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Abstract

Many problems concerning resource management in modern communic-
ation systems can be simplified to queueing models under Markovian
assumptions. The computation of the optimal policy is however often
hindered by the curse of dimensionality especially for models that sup-
port multiple traffic or job classes. The research focus naturally turns
to computationally efficient bounds and high performance heuristics. In
this thesis, we apply the indexability theory to the study of admission
control of a single server queue and to the buffer sharing problem for a

multi-class queueing system.

Our main contributions are the following: we derive the Marginal Pro-
ductivity Index (MPI) and give a sufficient indexability condition for the
admission control model by viewing the buffer as the resource; we con-
struct hierarchical Linear Programming (LP) relaxations for the buffer
sharing problem and propose an MPI based heuristic with its perform-

ance evaluated by discrete event simulation.

In our study, the admission control model is used as the building block
for the MPI heuristic deployed for the buffer sharing problem. Our
condition for indexability only requires that the reward function is con-
cavelike. We also give the explicit non-recursive expression for the MPI
calculation. We compare with the previous result of the indexability con-
dition and the MPI for the admission control model that penalizes the
rejection action. The study of hierarchical LP relaxations for the buffer
sharing problem is based on the exact but intractable LP formulation
of the continuous-time Markov Decision Process (MDP). The number

of hierarchy levels is equal to the number of job classes. The last one

iii



iv ABSTRACT

in the hierarchy is exact and corresponds to the exponentially sized LP
formulation of the MDP. The first order relaxation is obtained by relax-
ing the constraint that no buffer overflow may occur in any sample path
to the constraint that the average buffer utilization does not exceed the
available capacity. Based on the Lagrangian decomposition of the first
order relaxation, we propose a heuristic policy based on the concept of
MPI. Each one of the decomposed subproblems corresponds to the ad-
mission control model we described above. The link to the decomposed
sub-problems is the Lagrangian multiplier for the relaxed buffer size con-
straint in the first order relaxation. Our simulation study indicates the
near optimal performance of the heuristic in the (randomly generated)

instances investigated.
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CHAPTER 1

Introduction

Efficient utilization of the underlying servers, bandwidth, and buffers
is the key to the performance of modern systems such as Internet. As
queueing models have long been used in performance study of computer
and communication systems, resource allocation problems in queueing
settings are naturally of great theoretical and practical interest. A re-
source allocation policy is said to be dynamic if the control depends on
the current state of the system. This thesis addresses the problem of

dynamically allocating buffer resource for the related queueing models.

We assume that the reader of this thesis has knowledge of queueing
theory from e.g. [Kle75, Kle76], of Markov decision processes (MDP)
from e.g. [Ber05, Put94, HS84| and linear programming (LP) from
e.g. [PS82, Pad99].

The rest of this chapter is organized as follows. Section 1.1 gives an
overview of the dynamic resource allocation problems from the queueing
modeling perspective. Section 1.2 summarizes the previous work and
Section 1.3 summarizes the contribution of this thesis. The organization

of the reset of this thesis is given in Section 1.4.

1.1. Dynamic Resource Allocation

In this section, we first review a few concepts related to resource alloca-
tion for communication systems from a queueing theoretic perspective.
Three motivating dynamic resource allocation problems are discussed
and four related queueing models are defined. The concepts of indexab-
ility and index heuristics are introduced. Finally, we will summarize the

methodology adopted in this thesis.
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1.1.1. Key Concepts. Systems are usually studied from different
perspectives. Depending on one’s view, certain elements or properties
may play a vital role in one but become irrelevant in another. Traffic,
resource, demands, allocation policy, and performance metrics are par-

ticularly important concepts for system performance study.

In communication systems, traffic is the movement of information. It
can be calls in a circuit switched system or a stream of packets in a
packet switching system. Stripping out the information it carries, the
traffic is often modeled as a stochastic process when the randomness is
of interest or simply as a flow when the intensity is the only thing one
cares about. The (homogeneous) Poisson process in continuous time and
its counterpart in discrete time, the Bernoulli process, are the two most
well-known stochastic processes for modeling the traffic. The Poisson
process is characterized by its rate or intensity. Roughly speaking the
Poisson traffic implies that arrivals do not occur simultaneously and the
number of arrivals occurring in any bounded interval of time after time
t is independent of the number of arrivals occurring before time ¢. It is
also common to have different traffic classes for different types of inform-
ation. For example, a video call through a packet network demands more
bandwidth than a traditional voice connection. Individual call or packet
inside traffic streams is sometimes referred to as a “job”, a “request” or

a “customer” in the literature.

A resource is an abstraction for many different things, e.g. links, band-
width, a server or some buffer space. The common characteristic is that
the amount of available resources at any given time is limited. The
resource allocation problems concern questions like how links should be
allocated to calls, in which order packets should be sent, how much buffer

space is reserved for certain traffic types, etc.

Demands are the requirements that traffic puts on the resource. It can
be the amount of buffer space that a packet requires or the duration of a
call. In a circuit switched network, a call may put demands on multiple
links. In a packet switching network, a packet in a router needs certain

buffer space when it is waiting to be forwarded to the next hop and
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consumes some bandwidth when it is transmitted. Sometimes it is suffi-
cient to describe demand quantitatively as one deterministic parameter.
In other situations, it is modeled as a random variable. In continuous
time, exponentially distributed random variables are often used because
of the memoryless property. Moreover the exponential distribution often
provides a good balance between mathematical tractability and model-

ing accuracy.

An allocation policy is a rule that regulates how resource is allocated to
satisfy different demands. A policy that relies on the up-to-date state
information is said to be dynamic. Deciding if a request for a call should
be rejected based on the number of ongoing calls in a circuit switch sys-
tem is an example of dynamic allocation. Another example is selecting
which packet of a class should be transmitted next based on the number
of packets of each class in a router. Static allocation does not rely on the
system state information and thus one may expect inferior performance
compared to the dynamic approach. Sometimes static allocation may be
the only viable approach to address the problem because there is no way
to obtain the full and accurate state description or because the compu-
tational complexity to utilize the state information is high. Traffic flow
allocation and capacity design are well-known and well-studied problems
of static allocation [PMO04]. When solving dynamic allocation problems,
commonly used mathematical machineries are dynamic programming
and MDP. For static problems, linear or convex programming is often
the tool of the trade.

Performance metrics are the quantitative assessment of the system per-
formance under a particular resource allocation policy. It can be a single
number, such as average throughput or average response time. It can
also be a vector, e.g. the throughputs of different traffic classes. In case
that the performance metrics are vectors, it is often required to con-
dense the numbers into one overall measure. One commonly adopted
approach is to assign weights to individual components and then add
them up. The weights are used to model preferences. For example, in

many models high throughput and low response time are two opposite
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requirements. To reduce the response time, it is often necessary to shape
the traffic at the cost of the throughput.

There are, of course, other important concepts such as network topology.
The discussion in this thesis, however, is limited to models with one single

resource.

1.1.2. Resource Allocation Problems. Our study is motivated
by the following three problems in communication systems: admission

control, buffer allocation, and dynamic scheduling.

Admission control is a procedure to determine if the resource like band-
width should be granted to a service request. In many systems, it is
the only way to achieve a Quality of Service guarantee [Sai94]. In ATM
networks, admission control is also known as Connection Admission Con-
trol. In 802.11 networks, it is referred to as Call Admission Control. In
the Public Switched Telephone Network (PSTN), it is called overload

control.

Buffer allocation/sharing is a procedure to determine how much re-
source such as memory space should be allocated to different streams.
How the buffer space should be partitioned for ATM switches and IP
routers with a shared buffer architecture is a subject of many recent pat-
ents. [EGK95, CH96, VD98, Mit99, RL02, JHPE03, AMOO04,
AFT05, HKNRO6|

Dynamic scheduling is a procedure to determine when resources should
be allocated to streams for some given requirements. Comparing to
static approaches such as FCFS and round robin, it relies on information
about the current resource usage, the characteristics of the traffic and the
demand. In e.g. the High-Speed Up link Packet Access technology, the
Node-B decides if a user equipment should be granted for transmission
based on the state of the transmission buffer and its available power
margin [HTO06].

1.1.3. Queueing Control Models. This thesis addresses the fol-

lowing two queueing control models: the arrival control to an M/M/1/n
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queue and the control of arrivals to multiple M/M/1 queues with a
shared finite buffer. The description of these two models is given below
along with the other two closely related models: the service control of a
single server queue and the service control of multiple M /M /1/n queues
with a shared server. Note that the service control of a single server or
multiple queues has already been covered extensively in [NMO06b] and

will not be the topic of the thesis.

We shall assume Poisson traffic and a finite queueing space throughout
the thesis. All performance measures are converted to monetary gain or
loss with help of scaling coefficients. Different measures are additively
combined to a monetary unit. The objective of the control is to maximize
the long run average net reward per time unit. Even though we focus on
average criteria, the approach is equally applicable to the models with
discounted criteria [CNO5].

In situations like service level agreement modeling, we can encounter con-
straints on performance measures such as latency. Often with the help of
Lagrange multipliers, the constraints on these performance measures can

be replaced by items in the aggregated performance objective [A1t99] .

1.1.3.1. Arrival Control to an M/M/1/n Queue. The problems of
admission control can often be modeled as the arrival control for an
M/M/1/n queue with the arrival rate A and the service rate p. The
function of the controller is to decide if a request should be accepted
into the system or not. We are interested in the optimal policy under

two different types of reward structures.

(1) The reward r; is collected per time unit when the number of
jobs in the system (including the one being served) is ¢ and the
cost to have ¢ jobs in the system is vi. It shall be referred as
objective r; — vi with a slight abuse of notation.

(2) The reward is r; per time unit and the tax v is paid for each

rejection. It shall be referred as the objective r; — va.
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The classical queueing control objectives such as maximizing the through-
put minus the holding cost or minimizing the sum of rejection and hold-
ing cost are all special cases of the reward and cost structure described

above.

1.1.3.2. Arrival Control to Multiple M/M/1 Queues with a Shared
Buffer. The buffer sharing problem is modeled as follows. There are
K traffic classes. Each class is served by its individual server and all
classes share a finite queue buffer of size B. The arrival processes for
all traffic classes are Poisson and independent of each other. Denote by
A, as the arrival rate for class k traffic. The service requirements of
all traffic classes are exponentially distributed and independent of each
other. Denote by puj the service rate of a class k job. A job of class
k consumes an amount b; of buffer space after joining the queue and
before leaving the system. The reward r¥ is collected per time unit if
there are i jobs of class k in the queue (including the one being served).
The function of the controller is to decide if the arrival of a class k& job
should be accepted or not when the job counts of different classes in the

queue are ij ...ix in order to maximize the long run average profit.

1.1.3.3. Service Control of an M /M /1/n Queue. The service schedul-
ing of a single job class can be treated as the service control for an
M/M/1/n queue with arrival rate A and service rate p. The reward is
state dependent and the cost to have a server running per time unit is v.
The function of the controller is to decide when the server should start

or stop in order to maximize the long run average net profit.

1.1.3.4. Service Control of Multiple M/M/1/n Queues with a Shared
Server. The service scheduling of multi-class traffic is viewed as follows.
There are K traffic classes. All of them will be served by one server.
Different traffic classes are queued separately. The arrival process for
all traffic classes are Poisson and independent of each other. Denote by
A, as the arrival rate of the class k traffic. The service requirements of
all traffic classes are exponentially distributed and independent of each
other. Denote by uy the service rate of a class k job. The reward r¥

is collected per time unit when there are ¢ class k jobs in the queue
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(including the one being served). The function of the controller is to
decide which queue the server should serve in order to maximize the

long run average profit.

1.1.4. Indexability and Marginal Productivity Index. For
the arrival or the service control of an M/M/1/n queue, one may won-
der if the optimal policy has the following simple form: when there are i
jobs in the system, an index v; is calculated, the acceptance decision or
service decision is made based on a comparison of v; and v. The para-
meter v in the objective can be considered as the price of the resources,
buffer or server. An index policy can be seen as a generalization of the

threshold type rules.

Loosely speaking, the arrival or the service control problems that are
parameterized by v are indezxable if the set of states in the optimal policy
that admits a job or serves the queue is monotonically decreasing from
the whole state space to the empty set as v varies from —oo to oco. If
the dynamic control problem is indexable, the optimal policy can be
determined via comparing the properly defined index v; and the v. Two

interesting questions follow immediately:

(1) Under what condition are the arrival and the service control
models described earlier indexable?

(2) If the problem is indexable, how to calculate the indices?

We refer to the marginal gain as the reward difference between per-
forming and not performing the active action in a state; and refer to
the marginal resource usage as the resource difference between perform-
ing and not performing the active action in a state. Depending on the
context, an active action can be admitting an arrival or starting the
server. We define the marginal productivity rate as the ratio between
the marginal gain and the marginal resource usage of a state. More in-
tuitively, the marginal productivity rate for a state measures how much
we can gain if we perform an action in terms of per unit of resource con-
sumed. A sufficient condition for indexability of the underlying problem

with respect to a state ordering is that the marginal productivity rate



8 1. INTRODUCTION

is monotonically decreasing in that state ordering (see Chapter 2). In
other words, a sufficient condition is that the system satisfies the law of
diminishing marginal returns. When the condition is satisfied the mar-
ginal productivity rate is then referred to as the marginal productivity
index (MPI).

The complexity to obtain and to store the optimal solution increases
exponentially with the number of traffic classes for both the control of
arrivals to multiple queues with a shared buffer and the service control
of multiple queues with a shared server. Thus the research attention
is turned to constructing well grounded heuristics. In this thesis, we
consider the class of heuristics based on MPI. The intuition is that we
can approximately decompose the problems into control of several inde-
pendent queues. The controllers of each individual queue pay a tax for
the resources, buffer space or the server’s attention, to the “manager”
of the system. For the arrival control for a shared buffer, the heuristic
is then to admit an arrival when the index for the class of the arrival
is greater than the tax and if there is enough buffer space left. For the
service control of multiple queues, the heuristic is to serve the queue

with greatest index.

1.1.5. Methodology. The methodology of this thesis can be sum-

marized as follows.

We derive the MPI for the arrival control to an M/M/1/n queue under
different objectives and give a sufficient condition for indexability under

the average reward criteria.

For the control of arrivals to multiple M /M /1 queues with a shared finite
buffer, we study the hierarchical LP relaxations based on the LP formu-
lation of the corresponding MDP. We propose an MPI based heuristic

and examine the performance through simulations.

1.2. Related Work

The buffer allocation problem is a classic in the study of queueing sys-
tems. Early works from Foschini et al. [FGH81] and [FG83] identified



1.2. RELATED WORK 9

the coordinate convexity property [Aei78] of the optimal policy for the
buffer sharing models with up to three job classes that maximizes the
throughput or the average buffer utilization. The conjecture that such
a structural property also holds for more than three job classes was re-
solved later for an average buffer utilization case by Jordan and Varaiya
[JV94]. A similar conjecture for a variant of the buffer sharing model
in which pushing out a job is allowed was also proposed and proved
in limited cases with two job classes or symmetric traffic by Cidon et
al. [CGGK95]. Arguably such a property of the optimal policy in
the general case is less interesting since even if the conjecture is true,
the complexity of finding the optimal coordinate convex policy remains

exponential in the number of classes as noted in [Ros95, p.126].

In the past decade, the interest in the buffer sharing problem has been
rising in engineering as well. Eng et al. discussed the structure of a
shared memory packet switch in [EGK95]. Varma and Daniel sketched
a shared memory fabric architecture with a memory module at each
crossing that supports per-virtual circuit queueing for ATM [VD98].
Ahlfors et al. invented a shared memory packet switch with a fast in-
ternal and a slow external shared memory organization in which low
priority traffic goes to the external memory when the internal memory
is full [AFTO05]. Many more patents are concerned about the admission
control for the shared memory system. Choudhury and Hahne described
a scheme with dynamic threshold for each individual queue as a func-
tion of the unused buffering in the switch in [CH96]. Mitra outlined
an admission control algorithm for a shared memory packet switch with
support of service grades [Mit99]. The admission decision is based on
a combination of factors including effective memory requirements, por-
tions of buffer memory in use for intended output, and total amount
of available memory. Ren and Landry demonstrated a static memory
allocation scheme based on input port transmission rate and a dynamic
control scheme based on the current load of the queue [RLO02]. Janoska
et al. proposed to partition the memory into a reserved portion and a
shared portion. Each job class is guaranteed its reserved portion and all

job classes compete for the shared portion [JHPEO3]. Aweya et al. uses
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a biased coin to make the admission decision and the bias of the coin is
determined through the current level of the queues [AMOO4]. Han et
al. described a buffer management policy based on the total cells stored,
changing rate and individual queue length [HKNRO6].

The work of Crabill et al. [CGMT77] gives a review of research on the
dynamic control of queues from later 60s to the later 70s. An overview
of research on dynamic queueing control up to the beginning of the 90s
is given by Stidham and Weber [SW93]. Both surveys provide a list
of references devoted to the analysis of specific queueing control models
such as optimal admission control, optimal server allocation, optimal
service rate control, optimal control of the number of servers and optimal
control of the service discipline. Both the book of Kitaev and Rykov
[KR95] and the book of Sennott [Sen99] studied the queue control

problems extensively from the MDP perspective.

The concept of indexability used in this thesis is based on Nino-Mora’s
work on Partial Conservation Laws (PCL) and F-extended polymatroids
[NMO01, NM02, NMO07b]. This line of work can be traced back to Ed-
monds work in the 70s [Edm?70], in which it was observed that certain
combinatorial optimization problems are solved by greedy algorithms
if the underlying model structure is a polymatroid. Later Coffman and
Mitrani [CM80] established that the performance region of a multi-class
queue can be described by a polytope based on the residual work invari-
ance under any scheduling. Fedeergruen and Groenevelt [FG86] showed
that the achievable performance region for many multiclass queues is ac-
tually polymatroid. The work of Shanthikumar and Yao [SY92] showed
that if the so-called strong conservation laws (c.f. Kleinrock’s conser-
vation laws [Kle76]) are satisfied, the underlying performance region
is necessarily a polymatroid. The simple cu scheduling rule, a type
of index policy, is the consequence of the polymatroid structure. For
the problem of the service scheduling for a multiclass non-preemptive
M/G/1 queue with Bernoulli feedback, Klimov established in the 70s
that the policy is of index type and that the index can be calculated
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via a greedy algorithm [K1i75]. Tsoucas then observed that the achiev-
able performance region in Klimov’s model possesses a similar structure
to that of a polymatroid and it was termed “extended-polymatroid”
[Tso91]. In [BNM96], Bertsimas and Nifio-Mora’s then generalized
the work of [SY92] and [Ts091]. It was shown that if the performance
region of a stochastic and dynamic scheduling problem satisfied the gen-
eralized conservation laws, the feasible space of achievable performance
is an extended polymatroid. The implication is that the optimization
of a linear objective over the achievable performance polytope can be
solved by a Klimov like greedy algorithm that in turn leads to the index-
ability property. The branch bandit problem, which is a generalization
of the control of a multi-class queue with or without arrivals, was then
solved by a priority index policy that is computed through a one-pass
adaptive greedy algorithm. While working on the restless bandit model,
Nino-Mora developed the framework of the partial conservation laws
[NMO1]. The framework establishes the optimality condition, called
partial indexability, of priority index policies for stochastic scheduling
with certain structure under linear performance objectives. In [NMO02],
a PCL based index was derived for a class of arrival control to a single
server queue, and it was shown that when a PCL-index exists, it sat-
isfies the law of diminishing marginal returns. Later that index was
named Marginal Productivity Index (MPI) in [NMO06a]. In [NMO06c],
the theory of MPI was applied to the scheduling of a multiclass delay-

/loss-sensitive queue.

1.3. Contributions

The contributions of the thesis can be summarized as follows.

We give a simplified review of the F-indexability and the PCL(F)-
indexability theory for the average criteria. Our presentation does not
rely on the result for the discounted criteria case and the vanishing dis-

count argument.

We derive the MPI for the arrival control to an M/M/1/n queue with

the objective of form r; — vi under the average reward criteria setting.
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We also reproduce the previously known MPI result with the objective
of form r; — va from [NMO02]. Our intention is to illustrate how the
theory of indexability can be applied to models with different views of
resource usage: one treats the buffer as the resource and the other views

the rejection as the resource.

We present a hierarchy of increasingly stronger LP relaxations for the
buffer sharing problem under Markovian assumptions. The approach we
used is similar to the work of Bertsimas and Nifio-Mora [BNMOO] where
a similar LP relaxation hierarchy was derived for the restless bandit
model. The class of supported reward functions includes weighted sum
of throughput and delay as a special case. The number of hierarchy levels
equals the number of job classes. The last one in the hierarchy is exact
and corresponds to the exponentially sized LP formulation of the MDP.
The first order relaxation is obtained by relaxing the constraint that
no buffer overflow may occur in any sample path to the constraint that
the average buffer occupancy does not exceed the available buffer space.
The nature of this relaxation can also be viewed from the achievable
performance region perspective. In the original problem, the number
of variables and the number of constraints for describing the achievable
performance polytope are exponential in the number of classes. We then
construct a new polytope that contains the original polytope and has
fewer variables and constraints. The maximization over this enlarged
but simpler polytope gives an upper bound. A hierarchy of increasingly

stronger relaxations can then be identified from this perspective.

Based on the Lagrangian decomposition of the first order relaxation, we
propose a heuristic policy based on the concept of MPI. The computa-
tional complexity of the proposed heuristic is proportional to the product

of the buffer size and the number of classes.

We present some numerical examples for two and eight classes by varying
the model parameters such as buffer size, reward and cost rates, arrival
and service rates. The results are then compared to the optimal policies,

the upper bounds obtained through the 1st order relaxation, as well as
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the basic policies like complete sharing and equal partition. The numer-
ical results demonstrate the near optimal performance of the proposed

heuristic.

1.4. Thesis Organization

The rest of the thesis is organized as follows.

In Chapter 2, we begin with a review of the class of binary action
discrete-time MDP with the objective of maximizing the long run av-
erage reward. The concept of indexability and Marginal Productivity
Index (MPI) for this class of model is introduced. On the way to find a
sufficient condition for indexability, the concept of F-indexability based
on a given state ordering is discussed. We then outline the steps to obtain
a sufficient condition for the F-indexability called PC'L (F)-indexability.
The sufficient conditions can be succinctly summarized as (1) strict pos-
itivity in marginal resource measure and (2) monotonic in the marginal
productivity rate. The proofs in this chapter are omitted since they

either can be found in references or are trivial.

In Chapter 3, the indexability theory is applied to the arrival control to
an M/M/1/n FCFS queue. Two variants of objectives are considered.
The rewards in both objectives are state dependent but the view of re-
sources is taken differently: one pays a tax that is linear in the queue
length and the other penalizes the rejection. For each case, we derive
the recursive expression for the marginal resource measure, the marginal
reward measure, and the marginal productivity rate. The marginal re-
source measures in both cases are strictly positive. We also give the
explicit (i.e. non-recursive) form of the marginal productivity rates for
those two cases. The main results of this chapter are the sufficient con-
ditions for the indexability for the two cases. In case that the tax is
based on the queue length, a sufficient condition is that the reward is
a concavelike function. When the penalty is based on the rejection,
we require that the reward is decreasing in the queue length with the

exception when the queue length is one and zero.
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In Chapter 4, we study the control of arrivals to multiple queues with a
shared buffer. The problem is formulated as a continuous-time MDP. We
explore the connection between the equivalent discrete-time formulation
and the corresponding linear programme from the achievable perform-
ance region perspective. Because of the computational complexity of the
original model, we develop a sequence of LP relaxations for studying the
performance upper bound. Then we study the Lagrangian decompos-
ition of the first order LP relaxation. The Lagrangian decomposition
turns the first order LP relaxation into a number of independent linear
programmes. Moreover, each decomposed linear programme is corres-
ponding to the arrival control to a single queue problem. Based on this
observation, we propose a MPI based heuristic for the original prob-
lem. We use discrete event simulation to evaluate the performance of

the heuristic.

Finally, in Chapter 5, we summarize the results obtained and discuss

potential future work.



CHAPTER 2

Indexability and MPI

Both the arrival and the service control of a single server queue can be
viewed as special cases of binary action MDP. In this chapter, we review
previous results [NMO01, NMO02, NMO06c, NMO06b] on the MPI for
this class of Markov decision models under the average criteria assump-
tion. We omit the proofs as they are either trivial or can be found in
the aforementioned references. In this thesis, we rely on the uniform-
ization technique to convert the underlying continuous-time MDP into
the discrete-time version and then apply the theory in this chapter. The
rest of this chapter is organized as follows. In Section 2.1, we intro-
duce the notations for the class of MDP we treated and the concept of
indexability. In Section 2.2, the concept of F—indexability is defined
with F corresponding to the class of threshold policies related to a par-
ticular state ordering. A sufficient condition for F-indexability named
PCL(F)-indexability is outlined in Section 2.3.

2.1. Discrete-time MDP

Consider a discrete-time MDP whose state Xy, t = 0, 1,.. ., evolves across
the finite state space

N2{1,....,n}.
We assume that both active a; = 1 and passive a; = 0 actions are avail-
able for all states. The development below needs only small modification
when only a certain action is allowed for some states. Actions are chosen
through adoption of a policy m belonging to the class II of admissible

policies which are only required to be nonanticipative. The transition

15
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probability is given by
pgjéP[XtJrl :j|Xt:Z7 at:a].

When the system occupies state ¢ and action a prevails, a finite reward

a
T

The price of the resource is v per resource unit. Thus the net profit per

is accumulated and h¢ units of resources are consumed (h? is finite).

time step is r{ — vh$ for the given state i and the prevailing action a.
We shall refere to this MDP model as v-price MDP. We also assume a
finite state space to avoid lengthy technical discussions related to the

existence of the optimal policy.

When h{ = a, the v-price MDP above becomes a single project restless
bandit. In this section, we show that the concept of indexability can be

extended to any v-price MDP problem.

The state-action frequency measure x?’” is the long run average fraction
of time that the chain spends in state (j, ) under policy ,

T
1
a, T A . s .
(2.1.1) T = Thm —TE tE_O WXy =j,a = a}

LEMMA 2.1. For any admissible policy m € II and state i € N:
(i) If © takes the active action at i-periods then =™ = 0.

(ii) If  takes the passive action at i-periods then x%’” =0.

J
The determination of row or column orientation is given

Let x*™ = (xwr)jeN’ Pt = (pij)i,jEN and for S,5" € N, Py =

(p(il’j)ies,jes"

implicitly by context. Let I = (d;;) where d;; is Kronecker’s delta,

i,jEN
be the identity matrix indexed by the project’s states and 1 be the vector

of length N with all elements being one.

LEMMA 2.2. For any admissible policy m € 11, the state-action frequency

measure is governed by the following system of linear equations.
X" (I-PY) +x""(I-P") = 0

x0™1 +x™1 1
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To evaluate the value of the reward incurred under a policy © € II, we

define the reward measure
1 T
T A ™ a
(2.1.2) fr& lim E LZ;TX] :
where E™ [] denotes the corresponding expectation. Similarly define the

resource measure

T—oo T

T
T A . ]‘ ™ at
(2.1.3) g™ = lim —E [g hX,,]'
t=0

We will address the v-price problem,

(2.1.4) max fm=vg™,

which is to find an admissible policy maximizing the average net profit.
Finding the optimal policy numerically for any instance of the problem
above is well addressed by well-known algorithms such as value itera-
tion, policy iteration and linear programming. We shall look into the

structural properties of the optimal policy.

The following concept of indexability was introduced in [Whi88|.

DEFINITION 2.3. [Indexability] The class of v-price MDP in (2.1.4) is
indezable if there exists an index v for ¢« € N such that the policy that

takes the active action whenever it lies in the following set is optimal:

S*(v)y={ieN : v/ >v}.

Indexability is a property that it is nice to have. However, two natural
questions will arise immediately: (1) Under what conditions is the v-
price MDP indexable? (2) How to calculate the index v;?

2.2. F-Indexability

Consider the following family of threshold type policies relative to the

state ordering (1,...,n), so that they prescribe to be active in states
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above the threshold state and passive otherwise. We represent the policy

with threshold state ¢ by its active-state set

i+1,...,n} f0<i<n

(2.2.1) S; & { !
0 ifi=n

and refer to it as the S;-active policy. The corresponding nested active

state set family is
(2.2.2) F21{S0,51,...,5.}.

We will henceforth refer to such policies as F-policies, writing e.g. £,
g° for S € F. Denote S¢ = N\S.

We shall assume that every policy in F is unichain, i.e. the Markov
chain of the states induced by a policy in F contains a single recurrent

class plus possibly empty set of transient states.

COROLLARY 2.4. For S € F, j1 €5, jo € S¢, it holds that

m(?,S\{jl} xl_,SU{jQ}

J1 72 > 0.

We now introduce a narrower definition of indexability called F-indexability.
The definition is narrower because it is tied to the given state ordering
(1...n) and thus the family of policies F (2.2.2).

DEFINITION 2.5. [F-indexability and MPI] The v-price MDP is F-indezable
if there exists an index v} € R for 7 € N, termed the Marginal Productiv-

ity Index (MPI), which is nondecreasing along the state ordering, i.e.

such that for 0 < i < n, the S;-active policy is optimal for problem
(2.1.4) iff v € [}, v}] .

It is clear that F-indexability above implies indexability in Definition
2.3.

When the MPT exists, the MPI gives an intuitively appealing method to
solve (2.1.4): it is optimal to be active in state ¢ iff the MPI value of the

state lies at or above the prevailing price, v] > v.
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LEMMA 2.6. If the v-price MDP is F-indezable, the Sy-active policy is
optimal iff v < vi and the S, -active policy is optimal iff v > v};.
Denote AfS: = % — f%-1 and Ag% = g% — g%-1.

ASSUMPTION 2.7. For all S € F, j1 € S, jo € S¢,

gs\{jl} < gS < gSU{j2}_

Clearly the assumption above implies that Ag% < 0 for all i € N.

THEOREM 2.8. If the v-price MDP is F-indezable then:

(a) The optimal value of the v-price problem can be represented as
v*(v) = sup { f% —vg® 1 i€ N}.

(b) The MPI of the v-price MDP is given by

. _AfS
V. =
i Agsi ’

fori e N.

Draw on the economic theory of optimal resource allocation, the MPI v*
measures the marginal returns of the resource consumed in state ¢ and
F-indexable MDPs are those that obey the law of diminishing marginal

returns.

2.3. A Sufficient Condition for F-Indexability

Now we establish a sufficient condition for the F-indexability and calcu-
late the MPI.

Denote by (a, S) the policy that takes action a initially, and adopts the
S-active policy thereafter. We define the (i, S) marginal reward measure
¢ to be the difference between the total reward collected when taking
the policy (1,S5) and the policy (0,S5). Similarly we define the (i,.5)
marginal resource measure w. Let f2 (or g7) be the difference between
the total average reward (or cost) when the system is started at the state
i other than the state 1. Both £ and g7 are finite and f{ = g = 0.
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LEMMA 2.9. For every feasible active state set S € F:
hi +enpiey ifies
W+ enplyey ifie s
Y en Pl f] ifiese

(a) g%+ g7 =

(0)f° + f7 =

Hence we can write the marginal resource measure and the marginal

reward measure as follows

wi = hi=h+ ) (ol — ) 97
jEN

CzS = 7"1‘1 _T?"‘ Z (lej _p?j) f]S
JEN

Notice that with the given model parameters h?, r¢ and pij, we can solve

2, 2, g% and g7 via the Gauss elimination method.

Denote w§ = (1), ., , f = (), 8° = (95) o B = (), and
vy = (r{)icr-

LEMMA 2.10. For every feasible active state set S € F:

() w3 = (Lo — PYy) &° — b and wi, = b + (Phoy — Lsow) &°;

(b) 3 = (Isy —PYy) £ — 1% and cde =14 + (Phey — Lsen) £5.

5,0 _ S.0m 181w _ 5. 1,
Let W =D ieswiz, " W =D iese Wiz

S0 — Yies cfx?’ﬂ and OSL™ = Y icse cfx}’”.
THEOREM 2.11. Under any admissible policy m € 11, the following holds

(a) resource consumption decomposition laws:

gﬂ' 4 WS,(),TF — gS 4 Ws,l,ﬂ" S c f,

(b) reward decomposition laws:

fTI' + CS,O,ﬂ' _ fS _’_CS,I,Tr’ S e F.

The next result justifies the denomination of w?, (4, 9) marginal resource

measure and ¢, (i, 5) marginal reward measure.
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COROLLARY 2.12. For any feasible active set S € F and states j; € S
and jo € S°¢

, 0,5\{j ; 1,505
(a) g5\ wf af SN = g8 — gSULY — g 47501

(b) FS\and +stlx?is\{j1} = f9 = fSulnk 8 L1502}

2 ]2

LEMMA 2.13. Assumption 2.7 holds iff positive marginal resource meas-
ure w > 0 holds for S € F and i € N.

DEFINITION 2.14. Under the Assumption 2.7, we define the (4,.5) mar-

ginal productivity rate (or marginal productivity rate for short) by

Sa S8
vy = ¢ Jwy,

A S,
and denote v} £ v

The alternative formula for marginal productivity rate v is given in the

following Lemma.

LEMMA 2.15. Fori € N, we have v = Af% /AgS: .

The result below connects the marginal reward rate, the marginal cost
rate and the marginal productivity rate.

LEMMA 2.16. When Assumption 2.7 holds, for every state j € N

s; S S5 s\
¢l =T = (w-J 1—w-]),zeN

i i 7 7 %

It is then clear that the marginal productivity rate v has yet another

form by substituting ¢ = j into Lemma 2.16.

LEMMA 2.17. For allj € N, v} = cfj/wf] = cfj’l/wfj’l.

Furthermore, the following equations hold for the marginal productivity
measure.
LEMMA 2.18. Fori,j € N,

S, Si1, S5 ( S;_
(a) vy? —vi=wy;’ Hw;? (I/i] 171/3’3‘)

* g% Sj—1 S Sj-1 *
(b) vig =vi +wiiyjwiiy (v —vi ).
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Denote Al/j’.k = vi—vj_;. The marginal reward measure can be expressed

in terms of AV;-‘.
LEMMA 2.19. Fori<j ' =yt + Zj WL AE
4 76 =V k=i+1 W k-

. - Si xS i—1 Sk *
For j <i, ¢j' = viw;" — 37 5wt Avy.

The result above can then be compressed as follows.

LEMMA 2.20. (a) C%i-00m = prSi-n0m 4 57 o WS=10mApr,

(b) CSobT = W ST = 57, g WERLTAVE .

With the help of the results above, we can decompose the objective of

a v-price MDP in terms of v (v), W9L™ and W07 with coefficients

expressed as a function of v;.

LEMMA 2.21. For any state i, such that 0 < i < n, the objective of the

v-price MDP problem can be written in the following way,

v (v) = v (v)—(v—1vf) Wb (1/1-*+1 — 1/) W0
_ Z WSk,lﬂrAVZH _ Z Wsk—hO»T"AVZ
keS¢ | k€Sit1

In order for S; to be the optimal policy, it is sufficient that (1) Ay} > 0;
(2) v; <v <y and (3) W™ > 0. While Assumption 2.7 ensures
that the positivity of W7 holds, we need the following assumption
to guarantee the other two.

ASSUMPTION 2.22. Index v} is nondecreasing with respect to ordering
(1,...,n): vy <--- <k,
The key result of this chapter is given below.

THEOREM 2.23. Under Assumption 2.7 and Assumption 2.22, the v-
price MDP is F indexable and v} is its MPL
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Notice that the previous development is based on the given state ordering
(1,...,n). An alternative approach is to start with a family of policies
F that satisfies certain properties and then induce the ordering. More

details are given below.

DEFINITION 2.24. A set system(N, F) with 7 C 2V on the ground set N
is accessable and augmentable if it satisfies the following three conditions
(1) O, N € F;

(2) for 0 #£ S € F,0£S :={i e N\S : SU{i} e F} #;

(B)for N#SeF, 0.5 :={1teS : S\{i} e F} #0.

For an accessible and augmentable set system(N,F), F can be viewed
as a family of policies.

It is easy to see that (N,F) with F given in (2.2.1) and (2.2.2) are

accessable and augmentable. Moreover 8}_5 has exactly one element.

With a given F we define the adaptive greedy index algorithm AGx
which takes v for S € F as input and gives output

{in,vj, + k=1...n}

as follows. Note that Lemma 2.9 is also valid for any S C N and thus
S
v

© can be determined accordingly.

ALGORITHM 2.25. The adaptive greedy index algorithm AGx
Input: {v? : S € F}

Output: {ig,v; : k=1...n}

let So = @

fork:=1ton do

pick iy, € aurgmax{yis’“’1 = 8}5’;@,1}

let v} = Vo1 and Sk = Sk—1 U {ix}

1k

end

Each step inside the loop of the algorithm AGx for the calculation of

Sk
v;

Each of which takes (2/3)n3 + O(n?) arithmetic operations via Gauss

Sk

. . . S
involves two sets of linear equations (one for w;* and one for v;*).
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elimination when F = 2V. Hence the algorithm AG # performs (4/3)n*+
O(n?) arithmetic operations when it is implemented in a straightforward
way. A recent result shows that the arithmetic operation count can go
down to n3 + O(n?) via the Reduced-Pivoting Indexability algorithm
[NMO7a]. In extreme cases, like control of a single server Markovian

queue, the operation count is O(n).

DEFINITION 2.26. [PCL(F) indexability] The class of v-price MDP(2.1.4)
is PCL(F) indexable if

(1) the marginal resource measure is strictly positive w? > 0 for i € N
and S € F;

(2) The index values v} produced by the algorithm AG(F) are nonin-

creasing in k.

The following result that PCL(F)-indexability implies indexability is
proved in e.g. [NMO1].

THEOREM 2.27. The class of PCL(F )-indexable v-priced MDP is also
indexable and the algorithm AGx gives the MPL



CHAPTER 3

Arrival Control to a Single Server Queue

In this chapter, we apply the indexability theory to the arrival control to
an M/M/1/n FCFS queue. Two variants of objectives are considered. In
both variants, the rewards are state dependent. In one variant one pays a
tax which is linear in the queue length and in the other variant rejections
are penalized. For each objective case, we derive the marginal resource
measure, the marginal reward measure and the marginal productivity
rate. The marginal resource measures in both cases are shown to be
strictly positive. We give sufficient conditions for indexability in the two
cases. In case that the tax is based on the queue length, the sufficient
condition is that reward is a concave-like function. When the penalty is

based on the rejection, the sufficient condition is that Ar; < 0 for ¢ > 2.

3.1. Tax Based on Queue Length

Consider arrival control to an M/M/1/n FCFS queue. Jobs arrive ac-
cording to a Poisson process with rate A\. The service time has exponen-
tial distribution with mean 1/u. Let p £ \/u. Rewards are accumulated
at rate r; per time unit and the tax is paid at rate vi per time unit when
there are ¢ jobs in the system. Upon arrival of a job, if the queue is not
full, the controller of the queue has to make a decision whether the job
is accepted a = 1 or rejected a = 0. A policy is admissible if it is station-
ary, i.e. does not change with time, and deterministic, i.e. the mapping
between state and action is a deterministic function. The objective is to
find a policy 7 belonging in the class II of admissible policies so that the

long run average net profit is maximized. The classical admission control

25
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problem in which the objective is to balance the throughput and the so-
journ time for an M/M/1/n is a special case by taking r; = Rul{i > 0}
where R is reward paid per departure. Let X (¢) be the queue length at

time t. Denote the resource measure as

T
/ X (t)dt
0
and the reward measure as

T
(3.1.2) f™& lim E™ [/0 rX(t)dtl .

T A : 1 T
(3.1.1) g —Th_rgoTE

T—o0

The arrival control problem with tax rate v for the queue length can be

succinctly written as

1. T ygT.
(3.1.3) max f" —vg

Let N 2 {0,...,n} be the set of states. We classify the set of states into
two subsets: the set of controllable states N1%1 £ {0, ... n — 1} and
the set of uncontrollable states N1+ £ {n}. The family of F-policies is
coincident with the definition of the threshold type policy. For a policy
S; =40,...,i—1} € F, an arrival is accepted iff the queue length is less
than i. Let A £ X\ 4+ u be the uniformization rate.

Note that the uniformized MDP’s state transition probability matrix
P = (pfj) under action a € {0,1} is given by

/A fo<j=i—-1<n-1
(A—p—al)/A if0<j=i<n

(3.1.4) P &
(A—p)/A ifj=i=n
ar/A fl<j=i+1<n
0 otherwise.

Let f7 be the difference between the reward rates when the initial queue

length is ¢ and 0. Similarly, let g7 be the difference between the buffer
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usage respectively when the initial queue length is ¢ and 0. Note that f7

and g7 are also valid without scaling for the continuous-time formulation.

For any threshold type policy S € F, the average reward rate f°, the
average buffer usage g° and their relative value functions f° and g7
satisfy the following set of equations, with f5' = g5 =0,

ri/A + Ejplljff ificS
r,;/AJijp?jij ifigs

i/A+ ij%jgf ifies

A, e Wi g S

Denote by (a, S) the policy that takes action a initially and adopts the

(3.1.5) N+ f2

(3.1.6) 9°/N+ g}

policy S thereafter. For a given policy S and the initial state ¢, define the
marginal reward measure cf as the scaled up (with uniformization rate
A) difference between the average total amount rewards when taking the
policies (1, S) and (0, .S). Similarly define the marginal resource measure
w?. Both ¢ and w{ are finite [NMO02], and can be expressed in terms

of the differential reward f;° and the differential buffer usage g7,

(3.1.7) SN = (09 = N - ) £E

;
1,8 0,5
(318)  wi/A =g" — g = 3"l — ) g5

J

We shall demonstrate in the indexability framework that the optimal
control is of threshold type when the reward is concave-like in queue

length. More precisely, we will

(1) derive the expression to calculate the marginal resource meas-
ure wisj, 0<j<n,0<1i<n—1recursively starting from wOS0
and wgl, and show that w? > 0, for i € N0} and S e F;

(2) derive the expression to recursively calculate the marginal re-

S.
ward measure ch“

v;,0<j<n-1

and thus the marginal productivity rate



28 3. ARRIVAL CONTROL TO A SINGLE SERVER QUEUE

(3) show that when the reward function r; is concave-like in 1, i.e.
Ary > Ary > -+ > Ar, where Ar; £ r; — r;_1, the marginal

productivity rate v} is non-increasing in ¢, i.e.

* * *
Vo 2V 2 2 Vg

3.1.1. Marginal Resource Measure. The first step is to find a

set of linear equalities that govern the marginal resource measure w;.

Let Ay £ M1 {i € S} and p; £ pl {i > 0}.

LEMMA 3.1. The marginal resource measure w ,ie NO gnd S e F,
satisfy the following set of linear equations, for 0 <i<n —1,

(3.1.9) (i + X)) wi = A+ pawiy + AP w),

with w®, = w? = 0.

PROOF. For convenience denote Agy £ g — g7 |, for 1 < i < n,
and let Ag%, = Ag§ = Agd | £0

By definition, for 0 <i<n —1
Agi™ =it (gt + (A= A= w)g? + AgP) — Ag®
Ag®Sh = it (gl + (A= pa)g?) — Ag®
which gives us, for 0 <i<n-—1
w? = A (gfLS) — g§0’3>) = )\Agfﬂ.

Also by definition, for 0 < i < n,

1 . . .
9f +9° = 5+ 5 (g% 1 + (A= As(i) = u(@)g? +As(D)g)
After multiplying both sides by A and rearranging terms, we have, for
0<i<n
Ag® =i — gy + X7 Agi
After merging the i:th and the i — 1:th equations, we have for 1 <i <mn

(ui + )\f,l) AgP =1+ pi1Agd 4 + )\ngfﬂ-
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Substituting Ag;ﬁr1 with w? /\ gives

(it1 + A7) W = X+ iy + A5 0wl 0<i<n—1L

Now we are ready to find recursive relations for wZS 7,0<j <nand
0<i1<n—1

When j =0,
So . SO
w;® = (A + piw;’y)/

for0<i<n-—1.

When j =1,
w;sl = ()\ + Miwffl)/(Asl (Z) + 'u)

S

for0<i<n-—1. Clearlwao>wi1,for0§i§n—1.

When 2 < j < n — 1, notice that if we know wf”l , by Lemma 3.1
we have the recursion, (a + u/\f”l) wf”l =X+ uwf_j{l fori>j+ 1
j+1

Once we determined wZS for i > j 4 1, applying Lemma 3.1 again, we

will know wf”l for 0 < ¢ < j—1. Thus knowing ijjH is the key in the

recursion scheme. Next, we shall determine the relation between wfj“
S',
and w;?,.
Denote w’/ = [ng,...,wfil]'7 bl = ﬁ[l,...,l]’ (a vector of j- ele-
ments) and
A
w0 A
Bi—_ 1
A+
w0 A
po 0

( a matrix j x j elements), and B! = [0]. We can rewrite Lemma 3.1 in

matrix form, for 1 < j < n:

w! =b/ + Biw’.
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Sj+1

Similarly denote w/ = [w(f“l,...,w 1 bl = bj—i-/\?ﬂr# 0,...,0,1],
we have for 1 < j<n-—1,
Wi =b/ + B/
Hence
Sj+1
Wl —wl=(I1-B)"'(b/ —b/) = —~L—(1-B)"!
(1= B) () b)) = S (1 B)

where e; = [0,...,0,1]. The element in position (j,j) (bottom-right)
of the matrix has the value 1 if j = 1 and det(I — B?~1)/det(I — BY) if
7 > 2. Let

. 1 J=0

q(7) = det(I-B7*1)

det(I-B7) I<j<n-1

Note that from [NMO06b, Lemma B.5], we have a recursive formula to
calculate ¢(j):

1 ji=0

1 _

q(j) = , ,
Gty 1sJsn-lh

andmax{/\+lt,)\+u}<q( )<1,1<j<n-1.
Thus s

41

w3t Y A wa+

RS Py

S
J

the following lemma which is the key for the whole recursion scheme to

= A 4wt we can obtain

By using the relation (u + A; 7+1) piaY

work.

. S;
LEMMA 3.2. The marginal resource measures w:’ '

; and w 7, satisfy the

following recursive relation,

) +w
(3.1.10) q(j)wf’“ = %, 1<j<n-1

The following lemma follows directly from the recursion above.
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TABLE 3.1.1. Marginal resource measure: direction of
calculation and non-negativity.

wy > >0| < wy? < < wy"

! ! N 1 7
we > w > w2 >0| < < wr

l ! l N

l l l N 1
wr o> wit, > w2, > > |wit >0

COROLLARY 3.3. The marginal resource measures satisfy the following
inequalities

(a) wf”l >0, for0<j<n-—1;

(b) wt > w, for 0<i < j—1;

(c) wZSJ > wfj“, forj<i<n-—1.

To summarize we give the direction of calculation wf 7 and the relations

between the calculated values in Table 3.1.1.

3.1.2. Marginal Reward Measure and Marginal Productiv-
ity Rate. Our next task is to establish the recursion for the marginal

reward measure and the marginal productivity rate.

ie N and S € F,
satisfy the following set of linear equations, for 0 <i<mn —1,

LeEMMA 3.4. The marginal reward measures cZ ,

(3.1.11) FANE = M et A,

(1
with ¢%, = ¢ £ 0.

PROOF. For convenience, denote Af® = f5 — f5, for 1 <i < n,
and let Af5, = Af§ = Af3 | £
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From the definition, we have for 0 <i <n — 1,
S
M = (afS (A= A= ) S+ M) — AFS
s
Afi<0 - T + (Mz‘fis_1 + (A= /“)fis) — A7

Thus

N

S — A (fi<1,s> _ fi(o,s>>
= M.
It follows from (3.1.5) that
PR =it (af 2+ (A= N7 = ) 2+ A f3)
we have for 0 <i <n
fS =1 — W AfF + N AFS .
After merging the i — 1:th equality and the i:th equality above, we have,
(4 X DAL = Ari 4 i A AFT L+ X AL,
for1<i<n. Thusfor0<i<n-1

(4 A0)e] = AAFir + ey + ATl

. . S; s; .
Similar to the relation between ij+1 and w;?; in Lemma 3.2, we have

the following lemma.

. S; S; .
LEMMA 3.5. The marginal reward measures cj’Jrl and ¢;’ 4 satisfy the

following recursive relation

,ucfil + AAT; 41

N S
3.1.12 It =
(3.1.12) ) -
: L ST AA
fOTlS]Sn—l, thhCOI—ﬁ.
PrOOF. The start of of recursion COS = % follows directly from

Lemma 3.4.
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. Y S Si i A A /
For 1 < j < m,let ¢/ = [c’,...,c;7,] and b/ = W[Arl,...7Arj},
S.;
& 2 ey 411 and I = b + % e, Parts of L 3.4
=leg’™ ey an = s4ej- Parts of Lemma 3.4 can

be rewritten in matrix form

¢ = hW+Bidd, 1<j<n
& = 4B, 1<j<n-—1.
It follows that
@ -¢) = I-B) (W - W)
S;
ATt ,
= —L _(I-B)e;.
/J_|_ A ( ) e]
Hence g
-
St S A <5’

LT g - p N
After obtaining cfi*ll in terms of cfj“ from the relation below (from
Lemma 3.4 )
(A + ,u)cf’”rl = NATj 41 + ,ucff{l,
it will be clear that, for 1 < j <n —1,
Cfil + pATj 11
p+1

N St
Q(J)ij =

O

1

. . Sit .
Now we have recursions for marginal resource usage w; and marginal

1

reward CZ-S” . The recursion for the marginal productivity rate follows

immediately.

THEOREM 3.6. The (i,S;) marginal productivity rate can be calculated

recursively through the following relations,

Vg = ATl
l/fk_l—A’f'iJrl .
V;‘ = l/;(_l—plis_, 1<:1<n—-1
k2
pt+wiZy

PROOF. By Lemma 2.17(taking into account the different state or-

. Si Si .
dering), we have v} = ¢, /w;"*" for 0 <i < n.
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For ¢ =0,
ngiz MAr /At p) _
wy AJ(A+ )
For1<i<n-1,

Sit1
* G
Sit1

1
AAT 1+ ucfjl
A+ :“wzs—il

Mrig + v wiy
At ity
ATy 4+ (N pwl v — M
A+ Mw?—%
vig — Arip
At g

= Vi1~

By induction, we can have the following non-recursive form for v}, when

p#1,

(3.1.13) e Sn A —1)
2 Z;ill(pj —1)

which is easier to remember when the denominator is left untouched.

When p =1, we have

(3.1.14) vi = jAr;.

3.1.3. A Sufficient Condition for Indexability. We know that
the marginal resource usage is strictly positive, e.g. from Corollary 3.3.
Thus the indexability solely depends on whether the marginal productiv-
ity rate v} is non-increasing in ¢. In turn, the non-increasingness of the
index function gives an implicit characterization of parameters A, p and
ri, 0 < ¢ < n, such that the system is indexable. Note that such a
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characterization on parameters only gives a sufficient condition for in-

dexability.
ASSUMPTION 3.7. The reward r; is concave-like in queue length, i.e
Ary > Arg > -+ > Ary,.

LEMMA 3.8. Under Assumption 3.7, the marginal productivity rate v} is
non-increasing in i, for 0 <7 <n—1,
vi >,
Proor. We will show by induction that when the reward is concave-

like, v} — Arjpo >0for 0<i<n-—2.

When ¢ =0, Ary < Ar; = 15. Assume v; — Ar;j; o > 0 for some ¢ such
that 0 <7 <n — 2. We have

« % v — AT' 2
Vign —Arips = vp —Aripg — )‘W
i
Sit1
> (W —Ari) | — =7
A+ pw;
> 0.

O

THEOREM 3.9. Under Assumption 3.7, the arrival control with v tax on
queue length (3.1.3) is PCL(F) indexable and the marginal productivity
rate vy becomes the MPIL.

ProOF. It follows from Lemma 3.8, Corollary 3.3 and Theorem 2.23.
O

REMARK 3.10. To see that the concavity of reward is not a necessary
condition for indexability, consider the case with n = 3, Ar; = r > 0,

Ary =0 and Arg = s£—r. We have v} =7, v

* __ %
pe and v5 = vf.

— 122
=r A2p

ExamMpPLE 3.11. Now consider two special cases in which the reward

functions are both concave-like:

(1) Ary =r>0and Ar; =0 for 1 <i < n;
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(2) Ar;=rfor 0 <i<n.
In the first case, the index function can be evaluated as, when p # 1,

1— 2
(3.1.15) v = - r( p) i
1417—2p—1ip+ p*t?

In the second case, index is constant v} = r for 0 < ¢ < n — 1. The
optimal policy is trivial: If » > v then accept all arrivals as along as
the queue is not full otherwise when r < v reject all. This is hardly
surprising considering that the payoff per time unit is (r — v)i when

queue length is 4.

3.2. Penalty Based on Rejection

Consider controlling an M/M/1/n FCFS queue similar to the model in
Section 3.1. Instead of paying out tax based on the queue length, we
now assume that a penalty v is paid for each rejection. The resource

measure is defined as

T A : 1 T
(3.2.1) g —TJLI)I})OTE

/OT )\a(t)dt]

where a(t) = 1 if the rejection decision is made for subsequent arrivals
or a(t) = 0 if the admission decision is made otherwise. The definition

of reward measure remains unchanged.

T
/ TX(t)dt
0

where X (t) is the queue length at time t. The arrival control problem

T A : 1 T
(3.2.2) f 77—1LI};OTE

with the rejection penalty can also be succinctly written as

(3.2.3) max fF—=uvg™.

Let N ={0...n} be the set of states. Denote by N1} ={0...n — 1}
the set of controllable states and N{' = {n} the set of uncontrollable
states. The family of F-policies is coincident with the definition of the
threshold type policy. For a policy S; = {i,...,n} € F, an arrival
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is rejected iff the queue length is greater than or equal to i. Special
policies: Sy = {0...n} i.e. reject all and S, = {n} i.e. accept all when
buffer is not full. The uniformized MDP’s state transition probability
matrix P% = (p?j) is similar to (3.1.4) but with a replaced by 1 — a.

Let fT and g] be the difference between reward and amount of rejection
when the initial queue length is 7 instead of 0. Along with the long run
average reward, the long run average rejection rate, for S € F, the f°,
g%, f7 and g7 satisfy the following set of equations, with f5 = g5 = 0,
ri/A+ Y7 ifies
ri/AJijp?jij ifigs
1 S . .
VA+3 0 p59; HieS
Zj p?jgjs ifigs.

Let the marginal reward measure cf be the scaled up (with uniformiza-

(3.2.4) /N + f2

(3.2.5) /A +g =

tion rate A) difference between the average total amount reward collected
when taking the policy (1,S) and (0,S) when starting at state ¢. Sim-
ilarly define the marginal resource measure w;g . We can express C;S and
w? in terms of the differential reward f° and the differential rejection

rate gf ;

(32:6) /A =5 — (O = N (ol - ) fF

J
327) wi/A =g — g = N (ph —p?) gf +1/A.

J

In the rest of this section we will

(1) derive the expression to calculate the marginal resource meas-
ure wisj for 0 < j <nand 0 <i<n—1 recursively starting
from w3° and w5, and show that w? > 0 for i € N1} and

S e F,
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(2) derive the expression to recursively calculate the marginal re-
Sjt1
ward measure c;

(3) show that when the reward function r; satisfies Ar; <0 for i =

and thus the marginal productivity rate

2...n —1, the marginal productivity rate v} is non-decreasing
in i, i.e

V<<

3.2.1. Marginal Resource Measure. Due to the similar approach

taken in Section 3.1.2, we skip the proofs for the results below.

LEMMA 3.12. The marginal resource measure w? satisfies the following

set of linear equations, for 0 <i<n —1,

(3.2.8) (1 4+ X)) = (Apira) A+ pwiy + A wi
LEMMA 3.13. The marginal resource measures wf”land wfil satisfy

the following recursive relation

w?
NS i—1
(3.2.9) q(j)w;’" = (1i|—p)
; S1 _ _A
with wy" = 135

The following properties of the marginal resource measure follows from

the recursion above.

COROLLARY 3.14. The marginal reward measures satisfy the following
inequalities

(a) szj“ >0 forj=0...n—1;

(b) wiSjJrl >wfjf0ri =0...7—1;

(c) wfj —wfj“ fori=j...n—1.

To summarize, we give the direction of calculation wZSJ and their relations
in Table 3.2.1.

3.2.2. Marginal Reward Measure and Marginal Productiv-
ity Rate. We now continue to derive the recursion for the marginal

reward measure and the marginal productivity rate.



3.2. PENALTY BASED ON REJECTION 39

TABLE 3.2.1. Marginal resource measure: direction of
calculation and non-negativity.

wy > |wyt >0 < wh? < < ws”

| | N 1 1
wls0 > w‘lgl > wfz >0 < < wf“

l ! l N

l | l N T
wr o> wit, > w2, > > |wit >0

LEMMA 3.15. The marginal reward measures ¢©, i € N1} § ¢ F,

7 7

satisfy the following set of linear equations, fori=0...n—1

(3.2.10) (a4 pu+ A = =AAr1 + picy  + /\iSCCiSH-

By a similar argument as in Lemma 3.13, we obtain the recursion for

the marginal reward measure.

Sj+1

LEMMA 3.16. The marginal reward measures c; and cfil satisfies the

following recursive relation, fori=1...n—1
S.
S, ;L1 — pAT 1
3.2.11 okt — Jmo  © -1
( ) q(j)e; T,

—pAry
1+p -

S1
and cg' =

Note that the difference in sign before the item AAr;; as in Lemma 3.5
is due to the fact that we have inverted the interpretation of active and

passive action.

Now we are ready to derive the marginal productivity rate.
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THEOREM 3.17. The marginal productivity rate can be calculated recurs-

wely through the following relations

vy = —Ar/u
Ar; .

vi o= vi,-—p ;jl, 1<i<n-1
W;_q

1

. S;
The recursion for w; "' and v} can be reformulated as below

(3.2.12) R VI C I
j+1

(3.2.13) vo= _%ZA” (144 0.
=1

Note that the results above can also be found in [NMO02, (7.2)] by taking
Ahz = —AT,L'.

3.2.3. A Sufficient Condition for Indexability. Since from Co-
rollary 3.14, we know that the marginal resource measure is strictly pos-

itive, the indexability solely depends on whether Ar; < 0 for i > 2.

ASSUMPTION 3.18. The reward r; satisfies riv1 < r; fori > 1.

Note that this condition is slightly weaker than stating that r; is nonin-
creasing in ¢ (c.f. [NMO2, Remark 7.3]) as the assumption above allows
A’I"l Z 0.

LEMMA 3.19. Under Assumption 3.18, the marginal productivity rate v}

is mondecreasing in .

THEOREM 3.20. Under Assumption 3.18, the arrival control with v pen-
alty on rejection (3.2.3) is PCL(F) indezable and the marginal productiv-
ity rate v} becomes the MPI.

ExXAMPLE 3.21. If we are rewarded 7’ for each departure which cor-
responds to receive r = r’u continuously when a job is served. Hence
Ary =rand Ar; =04 =2...n, the MPI is evaluated as v} = —r’. The
optimal policy is to reject all arrivals when —r > v or, when —r < v, to

accept all arrivals as long as the queue is not full.
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ExaMpLE 3.22. If the cost for keeping a job in the system is ¢, ¢ > 0,
per time unit, we have r; = —ci, Ar; = —c< 0 fori=1...n. The MPI
can be calculated as follows when p # 1,

243

14+1—2p—1
(3.2.14) P i s
f (140
which is the same equation as in [NMO02, (7.3)].

ExAMPLE 3.23. If it costs ¢ for each job in the system per time unit and
we earn r’ for each departure, we have
r; = —ci +r'pl{i > 0}
thus Ary = —c+ 7' and Ar; = —c for ¢ = 2...n. The MPI can be
evaluated as, when p # 1,
L cl+i=2p—ip+p*tT
Vi = — —r.

S

EXAMPLE 3.24. When r; = r; — v/i, we have the marginal productivity

rate,
1 Jj+1 , ‘
Vi = —fZ(Ari —V) (144 o).
i
With fixed v = 0, the optimal policy is to accept a job when v} <0, i.e.

when

S A (1)
BETZES VN
One may recognize that the LHS above is the same as (3.1.15). To show
that the LHS is nonincreasing in ¢ under the condition

Ary > Arh > - > Arl

we can start with the following inequality,

I
it Ary (01— 1) /
(S > Ariyy.
Zj:l (p? —1)
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After adding (Z;J:l Ar; (0’ — 1)) (Ziﬂ (p? — 1)) to both sides and

Jj=1
rearranging the items, we have

ML AT (P —1) S A (- 1)
PRV ) I DA A




CHAPTER 4

The Buffer Sharing Problem

In this chapter, we study the arrival control of multiple queues with a
shared buffer. In Section 4.1, we formulate the problem as a continuous-
time MDP and give an equivalent discrete-time formulation. We develop
a sequence of LP relaxations for studying the performance upper bound
of the original maximization problem in Section 4.2. The approach is
based on the connection between the discrete-time formulation and the
corresponding linear programme from the achievable performance region
perspective. The number of relaxations in the sequence equals the num-
ber of job classes. The sequence of LP relaxations gives increasingly
tight bounds at the cost of exponentially increasing computational com-
plexity. In Section 4.3, we first study the Lagrangian relaxation of the
first order LP relaxation. The Lagrangian relaxation formulation can
further be decomposed into a number of independent linear programmes
with the number equals the number of job classes. Moreover, each de-
composed linear programme is corresponding to the arrival control of a
single queue problem we studied in Section 3.1. Based on this observa-
tion, we propose a MPI based heuristic for the original problem. The
proposed heuristic works as follows. Based on the first order LP relax-
ation, we derive an estimate of the market price of buffer space based
on the dual variable of the buffer space constraint. For each job class,
we calculate the MPI that is the estimate of profit gain with respect
to the buffer space consumed at each state if we admit a job in that
state. The admission decision is then based on whether we have enough
buffer space left to accommodate the arrival and the current MPI of the
arrival’s job class is greater than the product of buffer space price and

buffer space requirement of the arrival. Finally in Section 4.4, we give

43
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some simulation results to demonstrate the near optimal performance of
the MPI heuristic.

4.1. Continuous-time MDP and LP Formulation

In the section, we formulate the buffer sharing problem as a continuous-

time MDP and give the equivalent LP formulation.

4.1.1. Continuous-time MDP Model. Let K be the set of job
classes with K = |K|. The buffer size is B. The class k jobs arrive
according to a Poisson process with rate A;. The service time for class
k jobs is exponentially distributed with mean 1/puy and their buffer size
requirement by is deterministic. The jobs of the same class are served
in FCFS fashion. The independence between classes is also assumed.
Because of the Markovian nature of the arrival and the departure, the
system state is determined by the vector i = (ix)rex € ZX where iy is
the number of jobs of class k. Finite buffer size implies a finite state

space N.

The reward received per time unit for a class k job is 7¥ when there are
i class k jobs in the buffer. The total reward received per unit of time
is therefore r; = >, . 7F . Note that this definition of reward function
is fairly general and covers many practical cases. For the throughput
maximization, we can take r¥ = r}ur1{i > 0} where 7, is a positive
k_

number; for the holding cost minimization we can have r; = r}/i where
r is negative. To model the tradeoffs between throughput and delay,

let ¥ have the following form,

(4.1.1) ¥ =l {i > 0} + 7.

The admission control action is a vector a = (ay), <, With ax = 0 if jobs
of class k should be rejected and is 1 otherwise. We are interested in the
class of admissible policies whose action selection only depends on the
current state and not on the current time. Denote the set of possible

actions when the system is in state i as

A(i) = {(an)gec © ar € {0,1} if i+ e, € N otherwise ap =0} .
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To reduce the number of double sums, we introduce the set of state-
action pairs

C={(,a) :ieN,ac A@li)}.
The rate of state transition when the system is in state i and taking
action a is Aj o. The state transition probability qi‘j is Agar/Aia when

j=1i+e and pg/Aja when j =1— ey.

Thus the buffer sharing problem under our consideration is a continuous-
time MDP with state space N, the action set A(i),i € N, the rate of
state transition Aja,i € N, the state transition probability aiy.1,J €
N,a € A(i), and the reward function r;,i € N.

After applying the uniformization [Ber05, Chapter 5], the continuous-
time model is transformed into discrete-time with the uniformization
rate A = >, (A + px). The state transition probability p;, i,j € N,

a € A(i) is given as follows

Arar/A it =i+ e
a _ Jr/A ifj=i-ex
) Sk Ok — k) + el {in = 0}) /A ifj=1i

0 otherwise.

4.1.2. LP Formulation. The uniformized discrete-time MDP can
be formulated as the LP below

(4.1.2) Z" =max ) ayec Tilh
St Daca() T = Layec Py, JEN
Paecti =1

x = (zd) c € R‘f‘

(,a)e
The decision variable x§* has the interpretation of the average fraction of
time that action a is taken in state i. The optimal policy for the MDP

can be mapped from the optimal solution for the LP above.
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4.2. Hierarchical LP Relaxations

That the size of the LP formulation (4.1.2) grows exponentially in the
number of job classes motivates us to develop upper bounds for the
performance objective to assess the suboptimality gap of the heuristic
policies. The general idea is to construct a polytope Q with simpler
structure such that Q@ O P, where P is the polytope defined by the
constraints in (4.1.2), and perform optimization over Q. In this section,

we show that a decreasing sequence of polytopes
oW 2 ® o, .., 0"

with increasing number of constraints can be constructed. The com-
putational complexity of the first order relaxation Q) is linear in the
number of classes and gives the worst upper bound in the relaxation
hierarchy. The last relaxation in the hierarchy is actually exact in the
sense that Q) = P.

4.2.1. The First Order LP Relaxation. The first order LP re-
laxation can be viewed like this: for each class we allocate a buffer of
size B with the constraint that on average the aggregated buffer usage

from all job classes must not exceed B .

When considering the class k alone, we use N* to denote the state space,
A¥(4) for action set, C* the set of state-action pairs. Introduce the uni-
formization for the k:th job class only: Ax = Ag+pug; and the uniformized
transition probability pﬁf, i,j € S* a¢c Ak(i), k € K as follows,

A/ Ay ifj=i+1
(4.2.1) o e/ A fj=i-1

(Ae(X—a) + ppl{i = 0}) /Ay ifj =1

0 otherwise.

Introduce new variables xf’a, (i,a) € C* k € K. Geometrically speaking,

we draw a new set of axes x;"” in the space containing the achievable
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performance region P with existing axes x. We relate the new axes to

the old ones by the following linear transformation.

=3 b, Ve eChkeK,
(i,a)ECf;a
where
Cr,={(ia) eC:iec N ac AL}
and
NF={ieN : i, =i},
Ab(Q) = {a € A1) : a; = a}.

LEMMA 4.1. The performance objective in (4.1.1) can be represented by
the newly introduced variables:

k
E rixia:E E Rl

(i,a)eC keK (i,a)eCk

k,a
7

polytope P. The resulting polytope contains the original polytope P.

Similarly we can substitute z;”® into the constraints that describe the

LEMMA 4.2. The variables xf’a satisfy the following constraints ,

Z x?’a = Z a?f’apij, Vke K, j e N¥
ac Ak (j5) (i,a)eCk

ST b B,
ke (i,a)eCk

doabt = 1 Vkek
(j,a)eCk

IN

Let the polytope Q) be the one constructed from Lemma 4.2 with axes
25" and consider the following LP

(4.2.2) ZM = max Z Z ko

x(Meg) kek (i) e O
PROPOSITION 4.3. The optimal objective to (4.2.2) gives an upper bound
to the optimal objective of (4.1.1)

ARSACE
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PrOOF. It follows from Lemma 4.1 and Lemma 4.2:

7¥ = maX g IRV

(1a )ec

- e 3%

(1) (1)
x€PxDERQW 1ok (1a)eck

meg(l) Z Z k ka =z,

keK (i,a)eCk

IN

4.2.2. The Second Order LP Relaxation. The second order
relaxation is demonstrated as follows. Consider the case when only the
job classes k; and ks are allowed in the system. Let N*1¥2 be the state
space, AFtk2 (5, i) ) the action set, C*1:F2 the feasible set of action-
state pairs of the isolated system. Denote by vy, x, the uniformization
rate,

Vky ks = My + Aky + Hy + Mk,

k1,k2,ak, ,ak,

and pih,ikQ,jkl,ij

the transition probability .

k1,k ,
For all (k1,k2) € K* and k; < ko, introduce new variables fkakl k2
k1,k2

A where
Tk slko Ak s0ko

for all (i, , ik, ak,,ar,) €C

k1,k2 _ pka ko
Tk stko s0ky s0ko Tkys0kq Tko Oky

The newly introduced variables are related to zf by the following rela-

k1,k2,ar, ,ax 2 :
a
€. . 1 2 = €T: .
Tkyslko

. k1 ko
(lva)ec’kl vy Ok Ty

tion,

-

k1,k2,ak, 0k,

P and the variables
kystko

The relation between the new variables z;

kak

z; " introduced in the first order relaxation can easily be verified.
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LEMMA 4.4. For all (k1,ks) € K? and k1 < ko,(ip,,ax,) € C* and
(ik2,ak2) e Ck2

k1,ak, k1,k2,a, 0k,
Tk Uk stk

: i Ck1:k2

Tk lko Ok Oky )€
k2,ak, k1,ko,ak, ,ak,
ko Tk tko

(ikl Jiko Oky 7ak2)eok1 k2

As in the case of first order relaxation, we can project polytope P onto

the introduced axes.

LEMMA 4.5. The variables xli’]?k’akl 2 satisfy the following constraints:

fOT all (klka) S ICQ and kl < k2;(]k17jk:2) € Nklkz

3 k1 k2, 0k kg _ ) zl.cl,k?,akl,ak2p&1,k2,akl,ak.2
e Tiky kg o ke R1R2 Yk oty Tk Tk
1-k2 i i ik s 1,k2
(ary ony)En (kg (iky ving 0k by ) €CKT
k1,k2,ap, 0y
; ; 1°%2
> (%1 by + %zbkz) ity iy < (KI-1)B.

(k1,k2)EK2 k1 <kg (iky rihg Ok ,akz)ecklka

Collect the newly introduced variables in the first and the second order

relaxations and define

(2) & k,a k1,k2,ak, 0k,
X - mlh . ® ’ xikl,’ikz L ki k
(ix,ar)€Ck kEK (ikq Ty >0k GRy ) ECFLF2
k1, ko €K, k1 <ko

From Lemma 4.4 and Lemma 4.5 and along with Q") we can construct
the polytope Q) with the variables x(?). Consider the following LP,

4.9. 73 =
(4.2.3) Jmax > Y w

keK (i,a)eCk

PROPOSITION 4.6. The optimal objective to (4.2.3) gives an upper bound
to the optimal objective of (4.1.1) and gives an lower bound to the optimal
objective of (4.2.2)

7* < 7(2) < 7).
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4.2.3. Higher Order LP Relaxations. In general, the n:th order

LP relaxation

(4.2.4) Z™ = max Z Z RFahe

(n) (n)
xMEQM L EX (ha)eCk

is obtained in two steps.

. Feye k@ s @k .
Step 1: Introduce new variables xlkl ikkl *» for all possible com-
1’ MRn
binations of k1, --- , k, and possible state-action pairs
(iku o aikn7ak1a o 'akn)~

Along with the variable introduced in the first order relaxation, denote

kiokn,@iy s Gy,

by x(™) the vector that includes T, and %%

k1ot s lky i

Step 2: As in Lemma 4.5 construct the polytope Q™ by rewriting the
"'k'rz,7ak1 PRI e oy
107 stk

and as in Lemma 4.4 introduce the following constraints for all unique

combinations of (ky,---,k,) € K"

|NV|+1 constraints of the polytope P with the variables xf:

kiag, ki knak, -ak,
€T. = €. ! ,
Zkl Zkl..llknr

(ikg Uk kg Ak, )GC’W“"“"

knag, ki-knak, --ak,
xX. = xX. .
Tk, kg kg

. . kq-k, _
(,kl...1kn717ak1...akn71)ec 1 kn—1

and as in Lemma 4.5 relaxed buffer space the constraint

n
. ki--knag, -ak,
> Y (S
kn)eckl...kn =1

(K1, kn)EK™ (ikl"'ikn,akl'“a
< <|IC — 1> .
n—1

k1< <kn
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We conclude this section by the following result which follows directly
from our construction of the polytopes

QW D,..., 00 =P

PROPOSITION 4.7. The optimal objectives of (4.2.4) is a decreasing se-

quence in n and the K :th order relaxation is exact,

7MW > 72 > > z(K) — g

4.3. Lagrangian Decomposition and an MPI Heuristic

In this section, we show the Lagrangian decomposition based on the first
order LP relaxation. The Lagrangian decomposition, which by itself is
again a relaxation over the first order LP relaxation, gives K independent
instances of admission control for an M/M/1/n queue. After giving the
MPI for the decomposed problems, we describe the MPI heuristic for
our buffer sharing problem.

4.3.1. Lagrangian Decomposition. After assigning a nonnegat-
ive real number 7 as Lagrangian multiplier for the average buffer space
usage constraint in Lemma 4.2, we have the following Lagrangian relax-

ation,
(4.3.1)  Z'(n) = max Ly Y apecn (rf —mibi) a7 + 0B

subject to }-.c 4k (5 xf’a = Y (iayeon xf’apﬁj Vj e N* k ek,
k,a
2gaeck v =1 vkek
P >0 V(i,a) € C* ke K
When the Lagrangian multiplier 7 is pitched at just the right level, the
average buffer occupancy will be below the buffer size limit B. From the

duality theory for LP, there exists an optimal multiplier n*, such that
ZW = 7' (n*) < Z'(n) for all n > 0.
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The Lagrangian relaxation above can be decomposed into K sub-problems.

For each k € K, we have the following LP to solve,

’ . k,a
(4.3.2) Z,.(n) = max Z(i,a)eck (rk — niby,) x;
subject to D Ar() x?’a = > (i.a)eCr J;f’apf,j Vj e N¥,
k,a
Z(j,a)GCk CC] :]. VkG’C,
xf“ >0, Y(i,a) € C*k.

Each of the sub-problems corresponds to admission control for an M/M/1/n
queue with reward rate ¥ — nbyi when the queue length is 7. Note that
with an arbitrary 7¥ the optimal policy for the k:th admission control

problem (4.3.2) is not necessarily of the threshold type.

The optimal policy for the Lagrangian decomposed model provides us
with a solid base to construct a high performance heuristic policy. For
the restless bandits problems, Nino-Mora demonstrated a near optimal
heuristic policy based on the Lagrangian relaxation [NM06b, NMO06a,
NMO1]. The relaxation made for restless bandits allows the utilization
of buffer space more than the available limit B while keeping the average

buffer occupancy at or below B.

4.3.2. An MPI Heuristic. For the buffer sharing problem, we
assume that each of the queueing admission control problems after Lag-

rangian decomposition (4.3.2) is indexable. For example, it is the case
k

when r; is parameterized by two parameters 7, and r;c/ as in (4.1.1).
Those two parameters let us adjust the preference of the job class toward
throughput and delay. Let n* be the dual of the buffer size constraint
in the first order LP relaxation (4.2.2). The LP solvers like CPLEX and
Ipsolve can easily retrieve the numerical value of n* after finding the
optimal solution to (4.2.2). Alternatively, we can exploit the fact that

Z'(n) is piecewise linear in 1 and attains minimum at n*.

Once the indexability condition is satisfied and MPI v¥ for each job class
in the decomposition has been calculated from (3.1.13), the admission
control decision for newly arrived class k job is based on answers to the

following two questions when the buffer state is (i1,...,ix)
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(1) if there is enough space to accommodate the new arrival, i.e.

EZEIC igbe + by, < B;
(2) if vE > n*by.

ik
The intuition of the heuristic is based on that n* approximately measures
the “market” price of one unit buffer space. Each of the queueing control
problem in the decomposition has the objective to maximize fp —n*gy
over S € F where f{ is the long run average reward and gy is the buffer
space consumed for class k. With small changes in feasibility in order
keep the buffer usage below B all the time, we hope that the revised
policy is close to the optimal for the original problem. We will give some
numerical examples in the next section to assess the performance of the
MPT heuristic.

4.4. Numerical Examples

In this section we provide some numerical examples with two and eight

job classes when the reward function takes the form (4.1.1).

For the two-class case, we benchmark the performance of the MPI heur-
istic against the optimal policy, the complete sharing (CS) policy and
the equal partition (EP) policy through varying different model para-
meters such as reward coefficients, the arrival and the departure rates.
The CS policy accepts an arrival as long as the buffer space allows. The
EP policy partitions the buffer into slices and each job class has an equal
share of the space. The performance measures are obtained by solving

the underlying equilibrium distributions.

For the eight-class case, we estimate the performance of the MPI heur-
istic, the CS and the EP policy via discrete event simulation, and we use
the first order relaxation to gauge the MPI heuristics. In both the two
and the eight-class cases, the numerical results are visualized through
the histograms of the relative gaps between different performance meas-
ures. We also evaluate the quality of the first order and the second order
relaxations. Note that for the two-class case, the second order relaxation

is in fact exact.
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TABLE 4.4.1. Baseline configuration for the two-job-

class case
’ classi \ 1 \ 2 ‘
b; 1
i 0.5 | 0.5
T 1.0 | 5.0
ri |-5.0-1.0
B 15

4.4.1. Two-class Case. Let Z* be the performance of the optimal
policy, ZMPL 1,6 performance of the MPI heuristic, Z CS the perform-

ZEP the performance of the

ance of the complete sharing policy and
equal partition policy. Let Z(!) be the objective of the first order LP

relaxation in (4.2.2).

The relative sub-optimality gap between the MPI heuristic and the op-
timal policy is defined as (when Z* # 0)

7% _ zMPI

Z*
The relative gain (with respect to Z*) between the MPI heuristic and
the CS policy is defined as

oMPT 2 109

ZMPIL _ ,CS

CS 2
> 21005

Similarly, we define TEP . Note that the use of Z* in the denominator is

7CS ana zEP

on purpose since may be negative sometimes.

We define the relative gap of the first order relaxation (with respect to

Z*) as follows,
zW — 7+

VR
00 =

We consider the baseline configuration in Table 4.4.1 on page 54 where
we try to mimic the situation that one delay sensitive traffic and one loss

sensitive traffic are competing for the buffer.
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Figure 4.4.1 on page 56 shows how Z(1), z*, zMPL 708 and zEP
change as the buffer size varies between 10 and 30 with a step size of
2. The MPI heuristic performs almost as good as the optimal policy
throughout.

For each baseline configuration, we generated 2500 problem instances
with 7] and 74 uniformly distributed from [0,2] x [4,6] while keeping
the rest of the configuration unchanged. For each of 2500 instances
we evaluate the benchmarks 21, z*, zMPL 7CS anq ZzEP The
histograms of @MPI, FCS, FEP, and ¥ are shown in Figure 4.4.2 on
page 57 and Figure 4.4.3 on page 58. The bin sizes are calculated with
Freedman-Diaconis’ choice [FD81]. The average of suboptimality gaps
dMPL 5 3.02. The average of performance gains rCS is 33.36. The
average of performance gains TEP i532.24. The average of the relaxation

gap U is 84.77.

Similar histograms of 2500 instances when r{ and r4 are uniformly dis-
tributed over [—6, —4] x [—2, 0] are given in Figure 4.4.4 on page 59 and
Figure 4.4.5 on page 60. The average of suboptimality gaps eMPIT i
3.8706. The average of performance gains TCS is 36.25. The average of
performance gains TEP 5 32.32. The average of the relaxation gap W is
91.52.

When A\ and A are uniformly distributed over [0, 1] x [0,1], the histo-
grams of 2500 instances are given in Figure 4.4.6 on page 61 and Figure
4.4.7 on page 62. The average of suboptimality gaps dMPL i 4 16. The
average of performance gains rCs
gains TEP i598.79. The average of the relaxation gap W is 140.53.

is 104.18. The average of performance

When g and ps are uniformly distributed over [2,4] x [1,2], the histo-
grams of 2500 instances are given in Figure 4.4.8 on page 63 and Figure

4.4.9 on page 64 . The average of suboptimality gaps dMPT 45 0.26. The

average of performance gains 108 is 28.92. The average of performance
rEP

gains is 32.18. The average of the relaxation gap ¥ is 53.24.



56 4. THE BUFFER SHARING PROBLEM
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FIGURE 4.4.1. The benchmarks for the MPI heuristic
as buffer size changes.

It is interesting to note that while the distribution of the relative sub-
optimality gap for the MPI heuristic remains the same in all four scen-
arios above, the gain of the MPI heuristic over the CS policy and the EP
policy are most visible when the arrival rate varies. Moreover, regardless

of large relaxation gaps, the MPI heuristic policy performs well.

4.4.2. Eight-class Case. Let Z(1) be the objective of the first or-
der relaxation in (4.2.2), Z(?) the objective of the second order relaxation
in (4.2.3), ZMPI the sample mean of reward gained during the first
seconds where the system is initially empty. Similarly define ZTCS
ZPP. From the ergodic theorem, the random variables ZMPI, ZTCS,
and ZEPconverge to ZMPI, ZCS, and ZEP respectively as 7 goes to

and

infinity almost surely. In the example below, we always assume that
7 = 1000 and shall drop the subscript 7.
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FIGURE 4.4.2. The histograms of dMPT ;14 TCS for
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FI1GURE 4.4.3. The histograms of TEP and ¥ for 2500

instances when 7} and 74 are uniformly sampled over
[0,2] x [4,6].
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FIGURE 4.4.4. The histograms of dMPT ;14 TCS for
2500 instances

over [—6,—4] x [-2,0].

when r{ and r4 are uniformly sampled
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FI1GURE 4.4.5. The histograms of TEP and ¥ for 2500
instances when r{ and 74 are uniformly sampled over
[—6, —4] x [-2,0].
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FIGURE 4.4.6. The histograms of dMPT 214 TCS for

2500 instances when A; and A9 are uniformly sampled
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FI1GURE 4.4.7. The histograms of TEP and ¥ for 2500
instances when A\; and A are uniformly sampled over
[0,1] x [0, 1].
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FI1GURE 4.4.8. The histograms of dMPT 214 TCS for

2500 instances when pq and ps are uniformly sampled
over [2,4] x [1,2].
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FI1GURE 4.4.9. The histograms of TEP and ¥ for 2500

instances when pq and po are uniformly sampled over
[2,4] x [1,2].
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Define the gap between the first order relaxation and the MPI heuristic
as follows, when Z(1) £ 0.

7)) _ ZMPI

—a

and the relative sample gain (with respect to Z (1)) of the MPI heuristic

dMPT 2 19

over the CS policy,
£CS 2 10 ZMPI _ >CS
Z(1)

Similarly we define PEP.

We define the relative gap of the first order relaxation (with respect to
Z?) as follows,

71) _ 7(2)

v £ 100——z—

We generated 10000 problem instances with by randomly sampled from
integers between 2 and 8 for all k; Ag, pg uniformly sampled between
[0.01,5.0], 7}, and 7}/ uniformly sampled between [0, 10],[—10, 0] respect-
ively. All parameters for all job classes are sampled independently. For
each instance we simulate 7 = 1000 seconds of the running system and
obtain @MPI, fcs, TEP and ¥. The histograms of éMPI, f‘CS, pEP
and ¥ are shown in Figure 4.4.10 on page 67 and Figure 4.4.11 on page

68.

The averages of @MPI, f‘CS, TEP and ¥ over all 10000 simulated in-
stances are 5.1, 84.8, 439.1, and 0.0383. In all problem instances, the
MPT heuristic always performs better than the CS policy. The EP policy
outperforms the MPI heuristic on 69 occasions, the worst of which has
TEP = 127 and ®MPT = 175 As the histogram of ¥ shows that
its values are often close to 0. It suggests that the first and the second
order relaxations are almost equally strong for the eight-class case. The

maximum of ¥ over all 10000 instances is only 2.47.



66 4. THE BUFFER SHARING PROBLEM

The eight-class examples not only demonstrate the near-optimal per-
formance of the MPI heuristic but also the tightness of the first order

relaxation.
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CHAPTER 5

Conclusions

In this thesis, we have applied the MPI theory to the admission control
to an M/M/1/n queue with the view that the buffer is the resource.
We compared with the previously known results that treat the rejection
action as the resource. Even though the two views are related, the suf-
ficient condition for indexability is different. We also studied the buffer
sharing problem under the Markovian assumptions. It is formulated as
a continuous-time MDP. Our response to the computational infeasibil-
ity takes two steps. First, we utilized the LP formulation of the MDP
to construct hierarchical relaxations. The higher order relaxations are
embedded in the lower ones. Second, we construct a heuristic based
on the MPI for admission control to an M/M/1/n queue. The mo-
tivation is that the optimal policy for each of the sub-problems in the
Lagrangian decomposed first order relaxation can be constructed from
the MPI developed early. We then used discrete simulation to examine

the performance of the MPI heuristic under various conditions.

While we managed to address the buffer sharing model with both the
performance bounds and the simple MPI heuristic, we feel that our work
is only a small step toward leveraging the full potential of the MPI theory
for the resource allocation problems in queueing systems motivated by
practical applications. Future work will doubtlessly benefit from recent
progress in, e.g., the multiple action extension of MPI theory [Web07]
and will lead to the further development of the theory itself. In hope
of conveying the message, we suggest the following natural extension of

our work: joint buffer allocation and scheduling.

69
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The problem of joint buffer allocation and scheduling is similar to the
buffer sharing model we discussed in Chapter 4 except that all K job
classes also share one or more servers. We can relax both the constraints
of deterministic buffer size and deterministic number of servers. For
the single server case, after applying the Lagrangian decomposition, we
will have K-independent joint admission control and server scheduling
problems to play with. In order to deploy a MPI-like heuristic here,
we need to extend the MPI theory to the following class multi-action,
two-resource MDP model. In this model, at each time epoch, the action
is a pair (a,b) with both a,b € {0,1} to indicate if each resource of the
respective type shall be used/activated. When the system is in state ¢
with the action (a,b) taken, the amount of resources consumed for each
type is ¢ and ¢ respectively along with the reward ¢ received. If f™ is
the long run average reward, and g™ and h™ are the amount of resources
consumed for the aforementioned two types of resources, the (v, n)-price
MDP problem is to find the optimal policy that maximizes the long run
average net reward:

max " —vg" —nh".
mell

The concept of indexability in Definition 2.3 can be extended to this class
of models as following: The class of (v, n)-price MDP is indexable if there

exists indices (v}

¥, mF) such that it is optimal to take active action a = 1

or b =1, whenever v > v or ny > n on the respective resources. When
each of the decomposed problems is indexable by this new definition, the
MPI-like heuristic will arise naturally. Unfortunately, so far no results
similar to PC'L(F)-indexability that provide a sufficient for indexability
condition are known for the (v, n)-price MDP. We hope the work in this
thesis will help some courageous readers in their exploration of similar

problems.
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(2)

(3)
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On overload control through queue length for web servers
Jianhua Cao and Christian Nyberg, NTS 2002

Web server performance modeling using M/G/1/K*PS queue
Jianhua Cao, Mikael Andersson, Christian Nyberg, and Maria
Kihl Palm, ICT 2003

An approzimate analysis of load balancing using stale state in-
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Jianhua Cao and Christian Nyberg, 2nd IASTED ICCIIT 2003
Performance modeling of an Apache web server with busty ar-
rival traffic

Mikael Andersson, Jianhua Cao, Maria Kihl Palm, and Chris-
tian Nyberg, IC 2003

A monotonic property of the optimal admission control to an
M/M/1 queue under periodical observations with average cost
criterion

Jianhua Cao and Christian Nyberg, NTS 2004

Admission control with service level agreements for a web server
Mikael Andersson, Jianhua Cao, Maria Kihl Palm, and Chris-
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Linear programming relazations and a heuristic for the buffer
sharing model - discounted case

Jianhua Cao and Christian Nyberg ITC 2005
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