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Variance-Constrained Actor-Critic Algorithms for Discounted
and Average Reward MDPs
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Abstract In many sequential decision-making problems we may want to manage risk by
minimizing some measure of variability in rewards in addition to maximizing a standard
criterion. Variance related risk measures are among the most common risk-sensitive criteria
in finance and operations research. However, optimizing many such criteria is known to be
a hard problem. In this paper, we consider both discounted and average reward Markov de-
cision processes. For each formulation, we first define a measure of variability for a policy,
which in turn gives us a set of risk-sensitive criteria to optimize. For each of these criteria,
we derive a formula for computing its gradient. We then devise actor-critic algorithms that
operate on three timescales - a TD critic on the fastest timescale, a policy gradient (actor)
on the intermediate timescale, and a dual ascent for Lagrange multipliers on the slowest
timescale. In the discounted setting, we point out the difficulty in estimating the gradient of
the variance of the return and incorporate simultaneous perturbation approaches to alleviate
this. The average setting, on the other hand, allows for an actor update using compatible
features to estimate the gradient of the variance. We establish the convergence of our algo-
rithms to locally risk-sensitive optimal policies. Finally, we demonstrate the usefulness of
our algorithms in a traffic signal control application.

Keywords Markov decision process (MDP) - reinforcement learning (RL) - risk sensitive
RL - actor-critic algorithms - multi-time-scale stochastic approximation - simultaneous
perturbation stochastic approximation (SPSA) - smoothed functional (SF).

1 Introduction

The usual optimization criteria for an infinite horizon Markov decision process (MDP) are
the expected sum of discounted rewards and the average reward [50, |5]. Many algorithms
have been developed to maximize these criteria both when the model of the system is known
(planning) and unknown (learning) [7) 64]. These algorithms can be categorized to value
function-based methods that are mainly based on the two celebrated dynamic program-
ming algorithms value iteration and policy iteration; and policy gradient methods that are

TINRIA Lille - Team SequeL, E-mail: prashanth.la@inria.fr
# Adobe Research & INRIA Lille - Team SequelL (currently at Adobe Research, on leave of absence from
INRIA ), E-mail: mohammad.ghavamzadeh @inria.fr



2 Prashanth L.A. and Mohammad Ghavamzadeh

based on updating the policy parameters in the direction of the gradient of a performance
measure, i.e., the value function of the initial state or the average reward. Policy gradient
methods estimate the gradient of the performance measure either without using an explicit
representation of the value function (e.g., 731139, 4]) or using such a representation in which
case they are referred to as actor-critic algorithms (e.g., [63} 33} 144, [13} [14]). Using an ex-
plicit representation for value function (e.g., linear function approximation) by actor-critic
algorithms reduces the variance of the gradient estimate with the cost of adding it a bias.

Actor-critic methods were among the earliest to be investigated in RL [21162]]. They com-
prise a family of reinforcement learning (RL) methods that maintain two distinct algorithmic
components: An Actor, whose role is to maintain and update an action-selection policy; and
a Critic, whose role is to estimate the value function associated with the actor’s policy. Thus,
the critic addresses a problem of prediction, whereas the actor is concerned with control. A
common practice is to update the policy parameters using stochastic gradient ascent, and to
estimate the value-function using some form of temporal difference (TD) learning [63].

However in many applications, we may prefer to minimize some measure of risk as well
as maximizing a usual optimization criterion. In such cases, we would like to use a criterion
that incorporates a penalty for the variability induced by a given policy. This variability can
be due to two types of uncertainties: (i) uncertainties in the model parameters, which is
the topic of robust MDPs (e.g., [43L 125, [74]), and (ii) the inherent uncertainty related to the
stochastic nature of the system, which is the topic of risk-sensitive MDPs (e.g., [31} 157, 28])).

In risk-sensitive sequential decision-making, the objective is to maximize a risk-sensitive
criterion such as the expected exponential utility [31], a variance related measure [57, 28],
the percentile performance [[29], or conditional value-at-risk (CVaR) [52,55]]. Unfortunately,
when we include a measure of risk in our optimality criteria, the corresponding optimal pol-
icy is usually no longer Markovian stationary (e.g., [28]) and/or computing it is not tractable
(e.g., [28, 137]). In particular, (i) In [S7], the author analyzed variance constraints in the
context of a discounted reward MDP and showed the existence of a Bellman equation for
the variance of the return. However, it was established there that the operator underlying
the aforementioned Bellman equation is not necessarily monotone. The latter is a crucial
requirement for employing popular dynamic programming procedures for solving MDPs.
(ii) In [38], the authors provide hardness results for variance constrained MDPs and in par-
ticular show that finding a globally mean-variance optimal policy in a discounted MDP is
NP-hard, even when the underlying transition dynamics are known. (iii) In [28], the authors
established hardness results for average reward MDP, with a variance constraint that differs
significantly from its counterpart in the discounted setting. Nevertheless, the variance con-
straint is well motivated considering the objective is to optimize a long-run average reward.
However, the mathematical difficulties in finding a globally mean variance optimal policy
remains, even with this altered variance constraint.

Although risk-sensitive sequential decision-making has a long history in operations re-
search and finance, it has only recently grabbed attention in the machine learning com-
munity. Most of the work on this topic (including those mentioned above) has been in
the context of MDPs (when the model of the system is known) and much less work has
been done within the reinforcement learning (RL) framework (when the model is unknown
and all the information about the system is obtained from the samples resulted from the
agent’s interaction with the environment). In risk-sensitive RL, we can mention the work by
Borkar [18}[19}22] and Basu et al. [3] who considered the expected exponential utility, the
one by Mihatsch and Neuneier [41]] that formulated a new risk-sensitive control framework
based on transforming the temporal difference errors that occur during learning, and the one
by Tamar et al. [68] on several variance related measures. Tamar et al. [68] study stochastic
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shortest path problems, and in this context, propose a policy gradient algorithm (and in a
more recent work [67] an actor-critic algorithm) for maximizing several risk-sensitive crite-
ria that involve both the expectation and variance of the return random variable (defined as
the sum of the rewards that the agent obtains in an episode).

In this paperﬂ we develop actor-critic algorithms for optimizing variance-related risk
measures in both discounted and average reward MDPs. In the following, we first summarize
our contributions in the discounted reward setting and follow it with those in average reward
setting.

Discounted reward setting. Here we define the measure of variability as the variance of the
return (similar to [68]). We formulate the following constrained optimization problem with
the aim of maximizing the mean of the return subject to its variance being bounded from
above: For a given a > 0,

max V(2 subject to A% < a.

In the above, V?(z°) is the mean of the return, starting in state 2:° for a policy identified
by its parameter 6, while A°(z%) is the variance of the return (see Section [3| for precise
definitions). A standard approach to solve the above problem is to employ the Lagrangian
relaxation procedure [6] and solve the following unconstrained problem:

m}z\ixmein (L(G, A) = V%) + )\(Ae(xo) — a)) ,

where ) is the Lagrange multiplier. For solving the above problem, it is required to derive a
formula for the gradient of the Lagrangian L(6, \), both w.r.t. § and A. While the gradient
w.r.t. A is particularly simple since it is the constraint value, the other gradient, i.e., w.r.t. 6
is complicated. We derive this formula in Lemma [I] and show that V¢ L(6, \) requires the
gradient of the value function at every state of the MDP (see the discussion in Sections 3]
and[).

Note that we operate in a simulation optimization setting, i.e., we have access to reward
samples from the underlying MDP. Thus, it is required to estimate the mean and variance
of the return (we use a TD-critic for this purpose) and then use these estimates to compute
gradient of the Lagrangian. The latter is used then used to descend in the policy parameter.
We estimate the gradient of the Lagrangian using two simultaneous perturbation methods:
simultaneous perturbation stochastic approximation (SPSA) [58]] and smoothed functional
(SF) [32], resulting in two separate discounted reward actor-critic algorithms. In addition,
we also propose second-order algorithms with a Newton step, using both SPSA and SE.

Simultaneous perturbation methods have been popular in the field of stochastic opti-
mization and the reader is referred to [17] for a textbook introduction. First introduced
in [58]], the idea of SPSA is to perturb each coordinate of a parameter vector uniformly
using a Rademacher random variable, in the quest for finding the minimum of a function
that is only observable via simulation. Traditional gradient schemes require 2+ evaluations
of the function, where k1 is the parameter dimension. On the other hand, SPSA requires only
two evaluations irrespective of the parameter dimension and hence is an efficient scheme,
especially useful in high-dimensional settings. While a one-simulation variant of SPSA was
proposed in [59], the original two-simulation SPSA algorithm is preferred as it is more ef-
ficient and also seen to work better than its one-simulation variant. Later enhancements to

! This paper is an extension of an earlier work by the authors [48] and includes novel second order methods
in the discounted setting, detailed proofs of all proposed algorithms, and additional experimental results.
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the original SPSA scheme include using deterministic perturbation using certain Hadamard
matrices [12] and second-order methods that estimate Hessian using SPSA [60! |8]]. The SF
schemes are another class of simultaneous perturbation methods, which again perturb each
coordinate of the parameter vector uniformly. However, unlike SPSA, Gaussian random
variables are used here for the perturbation. Originally proposed in [32], the SF schemes
have been studied and enhanced in later works such as [61} 9]]. Further, [16] proposes both
SPSA and SF like schemes for constrained optimization.

Average reward setting. Here we first define the measure of variability as the long-run
variance of a policy as follows:
9} ,

where p(0) is the average reward under policy identified by its parameter 6 (see Section
[3 for precise definitions). The aim here is to solve the following constrained optimization
problem:

T — 00

A(0) = lim %E {Z (Ru — p(11))?

n=0

max p(0) subject to A(9) < o

As in the discounted setting. we derive an expression for the gradient of the Lagrangian
(see Lemma 3). Unlike the discounted setting, we do not require sophisticated simulation
optimizations schemes, as the gradient expressions in Lemma3|suggest a simpler alternative
that employs compatible features [65, 44]. Compatible features for linearly approximating
the action-value function of policy 6 are of the form V log i(a|z). These features are well-
defined if the policy is differentiable w.r.t. its parameters 6. Sutton et al [65] showed the
advantages of using these features in approximating the action-value function in actor-critic
algorithms. In [14]], the authors use compatible features to develop actor-critic algorithms
for a risk-neutral setting. We extend this to variance-constrained setting and establish that
the square value function itself serves as a good baseline level when calculating the gradient
of the average square reward (see the discussion surrounding Lemmald). This facilitates the
usage of compatible features for obtaining unbiased estimates of both average reward as well
as square reward. We then develop an actor-critic algorithm that employ these compatible
features in order to descend in the policy parameter 6 and also identify the bias that arises
due to function approximation (see Lemma [3)).

Proof of convergence. Using the ordinary differential equations (ODE) approach, we estab-
lish the asymptotic convergence of our algorithms to locally risk-sensitive optimal policies
and in the light of hardness results from [38§]], this is the best one can hope to achieve. Our
algorithms employ multi-timescale stochastic approximation, in both settings. The conver-
gence proof proceeds by analysing each timescale separately. In essence, the iterates on a
faster timescale view those on a slower timescale as quasi-static, while the slower timescale
iterate views that on a faster timescale as equilibrated. Using this principle, we show that TD
critic (on the fastest timescale in all the algorithms) converge to fixed points of the Bellman
operator, for any fixed policy € and Lagrange multiplier A. Next, for any given A, the policy
update tracks in the asymptotic limit and converges to the equilibria of the corresponding
ODE. Finally, A updates on slowest timescale converge and the overall convergence is to a
local saddle point of the Lagrangian. Moreover, the limiting point is feasible for the con-
strained optimization problem mentioned above, i.e., the policy obtained upon convergence
satisfies the constraint that the variance is upper-bounded by o.
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Simulation experiments. We demonstrate the usefulness of our discounted and average
reward risk-sensitive actor-critic algorithms in a traffic signal control application. On this
high-dimensional system with state space ~ 1032, the objective in our formulation is to
minimize the total number of vehicles in the system, which indirectly minimizes the delay
experienced by the system. The motivation behind using a risk-sensitive control strategy is
to reduce the variations in the delay experienced by road users. From the results, we observe
that the risk-sensitive algorithms proposed in this paper result in a long-term (discounted
or average) cost that is higher than their risk-neutral variants. However, from the empirical
variance of the cost (both discounted as well as average) perspective, the risk-sensitive algo-
rithms outperform their risk-neutral variants. Moreover, the experiments in the discounted
setting also show that our SPSA based actor-critic scheme outperforms the policy gradient
algorithm proposed in [68]], both from a mean-variance as well as gradient estimation stand-
points. This observation justifies using the actor-critic approach for solving risk-sensitive
MDPs, as it reduces the variance of the gradient estimated by the policy gradient approach
with the cost of introducing a bias induced by the value function representation.

Remark 1 1t is important to note that both our discounted and average reward algorithms
can be easily extended to other variance related risk criteria such as the Sharpe ratio, which
is popular in financial decision-making [54] (see Remarks andfor more details).

Remark 2 Another important point is that the expected exponential utility risk measure can
be also considered as an approximation of the mean-variance tradeoff due to the following
Taylor expansion (see e.g., Eq. 11 in [41])

g

logE[e %] = E[X] — §Var[X] +0(8?),

1
B

and we know that it is much easier to design actor-critic or other reinforcement learning
algorithms [18} [19} 13} 22]] for this risk measure than those that will be presented in this
paper. However, this formulation is limited in the sense that it requires knowing the ideal
tradeoff between the mean and variance, since it takes 3 as an input. On the other hand, the
mean-variance formulations considered in this paper are more general because

(i) we optimize for the Lagrange multiplier A, which plays a similar role to /3, as a tradeoff
between the mean and variance, and

(ii) it is usually more natural to know an upper-bound on the variance (as in the mean-
variance formulations considered in this paper) than knowing the ideal tradeoff between the
mean and variance (as considered in the expected exponential utility formulation).

Despite all these, we should not consider these formulations as replacement for each other
or try to find a formulation that is the best for all problems, but instead should consider them
as different formulations that each might be the right fit for a specific problem.

Closely related works. In comparison to [68] and [67], which are the most closely related
contributions, we would like to point out the following:

(i) The authors develop policy gradient and actor-critic methods for stochastic shortest path
problems in [68] and [67], respectively. On the other hand, we devise actor-critic algorithms
for both discounted and average reward MDP settings; and

(ii) More importantly, we note the difficulty in the discounted formulation that requires to
estimate the gradient of the value function at every state of the MDP and also sample from
two different distributions. This precludes us from using compatible features - a method that
has been employed successfully in actor-critic algorithms in a risk-neutral setting (cf. [14])
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as well as more recently in [67] for a risk-sensitive stochastic shortest path setting. We alle-
viate the above mentioned problems for the discounted setting by employing simultaneous
perturbation based schemes for estimating the gradient in the first order methods and Hes-
sian in the second order methods, that we propose.

(iii) Unlike [68 [67] who consider a fixed A in their constrained formulations, we perform
dual ascent using sample variance constrants and optimize the Lagrange multiplier A. In rig-
orous terms, A, in our algorithms is shown to converge to a local maxima of VL (6>, \)
(here 6™ is the limit of the @ recursion for a given value of \) and the limit A\* is such that
the variance constraint is satisfied for the corresponding policy 0™

Organization of the paper. The rest of the paper is organized as follows: In Section [2} we
describe the RL setting. In Section 3] we describe the risk-sensitive MDP in the discounted
setting and propose actor-critic algorithms for this setting in Section ] In Section [5} we
present the risk measure for the average setting and propose an actor-critic algorithm that
optimizes this risk measure in Section[6] In Sections[7H8] we present the convergence proofs
for the algorithms in discounted and average reward settings, respectively. In Section[J] we
describe the experimental setup and present the results in both average and discounted cost
settings. Finally, in Section[T0] we provide the concluding remarks and outline a few future
research directions.

2 Preliminaries

We consider sequential decision-making tasks that can be formulated as a reinforcement
learning (RL) problem. In RL, an agent interacts with a dynamic, stochastic, and incom-
pletely known environment, with the goal of optimizing some measure of its long-term per-
formance. This interaction is often modeled as a Markov decision process (MDP). A MDP
is a tuple (X, A, R, P, z°) where X and A are the state and action spaces; R(z,a),z €
X,a € A is the reward random variable whose expectation is denoted by r(z,a) =
E[R(z,a)]; P(|z,a) is the transition probability distribution; and z° € X is the initial
statg”| We assume that both state and action spaces are finite.

The rule according to which the agent acts in its environment (selects action at each
state) is called a policy. A Markovian stationary policy p(:|x) is a probability distribution
over actions, conditioned on the current state «. The goal in a RL problem is to find a policy
that optimizes the long-term performance measure of interest, e.g., maximizes the expected
discounted sum of rewards or the average reward.

In policy gradient and actor-critic methods, we define a class of parameterized stochas-
tic policies {u(-|2;6),2 € X,0 € @ C R™ }, estimate the gradient of the performance
measure w.r.t. the policy parameters 6 from the observed system trajectories, and then im-
prove the policy by adjusting its parameters in the direction of the gradient. Here © denotes
a compact and convex subset of R”'. Our algorithms projects the iterates onto ©, which en-
sures stability - a crucial requirement necessary for establishing convergence. Since in this
setting a policy p is represented by its «1-dimensional parameter vector 6, policy dependent
functions can be written as a function of 6 in place of p. So, we use p and 6 interchangeably
in the paper.

We make the following assumptions on the policy, parameterized by 6:

2 Our algorithms can be easily extended to a setting where the initial state is determined by a distribution.
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(A1) For any state-action pair (x,a) € X x A, the policy p(alx; 0) is continuously differ-
entiable in the parameter 0.
(A2) The Markov chain induced by any policy 0 is irreducible.

The above assumptions are standard requirements in policy gradient and actor-critic
methods.

Finally, we denote by d"(z) and 7*(x,a) = d"(x)u(a|z), the stationary distribution
of state = and state-action pair (x,a) under policy p, respectively. The stationary distri-
butions can be seen to exist because we consider a finite state-action space setting and ir-
reducibility here implies positive recurrence. Similarly in the discounted formulation, we
define the «y-discounted visiting distribution of state x and state-action pair (x,a) under
policy p1 as d¥(z]|2z°) = (1 — ) 320 ;7" Pr(zn = z|zo = 2°; ) and 74 (z, a|z°) =
¥ (z)°)p(alz).

3 Discounted Reward Setting

For a given policy u, we define the return of a state x (state-action pair (x, a)) as the sum
of discounted rewards encountered by the agent when it starts at state x (state-action pair
(z,a)) and then follows policy u, i.e.,

Du(w) = Z ’ynR(xn,an) | Lo =, H,

n=0

D¥(z,a) = Z Y'R(Zn,an) | xo =z, ao = a, p.

n=0

The expected value of these two random variables are the value and action-value functions
of policy p, i.e.,

V¥ (z) = E[D"(z)] and Q"(x,a) = E[D"(z,a)].
The goal in the standard (risk-neutral) discounted reward formulation is to find an optimal
policy p* = arg max,, V* (2°), where 2° is the initial state of the system.

The most common measure of the variability in the stream of rewards is the variance of
the return, defined by

A (z) EE[D*(2)?] - V()2 = UM (z) — V(). 1)
The above measure was first introduced by Sobel [S7]. Note that
Ut(z) 2E [D”(x)z]

is the square reward value function of state x under policy p. On similar lines, we define the
square reward action-value function of state-action pair (z, a) under policy u as

WH(z,a) 2 E [D“(m, a)ﬂ .
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From the Bellman equation of A" (z), proposed by Sobel [57]], it is straightforward to derive
the following Bellman equations for U* (x) and W*(z, a):

Ut () =) ulalz)r(z,a)* + 47 ) plalz)P(a’|e, a)U" (')

+2v ) plalz) P(2'|z, a)r(z, a)VH ("), @
WH(z,a) = r(z,a)® +~° ZP(I'M,CL}U“(I') + 2yr(z, a) ZP(I'M,@)V“(:C').

Although A* of satisfies a Bellman equation, unfortunately, it lacks the monotonicity
property of dynamic programming (DP), and thus, it is not clear how the related risk mea-
sures can be optimized by standard DP algorithms [S7]. Policy gradient and actor-critic
algorithms are good candidates to deal with this risk measure.
We consider the following risk-sensitive measure for discounted MDPs: For a given
a >0,
max VO () subject to A(z%) < a. 3)

Assuming that there is at least one policy (in the class of parameterized policies that we
consider) that satisfies the variance constraint above, it can be inferred from Theorem 3.8 of
[IL]] that there exists an optimal policy that uses at most one randomization.

It is important to note that the algorithms proposed in this paper can be used for any
risk-sensitive measure that is based on the variance of the return such as

1. ming A% () subject to VO (%) > a,

2. maxgy V?(2%) — ay/A%(9),

3. Maximizing the Sharpe Ratio, i.e., maxg V?(2°)//A?(20). Sharpe Ratio (SR) is a
popular risk measure in financial decision-making [54]. Section [3|presents extensions of
our proposed discounted reward algorithms to optimize the Sharpe ration.

To solve (3), we employ the Lagrangian relaxation procedure [6] to convert it to the follow-
ing unconstrained problem:

mfmxmein (L(G, A) 2 Vo) + /\(/19(3?0) - Ot)) ) 4)

where A is the Lagrange multiplier. The goal here is to find the saddle point of L(0, ), i.e., a
point (6%, \*) that satisfies

L(0,\*) > L(6*,\*) > L(6",\),¥0 € ©,¥A > 0.

For a standard convex optimization problem where the objective L(6, ) is convex in 6 and
concave in A, one can ensure the existence of a unique saddle point under mild regularity
conditions (cf. [S6]). Further, convergence to this point can be achieved by descending in 6
and ascending in A using Vo L(0, \) and V5 L(6, A), respectively.

However, in our setting, the Lagrangian L(6, \) is not necessarily convex in 6, which
implies there may not be an unique saddle point. The problem is further complicated by the
fact that we operate in a simulation optimization setting, i.e., only sample estimates of the
Lagrangian are obtained. Hence, performing primal descent and dual ascent, one can only
get to a local saddle point, i.e., a tuple (6", \*) which is a local minima w.r.t. § and local
maxima w.r.t A of the Lagrangian. As an aside, global mean-variance optimization of MDPs
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have been shown to be NP-hard in [38] and the best one can hope is to find a approximately
optimal policy.

In our setting, the necessary gradients of the Lagrangian are as follows:
VoL(0,)) = =VoV? (@) + AVeA? ()  and  VAL(6,A) = A°(2°) — a.

Since VA% (2%) = VoU?(2°) — 2V (2°)VpV? (2?), in order to compute VA% () it
would be enough to calculate VoV (%) and VU (2°). Using the above definitions, we
are now ready to derive the expressions for the gradient of V(%) and U?(2°), which in
turn constitute the main ingredients in calculating Vo L (6, A

Lemma 1 Under (Al) and (A2), we have

(1= VV(®) = > m(x,a|2°)Viog p(alz; 0)Q° (, a),

(1 —=*)VU’ (") = #7(x, al2°)V log p(alz; )W (x, a)

+ 27 Z %g(a:, alz®)P(z' |z, a)r(z, a)VVG(x/),

x,a,x’

where Jg (x|2°) and %ﬁoy (z, a|z) are the v*-discounted visiting distributions of state = and
state-action pair (x, a) under policy i, respectively, and are defined as

dy(@l2”) = (1 =+) 3~ 7" Pr(an = alao = 2%;0),

n=0

75 (@, ala®) = &5 (z[2°) p(ale).

Proof The proof of VVQ({EO) is standard and can be found, for instance, in [44]. To prove
VU’ (°), we start by the fact that from @) we have U(z) = 3, u(z|a)W (z,a). If we
take the derivative w.r.t. 6 from both sides of this equation and obtain

3 Henceforth, we shall drop the subscript § and use V L(6, \) to denote the derivative w.r.t. 6.
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Zv,u alz®YW (2°, a) + Z,u (a|lz®)VW (2, a)
:ZVu(apc) («°,a —I—Z,u a\x [ z° a) —l—'yQZP |x0,a)U(x/)
+ 29r(z°, a ZP(:E 12°, a)V (z )}

= Zv,u alz®YW (2, a) + 2'72 w(a|z®)r(z°, a)P(z'|2°, a)VV ()

a,x’

h(x?)
+92) " ulalz®)P(a'|2°,a) VU (2)
= h(x") ++* > plala®) P(a'[2°, a) VU (') )

a,x’

= h(z°) +~° Z w(alz®)P(a’ 2%, a)V [h(x/)

a,x’

+2 3 u(a/|x')P(x”|wl7a')VU(x”)}.

’ 1
a’,x

By unrolling the last equation using the definition of VU (z) from (3], we obtain

VU (z°) Z A2 ZPr(a}n = z|zo = 2°)h(z) = 2 Zdv($|$ Yh(x)

1

= W[Zdwm )u(al2)V log p(al)W (z, a)

+ 2y Z do (z|2°) p(alz)r(z, ) P(2 |z, a)VV(x')}

1 ~
= 13 | 2 (e ale”)V log p(ala)W (v, )

+ 2y Z 7oy (2, alz®)r(z, a) P(2 |2, a)VV(ac/)} .

z,a,x’

In [66], a policy gradient result analogous to Lemma [I]is provided for the value function
in the case of full-state representations. In the average reward setting, a similar result helps
in extension to incorporate function approximation - see the actor-critic algorithms in [14!
However, a similar approach is not viable for discounted setting and this motivates the use
of stochastic optimization techniques like SPSA/SF (cf. [10]). The problem is further com-
plicated in the variance-constrained setting that we consider because:

1. two different sampling distributions, ﬂ'g and %g, are used for VVQ(CEO) and VUe(wO),
and

4 We extend this to the case of variance-constrained MDP in SectionE]
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2. VV?(2') appears in the second sum of VU (2°) equation, which implies that we need
to estimate the gradient of the value function V¥ at every state of the MDP, and not just
at the initial state 2°.

To alleviate the above mentioned problems, we borrow the principle of simultaneous per-
turbation for estimating the gradient VL(6, A) and develop novel risk-sensitive actor-critic
algorithms in the following section.

4 Discounted Reward Risk-Sensitive Actor-Critic Algorithms

In this section, we present actor-critic algorithms for optimizing the risk-sensitive mea-
sure (3). These algorithms are based on two simultaneous perturbation methods: simulta-
neous perturbation stochastic approximation (SPSA) and smoothed functional (SF).

4.1 Algorithm Structure

For the purpose of finding an optimal risk-sensitive policy, a standard procedure would up-
date the policy parameter 6 and Lagrange multiplier A in two nested loops as follows:

e An inner loop that descends in 6 using the gradient of the Lagrangian L(6, \) w.r.t. §, and
e An outer loop that ascends in A using the gradient of the Lagrangian L(60, ) w.r.t. \.

Using two-timescale stochastic approximation [21, Chapter 6], the two loops above can
run in parallel, as follows:

Ont1 = '[0n — (2(n) AL VL(0n, An)], (©)
Ant1 = Ix[An + C1 () VAL(0n, An)], (M

In the above,

— A, is a positive definite matrix that fixes the order of the algorithm. For the first order
methods, A, = I (I is the identity matrix), while for the second order methods A,, —
VzL(On, An) asn — oo.

— I' is a projection operator that keeps the iterate ,, stable by projecting onto a com-

pact and convex set @ := [[71, [Qr(gn, Qﬁéix]. In particular, for any 0 € RY, I'(0) =

@M EM), ..., 1 ENT with ' (9D) := min(max(67),,0?), 05L,).

— I\ is a projection operator that keeps the Lagrange multiplier \,, within the interval
[0, Amax], for some large positive constant Amax < oo and can be defined in an analo-
gous fashion as I'.

— (1(n), C2(n) are step-sizes selected such that 6 update is on the faster and A update is
on the slower timescale. Note that another timescale (3(n) that is the fastest is used for

the TD-critic, which provides the estimate of the Lagrangian for a given (6, \).

Simulation optimization. We operate in a setting where we only observe simulated rewards
of the underlying MDP. Thus, it is required to estimate the mean and variance of the return
(we use a TD-critic for this purpose) and then use these estimates to compute gradient of
the Lagrangian. The gradient V5 L(6, \) has a particularly simple form of (A°(z°) — a),
suggesting the usage of sample variance constraints to perform the dual ascent for Lagrange
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N v 4 Actor
Hn generate a trajectory of size 1, and update U,nn 3 U’mn
> ) Update 6
0, ot et vt ut p L 0n+1

ms €ms Um s Uy, along the trajectory
— Algorithm
generate a trajectory of size 771, and update 'Umn y ’I,Lmn Specific

(see the text)

A

\d

A

5777,7 €m s Um, , W along the trajectory

Fig. 1 The overall flow of our simultaneous perturbation based actor-critic algorithms.

multiplier A\. On the other hand, the expression for gradient of L(6, ) w.r.t. f is compli-
cated (see Lemma [I)) and warrants the usage of a simulation optimization that can provide
gradient estimates from sample observation. We employ simultaneous perturbation schemes
for estimating the gradient (and in the case of second order methods, the Hessian) of the
Lagrangian L(6, ). The idea in these methods is to estimate the gradients V% (z°) and
VU (2°) (needed for estimating the gradient VL (6, \)) using two simulated trajectories of
the system corresponding to policies with parameters 6, and 6;" = 6,, + p,,. Here p,, is a
perturbation vector that is specific to the algorithm.
Based on the order, our algorithms can be classified as:

1. First order: This corresponds to A, = I in (6)). The proposed algorithms here include
RS-SPSA-G and RS-SF-G, where the former estimates the gradient using SPSA, while
the latter uses SE. These algorithms use the following choice for the perturbation vector:
Pn = BnAn. Here B, > 0 is a positive constant and A,, is a perturbation random
variable, i.e., a k1-vector of independent Rademacher (for SPSA) and Gaussian N (0, 1)
(for SF) random variables.

2. Second order: This corresponds to A, which converges to V2L (6, \,) as n — oo.
The proposed algorithms here include RS-SPSA-N and RS-SF-N, where the former
uses SPSA for gradient/Hessian estimates and the latter employs SF for the same. These
algorithms use the following choice for perturbation vector: For RS-SPSA-N, p, =
BnAn+Bn An, Brn > 01s a positive constant and A,, and A, are perturbation parame-
ters that are x1-vectors of independent Rademacher random variables, respectively. For
RS-SF-N, p,, = 8r An, Where A,, is a k1 vector of Gaussian N (0, 1) random variables.

The overall flow of our proposed actor-critic algorithms is illustrated in Figure[I]and Algo-
rithm [T} The overall operation involves the following two loops: At each time instant 7,

Inner Loop (Critic Update): For a fixed policy (given as 6,,), simulate two system trajec-
tories, each of length m,, as follows:

1) Unperturbed Simulation: For m = 0,1, ..., my, take action am, ~ p(:|Tm;60n),
observe the reward R(xm, am), and the next state zn,+1 in the ﬁrst trajectory.
2) Perturbed Simulation: For m = 0, 1,.. mn, take action a;}, ~ u(-|z;h; 0;), ob-

serve the reward R(x}, a;h), and the next state 1 in the second trajectory.

Using the method of temporal differences (TD) [62] estimate the value functions
Von (z°) and Vo (2°), and square value functions U U (2°) and oo (x9), correspond-
ing to the policy parameter 6,, and 6, .
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Algorithm 1 Template of the Risk-Sensitive Discounted Reward Actor-Critic Algorithms

Input: parameterized policy u(-|-; 0) and value function feature vectors ¢4 (+) and ¢y, (+)
+

Initialization: policy parameter § = 6p; value function weight vectors v = vg and v+ = vy ; square

value function weight vectors © = ug and ut = ué’; initial state zo ~ Pp(x)

forn =0,1,2,...do
form=0,1,2,...,my, do
Draw action @y, ~ p(:|Zm;60n), observe next state £, 1 and reward R(Zym, , am)
Draw action a;h, ~ u(-|z; 0;), observe next state xjH_l and reward Rz, a;h,)
Critic Update: see (I3) and (T3) in the text
end for
Actor Update:  Algorithm-Specific
Lagrange Multiplier Update: see (ZI) in the text
end for
return policy and value function parameters 6, A, v, u

Outer Loop (Actor Update): Estimate the gradient/Hessian of 179(320) and U 9(20), and
hence the gradient/Hessian of Lagrangian L(6, \), using either SPSA or SF (I8)
methods. Using these estimates, update the policy parameter 6 in the descent direction
using either a gradient or a Newton decrement, and the Lagrange multiplier A in the
ascent direction.

In the next section, we describe the TD-critic and subsequently, in Sections f.3H4.4]
present the first and second order actor critic algorithms, respectively.

4.2 TD-Critic

In our actor-critic algorithms, the critic uses linear approximation for the value and square
value functions, i.e., V(z) &~ v'¢,(z) and U(z) ~ u'¢u(z), where the features ¢, ()
and ¢, (-) are from low-dimensional spaces R"? and R"™3, respectively. Let &, and &,
denote |X| X k2 and |X| X k3 dimensional matrices, whose ith columns are ¢>Sf> =
( S,i)(m), T € X)T, i =1,...,Kk2 and ¢§j) = (¢§f)(x), T € X)T, i =1,...,Kk3.
Let Sy := {®yv | v € RS} and Sy := {Pyu | u € R5}, denote the subspaces within
which we approximate the value and square value functions. We make the following stan-
dard assumption as in [[14]:

(A3) The basis functions {¢Sf) w2 and {¢S} ) =2 are linearly independent. In particular,
K2, k3 < n and ®, and D, are full rank. Moreover, for every v € R"? and u € R"?,
D,v # e and Dyu # e, where e is the n-dimensional vector with all entries equal to one.

Let I1,, and II, be operators that project onto S, and S, respectively and as a conse-
quence of the above assumption, can be defined as follows:

I, = &,(¢,D°®,) &, D and II,, = &, (¥, D°®,,) ' o}, D, ®)

where DY is a diagonal |X'| x |X'| matrix with entries d’(z), for each 2 € X. Recall that
d? () denotes the stationary distribution of the Markov chain underlying policy 6.

Let 79 = [Tf ; Tg ], where Tf and Tg denote the Bellman operators for value and
square value functions of the policy governed by parameter 0, respectively. These operators
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are defined as: For any y € Rl let y, and y, denote the first and last | X| entries,
respectively. Then

T = [TJy; Toy), where ©)
Ty =r? + yP%%,, (10)
T8y = Rr® + 2yR° Py, + +* PPy, (11

where 7% and P? are the reward vector and the transition probability matrix of policy 6, and
R’ = diag(r?).

Let IT = (H” 0

0 II ) Also, for any y € ]R2‘X‘, define its v-weighted norm as
u

Iyl = vllyellpe + (1 = v)llyullpe,

where ||z|| po = 1/ Zg‘l do(i)22 for any z € RI*!.

We now claim that the projected Bellman operator II1" is a contraction mapping w.r.t
v-weighted norm, for any policy 6.

Lemma 2 Under (A2) and (A3), there exists av € (0,1) and 7 < 1 such that
11Ty - 17y, <7y - 9ll, . Yy, 5 € R,
Proof See Section |

Let [®,U; D, 1] denote the unique fixed-point of the projected Bellman operator 11T,
i.e.,

D0 = I, (Ty(Py)), and Pyt = I, (Tu(Put)), (12)

where II,, and II, project into the linear spaces spanned by the columns of ¢, and @,
respectively.

We now describe the TD algorithm that updates the critic parameters corresponding to
the value and square value functions (Note that we require critic estimates for both the un-
perturbed as well as the perturbed policy parameters). This algorithm is an extension of the
algorithm proposed by [70] to the discounted setting. Recall from Algorithm |1| that, at any
instant n, the TD-critic runs two m., length trajectories corresponding to policy parameters
0 and 0, + 0 A,,.

Critic Update: Calculate the temporal difference (TD)-errors 0, 5,5 for the value and
€m, €, for the square value functions using (13)), and update the critic parameters vy, ot
for the value and ., u;}, for the square value functions as follows:

Unperturbed:
Vm+41 =VUm + (3(M)0mbo(Tm), Um+1 = Um + (3(M)emPu(Tm), (13)
Perturbed:

U;:_H-l :Ur—; + Cg(m)6;¢v($j;), U%-H = U; + CS(m)ea—;d’u(m;)a (14)
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where the TD-errors 0, 6,5, €m, € in (I3) are computed as

Unperturbed:
5m = R(:L'm; am) + ’Yv:n(,bv ($m+1) - 'U:n¢v(xm)g (15)

em = R(zm, am)2 + 2yR(wm, GM)U;L@)(QCMH) + ’YQU;mﬁbu(merl) - uln(lsu@Tn)a
Perturbed:

5 = Rz, ah) + ok do(ah 1) — oh T gu(ah), (16)
et = R(zh, ah)? + 29R(zh, ab vl o (@) 1) + v ulh du()h 1)
- u;—rqﬁu(x;)

Note that the TD-error € for the square value function U comes directly from its Bellman
equation (). Theoremin Sectionestablishes that the critic parameters (v, , u» ) governed
by (T3) converge to the solutions (v, @) of the fixed point equation (T2).

Convergence rate

Let Umin = min(vy, vy, ), where v, and v, are minimum eigenvalues of @LDGQSU and
@7, D%®,,, respectively. Recall that DY denotes the stationary distribution of the underlying
policy 6. From (A2), (A3) and the fact that we consider finite state-spaces, we have that
Vimin > 0.

From recent results in [35] that provide non-asymptotic bounds for TD(0) with function
approximation, we know that the canonical O(mfl/ 2) rate can be achieved under the ap-
propriate choice of the step-size (3(m). The following rate result is crucial in setting the
trajectory lengths m,, and relating them to perturbation constants 3, (see (A4) in the next
section):

Theorem 1 Under (A2)-(A3), choosing (3(m) = %, with co < vmin(1 —7)/(2(1 +

7)2) and ¢ such that Vmin (1 — 7v)coc > 1, we have,

K K
E |[vm — ]|, < Kilm) E |[tm — al|, < Ka(m)

T vm+c ~Vm+c
where K1(m) and K2(m) are O(1).

Proof The first claim follows directly from Theorem 1 in [35], while the second claim can
be proven in an analogous manner as the first.

The above rate result holds only if the step-size is set using vmin and the latter quantity
is unknown in a typical RL setting. However, a standard trick to overcome this dependence
while obtaining the same convergence rate is to employ iterate averaging, proposed indepen-
dently by Polyak [45] and Ruppert [51]]. The latter approach involves using a larger step-size
O(1/n°) with¢1 € (1/2,1) and couple this with averaging of iterates. An iterate averaged
variant of Theoremmcan be claimed and we refer the reader to Theorem 2 of [335]] for further
details.



16 Prashanth L.A. and Mohammad Ghavamzadeh

4.3 First-Order Algorithms: RS-SPSA-G and RS-SF-G

SPSA-based estimate for VV? (%), and similarly for VU (x°), is given by

VOntBn s (xO) _pon (ZO)
B A ’

Vﬂ/}gn (:CO) ~

where (3, are perturbation constants that vanish asymptotically (see (A4) at the end of
this section) and A,, is a vector of independent Rademacher random variables, for all
n = 1,2,.... The advantage of this estimator is that it perturbs all directions at the same
time (the numerator is identical in all k1 components). So, the number of function measure-
ments needed for this estimator is always two, independent of the dimension «1. However,
unlike the SPSA estimates in [58]] that use two-sided balanced estimates (simulations with
parameters 0, — B, Ay, and 64 SA), our gradient estimates are one-sided (simulations with
parameters 60, and 6,, + 5, A,) and resemble those in [24]. The use of one-sided estimates
is primarily because the updates of the Lagrangian parameter require a simulation with the
running parameter 6,,. Using a balanced gradient estimate would therefore come at the cost
of an additional simulation (the resulting procedure would then require three simulations),
which we avoid by using one-sided gradient estimates.

SF-based method estimates not the gradient of a function H (6,,) itself, but rather the con-
volution of V H (6,,) with the Gaussian density function A'(0, 821), i.e.,

Clo, H(0,) = / Go (O — )V H(2)dz = / V.G (2)H (O — 2)d2

= Bi/—z/gl(z/)H(Gn — Bn2’)d?,

where Gg, is the x1-dimensional Gaussian p.d.f. The first equality above follows by using
integration by parts and the second one by using the fact that V.Gg, (2) = 5773, (2)

and by substituting 2’ = z/8,. As 8, — 0, it can be seen that Cjs, H (0,,) converges to
V H (6,,) (see Chapter 6 of [17]). Thus, a one-sided SF estimate of VV % (2°) is given by

. @ .
ViV %) =~ —Aﬁ" (Vo2 (%) = D (2)), i=1,...,k, (18

where A, is a vector of independent Gaussian A(0, 1) random variables. The reasons for
using the one-sided estimate in (I8) are as follows: (i) the estimate in (I8) has lower bias
when compared to a one simulation estimate that does not use V' (%) and (ii) for updating
the Lagrange multiplier A, we require a trajectory of the MDP corresponding to policy 6r,
and this trajectory can be used to estimate V' (z°).
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Actor Update: Estimate the gradients VV? EﬁO) and VU (2°) using SPSA (T7) or SF (T8)

and update the policy parameter 6 as follow{’} Fori = 1,..., k1,
RS-SPSA-G:
@ _ gl G2(n) T 0 + T 0
0= 1080 + 200 (1 2rartn ) 0 =) 00 e)
= An(uy — un)%u(wo))} : (19)
RS-SF-G:

, _ (¢)
609, = I, [ggp + Cz(nﬁﬁ(@ + 200 60(2°)) (v — vn) ()

n

= Anfu — un)%u(:vo))} : (20)
For both SPSA and SF variants, the Lagrange multiplier X is updated as follows:
Mot = 13 G ) (1.00() = (hn(a”)? - o). e

In the above, note the following:

(i) Bn > 0 and vanish asymptotically (see (A4) below for the precise condition);
(ii) A s are independent Rademacher and Gaussian N\ (0, 1) random variables in SPSA
and SF updates, respectively;
(iii) I" and I'\ are projection operators that keep the iterates (6, \,,) stable and were
defined in Section @ These projection operators are necessary to keep the iterates
stable and hence, ensure convergence of the algorithms.

Choosing trajectory length my, perturbation constants 3y, and step-sizes (3(n), (2(n), ¢1(n)
We make the following assumption on the step-size schedules:

(A4) The step size schedules {(2(n)}, and {(1(n)} satisfy

¢2(n), Bn — 0, ﬁ -0, (22)
D Gm) =) ¢(n) = o, (23)
doam?, > @é—Z)Q, < o0, (24)

¢1(n) = o(¢a(n)). 25)

Equations 23] and 24 are standard step-size conditions in stochastic approximation algo-
rithms, and Equation 23] ensures that the policy parameter update is on the faster time-scale
{¢2(n)}, and the Lagrange multiplier update is on the slower time-scale {(1(n)}.

5 By an abuse of notation, we use vy, (resp. vj[ s un,uj{ ) to denote the critic parameter v.n,, (resp.
v;',}n , Uiy, u;fm) obtained at the end of a m,, length trajectory.
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Equation@]is motivated by a similar condition in [49] and ensures that the bias from a
finite length (my,) trajectory run of TD-critic can be ignored. A simple setting that ensures
is to have m,, = C1n*? and 3,, = Can™ %, where C1, Cs are constants and ¢2,¢3 > 0
with ¢3 > ¢2/2. This ensures that the trajectories increase in length as a function of outer
loop index m, at a rate that is sufficient to cancel the bias induced by the TD-critic. See
Lemma6]in Section[7] makes this claim precise, in particular justifying the need for in
(A4).

We provide a proof of convergence of the first-order SPSA and SF algorithms to a tuple
(6™, X*), which is a (local) saddle point of the risk-sensitive objective function E(Q, A) =
V(%) + XNA%(z°) — a), where V?(2°) = 77¢,(2°) and A°(2°) = @ ¢ (2°) —
("¢ (2°))? with ¥ and @ defined by (12). Further, the limit *  satisfies the variance
constraint, i.e., A7 (2°) < a. See Theorems and Propositionin Sectionfor details.

Remark 3 (Extension to Sharpe Ratio Optimization)
The gradient of Sharpe ratio (SR), S(0), in the discounted setting is given by

_é 0.0 _w 60,0
VS(@)—\/W<VV (z7) 2/10(:30)VA (z )>

The actor recursions for the variants of the RS-SPSA-G and RS-SF-G algorithms that opti-
mize the SR objective are as follows:

RS-SPSA-G
Ga(n) (
Vuhou(@®) — (vhéo(a?))?B, AT
vndo (2°) (= wn)"¢u(2?) — 20760 (2%) (v — vn)'u(a")) ))
2(uh (@) = (vh 0 (a))?)

0, =1y (053" + (f —vn)bu(a®)  (26)

RS-SF-G
Ga(n) A7
B du(2) — (360 (a0))?
_ vne (@) (= un) Gu(2) = 20060 () (v —va) Bu (")) ))
2(uhdu(a®) = (vhou(a®))’)

Note that only the actor recursion changes for SR optimization, while the rest of the
updates that include the critic recursions for nominal and perturbed parameters remain the
same as before in the SPSA and SF based algorithms. Further, SR optimization does not
involve the Lagrange parameter A, and thus, the proposed actor-critic algorithms are two
time-scale (instead of three time-scale as in the described algorithms) stochastic approxima-
tion algorithms in this case.

0, =T (92“ + ((vi —ua)6u(z®) @D

Remark 4 (One-simulation SR variant.) For the SR objective, the proposed algorithms
can be modified to work with only one simulated trajectory of the system. This is because in
the SR case, we do not require the Lagrange multiplier A, and thus, the simulated trajectory
corresponding to the nominal policy parameter 6 is not necessary. In this implementation,
the gradient is estimated as V;S(0) ~ S(0 + BA)/BAW for SPSA and as V;S(0) ~
(AW /B)S(6 + BA) for SF.
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Remark 5 (Monte-Carlo Critic) In the above algorithms, the critic uses a TD method to
evaluate the policies. These algorithms can be implemented with a Monte-Carlo critic that
at each time instant n computes a sample average of the total discounted rewards corre-
sponding to the nominal 8,, and perturbed 6,, + 5A,, policy parameter. This implementation
would be similar to that in [68], except here we use simultaneous perturbation methods to
estimate the gradient.

4.4 Second-Order Algorithms: RS-SPSA-N and RS-SF-N

Recall from Section that a second-order scheme updates the policy parameter in the
following manner:

Ont1 = I[0n — C2(n)VEL(O,X) " VL(O,\)]. (28)

From the above, it is evident that for any second-order method, an estimate of the Hes-
sian V3L(0, \) of the Lagrangian is necessary, in addition to an estimate of the gradient
VL(0,)\). As in the case of the gradient based schemes outlined earlier, we employ the
simultaneous perturbation technique to develop these estimates. The first algorithm, hence-
forth referred to as RS-SPSA-N, uses SPSA for the gradient/Hessian estimates. On the other
hand, the second algorithm, henceforth referred to as RS-SF-N, uses a smoothed functional
(SF) approach for the gradient/Hessian estimates. As confirmed by our numerical experi-
ments, second order methods are in general more accurate, though at the cost of inverting
the Hessian matrix in each step.

4.4.1 RS-SPSA-N Algorithm

The Hessian w.r.t. @ of L(6, \) can be written as follows:

VaL(0,)\) = —VaV?(2°) + Av5 A% (2°) (29)
= V() + A (V2U9(w0) 2?0V V 0 (20) — 2VV9($0)VV6(130)T) .

Critic Update: As in the case of the gradient based schemes, we run two simulations. H/gw-
ever, perturbed simulation here corresponds to the policy parameter 6, + Bn(An + Ar),
where A, and AAn represent vectors of independent x1-dimensional Rademacher random
variables. The critic parameters vy, ., from unperturbed simulation and v;", u;} from per-
turbed simulation are updated as described earlier in Section[4.2]

Gradient and Hessian Estimates: Using an SPSA-based estimation technique (see Chapter
7 of [17]]), the gradient and Hessian of the value function V', and similarly of the square value
function U, are estimated as follows: Fori =1,..., K1,

VOB A+ D) (10) _ PI(30) (v — vn) T (a”)

B AG) BnA®) ’

vz “70(‘%0) N ‘70+ﬁn(A+A)(x(/)\) _ f}Q(mO) _ (U:{ _ 'U'n,)T?v(xO)
v 32 A AG) 52 A0AG)

Q

ViV (2%
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As in the case of the first order algorithms, the TD-critic trajectory lengths are chosen such
that there is no bias in the value estimates, when viewed from the actor—recursign. Next,
using suitable Taylor expansions and observe that the bias terms vanish as A,,, A, being
Rademacher, are zero-mean - see Lemma [/]in Section [/] for details. As in the case of RS-
SPSA, this is an one-sided estimate with the unperturbed simulation required for updating
the Lagrange multiplier.

Hessian Update: Using the critic values from the two simulations, we estimate the Hessian

VZL(6,\) as follows: Let HS) denote the nth estimate of the (i, 7)th element of the

Hessian. Then, foré,j = 1,..., k1, with ¢ < j, the update is
i) (i) o oty [(LF An(vn 4+ 0F) (@) (v — v ) o (2°)
BRAR A
+ _ T 0 .
+ An (up un)/\gbu(x ) o Hr(;’]) , (30)
gAY AY

and for ¢ > j, we simply set H (l;;_jl) =H 7(L;+11) In the above, the step-size ¢5(n) satisfies

n

> Gln) = OO;ZCQQ(H) < 62() _, a5 — oc.

¢ (n)

The last condition above ensures that the Hessian update proceeds on a faster timescale in
comparison to the f-recursion (see (31) below). Finally, we set Hyp41 = T([Hr(f_fl) ] ‘Z”]il)
where 7°(+) denotes an operator that projects a square matrix onto the set of symmetric and
positive definite matrices. This projection is a standard requirement to ensure convergence
of H,, to the Hessian V2L(6, \) and we state the following standard assumption (cf. [17,

Chapter 7]) on this operator:

(AS5) For any sequence of matrices { An } and { By, } in R™ "™ such that lim | An — Bn ||
n—oo
= 0, the Y operator satisfies lim || Y (An) — Y (Bn) || = 0. Further, for any sequence of
n— o0

matrices {Cyp } in R™ X", we have

sup | Cn || <00 = sup || T(Ch) ||< coand sup || {T(Cr)} " ||< oo

As suggested in [30Q], a possible definition of 7" is to perform an eigen-decomposition of
H,, and then make all eigenvalues positive. This avoids singularity of H,, and also satisfies
the above assumption. In our experiments, we use this scheme for projecting Hp,.

A . . .
Actor Update: Let M,, = H,, 1 denote the inverse of the the Hessian estimate H,,. We
incorporate a Newton decrement to update the policy parameter 6 as follows:

L4 22005, 00 (2%)) (vt — vn) ¢u (2°)

9531 =1TI; [953) + ¢2(n) Z M) ((
j=1

BnAY
An (U — un) du(a?)
_ ) )] 31)

In the long run, M,, converges to V3L(0, \) ™', while the last term in the brackets in (3T
converges to VL (6, \) and hence, the update can be seen to descend in 6 using a
Newton decrement. Note that the Lagrange multiplier update here is the same as that in
RS-SPSA-G.
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4.4.2 RS-SF-N Algorithm

Gradient and Hessian Estimates: While the gradient estimate here is the same as that in the
RS-SF-G algorithm, the Hessian is estimated as follows: Recall that A,, = (AS) e Ag{“))T
is a vector of mutually independent A/(0, 1) random variables. Let H(A,) be a k1 X K1
matrix defined as

(A" 1) ADARD o AD A
_ (2) A(D) (2)? (2) A(s1)
AA) L | An A (A7) —1) - AR Ay 32)
ASI'Q)AS) Aslﬁl)AT(f) (Af{“)2 _ 1)
Then, the Hessian V3 L (6, \) is approximated as
V2L(6,\) ~ ,3% [F1(2) (L0 + 54, %) ~ L, )] (33)

The correctness of the above estimate in the limit as 3, — 0 can be seen from Lemma 3]
in the Appendix. The main idea involves convolving the Hessian with a Gaussian density
function (similar to RS-SF) and then performing integration by parts twice.

Critic Update: As in the case of the RS-SF-G algorithm, we run two simulations with
unperturbed and perturbed policy parameters, respectively. Recall that the perturbed sim-
ulation corresponds to the policy parameter 6, + 8, Ay, where A,, represent a vector of
independent r 1 -dimensional Gaussian A/(0, 1) random variables. The critic parameters for
both these simulations are updated as described earlier in Section[d.2]

Hessian Update: As in RS-SPSA-N, let H,(f’j ) denote the (¢, j)th element of the Hessian
estimate H, at time step ¢. Using (33), we devise the following update rule for the Hessian
estimate H,,: Fori, j,k =1,... k1, j <k, the update is

1Y = HED 1 G(n) {(“’@2‘ L(14 Al + 0 00a) (00 — 08 00(0°)
t+1 n 2 ﬂ% n\Un n v n n v
A = ) 00 () - Hﬁf’“] SNED)

AP AP

S (14 2 (wn 40 600") wn = ) 0(0”)

HY = HY + o

A = ) Bu(a°)) - Hﬁﬂ”’“)] SNEN)

and for j > k, we set H, fffl) =H ,(Llijl) The step-size (5(n) is as in RS-SPSA-N. Further,

. . i A L
as in the latter algorithm, we set Hp+1 = T([Hfzﬁrjl)]‘l'?il) and let My, 11 = H,, |, denote
its inverse.
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Actor Update: Using the gradient and Hessian estimates from the above, we update the
policy parameter 6 as follows:

(i) () (i) A T OV T 0
0Ly = 1080+ Gam) 3 0 A (1422000 0) (0 — 0)0(5°)

=1

RN | BT

As in the case of RS-SPSA-N, it can be seen that the above update rule is equivalent to
descent with a Newton decrement, since M, converges to V2 L(#, \) ', and the last term
in the brackets in (36) converges to VL (6, \). The Lagrange multiplier X update here is the
same as that in RS-SF-G.

Remark 6 The second-order variants of the algorithms for SR optimization can be worked
out along similar lines as outlined in Section[4.4]and the details are omitted here.

5 Average Reward Setting

The average reward under policy p is defined as
T-1
> Rl
n=0

where d* and 7" are the stationary distributions of policy p over states and state-action
pairs, respectively (see Section [). The goal in the standard (risk-neutral) average reward
formulation is to find an average optimal poli‘cy, ie, u* = argmax, .p(u). For .all states
x € X and actions a € A, the differential action-value and value functions of policy  are
defined respectively as

— ot L " i
p(p) = Th_)mOO TIE Zd (z)p(alx)r(xz,a) = Zﬂ' (z,a)r(z,a),

(e}

Q"(x,a) = Y E[Rn — p(n) | o =z, a0 = a, ],

n=0
= 3" nlala)Q" (. a).
a
These functions satisfy the following Poisson equations [[S0]
p(p) + VH(z) = Z,uabv (z,a +ZP "z, a)V*(z")], 37

p(p) + Q*(w,a) = r(x,a) + Y _ P(a'|z,a)V*(2"). (38)

In the context of risk-sensitive MDPs, different criteria have been proposed to define a mea-
sure of variability in the average reward setting, among which we consider the long-run
variance of y 28] defined as

T—1
Ap) Zw z,a)[r(z,a) — p(p )}2 = lim %E {Z (Rnp(u))zl,u]. 39)
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This notion of variability is based on the observation that it is the frequency of occurrence
of state-action pairs that determine the variability in the average reward. It is easy to show
that

A(p) =n(p) —p(w)?,  where  n(p) =Y = (z,a)r(z,a)’.

We consider the following risk-sensitive measure for average reward MDPs in this paper:

max p(0) subject to A(9) < «, (40)

for a given a > OE] As in the discounted setting, we employ the Lagrangian relaxation
procedure to convert (40) to the unconstrained problem

max mein (L(G, A) £ —p(0) + A(A(0) — a)) .

As in the discounted setting, we descend in 6 using VL(0,\) = —Vp(0) + AV A(H)
and ascend in A using VA L(0, \) = A(f) — «, to find the saddle point of L(¢, \). Since
VA0) = Vn(0)—2p(0)Vp(0), in order to compute V A(#) it would be enough to calculate
Vp(0) and V(). Let U* and W* denote the differential value and action-value functions
associated with the square reward under policy p, respectively. These two quantities satisfy
the following Poisson equations:

n(p) +UH(x) = Zualw (z,a) +ZP |z, a)U* ("],

n(p) + WH(z,a) = r(z,a)® + ZP (2 |z, a)U" (z). 41)

The gradients of p(#) and 7() are given by the following lemma:
Lemma 3 Under (Al) and (A2), we have

Vp(0) = >« (x,a)Vlog palz; 0)Q(z, a; 0), (42)
Vn(0) =Y 7’ (x,a)Vlog u(alz; )W (, a; 0). (43)

Proof The proof of Vp(0) can be found in the literature (e.g., [65} 33])). To prove Vn(0),
we start by the fact that from @I), we have U(z) = 3, pu(z|a)W (x,a). If we take the
derivative w.r.t. § from both sides of this equation, we obtain

VU(z) =Y Vulla)W(z,a) + Y plxla) VIV (z, a)
= Z Vu(zla)W(x,a) + Zu(ﬂa)v x,a)" —n+ ZP "z, a) ))

= Vulla)W(z,a) — Vn+ > p(alz) Pz, a)VU(z'). (44)

a,x’

6 Similar to the discounted setting, the risk-sensitive average reward algorithm proposed in this paper can
be easily extended to other risk measures based on the long-term variance of p, including the Sharpe Ratio
(SR), i.e., maxg p(0)/+/A(0). The extension to SR will be described in more details in Section
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The second equality is by replacing W (z, a) from @I). Now if we take the weighted sum,
weighted by d*(z) = D’ (z), from both sides of (@), we have

Zd“(x)VU(m = Zd“(m Vu(alz)W(z,a) — Vn

+ Z d"(x)p(alz) P(a |z, a) VU (). (45)

(L‘(lCIJ

The claim follows from the fact that the last sum on the RHS of {3) is equal to
>, d¥(x)VU (). |

Note that @3) for calculating V() has close resemblance to @2) for Vp(6), and thus,
similar to what we have for @), any function b : X — R can be added or subtracted to
W (z,a;0) on the RHS of (@3) without changing the result of the integral (see e.g., [14]).
So, we can replace W (x, a;0) with the square reward advantage function B(z,a;0) =
W (z,a;0) — U(z;0) on the RHS of {3) in the same manner as we can replace Q(z, a; 6)
with the advantage function A(z, a;0) = Q(z, a;0) — V(z; 0) on the RHS of (@2) without
changing the result of the integral. We define the temporal difference (TD) errors §,, and ¢,
for the differential value and square value functions as

On = R(Tn,an) — Pnt+1 + ‘7(9&1“) - ‘/}(xn)
en = R(zn, an) — Tnt1 + U(xn+1) (:L‘n)

IV, U, p, and 7] are unbiased estimators of V*, U*, p(u), and n(u), respectively, then we
show in Lemmalé—_llthat on and €, are unbiased estimates of the advantage functions A* and
B, e, E[on| Tn, an, u] = A*(2n,an) and E[en| Tn, an, ] = B (n, an).

Lemma 4 For any given policy p, we have
E[(Snl x’fha'm/”'] = Aﬂ(xn’ an)7 E[6n| w'fhana/’d = Bu(x'fhan)'

Proof The first statement B[y, | Zr, Gn, ] = A" (zn,arn) has been proved in Lemma 3
of [14], so here we only prove the second statement E[ep| Zn, an, u] = B (zn,an). we
may write

E[e’"«| Tn, amﬂ] = E[R(.’I?n, an)2 - 7/7\77«-"-1 + ﬁ(il?n_t,-l) - ﬁ(l’n) | xman,,u}

= 7‘((B a") (:U’) +E[ (anrl) | xn,an,,u] - U“(l’n)
= (@, an)” = 1(1) + E[E[0(2n41) | @ns1, 4] | 2nyn] = U* ()
= 1(@n,@)” = () + E[0 @a41) | 20, an] — U* (w0)
= r(@nan)’ = () + Y. P@asilon, an)U* (@ni1) ~U* ()
Tpnp1 €X
W (z,a)
= B"(z,a).

From Lemma {4} we notice that 6%, and €, are unbiased estimates of Vp(u) and
Vn(u), respectively, where 1, = ¥(2n,an) = Vlogu(an|zy) is the compatible fea-
ture (see e.g., [65)144]).
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6 Average Reward Risk-Sensitive Actor-Critic Algorithm

We now present our risk-sensitive actor-critic algorithm for average reward MDPs. Algo-
rithm [2] presents the complete structure of the algorithm along with the update rules for the
average rewards pr,, 7Jn; TD errors 0y, €p; critic vy, up; and actor 6,,, \,, parameters. The
projection operators I” and I'y are as defined in Section[d] and similar to the discounted set-
ting, are necessary for the convergence proof of the algorithm. The step-size schedules sat-
isfy (A3) defined in Section[d] plus the step size schedule {C4(n)} satisfies C4(n) = k¢z(n),
for some positive constant k. This is to ensure that the average and critic updates are on the
(same) fastest time-scale {C4(n)} and {(3(n)}, the policy parameter update is on the inter-
mediate time-scale {{2(n)}, and the Lagrange multiplier update is on the slowest time-scale
{¢1(n)}. This results in a three time-scale stochastic approximation algorithm.

Algorithm 2 Template of the Average Reward Risk-Sensitive Actor-Critic Algorithm

Input: parameterized policy p(-|-; @) and value function feature vectors ¢, () and ¢y, (+)
Initialization: policy parameters 6 = 6p; value function weight vectors v = vg and u = wug; initial state
zo ~ Po(x)
fort =0,1,2,...do
Draw action an ~ p(:|Zn;60rn) and observe the next state p4+1 ~ P(:|Zn,arn) and the reward
R(xn,an)

Average Updates: ppn41 = (1 — (4(n))pn + C4(n)R(@n, an),
Mnt1 = (1 - C4(n))7/7\n + Ca(n)R(zxn, an)2
TD Errors: 6, = R(Tn,an) — Pnt1 + Vg b (Tnt1) — vy do(Tn)

en = R(@n,an)? — Tyl + Uy, o (Tng1) — Uy du(Tn)

Critic Update: vp11 = vy, + (3(n)dndo(zn), Up+1 = Un + (3(n)endu(zn)
(46)

Actor Update: 0,11 = F(Gn — C2(n) (= 6n¥n + An(enPn — 2Pn+1 5n¢n))) (47)

Ane1 = I3 (An + L) (Fss = 5241 — @) ()

end for
return policy and value function parameters 6, A, v, u

As in the discounted setting, the critic uses linear approximation for the differential value
and square value functions, i.e., V(z) = v"¢y(x) and U(z) = u' ¢y (), where ¢, (-) and
¢u(+) are feature vectors of size k2 and k3, respectively. Although our estimates of p() and
n(6) are unbiased, since we use biased estimates for V% and U? (linear approximations in
the critic), our gradient estimates Vp(#) and V7 (6), and as a result VL(6, ), are biased.
The following lemma shows the bias in our estimate of V.L(6, \).

Lemma 5 The bias of our actor-critic algorithm in estimating ¥V L(0, X) for fixed 0 and X
is

BO,)) = ZDe(x)( — (14 2:30(0) [V (z) — Vo T ()]

+ /\[Vlje(x) - VueT@L(xﬂ),
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where v° 7 ¢y, () and u® T ¢, () are estimates of VO (-) and U®(-) upon convergence of the
TD recursion, and

Vo(2) = 3 mlale)[r(z,a) — p(0) + 3 P(e’ |, a)o” T gu(a)],
0%(x) = 3 wlale) [r(z,0)* = n(6) + 3 P’ |z, a)u " u(a’)].

Proof The bias in estimating VL (6, A) consists of the bias in estimating V p(6) and Vn(9).
Lemma 4 in Bhatnagar et al [14]] shows the bias in estimating Vp(8) as

E[dnpn|0] = Vp(0) + > D°(2)[VV’(z) — Vo' T ¢u ()],

reX

where 6% = R(zn,an) — pnt1 + 07 ¢u(zni1) — 0?7 dy (). Similarly we can prove
that the bias in estimating V() is

Elentnl0] = Vn(0) + > D°(@)[VU’ (z) - Vi’ gu(2)],

rzeEX

where €, = R(zn,an) — fint1 4+ u¥ T ¢u(2nt1) — u® T ¢u(xn). The claim follows by

putting these two results together and given the fact that VA(0) = Vn(0) — 2p(0)Vp(0)
and VL(0,\) = —Vp(0) + AVA(0). Note that the following fact holds for the bias in
estimating Vp(0) and Vn(0):

> D) [V(z) — 0" ¢u(x)] =0, > D) [0°(z) — u’ " pu(x)] = 0.

Remark 7 (Extension to Sharpe Ratio Optimization)
The gradient of the Sharpe Ratio (SR) in the average setting is given by

1 p(Q) V/l(@)),

VS(0) = 2= (V00 - Fi;

and thus, the actor recursion for the SR-variant of our average reward risk-sensitive actor-
critic algorithm is as follows:

An nPn — 2An 5n n
Onir = 100+ =20 (5,  Portlontn Z2nadntin) ) -y
[fnt1 — P20 (41— Pryr)

Note that the rest of the updates, including the average reward, TD errors, and critic re-
cursions are as in the risk-sensitive actor-critic algorithm presented in Algorithm[2] Similar
to the discounted setting, since there is no Lagrange multiplier in the SR optimization, the
resulting actor-critic algorithm is a two time-scale stochastic approximation algorithm.

Remark 8 In the discounted setting, another popular variability measure is the discounted
normalized variance (28]

Ap) =E | > 4" (Ra — py()?] , (50)

n=0
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where py (1) = 32, d¥(z|z°)p(alz)r(z, a) and d%(z|z°) is the y-discounted visiting
distribution of state z under policy 4, defined in Section 2} The variability measure (50) has
close resemblance to the average reward variability measure (39), and thus, any (discounted)
risk measure based on (50) can be optimized similar to the corresponding average reward
risk measure (39).

Remark 9 (Simultaneous perturbation analogues) In the average reward setting, a simul-
taneous perturbation algorithm would estimate the average reward p and the square reward
n on the faster timescale and use these to estimate the gradient of the performance objective.
However, a drawback with this approach, compared to the algorithm proposed above is the
necessity for having two simulated trajectories (instead of one) for each policy update.

In the following section, we establish the convergence of our average reward actor-critic
algorithm to a (local) saddle point of the risk-sensitive objective function L(6, \).

7 Convergence Analysis of the Discounted Reward Risk-Sensitive Actor-Critic
Algorithms

Our proposed actor-critic algorithms use multi-timescale stochastic approximation and we
use the ordinary differential equation (ODE) approach (see Chapter 6 of [21]]) to analyze
their convergence. We first provide the analysis for the SPSA based first-order algorithm
RS-SPSA-G in Section|/.1|and later provide the necessary modifications to the proof of SF
based first-order algorithm and SPSA/SF based second-order algorithms.

7.1 Convergence of the First-Order Algorithm: RS-SPSA-G

Recall that RS-SPSA-G is a two-loop scheme where the inner loop is a TD critic that eval-
uates the value/square value functions for both unperturbed as well as perturbed policy pa-
rameter. On the other hand, the outer loop is a two-timescale stochastic approximation algo-
rithm, where the faster timescale updates policy parameter 0 in the descent direction using
SPSA estimates of the gradient of the Lagrangian and the slower timescale performs dual
ascent for the Lagrange multiplier A\ using sample constraint values. The faster timescale
f-recursion sees the A-updates on the slower timescales as quasi-static, while the slower
timescale A-recursion sees the f-updates as equilibrated.

The proof of convergence of the RS-SPSA-G algorithm to a (local) saddle point of the

risk-sensitive objective function E(G, A) 2 —170(350) + )\(/Te(xo) —a)=— \79(360) +
MU?(2%) — V?(2")? — a) contains the following three main steps:

Step 1: Critic’s Convergence. We establish that, for any given values of 6 and A that are
updated on slower timescales, the TD critic converges to a fixed point of the projected
Bellman operator for value and square value functions.

Step 2: Convergence of 0-recursion. We utilize the fact that owing to projection, the 6
parameter is stable. Using a Lyapunov argument, we show that the #-recursion tracks
the ODE (53) in the asymptotic limit, for any given value of X on the slowest timescale.

Step 3: Convergence of \-recursion. This step is similar to earlier analysis for constrained
MDPs . In particular, we show that A-recursion in converges and the overall con-
vergence of (6, A ) is to a local saddle point (82", \*) of L(0, \), with 6" satisfying
the variance constraint in (3).
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Step 1: (Critic’s Convergence) Since the critic’s update is in the inner loop, we can assume
in this analysis that 6 and )\ are time-invariant quantities. The following theorem shows that
the TD critic estimates for the value and square value function converge to the fixed point
given by (I2)), for any given policy 6.

Theorem 2 Under (Al)-(A4), for any given policy parameter 6 and Lagrange multiplier )\,
the critic parameters {vm } and {um } governed by the recursions of (13) converge almost
surely, i.e.,

As m — 00, Um — U and Uy — U a.s.
In the above v and U are the solutions to the TD fixed point equations for policy 0 (see
in Section
Remark 10 1t is easy to conclude from the above theorem that the TD critic parameters for
the perturbed policy parameter also converge almost surely, i.e., v;, — o1 and u)}, — @™
a.s., where o and @ are the unique solutions to TD fixed point relations for perturbed
policy 0, + Bn Ay, where 0y, By, and A,, correspond to the policy parameter, perturbation
constant and perturbation random variable. The latter quantities are updated in the outer loop
- see Algorithm[T]

We first provide a proof of Lemma 2] (see Section[d.2)), which claimed that the operator
IIT for the value/square value functions is a contraction mapping. The result in Lemma 2]
is essential in establishing the convergence result in Theorem 2]

Proof (Lemma We employ the technique from [69] to prove this result. First, it is well-
known that IT, T is a contraction mapping (cf. Lemma 6 in [71]). This can be inferred as
follows: For any y, 4y € R2I¥I,

||Tfy - ngHD" =yo = Yollpo-
We have used the fact that || P?v|| pe < ||| pe for any v € R!*! (For a proof, see Lemma
1 in [71]]). The claim that IT,,'T}; is a contraction mapping now follows from the fact that the

projection operator I1,, is non-expansive under || - || e norm.
Now, for any y,y € R2|X|, we have

[T, Ty — T po
=||2yITuR° P%y, — 2911, R’ P%§y + 42 11, PPy — v T PP | po
<A1 R° P’y — TR’ P°Gol| po +7*|yu — Fullpo
<YCrllyo = Bollpe + 7219w — Gullpo, (51)

for some C1 < oo. The first inequality above follows from the aforementioned facts that P?
and IT,, are non-expansive. The second inequality follows by using equivalence of norms
(cf. the justification for Eq. (7) in the proof of Lemma 7 in [70]).

7Ch
e+~C1

|IT% — T,
=v| Ty — Tl po + (1 — v)| I Ty — ILT. 7| po

Setting v = , where € is such that v + ¢ < 1 and plugging in (31), we obtain

<llye = Gollpe + (1= )vCillye — Gollps + (1 = )7 lyu — Full pe
<v(y+ )llye — Bollpe + A = )|lyu — Gull pe
<(v+9lly -l

The claim follows by setting ¥ = v + €. |
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Proof (Theorem[2) The v-recursion in (I3) is performing TD) with function approximation
for the value function, while the u-recursion is doing the same for the square value function.
The convergence of v-recursion to the fixed point in can be inferred from [71].

Using an approach similar to [69], we club both v and u recursions and establish con-
vergence using a stability argument in the following: Let wym, = (vm, um)". Then, (I3) can
be seen to be equivalent to

W41 =wWm + (3(mM)(Mwm + & + AMpm+1), where (52)
oD (PP — ), 0
M= ( 9y@L D R PP®, ®,D°(\2P° — )&, ) ™

@T DG’I”H
_ v
£= (QSLDGRGTH) :
Further, AM,,+1 is a martingale difference, i.e., E[AMpn41 | Fm] = 0, where Fyy, is the

sigma field generated by w;, AM;,l < m.
Let h(w) = Mw + £. Then, the ODE associated with is

’lbt = h(wt) (53)

The above ODE has a unique globally asymptotically stable equilibrium, since M is a neg-
ative definite. To see the latter fact, observe that M is block triangular and hence its eigen-
values are that of &, D?(yP? — I)®, and ¢!, D’(v* P’ — I)®,. It can be inferred from
Theorem 2 of [[71] that the aforementioned matrices are negative definite. For the sake of
completeness, we provide a brief sketch in the following: For any V' € R!¥I it can be
shown that HPGVHDH < ||V|| pe (see Lemma 1 in [71]] for a proof). Now,

VDA POV <y H(D9)1/2VH H(D9)1/2PVH
=y [Vllpe [PVl pe
<y IVIpe -

Hence, V' D?(vP? — )V < (v — 1) ||V||He < 0. By (A3), we know that &, is full
rank implying the negative definiteness of !, D? (vP? — I)®,. Using the same argument as
above and replacing &, with @,, and v with v, one can conclude that &}, D’ (nyPe —0P,.
The final claim now follows by applying Theorems 2.1-2.2(i) of [23]], provided we verify
assumptions (A1)-(A2) there. The latter assumptions are given as follows:
(A1) The function h is Lipschitz. For any ¢, define h.(w) = h(cw)/c. Then, there exists a
continuous function hoo such that A, — hoo as ¢ — oo uniformly on compacts. Further-
more, origin is an asymptotically stable equilibrium for the ODE

Wt = hoo(We). (54)
(A2) The martingale difference { AM;,, m > 1} is square-integrable with
E[| AMm1]|* | Frn] < Co(1 + [[wml[*),m >0,

where Cy < oo.

It is straightforward to verify (A1), as h.(w) = Mw+£/c converges to hoo (W) = Mw
as ¢ — oo. Given that M is negative definite, it is easy to see that origin is a asymptotically
stable equilibrium for the ODE (54). (A2) can also be verified by using the same arguments
that were used to show that the martingale difference associated with the regular TD algo-
rithm with function approximation satisfies a bound on the second moment (cf. [71]]). |
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Step 2: (Analysis of #-recursion) Due to timescale separation, the value of A (updated on
a slower timescale) is assumed to be constant for the analysis of the §-update. To see this in
rigorous terms, first rewrite the A-recursion as

A1 = Iy [/\n + 6 (n)ﬁ(n)} .

where H (n) = g EZ; (u,ﬂ Gu(z°)— (vn o (wo)) 2 fa) Since the critic recursions converge,

it is easy to see that sup,, H (n) is finite. Combining with the observation that gl E”; o(1)
due to the assumption (A3) on step-sizes, we see that the A\-recursion above tracks the ODE
A=0.

In the following, we show that the update of ¢ is equivalent to gradient descent for the
function L(#, A) and converges to a limiting set that depends on A.

Consider the following ODE

by = I (vi(at, /\)) 7 (55)

with the limiting set Z\ = {§ € C : I'(VL(6:,\)) = 0}. In the above, I'(-) is a
projection operator that ensures the evolution of 6 via the ODE stays within the set
e =17, o) 0&12}1,(] and is defined as follows: For any bounded continuous function

f0), "

P(1(0) = 1y POETIOL

T—0 T

(56)

Notice that the limit above may not exist and in that case, as pointed out on pp. 191 of [36],
one can define I"(f(6)) to be the set of all possible limit points. From the definition above, it
can be inferred that for @ in the interior of @, I'(f(#)) = f(#), while for # on the boundary
of @, I'(f(0)) is the projection of f() onto the tangent space of the boundary of © at .

The main result regarding the convergence of the policy parameter 6 for both the RS-
SPSA-G and RS-SF-G algorithms is as follows:

Theorem 3 Under (Al)-(A4), for any given Lagrange multiplier A, 0y, updated according
to (I9) converges almost surely to 0" € Zj.

The proof of the above theorem requires the following lemma which shows that the
conditions my,, B, in (A4) ensure that the TD-critic does not introduce any bias from a
finite sample run length of m,,.

Lemma 6 Let
. + _ T 0 _ 0
70 é((1+2>\vﬁ¢v(wo)) (v I )(f“(” RPNt BZ”)(Z? ule )),
L(6,)) £ - V°(2°) + A(0°(°) — V°(2°)2 — ),

where 17(0) = ¢5(2°)"0 and U (0) = ¢a(2°)" denote the approximate value and square
value functions for policy
Then, we have that

O(B2), fori=1,...,r

7 For notational convenience, we drop the dependence of ¥ and @ on the underlying policy parameter 6
and this dependence should be clear from the context.

‘IE (7;(” | en) —VL(0n,\)| =
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Proof Let

= (70 - (14 2070, L le) \(E — D))
BrnAn BnAn

From Theorem |1} we know that the critic parameters v, u, converge to their limits v, @ at
the rate O(m~'/?) and hence, after m., steps of the TD-critic, &1, = O(ﬁ) Now,
from (A4), we have that ﬁ — 0 and hence &1, vanishes asymptotically. Hence, we
have

i T (@ —0)'¢u(2”) (@ — @) ¢u(z")
T = (14 2X079u(2)) B —yC )) (57)

We next show that the RHS above is an order O (32 ) term away from the gradient of the
Lagrangian L(6,, A). Using a Taylor’s expansion of V' (-) around 6,,, we obtain:

2
n

V(0n + BrAn) = V() + B dn VT (0n) + %AnTVQXA/(Qn)An +0(B).

Taking expectations and rearranging terms, we obtain

. (V(0n+BnAn)—V(9n)> ”
Bn AL
ALV (0, ALVZ V(0n)An
=E 7(1_)( )10, |+ [ EnYe.t Pn)En (1_() 2n 19, | +082)
Ay Ay

R @
—ViV(0:) +E |3 200, 0(60,) [0, +0(82)
#i An
=V.V(0,) + O(B2). (58)

In the above, we have used the fact that A,, is i.i.d. Rademacher and independent of 6,,.
In a similar manner, defining U (6,,) = ¢4 (a:O)Tﬁ and U (0n + BrnAn) = dg+ (mO)Tﬂ+,
we can conclude that

E

(ﬁ(en 4 Bndn) — ﬁ(en)>
5nAn(i)

en} =V.U(6,) + O(B2). (59)

The claim now follows by plugging in (38)—(39) into (7).
|

In order to the prove Theorem@, we require the well-known Kushner-Clark lemma (see
[36, pp. 191-196]). For the sake of completeness, we recall this result below.
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Kushner-Clark lemma. Consider the following recursion in x1-dimensions:
Tnt1 = I'(@n + a(n)(h(zn) + &0 +&2,0)), (60)

where I" projects the iterate &, onto a compact and convex set, say C € RY. The ODE
associated with (60) is given by

i(t) = I'(h(x(1))), (61)

where I” is a projection operator that keeps the ODE evolution within the set C' and is
defined as in (36).
We make the following assumptions:

(B1) his a continuous R"*-valued function.

(B2) The sequence £1,n,n > 0 is a bounded random sequence with £1,, — 0 almost surely
as n — oo.

(B3) The step-sizes a(n),n > 0 satisfy a(n) — 0asn — ooand ), a(n) = co.

(B4) {&2,n,n > 0} is a sequence such that for any € > 0,

i a1, > 6) =0.

(BS) The ODE has a compact subset K of R"' as its set of asymptotically stable
equilibrium points.

n—oo m>n

lim P (sup

The main result (see [36} pp. 191-196]) is as follows:

Theorem 4 Assume (B1)—(B5). Then, x,, converges almost surely to the set K.
Proof (Theorem 3) We first rewrite the recursion (I9) as follows:
05;11 =T; (GS) + ¢2(n) (Vf(&n, A)+&in+ Sg,n>) , (62)
where
€1 =E (T4 | 02) = V(0. 2),
b2 =T B (T | 0,)
with ’7}(“ defined as in Lemma@

We now verify (B1)- (BS) for the above recursion:

— From (A1) together with the facts that the state space is finite and the projection I is
onto a compact set, we have from Theorem 2 of [33] that the stationary distributions
D? (2]2°) and d% (|2°) are continuously differentiable. This in turn implies continuity
of VV (0,,) and VU (6,,). Thus, (B1) follows for VL(0y,, \).

— In light of Lemma@and (A4), we have that £1,, — 0 asn — oo.

— (A4) implies (B3).
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— A simple calculation shows that E(&2,,)? < IE(Tn(i))2 < C3/B2 for some C3 < oo.
Applying Doob’s inequality, we obtain

l [e’s)
1
P(gg D> Ga(n)éo,n ze) <5 D GeM)Eléal®. (63)
= n==k n==k
Cs = 2(n)?
<3 2 g =0 (64)

Thus, (B4) is satisfied. N
- Z, is an asymptotically stable attractor for the ODE (53)), with L(0, ) itself serving as
a strict Lyapunov function. This can be inferred as follows:

"’ ~ . ~ . ~
w = VL0, \)f = VL0, \)['( - VL(6,\)) < 0.
The claim now follows from Kushner-Clark lemma. |

Step 3: (Analysis of A-recursion and Convergence to a Local Saddle Point) We first show
that the A-recursion converges and then prove that the whole algorithm converges to a local
saddle point of L(6, \).

We define the following ODE governing the evolution of \:

- ~

@) —a] = B[0P (@°) -V (%)% -], (65)

A = DA

At

where ¢ is the limiting point of the @-recursion corresponding to A:. Further, Iy is an
operator similar to the operator I defined in (56)) and is defined as follows: For any bounded
continuous function f(-),

B(FOV) = lim 2 (A+7/0) =

T—0 T

(66)

Theorem 5 X\,, — F almost surely as n — oo, where F £ {XN X € [0, Amax), In [/TQA(Q:O)—
a] =0, 0% € 2,1}

Proof The proof follows using standard stochastic approximation arguments. The first step
is to rewrite the A-recursion as follows:

Mt = 13 o+ ) (T0(0) - (076,0%)° @+ €. |,

where &2 5, 1= (u;cj)u(xo) — (v;gbv(xo))z) — (ET¢u(x0) — ('DTgZ)U(zO))z). Note that
the converged critic parameters v and u are for the policy 0>~ . The latter is a limiting point
of the #-recursion, with the Lagrange multiplier \,,. Owing to convergence of #-recursion
and also TD-critic in the inner loop, we can conclude that &2, = o(1). Thus, &2,, adds an
asymptotically vanishing bias term to the A-recursion above. The claim follows by apply-
ing the standard result in Theorem 2 of [21]] for convergence of stochastic approximation
schemes. |
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Recall that L(0, \) 2 — V% (2%)+ A\(A? (2°) — ) and hence VAL (0, \) = A?(2°) —a.
Thus,
-~ A
I [//1\'9 (%) — a) =0,

is the same as N
VAL, ) = 0.

As in [20], we invoke the envelope theorem of mathematical economics [40] to conclude
that the ODE (63) is equivalent to the following

Ae = DN [VAL(0M, 2] (67)

Note that the above has to interpreted in the Cartheodory sense, i.e., as the following integral
equation

t
At = Ao +/ I [VAL(07, \s)]ds.
0
As noted in Lemma 4.3 of [20]], using the generalized envelope theorem from [42] it can
be shown that the RHS of coincides with that of (63)) at differentiable points, while the

ODE spends zero time at non-differentiable points (except at the points of maxima).
We next claim that the limit 6 corresponding to \* satisfies the variance constraint in

@), ie.,

Proposition 1 For any \* in F 2 {NT A €10, Amax), I\ [/T@A(xo) —a] =0, 0 €

* ~pA*
Zy } the corresponding limiting point 0> satisfies the variance constraint AP (mo) <a.
Proof Follows in a similar manner as Proposition 10.6 in [17].

From Theorems and Proposition [I] it is evident that the actor recursion (T9) con-
verges to a tuple (§* , \*) that is a local minimum w.r.t. § and a local maximum w.r.t. A

of E(G, A). In other words, overall convergence is to a (local) saddle point of E(G, A). Fur-
ther, the limit is also feasible for the constrained problem in (3 as #* " satisfies the variance
constraint there.

7.2 Convergence of the First-Order Algorithm: RS-SF-G
Note that since RS-SPSA-G and RS-SF-G use different methods to estimate the gradient,
their proofs only differ in the second step, i.e., the convergence of the policy parameter 6.

Proof of Theorem [3for SF

Proof As in the case of the SPSA algorithm, we rewrite the f-update in (20) using the
converged TD-parameters and constant A as

— AP (142057 $0 (20))
B

(@~ 0)6u(a") + 61) ),

0%), = I (95? &) (5" — )60 (a”)

AAW
+
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where £1,, — 0 by using arguments analogous to those in the proof of Lemma 6} Next, we
establish that

A
E (T —0) "¢ (2°) | 6, /\] is an asymptotically correct estimate of the gradient of

n

17(0) in the following:

(%)
E {Aﬁn (0" — ) g (a”) | bn, A] — Vit o (2”) as. as n — 0.

The above follows in a similar manner as Proposition 10.2 of Bhatnagar et al [17]. On
similar lines, one can see that

(1)
E Ain(ﬁ"‘

n

- ﬁ)T¢u($0) | O, )\} — Vﬂ’fd)u(xo) a.s.asm — oo.

Thus, (20) can be seen to be a discretization of the ODE (53) and the rest of the analysis
follows in a similar manner as in the SPSA proof. |

7.2.1 Convergence of the Second-Order Algorithms: RS-SPSA-N and RS-SF-N

Convergence analysis of the second-order algorithms involves the same steps as that of the
first-order algorithms. In particular, the first step involving the TD-critic and the third step in-
volving the analysis of A-recursion follow along similar lines as earlier, whereas #-recursion
analysis in the second step differs significantly.

Step 2: (Analysis of 6-recursion for RS-SPSA-N and RS-SF-N) Since the policy param-
eter is updated in the descent direction with a Newton decrement, the limiting ODE of the
f-recursion for the second order algorithms is given by

b, =1 (T(VQL(Ht, N) VL0, A)) , 68)
where I is as before (see (36)). Let
2, = {9 €0 : —VL(O, N T (V3L(0:, X)) " VL, \) = o} .
denote the set of asymptotically stable equilibrium points of the ODE (68) and Z its e-

neighborhood. Then, we have the following analogue of Theorem 3]for the RS-SPSA-N and
RS-SF-N algorithms:

Theorem 6 Under (Al)-(AS), for any given Lagrange multiplier A and € > 0, there exists
Bo > 0 such that for all § € (0, Bo), On, — 0% € Z5 almost surely.

Proof of Theorem [6l for RS-SPSA-N

Before we prove Theorem [6] we establish that the Hessian estimate H,, in (30) converges
almost surely to the true Hessian V3 L(6,, \) in the following lemma.

Lemma 7 Foralli,j € {1,...,Kk1}, we have the following claims with probability one:



36 Prashanth L.A. and Mohammad Ghavamzadeh

o N L(On + Brdn 4 BrnAn, N) — L(0n, A
(i) ( B BQAB(Z.)AAU)) ( )—ng,j)L(en,A) -0,
| LOn + BnAn + Brnln, N) — L(0n, A
(ii) ( b ﬁﬁj(i) ) ( ) - VGS)L(en,)\) — 0,

(i) |[HOD = 2, 100, 0)| = 0,

() ||M =T (V} L(6n,N)"'|| = 0.

Proof The proofs of the above claims follow from Propositions 10.10, 10.11 and Lemmas
7.10 and 7.11 of [17]], respectively. |

Proof (Theorem |§| for RS-SPSA-N) As in the case of the first order methods, due to
timescale separation, we can treat A\, = A, a constant and use the converged TD-parameters
to arrive at the following equivalent update rules for the Hessian recursion (30) and 6-

recursion (31):

B3 = 199+ | (L2l £ Tl )0 58 601

Br AL A
4 At — tin) ¢u(z”) _ )
R AP AP o
K1 ~ 0 5t 5 )T 0
W _ o le® (i) ((L+ 200360 (7)) (0 — ) b0 (")
9n+1 —Fl|:9n +C2(H)ZMn ! ( B A(J)
j:l n n
M@ = n) ¢u(2°)
 B.AY )]

By a completely parallel argument to the proof of Lemma|§| in conjunction with Lemma
the f-recursion above is equivalent to the following:

00 = 1208 + () (VL0 ) VL)) (©9)
The above can be seen as a discretization of the ODE (68), with Z, serving as its asymp-
totically stable attractor. The rest of the claim follows in a similar manner as Theorem [3]
|

Proof of Theorem [6]for RS-SF-N

Proof We first establish the following result for the gradient and Hessian estimators em-
ployed in RS-SF-N:

Lemma 8 We have the following claims with probability one:

— 0.

(i) ‘

E [ 3 H(Au)(L(8n + BaAn, A) = L0, V) | 0, A = VEL(0n, 2)
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.. 1
(i) |E FAn(L(Gn + Bndln,A) = L(0n, ) | Ony A| — VL(On, \)|| — 0.
Proof The proofs of the above claims follow from Propositions 10.1 and 10.2 of [[17]], re-
spectively. |

The rest of the analysis is identical to that of RS-SPSA-N. |

Remark 11 (On Convergence Rate.) In the above, we established asymptotic limits for
all our algorithms using the ODE approach. To the best of our knowledge, there are no
convergence rate results available for multi-timescale stochastic approximation schemes,
and hence, for actor-critic algorithms. This is true even for the actor-critic algorithms that
do not incorporate any risk criterion. In [34], the authors provide asymptotic convergence
rate results for linear two-timescale recursions. It would be an interesting direction for future
research to obtain concentration bounds for general (non-linear) two-timescale schemes.

While a rigorous analysis on convergence rate of our proposed schemes is difficult, one
could make a few concessions and use the following argument to see that the SPSA-based
algorithms converge quickly: In order to analyse the rate of convergence of #-recursion, as-
sume (for sufficiently large n) that the TD-critic has converged in the inner-loop. This is
because, the trajectory lengths m,, — 0o as n — oo and under appropriate step-size set-
tings (or with iterate averaging) one can obtain convergence rate of the order O (1/+/m) on
the root mean square error of TD (see Theorem|[I)). Now, if one holds ) fixed, then invoking
asymptotic normality results for SPSA (see Proposition 2 in [58]]) it can be shown that
n'/ 3(0,, — 6*) is asymptotically normal, where #* is a limit point in the set Zy. Sim-
ilar results also hold for second-order SPSA variants (cf. Theorem 3a in [60]]). Both the
aforementioned claims are proved using a well-known result on asymptotic normality of
stochastic approximation schemes due to Fabian [27].

The second-order schemes such as RS-SPSA-N score over their first order counterpart
RS-SPSA-G from a asymptotic normality results perspective. This is because obtaining the
optimal convergence rate for RS-SPSA-G requires that the step-size (2(n) is set to 2(0) /n
where (2(0) > 1/Amin(VZL(6*,))), whereas there is no such constraint for the second-
order algorithm RS-SPSA-N. Here Apin(A) denotes the minimum eigenvalue of the ma-
trix A. The reader is referred to [26] for a detailed discussion on convergence rate of (one
timescale) SPSA-based schemes using asymptotic mean-square error.

Remark 12 (Unstable Equilibria.) The limit set Z) contains both stable and unstable equi-
libria and the f-recursion can possibly end up in a unstable equilibrium point. One may
avoid this situation by including additional noise in the randomized policy that drives the
f-recursion. For instance, define a n-offset policy as

walz)+n
(u(a | z) +m)

fila | x) = 5
a’'€A(x)

The above policy can be used in place of the regular u(- | ), so that the algorithm is pulled
away from an unstable equilibria. Providing theoretical guarantees for such a scheme is
non-trivial and we have left it for future work.

8 Convergence Analysis of the Average Reward Risk-Sensitive Actor-Critic Algorithm

As in the discounted setting, we use the ODE approach [21] to analyze the convergence of
our average reward risk-sensitive actor-critic algorithm. The proof involves three main steps:
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1. The first step is the convergence of p, n, V, and U, for any fixed policy 6 and Lagrange
multiplier A. This corresponds to a TD(0) (with extension to 77 and U) proof. Using
arguments similar to that in Step 2 of the proof of RS-SPSA-G, one can show that the 6
and ) recursions track §; = 0 and \; = 0, when viewed from the TD critic timescale
{¢3(t)}. Thus, the policy € and Lagrange multiplier A are assumed to be constant in the
analysis of the critic recursion.

2. The second step is to show the convergence of 0, to an e-neighborhood Z5 of the set of
asymptotically stable equilibria Zy of ODE

0: = I'(VL(6:, \)), (70)

where the projection operator I” ensures that the evolution of § via the ODE stays
within the compact and convex set © C R™ and is defined in (56). Again here it is
assumed that X is fixed because f-recursion is on a faster time-scale than \’s.

3. The final step is the convergence of A and showing that the whole algorithm converges to
alocal saddle point of L(6, X). where the limit is shown to satisfy the variance constraint

in (@0).

Step 1: Critic’s Convergence

Lemma 9 For any given policy pi, {pn}, {in}, {vn}, and {un}, defined in Algorithm 2|
and by the critic recursion converge to p(u), n(p), v*, and u* almost surely, where v
and u" are the unique solutions to

&L D P 0" = & DPTH (Dy,0t), &l D d u” = dL, D TH (P u"),  (T1)

respectively. In (71), D" denotes the diagonal matrix with entries d" (z) for all x € X, and
TH and Tt are the Bellman operators for the differential value and square value functions
of policy p, defined as

VI =7r" — p(p)e + P*J, T8 J = Rir" —n(p)e + P J, (72)

where r* and P* are the reward vector and transition probability matrix of policy u, R* =
diag(r"), and e is a vector of size n (the size of the state space X ) with elements all equal
to one.

Proof The proof for the average reward p(u) and differential value function v* follows
in a similar manner as Lemma 5 in [14]]. It is based on verifying the Assumptions (Al)-
(A2) of Borkar and Meyn [23], and uses the second part of Assumption (A3) of our paper,
ie., v € R"2, for every v € R™2. The proof for p(u) and v* can be easily extended to the
square average reward 7)(u) and square differential value function u*. ]

Step 2: Actor’s Convergence

Let Z, = {0 €06 f( —VL(6,))) = O} denote the set of asymptotically stable
equilibrium points of the ODE and Z5 = {0 € © : ||0 — 6o|| < &,00 € Z,} denote
the set of points in the e-neighborhood of Z. The main result regarding the convergence of
the policy parameter in (7) is as follows:

Theorem 7 Assume (Al)-(A4). Then, given € > 0, 38 > 0 such that for 6,,, n > 0
obtained by the algorithm, if supg ||B(0n, \)|| < B, then 0., governed by converges
almost surely to Z5 as n — oo.
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Proof Let F(n) = 0(6m, m < n) denote a sequence of o-fields. We have
O = (0 = 2(n) (= nthn + Aenthn — 2pnt18nt0n) )
= I'(0n + C2(n) (1 + 2XAPn+1)0ntn — C2(n)Aenthn)
= (82 = a1+ 20((Brsr = p(020) + 0.)) [E[6" 0l ()]
= Co(m)[1 4+ 2A((Bs1 = p(0)) + p(0) )| (9 — B[ F ()] )
)1+ 22 ((Pur1 = p(60)) + p(80)) [E[(Gn — 8% | ()]
+ G (MAE[” | F(m)] + Ca(m)A(enthn — E[enthnl F(n)] )
+ GaE[ (e — ")l F0)] )
By setting &, = pn+1 — p(6n), we may write the above equation as
Ons1 = r(en — Ca(n)[1+ 2X(&n + p(0n)) | E[67" 9hn | F(n)] (73)

— C(m)[1+ 27 (En + p(00))] (nton — E[Sntonl F(n)])
— Ga(n) [L+ 22 (n + p(00))] E[(6n — 67 )b | F ()]
+

+ Co(R)AE [ | F(n)] + C2(n)A (end)n - E[enwn|}"(n)]) (74)

*

G (MNE[(en — € Yl F(m)] )
+

Since Algorithm 2 uses an unbiased estimator for p, we have pr4+1 — p(6r), and thus,
&n — 0. The terms (+) asymptotically vanish in light of Lemma|§| (Critic convergence).
Finally the terms (*) can be seen to vanish using standard martingale arguments (cf. Theo-
rem 2 in [14]). Thus, can be seen to be equivalent in an asymptotic sense to

Oni1 = F(en — Ca(n) [1422p(0n) | E [ 4hn | F ()] + Ca(n) AE [e"wn|f(n)]). (75)

From the foregoing, it can be seen that the actor recursion in 7)) asymptotically tracks the
stable fixed points of the ODE

b, = f“(VL(Gh ) + B(6s, /\)). (76)
Note that the bias of Algorithmin estimating VL(6, \) is (see Lemma/5)

BON =Y Da(x){ — (142230(0)) [V (z) — Vo° T ()]

+ )\[VUG(CL') — Vu9T¢7u(x)] }
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Since the bias supy ||B(0, A)|| — 0 by assumption, the trajectories converge to
those of (535) uniformly on compacts for the same initial condition and the claim follows. l

Remark 13 (Bias in Estimating Gradient.) We do not always expect that sup, || B(6, ) || —
0. However, if there is no bias or negligibly small bias in the actor-critic algorithm, which is
directly related to the choice of the critic’s function space, then we will definitely gain from
using actor-critic instead of policy gradient. Note that the choice between actor-critic and
policy gradient is a bias-variance tradeoff, and similar to any other bias-variance tradeoff,
if the variance reduction is more significant (given the number of samples used to estimate
each gradient) than the introduced bias, then it would be advantageous to use actor-critic
instead of policy gradient. Also note that this tradeoff exists even in the original form (risk
neutral) of actor-critic and policy gradient and has nothing to do with the risk-sensitive
objective function studied in this paper. For more details on this, we refer the reader to
Theorem 2 and Remark 2 in Bhatnagar et al [15].

Step 3: A Convergence and Overall Convergence of the Algorithm

As in the discounted setting, we first show that the A-recursion converges and then prove
convergence to a local saddle point of L(6, \). Consider the ODE

At = I (A(0™) — ), 7

where Iy is a projection operator that forces the evolution of A via (63) is within [0, Amax]
and is defined in (66).

Theorem 8 A, — F almost surely ast — oo, where F = {X]Xxeo, Amax], I\ (/1(0>‘)7
a) =0, 0>\ € Z)\}.

Proof The proof follows in a similar manner as that of Theorem 3 in [11]. |

As in the discounted setting, the following proposition claims that the limit 0™ corre-
sponding to A* satisfies the variance constraint in @]), i.e.,

Proposition 2 For any \* in F 2 {N] X € [0, \max), I\ Me*(wo) —a] =0, 0% €

. o
Zx }, the corresponding limiting point 6> satisfies the variance constraint A? (:co) <a.

Using arguments similar to that used to prove convergence of RS-SPSA-G, it can be
shown that that the ODE (77) is equivalent to A =1 \ [V AL(GM , At)} and thus, the actor
parameters (6, A») updated according to converge to a (local) saddle point (62", A*)
of L(0, \). Morever, the limiting point 0* satisfies the variance constraint in #0).

9 Experimental Results

We evaluate our algorithms in the context of a traffic signal control application. The ob-
jective in our formulation is to minimize the total number of vehicles in the system, which
indirectly minimizes the delay experienced by the system. The motivation behind using a
risk-sensitive control strategy is to reduce the variations in the delay experienced by road
users.
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Fig. 2 The 2x2-grid network used in our traffic signal control experiments.

9.1 Implementation

We consider both infinite horizon discounted and average settings for the traffic signal
control MDP, formulated as in [46]]. We briefly recall their formulation here: The state at
each time ¢, x5, is the vector of queue lengths and elapsed times and is given by z, =
(gi(n),...,qgn(n),t1(n),...,tn(n)), where N is the number of signalled lanes in the
road network considered. Here ¢; and ¢; denote the queue length and elapsed time since the
signal turned to red on lane ¢. The actions a,, belong to the set of feasible sign configurations.
The single-stage cost function h(x,, ) is defined as follows:

h(zn) =r1 * [ Z ro * qi(n) + Z S9 * qz(n)} (78)

i€l, i1,
451 % [Z roxti(n) + Z S2 *ti(n)],
i€l igI,

where r;,s; > 0 such that r; + s; = 1 for¢ = 1,2 and r2 > s2. The set I}, is the set
of prioritized lanes in the road network considered. While the weights 71, s1 are used to
differentiate between the queue length and elapsed time factors, the weights 2, s2 help in
prioritization of traffic.

Given the above traffic control setting, we aim to minimize both the long run discounted
and average sum of the cost function h(zy) in (78). The underlying policy that guides the
selection of the sign configuration in each of the algorithms we implemented (see below for
the complete list) is a parameterized Boltzmann family and has the form

A
, Vz e X, Va e A. 79

o, a) = —
Za'E.A(m) e Pra

The experiments for each algorithm that we implement is comprised of the following
two phases:

Policy Search Phase: Here each iteration involved the simulation run with the nominal
policy parameter 0 as well as the perturbed policy parameter 67 (algorithm-specific).
We run each algorithm for 500 iterations, where the run length for a particular policy
parameter is 150 steps.
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Policy Test Phase: After the completion of the policy search phase, we freeze the policy
parameter and run 50 independent simulations with this (converged) choice of the pa-
rameter. The results presented subsequently are averages over these 50 runs.

We ﬂimplement the following algorithms using the Green Light District (GLD) simula-
tor [72

Discounted Setting

1. SPSA-G: This is a first-order risk-neutral algorithm with SPSA-based gradient estimates
that updates the parameter 6 as follows:

0= 1 (95:') - ;jz)) (vh — vn)%(xo)) ,

where the critic parameters v,,, v; are updated according to (13). Note that this is a two-

timescale algorithm with a TD critic on the faster timescale and the actor on the slower
timescale. Unlike RS-SPSA-G, this algorithm, being risk-neutral, does not involve the
Lagrange multiplier recursion.

2. SF-G: This is a first-order risk-neutral algorithm that is similar to SPSA-G, except that
the gradient estimation scheme used here is based on the smoothed functional (SF) tech-
nique. The update of the policy parameter in this algorithm is given by

. ) (4)
60, =1 (e;” + G (S (o - vnfm(x%)) :

3. SPSA-N: This is a risk-neutral algorithm and is the second-order counterpart of SPSA-

G. The Hessian update in this algorithm is as follows: For¢,7 = 1,..., k1,7 < 7, the
update is
+\T 0
i) _ () o oty | (0n = vn) du(@T) )
H, ] = Hy” + Cg(n)[ ﬁ2A£f)AA§Lj) Hy, , (80)

and for ¢ > j, we set H,(lﬁr]l) = Hﬁi’:l) As in RS-SPSA-N, let M, = H;l, where
H,=7([H (B )]lfjil) The actor updates the parameter 9 as follows:

W) _ 1 lp® () (08— 0n) o ()

The rest of the symbols, including the critic parameters, are as in RS-SPSA-N.
4. SF-N: This is a risk-neutral algorithm and is the second-order counterpart of SF-G. It

updates the Hessian and the actor as follows: For ¢, j,k = 1,..., k1,5 < k, the Hessian
update is
. . AD* g .
essian: 110 = 109+ 60 [ A7 - a) - ],
. ) Ag)A%k) _
HIR = HIP + ¢5(n) [T< — o) gu(a”) - Hff"“’},

8 We would like to point out that the experimental setting involves ’costs’ and not ’rewards’ and the
algorithms implemented should be understood as optimizing a negative reward.
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and for 7 > k, we set H,(Lj;;lcl) = HT(l]j_Jl) As before, let M, = Hy*, with H,, formed as
in SPSA-N. Then, the actor update for the parameter 6 is as follows:

AP
8

Actor: 00, =T} [95;') +Ga(n) Y MY (v = v) (%) ].

Jj=1

The rest of the symbols, including the critic parameters, are as in RS-SPSA-N.

5. RS-SPSA-G: This is the first-order risk-sensitive actor-critic algorithm that attempts to
solve (@0) and updates according to (I9).

6. RS-SF-G: This is a first-order algorithm and the risk-sensitive variant of SF-G that up-
dates the actor according to (20).

7. RS-SPSA-N: This is a second-order risk-sensitive algorithm that estimates gradient and
Hessian using SPSA and updates them according to (3.

8. RS-SF-N: This second-order risk-sensitive algorithm is the SF counterpart of RS-SPSA-
N, and updates according to (36).

9. TAMAR: This is a straightforward adaptation of the algorithm proposed in [68]. The
main difference between this and our algorithms is that TAMAR uses a Monte Carlo
critic, while our algorithms employ a TD critic. Moreover, TAMAR incorporates the \-
recursion that is identical to that of our algorithms (see Eq.[21)). In contrast, the algorithm
proposed in [68]] is for a fixed A that may not be optimal. Note that even though TAMAR is
an algorithm proposed for a stochastic shortest path (SSP) setting, it can be implemented
in the traffic signal control problem since we truncate the simulation after 150 steps.
Let D,, denote the sum of rewards obtained from a single simulation run in the policy
search phase. Further, let z, := > 1°° ¥ In 19 (m, am ) denote the likelihood deriva-

m=0
tive. Then, the update rule is given by

VnJrl :Vn + C?:(n) (Dn - Vn)
/In+1 Z/In + C3(’n) (D,QL — ‘N/ﬁ — /In)
00, =, (en + Ca2(n) (D — An (D2 — QDnVn))zﬁf')) i=1,... k1,

Ani1 =D [An +Ci(n) (An - a)]

Note that the #-recursion above corrects an error (we believe it is a typo) in the corre-
sponding update rule (i.e., Eq. 13 in [68]]). Unlike the above, Eq. 13 in [[68] is missing the
multiplier D, in the last term in the f-recursion. The latter multiplier originates from
the gradient of the value function (see Lemma 4.2 in [68]).

Average Setting

1. AC: This is an actor-critic algorithm that minimizes the long-run average sum of the
single-stage cost function h(zy), without considering any risk criteria. This is similar
to Algorithm 1 in Bhatnagar et al [14].

2. RS-AC: This is the risk-sensitive actor-critic algorithm that attempts to solve and is
described in Section[6l

All our algorithms incorporate function approximation owing to the curse of dimen-
sionality associated with larger road networks. For instance, assuming only 20 vehicles per
lane of a 2x2-grid network, the cardinality of the state space is approximately of the order
1032 and the situation is aggravated as the size of the road network increases. We employ
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the feature selection scheme from [47] in each of our algorithms. The features are obtained
with coarse congestion estimates along the lanes of the road network as input. For instance,
instead of the exact queue length on a lane, the coarse congestion information specifies
whether the queue length was between O to L1 units, between L; and L2 units or greater
than L2 units. By placing magnetic sensor loops on the lane at distances L1 and L2 from the
junction, it is possible to obtain coarse congestion information. Assume another threshold 71
for the elapsed time. Using the aforementioned coarse inputs on queue lengths and elapsed
times for each lane in the road network considered, the feature selection is performed in a
graded fashion as follows: queue length less than L and elapsed time less than 7' leading
a to feature value that recommends red light, queue length more than L2 and elapsed time
more than 77 leading to a feature value that recommends green light, with the feature values
for the intermediate scenarios graded appropriately. For a detailed description of the feature
selection scheme, the reader is referred to Section V-B of [47]. The values L1, Lo and T}
are set to 6, 14 and 130, as recommended in [47]].

Figure [2] shows a snapshot of the road network used for conducting the experiments
from GLD simulator. Traffic is added to the network at each time step from the edge nodes.
The spawn frequencies specify the rate at which traffic is generated at each edge node and
follow a Poisson distribution. The spawn frequencies are set such that the proportion of the
number of vehicles on the main roads (the horizontal ones in Fig. ) to those on the side
roads is in the ratio of 100 : 5. This setting is close to what is observed in practice and has
also been used for instance in [46) 47]. In all our experiments, we set the weights in the
single stage cost function as follows: 1 = r2 = 0.5 and r2 = 0.6, s2 = 0.4. For the
SPSA and SF-based algorithms in the discounted setting, we set the parameter § = 0.2 and
the discount factor v = 0.9. The parameter « in the formulations @0) and (3) was set to 20.
The step-size sequences are chosen as follows:

1 1 ’ 1 1
Cl("):? Cﬂ”)zma CQ(H)ZW’ G(n) = 0,66 n>1 (82)

Further, the constant k related to (4(n) in the risk-sensitive average reward algorithm is
set to 1. It is easy to see that the choice of step-sizes above satisfies (A4). The projection
operator I; was set to project the iterate 0 onto the set [0,10], for all ¢ = 1,..., K1,
while the projection operator for the Lagrange multiplier used the set [0, 1000]. The initial
policy parameter 6 was set to the «1-dimensional vector of ones. All the experiments were
performed on a 2.53GHz Intel quad core machine with 3.8GB RAM.

9.2 Results

Figureshows the distribution of the discounted cumulative cost D? (2°) for the algorithms
in the discounted setting. Figure[d] shows the total arrived road users (TAR) obtained for all
the algorithms in the discounted setting, whereas Figure [5] presents the average junction
waiting time (AJWT) for the first-order SF-based algorithm RS-SF-GETAR is a throughput
metric that measures the number of road users who have reached their destination, whereas
AJWT is a delay metric that quantifies the average delay experienced by the road users.
The performance of the algorithms in the average setting is presented in Figure [6] In
particular, Figure [6(a)] shows the distribution of the average reward p, while Figure [6(b)]
presents the average junction waiting time (AJWT) for the average cost algorithms.

9 The ATWT performance of the other algorithms in the discounted setting is similar and the corresponding
plots are omitted here.
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Fig. 3 Performance comparison in the discounted setting using the distribution of D¢ (2°).

Table 1 Throughput (TAR) for algorithms in the discounted setting: standard deviation from 50 independent
simulations shown after £+

‘ Algorithm ‘ Risk-neutral Risk-sensitive

SPSA-G 754.84 £ 317.06 622.38 £ 28.36
SF-G 832.34 £82.24 810.82 £ 36.56
SPSA-N 1077.2.66 + 250.42 942.3 £ 65.77

SF-N 1013.62 £ 152.22 870.5 £ 61.61

Observation 1: Risk-sensitive algorithms that we propose result in a long-term (dis-
counted or average) cost that is higher than their risk-neutral variants, but with a signif-
icantly lower empirical variance of the cost in both discounted as well as average cost
settings.

The above observation is apparent from Figures |§| and @ which present results for
discounted and average cost settings respectively.
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Fig. 4 Performance comparison of the algorithms in the discounted setting using the total arrived road users

(TAR).
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Fig. 5 Performance comparison of the first-order SF-based algorithms, SF-G and RS-SF-G, using the average

junction waiting time (AJWT).
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Fig. 6 Performance comparison of the risk-neutral (AC) and risk-sensitive (RS-AC) average reward actor-
critic algorithms using two different metrics.
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Fig. 7 Convergence of SPSA based algorithms in the discounted setting — illustration using two (arbitrarily
chosen) coordinates of the parameter 6.

Observation 2: From a traffic signal control application standpoint, the risk-sensitive
algorithms exhibit a mean throughput/delay that is close to that of the corresponding risk-
neutral algorithms, but with a lower empirical variance in throughput/delay.

Figuresf] 5] and[6(b) validate the first part of the observation above, while the results for
the discounted risk-sensitive algorithms in Table|I| substantiate the second part in the above
observation. In particular, Table[T|presents the mean and standard deviation of the final TAR
value (i.e., the TAR value observed at the end of the policy test phase) for both first-order
and second-order algorithms in the discounted setting and it is evident that the risk-sensitive
algorithms exhibit a lower empirical variance in TAR when compared to their risk-neutral
counterparts.

From the results in Figures@-@and Tablem it is apparent that the second-order schemes
(RS-SPSA-N and RS-SF-N) in the discounted setting exhibit better results in comparison to
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Fig. 8 Performance comparison of RS-SPSA and TAMAR [68]] algorithms using two different metrics.

Table 2 {2 distance between gradient estimated using either RS-SPSA or TAMAR and a likelihood ratio
benchmark: mean and standard error from 100 replications shown before and after 4, respectively

Policy TAMAR RS-SPSA
6% =05,V | 655.77 £ 18.65 142.1 +9.56
0 =1,vi 694.99 + 16.67 | 149.82 4 10.25
00 =2,vi 720.99 + 14.85 146.67 + 9.31
0() =5,vi 941.53 +25.39 | 200.08 & 13.25
0 =7,Vi | 1167.78 £37.14 | 210.73 & 12.97
0() =10,Vi | 1489.32 +43.43 | 277.15+ 11.93

first-order methods (RS-SPSA-G and RS-SF-G), from the mean and variance of the long-
term discounted cost as well as the throughput (TAR) performance.

Observation 3: The policy parameter 0 converges for the risk-sensitive algorithms.

The above observation is validated for SPSA based algorithms in the discounted setting
in Figures and Note that we established theoretical convergence of our algorithms
earlier (see Sectionsﬂand@) and these plots confirm the same. Further, these plots also show
that the transient period, i.e., the initial phase when 6 has not converged, is short. Similar
observations hold for the other algorithms as well. The results of this section indicate the
rapid empirical convergence of our proposed algorithms. This observation coupled with the
fact that they guarantee low variance of return, make them attractive for implementation in
risk-constrained systems.

Observation 4: RS-SPSA, which is based on an actor-critic architecture, outperforms
TAMAR, which employs a policy gradient approach.

Figure [8| shows the distribution of the cumulative cost D?(2°) and the total arrived
road users (TAR) obtained for TAMAR and RS-SPSA algorithms. It is evident that RS-SPSA
performs better than TAMAR in terms of mean as well as variance of the cumulative cost
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and also in terms of the throughput (TAR) observed. These results illustrate the benefits
of using an actor-critic architecture. Note that both algorithms use the same parameterized
Boltzmann policy (see Eq. and the results have been obtained with the same number
of updates, i.e., 500 SPSA updates, which is equivalent to 1000 policy gradient updates, as
each iteration of SPSA uses two trajectories to estimate the gradient. While the results in
Figure[8]implicitly indicate that RS-SPSA gives a better estimate of the gradient in compar-
ison to TAMAR, we make this observation explicit in Table [2] which plots the results from
the following experiment:

Step 1 (True gradient estimation): Estimate Vg/l(:no) using the likelihood ratio method,
along the lines of Lemma 4.2 in [68]]. For this purpose, simulate a large number, say
T1 = 1000, of trajectories of the underlying MDP (as before, we truncate the trajec-
tories to 150 steps). This estimate can be safely assumed to be very close to the true
gradient and hence, we shall use it as the benchmark for comparing our SPSA based
actor-critic scheme vs. the policy gradient approach of TAMAR.

Step 2 (Policy gradient approach of TAMAR):

Fix a policy parameter.

Run two simulations for the policy above.

Estimate VA (2°) using the scheme in TAMAR.

Calculate the distance (in /2 norm) between the estimate above and the benchmark

defined in Step 1.
Repeat the above steps 100 times and collect the mean and standard errors of the £
distance in the last step above.

Step 3 (Actor-critic approach of RS-SPSA):

Fix a policy parameter.

Run two simulations - one for the unperturbed parameter and the another for the per-

turbed parameter, where perturbation is performed as in RS-SPSA (see Section[f3).

Estimate VA(2°) using the scheme in RS-SPSA.

Calculate the distance (in £2 norm) between the estimate above and the benchmark

defined in Step 1.

Repeat the above steps 100 times and collect the mean and standard errors of the relevant

{2 distance as in Step 2.

From the mean and standard errors presented in Table2]for six different policies, it is evident
that RS-SPSA produces more accurate estimates of the policy gradients than TAMAR, which
explains its faster convergence (compared to TAMAR) in the experiments of Figure |8} The
trend did not change by having the true gradient estimated from a larger number of trajecto-
ries. In particular, with T1 = 5000 (see Step 1 above), the relevant {2 distances for TAMAR
and RS-SPSA were observed to be (683.06 + 26.75) and (143.02 £ 14.44), respectively
for the policy 0 = 1,Vi.

10 Conclusions and Future Work

We proposed novel actor-critic algorithms for control in risk-sensitive discounted and av-
erage reward MDPs. All our algorithms involve a TD critic on the fast timescale, a policy
gradient (actor) on the intermediate timescale, and a dual ascent for Lagrange multipliers on
the slowest timescale. In the discounted setting, we pointed out the difficulty in estimating
the gradient of the variance of the return and incorporated simultaneous perturbation based
SPSA and SF approaches for gradient estimation in our algorithms. The average setting, on
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the other hand, allowed for an actor to employ compatible features to estimate the gradi-
ent of the variance. We provided proofs of convergence to locally (risk-sensitive) optimal
policies for all the proposed algorithms. Further, using a traffic signal control application,
we observed that our algorithms resulted in lower variance empirically as compared to their
risk-neutral counterparts.

As future work, it would be interesting to develop a risk-sensitive algorithm that uses a
single trajectory in the discounted setting. An orthogonal direction of future research is to
obtain finite-time bounds on the quality of the solution obtained by our algorithms. As men-
tioned earlier, this is challenging as, to the best of our knowledge, there are no convergence
rate results available for multi-timescale stochastic approximation schemes, and hence, for
actor-critic algorithms.
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