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SUMMARY

In this thesis we investigated the dynamic scheduling of computer communication net-
works that can be periodically overloaded. Such networks are modelled as mutliclass queue-
ing networks in a slowly changing environment. A hierarchical framework is established to
search for a suitable scheduling policy for such networks through its connection with stochas-
tic fluid models. In this work, the dynamic scheduling of a specific multiclass stochastic
fluid model is studied first. Then, a bridge between the scheduling of stochastic fluid models
and that of the queueing networks in a changing environment is established.

In the multiclass stochastic fluid model, the focus is on a system with two fluid classes
and a single server whose capacity can be shared arbitrarily among these two classes. The
server may be overloaded transiently and it is under a quality of service contract which is
indicated by a threshold value of each class. Whenever the fluid level of a certain class
is above the designated threshold value, the penalty cost is incurred to the server. The
optimal and asymptotically optimal scheduling policies are specified for such a stochastic
fluid model.

Afterwards, a connection between the optimization of the queueing networks and that
of the stochastic fluid models is established. This connection involves two steps. The first
step is to approximate such networks by their corresponding stochastic fluid models with a
proper scaling method. The second step is to construct a suitable policy for the queueing
network through a successful interpretation of the stochastic fluid model solution, and a

successful interpretation method is provided in this study.

X



CHAPTER 1

INTRODUCTION

1.1 Motivation

The Internet has been growing rapidly as a medium to store, process and deliver information
since its birth. The Internet was first introduced when ARPANET adopted TCP/IP in the
late twentieth century. With only 213 hosts in 1981, now the Internet has more than 200
million hosts and more than 840 million users as of September of 2002 (from the information
released by Netsizer.com).

Accompanying the growth of the Internet, various Internet applications have been de-
veloped. These applications range from text-based utilities such as file transfer and remote
login to the integrated advent such as the World Wide Web and multimedia streaming.
Companies and costumers are increasingly reliant on these applications, especially the World
Wide Web service, which can provide dynamic content, integrate with databases and offer
secure commercial transactions. More and more people around the world tend to seek in-
formation and services from the Web, such as looking for driving directions, checking flight
information, booking hotels, banking, and stock trading.

An important factor in the growth of the World Wide Web is the deployment of the
electronic business (e-business). As a new communications medium, the Web becomes an
electronic market for companies or organizations to advertise and sell products or services
to consumers. With the trust in the provisioning of the Web sites, consumers also seek the
information, buy products or services, and complete the business transactions through the
on line services offered by those companies or organizations participating in this electronic
market.

In a general e-business environment, most companies or organizations that sell products
or services actually buy Internet services from a common Internet service provider such

as IBM, HP, Intel. When a customer visits the Web sites of a company and requests



a Web page, the request is actually directly served by the Internet service provider of
that company. If the quality of service (QoS) provided by the Internet service provider
is unsatisfactory, then the company lose potential online customers. Therefore, as part of
the contract between each company (or organization) and the Internet service provider, the
service level agreement (SLA) is specified. In the service level agreement, the Internet service
provider guarantees to meet certain quality of service performance for each company. Each
company or organization will also pay the Internet service provider according to the quality
of service provided by the Internet service provider. The quality of service levels specified
between the Internet service provider and companies (or organizations) are different based
on the price negotiated between those companies (or organizations) and the Internet service
provider. A critical issue for the Internet service provider is how to allocate its resources to
meet the service level agreements and maximize its profits or minimize its costs.

We herein focus on determining the optimal decision for the Internet service provider
to maximize its profits or minimize its costs with regard to what is specified in the service
level agreement contracts. It is difficult to make the optimal decision for the Internet service
provider due to the complexity of the computer networks it is facing. First, the quality of
service levels as well as the prices for different companies or organizations are all different.
Second, it is extremely difficult to predict the online behaviors of customers who come
from all over the world. For example, when the customers will visit the Web sites, what
Web pages they will request, how long they will stay at these Web sites, and what is the
next Web page they will request are highly variable. Above all, the advancements of new
computer technologies continue to bring in new Internet applications and services, and thus
the complexity of the Internet also continues to grow rapidly.

We propose an analytical approach to investigate the decision problems concerning the
service performance for the Internet service providers, such as resource allocation, perfor-
mance prediction and quality of service provisioning. The analytical results can provide us
with a better understanding of the fundamental issues and tradeoffs at the core of perfor-
mance problems in the design and implementation of complex computer systems, networks

and applications. The mathematical model we consider is very general in the sense that it



is a stochastic network model, where we allow that the time between consecutive customer
requests follows an unknown probabilistic distribution and the service time of each customer

request can also be random. Details of the model are provided in Section 1.2.

1.2 The mathematical model, challenges, and objective

In this section, we will provide more details of the mathematical models we investigate and

discuss the difficulties and challenges of analyzing such models.

1.2.1 The mathematical model

We consider optimizing the scheduling discipline of a multiclass queueing network model,
where multiple classes of jobs wait in buffers before being served by an available server. Dif-
ferentiation of different classes may result from different e-businesses with different quality
of service contracts. Jobs of each class represent the requests of Web pages submitted by the
customers visiting Web sites. It is important to note, however, that while our mathemat-
ical model and analysis are motivated by the e-business and Internet environments, they
also apply to more general networks, including manufacturing networks with high volume
production of small items.

We refer to the service requests submitted to a Web server as jobs. The workload
characterization study of Web servers reveals that jobs arrive at Web servers in a bursty
fashion. Not only are the inter-arrival times between jobs are random, but also the average
inter-arrival time can change significantly over time. There are some sustainable periods
when the Web site observes higher customer demand. For example, from the study of
Arlitt and Jin in [1], the minimum number of requests received by the the 1998 World Cup
Web site per hour from 16:30 to 21:00 on June 29th, 1998 is more than 4 millions, while
the maximum number of requests per hour from 01:00am to 1:00pm on June 30th, 1998
is around only 1 million. The average number of requests per minute during 11:30pm to
11:45pm on June 30th, 1998 is 19 times more than the average number of requests per
minute from June 7th to the July 18th of 1998. This type of bursty Web traffic is also
observed by other commercial Web sites and Web sites of research institutions, as reported

in Arlitt and Williamson [2].



This non-homogeneous behavior of system parameters motivated us to model the queue-
ing networks as those operating in a changing environment. The change of the environment
state triggers the change of the arrival rates, service rates, and routing probabilities. In
particular, we consider that the state of the environment takes only discrete values. At
each state of the environment and within each minute, the high speed and the large scale
of contemporary Internet makes it possible that there are thousands of jobs, i.e. service re-
quests, arriving to the network and thousands of jobs completed by the network. However,
the time scale for a change in the environment state is larger than minutes. Therefore, the
state of the queueing network changes much faster than the state of the environment does.
In general, we consider that the network is operating in a slowly changing environment. By
slow, we mean that the number of environment transitions is much fewer than the number
of changes of the network state.

Our objective is to improve the performance of a mutliclass queueing network operating
in a slowly changing environment. The set of parameters to describe the multiclass queue-
ing network, such as the arrival rates, service rates, and the routing matrix, will change
whenever the state of the environment changes. At each state of the operating environment,
for a multiclass queueing network, there might be more than one class of jobs for a server to
process. Whenever a server is available, one needs to determine which job to be processed
next, (i.e the scheduling policy). In this mathematical model, we assume that violating
the quality of service level agreement will result in the profit loss or cost increase for the
Internet service provider. Our objective is to find an optimal or near optimal scheduling
policy to maximize the profits or minimize the cost for such a mutliclass queueing network

operating in a changing environment.
1.2.2 The objective

It is well known that finding the optimal scheduling policy for a multiclass queueing network
is difficult even when the environment state attains only one value. For the queueing
network in a changing environment, the scheduling problem is even more challenging since

the environment process is a stochastic process. We adopt a relatively modest objective



and plan to establish a hierarchical frame work to search for an asymptotically optimal
scheduling policy. In this frame work, we first study a stochastic fluid model which has
a simpler structure than the original queueing network in a changing environment. Then
we derive a suitable policy for the discrete queueing network based on the stochastic fluid
model solution.

We plan to establish this hierarchical frame work by providing a general method to
derive an asymptotically optimal scheduling policy for the queueing network if the optimal
policy of the stochastic fluid model is given.

We give a brief review of the related literature in Section 1.3 and discuss our results and

contributions in Section 1.4

1.3 Literature review

As mentioned earlier, in the Web traffic characterization study, it is observed that there
exist non-stationary effects and high peak-to-mean ratios in the Web traffic. It is reported
in Arlitt and Jin [1] that the traffic of the 1998 World Cup Web site is quite bursty.
The capacity of the system can hardly maintain the immediate responsiveness to all users’
requests during the peak hours. Similar observation is also reported in Iyenger, Squillante,
and Zhang [22]. Arlitt and Williamson [2] study the traffic pattern of six different Web
sites, including research institute Web sites and commercial Web sites. They find out that
generally the number of requests received per unit time during the peak hours is significantly
larger than the other hours, and point out the failure of modelling the system by a time
homogeneous network. The high peak-to-mean ratio of the demand pattern implies the
Web server can be potentially overloaded during the peak hours if the capacity planning is
made according to the mean value. The Web server being overloaded will result in longer
response time to Web page requests, and therefore the quality of service level agreements
might be violated. This consequently results in profit loss or cost increase of the Internet
service providers. The significance of sustainable peak hours and the need to optimize the
profit creates the necessity to model the Internet as a network in a changing environment.

As we have pointed out in Section 1.2, it is difficult to optimize such a network. However,



certain connections between the standard queuing network (i.e the case that the environment
stays at a single state) and its corresponding fluid model have been established. Scaling the
time and space properly, Chen and Mandelbaum [13] show that a general standard class
of queueing networks converges to deterministic fluid networks. In [15], Dai further reveals
that the queueing network is stable if its corresponding deterministic fluid model is stable.
In [12], Chen and Meyn suggest using the value function of the fluid model to initialize
the value iteration algorithm for the queueing network and show through some numerical
examples that such a choice may lead to faster convergence to an optimal policy.

With the hope that there is a connection between the optimal policy of the fluid model
and its corresponding queueing network, more studies in optimizing deterministic fluid mod-
els have been conducted. Avram, Bertsimas, and Ricard have provided optimal solutions
in [4] for various deterministic fluid models. In [11], Chen and Yao provide the conditions
under which the index policy is optimal for mutliclass fluid networks. Weiss [37] provides a
general algorithm to search for the optimal solution of the deterministic fluid models.

However, even if the optimal solutions of the fluid models are provided, how to derive a
good policy for the original discrete queueing network is still difficult. Intuitively, one would
consider to employ the solution of the fluid model for the queuing network. However, if
the solution of fluid model is employed in an unmodified way, the derived scheduling policy
of the queueing network may end in poor performance. This is indicated by the examples
in Yeh, Dai, and Zhou [39]. Examples in Meyn [30] and Maglaras [27] also show that the
derived policy may not even possess the fluid scale asymptotic optimality if the fluid policy
is not modified properly when it is applied to the discrete queueing network.

The fluid scale asymptotic optimality criterion is proposed by Meyn in [29] to measure
the goodness of a policy for the queueing network. If under the fluid scaling, the performance
of the queueing network under a policy converges to an optimal solution of the fluid model,
this policy is called an asymptotically optimal policy for this queueing network in the fluid
scale, or this policy possesses the fluid scale asymptotic optimality. Despite the modest
objective of fluid scale asymptotic optimality, the meaning of the fluid model solution is

still subtle for the queueing network. In [30], Meyn suggests that the fluid model policy



can be translated by an affine shift method, i.e shifting the origin to a constant value.
But Meyn [30] does not provide the proof that this method will be effective in general.
Maglaras [27] proposes a general method to translate the optimal fluid model solution
to get a fluid scale asymptotically optimal scheduling policy for the queueing networks,
although proofs of his results are not mathematically rigorous. Béuerle [5] studies the
asymptotic optimality of tracking policies for stochastic networks. However, the result in
[5] relies on the assumption of the piecewise constant structure of fluid model solutions and
the exponential type of distribution of inter-arrival times and service times.

Note that the above research activities concentrate on the setting where the network
operates at a single environment state, (a special case of the model we consider here).

The relation between the stochastic fluid models and the queueing networks in a random
environment is touched in Choudhury, Mandelbaum, Reiman, and Whitt [14]. In [14],
Choudhury et al show that queueing systems in a random environment can be approximated
by a stochastic fluid model, but this queueing system is mainly a single class queueing system
and the mathematical model of this queueing system is not completely and rigorously built.
Although the connection between optimizing the stochastic fluid model and optimizing
the queueing network in a changing environment is not well established, there are already
exsiting results on stochastic fluid models. In [6], Béuerle and Rieder show that the index
policy is optimal for a multiclass fluid network where the external arrival process of fluid
is driven by a continuous time Markov chain with finite state space. The performance
measure in [6] is to maximize the expected total discounted rewards or the expected total
discounted costs. Note that the index type policies may not be optimal for general type of
cost functions as indicated by this study in Chapter 2. Harrison and Zeevi [19] study a call
center staffing problem using a stochastic fluid model.

This dissertation provides a bridge between the results of stochastic fluid models and

the scheduling policies of queueing networks in a changing environment.



1.4 The approach, results, and contributions

In this section, we briefly describe our approach to search for the asymptotically optimal
policy for the queueing network model introduced in Section 1.2. We will also present the

results of this study and discuss its contributions.
1.4.1 The approach

We plan to take a two step approach to search for an asymptotically optimal policy of a
mutliclass queueing network in a slowly changing environment. The first step is to investi-
gate a stochastic fluid model which has a structure less complex than but is similar to that
of the queueing network in a slowly changing environment. The second step is to derive a
scheduling policy for the original queueing network from the stochastic fluid model solution.

Even though the stochastic fluid model is simpler than the original queueing network, it
still keeps certain structure of the queueing network model as well as the stochastic pattern
of the changing environment. In fact, the stochastic fluid model is an approximation of the
queueing network model. In Chapter 3, we provide the relative result on how to approximate
a queueing network in a slowly changing environment by its corresponding stochastic fluid
model. Rigorous description of the stochastic fluid model is provided in Theorem 14 in
Section 3.3.2.

Next, we assume that a solution of the corresponding stochastic fluid model is given, then
we derive a scheduling policy for the queueing network model. This step is referred to as
the translation or the tracking of the stochastic fluid model solution. If with proper scaling,
the performance of the queueing network operating under the derived policy converges to
the performance of the stochastic fluid model solution, then we say the translation of the
stochastic fluid model solution is successful with respect to this performance measure.

When translating the fluid model policy back to get a scheduling policy for queueing
networks, the caution is needed at the boundary of the fluid model. What we do is to
keep a certain number of jobs at each buffer to be above certain value, which is referred to
as the safety stock level. If the queue length of each buffer is above its designated level,

we implement the policy suggested by the fluid model solution; otherwise, we implement a



special policy such that the state of network is adjusted as quickly as possible to reach that
level. We choose the safety stock level to be negligible compared to the network processing
speed, i.e the network can be emptied in a very short time if the queue length is at or below
the safety stock level. Essentially, we try to maintain the state of the network to be always
away from the boundary to avoid potential adverse consequences. But we do not want to
move the boundary too far, otherwise it may result in the profit loss or the cost increase.
So we need to be cautious when choosing how much to shift the boundary. The detailed

description of the translation method is provided in Section 3.4.
1.4.2 The results and contributions

In this dissertation, we build a mathematical model for multiclass queueing networks oper-
ating in a slowly changing environment. With the fluid scaling method, we show that the
mutliclass queueing network in a slowly changing environment can be approximated by a
stochastic fluid model. Then we provide a general translation method to derive a schedul-
ing policy for the queueing network from a given stochastic fluid model solution. We also
prove that the provided translation method is successful, i.e the derived scheduling policy
is asymptotically optimal in the fluid scale if the given stochastic fluid model solution is
optimal.

We also investigate the policy for a Web server through a stochastic fluid model, where
the Web server could be overloaded periodically. In this stochastic fluid model, we address
the service level agreement by adopting a threshold type cost function. This work shows
that the optimal policy of stochastic fluid models under service level contracts seriously
depend on the service level contract and the traffic pattern of the network. The simple
structured policies such as the index policy may not be optimal even for fluid models with
a simple cost structure to address certain quality of service contracts.

The contributions of our work are as follows.

e A complete mathematical model for multiclass queueing networks in a slowly changing
environment is built. Note that in the related work [14], Choudhury, Mandelbaum,

Reiman, and Whitt simply provide some suggestions to build such a network, but do



not actually build the mathematical model rigorously.

The multiclass queueing network in a slowly changing environment generalizes the
standard mutliclass queueing network. In the model considered in this study, the state
of the environment takes values from a discrete set, while in the standard mutliclass

queueing network model, the state of environment takes only one value.

We generalize the result provided in Choudhury et al [14] and we present the result
in a more rigorous way. The result of [14] shows that a queueing system in a random
environment can be approximated by a stochastic fluid model, but it concentrates on
single class queueing systems only. And the result itself is not mathematically and
rigorously presented. Our result is for a general multiclass queueing networks, and we

state our result rigorously in Theorem 14.

We provide a general method to translate the stochastic fluid model solution and this

method is easy to implement. This method is described in Section 3.4.

We prove that the translation method is successful under moderate conditions, i.e the
derived scheduling policy for the queueing network is good by the fluid scale asymp-
totic optimality criterion proposed in Meyn [29]. Note that even for the standard
queueing network case where the operating environment is not changing, it is dif-
ficult to provide a general and successful translation method as we have discussed
in Section 1.3. Although Maglaras [27] provides a translation method for standard

multiclass queueing networks, his proof lacks mathematical rigor.

We establish a hierarchical frame work to facilitate the search for the fluid-scale asymp-
totically optimal scheduling policy for multiclass queueing networks in a slowly chang-
ing environment. Our approach involves three steps. The first step is to approximate
the original network by a stochastic fluid network model. The approximation is pro-
vided in Section 3.3.2. The second step is to find the optimal scheduling policy for the
stochastic fluid model. The third step is to apply the translation method we provide

in Section 3.4 to obtain the scheduling policy for the original network.
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e We provide an asymptotically optimal scheduling policy for a stochastic fluid model
where Web servers are under quality of service contracts and can be overloaded peri-

odically.

1.5 Outline of the dissertation

The rest of the thesis is organized as follows. In Chapter 2, we provide the asymptotically
optimal scheduling policies for Web servers that are under quality of service contracts and
can be overloaded periodically. Then we bridge the gap between the solutions of general
stochastic fluid models and their corresponding queueing networks in Chapter 3. In partic-
ular, we establish a frame work in order to search for an asymptotically optimal scheduling
policy for mutliclass queueing networks in a slowly changing environment. In Chapter 4,
we conclude this work.

Throughout the manuscript, we use R to denote the real line, and R} to denote the
nonnegative real numbers, i.e. [0, 00). We use ' to denote the transpose operation on a
vector or a matrix. Operations taken on vectors are interpreted as operations taken on
each corresponding component. For example, for K-dimensional vectors a = (a1, ...,ax)’
and b = (b1,...,bg), a+b= (a1 +b1,...,ax + bx)’, a < b means that a; < b; for all
1 <i < K, and a # b means that there exists an 4, 1 < ¢ < K such that a; < b;. We
also use a = (a;,1 < i < K)' to denote a K-dimensional vector a. We use |a| to denote

max{a, —a}, where a is a real number or a vector of real numbers.
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CHAPTER 2

A STOCHASTIC FLUID MODEL WITH TRANSIENT
OVERLOAD AND QUALITY OF SERVICE
AGREEMENTS

In this chapter, we study a specific multiclass stochastic fluid model for a Web server with
two classes of jobs. The Web server is under quality of service contract and can be overloaded
periodically. After an introduction and the model description, we present our results. For

the rest of the manuscript, jobs or customers all mean service requests.

2.1 Introduction

Recent advances in Internet services and other emerging applications have created new
computing and networking paradigms in which a set of e-commerce businesses contract
with a common hosting provider of Internet applications and services for their respective
customers. In such an environment, the hosting service provider needs to meet a diverse
set of requirements of the various e-commerce businesses and customers. To address these
diverse requirements and leverage potential economies of scale, the hosting service provider
will often deploy a cluster of servers to effectively share the computing and networking
resources required to support the desired Internet applications and services. A number of
computer industry companies such as HP, IBM and Intel are already providing such hosting
services and it appears that more companies will be doing so in the future.

To differentiate the diverse requirements of e-commerce businesses and customers, it is
necessary to introduce the notion of different service classes. These service classes typically
have distinct levels of importance to the hosting service provider, the businesses and their
customers. Moreover, many of these service classes require specific Quality-of-Service (QoS)

performance guarantees; failures to deliver such levels of QoS can have a significant impact

12



on the e-commerce businesses and customers. For example, customers may easily lose
patience and discontinue using the service if its responsiveness is perceived to be too long.
Hence, as part of the contract between the service provider and each business, the hosting
service provider agrees to guarantee a certain level of QoS for each class of service, and
in return each e-commerce business agrees to pay the service provider for satisfying these
QoS performance guarantees. Such Service-Level-Agreements (SLA) are included in service
contracts between each business and the service provider, and they specify both performance
targets or QoS guarantees, and financial consequences for meeting or failing to meet these
targets. A service level agreement may also depend on the anticipated level of per-class
workload from the customers of the business.

Thus, it is critical for the hosting service provider to dynamically allocate its server
resources to optimize performance and profit measures in cluster-based computing envi-
ronments with SLA contracts containing QoS performance guarantees. This is also an
important issue for the continued growth and success of Internet services and applications.
Therefore, in this chapter we focus on a particularly important class of dynamic schedul-
ing problems that arise in these computing environments. However, it is important to
note that while our analysis and results are motivated by such environments, they apply
more generally to a wide variety of emerging computing environments with SLA-based QoS
performance guarantees.

Previous studies that address QoS performance guarantees have focused mostly on
throughput or mean response time measures. However, a crucial issue for Internet applica-
tions and services concerns the per-request efficiency with which the differentiated services
are handled, since delays experienced by customers can result in lost revenue and customers
for a business as described above. Furthermore, more standard performance metrics such
as throughput and mean response time may not fully capture such QoS performance guar-
antees. In order to address these issues, we consider a general class of SLAs in which a
threshold is defined for each class of service such that the hosting service provider gains
revenues when the QoS level experienced by the class stays at or below the threshold, but

the service provider pays penalties to the corresponding businesses when this threshold is
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exceeded. Then the optimal control problem focuses on allocating server resources in or-
der to maximize the profit of hosting the collection of e-commerce sites under these SLA
constraints.

Another big challenge of the problem concerns the diverse workloads of different e-
commerce businesses and their variation over time. It is common in the computing environ-
ments of interest to have the workload of certain classes in each e-commerce site alternate
between a period during which the arriving workload exceeds the allocated capacity, and a
period during which the arriving workload is less than this capacity, even though the average
load is within the allocated capacity; e.g., see [7]. These periods of transient overload can
have a significant effect on the performance experienced by the different classes of service.
This in turn can have a critical impact on the penalties that the hosting service provider
is required to pay each e-commerce business according to the SLA contract between them.
Hence, it is crucial to include these important workload characteristics in the analysis of
the optimal control problem.

This problem falls within the general class of optimal resource control problems with
the foregoing non-conventional performance metrics and workload characteristics. Several
researchers have studied the issue of workloads with transient overload, but their studies
have focused on single-class workloads and specific scheduling strategies, such as admis-
sion control (e.g., [21]) and direct modifications to the Internet server scheduling mech-
anism (e.g., [7, 10]). On the contrary, the focus in the present study is on the optimal
dynamic scheduling of a multiclass system with transient overload. Furthermore, little has
been done to consider the issue of maximizing profit in these computing paradigms under
non-conventional performance metrics. The primary exception is the study in [25], which
develops queueing-theoretic bounds and approximations to formulate the resource control
optimization problem and then develops efficient algorithms to compute the optimal so-
lution. This study is the one that is most relevant to this research, but it differs from
the present study in several important aspects. The present focus is on computing the
optimal dynamic scheduling policy and gaining insights into its fundamental properties,

as opposed to computing the steady-state solution, and to do so under a workload with
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transient overload, which is not considered in [25].

The primary concern in this chapter is to investigate the preceding optimal server re-
source control problem as a dynamic scheduling problem. The motivation behind consider-
ing a fixed time horizon is that in reality many web sites exhibit regular daily access patterns
(see [24]), typically there is one single peak period each day, the low period load is far below
the system capacity so that the system usually starts empty the next day. Distributed
architectures with separate machines for different geographical locations are also common
in practice in order to improve the response time for accessing data over the Internet. This
again validates the single period model. Hence, the traffic from the previous period does
not have an effect on the next period. The approach is based on formulating the problem as
a multiclass stochastic fluid model and employing optimal control theory [31, 32] to search
for the optimal control policy that maximizes the total revenue over a fixed time horizon.
Even though recent studies of a similar spirit for different dynamic scheduling problems
include [4, 6, 17, 37|, to the best our knowledge, no optimal scheduling policy is known
for the general problem considered herein. As mentioned above, the present focus is on
minimizing the penalty of the hosting service provider by dynamically scheduling its server
resources among the fluid classes in a system that can be overloaded for a transient period.
In order to capture the QoS performance guarantees in the SLA contracts, we introduce a
threshold value for each fluid class such that a holding cost is incurred only if the amount
of fluid of a certain class exceeds its threshold value. In this study, we consider the specific
case of two fluid classes and a single server whose capacity can be shared arbitrarily among
the two classes. We assume that the class 1 arrival rate changes with time and the class 1
fluid can more efficiently reduce the holding cost and develop the optimal server resource
allocation policy that minimizes the holding cost in the corresponding fluid model when the
arrival rate function for class 1 is known. We then study the stochastic fluid system when
the arrival rate function for class 1 is random and propose various policies that are optimal
or near optimal under various conditions. In particular, we consider two different types
of heavy traffic regimes and prove that our proposed policies are strongly asymptotically

optimal in the following sense: the difference between its performance and the optimality
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is bounded from above by a constant even as the optimal value itself goes to infinity. This
notion of strong asymptotic optimality is used throughout this chapter and it has also been
considered in [35, 38], as a measure to evaluate the closeness to optimality of approximating
control policies. Numerical examples are also provided to demonstrate further that these
policies yield good results in terms of minimizing the expected holding cost.

The outline of this chapter is as follows. We define our multiclass fluid model in Sec-
tion 2.2. Deterministic instance of the model is analyzed in Section 2.4 where we provide the
optimal control policy. Section 2.5 and Section 2.6 consider the stochastic instance of the
model. In Section 2.5, we present a discrete review policy and show that it is asymptotically
optimal as the expected length of the high period tends to infinity. Other policies that are
asymptotically optimal are further discussed in Section 2.6. Our concluding remarks are

provided in Section 2.9. Throughout, proofs are relegated to Section 2.8.

2.2 The stochastic fluid model

This chapter focuses on the following stochastic fluid system that serves two classes of fluid.
Each class fluid continuously arrives at its buffer whose capacity is assumed to be infinite.
Both classes are served by a single server whose service capacity can be shared arbitrarily
among the two classes. When the server devotes full effort to class ¢, it processes class 4
fluid at rate p;, 2 =1, 2.

Class 2 fluid arrives at a constant rate Ae throughout the time horizon under consider-
ation. Class 1 fluid has a high arrival rate \? during the first part of the time interval and
a low arrival rate A in the rest of the time interval. Naturally, \} < A?. The durations of
the first and second time intervals are denoted by H and L, respectively. Both H and L are
random. Some of their statistics like mean remaining life times are assumed to be known.
These assumptions will be spelled in more precise terms later. We call the time interval
[0, H) the high load period and the time interval [H, H 4+ L) the low load period.

We use Z;(t) to denote the fluid level in class ¢ at time ¢, and T;(¢) to denote the

cumulative amount of time in [0,¢] that the server spends on class i fluid, @ = 1,2. The
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dynamics of the fluid model is given by the following equations

t

2= 20 + [ As)ds - wTi(®). te0.H+L) (1)
0

T;(0) =0, T;(t) is a nondecreasing function of ¢, (2)

t — (T1(t) + T»(t)) is a nondecreasing function of ¢, (3)

where \;(s) is the arrival rate to class ¢ at time s. Since the class 1 arrival rate function
A1(+) is random, the fluid level process Z is random as well. The allocation process T =
{(T1(t), T>(t)),t > 0} reflects how the server spends its service capacity among two classes
and it is called a scheduling or a service policy.

Let h; > 0 and 6; > 0 be constants, i = 1,2. For a real number x, define 27 = max(x,0).

Consider the integral

H+L 2
/0 S hi (Zilt) - 6,)F dt (4)

i=1

which is called the total cost of the system. Then one interprets h; as the holding cost per
unit time when the fluid level in class i exceeds ;. If the fluid level in class i is below 6;,
the fluid does not accumulate cost for the system. Clearly, the cost depends on initial fluid
level z = Z(0), and allocation 7" employed. Since H and L are random variables, the cost is
also random. The focus of this chapter is to find an allocation T to minimize the expected
total cost for each initial point z. We assume that working on class 1 can more efficiently

reduce holding costs. Namely,

thl > hguz. (5)

If the assumption in (5) is violated, the optimal policy is a generalization of the well-known
cp rule (see for example, Smith [36], Klimov [23] and Green and Stidham [18]). Details of
such an optimal policy are presented in Section 2.3.

When 6; = 0 for ¢« = 1,2, the optimal policy is again given by the cu-rule. That is
the server gives priority to class ¢ with highest h;u;. To the best of our knowledge, the
optimal policy for our general problem is not known. In the special case when H and L
are deterministic and are known at the beginning of the time window, we will present an

optimal policy. Using this policy, we will construct heuristic policies, known as discrete
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review policies, for controlling the system. We will present numerical experiments showing
that these policies perform well. We will establish asymptotic results guaranteeing good
performance of these policies in certain parameter regions. We will also identify other
policies that are asymptotically optimal in certain parameter regions.

For any feasible allocation T, it follows that 7'(¢) is Lipschitz continuous in ¢. Thus, T
is absolutely continuous and has derivatives almost everywhere. Therefore, specifying an
allocation T is equivalent to specifying its derivative T'(t) for almost every ¢ in (0, H 4+ L).
(For a function f, f(t) denotes the derivative of f at time t. Whenever f(t) is used, the
derivative of f at time ¢ is assumed to exist.) Clearly, any feasible allocation T should be
non-anticipating. Namely, T(t) depends only on the information available up to time ¢.

For future reference, we also define the traffic intensities of the system. The system load
per unit of time contributed by class 1 fluid is p? = M/uy for the high load period and
p} = A} /u1 for the low load period. The system load per unit of time contributed by class
2 fluid is constant and given by pa = Xa/pa > 0. The overall system load is p" = p} + py for
the high load period and p! = pl1 + po for the low load period. When p" > 1 and p' < 1, the
total system work increases in the high load period and decreases in the low load period.
In this case, the high load period is also called the overload period. Thus, when p* > 1
and p! < 1 the system experiences an overload period followed by an under-load period,
a phenomenon known as transient overload in literature; see, for example, [7]. Although
understanding transient overload is the primary motivation of this chapter, except explicitly

stated otherwise, we do not assume p" > 1.

2.3 Optimal policies if the consistent customer class is more
expensive

In this section, we provide the optimal policies for the case if the assumption (5) is violated,
i.e hipr < hopo. Under the assumption that the class 2 has constant arrival rate A2 and
p2 < 1, if hypuy < hopse, then the optimal policy is a generalization of the cu rule. Such
an optimal policy is given below. The optimality of this policy can be proven using the

techniques in Section 2.8.1 as is done when the assumption in (5) holds and thus omitted.
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o If Zy(t) > 0y, full capacity is given to class 2, i.e. T1(t) =0, To(t) = 1.

o If Z5(t) = 63 and Z1(t) > 61, enough capacity is given to class 2 such that class

2 fluid level is kept at #2 and the remaining capacity is used to serve class 1, i.e.

T1(t) = 1= p2, Ta(t) = pa.
o If Z5(t) < 05 and Z,(t) > 6, full capacity is given to class 1, i.e. T1(t) = 1, Th(t) = 0.

o If Z5(t) < 62 and Z;(t) < 1, and the system is in the high load period (¢ < H), full

capacity is given to class 1, i.e. Tl(t) =1, Tg(t) =0.

o If Z5(t) < 02 and Z;(t) < 61, and the system is in the low period (H <t < H + L),
enough capacity is given to each class such that the fluid levels of both classes are
kept below their threshold values. We have multiple choices in this case, one is to let

Ti(t) > ph, To(t) > po such that T1(t) + To(t) < 1.
Throughout the rest of the chapter, we assume (5).

2.4 Optimal policies in the deterministic case

In this section, we present the optimal policy when the lengths of the high period and the
low period are known. Thus, H and L are deterministic quantities. The optimality of this
policy is proven in Section 2.8. For the sake of notational convenience, we first define the

following policy.

Definition 1 (Low-Period-Policy). The following policy referred to as the Low-Period-

Policy is implemented in the low period, i.e, when H <t < H + L.
e If Zi(t) > 6y, full capacity is given to class 1, i.e. T1(t) = 1,Ty(t) = 0.

o If Zi(t) = 01, Za(t) > 0, class 1 fluid is kept at its threshold value 6;, while the

remaining capacity is used to serve class 2, i.e. T} (t) = pl, Tg(t) =1-ph.
o If Z1(t) < 01, Z5(t) > 65, then full capacity is given to class 2, i.e. Ti(t) = 0, T5(t) = 1.

o If Z1(t) < 01, Zs(t) < 6, then the policy is not unique and Tl(t) and Tg(t) can be

chosen from any solution satisfying 77 (t) > pt, To(t) > p2 and T1(t) + To(t) < 1.
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The optimal policy depends on the system load. In the next three sections, we will
describe the optimal policy under various load conditions. In the first case, ,0? >1,pt <1,
and we refer to this case as highly overloaded case; in the second case, p" > 1, pf <1, p! <1,
and we refer to this case as the overloaded case; and in the last case, p? < 1,p! <1, and we

refer to this case as the lightly loaded case.
2.4.1 The highly overloaded case

In this section, we assume p? > 1 and p! < 1 and provide the optimal policy when the
duration of the high period H and the duration of the low period L is known.

Suppose that p’f > 1 and p! < 1, then the optimal policy has the following structure:

(OPT)
vte (0, s1):  Th(t) =1, Ty(t) =0;
Vt € (s1, s2): Tg(t):u2, Tl(t):ul,ul—i—uQ:l;
Ve (so, H):  Ty(t) =0, Ty(t) = 1;

Vte (H, H+L): Low-period-policy.

Thus, the optimal policy gives fixed priority to class 2 in the interval 0 to s;, employs
processor sharing in the interval s to so and gives fixed priority to class 1 in the interval so
to H. Specific values of s1, s2, u1, and us depend on the initial fluid levels and the length
of the high and the low periods. Before discussing the computation of s1, s, u1 and us for

all possible cases, we introduce the notation used in our developments:

- d
dl = 91 - Zl<0)7 77/)1 = ilh/_ullv ¢1 - 1/;fjbla (6)
1 P
_ _ da/p2 T —da/ 2
dy = 0 — ZQ<0)7 Yo = P2’ Yo = 1—7p2 (7)

The quantities 1, o, 1&1 and 1;2 have the following interpretations. Quantity 7 is the
time that class 1 increases to its threshold 6; under the policy that gives fixed priority to
class 1 if the initial fluid level of class 1 is below 6; and if the high period is long enough.
Quantity t; is the time class 1 increases to its threshold #; under the policy that gives fixed

priority to class 2 if the initial fluid level of class 1 is below 61 and if the high period is long
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enough. Quantity 9 is the time class 2 increases to its threshold #2 under the policy that
gives fixed priority to class 1 if the initial fluid level of class 2 is below 6,. Finally, 1) is the
time class 2 decreases to its threshold #» under the policy that gives fixed priority to class 2
if the initial fluid level of class 2 is above 05. Clearly, di and dy denote the initial deviation
of the fluid levels from the desired thresholds for classes 1 and 2, respectively.

We also define

1—
wp - B =Dy, 0

(1= P+t =D+ 1 =)} - 1)
(Pt = D)ol = p) (1 =)

_dy/py +da/pe 11—
al—h—7 a2 =
pr+p2—1 L—n
1 —ng
B = Y —

- vy 9)

where
_ =1 haps
=y and ==
(p1 = p1) 1H1

Quantities a1, as and B have the following interpretations. Quantity ap is the critical value
such that if the high period is longer than a; then under any policy either class 1 fluid level
will exceed its threshold 61 or class 2 fluid level will exceed its threshold 0;. Quantity ao is
the critical value such that if the high period is longer than as and the low period is long
enough to reduce the fluid level of class 1 to its threshold ; then fixed priority to class 1 is
the optimal policy in the high period. Finally, B is the critical value such that if the high
period is longer than B and the low period is long enough to reduce the fluid level of class 1
to its threshold 6; then the optimal policy never uses processor sharing in the high period.

Finally, for the sake of simplicity, we define

— n(p} —1) (P} +p2-1) _ np} (P —1) _ -l
T Dl tn( - D npe(i-1) 72 T Al D a-m-1 78 = 1l

We now provide a more detailed description of the optimal policy by considering all
possible cases of the initial load. As can be seen below, Cases 1 and 3 are simple and have
no subcases (i.e the policy is independent of the length of H and L). However, Cases 2 and
4 have many subcases. Hence, for the sake of clarity, we provide pictorial representations of
Cases 2 and 4 in Figures 1 to 3. In particular, we present the corresponding case for each
value of H and L and demonstrate that we consider all possible values for the length of the

high and low periods. Depending on the relationship between 1), and 1), we provide the
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corresponding pictorial representation of Case 2, respectively in Figures 1 and 2. Figure 3

is the pictorial representation of Case 4.

e Case 1: Z1(0) > 6;. In this case, the optimal policy is given by (OPT) with s; = s9 =

0. Note that when setting s; = so = 0, the (OPT) policy gives fixed priority to class

1 throughout the high period.

e Case 2: Z1(0) < 61, Z2(0) > 6. Computation of s1, s, u; and ug depends on the

length of the high and the low periods.
— Case 2.1: If
ap <H<B, L>v(H-a),
then s1, s9, u; and ug are computed by solving

Z3(0) + (A2 — p2)s1 = 02,

Z1(0) + A'sy = Zi(s1),

Z3(s1) + (A2 — pouz)(s2 — s1) = b2,
Zy(s1) + (NI = prun)(s2 — s1) = Zu(s2),
wp +ug =1,

Zi(s2) + (A = ) (tr — s2) = 61,

Zy(t) + (A} — ) (H — 1) = Z1(H),
Zi(H) + (N = ) (ts = H) = 61,

pihi(te —t1) = p2ha(te — s2).

(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)

(19)

Note that equations (11) to (18) describe the evolution of the fluid levels of class

1 and class 2 from time 0 to to under the optimal policy, where ¢y represents

the time epoch at which the class 1 fluid level in the low period reaches its

threshold value as indicated in equation (18). In particular, equations (11) and

(12) describe the evolution of fluid levels from time 0 to s; when higher priority

is given to class 2. At sq, class 2 fluid level is reduced to its threshold 65 from
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above. Equations (13) to (15) describe the evolution of the fluid levels from s;
to so under the processor sharing policy. In [si, sg], class 2 fluid level remains
at its threshold 6. Equations (16) to (18) describe the evolution of class 1
fluid level from so to to under the policy that gives higher priority to class 1.
Equation (16) implies that at time ¢1, class 1 fluid level increases to its threshold
01. Equation (17) records the class 1 fluid level at the end of the high period.
Equation (19) ensures that the profit gained by serving class 1 is equal to the
profit lost by not serving class 2. Under the conditions given in (10), it will be
shown in Appendix 2.8.1 that equations (11) to (19) have a unique solution with

0<s1<s9<t1 <H<ty<H+L and u1, uz > 0.
— Case 2.2: If

L+n(pf — 1)
(1 —=mn)(p} —1)

then we set to = H + L and compute s1, s2, u1, ug and t; by solving equations

LS’YI(H_al)v G1SH7 H+L§QZ}1+ (112;1_’(;2)7
(11)-(17) and (19).

— Case 2.3: If
max{B,¢1} < H <az, L >(H—11),

then we set s; = s and solve the equations (12) and (16)—(19) for s, t1 and to.

— Case 2.4: If

(1 —152)} <SH+L< 1%”,

1+ n(p} — 1)
(1=n)(pt = 1)

then we set s1 = s9 and t9 = H + L and compute s and t1, by solving equations

L<v(H—41), max {1/;1,1;1 +

(12), (16)-(17) and (19).

— Case 2.5: If H < max{ay, 11}, then the optimal policy is given by (OPT) with

51 = min{d;g, H}, so = H, ug = pa, and u; = 1 — pa.

— Case 2.6: If H > ap and H + L > (1 — 1)~ 41, then the optimal policy is given

by (OPT) with s; = s = 0.
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e Case 3: Z1(0) < 01, Z2(0) < 03, 11 < 1b9. In this case, the optimal policy is given by

(OPT) with s1 = s9 = 0.

e Case 4: Z1(0) < 01, Z2(0) < 603,91 > 9. In this case, s; = 0. However, the
computation of so, u; and us depends on the lengths of the high and the low periods

as discussed below.

— Case4.1: Ifa; < H < ag, L > v1(H —ay), then sg, uj, ug, t; and to are computed
by solving equations (13)—(19) with s; = 0.

— Case 4.2: If
HZGLH%—LS%—F&(%—%),LS’Y1(H—G1),

then we set t9 = H + L, and solve the equations (13)-(17) and (19) with s; =0
to compute s, uq, us and tq.

— Case 4.3: If H < ay, then the optimal policy is given by (OPT) upon setting s; =
0, so = H, selecting us as any value in the interval [(pe—da (2 H) ™) T, dy(u1 H) -
(p? — 1)] and setting u; = 1 — us.

— Case 4.4: If H > ap, H+ L > 91 +n(1 — 1)~ (¢1 —12), then the optimal policy

is given by (OPT) with s; = s9 = 0.

Case 2.3
Case 2.1 Case 2.6

Case 2.5

Case 2.4 1y

a, B a, H

Figure 1: Optimal policies in the deterministic case for the first type initial condition.

We also provide a pictorial representation for the optimal policies corresponding to each

value of H and L through three figures. Figure 1 is for the case where the parameters
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Case 2.5 Case 2.3 Case 2.6

Figure 2: Optimal policies in the deterministic case for the second type initial condition.

Case 4.3 Case 4.1 Case 4.4

111 1
Case 4.2 23

a a, H

Figure 3: Optimal policies in the deterministic case for the third type initial condition.

and initial condition satisfies Z;(0) < 61, Z2(0) > 62 and 1/;1 > 1/;2. Figure 2 is for the
case that Z1(0) < 61, Z5(0) > 6 and oy < 1;2, and Figure 3 is for the case that Z;(0) <
01, Z2(0) < 03 and 9 < 1h1. In all these three figures, the line l1; satisfies L = v (H — a1);
the line [ satisfies L = ~o(H — @Z;l); the line ly3 satisfies L = ~3(H — 11); the line loo
satisfies H + L = 91 + ((1 — n)(p} — 1)) "5 (1 + n(ph — 1))(¥h1 — 1b2); and line lo3 satisfies
H+L=(1—=n)""(d1—n3).

As mentioned above, we prove the optimality of this policy in Section 2.8.1. However,
in order to give the reader an intuitive explanation, we consider one of the cases above, for
example Case 3. We claim that if Z;(0) < 61, Z2(0) < 63, ¥1 < 1)9, then the optimal policy
is given by (OPT) with s; = s3 = 0. In order to see this, first consider the case H > 5.

Under the policy with s; = so = 0, class 1 fluid level reaches its threshold 6; at time 1),
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and class 2 fluid level reaches its threshold 6, at time 5. Note that for any ¢ > ¢, we have

prha(t — 1) > paha(t — 9a),

since Y9 > 11 > 0 and puihy > pghe. Thus, it is more profitable to give fixed priority to
class 1 until the class 1 fluid level decreases to its threshold in the low period. If H < 1,
then again the optimal policy is given by (OPT) upon setting s; = so = 0 (i.e. giving fixed
priority to class 1 in the high period), which yields a total cost of 0.

The following corollary follows from the description of the optimal policy.

Corollary 2. If
(i) Zl(O) > 91 or,
(i) Z1(0) < 61, Z1(0) < 02 and 0 < Py < o,

then the policy with

Vte (0,H) Ti(t) =1, Ta(t) = 0;

Vte (H,H+ L) Low-Period-Policy
is optimal for all H > 0 and L > 0.

Note that if the initial fluid levels satisfy the conditions in (i) or (ii), the policy described
in Corollary 2 is optimal even when the length of the high period and the length of the low

period are random variables.
2.4.2 The overloaded case

We assume pP > 1, Pl <1, p! < 1 in this section and provide the optimal policy when
the value of the high period duration H and the value of the low period duration L are
deterministic.

When p" > 1, pf <1, p! <1, the optimal policy has the following structure:

Vit € (0, 81) : Tg(t) =1, Tl(t) =0;

VtE (s1, s2):  Ta(t) = p2— & —52((3))/#27 Ty(t) =1 - Tu(t);

VYt € (82, 53) : Tg(t) = O, Tl(t) = 1;
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Vte (s3, H):  To(t)=1-ph T1(t) = p}

Vte (H, H+L): Low-period-policy;

where

(01 — Z1(s51)) /11 + (02 — Za(s1)) /12

arls) = Pt +p2—1

and s1, S9, S3 are given as

s1 = max{t : 0 <t< H, ZQ(t) > 92, Zl<t) < (91},
So = max{t: s1<t< H, Zl(t) < 01},

s3 = max{t: so <t < H,Zi(t) > 01}.

with the convention that max{t:z <t <y,t € A} =z if A=0.

2.4.3 The lightly loaded case

We assume p* < 1, p! < 1, then the optimal policy has the following structure:

vt e (0,H) Low-Period-Policy except replace p} by pf;

Vte (H,H+ L)  Low-Period-Policy.

Remark 3. The policies described in Sections 2.4.2 and 2.4.3 can be implemented without
knowing the length of the high and the low periods. Hence, these policies are also optimal

when the length of the high period and the length of the low period are random variables.

2.5 Discrete review policies in the stochastic case

Throughout the rest of this chapter, we shall consider the stochastic instance of the fluid
model described in Section 2.2. Recall that the system starts with a high period, followed
by a low period. The duration of the high period H, and the duration of the low period
L are independent random variables. For this stochastic fluid control problem, the optimal
policy when p"* > 1, p’f <1, p} <1 is given in Section 2.4.2 and the optimal policy when
p" <1, p' < 1is given in Section 2.4.3 (see Remark 3). We therefore focus only on the case
when

P>, p <1
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To specify the control policy in this case, we shall always consider the following four subcases

which were first introduced in Section 2.4 and are summarized below:

Case 1. Z1(0) > 01, (20)
Case 2 Z1(0) < 01, Za(0) > 6o, (21)
Case 3: Z1(0) < 01, Z2(0) < 03, 1 < 1o, (22)
Case 4:  Z1(0) < 61, Z2(0) < b2, 1 > 1o, (23)

In this section, we present a discrete review policy that is asymptotically optimal as the
expected length of the high period tends to infinity. Under our discrete review policy, the
state of the system is observed at intervals of length 7 which is a predetermined positive
number. Note that no assumptions are imposed on 7. Given 7, the distribution of the high
period and the mean of the low period, the discrete review policy is implemented as follows.
Let Hy and Lg denote the actual values of the high period and the low period respectively.

The state of the system is observed at times t = 0,7, 27,..., M7, where
M =min{n € N : nT > Hp}.

Note that we do not assume that we know Hj initially. We assume that the system can
detect the end of the high period by observing a sudden drop in the arrival rate of class 1
fluid. At each time ¢, we observe the fluid level of both classes, i.e., Z1(t) and Zs(t). We then
predict the remaining high period H(t) and the low period L(t) using one of the methods
described below. If ¢ < M7, we implement the policy described in Section 2.4 from ¢ to
t+ 7 using H(t) as the length of the high period, L(t) as the length of the low period, and
Z1(t) and Zs(t) as the initial fluid levels. If t = M7, we implement the Low-period-policy
from ¢ until the end of the low period.

At time t, we either set
H(t) = E[H|H >t]—t, (24)
or

H(t) =min{z > 0: P(H >z + t|H > t) = p}, (25)
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where p will be specified later. Note that in (24) remaining high period is estimated by its
expected value, and in (25) remaining high period is set equal to  which guarantees that
the probability that the remaining high period is larger than x is p. While implementing
the discrete review policy in the numerical examples of Section 2.7, we use both of these
methods to estimate the remaining high period and we set p = 0.25,0.5 and 0.75. On the
other hand, the remaining low period is always set equal to its mean. Hence, L(t) = E[L).

We now show in Proposition 4 that our discrete review policy is asymptotically optimal
as the expected length of the high period tends to infinity and the proof is provided in
Section 2.8.2. Given the actual values of the high and low periods, let ¢(Hy, Lg) be the
holding cost under the optimal policy described in Section 2.4. The closed form expression
for ¢(Ho, Lo) is given in Appendix A. Similarly, let ¢P®(Hy, Lg) denote the holding cost
under our discrete review policy when the length of the high period is Hy and the length

of the low period is L.

Proposition 4. There exist D > 0 and 31 > 0 (which depend on the arrival rates, service

rates, initial fluid levels, threshold values and holding costs per unit time) such that if

H(0) > D,

then the discrete review policy is equivalent to giving fixed priority to class 1 in the high

period, and we have
DR
¢ (Ho, Lo) — c¢(Ho, Lo) < (B (26)
for all Hy > 0 and Ly > 0.

In the next section, we provide various policies for different parameter sets and initial

conditions. We also show that they are asymptotically optimal in certain regime.

2.6 Other policies that are asymptotically optimal

Throughout this section, we assume that p? > 1 and p! < 1. We are interested in two heavy
traffic regimes. In the first one, the expected length of the high period tends to infinity.

In the second one, traffic intensity of class 2 (i.e. pa) tends to 1 — p} when p} is fixed and
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the low period is infinitely long. Under both these regimes, we are interested in finding the
asymptotically optimal policies.

Consider the policy that gives fixed priority to class 1 in the high period and uses the
Low-Period-Policy in the low period. For the rest of the paper, we will refer to this policy
as FP1. We shall use ¢/ (Hy, Lg) to denote the holding cost of the FP1 policy when the
length of the high period is Hy and the length of the low period is Lg. Recall that ¢(Hy, Lo)
denotes the holding cost of the optimal control policy (as specified in Section 2.4) when the
lengths of the high and the low periods are known and equal to Hy and Lg, respectively.
Holding cost expressions for all possible values of the high and low periods under the FP1
policy and the optimal policy (as well as other policies considered in this chapter) are given

in Appendix A. We have the following proposition and its proof is provided in Section 2.8.2.

Proposition 5. There exists B2 > 0, which does not depend on the duration of the high

period and low period, such that
PY(Ho, Lo) — c(Ho, Lo) < fo.
for all Hy > 0 and Ly > 0.

We next consider the case that the traffic intensify of class 2 tends to 1 — p} (i.e. the
system is always heavily loaded) and the expected length of the low period tends to infinity.
Again we consider Cases 1 to 4 given in (20) to (23), separately. We know from Corollary 2
that in Case 1 and Case 3, FP1 policy is optimal. Hence, we only consider Case 2 and

Case 4. We start with Case 4.

Definition 6. Assume conditions of Case 4. We define the 7 policy as follows:

: 0y — Z5(0) - :

Vte (0,0 AH), To(t) = ps— 272(), Ti(t) =1 = Tu(b);
aifi

Vte (e ANH H), To(t)=0, Ti(t)=1;

Vte (H,H+ L), Low-period-policy.

Under Case 4, since initially both class 1 and class 2 fluid levels are below their threshold

values, m* policy starts with processor sharing. In the processor sharing serving scheme,
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T1(t) and Th(t) are chosen such that the time that class 2 fluid level reaches its threshold
is delayed while ensuring that the cost accumulated from class 1 in the high period is not
too high. Moreover, this choice of T} (t) and T5(t) guarantees that class 1 and class 2 reach
their thresholds from below at the same time if H is long enough to do so. Thus, during
the processor sharing period, the 7 policy gives as much proportion of service as possible
to class 2 while maintaining class 1 below its threshold. Note that if the traffic intensity in
the low period is close to 1 and the low period is long, the holding cost for class 2 fluid in
the low period can be high. Hence, it is important to reduce the amount of class 2 fluid at
the beginning of the low period without incurring too much cost from class 1 fluid. We will
show in Proposition 9 that when ps — 1— p} and E[L] — oo, 7 is strongly asymptotically
optimal under the assumptions of Case 4. We use a notion of strongly asymptotically

optimal (as introduced in [35]) in the following sense:

Definition 7. Consider a control problem where the performance measure J(u,«) is a
function of the control policy u and parameter . Let the optimal control policy be u*(a),
and suppose J(u*(«a), @) — 0o as @ — ag. A control policy 4 is called strongly asymptotically

optimal if there exists K < oo such that
J(u(a),a) — J(u (), a) < K, as a — ay.
We will also use the following notation.
Definition 8. For f: R — R, we write
f(ry = O1)asr—ry
to mean that there exists a constant M > 0 such that |f(r)| < M as r — ro.

Let ¢™(H, L) denote the holding cost under policy 7 when the length of the high
period is H and the length of the low period is L. The closed form expression for ¢*'(H, L)

is given in Appendix A.

Proposition 9. Assume conditions of Case 4. Suppose H and L are random variables with

E[H?] < co. IfE[L] — o0 and py — (1 —p") (where p! is fized), then

E[c"(H,L) —c(H,L)] = O(1),

31



and ™™ is strongly asymptotically optimal.

The proof of Proposition 9 is provided in Section 2.8.2.

We next consider Case 2 given in (21) and define the following policy.

Definition 10. Assume conditions of Case 2. We define the FP2-FP1 policy as follows:

vt € (07 H)v if ZQ(t) > 027 Zl(t) < #; then Tg(t) =1, Tl(t) = 0;
Vit € (O,H) if Zg(t) = 02, Zl(t) < 01 then Tg(t) = p2, Tl(t) =1- P25
vt € (0, H) if Z,(t) > 6, then Th(t) = 0, Ty (t) = 1;

Vte (H,H+ L) Low-Period-Policy.

Note that FP2-FP1 policy is similar to the 7% policy. However, since initially class 2
fluid is above its threshold level, FP2-FP1 policy starts with giving fixed priority to class 2.
Let ¢"P2=FPL([ L) denote the holding cost under the FP2-FP1 policy when the length of
the high period is H and the length of the low period is L. The closed form expression for

cFP2=FPL([ 1) is given in Appendix A.

Proposition 11. Assume conditions of Case 2. Suppose H and L are random variables

with E[H?] < co. If E[L] — oo and p2 — 1 — p! (where p} is fized), then
E[P2YPYH L) - ¢(H,L)] = 0O(1),
and FP2-FP1 policy is strongly asymptotically optimal.
The proof of Proposition 11 is provided in Section 2.8.2.

2.7 Numerical results

In this section, we provide numerical examples to demonstrate the performance of the
discrete review policy described in Section 2.5 in systems with random high and low periods.
Ideally, once the exact lengths of the high and low periods (H and L) are known, one can
follow the optimal policy in the deterministic case described in Section 2.4. Recall that
¢(H, L) denotes the total holding cost under the optimal policy when the lengths of the

high and low periods are known. Since one can not observe the true lengths of the either
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periods until they end, such a policy is not implementable. However, the quantity E[c(H, L)]
can be used as a lower bound of the cost function since no other policy can outperform such
a policy with perfect knowledge of H and L. We will use this lower bound (which will be
referred as LB) as a guideline to evaluate the performance of other implementable policies.

While implementing the discrete review policy, we use both of the methods given in
(24) and (25) to estimate the remaining high period and set p = 0.25,0.5 and 0.75. Recall
that the remaining low period is always set equal to its mean. The discrete review policy
implemented with the method in (24) (i.e. the remaining high period is set equal to its
expected value) will be called DR1, and the discrete review policies implemented with the
method given in (25) with p = 0.25,0.5 and 0.75 will be called DR2, DR3, and DR4,
respectively. We compare the expected holding cost of these four policies with the lower
bound LB, the expected holding cost of the FP1 policy and the expected holding cost of
the 71 policy.

Even though we have considered several systems, in the interest of space we report our
findings from two sets of examples referred to as System I and System II respectively. In
System I, parameters are set as follow: 6; = 50, 62 = 100, hy = 2, hy = 1, Z1(0) = 0,
Z5(0) = 90, ph =2, pt = 0.1 and p = 0.4. In System II, p\ = 0 and py = 0.95 and the
remaining parameters remain the same. We consider four different distributions (referred
to as Case A, Case B, Case C and Case D respectively) for the length of the high (H)
and the low (L) periods, In Case A, both H and L are Erlang-2 random variables. In
Case B, both H and L are exponential random variables. In Cases C and D, both H and
L are hyper-exponential random variables with squared coefficient of variation 2 and 10,
respectively. Note that the squared coefficient of variation of the distributions in Case A
and Case B are 1/2 and 1, respectively. In our experiments, E[H]| attains the values: 5,
12.5, 25, 37.5 and 50 and E[L] attains the values: 12.5, 25, 50 and 1000.

Under a specified distribution with fixed values of E[H| and E[L], we generate 500,000
sets of H and L values. For each set of H and L values, we compute c¢(H, L) (lower
bound), ¢/'F1(H, L), ¢*(H, L) and the holding costs of the four discrete review policies.

We then compute the average holding costs over 500,000 replications. In all our numerical
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experiments, while implementing the discrete review policies, we set 7 equal to 0.1. The
value of 7 is determined by simulating the systems that we consider under the discrete
review policies with different 7 values and eventually picking the 7 value which yields a
good holding cost performance while keeping the run times reasonably short. Tables 1
through 4 display the average value of the lower bound on holding cost and the percentage
difference off the lower bound of the average holding cost of the FP1, 7%, DR1, DR2, DR3
and DR4 policies.

As Tables 1 through 4 show, discrete review policies have a good holding cost perfor-
mance. The largest percentage difference between the holding cost of discrete review policies
and the lower bound on the holding cost is approximately 21%. Moreover, the discrete re-
view policies are more robust than the FP1 and the 7™ policies. Note that the average
holding cost under the discrete review policies is much less than the average holding cost
under the FP1 policy in Cases A and B when E[H] is small to moderate. The same result
also holds for Case C when pll = 0 and ps = 0.95. However, as the variability increases,
FP1 policy outperforms all other policies. In particular, in Case D the holding cost under
the FP1 policy is less than the holding cost under all discrete review policies except when
E[L] is large (see Table 4). Discrete review policies outperform 7% policy in Cases C and
D. When the system variability is low, for systems with pl1 = 0.1 and p2 = 0.4, the discrete
review policies outperform the 7 policy. For systems with pl1 = 0 and p2 = 0.95, the same
observation holds for the DSview1, DSview3 and DSview4 policies. If p} = 0 and ps = 0.95,
DSview2 has higher holding cost than 7% policy in Cases A and B when E[H] is small and
E[L] is not large or when E[L] is large.

In systems with pﬁ = 0.1 and ps = 0.4, in general DSview4 policy has a poor performance
compared to the other discrete review policies. It performs well only for small values of E[H]|
in Case A. On the other hand, DSview?2 significantly outperforms DSviewl and DSview3
policies in Cases A and B and in Case C when E[H] is not large. In Case C, as E[H]
increases, DSview] policy starts dominating the other discrete review policies. On the other
hand, in Case D, DSview1 policy always outperforms the other discrete review policies in

systems with pl1 = 0.1 and p2 = 0.4. The same assertion holds for systems with pl1 =0 and
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p2 = 0.95 except when E[L| and E[H| are both large (see Table 4).

In systems with pll = 0 and py = 0.95, the performances of DR2 and DR4 policies
depend on the expected length of the low period. Even though the DR4 policy shows
poor performance (compared to the other discrete review policies) when E[L] is small, its
performance improves (in particular in Cases A and B) as E[L] gets large. On the other
hand, even though DR2 policy has one of the best performances among the discrete review
policies when E[L] is small, its performance deteriorates in Cases A and B as E[L] gets
large. However, in Cases C and D, DR1 and DR2 policies always have better holding cost
performance than the other discrete review policies.

In conclusion, discrete review policies yield good holding cost performance and they are
robust with respect to the system parameters. Among the discrete review policies, one can
employ the DR2 policy (in order to reduce the total holding cost) if class 2 is not heavily
loaded and the coefficient of variation of the high and the low periods is not large. However,
if the coefficient of variation of the high and the low periods is large, DR1 policy seems to
outperform the other discrete review policies. On the other hand, if class 2 is heavily loaded,

DRI1 policy has a good overall policy.
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2.8 Proof of the desired results

In this section, we provide the proof of the desired results in the earlier sections. We first
prove in Section 2.8.1 the optimality of policies provide in Section 2.4. In Section 2.8.2, we
show the asymptotic optimality of the discrete review policies provided in Section 2.5 and
we also provide enough details for the proof of the asymptotic optimality proposed policies

in Section 2.6.
2.8.1 Proof of the optimality of the policies in the deterministic case

In this section, we provide the detailed proof of the optimality of the policies proposed in
Section 2.4. We first develop the lemmas needed and then we prove the desired result.

To prove the optimality of the policies given in Section 2.4, we first provide a lemma
related to the Pontryagin maximum principle. Originally, this lemma was given in Seier-
stad and Sydsaeter [32] but the version stated here was tailored for our problem. For
completeness, we also provide the proof of the lemma.

Consider an optimal control problem as follows,

max B]jl FO(t), ult), ) dt (27)
such that

£(t) = f(z(t),u(t),t), (28)

z(By) = o, (29)

2(B) > a1, (30)

u(t) € U where U C R” and («(1), u(t) € R* x R", (31

where fO(x(t),u(t),t), and f(x(t),u(t),t) are continuous functions of ¢ over [By, B1] except
at finite number of points.

We say that (x(t),u(t)) is an admissible pair if x(t) is absolutely continuous, and
(x(t),u(t)) satisfies (28) to (31). We want to find an optimal admissible pair (z(t), u(t))
that maximizes integral in (27). In the following lemma, for vectors a and b, a - b denotes

the usual inner product of a and b.
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Lemma 12. Let (z(t),u(t)) be an admissible pair for the problem given in (27) to (31).
Suppose there exists a continuous function p(t) = (p1(t), pa(t),...,pn(t)) on [By, Bi] such
that it has a piecewise continuous derivative p(t), the continuity of p(t) is violated only at

finite number of points, and p(t) satisfies
pi(B1) >0, and p;(B1) =0 if Z;(By) > 2%, Vi=1,...,n. (32)
In addition, the Hamiltonian function
H(x(t),u(t), p(t),t) = fOx(t),u(t), t) + p(t) - f(a(t),u(t), ) (33)
satisfies the following
H(z(t), u(t), p(t), ) — H(z(t),u(t), p(t),t) = p(t) - (x(t) — z(t)) (34)

for all admissible pairs (z(t),u(t)), for all t € [Bo, Bi]| except at finite number of points.

Then (z(t),u(t)) is an optimal pair for problem (27) to (31).

Proof of Lemma 12. We use A to denote the following
Bl Bl
A= fO@(t), a(t),t)dt — FO((t), ult), 1) dt.
BO BO
Then the optimality of (Z(t), @(t)) is equivalent to A > 0 for all admissible pairs (x(t), u(t)).
According to (33) we have

By
A = / [(H(2(t), u(t), p(t), t) — H(x(t),u(t), p(t), )] dt
Bg

It then follows from (28) and (34) that

Bl Bl

Az [ a0 o) - sl [ pte)- a0 - a0 e
BO BO

Assume that By = &y < & < --- & < &g+1 = B, are all the possible discontinuity points of

p(t), ©(t) and z(t). So the right hand side of the above inequality can be written as

i{/&“ p(t) - [z(t) —:c(t)]dt+/

i=0 Y& &i

Eit1

p(t) - a(t) — (1) dt)}
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= p(BY) - (2(B1) — #(B1))

Y

0,

where the last equality is due to the continuity of p(t),z(t),z(t) and (29), and the last
inequality is based on (30) and (32). Hence, A > 0, and the optimality of (Z(¢),u(t)) is

proven. O

We next prove that the policy specified in Section 3 is optimal for our original problem
described in Section 2.2 with deterministic high and low periods. First, replacing T,(t) by

u;(t), notice that our original control problem is equivalent to

max /O o 22: Chy (Z(t) — 6,) dt. (35)
such that Z;(t) :li(t) — piui(t) i=1,2 (36)
Z;(t) > 0 Vie [0,H+ L], i=1,2 (37)

wi(t) > 0 Vie [0, H + L], i=1,2 (38)

wr(t) + us(t) < 1 Vi€ [0,H + I, (39)

where A1 (t) = AP, Vt € (0,H), and A\ (t) = N}, Vt € (H,H + L), and \a(t) = g, Vt €
(0,H+L).

Hereafter, we are going to use u*(t) to denote the proposed policy given in Section 3,
and Z*(t) to denote the fluid level under this policy.

Based on Lemma 12, in order to prove the optimality of (Z*,u*), it suffices to con-
struct continuous functions p;(t), i = 1,2, with piecewise continuous derivatives such that
(Z*(t),u*(t),p(t)) satisfies (32) and (34). In what follows, we illustrate the basic idea of the
construction and proof by focusing on only one special case in Section 3. Notice that other

cases can be proved similarly.
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2.8.1.1 Proof of the optimality for the highly overloaded case

Before introducing our construction of p’s, we first describe the fluid level evolution of both
classes under the policy u* specified in Section 3.1.

Notice that under the policy u*, class 1 will have higher priority starting from time so
until time ¢ in the low period such that Z;(¢) < #;. Corresponding to this policy, we define

two critical time instances for class 1 as follow
t1 = max{t:se <t <H, Z{(t) <61}, (40)
to = max{t: H<t< H+ L, Z{(t) > 0}, (41)
where ¢ is the time that class 1 increases to its threshold from below in the high period if
the duration of high period is long enough and ¢, is the time that class 1 decreases to its

threshold from above in the low period if the duration of the low period is long enough.

Similarly, we define two critical time instances for class 2
So = max{t: sy <t <to, Z5(t) <02}, (42)
to = max{t:ta <t < H+ L, Z5(t) > 62}, (43)
where $o is the time that class 2 increases to its threshold from below during the time
interval that class 1 has higher priority, i.e. during interval [sa,ts] and #5 is the time that
class 2 decreases to its threshold from above in the low period if the duration of the low
period is long enough. Note that after class 1 decreases to its threshold from above in the
low period at t2, the Low-period-policy gives enough capacity to class 2 to decrease class 2
fluid level.
Based on the definition of s, s (described in Section 2.4) and the definition of ¢, t2, 52, ta,
we claim the following holds:
Claim 1:
s1<sp<t1 <H<ty<H+L,
s1<s3< 8 <ty <t <H+L,

Claim 2:

vVt e (0,s1)  Z7(t) < by, Z5(t) > O,
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YVt € (81, 82)

Vt € (82, tl)
Vt € (tl, tz)

Vt € (ty, H+ L)

YVt € (82, §2)
YVt € (52, 52)

Vt € (t2, H+ L)

For ease of readability, we defer the proof of the claims to the end and next show how
to construct the auxiliary functions p(t).
It follows from the Pontryagin maximal principle that the optimal policy has to satisfy

pi(t) = BAZZ-H (Z(t),p(t),t) at the differentiable points, where the Hamiltonian function is

given by

2

H(Z(t),u(t),p(t),t) = Z (—hi (Zi(t) = ;)" + () (Ni(t) — paua(t))) -

i=1

We therefore construct p;(t), i = 1,2 (in a backward fashion) as follows:

Vte (te, H+L):

YVt € (tz, 'EQ) :

Vit € (tl,tg) :

YVt € (82, tl) :

YVt € (52, tg) :

Vt € (52, 52) :

Zik(t) < 917 Z;(t) < 627

Zi(t) < 61,
Zi(t) > 61,

Zi(t) < 6y,

Zék(t) < 92,
Z5(t) > 02,

Z5(t) < ba.

pi(H+L)=0;i=1,2,

p1(t) =0, pa(t) = 0,

. p2ho
) —

p1( ) M1

pl(t) - h‘la

p1(t) =0,

p2(t) = ha,

pa(t) =0,
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YVt € (Sl, 52) : pl(t) =0; pz(t) =0,

Vit € (0, 81) : pl(t) = 0; pg(t) = hy.

Based on the above construction, we have the following properties stated as Claim 3, whose
proof is also deferred to the end of this section.

Claim 3:

Vi e (b2, H+L):  pupi(t) = popa(t) < 0;
Vt € (s2,t2) 0 mpi(t) < popa(t) < 0;
Vit € (s1, s2) pip1(t) = papa(t) < 0;

Vt € (0, 51) : 0> /Llpl(t) > Mgpg(t).

Based on Lemma 12, the optimality follows once we show that (Z*(t), u*(t), p(t)) satisfies
(32) and (34). From the construction of p;(t), (32) holds immediately. It remains to show
that (34) holds in each time interval throughout (0, H 4+ L) under all four cases given in
(20) to (23). Here, we focus only on Case 2.1 to illustrate the basic idea. The other cases
can be proved similarly.

Consider, for example, the first time interval (0, s1). The policy in this period is u}(t) =
0, u3(t) = 1, and from Claim 2 we have Z7(t) < 61, Z5(t) > 62. Note that no other
admissible policy can reduce more class 2 fluid level than «*, thus under any admissible
policy wu;(t), the fluid level will satisfy Z;(¢) < 61 and Z3(t) > 63 for t € (0,s1). Plugging

this in (44), we have the left hand side of (34) equal to

2

ha(Z(t) — Z5(t)) + Z —paipi () (ug (1) — ui(t)).

=1

Based on Claim 3, for all ¢ in (0, s1), we have —papa(t) > —u1p1(t) > 0. Therefore,

2
> =i () (ug (1) = wi(t) = —papr (£) (ui (1) + u3(t) — ua () — ua(t)).
=1

Note that uj(t) + u5(t) = 1, and the admissible w;(t), i = 1,2 satisfies uq(t) + ua(t) < 1,
so the right hand side of the above inequality is non-negative. It follows immediately that

(34) holds for all time ¢ in the interval (0, sy).
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Repeating this procedure for the remaining intervals, we can similarly prove that (34)

holds for all time ¢ in (0, H 4 L). Hence the optimality of the proposed policy is guaranteed.

We now prove the three claims we made earlier. Again, we focus only on Case 2.1 to

illustrate the basic idea. The other cases can be proved similarly.

e Proof for Claim 1 and Claim 2 in Case 2.1. Recall that in Case 2.1, we assume
that Z7(0) < 01, Z5(0) > 62, and condition (10) holds.

In this case, s; and s2 are solved using the equations given in (11) to (19). Simulta-
neously, we also compute ui, us, t1 and to. They can all be expressed in terms of initial
fluid levels Z(0), i = 1,2, durations of the high and low periods H and L, the arrival rates
)\?, )\ll, and A, service rates p;,¢ = 1,2, and holding cost rates h;, ¢ = 1, 2.

Since Z5(0) > 0 and p2 < 1 (i.e A2 < p2), it follows from (11) that s; > 0 (s; is the
time that class 2 decreases to its threshold when it has higher priority). Since Z3(s1) = 02,
it follows from (13) that ua = pa > 0. Hence, from (15) u; = 1 — p2 > 0. One can check
that the requirement to < H + L is equivalent to L > ~1(H — a1). In addition, t; < H < t,
is equivalent to a; < H, and s; < s9 is equivalent to H < B. So, in Case 2.1 of Section
3.1, condition (10) guarantees that we have 0 < s; < s9 < t; < H < t9 < H + L and
up > 0, ug > 0.

Under the proposed policy, we know that A} > y;. Hence, the fluid level Z;(t) increases
in the interval (0, H) and Z7(0) < 61 and Zj(t1) = 61 (see (16)). Thus, for any ¢ € (0, t1),
we know that Z7(t) < 0; and for any ¢ € (t1, H), Zj(t) > 61. Under the proposed policy,
in the low period, the fluid level Z;(¢) decreases until it hits its threshold at t2 (see (18)).
Hence, for any t € (t1, t2), Z7(t) > 61. Then we can see that ¢; and t3 obtained from the
set of equations of Case 2.1 coincide with their definitions given in (40) and (41). Hence,
the first inequality of claim 1 holds. From the definition of 35 and £, we can immediately
see that the second inequality of claim 1 also holds.

We now prove Claim 2. While proving Claim 1, we have already shown that Z7(¢)
satisfies the inequalities in Claim 2 for all ¢ < t2. Since Ao < uo and ug = po, under the

proposed policy, Z5(t) decreases in the interval (0, s1), until it reaches 02 at s; (see (11)).
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It is kept at its threshold 6 in the interval (s1, s2) since Ag = poug. Then it increases
in the interval (s, H) since class 1 has higher priority. Since Z7(t) > 6; in the interval
(H, t3), under the proposed Low-period-policy, class 1 still has higher priority and class 2

fluid continues to increase until class 1 fluid decreases to its threshold at ¢5. Hence,

Vt € (0,81), Z;(t) > 92, Z;(Sl) = 92,
Vt € (81, 82), Z;(t) = 92, Z;(SQ) = (92,

vVt € (82, tg), Z;(t) > 92,Z§(t2) > 0.

After ta, under the proposed Low-period-policy, if Z5(t2) > 62, then class 1 fluid is going
to be kept at its threshold by setting uj(t) = pll, and class 2 fluid is going to decrease by
holding service capacity at uj(t) =1 — pll > po until class 2 fluid reaches its threshold from
above at 3 (see the definition of £ given in (43)). After 2, ui(t) > p} and u3(t) > p2. So,
fluid levels of both classes are going to decrease and are maintained below their thresholds.

Hence,

Vt € (tQ, EQ), Z;(t) > 92, Zik(t) = (91,

Ve (ty, H+ L), Z3(t) <6, Z7(t) < 61.

This completes the proofs of Claims 1 and 2.

e Proof for Claim 3 in Case 2.1. From the proofs of Claims 1 and 2, we know that
in this case §9 = s9.

From the construction of p;(t), ¢ = 1,2, we know that they are piecewise linear functions.
To compare their values, it is sufficient to compare them at the end points of each interval.
Since p;(H 4+ L) = 0 and p;(t) > 0 at all differentiable points, we know p;(¢) < 0,7 = 1,2,
for all ¢ € [0, H 4+ L]. Note that since p;(H + L) = p2(H + L) = 0 and pu1p1(t) = pap2(t)
for t € (ta, H+ L), we have p1p;(t) = popa(t) for t € [t2, H + L]. Based on the derivatives,

we then have
Vt € [t1, ta],  papi(t) = papi(ta) + pihi(t —t2), i =1,2.
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Using the fact that pui1hy > pohs, ,ulpl(tg) = ,u,gpg(tg) and noting t —to < 0 for ¢t € (tl, tg),

we have

Vt € (t1, t2), pap2(t) > pap1(t).

Based on the derivatives of p(t), we have

Vt € [so, t1],  pp1(t) = mpi(tr),

Vt € [s2, ta],  popa(t) = popa(tz) + poha(t — t2).

From (19) and pipi(ta) = papa(te), we have pipi(s2) = pape(s2). Combining this with

pap1(t1) < pepa(tr), we have
Vt € (s2, t1),  pp1(t) < popa(t).

From pip1(s2) = pope(s2) and p;(t) = 0,4 = 1,2, for t € (s1, s2), we can immediately see

that

Vt € [s1, s2],  papi(t) = pap2(t) = papa(s2).
For t € (0, s1), based on the derivatives of p(t), we have
vVt € [0, s1],  papa(t) = papa(s1) + peha(t — s1),
Vte [0, s1],  ppi(t) = papi(s1).

Note that p;p;(t) has the same value at s; for i = 1,2 and for ¢t € (0, s1), p2(t) = he > 0=

p1(t), then we have

Vt e (0, s1),  pipi(t) > papa(t).
This completes the proof of Claim 3.
2.8.1.2  Proof of the optimality for the overloaded case

We will only construct the auxiliary function p;(¢), i = 1,2. To complete the proof of (34),
one only needs to go through the routine procedure as described in Section 2.8.1.1. We

define t5, 55 and #3 in the same way as in (41), (42) and (43) but now they are defined
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under the policy given in Section 3.2. According to the definition of the break points
s, 1 = 1,2,3, 82, tg, and to, we can specify the fluid level evolution for each time interval,
and the derivatives of p;(t), i = 1,2. In the equations given below, if the right hand side
of an interval is not strictly larger than the left side of the interval, then that interval does
not exist but this does not affect our definition of the derivatives of p;(t) and the fluid level

description Z}(t) for i = 1,2. We have

Vte (0,s1):  Z{(t) <01, Z3(t) > 02, p1(t) =0, pa(t) = ha,

vt € (Sl) 52) : Zf(t) < 017 Z;(t) < 927 pl(t) = 07 p2(t) = 07

Vt € (s2, 82):  Z3(t) < Oa, pa(t) =0,

Vi€ (82, t2) 1 Z3(t) > 02, pa(t) = ha,

Vt € (s2,83) 1 Zi(t) > 01, pi(t) = ha,
Vt e (s3, H):  Z{(t) = 01, p1(t) = papa(t)/p1,
Vie (H, ta):  Zi(t) > 01, pi(t) = hy,

Vt e (ta, ta) 1 Zi(t) =61, p1(t) = papa(t)/pm,

Vte (to, H+L):  Zf(t) <01, Z5(t) < Oy, pi(t) =0,i=1,2,
and we let p;(H 4+ L) = 0, ¢ = 1,2. Thus, we can construct continuous and piecewise linear
functions p;(t), @ = 1,2 which have the specified derivatives in each interval and satisfy (32).

2.8.1.3 Proof of the optimality for the lightly loaded case

As in the proof of the optimality of the policies given in Sections 3.1 and 3.2, the proof
involves constructing the functions p;(t), i = 1, 2 based on the Pontryagin maximal principle

and is omitted.
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2.8.2 Proof of the asymptotic optimality of the policies in the stochastic case

In this section, we provide the proof of the asymptotic optimality of the polices proposed
in Section 2.5 and Section 2.6. We first prove the that the discrete review policies proposed
in Section 2.5 is asymptotically optimal as provided by Proposition 4. Then we prove the
results of Proposition 5, Proposition 9 and Proposition 11 in Section 2.6.

We first prove that the discrete review policies are asymptotically optimal when the

expected high period goes to infinity as provided in Proposition 4.

Proof of Proposition 4. We provide the proof for the discrete review policy where H (t)
is calculated based on the method given in (24). The proof for the discrete review policy
implemented with the method given in (25) is similar.

With a slight abuse of notation, we use d;(t) and v¥;(t), i = 1,2 to denote the quantities
defined in (6) and (7) at time ¢ when fluid levels are Z;(t), i = 1, 2. Similarly, let a;(¢),i = 1,2
denote the corresponding quantities given in (8) at time ¢. Hence, d;(0) = d;, 1;(0) = ¢

and a;(0) = a; for i = 1,2. Let

D = max {ax(0), $1(0) + 7 (1(0) ~ 2(0) . (45)

We first show by induction that for all 0 < n < M — 1, the discrete review policy sets
Ti(t) =1, Ty(t) = 0 for all t € [n7, (n 4 1)7). Hence the discrete review policy is equivalent
to giving fixed priority to class 1 in the high period [0, Hp).

First consider ¢ = 0. Note that for Case 1 and Case 3, it follows immediately from
Corollary 2 that the discrete review policy gives fixed priority to class 1, i.e. T (t) =
1, Ty(t) =0 for all t € [0, 7).

For Case 2, note that ¥ = 12(0) < 0, then D > ay and D > oy +n(1 — )"ty =
(1 —n)~Y4;. Hence, H(t) > D (where D is given in (45)) which implies that the condition
of Case 2.6 in Section 2.4.1 is satisfied, where the discrete review policy gives fixed priority
to class 1 in the interval [0, 7).

For Case 4, H(t) > D (where D is given in (45)) which implies that the condition of
Case 4.4 in Section (2.4.1) is satisfied, where the discrete review policy gives fixed priority

to class 1 in [0, 7).
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Therefore the claim is true for n = 0. Now assume that under the discrete review policy
fixed priority is given to class 1 until ¢ = n7 for 1 <n < M — 1. Then the fluid levels of the
two classes at time ¢ = nt are Z1(n7) = Z1(0) + n7(A} — 11), and Za(n7) = Zo(0) + ntha,

respectively. It is easily checked from (6),(7) and (8) that
Y1(n7) = v1(0) —n7, Po(nT) = 12(0) — n7,  az(n7) = az(0) — nr.

To specify the discrete review policy at time ¢ = n7, we again consider Cases 1 to 4
given in (20) to (23) separately. Note that the conditions of these four cases should now be
evaluated at time t = n7 based on Z;(n7) and ¢;(n7), i = 1, 2.

Again under Case 1 and Case 3, Corollary 2 applies, hence, the discrete review policy
sets T1(t) = 1, Th(t) = 0 and gives fixed priority to class 1 for all ¢ € [n7, (n + 1)7).

Under Case 2, since H(0) = E[H] and

H(nr) > E[H] - n7 > D — n7 = max{az(n7), ¢1(n7) + %(1/}1 (n7) — $a(n7))}, (46)

it follows from Case 2.6 in Section 2.4.1 that the discrete review policy gives fixed priority
to class 1 in the interval [n7, (n + 1)7).
Similarly, for Case 4, (46) implies that conditions of Case 4.4 in Section (2.4.1) hold,
hence the discrete review policy gives fixed priority to class 1 in the interval [n7, (n + 1)7).
This then completes the induction and we therefore conclude that the discrete review
policy sets T1(t) = 1, To(t) = 0 for all 0 < t < Hy. The result in (26) then follows from

Proposition 5 in Section 2.6. O

Remark 13. The proof for other methods are the same except E[H] is replaced by H(0) in
(46).

Next,we prove that the FP1 policy is asymptotically optimal when the expected high

period goes to infinity as stated in Proposition 5.

Proof of Proposition 5. We need to consider the holding costs under Cases 1 to 4 sepa-
rately. Note that for Case 1 and Case 3, Corollary 2 applies and the optimal policy is FP1,

hence we can take B2 = 0 for these two cases.
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Now consider Case 4. Note that the optimal policy (as described in Section 2.4) is the
same as the FP1 policy in Case 4.4, and differs from FP1 only under Cases 4.1, 4.2 and 4.3.
Thus, the two costs differ only when (Hy, Ly) belongs to the regions considered in Cases
4.1, 4.2 and 4.3. Our proof involves providing an upper bound on the difference between
the holding costs of the FP1 policy and the optimal policy. In the interest of space, we only
derive this upper bound when (Hy, Lo) is in the region given in Case 4.1. However, as it will
become clear from our analysis below, this will lead to subcases. Since the computation of
the upper bound for these subcases is similar, we only provide the analysis when (Hy, Lg)
satisfies (48) below.

We start by computing the holding cost expression for the FP1 policy. Under the FP1
policy, for any ¢ € (0, Hy), we have Z;(t) = Z1(0) + (A} — p1)t, and Z1(¢1) = 61 if Hy > 1.
We consider the sample paths such that conditions of Case 4.1 and Hy > 1y are both

satisfied. Thus, we have
Y1 < Ho < ag, Lo > v1(Ho — ay). (47)

For (Ho, Lo) such that (47) is satisfied, we can specify the fluid level evolution under the
FP1 policy. Class 1 fluid level increases to its threshold value at ¢ and stays above its
threshold until it decreases to its threshold value in the low period. Let t, denote the
time that the fluid level of class 1 decreases to its threshold value in the low period. Then

Zl(wl) + ()\}f — Ml)(HO — 1/11) + ()\ll — /1,1)(75,2 — Ho) = 1. Since 21(1/11) = 61, we obtain
th = Ho+ (1 — p}) " (pt — 1)(Ho — ¢).

Note that the conditions of Case 4.1 imply that t, < Hy + Lg. Thus, the fluid level of
class 1 can decrease to its threshold in the low period. On the other hand, since before t}
class 2 is not served, its fluid level increases at rate Ao and reaches its threshold value at
2. Conditions of (47) imply that Hy > 1. Hence, the fluid level of class 2 is above its
threshold in the interval (g, th). After th, class 2 fluid level decreases at rate uz(1—ph)— Ao.

Let t}, denote the time that class 2 decreases to its threshold value in the low period. Then
Za () + Na(th — ) + (A2 — (1 — p) (T — th) = 6.
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Since Zs(1pg) = 02, we get
th =ty + (1 — p2 — ph) " pa(thy — 2).
In order to have #), < Ho + Lo, we need Lo > y4(Ho — a1), where v4 = (1 — py — pll)_l(p}f +
p2 — 1). Thus, we consider sample paths such that
Y1 < Ho < az, Lo > v4(Ho — a1) (48)
and specify the fluid level evolution of class 1 and class 2 as

ifte[0,91], Zi(t) = Z1(0) + (N2 — pp)t < 64,
if t € (Y1, Hol,  Zi(t) = Z1(¥1) + (N} — ) (t — 1) > 04,
ift € [H(),té), Z1(t) = Z1(Hp) + ()\ll — p1)(t — Hp) > 04,

if t € [th, Hy+ Lo],  Z1(t) < 61,
and

ifte [0,¢Q], Zg(t) = ZQ(O) + ot < B,
ift € (Yo,t5),  Zao(t) = Za(tha) + Aot — 1) > 62,
if t € (th,8h),  Za(t) = Zu(th) + (A2 — pa(1 — p))(t — th) > 6o,

ifte [FQ,H() + Lo], Zg(t) < 92.

So, we can calculate the holding cost under the FP1 policy for (Hy, Lo) satisfying (48) as

Ho+Lo 2 1
/0 > hi(Zit) -0t dt = Jhim ((P}f — 1)(Ho — ¢1)* + (1 — p)(th — H0)2>
i=1

1 -
+§h2M2 (P2(t/2 — 2)* + (1 — pa — p}) (t — t’2)2>'
Plugging in the expressions of #, and #), we obtain

'Y Hy, Lo) — ¢(Ho, Lo) < FPH(Hy, L)

h _ h_
- % 2/‘2{@1 n(i)ip;ll) pl)(Ho —¢1)2
(L—p2—p)* Pl +p2—1 (oh — 1) 2
N p2 [1_1011—:02(1{0_@1)_(l—pll)(HO_%)}
pL+pa—1 (ph —1) 2
+(1 = p — p2) [11—pl1—p2(H0 —ay) — (11—7#1)(1% — 101)} } :

49



Since Hy < ag, ¢"PY(Hy, Lo) — c¢(Ho, Lo) is bounded when (Hy, Lg) satisfies (48). Hence,
the holding cost under FP1 policy differs from the holding cost of the optimal policy by a
constant. This completes the proof when (Hy, Ly) satisfies (48). Expressions in Appendix A
illustrate that the difference between the holding costs of the FP1 policy and the optimal
policy is also bounded by a constant for other values of the high and the low periods (i.e.
when (Hy, Ly) does not satisfy (48)).

The proof for Case 2 is similar and thus omitted. O

Next, we show that the 7% policy is asymptotically optimal when the traffic intensity

of class 2 increases as stated in Proposition 9.

Proof of Proposition 9. Similar to the proof of Proposition 5, we obtain an upper bound
on the difference between the holding costs of the 7% policy and the optimal policy for each
possible value of H and L. In the interest of space, we only consider the values of H and L
that satisfy the conditions of Case 4.4. However, as it will become clear from our analysis
below, this will lead to subcases. Since the computation of the upper bound for these
subcases is similar, we only provide the analysis when (H, L) satisfies (53) below.

If H and L belong to the region given in Case 4.4, the optimal policy is the same as the
FP1 policy, which corresponds to s; = s3 = 0 (see Section 2.4.1). We start with computing
the holding cost under the optimal policy and the 7% policy when H and L belong to the
region of Case 4.4. Under the optimal policy, even though class 1 receives full capacity,
its fluid level increases in the high period. Let ¢; denote the time that fluid level of class
1 reaches its threshold 61 in the high period. Then we can solve for ¢; which is equal to
11 in this case. Note that the conditions of Case 4.4, in particular H > a9 and ¥ > o
imply that H > ;1. The fluid level of class 1 continues to increase after ¥; during the
high period, and it is above its threshold at the beginning of the low period. Under the
Low-Period-Policy, class 1 still has full service capacity. Let to denote the time that the

fluid level of class 1 decreases to its threshold #; in the low period. Then

Z1(1) + (A — ) (H — 1) + (N = pa) (k2 — H) = 64,
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where Z;(11) = 0 and we can compute to as
ta = (pt — (1 = ph) " (H — 1) + H. (49)
Note that to < H + L implies that L > v3(H — 11). Thus, we consider sample paths such

that (H, L) satisfies both the conditions of Case 4.4 and L > y3(H — 1), i.e

H > as, H+sz1+%wl—w2>, L > ~3(H — ),

which is equivalent to
H>as, L=>nv3(H—). (50)
If H and L satisfy (50), the evolution of class 1 fluid under the optimal policy is as follows

ifre 0], Zi(t) = Z4(0) + (V! — )t < 0,
ifte (wl,H), Zl(t):(gl—i-()\}ll—ul)(t—wl) >91,
ift € [H ty), Zi(t)=Zi(H)+ A\ —p)(t—H)> b,

ift e [tg,H-FL], Zl(t)ﬁel,

where ¢ is given in (49). The holding cost incurred by class 1 is given as

(o} = D)(ph = ph)
(1—p4)

Next we compute the holding cost incurred by class 2 under the optimal policy when H

H+L 1
/0 hl(Zl(t) — 91)+ dt = ihllul (H - ¢1)2. (51)

and L satisfy (50). Under the optimal policy, class 2 is not served during the high period
and not served in the low period until class 1 fluid level decreases to its threshold. Hence,
class 2 is not served until t5. Therefore, the fluid level of class 2 increases until t5. Let £;
denote the time that the fluid level of class 2 increases to its threshold. We can compute
t1 as t] = 9. Note that conditions in (50) imply that class 2 increases to its threshold in
the high period and reaches its threshold earlier than class 1. After to, fluid level of class 2
begins to decrease at rate ps(1 — pll) — X2 under the Low-Period-Policy. Let 5 denote the

time that class 2 decreases to its threshold in the low period. Then
Za(ha) + Aa(ts — H) + (A2 — pa(1 = p}))(F2 — t2) = 0o,
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where Z3(1p2) = 03 and we have

By =ty + —L2 (1, — H), (52)

L—p2—p;
where 5 is given in (49). Note that to < H + L implies that L > y4(H — ay).
Thus, we consider the sample paths such that H and L satisfy both (50) and L >

~v4(H — a1), which is equivalent to
H Z ag, L Z ’)/4(H — al). (53)

Now we can specify the evolution of class 2 fluid under the optimal policy if (H, L) satisfies

(53). That is
ift €[0,4h2],  Za(t) = Z2(0) + Aot < 6,
ifte (1/12,t2), Zg(t) :92+)\2(t*1/)2) > 0o,
if t € (ta,12),  Zo(t) = Za(ta) + (A2 — pa(L — p}))(t — t2) > 63,

ift e [£Q,H+L], Zg(t) < B,

where t2 and #5 are given in (49) and (52), respectively. The holding cost incurred by class

2 under the optimal policy if (H, L) satisfies (53) is given as

H+L 1 N
/0 ha(Zs(t) = 62)" dt = Shops (/)2(752 —)? + (1= p2 — p})(f2 — t2)2>- (54)

Plugging in the expressions of ¢, and £ and using the fact that hopus = nhipi, the sum of

(51) and (54) is equal to

_ 1 (P} = 1) (P} — )
1) = s { L P
(1—pa—p)? (ol +p2—1 (ph -1 2
HA— 1 [11—/)11—/)2(]{_@1)_(11—pi)(H_wl)]
Pt p2—1 (pt — 1) 2
+(1—Pl1—/)2){11_p112_p2(H—a1>—M(H—iﬂl)} } (55)

The expression in (55) yields the lower bound for the holding cost if (H, L) satisfies (53).
Next we calculate the holding cost under the 7® policy when (H, L) belongs to the

region in (53). Note that H > ag and ¢1 > 19 > 0 imply that H > a1. According to
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the 7 policy, we know that both classes share the service capacity until a; as specified in
Definition 6. Since a1 < H, class 1 fluid increases before aq. Since the service speed for
class 2 is slower than its arrival rate under the 7% policy before aq, class 2 fluid level also
increases before ay. Moreover, we can calculate that the fluid level of each class at aj is
equal to its threshold value, i.e Z;(a1) = 0; for i = 1,2. From a; to H, class 1 has higher
priority and gets the full service capacity. However, since p? > 1, the fluid level of class 1
continues to increase after a; and reaches its highest level at the end of the high period.
Afterwards, under the Low-Period-Policy, the fluid level of class 1 decreases. Let t}, denote
the time that the fluid level of class 1 decreases to its threshold value in the low period.

Then
Zi(ar) + (M — ) (H — a1) + (M, — ) (th — H) = 0y,

where Z1(a1) = 01 and from the above equation we can solve for ¢}, as
t/ - p? —1
2= !

L—=pj

(H — al) + H. (56)

Since th < H+L, L > (pf —1)(1 — p4)~'(H — a1). Note that for every (H, L) that satisfies
(53), this condition is satisfied. That is if (H, L) belongs to the region in (53), the fluid
level of class 1 decreases to its threshold before the low period is over. Then we can specify

the evolution of class 1 fluid under the 7% policy as

ift €[0,a1],  Zi(t) = Z1(0) + (A} — pyag)t < 6y,

ift € (a, H),  Z1(t) =01+ (N} — p1)(t — a1) > 04,

if t € [H,th),  Zi(t) = Zy(H) + (N — ) (t — H) > 6y,
ifteth, H+ L],  Zi(t) <0,

where t} is given in (56). The holding cost incurred by class 1 under the 7 policy is equal

to

H+L 1 h 1 h
/ m(Z1() = 6:)* dt = Shap (1 1)(’; P (1 _ )2 (57)
0 — P

Finally, we specify the evolution of class 2 fluid under the 7 policy. Note that the fluid level

of class 2 increases to its threshold level at a1 and class 2 is not served in the interval (a1, t}).
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Hence, the fluid level of class 2 is above its threshold value in the interval (ai,t)). After ¢,
class 2 is served at the speed pa(1— p}) under the Low-Period-Policy. Since pa(1—p}) > Ao,
the fluid level of class 2 begins to decrease after ), and reaches its threshold at some point

in the low period denoted by #,. Then
Za(a1) + Aa(th — ar) + (2 — pa(1 — p})) (5 — 1) = 62,
where Z3(a;) = 02. We can solve the above equation for #, and compute

7 P2
th =t + -(ty — a1). (58)

1 —p2—pj
Since th < H + L, L > v4(H — a1). For each sample path such that (H, L) satisfies (53),
the fluid level of class 2 decreases to its threshold before the low period is over. Now we

can specify the evolution of class 2 fluid as

ifte [O,CLl], ZQ(t) = ZQ(O) + ()\2 — ,uzal)t < 6,
ifte (al,t'g), ZQ(t) :92—1—)\2(t—a1) > 6,
if € (th,th),  Za(t) = Za(th) + (A2 — pa(1 = p))(t — th) > 02,

iftefth, H+ L], Z(t) < 0o,

where ¢}, and #}, are given in (56) and (58), respectively. The holding cost incurred by class 2

under the 7% policy when (H, L) satisfies (53) is equal to

H+L B + 1 o 2 _ - [ gl 2
ha(Za(t) — 62)T dt hapiog p2(ty — a1)” + (1 — p2 — p1)(ty — t3)
0

2
1 p2(pt — P1)° 2

= Shape (H —a1)”. (59)
277 (1= p)(X = ph — p2)

Summing (57) and (59), we obtain the total holding cost under 7% when (H, L) satisfies

(53) as

o _ 1 (Pt = )(p} = ph) pa(pt — ph)?
¢(H,L) = 2h2u2< 1n(1—/l)l1) ! +(1_pl1)(11_p§1_p2)>(H—a1)2. (60)

We can now compute the difference between the holding costs of the optimal policy and

the 7% policy. Subtracting (55) from (60), we have

¢ (H,L)— c¢(H,L)
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h h
grots { | L= L= (01 — 00— (11 = )
pa (Pl — p)? IRV 1V et Vi BTN
G a i
h 1
_W(H—wg)(ﬂ—wl)—M(H—waf } (61)
P2 — pP1 P2 — P

First consider the last three terms in (61). Factoring out pa[(1— p})(1—pt — p2)]™!, we can
combine them into

(- pll)(po_ 4~ ) [(p = D)(H = 1) + (1 = ph)(H — v2)]*.

Adding this value to the second term in (61) and taking the common factor pa[(1 — p})(1 —

p} — p2)]~! out, we can combine all the terms with (1 — ps — p}) in the denominator into

T L = A =)+ (5 = D(H =)+ (L= ) (H =)

x[(ph = P = ar) = (o = 1)(H = 1) = (1= ph)(H = )] }. (62)
From the definitions of a1, 11, and ¥, we know that a; = ((p? — 1)1+ pathe) (ph +p2—1)7L.
Plugging in this expression of a1, we can further simplify the expression in the second line
of (62) as

(P =11 = p2 = ph)
T Ghemen T

Thus, we have

¢"(H,L)—¢(H,L)
1 (P = D)(p} = ph)
2”“{ w1 - A)
~ pa(pl =P} = 1)
(1=p)(pl +p2a—1)
o Bl
%hzﬂa { (o n(i)ip;ﬁ) 7) (2H — a1 — 1) (¢ — al)} ;

where the inequality follows from the fact that the second term is not positive since 0 < 19 <

(2H — a1 — 1) (Y1 — a1)

(P = D + (1= e
P —

(2H — ) (Y1 —1/)2)}

a1 < 1 < ag < H. At the same time, since 0 < 91 —a; < H and 0 < (2H —a; — 1) < 2H,

we obtain

IN

¢"(H,L) —c(H,L) %th ((p}f ;(1)(_/’;1; Pl1)> 9 2
b1\ (oh — o
- %hlm <(p1 (11)_([;111) pl)) 2H?, (63)
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where the equality follows from the definition of 1. Since E[H?] < co, we have the desired

result.

Next, we provide the proof of Proposition 11.

Proof of Proposition 11. We again compare the holding cost under the optimal policy
and the FP2-FP1 policy for each possible value of H and L. In particular, as in the proof
of Proposition 9, we obtain upper bounds on the difference between the holding costs of
the FP2-FP1 policy and the optimal policy. In the interest of space, we only consider the
values of H and L that satisfy the conditions of Case 2.6. However, as it will become clear
from our analysis below, this will lead to subcases. Since the computation of the upper
bound for these subcases is similar, we only provide the analysis when (H, L) satisfies (67)
below and zﬂl < &2.

If H and L belong to the region given in Case 2.6, the optimal policy is the same as
the FP1 policy, which corresponds to s; = s3 = 0 (see Section 2.4.1). Note that in this
case Z5(0) > 02 and Z1(0) < 61, hence 1py < 0 < 9. Let t; again denote the time that the
fluid level of class 1 increases to its threshold in the high period under the optimal policy.
Then Z;(t1) = Z1(0) + (A} — p1)t; = 6;. Hence, t; = 91, and the condition of Case 2.6, in
particular H > a9, guarantees ¢; < H. Similar to the analysis in the proof of Proposition 9,
in the interval (¢1, H), the fluid level of class 1 continues to increase and reaches its highest
level at the end of the high period and we have Z;(H) > 6;. In the low period class 1 still
has the higher priority and its fluid level starts to decrease. If the low period lasts long
enough, the fluid level of class 1 decreases to its threshold at some point in the low period.

Let t5 denote the time that the fluid level of class 1 decreases to its threshold. Then
Zi(t) + (N} = ) (H — t1) + (N — ) (ta — H) = 61

Note that since t; = 11 and Z;(t1) = Z1(¢1) = 01, we have

h _
ty=H + ’1)1 pll(H—wl) = H +3(H —11). (64)
Lt
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In order to have to < H + L, we need L > ~v3(H — v1). Thus, we consider sample paths

such that (H, L) satisfies both the conditions of Case 2.6 and L > v3(H — 1), i.e
H>ay, H+L>0-n)""¢, L>y(H-1),
which is equivalent to
H>ay, L=nv3(H—11). (65)
Now we can specify the evolution of class 1 fluid which is

ifte [O,wl], Zl<t):Z1(0)+()\}f—/L1)t§91,
ifte (i, H),  Zi(t) =601 + (NP — 1) (t —ab1) > 61,
if t € [H,ta), Z1(t) = Z1(H) + (N — ) (t — H) > 6y,

ift e [tQ,H+L], Zl(t)§917

where t3 is given in (64). We can calculate the holding cost incurred by class 1 under the
optimal policy for each sample path such that (H, L) satisfies (65) and it is in fact the same
as the one given in (57).

Now we analyze the evolution of class 2 fluid under the optimal policy when (H, L)
satisfies (65). From the optimal policy, class 2 is not served before class 1 decreases to its
threshold in the low period. Since the initial fluid level of class 2 is above its threshold
under the conditions of Case 2, it remains above its threshold until to. After 9, class 2 is
served at the speed of ua(1 — p') and its fluid level begins to decrease. If the low period
lasts long enough, the fluid level of class 2 decreases to its threshold value at some point in

the low period, denoted by . Then
Z5(0) + Aotz + (Ao — pa(1 = p})) (B2 — ta) = Oa.
Solving the above equation for £ and plugging in the expression of 13 given in (7), we have
ta = to + p2(1 — pa — p}) " (t2 — 2), (66)
where 5 is given in (64). Since ty < H + L, L > v4(H — ay).
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Now we consider sample paths such that (H, L) satisfies both (65) and L > vy4(H — ay).

Thus, (H, L) satisfies
H >ay, L2>y(H—a). (67)

For each sample path such that (H, L) satisfies (67), the evolution of class 2 fluid can be
specified according to the optimal policy as follows
ift e (O,tg), Zs(t) = Z2(0) + Aot > 6o,
ift e (tg,fg), ZQ(t) = Zg(tg) + ()\2 — M2(1 — pll))(t — tQ) > 0,
ift €te, H+ L], Zo(t) < 0o,
where to and 5 are given in (64) and (66), respectively. Then the holding cost incurred by

class 2 under the optimal policy for each sample path with (H, L) satisfying (67) is equal

to

b + 1 2 2 IN(T 2
/0 ha(Z(t) — 02)" dt = §h2u2{p2(t2 —12)” = p2vy + (1 — p2 — p1)(t2 — t2) } (68)

Summing (57) and (68) and plugging in the expressions of ¢y and 2, we have

(ot = D) (p} = ph)

c(H,L) = %hguz { (H — ¢1)2 - P2(¢5)2

(1= pi)
(I=p2 =)’ [l +p2—1 (Pt = 1) 2
e [1—pl1—pz(H_a1)_ (1—0’1)(H_¢1)]
P4 pe —1 (ph—1) 2
R R = il

Now we analyze the fluid level evolution under FP2-FP1 policy when (H, L) satisfies
(67). Recall that under the conditions of Case 2, Z5(0) > 62 and Z;(0) < #;. Under the
FP2-FP1 policy, class 2 has higher priority before the fluid level of class 1 increases to 6y
and class 2 decreases to its threshold f2. Let ] (#]) be the time that the fluid level of class 1

(class 2) increases (decreases) to 61 (f2) when class 2 has higher priority. Then
Zl(o) + )\}ftll = «91, ZQ(O) + ()\2 — Mg)gl = 92,

and we have t| = 1, and #, = 5. We first consider the case that 11 < 1, i.e the fluid

level of class 2 is still above its threshold 65 while the fluid level of class 1 increases to its
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threshold ;. According to the FP2-FP1 policy, class 1 has higher priority if its fluid level is
above its threshold value. Note that the above equation is valid only if H > ¢}, i.e H > 1[11.
One can verify that if (H, L) satisfies (67), then H > ¢;. Therefore, for any (H, L) that
satisfies (67) and Y1 < 109, under the FP2-FP1 policy, class 2 has higher priority before 11,
its fluid decreases before 1[11, and is still above its threshold 65 at 1/;1. On the other hand,
class 1 is not served before @Zl, its fluid level increases before 1/;1, and reaches its threshold
0; at ¥;. Note that since ¢y < H, the fluid level of class 1 increases even when it is served
with higher priority. Under the FP2-FP1 policy, class 1 has higher priority before its fluid
level decreases to its threshold #; which can only happen in the low period. Let t, be the

time that the fluid level of class 1 decreases to its threshold 6y, then
Z1(n) + (A} = ) (H = dn) + (A] = ) (ty — H) = 1.
Under the FP2-FP1 policy Z; (1[)1) = #1. We can solve the above equation and obtain
ty= H 4 (f ~1)(1— ph) " (H — 1) = H + 7a(H — ). (70)

If the fluid level of class 1 decreases to its threshold before the low period is over, t, < H+ L.
Thus, we need L > v3(H — 11). But for any sample path with (H, L) satistying (67) and
U1 < 4, L > ~y3(H — 41) holds.

If (H, L) satisfies (67) and th; < 1y, the evolution of class 1 fluid is given as

ifte0,41], Zi(t) = Z1(0) + Mt < 6y,
ift € (o, H),  Zi(t) = Z1(n) + (A} = 1) (t — ar) = 01+ (A} — ) (t — a1) > 64,
if t € [Hth), Zi(t)=Zi(H)+ (N — p1)(t — H) > 6y,

if t € [th, H+ L], Zi(t) <64,

where t, is in by (70). The holding cost incurred by class 1 is equal to

[ o o= WEDA A g gy ()
0 L—p]

We now consider the evolution of class 2 fluid when (H, L) satisfies (67) and ¢ < 1.

Recall that class 2 has higher priority before 1/?1 and its fluid level is still above its threshold
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at time 1/31 when class 1 starts receiving higher priority. Before the fluid level of class 1
decreases to its threshold 61, class 2 is not served and its fluid level begins to increase until
ty, (where t} is the time that the fluid level of class 1 decreases to its threshold in the low
period). After t}, class 2 is served at the speed of uz(1 — p%). If class 2 continues to be
served at this speed, its fluid level decreases to its threshold at some time in the low period,

denoted by #,. Then
Z5(0) + (A2 — pi2) 1 + Aa(th — 1) + (N2 — pa(1 — ph))(Eh — th) = 05

JFrom this equation, we can get
th =ty + ((1 — p2) (2 — 1) + pa(th — 1&1))(1 —p2—p)) 7" (72)

where t}, is given in (70). For class 2 fluid to decrease to its threshold level in the low period,
we need to have #), < H + L, which requires that L > y4(H — a1).
Then the evolution of class 2 fluid under FP2-FP1 policy with (H, L) satisfying (67)

and 11 < 1y is given as

ifte [0, 1;1], Zz(t) = ZQ(O) + ()\2 — /J,g)t > 6,
ift e (ﬁl,té), Zs(t) :Z2(1;1)+)\2(t—1;1) > 0o,
ifte (thfy),  Zot) = Za(th) + (Ao — pa(1 — p))(t — t3) > b2,

iftefth, H+ L], Z(t) < 0o,

where ¢}, and #}, are given in (70) and (72), respectively. The holding cost incurred by class 2

under the FP2-FP1 policy can be computed as

H+L
/0 ha(Za(t) — 05)* dt (73)
1 1— h B B _ h _ 2
= 2’12#2{2( pf)_(p;ll pl)(% — 1) (H — 1) + p2 [pll_pplll(H - ¢1)]
h _ h _ -
1 pr = )AL ) - L ()]
1—p2—pj L—p
+(1 = p2)(2¢h2 — P19 } (74)

Summing (71) and (74), we get the total holding cost under FP2-FP1 policy for each
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(H, L) that satisfies (67) and ¥ < v as

CFPQ—FPI(H7 L) = 1712#2 { (P? — 1)(0]1:— Pll) (H - 121)2 +(1- p2)(2¢~12 _ @&1
2 n(l—p3)
3 ho 1y : B ho_ ] -
+2(1 92)(171[ pl) (1/]2 _ wl)(H _ ¢1) + p2 [pl ll (H - 1/}1)}2
1—p} L—p
h _ h _ -
+(1—p2 - pi)[%w —a) - S - wl)r} - ()
L—p2—py 1=pi

Subtracting (69) from (75), with some algebra we have

CFP2_FP1(H, L) o C(H, L)

1 h 1 h 1 h 1 2 - ~
B (e L
h _ B h _ 1)2 - - -~
- Mlzl)(fl — o) (H — 1) — 2o/ 1) (H = 1) (1 — 1) + (1 = p2) (202 — ¥1)ihn
(1—p7) (1—p1)
o h _ _ - -
+2(1 p2)(pl1 101) (1/}2 _ wl)(H _ ¢1) + PQ¢%
(1—pY)
1 h 1 h 1 h 1 2 - ~
ho 3 h_ 1)2 _ -
_ Mlll)(}[ — o) (H — ) — 2p1 ll) (H — 1) (1 — 1) + 2(1 — p2)ibath
(1—p7) (L—p1)
o h _ Y _ -
+2(1 (f;?i(ﬁli) p1)¢2(H — ) +p2¢§}‘

Since H > ay > v > 11 (which also implies that (H — t)(H — 1) > —tbo(H — 1)), we

have
(ot =D =P | (= 1) ] )
( 1 n(1 — ;ll) =+ (11— oY) )(2H — 1 — 1) (Y1 — 1) — po(H — 12)?
. i b 1\2 .
_ W(H — o) (H — 1) — 22?_ plj)) (H = 1)(¢1 =)
(b = 1)(ph = ph) | (ph = 1) ; j
—po(H — )2 + M%(H —11).
(1-ph)
Thus,

CFP27FP1(H7 L) . C(H, L)

1 (P =1t = ph) | (P} —1)? - "
= §h2H2{( : n(l_/l)ll) =+ (11_/)11) >(2H—¢1—¢1)(¢1—¢1)
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2p2(p} — 1)

—p2(H —12)* + T Y2(H — 1) +2(1 = p2)dthy
1
_ h_ Iy X
+2(1 (/1)23(211) pl)%(H — 1) +P2¢J§}-
1

Note that since (1 — ,02)1;2 = —potho, we can further simplify the above upper bound as

1 h 1) (ph — h_ 1)2 N s
thuz{((pl n(l)Ep;ll) 7) (él—pll)) )(2H — 1 — Y1) (1 — 1) — 02H2}-

Then we have

cFPQ*FPl (H, L) _ C(H, L)

1 (P = 1)(p} —ph) | (P — 1) - -
< §h2u2{< 1 77(1—;11) i (f_pll))(2H—¢1—¢1)(¢1_¢1)}
1 (Pt =D —ph) (P —1)° - -
= 5h1ﬂ1{< : (1_p1l1) =+ (11_p11))(2H—1ﬂ1—¢1)(¢1—¢1)}, (76)

where the last inequality follows from the definition of  and our assumption that hyu; >
hope. The analysis for 1[}1 > 1[12 is similar and omitted. Since E[H?] < oo, we have the

desired result. O

2.9 Summary and conclusions

We studied the dynamic scheduling of different classes of service in a fluid model of com-
puting paradigms for Internet services that may be overloaded for a transient period. We
focused on minimizing the penalty of the hosting service provider by scheduling its server
resources among various e-commerce sites under Service-Level-Agreement (SLA) contracts
with specific Quality-of-Service (QoS) performance guarantees for each class of service.
Our focus in this chapter was on a system with two fluid classes and a single server whose
capacity can be shared arbitrarily among the two classes. To capture the QoS performance
guarantees in the SLA contracts, we introduced a threshold value for each fluid class such
that a holding cost is incurred only if the amount of fluid of a certain class exceeds its
threshold value. We assumed that the class 1 arrival rate changes with time and the class 1
fluid can more efficiently reduce the holding cost. Under these assumptions, our objective

is to specify the optimal server allocation policy that minimizes the total holding cost.
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We first considered the case that the arrival rate function for class 1 fluid is known.
In this deterministic setting we could completely characterize the optimal server allocation
policy that minimizes the holding cost. We then studied the stochastic fluid system when
the arrival rate function for class 1 is random. Using the key insights gained from the op-
timal policy in the deterministic setting, we developed simple (heuristic) server allocation
policies. These policies called “discrete review policies” are not only easy to implement
but also shown to be strongly asymptotically optimal for the two heavy traffic regimes con-
sidered in this chapter. Moreover, numerical studies have also demonstrated that discrete
review policies yield good holding cost performance in general (not only in the asymptotic
sense) and they are robust with respect to the system parameters such as load and class 1

arrival rate function.

In the next chapter, we will establish the connection between the stochastic fluid models
and queueing networks in a slowly changing environment. We first show that the stochastic
fluid models are actually an approximation to queueing networks in a stochastically and
slowly changing environment. Then we provide a method to derive a scheduling policy
from the solutions of the stochastic fluid models. We also prove that the derived scheduling
policy with the provided method is asymptotically optimal if the solution of the stochastic

fluid model is optimal.
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Table 1: Average holding costs when E[L] = 12.5.

Percentage Differences off the Lower Bound

System | Case E[H] LB FP1 7  DSvl DSv2 DSv3 DSv4
A ) 0.00 | 0.0026«x 0.00 0.00 0.00 0.00 0.00
12.5 1.98 | 100.77 21.36 19.76 13.34 16.70 19.34

25 132.16 9.48 15.59 12,66 7.09 10.52 13.35

37.5 705.40 242 11.71 7.66 2.79  6.29 9.31

50  1883.35 090 924 373 136 330 6.67

B 5 0.03 | 332.61 2297 16.94 1529 18.56 21.09
I 12.5 20.68 1792 16.70 10.53 8.99 12.12 14.67
25 407.05 243 1090 490 350 641  8.88

37.5  1535.52 075 801 214 093 359 6.01

50  3516.83 033 632 061 035 195 4.33

C 5 29.51 3.27 1136 558 429 7.03 941
12.5 523.38 0.33 5.66 205 1.84 3.01 4.26

25 2962.87 0.17 318 097 1.08 195 261

37.5  7544.71 0.11 234 045 0.54 1.32 1.88

50  14337.9 0.0 18 0.13 017 092 1.46

D 5 3230.38 | 0.0004 0.3 0.12 018 0.23 0.28
12.5 21190.3 0.002 0.30 007 0.18 0.22 0.26

25 86143.0 0.004 0.15 0.04 010 0.12 0.14

37.5 194926 0.004 0.10 0.02 0.05 0.08 0.10

50 347597 0.003  0.09 0.005 0.03 0.06 0.07

A 5 0.00 | 67296.6 14.87 13.84 15.74 11.54 12.75
12.5 14.68 | 45227 21.58 18.18 15.69 15.18 18.19

25 344.88 46.81 22.15 15.58 12.67 13.42 17.60

37.5  1332.03 12.86 19.44 10.78 882 9.61 14.29

50  3073.30 496 16.66 6.54 475 6.14 11.05

B ) 0.43 | 2061.88 1897 13.30 14.39 13.82 16.32
II 12.5 67.00 | 104.28 21.63 13.29 13.74 1441 17.90
25 756.57 15.74 1841 885 876 10.35 14.30

37.5  2404.51 5.11 1496 519 484 6.79 10.82

50  5085.14 227 1241 2.71 2.31 4.27  8.29

C 5 59.54 21.69 18.05 9.19 899 10.56 14.23
12.5 747.00 434 11.20 5.02 482 692 9.12

25 3870.27 201 682 277 295 453 5.79

37.5  9600.58 1.06 5.12 1.54 1.67 3.07 4.20

50  17991.4 0.62 419 0.81 0.88  2.18 3.28

D 5  3908.27 001 162 036 056 071 0.87
12,5 25373.9 0.05 0.67 023 049 058 0.63

25 102840.0 0.0 035 0.12 023 029 0.32

37.5  232504.0 0.04 025 006 013 018 0.22

50 414419.0 0.02 020 0.03 0.07 013 0.17

Note: * indicates the actual value of the average holding cost for the FP1 policy.
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Table 2: Average holding costs when E[L] = 25.
Percentage Differences off the Lower Bound
System | Case E[H] LB FP1 7 DSvl DSv2 DSv3 DSv4
A 5 0.00 | 0.0026«  0.00 0.00 0.00 0.00 0.00
12.5 2.36 86.93 20.92 1943 13.34 16.57 19.04
25  160.28 8.03 1549 12,69 7.13 10.62 13.35
37.5  847.81 2.06 11.68 7.73 262 637 935
50  2230.50 078 9.22 377 128 333 6.71
B 5) 0.03 | 294.06 2296 17.21 15.60 18.78 21.18
I 12.5 24.52 15.61 16.48 10.55 9.00 12.10 14.55
25 478.94 213 10.83 492 346 643 8.86
37.5 1774.28 0.67 798 213 0.85 3.60 6.01
50 3998.12 030 6.30 058 031 195 433
C 5 33.96 295 11.36 5.65 430 7.10 9.46
12,5 578.39 0.31 5.63 2.056 1.84 3.01 4.25
25 3174.51 0.17  3.19 0.97 1.08 1.95 2.61
37.5 7964.52 0.11 235 045 054 133 190
50 15003.8 0.07 192 0.13 017 094 148
D 5 3270.14 | 0.0004 0.73 0.12 0.18 0.23 0.29
12,5 21300.0 0.002 030 0.07 018 0.22 0.26
25 86382.7 0.004 0.15 0.04 010 0.12 0.14
37.5 195315 0.004 0.11 0.02 005 0.08 0.10
50 348157 0.003 0.09 0.005 0.03 0.06 0.07
A 5 0.01 65776 940 874 1253 7.46 8.04
12.5 21.73 | 471.27 16.69 14.19 14.51 12.28 14.20
25  462.35 50.90 19.88 14.39 13.51 12.77 16.03
37.5 1687.87 14.39 18.44 10.73 9.88 9.76 13.79
50 3756.04 566 16.17 6.80 5.35 6.45 10.93
B 5 0.65 | 2113.81 14.14 10.65 12.36 10.62 12.25
11 12.5 91.84 112.58 18.42 12.36 13.64 12.82 15.39
25 949.06 1791 1716  9.07  9.56 10.13 13.49
37.5 2879.99 599 14.39 558 557 6.88 10.52
50 5914.70 272 1211 3.06 2.76 443 8.18
C 5 74.93 23.78 16.53  9.07 9.29 10.06 13.17
12.5  852.74 535 10.81 510 493 6.78 8.83
25 4212.98 257  6.73 293 3.08 451 572
37.5 102514 1.37  5.11 1.70 1.82 3.09 4.19
50 18997.4 0.79 4.21 0.95 1.01 2.22 3.30
D 5 3962.43 0.014 163 037 056 071 0.87
12.5 25524.5 0.07 0.67 023 049 058 0.63
25 103166 0.07 035 0.13 023 029 0.32
37.5 233036 0.05 0.25 0.07 0.13 0.19 0.22
50 415185 0.03 0.20 0.04 0.08 0.13 0.17
The star (*) indicates the actual value of the average holding cost for the FP1 policy.
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Table 3: Average holding costs when E[L] = 50.
Percentage Differences off the Lower Bound

System | Case E[H] LB FP1 7  DSvl DSv2 DSv3 DSv4
A ) 0.00 | 0.0027«+ 0.00 0.00 0.00 0.00 0.00

12.5 2.69 76.98 20.01 18.63 1291 15.96 18.26

25 191.80 6.78 14.76 12.16 6.84 10.22 12.77

37.5 1029.76 1.72  11.23 7.50 240 6.19 9.04

o0 2712.54 0.65 895 3.69 118 3.26 6.55

B ) 0.04 264.86 22.08 16.66 15.12 18.14 20.41

| 12.5 28.61 13.63 1588 10.28 877 11.76 14.07
25 570.02 1.82 1047 480 3.33 6.28  8.61

37.5 2106.81 0.58 7.76 2.0v 076 3.53 5.87

50 4708.96 026 6.16 054 027 192 4.25

C 5 39.83 2,57 11.18 5.61 425 7.06 9.35

12,5 659.90 0.28 555  2.03 1.82 298  4.20

25 3511.68 0.15 3.16 0.96 1.08 194 2.60

37.5 8655.56 0.10 235 045 054 133 1.90

50 16120.7 0.06 193 013 0.17 094 1.50

D 5 3346.52 0.0004 0.v3 0.12 018 0.23 0.29

12,5 21512.7 0.002 0.30 0.0r 0.18 0.22 0.26

25  86834.6 0.004 0.15 004 010 0.12 0.14

37.5 196039 0.004 0.11 0.02 0.05 0.08 0.10

o0 349187 0.003 0.09 0.006 0.03 0.06 0.08

A ) 0.01 | 60834.20 5.81 540 8.63 4.67 4.97
12.5 34.48 472,51 1130 9.65 11.70 857  9.66

25 679.44 54.28 1535 11.35 12,94 10.41 12.50

37.5  2336.96 16.06 1552 9.46 10.62 8.84 11.76

o0  4988.97 6.52 1434 655 593 630 9.84

B ) 1.02 | 204044 961 7.63 941 737 8.36
1I 12,5 137.10 116.42 13.77 10.06 12.01  9.93 11.59
25 1299.36 19.96 14.39 850 9.77 892 1141

37.5  3739.20 7.00 1277 571 630 649 943

50 7410.93 3.27r 1110 341 331 439 7.58

C 5 102.12 25.17 1399 835 9.05 888 11.25
12.5 1044.08 6.34 993 498 487 6.34 815

25 4836.52 324 643 306 316 436 548

37.5 11441.8 177 498 190 197 3.06 4.10

50 20846.7 1.04 416 114 119 223  3.26

D 5 4605.41 0.02 162 037 056 071 0.87
12,5  25815.6 0.11 0.66 024 050 058 0.63

25 103803 0.10 035 014 024 029 033

37.5 234065 0.07 025 008 014 019 0.23

50 416648 0.04 021 005 008 014 0.18

The star (*) indicates the actual value of the average holding cost for the FP1 policy.
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Table 4: Average holding costs when E[L] = 1000.
Percentage Differences off the Lower Bound

System | Case E[H] LB FP1 7  DSvl DSv2 DSv3 DSv4
A ) 0.00 | 0.0027«+ 0.00 0.00 0.00 0.00 0.00

12.5 3.04 68.30 18.55 17.29 12.03 14.85 16.96

25 246.67 5.29 1283 10.61 5.98 894 11.13

37.5 1463.13 121 9.39 6.32 1.91 5.22 7.59

o0 4161.72 043 731 3.06 0.89 268 5.38

B 5) 0.04 231.28 21.14 16.13 14.67 17.51 19.60

I 12.5 37.56 10.58 14.15 9.28 7.92 10.59 12.59
25 846.81 1.25 886 4.11 2.80 5.38 7.32

37.5  3386.34 0.36  6.41 1.70 053 296 4.88

50 T7981.57 0.15 5.03 040 0.16 1.58 3.50

C ) 62.00 170 9.53 487 3.64 6.11  8.03

12,5 1174.26 0.16 4.61 1.71 1.53 2,51 3.52

25 6481.53 0.09 264 080 090 1.63 2.17

37.5 15825.0 0.06 198 036 045 1.13 1.60

50  28922.2 0.04 1.64 0.09 0.13 081 1.28

D 5 5151.63 0.0002 069 0.12 017 0.22 0.27

12,5 27731.1 0.001 0.29 007 0.17 0.22 0.25

25 101086 0.004 0.15 004 0.10 0.12 0.14

37.5 218685 0.004 0.11 0.02 0.05 0.08 0.10

50 380521 0.003 0.09 0.006 0.03 0.06 0.08

A 5 0.03 | 42604.30 2.25 2.09 343 180 1.92
12,5 158.84 29799 256 219 330 199 219

25 4177.56 31.79 277 208 4.00 2.03 2.27

37.5 15194.7 947 280 18 469 189 2.14

50 31848.9 4.03 277 164 295 169 194

B ) 3.88 | 127531 2.75 233 315 216 2.40
II 12.5  721.66 69.32 3.03 2,57 3.69 230 257
25 7654.53 11.62 3.03 240 3.76 2.08 243

37.50 21436.6 430 290 210 341 174 2.8

50 40180.6 215 277 174 217 141 193

C 5  525.66 1723 356 279 388 251 291
12.5 4768.37 452 315 194 197 211 261

25 18169.3 299 256 165 1.61 1.80 2.20

37.5 37865.5 191 225 139 133 145 187

50  62926.3 .25 2.05 113 1.10 1.18 1.62

D 5 6885.53 0.03 138 032 048 061 0.74
12,5  34368.7 029 063 028 047 055 0.60

25 123211 036 034 024 024 029 0.32

37.5 265930 025 026 019 016 019 0.23

50 462363 0.1 0.21 015 0.12 015 0.18

The star (*) indicates the actual value of the average holding cost for the FP1 policy.
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CHAPTER 3

SCHEDULING OF MULTICLASS OPEN QUEUEING
NETWORKS IN A SLOWLY CHANGING
ENVIRONMENT

In this chapter, we provide a relationship between the optimal scheduling policy for the
stochastic fluid model and the asymptotically optimal policy for the corresponding queueing
network in a slowly changing environment. We provide a general method to derive a fluid-
scale asymptotically optimal scheduling policy for the queueing network if the optimal policy

for its corresponding stochastic fluid model is given.

3.1 Introduction

The contemporary Internet is a large, complex, rapidly changing system characterized with
many uncertainties, such as unpredictable user behaviors, server break downs, new tech-
nology and service advances. Mathematical modelling and analysis of such a system can
augment the understanding of key issues of its performance problems. However it is impossi-
ble to model such a complex system precisely, therefore stochastic processing networks have
been selected as a more realistic mathematical model for it. In this study, we particulary
consider a multiclass open queueing network.

In a queueing network, customers (jobs or service requests) arrive randomly and wait
in queue before being served. In a multiclass queuing network, one server might need to
process more than one class of customers. When a server is available and there are more
than one class of customers waiting in the queue, a scheduling policy determines which
customer class to serve next. Our concern is to search for an optimal or near optimal
scheduling policy for such networks. In this study, we only consider head of line policies, i.e

for the customers of the same class, the earliest one has the highest priority. So the decision
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to make is what is the next class to serve when a server is available.

In a standard multiclass queueing network, the arrival pattern of customers is not chang-
ing, although certain fluctuation is allowed. Essentially the arrival rate is assumed to be a
constant throughout the whole time horizon. However, Web traffic characterization studies
such as [1, 2] have shown that there can be some sustainable periods during which the
traffic volume is significantly larger than other periods. The standard queueing network
model fails to capture the time varying characteristics of such communication networks.
Our goal therefore is to build a mathematical model for time varying networks and de-
velop a framework to search for an optimal or a nearly optimal scheduling policy for such
networks.

More specifically, we consider a multiclass queueing network that operates in a slowly
changing environment. The changing environment is modelled as a stochastic process which
takes discrete values and each value is referred to as an environment state. Each environment
state corresponds to an operating state of the network, and the operating state of the
network is described by a set of parameters, such as the arrival rates, the service rates,
and the routing matrix. In other words, each environment state corresponds to one set
of parameters that describe the dynamics of the network. At each specific environment
state, the network operates the same as the standard queuing networks with the associated
parameters. If the state of the environment takes only one value, i.e the environment is not
changing, the queueing network under our consideration reduces to the standard multiclass
queueing network. At some environment states, the network might be overloaded, i.e the
traffic intensity of some service stations (i.e servers) might be bigger than one.

We assume that the environment changes very slowly relative to the network dynamics,
i.e the customers arrive and depart the network much more frequently than the environ-
ment changes states. For example, within one minute, there are hundreds or thousands of
customers trying to gain the access of Internet, while the peak time will last tens of minutes
or even hours until the network observes off peak time. In other words, there exist different
behaviors on different time scales in the computer communication networks. As pointed

out in [14], “the relevant time scale for users may be seconds, while the relevant time scale
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for system transactions may be milliseconds or microseconds”.

The existence of different time scales in the Internet results from its large scale and
high processing speed, which is also referred to as the network speed. We focus at the
time scale of users. We will show that with proper scaling the stochastic network under
our consideration can be approximated by a stochastic fluid model when the network speed
increases. Given a solution of the stochastic fluid model, we provide a general method to
construct an implementable policy. We refer to this methodology as a translation method
of fluid model policies. The policy produced by this method is a discrete review type policy,
similar to the ones in the literature, e.g [3, 20, 27]. When implementing a discrete review
policy, the network reviews its status and makes the scheduling decision at discrete instances
of time. However, in this study, the implementation of the discrete review policy will be
interrupted by each environment state transition. We prove that the queueing network
controlled by this derived policy will converge to the given stochastic fluid model solution.
In this way, we say that the translation method we provide is a successful or valid translation
method.

Showing that the mutliclass open queueing networks in a slowly changing environment
can be approximated by a stochastic fluid model and providing a general method to success-
fully translate the fluid model policy, we have established a hierarchical framework to search
for suitable scheduling policies for such queueing networks by studying their corresponding
stochastic fluid models. It is important to note that although our study here is motivated
by the Internet setting, the model and results also apply to more general settings, including
large manufacturing firms in which events occur at different time scales. Readers can find
such discussions in Sethi and Zhang [33].

Similar results of approximating time varying queueing networks can also be found
in Choudhury, Mandelbaum, Reiman, and Whitt [14] and Massey [28] and the references
therein. But Choudhury et al [14] considers only single class queueing systems, and our
results generalize the result of [14] to not only multiclass queueing systems but also to
the network setting. And Choudhury et al [14] did not rigorously build the mathematical

model of queueing systems in a random environment although some suggestions about
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the model were made. The approximation results of Massey [28] apply only to the case
that the environment is deterministically changing, while we allow the environment to
change stochastically. To the best of our knowledge, there is not a general and successful
translation method for time varying queuing networks. For queueing networks without a
changing environment, Maglaras [26, 27| provide a general translation method, although
some of the proofs provided in [26, 27] lack mathematical rigor. In this chapter, we provide
a rigorous mathematical proof of our result which is similar to [26, 27]; moreover, our result
provides a successful translation method in a more general setting, i.e queueing networks
in a stochastically changing environment. At the same time, we relax some assumptions
required in [26, 27]. But we want to acknowledge that results claimed in [26, 27] inspire us to
investigate the translating method for queueing networks in a slowly changing environment;
and we adopt the uniform acceleration scaling method developed by William Massey.

Béuerle [5] also provides a general scheme to track the fluid model solutions, but the
results therein rely on the piecewise constant structure of the fluid model solutions and
the exponential distribution of the inter-arrival times and service times. More discussions
about the relation between the fluid model policy and that of queueing networks can also
be found in Béuerle [5], Meyn [30], and the references therein. Note that the research
of [5, 26, 27, 30] and the references therein concentrate on standard queueing networks, i.e
the queueing networks operating at a single environment state.

The rest of the chapter is organized as follows. In Section 3.2, we build the mathematical
model for multiclass open queueing networks in a changing environment. We show in
Section 3.2 that such a queueing network can be approximated by a stochastic fluid model
when the network speed increases. In Section 3.4, we describe a general method to derive
a scheduling policy for queueing networks by modifying the fluid model solutions. We
provide the proof in Section 3.5 that the provided method is successful, i.e the queueing
network controlled by the derived policy will converge to the given stochastic fluid model
solution under the fluid scaling method. The fluid scale asymptotic optimality is introduced
in Section 3.6. We provide the proof in Section 3.7 for all the lemmas that appear in

Section 3.5. Finally, we give a brief summary of our results in Section 3.8.
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3.2 Queueing network model

In this section, we will describe the mathematical model of the queueing network in a
changing environment. We first present the primitive data, then we describe the network

dynamics.
3.2.1 Primitive data

We consider a queueing network that has S service stations, indexed by s = 1,...,5,
serving K classes of jobs (or customers), indexed by k = 1,..., K. Jobs of class k are
served exclusively at station s = o(k), where o(-) is a many-to-one mapping from class to
stations. We denote by Cs = {k : o(k) = s} the set of classes that are served at station s,
and by C = (cg;) an S x K matrix with cg, = 1 if o(k) = s and cg, = 0 otherwise. C'is
referred to as the constituency matrix later on. Without loss of generality, we assume that
Cs is non-empty for all s =1,...,5.

All the random variables throughout what follows are defined on the same probability
space (2, F,P). Let X = {X(t),t > 0} denote a stochastic process which represents a
changing environment. For each ¢t > 0, the random variable X (¢) takes values in Z, where
7 is a fixed finite subset of R. For each ¢ € Z, we refer to ¢ as a state of the environment.
For each i € Z, there exist 2K sequences of independent and identically distributed (i.i.d.)
nonnegative random variables & (i) = {&x(i,n),n > 1} and ng (i) = {nk(i,n),n > 1}, and K
sequences of i.i.d. K-dimensional random vectors ¢*(i) = {¢*(i,n),n > 1} (k=1,..., K).
We assume that & (i,n) and 7y (i, n) are strictly positive with probability one. The random
vector ¢F(i,n) takes values in the set {0,eq,...,ex} (where e is the kth unit vector in
K-dimensional metric space R¥), and P{¢*(i,n) = ¢;} = pu(i) and P{¢*(i,n) = 0} =
1-— Z{il pri(i). We use P(i) to denote the K x K routing matrix associated with ¢, and
its (k,1)th element is py(i) for 1 < k,1 < K. We assume that & (i), nx(i) and ¢*(i),
k=1,...,K, €7, are mutually independent.

For each i € Z, there exists a nonnegative K-dimensional vector a(i) = (ag(i), 1 <
k < K) and a strictly positive K-dimensional vector u(i) = (ur(i), 1 < k < K). When

(i) > 0, we refer to £#(i,n) as the time between the (n— 1)st and nth exogenous arrival of
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a class k job at state ¢ of the environment and we take E[¢5(i,n)] = 1/ (4); when ay(i) = 0,
there are no exogenous arrivals of class k jobs at state i of the environment, and we take
&k(i,n) = oo for all n > 1. We refer to ay (i) as the exogenous arrival rate to class k at state
i of the environment. The random variable 7, (i,n) is the required service time for the nth
class k job that is served at state i of the environment and satisfies E[ng(i,n)] = 1/ux(3),
where (1) is referred to as the service rate for class k at sate i of the environment. The
random variable ¢ describes the routing mechanism for class k jobs: the nth class k job
after service completion turns into a class I job if ¢*(i,n) = ¢;, and leaves the network if
#*(i,n) = 0.

We are also going to use the following notations. For each environment ¢ € 7, and each

classk=1,...,. K,

Bi(i,t) = sup{n>0: Y &(i,m) <t} (77)
m=1

Sk(it) = sup{n>0: Y m(i,m) < t}, (78)
m=1

F(i,n) = Y ¢F(i,m). (79)
m=1

We refer to {Ey(i,t),t > 0}, {Sk(i,t),t > 0}, and {®*(i,n), n > 0} respectively as the
exogenous arrival process, the service process, and the routing process of class k at state
i of the environment. Note that Fj(i,t) indicates the number of class k jobs that arrive
exogenously at state 7 of the environment if the network has stayed at this state for ¢
units of time, and Sk(7,t) indicates the number of class k jobs completed at state ¢ of the
environment under the head-of-line policy if the station o(k) spends ¢ units of service time
on class k at this state. We assume that all policies considered throughout this paper are

of head-of-line type, and idling type policies are allowed.
3.2.2 Network dynamics

The performance measure of interest is the K-dimensional queue length process Z =
(Z1,...,ZK), where Z, = {Zy(t),t > 0}, 1 < k < K. FEach component of process Z

is nonnegative and integer-valued with Zj(¢) indicating the number of class k jobs in the
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network at time t. We assume that the queueing network operates in the changing envi-
ronment described by X and that X satisfies the regularity condition, i.e. averagely X has
only finite number of state transitions within any finite time. If we denote N (¢) the number
of state transitions of the environment before time ¢, then E[N(¢)] < oo for any finite ¢ > 0.

For each i € Z, we use I(i,t) to denote the total time the network has stayed at state
i of the environment in the interval [0,¢], and T(4,¢) to indicate the cumulative time that
server o(k) has spent on serving class k customers at state ¢ of the environment in the
interval [0,¢]. We also introduce Dy(i,t) to indicate the total number of class k service
completions at state ¢ of the environment in the interval [0,¢], and A(4,t) to indicate the
total number of class k arrivals at state i of the environment in the interval [0, ¢]. Recall that
En(i) = {E(i,t), t > 0}, Si(i) = {Sk(i,t), t > 0}, and ®F(i) = {®F(i,n), n > 0} (i € T,
1 < k < K) respectively describe the exogenous arrival process, the service process and
the routing process of class k at state ¢ and they are defined as in Section 3.2.1. Note that
®¥(i,n) is the Ith element of the random vector ®*(i,n), and it denotes the total number
of class k customers that are routed to class [ among the first n customers that departed

class k in environment state ¢. Then we have

K
=1
Dy (i, t) = Sg(i, Tx(i,1)),
Zi(t) = Zi(0)+ Y Ax(ist) = > Di(i,t)
i€l ieT
and

e I(i,t) is nondecreasing in ¢ for all i € Z,
e Tj(i,t) is nondecreasing in ¢ for each i € 7 and 1 < k < K, and T(i,t) < I(i,t),
° ZkECS ZieZ (Tk(i,tg) — Tk(i,tl)) <to—1t for all 0 <t <ty and 1 <s< S.

3.3 The stochastic fluid model approximation

In this section, we are going to present our first result for the queueing network described in

Section 3.2. The result shows that the queueing network in a slowly changing environment
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can be approximated by a stochastic fluid model under appropriate assumptions. We first
describe the assumptions on the network data, and then we present our first theorem. We

also provide a sequence of lemmas in order to prove this theorem.
3.3.1 Assumptions on the network data

As is traditionally done in fluid limit theorems for open queueing networks, we consider a
sequence of queueing networks as described in the previous section, indexed by r, where
r € Ry. For r € Ry, let the stochastic process X" = {X"(t), t > 0} denote the changing
environment of the rth network, where X" (t) takes values in Z for each t; let r~1&, (i) =
{r=1&.(i,n), n > 1} and r~ni(i) = {r~Ine(i,n), n > 1} respectively be the exogenous
inter-arrival time sequence and the service time sequence of class k at state ¢ of the environ-
ment for rth queueing network. For rth queueing network, the exogenous arrival process of
class k at state i of the environment is denoted by {Ej(i,t),t > 0}, which is defined in the
same way as (77); and the service process of class k at state i of the environment is denoted
as {S}(i,t),t > 0}, which is defined in the same way as (78). We assume that the routing
processes do not vary with . For rth queueing network, we use Aj(7,t) to denote the total
number of class k customers that arrive at state i of the environment until ¢, Dj(i,t) to
denote the total number of class k customers that depart at state ¢ of the environment until
time ¢, T} (4,t) to denote the total time spent on serving class k customers at state i of
the environment until time ¢, 1 < k < K, i € Z. We also use I"(i,t) to denote the total
time that the queueing network has stayed at state ¢ of the environment until time ¢ for rth
queueing system, ¢ € Z. The dynamics of the queueing network satisfy the following set of
equations:

Aty = B, I7(L0)+ > @40, Df(i 1), k=1,..., K, (80)
1<I<KK

i) = /0 N(X7(5) = i)ds, (81)

Di(i,t) = Sp(i,T{(i,t), k=1,..., K, (82)
Ty (i,t) is nondecreasing int, k=1,..., K, i €T (83)
ty—tr > Y (Ti(it2) — Tj(i,t1)), forany t >t >0,5=1,...,5, (84)

keCs i€l
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where x(A) is a indicator random variable for any A € F, i.e.

1 fweA,
x(w, A) =
0 otherwise.

We use vector Z"(t) to denote the number of customers in the system at time ¢, where the
kth component corresponds to the number of class k& customers. Then we have
Z't) = Z7(0)+ > (A"(i,t) — D"(i,t)), (85)
1€l
where A”(i,t) = (A} (4,t),1 <k < K)" and D"(i,t) = (D} (3,t),1 <k < K)".
We assume that the sequence of stochastic processes which describe the changing envi-

ronments converges almost surely to a stochastic process such that
w.p.l X"(-) — X(-) in Dg[0,00) as r — oo, (86)

where Dy [0,00) is the space of functions defined on [0,00) and taking values in a metric
space Y, and each function is right continuous on [0,00) and have left limits on (0, c0).
Dy [0,00) is endowed with the Skorohod J-1 topology (see Ethier and Kurtz [16]). We
assume that the stochastic process X satisfies the regularity condition, i.e. almost surely X
has only finite transitions within any finite time. Later on, X is referred to as the limiting
environment process. By the strong law of large numbers, we know that for each state i € 7

of the environment and each class k£ and [,

w.p.l Ep(i,t)/r — ag(i)t in R as r — oo, (87)
w.p.l Sp(i,t)/r — pr(i)t in R as r — oo, (88)
w.p.l ®F(i,n)/n — pru(i) in R asn — oo. (89)

3.3.2 Stochastic fluid model approximation

Now we are ready to see our first result, i.e. the limiting points of the scaled queue length
processes {r~1Z7(t),t > 0},>0 satisfy a stochastic fluid model as the network speed in-

creases. We use |Z| to denote the cardinality of 7.
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Theorem 14. If assumption (86) holds, then for almost all w € Q (for notational conve-
nience, w s not specified explicitly in what follows) and for each sequence of {rn,n > 1} C

{r,r € Ry}, there exists a subsequence {ry, ,m > 1} such that as m — oo, Ty, — 00 and

(I’/‘nm (ia t)) TTnm (ia t)7 ETnm (i7 t)/?“nm, DTnm (ia t)/rnm? ATnm (i7 t)/?”nm, i € I)
— (I(3,t), T(i,t), E(i,t), D(i,t), A(i,t), i € I) in Dgaxs+1471]0,00), (90)

where for each i € Z, (I(i,t), T'(i,t), E(i,t), D(i,t), A(i,t)) satisfies

Iit) = /O (X (s) = i)ds, (91)

A(i,t) = E(i,1(i,t)) + P(i)' D(i,t), (92)
E(i,t) = alif, (93)
D(i,t) = (M(©3))"'T(,t), (94)
T(i,t) is a vector of nondecreasing functions in t, (95)

and M (i) = diag(u1 (i), ..., ux(i)~1). We also have that

Z Z (Ty(iyto) — Tg(i,t1)) < to —t1, forany0<t; <t9,s=1,...,5 (96)
keCs ieT

Moreover, if Z™m(0)/ry,, — Z(0) in R, then Z™m (t)/ryp,, — Z(t) in Dg,[0,00) and it

satisfies that

Z(t)=Z(0) + > _A(i,t) = > _ D(i,1). (97)
i€ i€T
Throughout what follows, we use 7, and 7, to denote the nth transition time of X (-)
and X" (-) respectively, n > 0, with 7o = 7§ =0 and 7, = 0o (7, = 00) if X (X") has fewer
than n transitions.

Before giving the proof of this theorem, we first present the following lemma which will

be needed in our analysis and uncovers a condition equivalent to assumption (86).

Lemma 15. Assumption (86) holds if and only if for every m > 0, both of the following

conditions hold almost surely.
(@) {(77, X" (7)) : 0 < n <m} — {(10, X (1)) : 0 < n < m} in R*™2 jf 1, < 00,(98)

(13) 1, — 00 in R if 7, = 00. (99)
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We now define an alternative convergence in the space of real valued functions defined

on [0,00).

Definition 16. Let f,(-) and f(-) be non-negative real valued functions defined on [0, 00),

n > 1, then we say f,(-) — f(-) uniformly on compact sets (u.o.c) if for any ¢ > 0,

sup |fn(u) — f(u)] =0 asn — . (100)
u€(0,t]

The following convergence together theorem is also needed in our proof for Theorem 14
and its proof is given in Billingsley [8]. This result gives a sufficient condition for the

convergence of a compound sequence.

Lemma 17. (convergence together theorem) Assume that fn(-), gn(:), f(:), and g(-) are
non-negative real valued functions defined on [0,00), n > 1. If as n — oo, fu(-) — f(*)

u.0.¢, gn(-) — g(+) w.o.c, f(-) and g(-) are both continuous, then

fn(gn()) - f(g()) %.0.C.

The following lemma is useful in our analysis and has been proven in Ethier and Kurtz

[16].

Lemma 18. Assume that f, € Dg[0,00) for each n > 1 and f(-) is a real valued function

which is continuous in (0,00) and right continuous at 0. Then
fu(:) = f(-) in Dg[0,00) asn — oo

if and only if f,() — f(-) w.o.c.

In our analysis, we also need the following lemma which gives a sufficient condition for

(100) to hold and has been proven in Dai [15].

Lemma 19. Let {f,} be a sequence of nondecreasing real valued functions defined on Ry
and f be a real valued continuous function defined on Ry. Assume that fn(t) — f(t) for

all rational t > 0, then f, — f u.o.c.

Before giving the famous Ascoli-Arzela theorem in Lemma 21, we define the equiconti-

nuity first.
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Definition 20. A family of real valued functions f, : [0,00) — R, n > 0, are equicontinuous
if and only if for any ¢t > 0 and any € > 0, there exists §(¢,€) > 0 such that for any ¢’ > 0

and [t —t| < d(t, ), it satisfies sup,,>q | fn(t') — fu(t)| < e

A particular family of equicontinuous functions satisfy the following Ascoli-Arzela the-

orem which will be needed in our proof for Theorem 14.

Lemma 21. (Ascoli-Arzela) Assume that the sequence {f,, n > 1} of functions f, :
[0,00) — R is equicontinuous and the sets Up>1 fn(u) are bounded in R for every u € [0, 00).
Then there exists a function f :[0,00) — R which is continuous on (0,00) and right con-

tinuous at 0 and a subsequence of { fn} which converges to f uniformly on compact sets.

Now we provide the proof of Lemma 15.

Proof of Lemma 15. Let A be a set of strictly increasing, continuous functions z : Ry —
R4 such that z(0) = 0 and lim; .o x(t) = co. From the definition of Skorohod J-1 con-

vergence, (86) is equivalent to that for every ¢t > 0, there exists {7y",r > 0} C A such

that
lim sup [7"(u) —u|=0, (101)
T=0 0<u<t
lim sup [X"(v"(u)) — X(u)| =0. (102)
T00 0<u<t

First, we show that if (98) and (99) hold for all m > 0 then (101) and (102) hold,
hence (86) holds. Consider a sample path such that (98) and (99) hold, we show that
(101) and (102) also hold for this sample path. We do not specify explicitly this sample
path throughout the rest of the proof to avoid lengthy notations. For each ¢ > 0, from the
regularity condition of X, we know that there exists a finite m > 0 such that 7,1 <t < 7.

Since (98) and (99) are true, then there exists ro such that if » > 7o, then ¢ < 77, and

r

71 < t+ 1. We construct a continuous and strictly increasing function 7"(-) € A such
that it maps 7, to 77, and 7" (u) € [7}_{,77] if w € [Tp—1,7] and 7, < 00, 1 < n < m.

In particular, we construct such a 4"(-) which increases piecewise linearly so that (101)
is satisfied. With this 7"(-) and (98), we then show that (102) is also satisfied. We first

consider the case of 7;,,, < 0o and then the case of 7,,, = cc.
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Case 1: If 7,,, < oo, we define 7"(-) such that it maps 7, to 7,, and is linear in the

interval [7,—1,7,] for all 1 < n < m. More specifically,

0 u =0,
v (u) = T+ (T = Tae) (T =7 ) (u—Tno1), U € (Tho1,7n), 1 <1 <m,
T+ (u—Tm), U > T,

Clearly, v"(-) € A. Note that 79 = 0 and t < 7,,, < oo. For n such that 1 < n < m,
note that the function 7" (u) — w is a linear function of u in the closed interval [7,_1, T,],
therefore its extreme values (maximum and minimum) will be reached at one of the end

points of this interval, i.e. at 7,1 or 7,,. Hence maxy¢(r, _, 7, [7"(v) —u| = max{|y" (7-1) —

Ton—1ls [V (Tn) — |}, 1 < n < m. Since ¥ (7,) =7, for n =0,1,...,m, then
r _ < r _ _ r_ ]
S 7" (u) —ul < max i 7" () = ul = max |7 — 7|

With 7, < oo for all 0 < n <m, (98) and the above inequality imply that (101) holds.

We know that X" and X are piecewise constant and are right continuous, i.e.

X"(u) = X'(r,), foruelr),m.), 1, <00, n>0,

X(u) = X(m), foru € [T, Thi1), T < 00, n > 0.

Also note that " (u) € [r),_;, 7)) for any u € [Tp—1,7s), 1 <n < m. Then

n n

sup [X"(7"(u)) — X(u)| < max  sup [X"(7"(u) —X(u)|= sup |X"(;)—X(7)l
0<u<t 1<n<myelr, 21 ) 0<n<m

This inequality and (98) imply that (102) holds.
Case 2: If 7, = oo, we define 7" (+) similar to case 1, such that it maps 7, to 7/, is
linear in the interval [7,,_1,7,] for all 1 <n <m — 1, and increases with rate 1 after 7,,_i.

More specifically,

0 u =0,
V(W) =9 7 4 (T —Tn) N7 =) —Tn1), uE (Tao1,7a), 1<n<m—1,
Tin—1 T (U — Tim—1), U > Tp—1-

Clearly v"(-) € A. Recall that 7,,—1 < ¢, we have

sup [7"(u) —u| = ( max sup Y (w) —u[)V( sup [y (u)—ul)
0<u<t I<n<m—1 WE[Tn—1,Tn] UE [Trm—1,1]

— T_
= ngrlgagilhn Tnl-
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where a V b = max{a,b}. Note that 7, < ¢ for all 0 < n < m — 1, then the above equation
and (98) imply that (101) holds.

As in case 1, v"(u) € [1)_q,7}] for any u € [1,—1,7,] and 1 < n < m — 1. Recall that

n—1s

X7"(+) is right continuous, we have

sup |X"(v"(u)) — X(u)|

0<u<t

= (,_max  sup |[X"(7y"(u) = X(u))V( sup [X"(y"(u))— X(u)])
1<n<m—1 UE[Tn—1,Tn] UE[Tm—1,t]

= (ymax_ [X7(r) = X(m)) vV ( sup [X"(3"(w) = X(Tm—1)])- (103)
Snsm-— UE[Trm—1,t

Note that 7,,—1 < o0, 7),_; — Tm—1, and 77, — oo in R, hence we can choose ry > 0 such
that for r > ro, |71 — Tm—1| < 0.5 and 7, > t + 2. Hence if r > ro, for all u € [1,,—1,1],
we have 77, _; <~"(u) <7/, and X"(u) = X" (7),_;). Now it is clear that if » > ro,
i (X" (7"(w) = X(w)| = [X" (1) = X (1)
Combining this equality and (103), we have
S X" (7" () = X (u)| = oS0 [ X" (1) = X (7).
This equality and (98) imply that (102) holds.
The results of case 1 and case 2 show that (98) and (99) are sufficient conditions for
(86) to hold.
We next show that (98) and (99) hold for all m > 1 are also necessary conditions for
(86) to hold.
If (86) holds, then there exist {7"(-), r > 0} C A such that (101) and (102) are satisfied.
For any m > 1, we first consider the case of 7,, < oo and then the case of 7, = oco.
Case 1: We assume that 7,,, < oo in this case. For any ¢ < oo, there exists ro(t) € Ry
such that as r > rg(t),
sup [ X7(77(w) — X (u)] < co.
u€(0,t]
In particular, we pick ¢t such that 7, < ¢ < 7,+1. From the assumption that elements of

7 are distinguishable, i.e. the difference between any two distinct values of Z is no smaller
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than ¢y, we know that if r > rg,

X"(y"(u)) = X(u) = X(Th—1) foru € [m1,m), 1 <n<m,

b
=
)
3
S
|
Ja
=
|

X(1m)  for u € [, t].
Note that since 7" (-) is strictly increasing, the above equalities are equivalent to

X" (u) = X (7—1) for u € [V (Th=1),7"(T0)), 1 < n <m, (104)

X"(u) = X (1) for u € [y (1), 7" (2)]. (105)

From these equalities, we see that the first m 4+ 1 environment transition times of X" are
Y (1n), 0 <n <mif r > rg. That is 7, = " (1), 0 < n < m. Hence, from (104) and (105),

we see that if r > rg,
{X"(1)),0<n<m} = {X(m),0<n<m}. (106)
It is clear from (101) that
{7 (), 0 <n<m} —{m, 0 <n<mj,
that is
{1, 0<n<m}— {m, 0<n<m}. (107)

From (106 ) and (107), we conclude that (98) holds.

Case 2: We assume that 7, = oo in this case.

Without loss of generality, we assume that m is the smallest integer such that 7,,, = oo,
hence 7,1 < oo. Applying the same technique as in the proof of case 1, and choosing ¢
arbitrarily large such that 7,1 < t < oo, we still have (104) and (105) by replacing m
by m — 1. From this, we know that the first m environment transition times of X" are
7h=7"(10), 0 <n <m—1for r > ry(t), and the (m + 1)th environment transition time
Tr > ~"(t). Note that 4" satisfies (101), then we can choose ro(t) large enough such that
as > ro(t), v"(t) > t — 1, hence 7, > t — 1. Since t is arbitrarily large, we know that

7, —ooin R as r — oo.

82



The results in case 1 and case 2 show that (98) and (99) are necessary conditions for

(86) to be true.

Now we are ready to prove Theorem 14.

Proof of Theorem 14. We consider any sample path that satisfies (86). For notational

convenience,

this sample path is not specified explicitly in the corresponding notations that

follow. We first show that for this sample path, I"(i,t) — I(i,t) in R as r — oo. For any

t > 0, from the regularity condition of X, we know that there exists a finite integer m > 1

such that 7,9 < -1 < t < 7y, From Lemma 15, we know there exists ro(t) > 0, such

that if > ro(t), 7),_9 <t < 7),. We define 7,,_2 = 7/, _5 = 0 if m < 2. Also note that X"

is piecewise constant and right continuous, hence I"(i,t) can be rewritten as

I'(it) =

t

¥ [ @ =aass [ e =i [ xxre) =nas

m—1

From (106) in the the proof for Lemma 15, we can choose 7¢(t) large enough such that as

r > ro(t), we also have

and

" (i,t)

xX(X"(rp)=1) = x(X(m)=1), i€Z, 0<n<m-1,
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From Lemma 15, we also know that
{77, 0<n <m} — {m,, 0 <n <m} in R

Now it is clear that as r — oo,

m—2

Ir(i,t) — Z_: (Tn — Tn—l)X(X(Tn—l) = 2) + (t AN Tm—1 — Tm_g)X(X<Tm_2) = Z)
-1

n—

+(t —tA Tm—l)X<X(Tm—1) = l)

= [ s = i

where the equality comes from the fact that X is piecewise constant and right continuous at
its transition times 7, n > 0. Throughout the rest of the paper, we let I(i,t) = fg X(X(s) =
i)ds, then I(i,t) is continuous in ¢ and I"(4,t) is nondecreasing in ¢, by Lemma 19, we see

that
I"(i,t) — I(i,t) uw.o.c asr — oo. (108)

Next, we consider the convergence of {17} (i,t), r € Ry}. It is easy to check that
{T}(i,t), r € Ry} satisfy the conditions of Ascoli-Arzela lemma, hence for any sequence
{rn}e2, C {r,r € Ry}, there exists a subsequence {r,/}>_; and a continuous function

T(i,t) , such that as n’ — oo, it satisfies r,, — oo and
T (i,t) — T(i,t) w.o.c asn' — oo. (109)

From (83), we know 7(i,t) satisfies (95).

By Lemma 19 and (87),(88), (89), we have

E;(i,t)/r — ag(i)t uwo.c asr— oo, (110)
Sip(i,t)/r — pg(i)t wo.c asr — oo, (111)
dF(i,n)/n — pu(i) wo.c asn — oo. (112)

Now, applying the convergence together theorem (Lemma 17) to (110) and (108), we see

that
Ep(i,I"(i,t))/r — ag(i)I(i,t) uw.o.c asr — oo. (113)

84



Again, applying Lemma 17 to (109) and (111), we see that
S (i, T (i, 1)) frr — ()T (i, ) wo.c asn’ — oo. (114)

Throughout the rest of the paper we let Dy(i,t) = pug(i)Tk(i,t), recall that Dj(i,t) =

Sp(i,T7(i,t)), we see (114) is equivalent to
D" (i,t)/rns — Dy(i,t)  wo.c asn’ — oo. (115)

If Dy (i, t) = 0, note that 0 < ®F (D" (i,t))/ry < D™ (i,t) /s, from the Sandwich theorem
and (115), we see ®F(D;" (i,t))/rn — 0 wo.c. If Dy(i,t) > 0, then (115) tells us that
D™ (i,t) — oo as n’ — oo. From (112) and (115), we have

OF (D (0st)) (<I>f(D,:"’(i,t)))(D;"’(i,t)
Tns D]:”/ (i,t) Ty

)

—  pri(i)Dg(i,t) u.o.c.
Combining the results for both cases of Dy(i,t) = 0 and Dg(i,t) > 0, we have
OF (D" (i, 1)) /T — pri(i)Dy(i,t) wo.c asn’ — occ. (116)

Since {rp/}o7_; is a subsequence of {r,r € Ry}, (113) also holds if we replace r by 7,/ and
let n — oo. Without loss of generality, we can choose {r,/}79_, such that (113)-(116) hold
forall k,l=1,... K.

From equation (80) and the results that (113) and (116) hold for all kK = 1,... K, we

have
A (i, t) T — A(i,t)  wo.c asn’ — oo, (117)

and A(i,t) satisfies (92).

We can choose a common subsequence of {r,r € Ry}, still denoted as {r,/}>5_; for
notational convenience, such that (108), (109), and (113 )-(117) hold for all i € I and
k=1,...,K. Note that when we take sum over 7 € Z, the summands are all nonnegative

real numbers, so we can exchange the order between the limit operation and the summation.

Now from the hypothesis that Z"(0)/r — Z(0), we can see that Z" (t)/r,, — Z(t) u.o.c
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and Z(t) satisfies (97) from (80) -(82), (85), and the above results. By Lemma 18, all the
above convergence results hold in the Skorohod J-1 topology. It is also clear that (96)
follows from (84) and (109).

O

From the proof for Theorem 14, we have the following corollary which will be used for

our future analysis.

Corollary 22. Let {f"(-), r > 0} be real valued functions defined on [0,00). Let 1(-) be
the identity function defined on [0, o), i.e. 1(u) = wu for all u > 0. If the assumption (86)

holds, then as r — oo, f7(-) — 1(-) u.o.c implies that w.p.1,
rYZT() = Z7(f(-) = 0 w.o.c (118)

Proof of Corollary 22. We prove it by contradiction. If the result is not true, then there
exists a subset of €2, say o, such that P(Q) > 0 and the above result does not hold
for every w € Q. Hence, for every w € Qg (where w is not specified in what follows for
notational convenience), there exists an ¢y > 0, a tp > 0 and a subsequence {r,, n > 1}

such that r,, — oo as n — oo, and for all n > 1,

sup 7,127 (s) = Z7 (f™(s))] > eo.
0<s<to

Let Z7(-) = Z7(:) — Z"(0), then for all n > 1, we know

sup r;l\ZvT"(s) — Zrn(frn(s))] > €. (119)
0<s<to

Since Z"(0) = 0, then from Theorem 14, we know that there exists a subsequence of
{rn, n > 1}, still denoted as {r,, n > 1} for notational convenience, and a continuous

function Z(-) such that as n — oo,
iz () = Z(-) uo.c (120)

Since f"(-) — 1(-) u.o.c as r — oo, then from the convergence together theorem (Lemma 17),

we know that

r A2 (f () — Z(1(:) = Z(-)  u.o.c (121)
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From (120) and (121), we see that for any finite ¢ > 0, as n — oo,
sup ;' Z7 (u) = Z7 (" (w)))] — 0,
0<u<t

which contradicts to (119). This concludes the proof. O

3.4 Fluid tracking policy for queueing networks in a slowly
changing environment

In this section, we provide a method to construct an implementable scheduling policy for
the queueing network in a changing environment if a stochastic fluid model solution is given.

We assume that the stochastic fluid model solution is given as ¥ = {(VU(¢; 2,1),t >
0,2 >0,i€ZT}or TV = {TY(t;2,i)),t > 0,2 > 0,i € T}, where U(t;2,4) and TY(t; z,1)
are K dimensional vectors of real numbers. For any 1 < k < K, the real number Wy(t; 2, 1)
denotes the fluid level of class k at time ¢ and T} (; 2,4) denotes the total time spent on
serving class k during [0, ¢) if the initial fluid level vector is z and the environment state is

i in the interval [0, ¢). Note that
W(t; 2,0) = =+ ali)t — (T — P (M) T (1 2,1), (122)

where I denotes the K x K identical matrix Since (I — P(i)) is invertible, then form either
of ¥ and TV, we know the other one. Note that with slight adaptation of notations, the
functions in set TV satisfy (95) and (96).

Now, we construct a scheduling policy for the queueing network so that we review the
queueing network periodically. At the beginning of each review period, we check the queue
length and the state of the environment, then we implement the policy as described below.

We initially set the planned review period length as I(r) such that for any n > 0 and

any ¢ such that 0 < < 1

r(l(r)"

I(r) — 0 and 5 00 as T — 00 (123)

This assumption in fact can be relaxed (see Remark 32). We also set a safety stock level
0" (i) for each state i of the environment such that 0" (i) = [(i)ri(r), where ((i) is a K-

dimensional vector of real numbers and (3(i) > pu(i). We use j to denote the index of the
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review period, t"(j) to denote the beginning time of the jth review period, and ¢"(j) to
denote the queue length vector at t"(j). Set 5 = 0 and ¢"(0) = 0 initially, then we implement

the following policy. For notational convenience, we denote X" (¢"(j)) by X.

e At the beginning of the review period t"(j), observe the environment state, say it is

i,ie. X7 =i,

e If ¢"(j) > 0"(i), then we plan a policy for the next [(r) time units , referred to as the

fluid policy, according to the fluid model solution. The exact procedure is given as

follows.
First, let
7)) = (@G)—0@@)"/n (124)
w() = TYAr):q (),i), 1 <k <K, (125)
pr(J) = lrue(izr()], 1 <k <K, (126)
wi(j) = )= Y @), 1<s <8, (127)
heCs

where a® = max{a,0} and |a] is the maximum integer that is smaller than or equal
to a. We use w7, (j) to denote the planned time to spend on serving class k and u}(j)
the planned idle time for server s during the jth review period, which are estimated
through the stochastic fluid model solution. Based on the average service rate during
environment state 4, we schedule pj.(j) amount of class k jobs to be processed during

jth review period for each 1 < k < K.

Server s processes pj.(j) jobs of class k for each k € C5, 1 <5 < S. Let
v (6.3)+p (4)
G = > Y. mR(n) +in( () + 1), (128)
keCs n=u] (i,5)+2
where ¢} (4, j) denotes the number of class k jobs that has departed at environment
state i until ¢"(j) and 7;(i,¢;(4,5) + 1) denotes the remaining service time of the

t.(1,7) + 1st class k customer served at environment state i. Then b}(j) denotes the

total service time of the planned jobs for server s. After finishing the scheduled jobs,
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server s idles min{u’(j), (I(r) — b%(j))"} time units and then sends the finish signal.
As soon as every server sends the finish signal or the environment changes to another
state, we start a new review period. When the environment changes its state, we say

that an environment transition happens.

Now we give the expression of the starting time of the next review period. Note that
the initial queue length is no less than the safety stock level, i.e. ¢"(j) > 6" (i), which
guarantees that ¢"(j) > p"(j), hence each server can continuously serve the scheduled

jobs without having to wait for additional arrivals. Let

et"(j) = b5(j) +minful(j), (1(r) —b5()) "}
b () +us(G) i 05(5) +ug(g) < Ur),
=y i) if b5(5) < 1(r) < b5(5) + us(), (129)
b5(7) i U(r) < b5(5),
which denotes the time elapsed until server s sends the finish signal if there is no
environment transition to interrupt the policy implementation. Let 77(j) denote the
first environment transition time after ¢"(j), i.e. 77(j) = min{7), : 75, > t"(j), n > 1},
where 7, is the nth transition time of {X"(¢),¢ > 0}. Then the (j+ 1)th review period

starts at

FG+1) = mindt’(j) + max er" (5), 7 ()} (130)

If ¢"(j) # 0"(i), then we implement a policy, referred to as the target idle policy,
such that the queue length of each active class is above or equal to the safety stock
level at the end of the review period if there is no environment transition during this
review period. The meaning of an active class will be clear in the next paragraph.
Though various policies can achieve this goal, we particularly choose to implement
the following one with the purpose of having a clear description of the policy and a

rigorous proof for our next result. The procedure is given as follows.

Recall that (I — P(3)) is invertible, hence there is a unique solution of A(7) such that

() = a(i) + P(i)' (i), which denotes the nominal arrival rate vector in environment
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state i. For each class k such that \g(¢) > 0, i.e class k has positive nominal arrival

rate at the state ¢ of the environment, class k is called an active class.

First, at each state of the environment, say state i , we want to specify a path for
each active class k through which an exogenous job arrives at buffer k. Let o denote a
dummy node that represents the outside of the network from where all the exogenous
arrivals come. Then for each k € A(i), either ay(i) > 0 or there exists 1 < m < K
and {ki,...,kn} C A(i) such that oy, (i) > 0 and pg,k,(7) - - - pk,k(¢) > 0. For the
first case, we say k is connected to the exogenous source o through a path (o, k) at
the state 7 of the environment; for the second case, we say k is connected to the
exogenous source o through a path (o, k1, ..., kn, k) at the state i of the environment.
Note that an active class may be connected to o through multiple paths. For each
k, we select only one path for it. Then the dummy node o, the active classes and
the selected paths compose a tree. If the selected path for k is of the form (o, k),
then we say k is a root class. We use R(7) to denote the set of root classes at state
1 of the environment. If at the state ¢ of the environment, the selected path for k is
of the form (o,k1,...,kmn,k), m > 1, then we say k = k, for n = 1,...,m; and we
say k is a tmmediate child class of k,, and k,, is the immediate parent class of k at
the state ¢ of the environment. We use Ci(7) to denote the set of all immediate child
classes of class k at the state ¢ of the environment. For each class k, we also let 7j ()
denote the set of classes that succeed k in the preselected paths and class k itself, i.e
Ti(i) ={l: 1>k} U{k}, 1 <k < K. Then 7;(i) is a subtree of the preselected tree
with root node being k. For a class k, if among all the preselected paths, there is not

a class [ such that [ = k, we say k is a leaf of the preselected tree.

We implement the following policy with the preselected tree.

— All classes have two status: working or finish.

— Jobs of a class in working status are processed once the server for this class is

available. Jobs of a class in finish status are not processed.

— At the beginning of the review period, all active classes having child classes set
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their status as working, and all the other classes set their status as finish.

— A class switches status from working to finish at the time when the status of its
child classes are all finish and the queue length of its child classes are all above

or equal to their respective safety stock levels.

— A new review period starts at the time when the status of all root classes are
finish and the queue length of all root classes are above or equal to their respec-
tive safety stock levels or at the time when an environment transition happens,

whichever happens first.

Without loss of generality and for notational convenience, we assume that for every

state 1 € Z, every class k is an active class, where 1 < k < K.

Now we estimate the upper bound of the duration of the jth review period during
which the target idle policy is implemented. Let pj.(j) denote the number of class k
service completions during the jth review period during which the target-idle policy
is implemented. Each root class k needs to wait for at most ([0}(¢)] +p}.(j) — ¢, (j)) "
exogenous class k arrivals in order to fulfill the target idle policy. For k € R(i), let
er(4) = ([05(0)] + Py (j) — qr(5)) ", then the total time spent on waiting for exogenous
arrivals is at most

kg, (1,9)+e, (7)

max > &i(6,n) + Gk 5) + 1),

kER(i) T

where k. (4, j) is the total number of class k jobs that has arrived exogenously until
t"(j) at environment state 4, and £ (i, " (i, j) + 1) is the remaining time to wait for
the (7, 7) 4 1st job that arrives at the environment state ¢ after time ¢"(j). The total
processing time during the jth review period is at most

K (6,9)+D(7)
Yo D k(i) F (i g g) + 1),
k=1 n=}(3,5)+2

which is the total processing time if there is only one server for all these classes. Let

¢"!(j) denote the duration of the jth review period during which the target idle policy
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is implemented, then

ry (1,9)+ep (9)

BG) < Jnax > Glin) + & (kG 5) + 1)
n=~rj (i,j)+2

K (6,9)+P ()

> > )+, 5) + 1), (131)

k=1 n=u (i,5)+2
Then the ending time of the jth review period (i.e the beginning of the j + 1st review

period) satisfies
EG+1) < min{t" () + e () 770} (132)
where 77(j) denotes the earliest environment transition time after t"(j).

If a review period is ended due to an environment transition, then we say this review
period is an interrupted period, otherwise we say it is uninterrupted period. We refer to
an uninterrupted review period during which the fluid policy is implemented as a normal

review period.

3.5 Main result of the stochastic fluid tracking method

In this section, we will show that the method provided in Section 3.4 successfully translates
a very general stochastic fluid model solution and constructs a scheduling policy for the
original queueing network. That is, under some mild conditions the queue length of the
network in the changing environment under the constructed policy will converge to the
given stochastic fluid model solution as the network speed increases. We begin with the
notation conventions in this study.

Throughout the rest of the manuscript, we adopt the following notations. For each class

k (1 <k < K), and each state i of the environment (i € 7), we let

ik = sup{pk(i) : (i) > 0,0 € I}, p, = inf{pug (i) : p(i) > 0,4 € I},
ar =sup{ax(i) ax(i) > 0,1 €I},  ap =inf{ag(i) : ag(i) > 0,7 €7},
B = sup{B(i) : Br(i) > 0,i €T}, B =inf{By(i) : B(i) > 0, i € T},

gk(ia ZL‘) = E[(fk(zv 1))2X(£k(i7 1) > i’)], hk(l7x) = E[(Uk(la 1))2X(nk(ia 1) > :E)]
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We also let

p=max{fig, 1 <k <K}, p=min{f,1 <k K},
a =max{ag, 1 <k < K}, a=min{a, 1 <k < K}

B =max{B, 1<k <K}, @zmin{ﬁk,lgkng}.
We also define the notation o(-) as follows.

Definition 23. For two real valued functions fi(z) and fa(x), if lim,_,o fo(x)/f1(z) =0,

then, we say fo(x) = o(f1(x)).

Remark 24. Note that if fo(z) = o(fi(x)) and f3(z) = o(fi(x)), then fo(z) + f3(x) =
o(f1(x)).

Throughout this section, we make the following assumptions.

e For each class k, 1 < k < K, there exists v > 0 such that

sup gk(i’ I’) = O(x_’y)a sSup hk(l7 I’) = O(x_’y)' (133)
1€ i€T

Note that since Z is finite, the assumption (133) is satisfied if E[(&(4,1))?T7] < oo
and E[(n(i,1))?>"7] < oo for each i € Z and some v > 0. Without loss of generality,

we assume that v < 1.

Remark 25. Assumption (133) implies that there exists ¢; and ¢y such that

. C1 . C2
S < — and suph < =,
pan(62) < oy and suphelia) <

e There exist real valued functions é;(-) > 0 and éo(+) > 0 such that

sup sup sup E[{(i,n)|&(i,n) >u] —u < &(1),
1<h<K i€T 0<u<t

sup sup sup E[ng(i,n)|ne(i,n) >u] —u < é(t).
1<k<K i€T 0<u<t
If the inter-arrival times & (i,n), i € Z, k = 1,..., K, are all new better than used
in expectation (NBUE) ([34], page 68), then ¢;(¢) can be a constant, e.g ¢1(t) =
C1 85Uy << i SUP;e7 E[€(4,n)] for any constant ¢; > 1. The exponential random vari-

able is a special case of NBUE type of random variables. This conclusion also applies

to the service times ng(i,n), 1 € Z, k=1,..., K.
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Remark 26. Since &7 (i,n) = r~1&,(i,n) and 0} (i,n) = r~'ng(i,n), the above assump-

tion implies that for any n > 1

sup sup sup E[EL(i,n)|E(i,n) >u] —u < 7 lé(rt), (134)
1<k<K i€T 0<u<t

sup sup sup E[ni(i,n)|nL(i,n) >u] —u < 7 'é(rt). (135)
1<k<K icT 0<u<t

We assume that
r_lén(rt) = o(l(r)) (136)

for any fixed t > 0, n =1, 2.

Note that if the inter-arrival times &(i,n) and service times nx(i,n) are all NUBE
type of random variables (e.g exponential random variables), then é,(rt), n = 1,2 are

constants and the assumption (136) holds since [(r) satisfies the assumption (123).

Remark 27. This assumption can be relaxed such as there exist real valued functions

¢én(t), such that 7=1é,(rt) < é,(t), n =1,2.
There exists n(-) such that for any ¢t > 0,
EN"(t) < n(t), (137)

where N"(t) denotes the number of environment transitions until time ¢ for rth system.

Note that if the transition of environment follows a poisson process with rate n”, then
EN"(t) = n"t. For this case, the assumption (137) is satisfied if {n" : r > 0} is

bounded.

We consider a given set of functions W, then it satisfies

e Initial condition:

U(0;2,1) = 2. (138)

e Continuity in t:

lim U(s; z,1) = W(¢; 2,14). (139)

s—t
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Furthermore, we assume V¥ satisfies

e Consistency:

U(t+ s;2,1) = W(t; ¥(s; 2,1),9); (140)
e Equi-continuity in z:
| W (s;21,1) — W(s;22,7) < L(s)|z1 — 22, (141)
where supg<,<; L(s) < oo for any ¢ < oc.

With the assumptions above, we have the following result.

Theorem 28. Let Z"(t; V) denote the queue length vector at time t of the rth system
operating under the policy constructed from the stochastic fluid model solution (¥, TV) which
has the properties listed by (138)-(141). If the assumptions (86), (133), (136) and (137)
hold, and Z"(0)/r — Z(0) w.p.1, then w.p.1,

7"t W) /r — U (t; Z(0), X) in Dpic[0, o0) as 1 — oo, (142)

where W(t; Z(0), X) is defined recursively in the following way:

VU(0;2,X) = =z, (143)
U(t;2,X) = Wt —7n@); (TN 2 X), X (The)), (144)
U(Tpt1;2,X) = V(Thy1 — T, ¥(Th-1;2,X), X (1)), (145)

and Ty () is the last transition time of X(-) before t.

Remark 29. Note that since (¥, TV) satisfies (122) and TV satisfies (95) and (96), then
we know (X, ¥(; Z(0), X), TY) satisfies the stochastic fluid model equations (91)-(97) with
replacing Z(0) by Z(0) and Z(t) by ¥(t; Z(0), X).

In order to prove Theorem 28, we first develop some lemmas as follow and the proof of
them is provided in Section 3.7.

We first develop the following lemma to provide a probabilistic deviation bound be-
tween random variable and its mean value. The proof is similar to that of Lemma 4.3 in

Bramson [9]. But for the sake of completeness, we also provide the proof in Section 3.7.
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Lemma 30. For any e >0 anyt € Z, and any x > 0, we have

P(| an(z’, n) — ml)| >ex) < hple,x)  for all integer 0 < m < z, (146)
o

|Zsk T' er) < gile,x)  for all integer 0 <m <w,  (147)

where

~

hi(e,z) = 271 (28212 4+ de 2 hy (27 1/%))

T )

Remark 31. From (133), we can see that for any fixed € > 0,

~

hile,) = o@™ ), gy(e,m) = o(a ),

Remark 32. We can relax (123) such as [(r) — 0 if 7 — oo and there exists 0 < € < /8 such
that (/8= (I(r))* — oo for 1 <n < 2 if r — co. In particular, we can set € = v/8 — /9.
We also provide the following lemma for later reference.

Lemma 33. For any e > 0 any x > 0, any integer m such that0 < m <z, any 1 <[ < K,

1<k<K, and any i € Z,

P(|@}(i,m) = mpi(i)] > ex) < ——.

For notational convenience, we denote X" (¢"(j)) by X7, then X7 = X7, means that the
jth review period is not interrupted by an environment transition. We first define a filtra-
tion. Forn > 0, let 7, be the o-field generated from random variables {(t"(5), ¢"(j), X7),j =

0,1,...,n}, ie

Fn = o{t"(0),4"(0), Xg,2"(1),4"(1), X7, ..., t"(n), ¢" (n), X7} (148)

Recall that ¢} (4, j) denotes the number of class k jobs that have departed at environment
state ¢ until ¢"(j). Let 7j;,(¢,n) denote the remaining service time of the nth class k customer
that is served at environment state ¢ for every ¢ € Z, 1 < k < K and n > 0. For every

i €Z and j >0, we let Y"(i, j,€) denote the event that the remaining service time of the
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(5 (i, j) + 1)st class k customer served at environment state i is less than (2K)~'el(r) for

all k, i.e
Y7 (i, j,€) = {7 (i (i, 7) + 1) < 2K) el(r), 1 < k < K} (149)

The following lemma provides a probabilistic estimation between the difference of the
actual review period length and the planned review period length if the fluid policy is imple-
mented during the review period, the review period is not interrupted by the environment
transition and the remaining service times are sufficiently short (i.e T"(X7, j, €) happens).

For notational convenience, we let
I"(i,5) = {Xj=i=Xj,,4"() =20 (0)}
I"(j) = {Xj =X, d() = 0"(Xj)}

Then I'"(j) denotes that the jth review period is a normal review period and I'" (i, j) denotes
that the jth review period is a normal review period and the environment is at state ¢ during

that period.

Lemma 34. For any ¢ > 0, there exists r(e) > 0, such that if r > r(e),
B[x(I#" G+ 1) — () 1] > el(r) X(T (X}, 3.) x(I" ()| 7
K
< ) h(e(AK ) L rl(n))x(@" () = 07 (XF)),
k=1

where hk( ), 1 <k < K is defined in Lemma 30.

The next lemma is a special case of Lemma 34, but it does not require that the remaining
service times are small. In this lemma, we provide a probabilistic lower bound for the

duration of a normal review period.

Lemma 35. For any € > 0, there exists r(€) > 0, such that if r > r(e),
E[X(#"(j +1) = £7(j) < (1 = Ur) x(T" ()| F ]
K
< > ha(e@K )™ L rl(r) Dx(d"(5) = 07(X)),
k=1

where ﬁk(, ), 1 <k < K is defined in Lemma 30.
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The next lemma is also a special case of Lemma 34, where we only provided a probabilis-
tic upper bound for the duration of a review period when the fluid policy is implemented,

but this review period might be interrupted by an environment transition.

Lemma 36. For any € > 0, there exists r(e) > 0, such that if r > r(e€),
E[X(t"( +1) = () > (1 + Ur)X(T(X], 5, ) X" (7) = 07(X)))| 7
K
< Y hw(e(dK ) [ rl(r) x (a7 () = 67(X7)),
k=1

where iLk(', ), 1 <k < K is defined in Lemma 30.

For the rest of the manuscript, we adopt the following conventions. For a real number
x, |z| = max{z, —z}, [x] denotes the smallest integer that is bigger than or equal to x, and
|z] denotes the largest integer that is smaller than or equal to .

The following lemma provides a probabilistic bound between the difference of the actual

exogenous arrivals and average number of exogenous arrivals.

Lemma 37. For anyx >0, anyt > 0, any statei € Z, and any class k such that ag(i) > 0,

T

ak (i) [rag (:?t + ]
(i)  P(EL(,t) —rag(i)t < —z) < gk(ak(i) ror @i — 2] lrag (i)t — z]),
i Law(i)rt +a)),

() P(BEG ) = rew@t] > 2) < 206 o my

(i) P(EL(i,t) — rag(i)t > x) < gi( , [rag(i)t + x]),

where gi(z,y) is defined in Lemma 30.

The following lemma provides the probabilistic bound between the difference of the

actual service completions and the mean service completions.

Lemma 38. For anye > 0, anyt > 0, any state i € I, and any class k such that (i) > 0,

~ x

P(|Sg(i,t) = ruk(i)t] > z) < 2hk(mwkrt+wJ)-

Let E(t) = > ;c7 Ep(i,17(i,t)), then Ej(t) denotes the total number of exogenous
arrivals to class k£ until time ¢. The following lemma provides us a probabilistic bound on

the total number of external arrivals within a finite time period.
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Lemma 39. For each class k with &y > 0, for any t > 0, and any € > 0, there exists
ri(t,€) >0, for all v > ri(t,€), such that

P(Ej(t) > r(ag +e)t) < gk(m,m/m).

Let Sp(t) = >,c7 Sp(4, T} (4,t)), then Si(t) denotes the total number of service comple-
tions of class k until time ¢. The following lemma provides a probabilistic bound on the

total number of service completions of class k£ within a finite time period.

Lemma 40. For each class k with i, > 0, anyt > 0, and any € > 0, there exists ri(t,e) > 0,

for all v > ri(t,€), such that

P(S)(t) > r(ix +e)t) < ﬁk(m

The following lemma provides a probabilistic bound on the maximum inter-arrival time

sert/[Z1).

between consecutive customers who have come before time ¢.

Lemma 41. For each class k such that ay, > 0, any t > 0 and any € > 0, there exists r(t,€)

such that if r > r(t,€), then

(s < £
Plugs _ max o €m)>d() < filetn)

where

A . 01(5ék+6)t . €
fl(G,t,T) = W—ng(W,eTt/’I‘).

Remark 42. From Remark 31, we know that fl(e,t, r) = o(r~1+1/8) for any fixed € > 0

and ¢t > 0.

The next lemma provides a probabilistic upper bound on the service time of customers

who have been served before time ¢.

Lemma 43. For each class k such that jix, > 0, any t > 0 and any € > 0, there exists r(t, €)

such that if r > r(t,€), then

Plugs  me ikl > () < flotn),
where

€

A _ Cg(ﬂk +6)t A
(T /)

fg(e,t,?“) = W + hy
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Remark 44. From Remark 31 and #™/8(I(r))2 — 0, we know that fo(e, t,7) = o(r—(117/8))

for any fixed e > 0 and ¢ > 0.

Recall that (i, j) denotes the number of class k customers that arrive at environment
state i before time ¢"(j), and {N’,Q(z, kp(4,7) + 1) denotes the remaining time until the first
class k customer arrives at environment state i after ¢"(j). For every i € Z and j > 0, we let
A" (4, j,€) denote the event that the remaining time of the (k. (4, j) + 1)st class k customer

to arrive at environment state i after ¢"(j) is less than (2K)~tel(r) for all k, i.e
A"(i,j,€) = {&h (6, ki (6, 5) +1) < 2K) 'el(r),1 < k < K} (150)

At the beginning of the jth review period, if the initial queue length is above the chosen
safety stock level, we will implement the fluid policy as is mentioned in Section 3.4. Let the
planned queue length at the end of the jth review period be denoted by z"(j + 1), then it

satisfies

2+ = wr);d (), Xj).

The following lemma provides an estimate for the difference between the planned queue
length and the actual queue length at the end of the jth review period if the jth review
period is a normal review period (i.e the jth review period is not interrupted by a change
of the environment state and the fluid policy is implemented during this period) and the

remaining inter-arrival times for each class are sufficiently short (i.e A" (i, j, €) happens).

Lemma 45. For each class k, any € > 0, there exists ri(€), such that if r > ri(€), we have

—r( (. —1pgr/yr T r'egk r~€ék T
P({[gr(f +1) —2(G + V)| > er0,(X;)} NT (])mT(Xj7]7@)nA(Xj7]7@)|Fj)

A~

< fale,r)x(a"(G) = 0"(XF)),

where
fler) = 20n((aa2 )@+ T i)
K i 4K 1
+ 3 gy ) + S
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Remark 46. From (123) and Remark 31, we know that f3(e,r) = o(r~(1*7/9) for any fixed

e > 0.

The next lemma provides an estimate for the queue length at the end of a normal review
period, i.e. during the review period the fluid policy is implemented without interruption.
It shows that if at the end of a normal review period the actual queue length is close to the
planned queue length, then the actual queue length will be either above the safety stock

level, or very close to the safety stock level when it is not above the safety stock level.

Lemma 47. For any € > 0, there exists r(e) > 0 such that if r > r(e),

PG¢@+4>zu—QW<;H»ﬂFW>ﬂT“‘$;f>““X“ﬁﬂi

A~

< faler)x(q"(5) = 0"(X7)),

)IF5)

J

where

K B
= Y (2@ + ) aurl(r)

1 320zk 4
e 4K 1
+hk(mv I_Hk’l"l(’l")J) + e (rl(r)ﬁk)2>

Remark 48. From (123) and Remark 31, we know that fy(e,7) = o(r~(1+7/9) for any fixed

e > 0.

At the beginning of a review period, if the queue length of some class is not above its
safety stock level, we implement the target-idle policy so that each class will be above its
safety stock level. The following lemma provides us with an estimate on the duration of
such a review period during which the target-idle policy is implemented. For notational

convenience, we let

["(je) = {d"(j) 2 0" (X)), d"(j) = (1 — €)0"(X])} (151)
Lemma 49. For any any € > 0, we have

P({t’"(j+ 1) — t"(j) > 2K Crel(r )}ﬁA"(X;f,j,e)HTT(X;,j,e)ﬂf’"(j,e)U;’f)

< fsler)x(X' (. 0)),
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where Cy is a constant which is defined in (223),

~

f5(e,r) = Z Qk(é,ﬁrl(r))—i— Z izk(%,Qgrl(r))—i—KS(

1<k<K 1<k<K

)T (Bri(r) 2,

2Cmax

and Cmax 1S a constant which is defined in (222).

Remark 50. From (123) and Remark 31, we know that fs(e, ) = o(r~(1+7/9) for any fixed

e > 0.

Next, we provide a probabilistic upper bound on the difference between the queue length
at the end of a target-idle review period and the queue length at the beginning of this review

period.

Lemma 51. For any € > 0, there exists r(e) > 0 such that if r > r(€), then
P({|q"( +1) — ¢"(4)| > Coerl(r)e} N A™(XF, j, )Y (XF, j, )T (, )| F}) < fole,7),

where C’g = 4KC’1d + 2(K + 1)EmaXB. The notation e is a K dimensional vector with all
elements equal to 1 and

. 1 - .

fole,r) = K;K (gk(ﬁ, AKChaerl(r)) + K%ﬁ)*‘*(gm(r))” + fs(e, r)).

Remark 52. From (123), Remark 31 and Remark 50, we know that fg(e,r) = o(r—(117/9)

for any fixed € > 0.

The next lemma generalizes the result of Lemma 45 and provides a probabilistic upper
bound on the difference between the queue lengths at the end and at the beginning of a
review period when the fluid policy is implemented. This result applies to both interrupted

and uninterrupted review periods.

Lemma 53. For any € > 0, there exists r(e) > 0 such that if r > r(€), then

P({lg"(j +1) = ¢"()] > Corl(r)e} N Y(X], j,e) N x(¢"(j) = 6"(X)))IF)

A

< frler)x(d"(5) = 0" (X7)),

where Cy = 2a(1 + €) + (K + 1)fi and

K K
rlerr) = 3 (5 2001+ i) + D hn(e(AR ) L, Lmerl (),

k=1 k=1
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Remark 54. From (123), Remark 31 and Remark 50, we know that fr(e,r) = o(r—(117/9)

for any fixed € > 0.

Let j"(t) denote the index of the first review period that starts after ¢, i.e.
J(t) = min{j >0:¢(j) > t}. (152)

The next lemma gives us an upper bound on the expected duration of a review period before

t.

Lemma 55. There ezists a real valued function f(-) defined on [0,00) such that for every

0<j<j"(t)—-1,

Elt"(j+1) = t"(j)] < f(t,r),
where

flt,r) = max{(K + D)I(r) + 7 teg(rt),
K K

(2émaxK2cgﬁmax Z(ak + fix) + Pmax Z @k>l(r) +AKr e le (rt) + r—lé2(rt)}.
k=1 k=1

Remark 56. From the assumptions on é,(+), n = 1,2, we know that there exists a constant

¢4 > 0 such that f(r) < cgl(r).

We have the following lemma which provides us an upper bound on the expected number

of review periods until ¢.

Lemma 57. For any € such that 0 < € < 1, there exists r(€), such that if r > r(e), we have

E[]T(t)] < f7(€7t’ T)v

where

ﬁ@um:%HﬁmmﬁfS&%mEW%&

and f(t,r) is defined in Lemma 55.

Remark 58. From (56) and the assumption that E[N"(t)] < n(t), we know that there exists

a real valued function fr(e,t) such that fr(e,t) > 0 and fr(e, t,7) < fr(e, t) for all 7 > 0.
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For the rest of the manuscript, we adopt the following notation:

A(t,e) = {Ilgezxzx 1§n§g£%§T(i,t))£k(z,n) > €l(r)}°,

T (¢ = (2 l €.
(t.€) {%Xlgngsnﬁg,)%r(i,o) M (tm) > el(r)}
It satisfies that

Atec [ AMX_i—1e), and Y'(teC [ T(Xj_y,j—1,¢).(153)
1<5<57(¢) 1<5<57(¢)

The following lemma reveals that the queue length at the end of an uninterrupted review
period will be above or will be close to the safety stock level if the network speed is large
enough. That is, the queue length at the end of a review period will not be far below the

safety stock level.

Lemma 59. For everyt > 0, € > 0, and almost every w, there exists r(w,t,€), such that if

r > r(w,t,€), then for all 1 < j < j7(t),
X(X5 =X 1)q"(G) = x(Xj=Xj 1)1 - e (XF).

The following lemma estimates the duration of an uninterrupted review period during
which the fluid policy is implemented. The lemma tells us that the duration will be close
to the initially planned review period length almost surely if the network speed is large

enough.

Lemma 60. For everyt > 0, € > 0, and almost every w, there exists r(w,t,€), such that if

r > r(w,t,e), then for all 1 < j < j"(t),

(X = X G- ) 2 X)) @G G- 1)~ 1) < d(r).

The next lemma provides an upper bound on the duration of a review period when the
fluid policy is implemented. This bound holds almost surely compared to the probabilistic

one provided in Lemma 36.

Lemma 61. For everyt > 0, € > 0, and almost every w, there exists r(w,t,€), such that if

r > r(w,t,€), then for all 1 < j < j"(t),

V(G- Z0 X)) EG) -G -1) < A+,
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The following lemma estimates the duration of an uninterrupted review period when
the target idle policy is implemented. Almost surely, the duration will be at most in the

same order of [(r) compared to the probabilistic bound provided in Lemma 49 .

Lemma 62. For every t > 0, ¢ > 0, and almost every w, there exists r(w,t,e) and if

r > r(w,t,e), then for all 1 < j < j"(t),

(dG=1) 20X, G —1) 2 (1= 0 (X)) (€' () — 7 = 1)) < 2KCyel(r).

The following lemma follows the results of Lemma 61 and Lemma 62 and provides an
upper bound on the duration of a review period, including those when the fluid policy is

implemented and those when the target idle policy is implemented.

Lemma 63. For every t > 0, and almost every w, there exists r(w,t), such that if r >

r(w,t), then for all 1 < j < j"(t),
G =t (i —1) < 2KCyl(r).

The following lemma provides an upper bound on the difference between the actual
queue length and the planned queue length at the end of a normal review period, i.e an
uninterrupted review period when the fluid policy is implemented. In particular, it shows
that this upper bound holds almost surely compared to the probabilistic bound provided
by Lemma 45. This lemma reveals that the actual queue length will be almost surely close
to the planned level obtained from the stochastic fluid model solution when the network

processing speed is fast enough.

Lemma 64. For every t, ¢ > 0, and almost every w, there exists r(w,t,€), such that if

r > r(w,t,€), then for all 1 < j < j"(t),
(X=X G- D206 - TG < a0
where 2" (j) = W (I(r); " (j — 1),X;_1).

The following lemma provides an estimation on the difference between the queue lengths

at the beginning and at the end of a target idle review period, i.e a review period when
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the target idle policy is implemented. In particular, it shows that this difference will be at
most of the same order as rl(r) almost surely, while we have provided a probabilistic upper

bound on this difference in Lemma 51.

Lemma 65. For everyt > 0, € > 0, and almost every w, there exists r(w,t,€), such that if

r > r(w,t,€), then for all 1 < j < j"(t),

V(G- 20X a1 = 1= (X)ldG) =G =1 < Coerllre.

Remark 66. Recall that q"(j) = 7~ (¢"(j) — 0"(X7)) for all j > 0. So if X7 = X7

j+1, then

0"(X;) = 0"(X]q) and ¢ (j + 1) — 7°(§) = r=1(q"(j + 1) — ¢"(5)). Therefore, for every
t >0, e >0, and almost every w, there exists r(w,t,¢€), such that if r > r(w,t,¢€), for all

1<j<4"(),

The following lemma provides an estimate for the difference between the queue lengths
at the end and at the beginning of a fluid review period, i.e a review period when the
fluid policy is implemented. This result applies to both interrupted and uninterrupted fluid
review periods. In particular, it shows that this difference will be at most of the same order
as rl(r) almost surely, while we have provided a probabilistic upper bound on this difference

in Lemma 53.

Lemma 67. For everyt > 0, € > 0, and almost every w, there exists r(w,t,€), such that if

r>r(w,te), forall 1 < j < j7(t),
V(6 G =10 20Xl G) —a'G - Dl < Corllre.

Following the results of Lemma 65 and Lemma 67, we provide an upper bound on the
difference between the queue lengths at the end and at the beginning of a review period.

This upper bound holds almost surely for each review period.
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Lemma 68. For every t > 0 and almost every w, there exists r(w,t), such that as r >

r(w,t), for all 1 < j < j"(t),
() —d" (G =1 < Csri(rle,
where Cs is a constant and C3 = max{Cy, 4a + (K + 1)/}.
Remark 69. Following Lemma 68, and noting that
1))~ G~ DI< 0 G) a7 = D+ O (X + 07 (X)),

we have the following result.
For every t > 0 and almost every w, there exists r(w,t), such that if r > r(w,t), then

for all 1 < j < j7(¢),
7"() — ' ( = 1)] < Cul(r)e,

where Cy = Cs + 203.

Next lemma reveals that the first review period after time s will start almost at time s

if the network speed is large enough. The proof follows the result of Lemma 63.

Lemma 70. For any t > 0, almost every w, and every € > 0, there exists r(w,t,€), such
that if r > r(w,t,€), then

sup [t"(j"(s)) —s| < e

0<s<t
That is,

t"(5"()) = 1(:) w.o.c asr— oc.

The following lemma says that the fluid policy is implemented in an uninterrupted

fashion most of the time.
Lemma 71. Let n"(j,t) = Zi;(?_l x(¢"(n) > 0"(X}), X], ., = X,). With probability one,

n"(0,)l(r) — 1(-) w.o.c as r— oo.
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Remark 72. From the definition, n"(j,¢) denotes the total number of normal review periods

(uninterrupted review periods when the fluid policy is implemented) up to time t¢.

To make the proof of Theorem 28 more compact, we also develop the following lemma.

Lemma 73. Let j"(s) denote the index of the first review period after s for s > 0. For
every t > 0, € > 0 and almost all w, there exists r(w,t,€), such that if r > r(w,t,€),

sup |11 27 (s) — 4" (5" (s))] < ¢,

0<s<t

where
7(G)=r"qd"(G) —0"(X))", forall j >0.
In other words, with probability one,
lim sup [r~'2"(s) — 7' (7 (s))] = 0.
T 0<ls<t

The proof of Theorem 28 is as follows.

Proof of Theorem 28. For each fixed time ty > 0, we consider a sample path w such that
for any € > 0, there exists r(w,tg,€) > 0 and if r > r(w,tp,€), the results in Lemma 59
to Lemma 71 hold. Note that such sample paths exist almost surely. Throughout the rest
of the proof, we consider this sample path w though it is not spelled out explicitly for
notational convenience.

For every fixed to > 0, we let 7"(-) be defined as in the proof of Lemma 15 such that

(101) is satisfied, then we want to show that

lim sup |r'Z"(y"(s)) — ¥(s; Z(0), X)| = 0, (154)

700 0<s<to
where W(-; Z(0), X) is defined through (143)-(145). We will prove it through induction.
Since X (-) satisfies the regularity condition, we know that for fixed top > 0, there exists

a finite m > 0, such that

Tm < to < Tm+1- (155)
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We use induction. First, we want to show that for any finite t € [0, 7],

lim sup |[r~'Z"(y"(s)) — ¥(s; Z(0),X)| = 0. (156)
T 0<ls<t

Then, assuming that for any finite ¢ € [0, 7,],

lim sup |r 1Z"(y"(s)) — ¥(s; Z(0),X)| = 0, (157)

r—000<s<t

we will show that for any finite ¢ € [0, 7,41],

lim sup |[r'Z"(y"(s)) — ¥(s; Z(0),X)| = 0. (158)

T 0<ls<t

This will conclude the proof.
We first show that (156) holds. Consider any finite ¢ such that ¢ € [0, 71]. First, following

the convergence together theorem (Lemma 17), Lemma 73 and (101) imply that

Jim sup [r=127(7"(s)) = ' (" (v (s))] = 0. (159)

Next, we compare the difference between ¢ (5" (7" (s))) and ¥(n"(0,~"(s))l(r); " (0), X) for

T

7" (7" (s))) is the scaled actual queue length at

all s such that 0 < s < t. Note that ¢"(
the end of the last review period by 7" (s), ¥(n"(0,7"(s))i(r);¢"(0), X) is from the given
stochastic fluid model solution with the initial fluid level being ¢"(0); and n" (0, -) is defined
in Lemma 71. We will find out how far the actual queue length is from the planned level
by analyzing their difference. We first illustrate the idea of characterizing the difference
inductively. Then we give a complete representation of the difference. Recall the definition
of 2"(j) given in Lemma 64. Generally, 2"(j) denotes the planned fluid level at the end of
the (j — 1)th review period if the fluid level at the beginning of the (j — 1)th review period

isq"(j—1),ie
2"(7) = Y(r);q" (G —1),Xj_).

To illustrate the idea, without loss of generality, we assume X7 ; = X7 5 = 4. Note that ¥

satisfies the initial condition. Thus,
7@G) = ¥0;7() )
= V(0;q"(4),4) — W (0;2"(j), @) + ¥ (0;2"(j), )

= W(0;q°(4),7) — W(0;2"(4),8) + 2" (j)- (160)
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From the definition of 2"(j) and the assumption that X7 ; =4, we have

2'(3) = W(lr);qd" (G —1),1)

= (WUr);q (G —1),2) = W(U(r); 2"(5 = 1),4)) + ®(U(r); 2" (G —1),4).  (161)

From the assumption that X7 , =i and the definition that of z"(-), we know 2"(j —1) =
U(l(r);q"(j — 2),7). Recall that the stochastic fluid model solution ¥ also satisfies the

consistency condition. That is
U(l(r); 2" (5 —1),4) = ®(2(r); " (7 — 2), 7). (162)
Now, from (160), (161), and (162), we get

q'(7) =¥ (2(r);q"(G —2),7)

= (0(0:77 (), 1) = W (0: (), 1)) + (LU TG = 1.d) = WU (= 1),9)) (163)

With this idea, we can characterize the difference between the scaled actual queue length
and the fluid trajectory inductively. We characterize this difference as follows.

For any s such that 0 < s < t (¢t < 71), we characterize the difference between
g (3" (v"(s))) and ¥(n"(0,7"(s))l(r); ¢"(0),ip). Note that n"(0,~7"(s)) counts the total num-
ber of normal review periods until time +"(s) and I(r) is the planned review period length.
Thus, n"(0,~"(s))I(r) estimates the total time during which the fluid policy is implemented.
(At the beginning of a review period, if the queue length is above the safety stock level,
then the fluid policy is implemented during this review period. If this review period is
not interrupted by the environment transition, then we call such a review period a normal
review period.)

From the proof of Lemma 15, we know that there exists r1(w,t) > 0, such that if

r>r1(w,t), for all s € [7,, Tp41) and 0 <n <m
V(8) € I Tnga)y A () =7 XT(Y(s)) = X(s) = in. (164)

Recall that j"(s) denotes the index of the first review period that starts after or at time s

and t"(j) denotes the beginning time of jth review period. Thus, t"(5"(7"(s)) — 1) < " (s).
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Hence for any s € [0,¢] (¢t < 71), and any j such that 0 < j < j"(y"(s)) — 1, XJ =, i.e the
state of the environment is the same as the initial state ig until 7" (s). Therefore, for any

s € 10,t] (t < 71), from the consistency assumption on ¥, with the same idea as (163), we

have
7" (J"(v"(s))) — ¥ (n"(0,7"(s))l(r); ¢"(0),%0) (165)
= 7)) =T (B (s)—1)
Ty (s))-1
+ Y x(d(G—1) > 6"(i0)T; (G0, 4, 5) (166)
j=1
J"(y(s)-1
+ X(qr(j - 1) > Qr(io))][g(io,j, 8)7
j=1
where

W (io, j,5) = (V00 G,y (DU T (), io) = B (57" (DU 7 (), o))

]15(203.77 3) = (\IJ(nT(], ’yr(S))l(T), q—r(]), ZO) - \I](nT(]a FYT(S))Z(T)’ qT(J - 1)7 ZU))
From the assumption that W satisfies the equi-continuity condition, we have

W1 (o, g, 8)] < L(i,n"(5,7" (s)(r)|g" (5) — 2" ()],

W5 (o, 7, 8)| < L(i,n" (3,7 ()" (5) —q"(G = D]

Therefore,
7" (" (Y7 (8))) = W(n"(0,7"())(r); "(0), i0)]
< @G0 (9) —d (1" (v(s)) = 1)
JT(y(s)-1
+ x(¢"(j = 1) = 6"(i0))L(io,n" (4, 7" (s)(r))|g"(j) — 2" (5)] (167)
=1
3Ty (s)-1
+ x(¢"(j —1) 2 0"(i0))L(io, n" (4,7 (s))l(r)|a"(4) — a"(5 — D).

From Lemma 71, we know that

lim sup |n"(0,7"(s))l(r) —s| = 0. (168)

00 <5<t
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Therefore, there exists ra(w, t,€) > 0 such that if r > ro(w, t,€),

0 < sup n"(0,7"(s)l(r) <t+e.
0<s<t

The definition of n"(j,s) (given in Lemma 71) implies that it is decreasing in j, therefore

n"(7,7"(s)) <n"(0,7"(s)) for all s > 0. Hence, for all 0 < j < j"(7"(s)),

0 < sup n"(4,7"(s))l(r) < sup n"(0,~7"(s))l(r) < t+e, (169)
0<s<t 0<s<t
and
L(i,n"(4,7"(s)I(r)) < sup  L(i,u). (170)
0<u<t+e

Inequalities (167), (170) imply that if » > max{r(w, t,€), 71 (w,t), r2(w, t,€)}, for any s € [0, ¢]

(t < 1),

J"(Y(s))-1

+ s L) D X@G-VZOG@ITGH -G A7)
0<u<t+e j=1
JT(v"(s) =1
+ X (= 1) 20 )T ()~ 4G = D)
j=1
Note that for all s € [0,¢] (t < 71) and for all 1 < j < j"(7"(s)) — 1, X] = X]_; = i,
therefore
3" (s) -1
x(q"(G —1) 2 0"(i0))|7"(j) — 2" (4)
j=1
3"(y"(s))—1
= x(q"(G —1) 2 0"(io), Xj = X5, =i0)|q"(j) — 2"(4)],
j=1
and

x(q"(G = 1) 2 0"(0))lg"(5) — 7" (G — 1)

= x(q"(G = 1) 2 0"(io), Xj_o = X1 =i0)lq"(j) —q"(G =D
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First,

j=1
3Ty (s)-1
< X(q"(G —1) = 0" (i0), X] = X]_y = io)er™"6" (io)
j=1

J
< €fio)l(r)n" (0,7"(s)), (172)

where the first inequality is from Lemma 64, the equality is from the definition of 6" (1),
i € 7, and the last equality is from the definition of n"(0,-) given in Lemma 71.

From Lemma 59, we know that for 2 < j < 57(7"(s)) — 1,
X(Xjp = Xjy =1i0) = x(X}Lz = Xj_ =0, (j—1)>(1- e)@r(io))-

Therefore,

x(q"(G = 1) 2 0"(io), Xj_o =Xy =i0)l7"(§) =7 (G = 1)

j=1
JT(v"(s)—1 ~
= XTI =1, e))x(Xj_o = Xj_ 1 =10)[d"(5) —q" (5 — 1)
j=2
+x(q"(0) 2 0" (i0), Xi = X§ =i0)|g" (1) — 7" (0)]
JT(y"(s))—1 ~
< o x(@ (G —1) 2 07(Go), Xj_o = X[ =ig)Cael(r)e + |7 (1) — 7"(0)]
j=2
JT(v"(s))—1 R
< x(q"(5 —2) = 0"(io), Xj_o = Xj_y =io)Cael(r)e +|g"(1) — g (0)]
j=2
< n"(0,7"(s))Cael(r)e + ¢ (1) — ¢(0)] (173)

where the first inequality is from Remak 66, and the third inequality is from the definition of
n"(0,-). Note that from the designed policy, the queue length at the end of an uninterrupted
review period is below safety stock level implies that the fluid policy was implemented during
this review period, i.e the queue length at the beginning of this review period is above the

safety stock. This implies the second inequality above.
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Combining (171), (172), and (173), we have

+eBlio) ()" (0,77 (5)) + 1" (0,7"(s)) Cael(r)e). (174)

From Remark 69, we have

TG (5)) = a7 (7 () = D) < Cal(r)e,  |q"(1) — ¢ (0)] < Cul(r)e.

Note that Cy > 3 > B(ig), therefore we have,

< max{l, sup L(io,u)}(2C~’4l(T)e+26~'26l(r)nr(0,'yr(s)e))
0<u<t+e

< max{l, sup L(i, u)}(2(j’4l(r) + 2Co¢€(t + e))e, (175)
0<u<t+e

where the second inequality is from (169). We choose 7(w,t,€) large enough, such that if

r > r(w,t, e), then [(r) < €, therefore (175) reduces to

17°(" (7" (5))) = ¥(n"(0,7"(s))l(r); 4" (0), io)]

< e(max{l, sup  L(io,u)}(2Cy + 2Co(t + 6))>e. (176)
0<u<t+e

Since € is chosen arbitrarily, supg<,<¢e L(io,u)} < oo and the above inequality holds for

all s € [0,¢] (t < 71), we see that

lim sup [¢"(j" (7" (s))) — W(n"(0,7"(5))I(r); 7' (0), i0)| = 0. (177)

r—00 0<ls<t
For any s € [0,t] (t < 71), from the assumption that ¥ satisfies equi-continuity,
(W (n"(0,9"()1(r); 7 (0),70) — W (n"(0,9"(s))I(r); Z(0), i0)]
< L(io, n"(0,9"(s))l(r)[7"(0) — Z(0)]

< sup L(ig,)|7"(0) — Z(0)],
0<s<t+e

where the second inequality is from (169). From the hypothesis that |g"(0) — Z(0)| — 0 as

r — 00 and supg<s<iye L(io, s) < 00, we have

lim sup [¥(n"(0,7"(5))I(r);q"(0),i0) — ¥(n"(0,7"())(r); Z(0), )| = 0. (178)

=00 0<s<t
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The result of (168), the assumption that ®(-;z,¢) is continuous (hence ®(-;z,7) is uni-
formly continuous on compact sets) for any fixed z,i and the convergence together theorem
(Lemma 17) imply that

lim sup [W(n(0,"(5))I(r); Z(0), io) — W(s; Z(0), io)| = 0. (179)

T00 0<5<t
The triangular inequality, (159), (177), (178), and (179) imply (156).

Now assuming (157) holds and we show (158) holds. We consider any finite ¢ € [7,,, Tp+1]-
We go through the same procedure as the proof of (156). We first compare the difference
between the scaled queue length and the estimated fluid level, i.e the difference between
TG () and W G (4 (7)), (DU TG (7)), i), for all s € [, 8],

From (164), for all s € [1,,t], and any j such that j"(v"(7,)) < 7 < j7(7"(s)) — 1,

X7 = i,. Similar to (166),

where

Ly (in, g,s) = W(n"(G,7" (s)Ur); g (4), in) = ¥(n"(G,7" ())U(r); 2" (4), in)
Ly(in, gy 8) = ("G " ()Ur); ¢ (5):in) — W (0" (G2 ($))U(r); (G = 1), in)

Going through the same procedure as in the proof of (171), (172), (173), (174), (175),

and (176) we have r, > 0 such that if r > r,,, then for any s € [r,, ],

"G (7" () = ®(n" (3" (1), 7" ())U(r); " (G (7)) |

< e(max{l, sup  L(io,u)}(2Cy + 2Cs(t + 6))>e.
0<u<t+e

Since € is arbitrarily chosen, we have

lim sup " (5" (7" (s))) = W (n" (5" (), 7" ($)I(r); " (5" (73,), i) | = 0. (180)

T=00 1, <s<t
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From (159) and the induction hypothesis (157), we have

lim " (j" (7" (m))) = lim 712" (7" (7)) = ¥(7a; Z(0), X).

r—00 r—00

Note that 7;, = 4"(7,,). Hence,

lim ¢ (j" (1)) = U(ra; Z(0), X). (181)

n
T—00

From the equi-continuity assumption on ¥, for all s € [0,t], we have

(W (n" (57 (7), 7" (DU @ (57 (1) in) — T (0" (5" (77), 5" ())1(r); ¥ (700 Z(0), X), )|
< Llin,n" (5" (), " (sDI)IG" (5" (7)) — (75 Z(0), X))

< sup  Lin,w)lq" (5" (7)) — W(7a; 2(0), X)),
0<u<t+e

where the second inequality follows from the fact that n" (5" (7};),~7"(s)) < n"(0,7"(s)) and

n
inequality (169). From (181), supg<,<¢te L(in, u) < 00, and the fact that the above inequal-
ity holds for all s € [7,,,t] (t < Ty41), if 7 — 00, then we have

sup [ (n" (5" (77,), 7" ()I(r); @ (57 (7) 5 in) — W (0" (5" (77), 7" (8))U(r); ¥ (73 Z(0), X)), )|

T <5<t

— 0. (182)

From the definition of n"(j, s) given in Lemma 71, for any s such that 7" (s) > 7,

(57 (r), 7 (s)) = X 20", Xjy = X))
J=3" ()
JT(v"(s))—1 " (mp)—1
= > XG0, Xj,=X)) - X} > 0", X7 = X))

0
= n'(0,7"(s)) = n"(0, 7).

From (164), we know that 7, = 7" (7,) and that 7" (s) > 7, is equivalent to s > 7,,. Hence
for any s > 7,, we have n"(j"(7}),7"(s)) = n"(0,7"(s)) — n"(0,7"(7,)). With the result of

n

(168), we have

lim sup [(n"(0,7"(s)) = n"(0,7"(72))U(r) = (s = )| = 0.

00 7, <s<t

That is

lim sup |n"(j"(75),7"(s))I(r) = (s = )| = 0. (183)

T=o0 r, <s<t
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As in the the proof of (179), the continuity of W(-;z,4) (thus uniformly continuous on
compact set) for each fixed z and 4, (183) and the convergence together theorem (Lemma 17)

imply that if r — oo then

sup [ W(n" (5" (7;),7" ()1(r); W(7n; Z(0), X),in) — W(s — 75 W (75 Z(0), X), in)| — 0.(184)

n
T <s<t
Note that the stochastic fluid model solution W satisfies that ¥ (s —7,,; ¥(7,; Z(0), X), i) =

W(s; Z(0), X) for all s € [1,,1] (t € [tn, Tus1]). The result of (184) is the same as

lim sup [0 (7 (), ()U(r): ©(ri Z(0), X), i) — U(s3 Z(0), X)| = 0. (185)

T 00, <s<t

Using the triangular inequality, (180), (182), and (185), we have

lim sup ["(j" (7" (s))) — ¥(s; Z(0), X)| = 0.

r—=00 1, <s<t

With this result and the induction hypothesis (157), we obtain (158). O

3.6 Fluid scale asymptotic optimality of the tracking policy

In this section, we show that the tracking method provided in Section 3.4 produces fluid
scale asymptotically optimal scheduling policies for queueing networks in a slowly changing
environment whenever the given stochastic fluid model solution is optimal.

Let Z(t) denote the K dimensional queue length vector of the queueing network in a
slowly changing environment. For a given cost function g(x) > 0 for any = > 0, a natural
objective is to find a non-anticipating scheduling policy that minimizes the average total
cost

To
E /O 9(Z()dt, (186)
where T > 0 is a constant. Note that since we allow the network to be overloaded at some
environment states, we consider only a finite time horizon problem. Moreover, we assume
that g(-) is continuous.

In this study, we restrict our attention to non-anticipating head-of-line policies, and plan
to show that the tracking method provided in Section 3.4 produces a fluid scale asymptoti-
cally optimal policy. We focus on the objective (186) and define the asymptotic optimality

with respect to this criteria.
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To define the asymptotic optimality, we consider a sequence of speeded networks as we
have done in the earlier sections. Let 7" denote a scheduling policy for the rth network and
Z"(t;7") denote the K dimensional queue length vector of the rth network at time ¢ under
the 7" policy. Let Z"(t;7") = r~1Z"(t;7n"). We define the fluid scale asymptotic optimality

as follows.

Definition 74 (Fluid scale asymptotic optimality). For a given cost function g(-), a

sequence of scheduling policies {7}, > 0} possesses the fluid scale asymptotic optimality if

T T
limsupE/ g(Z"(t; 7)) < liminfE/ g(Z"(t; 7)) (187)
0 0

r—00 r—00

for any other sequence of non-anticipating head-of-line scheduling policies {7",r > 0}.

To produce a sequence of fluid scale asymptotically optimal policy, we consider the

optimization problem of the stochastic fluid model, i.e

T,
_ min E/ g(Z(t))dt, (188)
(T(i,b), £>0,i€T} 0

where {T'(i,t), Z(t),t > 0,i € T} satisfies (90)-(95) with slight adaptation of notations. As-
sume that the optimal solution is given in the form of ¥, or T+, as discussed in Section 3.4.
Then the optimal fluid level at time ¢ is Z,(t) and Z,(t) = W.(¢; Z(0), X) as defined through
(143)-(145).
Remark 75. Note that we assume 7 is finite, and since the fluid level of the stochastic fluid
model changes continuously and Tj is a finite constant, we know that E fOTO g(Z(t))dt is
finite for any fluid trajectory {Z(t),t > 0} if E[Z(0)] is finite.

For any continuous cost function g(-), let {w},r > 0} denote the discrete review policies
produced by applying the tracking method provided in Section 3.4 to the optimal stochastic

fluid model solution ¥,, then we have the following theorem.

Theorem 76. Assume the conditions of Theorem 28, if V.. satisfies (140) and (141), then

{ml,r > 0} possesses the fluid scale asymptotic optimality, i.e (187) is satisfied.

Proof of Theorem 76. The proof follows from Theorem 28, Fatou’s Lemma, and the

continuity of g(-). In particular, since ¥, and T satisfy (122), the constraints of (95) and
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(96) are satisfied by T+, then all the functions in W, satisfy (138) and (139), therefore
Theorem 28 holds, i.e Z"(t;77) — Z.(t).
Without loss of generality, we assume that E[Z(0)] < oo, then

T, T B T,
limsupE/ g(Z" (t; 7)), dt < E/ limsup g(Z" (¢t; 7)) dt = E/ 9(Z,(t)) dt,
0 0 0

r—00 T—00

where the first inequality is from Remark 75 and Fatou’s lemma. From Theorem 28, we
know that Z"(t;77) — Z.(t) with probability one, and the continuity of g(-) implies the
above equality.

For any sequence of non-anticipating head-of-line policies {#",r > 0}, from Theorem 14,

we know that liminf, .., Z"(¢;7") = Z(t) for some Z(t) such that Z(t) satisfies (90)-(95).

From Fatou’s Lemma, since g(-) is nonnegative,

To _ To _ To _
liminfE/ g(Z"(t;7")) dt > E/ liminf g(Z"(t;7")) dt = E/ g(Z(t)) dt,
0 0 0

T—00 r—00

where the equality is from the continuity of g(-).

The desired result follows from the fact that Z, is the optimal fluid trajectory. O

3.7 Proof of the lemmas

In this section, we provide the proof of the lemmas that appear in Section 3.5.

Proof of Lemma 30. We only provide the proof of (146). The proof of (147) will be
similar.
Let ag(i,n) = (i, n)x(mw(i,n) < y) and 7(i,n) = (i, n)x(mk(i,n) < y), then

Nk (i,n) = Nk (i,n) + Mk (i, n). Applying Chebyshev’s inequality, we have

P(1 Y anlin) = Elin(in)]l 2 5) < (5) ' BIQ inlin) — Bl n))
n=1 n=1
< (%)_47712 o)t < Betr Pt (189)

where the third inequality is from m < x. Since {7 (i, n) — E[f(i,n)], n > 1} is a sequence
of independent and identically distributed random variables with mean value being 0 and

the summands are bounded by y, we have the second inequality in the above result.
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On the other hand, Var(ij(i,n)) < E[(7x(i,n))?] = hi(i,y). Applying Chebyshev’s
inequality, we have

m

~ . ~ . €T €T _ ~ . 2 _ .
P> iwin) = EliGin))| > o) < ()7 Var(ip(in) - < de 2 hy(i, 4)L90)
n=1
Setting y = '/ and combining (189) and (190), we have the desired result. O

Proof of Lemma 33. Note that ®(i,m) = >, ¢! (i,u) and {¢!(i,u),u > 1} is a se-
quence of independent and identical Bernoulli random variables with mean value being

pik(i). From Chebyshev’s inequality,

P(](I)L(i,m) — mpyx(i)| > en)

< BI(D (6w - ) V(s

u=1

= 2 3 (B w) — ()P0 w) — pi0)?) /(e'2)

1<u<u/<m

T Z E(¢},(i,u) — pue(d))*/ (e*z?)
u=1

Note that for any w,

E((¢} (i, u) — pir(1)?) = pir(D)(1 = pu(9)) < 1,

and

E((¢h(E,u) —p()h) = (1= pu(d)*pu(i) + (i) (1 — pie(3))

< (D)1 = pi (D)1 = pix(@))® + pix(0)*) < 1.
Thus, for any m < x,
P(|®}(i,m) —mpy(i)] > en) < m?/(e'a?) < 1/("a?).
This concludes the proof. ]

Proof of Lemma 34. In this lemma, we estimate the duration of a review period during

which the fluid policy is implemented. Without loss of generality, we consider jth review
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period and assume that the state of the environment is ¢. If the queue length at the
beginning of the jth review period is above the safety stock level, i.e ¢"(j) > 6"(i), then
the fluid policy is implemented. According to the fluid policy, we schedule a number of jobs
for each class to process, where the number is calculated through the given stochastic fluid
model solution (124)-(127). These jobs are intended to be processed within I(r) amount
of time. If the state of the environment is still ¢ after the fluid policy is completed during
this review period, then we refer to this review period as a normal review period. For the
rest of the proof, we assume that the jth review period is a normal review period. We will
compare the actual duration of a normal review period, t"(j 4+ 1) — ¢"(j), with the planned

duration, I(r). Therefore, we consider sample paths that satisfy
X =i=Xl, q0G)=00) (191)

For these sample paths, from (130), we know that the actual duration of the jth review

period is

(s 4T — rE /.
t"(j+1) —t"(5) max e (4) (192)

where eg’F( j) is the fluid policy implementation time of server s and it is defined in (129).
Recall that b%(j) (defined in (128)) denotes the actual busy time of server s during jth
review period and uj(j) (defined in (127)) denotes the planned idle time for server s during

the jth review period. From (129), we know that

{[e0™() = Ur)| > e(r)} = {e() +ui() = Ur)| > el(r), be(j) +ui(i) < Ur)}
U{[L(r) = 1(r)| > el(r), bs(5) < 1(r) < b5(7) +ug(h)}
U{[bs(5) = 1(r)| > el(r), U(r) < b5(5)}
= {Ulr) = (05(4) + us(4)) > €l(r), bs(4) + ug(d) < U(r)}
U{b5(5) — Ur) > €l(r), I(r) < bs(5)}
C A{Ulr) = (05(4) + ug(5)) > €l(r), bs(j) + us(d) < Ur)}
U{b5(5) + ug(5) = U(r) > €l(r), 1(r) < by(5)}

C {Ulr) = (05 (4) + ug(5)) > €l(r), bs(4) + ug(4) < Ur)}
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U{b5(7) + ug(g) = U(r) > €l(r), 1(r) < b5(7) +us()}
= Albs(4) +ui(5) = U(r)| > el(r)} (193)
From (127) and (128), we have
{165 (43) + us(4) = U(r)| > €l(r)}
= {Ibe0) = Y k()] > el(r)}

keCs
1, (4,9)+p (5)
= UX (X wGw) GG + 1) = D ar()] > )}
kECs  n=u (i,)+2 keCs
4, (4,9) 4P, (5)

= U (X w1 - 25 ())] > )}
keCs  n=u(,5)+2
- U {nk ial’ (Za ) K)ild(r)}U
keCs
L (4,5)+p} (5) 1 ) —1 .
U2 (X G = )+ (s = k)| > 510}

keCs  n=u(i,5)+2 ()

¢ U ({7 hGi5) +1) = @K) ()} U
keCs

5 (4,9)+p5 (5)

0 mm - ——)+ By Ciey),

it ()42 7k (i) 7k (i)

From the definition of pj (j) given in (126), we know that

pk() 1 T 2

Tﬂk( ) xk(ﬂ) < <

2z
rug(i) — BT

Note that rl(r) — oo and p, > 0, hence there exists r(e), such that if 7 > r(e) then
2(Hk'r)_1 < (4K)7'el(r) for all 1 < k < K. For all r > r(e), since there are no more than

K classes at each station, then

SEO L i)

oo b orm(i) 4

Therefore, if r > r(¢), then

{1b5 () + ug(5) = Ur)| > el(r)}

el(r) Ly (4,9)+0% ()
. o |
c U ({6 i) + 1) = TE > GRGm) — ol > el r}). (194)
keCs n=u}(i,5)+2
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From (192), we have

{I"G+1) =t7(j) = 1) > el(r)} = {| max_eD"(5) = Ur)| > el(r)}

1<s<S
C {max e () — 1) > el(r)}
c U e 6) = i) > ar)).
1<s<S

Combining this result with (193) and (194 ), we have

{1t +1) = t"(j) = U(r)| > el(r)}
4 (4,9) 4P}, (4)

cU U (6i6aan+= D000 Y witn - )i > T

1<s<S keCs =i (1) 42 7 (1)
15 (6.9)+p5 (9)
e e el(r) * , 1 el(r)
= (i, (i,5) +1) > —=} U n.(i,m) — —)| > . (195
1<%£K <{ oI 2K o n:%jm( i T“k(z)” 4K }) (195)

Considering only the sample paths such that all the remaining service times are less than

(2K)~t(r), from (195) we have

{1t"G + 1) = ") = Ur)[ > el(r)} N Y7, )
4o (:3) 4Py (4)

c Ut Y - ——> Dy

~ T (2
1I<E<K  n=t}(i,5)+2 ( )

which is based on the assumption in (191). Using the indicator function and presenting the

result in a self-contained form, we have

XG4+ 1) = () = 1r)| > €l(r) X (Y7 (6, 4)) X(X] =i = X[y, 4" (5) > 07())
K o5, (3,5) g (5) 1 el(r)

< D x| D> Gn) - )| > ) XX =i =X]10,4"() 2 07(3).
k=1 n=u}(4,5)+2

Therefore, noting that I'(j) = {X] = X7

1:q7(0) = 07(X7)} and IM(i, ) = {X] =i =

X;+17qT(j) Z GT(Z)}, we have

E[x(I#7G+ 1) — )~ 10)] > d(r)) x(T" (X ) 1T )| X = 1

= B[+ 1) = ()~ U] > ellr) X(X7(5,)) X(T7(0,9) |5, X = ]
K 5 (5:.3)+py (5) 1 el(r)
S G - —=) > T X = i|x(a () = 07 6)

Tk=1 n=u7 (i,5)+2

IN

=
(]
=
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K v (63) + Lrpe (D)7 (5)]

= B[ Y e - > K =02 06)

k=1 n=},(i,§)+2

K 0 (6,3) + L (D)2 (5) ] 1 erl(r)
= BN X -l |77, X7 = i]xa’ () = 07()

k=1 n=uy(i,5)+2 (’L) 4K
K A
< (4K () e, L)) )x(a’ () > 07(3), (196)
k=1

where the second equality is from the definition of pj (j) given in (126) and x},(j) is defined
n (125), the third equality follows from the fact that n"(i,n) = r~!n(i,n), and the last in-
equality follows from the fact that the service times that happen after ¢"(j) are independent
from F7 and from Lemma 30 since z7,(j) < I(r). Note that hi(x,y) is decreasing in z and

y for all 1 <k < K. Thus,

> (4K (@)~ e, L (0)rt(r) x(d (7) = 67 (0))
k=

K
< > h((AK ) e Ly i) Dx(d"(7) = 67 (0)).

k=1

Combining this result with the last one, and from the properties of conditional expectation,

we have

E[ (167G +1) = () = )| > () XX (X7, D)) (K] = Xfp0,0"(G) = 07(X])) |75

Mw

(e(4K i) ™", L, r1(r) DX (q" (5) = 07(X])).
k=1

This concludes the proof.

Proof of Lemma 35. Going through the same procedure as we prove (193) and (194) in

the proof of Lemma 34, we can choose r(€) > 0 such that if > r(¢), then

: k\J <
oo b (i) 2

and

(0PG) ~ 1) <~} = {0) + ()~ ) < ~dl(r)}
13, (3,5)+p3 (5)
Ut X Ghlm) - ) < S0}

keCs n=u](4,5)+2 r,uk(z)

N
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From (192),

{'G+1) —1"(G) < (A =el(r)} NI"()
1 (1,5)+p5 (4)

c N Ut > - ! )<—§l(r}}.

(e
1<s<SkeCs n=1}(i,5)+2 ,Uk( )

Similar to the proof of (196), we have

B (4 1) — () < (L= i) x(T7 ()17, X} =
13, (3,9)+p5 (7)

> Gl — ) < —5 )X = A ) 2 07 (0)
1<h<K  n=if (i,))+2 THE

IA
o

T (2K (D)€, Lun(@)rl(r) ) x(d” () = 67 (0)),

M=

From that fzk(az,y) is decreasing in x and y for all 1 < k < K, we have the conclusion of

the lemma. O

Proof of Lemma 36. This proof is the same as that of Lemma 34, except that that the

actual duration of the jth review period satisfies that

T T < rFy .
FU+D-10) = max et (j),
instead of (192) since we do not assume X7, = X7. O
Proof of Lemma 37. Since Ej(i,t) attains only nonnegative integer values, then
{EL(i,t) —rag(i)t >z} = {EL(i,t) > [rag(i)t + x]}. (197)

Recall that for each environment state i € Z and each class k such that oy (i) > 0,

Ep(i,t) = max{n : Z & (i,m) <t} = max{n: Z &k(i,m) < rt}.

m=1 m=1
Therefore,
[rog (i)t+a]
{EBp(i,t) > [rap@t+2]} = { > &li,m) <t}
m=1
[rog (i)t+]
= { > &li,m)<rt}
m=1
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[rag(i)t+2]

_ Y elm - re@irel , fradt+al,

— a(t) T a(2)
[rag(3)t+x] .
. [rag (i)t + x| x
c { mz:l (i, m) — an(i) < _ak(i)}
[rak(i)t+z] .
, [rog (i)t + x| z
C {‘ mz::l &k(i,m) — on (i) ‘ > Ozk;(i)}' (198)
From Lemma 30, we have
[ray (i)t+z] .
i) — [rog (i)t + o] x
Pq mzl (i m) ar(i) ‘— (D)
< e ekt ) (199)
Combining the results of (197)-(199), we have
P(ELG.1) —rox() > 2) < ol (Z.WO: ey s+ D),
which concludes the proof of (7).
Note that since
{EL(i 1) —rap(i)t < —z} = {Eg(i,t) < [rap(i)t — ]},

using the procedure above, we get (ii). Combining (i) and (ii), and using the fact that
g(z,y) is decreasing in both x and y, we have (#i).

O

Proof of Lemma 38. The proof is the same as that of Lemma 37 except that the arrival

rate is replaced by the service rate. O

Proof of Lemma 39. Note that ;.7 I"(i,t) = t and a3, > oy (i). For any i € 7, we have

{Ep(t) > r(ar+ oty = {D_EpGI7(6,t) > Y rapl"(i,t) + ert}

€T €L
t
chMmmﬂmwww%@F@w+%ﬁ
i€l

= LB, I7(i,1) — ron (i) I7 (i, 1) > — }.
1€l

126



Applying Lemma 37, we have

ert

P(EL(t) > r(ar +e)t) < Y P(ELEI7(i,1) — rap(i)I7(i,t) > m)
€T
. ert/|Z| N
S LI Gy ey T OF 0+ et/
Since I"(i,t) < t, we have
ert/|Z| ert/|Z|
ay(i)[rog ()17 (i,t) + ert/|Z]]  ~  axlraxt +ert/|Z]]

Choose (€, t) large enough such that if r > ri(e, t), then

ert/|Z| €
ag[ragt +ert/|Z]] — 2(|Z|(ax)? +¢€)’

Note that [rag(i)I"(i,t) +ert/|Z|] > ert/|Z]| and gi(z,y) is decreasing in z and y, then for
r > 1i(€,t), we have

ert/|Z| €

M e )+ ey O GO+t = 07, 5

cert/|Z]).

Combining the above inequalities, we get the conclusion of the lemma.

O

Proof of Lemma 40. Using the same analysis as in the proof of Lemma 39 and noting

that Ty (i,t) < I"(i,t) < t, we obtain the desired result. O

Proof of Lemma 41. For each ¢ € Z and any n > 1, applying techniques similar to those

used in the proof of Chebyshev’s inequality, we have

P(&(i,n) > el(r)) = P(&(,n) > ri(r))
E((&(4,n))*x (& (3, n) > 7i(r)))
(ri(r))?
gr (4, 7l(r)) < c1
= ()2 T ()

IN

(200)

where the last inequality is from Remark 25.
Recall that we let Ej(t) denote the total number of external arrivals to class k until

time ¢ and it satisfies B} (t) = >,z E"(i,17(4,1)), then

P(max nc (ivt))ﬁk(%n) > €l(r))
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< Plmax  max o €(in) > d(r), ; Eg(i, I"(i,t)) < r(ag + €)t)
+P<Z ELG,I7(i,8) > (G + 6)t>
(SVA
< rlag+e)tP(&(i,n) > el(r)) + P(EL(t) > r(ax + €)t)

r(ag +e)ter €
P2 (1(r))2 + g’“(2(|I!(C’vk)2 +€)

sert/|Z]),

where the last inequality is from (200) and Lemma 39. Simplifying the last expression, we

get the desired result. O

Proof of Lemma 43. The proof is the same as that of Lemma 41 except that the arrival

rate is replaced by the service rate. O

Proof of Lemma 45. Without loss of generality, we assume that at the beginning of the
7th review period the environment is at state ¢ and the queue length is above the selected

safety stock level. That is
XI=i, q'()=00). (201)

So we will implement the fluid policy characterized by (124)-(127) in Section 3.4. The
targeted fluid level vector at the end of this review period is from the given stochastic fluid

model solution, and it satisfies that
(G +1) =) d (), 8) =7 () + a@i(r) = (I = P'0)) M (@)2"(5).

Thus, for each class k, we have

K
AGHD) = G0) + (i) — m@)ahG) + > p e ().
=1

We assume that the fluid policy is completely implemented during this review period, i.e
there is no environment transition to interrupt the review period. This assumption and
(201) imply (191). We assume (191), then the actual queue length of class k at the end of
the jth review period is
(i +1) = q() + EE@ (G +1) = Ep(t"(7)) — pi(d)
K

+ Y (R 0] (i) + 1 (7)) — @i, 4] (7)),
=1
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where ¢} (7, j) denotes the number of class [ jobs that have departed at environment state i
until #"(j) and it is defined in Section 3.4. Recall that g} (j) = r~'(q}.(j) — 0,(X7)) for all

j > 0. From assumption (191), X7 =X] =1, then

GG+1) = G0)+r 7 (B G+ D) = B () - i)
K

+ (@0, (5,) + 91 () — @iy ,))) ).
=1

Comparing the difference between 2} (j 4+ 1) and ;.(j + 1), we have

3.+ 1) = 2, + 1)

r (!Eﬁ(tr(j + 1) = Eg(t"(5) — ar(@)ri(r)] + |pi () — rpe(@)ai(5)]

IN

K

3 19k ) + P () = (i 17 5,9)) = puc )i ()]
=1

Bt (7 + 1)) = B(t (7)) — ax(@D)ri(r)] + [pi(7) — riue (i) (5)

IN

K
+ ) |0 07 (0, 5) + pf (5)) — @i, 07 (05 5)) = puc(8)p] ()]
l;{l
+ > oi(@)p} (7) = ()] (7))
=1
From (126), we know that [p](j) — ru(i)z](j)| < 1. Note that Z{il pik(i) < 1 and
Gk (G +1) = 2G+ D] < 7 <\EZ(’5’"(J' +1)) = ER(t"(5)) — a(i)ri(r)]

K
+ 1Pk, (i) + 2] (5)) = @i, 7 (i, 7)) — pu (@)} ()] + 2)-
=1

Since 63(i) = B(i)rl(r), B, = inficz B > 0, and rl(r) — oo as r — oo, there exists
re(€) > 0, such that if 7 > ry(e), 2r1 < ef,1(r)/2 < eB(i)l(r)/2 < er=107(i)/2. This

implies that if 7 > 74 (€), then

(TG +1) — 2 + 1) > er 105(i)}
C {|lELt(G+ 1) — EL(t" () — aw(@)ri(r)] = 47 i (i)}
K
U0 @03, 17 (6, 5) + i () — @4 (607 (i) — pu()pi ()] > 47 b1 (i)}
=1

C AIBL(t (5 +1)) — BL(t" () — a(i)ri(r)] = 47 el (i)}

OIS {9 (0, ¢ (i, 5) + 07 (7)) — (i, ¢f (i..5)) — o)} (5)] = (4K) ™ 'eb (i)}
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Note that the above result holds under the assumption (191). In other words,

{IGh(G +1) = 2k + Dl = er 1 05(D)} NI (0. )
(VI IRk G ) + PE(5)) — @y (6:)) — PO ()] = (4K) €05}

UEE( G+ 1)) — B (7)) — ax(i)rlln)] > 47 60 (0)} ) NI (3. ).
Therefore, for any € > 0,

{GhG +1) = 246 + 1] = e 65(0)} N7 (0, ) N T 7,8) N AG, 5, )
(VI IRk ) + PE(3)) — @0 (62)) = PO ()] = (4K) €05}
BB (G + 1)) = BR(#' (7)) — anli)ri(r)| = 47 eb ()} )

AL (i, §) N Y (i, §,€) N A(i, j, €). (202)

We first provide a probabilistic bound on the difference between the actual number of
customers that are routed from [/ to k£ and its expected value. Then we derive a probabilistic
bound on the difference between the actual number of external arrivals to class k during
the jth review period and its expected value.

From assumption (201), we have pj (j) < |rl(r)Bk(i)] < 0%(7). Note that ¢k (.7 (i, j) +n)

is independent of .7-';" for n > 1, then from Lemma 33,

P (|} (i, 4] (i, ) + 0] (7)) — @iy 0] (i, 5)) — pue(D)pf ()] = (4K) b} (i) | Ff, X = i)

i (i.9)+07 (5)
= P ) (¢i(n) —pw())| = (4K)"'eb; (i) | Ff, XT =)
n=u7 (i,j)+1
(4K)* 1 - (4K)* 1

R T A ) R R TS T ER

Note that {¢"(j) > 0"(X])} € F}, we have

PO (1. 5.9) + 1)) — B0 7. 3)) = (D )] = =050, 4°) = 07|, X = )
< WKL )=o) (203)
G CIGEA

Now we estimate the exogenous arrivals during this review period. We consider class

k with ay(i) > 0. Recall that (i, j) denotes the total number of class k jobs that have
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arrived unti j) at the environment state ¢. Le 3 1, K(2,7) + enote the remaining
ived until ¢"(j) at the envi t state i. Let &7 (i, k} 1) denote th

inter-arrival time of the first customer that arrives after ¢"(j). Then

{IBE(" (G +1)) = BL(t"(7)) — aw(i)ri(r)]| = 47 05 (i) }AT (i, 5, €) T (i, 5, )
={Ep(t"(G + 1)) = EL(t"(5)) = Tow(@)rl(r) + €Oy (i) /AT}A" (4, 3, )T (i, j, €)

U{EL(t"(J + 1)) — EL(t7(5)) < Law(@)ri(r) — ebp (i) /4] A" (4, 5, €)Y (i, 4, €)

K (4,5) + [ () rl(r) €07, (i) /4] .

={ S Gln) + Gl R, 4) + 1) S TG+ 1) — #7(§) AT (0,4, Y (i, 4, €)
n=~j (i,j)+2

K, (6,9)+ Lo () rl(r) — €07, (i) /4] .

u{ Yo G6m) + Gl kLG + 1) > G+ 1) — () AT 5, 6) Y (6, 4, ).
n=kj (4,j)+2

Since & (i, K} (4,5) + 1) > 0, then

K, (3,9)+[ o () rl(r) 407, (1) /4] .
{ S GGn) + Gl kR, g) + 1) S TG+ 1) — 7 (§) AT (5,4, Y (i, 4, €)
n=kj (i,j)+2
K&, (3,9)+[ o ()7l (r) 407, (1) /4]
c { S GG <SG+ - ()34,
n:n;(i,j)-ﬂ
K, (3,9)+ o (D)rl(r)+€07,(3) /4]
c { > &(i,n) < (14 8)l(r)}
n=~rj (1,j)+2
O{[t"(j + 1) = £(§) — 1(r)| > &l(r)}Y (4,4, ).

From the definition of Y (i, j, €), we have

kg, (0,9)+ Lok () ri(r) —edp (i) /4] .
{ Do Glin) + Gl kR ) + 1) > G+ 1) — () IAT(, 4, €)Y (i, 4, €)
n=~j (i,j)+2
K5, (,9)+ Lok ()71 (r) —edp (i) /4] él(r)
< { Y. &En) > G+ — () — A (04,9
n:/-z;(i,j)—s—Q
t5, (4,9)+ Lok () ri(r) —edp (i) /4]
c (1 > G > 0-alr) -
n=xj (i,5)+2
O({ G +1) = () = 10)] = @)} 00,5 9))
kg, (,9)+ Lok ()7l (r) —edp (i) /4]
c | > & (in) > (1= 28)1(r)}

n=rf (i,j)+2

O({F G+ 1) = () = 1) = @)}, 8) ).

él(r)
2K

}1(.5.))

131



Therefore,

{IBL( (G + 1)) = EL(t7(5)) — an(i)ri(r)| = 47 65 (i) YA (0, 4, ) Y (i, 5, €)
wyo (4,9)+ [k (9)ri(r)+€0) (i) /4]
c A > &p(i,n) < (14 €)l(r)}
n=k,(1,5)+2
tigo (0,9)+ Lok () rl(r) —edp (i) /4]
u{ > &k(i,m) > (1= 28)l(r)}
n=~rj (i,j)+2
U{It" (G +1) = ") = U(r)| > el(r)}T( 4, ).

Recall that we assume (201). Then

{[BL(( + 1) = BR(t"(7) — an(@)ri(r)] = 47 0 (i)} N A" (i, 5,€) N T (7,5, €) NI (i, )
(10 + [k (Drl(r) 4667 (1) /4]

c (1 S glin) < (L4} (204)

n=~},(4,j)+2
Ky, (6,9)+ Lok ()7l (r) —edp (i) /4]

U{ > &p(i,n) > (1 —28)I(r)}
n=k} (4,j)+2
U({lt"(G +1) = t"(G) = 1(r)| > €l(r)} N T(, j, g))) NI (i, ). (205)

We will provide a probabilistic bound on each component separately. First,
[ag (i)rl(r)+eby (i) /4]
P Y gam<a+aln)

n=2

[oug (8)rl(r)+ed (i) /4]

- P( 3 &(in) < (1+&)ri(r))

n=2

[oug (8)rl(r)+edy () /4]

P( Z £x(i ) — [ag(i)rl(r) + €0 (i) /4] — 1

IN

n=2 a (1)
< (1 i) - [ O 1
[ag (i)ri(r)+eby (i) /4] _ " B
< P ) gk@,n)_m(z)rl(r);};;f)k( /4]~ 1 206)
n=2
= - 4542(&)) i)+ ) (207)

For any e > 0, choose € such that € < ef3, /(16ay). Hence, € — €8 (i)/(4o(i)) < 0. Since

rl(r) — oo if r — 0o, we can choose ri(€) > 0 large enough such that if » > r(e), then

4ak(z’)

Br _eyri(r) < %( — ().
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Hence, for all r > ri(e),

€Ok (1) r 1

€= 200" 2

Therefore,
[ (1) rl(r)+eby (i) /4] r; B
O ST UL
n=2 Oék(Z)
[ (4)rl(r)+eb (i) /4] r; B Buli
(RS SRR T LES CIEE R

_ €B() » 1 )

—~
[}
|

IN

n=2
[ag (3)rl(r)+eby (i) /4]—1

) L Tawli)rl() /AT 1)L B

= 2| 2, G- an(d) 2 5y ~ U )
< G = e + B @i + P yri)

< ol e+ Do ) (208)

where the second inequality follows from Lemma 30 and the last inequality is from the fact
that gx(x,y) is decreasing in z and y.

Second, using the analysis above, we have
Lok (9)ri(r)—edp (i) /4]
P( 3 & in) = (1= 20)1(r))

n=2
Lou ()l (r)—edy (i) /4] . .
P( Y el DO AOMEL (Bl oy 4 20
n=2

IN

v (7) dog (1) (i)
Lok (4)ri(r)—edp (i) /4] . .
. Lok ()ri(r) — eOp (i) /4] =1 _ efe(i) .
< p( nz:; &liyn) — ol > (G~ 2)ri(r)).  (209)
Note that € < ef3, /(16ay), hence (B (3)) (4 (i)~ — 26)rl(r) > 0. Therefore,

Lok (4)ri(r)—edp (i) /4] . r i _ Buli

2 o) 4D

(
(‘ Lok ’)”(i: (;/(4;’ n) - Lag(i)rl(r) — €0y (i)/4] — 1 > (Eﬁ’“@ — 2€)rl(r))
(

P

=7 (D) = Uay i)
Lok ( l)’“l( )—ebi (i) /4] -1 . . .
B i) lag(i)rl(r) —ed) (1) /4] — 1 Bli) Al
- (| > &) e 2 (for sy~ 20710)
< G~ 20 ) (i)
< () @+ D i) 210)
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where the second inequality is from Lemma 30, and the last inequality is from the fact that
gr(z,y) is decreasing in = and y.

From Lemma 34, we have

P({7(j +1) —17() — )| > &)} N7 (G, ) N XG5, 8) |7, X = )

M=

I (AR ) ™" L, () Dx (@ () = 67(3)).

b
Il

1
Note that {£"(i,x"(i,7) +n),n > 2} is independent of F and x(q"(j) > 0"(X7)) is
measurable with respect to F7. Combining this inequality with (205)-(210) and letting

Ej(j) = Ep(t"(j + 1)) — E5(t(4)), we have

P({|E}.(j) — axr(i)ri(r)] 22 (@)} VAT (4, 5,8) N Y (6, 5,8) NI7 (i, §)|FF, XT =)

Combining (211) with (202) and (203), we have

P({|g(j +1) = 2 + )| = er 05 )} NI, 5) VY, 5, €) N A §, €)1 Ff, X =)

< (20l + P gt +th ()
4
e i p @) 2 07
k

The above inequality holds for every ¢ € I. Therefore,

P({|gp(j +1) = 21 + D] = er™05(X))} NI7(7) N Y(X],5,€) N A(X], 5,€)|F))

/8 > K A ~
< (20l )@+ Syt + 3 etz L)
4K)* 1 . o
“ R X 1) 2 0 5)
Setting € = €f3, /(16a), we have the desired result. O

Proof of Lemma 47. Note that 2"(j + 1) > 0 and ¢(j) = 7' (¢}(j) — 0%(4)), then

{dG+1) 21 -e0"(X[0)} © Uirer{lan(+1) = 20 + 1| 2 er 05(X]40) )
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Therefore,

r(s r r r r . Eﬂ T Gﬁ
Eek(X+1) EB fﬂ
D—zi(G+1) > 22201 Y(X7, 5, —2 )N A(XT, 5, —=2)).
c U (UG +1) =G + 0= == 0T G) N TG k) N A5 1)
1<k<K
Applying Lemma 45 with slight adaptation, we get the desired result. O

Proof of Lemma 49. We consider a review period during which the target idle policy
is implemented, i.e we assume f"“(j, €). Without loss of generality, we choose € such that
O0<e<l1.

Without loss of generality, we assume that Xi =1 Recall that we have provided an
upper bound on the total duration of each target idle review period by (131) and (132) in
Section 3.4. That is, if the target idle policy is implemented during the jth review period
and X; =1, we have

kg, (1,9)+ef (5)

G+ -10) < max > Glin) + &k 5) + 1)
n=~j (i,j)+2

K Lk(,])-f-ﬁk(])
+Y D mpEn) L g ) + 1),
k=1 n=u (i,5)+2
Next, we will provide a probabilistic upper bound on t"(j + 1) — t"(j) based on the
inequality above. Recall that we preselected a directed tree 7 (i) in order to avoid ambiguity
in the description of the policy, and we have also defined Ci(7) to be the set of child classes
of class k at the environment state 7. We also define a set of constants for each class k and

each environment state ¢, 1 < k < K, ¢ € 7 as follows. Throughout the rest of the proof,

we make the convention that the maximum over an empty set is 0. Let

(i) = max{2E) ycoan, 1<k<K,
Pri(7) o o
Ci) = 1+ 2mpx 5,00 (el (), o (200)),

where we let ¢, (i) = 1 if C(i) = 0.

Assuming I (j, €), X7 =i, A"(X],j,€), and T"(X7, j,€), then we have
{t"(j+1) —'(j) > 2KC(i)el(r)} N A"(XT, j,€) N Y7 (XF, j,€) NT7(j,€) N {X] = i}
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K, (3,9)+€} (9)
({kggé)( Y Gn) + Gk ) + 1) > KC()el(r)y N A™(6,4,€) NI (j,€))
n=r7(i,j)+2

K (65)+05 ()

U0 D0 milim) + ik 16, 5) + 1)) > KC(D)el(r)} N X7 (6, 4,¢) N TV (j, €))
k=1 n=dJ(i,j)+2

Ky, (1,9)+e, (9)

c Ud X &in>C6H-er)™dr))n'(e)

kER(i)  n=rp(i,j)+2
K (0)+pE0)

U Y milin) > (C6) — (2K) e(r)} NI (j,€). (212)

k=1 n=u](i,5)+2
Let 0" (i) = maxj<g<f 0% (i). From the definition of €}(j) given in Section 3.4 and noting

that X; =1, we have

ek (J) < €Ok (i) + Pr (i) < 0" (i) + Pr(d). (213)

Since £}, (i,n) > 0 for all n > 1, we have

kg, (1,9)+ep ()

LY &l > (C6) - s} N (e

~ 2K
n=rj,(i,5)+2
K0 () 57.) o )
U Y gl > (C6) - )} NG
n=~j (i,j)+2
K& (1,5)+€0" (i) +P% (5) R -
LY Gl > () - ge)dlr), Fil) < 2 (i)
n=kj (i,j)+2
U({p1(7) > 26r(1)e" (i)} NT7 (4, €))
K5 (4,9)+€07 (8) (14284 (i) )
c{ > &r(i,n) > (Ci) — 5= )el(r)}
n=xl,(i,5)+2
Uk () > 28(0)ed" (i)} N T7 (], €))- (214)

Similarly, we have

1 (1,9)+P5, (9) . 1 )
{ > nn)>(C6) - a0 € NT" (e
n=u] (4,5)+2
1 (1.9)+P5, (9) .
c{ D nilisn) > (C6) = 5=)el(r), i) < 26 (i)l (i)}

n=y (i,§)+2
U({BR(5) > 26x(i)el" (i)} N T (4, €))
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U7 (4,5) 4285 (1)ed™ (3) ) ,
A > ni(in) > (C() = 5= )el(r)}
n=uj, (,7)+2

Uk () > 26(0)ed" (i)} N T7(j, €))- (215)
Combining the result of (212)-(215), we have

{t"(G+1) = (j) > 2KC(0)el(r)} N A(XF, j,€) N L7 (X],5,€) NI7(j,€) N {X] = i}
K5 (4,5)4€07 (4) (14285 (4))

¢ (Uerw{ X &> (@) - COTAM})

n=kj (4,j)+2
o (i,5) 285 (1)ed" (3) )
U(Uisker 0 Y mln) > (C6) — (2K))el(r)})

=], (i,j)+2

O( Uik {B10G) > 260l ()} N 17 (G 6)). (216)

Next, we provide a probabilistic upper bound on the number of jobs processed during the
target-idle review period, i.e p(j) for each k, 1 < k < K. Recall that Cy(i) denotes the
classes that succeed class k immediately, 75 (i) denotes all the nodes that succeed class k
and k itself, i.e the subtree with root node being k, and they are defined in Section 3.4.
Note pr(j) > 26,(i)0" (i) means that we have to see more than 2¢(i)0" (i) number of class k
completions during the target-idle period in order to fulfill the policy. So if only 2¢(7)0" (i)
number of class k jobs are processed, there exists a child node of class k, say [, such that
it can not reach its safety stock level after processing p; (j) number of jobs or there are less

than p; (j) number of jobs for it to process, i.e
{Pr() > 26x(1)el" (i)} NI (j,€)
C (Bl € Cr(i), @ 1k (i, 5) + 26(0)el" (1)) + af (7) — i (7) < 6] (i)}
O{OF (1(1,9) + 264(D)el (1)) + 4} () < 7 ()}) N7 ()
C {3 € C(d), ®F 1k (i, 5) + 28k(0)el" (2)) + af (7) — 77 () < 6] ()} NI (5 €)
C  (Uiee, () {®F (44 (i, 5) + 281 ()ed" (0)) — B7 (j) < 6" ()}) N I7(j, €)
where the last C follows from the fact that ¢”(j) > (1 —€)8" (i) when I (j, €) holds. We also
have

{OF (t(4, 5) + 28(0)eb" (4)) — 5} () < €™ (1)} NI (4, €)
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C AP} (ki 4) + 28 (D)ed" (i) — B[ (7) < 8" (0), 5] (j) < 2en (i) (i)}
U({#] (4) > 2ex(i)ed” ()} N I7(j, €))

C AP (6,9) + 26k (1)ed" (1)) < e(1+26,(1))8" (i)} U ({B] (7) > 28 (0)eb" (i)} NT7 (. €)).

Combining these two results, we have

{Pr(j) > 2ex(i)ed” (i)} N T7 (4, €)

< U (1@ (4h() + 264(0)el" (1)) < €1+ 26(0)8" (D)} U ({57 () > 28 (D)ed" ()} N TV (G, €)) ).

1eCy, (Z)

Going through the same procedure as above for all the nodes that succeed class k, we have

{Br(7) > 28(0)el" (1)} NT7 (. )

c U U @65 +2a()e () < @+ 2a@)F ()}, (217)

1€T (i) V' €Ci(i)
where we let Upee, i) {®h (1] (i, ) + 26,(i)ed" (i) < e(1 + 26y(i))07(i)} = 0 if (i) = 0, i.e
when [ is a leaf.

Combining (216) and (217), we have

{t"(j + 1) = t7(j) > 2KC(i)el(r)} N A™(X], j,e) N Y7 (XF, 4, €) NI (j,€) N {X] =i}
nk(z,])+69T(z)(1+2ck(z))

c (U > §in) > (C(0) — (2K)1)el(r)})

keR(3) n=r (i,j)+2
o (4,5) 285 (1)ed" (3) )
o U X min) > (CH) - KM}

1<k<K ":LZ(i 5)+2

Uy U U {qnl, (i, ) + 26()ed" (1)) <e(1+2él/(i))§’"(i)}).

1<k<K €Ty, (i) 'eC (i

Therefore,

({tw +1) = () > 2KC)e(r)} N AT (X],5,€) N T (XS, . &) N 17 (G, 17, X} =)
(

fc’,;(i,j)—l-eﬁ"" 1) (1426, (7))

(S P( (i) > (C(0) — (2K)el(r)|F. X =)
keR (i) n=rj (1,j)+2
Lk(z,])—i—Qék(i)eér(i) .
+ > P( > n%(i,n)>(C(i)—(2K)’1)el(r)|f;,X;:i)
1<k<K n=u} (i,j)+2
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+ Y ¥ % (@,, 0 (i, §) + 26 (i)ed” ())<e(1+2éy(i))0_’“()\f}”,XI*'))

1<k<K €T (i) I'€C ()
€0 (3) (14285, (7)) —1

WG (X P( Y g > (C6) - @K)TH)

keR(3) n=1
265, (i) (1)1

+ Y P( Y wim) > (CE) - 2K) ()

1<k<K n=1

+Y ¥ % P(@f,(zal(i)eér(i))<e(1+2el,(¢))ér(¢))). (218)

1<k<K I€T; (i) I'eCy (i)

Note that for all k € R(i),

Cli) - g 2 20 -2
and 07 (i) = By (i)rl(r), 0" (i) = maxi<g<x Bk (i)rl(r). Thus we have

0" (3) (14+26,(1)— 1 )
& (in) > (C(0) — (2K))el(r))

1+2¢
> ) > (
n=1
€0 (4) (1428 (i))—‘ 1
1+42¢
> (rlivn) = —

k
€0” (i) (1+2¢(

> P

kER(3) n

1
(i,n

)-1
(i,n

&k (4,

IN

1 €0 (i) (1 + 28(3))
oL ax(?) )

=1
N k(. 07 (0)(1 + 26k(1)))

IN

IN

3 gk%k,gkrzm)

kER(3)

< Y Gl ut), (219)

1<k<K

where the last two inequalities are from Lemma 30 and that gx(x,y) is decreasing in « and
V.

Similarly, we have

A
A\
9
=2
5
|



S Lo
1<k<K

< Z hk - 2,u7“l r)), (220)
1<k<K

where the last two inequalities are from Lemma 30 and the fact that hy, (z,y) is decreasing
in x and y.
From Lemma 33 and 2 (i)py: > 2+2¢(i) for all I’ € C;(i) and 0" (i) = maxy <, Bx(3)rl(r),

we have

DD P<<I>f,(2él(i)eér(z’))<e(1+26l/(i))§r(i)>

1<k<K 1€T; (i) '€C, (i)
28, (4)eb" (7)

= > > > ( > (Ghr(n) = pur (i) < e(1 + 26 ()07 (i) — 2¢,(i)e” (i )pw(i))

1<k<K €T (i) I'€C (1) n=l1
26, (4)ed™ (3)

> Y X P( Zwé/(n)—pw(i»<—eé’"<z‘>)

1<k<K 1Ty, (i) I'eCy (i) n=l1

IN

< D>y Z (67(i))~>
1<k<K €T (i) I'€Ci (i)
€ . _ _
< KS(T) H(Bri(r) 2, (221)
where
~max: Cr(%). 222
¢ r?eal,xlg}%Xch(l) (222)

Combining (218)-(221), we have

P({#7(+1) = #7() > 2KC)el(r) A (X]  jy e AT T (7,5, X = i)

< XEGA( D aGourl) + 3 bl 2url(r) + K> (g —) 4 (orir)?).

1<k<K 1<k<K

€

2Cmax

Since the above bound holds for any ¢ such that X7 = ¢, we have

P({t"(j+1) - ¢'(j) > 2KC)(r)} 0 A (X],5,€) N T7(X], 5, €) N T7(j, €)1

< TG DD GGt £ 3 bl 2rr) + K (g ) (Brr) ).

C
1<k<K 1<k<K max

Letting

C, = I?GELIXC() (223)
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and replacing C'(i) by C} in the above inequality, we have the desired result.

Proof of Lemma 51. Suppose that the jth review period is a target-idle review period (i.e
during this review period, the target-idle policy is implemented). Without loss of generality,
we assume that X7 =i and ¢"(j) 2 6"(i). Recall that pj(j) denotes the number of class
k service completions during the jth review period. Throughout the rest of the proof, we
let Ey(j) = Ep(t"(j + 1)) — EL(t"(j)), i-e the exogenous arrivals to class k& during the jth

review period. The queue length of class k at the end of the jth review period is

GG+ 1) = () + ErG) — i) + Y (R 5) + 57 () — (17 (G, 4))).
I<IKK

Note that ®(¢;(4,5) + 9] (j)) — ®(¢;(4,75)) < pj(j) for all [ =1,..., K, thus

.G+ 1) —q.O) < E ("G +1) - Ep(" () + Pl (224)

HMN

For k such that a(i) > 0, we have

({Ek( ) > 4Kclak( )67"l( )} ﬂAT(X;,j, )Tr( 37]7 ) T(]7E)‘f]r:X]T :Z)
K (1,])+[4K01ak(i)erl(rﬂ

< P({ > & (i,n) + (i, K7 (i,4) + 1) < 2KChel(r)}F], X] =)
n=r(i,j)+2
+P{t"(j + 1) = t"(j) > 2KCrel(r)} N A" (XF, j,€) N X7(X], j, ) NT7(j, )| Ff, X} = i)
[4KCag, (i)erl(r)]—1 3 .
<P > glin) <2KCd(n)}) + foler) (225)

n=1
where the last inequality is from Lemma 49, the fact that fr(i,n) > 0 for any n > 1 and
any i € Z, and the fact that " (k" (i, j) +n) is independent from F7 for n > 2.
Similar to the proof of (211), choose r(e¢) > 0 large enough, such that if » > r(e), then
—2KCherl(r) + a~' < —KCierl(r). Thus, we have
[4KCyog,(i)erl(r)]—1

(
P( > &n(i,n) < 2KCyel(r))
n=1

[4KCay,(i)erl(r)]—1

n=1

[4K Crag(i)eri(r)] — 1
a(7)

) < 2Ké'16rl(r) — )

1
(i)
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[4KCyay(i)erl(r)]—1

) 1 ~ 1
< P( nz:l (&k(iyn) — ak.(z')) < —2KCherl(r) + ak(i))
[4KCyoy,(i)erl(r)]—1 1 ~
< P( (&k(i,m) — ak(i)) < —KCyerl(r))
n=1
< gk(é,élKCN’l&erl(r)), (226)

where the last inequality is from Lemma 30.

Combining (225) and (226) and noting that & > (i), we have

P({E[(j) > 4K Craerl(r)} N A" (X, j, ) Y7 (X], j. )T (4, €)| F7)
1

4@,4KélaTZ(r)) + fs(e,r). (227)

< i

From (217) and (221), we have

€

P({pr(j) > 2e(0)0" (i)} NI (4, 1)|F], X] = i) < K*(

)~ (Berl(r) 7.

2Cmax
Since émax > Ck(i), we can replace ¢ (i) by émax in the above inequality and have

P({F(j) > 2emaxBerl(r)} N T7(, D|FF) < K2 (5=

)"H(Berl(r)) 2. (228)

2Cmax

Let Cy = 4KC1a + 2(K 4 1)émax3. Combining the results of (224), (227) and (228), we
have
P({lgp(j + 1) = qr(5)] > Ceerl(r)} N A(X], €)Y (X7, j, OT" (4, )| F})

)_4@67‘[(7”))_2 + f5(e,r).

L1 = -
< gk(ﬁ,élKC’laerl(T)) +K2(25
max

Since the above result holds for all k£ € {1,..., K}, the proof is completed.

O]

Proof of Lemma 53. Suppose that the jth review period is a fluid period, i.e during this

period the fluid policy is implemented. Thus, it satisfies
q"(j) = 0"(X3).

Without loss of generality, we assume that X7 = . If the jth review period is not interrupted

by an environment transition, then the number of jobs of each class processed during this
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period is the same as defined by (126). If the jth review period is interrupted by an
environment transition, then the actual number of jobs of each class processed during this
review period may be less than the value designated by (126). Let p (j) denote the actual

number of class k£ jobs processed during the jth review period, then

Pe(7) < pr(j) < rp(i)i(r). (229)

For the rest of the proof, we let £} (j) = Ef(t"(j + 1)) — Ej(t"(5)). Then the queue length

of class k at the end of the jth review period is ¢;(j + 1) and it satisfies

K
0k (7 +1) = qh () + ELG) — DR (G) + D (Rh(i, o (4,4) + 5] () — ®h(i, o] (i,.9))),
=1

where ¢](7,7) is the number of jobs that has been completed at the environment state i

before t"(j). Note that 0 < ®! (4,47(3,7) + pr(5)) — ®L(3,¢7 (i, 5)) < Py (), therefore,

lap (i + 1) — qh(5)| < E5(j ) + Z + (K + D)prl(r), (230)

where the second inequality is from (229). Following the procedure used in the proof of
(225), (226), and (227), except we use Lemma 36 instead of Lemma 49, we know that there
exists r(e) > 0 such that if > r(e), then

P{EL(j) > 2a(1 + e)rl(r)} N Y7 (X], 4, )x(d"(7) = 0"(X)))|F})

K

< Gulgm 200+ i) + 3 hnlelB )~ Lugrlr))) (231)
k=1

Combining the result of (230) and (231), and extending it to the vector form, we have the

desired result. O

Proof of Lemma 55. From the definition of ¢"(j), t"(j + 1) — t"(j) is the duration of the
jth review period. The duration of a review period depends on the policy implemented
during this review period. If the queue length at the beginning of a review period is above
its threshold level (i.e ¢"(j) > 67(X7)), then the fluid policy is implemented during this
review period; otherwise, the target-idle policy is implemented during this review period.

We will consider both of these two cases respectively. Without loss of generality, we assume
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that the network is staying at the state 7 of the environment at the beginning of the jth
review period, i.e X = i.

First, we consider the case that the fluid policy is implemented during the jth review
period, which means that the queue length at the beginning of this review period is above

its threshold level, i.e ¢"(j) > 6"(X7). Then from (130), we have
(t"( +1) =" (7))x(q"(5) = 6"(X])) < ( max 2" (7)),

where 7' (j) is defined in (129). From (129), we also see that

e’ (j) < max{b{(7),U(r)} < V.(j) +U(r),

where 0% (j) is defined in (128). Combining these two inequalities, we have

(#(G+ 1) = G)x(g" () = 07(X7)) < max {by(j) +1(r)} < PORA; - (232)
1<s<S

From (126) and (128), we have

o (6,5)+ rps (DI(r)]
S )+ ARG + 1),

kels n=u}(i,5)+2

Therefore,

E[E[b;(§)F;, X] =1]]
5, (63)+ [ (9)1(r) ]
> EE[ ) (i, n) + (i, (i, ) + DIF], XT =]
keCs n=uy(i,5)+2
L7 g (4)1(r) ]
= > E[ > np(i,n)]+EE[R(, (i) + 1)|Ff, X] =)

keCls n=2

< Y (@) (rpk (i) T+ v ea(rt)

keCs

= ) Ur)+r (),

keCs

IA

where the second equality is from the fact that 7y (.} (4, j) + n) is independent from F; for
n > 2, and the second inequality is from Remark 26 and the fact that ¢"(j) < t.

The above inequality holds for any ¢ € Z, hence

E[b,(j)] = E[EL,()IF]]] < D i) (rt). (233)

keCs
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Combining (232) and (233) and noting that > gD o, 1 = K, we have
E[("(j+1) = t"(7)x(@ () 2 0"(X)))] < (K +1Ur) +r~"ea(rt). (234)

Second, we consider the case that the jth review period is a target-idle review period,
i.e the target-idle policy is implemented during this review period. The jth review period is
a target-idle period if and only if the queueing length at the beginning of this review period
is not above the safety stock level, i.e ¢"(j) 2 6"(X7). Then from (132),

("G +1) = t"(G))x(q"(4) 2 0"(X})) < lrélggse?f(j) < > i)

1<s<S8
From (131), we have
E[(t"(j+1) —t"(j))x(q"(4) Z 0"(X}))]
K ki (X7 ,5)+er (F)
< Y EE[ > &G(Xf.n) +G(sp(XT, ) + DIFF
k=1 n=r] (X7 ,j)+2
K (X7 9) 455 ()
+Y EE[ Y np(X],n) + Ap(XT, (X, ) + DIF]]
k=1 n=u;(X7,5)+2
K K (XT.9)+ep ()
< M EE[ Y GX[n)F+r e
k=1 n=r} (X7 ,j)+2
K e (X50) 405, ()
+Y EE[ ) m(X]n)F] +r e, (235)
k=1 n=uy (XJ,j)+2

where the second inequality is from Remark 26 and the fact that t"(j) <t.

From the target-idle policy, we know that the number of jobs for each class to process
or wait for only depends on the queue length at the beginning of the review period and the
routing process. Therefore, {e}(j),k € R(i)} and {p}(j),1 < k < K} are independent of
[€5 (5 (i, )+n), 1 (6, (i, 7)4+m), m > 2}. Also note that {n (4] (i, f)-+n)., € (150, j)4+n), n >
2} is independent of Fj. From Wald’s equality, we have

Ry (6.0)+€ )

EE[ Y &G6n|F, X =i = E[G n)EEG)F;,X] =i
n=r] (i.4)+2

= oy () E[E[e}, ()| FF, X] = i]]
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< T aE[Ele ()| F, X] = ),
E[E[ n ()| Fy, X5 =] = Bl (i, DIEER ()| F}, Xj =]

= r_luk(i)E[E[ﬁ};(j)‘f;?X; = ]

< ' mE[ER, ()| Ff, X} = i]].

Therefore,
Ky (XT,)+e; ()

EE[ )  &&X;n)F) < raGEER()IF, (236)

n=r}(X7,j)+2
e (X59) 45, (5)
EE[ Y  niX[ A < o mEERG)IF . (237)

n=j,(X7,j)+2
Note that I7(5,1) = {¢"(j) # 0"(X7)}, then going through the same procedure used in
the proof of (217), we have
{Pr(4) > 28 (i)} NI7 (5,1 U U {1 (1] (i, J) + 26 (i)z) < 28y (i)x + 67 (i)}. (238)
1€, (4) U €Ci(i)
Note that & (i)pys (i) > éy (i) for all [ and I' € C;(i), 1 <1 < K. Hence, there exists ¢35 > 0
and 0 < ¢4 < 1 such that if z > c307(i), then 2¢4&(i)py (i)x > 26y (i)x + 07 (7) for all i € T,

1 <1< K and all I' € Ci(i). Hence, for all x > c30" (4),

P(®) (1] (i, §) + 2a(i)x) < 28 (i)x + 6" (0)|F, X} = i)

J )

= P(®}(25(i)z) < 28 (i)z + 07 (7))

< P(®)(2¢(i)x) < 2c4&(i)pw (i))
< P(®}(26(i)z) — 26 @)pw (i)z| > 2(1 — ca)&(i)pw (i)z)
< ! (239)

(1 = ca)pu (8))* (26, (i)2)*’

where the last inequality is from Lemma 33.
Let B = max{B(i) : 1 < k < K,i € T}, Buin = min{By(i) : 1 < k < K,i € T},

and pmin = min{pg (i) : pr(i) > 0,1 < k,1 < K,i € Z}. From (238), (239) and " (i) =

max<k<x O (i)rl(r), we have

E[E[p,(5)|F}, X} =]
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< B+ [ PG > X =i dy
— 1B 2P > 20l X = i) do
< 1t B[ Y Z/ (@ (15 (5, 1) + 261(3)2) < 260 (i) + T ()| F}, X] = i) da]
leTk (i) I'eC(4)
i . o0 1
S mE 3 (0 0+ [ oo T emeormmee &)
i . 1
< VSl S i (7O o)
< 1+ 2K (3Bt l(r) + s C4)pm:) TR (T)),

where the last inequality is from the fact that ¢x(i) > 1 for all £ = 1,... K. Note that
rl(r) — oo as r — oo. We choose r; large enough so that if » > 7y, then (4((1 —

C4)Pmin)te3Bminrl(r)) 1 < 1. Let
filr)y = 2+ 2EmaxK203ﬁmaxrl(r),
then the above inequality implies that for any ¢ € Z and r > rq,
E[E[p, ()7}, Xj =d] < fi(r).
Therefore,
EE[p,(IF < Alr).

Note that we are considering the case that the event I'(1,) happens. Taking e = 1,

then from (213) we have e}, (j) < 6"(X}) + p(j) and
E[E[e;(DIF]] < Bmaxrl(r) + f1(r). (240)

Combining the results of (235), (236), (237), (240), and (240), we have

E[(t"G+1) =" (G)x(¢"(j) 2 0" (X]))]
K

g (Buaxrl(r) + fu(r)) + e (rt) £ r T g fi(r) + v ea(rt).

1 k=1

M=

<

e
Il

Denote the right hand side of the above inequality as fo(r), and combining this result with

(234), we have
E(t"(j+1) —t'(j)) < max{(K +1)i(r) +r7 ex(rt), f2(r)}
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for any 0 < j < j"(t) — 1. Let f(r) denote the right hand side of the above inequality and

simplify its expression, we have the conclusion of the lemma.

O
Proof of Lemma 57. From the definition of j" (), we know that
3" (t)
DG —t (G =) St (EGT(0) — (T () - 1)) (241)
j=1

Let Xg=0and X; =377, ((t"(j) —t"(j — 1)) = E@"(§) —t"(j — D|F]_,)), for n > 0.
From Lemma 55, E|X7| < 2nf(r) < co. Note that X! € F! and E[X,1|F,] = X
Therefore, {X), Fr, n > 1} is a martingale. Note that j"(¢) is optional relative to the

filtration {F,,n > 1}, and E[X]] = 0. By the optional sampling theorem, we know that

E[X, 0] = 0. i
i"(t)An
E[ Do (G — (G~ 1) —E(#G) —t"(j — DIF_1)| = 0. (242)
j=1

Recall that I'"(j) = {X],, = X7, ¢j > 0"(X])} and note that x(¢"(j — 1) > 6"(X]_,)) is

measurable with respect to .7-";_1, then

J"(t)An JT()An
E[ Y (#(G) (1) Z E[t"(j) = t"(7 = DIF}-4]]
j=1
JT(t)An
> (1=el(r)E[ Elx(#"(5) =" = 1) > (1 = l(r))x(I" (G = D)[Fj]]
j=1
i (H)An
= @B Y @G- 1) 2 ) (1 B £ Xp )AL
j=1

“EX(t(j) = ' = 1) < (1= Ur)(X] = Xj_)IFj]) | (243)

Applying the same technique as we use to prove (242), we have

iT(t)An
E[ ) x(a"(j—1) 2 0" (X]_))EN(X] # Xj_1)|Ff_4]]
j*l
T(t)An

Z X(XJ # X7 )| F 0]

J:1

IN

= Z X(Xj # X)) <E[N"(1)]. (244)
7=1
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Let t"(j — 1) = t"(j) —t"(j — 1) for the rest of the proof. Since x(¢"(j — 1) > 6"( X7 1)
is measurable with respect to .7-";_1, we have

T

i"(t)An
Bl ) x(d(G—-1) =07 FCERE (- 1) < (1= e)l(n)x(X] = X_1)|F_1]]
JT(t)An
= E[ ) EXEG-1) < —-lm)x(q" (G —1) = 0"(X]_)x(X] = X]_)|F}_1]]
j=1
T Ko
< E| D (@B ) L, 1) DX (= 1) > 67(X_y))]
7j=1 k=1
K ]’“(t)/\n
< Z (2K fiy,)~ ukrl x(q"(G—1) > 0"(X;_1))],
k=1 j:l

where the first inequality is from Lemma 35 and it holds if > 71 (¢) for some r1(e) > 0. Note
that hy(z,y) — 0 if y — oco. Since rl(r) — oo if r — 0o, then there exists r5(€) > r1(¢) such
that if r > 73(e), then Zle hi(e(2K i), Ly, 7l(r)]) < e. Therefore, if r > ra(e), then the
above inequality implies

]T(t)/\n

Z X(q"(7 = 1) = 0"(X5_))EXE( - 1) < (1= el(r)x(X} = Xj )7} ]

] (t )An

x(q" (5 —1) > 0"(X]_y))]. (245)
]:1

Combining (243), (244), and (245), for r > r2(€), we have

JT(t)An jr(t)/\n
Bl > 7G-1]= - (B[ Y x(a'(G—1) 6" (X]_)(1— )~ EN"(2)]).
j=1 j=1

Note that the target idle policy ensures that the queue length of each class is above the
safety stock level at the end of this target idle period. Therefore, there will be at least half
of the review periods (except those initiated by an environment transition) such that the
queue length at the beginning of this review period is above the chosen safety stock level.
That is,

J"(t)An

X(¢"(G=1) 2 0"(Xj_1)) = 5(5"(H) An— N"(2)).

N

Jj=1
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Combining this result with the last inequality and noting that " (j — 1) = t"(j) —t"(j — 1),

we have
Jr(t)/\n . i )
; (#7(G) ~ #7G - 1)) = (1 - ey (LB A SEVIL]

Let n go to infinity at both sides of the above inequality. Then from the monotone

convergence theorem, we have

Jn () ; i
B () 17 - 1) 2 (1 - i) (PO SEEHON,

From (241) and Lemma 55, we have

JT(t)
—t" (G —1))] <t 4+ f(r).
]:1
Therefore,
Elj7(t 3
(- PE 3o ) <o+ 50,
which implies the conclusion of the lemma. O

Proof of Lemma 59. Let
B'(t,e) = UigjciritX; = Xj_1, ¢"(G) 2 (1 —€)0" (X))}

Then

B(t,e) c (B'(t,e) N (1, i )ﬂT’“(t,Eﬁ)>U((AT(t, D e 6ﬁ))c).

32K a 32K & 32K & "32K @&
Let
RT( r r T r . Eﬁ T . Gﬂ
B (],t,ﬁ) = {X] = A1 q ( ) 2 (1 - 6)0 (X )}A( J— 1] — lvﬁ)’r( j—l?] - 17@%

then from (153), we have

B'(t,e) C (U1<j<jr(t)f3r(j,t,e))u((Ar(t,32€£,a))cu(Tr(t, 65))0).

Therefore, the indicator function satisfies

JT) ¢
XBE) € 3 B Gt 3 (W (f o)) 4 (T (1))

~ 32K
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hence,

7 . .
P(B(1.€)) < BY. x(B'(.t.0)] + PUN(f o)) + P 2 ))). (216
j=1
From Lemma 41 and Lemma 43, we have
PN o)) € Filgaam ). P (o)) < fol e or). (247)

To estimate the first term of the right hand side of the inequality (246), we construct a

martingale. Let

Vo= 3 (XB (s te) — BIX(BT (.t ) F 1)),

j=1

then Y] is measurable with respect to 77, E|Y,/| < 2n and E[Y,; ||F}] = Y,;. Therefore,

n

{Y7 n > 1} is a martingale with respect to the filtration {F),n > 1}. Note that j"(¢t)
is a stopping time with respect to the filtration {F),n > 1}. From the optional stopping

theorem and from the fact that E[Y,]] = 0, we have E[Y. = 0. Therefore,

’“(t)/\n]
iT(t)An
E[ ) X(B'(j.t,0)]
j=1
iT(t)An )
= E[ ) ER(B(t,)|F/]]
j=1
JT(t)An 3
= E[ ) ENXB(te)x(q (G- 1) = 0"(X]_1))[Ff_]] (248)
j=1
iT(t)An
< E[ ) fuler)] (249)
j=1
Note that if ¢"(j — 1) 2 6"(Xj_;), then we implement the target-idle policy such that
q" () > 0"(X7) if the (j —1)th review period is not interrupted by an environment transition,
ie X7 = X7 ;. Therefore (248) holds. The inequality (249) is from Lemma 47. Let n — oo.

From the monotone convergence theorem, we have

T

Jr(t) Jn@)
E))  X(B'(j,t,0)) < B> fule,r)] = fale,n) B[ (1) (250)
j=1 =1

J

Combining the result of (246), (247) and (250), we have

€f €

P(Br(t’e)) PKa’ t, )+f2(32K77

< filge= t,r) + fa(e, ) B[ (1))-
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From Remark 58, for any fixed ¢ > 0 and € > 0, we know that E[j"(t)] < fr(e,t) < oco.
From Remark 42 and Remark 44, for any fixed € > 0 (w.l.o.g, € < 1) and t > 0, we have
fule t,r) = O~ ) for n = 1, 2. From Remark 48, we know that f4(e,r) = o(r~(1+7/9).
Therefore, for any fixed ¢t > 0 and € > 0, P(B"(t,¢)) = o(r~(1*7/9)). Therefore, for any
sequence {r,,n > 1} such that r, — oo if n — oo, we have

> P(B™(te€)) < 0.

n=1

Applying the Broel-Cantelli Lemma, we know that
P(ﬁmzl Up>m B™ (t, 6)) =0,
which implies the conclusion of Lemma 59 since it holds for any sequence {r,,n > 1}. O

Proof of Lemma 60. The proof is similar to that of Lemma 59. We let
B'(t,e)= |JUX] = X[, (G — 1) = 0"(X]_ )} {|(F"(G) = " (j = 1)) = U(r)| = el(r)}).
1<5<57(t)

Then
B"(t,e) C (B"(t,e)NY"(t,€)) U(Y"(t ¢€))".
Recall that I'"(i,7) = {X] = X7, 1, ¢"(j) > 0"(i)}. Let tr(j—1) =t"(j) —t"(j — 1), then

Bt < |J {FG-1)-10) 2 dm}nrr(G -1 0T (Ee)) U o)
1<5<47(¢t)

(U WFG-1D =1 = am}nTm(— 1) 0T (X5, j,6)) U (T (¢ 6)"
1<5<57(t)

The rest of the proof is similar to that of Lemma 59, except that we apply the result of
Lemma 34 instead of Lemma 47 in a similar inequality to (249). This concludes the proof

of Lemma 60. OJ

Proof of Lemma 61. The proof is similar to that of Lemma 60 except that we apply the

result of Lemma 36 instead of Lemma 34. OJ

Proof of Lemma 62. The proof is similar to that of Lemma 59 except that we apply the

result of Lemma 49 instead of Lemma 47. O
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Proof of Lemma 63. Taking ¢ = 1 in Lemmas 61 and 62, and noting that KC; > 1, we
have the result of Lemma 63.

O]

Proof of Lemma 64. The proof is similar to that of Lemma 59 except that we apply the

result of Lemma 45 instead of Lemma 47 to prove an inequality similar to (249). O

Proof of Lemma 65. The proof is similar to that of Lemma 59 except that we apply the

result of Lemma 51 instead of Lemma 47 to prove an inequality similar to (249). O

Proof of Lemma 67. The rest of the proof is similar to that of Lemma 59, except that
we apply the result of Lemma 53 instead of Lemma 47 to obtain an inequality similar to

(249). O

Proof of Lemma 68. Take ¢ = 1, then the result of Lemma 68 follows immediately from
that of Lemma 65 and Lemma 67.

O

Proof of Lemma 70. For any s > 0, recall that j"(s)th is the index of the first review

period after s, hence

(" (s) = 1) < s <U(5"(s))-
From Lemma 63, we know that for any 0 < s <t,
[t7(5"(s)) = sl < ¢ (5" (s)) — (4" (s) = 1)| < 2KC1l(r).
Note that {(r) — 0 as 7 — oo. Thus, we have
lim sup [t"(j"(s)) —s| =0
T00 0<s<t

which concludes the proof of the lemma. O

Proof of Lemma 71. We consider ¢t > 0 and s € [0, ], then from the definition of n"(,-),

n’(0,8)I(r) —t"(5"(s))
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- (xa"(G) = 07(X]), XJy = XDU) = (G +1) = 7))

j=0
3" (s)—1
= > X@G) =X, Xy = X)) (1) = (G +1) ~ ()
j=0
i(s)—1
= >0 X@G) E 0T, Xy = X)E G+ 1) = ()
j=0
i"(s)—1
= 3 XX A XDEG D)~ ()
j=0
Therefore,
0 (0, 8)1(r) =17 (5))]
iT(9)=1
< Y M@ () 20X, X = X G+1) = () — 1)
§=0
i (s)—1
+ 30 X@G) 20X, Xy = XDE G+ 1) = () (251)
j=0
J"(s)—1
Y XK A XD G 1) ().
7=0

From Lemma 60, for any ¢ > 0 and ¢ > 0 and almost any sample path w, there exists

r(w,t,€) > 0 such that for all 0 < j < j"(¢), if r > r(w,t,€),

x(q"(4) = 0(X5), Xjp = XD (G +1) —¢7() = 1(r)]

< x(d"() = 07(X3), Xjiq = Xj)el(r). (252)

For the second term of the right hand side of the above inequality, we have

" (s)-1
x(q"(7) 2 0"(X5), Xjpa = X5)("(G +1) =17(4))
j=0
O
< x(q"(4) 2 07(X5), Xjpy = X7, X7 = XE )G +1) —"(7)  (253)
j=1
3" (s)—1
+ Y X(XG A X )E G 1) = () + (1) +£7(0)).
j=1

From Lemma 59, for any € > 0, there exists r(w, t,€) > 0 such that if » > r(w, ¢, €), then for

all 1 < j < j7(t), we have {X? = XI_,} = {X] = X7_,,¢"(j) > (1 — €)0"(X})}. Without
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loss of generality, we assume 0 < € < 1 and we assume r > r(w, t, €) for the rest of the proof.

Then,
i"(s)—1
X () 2 0(X)), Xjoy = X7, XT = XJ_ )" (G + 1) — 7 (5))
j=1
Jr(s)-1
= D x(@(G) 2O(X]), Xf1 = X] = X[ 1,4 () = (1= 0" (X)) (" (j + 1) = 7 (5))
j=1
JT(s)—1 ~
< x(q"(j) 2 0"(X}),q"(4) = (1 — )" (X7), X5y, = X}, X5 = X5 1)2KCel(r)
j=1
i"(s)—1 ~
< x(q"(G = 1) = 0"(Xjy), Xj_1 = X7)2KCel(r), (254)
j=1

where the first inequality is from Lemma 62. Note that from the designated policy, the
queue length at the end of an uninterrupted target-idle period will be above the safety

stock level, i.e {q"(j) # 0"(X]), Xj_, = X7} € {¢"(j — 1) > 0"(X}_}) XJ_, = X7}. This

implies the second inequality above.

Combining (251)-(254), we have

()1
" (0,8)1(r) =" (7" (N < D X () = 07(XF), Xjypq = Xj)(1+2KCy)el(r) (255)
=0
J(5)-1
+2 ) XX # XDE G+ 1) —7() + (¢7(1) = £7(0)).
=0
From Lemma 60, we have
X&) 2 07(X]), Xy = XU < (g’ () 2 07(5), X, = xp) LD =0

Therefore,
J7(s)-1 i
x(¢"(7) = 0"(X7), Xj1 = X)(1+2KCh)el(r)
j=0
T L TG+ — 1))
< X' () 2 07(X5), Xf g = X)L+ 2K Cpyer—d 2
7=0
< QRO (o)) — 057 () — 1)
< (1+12f(51)6(s+2f(éll(r)), (256)
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where the last inequality is from Lemma 63. And from Lemma 63, we also have

2 ) XX #XHE(G+1) - (@) + (1) —7(0))

IN
N

X(Xjy1 # X})QKC'IZ(T)

= 4KCy(N"(s) + 1)i(r), (257)

where N"(s) denotes the number of environment transitions until time s. Without loss of
generality, we choose 0 < € < 27!, then combining the results of (255)-(257), we have
In" (0, s)I(r) —t" (57 (s))| < 2(1+2KCh)es + 2KC1(2N"(s) + 2KCy + 3)I(r)
< 2(1 4 2KCh)et + 2KC1 (2N (t) + 2KCy + 3)i(r).
From Lemma 15, we know that there exists ro(w,t,€) > 0, such that N"(t) = N(t) if r >

ro(w,t,€). Since [(r) — 0 when r — oo, we can choose r(w, t, €) > max{ri(w,t,¢),r2(w,t,€)}

such that if 7 > 7(w, t,€), then 2K C}(2N"(t) + 2KC, + 3)I(r)l(r) < € and thus
In"(0, 8)I(r) —t"(57(s))] < (2(1+2KCy)t+1)e

for all s € [0,¢]. Combining this result and Lemma 70, we have the conclusion of Lemma 71.

O]

Proof of Lemma 73. First, since X (-) satisfies the regularity condition, we know that for
fixed t > 0, there exists a finite m > 0 and ¢p > 0, such that 7, <t <t+ €y < Tppa1. From
Lemma 15, there exists r; > 0 such that if » > r, X"(7))) = X(r,) for all n = 1,...,m,

and 7, | >t + €. Let i, = X(7,), n =0,...,m, if r > 71, then for all s € [0, + €],
X"(s) € {igy---,tim}- (258)

Throughout the rest of the proof, we consider only those r such that » > r1. Hence, up to
time ¢ there are only finite environment transitions for all networks. From Lemma 70, we

know that

t"(5"(-)) = 1(-) wo.c asr — oo.
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From Corollary 22,
lim sup |r~'Z"(s) — Z"(t"(j"(s)))/r| = 0.
700 0<s<t
Note that Z"(t"(j"(t))) is also denoted by ¢"(5"(t)), we see that
lim sup |[r~1Z"(s) — ¢"(j"(s))/r| = 0. (259)
T00 0<s<t

From the definition of ¢"(j), for any 0 < s < ¢,
17" (s)) =" (5" () /7] < 0"(Xr () /-
From Lemma 70, there exists ro > 0 such that if » > ro, for all 0 < s < ¢,
E(7(s)) < L+ o

Note X7, ) = X"(t"(j"(s))), from (258), and recall the definition of 6" (i), i € Z, we know

that for all 0 < s < ¢, if r > max{r;,ra},
TG (5)) = & GT(9)/7] < max{87(in) /75 0 < 1 < m} = max{B(in)(r) : 0 < n < m}.

Since I(r) — 0 as r — oo, we have

lim sup |g"(5"(s)) — ¢" (5" (s))/r] = 0. (260)
r00 0<s<t
From (259) and (260), we see that the conclusion of Lemma 73 holds. O

3.8 Summary

In this chapter, we presented a study of the dynamic scheduling of computer communica-
tion networks with time varying characteristics. In particular, we model such networks as
multiclass queueing networks in a slowly changing environment and we provided a hierarchy
decision frame work for such networks.

We consider that the network is operating in slowly changing environment. The changing
environment is modelled as a general stochastic process which takes only discrete values,
where each value represent an environment state or a network operating state. The arrival

processes, service processes and routing matrices are marked renewal processes for each
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environment state. Our focus in this chapter is to establish a frame work to facilitate the
searching for a nearly optimal scheduling policy for such networks.

We first show that a general mutliclass open queueing network in a slowly changing
environment can be approximated by a stochastic fluid model when the dynamics of the
network tend to change much more frequently than the environment changes states. Next
we provide a general method to derive a scheduling policy from any given solution of the
stochastic fluid model. We also show that if implementing the derived policy, the dynamics
of the network captures the fluid level evolution of the given stochastic fluid model solution.
This result holds under very general conditions.

Through this study, we have established a general approach to searching for an nearly
optimal scheduling policy for multiclass queueing networks in a slowly changing environ-
ment. This is a three step approach. The first step is to approximate the queueing network
by a stochastic fluid model; the second step is to solve the stochastic fluid model which
is much more tractable than the original queueing network; the third step is to derive a
scheduling policy for the original network through the method we provided in this study. If
the solution of the stochastic fluid model is optimal, then the derived scheduling policy is

asymptotically optimal in the fluid scale.
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CHAPTER 4

SUMMARY AND CONCLUSIONS

In this study, we investigate the dynamic scheduling of computer communication networks
that can be periodically overloaded. We model such networks as mutliclass queueing net-
works in a slowly changing environment. We establish a hierarchical framework to search
for a suitable scheduling policy for such networks through its connection with stochastic
fluid models. We first study the dynamic scheduling of a multiclass stochastic fluid model
where the server is under the quality of service contract. Then, we unveil a relationship
between the scheduling of stochastic fluid models and that of the queueing networks in a
changing environment.

In the multiclass stochastic fluid model that we study, we focus on a system with two
fluid classes and a single server whose capacity can be shared arbitrarily among these two
classes. The server is under a quality of service contract which is indicated by a threshold
value of each class. Whenever the fluid level of a certain class is above the designated
threshold value, penalty cost is incurred to the server. We also allow that the server may
be overloaded transiently. We specify the optimal and asymptotically optimal resource
allocation policies for such a stochastic fluid model.

Afterwards, we relate the problem of optimizing the queueing network to that of opti-
mizing the stochastic fluid model. We connect them by providing a general and successful
interpretation of the fluid model solution in order to construct a scheduling policy of the
queueing network. The connection we establish facilitates the process of searching for a
nearly optimal scheduling policy for the queueing network.

To establish the connection between the queueing networks in a changing environment
and the stochastic fluid models, we take a two step approach. The first step is to approx-
imate such networks by their corresponding stochastic fluid models with a proper scaling

method. The second step is to provide a general scheme to interpret the stochastic fluid
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model solution and construct a suitable policy for the queueing network.

In the first step, we scale the space and the rate of arrival and service processes in a
similar fashion as the scaling method of the law of large numbers. With this scaling method
and assuming that the changing environment can be captured by a limiting stochastic
process as the scaler increases, we prove that all the limiting points of queueing processes
satisfy a stochastic fluid model. The stochastic fluid model captures the stochastic pattern
of the operating environment of the network, but replaces the discrete events that changes
highly frequently by their average values. In other words, in a stochastic fluid model,
the operating environment of network still randomly transits from one state to another
state. However, at each state of the environment, the discrete customers of the network are
replaced by fluid units; and the dynamics of the network at each particular environment
state is deterministic, which is determined by the associated arrival rates, service rates, and
routing proportions matrices.

The stochastic fluid model has a much simpler structure than the queueing network
model and is easier to study than the original queueing network model. Assuming that the
fluid trajectory, i.e the evolution of the fluid levels, of the stochastic fluid model is given, we
provide a method to construct a scheduling policy for the original queueing network. With
the derived scheduling policy, the dynamics of the queueing network tracks the fluid level
evolution of the given stochastic fluid solution almost surely. Therefore, if the optimal fluid
trajectory of the stochastic fluid model is given, then the original network is controlled in
a nearly optimal way.

This two step approach provides us with a general hierarchical scheme to search for an
asymptotically optimal scheduling policy for the queueing networks in a slowly changing
environment. It is important to note that although our research is motivated by the com-
puter computing paradigms for Internet services, it also applies to other type of networks

with similar characteristics.
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APPENDIX A

HOLDING COST EXPRESSIONS

In this section, we provide expressions for the holding cost under various policies when the
length of the high period is H and the length of the low period is L. These expressions are
used extensively in Section 2.6. We only consider the cases given in Section 2.4, i.e., we
assume p?' > 1 and p! + py < 1.

We know from Corollary 2 that for Case 1 and Case 3, specified in (20) and (22)
respectively, FP1 policy is optimal. Hence, we focus only on Cases 2 and 4 given in (21) and
(23) respectively. In order to see the performance of the policies considered in Section 2.6,
we first provide the holding cost expressions under the optimal policy. These expressions
serve as the lower bound for all the other policies. Then we also provide the holding cost
expressions under FP1 policy for Cases 2 and 4. In addition, we also provide the holding
cost expressions under FP2-FP1 policy for Case 2, and the holding cost expressions under
7% policy for Case 4. These expressions help evaluate the performance of these two policies
when py + pt — 1.

When H and L are known, the optimal policy is given in Section 3.1. In order to
compute the holding cost expression under a given policy, we observe the evolution of the
fluid levels of both classes under this policy. Given the fluid levels, holding cost incurred by
class 1 and class 2 can be computed easily. For example, for Case 2, when H and L satisfy
the conditions of Case 2.6 (in Section 2.4.1), i.e., H > ag, H+ L > 11(1—n)~", the optimal
policy is to set s1 = s3 = 0 which is equivalent to the FP1 policy. We know that fluid levels
of both classes will increase, and at ¢; = 11, class 1 fluid reaches its threshold from below
and starts to incur cost. Fluid levels of both classes continue to increase linearly until the
beginning of the low period. In the low period, fluid level of class 1 begins to decrease
and class 2 fluid continues to increase until class 1 fluid decreases to its threshold, which

happens at to. After to, class 1 fluid is kept at its threshold and class 2 fluid begins to
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decrease and reaches its threshold at f,. We know that after 5, both classes will be kept
below their thresholds. Note that when H > ag, under the optimal policy, L > ty — H is
equivalent to L > v4(H — aq) (which is OPT:1 below) and H > ag, L > v4(H — ay) imply
that the conditions of Case 2.6, i.e., H > ag, H + L > 1)1(1 —n)~! are satisfied. So, we can
compute the holding cost when H > ay and L > v4(H — a1). We obtain the holding cost
expressions for the other cases in a similar way.

Next, we provide the lower bound of the holding cost, i.e th holding cost under the
optimal policy for each sample path (H, L) in Section A.1. The cost expressions under the
FP1 policy is provided in Section A.2, that of 7#* policy is provided in Section A.3, and

that of FP2-FP1 policy is provided in Section A.4.

A.1 Cost under the optimal policy

While computing the holding cost under the optimal policy, we combine Cases 2 and 4
whenever ¢, = 0 (in Case 4), where a~ = max{—a,0}. However, we have to divide each
case into several subcases in order to obtain closed form expressions for the holding cost. As
a result, we have 17 subcases labeled (OPT:1) to (OPT:17). Recall that ¢; is the time that
class 1 increases to its threshold from below in the high period, and ts is the time that class
1 decreases to its threshold from above in the low period if the low period is long enough,
and t, is the time that class 2 decreases to its threshold from above if the low period is long

enough. Also, recall that 1;1 > 1/72 is equivalent to B > a1 > 1;1 > 1;2.

1. Assume that the conditions of Case 2.6 (or Case 4.4) are satisfied and L > #5. In
Case 2.6 (and Case 4.4), the optimal policy sets s; = so = 0, i.e. implements the FP1
policy. If L > 5 is also satisfied, then the low period is long enough so that the fluid

levels of both classes reach their thresholds. This is equivalent to
(OPTl) H > ag, L > ’74(H — al),

where ~y4 is given in the proof of Proposition 5 in Section 2.6, and the holding cost is

I =1 (o —ph)
n(1—ph)

h _
L) = i { (11— 00 = P 0 o

162



(1—pa—p)2 1ol +pa—1 =1 )
L [1—pll e o)
ph+pe—1 (o} — 1) ?

+(1—p€—ﬂz>[11_pzlz_p2<H—“1)‘(11_,)11)(}[‘11’1)} }

2. Assume that the conditions of Case 2.6 (or Case 4.4) are satisfied and to < L < 5.
As mentioned above, in Case 2.6 (and Case 4.4), the optimal policy implements the
FP1 policy. If to < L < o, then the low period is long enough such that class 1 fluid
level reaches its threshold, but class 2 fluid is still above its threshold when the low

period is over. This is equivalent to
(OPT:2)  H >ag, y3(H —¢1) < L < n(H —ar),

and the holding cost is

i) = Yo [P A gy P e iy
L= p;— P)? E’ffpg)g_—pi (H —ay) - H(H - 1/)1)]2
H=ah = o [ o) - U -]
—%hzuz(l —p2 = ph) [mw —a1) — L]Q-

3. Assume that the conditions of Case 2.6 (or Case 4.4) are satisfied and L < t5. The
optimal policy sets s;1 = s9 = 0, i.e. implements the FP1 policy. Since L < ts, at the
end of the low period, both classes will be above their thresholds. This is equivalent

to
(OPT:3)  H >az, L<y3(H =), H+ L= + %(W —43),

and the optimal cost is

h _ h 1
(1) = ghops { L= G — ot ol + L= 1)
1—phph -1 2 (-1, _
A -] - P - 7

4. Assume that the conditions of Case 2.3 are satisfied and L > t, — H. In Case 2.3

optimal policy sets s; = so. Let s; = s9 = s. Note that L > ¢, — H is equivalent to
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L > ~4(H — a1), which means that the low period is long enough so that fluid levels

of both classes reach their thresholds. Thus, if

(OPT:4)  max(¢y,B) < H < ay, L >v4(H — ay),

then the holding cost is

(. L) =;m@ﬂ ?? )“N

(1= p2) (202 — )5+ 2(1 — p2) (b2 — 8)(t2 — )

Ha= - W2 0 - - )]}

to — H)? + pa(ta — s)?

where

di/p — (pf —1)(1 =)t

s = ,

L+n(p} —1)
b = d=mtatndi/m
L+n(p} —1)
b —p)H —n(pl — )di (1 b—1))*
py = 1= p)H = nlpr = Ddi(in (1 +n(py — 1))
1 9y

(1= p}) + @ =m)(pf = 1A +npf — 1))~
5. Assume that the conditions of Case 2.3 are satisfied and L < ¢, — H. When H and
L satisfy the conditions of Case 2.3, it implies that L > to, i.e., the low period is
long enough so that class 1 reaches its threshold. However, since L < ty — H, the
low period is not long enough for class 2 to reach its threshold. At the end of the
low period, class 2 fluid is still above its threshold, but class 1 is below its threshold.

Hence, if

(OPT5) max(lzl,B) < H S as, ’)/Q(H — 1[}1) S L S ’}/4(H — al)

then the holding cost is

)

oH,L) = ;h2u2{( [()21( )p (t2 — H)? + pa(ta — 5)°
P1
+(1 = p2)(2¢hg — 8)s + 2(1 — p2)(th2 — 5)(t2 — 9)
pr+p2—1 2
H1 == S - o) - - 1))
(pl—f—p?_l)(H_al)_L}Q’

~ghns(i =2 - pﬂﬂ—m—m)

where t9,%1, s are the same as in the previous case.
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6. Assume that the conditions of Case 2.4 are satisfied. In Case 2.4, the optimal policy
sets s1 = s9 = s and t9 = H + L. In this case, at the end of the low period the fluid

levels of both classes are above their thresholds. Thus, if

(OPT:6) L < y(H — 1),
L+n(pt —1)

m@l—d}z)}SHJrLg

maX{l/;h 1;1 +

then the holding cost is

h h
((H L) — ;h2u2{(p1 n(i)ﬁﬂ;ﬁ) p1)

+2(1 — p2)(tho — 8)(H + L — ) + po(H + L — 5)*

(=0 [(p’f—l)(H_tl)_Lr},

n o L(1—=ph)

(H —t1)* + (1 — p2) (202 — 8)s

where

di/p — (1 —n)(p} —1)(H + L)
L+n(ph —1)
ndi/p + (1 —n)(H+ L)
1+n(p} —1) ‘

Y

ty

7. Assume that the conditions of Case 2.5 are satisfied, 1;1 < 1;2, class 2 decreases to its
threshold before class 1 increases to its threshold, and the low period is long enough to
decrease class 2 fluid to its threshold. When conditions of Case 2.5 are satisfied, and
1[11 < 1[)2, we have H < 1[)1 < 1/;2 and the optimal policy sets s; = so = H. In the high
period, class 2 has higher priority and in the low period, class 2 has higher priority
until class 1 fluid increases to its threshold or class 2 fluid decreases to its threshold.
Under this policy, let ] be the time that class 1 fluid increases to its threshold in
the low period if the low period is long enough. Then, t| = H + pl'/pt (41 — H). If
zﬁg < t}, then class 2 fluid decreases to its threshold in the low period, at 1[12, before
class 1 fluid increases to its threshold. In this case, after 1;2, no class will incur cost

under the Low-period-policy. Hence, if

!

(OPT:7)  H <y <tppy <y —H)+H, H+L>o,
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then the holding cost is
1 72
c(H,L) = Shapa(l—p2)a.

. Assume that the conditions of Case 2.5 are satisfied, 11 < 19, class 2 fluid decreases
to its threshold before class 1 fluid increases to its threshold, but the low period is

not long enough for class 2 fluid to reach its threshold. Hence, H + L < tpy. If

~ ~ h ~
(OPT:8)  H <y < b < '071(1#1 H)+H, H+L<> s,
P1
then the holding cost is
1 -
c(H,L) = gShopa(l—p2)(2¢2 — H - L)(H + L).

. Assume that the conditions of Case 2.5 are satisfied, 1;1 < 1/;2, class 1 fluid level
increases to its threshold before class 2 fluid level decreases to its threshold, and the
low period is long enough for class 2 fluid to reach its threshold. Since the conditions
of Case 2.5 are satisfied and ¥; < 1/;2, we have H < 9, < 1[)2. Following the optimal
policy, we set s; = so = H. Class 2 has higher priority in the high period and also
in the low period before class 1 fluid reaches its threshold at t}. So, if ¢y > t, it
means that class 2 is still above its threshold when class 1 increases to its threshold
in the low period. Based on the Low-period-policy after ¢}, server will spend just
enough effort (u; = p!) to keep class 1 at its threshold, and use the remaining effort
(ug =1— pll > p9) to serve class 2. Let ts be the time that class 2 fluid level decreases

to its threshold, then L + H > 5, which is equivalent to L > v4(H — a1). So, if
~ ph ~
(OPT) 1 < < B — )+ H < o L2l —an),
P1

then the holding cost is

1 - Pl Pl =
«(H.0) = ghan {1~ pa) 20 - LA~ 1)~ A [2h - )4 ]
P1 1
h B ho
== D[P - o) - - )]
— P2 — Py P1
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10. Assume that the conditions of Case 2.5 are satisfied, 1;1 < @52, class 1 fluid level

11.

12.

increases to its threshold before class 2 fluid level decreases to its threshold, and the
low period is not long enough for class 2 fluid to reach its threshold, but long enough

for class 1 fluid to reach its threshold. Hence, H + L > ¢}, which is equivalent to

L>ph/ph(r — H). 1f

h h
(OPT:10)  H <4y < L(dy — H) + H < 4, pTl(%Z)l—H)SLSM(H—al),
1

i
A

then the holding cost is
1 - b ~
(L) = ghotea (1= pa) [202 = i — H) — ] [CL 0y — H) + ]
1

h h
py+p2—1 o1~ 2
+O—m—wb[1 NH—aQ—;QM—Hﬂ}
1 —p2—pj P

p]f+p2—1(

2
H—aﬂ—q.
1—p2—ph

1
-Gbmﬂ—m—éﬂ

Assume that the conditions of Case 2.5 are satisfied, 11 < )9, the low period is neither
long enough for class 1 fluid to increase to its threshold nor long enough for class 2
fluid to decrease to its threshold. However, if the low period were long enough class
1 fluid would increase to its threshold before class 2 would decrease to its threshold.

Hence, H + L < t|. If
~ ph ~ ~
(OPT:11)  H <y <51 —H)+H <y, L< (¢ —H),
then the holding cost is

e(H,L) = Shopa(l— po)(20s — H ~ L)(H + L)

Assume that the conditions of Case 2.1 (or Case 4.1) are satisfied and the low period is
long enough for class 2 fluid to decrease to its threshold. Recall that when conditions
of Case 2.1 (or Case 4.1) are satisfied, we denote the time that class 2 decreases to
its threshold as 1,22. Moreover, H + L > 1;2 is equivalent to L > v4(H — ay1) which
implies that L > v (H — a1). In this case, at the end of the low period, fluid levels of

both classes will be below their thresholds. Notice that a; < B implies that 122 < 1/;1.
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Hence, if

(OPT:12) ag <H<B, L2>v(H-—ay), for Case 2

ap < H <ay, L>~(H-—ay), for Case 4

then the holding cost is

(1) = ghan { UL 4y 24 (1= o)+t — s
].
pr+p2—1 2
# = m h[EEE —) - - )

where

s1 = @;7
(dy/p1 + da/p2) — (P — 1)(1 =)ty

” p2 +n(p} —1) ’
g = M/t da/ps) + pa(l = )t
p2 +n(p} —1) ’
ty — (P = P H — (pt = Vn(di/p + da/p2)(p2 + n(pt —1)) 7"

(1= ph) + (o — DA = n)p2(p2 + nlpf — 1))~

13. Assume that the conditions of Case 2.1 (or Case 4.1) are satisfied but the low period is
not long enough for class 2 fluid to decrease to its threshold. Hence, L < y4(H — ay).
At the end of the low period, class 2 is still above its threshold but class 1 is below

its threshold. Hence, if

(OPT:13) a1 <H<B, v(H-a)<L<~vy(H-—a), for Case 2

a1 <H <as, v(H—a1) <L < y4(H—ay), for Case 4

then
1 l
ctt2) = ghae { UL 4y g2k (1 o)t + s — s
P1
pl+p2—1 2
+- = ) [EE2 - ) - - 1)
p2 — Py
1 hgpa—1 2
— Shapa(l — p2 —Pﬁ)[%(ﬂ —ay) —L]
2 1—p2—p

where s1, 89,11, are the same as given in Case 2.1 (Case 4.1).
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14. Assume that conditions of Case 2.2 (or Case 4.2) are satisfied. Note that

dr (L (k= D) =)@~ D}~ 1) >

implies that ©; > 1. Since the low period is not long enough for class 1 fluid to

decrease to its threshold, to = H 4+ L. With some algebra we have

(OPT:14) a1 <H, L<y(H-a),

1+n(ph —1) n

H+L <t +——0 (g — o) — ——,
(L=n)(p} = 1) 27 1
and the holding cost is
h _ 1 h
(H.L) — {(:01 )(pll PD (1) 4+ (1 — po)s?
n(1—ph)
1— l h _ 1 2
bpa(H 4+ L — sp)? — L= P[P Z(H—tl)—L} }
n 1 —ph
where
1 = &;_7
5 — i/t da/ps) = (p} = DL =)t
p2 +n(pt — 1) ’
g = M/t da/ps) + pa(1 = )t
p2 +n(pl — 1) ’
ta = H+ L.

15. Assume that conditions of Case 2.5 are satisfied, 1/;2 < 1/;1 and class 2 reaches its
threshold from below in the high period or conditions of Case 4.3 are satisfied. Recall
that 1;2 < 1;1 implies that 1/;2 < 1;1 < a7. Since conditions of Case 2.5 and 1;2 < 1;1
are satisfied, we have H < aj. According to the optimal policy, class 2 has higher
priority in the high period as long as its fluid level is above its threshold, and class 2
fluid reaches its threshold at 1;2. After 122, server will allocate enough capacity to keep
class 2 fluid level below its threshold and the remaining capacity will be allocated to

class 1. In this case, class 1 fluid will never reach its threshold in the high period.
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Similarly, for Case 4.3, under the optimal policy class 1 and class 2 fluids will stay

below their thresholds in the high period. Hence, if
(OPT:15) vy < ¥, 2 < H <ay,
then the holding cost is

1
c(H,L) = §h2u2(1—02)5%

16. Assume that conditions of Case 2.5 are satisfied, 1;2 < 1&1, and class 2 fluid does not
reach its threshold in the high period, but it reaches its threshold in the low period.
If

(OPT:16) 4o <vy, H <t <H+IL,
then the holding cost is
1 72
o(H,L) = §h2u2(1 — p2)3.

17. Assume that conditions of Case 2.5 are satisfied 12 < 11, and class 2 fluid does not

reach its threshold in the low period. Hence, if
(OPT:17) 4o <tb1, H+L <, (261)
then the holding cost is
o(H,L) = Shoua(2d— H — L)(H + L),

A.2 Cost under the FP1 policy for Case 2 and Case 4

Note that when ¥9 < 11, under the FP1 policy, class 2 fluid increases to its threshold before
class 1 fluid increases to its threshold in the high period if the high period is long enough,
i.e. if H > 9. In order to compute the holding cost under the FP1 policy, we consider 9

different cases labeled (FP1:1) to (FP1:9).
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1. Assume that class 1 fluid increases to its threshold in the high period and decreases
to its threshold in the low period and class 2 fluid also decreases to its threshold in

the low period. Hence, if
(FP1:1) H>v1, L>~v((H-ay)

then the holding cost under FP1 policy is

h 1\ (o — h_
PUH, L) = %hﬂm { G U(i)(—p;’ﬁ) o) (H —¢1)* - %771)(1?1_)2 — pa(ty)?
N2k _ ho
Ry o)
h _ h _
+(1 = ph — po) [%(H —a1) — H(H - 1/11)}2} :

2. Assume that class 1 fluid increases to its threshold in the high period and decreases
to its threshold in the low period but class 2 fluid does not decrease to its threshold

at the end of the low period. Hence, if
(FPL:2)  H>41,  w(H—¢1) <L <v(H-—a)

the holding cost under FP1 policy is

h_ 1\ (oh ) h_
FINIL) = ghaps { PR 1 — g = LD 02— gt
(L—p2=pl)* 1Pt +p2 -1 (Pt —1) 2
" p2 1 [11— Py — p2 (H ~ar) - (11— Pﬁ)(H_%)]
Pltpr—1 (P — 1) 2
+(1 = pi — p2) [11_,0112_/)2(5[ —a1) — (11_7/)[1)(}[ - 1/11)} }
1 (P +p2—1) 2
—ghauz(l = p2 — o) [(11_;)22_1011)(15’ —ay) - L] :

3. Assume that class 1 fluid increases to its threshold in the high period but does not

decrease to its threshold in the low period. Hence, if
(FP13)  H >4y, L <a(H- ), (262)

then the holding cost under FP1 policy is

CFPI(H,L) — 1h2u2{(p,f 1)(p}lll7 pll) (H_¢1)2+p2(H+L_1/]2)2
2 n(l—py)
h—l 3 3 1— [ h_l 2
Dty = B[ - - 1]
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4. Assume that class 1 fluid does not increase to its threshold in the high period, but
class 2 fluid increases to its threshold in the high period. In the low period, before
class 2 fluid decreases to its threshold, class 1 fluid increases to its threshold, and the
server allocates enough capacity to maintain class 1 fluid at its threshold until class
2 fluid decreases to its threshold. The low period is long enough for class 2 fluid to
decrease to its threshold. At the end of the low period, fluid levels of both classes are

below their thresholds. Hence, if
(FP14) ¢ <H<v¢1, L<yu(H-a)

where
c (A -1 po) X paph
p2pt + (P — 1) (1 — pa) p2p + (pf — 1) (1 — p2)

then the holding cost under FP1 policy is

o,

_ il
PUHL) = Share {—p2<w5>2 + 2L gy
P12
ho_
2P 4 ) - )
— P2 P
(1= p2)(ph — 1)

+
pL(1 = po = ph)

(H - ¢1)2} :

5. Assume that class 1 fluid does not increase to its threshold in the high period, but
class 2 fluid increases to its threshold in the high period. In the low period, before
class 2 fluid decreases to its threshold, class 1 fluid increases to its threshold, and the
server allocates just enough capacity to maintain class 1 fluid at its threshold until
class 2 fluid decreases to its threshold. The low period is not long enough for class 2
fluid to decrease to its threshold. At the end of the low period, class 1 fluid is below

its threshold and class 2 fluid is still above its threshold. Hence, if
(FPL5) ¢ <H<¢1,  —(h—H)<L<u(H-a)
where 75 = —(pf — 1)(p})~! then the holding cost under FP1 policy is

1 _ 1-p
CFPl(H,L) — h2/~1'2{_,02(w2 )2+ pQ( l pl) (H_¢2)2
2 1—p3—p2
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2p2(pf — 1)

+ 7 (H — ) (H —12)

1 —p2—pj
1-— h—1)2
+( , P2)(P1 l) (H—¢1)2}
pi(1—p2 = ph)
1 g pa—1 2
—Shapa(1 = pa — pf) %(H—al)—L} -
2 1—p2—pi

6. Assume that class 1 does not increase to its threshold in the high period, but class 2
increases to its threshold in the high period. If the low period were long enough, class
1 fluid would increase to its threshold before class 2 fluid decreases to its threshold.
However, the low period is not long enough and class 1 fluid is still below its threshold

and class 2 is above its threshold at the end of the low period. Hence, if
(FP1:6) ¢ <H <, L<—3s(th—H)

then the holding cost under FP1 policy is

1
P = gha { (= ) a0

—%hﬂm(l —p2) [%(H — ) — L} 2-

7. Assume that class 1 fluid does not increase to its threshold in the high period, but
class 2 fluid increases to its threshold in the high period. In the low period, class 2
fluid decreases to its threshold before class 1 fluid increases to its threshold. The low
period is long enough such that at the end of the low period, both class 1 and class 2

fluids are below their thresholds. Hence, if
(FP17) ¢2 > H S 1&7 L 2 76(H - ¢2)7

where 76 = p2(1 — p2)~! then the holding cost under FP1 policy is

1
PNH L) = Ghan{ TP (H =) — pa(v3 )}

8. Assume that class 1 fluid does not increase to its threshold in the high period, but
class 2 fluid increases to its threshold in the high period. If the low period were long

enough, class 2 fluid would decrease to its threshold before class 1 fluid increases to
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its threshold. However, the low period is not long enough. So, at the end of the low
period, class 2 fluid is still above its threshold and class 1 fluid is below its threshold.

Hence, if
(FP18) ¢2 >~ H S 1&7 L S ’76(H - ¢2)’

then the holding cost under FP1 policy is

FPUH L) — ;Mw{l f2p2 (H — 1)? Pz(¢2)2}

—%h%@(l — p2) [1572@(1{ —1h2) — Lr-
9. Assume that neither class 1 fluid nor class 2 fluid reaches its threshold in the high
period. Hence, if
(FP1:9) H <o,
then the cost under FP1 policy is
PV H,L) = 0.

A.3 Cost under the pi-al policy for Case 4

Note that in this case if the high period is long enough (i.e. if H > ap), under the 7™
policy, class 1 and class 2 fluids reach their thresholds at the same time, namely, at a;. In

order to compute the holding cost under the 7% policy, we consider 4 different cases labeled

(a1:1) to (a1:4).

1. Assume that fluid levels of both classes increase to their thresholds at the same time
in the high period, and the low period is long enough to decrease fluid levels of both
classes below their thresholds. Thus, at the end of the low period, both class 1 and

class 2 fluids are below their thresholds. Hence, if
(a1:1)  H > ay, L>~4(H —ar),

then the holding cost under #* policy is

a _ 1 (P} = D) (pt = ph) pa (Pl — p)?
i) = g (PR AL R
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2. Assume that both classes increase to their thresholds at the same time in the high
period but the low period is not long enough for class 2 fluid to decrease to its
threshold. At the end of the low period, class 1 fluid is below its threshold but

class 2 fluid is still above its threshold. Hence, if

(a1:2)  H > a, 13(H —a1) < L <y(H — ay),

then the holding cost under 7™ policy is

1 h—l h h _ 1\2
C(H L) = ,WQCM )@%pﬂ+ %wlpy >W—mf
2 n(l —ph) (1—=pP (A = pi —p2)
1 hypy—1 2
gt = g ) | ) - 1]
2 1 —p2—pj

3. Assume that fluid levels of both classes increase to their thresholds at the same time
in the high period but the low period is not long enough for either class 1 or class 2
fluid to decrease to its threshold. At the end of the low period, both class 1 and class

2 fluids are above their thresholds. Hence, if

(a1:3) H Z ai, L S 73(H — CL1),

then the cost under 7 policy is

cal(H,L) — ;hgug{(p? ;(1)(_p£l; pll) (H—a1)2+p2(H+L—a1)2
1
1— l h—l 2
( nm)ﬁip“H_GQ_L}}.

4. Assume that fluid levels of both classes are still below their thresholds at the end of

the high period. Hence, if

(a1:4) H <ay,

then the holding cost under 7* policy is

¢ (H, L) =0.
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A.4 Cost under the FP2-FP1 policy for Case 2

Case 2 has two subcases: 11 < 1 and ¢1 > thy. Recall that i (1/;2) is the time that
class 1 fluid increases (class 2 fluid decreases) to its threshold from below (from above) in
the high period if class 2 has higher priority and if the high period is long enough. So, if
1;1 < 122 < H, class 1 fluid increases to its threshold before class 2 fluid decreases to its
threshold. However, if 1/;2 < 1/;1 < H, then class 1 fluid is still below its threshold when

class 2 fluid reaches its threshold in the high period.

1. Assume that in the high period class 1 fluid increases to its threshold (at 1;1) before
class 2 fluid decreases to its threshold, after v;, class 1 has higher priority in the high
period. Suppose that the low period is long enough to reduce fluid levels of both
classes below their thresholds. Thus, at the end of the low period, fluid levels of both

classes are below their thresholds. Hence, if
(FP2-FPL:1) 4 <4, H =91, L=(H - ar),

then the holding cost under FP2-FP1 policy is

h_ ho_ ol B -
FP2FPL g 1y = 1h2,u2{(p1 1)(P1l pl)(H_¢1)2+(1—p2)(21/12—wl)wl
2 n(l—p1)
B ooy . ho_ .
8PP G,y — ) 4 [ 20— )]
L—=p L=n
h _ h _ -
+(1 = p2 —pﬁ)[%(ﬂ—al) -4 11<H—¢1>r}-
L —p2—p} 1=pi

2. Assume that in the high period class 1 fluid increases to its threshold (at 1/;1) before
class 2 fluid decreases to its threshold, after v;, class 1 has higher priority in the high
period. Suppose that the low period is long enough for class 1 fluid to decrease below
its threshold, but not long enough for class 2 fluid to decrease to its threshold. Thus,
at the end of the low period, class 1 fluid level is at its threshold but class 2 fluid is

still above its threshold. Hence, if

(FP2-FP1:2) oy <4y, H >y, v3(H — 1) < L < yu(H — a1),
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then the holding cost under FP2-FP1 policy is

ho_ ho_ ol ~ _ .
CFP2—FP1(H’ L) = 1712#2 { (P} 1)(Pll P1)(H o 1/)1)2 + (1= p2) (2002 — 91 )ty
2 n(l - ph)
_ ho _ ~ 5 h ~
+2(1 P2)(P1l pl)(w2_¢1)(H_¢l)_’_p2 |:p1 ll (H_wl)}2
1—p} L —pj
h _ h _ -
+(1—P2—pl1)[/1)1+7p2}(H_a1)_p1 l1<H_w1>r}
— p2— Py 1—p}

1 by o —1 2
—hama(l = p2 = ph) L2 (H —an) — L]
2 L—p2—p;

3. Assume that in the high period class 1 fluid increases to its threshold (at 1[)1) before
class 2 fluid decreases to its threshold, after 1/;1, class 1 has higher priority in the high
period. Suppose that low period is not long enough for class 1 or class 2 fluid to reach
its threshold. Thus, at the end of the low period, both class 1 and class 2 fluid levels

are above their thresholds. Hence, if
(FP2-FP1:3) ¢ <4, H =91, L<y(H—1),

then the holding cost under FP2-FP1 policy is

!
FP2-FPLpr 1) — lth { (P — 1)(P’fl— p1) (H — 1) + (1 — p2) (202 — U1t
2 n(l—pi)

+p2(H + L —91)* +2(1 — p2) (2 — ¥1)(H + L — 1)1)

1—piph —1 ; 2
- [1_pl1(H_¢1)_LH.

4. Assume that if the high period were long enough, class 1 fluid would increase to its
threshold (at 1;1) before class 2 fluid decreases to its threshold. However, the length
of the high period is shorter than 1;1. Thus, at the end of the high period, class
2 fluid is above its threshold but class 1 fluid is still below its threshold. In the
low period, according to FP2-FP1 policy, class 1 fluid increases to its threshold at
pff(@[}l — H)(p})~" + H. Suppose that this happens before class 2 fluid decreases to
its threshold. Then the server allocates enough capacity to class 1 to maintain class 1
fluid it at its threshold level and the remaining capacity is allocated to serving class

2. Moreover, assume that L > ~v4(H — ay), i.e. the low period is long enough for class
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2 fluid to reach its threshold. Hence, if

~ h ~ ~
(FP2FP14)  H <y <Ly — H)+ H< ¢y, L>ya(H—a),

X
s

then the holding cost under FP2-FP1 policy is
FP2—FP1 1 7 pr - P? 7
FIPNH,L) = hopia | (1= pa) 202 = Ly — )~ H] [Py — #) 4 ]
1 1

h h

pr+p2—1 P17 2
+U—m—dﬂlﬂH—m%-H%—Hﬂ}-

1—p2—p3 P

. Assume that all the assumptions of (FP2-FP1:4) hold except L < v4(H —ay), i.e. the
low period is not long enough for class 2 fluid to reach its threshold. Thus, at the
end of the low period, class 1 fluid is at its threshold and class 2 fluid is still above its

threshold. Hence, if

h h
(FP2-FPL5)  H <4y < PL(dy — H) + H < 4, pTl(%bl H) < L < y(H - a),
Pl

X
A

FP2-FP1 1 7 -
L) = S {01 p0) 20~ 2L ) ][5 )+ 1]
P1
-1 h 2
+<1_p2_p1>[%<ﬂ_al>_2<¢1_H>} }
et = ) [AE2 o) - 1]
1

. Assume that the assumptions of (FP2-FP1:5) hold except the low period is not long
enough for either class 1 fluid or class 2 fluid to reach its threshold. Thus, at the
end of the low period, class 1 fluid is below its threshold and class 2 fluid is above its

threshold. Hence, if

~ h ~ h
(FP2-FP1:6) H <4y < %Wu H)+H <4y, L< %WI H),
P1 P1
then the cost under FP2-FP1 policy is
_ 1 v
S L) = §h2,u2(1 —p2)(2p — H — L)(H + L).
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7. Assume that if the high period were long enough, class 1 fluid would increase to its
threshold before class 2 fluid decreases to its threshold. However, the high period is
not long enough for class 1 fluid to increase to its threshold. Suppose that at the end
of the high period, class 1 fluid is still below its threshold, and class 2 fluid is still
above its threshold. Moreover, assume that the low period is long enough for class 2
fluid to decrease to its threshold and in the low period, class 2 fluid decreases to its

threshold earlier than class 1 fluid increases to its threshold. Hence, if

(FP2-FPL7)  H <oy <ty < F(hy—H)+H, L+H>1y,

ot

then the holding cost under FP2-FP1 policy is

— 1 )
P2 FPl(H, L) = 5]12,&2(1 —,02)7/}%'

8. Assume that all the assumptions of (FP2-FP1:7) hold except that the low period is

not long enough for class 2 fluid to decrease to its threshold. Hence, if

=~

(FP2-FP1:8)  H <4y <t < “F(hy—H)+H, L+H <1y

—_—

p

then the holding cost under FP2-FP1 policy is

FP2-FPL 1y — %hﬂw(l —p2) (2o — H — L)(H+ L).

9. Assume that class 2 fluid decreases to its threshold before class 1 fluid increases to
its threshold. Hence, 1;1 > 1/;2. After 1;2, the server allocates just enough capacity to
keep class 2 fluid at its threshold, i.e. us = po, and the remaining capacity is allocated
to class 1, i.e u1 = 1 — po. If H > a1, then class 1 fluid reaches its threshold at a; and
after aq, class 1 has higher priority until class 1 fluid decreases to its threshold again
in the low period. After class 1 fluid decreases to its threshold in the low period, we
have u; = pﬁ and ug =1 — pll. Moreover, assume that L > v4(H — a1). Thus, at the

end of the low period, fluid levels of both classes are below their thresholds. Hence, if

(FP2-FP1:9) ¢y >1n, H>a1, L>yu(H—a),
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then the holding cost under FP2-FP1 policy is

CFPQ—FPI (H, L)

1 h_1 h h 2
_ h2u2{(p1 )(Pll P1)(H_a1)2+p2[/01 Pll (H—al)}
2 n(l = p1) 1—p}

h h
" prt+p2—1 pr—1 2
+(1*P2)¢§+(1*P2*Pﬁ)[71 ~(H —ap) -4 I(H*al)} :
1—p2—py I—py

10. Assume that all the assumptions of (FP2-FP1:9) hold except L < v4(H — a1). Thus,
at the end of the low period, class 1 fluid is below its threshold, but class 2 fluid is

above its threshold. Hence, if
(FP2-FP1:10) vy >4y, H>a1, y(H—a1) <L <yu(H—ay),
then the holding cost under FP2-FP1 policy is

cFPQ*FPl(]J’7 L)
= Ly { (P = 1) (o} = ph)

2 n(1—ph)

h h
7 pr+p2—1 pr—1 2
H1 =)0+ (1= pa = ) [T (=) = P ( — o)
1 1

Pl +pa—1
1—p2—ph

(H —a1)* + pa [p? pll (H — al)]2

—%h2ﬂ2(1_p2_pll)[ (H—al)—L]2~

11. Assume that all the assumptions of (FP2-FP1:10) hold except that the low period is
not long enough for class 1 fluid to decrease to its threshold, i.e. L < v3(H —ay) .
Thus, at the end of the low period, class 1 and class 2 fluids are above their thresholds.

Hence, if
(FP2-FP1:11) ¢y >4y, H >ay, L <~3(H—ay),

then the holding cost under FP2-FP1 policy is

B 1 h 1) (oh — ot
FPFPL 1y = hﬂm{(m )(,011 pl)(H—a1)2+p2(H+L—a1)2
2 n(l —p1)
~ 1_ l h_l 2
(1= p)i — pl[m I(H_al)_L} }
n 1—py
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12.

13.

14.

Assume that all the assumptions of (FP2-FP1:9) hold except H < ay, i.e. high period
is not long enough for class 1 fluid to increase to its threshold. Thus, at the end of

the high period, class 2 and class 1 fluids are below their thresholds. Hence, if
(FP2—FP1:12) 151 > ’(;2, ’(ZJQ < H < ai,
then the holding cost under FP2-FP1 policy is

— 1 )
FP2 FPl(H, L) = §h2u2(1 —Pz)lb%-

Assume that class 2 fluid decreases to its threshold before class 1 fluid increases to
its threshold but H < 1b5. Then, at the end of the high period, class 2 fluid is above
its threshold and class 1 fluid is below its threshold. Suppose that in the low period
class 2 has higher priority and class 2 fluid decreases to its threshold at 1[12 and class
1 fluid remains below its threshold. Thus, at the end of the low period both classes

are below their thresholds. Hence, if
(FP2-FPL:13) 1 >1pa, H <4y, H+L >4y,
then the holding cost under FP2-FP1 policy is

—_ 1 )
P2 FPI(H, L) = 5]12#2(1 —,02)7/)%'

Assume that all assumptions of (FP2-FP1:13) hold except that the low period is not

long enough for class 2 fluid to decrease to its threshold. Hence, if
(FP2-FP1:14) )y > tpy, H <tby, H+ L < 1o,
then the holding cost under the FP2-FP1 policy is

FP2-FPLfr 1y — %hZHZ(l —p2)(2¢py — H — L)(H + L).
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