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ABSTRACT

Huiyin Ouyang: Prioritization in Service Systems with Nonlinear Delay Costs
(Under the direction of Nilay T. Argon and Serhan Ziya)

Prioritization is a common strategy in service systems to improve the overall system perfor-
mance. In this dissertation, our main objective is to study how priority should be assigned in
different systems when the cost of waiting is not linear as is typically assumed in the literature. We
study three problems motivated by prioritization decisions in service systems. In the first problem,
we consider a single server queueing system with two different types of customers. Each customer
incurs a cost depending on its type and waiting time in the queue, and the waiting cost functions
are assumed to be nonlinear in the waiting time. We identify the best static policy under different
conditions. In the second problem, we consider a stylized, discrete-time model for an Intensive Care
Unit (ICU) in which patients’ health conditions change over time according to a Markov chain. Our
objective is to allocate the ICU beds to minimize the long-run average mortality rate. In the third
problem, we consider a multi-server queueing system with impatient customers. Customers are
assumed to be in one of two different stages, which can change over time. A reward is obtained at
each service completion depending on the stage of the customer. Our objective is to maximize the

total discounted reward and the long-run average reward over infinite horizon.
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CHAPTER 1: INTRODUCTION

In many service systems customers are heterogeneous in that they have different service require-
ments and incur different costs. An interesting problem to the service provider is how to control
the service process by prioritizing service, and admitting or rejecting customers so that some per-
formance measure is optimized. For example, the director of an emergency department (ED) at a
hospital prioritizes the treatment of more severe patients to minimize the overall mortality rate. A
call center manager reserves several lines to serve more valued customers since these customers will
incur larger cost if they are unsatisfied. Hospital bed managers face the decision of how to allocate
beds when the demand exceeds their capacity, e.g., they either discharge an existing patient to
admit a new patient, or they reject the new patient. All these service systems provide services to
different types of customers, and their decisions are associated with prioritizing some customers
over others.

There is a vast literature that investigates models when the cost of holding customers in the
system are linear in their waiting time, and the optimal policies for these models are proved to be a
priority index rule. However, the costs in reality usually have more complicated structures that are
difficult to capture by a simple linear waiting cost approximation. For example, the health state of
ED patients does not in general deteriorate at a constant rate. On the other hand in certain cases,
it is even not appropriate to capture the cost structure as a function of waiting times. For example
in a hospital ward, the cost will depend on the medical outcome of the patients after his/her stay
in the ward, which may be indirectly related to waiting times. However, it is difficult to express
the cost as a direct function of waiting times in this case.

In this dissertation, we aim to explore the priority decisions in service systems with hetero-
geneous customers and nonlinear delay costs. In particular, we study three design and control

problems motivated by service and health care systems.



In the first part of this dissertation, we consider a single server queueing system with two
different types of customers. Each customer incurs a cost depending on its type and its waiting
time in the queue. The cost functions are assumed to be non-decreasing in the waiting time. Our
objective is to minimize the long-run average cost by controlling the order of service for customers
in the queue. The waiting costs for different types of patients are different, and also they are not
linear in the waiting time. In general, it is very difficult to keep track of the waiting times of all
customers in the system, or these kind of information may be very expensive or even impossible
to collect in practice. Hence, we are interested in finding “good” policies that do not need such
information under nonlinear costs.

The second part of this dissertation is motivated by the admission and discharge decisions given
in the intensive care units (ICUs) in hospitals. When a patient arrives to an ICU that is full, the
ICU director needs to decide either rejecting this new patient (by way of transfer to some other
ward or hospital) or discharging (transferring) an existing patient to make space for this one. In
an ICU setting, we are concerned about the dying probabilities of all patients, which can hardly
be approximated by a linear function.

In our model, the heterogeneity of ICU patients is in the sense of patients’ severity conditions,
and the severity conditions of patients could change during their stay in the hospital. We use
different stages to model the different health conditions of the patients, and we use a transition
matrix to represent the change of patient stages in the ICU. When patients are not in the ICU
either due to being early discharged or being rejected upon arrival, they will stay at some non-ICU
care place such as general wards, nursery rooms or even home, which we all refer as “the general
ward” throughout the dissertation. The stages of patients in such places will change according to
a similar pattern with different parameters from the transition matrix in ICU. The patients could
leave with an undesired outcome, e.g., death or readmission to ICU. Our objective is to minimize
the expected probability of such an undesired outcome by choosing which patients to keep in the
ICU.

Although our work is inspired by the ICU admission and discharge decisions, it can be also
extended to other systems. For example, consider a service system that can process jobs by two
different types of resources, one general resource with infinite capacity and one more efficient

resource with finite capacity. The state of jobs can be described by different stages, and they can



become better or worse during the processing. The quality of completed jobs depends on which
stage they are finished with, and our objective is to maximize the total output quality by assigning
priorities, where jobs with lower priority will be processed by the general resource when the efficient
resources are all occupied.

Finally, in the third part of this dissertation we consider a multi-server queueing system with
impatient customers, where the customers may change status over time. In many service systems,
customers in the queue might leave without being served if their wait exceeds their tolerance, where
the tolerance is usually called the “lifetime” or the “patience” of the queueing customer. There is a
growing literature on optimal scheduling of impatient customers, most of which assumes customers
belong to independent classes. In this dissertation, we have a further assumption that customers
belong to different stages, and their stages could change over time either in service or queue. For
example, we reconsider the ICU admission and discharge problem. We assume that the patients in
the general ward could get readmitted to ICU when there is an available bed. Then, the ICU beds
can be considered as servers and the patients in the general ward can be considered as queueing
customers. Patients in ICU as well as those waiting for ICU beds in the general ward may leave
the system or may change their health stages. We assume that a positive reward is obtained at
each service completion, depending on the stage of the leaving customer, and we would like to

investigate how priority should be assigned to maximize the long-run average reward.



CHAPTER 2: PRIORITY ASSIGNMENT IN AN M/G/1 QUEUE WITH
NONLINEAR WAITING COSTS

In this Chapter, we consider a single server queueing system with two different types of cus-
tomers. Each customer incurs a cost depending on its type and waiting time in the queue, which
is assumed to be non-decreasing and nonlinear. We would like to compare the performances of

several static policies.

2.1 Introduction

We consider a queueing system with two types of customers. For example, consider an emer-
gency room with patients who are more severely injured and those who only have small problems.
We assume that each customer incurs a waiting cost that depends on its type and the amount
of time it spends in the queue before its service starts. We also assume that the cost function is
increasing in time spent in the queue. The inter-arrival times and the service times depend on the
type as well. Our objective is to determine the best “static” policy that minimizes the long-run
average cost. By static policies, we mean policies that are independent of the state of the system,
such as priority policies that give priority to a certain type of customers or non-priority policies
like first-come-first-serve (FCFS) or last-come-first-serve (LCFS).

The study of priority queueing systems dates back to |(Cobham| (1954), who considered a single
server queueing system with customers belonging to several priority classes and the service is non-
preemptive. In that work, the author formulated an M/M/1 queueing system with customers
belonging to multiple priority classes, and derived the long-run average waiting time in the queue
for each class of customer. In these priority queues, the position of a customer in a waiting line is
determined by its priority class rather than by its time of arrival in the line as in FCFS. We can

refer to |Miller| (1960) and Jaiswal (1968) for a review of such earlier work on priority queues.



Then the problem that which type of customers should be prioritized was studied. For linear
cost functions when the cost is proportional to the delay, Cox and Smith (1961)) first established
the optimality of the so called “cu-rule” for M/G/1. According to the cu-rule, customers with
larger c;u; index are assigned higher priority, where ¢; is the per unit time waiting cost and p; is
the service rate for type ¢ customers, to minimize the long-run average waiting cost in the system.
Many other work has been done under the assumption of linear cost functions.

The consideration of nonlinear costs is necessary because approximating customers’ delay sensi-
tives with a linear function may not be reasonable in practice. For example, when perishable items
wait for service, or landing aircraft wait in the air for landing, etc., the cost of a unit delay cannot
be constant as delay increases, because in the former case, the items lose value, and in the latter
case, the aircraft may fail for lack of fuel. Dewan and Mendelson| (1990) provided a more detailed
discussion about the delay cost structures. A number of papers have considered the generalized
cost functions in their queueing models. |Aféche and Mendelson| (2004) compared the revenue-
maximizing and socially optimal equilibria under uniform pricing, preemptive, and nonpreemptive
priority auctions with an admission price and a generalized delay cost structure. Hassin et al.
(2009) showed that relative priorities in an n-class queueing system can reduce customer waiting
costs in a single server Markovian model where the goal is to minimize a non-linear cost function
of class expected waiting times. Rothkopf and Smith| (1984) conjectured that no static priority
policy would minimize the expected delay costs when delay cost functions are nonlinear. Haji and
Newell| (1971) showed that when the cost functions are convex increasing functions, the optimal
strategy will always involve serving customers of the same type according to the FCFS discipline.
Van Mieghem| (1995)) proved that when waiting costs are convex in time, a generalized version of
the cu-rule is asymptotically optimal under heavy traffic. |Mandelbaum and Stolyar| (2004) also
proved the heavy-traffic optimality of the generalized cu-rule under more general settings.

The generalized cu-rule is actually a dynamic policy that gives priority to the customer who
has the largest C/(t)u; value in the system at every service completion epoch, where C;(t) is the
cost function of holding a type ¢ customer in the queue for ¢ units of time and C.(¢) is its first-order
derivative. Hence, to implement the generalized cu-rule, we need to keep track of the waiting times
of all customers in the system. In this article, we are interested in finding “good” policies that

do not need such information under nonlinear costs. More specifically, we consider static queueing



policies, such as the FCFS and LCFS policies and priority policies that give priority to customers
according to their types without considering their waiting times in the system.

The remainder of this article is organized as follows. We describe our model in Section then
in Section 2.3] we provide analytical comparisons of the three commonly used static policies, namely
F, PF) and PF5, where F denotes first-come-first-serve (FCFS) and PF; denotes the priority policy
that prioritizes type ¢ customers and employs FCFS within each type for ¢ = 1,2. We apply our
results for polynomial cost functions in Section [2.4] and for exponential convex function in Section
then we give a theoretical result that shows when the cost functions are convex, we only need
to compare F', PF} and PF5 in Section We provide similar results when comparing policies L,
PL; and PLy, where L denotes last-come-first-serve (LCFS), and PL; denotes the priority policy
that prioritizes type i customers and employs LCFS within each type for i = 1,2, and proved that
it suffices to compare only L, PL; and PLs when the cost functions are concave. By means of
a numerical study, we compare the best static policy that we found in earlier sections with the

generalized cu-rule in Section Finally, Section [2.9| provides our conclusions.

2.2 Model description

Consider a single server queueing system with two types of customers. Customers arrive to the
system according to a Poisson process with rate A > 0, and each arriving customer belongs to type
i € {1,2} with probability p; > 0, where p; + pa = 1, independent of the arrival process. Service
times for type i € {1,2} customers are independent and identically distributed (i.i.d.) with mean
7; > 0 and second moment & > 0. We define p; = p;A1; and p = p1 + p2, which we call the system
load, and we assume that p < 1 for stability. Each type i customer incurs a waiting cost C;(t)
when its waiting time in the queue is ¢, for £ > 0 and ¢ = 1,2. We assume that C;(t) is first-order
differentiable and non-decreasing in ¢ for fixed 3.

For such a queueing system, we consider non-idling and non-preemptive queueing policies that
require information only on the type and the order of arrival of all customers in the system. These
policies are non-idling and non-preemptive in the sense that the server does not idle as long as there

is a customer in the system and that service of a customer who has been taken into service has to



be completed without any preemption before the server moves onto serving another customer. We
let IT denote the set of all such queueing policies.
For any policy 7 € II, define the long-run average cost as

2 n;i(t T
C- = lim > i1 k=(1) Ci(v;,k °)

t—00 t ’

(2.1)

where n;(t) is the number of type i customers that has arrived to the system by time ¢ and Vifk’mo
is the waiting time of the kth arriving type ¢ customer under policy 7 and initial state xg. Our
objective is to identify policies that provide the smallest long-run average waiting cost Cj in the
policy set II for any given initial state xo. Let W denote the steady-state waiting time of a type
i customer under policy 7, then we will show in Appendix A that if £ [‘C,(VVZ”)” exists for both
i € {1,2}, Cr defined in satisfies

Cr = Ap1E|C1(W)| + Apa B Co(WE) . (2.2)

2.3 Comparison of FCFS and fixed priority policies — general cost structures

In this section, we present the comparison of three commonly used policies within II, namely F,

PF; and PF5. In order to compare C'r, Cppr, and Cpp,, we need several definitions and lemmas.

Definition 2.1. (E.g., Shaked and Shanthikumar| (2007))). Let X and Y be two random variables
with corresponding cumulative distribution functions Fx(-) and Fy (-). If Fx(z) > Fy(x) for all
x € (—00,00), then X is said to be smaller than Y in the usual stochastic ordering (denoted by
X <aY).

Definition 2.2. (Di Crescenzo| (1999)). Let X and Y be two non-negative random variables with
X <& Y and E[X] < E[Y] < co. Then, we write Z = ¥(X,Y) to mean that Z is a random

variable with probability density function




where Fx(-) and Fy(-) are the cumulative distribution functions of X and Y, respectively.

Di Crescenzo| (1999) shows that fz(z) is a probability density function.

Lemma 2.1. (Theorem 4.1 of |\Di Crescenzo, (1999)) Let X and Y be two non-negative random
variables satisfying X <g Y and E[X]| < E[Y] < oo, and let Z = V(X,Y). Let also g be
a measurable and differentiable function such that E[g(X)] and Elg(Y)] are finite, and let its

derivative g' be measurable and Riemann-integrable on the interval [x,y] for all 0 < x < y. Then,

E[¢(Z)] is finite and

Lemma presents a probabilistic analogue of the mean value theorem, where Z is a random
variable that can be considered as the “mean value” of X and Y. However, unlike for the (deter-
ministic) mean value theorem, Z does not change with the function g, and Z = ¥(X,Y) is not
necessarily ordered (in some stochastic sense) between X and Y. For example, when X and Y are
exponential random variables with distinct rates, Z =4 X + Y (see Example 3.1 in |Di Crescenzo
(1999))).

We will use Lemma [2.1] in several of our results including our main result that compares Cr,

Cpr, and Cpp,. Before we present this result, we need two more lemmas for the comparison of

wE, whE W for i = 1,2.

Lemma 2.2. (E.g., Gross et al| (2008) and |Miller| (1960)) For an M/G/1 queueing sysem, the

expected steady-state waiting times under FCFEFS and PF; are given as follows:

A
2(1—pi)(L=p)’

M

—= . EWE i3
wi-p)

EWF] = ; }:m, EW ] =

where € = p1&1 + pa&a, and we drop the subscript in WiF since the distribution of W does not

depend on i.
Lemma 2.3. For fized i = 1,2, we have I/I/iPFi <g WE <y W;Ez

The order of WZ-PFj and W for 4,5 € {1,2}, given in Lemma and proved in Appendix A,

makes intuitive sense. The steady-state waiting times under FCFS are stochastically less than those



for the non-priority type under a priority policy and greater than those for the priority type. Lemma
specifies a type of stochastic ordering between these three steady-state random variables.

Based on Lemmas and for i € {1,2}, we define the following random variables,

1

Note that U]P Fi is well defined for i,j € {1,2} because WipFi <qg WF <, WiPFS”i according to
Lemma and when p < 1 and p; > 0, we have E[WiPFi] < E[WF] < E[W/Z.PF:"i] < oo, for
i =1,2 by Lemma 2.2

Our main results are all stated under the following assumption.
Assumption 2.1. For fixed i € {1,2}, E[{C’l(WZ”)H exists for m € {F, PFy, PF»}.

We are now ready to present our main result and an immediate corollary
Theorem 2.1. Under Assumption (2.1, we have,
(a) fori=1,2, Cp < Cpp, if and only if a; < b;, where

177 PF; 1 (17PFi
o = PIGUT] -y LG (2.4
T; T3—i

(b) Cpr, < Cpr, if and only if (1 — p1)(az — b2) < (1 — p2)(a1 — by).
Corollary 2.1.
(a) If a; < by and ag < by, then Cr < Cpp, and Crp < Cpp,.

(b) For fizred i € {1,2}, if a; > b; and

a; — b; > az—; — bz_;
1—=pi 1 —p3—

then Cpr, < Cfr and Cpr, < Cpp, ;.

Corollary provides necessary and sufficient conditions for the optimality of ', PF} and PF;
within the set of these three policies. These conditions require computation of a; and b; for 1 = 1, 2.
We demonstrate how these computations can be performed for polynomial functions in Section [2.4]

and exponential cost functions in Section [2.5



In order to compute a; and b; in Theorem [2.1{and Corollary we need to obtain £ {Cz’ (U Z-PFj )]
for ¢,7 € {1,2}. In some situations, the cost functions may be simple for one type and complicated
for the other type. For example, we may assume that the cost function for type 2 customers is
linear or quadratic, and the cost function for type 1 customers has a more complicated structure.

In this case, we can use the next two results to order Cr, Cpr, and Cpp, without computing

E [C’{(Ulij)}, but by computing F [C’é(Uiij)} for 4,5 € {1,2}.
Corollary 2.2.

(a) If C}(t) > 71 max{ag, b1} for allt >0, then Cpp, < Cr < Cpp,.

(b) If C1(t) < 7ymin{ag, b1} for allt >0, then Cpp, < Crp < Cpp,.

(¢) If Tiag < C1(t) < by for allt > 0, then Cr < Cpp, and Cp < Cpp,.
Corollary 2.3. If E[CL(UL™)] # 0 and E[Cy(UFT)] # 0, define

nE[Cy(Uy )]

B[y (U ") _ nE[CyUF™)
nB[Cy(UT™)

nE[CyUT ™))

(0%

and (3

(a) If C{(t) > max{a, B}C4(t) for allt >0, then Cpp, < Cp < Cpp,.
(b) If C1(t) < min{a, B}CL(t) for all t > 0, then Cpp, < Cr < Cpp,.
(c) If aCh(t) < Ci(t) < BCL(t) for allt > 0, then Cp < Cpp, and Cr < Cp,.

Corollary compares C1(t) with two fixed quantities, 7 ag and 71b1, for all ¢ > 0. Hence
C](t) has to be bounded from either above or below to be able to apply this result as in the case of
a linear or logarithmic cost function for type 1 customers. On the other hand, in Corollary [2.3] we
compare C1(t) with two time-varying quantities, «C%(t) and SC(t), and hence C1(t) does not need
to be bounded. However, in Corollary 3, we require that F [C’é(UlP F 1)] for i« = 1,2 be non-zero,
which is satisfied when Cy() is a strictly increasing function. When C%(t) is a constant, i.e., Ca(t)
is linear, it can be shown that Tias = 7b1 = aCh(t) = BCY(t), and hence, these two corollaries
reduce to one another. We will demonstrate how these two corollaries can be applied in the case

of polynomial and exponential functions in Sections and respectively.

10



2.4 Comparison of FCFS and fixed priority policies — polynomial cost functions

In this section, we focus on the case where the cost function for at least one type of customer

is polynomial. In particular, suppose that for some i = 1, 2,

J(3)

Zhl (2.5)

where j(i) is the (finite) degree of the polynomial function C;(t), and h;(i) are some real numbers
such that CZ{ (t) > 0 for all ¢ > 0. We first provide conditions under which Assumption holds

the polynomial cost functions in Lemma (the proof is provided in Appendix A).

Lemma 2.4. Assumptz'on is satisfied for C;i(t) that takes the form of (2.5) if p < 1, and the

first (7(i) + 1) moments of service times for both types are finite.

In order to apply Theorem and Corollaries and we need to compute

E [C(UF™™)| for some i, k,m € {1,2}, where

J(3)

[0’ UPFm} Zm, {(U,me)”}. (2.6)

Here, E [(U,me)l ] for I =1,...,7(i) can be computed as
W BV - B[w)
r [<U’5F ) ] N (BT —E[W,;Fm]) ’ =0

by letting g(z) = 2!/l in Lemma See Appendix A for the proof of (2.6).
To demonstrate and to gain insights, in the remainder of this section, we consider polynomial

cost functions with an order of at most two.
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2.4.1 Quadratic cost functions for both customer types

Suppose that C;(t) = k;t> +h;t, where k;, h; > 0 and i € {1,2}. Let ¢; denote the third moment

of the service times for type i € {1,2} and { = p1(1 + p2C2. Then, we show in Appendix A that

ki [2¢ A Api& &3 hi

S hi 2.8

“T3 [3§+1_p+1_9i+7'3i +7'i (2:8)
ks—; [2¢ 1 AE ( 1 > &i ] h3—;

b; = — (1 1 . 2.9
T3 L’f( +1—Pz‘>+1—P +1—pz‘ +Tz‘(1—m)2 +T3—z’ (2:9)

When we compare a;’s and b;’s given above, we found that for i = 1, 2,

ki 2¢ Aps—i ( 1 1 )
b — — Q; = | — + +
’ <Tl> |:3€(1_P3 i) 1—p \1—p3_; 1—p;

+Aps—i&3—i < o A e S
P3—iG3—i (1 _ p34)2 1— Pi 1-— P3—i

>] >0, (2.10)

because p, p1, p2 < 1 and all moments of service times are non-negative. Therefore, when both cost
functions are quadratic, if a; > b; for some ¢ = 1,2 (and thus as—; < b; < a; < bs_;), then PF; is
the best among F', PF} and PF, according to Corollary (b); otherwise (a1 < by and ay < by), F
is the best among F', PFy and PF by Corollary[2.1(a). By comparing a; and b; for fixed i € {1,2},

we find that a; > b; (and thus PF; is the best), if and only if

k?37i 2_,0i € /\ngz 51 @ _ &
ki [ <3£ tist ) + ] i

i T3—i | 1=ps T3—i Ti
>

j ¢ >\§ A Zgl €3
K G+ 25+ 2]

(2.11)

Hence, using Corollary and Equations (2.8) and ([2.9), we were able to obtain a complete order
of policies F', PF} and PFy when cost functions are quadratic. To gain further insights, we next
consider the case that hi/7 = ha/To, e.g., when C;(t) = k;t? for i = 1,2, in the remainder of this

section.

Proposition 2.1. For quadratic cost functions, when hy/m = ha /T2, the best policy among PFy,

PF, and F is characterized as follows: PFy is the best if ki/ko < Ari/79, PFy is the best if

12



kl/kg > BTl/Tg, and F is the best ifATl/TQ < kl/kg < BTl/TQ, where

2_§:+$_+w+§_ <£+$_+ﬂ_>+§_

1P1

3¢ —
=B.
(zc_l_ +Ap2§2)+% <+1p+lelfl+%

b
||I

1 —p2 1—p2 3¢ 1—p1

Proposition [2.1] completely characterized the best policy among F, PF; and PF» for quadratic
cost functions with hq/7 = ha/7e. In particular, it provides thresholds on ki /ke such that PFjy is
the best if ki /kq is large, PF is the best if ky/ky is small and F is the best if k; /ko is medium.

Proposition also provides some useful insights. For example, when A\ — 1/7, where 7 =

1 P2
—pP2

Pp17T1 + pa7o is the mean service time, we find that A — then in heavy traffic
F' is preferred when ki and ko are not significantly different.
Figure provides plots of In A and In B with respect to A, from which we can observe the

above insights. We assume that the service times are exponentially distributed, and 7 = 1.

p,=0.1,7,=1 p, =051, =1 p. =009, 7, =1
1 15 25
PF InfAy |~
lemamnmn—- niA) . ‘
05 fmemme == e In(B} 1 PRy e 2 v,
- g
L N N T Y St 15 -
—————— PF -
_ FCFS I X — - 1 /'»
£ 05 £ L1 -
= £ 0 FCFS N
= F 05T
5 . E]
15 oE : 0 FCFS
2 1
2 . PF ST ]
2 2
25 1.5 -1
02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
A A A
p, =01, 7,=01 p,=0.57,=01 p.=09,7,=0.1
15 25 4
PF, A
Y 2 /
1 i
— = s PF, - 3 i
= = 1. - = F;
= 05 = - o /
— ’
= FCFS S 22 PF, ’-’.
= g = = -
= = 05 FCFS D=
=05 = =
= g5 0 a FCFS
1 PFy 0.5 \;\ \Pl\
2
15 -1 1

Figure 2.1: Plots of A and B with respect to A for exponential service times

From Figure we also notice that A and B change monotonically in A, and our next result

shows that it is not necessary always the case.
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Proposition 2.2. A decreases in A if and only if

pere (20 | AL | Apebe) (20 . A& | Ape&e | &
& (2—p2>51<<1p2>2< RS (RS g)

1—p2 3 1-p ' 1-p2

— = 2.12

T2 (1 — p2)7’1 & + 282 ’ ( )
(1=p)* T (1-p2)?
and B increases in A if and only if
P1T1 20, X & 20 | M | dmb | &

& (2-p1)é& (1—p1)? (3 + 1-p - 1—p1> (36 T 1-p T p1 + )
St < _ . (2.13)
1 (1=p1)72 3 pi&1

Proposition [2.2] provides conditions under which the thresholds for the optimality of these
policies monotonically change with A. Note that the right-hand side of (2.12)) and (2.13]) are both

&2(1—p2)
T2(2—p2)’

if % < g g 1352 then B increases in A. If 51 < SQE g the left-hand side of ( - is positive

and the right-hand converges to 0 as pos — 0, thus (2.12]) may not hold for very small p; and A

then A decreases in A and

nonnegative, which then give a sufficient condition, i.e., if 51 >

increases in A, which means PF is preferred for a larger range of values of k1/ks as A increases.

(2—p1)é2
(1—p1)72’

PF; is preferred for a larger range of values of k1 /ky as A increases. Thus, we conclude that if the

Similarly if % > we notice that B decreases in A when p; is sufficiently small, and thus
proportion of one type of customers is sufficiently small, and the ratio of &;/7; for the same type is
sufficiently large, then prioritizing that type becomes more preferable as A\ increases.

On the other hand, if the ratios £ /7 and &3/ are similar, e.g., when service times are i.i.d.
for all customers, then the interval (A, B) enlarges as A increases, which indicates that F' is more
preferable as the system becomes busier. However, this result is only to compare F' with the fixed
priority policies, under which prioritization is always given to one type of customers irrespective of
the waiting times of customers. Under such a static priority rule, as the arrival rate increases, the
non-priority customers will wait much longer, resulting in a significant increase in waiting costs as
the cost increases at a higher rate for longer waiting. If we consider dynamic prioritization that
takes into account the waiting times of customers, then F' may not perform as well as a dynamic
priority rule as we illustrate later by a numerical study in Section

Figure provides plots of how A and B change with respect to p;. We assume that the

service times are exponentially distributed, and 7 = 1.
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Figure 2.2: Plots of A and B with respect to p; for exponential service times

We notice from Figure that when the mean service times are different, A and B do not
always change monotonically in p;. It is difficult to provide an algebraical analysis of how A and
B change with respect to p;, given that &, ¢, p and p; all change in p;. We can first look at the
heavy traffic setting, i.e., when A — 1/7. We have,

lim A=0, lim B=2, lim Azl, lim B = oo.

p1—0 p1—0 p1—1 p1—1
A—1/19 A—1/12 A—=1/m1 A—=1/m1

In words, we would not like to prioritize type i customers if the proportion of this type is close to
one under heavy traffic; on the other hand, if the proportion of type ¢ customers is close to 0, we
would prioritize this type is preferred if k;/7; > 2ks_;/73—;, and otherwise choose F' under heavy
traffic.

Furthermore, if we assume that the service times are i.i.d., then, &, ¢, and p no longer depend
on p;, and only p; will change in p;. Our next result analyzes the monotonicity of A and B in p;

under such a setting.

Proposition 2.3. When the service times are i.i.d. for all customers, A and B both increase in

p1 (and hence decrease in p3).

15



Proposition [2.3] indicates that as the proportion of one type increases, giving priority to that
type is preferred for a smaller range of kj/ke values, while prioritizing the other type is preferred
for a wider range of kj/ka values. Intuitively, we would not like to prioritize type ¢ customers if
their total load on the system is too large under quadratic waiting cost, since by prioritizing such
a large group, type 3 — i customers will wait much longer, resulting in a significant increase in
waiting costs. This intuition only works when service times are identical for all customers, and we
have numerical examples in Section [2.8 show that A and B do not necessarily increase in p; when
service times are different for the two types of customers.

When the service times are i.i.d., we have, A decreases in X\ and increases in p1, and B increases
in both A and p; from Propositions [2.2] and [2:3] Hence, we could obtain the range of values of A

and B from their monotonicity. More specifically, we have

2¢ 4 &
=5 + S 2 2
A> lim A=0, andA<lim1A:i§ 2_47-51222’
— N 4¢ £
)?;1/7 p)\l_m 3¢ + p T
and
4 3¢2
P10 27¢ + 3¢2 p1—1
A—0 A—=1/7

In the end of this section, we compare the values of A and B under two different service
time distributions. Let Aegp[Begp) and Aget[Bget]) denote the values of A[B] under exponential and

deterministic service times, respectively.

Proposition 2.4.

(a) Acyp < Ager if and only if 7o < 11(2 — p2)/(1 — p2).
(b) Bexp > Baet if and only if 2 > m1(1 = p1)/(2 — p1)-

Proposition implies that if % € <%, %), then Acyp < Ager < Baet < Begp, and hence,
when the expected service times are not significantly different for the two types of customers,
F is preferable for a wider range of values of kj/ky under exponential service times than under
deterministic service times. In other words, when service time variability is high and the two types

are not too different in terms of mean service times, we are more likely to select F' since any fized

priority policy may increase the waiting times significantly in this case. On the other hand, if one
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type is sufficiently faster to serve in the mean sense, say, 71 /72 > (2—p1)/(1—p1), then Aezp < Ages
and Begp < Bget, which means that under exponential service times, PFy (prioritizing the slower
type) is preferred for a smaller range of values of k;/ka, and PF; (prioritizing the faster type) is

preferred for a wider range of values of k; /ko than that under deterministic service times.

2.4.2 Quadratic cost for one type and general cost for the other type

Suppose one type of customers has a quadratic cost function (say, Co(t) = kot? + hot for
ho,ka > 0), and the other type has a general cost function. In this section, we will demonstrate
how Corollaries and can be applied in such a case.

We first focus on Corollary When Cs(t) is a quadratic function, as and by are given by
and , respectively, and hence we have as < b1 from . Therefore, in Corollary
we can replace max{ag, by} with by and min{ag, b1} with ag. Furthermore, since ag < b1, we know
that the interval (7jag,71b1) is not necessarily an empty set and hence part (c) of Corollary
could be applicable. Consequently, Corollary implies that if the smallest marginal increase in
C4(t) is at least 71b1, then type 1 customers should be prioritized; if the largest marginal increase
in C(t) is at most Tjag, then type 2 customers should be prioritized; and if the marginal increase
in C(t) lies between 1y as and 7101 at all times, then FCF'S should be employed. Furthermore, by
Equations , and , we notice that a;, b; and the difference b3_; — a; all increase in A
for i € {1,2} since p;, p3—i, 1/(1 —p), 1/(1 — p;) and 1/(1 — p3—;) all increase in A\. This implies
that the bounds 71as and 7161, and the length of the interval (71a9,71b1) are all increasing as A
becomes larger. Furthermore, both as and by go to infinity as A approaches 7—!. Combining this
with Corollary [2.2]leads to an important conclusion: if the marginal increase in the cost function of
one type is bounded and the other type has a quadratic cost function, then it is better to prioritize
the type with quadratic cost under heavy traffic no matter what the service time and cost parameters

are. We illustrate these observations further in Example

Example 2.1.

(i) When C;(t) = hit for t > 0, where hy is positive, C7(t) = hy is bounded. Then, PF} is
preferred if hy > 1y, PF5 is preferred if hy < Tjasg, and F is preferred otherwise. Hence,

Corollary leads to a complete characterization of the best policy among F';, PF and PF;
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in this case. We notice that as A increases, PF} becomes less preferable, the range of h;
values for which F' is preferred is shifting up and becoming wider, and PF5 is also preferred
for a wider range of h; values. Furthermore, since as — oo as A — 1/7, PF; is preferred for
any finite hy. This means that when type 1 customers have linear and type 2 customers have
quadratic waiting costs, prioritizing type 2 customers will reduce the cost in heavy traffic no

matter what the cost and service time parameters are.

(i) When C;(t) = hi(e®? — 1) for ¢t > 0 and positive constants hy and oy, we have C(t) > hya

for all t > 0, and hence Cpp, is the smallest if hyjag > 710;.

(iii) When Cy(t) = hqIn(t+1) for ¢t > 0 and positive constant hi, we have Cj(t) < hy for all t > 0,

and hence Cpp, is the smallest if hy < 7ja3. As A — 1/7, the bound 71as goes to infinity,

which indicates that PF5 is the best for any h; under heavy traffic.
O

We next apply Corollary to the case where the waiting cost for type 2 customers is a

quadratic function.

Proposition 2.5. When Cy(t) is a quadratic function, « and 3 in Corollary are given as

2§ AE(2—p—p2) Ap1éi(1—p)

[ + (1—p)(1—p2) + p1(1—p2) ] + he

2— Pz) AE(2—p2) Ap2&o ’
+ (1—p)(1—p2) - P2(1—P2)2} + ho

¢
3

“ T < ) [
2— Pl) M (2—p1) Ap1€
1—p1) + (1-p)(1—p1) Pl(lipll)z} + ha

2 | M@2—p—p1) | Ap2£a(1—p)
[ T a=n0=p1) T pa(l—p1) ] e

2¢(
3¢(1-
2@(
3¢(

Furthermore, we have the following:

(a) a < f.

(b) If (2.12)) holds, then o decreases in A\, and if (2.13) holds, then [ increases in A\. (When

he =0, (2.12) and (2.13)) are also necessary for the respective results). Furthermore,

li 1 2 — pP1
— . , lim g=—- .
A—=1/7 Ty 2—p2 Asl/7F ™ 1—p1
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(c¢) When the service times are i.i.d. for all customers, a and [ both increase in p; (and hence

decrease in py). Additionally, we have,

. . T1 . 21 .

Iim =0, lim a=—, and lim g=— lim B = oo.
A—=1/7 A—=1/7 279 A—=1/7 T2 A—=1/7
p1~>0 p1~)1 p1~>0 p1~>0

By Proposition 2.5{(a), we can replace max{c, 3} with 8 and min{c, 8} with a in Corollary [2.3|
Besides, when the service times are i.i.d., as A increases « decreases and 3 increases which implies
that when the system becomes more congested, the region where F' is preferred becomes larger.
Note that the conditions given by Corollary [2.3] are sufficient but not necessary. For example, PFb
is the best among three if C}(t) < aC)(t) for all ¢, while it does not mean that PF; is not the best
if the condition does not hold. Hence, the fact that « increases in p; only implies that Corollary
can provide a wider range of C1(t)/C%(t) under which PF; is the best.

We demonstrate how Corollary could be applied for functions given in Example and to
discuss the difference of this result from Corollary In particular, we show that both Corollaries

and could be useful in different situations.

Example 2.2.

(i) Let Ci(t) = hit for t > 0, where h; is positive. We compare C}(t) = hy with aC)(t) and
BCL(t) for all t, where C)(t) = 2kat + ho. Since C](t) is fixed and C4(t) is increasing without
any bound, the only possible case is that C(t) < aC4(t) for all ¢, which is true if and only
if hy < aho. Hence, by applying Corollary we have PFy is better than F' and PFj if
h1 < ahg. Hence, Corollary 2.3 provides a partial comparison of the three policies. On
the other hand for this case, Example (1) showed that Corollary lead to a complete
characterization. (Indeed, one can show that ahs < T1a2.) Hence, Corollary is more useful

for this example.

(i) When C1(t) = hy(e®* —1) for t > 0 and positive constants hy and aq, then C|(t) = hyage™?.
Since C(t) is exponential and C4(¢) is linear, C}(t) will be greater than C%(t) for sufficiently
large ¢, and thus the only possible case from Corollary [2.3]is that C7(t) > BC5(t) for all t > 0,

which is true if and only if the following condition holds (the proof is provided in Appendix
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- 2%;
lthZ ay ?

(2.14)

haoy 4
hi1 > 2k%ﬂe< 2k ) otherwise.

)

In this example, both Corollaries [2.2] and [2.3] provide conditions under which PF} is the best.

Whether Corollary 2.2] or 2.3] is better depends on the system parameters.

Given we can show that 7161 > hsef3, which bound is better depends on the order of % and
hoay

2ks 3 (——1) . . . (hzal —1)
2220\ 2k . To be more specific, Corollary [2.2|is more useful if mbjaq < 2kgfe\ 22
ag

and hy < 22 and Corollary is more useful otherwise.

a1 ?

(iii) When C4(t) = hyIn(t+ 1) for ¢ > 0 and positive constant hq, we have C{(t) = h1/(t+1). As
t — oo, we have Cj(t) — 0 and C)(t) — oo. Hence, the only possible case from Corollary
is that C(t) < aC4(t) for all t > 0, which is true if and only if h; < ahs. By applying
Corollary we find that if h; < ahg, then Cpp, is the smallest. In this example, both
Corollaries [2.2] and provide upper bounds on h; when PF5 is the best, and since we can

show that 71a2 > hoa, the bound from Corollary [2.2]is better than that from Corollary
O

2.4.3 Linear cost for one type and general cost for the other type

Suppose that one type of customers has a linear cost function (say, Ca(t) = hat for ¢ > 0 and
ha > 0). Then ay = by = ha/m and o = 8 = 71/72. Then, Corollaries and reduce to the

same result:

(a) If C1(t) > "2 for all t > 0, then Cpp, < Cp < Cpp,.

T2

(b) If Ci(t) < M2 for all # >0, then Cpp, < Cr < Cpp,.

<5

We next observe what this result implies for three forms of C(¢):

Example 2.3. (i) When C;(t) = hit for ¢ > 0 and positive constant h;, PF is preferred if
hi/m1 > ha/72 and PF> is preferred otherwise. This is consistent with the well-known cp rule,
which indicates that under linear cost functions we should give priority to the type with the

larger cp value, where h; is ¢; and 7; = 1/p; in our case (Cox and Smith (1961)).
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(i) When Cy(t) = hy(e*** — 1) for t > 0 and positive constants hy and a1, Cpp, is the smallest if

hiay /T > ha/Ts.

(iii) When C(t) = h1In(t + 1) for t > 0 and positive constant hy, Cpp, is the smallest if hy /7 <
h2/7_2.
O

Based on Example 3, one may wonder if F' could be the best policy if one of the cost function
is linear. Indeed, in Example 1(i), we showed that F' could be better if one cost is linear and the

other is quadratic (since ag is strictly less than by from (2.10))).

2.4.4 Discussions

We present some important insights we gained from Section here.

We first show that the average waiting cost is bounded when the first n + 1 moments of the
service times exist and p < 1 for if C;j(-) has a polynomial form with n degree.

When both cost functions are quadratic, we can completely characterize the best policy among
F, PFy and PF5 in terms of the first three moments of the service times and the linear and
quadratic term coefficients of the two types. When the quadratic term coefficients are both zero,
i.e., both functions are linear, only the mean service times and the linear coefficients will affect the
characterization, and the best policy could always be in one of the two priority policies, i.e., F is
never the unique best policy. On the other hand, when the linear term coefficients are both zero,
the complete characterization compares ki /ks with two threshold values, which are computed by
the first three moments of the service times. F' is the unique best policy when k1 /ko lies between the
two threshold values. A priority policy is the best when the quadratic coefficients are significantly
different and the priority should be given to the type with larger quadratic coefficient. However,
this does not mean that F' is the best when the difference between the quadratic coefficients are
insignificant. For example, if the quadratic coefficients are the same, then PF; is the best if
T3—q > %}fi) and £3_; > &, i.e., priority should be given to the type with sufficiently small mean
service times and smaller second moment of service times.

Service time distributions affect the selection of the best policy since the threshold values

depend on the first three moments of the service time distributions. If the mean service times are
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not significantly different, F' is more preferable under exponential service distribution as opposed
to deterministic service distribution, since larger variability will increase the risk of prioritization.
However, if one type is sufficiently faster to serve than the other type, then with larger service
variability, prioritizing the faster type is more preferable, while prioritizing the slower type is less
preferable.

Assume service times are identical for all customers so that we can focus on how other system
parameters, such as the arrival rate and the proportion of each type, affect the best policy. We
find that as the system becomes more congested, both priority policies are preferred for a smaller
range of parameters while F' becomes more preferable. As the proportion of one type of customers
increases, prioritizing this type becomes less preferable.

Corollaries and both provide sufficient conditions to select the best policy. When
applying these two results to the case when the cost function for one type of customers is quadratic,
the interval of parameters when F' is the unique best policy always exists from both corollaries
when the quadratic coefficient is strictly positive, while when the quadratic term is zero, the two
corollaries reduce to one another, from which we could not obtain sufficient conditions under which
F' is the unique best. When the service times are i.i.d. for all customers and as the system becomes
more congested, both corollaries provide a larger range of parameters for F' to be preferred, while
the two priority policies are less preferred. As the proportion of one type of customers increases,
both corollaries provide a smaller range of parameters for which prioritizing that type of customer
are preferred. We compare the bounds provided by the two results and find that in some cases
Corollary would provide a better bound, while there are also situations when the specific

parameters determines which one is better.

2.5 Comparison of FCF'S and fixed priority policies — exponential convex cost functions

In this section, we focus on the case where the cost function for type ¢ customers has the

following form:

Cy(t) = ki(eht — 1), for t >0 (2.15)
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where k;, h; > 0 for some i € {1,2}. For Assumption to hold for an exponential cost function
of the form we need Wiﬂ(—hi) exists for m € {PFy, PF,, F'}, where W{T(s) denote the LST of
WT. In the remainder, we first assume that Assumption holds for both types, and later in the

section we illustrate how to find the bound of h; in the example of i.i.d. exponential service times.

2.5.1 General service time distributions

For i = 1,2, let 5'1(3) denote the LST of the service time distribution for type ¢ customers, and
S(s) = p151(s) +p2Sa(s). We first compute E [C{(UJPFW)] for some i, j, m € {1,2} before applying

the results from Section For i = 1,2, we have,
E [CUUL™™)| = kil (=hy), (2.16)

where ﬁme denotes the LST of UJPF’” for j,m € {1,2}, which can be computed by letting g(z) =

—e % /s in Lemma as

WEEn (s) — W (s)
s (E[WF] - E[WJ.PFm]) ’

ﬁme(s) =F [g' <UJPFm(s))} =

under Assumption Then, under Assumption [2.1], we have for i = 1,2,

2hi(1 = p;)(1 = p) (1= S5—5(~ha)) [phi + A (1= S(=hi)]
T an, (—hi A Ag(—hi)) (—hi —\pj + Apjéj(—hi))
2hi(1 = ps—5)(1 = p)? [=hi (1= § (a5 (=hi))) = fo—g(~ha) (1= S(=ho))]
Neps— 7oy [ ~hs = A+ AS(=h)| [Fai(=hi) = A+ AS (fos (o))

E|ciu]™)]

J ) (2.17)

E [C;(UJ?’F?’*J')} _ . (2.18)

where f5_;(s) = Aps—;(1 — Bs_;(s)) + s. (The derivation of Equations (2.17) and (2.18) are given in
Appendix.)
If the cost functions for both types are of the form [2.15| with parameters k; and h; for ¢« = 1,2, we

can apply Theorem and Corollary to characterize the best policy among PF;, PF, and F. For
i = 1,2, we can obtain a; and bz_; in Theorem and Corollaries and by plugging F [CZ((UZ-PF")}
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and E [C’( Ut )} from (2.17) and (2-18):

2%k (1 — p;)(1 — p) (1 - Sg,i(fhi)) [phi A (1 - S‘(fhi)ﬂ

AETs_iTi (—hi A AS’(—h,»)) (—h,- — Api + )\piS’i(—hi)> ’

2hil1 = ps-i)(1 = ) [~hi (1= 8 (fs-5(=hi))) = fa—s(~hi) (1= S(=hy))]
AEps_iTs—iT; {fhi . AS‘(fhi)} [fg_j(fhi) A+ AS (fg_j(fhi))} '

bs_; =

If we assume only the cost function for type 2 customers has the convex exponential form, then we can

apply Corollary 2.3 and compute o and 3 as:

N () [ph2+A(1 )] [£2(=h2) = A+ A8 (fa(~h))]
(1= p) (=B = A2 + ApaBr(~ha) ) [ ( S (fa(~ha))) = fal=h2) (1= S(h2))]
(1- )( ha — Ap1 + Ap1 S1(— ) [ ( S(fi(=h ))) fi(=h2) (1—5(—]12))}
f= - . .
pr (1= Sa(=h2) [ph + A (1= 5(=ha)) | [fa(=ha) = A+ AS (fu(~ha))]

To simplify these expressions and gain some insights, we next consider the case when the service times are

i.i.d. with exponential distribution with mean 7 for all customers.

2.5.2 Exponential service times with identical rates for both types

Under the assumption that all service times are i.i.d. exponentially distributed with mean 7, we have
Si(s) = S(s) = p/(u+s) for s > —p and i = 1,2, where p = 1/7, and €72 = 2/u*. Then, from Lemma

in Appendix A, we have

Ap3—i
L—p+ 2250 (1= p)(uts)+ Aps—s

WiPFi (S) — - % — s )\pi , (2.19)
WF l—p _1-p _(A=p)(pts) 9,90
)= 1-2(1-8(s)) Lo #Fs—A (220
WL E (s) = WE (Api(1 — Bi(s)) + s). (2.21)

(2

and hence (2.19)), (2.20) and (2.21)) are given for s > 0, these expressions should also hold for certain

where B;(s) = (u + 8+ Api — /(1 + s+ Api)? — 4)\}%#) /(2Ap;). Note, although the LSTs W7 in Lemma

negative values of s. Next, we look at the upper bounds on h; > 0 that could ensure ﬁ//f(fhi) exist.
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Proposition 2.6. When the service times are identical exponentially distributed, Wiﬂ(—hi) exists (and hence

Assumption holds for type i) if

hi < p(l—/ps=i)® if pi <1—p,
(2.22)
hi < upi(1 = p), otherwise.

As p increases, the upper bound decreases. When p — 1, the upper bound on h; goes to 0. Under heavy

traffic, the expected cost for type i customers would be finite only for very small values of h; when C;(t) has

the form of ([2.15).

When both cost functions are of the form (2.15)), and W{“ exists for both ¢ € {1,2}, we have,

It

2ki(L = p)(1 = p) (5255) [ohi+ 2] k1= p)(1 - ) (327

o O ) () A (-2
1Pki(1 = pi) (1 = p)h;
(1= hi = A) (0 = hi = Api)’

a; =

S

and

2ki(1 — p3—i)(1 — p)? [*hi (%) — fa—i(=h) ( " )}

AEPs_iT3_iTi [fS—i(_hi) - A (%)} [—hi ~\ ( _—hhii)}
_ ki1 = ps—i) (1 — p)*(=hi — fs—i(—hs))
Aps—i (i + fa—i(=hi) = A) (p—h; — A)
— :U'4kz(1 — P3— z)(l - )Q(Bg_i(*hi) — 1)
(/J_)\_hi_)\pi% 1(33 z(_ )_1))(M_hz_)\)
phki(1 = ps—i) (1 — p)?
(%—)\m z) w—h; —)\)

by_; =

=

a; and bz_; are both positive when ho satisfies Proposition The complicated expression of Bs_;(—h;)
makes it difficult to compare the values of a; and bs_; analytically. Then, we conduct a numerical comparison
of as and by where we set p = 1, and we fixed the value of hy to satisfy the conditions in Proposition [2.6]

for all possible values of ps and p (he = 0.0028). We plot the values of ay and by with respect to p and po,

respectively.
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Figure 2.3: Plots of as and b; with respect to p and ps

Although we only provide plots of as and b, above, the plots for a; and by will be symmetric with respect
to p1 and p and hy. From the plots, we find that a; < b3_;, and they both increases as p increases, and a;

increases and b3_; decreases as p; increases. The next plot shows how as and b; changes in hs, where we

fixed p; = p2 = 0.5.
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Figure 2.4: Plots of as and b; with respect to ho

With the facts that plots of a; and by are symmetric with Figure 2.4 we find that as h; goes to the
upper bound given in Proposition [2.6] a; is finite and bs_; goes to infinity. Hence, if h; is close to the upper
bound, then az_; < b3_;, and hence PF3_; will be dominated by F' from Theorem (a). The intuition
behind this result is that if type 7 customers have an exponential cost function with parameters near the

upper bound, then prioritize type 3 — ¢ will make type ¢ customers wait longer and hence is worse than F'.

If both hy and hy are close to their bounds, then F' will be the best policy of the three from Theorem [2.1]
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From Corollary when type 2 has the exponential convex form we can compute « and 5 as follows:

s (1 - Sl(fhg)) [th A (1 - S(%))} [fg(th) — XA+ AS (fg(th))}
(1-p) (—h2 — Ap2 + A2Sa(=h2) ) [~ha (1= 3 (fa(=h2))) = fa(=h2) (1= S(=h2))]
B P2 [Ph +A hQ} {fz(—h2) —)\%}

(= p) (~h2 = e ;_,32) [l — fo(—ho) 2t

_ paphs [+ fo(—ho) — A
(1= p) (= ho = Ap2) (=ha — fao(=h2))

_ papha [ = A —hy = Apa(Ba(=ho) = 1)] _ ha {W APQ}
(L= p) (= ha = Ap2) Apa(B2(—h2) = 1) p(1—p) (u—h2 — Ap2)’

o=

and similarly,
p(1 —p) (= ho — Ap1)

he [ =]

8=

When computing a and 8, we assume hy is such that Wsz(—hg) and W;Fl(—hg) exist. Then, from

Proposition [2.6] we can obtain the bound on hs.

2.6 Convex cost functions

In this section, we focus on convex Cy(-) and Cy(-). (Throughout the paper, we use convexity/concavity
in the nonstrict sense.) We first state a result that shows it is sufficient to only compare F' and PF; if C;()
is a convex function for both ¢ = 1,2. Here, let L denotes last come first serve (LCFS) and PL; denotes the
priority policy that prioritizes type i customers and employs LCFS within each type for i = 1, 2.

Let I yp denote the set of non-idling and non-preemptive queueing policies that only depend on the order
of arrival of customers but not on their type, and let IIp, denote the set of non-idling and non-preemptive

priority policies that prioritize type ¢ customers for ¢ = 1,2. Note that Il = IIyp UIlp, UIlp,.

Proposition 2.7. If C1(t) and Ca(t) are both convex functions, then
(a) Crp < Cr <Cy for any w € Uyp;

(b) Cpr, < Cr < Cpy, for any w € llp, and fized i = 1,2.

Proposition imply that when the cost functions for both types are convex, it is sufficient to consider
II.., instead of II. Part (a) of Proposition follows directly from Theorem 2 in |Vasicek| (1977)). The first
inequality in part (b) follows from Theorem 1 in [Haji and Newell (1971). One can use the same argument

used in the proof of Theorem 1 in [Haji and Newell (1971)) to prove the second inequality in part (b) of

Proposition 2.7
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In Corollary we use “max{w,8}” and “min{w, 8}” since we do not know their order under general
settings. However, when the service times are identical for both types of customers we have the following

result.
Proposition 2.8. Suppose the service times are i.i.d. for both types of customers and Cs(+) is convez, then

a<l<pB.

2.7 Concave cost functions

If C1(+) and C(-) are both concave, then we can have the following result.

Corollary 2.4. If Ci(t) and C(t) are both concave functions, then the inequalities in Proposition[2.7 hold

in the opposite direction.

Corollary [2.4] follows from Proposition 2.7 using the fact that if C;(t) is concave for i = 1,2, then —C;(t)

is convex.

2.7.1 Comparison of LCFS and fixed priority policies

The order of service within each type of customer will not affect the expected waiting time, and hence
we have E[WL] = E[WF] and E[W]»PL'i] = E[ijFi] for i,j € {1,2}, where the expectations have been given
in Lemma

Lemma 2.5. For fizedi=1,2, WipLi <qa Wh <y W?iLl

Then, the following random variables are well-defined based on Lemma [2.5

vt =wwltowh), vt = vt wilh).

?

Then, we obtain similar results as Proposition by comparing policies in Il., = {L, PLy, PLy}.
Theorem 2.2.
(a) Fori=1,2, C, < Cpy, if and only if al < bl where

o= FLOOI] yy PIOOED)]

Ti T3—i

(2.23)

(b) Cpr, < Cpr, if and only if (1 — p1)(a —b%) < (1 — p2)(al — b).

Corollary 2.5.
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(a) If Cy(t) > 7y max{al, bl} for allt >0, then Cpr, < Cr < Cpp,.
(b) If C1(t) < 7y min{ak, bL} for all t >0, then Cpr, < Cr, < Cpr,-
(c) If Tiak < Cf(t) < mb¥ for allt >0, then Cp < Cpr, and Cp < Cpp,

Corollary 2.6. If E[Cy(UL*)] # 0 and E[CL({ULTT)] #0, define

L nEGUS) | mEICKUS)]
nE(CHUT™)] nE(CHUT)]

«

(a) If Cy(t) > max{al, BLYCL(t) for allt > 0, then Cpr, < Cr, < Cpp,.
(b) If C1(t) < min{a®, BLYCL(t) for allt >0, then Cpr, < Cr < Cpy, .
(c) If X Ch(t) < Ci(t) < BECL(t) for allt > 0, then Cp, < Cpr, and Cr, < Cpr,.

Proposition 2.9. Suppose the service times are i.i.d. for both types of customers and Ca(+) is concave, then

ol >1>pL.

The proofs of the above results are similar to Proposition [2.1] and Corollary and hence are omitted.

2.7.2 Waiting time LSTs

Before we apply results from the previous section to compare Cpr,, Cpr, and Cr,, we first establish the
LST of the waiting times under policy L and PL;. As far as we know, the LST under PL; has not been
studied in literature.

We assume the LST of the service time distribution for type i customers is S;(s) for i = 1,2, and let
S(s) = p15S1(s) 4+ p2Sa(s) be the LST of the general service time.

We define a “busy period” of the M/G/1 queue as the time until the server becomes idle for the first

time, starting when one customer enters an empty system. Then, according to Wishart| (1960)), when p < 1,

the LST of the busy period, denoted by B(s), is given by the unique solution to

B(s) = S(s + A — \B(s)).

The LST of the steady-state waiting times in an M/G/1 queue under LCFS policy, denoted by WZ(s), can

be obtained as follows.
Lemma 2.6. (E.g.,|Wishart (1960)) In an M/G/1 queueing sysem with LCFS queueing discipline, the LST
of steady-state waiting times is given by

A—AB(s)

L
= 1-p+ 220
W(s) p+s+)\—)\B(s)

(2.24)
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Let B;(s) denote the busy period of the M/G/1 queue with only type ¢ arrivals, which is given by the
unique solution to

B;(s) = Si(s+ Ap; — A\p;Bi(s)).

Then, we will compute WipLi (s) and W;le (s), which is the respective LST of W% (s) and W, % (s), for
ie{l,2}.

Lemma 2.7. In an M/G/1 queue under queueing discipline PL;, the LST of the waiting time for type i

customers is given by

AL = S(s+ Ap; — A\piBi(s))]

WPLi — 1 _
p s+ Ap; — Ap; Bi(s) ’

7

and the LST of the waiting time for type 3 — i customers is given by

(1= p)(s+ A = AB(s)) + Aps—i [1 = S5i(s + X — AB(s))]

WPL,; _
3—1 = ~
s+ A — AB(s) — Ap; [1 ~Si(s+ A — AB(S))]

The proof of Lemma [2.7] is given in Appendix A.
Letting g(z) = —e™%% /s for some real s in Lemmawe have, the LST of UiPLj, denoted by ﬁipLJ’ can

be computed as

ﬁij(s) =F {g’ (UiPLj(s))} = d

With the knowledge of ﬁzp L (s), we can compute aX and b¥ under certain cost functions. We will
analyze a special form of function in Section [2.7.3
2.7.3 Exponential cost function

We assume that Ca(t) = ag(1 — e~"2t) for ap > 0 and hy > 0, then C4(t) = aghge™"2t. Then we apply

results from Section m to compare Cpr,, Cpr, and Cy. First, we compute al and b¥ as

of = B [c (UF™)] = 2220 ), o = £ [0 (U™)] = 2220 (ha).

Applying Corollary we can order Cpr,,,Cpr, and Cr by comparing C1 () with as and b;. Next we
consider the special case when the service times for both types of customers are exponentially distributed with

mean 7, to obtain close-form expressions for ay and by. In this case, S;(s) = Sa(s) = S(s) =771 /(771 +s),
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and hence

1 71 1 — Bi(s)
B;(s) = Ap; — Api Bi(s) = -7 = N
(s) 771+ 54+ Api — Api Bi(s) T piBi(e) Bi(s) ’ 7Bi(s)
Then,
— Al —B;
Wik = 1-p+ [ Gl 1 ps pBis),

(1= Bi(s)]/[rBi(s)]
and similarly, s + A — AB(s) = [1 — B(s)]/[7B(s)], and hence

(1- )1 = B))/[FBs) + s [1 - B(s)] _ 1— p+ ps_iB(s)

WPLi =
(1= B(s)|/[rB(s)] — Aps [1 - B(s)] 1— p:B(s)
_ Ll=p+pB(s) = piB(s) _ | ( 1 —B(s) )
1—p;iB(s) 1—piB(s))’
and
Wkis) = . Al = B(s)] 1 s
WHe) = et ey TP
where Bi(s) = (1 +rs+pi—/(1+7s+p)? - 4/)@) / (2pi)
and B(s) = (1+7s+p— /(T +7s+ p) — 4p) /(2p).
Then,
WPk (s) = Wh(s) = plBi(s) — B(s)]
WE(s) — WFLi(s) — s 1 _ | _ pirB(s)[1 = B(s)]
WE) =W = L= B0 | s —1| = 2
Then,

L (ash WL (hy) — WE(hy) _ (ax(1=pa)(1 —p) S — B(s
“ _( ) <h2 (E[WL] —E [WQPLZD) B ( >[Bz( )= Bl

o>
S
|
7 N

(az(l —p)(1 - p)) (PlB(S)[l — B(s)]

_ azhz> WE(hs) — W3 (ho)
T ha (E [Wg’Ll} _E [WL]) piIATS 1— p1B(s)
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We can also apply Corollary and compute o’ and B as:

ol — <p2> ([32(h2) — B(ho)] [1 — PzB(hz)}> _ [Ba(h2) — B(h2)| [1 — p2B(hs)]
D1 p2B(h2)[1 — B(h2)] p1B(h2)[1 — B(h2)] 7

gL — <P2> ( p1B(h2)[1 — B(h2)] > _ p2B(h2)[1 — B(hs)] .
p1) \[Bi(h2) — B(h2)] [l — p1B(h2)] [B1(h2) — B(h2)|[1 — p1B(h2)]

2.8 Simulation results

We conduct a simulation study to compare the performances of the optimal policies within II with
the performance of applying the generalized cp rule under different cost functions. We have the analytic
expressions in the previous sections for the long-run average cost of policies in II., and Il.,, and we use
simulation to obtain a 95% confidence interval on the long-run average cost of the generalized cu rule.

We use Arenal3 simulation software, in which we run 10 replications of each simulation with simulating
time 50000 minutes and truncated the first 5000 minutes based on a warm-up period analysis. We consider
the arrival process is a Poisson process with rate A € {0.3,0.7,0.9}, the proportion of type 1 patients
p1 € {0.1,0.5,0.9}. We assume the service times are exponentially distributed, and we first consider the
scenarios that all customers have the same service rates, and then we consider the scenarios when service
rates are different for different types.

We consider two types of cost functions. First we consider convex cost functions in quadratic form,
where we assume that C}(t) = kt? and Cy(t) = t? for different values of k, and then we consider concave cost
functions in exponential form, where we assume that Cy(t) = h(1 —e™*) and Ca(t) = 1 — e~ ! for different

values of h.

2.8.1 Same service rates

We consider an M/M/1 queue with the same mean service time 7 = 1 for both types.

2.8.1.1 Quadratic cost functions

We consider 27 different scenarios generated by all combinations of A € {0.3,0.7,0.9}, p; € {0.1,0.5,0.9}
and k € {0.1,0.9,5}. From Proposition we can compute the values of A and B for each combination of

A and p; as follows.
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Table 2.1:

The threshold values (A and B) to characterize the best policy among F, PF; and PF5.

A 0.3 0.7 0.9

D1 0.1 0.5 0.9 0.1 0.5 0.9 0.1 0.5 0.9
A || 0.532 | 0.580 | 0.620 || 0.307 | 0.450 | 0.546 || 0.169 | 0.375 | 0.500
B || 1.612 | 1.725 | 1.880 || 1.831 | 2.223 | 3.255 || 2.000 | 2.664 | 5.918

We choose the policy with the smallest cost among PFy, PFy; and FCF'S, which can be achieved by
comparing the value of k with A and B. To be more specific, PF5 has the smallest cost if k¥ < A; PF; has
the smallest cost if k¥ > B and F' has the smallest cost if A < k < B. We find that for all combinations of A
and p;, PF5 is the best policy when £ = 0.1 and F' is the best when £ = 0.9. When k& = 6, PF} is the best

when A takes values 0.3 and 0.7 and F is the best when A = 0.9 (as we have illustrated in Section that

F becomes more preferable as A increases). Next, we compare the smallest cost from the three static policies
with the cost of the generalized cu rule, which can be obtained from the simulation. In the comparison, if
the confidence intervals of the generalized cp rule does not contain the value of the cost of the best static

policy, then we confirmed that there is a statistical difference between these two policies at a significance

level of 95% and the difference is in favor of the policy with the smaller performance.

Table 2.2: Compare the best static policy with G-cu rule under quadratic cost

k=35 k=0.9 k=01
p | p1 | Best static G-cp C.L Best static G-cp C.L Best static G-cu C.L
0.1 1.52 (1.53 + 0.06) 1.21 (1.21 + 0.05) 1.04 (1.05 = 0.01)
0305 3.03 (3.08 £ 0.11) 1.16 (1.16 + 0.04) 0.51 (0.52 = 0.02)
0.9 5.36 (5.36 £+ 0.20) 1.11 (1.11 4+ 0.04) 0.18 (0.19 £ 0.04)
0.1 17.36 (17.36 + 0.92) 15.40 (15.36 + 0.85) 10.92 (11.03 £ 0.10)
0.7 105 29.67 (29.49 £+ 1.53) 14.78 (14.72 £ 0.8) 3.80 (3.91 = 0.17)
0.9 63.19 (60.96 + 3.29) 14.16 (14.13 + 0.77) 1.82 (1.84 = 0.51)
0.1 | 198.65 (194 + 18.97) 17820  (175.8 + 17.44) | 115.99 (103 + 1.97)
09|05 | 33674  (300.4 +29.34) | 171.00  (168.5 + 16.72) 35.16 (34.32 + 3.23)
0.9 | 828.00 (642.8 + 61.04) | 16380  (161.7 & 16.05) 19.97 (19.79 + 9.96)

The generalized cu rule is asymptotically optimal under heavy traffic. From Table we find that the

differences between the best static policy we derived and the generalized cu rule are statistically insignificant

in most scenarios. We noticed that when the traffic intensity is high, the proportion of the priority group is

large and the difference in costs between two types of customers are large, the generalized cu rule performs
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significantly better than the best statical policy. We also observe that there is one scenario that the best
static policy performs significantly better than the generalized cu rule when the traffic intensity is not high.

When p; = 0.9 and k£ = 5, we find that the best static policy changes from PF; to F as A increases
from 0.7 to 0.9, which verifies the fact that we incline to employ F' rather than a static priority policy under

heavy traffic. However, F' is not performing as well as the dynamic priority policy in this scenario.

2.8.1.2 Ezxponential cost functions

We use the same model as the previous section with different cost functions. By computing the value of
parameters in Corollary we find that when h = 5, PL; is the best policy in II, when h = 0.9, LCFS is
the best policy in II and when h = 0.1, PLs is the best policy in II. We computed the cost for these three
static policies numerically, then compare the cost of the best static policy with the 95% confidence interval
of the cost of the generalized cu rule conducted by simulation. As shown in Table under most scenarios
the performance difference of the best static policy and the generalized cu rule is insignificant at level 0.05.
There are four scenarios when there is a significant difference, which happens when systems have medium or

high traffic intensity and when the proportion of the priority group is medium or large. Even though there

is a significant difference in these scenarios, we can see that the difference is less than 3% for all scenarios.

Table 2.3: Compare the best static policy with G-cp rule under exponential cost (1072)

h=5 h=10.9 h=0.1
p P1 PLy G-cp C.1. LCFS G-cp C.I. PL2 G-cp C.1L
0.10 | 22.27 (21.45, 22.78) 15.96  (15.51, 16.29) | 14.59 (14.20, 14.89)
0.30 | 0.50 | 47.56 (46.09, 48.28) 15.31  (14.87, 15.64) 8.65 (8.38, 8.89)
0.90 | 73.88 (71.58, 75.34) 14.67  (14.25, 14.97) 2.98 (2.91, 3.05)
0.10 | 55.76 (54.45, 55.80) 40.54  (39.91, 40.68) | 36.90 (36.32, 37.00)
0.70 | 0.50 | 119.05  (116.46, 118.82) | 38.90 (38.28,39.00 ) | 21.42 (20.97, 21.37)
0.90 | 187.26 (183.76, 187.26 37.26  (36.67, 37.40) 7.36 (7.25, 7.46)
0.10 | 74.00 (72.80, 74.30) 54.11  (53.49, 54.46) | 49.19 (48.59, 49.37)
0.90 | 0.50 | 158.20 (154.58, 157.61) | 51.93 (51.35, 52.20 ) | 28.32 (27.91, 28.38)
0.90 | 249.97 (245.89, 249.96) | 49.74  (49.21, 50.09) | 9.70 (9.60, 9.84)
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2.8.2 Different service rates

In this section, we assume that the service times are exponentially distributed with different rates.
Assume the service rate for type 2 customers is 1, and for type 1 customers is 7. We consider the system
traffic p € {0.3,0.7,0.9} and type 1 proportion p; € {0.1,0.5,0.9}, and then computed A = p/(p17+ 1 — p1)

for each scenario. Note that for fixed p; and 7, the change of p can only be resulted by changing A.

2.8.2.1 Quadratic cost functions

We consider 7 = 5 and 7 = 0.2, and for each case we first compute the values of A and B from Proposition
to determine the smallest cost obtained from the three policies PF;, PF> and F, then we compare the
smallest cost with the cost of the generalized cu rule obtained from the simulation.

When 7 =5 and 7 = 0.2, the values of A and B are computed and shown in Table

Table 2.4: The threshold values (A and B) for different service rates.

T=25 T=0.2

p | m A B A B

0.1 ] 0.805 2.558 | 0.375 1.260

0.3 1051|0791 2.618 | 0.382 1.265

0.9 ] 0.794 2.670 | 0.391 1.242

0.1 | 0.508 2.551 | 0.238 1.592

0.7 1 0.5 ] 0.606 3.470 | 0.288 1.651

0.9 | 0.628 4.202 | 0.392 1.970

0.1 | 0.347 2.560 | 0.107 1.852

0.9 1 0.5 ] 0.506 5.000 | 0.200 1.975

0.9 | 0.540 9.313 | 0.391 2.880

We find that when the service rates are different, A is not always decreasing in A (see the case 7 = 0.2
and p; = 0.9) and B is not always increasing in A (see the case 7 =5 and p; = 0.1). Besides, A and B are
not necessarily increasing in p; (e.g., when 7 =5, p = 0.3 or when 7 = 0.2, p = 0.3). By the values of A and
B, we can identify the best static policy for each scenario. More specifically, we compare k with the values
of AT and Br, and PF5 is the best if k < Ar; PFj is the best if k > B7 and F is the best if A7 <k < Br.
Next, we compare the performance of the best static policy with the generalized cu rule.

When 7 = 5, we find that PF5 is the best of PFy, PF5 and F for all scenarios when £ = 0.1 and k£ = 0.9,

and I is the best for all scenarios when k£ = 5.
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Table 2.5: Compare the best static policy with G-cu rule under quadratic costs with 7 =5

k=5 k=0.9 k=0.1
p p1 Best Static T G-cp C.1 Best Static * G-cp C.1. Best Static * G-cp C.1.

0.10 14.52 (15.83 + 1.82) 8.29 (10.03 4+ 1.26) 6.96 (6.80 + 0.91)

0.30 0.50 74.69 (76.62 = 8.28) 19.22 (22.33 4+ 2.36) 8.09 (8.21 ().65)
0.90 137.30 (139.20 + 19.26) 26.00 (26.98 + 3.63) 4.20 (4.27 £ 0.57)
0.10 152.44 (162.23 + 23.47) 61.63 (92.80 + 13.67) 30.39 (33.64 + 4.24)

0.70 0.50 907.41 (1155.24 £ 302.80) 193.07 (279.74 + 63.57) 36.65 (42.34 + 7.07)
0.90 1734.51 (1814.01 £ 502.50) 318.72 (321.85 £ 84.97) 38.52 (37.24 + 8.15)
0.10 1578.86 (1707.63 £ 657.90) 651.51 (1016.78 £ 408.80) 116.49 (174.73 £ 51.89)

0.90 0.50 10260.00 (15260.33 = 8015.00) 2161.72 (2364.30 & 575.70) 260.68 (246.06 £ {‘54.28)
0.90 20014.43 (23865.87 = 11380.00) 3672.34 (3964.99 + 1620.00) 412.05 (409.11 + 136.80)

When 7 = 0.2, we find that F' is the best for all scenarios when k& = 0.1 and PF} is the best for all

scenarios when k£ = 0.9 an

dk=>5.

Table 2.6: Compare the best static policy with G-cu rule under quadratic costs with 7 = 0.2

k=5 k=109 k=01
p p1 | Best Static * a-cp C.L Best Static * G-¢p C.L Best Static ' G-cu C.L

0.10 1.39 (1.41 4+ 0.14) 1.14 (1.17 £0.11) 1.09 (1.09 £ 0.11)

0.30 | 0.50 1.90 (1.95 £+ 0.05) 0.80 (0.93 £ 0.04) 0.55 (0.54 £0.03)
0.90 1.43 (1.45 % 0.06) 0.31 (0.39 + 0.02) 0.08 (0.09 £ 0.01)
0.10 14.71 (14.73 + 1.51) 14.14 (14.55 = 1.09) 13.73 (13.69 + 1.46)

0.70 | 0.50 11.24 (13.27 + 0.88) 8.44 (12.02 + 0.80) 6.65 (7.48 +0.76)
0.90 6.86 (9.34 + 0.48) 2.52 (4.28 £0.26) 0.83 (0.89 £0.07)
0.10 163.92 (161.46 £+ 29.96) 163.18 (175.76 £ 33.08) 158.38 (182.09 £ 37.50)

0.90 | 0.50 99.66 (128.23 £ 17.48) 95.88 (138.21 =10.36) 75.24 (109.12 £+ 16.67)
0.90 36.67 (65.40 £+ 7.36) 28.54 (48.86 £ 6.63) 8.57 (9.02+1.03)

2.9 Conclusions

When the waiting costs are nonlinear functions, the optimal queueing policy would involve dynamically
determining the priorities of customers in the system according to the customers’ types and their waiting
times in the queue. It would be very costly to keep track of the waiting times of all customers in the system
at any decision epochs, so our problem arises that whether we can find the best static queueing discipline
which either gives priority to a certain type of customers or using no-priority policy.

We first compare the cost under F', PF} and PF,, and demonstrate the comparisons by examples of

polynomial and exponential functions. Our results in Section [2.6] shows that when the cost functions are
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convex, then it is suffice to compare only F, PF; and PF; to find the best policy within II. Similarly we
present the comparisons of L, PL; and PLy and show in Corollary [2.4] that if the cost functions are concave,
then the best policy within IT should be one of L, PL; and PLs.

We conduct simulation study to verify the results and to compare the performance of the best static
policy with the generalized cu rule. The simulations show that the best static policy performs very well
under medium and light traffic, or when the proportion of the priority group is small. The generalized
cp rule performs worse than our best optimal policy under light traffic or under concave cost functions.
Actually the worst performance of the generalized cu rule happens under the heavy traffic with the concave

cost functions.
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CHAPTER 3: ALLOCATION OF INTENSIVE CARE UNIT BEDS DURING
PERIODS OF HIGH DEMANDS

In this chapter, we consider a stylized, discrete-time model for an ICU in which patients’ health conditions
change over time according to a Markov chain. Patients are assumed to be in one of the two health stages,

and we would like to make admission and discharge decisions s to minimize the mortality rate.

3.1 Introduction

Efficient management of ICU beds has long been a topic of interest in practice as well as academia.
Simply put, an ICU bed is a very expensive resource and the number of available ICU beds frequently falls
short of the existing demand in many hospitals. Therefore, it is important to make the best use of these beds
via intelligent admission and discharge decisions. There is wide agreement that during times of high demand,
beds should not be given to patients who have little to benefit from intensive care treatment. However, when
it comes to choosing among patients who can potentially benefit from such treatment, there do not appear
to be easy answers. Even if one can quantify the ICU benefit at the individual patient level and there is
agreement on some utilitarian objective such as maximizing the number of survivors, it is not difficult to see
that allocating beds to those with the highest potential to benefit is not necessarily the “right” thing to do.
For example, if this potential benefit can only be realized at the expense of a long length of stay, which is
likely to prevent the use of the bed for treating other patients, then it is difficult to weigh the “benefits” with
the “costs.” In short, making patient admission and discharge decisions for a particular patient, especially
when overall demand is high, is a complex task that requires careful consideration of not only the health
condition of that particular patient in isolation but a collective assessment of the health conditions and
operational requirements of all the patients in the ICU as well as the mix of patients the ICU expects to see
in the near future. The objective of this chapter is to provide insights into this complex decision problem
using mathematical modeling and analysis.

A key factor in deciding whether or not a patient should be admitted to the ICU is the chance of
survival for the patient or more generally how much benefit the patient would likely get from being treated
in the ICU as opposed to a non-ICU setting like a general ward at the hospital. Thus, quantification of

the expected benefits (e.g., change in probability of survival or readmission) given patient health conditions,
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comorbidities, and other patient characteristics such as age, gender, etc. is essential. Many studies have
contributed to that effort (see, e.g., [Sinuff et al.| (2004)), |Shmueli and Sprung| (2005), Kim et al.| (2014)) and
provided some understanding as to what kind of patients would benefit most from ICU treatment. With
more research in this area, we will likely have an increasingly more precise quantification of those benefits.
The natural question then is how exactly to use this information in making ICU admission and discharge
decisions. This chapter contributes to the relatively limited but recent literature that aims to provide an
answer to this question. It is important to note that our goal in this chapter is not to develop a highly
realistic model and propose a support tool that can be used readily to make decisions but rather to develop
a stylized formulation and analyze it with the goal of providing insight into this difficult question.

While our analysis provides insights into “optimal” ICU admission/discharge decisions in general, it is
particularly relevant to situations where the ICU experiences a severely-high-demand period that lasts for a
number of weeks if not longer. Such conditions would arise for instance in case of an influenza epidemic or
pandemic, which would require a significantly increased percentage of the local population to be admitted
to ICUs within a relatively short period of time. For example, using the models of the Centers for Disease
Control, |(Christian et al| (2006) estimated the potential impact of a pandemic on the Ontario population
and found that over a 6-week period, the demand for ICU beds for influenza patients alone, at its peak,
would reach 171% of the existing ICU bed capacity. With such heavy demand sustained over a long period
of time, the need to develop a framework for patient triage and prioritization, which aims to “do the greatest
good for the greatest number,” is clearer. To the best of our knowledge, there is not a formally adopted
triage protocol which is meant to be used in case of an influenza epidemic or pandemic except for a protocol
developed by (Christian et al.[(2006)) in response to a request of the steering committee of the Ontario Health
Plan. According to this protocol, arriving patients are put in one of the four triage classes. Patients classified
as “red” are given a higher priority than patients classified as “yellow” while patients in the other two classes
are typically not accepted to the ICU. The protocol also recognizes the fact that patients’ health conditions
would change over time and thus it requires reclassification of each patient at the 48th and the 120th hours
after admission. The main tool used for classification is the SOFA (Sequential Organ-Failure Assessment)
score.

In parallel with the triage protocol proposed by [Christian et al.| (2006)), we consider a discrete-time model
in which patients who use the ICU are in one of two health stages and each patient’s health condition changes
over time. Specifically, in our model there are two Markov chains with one representing the evolution of the
patients in the ICU and one representing the evolution of the patients in the general ward. Each Markov
chain has four states corresponding to death, highly critical, critical, and survival. Death and survival states

are absorbing states and can more broadly be interpreted as “bad” and “good” outcomes, respectively,
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depending on the objective. Consequently, we assume that the system incurs a unit cost every time a
patient, regardless of whether s/he is in the ICU or in the general ward, hits the death state. There is no
reward or cost associated with any one of the other states. As soon as a patient enters the death state or
the survival state, s/he leaves the system vacating the bed s/he has been occupying. In each time period,
a patient arrives with some probability and a decision needs to be made as to whether or not to admit
the patient and/or early discharge any of the highly critical or critical patients to the general ward. The
objective is to minimize the long-run average cost, or equivalently, the long-run average number of deaths.
We first consider an extreme setting, where the ICU has a single bed. The main goal in analyzing
this hypothetical setting is to take advantage of its relatively simple mathematical formulation and develop
insights into how bed allocation decisions should be made when ICU beds are limited; however, we also
use the results of this section later in the chapter to develop a heuristic bed allocation policy, which is a
simpler alternative to the optimal policy. Our analysis of the single-bed setting reveals that the decision of
which patient to admit to the ICU depends on how much benefit the patients are expected to get from ICU
treatment and how long they are expected to stay in the ICU, and furthermore, we find that which one of
these two factors is more dominant depends on the overall demand level on the ICU. We then consider the
general setting, where the ICU has some arbitrary but finite number of ICU beds. We formulate the decision
problem as a Markov decision process (MDP) where the system state is described by a vector providing the
number of patients (among those in the ICU together with the patient who has just arrived) in each health
stage. We prove that the optimal admission/early discharge policy depends on the mix of patients currently
present in the ICU, specifically how many patients there are in each health stage. In other words, whether we
want to keep Patient A or Patient B in the ICU is not just about Patient A and B but also about all the other
patients. Specifically, we prove that the optimal policy is of threshold-type: If the number of highly critical
patients is above a particular value then we early discharge one of the highly critical patients; otherwise we
early discharge one of the critical patients. Finally, we carry out a numerical study to investigate the benefits
that one would get by using the optimal policy as opposed to simpler, state-independent alternatives, and

we find that a policy we propose in particular performs quite well.

3.2 Literature review

In the medical literature, there has been a long line of research on quantifying the benefits of ICU
care and providing empirical and mathematical support for making more sound ICU admission/discharge
decisions. Most of this work has concentrated on predicting patient mortality in the ICU, estimating the

benefits of ICU care, and more generally developing patient severity scores. We do not attempt to provide a
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thorough review of this literature here as it is extensive and is not directly related to this chapter but only

highlight a few papers as examples.

Strand and Flaatten| (2008)) provides a review of some of the severity scoring systems that have been

proposed and used over the years. Among these scoring systems are APACHE (Acute Physiology and Chronic

Health Evaluation) I, IL, III, and IV (Zimmerman et al (2006)), SAPS (Simplified Acute Physiology Score)

I, II, and IIT (Moreno et al.| (2005))), and SOFA (Vincent et al. (1996])). One of the objectives behind the

development of these scoring systems is to obtain a tool that can reliably predict patient mortality, which

has been the subject of many other articles that aimed to improve upon the predictive power of the proposed

scoring systems (see, e.g., Rocker et al.| (2004)), |Gortzis et al.| (2008]), and |Ghassemi et al.| (2014)).

A number of papers studied the benefits of ICU care and the effects of rationing beds in times of limited

availability. |Sinuff et al.| (2004) reviewed past studies on bed rationing and found that admission to the

ICU is associated with lower mortality. [Shmueli and Sprung| (2005) studied the potential survival benefit

for patients of different types and severity (measured by APACHE II score) and more recently
(2014) quantified the cost of ICU admission denial on a number of patient outcomes including mortality,

readmission rate, and hospital length of stay using a large data set. |Kim et al| (2014) also carried out a

simulation study to test various patient admission policies and found that a threshold type policy which
takes into account the patient severity and ICU occupancy level has the potential to significantly improve
overall performance.

Studies found that delayed admission to or early discharge from ICUs, which are both common, affect

patients outcomes. For example, |Chalfin et al.| (2007)) and |Cardoso et al.| (2011) studied patients immediately

admitted to ICU and those who had delayed admissions (i.e., waited longer than 6 hours for admission) and

concluded that the patients in the latter group are associated with longer length of stay and higher ICU and

hospital mortality. [Wagner et al.| (2013) and Kc and Terwiesch| (2012) found patients were discharged more

quickly when ICU occupancy was high, and such patients were associated with increased mortality rate and

readmission probability.

In addition to [Kim et al|(2014]), which we have already mentioned above, a number of papers from the

operations literature developed and analyzed models with the goal of generating insights into how patient

admission and discharge decisions should be made at ICUs. Modeling the ICU as an M/M/c/c queue,

[Shmueli et al.| (2003) compare three different patient admission policies and find that restricting admission

to those whose expected benefit is above a certain threshold (which may or may not depend on the number
of occupied beds in the ICU) brings sizeable improvements in the expected number of survivors.
(2010), on the other hand, develop a model in which patients are bumped out of (early discharged

from) the ICU and show how this model can be used to predict performance measures like the probability of

41



being bumped for a randomly chosen patient. The model assumes that each patient’s length of stay can be
observed upon arrival and when a patient needs to be bumped because of lack of beds, the patient with the
shortest remaining length of stay is bumped out of the ICU. |Chan et al.|(2014)) develop a fluid formulation
in which service rate can be increased (which can be seen as patient early discharge) at the expense of
increased probability of readmission. The authors identify scenarios under which taking such action is and
is not helpful.

To our knowledge, within the operations literature on ICUs, the paper that is closest to our work is|Chan
et al|(2012). The authors consider a discrete-time MDP in which a decision needs to be made as to which
patient to early discharge (with a cost) every time a new patient arrives for admission to the ICU. They show
that the greedy policy, which discharges the class with the smallest discharge cost, is optimal when patient
types can be ordered so that the types with smaller discharge costs have shorter expected length of stay
and provide bounds on the performance of this policy for cases when such ordering is not possible. Despite
some similarities, our formulation and analysis have some important differences. We assume that patients
can be in one of two health stages, can transition from one stage to the other during their stay, and they
eventually either die or survive. On the other hand, |Chan et al.| (2012)) allow for multiple types of patients
whose health status can also change over time but their model does not permit a patient to return to a
state s/he has already visited. The reason why these differences are mainly important is that the analysis
of the two models leads to two different sets of results which complement each other. In particular, our
formulation allows us to push the analytical results and optimal policy characterizations further and thereby
provide deeper insights into optimal ICU admission and discharge decisions. For example, we provide a
characterization of the optimal policy not only when patients with higher benefits from ICU have shorter
length of stay but also when higher benefits can only come at the expense of longer length of stay in the
ICU.

Our analysis in this chapter can also be seen as a contribution to the classical queueing control literature
where arriving jobs are admitted or rejected according to some reward or cost criteria. More specifically,
because jobs in our model do not queue, it can be seen as a loss system (see, e.g., Ormeci et al. (2001),
Ormeci and Burnetas| (2005), [Ulukus et al| (2011) and references therein). Within this literature, [Ulukus
et al.| (2011)) appears to be the closest to our work. This chapter considers a model in which the decision is
not only whether or not an arriving job should be admitted but also whether any of the jobs in service should
be terminated. This termination action can be seen as the early discharge action in our model. However,
despite this similarity, there are some important differences. First, [Ulukus et al| (2011) consider a more
general form for the termination cost. However, they assume that there is no cost associated with rejecting

jobs. While this assumption would be reasonable in many service settings, that is mostly not true in our
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context since this would imply that it is better to never admit a patient than to admit and early discharge.
Second, |Ulukus et al.| (2011)) do not allow the possibility of jobs changing types during service. There are
also important differences in the results. Just as we do in this chapter, [Ulukus et al.| (2011)) also provide
conditions under which one of the two types should be preferred over the other at all times. However, our
formulation makes it possible for us to provide optimal policy characterizations at a more detailed level and
mathematically establish some of the numerical observations made by [Ulukus et al.| (2011) regarding the

threshold structure of the optimal policy.

3.3 Model Description

We consider an ICU with a capacity of b beds, where b is a finite positive integer. Patients arriving
to this system are assumed to have conditions that require treatment in an ICU. However, there is also
the option of admitting these patients to what we refer to as the general ward, where the patient may be
provided a different level of service. It is also possible that a patient who was previously admitted to the
ICU can be early discharged to the general ward in order to accommodate another patient. We assume that
the general ward has infinite bed capacity. It is important to note that we use the general ward to represent
any non-ICU care unit, which includes actual hospital wards, other hospital units, nursing homes, and any
other facility that can accommodate the patients but cannot provide an ICU-level service to the patients.

Arriving patients are assumed to be in one of two health stages with stage 1 representing a highly critical
condition and stage 2 representing a critical condition. We consider discrete time periods during which at
most one patient arrives. Let A; > 0 denote the probability that a stage ¢ patient will arrive in each period
for i = 1,2 and let A =1 — \; — Xy denote the probability of no arrival, where we assume X is nonnegative.
During their stay, in the ICU or in the general ward, patients’” health conditions change according to a Markov
chain and they eventually either enter stage 0 or stage 3. Stage 0 represents an undesired outcome, which
might correspond to the death of the patient, or hospital readmission shortly after the patient’s discharge
(e.g., within thirty days). On the other hand, stage 3 represents an ideal outcome, such as the patient’s
survival or at least not being readmitted for a period of time long enough to count the patient’s treatment
as success. As soon as a patient hits either stage 0 or 3, the patient leaves the system vacating the bed s/he
has been occupying. We assume that the system incurs a unit cost every time a patient leaves in stage 0
while there is no cost or reward associated with other stages.

Patients currently in stage ¢ € {1,2} can enter stage i+1 or i—1 in the next time period with probabilities
that depend on where they are being treated: ICU or general ward. A stage i patient in the ICU either
jumps to stage i + 1 with probability p;, jumps to stage ¢ — 1 with probability ¢;, or stays in stage ¢ with

G

probability r; = 1 — p; — ¢;. The respective probabilities for the general ward are p; ,in and riG . We assume

43



that p;, qi,piG , in are all strictly positive while r; and riG are non-negative. The transition diagram of patient

evolution is shown in Figure [3.1

ICU General Ward

\—/v Survival \/&/ Survival

Figure 3.1: Transition diagram of patient evolution in the ICU and general ward

In some respects, assuming that sick patients can only be in one of two health stages can be seen as
a significant simplification of reality. While it is true that it is difficult to capture the full spectrum of
patient diversity with a two-stage model, the assumption helps us capture the reality that patients’ health
conditions change over time at least in some stylized way without rendering the analysis impossibly difficult.
More importantly, the assumption can in fact be perfectly justified in some contexts because even in practice
such simplification is made to bring highly complex decision problems to a manageable level. When managing
patient demand under highly resource restrictive environments, particularly in case of epidemics and mass-
casualty events, practitioners typically choose to employ prioritization policies that keep the number of
triage classes at minimum in an effort to make the policies simpler and easier to implement. For example,
the ICU triage protocol developed by [Christian et al.| (2006]), places patients in need of ICU treatment into
one of two priority classes based on the patients’ SOFA scores. The proposed protocol also calls for patient
reassessments recognizing the possibility that there could be changes in the patients’ health conditions.

At each time period, the decision maker needs to make the following decisions: (i) if there is an arrival,
whether the patient should be admitted to the ICU or the general ward, and (ii) which patients in the ICU
(if any) should be early discharged to the general ward regardless of whether there is a new arrival or not.
Note that if all b beds are occupied at the time a stage ¢ patient arrives, admitting the patient will mean
early discharging at least one stage 3 — ¢ patient to the general ward. To keep the presentation simple, we
will call both the decision of discharging an existing patient from the ICU to the general ward and admitting
a new arrival to the general ward discharge even though the latter action does not in fact correspond to a
discharge but direct admission to the general ward.

We formulate this problem as an MDP. We denote the system state by x = (x1, x2), where x; represents
the number of stage i patients. Note that any new arrival is included either in x; or x5 since there is no need

to distinguish between new and existing patients. Since the ICU has a capacity of b and at most 1 patient
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arrives in each time period, the state space is:
S ={(x1,22) : 1,29 > 0 and x1 + 29 < b+ 1}.

The decision at each epoch can be described by action a = (ay,as), where a; is the number of stage 4
patients to be discharged. The action space is defined as A = {(a1,a2) : a1,a2 > 0, and a3 + a2 < b+ 1}.

Then in any state (x1,z2) € S, the feasible action set is
Az, 22) = {(a1,a2) : 0 < a; < w;, fori=1,2, and 21 + 22 — a1 — az < b}.

Let qSiG denote the probability that a patient who is discharged to the general ward in stage ¢ will end

up in stage 0 for ¢ = 1,2. Then, ngZ-G can be computed by solving the following equations
¢ = a7 +r77 + 0705, 05 = a5’ et +15e5
Letting 3¢ = ¢F /p% for i = 1,2, we can show that

By B

14 8¢ + BEBg

{ =g W5 =
1+ 87 + By B3

(3.1)

Similarly, for i = 1,2, let ¢; denote the probability that a patient who is admitted to the ICU in stage ¢ will
end up in stage 0 under the condition that the patient will never be early discharged to the general ward.

Then, ¢; can similarly be computed as

B1+ B2 B1B2

b= =T 4 By

1+ B+ BB

where §8; = ¢;/p; for i =1,2.

Let ¢(x1,x2,a1,a2) denote the immediate expected cost of taking action (a1, as) in state (z1,z2). The
expected cost for the patients who will occupy the ICU during the next period is equal to the expected
number of ICU patients who will transition to state 0 in the next time period, i.e., (1 —a1)g1. The expected
cost for the discharged stage ¢ patients is ai¢iG since each discharged patient will end up in stage 0 with
probability ¢&. Note that this second portion of the cost is the expected lump-sum cost of discharging stage
1 patients, the expected cost that will eventually incur, not the immediate cost. However, for our analysis,
we can equivalently assume that this cost will incur immediately since we know that if the patient enters

state 0 eventually, this will happen within some finite time period with probability 1. The total immediate
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expected cost then can be written as
_ G G
c(x1,22,a1,a2) = @197 + a293 + q1(z1 — a1).

Let Pa,,a)(21, 72,1, y2) denote the transition probability from state (z1,22) to state (y1,y2) when ac-
tion (a1, az) is chosen. Then, we have Py, 4.)(21, 2, Y1, Y2) = P(y1,y2|x1—0a1, ra—az), where P(y1, y2|v1, 22)
denotes the probability that given that there are z; stage 1 patients and xo stage 2 patients at a decision
epoch after that epoch’s action is taken, there will be y; stage 1 patients and yo stage 2 patients at the

beginning of the next decision epoch. Specifically,

r1 T1—Uu
P(yvypler,a2) =AY Y Pi{ar,u,d}Po{wa, a1 + 22 —d — gy —y2, 1 — (21 —u — d)}
w=0 d—0
r1 Tr1—u B B
+ A\ Z Z Pi{xy,u,d}Po{zo, 21 + 22 —d— (1 — 1) =92, (11 — 1) — (21 —u —d)}
w=0 d=0
xr1 Ti1—u B B
Jr)\zz Z P{zy,u, d}Po{ze, 21 + 22 —d —y1 — (y2 — 1), 51 — (21 —u—d)},
u=0 d—0

where P;{z;,u,d} is the probability that of the x; stage i patients, u of them will transition to stage i + 1
and d of them will transition to stage i — 1, i.e.,
(w‘) (wi_u)pg‘qfr?_"—d, for u,d >0 and u+d < z;

Pi{-riau7 d} = “ ¢

0, otherwise.

A policy m maps the state space S to the action space A. We use II to denote the set of feasible
stationary discharge policies. Let N, (t) and NZ(t) respectively denote the number of patients who enter
stage 0 by time ¢ in the ICU and in the general ward. Then J7™(x), the expected long-run average cost under
policy 7 given the initial state z, can be expressed as

J™(x) = lim lg [Nx(t) + NE(t)|x]
t—oo t T & '
Our objective is to obtain an optimal policy 7* such that J™ (x) < J™(x) for any 7 € II and x € S. Note

that this MDP is unichain with finite state and action spaces, hence the above limit exists and is independent

of the initial state x (see, e.g., Theorem 8.4.5 of [Puterman| (2005))). We also know that there exists a bounded
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function h(zq,z9) for (z1,z2) € S and a constant g satisfying the optimality equation

h(zy,22) + g = min {0(3517%2,@1,@2) + Z P(al,ag)(xh3527311,%/2)}1(1/173/2)}7 (3.3)
(a1,a2)€A(z1,72)
(y1,y2)€S
and there exists an optimal stationary policy n* such that g = JW*(X) and 7" chooses an action that

maximizes the right-hand side of (3.3]) for each (z1,22) € S.

3.4 Single-bed ICU

In this section, we consider the case where b = 1, i.e., there is a single ICU bed. The objective of this
analysis is to generate insights into situations where ICU capacity is severely limited. As we will later see in
Section [3.6] this analysis will also help us develop a simple heuristic method that can be used in the general
case, where b is any finite integer.

When b = 1, at any decision epoch there are at most two patients under consideration, the patient who
is currently occupying the bed (if there is one) and the patient who has just arrived for possible admission
(if there was an arrival). Restricting ourselves to non-idling policies, (i.e., the bed is never left empty
when there is demand), we investigate the question of which of the two patients to admit to the ICU. (An
implicit assumption here is that ICU is the preferred environment for the patients. This is a reasonable
assumption to make, but nevertheless in the next section, we identify conditions under which this is true
in our mathematical formulation.) Specifically, there are two stationary policies to compare, 71, the policy
that discharges the stage 1 patient and 7o, the policy that discharges the stage 2 patient when the choice is
between a stage 1 and a stage 2 patient. Under any of the two policies, when there are two patients in the
same stage, the choice between the two is arbitrary. Let J™ for k € {1,2} denote the long-run average cost
under policy 7.

The following proposition provides a comparison of the performances of the two policies, which accounts
for both the incremental survival benefit and the required ICU length of stay (LOS) when making prioriti-
zation decisions. We first let L; denote the expected ICU LOS for a patient admitted to the ICU in stage
i and is never early discharged in either stage 1 or 2. Then, L; can be obtained by solving the equations

Li=1+7rLi+p1 Ly and Ly =1+ goL1 + roLo, which gives us

D1t p2taqe I, — DP1+q1+q2
1= 2 = .
P1p2 + @bz + q1q2” P1p2 + q1p2 + 4192
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Proposition 3.1. Ifb = 1, i.e., there is a single ICU bed, and the ICU admission decision is between a

stage 1 and stage 2 patient, it is optimal to admit the stage 2 patient, i.e., J™* < J™2, if and only if
A[La(¢f = ¢1) — L1(¢F — ¢2)] + (L= N) [(6F — 61) — (65 — ¢2)] <0 (3.5)

where A = A1 + Ag.

While Proposition [3.1] provides a complete mathematical description of the regions under which the two
policies are optimal, it does not give a clear insight into why one would prefer one patient over the other.

The following corollary provides conditions that have clearer practical interpretations.

Corollary 3.1. Suppose that b = 1, i.e., there is a single ICU bed, and the ICU admission decision is
between a stage 1 and stage 2 patient. Also assume without loss of generality that ¢ — ¢ > ¢S ; — ¢p3—; for

some fized i € {1,2}. Then, we have

G ; G i s . . . . . . . . T T
(a) if ¢”'L:¢l > ¢3’L’Sj3ﬂ , then it is optimal to admit the patient in stage i, i.e., J™i > J™3~i;

a_, G g _ _
(b) if ¢'iL_i¢l < ¢3‘L13j3_1 , then it is optimal to admit the patient in stage i, i.e., J™ > J™~i if and only if

(68 — ¢i) — (6§, — ¢3-4)
(68 — i) — (85, — d3—i) + [Li(d5_; — dp3—i) — Ls—i(dF — ;)]

A< (3.6)

The difference ¢ — ¢; can be seen as the benefit of staying in the ICU instead of the general ward for
a stage 7 patient. From system optimization point of view, we can call the patients with larger (;SiG — ¢; as
“high-value” patients. On the other hand, the ratio ¢‘GL7_¢ can roughly be seen as the per unit time benefit
of keeping a patient who arrives in stage ¢ in the ICU at all times and thus we can call the patients with the
larger @ as “high-value-rate” patients. Then, according to Corollary (a), if stage i patients are both
high-value and high-value-rate patients, they should be preferred over stage 3 — i patients. As Corollary [3.1]
(b) implies, in order for stage 7 patients to be preferable, it is not sufficient for them to be high-value. If they
are high-value patients but not high-value-rate, then they are preferable only if the arrival rate is sufficiently
small. This is because when the arrival rate is small, having a limited bed capacity is less of a concern and
thus in that case the value is the dominating factor. However, when the arrival rate is large, the lengths of
stay are important as they would be a key factor in the availability of the ICU beds for new patients. As a
result the rate with which the value incurs becomes the dominant factor.

These results point to the importance of taking into account the ICU load when making patient admis-
sion/early discharge decisions and prioritizing one patient over the other. In short, what may be the “right”

thing to do for one particular ICU may not be right for another. For ICUs with relatively ample capacity, it

might be best to focus on identifying patients who will benefit most from ICU care and admit them without
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being overly concerned about how long they will stay. However, for highly loaded ICUs, the decision is more
complicated and the anticipated length of stay should be part of the decision. In the following section, we
investigate this question further by analyzing dynamic decisions in a model where the number of beds in the

ICU can take any finite value.

3.5 Analysis of the multi-bed ICU model

In this section, we analyze the general case where b, the number of beds in the ICU is any finite integer.
As in the previous section, our main objective is to minimize the long-run average cost. However, following
an approach that is often used in long-run average analysis, we first analyze the system under the objective of
minimizing expected total discounted cost and establish some analytical properties, which serve as a stepping

stone to our main results for the long-run average case.

3.5.1 Formulation of the discounted model

sec:multi model discounted

The system states, actions and the transition probability P, 4.)(%1,22,¥1,¥2) are defined to be the same
as the long-run average formulation given in Section Let ¢ (1, 22, a1, az) denote the immediate expected
cost of taking action (a1, az) in state (z1,z2) with discount factor o € (0,1). The expected discounted cost
for the patients who remain in the ICU is a(x; — a1)q1, where (z1 — a1)q; is the expected number of ICU
patients who will transition to state 0 in the next time period and these patients will incur a unit cost when

they depart in stage 0 at the beginning of the next period. The expected cost for the discharged stage ¢
G

patients is a;c;”, where ciG is the expected discounted cost of discharging a stage i patient for ¢ = 1,2. The

expression for c? can be determined by solving the following equations:

G ¢, .GG,.GGW .G GG ,.GG
ci =algr +ricy +piey), 5 =a(gy el +r3cy),

which are obtained by first-step analysis. Solving the above equations, we find

(1 —arf)(1 —arf) — apfes’” (1= arf)(1 — arf) — a?pfef

The total immediate expected cost then can be written as

Col(T1, 22,01, a2) = alcf + agcg + aqi(z1 — aq).
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Let vr,o(x) denote the expected total discounted cost under policy 7 given initial state x¢, then,

VUra(X0) = F

9]
Z Ca(xnu an)a7LX01 )
n=0

where x,, € S, a, € A are bivariate vectors that denote the state and action at the nth decision epoch for
n=20,1,2,.... The above quantity is well defined since S and A are finite and c¢,(x,a) is bounded for any
xeS, ace A

Let vo(z1,22) = ming vy o(1,22) denote the minimum expected total discounted cost over infinite
horizon starting from state xo = (z1,22). We would like to find a policy 7* that satisfies v« o(21,22) =
Vo (T1,z2) for all (z1,x2) €S.

From Theorem 6.2.5 in [Puterman/ (2005), the optimal value function v, (z1,22) satisfies the following

optimality equation:

Vo (21, 22) = (alm)rgif{l(%m){va(m,wz,a1,a2)}, (3.8)

where V, (21,22, a1, az) is the total expected discounted cost if we take action (a1, as) for one step and then
follow the optimal policy thereafter in state (z1,z2). Specifically,

Valw1, 3,01, 02) = arcf + axc§ + a[qi(z1 — a1) + Twa (21 — a1, 22 — az)]
where I is an operator defined as follows:

Definition 3.1. For a function w(zy,z2) with z1,29 > 0 and z1 + 22 < b

r1tre+lz1+z2+1—71

Pw(zr,z2) = ) Y. PGudsler,z2)w(in, o). (3.9)

Jj1=0 Jj2=0

3.5.2 Main results for the discounted model

For the infinite-horizon expected total a-discounted cost problem (3.8]), we denote the set of optimal

actions in state (z1,x2) by A%(x1,z2), i.e.,

Az(ajl,l‘g) = {(al,ag) S .A(.Z’l,x2> :

Vo(z1, 22, a1,a2) < Vo(x1,22,a1,a2) for all (a1,as) € A(xl,xg)}.
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Since the state space and action space are finite and costs are bounded, A* is non-empty. In general, the set
A% (x1,22) can have more than one element. However, for convenience, we adopt the following convention
for picking one action from the set and refer to it as the optimal action for state (z1,z2). Specifically, we

define the optimal action a} (21, z2) = (a},(z1, 22),as, (z1,22)), where

aia($1, 332) = min{&l : (@1, ag) S A:;(xl,l‘Q)}

and

a5, (1, 22) = min{as : (aj,(v1,22),a2) € AL (z1,22)}.

Thus, if there are multiple actions for any given state, we choose the one that discharges as few stage 1
patients as possible; if there are multiple such actions then among those, we choose the one that discharges

as few stage 2 patients as possible.

8.5.2.1  Optimality of non-idling ICU beds.

The non-idling policies are defined as the policies that will always allocate an ICU bed to a new arriving
patient and never discharge an ICU patient to the general ward when there are ICU beds available. We first

identify conditions under which there exists an optimal policy, which is non-idling.

Proposition 3.2. There exists a non-idling optimal policy, i.e., there exists an optimal policy under which

it is never optimal to leave an ICU bed empty whenever there is a patient in need of treatment, if
alqr + 71§ 4+ pic§) <, algaef +rac§) < . (3.10)

The term a(q; + ric§ + picS) is the expected total discounted cost of discharging a stage 1 patient at
the next time period, and thus a(q; 4+ r1c§ + pic§) < ¢ means that the expected total discounted cost
of keeping a stage 1 patient for one more time period is smaller than discharging the patient right now.
Similarly, a(gzc{ + roc§) < c§ means that the expected total discounted cost of keeping a stage 2 patient
for one more time period is smaller than discharging the patient right now.

From Proposition we know that if holds, there exists an optimal policy that is non-idling.
Thus, we can restrict ourselves to the set of policies that is non-idling under assumption . Then, the

optimality equations (3.8) can be reduced to
Vo (1, 22) = Two(x1, 22) for (x1,29) € S, (3.11)

where the optimality operator T is defined as follows:
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Definition 3.2. Let W denote the space of bounded functions on §. Then, for w € W, we define the

operator T' as

(i) for zy + a2 <D,

Tw(zy,22) = aqpzy +Tw(e,x2)], (3.12)

(if) for x1 = b+ 1,29 =0,
Tw(zy,z2) = & +alg(zr—1)+Tw(z; —1,29)], (3.13)

(iii) for 1 = 0,20 = b+ 1,
Tw(zy,z2) = §+alpz +Tw(zy,zs —1)], (3.14)

(iv) for z1 + 22 =0+ 1 and 1,22 > 0,

Tw(zy,x2) = min {C? +alg(rr — 1) + Tw(z —1,22)],

§ + alqz1 + Dw(zy, s — 1)] } (3.15)

3.5.2.2  General structure of the optimal policy.

Since we restrict ourselves to the set of non-idling policies, which we know contains an optimal policy under
assumption , we only need to investigate the optimal actions for states (x1, z2) such that 1 +x5 = b+1
and x1,x2 > 0, i.e., when all ICU beds are currently occupied, a patient has just arrived, and there are
patients from both stages (including the patient who has just arrived). As we describe in the following

proposition, it turns out that the optimal decision has a threshold structure.

Proposition 3.3. Suppose that holds. Then, there exists a threshold x¥ € [1,b+ 1] such that for any

state (x1,x2) with x1,x2 >0 and x1 + xo = b+ 1, we have

(1,0)  ifxy > at,
ag (71, 12) =

(0,1) ifxy <.

Proposition [3.3]states that the decision of whether a stage 1 or stage 2 patient should be early discharged

may depend on how many stage 1 patients and how many stage 2 patients there are in the ICU or waiting
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for admission to the ICU. There exists a threshold z}, which depends on the discount factor, so that if the
number of stage 1 patients is below ), then the optimal action is to discharge a stage 2 patient; otherwise,
the optimal action is to discharge a stage 1 patient. We postpone further discussion on practical implications
of this result until Section where we establish a version of this result under the long-run average cost
minimization criteria.

If the threshold =} = 1, the optimal decision is to discharge a stage 1 patient and if z} = b+ 1, the
optimal decision is to discharge a stage 2 patient regardless of how many stage 1 and stage 2 patients there
are in the ICU. Thus, in some cases, where z7, takes one of the two end values, the optimal policy is simpler
as one can designate one stage as having higher priority than the other regardless of system conditions. Such
a policy would be easier to implement in practice. In the following section, we identify some conditions under

which that would be the case.

3.5.2.83 Conditions for the optimality of a state independent policy.

We call a non-idling policy state-independent if the decision of whether a stage 1 patient or a stage 2 patient
is kept in the ICU whenever all beds are occupied does not depend on the composition of the patients, i.e.,
the number of patients in each stage. In this section, we identify conditions under which the optimal policy
has that simple structure.

Let ¢; denote the expected total discounted cost for a stage i patient if the patient is not discharged

when in state 1 or 2. Then, ¢; can be obtained as

aqi (1 —arg) @ q1qs
= , Cog = , 3.16
! (1 —ar)(1—ary) — a?p1go 2 (1 —ar)(1—ary) —a?p1ga ( )

using the same argument used to obtain c%’s in .

The difference ciG — ¢; can be seen as the reduction in cost due to ICU treatment for stage ¢ patients.
Then, if stage ¢ patients have smaller reduction in cost (compared with stage 3 — i patients), one might
conjecture that a greedy policy, which always chooses to discharge a stage ¢ patient (as opposed to a stage
3 — i patient) whenever there are more patients than beds, would be optimal. However, we have numerical

examples which show that this conjecture is not correct. We next identify conditions under which such a

policy is optimal.

Proposition 3.4. Suppose that holds. Then, for any state (x1,x2) such that x1 > 0, zo > 0, and
1 +x0 =041,

(a‘) aZ(zleQ) = (170) if

' —e1 < c§ —cy and Ly > Ly, (3.17)
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(b) aZ(xl"TQ) = (071) if

¢ —c1 >cS —cy and Ly < Lo, (3.18)

where L; is given by fori=1,2.

Proposition [3.4] states that the optimality of the greedy policy is guaranteed, i.e., the optimal decision is
to favor patients in the health stage that is associated with higher expected ICU benefit regardless of system
conditions, if the expected length of ICU stay for those patients is also smaller when compared with that of
patients in the other stage. In the next section, we establish a version of this result for the long-run average

cost minimization case and provide further discussion on its practical implications.

3.5.3 Long-run average cost criteria

In this section, we consider the long-run average cost optimization problem with optimality equations
given in (3.3). An optimal action in any particular state is the one that achieves the minimum in the

optimality equation. We denote the set of optimal actions in state (z1,x2) by A*(z1,x2), i.e.,

A (21, 20) = {(@1,@2) € A(w1,22) : c(@1, 22, @1, G2) + Z Playaz) (@1, 22, Y1, y2)h(y1, y2) =
(y1,y2)€S

min {0(171,552,&1,&2) + Z P(a17a2)($1,$27y1,yz)h(yhyz)}}-
(a1,a2)EA(z1,22)
(y1,92)€S
In general, the set A¥(x1,z2) can have more than one element. However, for convenience, as in the case
of the discounted cost model, we adopt the following convention for picking one action from the set and
refer to it as the optimal action for state (z1,z2). Specifically, we define the optimal action a*(z1,z2) =

(af(x1,22), a5 (x1,22)) where
ai(r1,z2) = min{a; : (ay,a2) € A*(z1,22)}

and

a5 (xy,x2) = min{as : (a](z1, x2),a2) € A" (x1,22)}.

Thus, if there are multiple actions for any given state, we choose the one that discharges as few stage 1
patients as possible; if there are multiple such actions then among those, we choose the one that discharges
as few stage 2 patients as possible.

Theorems B2l and [3.3] below respectively establish the long-run average versions of Propositions
and The proofs of these theorems utilize Theorem 6.4.2 of |Sennott| (1999), which essentially

state that under some conditions (which we show to be true for our problem), the difference h,(z1, z2) =
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Vo (21, T2) — v4(0,0) converges to h(z1,z2) as « approaches to 1. This limiting property makes it possible
for us to utilize the three propositions for the discounted cost case in the analysis of the long-run average
cost problem.

We start with conditions that ensure the existence of a non-idling optimal policy.

Theorem 3.1. Suppose that B; < BE for i = 1,2. Then, there exists a stationary average-cost optimal
policy, which is non-idling, i.e., a policy under which it is never optimal to leave an ICU bed empty whenever

there is a patient in need of treatment.

Comparing f; with 3% can be seen as one way of assessing the potential benefit of ICU over the general
ward for stage i patients. The condition 3; < B¢ for i = 1,2 essentially means that the ratio of the probability
of a patient getting worse to the probability of a patient getting better over the next time step is smaller in
the ICU for all the patients. Theorem states that this condition is sufficient to ensure the existence of
an optimal policy that admits patients of either stage to the ICU as long as there is an available bed. Note
that one can show that this condition is equivalent to , the non-idling condition for the discounted
infinite-horizon case when the discount factor « is set to 1.

Under the non-idling condition of Theorem we can in fact prove the existence of an optimal policy,

which has some additional structural properties as described in the following two theorems.

Theorem 3.2. Suppose that 3; < BE fori =1,2. Then, there exists a threshold z* € [1,b+1] such that for

any state (x1,x2) with 1,29 > 0 and 1 + 2 = b+ 1, we have

(1,0)  ifxy > a*
a*(x1,x2) =

(0,1)  ifxy <az*.

According to Theorem [3.2] when the non-idling condition holds and when the system conditions are so
that one of the patients has to be admitted to the general ward because of a fully occupied ICU, whether or
not that patient should be a stage 1 or stage 2 patient depends on the health conditions of all the patients in
the ICU. Specifically, if the number of stage 1 (stage 2) patients in the ICU is above a particular threshold
value, then one of the stage 1 (stage 2) patients should be admitted to the general ward. In other words,
if there are sufficiently many stage 1 patients, the preference should be for a stage 2 patient; otherwise the
preference should be for a stage 1 patient.

It is important to note that while 2* can take one of the boundary values of 1 or b+ 1 (both of which
would imply that the policy is in fact not dependent on the composition of the patients) there are examples
that show that it can also take values in between. This means that there are indeed certain settings in which

the optimal policy is state-dependent. This might seem somewhat surprising at first because the implication
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is that if there are two specific patients, A and B, one of them being in stage 1 the other in stage 2, and
only one of them can be admitted to the ICU, whether we choose A or B depends on the health stages
of all the patients in the ICU, not just A and B. Given that this decision will not impact other patients’
survival chances and patient A’s and B’s survival chances do not depend on the other patients in the ICU,
why should our choice between A and B depend on the other patients?

To answer the question above, in light of our analysis of the single-bed case, consider the two important
factors that go into the decision of which patient to admit: expected net ICU benefit, which we would like
to be as high as possible and expected length of stay, which we would like to be as small as possible. The
expected length of stay is important because it directly affects the bed availability for the future patients.
In particular, it affects the probability that a bed will be available the next time there is a patient seeking
admission to the ICU. However, whether or not a bed will be available for the next patient (and patients
thereafter) depends on the length of stay for not just Patient A and Patient B but all the patients in the
ICU.

Now, consider two extreme cases, one in which patients other than A and B all have very short expected
lengths of stay and one in which they all have long expected lengths of stay. In the former case, there is
a good chance for a bed to be available soon even if we ignore A and B, and this, when choosing between
A and B, will make the expected lengths of stay for A and B far less important compared with the latter
case. Thus, in the former case, whoever has the larger expected benefit, will be (most likely) admitted to
the ICU. In the latter case, however, the decision is more complicated and in order to make a bed available
for the next patient with a higher probability, it might actually be preferable to admit the patient with the
smaller expected net benefit if that patient’s expected length of stay is shorter. In general, one can then see
that, as the composition of the patients in the ICU changes, future bed availability probability changes and
this in turn results in shifting preferences for the patient to be admitted. More specifically, as Theorem
implies, there is an ideal mix of patients (a certain number of stage 1 patients and a certain number of stage
2 patients), which hits the “right” balance between the expected benefit and the future bed availability, and
the optimal policy continuously strives to push the system to that level by employing a threshold-type policy.

Given the explanation above, it would be reasonable to expect that Patient A should always be preferred
over Patient B regardless of the patient composition in the ICU if the expected benefit for Patient A is larger
than that of Patient B and the expected length of stay for Patient A is smaller than that of Patient B. We

can indeed prove that is the case as we formally state in the following theorem.

Theorem 3.3. Suppose that 3; < B¢ fori = 1,2, and for some fived k € {1,2}

O — Ok < G5y, — d3k and Ly, > Lg_y. (3.19)
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Then, for any state (x1,x2) such that 1 + x2 = b+ 1, we have a*(x1,22) = (af,as) with aj = 1 and

* _
az_;, = 0.

Theorem states that if a particular health stage is associated with a lower expected ICU benefit and
longer expected length of ICU stay, then a patient from that health stage should be admitted to the general
ward when the demand for the ICU exceeds the ICU bed capacity. In this case, the optimal policy is simple
since one of the two stages can be designated as the higher priority stage regardless of the system state. The
result makes sense intuitively. If Patient A will benefit more from the ICU bed compared to Patient B and
Patient A will also vacate the bed more quickly for the use of the future patients, there is no reason why the

bed should be given to Patient B.

3.6 Numerical study

The objective of our numerical study is twofold: (i) to investigate how much additional benefit there is in
using a state-dependent admission/discharge policy as opposed to a simpler, state-independent alternative,
and (ii) to investigate how different state-independent policies, one of which we propose in this section,
compare with each other in regards to their performances.

To the best of our knowledge, there are no data which we can use to estimate the probabilities with
which patients’ health stages change over time. Clearly, even if one were to conduct a study to make such
estimation, it would have been quite challenging since that would have first required agreeing on definitions
for stage 1 and stage 2 patients. (Note that one possibility would be adopting the definitions of |Christian
et al.| (2006)).) Given the lack of data, one option for our study was to generate different scenarios completely
randomly. However, that approach would have resulted in many scenarios that are unlikely to be reasonably
close to what happens in practice. Therefore, instead of generating scenarios completely randomly, we
generated them randomly while ensuring that the scenarios conform to what happens in practice based on
what we know from prior studies. More specifically, the scenarios are generated so that the ICU survival
probabilities and lengths of stay are in line with the numbers reported in the literature.

A number of articles in the literature provide estimates on ICU length of stay and survival probabilities.
One could potentially choose the estimates in any one of these articles to construct different scenarios.
However, in line with our focus on situations where the ICU experiences an extremely high demand over a
long period of time, we chose to use the estimates that are provided by [Kumar et al.| (2009), which are based
on data obtained in Canada during the 2009 HIN1 influenza outbreak. [Kumar et al.| (2009)) found that the
average mortality rate in the ICU was approximately 17% and the average length of stay in the ICU was
12 days. (In our numerical study, we assumed that a single day is divided into four time periods and thus

the expected length of stay of 12 days corresponds to 48 time periods.) Therefore, we randomly generated
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scenarios so that the ICU death probability is ¢1 + (1 — 0)¢po = 0.17 and the expected ICU length of stay
(with no early discharge) is L1 + (1 —6) Lo = 48, where 0 is the probability that a random patient arrived to
the ICU is in stage 1, ¢ and ¢5 are as defined in , and Ly and Ly are as defined in . To randomly
generate feasible scenarios that satisfy the above two equalities, we used the following procedure:

First, using Equations (3.2)) and (3.4), we find that the transition probabilities need to satisfy

. 1-— d)l o ¢1 N ¢2
P =)l — (=)l ' T (T ¢2)Li — (1 1)L2’
by = b1 — P2 o = 2 .
¢1La — paly’ ¢1Lo — P2y

Using the fact that p;,q; > 0 and p; + ¢; < 1 for ¢ = 1,2, one can show that the generated scenarios must

satisfy

11— Li—1 Ly Ly 1
< < —< < —. 3.20
1—¢ = Lo Ly Ly—17 ¢ ( )

Now, to construct a single scenario, we first generated ¢, uniformly in (0.2,0.5) and chose the fraction

¢1/¢2 uniformly in (1,10). Then, using the equation 8¢ + (1 — 0)¢po = 0.17, we solved for 6, the proportion

of stage 1 patients. Since we know from ([3.20]) that L;/Ls must be between ti; and %, we chose Ly/Lo

uniformly in (1:@ , %) Then, using the equation L; + (1 —6)Ls = 48 and 0, whose value has already been
determined, we determined L; and Ls. We checked whether the generated scenario satisfy all the feasibility
conditions of . We discarded the scenario and restarted the random generation if the conditions did
not hold; otherwise, we kept the scenario and proceeded with populating the rest of the parameters. [Kumar
et al.| (2009) do not provide any estimates on what the survival probabilities for the ICU patients would
be if they would have been treated outside the ICU. In the absence of such estimates, recognizing that the
death probabilities outside the ICU would likely be higher than what they would be in the ICU and stage 1
patients would be more likely to die than stage 2 patients, we chose ¢ uniformly in the interval (¢, 1) and
#S uniformly in the interval (¢o, ¢§). Using this procedure we generated 1000 different scenarios.

For every one of the 1000 scenarios constructed as above, we considered, twelve different set of conditions
regarding the number of beds in the ICU and ICU demand. This resulted in a total of 12000 scenarios tested.
For the size of the ICU, we considered three different cases. We assumed it to be small (b = 5), medium
(b =10) or large (b = 20). We also set the arrival probability A so that the system is busy at different levels.
Specifically, we let the ICU utilization p = A(6L1 + (1 — 6)L2)/b to be either 0.8, 1, 1.2, or 2.4. (Note that
once p is set, we can determine A, A\; = 6, and Ay = (1 — @)\ since 0, L1, Lo, and b are already set for each

scenario. )
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Next, we propose a new state-independent policy as an alternative to the state-dependent optimal policy

and describe the other policies we tested in our numerical study.

3.6.1 A new policy and other benchmarks

A state-independent policy is one that always prioritizes one of the stages over the other regardless of the
system state. Such policies have clear practical advantages and thus can still be preferred in practice even
when they can in fact be potentially outperformed by state-dependent policies. Two immediate alternatives
for such policies is the policy that always chooses a stage 1 patient when there is one and the policy that
always chooses a stage 2 patient when there is one. Another obvious alternative is what we call the greedy
policy (GP), which always chooses the patient in the health stage that is associated with the higher expected
benefit independently of the system state. Specifically, if ¢ — @1 > ¢§ — ¢, the greedy policy chooses stage
1 patients over stage 2 patients; otherwise, the greedy policy chooses stage 2 patients. In our numerical
study, we find that the greedy policy clearly outperforms both of the other two simple policies mentioned
above and thus we do not discuss those policies in the rest of the chapter.

The greedy policy intuitively makes sense as it always chooses to allocate the beds to the patients who
are likely to benefit more. However, it ignores the long-term effects of the decisions, more specifically, how
long the beds will need to be occupied in expectation in order for the benefits to be realized. In Section
we provided a complete characterization of the optimal policy for a single-bed ICU. This characterization
provided us with necessary and sufficient conditions for the optimality of the greedy policy and more generally
a clear prescription for which stage patient to prefer at all times depending on various parameters including
the ICU benefit, lengths-of-stay, and system load or more specifically ICU demand under the restriction that
the ICU has a single bed. The main insight that came out of this analysis was the following: the greedy
policy is optimal if the patients with higher expected benefits have shorter expected length of stay; however,
if the patients with higher expected benefit have longer length of stay, which is likely to be the case in
practice, the greedy policy is optimal only if the ICU demand (arrival probability) is sufficiently low.

In the case of a multi-bed ICU, it may not be realistic to expect that the exact same conditions will
continue to have the exact same implications. It is however reasonable to expect that the factors like ICU
benefit, length of stay, and system load will continue to have similar effects on the optimal actions. Thus,
one can adapt Condition of Corollary to the multi-bed setting by simply rescaling the arrival
probability, which represents the ICU demand, on the left-hand side of the condition accordingly and use the
new condition to decide which one of the two stages to designate as high priority independently of the system
state. This is the idea behind the heuristic method we propose, which we name load-based state-independent

policy (LBSIP).
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Specifically, LBSIP works as follows: Suppose that stage ¢ patients have higher expected ICU benefit
without loss of generality, i.e., 5 — ¢; > ¢§ , — ¢3_; for fixed i € {1,2}. Then, if L; < L3_; LBSIP chooses
stage i patients over stage (3 — i) patients. Otherwise (i.e., if L; > L3_;), LBSIP chooses stage i patients

over stage (3 — i) patients if and only if

(¢F — ¢i) = (65 ; — ¢3-4)
(0 — i) — (85, — d3—i) + [Li(d5_; — d3—i) — Ls—i(¢F — )]

% < (3.21)

It is important to note that if b = 1, LBSIP is the optimal policy since (3.21)) reduces to (3.6). We also
know from Theorem that LBSIP is optimal even when b > 1 if L; < L3_;. We do not know, however,
how LBSIP performs when b > 1 and L; > L3_;, i.e., conditions that are more likely to be true in practice.
This is one of the questions we investigate in Section [3.6.2)

One potentially very useful property of Condition (and consequently LBSIP) is that the condition
depends on the transition probabilities only through the expected net benefits and expected lengths of stay.
This means that in practice once there is an agreement on who is a stage 1 patient and who is a stage 2
patient, LBSIP only requires estimation of the expected net benefits and the expected lengths-of-stay for the
two stages (in addition to the patient arrival rate), and in particular not the transition probabilities, which
are much more difficult to estimate reliably. Furthermore, this conditional independence from transition
probabilities suggests that LBSIP can be applied even if the patient health conditions evolve differently from
what we assumed in this chapter. In other words, LBSIP provides a way out of the difficulty of identifying
the “correct” transition formulation in practice since it only makes use of the very basic estimates for the

patients.

3.6.2 Results of the numerical study

Let M* denote the mortality rate, i.e., long-run fraction of patients who die, under the optimal policy.
Also let Mgp and My gsrp denote the mortality rates under GP and LBSIP, respectively. These long-run
average mortality rates are obtained numerically by a value iteration algorithm. Table[3.I] below summarizes
the results of the numerical study. In the table, the first two columns indicate the number of beds b and the
system load p. As described above, for each fixed value of b and p, 1000 different scenarios were generated.
The third column provides the mean mortality rate, the 95% confidence interval (C.I.) half-length, and the
maximum value of the mortality rate out of the 1000 scenarios under the optimal policy. The fourth and
the fifth columns provide the mean (and the 95% C.I. half-length) and maximum increase in the mortality
rate under GP and LBSIP, respectively out of the 1000 scenarios. Finally, the last column provides the same

information for the comparison of GP and LBSIP with each other.
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Table 3.1: Performance comparison of the optimal policy, GP, and LBSIP. (All numbers are in percentages.
In the columns titled “Mean” the first number reported is the mean, the second number is the 95% C.I.
half-width.)

bl op M* Mgp — M* Myppsip — M* Mgp — Mppsip
Mean Max Mean Max Mean Max Mean Max

0.8 || 22.21 (0.207) | 31.32 || 0.30 (0.043) | 4.63 || 0.01 (0.004) | 0.95 || 0.29 (0.043) | 4.63

5 1 24.57 (0.300) | 37.81 || 0.51 (0.070) | 7.39 | 0.02 (0.006) | 1.13 || 0.49 (0.070) | 7.39
1.2 || 26.67 (0.382) | 43.60 | 0.72 (0.096) | 9.98 || 0.02 (0.008) [ 1.38 || 0.70 (0.096) | 9.98
2.4 | 34.28 (0.677) | 64.39 || 1.54 (0.187) | 19.10 || 0.03 (0.012) | 0.19 || 1.50 (0.226) | 19.10

0.8 || 19.89 (0.118) | 25.10 || 0.21 (0.030) | 3.38 || 0.01 (0.003) | 1.00 || 0.20 (0.030) | 3.38

10 1 22.33 (0.217) | 31.95 || 0.48 (0.065) | 7.09 | 0.03 (0.008) | 1.50 || 0.45 (0.065) | 7.09
1.2 || 24.69 (0.312) | 38.60 | 0.78 (0.100) | 10.94 || 0.04 (0.012) | 2.15 || 0.74 (0.101) | 10.94
2.4 | 33.39 (0.654) | 62.59 || 1.83 (0.217) | 21.80 || 0.06 (0.020) | 3.01 || 0.22 (0.255) | 21.80

0.8 || 18.25 (0.053) | 20.55 || 0.12 (0.017) | 1.98 || 0.01 (0.002) | 0.71 || 0.11 (0.017) | 1.98

20 1 20.55 (0.149) | 27.15 || 0.43 (0.058) | 6.48 | 0.04 (0.009) | 1.71 || 0.40 (0.058) | 6.48
1.2 || 23.13 (0.257) | 34.57 | 0.85 (0.108) | 12.58 || 0.07 (0.017) | 2.92 || 0.79 (0.109) | 12.58
2.4 | 32.74 (0.639) | 61.39 || 2.16 (0.252) | 24.87 || 0.10 (0.028) | 4.09 || 2.06 (0.254) | 24.87

We can observe from Table that the optimal policy performs better than both GP and LBSIP as it
should. We also found that in all the twelve different scenarios the policies are tested, the mean mortality
rate under the optimal policy is statistically smaller than the mean mortality rate under both GP and LBSIP.
A quick look at the numbers in the table might nevertheless suggest that the benefit that one would get from
using the optimal policy is somewhat small. However, while the numbers might be small, considering what
they represent, a small difference might have a highly tangible benefit in practice. For example, consider the
case where b = 10 and p = 1. The mean improvement that one would get by using the optimal policy as
opposed to GP is 0.48%. This would mean that on average the optimal policy would approximately save one
more patient out of every 208 patients in need of an ICU treatment. Furthermore, given that the maximum
improvement is 7.09%, the difference in the expected number of survivors out of 100 patients can be as large
as 7 patients.

When it comes to comparing the optimal policy and LBSIP, the policy we devised, the performance
difference is much less significant. The largest difference is observed when the ICU capacity is large (b = 20)
and the load is high (p = 2.4). In this case, the difference in the mortality rate is 0.10%, which corresponds to
about saving on average one more patient out of every 1000 patients. If we look at the maximum improvement
(4.09%), we see that out of every 100 patients, the optimal policy can potentially save almost four more
patients. Four out of 100 patients is a sizable difference but it is worth recalling that this is the maximum

improvement observed from the 1000 randomly chosen scenarios (i.e., transition probability values). As it is
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also somewhat clear from the mean improvement, in very few scenarios, the improvement gets close to this
level.

One can argue that no matter how small the difference is one should always use the optimal policy. The
optimal policy always has the best performance after all, it can easily be determined, and is relatively simple
(even though not as simple as GP or LBSIP). Given all that, why should one bother with policies that we
know are suboptimal? The problem is that even though we can find the optimal policy for our mathematical
optimization problem we do not know how exactly this optimal policy would perform in practice. One
important challenge is posed by transition probabilities, which are needed in order to determine the optimal
policy.

Our model, particularly the part that captures the evolution of patient criticality, is largely a stylized
representation of what happens in practice. Even though in ICUs patient health conditions are frequently
assessed and these assessments are used to make accept/discharge decisions there is not a commonly ac-
cepted protocol for classifying patients. Thus one way of interpreting our model is by seeing it as a rough
conceptualization of what happens and how decisions are made in practice even if patients are not strictly
put into two levels in reality. Another interpretation would be based on the triage protocol proposed by
Christian et al.| (2006) where there are two criticality levels and patients can transition from one level to the
other just like we assume in our model. Under this interpretation, the model can be seen as somewhat less
stylized since the patient criticality levels can actually be described precisely. With the first interpretation,
it is not clear what exactly transition probabilities correspond to in practice. With the second interpreta-
tion, the meaning of transition probabilities is clear but nevertheless their reliable estimation is very difficult
partially due to the coarseness of using only two levels to group patients. Therefore, it is highly doubtful
how much of, if any, the potential benefits that we attribute to the “optimal” policy in our numerical study
would actually be realized in practice. To be more precise, the benefits reported above would be realized
only under the assumption that model parameters including transition probabilities are correctly estimated,
which is not quite likely to happen in practice. Therefore, one might still prefer using a policy like LBSIP
or even GP, which are not only simpler and easier to implement but also easier to determine because they

only require estimation of the expected ICU benefit and length of stay, not the transition probabilities.

3.7 Conclusions

Many studies reported that the number of ICU beds in many parts of the US and the rest of the world
are in short supply to sufficiently meet the daily ICU demand. It is frequently the case that a patient who
is relatively in a less critical condition is discharged early to make room for another patient who is deemed

more critical. While this bed shortage problem arises even under daily operating conditions it is natural to
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expect the problem to get worse in case of an event like an influenza epidemic, which causes a significantly
increased number of patients in need of an ICU bed. It is thus highly important to investigate how ICU
capacity can be managed efficiently by allocating the available beds to the patients in a way the greatest
good is achieved for the greatest number of the patients. Our goal in this chapter has been to provide insights
into how such allocation decisions should be made.

What sets our work apart from prior work mainly is that in our model we allow the patients to move
from one health stage to another while they are in the ICU and allocation decisions are made based on the
patients’ updated health conditions. This formulation captures an important feature of the actual problem
at least in some stylized way and nicely fits with the triage protocol proposed by |Christian et al.| (2006]).
But more importantly, the model allowed us to push the analytical results further than it was possible for
other models considered in prior work and in particular we were able to provide analytical results for the
case where patients who have higher expected ICU benefits also have longer expected length of stay.

Our analysis of the single-bed scenario led to interesting insights into how optimal decisions depend on
the patients’ expected ICU benefit, expected length of stay, and the patient load on the system. We found
that when patients who are expected to benefit more from ICU treatment also have longer expected length
of stay, those patients should get higher priority only if the overall patient demand is below a certain level.
This is because when beds are in high demand, prioritizing those patients (who are expected to occupy the
beds longer) would require turning too many patients away from the ICU that it becomes more preferable
to adopt a policy that has quicker bed turnaround times even though the expected net benefit is smaller for
every admitted patient.

More generally, when the ICU has finitely many beds, we found that the optimal policy aims for an ideal
mix in the ICU so as to hit the right balance between the overall expected net ICU benefit per patient and
length of stay. That is, in general, the optimal policy for prioritizing among patients depends on the mix of
customers in the ICU. Even though our formulation is stylized in nature, our finding that the optimal policy
in general depends on the system state suggests that there could be benefits to developing sophisticated
decision support tools that take into account patient characteristics and health conditions in the ICU. Thus,
our results provide some support for research that aims to contribute to the development of such tools.
However, this is also a highly challenging research avenue and one might wonder whether the potential
benefits of such tools, which might be observed in numerical studies, can actually be realized in practice.
This is because considering the variety of patients treated in the ICU, there could be significant obstacles
to classifying patients well enough for the potential benefits to be realized. The main goal of our numerical
study was to shed some light into this question by investigating whether the optimal policy brings significant

benefits at least in our stylized setup. Our study revealed that the improvement with the optimal policy
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may be statistically significant but somewhat small especially when its performance is compared with that
of the state-independent policy we propose in this chapter. Furthermore, as we discussed in Section [3.6.2
it is easier to reliably estimate the parameters needed to implement our state-independent policy than the
parameters needed to compute the optimal policy. In short, based on our analysis, it is difficult to make
a strong case in support of state-dependent policies. Nevertheless, all this analysis is based on a single
mathematical formulation, and thus it is prudent not to overgeneralize. It is possible that capturing patient
health conditions at a level that is more detailed than considered in our model may lead to higher benefits

of using state-dependent optimal policies. This points to an important research avenue for the future.
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CHAPTER 4: PRIORITIZATION IN A MULTI-SERVER QUEUEING SYSTEM
WITH IMPATIENT CUSTOMERS

In this chapter, we consider a multi-server queueing system with impatient customers. Customers are
assumed to be in one of the two different stages, and their stages could change over time. A reward is earned
upon each service completion depending on the stage of the customer. Our objective is to maximize the

expected total discounted reward and the long-run average reward by prioritization.

4.1 Introduction

In many service systems, customers may become impatient after waiting for a long time and leave
without being served. For example, in a call center, customers who wait longer than their tolerance may
hang up before being answered. The same thing may also happen in health care systems, where patients
waiting for medical resources (operating rooms, intensive care units) may no longer need the resource after
a certain time. In the meanwhile, the customers in the system may be described in different status and their
status could change. In the call center example, customer may change from a patient mode to an agitated
one while waiting, and in the health care example, the health condition of the patients may become better
or more severe while receiving and waiting for the treatment.

There are mainly two types of objectives in optimal scheduling of impatient customers: either minimize
a cost related measures or maximize a certain reward. The models with the former objective, which we
refer to as cost models, commonly consider a holding cost per customer per time unit for queueing customers
and/or a penalty associated with each reneging customer, while the models with the later objective, which
we refer to as reward models, commonly consider a reward associated with each service completion. Although
there is no general proof of the equivalence of these two types of models, the optimality equations (after
formulating as an MDP) under these two objectives have similar structures and could be analyzed in a
similar way. One could refer to Down et al.|(2011), who considered both cost and reward models, for the
similarity in optimality equations and proofs of results. In our model, we will consider a reward model that
customers who complete the service will gain a positive service reward upon departure, and the customers

who abandon the queue will leave with no reward.
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There is a growing literature on optimal scheduling in queueing systems with impatient customers, most
of which assumed the heterogeneity exists among independent classes of customer. To be more specific,
the customers are differentiated by different classes based on their service requirements, impatience, reward
and/or cost structures, etc. Once a customer is classified, s/he will always be of the same class in the
system. Accounting for the abandonment of the queueing customers increases the difficulty of analyzing
optimal policy. Most of the existing literature provide some partial characterization of the optimal policy and
propose heuristic and/or index-based priority policies, or analyzing the system under some heavy traffic/fluid
approximation. In our model, we will first formulate the system as an MDP, and then provide optimal
policies under certain conditions. Our results could reduced to many existing results in literature with
special parameter settings, and we will demonstrate the similarity and difference by considering three special
parameter settings. In the end, we propose several priority index policies based on our analytical results and

compare their performances via a numerical study.

4.2 Literature Review

There are two types of literature that are related to our work. The first type is optimal scheduling of
impatient customers. |Argon et al.| (2008) consider priority assignment in a clearing system with impatient
jobs, where the first work considers a single-server formulation with two different types of jobs and the
objective is to maximize the expected number of survivors. |[Jacobson et al.|(2012)) consider a more general
formulation with type dependent service rewards. |Atar et al.| (2010) consider a cost model of a single server
queue with abandonment under heavy traffic. They proposed a cu/6 index policy, by which priority is
assigned to the class with highest value of ¢;u;/0;, where ¢; is the per unit waiting cost in queue, and p;
and 6; are the service rates and abandonment rates for class i customers, respectively. They show that
such a policy is asymptotically optimal in the heavy traffic analysis. |[Down et al.| (2011) study dynamic
control of an M/M/1 queue with impatient customers that belongs to two different classes. They formulate
two continuous time MDPs for each of the cost model and the reward model, and establish some sufficient
conditions under which a state-independent prioritization policy is optimal for each model. However, the
complete structure of the optimal policy is not discussed.

The second type of related work are models with customers who change status (denoted by either classes
or stages) in the system. For example, [Down and Lewis| (2010) consider a multi-server system where low-
priority customers will be upgraded to high-priority class if they have been in queue for some time. |Cao and
Xie| (2015) consider a single server queue with customers that could transfer from one class to the other with

a cost of transferring. He et al.|(2012)) study a priority queueing system with multiple classes of customers,
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where customers can upgrade from their current class to the next more important class after a so-called
upgrading time.

There is very limited literature combining both abandonment and customer status changing. [Akan
et al| (2012) study liver allocation to patients that belong to multiple classes (i.e., health levels) and the
patients could switch between classes over time. They model the transplant waiting list as a multi-class fluid
model of overloaded queues and analyze the bi-criteria objective of minimizing number of patient deaths
and maximizing total quality-adjusted life years. Chapter 5.2 of |[Jacobson| (2010) considers a single server
queue with impatient customers, where the jobs waiting in the queue will go over multiple stages sequentially
before abandonment, and provides a set of sufficient conditions under which it is optimal to prioritize jobs

at the last stage.

4.3 Model description and the MDP formulation

In this section, we first provide a mathematical description of the system, and then formulate it as an

MDP.

4.3.1 Model description

We consider a discrete-time setting, where there will be at most one customer arriving to the system
at each time period. We describe the status of customers by their stages, and they could be in one of the
two stages (labeled by stage 1 and stage 2). We next define the arrival process and the service and queueing
dynamics of the customers.

Arrival process: At the beginning of each time period, there will be a customer arrival to the system
in stage 4, i € {1,2}, with nonnegative probability A;, and there will be no arrival with probability Ay =
1—A1— A1 We assume 0 < \; <1 for all i € {0,1,2}. Note that this system will reduce to a clearing model
if Ap = 1.

Service and queueing processes: We assume that customers in the system change their stages
according to a Markov chain, where they can leave the system, or stay at the same stage or change to the
other stage with certain probabilities. The transition probabilities depend on the stage of the customer as
well as whether s/he is in service or in queue. More specifically, for a stage ¢ customer in service, s/he will
leave the system (due to service completion) with probability pio, stay in stage ¢ with probability p; ; and
transit into stage 3 — 4 with probability p; 3—;. For a stage ¢ customer waiting in queue, they will change
stages similarly with parameters ¢;; for 4,5 € {1,2} and abandon the queue with probability ¢;o. All these
transition probability parameters are assumed to be non-negative. The transitions of customers in service

and queue are shown in Figure [I.1]
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Figure 4.1: Customer Transition Diagrams

Furthermore, we need to make some assumptions so that the system is stable.

Assumption 4.1.
(i) p11 <1, pa2 < 1 and pig + p2o > 0.
(i) g1 <1, g22 < 1 and qio + g20 > 0.

The first part of Assumption [4.1| ensures the expected required length of service for any customer is
finite, and the second part ensures that the expected waiting tolerance for any customer is finite.

Service rewards: There is a positive reward R; collected at each service completion, depending on the
stage the customer leaves the system in. Our objective is to maximize the expected total discounted reward
and the long-run average reward over infinite-horizon.

At the beginning of each time period, we first observe the arrival process: whether or not there would be
an arrival, and if yes, what stage the new arrival is in. Then, we can observe the current number of customers
in each stage in the system, and we decide whom to keep in service and whom to put in the queue among
all the customers in the system. At the end of this time period, all customers make transitions according to

the corresponding Markov chain (service or queue).

4.3.2 Formulation as an MDP

We next formulate this system as a discrete-time MDP. For notational convenience, we use bold symbols
to denote two-dimensional vectors in N2, where N denotes the set of natural numbers. For x € N2, let z;
denote the ith component of the vector x for ¢ = 1,2. We also define a partial ordering of the vectors as
follows: for two vectors x,y € N2, x is said to be smaller than y, denoted by x <y, if z; < y; and x5 < ys.
Finally, we let eg = (0,0), e; = (1,0) and ez = (0,1).

System state: Let x; = (4,1, %:,2) denote the system state at discrete time points ¢ = 0,1,2,. .., where
x4 is the number of type ¢ customers at time ¢ for ¢ € {1,2}, which includes all existing customers as well

as the new arrival if there is one. Here we do not differentiate a new arriving customer and the existing
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customers that belong to the same type due to the Markov property of customer transitions. The state space
is § = N2

Actions: The decisions are made at the beginning of each time period immediately after the customer
arrival (if there is one), at which times we need to decide how to assign the servers to all presenting customers.
Let a; denote the number of servers we allocate to stage ¢ customers, and a = (a1,a2) denote a possible
action if a € A where

A={a:acN?and a; +ay <b}.

For any state x, let A(x) denote the set of all feasible actions where A(x) = {a:a € 4 and a < x}. Let A’(x)
denote the set of all feasible non-idling actions, where A'(x) = {a: a € A(x) and a;+as = min{z;+x2,b}}.

One step expected reward: When the process is in state x € S and an action a € A(x) is chosen,
there will be an expected immediate reward R(x,a) = 2?21 a; R;ipio, which is bounded since a;, R; are
nonnegative and bounded.

Transition probabilities: Let P,(x,y) denote the probability that the process will transit to state
y € S, starting from state x € S given action a € A(x). The transition probabilities can be computed by
conditioning on how each customer evolves. We can also compute these probabilities recursively as follows:

first we can obtain the transition probabilities in state x = eg with the only feasible action a = eq:

Poo(€0,€0) = Ao, Peg(€n,€1) = A1, Pey(eo,€2) = Aa, and Pey(eo,y) = Ofory ¢ {eg,e1,ez}.

Then, for x € S and x # eg, we have x > e; for at least one i € {1,2}. Using the fact that all patients

evolve independently, P, (x,y) satisfies the following properties for x > e; and a € A(x):

2

Pa(xv y) = Zpijl{yzej}Pa—ei (X — €,y — ej)a ifa> €i, (41)
§=0
2
Pi(x,y) = Z Gijly>e;y Pa(x — €1,y —€5), ifa<x—e. (4.2)
§=0

The intuition behind is that, if in state x we take an action a that keeps at least one stage i customer in
service, and we pick any one such customer (referred to as customer A), and then we compute the transition
probability to state y by conditioning on how customer A evolves. The customer A jumps to stage j with
probability p;;, and the probability that the system will transition to state y equals to the probability that
the remaining customers (we have x — e; remaining customers, among which we take action a — e;) transit

to state y —ej when y > e;, which equals Pa_e,(x —€;,y — €;). Similarly, if there is at least one type i
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customer in the queue when we take action a in state x, then we can obtain by picking a stage
customer in queue and conditioning on how this customer evolves.

We will only need the these properties and later in the proofs of our analytical results, and
we can obtain the values of the transition probabilities recursively with these two properties and the initial
transition probabilities at x = eg in the numerical study.

Objectives: we consider two models with different optimality criteria, which we refer to as a dis-
counted model and an average model, respectively. For the discounted model, we maximize the expected

total discounted reward over an infinite-horizon, which can be expressed as

Vra(x) =E;

Z R(xt,at)at‘xo = x} ,

t=0

where « € (0, 1) is the discount factor. Note Vi (x) is well defined since R(x,a) is bounded and e < 1. Let
Va(x) = max Vg o(x),

where the maximum is attainable since the action space is finite and Vi o(x) is bounded. A policy 7* is said
to be a-optimal if Vi« o(x) = Vo (x) for all x € S.
For the average model, we would like to maximize the long-run average reward, which can be expressed

as
E. ZtT:O R(xy, at)’xo = x}
gr(x) = liminf
T— 00 T+1

A policy 7* is said to be average optimal if g (x) = max, g(x) for all x € S.

The following two Lemmas will provide the optimality equations for these two models.

Lemma 4.1. (The optimality equation for the discounted model.)

(a) Vo(x) satisfies the following optimality equation:

Vao(x) = max ¢ R(x,a)+ « Pa(x,y)V, , x €S 4.3
00 = g | Boea) 0 30 Pl Vel (13)

(b) The stationary policy that selects any action mazimizing the right-hand side of (4.3) in state x is a-

optimal.
Lemma follows directly from Theorems 2.1 and 2.2 in Chapeter II of |Ross| (1983).

Lemma 4.2. (The optimality equation for the average model.)
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(a) There exists a bounded function h(x) and a constant g, where

h(x) = lim [V, (x) — Va(x0)] and g = O1(1_>nr11(1 — a)V4(x0)

a—1

for some x¢ € S, which satisfy the following optimality equation:

+ h(x) = ma R(x,a) + Pa(x,y)h , X €S 4.4
gHH) = i § R00) + 3 Puly)hY) (4.4)

(b) There exists a stationary policy ©* that is average optimal and gr~(x) = g for all x € S, and 7*is any

policy that selects an action mazimizing the right-hand side of (4.4) in state x.

Proof. For any policy m and any o < 1, V o(x) is bounded. Then, V,,(x) is bounded for any « by definition.
Thus, for some xg € S,

Vo (%) = Va(x0)| < [Va ()] + |[Va(x0)|

is bounded for all & and x. Then, part (a) follows from Theorem 2.2 in Chapter V of |Ross| (1983) and part

(b) follows from Theorem 2.1 of the same chapter. O

Before proceeding further, it is convenient to define the first-order difference operator in the vector form

as follows:

Definition 4.1. For a real-valued function w(x) defined on S, the first-order difference operator D; is

defined as

Djw(x) = w(x + €;) — w(x), for j =1,2.

4.4 Main results for the discounted model

In this section, we start with the analysis of the optimal control of the a-discounted model. For a

real-valued function w(x) defined on the state space S, define the mapping T, as follows.

Tyw(s) = R(x,a) + « ZyeS Py(x,y)w(y), ifae A(x), (5)

—00, otherwise.

Then, the optimality equation (4.3]) can be rewritten as



and a* is an optimal action in state x if Ty« V,(x) > TaVy(x) for all a.

We first propose a finite-horizon MDP model with the objective of maximizing the total expected
discounted reward over n time periods. Then, we prove some structural properties for the optimal value
function of the discounted model, V,, by letting n go to infinity.

Let Vi (x) = maxaea(x) {TaVa-1(x)} for n > 1, and Vy(x) be a bounded nonnegative function. Then,

we have the following result which follows directly from Proposition 3.1 of Chapter II in Ross| (1983)).
Lemma 4.3. V,(x) = V,(x) uniformly in x as n — oo.

As a result of Lemma we can prove the structural properties of V,, (x) by induction on V,,(x), starting

from any bounded Vj(x). For simplicity, we assume Vj(x) = 0 for any x € S from now on.

4.4.1 Conditions for optimality of non-idling policies

We start with an example that shows non-idling is not always optimal for this model. We state by the

following simple example.

Example 4.1. Suppose R; < Ra, p1o = P20, P12 = p21 = 0, 12 = 1 and ¢a2 = 1. Then, for both discounted
and average models, it is optimal to keep the servers idle when there are only stage 1 customers waiting in
the queue. This is because customers leaving in stage 2 will obtain a larger reward with the same amount
of service time (since Ro > Ry, p1o = p2o). Hence, it is better to keep any stage 1 customers in the queue so

that they will become stage 2 after waiting in the queue for one time period.

On the other hand, it is trivial to show that it is suboptimal to idle servers when there are customers
in both stages with the assumption that the service rewards are positive. Intuitively, idling servers for all
customers will get zero reward, but serving at least one stage of them will get a positive reward.

Next, we consider a case where the number of servers large enough that all existing customers are served
simultaneously. This is the case for a clearing model when the remaining number of customers is less than
b, or the number of servers(b) is infinite for systems with positive arrival rates. Then, by considering each
single customer separately, there are three stationary policies depending on the stage this customer is in,

which are described below:
e policy my: we keep serving each customer until the service is completed.

e policy m; for i € {1,2}: we keep each customer in the queue when s/he is in stage 4, and start serving

when the customer becomes stage 3 — i, and repeat until s/he leaves the system.

If policy my outperforms policy m; for both i € {1,2}, then non-idling is optimal when we have sufficiently

many servers. Let r™ = (rT*,73")" denote the reward vector (a column vector), where r" is the reward of
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serving a stage k customer under policy m; for ¢ € {0,1,2}. The next result compares the reward vectors

under each of the three policies.
Lemma 4.4. Fori € {1,2} and j =3 — i, r™ >r™ if and only if
pioli |(1 — agii)(1 — apj;) — 0[2‘11']‘1%1} > pjolt; [0‘%‘(1 —api;) — apii(1 — agi)|. (4.6)
If we assume pjoR; > 0, then (4.6]) reduces to

Dio L S aqi; (1 — api;) — api; (1 — ags;)
pjoR; — (1 —agqi)(1 — apjj) — a?qipji

Next, we consider the case when the resource is capacity-constrained, i.e., for a system where there are
some customers who need to wait in the queue due to insufficient number of servers.

For i = 1,2, let R = (R, Ry)" be a column vector, where R; is the expected total reward we can
obtain from a complete and uninterrupted service of a customer who is admitted to service at stage 1.
Then, by definition we have R = r™. We define column vector R® = (RlQ, R?), where R? denotes the
expected reward obtained from keeping a stage i customer waiting for one unit of time in the queue and

then completing the service of this customer without interruption. Then, RZQ = 04232':1 qij]:?j for i = 1,2,

or in matrix form, we have,

Assumption 4.2. RY <R.

Assumption [.2] implies that the expected reward obtained by delaying the service for one time period
is no larger than that from an immediate service of customers in either stage, given that the service is

uninterrupted once started.

Assumption 4.3.
(i) Assume either one of the following cases hold for ¢ = 1.
(a) pij > qij for j =1,2.
(b) pij < g for j =1,2.
(¢) pi1 > i1y Piz < @iz and R; — RZQ > a(pi1 — qi) Ri.
(d) i1 < ¢i1, Pi2 > ¢i2 and Ri - RZQ > Oé(piz - Qiz)RQ-

(ii) Assume either one of the above four cases hold for i = 2.
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Proposition 4.1. If Assumptions and [£.3 hold, then Tate,Va(x) > TaVa(x) given a+e; € A(x) for

both i € {1,2}, and it is suboptimal to idle any servers when there are customers waiting in the queue.

The conditions provided in Proposition are sufficient but probably not necessary for idling to be
suboptimal. For example, if we consider the case with sufficiently many servers, then Lemma |4.4] provides
a necessary and sufficient condition under which non-idling is optimal. The following Lemma shows that

Assumption [£.2]is equivalent to the condition provided in Lemma [£.4]
Lemma 4.5. Assumption[{.9 is true if and only if ([4.6)) holds for both i € {1,2}.

Hence, Assumption [£.2] is a necessary and sufficient condition for r™ > r™ for both ¢ = 1,2, which
indicates non-idling is optimal for the case with infinite many servers under Assumption[£.2] In the remainder

of this chapter, we assume that only non-idling policies are considered.

4.4.2 Optimality of State-independent priority policies

In practice, it is preferable to have policies that are relatively easy to use. One simple policy is to
always give priority to the same stage of customers no matter what the state is. In this section, we provide
conditions under which such a policy is optimal. It is trivial to show that if R; > R3_; but the transition
probabilities for both types are the same, then it is optimal to prioritize stage ¢ customers.

The next result provides some sufficient conditions under which prioritizing stage 1 customers is optimal,

which could be extended to the optimality of prioritizing stage 2 customers by symmetry.

Proposition 4.2. Suppose Rip1g > Rapag. Then, Tate, Va(X) > Tate, Va(X) given a + e1,a+ ex € A(x),

i.e., it is better to prioritize stage 1 customers, if one of the following holds:
(1) p1jqer — qu P2 > 0, and p1j — qij + proge; — qrope; > 0 for all j, k € {1,2}.
(i) p1; > quj and pa; < qo; for both j € {1,2}.
Note that neither of the two sets of conditions in Proposition [4.2] implies the other, although both of

them imply p1;gar — qi;p2r > 0 and p1j — q1; + g2 — p2; > 0 for all j, k € {1,2}. In addition, under either

of these two sets of conditions, we can see that

2
(Ry — RY) — (R2 — RY) = p1oR1 — paoRa + Z(plj — q1j + q25 — p2;)R; > 0.
j=1
That is, the expected reduced reward from one period of service delay for stage 1 customers is greater than

that for stage 2 customers, and hence from a myopic point of view, we would like to prioritize stage 1

customers.
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4.5 Main results for the average model

In this section, we extend the results from Section [£.4] by applying Lemma We define an operator

H, on a bivariate function w(x) as follows: for x € S, Haw(x) = —o0 if a ¢ A(x) and
Hyw(x) = R(x,a) + Z P,(x,y)w(y), if a € A(x).
yes

Then, from Lemma the optimality equations can be rewritten as
g+ h(x) = Hah(x), x € S,

and a* is an optimal action in state x if and only if Ha»h(x) = maxaea Hah(x)

Proposition 4.3. If Assumptions and hold for o = 1, then, Hate,h(x) > Hah(x) given a+e; €
A(x) for both i € {1,2}, and it is suboptimal to idle any servers when there are customers waiting in the

queue.

Proposition 4.4. Suppose Rip1o > Rapao. Then, Haye,h(X) > Hate,h(X) given a+eq1,a+ ez € A(x),

i.e., it is better to prioritize stage 1 customers, if one of the following conditions hold:
(i) p1jq2r — qujp2k > 0, and p1j — qij + Proge; — quopz; > 0 for all j, k € {1,2}.

(ii) p1j > quj and pa; < qoj for both j € {1,2}.

4.6 Analysis of three special models

In this section, we will apply Propositions [4.1] to [£.4] to some special models and compare these results

with existing literature. All results in this section are valid for both discounted and average models.

4.6.1 Special model I: no queueing

We first consider the case that customers in queue abandon with probability one at the end of each time
period. Then, the model becomes a loss system, i.e., customers who are not admitted to service upon arrival
or early discharged during service will be lost forever. In other words, we have g19 = ¢20 = 1, and hence

gi; =0 for all 4,5 € {1,2}.
Corollary 4.1. Idling is suboptimal for Model I.

Corollary follows from Propositions and H We have R? = Z?zl Qij Rj = 0 for both i = 1,2 for
all o, and hence Assumptions holds. Besides, ¢;; = 0 < p;; for all 4,5 € {1,2}, and hence Assumption
4.3 holds.
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Corollary 4.2. If Rip1g > Rapao, p1; — p2; > 0 for all j € {1,2}, then it is optimal to prioritize stage 1

customers.

Corollary follows directly from part (i) of Propositions and The intuition behind Corollary
is that, if stage 1 customers have larger one-step reward in service, and the probability of this type
remaining in the service in either stage is greater than stage 2 patients, then we would like to prioritize stage
1 customers.

This model is similar to our previous model in Chapter 3, which also considered a multi-server loss
system with transitions between stages, with slightly different reward structure. In Chapter 3, we not only
provided sufficient conditions for non-idling and conditions for prioritization of one stage, but also proved the
threshold structure of the optimal policy. For Model I, we can also show that there exists a threshold-type

optimal policy.

Proposition 4.5. There exists a threshold z* € [1,b+ 1] such that for any state x > e1 + ea and x1 +x9 =

b+ 1, it is optimal to prioritize stage 1 customers if and only if 1 < x*.

The proof is very similar to the proof of Proposition[3.3]in Chapter 3 since the structure of the optimality
equations are similar. One can easily adapt the proof structure of Proposition [3.3]to get a complete proof of
Proposition Another model similar to Model I is presented in [Ulukus et al.| (2011)), where the transitions
in between customer stages p; 3—; = 0 for 2 = 1, 2 while a termination cost is considered for existing customers

but not for new arrivals.

4.6.2 Special model II: no transitions between stages

In this section, we consider the special case when there are no transitions between stages in service and in
queue. In this model, for notational simplicity, we let p; and 3; denote the probability of a stage ¢ customer
leaving system while in service and in queue, respectively, and we assume 0 < y; < 1 and 0 < ; < 1 for
i = 1,2. In other words, we have p,o = i, qio = Bi, pis = 1 — i, qis = 1 — B; and p; 3_; = g;3—; = 0 for
i=1,2.

Corollary 4.3. Idling is suboptimal for Model II.

We verify that Assumptions and hold to apply Propositions and Assumption [£.2] holds
since 23:1 Qinj = ¢;;R; < R;, and Assumption holds since ¢; 3—; = pi3—; = 0 for both ¢ = 1,2, and

then it must fall into either (a) or (b) depending on the relation p;; and g;;.

Corollary 4.4. If Ripu, > Rops, 1 < 1 and us > Bs, then it is optimal to prioritize stage 1 customers.
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This result follows directly from part (ii) of Propositions and by plugging the values of transition
probabilities for Model I1. This result is consistent with Proposition 5.1.1 of|Jacobson| (2010)), who considered
a continuous time single server system with Poisson arrivals of K classes of customers and i.i.d. exponentially
distributed service times and patience for customers of the same class. The author applied truncation on the
state space and used uniformization to prove the result. In our model, we extend their result to a multi-server
system, without truncating the state space.

The next result provides another set of sufficient conditions for service prioritization of stage 1 customers

for Model II when abandonment rates for all customers are smaller than their service rates.

Proposition 4.6. Assume ps > p1 > B1 > P2 and f1Ry > (B1 + pe — p1)Re. Then, for any x € S
and a+ej,a+ex € A(X), Tate; Va(X) > Tate,Va(x) and Haye, h(X) > Hate,h(X), i.e., it is optimal to

prioritize type 1 customers.

Proposition 4.7. Assume p1Ry > psRs, % > Z—; >1land 1 < tﬁi < tﬁz Then, for any x € S
and a+ej,a+ ez € A(X), Tate; Va(X) > Tate,Va(x) and Haye,h(X) > Hate,h(X), i.e., it is optimal to

prioritize type 1 customers.

When py = po = p, the conditions in Propositions .6 and [1.7] both reduce to u > 81 > f2 and Ry > Ro.

That is, when the service rates are the same and are greater than the abandonment rates, we prefer the
customers with larger reward and abandonment rate. These conditions are slightly different from Theorem
3.3 of [Down et al.| (2011) for their reward model, which considered a single server queueing system with
impatient customers that belong to two independent classes. However, an important difference between
their reward model and Model II is that they assume abandonment could also happen for customers in
service. To incorporate the difference, we redefine a model with abandonment in service as follows.
Model II(A): Assume type ¢ customers in service will complete service with probability fi; with a service
reward R;. If the service for a type i customer is not completed at the end of that period, this customer
will abandon the system with probability §; without any reward. Type i customers waiting in the queue
abandon with probability S;.

For Model II(A), the probability that type i customers in service will leave is fi; + (1 — fi;)5;, either
due to service completion or abandonment. Then, we find that the MDP formulation of Model II(A) is the
same as that of Model II with parameters p; = f; + (1 — ;)5; and R; = %RZ With this equivalence, the
following result follows directly from Propositions [£.6] and [4.7]

Corollary 4.5. For Model II(A), suppose 1 > B2. Assume either of the following two statements is true:

> ~ ~ ~ i R fis(1—Ba)—fin (1—pB1))fis R
(a) i1+ Bi(l —fu) < fi2 + Ba(1 — fi2) and ﬁlf(lf_lgf)ﬂl > (Batina( ﬁf_f()l_’;;?()ﬂfl))m 2

(b) fix < fia, B1 > Ba, Ry > fiaRy and fiy + Br(1 — fin) > fio + Ba(1 — fiz).
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Then, it is optimal to prioritize stage 1 customers.

When [i; = fiz, the conditions in Corollary b) reduce to 81 > B2 and Ry > Rg, which are consistent
with Theorem 3.3 of [Down et al.| (2011). We extend their result to a multi-server system with different

service rates under the discrete time setting in Model II(A).

4.6.3 Special model III: Stage changes in one direction only while in queue

The third special model we considered is that customers do not change their stages in service, and they
could change from one stage to another while waiting in the queue. Suppose p12 = p21 =0, q12 = B1,q11 =
1 — (1 and qo2 = B2,q20 = 1 — B2. Stage 1 customers in queue will become stage 2, and stage 2 customers

will renege from queue.
Corollary 4.6. Idling is suboptimal if Ri > R,.

The condition Ry > Rs is equivalent to

(1 —a)(Rip — Ropz) > apnpo(Re — Ry).

As a — 1, the condition reduces to Ry < Rj, and when « is close to 0, the condition requires Rjuq > Ropus.
In general, the condition requires the customers in queue will change to a worse stage. When the discount
factor is small, the stage with smaller one-step expected reward is considered as the worse stage, and when

the discount factor is large the stage with smaller reward is considered as the worse stage.
Corollary 4.7. If Rip < Rops, p1 > B1 and ps < Ba, then it is optimal to prioritize stage 2 customers.

Corollaryis consistent with Proposition 5.2.1 of|[Jacobson! (2010]), who considers a single server system
with K > 2 stages. Our results can easily be extended to more than two stages, and we are considering a

system with multiple servers.

4.7 Numerical study

In this section, we explore the structure of the optimal policy by means of a numerical study, and
compare the performance of different index policies.

The MDP model has an infinite state space, and we will apply truncation on the state space in the
numerical study. We truncate the state space in the way that x; + x2 < B. The truncation error will be
ignored in our analysis. Note, the truncation error would be significant for a busy system, i.e., when arrival
rates are equal or larger than the service rate, and the reneging rate is very small. Hence, sin our analysis,

we will avoid such situations by considering parameters so that the system is not overcrowded.
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4.7.1 Switching curve

We start with b = 1 and B = 20 to look at the structures of the optimal policy. We consider the average
model and use relative value iteration to obtain the optimal policy for each scenario.

For the base scenario, we set parameters as following:

(i) The arrival rate A = 0.15 and probability that a new arrival belongs to stage 1 is 0.5, hence, A\; = Ao =
0.075.

(ii) For stage i customers (i = 1,2), the probability of service completion is u;, and the probability of
queue abandonment is ;. The patient evolution probabilities are obtained as follows: we let p;o = p;
and g;o = B, and p;; = 0.8(1 — 1), pi3—i = 0.2(1 — p;) and ¢;; = 0.8(1 — 3;), i 3—; = 0.2(1 — 3;).
(iii) pp = 0.1, 2 = 0.2 and By = 0.15, B2 = 0.05.
(iv) Ry =18 and Ry = 10.
In this scenario, stage 1 customers have larger service reward, larger abandonment rate in the queue,

but smaller service rate, and we find that the optimal policy has a switching curve structure in Figure [£.2]

By increasing B to 30, we get the same optimal policy and same optimal long-run average reward, and hence

20 Optimal policy of a single server system with B=20
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Figure 4.2: Optimal policy structure

we think it is alright to ignore the truncation error for this case.
Next we make changes to only one of the parameters of stage 1 customers (Ry, p; or 81) and see how

the optimal policy changes.
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Figure 4.3: Changes of the switching curve in @1, Ry, and 5y

In the end of this section, we consider the optimal decision for a multi-server system. Let b = 3 and
B = 30, we also increase the arrival rate by three times, i.e., A = 0.45 in this scenario. All other parameters

are the same as the base scenario in the single server case.

0 Optimal policy with 3 severs and 30 capacity
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Figure 4.4: Optimal policy structure for a three-server system

4.7.2 Compare the performance of some priority index policies

In this section, we propose some simple priority index policies and compare their performance in a
numerical study.
The most straightforward index policy would be the one prioritizes the stage with larger reward R;

(which we refer as the reward policy (R)), or a policy that prioritizes the stage with larger one-step expected
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reward (which we refer as the one-step-reward policy (OSR)). Besides, we can also propose some index
policies with structure similar to cu-rule (Cox and Smith| (1961))), or cu/0-rule (Atar et al.| (2010))). Let L;
denote the expected length of time required to serve a stage i customer. Then, the reward-rate policy (RR)

prioritizes the stage with larger R;/L;, where L, could be obtained by solving the following equations:

2
Li=1+ piL;, fori=1,2.
j=1
Matrix form: L = (1,1) +pL — (I —p)L = (1,1') = L = (I —p)~*(1,1)".
Similarly, let LZ-Q denote the expected length of time that a stage i customer would wait in the queue before

abandon, where LiQ could be obtained by solving the following equations:

2
L =1+ ¢ L%, fori=1,2.
j=1

Then, we consider a priority index R,»Lf2 /L; that has a similar index structure as cu/6-rule proposed in
Atar et al.|(2010]), which we refer to as reward-rate over abandonment-rate policy (RR/AR). The cu/6-rule
is shown to be optimal in the overloaded system. However, intuitive speaking, we would like to prioritize
customers with higher abandonment rates when they have the same service rates and service rewards. Hence,
it makes more sense to consider a policy that prioritizes the type with larger R;/ (LiLzQ), which we refer to
as reward-rate times abandonment-rate (RRAR).

At last, from the condition of non-idling and the sufficient conditions of service prioritization, we propose
a policy with index R; — RZG (17:2Z — ]:Bf in the average model), which we refer to as expected delayed reward
difference policy (EDRD). For this problem, possible index could be R;, R;p;o or R;pio/qi0. These indexes
does not take into account the transitions between stages. Hence, we propose an index policy with priority
index R; — RiQ under Assumption i.e., we prioritize the stage that have larger one-step incremental
survival probabilities.

To summarize, the policies and corresponding indices are shown in Table

Table 4.1: Priority index policies and corresponding index

Policy Index Notation
Reward (R) R;
One-step Reward (OSR) Ripio
Reward rate (RR) R;/L;

Reward rate over abandonment rate (RR/AR) RiLiQ /Li
Reward rate times abandonment rate (RRAR) | R;/ L,-LZ.Q
Expected delayed reward difference (EDRD) R; — RZQ
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4.7.2.1 Single scenario comparison

We compare the policies for the scenarios given in Section We first consider the base scenario, where
we have the optimal reward g* = 1.3523, and the expected rewards for always prioritize stage 1 (policy P1)
and always prioritize stage 2 customers (policy P2) are g; = 1.3523 and go = 1.2595. We notice that P1 is
better than P2, and performs nearly optimal.

Next, we compute the respective indices for each policy given in Table and discuss which policies

performs better only for this scenario. We have

Table 4.2: Priority indices for the base scenario.

R | Rpo | Ri/Li | RiLE/L; | Ri/(LiL®) | R — RY
stage 1 | 18 | 1.8 | 2.4 | 22.1124 0.2605 2.4731
stage 2 | 10 | 2 | 1.6364 | 18.7538 0.1428 0.1788

All the policies in Table choose the right static policy except for policy OSR, which uses R;p;o as the

priority index. We repeat these computations for all other scenarios in Section [4.7]with changed parameters.

Table 4.3: Computations of the priority indices for several scenarios

Scenario g* Stage gl R Rmu R/L R*LAQ/L |R/(L"Q*L)|barR-barR*Q
1=19 1.4021 1 1.4021 19 1.9 2.5333 | 23.3408 0.275 2.5951
2 1.2858 10 2 1.6364 | 18.7538 | 0.1428 0.1375
=17 1.3029 1 1.3025 17 1.7 2.2667 | 20.8839 0.246 2.351
2 1.2332 10 2 1.6364 | 18.7538 | 0.1428 0.2201
betal=0.3 1.291 1 1.291 18 1.8 24 11.5443 | 0.4989 4.4922
2 1.1734 10 2 1.6364 | 13.0495 | 0.2052 0.1788
1 1.4306 18 1.8 2.4 48 0.12 1.1269

betal=0.05 1.4312

2 1.3843 10 2 1.6364 | 32.7273 | 0.0818 0.1788
mu1=0.105 1.3835 1 1.3835 18 1.89 2.4579 | 22.6457 | 0.2668 2.5002
2 1.274 10 2 1.6577 | 18.9979 | 0.1446 0.1696
mu1=0.9 1.288 1 1.2861 18 1.62 2.2849 | 21.0516 0.248 2.4151
2 1.2296 10 2 1.5926 | 18.2522 0.139 0.1984

4.7.2.2  Random comparisons

The single scenario we presented in the previous section may not tell the whole story. Next, we will compare
these policies with randomly generated parameters. We randomly generate 1000 sets of parameters, with
all probabilities p; and $; uniformly in (0.1,0.5), pi; ~ (1 — u;)U(0.8,1) and ¢;; ~ (1 — 3;)U(0.8,1). We
generate A and theta uniformly in (0,1) so that A\; = 0)lambda and Ay = A(1 — 6). We fix Ry = 10 and R»
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takes value in {10,12,14,16, 18,20} for each set of the parameters. We generated a total of 6000 scenarios,
and the following analysis will be conducted based on these 6000 scenarios.

We first look at how each static policy performs compared with the optimal policies. Let P1 denote the
static policy that always prioritize stage 1 customers, and P2 denote the policy that always prioritize stage
2 customers. Let g1 and g» denote the respective long-run average reward for policy P1 and P2, and g*
denote the long-run average reward under the optimal policy. We conduct 95% confidence intervals (C.I.)
of the relative differences (¢* — g1)/9*, (¢* — 92)/9* and (¢* — max(g1, g2))/g*, and the results are shown in
Table (all numbers are in percentage).

Table 4.4: Comparisons of the static policies and the optimal policy

(g —q1)/9" (9" —92)/9" | (¢" —max(g1,92))/9"
95% C.I. | (6.6360, 7.2617) | (7.1521, 7.7919) (0.0048, 0.0074)
Maximum 69.8460 72.1264 1.2222

We find that the best static policy performs nearly optimal. However, given the customers change
stages in both service and queue, it is difficult to analytically compute and compare the long-run average
rewards of P1 and P2. Hence, we focus on whether we could find some criteria that is easy to employ and
determine which static policy should be chosen. The priority index policies provides in Table are some
of such criteria, and we next compare the performances of these policies. As before, we first provide the
95% C.I. of the relative differences in long-run average reward under proposed policy and the optimal policy,
the maximum of the relative difference, and we also compute the percentage of scenarios that the proposed
policy is consistent with the best static policy. More specifically, we conduct C.I.s and find maximum of the
quantity (¢* — gr)/g* where g, denote the long-run average reward for policy w. Let N, denote the number
of scenarios that policy 7 is consistent with the best static policy, and we compute N/6000 as the percentage
of scenarios that the proposed policy is consistent with the best static policy. The results are provided in

Table (all numbers are in percentage).
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Table 4.5: Comparisons of the proposed index policies

Policy Index 95% C.L of (¢* — g=)/g" | Maximum of (¢* — g)/g" | Nx/6000
R R; (4.24, 4.73) 60.64 65.08
OSR R (0.08, 0.10) 6.35 93.05
RR Ri/Li (0.21, 0.28) 28.05 90.98
RR/AR | RiL?/L; (2.49, 2.83) 55.89 69.97
RRAR | R;/(L;LY?) (1.22, 1.46) 48.10 84.58
EDRD R; — RZQ (5.12, 5.69) 69.85 63.77

We found that in this study, the one-step-reward policy outperforms all the other index policies.

4.8 Conclusions

Customers are impatient and may change stages in many service systems. There are many parameters
that could affect the prioritization decisions, such as service rates and rewards, abandonment rates, transition
probabilities, etc. We aim to develop a model to see how the priority should be assigned under different
settings of these parameters, and propose some priority index policies based on our model analysis.

We first formulate the system an MDP model. We find that our formulation does not guarantee the
optimality of non-idling, which should be the case in reality for most service systems. We consider the case
when there are ample servers and we find the necessary and sufficient condition under which non-idling
should be optimal. Intuitive explanation for this condition is that delaying the service for one period of time
will reduce the expected discounted reward obtained for every customer. We next consider the general case
when server capacity is constrained. With an additional assumption on the transition probabilities (may
not be necessary), we are able to provide a sufficient condition under which non-idling is optimal. Next, we
compare the actions of serving a stage 1 customers versus the action of serving a stage 2 when a server is
available, and find that the action of service a stage 1 is always better than serving a stage 2 when a server is
available under certain conditions. Hence, these conditions are sufficient conditions under which it is optimal
to always prioritize stage 1 customers.

We consider several special settings of the general model. The first setting is to assume no queueing for
the system. Then, the model reduces to Model I that is very similar to the one in Chapter 3, with slightly
different reward structure. However, utilizing the similar structure of the optimality equations, we conclude
that the optimal policy for Model I is actually the same as the ICU model in Chapter 3. The second special

parameter setting considered in Model 11 is the case when there is no transition between stages. We obtain
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a sufficient condition under which always prioritizing one stage is optimal by applying our general model
results. We also extend the result by considering reneging also happens for customers in service in Model
II(A), and obtain a result that is consistent with that in Down et al.| (2011, but our Model II(A) is more
general since we consider a multi-sever and non-identical service times. The third special parameter setting
study the model in Chapter 5.2 of [Jacobson| (2010), and provide a similar result for a multi-server system.
We propose several index policies from our model analysis, and conduct a numerical study to compare
the performances. In this study, we first find the switching curve structure of the optimal policy and observe
how the switching curve changes with respect to different parameters. We conduct 6000 random parameter
combinations and compare the performance of different index policies. We find that in our study, the priority
index policy that prioritizes the stage with largest one-step expected reward performs the best among all

index policies we proposed.
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CHAPTER 5: CONCLUSIONS

Prioritization has been widely applied in many service systems to improve the overall system per-
formances and to provide customized service to heterogeneous customers. In this dissertation, our main
objective is to study how priority should be assigned in different systems when the cost is not of a simple
linear form.

In Chapter 2, we compare several static policies in an M/G/1 queueing system with nonlinear waiting
cost functions. The results we obtained are very general and could provide useful insights for the case when
a simple policy is desired. Our first result provides a complete comparison of ', PF; and PF, when the
exact cost function expressions for both types are known. Then, we provide sufficient conditions under
which FCFS performs better and conditions under which the fixed priority policy performs better. These
conditions could apply to the case when the cost function for one type is known and we have knowledge of
the changing rate of the other cost function. We next show that when the cost functions are both convex it
is sufficient to compare only F', PF; and PF5. On the other hand, when the cost functions are both concave
it is sufficient to only compare L, PL; and PLs, and we also present results on the comparisons of these
three policies. We find that the best static policy performs very well for most scenarios in our simulation
study compared with the Generalized-cp rule.

In Chapter 3, we investigate the prioritization decisions in ICUs. We assume patients health stages
could change over time, and the priority decisions are made between different stages. Although we proved
the optimal policy depends on the mix of the patients in the ICU, our numerical study shows that the
difference between the best static policy and the optimal dynamic policy is very small. Hence, we propose
a policy that determines which of the two stages should be prioritized based on the system load. Our
proposed policy only needs information about the stage-dependent expected dying probabilities in ICU and
in the general ward, and the stage-dependent expected length-of-stay, which could be estimated from data
in practice, and hence is applicable.

In Chapter 4, we study the prioritization problem in a queueing system under the assumption that
customers are impatient and they could change their stages over time. We model this problem as an MDP,
and provide partial characterization of the optimal policy. We compare the performances of several index-

based priority policies via a numerical study.
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There are several possible extensions of the work on the models in Chapter 3 and 4. For example,
we assume all patients are evolving with respect to the same pattern in the current models, and then an
instant extension is to assume patients belong to different classes and each class associates with a transition
scheme. The prioritization decisions are made among patient classes and stages. For the model in Chapter
4, we have demonstrated how this model could be applied to analyze the ICU model with readmissions.
However, we did not differentiate between the readmitted patients and new arrivals, where many empirical
studies have shown that readmission is associated with a longer length of stay and higher mortality. Hence,
we could incorporate these differences in the future study. These models become very complicated and we
should focus on either finding an index based priority assignment policy that performs well or applying fluid

approximation to provide some insights.
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APPENDIX A: PROOFS OF RESULTS IN CHAPTER 2

In this Appendix, we provide proofs of results in Chapter 2.

A.1 Proof of Results in Section

Proof of equivalence of Equations (2.1) and (2.2): The long-run average cost defined by (2.1)) can be

written as

nz(t) O,(Vﬂmo) 2 n o (Y0
(Vi k . oni(t) L > k=1 Ci(V3™)
n;(t) Jm t Z Api T n ’ (A&.1)

i=1

2 SO CVE [ nalt)
Cr = 2 Mm (kmmk)(t)
Z

which follows from the fact that {n;(t),¢ > 0} is a Poisson process with rate Ap; for i = 1, 2. In the following
we will prove that for ¢ = 1,2 when EUCZ'(WZ-”)H is finite,
7'( )
lim i GVE™) E[C;(W)], (A.2)

n— oo n

which shows that (A.1)) (and hence (2.1))) is equivalent to (2.2)).

In the remainder of this proof, we drop the superscripts m and x( for notational convenience, and let Tj,
S;x and D, be the arrival time, service time and departure time of the kth type i customer, respectively,
under policy 7 and initial state xg. Then, Vi = D — Tix — Sik is the queue-waiting time for this customer.
Note that {Vix,k = 1,2,...} for each ¢ = 1,2 is a delayed regenerative process with nth regeneration

happening at N; , for n =0,1,2,..., where N; o =1, and
Ni,n S mln{k k> Ni,n—la Vie = 0}

Note also that for each i = 1,2, {C; (Vir),k = 1,2,...} is a regenerative process with the same regen-
eration epoches as {Vii,k = 1,2,...}. Then, by Theorem 13 of Chapter 2 and last paragraph of page
93 in (Wolff 1989), (A.2) holds if Zk 1704 (Vig)| < oo with probability one, E[N;2— N;1] < o0, and
[Zk b3l GV )|} < 00. We next complete the proof by showing that these three conditions hold.

When p < 1, the system is stable, i.e., it will return to the empty state within finite time with probability
one and also the expected time it takes to return to the empty state is finite (see, e.g., Theorem 7.11 in
(Kulkarni|[2009))). This implies that N; ; < oo with probability one, N; 2 — N; 1 < oo with probability one,
Vik < oo for any ¢ and k with probability one and E [N, 2 — N; 1] < co. At last, by Theorem B.5 (i) in (El-
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Taha and Stidham|1999)), E szN‘l |Ci (Vi )\J = E[|Ci(W;)|] E [N 2 — N; 1] is finite under the assumption

that E [|C;(W;)]] is finite. O

A.2 Proof of results in Section

Proof of Lemma [2.3: We use sample path arguments to prove the stochastic inequalities. Let i be fixed
to be either 1 or 2. Here type ¢ and 3 — ¢ customers will be called priority and non-priority customers,
respectively.

We index the customers by their arrival order to the system, and let s; be the arriving time of customer
J. Then, for customers I and j, where j > [ > 1, we have s; > s;. Let ¢] be the service starting time of
customer j under policy 7, then t7 > s;. Let also V" denote the waiting time of customer j under policy ,
then V' =17 —s; for j =1,2,....

Under FCFS, we have tI" < t£ < ... with probability one. Let j be the index of the first non-priority
customer whose service starts when there are priority customers waiting, and k& be the index of the first
priority customer in the queue when j starts service under FCFS. Then, the customers indexed from j to
k — 1 are all non-priority customers. Note that s; < --- < 551 < 53 < tf <<t <tE

Consider a policy 7 that follows FCFS except that it serves customer k first, and then serves the
non-priority customers j,...,k — 1. For the kth customer, who is a priority customer, tj = tf <t and
Vi =1tf — s, < th — S = VkF. For I = j,...,k — 1, who are all non-priority customers, tJ > tlF and
V=t —sy >tf —s, =V} Forany | ¢ {j,...,k}, we have V" = V/I".

If we keep changing the service order like this when there are non-priority customers starting service
while priority customers are waiting in the queue, then we will eventually reach policy PF;. This coupling

argument then will yield VZiF < Vf; and Vﬁljn > V4, for n > 1. Since W[ is the steady-state

K2

. . ) . d d
waiting time for type ¢ customers under policy 7, then, as n — oo, V7, — W/ and V5©,  — Wil ,, and
<s

hence, according to Theorem 1.A.3(d) in dShaked and Shanthikumar| |2007|), we have WX <., WF and

K3

PF;
Wyt > WE.

Proof of Theorem [2.1: We prove this result by comparing the costs directly.
(a) For i = 1,2, Equation (2.2)) yields Cr < Cpp, if and only if

Pi (E [Cl(WF)] —F [Cl(WlPFl)]) S P3—i <E [Cg_l(W?fD_‘?)} —F [03_1(WF)])

& pE[CHUI™](EWT] - EW]FT)) < ps i E[C_ (U] (EWS 5] — E[WT))
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based on Lemma 2.1l Since

ps—i (E[W3 ] — E]WT])  Ps—i (7@_@}1_%) - ﬁ) Cpseipi T

pi(EWF] — EWFE) i (L _ 1 ) C Pips—i T

1—p 1—pi

we have Cr < Cpp, if and only if a; < b;.

(b) Equation (2.2) yields Cpp, < Cpp, if and only

p2(B[C2WS™)] = E[Co(WS™)] ) < pr (B[CWWT™)] = B[y (W ™)] ). (A3)
We have,
pa (BlCaWE™)] - BleavE ™))
=pa (EICAWE )] — BleaOv )] + B[eaw)] — BIC.0v ™))
—p ((EWS™] = EWF) E[CUF™)] + (EIWS] - EWS ™)) B[Cy(UF™)] ) (A4)
)\plg PFy /\p—lg PF
=p2 (2 =) (1=p) B[Cy(U; )] + 50 o) (1) E[Cy(U; )})
_ e o Ele@ ™) BGOT)]
72(1 - Pl)(l - p2)(1 - p) l(l P2) T2 + (1 ,01) To ’
_ Plng _ B “
AT (11— p) P (el (A5)
O
Proof of Corollary([2.2: (a) If C{(t) > 7 max{as, by} for all ¢ > 0, then for any non-negative random

variable X, we have E[C](X)] > 71 max{as, b1} when the expectation exists. Hence,

E C/(UPFl)
ag = |: 1 1 i| Z T1 max{ag,bl} Z bh

T1 T1

which implies that Cr > Cpp, from Theorem a). Similarly,

! max{as, by }

E[ciwf™)] . -

T1 T1

by =

which implies that Cr < Cpp, from Theorem a)
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(b) If C{(t) < 7y minf{ag, b1} for all ¢ > 0, then we have E[C](X)] < 7 min{az, b1} for any non-negative
random variable X when the expectation exists. Then, a; < b; and by < a9, which implies that

Cr < Cpp, and Cp > Cpp, from Theorem a).

(¢) If mas < Cf(t) < mby for all ¢t > 0, then we have 11a9 < E [C](X)] < 71b; for any non-negative random
variable X when the expectation exists. Then, a; < b; for ¢ = 1,2, which implies that Cr < Cpp, and
Cr < Cpr, from Theorem a).

O

Proof of Corollary[2.3: (a) Since C}(t) > max{a, B}C4(¢) for all ¢ > 0, then for any non-negative ran-
dom variable X, we have E[C](X)] > max{a, 8} E[C}(X)] when the expectations exist. Consequently,

for X = U'*" we have

T1

T2

E[C,(UF™)] > BEICLUT™)] = ( ) E[CHUE™)] & ar > by,

and hence by Theorem (a), Cpr, < Cp. Similarly, for X = Ulp 2 we have

T1

E[C,(UF™)] > aB[C4UT™)] = ( ) EICH(UE™)] & by > az,

T2
and hence by Theorem (a), Cr < Cpr,.

(b) Similar to part (a), since C}(t) < min{a, S}C%(t) for all ¢ > 0, we have a; < by and by < ay. Thus, by

Theorem a), we have Cpp, < Cp < Cpp,.

(c¢) Similar to part (a), since aC4(t) < C1(t) < BCL(t) for all ¢ > 0, we have a1 < by and ay < be, which

implies that Cr < Cpr, and Cp < Cpp, by Theorem (a).

A.3 Laplace-Stieltjies transforms (LSTs) of the busy period and waiting times under
FCF'S and fixed priority policies

For i =1,2, let S’Z(s) denote the LST of the service time distribution for type i customers, and S (s) =

plgl(s) + pggg(s). We first cite the definition of a busy period from (Miller|[1960)) as following.

Definition A.1. ((Miller/1960)) The length of a busy period is the length of time between the arrival of an

item at the empty queue and the first subsequent moment at which the queue is again empty.

The LST of the busy period of a single-class queue was introduced in Theorem 6 of (Takécs|1955)), which

we also present in the next lemma.
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Lemma A.1. (Theorem 6 of (Takdacs|1955)) Let B(s) denote the LST of the busy period distribution

function, then B(s) is the uniquely defined analytic solution of the equation
B(s) = S(s + A(1 = B(s))),

where limg_, o B(s) = 0.

For a single-serve queue with two classes of customers, we define B;(s) as a busy period with only class
j arrival. Then, we can adapt the result from Lemma that Bj(s) is the unique solution to Bj(s) =
S;i(s+ Ap;(1 — Bj(s))) for Re{s} > 0 and lims_,o0 s real B;(s) = 0.

We next obtain the following result from Equations (3.3), (3.8), (3.10), (4.1) and (4.2) of (Miller|/1960)).

Lemma A.2. Let W and WiPFj denote the respective LST of WE and WiPFj fori,j € {1,2}. Then, for
fived j € {1,2},

W]PFJ‘(S) _ (1—p)s+ )\p37j[1~7 5'37]‘(8)}’ WF(S) _ (1— p)f |
§ = Apj (1 - Sj(s)) s— A (1 —~ 5(5))
and
~PF, ~p 1-p
W37 (s) = W5 (Apj(1 = By(s)) +s) =

A(1—S(Apj(1—3j(s))+s)) '
*p; (1=, 5+

A .4 Proof of results in Section

Proof of Lemma[2.4] Assumption holds for C;(t) in the form of (2.5) if and only if E {(WF)Z} and
!
E [(WiPF"") } are finite for all m € {1,2} and [ < j(i).
In fact, with Lemma and Theorem 1.A.3(a) of (Shaked and Shanthikumar|[2007), we have, for any

finite I,

e ()] < sl <o (-]

1
and thus we only need to prove that F {(WiPFS‘i) } exists. We have,

N TR )
PF371 _ 3
E |:(W ) :| o ds! s:O7

and from Lemma we have,
W, () = WF (Aps_s(1 — Bs_i(s)) + ).
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1555 F
M|S o will be

Using the Faa di Bruno’s formula (see, e.g., Theorem 2 of (Roman|/1980))), we have,

dW )| d"Bs_i(s)

P |s=o are finite for all n <[, which is true if the nth moment of W and

finite if and

the nth moment of the busy period are finite.

When p < 1, we can obtain the nth moments of W¥ from (Gross et al.|[2008) (page 238) as

P FME[S]J“
Bw* l—pZEW j+17

where E[S)’™! is (j + 1)st moment of service times, and hence E [WF]" is finite if p < 1 and the first (n+1)

moments of service times for all customers are finite. Besides, from Theorem 1 of (Ghahramani and Wolf

1989), the nth moment of the busy period is finite if and only if the nth moment of the service times is finite.
1
Thus, E [(WPFB Z) ] is finite if p < 1 and the first (I + 1) moments of service times are finite.

Proof of Equations (2.8) and (2.9): For some i, k,m € {1,2}, we have

2] PFo\2
BICIUL™™)] = 2 [UFT] + by = by (E[(ZW)F]] - Z[I(/V%F] - > o
k

from Equations (2.6) and (2.7). The expected waiting times have been given in Lemma and the second
moments can be obtained from (Gross et al|2008) and (Miller|1960):

BV = 50+t e IO = 50 1
and B B )

B ) = S A A A
Then,

A2 p7€
2(1 = pe)(1 = p)’

Nps g3k E

EWF) - EWFP] = 20— p)(1 = p)’

EW 5 = EWF] =
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and

B[] - 5| (wrm)

_ P3—kAC n A% {(1 —pe)(P1&1 +p2lo)  peée(1 — P)]
31=pe)I—p)  2(1—pp)(L—p) L—p 1 —px
_ A2ps_kT3_i( A ps_i€ {pk&c)\f’ik@ —p = pk) . §3- (1 — Pk):|
31=pe)L—=p)  2(1—pp)(L—p) (L=p)(1 — px) L—p ’
B {(sz_};")?] — B [(wF)’]
_ {C n A ] Api(2 — pr) Npr&ié
3 2(1-p) (1jﬂ)(1—pk)2 2(1—@)3(1—0)
_ [QC(Q — Pk) n (2 — pr) } Apk§ Apréié
31 —pr)  (L=p)A—pr)]2(1=p)(L=p) 271 = pg)*(1 —p)
Hence,
177 PFy, o 275 Pr&rA2 —p—pr) | Es—r(1 — pi) _
BOW™) = kg BREERE A S
_ X L BER .
- kl _3§+)\pk§k(1p+1pk)+)\173k53k <1P+P3—k>:|+hl
o2 M e Gk,
= k 1o, 1_pk+7_3k]+hz,
and

(A.6)

(A7)

O

Proof of Proposition [2.1] The expressions for A and B and the characterization of the optimal policy

follow from (2.11)). We next prove that A < B. Let G;(\) = ?Tg NE S 1 Y D, O :272: +

1-AT 1-Ap;T;

for ¢ = 1,2. Then, we have

B X1+ 7?112522 B Xi + 76;1(?)_?);1)151
o Ga(M)+Apa&a 7 Ap1€
Xy + 2 e 2&2 X5 + 1_1p11
Note that for i = 1,2,
Gi(N) + A& Gi(N) AE Ap3—i&3—;
> > > ,
L—=pi L=pi = (I=pi)A—=p)  1—ps—
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where the last inequality follows from the fact that &€ > p3_;&_; and (1 —p;)(1 —p) <1—p < 1—p3_;.
Hence, we have
X, + Ap2&o

1—p2

Api1&1
Xa + 1—p1

< B.

O
Proof of Proposition[2.2 From the expression of A, we have,
o4 Gh (B2 +£) — (Ga(N) + &) (22 Ga () + 22G4(0)
- - 2
’ (226,00 + )
2 2—p2)&1 1 272
_ G (8- G - (G + 8) @Gy
= 2
(e +2)
if and only if
2 —p2)&y &1 DaTo
’)\(52 ()(G)\+)G>\<O. A8
2() T2 (1—p2)7 2() 1) (1= p2)? 2() (A4.8)
Note for ¢ =1, 2,
/ . g D&
GV =T T

Then, (A.8) is equivalent to

paT. 2¢ A Ap2§ 2¢ A Apat 13
& (2-p)b _ O-pp e+ 25 +ams) B+ 25+ 2)
T2 (1—p2)7’1

£ p2&
T T Topay?

Similarly,

op _ (@5pGi)+ Eaao) (G +£) -G (a6 + §)
oA (G1(>\) N %)2

G (G + £) + 610 (e - &)

T2 (1—/)1)7'2 T1

(0 5)

T2

T1

>0
if and only if

P17 2C | A& | Apié 2C | A& Apig &
é _ (2 — P1)§2 < (1—1011)2 (35 + 1—p + l—lpll) (3&T + 1—p + 1_1/,11 + Tz)
T1 (]. —pl)TQ

3 p1€
7 T app
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O

Proof of Proposition[2.3 When service times are i.i.d., for notational convenience we drop the subscript

from all parameters related to the service time distribution, i.e., 7;, § and (;. Then,

A 2=p1 (2¢ | AL
Rt iyt = ( - )+ T(l p1)?
A= 2 20 \E 13 , B= AE
= (% + rp) + e st e
Let M = 36 1/\5;;7 which is positive and not changing with respect to p; for i = 1,2, then we have

0A —TM? - )M

2 o 2 2=
2 —p2 1%

A 1- PEM + T(1- Pz)

Similarly, computing the partial derivative of B with respect to p;, we have

2 p1€
oB _ ™M rao,gM >0
opr (1—p1)? S
)\1 M+T(1 1)

Proof of Proposition[2.7] When service times

hence we have,
PiTL+P2Td

O

are exponential, ¢; = 677 and & = 272 for i = 1,2, and

A(p17i+pa273)

A
+ pm + 7

2

1—p

A o P17E+paTs
exp —

2

2—py [ prT4+paTd
p1TL+P2Ts

2—p1 [ piTi4p2Ts

+ -

b
)\(1017'12+P2T22) n /\p272> try

>\(1017'12+p27'22) )\p17'12
T p \ pirigpore T i + 1 +7
17{ TP2T5 P P1
B =
exp piri4perd | ApitEtpeti) _|_>\;Dl7'1 +7
P17 +p2Ts 1-p 1—p1

When service times are deterministic, (; = 73 and & = 72 for i = 1,2, and then we have

2(p1 7} +p2'r2) A(mffﬂvz'rgz) n )\]327'2 .
A _ 3(P1T1 +;l)27'2 1=p
det = T3+ 7'3 >\( T2+ T2) A 2 ’
p1 1 TDP2 2 + P17y TP2T5 + P27 +,7_2
3 P1T1 +p27'22 1—p 1=p2
;017'1 +p27'2 + /\(p1712+p27'22> + )\p1T12 T
P17 +paT?) 1=p I=p1
Bger = .
¢ 2(1)1‘r1 +p273) i Mp172+p2r?) n Ap172 .
3(p172+p2td) 1-p 1=p1
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(a) For notational simplicity, for i = 1,2, we let

MO = 7+ perd | A (piTf +peTs) n Ap;iT?
piTi + paty L—p 1—p;’

exp —

and
@ _ 2(pmd +p273) | A(piTE +petd)  ApiT?
Mdet - 2 2 + + )
3 (i +p2ri) 1-p 1—p;
where Me(;)p > M U(lze)t Taking the difference of Az, and Aget, we have
(o (28) ) (- )
Aezp - Adet == 2 s M(2) 2 o M(z) .
((8) M+ ) ((E22) 2322+ 7)

Hence, Acyp < Ager if and only if 75 < f:gz .

(b) Taking the difference of Bey), and Byge:, we have

) - m ) (M) - Mg

(Méiz + 7’2) (Me(alc% + 7'2)

Bewp - Bdet = <<

Hence, Begp > Bge: if and only if 7 < ?:Zi Ta.

O

Proof of Proposition[2.5 From Corollary 2.3 and Equations (A.6) and (A.7), o and 3 are computed as:

. [ + sy + 2] + e
T2/ ky |RGoed  Mrea) s et | gy

s - ()" [ + e + ] e
)k [ RS 2l

Let A4[B4] and A,[B,] denote the denominator and numerator of A[B], as given in Proposition

o (7’1) (kQAn+h2> 5o (7’1) (k;an—i—hg)
\n koAa+ha )7\ koBq+ha )’

(a) We have A < B and hence A, B; — B, Aq < 0. Besides,

respectively. Then,

Bd"'An_Ad_Bn:_
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Hence,

a—pB= (7‘1> (k%(Aan — BnAd) + hng(Bd + A, — Ay — Bn)> <0
To (koAgq + ho)(kaBqg + ha)

From Proposition if (2.12) holds, then

DA AL Ag— ALA,
P e B < 0,
) ye

where A/, and A], denote the partial derivatives of A4 and A,, with respect to A, respectively. Then,

Al Aq— AL A, < 0. Besides, the difference Aqg— A,, = Cl;i—(p);) + % — % increases in A since G2 () increases

and 1 — py decreases in A (see the proof of Proposition [2.1]). Then, A/, > A/ .

dar (km) (kQ(A’nAd — AyAn) + ha(A] — A;)) <o

- \n (ko Ag + ho)?

Thus, o decreases as A increases.

Similarly, if (2.13) holds, then B B; — B;B, > 0 from Proposition where B/, and B], denote

the partial derivatives of By and B,, with respect to A, respectively. Besides, the difference B,, — By =

Gl()‘)_’_Q_Q

1—p1 T1 T2

2.1). Then, B], > B).

increases in A since G () increases and 1— p; decreases in A (see the proof of Proposition

% . koT1 kQ(B;LBd — BéBn) + hQ(B;l — B;) <0
oA\ m (kaBg + h2)? '

Thus, B increases as A increases.

When hy =0, a = A1y /72 and § = BT /72, and hence from Proposition (2.12)) and (2.13)) become

necessary in this case.

As A — 1/7, then, p — 1, and we have,

1-— 2—
lm o= 2. p27 lim B:E' L
A—=1/7 T2 2—,02 A—1/7 D) 1—p1

Let A,[B,] and A4[B,] denote the numerator and denominator of A[B], as given in the proof of Propo-

sition then
o — koA, + ho - koB,, + ho
koAg + he’ koBg+ he

From Proposition A and B both increase in p1, then A, Ay — AL A, > 0 and B}, By — B,,B,, > 0,

where A7, A!,, B}, B/ denote the partial derivatives of each quantity with respect to p;.
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Besides, the difference Ag — A4,, = 1_1p2 (% + 1)%3 + %) increases in ps, and hence decreases in p,

which implies that A/, < A’. Then, we have

Do k3(AL Ay — AYA,) + koho(A], — AY)
Ip1 (ko Ag + h2)?

> 0.

Similarly, the difference B,, — By = 1= n (% + 1/\?‘) + 22 ;ﬁ) increases in p1, and hence B!, > B/;. Then,
B

we have Por > 0.

If A\ - 1/7 and p; — 0, then p, ps — 1 and p; — 0, and we have

) . 27

lim «=0, and lim = —.
A—1/7 A—=1/7 P
p1—0 p1—0

If A\ —» 1/7 and p; — 0, then p,p1 — 1 and py — 0, and we have

. 1 .

lim a=—, and lim B = co.
A—1/7 27 A—1/7
p1—1 p1—0

O

Proof of Example [2.9(ii). Let f(t) = C{(t) — BC5(t) = hyare®*' — B(2kat + ho) for t > 0. We need to
find conditions so that f(t) > 0 for all ¢ > 0. First we find that f(¢) is convex in t for ¢ > 0 by second
derivative test, so there is a global minimum for ¢ > 0. We solve for f/(t) = 0 and we have a stationary point

"=

Ln (25 kg ) We have the following two cases:

g hla%

Case 1: If t* < 0, ie., hy > 2§]§2, then the minimum happens at ¢ = 0, and hence we need f(0) =
1

hia1 — Bho > 0, which is equivalent to hy > % Thus, in this case,

h 2k
hy > max{zﬂ, Zf} (A.9)
(65} ay
Case 2: If t* > 0, ie., h; < 26’;2, the minimum happens at t* and hence we need f(t*) = 2Bks
« o
2§]f2 In (%) — Bho > 0, which is equivalent to
1
2Bks 2Bk2 2Pk hoay
1-1 > 1-1 >
a1 ( ! (hla% 2 Pha & " hia2 ) = 2k
o 2ks <1- hacy - 23ko < 6(1_’;%1) oh > 251@6(1_%)
hia 2k hia? a?
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Thus, in this case,

2 hoay 2
kb (85 1) <y < 22 (A.10)
a7 ay

Furthermore, we notice that if hy > %, then (A.9) reduces to hy > ™22 and (A.10) could not hold since

aq

the lower bound is larger than the upper bound; and if hy > %, A.9) and (A.10]) together could reduce to
hoa
hy > 21;722Be( Sz _1). Hence, f(t) > 0 if (2.14]) holds, which then implies PF} is better than F and PF, by
1
Corollary [2.3a).

O

A.5 Proof of results in Section

Derivation of Equations (2.17) and (2.18). From Theorem [2.1]
From Lemma we have for i = 1,2,

TP () TPF (g = Lp)s (L= p)s +Aps—i (1 - 93‘1'(5))
s— A+ AS5(s) s — Ap; + ApiSi(s)

(1= p)sAps-i (1= Ss-i(5)) = A (1= S5-4(5)) (5= A+ AS(s))
(5 A+ AS(5)> (s — Api + /\pigi(s))

W (1 - §3_i(s)) [(1 ~p)s — (s — A+ AS(S))]

- (5= A+28() (5= wwi + 2miSics) )

W (1 - Sg_i(s)) [fps + A (1 - 5(5))}

B (s W AS(S)) (s ~pi ot /\pigi(s))

)

e 1= p 1)
Wi 27 (s) = WF(S) =wr (S/) - WF(S) - 1 A-AS(s') 1 A=X5(s)

(1—p) (A0 - 2250) (1= p)a[s (1-5(s)) = &' (1= 5(9))]
(1 — 7’\4‘5(8/)) (1 — 7/\4‘5(5)) a (s/ -+ )\S(s/)) (s -2+ )\g(s)) 7
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where s’ = f3_;(s) = Aps_;(1 — B3_i(s)) +s. Then,

GPF g W) = WE(s)
s (E (WF] - E [WiPF"D
_ (2(1 —p)(1- p)) e (1= B0mi(9) [0 (150 |
A2Ep3—iT3—i5 (s -2+ )\5(3)) (3 — Ap; + )\pigi(s))
201 = pi)(1 = p) (1= S5-4(5)) [=ps + A (1= 5(9))]
AT ;8 (3 - A+ /\S(S)) (s — Ap; + )\pigi(s)) ’
WF(s) = W, (s)
s (E [WiPFH} —E [WFD
_ (2(1 —PB—i)(l—P)) _(1 p)A[ (1 S(s )> (1 S(S))}
AZEps_iTs—is (s — A+ AS(s ) (s A+ AS(s )

21— pa-) (L= o) [5 (1= 8 (ay(o))) ~ fo-i(5) (1= 3)) |
Neps—ims—is [fai(5) = A+ A8 (fai ()] [s = A+ AS(9)]

Ui (s) =

Plugging into (2.16)), we have

2hi(1 = p)(1 = p) (1= S5-5(~ha)) [phs + A (1= S(=h)]
M5 (=i = A+ AS(=ha)) (=hi = s+ 2p;85(=ha))
o) 2hi(1 = po—y)(1 = p)? [=hs (1= § (famj(=h))) = fami (=ha) (1 = S(=hi) )]
Neps—iTa—j [~hs = A+ AS(=h)] [Fas(=hi) = A+ A8 (foy(=hi)]

Eleiw]™)] =

A.6 Proof of results in Section

Proof of Proposition [2.8: Let W™ denote the steady-state waiting time under policy © € {F, PFy, PF,}.

By conditioning on the customer type, we have
E[Cy(WT)] = pr E[Co(WT)] + p2 B [Co(WS)] - (A.11)
According to Theorem 2 in (Vasicek |[1977)), if Ca(+) is convex,

E[Co(WF)] < B[Co(WFE)] for i = 1,2. (A.12)
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From (A.11)) and (A.12), we have,

PiE [Co(WF)] 4+ ps—iE [Co(WF)] < piE [Cz(WiPFi)} +p3—iE [Cz(W;E)}

=

E[Cy(WF)] - E [CQ(WZ.PE)}

E [cz(wgfi?)] — E[Cy(WH)]
<

P3—i

for i =1,2

Di

Since Cs(+) is non-decreasing and WiPF" <qa WF <4 W:,i Ij’ from Lemma, we have

E[C,(WF)] - E [CQ(WiPFi)} >0, E [CQ(WQ})} — E[Co(WF)] >0, fori=1,2,

Then,
( i ) E [02(WF)] -k [C2(WipFi)} <1forie12 (A13)
ps-i) \ B [CaWH] — BlCaw?)] ) -
Hence,
0 - <7'1) BICy(U; ™) _ (pz) E[Cy(WF)] = B[C;(W, ™) _
) \ BIC5(U"™)] pr) \ B[Co(W{™)] = E[Co(WF)] ) =
and
_ () [EIC U _ (p2 [ EIC2(Wy )] — E[Co(WH)]
’o= (w) (E[@(Uf‘“)]) - (m) (E[@(WF)] E[02<WFF1>]> =
O

A.7 Proof of results in Section

Proof of Proposition[2.9: Let W™ denote the steady-state waiting time under policy 7w € {L, PLy, PLo}.

Then, (A.11)) still holds for policy = €

{L,PL,, PL,}.

If Cy(+) is concave, then —C5 is convex, then according to Theorem 2 in (Vasicek||1977)), for i = 1,2,

E[=Co(WF)] < E[-Co(WPH)] & E[Coy(WH)] > B[Co(WTH))]

(A.14)
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Lrom (A.11)) and (A.14]), we have,

PiE [Co(WH)] + ps—iE [Co(WH)] > piE [Cz(WiPL"’)} +p3—iE {Cz(ngLl)}
E[Co(Wh) - E [CQ(WiPLf)} E [cz(wf_ﬁi)} — E[Cy(Wh)]
P3—i Y23

>

=

fori=1,2 (A.15)
Since Cs(+) is non-decreasing and WiPL" <qa WL <, WP,P_LZZ from Lemma we have

E[Cy(Wh)] - E [CQ(WZ.P“)} >0, E [CQ(W;iL;)} — E[Cy(Wh)] >0, fori=1,2.

Then,
( " ) - [CQ(WL)] - [CQ(WiPLi)} >1fori=1,2
i) \ B leawit| - Blcawry )~
Hence,
ol — <Tl) BICy(Uz )] _ <pz> E[Cy(Wh)] = E[Cy(Wy )]\ _
™) \ E[C5(U{")] pr) \ E[Co(W{)] = E[Co(WE)] ) —
and

Lo_ (m) (ECHU _ (e [ElC2(Wy )] — E[Co(Wh)]
s (7) (E[@(Uf“)]) N (p) (E[@(WL)] E[@(Wf’“)]) =t

O

Proof of Lemvma [2.7: We consider policy PL; for fixed ¢ € {1, 2}, under which we refer type i customers as
“priority customers” and type 3 — i customers as “non-priority customers”. We first establish the expression
for V[N/ip Li,

The waiting time of a priority customer consists of two components, the remaining service time of the
current customer R, and time required to serve all subsequent priority arrivals which enters service before
the priority customer we considered.

Let Fr denote the cdf of R, and R(s) denote the LST of Fg, then((Wishart|/1960)),

R(s)=1—p+ g(l — S(s)).

Let Ng denote the number of priority customers arriving during R(Ng = O when R = O). Let

Ty, k=1,..., Nr denote the time until the number of priority customers in the queue decreased from k to
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k—1, starting with a priority customer enters service. Then, Ty, k =1,2,..., Ng are i.i.d., and T is defined
the same as the busy period of the M/G/1 queue with only type ¢ arrivals, which has LST B;(s).
We have W/l = R 4 Z,ivzl?l T}, then,

WPL _| [e—sR—zﬁjl sTk}

7

/ ZE —or— zklsTk‘NR—anr} [Ng = n|R = r]dFr(t)
:/ Ze—srBi( n —)\pr()‘pz r)" dFR(t) = / 6_57'_)\PiT(1_Bi(5))dFR(t)
0 n=0 ’I’L 0
—F [e<5Api(1Bi(s)))R] = R(s+ Ap; — ApiBi(s))

Plugging the expression of R, we have,

A[1 = 8(s + Api — Ap; Bi(s))]
s+ Ap; — Ap; Bi(s)

WPlel—p+

K2

Next, we establish W:)fi LZ The waiting time of a non-priority customer consists of two parts, denoted
by W* and W**, where W* is the time required to serve all priority customers already in the system at the
arrival of the non-priority item and W** is the time required to serve all subsequent customers who arrive
after the non-priority customer but enters service before due to the queueing policy. The service order of
customers served in W* and W** will not affect the waiting time of the non-priority customer. We notice
that W* = WiP Fi since both waiting times are the time required to serve all priority customers (with different

service order) in the system observed by a Poisson arrival. Then, the LST of W* is given by((Miller|{1960)))

(1—p)+ Ap3—; [1 - 53—1‘(3)}
5§ — Ap; {1 — Sl(s)] .

Let N denote the number of customers arrive during W*, and 7, denote the time until the number of
customers decreased from k to k—1 for k = 1, ..., N starting from a customer just entering the service. Then,
W = chvzl T;. By definition, we have T}, k =1,..., N are independent and have the same distribution
as TY, which is the busy period of the M/G/1 queue with LST denoted by B(s).

Then,
B e W —u] - 2 B [e i ] e (A;v!)”
G n _— w()\w) — AW
:nZ:O[B(S)] A i Aw(1-B(s))
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Hence,

W?fj_l;b — B |:678(W*+W**)j| _ / E |:68W*675W*x ‘W* _ U):| dFW* (w)
0

= / eSWe M A=BE) dFy, . (w) = / e WsHAA=BEgpy . (r) = w* (s+A—AB(s)),
0 0

where Fyy«(-) is the cdf of W*. Plugging the expression of W*, we have

(1= p)(s + A= AB($)) + Apsi [1 = 55+ A = AB(s)]
s+ A — AB(s) — \p; [1 —Si(s+ A — AB(s))]

TFPL;
W35 =
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APPENDIX B: PROOFS OF RESULTS IN CHAPTER 3

B.1 Proofs of the Analytical Results in Section

B.1.1 Proof of Proposition

We first compute the cost functions under policy 771 and 7. When b = 1, the state space for the MDP
is § = {(0,0),(0,1),(1,0),(1,1),(2,0),(0,2)}.

Under both policy 771 and 72, we do not discharge the patient if there is only one patient who needs ICU
care, i.e., a(z1,z2) = (0,0) for (x1,22) € {(0,0),(0,1),(1,0)}. We discharge either one of the two patients
when there are two patients of the same stage, i.e., a(2,0) = (1,0) and a(0,2) = (0,1). The only difference
between these two policies is that in state (1,1), we discharge a stage 1 patient under policy 7; and we
discharge a stage 2 patient under policy 5.

Under either 71 or 79, the process can be modeled as a DTMC. Let X, be the system state at the end
of nth decision epoch. X,, takes values in Sp = {0,1,2}, where state 0 means the ICU is empty and state
i € {1,2} means the ICU is occupied by a stage i patient.

Let Pz-lj denote the probability that the DTMC jumps from state i to j under policy 7 for 4,5 € {0,1,2}.
Then,

Plo = A+ Aiq1 + Aapa, Pl = Mir1 + Aaqe, Pl = Aip1 + Aara,
Plo=(A+X)q1 + Aap2, Pl = (A+ A1)+ Aaga, Ply = (A + A1)p1 + Aara,

1 1 _ 1 _
Psy = pa2, Py = qa, Py =12.

Let u; denote the long-run average probability that the DTMC is in state ¢ for ¢ = 0, 1,2, then u; can

be obtained by solving the balance equations and normalization equation given by

M@ =q)+ Al —p2))ug = ((A+A1)qr + Aap2)us + paus,

(g2 +p2)us = (Aip1 4+ Aara)ug + (A + A1)p1 + Aora)us,

ug + up + usg 1.
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Solving above equations, we get:

5\0, + )\1@ + )\2])2
U = ——p7

D™
w A(p2 + g2 — a) + Aage
1 ] DT ’
_ Aup X+ @ —a) + (A4 A2)(Aipr + Aara)
Uy = D™ '
where a = q1q2 + q1p2 + p1p2 and
D™ = 5\|:a/_\+/\1(p1 +p2+q2+a)+Xa(p1 + @ +p2 + q2)

+(A1 + A2) P‘l(pl +p2+q2) + AZ} :
Let m; denote the expected cost that incurs in state i for ¢ = 0,1,2. Then,
mo = A1q1, m1 = Agi + Mg + ¢F) + Aadf, ma = Ao + Ao
The long-run average cost under this policy is J™ = ugmg + uym; + uams. We can then show that

JUD™ = (Aa+ Aa+ Aop2)hiqi + | M(p2 +q2 —a) + AQQZ} P\ql + Ai(q1 + 6F) + Azd’ﬂ

+ [;\(Mm +Xa(p1 + @1 —a)) + (A1 + Xo)(Aip1 + >\27“2)} [/\1¢? + /\2¢§} (B.1)

Similarly, let Pf] denote the probability that the DTMC jumps from state ¢ to j under policy 7y for
1,7 € {0,1,2}. Then,

Pozo =X+ Aiq1 + Aopa, P021 = A1 + A2ga, Po22 = \p1 + Aaoro,
P120:‘I17 P121:T17 P122:p17

P = (A+X)p2 + Aiq1, P3=(A+X)ge + Air1, Ph=(A+A2)ra + Aipr.

Let u; denote the long-run average probability that the DTMC is in state ¢ for ¢ = 0, 1,2, then u} can

be obtained by solving the balance equations and normalize equation given by

M= @)+ Xl =p2))ug = qui + (A + A2)p2 + Mg )ub,
(@ +p)uy = (Ar1+ Aeg)uh + (A + X2)ga + A\i7r1)ub,
uy +uf +uy = 1.
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Solving the above equations, we have

;L a4+ A\q1 + Maa

Yo = T pm
s AMA(p2 + g2 —a) + Aaga) + (A + A2)(A\i71 + Aago)

Uy - D;‘-z )
p Aip1 4+ Xe(p1 + ¢ — a)

uy = T .

where
D™ /_\[a5\+(p1 @ +pet @)+ P+ a+ g+ a)i

+(A1 4+ A2) [/\1 + 1 +a+ q2)>\2:|-

Let m} denote the expected cost that incurs in state 7 for 2 = 0,1, 2. Then,
1 p )

m6 = )\1(]1, m’l =q1 + )\1411)? + )\2¢§7 mIZ = )‘1((11 + (bg;) + )‘2¢2G

The long-run average cost under this policy is J™ = uym{, + ujm] + uymf. We can then show that

J™D™ = (Aa+ Mg+ Aa) g+ [Aip1 + Aa(pr + @1 — a)} [Al(ch +¢5) + )\2¢2G}

+ {5\(/\1(]92 +q2 —a) + A2q2) + (A1 + A2) (A1 + )\2(12)} [th + Mo + /\2¢§} . (B2)

Next, using (B.1]) and (B.2).

Take the difference of J™ and J72, after some algebra, we can show that

g g
M
:D”HD”W(I T BC 1 BOBC) {(1 — Np1p2 [A[p1(BY — B1) + p2BT (B2 — 5]

+(8F = B1) + B1BE (B - BS)] |

_ Mp1p2f1 Bf { {/516:—51 B2 — B . BY =B B G”}
DD+ 87+ 595 U lemse w0 e TR A

where A = \{ + A\ and

M = Mp1+ Mg+ Ada(pr+ @ +p2 + g2 — 2a) + AMda (A + A2)(1 —a).
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Since a = pip2 + qip2 + q192 = (P11 + 1) (P2 + ¢2) — p1g2 < (P1 + ¢1) (P2 + ¢2), we have 1 —a > 0 and

mt+qa+pte—2a > pr+a+pe+e—201+a)p+ )
= (m+a)1—-p2—q¢)+@P2+aq)1—p1—q)=>0,
and thus M > 0. Then, we have J™ — J™ < 0 if and only if

NEE R Bt —

_ _ aG
P21 8¢ q1 } +(1-4) { 315G (By —B2)| <0. (B.3)
Next, we find that
BlG_ﬁl _(ﬁG_ﬂ2): (¢?_¢2G)_(¢1_¢2)
fa T (61— 62)(07 — 99)

and

BY =B BE —Ba _ La(¢f — é1) — Li(¢§ — ¢2)

p2BY By o (1 — d2)(0§ — 05) ’
since
G _5 1 1 1 1
619611 _(ﬂzc_@)za_@_(ﬁg_@): (61"‘/524-1) - <1G+ﬁ2G+1>
_ 1+51+515271+51G+51Gﬁ2c: L1 :(¢?—¢§)_(¢1—¢2)
B1 Be ¢1— 2 o — ¢F (f1 — 92) (6 — 6F)
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and

G _ G _
o Bt L (e g)

P2 B o @ap2 \p1 B¢
1 q1 q1 a 1 q1 a
=—— | > +pbe——5 0By | =— |p1+q@— S5 — DB
q1p2 <ﬁ1 e B¢ 22 qapa T BE 2
1 q1 +p251GﬁQG>
= (p+q@—-——FF
q1p2 ( 51G
_ 1+ 87 + B BY ( (P +@)BY @+ pBTBS )
@1p2B¢ 14+ 8¢ + 98¢ 1+ 8¢ + BEBY
1
= (1 + @) (87 — ¢5) — a1 (1 — ¢F) — pag§
(I1p2(¢? - ¢§) ( ! 2 ! ? )
1
=7 (P + @ + Q2)¢G —(p1+p2+ Q2)¢G —q1
aip2 (¢ — ¢5) ( ! ? )
_DP1p2 + q1p2 + 4192 ( (P + @1+ g2)9F (i tpt 42)05 B 1 >
ap2(0§ — ¢§)  \pip2 +@p2 +q1q2 pip2 + @2+ Qg2 Pip2 + b2 + Qg2

(Since G=pP1+qa +q)01— (p1+p2+ (J2)¢2))

P1+q1+42 ¢G _ _ pitpetge (bG _ (p1t+a1+g2)d1—(P1+p2+g2)d2
_ Pip2tqipataige 71 p1p2t+q1p2+q1g2 7 2 P1p2+q1p2+4q192

(¢1 — d2)(0F — 6%)
 Lo¢f — L1¢§ — Lagy + Lighy
a (61 — d2)(oF — 8F)
 La(¢F — 1) — L1 (5 — ¢2)
(=) (ef —0f)

Then, since (¢1 — ¢2)(¢§ — ¢§) > 0, (B.3)) is equivalent to (3.5)).

B.1.2 Proof of Corollary
From Proposition [3.1} we have

(a) It 65 — 62 > 6F — ¢ and =22 > #=41 then (3.5) holds for any A, and thus J™ < J™.

G G
Similarly, if ¢F — ¢; > ¢§ — ¢2 and %T_lqﬁl > %T_fr‘} then 1) holds in the opposite direction for any
A, and thus, J™2 < J7t,

(b) If ¢§ — ¢1 > ¢S — ¢2 and @ < %_j’z? then J™ > J7™2 ie., |D holds in the opposite direction if

\ < (¢F — ¢1) — (65 — o)
(0§ — ¢1) — (6§ — ¢2) + [L1(9F — ¢2) — La(of — )]

G G — —
Similarly, if ¢§ — ¢o > ¢ — ¢ and %T_Q% < %T_lm, then J™ < J™ ie., 1' holds if and only if

)\ < (6§ — ¢2) — (¢ — ¢1)
T (05 — d2) — (¢F — ¢1) + [La(6F — ¢1) — Li(F — ¢a)]
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B.2 Proofs of the Results in Section

We first define the operators D1, Do, A, D11, Doo, and Dis. In the following, w : & — R is a function
from the state space S to the set of real numbers. For some of the results, w(-) is restricted to be defined

over a subset of the state space S.

Definition B.1. The first difference operators D; and Dy are defined as

Diw(zy,22) = w(zy + 1,22) — w(z1,22), Dow(x1,x2) = w(xy, 20 + 1) — w(zy, T2),

for x1 +x2 <b.

Definition B.2. The operator A is defined as

A’UJ(SCl,IIZ’Q) = U)(I‘l + 1,1‘2) — w($1,x2 + 1) = Dlw(xl,xg) — Dgw($1,$2),

for x1 +x9 <b.

Definition B.3. The second difference operators D11 = Dy D1, Doy = DDy and D15 = D1 Dy = Dy Dy are
defined as

Diyw(zy, 22) =Djw(xy + 1,22) — Diw(zy, 22) = w(zy + 2,22) — 2w(zy + 1, 22) + w(xy, x2),
Dosw(x1,22) =Dow(x1,x2 + 1) — Daw(z1, 22) = w(xy, xe + 2) — 2w(wy, 22 + 1) + w(xy, x2),
Dlgw($1, 332) :Dlw(1‘1, To + 1) — Dlw(xl,xg) = Dgw(xl + 1,.132) — D2w(m1,x2)

=w(x1 +Lzo+ 1) —w(zy, 22 + 1) —w(xy + 1, 22) + w(wy, 22) for z1 + 25 <b— 1.

B.2.1 Proof of Proposition

Lemma B.1. For z; + 5 < b, we have D1v (21, 72) < ¢, Dovy (21, 12) < 5.

Proof of Lemma [B.1]: Let v7(x1,22) denote the total expected discounted cost under policy 7 starting
from state (x1,x2). Define a policy m, under which starting from state (z1 + 1,x2) we initially discharge
a stage 1 patient and use the action that is optimal for state (z1,z3), and then use the optimal policy

thereafter. Then,

VT (x1 + 1,29) = F 4 va (21, 22) > va(z1 4 1,22) = va(x1 + 1, 20) — va (21, 22) < 5.
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Similarly, define policy 7o as the policy under which starting from state (x1,z2 + 1) we initially discharge
a stage 2 patient and use the action that is optimal for state (z1,z2), and then use the optimal policy

thereafter. Then,
v (xy, e + 1) = 02G + Vo (T1,22) > vo(x1,22 + 1) = v (21,20 + 1) — vy (21, 22) < cg.

O

Lemma B.2. Suppose that holds and for any w: S — R, we have (i) Dyw(i,j) < c§ fori+j <b,
and (ii) Dyw(i,j) < c§ fori+j <b. Then, forx+y <b—1, DiTw(z,y) < % —q1, and DoTw(z,y) < =

Proof of Lemma [B.Z: Let © +y < b— 1. Thus, Tw(z + 1,y) and Tw(z,y + 1) are well defined according
to Definition Bl

We first rewrite T'w(x + 1,y) by conditioning on how x stage 1 jobs and y stage 2 jobs evolve. Patients
evolve independently, Therefore, if  stage 1 jobs and y stage 2 jobs evolve to i stage 1 patients and j stage
2 patients (which happens with probability P(i,j|z,y)), the extra stage 1 patient jumps to stage 0 with

probability ¢1, remains stage 1 with probability r1, and jumps to stage 2 with probability p;. Thus, we can

write
r+y+1z+y+1—i
Tue 1) = 3 Z (i, y) [ar0(i, §) + rrw(i + 1,5) + prwi,j +1)].
Then,
D1FUJ(I,y) = Fw(‘r + 17y) - Fw(:z:,y),

z+y+1lxty+1—i

— Z Z (i, jlz,y) [r1D1w(i, §) + p1Dow(i, 7))

G G C?
ricy +picg < E — 41,

IN

where again the first inequality follows from the lemma assumptions (i) and (ii), and the second inequality
follows from Condition (3.10f), which is another lemma assumption.

Similarly, we can write Tw(x,y + 1)

z+y+1lz+y+1l—i
J
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and then

DoTw(z,y) = Tw(x,y+1)—Tw(z,y),
z+y+1z+y+1—1i

= > Y PG.jlv.y) laeDiw(i, j) + raDawli, j)]
i=0 j=0

G G Cg
< gecy +recy < P

where the first inequality follows from the lemma assumptions (i) and (ii), and the second inequality follows

from Condition (3.10]), which is another lemma assumption.

O
Proof of Proposition [3.2: From Lemmas [B.I] and [B:2] we have for any  +y < b —1,
G
leva(x,y) < e q1, (B4)
a
e
DsTv, (z,y) < =2 (B.5)
a
Then, for any 1 > a1 > 1, 2 > az > 0 and 1 — (a1 — 1) + 22 —az < b,
Va(wy, 22,01 — 1,a2) — Vo(21, 22, 01, a2)
=— c? +alg +Toa(r1 — a1 + 1,22) — Twg (21 — a1, 22 — as)]
f
=« —E +q1 + D1FU($1 — a1, T2 — a2) <0, (B6)

where the inequality follows from (B.4]). We can then conclude that V,,(z1, z2,a1 —1,a2) < V, (21, z2, a1, a2),
which implies that decreasing the number of stage 1 discharges does not increase the expected cost.

Similarly, for any ©1 > a1 >0, 22 > as > 1 and 21 —ay + 23 — (az — 1) < b,

Va(x17x27a17a2 - 1) - Va(x17$25a15a2)

=— 02G + a[Tva(x1 — a1, 9 —as + 1) — Tvg (21 — a1, 29 — ag)]

G
= —% + DQF’U((El —Qa1,T2 — a2) < 07 (B7)

where the inequality follows from (B.5]). We can then conclude that V,, (21, x2,a1,a2—1) < Vy (21,22, a1, az),
which implies that decreasing the number of stage 2 discharges does not increase the expected cost, either.

Then, the result follows.
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B.2.2 Proof of Proposition
Lemma B.3. If holds, then c; < c§ fori = 1,2, where ¢ is given in (3.7) and ¢; is given in (3.16)).

Proof of Lemma [B-3: Let fi(0) = ¢ for i = 1,2, and for n > 0 we define

filn+1) = algr + r1fi(n) + p1f2(n)), fo(n+1) = algfi(n) +raf2(n)). (B.8)

Next, by induction, we show that f;(n+1) < f;(n) for all n > 0: From (3.10)) and (B.8)), we have f;(1) < f;(0).
Suppose f;(k+1) < fi(k) for i = 1,2 and for some k > 0, then,

filk+2)=a(g+rifilk+1) +pifa(k+1)) < alqr +r1fi(k) +pife(k) = fi(k+1),

and

fa(k +2) = al(g2fi(k + 1) + rafo(k + 1)) < algafi(k) +rafa(k)) = fa(k +1).

Hence by induction we can conclude that f;(n+1) < f;(n) for any n > 0. Then, {f;(n),n > 0} is a decreasing
sequence and f;(n) > 0 is bounded below, so lim,,_,~ fi(n) exists. Let f; denote the limit for i = 1,2.

Letting n — oo in (B.8)), we have

fi=alg +rifi +p1f2), fo=algfi+r2fe).

G

Solving for f;, we find f; = ¢;. Since the sequence {f;(n),n > 0} is decreasing, we have ¢ = f;(0) >
O

Definition B.4. Let V), be a set of functions such that if w € Vy, then
c¢1 < Dyw(i,j) < c?, co < Dow(i,j) < cg for all i + j < 0. (B.9)

Lemma B.4. If holds and w € Vy, then

(a) forxy +x9 <b-—1,

C1 C
ol < DiTw(zq,22) < -~ — qu,

9 S DQI‘w(xl,xg) S —.

« (0%

(b) Tw € V.
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Proof of Lemma[B.J: (a) If w € Vy, then Dyw(zy,x2) < ¢ and Dow(z1,12) < c§ for 1 + x5 < b, and

from Lemma [B.2] we have for z; + 2o <b—1,

¥ c§
DiTw(z1,22) < —~ — g1, DoT'w(x1,20) < =
a o

If w € Vy, then for 1 + zo <b—1,

r1+zo+1z1+x2+1—1

DiTw(zy,x2) = P(i, jlay, x2) [riDiw(i, j) + p1Daw(i, j)]
i=0 j=0
C1
> riert+pice = — —qu,
Q
r1+z2+1z1+x2+1—1
DoTw(wi,ma) = ) P(i, jlw1, w2) (g2 D1w(i, j) 4 r2Daw(i, j)]
i=0 j=0
co
> qac1 +1rocy = —,
@

where the inequalities follow from the fact that i + 7 < 1 + 22 + 1 < b and then Dyw(i,5) > ¢; and

Dow(i,j) > ¢z from w € V. Thus, part (a) follows.

‘We need to consider four different cases from Definition

Case 1: If x1 + x5 < b— 1, we have,
DiTw(xy,x2) = a[q1 + DiT'w(x1,x2)], DaTw(x1,x2) = aDoTw(zy, z2).
Then, part (a) implies that
1 < DiTw(zy,z9) < c?, co < DoTw(z1,22) < 02G for x1 + 29 <. (B.10)
Case 2: If x1 + x5 =0b and 1 > 0,22 > 0, we have
DiTw(zq,25) = min{c{, ¢§ +Tw(z; + 1,20 — 1) — Tw(z1,22)} < cf.
Furthermore, since D1Tw(z1, 72 — 1) > ¢; and DoTw(xy, 72 — 1) < ¢ from ,

S 4+ Tw(xy + 1,20 — 1) — Tw(zy, 29)

= C2G + D1Tw(z1, 22 — 1) — DyTw(z1,22 — 1) > 1,

and c? > ¢y, then we can conclude that D1Tw(x1,x2) > ¢1.
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Similarly,
DyTw(xy,22) = min {c? + Tw(x; — 1,29 + 1) — Tw(zq, 22), cg} <c§

Furthermore, since D1Tw(z; — 1,72) < c§ and DoTw(z; — 1,22) > ¢z from (B.10)),

cf +Tw(zy — 1,20 + 1) — Tw(zy, x2)

= c? — Di1Tw(zy — 1,22) + DoTw(zy — 1,22) > ca,

and c¢§ > ¢y, we can conclude that DoTw(z1,72) > ca.

Case 3: If z; = b and 2o = 0, we have DyTw(z1,72) = c§, and thus, co < DyTw(wy,z2) < 5.

D Tw(z1,x2) has the same expression as in case 2, and hence ¢; < D\Tw(z1,22) < .

Case 4: If z; = 0 and 2y = b, we have D1Tw(zy,22) = c§, and hence ¢; < D\/Tw(z1,29) < §.

DyTw(zy,x2) has the same expression as in case 2, and hence ¢y < DoTw(z1,22) < 5.

The above four cases cover all the possibilities for z1 + xo < b. Hence, Tw € V.

O

Definition B.5. Let V be the set of functions such that if w € V, then, w € V, and w satisfies the following
three conditions:

Condition 1: Dyjjw(z1,22) > 0, Dasw(x1,22) > 0 and Dysw(zy,22) >0 for 21 +xo <b—1,

Condition 2:

Dyyw(zy, z2)Dagw(y1, y2) + D1aw(y1, y2) Dasw(z1, x2) — 2D12w(z1, x2) D12w(y1,y2) > 0,

forxy +axo <b—1and y; +y2, <b—1,

Condition 3: Dyjjw(z1,22) + Dagw(x1,x2) — 2D1ow(xy,22) > 0 for zq + 29 <b— 1.

Lemma B.5. Suppose that holds, and w € V. Then,

(i) forxy +ax2<b—2andy +ys <b—2,

Dllfw(xl,xg) Z 0, Dggrw(x1,$2) Z 0, CLTLd D12F’U)(£C17£L'2) Z 0, (Bll)
Dy Tw(zy, v2) Deal'w(y1, y2) + Dinlw(yr, y2) Daalw (21, 72)
— 2D12F"UJ(I‘1, zg)Dlng(yl, yg) Z O, (B12)

Dllfw(xl,asz) =+ DQQFUJ(Il, IQ) — 2D12Fw(x1,:172) 2 0 (B13)

(ii) Tw € V.
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Proof of Lemma (z) Establishing (B.11)), (B.12), (B.13).
Proof of (B.11)):

Using the fact that patients’ health conditions change independently of each other, we have for z; +x2 <

b2,

r14+xo+1lxi+xo+1—1
F'IU((L'I + 27 {172) = P(i7j|l'1, {L'Q) [Q%UJ(Z’]) + 26]17”1w(i + 17])
=0

<.
(=)

+2quprw(i,j + 1) + 13wl +2,5) + 2rprw(i + 1,5 +1) + phui, j +2)]

r1+z2+1l T +x2+1—10
Fw(‘rl + 1,1’2) = Z Z P(i7j|l'1,$2) [(J111)(l,]) + Tl’lU(’L. + 1).7) +p1’LU('L,] + 1)]
i=0 =0
r1+z2+1l 1 +x2+1—1

Tw(wy,xa) = Y Y. Pli,jlar, m)w(i, ).
i=0 j=0
Then, we have

DiyTw(xy,ze) = Tw(xy 4+ 2,29) — 2Tw(zy + 1,22) + Tw(zy, 22)
r1+xot+lxit+xo+1—1

= > Y Plijlr,w)gn (i),
i=0 j=0

where

g11(i,j) = [(Tl + p1)2w(i, §) — 2r1(r1 + p1)w(i + 1, 5) — 2p1 (r1 + p1)w(i, j + 1)
r2w(i +2,5) + 2mprw(i + 1,5 + 1) + pPw(i, j + 2)}

= riDuw(i,§) + 2prr1 Diaw(i, ) + piDagw(i, §).
Similarly, we have

DooTw(xy,29) = Tw(xy,za+2) — 2Tw(xy, 29 + 1) + Tw(zq, 22)
zr1+ro+lzit+xo+1—1

= Z Z P(i,j|$1,$2)922(i,j)
=0 j=0

DioTw(zy,xe) = Tw(xr + 1,204+ 1) —Tw(zy + 1,22) — Tw(z1, 22 + 1) + Tw(z1, 22)
zr1+ro+lxi+xo+1—1

Z Z P(i,j|w1, 22)912(1, 5),
i=0 =0
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where

922(i,7) = @ED1w(i,j) + 2gara Diow(i, §) + 73 Dagw(i, §),

g12(4,7) = migDuiw(i, j) + (rir2 + pi1ga) Diow(i, §) + piraDasw(i, 7).

Since Dy1w(%,j) > 0, Digw(i,j) > 0, Dagw(i,j) > 0 for i + j < b — 1, we can conclude that g11(4,j) >

0, g22(i,7) >0, g12(i,7) > 0 for all 4, j such that i + j <z +x2+ 1 < b — 1, and consequently,
D T'w(wy,x2) > 0, Dogl'w(xy, x2) > 0, DioT'w(xy, 22) > 0.

Proof of (B.12):

Conditioning on the event that state (z1,x2) transitions to (i1, 42) and state (y1,y2) transitions to (j1, j2),

we can write, for 1 +zo <b—2and y; +y2 <b—2,

DyTw(zy, w2) DooTw(y1, y2) + DuTw(yr, y2) Dool'w (21, 2) — 2D 12T w (21, 22) DiaTw(y, y2)
zi+xo+lai+ao+1—iy y1+y2+1y1+y2+1—71

= Z Z Z Z P(iy,iz]x1, 22) P(j1, j2ly1,y2)g(i1, 92, j1, j2),

i1=0 i2=0 j1=0 j2=0
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where

g(i1, 12,91, 32) = g11(i1,92)922(J1, 52) + 911 (41, J2)gaa (i1, 92) — 2g12(41,92)912(j1, 52)

Z[T%Duw(ihlé) + 2p1r1Digw(iy, iz) +p§D22w(i1,i2)}
X [Q§D11w(j17j2) + 2¢or2 D1ow(j1, j2) + T§D22w(j17j2)}
+[q§D11w(i1,i2) + 2gor2 D1ow(iy, i) + 13 Dasw(ix, lz)}
X [T%an(jhjz) + 2p1r1Digw(j1, j2) +p%D22w(j1,j2)}
—2[7"1(]2D11w(i17i2) + (1172 + p1g2) D12w(iy, i2) +p1r2D22w(i17i2)}
X [ﬁganw(jth) + (r1r2 + p1g2) D12w(j1, j2) +P1T2D22w(j17j2)]
=Dyw(iy, 22){ [rig5 D1iw(ji, j2) + 2r3 qeraDisw(jy, j2) + rirs Dasw(j1, j2)]
2.2 . . 2 . . 2 92 . .
+ [@3r D1iw(j1, j2) + 2¢371p1 D12w (1, j2) + 4307 Daow(ji, j2)]
— [2r1gar1g2 Diiw(j1, jo) + 2r1G2(r1r2 + p1g2) Diaw(j1, j2) + 2r1gepira Dasw(j1, jo )] }
+Doow (i, 12){ [pia3 Di1w(ji, j2) + 2pTgora Disw(ji, j2) + pirs Dasw(j1, o))
2 9 .. 2 .. 2 92 ..
+ [r3riDiiw(ji, j2) + 2r3ripy Disw(ji, j2) + 37 Daow(j1, j2)|
— 2p1rerigeDiiw(j1, j2) + 2p1re(rire + p1g2) Diow(j1, j2) + 2p1rapira Dasw(ji, j2)) }
+D1pw(i1, 12){ [2r1p1g3 D11w(j1, j2) + 4riprgaraDiaw(jir, j2) + 2r1p1r3 Dosw (1, o) |
2 . . . . 2 . .
+ [QQQT2T1D11U}(]1»]2) + 4qarorip1 Digw(j1, j2) + 26]27“2291D22U/(j17]2)]
— [2(r1ir2 + p1g2)r1gaD11w(j1, J2) + 2(r172 + prge) > Dizw(j1, j2)
+ 2(r17r2 + p1g2)p1r2Dasw(j1, )] }

=(r1r9 — P1g2)? [D11w(i1,i2)D22w(j1,j2) + Dy1w(j1, j2) Daow(iy, iz)

—2Dpw(i1, i2)D12w(j17j2)] .

Since Diyw(iy, i2) Dagw(j1, j2) + Diiw(j1, jo) Daaw(i, iz) — 2D12w(i1, i) D12w(j1, j2) > 0 for any iy + i <

b—1and j; + jo <b—1, we can conclude that g1 (i1, 42, J1,j2) > 0 and consequently,

Dy Tw(zy, x2) DoalT'w(y1, y2) + DunTw(yr, y2) Daol'w (21, 72)
— 2DoT'w(z1, 22) D1oTw(y1, y2) > 0

Proof of (B.13)):
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Conditioning on the event that state (x1,x2) transitions to (i1,i2), we can write, for 1 + 29 < b — 2,

Dllfw(acl,xg) + DQQF’w(I'l,IEQ) — 2D12Fw(x1,z2)

T1+x2+1lx1+x2+1—11

— Z Z P(iy,ia|w1, 22) f (i1, 92),

i1=0 i2=0

where, for i1 +io < a1+ 22 +1<b—1,

fli1,i2) = g11(i1,92) + g22(i1, 12) — 2912(i1, i2)

= (r1— )’ Dniw(i1,iz) +2(r1 — ¢2)(p1 — r2) D12w(i1, i2) + (p1 — 72)* Dosw(iy, i2).
Since Condition 2 holds for w, we have for i1 +1is < b—1,

Duw(il, iQ)DgQw(il, ig) =+ an(il, 7;2)D227,U(Z.1, ig) — 2D12w(i1, iQ)D12w(i1, ig) Z 0

= D12w(i1,i2) < \/Dllw(il,iQ)DQQW(il,iQ).
Then, if (r1 — g2)(p1 — r2) < 0, we have

f(i1,i2) >(r1 — g2)*Driw(in, iz)

+ (p1 — r2)? Dosw(iy, i2) + 2(r1 — g2)(p1 — r2)y/D11w(iy, iz) Dasw(iy, iz)

2
=[(r1 — @) VDuwin.iz) + (1 — r2)VDogulin,iz) | 2 0.

On the other hand, if (r; —g2)(p1—7r2) > 0, then since D11w(i1,42), Dagw(iy, i), D1ow(i1, ia) for iq+ia < b—1

are nonnegative (from Condition 1), we have
fliryiz) = (11— g2)?Duyw(in,ia) + 2(r1 — g2)(p1 — 72) Diow(in, i) + (p1 — 72)> Dagw(in, iz) > 0.
Thus, f(i1,i2) > 0 for all i; + i3 < b — 1, and we can conclude that
Dy Tw(xy, x3) + DaoTw(xy, 29) — 2D1oTw(xy, 22) > 0
Proof of Lemma [B.5(ii):
We have already established in Lemma[B.4] that Tw € V,, then, we only need to show that Conditions 1

to 3 given in Deﬁnitionhold for Tw. We first establish the expressions for D11 Tw(x1,x2), DioTw(z1, 22),
and DyoTw(x1, o) for the four different cases descried in Definition
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Case 1: When z1 + 22 +2 < b, Tw(i,j) = algii + Tw(i, )] for all (i,7) € {(x1,22), (x1+1,22), (z1,22 +
1), (z1 4 2,22), (x1+ 1,22+ 1), (21,22 +2)}. Hence,

Dy Tw(zy,me) = Tw(xy +2,22) — 2Tw(zy + 1,22) + Tw(z1, T2),

= a[lw(xz + 2,22) — 2T'w(zry + 1,22) + Tw(z1, 22)] = aDTw(zy, x2).

Similarly, DosTw(x1,x2) = aDooT'w(x1,22) and DisTw(x1, x2) = aDiaTw(zy, x2).
Case 2: For x1 + 29 = b—1 and 21 > 0,29 > 0, then Tw(i,j) = algi+Tw(i,j)] for all (i,5) €
{(56‘1,1‘2), (1’1 + 1,562), (581,1‘2 + 1)} Besides,

Tw(x; +2,22) = min {C? +algi(zr + 1)+ Tw(zy + 1, z9)],
§ +aln (o +2) + Twer + 2,22 - 1) |,
Tw(x; +1,29+1) = min {C? + oz + Tw(xy, z2 + 1)),
& +alp(r+1) +Tw +1,22)] },
Tw(zy,22+2) = min{cf—l—oz[ql(xl — 1) +Tw(x; — 1,29 + 2)],

§ + gy + Tw(zy, zo + 1)] }
Then we have,

Dy1Tw(x1,x9) =min {c? —alq + DiTw(zy, 22)],

¢§ — aDoTw(zy, z2) + a[ATw(z, + 1,20 — 1) — ATw (21, 29)] },
DiyTw(x1,x9) =min {c? —alq + DiTw(zy, 22)], 62G — aDgl"w(thg)},
DoyTw(x1,x9) =min {c? —alqg + DiTw(zy,22)] + a [ATw(zq, 22) — ATw(z; — 1,29 + 1)],

c§ — aDyTw(zy, ;vg)}

Case 3: For x1 = b— 1 and z5 = 0, the only difference from Case 2 is the expression for Tw(z; + 2, x2).
Then, D1oTw(x1, x2) and DosTw(x1,22) are the same. From Deﬁnition Tw(xy+2,29) = c§ +alq (z+
1) + Tw(xy 4+ 1,22)]. Then,

D1 Tw(xy,x2) = cf —afq + DiTw(xy,x2)].
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Case 4: For x1 = 0 and x5 = b — 1, the only difference from Case 2 is the expression for Tw(z1,xo + 2).
Then, D11Tw(z1,x2) and DioTw(x1, x2) are the same. From Deﬁnition Tw(xy,z2+2) = c§ +algpr +

F'w(zxy, 2 + 1)]. Then,
DosTw(zy,x2) = cg —aDsTw(xy, x2).

Proof of Condition 1:
For x1 + 29 <b—2, D11Tw(x1,22) > 0, DygTw(xy,22) > 0 and DisTw(x1,22) > 0 from (B.11)) as we

have established earlier in the proof of this lemma.

For 1 + 2o = b— 1 and w € V, from Definition we have w € V, and using Lemma a), we have
off —alg + DiTw(zy,25)] > 0, ¢§ — aDylw(wy,z5) > 0.

Then, we can conclude D11 Tw(z1,x2) > 0 for Case 3, DagTw(z1,22) > 0 for Case 4, and DioTw(z1,z2) > 0
for Cases 2, 3 and 4.

Furthermore, for any i + 5 < b — 2, we have

ATw(i +1,§) — ATw(i,j + 1)
=Tw(i+2,j) —Tw(i+1,j+1) —Tw@+1,j+ 1)+ Tw(i,j+2)

= Dil'w(i, j) + Daol'w(i, j) — 2D12Tw(i, j) > 0,

where the inequality follows from as we have established earlier in the proof of this lemma.

It then follows that for x1 +29 = b—1 and 1 > 0(Cases 2 and 3), ATw(x1, z2) — ATw(x; —1,204+1) > 0
and thus DogTw(x1,22) > 0, and for 21 + 9 = b — 1 and z2 > 0 (Cases 2 and 4), ATw(x; + 1,20 — 1) —
ATw(xq,22) > 0 and thus Dy Tw(x1,z2) > 0.

Hence, D11T(x1,22) > 0, DooT(x1,22) > 0, D12T(x1,22) > 0 for all four cases.

Proof of Condition 3: (We prove this condition first because it will be used in the proof of Condition 2). For

1+ 22 <b—2,

DllT"U.)(l’l, IQ) + DQQT’[U(IEl, :]52) — 2D12T’UJ(ZL‘1, (132)

== oz[Dan(xl,xg) + DQQFU}(Il,Ig) - 2D12Fw(x1, 1'2)] Z O7

where the inequality follows from (B.13)) as we have established earlier in the proof of this lemma.
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For 21 +xo = b — 1, ATw(zy + 1,29 — 1) — ATw(z1,22) > 0 if 29 > 0 and AT'w(z1,22) — AT'w(z1 —
1,29 +1) > 0 for 21 > 0 (as we have already established in the proof of Condition 1). From the expressions

of D11/ Tw(x1,x2), DosTw(x1,x2) and DisTw(x1,x2), we have

D1 Tw(z1,x2) > DigTw(x1,x2), DeTw(xr,x2) > DidTw(z, x2),

Then for x1 + 3 =b—1, D11Tw(x1,22) + DQQT’LU(Il, 1‘2) - 2D12Tw(x1,x2) > 0.

Hence, Condition 3 holds for all z; + x2 < b — 1.

Proof of Condition 2:

If 21 + 22 <b—2and y; +y2 < b— 2, then from Case 1,

D11 Tw(xy, x2) DooTw(yr, y2) + DuiTw(y1,y2) DeoTw(w1, v2) — 2D12Tw (w1, v2) D12Tw (Y1, y2)
:O[2 [anw(xl, asg)D22Fw(y1, yg) + DHI‘w(yl, yg)DQQFw(Il, 132) - 2D12Fw(x1, xg)Dlng(yl, yg)]

>0

)

where the inequality follows from (B.12)) as we have established earlier in the proof of this lemma.
If 1 + 2o = b— 1, then D11Tw(xy1,22) > DioTw(x1, x2) and DagTw(x1,x2) > D1oTw(x1, x2) from the

proof of Condition 3. Then for any y1 +y2 < b —1,

D1 Tw(z1, z2)DooTw(y1, y2) + DinTw(yi, y2) DeoTw(z1, x2) — 2D19Tw(x1, x2) D1iaTw(y1, y2)
>D1oTw(z1, x2)DooTw(y1, y2) + DiiTw(yi, y2) Di2Tw(z1, x2) — 2D19Tw(x1, x2) D1aTw(y1, y2)

=D1oTw(x1, x2) [DoaTw(y1, y2) + DiiTw(yr, y2) — 2D12Tw(yr, y2)] > 0,

where the last inequality holds since we have proved that Tw(y1, y2) satisfies Condition 3 for all y; +y2 < b—1.

If y1 + y2 = b — 1, then for any =1 + x2 < b — 1 we can similarly show

D1 Tw(zy, x2)DasTw(y1, y2) + DiiTw(yr, y2) Do Tw (1, z2)

— 2D 2Tw(z1, 22)D12Tw(y1, y2) > 0.

Hence, Condition 2 holds for all x1 + o < b—1and y; +y» < b— 1.
Thus, Tw € V.

Lemma B.6. Suppose that holds. Then,
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(a) the optimal value function v, € V, and

(b) forxi+ 2o <b—1 and x1 > 0, ATvy(x1,22) > ATv (21 — 1,20 + 1).

Proof of Lemma [B.6 (a) The proof is based on Theorem 11.5 of (Porteus|[2002)), which requires the
existence of three conditions for the optimality of structured policies.
(i) Completeness.
Define the distance of two functions u,v in ¥V by

p(u,v) = sup |u(s) — v(s)| for u,v € V.
s€ES

We need to show that (p,V) is complete (see, e.g., (Porteus|2002) for a definition). Specifically, we
need to show that for any Cauchy sequence {v,,n > 0} in V, there must exist v € V such that
limy, 00 p(V,v) = 0.

First we show that any Cauchy sequence in V is convergent. Let V = R(®+2)x(+2) he a b+ 2 by b+ 2
dimensional real vector space. Then, ¥V C V, and hence for any Cauchy sequence {v,,n =1,2,...} in
V, is also a Cauchy sequence in V. It is known that V is complete, thus, {v,,n = 1,2,...} has a limit
in V| i.e., there exists v € V such that lim,, o p(vn,v) = 0.

Next we show that the limit v € V. Now, for any sequence of value functions {v, : v, € V,n =1,2,...},

we know that

c1 < Dyvg (1, 29) < ¢F, ca < Davp (w1, 22) < 5 for zy + x9 < b,

D1yvn(x1,22) > 0, Dogvy(x1,22) > 0, and Digv,(z1,22) >0 for 21 +2 <b—1,

Dllvn(xla !Cz)D22’Un(y1, yz) + Dllvn(yl, y2)D22'Un(931, SUQ)

—2D12vn (21, 22) D12vn (y1,92) > 0, for 1 + 29 <b—1land y; +y2 <b—1,

Dyyvp (21, 22) + Dagvn (21, x2) — 2D12v, (21, 22) > 0 for 1 + 22 < b— 1.

Suppose that v ¢ V. Then, it must be the case that at least one of the inequalities above, which define
the set V does not hold for sufficiently large n.This is a contradiction to the fact that v, € V. Thus,

(p, V) is complete.

(ii) Attainment. For any w € V, we must show that there exists a decision rule that can attain the
minimum. Define a decision rule 4, which in state (z1,22) € S, does not discharge any patient if

x1 + xo < b, discharges a stage 1 patient if x1 = b+ 1, x5 = 0, discharges a stage 2 patient at state x; =
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G G
0,22 = b+ 1, and otherwise discharges a stage 1 patient if Tw(z1 — 1, 29) —Tw(z1, 22— 1) < % —q,
and discharges a stage 2 otherwise. Then, according to the optimality equations (3.11)), d is optimal.
(iii) Preservation. This follows immediately from Lemma

Then, from Theorem 11.5 of (Porteus|2002), we can conclude that the optimal value function v, € V.

(b) It follows from Lemma[B.5] (i) that T'vy (21, 22) satisfies (B.13)), i.e., for any i + j < b — 2,
D11Tva (i, j) + Daol'va (i, j) — 2D 12104 (4, 5) > 0.
Then, for any z1 + 22 < b—1 and z1 > 0,

AT, (21, 22) — ATve(x1 — 1,29 + 1)
= Twog(x1+1,22) — Twg(z1, 20 + 1) = Twg (21,22 + 1) + Tog (21 — 1, 29 + 2)

= Dulva(z1 — 1,22) + DaoT'va (1 — 1, 22) — 2D12Tv0 (21 — 1,22) > 0,

O

Proof of Proposition[3.3: Define function d,(i) = ATwv,(i,n —4) for 1 < i < n < b—1. Then, from
Lemma (b), we have 6,,(i) > 6,,(¢ — 1). Thus, for fixed n, d,,(¢) is non-decreasing in i for 1 < i < n.

From the optimality equations and Definition for z1 + 29 = b+ 1 and 27 > 0,25 > 0,
a*(z1,22) = (1,0) if and only if

§ +alg(zr — 1) +Toa(zr — 1,22)] < ¢§ + a[qizr + Tva(zr, 22 — 1)),

which can equivalently be written as

oG _ G
517_1(1‘1 — 1) > % —q1- (B14)

G_ G
€1 —Co

First, suppose that there exists x; € [1,b] such that §,_1(z1 — 1) > — q1, and let
e
xh —min{xl c1<ax <band §_y(z; — 1) > —=% ql},
a

G G
Then, since 8,(i) is non-decreasing in i, we have §_q(z1 — 1) > 9= — ¢ for all ; € [z*,b], and
G G
Op—1(z1 — 1) < S=2 — ¢ for all z; € [1,2*). Thus, we have a},(x1,22) = (1,0) for 21 + 2 = b+ 1 and

x1 > 2%, and a (z1,22) = (0,1) for 1 + zo = b+ 1 and z1 < z*.
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Now suppose that 6,—1(z1 — 1) < # —q for all z1 + 20 = b+ 1 and z1 > 0,25 > 0, then let

x¥ = b+ 1 and the result follows.

L]
B.2.3 Proof of Proposition
Definition B.6. Define an operator F' on w by
Fw(i,j) = (r1—q2)D1w(i,j) + (p1 — r2)Daw(i, j).
Definition B.7. Let V; be a set of functions such that if w € V;, then w € V and
Condition 4: Aw(x1,z2) = w(xy + 1,22) — w(zy, 22 + 1) > c? — cg, for x1 + 2o < b,
iy of —cf
Condition 5: Fw(x1,xs) > — qo, for x1 + 29 <.
Lemma B.7. If and hold, then for any function w € Vi,
(a) ATw(zy,x2) > c?;cé; —q1, for all z1 + 15 <b—1.
(b) Tw e V.
(c) vo € V5.
Proof of Lemma [B.7: From (3.4), we can show that (3.17) is equivalent to
cr—ca>cf —c§, q < pa. (B.15)

(a) By conditioning on how x; stage 1 patients and x5 stage 2 patients evolve, we have for 1 +zo < b—1,

r1+z2+1lz1+xo+1—1 G _ CG

.. .. C
ATw(zy,z2) = Y. > PG jlay, ) Fuli, j) > = - 2
i=0 j=0

—dq1,

where the inequality follows from Condition 5 for w € V; and i+ j <x; + 21 +1<b.

(b) To show Tw € Vy, we need to show Conditions 4 and 5 hold for Tw since we have already shown Tw € V

for w e V.
We first establish the expression of A [T'w(3, j)] for the four difference cases described in Definition
Case 1: If 1 + x5 < b— 1, we have,

AfTw(i,j)] = alg + ATw(zy, z2)].
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Case 2: If 1 +x9 = b and 1 > 0,29 > 0, then from part (a) we have

T —C

ATw(zy,22 — 1) =Tw(x; + 1,29 — 1) — Tw(zy, 22) > - q,
which is equivalent to
&+ alpz +Twz, )] < § +afg(z +1) + Twlz, + 1,20 — 1)].

Then,

Tw(xy +1,22) = min {C? +aqz +Tw(z, x2)],
of +aln(@r+1) + Tw(e + Lzz 1)) }

& + oz +Tw(zy, )] = § + Tw(zy, z2),

and thus Dy [Tw(xy,z2)] = Tw(z; + 1,22) — Tw(zy, 12) = §.

Similarly, from part (a) we have

off = f
ATw(zy — 1,x0) = Tw(wy, 22) — Tw(xy — 1,290 + 1) >

— 41,
which is equivalent to

& +alp(r —1) +Tw — 1,z +1)] < & + afpz + Tw(z,z)].
Then,

Tw(z1,z2+1) = min {cf +afqp(ry —1) +Tw(zy — 1,29 + 1)],
&§ + aqa + Tw(zy, )] }
= C?+04[Q1(931 — 1)+ Tw(xy — 1,29 + 1)]

= of +Tw(wr — 12 +1),
and thus Dy [Tw(x1,z2)] = Tw(zy, 79 + 1) — Tw(z1, 72) = § — A[Tw(z; — 1,73)]. Hence,

A [T’LU(.Tl,’IQ)] = D1 [TU)(Il,ZL'Q)] - D2 [Tw(l‘l,l'g)] =A [Tw(xl - 1,‘%2)} . (BIG)
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Case 3: If x1 = b and xo = 0, then Tw(z1,z2 + 1) and Tw(z1,x2) have the same expressions as in

Case 2 and thus Dy [Tw(z1,72)] = ¢ — A[Tw(z; — 1, 23)], and

Tw(xy +1,29) = C? + algrzy + Tw(xy, x2)] = C? — A[Tw(xy,x2)],

and thus Dy [Tw(xy,z2)] = c¢§. Then,

ATw(xy, z2)] = A[Tw(xzy — 1, 29)].

Case 4: If x1 = 0 and 2o = b, then Tw(z; + 1,22) and Tw(z1,x2) have the same expressions as in

Case 2 and thus Dy [Tw(x1,29)] = ¢f, and
Tw(wy, w2 +1) = ¢§ + aqi(@1 +1) + Pw(zr, 25)]
and thus Dy [Tw(z1,22)] = ¢§. Then,

A [Tw(zy,z9)] = & — 5.

Proof of Condition 4:

Case 1: If 71 + 22 < b— 1, we have ATw(i,j) = a[g + ATw(x1,22)] > ¢ — c§, where the inequality

follows from part (a).

Case 2 and 3: If 1 + 2 = b and x; > 0, we have,
ATw(zy, x)] = ATw(z, — 1,29)] > § — 5,

where the inequality follows from Case 1.
Case 4: If 11 = 0 and 29 = b, then ATw(x1,29) = ¢ — 5.
Thus, ATw(z1,29) > ¢ — c§ for all 21 + x5 < b.

Proof of Condition 5:
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(i) If 71 > go, then for i 4+ j < b,

FlTw(i,j)] = (r1—q)Di[Tw(i, j)] + (p1 — r2) Do[Tw(i, )]
= (11— q2)ATw(i, j)] + (p2 — q1) D2[Tw(i, j)]
> (r—q)(cf —§)+ (p2 — q1)ez

G G

= (f =)= (p1+a+a)(f —c§)+ 22— q)e

> (¢f =)= (m+a+a)c—c)+ (p2—aq)e

= (¢f =¢§) = (1 —c2) + (rn — q2)er + (p1 — r2)ea
G _ .G
€1 — G G G 1 €1 — C2
= cf —c¢ l1——| —(a—c —
o + (c1 2)[ a} (c1—c2) + o Q1
G _ .G G _ .G
€1 — 6 1 [ ¢ _ G ] cf — G
= — 1——]|(cf —¢c5)—(c1—c2)| > -
e i [ ) -] 2 S

where the first inequality follows from ATw(i,j) > ¢ — ¢§ which we established earlier, and

DyTw(i,j) > co since Tw € V,, and the second inequality follows from (B.15)). Hence, F[Tw(i, )] >

G G
€1 —C

T TN
(ii) If r1 < go, since g1 < po from (B.17), we have p; > ry using the fact that p1+¢1+7r1 = pa+ga+r2 = 1.

Then, p1gs > rirs. Next we consider four different cases as before.

Case 1: If x1 + x5 <b—1,

FTw(z1,22)] = (r1 —q)DiTw(z,x2) + (p1 — r2)DoeTw(z1, x2)
r1+zo+1z1+x2+1—1

Z Z P(Z,j|$1,I2)H(Z,]),
i=0 7=0

where

H(i,j) = (r1 — q2)a [q1 + r1D1w(i, j) + p1Daw(i, j))

+ (p1 — r2)e [geDyw(i, j) + roDow(i, j)] -
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We have,

H{(i, j)

=(r1 — q2) [q1 + 1 Dyw(i, §) + p1 Dow(i, 5)]
+ (1 — 72) [2D1w(i, j) + r2Daw(i, j)]
=—qu(r2 +q2) + (r1 +72) [0 + (11 = q2) D1w(i, ) + (p1 — r2) Daw(i, j)]
+ (p1g2 — rir2) [D1w(i, j) — Daw(i, j)]

=—qi(ra+q2) + (r1 +7r2)[qn + Fw(i, §)] + (p1gz — rir2) Aw(i, j)

C?*‘g G G
> —qi(r2 +q2) + (r1 +12) e + (p1g2 — r172) (el — ¢3),

where the inequality follows from Conditions 4 and 5 for w € V. Then,

aH(i,j) = [¢f — 5 —aq]
2 2 G _ G
> aqi(1—alrs+ )| + [a®(r +72) + a2 (prga — mir) = 1) (e — o)
= aq(l—ars—ag) — [1 —a(ry +12) + ariry — a2p1q2] (c? — cg)
= aq(l—ars—agq) — [(1 —ary)(1 —arg) — a2p1q2] (c? — cg)

= [(1 —ar)(1—ary) — a2p1<12] [ aqi(l —ars —ago) - (c? - 620)]

(1 —ar)(1 —arg) — a?piga
= [(1 —ary)(l —ary) — azplqg] [(cl —ca) — (clc — ch)] >0,

since (1—ary)(1—ary))—a?pi1q2 = (1—a+aq+ap;)(1—a+apa+ag)—apiga > 0and ¢; —co > cf —c§.

G G
Hence, H (i, j) > 42 — ¢ and

r14xo+1l T +x0+1—1 G G
F[T’w(ml’x2)] = P<Z7.7|m17m2)H<Za.7) >

s
I
o
<.
Il
<
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Cases 2 and 3: If 21 + 12 = b and z; > 0, we have Di[Tw(x1,22)] = ¢f and Do[Tw(x1,22)] =

¢ — A[Tw(zy — 1,25)], and hence,

FlTw(zy,z2)] = (r1— q2)Di[Tw(@y, 2)] + (p1 — r2) Do[Tw (w1, 22)]
= (r—@)ef + (p1 —r2)[ef — AlTw(z, — 1,25)]]
= (p2—aq)ef = (p1 = o) A[Tw(@y - 1,22)]
> (P2 — @) Di[Tw(zy — 1, 32)] — (p1 — r2) A[Tw(zy — 1,22)]

= (7“1 — qg)Dl[Tw(ml — 1,$2)] + (p1 — T2)D2[TUJ(J?1 —1, 33‘2)}
= Fl[Tw(zy —1,22)] > o —cf

— q1,

where the last inequality follows from Case 1.

Case 4: If z; = 0 and x3 = b, we have D;[Tw(zy,12)] = ¢ and Do[Tw(z1,x2)] = ¢§, and then,

FlTw(zi,22)] = (r1—q2)D1Tw(z1,72) + (p1 — 72)DaTw(z1, 22)

= (rn—@)c§ + (p1—r2)c§ = (r2 —p1)(cf —¢§) + (p2 — @1)cf
lele.

C1 — C Ci — C

1 2—(]1> 1 2

Y

(ro —p1)(c1 —c2) + (p2 —q1)er = —q1,

where the first inequality follows from 75 — p1 < 0, ¢; — 2 > ¢ —c§, po —q1 > 0 and ¢ > ¢;.

Thus, Conditions 4 and 5 hold for Tw, and hence Tw € V.

(¢) From Theorem 11.5 of (Porteus [2002), we need to verify three conditions:
(i) Completeness. The proof is very similar to that of Lemma and thus is skipped.

(ii) Attainment. For any function w € Vi, we define a decision rule, which in state (z1, z2), discharges
no patient when 1 4+ xo < b, discharges a stage 2 patient when z; = 0,z2 = b+ 1 and discharges a stage

1 patient when x; + 22 = b+ 1 and z; > 0. This rule attains the minimum of w = Tw from (B.15]).
(iii) Preservation. This follows immediately from part (b).

Then, from Theorem 11.5 of (Porteus|[2002), we can conclude that the optimal value function v, € V;.
O

Definition B.8. Let Vs, be a set of functions such that if w € Vs, then w € V and

Condition 6: Aw(x1,x2) = w(zy + 1,20) — w(xy, 29 +1) < § — for z1 + 22 <,

—q2 for 1 + 22 < b.
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Lemma B.8. If (3.10) and hold, then for any function w € Vs,

(a) ATw(z1,x2) < of —cf —q1, forall z1 + 12 < b—1.

(e

(b) Tw € Vs.

(¢) Vo € Va.

Proof of Lemma [B.§: From (3.4), we can show that (3.18) is equivalent to
c1 —cg < C? - 057 qQ 2 p2- (B.17)

(a) By conditioning on how x; stage 1 patients and x5 stage 2 patients evolve, we have for x1 +zo < b—1,

zr1+ro+lxit+xo+1—1 G _ CG

.. .. C
ATw(zq,22) = Z Z P(i, jlay, xo) Fw(i, j) < ! o 2
i=0 j=0

- q1,

where the inequality follows since we know that Condition 7 holds for w € Vs.

(b) To show Tw € Vs, it is sufficient to show Conditions 6 and 7 hold for Tw since we have already shown
Tw eV forweV.
We first establish the expression of A [Tw(z1, x2)] for the four different cases described in Definition 3.2}
Case 1: If z1 + x5 < b— 1, we have, ATw(i,j) = alq1 + ATw(xy, z2)].

Case 2: If 1 +x2 = b and 21 > 0,22 > 0, then from part (a) we have

G G
ATw(zy, 20 — 1) =Tw(zy + 1,22 — 1) — Tw(xy,22) < a9

- 41,
which is equivalent to

& +alqa +Tw(ry,z)] > ¢ + algi(zr + 1) + Tw(e + 1,2y — 1)].
Then,

Tw(xy +1,22) = min {c?v + a[qzr + Tw(zy, x2)],
&S+ alq(zr+1) +Tw(z, + 1,25 —1)] }

= & +alp(z +1)+Tw(x + 1,25 — 1)]

§ + Tw(xy + 1,29 — 1),

and thus Dy [Tw(zy,72)] = Tw(xy + 1,23) — Tw(z1, 22) = ¢§ + A[Tw(xy, 29 — 1)].
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Similarly,

Tw(z1,22+1) = min {C? +afg(ry — 1)+ Tw(x; — 1,20 + 1)],
§ +olgrrs + Tw(er, )] }

= cg; +alqzy + Tw(zy, x2)] = 02G + Tw(xy,z2),

and thus Dy [Tw(xy,z2)] = Tw(zy, 79 + 1) — Tw(zy, 12) = 5.
Hence, ATw(x1,x2) = Dy [Tw(z1,22)] — Do [Tw(xy, 22)] = ATw(z1, 22 — 1).

Case 3: If x1 = b and x5 = 0, then Tw(z1,22 + 1) and Tw(x1,22) have the same expressions as in

Case 2 and thus Dy [Tw(x1,29)] = ¢§, and
Tw(zy + 1,29) = clg + gz + Tw(zy, z2)] = c? + T(x1,x2),

and thus Dy [Tw(xy,z2)] = ¢§. Then, ATw(x1,22) = ¢ — ¢S

Case 4: If 1 =0 and x5 = b, then from Deﬁnition Tw(z, + 1,22) and Tw(zq, 22) have the same

expressions as in Case 2 and thus D; [Tw(x1,z2)] = ¢§ + A [Tw(z1, 79 — 1)] and
Tw(zy, 29 + 1) = 5 + a gz + Tw(zy, x2)] = 5 + Tw(zy, 2).

Then, Dy [Tw(zy,x2)] = c§. Hence, ATw(z1,22) = A [Tw(zy, 2 — 1)].

Proof of Condition 6:

We consider four different cases as before.

Case 1: If 1 + x5 < b— 1, we have, ATw(i, j) = afq + ATw(xy, z2)] < ¢ — c§, where the inequality

follows from part (a).

Cases 2 and 4: If 1+ zo = b and 25 > 0, then ATw(z1,22) = A [Tw(w1, 22 — 1)] < ¢ — c§, where

the inequality follows from Case 1.
Case 3: If z; = b and x5 = 0, then ATw(x1,22) = ¢ — c§'.
Thus, Condition 6 holds for Tw.

Proof of Condition 7:
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(i) If pr <o,

FlTw(i, )] =(p2 = ¢1) Di[Tw(i, j)] = (pr = r2) A[Tw(i, 5)]

<(p2 —q1)e1 — (p1 — 7"2)(0%: - Cg)
=(cf = c§) = (p1 + P2+ @) (f = §) + (P2 — @1)en
<(ef —c§) = (pr+p2+@)(c1 —c2) + (p2 — q1)en
=(cf —c§) = (c1 — c2) + (p1 —T2)e2 + (11 — @2)ca
G _ G
1 — G G G 1 €1 —C2
T e —_ 1 _—— —_ _ —
L - i3] @ ”
G _ .G
cf —c5 1 [ G c }
p— _— 1 _—— p— J— —
o q1 + [ a] (ci' —¢3) — (e1 — ca)
<c§ —c§

— 41,

where the first inequality follows from ATw(z1,79) < ¢ — &, (i.e., that Condition 6 holds for Tw, as

we established earlier), DiTw(z1,22) > ¢ since Tw € V,, and ps — ¢1 < 0 from (B.17). The second

inequality follows from (c{' — ¢§) — (c1 —¢2) > 0and 1 — 1 <.

(ii) If p1 > 7o and since ¢1 > py from (B.17)), we have 1 < ¢o using the fact that p1 + ¢1 + 1 =
p2 + g2 + 12 = 1. Then, p1g2 > ri7a.
Case 1: If z1 + 2o <b-—1,

FlTw(zy,z2)] (11— @2) D1Tw(wy, x2) + (p1 — r2) DaTw(w1, 22)

r1t+xo+lxi+ao+1—1

Z Z P(’L7]|x17$2)H(Z7])7
i=0 7=0

where

H(i,j) = (r1 — @2)a[q1 + riDrw(i, §) + p1Dow(i, 7))

+ (p1 — r2)a[geDrw(i, j) + reDaw(i, 5)] -
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H{(i, j)

=(r1 = @2) o + r1D1w(i, j) + prDaw(i, )] + (p1 — r2) [g2D1w(i, ) + r2 Daw(i, j)]
=—qu(r2+q) + (r1 +72) [ + (11 — g2) Drw(i, ) + (p1 — r2) Dow(i, 5)]

+ (p1g2 — rar2) [Dyw(i, j) — Daw(i, j)]
=—qu(r2 + q2) + (r +r2)[q + Fw(i, j)] + (praz — rir2) Aw(i, j)

of —cf G _ G
<—q(ra+g2) + (r1 +12) B + (p1g2 — rir2) (e — ¢3'),
where the inequality follows from the fact that Conditions 6 and 7 hold for w € V5. Then,

aH (i, j) — [ - Cg; - CVC]J
< aq |(1—afry + QQ)} + [04(7“1 +72) + a?(p1ga — r172) — 1} (=)

= aql(l —Qarg — aq2) [1 — 04(7”1 + 7“2) + 0427“17”2 - oz2p1q2] (Cf — Cy )
(

G
= aq(l—ars—agq) — [(1 —ary)(1 —arg) — oz2p1q2] (cf — c?)
aq (1 — argy — ago) ¢ C
= [a- 1-— —a? — (] —
(1= ar)(1 = arg) — a®pr1gs] [(1 o) (o) — a2 (c§ —c§)

= [@—ar)(l—ar) —a®piga] [(e1 — c2) — (cf — )] <0,

since (1—ary)(1—ary))—a?pi1q2 = (1—a+aqi+ap;)(1—a+apa+ag)—a?piga > 0and ¢; —cy < cf —c§'.
G G
Hence, H(i,j) < =2 — ¢, and

r1+zo+1lzi+zo+1—10 CG _ CG
FlTw(z,22)] = P(i, jlay, x2)H (i, j) < +—2

<
I
<
<.
I
<

Cases 2 and 4: If z1 + x5 = b and x5 > 0, we have, Di[Tw(z1,22)] = c§ + A[Tw(xy,z2 — 1)] and

Ds[Tw(xy,z2)] = 5, and hence,

FlTw(zy,z2)] = (11— q2)Di[Tw(zy, 32)] + (p1 — r2) Do[Tw(x1, 22)]
= (rn—q)[&§ +AlTw(zy,z2 — V)] + (p1 —r2)c§
= (r—@)ATw(rs,z2 = )]+ (p2 — ¢1)e§
< (n = @)A[Tw(ry, 22 = 1] + (p2 = q1) D2[Tw(wy, 25 — 1)]

= (r—q2)D1[Tw(z1, 22 — 1)] + (p1 — r2) Da[Tw (w1, w2 — 1)]

cf —c§

= F[T’w(ml, XTo — 1)] < 2 — q1,

where the first inequality follows from Do[Tw(z1, 22 — 1)] < ¢§ since Tw € V, and q; > po, and the

second inequality follows from Case 1.
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Case 3: If v1 = b and z3 = 0, we have D;[Tw(x1,22)] = ¢ and Do[Tw(z1,22)] = ¢§. Then,

FlTw(zy,22)] = (r1—q2)DiTw(zy,x2) + (p1 — r2) D2Tw(wy, 22)

= (rn—aq)ef +(p1—r2)c§ = (ra —p1)(cf = ¢§) + (p2 — q)cf
¢ _ G

C1 — C2 Ci — C

T 2

< (re—p)(ar—c2)+(p2—q1)er = - qi,

where the first inequality follows from ro —p; <0, ¢§' —c§ > ¢; —ca, p2 — q1 <0, and c§ > ¢;.

Thus, Conditions 6 and 7 hold for Tw, and hence Tw € Vs.

From Theorem 11.5 of 2002), we need to verify three conditions:

(i) Completeness. The proof is very similar to that of Lemma and thus is skipped.

(ii) Attainment. For any function w € Vs, we define a decision rule, which, in state (z1,z2), discharges
no patient if x; + xo < b, discharges a stage 1 patient if x1 = b+ 1,25 = 0, and discharges a stage 2

patient if 1 + 2 = b+ 1 and z2 > 0. This rule attains the minimum in 7w from Definition [3.2]
(iii) Preservation. This follows immediately from part (b).

Then, from Theorem 11.5 of (Porteus [2002), we can conclude that the optimal value function v, € Vs.

O

Proof of Proposition[3.4): (a) Suppose that (3.10) and (3.17) hold, then from Lemma ), Vo € V5.

It then follows from Lemma [B.7(a) that, for any z1 +z2 < b —1,

&~ §

Arva(l‘l,l‘g) > —q1.

(07

Hence, for all x1+x2 = b+1 and x1 > 0,22 > 0, we have 6, _1(z1—1) = ATvy (21 —1,b—21) > ef —cf —q1,

and thus af (21, z2) = (1,0) from (B.14).

Suppose that (3.10]) and (3.18) hold, then following Lemma ¢), the optimal value function v, € Vo
and then we have from Lemma a), for all x; + 29 <b—1

of —c§

AT'vg (21, 22) < —-q.

G G
Hence, for all z1+25 = b+1 and x; > 0,25 > 0, we have §,_1 (21 —1) = ATv,(z1—1,b—21) < & ;62 —q1,

and thus a}, (21, 22) = (0,1) from (B.14).
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B.2.4 Proof of Theorem (3.1

Lemma B.9. If 8; < BY for both i = 1,2, then there exists an ag € (0,1) such that holds for all

a € [ag, 1].

Proof of Lemma[B.9: Let fi(a) = a[qi+r1c§ +pi1c§]—cf and fo(e) = a(gecf +r2c§)—c§ for a € [0,1],
where c{' and c§ as expressed in (3.7) are continuous in a.. Then f;(a) and fa() are both continuous in a.

When a = 1, we have

G ar0f +df) G @ q§
1 — ’ ¥2 T .
s +afp§ +qFq§ pEps +afp§ +qfq§
Then,
A1) = g+ +pics - =a 1 —cf) —pi(cf —cF)
_ PPy ~ p1ai'ps __ppfp§ (B — BY)
pep§ +afpS +afdS  pSpS + s +afe§  pEp§ 4+ apS +af S’
and

f(1) = q@c§ +rac§ — 5 = qa(cf — ¢§) — pac§
0245 p§ p2afq§ @pfps (85 — Ba)

pEDS +afps +afaS  pEPS +afps +afes  pTpS +afps +afes
When o = 1, fi(a) and fa(a) are strictly negative since 3; < 8% for i = 1,2, and they are continuous
in «, then there must exist some a; € (0,1) and as € (0,1), such that fi(a) < 0 for all @ € [aq,1] and

f2(@) <0 for all a € [ag, 1]. Let ap = max{ay,as}. Then, if 3; < 8, (3.10) holds for all a € [, 1].
O

Proof of Theorem [3.1: The MDP model we introduced in Section has finite state space and every
stationary policy induces a unichain. Thus, we know from Proposition 6.4.1 of (Sennott|[1999) that J(i) = J

forie S.

Let ho(z1,72) = va(z1,22) — v4(0,0) for any (z1,22) € S. We have shown in Lemma [B.4{c) that

Div,(z1,22) < ciG. Then,

Il—l Ig—l

ha(z1,72) = Vo (21,22) — 12(0,0) = Y D1va(i,0)+ > Dava(x1, )
=0 =0

< xlcf + xgcg <+ 1)(cf + cg)
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It follows from Theorem 6.4.2 of 1999)) that

h(z1,22) = Hm ho(z1,22) = lm [ve(21,22) — v4(0,0)],

a—1- a—1-

where h(-) is the bias function as defined in (3.3). Using (3.9), the average cost optimality equation (|3.3)

can be rewritten as

h(zy,22) + 9= min {a1¢?+a2¢§+q1(:p1 —a1) + Th(x; —al,xg—ag)}. (B.18)
(a1,a2)€A(x1,22)

For z +y < b,

z+y+1xt+y+1—1:

Th - Hm hg (i, j
(2,9) Z Z PG, jl,y) lim ha(i,j)

w+y+1w+y+lz
_ I i
ainf— Z Z P(i, jla, y)hal(i, j)
w+y+1 z4y+1—i z+y+lat+y+l—i
- [T a3 S e
* i=0  j=0

= lim [_I‘va(x,y)—va(0,0)].

a—1—

Then, we have for x +y <b—1,

DiTh(z,y) = Th(z 4+ 1,y) — Th(z,y)

= lim [Tva(z+1,y) —va(0,0)] — lim [Twa(z,y) — va(0,0)]

a—1~ a—1—

= lim [Tva(z+1,y) —Tva(z,y)] = lim DiTv,(z,y),

a—1- a—1-

DoTh(z,y) = Th(z,y + 1) — Th(z,y)

= lim [Fva(x,y+ 1) ffva(x,y)] = lim Dol'v,(z,y),

a—1— a—1—

If (3.10) holds, then from (B.4)) and (B.5|), for any 2 +y <b—1,

¥ §
Dlrva(xay) < E — 41, D2FUa(x7y) < E
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Then, since 3; < B for both i = 1,2, we know from Lemma that there exists ag such that for
a € [ap, 1], (3.10) holds and thus for such « we have,

G
DiTh(z,y) = lim DiTvs(x,y) < lim a_ o =¢¢ —qi, (B.19)
a—1— a—1"
G
DoTh(z,y) = lim Dol'vg(z,y) < lim 2 _ oS . (B.20)
a—1— a—1"
where the last equalities follow from (3.1)), (3.7, and
lim c? = lim agi (1 — arg) = qr (p5 +45') = ¢?
a1 ot (L—arf)(1—ard) —a2pfef — pipd +afp§ +afed
lim ¢§ = lim i = aids = ¢
1" a1 (L—arf)(1 - ard) —a?pfef — py'p§ +at'pd + af ¢

If (a1, a2) and (a1 4+ 1,a2) are both feasible actions in state (z1,22), then (B.19) implies that

(a1 + 1)¢? + CL2¢§ + ql(xl —a; — 1) + Fh(xl —a; — 1,20 — ag)

> a1 + a99§ + q1(v1 — a1) + Th(zy — a1, 29 — a2),

which means the cost does not increase if we discharge a; +1 type 1 patients as opposed to a; type 1 patients.

Similarly, if (a1,a2) and (a1, az + 1) are both feasible actions in state (z1,x2), then (B.20) implies

CL1¢? + (CLQ + 1)¢§ + ql(xl — CL1) + Fh(l‘l —Qa1,T2 — a2 — 1)

> a10§ + a2¢§ + qi(x1 — ar) + Th(zy — a1, 29 — as),

which means that the cost does not increase if we discharge as 4+ 1 type 2 patients as opposed to as type 2
patients.

Hence, the result follows.

B.2.5 Proof of Theorem

From Theorem we know that there exists an optimal policy which is non-idling when g; < BZG . Thus,

we can restrict ourselves to the set of policies which are non-idling. Then, we can rewrite the optimality

equations (B.18) as
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(1) 1f$1+.’£2§b—1,

h(zi,22) +9 = qz1+Th(xg,22),
(ii) if z;y =b+ 1 and x5 =0,
h(z1,22)+9g = </>f +q (1 — 1)+ Th(zy — 1, 22),
(iii) if z¢; =0 and zo = b+ 1,
h(zy,22) +g = ¢S +qa1 +Th(wr,ze — 1),

(iv) if x1 + 29 =b+ 1 and 1 > 0,22 > 0,
h(zi,22) + g = min{d)? + qu(zy — 1) + Th(zy — Laz), ¢§ + quzy + Th(zy,z0 — 1)}

Let 0,(21) = ATh(z1,n — 1) for 0 < 23 < n < b— 1. Then, for state (2, x5) where z; + 25 = b+ 1 and

x1 > 0,29 > 0, we can conclude that a*(z1,22) = (1,0) if and only if
Sp_1(x1 —1) = ATh(x; — 1,29 — 1) = Th(zy, 20 — 1) — Th(z; — 1,22) > ¢§ — 0§ — ¢1. (B.21)
As in the proof of Theorem using Theorem 6.4.2 of (Sennott|1999) we can write, for z,y > 0,z4+y < b—1,

ATh(z,y) =Th(z + 1,y) — Th(z,y + 1)

= lim [Tva(z+1,y) —Tva(z,y+1)] = lim ATva(z,y),

a—1— a—1—

Since B; < Bf for i = 1,2, we know from Lemma that there exists ag < 1 such that (3.10)) holds for
a € [ag, 1]. As in the proof or Proposition we can also conclude from Lemma that forx +y <b—1

and z > 0, ATv,(z,y) > ATva(z — 1,y + 1) for a € [ap, 1]. Then, it follows that for n = z + y,
6n(z) = ATh(z,y) > ATh(z — 1,y + 1) = 0, (x — 1). (B.22)

Thus, for fixed n, 0, () is non-decreasing in z for 0 < x < n.
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First, suppose that there exists #1 € [1,b] such that 0;_1(z; — 1) = ATh(z; — 1,25 — 1) > ¢F — ¢S — qu,
and let

z* :min{x1:1 <z <band §_i(z; —1) >¢?7¢§7q1}.

Then, from (B.22), we have §,_ (21 — 1) > Cg;&? —qi for all z; € [2%,b], and §, 1 (1 — 1) < C?;Cg -¢
for all z; € [1,2%).

Thus, from we have a*(x1,22) = (1,0) for 21 + z2 = b+ 1 and 1 > z*, and a*(z1,22) = (0,1)
for x1 + 22 = b+ 1 and 21 < z*.

Now suppose that &,_1(z; — 1) = ATh(z; — 1,20 — 1) < ¢F — ¢§ — ¢y for all x1 + x93 = b+ 1 and

x1 > 0,29 > 0, then let z* = b+ 1 and the result follows.

B.2.6 Proof of Theorem

For fixed k € {1,2} and « € (0, 1), let

fk(a) = (CkG - ck) - (C:)C,;_k - C3_k) .

From 1) and 1 , cg, Cks cgi . and c3_, are all continuous functions of o, and when a = 1 by comparing
(3.7) and (3.16)) with (3.1)) and (3.2)) we have,

e} e} G G el
cp = OF, Ck = Qk, €3}, = P34y, C3k = O3 -

Then, fi.(a) is a continuous function of « € [0,1] and fi(1) = (¢ — or) — (651 — P3—k) -

If ¢ — o1 < 0§ 1 — P3—k, fk(l) is negative. Then, there must exist af € (0,1) such that for any
a € [ag,1], fk(a) is negative, which is equivalent to ¢{ — ¢, < cg_k — ¢3_, for such a. Furthermore,
according to Lemma if 8; < B¢ for i = 1,2, then there exists ag € (0,1) such that (3.10) holds for all
a € [ag, 1].

Let & = max{ag,)}. Then, if 8; < € and By < 8§ , and holds for k = 1, then and
hold for all « € [@, 1]. Then, for all z1, x5 such that 1 > 0, x5 > 0 and z1 + 22 = b+ 1,

G _ G
ATh(z1 — 1,as — 1) = lim ATva(z1 — 1,20 —1) > lim L2 — g = ¢ — 65 — ¢,
(0%

a—1- a—1-

G G
€1 —Co
a

where the inequality follows from AT'v, (21 — 1,29 — 1) > , which has been established in the proof of
Proposition (a). Hence, a*(x1,22) = (1,0) according to (B.21)) for all z1, x5 such that 21 > 0, 29 > 0

and 1 +xo = b+ 1.
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Similarly if f; < 8¢ and By < B, and (3.19) holds for k = 2, then (3.10) and (3.18) hold for all

a € [@,1]. Then, for all 1, 25 such that 1 > 0, 23 > 0 and z1 + 22 = b+ 1,

G G
ATh(zy — 1,ze — 1) = lim ATw,(x; — 1,29 — 1) < lim a -9 —q1:¢?—¢§—q1,
o

a—1— a—1—

G G
9 =%  which has been established in the proof of

where the inequality follows from AT'we (21 — 1,22 — 1) < 21—

Proposition (b). Hence, a*(z1,22) = (0,1) according to (B.21)) for all 1, zs such that x; > 0, o > 0
and 1 + 22 = b+ 1.
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APPENDIX C: PROOFS OF RESULTS IN CHAPTER 4

C.1 Proof of results in Section

Proof of Lemma[].7 Let P™ = [p;k] , where p;k is the probability that this customer will transit
; 9 ;

2x
from stage j to stage k under policy m;. Then,

pro _ bir P12 pr_ qi1 q12 and P™ — P11 P12

P21 P22 P21 P22 q21  g22

Then, r™ can be obtained by solving the following linear equations, which come from the first step analysis:

P1oT1 .
= —piori€i | +aP™r™,

P2072

T

which gives us (I is a 2 x 2 identity matrix)

. - PioT
™= (I —aP™)"! . — piori€i | - (C.1)
P20T2
We have,
TP A™ BT (I — ap™)) 1 D™ —Bm
—aP™ = = —aP™ = ) ) T VT )
™ DT AmiDmi — BTG | o g

where we have

AT =A™ =1—apy1, B™ = B™ = —apiz, O™ =C™ = —apa;, D™ = D™ =1 — apaa,

and A™ = 1 — aqy1, B™ = —aq12,C™ = —aqe1, D™ = 1 — aqee. For notation simplicity, we use
A, B, C, D to denote the respective quantities related to p;j, and A’, B’, C' D’ to denote the respective

quantities related to ¢;;. Then, we have
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o 1 D —B| |piols
AD=BC | ¢ A | |k,
[ -] o
= A'D _ BIC )
AD-BC —C A" | |paoR2]
o 1 D" —B| |pok:
r= ——— .
AD' — BC' ' a0 |
Take the difference of r™ and r™ for i € {1,2}, we have
e 1 D —-B| |pwofa 1 D -B 0
roor = — T AD — BIC )
AD BC _70 A pQORQ A D B C 70 Al pQORQ
P10l D p2()R2(ABI — A/B) D

= +
AD-BC |_|  (AD-BC)(AD-BC) |_c

_p10R1 (A/D — B/C) + pQQRQ(AB/ — A/B) D
- (AD — BC)(A'D — B'C) _C

We have D =1 — apas > 0, C = —aps; <0 and AD — BC > 0,A’D — B’C > 0. Hence, r™ > r™ if and

only if

proly (A/D — B/C) +p20R2(AB/ — A/B) > 0. (CQ)

Plugging the expressions for A, B,C, D and A’, B, C’, D', we get

proR1((1 — aqi1)(1 — apas)a®qiaper) > paoRa(aqiz(1 — apir) — apia(l — aqiy))-
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Similarly, we compare r™ and r”2,

o gL D —=B| |pwk 1 D" —B| |piok
AD=BC | ¢ A | |pors| AD=BC v a || o
poR: | =B pioR1 B(-DC' + D'C)

“AD-BC | 4 | T (AD = BC)(AD' - BC)

A(-CD' +C'D)

_ploRl(C/D — CD/) + pQORQ(AD/ — BC/) -B
a (AD—BC)(AD/—BC/) A

Then, we have r™ > r™ if and only if
P10l (C/D — CD/) —|—p20R2(AD/ — BC’) >0, (03)

which is equivalent to

p2oR2((1 — agoo)(1 — api1) — @®qaip12) > proRi(ager (1 — apaz) — apai(l — agaz)).

Proof of Lemma [{.5 Taking the difference of R and R?, we have,

R_RQ 1—agqn —Qqgi2 o 1 A B D —-B| |pwok:
_ — r

—Qq21 1— ago2 AD - BC Cl D' -C A

P20 R2
1 p1oR1(A'D — B'C) + paoR2(AB' — A'B)
AD - BC P10l (C/D - CD/) +p20R2(AD' — BC’)

where A, B,C,D and A’, B, C’, D' are as defined in the proof of Lemma Then, the result follows from
[C2) and ([C3). 0

Lemma C.1. Fori=1,2, D;V,(x) >0 for alln > 0, and D;V4(x) > 0.

Proof of Lemma [C.1: We prove by induction. When n = 0, the inequality holds since D;Vy(x) = 0 for
all x. Suppose for some n > 0, the inequality holds, i.e., D;V,,(x) > 0 for both i = 1,2.

Suppose a* is an optimal action at state x at time n + 1, then

Vo1 (x) = Tar Vo (%) = R(x,0") + @ > Pas (X, 5)Va ().
yeS
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Note that A(x) C A(x + e;) for i = 1,2. Then, a* € A(x + e;). Hence, from (4.5) we have,

VnJrl(X + ei) Z Ta* Vn(X + ei) = R(X + ei,a*) + a Z Pa* (X + elay)Vn(y)
yeS

Thus,

DiVnJrl (X) > R(X + ei7a*) - R(X, a*) +a Z Py~ (X + eiaY>Vn(Y) - Z Py (X7 y)Vn(y)
yeS y€ES

By the definition of the transition probability, we have for any a € A(x),

> Pa(x+ei,y)Valy) = > Palx,y) qu (y +ej)

yeS yeS

The customer combination x + e; can be divided into two independent groups, one with combination x and
the other with only a stage ¢ customer, and the action a is applied to the group with combination x. Then,
the above equation follows from the fact that the transitions of the two groups are independent of each other.

Besides, R(x + e;,a*) — R(x,a*) = 0. Then,

DiVpsi(x) > a | Y Palx,y un Wy +e5) = Valy))
yES

=« ZP XquUDV >0,

yES

where the last inequality follows from the induction hypothesis.

From Lemma we have V,(x) = lim,, o V5, (%), then

D;Vy(x) =Vo(x+e) — Vo(x) = lim [V, (x+e) — V,(x)] = lim D;V,(x) >0

n— oo n—oo

Lemma C.2. Fori=1,2, D;V,,(x) < R; for alln >0, and D;V,(x) < R;.

Proof of Lemma [C.Z: We prove by induction. When n = 0, the inequality holds since D;Vy(x) =0 < R;
for all x. Suppose for some n > 0, the inequality holds, i.e., D;V;,(x) < R; for both i = 1,2 and all x € S.

Suppose a* = (af,a3) is an optimal action at state x + e; at time n + 1, then

Viri(x+e) =Ta-Vy(x+e) = R(x+e,a")+a Z Py (x+e;,y)Valy).
yeS
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If af > 1, then a — e; € A(x), and we have

Vi1 (%) > Tar o, V(%) = R(x,8" — €;) + @ 3 Pa_e,(%,¥)Va ().
yeS

Then,

D;Vy41(x) < R(x+e;,a") — R(x,a" — e;)

+a | Y Pa(x+e,y)Valy) = Y Par—ei(x,5)Valy)

YES yeS

:piORi+a Z-Pa*fe. X y ZPUD V
yES

2
<pi0Ri+a ZPa*,ei(X,y)Zpinj :Rz

DiVii1(x) < Tar V(x4 €;) — Tar V(%)

2
=« ZPa*(x,y ZQUDV <QZQinj:RZQ§Ria
yeS j=1 7j=1
where the first inequality follows from V,,41(x) > Ta+V;, (%), the second from the induction hypothesis and
the last from Assumption [£.2] This finishes the induction proof.
From Lemma we have V,(x) = lim,, o Vi (x), then

DiVy(x) = Vo(x +e) — Vo(x) = lim [V, (x+e) — V,(x)] = lim D;V,(x) < R;.

n—oo n—oQ

[
Proof of Proposition . Suppose a + e; € A(x), which indicates x > e€; and a € A(x), then,
Tate;Va(x) — TaVa(x) = pioRi + Zpa+e. x,y)V. ZP X, ¥)Val(y)
yeSs yES
2
=pioRi + Y Pa(x—ei,y) Y _(pij — ¢ij)DiValy). (C.4)
yES j=1
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(a) If p;; > ¢i; for j = 1,2, then
TateVa (X) —TaVa (X> > pioR; >0,

since D;V,(y) > 0 from Lemma

(b) If pi; < gi; for j =1,2, then

2
Ta+9iVa(X) - Tava(x) > piol +a Z Pa(X — €y, Y) Z(pij - C]ij)Rj = Rz - RzQ >0,
yes Jj=1

which follows from Lemma and Assumption

(¢) If pin > g1, piz < qi2 and R; — RZQ > a(pi1 — ¢i1) Ry, then

TateVa(x) — TaVa(x) > pioRi + a(pi2 — qia) Re = Ri — R? —a(pin — gi1)R1 > 0.

(d) If pir < gi1, piz > qi2 and R; — RZQ > a(pi2 — ¢i2) Ro, then

TateVa(x) — TaVa(x) > pioRi + a(pin — qi)R1 = Ri — R? — a(piz — giz)R2 > 0.

Hence, Tate,Va(x) > TaVa(x) if Assumption [£.3(i) holds for i € {1,2} and a+e; € A(x), which means
serving one more stage i customer if available is always better. Hence, serving type i customers is better

than idling the servers. O

Proof of Proposition[{.2: If a+e; € A(x) and a+ex € A(x), then x > e;+ep and a €

A(x — e1 — eg). Since all customers are changing types independently, we have

Tate, Vo (X) —Tate,Va (X)

2 2
= pirofly — p2oR2 + Z Pa(x —e1 —ez,y) Z Z(pleZk — qujp2r)Va(y + €5+ ex) |
yes 7=0 k=0

Since p1gRy — pooR2 > 0, it is sufficient to show that under these conditions, for any y € S,

2 2
Z(plj(hk — qujp2k)Va(y + €5 +ex) > 0.
=0 k=0
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(i) Assume p1jqor — qijper > 0, and p1j — q1j + p1oge; — qiope; > 0 for all 4,k € {1,2}.

2 2 2 2
Z Z(pleQk = q1jp2)Va(y + € + ex) Z Z (P1j92k — q1jP2k)Va (Y + € + ex)
§=0 k=0 J=1k=1

2
+ (P10g20 — qrop20) Ve (y) + Z P15920 — q1P20)Va (¥ + €;)
j=1

2
+ Z(ploszk — qiop2k) Va(y + ex).
k=1

We have,

2 2 2

P10920 — q10P20 = p1o(l — Z q2k) — qro(1 — ZPQk) = P10 — 10 — Z(Pw(hk — q10P2k)
k=1 k=1 k=1

2 2 2
=(1- Zplj) -(1- un) - Z(pw(pk — q1oP2k)
j=1 j=1 k=1

2 2
Z P1j — Chg (p106121c - Q10p2k)7
j=1 k=1
and for j = 1,2,
2 2
P15q20 — q1jp20 = p1j(1 — ZQ%) —qi;(1 - ZP%) =P — Qi — Z(Ihg‘%k — q1jP2k)-
k=1 k=1 k=1
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Then,

(P1j92k — q1jp2k) Vo y + €5 + ex)

b
N | (]
o

(P1592% — q1jp2k)Valy + €5 + ex)

'Mw TMN}

<

Il
—
B

Il
-

2
(p1j — q1j) + Z (P10g2k — qrop2k) | Va(y)
k=1

Mw

<
Il
—

2

Z (p1j — @) — D _(P15q2k — qujp2k) | Valy +€j)

j k=1

+
vl

(P1092k — qrop2k) Va(y + ex)

Il
—

(p1g2k — q1;P2) D Va(y + €;)

U
hE

<
I

—

bl

=1

NI

2
+ > (P — q1;)D;Valy) + Z P10g2k — q10P2k) D Va(y).
k=1

Il
A

J

From the conditions in this part, and the fact that D;V,(y) > 0 for j € {1,2} and y € S, we have
Tater Va(X) > Tate, Va(x).
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(i) Assume p1; > ¢1; and poj < goj for all j € {1,2}. Let p1; = ¢q1j + a; and go; = poj +b; for j = 1,2,

where a;, b; are non-negative. Then, ¢19 = p1o + 25:1 a; and pag = ga0 + 22:1 br

(P1jq2r — q1P2k) Vo (y + €5 + €x)

o T
e 1M

((aj + q17)(p2k + br) — qujP2k) Va (¥ + €j + ex) (C.5)

b
Il
—

j=1

P10G20 — Za] + P1o) Z bk + q20) | Va(y)

k=1
2 2
+Z ( a;j + q1j)d20 — qu; Q20+Zbk ) oy +€j) (C.6)
j=1 k=1
2
+ p10(bk + p2x) Z a;j +pio)pak | Va(y + ex)
k=1 j=1
2 2
=D (agbi + azpor + brarj)Va(y + €5+ ex) (C.7)

<
Il
-
B
Il
-

an20+Zbkp10+ZZ%bk Va(y)

j=1k=1

2
(aﬂho - Z kalg) (y +e)+ Z brpio — Z ajpak | Valy +ex)
k=1 7j=1

I
<
&Mw

+
M

I
-

VR
M

<
Il
_
a~
Il
_

[ajbk (DjVa(y +ex) + DiVa(y)) + ajpar D Vo (y + ex) + brqi; DiVa(y + €;)

2

;020D Va(y) + > biproDiVa(y) > 0 (C.8)
k=1

+
Mw

.
Il
_

since D;V,(x) > 0 and Dy V,(x) > 0 for all x € S and j, k € {1,2}.

Then, Ta+e1 Va(x) > TaJrezVOl(X)'

Proof of results in Section

Before proving Propositions [£.6] and [4.7] we first show the following Lemma.
Lemma C.3. Assume uy Ry > usRo and By > Bo for Model II.

(i) If p1 < po, then for allx € S,

DlVa(x) - DQVQ(X) S Rl - RQ, and Dlh(X) - DQh(X) S Rl - RQ.
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(i) If p1 > pg, then for allx € S

Ry — paR Ry — paR
< w’ and D1h(x) — Dyh(x) < K1t — palta

DaVa() = DaVal) < 2 S z

Proof of Lemma[C.3|(i). For Model II, we have

A iR A N
Ri=—MY and R = lim R, = R;.
1—a+ap a—1

Since p1 Ry > poRs and py < po, and then Ry > Rs, and

(1 — o) (B — paRo) + aprpo(Ry — Ro)

> 0.
(I—a+aum)d —a+aus)

Ri— Ry =

We establish Part (i) of Lemma by showing that D;V,,(x) — D2V, (x) < Ry — Ry for all n > 0 where
Vi(x) are defined as in Lemma [4.3] with Vo(x) = 0 for all x € S.
For n = 0, we have D1 Vy(x) — DaVo(x) = 0 < Ry — Ry. Suppose D1V, (x) — DoV, (x) < Ry — Ry for

some n > 0. Then,

D1Vig1(x) = DaViy1(x) = Viga(x + €1) — Vaga (x + e2)

=max{TaV,(x + e1)} — max{T,V,(x +e2)}.

Suppose a* = (a},a3) = argmaxa{TaV,(x+e1)} is an optimal action at state x+e;, ie.,
maxa{TaVnt1(Xx +e€1)} = TaxVi(x + €1).
If a7 < x1, then a* is a feasible action at state x + ea. Then, maxa{TaVit1(x +e2)} > Ta:V, (x + €2),

and hence,

D1Vn+1(x) - D2Vn+1(x) < Ta* ‘/;L(X + el) - Ta* Vn(x + eZ)a
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where

TaVia(x+e1) — Ta-Vy(x + €2)
= Z Par (%,5) [B1Va(y) + (1 = B1)Va(y +e1) — BoViu(y) — (1 = B2) Vi (y + e2)]

yeSs

=0 Pa-(x,y) [(1 = B1)D1Vi(y) — (1 = B2) D2Vo(¥)]
yeS

= Z P (x,y) [(1 = B1)[D1Va(y) — D2V (y)] = (B1 — B2) D2 Vi (y)]
yEeS

<a(l - p1)[R1 — Ra) < Ry — Ry,

where the first inequality follows from D;V,,(y) — D2V, (y) < Ry — R, DaVy(y) > 0 and o < 51 < 1, and

the second inequality follows from 0 < o, 87 < 1.

If af =21+ 1, then a* — e; + ez is a feasible action at state x + e2. We have

D1Vii1(x) — DaVip1(x) < Tax Vi (x + €1) — Tar—ey te, Va(x + €2),

where
Ta* Vn(X + el) - Ta*—e1+e2 Vn(X + 82) = ,UlRl - ,UQRQ
+ay Pae,(3,3) [ Va(y) + (1 — 1) Va(y +€1) = p2Va(y) = (1 — pi2) Va(y + €2)]
yES
=Ry — paRo + @) Parey (x,¥) [(1 = p12) D1V (y) — (1 = i2) DaViu(y)]
yeS
We have

(1= p1)D1Vo(y) — (1= p2) Do Vi (y) = (1 — p1) (D1 Vi (y) — D2Viu(y)) + (2 — p1) D2 Vi (y)
< (1= p)(R1— Ra) + (p2 — p1)Ro = (1 — )Ry — (1 — pi2) R,
DgVn(y) S Rl — RQ, DgVn(y) S R2 and 121 S 125 S 1. Then,

where the inequality follows from DV, (y) —

Ta Vn(x + el) —Tar—eqten Vn(x + e2)
< piRy — paRy 4+ o [(1— )Ry — (1 — p2) Ry] = Ry — Ro.

Hence, D1Vn+1(X) — DgVn+1(X) < Rl — RQ for all n > 0.
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From Lemma we have V,(x) = lim,,,o V,,(x), and then,

D1 Vy(x) — DoV (x) = Vo (x + €1) — Vo (x + e2)

= lim [Vn(X+ e1) — Vn(X + 82)] = lim [D1Vn(x) — DQVn(X)] S Rl — RQ.

n— oo n—oo

From Lemma [4.2| we have h(x) = limy_y1 Vo (x) — Vo (eo), and then,

Dih(x) — Doh(x) = h(x +e1) —h(x+ez2) = il_)ml [Va(x+e1) — Vo(x + e2)]

= lim [D1Va(x) = DaVa(x)] < lim [R1 — Ra2] = Ri — R».

Proof of Lemma [C.3(ii): Similar as Part (i), we first show by induction that for this case D1V, (x) —

DV, (x) < % for all x € S. For n = 0, we have D1Vy(x) — DaVo(x) = 0 < % Suppose

D1V, (x) — D2V (x) < %%R"‘ for some n > 0. Let a* = (af,a3) = argmaxa{TaVi(x+e1)}. If af <z,

we have

D1Vn+1(x) - D2vn+1(x) STa* Vn(x + el) - Ta* ‘/n(x + 62)7

= Z Pa-(x,y) [(1 — B1(D1Vi(y) — D2Viu(y)) (81 — 62)D2Vn(yﬂ

yEeS

<a(l - 1) [

pikRy — M2RQ] < 1Ry — paRa
l—a(l—pm)] =~ 1-a(l—m)’

where the inequality follows from D1V, (y) — DoV, (y) < % from induction hypothesis.

If af =21+ 1, then

D1Vn+l(x) - D2vn+l(x) S Ta* Vn(x + el) - Ta*—e1+e2 Vn(x + 62);

=R~ p2Ro+ @Y Par—ey (%, ¥) [(1 = p1) DiVia(y) = (1 = p2) DaVau(y)]
yeS

We have

(1= p1)D1Vo(y) — (1 — p2)D2Viu(y)

= (1= m)(D1Va(y) = DaVi(y)) + (p2 — p1) D2 Vi(y) < (1 — i) {’“Rl_’“‘?RQ]

ol — )
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H1R1—poRo

where the inequality follows from D1 V,,(y) — D2V, (y) < o)

from Lemma[C.d] and ps < py < 1. Then,

Ri— o R Ri— o R
D1 Vpt1(x) — DaVip1(x) < i R1 — poRo + (1 — 1) {Ml LM 2] It Bl o

l—a(l—m)] 1—a(l—-m)
Hence, D1V, (x) — D2V, (x) < % for all n > 0.

From Lemma we have V,(x) = lim,, o V5 (%), and then,

. Ry — jsR
D1V () = DaVa(x) = Tim_ [DyVa(x) = DaVa ()] < %

From Lemma [4.2| we have h(x) = limy_1 [Va (%) — Va(eo)], and then

. . R —peRy iRy — paRy
— = — < = .
Dih(x) = Dah(x) = lim [D1Va(x) = DaVa(x)] < Jim 37" o

from induction hypothesis, D2V, (y) > 0

O

Proof of Proposition [{.6 We assume ps > pq > 1 > B2 and 1Ry > (81 + p2 — p1)Re. Then, u1 Ry —

paRy = % — Ry = m(ﬂﬁuzgm)*#zﬁl Ry = W#RQ > 0. From Lemma i), we have

1

D1V (y) — D2V (y) < Ry — Ry and Dyh(x) — Dah(x) < Ry — Rs.

Ifat+e; € A(x), a+ ey € A(x), then, x > e1 + ep and a € A(x —e; — e3). Then,

Tate,Va(X) = Tate,Va(x) = p Ry — 2Rz + @ Z P.(x—e1 —e2,y)G(y),
yeSs

where

G(y) =1 = p1)(1 = B2) = (1 — p2)(1 = B1)] Valy + €1 + e2)
+[(1 = p1)B2 — (1= Br)pa] Valy + e1)
+ [ (1 = B2) = Bi(1 — p2)] Valy + €2) + (1182 — Bipa] Va(y)
=[(1 = p)(1 = B2) = (1 = p2)(1 = B1)] D2V (y + e1)
+ (B1 = ) [D1Va(y) — D2Va(y)]

+ [Bipz — p1B2) DaVa(y) = (B1 — p1)(Ry — Ra),
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since (1 — pu1)(1 — B2) — (1 — p2)(1 — B1) > 0, B1 — p1 <0, Brpg — p1fa > 0, DoV (y) > 0 and D1V (y) —
DV, (y) < Ry — Rs,. Hence,

Tatey Va(X) = Taye, Va(x) = p1Ry — poRo + (81 — p1) (R — Ry)

(1 —a)(p R — paRo) + aprpa (R — R)
(I—a+aum)(l —a+aus)

=p1 Ry — paRo + a(f1 — 1)

We write the above expression in the form of one fraction, where the denominator (1 — o+ apuq)(1 —a+auz)

is positive, and then we focus on the numerator, which equals to

(1 —a+am)(l —a+aps) +a(Br — )l — a)]l (R — palt)
+a?(B1 — ) p2(Ry — Ra)

=[(1—)?+®pipz + a(l — @) (p2 + B1)] (1 Ry — paRs)
+a?(B1 — ) ppz(Ry — Ry)

=[(1—a)® +a(l —a)(pz+ B1)] (1 Ry — paRo) + &’ papa [Br Ry — (B1 + p2 — pa)Ra) > 0.

Similarly, since D1h(y) — Doh(y) < Ry — Ra,

Hate,h(x) — Haye, h(x) =pi1 Ry — pa Ry

+ 3 Palx— e —e2,y){ (81 — 1) [Dih(y) = Dah(y)]
ye€Ss

+ (1 = p1)(1 = B2) = (1 = p2)(1 = B1)] D2h(y + e1)
+ [Bipa — pa Ba] Dzh(Y)}

>Ry — paRo + (B1 — p1)(R1 — R2) > 0.

O

Proof of Proposition [{.7. We assume pi Ry > psRa, % > u; >1and 1< 1581 < 1282 Then, from
Lemma ii), we have for all x € S,

By — po R Ry — iR
D1V (x) — DoV (x) < ML H2T2 - ond Dyh(x) — Doh(x) < 22— H27%2

T l-o(l-m) {1

Follow the same arguments in the proof of Proposition we have for a +e1 € A(x), a+eq € A(x),

Ta+e1 Va(x) - Ta+e2Va (X) = ,UflRl - ,UJ2R2 +« Z Pa(x — €1 — ez, Y)G(Y)7

yes
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where

G(y) =[(1 = )1 = B2) = (1 = p2)(1 = B1)] D2V (y + €1)

+ (81— 1) [D1Va(y) = D2Vo(y)] + [Bipz — p1B2) D2Va(y)

p1R1 — poRo
>(8, _ H1iv T p2ne
>(B1 — 1) [1 ol m)} ,
and hence,
p1 Ry — pa Ry
_ > — - T
TaterVa(X) = Tates Va(x) = Ry — p2 Ry + (1 — 1) [1 —a(l- Ml)}
1—a(l—p)+ (B — ) 1-a(l-5)
— _ = — —_—| 2
(MIRI /.LQRQ) - Cv(l — Ml) (MlRl MQRQ) 1— a(l — ,Uzl) >0,
and

Ry — poR
Hate,h(x) — Hate,h(%x) > pn Ry — paRe + (61 — 1) [W]

M1
B1(p1R1 — paRo) > 0.
M1

Proof of Corollary[{.5 Let u; = i + 8i — ;3 and R; = %]N%z for i = 1,2. Then, we have

p1fB2 — p2fr = fir (1 — B1)B2 — jiz(1 — B2)B1 <0 % > &7
2 M2

(2 = B1)(1 = Bo) = fia(1 = B1)(1 = B2) > fir (1 = B1)(1 — f2) = (p1 — B2)(1 — B1) > 0,

p1 Ry — paRo =jiu Ry — fia Ry

> max {0, a1 (1= B)

fir Ry B fia Ry
i+ (1 —a)pr fe+ (1= fiz)fB2

=max {0, (u1 — 1) [R1 — Ro]}.
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