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Abstract

We study robust reinforcement learning (RL) with the goal of determining a well-
performing policy that is robust against model mismatch between the training sim-
ulator and the testing environment. Previous policy-based robust RL algorithms
mainly focus on the tabular setting under uncertainty sets that facilitate robust pol-
icy evaluation, but are no longer tractable when the number of states scales up. To
this end, we propose two novel uncertainty set formulations, one based on double
sampling and the other on an integral probability metric. Both make large-scale
robust RL tractable even when one only has access to a simulator. We propose a
robust natural actor-critic (RNAC) approach that incorporates the new uncertainty
sets and employs function approximation. We provide finite-time convergence
guarantees for the proposed RNAC algorithm to the optimal robust policy within
the function approximation error. Finally, we demonstrate the robust performance
of the policy learned by our proposed RNAC approach in multiple MuJoCo envi-
ronments and a real-world TurtleBot navigation task.

1 Introduction

Training a reinforcement learning (RL) algorithm directly on a real-world system is expensive and
potentially risky due to the large number of data samples required to learn a satisfactory policy. To
overcome this issue, RL algorithms are typically trained on a simulator. However, in most real-
world applications, the nominal model used in the simulator model may not faithfully represent
the real-world system due to various factors, such as approximation errors in modeling or varia-
tions in real-world parameters over time. For example, the mass, friction, sensor/actuator noise,
and floor terrain in a mobile robot simulator may differ from those in the real world. This mis-
match, called simulation-to-reality-gap, can significantly degrade the performance of standard RL
algorithms when deployed on real-world systems [36, 44, |55, 151]. The framework of robust Markov
decision process (RMDP) [[19, 40| is used to model this setting where the testing environment is
uncertain and comes from an uncertainty set around the nominal model. The optimal robust policy
is defined as the one which achieves the optimal worst-case performance over all possible models
in the uncertainty set. The goal of robust reinforcement learning is to learn such an optimal robust
policy using only the data sampled from the simulator (nominal) model.

The RMDP planning problem has been well studied in the tabular setting [63 162} 135|146} [16]. Also,
many works have developed model-based robust RL algorithms in the tabular setting [66} 69, 42}
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64, 49|, focusing on sample complexity. Many robust Q-learning algorithms [45] 33} 39, 59, 130]
and policy gradient methods for robust RL [61) 27, 29, |58 [17] have been developed for the tabular
setting . Different from all these works, the main goal of this paper is to develop a computationally
tractable robust RL algorithm with provable convergence guarantees for RMDPs with large state
spaces, using linear and nonlinear function approximation for robust value and policy.

One of the main challenges of robust RL with a large state space is the design of an effective un-
certainty set that is amenable to computationally tractable learning with function approximation.
Robust RL algorithms, both in their implementation and technical analysis, require robust Bell-
man operator evaluations [[19,40] which involve an inner optimization problem over the uncertainty
set. Performing this inner optimization problem and/or getting an unbiased estimate of the robust
Bellman operator evaluation using only the samples from the nominal model can be intractable for
commonly considered uncertainty sets when the state space is large. For example, for f-divergence-
based uncertainty sets 66,169,164, 49, 33|, 130], the robust Bellman operator estimate requires solving
for a dual variable associated with each state, which is prohibitive for large state spaces. For R-
contamination [61], the estimate requires calculating the minimum of the value function over state
space, which is impractical for large state spaces. It is also infeasible for £, norm-based uncertainty
sets [27], where the estimates require calculating the median, mean, or average peak of the value
function depending on the choice of p. Robust RL with function approximation has been explored in
a few works [53} 141} 45! 1431160, |6]. However, these works explicitly or implicitly assume an oracle
that approximately computes the robust Bellman operator estimate, and the uncertainty set design
that facilitates computation and learning is largely ignored. We overcome this challenge by intro-
ducing two novel uncertainty set formulations, one based on double sampling (DS) and the other
on an integral probability metric (IPM). Both are compatible with large-scale robust MDP, with the
robust Bellman operators being amenable to unbiased estimation from the data sampled from the
nominal model, enabling effective practical robust RL algorithms.

Policy-based RL algorithms [47,31}[18L[15]], which optimize the policy directly, have been extremely
successful in learning policies for continuous control tasks. Value-based RL approaches, such as Q-
learning, cannot be directly applied to continuous action problems. Moreover, recent advances in
policy-based approaches can establish finite time convergence guarantees and also offer insights into
the practical implementation [3 37, 4} |8]]. However, most of the existing works on robust RL with
function approximation use value-based approaches [53| 141} 45| 43| |60, 34] that are not scalable to
continuous control problems. On the other hand, the existing works that use policy-based methods
for robust RL with convergence guarantees are limited to the tabular setting [61} 27} 29] 158 [17]. We
close this important gap in the literature by developing a novel robust natural actor-critic (RNAC)
approach that leverages our newly designed uncertainty sets for scalable learning.

Summary of Contributions: (7). We propose two novel uncertainty sets, one using double sampling
(Section and the other an integral probability metric (Section [3.2), which are both compatible
for robust RL with large state space and function approximation. Though robust Bellman operators
require the unknown worst-case models, we provide unbiased empirical robust Bellman operators
that are computationally easy to utilize and only based on samples from the nominal model;

(#i). We propose a novel RNAC algorithm (Section E]) which to the best of our knowledge is the
first policy-based approach for robust RL under function approximation, with provable convergence
guarantees. We consider both linear and general function approximation for theoretical study, with
the latter relegated to Appendix [E] due to space constraints. Under linear function approximation,
the RNAC with a robust critic performing “robust linear-TD” (Section[5) and a robust natural actor
performing “robust Q-NPG” (Section[6)) is proved to converge to the optimal robust policy within the
function approximation error. Specifically, O(1/£%) sample complexity can be achieved, or O(1/e%)
for policy update with a constant step size. For the robust linear-TD, we study the contraction
behavior of the projected robust Bellman operator for RMDPs with the proposed uncertainty sets
and the well-known f-divergence uncertainty sets, which we believe is of independent interest;

(7i7). We implement the proposed RNAC in multiple MuJoCo environments (Hopper-v3, Walker2d-
v3, and HalfCheetah-v3), and demonstrate that RNAC with the proposed uncertainty sets results in
robust behavior while canonical policy-based approaches suffer significant performance degrada-
tion. We also test RNAC on TurtleBot [3]], a real-world mobile robot, performing a navigation task.
We show that the TurtleBot with RNAC successfully reaches its destination while canonical non-



robust approaches fail under adversarial perturbations. A video of the demonstration on TurtleBot
is available at [Video Link] and the RNAC code is provided in the supplementary material.

Due to the page limit, a detailed literature review and comparison of our work with the existing
robust RL algorithms are deferred to Appendix [G]

2 Preliminaries

Notations: For any set X', denote by |X| its cardinality, by Ay a (]X| — 1)-dimensional probability
simplex, and by Unif(X’) a uniform distribution over X. Let [m] := {1,...,m}.

A Markov decision process (MDP) is represented by a tuple (S,A,x,r,7v), where S is the
state space, A is the action space, k = (Ko, K1,...) iS a possibly non-stationary transition ker-
nel sequence with x; : S x A — Ag, r : § x A — [0,1] is the reward function, and
v € (0,1) is the discount factor. For a stationary policy 7 : & — Ay, its value func-

tion is V7 (s) = E, D poq'r(se,at)|so = s|, where the expectation is taken w.r.t. the tra-
jectory (so,ap,s1,0a1,...) with a;|s; ~ ms, and si11|(S¢,ar) ~ Kispa,- We can similarly
define the state visitation distribution under initial distribution p € As, d7"(s) = (1 —

NEr D oroo V' L(se = s)|so ~ p]; the state-action value function (Q function), Q7(s,a) :=
Eror [ pe v (e, at)|so = s, a0 = a], and the advantage function AT (s, a) := Q% (s,a)—V,7(s).

Robust MDP: A RMDP is represented by a tuple (S, .4, P, r,~y), where P is a set of transition
kernels known as the uncertainty set that captures the perturbations around the nominal stationary
kernel p° : § x A — Ag, and its robust value function is defined as the corresponding worst case:
Vi(s):= inf VI(s). (D)
K t>0
We will assume the following key (s, a)-rectangularity condition that is commonly assumed to fa-
cilitate dynamic programming ever since the introduction of RMDPs [[19} 140]:

Definition 1. P is (s, a)-rectangular, if P = ®S’a Ps.a, for some Pg o, C Ags.
The corresponding robust Bellman operator 773 : RS — RS is
(TEV)(5) = Eann(po[r(s:0) + 7 inf pTV}, Vse S, V eRS, )
PEPs.a

and the Bellman equation for RMDPs is V' = TZV, where V' = V'™ is its unique solution from the
Banach fixed-point theorem. Typically, P; , is taken as a ball {v C As : d(v,pg,) < 0} around
a nominal model p° of the training environment, where d(-, -) is some divergence measure between
probability distributions, and § > 0 controls the level of robustness.

There is a stationary optimal policy 7* that uniformly maximizes the robust value function, i.e.,
VE (s) = sup{VZ(s): history dependent 7}, Vs [19, 40]. Thus, without loss of generality, we only
need to optimize within stationary policies. Moreover, for any stationary policy 7 there exists a
stationary worst-case kernel x, with V™ (s) = VJ(s),Vs. We can define the robust Q-function
and robust advantage function as Q% (s, a) := QF_(s,a) and A% (s,a) := Af_(s,a), respectively.
When the uncertainty set is clear from the context, we will omit the subscript P in V5, Q%, and A%.

To summarize, the motivation in the robust RL framework is to learn the optimal robust policy by
only training on a simulator implementing an (unknown) nominal model p° [53| 45} 41]], with the
robust RL algorithms only having access to data generated from p°, and not from any other model
in the uncertainty set P.

3 Uncertainty Sets for Large State Spaces

Evaluating the robust Bellman operator 7.7 requires solving the optimization inf,ep, , p' V, which
is challenging for arbitrary uncertainty sets. Moreover, since we only have access to data generated
by the nominal model p°, estimating 775 is not straightforward. Previously studied uncertainty sets,
such as R-contamination, f-divergence, and ¢, norm, are intractable for RMDPs with large state
spaces for these reasons (see Appendix [B]for detailed explanation). We therefore design two uncer-
tainty sets for RMDPs where the robust Bellman operator has a tractable form and can be unbiasedly
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estimated by the data sampled from the nominal model, thus making effective learning possible. We
will also use function approximation to tractably parameterize policy and value functions.

3.1 Double-Sampling (DS) Uncertainty Set

The central difficulty in employing the robust Bellman operator (Z) is how to evaluate
infyep, , p'V. Our first method is based on the following key idea for drawing samples

that produce an unbiased estimate for it. Let {s},s),...,s,,} be m samples drawn i.i.d. ac-
cording to the nominal model pg,. Then, for any given divergence measure d(-,-) and ra-
dius § > 0, there exists an uncertainty set P = ®;,Psq such that infpep, ,p'V =

E, i [infaeA[m]:d(a,Unif([m]))S(S > OqV(Sg)}. (See Appendix for a brief explana-

“1:m

tion.) We therefore define an empirical robust Bellman operator 7;? corresponding to (2) by

TEV)(s,a,84.,,) = r(s,a) + inf a;V(sh). 3)
(79 )( 1: ) ( ) 7a€A[m]: (oz,Unif([m]))gti; ( )
Since (T5V)(s) = E (o), ot it [(7}?‘/)(57@,5’1%)}, 7 gives an unbiased estimate,
a~T(|5)s Syim ™Y s,a

which is one key property we use in our robust RL algorithm. We refer to this as “double sam-
pling” since >, o;V/(s};) is the expected value when one further chooses one sample s’ from
{8}, 84, ..., s, } according to the distribution & on [m] and evaluates V(s’). Above, « is a per-
turbation of Unif([m]) and when § = 0, o = Unif([m]) and s’ ~ pg ,. The uncertainty set P
corresponding to the double sampling is implicitly defined by specifying the choices of m, d(-,-),
and 0. Its key advantage is that samples can only be drawn according to the nominal model p°.

Double sampling requires sampling multiple next states for a given state-action pair, which can be
implemented if the simulator is allowed to set to any state. (All MuJoCo environments [56] support
DS.) Since the calculation of « is within Ay,,;, the empirical robust Bellman operator is tractable
for moderate values of m. We use m = 2 in experiments for training efficiency, where for almost
all divergences d(-, -) we can explicitly write

(TEV)(5,a,81.2) = 7(s,a) + 7 (0.5(V (s7) + V (s5)) =8|V (s}) = V(s3)]). )

Bellman completeness (value function class closed under the Bellman operator) is a key property for
efficient reinforcement learning, whereas RMDP with canonical uncertainty sets may violate it. We
show in Appendix that for RMDP with DS uncertainty sets, the linear function approximation
class satisfies Bellman completeness if the nominal model is a linear MDP [22].

3.2 Integral Probability Metric (IPM) Uncertainty Set

Given some function class 7 C R including the zero function, the integral probability metric
(IPM) is defined by d (p, q) := supscz{p' f —¢ ' f} > 0 [38]. Many metrics such as Kantorovich
metric, total variation, etc., are special cases of IPM under different function classes [38].

The robust Bellman operator 75V requires solving the optimization inf,ep, , q"V. For an
IPM-based uncertainty set P with P , = {q : dr(q,pg,) < 6}, we relax the domain ¢ € As to
>, q(s) = 1 as done in [28}27], which incurs no relaxation error for small § if miny pg ,(s") > 0.

One should choose F so that it properly encodes information of the MDP and its value functions.
We start by considering linear function approximation. Denote by U € RS*? the feature matrix
with rows ¢ " (s), Vs € S. The value function approximation is V,, = Ww € RS. A good choice of
feature vectors encodes information about the state and transition. For example, vectors 1 (s), ¥ (s’)
should be “close” when states s, s’ are “similar” and V™ (s), V7 (s") have small differences. We
propose the following function class (with /5 as the preferred norm but any other can be used):

F={sm(s) €€ eRY ¢ <1} o)

Without loss of generality, assume W has full column rank since d < |S]|, and let the first coordinate
of ¢(s) be 1 for any s, which corresponds to the bias term of the linear regressor.

Proposition 1. For the IPM with F in (El), we have infgep, . q' Viy = (p;a)TVw — O||wa.q]l-



Algorithm 1: Robust Natural Actor-Critic
Input: 7,7%7T-1 K, N
Initialize: 6° for policy parameterization and w;,;; for value function approximation
fort=0,1,...,7 —1do
Robust critic updates w'; //E.g., w' = RLTD(mg:, K) Algorithm
L Robust natural actor updates 6'+';//E.g., 6'Ft! = RQNPG(H!,n',w!, N) Algorithm

We can thus design the empirical robust Bellman operator, which is an unbiased estimator of 77
with sample s’ drawn from the nominal model:

(Tp Va)(s,a,8") :=r(s,a) + 7V (s") = ¥6]wa.al.- (6)

Guided by the last regularization term of the empirical robust Bellman operator (6), when consider-
ing value function approximation by neural networks we add a similar negative regularization term
for all the neural network parameters except for the bias parameter in the last layer.

4 Robust Natural Actor-Critic

We propose a robust natural actor-critic (RNAC) approach in Algorithm[I]for the robust RL problem.
As its name suggests, there are two components — a robust critic and a robust actor, which update
alternately for T steps. At each step t, there is a policy w¢ determined by parameter §¢. The robust
critic updates the value function approximation parameter w® based on on-policy trajectory data
sampled by executing 7* on the nominal model with length K. The robust actor then updates the
policy with step size 7%, and the critic returns w’ by on-policy trajectory data with length N. In
practice, a batch of on-policy data can be sampled and used for both critic and actor updates.

We now give the main (informal) convergence results for our RNAC algorithm with linear function
approximation and DS or IPM uncertainty sets, where the robust critic performs robust linear-TD
and the robust natural actor performs robust-QNPG (as the comments in Algorithm [I)). The formal
statements, proofs, and generalization to general function approximation are given in Appendix [E]

Theorem 1 (Informal linear convergence of RNAC). Under linear function approximation, RNAC
in Algorithm[I|with DS or IPM uncertainty sets using an RLTD robust critic update and an RONPG
robust natural actor update, with appropriate geometrically increasing step sizes 7', achieves

E[V™ (p) = V™ (p)] = O(e=T) + Olestat) + O(€vias) and an O(1 /%) sample complexity.

The optimality gap is bounded in this theorem via three terms, where the first term, related to the
number of time steps 7', is the optimization rate (linear convergence since O(e~1)), the second term
€stat = O(\/% + \/%) is a statistical error that depends on the number of samples /K, N in the robust
critic and robust actor updates, and the last term €, is the approximation error due to the limited
representation power of value function approximation and the parameterized policy class. Omitting
the approximation error €p;,s, the sample complexities for achieving e robust optimal value are
O(1/€?), which achieves the optimal sample complexity in tabular setting [64]. However, RNAC
with geometrically increasing step sizes induces a larger multiplicative constant factor (not shown
in big-O notation) and does not generalize well to general function approximation. We then analyze
RNAC with a constant step size.

Theorem 2 (Informal sublinear convergence of RNAC). RNAC under the same specification as
in Theorem || but with constant step size nt = nhas EV™ (p) — % Z:J V™ (p)] = O(%) +
Olestar) + O(€pias), implying an O(1/e%) sample complexity.

Although the theorem shows a slower optimization rate of RNAC with constant step size, this non-
increasing step size is preferred in practice. Moreover, the analysis can be generalized to a general

policy class with optimization rate O(1/+/T), and an O(1/*) sample complexity.



Algorithm 2: Robust Linear Temporal Difference (RLTD)

Input: 7, K

Initialize: wy, sg

fork=0,1,..., K —1do
Sample ay, ~ 7(+|sk), yr+1 according to Dy ap> and g1 from yp g
Update wy11 = wi, + axtd(sk) [ (TE Vioy ) (Sk, @k Yrr1) — ¢(5k)ka]

ii.d. . S
"R DS s Skt~ Unif(yeqq) and 75 in

// For IPM: Yji1 = Sky1~ D5, and 75 in

// For DS: ypi+1 = Si.,

Return: wy

5 Robust Critic

The robust critic estimates the robust value function with access to samples from the nominal model.
One may note that in many previous actor-critic analyses for canonical RL [61} |29} 9], the critic
learns the () function, while realistic implementations in on-policy algorithms (e.g., proximal policy
optimization (PPO)) treat the V' function as the target of the critic for training efficiency. We consider
a robust critic that learns the robust V' function to align with such realistic implementations.

We present the robust linear temporal difference (RLTD) Algorithm [2] which is similar to the
canonical linear-TD algorithm, but with an empirical robust Bellman operator. It iteratively per-
forms the sampling and updating procedures. The sampling procedure differs for the uncertainty
set by double sampling and IPM as shown in the comments in Algorithm 2} Using the samples, the
parameter for the linear value function approximation V,,, = Wwy, is updated with step size a.
The following assumption is common [10} 9, 29]:

Assumption 1 (Geometric mixing). For any policy m, the Markov chain {sy} induced by applying
7 in the nominal model p° is geometrically ergodic with a unique stationary distribution v™.

The update procedure essentially minimizes the Mean Square Projected Robust Bellman Error

MSPRBE™ (w) = |[II™(TA Vi) — Vi |2+, where ||V, = />, v™(s)V (s)? is the v™ weighted

norm, and I1™ = (¥ D™W)~1¥ T D7 is the weighted projection matrix with D™ = diag(v™) €

RS*S . The minimizer of MSPRBE™ (w), denoted by w7, is the unique solution of the projected

robust Bellman equation V,, = II" 75V, which is equivalent to 0 = ¥ T D™ ( i”\Ilw — Uw). RLTD
(

is thus a stochastic approximation algorithm since the empirical operator 7;? ( i or (@)) is unbiased
with IE(s,a,y’)NV"o71-op° [1/1(3) |:(7A;§Vw)(sa a, 7/) - 7/)(5)TWH = \IITDW('Y;;FVUJ - Vw)

To ensure that RLTD converges to the optimal linear approximation V,,~, it is crucial that the pro-
jected robust Bellman operator II"™ 77 be a contraction map with some 3 < 1.

Definition 2. 11773 is a B-contraction w.rt. || - ||~ if |7 TEV =" TEV' || = < BV — V|| o~.

Unlike in linear TD for MDP [S7]], Tamar et al. [53]] make an additional assumption (Assumption@)
to establish the contraction property of 11" 75 (Proposition [3) for RMDP.
Assumption 2. There exists 3 € (0, 1) with yp, o(s") < Bp5 ,(s") Vs, s" € S,Va € A, andVp € P.

Proposition 2 (Prop.3 in [33]). Under Assumption E] II™TF is a B-contraction w.r.t.

|' ”v’r-

The implicit uncertainty set P of double-sampling satisfies Assumption [2] for small 6, and thus
guarantees contraction of II"75. For example, for m = 2 asin (4), a § < 127—77 is sufficient.
However, simply taking a small radius ¢ is not a panacea for all uncertainty sets:

Proposition 3. For any f-divergence and radius 6 > 0, there exists a geometrically mixing nominal
model such that the f-divergence defined uncertainty set violates Assumption

On the other hand, Assumption [2] though well-accepted [53] 45l 41]], may not be necessary. The
proposed IPM uncertainty set relates robustness and regularization with an explicit formula for ro-
bust Bellman operator as in (6). The contraction behavior of II™7.5 for IPM uncertainty set can be
established without Assumption



Lemma 1. For IPM uncertainty set with radius § < Amin(\IlTD”\P)PTW, there exists B < 1 that
II™TF is a [3-contraction mapping w.r.t. norm || - || ,=.

Since the contraction of II"™ 7 is obtained by RMDP under DS or IPM uncertainty sets with small
radius &, we have the first finite sample guarantee of RLTD by recent advances in Markovian stochas-
tic approximation [[10]:

Theorem 3 (Informal convergence of robust critic: Details in Appendix [O). RLTD with step sizes
o = O(1/k) satisfies E|wg — w™[|*] = O(%).

6 Robust Natural Actor

The robust natural actor updates the policy parameter 6 along an ascent direction that improves the
value via preconditioning through the KL-divergence KL(p, q¢) := (p,log(p/q)). It has been well
explored for natural policy gradient (NPG)-like algorithms, such as TRPO and PPO in canonical
RL. The ascent direction is obtained by the policy gradient theorem in canonical MDP. We therefore
first discuss the policy gradient for RMDP, where policy 7y is differentiably parameterized by 6.

The robust value V7(p) =: J(#) is typically Lipschitz under proper parameterization [61]], and is
therefore differentiable a.e. by Rademacher’s theorem [[14]. Where it is not differentiable, a Fréchet

supergradient V.J of J exists if lim supy,_, J(gl)f‘](ﬁl)(;ivel“]w)’e,*w < 0 [25]. The following con-

tains the policy gradient theorem for canonical RL as a special case:

Lemma 2 (Policy supergradient). For a policy m = gy that is differentiable w.r.t. parameter 0,

- O P [Q™(s,a)Vglogm(als)] Eomarnn Bonr, [A™(s,a)Vglogm(als)]
VoV (p) = 1—~ - 1—~

is a Fréchet supergradient of V™ (p), where k. is the worst-case transition kernel w.r.t. T.

s T
We consider log-linear policies 7y (a|s) = %, where ¢(s,a) € R? is the feature

vector and 6 € R? is the policy parameter. (The general policy class is treated in Appendix @])

In canonical RL, the training and testing environments follow the same nominal transition p°. NPG
updates the policy by 6 < 6 + nfp(H)TVQVpT’ (p), where F,(6)" is the Moore-Penrose inverse

of the Fisher information matrix F,(0) := IEI( Y0 G[Vg log 7 (als) (Vg log ma(als)) '].
s,a)~d, om

An “equivalent” Q-NPG was proposed in [3]] to update the policy by 6 <« 6 + nu', where
u' = argming B\ e [(QFe(s,0) — u' ¢(s,a))?]. Note that u determines a Q value func-

tion approximation Q%(s,a) := ¢(s,a)u, which is compatible with the log-linear policy class
[52]. Since Q™ contains the information on the ascent direction as suggested by Lemma [2] the
Q-NPG update can be viewed as inserting the best compatible Q-approximation Q“/ for the policy.

We adopt the Q-NPG to robust RL and propose the Robust Q-Natural Policy Gradient (RQNPG)
(Algorithm 3). Note that unlike canonical RL, where Q7. can be estimated directly from a sample
trajectory of executing 7 in model p°, the robust Q™ is hard to estimate with samples from p°. A
value function approximation V,, from the critic comes to help, as we can approximate the robust Q
function via Q. (s, a) = 7(s,a) + inf,ep, , p' Vi, which exactly matches Q™ if V,, = V™. The
RQNPG obtains information on Q™ by first approximating it via a critic value V,,-guided function
@, and then estimating @), by a policy-compatible robust Q-approximation Q.

As shown in Algorithm [3] RQNPG estimates a compatible Q-approximation Q“~ by iteratively
performing sampling and updating procedures, where the sampling procedure follows that of
the RLTD (Algorithm [2). The update procedure essentially approaches the minimizer uf, :=
arg miny E(s o)pror [(Qu(s,a) —u' @(s,a))?] by stochastic approximation with step size
(stochastic gradient descent with Markovian data), since conditioned on (s, a), 7'5 Ve ( or @) is
an unbiased estimator for the Q function approximation Q).

Now we look at a specific update #*T* = RQNPG(#!, nt, wt, N) with ¢, = ©(1/n), where w! =

RLTD(mg:, K). The following theorem shows an approximate policy improvement property of the
RQNPG update:



Algorithm 3: Robust Q-Natural Policy Gradient (RQNPG)
Input: 6,7, w, N
Initialize: ug, sg
forn=0,1,...,N —1do
Sample a,, ~ 7g(+|s,), Yn+1 according to pg, . and determine s, from y;, ,

Update up11 = tpn + Cnd(Sn, an) [(ﬁ?Vw)(Sm Uny Y1) — (5n, an)T“n}

j.i.d. . Sn
// For DS: yny1 = sh,, < Do a, s Snt1 ~Unif(y,q1) and 75 in
// For IPM: Yyni1 = Spi1~D; ,, and 75 in

Return: 0 + nuy

4000
—— RNAC-PPO(DS) 5000 2000
3500 PPO
o ° B 1500
@ 3000 5 4300 5
3 H =
= 2500 o 4000 = 1000
= = =
T 2000 ® 3500 & s00
g g g
1500
3 3 3000 3 o
1000 —— RNAC-PPO(DS) —— RNAC-PPO(DS)
2500 — PPO — PPO
500 ~500
0 10 30 20 50 0 10 20 30 20 03 04 05 06 07 08 09 10
'leg_joint_stiffness' values (default=0.0) ‘foot_joint_stiffness' values (default=0.0) Bound on back actuator range (default=1.0)
(a) Double sampling, Hopper (b) Double sampling, Walker (c) Double sampling, HalfCheetah
5500 2500
3500 —— RNAC-PPO(IPM)
— 5000
53000 PPO 5 p 2000
& 4500 2
; 2500 g § 1500
o © 4000 o
2 2000 2 2 1000
2 © 3500 o
g g 2 so0
E 1500 000 3
1000 —— RNAC-PPO(IPM) 0 —— RNAC-PPO(IPM)
25000 ppo — PPO
~500
0 10 20 30 40 50 0 10 20 30 40 03 04 05 06 07 08 09 10
'leg_joint_stiffness' values (default=0.0) ‘foot_joint_stiffness' values (default=0.0) Bound on back actuator range (default=1.0)
(d) IPM, Hopper (e) IPM, Walker (f) IPM, HalfCheetah

Figure 1: Cumulative rewards of RNAC-PPO(DS/IPM) and PPO on (a-c) stochastic MuJoCo Envs
and (d-f) deterministic MuJoCo Envs under perturbation.

Theorem 4 (Approximate policy improvement). For anyt > 0, we know

- KLd;t+1’th+1 (7'rt’ 7'('t+1) + KLd;t+1 (7'rt+1’ 7'('1‘,)

VT (p) = VT (p) +

Rl B €
(1 =)' 1—y
where KL, (m,7") := > v(s)KL(7(:|s), 7' (:|s)) > 0 and E[e;] = O(\/—lﬁ + \/%) + O(€pias)-

)

7 Experimental Results

We demonstrate the robustness of our RNAC approach (Algorithm [T)) with Double-Sampling (DS)
and IPM uncertainty sets on MuJoCo simulation environments [56]. We also perform real-world
evaluations using TurtleBot [S]], a mobile robot, on navigation tasks under action/policy perturba-
tion. We implement a practical version RNAC using neural network function approximation, with
the robust critic minimizing squared robust TD-error and the robust natural actor performing a robust
proximal policy optimization (PPO) (see Algorithmd]in Appendix[A]for details). We call this RNAC
algorithm as RNAC-PPO and compare it with the canonical PPO algorithm [48]]. Additional exper-
imental results and details are deferred to Appendix [A] We provide code with detailed instructions
at https://github.com/tliu 997/RNAC.

7.1 MuJoCo Environments

We present the experimental results for perturbed MuJoCo Envs (Hopper-v3, Walker2d-v3 and
HalfCheetah-v3) by changing their physical parameters (leg_joint_stiffness, foot_joint_stiffness and
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Figure 2: (a-b) show trajectories under balanced (nominal) / unbalanced noise perturbed envs; (c-d)
show trajectories under deterministic (nominal) / unbalanced noise perturbed envs.

back_actuator_range). We compare the performance of RNAC-PPO with that of the canonical
PPO algorithm in Fig. [I] where the curves are averaged over 30 different seeded runs and the
shaded region indicates the mean + standard deviation. RNAC-PPO and PPO are trained with
data sampled from the nominal models (e.g., leg_joint_stiffness= 0.0, foot_joint_stiffness= 0.0, and
back_actuator_range= 1.0).

DS Uncertainty Set: MuJoCo environments have deterministic models. However, most uncertainty
sets are only reasonable for stochastic models, e.g., f-divergence uncertainty sets. So, we add a
uniform actuation noise ~ Unif[-5e-3, 5e-3] in constructing stochastic MuJoCo environments as in
[65]. We use m = 2 and radius 6 = 1/6 for RNAC-PPO in @) The choice of m = 2 makes the
training time of RNAC-PPO with DS uncertainty set and PPO comparable. Fig. demonstrate
the robust performance of RNAC-PPO with Double-Sampling (DS) uncertainty sets in stochastic
MuJoCo environments. Compared to PPO, the cumulative rewards of RNAC-PPO decay much
slower as perturbations increase though they are slightly lower at the beginning (i.e., for the nominal
model). The slight drop in initial performance may stem from optimizing the robust value function
(T under the worst-case transition models instead of the nominal models.

IPM Uncertainty Set: Since IPM with robust Bellman operator in (6) establishes robustness by
negative regularization, it applies to environments with deterministic transition kernels. We select
§ = 107° in (6) and evaluate RNAC-PPO with IPM uncertainty sets on deterministic MuJoCo envi-
ronments in Fig. RNAC-PPO has more robust behaviors with slow cumulative reward decay
as perturbations increase. Notably, RNAC-PPO enjoys similar and sometimes even better initial
performance on the nominal model compared to PPO, which we believe is due to the regularization
of neural network parameters suggested by IPM (6) that can potentially improve neural network
training.

7.2 TurtleBot Experiments

We demonstrate the robustness of the policy learned by RNAC-PPO on a real-world mobile robot
(Fig. [3). We consider a navigation task as illustrated in Fig. [2] where the goal of the policy is to
navigate the TurtleBot from the origin (0, 0) to a target region centered at (1, —1).

DS Uncertainty Set: We train RNAC-PPO and PPO on a stochastic
nominal model with balanced actuation noise [54], and test the learned
policies in the nominal model (Fig. [2a) and an unbalanced perturbed
model (Fig. 2b). The policies learned by RNAC-PPO can reach the
target region in both the nominal model and the perturbed model, while
policies learned by PPO are fragile to perturbation and may not reach
the target, as shown in Fig. 2b]

IPM Uncertainty Set: The robustness of the policies learned by RNAC-
PPO trained on a deterministic nominal model is demonstrated in
Fig. 2c and 2d| where the RNAC-PPO learned policies drive the robot
to the target under perturbation, while the PPO-learned policies fail.

A video of this real-world demonstration TurtleBot is available at

Figure 3: TurtleBot Burger [Video Link].


https://www.youtube.com/playlist?list=PLO9qoak6TW3EZ_UrfADvKvQCITewIBOxG

8 Conclusion and Future Works

We have proposed two novel uncertainty sets based on double sampling and an integral probability
metric, respectively, that are compatible with function approximation for large-scale robust RL. We
propose a robust natural actor-critic algorithm, which to the best of our knowledge is the first policy-
based approach for robust RL under function approximation with provable guarantees on learning
the optimal robust policy. We demonstrate the robust performance of the proposed algorithm in
multiple perturbed MuJoCo environments and a real-world TurtleBot navigation task.

Although several new theoretical and empirical results about large-scale robust RL are presented
in this paper, there are still many open questions that need to be addressed. Current work focuses
on the (s, a)-rectangular RMDP (Def. . We leave extensions to more general s-rectangular and
non-rectangular RMDP for future works. Some theoretical analysis in this paper partly relies on
Assumption Though it is commonly made and accepted in theoretical works as discussed in
paragraphs after Assumption [2] it is not a necessary condition. Further exploration of this can
potentially lead to more theoretical advances. Another natural future direction is to extend current
results to more complex settings such as robust constrained RL and robust multi-agent RL, following
recent developments of policy gradient-based approaches in safe RL [68| 32]] and multi-agent RL
(67, 150].
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A Experimental Details and Additional Experimental Results

In this section, we provide details of the RNAC algorithm (Algorithm[T)) implemented in the experi-
ments — robust natural actor-critic proximal policy optimization (RNAC-PPO) algorithm (Algorithm
[). We also demonstrate further experimental results evaluated on different perturbations of physical
hyperparameters in Hopper-v3, Walker2d-v3, and HalfCheetah-v3 from OpenAl Gym [7] compared
with soft actor-critic (SAC) [18] and soft-robust [11] PPO (SRPPO). Finally, we introduce experi-
mental details of the TurtleBot navigation task.

A.1 RNAC-PPO Algorithm

We provide the RNAC-PPO algorithm in Algorithm[d] where the robust critic is minimizing squared
robust TD error (MSRTDE) and the robust natural actor is performing the clipped version of robust
PPO (RPPO) for computational efficiency, and we name it RNAC-PPO for simplicity. We implement
RNAC-PPO employing neural network (NN) function approximation, where the robust natural actor
is utilizing a neural Gaussian policy [48] with two hidden layers of width 64, and the value function
in the robust critic is also parameterized by an NN with two hidden layers of width 64. Compared
with the canonical empirical Bellman operator in the PPO algorithm, we adopt the robust empirical
Bellman operator in the Robust PPO algorithm based on the double-sampling (DS) uncertainty set
and the integral probability metric (IPM) uncertainty set, which can be efficiently computed. For
a better comparison with SAC in the next subsection, we adopt several modifications (e.g., state
normalization, reward scaling, gradient clip, etc) in the implementation of PPO-based algorithms to
improve their performance under the nominal model. Note that for fairness we employ the same
modification for both PPO and RNAC-PPO algorithms.

We use the same hyperparameters across different MuJoCo environments. Specifically, we select
v = 0.99 for the discount factor, n° = a! = 3 x 10~ for learning rates of both actor and critic
updates implemented by ADAM [24]], T = 3 x 10° for the maximum training steps, and B = 2048
for the batch size.

Algorithm 4: RNAC-PPO - MSRTDE + RPPO

Input: T, B, n%T—1 %71

Initialize: 0° for policy parameterization, w ™~ for value function approximation
fort=0,1,..., 7T —1do

Collect set of trajectories D until |D¢| = B by running policy 7y under p°
Update value function by minimizing mean-squared TD error with learning rate o

w' = arg min 1 Z [Vw(s) — (TEVye-1)(s, a, y’)] ’ :

s |Dt|(saq’ t
s,a,y’)ED

// For DS: y = s, "K' p2,, s ~Unif(y) and 77 in
// For IPM: y' =s' ~p; and 7?’; in @
Compute

Al(s,a) = ('f};rth)(s, a,y’) — Ve (8),Y(s,a,y’) € Dy

Update policy via maximizing robust PPO objective with learning rate 7'

1 . .
6!t = arg max D7 ( Z):ED,: min (77:;((6;'88))At(s7 a),clip(e, A’ (s, a))) ,
s,a,y

(1+eA,ifA>0
(1-¢A, ifA<O

where clip(e, A) = {

Output: §7
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Figure 4: Cumulative rewards of RNAC-PPO(DS/IPM) and PPO on (a-c) stochastic MuJoCo Envs
and (d-f) deterministic MuJoCo Envs under perturbation.

A.2 Perturbed Mujoco Environments with Other Hyperparameters

In this subsection, we provide more experimental results on different perturbations of physical hy-
perparameters (e.g., leg_joint_damping, leg_joint_stiffness, and front joint_stiffness) in Hopper-v3,
Walker2d-v3, and HalfCheetah-v3. Figure [4] shows that the RNAC-PPO algorithm is consistently
robust compared to the PPO algorithm.

A.3 Comparison with Soft Actor-Critic and Soft-Robust PPO

In Section [/ we demonstrate the robust behavior of the RNAC-PPO algorithm compared with the
PPO algorithm in Figure[I} In this subsection, we add two more baselines for robust algorithms:
soft actor-critic (SAC) [18] and soft-robust [[11] PPO (SRPPO). SAC is regarded as one of the robust
baselines since maximum entropy RL (e.g. SAC) was shown to solve some robust RL problems
by maximizing the lower bound on a robust RL objective [13]. Soft-robust RL learns an optimal
policy based on a distribution over an uncertainty set instead of considering the worst-case scenario
[L1]. For a fair comparison, we implement the idea of soft robustness into the framework of PPO.
Specifically, we build an uncertainty set wrapping up four environments, including one nominal
environment and three perturbed environments with leg_joint_stiffness=5.0 (default=0.0), gravity=-
9.50 (default=-9.81), and actuator_ctrirange=(-0.95, 0.95) (default=(-1.0, 1.0)), respectively. Addi-
tionally, we select [0.85, 0.05, 0.05, 0.05] as the distribution over the above uncertainty set for the
SRPPO algorithm.

Figures [5c| and [5d| show that the cumulative rewards of RNAC-PPO decay much slower compared
with those of PPO, but similar to those of SAC under the perturbation of gravity. This verifies the
claim that SAC can solve some robust RL problems [13]. However, as shown in Figures @ and
[5b] SAC is not a panacea for all robust RL problems. Under the perturbation of leg_joint_stiffness,
SAC suffers faster cumulative rewards decay compared with RNAC-PPO. Since SRPPO considers
a distribution over an uncertainty set instead of only sampling from the nominal model, it doesn’t
perform well under the nominal model, but it shows a fairly robust behavior in Figures [5a] and [5b|
when leg_joint_stiffness values are perturbed.

Since the cumulative rewards of SAC (> 14000) are much higher than those of PPO-based al-
gorithms (< 3000) in HalfCheetah-v3, we only report the results of SAC in this subsection for
Hopper-v3 to prevent the information of robustness from being blurred. Additionally, the training
time of RNAC-PPO, PPO, and SRPPO is similar, which is at least 5 times less than that of SAC to
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Figure 5: Cumulative rewards of RNAC-PPO(DS/IPM), PPO, SAC, and SRPPO on perturbed
Hopper-v3 environments.

end the training of 3 million steps. This is due to the fact that PPO-based algorithms require fewer
updates for critic V', while SAC requires more updates for critic Q.

A.4 TurtleBot Experiment Details

The goal of this TurtleBot navigation task is to guide the robot to any desired target within a 2-meter
range. The state space is a 2-dimensional continuous space, comprising the distance and relative
orientation between the robot and the target. The robot is fixed to move towards its front with a
linear velocity of 15 cm/s, while its angular velocity is controlled by the algorithm. Action space is
1-dimensional and continuous, ranging from —2 to 2. The action signal is then linearly scaled into
[—1.5rad/s, 1.5 rad/s]. The reward function is designed to be proportional to the product of distance
and action-scaled orientation between the robot and the target. Hitting the boundary or reaching the
target would cause a reward of -200 or 200 respectively. One trajectory would end when the robot
hits the boundary, reaches the goal, or the elapsed time is more than 150 seconds.

We train both PPO and RNAC-PPO(IPM) under the simulator Gazebo. To introduce stochasticity
into the originally deterministic Gazebo environment, we apply uniform action noise perturbation.
PPO and RNAC-PPO(DS) are trained under a balanced Unif[—0.5,0.5] noise-perturbed environ-
ment. All algorithms undergo 400 epochs of training, and the policy with the highest speed is saved.
Subsequently, we evaluate all policies in an unbalanced Unif[1.0, 1.5] noise-perturbed environment.
We employ such a high noise since all learned algorithms are aggressive at fast turning, with action
close to the limit of —2 or 2. The trajectories of the robot under Gazebo simulator and a video for
the real-world experiment are demonstrated in Figure [2and [Video Link].

Specifically, both PPO and RNAC-PPO are implemented by neural networks. The actor network is
defined by the Gaussian policy, with one hidden layer and tanh activation function, projecting the
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Figure 6: Turtlebot’s trajectories of RNAC-PPO(DS/IPM), PPO, dynamic randomization, and action
noise envelope. (ac) are trajectories under a nominal environment, (bd) are trajectories under an
unbalanced testing environment. In (b), target reaching rates are: 100% for RNAC-PPO(DS), 67.5%
for action noise envelope, 9% for dynamic randomization, 0% for PPO. In (d), target reaching rates
are: 100% for RNAC-PPO(IPM), 13% for action noise envelope, 2% for dynamic randomization,
0% for PPO

input state into a feature with dimension 100, then into the 1-dimensional action. Critic network
consists of one hidden layer, with a width 100, and a ReLU activation function. We choose discount
factor as 0.99, learning rate as 2.5 x 10~%, batch size as 64, and optimizer ADAM.

Additionally, we also add more baselines (i.e., dynamics randomization [44] and action noise en-
velope [20]) to demonstrate the robustness of the proposed methods in the real-world TurtleBot
environment. As shown in Figure[6] the proposed algorithm RNAC-PPO (DS / IPM) enjoys higher
target reaching rates (100% / 100%), compared with action noise envelope (67.5% / 13%), dynamic
randomization (9% / 2%), and PPO (0% / 0%), under perturbed testing environments, which illus-
trates the robustness of the RNAC-PPO algorithm.

We end this section by illustrating our hardware configurations. All experimental results are carried
out on a Linux server with 48-core RTX 6000 GPUs, 48-core Intel Xeon 6248R CPUs, and 384 GB
DDR4 RAM.

B Discussions on Uncertainty Sets

R-contamination For R-contamination [60], the uncertainty set is P = ®; ,Ps q, Where Py, =
{Rq+ (1 - R)pg, : q € As}. It can be shown that

inf p'V=_01-R)(p,)V+RminV(s). ®)

PEPs,a
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Its corresponding robust Bellman operator requires searching the entire state space S to calculate
the minimum value in V/, and thus intractable for large state space.

¢, norm [28]] For any nominal model p°, the uncertainty set is P = Qg (Ps,q With Py, = {p :
llg —pSallp <0, >, q(s") = 1}, where || - ||, is an £, norm with its dual norm | - || satisfying
% + i = 1, and the domain of ¢ € A is relaxed to hyperplane ), ¢(s’) = 1 due to the difficulty
in handling the boundary of Ags. It was shown [28]] that

inf p'V=(p,)"V—min|V-uwl|qg, 9
PEPs.q ’ w

which requires solving a minimization problem via binary search. The minimum value may have a
closed-form representation (c.f. Table 1 in [27]). For example, the minimum value is the average
of V for ¢5 norm, the median of V' for ¢; norm, and the average peak of V' (i.e., the average of the
maximum and minimum value of V') for £, norm. £, norm-based uncertainty set is thus intractable
in the large-scale scenario.

f-divergence Given a continuous strict convex function f : Ry — R with f(1) = 0, f-divergence
is defined by d¢(¢q,p) = > . p(s)f ( ) ) By distributionally robust optimization literature [12]], we
have

inf pTV = sup Ey{Af*(VKi)n>A6n}, (10)

PEPs,a A>0,neR

where f* is the Fenchel conjugate of f, i.e., f*(y) = sup,~o(yx — f(x)). Given such a formula,
the robust Bellman operator can be estimated given samples from the nominal model but requires
the optimal dual variables A, 7 for each (s, a) pair.

Wasserstein distance Given some metric d(-, -) on state space S, Wasserstein-o distance is defined
for any p, g € Ag that

Al

Wo(p,q) :==( inf E¢oypuld(s,s)])7,
(00) = (_inf  Euipmnld(s.5)7))
where U (p, q) is the set of all couplings of p and q. Wasserstein RMDP has uncertainty set P =
®@s,aPs,a With Py o = {q: W5 (q,p8 ,) < 5} and we have

f p'V= nf | + \(d(5,5")° —6)]. 11
nf p iﬁ}jma inf[V(3) + A(d(3, 5)7 — 9)] (1)

The Wasserstein RMDP has been previously studied [1, [26]. Kuang et al. [26] gives a state dis-
turbance view of Wasserstein RMDP, where the robust Bellman operator requires searching the
worst-case state in the vicinity of the next state sample, i.e., infz.5_ <5 V(5). Although this ap-
proach can be applied to RMDP with large state space, the theoretical guarantee provided in [26] is
only for policy iteration (planning problem) in the tabular setting (i.e., the robust Bellman operator
is a contraction mapping under || - ||o0)-

B.1 Double-Sampling Uncertainty Sets

When action « is taken at state s, the nominal model transits to the next state s’ ~ pgya. It can
be viewed as a double-samphng process that the next state s’ 1s generated by uniformly sampling
one from m states s, sh, ..., s, sampled i.i.d. according to ps o- The transition kernel in the DS
uncertainty set at (s, a)-pair can be viewed as selecting the next state s’ in {s/, ..., s, } according
to a distribution @ € A(m) that is perturbed from a uniform distribution Unif(m) and potentially
depends on the samples {s, ..., s, }. The DS uncertainty set is implicitly defined by a choice of
m, divergence measure d(-, -) and radius 6 > 0.

Bellman completeness for robust linear MDP under DS uncertainty set: A Q function class
G C RS*4 is said to be Bellman complete if it is closed, and for all g € G, T*g also lies in G,
where

T g(s,a) :=7r(s,a —l—’yZpsa maxg(s a).
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Bellman completeness is critical for reinforcement learning. For RMDP with the Double-Sampling
(DS) uncertainty set, the linear function approximation can satisfy Bellman completeness if the
nominal model is a linear MDP. In linear MDP [22], we have

p2a(s’) = 0(s,a) " puls'), r(s,a) = é(s,a) "0,

where g is a vector of (signed) measures over S. Then for any V € RS

r(5:0) + 1By V()] = r(510) 47 [ 6s,0) sV (')

= ¢(s,a) " (9 —i—v/ u(s’)V(s’)ds’) € span(®).
For the DS uncertainty set P = ®&;,Ps, determined by m,d(-,-),d, let fy(si.,,) =

infoen,, (o, Unit((m))) <6 S iV (sh), and fy(s)) == E, i o [fv(s).m)]- It then follows
2:m s,a
that for any V'

r(s,a)+v inf p'V=r(s,a)+vE, a4 [fv(shm)]
PEPs,a s ~ P

1im s,a

= 0000) 04 9B, ()] = 000)” (047 [ () () ) € spane).

The Bellman completeness for DS-based RMDP with linear MDP nominal model is thus proved.

B.2 Integral Probability Metric Uncertainty Sets

Under the linear value function approximation, V,,(s) = 1(s) w. Denote ¥ € RS*? as the
feature matrix by stacking up v(s) T, and the value function approximation is a linear regressor
Vo = Ww € RS, Let ¥ = [i)1,...14] with ¢; € RS, without loss of generality, assume ) is an
all-one vector, which corresponds to the bias term of the linear regressor, and W is full column rank.

We propose the IPM d 7(p, ¢) = sup ¢ #{p" f — q" f} determined by function class
F={U¢: ¢ R €] <1} restatement of Eq (3) in matrix form.

The robust Bellman operator 75V li requires solving the optimization inf cp, , q"V, which is
equivalent to

mingeag 'V st SUp fe F q'f— (p;a)Tf <.
We relax the domain constraint ¢ € As to ) q(s) = 1 and define P, , = {q : dr(q,ps,) <

9, >_.q(s) = 1}. This relaxation omits the boundary effect of As, which facilitates the following
analysis. The relaxation is also made for £, norm-based uncertainty set [28]], and one can argue that
it does not introduce any relaxation error for pS ,(s") > 0,Vs, a, s" and small §.

Restatement of Proposition For the IPM with F in , we have infyep, , q' Vi = (p;”a)TVw —
O|wa:all-

Proof of Proposition|l| Denote u = q — D5 o The infyep, , ¢ "V under the relaxation is

min (pS ) w4+ u' Vw, st sup u' WE<E, u'l=0.
“ ’ llell<t

Since W is full column rank and v is an all 1 vector, we know {¥Tu:u'1 =0,u € R} = {y €
R? : y; = 0}. The optimization problem can then be written as

min (p;a)T\I/w + y;dwg:d, s.t. sup y;dfg;d < 6.
Y [€2:all<1

The constraint is equivalent to ||y2.4||« < & and the optimal value can then be written as (p ,) " Vi, —
8||wa:al|, which concludes the proof of Proposition|[1] O

The IPM has many merits due to its capability to take advantage of the geometry of the domain
(state space) through the function class.
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C Robust Critic Analysis

We analyze the robust critic component in the RNAC algorithm (Algorithm [T). This section would
also be of independent interest for the robust policy evaluation problem, where one aims to estimate
the robust value of some policy given Markovian data.

The first two subsections focus on the linear function approximation and prove the main theorems
as stated in Section [5|of the main paper. The last subsection focuses on the general function approx-
imation.

C.1 Linear Robust Value Function Approximation

Setting: We aim to approximate the robust value function V™ thorough linear function class

Vi(s) =¢(s)Tw, VseS. (12)
The “optimal” linear value approximation V,,~ is the solution of the projected robust Bellman equa-
tion i.e.,

" TE Vigr = Viur,

where the projection matrix is II™ = (¥ T D™W)~1¥ T D™ with D™ = diag(v™) and v™ is the state
stationary distribution of executing policy 7 on the nominal model p°.
Definition 3 (Linear value approximation error). €y piqs := sup, [|[II"V7™ — V||, x.

w™ is the solution of the projected robust Bellman equation II"75V,, = V,,. When II"T] is
B-contraction w.r.t. || - ||,~, we have (according to Corollary 4 in [33])

€V.,bias

-5 (13)

1
Vigr =V lyr < ——|TI°VT = V||,r <
|| o < 751 [

C.1.1 Contraction of Projected Robust Bellman Operator

The contraction property of the projected robust Bellman operator is the key to guaranteeing the
convergence of linear TD algorithms. The contraction property can be guaranteed when Assumption
[2)is satisfied, and we show that the DS uncertainty set with a small § indeed satisfies this assumption.

We refer to a divergence d(-, -) as C-continuous at uniform distribution Unif([m]), if {a € Ay,
d(a, Unif([m])) < €} € {a € Ay ¢ [la — Unif([m])[|oo < Ce}, Ve > 0.

Proposition 4. Uncertainty set implicitly defined by double sampling with divergence d(-,-) that is
C-continuous at uniform distribution Unif([m]) and § < =% & satisfies Assumpnon

Proof. For the uncertainty set P implicitly defined by double-sampling with robust Bellman opera-
tor3]

m
TrV = E ~7(- ’ ~pO ;
(TP )(S) anm(:]5):51:m Psa 7"(8 a) +70¢€A [m] d(oz Umf( 1)) <& Zl ‘|
Since d(-, -) is C-continuous at uniform distribution, take arbitrary (s, a, s"), we know
i m
sup g(s') = B npe, sup > ail(s; = s’)}
qeps,a ’ _aEA[m]:d(a Unif(m))<5 i=1
gEsi‘ ~p? Zal 5 —3
TR laed e Unlf(m)|\x<C§ P
o
< Bt [ 3+ ODG, = s’>] = Euls)(1 +mC).
L=

To guarantee y sup ep, , q( ") < Bpg,, with some 3 < 1, we know need (1 + mC9) < %, which
O

can be achieved by § < 'ymC
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The following theorem shows that choosing a small ¢ is not a panacea for the well-known f-
divergence uncertainty set. Note that many well-known metrics, such as KL-divergence, total varia-
tion, and y2-divergence are special cases of f-divergence.

Proposition 5 (Restatement of Proposition[3). For any f-divergence and radius § > 0, there exists
a geometrically mixing nominal model such that the f-divergence defined uncertainty set violates
Assumption

Proof of Proposition 3] Given a continuous strict convex function f : Ry — R with f(1) = 0, the
f-divergence is defined as d(q,p) = >, p(s) f(Z S))

p(s)

Given a nominal model p° and a radius 6 > 0, the f-divergence-based uncertainty set is P
with P, = {q : ds(¢,p;,) < 0}. Forany f and 6 > 0, consider a nominal model
p°, which has a uniform transition probability, i.e., transits to a uniformly and randomly se-
lected next state at any state-action pair, except for (s,a). The transition probability at (s, a) is
Do = (o, . S‘ =E I SI = ‘él’f‘l ), where « is some parameter to be determined later. It is clear

that this nominal model p° is well mixed for any o € [0,1]. Consider another model ¢ which
coincides with p° except for states (s,a) with g5 , = (a/, 1|;|0‘7/177 l‘glci/f, ceey llg‘oi/?) Note that
% = %, thus if ¢ € P, the Assumptionof B < lis violated. Since as & — 0, by the continuity

of fand f(1) = 0, we have

TCRERED VT 72y ) 4 (- a0

psa( ) l-a

=af(l/y)+ (1 —a)f(1-

Therefore, with a sufficiently small «, we have ¢, , € Ps o and clearly ¢ € P. Thus there does not
exist a universal choice of § for f-divergence-based uncertainty set to guarantee Assumption[2} [

1/v—1
La)—>0<5.

We next prove Lemma [I] which shows the contraction of robust Bellman operator for IPM-based
RMDP without Assumption 2]

Proof of Lemmall] Let P™(s'|s) = 3 p° ﬂ(a‘s)(s’ ) be the state transition kernel of executing

policy 7 on the nominal model p°. We can view P™ € RS*S

we have

as a matrix. Recall D™ = diag(v™),

1 TEUw — TEOW ||, = H’yP”\I/w 6 ||wana||1 — Y PTOW + 75”1”5@”1“””
6

<Nw = Ve'llyr + 30l = '] < Iw = Vol lux + 3G [P — T~
Since II™ is a non-expansion mapping w.r.t. || - ||,=, II"75 is a contraction mapping if (1 +
%) < 1, which is equivalent to the condition § < /\min(\IlTD”\If)l_T"’.
O

C.1.2 Convergence of Robust Linear TD

As discussed in the paragraph under Assumption [T} robust linear TD (RLTD) is a stochastic approx-
imation (c.f. Section[F.3for a brief overview of stochastic approximation) since empirical operator

'7A;§ ( or @) is unbiased with
E s mencrs [0(8) |(TFV)(s,0,8) = 0(s) Tw| | = wT D™ (T3 Vi = Vo).

We can then let F(w,z) = ¢(s) {(7—7§Vw)(s, a,y’) — w(s)—rw} with z = (s,a,y’) and RLTD is
solving the following equation

F(w) := U D(TE¥w — Yw) = 0,
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through stochastic approximation:

W1 = Wy + apF(wg, k), 2k = (Sk, Ok Yrt1)-
It is clear that {x}} is also a Markov chain with domain X = & x A x Y, Y = 8™ for the
double-sampling uncertainty set with m samples and )V = S for the IPM uncertainty set.

Theorem 5 (Formal statement of Theorem [3). Take & as in Lemmal l|and in Propositiond} for the
DS uncertain set or the IPM uncertamty set respectlvely Under Assumption |Z| RLTD with step

sizes ay, = O(1/k) guarantees K[| %] = O( ) and E[||Viy,e — Vipr [|24] = O(%)

Proof of Theorem[5] By Proposition I 4|and Lemmal 1| DS or IPM with small § can guarantee I1" 77
is a B-contraction w.r.t. || - ||~ for some 8 < 1. The theorem can be proved by applying Lemma
For this purpose, we only need to show that Assumption [§]is satisfied for RLTD. We check the three
conditions in Assumption §]as follows.

1. The geometric mixing property of {xy = (S, Gk, Yk+1) tr>0 is straightforward given geo-
metrically mixed {sx }x>0-

2. Since r € [0,1] and ||¢(s)]| is bounded Vs € S, we have ||F'(0,z)|| = ||¢(s)r(s,a)|| <
l(s)]| is also bounded for any = = (s, a,y’).

For double-sampling (3) and any = = (s, a, $}.,,,)»

F(w,z) = 9(s) (r(s,a) + inf <5ZO" w(si) — (S)Tu)> .

Q€ Apyy,:d(a,Unif(m

Let U, € R™*% be the matrix by stacking up ¢(s7) ", ..., (s,) T, we have
[1F(wy, x) = F(ws, z)|
<)l finf "Wy wn —infa Wy, ws| +le(s)e(s) T (wn — ws)
<l S‘iPOéT‘I’S'1 (w1 = wa)| + ]9 (s) | |wy — wal|

< max 29| (s") | *[lw — w2

where sup,,, inf,, are taking in {a € A,y : d(ev, Unif([m])) < d}. Thus there exists L; =
max(max; ||¥(s)]], 2y maxg [|1(s)||?) that guarantee ||F(0,z)|| < L; and ||F(w,z) —
F(w',x)|| < Ly||Jw — w'|| for the double-sampling RMDP.

For IPM (6) and any z = (s,qa, '),
F(w,z) =1(s) (r(s,a) + y0(s") "w — y0|Jwa.al| — () Tw) .
We have
1F(w,2) — P!, o)] < max (0 + D) +780()) fw - w]|

which also satisfies the second item of Assumption [§] by setting L, =

max(max; |1 (s)||, maxs ((v + D[ (s)l* + 10l ()]])).

3. Note that for small ¢, I[I"75 is a S-contraction w.r.t. || - [|,~. Since there exists w™ with
F(w™) =0,let D := D™ = diag(v™), we have
(w—w", F(w)) = (w—w", F(w) - F(w"))
— (w —w, O DT W — T Ww™) — [ (w — w”)||2,
= (U DU (w —w™), (¥ DY) 0T DT Vw — T Ow™)) — || ¥(w —w™) |
= (DV2¥(w — w™), D200 DU D(T" 0w — T"Iw™)) — [T (w — w™)]?
<1 (w — ™) [l [T Yw — T T W™ [y — [[W(w — w™)|3
< (1= A[T(w —w)[Fr < =1 = B)Amin (¥ DY) [Jw — w2,

where the first inequality is due to the Cauchy-Schwarz inequality and the second inequality
is due to the 3-contraction property of II"™ 77 .
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In addition, we have
E[|[Vige = Vaor l2+] = E[(wi —w™) T (¥ D™ ¥)(wg — w™)]
< Amaz(¥ T DTW)E[|wg — w™|*] = O(1/K).

C.2 Extension of General Value Function Approximation

Setting: In the general function approximation setting, we consider a known finite and bounded
function class G C RS to fit the robust value function V™, i.e.,

GCR®, |G| <oo, |g(s)]<oo,VgeG,VseS. (14)

Note that IPM-based RMDP with empirical robust Bellman operator (6) only applies to linear func-
tion approximation. We implement it similarly by adding a negative regularization with neural
network approximating the robust values, which also induces robust behavior of the learned policy
as illustrated in the experiments (Section[7). However, it may not directly match any specific uncer-
tainty set. We thus only consider the DS-based RMDP in this general value function approximation
setting.

‘We define the robust Bellman error as follows.

Definition 4 (Robust Bellman Error). € piqs := Max, maxgeg Ming eg | 759 — 9|l

If €4.4ias = 0O, then the robust value is realizable within the function class, i.e., V™ € G for any
T eQqg.

C.2.1 Fitted Robust Value Evaluation Algorithm

We propose the fitted robust value evaluation (FRVE) in Algorithm[5] a robust version of the fitted
value evaluation commonly used in offline RL. This algorithm first samples a batch of data from
the nominal model, then select the last half as training data for analytical purpose without losing
the order while the Markovian data are close to the stationary distribution due to geometric mixing
Assumption |1} and iteratively solve for a better robust value approximation based on the current

approximation g and its robust value estimate 75 (gx).

Algorithm 5: Fitted Robust Value Evaluation (FRVE)

Input: 7, K

Initialize: g, so

fork=0,1,..., K —1do

Sample ay, ~ 7(+|sk), Yr+1 according to pg, ., and g1 from yg 1

id.d. o . T

U pSy ags Sk+1 ~Unif(ygy1) and 75 in
Let D = {(sg, ag, yk-t,-l)}ﬁ(:_]%p be the dataset

fork=0,1,..., K —1do

L // For DS: Ye+1 = S/lzm

N 2
Update gx.1 = argmingeg by X aynen (TE9)(5a,9) = 9(5)) -
Return: gx

Theorem 6 (Convergence of FRVE). For DS RMDP with 0 suggested by Proposition[d} T3 is a
B-contraction mapping for some 3 < 1. Under Assumption[]] the return of FRVE AlgorithmE]has

1 €g,stat €g,bias
ElV™ — ] < K Gmax 9, g, ,
IV = gillor) < B¥ (G + =) + S22 Saie

where Guax = ma~xgeg((A7§g)(s,a,y’), 1 TEgllom gllor) and €y 500 = O(1/VE). Thus
E[|[VT™ ~ gk =] = O(1/VEK) + O(eg pias)-
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Proof. By the contraction mapping of 77

VT —gkllvr < TEVT =T gr -1l + TR gx -1 — gxc|lom
<BIVT —gr—1llor + 1T gx -1 — 9K ||om

K
<3 B TE gt — gellor + BEIVT = gollur

k=1

« 1
<3 BT s = iler + B (ool + 7).
k=1

Note that 75 gi,—1 is a target that g, is an approximation through MSE with Markovian data. If the
data is stationary, i.e., sx /2 ~ U™, applying Lemma@and the union bound over G (taking 775 g as
a target for each g € G), we know with probability at Ieast 1 — 6,

1 log(1
175 9k—1 — gkllo= = O (anaw\/ oe(19D) —;( og( /6)> + O(egpias), Vk=1,2,.... K.

Let P, be a distribution on D with x> ~ (i, and let P, be a distribution on D with xg /o ~ V7.
Take p as the true distribution of z /o according to the data sampling process as in AlgorithmE}

We know || — v™||ry = O(e ¥) by Assumption and thus
EDNPH[HT;gk:—l - ngV"] S 2GmaxHPp - Py" ||TV + IEDNPLm [HT”I;rgk:—l - gk”l/”]
= 2Gmax/lp = v"lov + Epap,« [ T2 gr—1 — gkl

— O(GmaxeiK) + 10 (Gmax\/logqu; log(K)) + O(Gg,bias)-

The proof of the theorem is thus concluded. O

D Robust Natural Actor Analysis

We analyze the robust natural component in the RNAC algorithm (Algorithm [T)).

We first discuss the Fréchet supergradient of the robust value function in the first subsection. The
second subsection focuses on the linear function approximation and proves the main theorems as
stated in Section [5] of the main paper. The last subsection focuses on the general function approxi-
mation.

D.1 Policy Gradient and Performance Difference

The robust value function J(6) = V™ (p) is in general not differentiable. But since it is Lipschitz
(w.r.t. to Lipschitz policy parameterization), it is differentiable almost everywhere according to
Rademacher’s theorem [[14]]. At the place not differentiable, Fréchet supergradient V.J of J is then
defined as

AN _ ’
lim sup J(0") — J(0) : (VI(6).0'~0) _,
0’—0 ”0 *GH

When function JJ is differentiable, J at any point § has a unique Fréchet supergradient, which is the
gradient of .J at 6.

Proof of Lemma|2| The Fréchet supergradient exists for tabular RMDP [29], which is
1
[vﬂ_vﬂ'(p)]s’a = mdg-,nﬂ' (S)Q""(S’a)7 VS,(I,
where [V V7™ (p)]s,q indicates the (s, a) coordinate of vector V.V ™ (p). m = 7y is a policy param-
eterized by 6.

VoV (p) = Y [VaV"(p)ls.aVoma(als)

s,a
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1

= T B Banr [Q7(5,0) Vo log mo als)]
1

= 75 Bondpr Banr, [47(5,0) Vo log mo als))

where the first relation is by the chain rule of supergradient. O

D.2 Linear Function Policy Approximation

Setting: This subsection considers the log-linear policy with

exp(¢(s, a)TG)
>ar exp(e(s,a’)T0)’
where ¢(s,a) € R? is some known feature vector and # € R? is the policy parameter. Let ® €
RISIIAIXd be the feature matrix by stacking up the feature vectors é(s,a)’.

mo(als) =

V(s,a) € S x A, (15)

Recall the discussion of the proposed RQNPG in Section [6f We approximate the robust Q
function Q™ via Q(s,a) = r(s,a) + infyep, , p' Vi, given a value function approximation
V. from the robust critic, and then approximate (Q,, by a policy-compatible [52] robust Q-
approximation Q* = ®u. In other words, we project ), onto span(®). Denote by II] :=
®(® " diag(v™om)®)~1d T diag(v™ o) € RISIAIXISIIAI the projection matrix onto space span(®)
w.r.t. norm || - ||,=or. We then define the approximation error €g p;qs below. When realizable, i.e.,
Q™ € span(®), the approximation error € piqs = 0.

Definition 5. €Q,bias +— MaXzg 7/ INaAX 7 HgQﬂ— — Qﬂ-HdoUm‘f-

d=d,,

T* K *
,dp "7 orvT

We assume a finite relative condition number (Assumption [3)) (similar to that in [3]}). The relative
condition number is not necessarily related to the size of the state space (details are shown in Remark
6.3 of [3])).

i @ nif
Assumption 3. max, . max | Pull douny

SUDy, [Tl r e < & < oo for some €.

7Kk

d=d;

/ * K *
™ .dg T orvT

Now we look at a specific update 0'T* = RQNPG(6?, ', w!, N), where w! = RLTD(my:, K ).

D.2.1 RQNPG One-Step Analysis — Robust Q Function Approximation

In this update '+ = RQNPG(?, nt, w!, N), where w® = RLTD(7g:, K ). RQNPG first approximates

th (s’ a) = 7“(8, a) + ’yianGPs,a, pTVw‘ = E[(j;;rth)(sv a, y/)|sv a] by Qu(sv a) = ¢(37 a)Tu’ as
the caculation of u in Algorithm[3] Let

ul := arg mgn E(s,a)mvtont [(Qut (5, a) — Q“(s, a))?].

be the optimal approximation for the target Q.. u’ is approximated by stochastic approximation
(c.f. Section[F.3|for a brief overview of stochastic approximation) with a mean squared error loss

R 2
L(u7 th ; 7T) = E(s,a,y’)~u”o¢rop° l:((Tngt)(S, a, y/) - ¢(Sa a)Tu) :l :
We know ! is the unique solution of

0= —VuL(u; Vit , ) = E(s 0,5/ ) v omope {(b(s,a) ((ﬁ;rth)(s, a,y’) — o(s, a)Tu)} )

Let F(u, ) be the function inside the expectation with x = (s, a,%’), and F'(u) be the negative gra-
dient —V,, L(u; V, 7). We then solve this stochastic zero point problem by stochastic approximation
as in

Up41 = Un + Cnd)(sm an) [(%Vw)(sm G, yn+1) - d)(sna an)Tun:| = Upn + gnF(um wn)v

where z, = (Sn, s Ynt1)-

Lemma 3 (Convergence of compatible Q function approximation (SGD with Markovian data)).
Under Assumption |I| RONPG (Algorithm [3) with step sizes ¢, = ©(1/n) guarantees E[||lun —

ul]?] = O(x) and E[Q*~ — Q" |2, 0] = O(5).
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Proof of Lemma[3] The lemma is implied by Lemma [I2} To see this, we only need to show that
Assumption §]is satisfied. We check the three conditions in Assumption [§]as follows.

1. The geometric mixing property of {zy} x>0 is straightforward given geometrically mixed
{Sk}kzo-

2. Since [|¢(s, a)| is bounded ¥(s,a) € S € A, similar proof follows as in the proof of[3]

3. Since there exists ur with F(urz) = 0 and L(u; V,7) is Apin(Es.a[@s,a® 4])-strongly
convex, we have
(= ur, F(u)) = (u = tr, F(u) = F(ux))
=—(u— Uy, VL(u; V,7) = VLu™; V, 7)) < ~Amin(Somor)||u — ur?,

where ZV"OTA’ = Es~u“,a~w[¢s,a¢la]'

Denote by IT7, := ®(® "diag(v™ om)®)~1® " diag(v™ o) € RISIAIXISIAI the projection matrix of
function @ € RISIA! onto matrix ® € RISIMI*4 ynder norm || - ||, or. We know QY = Hthwt.
We have

E[|Q" — Q"2 0ne] = E[(ul — un)T (@ diag(v o 7)) (ul — un)]
< Amaz (® Tdiag(vf o 7)) ®)E[||ul — un]|?] = O(1/N).
O

For the update at step ¢, 91 = RQNPG(6?, n*, w!, N) and w® = RLTD(7y¢, K), let 7* = 7y be
the policy at step ¢. Let u' = ux (uy in Algorithm [3) and Lemma [3{above shows that E[[|Q* —
Q“i ||12/to7.rt] = O(%) This does not necessarily implies that Q“t and Q”t’ are close since the
property of the critic returned w? is required. We measure the difference between Q“t and Q“t in
the following lemma.

Let w! = w™ and w' = RLTD(7g¢, K) is the output of RLTD at step t. Define €y siqr =
maXt:o,1,...,T71{\/E[Hng — Vit |[2:]}, and €y spar = ON(l/\/E) by Theorem

Lemma 4. Under the conditions in Theorem and Assumption El there is some € = €stqt + €bias

’ *
T Kot dﬂ' JKoot

that for any 7, 7" and any d = d,, , dp orv™

t t
’E [E(s,a)Ndow[Qu (Sva) - Qﬂ (Sva)]:| ’ <e (16)
where the outside expectation is taken w.rt. the randomness of the data collected in w' =
RLTD(mye, K) and 0"t = RQNPG(6",nt, w', N). Moreover, €siar = /| A| (£B€v,stat + E€Q stat)
with €V,stat — O(J%) and €Q,stat = O(ﬁ), €bias = \/ |A| (%GV,bias + EQ,bias) with €V bias

and €q pias in Definitions and EI respectively.
Proof of Lemma] For any d = d’gwfl”‘wrl , dg* " or ™ and for any , we know for any Q, Q’

B [E s 0)aonl@(s,0) = Q(5,0)]] | < E [/ JAIE o) aotmel(Q(s, 0) — Q'(5,))?]]
= \/WE Q- QI“doUnif] :
To quantify the error between Q“t — Q“t, recall Q“i = Hgt @t and we decompose it into
Q" = Q" = (Q" = Q") + (If Qur — 13 Que) + (IF Que —~ I Q™) + (IIF Q™ — Q)
and bound each term respectively. We can transfer the norm within the space spanned by ® via the

assumption that ||Pu||gounit < &||Pul|,or. Note that the first three terms all lie in the span(®), we
have the first term bounded by

vrtort

aovnit] < EE Q" = Q| we o] < 5\/11«: o™ = @ 12.0. .| < €equutars
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for some €q stat = O(ﬁ) as in Lemma The second term is bounded by
E T3 Que — 115 Qut laounit] < €8 [IT5 Que — 115 Qut vt o

< B [|1Qut — Qut lyrtame] < EBENIVirt = Vi llut] < €8Y/Bll[Vase — Vi

zt] < €ﬂ€V,stat

for some €y spat = O(\/—%) as in Theorem The third term is bounded by

E I3 Que — 115 Q" lacunit| < €E [T Que — 115 Q" llet e | < €E [ Qut = Q llot o
[IIHtVt VVlvr] _ EB€vipias

- T o1-p
where the last inequality is by Definition [3]and inequality (I3). The last term is then bounded by
Deﬁnition]E[HHth”t — Q™ || dounit] < €Q,bias- We thus have

< EBE[|Vir — V' |lur] < €8

‘]E {E(s,a)deW[Qut (87 a) - Qﬂ—t (87 a)]:| ‘ < V ‘A| (geQ,stat + fﬁEV,stat + %eV,bias + 6Q,bias> )

which concludes the proof. O

D.2.2 RQNPG One-step Analysis — Mirror Ascent Update

Now we look at the policy 1mprovement of the update 0”1 = RQNPG(6%, nt, wt, N) with ¢, =
©(1/n) (Algorithm [3), where w® = RLTD(mg:, K). Let u! = upy (uy in Algorlthm , and we
know the RQNPG update is 0T = 6 + ntul.

This RQNPG update is equivalent to a certain mirror ascent update. Specifically, recall Q“t (s,a) =
#(s,a) Tul is the approximated robust Q function, the RQNPG update §*** = 9t +-ntu? is equivalent
to [4]

mit e arg max (' QY m) —KL(m,7l)} Vs €S, an
TEA A

where we let m, := m(-|s) and Qs := Q(s,-) for simplicity. Note that this update can be viewed
as a mirror descent step with KL-divergence as Bregman divergence. Given this mirror descent
formulation of policy update in Eq (T7), the pushback property indicates that for any policy 7 (Eq
(2) in [68]),

77t< o t+1> KL(W?—l ) > < s »ms) — KL(ms, m )+KL(7"Sa t+1)7

s S

which is equivalent to the following fundamental inequality

n'{ w o — ) +n'( gt,ﬂi — ity < KL(rm, wt) — KL(m, 7t — KL(ziH 7). (18)

s S

Restatement of Theorem [d] (Approximate policy improvement) For any t > 0, we know

t t+1 t+1 t
KLd"”+1v~,rt+1 (71’ T + ) + KLd"t’+1'“,rt+1 (’n’ + T ) e

V™ (p) > VT (p) + — 2 - , (19
(p) = V7 (p) A= o 19

where KL, (m,7") := > v(s)KL(7(:|s), 7' (:|s)) > 0 and E[e;] = O(\F \F) + O(€pias)-

Proof of Theorem[d] Let k'™t = = Ko be the worst-case transition kernel w.r.t. policy 7**!, and
lete;, = ESNd3t+1’,{t+1 [<Q7T — u 7'(‘?—1 - 7T§>] We have
1
VIR =V (0) 2 7B, e (@ - )
S N (o wt+1_7rt>]+iﬂ«: o QT — QA — )]
1—~ s~d§+’”+ s o 'ts s 1_7 5~d§+’”+ s s 0 ts s



Algorithm 6: Robust Natural Policy Gradient (RNPG)
Input: 6,7, w, N
Initialize: ug, sg, let m = g
forn=0,1,...,N —1do
Sample a,, ~ 7g(+|s,), Yn+1 according to pg, . and determine s, from y;, ,
Update w1 = (1 — Nuy, +
(nVglog 7"'G(CL7L|57L) |:(7Ad7ng)(5na G, yn+1) - Vw(sn) — Vglogmg (an,|57n)Tun:| .

2.7,

d. . - .
// For DS: Yni1 =51, ~ DS a5 Sn+1~Unif(y,y1) and 75 in
| // For IPM: ypi1=Sn1~D5, o, and 75 in

Return: 6 + nuy

KL 41 641 (7Tt, 7Tt+1) + KL t41 041 (7Tt+1,7l’t)
dy dy &
(1 =)' 1—v

where the first inequality is by Lemma and the last inequality is by taking 7 = 7’ in the funda-
mental inequality Eq (I8), which implies

>

QY —al) > KL(nl, 7t + KL(n{™ ).

¢; can then be bounded by Lemma [] with Ele;] < 26 = 2eg1at + 2€pias, Where €spar, €piqs are
specified in Lemmawith estat = O( 75 + =)- =

D.3 Extension of General Function Approximation of Policy

Setting: In this subsection, we consider a general policy class of form
exp (fo(s, a)) d}
mo(als) = 0 RS, (20)
mlek) = o=y |

where fy is a differentiable function. This general policy class contains the log-linear policy class
as a special case by fy(s,a) = ¢(s,a) 0.

D.3.1 Robust Natural Policy Gradient with General Function Approximation

For the general policy class in Eq (20), we propose a Robust NPG (RNPG) algorithm.

This algorithm can be applied to RNAC (Algorithm|[I)) for the robust natural actor update. Now we
look at a specific update §**1 = RNPG(#?, n*, w’, N), where w? is the output of the robust critic at
step t. Note that for the critic with general function approximation Eq. (I4), we slightly abuse the
notation by V,,» = g, where g is the output of the FRVE (Algorithm at step ¢ of RNAC. We can
view g € G is parameterized by some w, as indicated in the RNAC algorithm Algorithm T}

Denote by ¢%(s,a) := Vglogmg(an|s,) and & € RISIAIXD a5 the feature matrix stacking up
feature vector ¢?. Foreacht = 0,1,...,7 — 1, we let ¢! := d)et and ®! := ®°" for simplicity. The
RNPG update is 0T « 0 4 n*u?, where u! = wuyv as the output of the stochastic gradient descent
in Algorithm [6]

Unt1 = (1 = Nup + Vo log mge (an|sn) [(7’;“ Vit )(Sns @y Ynt1) — Vit (sn) — Vg log W@(an|sn)—run} .

RNPG approximates the value approximated advantage function A,:(s,a) = r(s,a) +
vinfpep, , p' Vir — Vit (s) by AY := ®'u. Note that (Tﬂtit)(sn,amynH) — Vit (sn) is an
unbiased estimate of At (sy, an), i.€.,

E[(,f;;rf'th)(s"’ s Yn+1) = Vat (Sn) |8, @n] = At (Sn, an).

RNPG thus is iteratively solving the following optimization

1 A
3w = @tulior + Zllull?, 1)
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by stochastic approximation (stochastic gradient descent with Markovian data). Denote by uf the
optimal value of the optimization, which is also a solution of the equation

0= (0T (Apt — D'u) — Iu
= E(s,a,5/)~vmomope [(bt(s,a) ((fgtit)(s, a,y’) — Ve (s) — (bt(s,a)Tu)} — u.

Theorem 7 (Convergence of compatible advantage function approximation (SGD with Markovian
data)). Under assumption[l}) RNPG(6', nt, w!, N') (Algorithm[6) with step sizes ¢, = ©(1/n) guar-
t

antees E[juy — ut 2] = O(%) and B[] A1 — A" |2, = O().

Proof of Theorem([7] The theorem can be proved in the same manner as that for Lemma 3] since the
objective function in Eq (1)) is strongly convex. O

With slight abuse of notation, denote by X! = := E(;a)or [¢'(s,a)¢"(s,a)T]. The opti-
mal value vl = (A + (@) Tdiag(v? o w*)®)~1((®) "diag(vt o 7t)A,¢) satisfies |[ul] <

HAth,,towt\/Zle Hd)'til‘,z,toﬂ.t t . 112 t112 N/l
. Let v’ = uy, Theorem (7| gives E[[|u’||?] < 2E[||ul|]?] + O(5). We

/\+)\miu(zt t)

vtor

then have E[||u!||?] < U under the following assumption.

Assumption 4 (Bounded feature). Assume supy S0, [|¢?(|2xy 0, < 0. Since G is bounded,
| At ||otont < 00 and there exists 0 < U < oo that max; E[||u?||?] < U.

D.3.2 Robust General Advantage Function Approximation
Denote by IT%, the projection mapping to the space {®%w : ||ul| < |[ul]|} under metric || - || tort.
T 1 B[ A® = Al n .

Definition 6. €A, bias -— MaXy=0,1

,,,,,

Note that € 4 p;qs also implicitly depends on the choice of A since u’ depends on . If the realizable
case, i.e., A™ € span(®?), €4 pias = 0if A = 0.

0
2%l e g
87l mo0r, "

Assumption 5. There is some 0 < &' < oo that for any 0, sup,,

Lemma 5. Under the conditions in Theorems|7|and[6|and Assumption[3] for any t,
B [E ey om 147 (5,0) = A7 (5,0)]]| < € = € + €hia (22)

where the outside expectation is taken w.r.t. the randomness of the data collected the robust natural

actor and robust critic update. Moreover, €,,,, = O(Tlf + ﬁ) €hias = O(€a,bias + €g,bias) OF
O(€A,bias + €V bias) for linear robust critic.

Proof of Lemma[3] To quantify the error between A% — At we decompose it into
A — AT = (A" — AY) 4 (T Ay — Ty Ayt ) + (T Ay — T AY) 4 (I AT — AY),

and bound each term respectively. The proof follows similarly to that in Lemma [4] by applying
Theorem [7]and Theorem 6] O

E Robust Natural Actor-Critic Analysis

In this section, we first state and prove the formal versions of the main theorems Theorem |I| and
Theorem 2] in Theorem [§] and Theorem [9] respectively. We then give the convergence of RNAC
employing general function approximation in Theorem [I0}
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E.1 Linear Function Approximation

We introduce the detailed setup of the RNAC algorithm with linear function approximation, based
on which the theorems are stated and proved.

RNAC-Linear Setting: We study the RNAC (Algorithm [1)) with robust critic performing RLTD
(Algorithm [2{ with &, = ©(1/k) as in Theorem [5) and robust natural actor performing RQNPG
(Algorithm 3| with ¢, = ©(1/n) as in Lemma [3) under linear value function approximation as in
Eq and log-linear policy as in Eq (15), for DS or IPM uncertainty sets taking ¢ suggested by
Proposition [ or Lemmal ] respectively. We assume Assumption [TJand Assumption [3|hold.

For each time ¢ = 0,1,...,7 — 1, the value approximation and policy in RNAC are updated
as w! = RLTD(mg:, K) and 6'T1 = RQNPG(H?, n’, wt, N), respectively. Denote by u’ as uy in
RQNPG (6!, nt, w?, N) (Algorithm , which defines a robust Q-function approximation Q*'. Let

Tt = mge, k' = ke, VI = V™ for snnph(:lty We have the following lemma.

Lemma 6. Under the RNAC-Linear Setting, for any t = 0,1,...,T — 1, we have (Q* , wi+1 —
mt) >0,Vs € S and

2€
1—7’
where the expectation IE is taken w.r.t. the data sampled by RNAC, and € = €gtqt + €pias IS the same
as that in Lemma

E[E,[(Q¥,nt — at™)]] > E[V!(p)] — E[V!*1(p)] -

s S

Proof of Lemmal[B] Taking m = w* in the fundamental inequality Eq gives
QL ml — wlt) < ~KL(rl,n{*) — KL(x{" 7)) <0,

s S S7 S

which implies 71 is indeed improving 7* along Q' direction. We then have

1
(@l =) 2 7B e o [(QU s — wi )

=14
1 t 1

= — m]ESINd:.t+11K,t+1 [< ;r/ ,ﬂﬁfl - 7T§/>] + mEs’Nd;rHl'“Hl [<QS/ - QS ,7Tt/ - 7Tt+1>}
1 1

= — mES’Nd;rHl’K'Hl,a’Nwal [At(s/’a/»] + mESINd§t+1'Nt+1 [<QS/ — QS/ 71' ;) = 7Tt+1>}

1
2VH(s) = VI ) 4 1B, e QU - Q3 7l 7))

where the second inequality is by Lemma([8] The proof of the lemma is then concluded by taking
expectation E[E;.,[-]] on both sides and applying Lemma 4] O

Assumption 6. For initial state distribution p, there exists M that sup,.cp || d%|‘m <M < oo
Theorem 8 (Formal statement of Theorem [T). Under RNAC-Linear Setting and Assumption [6]

Z\I
RNAC with geometrically increasing step sizes n' 27 1 T nt=! foreacht =1,2,...,T, satisfies

T-1
i - BVl (1157 ) (- 00 - V) + o))

+( 2, 2M )
6’
1—v  (1-9)?

where € = €gqt + €pias AS IN Lemmawith €stat = O( NG + \F) Omitting the approximation

€vias, the sample complexity for achieving e robust optimal value (i.e., V*(p) — E[VT(p)] < ¢)is
O(1/€?) by taking N = K = ©(1/¢?) and T = O(log(1/¢)).

Proof of Theorem[8] Taking m = 7* in inequality (I8), we have

ut * u‘ 1 * 1 *
QY 7t —mty +(Q¥ 7t — ntth) < EKL(ws,wz) — —KL(m}, mi). (23)

s 1s S s 1"s S
n
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We then take the expectation E[E__ .. []] on both sides. Note that

oyt UQE TS = T = BB [(QF 73 = 7)) + E[E,_ o [(QF - QT ] — 7))
> (1=7)(V*(p) — E[V'(p)]) — 2,
where the 1nequa11ty is by Lemma [§] and Lemma @ Then by Lemma [ and Assumption [6] that

E[E

M = sup,, | we have

E[E Qi mt =) > M (E[v%p)] B[V ()] - - 2_3) ,

since (Q', wt — mwi+1) < 0. The outside expectation E is taken w.r.t. the data sampled by RNAC,
and since all the following statements are under expectation [E, we omit E in the proof for simplicity

and bring it back at the end. Combining the inequality above and Eq (23), we have
" 2e
=)V )= V(o) = 264 M (V') = V') - 12 )

I—v
<Lkr o (7 wt)—iKL o (m*, with)
=gt et ptodpet '
It follows that
1—7 N 1
Vi) - V) < (1= 17 ) 07 0) = Vi) + KL ()
1

Take geometrically increasing step sizes n > . 5 ﬂv n'~! for each t. Since M = sup,, >
(1= ) D0 [| 257, we have
p
M?]t d;"‘t ™, M N i—1 *,ir (7" , T
-5 (1=n . ‘ot

S W TKLd;mt(ﬂ' , ) — KL, ot (m*, 7wy ) <0.

We bring back the expectation E over the data and finally arrive at
T T-1 KL ..o (7%, 70)
1-— 1—x dxe J
* _E T R * _ 170 1— P
Vo -EVTl< (1- 157 ) -V + (1- 157 o
n 2M € n €
1—y\M 1-v)’

where KLdZNO (r*,7Y) < log |.A| when ¥ is a uniform policy. O

Theorem 9 (Formal statement of Theorem[2). Under RNAC-Linear Setting and Assumption[6lwhen
IPM uncertainty set is considered, take p = v™ andn' =1 = (1 — ) log(|A|), RNAC satisfies

) . 2 2 2_7
Vo g L EVOLS i T T
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where (3 is in Assumption [6| (guaranteed by Proposition | for DS uncertainty set and assumed for

IPM uncertainty set), and € = €s¢qt + €pias as in Lemmald|with €40t = O(\/% + LN) Omitting the

approximation €p;qs, the sample complexity for achieving € robust optimal value on average (i.e.,
V*(p) — % Zle E[Vi(p)] <e)isO(1/e3)by N = K = O(1/?) and T = O(1/¢).

Proof of Theorem[9} Taking m = m* in inequality (I8), we have

s s 1S s s

¢ ¢ 1 1
QY ,7r — 7ty +(Qv , 7t — 7ttty < —KL(n}, 7t) — =KL(n%, 7 t1).
n n

Since all the following statements are under expectation [E over the data, we omit E in the proof for
simplicity and bring it back at the end. According to Lemma [9]and Lemma[d} we have

'U.t * 7\'1/ * 'U.t ﬂ't *
ESNPKQS ) s — 7T2>] = ]ESNI)K s 2 Mg — ﬂ-i” + ESNPKQS — s Ty — 7T§>]
> (1=B)(V*(p) = V'(p)) — 2e.
Based on Lemma[6] we have
2e

1—7

Eono[(QY 7t — 1] > VE(p) — VI (p) —

s S

It then follows that
(1=B)(V*(p) = V*(p)) <V (p) = Vi(p) +

Taking summation from ¢ = 0 to 7' — 1 from both sides we have

KLp(ﬂ*,ﬂ't) — KLp(w*,ﬂ't"'l) n 2 — 726-
n 1—7v
VT(p) KL, (7*, 70) 2¢ 2—7

1-8)T  n(1-8T 1-p1-7

We then conclude the theorem by choosing 77 = (1 — ) log(|.A|) and bringing back the expectation
E over data,

1 T
Vi) =72 Vi) <

2 L2 2
=) =AT " T-FT=7"

1 T
Vi(p) = 7 ) _EIV!(p)] <
O

Discussion: The linear convergence for NPG with linear function approximation has been previ-
ously studied in canonical MDP [4]. We present the linear convergence of RNAC (Algorithm [T in
Theorem 8] Compared to Theorem 8] Theorem [O]utilizing constant step sizes and leads to sublinear
convergence, and it is proved only for initial state distribution p = ™ . Moreover, Theorem@does
not require Assumption [6]though may need Assumption 2] for IPM uncertainty set.

E.2 General Function Approximation

RNAC-General Setting. We study the RNAC (Algorithm [T)) with robust critic performing FRVE
(Algorithm [5) and robust natural actor performing RNPG (Algorithm |§| with ¢, = ©(1/n) as in
Theorem [/)) under general value function approximation as in Eq and general policy class as
in Eq , for DS uncertainty set taking & suggested by Proposition 4] We assume Assumption [I]
Assumption |5|and Assumption 4| (||uL| < U), hold.

Theorem 10. Under RNAC-General Setting, suppose logmg(a|s) is an L-smooth function of 6.
w for each t, RNAC satisfies

V2LU?KL,(7*, 70) €

1 T—-1 .
72V A-pWT 18

where (3 is in Assumptlbn@( guaranteed by Propositiond\for DS uncertainty set), and € =€+
€hias @S In Lemma EI with €., = O(\/% + LN) Omitting the approximation €,,, ., the sample

Take p = v™ andnt = n =

Vi(p) —E <

complexity for achieving ¢ robust optimal value is O(1/e*) by N = K = O(1/¢?) and T =
O(1/2).
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Proof. We have
(1 - 6)(‘/*(10) - E[Vt(p)]) S E[]E(s,a)NpOﬂ'* [At(87 a)]]
= E[E(s ) por+ [Vo log 7 (a]s) Tu'] + E[E(q a)ympor= [AL(5,a) — A (s,0)]]

1 at(als)]] | nLE[je!)
<E B yopons | =1 '
= [ (s)~p [77 %8 Tt (als) ” Tyt

1 LU?
< TE[KL(r", 7) ~ KLy(x", 7)) + T2y o
n

where the first inequality is by Lemma @ the first equality is by the definition of A%’ (s,a) =
Vlog w(als) Tu?, and the second inequality is by the L-smoothness of log 7 (a|s) and Lemma

We then conclude the proof by summing from ¢ = 0 to 7" — 1 from both sides and taking n =
2KL, (*,79) O
V 1ot -

Note that in RNAC-General Setting, the critic is employing general function approximation, where
the IPM uncertainty set is not defined (c.f. Section for more discussion). It is not hard to show
a similar result as in Theorem [I0]for the RNAC with robust critic performing RLTD (Algorithm [2)
and robust natural actor performing RNPG (Algorithm[6) for both DS and IPM uncertainty sets.

F Supporting Lemmas
We introduce some supporting lemmas for proving the results of this paper.

F.1 Performance Difference Lemmas

A key supporting lemma in the proof of convergence of policy gradient-based methods is the perfor-
mance difference lemma. In the canonical RL with a fixed transition kernel x, we have the following
performance lemma.
Lemma 7 (Performance difference [23]]). For any policy w,«’, and transition k, we have

/ 1

Vii(p) = Vi(p)=—FE

1—~ Sng’vN]Ea~w/(.|s)[A”(s,a)}.

However, due to the non-singleton uncertainty set P, the worst-case transition kernel is a function
of policy 7, and we have the following performance difference inequality lemma.

Lemma 8 (Robust performance difference). For any policy w, 7/, denote k' = k. and Kk = Kk be
their worst-case transition kernels, respectively. Then

1 s ’7\" U 1 U
T B B (0l A7(5,0)] V7 (0) = V7(0) < 1By B (19 [A7 (5.0

Proof of Lemmal8] The LHS is by

V(o) = V™ (p) = B | D7 (r(se,a0) + V™ (50) = V™ (50)) | — V™ (p)
t>0

=B | D7 (r(s1,00) + 4V (s141) = V7 (s1))

| >0
1 s
Z EESng/’K/EaNﬂJ('IS) [A (S,a)}.
The RHS is by
w’ 2 w’ T 1 T
K’ (p) - VK, (p> < VK, (p) - st (,0) = EES,\,d;'WEaNﬂ’HS) [A (s,a)].
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Moreover, the optimality gap between the optimal policy 7* and any policy 7 is upper bounded as
in the lemma below.

Lemma 9 (Robust optimality gap lemma). Under Assumption[2] for any 7 and any p,

Vi(p) = V7(p) <

[A™ (s, a)].

Proof of Lemma[9}
V*(p) -V (P) = ESNpEaNW: [T(Sa a) + Z Kg* (8/‘8, a)V*(S/)] -V (P)
= Eswaa~7r* [T(S, a) +7 Z ,‘<;,n.(8/|87 a)VTr(S/) - Vﬂ-(p)}
+ VBB Y (ke (88, ) V() = ire (s']5,0) V7 (5))

< BapBamns [A7(3,0)] + VEsnpBanns D ke (s']s,a)(VF(s') = V7(s'))

< EonpBonr [A7(5,0)] + BEsnpBanne D024 (s)(VF(s) = VT(5)

IN

1

1= B s~y " amms

[A™ (s, a)].

F.2 Concentration Lemmas with Markov samples

Assumption 7 (Uniformly geometric mixing, quantitative restatement of Assumption [I)). There
exists some 0 < X\ < 1 and C > 0 such that for any policy m, the Markov chain {sy} induced by
applying 7 in the nominal model p° is geometrically ergodic with unique stationary distribution v™,
i.e., max ||P(sy, € -|so = 8) — v™||7v < CA\F, V. The uniform convergence to unique stationary
distribution implies that for any policy  the spectral gap (i.e., the difference between the largest
and the second largest eigenvalues) of the state transition kernel has a strictly positive lower bound.

Lemma 10 (Bernstein’s inequality for stationary Markovian data, Theorem 2 in [21]). Suppose
Zy, 2o, ..., 2Ly, follow some stationary Markovian data in space Z with stationary distribution v €
Az and spectral gap of the Markov chain strictly greater than 0. For any function | : Z — [—c, ¢|
that, Bz, [f(Z)] = 0 and Bz, [f(Z)?] = o2, with probability at least 1 — §,

1< o?1n(1/6) cln(1/6)
5;f(zz‘)§c1 ?ﬁ—CzTa

for some spectral gap-dependent multiplicative factors C1, Cs.

Since we assume Assumption [/| throughout the paper during the analysis, the spectral gap is uni-
formly lower bounded by some constant great than zero, and we view C, C as some constant that
can be omitted in the big-O notation. We refer to [21]] for further details of Bernstein’s inequality
for stationary Markovian data.

Lemma 11 (Lemma A.11 in [2] with Markovian data). Consider a stationary Markov chain on
domain X x Z that is geometrically mixing with transition p(x', 2’|z, 2) = pxz(2'|2)pz x (#'|x)
and stationary distribution v o pyx. Let D = {(X1,7Z1),(X2, Z2),...,(Xn, Zy,)} be station-
ary Markovian data sampled with X, ~ v. Given a function class G C R¥ and a func-
tion G : X x Z — R that Ez.p, (10)|G(2,Z)] = g"(z) and |G(z,2)| < Gpaa Let
g = argmingeg 3 > (nep(G(z,2) — g(x))? be the MSE estimate of g* within G, then with
probability at least 1 — 6,

VB [60) - @] <0 (Gmm bg('f”) +Olctias) en
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where €piqs = mingeg ||g — g% ||,

Proof. The proof follows the same as [2]]. The only difference is replacing the canonical Bernstein’s
inequality with i.i.d. data by Bernstein’s inequality for stationary Markovian data in Lemma[l0} [

F.3 Convergence of Stochastic Approximation

F : R? x Z — R%is a stochastic operator. The stochastic approximation algorithm updates the
parameter by wy41 = wg + apF(w, Zx), where (Zy, Z1, . ..) is a Markov chain, that is geometri-
cally ergodic for some C' > 0,1 > X > 0 with stationary distribution v, i.e., max, ||P(Z} € :|Zp =
2) — v|lry < CAF, Vk. (c.f. Assumption . The stochastic approximation algorithm solves the
following equation

0= F(w):=Ezw[F(w, 2)],
under the following assumption and appropriate step sizes (a1, g, . . .).
Assumption 8. 1. (Zy, Z1,...) are geometrically mixed to the stationary distribution.

2. 3Ly > 0 that |F(w,z) — F(v', 2)|| < L1]jw — w’
R%, z € Z.

F(0,2)|| < Ly for any w,w' €

>

3. F(w) = 0 has unique solution w* and there exists co > 0 that (w — w*)T F(w) <
—col|w — w*||? for any w € R4

The second condition of Assumption [§]is a Lipschitz condition of the operator F', and the third
condition is the “strongly-concavity” structure of the averaged operator F'.

Lemma 12 (Big-O version of Corollary 2.1.2 in [10]). Under Assumption |8} taking appropriate
ar = O(1/k) gives E[|lwx — w*|*] = O(1/K).

To apply the lemma above, we need to show that the proposed operator F' satisfies Assumption [§]

G More Related Works

The framework of the robust Markov decision process (RMDP) is proposed by [[19,140] to learn the
optimal robust policy that achieves the optimal worst-case performance over all possible models in
the uncertainty set. For the planning problem of RMDP, Iyengar [19] and Nilim et al. [40]] show that
value iteration achieves linear convergence to the optimal robust values.

When the transition model is unknown, several model-based and value-based approaches have been
proposed and studied for robust RL in both the tabular setting and the function approximation set-
ting. Under the tabular setting, Xu et al. [64] design the model-based robust phase value learning
algorithm and demonstrates an O(1/€2) sample complexity bound. Under the function approx-
imation setting, Panaganti et al. [43] develop a robust fitted Q-iteration with the total variation
uncertainty set and show an O(1/€?) sample complexity to achieve approximate optimality and [6]
develop a model-based method with the same sample complexity under certain coverage assump-
tion. However, these methods are not scalable to continuous control problems. Instead, policy-based
approaches directly parameterize policy and have more representation power in modeling stochas-
tic policies, more flexibility for policy manipulation, and a better ability to solve robotics control
problems with large action space.

The existing policy-based methods with convergence guarantees mainly focus on the tabular setting.
Wang et al. [61] show an O(1/€”) sample complexity for robust actor-critic with R-contamination
uncertainty sets. Li et al. [29] prove an O(1/¢2) sample complexity for robust natural actor-critic
assuming the existence of an oracle to solve the inner optimization problem. Kumar et al. [27] de-
velop a robust policy gradient method based on £, norm uncertainty sets and extends its formulation
under the s-rectangular assumption. All works mentioned above are limited to the tabular case with
critic Q and adopt computationally infeasible uncertainty sets in the case of the large state space.
Kuang et al. [26] illustrate a state disturbance view of Wasserstein metric-based RMDP, which can
be generalized to the large state space. However, they only provide a policy iteration guarantee in
the tabular setting (contraction under || - ||). Instead, we focus on large-scale robust RL, propose
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two computationally efficient uncertainty sets, and demonstrate an O(1/€?) (resp., O(1/¢*)) sam-
ple complexity under linear (resp., general) function approximation. Additionally, we regard V' as
a critic instead of Q, which is closer to the actual implementation of on-policy natural actor-critic
algorithms.
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