xiao [2022], Bach
and Moulines [2013] used in our proofs.

First, we present the closed form update of mirror descent with KL divergence on the simplex.
We provide its proof for the completeness.

Lemma 10 (Mirror descent on the simplex, Example 9.10 in Beck [2017]). Let g € R™ which will
often be a gradient and let n > 0. For p,q in the unit n-simplex A™, the mirror descent step with
respect to the KL divergence

min 1 (g,p) + D(p,q) (97)
pEA™
s given by v
©e”
p=—d2¢ ~ (98)

D iy Gie”
where © s the element-wise product between vectors.
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Proof. The Lagrangian of (97) is given by
L(p, . \) =0 {g.p) + D(p,q) + (1 =D _pi) = Y Aipis
i=1 i=1

where 4 € R and A € R" with non-negative coordinates are the Lagrangian multipliers. Thus the
Karush—Kuhn—Tucker conditions are given by

ng +10g(p/q) +1n = pln + A,
1,p=1,
A =0orp; =0, foralli=1,---,n,
where the division p/q is element-wise. Isolating p in the top equation gives

p=q@eHDIntA=ng _ ou=1g ) A=ng,

Using the second constraint l;Lr p =1 gives that

n
_ s _ 1
126#15 TNl —
— D ie1 gieh T
1= =

Consequently, by plugging the above term into p, we have that

q @ e>\—77!]
Z’?:l qie)\i_ngi :

It remains to determine A. If g; = 0 then p; = 0 and thus \; > 0. Conversely, if ¢; > 0 then p; > 0
and thus A\; = 0. In either of these cases, we have that the solution is given by (98). O

Now we present the three-point descent lemma on proximal optimization with Bregman diver-
gences, which is another key ingredient for our PMD analysis. Following Xiao [2022, Lemma 6], we
adopt a slight variation of Lemma 3.2 in Chen and Teboulle [1993]. First, we need some technical
conditions.

Definition 6 (Legendre function, Section 26 in Rockafellar [1970]). We say a function h is of
Legendre type or a Legendre function if the following properties are satisfied:

(i) h is strictly convex in the relative interior of dom h, denoted as rint dom h.

(ii) h is essentially smooth, i.e., h is differentiable in rintdom h and, for any boundary point x;
of rint dom h, le IVh(z)| — oo where x € rint dom h.
T—T

Definition 7 (Bregman divergence [Bregman, 1967, Censor and Zenios, 1997]). Let h : domh — R

be a Legendre function and assume that rint dom h is nonempty. The Bregman divergence Dy, (-,-) :
dom h x rint dom h — [0, 00) generated by h is a distance-like function defined as

Du(p,7) & hi(p) — h(p') — (VRW),p— D). (99)
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Under the above conditions, we have the following result. We also provide its proof for self-
containment. (Xiao [2022] does not provide a formal proof.)

Lemma 11 (Three-point descent lemma, Lemma 6 in Xiao [2022]). Suppose that C C R™ is a
closed convex set, f : C — R is a proper, closed " convex function, Dy (-,-) is the Bregman divergence
generated by a function h of Lengendre type and rintdomhNC # 0. For any x € rint dom h, let

+ : D
o €arg _min  {f(u)+ Du(u, )}

Then x € rintdomh N C and for any u € domhNC,
f(@™) + Dp(a™,2) < f(u) + Dp(u, ) — Dp(u,2™).
Proof. First, we prove that for any a,b € rint dom h and ¢ € dom h, the following identity holds:
Dy(c,a) + Dp(a,b) — Dp(c,b) = (Vh(b) — Vh(a),c — a) . (100)
Indeed, using the definition of Dy in (99), we have

(Vh(a),c —a) = h(c) — h(a) — Dp(c,a), (101)
(Vh(b),a — b) = h(a) — h(b) — Da(a,b), (102)
(Vh(b),c — b) = h(c) — h(b) — Dy(c, b). (103)

~—

Subtracting (101) and (102) from (103) yields (100).

Next, since h is of Legendre type, we have ™ € rintdomh N C. Otherwise, 2+ is a boundary
point of dom h. From the definition of Legendre function, ||Vh(z™)|| = oo which is not possible, as
a7 is also the minimum point of f(u) + Dy, (u,x). By the first-order optimality condition, we have

<’LL - x+,g+ + vth(ya$)|y::c+> >0,

where gt € df(x™) is the subdifferential of f at . From the definition of Dy, the above inequality
is equivalent to

(u—a", Vh(z") = Vh(z)) > (2 —u,g"). (104)
Besides, plugging ¢ = u,a = 7 and b = z into (100), we obtain

(u—a*,Vh(z*) = Vh(z)) = Dy(u,z) — Dy(u,z%) — Dp(z™, 2) (1?) (" —u,g").

Rearranging terms and adding f(u) on both sides, we have

Dh(uv$) - Dh(u’x+) + f(u) > f(u) + <$+ - u79+> + Dh($+’x)
> f(z) + Dp(a™, 2),

which concludes the proof. The last inequality is obtained by the convexity of f and g™ € df(x™).
]

"A convex function f is proper if dom f is nonempty and for all z € dom f, f(z) > —oco. A convex function is
closed, if it is lower semi-continuous.
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Finally, we use the following linear regression analysis for the proof of our sample complexity
results, i.e., Corollary 1 and 2.

Theorem 8 (Theorem 1 in Bach and Moulines [2013]). Consider the following assumptions:
(1) H is a m-dimensional Euclidean space.

(i) The observations (xy, zn) € H X H are independent and identically distributed.
(iii) E [Hxnﬂz] and E [Hzn\ﬂ are finite. The covariance E [zya) ] is assumed invertible.
(iv) The global minimum of f(0) = 3E [(0,:1:n>2 - 2(9,,2”)] is attained at a certain 0, € H. Let
&n = zn — (Ox, Tn) T, denote the residual. We have E[&,] = 0.
(v) Consider the stochastic gradient recursion defined as
Op, =01 —n((Op—1,2pn) Tp, — 2n),
started from 0y € H and also consider the averaged iterates Oyu = 7#1 ZZ:O 0y..

(vi) There exists R > 0 and o > 0 such that E [,£)] < 0’E [,z ] and E [||:En||2l‘n$;] <
R’E [:Enl‘;l;]

When n = ﬁ, we have

E[f (foue) — £6.)] < = (/7 + Rl — 6.1)”. (105)
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