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Abstract

Motivated by many application problems, we consider Markov decision processes
(MDPs) with a general loss function and unknown parameters. To mitigate the
epistemic uncertainty associated with unknown parameters, we take a Bayesian
approach to estimate the parameters from data and impose a coherent risk func-
tional (with respect to the Bayesian posterior distribution) on the loss. Since this
formulation usually does not admit Bellman equations and cannot be solved by
approaches based on dynamic programming, we propose a policy gradient opti-
mization method, leveraging the dual representation of coherent risk measures and
extending the envelope theorem to continuous cases. We then show the stationary
analysis of the algorithm with a convergence rate of O(T~/2 + r—1/2), where T
is the number of policy gradient iterations and r is the sample size of the gradient
estimator. We further extend our algorithm to an episodic setting, and establish the
global convergence of the extended algorithm and provide bounds on the number
of iterations needed to achieve an error bound O(e) in each episode.

1 Introduction

Many applications require decision making under model uncertainty and evaluation criteria beyond
expected return. We study Markov decision processes (MDPs) with unknown parameters and a
general convex loss defined on the discounted occupancy measure. To represent epistemic (model)
uncertainty, we adopt a Bayesian approach that forms a posterior distribution over MDP parameters
and then evaluate policies through a coherent risk functional applied to that posterior. This composite
objective generally breaks Bellman recursion, so dynamic programming methods do not apply. We
develop a policy-gradient optimization framework for our setting. Our derivation exploits the dual
representation of coherent risk measures and extends the envelope theorem to continuous environment
parameter spaces, enabling a tractable gradient for general convex losses composed with Bayesian
risk. We provide a non-asymptotic stationary analysis: after T gradient iterations using 7 posterior
samples to estimate the gradient, the average gradient norm decreases at rate (’)(T‘l/ 24t ).
We further give an episodic extension in which the posterior is updated with newly collected data;
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under mild conditions, the algorithm converges globally under the true environment as data grow,
with per-episode iteration bounds to reach an O(e)-accurate solution under the Bayesian formulation.

Our contributions are summarized as follows: (1) We propose a Bayesian risk formulation for MDPs
with a general convex loss function and develop a policy gradient algorithm to solve for the optimal
policy. The proposed formulation jointly mitigates both epistemic and intrinsic uncertainty; (2) We
extend the envelope theorem to the dual representation of the coherent risk measure, and then apply the
envelope theorem to derive the policy gradient. Our extension from the discrete case to the continuous
case for the envelope theorem may be of independent interest; (3) We prove the convergence of the
proposed algorithm and establish its convergence rate as O(7~'/2 4 r~1/2), where T is the number
of policy gradient iterations and r is the sample number of the gradient estimator; (4) We extend
our policy gradient algorithm to the episodic setting, and prove the asymptotic convergence of the
episodic minimizer of our Bayesian formulation to a global minimizer of the MDP problem under the
true environment. Moreover, we show the number of iterations required in any episode to maintain
an optimality gap O(e) under our Bayesian formulation.

2 Problem Formulation

Consider an infinite-horizon Markov Decision Process (MDP) over a finite state space S and a finite
action space A. For each state s € S and action a € A, a transition to the next state s’ follows the
transition kernel P*,i.e. s’ ~ P*(:|s,a). A stationary policy 7 is defined as a function mapping from
the state space to a probability simplex A(-) over the action space. Given any transition probability
P, define \™" to be the discounted state-action occupancy measure under policy 7 :

NG =34 P (s, = s,a, = a| w50 ~ 7, P) )
t=0

for any (s,a) € S x A, where 7 is the initial distribution, v € (0, 1) is the discount factor. We
consider a general loss function F'(\, P) defined over the occupancy measure A and transition kernel
P, which is assumed to be convex in A. In practice, the true distribution P* is usually unknown
and needs to be estimated. In this work, we take a Bayesian approach to estimate the environment.
We assume that the transition kernel P* = Py« is parameterized by 6%, where 6* € O is the true
but unknown parameter value, © C RP is the parameter space, and p is the dimension of ©. Under
the parametric assumption, we assume we have access to some data which are state transitions
¢ = (s,a,s’), where s’ follows the distribution Py~ (-|s, a) and define Py~ (¢) := Py« (s'|s, a). Now
given a fixed batch of data (V) of N samples, we can update the posterior distribution (denoted

: . _ Py (¢ ™)) 110 (0)
by pn) on the parameter 6 using the Bayes rule: py (0) = TP () o (6V057°
o’ Lo’

distribution of § we assume. Furthermore, model mis-specification caused by the lack of data could
lead to sub-optimality of the learned policy when it is implemented in a real-world setting. Hence,
we further impose a risk functional on the objective with respect to (w.r.t.) the Bayesian posterior to
account for the epistemic uncertainty, which results in the following composed formulation:

min Py (F(\™Fe, Py)) )

where (i is a prior

where p is a general coherent risk measure w.r.t. the posterior 1. We aim to solve problem (@) in
this paper. By this formulation, we look for a policy that minimizes a performance measure taking
into account the epistemic uncertainty caused by lack of data for a general convex loss function.

3 Policy Gradient Algorithm: Derivation and Estimation

We adopt the policy gradient algorithm, which directly optimizes parameterized policies. Consider a
stochastic parameterized policy 7, : S — A(A), parameterized by a € W C R?. To directly work
on the parameterized policy, we denote F'(A™"?  Py) by C(c, ). The policy optimization problem
() then becomes:

moinG(a) = pPo~py (Cle, 0)). 3)

As shown in (Shapiro et al.l 2021)), a coherent risk measure has a well-known dual representation.
According to the dual representation, we can write the coherent risk measure as a maximization



problem, where the decision variable is £ and the objective is a linear functional of £, and define the
Lagrangian function L, (5, AP ONE N ) for it. Using the Lagrangian relaxation, we derive the policy
gradient in Theorem [T} Detailed derivations can be found in Appendix[A.1]

Theorem 1. Assume that Assumption [A.1] and [A.2] hold, and p satisfies Definition [A.1] ~As-

sume that puy is a Radon measure (see Appendix [H.1| for definition).  Define &* €
P V& VT :

arg maxXe>o, ¢/, <B, MINAT>0 27 xs La (5 ATIACOA ) Then we have the policy gradient

9(@) := Vapopy (Cle, 0)) = oo §a(O)un (0)VaC (e, 0)do. “4)

To estimate V,C(«, 6), any plug-in estimation method satisfies our demand. Here, we adopt the
variational policy gradient theorem in (Zhang et al.| 2020), which considers the policy gradient for
a concave functlon defined on the occupancy measure for a RL problem. Details are offered in
Append1x To evaluate the integral [,_g &%(0)un (0)VaC(a, 0)df, we use samples {0y };_,
from the posterlor distribution gy to construct the policy gradient estimator

Vapsne (C(0,0)) = §(0) i= = 3" € (0)VaC (0,01 ©

To perform policy gradient optimization, we iteratively use the gradient descent step (6)), where 7; is
the step size, and Projy, (x) = argmin, ¢y, ||y — |3 is the projection into the parameter space W .
We summarize the full algorithm in Algorithm [I]in Appendix [G]

1
Q¢y1 = arg gé%@(at% a—ay) + %”0‘ — ]| = Projyy (at - m?(%)) . (6)
So far we have considered the offline setting with a fixed batch of data, but in many application
problems data can be collected periodically. The collected data can be then used to learn about the
environment and update the policy. This process can be repeated iteratively. Thus, we extend our
approach to an episodic setting as described above. A potential approach is to use Algorithm[I]to
make policy updates during each episode, as detailed in Algorithm 2]in Appendix[G]

4 Convergence Analysis

In this section, we analyze the convergence properties of Algorithm [I]and Algorithm[2] We demon-
strate the finite-time first-order convergence rate is O(T /2 + r~1/2), where T is the number of
policy gradient iterations and 7 is the sample number of the gradient estimator.

Theorem 2. (Stationary convergence) Suppose that Assumption [A.]] qz [B-1| and [H.1| hold. By
choosing 1 = 2L¢ in Algorithm|l} it holds that E||V G (cu)|| < O +r Y 2

Theorem [2] shows that the gradient bound of the output policy consists of two parts: an asymptotically
diminishing error bound 7~1/2 in the exact setting and an estimation error bound r~1/2 of the policy
. . . . . 74
gradient. The total sample complexity from the posterior  to achieve accuracy O(e) is O(e~*) by
choosing T' = ¢~2 and r = e~ 2. Because of the intrinsic non-convex structure under a fixed posterior,
only convergence to a stationary point can be achieved under a fixed posterior (or in other words, in a
fixed episode), which is discussed in Appendix [D] However, global convergence can be achieved in

the episodic setting as the posterior updates and converges. This is shown in Corollary [T] later.

Theorem 3. (Consistency of episodic optimal policy) Suppose that Assumption|A.1} [A.2] [B.1] -and
[H.2|hold. Define Gi(at) := pory, (C(cx, 0)), which is the objective for the posterior ji; with data size .
Then we have D; := sup,cw |G (a) = C(e, 0%)| and E; := sup,eyy [|[VaGi(a) — Vo C(a, 0%)]
tend to O with probability 1 as i — 0o, where the probability is w.r.t. the data-generating distribution.
Moreover, C (o, 0%) — C(a*,0%) — 0 with probability 1 as i — oo, where o is a global minimizer
of Gi(a) and o* is a global minimizer of C(a, 6*).

As the data size N increases, the posterior distribution converges to a Dirac measure, which is a point
mass at the true parameter §*. Consequently, the performance of the optimal policy for the posterior
pn converges to the optimal policy under the true environment 6%, as demonstrated in Theorem 3] In
the episodic setting, we iteratively use the current policy for data collection and posterior updates,



and perform policy updates based on the updated posterior, as described in Algorithm[2] Notably,
the inner map A(«, 6*) from policy parameter to occupancy measure is not necessarily convex in
a, though F'(\, 6*) is convex in A. However, the hidden convexity can be utilized to get the global
optimality under the true environment, regardless of the gradient estimation method.

Theorem 4. (Finite-episode error bound) Suppose that Assumption and
hold. Assume that G;(«) defined in Theorem E] has Lg ;-Lipschitz continuous gradient. Let

{aid}i]il ;’i:o be the generated policy parameter sequences for N episodes by Algorithm@ For any
€ > 0, ifwe choose t; = O(Lg,i(Ei—1+D;)e™?), r = ©(e2), then we can keep a constant gradient
bound E {(23;01 ||VGi(ai7j)||2) /tl] < e for each i. Furthermore, EC'(atpu, 0*) — C(a*,6%) <
O(e + EN), where D;, E; are defined in Theorem 3]

Corollary 1. (Global convergence) Using the same assumptions and notations in Theorem
EC(aou, 0*) — C(a*,0%) < O(e) forany e > 0 as N — oo.

Theorem [] offers theoretical advice on how to choose the iteration number in each episode. Generally
speaking, we need fewer iterations to keep the gradient bound when ¢ grows since D;, F; approaches
0. Corollary [T] is a direct result of Theorem [3] and Theorem [4] and Corollary [I] implies global
convergence to the true optimal policy in the episodic setting (when the data size N increases to
infinity). Detailed proofs can be found in Appendix [H|

S Numerical Experiments

We evaluate our proposed formulation and algorithm on the offline Frozen Lake problem (Ravichandi+
ran} 2018), an OpenAl benchmark. We refer readers to Appendix [[]for a detailed description of the
problem, experiment design and results. We consider different convex loss functions, including the
mean and Kullback-Leibler (KL) divergence, for various tasks. We compare the Bayesian Risk Policy
Gradient (BR-PG) algorithm with CVaR risk measure under different risk levels 5 = 0,0.5,0.9,
respectively, with two other methods. For example, Figure [T| shows that the loss of our algorithm
decreases quickly in spite of few data. In a nutshell, our method outperforms other two methods and
show robustness in the case of few data.

Linear Loss, theta_e=0.02, 5 episodes. 0 iterations per episode  Linear Loss, theta e=0.02, 10 episodes, 10 iterations per episode  Linear Loss, theta_e=0.02, 20 episodes, 5 iterations per episode

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

(a) 5 x 20 total iterations (b) 10 x 10 total iterations (c) 20 x 5 total iterations

Figure 1: Results for episodic case with different episode numbers and iterations per episode under
the same escape probability . = 0.02 and 50 replications. Here the loss function is still chosen to be
the linear loss. 95% confidence intervals are reported by the shaded bands.

6 Conclusions

In this paper, we develop a Bayesian risk approach to jointly address both epistemic and intrinsic
uncertainty in the infinite-horizon MDP. For a general coherent risk measure and a general convex
loss function, we design a policy gradient algorithm for the proposed formulation and demonstrate the
algorithm’s convergence at a rate of O(7~/2 4 r—1/2). Furthermore, we establish the consistency
of an online episodic extension and provide bounds on the number of iterations required to maintain
a constant gradient bound O(¢) for each episode. The numerical experiments confirm the stationary
analysis of the proposed algorithm and demonstrate the robustness of the formulation under various
loss functions.
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A Policy Gradient Algorithm: Derivation and Estimation

As discussed in the introduction, the dynamic programming type of algorithms may not be applicable
to a general convex loss function F'(-). So we adopt the policy gradient algorithm, which directly
optimizes parameterized policies. Consider a stochastic parameterized policy 7, : S — A(A), pa-
rameterized by o € W C R?. To directly work on the parameterized policy, we denote F/(A\™«F¢ D)
by C(a, ). The policy optimization problem (2)) then becomes:

Hgn G(O[) = PO~pn (C(a,@)) N

It is worth mentioning that G'(«v) is not necessarily a convex function though F' is convex w.r.t. A. So
we can only reach a stationary point of G(«) by the policy gradient descent method. In the rest of the
section, we derive the policy gradient to the proposed formulation (3)) using the envelope theorem,
and construct the policy gradient estimator. It should be noted that our proposed formulation allows
for flexible methods to estimate the policy gradient, including the variational approach such as in
(Zhang et al., 2020), and the zeroth-order method such as in (Balasubramanian & Ghadimi, 2022).

A.1 Preliminaries

To ensure the objective G(«) is well defined, we first assume that C'(a, 0) € Z := L,(0, un).

Assumption A.1. C(o,0) € Z={f:||fll, :== (Jg \f(0)|pd,uN(9))1/p < oo}, Va € W, for some
p=>L

The choice of p depends on the specific coherent risk measure. For example, p can be chosen as
1 for CVaR introduced in Example Let B:={¢ € 2*: [(&(0)un(0)do = 1, = 0}, where
Z* 1= L,(©, un) is the dual space of Z with 1/p 4+ 1/¢ = 1. As shown in (Shapiro et al.|[2021), a
coherent risk measure has a well-known dual representation.

Theorem 5. (Theorem 6.6 in (Shapiro et al.||2021)).) A risk measure p : Z — R is coherent if and
only if there exists a convex bounded and closed set (also known as risk envelope) U = U(un) C B
such that p(Z) = maxe.ccu(uy) Be[Z], where Be[Z] := [, Z(0)€(0)un (0)d6 .

Note ¢ could be viewed as perturbation on the posterior p that satisfies certain conditions, and
the risk measure can be understood as the extreme performance for these perturbations. Theorem 3]
implies that a functional p defined by p(Z) = max¢.ccys E¢[Z] is a coherent risk measure if i C B
is convex, bounded and closed. In this paper we only focus on a class of coherent risk measures p
following Definition [A.T]throughout the paper.

Definition A.1. For each given policy parameter € R, there exists an expression for the risk
envelope U of the coherent risk measure p in the following form:

U(HN) :{562* “ ge (ga;U/N) :Ovveegvfi (fa,qu) Sov

vieT, [ &0)un(0)d0 = 1,60) > 0, €], < By}
0o

where ge (&, jun) is an affine function in &, f; (§, un) is a convex function in §, || - ||4 is the Ly norm

in Z*, and there exists a strictly feasible point £. £ and T here denote the sets of equality and

inequality constraints, respectively. Furthermore, for any given £ € B, f;(&, un) and g.(&, un) are

twice differentiable in 11, and there exists a M > 0 such that Vw € Q :

dmﬁ)kg? dpn (6) }SM'

The conditions on g, and f; ensure that risk envelope U () is a convex closed set, and the condition
I€]l4 < B, makes U(un) bounded. A similar assumption is considered in Assumption 2.2(Tamar]
et al.|2015). The assumption about bounded derivatives can be easily satisfied if © is compact. While
(Tamar et al.| [2015) only consider the case where O is finite, we extend it to the continuous case,
leading to a functional problem over an infinite dimensional space instead of a finite-dimensional
case. Therefore, we extend the result in (Tamar et al.,[2015) to the infinite dimensional space, which
is shown in Theorem|I] Notably, the function forms of g.(-) and f;(-) can be exactly specified for a
given coherent risk measure. We refer the readers to Appendix J]Jand Section 6.3.2 (Shapiro et al,
2021)) for some examples of the envelope set for coherent risk measures, which cover most common
coherent risk measures.

max § max
i€l




A.2 Derivation of Policy Gradient

According to Theorem [5] we can write the coherent risk measure as a maximization problem (8},
where the decision variable is ¢ and the objective is a linear functional of £, and define the Lagrangian
function (9) for problem (8):

Po~py (Cla,0)) = gzggi{a(iN)EdC(a’ 0)] = E:{gzlla(}/iz\r) o &) un(0)C(a, 0)do. (8)
Lale A" 00 = [ ctoun(@)Cta0)as " ([ connoran-1)
9o 9o ©)
=Y X(O)ge (&) = D N0 fi () -
ec& €L

Using the Lagrangian relaxation (9), we derive the policy gradient for (8) in Theorem|[I] For this
purpose, we need some mild assumptions on the objective function.

Assumption A.2. (1) V\F (A, P) is uniformly bounded by L o for any A and P w.rt. || - ||oos (2)
VoCl(a, ) is Lo o-Lipschitz continuous w.r.t. @ € © and || - ||2 for any o € W, (3) VC(, 0) is
uniformly bounded by B for any o € W and 0 € © w.rt. || - ||2; (4) © C RP is compact and convex;
(5) W, the domain of a, is bounded by Byy .

Assumption[A.2]requires the uniform boundedness and Lipschitz continuity of VC and VF, where
C(a,0) = F(A™ e Py). One sufficient condition easy to verify for Assumption to hold
is: each component in the composed function F/(A™=""% Py) is (somewhere) twice continuously
differentiable w.r.t parameters «, 6, and the domains of two parameters are compact convex sets.

Theorem 6. Assume that Assumption [A.1] and [A.2] hold, and p satisfies Definition [A.1] ~As-

sume that puy is a Radon measure (see Appendix [H.1| for definition). Define &* €
P V& VT :

arg maxXe>o, ¢/, <B, MINAT>0 27 xs La (f ATATOA ) Then we have the policy gradient

9(@) = Vaporpuy (Cle,0)) = ; eﬁZ(G)MN(9)VaC(a,9)d9~ (10)
€

Proof details of Theorem [I|can be found in Appendix [H.2] Theorem|[I]implies that we can plug in a
saddle point of Lagrangian (9) into (@) to get the policy gradient. However, (@) still involves VC, the
gradient of the loss function, and the integration w.r.t. the posterior . In the next subsection, we
show how to estimate the policy gradient in (d).

A.3 Construction of the Policy Gradient Estimator

In this section, we focus on how to estimate the policy gradient g(«) and denote its estimator by §( ).
We first need to find £* in Theorem [I] For some coherent risk measures the closed-form expression

of £* is known. For CVaR with risk level § € (0,1), £*(0) = 5 if C(a,0) > vg and 0 otherwise,
where vg is the S-quantile of C'(«, ). For a general coherent rlsk measure, we can use the approach
sample average approximation (SAA). We first sample 0y, k = 1, ..., r, from py, and then solve the

following SAA problem for the solution £*(6y,) for each k:
(0%)C (e, O) E (6x) — 1
0, ,\I>%HAI71> /\87,25 k)C(, 0k) ( £(O) >
(X h=1 1€(0K)|1)/r< By

—Z)\ ( N (r ) ZAI (E(T)y,UN( ))

ec& idel

Y

Notice the objective in (TT) is linear w.r.t. A\Z, A€ and concave w.r.t £, and the domain of ¢ is a
convex bounded set in R". Thus, (I} can be solved by any max-min optimization algorithm for a
concave-convex function, such as alternating gradient descent ascent. Here we assume that we can
solve (TT) to derive £*(6y) accurately for each k. Apart from £*, we need to estimate V,,C'(«, 0) and
the integral [,_¢ &%(0)un(0)VaC(a, ). To estimate V,C(a, 6), any plug-in estimation method
satisfies our demand. Here, we adopt the variational policy gradient theorem in (Zhang et al.| 2020),
which considers the policy gradient for a concave function defined on the occupancy measure for a RL



problem. Different from our Bayesian-risk problem with a general loss function, (Zhang et al.| | 2020)
only considers the inner-layer F' of our objective (2)) in the online setting. It should also be noticed
that their method can be replaced by other methods such as the zeroth-order estimation method in
(Balasubramanian & Ghadimij,2022). While the variational policy gradient theorem require access to
the conjugate function F'*, which may be difficult to calculate in some cases, zeroth-order method
only requires function evaluation of F’ but leads to higher computational cost in general cases.

Lemma A.1. (Theorem 3.1 in (Zhang et al.,|2020)) Suppose F is convex and continuously differen-
tiable in an open neighborhood of \™ 1. Fix the transition kernel Py and denote V (c; 2) to be the
expected cumulative cost of policy 7., when the cost function is z, and assume V )V («; z) always
exists. Then we have

VoC (a,0) = — lim argmin sup {V(a;2) + V.V (a;2) "z — F*(2) + g||xH2}, (12)

5—>0+ TERSA LcRSA

where V(a;2) = (2, M, 0)), Vo V(s 2) T = (2, Voo, 0)z), F*(2) := sup,cpsa ' 2— F(x)
is the Fenchel conjugate of F'.

It may have a high computational cost if we directly estimate each part at a specific a in V,C =
VaF' - VaA. The variational policy gradient method bypasses this issue by changing this problem
into a problem of calculating some linear functions and the conjugate function at any z, shown in (12)).
(Zhang et al.;|2020) considers an online setting and thus they need to interact with the environment to
estimate V,,C. In our offline setting, we can directly solve to get V,C'. An example algorithm
to solve (T2)) is given in Appendix To evaluate the integral [,_¢ &%(0)un (0)VaC(a,0)df, we
use samples 6, to construct the policy gradient estimator

1 r
Vapa~;m (C(av 9)) ~ §(a) = ; Zg* (ek)v(xc (Oé, ek) . (13)
k=1

In this paper, we assume the access to samples from the posterior distribution ;. While computing
the posterior often requires costly methods like Markov Chain Monte Carlo (MCMC), utilizing
a conjugate prior yields closed-form updates for the posterior parameters, improving efficiency.
Computing the posterior typically requires expensive methods such as Markov Chain Monte Carlo
(MCMC). However, by utilizing a conjugate prior, we obtain a closed-form expression for the
posterior parameters, making the calculation more efficient.

A.4 Full Algorithm and Episodic Setting

To perform policy gradient optimization, we iteratively use the gradient descent step (6), where 7 is
the step size, and Projy, (x) = argmin, ¢y ||y — |3 is the projection into the parameter space .
We summarize the full algorithm in Algorithm [I]in Appendix

aiq1 = arg min (g(ay), o — o) + E”O‘ - at||2 = Projy, (at - 1@(“0) . (14)
aceW 2 Mt

So far we have considered the offline setting with a fixed batch of data, but in many application
problems data can be collected periodically. Again, consider a self-driving car as an example: the car
is trained in an offline setting and then deployed to a real environment for a test drive while collecting
more data from the environment. The collected data can be then used to learn about the environment
and update the policy. This process can be repeated iteratively. Thus, we extend our approach to
an episodic setting as described above. A potential approach is to use Algorithm E] to make policy
updates during each episode, as detailed in Algorithm [2)in Appendix

B Convergence Analysis

In this section, we analyze the convergence properties of Algorithm[IJand Algorithm[2] We begin by
establishing the error bound for the policy gradient estimator. Next, we demonstrate the finite-time
first-order convergence rate is O(T~'/247~1/2), where T is the number of policy gradient iterations
and r is the sample number of the gradient estimator. Furthermore, we prove the consistency of
the proposed Bayesian risk formulation, meaning that the optimal policy obtained through this
formulation converges to the one obtained by solving the true problem as the number of initial data



points N approaches infinity. Lastly, for the episodic setting we show the number of iterations
required in any episode to maintain an O(¢)-error bound over all episodes, which implies the global
convergence of Algorithm[2|as [V goes to infinity.

B.1 Estimation Error of the Policy Gradient
Assumption B.1. Assume &£* in Theorem|l|satisfies sup ,e vy Varg~,. [£*(0)VC(a, 0)] = o¢ < oo

Assumption [B.T|requires the uniformly bounded variance of {*VC. It is hard to show some property
of £* in a general case as the envelope set is given in a general form. One sufficient condition for
Assumption 4.1 to hold is that £* is bounded on ©. As O is a compact and convex set, it is not a
strong condition.

Theorem 7. Assume Assumption and[B.1|hold. By using r samples for gradient estimator in
. . . . =~ g

@), the gradient estimation error is E [[[g(c) — g(a)|3] < Z£,Va € W.

Theorem [/|implies that the sample complexity of ©(1/¢) is required to achieve the estimation error

O(e). Please refer to Appendix [H.4]for the detailed proof.

B.2 Convergence Analysis

First we make an assumption about the Lipschitz continuity of g(a) in Assumption[H.1]

Theorem 8. (Stationary convergence) Suppose that Assumption and hold. By
choosing n; = 2L¢ in Algorithm it holds that E||V G(cy)|| < O (T~17? +r=1/2).

Theorem [2] shows that the gradient bound of the output policy consists of two parts: an asymptotically
diminishing error bound 7~/ in the exact setting and an estimation error bound r~1/2 of the policy
gradient. The total sample complexity from the posterior z to achieve accuracy O(e) is O(e~*) by
choosing T' = e¢~2 and 7 = ¢~ 2. The proof and assumptions are shown in Appendix Because of
the intrinsic non-convex structure under a fixed posterior, only convergence to a stationary point can
be achieved under a fixed posterior (or in other words, in a fixed episode). Detailed discussion about
the non-convex structure is provided in Appendix [D] However, global convergence can be achieved
in the episodic setting as the posterior updates and converges. This is shown in Corollary [T later.

Theorem 9. (Consistency of episodic optimal policy) Suppose that Assumption[A.1}[A.2] [B1} [H.1|and
[H.2|hold. Define G;(cx) := pgry, (C(cv, 0)), which is the objective for the posterior p; with data size i.
Then we have D; := sup, ey |Gi(c) — C(,0%)| and E; := sup,cyy |VaGi(a) — Vo Cl(a, 0%)||y
tend to O with probability 1 as i — 0o, where the probability is w.r.t. the data-generating distribution.
Moreover, C(a,0%) — C(o*,0%) — 0 with probability 1 as i — oo, where o is a global minimizer
of Gi(@) and o* is a global minimizer of C(a, 6*).

As the data size N increases, the posterior distribution converges to a Dirac measure, which is a
point mass at the true parameter §*. Consequently, the performance of the optimal policy for the
posterior py converges to the optimal policy under the true environment 6*, as demonstrated in
Theorem 3] Additional assumptions are required to ensure the convergence of a series of posteriors.
Broadly speaking, it is necessary that all parameters and all data points have positive probabilities
of being sampled under both the prior and posterior distributions, and that the interchangeability
of limits and integrals is satisfied. Detailed proof and assumptions for Theorem [3] are provided
in Appendix In the episodic setting, we iteratively use the current policy for data collection
and posterior updates, and perform policy updates based on the updated posterior, as described in
Algorithm[2] A natural question arises: how many iterations are required within a given episode to
achieve a certain level of accuracy? This is addressed in Theorem Notably, the inner map A(«, 6*)
from policy parameter to occupancy measure is not necessarily convex in «, though F'(\, 6*) is
convex in A. However, the hidden convexity can be utilized to get the global optimality under the true
environment, regardless of the gradient estimation method. By utilizing the local bijection assumption
of A(+,0%), a stationary point is still globally optimal, shown by Theorem 5.13 in (Zhang et al., 2021)),
which requires Assumption Assumption can be satisfied when A\ is a locally differentiable
bijection on a compact convex set V.

Theorem 10. (Finite-episode error bound) Suppose that Assumption and
hold. Assume that G;(«) defined in Theorem E] has Lq ;-Lipschitz continuous gradient. Let
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{ai; W ;i:o be the generated policy parameter sequences for N episodes by Algorithm|2| For any
€ > 0, ifwe choose t; = O(Lg i(FEi—1+D;)e %), r = ©(e2), then we can keep a constant gradient
bound E {(22;01 ||VG¢(Oéi,j)||2) /tz} < e for each i. Furthermore, EC (o, 0*) — C(a*,0%) <
O(e + En), where D;, E; are defined in Theorem

Corollary 2. (Global convergence) Using the same assumptions and notations in Theorem
EC (aou, 6*) — C(a*,0%) < O(e) forany e > 0 as N — oo.

Theorem [] offers theoretical advice on how to choose the iteration number in each episode. Generally
speaking, we need fewer iterations to keep the gradient bound when ¢ grows since D;, F; approaches
0. Corollary [T]is a direct result of Theorem [3] and Theorem [4] and Corollary [I] implies global
convergence to the true optimal policy in the episodic setting (when the data size N increases to
infinity). Detailed proof can be found in Appendix

C Review on convex RL

Our problem is highly relevant to convex RL, which generalizes cumulative reward on a convex
general-utility objective instead of cumulative reward. Specifically, our problem is closely tied to
convex RL, which extends the traditional cumulative reward framework to a convex general-utility
objective. Prior research has explored policy gradient methods to address convex RL. For instance,
(Zhang et al., [2020) demonstrates that the policy gradient of convex RL can be formulated as a
min-max optimization problem. To reduce estimator variance, (Zhang et al., [2021)) introduces an
off-policy policy gradient estimator that leverages mini-batch techniques and truncation mechanisms,
while (Barakat et al.| 2023)) employs a recursive approach to handle large state-action spaces. In
the domain of multi-agent convex RL, (Zhang et al.,2022) assumes global state observability and
proposes a trajectory-based actor-critic method. Recent studies have also focused on safe convex
RL, where the objective is to maximize a convex utility function under convex safety constraints.
For example, (Ying et al., 2023)) develops a primal-dual algorithm with strong guarantees on the
optimality gap and constraint violations, achieving an O(1/€*) bound in the convex-concave case
with zero constraint violation. Building on this, (Bai et al., 2023) improves the bound to O(1/¢?).
Furthermore, (Ying et al.,|2024) extends the primal-dual framework to multi-agent convex safe RL.

D Discussion on Non-convex Structure

For any fixed environment parameter 6, the set of occupancy measure is convex, which makes global
convergence achievable. But the global convergence cannot be achieved under the Bayesian setting
because the set of occupancy measure is nonconvex! Consider the simple case that © = {61, 65} and
the state space and action space are finite. Then for any fixed policy parameter o and environment
parameter 6;, the occupancy measure \(a, 6;) is a |\S||A|-dimensional vector. Under any fixed 6;, for
any ¢ € [0, 1] and policy parameters o, g, the convex combination tA\(av, 0;) + (1 — ) Aoz, 0;)
is also an occupancy measure corresponding to some policy a3 under 6;. This hidden convexity
can be utilized to achieve global convergence for a fixed §. However, the occupancy measure is
a 2|S||A|-dimensional vector under the Bayesian setting, and we need an additional constraint to
guarantee that the occupancy measures under different environments correspond to the same policy
o

A(a701)3,a _ A(05702)3701
Za/ )\(CL 91)541’ Za/ )‘(a792)5,a’ ’

This constraint means that the agent chooses the action a at state s with the same probability under
two environments, which makes the set of occupancy measure nonconvex. In other words, for
any t € [0,1], a1, a9, there may not exist a policy s such that t(A(aq,01), Mg, 62)) + (1 —
t)(Maz,01), Mag, 62)) = (Mas, 01), AM(as, 02)). Thus, the global convergence cannot be achieved
due to the lack of intrinsic convexity under the Bayesian setting with a fixed posterior. However, as the
data size IV increases, the posterior distribution converges to a Dirac measure, which is a point mass
at the true parameter 8*. Consequently, the performance of the optimal policy for the posterior p
converges to the optimal policy under the true environment, as demonstrated in Theorem [3] What’s
more, the global optimality gap will converge to any accuracy € when the data size N increases, as

Vs, a.
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shown in Theorem ] In other words, global convergence can be achieved in our episodic setting
(when the data size N increases to infinity).

E Discussion on Assumption[A.2]

Recall that C(a, ) := F (A™"% Py). By chain rule, VoC(a, ) = VAF - Vo A™. Similar
to classical Policy Gradient Theorem, it holds that V,A™ (s,a) = A™(s,a)V,logma(a | s).
Thus, the behavior of V,C(a, §) depends on the regularity of both V F and V, log m,(a | ). In
classical RL analysis like |Agarwal et al.| (2021); [Papini et al.[| (2018)), one typically assumes that
Vo logma(a | s) is either Lipschitz continuous or uniformly bounded, and per-step rewards 7 (s, a)
are assumed to be bounded for all ( s, a ) pairs, which together implies the smoothness of the expected
return with respect to the policy parameter. In our setting, we replace the usual expected return
with a general convex loss function F'. Consequently, we must impose smoothness conditions on F.
Specifically, if F'()) is Lipschitz continuous with Lipschitz-continuous gradient, and V , log 7w, (a | )
is Lipschitz continuous and bounded, then Assumption 3.2 is satisfied.

We can demonstrate that the classic Linear-Quadratic Regulator (LQR), perhaps the simplest
continuous-action benchmark, satisfies all of these assumptions.

The dynamics is
st41 = Asy + Bay +wy, wy ~ N (0,5,)
and the policy is Gausssian
ar ~ o (- | 5t) =N (Ks¢, 24)

with parameter o = vec(K). Define the loss function F to be any convex function in A. Since both
the transition and the policy are affine and Gaussian, the joint law (s, a;) is Gaussian at every ¢. Then
the occupancy measure is a discounted summation of Gaussian distributions. Recall that the behavior
of V,C(a, 0) depends on the regularity of both V F and V, log 7, (a | s). In the example of LQR,
the first and second derivatives of log 7, (a | s) are bounded since the policy is Gaussian. Specifically,
if F'(\) is Lipschitz continuous with Lipschitz-continuous gradient, and since V,, log 7, (a | $) is
Lipschitz continuous and bounded in this LQR problem, then Assumptions 3.2 (2)(3) are satisfied.

In the example of LQR, O is a set containing possible A, B, 3J,,. Assumptions 3.2 (4) is about the
compactness and convexity of ©, which is not strong. One sufficient condition for Assumption 4.1 to
hold is that £* is bounded on ©. As © is a compact and convex set, it is not a strong condition.

F Discussion on Differences between Our Method and Tamar et al.|(2015)

We want to obtain V, [pg~. (C(cv, 6))], where the derivative is taken with respect to the policy
parameter « in the general loss function C(«, #). On the other hand, the problem in |[Tamar et al.
(2015) is how to get Vo, [pgpy (o) (D(6))] for a random variable D(6), where the derivative is taken
with respect to « in the distribution p . The difference in settings essentially leads to different forms
of Lagrangians and causes the failure to apply their results to our setting. What’s more, O is a finite
set in their setting, but © can be an uncountable continuous subset of some R? in our setting. As a
result, when we use the Envelope Theorem to prove the result, we are facing an infinite-dimensional
optimization problem over functions, which is a much harder problem than their finite-dimensional
optimization problem over vectors. Briefly speaking, in our proof we ensure differentiability and
integrability conditions hold uniformly, and construct a separable set of disturbation functions as the
domain for Lagrangians.

The original envelope theorem, as presented by Milgrom & Segal| (2002), primarily addresses finite-
dimensional parameter spaces. [Tamar et al.| (2015) utilize a discrete-parameter space framework for
policy gradients in risk-sensitive Markov Decision Processes (MDPs), restricting their applicability
to problems with finite and discrete parameter settings. Our extension generalizes the envelope
theorem to handle continuous parameter spaces, significantly broadening the applicability of policy
gradient methods to a wider class of problems, such as those involving continuous uncertainty sets
or continuous Bayesian posterior distributions over model parameters. Specifically, we address the
additional complexities introduced by functional optimization in infinite-dimensional spaces, which
involves ensuring differentiability and integrability conditions hold uniformly.
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This generalization is nontrivial as it requires overcoming challenges associated with infinite-
dimensional optimization, such as ensuring the boundedness and continuity of gradients and validating
strong duality under more complex integrative constraints. As such, our contribution facilitates the
development of theoretically sound policy gradient methods capable of addressing a broader and more
practical range of MDP formulations where uncertainty is represented continuously. This makes our
methodology independently interesting to researchers in stochastic control, reinforcement learning,
and risk-sensitive optimization.

G Algorithms

Algorithm 1 Bayesian Risk Policy Gradient (BR-PG)
(N)

input: Initial o, data ¢ of size N, prior distribution 1 (6), iteration number T';
Py (¢ Mo (8)

- Jo Por (CN)) o (07)db’ ’

Calculate the posterior pn (6)
for t=0toT — 1do
Sample {61}, _, from py(6);
Use the closed-form expression or solve (TT)) to get £*(6%);
Solve to get Vo O (o, 0%) fork =1....,r;

Gri= 231§ (01)VaC (o, 0});
Qi1 = Projy, (Oét - %@\t);
end for
output: Choose oy uniformly from ay, ..., ar—_1.

Algorithm 2 Episodic BR-PG

input: Initial v, prior distribution pio(6), total episode number N.
Deploy policy 7(ay) to gain the initial data set (V).
for i =1to N do
if i = 1 then
Q50 = Qo
else
Let ;o to be uniformly chosen from o;—1,0,...,Qi—1.4, ,—1;
end if
Deploy policy 7(c; o) to gain a data set ¢ @,
_ P a(0) .
T Jor Por(CO)pi—1(67)°
Use Algorithm E] with ¢; iterations and initial point c; ¢ to generate the policy parameter

Calculate the posterior p;(6)

SeqUENce a1, -+ , Qi ¢,-
end for
output: Let o, to be randomly and uniformly chosen from ay o, ..., N y—1-
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H Proof Details

H.1 Definition of Radon Measure

Definition H.1. ux is a Radon measure on © if (i) un(O) is finite, (ii) for all Borel set E C
©, we have un(E) = inf{un(U) : E C U,U isopen} and un(E) = sup{pn(K) : K C
E, K is compact}.

For a continuous parameter space O, if the prior is a continuous distribution and the likelihood
function is continuous in 6, then the posterior is Radon. And it always holds for discrete cases. Thus

it hold in most cases that we may care about, and most common probability distributions are Radon
Measures.

H.2 Proof of Theorem|[l]
Proof
U(pn) =1{:9e (& pn) =0,Ve € &, fi (§, un) <0,Vi €T,
§0)un(0) =1,£(0) = 0, [I¢llq < By}

0coe
Define the Lagrangian:
La<£7 )‘17)‘£> = 5(9)”]\](9)0(0{79) - Z)‘I(l)fz (é-a/J/N) - Z}\E(e)ge (fa,U/N)7 (15)
90 i€z e€€
and a subtly relaxed envelope
U (pn) ={¢: ; 95(9)MN(9) =1,£(0) = 0,, [I¢llg < Bq}-
€

As mentioned before, we can rewrite the objective as the value of a max-min problem in (8)

_ : I (&
Po~pn (Cla,0)) = omax | min La (&A%, A%).

Two things deserved to be noticed: (i) Slater’s condition holds in the primal optimization problem
by Definition (i) Lo (£, AT, A%) is concave in £ and convex in (AT, A®). Then strong duality
holds for (8.

_ : I (&
(OO = (G5 e FolE 27 20) )
= min  max La(& N\, \9)
AT>0,08 £elt’ (pn)

As V,C(a,0) is uniformly bounded for all # and «, we have VL, (&, A%, \¥) is uniformly
bounded w.r.t & and continuous at all(¢, A2, A¥). Then we have L, (¢, AT, \) is absolutely contin-
uous w.r.t o for all (&, A%, \¥). Since V2C(a, ) is uniformly bounded for all § and a, we have
{La(& M, A8)} 6,27 2¢) is equi-differentiable in c.

As O is compact and convex, © is a separable metric space with Euclidean metric and its Borel sigma
algebra. Then (O, ) is a separable metric measure space. By Theorem 4.13 (Brezis & Brézis,
2011), L%(©, jun) is separable. Then U’ (un) = {€ € LI(O, un) : [yee E(0)un(0) = 1,(0) >
0,,[€llq < By} is separable.

Define the set of saddle point for (T6) by X* = arg maxeeysr () Minyzso xe La (€, A%, A¢) and
Y* = argminyzsg ne MaxXeerr(uy) Lal(é, AT, A9).

Then for every selection of saddle point (£, A5, A\%%) € X* x Y*, the Envelope theorem for
saddle-point problems ( Theorem 4(Milgrom & Segall, 2002) ) shows that
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_ Z (&
Vapopy (Cla,0)) =Va &gl,%”ggénkg!l al§,A7A%)

o I &
= VaLa& XA (g2 yne sem) (17)

= £(0)un(0)VaC(a,0)

0€©

H.3 Proof of LemmalA.1l

Proof. Here is a brief proof sketch, and the full proof can be found in the proof of Theorem
3.1(Zhang et al.| 2020). For a convex function, the conjugate of the conjugate is itself. Notice
that V(a; 2) + 0VaV(a;2) "o — F*(2) = (2, \a,0) + §VaA(, 0)2) — F*(2). Then we have
Sup,egsa V(a;2) + 6VoV(a;2) ' — F*(2) = F(A(a,0) + 0V A(a, 0)x). By the first-order
condition, we have

argminF'(A(«, 0) + 6V Ao, 0)z) + ngH% = —VF (M, 0) + 0Var(a, 0)x) Vor(o, 0)x).

zERSA
By letting & — 0 and using the chain rule, we get the result (T2). O

H.3.1 Algorithm for solving Theorem [A.1]

Estimate V' («, z): Recall that we consider an offline setting where the transition kernel Py is assumed
to be known for any given 6. For any fixed transition kernel Py and policy 7, we can estimate the
occupancy measure by making a truncation K in the definition of occupancy measure in (T)):

K
AT;&P = nyt ‘P(st =s,at =a|mso~T,P)
t=0
with the error HX — Alli < ex :=~%/(1 —~). This error can be made arbitrarily small by increasing

K, thus we assume that we can exactly compute occupancy measure. After computing the occupancy
measure, V (o; z) = (z, ).

Estimate V.,V («, z): The policy gradient theorem (Sutton et al.,[1999) shows that

[e9)
VaV(a;z) = E™ Zth“” (st,as;2) - Vo logmy (at | st)
t=0

where Q™ (s, a; z) :=E™ >0 v'2 (st,a¢) | so = s,a0 = a,a; ~ 7 (- | s¢)] satisfying the Bellman
equation

Q™ (s,a;2) =E[z(s,a)] + Z Z Py(s'|s,a)m(a|s)Q7 (s, d’; 2). (18)

s’eSa’eA

For any given 6, policy 7 and cost function z, we can solve the Bellman equation (I8) exactly to get
Q(+,-). It can be seen that V, V (o; z) is a linear function of \:

VoV (a; 2) ZZQS&Vlogwa(a|s)( a).

sES acA

For any 6, policy 7 and cost function z, we can calculate the ) value function by solving the Bellman
equation:

Q7 (s,a;2) = E[z(s,a)] + Z Z Py(s'|s,a)m(a|s"Q7 (s, d; 2)

s’eSa’€A

Then we can use Algorithmto solve (12) in Lemma It should be noticed that 6V, V (a; 2) Tz =
O(0) is omitted when calculating the gradient for z as 0 — 0. Thus we omit this term when calculating

15



the gradient for 2. To evaluate the integral [,_q &5(0)un (0)VaC/(a, 0), we sample i.id 0y from
for k =1,...,r, then we can construct the policy gradient estimator

Voo (Cl0,0) % §(0) = 1+ 37 € (O)VaC (0,00).
k=1

Algorithm 3 Alternative Gradient Descent Method

input: initial zg, zq, step sizes ay, by, iteration number 7', transition kernel parameter 6, policy
parameter «;
fort =0toT —1do

Zt4+1 = 2t + at[)\(a, 9) — VF* (Zt)] .

T = T — 0 [V V(as 2) + ), where Vo, Vi(as 2) = > Q(s,a)Valogma (a | s) A(s,a)
end for :
output: —x7.

H.4 Proof of Theorem[7|

Proof. By Theorem([I] the true gradient is

And our gradient estimator is
N 1 X
gle) =~ D & (0k)VaC (a,0) .
k=1
Then we have

9¢

- 1
B[ - g} < [EIE (0)VaC (0,00) ~ [ € (0)ux(6)VaClar o)) < .
1) r

O
H.5 Proof of Theorem 2]
First, we make an assumption about G.
Assumption H.1. There exists some Lg > 0 s.t. g(«) is Lg-Lipschitz continuous in .
Proof. For ease of notation, denote g(cv) as g; and g(cv) as ;. By Assumption [H.1] we have
(o) < G () + (g0 — ) + 22 Jlo— o
2 (19)

< G(a) + La Ja — a3

Then we have
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. ~ Lg
Gla41) < G (o) + (e, g1 — o) +(Gr — Go Qeg1 — ) + I3 llogt1 — at\|§
. 1 . Lg Lg
< G (o) + (G o1 — ) + 5=—lge — Gell3 + = lloegr — all3 + 5 s — Oét||§
2L 2 2

N 1 -
=G (o) + (g, a1 — ) + EH‘% — Gill3 + Lallowsr — aqll3

. Y 1 R
= mm Glay) + (G, o0 — ) + Lafla — o3 + m”gt —aill3

. N 1 ~
= min G(a¢) + (g1, — ) + Lallo — a3 + (G — g — au) + =g — 3|3
acW 2LG

. L¢ 1 ~ 1 ~
< om Glay) + (g, 0 — i) + Lafla — o5 + THOZ —ayll3 + Ellgt - a3+ m”gt —aill3

3L
= min G(ay) + (g, — ay) + =G

1 A
Doy B Ha—atH%‘i‘EHgt—gtH%

1 1 N
= G(ay) — %Hgtlli + Ellgt - al3

where the first inequality comes from (19), the second inequality comes from Cauchy-Schwarz
inequality, the second equality holds because the definition of a4, the third inequality holds
because of Cauchy—Schwarz inequality again, and the fifth equality holds by taking o = oy — f Gt

Telescoping over ¢, we have

T-1 2 T-1 ~ 112
- 6L _
Zt_O g:l15 < G(g( o) — Glar)) 62 llg: — G¢ll3

T - T — T
Since
E [lg: - i3] < =
Then we have
Ellgoul3 < 7% (Glao) ~ EG(ar) + 6%

LetT = ¢ 2,r = ¢ 2, then
E||gou |3 = O(€?)

and then
El goull2 = OC(e)

H.6 Proof of Theorem[3
Assumption H.2. (Assumption 3.1 in (Shapiro et al.| 2023))

(1) The set © is convex compact with nonempty interior.

(2) In po(0) is bounded on ©, i.e., there are constants ¢; > ca > 0 such that ¢; > po(0) > co
forall 6 € ©.

(3) P*(¢) > 0forany ¢ € E.

(4) Py(C) > 0, and hence un(0) > 0, forall § € Zand 6 € O.

(5) Pc(&) is continuous in 6 € ©.

(6) In Py(¢),0 € O, is dominated by an integrable (w.r.t. P, ) function.
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Assumption[H.2] (1), (2) are used to guarantee the uniform convergence of posterior. Assumption [H.2]
(3), (4) require that all data points has positive probability to be sampled under the prior and posterior.
Assumption[H.2](5), (6) are used to exchange the order of limit and integral.

With Assumption we are now ready to prove Theorem Define a function (0) =
Ep«[In Py(¢)] and let ©* := {0’ € © : 4(0') = infpeco ¢(0)}. For € > 0, define sets

Ver={0€0:9(0") —¢(0) > e}, U :=0\V.={0 €O :4(0") —(0) <e}.
First we need to show two intermediate lemmas.

Lemma H.1. (Lemma 3.1. (Shapiro et al),[2023)) Suppose that Assumption[H.2) holds. Then for
0 < €2 < €1 < €, it follows that w.p. 1 for N large enough
sup pn(6) < r(eg) te Nl
€0

where Ve, and U, are defined in (3.2), and k(e3) := fU de.
€2

Lemma H.2. Suppose that Assumptionholds. V6 > 0, Je > 0 such that d(0,©*) < § for all
0 cU..

Proof. We prove this lemma by contradiction. Suppose that 39y > 0 such that Ve > 0, there exists
0 € © satisfying ¢ (0*) — () < e and d(0, ©*) > .

Choose € = % and then get a sequence {6,}52 ;. As O is compact, there exists a subsequence of
{6,152, that converge to a point §’ € © satisfying d(6’, 0*) > §y. As 1) is continuous, ¢ (6’) =
1(0*). Contradiction!

Then we can prove Theorem 3]

Proof. For any 0 > 0, we can choose € such that d(6,0*) < § for 6 € U,,. Then we have
|p9NHN (O(a, 0)) - C(av 0*)|

) |§:§£?(§N> 9co §(0)un(0)[C(a,0) — Cla, 67)]db|

< 0 0 0) — 6*)|dé 0 0 0) — 0*)|de
< [ €O @00~ Clat s+ max [ e@nn(@)1C(0.0) -l

< s [C(6) — Cla,6%)+2 sup |Cla,0) max / £(0) 1 (6)d6
lo—6+)1<s aEW,0€0 SluneU(un) Jy,

By Holder’s Inequality, we have

/ £(0)un (6)d0 = / £(O)p ()1 (0)/7d6
Ve Ve

1/q 1/p
q
<[/ < wvioyas| | [ | v (0)as|
< Bq/i(EQ)*l/pe*N(“*E?)/p . Vol(@)l/”

Thus

[P0~ (C(,0)) = C(@,0%)] < 5Ly + 2Byr(es) " /Pe N A=)V ol(@)VP sup  |C(a,0)],
aceW,0€e0

where the inequality holds because C(«,#) is B— Lipschitz continuous w.r.t. 6. This implies
Dy — 0as N — oo since ¢ is arbitrary. Then we have

C(a}k\h 0*) - C(a*v 9*)
= C(an, 0%) = porpun (Cla, 0)) + pompun (Cay, 0) = pompy (C(a™,0)) + po~py (Cla, 0)) — Cla”, 0%)

< 20B + 4Byk(eg) " VPeNEa=/Pyo1(@)YP  sup  |C(a, 0)],
acEW,0€0
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Let N — oo and recall that 4 is arbitary, we get the result.
Define
Ex = sup [[Vapopy (C(,0)) = VaCla, 07)ll,
(1S

Similar to Dy, we have
[Vaponuy (Cla,0) = VaCl(a, 0%,

:‘/@g;(&)w(e)[vacmﬁ)—vac*(a,e*)]de

S/ 62(9)MN(9)HV<10(04’9)—VaC(a79*)||2d9+/ §a(0)un (0)[Val(e, 0) = VaC(a, 07)|[2d0
Ueq Veo

2

< 0Lgo + 2Byk(eg) " HYPeNla—e2) /Py o1(@) /P sup ®||va0(a,e)||,
acW,0c

which implies Fny — 0 as N — oo since ¢ is arbitrary.

H.7 Proof of Theorem[d and Corollary 1|

Assumption H.3. (Assumption 5.11 in (Zhang et al.| |2021)) For policy parameterization ,, «
overparametrizes the set of policies in the following sense. (i). For any « and A\(«) under the true
environment Py-, there exist (relative) neighourhoods o € U, C W and M) € V(o) C A(W,07%)
s.t. (A, ) (+) forms a bijection between U, and Vy(q), where (X | Uy) (+) is the confinement of

X onto Us. We assume (X | Us) ™" () is Lo-Lipschitz continuous and (X | Uy) (+) is L-Lipschitz
smooth for any « . (ii). Let wy~ be the optimal policy under the true environment. Assume there exists
€ small enough, s.t. (1 — )\ () + e (a*) € Vx(q) for Ve < € Vo

Under the true environment Py, the set of all occupancy measures is a convex set, and there is an
bijection between all policies and all occupancy measures. More discussions can be found in Section
5.2 in (Zhang et al.; 2021). Based on this observation, we have min, F(\™,0*) = miny F(}, §*),
which turns the non-convex policy optimization problem into a convex optimization problem over
occupancy measure. Then any stationary point is also globally optimal, which is shown in the
following lemma.

Lemma H.3. Assume that Assumption holds. Then C(a,6*) — C(a*,0%) <

O(|VaC(&, 0%)|2),Va € W.

Proof. Notice that

I(F o N)(a) = Vo) TOF (M), Vo € W.

So there exists w € OF (X, 6*) s.t. Vo C(&,0%) = Vo A(@) Tw. Then for any A(ar) € Vy(a), we have
(W, A — )
= (0, Vo M@) (o — @) + (0, A — XA = V A(@) (o — @) (20)
=L +1

For the first term, we have

I = (VaC(a,0%),a — a) > =[[VaC(a, %) [2]la — allz > ~[|VaC(a, %) [l2lal|A = All2-

For the second term, we have

1 La _ L2 <
I 2 — [l 2o —al} 2 - =22 1A - M3
Then we have
_ 3 — * kY L/\Ei — (12
(0, A= A) > =[[VaC(a,07)[2lallA — All2 — [[@l|2]|A = All2-

2
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Replace A by (1 — e)A(@) + e (o*) for any € € (0, € and then it holds

Lye*% X _
w2l A (a) =A@

e(w, A (") = A@)) = —€[|VaC(@, 07)[[2lalX (@) = Ma)[|2 —

Divide both sides by € and let ¢ — 0, we have
(0, A (") = A(@)) = —[|[VaC(a, 0%)|[2Lal|A (@) = A(@)] 2.

Finally,
C(j‘a 0*)_C()‘*7 0*) < _<1D7 A (

a®)=Ma)) < Lal|VaC(a, 07)2l|A (@) =A@z < LaDA[VaC(a, 67)]l2,
where Dy = sup,, o ew M) — Al

Olla- O

Then we can turn to prove Theorem [4]

ti—1 (s
Proof. If E 250 I|ZG1( i)l

E||VG;(ait1,0)]]2 < € and then
E[VC(ait1,0,07)]]2 < e+ E;.

< ¢, choose ;41 uniformly from o, g,...,ai¢—1. Then

By Lemma[H:3]we have
EC(O[Z‘JFL(), 9*) — C(Oé*, 9*) < (6 =+ Ei)gaD)\,
and then
EGit1(iy1,0) — Gigr(ojyy) < (e + Ei)loDx +2D; ;.
By Theorem 2] we have
tit1—1 \/e? i A2 6L ;
o [T VG 0] lossr g an g
tit1 tiv1 r

Then we can choose
tiv1 =12Lgit1[(e + Ei)laDx + 2D;y1]e 2
r= 12056_2

to make , L
i+1— 2
E >ito  IIVGiti(aity)lis ce
tit1
Then by Jensen’s inequality we have
tip1—1
E Yt IVGiti(aivaj)llz <

tiv1
When E|| VG y (w2 < €, we have || VC(aou, 8%)||2 < e+ Ey. Then by Lemmal[H.3|we complete
the proof of Theorem 4]

As Theorem 3] shows that Ey — co when N — oo, then we complete the proof of Corollary[]] O

I Examples of Loss Function

Example 1 (Risk-Averse Constrained MDP). In safe RL problems, one usually considers a con-
strained MDP (Altman| |2021), where the goal is to minimize the total expected discounted cost under
a risk-averse constraint. Given a random vector penalty d, the risk-averse constraint is to control a
risk measure of the total expected discounted penalty. This leads to the following constrained MDP
formulation:

min E[Z V(s ar) | mos0 ~ 7] stp <E[Z Yd(si,ar) | w580 ~ T]) <D,
t=0 t=0

where p is a coherent risk measure, such as Conditional Value-at-Risk (CVaR ﬂ Using Lagrangian
relaxation, we can choose F to be a convex function of \, i.e., F'(\, P) = (A, ¢) + £(p({\,d)) — D),
where { is the Lagrange multiplier.

'CVaR(X) = E[X|X > vg(X)], where vg(X) is a S-quantile of X, i.e. P(X > vg(X))=1-7
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Example 2 (Imitation Learning). During imitation learning, the agent learn through some demon-
strations to behave similarly to an expert. One formulation is minimize the f—divergence between
the occupancy measure of the current policy and the target occupancy measure:

A7 (s, a))

q(s,a)

leian()\Tr,q) = ZQ(S’a)f (

s,a

J Examples of Risk Envelop

Example 3. [Conditional Value at Risk] First, Value-at-risk VaRg(X) is defined as the (3-quantile
of X, i.e., VaRg(X) := inf{¢ : P(X < t) > B}, where the confidence level 5 € (0,1). Assuming
there is no probability atom at VaRg(X), CVaR at confidence level [3 is defined as the mean of the
B-tail distribution of X, i.e., CVaRg(X) = E[X | X > VaRg(X)]. The envelope set is

1
Uli) = (€€ 2°: [ eOun (a0 = 1.60) € [07 15} 0.0 € O}
o _
Example 4. (Mean-Upper-Semideviation of Order p). For Z = L,(©,F,un) and Z* :=
L4(O,F, un), withp € [1,400), ¢ € [0, 1] and F to be a o-field on ©, consider
1
p(2) = E[Z) +c(E[[Z - E[Z]}])""
where [a)'} = max{0,a}?. Then the envelope set is

Upn) =1{' € 2" : & =1+ —E[C] [¢llg < e, € = 0}}

More examples can be found in Section 6.3.2(Shapiro et al.,|2021).

K Policy Gradient for MDP with CVaR Risk Measure : A Special Case Study

Here we offer an example of gradient estimator with a common coherent risk measure Conditional
Value at Risk(CVaR), the definition of which can be found in Example E} For the considered CVaR
risk functional, (Hong & Liul, 2009) shows that the gradient of the CVaR risk functional can be
expressed as

V CVaRg (X (@) = E[VX ()| X (a) > vs(a)]
where vg = vg(a) := VaRg(X («)) for a random parameterized variable X () satisfying Assump-
tion@ Unless otherwise specified, the derivative is assumed to be taken w.r.t. c.

Assumption K.1. (Assumption 1, 2, 3 (Hong & Liu, [2009)) (i) There exists a random variable L
with BE(K) < oo such that | X (az) — X (a1)]| < K ||ag — aql], forall an, 0 € W, and V o X (o)
exists almost surely for all o € W.

(ii) VaR function vg(«) is differentiable for any o € W.
(iii) For any a € W, P (X () = vg(a)) = 0.
Assumption (1) is commonly used in path-wise derivative estimation; (ii) shows that VaR function

is locally Lipschitz; (iii) requires that there is no probability atom at VaR(X) and implies that
P(X () > vp(a)) = 1= 5.

Theorem 11. Suppose that Assumptionholds. Then, for any o € W and 8 € (0, 1), the policy
gradient to the objective function in (3) is given by:

9(@) = Eonpun [VCO(a,0) | C(ar,0) = vg(a)]

1
T [VO(@ L ica0200]

where 1.y is the indicator function.
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If we apply Theorem I|to CVaR, we will get the same result as Theoren{I1} To compute the gradient
g(a), we require the cumulative value C'(«, ) of policy 7, and its gradient VC'(a, ), value-at-risk
vg, as well as the evaluation of the expectation taken w.r.t. the posterior distribution py. Here we
show how to use zeroth-order method instead of variational approach to estimate V,,C/(«, 6). Since
there is no closed-form expression for the expectation, we estimate the gradient g(«) with samples
{67}, generated from zy. We construct the gradient estimator as follows:

gla) = n(l-j) ; VO(@, 015001255} @

For a fixed o and 6, we first estimate the occupancy measure A\’ by making a truncation of horizon
K in () with error

IV = Nlloo < ex := 7" /(1 =) 23)
for some K > 0. The cumulative value with the truncated occupancy measure N is denoted by
C(a, 0") = F(\, Py:). The value-at-risk estimate is 05 := C(a, 6) rna]:m» Where C(a, 0) 570 is
the [1,3]-th smallest quantity in {C/(cv, 0°) .

Here we adopt the Gaussian smoothing approach of estimating gradients from function evaluations
(Nesterov & Spokoiny, [2017}; [Balasubramanian & Ghadimil 2022). When there is no oracle to the
first-order information or it is not efficient to calculate the gradient directly, Gaussian smoothing

approach is a useful technique in zeroth-order method. Compared with finite difference method,
Gaussian smoothing approach requires weaker smoothness condition of objective function. For a

fixed a and 6', generate {u"/}7,, where u*’ ~ N (0, I). Then VC can be constructed as:

C (a + l/ui’j,Gi) -C (a, Gi)

: i
m; 14
v =1

where v > 0 is the smoothing parameter.

VC(a, 0%) = u*’ (24)

For ease of notation, let G () denote the sample estimate of po~py (C(a,0)). We use the following
gradient descent step in the ¢-th iteration:

~

a1 = argming ey Glar) + (Glar), o — ar) + o fla— o

= Projy, (at - iﬁ(oq)) (25)

Nt

where ), is the stepsize and Projy;, () = arg min, cy ||y — (|3 projects x into the parameter space
W. We summarize the full algorithm in Algorithm 4]

K.1 Convergence Analysis for CVaR Risk Measure

Here we only show the estimation error of the policy gradient. To get a finite-step convergence
result similar to Theorem we only need to substitute O(r~'/4) in Theoremwith O(R'/?), where

R2=0 (dn‘1 +ex+ djf; + %i) is the bound for E||[g — g]||3] in Theorem

Here we still adopt the Assumption[A.2]about the smoothness for the considered loss functions, which
are commonly used in gradient descent analysis. The error bound for the zeroth-order estimation for
VC is then shown in the next lemma.

Lemma K.1. Suppose Assumptionand Assumptionhold. Then we have for each i € |n]

= 8d
B0 (0, 0:) — VO(a, 0 < 5T 06}

(26)

L 8d+5)B 22 L% 5(d + 6)°

m; my;

)

where Ly o, L2, B are constants in Assumption € IS the truncation error defined in (23)),
d is the dimension of the policy parameter o, m; is the number of samples used to construct the
zeroth-order estimator in (24).
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Algorithm 4 BR-PG: Bayesian Risk Policy Gradient for CVaR

input: initial o, data (N) of size N, prior distribution 1 (6), iteration number 7', truncation
horizon K
i _ _Pe¢Muo(0) .
calculate the posterior pn (6) = Tor Por € o (87)
for t=0t07 —1do
sample {0} }7_, from ppy(6);
for i = 1tondo
calculate A using the truncation of horizon K specified in (I));
calculate C(a, 0) := F(A}, Pyi);
generate {u"/}7,, where u*’ ~ N (0, Ia);
calculate VC'(ay, 67) by @3):;
end for N 4
calculate vg(a¢) := C(a, 0}) rng)in-
calculate g(ay) by (22));
update «v;11 by (6.
end for

output: ar.

Assumption K.2. (Assumptions 4 and 5 in (Hong & Liu, |2009)

(1) For all o € W, C(w,0) is a continuous random variable with a density function fc o (y).
Furthermore, fc o(y) and go,o(y) :=Eg[VC(a, 8) | C(a, 0) = y] are continuous at y = v,, and
f(j,a (’Ua) > 0.

(2) Eq [C(a,@)g] < ooforalla e W.

Now we are ready to show the error for our gradient estimator given in 22).

Theorem 12. Suppose that Assumption Assumption[A.2 and Assumption[K.2| hold. Also assume
that the cumulative distribution function of C(«, 0) w.rt 0 is {c— Lipschitz continuous for each
a € W. Let m; = m Vi € [n]. Then for each o € W,
. de? d+v2d®
Ellg - alI3 <0 (an~ e 934 )
v m

where n is the number of samples of 6.

Proof. First recall that the true gradient and our gradient estimator are g =
1 ~_ _ 1 noogo
m]E [VC(CM, Q)H{C(a’g)zw}] and g = m Zi:l VC(OZ, 9l)1{6(a,&)25ﬁ;} Let

1 n
= —F—0 0i)1(C(0,0,)>551}
9 n(1—p) ;VC’(O" ) {C(a,0:) 205}

and

o~

1 n
R ) Z; VC(,00)1(5(a,6,)255)

where ¥ := C(a, 0;) n3]:- Then we have the decomposition g—g = (9—7)+(5—31)+(91—9) =
Ry + Ry + Rs3. For Ry, it is the error in the estimation of expectation taken w.r.t. . Suppose that
Assumption and Assumption hold, Theorem 4.2 from (Hong & Liu, [2009) shows that

|ER:||2 = |E[g] — g2 = o(n~Y/2d"1/2),

Notice that
lg — gll5 < 2llg — Egl3 + 2|[Eg — lI5-
By Theorem 4.3 from (Hong & Liul 2009), Var(g) = O(dn=1'). Thus

E[|R:[3 = O(dn™"). 27)
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For Rs, it is the error in the estimation of C'(«, #). By Lemma , IE[||§Z’(O[7 0;)—VC(a,6;)]|3] <
8d 12 o | 8(d+5)B% | 20°L% ,(d+6)°
ﬁLF,ooe)\ + ] +

m; m;

. If we choose all m; to be the same m, then

R 1 LR
Bl ~ 318 <~ - 1900000 - VC(a,0)[3
=1
de  d+5 v¥(d+6)}
<O+ 5, YO
m m

Thus ) ) 5
de d+5 v°(d+6
BRI < o(25 415, 71D

). (28)

Now we consider Ry. Define the event A; = {C(a,0;) > ﬁg},/A\i = {C(a,0;) > vg} and

m

1 n
[ Rall2 < m Z [VC(c, 0;)]2 - LAz

i=1
< 1 zn:B]l
>~ n(l — 5) — A;AAD

and

1 n
2 2
1B:3 < =5 O Blaam)
i=1

IN

1 n
— B>y 1, ..

Notice that . -

P(1,, ax) = P(A:\A) + P(A:\Ay).
As the estimation error of \, i.e. [|A — /oo, is bounded by €y and F'is L -Lipschitz continuous
WLt || - || oo, we have |C(a, 8;) — C(a, 6;)] < L oc€x. Asaresult, [vg —Ug| < Lp oo€x. Notice that
{C(a,ﬁ,) Z 5[3 + 2LF,oo€>\} g {6(04,91) Z i)\,g} g {C(Oé,@z) Z 5,3 — 2LF7006)\}. Then we have
P(A\A;) + P(A;\A;) < 40c Ly, o€, by the assumption on the cumulative distribution function of
C, and thus

4
E||R2|3 < 5B o Lpscexr = O(ey). (29)

(1-=5)
Combining (Z7), (28) and (29), we have

~ d2 d+ 2d3
E||[g—g]||§§(9<dn_1+e/\+ €A+V>_

V2 m

O

Theorem [I2]implies that the error of the gradient estimator can be reduced to arbitrarily small by
increasing the sample size n, m or decreasing the truncation error €.

L. Implementing Details

We evaluate our proposed formulation and algorithm on the offline Frozen Lake problem (Ravichandi-
ran, |2018), an OpenAl benchmark. We consider different convex loss functions, including the mean
and Kullback-Leibler (KL) divergence, for various tasks. We compare the Bayesian Risk Policy
Gradient (BR-PG) algorithm with CVaR risk measure under different risk levels 5 = 0,0.5,0.9,
respectively, with two other methods. The first is the empirical approach, which fits a maximum
likelihood estimator (MLE) to the data and solves the MDP using the estimated parameters. The
second is a modified offline version of distributionally robust Q-learning (DRQL) (L1u et al.}|2022),
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which uses Q-learning to optimize worst-case performance over a KL divergence ball centered at
the MLE kernel. When the risk level 8 approaches 1, Bayesian-risk performance is similar as the
worst-case performance. Since we are considering an offline planning problem, we modify the DRQL
to interact with an offline simulator that uses the transition kernel with the MLE parameters derived
from the data. For a fair comparison, we conduct DRQL experiments with different radii of the
KL divergence ball. Linear Loss. We consider the linear loss function, which corresponds to the
total discounted cost in a classical MDP problem. This is referred to as one replication, and we
repeat for 50 replications using different independent data sets. Episodic Case. We consider the
episodic setting with 50 replications where the data collection and policy update are alternatively
conducted. Mimicking a policy. Here we consider a different problem of mimicking an expert policy
still using Frozen Lake environment and 50 replications. The loss function to minimize is defined as
the KL divergence between state occupancy measure under the current policy and the expert state
distribution.

Frozen lake problem. Consider moving from the Start (S) to the Goal (G) on an 5 x 5 frozen
lake with 6 holes (H). Then there are 18 ices (F) (involving Start). The agent may not move in
the intended direction as the ice is slippery. The position is the row-column coordinate (%, j) with
i,7 € {0,1,2,3,4} and the state is the 5 * ¢ + j. The state space is {0,1,...,24}. The action set
consists of moving in four directions. The unknown slippery probability is 6. Before reaching the
goal and standing on the ice, the agent may move in the intended direction with unknown probability
1 — 5 and move in either perpendicular direction with probability 6, /2. When falling into the hole,
the agent may try to escape from the hole and move to the intended direction. Each time the agent
will succeed in escaping from the hole with unknown probability .. After reaching the Goal, the
agent will always stay in the Goal whatever the action is. We set the cost to be 1 for each action on
ice before reaching goal. Also, stronger efforts may be made when it is harder to escape from the
hole. So we set the per-action cost in hole to be uniformly distributed between [1,1 + 2(1 — 6..)]. We
aim to find a policy with the minimum general loss function. The data set consists of N historical
slippery movements and escapement trials.

Linear Loss. For each of the considered formulations, we obtain the corresponding optimal policy
for the same data set and evaluate the actual performance of the obtained policy on the true system,
i.e. MDP with the true parameter §*. Specifically, we use the linear loss function, which corresponds
to the total discounted cost in a classical MDP problem. This is referred to as one replication, and
we repeat the experiments for 50 replications using different independent data sets. As the random
sampling of output policy in Algorithm |I]is for the purpose of proof, we just choose o, as the output
for convenience in implementation. Results for the frozen lake problem are presented in Table 3] with
varying data size N = 5 and N = 50, slippery probability s = 0.3 and escape probability 8. = 0.02.
Note that we report the positive-sided variance, which corresponds to the second order moment of
the positive component of the difference between the actual loss and the expected loss. Intuitively, a
high positive-sided variance indicates more replications with higher costs than the average, which is
undesirable.

Episodic Case. We consider the episodic setting where the data collection and policy update are
alternatively conducted. Similar with the previous case with fixed data size, we consider the mean
loss function with slippery probability §; = 0.3, escape probability 8. = 0.02, and 5 x 20, 10 x 10,
20 x 5 iterations in total. We repeat the experiments for 50 replications on different independent
data sets. Figure[I]shows the decrease of the loss function by different methods. As the random
sampling of output policy in Algorithm is for the purpose of proof, we just choose ;1,0 = a4,
for convenience in implementation.

Results for the frozen lake problem with escape probability . = 0.7 can be found in Table [I] and
Table 2]

Figure [ shows the map of the frozen lake problem with 1 Start(S), 1 Goal(G), 6 holes(H) and
remaining frozen(F) parts. We design such a map so that the agent has to avoid falling in the hole
when the escape probability is very small and cross the hole when the escape probability is high.
Detailed parameters are set as follows. The true slippery probability is 0.3. The iteration number for
gradient descent is 100, the stepsize is 0.5, and the sample number in each iteration is » = 30. we set
the discounter factor to be v = 0.97 , the truncation horizon for occupancy measure to be K = 130.
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Table 1: Results for frozen lake problem. Expected loss and positive-sided variance at different risk
levels « are reported for different algorithms. Standard errors are reported in parentheses. Escape
probability 6, = 0.7 and number of data points is N = 5.

loss function: mean

Approach expected loss  positive-sided variance
BR-PG (8 = 0) 10.322 (0.0182) 0.0153
BR-PG (5 = 0.5) 10.520(0.105) 0.502
BR-PG (5 = 0.9) 11.718 (0.357) 4.982
Empirical 11.667 (0.0687) 0.156
DRQL (radius=0.05)  11.223(0.185) 1.283
DRQL (radius=1) 20.751(1.438) 69.514
DRQL (radius=20) 23.181(1.396) 57.495

Table 2: Results for frozen lake problem. Expected loss and positive-sided variance at different risk
levels « are reported for different algorithms. Standard errors are reported in parentheses. Escape
probability 6, = 0.7 and number of data points is N = 50.

loss function: mean

Approach

expected loss positive-sided variance

BR-PG (5 = 0) 10.271 (0.00227) 0.000197

BR-PG (5 = 0.5) 10.256 (0.00211) 0.000188

BR-PG (5 = 0.9) 10.230(0.00294) 0.000398
Empirical 11.316 (0.0235) 0.017
DRQL (radius=0.05)  10.888( 0.171) 1.235
DRQL (radius=1) 20.990( 1.324) 56.027
DRQL (radius=20) 23.500(1.282) 51.915

For the "mean" loss function, we use the maximum likelihood estimator (MLE) of 6 as the empirical
measure to be compared with BR-PG. Also, we use the distributionally robust Q-learning (DRQL)(Liu
et al., [2022) with different radius for the KL divergence ball as another benchmark. We also use the
MLE of 6 as the parameter for the center of the KL divergence ball in DRQL with different radius.
For BR-PG, the sample number from posterior in each iteration is 30, the total iteration number is
100, the step size of SGD is chosen to be 1, and the prior distributions are chosen to be Beta(1, 1) for
two parameters. We show the histogram of total cost over 50 replications for all methods in Figure 3]
with the risk level 0.8 for CVaR over replications, which visualize the measures of dispersion.

Mimicking a policy. Here we consider a different problem of mimicking an expert policy still
using Frozen Lake environment. Given an expert policy, we have access to the state distribution
of the expert policy under the true environment, which is denoted by a nonnegative function .J
satisfying » 5. J(s) = 1. The loss function we want to minimize is defined as the KL divergence
between state occupancy measure under the current policy and the expert state distribution F'(\) =

KL (1 =) Y pcaralld) =X s Dacall = 7)Asa log (W) We compare the BR-

PG algorithm with CVaR risk measure under different risk levels 8 = 0, 0.5, 0.9, respectively, with
the benchmark empirical approach using the MLE estimator for the parameter as before. Figure[3]
shows the decrease of the loss function by different methods. It should be noticed that DRQL can
only be applied to the "mean" loss function, thus we don’t use it as a benchmark. The performance of
the 50 replications is shown in figure[6] where the shown results start from the 30-th iteration.

Conclusions. In each replication, data points are randomly sampled from the true distribution. While
facing the epistemic uncertainty, BR-PG algorithm provides robustness across different loss functions.
Table [3| shows that our BR-PG algorithm has lower linear loss, standard error and positive-sided
variance (psv), demonstrating more robustness in the sense of balancing the mean and variability of
the actual cost. In contrast, the empirical approach performs badly when the data size is small, e.g.
N =5, indicating that it is not robust against the epistemic uncertainty and suffers from the scarcity
of data. DRQL also performs better than empirical method but worse than our algorithm in the sense
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Table 3: Results for frozen lake problem. Linear loss and positive-sided variance at different risk
levels « are reported for different algorithms and different data sizes with linear loss function.
Standard errors are reported in parentheses. Escape probability 6. = 0.02 and number of data points

is NV = 5 and 50.

Approach - NZS. — - - NZS(.) — .
linear loss positive-sided variance linear loss positive-sided variance

BR-PG (8 = 0) 33.886(0.347 ) 5.212 32.784 (0.00825) 0.0026

BR-PG (5 = 0.5) 33.104 (0.127) 0.710 32.757 (0.00516) 0.00119

BR-PG (5 =0.9) 32.854 (0.0641) 0.193 32.741 (0.00283) 0.000376
Empirical Method 37.057(0.927) 34.387 33.340 (0.0936) 0.380
DRQL(radius=0.05) 37.936(0.887) 26.554 34.365(0.366) 5.139
DRQL(radius=1) 35.216(0.732) 22.213 32.924(0.105) 0.519
DRQL(radius=20) 36.255(0.813) 24.622 32.855(0.063) 0.179

Optimal Policy under True Model 32.499 32.499

Linear Loss, theta_e=0.02, 5 episodes, 20 iterations per episode

Linear Loss, theta_e=0.02, 10 episodes, 10 iterations per episode

Linear Loss, theta_e=0.02, 20 episodes, 5 iterations per episode
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Figure 2: Results for episodic case with different episode numbers and iterations per episode under
the same escape probability . = 0.02 and 50 replications. Here the loss function is still chosen to be
the linear loss. 95% confidence intervals are reported by the shaded bands.

of having larger mean and variance of the loss. Figure[T|shows that the loss of our algorithm decreases

Mimic a policy,KL Divergence,N=5,theta_e=0.2 Mimic a policy,KL Divergence,N=50,theta_e=0.2
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Figure 3: Results for loss function "KL Divergence" with data sizes N = 5 and 50 under 6, = 0.02.
95% confidence intervals are reported in the shaded area.

quickly in spite of few data. In the episodic case, the loss function decreases faster with more episodes
(but the same total number of iterations), due to more collected data with more episodes. The loss
function of our BR-PG method decreases more quickly in early episodes, which is shown by two
differences between Figure @ and Figure @ First, the 95% confidence interval, shown in the shaded
band around each curve, is narrower for N = 50. Second, the absolute loss of N = 50 decreases by
about 20% compared with N = 5. Figure [3]demonstrates the better performance of our proposed
BR-PG algorithm compared to the empirical approach, where we achieve smaller loss and lower
variability, for the policy mimicking task. From Table 3] and Figure [T} we can see when there are
more data, the posterior distribution used in BR-PG algorithm and the MLE estimator used in the
empirical approach converges to the true parameter as data size increases, which reduces to solving

27



an MDP with known transition probability, and therefore, the optimal policies and the actual costs
tend to be similar.

S [F |F |[F |F
HIH [H |F [F
F|F [F |F |F
F|F |H |H |H
F|F |F |F |G

Figure 4: Map of frozen lake problem
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Figure 5: Result for utility function "mean" with data size N = 5 and escape probability 8, = 0.02
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Figure 6: Results for utility function "KL divergence" with data size N = 5 and escape probability
#. =0.2and 6, = 0.8

29



	Introduction
	Problem Formulation
	Policy Gradient Algorithm: Derivation and Estimation
	Convergence Analysis
	Numerical Experiments
	Conclusions
	Policy Gradient Algorithm: Derivation and Estimation
	Preliminaries
	Derivation of Policy Gradient
	Construction of the Policy Gradient Estimator
	Full Algorithm and Episodic Setting

	Convergence Analysis
	Estimation Error of the Policy Gradient
	Convergence Analysis

	Review on convex RL
	Discussion on Non-convex Structure
	Discussion on Assumption A.2
	Discussion on Differences between Our Method and tamar2015policy
	Algorithms
	Proof Details
	Definition of Radon Measure
	Proof of Theorem 1
	Proof of Lemma A.1
	Algorithm for solving Theorem A.1

	Proof of Theorem 7
	Proof of Theorem 2
	Proof of Theorem 3
	Proof of Theorem 4 and Corollary 1

	Examples of Loss Function
	Examples of Risk Envelop
	Policy Gradient for MDP with CVaR Risk Measure : A Special Case Study
	Convergence Analysis for CVaR Risk Measure

	Implementing Details

