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Abstract

We study the continuous-time counterpart of Q-learning for reinforcement learning (RL) un-
der the entropy-regularized, exploratory diffusion process formulation introduced by Wang
et al. (2020). As the conventional (big) Q-function collapses in continuous time, we con-
sider its first-order approximation and coin the term “(little) g-function”. This function
is related to the instantaneous advantage rate function as well as the Hamiltonian. We
develop a “g-learning” theory around the g-function that is independent of time discretiza-
tion. Given a stochastic policy, we jointly characterize the associated g-function and value
function by martingale conditions of certain stochastic processes, in both on-policy and
off-policy settings. We then apply the theory to devise different actor—critic algorithms
for solving underlying RL problems, depending on whether or not the density function
of the Gibbs measure generated from the g-function can be computed explicitly. One of
our algorithms interprets the well-known Q-learning algorithm SARSA, and another re-
covers a policy gradient (PG) based continuous-time algorithm proposed in Jia and Zhou
(2022b). Finally, we conduct simulation experiments to compare the performance of our
algorithms with those of PG-based algorithms in Jia and Zhou (2022b) and time-discretized
conventional Q-learning algorithms.

Keywords: continuous-time reinforcement learning, policy improvement, g-function,
martingale, on-policy and off-policy

1. Introduction

A recent series of papers, Wang et al. (2020) and Jia and Zhou (2022a,b), aim at laying
an overarching theoretical foundation for reinforcement learning (RL) in continuous time
with continuous state space (diffusion processes) and possibly continuous action space.
Specifically, Wang et al. (2020) study how to explore strategically (instead of blindly) by
formulating an entropy-regularized, distribution-valued stochastic control problem for dif-
fusion processes. Jia and Zhou (2022a) solve the policy evaluation (PE) problem, namely
to learn the value function of a given stochastic policy, by characterizing it as a martingale
problem. Jia and Zhou (2022b) investigate the policy gradient (PG) problem, that is, to
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determine the gradient of a learned value function with respect to the current policy, and
show that PG is mathematically a simpler PE problem and thus solvable by the martingale
approach developed in Jia and Zhou (2022a). Combining these theoretical results naturally
leads to various online and offline actor—critic (AC) algorithms for general model-free (up to
the diffusion dynamics) RL tasks, where one learns value functions and stochastic policies
simultaneously and alternatingly. Many of these algorithms recover and/or interpret some
well-known existing RL algorithms for Markov decision processes (MDPs) that were often
put forward in a heuristic and ad hoc manner.

PG updates a policy along the gradient ascent direction to improve it; so PG is an
instance of the general policy improvement (PI) approach. On the other hand, one of the
earliest and most popular methods for PIis Q-learning (Watkins, 1989; Watkins and Dayan,
1992), whose key ingredient is to learn the Q-function, a function of state and action. The
learned Q-function is then maximized over actions at each state to achieve improvement
of the current policy. The resulting Q-learning algorithms, such as the Q-table, SARSA
and DQN (deep Q-network), are widely used for their simplicity and effectiveness in many
applications.! Most importantly though, compared with PG, one of the key advantages of
using Q-learning is that it works both on-policy and off-policy (Sutton and Barto, 2018,
Chapter 6).

The Q-function, by definition, is a function of the current state and action, assuming that
the agent takes a particular action at the current time and follows through a given control
policy starting from the next time step. Therefore, it is intrinsically a notion in discrete
time; that is why Q-learning has been predominantly studied for discrete-time MDPs. In a
continuous-time setting, the Q-function collapses to the value function that is independent
of action and hence cannot be used to rank and choose the current actions. Indeed, Tallec
et al. (2019) opine that “there is no Q-function in continuous time”. On the other hand,
one may propose discretizing time to obtain a discretized Q-function and then apply the
existing Q-learning algorithms. However, Tallec et al. (2019) show experimentally that this
approach is very sensitive to time discretization and performs poorly with small time steps.
Kim et al. (2021) take a different approach: they include the action as a state variable in the
continuous-time system by restricting the action process to be absolutely continuous in time
with a bounded growth rate. Thus Q-learning becomes a policy evaluation problem with
the state—action pair as the new state variable. However, they consider only deterministic
dynamic systems and discretize upfront the continuous-time problem. Crucially, that the
action must be absolutely continuous is unpractically restrictive because optimal actions
are often only measurable in time and have unbounded variations (such as the bang—bang
controls) even for deterministic systems.

As a matter of fact, the aforementioned series of papers, Wang et al. (2020) and Jia
and Zhou (2022a,b), are characterized by carrying out all the theoretical analysis within
the continuous setting and taking observations at discrete times (for computing the to-

1. Q-learning is typically combined with various forms of function approximations. For example, linear
function approximations (Melo et al., 2008; Zou et al., 2019), kernel-based nearest neighbor regression
(Shah and Xie, 2018), or deep neural networks (Mnih et al., 2015; Fan et al., 2020). Q-learning is not
necessarily restricted to finite action space in literature; for example, Q-learning with continuous action
spaces is studied in Gu et al. (2016). However, Duan et al. (2016) report and claim that the standard
Q-learning algorithm may become less efficient for continuous action spaces.
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tal reward over time) only when implementing the algorithms. Some advantages of this
approach, compared with discretizing time upfront and then applying existing MDP re-
sults, are discussed extensively in Doya (2000); Wang et al. (2020); Jia and Zhou (2022a,b).
More importantly, the pure continuous-time approach minimizes or eliminates the impact
of time-discretization on learning which, as discussed above, becomes critical especially for
continuous-time Q-learning.

Now, if we are to study Q-learning strictly within the continuous-time framework with-
out time-discretization or action restrictions, then the first question is what a proper Q-
function should be. When time is discretized, Baird (1993) and Mnih et al. (2016) define
the so-called advantage function that is the difference in value between taking a particular
action versus following a given policy at any state; that is, the difference between the state—
action value and the state value. Baird (1993, 1994) and Tallec et al. (2019) notice that such
an advantage function can be properly scaled with respect to the size of time discretization
whose continuous-time limit exists, called the (instantaneous) advantage rate function and
can be learned. The advantage updating performs better than conventional Q-learning,
as shown numerically in Tallec et al. (2019). However, these papers again consider only
deterministic dynamic systems and do not fully develop a theory of this rate function. Here
in the present paper, we attack the problem directly from the continuous-time perspective.
In particular, we rename the advantage rate function as the (little) g-function.? This g-
function in the finite-time episodic setting is a function of the time—state—action triple under
a given policy, analogous to the conventional Q-function. However, it is a continuous-time
notion because it does not depend on time-discretization. This feature is a vital advantage
for learning algorithm design as it avoids the sensitivity with respect to the observation and
intervention frequency (the step size of time-discretization).

For the entropy-regularized, exploratory setting for diffusion processes (first formulated
in Wang et al. 2020) studied in the paper, the g-function of a given policy turns out to
be the Hamiltonian that includes the infinitesimal generator of the dynamic system and
the instantaneous reward function (see Yong and Zhou 1999 for details), plus the temporal
dispersion that consists of the time-derivative of the value function and the depreciation
from discounting. The paper aims to develop a comprehensive g¢-learning theory around
this g-function and accordingly design alternative RL algorithms other than the PG-based
AC algorithms in Jia and Zhou (2022b). There are three main questions. The first is to
characterize the g-function. For discrete-time MDPs, the PE method is used to learn both
the value function and the Q-function because both functions are characterized by similar
Bellman equations. By contrast, in the continuous-time diffusion setting, a Bellman equa-
tion is only available for the value function (also known as the Feynman—Kac formula, which
yields that the value function solves a second-order linear partial differential equation). The
second question is to establish a policy improvement theorem based on the g-function and
to design corresponding AC algorithms in a sample/data-driven, model-free fashion. The
third question is whether the capability of both on- and off-policy learning, a key advantage
of Q-learning, is intact in the continuous-time setting.

[1Ps]

2. We use the lower case letter “q” to denote this rate function, much in the same way as the typical use
of the lower case letter f to denote a probability density function which is the first-order derivative of
the cumulative distribution function usually denoted by the upper case letter F'.
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We provide complete answers to all these questions. First, given a stochastic policy
along with its (learned) value function, the corresponding g-function is characterized by
the martingale condition of a certain stochastic process with respect to an enlarged filtra-
tion (information field) that includes both the original environmental noise and the action
randomization. Alternatively, the value function and the g-function can be jointly deter-
mined by the martingality of the same process. These results suggest that the martingale
perspective for PE and PG in Jia and Zhou (2022a,b) continues to work for g-learning. In
particular, we devise several algorithms to learn these functions in the same way as the
martingale conditions are employed to generate PE and PG algorithms in Jia and Zhou
(2022a,b). Interestingly, a temporal-difference (TD) learning algorithm designed from this
perspective recovers and, hence, interprets a version of the well-known SARSA algorithm in
the discrete-time Q-learning literature. Moreover, inspired by these continuous-time mar-
tingale characterizations, in Appendix A we present martingale conditions for Q-learning
of discrete-time MDPs, which are new to our best knowledge. This demonstrates that the
continuous-time RL study may offer new perspectives even in discrete time. Second, we
prove that a Gibbs sampler with a properly scaled current g-function (independent of time
discretization) as the exponent of its density function improves upon the current policy.
This PI result translates into a policy-updating algorithm when the normalizing constant
of the Gibbs measure can be explicitly computed. Otherwise, if the normalizing constant
is unavailable, we prove a stronger PI theorem in terms of the Kullback—Leibler (KL) di-
vergence, analogous to a result for discrete-time MDPs in Haarnoja et al. (2018a). One
of the algorithms out of this theorem happens to recover a PG-based AC algorithm in Jia
and Zhou (2022b). Finally, we prove that the aforementioned martingale conditions hold
for both the on-policy and off-policy settings. More precisely, the value function and the
g-function associated with a given target policy can be learned based on a dataset generated
by either the target policy itself or an arbitrary behavior policy. So, g-learning indeed works
off-policy as well.

The rest of the paper is organized as follows. In Section 2 we review Wang et al.
(2020)’s entropy-regularized, exploratory formulation for RL in continuous time and space,
and present some useful preliminary results. In Section 3, we establish the g-learning theory,
including the motivation and definition of the g-function and its on-/off-policy martingale
characterizations. g-learning algorithms are developed, depending on whether or not the
normalizing constant of the Gibbs measure is available, in Section 4 and Section 5, respec-
tively. Extension to ergodic tasks is presented in Section 6. In Section 7, we illustrate the
proposed algorithms and compare them with PG-based algorithms and time-discretized,
conventional Q-learning algorithms on two specific examples with simulated data.? Finally,
Section 8 concludes. The Appendix contains various supplementary materials and proofs
of statements in the main text.

2. Problem Formulation and Preliminaries

Throughout this paper, by convention all vectors are column vectors unless otherwise speci-
fied, and R* is the space of all k-dimensional vectors (hence k x 1 matrices). We use Si L to

3. The code to reproduce our simulation studies is publicly available at https://www.dropbox.com/sh/
34cgnupnuaix1561/AAAj2yQYENCOtPUc1_7VhbkIa?d1=0.
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denote all the k x k symmetric and positive definite matrices. Given two matrices A and B
of the same size, denote by Ao B their inner product, by |A| the Euclidean/Frobenius norm
of A, by det A the determinant when A is a square matrix, and by AT the transpose of any
matrix A. For A € SﬁJr, we write VA = UDY2UT, where A = UDU" is its eigenvalue
decomposition with U an orthogonal matrix, D a diagonal matrix, and D/2 the diagonal
matrix whose entries are the square root of those of D. We use f = f(-) to denote the
function f, and f(x) to denote the function value of f at x. We denote by N (u,3) the
probability density function of the multivariate normal distribution with mean vector p and
covariance matrix ¥. Finally, for any stochastic process X = {X;, s > 0}, we denote by
{FX}s>0 the natural filtration generated by X.

2.1 Classical model-based formulation

For readers’ convenience, we first recall the classical, model-based stochastic control formu-
lation.

Let d,n be given positive integers, T > 0, and b : [0,7] x R? x A — R? and o :
[0,T] x R? x A s R¥™ be given functions, where A C R™ is the action/control space.
The classical stochastic control problem is to control the state (or feature) dynamics gov-
erned by a stochastic differential equation (SDE), defined on a filtered probability space
(Q,]:, PW. {]:Sw}szo) along with a standard n-dimensional Brownian motion W = {Wj,
s> 0}:

dX? =b(s, X2, as)ds +o(s, X2 as)dWy, s € (0,7, (1)

where as stands for the agent’s action at time s.

The goal of a stochastic control problem is, for each initial time-state pair (¢,z) €
[0,T) x R? of (1), to find the optimal {F }s>o-progressively measurable (continuous-time)
sequence of actions a = {as,t < s < T} —also called the optimal control or optimal strategy
— that maximizes the expected total discounted reward:

T
EP”’[]/ e PEr(s, X2, a,)ds + e AT p(XE)
t

Xf:%, 2)

where 7 is an (instantaneous) reward function (i.e., the expected rate of reward conditioned
on time, state, and action), h is the lump-sum reward function applied at the end of the
planning period 7', and § > 0 is a constant discount factor that measures the time-value of
the payoff or the impatience level of the agent.

Note in the above, the state process X?® = {X%,t < s < T} also depends on (¢,x).
However, to ease notation, here and henceforth we use X instead of Xt%® = {X0%% t <
s < T} to denote the solution to SDE (1) with initial condition X/ = x whenever no
ambiguity may arise.

The (generalized) Hamiltonian is a function H : [0,T] x R x A x R? x R¥*4 — R
associated with problem (1)—(2) defined as (Yong and Zhou, 1999):

H(t,xz,a,p,q) =b(t,z,a) op+ %UUT(t, x,a)oq+r(tza). (3)

We make the same assumptions as in Jia and Zhou (2022b) to ensure theoretically the
well-posedness of the stochastic control problem (1)—(2).
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Assumption 1 The following conditions for the state dynamics and reward functions hold
true:

(i) b,o,r, h are all continuous functions in their respective arguments;

(ii) b,o are uniformly Lipschitz continuous in x, i.e., for ¢ € {b, o}, there exists a
constant C' > 0 such that

plt,w,a) — plt,a,a)| < Clo—a'|, V(t,a) € [0,T) x A, Va,a’ € R%

(iii) b,o have linear growth in x, i.e., for ¢ € {b, o}, there exists a constant C > 0 such
that

o(t,z, )] < C(L+al), Y(t,2,a) € [0,T] x R x A;

(iv) r and h have polynomial growth in (x,a) and x respectively, i.e., there exist constants
C >0 and p>1 such that

Ir(t, z,a)] < C(1+ |z]* + |a|®), |h(z)] < C(1+ |z, V(t,z,a) € [0,T] x RY x A.

Classical model-based stochastic control theory has been well developed (e.g., Fleming
and Soner 2006 and Yong and Zhou 1999) to solve the above problem, assuming that the
functional forms of b, o, r, h are all given and known. A centerpiece of the theory is the
Hamilton—Jacobi-Bellman (HJB) equation

* * 2
Wuw+mﬂ0mm?@mﬁv
X

ot a€A * (t’x)> = BVi(t,x) =0, V¥(T',z) = h(z). (4)

* . : 2y . . .
Here, 88% € R% is the gradient and aamvg € R¥? ig the Hessian matrix.

Under proper conditions, the unique solution (possibly in the sense of viscosity solution)
to (4) is the optimal value function to the problem (1)—(2), i.e.,

T
V*(t,x) =  sup EP” [/ e_ﬁ(s_t)r(s,X;‘,as)ds + e_ﬁ(T_t)h(X%)
t

{as,t<s<T}

X = .Zl’,':| .
Moreover, the following function, which maps a time—state pair to an action:

oV* P2V
* - H = .
a*(t, ) arg sup <t,fc,a, 5 (b1) 53 (t,w)) (5)

is the optimal (non-stationary, feedback) control policy of the problem. In view of the
definition of the Hamiltonian (3), the maximization in (5) indicates that, at any given time
and state, one ought to maximize a suitably weighted average of the (myopic) instantaneous
reward and the risk-adjusted, (long-term) positive impact on the system dynamics. See
Yong and Zhou (1999) for a detailed account of this theory and many discussions on its
economic interpretations and implications.
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2.2 Exploratory formulation in reinforcement learning

We now present the RL formulation of the problem to be studied in this paper. In the RL
setting, the agent has partial or simply no knowledge about the environment (i.e. the func-
tions b, o, 7, h). What she can do is “trial and error” — to try a (continuous-time) sequence of
actions a = {as,t < s < T}, observe the corresponding state process X% = { X2 t <s < T}
along with both a stream of discounted running rewards {e ?C~r(s, X2, a,),t < s < T}
and a discounted, end-of-period lump-sum reward e_ﬂ(T_t)h(Xﬁ where f3 is a given, known
discount factor, and continuously update and improve her actions based on these observa-

tions.*

A critical question is how to strategically generate these trial-and-error sequences of
actions. The idea is randomization; namely, the agent devises and employs a stochastic
policy, which is a probability distribution on the action space, to generate actions according
to the current time-state pair. It is important to note that such randomization itself is
independent of the underlying Brownian motion W, the random source of the original control
problem that stands for the environmental noises. Specifically, assume the probability
space is rich enough to support uniformly distributed random variables on [0, 1] that is
independent of W, and then such a uniform random variable can be used to generate other
random variables with density functions. Let {Z;,0 < ¢t < T} be a process of mutually
independent copies of a uniform random variable on [0, 1], the construction of which requires
a suitable extension of probability space; see Sun (2006) for details. We then further expand
the filtered probability space to (€, F,P; {Fs}s>0) where Fs = FYV' V 0(Z;,0 <t < 5) and
the probability measure P, now defined on Fr, is an extension from PV (i.e. the two
probability measures coincide when restricted to F%V ).

Let 7 : (t,x) € [0,T] x R? = 7 (-|t,z) € P(A) be a given (feedback) policy, where P(A)
is a suitable collection of probability density functions.® At each time s, an action ay is
generated or sampled from the distribution 7 (-|s, X;).

Fix a stochastic policy w and an initial time-state pair (¢,2). Consider the following
SDE

dXT =b(s, XT,al)ds + o(s, XT,al)dWy, s € [t,T]; X[ ==z (6)

defined on (9, F,P;{Fs}s>0), where a™ = {al,t < s < T} is an {Fs}s>o-progressively
measurable action process generated from 7. (6) is an SDE with random coefficients,
whose well-posedness (i.e. existence and uniqueness of solution) is established in Yong and
Zhou (1999, Chapter 1, Theorem 6.16) under Assumption 1. Fix a™, the unique solution
to (6), X™ = {XT,t <s <T}, is the sample state process corresponding to a™ that solves
(1).° Moreover, following Wang et al. (2020), we add an entropy regularizer to the reward

4. This procedure applies to both the offline and online settings. In the former, the agent can repeatedly
try different sequences of actions over the full time period [0, T], record the corresponding state processes
and payoffs, and then learn and update the policy based on the resulting dataset. In the latter, the agent
updates the actions as she goes, based on all the up-to-date historical observations.

5. Here we assume that the action space A is continuous and randomization is restricted to those distribu-
tions that have density functions. The analysis and results of this paper can be easily extended to the
cases of discrete action spaces and/or randomization with probability mass functions.

6. Here, X™ also depends on the specific copy a™ sampled from 7r; however, to ease notation we write X™
instead of X™" .
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function to encourage exploration (represented by the stochastic policy), leading to

T
J(t 2 7) =EP[ [ e s, X7 ) = o m(a s, XD ds
: )
- e’B(T’t)h(X}')’Xt" = x] :

where EF is the expectation with respect to both the Brownian motion and the action
randomization, and v > 0 is a given weighting parameter on exploration also known as the
temperature parameter.

Wang et al. (2020) consider the following SDE

dX, = b(s, Xs, w(-|s, Xs))dt + & (s, Xs, 7w(:|5, X;))dWs, s € [t,T]; X; = x, (8)

where

(s,2,7( /bsxa a)da, &(s,z,m( \//UJTSZU(IW((I)da

Intuitively, based on the law of large number, the solution of (8), denoted by {f(;’, t<s<
T}, is the limit of the average of the sample trajectories X™ over randomization (i.e., copies
of 7). Rigorously, it follows from the property of Markovian projection due to Brunick and
Shreve (2013, Theorem 3.6) that X7 and X7 have the same distribution for each s € [t, T].
Hence, the value function (7) is identical to

T
J(t, ;) —EP" [/ e PEDR(s, XT (-5, XT))ds + e_ﬁ(T_t)h(Xj’f)‘Xt" = x] (9)
t

where R(s, z, ) fA s,x,a) —vlogm(a)|r(a)da.
The function J(-, ;) is called the value function of the policy 7, and the task of RL is
to find
J*(t,z) = max J(t, z; ), (10)
mell
where IT stands for the set of admissible (stochastic) policies. The following gives the precise
definition of admissible policies.

Definition 1 A policy w = w(+|-,-) is called admissible if

(i) w(-|t,z) € P(A), suppn(-|t,x) = A for every (t,x) € [0,T] x R, and w(alt,z) :
(t,z,a) € [0,T] x R x A — R is measurable;

(i1) m(alt,z) is continuous in (t,x) and uniformly Lipschitz continuous in x in the total

variation distance, i.e., [, |m(alt,z) — 7 (alu,2")|da — 0 as (u,2’) = (t,z), and there
is a constant C > 0 independent of (t,a) such that

/ 7 (alt, z) — w(alt,2")|da < C|z — /|, Vz,2’ € R%
A
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(iii) For any given o > 0, the entropy of 7 and its a-moment have polynomial growth in x,
i.e., there are constants C' = C(a) > 0 and p' = p'(a) > 1 such that | [, —log 7 (alt, z)w(alt, z)da| <
C(+ |z|*), and J4lal*m(alt, z)da < C(1 + lz|*) Y(t, z).

Under Assumption 1 along with (i) and (ii) in Definition 1, Jia and Zhou (2022b, Lemma
2) show that the SDE (8) admits a unique strong solution since its coefficients are locally
Lipschitz continuous and have linear growth; see Mao (2007, Chapter 2, Theorem 3.4) for
the general result. In addition, the growth condition (iii) guarantees that the new payoff
function (9) is finite. More discussions on the conditions required in the above definition
can be found in Jia and Zhou (2022b). Moreover, Definition 1 only contains the conditions
on the policy, hence they can be verified.

Note that the problem (8)—(9) is mathematically equivalent to the problem (6)—(7).
Nevertheless, they serve different purposes in our study: the former provides a framework
for theoretical analysis of the value function, while the latter directly involves observable
samples for algorithm design.

2.3 Some useful preliminary results

Lemma 2 in Jia and Zhou (2022b) yields that the value function of a given admissible policy
m = m (|, ) € IT satisfies the following PDE

oJ oJ 0%J

E(i,l‘;ﬂ) —i—/A [H(t,x,a, E(t,l';ﬂ) e 5 (t,x; 7)) —ylogmw(alt, ) | w(alt, z)da
— BJ(t,z;mw) =0,

J(T,z; ) = h(z).

(11)

This is a version of the celebrated Feynman—Kac formula in the current RL setting. Under
Assumption 1 as well as the admissibility conditions in Definition 1, the PDE (11) admits a
unique viscosity solution among polynomially growing functions (Beck et al., 2021, Theorem
1.1).

On the other hand, Tang et al. (2022, Section 5) derive the following exploratory HJB
equation for the problem (8)—(9) satisfied by the optimal value function:

0J* 0J* 02T .
o —(t,x) + ﬂesg&)/A {H(t,x,a, W(t’x)’ W(t,x)) - fylogﬂ'(a)} w(a)da — SJ*(t,z;7) =0,
JNT,z) = h(z).

(12)
Moreover, the optimal (stochastic) policy is a Gibbs measure or Boltzmann distribution:

. 1 oJ* 02 J*
7" (-|t, x) o exp {’yH <t,:c, . a—x(t, x), W(t,:c)) }

or, after normalization,

2 7%
exp{= H(t z,a, 83‘; (t,z), 88;2 (t,x))}

7 (alt,z) =
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This result shows that one should use a Gibbs sampler in general to generate trial-and-error
strategies to explore the environment when the regularizer is chosen to be entropy.”

In the special case when the system dynamics are linear in action and payoffs are
quadratic in action, the Hamiltonian is a quadratic function of action and Gibbs thus
specializes to Gaussian under mild conditions.

Plugging (13) to (12) to replace the supremum operator therein leads to the following
equivalent form of the exploratory HJB equation

8. 1 8. 2.7+ .
W(t,x) + v log [/Aexp {'yH <t,x,a, 5 (t,z), 52 (t,a:)) } da} — pJ*(t,z) =0,
JN(T,z) = h(z).

(14)

More theoretical properties regarding (14) and consequently the problem (6)—(7) including
its well-posedness can be found in Tang et al. (2022).

The Gibbs measure can also be used to derive a policy improvement theorem. Wang and
Zhou (2020) prove such a theorem in the context of continuous-time mean—variance port-
folio selection, which is essentially a linear—quadratic (LQ) control problem. The following
extends that result to the general case.

Theorem 2 For any given w € I1, define ' (-|t, x) x exp{%H(t, T, %(t’ x; ), ‘327‘2](15, T; 71'))}
If ®' € T1, then
J(t,x; ') > J(t, z;m).

Moreover, if the following map

2
exp{2H (t,x,, §2(t, z;7), 54 (t, z; 7))}

= - ~ , well
fA exp{%H(t, T, a, %(t,m;ﬂ'), g%(t,x; ﬂ'))}da

Z(m)

has a fixed point w*, then 7* is the optimal policy.

At this point, Theorem 2 remains a theoretical result that cannot be directly applied
2
to learning procedures, because the Hamiltonian H(t, z,a, %(t, x; ), 27‘2](15, T 71')) depends
on the knowledge of the model parameters which we do not have in the RL context. To
develop implementable algorithms, we turn to Q-learning.

3. g-Function in Continuous Time: The Theory

This section is the theoretical foundation of the paper, with the analysis entirely in con-
tinuous time. We start with defining a Q-function parameterized by a time step At > 0,
and then motivate the notion of g-function that is independent of At. We further provide
martingale characterizations of the g-function.

7. We stress here that the Gibbs sampler is due to the entropy-regularizer, and it is possible to have other
types of distribution for exploration. For example, Han et al. (2022) propose a family of regularizers
that lead to exponential, uniform, and e-greedy exploratory policies. O’Donoghue (2021); Gao et al.
(2020) study how to choose time and state dependent temperature parameters. One may also carry out
exploration via randomizing value function instead of policies; see e.g. Osband et al. (2019).
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3.1 Q-function

Tallec et al. (2019) consider a continuous-time MDP and then discretize it upfront to a
discrete-time MDP with time discretization dt. In that setting, the authors argue that “there
is no Q-function in continuous time” because the Q-function collapses to the value function
when 0t is infinitesimally small. Here, we take an entirely different approach that does
not involve time discretization. Incidentally, by comparing the form of the Gibbs measure
(13) with that of the widely employed Boltzmann exploration for learning in discrete-time
MDPs, Gao et al. (2020) and Zhou (2021) conjecture that the continuous-time counterpart
of the Q-function is the Hamiltonian. Our approach will also provide a rigorous justification
on and, indeed, a refinement of this conjecture.

Given € IT and (t,z,a) € [0,T) x R? x A, consider a “perturbed” policy of 7, denoted
by 7, as follows: It takes the action a € A on [t,t + At) where At > 0, and then follows 7
on [t + At,T]. The corresponding state process X™, given X/ = x, can be broken into two
pieces. On [t,t + At), it is X* which is the solution to

dX? =b(s, X2, a)ds + o(s, X, a)dWs, s € [t,t + At); X =z,

while on [t+At, T}, it is X™ following (6) but with the initial time-state pair (t+At, X7\ A,).
With At > 0 fixed, we introduce the (At-parameterized) Q-function, denoted by Qa¢(t, z, a; ),
to be the expected reward drawn from the perturbed policy, 7:8

QAt(ta Z, a; ﬂ-)

t+At
—EP [/ e_ﬂ(s_t)r(s,Xg,a)ds
t

T
- / e P Dr(s, XT, aT) — ylog w(aT|s, XT)]ds + e‘ﬁ(T_t)h(Xq’f)‘Xf = x] .
t+AL

Recall that our formulation (7) includes an entropy regularizer term that incentivizes
exploration using stochastic policies. However, in defining Qa¢(t, z, a; ) above we do not
include such a term on [t, ¢ 4+ At) for 7 because a deterministic constant action a is applied
whose entropy is excluded.

The following proposition provides an expansion of this Q-function in At.

Proposition 3 We have

QAt(t> Zz,a; 7‘-)
2

oJ oJ 0°J
=J(t,x;m) + E(t’m’ﬂ') + H(t,m, a, %(t,x,w), W(t,x,w)) - BJ(t,x,ﬂ)] At + o(At).
(15)

So, this At-based Q-function includes three terms. The leading term is the value function
J, which is independent of the action a taken. This is natural because we only apply a for
a time window of length At and hence the impact of this action is only of the order At.

8. In the existing literature, Q-learning with entropy regularization is often referred to as the “soft Q-
learning” with the associated “soft Q-function”. A review of and more discussions on soft Q-learning in
discrete time can be found in Appendix A as well as in Haarnoja et al. (2018b); Schulman et al. (2017).
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Next, the first-order term of At is the Hamiltonian plus the temporal change of the value
function (consisting of the derivative of the value function in time and the discount term,
both of which would disappear for stationary and non-discounted problems), in which only
the Hamiltonian depends on the action a. It is interesting to note that these are the same
terms in the Feynman-Kac PDE (11), less the entropy term. Finally, the higher-order
residual term, o(At), comes from the approximation error of the integral over [t, ¢+ At] and
can be ignored when such errors are aggregated as At gets smaller.

Proposition 3 yields that this Q-function also collapses to the value function when
At — 0, similar to what Tallec et al. (2019) claim. However, we must emphasize that
our Q-function is not the same as the one used in Tallec et al. (2019), who discretize time
upfront and study the resulting discrete-time MDP. The corresponding Q-function and value
function therein exist based on the discrete-time RL theory, denoted respectively by Q%, V9
where 6t is the time discretization size. Then Tallec et al. (2019) argue that the advan-
tage function A% = Q% — V% can be properly scaled by 6t, leading to the existence of
limg;_sg A(s—?. In short, the Q-function and the resulting algorithms in Tallec et al. (2019)
are still in the realm of discrete-time MDPs. By contrast, Qa¢(t, z,a; ) introduced here
is a continuous-time notion. It is the value function of a policy that applies a constant
action in [t,t + At] and follows 7 thereafter. So At here is a parameter representing the
length of period in which the constant action is taken, not the time discretization size as in
Tallec et al. (2019). Most importantly, our Q-function is just a tool used to introduce the g-

function, the centerpiece of this paper. Having said all these, we recognize that limg;_,q A

7
as identified by Tallec et al. (2019) is the counterpart of our g-function in their setting, and
that we arrive at this same object in two different ways (discretizing upfront then taking

dt — 0, versus a true continuous-time analysis).

3.2 g-function

Since the leading term in the Q-function, Qa¢(t, z, a; ), coincides with the value function
of w and hence can not be used to rank action a, we focus on the first-order approxi-
mation, which gives an infinitesimal state—action value. Motivated by this, we define the
“g-function” as follows:

Definition 4 The g-function of the problem (6)—(7) associated with a given policy 7 € II
1s defined as

2

0J oJ 0°J
. — . H . . _ .
q(t7 x? a? 7r) at (t’ x? 7‘-) + <t7 x? a7 8.%. <t7 'CB) T‘-)’ 81.2 (t7 'CC’ T‘-)> IBJ(t7 x? 7‘-)7

(t,z,a) € [0,T] x R? x A.

(16)

Clearly, this function is the first-order derivative of the Q-function with respect to At,
as an immediate consequence of Proposition 3:

Corollary 5 We have

) Atlt,x,a;m) — J(t, x5
0,057 = iy Qul0mm) Stz

(17)
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Some remarks are in order. First, the g-function is a function of the time-state—action
triple under a given policy, analogous to the conventional Q-function for MDPs; yet it is a
continuous-time notion because it does not depend on any time-discretization. This feature
is a vital advantage for learning algorithm design as Tallec et al. (2019) point out that
the performance of RL algorithms is very sensitive with respect to the time discretization.
Second, the g-function is related to the advantage function in the MDP literature (e.g., Baird
1993; Mnih et al. 2016), which describes the difference between the state-action value and
the state value. Here in this paper, the g-function reflects the instantaneous advantage rate
of a given action at a given time—state pair under a given policy.

We also notice that in (16) only the Hamiltonian depends on a; hence the improved
policy presented in Theorem 2 can also be expressed in terms of the g-function:

2
ﬂ-,(|ta$) X exXp {iH(ta Ly %(t,l’, 7T)7 %(tvl', ﬂ-))} X €xXp {iQ(ta Ly ﬁ)} :

Consequently, if we can learn the g-function ¢(-,-,-;7) under any policy 7, then it follows
from Theorem 2 that we can improve 7 by implementing a Gibbs measure over the g-values,
analogous to, say, e-greedy policy in classical Q-learning (Sutton and Barto, 2018, Chapter
6). Finally, the analysis so far justifies the aforementioned conjecture about the proper
continuous-time version of the Q-function, and provides a theoretical interpretation to the
widely used Boltzmann exploration in RL.

The main theoretical results of this paper are martingale characterizations of the q-
function, which can in turn be employed to devise algorithms for learning crucial functions
including the g-function, in the same way as in applying the martingale approach for PE
(Jia and Zhou, 2022a).”

The following first result characterizes the g-function associated with a given policy 7,
assuming that its value function has already been learned and known.

Theorem 6 Let a policy w € I, its value function J and a continuous function § : [0,T] x
R? x A — R be given. Then

(i) 4(t,x,a) = q(t,z,a;m) for all (t,z,a) € [0,T] x R? x A if and only if for all (t,z) €
[0,T] x RY, the following process

u U

e P I(s, XT: ) +/ e P (u, X7, a™) — G(u, X7, a™)]du (18)
t

is an ({Fs}s>0,P)-martingale, where {XT,t < s < T} is the solution to (6) under 7
with X[ = x.

(i) If 4(t,x,a) = q(t,z,a;m) for all (t,z,a) € [0,T] x R? x A, then for any = € II and
for all (t,x) € [0,T] x R?, the following process

’

e 35 J(s, XT ;) +/ e P (u, X7 aT ) — G(u, XT' o™ )]du (19)
¢

u Y u u U

is an ({Fs}s>0, P)-martingale, where {X™ |t < s < T} is the solution to (6) under w'
with, initial condition X = .

9. Some discrete-time counterparts of these results are presented in Appendix A.
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(iii) If there exists w' € II such that for all (t,x) € [0,T] x R, (19) is an ({Fs}s>0,P)-
martingale where X' = x, then (t, z,a) = q(t,z,a; 7) for all (t,z,a) € [0, T]xRx A.

Moreover, in any of the three cases above, the g-function satisfies
/ [q(t,z,a; ) — ylog mw(alt, z)|mw(alt,z)da = 0, V(t,z) € [0,T] x RY. (20)
A

Jia and Zhou (2022a) unify and characterize the learning of value function (i.e., PE) by
martingale conditions of certain stochastic processes. Theorem 6 shows that learning the
g-function again boils down to maintaining the martingality of the processes (18) or (19).
However, there are subtle differences between these martingale conditions. Jia and Zhou
(2022a) consider only deterministic policies so the martingales therein are with respect to
({F¥}s>0,P"). Jia and Zhou (2022b) extends the policy evaluation to include stochastic
policies but the related martingales are in terms of the averaged state X™ and hence also
with respect to ({FYV }s>0, P"). By contrast, the martingality in Theorem 6 is with respect
to ({Fi}e>0,P), where the filtration {F;}+>0 is the enlarged one that includes the random-
ness for generating actions. Note that the filtration determines the class of test functions
necessary to characterize a martingale through the so-called martingale orthogonality con-
ditions (Jia and Zhou, 2022a). So the above martingale conditions suggest that one ought to
choose test functions dependent of the past and current actions when designing algorithms
to learn the g-function. Moreover, the g-function can be interpreted as a compensator to
guarantee the martingality over this larger information field.!"

Theorem 6-(i) informs on-policy learning, namely, learning the g-function of the given
policy 7, called the target policy, based on data {(s, XT,aT),t < s < T} generated by =
itself. Nevertheless, one of the key advantages of classical Q-learning for MDPs is that it
also works for off-policy learning, namely, learning the g-function of a given target policy
7 based on data generated by a different admissible policy «’, called a behavior policy.
On-policy and off-policy reflect two different learning settings depending on the availability
of data and/or the choice of a learning agent. When data generation can be controlled by
the agent, conducting on-policy learning is possible although she could still elect off-policy
learning. By contrast, when data generation is not controlled by the agent and she has to
rely on data under other policies, then it becomes off-policy learning. Theorem 6-(ii) and
-(iii) stipulate that our g-learning in continuous time can also be off-policy.

Finally, (20) is a consistency condition to uniquely identify the g-function. If we only
consider deterministic policies of the form a(-, -) in which case v = 0 and 7 (+|t, z) degenerates
into the Dirac measure concentrating on a(¢,x), then (20) reduces to

q(t7 x? a(t7 x); a) = O?

which corresponds to equation (23) in Tallec et al. (2019).
The following result strengthens Theorem 6, in the sense that it characterizes the value
function and the g-function under a given policy simultaneously.

10. More precisely, fot e Pq(s, X7, aT;)ds is the compensator of e PtJ(t, X[; ) + fot e (s, X7, aT)ds.
Recall that a compensator of an adapted stochastic process Y; is a predictable process A; such that
Y: — A; is a local martingale. Intuitively speaking, the compensator is the drift part of a diffusion
process, extracting the trend of the process.
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Theorem 7 Let a policy w € I, a function J € C2([0,T) x RY) n C([0,T] x RY) with
polynomial growth, and a continuous function § : [0,T] x RY x A — R be given satisfying

J(T, z) = h(z), /“4 [4(t,z,a) —ylog mw(alt, z)|m(alt, x)da = 0, V(¢ z) € [0,T] x RY. (21)

Then

(i) J and § are respectively the value function and the g-function associated with 7 if and
only if for all (t,x) € [0,T] x R%, the following process

u?u u?u

e 057 (s, XT) + / By, X7, aT) — 4w, X7, aT)]du (22)

is an ({Fs}s>o0,P)-martingale, where {XT,t < s < T} is the solution to (6) with
X' =z.

(i) If J and § are respectively the value function and the q-function associated with 7,
then for any ' € I and all (t,z) € [0,T] x R?, the following process

! !

(s, XT) + / e Pulr(u, X7, aT) — du, X7, 6 ]du (23)

is an ({Fs}s>0, P)-martingale, where {XT ,t < s < T} is the solution to (6) under w'
with initial condition Xt“/ =2x.

(iti) If there exists w' € I1 such that for all (t,z) € [0,T] x RY, (23) is an ({Fs}s>0,P)-
martingale where X7r =z, then J and § are respectively the value function and the
g-function associated with .

exp{3q(t,z,a)}

Moreover, in any of the three cases above, if it holds further that w(a|t, x) = e p{ Tit.a)}da’
A X

then m s the optimal policy and J is the optimal value function.

Theorem 7 characterizes the value function and the g-function in terms of a single
martingale condition, in each of the on-policy and off-policy settings, which will be the
foundation for designing learning algorithms in this paper. The conditions in (21) ensure
that J corresponds to the correct terminal payoff function and ¢ corresponds to the soft
g-function Wlth the entropy regularizer. In particular, if the policy is the Gibbs measure
generated by 14, then J and G are respectively the value function and the g-function under
the optimal policy. Finally, note the (subtle) difference between Theorem 7 and Theorem
6. There may be multiple (J, §) pairs satisfying the martingale conditions of (22) or (23) in
Theorem 7; so the conditions in (21) are required for identifying the correct value function
and g-function.!! By contrast, these conditions are implied if the correct value function has
already been known and given, as in Theorem 6.

11. If the terminal condition J (T, z) = h(x) is changed to J (T, z) = h(x), then (J, §) satisfying the martingale
condition (22) or (23) would be the value function and g-function corresponding to a different learning
task with the pair of running and terminal reward functions being (r, ﬁ) If the normalization condition
on g is missing, say [, [4(t,z,a) — vlogm(alt, z)|w(alt,z)da = 7(t,x) holds instead, then (J,§) would
be the value function and g-function corresponding to the learning task with the running and terminal
reward functions (r — 7, h).
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3.3 Optimal g-function

We now focus on the g-function associated with the optimal policy 7* in (13). Based on
Definition 4, it is defined as

. oJ* oJ* 02 J* .
¢ (t,z,a) = W(t,a:) + H (t,x,a, o (t,z), 922 (¢, x)> — BJ*(t, x), (24)

where J* is the optimal value function satisfying the exploratory HJB equation (14).

Proposition 8 We have
1
/ exp{—¢*(t,x,a)}da = 1, (25)
A Y

for all (t,x), and consequently the optimal policy 7 is
* 1 *
7 (alt, z) = exp{—q*(t,z,a)}. (26)
gl

As seen from its proof (in Appendix C), Proposition 8 is an immediate consequence of
the exploratory HJB equation (14). Indeed, (25) is equivalent to (14) when viewed as an
equation for J* due to (24). However, in terms of ¢*, satisfying (25) is only a necessary
condition or a minimum requirement for being the optimal g-function, and by no means
sufficient, in the current RL setting. This is because in the absence of knowledge about the
primitives b, o, r, h, we are unable to determine J* from ¢* by their relationship (24) which
can be viewed as a PDE for J*. To fully characterize J* as well as ¢*, we will have to resort
to martingale condition, as stipulated in the following result.

Theorem 9 Let a function J* € C12([0,T) x RY) nC ([0, T) x RY) with polynomial growth
and a continuous function q/; :0,7] x RT x A — R be given satisfying

JH(T, z) = h(z), /

1~
exp{§q*(t,x,a)}da =1, VY(t,z) € [0,T] x R% (27)
A

Then

(i) If T and (f* are respectively the optimal value function and the optimal q-function,
then for any ® € II and all (t,x) € [0,T] x R?, the following process

u ' 'u u '

e 0575 (s, XT) + / e Pur(u, X, a™) — ¢*(u, X7, a™)]du (28)
t

is an ({Fs}ts>0,P)-martingale, where {XT,t < s < T} is the solution to (6) under
7 with X' = x. Moreover, in this case, 7w*(a|t,x) = exp{%q*(t,:c,a)} is the optimal
policy.

(i) If there exists one w € I such that for all (t,z) € [0,T] x R?, (28) is an ({Fs}s>0,P)-
martingale, then J* and qA* are respectively the optimal value function and the optimal
g-function.
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Theorem 9 lays a foundation for off-policy learning without having to go through it-
erative policy improvement. We emphasize here that to learn the optimal policy and the
optimal g-function, it is infeasible to conduct on-policy learning because 7v* is unknown and
hence the constraints (21) can not be checked nor enforced. The new constraints in (27)
no longer depend on policies and instead give basic requirements for the candidate value
function and g-function. Maintaining the martingality of (28) under any admissible policy
is equivalent to the optimality of the candidate value function and g-function. Moreover,
Theorem 9-(ii) suggests that we do not need to use data generated by all admissible poli-
cies. Instead, those generated by ome — any one — policy should suffice; e.g. we could take
w(alt,z) = exp{%qA*(t7 x,a)} as the behavior policy.

Finally, let us remark that Theorems 7 and 9 are independent of each other in the
sense that one does not imply the other. One may design different algorithms from them
depending on different cases and needs.

4. g-Learning Algorithms When Normalizing Constant Is Available

This section and the next discuss algorithm design based on the theoretical results in the
previous section. Theorems 7 and 9 provide the theoretical foundation for designing both
on-policy and off-policy algorithms to simultaneously learn and update the value function
(critic) and the policy (actor) with proper function approximations of J and ¢. In this
section, we present these actor—critic, g-learning algorithms when the normalizing constant
involved in the Gibbs measure is available or computable.!?

4.1 g-Learning algorithms

Given a policy 7, to learn its associated value function and g-function, we denote by J?
and ¢¥ the parameterized function approximators that satisfy the two constraints:

JUT, ) = h(z), / [qw(t,x,a) — ylogw(alt, z)|m(alt, x)da = 0, (29)
A

for all # € © ¢ RY ¢ € ¥ ¢ RL. Then Theorem 2 suggests that the policy can be
improved by

I i GE0)
a|t,xr) = y
Jaexp{Lq? (t.7,a)}da

while by assumption the normalizing constant [ A exp{%q¢ (t,z,a)}da for any ¢ € ¥ can be

(30)

explicitly computed. Next, we can use the data generated by w% and apply the martingale
condition in Theorem 7 to learn its value function and g-function, leading to an iterative
actor—critic algorithm.

12. Conventional Q-learning or SARSA is often said to be value-based in which the Q-function is a state—
action value function serving as a critic. In g-learning, as Theorem 6 stipulates, the g-function is uniquely
determined by the value function J as its compensator. Hence, ¢ plays a dual role here: it is both a
critic (as it can be derived endogenously from the value function) and an actor (as it derives an improved
policy). This is why we call the g-learning algorithms actor—critic, if with a slight abuse of the term
because the “actor” here is not purely exogenous as with, say, policy gradient.
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Alternatively, we may choose to directly learn the optimal value function and g-function
based on Theorem 9. In this case, the approximators J? and ¢¥ should satisfy

JUT, z) = h(z), /Aexp{}qu(t,x,a)}da =1 (31)

Note that if the policy 7 in (29) is taken in the form (30), then the second equation in
(31) is automatically satisfied. Henceforth in this section, we focus on deriving algorithms
based on Theorem 9 and hence always impose the constraints (31). In this case, any approx-
imator of the g-function directly gives that of the policy via 7% (alt,z) = exp{%qw(t, x,a)};
thereby we avoid learning the g-function and the policy separately. Moreover, making use
of (31) typically results in more special parametric form of the g-function approximator ¢¥,
potentially facilitating more efficient learning. Here is an example.

Example 1 When the system dynamic is linear in action a and reward is quadratic in a,
the Hamiltonian, and hence the g-function, is quadratic in a. So we can parameterize

1 T
0 (t,a,0) = =54} (t.a)e(a — g/ (6:0)) (a— 0 (1,0)) +af(t,2), (t.,0) € [0, TIxRIxR™,

with q%(t,x) € R™, q;p(t,l‘) € ST, and qg)(t, x) € R. The corresponding policy is a
multivariate normal distribution for which the normalizing constant can be computed:

w i) = (af o) (d6) ).

with its entropy value being —% log det qg’ (t,z) + % log 2mey. The second constraint on qv
in (31) then yields qg}(t, r) = 3 log (det qf(tw)) — "5t log2n. This in turn gives rise to a

more specific parametric form

1 T m
0 __tw Y o b ¥ _my
q“(t,x,a) 2(]2 (t,z)o <a q (¢, x)) (a q (t, x)) + 5 log <det q5 (1, x)) 5 log 2.

The next step in algorithm design is to update (6,1) by enforcing the martingale con-
dition stipulated in Theorem 9 and applying the techniques developed in Jia and Zhou
(2022a). A number of algorithms can be developed based on two types of objectives: to
minimize the martingale loss function or to satisfy the martingale orthogonality conditions.
The latter calls for solving a system of equations for which there are further two differ-
ent techniques: applying stochastic approximation as in the classical temporal—difference
(TD) algorithms or minimizing a quadratic function in lieu of the system of equations as in
the generalized methods of moment (GMM). For reader’s convenience, we summarize these
methods in the g-learning context below.

e Minimize the martingale loss function:

2
1 T . ) T
2 [/ [eﬁ(Tt)h(X#)_Je(t’Xf e @ﬂ‘st’[r(s,xﬁ,agﬂ—qw(s,xﬁ,agﬁ}dsl dt].
0

t
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This method is intrinsically offline because the loss function involves the whole horizon
[0, T]; however we are free to choose optimization algorithms to update the parameters
(0,1). For example, we can apply stochastic gradient decent to update

T J9 "
0 <« 60+ g (t Xﬂ- )GtTdt

o 00
V <—¢+a¢,/ / (s—t) 8q ( X 0™ )dsGrdt,

where Gy.r = e_ﬁ(T_t)h(X?w)—Je(t,erw)—i—ftT e P (s, X7 aT")—q¥ (s, X", a™")]ds,

’ S
and ag and «ay are the learning rates. We present Algorithm 1 based on this updat—

ing rule. Note that this algorithm is analogous to the classical gradient Monte Carlo
method or TD(1) for MDPs (Sutton and Barto, 2018) because full sample trajectories
are used to compute gradients.

e Choose two different test functions & and (; that are both Fi-adapted vector-valued
stochastic processes, and consider the following system of equations in (6, v):

T
EF [ / & [ar”(t, X77) + (e X7 af )t — gV (6 X7 )t ﬁﬁ(qu”)dtH =0,
0
and

T
EP [/O G It XY 4 et X7 ’“”)dt—q¢<t,Xfw,afw>dt—ﬁJG(t,Xﬂ)dtH:

To solve these equations iteratively, we use stochastic approximation to update (6, )
either offline by!?

T
9%94—&9/ & [dﬁ(t,xg””)+r(t,Xg'*”,a;'”)dt Y, X7 ar)d t—ﬂﬁ(t,ng”)dt},
0

T

v vy [ [ar X e X ar ) X o - 5070, X7at).
0

or online by
0 0+ apt, [dﬁ(t, XY e, X a )t — gt XTY a7 )dt — BI04, ng“’)dt] ,
b Ut agG [0 XT) +r(t X7 ar )t — ¢ (4, X7 aT )t — 87, X7 )at|
Typical choices of test functions are & = 8“’ 7 (t, X[ "), G = %(t, X7 a7") yielding
algorithms that would be closest to TD- Style policy evaluation and Q-learning (e.g., in
Tallec et al. 2019) and at the same time belong to the more general semi-gradient meth-

ods (Sutton and Barto, 2018). We present the online and offline g-learning algorithms,
Algorithms 2 and 3 respectively, based on these test functions. We must, however,

13. Here, when implementing in a computer program, d.J? is the timestep-wise difference in J? when time
is discretized, or indeed it is the temporal-difference (TD) of the value function approximator JO.
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stress that testing against these two specific functions is theoretically not sufficient
to guarantee the martingale condition. Using them with a rich, large-dimensional
parametric family for J and ¢ makes approximation to the martingale condition finer
and finer. Moreover, the corresponding stochastic approximation algorithms are not
guaranteed to converge in general, and the test functions have to be carefully selected
(Jia and Zhou, 2022a) depending on (J, ¢). Some of the different test functions leading
to different types of algorithms in the context of policy evaluation are discussed in Jia
and Zhou (2022a).

e Choose the same types of test functions & and (; as above but now minimize the
GMM objective functions:

T T
EP [ / & [a” (6 X77) (e X af )t - g0 (6 X o)t - B, Xg“”)dtH
0

T
AgEP [ / & [0t XT) +r(t, X7 aF )t - ¢¥ (L, X7 aT " )at - B, X;”)dt}]
0

and

T T
EF [ / G | X7 (e X7 aT )t — ¥ (4, X7 Tt - B, X;“”)dtH
0

¥ ¥

T
AyEF U G ATt XY 4t X o ) — ¢ (6 XT af )t — BTt XT w"“ﬂ
0

where Ay € Si‘l,Aw € Siﬁ Typical choices of these matrices are Ay = I, and
Ay =1Ip,, or Ag = (EP[fOT &&ldt) ! and Ay = (]EP[IOT G:¢ dt])~!. Again, we refer
the reader to Jia and Zhou (2022a) for discussions on these choices and the connection
with the classical GTD algorithms and GMM method.

4.2 Connections with SARSA

With a fixed time-step size At, we can define our Q-function, Qa+(t,x,a;7), by (15),
parameterize it by Q%,(t,z,a; ), and then apply existing (big) Q-learning algorithms such
as SARSA (cf., Sutton and Barto 2018, Chapter 10) to learn the parameter ¢. Now, how
do we compare this approach of At-based Q-learning with that of g-learning?

Equation (15) suggests that Qa(t, x,a; ) can be approximated by

Quult, z,a;m) ~ J(t, ;) + q(t, 2, a; )AL,

Our g-learning method is to learn separately the zeroth-order and first-order terms of
Qac(t,z,a;m) in At, and the two terms are in themselves independent of At. Our ap-
proach therefore has a true “continuous-time” nature without having to rely on At or any
time disretization, which theoretically facilitates the analysis carried out in the previous
section and algorithmically mitigates the high sensitivity with respect to time discretiza-
tion. Our approach is similar to that introduced in Baird (1994) and Tallec et al. (2019)
where the value function and the (rescaled) advantage function are approximated separately.
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Algorithm 1 Offline-Episodic g-Learning ML Algorithm
Inputs: initial state xg, horizon T', time step At, number of episodes N, number of mesh
grids K, initial learning rates ag, ay, and a learning rate schedule function [(-) (a function
of the number of episodes), functional forms of parameterized value function J?(-,-) and
q-function ¢¥(-, -, -) satisfying (31), and temperature parameter .
Required program (on-policy): environment simulator (z/,r) = Environmenta(t, x, a)
that takes current time-state pair (¢,z) and action a as inputs and generates state x
at time ¢ + At and instantaneous reward r at time t as outputs. Policy w¥(alt,z) =
exp{Lq"(t,,a)}.
Required program (off-policy): observations  {as,, e, , T4, Jh=0, k-1 U
{zt,c, (e, )} = Observation(At) including the observed actions, rewards, and state
trajectories under the given behavior policy at the sampling time grids with step size At.
Learning procedure:
Initialize 6, .
for episode 7 =1 to N do
Initialize £ = 0. Observe initial state xg and store x;, < xo.
{On-policy case
while £ < K do
Generate action a;, ~ 7% (-|ty, 71, ).
Apply a;, to environment simulator (z,r) = Environmenta(tg, xt,,ar, ), and ob-
serve new state x and reward r as output. Store xy, , < z and ry < 7.
Update k < k + 1.
end while
¥
{Off-policy case Obtain one observation {as,, s, , Tt tk=0,... . K—1 U{Tt,, M2ty )} =
Observation(At).

}

For every k =0,1,--- , K — 1, compute

K-1
Gtk:T = E_B(T_tk)h(xtK) - Jg(t/ﬁ xtk) + Z e_ﬁ(ti_tk)[rti - qT/) (ti7 T, ati)]At'
i=k

Update 8 and 1 by

K— 1aJ9
0—0+1(j agzm th, 1, )G T AL
k=0

K-1[K-1 aq¢
b1y > Y %(tk,mtk,atk)At Gy,.TAt.
k=0 Li=k

end for
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Algorithm 2 Offline-Episodic g-Learning Algorithm

Inputs: initial state xg, horizon T', time step At, number of episodes N, number of mesh
grids K, initial learning rates ag, ay, and a learning rate schedule function [(-) (a function
of the number of episodes), functional forms of parameterized value function J?(-,-) and
q-function ¢¥(-,-,-) satisfying (31), functional forms of test functions &(t,z.n;,a.n¢) and

C(t,x.at, a.nt), and temperature parameter ~.

Required program (on-policy): environment simulator (z/,r) = Environmentas(t, x, a)

that takes current time-state pair (¢,z) and action a as inputs and generates state
at time ¢ + At and instantaneous reward r at time ¢ as outputs. Policy ¥ (alt, )
exp{Lq¥(tz,a)}.

Required program (off-policy): observations {atkyrtka$tk+1}k:0,---,K71

{zt,c, (e, )} = Observation(At) including the observed actions, rewards, and state

trajectories under the given behavior policy at the sampling time grids with step size At.
Learning procedure:
Initialize 0, .
for episode j =1 to N do
Initialize k£ = 0. Observe initial state xg and store x¢, < xo.
{On-policy case
while £ < K do
Generate action ay, ~ 7% (-|tg, 71, ).

Apply a;, to environment simulator (z,r) = Environmenta(ti, x,,ar, ), and ob-

serve new state x and reward r as outputs. Store xy, ,, <z and ry, < 7.
Update k < k+ 1.
end while

}

{Off-policy case Obtain one observation {a,, 7, Tt tk=0,-., K—1 U {Ztz, M@ty )}

Observation(At).

}

For every k = 0,1,---,K — 1, compute and store test functions &,
f(tkawtoa oty Lty Aty "t 7atk)a Ctk = C(tkvxtov crr Ty Aty 0t 7atk)'

Compute

K-1
Aa = Z gti [Je(ti+17wti+1) - ']g(tiv xti> + TtiAt - qw(t’u xtpati)At - /8J0<t27$t1)At]7
=0

K-1
Aw = Z Cti [Je(tz-‘rl; xti+1) - Je(th xti) + T'tiAt - qw(tﬂ xtw ati)At - Bje(tla xtl)At] .
=0
Update 8 and 1 by
0 0+ 1(j)apAd.

Y =+ 1))y Ay

end for
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Algorithm 3 Online-Incremental g-Learning Algorithm
Inputs: initial state zg, horizon T', time step At, number of mesh grids K, initial learning
rates g, oy, and learning rate schedule function [(-) (a function of the number of episodes),
functional forms of parameterized value function J(-,-) and q-function ¢¥(-,-,-) satisfying
(31), functional forms of test functions &(t,x.a¢, a.ar) and (¢, z.a¢, a.n¢), and temperature
parameter 7.
Required program (on-policy): environment simulator (z/,r) = Environmentas(t, x, a)
that takes current time-state pair (¢,z) and action a as inputs and generates state xz’
at time ¢ + At and instantaneous reward r at time ¢ as outputs. Policy w¥(alt,z) =
exp{%qw(t, €, a)}
Required program (off-policy): observations {a,r, 2’} = Observation(t, z; At) including
the observed actions, rewards, and state when the current time-state pair is (¢, z) under the
given behavior policy at the sampling time grids with step size At.
Learning procedure:
Initialize 0, .
for episode j =1 to oo do
Initialize £ = 0. Observe initial state xg and store x¢, < xo.
while k£ < K do

{On-policy case

Generate action a;, ~ 7Y (-|ty, x4, ).

Apply a;, to environment simulator (z,r) = Environmenta(ti, x,,ar, ), and ob-

serve new state x and reward r as outputs. Store x4, ,, <= x and ry < 1.

¥

{Off-policy case

Obtain one observation ay, , 7y, , ¢, , = Observation(ty, xy,; At).

}

Compute test functions &, = E(thyTrg, - Tty gy 5 0ty),  Cry =
C(tkyxtov cr Ly Tty Qtgy o aatk)'
Compute

d = Je(tk+1, xtk+1) — Je(tk,aitk) + TtkAt — qw(tk,.%tk, atk)At — /BJG(tk7$tk)At7
Al = gtk(sa
Ay = <tk5
Update 6 and 1 by
0 — 0+ 1(j)agAd.
Y Y+ 1)y

Update k < k+ 1
end while
end for
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However, as pointed out already, as much as the two approaches may lead to certain similar
algorithms, they are different conceptually. The ones in Baird (1994) and Tallec et al. (2019)
are still based on discrete-time MDPs and hence depend on the size of time-discretization.
By contrast, the value function and g-function in g-learning are well-defined quantities in
continuous time and independent of any time-discretization.

On the other hand, approximating the value function by J? and the q-function by ¢¥
separately yields a specific approximator of the Q-function by

Q%Y (t,x,a) ~ JO(t,x) + ¢ (t, =, a) AL (32)

With this Q-function approximator Q%¥, one of our g-learning based algorithms actually
recovers (a modification of) SARSA, one of the most well-known conventional Q-learning
algorithm.

To see this, consider state X; at time . Then the conventional SARSA with the ap-
proximator Q%% updates parameters (6,v) by

¥ )
0 T ¥
0 < 0+ ap (Qif(t + At, Xta_f_At» a;-At) 710g7" (at+At’t + At Xt+At)At

0QLY
0

— Q% (t, Xy, aT") + r(t, Xy, al YAt — BQRY (¢, Xy, aF >At) (t, X1, al"),

0,
1/1%1/1—%0%(@& (t + At, Xt+At>at+At) ~log ¥ (at+Atlt+At XHN)At

Q%Y

— Q% (t, Xy, aT") + r(t, Xy aT )AL — BQYY(t, Xy, aF )At> 50 (t, Xy, aF"),
(33)
where afw ~ ¥ (-|t, X¢) and affm ~ TVt + At s XA
Note that by (32), we have
8Q%} ~ DI, aQ%J ~ ant AL
06 a0 = N
0.

Q%Y
5}

This means that has an additional order of At when compared with B%y , resulting
in a much slower rate of update on v than 6. This observation is also made by Tallec et al.
(2019), who suggest as a remedy modifying the update rule for Q-function by replacing the
partial derivative of the Q-function with that of the advantage function. In our setting, this

means we change qut to aq@t in the second update rule of (33).
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Now, the terms in the brackets in (33) can be further rewritten as:

97
- QAt (t Xt,at ) + r(t,Xt,at )At - /BQA (t Xt, )At

=J(t + At Xf;m) JO(t, X)) + [¢¥(t + At, Xffm, afiay) — gV (t, X, aT ) At
; =
+r(t, Xy, aT" )At — BT (t, XAt — Ba¥ (t, Xp,aT ") (At)? — ylog ¥ (af a,lt + At, X{T ) At

—J(’(t+ At XHN) JOt, X)) — ¢¥(t, Xp, aF YAt + r(t, Xp, aF VAt — BIO (¢, X)) At

- v v
+ g% (t + At, X:iAw afing) — ylog m¥(al |t + At, X:im) At — Bg¥ (t, Xi, aT" ) (At)?

~dJ9(t X,) - ¢%(t, Xt,at Nt + r(t, Xy, aF YAt — BIO (¢, X,)dt

"
+ (t + At, Xt+At7at+At) 7 log Ww<a?+At’t + At, X:im) dt,

mean-0 term due to (29)

where in the last step we drop the higher-order small term (At)? while replacing the differ-
ence terms with differential ones.

Comparing (33) with the updating rule in Algorithm 3 using test functions & = aa—‘]; (t, X[ w)
and (; = &Iw( X”w 7rw), we find that the modified SARSA in Tallec et al. (2019) and
Algorithm 3 differ only by a term whose mean is 0 due to the constraint (29) on the ¢-
function. This term is solely driven by the action randomization at time ¢ + At. Hence, the
algorithm in Tallec et al. (2019) is noisier and may be slower in convergence speed compared
with the g-learning one. In Section 7, we will numerically compare the results of the above
Q-learning SARSA and g-learning.

5. g-Learning Algorithms When Normalizing Constant Is Unavailable

Theorem 7 assumes that the normalizing constant in the Gibbs measure is available so that
one can enforce the constraint (21). So does Theorem 9 because the second constraint in
(27) is exactly to verify the normalizing constant to be 1. But it is well known that in most
high-dimensional cases computing this constant is a daunting, and often impossible task.

5.1 A stronger policy improvement theorem

To overcome the difficulty arising from an unavailable normalizing constant in soft Q-
learning, Haarnoja et al. (2018b) propose a general method of using a family of stochastic
policies whose densities can be easily computed to approximate 7’. In our current set-
ting, denote by {m?(-|t,z)}sce the family of density functions of some tractable distribu-

tions, e.g., the multivariate normal distribution w?(-|t,z) = N (u®(t,z), ?(t,z)), where
p®(t,z) € R™ and X¢(¢,z) € ST,.. The learning procedure then proceeds as follows: start-

tw,smw?
ing from a policy 7w? within this family, project the desired policy Toex ijt ZE tza: (3)}} 4 to
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the set {mw®(alt, z)}sco by minimizing

exp{1q(t,z,7?)} / 1
. — . ¢ . - B (z)
min Dy <7r |t HfAeXp{ S ) = min Dy (77 ( |t7x)HeXp{7fJ(t7x, j )}> :
where Dy, (ng) = fA log %f(a)da is the Kullback—Leibler (KL) divergence of two
positive functions f, g with the same support on A, where f € P(A) is a probability density
function on A.

This procedure may not eventually lead to the desired target policy, but the newly
defined policy still provably improves the previous policy, as indicated in the following
stronger version of the policy improvement theorem that generalizes Theorem 2.

Theorem 10 Given (t,z) € [0,T] x RY, if two policies ® € I and ' € 1 satisfy

/ 1 oS T
Dgki, (ﬂ' (-|t, x)HeXp{’yH(t,x, . (t,x;m), 92 (t,x; 7\'))}
1 oJ 0?J
<Dgky, (71'(|7§,:I:)H exp{;H(t,x, . %(t,x,ﬂ'), ) (t,x,w))}) ,

then J(t,z;w'") > J(t, x; 7).

Theorem 10 in itself is a general result comparing two given policies not necessarily
within any tractable family of densities. However, an implication of the result is that, given
a current tractable policy 7w, as long as we update it to a new tractable policy 7w with

/ 1 1
Dt (7 (It |expCattoz 7)) < Dt (w210 0)| expatt 5w )
then 7% improves upon 7. Thus, to update ¢ it suffices to solve the optimization problem
/ 1
in D (- t, H —q(t,z, ¢
min Dy <‘fr (-[t, ) eXp{WQ( T, w0)}
1 /
:min/ [logﬂ' (alt,x) — —q(t, x, a; w‘z’)} 7w (alt, z)da.
PEDJA Y
The gradient of the above objective function in ¢’ is
6/ log % (alt, z) — ! (t,z,a;7®) | 7% (alt, z)da
8¢, g 'Yq y Ly Wy )
1 on? (alt, z) 0 /
=/ |1 t,x) — —qt N ——2d 1 t ¥ (alt,z)d
/A[ogﬂ' (alt, z) ’yq( a:aﬂ')} 99/ a+/[a¢/ og ¥ (alt, x)]ﬂ' (alt,z)da
1
:/ [log‘rr (alt,z) — —q(t,z,a;m )} [ 8/ log 7' (alt, x)} 7% (alt, z)da,
A gl O

where we have noted

0 / d 0 /
¢ = [ ¢ — ¢ —
/ L?qﬁ’ log w? (alt, x)] ¥ (alt,x)da i 8¢’7T (alt, z)da 95 /Aﬂ' (alt,z)da = 0.
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Therefore, we may update ¢ each step incrementally by

¢ < ¢ — yaydt |log W¢(af¢]t, Xy) — iq(t, X, afd); w?) ; log 7r¢(af¢|t, Xy), (34)
where we choose the step size to be specifically yagdt, for the reason that will become
evident momentarily.

The above updating rule seems to indicate that we would need to learn the g-function
q(t, z,a; w®) associated with the policy 7w®. This is doable in view of Theorem 7, noting that
{m?(-|t,z)}sca is a tractable family of distributions so that the constraint (21) or (29) can
be computed and enforced. However, we do not need to do so given that (34) only requires
the g-value along the trajectory {(t, X, af¢); 0 <t < T}, instead of the full functional form
q(cy 7r¢). The former is easier to computed from the temporal difference learning, as will
be evident in the next subsection.

5.2 Connections with policy gradient

Applying It6’s lemma to J (-, -; w) and recalling Definition 4, we have the following important
relation between the g-function and the temporal difference of the value function:

qt, X[ afym)dt = dJ (¢, X[ m) + r(t, X7, af )dt — BJ (6, X7y m)dt + {--- }dWi.  (35)

Plugging the above to (34) and ignoring the martingale difference term {--- }dW; whose
mean is 0, the gradient-based updating rule for ¢ becomes

b b+ ay [—’ylog 7 (al’ [t, XFO)dt + dJ (¢, X7 7%) + r(t, X7 aT")dt — B (8, X w?)dt

x 86; log w(a’|t, XT°).
(36)
In this updating rule, we only need to approximate .J(-,;w?), which is a problem of PE.
Specifically, denote by J?(-,-) the function approximator of J(-,-;w?), where § € ©, and
we may apply any PE methods developed in Jia and Zhou (2022a) to learn J?. Given this

value function approximation, the updating rule (36) further specializes to
6 — ¢+ ag | —vlogm (]|t X7 )dt + A (6, X77) + (6, X7 aF ")t — B (8, X7t

X [f:b log 71"’5((1,’5”5 It, Xt”¢).

(37)
Expression (37) coincides with the updating rule in the policy gradient method established
in Jia and Zhou (2022b) when the regularizer therein is taken to be the entropy. Moreover,
since we learn the value function and the policy simultaneously, the updating rule leads to
actor—critic type of algorithms. Finally, with this method, while learning the value function
may involve martingale conditions as in Jia and Zhou (2022a), learning the policy does not.
Schulman et al. (2017) note the equivalence between soft Q-learning and PG in discrete
time. Here we present the continuous-time counterpart of the equivalence, nevertheless with
a theoretical justification, which recovers the PG based algorithms in Jia and Zhou (2022b)

when combined with suitable PE methods.
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6. Extension to Ergodic Tasks

We now extend the previous study to ergodic tasks, in which the objective is to maximize
the long-run average in the infinite time horizon [0, 00), the functions b, o and r do not
depend on time ¢ explicitly, and h = 0. The set of admissible (stationary) policies can be
similarly defined in a straighforward manner. The regularized ergodic objective function is
the long-run average:

hmmf EPW[/ / — ylogm(a|X™)|m (a\X:)dads’Xt”:ac]

—hmmeP[/t [r(XT,aT) —~vlogm(al|XT) ds‘Xt —m}

s Qg
T—o0

where v > 0 is the temperature parameter.
We first present the ergodic version of the Feynman—Kac formula and the corresponding
policy improvement theorem.

Lemma 11 Let m = 7w(-|-) be a given admissible (stationary) policy.** Suppose there is a
function J(-;m) € C*(R?) with polynomial growth and a scalar V() € R satisfying

2
/A [H(m,a, %(m, ), %(m, ) — vlogw(alm)} w(a|lz)da — V(mw) =0, z R (38)

Then for any t > 0,
V(m) = liminfr_ o TEPW <ft JAlr(XT,a) - ’ylogﬂ(a])z;')]ﬂ(a])z;')dads’)zg" = a:)

= liminfr e %EP(L X7 a™) —ylogw(a™| XT) ds‘Xt —:1:>

(39)
Moreover, if there are two admissible policies ™ and 7' such that for all x € RY,

<Dgkr,

DiL (ﬂ"(-]x)HeXp{iH(x, § gi(a:;ﬂ'), gi‘g(x;w))}>
(w10 expt (o, 52 wim). 5 wim) ).

then V(x') > V(m).

We emphasize that the solution to (38) is a pair of (J,V), where J is a function of
the state and V' € R is a scalar. The long term average of the payoff does not depend on
the initial state x nor the initial time ¢ due to ergodicity, and hence is a constant as (39)
implies. The function J, on the other hand, represents the first-order approximation of the
long-run average and is not unique. Indeed, for any constant ¢, (J + ¢, V) is also a solution

o (38). We refer to V' as the value of the underlying problem and still refer to J as the

14. For such ergodic tasks, typically an admissible policies also require the process X™ is ergodic (cf. Meyn
and Tweedie 1993).
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value function. Lastly, since the value does not depend on the initial time, we will fix the
latter as 0 in the following discussions and applications of ergodic learning tasks.

As with the episodic case, for any admissible policy 7, we can define the At-parameterized
Q-function as

Qat(,a; )

t+At T
—EP" [/ [r(X2 a) — V(m)]ds + lim EP[/ [r(XT,aT) —~vylogm(al|XT)
t T—o0 t+AL

-V (mas| Xt ol | X7 =]

AN

=EP / [r(X¢,a) — V(m)]ds + J(X{ Ap ﬂ)‘X{' = x]
LJ¢

PV : P T, a T _

E [Th—%oE [J(XT,W)’Xt—‘rAt] ‘Xt 95]

wl [t
=EP /t [r(X¢,a) = V(m)]ds + J(X{ ap ) — J (2 ﬂ-)‘th _ ZL‘:| + J(z:7)

—E"" | lim EP[J(XT. )| X2 ‘Xﬁ:
[Tl_fgo [J( T,ﬂ')’ t+At] t x

tHAL a.J 0%J
_gP" [/t [H(XZ,a, %(Xg;ﬂ'), @(X?;ﬂ')) - V(ﬂ')]dS‘Xtﬂ = x] +J(; )

—EP"| lim EP[J(XZ:m)| X2 ‘Xﬂ:
[Tl_fgo [J( 757)| t+At] t z

0J 0%J

=J(z;m) + [H (x,a, 5y @), W(mm)) - V(ﬂ)} At —J +0((A1)?),

where we assumed that limy_,o EY [J(XT; )| XF = 2] = J is a constant for any (¢,z) €
[0, +00) x R,
The corresponding g-function is then defined as

0J 0%J
Q(xaaa 7‘-) =H <$,CL, %(l‘aﬂ-)v axg(x77r)> - V(ﬂ')

As a counterpart to Theorem 7, we have the following theorem to characterize the value
function, the value, and the g-function for both on-policy and off-policy ergodic learning
problems. A counterpart to Theorem 9 can be similarly established, and we leave details

to the reader.

Theorem 12 Let an admissible policy ™, a number V, a function J e c? (Rd) with poly-
nomial growth, and a continuous function ¢ : R x A — R be given satisfying

Tlim lIE[j(X:’p’)] =0, / [4(z,a) — vlog m(a|z)]|w(alz)da = 0, Vz € R4 (40)
A
Then
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(i) V, J and q are respectively the value, the value function and the q-function associated
with 7 if and only if for all x € R?, the following process

t
JOXF)+ [ (X o) = (X7 ) = Vs (1)
is an ({Fi}e>0,P)-martingale, where {X[,0 < t < oo} is the solution to (6) with
X =u.

(i) If V, J and § are respectively the value, value function and the g-function associated
with 7, then for any admissible ' and any x € R?, the following process

/ /

JXF) + / (X 0T — (X7 aT) — V]du (42)

is an ({Fi}e>0, P)-martingale, where { X[ ,0 <t < oo is the solution to (6) under w'
with initial condition X{)T/ =2x.

(i4) If there exists an admissible 7' such that for all x € R%, (42) is an ({Fi}e0,P)-
martingale where X{)'/ =z, then V, J and q are respectively the value, value function
and the g-function associated with .

ex 1
Moreover, in any of the three cases above, if it holds further that m(a|x) = %
A ex ; x,a a

then m s the optimal policy and V is the optimal value.

Based on Theorem 12, we can design corresponding ¢-learning algorithms for ergodic
problems, in which we learn V, J? and ¢ at the same time. These algorithms have natural
connections with SARSA as well as the PG-based algorithms developed in Jia and Zhou
(2022b). The discussions are similar to those in Subsections 4.2 and 5.2 and hence are omit-
ted here. An online algorithm for ergodic tasks is presented as an example; see Algorithm
4.

7. Applications

7.1 Mean—variance portfolio selection

We first review the formulation of the exploratory mean—variance portfolio selection prob-
lem, originally proposed by Wang and Zhou (2020) and later revisited by Jia and Zhou
(2022b).1> The investment universe consists of one risky asset (e.g., a stock index) and one
risk-free asset (e.g., a saving account) whose risk-free interest rate is . The price of the
risky asset {S;,0 < ¢t < T} is governed by a geometric Brownian motion with drift x4 and
volatility o > 0, defined on a filtered probability space (Q, F,PV; {F }o<i<r). An agent
has a fixed investment horizon 0 < T' < oo and an initial endowment zy. A self-financing
portfolio is represented by the real-valued adapted process a = {a;,0 < t < T}, where a;

15. There is a vast literature on classical model-based (non-exploratory) continuous-time mean—variance
models formulated as stochastic control problems; see e.g. Zhou and Li (2000); Lim and Zhou (2002);
Zhou and Yin (2003) and the references therein.

30



CONTINUOUS-TIME Q-LEARNING

Algorithm 4 g-Learning Algorithm for Ergodic Tasks

Inputs: initial state xg, time step At, initial learning rates g, ay, @y and learning rate

schedule function [(-) (a function of time), functional forms of the parameterized value

function J?(-) and g-function ¢¥(-,-) satisfying (40), functional forms of test functions

E(t,x.pt,ant), C(t, AL, a.p¢), and temperature parameter +.

Required program (on-policy): an environment simulator (z/,r) = Environmenta:(x, a)

that takes initial state z and action a as inputs and generates a new state =’ at At and an
exp{2q¥(z,a)}

[aexp{5q¥ (z,a)}da’

Required program (off-policy): observations {a,r, 2’} = Observation(x; At) including

the observed actions, rewards, and state when the current state is  under the given behavior

policy at the sampling time grids with step size At.

Learning procedure:

instantaneous reward 7 as outputs. Policy 7% (a|z) =

Initialize 6,1, V. Initialize kK = 0. Observe the initial state xg and store x;, < xo.
loop
{On-policy case
Generate action a ~ w¥(-|z).
Apply a to environment simulator (z/,r) = Environmenta:(z,a), and observe new
state 2’ and reward r as outputs. Store zy, , + z’.
}
{Off-policy case
Obtain one observation ay, , 7y, , ¢, , = Observation(xy,; At).

}

Compute test functions &, = E(ths @iy, Ty Aty o+ 5 aty. ), Gy =
C(tk’vxtoa cr Lty Qgy vt 7atk)-
Compute

6= J%a") — J%(x) + rAt — ¢¥(z,a) At — VAL,

Af =&, 6,

AV =,

A = (g, 0.

Update 6, V and ¥ by
0« 0+ l(kAt)ayAb,

V « V +1(kAbay AV,
b )+ U(kAL) A,

Update z < 2’ and k «+ k + 1.
end loop

is the discounted dollar value invested in the risky asset at time ¢. Then her discounted
wealth process follows

d(e_TtSt)

dX; = —r)dt dW,] =
= a[(p—r)dt + odWy] = a4 7S,

XO = Zg.
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The agent aims to minimize the variance of the discounted value of the portfolio at time
T while maintaining the expected return to be a certain level; that is,

min Var(X%), subject to E[X{] = z, (43)
a

where z is the target expected return, and the variance and expectation throughout this
subsection are with respect to the probability measure PV
The exploratory formulation of this problem with entropy regularizer is equivalent to

™

T
J(t, x;w) = —maXE[— (XT —w)? —7/ 10g7r(a§|s,X“')ds‘Xt’" = x} + (w—2)?, (44)
t

subject to

dXT = (u—r)/aﬂ'(a\s,)?f)dads+a\// a?m(als, X™)dadW,; X =z,
R R

where w is the Lagrange multiplier introduced to relax the expected return constraint; see
Wang and Zhou (2020) for a derivation of this formulation. Note here we artificially add
the minus sign to transform the variance minimization to a maximization problem to be
consistent with our general formulation.

We now follow Wang and Zhou (2020) and Jia and Zhou (2022b) to parameterize the
value function by

JO(t, zw) = (x —w)2e BT L 0,22 =T+ 0,(t = T) — (w — 2)%
Moreover, we parameterize the g-function by

6_¢1 _¢3 (T_t)

¢!tz aw) =

(a+ (e —w))” = Jflog 2wy + b1 + (T — ),
which is derived to satisfy the constraint (29), as explained in Example 1. The policy
associated with this parametric q-function is 7% (-|z; w) = N (=g (x — w), ye¥11¥3(T=0) In
addition to @ = (A1,602,03)" and ¢ = (¥, 19,43) ", we also learn the Lagrange multiplier
w by stochastic approximation in the same way as in Wang and Zhou (2020) and Jia and
Zhou (2022b). The full algorithm is summarized in Algorithm 5.16

We then compare by simulations the performances of three learning algorithms: the
g-learning based Algorithm 5 in this paper, the PG-based Algorithm 4 in Jia and Zhou
(2022b), and the At-parameterized Q-learning algorithm presented in Appendix B. We
conduct simulations with the following configurations: p € {0,+0.1,40.3,+0.5}, o €
{0.1,0.2,0.3,0.4}, T =1, g = 1, z = 1.4. Other tuning parameters in all the algorithms are
chosen as v = 0.1, m = 10, ag = ay = 0.001, ay, = 0.005, and I(j) = ]0% To have more
realistic scenarios, we generate 20 years of training data and compare the three algorithms
with the same dataset for N = 20,000 episodes with a batch size 32. More precisely, 32
trajectories with length T are drawn from the training set to update the parameters to

16. Here we present an offline algorithm as example. Online algorithms can also be devised following the
general study in the previous sections.
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Algorithm 5 Offline-Episodic g-Learning Mean—Variance Algorithm

Inputs: initial state xg, horizon 7', time step At, number of episodes N, number of time
grids K, initial learning rates ag, ay, oy and learning rate schedule function [(-) (a function
of the number of episodes), and temperature parameter ~.

Required program: a market simulator ' = Marketa:(t, z,a) that takes current time-
state pair (t,2) and action a as inputs and generates state 2’ at time ¢ + At.

Learning procedure:

Initialize 0, v, w.
for episode 7 =1 to N do
Initialize £ = 0. Observe the initial state x and store z;, + x.
while £ < K do
Generate action ay, ~ 7Y (:|tg, Ty, ; w).
Compute and store the test function &, = %(tk,xtk; w), G, = %(tk,m’tk,atk;w).
Apply at, to the market simulator x = Marketa¢(ty, x4, , ar, ), and observe the output
new state x. Store xy, .
Update k < k + 1.

end while '
Store the terminal wealth X:(r]) — T
Compute
K—1
Ae = Z fti [Je (ti+1a $t~;+1 ) U]) - Je (th Tty w) - qd) (tly Tty At s w)At} )
i=0

K-1
A¢ = Z Cti [Je (ti+1a 'Itzurl; w) - J9 (tu Tt; s U}) - qd} (tla Tty At s IU)At} .
=0

Update 8 and 1 by
0« 0+ 1(5)apAb.
Y=+ 1(J)ay Ay

Update w (Lagrange multiplier) every m episodes:
if =0 mod m then

1 ¢ (i)
wew—awE‘ Z XTl.
i=j—m+1
end if
end for
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be learned for N times. After training completes, for each market configuration we apply
the learned policy out-of-sample repeatedly for 100 times and compute the average mean,
variance and Sharpe ratio for each algorithm. We are particularly interested in the im-
pact of time discretization; so we experiment with three different time discretization steps:
At € {%, ﬁ, ﬁ}. Note that all the algorithms rely on time discretization at the imple-
mentation stage, where At is the sampling frequency required for execution or computation
of numerical integral for PG and g-learning. For the Q-learning, At plays a dual role: it is
both the parameter in its definition and the time discretization size in implementation.

The numerical results are reported in Tables 1 — 3, each table corresponding to a different
value of At . We observe that for any market configuration, the Q-learning is almost always
the worst performer in terms of all the metrics, and even divergent in certain high volatility
and low return environment (when keeping the same learning rate as in the other cases).
The other two algorithms have very close overall performances, although the g-learning
tends to outperform in high volatile market environments. On the other hand, notably, the
results change only slightly with different time discretizations, for all the three algorithms.
This observation does not align with the claim in Tallec et al. (2019) that the classical Q-
learning is very sensitive to time-discretization, at least for this specific application problem.
In addition, we notice that g-learning and PG-based algorithm produce comparable results
under most market scenarios, while the terminal variance produced by g-learning tends to
be significantly higher than that by PG when |u| is small or o is large. In such cases, the
ground truth solution requires higher leverage in risky assets in order to reach the high
target expected return (40% annual return). However, it appears that overall g-learning
strives to learn to keep up with the high target return and as a result ends up with high
terminal variance in those cases. By contrast, the PG tends to maintain lower variance at
the cost of significantly underachieving the target return.

7.2 Ergodic linear—quadratic control

Consider the ergodic LQ control problem where state responds to actions in a linear way
dXt = (AXt + Bat)dt + (CXt + Dat)th, X() = T,

and the goal is to maximize the long term average quadratic payoff

1 T
hTrnlnf TE {/0 r(Xy, ar)dt| X = xo} ,

—00

with r(z,a) = —(&2? + Rza + Fa® + Pz + Qa).
The exploratory formulation of this problem with entropy regularizer is equivalent to

T—o0

1 T
lim inf EU r(XT, aT)dt — ylogﬂ'(aﬂXt")dt‘XS' - xo].
0

This problem falls into the general formulation of an ergodic task studied in Section
6; so we directly implement Algorithm 4 in our simulation. In particular, our function
approximators for J and ¢ are quadratic functions:
e_wS

Je(ac) = 0122 + yz, qw(:n,a) =

(a = b1 — 12)” = 3 (log 2y + 1),
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Table 1: Out-of-sample performance comparison in terms of mean, variance and
Sharpe ratio when data are generated by geometric Brownian motion with
At = % We compare three algorithms: “Policy Gradient” described in Algorithm 4 in
Jia and Zhou (2022b), “Q-Learning” described in Appendix B, and “g-Learning” described
in Algorithm 5. The first two columns specify market configurations (parameters of the
geometric Brownian motion simulated). “Mean”, “Variance”, and “SR” refer respectively to
the average mean, variance, and Sharpe ratio of the terminal wealth under the corresponding
learned policy over 100 independent runs. We highlight the largest average Sharpe ratio

in bold. “NA” refers to the case where the algorithm diverges. The discretization size is

At = 5.
o Policy Gradient Q-Learning g-Learning
H Mean Variance SR Mean Variance SR Mean Variance SR
-0.5 0.1 1.409 0.003 7.134 1.409 0.004 6.663 1.408 0.004 6.805
-0.3 0.1 1421 0.012 3.880 1.409 0.012 3.707 1.412 0.012 3.762
-0.1 0.1 1.382 0.094 1.285 1.327 0.070 1.263 1.351 0.081 1.272
0.0 0.1 1.090 0.216 0.193 1.098 0.302 0.201 1.108 0.321 0.202
0.1 0.1 1.312 0.147 0.835 1.265 0.108 0.827 1.292 0.133 0.831
0.3 0.1 1.420 0.016 3.312 1.402 0.016 3.181 1.407 0.016 3.224
0.5 0.1 1.405 0.004 6.422 1.403 0.005 6.026 1.403 0.004 6.147
-0.5 0.2 1417 0.014 3.526 1.416 0.016 3.308 1.416 0.016 3.377
-0.3 0.2 1.445 0.060 1.915 1.428 0.059 1.841 1.434 0.059 1.867
-0.1 0.2 1.335 0.341 0.608 1.402 0.801 0.628 1.405 0.589 0.631
0.0 0.2 1.053 0.539 0.070 1.168 7.995 0.100 1.136 3.422 0.100
0.1 0.2 1.248 0.437 0.380 1.349 2.046 0.411 1.341 1.005 0.412
0.3 0.2 1.445 0.083 1.634 1.422 0.078 1.580 1.431 0.081 1.600
0.5 0.2 1413 0.018 3.173 1.412 0.020 2.992 1.411 0.019 3.050
-0.5 0.3 1.433 0.039 2.305 1.432 0.043 2.180 1.432 0.041 2.223
-0.3 0.3 1.458 0.162 1.247 1.468 0.196 1.214 1.484 0.217 1.229
-0.1 0.3 1.226 0.569 0.335 1.624 8.959 0.415 1.556 5.558 0.415
0.0 0.3 1.030 0.777 0.036 NA NA NA 1.187 23.269 0.066
0.1 0.3 1.1561 0.670 0.202 1.539 13.741 0.271 1.482 13.321 0.271
0.3 0.3 1.448 0.231 1.046  1.475 0.322 1.042 1.485 0.313 1.053
0.5 0.3 1431 0.048 2.073 1.428 0.052 1.972  1.429 0.050 2.008
-0.5 0.4 1457 0.093 1.679 1.460 0.102 1.608 1.462 0.102 1.638
-0.3 04 1417 0.346 0.877 1.670 2.363 0.898 1.602 1.176 0.905
-0.1 04 1.147 0.805 0.205 NA NA NA 1.711  20.852 0.306
0.0 04 1.017 0.893 0.016 NA NA NA 1.211  76.040 0.048
0.1 04 1.084 0.825 0.109 NA NA NA 1539 25371 0.196
0.3 0.4 1408 0.379 0.747 NA NA NA 1.609 1.992 0.776
0.5 04 1.446 0.102 1.510 1.456 0.125 1.455 1.461 0.128 1.479
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Table 2: Out-of-sample performance comparison in terms of mean, variance and
Sharpe ratio when data are generated by geometric Brownian motion with
At = flo. We compare three algorithms: “Policy Gradient” described in Algorithm 4 in
Jia and Zhou (2022b), “Q-Learning” described in Appendix B, and “g-Learning” described
in Algorithm 5. The first two columns specify market configurations (parameters of the
geometric Brownian motion simulated). “Mean”, “Variance”, and “SR” refer respectively to
the average mean, variance, and Sharpe ratio of the terminal wealth under the corresponding
learned policy over 100 independent runs. We highlight the largest average Sharpe ratio
in bold. “NA” refers to the case where the algorithm diverges. The discretization size is

_ 1
At = k.

o Policy Gradient Q-Learning g-Learning

H Mean Variance SR Mean Variance SR Mean Variance SR
-0.5 0.1 1.409 0.003 7.130 1.407 0.004 6.671 1.407 0.004 6.805
-0.3 0.1 1.419 0.012 3.878 1.407 0.012 3.710 1.410 0.012 3.762
-0.1 0.1 1.380 0.092 1.285 1.325 0.069 1.264 1.347 0.079 1.272

0 0.1 1.092 0.218 0.201 1.096 0.253 0.201 1.106 0.306 0.202
0.1 0.1 1314 0.148 0.835 1.267 0.109 0.827 1.293 0.133 0.831
0.3 0.1 1.424 0.017 3.311 1.406 0.017 3.183 1.411 0.017 3.224
0.5 0.1 1411 0.004 6.421 1.409 0.005 6.032 1.409 0.004 6.147
-0.5 0.2 1.415 0.014 3.524 1.414 0.016 3.312 1.413 0.015 3.377
-0.3 0.2 1.439 0.057 1.915 1.423 0.056 1.843 1.428 0.056 1.867
-0.1 0.2 1.343 0.329 0.620 1.369 0.460 0.628 1.390 0.493 0.631

0 0.2 1.054 0.546 0.070 1.173 9.036 0.100 1.128 2.519 0.100
0.1 0.2 1.241 0.413 0.372 1.350 1.356 0.411 1.340 0.925 0.412
0.3 0.2 1.450 0.084 1.634 1.426 0.079 1.581 1.435 0.081 1.600
0.5 0.2 1.420 0.018 3.173 1.418 0.020 2.995 1.418 0.019 3.050
-0.5 0.3 1.428 0.037 2.304 1.426 0.041 2.183 1.426 0.039 2.223
-0.3 0.3 1.467 0.171 1.248 1.454 0.169 1.215 1.466 0.178 1.229
-0.1 0.3 1.230 0.552 0.326 1.661 10.321  0.415 1.495 2.852 0.415

0 0.3 1.031 0.845 0.036 1.236  38.868 0.066 1.184 21.710 0.066
0.1 0.3 1.142 0.716 0.181 1.541 16.335  0.266 1.456 6.433 0.271
0.3 0.3 1.466 0.230 1.064 1.470 0.260 1.043 1.486 0.281 1.053
0.5 0.3 1438 0.049 2.073 1.434 0.053 1.974 1.435 0.051 2.008
-0.5 0.4 1451 0.085 1.679 1.448 0.090 1.611 1.449 0.087 1.638
-0.3 04 1.424 0.281 0.890 1.535 0.638 0.898 1.544 0.612 0.905
-0.1 04 1.153 0.777 0.192 NA NA NA 1.747 22299 0.306

0 0.4 1.019 1.000 0.021 NA NA NA 1.233 77.875 0.048
0.1 04 1.091 1.006 0.110 NA NA NA 1.696 48.274 0.200
0.3 0.4 1.400 0.384 0.704 1.685 2.737 0.771 1.595 1.189 0.776
0.5 04 1.463 0.114 1.510 1.463 0.122 1.457 1.466 0.121 1.479
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Table 3: Out-of-sample performance comparison in terms of mean, variance and
Sharpe ratio when data are generated by geometric Brownian motion with
At = Tl()o' We compare three algorithms: “Policy Gradient” described in Algorithm 4 in
Jia and Zhou (2022b), “Q-Learning” described in Appendix B, and “g-Learning” described
in Algorithm 5. The first two columns specify market configurations (parameters of the
geometric Brownian motion simulated). “Mean”, “Variance”, and “SR” refer respectively to
the average mean, variance, and Sharpe ratio of the terminal wealth under the corresponding
learned policy over 100 independent runs. We highlight the largest average Sharpe ratio
in bold. “NA” refers to the case where the algorithm diverges. The discretization size is

_ 1
At—m.

o Policy Gradient Q-Learning q-Learning
H Mean Variance SR Mean Variance SR Mean Variance SR
-0.5 0.1 1.408 0.003 7.130 1.406 0.004 6.677 1.406 0.004 6.805
-0.3 0.1 1.418 0.012 3.878 1.406 0.012 3.713 1.409 0.012 3.762
-0.1 0.1 1.376 0.090 1.285 1.324 0.069 1.264 1.345 0.077 1.272
0.0 0.1 1.092 0.218 0.201  1.096 0.259 0.201 1.105 0.300 0.202
0.1 0.1 1.316 0.149 0.835 1.269 0.111 0.827 1.294 0.133 0.831
0.3 0.1 1.425 0.017 3.311 1.407 0.017 3.185 1.412 0.017 3.224
0.5 0.1 1412 0.004 6.420 1.410 0.005 6.037 1.410 0.004 6.147
-0.5 0.2 1.413 0.014 3.524 1.411 0.016 3.315 1.411 0.015 3.377
-0.3 0.2 1.435 0.056 1.915 1.419 0.055 1.844 1.424 0.056 1.867
-0.1 0.2 1.328 0.295 0.632 1.366 0.455 0.629 1.384 0.486 0.631
0.0 0.2 1.059 0.610 0.074 1.174 9.894 0.100 1.125 2.521 0.100
0.1 0.2 1.254 0.468 0.380 1.360 1.867 0.411 1.340 0.952 0.412
0.3 0.2 1.450 0.084 1.634 1.428 0.080 1.582  1.436 0.081 1.600
0.5 0.2 1422 0.018 3.173 1.419 0.020 2.998 1.419 0.019 3.050
-0.5 0.3 1.425 0.036 2.304 1.422 0.040 2.185 1.422 0.039 2.223
-0.3 0.3 1.459 0.169 1.248 1.449 0.167 1.216  1.459 0.177 1.229
-0.1 0.3 1.225 0.597 0.327 1.690 11.223  0.415 1.487 2.943 0.415
0.0 0.3 1.039 0.857 0.044 1.206 36.278 0.066 1.183 23.798 0.066
0.1 03 1.169 0.745 0.202 1.457 14.390 0.266 1.462 8.590 0.271
0.3 0.3 1455 0.215 1.064 1.488 0.356 1.044 1.486 0.296 1.053
0.5 0.3 1438 0.049 2.073 1.435 0.053 1.975 1.436 0.051 2.008
-0.5 0.4 1.446 0.084 1.679 1.443 0.089 1.612 1.444 0.086 1.638
-0.3 0.4 1.395 0.231 0.873 1.529 0.619 0.899 1.537 0.622 0.905
-0.1 04 1.175 0.846 0.229 NA NA NA 1.754 24.745 0.306
0.0 04 1.026 0.967 0.025 NA NA NA 1.170 1.66E409 0.048
0.1 04 1.110 0.973 0.129 NA NA NA 1.661 59.872 0.200
0.3 0.4 1402 0.416 0.720 1.646 3.402 0.771 1.607 1.743 0.776
0.5 04 1.456 0.108 1.510 1.469 0.135 1.458 1.467 0.128 1.479
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Figure 1: Running average rewards of three RL algorithms. A single state trajec-
tory is generated with length 7" = 10% and discretized at At = 0.1 to which three online
algorithms apply: “Policy Gradient” described in Algorithm 3 in Jia and Zhou (2022b),
“Q-Learning” described in Appendix B, and “g-Learning” described in Algorithm 4. We
repeat the experiments for 100 times for each method and plot the average reward over
time with the shaded area indicating standard deviation. Two dashed horizontal lines are
respectively the omniscient optimal average reward without exploration when the model
parameters are known and the omniscient optimal average reward less the exploration cost.

where the form of the g-function is derived to satisfy the constraint (29), as discussed in
Example 1. The policy associated with this parameterized q-function is 7% (-|z) = N (12 +
9, ve??). In addition, we have another parameter V' that stands for the long-term average.

We then compare our online g-learning algorithm against two theoretical benchmarks
and two other online algorithms, in terms of the running average reward during the learning
process. The first benchmark is the omniscient optimal level, namely, the maximum long
term average reward that can be achieved with perfect knowledge about the environment
and reward (and hence exploration is unnecessary and only deterministic policies are con-
sidered). The second benchmark is the omniscient optimal level less the exploration cost,
which is the maximum long term average reward that can be achieved by the agent who
is however forced to explore under entropy regularization. The other two algorithms are
the PG-based ergodic algorithm proposed in (Jia and Zhou, 2022b, Algorithm 3) and the
At-based Q-learning algorithm presented in Appendix B.

In our simulation, to ensure the stationarity of the controlled state process, we set
A=—-1,B=C=0and D =1. Moreover, weset 1o =0, M = N=Q =2, R=P =1,
and v = 0.1. Learning rates for all algorithms are initialized as o, = 0.001, and decay
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Figure 2: Paths of learned parameters of three RL algorithms. A single state
trajectory is generated with length 7' = 10° and discretized at At = 0.1 to which three
online algorithms apply: “Policy Gradient” described in Algorithm 3 in Jia and Zhou
(2022b), “Q-Learning” described in Appendix B, and “g-Learning” described in Algorithm
4. All the policies are restricted to be in the parametric form of 7% (-|z) = N (12 + 19, e¥?).
The omniscient optimal policy is ¥} ~ —0.354, ¢35 ~ —0.708, e¥3 ~ 0.035, shown in the
dashed line. We repeat the experiments for 100 times for each method and plot as the
shaded area the standard deviation of the learned parameters. The width of each shaded
area is twice the corresponding standard deviation.
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Figure 3: Running average rewards of three RL algorithms with different time
discretization sizes. A single state trajectory is generated with length 7' = 10° and
discretized at different step sizes: At = 1 in (a), At = 0.1 in (b), and At = 0.01 in
(c). For each step size, we apply three online algorithms: “Policy Gradient” described in
Algorithm 3 in Jia and Zhou (2022b), “Q-Learning” described in Appendix B, and “q-
Learning” described in Algorithm 4. We repeat the experiments for 100 times for each

method and plot the average reward over time with the shaded area indicating standard
deviation.

according to [(t) = m. We also repeat the experiment for 100 times under different
seeds to generate samples.

First, we fix At = 0.1 and run the three learning algorithms for sufficiently long time
T = 105. All the parameters to be learned are initialized as 0 except for the initial variance
of the policies which is set to be 1. Figure 1 plots the running average reward trajectories,
along with their standard deviations (which are all too small to be visible in the figure),
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as the learning process proceeds. Among the three methods, both the PG and g-learning
algorithms perform significantly better and converge to the optimal level much faster than
the Q-learning. The g-learning algorithm is indeed slightly better than the PG one. Figure
2 shows the iterated values of the leaned parameters for the three algorithms. Eminently,
the Q-learning has the slowest convergence. The other two algorithms, while converging at
similar speed eventually, exhibit quite different behaviors on their ways to convergence in
learning 11 and 2. The PG seems to learn these parameters faster than the g-learning
at the initial stage, but then quickly overshoot the optimal level and take a long time to
correct it, while the g-learning appears much smoother and does not have such an issue.

At last, we vary the At value to examine its impact on the performances of the three
algorithms. We vary At € {1,0.1,0.01} and set T = 10° for each experiment. The learning
rates and parameter initializations are fixed and the same for all the there methods. We
repeat the experiment for 100 times and present the results in terms of the average run-
ning reward in Figure 3. We use the shaded area to denote the standard deviation. It is
clear that the Q-learning algorithm is very sensitive to At. In particular, its performance
worsens significantly as At becomes smaller. When At = 0.01, the algorithm almost has
no improvement at all over time. This drawback of sensitivity in At is consistent with the
observations made in Tallec et al. (2019). On the other hand, the other two algorithms
show remarkable robustness across different discretization sizes.

7.3 Off-policy ergodic linear—quadratic control

The experiments reported in Subsection 7.2 are for on-policy learning. In this subsection
we revisit the problem but assuming that we now have to work off-policy. Specifically, we
have a sufficiently long observation of the trajectories of state, action and reward generated
under a behavior policy that is not optimal. In our experiment, we take the behavior policy
to be a; ~ N(0,1).

We still examine the three algorithms: “Policy Gradient” described in Algorithm 3
in Jia and Zhou (2022b), “Q-Learning” described in Appendix B, and “q-Learning” de-
scribed in Algorithm 4, with different time discretization sizes. Because off-policy learning
is often necessitated in cases where online interactions are costly (Uehara et al., 2022),
we restrict ourselves to an offline dataset generated under the behavior policy. We vary
At € {1,0.1,0.01} and set T = 10° for each experiment. We repeat the experiments for 100
times whose results are presented in Figure 4. Because it is generally hard or impossible
to implement the learned policy and observe the resulting state and reward data in an off-
policy setting, we focus on the learned parameters of the policy to see if they converge to the
desired optimal value. The horizontal axis in Figure 4 stands for the number of iterations
that are used to update the policy parameters.

In general, policy gradient methods are not applicable in the off-policy setting. This
is confirmed by our experiments which show that the corresponding algorithm diverges
quickly in all the cases. Q-learning still suffers from the sensitivity with respect to time
discretization. The g-learning algorithm is the most stable one and converges in all scenarios.
It is worth noting that in Figure 4-(a), the Q-learning and g-learning algorithms converge
to the same limits, which are however different from the true optimal parameter values of
the continuous-time problem. This is because the theoretical integrals involved in the value
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functions are not well approximated by finite sums with coarse time discretization (At = 1);
hence the corresponding martingale conditions under the learned parameters are not close
to the theoretical continuous-time martingale conditions.
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o Q-learning 0 | 0
q-learning x — - 00
= = Omniscient Optimal Value
-0.1 -0.1 1 -0.1 —_—
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Figure 4: Paths of learned parameters of three RL algorithms with different
time discretization sizes. A single state trajectory is generated with length 7" = 10°
and discretized at different step sizes: At = 1 in (a), At = 0.1 in (b), and At = 0.01 in
(¢), under the behavior policy a; ~ N (0,1). From top to bottom are the paths of learned
1, 1o, €% respectively. For each step size, we apply three algorithms: “Policy Gradient”
described in Algorithm 3 in Jia and Zhou (2022b), “Q-Learning” described in Appendix
B, and “g-Learning” described in Algorithm 4. We repeat the experiments for 100 times
for each method and plot the average reward over time with the shaded area indicating
standard deviation.

8. Conclusion

The previous trilogy on continuous-time RL under the entropy-regularized exploratory dif-
fusion process framework (Wang et al., 2020; Jia and Zhou, 2022a,b) have respectively
studied three key elements: optimal samplers for exploration, PE and PG. PG is a special
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instance of policy improvement, and in the discrete-time MDP literature, it can be done
through Q-function. However, there was no satisfying Q-learning theory in continuous time,
so a different route was taken in Jia and Zhou (2022b) — to turn the PG task into a PE
problem.

This paper fills this gap and adds yet another essential building block to the theoretical
foundation of continuous-time RL, by developing a g-learning theory commensurate with
the continuous-time setting, attacking the general policy improvement problem, and cov-
ering both on- and off-policy learning. Although the conventional Q-function provides no
information about actions in continuous time, its first-order approximation, which we call
the g-function, does. Moreover, it turns out that the essential component of the g-function
relevant to policy updating is the Hamiltonian associated with the problem, the latter hav-
ing already played a vital role in the classical model-based stochastic control theory. This
fact, together with the expression of the optimal stochastic policies explicitly derived in
Wang et al. (2020), in turn, explains and justifies the widely used Boltzmann exploration
in classical RL for MDPs.

We characterize the g-function as the compensator to maintain the martingality of a
process consisting of the value function and cumulative reward, both in the on-policy and off-
policy settings. This characterization enables us to use the martingale-based PE techniques
developed in Jia and Zhou (2022a) to simultaneously learn the g-function and the value
function. Interestingly, the martingality is on the same process as in PE (Jia and Zhou,
2022a) but with respect to an enlarged filtration containing the policy randomization. The
TD version of the resulting algorithm links to the well-known SARSA algorithm in classical
Q-learning.

A significant and outstanding research question is an analysis on the convergence rates
of g-learning algorithms. The existing convergence rate results for discrete-time Q-learning
cannot be extended to continuous-time g-learning due to the continuous state space and
general nonlinear function approximations, along with the fact that the behaviors of the Q-
function and the g-function can be fundamentally different. A possible remedy is to carry
out the convergence analysis within the general framework of stochastic approximation,
which is poised to be the subject of a substantial future study.

We make a final observation to conclude this paper. The classical model-based approach
typically separates “estimation” and “optimization”, a la Wonham’s separation theorem
(Wonham, 1968) or the “plug-in” method. This approach first learns a model (including
formulating and estimating its coefficients/parameters) and then optimizes over the learned
model. Model-free (up to some basic dynamic structure such as diffusion processes or
Markov chains) RL takes a different route: it skips estimating a model and learns optimizing
policies directly via PG or Q/q-learning. The g-learning theory in this paper suggests
that, to learn policies, one needs to learn the g-function or the Hamiltonian. In other
words, it is the Hamiltonian which is a specific aggregation of the model coefficients, rather
than each and every individual model coefficient, that needs to be learned/estimated for
optimization. Clearly, from a pure computational standpoint, estimating a single function
— the Hamiltonian — is much more efficient and robust than estimating multiple functions
(b,o,7,h in the present paper) in terms of avoiding or reducing over-parameterization,
sensitivity to errors and accumulation of errors. More importantly, however, (35) hints
that the Hamiltonian/qg-function can be learned through temporal differences of the value
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function, so the task of learning and optimizing can be accomplished in a data-driven way.
This would not be the case if we chose to learn individual model coefficients separately. This
observation, we believe, highlights the fundamental differences between the model-based and
model-free approaches.
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Appendix A. Soft Q-learning in Discrete Time

We review the soft Q-learning for discrete-time Markov decision processes (MDPs) here and
present the analogy to some of the major results developed in the main text. It is interesting
that, to our best knowledge, the martingale perspective for MDPs is not explicitly presented.
This in turn suggests that a continuous-time study may provide new aspects and insights
even for discrete-time RL.

For simplicity, we consider a time-homogeneous MDP X = {X;,t =0,1,2,---} with a
state space X, an action space A, and a transition matrix P(X; = 2/| Xy = z,a9 = a) =:
p(2'|z,a). Both X and A are finite sets. The expected reward at (z,a) is r(z,a) with a
discount factor 5 € (0,1). The agent’s total expected reward is E [Ztoio ﬁtr(Xt,at)]. A
(stochastic) policy is denoted by = (-|x) € P(.A), which is a probability mass function on .A.

Appendix Al. Q-function associated with an arbitrary policy

Define the value function associated with a given policy 7 by

J(x;mw) =E ir(XT,al) —ylogm(al | X)) | XT =z
() L;/m )~ ylog m(aF | X)) | X ] )

~E [r(2,af) — ylog m(af|x)] + BE | J(XT: m)| XT =2,

and the Q-function associated with 7 by

Qa,asm) =r(w,a) + E | Y B [r(XT,aF) — ylog m(af | X7)] | XF = 2,07 = a

|
=r(z,a) + BE [J(Xf;ﬂ)‘Xar =Ta5 = a} '

Adding the entropy term —+log(a|z) to both sides of (46), integrating over a and noting
(45), we obtain a relation between the Q-function and the value function :

E[Q(z,a™;m) — J(z;m) — vlog w(a™|x)] = 0. (47)

Moreover, substituting J(X{; ) with (47) to the right hand side of (46), we further obtain

Q(z,a; ) = r(z,a) + fE |Q(XT, aT; 7) — ylog w(af [ XT)

XF = 2,07 = a} L (48)

Applying suitable algorithms (e.g., stochastic approximation) to solve the equation (48)
leads to the classical SARSA algorithm.
On the other hand, rewrite (46) as

J(wim) = r(w,a) - [Q(v,asm) — J(wsm)] + B [ J(XT3m)|XT = v,af =a] . (49)
Recall that A(z,a; 7) := Q(z,a; ) — J(x;m) is called the advantage function for MDPs.
The g-function in the main text (see (17)) is hence an advantage rate function in the

continuous-time setting. In particular, (47) is analogous to the second constraint on q-
function in (29).
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Further, (49) implies that

=X +Zﬁt[ (X7, af') = AXT aF sm)|
is an ({.7-" }s>0, ) martingale under any policy w’, where F; is the o-algebra generated by
X0 ,af - X;’, ™. To see this, we compute
E |3 (X m) + Zﬁt (X o) = AKX o) ‘]-"8_1]
=B°E [J(XT )| XTI, +Zﬁt[ (X7 ) = AXT af ;)|

=3 [J(XT ) = (X ally) + AXT g }+Zﬁt[ (X7 af') = AXT af )|

=3I (XT i +Zﬁt[ (X7 ) = AXT aT'sm)]

(50)
Note that here Fy is larger than the usual “historical information set” up to time s,
denoted by H, which is the o-algebra generated by X /,ag/, ‘.- ,X;'/ without observing

the last az,'/ (i.e. Hs is Fs excluding a’;/). Because M;’/ is measurable to the smaller
o-algebra M, it is automatically an ({#s}s>0,P)-martingale.

The above analysis shows that MT "isa martingale for any 7’ — whether the target policy
7 or a behavior one — so long as the advantage function A is taken as the compensator in
defining MS”/. This is the essential reason why Q-learning works for both on- and off-
policy learning. However, the conclusion is not necessarily true in other types of learning
methods. For example, let us take a different compensator and investigate the process
BI(XT ) 4+ 3257 Bt [r(XT ,af) — ylog ﬂ(af/|Xt7r/)}. The continuous-time counterpart
of this process is a martingale required in the policy gradient method; see (Jia and Zhou,
2022b, Theorem 4).

Now, conditioned on Hs_1 and when ' = 7, we have

E |B°J(X +Zﬁt X7, ay) vlogﬂ(a?\XZ')]’Hs—ll

_B°F [E [J(XT;m)| X7, am ] ’X ] +Zﬁt X7, al) — ylog m(af | X])]
=" [J( am) —r(XT a5 ) +A(X;r—1aa§—1;77)‘X ] "’Zﬁt (X7, af) — ylog m(af | X]")]
=8 (X 57 +Zﬂt r(X7,af) —ylog mw(af | X[)],
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where the last equality is due to (47), which can be applied because a7 _; is generated under
the policy 7. This shows that the process is an ({Hs}s>0, P)-martingale when #’ = r,
which in turn underpins the on-policy learning.

However, when conditioned on Fs_1, we have

E |8 (X +Zﬁt[ X7, af') = ylogm(af'|XT)| \fH]
—B°E [J(XT'ym)|XZy,al +Zﬁf[ (X7 ) = ylog m(a | X7

=3 [J(XT ) — (KT aly) + AXT gy }+Zﬁt{ (X7 ') = ylogm(af |X7)]

s—2

=3 LI (X im) + Y B [r(Xz”,az”>—vlogw(az'wxzf’)]
t=0

+ 00 (AT a5 m) — ylog m(aF | X))

So the same process is not an ({F,}s>0, P)-martingale in general, unless A(X7 |, a” ;7) =
ylogmw(al | X[ for any X™ ,,aT ;. Two conclusions can be drawn from this example: on
one hand, policy gradient works for on-policy but not off-policy, and on the other hand, it
is important to choose the correct filtration to ensure martingality and hence the correct
test functions in designing learning algorithms.

The analysis in (50) yields a joint martingale characterization of (J, A), analogous to
Theorem 7. It is curious that, to our best knowledge, such a martingale condition, while
not hard to derive in the MDP setting, has not been explicitly introduced nor utilized to
study Q-learning in the existing RL literature.

Appendix A2. Q-function associated with the optimal policy

Now consider the value function and Q-function that are associated with the optimal policy,
denoted by J* and Q* respectively. Recall that the Bellman equation implies
} } . (51)

J*(z) = sip]EaN,r {r(x, a) — vlogm(a|x) + SE [J*(Xf)
] . (52)

It follows from (46) that
Q*(z.0) = r(z,0) + BE [ J*(X7)

Hence (51) becomes

T (@) = sup Bonr [Q7 (2, @) — ylog 7 (al)]

Solving the optimization on the right hand side of the above we get the optimal policy
xp{1Q*
7 (a|x) exp{%@*(m, a)} or w*(a|z) = Zaiji;p?;;‘a(ja)}' Denote

soft, max Q" (z, a) = Equrn= [Q"(x,a) — ylog 7*(a|z)] = vlog Z exp{ Q*(z,a)}.
acA
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Then the Bellman equation becomes J*(x) = soft, max, @*(x,a) and (52) reduces to
Q*(z,a) =r(z,a) + PE [soft7 max Q*(X{,d")| Xo = z,a0 = a} , (53)
a/

which is the foundation for (off-policy) Q-learning algorithms; see e.g. (Sutton and Barto,
2018, p. 131).

On the other hand, because J*(z) = soft, max, Q*(x,a) = ylog ) c 4 exp{%Q*(:n, a)},
we have

1

S e {1 wa - @) -1 (54)
acA v
Recall the advantage function A*(z,a) = Q*(z,a) — J*(x). Thus (54) is analogous to (25).
Moreover, rearranging (52) yields

J(x) =r(z,a) — [Q"(z,a) — J*(z)] + BE [J*(Xf) Xo=1z,a0 = al.

Based on a similar derivation to that in Appendix A1, we obtain

s—1
BETH(XT)+ > B r(XT,af) — A*(XT,af)]
t=0

is an ({Fs}s>0,P)-martingale for any policy 7r; hence it is analogous to the martingale
characterization of optimal g-function in Theorem 9.

Appendix B. At-Parameterized Q-Learning

Instead of the (little) g-learning approach developed in this paper, one can also apply the
conventional (big) Q-learning method to the Q-function Qa¢(t, x, a; ) defined in (15). Note
that At > 0 becomes a parameter in the latter approach. In this Appendix, we review this
At-parameterized Q-learning and the associated Q-learning algorithms, which are used in
the simulation experiments of the paper for comparison purpose.

Given a policy 7 and a time step At > 0, Q-learning focuses on learning Qa(¢, x, a; 7).
As with g-learning, there are two distinctive scenarios: when the normalizing constant is
easily available and when it is not. In the following, we denote by Qﬁt the function approx-
imator to the Q-function where 1) € ¥ C R™ is the finite dimensional parameter vector to
be learned, and by 7% the associated policy where 7% (alt, z) o exp{ﬁ@ﬁt(t, z,a)}.

Appendix B1l. When normalizing constant is available

When the normalization constant [ A exp{ﬁ@ﬁt(t,m,a)}da can be explicitly calculated,

we can obtain the exact expression of 7% as

exp{ @l (b2,
I exp{ﬁ@qﬁt(t, x,a)}da

¥ (alt,x) =
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Then, the conventional Q-learning method (e.g, SARSA, Sutton and Barto 2018, Chap-
ter 10) leads to the following updating rule of the Q-function parameters :
Y=Y+ ay (Qﬁt(t + At, X% Ay arpar) — v log 7Y (assaet + At, X[t ap) At

2Q4%,
oY

(55)

- Qﬁt(t, X, ap) +r(t, Xe, ap) At — 5@1&(7@ Xy, (lt)At> (t, X, ar),

where Q¢ ~ Ww(’t,Xt) and A+ At ™~ 7'l'¢(|t + At,XtJrAt).

Appendix B2. When normalizing constant is unavailable

When the normalizing constant is not available, we cannot compute the exact expression of
7%, In this case we follow an analysis analogous to that in Subsection 5.1 by using a family
of policies {7?(alt,z)}sce Whose densities can be easily calculated to approximate 7¥.
Theorem 10 implies that if we start from a policy w?, ¢ € ®, and evaluate its correspond-
ing Q-function ﬁ@ﬁt(t, x,a) ~ %H(t, z, -, g—i(t, z; ?), ‘327‘2](15, x; 7r¢))+ﬁJ(t, z; 7?), then

a new policy %, ¢’ € ®, improves 7 so long as

Di1 <7r¢/(-|t,x)Hexp{letQXt(t,a:, -)}> < D1 <w¢(.|t,g;)H exp{letQﬁt(t,m,-)}) |

Thus, following the same lines of argument as in Subsection 5.1, we derive the updating
rule of ¢ every step as

1 0
¢ d—ay [log 7 (alt, X¢) — ,},Athﬁt(tXt,at)] 90 log % (ayt, X),

where a; ~ w(-|t, Xy).

Appendix B3. Ergodic tasks

For the general regularized ergodic problem formulated in Section 6, we define the Q-
function:

2
Qat(z,a;w) = J(z;7) + [H(z,q, gi(m;ﬂ), gxg(a;, m)) — V(m)] At — J. (56)

Then we have all the parallel results regarding relation among the Q-function, the value
function and the intertemporal increment of the Q-function, and devise algorithms accord-

ingly.
For illustration, we only present the results when

exp{ 5 ; Qs (. a)}
Jaexplsk QR (x, a)}da

¥ (alx) =
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is explicitly available. The updating rules of the parameters ) and V are

Y=+ ay <Qﬁt(XffrAtv arsar) = vlog m (ary adl X{L ) At

0Q%,
oY

VeVra <Qit(Xta—T-Atv agrat) —vlog W¢(Gt+At|XﬁAt)At

— QR(Xt, ar) +1(Xe, ) At — VAt> (Xy, ar)

— QN,(Xp, ar) + (X, a) At — VAt) ,

where a; ~ ¥ (1| X;) and azpar ~ T (| Xrat).

Appendix B4. Q-learning for mean—variance portfolio selection

(57)

Motivated by the form of the solution in Wang and Zhou (2020), we parameterize the

Q-function by

Qﬁt(t, z,a;w) = —e V3T [(a:—w)Q—Hpga(x—w)—i—%e*wl a®]+1ps (B2 =T?) b5 (t—T) +(w—2)>.

Here we use —e™%1 < 0 to guarantee the concavity of the Q-function in @ so that the

function can be maximized.

This Q-function in turn gives rise to an explicit form of policy, which is Gaussian:
1
ﬂw(“? Z; w) - N (_1/@61[)1 (.’L’ - U)), fyAtews(Tit)erl) X exp{WQﬁt(ta Z, )}

We need the following derivative in the corresponding Q-learning algorithms:

20" —e V3T =YD=V (z — w)
a1, 00) = | (T = e T=0 (= w)? + dale —w) + heV1a?]
1’& t2 _ TZ

t—T

The parameters in the Q-function can then be updated based on (55) and the Lagrange

multiplier can be updated similarly as in Algorithm 5.

Appendix B5. Q-learning for ergodic LQ control

For the ergodic LQ control problem formulated in Subsection 7.2, we can prove that the
value function and the Hamiltonian are both quadratic in (x,a); see, e.g., Wang et al.

(2020). Therefore we parameterize the Q-function by a general quadratic function:

—3
2

Qﬁt(x,a) S (a — 12 — 2)? + hsa® + s
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Here we omit the constant term since the value function is unique only up to a constant.
We also use —e~¥3 < 0 to ensure that the Q-function is concave in a. The optimal value V'
is an extra parameter.

The Q-function leads to

7 (fr) = N (i + tha, y A exp{’ylAthﬁt(x, I

Finally, we compute the following derivative for use in Q-learning algorithms:

0QK,
oY

Then the parameters can be updated based on (57).

—3
(r,a) = <e_’/’3(a — Yz — o)z, e~¥3 (a — 12 —19), ¢ 5

T
(a - ’l/JliL‘ - ¢2)27 .1132, JZ‘) .

Appendix C. Proofs of Statements
Proof of Theorem 2

We first prove a preliminary result about the entropy maximizing density.

Lemma 13 Let v > 0 and a measurable function q : A — R with [, exp{%q(a)}da < 00

exp{2q(a)}

fep{—q()}d € P(A) is the unique mazimizer of the following
A a

be given. Then 7*(a) =

problem

max /[q(a) — vlog w(a)]m(a)da. (58)
A

m(-)EP(A)

Proof Set v =1-log [, exp{%q(a)}da and consider a new problem:

e {laf@) = 1o n(@)n(a) + ()} da — v (59)

Noting [, m(a)da = 1 due to 7(-) € P(A), problems (58) and (59) are equivalent; hence
we focus on problem (59). Relaxing the constraint of being a density function we deduce

max / {lg(a) — vlogm(a)lr(a) + yvm(a) }da — yv
< max / {[g(a) — ylogm(a)]m(a) + yvm(a)}da — v (60)
g/flr?rrlgéc{ 'ylogﬂ']Tr—i—'wﬂ'}da—vy.

The unique maximizer of the inner optimization on the right hand side of the above is

1
1 exp{-q(a)}
exp{q(a) +v — 1} = x — (a).
v Jaexp{5q(a)}da
As 7* € P(A), it is the optimal solution to (59) or, equivalently, (58). The uniqueness
follows from that of the inner optimization in (60). |
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Now we are ready to prove Theorem 2. To ease notation we use the g-function g even
though it had not been introduced prior to Theorem 2 in the main text. We also employ
the results of Theorem 6 whose proof does not rely on Theorem 2 nor its proof here.

Recall from (16), q(t, x, a; ) is defined to be

2

oty a) = (tasm), 22 4, w)) — Bt m),

oJ oJ
E(t,x, )+ H <t, z,a, 5

with the Hamiltonian H defined in (3).

Proof [Proof of Theorem 2]

We work on the equivalent formulation (8)—(9). For two given admissible policies 7 and
7/, and any 0 < t < T, apply Itd’s lemma to the process efﬁsj(s,X;"/; ) from s € [t, T,
which is the value function under 7 but over the state process under 7’

T
e AT, XF  w) — e Py, X m) + / e Ps / [r(s, X7 ,a) —ylog ' (a|s, X7 )|’ (a|s, X )dads
t A

o o 0J < 0%J ~,, <
/ / S X )+H(57Xs ,a,%(s,Xs ;77)’@(5 X )) ﬁJ(S,XS ;ﬂ-)

— ylog ' (als, XT')] ' (als, X7 )dads + /t Te_ﬁs(,iJ(s X7 m) 06 (s, X7 7' (s, X)) AW,
/ / (s, XT' a; )—'ylogﬂ’(a\s,X:,)]ﬂ"(a\s,)?:l)dads
+/t e Ps axJ(s X™im)oa(s, X7, 7' (-], X)) dWs.
Because 7' = I, it follows from Lemma 13 that for any (s,y) € [0,T] x R?, we have
/A[q(say,a; m)—ylog 7' (als, y)]| 7' (als, y)da > /A [4(s,y, a; )=y log mw(als, y)|mw(als, y)da = 0,
where the equality is due to (20) in Theorem 6. Thus,
e PTIT, XF ) — e P, X 7) / / s, X . a) — ylogw(als, XT )]« (a|s, X )dads

T
z/ e—ﬁsﬂj(s,ng’; m) o6 (s, X5, 7' (s, XT))dWs.
. Ox

The above argument and the resulting inequalities are also valid when T is replaced by
T A uy,, where u, = inf{s > t: |X;’/| > n} is a sequence of stopping times. Therefore,

J(t’ x; 71') S]E]PW |:e_B(T/\un_t)h(XjTS;\un)

Thun ~ 7 ~ ~ 7 ~
+/ €_ﬁ(5_t)/[T(S,X§ ,a) —vylog ' (als, XT )|n'(a|s, XT )dads‘Xt7r = iL':|
t A
(61)
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It follows from Assumption 1-(iv), Definition 1-(iii) and the moment estimate in Jia and
Zhou (2022b, Lemma 2) that there exist constants p, C' > 0 such that

TAun _ o y N
Ew[/ o~ Bls— t)/ (5, XT  a) — ylogn'(als, X )|7 (als, XT )dads’X{* :4

<EP" [/ / Ir(s, X7 ,a 'ylogw/(a\s,X;'/)|7r’(a|s,)~(:/)dads‘)~(f/ = .”L’:|
gc/ EF" [(1 + |X;’;~))ng’ = 4 dt < C(1 4+ |z|*).
t
By the dominated convergence theorem, we have as n — oo,
- T Aty ~ ~ ~ 1 ~ !
EP [/ e Pls=) / [r(s, XT ,a) — ylogw'(a|s, XT )|n'(a|s, XT )dads‘Xt7T = x]
t A

T
. [/ e_ﬁ(s_t)/ [r(s, X2, @) = ylog ' (als, XT)]w (als, X7 )dlads| X7 :a:]_
t A
In addition,

PV [e—B(TAun—t)h(X?;\un)‘er/ _ 4

PW ~ ) ~ ! o PW ~ ! ~ ! o
<E [h(X? )Y v 157 1< | KT = x] +E [h(Xgn)]l{maxtgsg|X;’|>n} X = x]
PW ladpy) ~ ./ ]P’W
<CE [(1 +|XT \”)‘Xtﬂ = 90] +C(1+n")E I:]l{maxt<s<T Xx'|>n) X = ]

e [maXtSsST IX?'WH’XfI = 4
<C(+ |z|*)+C(1+n*)

C(1+n*)(1 4+ |z|++1)

C(1+ |z*) + < 00.

Again, by the dominated convergence theorem, we have as n — oo,
ol [e‘ﬁ(T/\“"_t)h(f(}’,Aun) ‘Xg" = x] — E [e_ﬁ(T_t)h(f(}")‘ Xr = 4 :

Hence, sending n — oo, we conclude from (61) that J(¢,z;7) < J(t,z;7’). This proves
that 7 = Zm improves upon 7. Moreover, if Zw = n’ = &, then J(t,z;7) = J(t,z;w') =
J*(t,x), which satisfies the PDE (11). However, Lemma 13 shows that

oJ* 92 J* , ,
/A [H(t,x,a, E(t,x), W(t,m)) —ylogm (a]t,:v)] 7' (alt, z)da

oJ* 0% J*
= sup /[H t,x,a, t,x), t,x —'ylogﬂ'a}ﬂ'ada.
e G, G ) (@] (@)

This means that J* also satisfies the HJB equation (12), implying that J* is the optimal
value function and hence 7 is the optimal policy. |
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Proof of Proposition 3

Proof Breaking the full time period [¢,T] into subperiods [t,t + At) and [t + At, T'], while
conditioning on the state at t + At for the second subperiod, we obtain:

QAt (tv Z,a; 7T)

t+AL
=EP [/ e P (s, X2, a)ds
t

T
+ IEP[/+At e P r(s, XT,aT) — ylog m(aT|s, XT)]ds + e AT R(XF) | X ] ‘Xtﬂ- = 4

t+At i
e Blst) (stg,a)ds—l—e6AtJ(t—|—At,Xt“+At;7T)‘X;":x]

t+At 2
—B(s-) 8J 0F o xoumy &7

t+AL -
—EP" / e Blst) (S,Xsa,a)ds—|—6_6AtJ(t+At,Xf+At;7r) —J(t,x;ﬁ)‘XZ' :x] + J(t, z;m)
/ 5

— (s, X% 7 )—I—H(S,Xg,a,% )BQ(Sxa ))

— BJ(s, X¢; W)}dS‘X? = x] + J(t, z;m)

oJ oJ 0%J
=J(t,z;m) + L%(t,:r;w) + H(t,:):, a, a—(t,x;w) 52 (t, x; 7r)) - BJ(t,m;ﬂ)] At + o(At),
x

(62)
where the second to the last equality follows from It6’s lemma and the last equality and the
error order are due to the approximation of the integral involved. |
Proof of Corollary 5
Proof Its proof directly follows from the results of Proposition 3. |

Proof of Theorem 6

Proof First, (20) follows readily from its definition in Definition 4, the Feynman—Kac
formula (11), and the fact that %‘t](t,x; 7) and SJ(t,x; ) both do not depend on action a.
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(i) We now focus on (18). Applying It6’s lemma to the process e #%J (s, XT; 7), we obtain
for0<t<s<T:

uvu U’u

e—ﬂSJ(s,X;f;w)—e—ﬂtj(t,x;w)+/ AU (u, X, 0™ — d(u, X, a™)du
t

s a.J 0J 0%
_ —Bu g ™ 7r 7r T, . T,
_/t e [at(u X7,al)+ H(u, X7, "’ax( XT.m), 2 5 (u, X5 m)) — BT (u, X[ 70)

- / e (g, X, a5 ) — u, X7, o)) du + / e 2, XTim) 0 o, X, )W,
t t x

Recall that {aT,t < s < T} is {F,}s>0-progressively measurable. So, if ¢ = q(-,-,-; 7),
then the above process, and hence (18), is an ({F;}s>0, P)-martingale on [t, T].

Conversely, if the right hand side of the above is a martingale then, because its second
term is a local martingale, we have that ["e"[q(u, XT,aT;m) — ¢(u, X7, aT)]du is
a continuous local martingale with finite variation and hence zero quadratic variation.
Therefore, P-almost surely, [ e 7*[q(u, X7, aT;m) — G(u, XT,aT)]du = 0 for all s €

u Y Yu u?u

[t,T]; see, e.g., (Karatzas and Shreve, 2014, Chapter 1, Exercise 5.21).

Denote f(t,z,a) = q(t,z,a;m7) — §(t,x,a). Then f is a continuous function that maps
[0, T]xR%x A to R. Suppose the desired conclusion is not true, then there exists a triple
(t*,z*,a*) and € > 0 such that f(t*,z2*,a*) > e. Because f is continuous, there exists
0 > 0 such that f(u,2’,a") > €/2 for all (u, 2/, a’) with |u—t*|V |2/ —a*|V|a' —a*| < 6.
Here “V” means taking the larger one, i.e., u Vv = max{u,v}.

Now consider the state process, still denoted by X™, starting from (t*, z*, a*), namely,
{XT,t* <s<T} follows (6) with XX = z* and afi = a*. Define

T=inf{u >t":|ju—t*| >dor | X]—2%| >0} =inf{u >t : | XT —x*| > S} A (t*49).
The continuity of X™ implies that u > t*, P-almost surely. Here “A” means taking
the smaller one, i.e., u A v = min{u, v}.

We have already proved that there exists Q¢ € F with P(£9) = 0 such that for all
we Q\Q, [le Buf(u, X7 (w),aT (w))du = 0 for all s € [t*,T]. It follows from

’ u

Lebesgue’s differentiation theorem that for any w € '\ Qo,

f(s, XT(w),af (w)) =0, ae. s €[t 7(w)].
Consider the set Z(w) = {s € [t*,7(w)] : aT (w) € Bs(a*)} C [t*, 7(w)], where Bs(a*) =
{a" € A:|a’ —a*| > 6} is the neighborhood of a*. Because f(s, XT(w),al(w)) > §
when s € Z(w), we conclude that Z(w) has Lebesgue measure zero for any w € Q\ Q.

That is,

/ Lis<r()} Har (w)eBs(ar)yds = 0.
(7]
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Integrating w with respect to P and applying Fubini’s theorem, we obtain
= / / Lis<r(w) Loz (w)ess(ar)) dsP(dw) = / E[l{s<r} Larens(a))lds
Q J[t*,T) [t*,T]
T
:/ E [Ls<r P (al € Bs(a*)|Fs)] ds—/ E ]]'{S<T}/ m(als, X7 )da| ds
£+ t*
T
> min 7 (alu, 2’ )da /IE]lST ds
o/ —a* <5, [u—t+|<5 /sa(a*) (ahu,a)da | B [Isn]

= min / w(alu,')da y E[(T AT) — t*] > 0.
|a/ —x*| <6, |lu—t*|<d Bs(a*)

Since 7 > t* P-almost surely, the above implies minj,/_g«| <5 ju—t+|<s {f85 (a*) w(alu, z')da

T

0. However, this contradicts Definition 1 about an admissible policy. Indeed, Defi-
nition 1-(i) stipulates supp w(:|t,z) = A for any (¢, x); hence fsg(a*) m(alt,z)da > 0.

Then the continuity in Definition 1-(ii) yields minj, g« <5 ju—t+|<s {fBg(a*) 7 (alu, x’)da} >

0, a contradiction. Hence we conclude q(t, x,a; w) = ¢(t, z, a) for every (¢,z,a).
Applying It6’s lemma to e~ %5.J (s, X™; ), we get

/

eﬁsJ(s,X?';Tr)—eBtJ(t,m;ﬂ)Jr/ e Pr(u, X7 yay ) = 4(u, X7, af )|du
t

= [ ot X ) = XT T dut [ XT ) 0000, X7
t t

So, when ¢ = q(+,-,-; ), the above process is an ({Fs}s>0,P)-martingale on [t, T'.

Let 7w/ € II be given satisfying the assumption in this part. It then follows from (ii)
that [ e=7*[q(u, X a™) = q(u, XT',aT ; w)]du is an ({Fs}s>0, P)-martingale. If the

u u 9
desired conclusion is not true, then the same argument in (i) still applies to conclude

that min <5 ju—t*|<s {f35(a*) 7' (alu, x/)da} = 0, which is a contradiction because

7' is admissible.

Proof of Theorem 7
Proof

(i)

We only prove the “only if” part because the “if” part is straightforward following the

same argument as in the proof of Theorem 6.
So, we assume e‘ﬁtj(t,Xt”)—l—fg e‘ﬁs [r(s, XT,al)—q(s, XT,aT)|ds is an ({Fs}s>0, P)-
martingale. Hence for any initial state (¢, z), we have

s S

T
EP e_ﬁTJ(T7X,175)+/ e~ [ (8 X7 ﬂ') (3 X;T’ Qg dS’JT'.t:| =€ /BtJ(t -:U)
t
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We integrate over the action randomization with respect to the policy 7, and then
obtain

g { AT j(7 / / 5 X Q(S,X;r,a)]ﬂ(a|s,f(;')dads‘ft""} =e Pt 2)

This, together with the terminal condition J(T,z) = h(z), and constraint (21) yields
that

T
J(t,x) = EF" {eﬁ(Tt)h(X?) +/ e Al / [r(s, X™,a) — vlog Tr(s,X;",a)]ﬁ(a|s,X;')dad3’ftW} .
t A

Hence J(t,z) = J(t,z; ) for all (¢, z) € [0, T]xR?. Furthermore, based on Theorem 6,
the martingale condition implies that (¢, z,a) = q(t, z,a; ) for all (¢,z,a) € [0,T] X
R? x A.

(ii) This follows immediately from Theorem 6-(ii).

(iii) Let o’ € IT be given satisfying the assumption in this part. Define
. . . o 2 )
7(t,z,a) == %t](t,x) +b(t,x,a) 0 Zi(t,x) + iaaT(t,w, a)o gd@i(t,x) — BJ(t, ).

Then

/

e P J(s, XT) —/ e P (u, X a™ )du
t

u u
is an ({Fs}s>0,P)-local martingale, which follows from applying It6’s lemma to the
above process and arguing similarly to the proof of Theorem 6-(ii). As a result,
[F e Pr(u, X a™ ) —G(u, X7, a™ )+ (u, XT,a )]du is an ({Fs }s>0, P)-martingale.
The same argument as in the proof of Theorem 6 applies and we conclude

j(t,xz,a) =r(t,x,a) + r(t,z,a)

_aJ a.J I 0] .
—a(tjx) +b(t,xz,a) 0 %(t, x) + 500 (t,z,a)o0 w(t,x) — BJ(t,x) +r(t,z,a)
_9J dJ 9%J

= 9*J Y
=5 —(t,z) + H(t,z,q, —(t, ), 922 (t,z)) — BJ(t,x)
for every (t,x,a). Now the constraint (21) reads

. 0 s
/ [%t](t z)+ H(t,z,a, gJ(t x), gxg(t,x)) — BJ(t,z) — ylogw(alt,z) | 7 (alt, z)da = 0,
for all (t,z), which, together with the terminal condition J(T,z) = h(z), is the
Feynman-Kac PDE (11) for J. Therefore, it follows from the uniqueness of the
solution to (11) that J = J(-,-;m). Moreover, it follows from Theorem 6-(iii) that
qA = Q(.7 B ';7‘-)'

exp{4(t,z,a)}
Sa exp{%(j(t,x,a)}da’
Theorem 2. This in turn implies 7 is the optimal policy and, hence, J is the optimal value
function |

Finally, if w(alt,z) = then w = Zw where Z is the map defined in
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Proof of Proposition 8

Proof Divide both sides of (24) by -, take exponential and then integrate over A. Com-
paring the resulting equation with the exploratory HJB equation (14), we get

1
7vlog U exp{—q"(t,r,a)}da| =0
A

This yields (25). The expression (26) follows then from (13). |

Proof of Theorem 9

Proof
(i) Let J* = J* and gf‘ = ¢* be the optimal value function and optimal g-function

respectively. For any 7 € II, applying Ito’s lemma to the process e 7] *(s,XT), we
obtain for 0 <t <s<T:

eI T (5, XT) — LT, 2) + / e Bl (u, XT,aT) — ¢ (u, XT, aT)]du
t

< 0J* 02 J*
(0, X7), 5o

:/S e—ﬂU[aJ* (u, XT,aT) + H(u, X7, a (u, X™) — BJ*(u, XT)
t

ot wr e Oz
s 3 a * T
q (u, X7, u)}duqt/t O:UJ (u, X77) o dW,

:/ efﬁUéJ*(u,Xu)oa(u X7, an)dW,,
t

Oz w s Gu

where the [---du term vanishes due to the definition of ¢* in (24). Hence (28) is a
martingale.

(ii) The second constraint in (27) implies that 7/1'\*(a|t,x) = exp{%q/:k(t,x,a)} is a prob-
ability density function, and ¢*(t,z,a) = ylog7*(alt,z). So ¢*(t,z,a) satisfies the
second constraint in (21) with respect to the policy 7w*. When (28) is an ({Fs}s>0,P)-
martingale under the given admissible policy 7, it follows from Theorem 7-(iii) that
J* and (fk are respectively the value function and the g-function associated with .

exp{2q*(t,z,a)}

Sa exp{%(f“(t,x,a)}da

7/'r\*(a]t, x). However, Theorem 2 yields that 7* is optimal, completing the proof.

Then the improved policy is Zm*(alt, ) := = exp{%(f‘(t,m,a)} =
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Proof of Theorem 10

Proof Let us compute the KL-divergence:

1 o0J 0%
log 7 ——H T4,y m), S (t s /
/A [ og 7' (alt, x) S (t,:r,a, o (t,z; ), 52 (t,x,‘rr))]ﬂ' (alt, z)da
B , 1 oJ,, 0%,
=Dkr, <7r ( |t,x)Hexp{’yH(t,x, . (t,z;7), il (t,z;m))}
1 oJ 0*J
< . — . . .
<Dkr, <7r( |t,x)Hexp{7H(t,x, B (t,z;m), 52 (t,x,n’))})

1 oJ 0%J
:/A [log (alt, ) — ;H(t,x,a,%(t,x;ﬂ') 9 =5 (4,5 ;m))|m(alt, z)da.

Hence fA [q(t,x,a;ﬂ)—’y 10g7r’(a|t,a:)]7r’(a]t,x)da > fA [q(t,a:,a; Tr)—'ylogﬂ(a]t,ac)]ﬂ'(a]t,x)da.
Following the same argument as in the proof of Theorem 2, we conclude J(t,z;n’) >
J(t, x; ).

|

Proof of Lemma 11

Proof The first statement has been prove in Jia and Zhou (2022b, Lemma 7). We focus
on the proof of the second statement, which is similar to that of Theorem 2.

For the two admissible policies w and 7/, we apply Itd’s lemma to the value function
under 7 along the process X™ to obtain

J(X:;’; m) ~ (X7 / / — log ! (al KT (a] 7" )dads
aJ ’ ’ / r / 7’
(X ) ) (X )) — ylogw'(a| X )]ﬂ' (a| X7 )dads
/ Pl XTim)os(XF, ' (|XT))dW,
0J | o 0%J o <
/ / ,a, —(X ), e 2(X )) — ylog 7(a|X] )]TK'(CL|XS )dads
/ o X™m) o (X, ' (|XT))dW
)(u—t) / —J X )o&(X:/,ﬁ'(-\X:l))dWS,
where the inequality is due to the same argument as in the proof of Theorem 10, and the

last equality is due to the Feynman—Kac formula (38).
Therefore, after a localization argument, we have

1 ~ ! 7! 7!
TE J(XT ;m)—J(x;m) / / )—vlog 7’ (a\X )] "(a|XT )dads’Xg)r = x} > V().

Taking the limit 7" — oo, we obtain V(#’) > V(x). [ |
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Proof of Theorem 12
Proof The proof is parallel to that of Theorems 6 and 7, which is omitted. |
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