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SUMMARY

Dynamic programming is a principal method for analyzing stochastic optimal
control problems. However, the exact computation of dynamic programming can
be intractable in large-scale problems due to the “curse of dimensionality”. Various
approximate dynamic programming methods have been proposed to address this issue
and they can often generate sub-optimal policies. However, it is generally difficult
to tell how far these suboptimal policies are from optimal. To this end, this thesis
concerns with studying the stochastic control problems from a duality perspective and
generating upper bounds on maximal rewards (or lower bounds on minimal costs),
which complements lower bounds on maximal rewards (or upper bounds on minimal
costs) that can be derived by simulation under heuristic policies. If the gap between
the lower and upper bounds is small, it implies that the heuristic policy must be close
to optimal.

The approach considered in this thesis is called “information relaxation” (see |20,
77]), that is, it relaxes the non-anticipativity constraint that requires the decisions to
depend only on the information available to the decision maker and impose a penalty
that punishes such a violation. This methodology has been applied successfully in
finite-horizon stochastic dynamic programs with various applications. This thesis
further explores theories of information relaxation and computational methods in
several stochastic optimal control problems.

First, we study the interaction of Lagrangian relaxation and information relax-
ation in weakly coupled dynamic program. A commonly studied approach builds on

the property that this high-dimensional problem can be decoupled by dualizing the
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resource constraints via Lagrangian relaxation. We generalize the information relax-
ation approach, by generating penalties based on the Lagrangian relaxation bound,
to improve upon the Lagrangian bound and also develop a computational method
to tackle large-scale problems. We implement the algorithm on two examples and
effectively reduce the duality gap between the performance of heuristic policies and
Lagrangian bounds.

Second, we formulate the information relaxation-based duality in an important
class of continuous-time decision-making models — controlled Markov diffusion, which
is widely used in risk management and portfolio optimization. We find that this
continuous-time model admits an optimal penalty in compact expression — an Ito
stochastic integral, which enables us to construct approximate penalties in simple
forms and achieve tight dual bounds, and to facilitate the computation of dual bounds
significantly compared with that of the discrete-time model. We demonstrate its use in
a dynamic portfolio choice problem subject to position and consumption constraints.

Third, we consider the problem of optimal stopping of discrete-time continuous-
state partially observable Markov processes. We develop a filtering-based dual ap-
proach, which relies on the martingale duality formulation of the optimal stopping
problem and the particle filtering technique. We carry out error analysis and illus-
trate the effectiveness of our method in an example of pricing American options under

partial observation of stochastic volatility.
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CHAPTER 1

INTRODUCTION

1.1 Stochastic Optimal Control

Stochastic optimal control studies the sequential decision making problems in the
presence of uncertainty, where the decision can earn profits or cost resources, and can
also have an impact on the future by influencing the probabilistic dynamics. The goal
of stochastic optimal control is to design control strategy such that it performs the
desired task with maximal reward or minimum cost. In many situations, decisions
that are chosen with the largest immediate profits may not be good in view of future
events.

Stochastic optimal control has attracted the attention of researchers for decades
because they are important from both the practical and intellectual point of view (see,
e.g., [73, 9]). Its wide applications have been seen in different fields such as supply
chain management [80], financial engineering [70], planning in robotic control [54],
network models [65], and medical treatment decisions [2]. Among different types of
the stochastic optimal control problems, Markov decision processes(MDPs) provide
a powerful paradigm for modeling optimal decision making under uncertainty in the
discrete-time setting. Though the optimal policies for such problems are generally
known to exist and to satisfy the Bellman’s principle of dynamic programming [6],
the exact computation of optimal policies suffers from the “curse of dimensionality”.
Many approximate dynamic programming methods have been proposed to combat
this curse of dimensionality such as [9, 10, 22, 72, 30, 85]. It is worth noting that these
approximate dynamic programming methods often generate suboptimal policies, and

simulation under a suboptimal policy leads to a lower bound on the optimal expected



reward (or an upper bound on the optimal expected cost), though it is generally
difficult to tell how far they are from the optimal ones.

The lack of performance guarantee on a sub-optimal policy can be potentially
addressed by providing a dual bound, i.e., an upper bound (or lower bound) on the
optimal expected reward (or cost). With such a complementary dual bound on the
optimal value, the decision maker can easily evaluate the quality of heuristic policies
and justify the need of improvement. It is worth noting that the problem-specific
dual bound may be derived from relaxations of two intrinsic constraints in gener-
al stochastic optimal control problems. The first constraint is “resource constraint”
or the feasibility of the control, which means the decision or control should take
values in a feasible region. Another constraint is the “information constraint” or
non-anticipativity of the control policy, that is, the decision should depend on the
information up to the time that the decision is made. The relaxation of these con-
straints may lead to a simpler dynamic optimization problem: the resource constraint
that exists universally in mathematical programs can be tackled by the commonly
known Lagrangian relaxation (see, e.g., [8]), which relaxes the feasibility of the de-
cisions and results in a less complicated unconstrained stochastic dynamic program;
the information constraint can be approached by a recently developed technique —
“information relazation”, which is proposed by [20] and [77]. The main idea of this
approach is to relax the non-anticipativity constraint on decisions but impose a penal-
ty for such a violation. In particular, a perfect information relaxation assumes that
the decision maker can acquire all the system randomness in advance and allows her
to make decisions based on the extra information; therefore, decisions are determined
according to a scenario-based optimization problem that may be easier to solve than
the original stochastic dynamic program, making this relaxation useful to evaluate the
quality of sub-optimal policies in complex stochastic systems. There also exist other

relaxation methods. For example, the LP-based approximate dynamic programming



(ALP) method proposed by [81] and [30] employs a parameterized class of functions
to approximate the optimal value based on the linear programming formulation of the
Bellman optimality equation; moreover, the ALP method not only provide approx-
imate values that can be used to generate heuristic policies, but also upper bounds
(or lower bounds) on the optimal expected rewards (or expected costs).

Recent years have seen growing research interests and numerous attempts to de-
rive valid and tight information relaxation bounds based on the dual representation
of MDPs or more general stochastic dynamic programs. This relaxation method has
also found increasing applications including but not limited to natural gas storage
valuation [57], dynamic portfolio optimization and execution [17, 66, 48], optimiza-
tion of commodity procurement, processing and trade operations [34], and inventory

management [20, 19].

1.2 Motivation of Thesis Research

Despite the growing interests in applying the information relaxation approach in
various problems, there are many unanswered questions in both theoretical and com-

putational aspects.

e First, prior research mainly focus on discrete-time and finite-horizon sequential
decision making problems. A natural question is whether the idea of information
relaxation can be extended to the continuous-time/infinite-horizon setting; more
importantly, we aim to develop a tractable computational method that can be

used to generate dual bounds in these settings.

e Second, many dynamic programs involve constraints on the controls or decision
variables, which implies that the Bellman equation is a constrained stochastic
optimization problem. To tackle the feasibility constraints on the controls, La-
grangian relaxation is a commonly used relaxation method that may simplify

the original constrained dynamic program. On the other hand, information



relaxation that relaxes non-anticipativity constraints of the controls, at first
glance, contrasts with the Lagrangian relaxation that relaxes the feasibility of
the controls. We expect to use a unifying framework to interpret both relax-
ations; furthermore, we are also interested in the interaction between the two

relaxations.

e Third, the information relaxation approach can be naturally applied in the op-
timal stopping problems under imperfect state information, since a well-known
technique can be used to transform a partially observable MDP to a fully ob-
servable one with belief state. However, this belief state could be infinite-
dimensional in general and hence become intractable to represent, making it
less straightforward to apply the information relaxation approach. Moreover,
it is generally difficult to characterize in theory the gap between the optimal
values of the optimal stopping problems under perfect and partial observations.
Therefore, computing a tight dual bound on the optimal value of the partially

observable problem has the potential to numerically capture this difference.

1.3 Contributions

This thesis attempts to develop theories of information relaxation and computational
methods in several stochastic optimal control problems to address the aforementioned

questions.

e We consider weakly coupled dynamic program, which describes a broad class
of stochastic optimization problems in which multiple controlled stochastic pro-
cesses evolve independently but subject to a set of linking constraints imposed
on the controls. For example, a supplier needs to dynamically allocate the
limited capacity among different customers with stochastic demand, in order

to maximize the expected profits. One feature of the weakly coupled dynamic



program is that it decouples into lower-dimensional dynamic programs by du-
alizing the linking constraint via the Lagrangian relaxation, which also yields a
bound on the optimal value of the original dynamic program. Together with the
Lagrangian relaxation, we generalize the information relaxation approach to ob-
tain a guaranteed tighter dual bound than the Lagrangian bound. To tackle the
large-scale problems, we further propose a computationally tractable method by
relaxing the weakly-coupled inner optimization problem. Preliminary results of

this work appear in our paper [94].

Though the information relaxation approach can be generalized to the infinite-
horizon MDPs in a straightforward way, the main difficulty is that the inner
optimization problem involves infinite number of decision variables due to the
future information of infinite length. To adapt this dual approach to the infinite-
horizon problem, we consider a randomization idea to reformulate the original
problem such that the inner optimization problem within the information re-

laxation approach is of finite-time horizon.

We develop the information relaxation-based dual formulation of an important
class of the continuous-time stochastic optimal control problems — the controlled
Markov diffusions. Based on the technical machinery “anticipating stochastic
calculus” (see, e.g., [68, 67]), we establish the weak duality, strong duality and
complementary slackness results in parallel as those in the dual formulation of
MDPs. We investigate one type of optimal penalties, i.e., the so-called “value
function-based penalty”, which admits a stochastic integral form under the
natural filtration generated by the Brownian motion. This compact expression
potentially enables us to design sub-optimal penalties in simple forms and also
facilitates the computation of the dual bound. An application is illustrated by

a dynamic portfolio choice problem with predictable returns and intermediate



consumptions. We consider the numerical solution to a discrete-time model that
is discretized from a continuous-time model; an effective class of penalties that
are easy to compute is proposed to derive dual bounds on the optimal value
of the discrete-time model. The development of this framework and technical

details appear in our papers [95, 98].

e We propose a filtering-based duality approach for partially observable optimal
stopping problem, in order to complement the suboptimal policy with an asymp-
totic upper bound on the value function. This method relies on the martingale
duality formulation of the optimal stopping problem. Our work focuses on em-
ploying the particle filtering technique, which is used to approximate general
filtering distribution, to generate penalty (i.e., the martingale term) in the d-
ual formulation via Monte Carlo simulation. We apply our approach to price
American put options in stochastic volatility models, under more realistic as-
sumption that the volatility cannot be directly observed but can be inferred
from the asset prices. The numerical results confirm a higher price of the op-
tion if we alternatively assume that the volatility is directly observable. The
price difference becomes more significant when the effect of volatility is high,
indicating the importance of taking the partial observability into account. The

development and analysis of the approach appear in our papers [97, 96].

1.4 Thesis QOutline

The rest of the dissertation is organized as follows.
Chapter 2 provides the background and literature review on information relaxation
and duality in stochastic dynamic programs and martingale dual representation of

optimal stopping problems.



Chapter 3 discusses the interaction of Lagrangian relaxation and information re-
laxation in weakly coupled dynamic program that is formulated as a discounted in-
finite horizon MDP. We develop a computational method that involves the idea of
time randomization and relaxing the inner optimization problem. We implement the
algorithm on a restless bandit problem and a linear quadratic control problem un-
der non-convex linking constraints. Our method effectively reduces the duality gap
between the heuristic policy and Lagrangian bound.

Chapter 4 characterizes the dual formulation of controlled Markov diffusions. We
establish the duality results in a parallel way as those in Markov decision processes.
We further explore the structure of the optimal penalties and expose the connection
between the optimal penalties for Markov decision processes and controlled Markov
diffusions. We demonstrate the use of this dual representation in a classic dynamic
portfolio choice problem through a new class of penalties, which require little extra
computation and produce small duality gap on the optimal value.

Chapter 5 presents a filtering-based duality approach to solve the discrete-time
continuous-state partially observable optimal stopping problem. This method relies
on the martingale duality formulation of the optimal stopping problem and the parti-
cle filtering technique. We show that this approach complements an asymptotic lower
bound derived from a suboptimal stopping time with an asymptotic upper bound on
the value function. We carry out error analysis and illustrate the effectiveness of
our method on an example of pricing American options under partial observation of
stochastic volatility.

Chapter 6 concludes the dissertation and outlines some future research.



CHAPTER 11

INFORMATION RELAXATION

In this section we review the information relaxation-based dual formulation of Markov
decision processes(MDPs) and the martingale duality formulation of optimal stopping

problems.

2.1 Duality itn Markov Decision Process

Consider a finite-horizon MDP on the probability space (£2, G, P), where Q is the set
of possible outcomes or scenarios w, G is an o-algebra containing the events in {2, and
P is a probability measure. Time is indexed by K = {0,1,--- , K'}. Suppose X is the

state space and A is the control space. The state {z}} follows the equation
Th+1 :f(xk7akavk+1)7 k20717 7K_]-7 (1)

where a5, € A, C A is the control or decision variable chosen at time k, and {vk},ii’ol
are independent random variables taking values in the set V with known distributions.
The natural filtration associated with this MDP is denoted by G = {Gy, - ,Gxk},
where Gy, is the o-algebra generated by {xg,ag,v1,as2,vq, - ,ax,vx}; in particular,
Go = o{zo}. Therefore, G; contains the information that is known to the decision
maker at the beginning of time k.

Note that a scenario w € € refers to a realization of v = {vy,--- ,vx}. Given a
scenario w € €1, the decision maker chooses a sequence of controls a = (ag, -+ ,ax_1)
with a; € Ay. Such a selection is called a control policy, i.e., a: Q — Agx -+ X Ag_1.
We denote the set of such control policies as A.

Let Ag be the set of control strategies that are adapted to the filtration G, i.e., each

ay is Gr-adapted. We also call a € Ag a non-anticipative policy. Given the initial



V, Va
Xo > _’ X3 > e = | 23

X, : state variable a,: decision variable

Figure 1: Markov Decision Process

condition zy € X', the objective is to maximize the expected sum of intermediate

rewards {gx(zx, ax)}r_, (that depend on the state and the control) and final reward

A(zg) (that depends only on the final state) by selecting a non-anticipative policy

a € Ag:

Vo(zo) = sup Jo(xo; @),

a€lg
K-1

where Jy(zo;) 2 E Z Ie(Tk, ax) + A(zk)

k=0

:L"o] ) (2)

where ay, is selected by « depending on the scenario w, and the expectation in (2) is
taken over w or all possible realizations of v. The value function 1} is a solution to

the following dynamic programming recursion:

Vi(zg) = AMzk);

Vie(x) £ sup {gx(zr, ar) + E[Vii1 (xp)|zr, agl}, k=K —1,--- 0.

ap€AL
Next we describe the information relaxation-based dual formulation of Markov
decision process. Here we only consider the perfect information relaxation, i.e., we
have full knowledge of the future randomness.
Define Ey,[-] £ E[-|zx = 2]. Let Mg(0) denote the set of dual feasible penalties

M (a, v), which do not penalize non-anticipative policies in expectation, i.e.,

Eo.[M(a,v)] <0 forall z € X and a € Ag.



Denote by D the set of real-valued functions on X. Then we define an operator

L: M([;(O) — D:

(£M> (z) = Eou

sup {z_: gk(Tk, ar) + A(xg) — M(a, V)}] ) (3)

ach | 1 2o

Note that the supremum in (3) is over the set A not the set Ag, i.e., the control
or decision aj can be selected based on the future information. The optimization
problem inside the expectation in (3) is usually referred to as the inner optimization
problem. In particular, the right hand side of (3) is well suited to Monte Carlo
simulation: we can simulate a realization of v = {vy,--- , vk} and solve the following

inner optimization problem:

K—1
I(x,M,v) = max Z gr(zr, ar) + Azg) — M(a,v) (4a)
k=0
s.t. xg = x,
Lh+1 :f('rk7a’k7vk+1)7 kIO? aK_lu (4b>
ap, € A, k=0,--- K —1, (4C)

which is in fact a deterministic dynamic program. The optimal value I(x, M, v) is an
unbiased estimator of (LM)(z).

Theorem 1 below establishes a strong duality in the sense that for all g € X,

sup Jo(xp;a) =  inf LM)(xg).
aezg;, 0< 0 ) MEMG(O)( )( 0>

In particular, Theorem 1(a) suggests that LM (xy) can be used to derive an upper
bound on the value function Vy(xo) given any M € Mg(0), i.e., I(xg, M, v) is a high-
biased estimator of Vy(zg) for all g € X'; Theorem 1(b) claims that the duality gap

vanishes if the dual problem is solved by choosing M in the form of (5).
Theorem 1 (Theorem 2.1 in [20]).

(a) (Weak Duality) For all M € Mg (0) and all xy € X, Vo(zo) < (LM)(z).

10



(b) (Strong Duality) For all zo € X, Vo(zo) = (LM*)(z), where

K-1
Z Vit1(@rt1) — E[Vig1 (2p41) |78, ar)) - (5)
k=0

In addition, the following equality holds almost surely, i.e.,

Vo(zg) = sup {Z gk(Tk, ar) + Axg) — M*(a, v)} a.s..

achA

Remark 1.

1. Note that the right hand side of (5) is a function of (a,v), since {xy} depend

on (a,v) through the equation (1).

2. Note that the optimal penalty M*(a,v) is the sum of a G-martingale difference
sequence when a € Ag; therefore, M*(a, v) € Mg(0). Since M* depends on the

value function {Vi}, it is referred to as the value function-based penalty.

2.2 Dwuality in Optimal Stopping

Optimal stopping is concerned with the problem of choosing a time to take a particular
action based on sequentially observed random variables whose joint distribution is
known, in order to maximize an expected reward or to minimize an expected cost.
References [76, 45] use the martingale duality approach to compute upper bounds on
the prices of American options, which is essentially an optimal stopping problem. This
martingale-based dual approach can be viewed as a case of the perfect information
relaxation.

Consider a finite-horizon Markov process {xy }rex on the probability space (2, G, P),
where time is indexed by K = {0, 1, - - - , K} and the transition probability Py (zy1|xx)
is known. The filtration generated by the processes {zj}rex is denoted by G =
{Go, -+ ,Gx} with G £ o{xg, -+ , 21}

A random variable 7 : Q — K is a Gy-stopping time if {7 < k} € G for every

k € K. We define Sg as the set of Gi-stopping times that take values in . We

11



consider the finite-horizon optimal stopping problem assuming that the initial x; is

known:

Vo(o) = sup E {g(ﬂ )

TESG

). ©)
where g(k, ) is the reward at time k that only depends on the state x.

The optimal stopping problem is a special case of the Markov decision process.
The only differences are (i) the state dynamic is an uncontrolled process and (ii) the
only decision to be made at each stage is to “stop” or “continue” the process, that
is, to compare the immediate profit based on the current state information and the
expected reward considering all the future outcome. Therefore, the value function Vj

can also be solved by a dynamic program:

Vi(zk) £ g(K, xk);

Vi(wg) £ max{g(k, 20), E[Vis (zgs1)|eil}, k=K —1,---,0.

Theorem 2 (Theorem 2.1 in [76]). Let M represent the space of Gy-adapted martin-

gales { M} with My =0 and sup,cx E[|My|] < co. Then

Vitea) = g, {E [maxtoth,0) ~ M1 =20 | )

The optimal martingale { M} that achieves the minimum on the right hand side of

(7) is of the form
k

M=) (Viz;) — E[V;(a;)|z;-1)), (8)

J=1

In addition, the following equality holds in the almost sure sense, i.e.,

Vo(zo) = max (g(k,zx) — M) a.s..

Theoretically, the strong duality results hold in both Markov decision processes
and optimal stopping problems. However, the optimal penalty (5) and the optimal
martingale (8) that achieve the strong duality involve the value function {Vj}, and

hence are intractable in practical problems. The hope is that we can construct a good
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approximation of the optimal penalties based on some approximate value functions
{Vi} or sub-optimal policy & (or 7), which may result in a tight dual bound by in-
corporating the approximate penalties in the dual approach. Methods based on these
ideas have been successfully implemented in the American option pricing problems

[76, 45, 3], and also in various stochastic dynamic programs [20, 57, 34].

2.3 Literature Review

Information relaxation-based duality for general stochastic dynamic program [20, 77]
builds on the research work of American option pricing (or optimal stopping) and
stochastic programming. [76, 45] propose a general algorithm for constructing an up-
per bound on American option price based on its dual formulation (see section 2.2),
which complements the lower bound derived from the approximate dynamic program-
ming method [60]. The same duality technique was also developed in the earlier work
[28]. In particular, [76] uses the approximate value function to generate penalties
(or “dual martingale” in their terminology), while [3] develops an alternative com-
putational algorithm by using the approximate policies. To improve the quality of
dual bounds, [23] proposes an iterative approach to construct a sequence of the dual
martingales, and [33] considers the idea of parameterized martingales and uses a con-
vex optimization procedure to produce upper and lower bounds. In the special cases
that the asset process is modeled as a diffusion process or a jump-diffusion process,
the structure of the optimal martingale (i.e., the optimal penalty) is investigated by
[7, 91, 101}, which leads to practical algorithms for fast computation of tight upper
bounds on the American option prices. A nice overview of American option pricing
can be found in [40].

The idea of relaxing the non-anticipativity has also been studied in stochastic
programming literature [83, 75]. The stochastic programming formulation requires

that the cost functions and the set of feasible action (or control set) to be convex and
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penalties to be linear in actions. In contrast, the information relaxation approach
does not impose any assumption on the convexity of the cost functions. In case
that the reward function is convex in the feasible actions, [17] develops a gradient-
based optimal penalty, which is equivalent to the Lagrangian term that dualizes the
non-anticipativity constraints in stochastic programming (see Chap 3.2.4 of [83]).
The relaxation of the non-anticipativity constraint on the control policies in MDPs
also has a long history, dating back at least to [29]. Due to the work [20, 77], the infor-
mation relaxation technique has attracted researchers’ attention in both theoretical
and practical aspects during recent years. It is worth noting that the optimal penalty
is not unique: for general problems we have the value function-based penalty derived
in [77] and [20]; for problems with convex structure there is a class of alternative
optimal penalties [19], which extends the aforementioned gradient-based penalty in
[17]. It is shown in [47] that the value function-based penalty and the gradient-based
penalty are different in linear quadratic control problems. In order to derive tight d-
ual bounds, various algorithms based on different approximation schemes [20, 17, 19|
and the idea of parameterized penalties [32, 93] have been proposed. In addition,
[55] studies a robust model of the multi-armed bandits using the information relax-
ation approach. [44] extends this dual approach to the zero-sum game. Information
relaxation has found various applications such as natural gas storage valuation [57],
dynamic portfolio optimization and execution [17, 66, 48], optimization of commod-
ity procurement, processing and trade operations [34], and inventory management

20, 19].
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CHAPTER II1

LAGRANGIAN AND INFORMATION RELAXATIONS IN
WEAKLY COUPLED DYNAMIC PROGRAM

We study the interactions between Lagrangian relaxation and information relaxation
in the weakly coupled dynamic program(WCDP), which consists of multiple sub-
problems that are independent of each other except for a set of budget or linking
constraints on the controls (see, e.g., [49, 1]). The WCDPs have many interesting
and practical applications including multi-armed and restless bandits ([52, 39, 92, 12]),
resources allocation ([41]), network revenue management ([86, 89]), and optimal learn-
ing ([11, 21, 38]). Unfortunately, the exact solution to WCDPs quickly becomes in-
tractable as the number of subproblems increases. Therefore, we resort to heuristic
policies as well as a good performance bound in high-dimensional problems. [49] de-
composes the original problem by dualizing the linking constraints, which leads to a
dual bound on the optimal value. Despite the computational advantage of Lagran-
giban relaxation, we cannot expect the bound to be tight, because the general WCDPs
may lack the convex structure. Some recent literatures suggest two main approaches
for improving the Lagrangian relaxation bound. The first approach in [1] shows that
the ALP method can be used to obtain a tighter upper bound compared with the
Lagrangian bound, and it has been successfully implemented in large-scale bandit-
like problems. The second approach in [19] studies how to improve the Lagrangian
bound using the information relaxation approach, and develops a gradient penalty for
computing the bound in convex WCDPs. However, these approaches have their own
limitations. For example, the gradient penalty approach in [19] is not suitable for

nonconvex problems, and the efficiency of the ALP method may deteriorate quickly
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with increasing dimensions of linking constraints due to the implementation of the
column generation. Another issue of the ALP method is that the column generation
procedure may require designing problem-specific sampling technique to achieve the
optimal solution quickly, when the stochastic decision model has continuous states or
decisions.

In this paper, we consider an alternative approach that utilizes the information
relaxation technique to generate upper bounds on the optimal value of a general class
of WCDPs. Our approach does not require convexity assumption and can apply on
infinite-horizon problems with discounted rewards. Our work is partly motivated
by the work of [19] that considers finite-horizon WCDPs with convex structure, and
the work of [32] that studies the ALP and the information relaxation methods. To
apply the state-of-art of the information relaxation technique in an infinite-horizon
discounted WCDP, there are several challenges. First, a perfect information relax-
ation means that the system randomness of infinite length is revealed beforehand,
which implies that the associated scenario-based inner problem has infinite number
of decision variables and can be difficult to solve. To address this problem, we use
a standard technique in simulation - a geometric distributed randomized time - to
convert the discounted infinite-horizon inner problem to a finite (but random) horizon
problem (see, .e.g., [37]). This reformulation makes it possible to solve the scenario-
based inner problem with finite computational costs, though the costs depend on the
length of the random horizon that is affected by the discount factor. By coupling
the randomized time with penalties derived from approximate value functions, we
can adapt the weak and strong duality to the discounted infinite-horizon problem,
which parallels the results in finite-horizon stochastic dynamic programs (see, e.g.,
[20]). We also observe in principle the information relaxation approach can always
generate a tighter bound than the approximate value function, as long as it is a su-

persolution to the Bellman’s equation. In particular, both Lagrangian bound and
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ALP bound qualify as supersolutions. We then compare the respective sufficient and
necessary conditions such that Lagrangian relaxation and information relaxation give
tight bounds on the optimal value. We provide an example in which the Lagrangian
bound can be arbitrarily loose, whereas the information relaxation bound that builds
upon it is always tight.

Despite the finite-horizon scenario-based inner problem, solving its optimal so-
lution effectively remains another main challenge, especially when the number of
subproblems is large: with a fixed scenario, the state transition is purely determined
by the decision subject to linking constraints; therefore, finding the optimal decisions
suffers from the curse of dimensionality (in terms of the number of subproblems) and
becomes more difficult in the possible long-horizon problem. Instead of computing its
optimal value exactly, we solve a relaxed problem by dualizing linking constraints for
the purpose of decomposition, which leads to an upper bound on the optimal value
that is computationally tractable for each scenario. With this relaxation we generally
have a weaker bound (referred to as the “practical information relaxation bound”)
compared with the exact information relaxation bound, but we can show it is still
superior to the Lagrangian relaxation bound; therefore, this relaxation lies interme-
diately between the Lagrangian relaxation and the exact information relaxation. We
also provide theoretical analysis on the relative gap between the exact and practical
information relaxation bounds: with certain conditions on the linking constraints,
this relative gap will vanish as the number of subproblems goes to infinity.

Overall, we can compute various dual bounds via relaxations with different perfor-
mance guarantees and computational complexities. Due to the trade-off between the
quality versus complexity, we may start with one relaxation that requires the least
computational cost, and based on its bound performance we may decide how much

more we should invest to derive better policies or/and tighter dual bounds.
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3.0.1 Literature Review

The weakly coupled dynamic program was first systematically studied in [49], which
employs Lagrangian relaxation to develop heuristic policies in high-dimensional prob-
lems. The work [1] shows that the ALP method can guarantee a tighter dual bound
than the Lagrangian bound, though Lagrangian relaxation is much easier to compute.
The WCDPs have many interesting and practical applications including multi-armed
and restless bandits in [52, 39, 92, 12], resources allocation ([41]), network revenue
management ([86, 89]), and optimal learning ([11, 21, 38]).

Recently, information relaxation was developed in [20] to study performance bound-
s in general dynamic programs. [77] independently proposes a dual formulation of
Markov decision process that can be interpreted as perfect information relaxation.
Information relaxation was further explored in different settings such as convex dy-
namic programs in [17, 19], continuous-time stochastic control in [95], and zero-sum
stochastic games in [44].

There are several works related to information relaxation and the subject of our
study. The work [19] develops a gradient-based penalty method to compute dual
bounds on the revenue in an airline network problem, which is a case of WCDPs;
their method can also be applied in general convex stochastic dynamic programs.
[32] explores the theoretical formulation of the information relaxation bound in the
infinite-horizon discounted MDP and compared it to the ALP bound. A recent inde-
pendent work by [16] studies the infinite-horizon discounted MDP using a change-of-
measure technique called “weak formulation”; they also consider the “strong formula-
tion” (i.e., the randomized time) and solve the relaxed inner problem, but they do not
characterize the relative gap between the exact and practical information relaxation
bounds. The work [55] studies a robust model of the multi-armed bandit using the

information relaxation approach. [18] applies the information relaxation and decouple
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the inner problem in an optimal sequential exploration problem (a generalized multi-
armed bandit with dependent arms) without using penalty. The work [17] and [82] use
information relaxation to derive tighter dual bounds from the optimal value or policy
of a simplified model in a dynamic portfolio optimization problem and a commodi-
ty storage problem, respectively. In stochastic programming literature, [31] studies
variants of Lagrangian relaxations and the associated decomposition scheme with d-
uality gaps in nonconvex stochastic optimization problems. The work [13] shows the
structure of stochastic integer programs that leads to a vanishing Lagrangian duality
gap as the number of scenarios increases.

The rest of this chapter is organized as follows. In Section 3.1, we review the for-
mulation of the weakly coupled dynamic program and its decomposition using the La-
grangian relaxation approach. In Section 3.2, we present the information relaxation-
based dual bounds for the infinite-horizon problem, and compare it to the Lagrangian
relaxation and ALP method. In Section 3.3, we address the computational issue of
the information relaxation bound in the large-scale setting. We present our numerical

studies in Section 3.4, and provide the concluding remarks in Section 3.5.

3.1 Formulation of the Weakly Coupled Dynamic Program

In this section, we present the general framework of the weakly coupled stochastic

dynamic program and the Lagrangian relaxation approach.
3.1.1 Problem Formulation

Consider a collection of N projects or subproblems labeled by n = 1,--- , N. The
state of each project or subproblem transits independently according to a homogenous
transition law and yields a reward that is dependent only on the individual state
and control. However, at each time period there are constraints imposed on the
controls of these projects, which are referred to as the “linking constraints” or “budget

constraints”. The underlying probability space is described by (€2, F, P), where (2 is
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the set of possible outcomes or scenarios w, F is a o-algebra containing the events in
), and P is a probability measure.
We use the following notations to describe the mathematical formulation of the

weakly coupled stochastic optimization problem.

1. Time is indexed by t =0,1,2---.

2. x; = (z},--- ,z)) is the joint state of the N projects, and it takes value in the

state space X = X!t x .- x XV,

3. a; = (a},--,al) is the control (or decision variable) that takes value in the

control (or action) space A = []_, A™.

4. The state of N-project transits in a Markovian fashion; in particular, it evolves
as N independent Markov decision processes according to a known homogenous

transition law
N

P(Xpy1]xe, ) = H P (@2, af),

n=1
where {P,}Y_, denotes the controlled transition probability of the individual
project. Note that each state x;,; depends on the prior control sequence a(t) =

(ap,ap, - ,a;) and the scenario w, i.e., Xg = Xg(w) and x¢41 = x441(a(t),w) for

t > 0, where w represents the underlying uncertainty.

5. At period t the control a; is chosen by the decision maker subject to a set of L
time-invariant linking constraints S>> B"(z}, a}) < b, where b € RF. Denote

the feasible control space at time t by
N
Ay ={a € A: B(x,a) 2> B'(a},a}) <b}. (9)
n=1

Here, the dependence of A; on the state x; is omitted for convenience.
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6. At period t the n-th project or subproblem receives a reward of R"(x},ay). The

total reward received at time ¢t is of the additive form
N
R(x;a,) £ ) R"(a},a}).
n=1

7. Given a scenario w, the decision maker chooses a sequence of controls a =
(ap,ay, - - - ), where each a; takes value in A;. Such a selection is called a control
policy, i.e., o : Q — Ay x A; x ---. We denote the set of such control policies

as A.

8. The filtration F = {Fy, F1, Fa, - - - } describes the evolution of the state informa-
tion, where Fy 2 o{xo} and F; = o{x¢, -+ ,X,a0, -+ ,a,1} for t > 1. Since
the decision maker determines a; based only on the information known up to
period t, each a; is then F;-measurable; we call such a control policy « to be

non-anticipative and denote the set of non-anticipative policies by

Ar = {a € A| « is non-anticipative}.

9. The expected discounted infinite-horizon reward induced by a control policy «

18

V(xp;a) 2 E iﬁtﬁ’ (x¢, )

t=0

X()] y (10)

where § € (0,1) is a discount factor, and a, is selected by « depending on the
scenario w. The objective of the decision maker is to maximize the expected
infinite-horizon reward over all non-anticipative policies, given the initial con-
dition xg € X:
V(xo0) = sup V(xq; @). (11)
a€AR
To avoid technical complication, we assume that {R"}"_, are uniformly bounded

on their respective domain (therefore, V' is also bounded), and the supremum in (11)
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can be achieved (this is the case, for example, when X and A are finite). So V is
well-defined for all xo € X. Thus, the exact solution to (11) can be obtained by

solving the following Bellman optimality equation:

V(x0) = max {R(xq,a9) + SE [V (x1)]x0, ag] } - (12)

ap€Ap

We assume (12) have an optimal stationary and Markov policy o, where o

X — A satisfies

a*(xg) € arg ameaﬁc {R(x0,a9) + BE [V (x1)|x0, a0 }

The standard value iteration or policy iteration algorithm that can be used to

solve (12) becomes intractable as N increases, since the size of its state space is

N n
X = TTpzy A7)
3.1.2 Lagrangian Relaxation

In this subsection we consider the Lagrangian dual of (12) that relaxes the linking
constraints on the controls. The motivation of relaxing the linking constraint is to
decompose the original high-dimensional problem to several low-dimensional subprob-
lems.

Denote by A £ {a: Q —+ AxAx---}, which contains A as a subset. By dualizing
the linking constraint with the Lagrangian multiplier A € R%, we define J*(x) for

Xy € X

J*(x0) £ max J*(xo; @), (13)
acAp
XO] )

We list some properties of J* in Lemma 1; in particular, J* is an upper bound

where

J XO, Z ﬂt Xt, at + AT [b B(Xt, at)])

and Ar 2 {a € A| ais non—antlclpatlve}.

on V given any A > 0, which will be referred to as the “Lagrangian bound” in the

following.
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Lemma 1 (Properties of J*). 1. For any X >0, J*(x) > V() for allxz € X.
2. JMx) is convex and piecewise linear in X > 0.

3. For all z € X, J*(x) can be written as

Tb N
— + > I, (14)
n=1

where HM(xf) is the solution to the following Bellman optimality equation for

JMNx) =

eachn=1,--- N:

JAMag) = max {R" (x5, a5) — X' B"(a5, ag) + SE [J"(2})]ag, ap] }. (15)

aneAn

The proof of these results can be found in Theorem 1 and Theorem 2 of Section
2 in [49], or Proposition 1 and Proposition 2 in [1].

In the case that X and A are finite, we may compute the tightest Lagrangian
bound over A > 0 via a linear program. To be more specific, suppose {v(x),x € X'}
is a probability distribution on X, which can be viewed as the initial distribution of
xg. Let v,(+) denote the marginal distribution of v with respect to the n-th project,
Le, Un(25) = X (a1 an)en: gy V(X ). From (14) we define the Lagrangian bound

based on the initial distribution v as the weighted sum

N
>0 P = P43 S )
xeX n=1 z"eX,

The optimal A* = argmin{x>03{Y. ¢ v(x)-J*(x)} and the corresponding {J* " (-) } 2

n=1

can be determined by the following linear program (with variables A and {H"(-)}2_)).

i A'h "YH"™(x" 16
25 3 e o

st. A>0,

H"(xg) = R"(x5,a5) = XNTB"(a5,a5) + 5 Y Pulafleg, ap) H" (27),

zrexm™

for all (z, ay) with ag € A™(x().
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In the continuous-state or continuous-action case, noting that J*(v) is convex in
X with a fixed probability distribution v, the Lagrangian bound J* may be solved
using the stochastic subgradient method (see, e.g., Section 2.2.1 of [49]). We also
review the ALP method to derive an upper bound H* on V and compare its bound

performance with the Lagrangian bound in Appendix A.1.

3.2 Information Relaxation-based Dual Bound

Information relaxation has been used to compute a dual bound on the optimal value
of finite-horizon stochastic dynamic programs. In this section, we propose a compu-
tational method based on a randomization idea to extend information relaxation to
the discounted infinite-horizon problem. This computational approach will be used
to improve the quality of the Lagrangian bound; we show in one example that the
improvement can be significant. We also analyze the conditions that the two bounds
equal the optimal value.

We will use the following notations. Given T € N, we denote by A(T) £ Ay x

.-+ x Ap, where each A; = A. Respectively, we define A(T) & Ay x --- x Ar.

3.2.1 Information Relaxation-based Bounds for Discounted Infinite-Horizon
Problem

The Lagrangian relaxation approach in Section 3.1.2 relaxes the feasible set of the
controls, where the term > ;%) B'AT ([b — B(x;,a)]) plays the role of a penalty when
the decision takes value outside the feasible region. As an alternative relaxation
technique, the “information relaxation” relaxes the non-anticipativity constraint on
the control policy and impose a class of penalties that penalize this violation.

We will construct a penalty from a function H defined on the state space X. This
penalty is the discounted sum of martingale difference sequence under any policy
a € Ay, implying that charging this penalty does not influence the expected rewards

under such a policy.
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To begin with, we first define a partial discounted sum M} based on a measurable

and bounded function H : X — R, that is,

k
Mk(a, CU) é Zﬁt+1AH(Xt+1,Xlg,at>, k' = 0, 1, Tty (].7)

t=0
where AH (x;11,%Xy, ;) = H(xy11) — E[H (Xx441)|%¢, a;] and . Note that given a control
policy a € Ay, {M(a(w),w)}2, is an F-martingale, since {AH (X;41,X¢,a:)}52, is
an F-martingale difference sequence. In particular, E[M(a(w),w)|xe] = 0 for any
a € Ap.
We then consider the discounted infinite sum of AH, that is,

o0

M(a, LU) é Z Bt+1AH(Xt+1, Xt, at).

t=0
Define D £ {H : X — R|H is measurable and bounded}. It is straightforward to
verify that M is well-defined given any function H € D and M has expectation zero

under a non-anticipative policy.

Lemma 2. Suppose H € D. Then M(a,w) is well defined given any control sequence

a and scenario w; moreover, E[M(a(w),w)|xy] = 0 for all a € Ag.

Proof. We can show that M (a,w) is well defined for any a and w given H € D, i.e.,
|H(-)| < A for some A > 0; the sequence { M }72, is then uniformly bounded for all

k >0, since for t =0,1,--- , k,

k
2A
| M (a, w)| < ZBtH]AH(xtH,Xt,atﬂ < for all w € Q and a; € A(x;),

=0 -5

Therefore, M(a,w) = limy_,o My(a,w) is well-defined for every a and w. In par-
ticular, E[M (a(w),w)[x¢] = limg_s E[M}(a(w),w)|x¢] = 0 for a € Ar due to the

dominated convergence theorem, noting that E[M(a(w),w)|xo] = 0 for all . O
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Since E[M (a(w),w)|xo] = 0 for any a € A, then

V(x0; ) =E iﬁtﬁ’(xt,at) X0

— E[M(a(w),w)[xo]

. ) Zﬁt (x¢,a) — B(H (xe41) — E[H (X¢41) | %, &]))

.

H(xo) +E Zﬁt (x¢,a) + BE[H (X¢1) [x¢, &) — H(xy))

x0] . (18)

The second equality holds due to the definition of AH, and the last equality holds s-
ince Y 72 B R(x¢,a), Y oo BT E[H (Xe41)|%¢, &), and Y, ) BT H (x,) are absolutely
convergent for all w € 2 and a € A.

To develop a computational method that reduces the infinite sum inside the con-
ditional expectation in (18) to a finite sum, we consider a random time 7 (see, .e.g.,
[37]) that is independent of {F;, t =0, 1,---}, and 7 is of geometric distribution with

parameter (3, i.e.,
Pir=t)=01-58)p" t=01,---.

A complete definition of 7 is in Appendix A.2.1.

Lemma 3. Suppose 7 is a random time of geometric distribution with parameter [3

and it is independent of {F;, t =0,1,---}. Then for all « € Ap and H € D,

V(mo; o) = H(m) + E [In(a(w),w, 7)|zo] (19)

where
.

>

(R(x, ar) + SE[H (1) |2y, ar) — H (). (20)

t=0

IH(G’7 w, T)

Proof. Noting that P(t < 7) = E [1y;<,3] = (', we can rewrite the second term in
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(18) as

E Y E[lu<ny] - (R(xi,a)) + BE[H (xpp1)|xi, 0] — H(x))

.

where the first equality holds due to the Fubini’s theorem, noting that the bounded-

.

=E | ) Ly<ry - (R(xe. ) + BE[H (x141) %1, 2] — H(xy))

- Z (R(x¢, ap) + BE[H (X¢41)[%s, ) — H(x)) XO] :

t=0

ness of R and H implies the integrability of the integrand in Eq|]. O

The conditional expectation in (20) is now taken with respect to both the ran-
dom outcome w and the random time 7. We can better interpret this conditional
expectation via Monte Carlo simulation: in each trial of simulation, we first generate
a realization of the random horizon 7 (that is finite) and scenario w, i.e., the under-
lying uncertainty that affects the evolution of {x;};_,; we then apply the policy «
on the scenario w up to time 7 to evaluate the value of Iy (a(w),w, 7). According to
(19), H(x¢) + Ig(a(w),w, T) is an unbiased estimator of V(xg; a).

To obtain an upper bound on the optimal value V' that complements the lower
bound V' (xg; @) in (19) induced by the policy a and function H, we introduce the
operator L: D — D

LH(xo) = H(xo) +E m%x){lg(a,wﬁ)}
acA(T

X0:| , (21)

Since the dependence of Iy on a is only through the first 7 + 1 actions, namely,
a(7). Thus, max,e 4-){In(a,w, )} is short for max,ea{In(a(r),w,7)}, which
is referred to as the inner optimization problem. In each trial of simulation, we
maximize Iy (a,w, ) subject to a € A(7) given a realization of the random horizon 7
and scenario w. We show that the estimator max,e 4(-){/r(a,w, 7)} has finite mean

and variance in Appendix A.2.2.
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We next show for any H € D, the optimal value V' is upper bounded by LH,
which will be referred to as the “information relaxation bound”. The relaxed infor-
mation is reflected in the scenario-based inner optimization problem, while M (a,w) =
Yoo BAH (Xe41, X4, a;) induced by the function H plays the role of a penalty: if

H is chosen to be V| then the upper bound LH is tight, i.e, LH = V.

Theorem 3 (Information Relaxation Bound). Let 7 be a random time of geometric

distribution with parameter 5 and it is independent of {F;, t =0,1,---}. Then
(a) (Weak Duality) For any H € D, V(x) < LH(x) for x € X.
(b) (Tighter Bound) For any H € D*(¢) with € > 0, where
D*(e) 2 {H € D : R(xy, ag)+PE[H ()|, ao] < H(xp)—¢ for kg € X and ag € A(x)},

then max e g {lu(a,w,7)} < —e(7+1) for every w € Q and T € N; therefore,

forxe X,
€

“1-3
(¢) (Strong Duality) V(x) = LV (z) for x € X'. Moreover, max e g {Iv(a,w,7)} =

LH(z) < H(x)

0 for every w € Q2 and T € N.

Proof. (a) For xg € &y and a € Ay,

V(x0; ) = H(X0) + Eo [{g(a(w),w, )] < H(Xq) + Eg m@x) {Ig(a,w,7)}],

acA(r
where Eo[ - | = E[ - |xo]. By maximizing V(X¢; ) over a € A, the weak

duality V(xg) < LH (%) holds.

(b) Note that given any H € D* and x; € X, R(xy,a;) + SE[H (x;11)|%¢, a¢] —
H(x;) < —¢ for all a; € A(x;). It is straightforward to see that for any 7 € N

and w € €,

Iy(a,w,7) = (R(xt,at) + BE[H (x¢11)|x¢, a;] — H(xt)) < —(r+1)e

28



for any a, € A(x;), t =0,1,--- ,7. Therefore, for all X, € X we have

5
1-38
Together with the weak duality, we have shown that V(xg) < LH(x¢) <

LH(xq) < H(xq) + Eo[—(7 + 1)e] = H(x¢) —

H(xo) — 155

(c¢) The strong duality follows from the weak duality and the results in (b) by choos-
ing H = V noting that V' € D*(0). Moreover, since V' (xg) = max,c_1{ R(x0,a9)+
BE[V (x1)|x0, ag]} for every xo € X, we can use the dynamic program to show

that max,e 1 {Iv(a,w,7)} = 0 for every w € Q and 7 € N.

[]

The function H € D*(0) is sometimes referred to as a “supersolution” to the
problem (11), and it is a standard result that the optimal value V' is upper bounded by
a supersolution H (see, e.g., [9]). Theorem 3(b) indicates that the scenario-dependent
inner optimization problem of an arbitrary time horizon 7 is upper bounded by zero
provided H € D*(0); therefore, LH improves the quality of the supersolution H as
an upper bound on V. The strong duality implies that we may obtain a tight dual
bound, given some approximate function of V' that induces a good approximation of
> oo BT AV (%41, X¢, &) In addition, Theorem 3 is true not only for weakly coupled
dynamic program, but also for general discounted infinite-horizon stochastic dynamic
program due to the applicable randomization technique.

As a corollary of Theorem 3, we present the information relaxation-based dual
representation of the Lagrangian bound J*. To this end, we dualize the linking
constraints at each period in max,e 1(-){/m(a,w, 7)} up to time 7, and introduce the

Lagrangian function Iy (a,w,7; p) for p £ (pg, -+, p,) with each p, € RE:

T

In(a,w, 73 p) 2> (R(xy,a) + p/ [b— B(xi,a,)] + BE[H (xp41) %1, 8] — H(xy)) -

(22)
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In particular, Iy(a,w,7) = Iy(a,w, 7;0).

Corollary 4. Suppose A € RE and i = (X,--+,X). Suppose T is of geometric

distribution with parameter 5 and it is independent of {F;, t =0,1,---}. Then

(a) (Weak Duality) For any H € D,

Paw) < Hlan) + B | (Tl 7 }\wo] |

acA(T)

(b) (Strong Duality) J*(xy) = J*(z)+E [maxaeA(T) {Ip(a,w,m;@)} ’azg} . Moreover,

maXaea(ry{La(a,w, s 1)} =0 for every w € Q and 7 € N,

Proof. Note that J* is the optimal value to the discounted infinite-horizon MDP with
one-period reward R(x;,a;) + A" [b — B(xy,a,)] and control set A(7). Following the
proof of Theorem 3, it is straightforward to verify the weak duality and strong duality

results. O
3.2.2 Comparing Lagrangian Relaxation Bound

In weakly coupled stochastic dynamic program, a natural candidate of the approxi-
mate value function is the Lagrangian bound J* . It can be shown that the informa-

tion relaxation approach can be used to improve the performance of the Lagrangian

bound.
Corollary 5. For any X >0, LJMz) < J*x) for all z € X.
Proof. This is an immediate corollary of Theorem 3(c) since J* € D*(0) (see

Lemma 4(b) in Appendix A.1). Here we consider an alternative proof based on
the dual representation of J*. Let 1 = (A, -+, ). Note that for each scenario

wand 7 € N,

0= maX {Ig(a,w,7; )} > max {Iy(a,w,7; @)} > max {Iy(a,w,7)},
acA(r) acA(r) acA(r)

(23)
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where the equality follows Corollary 4(b), the first inequality holds because
A(1) D A(7), and the second inequality holds since A > 0 and each b —
B(x;,a;) > 0 for a; € A. Hence, J*(x) > LJ*(x) for all x € X.

]

Corollary 5 generalizes the result in [19] from finite-horizon to discounted infinite-
horizon setting. It is worth noting that the information relaxation approach can
improve the ALP bound H”| since it is also a supersolution to (11) (see Lemma 6
in Appendix A.1).

A natural question is whether the improvement of the information relaxation
bound over the Lagrangian bound can be significant. In Appendix A.3, we provide
an affirmative answer by investigating the example proposed in [1], where the La-
grangian bound can be arbitrarily poor compared with the optimal value; as opposed
to the performance of the Lagrangian bound, we show that the optimal value can be
recovered based on it using the information relaxation approach.

A significant difference of the information relaxation and Lagrangian relaxation in
the weakly coupled dynamic program is that the strong duality exists in the former
relaxation (at least theoretically), while such a result does not hold in general for
the latter approach. The following theorem characterizes the sufficient and necessary
conditions such that V(x; /) = LH(xo), where o is a stationary Markov policy and

H € D. This result resembles Theorem 2.2 in [20] for the finite-horizon problem.

Theorem 6. Suppose H € D and o' : X — A is a stationary Markov policy such
that o/ (z) € A(z). A necessary and sufficient condition for V(x;o') = LH () for
all ;g € X is that

Jnax. { (R(@, a) + PE [H(@11) |21, @) — H(gﬂt»}

=) (B(zi, o/ (m)) + PE[H (zp41) |2, o/ (2)] — H (1)) (24)

t=0
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forw € Q almost surely, T'=10,1,2,--- . In particular, by considering the case T = 0,

o/ (a) € arg max {R(zy, ao) + FE[H (2|20, aol}

aoE.A(-’Eo

for all xy € X.
Proof. Given o/ € Ay and xq € X,

V(Xo; O/) :H(Xo) + IEO [IH(O/a W T)]

<H(x0) + Bo | max {Tn(aco)}]. (25)

acA(r)

=H(xo)+ Y P(r=T)-E, L?ﬁ% {u(a,w, T)}}

:,CH(X())

To show necessity, V' (x; ') = LH (x) means that the inequality (25) is an equality;
we also note that Iy(a,w,7) < max,e 1(;) {In(a,w,7)} for each 7 =0,1,2,--- and
w € 2, which implies that for every T' € N, the equality (24) holds for w € 2 almost
surely, observing that P(t =T) > 0 for each T' € N.

The sufficiency is straightforward, since the condition (24) holds for w € € almost

surely and 7" € N implies that (25) is an equality. O

Theorem 6 characterizes the optimality conditions of a policy o/ to (11) and value
approximation H in (21) as a pair: the optimal policy to the inner optimization prob-
lem of any horizon T induced by the approximate value function is non-anticipative
and also stationary, though these decisions can be chosen to be anticipative and non-
stationary. In particular, the policy o should be the greedy policy induced by the
approximate value function H.

As a special case, if we choose Lagrangian bound as the approximate value, the
analogous optimality conditions developed in Theorem 2 of [1] can be recovered us-
ing the information relaxation argument. We review the sufficient and necessary

conditions therein and present them in parallel with the statement of Theorem 6.

32



Lemma 4. Suppose X' >0 and o/ : X — A is a stationary Markov policy such that
o(x) € A(m). A necessary and sufficient condition for V(xe;a') = JX (x) for all
xy € X is that for all zy € X, X" [b— B(x, o/ (x))] = 0 and

o/ () € arg_max { R(ao, a0) + NT[b~ Blay, ao)] + BELJ ()], aol} . (26)

ap€A(zo)

We can use information relaxation to obtain the optimality conditions in Lemma
4. Note that for any A > 0 (let 2 = (X, -+, X)) and stationary Markov policy o (in

Ar), we have

I w,7) < Ipn(d,w, T 1) < m,?(x) {Ipn(a,w,7;1)}
acA(T

for every w and 7; therefore, V(xg; ') < J*(xq) for all xq € X, according to Lemma
3 and Corollary 4(b).

If V(xg;a') = J*(xg) for some o’ € Ay and X > 0, it implies

I, w,7)=In(d,w,m 1) = mjm(x) {I;n(a,w,7;00)}.
acA(T

The above equality renders the conditions in Lemma 4 more stringent than those in
Theorem 6. Consider the special case 7 = 0 and recall that AT [b — B(xq, a(x0))] > 0.
Then the first equality implies A" [b — B(x, @(%0))] = 0 and the second equality
implies (26).

3.3 Practical Information Relaxation Bound for Large-scale
Problems

The information relaxation approach has the desirable property that it generates

tighter upper bound based on the Lagrangian bound; however, computing the infor-

mation relaxation bound can be challenging in large-scale weakly coupled dynamic

program due to the intractable inner optimization problem. To be specific, the size

of this scenario-dependent optimization problem increases exponentially with respect

to the number of the projects or subproblems N, and also increases at least linearly
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in the horizon 7. Instead of computing the optimal value of the inner optimization
problem, we discuss how to derive its upper bound that is computationally tractable.
Therefore, this sub-optimal method still leads to a valid upper bound on the value
function, which is referred to as the “practical information relaxation bound”. We
will show its performance guarantee under certain conditions.

Throughout this section we assume that the approximate value function is of
the additively separable form H(x) = 6§ + 3. H"(z"), where 6 is a constant and
H" : X" - Rforn=1,---,N. We denote by D° the space of additively separable

functions. By substituting H(-) in (20) by 6 + fo:l H"(-), we can rewrite Iy as

Tn(a,w,r) = 37 |37 (R af) + BEIH" ()t o) = H™ () |~ (7-+1) (1-5)0.

(27)
3.3.1 Relaxation of the Inner Optimization Problem

Note that the scenario-dependent primal problem max,e 1.-){/x(a,w, 7)} is also weak-
ly coupled due to the additively separable structure of (27) and the feasible control
set A(7). To obtain an upper bound on its optimal value, we consider its Lagrangian

dual maxac ) {/n(a,w, 7; p)}, where

In(a,w,7; p) Z (x1,a;) + pf [b — B(xy,a,)] + SE[H (x;11) %4, 2] — H(Xt))

n=1
)9} + Zuj b
t=0
N T
= Ijn@ w,mp) = (T +1)(1 =)0+ Y p'b, (28)
n=1 t=0

where I}, in (28) is defined as

T

I (@",w,m ) &Y (R (2, ap) + BE[H" (a2}, af] — H"(a7) — p B"(a7, a}))

t=0

with a” £ (a,--- ,a?).
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Given any p > 0, it is straightforward to see

max Iy(a,w,7) < max Iy(a,w,T;
Jnax, H( ) aeA()H( ).

According to (28), the Lagrangian dual function can be decomposed as

Jnax {1 (a,w,73 1)} = Za@%} {Ifm(@",w, 7 )} — (1 +1)(1 —ﬂ)9+;ll/:b7
(29)

where A™(7) & A? x --- x A" with each A? = A". The equality (29) implies that
the computational cost on solving maxae a(-){/m(a, w,7; p)} is linear rather than ex-
ponential in the number of the subproblems N. Therefore, the Lagrangian relaxation
significantly reduces the computational complexity, and hence solving (29) to opti-
mality becomes potentially tractable.

It remains to find the optimal p* that achieves the minimum of Iy (a, w, 7; p) over
p > 0. To this end, we list some properties of maxaca(r) [r(a,w,7; p) as a function

of pu, based on properties of Lagrangian relaxation.

Lemma 5. Given Iy(a,w,;p) defined in (28), where w € Q and 7 € N. Then
(a) maxqecar) Iu(a,w,7;p) is convez in p.
(b) Let a®° = (ag,--- ,a) € argmaxaca(r) Iu(a,w,7; 1) for a fivzed p > 0. Then

b= B(xy, ap),- -, b — B(a7, a7)] € Iy (a®,w, 75 p),

where {x; }]_, is the state trajectory under a® and w, and dlg(a®,w,T; w) is the

subdifferential of Ig(a,w, T; pu) with respect to p at a = a°.
(c) Max ¢ 4(r) Ig(a,w,7) < mingsomaxeear) Iu(a,w, 75 ).
The duality gap in Lemma 5(c) is zero if the primal problem is convex and the

strong duality holds. Since the primal problem may lack the convex structure, we
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cannot expect zero duality gap in general. To find the optimal solution pu* to the
dual problem, Lemma 5 indicates that it is is convex in g and has explicit subgra-
dient at every p; therefore, we can employ the standard subgradient method or its
variant to locate the optimal solution efficiently. Due to Lemma 5(c), we refer to
min,,>o maxac a(-) [u(a,w, 7; ) as the “relaxed inner optimization problem”.

Based on the relaxed inner optimization problem we define a new operator L°
that can be viewed as a “relaxed” version of £ on the additively separable function

space D°:

LOH(x) = H(x) + Eg |min max Iy(a,w,7;p)| . (30)
p>0 acA(T)

Due to the computational tractability of £°H(x), it will be referred to as “prac-
tical information relaxation bound”. In the next theorem we formalize the bound
performance of £°H (x), which naturally places an upper bound on the information
relaxation bound L£H; moreover, the performance of £°J*(x) is no worse than the

Lagrangian bound J*(x).
Theorem 7. Suppose H € D°. Then
(o) LH(x) < L°H(x) for allxz € X.

(b) Suppose H = J> is a Lagrangian bound for some X > 0. Then for every w €
and T € N,

i Ip(a,w,T; <0.
gggl;;%){ na,w,mip)} <

Consequently, L°J*(x) < J*(x) for all z € X.

Proof.  (a) This is because for every w € Q and 7 € N,

max {Iy(a,w,7)} < min max {Ig(a,w, T; .
aeA(T){ H( )} < P aE.A(T){ a( p)}
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(b) Note that for any A > 0, J*(xg) = J*(x0) + Eo [maxaca{L(a,w, 7; 1)},

where fi = (A, A, -+, A). According to Corollary 4, we have

0= arenftl(x {In(a,w, 75 0)} > rfggargzx {In(a,w,m51)}, (31)

for every w € 2 and 7 € N. Therefore,

J*(x0) > J*(x0) + Eo [min maX {In(a,w, 73 m)}| = LT (x0).
n>0 acA(T)

O

The inequality (31) highlights the comparison between two scenario-based in-
ner optimization problems: the right term of the inequality in (31) allows p =
(Ko, » 1,) (contained in >°7_; p [b — B(xs,a)]) to be different across periods;
on the other hand, the left term forces p, to be constant (equal to A) over time.
Therefore, £°J* can be viewed as an intermediate relaxation between the “exact”
information relaxation £J* and the Lagrangian relaxation J*. Another useful ob-
servation is that g = (X,---,A) can naturally serve as the initial point to solve
min,,>o maxae A(-){ L2 (a,w, 7; )} via the subgradient method.

Note that the computational complexity of the inner optimization problem also
depends on the time horizon 7. In case of drawing a sample of 7 that is a large
number (often occurs when 3 that is close to 1), we propose a simple remedy to ease
computation, i.e., to truncate the random horizon of the relaxed inner optimization
problem up to some deterministic time 7~ € N that is sufficiently large. This operation
reduces the computational cost in some extreme cases. The next result shows the
complexity versus quality trade-off in choosing an appropriate 7 a greater truncated

horizon 7 implies a more difficult inner optimization problem but guarantees better

bound.

Corollary 8. Suppose T € N. Define

LT x) = TN z) + Ky 151>1%1 Jnax, Ipn(a,w, T ANT;p)|,
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where T AT = min{7, T}. Then
() L20M(8) < L4 JN(3) < L5 (8) < (3,
(b) limy_ oo L5 () = LT (T).

Proof. Proof of Corollary 8 Note that by fixing w € 2 and 7 € N, the following

inequality holds for any 7 € N:

i I - 1) < mi Iin(a,w, 7A(T+1); p) < mi Iin(a,w, TAT: ) < 0.
min max a(a,w, T ) < min max (a,w, TA(T+1); p) < min max »(a,w, TAT; ) <

Therefore, the inequality in (a) follows from the above inequality immediately, and

the equality in (b) is true due to the monotone convergence theorem. ]
3.3.2 The Gap between Two Information Relaxation Bounds

The practical information relaxation bound L£°H (z) effectively reduces the compu-
tational cost compared to deriving the exact information relaxation bound LH(x),
though yields a less tight bound. In this subsection we investigate the gap L°H (x) —
LH (z), which is the average difference between the optimal values of the exact and

relaxed inner optimization problems, i.e.,

min max Iy(a,w,7; ) — max Iy(a,w, 7). 32
p>0 acA(7) H< l'l’) acA(r) H( ) ( )

[8] established the sufficient conditions such that the Lagrangian duality gap of the
weakly coupled deterministic optimization problem is uniformly bounded regardless
of the number of the subproblems (see Appendix A.4). We will show a similar result
for L°H(z) — LH (x) assuming that H is additively separable.

We begin with an intuitive interpretation on the duality gap (32) by looking at
two equivalent linear program formulations of (29). We fix w € Q and 7 € N, and
assume that the control space A is finite. For each project n =1,---, N, we can then
enumerate all state trajectories of (x7,---,2") (denoted by (x""*,--- ™) with

index my) associated with the control sequence (af,---,a”) € A™(7) (denoted by

» T
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a™"™). Noting that I} (a™" w,1;0) — Z;O y,tT B} (z™™ a™™) = T} (2™ w, T; W).

Then (29) can be equivalently written as the following linear program,

N T
min Zyn+2u2b— (t+1)(1—-p5)0
L =0

st oy, > Ip(@""™ w,7;0) — Z/,L:B”(x"’"’“, a™™) forall ng, n=1,---,N;
=0

(33)

Ky ZiO, t ::07"'77'

We use p™™ to denote the dual variable associated with (33), so the dual linear

program is

N
max Z Zp"’”’“]ﬁ,(a"’"’“,w, 7;0) — (7 4+ 1)(1 — )0

{pn,nk} n:l nk
N
s.t. Z Zp”ka”(x?vnkya;‘v”k) <b, t=1,---,7;
n=1 ng
an7nk:17 TL:]_’...7N;
ng
p™ >0 for all np and n=1,---, N,

where p™™ can be interpreted as the probability assigned to the n,-th scenario associ-
ated with project n. Comparing the above linear program to (27), it can be seen that
the feasible control set A(7) is enlarged to include all the randomized controls subject
to the linking constraint. Therefore, the relaxed inner optimization problem can be
viewed as the convexification of the exact inner optimization problem. In addition,
the optimal solution to the above linear programs also provides benchmark result on
(29), which may help to adjust the parameters used in the subgradient method.

To characterize the gap £°H (x)—LH (z), we list some technical assumptions based
on Lemma 2 in Appendix A.4. In particular, we denote B"(z}, a}') equivalently as

B} (a",w), as x}" depends on a™ and w.

Assumption 1. For every state x € X, A(x) # ¢.
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Assumption 2. Gwen w € Q2 and T € N, the sets
S, = {(a", By(a",w), -, By(a",w), [} (a",w,T))|a" € A"(T)}

are non-empty and compact forn =1,---  N.

This assumption is automatically true if each A" is finite, or A™(7T) is compact

and each B} (a",w) and I} (a™, w,T) are continuous functions on A"(7T).

Assumption 3. Given w € Q and T € N. For everyn =1,--- , N, we assume that

for any @" € conv(A™(T)), there exists a* € A™(T') such that
Bl'(a",w) < (cl B)(a",w), t=0,---,T, (34)

where ¢l B} is the function whose component is the convex closure of the corresponding
component of B}, i.e.,

l By (@', w) £ inf { S By (@ w)

Nk

an’nk = 17 Pmnk > O}

ngk

at = an,nk an,nk’ av" ¢ An(T),

Nk

Remark 2. All the sums in the definition of cl BM(@",-) are finite sums.

This assumption is not trivially satisfied, as (34) can be a vector inequality. How-

ever, we can directly verify Assumption 3 is true in several cases.

Case 1. Each | A" is finite, the number of the linking constraints L = 1 (therefore, each
inequality in (34) is a scalar inequality), and each B}'(a",w) (i.e., B"(z},a}))

only depends on ay'. A typical example is the restless bandit problem, in which

n=1

the linking constraint is S B™(z?, a?) = N a = 1 with o € {0,1}.

Case 2. If A™(T) is convex, and the components of each B} (a™, w) are convex over A" (T")

for t = 0,---,T. Then conv(A™(T)) = A*(T), and (cl B}')(&",w) = B(a",w).

We present our main result on the gap L°H(x) — LH(x).
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Theorem 9. Suppose that H is of the additively separable form H(x) = Q—I-Z;V:l H™(z"),

and Assumptions 1-3 hold for every w € Q2 and T € N. Then for all x € X,

L—-1 L+1
BHL+1 s T (35)

. (
L H(a;) — EH(:E) < (1 — 6)2 n:InlE.,N

where

"= sup {R"(a,a5) + BE[H" (a7)|2g, ag] — H"(x5)}

zpEX™ al € AN

— ot {R"(ag, ag) + BE[H" (2Y)|2g, ag] — H"™ (26)}-

TREX™ an € An

The proof of Theorem 9 is in Appendix A.4. Theorem 9 not only characterizes the
gap between L£°H(x) and LH(x), but also allows controlling this gap by restricting
the feasible region of {H™(-)}»_,. To be specific, we can add to the linear program
(16) or (94) the following constraints on the Bellman error of each subproblem (i.e.,

R"(xg, ag) + PE[H™ (27) |25, ag] — H"(x5)):
™ > R"(ag, ap) + BE[H" () |25, ag] — H" (x5) > —I™,

for all (zf,a?) with aj € A"(zf)), where I'"! and T"™? are two positive numbers for
n=1,---,N. Suppose that there is a feasible solution to the linear program (16) or
(94), then L°H(x) — LH(x) can be bounded by (L_(P_# max,_1.. n{I"™" + "2}
Note that the greater ™! and I'™? are, the larger the feasible region of {H™(-)}Y_,
is, which implies a better bound J*(x) or HLF(x); they may be used to generate
tighter bounds £J*(x) or LHF(x) according to Theorem 5. As a trade-off, the gap
between the practical information relaxation bound £°H(x) and the exact LH (x)
may be enlarged.

As a corollary, Theorem 9 indicates that the gap £°H (z) — LH(z) has a uniform

bound in N, if the Bellman errors of individual subproblems (and hence I'") are

uniformly bounded for all state-action pairs {(xf,ag)}. Therefore, the relative gap

L°H(x)—LH(x)
N

N

vanishes as N goes to infinity. We provide an instance in which {I'"™}*_;

are uniformly bounded with mild conditions on rewards and linking constraints.
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Corollary 10.

(a) If {T"}_, are uniformly bounded for all subproblems, then L°H(x) — LH(x) is

n=1

also uniformly bounded with respect to the number of subproblems N.

(b) Let H(x) = J*(x) for some X > 0. Suppose there exists a constant C > 0 such that

{|R",|R" — AT B"}N_, are uniformly bounded by C. Then {T™}\_, are uniformly

n=1

bounded by %.
Proof.  (a) The result directly follows from Theorem 9.

(b) Since |R™ — A'B"| < C, it can be seen from (15) that {J™*}N_, are uniformly

bounded by % Therefore, for all (zf,af) with af € A" andn=1,--- N,

2C n n n n n n n n n
m > R*(ag,ay) + BE[JM(a]) |2, af] — JM(2f) > —

i.e., {T,,})_, are uniformly bounded by %.

In other words, if the optimal value is proportional to the number of the subprob-

lems, i.e., NC; <V < NC, for some Cp,Cy > 0 (e.g., C1(1 — ) < |R"| < Cy(1 — B)

for all n = 1---  N), then the relative gap % converges to the relative gap
% as the number of subproblems N increases.

Remark 3. All results presented in Section 3.3 have counterparts in the finite-horizon

setting; we refer the readers to Appendix A.5 for details.

3.4 Numerical Examples

To investigate the performance of the information relaxation bounds, we test our
method in both discrete-state and continuous-state WCDPs. We compare some
heuristic policies with both the Lagrangian bound and the practical information re-

laxation bound.
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3.4.1 Dynamic Product Promotion

We consider dynamic promotion management of perishable items in retail stores or su-
permarkets following [51]. By dynamically allocating products of different categories
to a limited promotion space, these products are more likely to attract customers and
bring in more revenues to the retailers. The limited promotion space may refer to
the promotion counters, the shelves close to the cashier, or the space available on the
advertisement of weekly specials and sales. A perishable item is a product unit that
worsens in quality over time and can no longer be sold at a deadline (e.g., the “best
by” date). A profit is obtained by the retailer if an item is sold before its deadline;
otherwise, a loss is received.

Since perishable products must reach consumers in a timely manner, at each time
period the retailer considers selecting a collection of products to the promotion space,
which changes the probability the chosen product is sold. Such a selection is subject
to the capacity of the promotion space with the goal of maximizing the expected
profits in the long run. This problem can be formulated as a weakly coupled dynamic
problem with knapsack constraints, and can be generalized to a variety of dynamic

resource allocation problems.
3.4.1.1 MDP Model

Our model generalizes the model in [51] in that we assume the products will be re-
stocked and the selection of products is under multi-dimensional knapsack constraints.
Suppose There are N items. The n-th item has the deadline S™. The state space of
this item is described by X™ = {0} US™, where state 2" € §" = {1,2,--- , S} means
that there are 2" remaining periods to deadline (i.e., the item does not perished) and
it is not sold, while state 0 means this product needs to be reordered either because
it has perished or has been sold. One feature of our model is that we assume the

retailer will replenish one item when it is sold or becomes perished, while there is no
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act of reordering in the model of [51].
At each period, the retailer decides whether to include the n-th item in the pro-

motion space (a™ = 1) or not (a" = 0). Therefore, the action space for item n is

A" (x™) = {0,1} if 2™ € S™; otherwise, A"(0) = {0}.
The retailer’s decision results in a different probability £, that the n-th item can

be sold during this period.

Po(afy =s— 1z =s,a)) =1 =&, Pa(ziyy =0lzy =s,af) =&, if s €™

n
ag)?

P, (xp, = S"xy =0,a7) = 1.

In particular, the transition from state 1 to state 0 is not influenced by the action a}
(though the expected revenue is influenced as explained later). When the n-th item
is sold or becomes perished, the retailer reorders this item immediately and the new
products will arrive the next day in state S™.

If the item n is sold before the deadline, it yields a profit margin " > 0. Otherwise,
a loss ¢"r™ with ¢" < 0 is obtained. Therefore, the expected one-period revenue
is R"(z",a™) = r"&, for o™ € S"/{1}, R*(1,a") = (& + ¢"(1 — &7

am

)), and
R™(0,0) = 0.

Suppose that the promotion space is available with capacity of W, > 1, and each
item n occupies w™ units of promotion space. So the retailer’s decision is subject
to the constraint Zf:f:l w™a™ < Wy. In practice, the retailer may promote at most a
certain number of products among the same category or brand per period by allowing
a limited capacity of the promotion space. To this end, we can impose extra linking
constraints such as ) - w"a™ < Wy with N, C Ny = {1,2,--- , N}, where W}, €
[0,Wy] for k =1,--- | K. Therefore, the resource constraints can be represented as

al € A™M(ah), Z w'a} < Wy for k=0,1,--- ,K}.
TLGNk

f_lt = {at < {O, 1}N

Under the multiple capacity constraints, the objective of the retailer is to sequen-

tially select certain products at each period in order to maximize the discounted
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Table 1: Parameter Set

Category 1 Category 2 Category 3
1<n<f | T4+1<n<2 2 41<n<N
Sm 8 10 12
w" 1 2 4
" [2.5,3.5] [4.5,5.5] [7.5,8.5]
" -1 —2 —4
7| [0.10,0.80] [0.10,0.80] [0.10, 0.80]
€ +0.05,0.90] | [&7 +0.05,0.90] | [€2 + 0.05,0.90]
expected reward:
V(x0) = max {R(xq,a9) + SE [V (x1)]X0, a0 } , (36)

apg€Ay

where R(xg,a9) = ZnN:1 R™(xq, ag).
3.4.1.2 Heuristics and Bounds

We consider a 4-dimensional knapsack constraints (KX = 3) by divide all N perishable
items into three categories and the items in the same category share similar property.
The parameter values are listed in Table 1 including the deadline S™, the size w™, the
profit margin ", the loss ¢", and the transition probabilities £ and £'. For instance,
the item in the first category has S™ = 8, w™ = 1, ¢" = —1; r" is sampled from
the uniform distribution on [2.5,3.5], and & and £} are sampled from the uniform
distribution [0.10,0.80] and [£} + 0.05,0.90] (to satisfy &' > &), respectively.

The set of capacities on the promotion space are chosen as (Wy, Wy, Wy, W3) =
(10,4,6,4): there is a total capacity of 10 units for all the items, while the capacity of
each of the category is upper bounded by 4 units, 6 units, and 4 units, respectively,
i.e., at most 4 items from category one, 3 items from category two, and 1 item from
category three can be promoted. We then solve the problem with the initial condition
xo = (81,52, .-+, SM)T under different discount factors 8 = 0.9,0.95, and 0.99, and
different number of subproblems N = 12 and 24.

We first solve the Lagrangian bound J*"(x¢) via the linear program (16), where

v(+) has all probability mass on the initial x¢. In all cases, we observe that the only
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non-zero Lagrangian multipliers are associated with the total capacity constraint (i.e.,
Wy) and the capacity constraint on the third category (i.e., W3) of the promotion s-
pace. As we increase W3 from 4 to 8 and keep other Wy (k = 0,1,2) unchanged,
the only non-zero Lagrangian multiplier is associated with the total capacity con-
straint W, meaning that the total capacity is the main constraint on the promo-
tion space. Therefore, by considering different capacity constraints (Wy) = (10)
and (Wy, Wy, Wy, W3) = (10,4, 6,4), respectively, we can derive two upper bounds
“Lag. Bound 1”7 and “Lag. Bound 2” on the optimal value V;; “Lag. Bound 1”
can be viewed as the Lagrangian relaxation bound that ignores the respective capac-
ity constraints on three categories, i.e, (Wy, Wa, W3) = (4,6, 8), which is implied by
the values of the Lagrangian multipliers. In particular, both “Lag. Bound 1”7 and
“Lag. Bound 2” are supersolutions to (36) under the capacity constraints parameters
(Wo, Wy, Wy, W3) = (10,4,6,4). Given these two different approximate values, we
compute lower bounds from the one-step greedy policies, as well as upper bounds

from the practical information relaxation approach on the optimal value V:

- Lag. Policy 1/Lag. Policy 2: By generating 400 random horizons 7 and sce-
narios w, we estimate V' (xg; @) in (19) by applying the one-step greedy policy

«a,

a(x;) € arg me?ﬁ( {R(Xt, a;) + PE [JA* (XtJrl)’Xtaat] } 5

where J* is “Lag. Bound 17/“Lag. Bound 2”. The average of the sample

rewards provides a lower bound on V.

- Info. Bound 1/Info. Bound 2: We compute the practical information relax-
ation bound £°J*" (x¢) in (30) based on the same 400 random horizons 7 and
scenarios w and solve the associated relaxed inner optimization problems using
the subgradient method, where J* is “Lag. Bound 17/“Lag. Bound 2”. The

average of these optimal values provides an upper bound on Vj.
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Table 2: Bound computation times (in seconds)

LB UB UB LB UB UB
N | S | Lag. Bound 1 Lag. Bound 2 Lag. Policy 1 | Lag. Policy 2 Info. Bound 1 Info . Bound 2
12 1 0.90 0.8 2.1 382.1 385.3 1447.2 1482.3
12 1 0.95 0.8 2.0 840.6 838.3 3793.6 3821.3
12 1 0.99 0.8 2.1 426.3 424.7 15190.2 15810.4
24 1 0.90 1.0 2.9 960.5 962.3 2912.7 2925.6
24 | 0.95 1.0 2.5 165.3 165.7 5527.2 5549.3
24 | 0.99 1.0 2.5 605.4 603.2 29362.5 29490.1

3.4.1.3  Numerical Results

In Table 2 we list the running time of the lower and upper bounds on a laptop with
1.70GHz Intel Core(TM)i5 with 4GB RAM using Matlab2013b. The running time (in
seconds) of solving the Lagrangian relaxation bound by CVX (see [42]) is reported;
the total running time (in seconds) of other bounds is calculated over 400 scenarios
It can be observed that more running time is needed in problems with a larger
discount factor 3, since a larger 8 implies a longer horizon with higher probability. To
compute the information relaxation bound, we use the subgradient method to solve
the relaxed inner optimization problem with at most 2000 iterations, or until the
norm of the subgradient is exactly zero. To save computational time, we truncate the
random time horizon 7 up to 7 = 120. In practice, The actual number of iterations
mainly depends on the realization of 7: the greater 7 is, generally more iterations are
needed to attain convergence in the subgradient method. We observe that the actual
computational time of two lower bounds and upper bounds are roughly proportional
to 1/(1 — ), which is the average number of horizons under the discount factor (.
In Table 3 we list the numerical results and the corresponding parameters including
the discount factor § and N. The estimated bounds are reported with standard
errors in parentheses. To facilitate the comparison, we also report the gaps between
two upper bounds(“UB”) and one lower bound(“LB”). The relative gaps are also
computed as the percentage of the Lagrangian bound and reported in parentheses

following the associated gaps.
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Table 3: Bounds on dynamic product promotion

LB UB UB LB UB UB
N B | Lag. Policy 1 Lag. Bound 1 Info. Bound 1 | Lag. Policy 2 Lag. Bound 2 Info . Bound 2
12 1 0.90 | 220.1(0.41) 232.5 222.9 (0.32) 220.3(0.13) 224.0 221.2(0.10)
Gap | (%) 12.4 (5.3%) 1.8 (0.8%) 3.7 (1.7%) 0.9 (0.4%)
12 1 0.95 | 429.6(1.25) 456.4 435.2(0.98) 431.1(0.36) 437.6 432.6(0.22)
Gap | (%) 26.8 (5.9%) 5.6 (1.2%) 6.5 (1.5%) 1.5 (0.3%)
12 | 0.99 | 2125.5(3.26) 2247.9 2151.3 (2.63) | 2121.7(0.97) 2144.4 2129.4(0.68)
Gap | (%) 122.4 (5.4%) 25.8 (1.1%) 22.7 (1.1%) 7.7 (0.4%)
24 10.90 | 366.0(0.19) 378.9 368.6(0.16) 366.5(0.06) 369.6 367.9(0.03)
Gap | (%) 12.9 (3.5%) 2.6 (0.7%) 3.1 (0.8%) 1.4 (0.4%)
24 | 0.95| 721.7(0.40) 745.5 727.1(0.22) 720.9(0.08) 725.7 722.9(0.05)
Gap | (%) 23.8 (3.2%) 5.4 (0.7%) 4.8 (0.7%) 2.0 (0.2%)
24 1 0.99 | 3559.3(2.92) 3676.0 3575.5(2.43) | 3554.4(0.64) 3572.9 3564.5(0.32)
Gap | (%) 116.7 (3.2%) 16.2 (0.4%) 18.5 (0.5%) 10.1 (0.3%)

In all the cases “Lag. Bound 2”7 are superior to “Lag. Bound 1”7 as an upper
bound on the optimal value Vj, since “Lag. Bound 1” corresponds to the Lagrangian
relaxation with only a total capacity constraint on the promotion space. We use these
two approximate values to derive respective one-step greedy policies and generate
lower bounds based on the same set of scenarios. The relative gaps between “Lag.
Bound 1”7 and “Lag. Policy 17 are comparatively larger (ranging from 3.2% to 5.9%),
while the relative gaps between “Lag. Bound 2”7 and “Lag. Policy 2”7 are greatly
reduced (ranging from 0.5% to 1.7%). It is expected that “Lag. Policy 2” has an
advantage over “Lag. Policy 1”7 in terms of the standard errors, since “Lag. Bound
27 is a better approximate value than “Lag. Bound 17; therefore, we can obtain
an accurate lower bound with a relatively smaller number of scenarios using the
approximate value “Lag. Bound 2”.

The practical information relaxations bounds “Info. Bound 1”7 and “Info. Bound
2” improve the quality of the upper bounds “Lag. Bound 1”7 and “Lag. Bound 27,
respectively. We observe that in all scenarios the optimal value of the inner optimiza-
tion problem is no greater than zero; the optimal value generally becomes farther
away from zero as the random horizon 7 increases. “Info. Bound 1”7 are quite good
upper bounds in terms of the relative gaps (ranging from 0.4% to 1.2%) considering

that it is derived from the less satisfying approximate value “Lag. Bound 1”7 (with
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relative gaps ranging from 3.2% to 5.9%). This great improvement is because all
four capacity constraints are incorporated in the relaxed inner optimization problem-
s. Comparatively, “Info. Bound 2” has a moderate improvement over “Lag. Bound
27 (e.g., the relative reduced gap is reduced from around 1.1% to 0.4% when N = 12),
as “Lag. Bound 2” is already a good upper bound. In problems with larger discount
factors (e.g., f = 0.99), “Lag. Bound 2” can be even better than “Info. Bound
17; this may be because the truncated horizon has stronger effects in problems with
large discount factor, and a longer horizon 7 worsens the performance of practical
information relaxation bounds, as the relaxation of the inner optimization problem
tends to be weaker with increasing horizons.

In all cases, “Info. Bound 2” that derived upon the better approximate value
“Lag. Bound 2”7 are tighter than “Info. Bound 1”. Another advantage of having a
good approximate value is reflected in the standard errors of its induced information
relaxation bounds: “Info. Bound 2” always has a smaller standard error than “Info.
Bound 17, since there is not much space for “Info. Bound 2” to improve upon “Lag.
Bound 2”. This observation is consistent to the comparison of standard errors of two
lower bounds. To conclude, information relaxation approach strengthens the upper
bound performance and shows that the Lagrangian relaxation-based greedy policy is
very close to optimal. On the other hand, the choice of the approximate values can

be critical in the information relaxation approach to generate a tight and accurate

dual bound.
3.4.2 Linear Quadratic Control with Nonconvex linking constraint

We next consider a finite horizon linear quadratic control (LQC) problem with a non-
convex linking constraint. We refer the readers to [47] on the information relaxation
approach in (unconstrained) finite horizon LQC. Let x; € X; = RY and a; € A, = RY

denote the state and the action at time ¢, respectively. The state equation is described
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Xip1 = Axy + Bray + Wy, t=0,---,T -1, (37)

where A;, B; are diagonal matrices for t = 0,--- ,7 — 1, and w}s are N-dimensional
zero-mean random vectors with finite second moments. In particular, cov(w;) = %, is
a diagonal matrix for ¢t = 1,--- ,T. We denote by F the natural filtration generated
by {wq, -+, Wr_1}.

The objective is to minimize the expected cost

T-1
Up(x0) = aeI%IiFI(lT)E ; a] Ria; + %7 Qrxr Xo] ) (38)

where each R, and Qr are diagonal positive definite matrices, and Ap(T) is the set of
non-anticipative policies «, where « selects a = (ag, aj, - -+ ,ar_1) over time such that
a, € A = {a, e RV|B(a;) £ -V (a7)? > b} withb € R, foreacht = 0,1,--- , T—1,
The system (37)-(38) is weakly-coupled, since A, By, ¥, R;, and Q are all diagonal
matrices and the linking constraint at time ¢ is B (a;) > b. It is simple to verify that
the value function Uy is well defined for all b > 0.

Note that the control set A, is nonconvex, so the optimal policy for (38) cannot be
solved to optimality. Instead we consider a simple heuristic. At each period t we com-
pute the one-step greedy policy induced by the value function to the unconstrained
problem: we apply such an action if it is already feasible subject to the linking con-
straint; otherwise, we project it onto the sphere 9.4, 2 {a € RN|B(a) = b}, and use
the projection as the action at time ¢. We call this heuristic “projection policy”. The
performance of this policy provides an upper bound on (38) (since it is a minimization

problem), which will be referred to as “Projection Policy” in Table 4.

To derive a lower bound on Uy we first consider the Lagrangian relaxation of (38),
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which turns out to be an unconstrained LQC problem:

rT—1 T-1
A A . T5 T 5
s E ~Y - [B —b]
Jo (%o0) agi]lFf(lT) |~ a, Ria, +xpQrxr ; ¢ (ar) Xo]

rT—1 T-1

— min E T (R AT ) T ATb

i 2 a, (Ry— X\ -In)a, +xpQrxr|Xo +; ¢ b,
where each ); is a scalar and A = (Mg, -+, Ar_1) > 0, and Iy is the N-dimensional

identity matrix. Noting that Jg'(x) admits a closed form solution that is quadratic

in xo, provided that every R, — ), - Iy is positive definite:

T-1 T-1

JMNx0) = x| Kix, + Ztraee(Ks+lEs+1) + Z As-b, t=0,---,T.

s=t s=t

where K| is obtained by the Riccati equation Ky = @7, and
. -1
K= Al (Km — KB (B;KHlBt (R — A\ - IN)> B;Km) A, t=T-1,--- 0.

We can use stochastic subgradient method to derive a tightest Lagrangian bound
on the domain S £ {A > 0|R, — \;-Iy = 0, =0,--- , T — 1}. Due to the restricted
range, the Lagrangian multiplier A may not be optimal, but J; is still a valid lower
bound on U,.

Based on the Lagrangian bounds {J}}L; we can derive the information relaxation

bound through (10) in Appendix A.5 by choosing H; = J}(x;), that is,

T-1
Eo | max min {x7Qrxr + ; a) Riay + 11y - (by — Bi(xp,ay))
+]E[Jt)\+1(xt+l)|xt7at] - J£\+1(Xt+1)}] , (39)

where p = (po,- -+, pr—1), and

B[N (Xe1) %, @) — TPy (Xe41)

= — Q(Atxt + Btat)TKt+1Wt+1 - W2+1Kt+1wt+1 + trace(Kt+1Zt+1).
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Restricting p in &, the optimization problem inside the conditional expectation in
(39) is
T-1
s agAi(r%){X;QTXT * ; al (R — - In)ay — 2(Ax; + Biay) " KW

— Wy Kpiwi + trace(KtHZtH)} (40)

subject to the state dynamics (37). Then the minimization problem in (40) remains

a standard deterministic LQ problem, and can be solved efficiently.

Table 4: LQ problem with Nonconvex linking constraint

Proj. Policy Unconstrained | Lag. Bound | Info. Relaxation | Duality Gap

N |b|T Value S.E. Value Value Value S.E. 1 2
10 | 5 |10 | 61.4693 0.211 34.7883 59.8636 60.0606  0.0028 | 2.29% 2.01%
20 | 5 | 10| 88.0457 0.242 71.2836 87.2886 87.6371 0.0085 | 0.46% 0.25%
50 | 5 | 10 | 189.1857 0.099 182.7984 188.7715 189.0481 0.0039 | 0.07% 0.02%
100 | 5 | 10 | 364.2132 0.023 361.7224 364.1160 | 364.1729 0.0004 | 0.01% 0.00%
10 | 10 | 10 | 104.6974 0.306 34.7883 103.6067 103.7460 0.0026 | 0.91% 0.79%
20 [ 10| 10| 123.4789 0.444 71.2836 120.7735 121.5403 0.0090 | 1.57% 1.13%
50 | 10 | 10 | 209.3848 0.099 182.7984 208.8579 | 209.1757 0.0046 | 0.10% 0.04%
100 | 10 | 10 | 374.4066 0.193 361.7224 373.7121 374.2227 0.0118 | 0.05% 0.01%
In our numerical experiments we set A, = B, = Ry = Iy fort =0,--- ;T —1, and

each diagonal entry of Q7 is sampled from the uniform distribution on [1,2]. We set
the initial point xo = (1,1,---,1)". Here is the procedure to get the bounds in Table

4:

- “Proj. Policy”: We generate 10000 sample paths w = (wg, - ,wr_;) and
apply the projection policy to compute the sample cost. To reduce the variance,
we use the unconstrained problem as a control variate. The average of the

adjusted sample costs provides an upper bound on Uj,.

- “Unconstrained”: The value function to the problem (38) without the linking
constraint, i.e., 4, = RY. It can be seen that the “Unconstrained” is equal to

JO, which is a lower bound on U.

52



“Lag. Bound”: we use (stochastic) subgradient method and run 500 iterations
to compute the tightest Lagrangian bound J3" (xg). We restrict A in the range
S' = {A>0|R;— M-Iy = 0.001-Iy,t=0,--- ,T—1} C S (therefore, R, —\;-In
is positive definite) to ease the optimization. In our numerical experiments the
stochastic gradient with respect to A is very close to zero, which implies that

our Lagrangian bound is already near optimal.

“Info. Relaxation”: We generate another 100 sample paths of w. Based on these
sample paths and the Lagrangian bound J3", we compute the relaxed inner
optimization problem (40) (also replace S by &’) using subgradient method
that runs at most 80 iterations or until the norm of the subgradient is under
the tolerance level (we set it to be 0.001). For most scenarios, this relaxed inner

optimization problem can be solved to optimality after around 40 iterations.

“Duality Gap”: We report the relative gaps between the upper bounds and the
lower bound as the percentage of the Lagrangian bound. “Duality Gap 17 is
the relative gap between “Lag. Bound” and “Proj. Policy”, and “Duality Gap

2”7 is the relative gap between “Info. Relaxation” and “Proj. Policy”.

Observing the small gaps between “Proj. Policy” and “Lag. Bound”, it is a little

surprising to see the excellent performance of the simple projection policy. We also

note that this simple policy is not trivial by comparing “Proj. Policy” to “Uncon-

strained”: the weak lower bound of “Unconstrained” indicates that the “projection”

should occur in some scenarios if not many. The “Info. Relaxation” improves the

quality of the “Lag. Bound”, where the duality gaps also behave quite consistently

as those in the dynamic production promotion problem. The “Info. Relaxation”

bound shows that the projection policy becomes closer to optimal as N increases.

In this example, the linking constraint is a non-decreasing function in the number of

subproblems. Therefore, the linking constraint becomes weaker as N increases, i.e.,
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the action derived from the unconstrained problem becomes unlikely to violate the
linking constraint. As we observe, the optimal value to the constrained problem gets

closer to the unconstrained one with increasing N.

3.5 Conclusion

Lagrangian relaxation and information relaxation are developed to tackle the budget
and non-anticipativity constraints that exist universally in general stochastic dynamic
programs. The attraction of studying the interaction of these relaxations particularly
in the setting of weakly coupled dynamic programs is due to the decomposed struc-
ture of the Lagrangian bound, as well as the theoretical strong duality guaranteed
by the information relaxation. We show that a tighter dual bound, compared with
the Lagrangian bound, can be derived by incorporating it into the information relax-
ation approach. For large-scale problem, we further develop a computational method
to obtain the practical information relaxation bound, which implies an intermediate
relaxation between the Lagrangian and exact information relaxations. The computa-
tion of the practical information relaxation bound is easy to implement, and requires
little structure of the linking constraints. We may apply this computational method
to the case in which both “easy” and “complicated” linking constraints exist: to
balance the complexity and quality of the dual bound, we may choose to dualize
the “complicated” constraints in Lagrangian relaxation and incorporating the “easy”

constraints in computing the information relaxation bounds.
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CHAPTER IV

DUAL FORMULATION OF CONTROLLED MARKOV
DIFFUSIONS

The goal of this chapter is to extend the information relaxation-based dual represen-
tation of MDPs to controlled Markov diffusions, which are typical sequential decision
making problems in continuous-time setting. The Hamilton-Jacobi-Bellman (HJB)
equation, a standard approach solving controlled Markov diffusions, rarely allows a
closed-form solution, especially when the state space is of high dimension or there
are constraints imposed on the control variable. There are several numerical methods
based on different approximation schemes: [56] considered the Markov chain approx-
imation method by discretizing the HJB equation; [43] extended the approximate
linear programming method to controlled Markov diffusions. Another numerical ap-
proach is to discretize the time space, which reduces the original continuous-time
problems to MDPs and the technique of approximate dynamic programming can be
applied.

In this chapter we intend to answer the following questions.

e (Can we establish a similar framework of dual formulation for controlled Markov

diffusions based on information relaxation as that for MDPs?

e [f the answer is yes, what is the form of the optimal penalty in the setting of

controlled Markov diffusions?

e If certain optimal penalty exists, does its structure imply any computational

advantage in deriving dual bounds on the optimal value of practical problems?

The answer to the first question is yes, at least for a wide class of controlled Markov
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diffusions. To fully answer all the questions we present the information relaxation-
based dual formulation of controlled Markov diffusions based on the technical ma-
chinery “anticipating stochastic calculus” (see, e.g., [68, 67]). We establish the weak
duality, strong duality and complementary slackness results in a parallel way as those
in the dual formulation of MDPs. We investigate one type of optimal penalties, i.e.,
the so-called “value function-based penalty”, to answer the second question. One key
feature of the value function-based optimal penalty is that it can be written compact-
ly as an Ito stochastic integral under the natural filtration generated by the Brownian
motions. This compact expression potentially enables us to design sub-optimal penal-
ties in simple forms and also facilitates the computation of the dual bound. Then
we emphasize on the computational aspect using the value function-based optimal
penalty so as to answer the third question. A direct application is illustrated by a
classic dynamic portfolio choice problem with predictable returns and intermediate
consumptions: we consider the numerical solution to a discrete-time model that is dis-
cretized from a continuous-time model; an effective class of penalties that are easy to
compute is proposed to derive dual bounds on the optimal value of the discrete-time
model.

It turns out that [28, 27, 26] have pioneered a series of related work for con-
trolled Markov diffusions. They also adopted the approach of relaxing the future
information and penalizing. In particular, [28] proposed a Lagrangian approach for
penalization, where the Lagrangian term plays essentially the same role as a penalty
in our dual framework; in addition, this Lagrangian term has a similar flavor as the
gradient-based penalty proposed by [17] for MDPs in terms of their linear forms in
actions. The main difference of the work [28] from ours is that we propose a general
framework that may incorporate their Lagrangian approach as a special case; the
optimal penalty we develop in this chapter is value function-based, which differs from

their proposed Lagrangian approach. In addition, their work is purely theoretical and
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does not suggest any computational method. In contrast, we provide an example to
demonstrate the practical use of the value function-based penalty.

Another closely-related literature focuses on the dual representation of the Amer-
ican option pricing problem (that is essentially an optimal stopping problem) [76, 45,
3]. In particular, the structure of the optimal martingale (i.e., the optimal penalty)
under the diffusion process is investigated by [7, 91], which leads to practical algo-
rithms for fast computation of tight upper bounds on the American option prices.
The form of the optimal martingale also reflects its inherent relationship with the
value function-based optimal penalty in the controlled diffusion setting.

We summarize our contributions as follows:

e We establish a dual representation of controlled Markov diffusions based on
information relaxation. We also explore the structure of the optimal penalty

and expose the connection between MDPs and controlled Markov diffusions.

e Based on the result of the dual representation of controlled Markov diffusions,
we demonstrate its practical use in a dynamic portfolio choice problem. In our
numerical experiments the upper bounds on the optimal value show that our
proposed penalties are near optimal, comparing with the lower bounds induced

by sub-optimal policies for the same problem.

The rest of this chapter is organized as follows. In Section 4.1, we derive the dual
formulation of controlled Markov diffusions. In Section 4.2, we illustrate the dual
approach and carry out numerical studies in a dynamic portfolio choice problem.
Finally, we conclude with future directions in Section 4.3. We put some of the proofs

and discussion of the connection between [7, 91| and our work in Appendix.
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4.1 Controlled Markov Diffusion and Its Dual Representa-
tion

We begin with a basic setup of the controlled Markov diffusion and its associated

Hamilton-Jacobi-Bellman equation in Section 4.1.1. We then develop the dual rep-

resentation of controlled Markov diffusions and present the main results in Section

4.1.2.

4.1.1 Controlled Markov Diffusions and Hamilton-Jacobi-Bellman Equa-
tion

This subsection is concerned with the control of Markov diffusion processes. Applying

the Bellman’s principle of dynamic programming leads to a second-order nonlinear

partial differential equation, which is referred to as the Hamilton-Jacobi-Bellman

equation. For a comprehensive treatment on this topic we refer the readers to [35].
Let us consider a R"-valued controlled Markov diffusion process (x;)o<t<r driven

by an m-dimensional Brownian motion (w;)o<i<r on a probability space (2, F,P),

following the stochastic differential equation (SDE):
dxy = b(t, zy,ug)dt + o(t, xy)dwy, 0<t<T, (41)

where the control u; takes value in a compact set U C R% (d, € N), while b and o
are functions b : [0,7] x R* x Y — R and o : [0,7] x R* — R™™. The natural
(augmented) filtration generated by the Brownian motions is denoted by F = {F;,0 <
t < T} with F = Fr. In the following || - || denotes the Euclidean norm.

A control strategy u at time ¢ is defined as a stochastic process u : [t, 7] x Q — U.
Given an outcome in € (i.e., a realization of w = (wy)i<s<7), the decision maker

chooses the control u, € U at time s € [t, 7.

Definition 1. A control strategy w : [t,T] x Q — U is called an admissible strategy at
time t if w is F-progressively measurable (therefore, u(s,-) is Fs-adapted for s € [t,T]),

and satisfying E [LT || u(s, ~)H2d5] < 00.
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The set of admissible strategies at time t is denoted by Ur(t).

Let Q@ =[0,T) x R" and Q = [0,7] x R". With the following standard technical
conditions imposed on b and o, the SDE (41) admits a unique pathwise solution when
u € Ur(0), ie., (x1)o<t<r is F-progressively measurable and has continuous sample

paths almost surely given xo =z € R™.

Assumption 4. b and o are continuous on their domains, respectively, and for some

constants C1,Cy, and Cy > 0,
Lot z,u) || + ]| ot z) K CL(I+ || 2 || + || wl]) for all (t,2) € Q and u € U;

2.1 o(t, 2, u) = bls,y,u) || + 1| ot ) — o(s,y) [|[< Ca([t = s|+ [| & =y [|) for all
(t,x),(s,y) €Q and u € U.

3 &Moo ") (t,2)E > C, || € ||? for all (t,x) € Q and & € R™.

We define the functions A : R* — R and g : Q x Y — R as the final reward
and intermediate reward, respectively. Assume that A and g satisfy the following
polynomial growth conditions.

Assumption 5. For some constants Cy,cp,Cy,cq > 0,
1. |[A(z)| < Cp (14 ||  [|2) for all x € R™;
2. |g(t,z,u)] < Cy (14 ||z ||% + || w||%) for all (t,z) € Q and u € U.

Given an initial condition (¢,z) € @, the objective is to maximize the expected
sum of intermediate rewards and final reward by selecting an admissible strategy u
in Up(t):

Vit,z) = sup J(tz;u), (42)

uclp(t)

T
where J(t,z;u) =E,;, [A(xT) +/ g(s,:vs,us)ds} :
¢
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Here we abuse the notations of the state x, the rewards A and ¢, and the value
function V', since they play the same roles as those in MDPs.

Let C%?(Q) denote the space of function L(t,z) : @ — R that is continuously
differentiable in (i.e., C') in ¢ and twice continuously differentiable (i.e., C?) in z on

Q. For L € C**(Q), define a partial differential operator A by
1
A“L(t,x) 2Ly(t,x) + L] (t,2)b(t, v, u) + étr (Law(t, ) (00 ") (t,2)) |

where L;, L,, and L,, denote the t-partial derivative, the gradient and the Hessian
with respect to x respectively, and (o0 ") (t,z) £ o(t,x)o " (¢, z). Let C,(Q) denote
the set of function L(¢, ) : Q — R that is continuous on @ and satisfies a polynomial

growth condition in z, i.e.,
|L(t,2)] < Cp(14 || = |[*)

for some constants C'r, > 0 and ¢;, > 0. The following well-known verification theorem
under Assumptions 1 and 2 provides a sufficient condition for the value function and

an optimal control strategy using Bellman’s principle of dynamic programming.

Theorem 11 (Verification Theorem, Theorem 4.3.1 in [35]). Suppose Assumptions
1 and 2 hold, and V € C**(Q) N C,(Q) satisfies

sup{g(t,z,u) + A"V (t,x)} =0 for (t,z) € Q, (43)

uel
and V(T,z) = A(x). Then

(a) J(t,z;u) < V(t,z) for any u € Up(t) and any (t,7) € Q.

(b) If there exists a function u* : Q — U such that
otz (6,2)) + A"V (1, 2) = max{g(t, o) + AV(E2)} =0 (41
UE

for all (t,z) € Q, and if the control strategy uw* defined as w*(t,w) = u*(t,x;) is

admissible at time 0 (i.e., u* € Ur(0)), then

60



1. V(t,x) = V(t,2) = sup,qpm J(t, 2;w). for all (t,z) € Q.
2. u* is an optimal control strategy, i.e., V(0,z) = J(0,x; u*).

Equation (43) is the well-known HJB equation associated with the problem (41)-
(42).

4.1.2 Dual Representation of Controlled Markov Diffusions

In this subsection we present the information relaxation-based dual formulation of
controlled Markov diffusions. In a similar way we relax the constraint that the decision
at every time instant should be made based on the past information and impose a
penalty to punish the access to future information. We will establish the weak duality,
strong duality and complementary slackness results for controlled Markov diffusions,
which parallel the results in MDPs. The value function-based optimal penalty is also
characterized to motivate the practical use of our dual formulation, which will be
demonstrated in Section 4.2.

We consider the information relaxation that the decision maker can foresee all the
future randomness generated by the Brownian motion so that the decision made at
any time ¢ € [0,7] is based on the information set F = Fr. To expand the set of
the feasible controls, we use U(t) to denote the set of measurable U-valued control
strategies at time ¢, i.e., u € U(t) if u is B([t,T]) x F-measurable and u(s,-) takes
value in U for s € [t, T|, where B([t,T]) is the Borel o-algebra on [t, T|. In particular,
U(0) can be viewed as the counterpart of A introduced in Section 2.1 for MDPs.

Unlike the case of MDPs, the first technical problem we have to face is to define a
solution of (41) with an anticipative control u € U(0). Since it involves the concept
of “anticipating stochastic calculus” and Stratonovich integral, we postpone the tech-
nical details to Appendix B.1, where we use the decomposition technique to define
the solution of an anticipating SDE following [28], [68].

Right now we assume that given a control strategy u € U(0) there exists a unique
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solution (z¢)scp, to (41) and it is B([0, T'|) x F-measurable. Next we consider the set
of penalty functions in the setting of controlled Markov diffusions. Suppose h(u, w) is
a penalty that is a function of a control strategy u € U(0) and the Brownian motion
W = (w)sejo,77- Denote by Mg (0) the set of dual feasible penalties, which are penalties

that do not penalize non-anticipative policies in expectation, i.e.,
Eo[h(u,w)] <0 for all z € R" and u € Ug(0).

We will show in the dual formulation of controlled Markov diffusions, the set
M(0) parallels the role of Mg(0) in the dual formulation of MDPs.
With an arbitrary choice of h € Mp(0), we can determine an upper bound on

(42) with ¢t = 0 by relaxing the constraint on the adaptiveness of control strategies.

Proposition 1 (Weak Duality). If h € Mg(0), then for all x € R",
T
sup { +/ g(t, x, up)dt — h(u, w)}] . (45)

u€ld(0)

sup ‘](O’ T ’U,) < EO,$
u€Ur(0)

Proof. For any u € Ug(0),
T
J(0,z;0) = Eo [A(xT) —|—/ g(t,xt,ut)dt}
0
T
<Eo. [A(x;p) +/ g(t, g, uy)dt — h(ﬁ,w)]
0

SEO,x

sup {A(:CT) + /OTg(t,xt,ut)dt ~ h(u, w)}] .

uel(0

Then inequality (45) can be obtained by taking the supremum over u € Ur(0) on the

left hand side of the last inequality. O]

The optimization problem inside the conditional expectation in (45) is the counter-
part of that in (3) in the context of controlled Markov diffusions: an entire realization
of w is known beforehand, and the objective function depends on this specific real-
ization. Therefore, it is a deterministic and path-dependent optimal control problem
parameterized by w. We also call it an inner optimization problem, and the expec-

tation term on the right side of (45) is a dual bound on the value function V (0, x).
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References [28, 26, 27] have conducted a series of research on this problem under the
name of “anticipative stochastic control”. In particular, one of the special cases they
have considered is h = 0, which means the future information is accessed without any
penalty; [28] characterized the value of relaxed information in this case. We would
expect that the dual bound associated with the zero penalty can be loose as that in
MDPs.

An interesting case is when we choose
T
h*(a,w) = A(xr) + / g(t, zy,ug)dt — V (0, x). (46)
0
Note that h* € Mp(0), since by the definition of V' (0, z),

Eo, {A(IT)-F /O ' g(t,xt,ut)ds] <V (0,2)

for all z € R™ and u € Ug(0).
We also note that by plugging h = h* in the inner optimization problem in (45),
the objective value of which is independent of u and it is always equal to V (0, x). So

the following strong duality result is obtained.

Theorem 12 (Strong Duality). For all z € R",

s {A(:UT) + /OTg(t, 2o, u)dt — h(u, w)}] } |
(47)

sup J(0,z;u) = inf Eo.»
u€UR(0) ( ) hEMIF(O){ 0

The minimum of the right hand side of (47) can always be achieved by choosing an
h € Mg(0) in the form of (46).

Proof. According to the weak duality, the left side of (47) should be less than or equal

to the right side of (47); the equality is achieved by choosing h = h* in (46). O

Theorem12 is the counterpart of Theorem 2.1 in [20] that is developed for the

discrete-time problem. Due to the strong duality result, the left side of (47) is referred
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to as the primal problem and the right side of (47) is referred to as the dual problem.
If u* is a control strategy that achieves the supremum in the primal problem, and h*
is a dual feasible penalty that achieves the infimum in the dual problem, then they are
optimal solutions to the primal and dual problems, respectively. The “complementary
slackness condition” in the next theorem, which parallels the result in the discrete-

time problem (Theorem 2.2 in [20]), characterizes such a pair (u*, h*).

Theorem 13 (Complementary Slackness). Given u* € Up(0) and h* € Mg(0), a
sufficient and necessary condition for w* and h* being optimal to the primal and dual

problem respectively is that

Eo.[h*(u", w)] =0,

and

T
o [A(ﬁ) + [ gt s e, w>}
t

:EO,x

sup {A(a:T) -/ (s, i) — 1 (u w)}] 7 (48)

ueld(0)
where x} is the solution of (41) using the control strategy w* = (u})icpo,m on [0,1) with

the initial condition xj = x.

Proof. We first consider sufficiency. Let u* € Up(0) and h* € Mp(0). We assume
Eo .[h*(u*,w)] = 0 and (48) holds. Then by the weak duality, u* and h* should be
optimal to the primal and dual problem, respectively.

Next we consider necessity. Let u* € Up(0) and h* € Mg(0). Then we have

EO,I

sup {A(IT) + /OT g(t, xy, ug)dt — h*(u, w)}]

uel(0)
T
>Eo » {A(x}) +/ g(t, xy, up)dt — h*(u*,w)}
t
>J(0, z; u*).

The last inequality holds due to h* € Mp(0). Since we know u* and h* are opti-

mal to the primal and dual problem respectively, then the strong duality result (the
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equality (47)) implies all the inequalities above are equalities. Therefore, we know

Eo .[h*(u*,w)] = 0 and (48) holds. O

Here we have the same interpretation on complementary slackness condition as
that in the dual formulation of MDPs: if the penalty is optimal to the dual problem,
the decision maker will be satisfied with an optimal non-anticipative control strategy
even if she is able to choose any anticipative control strategy. Clearly, if an optimal
control strategy u* to the primal problem (41)-(42) does exist (see, e.g., Theorem
11(b)), then u* and h*(u, w) defined in (46) is a pair of the optimal solutions to the
primal and dual problems. However, we note that the optimal penalty in the form
of (46) has no practical use, as it requires knowing the value of V(0,z). Theorem
14 characterizes the form of another optimal penalty, which motivates the numerical
approximation scheme that will be illustrated in Section 4.2. The proof of Theorem

14 is in Appendix B.2.

Theorem 14 (Value Function-Based Penalty). Suppose that the value function V (t, x)
for the problem (41)-(42) satisfies the assumptions in Theorem11(b), and y = (t,T¢)ic(o1]
satisfies the conditions in Proposition 4 in Appendiz B.1 (i.e., the Ito formula for
Stratonovich integral (103) is valid for F' = V(t,x) and y = (t,2¢)cpm), where
(2¢)iejo,r) is the solution to (41) with w € U(0). For w € U(0), define

m T ' T
hi(u, w) = E /0 [V, (t,2)0" (t, 2¢)] o dw) — 5/0 V. (t, 2y) E olat(t, x)
i=1

+ tr (Ve (t, ) (00 ") (L, 241)) ] dt, (49)
where w = (w}, - ,wW™)o<i<r , 0" is the i-th column of o, o** is the (k,i)-th entry of
o, and oo’ denotes an n x 1 vector with Z Do, 90" 5 being its k-th entry. Then

1. If w e Up(0), (49) reduces to the form

h; (u, w):/0 %T(t,xt)a(t,xt) dwy, (50)
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and h}(u, w) € Mg(0).
2. The strong duality holds in V(0,z) =

EO,:E

s {A(a:T) + /OTg(t, 2o u)dt — B (u, w)}] |

ueld (0

Moreover, the following equalities hold almost surely with xo = x

V(0,2) = sup){A(xT)—i—/OTg(t,xt,ut)dt—hZ(u, 'w)} (51)

ucl (0
T
“A(eh) + / olt, 2t ul)dt — B (', w), (52)
0

where (xf )i, is the solution of (41) using the optimal control w* = (u*(t, ¢))icpo,m)

(defined in Theorem11(b)) on [0,t) with the initial condition xf = x.

Although the value functions {V'(t,z),0 <t < T’} are unknown in real applica-

tions, (50) implies that if an approximate value function {V (t,z),0 < ¢ < T} is dif-
ferentiable with respect to x, then heuristically, A} can be approximated by fzv(u, w) £
fOT V. (¢, 2,)o(t, ) dw at least for u € Ug(0). Noting that { [J V.7 (s, 2,)0(s, 24)dw, Yo<pr
is an F-martingale if u € Ug(0) (assuming that V. (¢, z)o (¢, x) satisfies the polynomial
growth condition in z); therefore, Eq ,[h,(u,w)] = 0 for all z € R” and u € Ug(0).
As a result, ﬁv(u, w) € Mp(0), i.e., h, is dual feasible, which means that h, can be
used to derive an upper bound on the value function V(0,x) through (45). Hence,
in terms of the approximation scheme implied by the form of the optimal penal-
ty, Theorem14 presents a wvalue function-based penalty that can be viewed as the
continuous-time analogue of M*(a,v) in (5).

It is revealed by the complementary slackness condition in both discrete-time
(Theorem 2.2 in [20]) and continuous-time (Theorem13) cases that any optimal penal-
ty has zero expectation evaluating at an optimal policy; as a stronger version, the
value function-based optimal penalty in both cases assign zero expectation to all non-

anticipative polices (note that M* in (5) is a sum of martingale differences under the

original filtration G).
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Intuitively, we can interpret the strong duality achieved by the value function-
based penalty as to offset the path-dependent randomness in the inner optimization
problem; then the optimal control to the inner optimization problem coincides with
that to the original stochastic control problem in the expectation sense, which is
reflected by the proof of Theorem14 in Appendix B.2 for controlled Markov diffusions.
In Appendix B.3 we briefly review the dual representation of the optimal stopping
problem, where an analogous result of Theorem14 exists provided that the evolution

of the state is modelled as a diffusion process.

4.2 Dynamaic Portfolio Choice Problem

We illustrate the practical use of the dual formulation of controlled Markov diffusions,
especially the value function-based optimal penalty developed in Theoreml14, in a
classic dynamic portfolio choice problem with predictable returns and intermediate
consumptions (see, e.g., [79, 63, 64]). Since most portfolio choice problems of practical
interest cannot be solved analytically, various numerical methods have been developed
including the martingale approach [24, 50|, state-space discretization methods [87, 5],
and approximate dynamic programming methods [14, 43]. These methods all produce
sub-optimal policies, and it is not difficult to obtain lower bounds on the optimal
expected utility by Monte Carlo simulation under these policies; on the other hand,
an upper bound is constructed by [46] and [17] respectively based on the work by
[25] and [20]. The gap between the lower bound and the upper bound can be used to
justify the performance of a candidate policy.

In this section we solve a discrete-time dynamic portfolio choice problem that is
discretized from a continuous-time model (see, e.g., [25, 59]). We consider the time-
discretization as it is a common approach to numerically solve the continuous-time
problem, and the decisions of investment only occur at discrete-time points. We fo-

cus on generating upper bounds on the optimal expected utility of the discrete-time
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problem using the information relaxation dual approach. In particular, we propose a
new class of penalties for the discrete-time problem by discretizing the value function-
based optimal penalties of the continuous-time problem. These penalties make the
inner optimization problem much easier to solve compared with the penalties that
directly approximates the optimal penalty of the discrete-time model. We demon-
strate the effectiveness of our method in computing dual bounds through numerical
experiments. We also discuss more general settings (other than the portfolio choice

problem) in which our method can be successfully applied.
4.2.1 The Portfolio Choice Model

We first consider a continuous-time financial market with finite horizon [0, 7], which
is built on the probability space (€2, F,P). There are one risk-free asset and n risky
assets that the investor can invest on. The prices of the risk-free asset and risky assets
are denoted by S? and S; = (S},---,S")T, respectively, and the instantaneous asset

returns depend on the m-dimensional state variable ¢;:

dS® = r;S0dt
dSt = St ® (,utdt + O'tdzt), (53)

doy = Mfdt + oy tdz + o 2dz,, (54)

where 7, is the instantaneous risk-free rate of return, and z = (zt)o<t<r and z =
(Zt)o<t<r are two independent standard Brownian motions that are of dimension n
and d, respectively; the drift vector p; = p(t, ¢;) and the diffusion matrix oy = o(¢, ¢;)
in (53) are of dimension n and n x n, where the symbol e denotes the component-
wise multiplication of two vectors; the terms pf = pl(t, ¢y), ot = a®L(t, ¢y), o? =
o%2(t,¢;) in (54) are of dimension m, m x n, and m X d, respectively.

We denote the filtration by F = {F,,0 < ¢t < T}, where F; is generated by the

Brownian motions {(z, Z),0 < s < t}.
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Let m; = (n},-+-,7)" and ¢ denote the fraction of wealth invested in n risky
assets and the instantaneous rate of consumption, respectively. The total wealth
W, of a portfolio that consists of the n risky assets and one risk-free asset evolves

according to

AWy =W, [r] (dt + oydz) + 1y (1 — 7' 1,) dt — &dt]

:Wt (W:(,ut - Tf]-n) + Tf - Et) dt + Wtﬂ—;ro-tdzb (55)

where 1,, is the n-dimensional all-ones vector. A control strategy u with wu, £ (¢, Ct)

is an admissible strategy in the sense that
1. u is F-progressively measurable and E| fOT ||| [2dt] < oo;
2. Wy >0,¢ >0, and fOT W,é,dt < 0o a.s.;
3. uy € U, where U is a closed convex set in R"+!,

We still use Up(t) to denote the set of admissible strategies at time ¢ and we will
specify the control space U later. Suppose that U is a strictly increasing and concave
utility function (see, e.g., [62]). The investor’s objective is to maximize the weighted
sum of the expected utility of the intermediate consumption and the final wealth:

T
V(t, ¢y, Wy) = sup E[/ aBU (6,W,)ds + (1 — a)BTU(Wr)

ueUy (t) t

o). 50

where 8 € [0, 1) is the discount factor, and « € [0, 1] indicates the relative importance
of the intermediate consumption.

The value function (56) sometimes admits an analytic solution, for example, under
the assumption that y; is a constant vector and oy is a constant matrix in (53), and
there is no constraint on u; = (m, ¢). A recent progress on the analytic tractability
of (56) can be found in [59]. However, (56) usually does not have an analytic result

when there is a position constraint on ;.
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Considering that the investment and consumption can only take place in a finite
number of times in the real world, we discretize the continuous-time problem (54)-
(56). Suppose the decision takes place at equally spaced times {0 = to,t1--- ,tx}
such that K = T/§, where § =t —t for k =0,1,--- | K — 1. We simply denote

the time grids by {0,1,---, K'}. Note that (53) is equivalent to

1
dlog(S;) = (ut — 5 Pdiag (Zt)) dt + odz,

where Pdiag(X;) denotes an n-dimensional vector that is the principal diagonal of
¥ = 00/ , the covariance matrix of the instantaneous return. That is to say, Spi1 =
Ry 1 @ Si with distribution log(Rg11) ~ N( (k+1)d (s — —a )ds f(kH Y.¢ds). Hence,

ko

we can discretize (54),(53), and (55) as follows:

¢k+1 = ¢k + ufé + O'k71\/SZ]€+1 + 0'272\/SZ]€+1, (57&)
1
log(RkH) = (,uk — 50’%) 0 + Uk\/SZk_H, (57b)

Wiy = Wy (R]L_lﬂk) + Wy (1 — 1;71’;6) Ry — Wiy,
= Wk (Rf + (Rk:Jrl — Rf]_n)Tﬂ'k — Ck) y (570)

where {(Zi, Zi),k = 1,--- , K} is a sequence of identically and independently dis-
tributed standard Gaussian random vectors. In particular, we use Ry 214 0
and the decision variable ¢; to approximate e™*° and ¢,0 due to the discretization
procedure.
Here we abuse the notations ¢, W, and 7 in the continuous-time and discrete-
time settings. However, the subscripts make them easy to distinguish: the subscript
€ [0,T) is used in the continuous-time model, while £ = 0,--- , K is used in the
discrete-time model.
Denote the filtration of the process (57) by G = {Gy,- -+, Gk}, where Gi is gen-
erated by {(Z;, Z;),j = 0,--- ,k}. In our numerical examples we assume that short
sales and borrowing are not allowed, and the consumption cannot exceed the amoun-

t of the risk-free asset. Then the constraint, on the control a; £ (m,ci) for the
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discrete-time problem, can be defined as
AZE {(m,¢) eR"™ 7 >0,6>0,c < Rp(1—1,7)}. (58)

Since ¢ is used to approximate ¢x9, (58) corresponds to a control set for the continuous-

time model, which is defined as
UE{(r,¢) e R"r>0,6>0,6< Ry(1—1,m)/6}.

Let Ag again denote the set of A-valued non-anticipative control strategies a,
which selects the decisions (ag, - ,ax_1) that are adapted to the filtration G. The

discretization of (56) serves as the value function to the discrete-time problem:

K-1
Ho (¢, Wo) = sup Eq | Y afU(cxWi)d + (1 — ) 8"°U(Wi) |, (59)
k=0

aclAg

which can be solved via dynamic programming;:

Hi (6, W) = (1 = a)B"°U (W)

Hi(¢r, W) = sup {aBU(cxWi)6 + E [Hyt1| b, Wi, ar] } - (60)

ar€A
We will focus on solving the discrete-time model (57)-(59), which is discretized
from the continuous-time model (54)-(56). Though our methods proposed later can
be applied on general utility functions, for the purpose of illustration we consider the
utility functions of the constant relative risk aversion (CRRA) type with coefficient
v >0,i.e, Ux) = ﬁxl_ﬂ which are widely used in economics and finance. Since the
utility functions are of CRRA type, both value functions (56) and (59) have simplified

structures. To be specific, the value function to the continuous-time problem can be

written as the factorization (see, e.g., [59])
v<t7 ¢t7 Wt) = ﬁtthi’yj(tv ¢t)7 (61>

where J(T, ¢7) = (1 — a)/(1 — ), and

5 T ns—t 1 —
J(t, ) = sup E{ / fa (& W) 7 ds + BT‘t—aW%_”
wells (1) ¢ L= I—7

gbt:qb,Wt:l};
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and the value function to the discrete-time problem, due to the factorization scheme,

can be written as
Hy (b1, W) = B5W 7 (o), (62)

where Ji, the discrete-time reward functional, is defined recursively as Jx(¢x) =

(1—a)/(1—~) and

6 _
Ji(or) = sup {alck— + B°E [(Rf + (Rys1 — Ry) 'my, — Ck)l 7J/Lc+1(<l5k+1)|<l5k} }
(ﬂ'kyck)GA - ’7

(63)

It can be seen that the structure of the value functions to both continuous-time
model and discrete-time model are similar: they can be decomposed as a product of a
function of the wealth W and a function of the market state variable ¢. If ¢ is small,
J(ks, ¢) and Ji(¢) may be close to each other. As a byproduct of this decomposition,
another feature of the dynamic portfolio choice problem with CRRA utility function
is that the optimal asset allocation and consumption (7, &) in continuous-time mod-
el are independent of the wealth W; given ¢; (respectively, the optimal (7, cx) in
discrete-time model are independent of the wealth W given ¢;). So the dimension
of the state space in (60) is actually the dimension of ¢,. A number of numerical
methods have been developed to solve the discrete-time model based on the recursion
(63) including the state-space discretization approach [87, 5|, and a simulation-based

method [14].
4.2.2 Penalties and Dual Bounds

In this subsection, we compute upper bounds on the optimal value Hy of the discrete-
time (and continuous-state) model (57)-(59) based on the dual approach for MDPs
in Theorem 1. We illustrate how to generate two dual feasible penalties for the
discrete-time problem: one directly approximates the value function-based penalty
of the discrete-time problem, while the other one is derived by discretizing the value

function-based penalty of the continuous-time problem (54)-(56). We discuss why
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the latter approach is more desirable to generate upper bounds on Hj in terms of
computational tractability of the inner optimization problem.

Throughout this subsection we assume that an approximate function of Ji(¢),
say Ji(¢) (therefore, Hy(éx, Wi) £ W, 7Ju(¢x) is an approximation of Hy), and
an approximate policy a € Ag are available. We do not require that a should be
derived from jk(qﬁ) or vice versa; in other words, they can be obtained using different
approaches. We first describe the information relaxation dual approach of MDPs
in the context of our portfolio choice problem, assuming the investor can foresee the
future uncertainty Z = (71, -+ , Zk) and 7 = (Zl, .+, ZK), i.e., all the market states
and returns of the risky assets. A function M (a,Z, Z) is a dual feasible penalty in

the setting of dynamic portfolio choice problem if for any (¢q, Wp),
E |M(a,Z,Z)|¢o, Wo| <0 for all a € Ag. (64)

Let Mg (0) denote the set of all dual feasible penalties. For M € Mg(0) we define
LM as a function of (¢g, Wy):

(LM) (o, Wo)

—E [sup{z_ aBRU (eWi)d + (1 — o) f5°U (W) — M(a, Z, Z)}| o, WO} . (65)

acA =0

Based on Theoreml1(a), (LM )(¢o, W) is an upper bound on Hy(¢pg, W) for any M €
Mc(0).

To ease the inner optimization problem, we introduce equivalent decision variables
[Ty = Wym, and Cp = Wy.c, which can be interchangeably used with ;. and c¢,. We
still use a to denote an admissable strategy, though in terms of (Ilj, Cy) now. Then

we can rewrite the inner optimization problem inside the conditional expectation in
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(65) as follows:

ﬁ?&%zaﬁké[](c’“)(s +(1—a)f®U(Wg) — M(a,Z,7Z) (66a)
s.t. Gpyr = b + iy + 00 VO Zyr + 0PNV Ty, (66b)
log(Rks1) = (jis — %02)5 + 03 Zas, (66¢)
Wi1 = WeRs + (Reyr — Ry1,) T, — Cy, (66d)
M, >0, Cy>0, (66e)
Crp < Ry(Wy, — 1) 11;,), for k=0,--- , K — 1. (66f)

Note that (66b)-(66d) are equivalent to (57a)-(57c), and(66e)-(66f) are equivalent to
(58). The advantage of this reformulation is that the inner optimization problem (66)
has linear constraints. Therefore, we may find the global maximizer of (66) as long
as the objective function in (66a) is jointly concave in a.

Heuristically, we need to design near-optimal penalty functions in order to obtain
tight dual bounds on H,. A natural approach is to investigate the optimal penalty

M* for the discrete-time problem according to (5):

=

M*(a,Z,Z) =S AHy.i(a,Z,Z),
0

>
I

where AHy is the deviation in Hy,, from the conditional mean. In practice we can
approximate Hj by ﬁk = I/Vk1 ﬂjk; however, it does not mean that AI:[;CH can be
easily computed, since the conditional expectation (that is, Ey[Hy.1]) over (n + d)-
dimensional space is involved. We may use sample average estimation to obtain its
accurate approximation, though, at the expense of substantial computational efforts.
Another difficulty is that M* = ZkK:_Ol AHy 1 enters into (66a) with possibly positive
or negative signs for different realizations of (Z, Z), making the objective function of
(66) nonconcave, even if U is a concave function. Therefore, it might be extremely

hard to locate the global maximizer of (66).
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To address these problems, we propose another dual feasible penalty for the discrete-
time problem, and describe how to efficiently compute this penalty. This new class
of penalties are derived by exploiting the value function-based optimal penalty A} for
the continuous-time problem (54)-(56), recalling that our discrete-time problem is dis-
cretized from the continuous-time model. We assume that all the technical conditions

in Theorem14 hold, and then we can apply the result (50) by selecting x; = (¢, W),

Uf”l Jf”z dz
Vt,xy) =V(t, oo, Wy), o(t,xy) = , and dw; = such that
Wtﬂ-to-t 0 dgt
T
T V¢ th, Wt 0‘?71 0_1(52572 dZt
h;(u,z,z)
¢t> Wt Wm0y 0 dz
K- k+1)§
Z t, ¢, Wt) dZt

B
II

( thaVVt) dZt+VW( s O, W) Wimopdzy
K (k+1)8 B
=) / ) ﬁt{ LN GT (b))l dz + WGt dr)o P dE,
k=0 7k

+ (=)W, (¢, ¢t)7rt0tdzt:| ) (67)

for u = (7, & )o<i<r € Ur(0), and the last equality holds due to the structure of the
value function (61). In particular, we use V¢J~ to denote the gradient of the function
J with respect to ¢. By discretizing the Ito stochastic integrals in (67), we propose
a heuristic — using the (k + 1)-th term in the summation — to approximate AHy; in

M*, that is,
AHpir 2B WV I (01) 00 VO Zsr + WV (00) 077V Zig
+(1— ’Y)Wk_wk(%)ngffk\/gzkﬂ], (68)

where we use J,(¢) to approximate .J (kd, ¢) and also use the substitution ITj, = Wiy
We then describe a procedure to numerically approximate A Hy, using simulation

based on (68). Given a realization of (Z, Z), we can obtain the realized terms of ¢;, £
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gbk(qbo,Z,Z), or = o(dr), ,fl 2 o9k, ¢r), T k 2 592(k, ¢p); with an admissible
strategy a, we can also obtain Wy 2 Wi(Wo, a(¢o, Wo, Z,Z),Z, Z) via (57c) as an
approximation to the wealth under the optimal policy. Then we can approximate

AHy. by WL (a, /A Z) Zir + U2(a,Z, Z) Zy1r, where

Ui (a,Z,2Z) 5%{”@1 =2 (6) o Vo + (1= )W, LGk oV |, (69)
U2 (a, Z,Z) =W 22T (¢)502 V6,

and where Z;(+) is a scalar function of ¢, whereas =%(-) is an m-dimensional function

of ¢. Therefore, we can further approximate M* = kK:_Ol AH,., by

Ml(a,Z,Z) = <\I’Ilc (a,Z,Z) Zk+l + \Di(a,Z7Z)Zk+1) ) (70)
0

=

B
Il

We will verify in Proposition 2 below that M; is dual feasible in the sense of (64)
given any functions =} and =2, and hence LM is an upper bound on Hy. To derive
a tight upper bound, it is suggested by (68) that =i(-) and Zi(-) are preferably
chosen as Ji(-) — an approximation of Ji(-), and VJi(¢x) — an approximation of
Vo Ji(ék), respectively. It is worth noting that the differentiability of jk(gzﬁ) is not
required to validate the dual feasibility of the penalty M;. In the case that jk(gb) is
not differentiable in ¢, we may apply the finite difference method on jk(gzﬁk) to obtain
the difference quotient as Z2(-) (i.e., a nominal approximation of VJi(¢)).

It remains to show why the forms of ¥} and Wi make the inner optimization
problem (66) easy to solve. This is because both functions are affine in a, regardless
of the realizations of Z and Z. To be specific, when a realization of (Z, Z) is fixed,
U2 is a constant with respect to a, while ¥} is affine in IIj (hence, in a). Therefore,
together with the concave property of U(-), the inner optimization problem (66) is
guaranteed to be convex with M = M;. To find some variants of the penalties while

still keeping the convexity of the inner optimization problem, we also generate \Iv'}C i

based on a first-order Taylor expansion of W, in (69) around the strategy ax—1,
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k=1,--- K (we only expand the first term, since the second term is already linear

\illchrl(a?Z? Z) = ﬂk(s [Wkli'y + (1 - 7)W1;W(<Rk - Rf1n>T
(Mp—1 = Memr) = (Chmr = Crn))] - E2 T (Gr)ap ' Vo

+ A1 = )Wy EL ()T 51 V6,

where R, = Rk(¢o,Z,Z), (I, Cr) = (o, W, Z, Z) Then \TJ}CH is affine in II;,_,
and Cj_;. We can also obtain a variant of \I/iﬂ that is is affine in II,_; and C)_1,
say \ilz 41, in exactly the same way. In our numerical examples we will consider dual

bounds generated by M; as well as M,, where

K-1
MQ(a7 Z7 Z) = Z (‘Uljllﬂ(a7 Za Z)Zk-i-l + \i/i(a’ Z» Z)Zk-i-l) : (71)
k=0

To go further, we can also generate a penalty function by linearizing ¥} ., around

(Gg,- - ,ak—1). We show My € Mg(0) in Proposition 2 as well.

Proposition 2. Both My and My are dual feasible in the sense of (64), i.e., My, My €
Mg (0). Hence, both LMy and LMy are upper bounds on Hy.

Proof. First, we show that Vi (a,Z, Z) is Gy-adapted given any a € Ag for i = 1,2.
Noting that ¢r, Zk(dk), Z2(dr), ok, 6f’j (j =1,2), and W}, are naturally G,-adapted
under a fixed non-anticipative policy & € Ag. Therefore, V7, (a,Z, Z) is Gr-adapted.
We also observe that ITj is Gy-adapted as a € Ag; therefore, ¥} (a, Z, Z) is Gr-adapted
for any a € Ag.

Second, since Zj.; and Zk+1 have zero means and are independent of G, and
(¢0, Wp), along with the linearity of WL (resp., ¥3) in Zyyq (vesp., Zi1), we have for
k=0,--- , K—1,

E [W) - Zis1|do, Wo| = Eo [V}, - Ex[Zys1]] = 0 for all a € Ag;

E [‘I’i : Zk+1‘¢0, Wo] = [ [\I’z - ]Ek[ZkH]} =0 forall a € Ag.
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Therefore, E[M;(a, Z,Z)|¢o, W] = 0 for all a € Ag, and hence M € Mg(0). The

same argument can also apply on M. Therefore, My € Mg(0). ]
4.2.3 Discussion on Penalties

In this subsection we compare our penalty-generating method with some available
approaches that are designed for stochastic dynamic programs in the literature. We
also discuss a broader class of controlled diffusion problems in which our proposed
penalties can be applied.

The first approach of constructing penalties of the discrete-time problem is pro-
posed in [20], which suggests directly approximating the optimal values in the value
function-based penalty (e.g, the first approach discussed in Section 4.2.2). The dual
feasibility of this class of penalties is ensured by computing the conditional expecta-
tion term accurately, which may involve a substantial amount of computational work.
Later, [17] proposes a gradient-based penalty (the gradient is taken with respect to a
policy) that requires to solve a stochastic decision-making problem, which is generally
simpler than the problem of interest but with similar problem structure. The dual
feasibility of these gradient-based penalties relies on the computational tractability of
the optimal policy to the simpler problem. In the setting of convex stochastic dynam-
ic programs, the recent work [19] develops a new class of gradient-based penalties,
which can be viewed as the combination of the previous two classes of penalties. This
new penalty circumvents the requirement of deriving an optimal policy, though it
involves conditional expectations over the subgradients of an approximate value with
respect to a suboptimal policy.

In contrast, relying on the settings of Markov diffusions, our proposed penalties
(70) and (71) do not involve any conditional expectation, while the only extra com-
putational work comes from estimating the difference quotient (or gradient) of the

approximate value function with respect to the state variable. Therefore, this new
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class of penalties can be evaluated very efficiently. Furthermore, the design of our
proposed penalties is quite flexible: we can use any suboptimal policy to obtain a
dual feasible penalty, and linearize around this policy if necessary, which guarantees
the convexity of the inner optimization problem (66).

We will provide some insights on how to generalize our penalty-generating method
to more controlled diffusion problems other than the dynamic portfolio choice prob-
lem. Recall that the purpose of our penalty-generating methods is to make the inner
optimization problem a convexr program. So our proposed penalty can be applied in

problems with the following two features.

(i) The discrete-time state dynamic (derived by discretizing the continuous-time
dynamic (41)) is linear in its decision variables, which may be done by refor-

mulation or introducing extra decision variables.

(ii) The reward function (resp., cost function) to be maximized (resp., minimized)

is concave (resp., convex) in the decision variables.

Since our proposed penalty can be linearized with respect to the decision variables,
the inner optimization problem remains convex with the linearized penalty, provided
the above two assumptions hold. To illustrate our points, we provide two examples

below and they are in scalar cases for simplicity.

1. Suppose b(t,z,u) = A'z + A%u and o(t,r,u) = A3z + A%u, where all A® are

constants. The state equation after discretization is
Tpt1 = Ty -+ (All'k -+ AQ’LL]C)(; -+ (Agl'k + A4uk)\/5 . Zk-Jrl,

where the index k denotes the time kd, and Z;,, is a standard Gaussian random
variable for £ = 0,--- , K — 1. In addition, we require the reward function

S Ry(ag, ug) + A(xp) is jointly concave in {z,} | and {u; }X'. The linear
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convex (e.g., quadratic) control problem with convex constraints lies in this

category.

2. Suppose b(t,z,u) = Alx + A%zu and o(t, z,u) = A3z + A'zu, where all A® are

constants. The state equation after discretization is

Thy1 =2k + (All'k + Akauk)(S + (ASxk + A4xkuk)\/(_5 : Zk-Jrl’

=z + (Alwy + A2U)0 + (AP, + A UVG - Zy,

where U, = xpuy, and Z;, is a standard Gaussian random variable for k =
0, -+, K—1. In addition, we require the reward function can be reformulated as
S Ry(ak, Up)+A(zr), which is jointly concave in {xj }2< | and {U }X=!. The
dynamic portfolio choice problem and many financial decision-making problems

lie in this category.
4.2.4 Numerical Examples

In this section we discuss the use of Monte Carlo simulation to evaluate the perfor-
mance of the suboptimal policies and the dual bounds on the expected utility (59).
We consider a model with three risky assets (n = 3) and one market state variable
(m = 1). The dynamics (53)-(54) of the market state and assets returns are the same
as those considered in [46]. In particular, let ,uf = — Aok, [p = o + 1Pk, Ox = O,
o0t = %! and 0 = ¢%2, in (57a)-(57b). The parameter values are listed in the
following tables including 7, A, po, p1, o, c®*, and o2, Note from (54) that the
market state ¢ follows a mean-reverting Ornstein-Uhlenbeck process: it has relatively
small mean reversion rate and volatility in the parameter set 1, while it has relatively
large mean reversion rate and volatility in the parameter set 2. We choose T' = 1 year
and 6 = 0.1 year in our numerical experiments. In addition, we use o = 0.5 for the
weight of the intermediate utility function and use $ = 1 as the discount factor. We
assume ¢p = 0 and Wy = 1 as the initial condition and impose the constraint (58) on

the control space A in the following numerical tests.
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Table 5: Parameter Set 1

Ho M1 o Ty
0.081 0.034 0.186 0.000 0.000
log(R)[| 0.110 0.059 0.228 0.083 0.000 |[0.01
0.130 0.073 0.251 0.139 0.069
[0) A ot 09?2
0.336 (-0.741 -0.037 -0.060 )[0.284
Table 6: Parameter Set 2
Ho M1 o Ty
0.081 0.034 0.186 0.000 0.000
log(R)[| 0.110 0.059 0.228 0.083 0.000 |[0.01
0.130 0.073 0.251 0.139 0.069
[0) A ot 09?2
1.671 (-0.017 0.149 -0.058 )|1.725

For each parameter set, we first solve the the recursion (63) assuming that ¢4
and Ry, are independent conditioned on ¢,. We will use the numerical solution to
this simplified continuous-state problem as jk(gb) and a, which are presumed to be
available in Section 4.2.2. The numerical method we employ is the discrete state-space
approximation method. To be specific, we approximate the market state variable ¢
using a grid with 21 equally spaced grids from —2 to 2, and the transition between
these grid points is determined by (57a) noting that @41 ~ N (¢ +uld, (|| op 1> + ||
a,‘f’z HQ)(S); the random variables Z;, and Zj are approximated by Gaussian quadrature
method with 3 points for each dimension (see, e.g., [53]). So the joint distribution of
the market state and the returns are approximated by a total of 3% x 21 = 567
grid points, which are used to compute the conditional expectation in (63), i.e.,
a finite weighted sum. For the optimization problem in (63) we use CVX ([42]),
a package to solve convex optimization problems in MATLAB, to determine the
optimal consumption and investment policy on each grid of ¢, at time k. We record
the value and the corresponding policy on this grid at each time £k = 0,--- |, K.

We then extend these value functions and policies on the real line (noting that the

market state variable ¢ is one dimensional) by piecewise linear interpolation. These
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extended functions are regarded as the numerical solution to the recursion (63) with
the assumption that ¢, and Ry, are conditionally independent.

In our numerical implementation these piecewise linear value function and pol-
icy function play the roles of Jy(¢) (i.e., ZL(¢)) and approximate policy a to the
continuous-state problem (57)-(59) with the assumption that ¢y, and Ry are con-
ditionally dependent. We take the slope of the piecewise linear function as ij(¢)
(i.e., Z2(0)), if ¢ is between the grid points; otherwise, we can use the average slope
of two consecutive lines as Z3(¢), which is equivalent to computing the difference
quotient of jk(qﬁ) via central difference method.

We then repeatedly generate random sequences of (Z, Z), based on which we gen-
erate the sequences of market states and returns according to their joint probability
distribution (57)-(59) (assuming that ¢41 and Rjyq1 are conditionally dependent).
Then we apply the aforementioned policy a on these sequences to get an estimate of
the lower bound on the value function Hy; based on each random sequence we can
also solve the inner optimization problem (66) with penalty A in (70) or M in (71),
which leads to an estimate of the upper bound on Hy. We present our numerical re-
sults in the following tables: the lower bound, which is referred to as “Lower Bound”,
is obtained by generating 100 random sequences of (Z, Z) and their antithetic pairs
(see [40] for an introduction on antithetic variates) in a single run and a total number
of 10 runs; the upper bounds induced by penalties M; and M,, which are referred
to as “Dual Bound 1”7 and “Dual Bound 2”7 respectively, are obtained by generating
30 random sequences of (Z, Z) and their antithetic pairs in a single run and a total
number of 10 runs. To see the effectiveness of these proposed penalties, we use zero
penalty and repeat the same procedure to compute the upper bounds that are referred
to as “Zero Penalty” in the table. These bounds on the value function Hy (i.e., the
expected utility) are reported in the sub-column “Value”, where each entry shows the

sample average and the standard error (in parentheses) of the 10 independent runs.
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Table 7: Results with Parameter Set 1

Lower Bound

Dual Bound 1

Dual Bound 2

Zero Penalty

Duality Gap

y Value CE Value CE Value CE Value CE Value CE
1.5 | —5.480 0.1332 | —5.391  0.1376 | —5.392  0.1376 -4.861 0.1693 | 1.61% 3.30%
(0.003)  (0.0001) | (0.008) (0.0004) | (0.007) (0.0004) | (0.012) (0.0008)
3.0 | —42.887 0.1080 | —39.227 0.1129 | —39.873 0.1120 | -27.562  0.1347 | 7.53% 3.70%
(0.036)  (0.0001) | (0.164) (0.0002) | (0.317) (0.0004) | (0.252) (0.0006)
5.0 | —2445.9 0.1005 | —2066.5 0.1049 | —2025.5 0.1054 | -1105.7 0.1226 | 15.51% 4.38%
(1.635)  (0.0001) | (22.019) (0.0003) | (17.833) (0.0002) | (16.438) (0.0004)
Table 8: Results with Parameter Set 2
Lower Bound Dual Bound 1 Dual Bound 2 Zero Penalty Duality Gap
¥ Value CE Value CE Value CE Value CE Value CE
1.5 | —5.466 0.1339 | —5.380 0.1382 | —5.381  0.1381 | -4.864 0.1691 | 1.56% 3.14%
(0.005)  (0.0001) | (0.011) (0.0006) | (0.015) (0.0008) | (0.020) (0.0008)
3.0 | —42.585 0.1084 | —39.645 0.1123 | —39.690 0.1122 | -27.708 0.1343 | 6.80% 3.51%
(0.081)  (0.0001) | (0.229) (0.0003) | (0.155) (0.0002) | (0.209) (0.0005)
5.0 | —2431.6  0.1007 | —2043.8 0.1052 | —2040.7 0.1052 |-1122.1 0.1222 | 15.95% 4.47%
(7.510)  (0.0001) | (11.881) (0.0002) | (19.882) (0.0003) | (9.842) (0.0004)

We also compute the certainty equivalent of the expected utility in the sub-column

“CE”, i.e., the equivalent wealth left at time 7' = 1, where “CE” is defined through

U(CE) = Value. For ease of comparison, in the column “Duality Gap” we report the

smaller difference (in relative sense) between “Lower bound” and two “Dual Bounds”

on the expected utility and its certainty equivalent.

We consider utility functions with different relative risk aversion coefficients v =

1.5,3.0, and 5.0, which reflect low, medium and high degrees of risk aversions. The

dual bounds induced by zero penalty perform poorly as we expected. On the other

hand, it is hard to distinguish the performance of “Dual Bound 1”7 and “Dual Bound

27 which may imply that the second term in (69) plays an essential role in the inner

optimization problem in order to make the dual bounds tight in this problem. We

observe that the duality gaps on the value function H, are generally smaller when

is small, implying that both the approximate policy and penalties are near optimal.

For example, when v = 1.5, the duality gaps are within 2% of the optimal expected

utility for all sets of parameters. As v increases, the duality gaps generally become

larger.
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There are several possible reasons for the enlarged duality gaps on the value func-
tion with increasing . Note that the utility function U(z) is a power function (with
negative power of 1 — «y) of x and it decreases at a higher rate with larger v, as z
approaches zero. This is reflected by the fact that both the lower and upper bounds
on the value function H, decrease rapidly with higher value of . In the case of eval-
uating the upper bounds on Hy, it can be inferred that with larger v the objective
value (66a) is more sensitive to the solution of the inner optimization problem (66),
and hence the quality of the penalty functions. In other words, even a small torsion
of the optimal penalty will lead to a significant deviation of the dual bound. In our
case the heuristic penalty is derived by discretizing the value function-based penalty
for the continuous-time problem; however, this penalty may become far away from
optimal for the discrete-time problem when ~ increases. Similarly, obtaining tight
lower bounds on the expected utility by simulation under a sub-optimal policy also
suffers the same problem, that is, solving a sub-optimal policy based on the same
approximation scheme of the recursion (63) may cause more utility loss with larger ~.
The performance of the sub-optimal policy also influences the quality of the penalty
function, since the penalties M; and M, involve the wealth W, induced by the sub-
optimal policy and its error compared with the wealth under the optimal policy will
be accumulated over time. Hence, the increasing duality gaps on the value function
with larger risk aversion coefficients are contributed by both sub-optimal policies and
sub-optimal penalties.

These numerical results provide us with some guidance in terms of computation
when we apply the dual approach: we should be more careful with designing the
penalty function if the objective value of the inner optimization problem is numeri-
cally sensitive either to its optimal solution or to the choice of the penalty function.
Fortunately, the sensitivity of the expected utility with respect to ~ in this problem is

relieved to some extent by considering its certainty equivalent. We can see from the
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table that the differences between the lower bounds and the upper bounds in terms

of “CE” are kept at a relatively constant range for different values of ~.

4.3 Conclusion

We study the dual formulation of controlled Markov diffusions by means of informa-
tion relaxation. This dual formulation provides new insights into seeking the value
function: if we can find an optimal solution to the dual problem, i.e., an optimal
penalty, then the value function can be recovered without solving the HJB equation.
From a more practical point of view, this dual formulation can be used to find a dual
bound on the value function. We explore the structure of the value function-based
optimal penalty, which provides the theoretical basis for developing near-optimal
penalties that lead to tight dual bounds. As in the case of MDPs, if we compare
the dual bound on the value function of a controlled Markov diffusion with the lower
bound generated by Monte Carlo simulation under a sub-optimal policy, the duality
gap can serve as an indication on how well the sub-optimal policy performs and how
much we can improve on our current policy.

We carried out numerical studies in a dynamic portfolio choice problem that is
discretized from a continuous-time model. To derive tight dual bounds on the expect-
ed utility, we proposed a class of penalties that can be viewed as discretizing the value
function-based optimal penalty of the continuous-time problem, and these new penal-
ties make the inner optimization problem computationally tractable. This approach
has potential use in many other interesting applications where the system dynamic
is modeled as a controlled Markov diffusion. Moreover, we investigate the sensitivity
of the quality of both lower and upper bounds in terms of duality gaps with respect
to different parameters. These numerical studies complement the existing examples
of applying the dual approach to continuous-state MDPs.

This dual formulation also offers a straightforward extension to the jump-diffusion
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models. By relaxing the non-anticipativity constraints on the admissible control s-
trategies, we expect to derive the value function-based penalty also in compact form
(under natural filtration) as that in the setting of controlled Markov diffusions. The
recent work [101] has exploited the martingale structure of this penalty in optimal

stopping problems and found its application in pricing financial derivatives.
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CHAPTER V

OPTIMAL STOPPING OF PARTIALLY OBSERVABLE
MARKOV PROCESSES: A FILTERING-BASED
DUALITY APPROACH

Optimal stopping of a partially observable Markov process (POMP) is a sequential
decision making problem under partial observation of the underlying state. This type
of problems arise in a number of applications, including change point detection in
a production line, launching of a new technology under incomplete information of
the market, and selling of an asset or a financial derivative. Optimal stopping of a
POMP is more challenging than its counterpart of a fully observable process, since
the inference of the hidden state and the choice of an optimal action should be ac-
complished at the same time. As a special class of the partially observable Markov
decision processes (POMDPs), optimal stopping of a POMP can be transformed to a
fully observable optimal stopping problem by introducing a new state variable, often
referred to as the filtering distribution. However, this concise representation does not
reduce the complexity of the problem, because the filtering distribution is usually infi-
nite dimensional when the unobserved state takes values in a continuous space. Some
recent work proposed to solve continuous-state POMDP include [15],[71],[78],[88] and
[99], most of which can be viewed as a combination of dimension reduction on the
filtering distribution and the approximate dynamic programming. These methods
can also be adapted to solving OSPO with some modification.

To the best of our knowledge, only [36], [61], [74], [69] and [100] have studied
numerical methods in the specific context of OSPO. In particular, they all interpret-

ed the problem in the setting of American option pricing under partial observation
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of the stochastic volatility. [36] proposed a multinomial tree method that combines
with particle filtering; [61] and [74] also utilize the particle filtering technique, and in-
corporate it into the regression-based approximate dynamic programming approach;
whereas [69] used a grid-based method to approximate the filtering distribution. On
the other hand, [100] proposed the method of approximate value iteration that avoids
filtering step. It is worth noting that the first three methods all use particle fil-
tering, as it is so far the most successful and versatile numerical method to solve
nonlinear filtering problems. All of the above four approaches provide approximate
solutions, and some are proven to converge asymptotically to the true option price.
However, in practice with a finite computational power, the difference between their
approximate solutions and the true option price is not known. Some other intrinsic
problems of these methods also prevent their wide use in practice: for example, the
computation of the multinomial tree method grows exponentially in the number of
the exercise opportunities; the choice of basis functions is always problem-specific for
the regression-based methods, which usually provides a lower bound on the option
price.

In view of the lack of performance guarantee and computational complexity of the
aforementioned methods, in this chapter we focus on developing a lower-and-upper-
bound approach with moderate computational cost. We propose a filtering-based
duality approach that complements a suboptimal stopping time (hence an asymptotic
lower bound) with an asymptotic upper bound on the value function. Since our
approach does not tie to a particular model and only involves Monte Carlo simulation,
it can be generalized to any POMP as long as the particle filtering technique can
be applied. Our method relies on the martingale duality formulation of the fully
observable optimal stopping problem, which is proposed by [76] and [45] in the setting
of pricing American options under constant volatility.

From the perspective of modeling fidelity versus computational complexity, it is
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not trivial to compare optimal stopping of POMPs with its counterpart in fully ob-
servable Markov processes. In particular, the difference of their value functions cannot
be quantified in general and is problem dependent, so we are also interested in learn-
ing the features that influence this difference in the underlying probabilistic model.
Indeed, as an example, our numerical experiments on pricing American options un-
der partially observable stochastic volatility show that our asymptotic upper bound is
strictly less than the option price of the model where the volatility is treated directly
observable, and the difference is especially obvious when the effect of the volatility is
dominant. This in turn shows that our method provides a better criterion to evaluate
the performance of a suboptimal policy in the partially observable model.

The rest of this chapter is organized as follows. In Section 5.1, we describe the
general problem formulation of optimal stopping of POMPs and the transformation to
an equivalent fully observable optimal stopping problem. In Section 5.2, we develop
the filtering-based duality approach, and its error analysis and convergence result are
presented in Section 5.3. We present some numerical examples in Section 5.4, and

finally conclude in Section 5.5.

5.1 Problem Formulation

Let (2, F,P) be a probability space. Consider a hidden Markov model {(X;,Y;),t =

0,1,---,T} satisfying the following equations

Xt+1 :f(Xt7Ztl+1)7 t:0717 7T_17 (72&)
Yo = ho(Xo, Z3); (72b)
Yii :h(XtJrl?Y;thQ-H)? t=0,1,---,T—1; (72c)

where the unobserved state X; is in a continuous state space X C R"™, the observation
Y; is in a continuous observation space Y C R™. The noises {(Z}, Z2),t =1,--- | T},
which are independent of the initial state Xy and the initial observation Y, are

independent random vectors with known distributions, but the components of each
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vector can be correlated. Equations (72a) and (72b)-(72c) are often referred to as the
state equation and the observation equation, respectively. Note that {(X;,Y;)} is a
bivariate Markov process adapted to the filtration {]—"t 2 o{(X;,Y;);i=0,... ,t}}.
Let J = {1,---,T}. Denote by {]—“Y 2 o{Yy,.. .,Yt}} the filtration generated by
the processes (72b)-(72c). A random variable 7 : Q — J is an F, -stopping time if
{r <t} € F) for every t € J. We define T as the set of F} -stopping times that
take values in J. Assume that the initial Y} is a known constant, and the initial X
follows a known distribution 7y, which is derived from the historical data (including
Yy). We consider the finite-horizon partially observable optimal stopping problem
Vo(mo, o) = TSEUTQE[Q(Ta X7, Y7) | Xo ~ o, Yo = vol, (73)
where g : J XX x)Y — R is the reward function. In this setting the decision maker has
access to only state Y; so that her decision at time ¢ is made purely depending on the
observation history up to time ¢, i.e.,{Yp, -+ ,Y;}. For convenience, in the following
we use g(X;,Y;) and g(X,,Y;) in short for g(¢, X3, Y;) and g(7, X, Y;) respectively.
The optimal stopping problem of a POMP can be transformed to an equivalent
fully observable optimal stopping problem by introducing a new state variable II;,
often referred to as the filtering distribution, which is the conditional distribution of
X, given the observations Yy, = {Yp,...,Y;}. More specifically, given a set A in the

Borel o-algebra over X, define
II;(A) £ Prob(X; € AlYy,...,Y:), t=0,...,T.

Given a realization of the observations yo.; = {yo,...,¥:}, the probability density

m; of the filtering distribution II; evolves as follows:

T, Ye|To—1, Ypo1)T—1(xp_1) day—
Wt(xt)zpr(tyt’ 1> Y1) Te—1(Te-1) tl,t:L...,T, (74)
fX Pyl T, ye—1) -1 (241) dy o

where the conditional probability density functions p(z, y¢|2i—1, yi—1) and p(ye|xi—1, ys—1)

are induced by (72a), (72c), and the distributions of Z! and Z2. Noticing that
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only depends on m;_1, y;_1, and y;, and letting the realization yq.; be replaced by the

random variables Yy, we can abstractly rewrite the filtering recursion (74) as

II, = (D(Htflay;,flayrt)a 1= 1727 oo T

Y

Then problem (73) can be transformed to an equivalent optimal stopping problem

(see, e.g., Chapter 5 in [9]) with fully observable state (II;,Y;):

‘/0(7(07 Z/o) = sup E[g(HTa YT)|XO ~ To, YZ) = yU]’

TETY

where
9L, Y;) £ E[g(X,, Y3)|F)] = /9($taYt)Ht($t) dy.

Theoretically, we can solve (73) following the dynamic programming recursion:
W(Hta }/t) = max (g(Hh }/t)a Ct(Ht7 3/15)) ) = Tv ) ]-7 (75)
where Cy(I1;, ;) is the continuation value at time t defined as

Cr(Ir, Yr) £ gy, Yr);

Ct<Hta Y;t) £ E[V},H(Htﬂa Y;H)‘Ht, Yt], t=T— 17 cee 70-

Here E[-|IT;,Y;] is interpreted as E[-|X; ~ II;,Y;]. Then Vj = Cy and the optimal
stopping time is

7% = min {t cJ | Q(HMY;) > Ct(Ht7Ylf>} :

We also define its associated t-indexed stopping time 7, for each t € J:
7 2min{i € 7, | 911, Y;) > C;(11;, Y;)} (76)

with J; & {t,t +1,...,T}. The above recursion also shows that (II;,Y;) are the
sufficient statistics that determine the optimal stopping time. The process {V; £
Vi(Il;, Y;)} defined in (75) is called the Snell envelope process (see, e.g., Chapter 2

in [58]) of the process {g(Il;,Y;)}, which is the smallest F}-supermartingale that
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dominates ¢ in the sense that V;(IL;,Y;) > g(Il;, ;). In particular, by shifting the

time index in (73) we can interpret V; as

V;f(ﬂ-tayt) = sup ]E[g(XTa Yr)|Xt ~ T, Yy = yt]

T€TY, t<7r<T

= Elg(Xr, Yey)

thﬂ't,Y;:yt], tzl,,T (77)

However, it is often impossible to solve the problem exactly following (75) due to
two main difficulties. One is that in general the filtering distribution II; is infinite
dimensional and the filtering recursion (74) cannot be computed exactly. The other
difficulty lies in the accurate estimation of the continuation value Cy(Il;, Y;) that leads
to the optimal stopping time 7*. So we develop an approximation method in the next

section.

5.2 Filtering-Based Martingale Duality Approach

In this section, we construct a dual problem to the original optimal stopping of
POMPs, and develop a numerical method that yields an asymptotic upper bound
on the value function. Our dual formulation is a straightforward extension of the
dual formulation for the optimal stopping problem proposed in [76], [45], and [3], by
replacing the filtration with FY .

Theorem 15 (c.f. (5) in [3]). Let M represent the space of FY -adapted martingales {M;}

with Mo = 0 and sup;c 7 E|M;| < co. Then

Vo(mo, yo) = inin {E[ftfgg{g(ﬂt, Yi) — M} Xo ~ mo, Yo = yo]} : (78)

The optimal martingale {M;} that achieves the minimum on the right hand side of (78) is

of the form
t
M} = Z A7, (79)
i=1

where{ A}} is the martingale difference sequence defined as

A 2EWVIF ] -EW|F], ted. (80)
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In addition, the following equality holds pathwisely in the almost sure sense, i.e.,
Vo(mo, yo) = Itlg?(é(ﬂt, Yi) — M) as.

The proof of Theorem 15 follows the same line in [3] and hence is omitted here.
Theorem 15 characterizes a strong duality relation between the primal problem (73)
and its dual problem on the right side of (78); the equality (78) suggests that any
FY-adapted martingale {M;} can lead to an upper bound on Vj(mp, %) and that
the optimal martingale (79) is derived from the Doob-Meyer decomposition of the

supermartingale {V;}. In particular, we can rewrite (80) as

A} =E[Vi|IL,, Yi] — E[Vi|TL,y, Y] (81a)

:E[Q(X‘rt* ) Yrt* )

Ht7 }/t] - ]E[g(XTt*a YTt*)

Htfla }/tfl]- (81b)

Note that it is impossible to compute the optimal martingale { M} }, since the mar-
tingale difference term (81a) (or (81b)) involves the intractable filtering distribution
II; and the Snell envelop process {V;} (or the optimal stopping time 7;°). Therefore,
we need to introduce approximation schemes to address both aspects. On the one
hand, the intractable filtering distribution Il; can be approximated by a discrete dis-
tribution using particle filtering, which will be stated in Section 5.2.1. On the other
hand, (81a) and (81b) suggest that we approximate A} using either approximate
value functions of V; or suboptimal F} -stopping times that approximate 7;. In addi-
tion, some other heuristic constructions can be considered. For example, we can take
Ay = E[U(X,, Y)|FY| — E|UL(Xy, Yy)| FX L], where Uy(X,,Y}) is the value function to

the corresponding optimal stopping problem with fully observable state (X;,Y;):

Ut(xt:yt) = SupE[g(Xm Y/{)’Xt = T, Yl-f = yt]? (82)

KET:
where T; is the set of F;-stopping times r that take values in [J;; or equivalently

we can take A; = E[g(X:, Yir)

Ht7 Y;f] - E[g(XH:7 YH;‘)

IT;_1,Y;—1], where kf is the

optimal Fi-stopping time to problem (82). Even if the explicit forms of U; and &
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are not known, their approximations can be used in A; and its martingale difference
property can still be preserved. The advantage of approximating U; or x; is their
simple structure as functions of only (X;,Y;), whereas either V; or 7 is a function of
(Yo, -+, Y;). Thus, it may be easier to generate martingale difference terms based on
approximate U; or Ky, even though they may yield less optimal values.

In the rest of this section we focus on approximating A; in (81b) by the following
A7} based on a fixed stopping time 7 (see, e.g., (87) in Section 5.2.2), which is either

FY or Fi-adapted:
A?L = E[g(XTt7 K’t)“'_‘[;n’ Y;f] - E[g(XTt7 YTt)|H7t7i17 Y;f—l]’ (83)

where 7; is the t-indexed stopping time associated with 7, and II}* (see details in
Section 5.2.1) is the approximate filtering distribution at time ¢ obtained by particle
filtering (the superscript m in II}* denotes the number of particles), which will be
elaborated in the next section. A lower-case notation 7;" denotes the corresponding
approximate filtering distribution based on a realization of the observations yg.;. Then

we define { M} as
MP=0; MP=A"+ ... +A™ teJ. (84)

Incorporating the above ideas, we propose the following algorithm that yields an

asymptotic upper bound on Vj.

Algorithm 1. Filtering-Based Martingale Duality Approach
Step 1. For k. =1,2,..., N, do
- Generate a path of observations ygk% according to the processes (72a)-(72c) with initial

condition Yy = yg and Xy ~ 7, and then follow Algorithm 2 (particle filtering) to generate

the approximate filtering distribution {WT(k)’ o ’W;n(k)}'
-Fort=1,...,T, use Algorithm 3 to compute AT(M, which is an approximation for
* k) yk k) | (k
AP = Elo(Xn, Yo ", ]~ Elg(Xe, Vo)l ] (85)
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- Sum the approximate martingale differences to obtain
~m(k x m(k x m(k
= AR AR =T

- Evaluate V) = maxc 7 (g(wln(k),y,gk)) — th(k)). end
Step 2. Set V = % Zszl V), Vx is an asymptotic upper bound on the value function

Vo(m0, %0)-

In the next two subsections, we will discuss how to generate approximate filtering
distribution using particle filtering via Algorithm 2 and how to compute the approx-

imate martingale difference via Algorithm 3.

5.2.1 Particle Filtering

We approximate 7; using particle filtering, which is a successful and versatile numer-
ical method for solving nonlinear filtering problems. A good introduction on particle
filtering can be found in the book [4]. The particle filtering method approximates 7,
by a finite number (say m) of particles {xil), . ,xgm)}, i.e., a discrete distribution

7" written as follows

1 m
m=— > 0,00, (86)
=1

where 0 is the Dirac measure. As the number of particles m goes to infinity, it can
be ensured that 7;" converges to m,; in certain sense.

Algorithm 2. Particle Filtering

Input: Xy ~ 79 and a sequence of observations yg.7.

Output: The approximate filtering distribution 7*, ..., 77"

Step 1. Initialization: Set t = 0. Draw m i.i.d. samples {x(gl), e xém)} from the distribu-
tion 7. Set mt = L 3", 5xff)'

Step 2. Fort=1,...,T,do

— Prediction: For each i = 1,...,m, draw one sample jgi) from P(X;|X;—1 = J:EQ ).

: (i)
— Bayes’ Updating: Compute w,gl) = j(yt‘xt _’%’5‘1) L i=1,.
S p(ye|z, ye—1)

— Resampling: Draw i.i.d. samples {l'gl), . ,x%m)} from the discrete distribution {Prob(:fgi)) =

S, M.

wt(i), i=1,...,m}. Set m" = % S 5:#). end

95



5.2.2 Approximate Martingale Difference

The remaining issue is how to compute the martingale difference (85). Throughout

this subsection we assume a suboptimal stopping time 7 of the form,
7 =min{t € J|g(X;,V;) > Ci(X,, Y1)}, (87)

where {ét,t € J} is a sequence of approximate continuation functions of U;. The
approximate continuation functions C; can be derived, for example, by regression on
some basis functions as suggested by [60] and [90]. We choose an F;-stopping time
7 of the form (87) only for ease of exposition, though Algorithm 3 can be adjusted
using any other F;(or FY)-stopping time with the same principle.

Given a realization of observations yo.7, we employ nested simulation to estimate

AT in (85). Note that 7" in Algorithm 1 is of the form (86). Therefore,

m

1 7
A7 =— 3 E[g(X,,, V)X, = oY = gy

m £
=1
__ZE XTHYTt |Xt 1_$1(5)1’Y; 1= Y- 1]

where 7; is the t-indexed stopping time associated with 7 defined as
7 =min{i € J|g(X;,V;) > Ci(X;,Y))}.

To estimate E[g(XTt,YTt)]in),yt] (resp., E[g(XTt,YTt)]xg?l,yt,l]), we generate | sub-
paths that are stopped according to 7, with the initial condition X; = mgi), Y =y
(resp., Xy_1 = xgi_)l,Y;_l = y,_1) for each i and ¢, and we average g(X,,,Y,,) over
these subpaths. So there are a total number of m - [ subpaths generated to estimate

each expectation term in (85). The details of the nested simulation are presented

below.

Algorithm 3. Estimation of A7* Using Nested Simulation
Input: g1, yp, Tty = 571 6 @ and " = Ly, o ) from Algorithm 1 and Algo-
t—1 t

rithm 2.
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(Step 1 - Step 2 are used to estimate E[g(Xr,, Y7, )71, yi—1].)

Step 1. For ¢ =1,...,m, do

- Simulate {(xgij), yt(i‘j)), ey (:Ugfj), ygpij)) é‘:l from the processes (72a)-(72c) with the initial
(1)

condition X;_1 =x,”; and Y;_1 = y;_1.

- To apply 7¢ on these sample paths, find
tij = min{k € g 9@,y > ék(w;(fj),y,iij))} :

- Set b; = %2221 g(m&]),ygj)) end

Step 2. Set G?i’ll’t £ LS b;, which is an unbiased estimator of E[g(X,, Y7, ) |7/, yi—1].
(Step 3 - Step 4 are used to estimate E[g(Xr,, Y7 |7/, v].)

Step 3. For¢i=1,...,m, do

If g(acgi), yr) > C’t(xgi), yt), i.e., (m,@, y¢) is in the stopping region, set b; = g(xgi), y). Other-

(%)

wise, repeat Step 1 with the initial condition X; = :L'ti and Y; = y; to obtain b;. end

Step 4. Set G/M & L SO | bi, which is an unbiased estimator of E[g(Xy,, Y, )|/, yt].

tt T m

Step 5. Set A* = GZ]{Z - G::Tll,t'
5.3 FError Analysis

In this section, we analyze the error bound and asymptotic convergence of our algo-
rithm. To lighten the notations, we use Eq[-] to denote E[-| Xy ~ 7o, Yo = yo] in the
rest of note. The following assumption is used throughout our analysis.

Assumption 6.

i || g lloo®™ maxees || g(t, ) [loo<< 0.

1. For any observation sequence yo.r,

sup p(ye|ze, ye—1) < 00, Vte J.
TtEX
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We first introduce an F) -adapted martingale difference sequence {A7} and mar-

tingale {M;} induced by an F;(or F})-stopping time 7:

A: = E[Q(X‘Fm K’t)“‘_[t? Y;f] - E[Q(‘Xna YTt)|Ht*17 thfl]?

M;20; M 2AT+...+A], teJ.

Since M[ is an F) -adapted martingale, then Eg[max;c 7(g(Il;, Y;) — M7 )] is an upper
bound on Vj(mg, yo) by Theorem 15.
Recall that the approximate martingale difference A}* based on a realization of

observations yg.; is
AP = E[g(Xr, Yo)[m", ye] — Elg(Xr, Y[ 1, ye).

In Algorithm 3 the empirical estimates of E[g(X,,, Y.,) |7/, ;]| and E[g(X,, Y2, ) |77 1, ys—1]

are denoted by G;Tt’l and Gfﬁ’ll’t, respectively. Therefore, we use

t
Amo m,l m,l ~m_§ :~m
=1

to approximate A}* and M;™. Instead of obtaining max;e 7{g(m, y:) — M]} exactly
along each path of the observations yo.7, we compute max;c 7{g(7}", y:) — ]\Z/tm} Note
that conditional on a fixed observation sequence, the former term is a constant, while
the latter one is a random term due to sampling. The difference between these
two terms is caused by two sources of errors: one from the difference between the
deterministic density 7, and the random measure 7}", and this gap will go to zero (in
expectation) by increasing the number of particles m under Assumption 6; another
difference is from the variability of the nested (Monte Carlo) simulation, which can
be eliminated by increasing the number of sample paths m - .
We will show in the next theorem that
Eo[maxe 7 {g(II7*,Y;) — M;"}] converges to Eg[maxes{j(Il;,Y;) — M7}] when the

particle number m increases to infinity. Hence, Eo[max,cs{g(II",Y;) — M{*}] is an
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asymptotic (as m — oo) upper bound on Vy(mo, o). Moreover, the gap between
Eo[max;e 7{g(I1;, Y;) — M }] and Vy(mo, yo) is purely due to the suboptimal stopping

time 7.

Theorem 16. Suppose T is an F;(or F) )-stopping time. Then

i Bo b (9(117 ¥0) - 387} | = Bo [max(a(m ) - 07| (s9)

m—0o0 te

Moreover, we have the following inequalities:

Eo [rt%z?c{g(ﬂt, Y:) — M[}} — Vo(mo, yo)

T
<2, S B [(A7 — A7)

T

<2\ | > Eo [ (Blg(Xr, Vo)L, Vi, ] = Elg(Xor,, Yo, T, Y1) (89)

From (88), the output Vj in Algorithm 1 is an asymptotic (as the sample path
number N — oo and the particle number m — o) upper bound on the true value
function V4. According to (89), a large m will lead to a tight upper bound provided
that the martingale {M]} induced by the stopping time 7 does not differ too much
from the optimal {M; }, or more intuitively, the suboptimal stopping time 7; does not

differ too much from the optimal 7;".

Proof. We need the following proposition for the proof of the theorem.

Proposition 3 (Corollary 10.28, [4]). Let {n{",..., 7} be the random measure gen-
erated by Algorithm 2 for the observation sequence yo.r. Suppose that the following

assumption holds:
| flleo< o0 and supp(yelze,yi—1) <oo, t=1,...,T.
Then

2 2
. _EIFIE

m

t=0,...,T,

</Xf($t)77't(l’t)dl’t—/){f(xt)ﬁzﬂ(xt>dxt>2
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where the constant k; does not depend on m (but it does depend on t and yo.). In

particular, kg = 1.

We first prove (88). Given a sample path of the observations {yo,...,yr}, the

difference between g(m,y,) and g(m}", y;) is

ﬁ;né/g(xtayt)ﬂt(l’t)dl’t—/g(ftaythzn(zt)dxt‘
X X

Guaranteed by Proposition 3, E[|07*|] < /E[(¥]")?] < % for some constant k;.

The difference between M; and M;™ is the sum of the differences between A7 and
A

P J 1
Al — A" = int Xﬁl,t + G?Tt - 5;711@

where

éE[ (XTt7YTt>|7Tt7yt] _E[g<XTt7YTt)|7T:nﬂyt]7
Xt 1.t £ E[ (XTt7 Y;'t)|7rt—17 yt—l] - E[9<X7'zv Yn)|ﬂ-?11a yt—l]a
6?3571 < E[Q(XT“ Yn)’ﬂna yt] - G?:Lt’l:

m,l A m m,l
€14 — [9( X, Yo ) Im 1y yea] — thl,t'
The first two errors are filtering errors, since we can rewrite x} as

Xiy =E —-E

T T
> 95 V) gy, e D 9 Y) ey | e
j=t Jj=t

= /X—ft(xta ye)me () doy — /X L(@e, yo) )" () dy. (90)
Ii(x¢,y;) is defined as the integrand of E[Z]T:tg(X], Vi) lr=jlme, ve), e
Ie(we,ye) 2 g(we, ye) 1z, —ey + 231/ 9(x5,y5) 1 {ro =y p(dze1dyeya - . dagdy;|oe, ye),
fin
where p(dzy1dyiys - . . dxjdy;|ze, y¢) denotes the joint probability distribution of

(%441, Y11, - - -, Tj,y;) conditional on (xy,y:). As {r, = j} are disjoint sets for each

t < j <T,itimplies | I; ||oo<|| 9 ||o- Based on (90) and using Proposition 3
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with f = I, it is ensured that E[|x}}[] < ki%m for some constant k. Similarly,
Ellxi ] < % for some constant b, ,. The latter two errors are from the
sampling variability of Monte Carlo simulation; the error bounds are guaranteed by

Proposition 3 with ¢ = 0 (here 7" or 7}, plays the role of ), i.e., EHEEIH < lalle

Vml
and E[¢” 1t] < %-
So given a sample path of the observations yy.; we have for each t € 7,
ggﬂum%>Mn4w%m—mw
t
= lim E[|0}" + Z =0. (91)

Since

<I}lei?<{\( 9(me, ) — MY7) — (G(m" ) — thﬂ}

<Z|m% M7) = G ) = V)

by taking expectation and letting m go to infinity we have

lim_ Ef| max{g(m;", ye) = M;"} — max{g(m, y) — M7 }] =0

m—ro0

Note that A7 is bounded by 2 || g || for each t € J, and therefore, §(II*,Y;) —
M;™ is bounded by (2t +1)- || ¢ |leo and max,e7{g(II7",Y;) — M™} is bounded by
(2T'4+ 1) || g |loo- The same conclusions are also valid for A7, g(Il;, Y;) — M and
max;e 7{g(Il;,Y;) — M[}. Then

Tim B[l max{g(IT}", ;) — 317"} — mac{ (1T, ;) — My H]

= lim By [E[| max{g(IT", ;) — M;"} — max{g(Il;, Vi) — M7 }|| F7]]
=Bo[ lim E[|max{g(I}", ;) — M;"} — max{g(IL,, ;) — M7 }|| 77 ]]

=0,
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where the second equality follows from the boundedness of the integrand and the

dominated convergence theorem. Hence,
Jim Bo[max{g(IT}", Y;) — M;"}] = Eo[max{g(IL;, ¥;) = M;}].

Now we prove (89). First we have

Eo[max;e 7 {g(Il;, Yz) — M} — Vo
=Eo[max;e7{g(IL;, Yi) — M{ }] — Eo[max,e 7{g(1L;, Y;) — M, }]

<Eo[max;e s {M; — M]'}],
following the fact that
maxes{g(Ils, Vi) — My} — maxje 7{g(l;, Yy) — M;} < maxie s {M; — M[}.
Then (89) follows from

Eo[maxteJ{Mt* - MtTH

<2 /Bo[(M; — M)

=2 iEo |:(<Mt* - M7) — (M, — Mttl))Q]

=2, [ Y Eo[(A; — A7)?]

T
<2, | 3B [(Blg(Xr, Yo L, Yi] — Elg(X,,, ¥2) T, )]
t=1

where the first inequality follows from the fact that M; — M is a martingale and
applying Doob’s martingale inequality, and the first equality uses the orthogonality
property of martingale difference (see p.331 in [84]). To show the last inequality,

recall that

]:tY] - E[g(XTt7YTt)|‘Ft}/])

A = Af =(E[g(X7;, Yrr)

— (Elg(Xr;, Yo )| F0] = Elg(Xr, V)| R0
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then the last inequality can be shown by simple algebra and iterated expectation on

Fr. O
5.4 Numerical Examples

We apply our method to price American put options under stochastic volatility.

Following the model in [74] we considered a dg-dimensional process of asset price

{S,t=0:T}:

i )2 .
St :Sfexp{(r—@%1))5—1—02;1\/3@&1}, i=1,...,ds, (92)

where r is the constant interest rate, J is the time period between the equally-spaced
time points, {Z',t = 1 : T},i = 1,...,ds are independent sequences of Gaussian
random variables with Z;"" ~ A(0,1), and the volatility o? £ exp(X?) is a determin-
istic function of a dx(= dg)-dimensional process {X;,t = 0 : T’} that evolves as a

discretized Ornstein-Uhlenbeck process:

1 _ 672)%6

Xig = Xie M 4 0,(1—e )+ o

Zp2,i=1,...,dx, (93)

where the positive constant #; is the mean reversion value, the constant \; is the mean
reversion rate, the constant v; is a measure of the process volatility, and {ZZ’Z,t =
1:T},i =1,...,dx are independent sequences of Gaussian random variables with
Zp® ~ N (0, 1i2), which are also independent of {Z>'}. Here y; is used to control the
observation noise. For simplicity, in our numerical experiments we use \; = A, 6, = 0,
vi =, p; = pforall i =1,... dx. Assume that only the asset price is observed,
and exercise opportunities take place at t = 1,...,T. We consider the put option on

the minimum of dg assets, i.e., the payoff function is of the form

g(t, S¢) = max {e_r‘st (K —min{S}, ..., Sgs}> ,O} .

In the rest of this section, “exercise policy” simply means “stopping time” in the

general optimal stopping problem.
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Remark 4. In this example, the conditional probability density function is

dx

p(S| X, Si-1) = Hp(SZ’Xtiv Si-1);

i=1

where

In(S/Si_,)—(r—exp(Xi)/2)6)”
exp{—( - tQIesz(X;')(;p#Q : ) }

SHXE S ) = ; ,
p(SH X, Si4) Sz\/Qwesz(Xt’)cmz

It can be shown that p(S;| Xy, Si—1) satisfies Assumption 6(ii) and that Assumption

6(i) is also trivially satisfied.

Since the stochastic volatility cannot be directly observed in reality but can be
“partially observable” through the inference from the observed asset price, pricing
American option under the above model (92)-(93) falls into the framework of opti-
mal stopping of POMPs. We illustrate our algorithm through a series of numerical
experiments with dg = 1 (one asset) and dg = 2 (two assets). In particular, we
are interested in how the variance of the volatility (corresponding to the parameters
(6, A, 7)) and observation noise (corresponding to the parameter x) influence the price
difference due to the difference between the fully observable and partially observable
volatilities. We list the parameter sets in Table 9. To compute option prices under
both full and partial observations, we implement our algorithm as well as the Least-
Squares Monte Carlo (LSMC) method of [60], which provides suboptimal exercise
policies, and the primal-dual (PD) method of [3], which parallels our method in the
fully observable models. The numerical results of the option prices under different
parameter sets are listed in Table 10 (for one asset) and Table 11 (for two assets),
where “LB” represents the lower bound obtained by the LSMC method for the ful-
ly /partially observable model with the following two sets of basis functions for the

one-asset and two-asset problems respectively:
H, :{L0<Sz€1)7 Lg(stl)a Ll(St1)7 L%(Stl)v LO(Stl>L1(StI)7 1}7

Hoy ={Lo(S}), L5 (S}), Lo(S?), L§(S7), Lo(S}) Lo(S?), La(S;, S7), La(S;, S7), 1},
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where Lo(z) = x, L1(z) = max{K — z,0} and Ls(x,y) = max{K — min{z,y},0}.
Please note that the basis functions only depend on the asset price S; not the volatility
exp(X;), so the suboptimal policy is F)Y -adapted and the results are guaranteed to
be lower bounds for the partially observable model. In the tables, “UB” represents
the corresponding upper bound yielded by our filtering-based duality method for
the partially observable model, and “F wll.UB” represents the corresponding upper
bound yielded by the PD method for the fully observable model. It is clear that we
can improve the exercise policy for the fully observable model by employing more
basis functions that use the information of the volatility exp(X;): “Full.LB” and
“Full.UB” are the lower bound and upper bound for the fully observable model, still
obtained by the LSMC method and PD method with additional basis functions for

each problem:

H{™ = {Lo(e™?), Lo(e™ ) L1(S])}

Hy™ = {Lo(e™), Ly(e™), Lo(e™), Li(e™), Lo(€™) La (S}, 57), Lo(¢¥) La (S}, 57) }-

Each entry in Table 10 and Table 11 shows the sample average and the standard error
(in parentheses) of the numerical results of 20 independent runs using the following
procedure: we implement the LSMC method with 50000 sample paths to obtain
a suboptimal policy 7, and then apply this policy on another independent set of
50000 paths to get the lower bound LB; the dual upper bound UB is obtained by
implementing Algorithm 1 using the suboptimal policy 7 with the number of sample
paths N = 500, number of particles m = 500, and number of subpaths [ = 10; to
investigate the option prices under the fully observable stochastic volatility, we use
the PD method with 500 sample paths and 5000 subpaths in nested simulation (which
is equal to m-1) to obtain an upper bound F'ull .ﬁ\é, since the policy 7 obtained before
is also a suboptimal policy for the fully observable model. Except the new sets of

basis functions, the LSMC and PD methods are implemented exactly the same way
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as before to generate another set of lower bound Full.LB and upper bound Full.UB
for the fully observable model. In practice we often use the average of LB and UDB,
and the average of Full.LB and Full.UB as estimates of the option prices to the

partially observable and fully observable problems, respectively.

Table 9: Parameter Sets

# (,2,7) p
1 | (log(0.1),1.0,1.0) | 0.3
2 | (log(0.1),1.0,1.0) | 1.0
3 | (log(0.2),0.5,1.0) | 0.3
4 | (log(0.2),0.5,1.0) | 1.0
5 | (log(0.2),1.5,1.0) | 0.3
6 | (log(0.2),1.5,1.0) | 1.0
7 | (log(0.2),1.0,0.5) | 0.3
8 | (log(0.2),1.0,0.5) | 1.0
9 | (log(0.3),2.0,0.3) | 0.3
10 | (1og(0.3),2.0,0.3) | 1.0

Table 10: American Put Option Prices on One Asset (r = 0.05, K = 40, 6 = 0.1,

T =10, Sy = 36, Xy = 0)
Volatility not observable Volatility directly observable

# LB UB FullUB Full.LB FullUB

1 | 3.820(0.000) 3.820(0.000) | 3.825(0.001) 3.820(0.000) 3.821(0.000)
2 | 3.853(0.001) 3.887(0.001) | 3.954(0.003) 3.905(0.002) 3.912(0.001)
3 |3.892(0.001) 4.019(0.003) | 4.321(0.005) 4.197(0.003) 4.209(0.001)
4 1 5.009(0.006) 5.216(0.005) | 5.368(0.009) 5.297(0.005) 5.328(0.001)
5 | 3.881(0.001) 3.898(0.001) | 3.995(0.004) 3.928(0.002) 3.938(0.001)
6 | 4.842(0.003) 4.935(0.002) | 5.028(0.003) 4.973(0.004) 4.997(0.001)
7 | 3.869(0.001) 3.870(0.000) | 3.876(0.001) 3.871(0.001) 3.872(0.000)
8 | 4.632(0.002) 4.653(0.001) | 4.704(0.002) 4.679(0.003) 4.689(0.001)
9 | 4.010(0.001) 4.022(0.001) | 4.049(0.001) 4.030(0.001) 4.044(0.001)
10 | 5.881(0.003) 5.902(0.001) | 5.907(0.001) 5.896(0.005) 5.904(0.001)

The numerical results are divided into two categories: the first six rows report
the numerical results under the dominant volatility effects, i.e., v is comparatively
large and A is comparatively small; the last four rows report the results under mod-

erate/weak volatility effects. It can be seen from the tables that [Full.LB, Full.UB|
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Table 11: American Put Option Prices on the Minimum of Two Assets (r = 0.05,

K=40,6=0.1,T =10, Sy = (36,36)", Xo = (6,0)7)

Volatility not observable Volatility directly observable

# LB UB FullUB  FullLB  FullUB

1 |4.027(0.002) 4.032(0.001) | 4.068(0.002) 4.039(0.001) 4.043(0.001)
2 | 5.004(0.006) 5.147(0.004) | 5.256(0.006) 5.143(0.005) 5.222(0.003)
3 | 5.274(0.005) 5.378(0.002) | 5.565(0.004) 5.467(0.004) 5.489(0.001)
4 | 8.045(0.006) 8.171(0.004) | 8.289(0.006) 8.188(0.010) 8.268(0.003)
5 | 4.641(0.002) 4.782(0.001) | 4.918(0.005) 4.833(0.006) 4.870(0.001)
6 | 7.531(0.006) 7.638(0.002) | 7.723(0.007) 7.606(0.007) 7.704(0.002)
7 | 4.429(0.002) 4.456(0.001) | 4.514(0.001) 4.477(0.002) 4.500(0.001)
8 | 6.984(0.004) 7.042(0.003) | 7.074(0.004) 6.997(0.007) 7.080(0.001)
9 | 5.417(0.002) 5.428(0.001) | 5.449(0.001) 5.431(0.003) 5.447(0.001)
10 | 9.084(0.006) 9.130(0.002) | 9.138(0.002) 9.071(0.009) 9.133(0.002)

is usually a tighter interval than [LB, Full (/]\E] for the fully observable option price,
since more information is used to determine a better exercise policy. To differen-
tiate the option prices under full and partial observations of stochastic volatility,
[74] pointed out that the partial observation of stochastic volatility has an impact
especially when the effect of the volatility (i.e., g) is high. Our numerical results
also support their viewpoints in terms of the differences between UB and F ull.ﬁ\é,
which demonstrate the effectiveness of introducing the filtering step. In particular,
it can be observed that we can reduce relatively more overpricing for problems with
dominant volatility (i.e., the first category). Considering the differences between LB
and Full.U B, partially observable and fully observable option prices have relatively
small gaps under moderate/weak volatility effects compared with the gaps in the first
category. Larger observation noise p challenges the performance of suboptimal exer-
cise policy and also deteriorates the performance of particle filtering, so it generally
increases the gap between Full.LB and Full.UB and the gap between LB and UB.
Compared with [74] and [61], whose approaches provide asymptotic lower bounds on

the option prices, our main contribution is to provide an asymptotic upper bound on

the option price, which is less than or similar to the lower bound (Full.LB) of the

107



corresponding fully observable option price in the first category. Hence, our method
provides a better criterion to evaluate the performance of LB: the smaller the gap
between UB and LB, the better the bounds. If the gap between UB and LB is
small enough, they can be both regarded as approximate option prices under partial

observation. Otherwise, improvement on the exercise policy should be considered.

5.5 Conclusion

We propose a numerical approach to solve for the value function of the partially ob-
servable optimal stopping problem. We represent the value function as a solution
of a dual minimization problem, based on which we develop an algorithm that com-
plements a suboptimal stopping time with an asymptotic upper bound on the value
function. Our approach provides a practical way to judge whether more computa-
tional effort is needed to improve the quality of the approximate solution. We apply
our approach to price American put options in stochastic volatility models, with the
realistic assumption that the volatility cannot be directly observed but can be inferred
from the asset prices. The numerical results confirm a higher price of the option if
we alternatively assume that the volatility is directly observable. The price difference
is more significant when the effect of volatility is high, indicating the importance of

taking the partial observability into account.
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CHAPTER VI

CONCLUSIONS AND FUTURE RESEARCH

6.1 Conclusions

This thesis has developed new theories and computational methods that extend the
scope of information relaxation in three important dynamic decision making problems.
The first part of the thesis studies the interactions of Lagrangian relaxation and
information relaxations in weakly coupled dynamic programs. We generalize the
information relaxation approach to obtain a tighter dual bound than the Lagrangian
relaxation bound in discounted infinite-horizon problems. To develop this approach,
we first employ a geometric distributed randomized time to convert the discounted
infinite-horizon inner problem to a finite (but random) horizon problem. Next, we
propose a computationally tractable method that relaxes the inner problem to tackle
large-scale problems. We provide insightful interpretation and theoretical analysis on
the relative gap between the exact and practical information relaxation bounds.
The second part of the thesis is devoted to establish the information relaxation-
based dual representation of controlled Markov diffusion. We derive the weak an
strong duality as well as the complementary slackness conditions in parallel with the
results in MDPs. In particular, we explore the structure of the value function-based
optimal penalty and show that it takes the compact form of a stochastic integral
under the natural filtration generated by the Brownian motion. We discuss the con-
nection between the dual formulations of MDPs and controlled Markov diffusions.
An application is illustrated by a dynamic portfolio choice problem with predictable
returns and intermediate consumptions. We consider the numerical solution to a

discrete-time model that is discretized from a continuous-time model. An effective
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and easy-to-compute penalty is proposed to derive dual bounds on the optimal value
of the discrete-time model and produces small duality gaps.

The third part of the thesis focuses on discrete-time continuous-state partially
observable optimal stopping problem. We develop a simulation-based method to
provide an approximate solution to the optimal value. By treating the filtering dis-
tribution as a state, the partially observable problem is transformed to an equivalent
fully observable optimal stopping problem. We extend the martingale duality to this
formulation, based on which we apply the particle filtering technique to develop a
numerical method and show that it is an asymptotic upper bound on the optimal
value. We use this approach to price American put options on one and two assets
respectively, and compare with the option prices from the models assuming fully ob-
servable volatility. The numerical results indicate that different assumptions on the
observability of stochastic volatility have an impact on the option price, and show

that our method effectively reduces overpricing of the option.

6.2 Future Research

My future research will study the impact of future information on the performance
of decision strategies in dynamic decision-making problems including applications
in resources allocation and revenue management. The current information relaxation
technique is mainly used to place a dual bound on the performance of non-anticipative
decision strategy. In many real-world problems, the non-anticipativity constraint may
be relieved thanks to the modern forecasting technology and business strategy. For

instance,

e The sensor technology allows monitoring and collecting traffic information in of-
fice buildings or hotels, which can be used to predict future requests for elevator

service.

e Some airline companies offer the option of locking in the current fare for a
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specified period of time to the potential passengers, which helps the company

to forecast the future demands within this time window.

Under the circumstances that the decision maker has partial access to the future
information, I plan to (i) develop new algorithm that can effectively utilize the inexact
future information; (ii) study the conditions under which the new algorithm can
gain significant improvement over the conventional “non-anticipative” algorithm; (iii)
analyze the limitation of the anticipative algorithm, especially on its sensitivity to
the inaccurate forecast. As a concrete example, incorporating advance passenger
information into the scheduling of group elevator system may help reduce the average

waiting time of passengers during peak times.
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APPENDIX A

WEAKLY COUPLED DYNAMIC PROGRAM

A.1 Approximate Linear Programming Approach

The approximate linear programming (ALP) method aims to find a good approxima-
tion of V' within a parameterized class of functions with a lower-dimensional repre-
sentation [30]. In the setting of weakly coupled stochastic dynamic program, we can
set H(x) = 6 4+ SN H"(2"), where 6 is a constant and H"(-) only depends on 2"
forn =1,--- ,N. This approximation scheme is probably motivated by the additive
form of Lagrangian function.

Note that each H"(+) is a mapping from X™ to R determined by |X"| values, which
implies that H(x) can be represented with 1 + """ | |X"| variables. To determine
appropriate parameter values, we are seeking a best feasible and additively separable

solution from the following linear program (with variables § and {H™(-)}"_,):

H" (v) & mln «9+Z Z Uy ( z") (94)

{0,H" (-
n=1 z"ec X,

N
s.t. 9(1 —,3) +Z ZRH :)307CL0 +/BZ Z |x87a3)Hn(Ig)v
n=1 n=1

n=1 zfexXy

for all xo € X and ag € A(xy),

where v, (2") is the marginal distributions of " derive from a probability distribution
v(-) on X. This linear programming has 32" |X,| variables and can have as many
as Hﬁ:}:l(zxne% |A,(z")|) constraints. We denote by {6*, HLP"(:), n = 1,--- N}

the optimal solution to (94), and define

HLP L 8* ZHLP”
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The following lemma shows that the bound derived by the ALP method is tighter

than the Lagrangian bound, the proof of which can be found in [1].

Lemma 6. (a). Let {\, H*"(-), n=1,--- ,N} be a feasible solution to the linear
program (16). Then {%,H"’”('), n=1,--- N} is also in the feasible region
of the linear program (94), i.e., J* € D* (see the definition of D* in Theorem
3(b)).

(b). H-P(v) < J*v) for any X € RE and probability distribution v.
(c). H*Y € D*, and V(x) < HP(x) for all x € X (regardless of the distribution v).

A.2 Complements to Section 3.2
A.2.1 A formal definition of 7

In this subsection we discuss the augmentation of the probability space (€2, F, P)
associated with the original problem (11) due to the introduction of the random time
7. We can assume that the random variable 7 is associated with another probability
space (Q, G, ﬁ’), where 7 : Q — N, G is the o-algebra generated by 7 (i.e., o(7)), and
Plr=t)=(1—=p8)p fort =0,1,2,---.

The probability space (2, F, P) is then augmented to (Q x Q, F ® o(7), P), where
F ® o(7) is the product o-algebra of F and o(7), and P is the product measure of P
and P, ie., P(A x [t,00)) = P(A) x P(r > t) = P(A) x ' with A € F. We clarify
this (straightforward) augmentation is because we can use the pair (w,7) to denote
the uncertainty in Eq[-] in (21) without confusion, though we use P to denote P to

save notations.

A.2.2 max,cz{/y(a,w,7)} has finite mean and variance

Let Z(w,7) = max,cz{Iu(a,w,7)}. Then LH(x¢) = H(xo) + Eo[Z(w,7)]. Since R

and H are both bounded, we can assume for all (x;,a;) € X x A, t=0,1,2,---,

IR (x¢, ;) + BE[H (x¢11) [x¢, ] — H(x)| < C
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for some C' > 0. Therefore, |Z(w, )| < (7 + 1)C for any w € €2, which implies

IEo[Z(w, 7)]| < Eo[E[|Z(w,7)||7]] Z BB (r+1)C = 1(_Jﬁ<oo, (95)

and Var[Z(w, 7)|7] < E[Z?(w, 7)|7] < (7 + 1)2C?. The inequality (95) indicates that
Z(w, 7) has finite mean.

We note that Var|Z(w, 7)] = E[Var[Z(w, 7)|7]] + Var[E[Z(w, 7)|7]].

It can be seen that E[Var[Z(w, 7)|7]] < 327 ,(1-8)87(74+1)*C? = 1+£2 C? < oo,

and
Var([E[Z(w, 7)|7]] <E[(E[Z(w,7)|7])’] < E[(T +1)*C?]

N 818 12t - LB

C? <
Hence, we conclude that Z(w, 7) has finite variance.

A.3 Whether Information Relaxation Can Improve the La-
grangian Bound
We consider the restless bandit-like problem with N = 1 as proposed in Section 3.3
of [1]: the state space contains three states, i.e., X = {0, 1,2}, and for each state
x € X the control space is A(x) = {0,1}. The corresponding reward R(x, a), weight
B(x,a), and transition probability P(x;;1|xs,a;) are listed in Table 12, in which
[ > 0 and ¢ > 1 are positive constants. Note that states “1” and “2” are absorbing
states regardless of the control applied, however, the state “0” may transit to either

“1” or “2” depending on the control chosen. The linking constraint is B(x,a) < 1.

Therefore, A(0) = A(2) = {0,1} and A(1) = {0}.

Remark 5. In Table 1 of [1], D(2,0) = € > 0. For simplicity we set € = 0, and the

results therein are still true.

The exact value function (11) is V(0) = l‘iﬁﬁ, V(1) =0, and V(2) =

*

optimal stationary policy is & = (a*, a*, - - -), where o*(0) = a*(1) = 0 and a*(2) = 1.
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Table 12: One-subproblem with b =1 and 8 € (%, 1)

State | Control Reward Weight Transition
0 0 R(0,0) =0 B(0,0) =0 | P(2]0,0) =1
0 1 R(0,1)=0 B(0,1)=0| P(1]0,1) =1
1 0 R(1,0)=0 B(1,0) =0 | P(1]1,0) =
1 1 R(1,0) =c(2+1) | B(1,1) =2 | P(1]1,1) =
2 0 R(2,0)=0 B(2,0) =0 | P(2]2,0) =1
2 1 R(2,1)=c¢ B(2,1)=0| P(2]2,1) =1

The Lagrangian relaxation yields J*(x) = ﬁ—FH)‘(X) for x = 0, 1,2, where H*(-)

are the solution to (15). According to [1], the optimal Lagrangian multiplier is

* . A _
A= argr/{lzlglﬂ (v) =c+cl/2,

which implies H*"(0) = 0, H (1) = 0, and H* (2) = 0. Therefore,

X N
PO =25 ) =12 ad V(@) =15

Note that J* () are unbounded on X as [ — oo, though the exact values V() are

constant with respect to [.

By applying the information relaxation approach with H = J*,

Note that J* (xg) — (R(x0,a0) + BE[J* (x1)[X0,a]) > \* — ¢ for all xo = 1,2,3

C

and ag € A(xg). According to Theorem 5(c), J* (x) — LJ (x) > 2=¢, which implies
<15

1-p
LI (x)

for x = 1,2,3. This bound remains constant with respect to [ and it

has already been tight as an upper bound on V/(2).
We can show that the exact computation of the information relaxation bound also

leads to a tight upper bound on V(0). Starting at xg = 0 and for each 7' € N and
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w € €,

T
max {Z (Ro(x¢, ar) + BE[I (x¢41) %, a¢) — TV (Xt))}

acA(T) =0

— maX{R(O, 0) 4+ BE[J (x1)[0,0] — J*"(0)
T

+ max {R(Xn a;) + BE[J (xp11)|x¢, ] — JV (Xt)} ;
—1 ar€A(x¢t)

R(0,1) + BE[J* (21)|0,1] — J* (0)
T

+ Z max {R(x,a4) + BE[J (x441)|%s, 4] — JV (xt)}}
=1 ar€A(x¢)
T
- maX{R(0,0) FBIN(2) = IV (0)+ S max {R(Q,at) —(1- B)J’\*(2)} ,
Pt a;cA(2)
T
A* A% A*
RO 4577 (0) = 0)+ 3 mas {RL20 ~(1-3907 (1)) }
At At A A
:max{O—i—ﬁl_ﬁ— l_ﬁ—l—(c—)\*)T, 0—1—61_5— 1_5+(0—)\*)T}
=N+ (c—= )T,

where the first equality holds since staring at xq = 0, the control ay = 0 leads
to x; = 2 (respectively, ag = 1 leads to x; = 1) with probability 1, and hence
determine all the subsequent states x5, x3, ---, since x = 1 and 2 are absorbing
states. Consequently, the deterministic dynamic program with time horizon 7' can be
decomposed as the summation of T sub-problems. The last equality holds as the first

term dominates the second, meaning that ap = 0 and a; = 1 for £ > 1 is the solution

to the inner optimization problem for all the scenarios w € €. Since J* (0) = 1’\; 5
then
LIN(0) = - A_*ﬁ + Eo[—A" + (¢ = A")7]
A* cf

1_6 +§(1_ﬁ)57-[_)\*+(0—)\*)7'] = 1—ﬁ'

Hence, £LJ* (0) = V(0).
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A.4 Proof of Theorem 9

To prove Theorem 5, we use the result of Lagrangian duality gap on deterministic

separable problem. Consider a separable problem
N
n( . n 7 96
mex Ie) o
where A= {a £ (a!,--- ,a") € Al x - x AV] YL h"(a") < q} with q € RE.

We then define the Lagrangian dual of (96):

min d(x) £ 3 max {f"(a") — "0 (a")} + " q

n=>0

Lemma 7 (Proposition 5.26 in [8]). Suppose the following assumptions hold.
Assumption 1: A 0.
Assumption 2: for eachn =1,--- N, {a", h"(a"), f*(a™)|a™ € A"} is compact.

Assumption 3: for each n = 1,--- | N, given any vector a™ € conv(A™), there

exists a” € A™ such that
R (a™) < (cl h™)(a").

Then

N
X o (") <
mind(x) Iggzlf (") < (L4 1) max pn,

where pr, = SUPgneconp(an) {fn(an) — (5[ fn)(an)}.

The proof of Theorem 5 uses the following lemma, which is a corollary of Lemma

7.

Lemma 8. Suppose that H is of the additively separable form H(x) = 0+3~_ H™(z"),

and Assumptions 1-3 in Section 3.2 hold for w € Q2 and T € N. Then

min max Iy(a,w,T;u) — max Igy(a,w,T) < (1+ L(T+ 1)) max ~",
r20 ac A(T) H( IJJ) ac A(T) H< ) ( ( >)n:1,---,N,y
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where

A = sup {TI’Z(&“,Q},T; 0) — (cl I} )(@",w, T; O)} ,
)

a"econv(A™(T)

cl It is the convex closure of Iy, and f}z s defined as

T}?I:(an,w,T;O) inf {I”n a",w,T;0)|Br(a",w) < (cl BY)(a",w), t=0,--- T}

aneAN(T
Remark 6. Note that j@;(&”,w, T;0) is well-defined according to Assumption 7?7 in

Section 77.

Proof. Lemma 8 directly follows from Lemma 7 by setting f* = I, h" = (Bg,--- ,B7),
q=(b,---,b) € Rl with L = L x (T + 1), and the decision variable a” = a" €
A™M(T). O

A.4.1 Proof of Theorem 9

According to Lemma 8, we have for fixed w € Q and 7 =T,

min max lg(a,w,T;u) — max Ig(a,w,T 1+ L(T+1)) ma "
min max H( 1) ax #( ) < ( ( ) Imax oy

where

"< sup {Ig.(a",w,T;0)} — inf {[”n(a ,w,T30)}

aneAn(r) aneAn(r

ST+1)  sup  {R(afad) + FELH) |l ] — HP(a))
xFEX™ ap €A™ ()

—(T+1) inf {R" (x5, ag) + BE[H" (x7)]g, ag] — H"(x5)}

zPEX™ al €A™ (2]

=T+ 1)r",

where the first inequality is due to the definitions of f}\g and cl If,., and the second
inequality holds independent of w. It is straightforward to see
L°H(x)— LH(z)=E {mln max {IH(a w,T; )} — max {Iy(a,w 7')}]
1>0 acA(r) ac A(r)

<E {E [(1 + L(t+1))(t+1) Jax, r"
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Then we can obtain (35), since

E {]E {(1 +L(r+1))(7+1) max I™

n=1,-,N

TH = max T"-E[(1+L(r+1))(r +1)]

n=1,
(L-1)8+L+1 .
T =

A.5 Finite horizon case

In this section we consider the finite-horizon weakly coupled dynamic program, which

is the same as infinite-horizon case except that
1. The time is indexed by t =0,--- ,T.
2. The transition probability can be time-varying.

3. The linking constraint can be time-varying, and the feasible control set at time

tis

N
Aq) ={a=(af, a)) € Ai(xe) : Bilxpa) £ Bi(a},af) < by},

n=1

where each b, € R fort =0,--- ,T.

4. The intermediate rewards denoted by R(xt,a;) = 27]1\[:1 R} (x},a}) can also be

time-varying.

The objective of the decision maker is to maximize the expected rewards given

Xg € X,
Up(x0) = max Upy(xo; ), (97)
aEA]F(T)
where
T
Up(xp;a) = E ZRt(Xtaat) Xo] ;
t=0
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and Ag(T) is the set of non-anticipative policies a that selects a, € A;(x;) for each

t=0,1,---,T. Then Uy can be solved via the dynamic programming;:

UT+1(XT+1) = 0;

Ui(x;) = max {Ry(xs,a;) + E[Up1(xep1) X, a] } -

ar€A (x¢)

A.5.1 Lagrangian Relaxation

Let Ap(T) = {a € A(T)| « is non-anticipative}. By dualizing the linking constraint
with Lagrangian multipliers X = (Ao, -+, Ap) > 0 with each A, € R%, we define for

XoEX,

JMx0) & max J(xo;a), (98)

QGA]F(T)
XO] )

and Ap(T) is the set of non-anticipative policies « that selects a; € A;(x;) for each

where

T
J(?‘(XO; Oé) = E Z Rt(Xt, at) + A;r [bt — Bt(Xt, at)]
t=0

t=0,---,T. Then J can be solved via the dynamic programming equations:

I3 (Xri1) = 0;

JA(x) = max {Ri(xpa;) + A [by — By(xe, ar)] + E[JM(Xe1) [xe, &)} . (99)

ar€AL(x¢)

Similar to the infinite-horizon case, the solution to (98) can be solved by decom-

posing (99) into N dynamic programs of lower dimensions:

] ZATbtJrZ HM (2],

T
Rxiia) = YA bR
t=0

T
ZRt<Xtaat) )\ Bt Xt;at
t=0

where

A,
HT-fl ($%+1) =0,

HM(@p) = max Rl ap) = N By (e, af) + BN (@ )let a;] |

ay €AY (x7')
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A.5.2 Information Relaxation

We define the space of a sequence of functions H = (Hy,--- , Hp41):
Dr 2 {H = (Hy, -+ ,Hr)|H; : X = Rfort=0,--- , T+ 1,and Hr1(-) = 0}.
Given H € Dr, we define

ETH(XO) éEO

max {Z Rt (%4, a¢) + E[Hypr (%e41) %, @) — Ht+1(Xt+1))}]

acA(T) ;

=H, E I T
o)+ Bo | {Tn(a. 7))

A
where we redefine a = (ap, -+ ,ar), and

T
a w, T é Z Rt Xt,at +]E[Ht+1<xt+1)lxt,at] Ht(xt))
t=0

Practical Information Relaxation Bound We further assume for each ¢t =

0,---,7T, the function H; is of the additively separable form

N
Hy(x;) = 0; + Z Hy'(zy),

n=1
where 6, € R and H' : X" — R. The space of additively separable functions is

denoted by

D 2 {H = (Hy,--- , Hry1) € Dr| H, is additively separable for t = 0,--- , T,

and Hpq(+) = 0}.

Let g = (pg, -+, p,) with p, € RY. We define the operator L3 on D5

pn>0 ac A(T)

E%H(Xo) éEO |:Hlln max {Z Rt Xt, at + Ly (bt - Bt<Xt, at))

+ E[Hp1 (Xe41) X, &) = Hepa(Xe41)) }} (100)

—Ho(x0) + Eo {mln max {I(a,w, T u)}]

u>0 ac A(T
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where

T
Iy(a,w, T;p) = Z (Ri(x1, a0)+p) (by—By(xp, a0))+E[Hy g1 (Xe41) X1, &) — Hy(X141)).

t=0
We list the analogous results of Theorem 1, Theorem 2, Theorem 4, and Theorem

5 for finite horizon problem in Theorem 6. Proofs are similar and hence are omitted

here.

Theorem 17. (a) (Weak Duality) For any H € Dy, Vo(ay) < LrH(xp) for all
TH € X.

(b) (Tighter Bound) For any H € D, where

Dy £ {H € Dr: Ri(w, a;) + BE[Hy 1 (T11) |2, ar) < Hy(7;)

for all oy € X and a, € A(w,), t =0,--- T},

then maxqe gry{lu(a,w,T)} < 0 for every w € Q; consequently, Vo(a) <

LpH(zy) < Ho(xo) for all 7 € X.
(¢) (Strong Duality) Vo(xg) = L7V (xo) for all &y € X, where V = (Vy, -+, Vp).

(d) (Comparing Lagrangian Bound) For all @y € X, Vo(xo) < Lo (x0) < JM 1),
where J» = (J3, -+, J3).

e) (Relaxed Inner Optimization Problem) Suppose that H € D3, i.e., Hy(x) =
T
9t+ZnN:1 H}(x}), ming>o maxecacry La(a,w, T; ) <0 for every w € Q2. Con-

sequently, LrJ>*(xy) < LT xo) < JM o) for all 2y € X.

(f) (Duality Gap) Suppose that H € D%, i.e., Hy(x) = 6, + S0 HMaP), and

Assumptions 1-8 in Section 3.2 hold for every w € 2. Then for all ¢y € X,

T
CiH(m) = LrH(a) < (14 LT+ 1) max SOT3 (101
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where

Iy = sup {R" (2}, a}) + BE[H" (2,,) |2}, af] — H"(2}) }

ZPEXT al €A™ (a1

- I VT (@ a) + PR (2t af] = H™ ()}

zpeXn ap e A" (z}
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APPENDIX B

CONTROLLED MARKOV DIFFUSION

In this appendix we aim to develop the value function-based penalty as a solution to
the dual problem on the right side of (47), which can be viewed as the counterpart
of (5) in the setting of controlled Markov diffusions. For this purpose we need to
define a solution to the stochastic differential equation(SDE) (41) with an anticipative
control u € U(0). Therefore, we introduce the Stratonovich calculus and anticipating
stochastic differential equation in Appendix B.1, and present the value function-
based optimal penalty in Appendix B.2. We also review the dual representation of

the optimal stopping problem under the diffusion process in Appendix B.3.

B.1 Anticipating Stochastic Differential Equation

There are several ways to integrate stochastic processes that are not adapted to
Brownian motions such as Skorohod and (generalized) Stratonovich integrals (see, e.g,
(67, 68]). In this subsection we present the Stratonovich integral and its associated Ito
formula. Then we generalize the controlled diffusion (41) to the Stratonovich sense
following [28].

We first assume that w = (w;)icp,7] is a one-dimensional Brownian Motion in the
probability space (2, F,P). We denote by I an arbitrary partition of the interval
[0,7] of the form [ ={0 =ty <t; <---<t, =T}

Definition 2. (Definition 3.1.1 in [67]) We say that a measurable process y =

(Ye)reo,r) such that fOT lys|dt < 0o a.s. is Stratonovich integrable if the family

T n—1
I Wt+1 — Wy,
$' = [ S 0
i=0 !
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converges in probability as supgc;<, (tiy1 —t;) — 0, and in this case the limit will

be denoted by fOT Yy 0 dwy.

Remark 7. We can translate an Ito integral to a Stratonovich integral. If y =

(yt)te[o’ﬂ is a continuous semimartingale of the form

t t
Yt :y0+/ Usd5+/ Csdw&
0 0

where (V¢)eo,r) and (C¢)ieo.r) are adapted processes taking value in R™ and R™™ such
that
fOT | vs || ds < oo and fOT | ¢ ||? ds < oo a.s.. Then y is Stratonovich integrable on

any interval [0,t], and

t t t 1 t
[wodui= [Cwdwir owh= [gedws s [aas a0
0 0 0 2 0

where (y,w), denotes the joint quadrature variation of the semimartingale y and the
Brownian motion w. Definition 2 and the equality (102) can be naturally extended to

the vector case.

Then we present the Ito formula for Stratonovich integral in Proposition 4 (see,

e.g., Section 3.2.3 of [67]).

Proposition 4 (Theorem 3.2.6 in [67]). Let w = (w/, -+ ,w}")seo,r] be an m-dimensional
Brownian motion. Suppose that yo € D2, v, € LY, and (' € I[‘,ifl, i=1,---,m.

Consider a process Yy = (Y¢)icjo,r of the form

t m t
yt_y0+/ Usds+2/ Clodwi, 0<t<T.
0 i=1 70

Assume that (yt)o<i<r has continuous paths. Let F': R™ — R be a twice continu-

ously differentiable function. Then we have

F(y:) = F(yo) +/O F (ys)vsds + Z/O [Fy(ys) "¢ odwi, 0<t<T, (103)
=1

where Fy(-) denotes the gradient of F' w.r.t. y.
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Proposition 4 basically says that the Stratonovich integral obeys the ordinary
chain rule.

Based on the definition of Stratonovich integral and Remark 7, we generalize the
SDE (41) to the Stratonovich sense (referred to as S-SDE) assuming that b is bounded

and C' in (x,u); o is bounded and C? in x. Then (41) is equivalent to

t m t
T =+ / b(t, xy, u,)dt + Z/ o'(t,x;) odw!, 0<t<T, (104)
0 — Jo

where o% : [0,T] x R® — R" is the i-th column of o, i = 1,--- ,m, and b(t,z,u) =
b(t,z,u) — 237, aiai(t,x) Here o is the (k,i)-th entry of o, and ofc’ denotes
an n X 1 vector with Z o7 90" ji being its k-th entry. Since the stochastic integral
in (104) is in the Stratonovich sense, S-SDE (104) adopts its solution in the space
of B([0,T]) x F-measurable processes, which may not be adapted to the filtration
generated by the Brownian motion. Therefore, we are allowed to consider anticipative
policies u € U(0) in (104).

Finally, we need to ensure the existence of a solution to S-SDE (104) if the control
strategy u € U(0) is anticipative. Following [28],[68], we have a representation of

such a solution using the decomposition technique:

= &), (105)

where {&(2)}+ejo,r] denotes the stochastic flow defined by the adapted equation:

dé, = Z o'(t, &) o dul,

= - Zo— (t,&)dt + o(t,&)dw, & =z, (106)
and (1)¢ejo,r] solves an ordinary differential equation:
d AN
T (5) mhesm, n=r (107)

%

where denotes the n x n Jacobian matrix of & with respect to z. Under some

technical conditions (see Section 1 of [28]), the solution (105) is defined almost surely:
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observe that & does not depend on the control u,, i.e., it is the solution to a regular
SDE in the Ito sense; 7; is not defined by a stochastic integral so it is the solution
to an ordinary differential equation parameterized by w (note that % is well-defined
a.s. for (t,x) € [0,7] x R", because &(x) is flow of diffeomorphisms a.s..). Hence,
xr = &(n) is well-defined regardless of the adaptiveness of u = (u;)o<t<r. To check
that x; = &(n;) satisfies (104), we need to employ a generalized Ito formula of (103)

for Stratonovich integral (see Theorem 4.1 in [68]).

B.2 Value Function-Based Penalty

The tools we have introduced in the last subsection, especially the Ito formula for
Stratonovich integral, enable us to show the value function-based optimal penalty for

the controlled Markov diffusions that developed in Theorem 14.

Proof. [Proof of Theorem 14] Suppose u € Up(0) and let y, = V. (¢, 7)o (¢, 2;) in

Remark 7 for i = 1,--- ,m. We can immediately obtain

T
hy(a, w) Z/ T(t,z)o (t, zy) dw' = / V. (t,z)o(t, 2,) dw,.
0

Note that V, and o both satisfy a polynomial growth, since V (¢, z) € C*3(Q)NC,(Q).

Then we have

T
EOx |:H / V;;T@,%t)(f(t,xt) H2 dt‘| < 00,
0

and therefore, Eg ,[h}(u,w)] = 0 when u € Up(0). Hence, hl(u,w) € Mg(0). We

then show the strong duality

V(07 [L’) = ]EO,;L’

sup){A(mT)—I—/OTg(t,xt,ut)dt—hz(u,w)}]. (108)

ucld(0

According to the weak duality (i.e., Proposition 1),

V(Oa x) S Eo,m

sup {A(xT) + /OT g(t, x, up)dt — h:(u,w)}] : (109)

uel{(0)
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Next we prove the reverse inequality. Note that with xy = =z,
T
A(zp) + / g(t, xe, ug)dt — b (u, w)
0
T —
= V(0,2) —l—/ Vit ) + V| (¢, 20)b(t, 24, ue) ] dt
0
+ Z/ [VzT(t, x)o'(t, a:t)} o dwy — hy(u, w)
i=1 70

T
—V(0,2) + / (gt 20, ug) + A™V(t,2,)] dt,
0

where the first equality is obtained by applying Ito formula for Stratonovich integral
(i.e., Proposition 4) on V (¢, z) with V(T,zr) = A(xr):

V(T,z7) = V(0,0) + / ' [Vi(t, ze) + V.7 (&, 20)b(t, 20, )] dt

m T
+ Z/ [VacT(t, Z't)Ui(t, xt)} o) dwz,
i=1 70

Since we assume the value function satisfies all the assumptions in Theorem 11(b),

there exists an optimal control u* = (u})cp,r) With uj = u*(¢,z,) and it satisfies
gtz u(t,x)) + AV IV (¢ 2) = max {9(t,z,u) + A"V (t,z)} =0,
uc
then we have

T
sup {A(xT) + [ g(t, e, up)dt — b (u, W)}

ueu(0) 0
T
= sup { )+ [ (t, ¢, uy) + AV (2, xt)}dt}
uel{(0)
<V(0,z) sup {g (t,ze,u) + A“V(t,mt)}dt (110)
ueU

=V(0,z) + /0 [g(t, xiul) + AMV(t, xf)} dt
—V(0, 2). (111)

Taking the conditional expectation on both sides, we have

V(O, JI) Z EO,m

sup {A(xT)Jr /0 ' g(t,xt,ut)dt—hZ(u,w)}].

uel{(0)
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Together with the weak duality (109) , we reach the equality (108).

Due to the fact of the equality (108) (that is in expectation sense) and the pathwise
inequality (111), we find that the only inequality (110) should be an equality in almost
sure sense. So the equality (51) holds in almost sure sense. To achieve the equality
in (110), the optimal control u* should be applied, which implies the equality (52).

[

B.3 Optimal Stopping under Diffusion Processes and Its
Dual Representation

References [7, 91] use the martingale duality approach to compute upper bounds on
the prices of American options, which is a typical optimal stopping problem. By
viewing the martingale-based dual approach as a case of the perfect information
relaxation, [7, 91] both explored the structure of the “optimal penalty” to the dual
of the optimal stopping problem under the diffusion process. We briefly review these
results that parallel Theorem 14 for controlled diffusions.

Suppose an uncontrolled diffusion (x;).cp ) follows the SDE
dxy = b(t, x)dt + o(t,xy)dw,, 0<t<T.

We still use F to denote the natural filtration generated by the Brownian motion

(w¢)teo,r)- The primal representation of the optimal stopping problem is

V(t,z) = sup B [g(7,27)] (112)

7Tt
where ¢ : Q — R is a reward function, and J; is the set of F-stopping times taking
value in [¢, T]. Suppose that V (¢, z) is uniformly bounded and is sufficiently smooth to

apply Ito formula, we have the following dual representation of the optimal stopping

problem.

Proposition 5 (Theorem 1 and Theorem 2 in [91] ). Let Hp represent the space of

129



F-martingales {hi}ieor) with ho = 0 and sup;ep 71 E[|h:|] < 0o. Then

V(0,x) = min Eo.. Lrerﬁ%i]{g(t,xt) —hi} |, (113)

In particular, the optimal martingale {h; }icpo,r) that achieves the minimum in (113)
1s of the form

t
h::/ %(s,xs)Ta(s,xS)dws. (114)
0

Noting that the maximization problem inside the expectation term (113) is the
“inner optimization problem” in the dual representation of the optimal stopping prob-
lem, since the only control in the primal (112) is to choose “continue” or “stop” the
process. The strong duality result (113) holds for general Markov processes, which
relies on the the Doob-Meyer decomposition of the process {V (¢, z¢) }scpo,1); however,
the form of the optimal martingale (or penalty) h* in (114) is true only under the
diffusion process. The form of h* exposes its connection with the value function-based

penalty presented in Theorem 14.
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