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Abstract

We consider a controlled queueing system of the G/M/n/B + GI type, with many
servers and impatient customers. The queue-capacity B is the control process. Cus-
tomers who arrive to a full queue are blocked and customers who wait too long in
the queue abandon. We study the tradeoff between blocking and abandonment, with
cost accumulated over a random, finite time-horizon, which yields a queueing control
problem (QCP).

In the many-server Quality and Efficiency-Driven (QED) regime, we formulate and
solve a diffusion control problem (DCP) that is associated with our QCP. The DCP so-
lution is then used to construct asymptotically optimal controls (of the threshold type)
for QCP. A natural motivation for our QCP is telephone call centers, hence the QED
regime is natural as well. QCP then captures the tradeoff between busy signals and
customer abandonment, and our solution specifies an asymptotically optimal number
of trunk-lines.
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1 Introduction

We consider a queueing system with a single customer class and a fixed number of inde-
pendent but statistically identical servers. The customers leave the system after com-
pleting their service. They are served according to a “First-Come-First-Serve” (FCFS)
discipline. When all the servers are busy catering to customers, incoming new cus-
tomers form a queue. The queue capacity is a system manager’s choice, with infinite
capacity also allowed. The system manager can choose the queue capacity to be a
non-negative integer-valued, time-dependent random variable, which may depend on
past history as well as current state of the system. Incoming customers are blocked
(rejected) if arriving when the queue is full at capacity. Once in queue, they aban-
don if their patience expires, which happens after random times, iid across customers.
(The system manager must remove waiting customers from the queue, at times when
queue capacity is reduced below current queue-length. In such a situation, there is an
associated cost, which is proportional to the number of removed customers.)

In our Queueing Control Problem (QCP), the only control available to the system
manager is the queue-capacity. This capacity can depend on past history subject
to some constraints. It is also possible to view our QCP as an admission control
problem of a queueing system, where the manager rejects the incoming customers
when the current capacity of the system is full. The objective is to minimize a cost
functional which is trading off blocking against abandonments: the larger the queue-
capacity the less blocked customers which, in turn, leads to longer queues, hence more
waiting and thus more abandonment. In fact, we also allow revenues from completed
services, which provides an incentive against losing customers (via either blocking or
abandonment). Mathematically, however, profit maximization turns out equivalent to
cost minimization.

1.1 Motivation: Call Centers in the QED Regime

The motivation for our study is telephone call centers: being blocked amounts to
encountering a busy-signal, waiting in queue entails seizing a trunk-line (typically “lis-
tening to music”), and abandoning is hanging-up (prior to being served). In practice,
due to diminishing technological costs but also the lack of a rationalized tradeoff, call
centers opt for the option of infinite-trunking: essentially no busy-signals - namely all
customers join the queue. Our goal here is to identify the circumstances under which
such practice is optimal - it is not always so - and to quantify its losses when optimality
fails.

Operationally, call centers can be viewed as queueing systems [9]. Due to their
increasing significance in Western Economies, call centers have given rise to ample
research which has demonstrated that asymptotic queueing theory, as the number of
servers increases, is well suited for their analysis. Typically, call centers sign a long-
term lease of trunk lines with a telecommunications provider. They may not have
the freedom to change the capacity of their trunk lines too often. However, a call
center can always refuse incoming calls when there are too many customers queueing
up for service. In concert with this state of affairs, we analyze the above QCP in a
heavy-traffic many-server regime. Formally, we shall consider a sequence of queueing
models in the “Quality and Efficiency-Driven” (QED) many-server heavy-traffic regime,
which is characterized by condition (2.1) below; here, the number of servers n and the



arrival rate A, jointly increase indefinitely so that a “square-root staffing-rule” prevails:
n ~ R, + BV Ry, where R, = \,/u is the system’s offered-load; for related research,
we refer to [13, 5, 10].

The QED regime (2.1) was first formalized by Halfin and Whitt [13], who estab-
lished both steady-state and process (diffusion) limits for the GI/M/n model. In [10],
abandonments were added and [32] addressed the heavy traffic approximation for the
G/GI/n model. Massey and Wallace [27] allowed finite queueing-capacity and [19, 18]
and [29] analyzed the M/M/n/B+M queue with both blocking and abandonment. Re-
cently [6] established, for the G/G/n+GI queue, an asymptotic relationship between
the number of abandoning customers and the integral of queue length in diffusion-scale
- we use their results here. For the G/GI/n+GI queue, diffusion approximations for
both queue length and virtual waiting times were developed in [26]. Our setup for
the abandonment mechanism is adapted from [6] and [26]. Additional related work
appears in [1], [2], [5], [31] and [37]. Our mathematical framework follows [1], [2] and
[29], the latter being a very useful survey with an extensive reference list.

1.2 Related work and our contribution

In a recent article [20], Kocaga and Ward also consider an admission control problem
for the GI/M/n/B+M queue, with the blocking and customer abandonment features.
They minimize a long-run expected average cost functional, via an admission-control
policy that chooses queue capacity that depends on the total number of customers
currently in the system. When the arrivals are Poisson and the number of servers is
finite, they formulate the problem as a Markov Decision Problem(MDP), for which
an algorithm is developed to compute a threshold-type optimal policy. They derive
an approximating Diffusion Control Problem (DCP) within the Halfin-Whitt (QED)
regime, and obtain a static threshold-type optimal control policy for the DCP. Ex-
tensive numerical experiments show that the optimal threshold for the DCP and its
value function are excellent approximations for those of the MDP’s, even when the
number of servers is small, at the level of 10-20. (This accuracy has been repeatedly
confirmed, since first identified in [5]; recently, it has found mathematical grounding in
[34, 35].) In general, computations related to QCPs are numerically taxing; hence, the
application of diffusion approximations via DCPs provides a useful elegant method for
understanding optimal solutions of QCPs and their qualitative behavior.

In our model, queue capacity may depend on the current state as well as the past
history of the system. Following the formulation of the problem in [20], ours can
also be interpreted as an admission control problem, but the long-run average cost
minimization problems, such as in [20], address only steady-state performance, while
the problem addressed here depends on transient behavior of the system as well. Hence
the optimal value in [20] does not depend on the initial state and is also insensitive to
costs incurred over a short time horizon. In call center operations, faced with a time-
varying arrival rate, it is common practice to divide the day into short time periods and
use a model with a constant arrival rate in each of these short time periods. Therefore,
it is important to introduce a cost functional on each of these short time periods which is
sensitive to transient behavior and dependent on initial data. In fact, steady state costs,
such as those in [20] seem less relevant here. Motivated by this application, we model
such a time period by a random interval [0, 7] where 7 is exponentially distributed with
a parameter vy and is independent of system dynamics. We introduce a cost functional



over this random time interval [0, 7] which is equivalent to an infinite-time horizon
discounted cost functional (2.60) (see Sections 2.5 and 2.6). This cost structure is
indeed sensitive to transient behavior, as manifested by our value function being a
function of the initial state. Mathematical analysis of the corresponding second-order
HJB equation in (3.7), associated with our value function, is more challenging than
that of the long-run average cost problems. (The HJB equation for the latter problems
can be reduced to a first-order equation.) The asymptotically optimal lower bound for
the cost functional of the QCPs is the value function of the DCP, as established in
Theorems 4.1 and 4.2. Indeed, this value function depends on the initial data, as seen
in (3.26) and (3.27).

Further contributions are as follows: In our queueing model, we incorporate history
dependent queue-capacity choices. A QCP is formulated with path-dependent queue-
capacity choices to minimize an infinite-horizon discounted cost functional. Next, we
derive an approximating DCP, which is equipped with the same cost functional, within
the Halfin-Whitt (QED) regime. Admissible processes of this DCP are quite general,
and the corresponding stochastic differential equation (SDE) exhibits a non-linear drift
coefficient. We also allow path-dependent reflection barriers in this SDE. In Theorem
3.7, we obtain an explicit “threshold-type” Markovian optimal strategy for the DCP.
Then, in Theorem 4.1, we show that the value function of the DCP is an asymptotic
lower bound for the value functions of the scaled QCP’s, with general path-dependent
queue-capacity policies. These general policies may include non-threshold type path-
dependent queue-capacity policies as well. Finally, using the optimal threshold of
the DCP, we construct a sequence of constant (static) queue-capacity policies for the
scaled QCP’s and then establish their asymptotic optimality in Theorem 4.2. Since
our proposed asymptotic optimal policies are with constant queue-capacities, we need
only weak convergence results for diffusion scaled queue-lengths with constant queue-
capacities. This result was obtained in Theorem 2.2 and, in the case of Markovian
abandonment with finite queue-capacity, it is available in [29]. We also strengthen
Theorem 2.2 by establishing convergence of the cost functionals.

1.3 Survey of Results

The paper is organized as follows: We introduce our queueing model, related weak
convergence results and the cost structure in Section 2. We allow a general arrival
process (no Markovian assumptions), subject to the assumptions (2.1), (2.3) and (2.4).

Our model is of the G/M/n/B+GI type. There are n exponential servers; the queue
capacity is finite or infinite, which is time-dependent, random and at the discretion of
a system controller. (If the controller starts with infinite capacity, then it will be
kept infinite throughout.) The abandonment process is general, namely (im)patience
is assumed to be random with a distribution function F', and customers abandon only
while queueing. Motivated by profit maximization in large call centers, which involve
various cost factors in their maintenance, we seek to optimize the cost functional (2.60).

Let the number of servers n tend to infinity, with the arrival-rate and queue-capacity
scaled as in (2.1) and (2.42) respectively. Weak convergence of the relevant processes
under Markovian abandonment was already established for the systems with a constant
queue-capacity (see [29] and references therein). In particular, the total-population
process converges to a diffusion process with an upper reflection barrier when the
normalized queue-capacity converges to this barrier. Moreover, the process of blocked



customers in the n'" system converges weakly to the local-time process of the diffusion
at its reflection barrier. Here we use the recent work of [6] and generalize the weak
convergence results to allow general patience-time distributions. We also provide a
proof that the expected cost for the n'* system, when properly scaled as in (2.60),
converges to that of the limiting diffusion process.

In Section 3, we formulate the Diffusion Control Problem (DCP) arising from our
Queueing Control Problem (QCP). This turns out to be a singular control problem.
For queueing systems in conventional heavy traffic, where the arrival and service rates
both converge to the same finite value, an admission control problem that is similar to
ours is analyzed in [36]; stochastic control problems associated with admission control
and the control of service rates were addressed recently in [11] and [12]. In contrast,
our DCP has a non-linear drift coefficient and state space on (—oo, c0) while in those
articles, the state space was [0, 00) since the diffusion-scaled queue-length converges to
a non-negative diffusion process under conventional heavy-traffic regime. Non-linearity
of the drift here leads to technical difficulties in verifying the optimality of our candidate
policy.

We are able to derive a complete solution to the DCP associated with our QCP.
We solve it in Theorem 3.7, which is the first of our two main results. Specifically, we
show that when the lost profit per rejected customer is greater than or equal to the
threshold value in (3.23), the optimal control is the null process, namely there is no
blocking of customers; the corresponding state-process for the DCP is then a diffusion
on the entire real line. If, on the other hand, the lost profit per rejected customer is
less than this threshold, the optimal state-process is a reflected diffusion with an upper
reflection barrier, and the optimal control is its local-time process at this barrier. The
reflection barrier serves as the optimal scaled queue capacity for DCP. Our results also
show that the value function of DCP is a smooth convex solution of the associated
Hamilton-Jacobi-Bellman equation.

In Section 4, we obtain convergence of the expected value of the cost functional of
the n'™® system to that of the limiting diffusion. Our methods are influenced by those in
[2]. In particular, the moment condition (2.4) guarantees that our results remain valid
for general arrival processes. (For diffusion approximations of general arrival processes,
we refer to [21] and [37].) Our DCP solution then yields an asymptotically optimal
policy for the original queueing system, or QCP. This is proved in Theorems 4.1 and
4.2, which is our second set of main results. More specifically, and in complete analogy
to DCP, we show that when the lost profit per rejected customer is greater than or
equal to the threshold (3.23), having no blocked customers (no busy signals in a call
center) is an asymptotically optimal policy. Conversely, if the lost profit per rejected
customer is less than this threshold, the asymptotically optimal queue-capacity for the
n system is a finite constant, as given in (4.5).

Remark: In our model, we have not imposed any costs that arise from changing queue-
capacity, which is relevant for policies in which the latter is time-dependent. When
customers are rejected by such queue-capacity changes, it leads to additional revenue
losses (such as giving away coupons or future concessions) since they were kicked out
while waiting patiently in the queue. This, in turn, will add additional costs to the cost
funtional. But our optimal strategy for DCP, as well as the asymptotically optimal
strategies for QCPs, are associated with constant queue-capacities and, therefore, such
scenarios are avoided. Consequently, our policies still remain (asymptotically) optimal
if there were additional costs incurred each time the system controller changes the



queue-capacity.

1.4 Busy Signal or Abandonment?

Our results yield insights on the tradeoff between busy-signal and abandonment in call
centers. Indeed, the threshold pg in (3.23) can be interpreted as the discounted cost of
abandonment: it consists of the cost of waiting until abandonment plus the cost for the
abandonment itself. As expected, when busy-signal costs exceed abandonment costs,
it is optimal to have ample trunk-lines that render the busy-signal phenomenon negli-
gible. But introducing a busy signal could also be beneficial (blocking costs dominated
by abandonment costs). In this case, the queue-capacity is to be dimensioned propor-
tionally to the square-root of the number of servers n. Thus, the number of trunk-lines
to be deployed is n + zp\/n; here z, is the optimal reflection boundary obtained for
DCP in Section 3, which is characterized by (3.34) (Numerical computations of z, are
given in Section 3.4). With this dimensioning, our asymptotically optimal queueing
systems operate in the QED regime, as analyzed in [18, 27, 19, 29] for the case of
Poisson arrivals. Hence, the approximations in these references, covering operational
performance measures (extensively in [19]), can be readily employed. In particular,
the fraction of customers that encounter a busy-signal, and the fraction of those who
abandon, are both of order 1/y/n.

To gain insight into the existence of such a threshold pg, consider an M/M/n+M
queue with an infinite buffer. The waiting time for a customer who, upon arrival, faces
an “extremely long” queue is the minimum of two independent exponential random
variables, with parameters 6 (for abandonment) and v (for observation period) respec-
tively. The cost of waiting per unit time is a and the mean waiting time is ﬁ. Hence
Py = ﬁ represents the expected cost for this customer. If the rejection cost p > po,
it is reasonable to let this customer wait in the queue regardless of the queue-length
at the customer’s arrival. On the other hand, if p < pg, it is reasonable to reject the
customer by maintaining a finite queue-capacity.

In summary, our solution yields a simple, asymptotically optimal design rule for
the queueing model, which is quite easy to implement in a call center setting. The
threshold po (and the corresponding queue-capacity y/nz, when p < pg) can be easily
calculated from system parameters.

Notation.

We denote the function space of real-valued right-continuous functions with left lim-
its, defined on [0,00), by D[0,00) = D([0,00),R). Similarly, the function space of
real-valued right-continuous functions with left limits, defined on [0,77] is denoted by
D[0,T]. The function space of R* valued, right-continuous functions with left limits,
defined on [0,00) is denoted by D¥[0,T], where k > 1. These function spaces are
endowed with the standard Skorokhod J; topology. The identity function is denoted
by e, where e(t) =t for all t. The uniform norm on an interval [0, 7] for a function f
in D0, 77 is defined by

)

Ifllr = sup [£(t)
0<t<T

for any 7" > 0. Similarly, for a process X with paths in D[0, 7], the norm || X||p is
defined by || X||7 = sup |X(t)|. Throughout, we use = to denote weak convergence
0<t<T



of processes. We also follow the convention that the infimum of an empty set is infinity.
For any real number z, x* represents max{0,z} and =~ is max{0, —z}. For any two
real numbers a and b, a A b stands for min{a, b}.

2 The Queueing Control Problem (QCP)
2.1 The Stochastic Model

All our stochastic processes are defined on a complete probability space (2, §, P). We
have a sequence of queueing systems indexed by n = 1,2, - - -, where the parameter n
represents the number of servers in the n'" system. All these systems operate under the
First Come First Served (FCFS) discipline. Their service times are iid, exponentially
distributed with mean % and independent of the arrival process. Incoming customers
are impatient and they leave the system if they wait too long in the queue. This
abandonment mechanism works as follows: with each customer, there is an associated
clock. This clock rings after a random time, which has the distribution function G. If
the clock rings while the customer is waiting in the queue then the customer abandons
the system. Otherwise, the clock is ignored and the customer gets served. These clocks
are all iid and independent of the arrival and service processes, as well as the history
of the system up to that time. Such a description of abandonment is reasonable with
invisible queues, for example, those in telephone call centers.

Services and impatience do not vary with the number of servers n, but the arrival
process does. To denote the dependence on n, for the n'™ system, n will appear as a
subscript in all associated parameters and processes. Specifically, let (A,,) be a sequence
of positive real numbers which satisfies

. Ap—un
lim

n—o0 \/ﬁ

where 3 is a constant. For the n'" queueing system, we allow a general arrival process
A, with sample paths in the function space D|0,00), with A,(0) = 0, and which
satisfies assumptions (2.3) and (2.4) below. To this end, introduce the normalized
arrival process A, by

= —pb, (2.1)

A = 202,

We make two assumptions on this normalized arrival process. First, we assume that

t>0. (2.2)

An = oW1 s (23)

as n tends to infinity, where o is a positive constant and Wj is a standard Brownian
motion. Second, we also assume the following moment condition:

Elsup [A, ()] < KA1 +T™), (2.4)
[0,7]

for two positive constants K and m. Both of these constants are assumed independent
of T" and n.

It is easy to construct a renewal-type arrival process A,, that satisfies both assump-
tions (2.3) and (2.4) above. For example, let (v;) be a sequence of iid positive random



variables with E[v;] = 1 and Var(v;) = ¢ > 0. Let ()\,,) be a sequence of positive real
numbers that satisfies (2.1). Introduce the process A,, by

Ap(t) =sup{m >0: Zvj < Ant},
j=1

for t > 0. Here 22:1 v; is considered zero. Then Ay, defined according to (2.2),
satisfies (2.3) with 0? = %y, and it also satisfies (2.4). For details, we refer to Lemma
2 of [2] and [21].

Next we introduce two processes ®,, and W,,, capturing the state of the queueing
systems. Let ®,(t) be the number of customers waiting in queue at time ¢, and let
U, (t) be the number of customers being served at time t. Then, both quantities ®,,(t)
and ¥, () are non-negative; since n represents the number of servers in the n'® system,
it follows that

0< U, (t) <n, (2.5)

for all t > 0. It is also convenient to assume that the initial values ®,,(0) and ¥, (0)
are deterministic. Let @, (t) be the total number of customers in the n'" system at
time ¢t. Then clearly

Qn(t) = (I)n(t) + \I’n(t) ) (2'6)

for all ¢ > 0. Here @Q,,(0) represents the number of customers in the n'® system at time
zero; we assume that their patience is infinite and they will not abandon the system.
Such an assumption is not restrictive, as explained by Lemma 1, in Section 2 of [26].
We also postulate that, in the presence of queueing customers, all the servers must be
busy (“work-conservation”). Hence the identities

D, (t) = (Qu(t) =)™ and () =n — (Qu(t) —n)” = Qn(t) An

must hold, for all ¢ > 0. Recall that the service times of customers were taken to

be exponentially distributed with mean %, where 1 is a given constant. To represent

the service completions during the interval [0,¢] for the n'® system, we begin with

a unit-intensity Poisson process {S,(t) : t > 0}. We assume that the process S, is
independent of the arrival process A,,. Then the number of service completions by all
the servers during [0, ¢] is represented by S, (u fg U, (s)ds).

As indicated, customers abandon the queue according to the patience-time distri-
bution G. To represent abandoning customers in our model, we let G,,(t) denote the
number of customers who have abandoned the system during [0,¢]. Since the initial
customers have infinite patience, they will not make any contribution to the process
G,,. For the i** arrival, let ti' represent the arrival time, v}' represent the service time
and d} represent the patience-time of the customer. We assume that the sequences
(1), (vf) and (d}') are independent of each other, (v]') is iid with exp(u) and the
sequence (d') also iid with the probability distribution function G. Each abandoning
customer reduces profit margins, as explained later in this section. We assume that
the distribution function G satisfies G(0) = 0, and it is right-differentiable at zero with
a positive right derivative

o— tim C@
z—0+ T

< 00. (2.7)



Similar assumptions were made in the recent works of [6] and [26], which analyze many-
server queueing systems with general patience-time distributions.

We allow the system manager to choose a queue-capacity for the n*® system. When
the queue is full, incoming customers will be rejected. Each rejected customer incurs
a loss in profits. For the n'® system, a non-negative integer-valued stochastic process
my(+) represents the process of controlled queue capacity. One is also allowed to assign
the value my,(t) = oo, for all t > 0, which corresponds to infinite queue-capacity; in
this case, no customers are ever rejected. This queue-capacity process m,, is the only
control at the disposal of the manager of the n'* system. The choice of a large queue-
capacity reduces blocking of customers and increases profit margins. But, at the same
time, such a large capacity is likely to give rise to long queues, which will increase the
number of abandonments from the system, leading to a loss of income. This tradeoff,
between blocking and abandonment, naturally gives rise to a cost minimization, or a
profit maximization problem, which is the underlying theme of our paper.

We impose the following constraints on the controlled queue-capacity process m,.
It has piecewise constant paths that are right-continuous with left limits (RCLL). At
any time ¢, the random variable m,(t) can be infinite or it may take non-negative
integer values. Furthermore, the control m,(t) is allowed to depend on the current
state, as well as the whole history of the system up to time ¢. Therefore, we assume
that the process my, is adapted to the information filtration (F, +)+>0, given below in
(2.13). In addition, the process m,, adheres to the following conditions:

(i) For each n, m,(0) is a non-negative, non-random quantity, which (2.8)
can be finite or +o0. ’
(ii) If my(0) = 400, then my,(t) = +oo for all ¢ > 0. (2.9)

(iii) If m,(0) < oo, then my(t) < oo, for all ¢ > 0, and it satisfies
the following growth condition: there exists dy > 0 such that, for all
0 <<,

E[ sup [mu(t) —mn(s)|] < vnp(T)[p(d) + f(n)],
[t=sl<d (2.10)

where the supremum is taken over all s,¢ € [0, 7] such that |[t—s| < 6.

Here p(+) is a positive polynomial function; p is a positive, bounded

continuous function defined on [0, c0), which satisfies lirr(l] p(r) = 0;
r—

the function f is non-negative and satisfies lim f(n) = 0.
n—oo

The above conditions will be mainly used in Section 4 to obtain a convergent subse-
quence of the normalized queue-capacity process % in the function space D[0, o).
Loosely speaking, the above conditions impose a change of queue-capacity that at any
time ¢ will be at most of order \/n. Consequently, we do not allow infinite changes of
queue-capacity. In the case where the controlled queue-capacity m,, is restricted to be
a deterministic time-dependent function, all our results prevail with (2.10) replaced by

the following weaker assumption:

mn(t) — min(s)] < Vnp(T)[p(|t = s|) + f(n)] -

Note that assumptions on the control allow constant m, policies. At a jump point
of my, say t = tg, if ®,(to—) > my(tp) then a number of customers that equals

9



[®,,(to—)—mn(to)] are to be removed from the queue; this is in order to reach the queue-
length of ®,,(t9) = mn(to). Such a removal incurs a blocking cost that is proportional
to [®,,(to—) — mn(to)]T. (Our cost structure is formalized later.)

Using the above description, we obtain the following equation for the total customer
population @,, in the system (see Theorem 2.6 of [4], also the discussion in Section 7.3
and equation (114) of [29]):

Qult) = Qu(0) + 400~ 52 [ Wa(s)ds) — Cult) —Un(t) . (211)

where

Un(t)Z/O LiQu(s)=ntma()(8)dAn(s) + D [Quls—) = (n+ma(s)]T.  (2.12)

0<s<t

Gy (t) is the number of customers that abandon the queue during [0,¢] and U,(t)
represents the cumulative number of customers blocked or removed by the system
manager during [0,¢]. When the queue is full, new arrivals are blocked and the total
number of such blocked customers during [0, ] is represented by the integral term of
(2.12). Furthermore, at a jump point s of the queue-capacity process, the manager
changes the queue-capacity from my,(s—) to my(s); if n + m,(s) < Qn(s—) < n +
my(s—) holds, then a number of customers that equals the quantity [Q,(s—) — (n +
mp(s))]T will be removed from the queue. The last term of (2.12) represents the
number of such removed customers during [0,¢]. Hence, if the queue-capacity is a
constant, then the last term of (2.12) vanishes.

The Skorokhod mapping on the interval [0,n + my,(-)] (see the next subsection,
as well as Theorem 2.6 of [4]), guarantees that U, is the unique non-decreasing non-
negative process that enforces the constraint @, (t) < n+ my(t), at all ¢ > 0 (see also
29)).

For each n fixed, let us introduce the filtration F,, = {F,,+ : t > 0} by

S
For = o(Ans), Sn(,u,/ U (r)dr), Go(s), u(s), Un(s) 0 < s <), (213)

0
completed by all the null sets. This o—algebra represents all the information available
to the system manager at time t. Furthermore, the reflection mapping defined on

[0,n + m,,] guarantees that the processes @, and U, are adapted to the filtration F;
for details, see Theorem 7.4 of [29].

2.2 Basic Estimates.

Consider the fluid-scaled arrival process A,, defined by
An(t) ) (214)

for all ¢ > 0. By (2.1), it is evident that li_)m )‘7" = u > 0. Hence, for any 7' > 0, by
n—oo

(2.1) we have

||A, — pe|lr =0 in probability, (2.15)

lim
n—oo

10



where e(t) =t is the identity function. Moreover, by (2.4), we can also obtain
lim E[||A, — ue|%] = 0. (2.16)
n—oo

Introduce the normalized state process X, normalized abandonment process G, and
the associated non-decreasing process V,, by

X, (t) = %(\%” : (2.17)
Gn(t) = G\’;g) , (2.18)

and
Val(t) = Unld) (2.19)

for all ¢ > 0; here (@, U,) satisfies (2.11) and (2.12), with a queue-capacity process
my,. Then, following the derivation of Theorem 7.6 of [29], one can write the normalized
state process X, in terms of a martingale representation with respect to the filtration
(Fnt) in (2.13), as described below. (Throughout the following discussion, we assume
that X,,(0) is deterministic, nli}rgo Xn(0) = z exists and x is finite.) From (2.11) and

(2.12), we write

(A — un)t

Vi (2.20)

for all ¢ > 0. Here,

1 t t

M(0) = —=lSulis [ Buls)dn) = [ W] (221)
for all £ > 0. This representation is similar to the equation (126) of [29]. The scaled
process M, is a right-continuous, square-integrable martingale with respect to the
filtration (Fp, ), and its predictable quadratic variation is given by

n n

(My)(t) :“/0 U, (s)ds = M/O (Qn(s) An)ds. (2.22)

It also holds that
E[ sup (M,)(8)] < T, (2.23)
0<t<T
for all T > 0. In particular, E[(M,)(t)] < oo, for all ¢ > 0.
All the above martingale results are analogous to the proof of Theorem 7.6 of [29)].
Moreover, the optional quadratic variation process (square-bracket process) of M, is
given by

n

(M, Mol (£) = =S /O W, (s)ds), (2.24)
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for all ¢ > 0. Thus, [M,, M,|(T) <
also obtain

Sp(unT) and hence using Doob’s inequality, we

1
n

E[sup |M,(t)|?] < CT , (2.25)
[0,7]

for t < T, where C' > 0 is a generic constant, independent of 7" > 0, and [ > m + 1.
Following the proofs of Theorems 7.2 and 7.7 of [29], we also have the following weak
convergence result in D[0, co):

Mn() = Vi Wa (2.26)
where W5 is a standard Brownian motion, independent of Wy in (2.3).
We now establish the following lemma, which describes some useful basic estimates.

Lemma 2.1. Assume (2.1), (2.3) and (2.4), together with the convergence of the initial
values lim X,,(0) = x. Then the following results hold:
n—o0

(i)

SngE[IIXnH%] <Ci(1+Th), (2.27)
(ii) )
sup E[Gn(T)%] < Co(14T%), and (2.28)
n>1
(iii)
sup E[Vy,(T)%] < C3(1 4 T%), (2.29)
n>1

where the constants C; > 0, fori=1,2,3, k > 1 are generic constants, independent of
T as well as the sequence of queue-capacity processes (Mmy,).

Proof. Introduce the process (, by

Cn(t) =xy+ An(t) - Mn(t) + W?

for all ¢t > 0, where X,,(0) = x,,. Notice that when X, (¢) takes large positive values, the
processes G, and V,, may increase and it helps X, to decrease towards (,,. Similarly, if
Xp(t) takes large negative values, the term fg uX, (s)ds may influence X, to increase.
Therefore, we are able to obtain an upper bound for || X,, — (,||7 as described below.
First, by (2.1), (2.3) and (2.25), it is evident that

(2.30)

sup E[[|Gil[7] < C(1+T%), (2.31)
n>1
where C' > 0 and k > 1 are generic constants independent of 7. Hence, ||(,||7 is finite

a.s. and we intend to show that || X,||7 < 3||(u||7, almost surely, using a pathwise
argument. Introduce the process Y;, by

Yo(t) = Xnl(t) — Ca(t) = 1 /0 X7 (8)ds — Gn(t) — Vin(t), (2.32)

for all ¢ > 0. Notice that Y,, has sample paths of bounded variation. Fix w in the
probability space © so that M = M(w) = ||(,||7 is finite. Suppose that Y;,(t) > 2M;

12



then X,,(t) > M and thus AY,,(t) = —(AG,(t) +AV,(t)) <0, for 0 < ¢ < T. Similarly,
if Y,,(t) < —2M, then X,,(t) < —M and hence AY,(t) = pX,, (t)At > 0. Let H be the
non-negative, twice continuously-differentiable function given by

) (|z| —2M)* if |z| > 2M,
€Tr) =
0 if |z| <2M

Notice that H'(z) < 0 on (—oo,—2M), H'(z) = 0 on [-2M,2M] and H'(z) > 0
on (2M,+00). Since Y, has paths of bounded variation, we obtain H(Y,(t)) =
Jy H'(Yo(s))dYn(s) < 0. Consequently, |Yy(t)] < 2M for all 0 < ¢ < T. This in
turn yields that ||X,||7 < 3||G.||7 a.s., which together with (2.31), implies (2.27) in
part (i).

For part (ii), since GG, and V,, are non-negative, non-decreasing processes, by (2.32),
we obtain

0 Galt) + Vi) < [ X5 () + Vol

for all 0 <t < T. Hence, using the discussion in the proof of part (i), we deduce that
0 < Gu(T) + Vo (T) < (3uT + 2)||Cn]|7- This, combined with (2.31), yields parts (ii)
and (iii), which completes the proof. O

2.3 The Skorokhod Map

We now summarize several important properties of the Skorokhod map defined in the
function space D[0, 00). These properties are essential for later computations.

For a given function x in DJ[0, 00), the Skorokhod map I';, : D[0,00) — D|0, o0)
with upper reflection boundary «, is defined by

Tw(f)(t) = f(t) —sup(f(s) — x(s))", (2.33)

[0,¢]

for each f in D[0,00). Let Vy(t) = supjgy(f(s) — #(s))*. Then the pair (T'y(f), V)
is called the Skorokhod decomposition of the function f, with respect to the upper
reflection boundary x. Clearly, T'x(f)(t) < k(t), for all f in D[0,00) and for all ¢t > 0.

We shall refer to the function x as the reflection curve, or reflection boundary.
First we assume that s is a non-negative function in D[0,c0). Later we discuss the
situation that x is a random process. For properties of the reflection map with a time-
dependent reflection boundary, we refer to [4]. In the case x is identically zero, the
upward reflection map is analyzed in [14] and [22].

Using the representation (2.33), a direct computation yields

sup [ (f)(t) = T(g) )] < 2/[f —gllr , (2.34)
(0,7]

for any f and g in D[0,00), and all T" > 0. Hence, the Skorokhod map, with respect
to any reflection curve x in D|0, 00), is Lipschitz continuous under the sup norm in
DJ0,T] for each T' > 0. In our computations in Section 4, we make use of the fact that
the Lipschitz constant 2 is independent of the reflection curve. Let O represent the zero
function, which is identically zero on [0, 00). Then, by (2.33), for any non-negative « in
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DJ0,c0), I'x(0) is identically zero. Hence, for a given  in D[0, c0), this fact combined
with (2.34), yields
sup [T (f)()] < 2[[f[lr (2.35)
[0,7]
for all f in D[0,00) and T > 0.

The following monotonicity property is also useful for our computations, and it
readily follows from Propositions 3.4 and 3.5 of [4]: Let &, f and g be in D[0, c0) and
h(t) = f(t) —g(t), t > 0. If h is a non-negative, non-decreasing function in D[0, c0),
then

L)1) > Tula) (1), (2.36)

for all t > 0.
Next, let (k) be a convergent sequence of non-negative functions in D[0, ] such
that li_>m supyo, 7] |kn(t) —k(t)| = 0, for some « in D[0, T']. Then, using (2.33), we obtain
n—00 ’

sup [Ty, (f)(t) = Tu(f)(t)] < sup | sup (f(s) = kn(s))" — sup (f(s) = K(s))"|

0<t<T 0<t<T 0<s<t 0<s<t
< sup |kn(s) — k()|
0<t<T
Hence, we conclude that
lim sup |y, (f)(t) —Tx(f) ()] =0, (2.37)

for each T' > 0, whenever (k,,) converges uniformly to x on [0, 7.

Let (W(t))t>0 be a Brownian motion in our complete probability space (2, §, P),
and let (F}" : ¢ > 0) be the usual complete filtration generated by it. We pick a Lip-
schitz continuous drift function b : R — R with a Lipschitz constant C' > 0. Consider
a non-negative valued stochastic process (k(t))¢>0 in D[0, 0c0), which is adapted to the
Brownian filtration (F}" : ¢ > 0). Clearly, the definition (2.33) implies that, for any
stochastic process (Y (t))i>0 in D[0,00) which is also adapted to (§}' : ¢t > 0), the
path-wise reflected process I'y(. ,)(Y)(-,w) is a well-defined process in D[0, o0c) and is
adapted to the Brownian filtration (FV : ¢ > 0). Since the Lipschitz constant 2 is
independent of the reflecting boundary « in (2.34), we can obtain strong solutions to
stochastic differential equations with drift coefficient b, a constant diffusion coefficient
o and a path-wise reflection boundary process x(-,w). Here we outline the proof.

Since the function b is Lipschitz continuous with Lipschitz constant C, from (2.34)
it follows that

sup [b(L'x () (1)) — b(I'x(9)(2))| < 2C1[f —glIr,
(0,71

and the constant C' is independent of f, g, the process x and T' > 0. We begin with
the strong solution Z to the equation

Z(t) = x+ oW (1) + /O b(D(Z)(s))ds, (2.38)

where z is the initial value and ¢ > 0 is a fixed constant. By the existence and
uniqueness results for stochastic differential equations in Chapter 5 of [30], (2.38) has
a unique strong solution in D[0, 00), which is adapted to the Brownian filtration (F}" :
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t > 0). Next, we use the non-negative adapted stochastic process (k(t))i>0 in D[0, 00)
and let X (t) =T (Z)(t) and V() = Z(t) — X5(t). Then, the pair (X, V) is adapted
to the Brownian filtration (F}" : ¢+ > 0), and is the unique Skorokhod decomposition of
the process Z. The processes X, and V are in DJ0, c0) and they satisfy

Xo(t) =2+ oW(t) + / t b(X,(s))ds — V(1) (2.39)
0

and .
/0 Iix,(s)<n(s)dV (s) = 0, (2.40)

for all ¢ > 0. The process V' is non-negative, non-decreasing with V' (0) = 0. If x > x(0),
X has an initial jump to x(0);thereafter, it satisfies (2.39) starting from £(0). In this
case, we label X,(0—) = z, X,(0) = x(0) and V(0) — V(0—) = = — k(0) > 0. If the
reflection boundary process x has continuous sample paths, then using the definition
(2.33), it follows that the processes X, and V also have continuous paths on the time
interval (0, 00).

2.4 Weak Convergence.

In this subsection, we use Section 7 of [29], combined with Theorem 2.1 of [6] and
Proposition 4.1 of [33] to derive a weak convergence result for properly normalized
processes, when the queue-capacity m,, is a constant function. We thus try to remain
consistent with the notation of [29].

Our ultimately proposed asymptotically optimal control sequence (m,,) is in fact
a sequence of deterministic constant queue-capacities. Therefore, we need the weak
convergence result in Theorem 2.2 only for constant queue-capacities (m,,). This will
suffice for the asymptotic optimality result in Section 4.

In the proof of the following result, we use Theorem 2.1 of [6], which enables one
to approximate the Gn process by an integral of the normalized queue length. Then
we can follow the proof of Theorem 7.6 of [29], the results of [37], and Proposition 4.1.
of [33] to deduce the conclusion.

Theorem 2.2. Assume (2.1), (2.3) and (2.]), together with the convergence of the
initial values
lim X,(0) =z, (2.41)

where x is a scalar. Further assume that each m,, is a constant, and the following limit
exists: m
lim —= = 2.42
e = (242)
with k being a constant, satisfying 0 < kK < oo.
Then the sequence of processes { Xy, : n > 0} converges weakly to a diffusion process
X, in the function space D[0,00). This limit process is characterized by the stochastic
differential equation

X, (t) = @+ o Wi(t) + iaWa(t) — Bpt — /0 (0 (s) — pX; (s))ds — U(t), (2.43)
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over t > 0. Here Wi and Wy are two independent standard one-dimensional Brown-
ian motions; U is the unique non-negative, non-decreasing process in D|0, 00), which

satisfies U(0) = 0 and
/0 Iix(s)<x)(8)dU(s) = 0. (2.44)

When k = oo, the process U vanishes at all times. The constants B and o1 are given
in (2.1) and (2.3).

Proof. Let T > 0 be fixed. We introduce the process €, by

%@y:édﬂ—eéi&ﬂg@, (2.45)

for all t > 0, where 6 > 0 is given in (2.7). We intend to use Theorem 2.1 of [6] to
show that lim ||ey||7 = 0 in probability. This result was obtained for G/G/n + GI
n—oo

queues in [6] and they allow their arrival process to be time-nonhomogeneous when the
queueing model satisfies the assumptions (10), (11), (12) and (13) in [6], as carefully
explained there. We make use of their result here.

First, introduce the process E, of admitted customers to the system by E,(t) =
Ap(t) — Up(t), t > 0, where A,, is the arrival process and U, is the process of rejected
customers due to a full buffer. We can consider our system as a G/G/n + GI queue,
with E, as the effective arrival process. Indeed, E,, may not be time-homogeneous, but
we can apply results in [6] after verifying their assumptions. We introduce the processes

En, G, by E,(t) = E"T(t) and G, (t) = G”T(t) respectively, for all £ > 0. These processes
are non-decreasing with RCLL paths. First, notice that, by (2.28) in Lemma 2.1,
nl;ngo G (T) = 0 in probability. Consequently, by (2.15), we have nl;ngo || Ey, — pel|r = 0,
in probability, where e is the identity map. Therefore, it is straightforward to verify
the assumption (10) in [6] (one may take ¢z = 4 there).

Similarly, assumption (11) of [6] is also evident from either (2.15) or (2.16). By part
(i) of Lemma 2.1, (2.27) clearly implies that the diffusion scaled queue-length process
is stochastically bounded and hence assumption (12) of [6] is verified.

Since we assume that initial customers do not abandon the queue, assumption
(13) of [6] trivially holds. Therefore, using Theorem 2.1 of [6], we conclude that
nh_{rolo ||én||7 = 0 in probability.

We can write the state equation for X,, in the form

&w:@@—%@—éhmﬂm@—m@, (2.46)

for all t > 0, where h(x) = 0z — px~ for all z, the process (, as in (2.30) and €, as
above. Moreover,

AIWWwWWMQZOM. (2.47)

Since li_>m l|len|l7 = 0, in probability, using (2.1), (2.3), and (2.26), we conclude that the
n—oo

process (, — €, converges weakly to x 4+ o1 W1 + /W, in the function space D[0, 00),
where W7 and W5 are two independent standard one-dimensional Brownian motions
and the constants § and o; are given in (2.1) and (2.3). The function h is Lipshitz
continuous and, therefore, we can use the continuity of the integral representation of
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(2.46) in the Skorokhod J; topology as in Theorem 7.4 of [29] (see also Section 4 of
[33], and Section 4.3 in [24]). Then, one can follow the proofs of Theorems 1.2, 7.6 and
7.7 to obtain the weak convergence of (X, V;,) to (X, U) in D?[0, 00), where (X, U)
satisfies (2.43). This completes the proof of the theorem. O

Remark. With the aid of (2.37), the above proof of the theorem can be easily extended
to time-dependent reflection barrier processes, but as already noted, the above theorem
suffices for our purposes.

2.5 Cost Structure

The cost structure of our model reflects several types of costs, associated with the
operation of a telephone call center over a random time period [0,7]. Here 7 is an
exponentially distributed random variable with parameter «, which is independent of
system dynamics.

a) Abandonment costs.

With each abandoning customer, the losses for business exceed the loss of the imme-
diate profit per customer, since there is a loss of goodwill and future business. (Under
some circumstances, managers may wish to provide future preferential treatment, or
discounts or coupons for future deals, in order to regain the goodwill of abandoning
customers. )

Recall that G, (t) is the number of abandoning customers during [0,¢]. Let ¢, >
0 be the cost incurred per abandoning customer. Then the expected cost due to
abandonments, in the n'? system, is given by

Ct = capB[Gn(7)]- (2.48)

b) Delay costs.
Delay cost arises when the queue length ®,,(t) is positive. For the n'" system, this
cost is given by

CPD = ¢ E] /0 ’ ®,(t)dt] , (2.49)

where ¢y is a non-negative constant.

c) Idle server costs.
When there are not enough customers to make full use of the available servers,
there could be a cost associated with the idle servers. This can be represented by

cl = ¢E| /0 " — W (1)dl] | (2.50)

where ¢; is a non-negative constant.

d) Blocking (busy-signal) costs.

Incoming customers are blocked when the total number of customers in the system
is n4+my,. In addition, if the system controller decides to reduce the queue-capacity to
a level below the queue-length at decision time, then some customers must be removed.
Such situations lead to lost revenues, and the corresponding cost is represented by

CP = q,E[UA(7)] (2.51)
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where ¢, is a positive constant.

e) 1-800 costs.

Here we introduce a cost that is motivated by 1-800 (toll-free) calls to a call center.
To describe the cost incurred by 1-800 calls, let ¢y, 0 < ¢y < 1, be the fraction of such
calls received by the system. Then the associated 1-800 cost is given by

CSOO = €0 CgooE/ + L ( )]d (252)

where cggg > 0 is a constant that represents 1-800 cost per time-unit per occupied
telephone-line. In the next section, we shall introduce an income parameter r per
call; then, rp = r/(1/p) represents the average income rate per time-unit of service;
on the other hand, eycggg represents the average rate of lost income, due to 1-800
calls. Therefore, throughout we assume that cggo is small enough so that it satisfies
T 2 €0C800-

With the above-described cost elements, the total expected cost for the n'® system
is given by

Cn =€ocgoo B/ n(t)]dt + +ea B ' P, (t)dt]
/ /0 (2.53)

+eE / (0 — Un(8))dt] + cap EGo(7)] + e E[Un (7).

2.6 Profit Maximization.

The total expected revenue in the n system is glven by rE[H,(7)], where r is the
income per call; for each ¢t > 0, H( (1 fo , which represents the cumu-
lative number of service completlons up to time t Slnce 7 is independent of system
dynamics, using the first martingale in (2.21), we obtain E[H,(7)] = pE [ ¥,(s)ds.
Hence, the total expected revenue can be represented by

Ry, = ruE] /O " (1)t (2.54)

It follows from (2.53) and (2.54) that the expected profit in the n'' system, P,
R, — C,, is given by:

P, —r,uE[/ n(t)dt] — (€0 CgooE/ n(t)]dt
+ cyE / (2.55)
—|—czE[/D (n — W (1))dt] + cap B[G(7)] + ey E[U ().
The manager of the n' system seeks to maximize P,, over all possible choices of
admissible queue-capacity processes my(-).

Next, we simplify the expression for P, and discuss its scaled convergence. After
straightforward computations, and using ¥,,(t) = n — (Qn(t) — n)~, we obtain

5% _ (ru— eijcgoo)\/ﬁ —E /O T[(alxm) +0X,, (1))dt + capGn(T) +p- Va(7)] , (2.56)
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where
a1 = cq + €gcgoo > 0, b=ru+c —epcso0 >0, p=cp, >0, (2.57)

and G, is given in (2.18). Next, we observe that it is possible to replace the term

cabE[Gn(7)] by OcapE [ X;F(t)dt. For this, let e,(t) be as in (2.45) in Theorem 2.2,

and notice that lim ||ey||7 = 0 in probability, as proved therein. Using (2.27) and
n— o0

(2.28) of Lemma 2.1, we have sup E[||e,||%] < C(1 + T*), where C > 0 and k > 1
n>1
are generic constants independent of T'. Since 7 is independent of system parameters,
Ellen||r = E [y~ ve™"||en]] dt. Hence (||ey]|¢) is uniformly integrable and we conclude
that li_)rn E[|len||r] = 0. Consequently, hm E[|Gn(7) — 0 [y X,i(t)dt| = 0. Therefore,
n—oo

we can write

P, (rp— eocgoo)v/n /T _ 1
= -F aX,T(t) + X, (t))dt +p-Vu(7)] +0o(—=), (2.58
Tn 5 0[( (t) (1)) (7)] (\/ﬁ) (2.58)
where
a=0cqp+cqg+egcgoo >0, b=ru+ci—epcgo>0, p=cp,>0. (2.59)

It follows that the manager’s objective, which originally was to maximize profit, is
in fact to minimize the cost functional E [ [(a X} (t)+bX,, (t))dt+p-V,(7)]. Since 7 is
independent of system dynamics and exponentially distributed with parameter ~, this
cost functional can be written as E [j° ’ye‘”t[fot(aX{f(s) + bX,, (s))ds + p - Vp(t)]dt.
Using Fubini’s theorem, we observe that E [j°~ye 7 fg aX;t(s) + bX,, (s))dsdt =
E [Ces aX+( )+ bX, (s))ds and E [[°ye "V, (t)dt = B [ ye " fo dV,(s)dt =
E f ~dV,,(t). Hence, we can write the cost functional in the form

J (X, Vo, p) = E/Ooo e [(aXy (t) + 0X, (t)dt + p- dVa(t)] (2.60)

and the system manager would like to minimize it over all admissible choices of queue-
capacity my, > 0. In the rest of the article, we use this standard infinite horizon
discounted form of the cost functional.

To identify asymptotically optimal policies for this optimization problem, we intend
to describe a sequence of processes (X, V,), and associated queue-capacity sequence
(my,), that minimize the limiting cost

liminf J(X,, Vo, p) . (2.61)
n—oo
If @ and b are both zero, then it is obviously optimal to choose infinite queue-capacity
(i.e. my = 00), which makes the above cost functional identically zero. Therefore, we
always consider @ > 0, b > 0, and this is justified by (2.59) since b = 0 is possible, when
ru = €gcgoo and ¢; = 0. In Section 4, we intend to provide an asymptotically optimal

sequence of processes (X, V,¥), and associated queue-capacities (m},), such that

lirginf J(X,, V), p) < lirginf J(Xn, Vo, ) , (2.62)

when compared against any other feasible sequence of processes (X, V,,).
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3 The Diffusion Control Problem (DCP)

3.1 Problem Formulation

In this section, we formulate and solve a one-dimensional stochastic control problem
for diffusion processes (DCP). This can be considered as the limiting form of the
cost minimization problem for the queueing systems (QCP). In Section 4, we shall
“translate” the optimal strategy of DCP back into asymptotically optimal strategies
for QCP.

Consider a controlled state-process X, which is a weak solution to

X,(t) =+ oW () - /0 181+ h(Xa(s)))ds — U(1) (3.1)

where X;(0) = z is a real number, W is a standard one-dimensional Brownian motion,
adapted to a right-continuous filtration F = {F; : t > 0} on a probability space
(©,5,P). The o-algebra Fy contains all the null sets in §, and for any s > 0, ¢ > 0,
the Brownian increment W (¢t + s) — W(t) is independent of F;. The parameters o > 0,
1 > 0and 3 are constants; U is a non-negative, non-decreasing right-continuous process
which is adapted to the filtration F. In our stochastic control problem, this process U
is considered to be the control process. The function h is Lipschitz continuous and is
given by

if 0
ha) =M DTS (3.2)
Oz if = >0,

where p > 0 and 6 > 0 are constants.

In our analysis of DCP, each vector-valued process (X, U, W) satisfying (3.1) and
(3.2) is allowed to be defined in its own probability space. In the cases where the
process U is identically zero, or U is the local time process of the reflecting diffusion
X, at an upper boundary k, it is well known (Chapter IV, [16]) that there exists a
unique non-explosive strong solution X, which satisfies (3.1) and (3.2). For the system
specified by (3.1), we introduce the cost functional

J( Xz, U, p) = E/OOO e (X (t) +bX, (t))dt + pdU(t)] , (3.3)

where v, a and p are positive constants, while b is a non-negative constant.

Our diffusion control problem (DCP) is to find an optimal control process U*, with
its corresponding state-process X, which minimize the above described cost functional.
If @ and b both vanish, then obviously the zero control process is optimal. Therefore,
we assume throughout that a > 0 and b > 0. The results obtained in this section
remain valid for any constant ¢ > 0 in (3.1). But, to relate (3.1) to the queueing
control problem in (2.43), we consider

o = a% +u
in Section 4. Here oy is given in (2.3). This diffusion control problem belongs to the
class of singular optimal control problems, which has been addressed in the literature
(see, for example, [8], [38]).

For a given z in R, we call the quintuple ((Q,§,P),F,W,X,,U) an admissible
control system if
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(i) (X4, U) is a weak solution to (3.1), and
(ii) the cost functional J(X, U, p) is finite.

When there is no ambiguity, and with a slight abuse of the notation, we simply use
the pair (X,,U) to represent an admissible control system. Notice that the finiteness
of the cost functional implies that the state process is nonexplosive. To define the value
function, we introduce the set

A(z) = {(X,U) : (X, U) is admissible} . (3.4)

This set is nonempty for each x in R, since we can obtain a reflecting diffusion process
with an upper reflection barrier at a point x, for which our computations later in this
section reveal that the corresponding cost functional is finite. The value function of
the diffusion control problem is given by

Vi(e) = int J(X,. U.p) (3.5)

for each z in R.
Next, we describe the formal Hamilton-Jacobi-Bellman (HJB) equation related to
our DCP. First, introduce the differential operator G by
o? d? d
—_-Z _ h - 3.6
where the constants v, 8, u and o, are as described earlier, and the function h appears
in (3.2). The formal HJB-equation can now be written as

min {GF(z) + azt + bz~ , p— F'(2)} =0. (3.7)

Here, the solution F' is a sufficiently smooth function which satisfies the growth condi-
tion
[F'(z)] < Cy (3.8)

for all x, where Cj is a positive constant. Our results show that the value function
in (3.5) is a twice continuously differentiable function, which satisfies both (3.7) and
(3.8).

3.2 A Verification Lemma

Next, we establish a verification lemma which helps us identify an optimal strategy. It
guarantees that any smooth function that satisfies the conditions (3.7) and (3.8) is a
lower bound for the value function.

Lemma 3.1. Let F be a twice continuously differentiable function on R. Assume that
F satisfies (3.7), (3.8) and the growth condition |F(z)| < C(1 + ax™ + bx™), for all
z € R, with C being a positive constant. Then F(z) < Vy(x), for all z € R, where V),
is the value function defined in (3.5).

Remark. Assumption (3.8) in fact yields the growth condition assumed in the above
lemma, when a and b are both positive. We assume this growth condition to ensure
that the conclusion of the lemma remains true when a > 0 and b = 0.
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Proof. Let (X,,U) be an admissible control system. Then the cost functional J(X,, U, p)
is finite and consequently F fooo e 7dU(t) is also finite. Using Fubini’s theorem, we
observe that

/ e ' dU (t) / / ~ye ¥dsdU (t )—7/ “NMU(t)dt .
0 t=0 Js=t

Therefore, one can write
J(Xo,U,p) = E / e MaXH(t) + bX (1) + v pU (#)]dt. (3.9)
0

The finiteness of J(X, U, p) now implies that litm inf e " Ela X (t)+bX, (t)+ypU(t)] =
—00

0 . Therefore, we can find a deterministic sequence (7;,) that is increasing to infinity
and
lim e """ E[a X (T,) + bX, (T}) + pyU(T},)] = 0. (3.10)

n—oo

Next we apply the generalized It6’s lemma (see [28], p. 285) to obtain
Tn
F(X,(Tp))e " =F(z) + 0'/ e F (X, (s—))dW (s)
0

Tn Tn
+/ e GF (X, (s ))ds—/o e PF (X, (s—))dU(s)  (3.11)

+ Y ¢ IAF(Xa(s) + F(Xa(5-))AU(s)]
0<s<Tp,

where AF(X,(s)) = F(Xz(s)) — F(Xz(s—)), and AU(s) = U(s) — U(s—). Using
assumption (3.8), it is easy to see the quantities

E PIAF(X,(s))]] and  E[ ) e |F (Xo(s-))|AU(s)]
0<s<T, 0<s<T,
are both bounded by CoE[[;° e~ 7*dU(t)], where Cy > 0 is a constant. Hence, they are
finite. Furthermore, (3.8) also implies that E [fOT” e*'ysF’(Xx(s—))dW(s)} = 0. Next,

let {U€(t) : t > 0} be the continuous part of the process {U(t) : t > 0}. Then, using
the above facts, together with (3.11), we obtain

Tn
E[F(X,(T,)je ™ =F(z) + E / e IGF (X, (s—))ds

—E/Tne 7 F (X p(5—))dU(s) (3.12)
+E Y e TPAF(X.(9))] .
0<s<T,
Notice that AF(X,(s)) = F'(¢(s))(Xz(s) — X(s—)), for some ((s) which lies be-
tween X, (s) and Xz(s—). But (Xz(s) — Xz(s—)) = —(U(s) —U(s—)) < 0. By (3.7),
F'({(s)) < p, and therefore, AF(X,(s)) > —p AU(s), for all s > 0. Consequently,
E Y e V[AF(Xi(s))] > —pE Z e 75[AU(s)]. By (3.7), we also obtain that
0<s<Ty 0<s<T;



-E fT” e VF' (X, (s—))dU(s) > —pE fT" e~ 75dU¢(s). Using these facts, together
with (3.7) and (& 12), we get

Tn Tn
E[F(X.(Ty))]e "™ >F(z) + E/O e PGF(Xy(s—))ds — pE/O e 1%dU(s)
>F(z) — E /Tn e M(aX(t) +bX, (t)dt + pdU(t)] .
0
This implies that

E[F(X(T))]e "™ 4+ J(X,,U,p) > F(x) . (3.13)

Next, we use the assumption |F(z)| < C(1+az™ +bx™), for all z, together with (3.10),
to conclude that lim E[F(X,(T},))]e "™ = 0. Hence, (3.13) yields J(X,,U,p) >
n—oo

F(x), for all z, and the conclusion of the lemma follows.
O

3.3 Analysis of the HJB-equation.

In this subsection, we pave the way to construct a solution to the HJB-equation (3.7).
This will help obtain an optimal state process, which is a reflected diffusion process on
an interval (—oo, zp], where z, is a positive constant, yet to be determined.

We begin with the interval (—o0,0), considering the family of solutions to GF(z) —
br =0 and F'(z) < p, for all x < 0 and F(—c0) = co. By elementary computations,
we can write such a solution in the following form:

F(x) = kFal(z) + — (2% _

z) 3.14
YAy ) (3.14)

for all x < 0, where k is an arbitrary real number, and F, is a bounded solution to the
homogeneous equation GF(z) = 0, on the interval (—oo0,0). The fundamental set of
this homogeneous differential equation consists of two linearly independent solutions.
We pick the solution Fi, that satisfies (3.15) and (3.16) below. The other solution
grows exponentially fast near negative infinity and therefore, it violates our growth
condition (3.8). Hence, it does not make any contribution in our analysis.

First, we construct a solution Fiy, that satisfies GFoo(x) = 0, on the interval (—oo, 0),
with the following boundary conditions:

7P (&) = (B + ) () = 1Fc(a) =0 for @ <0, (3.15)
F(0) =1, and ll)lll Fyo(z) =0. (3.16)

In our discussion below, we extend the function Fi, to (—o0,00), so that it satisfies
(3.15) everywhere.

Lemma 3.2. There is a unique solution Fy, that satisfies (3.15) and (3.16) above.

Furthermore, Fy, is a strictly positive, strictly convex increasing function on (—00,0),

which satisfies min{ Fo (), Flo(z), FiL ()} > 0, for allz <0, as well as lim F. (z) =
T—r—00

0.
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The proof of this lemma is independent of the results in the rest of this section;
hence we present it in the appendix.

Remark.

1. The conclusion FZ (0) > 0 in the above lemma implies that SuF’ (0) +~ > 0,
and this will be crucial in our construction of a solution to the HJB-equation.

2. In the case when v = pu, a closed-form solution for F,, can be obtained by
elementary methods. In fact

Foo(w) = K easl@8? 5] / * B g,

where K is a positive constant which is given by K = ( f_ooo g7 (uth )Qdu)_l.
In particular, F/ (0) = ?—f + Kefal?BQ, and this will be useful for numerical

computations in Section 3.4.

In terms of the function F,, in the above lemma, we now construct a family of
functions {F;} on (—o0,0), indexed by k running over the non-negative real numbers.
Specifically, b g

i
Fila) = kP (o) + —— (2
where k is an arbitrary non-negative real number. To choose the correct value of k,
so that Fj is the desired solution on (—o0,0), we must look at the solutions to the
HJB-equation (3.7) on the interval (0, c0).

x), x<0, (3.17)

For each real value k, we begin with the solution Hj to the initial value problem
GHy(z) +ax =0, forxz>0, (3.18)
with the initial data in agreement with Fj(0) and F}(0). Hence,

Bbu / Y o b
S P and H;(0) = kF..(0) Tk

From the standard theory of differential equations, there is a unique solution Hy, for
each k, which also satisfies (3.19) at the origin. Note that the graph of Hj joins
smoothly with that of F}j, at the origin and, consequently, Hy(0) = Fj(0), H;(0) =
F/(0) and H}(0) = F{/(0). We need to investigate the behavior of Hj for various
values of k. Therefore, we introduce the function

Hy(0) = k +

(3.19)

Gi(z) = H(z),  for all z > 0. (3.20)

By differentiating (3.18), we obtain

o2
EG’,;(J:) — (Bu+02)Gl(z) — (0 +7v)Gr(z) +a=0, x>0. (3.21)

Using (3.19) and the fact that (3.18) remains valid at the origin, we deduce the initial
conditions
2

G (0) = kF/_(0) — and %G;(O) = k(BuF.L(0) +7) . (3.22)

(v + 1)
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Hence, Gi(0) = F(0) and G} (0) = F;'(0). Note that, for a fixed real number £,
the above initial value problem uniquely characterizes the solution GG, on the interval
[0,00). Next, we make two important observations. First, for a given Gy, we can
uniquely determine the function Hy, by Hy(x) = H(0) + [ Gr(u)du, where Hy(0)
satisfies

2 Bbu

o
vH} (0 = —G(0 — BuGL(0) = vk + .
(0) = G CLO) ~ BuGi(0) = 7k + s
Second, the differential equation (3.21) for Gy, has a unique constant solution given by

Y = a/(0 + v), which is independent of k. This quantity plays an important role in
determining our optimal strategy. Therefore, we introduce the constant py > 0 by

_a
0+
Since pg > 0, by (3.22), it is evident that for each k& > 0, the function Gy, is not equal

to the constant solution py. Our next lemma summarizes the properties of the family
of functions {Gy : k > 0}.

Po (3.23)

Lemma 3.3. Let pg be the constant defined in (5.23). For each real number k > 0, let
Gy, be the function given in (3.20). Then the following holds:

(i) Gr(z) is jointly continuous in (k,x), for k >0 and x > 0.

(ii) Let k> 0. If G;.(¢) = 0 for some ¢ > 0, then z = ¢ is a local mazimum for Gy
and Gi(¢) < po. Furthermore, on the interval [0,00), Gy cannot have any local
minima and it can have at most one local mazimum.

(iii) If ry > 12 >0, then G, (z) > Gypy(x) and G, (x) > G, (x), for all x > 0.
(iv) Let k > 0. If Gy(x0) > po for some xq > 0, then G} (x) > 0 for all x > xo.

(v) If k =0, then Go(0) = ﬁ <0, and Gy is strictly decreasing on [0, 00).

Proof. Since the function Gg(z) is the unique solution to the initial value problem
described in (3.21) and (3.22), and the initial data in (3.22) is continuous in the variable
k, assertion (i) follows from the standard theory of differential equations (see Chapter
5 of [15]).

Next, let G}.(¢) = 0, for some ¢ > 0. Then, using (3.21), we have

2
TGO = (6+7)[Gr(€) = pol - (3.24)

where pg is given in (3.23). Let k& > 0 and suppose that G.({) = 0 and G¢({) > po,
for some ¢ > 0. Then, by (3.24), G{(¢) > 0 and x = ( is a strict local minimum. But,
G.(0) = kF[(0) > 0 and, therefore, G}, is strictly increasing in an interval (0,0) for
some 0 > 0. Consequently, G has a local maximum at a point zy such that 0 < z¢ < ¢
and Gy(xo) > po. Since G} (zo) = 0, then (3.24) implies that G/ (xo) > 0, and this is a
contradiction. Hence G (¢) < po. If Gi(¢) = po, then we know that G).({) = 0 and G},
satisfies (3.21); also recall that y = pg is a constant solution to (3.21). Hence, by the
uniqueness of solutions to (3.21), we conclude that Gi(x) = pg, for all z. This again
contradicts the fact that G7.(0) > 0, and hence G(¢) < po.

If G) has a local minimum at some point yo > 0, then by (3.24), Gr(yo) > po.
But G).(0) > 0, and therefore G) has a local maximum at some point ¢ such that
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0 < ¢ < yo and Gk(¢) > po. This contradicts the above proof. Consequently, G has
no local minima on the interval [0, o).

To prove (iii), let r; > ro > 0, and let P(z) = G, (x)—G, (), for x > 0. Recall that
F/_(0) > 0 and %ZF&(O) = (BuF.,(0) +v) > 0, as in Lemma 3.2. Then, using (3.22),
it follows that P(0) > 0 and P’(0) > 0. Furthermore, P satisfies the homogeneous
equation %QP”(Z') — (B + 0x)P'(x) — (0 +~v)P(z) = 0, for x > 0. Hence, P cannot
have any positive local maxima. This implies that P(z) > 0, for all z > 0. Therefore,
if P'(¢) =0, for some ¢ > 0, then from the above differential equation, it follows that
P”(¢) > 0 and = = ( is necessarily a local minimum. This, together with the fact that
P’(0) > 0, implies that P’'(z) > 0, for all # > 0. Hence, Assertion (iii) follows.

For part (iv), let Gi(xo) > po, for some zg > 0. Suppose that G (zo) < 0. Since
G}.(0) > 0, it follows that there is a local maximum at a point ¢ such that 0 < ¢ < o,
and Gi({) > po. This contradicts part (ii) above. Therefore, G} (x9) > 0. Since
Gr(z0) > po, G).(z0) = 0 also contradicts part (ii). Hence, G).(z9) > 0. Now we can
use again part (ii) to conclude that G} (x) > 0, for all z > xo. This yields part (iv).

To prove part (v), notice that Go(0) = =&, G4(0) = 0 and, by (3.21), %QGg(O) =

i
—[a+ (('L:(L))b ] < 0. Hence, Gy is strictly decreasing in an interval [0, ), for some 6 > 0.

Then, using (3.24), similarly to the proof of part (ii), we can show that Gy is strictly
decreasing in [0, 00). This completes the proof of the lemma.

O]

To facilitate the discussion of our next lemma, we make the following observation:
Let us choose k1 > 0 such that ki F. (0) = 50 T ﬁ. Then, by (3.22), Gk, (0) = po
and G}, (0) = k1 F,(0) > 0. Now, we can use part (iv) of the above lemma to conclude
that G}, (z) > 0, for all z > 0. Using parts (i), (iii) and (iv) of Lemma 3.3, and by
a straightforward argument, we conclude that there is an € > 0 and J. > 0 such that
Gr(z) > po, for all > ., whenever k > k; — e. Then, it also follows that, for each
k > ki1 — €, G}, is strictly increasing on the interval [0,00). We use these facts in the
proof of the next lemma, which is central for constructing our optimal strategy. It
shows a dichotomy about the existence of a local maximum for the function Gg.

Lemma 3.4. Let py be the constant defined in (3.23). Then, there is a finite constant
ko > 0 satisfying the following assertions:

(i) The function Gy, is strictly increasing on [0,00) and lim Gy, (x) = po.
T—00
(ii) If k > ko, then Gy, is strictly increasing on [0,00) and li_>m Gi(z) = .
x o0
(iii) If 0 < k < ko, then Gy has a unique mazimum at a point z and Gg(z) < po.

(iv) For each p that satisfies 0 < p < py, there is a constant ky, so that 0 < k, < ko
and max G, (x) = p. In particular, this constant k, is unique.
x>

(v) For each 0 < p < po, let z, be the unique marimum point of Gy, which satisfies
G, (2k,) = max Gi,(x) =p. Then 0 < p1 < p2 < po implies that Zhpy < Zhipy -

Proof. By part (v) of Lemma 3.3, Go(0) < 0 and Gy is strictly decreasing on [0, c0).
If k> 0, then G;(0) > 0 and G7.(0) > 0 by (3.22). Using parts (i) and (iii) of Lemma
3.3, we can find dg > 0 such that, for each 0 < k < dg, the function Gy has a positive
strict local maximum. We introduce

ko = inf{k > 0 : G, is strictly increasing on [0.00)}. (3.25)
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By the discussion after the proof of Lemma 3.3, we know that every k& > ki is in the
above set and hence it is nonempty. Therefore, kg is well defined and kg < k1. On
the other hand, kg > dy > 0, since each G, has a local maximum when 0 < k < dg.
Therefore, 0 < 09 < ko < k1. Now, let us consider the function Gy,. Since G%O (0) >0,
it follows that G}, is strictly increasing in a neighborhood of the origin. If Gy, has a
local maximum at a point x = ¢ > 0. Then, by (3.21), G} (¢) < 0 and it is a strict
local maximum. Let us choose M > 0 so that 0 < ¢ < M. Using part (i) of the lemma,
we know that G} approximates Gy, uniformly on the interval [0, M] if k is close to
ko. Therefore, using this, together with part (iii) of Lemma 3.3, we can find a §; > 0
such that, for each k in [ko, ko + 1), Gk has a local maximum. This contradicts the
definition of kp in (3.25). Hence, Gy, is strictly increasing on [0, 0o).

Now suppose that Gy, (y) > po, for some y. Then, relying on parts (i) and (iii)
of Lemma 3.3, we find a d2 > 0 such that Gg(y) > po, for each 0 < kg — d2 < k <
ko. Then, using part (ii) of the same lemma, the function Gy cannot have any local
extrema for each such k, and hence Gy, is strictly increasing. This, again, contradicts
(3.25). Therefore, G, (y) < po, for all y > 0. But, if Gy,(y1) = po for some y; > 0,
then Gi,(y) > po, for all y > y; and, then again, we get a contradiction as above.
Consequently, the function Gy, is strictly increasing on the interval [0, 00) and G, (y) <
po, for all y > 0. Next, we let Iy = xl;rl;o G, (), then Iy < po. We can write (3.21) in

an integral form to obtain

2 2

% Gy (@) + aw =(%5-G, (0) = BuGiry (0)) + BuCi, (@)

2 ko
+ 602G, (2) +7/ Gr,(y)dy , for z>0.
0

Using G;co (z) > 0, and dividing the whole equation by x and letting x tend to infinity,
we obtain a < 0ly + vlg. Next, by (3.23), we obtain ly > py. Consequently, we have
lim Gy, (x) = po. This completes the proof of part (i).

T—>00

Let k > ko. Since G (0) > 0, we have G} (z) > 0, for all 0 < = < 4, for some
d > 0. Suppose that G.({) = 0, for some { > 6. Then by part (ii) of Lemma 3.3,
we have G(¢) < po, G(¢) < 0 and = = ( is a strict local maximum. Again, using
part (ii) of Lemma 3.3, we conclude that Gy is strictly decreasing in [(,00). Since
li_)rn G, (z) = po, and G(0) > G, (0), we get Gi(z) = G, (), for some z > 0. But
r—00

this contradicts part (i) of Lemma 3.3. Consequently, G}.(z) > 0, for all z > 0. Now
let L = lim Gi(z). Suppose that L is finite. Then liminf G} (z) = 0. We use the
T—r 00 Tr—00

integral form of the differential equation (3.21) to obtain

0'2 0'2
-Ghl@) + az =(TGL(0) = BuG(0) + BuGi(a)

+ 02Gp(x) +7/ Gi(y)dy , for = > 0.
0

We divide this equation by = and use liminf G} (z) = 0 to take the limit along a
T—00

suitable subsequence to conclude that L = py. Now consider the function U(z) =
Gi(z) — Gy, (), for x > 0. Then U(x) > 0, for all > 0 and U’(0) > 0. Furthermore
U satisfies the homogeneous equation

o2
?U"(x) — (Bu+0z)U'(z) — (0 +v)U(x) =0, for x>0 .
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Since U(0) > 0, U’'(0) > 0 and li_>m U(z) = 0, the function U must have a positive local
Tr—00

maximum at a point ¢ > 0. Then U’({) = 0, and by the above differential equation,
we get U”(¢) > 0. This is a contradiction, hence L cannot be finite. Consequently,
xlgrolo G (x) = oo, which completes part (ii) of the lemma.

Next, consider the case 0 < k < kg. For each k, we intend to show that the function
G}, has a unique maximum on the interval [0, 00). Suppose that G/ () is nonzero for
all z > 0. Then G} (z) > 0, for all z > 0, since G(0) > 0. Thus G}, is increasing.
But Gi(z) < Gk, () < po, from which it follows that :clggo G (y) exists and is finite.

Now, following an argument very similar to the proof of part (ii) above, we can obtain
a contradiction. Thus, G} (z;) = 0, for some z, > 0, and by (3.24), it is a strict local
maximum. By part (ii) of Lemma 3.3, there are no local minima, hence x = z;, is the
unique positive maximum point. In particular, the inequality G (zr) < Gk, () < Po
holds. This completes part (iii).
For part (iv), we introduce the function

for each k < ko. Then M (k) < pg, and using the properties of the functions {Gj :
0 < k < ko} that have been so far obtained, it follows that the function M is strictly
increasing and continuous on the interval (0, ko). Also, M (0+4) = ﬁ and kli_}n}g0 M(k) =

po. Hence, part (iv) follows.
The proof of part (v) is a direct consequence of the above results and part (iii) of
Lemma 3.3. This completes our proof of the lemma.
O]

By Lemma 3.4, there is a unique constant k, > 0 such that max G, (z) = p, for
x

each p. Furthermore, by parts (iv) and (v) of the same lemma, there is a unique point
2k, > 0 such that

Gr,(2r,) =D -
This point zx, > 0 is the threshold used in our optimal strategy, when 0 < p < po.

Therefore, we relabel 2y, as z,, for simplicity. The following proposition describes the
behavior of this threshold point z,, as a function of p.

Proposition 3.5. Let z, be the above described threshold point, for 0 < p < po.
Consider z, as a function of p only (while keeping all the other parameters fized).
Then the following prevails:

(1) When 0 < p < po, zp is a continuous, strictly increasing function of the variable
P.

(ii) lim z, = +o0.
P—Dgy

Proof. By part (v) of Lemma 3.4, it follows that 2, is strictly increasing on the interval
(0,00). To prove the continuity of the function z,, let 0 < p < po and keep p fixed.
First we establish the left-continuity at p. We choose a strictly increasing sequence (py,)
of positive numbers such that nh—>120 pn = p. Then, the sequence (z,) is also strictly

increasing and bounded above by z,. According to Lemma 3.3 and Lemma 3.4, there is
also a corresponding strictly increasing sequence (kp, ) such that 0 < k,, < k, < ko, for
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all n and Gy, (2p,) = pn- Welet A = lim 2, and k= lim k,,, and then 0 < A < 2,
n n—00 ) n—00

and 0 < k < kp. By part (i) of Lemma 3.3, it follows that G;(A) = p. Using parts
(iii), (iv) and (v) of Lemma 3.4, we have k = k, and A = z,. This concludes the
left-continuity at point p.

To establish the right-continuity at p, let (p,) be a strictly decreasing sequence such
that p < p, < po, for all n and nh_)ng@ Pn = p. Similar to the proof of left-continuity,

there are two strictly decreasing sequences (kj, ) and (zp, ) such that 0 < k, < kp,, < ko,
for all n, (2,) is bounded below by z,, and Gy, (2p,) = pn. We let k = lim k,, and
o0

n—
A = lim z,,. Using Lemmas 3.3 and 3.4, we have p, = G%, (2p,) > Gy, (z) > Gi(v)

n—oo

for all . We let n tend to infinity and obtain p > G (z), for all z. This implies that
k< kp. Then a straightforward argument implies that G;(A) = p and, by Lemma 3.4,
it follows that A = z,. This yields the right-continuity of z, and hence the proof of
part (i) is complete.

Since z,, is strictly increasing in p, we let A = lim z,. We suppose that A is finite.
p—po
As before, there is a corresponding strictly increasing function &, such that 0 < k, < kg

and Gy, (zp) = p. We let k= lim k. By letting p tend to pg, we obtain k < ko and
p

— Do

thus G, (A) > G (A) = po. This contradicts part (i) of Lemma 3.4. Hence we conclude

that A is infinite, which completes our proof.
O

3.4 Numerical Computation of z,

For a given value of p, such that 0 < p < pg, and given the values of the parameters a,
b, v, B, i, 0, o, we would like to numerically compute z,. A general numerical method
is developed in [23] for computing free boundary points, such as z,, for infinite horizon
discounted cost minimization problems, when the drift and diffusion coefficients are
linear functions. However, their method is not applicable in our situation since their
main Assumptions 2 and 3 are violated here, but we can readily develop a numerical
scheme that is based on our results. It is somewhat similar to the procedure developed
n [11], Section 5, and therefore, we indicate only the basic steps.

We intend to find the value £, of the parameter k, and the corresponding function
G, so that it satisfies part (iv) of Lemma 3.4. Note that, by the same lemma, z, is
the unique point satisfying Gy, (2p) = p and G}, (z) = 0.

We begin with computing the unique solution F, to the initial value problem (3.15)
and (3.16). In particular, we compute F’_(0). When u = =, a closed-form formula for
F!_(0) can be obtained—see Remark 2 after the statement of Lemma 3.2. To initialize
the iterative procedure, we choose k > 0 such that l;:FéO(O) = p+ 2. Therefore, by

ax:a
(3.22), G4(0) = p and G (0) > 0. If G (x) = 0 for some x, then by Lemmas 3.3 and

3.4, it is the maximum of G and we have G(x) > p. Hence k, < k. If G;(az) > 0
for all , then again k, < k holds. Thus, k is an upper bound for k,. By part (v) of
Lemma 3.3, it is clear that k, > 0.

In the n'" step of the iteration, we let u(n) and I(n) be the upper and lower bounds
for k,. We initialize with w(0) = k and [(0) = 0. In the (n + 1)™ step, we assign
ki1 = 3(u(n+1)+l(n+1)) and examine the solution Gy, ., to the initial value problem
described in (3.21) and (3.22). If G}, () > p for some z, then we update the bounds
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u(n+1) and I(n+ 1) by u(n+ 1) = k41 and I(n + 1) = I(n). Otherwise, the above-
described lemmas guarantee that G2n+1(2n+1) = 0 for some 2,41, and Gy, (2n41) is
the maximum value of Gy,,,,. We can now compute Gy, (2n+1), which is less than or
equal to p. If Gy, ., (2n41) < p, then we update u(n + 1) = u(n) and I(n + 1) = kyq1.
Since u(n +1) — l(n+ 1) = $(u(n) —l(n)) and 0 < I(n) <l(n+1) <k, <u(n+1) <
u(n) < k, it follows that the two sequences (u(n)) and (I(n)) converge to the same limit
kp. Therefore, we can stop the iterative procedure at the first n where |Gy, (2,) —p| < €.
Here € > 0 is an a priori given error bound. Then using part (i) of Lemma 3.3, z, is
well approximated by z,.

The following numerical computations are obtained by using a Matlab program,
based on the above algorithm, with an error bound e = 1073, Typically, this procedure
converges in 16-18 iterations, but may take longer if the value of p is very close to pg.
We chose the value of the parameter 5 to be between -1 and +1, since this is the range
of values that arises in most QED applications.

(v [y [ B Jol b [b[a] p [»] 2

1 05]1-02]208|3] 4 |3.0769| 3 | 11.2710
15 2 03|21 |5] 826667 2 1.8050
2 2 0 | 3|15 4| 7 2 1.5 | 2.2790
3 1 108 |4] 2 |1] 826667 2 | 3.7940
3 2 104131 2|12 4 3 | 2.3960
3 2 104131 2|12 4 3.5 | 3.7790
4 02(-08|5] 3 |6]13]4.0625| 1 | 0.9060
) 8 |-05|3| 6 |7]20]1.4286 | 1.4 | 3.0820

When p gets close to pg, the value of z, becomes large, as one expects from the results
of Proposition 3.5. Rows 5 and 6 of the above table also verify the monotonicity of z,
in the parameter p.

3.5 A Smooth Solution to the HJB-Equation

With all the necessary technical results in hand, we are now able to exhibit a twice
continuously differentiable solution to the HJB-equation (3.7), which satisfies also (3.8)
as well as the growth condition |F(x)| < C(1+az™ +bx™), for all z in our verification
lemma (Lemma 3.1). This solution depends on p and it has different qualitative behav-
ior according to p < pg vs. p > po, where pg is given in (3.23). In both cases, we show
that this solution coincides with the value function of the optimal control problem.

First we consider the case 0 < p < pg. Let 2z, be as in Proposition 3.5, and let &,
be the constant real number that satisfies 0 < k, < kg and Gy, (2) = p , as in Lemma
3.4. When 0 < p < pp, we can now introduce our candidate solution Fj, on (—o0, c0)
by

ke Foe ()+(7iu)(ﬁ—“—x) if z<0,
Fy(x) = {ky + 50285+ Jo Gr,(wdu  if 0< 2 < 2, (3.26)
Fyo(zp) +p (2 — 2p) if x>z,

where the function Fj, is characterized in Lemma 3.2.
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Next we consider the case p > pg. Our candidate solution Fj,, remains the same for
all the values of p > py and is given by

ko Fao () + b (B8 _ oo
Fpo(z) =4 " (‘fg Vﬂbi'y z) if o < G
ko + V(TI;) + fo G (u)du if >0,

where the constant kg > 0 and the function Gy, are described in Lemma 3.4. The
following theorem establishes that our candidate functions are smooth solutions to the
HJB-equation. Each of these functions provides a lower bound for the corresponding
value function V,.

Theorem 3.6. Let py be defined by (3.23). Then the following results hold:

(1) For 0 < p < po, the function F,, defined in (3.26) is a twice continuously differen-
tiable solution of the HJB-equation (3.7). Furthermore, F, is a convex function
that also satisfies (3.8), and Fy(z) < V,(x), for all x, where V, is the value
function defined in (3.5).

(it) Forp > po, the function Fy, defined by (3.27) is a twice continuously differentiable
solution to the HJB-equation (3.7) for each such p. Furthermore, Fy, is a convex
function that also satisfies (3.8), and Fyy(x) < Vy(z), for all x and every p > po,
where V), is the value function given in (3.5).

Proof. In both parts of the theorem, it is straightforward to check that the function £,
is twice continuously differentiable on R. When p < pg, by Lemma 3.4, ka(zp) =p
and G%p (2p) = 0. This yields the C? property at the point z = z,.

Next, we intend to verify the HJB-equation (3.7) for the case 0 < p < pg. From our
construction of F), it follows that GF,(z) + az™ + bz~ = 0, whenever x < z,, where
the differential operator G is defined in (3.6). At the point x = z,, this simplifies to
B+ 0zp)p + vEp(2p) = azp. When x > zp,

GF(x) +ar™ +bx~ = — (Bu+ 0x)p — YFp(x) + ax
=—(0+7)(=—2)p—p) >0,
where pg is given in (3.23). To obtain the last equality above, we have used (Su +

0zp)p + vFp(2p) = az,, and the expression for F,(z) given in (3.26), for the case
x > z,. Consequently, we have

=0 if x<z,

. (3.28)
>0 if z>2,.

GF(z) + azx™ + b~ {

Next, we obtain the bound F;(x) < p, for all z. By Lemmas 3.2, 3.4 and equation
(3.26), it follows that

kpFI (x) if x <0,
F(x) = G;p (x) if 0<a <z,
0 if x>z,

Therefore, Fé’ is non-negative. Hence, F), is a convex function on R-—indeed, it is
strictly convex on the interval (—oo, z,) and linear on [z,, 00). Consequently,

Fi(a) = { <Ep=p ifz<z, (3.20)

>0 if 2>z, .
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Using (3.28) and (3.30), we conclude that F, is a C%-solution to the HJB-equation
(3.7), for 0 < p < po. A straightforward argument, using Lemmas 3.2 and 3.4, shows
that |F)(z)| is bounded and, hence, (3.8) is also satisfied.

Using the fact that the function Fi, is bounded on (—o0,0], as shown in Lemma
3.2 and (3.26), we also obtain the bound |F,(z)| < C(1 + az™ + bz~), where C > 0
is a generic constant. Consequently, the function F) satisfies all the assumptions of
Lemma 3.1 and hence, we conclude that Fj,(z) < V,(x), for all . This completes the
proof of part (i).

In the case p > py, it is easy to check that F,, defined in (3.27) is a C*-solution
to the differential equation GF)(z) + axt +bx~ = 0, for all z in R. By an argument
very similar to that in part (i), we can also establish that F (z) > 0, for all 2, and
hence it is a convex function. Note that, when z > 0, F} (z) = Gy, (x) where Gy,
is given in Lemma 3.4. Then, using the convexity of the function F),, and part (i) of
Lemma 3.4, we deduce that F, () < pg < p, for all . Therefore, F}, is a C?-solution
to the HJB-equation (3.7), for every p > pg, and it also satisfies (3.28). The proof
of the estimate |Fp,(x)| < C(1 + az™ + bx™), for all z, directly follows from (3.27).
Consequently, F,, satisfies all the assumptions of Lemma 3.1. We thus conclude that,
for each p > po, the inequality Fp,(z) < Vj(z) holds for all . This completes the
proof.

]

3.6 An Optimal Strategy

We are now ready to prove the main theorem of the present section.

Theorem 3.7. For each p > 0, let the cost functional J and the value function V), be
defined by (3.3) and (3.5), respectively.

(1) Let 0 < p < po, and let point z, be as in Lemma 3./4. Fix the initial point x; then
introduce the reflected diffusion process X, which satisfies the equation

Xi(t) =@+ oW(t) - /O B+ h(X(s))]ds — U (t) , fort>0, (3.30)

where W is a one-dimensional Brownian motion, and Uy s the local time process
of X at point zp. (When x> z,, there is a jump to z, and, in this case, we take
X,(0=) =2 and Uy (0—) = (¥ — zp).) Then (X;,Uy) is an optimal strategy and
J(X,, Uy, p) = Vp(x), for each x. Furthermore, Vy(x) = Fp(x) for all x, where
F, is given by (3.20).

(i) Let p > po and fix the initial point x. Consider the process Xy, defined by

X () = a+oW(t) - /O B+ h(X, ())]ds (3.31)

for allt > 0. The control process Uy, is identically zero in this case. Then, for
every p > po, (X,,,Up) is an optimal strategy and J(X, Uy ,p) = Vy,(v) =
Vp(x), for all x. Furthermore, Vy,(z) = Fp,(x), for all x, where F,, is defined in
(3.27).

In both cases, the value function V), satisfies (5.7) and (5.8).
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Remark. For the singular optimal control described in part (i), the principle of smooth
fit ([25]) holds. Part (ii) of the above theorem shows that the optimal strategy remains
the same for all p > pg.

Proof. First, we consider the case where the initial point z < z,. The existence of a
unique solution to (3.30), over all ¢ > 0, is well known(Chapter IV, [16]).

We begin with obtaining an upper bound for E[X*(T)]?. Introduce the sequence
of stopping times (7,), with n > |z|, by

T = inf{t > 01 | X7 (t)] > n}. (3.32)

Using Ito’s lemma, through a localization procedure with (7;,), we obtain

TNATh,
EIX2(T A 7)) 42 /0 X2 () (h(X3 (5)) + By)ds
+22, E[U, (T A 1p)] = 22+ PE[T A1y, .

Since p and 6 are non-negative quantities, by the definition of h in (3.2), it follows
that x(h(z) + Bu) > ex? + K, where € is a non-negative constant and K is a (possibly
negative) constant. Then we obtain

) T AR )
E[X, (T A 1y) ]+26E/0 X, (s)"ds
+22, E[US(T A1) < 2 + 1T,
where (] is a positive constant. Consequently, we get
E[X}(T A7)?] < 2° + CiT. (3.33)
Let F) be given by (3.26). We apply Ité’s lemma to Fj,(X,(T)). Since Fj(2,) = p,
F, satisfies (3.8) and (3.28), which yields

T
E[F,(Xp(T)]e™" = Fy(x) — E/ e M(aXp ()" +bX;(8)7)dt + pdUy(t)] -
0
Using (3.8) again and then (3.33), we have
E[|F(Xp(T)lle ™" < [Co+ CoEIX(T)[le ™" < [Co+ Cav/a? + C1T)e ™,

from which we conclude that lim E[F,(X}(T))le 7" = 0. Consequently,

T—o0
T
Fy(x) = E / e (@X5(E)F + DX )t 4 pdU (2)] |
0
Since F), is finite, (X;, U, ) satisfies the requirements for an admissible control policy,
with any initial point z < z,. This enables us to conclude that Fj,(x) > V,(x), for any
T < zp.

When z > 2, there is an initial jump to z,, which we represent by taking X (0) = z,
X,;(0+) = 2, and U (0) = (z — 2). Therefore,

T
Fy(z) +pla —2) = B /0 (Xt + DX )t + pdU ()]
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By (3.26), Fp(x) = Fy(2p) + p(x — 2,), when = > z,. Hence,
T
_F / (Xt + DX )dt + dU ()]
0

holds when = > z,, and we conclude that F,(x) > V,(z), for any = > z, as above.
Now, we can use part (i) of Theorem 3.6 to get Fj,(z) = V,(x), for all z. Therefore, for
any initial point x, the above-described strategy (X, ,U,) is an optimal strategy.

The proof of part (ii) is very similar. Let z be any initial point and consider the
diffusion process X, given in (3.31). Let F, be the function described in (3.27). Then,
as in the proof of Theorem 3.6, this function satisfies GF),(z) + az™ + bz~ = 0, and
F, (x) < po < p, for all z. We apply It6’s lemma to Fj, (X, (¢ ))e~ "t and use the above
results and (3.8) to deduce

E[Fyy (X2 (T))]e 7T = —E / e M a X ()T +bX 2 ()7 ]dt .

Next (with the control process Uy identically zero), we can derive the estimate (3.33)
by a similar argument. Then, since F},, also satisfies (3.8), we obtain
: * —T _
Jim BlFy, (X5, (T))]e™™ =0,
similarly to the proof in part (i). Consequently, we have

E/ e aX () + bXE (1) Jdt ;

Fp, () is finite, hence (X, ,U,, ) is an admissible strategy, for every p > po, which
yields Fy,(z) > V,(z), for all z and all p > pg. By part (ii) of Theorem 3.6, we then
conclude that, for a given initial point z, Fj,(z) = V;(z), and (X, U, ) is an optimal
strategy for all p > pg. This completes the proof of the theorem.

Po’
O

Remark. The last theorem enables one to uniquely characterize the threshold z, by

inf R:V/(z)= if
Zp:{m {z € Vy(z) =p} if 0<p<po, (3.34)

o0 if p > po.

Here po = a/(0 + ), as defined in (3.23).

4 Asymptotic Optimality

We now exhibit an asymptotically optimal sequence of processes (X,,,V,,), each char-
acterized via a constant queue-capacity m,, (with m,, = oo allowed).

4.1 Main Results

Let (X, V) be the queueing model in (2.20) with constant queue-capacity m,,. Under
the assumptions (2.1)—(2.3), (2.41) and (2.42), we can employ Theorem 2.2 to conclude
that the sequence of processes (X, V;,) converges weakly to a reflected diffusion process
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(X4, U) which is characterized by (2.43). The constant reflection barrier £ is as in
(2.42). Note that the Brownian motions W; and Wy in (2.43) are independent and,
therefore, one can rewrite (2.43) in the form

Xalt) =2+ oW (0~ fut— [ OX: ()= pX; (Dds - U 1 (@)

if x < K, then X, (t) < k, for all t > 0, where the constant x > 0 is given in (2.42). The
process U is non-decreasing; it increases only when X, (¢) = « for ¢t > 0, U(0) = 0, and
it satisfies (2.44). (For model completeness, when x > k, the state process X, has an
initial jump to the point x; thereafter, it satisfies (4.1), starting from x. To represent
this, we simply assign X,(0—) = z, X;(0) = kx and U(0) —U(0—) = 2z — k > 0.)
Therefore, in general, the following identity holds for all ¢ > 0:

ww—wmzﬂfm@ﬁwmm@. (1.2)

Next, the diffusion coefficient o in (4.1) is determined by the coefficients of the inde-
pendent Brownian motions Wi and Wy in (2.43):

ol=02+pu, (4.3)
where o7 is given in (2.3), and pu is the service rate.

We are now ready to state the two main theorems of this paper. The first theorem
shows that the value function of the diffusion control problem given in (3.5), is a lower
bound for the sequence of cost functionals J(X,,V,,p), when lim X, (0) = 2. The

n—oo

second theorem exhibits an asymptotically optimal sequence of processes (X, V"),
with lim X} (0) = x, for each x.
n—,oo

Theorem 4.1. [Asymptotic lower bound]

Assume that the basic assumptions (2.1)—(2.4) and (2.8)—(2.10) hold. For each p > 0,
let the value function V), of the diffusion control problem be given by (3.5). For each x
in R, let (X5, V,) be a sequence of processes that satisfies (2.20), (2.41) where, for each
n, the associated cost functional J(X,, V,,p) is given in (2.60). Then the following
lower bound holds:

liminf J(X,, V,,,p) > Vp(z) , forall z € R . (4.4)

n—oo
In the next theorem, we use (4.4) jointly with Theorem 2.2, to obtain an asymp-
totically optimal strategy.

Theorem 4.2. [Asymptotic optimality]
Recall py, as defined in (3.23), and z,, the optimal threshold of the diffusion control
problem, as given in Theorem 5.7.
(i) Let 0 < p < po. Consider any sequence (X, V,*), with lim X}(0) = z, equipped
n—oo
with a constant queue-capacity sequence (m},) that satisfies

*

. my
nhﬁngo T Zp (4.5)
Then
liminf J(X, V.5, p) = V() , (4.6)

n—oo

for all x, and therefore, the sequence (X, V.*) is asymptotically optimal.

n»'n
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(ii) Let p > po. Consider a sequence (X, V.¥) with no blocking (m, = oo, for all n)
and 1Lm X(0) =z. Then

liminf J (X7, V;7,p) = Vy(a) | (4.7)

for all x; hence the sequence (X, V¥) is asymptotically optimal.

The proofs of the last two theorems will be demonstrated in several steps. In the
following discussion, the initial values X,,(0) are deterministic according to our model
in Section 2, and they converge to X, (0). The same conclusions can be made under the
assumption lim E|X,(0) — X,(0)|?> = 0, with X,,(0) being random. Throughout the

n—oo
discussion below, the function k() represents the normalized queue-capacity process
man ()
v

of the process X,,.

for all n > 1. The process ky(+) is in D[0, 00), representing the reflection barrier

Lemma 4.3. Let all the assumptions of Theorem 4.1 hold. Assume also that
lim £, (0) = 400, where ky(+) is the queue-capacity process corresponding to (X, Vy,).
n—oo

Then
liminf J(X,, V;,,p) > Vp(z) , forall zeR .

n—o0

Proof. Tt suffices to consider the case liminf J(X,,V,,,p) < co. Without loss of gen-
n—o0
erality (by choosing a subsequence, if necessary), we assume that lim J(X,,V,,p)
n—o0

exists. Recall that k,(0) is non-random. If ,(0) = oo for infinitely many n, then by
assumption (2.9), it follows that r,(¢) is infinite for all £ > 0 a.s. for each such n, and
there is no reflection boundary. In that case, the result follows from the work of [29],
and the proof given below can also be greatly simplified. Using (2.20) and (2.45), we

write X t

Xa(t) = X (0)+An(t) = Ma(t) — en(t) + L2t
NLD
(4.8)

—/ h(Xn(s))ds — Vi (t)

0

where h(z) = 0z — pz~, for all z, €, is given in (2.45) and the non-decreasing process

V,, satisfies

t
/0 Iix, (5)<rn(9)(8)dVi(s) = 0, (4.9)

for all ¢ > O(see section 7.3 of [29]). By (2.3), (2.26), and following the arguments in
[29], as well as using lim ||e,||7 = 0 in probability (as in the proof of Theorem 2.2),
n—oo

we have
Ap — M, — e, = oW, in D|0,00).

Here W is a standard Brownian motion with the constant o given in (4.3). This
weak convergence may prevail through a subsequence, but we can relabel it as the
original sequence. Using Skorokhod’s representation theorem, we can simply assume
that A,, — M,, — e, converges almost surely to oW, in the space D0, c0) equipped with
Skorokhod topology. But the limiting process cW has continuous paths and, therefore,
this convergence is uniform on finite intervals, almost surely. We let

~

gn(t) = An(t) - Mn(t) ) (4'10)
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for all ¢ > 0. Then, we have

lim ||&, — €, —oW]||r =0 almost surely, (4.11)
n— o0
for all 7" > 0. Next, on the same probability space, and using the same Brownian
motion W, we consider the strong solution X, that satisfies

X, (t) = 2+ oW(t) — pBt — /0 h(X,(s))ds , (4.12)

for each t > 0. Here, the function & is given by h(z) = 6+ — px~, for all z. Since h is
Lipschitz continuous, the above equation has a path-wise unique, non-exploding strong
solution X, and the process X, is adapted to the Brownian filtration. In particular,
since h is a Lipschitz continuous function, we can have the standard exponential bound

E[|| X.|[7] < Ce (4.13)

available for each T' > 0, where C' and k are positive constants (see Chapter 5. [17]).
From part (ii) of Theorem 3.7, it is evident that (X, 0) is an admissible control system
for the diffusion control problem in Section 3, where 0 represents the zero process.
Consequently, the cost functional J(X,0,p) is finite for each x > 0.

Let € > 0 be arbitrary. Then we can find Ty > 0 such that

E e 0 (Xz(s))ds < €, (4.14)
To

where C(x) = ax™ + bz~ represents the running cost function. Let T'x, be the Sko-
rokhod map defined in (2.33), corresponding to the upper-reflection boundary process
kn. Introduce the process Z,, by Z,(t) = X,,(t) + V,,(¢), for all t > 0, where (X, V},)
satisfies (4.8) and (4.9). Then Ty, (Z,)(t) = X, (t), for all t > 0, and (4.8) can be
written as

Zn(t) = n + En(t) — ent) — it — /0 WD (Z0)(s))ds | (4.15)

for all ¢ > 0 where 3, = % and X, (0) = x,. Next, we can also find ng > 1 such
that |z, — x| + u|Bn — B|To < €, for all n > ng. Then, by (4.12) and (4.15), we obtain

Za(t) = Xo(t)] < € 4 en(t) — en(t)—0W (1)] + C / T (Z0)(5) — T (Xa)(5)]ds

+c/0 Do (X,)(s) — Xa(s)|ds |

(4.16)

for each 0 < t < Tj and n > ng. Next, we let &y (w) = [ir%f] Kn(s,w). Using a 6 > 0 in
09 0

(2.10), and a partition {0 =tg < t1 < te < --- < t, = Tp}, with [t;11 — t;| < 6, for all
i, and 7 a finite positive integer, we get

sup ”‘Qn(t) - "Qn(o)‘ <7 sup ”‘in(t) - "in(s)’ )
[07TO] |t78‘<5
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for any t and s in [0,7p]. Hence, using (2.10), we have E[sup |k, (t) — kn(0)]] < C,,
[OvTO]
where C; is a constant independent of n. In particular, E[|%, — ,(0)|] < C,. Consider

the random set 0
B, = {w: fon(w) > *’””4()} :

Then, using the above estimate, we have

4 . 4C,

PBE) <P [lin(e) = kal0) 2 §50(0)] <

Consequently, lim P[BS] = 0. We also introduce the set A,, by
n—oo n

[OrTO]

An = {Sup |X:t:(t)| > ’%n} .

Then,

0
sup | Xo(t)| > fon, fon > #n(0)

PlA,] < P
[OzTO] 4

+ P[BE).

P

0
sup [ X, ()] > ooy > 0| <

[OvTU}

Kn (0
sup [X,(t)] > j)]
[OvTO]

Using these facts, together with (4.13), we deduce that lim P[A,] = 0.

n—oo
From (4.16) we obtain

t
Zn_Xa: < n - tn w +C/ Zn_XJ: sd
H i < €+ llgn = en = oWl C1 | | lods (417

+Co To [| Xz |1 14,

for all 0 < ¢t < Tp, where C; and Cy are generic constants. Here we have used (2.35),
plus the fact that T'x, (X;)(s) = Xz(s) for all 0 < s < Ty on the set AS. Using
(2.45) and Lemma 2.1, we can easily derive E[||e,|[%] < C(1 + T*), where C' > 0
and k > 1 are constants independent of n. This, together with the estimates (2.4),

(2.25), and the finiteness of E[sup |W (#)|?] implies that sup E[||&, — e, —oW|[F, < oc.
[0,70] n>1
Using this, together with (4.11), we have li_)In El&n — oW]||1,] = 0. Also, by (4.13)

and lim P[A,] = 0, we obtain lim FEI||X;|z,.1a,] = 0. Now, taking the expected

value of (4.17), and using these facts with Gronwall’s inequality, we conclude that
lim E||Z, — Xz|l1,] = 0. Recall that 'y, (Z,,) = X,,, and hence we have
n—0o0

E|Xn = Xollzy] =E [T, (Zn) — Xoll7]
<E [HFHn(Zn) - Pnn(Xa:)HTo] +FE [”Pnn(Xa:) - XxHTo]
<2F [”Zn - XﬂcHTo] +FE [Hrﬁn(Xx) - XxHTo] :

In the last line, clearly the first term on the right-hand side converges to zero as n
tends to infinity. For the second term, on the set A¢ notice that I'y, (X,)(t) = X (t),
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for all 0 <t < Tp. Hence ||T'y, (Xz) — Xzll7, < 3 || Xzll1, 14, holds almost surely. Thus,
lim E[||Ty, (Xz) — Xzl|7,] = 0 and consequently,
n—oo

lim E[||Xn — Xul,] =0 . (4.18)
n—0o0

Let us consider the cost functional J(X,,V,,p) in (2.60). We let the running cost
C(z) = ax™ + bx~, for all x, and use (4.18) to obtain

To

lim B [ e O(Xa(t)) — C(Xa(0)dt = 0.
n o 0
Consequently,
To
lim inf J(X, Vo, p) > lim inf £ e O (X, (1)) dt

0 (4.19)
To
:E/O O (X, (1))dt -

By (4.14), E [0 e "C(X,(t))dt > E [ e "C(X,(t))dt — e. Hence,

To
E/ e C(X,(t)dt > Vy(x) — €,
0

where V), is the value function given in (3.5). Since € > 0 is arbitrary, it follows that
lirginf J (X, Vi, p) > Vp(x). This completes the proof. O
n—0o0

To prove the above lemma in the case limsup k,(0) is finite, we first need the
n—oo
following technical result.

Lemma 4.4. Let k be a non-negative adapted process, defined over [0,00), with con-
tinuous sample paths. Let (X,,V) be a solution to (2.39) and (2.40), with b(x) =
—[uB + (0x — px™)], for all z, and let k be the upper reflection boundary process.
Then, for a given € > 0, there exists Ty > 0 such that

o
E/ e MC( X (t)dt+p dV(H)] < e, (4.20)
To

where C(z) = ax™ + bz~ is the running cost function. Furthermore, Ty can be chosen
so that it does not depend on the reflection boundary process k.

Proof. Let (X,,V) be a solution to (2.39) and (2.40), with b(z) = —[u8+ 0zt —pz™)],
for all x, and a continuous reflection boundary process k. Then by the discussion
below (2.40), it follows that the processes X, and V have continuous sample paths.
We apply Ité’s lemma via a localization procedure to X, (¢)?, and use the fact that

Ji X, (5)dV (s) > 0, to obtain

E[X.(t))] < 2%+ 0%t — 2E /075 Xz (s)(uB 4+ h(X,(s))ds ,
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for all t > 0, where h(x) = 6z — pz~, for all x. Since p and 3 are constants, we can
find a large constant M > 0 such that z(u8+ h(x)) > 0, for all |x| > M. The value of
M depends only on u, 5 and 8. Therefore,

BIX(1P) < a4 02 =200 | X003 + hOX () ag (X)) ds

SI'Q—FCOt,

(4.21)

for all £ > 0, where Cj is a positive constant which depends only on the constants p,
0, B and o. Note that Cy is independent of ¢ and the reﬂectlon boundary process K.
Next, using (2.39), we can write V(t) = x + oW (t) — uft — fo ))ds — X (t), for
all t > 0. Using the inequality |x| < 1+ 22, we obtain the estlmate

t
E[V(t)] §1++Clt+02/ (1+224+Cos)ds+ (1+22+Cot) .
0

Again, the constants Cy, C; and Cy are independent of the process x and t. Conse-
quently,

EV] <Q+a2®)(1+4+t)+ K t+ Ko t? (4.22)
where the positive constants K; and K depend only on the constants u, 6, 5 and
o, and they do not depend on the reflection boundary process x and t. Consider the
cost functional J(X,,V,p) associated with (X, V), as given in (3.3). Using Fubini’s
theorem to obtain the representation (3.9) for J(X,,V,p) and employing the above
estimates (4.21) and (4.22), we get

J(X.,U,p) = E/Ooo e MaX(t) +0X, (1) +ypV(t)]dt < oo . (4.23)

In view of (4.21) and (4.22), we have E[a X (t)+bX, (t)+vpV (t)] < K(1+t?), where
K > 0 is a generic constant independent of the process x and t. This constant may
depend on the initial value . Using Fubini’s theorem,

o)

E/ e MC(X (t)dt +p dV(t)] = / e "E[C(X,(1))dt +yp V(t)]dt ,
T

for all T" > 0. Hence, combining the above estimates, we deduce
E/ e C(X(t)dt +p dV(t)] <K/ e M+t +%)dt

for all T' > 0; here, the generic constant K is independent of the reflection boundary
process k. Now let € > 0 be arbitrary. Then we can find Ty > 0 such that K f 1+

t +t?)dt < €, and thus Ty > 0 is independent of the reflection boundary process k.
This immediately yields the desired result.
O

The next lemma is needed for completing the proof of Theorem 4.1.
Lemma 4.5. Let all the assumptions of Theorem 4.1 hold. Also assume that

lim sup k,,(0) < 400 ,

n—o0

where Ky (+) is the queue-capacity process corresponding to (X, Vy). Then

lirginf J(Xn, Vo,p) > Vp(x) , forallzeR .
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Proof. We first choose a subsequence such that lim &y, (0) = limsup x,(0) < +oo0,
N —>00

n—oo
and for simplicity, identify it with the original sequence (k). It suffices to consider the
case liminf J(X,,,V,,p) < oo. Without loss of generality (by choosing a subsequence,
n—o0

if necessary), we simply assume that lim J(X,,V,,p) exists and lim x,(0) is finite.
n—oo n—oo

For a given interval [0,7], using a § > 0 in (2.10) and a partition {0 =ty < t; < t2 <
cos < tp =T} with |ty — ti] = 2% < 0 for all 4, and r is a positive integer which is
approximately equal to 2""T. Then using (2.10), and following a computation similar

to the proof of Lemma 4.3, we obtain sup E[sup |k, (t) — #,(0)|]] < C(1 + T*). Since,
n>1  [0,Tp]

1Lm kn(0) is finite, we deduce that
sup E||kn||7] < C(1+T%) , (4.24)
n>1

for all T > 0. Here C' > 0 and k > 1 are generic constants, independent of 7. By
Lemma 2.1, we have the polynomial bounds

sup E[||Xall7 +1IVall7] < C(L+T), (4.25)

for all T > 0. Here C > 0 and k& > 1 are generic constants independent of T'. Let
€ > 0 be arbitrary. Since the cost function C(-) is of linear growth, the above estimates
enable us to find 77 > 0 such that C le e (1 + t*)dt < € and consequently,

sup B e T CO(Xn(s)) +vpVa(s)lds < C e 14 tR)dt < e, (4.26)
n>1 Ty T1

where C(x) = ax™ + bz, for all z. Hence,

T
sup |J(Xn, Vo, p) — E/ e MC(Xn(8)) +7pViu(s)]ds| < e, (4.27)
n>1 0
for all T' > Ty. Next, we choose T' > max{7p, 11}, with Ty given in Lemma 4.4, and we
restrict our attention to the function space D0, T| equipped with Skorokhod topology.
Consider the R? valued process Y;, = (&, ki), for each n. Our aim here is to show that
the sequence (Y},) is relatively compact in D[0, T], using Corollary 7.4 in Chapter 3 of
[7]. Clearly,
Yallz < lléllz + Il -
We already know that the sequence (&, ) converges weakly to oW. These facts, together
with (4.24), implies that for a given € > 0, we can find a large M > 0 so that
limsup P[||Y,|lr > M] < e,
n—oo
which guarantees that the sequence (Y;,) is stochastically bounded in DJ[0,7]. Next
we introduce the modulus of continuity w/. in D[0,T]. However, first introduce the
function w(x, A) by
U)(:I},A) = sup |LL’(8) - flf(t)’ )
s,teA
for each z in D[0,7] and A C [0,7]. We now introduce the modulus of continuity by

wi(x,d) =inf sup w(x, [ti—1,t)) ,
1<i<m
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where the infimum is taken over all partitions 0 < ¢ty < --- < t,, = T of [0,T7], such
that min (t; —t;—1) > 0. It is straightforward to check that

0<i<m
wh(x,8) =inf sup w(x,[ti_1,t;))
1<i<m
also holds, where the infimum is taken over all partitions 0 < tg < - -+ < t;,, = T of

[0, 7], such that § <t; —t;—1 < 26, for all 1 <i < m.
Now clearly,

wh(Yy,, ) < inf < sup w(&n, [ti—1,ti)) + sup w(knp, [ti_l,ti))> ,

1<i<m 1<i<m

where the infimum is taken over all partitions 0 < tg < --+ < t,, = T of [0, T], such that
d < (t;—ti—1) < 26, for all 1 < i < m. We can choose a partition 0 < sp < -+ < 8y, =T

of [0, T, such that § < (s; —s;—1) <20 for all 1 <i <m, and sup w(&,,[si-1,5i)) <
1<i<m

wip(§n,0) + 5. In addition,

sup w(K'nv [Siflv 51)) < sup |I€n(u) - H,n(’U)| )
1<i<m |lu—v|<25

where v and v are in [0, 7). Therefore,

W (Y, 0) S whp(&n,0) +  sup  |rn(u) — 5n(v)| + <
|lu—v|<28 2

Hence, we have

Plw(Yy,d) > €] < Plwh(&,,6) > i] + éE[ sup |kn(u) — kp ()] -
€ |u—v|<26

Since the sequence (&) is weakly convergent to oW, there is 6 > 0 such that

lim sup Plwp(&n,0) > §] < §. We can also obtain the upper bound § for the second
n—oo

term, using (2.10); this implies limsup P{w/.(Y,,d) > € < e. Thus, the modulus

n—oo
of continuity condition for (Y;,) has been verified. Using Corollary 7.4 in Chapter 3
of [7], we conclude that the sequence (Y;,) is relatively compact in D?[0,7]. Since,

limsup ||e,||7 = 0 in probability as in Theorem 2.2, we can conclude that the sequence
n—oo

(&, — €n, k) is relatively compact in D?[0, T]. Next, we can choose a subsequence of
(&, — €n, kn) which converges weakly to a process (£, x) in D?[0,7] and relabel this
subsequence by the original sequence. Clearly, the process k is non-negative. Since we
already know that the sequence (§,,) is weakly convergent to the process cW in D[0, T7,
where ¢ is a positive constant and W is a standard Brownian motion, we conclude that
E=0W. Let J(kp) = sup |kn(t) —kKn(t—)|. Then J(k,) < sup |kn(t) —rn(s)|, and
0<t<T |t—s|<d

as a direct consequence of (2.10), we obtain nh—>r20 E[J(ky)] = 0. Hence, using Theorem
10.2 in Chapter 3 of [7], we conclude that the limiting process x has continuous paths.

Therefore, using the Skorokhod embedding theorem, we can simply assume that
the sequence (&, — €, k) is almost surely convergent to the process (oW, k), as n
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tends to infinity in D[0,7]. Since the limiting process (¢W, k) has continuous paths,
this convergence is uniform on [0, 7] and we have

Tim ([l — en — oWl + || — llr) =0 (4.28)

almost surely.

Next, we extend the process x in (4.28) to [0, 00) continuously, by simply defining
k(t) = k(T') over all ¢ > T'. Then, we can construct the limiting process (X, V) on
the same probability space so that it is the strong solution to (2.39) and (2.40), where
b(x) = —[uB + (0" — px™)], for all z, and with the continuous reflection boundary
process k that satisfies (4.28). By the discussion below (2.40), it follows that the
processes X, and V have continuous paths and are adapted to the filtration of the
Brownian motion. Consequently, (X,,V) is an admissible process for the diffusion
control problem and, by Lemma 4.4, the corresponding cost functional J(X,,V,p) is
finite.

Introduce the process Z by

Z(t) = X, (t) + V(1) (4.29)

forallt > 0. ThenT'(Z)(t) = X;(t), for all ¢ > 0, where Iy, is the Skorokhod map given
in (2.40). Consider (X, V;,) which satisfies (4.25)-(4.27), with the reflection boundary
Kn, Xn(0) = =, and ILm xn = x. Let Z,(t) = X, (t) + Vo (¢), for all £ > 0. We use

the Lipschitz continuity of b(z) = —[u8 + (62 — pz7)], lim z, =z, lim B, = B and
n—oo n—oo

then follow an estimation similar to (4.16) to obtain
t
| Zn = 2|t < 0n + ||&n — €n — W[ + C/ Crn(Zn)(5) = Tu(Z)(s)|ds
0

almost surely, where lim §, = 0 and C' is the Lipschitz constant. Using (2.34) and
n—oo
(2.37), we obtain the estimate,

/ T (Z2)(3) — Tw(2)(s)|ds < / T (Za)(3) — T (2)(5)]ds
0 0
+ /0 T, (Z)(s) — Tul(2)(s)|ds
§2/0 |]Zn—Z|sds~|—/0 ||kn — Kl||sds

for each 0 < ¢ < T. By combining the above facts, together with h_)m dn =0, (4.28)
n o0

and then using Gronwall’s inequality, we obtain

lim ||Z, — Z||r =0 almost surely. (4.30)

n—o0

On the other hand, using (2.34) and (2.37), we obtain

s, (Zn) = Tw(Z)llr <[|Tx,(Zn) = Tk, (27
FT%,.(2) = Tu(2)|I7
<2||Zn = Zll7 + ||fn = KT -
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Hence, using (4.30) and (4.28), we have li_r>n 1T, (Zn) — Tx(Z2)||7 = 0 a.s. Conse-
n—0o0
quently,

li_>m || Xr, — Xzl =0, as. (4.31)
This, combined with (4.30), yields
li_)m |Vo = Vllr =0, as. (4.32)
Let J(X,, Vi, p) be the cost functional in (2.60). Then
T
liminf J(X,,, Vi, p) > liminf £ [ e 7 [C(X,,(t))dt + vp Vy(t)]dt

n—oo n—oo O
T
> B /0 e O(Xo (1) +7pV (B)]dt

We have used Fatou’s lemma to obtain the last inequality. Since (X, V) is an admis-
sible control policy for the diffusion control problem in (3.5), with a continuous upper
reflection boundary k, we can use Lemma 4.5 and the fact that T" > Tp, to conclude

that EfOT e MO(X,(8)) + vpV (t)]dt > J(X,, V,p) — € > V,(x) — €. Hence,
liminf J(X,,, V;,p) > Vp(z) — €,

n—o0

where € > 0 is arbitrary. This completes the proof of the lemma.

Proof of Theorem 4.1.
The proof clearly follows from Lemmas 4.3 and 4.5.

In the next two results, we prove convergence of the cost functionals, related to
constant (finite or infinite) queue-capacities. These two results will then be used to
establish Theorem 4.2.

Proposition 4.6. Let (X, V,,) be a state-process equipped with constant queue-capacity
my, which satisfies the conditions (2.20), (2.41) and (2.42) with a finite constant
Kk in (2.42). For each integer n > 1 and p > 0, the corresponding cost functional
J(Xn, Vo, p) is given by (2.60). Then, nh—%lo J(Xn, Vo, ) = J(Xo,U,p), for each p > 0,

where J(X,,U,p) is defined in (3.3).

. _ e .
Proof. By (2.41) and (2.42), we have nlgrolo Xn(0) = and nhﬁ\lglo e =+ >0, where £ is

a finite constant. Then, by Theorem 2.2, the sequence of processes (X,,,V;,) converges
weakly to the process (X, U) that satisfies (4.1). To show the convergence of the
cost functionals, we use the polynomial growth bounds for E[||X,|%] and E[||V,||%]
obtained in Lemma 2.1.

Following the application of Fubini’s theorem in the derivation of (3.9), we obtain

J( X, Vi,p) = E /0 h e MaX,F(t) +bX,, (t) +pyVa(t)]dt . (4.33)

Since (X, V,,) converges weakly to the process (X, U), using Skorokhod’s embedding
theorem, we may assume that (X, V;,) converges almost surely to the process (X, U),
in some probability space (21,81, P1). Introduce

R (t) = aX,] (t) + bX,, (t) + pyVa(t) |
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and
Roo(t) = aX7(t) + bX, (1) +pU(t)

on the space [0,00) ® Q. Let A be the finite measure on the collection of Borel subsets
B of [0,00), defined by A\(B) = [ e 7"dt. Next, consider the product measure A ® P
on the space [0,00) ® 1, equipped with the product o-algebra B ® §,. Here B is the
Borel o—algebra on [0,00). Then R,, converges to R, almost surely in A ® Py, as n
tends to infinity. Clearly,

0 < Rn(t) < C(|Xn ()| + Valt)) ,

where C' is a generic constant that does not depend on n and t. Consequently, using
Lemma 2.1, we obtain
Bl||Ra[[7] < CA+T") (4.34)

for all T" > 0, where C' is a generic constant that does not depend on n and T. By
Fatou’s lemma, we also have E[||Rw|/2] < C(1 + T%). Now, (R,) converges to R
almost surely with respect to A ® P; and by (4.34), the sequence (R,,) is uniformly
integrable on the product space [0,00) ® ;. Therefore, we conclude that

nh—>nolo Exap, [Rn] = Exap, [ROO] )

with the limit being finite. The proof of the proposition is now complete. O

Next, we treat the case where the queue-capacity m,,(t) is infinite (no blocking) for
all ¢ > 0. In this case, the process V,, in (2.20) is identically zero and, for this reason,
we relabel (X, V},) by (X,,,0). Similarly, for the limiting process, the reflecting barrier
k in (4.1) and (4.2) is infinite. Therefore, the process U in (4.1) is identically zero.
Accordingly, we relabel (X, U) in (4.1) by (Xg,0) in the following discussion.

Proposition 4.7. For each integer n > 1, consider the process (Xy,,0) which satisfies
(2.20) and (2.41) with my(t) = oo for all t > 0. The associated cost functional
J(Xn,0,p) is given by (2.60) for each p > 0. Consider (Xz,0) which satisfies (4.1)
with k = oo and the process U identically zero. Then nh_)ngo J(X,,0,p) = J(X.,0,p)

where J(X;,0,p) is defined in (3.3).

Proof. By Theorem 2.2, we know that under the above assumptions, the process X,
converges weakly to the process X, in the function space D[0, o), as n tends to infinity.
By Lemma 2.1, we have the polynomial growth bound

sup B[ X, /4] < C(1+T%) , (4.35)
n>1
where C' > 0 and k > 1 are generic constants that do not depend on 7. The rest of
the proof is very similar to that of Proposition 4.6 and therefore, it is omitted. O

Using the last two propositions, we are now able to complete the proof of Theorem
4.2
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Proof of Theorem 4.2.

Proof. To prove part (i), first let 0 < p < pg, where pg is given in (3.23). We con-
sider a sequence of processes (X', V*) that satisfies (2.20) and (2.41), with the asso-
ciated constant queue capacity sequence (m;). We assume that the sequence (my)

n
satisfies lim "2 = z, where 2, is the optimal threshold point given in Theorem
n— o0 \/ﬁ

3.7. Then, by Theorem 2.2, (X, V.*) converges weakly to the reflected diffusion pro-
cess (X7, U, ), which has the upper reflection barrier at point z,. From Theorem 3.7,
(X;,U,) is an optimal strategy for the diffusion control problem in (3.5). Therefore,
J(X3,Uy,p) = Vp(x), for all z, where V), is the value function given in (3.5). On
the other hand, by Proposition 4.6, we have nh_)rglo J(X5, Vop) = J(X;, Uy, p). Con-

sequently, lim J(X}, V*,p) = V,(z), and using Theorem 4.1, we conclude that the
n—0o0

sequence (X', V.*) is asymptotically optimal. This completes the proof of part (i).

In part (ii), we consider the case p > po. Let (X;:, V") be a sequence that satisfies
(2.20) and (2.41) with the associated queue-capacity my,(t) = oo, for all ¢ > 0 and all
n. Then, V' is identically zero and (X, V") converges weakly to (X7,0), where X7

n»'n

satisfies (4.1), with the process U identically zero. In Theorem 3.7, we have proved that
X7 is the optimal process for the diffusion control problem, for every p > pg. Therefore,
J(X2,0,p) = Vp(z), for all z and all p > py. Combining this with Proposition 4.7,
we obtain 71113010 J( X, Vi, p) = J(XZ,0,p) = Vp(z), for all  and all p > pg. Using

Theorem 4.1, we conclude that the sequence (X, V) is asymptotically optimal, which
completes the proof. ]

5 Appendix

Proof of Lemma 3.2

Let x < 0 and consider the diffusion process Y characterized by
t
Y(t)=x+cW(t) — ,u/ (B+Y(s)ds, t>0, (5.1)
0
where W is a standard Brownian motion. Next, we introduce the stopping time 7y by

70 = inf{t > 0:Y(t) = 0}. (5.2)

We intend to show that the function Fiy, of (3.15) and (3.16) has the stochastic repre-
sentation Fuo(x) = Ele™"|Y(0) = z|, for every z < 0. To this end, introduce

Fuo() = E[e7™[Y(0) = 1] , (5.3)
for all x < 0. For each N > |x|, we also introduce the stopping time
T =inf{t >0:Y(t) =—-N}. (5.4)

To construct the function F,,, we begin with a sequence of functions (F},). Let F), be
the unique solution to the boundary value problem

2
%F;L’(x) — (Bu + px)F)(z) —yFo(x) =0, for x <0,
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F,(0)=1, and F,(—n)=0.
Then, with the use of It6’s lemma, one can easily verify that
Fo(r) = Bxle "™ 17 o7y, for —n<2<0.

Using the scale function associated with the diffusion Y, it follows that (see [17], Section

5 of Chapter 5)
ff o2z (v?+26y) dy

Plry, <70lY(0) = 2] = i s WY g

Therefore, Plr, < 719|Y(0) = z] is decreasing to zero as n tends to infinity. Conse-
quently, the sequence (F,(x)) is increasing to the function F.. We fix the interval
[z,0] and integrate the differential equation for F,, twice on this interval to obtain
an integral equation for F},. Then we use 0 < F,(y) < Fuo(y) < 1, on [-n,0], and
nlgrolo Fo(y) = Fsx(y), together with the bounded convergence theorem, to conclude

that the function F., also satisfies the same integral equation. By differentiating it
twice, we observe that Fs also satisfies (3.15), together with the boundary condition
Foo(0) =1.

The stochastic representation (5.3) also implies that Fi, is increasing and F/_(z) >
0 on the interval (—oo,0]. Consequently, xErEloo Foo(x) = Lo exists, with 0 < Ly < 1.

Furthermore, if F_ (&) = 0 for some & < 0, then by (3.15), F/_(¢) > 0. Hence, z = £ is a
strict local minimum. This is a contradiction since Fi, is increasing. Hence Féo(ac) >0,
for all z < 0 and as a consequence, Fa, is strictly increasing on (—oo, 0].

Our next step is to prove that xgmoo ﬁ'oo(x) = (0. We consider the process Z defined

by Z(t) =Y (t) + 8, for all t > 0, where Y is given in (3.17). Then Z is an Ornstein-
Uhlenbeck process that satisfies

Z(t):(m—i—ﬂ)—FaW(t)—,u/O Z(s)ds, t>0. (5.5)

For each y > x + 3, we introduce the stopping time 7, by
T, =inf{t >0:Z(t) >y} . (5.6)

Then 79, defined in (5.2), is identical to 75, and F(2) = E[e™7|Z(0) = x + f], for
all z < min{—/,0}. Using the strong Markov property, we obtain

Ele™7|2(0) = 2 + ] = Ele™|2(0) = 2+ BE[e 7| 2(0) = 8] , if B<0,
and

Ele | Z(0) =z + B8] = Ele ™| Z(0) = = + B|E[e 7| Z(0) = 0] , if B>0.
Therefore, to reach the desired conclusion, it suffices to demonstrate that

lim Ele™"™|Z(0)=y]=0.

Yy—>—00

For this, consider the process Z that is characterized by Z(t) = y + oW (t) —
I f(f Z(s)ds. Then it is well known that, via a random time change, one can write

o2

Z(t) = e My + B(QM

(e —1))], t>0,
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where B is another Brownian motion. Next, we introduce a collection of stopping times
(T}) with respect to this Brownian motion. Specifically, for each y < 0, let

T, =inf{t > 0: B(t) = —y}.
This enables one to derive a relationship between 7y and T}, namely

- 1 2u
To = @ log[(?)Ty +1].
The distribution of the Brownian stopping time T}, is well known (see [3]), and it will
help us compute the limit lim E[e=7]Z(0) = y].
y——00

ol

Observe that e~ 770 = [(%)Ty + 1] 24, It follows that

- 1
lim Ele"|Z(0) =y] = lim E]

— | B(0)=0].
Y——00 Y—r—00 [(%)Ty‘l‘l}ﬁ | ( ) ]

Using the bounded convergence theorem, we notice that the limit on the right-hand

side vanishes since lim 7T}, = oo almost surely.
Yy——00

Consequently, lim Fu(z) = 0. Now it is clear that F,, satisfies (3.15) and (3.16).
T——00

The uniqueness of solutions to (3.15) and (3.16) can be established by the fact that the
difference of two solutions to (3.15) cannot have any positive local maxima. Therefore,
F is identical to Fi, as characterized via the initial value problem (3.15) and (3.16).
It also has the stochastic representation (5.3).

In our next step, we show that xgmoo F! (x) = 0 and the function F,, is strictly

convex. First we extend the function Fiy, to (—o0, 00), so that it satisfies the differential

equation (3.15) everywhere on (—o0o, 00). Since Fy, is strictly increasing on (—oo, 0], by

(3.16) it is clear that liminf F (x) = 0. Thus, we can choose a sequence (y,) strictly
T——00

decreasing to —oo, such that y,4+1 < yp < 0 and 0 < F. (yn+1) < Flo(yn), for all n.
Consequently, there is a point &, such that y,+1 < &, < yn and FZ(&,) > 0. Note that
the sequence (&,) is also strictly decreasing to —oo.

Let z =inf{z > 0: F/ (z) <0 }. If 2 is finite, then F’_(z) = 0 and F/_(z) > 0, for
all z < z, and consequently, Fi,(2) > Foo(0) = 1. By (3.15), Y;, has paths of bounded
variation F/ (z) > 0, and hence F, has a strict local minimum at the point z = z,
which is a contradiction. Therefore, z cannot be finite and F/_(z) > 0, for all z in
(—00,0).

Next we consider any point x; > 0, such that 21+ > 0. Then Fo(z1) > Foo(0) =1
and F_(z1) > 0. Using (3.15), we also obtain F (z1) > 0. Now introduce the function
H(z) = F(z), on the interval [¢,,z1]. Then, by differentiating (3.15), we see that

02
5 H"(@) = (Bp+ pe)H'(@) = (y +2u)H(z) =0, on [&n, 1] ,

H(&,) > 0and H(xp) > 0. Let &, < ¢ <z so that H(¢) = min H(x). Suppose that

[n,21
H(c) <0, then &, < ¢ < z; and H'(¢c) = 0. If H(c) = 0, then by the uniqueness of
the solution to the above differential equation, it follows that H is identically zero. If
H(c) < 0, again by the above differential equation, we have H”(¢) < 0 and z = ¢ is
a strict local maximum; this is a contradiction. Hence H(c) > 0 and, consequently,
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FZ () > 0 on the interval [,,z1]. But one can choose z1 arbitrarily large and the

sequence () is decreasing to —oo. We thus conclude that F_ (x) > 0, on the interval

(—00,00). This, together with the fact that liminf F/ (z) = 0, implies lim F/ (z) =
T—r—00

T—r—00
0. Hence, F is a strictly convex function that satisfies all the conclusions of Lemma
3.2. This completes the proof.
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