Policy-based Primal-Dual Methods for Convex
Constrained Markov Decision Processes

Donghao Ying Mengzi Guo
UC Berkeley UC Berkeley
Berkeley, CA 94720 Berkeley, CA 94720
donghaoy@berkeley.edu mengzi_guo@berkeley.edu
Yuhao Ding Javad Lavaei Zuo-Jun (Max) Shen
UC Berkeley UC Berkeley UC Berkeley
Berkeley, CA 94720 Berkeley, CA 94720 Berkeley, CA 94720

yuhao_ding@berkeley.edu lavaei@berkeley.edu maxshen@berkeley.edu

Abstract

We study convex Constrained Markov Decision Processes (CMDPs) in which the
objective is concave and the constraints are convex in the state-action visitation
distribution. We propose a policy-based primal-dual algorithm that updates the
primal variable via policy gradient ascent and updates the dual variable via projected
sub-gradient descent. Despite the loss of additivity structure and the nonconvex
nature, we establish the global convergence of the proposed algorithm by leveraging
a hidden convexity in the problem under the general soft-max parameterization,
and prove the O (T‘l/ 3) convergence rate in terms of both optimality gap and
constraint violation. When the objective is strongly concave in the visitation
distribution, we prove an improved convergence rate of O (T’l/ 2). By introducing
a pessimistic term to the constraint, we further show that a zero constraint violation
can be achieved while preserving the same convergence rate for the optimality
gap. This work is the first one in the literature that establishes non-asymptotic
convergence guarantees for policy-based primal-dual methods for solving infinite-
horizon discounted convex CMDPs.

1 Introduction

Reinforcement Learning (RL) aims to learn how to map situations to actions so as to maximize the
expected cumulative reward. Mathematically, this objective can be rewritten as an inner product
between the state visitation distribution induced by the policy and a policy-independent reward for
each state-action pair. However, many decision-making problems of interests take a form beyond the
cumulative reward, such as apprenticeship learning [1], diverse skill discovery [2]], pure exploration
[3]], and state marginal matching [4]], among others. Recently, [5, 6] abstract such problems as convex
Markov Decision Processes (MDPs), which focus on finding a policy to maximize a concave function
of the induced state-action visitation distribution.

However, in many safety-critical applications of convex MDP problems, e.g., in autonomous driving
[7], cyber-security [8]], and financial management [9]], the agent is also subject to safety constraints.
Nonetheless, the classical safe RL and CMDPs [10]], which assume that the objective and constraints
are linear in the state-action visitation distribution, are not directly applicable to more general convex
CMDP problems where the objective and the constraints can respectively be concave and convex in
the state-action visitation distribution.
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In this paper, we focus on the optimization perspective of convex CMDP problems and aim to develop
a principled methodology and theory for the direct policy search method. When moving beyond linear
structures in the objective and the constraints, we quickly face several technical challenges. Firstly,
the convex CMDP problem has a nonconcave objective and the nonconvex constraints even under
the simplest direct policy parameterization. Thus, the existing tools from the convex constrained
optimization literature are not applicable. Secondly, as the gradient of the objective/constraint
with respect to the state-action visitation distribution becomes policy-dependent, evaluating the
single-step improvement of the algorithm becomes harder without knowing the visitation distribution.
Yet, evaluating the visitation distribution for a given policy can be inefficient [11]]. Thirdly, the
performance difference lemma [12]], which is key to the analysis of the policy-based primal-dual
method for the standard CMDP [13]], is no longer helpful for general convex CMDPs.

In view of the aforementioned challenges, our main contributions to the policy search of convex
CMDP problems are summarized in Table[I] and are provided below:

* Despite being nonconvex with respect to the policy and nonlinear with respect to the state-
action visitation distribution, we prove that the strong duality still holds for convex CMDP
problems under some mild conditions.

* We propose a simple but effective algorithm — Primal-Dual Projected Gradient method
(PDPG) — for solving discounted infinite-horizon convex CMDPs. We employ policy
gradient ascent to update the primal variable and projected sub-gradient descent to update
the dual variable. Strong bounds on the optimality gap and the constraint violations are
established for both the convex objective and the the strongly concave objective cases.

* Inspired by the idea of “optimistic pessimism in the face of uncertainty”, we further propose
a modified method, named PDPG-0, which can achieve a zero constraint violation while
maintaining the same convergence rate as the PDPG method.

Algorithm Objective Constraint ‘ Optimality Gap ‘ Constraint Violation
PDPG Concave Convex @) (T’l/ 3) o (T’l/ 3)
PDPG Strongly concave Convex @) (T’l/ 2) o (T’l/ 2)

PDPG-0 Concave Convex @) (T’l/ 3) 0
PDPG-0 Strongly concave Convex @) (T’l/ 2) 0

Table 1: We summarize our results for the policy-based primal dual methods for general convex
CMDPs. Here T is the total number of iterations.

1.1 Related work

Convex MDP Motivated by emerging applications in RL whose objectives are beyond cumulative
rewards [14} |1} [15, 13} 116} 4], a series of recent works have focused on developing general approaches
for convex MDPs. In particular, [S]] develops a new policy gradient approach called variational policy
gradient and establishes the global convergence of the gradient ascent method by exploiting the
hidden convexity of the problem. The REINFORCE-based policy gradient and its variance-reduced
version are studied in [17]]. The paper [6] transforms the convex MDP problem to a saddle-point
problem using Fenchel duality and proposes a meta-algorithm to solve the problem with standard
RL techniques. The work [18]] proves the equivalence between convex MDPs and mean-field games
(MFGs) and shows that algorithms for MFGs can be used to solve convex MDPs. However, the
above papers only consider the unconstrained RL problem, which may lead to undesired policies
in safety-critical applications. Therefore, additional effort is required to deal with the rising safety
constraints, and our work addresses this challenge.

CMDP Our work is also pertinent to policy-based CMDP algorithms [[10, [19-23]]. In particular,
[[L3]] develops a natural policy gradient-based primal-dual algorithm and shows that it enjoys an
O(T‘l/ 2) global convergence rate regarding both the optimality gap and the constraint violation
under the soft-max parameterization. The work [24]] considers a primal-based approach and achieves
a similar global convergence rate. More recently, [25527] introduce entropy regularization and obtain



improved convergence rates with dual methods. Nonetheless, these works focus on cumulative
rewards/utilities and do not directly generalize to a boarder class of safe RL problems, such as safe
imitation learning [28]] and safe exploration [3]]. Beyond CMDPs with cumulative rewards/utilities,
the concurrent work [29] also studies the convex CMDP problem, and their algorithm is based on the
randomized linear programming method proposed by [30]. However, as their approach works directly
in the space of state-action visitation distributions, it is thus not applicable to more general problems
where the state-action spaces are large and a function approximation is needed. In comparison, our
work addresses this issue by focusing on the policy-based primal-dual method and adopting a general
soft-max policy parameterization.

1.2 Notations

For a finite set S, let A(S) denote the probability simplex over S, and let |S| denote its cardinality.
When the variable s follows the distribution p, we write it as s ~ p. Let E[-] and E[- | -], respectively,
denote the expectation and conditional expectation of a random variable. Let R denote the set of
real numbers. For a vector x, we use x" to denote the transpose of x and use {(x,y) to denote the
inner product z"y. We use the convention that |z, = ¥; |2, |z]2 = \/X; 22, and | 2]« = max; |z;|.
For a set X c RP, let cI(X) denote the closure of X. Let Px denote the projection onto X,
defined as Px(y) := argmingex |z — y|l2. For a matrix A, let | A|2 stand for the spectral norm,
ie., |Al2 = max)g,+0 {|Az|2/|z|2}. For a function f(x), let argmin f(z) (resp. arg max f(z))
denote any global minimum (resp. global maximum) of f(z).

2 Problem Formulation

Standard CMDP Consider an infinite-horizon CMDP over a finite state space S and a finite action
space A with a discount factor 7 € [0, 1). Let p be the initial distribution. The transition dynamics is
givenby P: S x A — A(S), where P(s’|s, a) is the probability of transition from state s to state s’
when action a is taken. A policy is a function 7 : S — A(.A) that represents the decision rule that
the agent uses, i.e., the agent takes action a with probability 7 (a|s) in state s. We denote the set of
all stochastic policies as II. The goal of the agent is to find a policy that maximizes some long-term
objective. In standard CMDPs, the agent aims at maximizing the expected (discounted) cumulative
reward for a given initial distribution p while satisfying constraints on the expected (discounted)
cumulative cost, i.e.,

T e = t
max VT (r):= IEL;)’V r (8¢, at)

ag ~m(|s¢), so ~ P] )

o0 (1)

s.t. VT(e) = E[Z ve(se,ar)
=0

az ~mw(-[st), 80 ~ p] <0,

where the expectation is taken over all possible trajectories, and r(+,-) and ¢(+,-) denote the reward
and cost functions, respectively. For given reward function r (-, -), we define the action-value function
(Q-function) under policy 7 as

Q"(r;s,a) =K [i ’YtT (s¢,a0)
t=0

which can be interpreted as the expected total reward with an initial state sy = s and an initial action
ap = a. For each policy 7 € IT and state-action pair (s,a) € S x A, the discounted state-action
visitation distribution is defined as

N(s,a) = (1=7) Y V'P (st =s,ar=a|m,s0~p). 3)
t=0

ag ~7(-[s¢),50 = 8,00 = a] ; 2

We use A to denote the set of all possible state-action visitation distributions, which is a convex poly-
tope (cf. (26)). By using A as decision variables, the CMDP problem in () can be re-parameterized
as follows:

max (r,A\), s.t.
AeA 1 -7 1-7~

This is known as the linear programming formulation of the CMDP [10]. Once a solu-
tion A\* is computed, the corresponding policy can be recovered using the relation m(als) =

)‘ﬂ(sa CL)/ Za’eA )\71-(57 a,)'

(c,\) <0. @)



Convex CMDP In this work, we consider a more general problem where the agent’s goal is to find
a policy that maximizes a concave function of the state-action visitation distribution A subject to a
single convex constraint on A, namely

max fO) st g(M) <o, &)

where f is concave and g is convex. As (9) is a convex program in A, we refer to the problem as
Convex CMDP. We emphasize that the method proposed in this paper directly generalizes to multiple
constraints and we present the single constraint setting only for brevity.

Example 2.1 (Safety-aware apprenticeship learning (AL)) In AL, instead of maximizing the long-
term reward, the agent learns to mimic an expert’s demonstrations. When there are critical safety
requirements, the learner will also strive to satisfy given constraints on the expected total cost [28].
This problem can be formulated as

. 1
max FO) ==dist(A\, Xe) sz g(A) = 1

{c,A) <0, (6)

where A\ corresponds to the expert demonstration, ¢ denotes the cost function, and dist(-,-) can be
any distance function on A, e.g., *-distance or Kullback-Liebler (KL) divergence.

Example 2.2 (Feasibility constrained MDPs) As an extension to standard CMDPs, the designer
may desire to control the MDP through more general constraints described by a convex feasibility
region C' [31)] (e.g., a single point representing a known safe policy) such that the learned policy is
not too far away from C. In this case, the problem can be cast as

1
-~

max f\) = (r, Ay st g(\)=dist(\,C) —dg <0, (7)

where dy > 0 denotes the threshold of the allowable deviation.

Policy Parameterization Since recovering a policy from its corresponding state-action visitation
distribution is toilless, a natural approach to solving the convex CMDP problem is to optimize (3]
directly (or equivalently (4) for standard CMDPs). However, since the decision variable A has the
size |S||.A|, such approaches lack scalability and converge extremely slowly for large state and action
spaces. In this work, we consider the direct policy search method, which can handle the curse of
dimensionality via the policy parameterization. We assume that policy 7 = 7 is parameterized by a
general soft-max function, meaning that

exp{¢(¢;s,a)}
Za’eA €xp {’l[) (67 S, a/)} ’

where ¢ (- ; s, a) is some smooth function, 6 € © is the parameter vector, and © is a convex feasible set.
We assume that 6 over-parameterizes the set of all stochastic policies in the sense that cl (A(©)) = A.
Further assumptions on the parameterization will be formally stated in Sectionfd] In practice, the
function 1 can be chosen to be a deep neural network, where 6 is the parameter and the state-action
pair (s, a) is the input. Under parameterization (8), problem (5) can be re-written as

max F(0) = f(A(0)) st G(6) = g(A(9)) <0, )

mo(als) = V (s,a) €S x A, ®)

where we use the shorthand notations A(#) := A\™ and A\(6; s,a) := A™ (s, a). It is worth mentioning
that (9) is a nonconvex problem due to its nonconcave objective function and nonconvex constraints
with respect to 6.

Lagrangian Duality Consider the Lagrangian function associated with (9), £(6, 1) := F () -
1G(0). For the ease of theoretical analysis, we define L(A, i) := f(\) — pug (), which is concave
in A\ when p > 0. It is clear that £(6, 1) = L(A(0), ). The dual function is defined as D(u) :=
maxgeo £(0, 1t). Let mg~ be the optimal policy such that 6* is the optimal solution to @) and p* be
the optimal dual variable.

In constrained optimization, strict feasibility can induce many desirable properties. Assume that the
following Slater’s condition holds.



Assumption 2.1 (Slater’s condition) There exist 6 € © and & > 0 such that G(0) = g(\(9)) < —¢.

The Slater’s condition is a standard assumption and it holds when the feasible region has an interior
point. In practice, such a point is often easy to find using prior knowledge of the problem. The
following result is a direct consequence of the Slater’s condition [10].

Lemma 2.2 (Strong duality and boundedness of ;1*) Let Assumption hold and suppose that

cl(A(©O)) =A. Wehave: (I) F(0*) =D (u*) =L (0", "), D) 0 < p* < (F(0*) - F(0))/¢.

For completeness, we provide a proof for Lemma[2.2]in Appendix [A] The strong duality implies that
() is equivalent to the following saddle point problem:

in £(0, 1) = mi 0, 1). 10
By £ ) = iy O 1o

Motivated by this equivalence, we seek to develop a primal-dual algorithm to solve the problem.

3 Safe Policy Search Beyond Cumulative Rewards/Utilities
To solve (I0), we propose the following Primal-Dual Projected Gradient Algorithm (PDPG):

9t+1 ="Pe (9t+771v0‘c(9t7:ut))a /’[/“—1 =Py (:ut_n2vu£(9t7/’(‘t))7 fort:051727"'a (11)

where 71 > 0, 72 > 0 are constant step-sizes, and the dual feasible region U := [0, Cy] is an interval
that contains p*. By Lemma choosing Cy > (F(0*) — F(0))/¢ satisfies the requirement. The
method (IT]) adopts an alternating update scheme: the primal step performs the projected gradient
ascent in the policy space, whereas dual step updates the multiplier with projected sub-gradient
descent such that ;**! is obtained by adding a multiple of the constraint violation to y!. The values
of Cy, 11, n2 will be specified later in the paper.

Unlike standard CMDPs (I) where the value function is defined as discounted cumulative re-
wards/utilities and admits an additive structure, performing and analyzing algorithm are far more
challenging for convex CMDPs.

3.1 Gradient Evaluation of the Lagrangian Function

Computing the primal update in (TT) involves evaluating the gradient of the Lagrangian with respect
to 0, i.e., VoL(0, 1) = Vo [f(A(0)) — ug(A(0))]. When f(-) and g(-) are linear as in the standard
CMDP, i.e., f(A) = (r,\}/(1-7) and g(X\) = (¢, \)/(1-7), the Policy gradient theorem (cf. Lemma
[G.I) can be applied, implying that

1
VoL(0, 1) = VoV™ (r - pc) = ﬁEbd”e Eqery(1s) [Vologmg(als) - Q™ (r - pc;s,a)], (12)

where d™(s) = Y ,c4 A" (s, a) is the discounted state visitation distribution. However, this favorable
result is not applicable when f(+) and g(-) are general concave/convex functions. Instead, we present
two alternative approaches.

Variational Policy Gradient By leveraging the Fenchel duality, [5] showed that the gradient
VoL (0, 1) can be computed by solving a stochastic saddle point problem, in particular

5
VoL(0, 1) = lim argmaxinf {(1 —7) [V™(2) +0(VeV™ (2),2)] = Li (2, 1) - §H$H2} , (13)

where L, (z,u) :=infy {{z,A) = L(\, )} is the concave conjugate of L(\, ) with respect to . As
L,(z, ) is concave in z and V™ (z) = (2, A(#)) is linear in z, the max-min problem in is a
concave-convex saddle point problem.

REINFORCE-based Policy Gradient By noticing the relation Vo V7™ (1) = [VoA(0)]"-7/(1-7),
one can view VgL(0, ) as the standard policy gradient for the value function with the reward
VAL(A(6), 1) (assuming that f(\), g(\), and \(0) are all differentiable), i.e.,

VoL(0, 1) = [VoA(0)]" - VAL(A(0), 1) = (1= 7)VoV™ (VAL(A(B), 1)), (14)



where the first equality follows from the chain rule. Thus, the gradient V¢ £(0, 1) can be estimated
with the REINFORCE algorithm [32] as long as we can choose an approximation of VxL(A(8), 1)
as the reward. We refer the reader to [[17, Section 4] for more details.

Since V,L(0, 1) = -G(0) = —g(A(0)), performing the dual update (II)) requires evaluating the
constraint function. In cases where an efficient oracle for computing g(A(6)) from 6 is not available,
we can formulate it as another convex problem using the Fenchel duality to avoid directly estimating
the current state-action visitation distribution A(6):

Vul(0,) = =g(A(0)) = =sup {{z,A) = g"(2)} = =sup {(1 =)V (2) —g"(2)}. (1)

where g*(z) := sup, {(z,A) — g(\)} is the convex conjugate of g(-) and we use the fact that the
biconjugate of a convex function equals itself, i.e., g** () := sup, {{z,A) —g*(2)} = g(N).

3.2 Exploiting the Hidden Convexity

By itself, (I0) is a nonconvex-linear maximin problem. The existing results for the analysis of the
gradient ascent descent method for such problems can only guarantee to find a e-stationary point
in O(e°) iterations [33]]. To obtain an improved convergence rate and achieve a global optimality, it
is necessary to exploit the “hidden convexity” of (9) with respect to .

However, standard analyses based on the performance difference lemma (cf. Lemma|G.4) do not
apply to convex CMDPs [34}[13]]. A key insight is that, due to the loss of linearity, the performance
difference lemma together with concavity can only provide an upper bound for the single-step
improvement with the gradient information at the current step (the derivation can be found in

Appendix [A.T):

L0, p5') = L(0", ') < By gmor (mges (fs) =790 (<), Q7o (VAL(A(B"), 1')s5,)) . (16)
Thus, this prompts us to introduce a new analysis to bound the average performance in terms of the
Lagrangian (cf. (I8)).

Following [5]], we leverage the fact that the primal update implies the formula
1
L™ ) =mpax { L") + (0~ 0) L0 ") - ﬂne—etus}. (17)

With a proper step-size 7y, guarantees a strict single-step improvement. The basis of our
analysis lies in designing a special point 6 from 6" and 6* to lower-bound £(0**!, ui*) through (T7).
The hidden convexity of () with respect to A plays a central role in bounding the improvement
L0, ut) — £(6, ut) and relating it to the sub-optimality gap £(0*, ut) — £(6%, ut). The details
are deferred to Section

4 Convergence Analysis

In this section, we establish the global convergence of the primal-dual projected gradient algorithm
by exploiting the hidden convexity of (9) with respect to \. We refer the reader to the supplement
in Appendix |B|for the proofs of this section.

First, we formally state our assumption about the parameterization (8). To avoid introducing an
additional bias, it is natural to assume that the parameterization has enough expressibility to represent
any policy, i.e., V7 € II, 30 € © such that 7 = my. However, assuming a one-to-one correspondence
between 7 € II and 7y, 0 € O is too restrictive. In practice, using a deep neural network to represent
the policy can often arrive at an over-parameterization. Therefore, following [[17], we assume that
mg is defined such that it can represent any policy and that A(+) is locally continuously invertible. A
more detailed discussion can be found in Appendix [D]

Assumption 4.1 (Parameterization) The policy parameterization ™ = 7y over-parameterizes the
set of all stochastic policies and satisfies: (I) For every 0 € O, there exists a neighborhood Uy > 0
such that the restriction of \(-) to Uy is a bijection between Uy and Vypy = AN(Up); (II) Let

)\{,i(e) : Va(g) = Up be the local inverse of \(-), i.e., )\{,i(g)()\(ﬁo)) = 0o, V0o € Uy. Then, there

exists a universal constant g such that /\{,1(9) is Lo-Lipschitz continuous for all 6 € ©; (IIl) There
exists & > 0 such that (1 —)A(0) +eX(0") € Vx(g), Ve <E, VO e O.



We also make the following assumption about the smoothness of the objective and constraint functions.

Assumption 4.2 (Smoothness) F'(0) is {z-smooth with respect to (w.r.t.) 0 and G(0) is {Lg-smooth
w.rt. 0, i.e., V&F(Gl) - VGF(QQ)HQ < ﬁp”gl — 05 H2 and HV()G(Ql) - VGG(GQ)HQ <l H91 -0,
V 01,00 € 0.

2,

In optimization, smoothness is important when analyzing the convergence rate of an algorithm. In
Appendix [E| we provide a discussion which shows that Assumption [4.2]is mild in the sense that
if f(A) is smooth with respect to A, then F'(6) = f(A(0)) is smooth with respect to § under some
regularity conditions.

The following property about £(8, 1) is the direct consequence of Assumption

Lemma 4.3 The functions f(-) and g(-) are bounded on A. Define My and Mg such that | f(\)| <
Mp and |g(\)| € Mg, for all \ € A. Then, it holds that |L(0, )] < My, ¥V 0 € ©,u € U, where
My, = Mp + CoMg. Furthermore, under Assumption L(-, 1) is £r-smooth on ©, for all ji € U,
where U1, := bp + Cola.

To quantify the quality of a given solution 6 to (9), the measures we consider are the optimality
gap F'(0*) — F(6) and the constrained violation [G(6)],, where [x], := max{z,0}. Unlike the
unconstrained setting where the last-iterate convergence is of more interest, a primal-dual algorithm
for constrained optimization often cannot ensure an effective improvement in every iteration due to
the change of the multiplier. Therefore, we focus on the global convergence of algorithm (IT)) in the
time-average sense.

We first bound the average performance in terms of the Lagrangian below.

Proposition 4.4 Let Assumptions f.1|and -2 hold and assume that € < €. Then, for every T > 0, the

iterates { (0", /Lt)}tT:;l produced by algorithm (TT) with ny = 1/4y, satisfy
T-1 * 0\ _ o 0 2 M2
L S L(0%, 1t) - £(6F, )] < LO7 ) = £ 1) +2el 02 + 222G (18)
T = eT €

We remark that by choosing ¢ = 7-/3 and 1), = T~%/3, the bound (18) given by Proposition 4.4| has
the order of O (T‘l/ 3). The core idea in proving Proposition is that one can relate the primal
update (17)) to the sub-optimality gap £(0*, u') — L£(6%, u*) by leveraging the hidden convexity of
(9) with respect to . Then, as [’ — uf| = O(n), we are able to draw a recursion between the
sub-optimality gaps for two consecutive periods (cf. (33))).

The average performance in terms of the Lagrangian can be decomposed into the summation of the
average optimality gap and the weighted average “constraint violation”, i.e.,

1 T-1 1 T-1 1 T-1
S [EO i) - £ ] = 1 3 [P0 - O]+ 3 3 G0 - Gw)]. a9)
t=0 t=0 t=0

Since 8" must be a feasible solution, the term [G (6") - G(9* )] can be interpreted as an approximate
of the constraint violation. To obtain separate bounds for the optimality gap and the true constraint
violation, we need to decouple the bound for the average performance.

Theorem 4.5 (General concavity) Let Assumptions and .2\ hold. For every T > (£)73,
we choose Cy = 1 + (MF —F(G))/E pl =0, m = 1/0y, and ny = T72/3. Then, the sequence

{(Gt, ,ut)}i;1 generated by algorithm converges with the rate O (T‘1/3), in particular

. R 1 T . QMF+M2/2 2€L€2 +2M?2
Optimality Gap: T > [F(G ) - F(Qt)] < IE SL ?1/3 G (20a)
£=0
1 [ 2Mp + MZ[2 20002 +2MZ + CE /2
Constraint Violation: T [;} G(@t)] < FT+2/3 el + 2o +T1/3G +Col (20b)
= +

Theorem [4.5] shows that algorithm achieves a global convergence in the average sense such that
the optimality gap and the constraint violation decay to zero with the rate O (T‘l/ 3). In other words,



to obtain an O (e)-accurate solution, the iteration complexity is O(e2). When f(-) and g(-) are
linear functions as in standard CMDPs (cf. (1)), Theorem [4.5] matches the rate of the natural policy
gradient primal-dual algorithm [[13| Theorem ZE
In Theorem the dual feasible region U = [0, Cy] is set by taking Cy = 1 + (MF - F(g)) /€. By
Lemma p* < (F(0*) - F(0))/¢ < Cy — 1, which implies that 7 := y* + 1 € U. This “slackness”
plays an important role when bounding the constraint violation, as we can write [ZZ;BI G (Ht)]+ =
[( =) St VLot ut)]+, where the latter term can be related to the first-order expansion of
L(60,-) and bounded through the use of telescoping sums.

When the objective function f(A(#)) is strongly concave with respect to A, we can further improve
the convergence rate of algorithm [T1|by a similar line of analysis. Firstly, we establish the average
performance bound in terms of the Lagrangian.

Proposition 4.6 Ler Assumptions . 1|and 4.2\ hold. Suppose that f(-) is o-strongly concave w.r.t. \

on A. Then, for every T > 0, the iterates {(Ht, ut)}j;ol produced by algorithm withny = 1/0g,
satisfy

LT pTT) - £(0%, %) | maME

eT @D

17 t t ot
7 2 [L(07, 1) = £(0", )]
t=0
where & :=min{&, o /(o +203(1)}.

Different from the general concave case (18), the bound (21)) does not contain the constant error term

O(e). Thus, by choosing 72 = 77172, the average performance has the order O (T‘l/ 2). In a similar
manner as in Theorem[4.5] we can decouple the average performance to bound the optimality gap
and constraint violation.

Theorem 4.7 (Strong concavity) Let Assumptions and[.2 hold. Suppose that f(-) is o-
strongly concave w.r.t. X on A. For every T > 0, we choose Cy = 1 + (MF - F(H)) /& 1l =0,
m =1/, and ny = T2, Then, the sequence {(Gt, /Lt)}i;1 generated by algorithm converges
with the rate O (T_1/2), in particular

1Tl My, + Mg M2 M? 1
. . Lz F(6*) - F(o1)] < G G 22
Optimality Gap T tgo [ (0")-F(6 )] S—z |l TF T N (22a)
1 [ Mg+ M MZ MZ+C2\ 1
Constraint Violation: — Z G| < y +| =<+ Yerto —_—, (22b)
T|5 eT 15 2 VT
+

where & :=min{&, o /(o +203(1,)}.

Theorem[4.7] shows that when f(-) is strongly concave, algorithm admits an improved conver-
gence rate of O (T7'/2) by taking the dual step-size 7, = O (T~'/2). Equivalently, the iteration
complexity is O(e~2) to compute an O(€)-accurate solution.

Remark 4.8 (Direct parameterization) As a special case, the direct parameterization satisfies
Assumption once there is a universal positive lower bound for the state visitation distribution
d”. Under the direct parameterization, it can be shown that the primal update also enjoys the
so-called variational gradient dominance property for standard MDPs (see, e.g., [I34, Lemma 4.1]).
This evidence gives a clearer intuition of how the hidden convexity enables us to prove the global
convergence of algorithm ([[1). We refer the reader to Appendix[F|for a detailed discussion.

5 Zero Constraint Violation

In safety-critical systems where violating the constraint may induce an unexpected cost, having a
zero constraint violation is of great importance. Following the recent works [35]26], we will show

! Although the convergence rate presented in [13| Theorem 2] is ((9 (T’l/ 2) ,O (T"l/ 4)), we note that it
can be converted to ((9 (T_I/S) ,O (T_l/S)) by choosing 71 = 12 = T3,



that a zero constraint violation can be achieved while maintaining the same order of convergence rate
for the optimality gap. Consider the pessimistic counterpart of (9):

max F(0) = f(A\(0)) st G(0) = g(A©0) <5, (23)

where § > 0 is the pessimistic term to be determined. In the following theorem, we show that by
applying algorithm to the pessimistic problem with a carefully chosen 4, the constraint
violation will be zero for the original problem (9) when 7" is reasonably large. We refer to this variate
as the Primal-dual Policy Gradient-Zero Algorithm (PDPG-0). The informal version of the theorem
is stated below and we direct the reader to Appendix [C]for a detailed statement as well as the proof.

Theorem 5.1 Let Assumptlons 2.1 {1} and .2 hold. (I) For every reasonably large T > 0, the
sequence {( t)}t I) generated by the PDPG-0 algorithm with 6 = O(T~ 1/3) satisfies

TZ [F(67) - F(6")] = O(T), ;EZ: G(@t)] = 0. (24)

+

H \

(IT) When f(-) is o-strongly concave w.r.t. A on A, the sequence {(Ht, ut)}th_Ol generated by the
PDPG-0 algorithm with § = O(T~'1?) satisfies

T 1 T-1
Z [F(0%) - F(")] = O(T7'?), - [ D G(Ht)] =0. (25)
=0 t=0

+

'ﬂ \

We briefly introduce the ideas behind Theorem here. Adding the pessimistic term § would
shift the optimal solution from #* to another point 65. By leveraging the Slater’s condition, we can
upper-bound the sub-optimality gap [F'(6*) — F'(05 )| by O(0). Since the orders of convergence rates
are the same for optimality gap and constraint violation (cf. Theorem [4.5|and . 7)), we can choose §
to have the same order and then offset the constraint violation for the pessimistic problem (23). As
a result, the constraint violation becomes zero for the original problem (9) and the optimality gap
preserves its previous order.

6 Conclusion

In this work, we proposed a primal-dual projected gradient algorithm to solve convex CMDP problems.
Under the general soft-max parameterization with an over-parameterization assumption, it is proved
that the proposed method enjoys an O (T -1/ ‘3) global convergence rate in terms of the optimality
gap and constraint violation. When the objective is strongly concave in the state-action visitation
distribution, we showed an improved convergence rate of O (T‘l/ 2). By considering a pessimistic
counterpart of the original problem, we also proved that a zero constraint violation can be achieved
while maintaining the same convergence rate for the optimality gap.

One important direction of future work lies in establishing a lower bound for convex CMDP problems
under a general soft-max parameterization to verify the optimality of our upper bounds. Also, an
extension to this work is studying the sample complexity of the PDPG method. Furthermore, it is
interesting to study whether geometric structures, such as entropy regularization [25-27]] or policy
mirror descent [36], can be exploited to accelerate the convergence.
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Appendix A Supplementary Materials for Sections [2]and [3]

Lemma A.1 (Restatement of Lemma[2.2) Let Assumption|2.1|hold and suppose that ¢l (A(©)) =
A We have: (I) F (0*) =D (pu*) =L(0*, 1), ) 0 < p* < (F(0*) - F(0))/&.

Proof. We note that A, the set of all possible state-action visitation distributions, is a convex polytope
having the expression

A:{AGWSA

A20,> A(s,a)=(1=7)-p(s)+7 ). P(s|s',a')')\(s',a'),V3€S}. (26)

Then, since ¢l (A(©)) = A, the nonconvex problem (9) is equivalent to the convex problem (3)):
max FO) st g\ <0.

Therefore, the strong duality (I) naturally holds under Assumption 137].

To prove (II), let C € R. For every u > 0 such that D(u) < C, it holds that

ii)

@~ ~ ( ~
C2D() Y F@) - uG@) 'S P@) + i, @7)
where (i) follows from the definition of D(y) and (i) is due to Assumption2.1]

Since € > 0, gives rise to the bound 1 < (C - F(g)) /€. Now, by letting C' = F/(6*), it results
from the strong duality that {y > 0| D(u) < C'} becomes the set of optimal dual variables. This
completes the proof. O

A1 Supplementary Materials for Section [3.2]

We elaborate on the reason why the standard analysis based on the performance difference lemma
does not apply. When f(A) = (r, A)/(1-+) and g()) = (¢, A)/(1 - ), the Lagrangian L(A(6y, 1)
is linear in A. Thus,

L )~ £(0' ) = (1-9) [V ple) = V7o (7 - )]
= Z d™o* (s) Z (g1 (als) = mae (als)) - Qe (r — p'ec; s, a),

seS acA
where the second step follows from the performance difference lemma (cf. Lemma [G.4). This
provides a way to measure the improvement of the primal update. In particular, suppose that the
primal update adopts the natural policy gradient [38]], meaning that

ent
o+ =0t 4y (}"9 ) VoL(6%, 1),

where (}" o* ) denotes the Moore—Penrose inverse of the Fisher-information matrix with respect to
my¢. The corresponding policy update follows that
Tot _ bt
moes1 (als) o< moe (als)exp (771Q (I peis a) )/Zt(s),
-
where Z!(+) denotes the normalization term. Then, the single step improvement has the following
lower bound [13, Lemma 6]:

1— 2
L0ty - L£(0", 1) 2 (nj)]Em log Z'(s) > 0.

However, when L(\(6), 1) loses the linearity structure as in convex CMDPs, such argument no
longer holds true. The reason is that with concavity we can only obtain an upper bound for the
single-step improvement as follows (cf. (T6)):

TN B (AN
<(VAL(ABY), 1), A(6™) = M(6Y))
(1 =) [VTert (WAL(A(B"), ")) = V™ot (VAL(A(6"), u")) ]
Y dmor(s) Y (mgeni (als) = wae (als)) - Qe (VAL(A(0Y), 1) 5, a)

seS acA
=E,. 476t <7T9t+1 (-|s) — mge (¢|5), QMo+ (VAL()\(Ht), uh); s, )) .
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Appendix B Supplementary Materials for Section [4]

Lemma B.1 (Restatement of Lemma[@d.3) The functions f(-) and g(-) are bounded on A. Define
Mg and Mg such that |f(\)| < Mp and |g(\)| € Mg, for all X € A. Then, it holds that |L(0, 11)| <
Myp, V0 eO,uelU, where My := Mg + CoMg. Furthermore, under Assumption L(,p) is
L1,-smooth on ©, for all p € U, where U1, :={p + Cylg.

Proof. Being a polytope means that A is closed and compact (cf. (26)). Since f is concave and g is

convex on A c R‘S”A', they are also continuous. Thus, we have that f and g are bounded on A. As
U =[0,Cy], it follows that

1£(0, )| = [F(0) = G (0)] = [F(M0)) — ng(MO))] < [f(A(0))]+ ulg(A(6))| < Mp + CoMa
for all i € U. Similarly, as F(0) is £z-smooth and G(6) is £g-smooth, we have that £(0, ) =
F(0) - uG(0) is (Ur + Colg)-smooth. ]

B.1 Proof of Theorem 4.5

Proposition B.2 (Restatement of Proposition[d.d) Ler Assumptions .1 and|.2) hold and assume
that € < €. Then, for every T > 0, the iterates {(Gt,yt)}i;1 produced by algorithm with
m = 1[4y satisfy

T-1 * 0y _ o 0 2 M2
l z [E(G*,,ut) —[,(Ht,/,tt)] < ‘C(e ) ‘c(e ) +25£LE2) n "2 G
T = eT €

Proof. We note that computing the primal update in algorithm (TI)) is equivalent to solving the
following sub-problem (cf. (I7)):

9t+1 — 73@ (et +771v9£(9t;/16t))

_ argmax {c(et,ut) £ (0-0)TVL (0" ) - %He - 9t|\§}
1

60 (28)

~ argmax {z(at,ﬂt) (0-0)TVL(0", i) - %ua - atng}.
0e®

Since £(0, ) is £,-smooth by Lemma4.3] we obtain for every 6 € © that
200, 1)~ £ 1) ~ 0~V (6", u)| < L0 - 0113
Thus, the following ascent property holds:
L0012 L0 1) + (6~ 8) 90L(0 ) ~ L1003 2 L) - 210013 (9)
On the basis of (28) and (29), it holds that
L ) 2 0 1) + (67 0T V0L(0', )~ L1013

< L0011+ (0-0) 0L (0", i) - L]0 -0'13) (30)

> max {£(0, ") - (0~ 613},
Now, we leverage the local invertibility of \(-) to lower-bound the right-hand side of . We define

0 = )‘{/lxet) ((1_5))‘(9t)+€)‘(€*))' @1

According to Assumption since & < &, we have (1 —¢)A(0") +eX(0) € Vy(gr). Thus, 6, is

well-defined and 6. € Uy:. By definition, the composition of A : © — A and /\{,i( . Vaory = Uyt is

ot
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the identity map on Vy(4+. Together with the facts that £(6, ) = L(A(6), ) and L(-, i1) is concave,
we have that . .
L(Oc,p") = LA(0), 11)

- L()\ o0, (L=2)A(E") +2A(0Y)) ,,ﬁ)

=L((1-e)A(0") +ex(),u") (32)

> (1) L"), 1) + e L"), 1)

= (1 - €)£(9t, ,u‘t) + 6‘6(0*3 ,u‘t)
Additionally, the Lipschitz continuity of )\{,i(m) implies that

10~ 03 = W, (=DM +270) - X5 ()],

A0t Vx(et)
<3 |(1-2)A(0") +2(0") - (0"
. 2
<203 [A07) = A0
<2203,
where the last inequality uses the diameter of the probability simplex A, i.e., maxy, xyea |[A1—A2]2 <
\/2. By substituting 6. into and using inequalities and , it holds that
U t _pt)2
‘C(g ) b )_rglg%x{ﬁ(e,u ) ‘eLHg 0 HZ}
> L0, p") ~ L1]6- - 0[5
> (1-e)L(0", 1t +eL(6%, u') - 2620, 03,

(33)

which implies that
L0, 1) = L0, 1) < (1-¢e) (L0, 1) - L(0", ")) + 2% 03, (34)
Consequently, one can obtain the recursion
L00%, 1Y) = £(07Y uthy
_ [5(9*’Mt) _L(etﬂ’uf,)] + [5(9*’ut+1) _L(e*,’ut)] N [£(9t+1’ut) _£(9t+1’ut+1)]

?(1 —e) (L0, 1) - L(0", ")) + 260105 (35)

i [LZ(G*,u”l) _£(9*7Mt)] + [£(9t+17’ut) _£(9t+17ﬂt+1)]

Qo) (L0 ) - L0 1)) + 220,83 + 2 M2,
where we use in (¢) . Step (i) is due to the bound
100, 1) — £00, 1)) = (1! - )G ()
=|[1" =Py (" = mv, L0, 1)) ] G(O)]
< |2V, L(0", )G () (36)
=[G (0")G ()]
< 772M(2;, VOeO,

where the two inequalities above result from the non-expansive property of the projection operator
and the boundedness of G(6), i.e., |G(8)| < M, respectively. Utilizing the recursion (33), we derive
that

E(Q*, ‘ut-i—l) _ £(0t+1, 'ut+1)

<(1-e) (L(0", u") - L(0", 1")) +26° L3 + 2n2 ME
<(L=-e)? (L0, u" ) L0 u ) + (1 +1-¢) (2620638 + 22 ME)

t
<(L=e)" (L0, 1) = L(6° ")) + 3 (1 —e)" (20168 + 21 M)
i=0

(1 o\t x 0y _ 0,0 1-(1-¢)™ 2) 2 2
- (-0 (20" ) - 20 ) + DT (e v o),

14



which is equivalent to
£(9*7Mt) - £(9t7 :u’t)

<(1-e) (£(0%, 1) - L£(0° 1) + (1- (1 -€)") (2amg L 2 MG

) vezo

Summing the above inequality over ¢t =0,1,...,7T -1 yields that

[‘C(e*v :ut) - £(9t7 :ut)]

IN

— Tqu @»Mﬂ

ey <ﬁ<9*’u°>-ﬁwo,xﬂ))+(1—<1—e>t>(2e&£é+Q"ZM G)
(16 (0 ) - c<90,u0))+(T_1—(1€—5>T)(2€€L% +2anMé)

2mo M2
<= (L, pu’) - ,C(@O,ILL))-FT(QEELEQ 2 G).
g

—_

m

The proof is completed by dividing 7" on both sides of the inequality. O

Theorem B.3 (Restatement of Theorem[d.5) Ler Assumptions 2.1} and .2\ hold. For every
T > (£)™, we choose Coy = 1+ (Mp—F(0)) /& p° =0, 1 = 1/¢1, and o = T3 Then, the

T-1
sequence {(Qt, ut)} =0 generated by algorithm converges with the rate O (T‘l/ 3), in particular

- 2Mp + MZ[2 20102 +2M3
. . t G ) G
Optimality Gap: f ;J [ (07)-F(0 )] T2/3 + T1/3 ’
1 2Mp + MEJ2 20003 +2MZ +C 2
Constraint Violation: — [ 3 G(6" )] FT+2/3 el + =5 +T1/3G + Co/

Proof of the optimality gap . By the definition of the Lagrangian function £(6, 1), we have

T _
Z [F(67)-F(0")] = Z [F(6%) - L0, ") - ' G(6")]

f
T % t=0
1 T-1 P 1 T-1 . . (37)
7 2 [FO) 20" 1]) -5 3 wee)
T =0 T %
The first term in the right-hand side of (37) can be upper-bounded as
17 x t ot . t ot
=0 [F07) - £(0', 1)) = Z (L%, ") - L6, )]
T i% T i%
m17 ot tot
Sf [ (07u)_£(9’/”t)]
=0
(i 0y _ 0 ,,0 2
< E( y M ) ‘C(e ) ) +25€L€2@+ 2772MG (38)
eT €
F(0*)-F(¢° 21 M2
:—( )ET ( )+2€€L€%+7€ g
2
2Mr o, (Ll + 2772MG,
el

where the first equality holds due to strong duality (cf. Lemma , and step (7) is due to the fact
that ;i* = argmin 5, £(6*, 1). By Proposmonﬂand Assumptlonn step (4i) holds true for all
¢ < &. Finally, we use the fact that 4° = 0 in the second equality.
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Next, we upper-bound the second term in the right-hand side of . By the update rule of x! in
algorithm (TT) and the non-expansive property of the projection operator, we obtain that

(1 = )% = [Py (1 = 129,L0%, 1)) - 1]
< (1 = mav, L(0°, 1) - n)?
= (1 - 1)? = 2n2(ut — 1) -V, L0% 1) + [V, L0001 ]
< (p' = p)? +2ma(p' = ) - G(O) + (n2Mg)?, Vpel,

where the last inequality results from V,,£(6, 1) = —G () and the boundedness of G(6). By setting
1 = 0 and rearranging terms, we conclude that

GO < [(u )2 = (uh)? + (12Me)?]. (40)

We sum both sides of (40) from ¢ = 0 to T — 1 and divide both sides by 7' to obtain that

(39)

5 T;[w P - () + (1 Mo)’]

[(1)? = (u")? + T (n2Mg)?] (41)
< —UQMG,
2

Where the last 1nequahty 1s resulted from dropping the non-positive term —(u”')? and plugging in
1° = 0. By substituting (38) and (1)) back into | it follows that

T-1 2 2
1 Z [F(0") - F(6")] < 2na Mg, N 772-72\40_
€

1 T-1
— 3 —u'G(0") <
T t=0

2MF 2
+2el 0 +
T Ttte

The proof is completed by taking 7, = 7-2/% and € = T~'/3. We note that T > (&) ensures £ < &. O

Proof of the constraint violation . If [23;61 G (Qt)]+ = 0, the bound is trivially satisfied. There-
fore, from now on, we assume [¥;_' G(6")], > 0, which implies Yo G0 = [T G(6")],.
Define fi:= p* +1 > 1 as " > 0. By the boundedness of x* (cf. Lemma[2.2), we have that

F(0*) - F(0) o1 M- F(0)

T=p +1< < +1=Co,
€ §
which implies 77 € U. Thus, it follows that
1 [T-1 . 1 1= .
il G(0 m — 0
HZ e -@-m 1 5 e
+
1 T-1
~ (=) 7 3 VL0 ) “2)
t=0

1T71
< o) = L0t
ng{(u w7 2 Ik ,u)},

where we used the fact that 77 — p¢* = 1 in the first step. To upper-bound the last line in {#2), we note
that

(" =) VL0 ') = (0" =t + pt =) -V, L(0° 1)
=[(u" =) - VL0 )] + [ =) -V, L(0", )]
Qe w) - £06", 1)) - [(" - 1) - G(6")] “3)
[5(9*,u*)—£(9t,/f)]—[(Mt—u)-G(et)]
t N2 ()2 2
@ [E(a*’ﬂ*)_ﬁ(gt”ut)]_'_ (1" = p) 277(: 1) +Ti212\4c,
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where we use the linearity of £(0, 1) with respect to u in (¢). The first inequality follows from the
fact that 0* maximizes £(-, u*) and inequality (ii) follows from rearranging the terms in (39).

Summing both sides of @3)) over t = 0,...,T - 1, dividing them by T', and plugging into (2) yield
that

]

maX{ (W -n)- = Z VL0t )}

IA

IN

TZ [0, ) - £(0", )] + — P i Ca )2+772M5}
=0 (44)

{ t=0 219 2
-1 2
Z

0_ N2 _ (T _ )2
[£(0", 1) (Qt,/lt)]+772%+max{(ﬂ #)277251’/1 ,u)}

2 nelU
(i) 2M 2o M2 M? 0 p)?
S—F+25£L€%)+ 112 G+772G+m25<{(ﬂﬂ)
3 HE

2 22T
i 2 M2 M2 2
()2MF £ 20,02 + Mg | M Cy ,

2 2T

where we upper-bound (1/T) - St [£(0%, 1) = £(6%, ut)] with in (i) and drop the non-
positive term —(uT — 11)2. Step (i7) holds due to ° = 0 and p < Cy, ¥ € U. The proof is completed
by substituting 7o = 772/% and £ = T~/3 into O

B.2 Proof of Theorem 4.7]

Proposition B.4 (Restatement of Proposition[d.6) Ler AssumptionsH.1|andE.2)hold. Suppose that
f()is a—strongly concave w.r.t. X on A. Then, for every T > 0, the iterates {(Ht, I )}tT:O produced
by algorithm (1 1) with 1 = 1/}, satisfy

17 £(9T7MT‘1) £(907M0) HQAJQ

72 E(e 7”) £(9t7u)] T + éGa

where € := min{g, O’/(O‘ + 266&)}.

Proof. We begin with (30):
£(9t+1,ut)Zgle%x{ﬁ(e»ﬂt)_éL”e_etHg}' (45)

For ¢ < &, we define 6. := \J}! 1—e)A(0%) +eA(6*)) similarly to (31). Combining the defini-
V)\(gt)

tion of L(6, 1) = L(A\(0), ) with the fact that L(-, 1) is o-strongly concave in A, which is due to
the o-strongly concavity of f(-) and the convexity of g(-), we have that

L=, ") = LOA(Be), 1)

=L (oAl ((1=2)A(@) +e(©")), ')
=L((1-e)A(0") +eX(0"), 1) (46)
> (1-e)L(AOY), pt) +eL(NOY), ut) + %s(l —e) |A) - A(at)Hj
:(1—E)L(Ot,ut)+5L(9*,ut)+%6(1—5) IO - A0

By Assumption the Lipschitz continuity of )\{,i v, implies that

((L=2)AO) +e(0) - N ., (A(Gt))Hz

<3 |(1-2)A0") +eA(0") - (O] 47)

<2 A7) - A

16013 = |25

A(6t)
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Substitute 6. into the right-hand side of (3], we have that
t41 ¢ £y _pty2

t t)2
> max {£(0e,1") = £1]0= - 0"]13}

> max {(1 e)L(O, 1t +eL(0%, ) + (%s(l -€) - 62&5%) s )\(Gt)Hz},

O<e<é

where we use (6) and ([#7) in the last inequality. Consequently,
L(0" ) - £07 ) < min {(1-2) [£(0°, 1) - £(6", u")]
0<e<é

oge(l-¢ N 2 (48)
- ((2) - g%eg) [A0*) = A", }-
We note that )
oe(1-¢) _ 20,0350, if 0<e< g (49)

2 (o+20201)
By letting € := min{g, 0’/(0’ + ZK%ZL)} < g, it follows from that
L(O",1") = L™, 1)

<=9 [e@ ) - 2] - (D -2 ) oy @l oo

<(L-8)[L©",ut) - Lo, 1)),
where the second inequality results from ({#9). Now, we rearrange terms in (50) to obtain that
L(O", 1ty - L0, ity < 225 [E(f)”l,u) L', 1],
which implies that
L0, ') = L(O", ') =

—

[’ nu) £(9t+1vu):| [£(9t+1,ut)_£(9t7ut)]
< (S5 ) [e - £ )

- § [£07, 1t) - £(0" )]

Summing it over ¢t = 0,...,7 — 1, we have that

T-1
;)[E(H*M)—ﬂ(@t,ut)] [£(9t+1,u) L(0",1")]

T-2
(ﬁ(oT,/JT 1) £(007lu )+ Z [£(9t+1’ut) _£(9t+1"ut+l)])

t=0
[ﬁ(eT,uT 1) = L£(8°, 1) + (T - 1)ma ME],

where we use (36) to bound the dlfference L0, 1ty - £(0, ut*1) in (7). The proof is completed
by dividing 7" on both sides of the inequality. O

Theorem B.5 (Restatement of Theorem[d.7) Let Assumptions 2.1} and@.2 hold. Suppose that
() is o-strongly concave w.r.t. X on A. For every T > 0, we choose Cy = 1 + (Mp - F(G)) /&,

-1/2

ul =0, m =1/, and ny = T7Y/2. Then, the sequence {(t‘)t, ,ut)}i;)l generated by algorithm

converges with the rate O (T -1/ 2) in particular

— My, + M M2  MZ\ 1
Optimality Gap: Z[ (6*) - F(6)] < L+F+(G+c)

& ET : T2 )T

[ M+ M M2 M2Z+C2\ 1
Constraint Violation: — [ Z G(@t)] < y + ( ‘G, G+0) 7
A = ET g 2 JT

where € := min{g, 0/(0 +20301)}.
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Proof of the optimality gap ([22d)). We follow the same proof as the concave case (cf. (20a) in Theorem
4.5)), except for inequality (38). In step (i) of (38), we use Proposition [4.6]instead of Proposition
This gives rise to

1 T-1 L 9T T-1 - L 00 0 M2
LS [F0) - 206 ] « EO 1) ZEOLI0) |
T = eT 5
_LOT T - F(0°) | mME (51)
T 5
2
< ML:"MF N 77244(;7
eT €
where we use #° = 0 in the second step. Following and @, we conclude that
1 T-1 . 1 T-1 P 1 T-1 . .
= 2 [FO) - F(0)] = > [F(07) - L0, 1] - = > u'G(9")
T % T % T i%
< ML~+ Mp . 7]244(2; . WzMé’
eT € 2
The proof is completed by taking 7, = 7~ '/2. O

Proof of the constraint violation (22D). We follow the same lines as in the proof of (20b) for the
concave case. By substituting (31)) into (#4), it holds that

1 1 2 M2 (1 = p)? = (u" = p)®
[ GO < = D[, pw) - L0, 1))+ ==C +max
Hz (ﬂ+ LS o0 ) -0 )+ Y L
2 2 0_ 32
< ML~+ Mp . 772]%@ . ne Mg T max (u” =)
eT 5 2 pelU 21T
2 2 2
SML:"MF+772]E4G+772MG+ & 7
T z 2 T
which, together with 7, = 7-'/2, completes the proof. O

Appendix C Supplementary Materials for Section 3]

In this section, we formally state the Primal-dual Policy Gradient-Zero Algorithm (PDPG-0) and
Theorem [5.1] First, we note that the pessimistic problem (23)) is equivalent to

Igla@xF(@) s.t. Gs(0) <0, (52)

where G5(0) := G(0) + 0. Suppose that § < &, i.e., the pessimistic term is smaller than the strict
feasibility of the Slater point. This implies that

|G5(0)| < Mg + ¢, and G5(0) < —(€ - 6) <0. (53)

This gives the constraint upper bound and slackness for the pessimistic problem (32).

The PDPG-0 method is simply a variate of algorithm (TT)) applied to the new problem (32)), i.e.,
0" =Po (0" + mVeLs(0', 1)), ' =Py (n' - n2V,uLs(0', 1)), fort=0,1,2,..., (54)
where L5(0, 1) := F(6) — uGs(0) is the Lagrangian function for (52)).

Theorem C.1 (Restatement of Theorem [5.1) Ler Assumptions[2.1] {1} and[@.2) hold.
(I) For fixed T > 0, let § = O(T~/3) be the solution to the equation

2Mp + (Mg + £€)?%/2 . 20008 +2(Mg +6)* + Cg/2

T2/3 T1/3 6=0,
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where Co = 1+ (Mp - F(g)) /(& =6). For T >0 such that § < &, choose ° =0, n, = 1/¢1, and
o = T~2/3. Then, the sequence {(e", ,ut)}z;;l generated by algorithm (54) satisfies

25MF+2MF+(Mg+§) /2 2€L€2@+2(Mg+£)2

Z_: [ 9 ) F(at)] ¢ T2/3 T1/3 ’

o] -0

+

N ’ﬂ\

(II) Assume that f(-) is o-strongly concave w.r.t. X on A. For fixed T > 0, let § = O(T~/?) be the
solution to the equation

ML+MF+CO§+ (MG+5)2+(MG+5)2+CS 1
eT g 2 VT

where Cy = 1 + (MF —F(ﬁ))/(g—a). For T > 0 such that § < &, choose u° =0, m, = 1/¢1, and
-1/2

~5=0,

T-
ng =T, Then, the sequence {(Qt, ut)} t:01 generated by algorithm (54) satisfies

TZ[F(G) F(0")] < f

o] -

L 20Mp My +Mp+Co§ (MG+§)2 (Mg +¢€)?
& eT g 2

el 'ﬂ\

Proof. We begin with general arguments that apply to both cases (I) and (II). Let 65 be an optimal
solution to the pessimistic problem (52). Then,

;gwwymmk;ij)ﬂ% ZV% Na)
- 0 . =0 (55)
= [F(07) - F(65)] Z [F(05) - F(6M)].

To upper-bound the first term in (53], we define a feasible point 65 to (52) through the state-action
visitation distribution such that

-5 5~
M0s) = S2000) + D), (56)
£ £
where we assume 0 < § < £&. We remark that the policy corresponds to A(6s) is unique and given by
A(Os;s,a
o, afs) = 20850

TareaMOs;s,a")

In contrast, due to the assumption of over-parameterization (cf. Assumption [4.1]), 05 may not be
unique. It suffices to choose one such 65 that satisfies @) The feasibility of 65 can be verified as

follows:
Gs(0s) = g (A(6s)) +6
:42%@%A@%5
0=

o (0) + gg(x(%) 4

< )O+E (=€) +9¢

=0,

where (i) follows from the concavity of g(-) and (ii) uses the feasibility of 6* to (9) as well
as Assumption This proves the feasiblity of 5 to (52), and thus implies F(6;) > F(6s).
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Consequently,
F(0") - F(05) < F(6") - F(05)
= f(A(67)) - f (A(65))

- £ O07) - f(f,f( ok ‘;A@)

PO - (SO0 + (@) 7
-2 [F @) -1 (@)

g2524F.

By (33), for every § < &, choosing Cp = 1 + (MF - F(g)) /(€ - 9) ensures that the optimal dual
variable of problem (52)) belongs to the dual feasible region U = [0, Co] (cf. Lemmal[2.2).

(I) When f(-) is a general convex function, we apply Theoremto obtain that

- oM M, 2 20002 +2(M, 2
Z:[F(Qa) F et)] F+(TQ/G3+§)/ k 6-lth(/?,G-‘_g) )

t 2Mp + (Mg +£)%/2 2£L£2+2(MG+,5)2+00/2
TL; G(0 )] < AMr v (M2 02, o

+

where the term M¢ + £ results from the upper bound for |Gs(+)| in (33). Therefore, together with
(35) and (57), we have the following optimality gap for (©):

17 25MF QMF+(Mg+§) /2 2€L£2 +2(Mg+§)2
el Z [F(9 ) F(et)] ¢ T2/3 © T1/3 (58)

=0(8) +O(T7'7).

For the constraint violation, we have that

[ 1 [T=1 .
TL%G(H )]+=T[Z (G )+5)‘5]+

=0
'1 T-1
_ T[Z (G(at)+§)] _5]
o o (59)
1 T-1
- [Z Gé(et)] —5]
A =) + +
[ 2Mr+ (M +€)?/2 20168 +2(Mg +€)* + G5 /2 s
- | T2/3 T1/3 .
By choosing ¢ such that
2Mp + (Mg + €)?%/2 2€L£%+2(Mg+§)2+002/2_5:0’ 60)

T2/3 T1/3

the constraint violation (39) becomes 0. As implies § = O(T~'/3), the convergence rate of the
optimality gap is O(T~'/3). Finally, we remark that the requirement ¢ < ¢ is naturally satisfied
when T is reasonably large.

(II) When f(-) is o-strongly concave, we apply Theoremto obtain that
- 2 2
Z[F(e ) Fet)] ML+MF+CO€+((MG’+€) +(MG+€) )1

T E 2 JT
- . Mp+Mp+Co¢  [(Mg+€)? (Mg+€&)?+C3\ 1
| Zon] e (e, e T
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where the terms Cp& and M + £ result from the upper bound for Gs(+) in (53). Together with
and (57), we derive the optimality gap such that

171 20Mp My + Mg+ Cof ((Mc;+€)2 (MG+§)2) 1

= + - + - + —

T % 3 eT € 2 VT (61)
=0(0) +0O(T7'?).

For the constraint violation, similarly to @]), we have that

% [TZIG(et)] < [ML i Ajjf Gk, ((MGgf 0", (Mg + 2)2 +C ) % - 5] . (62)
t=0 + +

[F(6")- F(6")] <

We choose § such that

My +Mp+Coé  ((Mg+£)* (Mg+£)?*+C§ R
eT +( 5 " 2 JT 5=0, 63)

which guarantees the zero constraint violation (62)). As implies 6 = O(T~'/?), the convergence
rate of the optimality gap (61) is O(T~/?). 5

Appendix D Discussions About Assumption 4.1

To leverage the hidden convexity of problem (9) with respect to A, it is natural to assume that there
exists some desirable correspondence between A(#) and 6. However, as briefly discussed in Section
M] requiring such correspondence to be one-to-one or invertible is too restrictive. Although we can
show that a one-to-one correspondence indeed exists under the direct parameterization and that the
inverse map is Lipschitz continuous as long as there is a universal positive lower bound for the state
visitation distribution d” (-) (cf. Lemma , this is not the case for many other parameterizations.
The soft-max policy, defined as

exp(0sq)
Za’e.A eXp (esa’)
serves as a counterexample. For a fixed vector 0 € RISIMI, consider the set of parameters
{0 RIS 0,0 = (00)sa + K, ¥ (s,a) e Sx A, V keR}.

Then, it is clear that all parameters in the set correspond to the same policy my,. Thus, a one-to-
one correspondence does not exist. This motivates Assumption[d.1] which only requires the local
existence of a continuous inverse A1 Assumptionis able to accommodate the soft-max policy
defined in (64).

770(a|5) = ) v (Saa) €S x Av (64)

Lemma D.1 (Lipschitz continuity of \~! under direct parameterization)

Suppose that dy := minges rerr d™ (s) > For every two discounted state-action visitation distribu-
tions A1, Ao € A, it holds that

_ _ V2(1+|A
AW =TT O0)], < (do||)|)\1 = A2z,
where \"1(-) maps a discounted state-action visitation distribution to the corresponding policy,
defined as m(als) = [)\‘1(/\”)]3 L =AT(8,0) Rarea A (s,0).

Proof. Let di(s) = Y, (s,a) and da(s) = ¥, A2(s,a) be the corresponding state visitation
distributions. Then,

_ . _Ai(s,a)  As(s.a)
[)\ 1()\1)]8711_ [)\ 1()\2)]57a - dl(S) - d2(5)

_dl(S) (Al(s,a) A2(s,a) + 2(5)

2Since d™(s) > (1 —)p(s), this assumption is satisfied when there is an exploratory initial distribution,
i.e., po := minges p(s) > 0.

~)\2(3,a)).
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Therefore, one can compute
_ _ 2
AT = AT Ow)

- S o0l enl,)

- s a) - \o(s.a /\2(5 a) (65)
‘Zws) 2 (M) N+ [0 () 220

- s,a 2 S >\2(5 a)
e (z ) - s ([0266) - i (9] 22028 ))

where the last line follows from the inequality (x +%)? < 222 + 2y2. For the second term inside the
summation, we have that

)\2(8 @) _ s 2, )\2(87.
Za:([dz(s) di(s)]- 2(3)) [42(5) = da(5)] ‘d2<s>
<[da(s) ~ dr ()] Aj;f;)'

= [da(s) ~ du(s)]? (66)
= [Z Aa(s,a) - Z /\1(5,(1)]
S|"4| : Z [)‘Q(Sa CL) - /\1(57(1)]2 y

where (i) is due to || - |2 < || - |1 and the last step follows from the Cauchy-Schwarz inequality.

By substituting into (63)) and noting that d™ (s) > dy, Vs € S, € I, it holds that

_ _ 2 2(1+1]A
A0 = A )], < Z('P(Z[Al(s,a)—xz<s,a>]2)

s [di(s)]” \'a

2(1 * |A|) Z [A1(s,a) = Aao(s,a)]’

dy
2(1+]A4
KLz
The proof is completed by taking square root of both sides of the inequality. ]

Appendix E Discussions About Assumption 4.2]

In this section, we validate Assumption[4.2]for both the general soft-max parameterization (8) and
the direct parameterization.

E.1 General Soft-max Parameterization

The following result is cited from [[17]]. In short, it states that, under mild conditions on the smoothness
of ¥(+;s,a), f(-), and g(-), Assumption is satisfied. We remark that neither concavity nor
convexity of the objective function is required for Proposition [E.T]

Proposition E.1 (Smoothness of f(A(0)) w.r.t. 0, [17]) Under the general soft-max parameteri-
zation (8, suppose that (- s,a) is twice differentiable for all (s,a) € S x A and there exist
Ly 1,Ly.2 >0 such that

max sup Ve (0;s,a)| < ¥ and max sup ||V (0;s,a)||l <l
(s,a)eg‘(x.A gp H 671)( )H ¥l )g‘(x pH (ﬂl) )H P,2-
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Assume that f(\) has a bounded and Lipschitz gradient in A, namely, there exist £y 1,02 > 0 such
that
[VAfMlleo <lra, IVAFA) = Vaf (M) oo < lpa A= N2, VAN €A

The following statements hold:
(I) For every 0 € © and (s,a) € S x A, it holds that

IVelogme(a|s)ly <20y 1, 20y -Li1
' and |Vof(N\(O )
{ ||V§ logma(a | 5)” <2 (ﬁw,z +£12p,1) , [Vof(MO))] < (1-79)2
(Il) For every 61,05 € O, it holds that

[A(01) = A(62) (|61 = 62] .

Iy <
' ( )
(III) The function f(\(0)) is Lr-smooth with respect to 6, where

Alpo- 05, 805, - Lpy 2py-(Lya+05,)
KF = 4 + 3 + 2
(I-7) (T-7) (T-7)

E.2 Direct Parameterization

To give a clearer characterization, we further validate Assumption 4.2]for the direct parameterization.
Recall that the discounted state-action visitation distribution for a given policy 7 is denoted as A™.
We begin by showing that the one-to-one correspondence m — A™ is Lipschitz continuous in Lemma
Then, by leveraging the Lipschitz continuity, we show that f(\™) is smooth w.r.t. 7 once f(\)
is smooth w.r.t. A in Proposition Again, we do not need to assume the concavity/convexity of

fC)

Lemma E.2 (Lipschitz continuity of \™ w.r.t. w) For every two policies ™ and 7', it holds that

a7l < AL .
1-7v

Proof. Fix ©’ and define h(7) = [A™ = A™ |1. Then, we have

Voh(m) = Z&gn()\”(s a) - A" (5,0)) - VA" (s,a),

where sign(z) = 1if « > 0, otherwise sign(z) = -1. Let 15/ o : S x A — {0, 1} denote the indicator
vector of the state-action pair (s’,a’) such that 1y 4/(s,a) = 1 if and only if (s,a) = (s’,a"). Then,
we can view A" (s, a) as a scaled value function with the reward function 1 4, i.e.,

A(s,a) =1L A" = (1-7)V"(14). (67)

We use 1|4 to denote the vector of ones with dimension |S||.A|. Then, it holds that
[Vah(m)]2 = | 3 sign(A™(s,a) =A™ (s,a)) - VaA" (5, a) 2

<2 VAT (s,0)

s,a

<Y VAT (s,0) ],
(i) Z Z dﬂ(sl) : Qﬂ(ls,tﬁ Slaa,)

= > d"(s")- Q" (Lsya35",a")
_ Al
1-+’
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where we use (67) and the policy gradient under direct parameterization (cf. Lemma[G.2) in (i).
The last line follows from the fact that Q™ (1;s).4;8",a") = 1/(1 - ) for all (s",a") € S x A and
> < d™(s) = 1. Therefore, we conclude that

AT =A™ |y = h(n)
< (") + max{| Vxh(mo) |2} - [~ 7|

71" 7'r’ A
< = AL
1-n

A
= [ =72,
L-vy

which completes the proof. O

Proposition E.3 (Smoothness of f(\™) w.r.t. 7) Suppose that f(\) has a bounded and Lipschitz
gradient in A, namely, there exist Uy 1,052 > 0 such that

IVAfW oo < €r1,  1VAFON) = Vaf (M) oo < s A= N2, ¥ AN €A
Then, f(A™) is L p-smooth w.r.t. T, Le.,
IVaf(A™) = Va f(A™)]2 < lp|my = maf2, ¥ my,mp el
where

_Alp Al + €y o AP2
(1-7)?

lF

Proof. By using the chain rule, we can write V. f(A7) = (VA")"V f(A™). Thus,

[Vaf(A™) = Vaf (A™)]2
= [(VaA™) TVAF(A™) = (VaA™) TVAF(A™) 2
= [(VaAT)TOAf(A™) = (VAT ) VAL (A™)
+ (VaAT) VAL (A™) = (VA TVAF(A™) 2
= [(VaA™) VAF(A™) = (VaA™) TVAF(A™) 2
(VAT TVAL(A™) = (VaAT) VAL (A)]2
= [(VeA™) T IVAS ™) = Vaf ™)) 2+ [ [(VA™) = (VA™)]T Vo f (A7) 2.

T1 T2

To bound 71, we notice that, by the definition V™ (r) = r"A™/(1 - ),

(VeA™)TIVAF(™) = Vaf(A™)] = (L= ) V2V (VA f (™) = Vaf ™)) L. (68)
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Therefore, by the policy gradient under direct parameterization (cf. LemmalG.2)), it holds that

Ty = (1= D)WV ([VaFA™) - T ()]

T=T1 112

= {Z [ (s) - QT ([VAf(A™) = Vaf(A™)] ;S,a)]z}

S

= {Z (d™(5))”- S [Q™ ([VAF(A™) = Vaf(A™)] ;s,a>12}

2

- {Z (d“<s>>2}2 'me{Z [Q7 ([VAf(A™) = Vaf(A™)] ;s,a>J2}

(©)
<l |1 VI max | Q7 ([Vaf (A™) = Vaf (A™)] 5 5,a)] ©

(i) AT = VA f(A™) oo

S\/W_HVAJC( )1 Vaf(A™)|
-7

@l JJAL

QU ey,

o/ A
< f72 | |HA7r1 _A‘n'g Hl
L=~

Cr ol AP
Swuﬁl - a2,

where (7) uses the inequality |-|2 < |-|1 and (4i) isdue to |d™ |1 = 1 and |Q™ (7; 8, a)| < |7] e /(1=7).
(i%i) results from the smoothness assumption of f(\). The last step follows from the Lipschitz
continuity of A™ w.r.t. 7 (cf. Lemma|E.2).

Now, to bound 75, we use the relation as described in @I) again, namely
(VaA™ = V2 A™) T [VAf(A™)]
=(1=7) [V VT (VAF ™)) = YV (T F ™)
Thus, by Lemma|G.3] it holds that
Ty = | [(TaA™) = (VoA™)] VAF ()2
= (=) [TV (@A O™ = TV (VA F(A™)))

T=T2 1|2
4yl A| (70)
<(1-7)- NVAFA) oo - 1 = 72|
(1-7)? ?
46517 A]
< |1 = mall,,
(1-7) ’
where we use the assumption |V f(A)[ e < £¢1 in the last inequality. The proof is completed by
combining and (70). o

Appendix F  Further Discussions About Direct Parameterization

In this section, as we focus on the direct parameterization, we adopt the notation F'(7) = f(\™),
G(w) = g(A\™), and L(mw,u) = LA™, ) = f(A™) — ug(A\™). We denote the optimal policy by 7*.
The algorithm (TI]) then becomes

7Tt+1 :PH (7Tt+771V7r£(77t7Mt))7 H’t+1 =PU (/j/t_’rnvuﬂ(ﬂt7/j/t))7 fort:071a27"- (7])

As a special case of (8], the direct parameterization satisfies a stronger version of Assumption 4.1}
Since there is a bijection between the policy 7 and the state-action visitation distribution A™, the
inverse map A~*(-) is well-defined globally on A. Furthermore, when the state visitation distribution
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d™ is universally bounded away from 0, the inverse A~!(-) is Lipschitz continuous (see Lemma
in Appendix [D)). We still assume that F(7) is £p-smooth and G(7) is {g-smooth as in Assumption
It is shown in Proposition[E.3|that this assumption is satisfied when f(-) and g(-) are smooth
with respect to .

Below, in Lemma[F.I] we show that the update also enjoys the variational gradient dominance
property for standard MDPs (see, e.g., [34, Lemma 4.1]), i.e.,

d~

ﬁ fort:071,2,.... (72)

. eL ”ﬂ,t _ 7Tt+1|

L7, ut) - L(xh pt) < 24/2|9) ‘

2 )

oo

Since the projected gradient update has the following descent property [39, Theorem 1]:
l
L) - £ ) 2 Lt -t

together with (72)), we have that
2
L [L(x pt) - £(xt )] (73)

[}

[max{0, £(7*, u") - [1(7rt+1,,ut)}]2 <16|S|- ‘ Z”t

This is the counterpart to (34). Following this line of argument, we derive a similar bound for the
average performance in terms of the Lagrangian:

17 ¢ t ot
f ;) [[’(W*J’L )_‘C(ﬂ- ) )]

2¢/2[S]- |d™ | oo
s—' |dH ” '\/%L(MI{L+172MC2;)+(2ML+772Mé).
0

T

(74)

By taking n? = T-2/% in , this yields a similar result as Proposition We summarize this result
in Proposition [F.2] below.

Lemma F.1 (Variational gradient dominance) Let Assumption [4.2| hold and choose 1, = 1/(7.
The sequence {(r*,p')} , generated by algorithm satisfies

7Tt+1|

o fort=0,1,2,....

2 b

. d-
L(r*,ut) = L(m*, 1) <24/2[S]- Hdﬂ-t

Proof. By the concavity of L(-, '), when t > 0, it yields that
L(x* ) = L(x' ) = L™ ) = L™ )
< (AT = AT)TUALAT, )
= (1= (V7 (VAL 1) = VT (DAL i)
O a7 ()7 (als) - A (VAL )i 5.a)
< Zd“*(s) ~max {A’Tt (VAL(/\“t,ut);s,a)} )
=2 j:t 8 -d™ (s) -max {A”t (VAL(A”t,/f);s,a)}

S

d~
dr’

(i9)

. Zdﬁt(s) -max {A”t (VAL(/\”t,ut);s,a)},

where we use the performance difference lemma (cf. Lemma|G.4) in (¢). Recall that A™ (7;s,a)
denotes the advantage function with reward (-, -) under policy 7 (cf. (87)). The inequality (i) holds

since max, {A”t (V ,\L()\”t, ut);s, a)} > 0. The summation term in the last line can be analyzed as
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Z a- (s) -max {A’Tt (VAL()\”t, uh);s, a)}

7’ ell

= max{z d“t(s) -7’ (als) - A" (V)\L()\”t,pt); s,a)}
= max{z d”t(s) 7' (als) = 7" (als)] A (VAL(/\”t,ut); s, a)} (76)
i {Z 0 (3) - [ (als) - 7' (als)]- @ (VALO™ i)z, a)}

’eH
(- v)max{(w'—ﬁffvﬂ[v#(vALwim)] }
where (i) holds as the maximum policy is attained at the action that maximizes
AT (V,\L(A”t,ut); s, ) Step (ii) follows since ¥, 7 (als) - A™ (V,\L()\”t,,ut); s,a) = 0. Then

Sl (als) — 7t (als)]- V™ = 0 makes (473) holds. The last step (iv) uses the policy gradient under
direct parameterization (cf. Lemma @, which can be further written as

Vo[V (VAL(A”t#t))]‘ _ @ﬁv” [(V*L(”t’“t))Tv]

m=mt

= % (V)\L()‘ﬂtvﬂt))T Vo™

i) 1 t
(:l) vﬂ—L(AW 7Mt)
-7

(77)

1
= 7v‘ﬂ"c(ﬂ-t7 Mt)7

L=y
where () follows from the definition of V'™ (V ,\L(/\”t , ,ut)), and step (4¢) is obtained by the chain
rule. Thus, it follows from (73)-(77) that

*
T

‘C(ﬂ—*vﬂt) - ‘C(’/Ttvﬂ“t) <

-max{(ﬂ’ —at)’ V,rﬁ(wt,,ut)}, fort=0,1,2,.... (78)

'ell

Let {(ﬂ't, ,ut)} , be the sequence generated by the algorithm with the primal step-size n; = 1/£p..
Following [39] Theorem 1], the update (71) satisfies that
(7' =) VR L(x Tty < 20p |7t = 7 g - |7 = 7 g, fort=0,1,2,....  (79)
Maximizing both sides of (79) in terms of 7’ yields that
t+1\T t+1  t t+1 t t+1
Ig}?r)[({(ﬂ" -t VR L(7 )} < g}?r)[{{ﬂw' o PYRPIAAT L et P
< V28] 267t =7 o,

where we use maxy, mem {|m — m2]2} < 1/2|S] in the last inequality. Combining and
leads to the desired result. O

(80)

Proposition F.2 Let Assumption .2\ hold and suppose that dy := minges rert d” (s) > 0. Then, for
every T' > 0, the iterates {(ﬂ't, ut)}t;)l produced by algorithm with my = 1[4y, satisfy

1T1

T Z [ 7Mt) _E(ﬂ.taut)]
2V/2IS] [ d™ | 2M, 2M
2V215]- ™ [l H || \/ ( TL+U2Mé)+( TLwQMé).

I/\
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Proof. By applying the descent property [39, Theorem 1] of the projected gradient algorithm to the
primal update (71)), it holds that

Y4
‘C(ﬂ-tJrlaMt)_‘C(ﬂ_tmut)Z ?LH t+1“23

(1)
By Lemma[F.I] we have that

L(n*,p ) ,C(ﬂtﬂ i ) < 24/2|S]- d”t s ||ﬂ.t _ﬂ_t+1H2

2/ 1 ot I
0

which implies that

[ P

2
do .ot 41 1\ 12
[max{0, £(7*, 1") = L(=x )] 82)
2¢/2|8] - [[d™" | oo 'fL)
Combining inequalities (81) and (82) yields that

L(r™hpt) = L(x' u') 2

1 . 2
e, (a0 L ) = £ )

where we denote C := 2./2|S|- [|d™ ||ee/do. Summing over ¢ = 0,...,T — 1, we obtain that

T-1 1 T-1 . 2
> L@ uh) - Lt ph)] 2 5070, - > [max{0, £(7*, pu*) = L(x"*, ")} ]
t=0 t=0
o[ 2 ®
4 w oty t4l ¢
> 2020, T ;) max{0, L(7", u") = L(7", ")}

where the last line in (83) results from the Cauchy-Schwarz inequality.

We then provide an upper bound on the left-hand side of (83). By the definition of Lagrangian
L(m, )

M’ﬂ

[ﬁ(ﬂ”l,u )= L(x", "]

I
S
)

[F(ﬂ_t+1) —MtG(Wt+1) —F(ﬂ't) +/LtG(7Tt)]

t=0

Op(xt) - F() 4 pG(x0) - w G 4 T (- p )G @9

T-1
<2Mp +2CoMe + Y. (1 - )G (x")
t=1

T-1
S oM+ Y (i - )G,
t=1

where we take telescoping sums and change the index of summation in (7). The summation term in
the last line of (84 . ) has the order (’)(T) in particular

Z(u -uTHG(r") < Z|M —u G ()]

IA

Z; 7 ('ut—l _ nQVME(ﬂ_t—l"ut—l)) _ ’ut—1|

Hﬁ»

1
Mg |;U’t_1 _ 772VH£(7Tt_1, /th_l) _ Nt_1|
t=1

IA

T-
=n2Mg Z G(x" )]
=1

<meMET.
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Thus, we obtain an upper bound such that
T-1
S ) - L(nt ph)] < 2Mp + no MET, (85)
=0

which further implies, by (83)), that

1 1 T-1 2

2020, T > max{0,L(x*, pu*) = L(x"*1, p")} | <2Mp +na MET. (86)
1 t=0

Therefore, we can bound the average performance as

1 .
f [‘C(ﬂ- 7/’Lt)_‘c(ﬂ—t7/1‘t)]
=0
_lTJ oty t4l lT% 41ty t ot
= (L, 1) = L(xh p) ]+ = 3 [L(™ ut) - L(x, )]
T3 T =
lT_l E * t —,C t+1 t lT_l E t+1 t _£ t t
< max{0, £(x", p') = L(xH, p)} + = 3 [L(xh pt) - L(xt, 1) ]
T % T %
Con o (B mhig) s 2 3 (LG ) - £ )]
t=0

(44) 2M 2M,
< Cl\/QfL( L +772Mé)+(7L+772M62;)
T T
2/2[8] - [d™ o 2M oM
_ 2V2AS[ T I .\/%L(LHDMé%(LMQMg),
do T T

where we use in (¢) and in (7). This completes the proof. ]

Appendix G Auxiliary Lemmas

In this section, we present a few auxiliary lemmas that we needed for the proofs of main results in
this paper. These lemmas are standard results on Markov decision processes. We refer the reader to
Section 2] for necessary definitions and [34] for the proofs of these results.

Lemma G.1 (Policy gradient under general parameterization) Let V" (r) be the value function
under policy Ty with an arbitrary reward function v : S x A — R. The gradient of V™ (r) with
respect to 0 is given by

1
VoV (r) = EEsmdws Eqery(1s) [Vologma(als) - Q™ (r;5,a)].

Lemma G.2 (Policy gradient under direct parameterization) Let V™ (r) be the value function
under policy 7 with an arbitrary reward function v : S x A - R. The gradient of V™ (r) with respect
to T is given by

ovVT(r) 1

om(als) - ﬁdﬂ(s)’Qﬂ(“Sva)y V (s,a) e S x A.

Lemma G.3 (Smoothness of V™ (1) w.r.t. w) Let V™ (1) be the value function under policy m with
an arbitrary reward function r : S x A — R. For every two policies  and w', it holds that

[7:7" @) - v )], € A2 - - ],

S (1=9)?
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Lemma G.4 (Performance difference) Let V™ (1) be the value function under policy ™ with an
arbitrary reward functionr : S x A — R. For every two policies w and ', it holds that

1

V() -VT(r) = © — (A7 = 27)
- LS () Y (o) - w(al)- Q7 (ri5.0)
Y ses acA
= % > d’rl(s) > w'(als) - A™(r;s,a)
Y ses acA

where AT (r; s,a) denotes the advantage function with reward r(-,-) under policy w, defined as

A" (r;s,a) :=Q" (r;8,a) - E [i vir (s, a0) |ag ~ (-|st), 50 = s |, V(s,a) e Sx A (87)

t=0
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