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ABSTRACT
Resource Allocation Algorithms for Multi-Class Wireless
Networks

Bracha M. Epstein

In this thesis, we examine the multi-class admission control problem in a mobile
wireless environment. Users originate in a particular cell and may migrate over the
period of the call to other cells in the network. Each traffic class in the network has
its own quality of service (QoS) requirements which include both call and handoff
dropping probabilities and a call blocking probability profile and its own properties
including call length, mobility characteristics, and bandwidth requirements. We
introduce two sets of QoS performance measures which are used to evaluate perfor-
mance. They require that users of each traffic class are not dropped during service
with appropriate probability and that different traffic classes are blocked based on
a pre-determined profile.

We explore three different approaches, the first of which is static and the others
of which are dynamic, to solve the problem.

The first algorithm is a static reservation-based approach. It is a multi-dimensional
generalization of the trunk reservation algorithm. It reserves a fixed number of basic

bandwidth units (BBUs) for each traffic type and does not adapt to changes in traf-



fic composition or load. At low loads, it performs similarly to the complete sharing
(CS) algorithm which maximizes throughput. It also improves over the complete
partitioning (CP) algorithm. At high loads it outperforms both the CS and CP
algorithms.

The second approach is based on a one-step prediction mechanism. Decisions
are made autonomously in each cell based on the current occupancy levels of the
different traffic classes in each of the home and neighboring cells. The algorithm
family contains several different variants which we analyze. The algorithms provide
guarantees on the maximum probability of being dropped on handoff independent
of load or traffic composition.

The third approach is a completely distributed measurement based algorithm.
Partitions in each cell are periodically updated based on measurements of the call
and handoff statistics in the cell to conform to the pre-specified requirements. New
and handoff partitions are adjusted independently leading to both improvement in
performance and algorithm simplicity.

Simulation results and analysis and comparison to other algorithms where ap-

propriate are used as performance benchmarks.
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Chapter 1

Introduction

1.1 Background and Motivation

The past few decades have seen dramatic changes in the telecommunications arena.
Introduction of wireless communications services, multi-media services, and tech-
nologies such as the computer and the internet have fundamentally changed the
method, means, and content of communications. Expectations of ubiquitous tele-
phone service as well as an ever burgeoning array of multi-media services are in-
creasing at fantastic rates. Though the notion of using a single network for all
forms of communication was initially seen as a way of achieving more efficient net-
work utilization, current consumer culture is forming expectations of that soon-to-be
eventuality. As time goes by, the nature and performance of these services is also
metamorphosing. Consumers expect seamless end-to-end services of all kinds using
all media. The quality of service (QoS) demands of the constituent traffic classes
on the network vary both by medium and by class.

Though the consumer expects to be able to use a single device for all forms of



communication, the QoS the user expects for any particular service or application
is predicated on the service being provided and to a lesser degree on the medium
being used to provide that service.

In our work, we focus on the nexus of provision of multi-class or broadband
services in a mobile wireless network. This problem may alternately seen as an
extension of the provision of multi-class calls on a wired network to a wireless net-
work or the provision of a single traffic class using a wireless network to provision
of multi-class calls on that network.

The demands of this problem are complex and multi-dimensional in nature.
The QoS requirements are many and include, among other things, probability of
call blocking for each class, probability of successful call completion, quality of the
connection which may include factors predicated on the physical quality of the con-
nection such as slow and fast fading (related to signal to noise ratio (SNR) and
the carrier to interference ratio (C/I)) as well as higher level concerns such as allo-
cated bandwidth (BW) (mean, maximum, and minimum), average delay and jitter
(in packet based systems). Although the different requirements are not completely
independent, it is necessary to choose one area for closer study.

There are many different kinds of wireless services which are being developed,
many of which are already deployed. As time goes by, both the nature of the
services as well as the applications using these services are becoming more complex
and demanding more efficient uses of the system.

All wireless systems involve the transmission of information over a wireless chan-
nel. Applications which include the wireless local area network (W-LAN) assume

that there are no other systems which are competing for use of the same bandwidth



and allocate all available bandwidth to devices which communicate with each other.
This first group assumes that there is sufficient bandwidth to go around which all
devices may share. Additionally, the distance between the different transmitters
and receivers are sufficiently close making direct communication between the de-
vices practical. The second group of systems assumes (effectively) stationary users.
Due to limited system bandwidth, users are broken up into groups and communi-
cate only within that group. They never move from one group to another. These
systems reuse the bandwidth and are based on the notion of a cell. However, mo-
bility is not an issue. Examples of such systems/applications include wireless local
loop technology and broadcast television. A third group of systems assumes mobile
users which freely roam over the entire area of the system without regard to cell
boundaries. As users traverse “cell boundaries”, they are seamlessly “handed oft”
from one “cell” to another. Two very different kinds of systems which apply this
notion are traditional cellular systems and ad-hoc wireless networks.

We consider the traditional cellular model. In this model, the base stations form
the backbone of the network. They are connected to the rest of the wired network.
Each mobile user is assumed to be under the aegis of a particular cell at any given
time and is allocated bandwidth via the base station. As users move around from
cell to cell, they are handed off from one cell to another.

Though the work we describe in this thesis is applicable to all different kinds
of wireless networks and different kinds of services, we narrow the focus to a small
subset of this area to generate useful results which may then be reapplied to the area
as a whole. The network we consider in defining the algorithms is of arbitrary shape

and topology. One typical example is given in Figure 1-1. Each cell is assumed



Figure 1-1: Typical hexagonal cellular topology

to have r neighbors. In practice, we simulate either a single cell or a ring of cells
as shown in Figure 1-2. Each cell has a fixed bandwidth of N basic bandwidth
units (BBUs) also referred to as “channels.” We define the home cell for an arriving
request to be the cell at which that call arrives and is denoted by cell & in Figures 1-
1 and 1-2. Neighbor cells are the cells directly adjacent to the home cell and are
denoted by n in these figures. The mobile users enter the network as new users
and move from cell to cell throughout the course of a call. User movement is
homogeneous. The average time until handoff is the same in all cells for a given
traffic class. Movement to any given adjacent cell is equally likely and is equal to
1/r. Each time a user traverses a cell boundary, it generates a handoff request at the
cell it is about to enter. Arriving users not admitted are blocked and handoff calls
dropped. We look at the two traffic class case. Each traffic class has an average

call length, mobility parameter characterized by the average time until handoff,
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Figure 1-2: A ring of cells

bandwidth requirement, and QoS requirements. The QoS requirements of the user
are call dropping probability and call blocking probability. The system sees these
requirements as costs and would like to maximize throughput or carried traffic.

In the following chapters, we consider three different approaches in solving the
mobile multi-class admission control problem. They are: static reservation-based
control, predictive control, and measurement-based control.

In Chapter 2, we define a static reservation-based algorithm which is a multi-
class reservation-based algorithm. This algorithm uses pre- and post-reservation.
We develop a cost function which measures how close performance is to system
defined priorities.

Next, in Chapter 3, we define a family of prediction algorithms for single and
multi-class traffic. At the heart of these algorithms is the one-step prediction con-

dition. We predict the capacity required in each of the home and neighbor cells



such that the probability of being dropped is less than or equal to the maximum
dropping probabilities. This calculation is done on a class by class basis with the
sum of the per class capacity requirements being the per cell requirement. Given
the number of class ¢ users in each of the home and neighbor cells, we predict the
capacity that would be required one time-step into the future such that given that
capacity, the probability of a class ¢ handoff user being dropped is less than the
maximum allowed handoff dropping probability for that class. We call it the cell
1, class ¢ capacity requirement. We compute the required capacity for each class in
each of the home and neighbor cells. This is just the sum of the per class required
capacities in each cell. If each of the total required capacities in the home and
neighbor cells is less than or equal to the respective total capacity in those cells, the
one-step prediction condition has been met. The blocking probability mechanism
is a measurement-based condition which assigns partitions on a per class basis to
ensure that a pre-defined blocking probability profile is being met and no traffic
class is being unfairly blocked from the system. We develop four prediction-based
algorithms. The first two, OSPRED and MMOSPRED, are single and multi-class
algorithms which admit new users assuming that the prediction condition has been
met and that there is currently sufficient bandwidth available in the cell. Handoff
users are admitted assuming that there is sufficient bandwidth available to admit
the user. The second two algorithms, IMOSP-CS and IMOSP-RES, are both multi-
class algorithms which implement both the prediction condition and the blocking
probability mechanism. New users are admitted if both the above conditions are
met and there is sufficient bandwidth available to admit the call. The algorithms

differ in how they admit handoff users. IMOSP-CS admits handoff users if there is



sufficient available bandwidth. IMOSP-RES users the cell i, class ¢ capacity require-
ment defined above on new users arrival to set pre-reservation handoff partitions.
These partitions assure each traffic class a minimum bandwidth available on handoff
arrival in accordance with the predicted capacity. We compare these algorithms to
each other and to another single class prediction algorithm.

We finally consider a measurement-based reservation algorithm described in
Chapter 4. While this algorithm is also dynamic, it differs from the prediction
algorithm family in two ways. First, while the prediction algorithms require state
information from adjacent cells, the measurement-based algorithm MMDR is com-
pletely distributed and collects all data within the home cell. Second, MMDR
adjusts reservation partitions based on past behavior while the prediction algo-
rithms do so based on predicted future behavior. The QoS requirements are the
same as for the prediction algorithms. The dropping probability requirements are
threshold requirements while the blocking probability ones are relative profile-based
ones. Though all of the traffic shares the same bandwidth, the different kinds of
requirements require two separate approaches. We accomplish this using two-tiers
of partitions. This both enables us to independently adjust each partition type and
reduce problem dimensionality (and hence computational complexity). The first
tier of partitions addresses the call dropping threshold requirements. It includes
adjustment of handoff partitions for the handoff traffic and a base partition which
is added to all new user partitions. It controls the amount of traffic in the system
as a whole and is thus related to attainment of the threshold requirements. The
relative call blocking partitions are adjusted independently and concern the relative

amounts of traffic allowed in to the home cell of each class.



1.2 Previous Work

The multi-class admission control problem may be seen either as an extension of
work done on multi-class wired networks, such as [13, 29, 32, 40, 41, 42, 10, 44, 52,
8, 36, 35, 60] to wireless networks or of proposed algorithms for single class networks
in [22, 37, 23, 26, 27, 49, 50, 4, 82, 66, 68, 61, 67, 19, 24, 51, 25, 2, 80] to multiple
classes of users.

The wireless admission control problem is multi-faceted. Due to factors such as
mobility and frequency reuse, the boundaries of the admission control problem have
been expanded and are concerned with other functions as well. Whereas call admis-
sion control in wired networks assumes a fixed start and end-point for the duration
of the call, mobile wireless users move from cell to cell and change the network
access point. Each time the user traverses a cell boundary, the handoff generates
a bandwidth request to the system. Though this request is generated in mid-call,
it is essentially a part of the admission control problem. As a result, the QoS re-
quirements for handoff admission are stricter than for new user admission. Mobility
analysis and channel holding time in a given cell profoundly impact performance and
have been studied extensively. Some examples include [24, 46, 64, 20, 19, 51, 25, 86].

Spectrum is a precious resource and we assume that a fixed bandwidth is al-
located to a system. Capacity may be increased by sub-dividing cells into smaller
cells such as micro- and pico-cells [45, 74, 65, 70]. However, this results in a larger
number of handoffs per call which in turn demands higher priority to maintain the
required call dropping probabilities. Hierarchical systems such as [56, 30, 31] which

overlay a layer of macrocells over smaller microcells are one solution which bridge



the gap.

Unlike wired networks where the bandwidth available in any location is a funec-
tion of the quantity of the media located between the two points, the quantity of
bandwidth available in a particular cell may be a function of the bandwidth avail-
able to the system as a whole, other traffic carried in the network in adjacent cells,
and resource allocation techniques. Dynamic channel allocation (DCA) techniques
which adaptively allocate bandwidth to individual cells may increase the bandwidth
available to a given cell at a particular time. Analysis of some DCA algorithms
have been done in [18, 87, 34]. Other analysis [85] looks at the impact of traffic
hotspots on performance. Algorithms such as [5, 59, 21, 79, 69, 48] look at these
techniques and incorporate handoff admission into the DCA process. In [3, 57],
work has been proposed to minimize the complexity and cost of admission of hand-
off users in the individual cell and integrates the backbone call admission process
with the cell admission process.

Other work, such as [1, 7] looks at the multi-class admission control in wireless
LANs where users are not mobile and thus no handoffs occur. In [9], admission
control in ad-hoc networks is studied. This differs from other mobile networks since
there are no base stations.

In [73], there is a discussion of issues in network management and control in wire-
less multi-media networks. The multi-class admission control problem is discussed
more recently in [33, 83, 14, 78, 55, 39, 76] among others.

Packet reservation for users in service has been discussed by [53, 81] and reser-
vation as a means for giving priority to handoff users in [38, 43]. A dynamic

measurement-based algorithm for giving priority to handoff users was discussed in
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[77] and predictive reservation techniques are discussed by [12, 63].

Yu and Leung discuss dynamic trunk or guard channel reservation for a single
traffic class in wireless systems in [84]. In that algorithm, performance is enhanced
by the system’s ability to dynamically adapt to the changing load and mobility
parameters. Naghshineh and Schwartz develop a distributed wireless admission
control algorithm in [58] for a single traffic class. It takes into account call and
mobility parameters as well as the call occupancy in the current and adjacent cells
in making the admission control decision. In [75], Sutivong and Peha compare six
different admission control algorithms (including [58]) for a single traffic class in a
homogeneous wireless network under different conditions of load. We first extended
the trunk reservation (or channel guard concept) to multi-media traffic in wireless
networks in [15]. In the algorithms proposed there, the reservation partitions are
static and do not vary with the offered load. Chao and Chen develop a numerical
method for analyzing the performance of a class of reservation algorithms in a multi-
media wireless environment in [11]. Two different multi-media reservation-based
admission control algorithms were developed in [54] and [62]. They ensure the
provision of adequate QoS to users in the system as defined by the probability of
being dropped during service. The reservations are done in a manner, however,
which does not take into account the differing QoS requirements of the individual
traffic classes. Finally, a very complicated prediction-based algorithm is proposed
by Levine, et. al. in [47]. It is based on the shadow cluster concept which assumes
detailed knowledge of the users’ routes in the system as a basis for predicting future
load requirements. This prediction is done once for each call on being admitted into

the system and is, in essence, a kind of reservation algorithm.
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1.3 Thesis Contributions

The primary focus of this dissertation is the establishment of a mechanism which
may be used to define objective QoS criteria in a multi-class wireless mobile network.
These criteria are then used to assess new admission control algorithms in such
systems.

The static reservation based algorithm is an extension of work done by Kraimeche
and Schwartz in [40, 41, 42] and by Hong and Rappaport in [26, 27]. It was one of the
first multi-class algorithms for wireless networks. It extended single class reservation
for handoff users in mobile wireless networks to multiple traffic classes (here for the
case of narrowband and wideband traffic) using some ideas proposed by Kraimeche
and Schwartz [40, 41, 42] for multi-class users in wired networks. We distinguish
between the concepts of pre- and post-reservation and consider the impact that
they have on the system. Using the QoS criteria defined in this chapter, we see that
by choosing the right algorithm parameters for a particular traffic mix, the system
cost 1s minimized at both low and high loads performing close to the complete
sharing algorithm (CS) at low loads and improving over the complete partitioning
algorithm (CP) at high loads. The static algorithm thus maximizes throughput at
low loads and maintains QoS demands at high loads while continuing to maximize
throughput for that case. Thus, performance follows the complete sharing algorithm
at low loads and improves over the complete partitioning algorithm at high loads.
We also discuss the variation of other parameters on the system and analyze the
impact that varying the size of the wideband calls has on system performance. The

computational complexity is low due to the static nature of the algorithm and its
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simple implementation. This comes at the expense of inflexibility to changes in the
traffic parameters such as total offered load and composition mix.

In Chapter 2, we develop QoS measures which are based on a cost function which
compares the call blocking and handoff dropping probabilities to each other. A
basic profile is developed which measures the relative importance of the quantities.
It measures conformance to the desired profile as a function of the average and
deviation while trying to maximize system throughput.

In Chapters 3 and 4, we develop another set of QoS performance measures. This
measure assumes that each of the traffic classes has its own objective requirements
defined by absolute asymptotic maximal dropping probabilities even at very high
overloads and the imposition of a call blocking probability profile which may be used
to enforce desired priorities among the different traffic classes. This ensures that
greedy services don’t crowd out other traffic classes during periods of overload. Since
mobile wireless services are characterized by relatively small bandwidth availability,
the overload region is frequently encountered and performance in this region more
important than in wired networks. Additionally, since call continuity is directly
tied into the admission process and the average number of handoffs per call is
increasing as cell sizes shrink to accommodate the increase in demand, the need
to enforce arbitrary maximum call/handoff dropping probabilities increases. The
QoS requirements we have defined for use as a measure in evaluating the admission
control algorithms address precisely these issues.

The one-step prediction algorithm family introduced in Chapter 3 is a dynamic
set of algorithms which conform to the aforementioned QoS measures. They predict

performance one time step into the future given the state of the home and neighbor-
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ing cells. All of the algorithms meet the handoff dropping threshold requirement.
IMOSP-CS and IMOSP-RES meet the call blocking requirement as well. We com-
pare a single-class version of the algorithm, OSPRED. to a single class prediction
algorithm developed by Naghshineh and Schwartz [58]. We simulate performance of
the single and multi-class algorithms and analyze how parameter variation impacts
on it. The algorithms automatically adjust to changes in total offered load, traffic
mix, hotspots, and average time until handoff. They may additionally be set for
any set of handoff dropping and call blocking probabilities. By pre-computing the
probabilities for each traffic class, we minimize algorithm complexity.

In Chapter 4, we develop a completely distributed measurement-based algorithm,
MMDR. This algorithm adjusts two-tier partitions to meet the absolute handoff
dropping and relative call blocking requirements. MMDR improves on the long-
term average performance of the one-step prediction algorithm family developed in
Chapter 3. The QoS requirements are met exactly for all traffic classes. The dynamic

nature of the algorithm automatically adjusts itself to variation in parameters.

1.4 Thesis Organization

Following is a short summary of the remainder of the dissertation.

Chapter 2 contains a description of the static reservation algorithm and a dis-
cussion of the QoS measures which are used to assess its performance. Analysis of
the algorithm and its performance, including a comparison to the complete sharing
(CS) and complete partitioning (CP) algorithms, is contained as well.

In Chapter 3, we discuss the one-step prediction algorithms. We develop the sec-
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ond QoS measure and introduce the one-step prediction mechanism and the blocking
probability measurement function. A description of the algorithms in the family is
followed by simulation and a discussion of the results.

The multi-media dynamic reservation algorithm (MMDR) is introduced in Chap-
ter 4. A thorough discussion of the performance includes variation of algorithm
parameters, system parameters, and a comparison to the one-step prediction algo-
rithm, IMOSP-RES from Chapter 3.

Finally, Chapter 5 contains some conclusions and suggestions of areas for further

study.
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Chapter 2

Static Multi-Class Cellular Reservation

2.1 Introduction

As mentioned in Chapter 1, the focus of this dissertation is the application of differ-
ent methodologies to the problem of multi-class admission control in mobile wireless
networks. In this chapter, we develop a static multi-class reservation algorithm
which has a very low level of complexity and whose admission conditions remain
static at all times. We compare it to the complete sharing (CS) and complete par-
titioning (CP) algorithms. These algorithms may be viewed as a generalization
of multi-class approaches for wired networks proposed by Kraimeche and Schwartz
[40, 41, 42] applied to wireless networks. Alternatively, they may be seen as a
generalization of wireless voice admission control developed by Hong and Rappa-
port [26, 27] and Tekinay and Jabbari [77] to include additional broadband services.
These algorithms are simple in the sense that during the course of system operation,
the precise rules for new and handoff user admission remain the same, independent

of the total offered load or nature of the traffic currently in the network.
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In this chapter, we consider a single cell in a wireless network which has an
unchanging bandwidth and provides services to different classes of users. These
users may request service either as a new user or a handoff user. Our analysis
limits the QoS discussion to the issues of call acceptance and dropping in order
to minimize the dimensionality of the problem. The resultant system model is
thus essentially a circuit switched one. These requirements dictate that different
types of users be accorded different levels of priority. To further simplify analysis
and problem dimensionality, we do not allow queueing. We then consider several
different priority access policies which span the range between complete sharing (CS)
and complete partitioning (CP), focusing on hybrid policies incorporating aspects
of both techniques.

The CS policy allows all users equal access to the bandwidth available at all
times. In non-degenerate systems, this results in maximum usage of the available
bandwidth, a goal of the network provider. However, at the same time, it does
not differentiate between users of different priority. In all of the algorithms we
consider in this thesis, no differentiation is made in bandwidth allocation between
users requesting service and those already in service. Thus, when implementing the
CS algorithm, the probability that a user is dropped from service on cell handoff is
equal to the probability that the same user type is refused entry into the system.
This is very problematic from the user’s QoS perspective since a user would much
prefer to be refused admission into the system than to be dropped in the midst of
service. Additionally, the narrower-bandwidth users achieve access to the system
with higher probability than wider-bandwidth users which is also unfair to the wider

bandwidth users assuming that the users require the same a-priori priority.



17

The CP policy, on the other hand, divides up the available bandwidth into
non-overlapping sub-pools according to user type. Thus, a user of type ¢ is given
access to the system provided that there are fewer than the maximum number of
type ¢ users already in service. This policy allows for more control of the relative
blocking/dropping probabilities at the expense of overall usage of the network.

The hybrid policies discussed follow work done in both the wired [40, 41, 42] and
wireless [66, 77] environments. They provide a compromise between the different
policies by subdividing the available bandwidth into sections. Part of the band-
width is completely shared and the other part is completely partitioned, thus giving
different user types dedicated bandwidth. This allows more flexibility in catering to
the QoS requirements of the different user types while maintaining higher network
usage.

In this chapter, we provide a means for comparing different policies at different
loads with an arbitrary number of user types. This tool allows for the easy compar-
ison of different policies at the same time. We show the development and the use of
this method in the analysis of a system consisting of two traffic types, narrowband
voice users and wideband images, for two different traffic patterns over a range of
different loads.

The chapter is organized as follows. Section 2.2 contains a description of the
traffic model and assumptions which are used in the subsequent simulations and
analysis. A description of the different access control strategies is contained in
Section 2.3. This is followed, in Section 2.4, by a discussion of the performance
objective and a comparative analysis of the admission control schemes. Finally,

Section 2.5 contains some concluding remarks.
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2.2 Basic Traffic Model and Assumptions

We consider a single cell within a wireless network with a fixed bandwidth containing
a total of N Basic Bandwidth Units (BBUs). We assume that there are K distinct
traffic types, each of which generates new or handoff call attempts for “channels”
requiring M; BBUs according to mutually independent Poisson processes with rates
AN, Or Apo, and have channel holding times which are exponentially distributed
with mean 1/p;. We note that the channel holding time of a call is dependent on
both the call holding time as well as the motion of the vehicle through the cell. In
spite of the fact that a user may traverse several cells during the course of service,
the exponential model is still seen to be accurate [61]. We assume that both new
and handover users of the same kind of traffic have the same service rate. Thus,
no distinction is made between the new and handoff (HO) callers once they are
connected. This is in concert with the memoryless property of the exponential
distribution (and results in simplification of the model).

In general, there are many different parameters which define the QoS. These
include properties such as call acceptance rate, call dropping rate, delay, jitter, and
packet dropping rate [72]. In an attempt to simplify the analysis, we consider a
circuit switched model which only takes into account the blocking/dropping rates
of the classes of traffic considered.

Broadband systems of the future will accommodate many different kinds of traffic
with different bandwidth profiles and varying QoS. Although our model could easily
handle these different traffic types simultaneously, each possessing both new and

handover users as well as a more detailed QoS profile, we decided to consider two
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different kinds of services which are representative of the traffic in the network. We
therefore chose narrowband (NB) voice calls and wideband (WB) traffic such as
low-bit rate video or images.

Without loss of generality, we assume that the NB traffic occupies a single BBU.
For the sake of clarity we assume that the WB traffic occupies M BBUs. These
traffic types were chosen since they are two of the most common kinds of traffic, es-
pecially in the third-generation mobile environment under consideration. Although
the algorithms apply to any kind of NB or WB traffic, in this chapter we look at WB
image traffic which is bursty in nature. A typical application would be downloading
or communicating over the internet. This provides some first order results while
minimizing complexity and confusion due to the interaction and inter-relationship
between many different traffic classes using a network. Analyzing these two traffic
types in a mobile environment as discussed would ordinarily require four streams
of traffic. In an attempt to decrease the dimensionality of the system, we therefore
model the wideband image traffic as a single traffic stream. This simplification is
warranted for the kind of results that we are interested in for several reasons. First,
the wideband traffic is bursty in nature, occasionally requiring large chunks of data
for the transmission of a single image (or large file). Thus, we model each image re-
quest as a “separate” call request taken to be a new call. For the cases we consider,
the image transmission time, (1/uwg), is between one and two orders of magnitude
less than the call holding time, (1/ung). The primary reason for a handover stream
is to ensure that call continuity is maintained. Since the transmission duration of
each broadband image is assumed to be small and cells overlap creating amorphous

boundaries, we assume that the WB users will not have to be handed over to an
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adjacent cell. Thus, the existence of a WB handover traffic class will not contribute
to the first order results we discuss. Lastly, since we only model call connections, if
we were to model each WB user as a single call the average bandwidth transmission
rate of the WB traffic would be very low. But since the peak transmission rate is
often relatively large, the number of BBUs required to handle each WB channel, M,
may be a sizeable portion of the total number of channels available, which would
result in very inefficient usage of the available bandwidth.

This model differs from that used in Chapters 3 and 4, where the wideband and
narrowband call times are comparable. In those cases, we therefore must consider

handoffl users for both the wideband and narrowband traffic.

2.3 Different Admission Control Policies

In the following sections, we consider three different types of admission control
policies, all shown in Figure 2-1: complete sharing (CS), complete partitioning (CP),
and reservation policies. The reservation policies lie on the scale between the CS and
CP policies and are viewed as hybrid policies. A detailed discussion of the different
policies is contained in the following sections.

As mentioned above, we assume that the system services three classes of traf-
fic: NB new users (NU), NB handoff users (HO), and wideband new users (WB).
Loosely stated, the goal is to maximize channel usage while insuring that NB calls
are not dropped on cell handoff and new users are assured access to the system.
The level of relative prioritization of the different users is specified by the relative

blocking/dropping probabilities discussed in the previous section.
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Figure 2-1: This figure contains block diagrams of all the different policies. An

arriving user is accepted if at least one of the pools to which it has access is not

full. Note that the shaded boxes indicate reserved channels and that traffic proceeds
along the dotted arrow only when the box from which it is arriving is full on arrival
(a) CS policy (b) CP policy (c) Reservation policy I (d) Reservation policy II (e)
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Since all of the admission control policies discussed admit users to the system
based on the number of users in the system at the time of the arrival, the system
is Markov. In general, we can encapsulate the behavior of each of the policies in
terms of a multi-dimensional Markov chain, thus obtaining analytical results. When
the Markov chain transitions can only occur between neighboring states, then the
Markov process is a birth-death process and possesses special properties [6]. When
we characterize the NB and WB traffic streams separately, yielding two-dimensional
Markov chains, the result is a birth-death process.

Since the CS and CP policies additionally satisfy the time reversibility con-
straints [6], we are able to attain generalized closed form product solutions for those

policies.

2.3.1 Model and Analysis of the Complete Sharing Policy

In the CS policy, shown in Figure 2-1(a), an incoming user requesting service is
allocated the appropriate number of BBUs if available and is serviced on a first come
first serve (FCFS) basis. This is illustrated by Figure 2-1(a). Since no distinction is
made between the handoff and new users, the number of traffic classes drops to two:
NB and WB. Thus, the probability of dropping a NB user on cell handoff (HO) is
identical to the probability of blocking a new NB user (NU). Given that the system
is in state (¢, 7) where ¢ is the number of NB users in the system and j is the number
of WB users in the system, an arriving NB user is admitted if (: + 1) + Mj < N,
and an arriving WB user is admitted if e+ M (j+1) < N. Thus p;; is defined as the
probability that there are ¢« NB users in the system and ;7 WB users in the system.

A state which does not admit users of a particular class is a blocking state for that
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class. When M > 1, there are more WB blocking states than NB blocking (in the
case of a new user) or dropping (in the case of a handoff user) states. The Markov
transition state diagram is two-dimensional in nature taking into account the NB

and WB traffic types, and is shown in Figure 2-2.
(= -

e

i =#NB usersin system
° j =#WB usersin system
H . block arriving WB users

block all arriving users
@ * arrival of NB user

departure of NB user

—» arival of WB user

-«—  departure of WB user

Figure 2-2: This figure contains a two-dimensional Markov figure of the CS scheme
where the NU and HO classes were combined to form the NB class. The arrival
rate of the NB class is Ayy + Ago and the NB departure rate from the state ¢, 3
is equal to ¢ - uyp according to the M/M/m/m queueing scheme. The maximum
number of NB users in the system is N. Similarly, the WB arrival rate is Ayyp and
its departure rate j - pwp from the state 7, 5. The maximum number of WB users
in the system is given by W Bpax which is equal to | N/M|.

The probability that a user of a given class is blocked/dropped is equal to the
probability that a user of that class arrives while the system is in one of that class’
blocking/dropping states. Specifically, a NB user is blocked/dropped whenever all
N channels are in use. A WB user is blocked whenever there are more than N — M

channels in use. The values for the blocking/dropping probabilities for the NB
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and WB users are given below where Pg,p np is the probability that a NB user is
blocked/dropped and Pg wp is the probability that a WB user is blocked. They are

achieved by summing over all the blocking states.

L3z
Pgipnp = ZPN—]‘,J‘ (2.1)
M-1L37)
Pewp = > D P(N-}-ij (2.2)
k=0 ;=0

Since the CS algorithm satisfies time reversibility, the blocking/dropping proba-
bilities are product form in nature. These equations are direct multi-dimensional

extensions of the M/M/m/m queueing scheme.
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given that Ayp is the average NB arrival rate, A\yyp the average WB arrival rate,
punp is the average NB service rate per user, pwp the average WB service rate per

user. Additionally, the normalized channel throughput is given by:

5{7@]\73} + M - g{nWB}
N

normalized channel throughput =

(2.6)
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A Markov transition state diagram for the case where N = 7 and M = 3 is shown in

Figure 2-3. In this example, the WB blocking states are (0,2), (1,2), (2,1), (3,1),
(4,1), (5,0), (6,0), and (7,0), and the NB blocking/dropping states are (1,2), (4, 1),

and (7,0).

i =#NB usersin system
j =#WB usersin system

. block arriving WB users

block al arriving users

arrival of NB user

f departure of NB user
—

arrival of WB user

-«—  departure of WB user

Figure 2-3: Markov state transition diagram for the CS scheme where N = 7 and
M =3.

We note that the probability of blocking a WB user is greater than block-

ing/dropping a NB user because there are more WB blocking states than NB block-
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ing/dropping states, therefore providing a-posteriori greater priority to the NB users.

This result is shown graphically in Figure 2-4.
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Figure 2-4: In the CS policy there are no adjustable parameters. As the load gets

heavier, the policy begins to heavily favor the more NB traffic as is shown above.

Most importantly, we note that this algorithm has no variable parameters. As a

result, the overall user performance, derived from the QoS parameters, may suffer.

A typical case which exhibits this problem is when two traffic classes differing only

in priority are serviced. Both classes of users will have the same blocking/dropping

profiles even though their required priority may differ by orders of magnitude.

In conclusion, the CS policy favors channel throughput at the expense of provid-

ing a single fixed QoS profile which gives no priority to the handoff users and favors
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the NB users over the WB users.

2.3.2 Model and Analysis of the Complete Partitioning Scheme

In the CP policy, shown in Figure 2-1(b), the entire available bandwidth is parti-

tioned into pools. Each pool is dedicated to a particular traffic class satisfying:

i M;N; < N (2.9)

i=1
where M; 1s the number of BBUs allocated to each traffic class and /V; is the number
of “channels” allocated to each traffic class. Thus, a user is admitted if there is an
available “channel” in the appropriate pool. Using this algorithm, the different
traffic classes are completely independent of each other due to the decoupling of the
systems. In our case, there are three such classes with the new and handoff users
occupying a single BBU and the WB users occupying M BBUs, as noted previously.
Therefore, the equations for this system are the same as three independent
M/M/m/m queues where m equals the respective N;. The Markov diagram rep-
resentation may alternately be represented as a three dimensional extension of the
M/M/m/m queue or as three separate single dimensional M /M /m/m queues. The

blocking and dropping probabilities of each class are given below.
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where Pg np is the probability that a new user is blocked, Pp po is the probability
that a handoff user is dropped, and Pg g is the probability that a wideband user
is blocked. Ayp is the average new user arrival rate, and Age is the average handoff
user arrival rate. Np is the number of “channels” allocated to new users, N, the
number of “channels” allocated to handoff users, N3, assumed to be equal to |[N —
(N1 + Ny)]/M ], is the number of “channels” allocated to wideband users, and p; ;x
is the probability there are « new users, 7 handoff users, and k& wideband users in the
system. The other terms are as above. Similarly, the normalized channel throughput
equations are given by:

E{nno} +E{nnv} + M - E{nwp}

normalized channel throughput = N (2.14)
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We note that by fixing the pool divisions, different levels of priority are accorded
to the different classes of users. This is achieved at the expense of the total system
throughput.

Due to the control which may be exercised in choosing the subdivisions, the QoS
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constraints may be more closely modeled. However, since the channel pool is not
shared among the different user types, the user throughput is lower than when the
CS policy is used, as a user may be blocked /dropped from service even though the

entire channel pool is not in use.

2.3.3 Model and Analysis of the Reservation Schemes

We propose three hybrid policies, shown in Figure 2-1, which serve as intermediary
policies between the CS and CP policies. Although they may be represented as
Markovian birth-death processes, we are not aware of any generalized closed form
solutions in multi-dimensional systems due to the violation of the time reversibility
constraints. However, a closed form solution may be obtained by analyzing the
multi-dimensional matrix produced by a particular given example.

The three policies are combinations of the CS and CP policies such that the
available bandwidth is subdivided into two parts. Part of the bandwidth is allocated
along the paradigm of the CS policy in the form of a shared channel pool and the
remainder is allocated for CP operation as reserved channel pools. These policies
reduce to the CS and CP policies in the extreme.

In the policies we discuss, we deal with two kinds of reservation: pre-reservation
and post-reservation. For simplicity’s sake, we focus on two abstract classes, 1 and
2. Later, we return to the case of the new user, handoff user, and wideband user
classes. In pre-reservation, shown in Figure 2-5(a), an arriving class 1 user will
be admitted into the reserved channel pool. In the event that the channel pool is
full, the class 1 user will then contend with the arriving class 2 users for a channel

in the shared channel pool. This ensures that even under heavy loads, a certain
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minimal traffic flow of class 1 users will be admitted. In post-reservation, shown in
Figure 2-5(b), arriving class 1 and class 2 users both contend for admission into the
shared channel pool. In the event it is full, class 1 users may additionally contend
for admission into the post-reserved channel pool. Thus, the channels reserved for
the class 1 users ensure that even under relatively heavy loads, extra priority is given
to the class 1 users. Post-reservation has been used by others such as Rappaport in

[66] and is similar to trunk reservation in the wired telephone world [71].

Class1| | N Class 1 . Class 1|
Shared Shared
Channel Channel
Pool POOI
Class 2 N Class 2

(a) (b)

Figure 2-5: This figure contains the block diagrams for the reserved admission con-
trol issues discussed in Example 1. It may be viewed in conjunction with Figure 2-6
with one-to-one correspondence. In (a) pre-reservation is used for class 1 users and
in (b) post-reservation is used for class 1 users. Shaded boxes correspond to reserved
channels. Users proceed along the dotted arrow only when the box from which they
are arriving is full.

The following example, example 1, graphically depicted in Figure 2-5 and ana-
lytically described by Figure 2-6, clarifies the motivation and understanding of the
differences between pre- and post- reservation. We assume that we have a system
with two classes of traffic, each of which requires one BBU and has identical arrival

and departure rates. The system has four channels to allocate between the two user
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classes.

In the first scenario, we allocate one pre-reservation channel to class 1 and the
remainder to a shared channel pool. See Figures 2-5(a) and 2-6(a) for pictorial and
Markov diagrams.

In the second scenario, shown in Figures 2-5(b) and 2-6(b), we assign one post-
reserved channel to the class 1 traffic and the remainder to the shared channel pool.

In the Markov chain in Figure 2-6(b) note that there are three states [(3,1), (2, 2),

i =#class 1 usersin system
] =#class 2 usersin system
t  arriva of class 1 user
t  departure of class 1 user

— arrival of class 2 user

-— departure of class 2 user

Figure 2-6: This figure contains the Markov chain diagrams associated with Figure 2-
5, with one-to-one correspondence. There are 4 channels in the system. In (a) one
channel is pre-reserved for class 1. In (b) one channel is post-reserved for class 1.
Although the above figures may be reduced to a single dimension in this case, the

diagrams are depicted in two dimensions to motivate understanding in the general
case.
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and (1,3)] which may not be reached by the arrival of a class 2 user, giving more
priority to class 1 users under heavy loads than was given in the first pre-reservation
scenario to class 2 users. As a result of this characteristic the process is no longer
reversible and we are thus unable to specify generalized closed form solutions for
systems utilizing post-reservation.

We thus note that all things being equal, post-reservation is more powerful than
pre-reservation. At the same time, it is also important to mention that it is pos-
sible to generalize the notion of pre-reservation to a multi-dimensional system and
simultaneously pre-reserve channels for many different traffic types. However, the
notion of post-reservation (in an exclusive sense) is not directly generalizable to a
multi-dimensional system and may only be used for a single traffic type within a
given system.

The three policies described in the next section are comprised of a shared channel
pool together with pre- and post- reservation and are shown in Figure 2-1(¢), 2-1(d),
and 2-1(e). Each of the schemes discussed is a generalization of the one preceding

it.

2.3.3.1 Reservation Scheme I

The first problem we noted in the CS policy was that although the blocking/dropping
probability requirements of the new user and handoff traffic were very different, the
probability of blocking/dropping the new user and handofl users was the same. In
order to ensure that greater priority is given to handoff calls over new user calls,
we use post-reservation for the handoff users [66]. In this policy, shown in Figure 2-

1(c), all new callers (both new user and wideband) requesting service must rely
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on competition with the handoff users for the shared channels. The handoff users,
on the other hand, may resort to using the reserved channels when all the shared
channels are already taken. This serves to lower the dropping probability of the
HO users at the expense of the new user and wideband calls. This policy provides
priority to the handoff users while minimizing the overall throughput degradation

we noted in the CP implementation.

2.3.3.2 Reservation Scheme I1

The second problem that we noted in the CS policy was that even though the same
a-priori priority was given to the narrowband and wideband users, the probability of
blocking a wideband user was greater. This tendency becomes more pronounced as
the overall traffic load increases and under heavy loads tends to completely exclude
the wider band traffic (assuming that the occupancy distribution of the narrower
band traffic is not very small compared to that of the wider band traffic). This is
shown in Figure 2-4, an example with N = 130 channels, wideband users requiring 10
channels each. Here the wideband traffic is blocked with probability 84% at Anpy =
1.13 calls/second, while the narrowband traffic is only blocked with probability 15%.
To combat this problem, the second reservation policy additionally allocates several
channels using pre-reservation for wideband users since only a single traffic type in
each scheme may employ post-reservation.

Reservation policy II is shown in Figure 2-1(d) and is a generalization of reserva-
tion policy I (which provides post-reservation for the handoff users) where channels

are additionally pre-reserved for the wideband user.
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2.3.3.3 Reservation Scheme III

Finally, we generalize the second reservation policy to additionally provide pre-
reservation for the new users. This may be necessary depending on the relative
arrival rates of the different traffic policies. This policy, as shown in Figure 2-1(e),
provides post-reservation to the handoff users and pre-reservation to both types of
new calls (new users and wideband users). This policy provides the ultimate in
flexibility in allowing for the tailoring of the boundaries in consonance with the

demands required by the network.

2.3.4 Notation

In the following sections we compare the performance of the CS, CP, and reservation
policies. The specific CP scheme discussed is referred to as CP(z, j, k) where ¢, j, and
k are the number of channels allocated to new users, handoff users, and wideband
users respectively. Since the third reservation policy, R3, is a generalization of
the first two policies, R1 and R2, with the appropriate variables set to zero, it
performs at least as well as the other two reservation schemes. We therefore decided
to compare only reservation policy R3 to the CS and CP policies. The specific
reservation scheme discussed in the following sections is referred to as R3(¢, 7, k)

where ¢, j, and k are as above.

2.4 Comparative Analysis of the Different Strategies

In the following sections, we compare specific implementations of the different poli-

cies. We analyze general trends in the exhibited behavior. This is done for several
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reasons. The information which is most valuable is general in nature. Also, the per-
formance depends in large part not only on the policy (CS, CP, or reservation), but
also on the implementation. It should be noted that in most cases the performance
of a particular policy is very sensitive to the choice of parameters. Additionally, a
brute force search (pruned heuristically) of all possible schemes would have to be
conducted at every value to provide exact information due to the non-linear behav-
ior of the policies. We also note that the graphical presentation of the results is
generally the most insightful.

An event driven simulation was written to compare the performance of the dif-
ferent CS, CP, and reservation policies. We compared the results we got from the
simulation to those produced by the equations for the CS and CP detailed in the
previous section. An illustrative example is given in Figure 2-7 where we show that
the simulation model correctly predicts the behavior of the N = 130, M = 10,
CP(40,60,3) system.

In analyzing the data, we assume that the ratio of the different traffic streams
remains constant. As such, the data is plotted against the offered new user arrival
rate or Ay which is termed offered new user load and is measured in calls/second.
Another common measure is normalized utilization which is the percentage of the
channel in use on average. The cost, to be defined in the following section, is a
function of the call blocking rates of new voice (NU) and image (WB) users and
the call dropping rate of the handoff voice users (HO). Other abbreviations include
pdho for probability that a handoff call is dropped, pbnu for probability a new user

is blocked, and pbwb for probability a wideband user is blocked.
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Comparison of theoretical and experimental performance
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Figure 2-7: The simulation closely models the expected behavior of the CP system
calculated using the CP equations (9) through (12). The ratio of new user, hand-
off user, and wideband traffic load remained constant throughout, with 20% of all
requests due to wideband traffic and 20% of all narrowband traffic due to call hand-
off. The probability of dropping handoff traffic is much less than the probability of
blocking new user or wideband traffic and thus appears to be zero, though it is not.

2.4.1 Cost Measure

As we previously discussed, the system seeks to maximize the system throughput
while satisfying the QoS requirements of the different user classes. Since we analyze
the system over a large range of loads, it is not meaningful to discuss a static QoS
(i.e. probability blocking/dropping a user of class ¢ < k;). We rather define the
QoS as a relative measure (i.e. probability of blocking/dropping a user of class

i < Ok;) which we would like to conform to over the entire range of loads that
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we study. Because of this reasoning, we do not impose a single blocking/dropping
probability for each class. Instead, we define a profile of relative blocking/dropping
weights which we would like to adhere to. This profile is defined in terms of relative

probability measures of the form:

Pgip,i < a; (2.18)

where Pg/p; is the probability that traffic of class ¢ is blocked/dropped and the a;
are the relative weights. This is used both in assessing the strengths of the different
policies discussed at any offered load and in defining a measure which is used in
quantifying the relative adherence to the desired profile at a particular load.

It is very difficult, if not impossible, to monitor the adherence of a particular
scheme to the QoS requirements much less compare it to the performance of another
scheme by analyzing the curves themselves. We therefore define the following user-

oriented cost measure which simplifies the process.

cost measure = Puyy + YPisg (2.19)
1 K

Pavg = 5~ Z p;’ (220)
! K =1

K 1/6
Pisq = (Z |p; - pavg|ﬁ) (221)
=1

where the pi = «;p; are the weighted blocking/dropping probabilities of the traffic
streams mentioned above with the «;s the weighting ratios and K the number of

traffic streams, (which is three in this case). As discussed previously, the QoS
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parameters dictate that the Pp o be much less than the Pg yp and that Pg yp be
the same as Pgwp. This characterization is taken into account by the ;. This cost
measure is comprised of two components which are added together, weighting the
significance of each by modifying v. For our purposes, we assume that v = 1, thereby
giving equal weight to both components. The first component, p,,,, measures the
weighted average of the blocking probabilities, while the second component, pis,.
measures the deviation of the resulting profile from the desired profile. When g = 2,
as we assume it to be, this is a least squares measure.

It should be noted that this measure seems to produce the results that we ex-
pect as will be seen for example in Figure 2-8(a) and (b), and is thus relied upon.
Although we do not ascribe physical significance to the actual numerical costs, the
results are illustrative of those expected in practice. A more detailed understanding
of what is going on may be achieved when the cost analysis is coupled with the

individual blocking/dropping probability curves.

2.4.2 System Analysis

The following section contains an analysis of the CS, CP, and reservation policies
discussed above in a single cell of a mobile system. We assume that the number of
channels available per cell is 130 BBUs or narrowband channels, the average voice
call lasts about 100 seconds — being either terminated or handed over to an adjacent
cell, and that the average high quality image takes approximately eight seconds to

transmit over a wideband channel 10 BBUs in size.
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2.4.2.1 Case I — Macrocell Example

In the first case we studied, we assumed that 20% of all requests are due to wideband
traffic and that 20% of the narrowband traffic requests are for handoff calls. These
values are typical of traditional macrocell systems, where the cells are large in size
and most traffic seeking admission into the cell is due to new users seeking access
to the system. The relative weighting ratios, «;, of the NU:HO:WB was 1 : 10 : 1.
This means that ideally the chance that a call in progress is dropped on handoff is
one tenth as likely as either a new user or wideband user being refused service.

We compare the CS, CP(55,35,4) [55 new user, 35 handoff, and 4 wideband
reserved channels], and R3(10,5,5) [10 new user, 5 handoff, and 5 wideband reserved
channels] schemes. These three schemes are representative of the kinds of results
that may be achieved with the CS, CP, and R3 policies as is determined by the cost
function. The results that we produced are summarized in Figures 2-8 and 2-9.

The blocking and dropping probabilities (b/d) for the policies discussed above
are shown in Figure 2-8(a). As expected, we note that at light loads, the b/d of all
policies are small. In comparing the b/d of the CS policy, we note that beginning
at about Ayp = .5 calls/second the pbnb and the pbwb begin to diverge widely with
wideband traffic being blocked more than 90% of the time at about Ayy = 1.2
calls/second while only 19% of the narrowband traffic is blocked. This is a result
of the a-posteriori priority achieved by the narrowband users over the wideband
users in the CS policy. This phenomenon was first discussed in Sections 2.3.1 and
2.3.3.2 and shown in Figure 2-4. The CP(55,35,4) scheme improves on this by
sacrificing channel utilization and pbnu. Finally, we note the results achieved with

the R3(10,5,5) scheme. What differentiates this scheme from the others is the fact
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Figure 2-8: Behavior of case I schemes. (a) individual b/d curves and (b) corre-
sponding system cost.
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Figure 2-9: Normalized utilization curves for case I.

that the pdho remains small even at heavy loads.

We now compare the overall performance (as determined by the cost measure)
of the different schemes using Figure 2-8(b). As expected, at very low loads there
is no difference between the schemes. Over the next range of loads, the CS scheme
marginally achieves the lowest cost. This is due to the fact that the higher utilization
more than compensates for the b/d disparities. Over the next range the CP(55,35,4)
scheme achieves the best performance. Finally, at very heavy loads the R3(10,5,5)
scheme achieves the best performance. The most important thing to note in this
experiment is that the cost of the R3(10,5,5) scheme increased at worst linearly,
seeming to almost level off at heavy loads. On the other hand the costs of the CS

and CP(55,35,4) schemes increased rapidly. Additionally, the R3(10,5,5) scheme
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appeared to provide close to the lowest, or the lowest cost, at all values of offered
load.

Lastly, we examine the system utilization over the same range of offered load.
We note in Figure 2-9 that when the system load is light, the utilization of the
different policies is essentially the same. As the load becomes heavier, we note that
the CS policy outperforms the other two in channel utilization as expected and
asymptotically approaches complete channel utilization. The sacrifice in channel
utilization in the reservation policy is seen to be minor in comparison to the cost

gain achieved by that policy over the CS and CP policies.

2.4.2.2 Case II — Microcell Example

In the second case, we varied the ratio of the new user to narrowband call requests
such that 50% of all narrowband call requests were handoff calls and as before 20%
of all requests were wideband. In general, systems which are comprised of microcells
have higher ratios of handoff to new user traffic, thus motivating this analysis. The
relative weighting ratios remain as above at 1: 10 : 1 for the NU:HO:WB.

We compare the CS, CP(30,70,3), and R3(20,10,3) schemes. These three
schemes are representative of the kinds of profiles that may be achieved under these
circumstances. The results that we produced are given in Figures 2-10 and 2-11.
Note that due to the manner in which this case was studied, the operational region
occurs at a lower range of offered new user load.

As in case I, we note that under very light loads, the utilization of the different

schemes is essentially the same. At heavier loads, the CS scheme achieves the highest

utilization followed by the R3(10,5,5) and CP(30,70,3) schemes, as was expected.
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Figure 2-10: Behavior of case 11 schemes. (a) individual b/d curves and (b) corre-
sponding system cost.
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Figure 2-11: Normalized utilization curves for case II.

An analysis similar to case [ may be performed on the data, providing the same
kind of results with a twist which is easily seen in Figure 2-10(b). Whereas in
case I, we noted that at the heaviest loads shown the cost of the reservation scheme
increased at worst linearly, we note here that the reservation scheme cost in this case
increases linearly at first, but eventually follows the slope of the other two schemes
shown. This is attributed to the fact that a much higher percentage of the offered
narrowband load (50% versus 20%) is comprised of handoff traffic. Additionally,
the cost function is very sensitive (factor of 10) to fluctuations in the handoff traffic.
However, the normally operable region of these schemes occurs in the region where
the reservation cost is linear. Thus, once again, the usage of the reservation policy

achieves qualitatively superior results over the range of normal (and even heavier
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than normal) operation.

2.4.2.3 Case III — Variation of Wideband Bandwidth

In the last case we studied, we varied the bandwidth of the wideband channel,
M, between 2 and 20 BBUs while appropriately adjusting the wideband service
rate, uwp, so that the average size of the transmitted wideband image remained
constant. In other words, the quantity M/uwp didn’t change. As M gets bigger,
the information is transmitted to the user over a shorter period of time. As M
shrinks, the information takes longer to transmit. All other parameters were left
as in case I where 20% of all requests were due to wideband traffic and 20% of
wideband requests were for handoff calls and the relative weighting ratios, «; of the
NU:HO:WB was 1 : 10 : 1.

We then compared the performance of the following reservation schemes: M =
10, R3(10,5,5); M = 20, R3(10,5,2) and R3(10,5,3); M = 15, R3(10,5,3) and
R3(10,5,4); M = 5, R3(10,5,10); and M = 2, R3(10,5,25) where R3(1, j, k) rep-
resents ¢ pre-reserved new user channels, j post-reserved handoff channels, and &
pre-reserved wideband channels each of M BBUs. The number of reserved wideband
channels was varied with M such that the number of reserved wideband channels
was equal to either the floor or the ceiling of 50/M; so that the number of BBUs
reserved for wideband traffic was as close to 50 as possible. A comparison of the
system cost and utilization of the above schemes is shown in Figures 2-12 and 2-13.
The following discussion is based primarily on the results plotted there.

In cases where 50/M; produced no remainder (i.e. M =10, M =5, and M = 2),

the cost remained essentially constant. We divide the cases where 50/M; had a
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remainder (i.e. M =20 and M = 15) into two groups. In the first group (M = 15,
R3(10,5,4)), 60 BBUs were reserved for wideband use. In both cases, the cost was
higher than when 50 BBUs (or less) were reserved. This was expected since the extra
channels reserved for wideband traffic resulted in fewer shared channels available and
thus raised the cost to the system. In the second group (M = 15, R3(10,5,3) and
M = 20, R3(10,5,2)), 45 and 40 BBUs respectively were reserved for WB channels.
Under heavy loads, this group performed similarly to the cases where 50 BBUs were
reserved. However, note that for the M = 20, R3(10,5,2) case, the cost at lower
loads is similar to the cases where 60 BBUs are reserved for wideband traffic. This
is attributed to the fact that at low loads reserving less bandwidth for wideband
traffic results in wideband traffic being blocked which more than offsets the cost gain
due to the extra shared channels available which may additionally be used by the
new user and handoff traffic. The channel utilization curves corroborated the above
analysis, since the schemes which reserved 60 BBUs achieved lower utilization than
the others. One additional observation we noticed here is that while under lighter
loads, the M = 20, R3(10,5,2) scheme achieved the best utilization, under heavy
loads, the smaller the wideband bandwidth, M, the greater the channel utilization
with the highest utilization achieved by the M = 2, R3(10,5,25). This again was
what we expected from the previous discussion in section 2.4.2.1. The pbwb was a
little bit smaller for smaller bandwidth channels for the same reason. The pbnu and
pdho quantities did not change however, as the total traffic in the system remained
essentially the same.

We then compared the results of the M = 2, R3(10, 5,20) scheme to the M = 10,

R3(10,5,5). Although less bandwidth is reserved for the wideband channels in the
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first case, the pbwb, the cost, and the channel utilization are all better than the
results of the M = 10, R3(10,5,5). This is attributed to the fact that at lower
bandwidths, allocations are more precise resulting in greater channel utilization
and lower costs. This points to another method which could be used in channel
allocation. Under light loads, transmit at full speed. However, under heavy loads
— or in cases where there are not enough channels available transmit at a reduced
rate. Adaptive methods such as these have been proposed for circuit switched wired
networks [40]. The cost in schemes such as these is in the additional time delay the

user experiences in receiving the requested information.

2.5 Conclusion

In this chapter, we discussed static reservation algorithms for systems with a given
constant traffic mix. Under these assumptions, we note that the static reservation
algorithms are best able to adapt the desired probability profile that is provided
thereby achieving the lowest cost for the best utilization. Under light loads, the
performance is close to the CS algorithm, and under heavy loads, it outperforms
the other algorithms. Additionally, we are able to achieve a stable cost function
as the load gets progressively heavier. This is important because the traffic load
in cellular systems tends to drift a lot, especially as the complete bandwidth of the
system may be only an order of magnitude greater than the constituent traffic types.
Because of this, the system is extremely sensitive to all the input parameters and
analyses which takes advantage of the law of large numbers arguments are often not

valid. The results we discuss are applicable both to macrocellular and microcellular
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systems as these parallel the first and second cases of the last section.

We additionally showed that for reservation scheme R3, as the bandwidth of the
wideband channel increases, the information may be transmitted to the user with
less delay at the cost of throughput at heavier loads.

The results of the simulations that we ran are typical of results that may be
achieved. These results are illustrative in nature and seem similar to ones that
would be encountered in practice.

The results, however, are sensitive to the reservation parameters. Given that the
number of users in any particular cell is small, the traffic mix is likely to vary from
time to time and from cell to cell even when on average there are no long term varia-
tions in traffic. Additionally, the traffic load varies both in time and as a function of
location. Though the QoS requirements remain the same, the partitions which will
minimize cost will therefore vary with time and location. Improved performance
is achieved with the static reservation algorithms through manual adjustment to
reservation parameters on a cell by cell basis. This is impractical to implement.

We see this algorithm as proof of concept which indicates that the QoS de-
mands may fundamentally be met. As such, in the chapters following, we consider
algorithms which dynamically adjust to network parameters and conditions in a
distributed fashion on a cell by cell basis. We note, however, that the model of
wideband traffic is different in later chapters as is the definition of the QQoS require-

ments.
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Chapter 3

One-Step Prediction for Multi-Class Wireless

Admission Control

3.1 Introduction

In Chapter 2, we discussed a static reservation approach used to service multi-class
wireless networks. This approach confirmed the notion that it is possible to share
the resources among the different traffic classes while at the same time provide
independent QoS to all of the users in the network. Due to its simplicity, the static
approach is limited in its ability to adapt to changing network parameters.

In this chapter, we discuss the characteristics and performance of four dynamic
algorithms based on one-step prediction for call admission. The basic admission
condition was originally developed for a single class of traffic and was extended to
multiple traffic classes [17]. This one-step prediction condition is the sole admis-
sion condition in the single traffic class one-step prediction (OSPRED) algorithm

discussed next.
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When a new user arrives, the base station controller in the home cell and each
of the adjacent cells predicts the amount of bandwidth needed to satisfy the de-
mand in that cell a specified time interval ahead. This assumes that the number of
users in the cell (including the newly arrived user) and its neighbors is known and
an arbitrary maximum handoff dropping probability requirement is given. If the
projected bandwidth requirement in each of the home and neighboring cells is less
than the bandwidth available in each of those cells, the handoff dropping probability
requirement is met. If there is sufficient bandwidth available in the home cell at the
time of the new user arrival and the handoff dropping probability requirement is
met, the new user is admitted. Otherwise, the new user is blocked. A handoff user
is admitted assuming that there is sufficient bandwidth to accommodate that user.

The multi-media one-step prediction (MMOSPRED) algorithm extends OSPRED
to systems with multiple traffic classes. Each traffic class is characterized by its aver-
age call length, mobility characteristics (average time until handoff), and bandwidth
(BW) requirement. It also has a per class maximum handoff dropping probability
criterion which is chosen independently for each traffic class. When a new user ar-
rives in the system, the number of basic bandwidth units (BBUs) needed for each
traffic class in the home and neighboring cells is predicted. If the total predicted
demand in each of the home and neighbor cells is less than the total available band-
width in each of those cells, and the total bandwidth requirement in the home cell
including the arriving user is less than or equal to the bandwidth in the home cell,
the new user is admitted. Otherwise, the user is blocked. Handoff users of any
traffic class are admitted assuming that there is sufficient bandwidth available in

the home cell.
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In competing for admission into a cell, wider bandwidth calls tend to be blocked
by more narrowband calls as was discussed previously in section 2.3.1. This bias is
apparent to different degrees whenever the competing classes have different require-
ments. The more heavily a system is loaded, the more this effect is magnified. To
reduce this inherent bias, we introduce two other algorithms which are modifications
of the MMOSPRED algorithm.

The modified algorithms (IMOSP-CS and IMOSP-RES) provide the system with
the ability to assign relative priority to each of the traffic classes so that the admis-
sion control algorithm will fairly apportion available bandwidth between the users
of different classes while maintaining the handoff dropping probability bounds given
previously. This is done using a form of dynamic reservation and is described in
more detail in section 3.4.1.2. The updated algorithms differ from each other in
the way they admit handoff users into the system. In the first algorithm, IMOSP-
CS, handoff users completely share the available bandwidth while in the second,
dynamic reservation partitions based on predictive demand are used to ensure that
the dropping probabilities of each class are met independently.

The multi-class algorithms discussed in this chapter are implemented for the case
of two traffic classes. However, we define the algorithms for an arbitrary number of
traffic classes. All of the algorithms are simulated and results analyzed for a single-
dimensional network for a number of different cases which illuminate the properties
of the algorithms. The algorithms are equally applicable to networks of multiple
dimensions. We expect that the results in those cases will be similar to the one-
dimensional case.

The rest of this chapter is organized as follows. Section 3.2 contains a descrip-
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tion of the traffic model. This is followed by a delineation of the QoS criteria in
Section 3.3 and a description of the different algorithms in Section 3.4. Section 3.5
describes the simulation parameters used and is followed by some results and anal-
ysis of performance in Section 3.6, including a comparison with other proposed
admission control algorithms. We end the chapter with some conclusions contained

in Section 3.7.

3.2 Traffic Model

The first area that we discuss is the traffic model of the system. For the sake of
simplicity, we consider a one-dimensional ring of cells. as is shown in Figure 3-1.

The number of cells in the system is given by S. If S is sufficiently large, this system
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Figure 3-1: One-dimensional ring of cells.

is equivalent to a one-dimensional system. We consider the system to be shared by

multiple traffic classes.
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In a mobile system, three components must be considered for every user of
class ¢: movement of the mobile within the system, call statistics, and bandwidth
requirement. We assume that these components are independent and that the cells
are uniform (i.e. the transitions into and out of every cell are the same). Users
of each class are modelled by exponential service times (parameter 1/x.). Mobile
movement is modelled by an exponential process with average handofl time 1/h..

We then define the following quantities:

Pec(t) = probability that class ¢ service completes in ¢ seconds
= 1 — e Ht (3.1)
Pm.c(t) = probability that a class ¢ user hands off within ¢ seconds

= 1 — el (3.2)

Ps.e(t) probability that a class ¢ user does not hand off within ¢ seconds

=1 _pmc(t) (33)

This model corresponds to a uniform Markovian system where the future state of the
system is dependent only on the current state. These assumptions are appropriate
for any system where the users’ routes are not assumed to be directional or fixed. In
our simulations, we do consider some heterogeneous cases, in particular one involving
traffic hotspots in some cells. The results of these cases are discussed briefly in the

results section.
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3.3 QoS Criteria

In Chapters 3 and 4, we consider two different QoS criteria for each traffic class in
the system. The first criterion is defined to be the expected probability of a call
being dropped over the course of the call and is given by py.. for a user of class
c. The second criterion is the relative priority of the different traffic classes as is
manifested by the ratios of the call blocking probabilities, py ..

Assuming that the network is uniform (i.e. the probability of transitioning into
and out of every cell is the same) and that all cells in the network are equally loaded,
Pdc,c 18 related to the probability of dropping a class ¢ call on handoff, p, ., in the

following way:

2 3 2
Pde,e =  Pho,cPdc + pho,cp5h70pd70 + phO,CPSl’L,CpCLC +oe

_ Pho,cPd,c (34)

1 — pho,c(l - pd,c)

where py, . 1s the probability that a class ¢ call will be handed off before the call

He
tethe

ends and is equal to where 1/p. is the average length of a class ¢ call, 1/h, is
the average time until a class ¢ handoff occurs, and the call length and time until
handoff are modeled by exponential random variables, and py; . is the probability
that a class ¢ handofl is successful and is equal to 1 — p;.. This is analogous to
Hong’s formulation in [26]. His formulation replaces the pp, . in the numerator with

the probability that a new call admitted to the system hands off to an adjacent cell

before terminating service.
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For a given value of pj,., there is a one-to-one correspondence between py .
and pge.. Therefore, we choose to consider the handoff dropping probability pg.
in analyzing the system as it is the quantity which is directly measured in system
simulation.

It we assume that all cells in the system experience the same average load over
time (as is the case in homogeneously loaded systems), we need only take into
account cells in the neighborhood of the home cell to compute py .. If the projected
values of py. are below the mandated thresholds, the user is admitted into the
system. Additionally, in systems where users move relatively slowly and therefore
handoff very few times over the course of the call, there is no need to consider further
neighbors even in heterogeneously loaded systems. However, in cases where users
are highly mobile and the system load is heterogeneous, the traffic in additional cells
would need to be considered in order to accurately predict py . and by extension pge ..
In heterogeneously loaded microcellular systems populated by fast-moving users,
algorithms which take the traffic in fewer neighboring cells into account will perform
more poorly than those which take the traffic in a larger area into account. Thus,
the level of complexity or smartness needed to achieve optimal results is directly
correlated both to the degree of traffic homogeneity within cells in a neighborhood
as well as the average number of expected handoffs over the lifetime of a call.

The dropping probability QoS criterion we speak of in Chapters 3 and 4 is a
threshold criterion. As such, it is satisfied so long as the handoff dropping probabil-
ities do not exceed the maximum criteria set. The one-step prediction algorithms
only consider users which are currently part of the system and not users which may

arrive in the system in the future. We assert that this condition is sufficient for
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guaranteeing the call dropping QoS criterion of all the users in the system over all
time assuming that the state of the cell neighborhood is known at time ¢. We expect
this to be true since at no point in time is a user admitted which will (probabilisti-
cally speaking) violate the call dropping QoS criterion of the system in the future.
Each admission provides guarantees for all previously admitted calls in addition to
the current call being considered for admission. We also note that this criterion
does not give any preference to users in any particular cell and does not take into
account the statistics of the call arrival process.

The second criterion considers the level of priority of a class ¢ call relative to
calls of other classes in terms of call admission. When no control is used and
all traffic classes are given equal access to the channel, classes which require less
resources as is manifested by demands on the system in terms of absolute bandwidth
per connection, handoff dropping probability, mobility statistics and the like (or
some combination thereof) usurp a larger share of the resources leaving less for the
other traffic classes. These classes are considered to be “over-privileged.” “Under-
privileged” classes are defined analogously to be those classes which are blocked
more frequently than the “over-privileged” classes.

By using a measurement-based control in the form of reserved basic bandwidth
units (BBUs) seen by incoming users, we shape the relative prioritization of the
incoming users to reflect the desired blocking probability profile. This partition
serves to block users of an “over-privileged” class in order to accommodate users of
“under-privileged” classes. In so doing, the resulting throughput of the system is
diminished. Understanding for this tradoff is motivated further in Section 3.6.

These two criteria therefore allow us to admit users of different classes onto the
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same network while providing the herein defined QoS to each class independent of

the other traffic also using the network.

3.4 Admission Control Algorithms

In the first half of this section, we discuss the prediction and reservation-based
mechanisms defined in this chapter. We first describe the prediction algorithm used
to implement the QoS dropping probability condition which is the only condition in
the OSPRED and MMOSPRED algorithms. This is followed by the measurement-
based mechanism used in implementing the relative call blocking probability QoS
criterion. The second half then describes all of the algorithms. For the sake of
simplicity, the multi-class algorithms discussed in this section are initially given for
two classes of traffic. They are then generalized to networks with three or more

traffic classes.

3.4.1 QoS Condition Mechanisms
3.4.1.1 Predicting dropping probabilities

The heuristic predictive condition used as the basis for ensuring that the dropping
probabilities of the single or multi-class traffic do not exceed pre-defined limits is
applicable to mobile wireless systems of arbitrary shape and dimension. It is mo-
tivated by the following argument which serves as the basis for its definition. This
condition is at the heart of all the algorithms described in this chapter.

We assume that the movement of the mobile and the call duration are modelled

by independent exponential random variables. Each user is independent. We focus
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on the time of arrival of a user. The complete system is Markov as the future
state of the system is completely determined by the current state of the system.
Projecting one step of duration 7. seconds into the future, each user currently in
the system may either remain in the cell it is in or move to a neighboring cell. It
may therefore be modelled by a binomial random variable. In making calculations,
we assume that the joint behavior of binomial random variables is Normal [28]. We
additionally neglect the possibility of users having moved a distance of two or more
cells.

The algorithm as formulated here applies to a two or three dimensional network
topology of arbitrary shape (ex. rectangular or hexagonal grid, building). We
assume here (as is typically done) that the network is uniform, i.e. the movement
of the mobile is independent of location and direction. As such, the probability
of handing off to or from any cell is the same as any other cell. Additionally, we
assume nothing about the load offered in different cells or about the average number
of users in any particular cell. Each cell has r neighbor cells and a total available
bandwidth of N BBUs.

We do not assume anything about the relative mix of traffic or about the relative
requirements of each class. A class ¢ is defined by its handoff parameter h., its call
length parameter p., its bandwidth requirement in terms of basic bandwidth units
(BBU) BW,, the time step parameter 7., and the quality of service parameter ¢..
The parameter ¢., as will be seen below, is defined to be an upper bound on the
handoff dropping probability pg..

Say a user arrives at cell j at time t. The vector f.(f) is the class ¢ channel

occupancy vector at the time the user arrives. The entry f.(¢)[j] reflects the number
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of class ¢ users in the home cell including the arriving user.
We compute N, ., the minimum number of class ¢ channels required in each of
the home and neighboring cells ¢ to satisfy the predicted one-step demand due to

class c.

min(V; ) (3.5)

s.t. Pdic S qc (36)

where pg;. is the handofl dropping probability of a class ¢ call in cell 2 and is

approximated by:

1 Nzc_mzc(t—l'Tc)
ie N — { ? ! 3.7
Prie ™ 5 €1 ( el + 1) ) (3.7)

erfc(x) is the complementary error function defined as 1 — \/%ffl, eV 2y, N
is an integer greater than or equal to 0. The quantities m;. and v;. represent,
respectively, the mean and variance of the number of class ¢ users which will be in
a given cell T, seconds in the future assuming that no new users arrive or depart,
neglecting the possibility of users travelling a distance of two or more cells during a

time interval of length T.. They are given by:

e (b4 T) = F()]penl(T2) [Zf ]pmc (L)) (3.8)

vzpc(HTc):ch(t) tJos.o( T lZf ]vmc (Te) (3.9)

where f.(t)[¢] is the number of class ¢ users in the center cell at time ¢, and f.(¢)[s]

is the number of class ¢ users in neighbor s at time ¢ (with the values including the
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arriving user), p,..(7.) is the binomial probability that a class ¢ user will move to
an adjacent cell in the next T, seconds and p.(7.) = 1 — py, .(T%.) is the probability
that a class ¢ user will remain in the home cell during the next 7. seconds. The

variances v, .(T.) and v, .(T.) are given by the binomial parameters:

o o(T,) = PmelL) (1—-pmﬁ(ﬂ)) (3.10)

r r

Vse(Te) = psc(Te)(1 = pso(T0)) (3.11)

It the total predicted bandwidth required by each of the home and neighboring
cells, N;, is less than the total number of BBUs, N, the one-step dropping probability

criterion is met. These conditions are given by the following equations:

N; = BWiN; 1 + BWyN,; o+ -+ BWgN; g (3.12)

if max(V;) < N V cells s.t.i € home, neighbor cell, admit user (3.13)

We call this completely partitioned multi-media one-step prediction since the pre-
dicted required capacity is computed for each traffic class independently using a
single prediction time instant. This is fundamentally different than other complete
partitioning schemes such as the CP algorithm described in Chapter 2 (see also [15]).
This is because the partitions are dynamically adjusted based on the instantaneous

traffic mix in the cell and the partitions vary from cell to cell.

3.4.1.1.1 Implementation Complexity
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Since we assume that the network is uniform, predictions are independent of the
mobile location. (This is independent of the degree of homogeneity or heterogeneity
of the load offered to different cells in the network and discussed in more detail in
Section 3.6). Additionally, since all cells are “identical”, we need only compute the
projected demand of a given class ¢ in cell j T, seconds in the future as a function
of two variables: the number of class ¢ calls in service in cell j and the sum of the
class ¢ calls in the adjacent cells. Since the projected movement between adjacent
cells in the network is independent of the cell within which one is located, all of the
calls in the adjacent cells may be represented by the sum of the class ¢ calls in those
cells. The projected required demand needed to meet the class ¢ QoS criterion ¢,
is thus a function of two variables: the number of class ¢ users in the home cell
and the sum of the class ¢ users in neighboring cells. This computation is done
off-line for every possible combination of class ¢ users for each of the K classes prior
to system startup and downloaded to each base station controller in the form of
a two-dimensional array. The prediction process is thereby converted to K simple
lookups in each of the home and r neighboring cells. Assuming that each cell has
the cell occupancy values for all K classes in all r neighbor cells, the computational
complexity in each cell is as follows. We assume that finding the maximum of
two values and comparing two values to each other are each equivalent to a single
addition. Each decision then requires Kr(r + 1) additions, K (r + 1) table lookups,
and the transfer of r integers to the home cell (one from each neighbor cell). If we
were to remove the uniformity requirement (relating to mobility within the system),
we would have to either compute a multi-dimensional lookup table instead of the

two-dimensional table or perform the calculations on-line.
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3.4.1.2 Measurement-based blocking probability criteria

We next describe the mechanism used to implement the blocking probability criteria
of the IMOSP-CS and IMOSP-RES algorithms. This mechanism uses dynamically
adjusted reservation partitions to control the blocking probability profile. At the
heart of this process is a performance measurement function which is updated peri-
odically.

The blocking probability measurement function (BPMF) controls the number of
channels which are reserved for the traffic classes which have a higher probability
of being blocked. Three parameters are input into the algorithm at startup: an
update parameter U P, a blocking threshold parameter BT, and a desired blocking
probability ratio PB_R. Roughly speaking, one wants the ratio of the blocking
probabilities of the different traffic classes to be some specific value. Whenever U P
new class ¢ calls have arrived at cell j, the cell j class ¢ call blocking probability
function is updated. When the difference in BPMF's for the different classes adjusted
by PB_R is greater than BT, the BPMFs are considered to be different and the
cell j channel reservation is altered. At update status times, each class ¢ in cell j is
assigned a reservation partition equal to R;; BBUs.

The reservation partition serves as a minimum channel pool which reserves R;;
BBUs in cell 5 expressly for use by traffic class :. These channels may only be used
by class ¢ traffic (i.e. which entered the cell either as new or handoff traffic). When

a new class ¢ user arrives in cell j, we calculate g;, the number of BBUs reserved
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and used by each class, where:

max(f;i, R;;) i # ¢
g = (3.14)

f]‘7c Z =

where f;; is the class ¢ BBU occupancy in cell 7 and f;. includes the newly ar-
rived user. If the total demand in the cell, 3 ¢;, is less than the cell capacity N,
the call blocking criterion has been met. This condition, together with the drop-
ping probability criterion defined by equations (3.12) and (3.13) are two admission
conditions which are used in admitting users into the system. Although the predic-
tion condition must be met for all algorithms in this chapter, only IMOSP-CS and
IMOSP-RES must meet the measurement-based blocking probability condition.

In order to keep track of the relative priority given to the two different traffic
classes, a blocking probability measurement function (BPMF) is used for each class.
The function is a weighted sum of the function from the previous interval added to
the blocking probability from the current interval and is computed independently
for each traffic class in each cell. We next describe the process used to update the
BPMFs.

During system operation, counters in each cell keep track of the number of new
users of each class that have arrived and the number admitted. Every UP class ¢
arrivals in cell j, the algorithm enters the update status routine and updates the

cell j class ¢ BPMF, d;.(n;.), at update time n;.. First, d;.(n;.) is computed for
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cell j class ¢. It is given by:

Sj7c(nj7c - 17 njvc)

rj7c(nj7c - 17 njvc)

dj7c(nj7c) = (1 - xj7c(nj7c))dj7c(nj7c - 1) —I_ xj7c(nj7c) (3'15)
where s;.(nj.—1,n;.)is the number of class ¢ calls that were blocked in the interval
(n;.—1,n;.) just concluded, z;.(n;.) is equal to r; .(nj.—1,n;.)/M, and r; .(n;.—
1,nj.) is the number of class ¢ arrivals in period (n;. — 1,n;.) (which is equal to

UP). An alternate way of expressing d;.(n;.) is given by:

(M - rj7c(nj7c - 17 nj7c))dj7c(nj7c - 1) —I_ Sj7c(nj7c - 17 njvc)

djc(njc) = i

(3.16)

We can gain further understanding from this equation as follows. M is the number of
points that are needed for the function to measure an adequate level of significance
and is determined using the input variables. Assume a blocking threshold BT which
defines the level of resolution to which we would like to match the call blocking

probabilities of the different traffic classes. M is then given by:

1
M =10 (—) 3.17
BT (3.17)
This is the equivalent number of “events” which are needed to show significance for
that level of blocking threshold. For example, if we would like to measure disparities
between blocking probabilities of the two classes that exceed BT = 1%, we would
need ten times that number of events, or M = 1000 events in order for the blocking

probabilities to have significance at a 1% threshold. The term s;.(n;. — 1,n;.)
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in the numerator of equation (3.15) is the number of calls blocked during the last
interval. It accounts though for r;.(n;. — 1,n;.) events as that is the number of
attempted admissions as is indicated by the factor @;.(n;.). In order to achieve the
requisite equivalent number of admission events, M, we weight the previous blocking
probability function by the balance of events needed to achieve significance, which
is equal to M — r;.(n;. — 1,n;.). Thus, d;.(n;.) is a function which gives the
blocking probability information from the last interval, (n;.—1,n;.), the maximum
possible weight while weighting the function at the previous interval, d;.(n;. — 1),
just enough so that the significance of the blocking probability is maintained. We
note here that d;.(n;.) is not the blocking probability of class ¢ during any time
interval. It is, instead, a function which is related to the blocking probability of
class c.

We parenthetically remark that during the startup phase (before the total num-
ber of events exceeds M), we do not compute d;.(n;.) as above since the total
number of events in the interval (0,n;.) is smaller than M. Instead, the value of
d;.(nj.) is given by:

djc(nje) = 2iel0, o)

rj7c(07 nj7c)

(3.18)

While the individual blocking probabilities are not as precise as that which is re-
quired to indicate statistical significance at the desired level, equation (3.18) is an

adequate approximation in the startup phase.

3.4.1.2.1 Two Traflic Class Case

For the sake of simplicity, we first consider the K = 2 traffic class case. This
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is followed by a description of the algorithm for three or more traffic classes. After
updating the appropriate BPMF, we compare the values of the adjusted BPMFs,
d;; and d; s, to each other. The blocking probability profile defines the desired

relationship between the blocking probability function of the traffic classes as:

ji = PB.R (3.19)

I

If the absolute value of the difference between the adjusted BPMFs is less than BT
(resolution or significance factor) (|d; ;—PB_Rd; ;| < BT), nothing is done since the
difference between the adjusted BPMFs of the two classes is numerically equivalent
as defined by the significance level BT. If it is greater than BT, the reservation
partitions (R, and R; r) must be adjusted. The pseudo-code in Figure 3-2 describes

that adjustment. The reservation bounds are adaptively adjusted to reserve more

if |d]‘7[ — PB_R d]‘7[[| > BT
itd;r > PB_Rd; 1 /* class I py is greater than adjusted class 11*/
if RJ‘J > 0 and RJ‘J <N
Rir++
else if RJ‘J[ >0
Rjrmmr——
else ifR]‘7[<N /* RJ‘J:RJ"H:O */
Rir++
else /* adjusted class 11 py, is greater than class 1*/
if RJ‘J[ > 0 and RJ‘J[ <N
Rim++
else if B; 1 >0
R],I - —
else ifR]‘7[[<N /* RJ‘J:RJ"H:O */
Rim++

Figure 3-2: Pseudo-code for adaptation control of reservation bounds
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bandwidth for the class with a larger adjusted BPMF at a rate which will maintain
the desired call blocking probability profile. The reservation partitions are adjusted
by increments and decrements of a single BBU independent of the number of BBUs
allotted to each traffic class and the gap between the adjusted BPMFs. (We remark
that we arbitrarily chose to increment and decrement by a single BBU. We expect
that a more complex adjustment mechanism may be used for faster convergence to
the desired values. We leave that as an area for further study.) We note that the
reservation partitions are never allowed to exceed the number of BBUs allocated to
the cell as this is meaningless and will lead to the entering of a degenerate state
where the algorithm may break down. (When the partition is equal to or exceeds
the number of BBUs in the cell, no new users of that class may enter the cell. If
this occurs in all of the cells in the system, no new users of that class will ever
be able to enter the system. If there is no new data from new users, the BPMF's
will never change and all traffic of that class will be blocked from the system for
all time. In addition, to block all new users of a particular class from entering the
system in a given cell, it is sufficient to set the partition equal to the maximum
number of BBUs available to the cell.) As with the dropping probability condition,
the blocking probability condition involves a small number of simple computations.

The computations are split between those done on call arrival and those done
each time the update procedure is invoked. On call arrival, the blocking probability
condition requires two additions for the two class case (K for the K class case)
given that taking the maximum of two numbers is equivalent to an addition. For
reservation update, we update one BPMF and do the adaptation control. The total

complexity of the condition is thus dependent on the value of UP. Typically, UP
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is large enough that the update complexity adds little cost to the per admission
complexity. Updating each BPMF requires two additions and two multiplications.
At each update interval, we only adjust the BPMF of the class that triggered the
update. Assuming PB_R is not equal to unity and comparisons are equivalent to
additions, the adaptation control for two traffic classes requires one multiplication

and up to seven additions.

3.4.1.2.2 Extensions to Three or More Traffic Classes

We now extend the call blocking condition described to three or more traffic
classes. We consider the case where there are K traffic classes and K is greater
than or equal to two. The only extension required for K > 2 involves a method of
comparing the adjusted BPMF's of the different classes to each other as a basis for
adjusting the reservation partitions. All other values described above do not change
when there are more than three traffic classes.

We first define a set of desired blocking probability ratios, PB_R.. We compare

all of the different classes to class I. Thus, these ratios are defined to be:

= PBR, c=1,....K (3.20)

where d; . is the value of the blocking probability function in cell j for class ¢ and

PB_R; = 1. Using the transitive property, the equivalent blocking probability ratio
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between class r and class s is then

d;, PB.R,
AR 3.21
d,, PB.R (3:21)

Next, we define the notion of a fundamental traffic class (FT'C'). The FT'C in cell
J 1s the class ¢ with the smallest adjusted BPMF in cell j, PB_R; d;;, that has
a partition R;; equal to zero. Given the mechanics of the algorithm, at least one
partition will always be equal to zero.

When UP calls of a given class ¢ have arrived at cell j, the blocking probability
of that class d;. is updated. The F'T'C'is then selected from the traffic classes with
partition R;. equal to zero. The partitions are then updated in comparison with
the F'T'C' by comparing the absolute value of the difference between the adjusted
BPMFs of the other traffic classes to the adjusted BPMF of the FT'C. If the
difference is less than BT, the corresponding partition is not changed since the
adjusted BPMFs are numerically indistinguishable (see above). If it is greater than
BT, the reservation partitions are adjusted as shown in the pseudo-code in Figure 3-
3. Assume that we are describing adjustments in cell 7 to class ¢. Note that
adjustments are made in terms of a single BBU independent of the number of BBUs
required by a given traffic class. We note here that by defining an F'T'C'; we eliminate
many of the conditions found in the case with two traffic classes. This is a direct
outgrowth of that choice since by definition R;pr¢ = 0 and if R;. =0 ¢ # FTC,
PB_Rpre djrre < PB_R. d;.

We then need to ensure that the sum of the partitions is less than or equal

to the bandwidth of the cell, i.e. % R;. < N, so that the algorithm cannot
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if |PB_RFTC dj,FTC — PB_R, d]‘7c| > BT
it PB_Rrrcdjrrc > PB_R.d; . /¥ FTCs adjusted p, > adjusted class ¢ */
Rje——
else /* adjusted class ¢ py > adjusted FTC */
Rj,c + +

Figure 3-3: Pseudo-code for adaptation control of reservation bounds in the general
case

enter a degenerate state where all calls are blocked. In the case that this condition
is met, the algorithm given by the pseudo-code in Figure 3-4 is followed. This
5= (Tem Rje) = N
c=10
while s > 0
if |PB_RFTC dj,FTC — PB_R, d]‘7c| > BT and
if PB_Rrrc dj,FTO < PB_R,. d]'7c
Rj.— -
c+ +

8§ — —

Figure 3-4: Pseudo-code for ensuring sum of reservation bounds remains within

bound

will guarantee that the sum of the partitions will never exceed N since before any
partition adjustment the sum was smaller or equal to N and the above algorithm

will, if necessary, undo all the partitions which were increased.

3.4.2 Algorithm Descriptions

The following section describes the admission control algorithms using the QoS
mechanisms described previously. We begin with a short description of the OSPRED
and MMOSPRED algorithms which are based solely on the prediction mechanism.

This is followed by a description of the IMOSP-CS and IMOSP-RES algorithms
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which also take into account the call blocking QoS criteria of equations (3.19) and
(3.21). These algorithms differ from each other in the manner in which they admit
multi-class handoff users into the network. These differences are based on the notions

of complete sharing and reservation discussed in Chapter 2 and first described in

[15].

3.4.2.1 One-Step Prediction and Multi-Media One-Step Prediction

The one-step single traffic class prediction (OSPRED) algorithm and multi-media
one-step prediction (MMOSPRED) algorithm first described in [17] are completely
based on the one-step prediction mechanism.

Networks with a single traffic class use OSPRED to regulate admission of new
and handoff users. New users are admitted into the system assuming that there
is currently enough bandwidth available in the home cell to accommodate their
demand and that one-step into the future the approximate probability that there
will be overload which would precipitate a drop computed as above is below the
required QoS parameter ¢ in each of the home and neighbor cells. Handoff users
are admitted assuming that there is currently sufficient bandwidth to accommodate
them.

MMOSPRED admission just extends this to multi-class networks. New users
are admitted assuming both that there is sufficient bandwidth available in the home
cell to accommodate them and that the QoS dropping probability criterion is met.
Likewise, handoff user