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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 decision
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 algorithms to locally
risk-sensitive optimal policies. Finally, we demonstrate the usefulness of our algorithms in a
traffic signal control application.
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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 (Puterman 1994; Bertsekas
1995). Many algorithms have been developed to maximize these criteria both when the
model of the system is known (planning) and unknown (learning) (Bertsekas and Tsitsiklis
1996; Sutton and Barto 1998). These algorithms can be categorized to value function-based
methods that are mainly based on the two celebrated dynamic programming algorithms value
iteration and policy iteration; and policy gradient methods that are 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., Williams 1992; Marbach 1998; Baxter and Bartlett 2001) or using such
a representation in which case they are referred to as actor-critic algorithms (e.g., Sutton
et al. 2000; Konda and Tsitsiklis 2000; Peters et al. 2005; Bhatnagar et al. 2007, 2009a).
Using an explicit 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 (Barto et al. 1983;
Sutton 1984). They comprise 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 (Sutton 1988).

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., Nilim and Ghaoui 2005; Delage and Mannor 2010; Xu and Mannor
2012), and (ii) the inherent uncertainty related to the stochastic nature of the system, which
is the topic of risk-sensitive MDPs (e.g., Howard and Matheson 1972; Sobel 1982; Filar et al.
1989).

In risk-sensitive sequential decision-making, the objective is to maximize a risk-sensitive
criterion such as the expected exponential utility (Howard and Matheson 1972), a variance
related measure (Sobel 1982; Filar et al. 1989), the percentile performance (Filar et al. 1995),
or conditional value-at-risk (CVaR) (Ruszczyriski 2010; Shen et al. 2013). Unfortunately,
when we include a measure of risk in our optimality criteria, the corresponding optimal
policy is usually no longer Markovian stationary (e.g., Filar et al. 1989) and/or computing it
is not tractable (e.g., Filar et al. 1989; Mannor and Tsitsiklis 2011). In particular, (i) In Sobel
(1982), 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
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not necessarily monotone. The latter is a crucial requirement for employing popular dynamic
programming procedures for solving MDPs. (ii) In Mannor and Tsitsiklis (2013), the authors
provide hardness results for variance constrained MDPs and in particular 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 Filar et al. (1989), 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 constraint 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
research 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
(2001, 2002, 2010) and Basu et al. (2008) who considered the expected exponential util-
ity, the one by Mihatsch and Neuneier (2002) 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. (2012) on several variance related measures. Tamar et al. (2012)
study stochastic shortest path problems, and in this context, propose a policy gradient algo-
rithm [and in a more recent work (Tamar and Mannor 2013) an actor-critic algorithm] for
maximizing several risk-sensitive criteria 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 paper,! 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 Tamar et al. (2012)]. 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 o > 0,

m;lx v (xO) subject to A (xo) <.
In the above, V? (x?) is the mean of the return, starting in state x" for a policy identified by its
parameter 6, while A?(x9) is the variance of the return (see Sect. 3 for precise definitions).

A standard approach to solve the above problem is to employ the Lagrangian relaxation
procedure (Bertsekas 1999) and solve the following unconstrained problem:

. A
m).::lx m@m (L(Q, A) = —Vg(xo) + A(Ae(xo) — a)) ,

where A is the Lagrange multiplier. For solving the above problem, it is required to derive a
formula for the gradient of the Lagrangian L(6, 1), both w.r.t. 6 and A. While the gradient

! This paper is an extension of an earlier work by the authors (Prashanth and Ghavamzadeh 2013) and includes
novel second order methods in the discounted setting, detailed proofs of all proposed algorithms, and additional
experimental results.
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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 1 and show that Vy L (6, 1) requires the
gradient of the value function at every state of the MDP (see the discussion in Sects. 3, 4).

Note that we operate in a simulation optimization setting, i.e., we have access to reward
samples from the underlying MDP. Thus, itis 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) (Spall 1992) and smoothed functional (SF)
(Katkovnik and Kulchitsky 1972), 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 SF.

Simultaneous perturbation methods have been popular in the field of stochastic optimiza-
tion and the reader is referred to Bhatnagar et al. (2013) for a textbook introduction. First
introduced in Spall (1992), 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
2k evaluations of the function, where « 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 Spall (1997), the original two-simulation SPSA algorithm
is preferred as it is more efficient and also seen to work better than its one-simulation variant.
Later enhancements to the original SPSA scheme include using deterministic perturbation
using certain Hadamard matrices (Bhatnagar et al. 2003) and second-order methods that esti-
mate Hessian using SPSA (Spall 2000; Bhatnagar 2005). 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 Katkovnik and Kulchitsky (1972), the SF schemes have
been studied and enhanced in later works such as Styblinski and Opalski (1986) and Bhat-
nagar (2007). Further, Bhatnagar et al. (2011) 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 vari-
ance of a policy as follows:

T-1
1
A@©) = lim —E [Z (Ru = p(w)’ e} :
n=0

where p(0) is the average reward under policy identified by its parameter 0 (see Sect. 5 for
precise definitions). The aim here is to solve the following constrained optimization problem:

mg.X p(0) subjectto A(0) <.

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 Lemma 3 suggest a simpler alterna-
tive that employs compatible features (Sutton et al. 2000; Peters et al. 2005). Compatible
features for linearly approximating the action-value function of policy 6 are of the form
Vlog u(alx). These features are well-defined if the policy is differentiable w.r.t. its parame-
ters 0. Sutton et al. (2000) showed the advantages of using these features in approximating the
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action-value function in actor-critic algorithms. In Bhatnagar et al. (2009a), 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 Lemma 4). 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 5).

Proof of convergence Using the ordinary differential equations (ODE) approach, we establish
the asymptotic convergence of our algorithms to locally risk-sensitive optimal policies and
in the light of hardness results from Mannor and Tsitsiklis (2013), this is the best one can
hope to achieve. Our algorithms employ multi-timescale stochastic approximation, in both
settings. The convergence 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 6 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 constrained optimization problem mentioned above, i.e., the policy obtained
upon convergence satisfies the constraint that the variance is upper-bounded by «.

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 21032, 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 algorithms 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 Tamar et al. (2012), both from a mean—variance as well as gradient estimation standpoints.
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 Itis 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 (Sharpe 1966) (see Remarks 3, 7 for 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 Mihatsch and Neuneier (2002)]

—% logEle #X] = E[X] — §Var[X] +0(B?),
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and we know that it is much easier to design actor-critic or other reinforcement learning
algorithms (Borkar 2001, 2002; Basu et al. 2008; Borkar 2010) 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
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 g, 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 Tamar et al. (2012) and Tamar and Mannor (2013),
which are the most closely related contributions, we would like to point out the following:

(1) The authors develop policy gradient and actor-critic methods for stochastic shortest path
problems in Tamar et al. (2012) and Tamar and Mannor (2013), respectively. On the
other hand, we devise actor-critic algorithms for both discounted and average reward
MDP settings; and

(i1) 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. Bhatnagar et al. 2009a) as well as more recently in Tamar and Mannor (2013)
for a risk-sensitive stochastic shortest path setting. We alleviate the above mentioned
problems for the discounted setting by employing simultaneous perturbation based
schemes for estimating the gradient in the first order methods and Hessian in the second
order methods, that we propose.

(iii) Unlike (Tamar et al. 2012; Tamar and Mannor 2013) who consider a fixed A in their
constrained formulations, we perform dual ascent using sample variance constraints and
optimize the Lagrange multiplier 1. In rigorous terms, A, in our algorithms is shown
to converge to a local maxima of V, L(6*, 1) (here 6 is the limit of the 6 recursion for
a given value of A) and the limit A* is such that the variance constraint is satisfied for
the corresponding policy o+

Organization of the paper The rest of the paper is organized as follows: In Sect. 2, we
describe the RL setting. In Sect. 3, we describe the risk-sensitive MDP in the discounted
setting and propose actor-critic algorithms for this setting in Sect. 4. In Sect. 5, we present
the risk measure for the average setting and propose an actor-critic algorithm that optimizes
this risk measure in Sect. 6. In Sects. 7 and 8, we present the convergence proofs for the
algorithms in discounted and average reward settings, respectively. In Sect. 9, we describe
the experimental setup and present the results in both average and discounted cost settings.
Finally, in Sect. 10, we provide the concluding remarks and outline a few future research
directions.
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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 incompletely
known environment, with the goal of optimizing some measure of its long-term performance.
This interaction is often modeled as a Markov decision process (MDP). A MDP is a tuple
(X, AR, P, xo) where X and A are the state and action spaces; R(x,a),x € X,a € Ais
the reward random variable whose expectation is denoted by r (x, a) = IE[R (x, a)]; P(|x,a)
is the transition probability distribution; and x° € X’ is the initial state.> 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 w(-|x) is a probability distribution over
actions, conditioned on the current state x. 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 stochastic
policies {/,L(- [x;0),x € 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 improve the pol-
icy 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 ensures stability—a
crucial requirement necessary for establishing convergence. Since in this setting a policy u
is represented by its «j-dimensional parameter vector 8, policy dependent functions can be
written as a function of 6 in place of . So, we use p and 6 interchangeably in the paper.

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

(A1) For any state-action pair (x,a) € X x A, the policy u(alx; 0) is continuously
differentiable in the parameter 6.
(A2) The Markov chain induced by any policy 6 is irreducible.

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

Finally, we denote by d*(x) and 7" (x, a) = d"(x)u(a|x), the stationary distribution of
state x and state-action pair (x, a) under policy u, respectively. The stationary distributions
can be seen to exist because we consider a finite state-action space setting and irreducibility
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 u as
dy (x]x%) = (1 —y) 20 ¥" Pr(x, = x|xo = x%; p) and 7}y (x, alx®) = d} (x[x%) p(alx).

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
(x, a)) and then follows policy w, i.e.,

o0
D*(x) = Dy Ry, an) | X0 =X, 1,
n=0

2 Our algorithms can be easily extended to a setting where the initial state is determined by a distribution.
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oo
D"*(x,a) = Zy"R(xn,a,,) | xo =x, ap =a, .
n=0
The expected value of these two random variables are the value and action-value functions
of policy u, i.e.,

VE(x) =E[D*(x)] and Q"(x,a)=E[D"(x,a)].

The goal in the standard (risk-neutral) discounted reward formulation is to find an optimal
policy u* = argmax,, VH#(x9), where x¥ 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

AR (x) 2 E[D*(x)?] = VE(x)? = Uk (x) — VE(x)2 (1
The above measure was first introduced by Sobel (1982). Note that
UM(x) £ E[D*(x)?]

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 (x, @) under policy p as

WH(x, a) LR [D“(x, a)z] .

From the Bellman equation of A*(x), proposed by Sobel (1982), it is straightforward to
derive the following Bellman equations for U* (x) and W*(x, a):

UM (x) = D palorx, a) + 2 D pah) P |x, a) U (x)

a,x’

+2y D pal) P(|x, ar (x, ) VI (x),

Wh(x,a) =r(x,a)” +y> D PElx,a)U*(x) +2yr(x,a) D P('Ix, ) VH(x)). (2)

’ ’

X X

Although A* of (1) satisfies a Bellman equation, unfortunately, it lacks the monotonicity
property of dynamic programming (DP), and thus, it is not clear how the related risk measures
can be optimized by standard DP algorithms (Sobel 1982). 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 o > 0,

max v?(x% subjectto A?(x?) <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
Altman (1999) 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?(x%) subjectto V?(x0) > a,

2. maxg V7 (x%) — /A9 (x0),

3. Maximizing the Sharpe ratio, i.e., maxg V?(x%)/y/ A (x9). Sharpe ratio (SR) is a popu-
lar risk measure in financial decision-making Sharpe (1966). Sect. 3 presents extensions
of our proposed discounted reward algorithms to optimize the Sharpe ration.
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To solve (3), we employ the Lagrangian relaxation procedure (Bertsekas 1999) to convert it
to the following unconstrained problem:

max min (L9, ) = =V’ () +4(47) - ). @)

where X is the Lagrange multiplier. The goal here is to find the saddle point of L(6, 1), 1i.e., a
point (6%, A*) that satisfies

L0, 1%) > L(0*, x*) > L(6*,)),¥0 € @, VA > 0.

For a standard convex optimization problem where the objective L (6, 1) is convex in 6 and
concave in A, one can ensure the existence of a unique saddle point under mild regularity
conditions (cf. Sion 1958). Further, convergence to this point can be achieved by descending
in 0 and ascending in XA using Vy L(0, A) and V, L(0, A), respectively.

However, in our setting, the Lagrangian L(6, A) 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%, A*) which is a local minima w.r.t. 6 and local
maxima w.r.t A of the Lagrangian. As an aside, global mean—variance optimization of MDPs
have been shown to be NP-hard in Mannor and Tsitsiklis (2013) 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(®,2) = —VoV?(x") + AV A?(x°%) and V,L@®, 1) = A0 —a.

Since Vo A? (x0) = Vo U? (x%) —2V? (x2)V, V¥ (x0), in order to compute Vg A? (x0) it would
be enough to calculate Vjy v?(x9) and Vo U? (x9). Using the above definitions, we are now
ready to derive the expressions for the gradient of V9 (x% and U? (x°), which in turn constitute
the main ingredients in calculating VgL (6, 1).3

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

(1 =VVIGD = > 7y (x, alx®)V log pu(alx; )0 (x, @),

X,a

1 —yHvui® = Z 70 (x, alx®)V log ju(alx; )W (x, a)

a
+2y Z ﬁg(x, alx) P |x, a)r(x, a)VVO (),

x,a,x’

where (7)‘2 (x|x0) and 773 (x, a|x0) are the yz-discounted visiting distributions of state x and
state-action pair (x, a) under policy u, respectively, and are defined as

o0
dy(x|x%) = (1= y?) D" y™ Pr(x, = x|xo = x°; ),
n=0

7y (e, alx®) =dy (x1x)u(al).

3 Henceforth, we shall drop the subscript 6 and use VL(6, 1) to denote the derivative w.r.t. 6.
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Proof The proof of V v?(x9) is standard and can be found, for instance, in Peters et al. (2005).
To prove \iL (xo), we start by the fact that from (2) we have U (x) = Za nxla)yWix, a).
If we take the derivative w.r.t. 6 from both sides of this equation and obtain

VU(xO) = z V/L(a|x0)W(x0, a) + Z //,(a|x0)VW(x0, a)
= > VuaOWea) + > /L(a|x0)V|:r(x0, ?+ 72> P, U ()
+2yr(x°, a) Z P(x'|x°, a)V(x’)]

= Z Vilalx w0, a) + 2y Z w(alx®r°, a)P(x'|1x°, a)VV (&)

a,x’

h(x0)
+72 D n@h) P10, ) VU ()

a,x’

=h(") + > D u@x) P 1x°, ) VU (')

a,x’

=h() + 72 D u(alx”) P, @)V )

a,x’
+72 D @ )P VU] ®)
a’,x”

By unrolling the last equation using the definition of VU (x) from (5), we obtain

VUG =Dy > Pr(x, = x|xo = x)h(x) = 1% > dy (x|x")h(x)

2
n=0 X y

1 ~
- [ >, l")naln)V log i@l Wix, a)

1—y2

+2y ) gy(xlxo)u(alx)r(x,a)P(x’Ix,a)VV(x/)]

x,a,x’

1 ~
== [Zny(x, alx®)V log w(alx) W (x, a)
X,d

+ 2y Z 7Ty (x, alx®r(x, a)P(x'|x, a)VV(x/):I.

[}

In Sutton et al. (1999), a policy gradient result analogous to Lemma 1 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 algo-
rithms in Bhatnagar et al. (2009a).* However, a similar approach is not viable for discounted
setting and this motivates the use of stochastic optimization techniques like SPSA/SF (cf.
Bhatnagar 2010). The problem is further complicated in the variance-constrained setting that
we consider because:

4 We extend this to the case of variance-constrained MDP in Sect. 6.
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1. two different sampling distributions, nf and ﬁ)(f , are used for VV?(x9) and VU? (x9),
and

2. VV?(x’) appears in the second sum of VU? (x?) 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 x°.

To alleviate the above mentioned problems, we borrow the principle of simultaneous per-
turbation for estimating the gradient VL (6, ) 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 measure (3).
These algorithms are based on two simultaneous perturbation methods: simultaneous per-
turbation 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 update
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, 1) w.r.t. 0,
and
e An outer loop that ascends in X using the gradient of the Lagrangian L (6, A) w.r.t. A.

Using two-timescale stochastic approximation (Chapter 6, Borkar 2008), the two loops
above can run in parallel, as follows:

Onrt = I[6n — () A, ' VLG, An)]. (6)
Mgt = [on + St (VAL O, 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, —
V2L(6y, kn) asn — o0.

— I' is a projection operator that keeps the iterate 6, stable by projecting onto a com-

pact and convex set & = Hf‘z l[Qr(lii)n, 9,(,3”(]. In particular, for any 0 € RY, I'(9) =
rOEWM), ..., reEENT with 7D @O) := min(max @), 6©), 61,).

— I is a projection operator that keeps the Lagrange multiplier A,, within the interval
[0, Amax], for some large positive constant Ayax < 0o and can be defined in an analogous
fashion as I".

— £1(n), &> (n) are step-sizes selected such that 0 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, 1).

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 V, L(0, A) has a particularly simple form of (A?(x?) — ),
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suggesting the usage of sample variance constraints to perform the dual ascent for Lagrange
multiplier A. On the other hand, the expression for gradient of L(6, ) w.r.t. 6 is compli-
cated (see Lemma 1) 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, 1). The idea in these methods is to estimate the gradients vv?(x% and
VU? (x%) [needed for estimating the gradient VL(0, A)] using two simulated trajectories of
the system corresponding to policies with parameters 6, and 6,7 = 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,, = [ 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 = BuA,. 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 NV (0, 1)
(for SF) random variables.

2. Second order This corresponds to A,, which converges to V2L(6,, Ay) asn — o0o. 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, =
BnlAn+ B Z,,, Bn > 01is apositive constant and A, and A, n are perturbation parameters
that are «1-vectors of independent Rademacher random variables, respectively. For RS-
SE-N, p, = B, A, where A, is a k1 vector of Gaussian N (0, 1) random variables.

Algorithm 1 Template of the Risk-Sensitive Discounted Reward Actor-Critic Algorithms

Input: parameterized policy 1(-]-; 0) and value function feature vectors ¢y (-) and ¢y, (+)
Initialization: policy parameter 6 = ; value function weight vectors v = vg and v+ = vg' ; square value

function weight vectors u = ug and ut = u:)r ; initial state xg ~ Pp(x)

forn=0,1,2,...do
form=0,1,2,...,m; do
Draw action a,;, ~ [L(-|Xmm; 6,), observe next state x,, 41 and reward R(xXp,, am)
Draw action a,ﬁ ~ /,L(-|X;; ; 9,? ), observe next state x;; | and reward R(x],: s a,ﬁ )
Critic Update: see (13) and (15) in the text
end for
Actor Update: Algorithm-Specific
Lagrange Multiplier Update: see (21) in the text
end for
return policy and value function parameters 6, A, v, u

+

The overall flow of our proposed actor-critic algorithms is illustrated in Fig. 1 and Algo-
rithm 1. 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 trajectories,
each of length m,,, as follows:

(1) Unperturbed simulation Form = 0, 1, ..., m,, take action a,;, ~ w(-|x;;; 6,), observe
the reward R (x,,, a,,), and the next state x,,41 in the first trajectory.
(2) Perturbed simulation Form = 0, 1, ..., m,, take action a;t ~ w(:|x; 67), observe

+ .+ +
the reward R(x,}, a,;,), and the next state x,;

mo | in the second trajectory.

+
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Actor

generate a trajectory of size 172, and update ’Uiln s U,

% +
071, 9
071 é:rrz ;7 U:;” U::Z along the trajectory Update 0, 07L+1
Algorithm [
generate a trajectory of size 772, and update Umn s umn Specific

P((see the text)

A

6777,7 €m s Um s Ui along the trajectory

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

Using the method of temporal differences (TD) (Sutton 1984), estimate the value functions
Von (x%) and % x%), and square value functions Uon (x% and o %, corresponding to
the policy parameter 6, and 6,
Outer loop (actor update) Estimate the gradient/Hessian of Iz (xO) and U"? (xO) and hence
the gradient/Hessian of Lagrangian L(6, 1), using either SPSA (17) or SF (18) 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 Sects. 4.3 and 4.4,
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., \7(x) ~ v'¢,(x) and ﬁ(x) ~ u'¢,(x), where the features ¢,(-) and
¢, () are from low-dimensional spaces R*? and R*3, respectively. Let &, and @, denote
|X| x k3 and |X| x k3 dimensional matrices, whose ith columns are ¢\ = (¢(’)(x) X €
) i=1. L oand gl = (0 (x), x € )T, i=1,... k3. Let S, == {®yv | v e
RS} and S, := {(Duu | u € RS}, denote the subspaces within which we approximate the value
and square value functions. We make the following standard assumption as in Bhatnagar et al.
(2009a):

(A3) The basis functions {¢( )}K2 and { ¢§,‘)} are linearly independent. In particular,
K2, k3 < n and @, and @, are full rank. Moreover, for every v € R*2 and u € R*3,
Dyv # e and ®,u # e, where e is the n-dimensional vector with all entries equal to
one.

Let I, and IT, be operators that project onto S, and S,,, respectively and as a consequence
of the above assumption, can be defined as follows:

m,=o,®'D’®,)"'&! D% and 1, = @, (@] D’ ®,) '@ D, ®)

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

Let 7% = [T; T/1, where T¢ and T? denote the Bellman operators for value and square
value functions of the policy governed by parameter 6, respectively. These operators are
defined as: For any y € R?%! let y, and y, denote the first and last | X'| entries, respectively.
Then

7%y =[17y; T?y], where )
iy =r’ +yPy,, (10)
70y =R%r’ + 2y R Py, + y*P’y,, (11)
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where ¥ and P? are the reward vector and the transition probability matrix of policy 6, and
R? = diag(r?).

Let [T = (Hv 0

01 ) Also, for any y € Rl define its v-weighted norm as
u

Iyl = viyullpe + (L =v)llyullpe,

where ||zl po = /Zliﬂl d‘)(i)zi2 for any z € RI¥I,

We now claim that the projected Bellman operator [17T 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 y < 1 such that
1Ty = AT5, <7 lly = 3ll, . V. 5 € R
Proof See Sect. 7.1. O
Let [®,v; @,u] denote the unique fixed-point of the projected Bellman operator 717 , i.e.,
@0 = IT,(Ty (), and Py it = I1,(T,(Pyit)), (12)

where [T, and I, 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
unperturbed as well as the perturbed policy parameters). This algorithm is an extension of the
algorithm proposed by Tamar et al. (2013b) 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 6, and 6, + 6 A,,.

Critic update Calculate the temporal difference (TD)-errors 8y, 8} for the value and €, €}
for the square value functions using (15), and update the critic parameters v,,, v,ﬁ for the
value and u,,, u;ﬁ; for the square value functions as follows:

Unperturbed:
Untl =Vm + 33M)8mey(Xm),  Ums1 = tm + M) Py (X)), (13)

Perturbed:
b = GGG, = uh et gu(nh). (14)

where the TD-errors 8y, 8,7, €1, €, in (13) are computed as
Unperturbed:
B = R am) + ¥ Uy o (Xm41) = Vpy o (Xim).
ém = R, am)* + 21 R, am) vy, b0 (tm1) + ¥ 7100, $u Comg1) — 1), bu (X), (15)
Perturbed:
S =RGL ah) +yvt oot ) — v T,
e = ROE ) + 2y RO L. auf T O ) + vl Tu ()

—ut T (xh). (16)

Note that the TD-error € for the square value function U comes directly from its Bellman
Eq. (2). Theorem 2 in Sect. 7 establishes that the critic parameters (v,, u,) governed by (13)
converge to the solutions (v, ) of the fixed point Eq. (12).
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4.2.1 Convergence rate

Let vpin = min(vy, v,), where v, and v, are minimum eigenvalues of @Z DP®, and
o D ®,, respectively. Recall that D? denotes the stationary distribution of the underly-
ing policy 8. From (A2), (A3) and the fact that we consider finite state-spaces, we have that
Vmin > 0.

From recent results in Korda and Prashanth (2015) that provide non-asymptotic bounds
for TD(0) with function approximation, we know that the canonical O (m~!/?) rate can be
achieved under the appropriate 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 S,
[see (A4) in the next section]:

Theorem 1 Under (A2)—(A3), choosing £3(m) = ﬁ, with co < vmin(1—9)/Q2(1+7)?)
and c such that vpin (1 — y)coc > 1, we have,

K (m) and E|uy — il < K7 (m)
Jm+c " 2_«/m—i—c’

where K1 (m) and K»(m) are O(1).

E “Um - l_)||2 <

Proof The first claim follows directly from Theorem 1 in Korda and Prashanth (2015), while
the second claim can be proven in an analogous manner as the first. O

The above rate result holds only if the step-size is set using vy, 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 independently
by Polyak and Juditsky (1992) and Ruppert (1991). The latter approach involves using a
larger step-size @ (1/n¢") with ¢1 € (1/2, 1) and couple this with averaging of iterates. An
iterate averaged variant of Theorem 1 can be claimed and we refer the reader to Theorem 2
of Korda and Prashanth (2015) for further details.

4.3 First-order algorithms: RS-SPSA-G and RS-SF-G

SPSA-based estimate for VV? (x9), and similarly for VU (x9), is given by

R VOntBrn (x0y — T6n (0
V0 (0~ W) =VHOD (17)
ﬁ”A(t)

where B, are perturbation constants that vanish asymptotically [see (A4) at the end of this
section] and A,, is a vector of independent Rademacher random variables, foralln = 1,2, .. ..
The advantage of this estimator is that it perturbs all directions at the same time (the numerator
is identical in all xk; components). So, the number of function measurements needed for
this estimator is always two, independent of the dimension «1. However, unlike the SPSA
estimates in Spall (1992) that use two-sided balanced estimates (simulations with parameters
0, — Bn A, and 6 + BA), our gradient estimates are one-sided (simulations with parameters
6, and 6,, + B, A;) and resemble those in Chen et al. (1999). 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.
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SF-based method estimates not the gradient of a function H (6,) itself, but rather the convo-
lution of V H (6,)) with the Gaussian density function A/ (0, /3,%1 ), i.e.,

Cg,H,) = /Q/jn 6, —2)V;H(z)dz = / V.Gp,(2)H (6, — 2)dz

= ﬂi / —Z'Gi(YH (O, — Bu2)d7,

where Gg, is the «1-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) = %gﬂlz (z) and by
substituting z’ = z/B,. As B, — 0, it can be seen that Cg, H (6,,) converges to V H (6,) [see
Chapter 6 of Bhatnagar et al. (2013)]. Thus, a one-sided SF estimate of vV (x9) is given
by
~ AN -
ViV =~ ﬁi (VOtPudn (0 — VIO, i =1, 1, (18)
n

where A, is a vector of independent Gaussian N (0, 1) random variables. The reasons for
using the one-sided estimate in (18) are as follows: (i) the estimate in (18) has lower bias
when compared to a one simulation estimate that does not use Von (x9) and (ii) for updating
the Lagrange multiplier A, we require a trajectory of the MDP corresponding to policy 6,
and this trajectory can be used to estimate Von (x9).

Actor update Estimate the gradients VV?(x%) and VU? (x) using SPSA (17) or SF (18)
and update the policy parameter 6 as follows>: Fori =1, ..., ky,

RS-SPSA-G:

9(!)1 — 1" |:9(l) ;2(”) (( +2)\' U,,¢v(xo))(v _ vn)T¢v(x0)
B A

n

= 1)y (xo))], (19)
RS-SF-G:

(l)
o) = Fl|:0(z) 52(5) ((1 + 22000 (x) (0 — V) T (%)

= hn ol = un) G <x°>)]. (20)

For both SPSA and SF variants, the Lagrange multiplier X is updated as follows:

A1 = n[x + a1 (178 (x°) = (070 ) = )} @

In the above, note the following:
(i) B, > 0 and vanish asymptotically [see (A4) below for the precise condition];
(i) A(l)’s are independent Rademacher and Gaussian A/ (0, 1) random variables in SPSA
and SF updates, respectively;
(iii) I' and I} are projection operators that keep the iterates (6,, 1, ) stable and were defined
in Sect. 4.1. These projection operators are necessary to keep the iterates stable and
hence, ensure convergence of the algorithms.

5 By an abuse of notation, we use vy (resp. v,J[ ,un,u,f) to denote the critic parameter vy, (resp.

v,',tn Uy s u;;n) obtained at the end of a m,, length trajectory.
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4.3.1 Choosing trajectory length my, perturbation constants B, 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 {¢[(n)} satisfy

£21), By — 0, —— = 0, (22)
mp B

D am) =" o) = o, (23)
2

Sam? W o, 4

1) = o(ca(m)). (25)

Equations (23) and (24) are standard step-size conditions in stochastic approximation algo-
rithms, and Equation (25) 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 {¢(n)}.

Equation (22) is motivated by a similar condition in Prashanth et al. (2016) and ensures that
the bias from a finite length (m,) trajectory run of TD-critic can be ignored. A simple setting
that ensures (22) is to have m, = C1n? and B, = Con~%3, where C|, C; are constants and
62, ¢3 > 0 with ¢3 > ¢»/2. This ensures that the trajectories increase in length as a function
of outer loop index n, at a rate that is sufficient to cancel the bias induced by the TD-critic.
See Lemma 6 in Sect. 7 makes this claim precise, in particular justifying the need for (22) in
(A4).

We provide a proof of convergence of the first-order SPSA and SF algorithms to a
tuple (6*", 2*), which is a (local) saddle point of the risk-sensitive objective function
L0, 2 V(0 + (A () — @), where V/(x0) = i"¢,(x%) and A?(x") =
W, (x%) — (07¢,(x2))? with © and i defined by (12). Further, the limit 6*" satisfies the
variance constraint, i.e., /T@A* (xo) < «a. See Theorems 3, 4, 5 and Proposition 1 in Sect. 7
for details.

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

Vo (x0)

_ 1 0,,.0

VA"(xO)) )

The actor recursions for the variants of the RS-SPSA-G and RS-SF-G algorithms that optimize
the SR objective are as follows:
RS-SPSA-G
$2(n)
> ;
Julou () — (0760 (x0)) B2
_ U,Iqbv (XO) ((M;,r - un)T(bu (xO) - 2U,I¢v (xo)(v;:r - vn)T¢v (XO))
2
2 (w16 (x) = (v 80 x)°)

o) =1 (60 +

il = W — )Ty (x°)

(26)
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RS-SF-G
Hm A,
BuJulu(x0) — (116, (x0))?
unu () (G = )T () = 200 () (v — v) TP (x?))
2 (g0 = (760 (x)°)

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 X, and thus, the proposed actor-critic algorithms are two time-
scale (instead of three time-scale as in the described algorithms) stochastic approximation
algorithms in this case.

il = (W, —v2) dp (x?)

27)

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 imple-
mentation, the gradient is estimated as V;S(6) ~ S0 + BA)/BA® for SPSA and as
V;S@®) ~ (AD/B)S(O + BA) for SE.

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 corresponding
to the nominal 8, and perturbed 6,, + B A, policy parameter. This implementation would be
similar to that in Tamar et al. (2012), 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 Sect. 4.1 that a second-order scheme updates the policy parameter in the following
manner:

Ons1 = I[6n — 2()VZLO, ) T'VLO, V)] (28)

From the above, it is evident that for any second-order method, an estimate of the Hessian
VQZL (0, A) of the Lagrangian is necessary, in addition to an estimate of the gradient VL (6, A).
As in the case of the gradient based schemes outlined earlier, we employ the simultaneous
perturbation technique to develop these estimates. The first algorithm, henceforth 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 experiments, 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. 6 of L(6, A) can be written as follows:

VZL©, %) = V3V (%) +avZ A% (x0)
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= — VIV + 4 (VU (0 =2V O VIV (0) — 2V O vVl OT) . (29)

Critic update As in the case of the gradient based schemes, we run two simulations. However,
perturbed simulation here corresponds to the policy parameter 6, + 8, (A, + A, 1), Where A,
and A, » represent vectors of independent «1-dimensional Rademacher random variables. The
critic parameters vy, u, from unperturbed simulation and v’ u;} from perturbed simulation
are updated as described earlier in Sect. 4.2.

Gradient and Hessian estimates Using an SPSA-based estimation technique [see Chapter
7 of Bhatnagar et al. (2013)], the gradient and Hessian of the value function V, and similarly
of the square value function U, are estimated as follows: Fori =1, ..., k1,

v, VG (xo) - VO+B:(A+4) (.XO) _ye ()CO) _ (U,T _ U;l)T¢v (XO)

PnAD Bn AW ’
T R il Bl €20 W U VDN G
ij B2AD AU T BADAD

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-recursion. Next,
using suitable Taylor expansions and observe that the bias terms vanish as A,, A, being
Rademacher, are zero-mean—see Lemma 7 in Sect. 7 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
V92L (0, 1) as follows: Let H,Y’J ) denote the nth estimate of the (i, j)thelement of the Hessian.

Then, fori, j =1, ..., x1, withi < j, the update is
i.j) i.J) , (1 + Ap(vn + UJ)T¢v(xO)) (vp — UYT)T%(XO)
' =1+ gm 0
:Bn An An
ot = )" (%) ] 30)
IBZAS)Z(”J)
n

and for i > j, we simply set H;") = H'/"V

il = H,7) . In the above, the step-size (2/ (n) satisfies

Zn:fé(”) = 00; ZHICZ,Z(H) < 00, Q/(Z) — 0asn — oo.

The last condition above ensures that the Hessian update proceeds on a faster timescale in
comparison to the #-recursion [see (31) below]. Finally, we set H,+1 = T([H,E’_i’_/l) ]EK;‘:I),
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 VgL(Q, A) and we state the following standard assumption (cf. Bhatnagar
et al. 2013, Chapter 7) on this operator:
(A5) Forany sequence of matrices { A, } and { B, } in R *¥1 suchthat lim | A, — B, ||
n—oQ
= 0,the T operator satisfies lim || T (A,) — T (By) || = 0. Further, for any sequence
n—o0

of matrices {C,} in R1>*¥1 'we have

sup || Gy | <00 = sup || T(C,) lI< oo and sup [| {Y(C,)} " < oo
n n n
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As suggested in Gill et al. (1981), 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
Hy.

Actor update Let M, 2 H,~ I denote the inverse of the the Hessian estimate H,. We
incorporate a Newton decrement to update the policy parameter 6 as follows:

; A i (T4 22,070, (x0) (v — v,) Ty (x°
ol =Fi[9,£”+;z(n)ZM,§*“(( oG ON — o) ()
j=1 IBnAn
Ml — )T (x0)
-l |

In the long run, M, converges to VgL(G, A)~L, while the last term in the brackets in (31)
converges to VL (0, A) and hence, the update (31) 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.

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,, = (Aﬁ,] ), A;,'”))T

is a vector of mutually independent A/ (0, 1) random variables. Let H(A,) be ak| x k] matrix
defined as

(A7 1) ADAD . A AR
Aan 2| A0a0 (A —1) . aPal (32)
ASLK;)'.A'(}) AS,K.I;.A,?) (Aﬁ,"l').z'_ )
Then, the Hessian VGZL(G, M) is approximated as
VILO, M) ~ %[H(A)(L(H + 84,0~ L6, )] (33)
n

The correctness of the above estimate in the limit as 8, — 0 can be seen from Lemma 8§
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 unper-
turbed and perturbed policy parameters, respectively. Recall that the perturbed simulation
corresponds to the policy parameter 6, + B8, A,, where A, represent a vector of independent
«1-dimensional Gaussian N'(0, 1) random variables. The critic parameters for both these
simulations are updated as described earlier in Sect. 4.2.

Hessian update As in RS-SPSA-N, let H,fi’j ) denote the (i, 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

y N AD"
HYY =HD + <:é(n>[(52)((1 + (a4 0D G0 x0)) (0n — 1)y (0

n

= ) (6)) — H,,“*")], (34)
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(k) G L o [ad Al T a0 T h (0
Ht+’1 =H,"" + gz(n)[T((l + A(up +v,) Gy(x ))(Un —v,) Gu(x7)
i = 100) "9 (%)) Hé’*")], (35)

and for j > k, we set Hrfi’]f) = H,fli{ ). The step-size {2’ (n) is as in RS-SPSA-N. Further,

. . i\ A .
as in the latter algorithm, we set H,, ;| = T([H,E’_,_“’])]}K}Ll) and let M, = Hn_~_ll denote its
inverse.

Actor update Using the gradient and Hessian estimates from the above, we update the policy
parameter 6 as follows:

K ()
. . A
6pi1 =T [9,5” 0200 3 M = (1 200000 () @ = o) 90 ()
j=1 "

— it — ) (xo))]. (36)

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 VgL(G, A)_], and the last term
in the brackets in (36) converges to VL (6, A). The Lagrange multiplier A 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 Sect. 4.4 and the details are omitted here.

S Average reward setting

The average reward under policy u is defined as

T-1
p(u) = lim_ %E [ZO Ry | u} = D d"@uaria) = 3 at @ arx,a),

X,a X,a

where d* and w# are the stationary distributions of policy u over states and state-action pairs,
respectively (see Sect. 2). The goal in the standard (risk-neutral) average reward formulation
isto find an average optimal policy, i.e., u* = arg max P (w). Forallstates x € X and actions
a € A, the differential action-value and value functions of policy u are defined respectively
as

Q"(x.a) = D E[R, — p(u) | xo = x. a0 = a. ],
n=0
Vi) = > ulalx) Q" (x, a).

These functions satisfy the following Poisson equations (Puterman 1994)

p(w) + VEx) = D ulalx)[r(x,a) + D P('|x, a)VH ()], 37

X

p(w) + Q" (x,a) =r(x,a) + Z P |x, a)V*(x). (3%)

X
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In the context of risk-sensitive MDPs, different criteria have been proposed to define a
measure of variability in the average reward setting, among which we consider the long-run
variance of p (Filar et al. 1989) defined as

1 T-1
A = Dt afrea) —pw]’ = lim —E [Z (Rn—pw))z]u] (39)

n=0

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(w) = n(w) = p(w)?*, where n(u) = D 7" (x, a)r(x, a)*,

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

meax,o(e) subjectto A(9) < «, (40)

for a given @ > 0.° As in the discounted setting, we employ the Lagrangian relaxation
procedure to convert (40) to the unconstrained problem

max min (L(O, ) 2 —p®) + (A®) — oz)) .

As in the discounted setting, we descend in 6 using VL(0,A) = —Vp(0) + AVA(H) and
ascend in A using V, L(0, A) = A(0) — «, to find the saddle point of L (6, 1). Since VA(0) =
Vn(@)—2p(@)Vp(0),in order to compute V A(0) it would be enough to calculate V p(6) and
Vn(6). Let U* and W# denote the differential value and action-value functions associated
with the square reward under policy 1, respectively. These two quantities satisfy the following
Poisson equations:

n(w) + UM (x) = > pwlaln)[rx, a)’ + D P |x, ) UM ()],

() + W (x, ) =r(x,a)° + 3 PE'lx, ) U (x)). @1)

x/

The gradients of p(#) and n(0) are given by the following lemma:

Lemma 3 Under (Al) and (A2), we have

Vp©) = > 7’ (x.a)Vlog u(alx: 0)Q(x. a; 0), (42)
Vn0) = Zne(x, a)Vlogu(alx; 0)W(x,a;0). 43)

Proof The proof of Vp(0) can be found in the literature (e.g., Sutton et al. 2000; Konda
and Tsitsiklis 2000). To prove Vn (@), we start by the fact that from (41), we have U (x) =
> m(x|la)W (x, a). If we take the derivative w.r.t. 6 from both sides of this equation, we
obtain

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 j, including the Sharpe ratio (SR),
i.e., maxg p(0)/+/A(0). The extension to SR will be described in more details in Sect. 3.
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VUE) =D Vuxla)W(x,a) + D u(xla)VW(x, a)

=D Vula)Wx,a)+ D pxla)V(r(x.a)* —n+ D P('lx,a)U ()
=D Vulla)W(x,a) = Vin+ D ulalx) P(x'|x, a)VU (x). (44)

a,x’

The second equality is by replacing W (x, a) from (41). Now if we take the weighted sum,
weighted by d*(x) = D? (x), from both sides of (44), we have

D dMx)VUx) = D d"(x)Vulal)W(x,a) — Vn

X X,a

+ Z d* () u(alx)P (' |x, a)VU (x'). 45)

x,a,x’

The claim follows from the fact that the last sum on the RHS of (45) is equal to
> dM(x)VU (x). O

Note that (43) for calculating V7 (6) has close resemblance to (42) for Vp (), and thus,
similar to what we have for (42), any function » : X — R can be added or subtracted
to W(x, a; 6) on the RHS of (43) without changing the result of the integral (see e.g.,
Bhatnagar et al. 2009a). So, we can replace W (x, a; ) with the square reward advantage
function B(x, a; 0) = W(x,a; 0) — U(x; 0) on the RHS of (43) in the same manner as we
can replace Q(x, a; ) with the advantage function A(x, a; 0) = Q(x,a;60) — V(x;6) on
the RHS of (42) without changing the result of the integral. We define the temporal difference
(TD) errors 8, and €, for the differential value and square value functions as

81 = R(Xns @) — Pt + V(@ar1) — V(xn),

€ =R, @) = Tt + Uns1) — U(xn).

If \7, U , 0, and 7] are unbiased estimators of V#, U*, p(u), and (), respectively, then we
show in Lemma 4 that §, and ¢, are unbiased estimates of the advantage functions A* and
B*, ie., E[8,] xn, an, u]l = A*(x,, an) and E[ €, xp, ay, ] = B* (xp, ap).

Lemma 4 For any given policy |1, we have
E[8,| Xn, an, ] = A¥(xn, an), El€y| xn, an, u] = B (x4, ap).

Proof The first statement E[ 3, | x,,, an, #] = A*(x,, a,) has been proved in Lemma 3 of
Bhatnagar et al. (2009a), so here we only prove the second statement E[ €, | x,, a,, u] =
B*(x,, a,). we may write

E[6n| Xn, dn, M] = E[R(Xn, an)z - ﬁn+1 + ﬁ(anrl) - ﬁ(xn) | Xn, Ap, ,l,L]
= (s an)® = G0 + E[U g1 | X, an, 1] — U (x)
= rn an)® = n(0) + E[E[0 Goust) Lxners 1] | 20, an | = UP ()

= (s an)® = () + E[U @ng1) | Xy an] — UP(x)
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rGan)” = (W) + D PGagln, an) UM (xup1) —U™ ()

Xn41€X

WH(x,a)
B*(x, a).

[m}

From Lemma 4, we notice that §,,%,, and €, 1, are unbiased estimates of Vp () and Vn(u),
respectively, where ¥, = ¥ (x,, a,) = Vlog u(a,|x,) is the compatible feature (see e.g.,
Sutton et al. 2000; Peters et al. 2005).

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 0y, 7,; TD errors 8, €,; critic vy, u,; and actor 6,,, A, parameters. The pro-
jection operators " and I, are as defined in Sect. 4, and similar to the discounted setting, are
necessary for the convergence proof of the algorithm. The step-size schedules satisfy (A3)
defined in Sect. 4, plus the step size schedule {¢4(n)} satisfies {4(n) = k¢3(n), for some
positive constant k. This is to ensure that the average and critic updates are on the (same)
fastest time-scale {¢4(n)} and {¢{3(n)}, the policy parameter update is on the intermediate
time-scale {¢»(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 1(-|-; 6) and value function feature vectors ¢y (-) and ¢y (+)
Initialization: policy parameters 6 = 6; value function weight vectors v = vy and u = ug; initial state
xp ~ Po(x)
forr=0,1,2,...do
Draw action a,, ~ j(-|xy; 6,) and observe the next state x| ~ P(:|xp, a,) and the reward R(x;, a,)

Average Updates: 7,1 = (1 - 4‘4("))@1 + La(m)R(xp, an), (46)
Tt = (1= 2400) 7 + LR (xn. an)?
TD Errors: 8, = R(xn, an) — i1 + Uy o (Xny1) — Uy ()

en = R(xp, an)2 - ;l\n+1 + u;¢u (xn+1) - u;@: (xn)
Critic Update: v, | = vy + {3(0)8n Qv (xn), Upy1 = tn + {3(m)€nPu(xn)

Actor Update: 6,11 = (6 = ©200( = duvn + Anentin = 2n189m)))  (47)
bt = o (o + S @1 = Piyy — @) (48)

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(x) = v'¢,(x) and U(x) = u'¢,(x), where ¢,(-) and
¢, () are feature vectors of size k> and «3, respectively.
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Although our estimates of p(6) and 1(0) are unbiased, since we use biased estimates for
v? and U? (linear approximations in the critic), our gradient estimates Vp(0) and Vn(0),
and as aresult VL(6, 1), are biased. The following lemma shows the bias in our estimate of
VL@, ).

Lemma 5 The bias of our actor-critic algorithm in estimating VL(6, ) for fixed 6 and A is

B, 1) = Z D"(x)( — (14220®)[VV(x) — V1 T, (x)]

+3[V0” ()~ Vu'Tgu()]),

where v9T¢v(-) and u9T¢u(-) are estimates of VO and U? () upon convergence of the TD
recursion, and

Vi) =D ualo[rea) = p@) + D PEIx.a)” ¢y (x)].

a x/

U (x) = D pan[rx, a)* = nO) + D P(|x, a)u’" ¢ ().

Proof The bias in estimating VL(6, 1) consists of the bias in estimating Vp(0) and Vn(0).
Lemma 4 in Bhatnagar et al. (2009a) shows the bias in estimating Vp(6) as

E[8010] = Vp(©) + > D’ x)[VV’(x) = Vo’ T g, (x)],
xeX

where 8,’2 = R(xp, ap) — P11 + v T, (Xn+1) — Ty (x0). Similarly we can prove that the
bias in estimating Vn(0) is

Ele)ya0] = Vn(©) + > D’ (0)[VU’ (x) — Vu’ Ty (x)].
xeX

where 62 = R(xp, ap) — Mpe1 + uGTqbu (Xp41) — uOTqbu (x5). The claim follows by putting
these two results together and given the fact that VA@B) = Vn(@) — 2p(@)Vp(@) and
VL@,)) = —Vp()+ A1V A(H). Note that the following fact holds for the bias in estimating
Vp(@) and Vn(6):

D DW[VI@) =" Tgu] =0, D> D0 x) —u’Tpu(x)] =0.

X X

[m}

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

(Vo@) — L9y 40,

1
VA®) 2A(0)
and thus, the actor recursion for the SR-variant of our average reward risk-sensitive actor-
critic algorithm is as follows:

VS(©0) =

£2(n)
1/ ﬁn—»—l - I/O\,%Jr]

Note that the rest of the updates, including the average reward, TD errors, and critic recursions
are as in the risk-sensitive actor-critic algorithm presented in Algorithm 2. Similar to the

Pn+1(€nrn — 2ﬁn+15n¢fn))). 49)

Ont1 = F(@ + — P,
" ! 2(Anst — Pryy)

(an Yn —
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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 Filar et al. (1989)

Ap) =E [Z Y" (Ra — oy (M))2:| , (50)

n=0

where p, (1) = X, dy (x|x®)(alx)r(x,a) and dj (x|x°) is the y-discounted visiting
distribution of state x under policy p, defined in Sect. 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, 1).

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 Borkar (2008))
to analyze their convergence. We first provide the analysis for the SPSA based first-order
algorithm RS-SPSA-G in Sect. 7.1 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 evaluates
the value/square value functions for both unperturbed as well as perturbed policy parameter.
On the other hand, the outer loop is a two-timescale stochastic approximation algorithm,
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 6-recursion
sees the A-updates on the slower timescales as quasi-static, while the slower timescale -
recursion sees the 6-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 -Vt (x9) +A(X9 @ —a)=— Ve ERES ([’]‘9 (x%—
V9 (x%)?% — Ot) 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.
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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 6-recursion tracks the
ODE (55) in the asymptotic limit, for any given value of A on the slowest timescale.
Step 3: Convergence of \-recursion This step is similar to earlier analysis for con-
strained MDPs. In particular, we show that A-recursion in (19) converges and the overall
convergence of (6, A,) is to a local saddle point (0}‘*, A*) of Z(@, 2), with o+ satisfying
the variance constraint in (3).

Step 1: (Critic’s convergence) Since the critic’s update is in the inner loop, we can assume
in this analysis that 6 and A 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 (12), for any given policy 6.

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

Asm — oo, v, = UVand u, — U a.s.

In the above v and u are the solutions to the TD fixed point equations for policy 0 [see (12)
in Sect. 4.2].

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 — 9T and u, — a™
a.s., where v+ and # ™ are the unique solutions to TD fixed point relations for perturbed policy
6, + Bn Ay, where 6,,, B, and A, correspond to the policy parameter, perturbation constant
and perturbation random variable. The latter quantities are updated in the outer loop—see
Algorithm 1.

We first provide a proof of Lemma 2 (see Sect. 4.2), 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 2) We employ the technique from Tamar et al. (2013a) to prove this result.
First, it is well-known that [T, Tve is a contraction mapping [cf. Lemma 6 in Tsitsiklis and
Roy (1997)]. This can be inferred as follows: For any y, y € R?¥1,

1Ty = 15l pe = ¥ llyo = Full po-

We have used the fact that | P%v|| po < [[v]l o for any v € R!*! [For a proof, see Lemma
1 in Tsitsiklis and Roy (1997)]. The claim that [T, TU9 is a contraction mapping now follows
from the fact that the projection operator /T, is non-expansive under || - || 0 norm.

Now, forany y, y € R2¥! we have

1, TYy — I, T 5| o
= 12y 1, R° P%y, — 2y I1,R° P35, + y* 11, Py, — v IT, PY 3, || po
<2y |, R° Py, — I, R® P55yl po + ¥ 1l yu — Full po
< ¥Cillyo = Follpo + Y21y — Full pe. (51)

for some C; < oc. The first inequality above follows from the aforementioned facts that P?
and [T, 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 Tamar et al. (2013b)].
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Cy

Setting v = et
e+yCy

, where € is such that y 4+ € < 1 and plugging in (51), we obtain
1a7?y —aT’s|,
=VIT)y = T3l + (A = ILT]y — T3 e
<vyliy = Follpe + (A = )YCillys = Foll po + (1= v)¥*llyu — Full po
vy +Elyv = Wollpe + A =V)¥lyu = Yull pe
=¥ +aly =yl

The claim follows by setting y = y + €. O

Proof (Theorem 2) The v-recursion in (13) 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 (12) can be inferred from Tsitsiklis and
Roy (1997).

Using an approach similar to Tamar et al. (2013a), we club both v and u recursions and
establish convergence using a stability argument in the following: Let wy, = (U, tm)".
Then, (13) can be seen to be equivalent to

Wit =Wy + 3m)(Mw,, +& + AMy, 1), where

o'Dl(yP? — o, 0 )
M = v and
( 2y@IDROPY®, ®TDY(y*P? — D@,
_( 21D’
5= (q)JD‘)R"r@ ' ©2)

Further, AM,, 1 is a martingale difference, i.e., E[AM,,y+1 | Fn] = 0, where F,, is the
sigma field generated by w;, AM;, [ < m.
Let h(w) = Mw + &. Then, the ODE associated with (52) is

wy = h(w,). (53)

The above ODE has a unique globally asymptotically stable equilibrium, since M is a negative
definite. To see the latter fact, observe that M is block triangular and hence its eigenvalues
are that of @] DY (y P? — 1Y@, and @] D? (2 P? — I)®,,. It can be inferred from Theorem 2
of Tsitsiklis and Roy (1997) that the aforementioned matrices are negative definite. For the
sake of completeness, we provide a brief sketch in the following: For any V € R!?*!, it can
be shown that || P? V| po = IV pe [see Lemma I in Tsitsiklis and Roy (1997) for a proof].
Now,

viD?y PPV <y [(D")'2V] [(D")'2PV||
=y IVIpe IPVIpe
<y VI, .

Hence, VTD?(y P* — )V < (y = D VI3, < 0. By (A3), we know that @, is full rank
implying the negative definiteness of @ D?(y P —I®,. Using the same argument as above
and replacing @, with @, and y with 2, one can conclude that cD,IDG 2P’ — DHo,.

The final claim now follows by applying Theorems 2.1-2.2(i) of Borkar and Meyn (2000),
provided we verify assumptions (A1)—(A2) there. The latter assumptions are given as follows:
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(A1) The function & is Lipschitz. For any ¢, define h.(w) = h(cw)/c. Then, there
exists a continuous function /4, such that i, — hoo as ¢ — oo uniformly on compacts.
Furthermore, origin is an asymptotically stable equilibrium for the ODE

Wy = hoo(wy). (54
(A2) The martingale difference {AM,,, m > 1} is square-integrable with
E[| AMy111* | Fu] < Co(1 + wml|?),m = 0,

where Cy < o0.

It is straightforward to verify (A1), as h.(w) = Mw + & /c converges to hso(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 algorithm
with function approximation satisfies a bound on the second moment (cf. Tsitsiklis and Roy
1997). O

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

)Ln+l = Fk |:)\n + é‘z(l’l)[:](l’l)]

where H (n) = gz:; (u;qbu (x9 — (v,{q&v (xo))2 - a). Since the critic recursions converge,
i(n) _

it is easy to see that sup,, H (n) is finite. Combining with the observation that Hm = o(l)
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 6 is equivalent to gradient descent for the
function L(#, 1) and converges to a limiting set that depends on A.

Consider the following ODE

b, =TI (VL6 1), (55)

with the limiting set Z; = {6 € C : I'(VL(6,, 1)) = 0}. In the above, I'(-) is a pro-
jection operator that ensures the evolution of 6 via the ODE (55) stays within the set
e = [I:L,[6 @ g 1 and is defined as follows: For any bounded continuous function

f(')’ min

re+zc/6) -6
- :

I(f(6) = lim (56)
Notice that the limit above may not exist and in that case, as pointed out on pp. 191 of Kushner
and Clark (1978), one can define I (f(@)) to be the set of all possible limit points. From the
definition above, it can be inferred that for 6 in the interior of ®, f( f(6)) = f(0), while
for 6 on the boundary of ®, I (f(9)) is the projection of f(6) onto the tangent space of the
boundary of ® at 6.

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, 6, updated according
to (19) converges almost surely to 0* € Z;.
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The proof of the above theorem requires the following lemma which shows that the
conditions m,, B, in (A4) ensure that the TD-critic does not introduce any bias from a finite
sample run length of m,,.

Lemma 6 Let

(W — va) oy (x°) (uﬁ—-un)T¢u(x°))

A —a : :
By Budry)

LO.)2-V0%)+ (0% — V' (x"2 —a),

7 é((l + 2207y (x0))

where V(G) = ¢3(x"70 and U 0) = ¢z (x"Tii denote the approximate value and square
value functions for policy 6.”
Then, we have that

‘]E (Tn@ |9,,) _ vi(en,)\)‘ = 0B, fori=1,....x1.

Proof Let

@ =)o) @ — i) (x")
gay gAY )

From Theorem 1, we know that the critic parameters vy, u,, converge to their limits v, i at

the rate O (m~'/2) and hence, after m,, steps of the TD-critic, &1, = O( mln 7 ). Now, from

(A4), we have that ﬁ — 0 and hence & ,, vanishes asymptotically. Hence, we have

E1n = (T,,“') - ((1 + 220"y (x0))

(57

o L G DTRG0t - )T hu)
70 = ((1+22576,(:) Py )

We next show that the RHS above is an order O(f82) term away from the gradient of the
Lagrangian L(6,, 1). Using a Taylor’s expansion of V (-) around 6,, we obtain:
B
2

Taking expectations and rearranging terms, we obtain

s [( VO + ) ~ V<9n>) e,,}
B AL

ATVV (6, ATV2 V(6,)A
A A
n n

VO + Bndn) = V6a) + Budn 'V V(0) + A, VEV(6,) Ay + OB).

~ AD
=ViVO)+E| > ViVl 16, |+ 0B

j#i Sn
= ViV(6,) + O(B>). (58)

In the above, we have used the fact that A, is i.i.d. Rademacher and independent of 6,,.

7 For notational convenience, we drop the dependence of v and u on the underlying policy parameter 6 and
this dependence should be clear from the context.
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In a similar manner, defining U (6,) = ¢;(x*)Ti and U (6, + BaAn) = ¢+ (O) T+, we
can conclude that
E [ (F/(en + B ) — 0(@))
Bndn

en] =V;U(6) + O(BD). (59)
The claim now follows by plugging in (58)—(59) into (57). O

In order to the prove Theorem 3, we require the well-known Kushner—Clark lemma (see
Kushner and Clark 1978, pp. 191-196). For the sake of completeness, we recall this result
below.

Kushner—Clark lemma Consider the following recursion in x1-dimensions:

Xp1 = I (xp +a(m)(h(xn) + 1,0 + 82.0)), (60)

where I' projects the iterate x, onto a compact and convex set, say C € R". The ODE
associated with (60) is given by B
x(t) = I'(h(x())), (61)

where I” is a projection operator that keeps the ODE evolution within the set C and is defined
as in (56).
We make the following assumptions:

(B1) £ is a continuous R*!-valued function.

(B2) The sequence &1 ,,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 — oo and Y, a(n) = oo.
(B4) {&.,, n > 0} is a sequence such that for any € > 0,

iaiél,i > 6) =0.

lim P (sup
n—00 m>n :

(B5) The ODE (61) has a compact subset K of R*! as its set of asymptotically stable
equilibrium points.

The main result (see Kushner and Clark 1978, 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 (19) as follows:
01 =T (0,5"’ + 620 (VL6 ) + 10 + sz,n)), (62)
where
10 =E (7.0 16,) = VL©n. ),
=T -E(T106,).

with Z,(i) defined as in Lemma 6.
We now verify (B1)—(B5) for the above recursion:
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— 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 Schweitzer (1968) that the stationary
distributions D)o; (x|x9) and 673 (x]x0) are continuously differentiable. This in turn implies
continuity of VV(@H) and VU (6,). Thus, (B1) follows for VZ(H,[, A).

— Inlight of Lemma 6 and (A4), we have that §; , — 0 asn — oo.

— (A4) implies (B3).

— A simple calculation shows that E(szyn)z < IE)(’Z;,(i))2 < C3/ﬂ,% for some C3 < 0.
Applying Doob’s inequality, we obtain

) 00
1
F (7“‘;3 > )| = e) =5 2 0m’E &)’ (63)
= n=k n=k
C3 — 2
56—3 > Q};’; —0. (64)

3
Il
~

Thus, (B4) is satisfied.
— Z, is an asymptotically stable attractor for the ODE (55), with L(0, A) itself serving as
a strict Lyapunov function. This can be inferred as follows:

dLo,%) _~ N . _
— = VL(®,1)0 =VLO,)I'(—VL®, 1) <O0.
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 Z(Q, L.

We define the following ODE governing the evolution of A:

o= LAY —a] = B[O G0 -V (%% -], (65)

where 6% is the limiting point of the §-recursion corresponding to A;. Further, I is an
operator similar to the operator I defined in (56) and is defined as follows: For any bounded
continuous function f(-),

LA+ 1f(0) — A

L(fon) = li 66
5 (f ) Tim, - (66)
Theorem 5 A, — F almost surely asn — oo, where F 2 {k | & € [0, Amax], f‘;L [/’\\9'\ %

—a] =0, 0* € 2}

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

A1 =T} [xn +1 (n)(wu @) — (7o) - + sz,,,)],

where &, := (uld)u % — (v,quﬁv(xO))z) — (ﬁT¢u x% — (07 y (xo))z). Note that the con-
verged critic parameters v and i are for the policy 67, The latter is a limiting point of the
O-recursion, with the Lagrange multiplier A,,. Owing to convergence of f-recursion and also
TD-critic in the inner loop, we can conclude that & , = o(1). Thus, & , adds an asymp-
totically vanishing bias term to the A-recursion above. The claim follows by applying the
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standard result in Theorem 2 of Borkar (2008) for convergence of stochastic approximation
schemes. O

Recall that L(6, 1) = —V?(x%) + (A (x°) — «) and hence V; L0, 1) = A (x) — a.
Thus,

I:A[Zek(xo) — Ol] =0,
is the same as
LWV LO*,0) =0.

As in Borkar (2005), we invoke the envelope theorem of mathematical economics (Mas-
Colell et al. 1995) to conclude that the ODE (65) is equivalent to the following

A = L[VAL6™, ). (67)
Note that the above has to interpreted in the Cartheodory sense, i.e., as the following integral
equation

t
A= Ao +/ L[ VAL O™, a9)]ds.
0

As noted in Lemma 4.3 of Borkar (2005), using the generalized envelope theorem from
Milgrom and Segal (2002) it can be shown that the RHS of (67) coincides with that of (65)
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 A* satisfies the variance constraint in
3),1i.e.,

Proposition 1 For any 3* in £ = {3 | % € [0, Amax), [3[A7" (x%) —a] =0, 6* € 2],

the corresponding limiting point o*" satisfies the variance constraint AV =% <a.

Proof Follows in a similar manner as Proposition 10.6 in Bhatnagar et al. (2013). O
From Theorems 3, 4, 5 and Proposition 1, it is evident that the actor recursion (19)

converges to a tuple (6*", A*) that is a local minimum w.r.t. 6 and a local maximum w.r.t. A of

L(#, 1).In other words, overall convergence is to a (local) saddle point of L (6, 1). Further, the

limit is also feasible for the constrained problem in (3) as 6*" 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.

7.2.1 Proof of Theorem 3 for SF

Proof As in the case of the SPSA algorithm, we rewrite the 6-update in (20) using the
converged TD-parameters and constant X as
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' ' NG 0
Ol =n~(0,§” —;z(n>( An” (L4 25906D) 4 7 40)

! B
(@)
Ay -
Il )" (x°) + sl.n)),
where &1 , — 0 by using arguments analogous to those in the proof of Lemma 6. Next, we
AD

n

establish that E |: @ =)o, 9 |0, Ai| is an asymptotically correct estimate of the
gradient of V() in the following:

n

@)
E [Aﬁ @ = 0)Tpy(x°) | 6,, A:| —> Vit ¢, () as. as n — 0.

n

The above follows in a similar manner as Proposition 10.2 of Bhatnagar et al. (2013). On
similar lines, one can see that

n

()
A
E [ ﬂ” @t = )y (x°) |6, x} — Vi ¢y (x%) as. as n — oo.

Thus, (20) can be seen to be a discretization of the ODE (55) and the rest of the analysis
follows in a similar manner as in the SPSA proof. O

7.2.2 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
involving the analysis of A-recursion follow along similar lines as earlier, whereas 6-recursion
analysis in the second step differs significantly.

Step 2: (Analysis of 0-recursion for RS-SPSA-N and RS-SF-N) Since the policy parameter
is updated in the descent direction with a Newton decrement, the limiting ODE of the 6-
recursion for the second order algorithms is given by

6= I (Y(V2L©, ) ' VLE, L), (68)
where I" is as before [see (56)]. Let
z={0c0:—VLE N T(ViLE. W) 'VLE, 2 =0].

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 B € (0, Bo), 6, — 0% € Z5 almost surely.

7.2.3 Proof of Theorem 6 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 VQZL(Q,,, A) in the following lemma.
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Lemma 7 Foralli, j € {1,...,«k1}, we have the following claims with probability one:
N LGy + Budrn + Budn, ) — LBy, 1)
® A = Ve L On 1) > 0,
ﬂnAn Ay "
L(® A Ap,)) — L6y,
O +ﬁﬂ"AA(,~'f 2RO L6
n n

(i) |HE) — vg(,., G ,\)H -0,

@) |M =1V} L@ 7| >0

Proof The proofs of the above claims follow from Propositions 10.10, 10.11 and Lemmas
7.10 and 7.11 of Bhatnagar et al. (2013), respectively. O

Proof (Theorem 6 for RS-SPSA-N) As in the case of the first order methods, due to timescale
separation, we can treat A, = X, a constant and use the converged TD-parameters to arrive
at the following equivalent update rules for the Hessian recursion (30) and 8-recursion (31):

L+ An(vn + U+)T¢v (XO)) (Un — vy )T¢v(x0)
ﬂzAs) ’\I(qj)

HED = BED 4 o )[(

M — i)' i)
ﬂzA(i) A(]) n ’

i i 1+ 2107 ¢, 0 ot — 0,) 0
9()1_[‘[9(’)4_{2(”)21‘4( J)(( U, $o (x ))(Z)j) Up) @y (x7)
j=1 ,BnAn
Aty — i) Tu (x°)
B Bu A )]

By a completely parallel argument to the proof of Lemma 6 in conjunction with Lemma 7,
the f-recursion above is equivalent to the following:

o) =1 (9,5” + 02(n) (V2L (6, 1)~ VLG, x)). (69)
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.
]

7.2.4 Proof of Theorem 6 for RS-SF-N

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

Lemma 8 We have the following claims with probability one:

(i) HE [ﬂ%H(An)(L(Qn 4 Budns ) — LB, 1) | 6, x] — V2L(6n. 2) H 0.

(ii) |I1E [i
B

n

An(L(en + ﬁnAn, }”) - L(Gnv )V)) | 9,1, )\i| - VL(Qn» )\)” — 0.
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Proof The proofs of the above claims follow from Propositions 10.1 and 10.2 of Bhatnagar
et al. (2013), respectively. O

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 Konda and Tsitsiklis (2004), 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 9-recursion,
assume (for sufficiently large n) that the TD-critic has converged in the inner-loop. This is
because, the trajectory lengths m,, — oo as n — oo and under appropriate step-size settings
(or with iterate averaging) one can obtain convergence rate of the order O (1 / ﬁ) on the
root mean square error of TD (see Theorem 1). Now, if one holds X fixed, then invoking
asymptotic normality results for SPSA [see Proposition 2 in Spall (1992)] it can be shown
that n'/3(6, — 6%) is asymptotically normal, where * is a limit point in the set Z; . Similar
results also hold for second-order SPSA variants [cf. Theorem 3a in Spall (2000)]. Both
the aforementioned claims are proved using a well-known result on asymptotic normality of
stochastic approximation schemes due to Fabian (1968).

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 {(n) is set to £2(0)/n
where £7(0) > 1/Amin (VgL(G’\, ))), whereas there is no such constraint for the second-order
algorithm RS-SPSA-N. Here Ay (A) denotes the minimum eigenvalue of the matrix A. The
reader is referred to Dippon and Renz (1997) 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
O-recursion. For instance, define a n-offset policy as

ula|x)+n

> (@ | x)+n)
a’'e A(x)

Ala | x) =

The above policy can be used in place of the regular (- | x), 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 (Borkar 2008) to analyze the conver-

gence 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 n 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 A recursions track 6"; = 0and X, = 0, when viewed from the TD critic timescale
{¢3(2)}. Thus, the policy 6 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 6, to an e-neighborhood Z of the set
of asymptotically stable equilibria Z, of ODE

b, = I'(VL®;, 1)), (70)

where the projection operator I” ensures that the evolution of 6 via the ODE (70) stays
within the compact and convex set ® C R*! and is defined in (56). Again here it is
assumed that A is fixed because f-recursion is on a faster time-scale than A’s.

3. The final step is the convergence of A and showing that the whole algorithm converges
to a local saddle point of L(6, A). where the limit is shown to satisfy the variance
constraint in (40).

Step 1: Critic’s convergence

Lemma 9 For any given policy [, {pn}, {1}, {vn}, and {u,}, defined in Algorithm 2 and by
the critic recursion (46) converge to p (1), n(w), v¥, and u* almost surely, where v* and ut*
are the unique solutions to

&, D vt = @] DT (Dy0H), &) D' ut = @) D' TH(D,ut), (71)

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

T =r* —p(we+ P*J, THJ =R'r* —n(we+ 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 Bhatnagar et al. (2009a). It is based on verifying the
Assumptions (A1)—(A2) of Borkar and Meyn (2000), and uses the second part of Assumption
(A3) of our paper, i.e., v € R*?, for every v € R*2. The proof for p(u) and v* can be easily
extended to the square average reward 1(u) and square differential value function . O

Step 2: Actor’s convergence

Let 2, = {9 €O : T ( — VL, A)) = 0} denote the set of asymptotically stable
equilibrium points of the ODE (70) and Z¢{ = {9 €O |0 -0 <e& 6y € Zx} denote the
set of points in the e-neighborhood of Z;. The main result regarding the convergence of the
policy parameter in (47) is as follows:

Theorem 7 Assume (Al)—(A4). Then, givene > 0, 3B > Osuchthat for6,, n > 0obtained
by the algorithm, if supy |B(6n, M|l < B, then 6, governed by (47) converges almost surely
to Z5 asn — oQ.
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Proof Let F(n) = 0(0,,, m < n) denote a sequence of o-fields. We have

6urt = (60 — 200 = 8a¥n + Aen¥in — 2B0415:9)) )
= I'(6n + 2001+ 225080 — 2 Aenf)

- F(en — a1+ 22 ((Prs1 = p60) + p(6)) |E[8% vl F ()]
=21+ 2B = P6) + pO) | (809 — E[8 1 F ()] )
= a[1+22((Pus1 = p6) + (@) |E[(61 — 80| F ()]

+ 2 MAE[ Y| F )] + 202 (€0 — Elentra Fn)])

+ £ (MAE[ (€, — e"")wn|f(n>]).

By setting &, = 0,+1 — 0(6,), we may write the above equation as

Ony1 = F(en — M1+ 21 (& + pO) JE[8" v | F ()] (73)

= m[1+22(& + pO)] (a9 — E[8 9| F ()] )
= 2[1 4+ 246 + )] B[ — 8%yl F ()]
+
+ 2 AE[e™ Y|l F )] + 20 (€0 — E[en vl Fn)])
+ E2(AE[(en — ")y F )] ) (74)

+

Since Algorithm 2 uses an unbiased estimator for o, we have p,+1 — 0(6,), and thus, &, —
0. The terms (+) asymptotically vanish in light of Lemma 9 (Critic convergence). Finally
the terms () can be seen to vanish using standard martingale arguments [cf. Theorem 2 in
Bhatnagar et al. (2009a)]. Thus, (73) can be seen to be equivalent in an asymptotic sense
to

Ot = T (60 = £200[1 + 209 O [E[6" v F)] + L20AE[ v F)]). (75)

From the foregoing, it can be seen that the actor recursion in (47) asymptotically tracks the
stable fixed points of the ODE

b, = f(VL(e,, 2 + B, x)). (76)
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Note that the bias of Algorithm 2 in estimating VL (0, A) is (see Lemma 5)

B@®.1)=> D’ (x){ — (14 220@)[VV (x) — V1 T, ()]

+ VO ) = Vil g, ()]},

Since the bias supy ||B(6, A)|| — 0 by assumption, the trajectories (76) converge to those
of (55) uniformly on compacts for the same initial condition and the claim follows. O

Remark 13 (Biasin estimating gradient) We do not always expect thatsupg [|B(0, 1)|| — 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. (2009b).

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, 1). Consider the ODE

A = D (A0™) — @), (7
where IZ'A is a projection operator that forces the evolution of A via (65) is within [0, Amax]
and is defined in (66).

Theorem 8 X, — F almost surely ast — oo, where F 2 (A1 & €10, kmax], T3 (A% —
a) =0, 0% € Z,}.

Proof The proof follows in a similar manner as that of Theorem 3 in Bhatnagar and Laksh-
manan (2012). ]

As in the discounted setting, the following proposition claims that the limit 6*" corre-
sponding to A* satisfies the variance constraint in (40), i.e.,

Proposition 2 For any 1* in F = {1 | & € [0, Amax), [3[A7 %) —a] = 0, 6% € 2],
the corresponding limiting point o+ satisfies the variance constraint A7 @Y <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 i, = I [VAL (CEI ,)] and thus, the actor parameters
(6,1, L) updated according to (47) converge to a (local) saddle point (9’\*, A*) of L9, M).
Morever, the limiting point 6*" satisfies the variance constraint in (40).

9 Experimental results

We evaluate our algorithms in the context of a traffic signal control application. The objective
in our formulation is to minimize the total number of vehicles in the system, which indirectly
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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.

9.1 Implementation

We consider both infinite horizon discounted and average settings for the traffic signal control
MDP, formulated as in Prashanth and Bhatnagar (2011). We briefly recall their formulation
here: The state at each time 7, x,,, is the vector of queue lengths and elapsed times and is
given by x, = (q1(n),...,gnn), t1(n), ..., ty(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 i. The actions a, belong to the set of feasible sign
configurations. The single-stage cost function 4 (x,) is defined as follows:

he) =r1 %[ D rxgi(n) + D s2%qi(n)]

iely i¢l,
+Sl*[Zrz*ti(”l)-i-z.?z*ti(n)], (78)

ielp i¢]p
where r;,s; > 0 such that r; +5; = 1fori = 1,2 and rp > s;. The set I, is the set

of prioritized lanes in the road network considered. While the weights rq, s; are used to
differentiate between the queue length and elapsed time factors, the weights 2, s» 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 /(x,) 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

o0 bra

o Vx € X, Va € A. (79)

Mo (x,a) =
a’ e A(x) €

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 6 as well as the perturbed policy parameter 1 (algorithm-specific).
We run each algorithm for 500 iterations, where the run length for a particular policy
parameter is 150 steps.

Policy test phase After the completion of the policy search phase, we freeze the pol-
icy parameter and run 50 independent simulations with this (converged) choice of the
parameter. The results presented subsequently are averages over these 50 runs.

We implement the following algorithms using the Green Light District (GLD) simulator
(Wiering et al. 2004)3:

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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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:

o), =1 (0,5” + Q(ni)) (v —v) oy (x”)),
BA

n

where the critic parameters vy, 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)
technique. The update of the policy parameter in this algorithm is given by

@)
) ) A
o) =1 (9,5” +om(=-w) - vn)%v(xo))).

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: Fori, j = 1,...,«1,1 < j, the
update is

(n — ;)7 (x9)
Hy) = H + ;z’(n)[—” e — Hy (80)
B2AL A
and for i > j, we set Hrf;jl) = H,fill) As in RS-SPSA-N, let M, E Hn_l, where
H, =7 ([H,E”J)]lk}lzl). The actor updates the parameter 0 as follows:
K1 T 0
' ; ) (O = )Ty (x?)
6%, =13 [95” + 6o D M () | (81)
j=1 BA,

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: Fori, j, k =1, ..., k1, j < k, the Hessian
update is
(i)
. . Ay =1 o
mesin: 1) =+ 60 [ o) - ]
(k) ) A AP 0 (k)
Hnil = Hn'/, + {é(”)[T(vn - U,T)Tdh;(x ) — HnL :|,
. .k _ ki) FANP o R
and for j > k, we set Hn+l = Hn+1 . As before, let M,, = H,”', with H,, formed as

in SPSA-N. Then, the actor update for the parameter 6 is as follows:
@) ' i A%
i
Actor: 6\") = r,-[e,ﬁ” +om > M T(v,jr - vn)T¢>v(x°)].
j=1

The rest of the symbols, including the critic parameters, are as in RS-SPSA-N.
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5. RS-SPSA-G This is the first-order risk-sensitive actor-critic algorithm that attempts to
solve (40) and updates according to (19).

6. RS-SF-G This is a first-order algorithm and the risk-sensitive variant of SF-G that
updates 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 (31).

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 Tamar et al.
(2012). 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 A-recursion that is identical to that of our algorithms (see Eq. 21). In contrast, the
algorithm proposed in Tamar et al. (2012) 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,, := Z,f:oo VIn pg (X, an) denote the likelihood deriva-

tive. Then, the update rule is given by

Vn-&-l :‘7n + ¢3(n) (Dn - ‘711)
A~n+l :/in + ;3(”)(D;% - ‘7”2 - A~n)
09, =n; (en + 02(n)(Dy — A (D — 2Dn\7,,))z,<j>) =1,

D1 =T [xn + a1 (An - a)]

Note that the f-recursion above corrects an error (we believe it is a typo) in the corre-
sponding update rule [i.e., Eq. 13 in Tamar et al. (2012)]. Unlike the above, Eq. 13 in
Tamar et al. (2012) is missing the multiplier D,, in the last term in the 6-recursion. The
latter multiplier originates from the gradient of the value function [see Lemma 4.2 in
Tamar et al. (2012)].

Average setting

1. AC This is an actor-critic algorithm that minimizes the long-run average sum of the
single-stage cost function /(x,), without considering any risk criteria. This is similar
to Algorithm 1 in Bhatnagar et al. (2009a).

2. RS-AC This is the risk-sensitive actor-critic algorithm that attempts to solve (40) and
is described in Sect. 6.

All our algorithms incorporate function approximation owing to the curse of dimension-
ality associated with larger road networks. For instance, assuming only 20 vehicles per lane
of a 2 x 2-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 the fea-
ture selection scheme from Prashanth and Bhatnagar (2012) 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 L units, between L and
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Fig. 2 The 2 x 2-grid network used in our traffic signal control experiments

L» units or greater than L; units. By placing magnetic sensor loops on the lane at distances
L1 and L, from the junction, it is possible to obtain coarse congestion information. Assume
another threshold 77 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 T leading a to feature value that recommends red light, queue length more than
L, and elapsed time more than 7 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 Prashanth
and Bhatnagar (2012). The values L, L, and T are set to 6, 14 and 130, as recommended
in Prashanth and Bhatnagar (2012).

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. 2) 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 Prashanth and Bhatnagar (2011) and Prashanth and Bhatnagar (2012).
In all our experiments, we set the weights in the single stage cost function (78) as follows:
ry = rp; = 0.5and r, = 0.6,s» = 0.4. For the SPSA and SF-based algorithms in the
discounted setting, we set the parameter § = 0.2 and the discount factor y = 0.9. The
parameter « in the formulations (40) and (3) was set to 20. The step-size sequences are
chosen as follows:

1 1 ) 1 1
é‘l (l’l) = ;7 ;2(”) = n0_75 ’ ;2(”) = ﬁ? C?,(I’l) = n0-667 n=> 1. (82)

Further, the constant k related to {4 () in the risk-sensitive average reward algorithm is set to
1. Itis easy to see that the choice of step-sizes above satisfies (A4). The projection operator I
was set to project the iterate 6@ onto the set [0, 10], foralli =1, ..., k1, while the projection
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Fig. 3 Performance comparison in the discounted setting using the distribution of D? (x0). a SPSA-G versus
RS-SPSA-G, b SF-G versus RS-SF-G, ¢ SPSA-N versus RS-SPSA-N, d SF-N versus RS-SF-N

operator for the Lagrange multiplier used the set [0, 1000]. The initial policy parameter 8 was
set to the x1-dimensional vector of ones. All the experiments were performed on a 2.53GHz
Intel quad core machine with 3.8GB RAM.

9.2 Results

Figure 3 shows the distribution of the discounted cumulative cost DY (x°) for the algorithms
in the discounted setting. Figure 4 shows the total arrived road users (TAR) obtained for all
the algorithms in the discounted setting, whereas Fig. 5 presents the average junction waiting
time (AJWT) for the first-order SF-based algorithm RS-SF-G.” TAR 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 Fig. 6. In particular,
Fig. 6a shows the distribution of the average reward p, while Fig. 6b presents the average
junction waiting time (AJWT) for the average cost algorithms.

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

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. 4 Performance comparison of the algorithms in the discounted setting using the total arrived road users
(TAR). a SPSA-G versus RS-SPSA-G, b SF-G versus RS-SF-G, ¢ SPSA-N versus RS-SPSA-N, d SF-N versus
RS-SF-N

Fig. 5 Performance comparison 2ol ]
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The above observation is apparent from Figs. 3 and 6a, which present results for discounted
and average cost settings respectively.

Observation 2 From a traffic signal control application standpoint, the risk-sensitive algo-
rithms 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.
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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. a average reward p distribution, b average junction waiting
time

Table 1 Throughput (TAR) for

algorithms in the discounted Algorithm Risk-neutral Risk-sensitive

setting: standard deviation from  qpg 754.84 £ 317.06 622.38 + 28.36

50 independent simulations

shown after &+ SF-G 832.34 +82.24 810.82 £ 36.56
SPSA-N 1077.2.66 + 250.42 942.3 + 65.77
SE-N 1013.62 + 152.22 870.5 £ 61.61

Figures 4, 5 and 6b validate the first part of the observation above, while the results for
the discounted risk-sensitive algorithms in Table 1 substantiate the second part in the above
observation. In particular, Table 1 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 Figs. 3, 4 and Table 1, 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
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 6 converges for the risk-sensitive algorithms.

The above observation is validated for SPSA based algorithms in the discounted setting
in Fig. 7a, b. Note that we established theoretical convergence of our algorithms earlier (see
Sects. 7, 8) 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.
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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. a RS-SPSA-G, b RS-SPSA-N
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Fig. 8 Performance comparison of RS-SPSA and TAMAR (Tamar et al. 2012) algorithms using two different
metrics. a Distribution of DY (xo), b total arrived road users (TAR)

Figure 8 shows the distribution of the cumulative cost D?(x9) 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
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. 79) 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
Fig. 8 implicitly indicate that RS-SPSA gives a better estimate of the gradient in comparison
to TAMAR, we make this observation explicit in Table 2, which plots the results from the
following experiment:

Step 1 (True gradient estimation): Estimate Vo A(x?) using the likelihood ratio method,
along the lines of Lemma 4.2 in Tamar et al. (2012). For this purpose, simulate a large
number, say T1 = 1000, of trajectories of the underlying MDP (as before, we truncate
the trajectories 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.
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Tabl.e 2 Ez. distance .betw.een Policy TAMAR RS-SPSA
gradient estimated using either
RS-SPSA or TAMAR and a :
(i) — ;
likelihood ratio benchmark: mean o l =035, Vi 655.77 + 18.65 142.1 £9.56
and standard error from 100 60 =1, vi 694.99 £ 16.67 149.82 +10.25
replications shown before and 0 =2, vi 720.99 + 14.85 146.67 +9.31
after =+, respectively )
0 =5 vi 941.53 +25.39 200.08 + 13.25
00 =17, vi 1167.78 + 37.14 210.73 £ 12.97
0@ =10, Vi 1489.32 +43.43 277.15+11.93

Step 2 (Policy gradient approach of TAMAR):

— Fix a policy parameter.

Run two simulations for the policy above.

Estimate Vg A(xY) using the scheme in TAMAR.

Calculate the distance (in £> 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
perturbed parameter, where perturbation is performed as in RS-SPSA (see Sect. 4.3).
Estimate Vg A(x?) using the scheme in RS-SPSA.

Calculate the distance (in £> 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
£ distance as in Step 2.

From the mean and standard errors presented in Table 2 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 Fig. 8.
The trend did not change by having the true gradient estimated from a larger number of
trajectories. In particular, with T1 = 5000 (see Step 1 above), the relevant £, distances
for TAMAR and RS-SPSA were observed to be (683.06 4 26.75) and (143.02 + 14.44),
respectively for the policy 6@ = 1, Vi.

10 Conclusions and future work

We proposed novel actor-critic algorithms for control in risk-sensitive discounted and average
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 the other
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hand, allowed for an actor to employ compatible features to estimate the gradient 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
mentioned 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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