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Abst ract

Today’s home network usually involves connecting multiple PCs and peripheral devices, such as printers and
scanners, together in a network. This provides the benefit of allowing the PCs in the network to share
Internet access and other resources. However, it is expected in the future, the home area network (HAN) will
grow and extend to other home devices such as home entertainment systems (including digital TV, hi-fi
stereo, etc.), appliances, webcam, security alarm system, etc. Connecting other home devices to a HAN
provides users with many benefits not available in today’s home networks. For example, home devices
capable of connecting to the future HAN are able to share the content downloaded from broadband access
anywhere in the home. Users can also have remote access and control of their home devices. To extend the
home area network to all these different home devices, however, means that the traffic between the ISP and
future HAN will be very different from the traffic generated by today’s home network. In today’s home
network, which consists mainly of multiple PCs, a best-effort approach is able to satisfy the need, since most
of the traffic generated by PCs is not real-time in nature. However, in future HANS, it is anticipated that
traffic generated from home devices requiring real-time applications such as multimedia entertainment
systems, teleconferencing, etc. will occupy a large proportion of the traffic between the ISP and future
HAN:S. In addition, given the variety of home devices that could potentially be added to future HANs, the
amount and variety of traffic between the ISP and a future HAN will certainly be very different from today’s
home network that is dominated by Internet/data traffic. To allow HAN users of these real-time applications
and various types of home devices to continue enjoying seamless experiences in using their home devices
without noticing significant delays or unnecessary interruptions, it is important for the ISP to be able to
effectively manage the channel to the home so that it can provide sufficient bandwidth to ensure high QoS
for home applications. The aim of this thesis is to understand the types of traffic that will be expected and to
develop an analytical model that will represent the traffic behaviour between the ISP and future HANS to
understand how to manage the channel to provide high QoS.

In this thesis, we use the continuous-time PH/M/n/m preemptive priority queue to model the traffic
behaviour between the ISP and a future HAN. Three classes of traffic are defined in this model: real-time,
interactive, and unclassified. Each of these three traffic classes receives a unique priority level. From the
model one can approximate the amount of bandwidth required to be allocated for each traffic class for each
household so that the total bandwidth required is minimized while the QoS requirements (delay and blocking
probability) of the traffic generated by the home devices are met. Thus this model could potentially be used
as a network planning tool for ISPs to estimate how much bandwidth they need to provide per household for
homes that use home area network. Alternatively, it could also be used to estimate what quality of service
(e.g. what is the mean delay and blocking probability expected) given a certain amount of bandwidth per
household.
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Chapter 1

| nt r oducti on
1.1 Today’'s Honme Network vs. Future Honme Area Network

Today's home network usually involves connecting multiple personal computers and peripheral devices
together in a network. This provides the benefit of allowing the PCs in the network to share Internet access
and other resources (such as printers, scanners, etc.). However, there are two major drawbacks in today's
home networking. First, it is not easy to configure; the user is required to have a certain level of networking
knowledge in order to successfully configure a home network. Second, most of the home devices, such as
appliances, security alarm system, and digital TV, are excluded from today's home network. As a result,
sharing of the material downloaded from the Internet is restricted to the few PCs connected to the home
network. One is not able to, for example, download an MP3 music file from the Internet and play it on the
hi-fi stereo at home, or download a movie and play it on the TV.

It is envisioned that in the future, the home area network (HAN) will support "the connection of a number of
devices and terminals in the home on to one or more networks which are themselves connected in such a way
that digital information and content can be passed between devices and any access ‘pipe’ to the home" [28].
A HAN is a network that allows home users to have remote access and remote control of the home devices
and their content or services. In its simplest form, it is the interconnection of multiple PCs as in today's
home network, but the future HAN will also allow any home device capable of interfacing with the HAN to
be interconnected together, and the home area network itself will connect to the outside world (i.e. the
Internet) via the residential gateway (similar to how a gateway connects the LAN to the WAN). Figure 1.1
depicts how HAN might look in the future:

Internet

ISP

Gateway

0) t
" /PG_\ Residential perator

TV \%eway

/ HAN

Secu .ty Protocol Standards:
UPnP, VHN, IEEE 1394, HomePNA,
alarm system HomePlug, Bluetooth, etc.

Figure 1.1: Connection between HAN, residential gateway, and the ISP.



As can be seen from Figure 1.1, besides connecting multiple PCs together, the HAN also connects the
multimedia entertainment systems (such as digital TV, hi-fi stereo, CD/DVD/MP3 players), appliances,
webcams, security alarm system, and almost any home device imaginable.

What are the benefits of interconnecting home devices together? One obvious benefit is that material
downloaded using broadband access can be shared by any home device capable of using it, instead of being
shared by only the few PCs in today's home network. Another benefit is that it allows the storing of content
and making it accessible anywhere in the home. It is perhaps best to illustrate the benefits of HAN through
some of the examples listed in [28].

The first example involves a digital TV and a web pad. In a digital TV, the main components involved in
displaying information include a display, an MPEG decoder, and audio amplifier. In a web pad, the display
is used to display visual information and the headphone is used for audio information. In a HAN, because
home devices are connected to each other and thus can potentially interface with each other, the web pad
application can use the MPEG decoder in the TV to deliver video to the web pad display and audio to the
Web pad headphone [20].

Another example that illustrates the benefit of having a home area network can be in the area of telecare for
seniors and those recently out of hospital. With a webcam connected to a home area network, a family
member can monitor seniors at home (provided that the senior is willing to be monitored by his/her relative)
to ensure their safety no matter where that family member is (for instance, to ensure that a senior at home did
not fall down from stairs or become sick and not be able to get out of bed while the other members of the
family are away on business or on vacation somewhere else in the world) [20].

1.2 Goal of this Thesis

From the discussion above, it is obvious that the capability of a HAN to remotely control home devices and
remotely access their contents offers benefits to home users. However, due to the introduction of more home
devices of varying types into the HAN, the traffic between the ISP and a future HAN is anticipated to be very
different from the traffic between the ISP and current homes today. Up to now, traffic between an ISP and a
home is mainly generated by PCs. This content mainly comes from web browsing, email, and some
occasional video and audio streaming. Because most of this traffic is not real-time in nature, the best-effort
approach to data transmission used in today's Internet is sufficient to meet the traffic demand. However, the
anticipated traffic between an ISP and a future home area network will be drastically different. For instance,
multimedia home devices like digital TV generate a lot of high bandwidth real-time traffic that needs to meet
certain QoS requirements so that users will be satisfied with the service. Thus, to make the deployment of
HANSs successful, it is essential that we understand the behavior of the traffic that will be generated between
an ISP and future home area networks and also how to guarantee that QoS requirements of the home devices
will be met.

The goal of this thesis is to estimate the bandwidth required for each traffic class based on the mean delay
and blocking probability requirements. More specifically, this thesis aims to develop an analytical model to
represent the behavior of the different types of traffic between an ISP and a HAN; from the model, one can
then approximate the bandwidth capacity required for each type of traffic given that certain QoS
requirements (mean delay and blocking probability) of the traffic generated by the home devices are met.



This traffic model will be represented as a PH/M/n/m preemptive priority queue and will be analyzed using
matrix-geometric method.

1.3 Thesis Organization

This thesis is organized into three parts. Part I gives a literature review of the current state of the art of HAN
technology, as well as discussing the traffic types and QoS requirements that are expected in the future home
area network. Part II presents the traffic model used to represent the behaviour of traffic between the ISP
and future HAN. In part IIL, I present a performance analysis of the expected traffic between the ISP and
future HAN using the model I develop in part II, and from there draw the conclusions and make suggestions
for future study.

1.3.1 Synopsis of Part |: Literature Review

Part I is organized into 2 chapters. In Chapter 2, I present a literature review of the current state of the art of
HAN technology. In Chapter 3, I review the expected traffic types in future HANs suggested by previous
researchers and how priority levels can be assigned to each type of traffic. I will also discuss the QoS
constraints that are important for our traffic model and list the QoS parameters of some key home
applications.

Current state of the art of HAN technology (Chapter 2)

Chapter 2 provides a brief summary of the current status of home area network technology. The survey will
be discussed in two areas: HAN interconnection architectures and HAN technology at the physical and link
layers. In terms of HAN interconnection architectures, the two architectures that receive the most attention
today, UPnP (Universal Plug and Play) and CableHome, will be discussed. At the physical and link layer,
we will give a summary of some of the more promising current technologies, including HomePNA,
HomePlug, HomeRF, and IEEE 802.11.

Traffic between ISP and future HAN & QoS Requirements (Chapter 3)

In this chapter, I review previous work in the classification of the expected traffic types in future HANs and
the way priority levels were assigned to each type of traffic. I also describe my own strategy for how traffic
between an ISP and future HANs will be classified in our traffic model. The logic behind the assignment of
priority levels to the traffic classes using a preemptive priority scheme is discussed as well. The QoS
requirements (bandwidth, delay, and blocking probability requirements) of some key home applications are
also be presented in this chapter.

1.3.2 Synopsis of Part I1: Description of Traffic Model

PH M n/mPreenptive Priority Traffic Mddel (Chapter 4)

Part II is organized as a single one chapter, Chapter 4, in which I discuss the logic behind choosing the
PH/M/n/m preemptive priority queue as my traffic model to represent the traffic between an ISP and future
HANSs. I also describe the model in a high-level conceptual overview before presenting the mathematical



detail later in the chapter. Then I describe in detail the arrival and service processes, the behavior of the
service discipline, preemptive priority FIFO (first-in-first-out) with delay loss, that is used in our traffic
model, as well as the algorithm for constructing the generator matrix Q for our traffic model.

1.3.3 Synopsis of Part I11: Performance Anal ysis

Part III is organized into two chapters, Chapter 5 and Chapter 6.

Performance Analysis (Chapter 5)

In Chapter 5, I first discuss how to obtain the stationary distribution of our preemptive priority queue. Once
the stationary distribution is obtained, I discuss the equations for obtaining the performance metrics of
interest, which include average queue length, blocking probability, and mean waiting time.

Results and Discussions (Chapter 6)

In Chapter 6, I illustrate the use of our traffic model by implementing an example system with 2-phase

Coxian arrival process, 7 servers, and 27 buffer slots, i.e. a PH/M/7/(9+9+9) preemptive priority queue.
Afterward, the results of the performance analysis on this example system are discussed.
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Chapter 2

Current State of the Art of Home Area Network
Technol ogy

2.1 Standards in HAN Technol ogy

To discuss the emerging standards in HAN technology, it is convenient to divide the discussion into two
parts: the HAN interconnection architectures and interconnection technology at the physical and link layer.
The following section discusses two emerging HAN interconnection architectures, and in Section 2.3 |
discuss the interconnection technologies at the physical and link layer. Since this thesis deals with the QoS
analysis of traffic, more emphasis will be placed on describing the QoS requirements specified by these HAN
technologies.

2.2 HAN I nterconnection Architectures

Two major emerging interconnection architectures contending for the future HAN are UPnP (Universal Plug
and Play) and CableHome. UPnP [27, 29] is an interconnection architecture that aims at connecting together
all types of personal computers, intelligent appliances, and wireless devices. It defines the Device Control
Protocols (DCPs), which allow interactions between home devices. DCPs utilize standard device
descriptions written in XML that describe the standard methods for device interaction.

The main features of UPnP are plug and play, automatic device and service discovery. Plug and play in
UPnP is similar to the concept of plug and play in computers and allows UPnP devices to be “plugged” in to
become part of the home network. In automatic discovery, a home device advertises its services (i.e. the
actions that it is able to perform) when requested, and in service discovery, devices are able to discover the
presence and services of other devices within the same home network. Using UPnP, any home device that is
compatible with UPnP can simply plug into the home area network. The UPnP architecture allows these
devices to advertise their presence and services to the home area network so that other home devices already
in the HAN can automatically discover the existence and services offered by that newly added device. Once
the automatic discovery is done, the other home devices are then able to make use of the device’s advertised
services.

In terms of QoS, UPnP supports both prioritized and parameterized QoS [29]. In prioritized QoS, each
packet is assigned a priority number called a TrafficlmportanceNumber, which is assigned by the application
that originally generated the packet. Packets access the shared media by order of their priority. In
parameterized QoS, parameters can be used to define the requirements of a traffic stream.

CableHome [5] is a set of specifications specifying the requirements for a residential gateway and to
standardize Quality of Service (QoS) and LAN messaging within future home area networks. To guarantee
Quality of Service, CableHome uses a type of priority queuing that is referred to in their specification to as
"First in, First Out with Priorities, and Highest Priority Queue First" [5]. According to the specification,
packets in each outgoing interface in home devices are polled according to their priorities. The polling
begins with the highest priority packet that arrives at the queue first, and that packet is extracted out of the
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queue and transmitted onto the shared media. If no highest priority packet is found, then the next highest
priority packet is polled, and so on. This process is essentially the same behavior as a first-come-first-serve
(FCFS) preemptive priority queue, where a packet with the highest priority is allowed to receive service
immediately even if another packet with lower priority is already in service when the higher priority packet
arrives.

Note that currently, CableHome supports priority-based QoS only. This is different from UPnP, which
supports both prioritized and parameterized QoS. In this thesis, we will assume prioritized QoS, since it is
supported in both CableHome and UPnP.

2.3 HAN Technol ogi es at the Physical and Link Layer

Emerging HAN technologies at the physical and link layer exist in both wired and wireless networks.
Section 2.3.1 discusses the wired HAN technologies that are currently under development. Section 2.3.2
describes the developing wireless HAN technologies.

2.3.1 Wred Connecti on
HomePNA

The major emerging HAN technologies that use wired interconnection include HomePNA and HomePlug.
HomePNA [2, 7, 15] is a physical and link layer HAN technology initiated by the Home Phone Line
Networking Alliance. It proposes to use phone lines already available in homes to carry data for the future
home area network. First, because phone lines are readily available in today’s homes, this technology has
the advantage that “no new wire” is necessary to implement the future HAN. Furthermore, using phone lines
as communication medium for the future home area network means it is easy for the future HAN to co-exist
with existing POTS/ADSL technologies. In addition, phone line is an inherently more secure environment
when compared to other medium like wireless and power lines.

HomePNA is designed to co-exist with other phone line services like POTS and xDSL. It uses frequency
division multiplexing (FDM) to split the bandwidth of a phone line into three separate frequency spectrums,
with each spectrum allocated a different function. The 0 to 4 kHz spectrum is allocated POTS service, the 26
kHz to 1.1 MHz spectrum is reserved for xDSL services, and the 4 to 10 MHz spectrum is used for
HomePNA to transmit packets for a home area network.

Currently in its third version (HPNA 3.0), HomePNA can theoretically transmit within the homes at 240
Mbps. Further enhancement of data rates of up to 320 Mbps will be expected in HPNA 3.1, which the
specification is expected to be completed in the summer of 2006. HomePNA allows up to 50 devices to be
connected the home area network simultaneously.

At the media access control layer, HomePNA uses a modified version of IEEE 802.3 framing and Ethernet
CSMA/CD MAC behaviour. To provide QoS, it proposes to use 8 priority levels for packet transmission.
As explained in [15], the QoS mechanism in the HomePNA MAC protocol can be viewed as being divided
into two parts. In the first part, packets with lower priority levels must wait for all higher priority level
packets to finish transmission over the shared media before the lower priority packets can begin
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transmission. The second part deals with the mechanism of collision detection and retransmission, with
collision possible only for packets with the same priority level.

The “no-new-wire” advantage of HomePNA means that setting up a home area network using HomePNA
incur no additional cost in terms of wiring. Moreover, the cost of initial installation is estimated to be less
than $100US [7], which is relatively inexpensive. However, in countries where houses do not have many
telephone sockets, such as the UK, the cost of using HomePNA as a viable HAN technology might be
relatively expensive compared to that of HomePlug and the wireless solutions. Moreover, the use of phone
lines as communication channel introduces some problems that need to be overcome. For example, as
pointed out in [9], POTS (plain old telephone system) signaling and ringing can produce significant
transients. Also, the coupling of AC line-noise from the power lines to the phone lines introduces impulse
noise on many phone lines. Another problem with phone line is that telephone instruments on the same
wiring present a wide range of frequency-dependent impedances. Fortunately, most of these noise-related
problems can be solved by placing low-pass filter at appropriate points in the home area network to reduce
the undesirable effects of the noise and low impedances coupled to the phone lines, as discussed in the report
of the field tests for HPNA 1.0 in [9].

As mentioned before, HomePNA’s uses a modified version of IEEE 802.3 framing and Ethernet CSMA/CA
MAC behaviour. IEEE 802.3 is a Layer 2 protocol that has been extensively tested for many years in real
use already, so HomePNA, being 802.3 compatible, gives a fairly good confidence that it is a protocol that
can support other networking standards and in particular the IP suite. Also, HomePNA is supported by many
vendors and has been standardized by ITU-T as Recommendation G.989.1, so it is an accepted standard that
can guarantee interoperability between equipments from different manufacturers.

HomePl ug

HomePlug [2, 8] is a HAN technology at the physical and MAC layers that utilizes power lines already
installed in homes as communication channel for the future HAN. As in the case of HomePNA, HomePlug
also has a “no-new-wire” advantage of using existing infrastructure. HomePlug enables any home device
with a power plug to connect to the home area network. Since it is common to have many power outlets
within a house, with at least one power outlet in each room usually, HomePlug has the advantage that the
entire house can be serviced without the need of additional wiring. This is a distinctive advantage of
HomePlug over other HAN technologies. For instance, a HAN serviced by HomePNA might encounter the
problem of having not enough phone sockets to service all the home devices in a home. Also, full service
coverage of a home might sometimes not be possible using HomePlug alone because some areas of a house
might not have a phone socket (e.g. not all houses have phone sockets in every room). As for wireless HAN
technologies, certain areas of a home might be out of serviceable range due to obstacles that limit wireless
transmission within a home, such as a thick wall. Also, wireless transmission over the unlicensed 2.4GHz
spectrum often encounters interference due to other devices that share the same frequency spectrum, such as
microwave and amateur radio frequencies. Hence, PowerPlug has the advantage over HomePNA and
wireless HAN technologies in providing a full service coverage of a home.

Despite the advantages, using power lines as communication medium have some major disadvantages. One
major problem is that power lines have an inherently noisy environment for the purpose of data transmission.
The attenuation due to AC cycles produce interference on the packets transmitted on a power line. To solve
this problem, HomePlug uses orthogonal frequency division multiplexing (ODFM) to split a signal up over
84 available narrowband sub-carriers. The data bit-streams are then modulated onto the sub-carriers using
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differential quadratic phase shift keying (DQPSK) and inverse fast Fourier transform (IFFT). This solution
helps a wire line channel to deliver a large quantity of data over a relatively short period of time, thus
minimizing the effect of the noisy environment of the power lines on data transmission.

Another problem with power lines is privacy issue. Unlike phone lines, which are relatively secure medium,
it is possible to have leakage of data to networks within other buildings using power lines. Therefore, it is
important to have a security feature in HomePlug to render the leaked data to neighboring buildings as
unintelligible. To address this issue, HomePlug uses a 128-bit encryption to encrypt the data transmitted
over power lines.

Regulatory issue is yet another obstacle with using power lines. In Europe, the regulations on
electromagnetic (EMC) emissions is stricter than in North America, so it is uncertain whether HomePlug is
able to deliver the promised data rate under the more stringent European EMC emissions regulation. If the
data rate needs to be lowered to reduce emissions, this will lead to lower performance compared to other
HAN technologies and an increased risk of the HAN services being unavailable at some power outlets [2].

HomePlug operates in the 4.5 to 21 MHz spectrum and transmits at theoretical data rates of up to 200 Mbps.
To ensure QoS, it provides both time division multiple access (TDMA) and CDMA/CA (Collision Sense
Multiple Access/Collision Avoidance) access at the MAC layer. TDMA provides contention-free access to
the shared media, thus supporting home applications that use parameterized QoS. CDMA, on the other hand,
is a contention-based access mechanism. In the HomePlug version of CDMA access, packets are classified
into 4 priority classes. At the beginning of a contention window, there is a brief Priority Resolution phase
during which pending traffic with lower priority are eliminated from the contention. After the brief Priority
Resolution phase, CSMA/CA is then applied to the pending traffic with the highest priority level. In this
way, CDMA/CA is used in HomePlug for supporting home applications using prioritized QoS.

In terms of interoperability between equipments from different manufacturers, many vendors are already
supporting HomePlug.

2.3.2 Wrel ess Connection
HomeRF

In the area of wireless HAN technology, HomeRF and the IEEE 802.11 standards appear to be the most
promising ones at present. HomeRF [2, 21] is a HAN technology at the physical and MAC layer that
addresses issues related to wireless voice and data transmission within home area networks. With 8
simultaneous voice lines specified in version 2 of the standard, HomeRF provides voice transmission at near-
wire-line quality. HomeRF operates at the 2.4 GHz ISM band, and home devices can be connected either ad-
hoc or as a managed network. It currently supports data rates of up to 10 Mbps, but it is expected to support
up to 25 Mbps in the future. HomeRF is capable of supporting up to 127 nodes.

Since HomeRF is concerned with wireless transmission, it addresses the issue of interference by using FHSS
with frequency hopping of up to 50 hops/sec with 22 different hop patterns [2]. To address the security issue
that is inherent in wireless transmission, HomeRF uses a 128-bit encryption to encrypt the data transmitted.
Furthermore, it requires a 24-bit network ID from home devices before a device can be connected to a home
area network.
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To ensure that the QoS for wireless voice transmission is met, HomeRF provides different QoS mechanism
for voice and data. In HomeRF, data traffic is based on a 20ms frame structure (with one hop per frame).
For voice traffic, however, however, HomeRF moves to a 10ms subframe substructure (with one hope per
subframe). The shorter subframe substructure provides decreased latency and decreased interference.
Furthermore, HomeRF uses TDMA access for voice on the MAC layer. The shorter subframe structure and
the TDMA access help ensure that the QoS requirements of voice traffic are met.

For data transmission, HomeRF uses a 20 ms frame structure. Data traffic access the shared media using a
contention-based access mechanism (CDMA). Furthermore, in HomeRF, streaming multimedia traffic has
priority over other data traffic.

| EEE 802. 11

IEEE 802.11 was originally a standard for wireless LANs based on the well-established 802.3 standard.
There are several variants of this standard. 802.11a and 802.11Db are standards drafted to improve upon the
original 802.11. However, because these two variants are incompatible with each other, vendors and
customers alike were confused at which standard they should use in their wireless products. 802.11g was
drafted later in an effort to combine the advantages of the two standards while maintaining backward
compatibility with both standards. 802.11e is an extension to provide QoS, which is not addressed in any of
the aforementioned variants.

IEEE 802.11a and 802.11b

IEEE 802.11b [11] supports data rates of 5.5 Mbps and 11 Mbps. It operates at the 2.4GHz ISM band and
uses a spread spectrum modulation technique called direct sequence spread spectrum (DSSS) at the physical
layer. At the MAC layer, 802.11b uses CSMA/CA to detect if any of the RF channels are usable. Ifa
channel is busy, a nodes wanting to send a packet will back off for a random time period.

802.11a [10], on the other hand, supports a much higher data rate of 54 Mbps. This is due to the use of a
multi-carrier modulation technique called OFDM (orthogonal frequency division multiplexing), whereas the
DSSS used by 802.11b is a single-carrier system.

The disadvantage of 802.11a is that it operates at 5.2 GHz, a frequency often used in military applications.
As such, this frequency spectrum is regulated against commercial use in many countries. Both 802.11a and b
standards use CDMA/CA at the MAC layer, and they support both ad-hoc and managed network
infrastructure.

IEEE 802.11g

802.11¢g [2, 6, 12] was developed to incorporate the advantages of both the 802.11a and b variants. It
supports the same data rate as 802.11a (54 Mbps) while operating at the frequency of 802.11b (2.4 GHz). A
data rate of 54 Mbps is made possible in 802.11g by using the same OFDM modulation technique as in
802.11a. At the same time, the 802.11g standard requires mandatory implementation of 802.11b modes.
Basically, 802.11g uses DSSS as in 802.11b to achieve data rates of up to 20 Mbps and then further increase
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the data rates of up to 54 Mbps using ODFM. In this way, IEEE 802.g is able to support the same data rate
as 802.11a while operating at 2.4 GHz, overcoming the frequency spectrum issue of 802.11a.

IEEE 802.11e

802.11e [2] addresses QoS issues, which are not addressed by the 802.11a, b, and g variants. In this
extension, traffic is divided into 8 priority levels. In the CSMA/CA protocol that is used by any variant of
802.11, after detecting that the channel is idle, nodes need to wait for a period of time before they are
allowed to transmit a packet. In 802.11e, the length of this waiting period depends on the priority level.
Traffic with higher priority levels has a shorter waiting time than that of lower priority traffic. This way,
802.11e provides a certain level of QoS, since the shorter waiting period of higher priority traffic results in a
higher probability that more higher priority packets are transmitted than lower priority ones.

One advantage of using any of the variants of 802.11 as a HAN technology is that it has been widely adopted
by many manufacturers already, thus interoperability of equipments among different vendors should not be
an issue. Also, it covers a fairly long range of 25 to 500 meters, whereas HomeRF covers only up to about
50m. However, compared to HomePNA, HomePlug, and HomeRF, 802.11 variants are not easy to configure
by general home users. Whereas HomePNA, HomePlug, and HomeRF supports UPnP, 802.11 requires a
certain level networking knowledge for a home user to be able to configure it properly. Also, 802.11°s
operation in the 2.4GHz ISM band means that it shares the same interference problem as HomeRF from
many other home devices that also use this frequency spectrum.

2.4 \Wich HAN Technol ogy WIIl Be "The Standard"?

As one can see from the above discussion, there are many standards being developed for home networking.
As of today, there is not a single “standard” that has been adopted by the home networking industry yet.
Since each HAN technologies has its own advantages and disadvantages, it appears that various home
networking technologies will coexist in the future, each covering a certain aspect of the requirements of a
future home area network.
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Chapter 3

Traffic Between ISP and Future HAN & QoS
Requi renment s

3.1 Expected Types of Traffic in Honme Area Network

Lei et al [ 18] define seven classes of traffic in their QoS framework for a residential gateway. These seven
classes are security, multimedia, device control, FTP, web surfing, interactive, and unclassified. Each of
these seven classes is assigned a unique priority level from 1 to 7, with priority 1 being the lowest priority
and priority 7 being the traffic class with the highest priority. Details of how the traffic classes are assigned
their priority in Lei et al’s QoS framework can be found in [18]. Other standards and research papers have
categorized traffic in HAN according to priority classes as well. For example, in the IEEE 802.1D standard,
a layer 2 protocol for local and metropolitan area networks that includes a prioritization mechanism, 8
priority levels are defined [26]. From highest to lowest priority, they are network control traffic, voice
traffic, video traffic, controlled load traffic, excellent effort traffic, reserved traffic, background traffic, and
best effort traffic. A description of these 802.1D priorities can be found in [1].

Although different research papers and standards assign different numbers of priority classes, these classes
can be aggregated into three broad classes: real-time, interactive, and unclassified. In this thesis, the real-
time, interactive, and unclassified classes are priority level 1, 2, and 3 respectively. Priority 1 (real-time)
class has the highest priority, and priority 3 (unclassified) class has the lowest priority. The real-time traffic
class is composed of real-time video, real-time audio, telephony, and control signal traffic. Real-time video
traffic is traffic generated by real-time video applications such as digital TV, teleconferencing, distance-
learning applications (e.g. remote classroom) and streaming video applications. Real-time audio traffic
includes traffic generated by real-time audio applications like hi-fi stereo system and other audio streaming
applications. Telephony traffic refers to traffic related to the use of telephones. Control signal traffic is
composed of both time-critical and safety-critical control signals needed to control the network. The
interactive traffic class includes applications that do not require real-time traffic but interact with users, such
as web browsing. Finally, the unclassified traffic class includes traffic that is neither real-time nor interactive
in nature, such as FTP. These three traffic classes will be used in the traffic model in this thesis, each
assigned a unique priority level. Furthermore, preemptive priority is used in our traffic model. A more
formal definition of these three priority classes is given in Section 4.3. The priority assignment and
preemptive priority will be further discussed in Chapter 4 as well.

As discussed in Chapter 2, a lot of the HAN technologies at the physical and link layer provide their own
QoS mechanisms, and each of these technologies divides traffic into different number of priority classes. For
example, HomeRF divides traffic into isochronous and asynchronous data, HomePlug differentiates traffic
into 4 priority classes, and HomePNA and IEEE 802.11e support 8 priority classes. Although all the HAN
technologies discussed in Chapter 2 support priority-based QoS, some of them are not strictly preemptive.
However, these different QoS mechanisms within home area networks are not the main concerns of this
thesis. This thesis is mainly concerned with providing QoS for the traffic between an Internet service
provider and the residential gateway (RG). Once traffic arrives at the residential gateway, which is located
within each home, it is the responsibility of the residential gateway to further refine the QoS necessary for
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the home devices within the HAN itself. Thus, the traffic model in this thesis tries to handle the QoS issue
for the traffic berween the ISP and RG by differentiating traffic into three priority classes. Once traffic
arrives at the RG, the RG will then handle the QoS mechanism within the home area network.

3.2 Bandw dth Requirenents of Key Applications and Their QoS
Par anet er s

To measure the performance of a network, it is common to use metrics such as throughput, delay, and
reliability. Thus, to develop a traffic model to ensure that home devices in HAN receive reasonable quality
of service, the model must be capable of providing the throughput, delay, and reliability requirements for the
applications in each traffic class. In [13], the bandwidth requirements for key applications corresponding to
five different types of traffic (telephony, audio, video, internet/data, and control) between ISP and home area

network are identified and summarized in table form. Table 3.1 is mainly taken from Table 3 (page 14) in
[13] and from [26].

This item has
been removed
due to copyright
issues. To view
it, refer toits
source.

Table 3.1: Bandwidth Requirements of Key Home Applications (from [13] and [26])
Table 3.2 lists the delay and reliability requirements for different traffic classes. The values in Table 3.2 are

from the research done in [25]. See pages 18-31 in [25] for a detailed discussion of their research on the
perceived QoS for WWW and streaming video.
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Service Mean Delay Jitter PER (Packet
(ms) (ms) Error Rate)

High Quality 10 +5 1073

Voice
Streaming Video 125-150 0.05

HDTV 90 +10 107-5
Video 10 +5 1075

Conference

CD Quality A
Audio 100 +10 107-5
WWw 1.0s - -

Table 3.2: Delay and Reliability Requirements

19



Par t

Description of Traffic
Model

20



Chapter 4

Traffic Model

4.1 How t he Channel Between the |ISP and Future HAN
i s Model ed

The channel between the ISP and the HAN is modeled as a CTMC (continuous-time Markov chain) multi-
server preemptive priority queue of type PH/M/n/m (where PH stands for phase-type arrival process, M
stands for exponential service process, n specifies the number of servers, and m specifies the number of
buffer slots). The channel is modeled as depicted in Figure 4.1.

—Pp SRR
class 1 packet
arrival at rate A, —» - A

— [ ][a I P —_— |
class 2 packet Job service completion
arrival at rate A, / .

it Ity A 1 at service rate nu

class 3 packet «

=W, B

ofleled as PH/M/n/m
preemptive priority queue

Channel modeled ]
as multiple servers. n servers each serving at rate p

Buffer of size m; Total service rate of

, the channel is np
Buffer of size my

Buffer of size ms

Figure 4.1: Diagram of how the channel between an ISP and a HAN is modeled

As depicted in Figure 4.1, our traffic model differentiates the traffic between an ISP and a HAN into three
priority classes. We reserve the highest priority class, class 1, for real-time traffic. The second priority class,
class 2, is used for interactive traffic. Traffic that is not real-time or interactive belongs to the lowest priority
class, class 3. We divide traffic into priority classes because real-time applications must meet certain QoS
requirements to deliver their services to users in a satisfactory manner. Hence we need to differentiate traffic
into real-time and non-realtime traffic and assign a higher priority to real-time traffic.

Differentiating traffic into only two priority traffic classes is not sufficient, because a substantial amount of
traffic generated by home users is interactive traffic. Interactive traffic has less stringent QoS requirements
than real-time traffic, as shown in Table 3.1 and Table 3.2, so grouping interactive traffic with real-time
traffic will result in a waste of bandwidth. However, we should not group interactive traffic with the lower
priority class either, because interactive traffic has higher QoS requirements than non-realtime traffic that are
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not interactive, as will be shown in Table 4.2. Therefore, in this thesis, we differentiate traffic into three
priority classes, with real-time traffic occupying the highest priority, interactive traffic having the second
highest priority, and the other unclassified traffic having lowest priority.

Our traffic model, depicted in Figure 4.1, has the following properties:

* There are three classes of packets. Each packet is assigned a priority level i = {1, 2, 3}. A packet
with priority 1 has the highest priority (i.e. has preemptive priority over priority 2 and 3 packets).
Priority 3 is of the lowest priority.

» Packets arrive according to phase-type distribution represented by (a, T;) of dimension d; with mean
rate Ai. The arrival process will be discussed in more detail in Section 4.4.

» The server process is represented by n identical servers, each serving at rate .

* The service times of packets are iid exponentially distributed random variables, and they are assumed
to be independent of the arrival process.

* There are 3 buffers m; for i = {1, 2, 3}. Each buffer m; is exclusively for class i packets. For
example, m; represents the number of waiting slots for class 1 packets, m, represents the number of
waiting slots for class 2 packets, and so on.

* The system capacity for class i traffic consists of the number of servers plus the buffer space for that
class i traffic. In other words, system capacity for class i traffic =n + m;.

* The service discipline is FIFO preemptive priority with delay loss. Upon the arrival of a packet, there
are four possible scenarios regarding whether the newly arriving packet will receive service or not:

1. (number of packets in system < n) If there are less than n packets in the system, the arriving
packet randomly chooses a server and enters into service immediately.

2. (number of packets in system >= n) If there are n or more than n packets in the system
already, and if one of the n packets already receiving service is of a lower priority than the
new packet, then the new packet of higher priority randomly chooses a server among the pool
of servers that are serving a lower priority packet and receives service immediately. The
lower priority packet that has been receiving service from the chosen server originally is being
preempted and placed back into the appropriate buffer.

3. (number of packets in system >= n and < n+m;) If there are n or more than n packets in the
system already and if all of the n packets already receiving service are of the same or higher
priority than the new packet, then the new packet joins the buffer if the buffer for that traffic
class is not full yet.

4. (number of packets in system >= n and > n+m;) If there are n or more than n packets in the
system already, and if all of the n packets already receiving service are of the same or higher
priority than the new packet, and if the buffer for that traffic class is already full, then the new
packet is lost.

4.2 Wy Use Preenptive Priority Queue?

To understand our logic behind choosing a preemptive priority access scheme for our traffic model, we
should first understand the two approaches generally used to ensure QoS. One approach uses prioritized
(differentiated) QoS and the other uses parameterized (scheduled) QoS. In parameterized QoS, it is the
application that triggers the QoS mechanism. When an application needs to transmit data over a network, it
first sends a control signal to request a certain amount of resources (e.g. bandwidth, amount of time, etc.)
from the network. This is called resource reservation in parameterized QoS. If the network has enough
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capacity left to satisfy the requested resources, the reservation will then be granted and the application can
begin transmission.

In prioritized QoS, instead of each application triggering its own QoS reservation, applications are
aggregated into different service classes. Applications within the same service class have the same priority
in accessing the network, and each service class has its priority level assigned to it. In the prioritized
approach, jobs that belong to a higher priority service class are selected for service ahead of those with lower
priorities, independent of their time of arrival into the system.

As mentioned in Chapter 2, 802.11b/g/a, HomePNA, HomePlug, CableHome, and UPnP are the HAN
technologies that are anticipated to be the most widely used in future HANs. These technologies have, or
will shortly have, support for priority-based QoS. In these technologies, the way these media-access
technologies handle their priority-based QoS scheme is to divide home devices into different service classes
with each service class having its own priority level. Devices belonging to the highest priority class are
allowed to transmit packets over the network first, and the leftover network capacity is then used for the
home devices with lower priority. This behaviour is very similar to the behaviour of a preemptive priority
queue, where jobs with highest priority are selected for service ahead of those with lower priorities,
independent of their time of arrival into the system. Hence our decision to use a priority queue as our traffic
model.

Preemptive priority means that a job with higher priority is allowed to enter service immediately even if
another with lower priority is already in service when the higher priority job arrives. We choose to use
preemptive priority because in future HANs, the applications requiring real-time transmission are usually of
higher priority, thus preemptive priority access can guarantee that the QoS requirements of such real-time
applications will be satisfied, even if there are many frequently arriving non real-time requests.

4.3 Priority Level Assignnment and Packet Size

The three traffic classes used in our model are real-time traffic, interactive traffic, and unclassified traffic.
Real-time traffic includes real-time video and audio traffic, as well as telephony traffic and control signals.
Interactive traffic class includes traffic that are interactive in nature, such as web browsing. Unclassified
traffic is traffic that is neither real-time nor interactive in nature. Real-time traffic class is assigned the
highest priority level (priority 1), because these traffic must be ensured certain QoS requirements to satisfy
the real-time traffic demand. Interactive class is assigned priority level 2, because although these
applications are not real-time in nature, they nevertheless should have a response time below a certain level
to satisfy user expectations. Unclassified class is assigned priority 3, the lowest priority. Table 4.1 lists the
priority levels of the three traffic classes.

Priority |Traffic Type
1 Real -tinme (real-tinme video, real-tine audio,
t el ephony, and control signal)
2 I nteractive
3 Uncl assi fi ed

Table 4.1: Priority Level Assignment
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Each of the three priority classes has its own QoS requirements that need to be satisfied. Recall that in
Section 3.2.2, we discussed about the QoS requirements of some traffic types, including the delay and
reliability requirements of high quality voice, streaming video, HDTV, world wide web, etc. These
requirements are listed in Table 3.2. For the purpose of our 3-class traffic model, we choose the QoS
requirements for each of the three traffic classes by selecting the values that represent the strictest
requirement among the traffic types that belong to the same traffic class. For example, in Table 3.2, high
quality voice, streaming video, HDTV, video conference, and CD quality audio all belong to the real-time
traffic class in our traffic model. Each of these five traffic types has its own delay and blocking probability
requirements that need to be satisfied. For instance, the delay requirement for high quality voice is 10ms (i.e.
mean delay for high quality voice traffic must be less than 10ms), the delay requirement for streaming video
is 125-150 ms, that for HDTV is 90ms, video conference is 10ms, and CD quality is 100 ms. We notice that
10 ms mean delay is the strictest delay requirement among the traffic types in real-time traffic class, thus we
choose the delay requirement for class 1 traffic to be < 10 ms. Following the same logic, the QoS
requirements for the three traffic classes in our traffic model are listed below in Table 4.2.

Traffic Class Delay (ms) Jitter (ms) Blocking
Probability
Real-time (priority 1) 10 +5 107-5
Interactive (priority 2) 1000 N/A 0.05
Unclassified (priority 3) N/A N/A 0.05

Table 4.2: QoS Requirements for the Three Traffic Classes

It is assumed that the traffic between the ISP and future home area networks will be packet-oriented, since it
is the most popular mean of traffic transportation today. Furthermore, in our traffic model, to simplify
calculation, it is assumed that all packets of all traffic classes are equal in size and 2500 bytes per packet.
This packet size is chosen because it is within the commonly seen packet size, and video and audio traffic
can be broken down into packets of such length. In our traffic model, the state space will be based on the
number of packets in the system, as will be further discussed in Section 4.6.1.

4.4 EC Phase-Type Arrival Process

In our model, I decide to use the EC (Erlang-Coxian) distribution to represent the arrival process. The EC
distribution was discussed in Osogami’s PhD thesis [24] in detail. It is a mixture of (n-2) phase Erlang
distribution and 2-phase Coxian distribution. The reason I choose the EC distribution to represent the arrival
process is because, as of now there is no future home area network existing yet, so it is impossible to know
what the actual arrival rate distribution of the different types of traffic will be. Since the EC distribution is
able to represent most types of distribution, I chose it to represent the arrival process so that in the future,
when we can accurately characterize the distribution of the different types of traffic, we can then use moment
matching algorithm to a map a general distribution into an n-phase EC distribution. The details of how to
map a general distribution into an n-phase EC distribution are discussed in [24]. Figure 4.2 depicts an n-
phase EC distribution, which is taken from [24].
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absorbing state

Erlang(n-2) 2-phase Coxian

Figure 4.2: n-phase EC (Erlang-Coxian) distribution (from [25])

As described in [24], an n-phase EC distribution is a combination of an (n-2)-phase Erlang distribution and a
2-phase Coxian distribution. When a job arrives at a process that is characterized by an n-phase EC
distribution, it either enters the first phase of the (n-2)-phase Erlang distribution with probability p or enters
absorption state with probability 1 — p. If the job enters the first phase of the (n-2)-phase Erlang distribution,
it then enters phase 2 of the (n-2)-phase Erlang distribution with transition rate Ay, and then enters phase 3 of
the (n-2)-phase Erlang distribution with transition rate Ay, and so on, until it enters the (n-2)" phase of the (n-
2)-phase Erlang distribution. After that the job enters the first phase of the 2-phase Coxian distribution (i.e.
the (n-1)™" phase in the process) with transition rate Ay. It then either enters the second phase of the 2-phase
Coxian distribution with transition rate px Ax; and enters absorption state with transition rate (1 - px) Axi,
where px represents the probability of a job transiting from phase n-1 to phase n in the process. Ifa job is in
phase n, it then enters absorption state with transition rate Ax».

An n-phase EC distribution is particularly useful in approximating a general distribution for the purpose of
our traffic model because of the properties of Erlang and Coxian distributions. A 2-phase Coxian
distribution can approximate any distribution with high second and third moments very well [4, 23].
However, when a general distribution has low second and third moment, a 2-phase Coxian distribution
requires many phases to approximate it. By contrast, an n-phase Erlang distribution has the least variability
among all n-phase PH distributions [3], but it is limited in the set of distributions it can represent accurately
[24]. Thus, as explained in [24], intuitively it makes sense to combine the Erlang and Coxian distributions
into an n-phase EC distribution to approximate a general distribution, and this is the reason why behind
choosing an n-phase EC distribution to represent our arrival process.

In the sample calculations, we only use the 2-phase Coxian distribution represented by (a, T;) of dimension 2
to represent the arrival process, since it is simpler for the purpose of numerical calculation. The arrival rate
Ai, where 1= {1, 2, 3} follows a 2-phase PH distribution with Coxian representation, as depicted in Figure 4.3
below.
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Figure 4.3: A 2-phase PH distribution arrival rate with Coxian representation.

According to this representation, a job first enters phase 1. It then either moves to phase 2 with probability p;
or to job arrival (i.e. absorption) with probability q; = 1 - p;. In matrix form, this is represented by

0 /]i(l)ql‘

a=[10] n{m
- _Ai(l) Ai(l)pl
Lo —a®

For each traffic class i, the mean arrival rate A_l can be represented by the equation
A =(-aT"e)" (4.1)

where
e = column vector of 1 of dimension 1 by 2

The packet arrival rate into the first phase of the arrival process, A,'", in Equation (4.1), is determined by
three variables: the basic bandwidth rate of class i traffic (r;), the average number of class i applications being
used by one household (n;), and the fraction of households served by the ISP actively using class i
applications (8;). Multiplying the basic bandwidth of class i traffic r; by the average number of class 1
applications being used by one household n; gives the total bandwidth used by one household for class 1
traffic. However, at any particular instant, it is likely that only a certain fraction of households served by an
ISP would be actively using class i applications. Thus we further multiply the result of r; X n; by d;, the
fraction of households served by the ISP that are actively using class i applications. Thus, the packet arrival
rate into the first phase of the arrival process is represented by Equation (4.2) below.

AMD=8rm (4.2)
where
d; = fraction of households served by an ISP that is actively using class i applications

r; = basic bandwidth of class i traffic
n; = average number of class 1 applications (jobs) being used by one household
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For priority class 1 traffic in particular, since it is composed of real-time video, real-time audio, telephony,
and control signal traffic, the packet arrival rate into the first phase of the arrival process for class 1 traffic
can be further expanded into equation (4.3) as follow:

1) _
7\,1( ) = 8Video I'video Nvideo + 8audio Taudio Naudio + 8tel Tte] Niel + 8control Teontrol Neontrol (43)

where
dvideo = fraction of households served by the ISP that are actively using real-time video traffic
daudio = fraction of households served by the ISP that are actively using real-time audio traffic
Ol = fraction of households served by the ISP that are actively using telephony traffic
dcontrol = fraction of households served by the ISP that are actively using control signal traffic

Tvideo = basic bandwidth of video traffic
Nyideo = average number of video applications being used by one household

Taudio = basic bandwidth of audio traffic
Naudio = average number of audio applications being used by one household

1 = basic bandwidth of telephone traffic
ny = average number of telephone applications being used by one household

Teontrol = basic bandwidth of control signal traffic
Neontrol = average number of applications using control signal traffic in one household

Using a diagram, the arrival process of the traffic model is depicted in Figure 4.4 below.

1) _
7\,1( ) = 8Video I'video Nvideo + 8audio Taudio Naudio + 8tel Tte] Niel + 8control Tcontrol Neontrol

PH/M/n/m preemptive priority queue

.
Mh=0nn —» I

response time for
A3 =0313 13 o p P

each traffic class

Figure 4.4: High-level diagram of ISP-HAN traffic model
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4.5 Exponential Service Process

In our traffic model, it is assumed that the service time of a class i packet follows an exponential distribution
with mean service rate ;.  As mentioned before, the service time follows a service discipline of preemptive
priority FIFO with delay-loss. Upon the arrival of a packet, there are four possible scenarios related to
whether the newly arriving packet will receive service or not:

1.

2.

(number of packets in system < n) If there are less than n packets in the system, the arriving packet
randomly chooses a server and enters into service immediately.

(number of packets in system > n) If there are n or more than n packets in the system already, and if
one of the n packets already receiving service is of a lower priority than the new packet, then the new
packet of higher priority randomly chooses a server among the pool of servers that are serving a
lower priority packet and receives service immediately. The lower priority packet that has been
receiving service from the chosen server is preempted and placed back into the appropriate buffer.
(number of packets in system > n and < n+m;) If there are already n or more than n packets in the
system and if all of the n packets already receiving service are of the same or higher priority than the
new packet, then the new packet joins the buffer if the buffer for that traffic class is not full yet.
(number of packets in system > n and > n+m;) If there are n or more than n packets in the system
already, and if all of the n packets already receiving service are of the same or higher priority than the
new packet, and if the buffer for that traffic class is already full, then the new packet is lost.

Thus, following the above service discipline scheme, the following is what will happen to a newly arrived
priority i packet:

Let

x; = number of priority 1 packets already in system
Xz = number of priority 2 packets already in system
x3 = number of priority 3 packets already in system

B Upon the arrival of a priority 1 packet:

O If x; <n: priority 1 packet enters a free server at random and receives service from it for a random
time period

O Ifn<x; <nt+my: priority 1 packet queues at buffer 1

O Ifx; > ntm;: packet loss

B Upon the arrival of a priority 2 packet:

O Ifx, <n-—x;: priority 2 packet enters a free server at random and receives service from it for a
random time period

O Ifn- x; <x; < ntmy- X;: priority 2 packet queues at buffer 2

O Ifx, > ntmy- x;: packet loss

B Upon the arrival of a priority 3 packet:

O If x3 <n- x;- xp: priority 3 customer enters a free server at random and receives service from it for
a random time period

O Ifn- x;- xp <z < ntm- X;- Xp: priority 3 customer queues at buffer 3

O Ifx3 > ntms- X;- Xa: packet loss
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4.6 Construction of the Generator Matrix Q
4.6.1 St at e Space

In this thesis, the system depicted in Figure 4.1 is modeled as a continuous-time stochastic process {X(t), t >
0} with state space A = {Si, Sz, S3}. Si, Sy, and S; represent the state spaces of class 1, 2, and 3 traffic
respectively The definitions of S;, S, and S; will be given shortly. More specifically, the stochastic process
X(t) in this thesis is a continuous-time Markov chain where the conditional probability distribution of the
future state depends only on the present state and is independent of the past states. In other words,

P{X(t+s)=j|X(s)=i,X(u)=x(u),0<u<s}
= P{X(t+s)=jlX(s) =10}

for all s, t > 0 and nonnegative integers i, j, x(u), 0 <u <s.

This Markov chain is captured in the generator matrix Q given in this thesis. The generator matrix Q has 4
levels. The first three levels represent the class 1, 2, and 3 traffic class respectively. The state space of
priority class 1, Sy, is (n+m;+1)S,, where n = number of servers, m; = number of waiting spaces for class 1
traffic, and S, = state space of class 2 traffic. This means that the state space of priority class 1 consists of
the sum of the total number of servers plus the number of waiting spaces in the buffer for class 1 packets in
the system.

The state space of priority class 2, S, is max((n +m, +1- i)S3 , (m2 + l)S3 ) , where n = number of servers, m,

= number of buffer slots for class 2 packets, i = number of class 1 packets already in the system and S; =
state space of class 3 traffic. ntm,+1 gives the state space of priority class 2 when there is no class 1 packet
in the system already. Since the service discipline is preemptive priority, this means if there is any class 1
packet in the system, it will receive service first and preempts any class 2 packet already receiving service.
Thus the number of class 2 packets in the system is equal to n+my+1 minus the number of class 1 packets in
the system. This gives the term (n+my+1-1)Ss.

max((n +m, +1- i)S3 , (m2 + 1)53) means that the state space is the maximum of (n+my+1-1)S; or (my+1)Ss.

The necessity of this max operation can be explained by the following example. Let’s say the number of
class 1 packets already in the system, 1, is greater than the number of servers in the system, thus i > n.
According to the equation that makes the state space of priority class 2 S; = (n+my-i+1)S;3, this gives S, <
mp+1. However, this is not correct, since even if all the servers have been occupied by class 1 packets, the
state space of class 2 packets should still be my+1, since the buffer space of class 2 packets is exclusively for
class 2 packets and is not affected by packets of the other classes. Thus, the equation for the state space of
class 2 packets S; = max((ntmy+1-1)Ss, (my+1)S3). Note that the number of class 3 packets already in
system has no consequence on the state space of priority class 2, since class 2 packets have preemptive
priority over class 3 packets.

The state space of priority class 3 S; = (max(n +m, —i—j+Lm, + 1))>< (pn, x pn, X pn,), where n = number

of servers, ms = number of buffer slots for class 3 packets, i = number of class 1 packets already in the
system, j = the number of class 2 packets already in the system, and pn; = umber of phases in the arrival
processk for class i traffic where 1= {1, 2, 3}. Similar to the logic used in obtaining the state space of
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priority class 2, ntms+1-i-j gives the state space of priority class 3 given i priority 1 packets and j number of
priority 2 packets already in the system. (max(n +tm,—i—j+ 1), m, + 1) X(pn, X pn, X pn,) means that the
state space is the maximum of (n +m, —i+ 1)><(pn1 X pn, X pn,) or (m3 + l)X (pn, X pn, X pn,). As in the
case of priority class 2 state space calculation, this max operation ensures that the state space of priority class

3 has a minimum of m3+1, since the buffer for priority class 3 is unaffected by the number of class 1 and 2
packets already in the system.

Note that in the calculation of S3, the term max(n +tmy, —i—j+Lm,+ 1) is multiplied (pn, X pn, X pn,) .

This is because the generator matrix Q needs to keep track of which phase the n-phase arrival process is
currently in. For example, if the arrival process is a 2-phase arrival process for all three traffic classes, then
(pn, x pn, X pn,) =2x2x2= 8§, or if the arrival process is a 3-phase arrival process with 3 traffic classes,

then (pn, X pn, X pn,) =3x3x3=27.

In summary, the size of the state space of the generator matrix Q, S, and priority class i, S;, is given by the
following equations:

State space S; = (n+m, +1)5, 4.4)
State space S, = max((n +tm, —i+ l)S3 , (m2 + 1)S3) 4.5)
State space Sz = (max(n +my, —i—j+1,m, +1))><(pn1 X pn, X pn,) (4.6)

A={(S1,8S2 S3)|0< S; <(ntm;+1)S;, 0 < S; <max((ntmp+1-1)S3, (Mmp+1)S;), 0 <S5 <
max(n+m3 +1-i—-j,m, +1)><(pn1 X pn, Xpn3)}

where
S = state space of generator matrix Q
S = state space of priority class 1
S, = state space of priority class 2
S; = state space of priority class 3
n = number of servers
m; = number of waiting spaces in the buffer for class 1 packets
m, = number of waiting spaces in the buffer for class 2 packets
ms3 = number of waiting spaces in the buffer for class 3 packets
1 =number of class 1 packets already in the system
j = number of class 2 packets already in the system
pn; = number of phases in the n-phase arrival process for class i traffic, where i = {1, 2, 3}

The states in the generator matrix Q represent the number of packets and the arrival phase in the system.
There are three possible events that would cause a change of state of the generator matrix Q:

1. Packet arrival. A packet arrives when the buffer is not full. This is equivalent to the case when the
arrival process enters absorption state, resulting in an increase in the number of packets in the system
by one.
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2. Service completion. A packet has finished receiving service from the system, resulting in a decrease
in the number of packets in the system by one.

3. Phase change in arrival process without packet arrival. This occurs when a packet arrives at the first
phase of the arrival process or changes from one phase to another without entering the absorption
state of the arrival process. There is no change in the number of packets in the system.

4.6.2 The Generator Matrix Q

The construction algorithm for the generator matrix is presented below, followed by the construction
algorithm in matrix forms.

Construction Algorithm for Q Matrix

The generator matrix, Q, is a matrix with dimension (n+m;+1) by (n+m;+1).
The mathematical form of the construction algorithm for the generator matrix Q can be represented as:

Qi,_/ Qi,_/
Qi,_/ Qi,_/ Qi,_/

Qi,j Q j Qi j
0., 9

5
>

5
5

J

1

J

In mathematical form, the Q matrix can be represented as follow:

Ao,o Di:(),j:o
AO,I Di:(),jzl
4, Ol<i<nmi-1<j<i+l
o4 On+l<isn+m,,j=i-1
9, = 4 On+l<i<n+m —1j=i
4, On+1<isn+m —1,j=i+l
A + A, Oi=n+m,,j=i
0 Uotherwise

The above equation can be expressed in matrix form as follow:
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(4.7)

Details about the construction algorithm for the sub-matrices A;; in the generator matrix Q are described in
Appendix A.

4.7 Exanple of Generator Matrix Q

To illustrate the above construction algorithm, we show the generator matrix Q of a small system where the
number of servers n = 8 and the size of the system m = 4. Following the construction algorithm for the
generator matrix Q in Section 4.6.2 and Appendix A, the generator matrix Q of such a system is

Ao,o AO,I
AI,O A1,1 AI,Z
AZ,I Az,z A2,3
As,z A3,3 A3,4
A4,3 A4,4 A4,5
A5,4 As,s A5,6
Q= A6,5 A6,6 A6,7
A7,6 A7,7 A7,8
A8,7 As,s As,o
4, 4, 4,
4, 4 4,
4, 4, 4,

L 4, A1+Ao_
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where

Ao (a 13 by 13 matrix) =

14),0,0,0 ([2 DEOaDIZ)IIﬂZ —‘

ILéIRX(IZB) 14),0,1,1 ([2 DEOaDIZ)IIZII
2Ité[ 8x(1112)
(12 DEOOIDIZ)I(),S
8M[8x(5,6) . (12 D I;)OID IZ)IS,S
8lté[ 8%(5,5)
14),0,8,8 (12 DI;OIDIZ)IS,S

L 8/‘61 8%(5,5) 14),0,n+ml =i, ntm, =i J
(Note 1:

1,07 a0,
1,07, a0l
(I, 0T, a O 1)1, = LOL aOl, O
0T, a0l
1,07, a0l

08,8

0s s = a zero matrix of size 8 by 8

1,07, a0,

L,OT,a0l,

(L, O0L’a01,)I = ILLOT a0l

L,OT a0l

LOT a0,

and so on. This notation will be encountered throughout this section and in Appendix A).

(Note 2: Igxi1,12) = Isg 96, Isx(s.6) = L4048, and so on. This notation will also be encountered throughout this
section and in Appendix A.)
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A;; (a 12 by 12 matrix) =

Al,l,O,O (]2 D T’Z()a D ]2)]12,11
/'12]8><(11,12) Al,l,l,l (12 D T’Z()a D ]2)]11,10
2/'12]8X(10,11)
A1,1,6,6
7/'12]8><(5,6)
Az, (11 by 11 matrix) =
Az,z,o,o (Iz O Tzaaljlz)ll 110
IUZISX(IO,II) Az,z,l,l (Iz O Tzaa O 12)110,9
zﬂzlxx(g,m)
6IUZIS><(5,6)
A77 (6 by 6 matrix) =
A7,7,0,0 (12 0 Tzoa 0 12)16,5
:u2[8x(5,6) A7,7,1,1 (12 0 Tz all 12 )15,5
:uzlgx(s,S)
A8,8,0,0 (12 O Tzoa O 12 )15

A (5 by 5 matrix) =

(I, 0T a0 L)l

A1,1,7,7 Z, O TZ“a O ]2)15,5
7/'1218x(5,5)
A1,1,7,7
7/'1218x(5,5)
(12 u TZ{Ia 0 12)16,5
Az,z,s,s £, 0 Tz”a O 12)15,5
6ﬂzlxx(5,5)
A6
6iuzlxx(5,5)
Az (GO aOl)
Holss) 45755 |
Aggo0 (U T,a0 1),
0 Ay g4 |

(L, 0T a O L)I,
Al,l,l 1L11

(4,0 TZ{]a O 12)15,5
A2,2,10,10
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Ao000 (13 by 13 matrix) =

LULorn LOLOTL a
Il (U7, 0OT) - 1,
244, (50T, 0T) - 241,

Sul, (O, UT) -84l

(GOLO0T)-8ul, LOLOTa
LIZAN (T OT) -8l |

Aoo.1.1 (12 by 12 matrix) =

GULOR-ul,  LOLORa
Hls (UL OT) 44l —pal .
24l (T 0% O%) -1, 244,

T, (0508 ~pl, =T,

. QULOR)-ul -7, LOLOLa
Bul (5 OB~k =T

Aoo22 (11 by 11 matrix) =

(GOLOnD-l,  LOLOLa
W GOROD)-2ul 4,

6ul, (0%, OF) 2t~

6ul, GULOD-2ul~6wl,  LOLOLa
614 (T O5) 24l ~6ud |
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Ao,0.7.7 (6 by 6 matrix) =

(O, 0T) -7 1, LOLOT a
238 (O OT) = Tely — 41

Aposs (5 by 5 matrix) =

(1,07, 07,)-8u,0, 1,01,0T a
0

Ao0.12.12 (5 by 5 matrix) =

T,-8u,l, 1,01,0Ta
0

T,-8u,l, [,OI,OT’a
0 — 8,1

Al,l,O,O (12 by 12 matrix) =

(GOLOR)-p,  LOLORa
K4l (0 OT UT) ~ 4l — p4ly

Tul, (OT0T) -4l =Tl .

. (COLO)-pl, =74,
TH4L

- (UL OT) =Tl — 4l LOL O a
Iy 8 (T OT) = Thb1 —H L |

(TlDT2DT3)_8,Uz]g ]2 |:|]2 DT300’
0 (,ur)-

8,15 |

LOLOGa
([ OT) 4y _7/'§18_
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A1,1,1,1 (11 by 11 rnatrix) =

LOL O a
(FUL UL) — 4l =4l =14l

(OL0%) -4l
H,

6uly (0 OF)~l, =4l =6y

Aj166 (6 by 6 matrix) =

(0 VR~ ~6psl
1,

Ai177(5 by 5 matrix) =

(0T, OT) - 41, ~Tps1,
0

A1,1,11,11 (5 by 5 matrix) =

0

O OR) 4~y ~6ud

LOLOL

LOLOLa

(5 OF, D)~y =64l =4l

61l

- OB O~ —~614l, ~14

LOLOL a
(4, O, OT) -4l ~Ti41

Ky

- (40T, 0T) -4, ~ T4,

_T3 _:ullg _7,u218 12 Dlz DT300'

T — il =T I
0

0

LOLOT a
— Ul =TI |

(GUL)~Hls —14l; _6/'§13_

LOLOLa
(F'0D) ~ 4l —O4 ks — 4l |

LOLOL a
GUL) =4l =Tl
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Az,z,(),o (11 by 11 matrix) =

_(];D];D];)_zﬂls LU D];a
m (4,07, 0T) -2u, ~

6441, (1,07, OT;) =24l =641,

. COLOT)-2ul, -6,  LOLOTa
6441, (5 00T =241, ~ 644,

A2,2,1,1 (10 by 10 matrix) =

(M UL 0T) =244l — pb LOLOT a
298 ([ U7 UT) =244l — o1 = ply

Spdy (L OT, UT) =241 — bl =Skl

L Spaly (TTOT) =244l — bl _5/13[8_

Az222 (9 by 9 matrix) =

_(7; U UT) =244l =241 LOLOLa
298 (GULUT) =244l =240l = 4]

(UL OT) =244l =240l — 4441 LOLOLa

L 44l (LOL) =24l =20l — 4441 |
Arr55(6 by 6 matrix) =
(L OLOT) =21 =541 IZDIZDT;”a
M1 (MU UT) =241 =5kl — psl
(MUTUT) =241 =5kl — pi1 1,01, DT;O’
M1 (UL =241 =51 = ps 1
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Az266 (5 by 5 matrix) =

_(Tl O7,07)-2ul, =641, I,OLOT a
0

A2,2,10,10 (5 by 5 matrix) =

(T, 0T, OT,) =241, - 644,
0

[2 U [2 [l T3"a
(Tl g Tz)_2ﬂ1[8 _6ﬂ218_

-T3_2/’1118_6/’1218 IZDIZDT;OOI
0
T3_2/’1118_6/’1213 IZDIZDT;)O’
L 0 =241 64,1 |
A7700 (6 by 6 matrix) =
_(7—1 DTZ DT‘})_7ﬂ1[8 IZDIQDT'}OO' )

Hsly (T, 07, OT) =71 — i1

A77.1.1 (5 by 5 matrix) =

(1,07, 0T)-Tul, -1, 1,01, 0T a
0

(1, 0T, OT,) =71, - ]
/'1318

12 D12 DT;O’
(T,0T) = Tu 1 = i1 |

12 Dlz DT3°a
0 (OUT)-Tul, _/’12[8_
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T3 - 7/’1118 _/'1218
0

A7755 (5 by 5 matrix) =

As 00 (5 by 5 matrix) =

_(Tl O7,07T)-8ul, 1,0,0T a
0

Agga4 (5 by 5 matrix) =

(T, 07,0T,)-8u1, I,01,0T a
0

Ao (12 by 13 matrix) =

(7—1()0’|:|12 D12)113,12
(TI()O’DIZ D12)112,11

Iz Dlz DT3°a

(,07,07,)-8ul, I[,01,07 a
(T,07,)-8ul, |

0

(T, 0T, OT,) -84,
0

(TI()O’DIZ D12)16,5

. IZDIZDT3OOI
0 _7/’11[8_/’1218_

L,OL O a
(T, OT,) -8 1, |

(7—1()0’|:| 12 |:| 12)15,5

(TI()O’DIZ DIZ)IS,S
0
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Ai (11 by 12 matrix) =

(YIOGDIZ Dlz)llzu

(Y]OO’DIZ DIZ)IILIO

(YIOQ’DIZ DIZ)IQS
(YIOO’DIZ DIZ)IS,S

Az3 (10 by 11 matrix) =

(Y]OO'DIZ Dlz)lluo
(I’a01, OL)I,,

(7-lvoa|:|12 DIZ)Ié,S
(T’a01, 015

Ag,7 (6 by 7 matrix) =

_(]_vloalj [2 D[2)17,6
(]-yloaljlz D[2)16,5
(T'a 01,01,

(Ia 01, OL)I,,

(Y-I,OQ’DIZ DIZ)IS,S

0

0

0

(Tyloaljlz DIZ)[S,S
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A75 (5 by 6 matrix) =

Ay (5 by 5 matrix) =

A1 (13 by 12 matrix) =

_(T,loaljlz D 12)16,5

(T°a 01,01,

/'11[8x(12,13)

Az (12 by 11 matrix) =

2/’Il[8><(11,12)

2/’Il[8><(10,11)

(T'a 01,01,

(T'a 01,01, |

:ulISx(n,lz)

/'11[8><(5,6)

2/'11[8X(5,6)

2/’[1[8x(5,5)

2/’11[8x(5,5)

(Tyloaljlz DIZ)IS,S
0

/’Illgx(s,s)

/’11[8x(5,5) O_

S
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_3/’1118X(10,11)
3 L guo.10)
Az, (11 by 10 matrix) =
_7/'1118x(6,7)
7/'1118x(5,6)
Tu i,
A7 (7 by 6 matrix) = Hilgxs.s)
_8/'1118x(5,6)
8/'1118x(5,5)
Ag7 (6 by 5 matrix) =
_8/'1115X8 ]
A, (5 by 5 matrix) =
= 8/'1115X8
A (l)q - 1) 1 (1)p
a=[10] Tlo :{ I T1 — 1 1 1
/]1(2) 0 —/]1(2)
W O 0
Tzo = Az (zq)z T2 = AZ AZ gi T30 — A
A 0 - A,

8/'1118><(5,5) 0

3/’[l[8><(5,6)

7/'1118x(5,5)

3/’[1[8X(5,5)
0_
- ()] A )
3
0 _A3(2)

3 P

3/’[l[8><(5,5)

0_
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Chapter 5

Perf ormance Anal ysi s

5.1 Steady-State Probability

Once the traffic is modeled as a CTMC preemptive priority queue, one can then use matrix-geometric
method [22] to analyze the performance metrics. To obtain the performance metrics of each traffic class, we
first need to calculate the invariant vector from the generator matrix Q. Let 17 denote the invariant vector 11 =
[Flo M1 M2 ... M1 | of the generator matrix Q such that 1 Q =0 and w e = 1, where e is a column vector of 1’s.
We use the Gauss-Seidel method to calculate the invariant vector .

To illustrate the use of the Gauss-Seidel method to calculate the invariant vector m, we use a system with n =
2 and m; = mp = m3 = 3 for illustrative purpose. Let the generator matrix Q be

Aoo Ao
Q: Al,O A1,1 Ay
A A Ay
A ATAy

This gives the following set of 5 linear equations:
(D) 0 =moAoo + A1

(2) 0 =myAp + 7I1A1,1 + mA,

3) 0=mAy + MmA| + 1A,

4) 0 =mA + n3(A; + Ay)

®)) To+m+mta=1

Manipulating the above set of equations gives
(1) m=(-mAioAg"

Q)  m=(MAr T TA)ALT

(3) T = -(TE]AO + 7'E3A2)A1-1

@ m=(mA)(AI + A"

(5 To+m+mt+a=1

Then, to calculate the invariant vector wt, we iterate through the set of equations as follows:
(1) mo(n+l) == (-m(n)A;0)Agp”

(2) 7I1(l’1+l) = -(Ro(n‘f'l)Ao + 7I2(1’1)A2)A1,1-1

(3)  m(ntl) = -(m(ntDAg + m3(n)A)A, "

4) m3(n+1) = (-m(nt1)Ag)(A; + Ag)”

with the initial vectorn=[non; non3 ]=[0 1 0 0] and the condition || mi(n+1) — mi(n) || < &, where € = 10~.
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5.2 Queue Length

5.2.1 Joint Stationary Distribution

Once the stationary vector « is obtained, we then have the joint stationary distribution. The joint stationary
distribution in our traffic model is the probability that there are i class 1, j class 2, and k class 3 packets in the

system. In this thesis, we use P(i,j,k) to represent m;; in the performance analysis in the subsequent sections.

In summary, the joint distribution stationary distribution is

P(i,j,k) = Tijk (51)

= probability that there are i class 1, j class 2, and k class 3 packets in the system
5.2.2 Mar gi nal Distribution
Class 1

The marginal distribution of class 1 traffic is the probability that there are i class 1 packets in the system. It
is given by equation 5.2.

max( n—i,0)+m, max( n—i—j,0)+m;

PGiv) = Y >, (5.2)

=0 k=0

n = number of servers

m; = number of waiting spaces in the buffer for class 2 traffic
ms3 = number of waiting spaces in the buffer for class 3 traffic
1= number of class 1 packets in system

j =number of class 2 packets in system

k = number of class 3 packets in system

Equation 5.2 gives the probability that there are i class 1 packets in the system and is calculated by summing
up all i ;x where 1= n and where n is any non-negative integer. The upper bound of the first summation sign
is max(n-1,0)+m, because the queue in our traffic model has a preemptive priority service discipline. Recall
that in our traffic model, there are n servers and my, buffer slots in the system. So the maximum possible
number of class 2 packets in the system at any single instance is n+m,. However, because the system has a
preemptive priority service discipline, the maximum possible number of class 2 packets in the system at any
single instance becomes n —1i+ mp. (The minus i in n-i+my is because class 1 traffic has preemptive priority
over class 2 traffic, so the maximum number of class 2 packets that can be in service given that there are i
class 1 packets already receiving service is n-i). Note that it is possible for i to be greater than n (i.e. 1> n)
when there are class 1 packets in the buffer. To ensure that n-i > 0, we use max(n-i,0) to guarantee this
condition. Thus, the upper bound for the first summation term is max(n-i,0) + my.

The upper bound max(n-i-j,0) + m;3 for the second summation term follows by the same logic. Because of
the preemptive priority service discipline, the maximum number of class 3 packets in the n-server channel is
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n-i-j. Adding together the maximum number of class 3 packets in the buffer, ms, gives the upper bound
max(n-i-j,0) + ms.

Class 2

Similarly, the marginal distribution of class 2 traffic is the probability that there are i class 1 packets and j
class 2 packets in the system and is given by equation 5.3:

max(n—i—j,0)+my

P(ls ]9) = le;,j,k (53)
k=0
5.2.3 First Moment (Average Queue Length)

Once the marginal distribution is known, the average queue length can be calculated easily. The average
queue length for class i traffic is the average number of class i packets in the system (i.e. in the servers and
buffer). It is well known that if X is a discrete random variable, then E[X], the expected value, or mean, of

X, is E[X] = Z x, P, (x,), where Px(xx) denotes the probability that the random variable X has a value of xi
k

[19, p. 127]. Since calculating the average queue length means finding the first moment of a random
variable, the average queue length of class 1 traffic, which we denote as (E[X]);, can be calculated by
equation (5.4).

n+my

(E[X)), = ZiP(i,.,.) (5.4)

=P(1,.,.) + 2P(2,.,.) + 3P(3,.,.) + ... + (ntm;-1)P(n+tm;-1,.,.) +
(n+m;)P(n+my,.,.)

For class 2, the average queue length (E[X]), is as follows:

n+m; max(n—i,0)+m,

EXD, =2, 2.iPG.j») 5.5

=P(0,1,.) + 2P(0,2,.) + 3P(0,3,.) + ... + (ntmyp-1)P(0,n+m,-1,.) + (nt+my)P(0,n+my,.) +
P(1,1,.) + 2P(1,2,.) + ... + (ntmp-2)P(1,ntmy-2,.) + (n+tmy-1)P(1,n+tmy-1,.) +
P(2,1,.) + 2P(2,2,.) + ... + (ntmp-3)P(2,ntmy-3,.) + (n+my-2)P(2,n+my-2,.) + ... +

P(n+m;-1,1,.) + 2P(n+tm;-1,2,.) + ... + (mp-1)P(n+m;-1,mp-1,.) + mpP(n+m;-1,my,.) +
P(n+my,1,.) + 2P(n+my,2,.) + ... + (mp-1)P(nt+m;,my-1,.) + myP(n+m;,my,.)

The average queue length for class 3 traffic, (E[X])s, is:
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n+m;max(n—i,0)+m, max(n—i—j,0)+m;

(EIXD; = 2, D KPR (s

j=0
5.2.4 Second Moment (Variance of Queue Length)

Once the first moment (average queue length) is known, its variance can easily be calculated. We know that
the variance of a random variable X, VAR[X], is defined as VAR[X] = E[(X — E[X])*] = E[X*] - E’[X] [19,
p.133]. In the context of our traffic model, (VAR[X]);, where i = {1, 2, 3}, represents the variance of queue
length of class i traffic, and since the term E[X?] is calculated by:

E[X°] = > x Pi(x,) (5.7)

The equation for the variance of the queue length for class 1 traffic, (VAR[X]), is:

(VAR[X]); = (E[X’])1 — (E*[X])

n+m1 }/1+ml

- ZizP(i,.,.) ] [Zip(i,.,.)]2 (5.8)

Similarly, the variance of the queue length for class 2, (VAR[X])z, is:

(VAR[X])>= (E[X*])2 — (B’[X])2

n+m max(n—i,0)+m, n+m max(n—i,0)+m,

= Y 2SPGD) - 1Y ZIPGRT 69

And the variance of the queue length for class 3, (VAR[X])3, is:

(VAR[X])s = (E[X’]); — (E[X])3

n+m;max(n—i,0)+m, max(m—i—;,0)+m; n+m; max(p—i,0)+m, max@—i—j,0)+m; )
DYDY DRPG R 1Y, D D kP, j, k)]
i=0 j=0 k=1 i=0 j=0 k=1
(5.10)
5.3 Bl ocki ng Probability

The blocking probability is the probability that, upon the arrival of a class i packet, the queue is already full
(i.e. all the n servers are occupied and no lower priority class packet can be preempted, and the m; buffer
slots are all occupied) so the newly arrived packet must be dropped. For traffic class 1, the blocking
probability Pb; is the probability that upon the arrival of a class 1 packet, there are n class 1 packets already
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in service and all the m; buffer slots are full. This is equivalent to the probability that there are n+m;+1 class
1 packets in the system. Thus the equation for Pb; is:

Poy = 70 +1 (5.11)

For traffic class 2, the blocking probability Pb; is the probability that, upon the arrival of a class 2 packet, the
n servers are all occupied by either class 1 and class 2 packets, and all the m; buffer slots are filled. This is
equivalent to the probability that there are already i class 1 packets and n-i class 2 packets receiving service
and my+1 class 2 packets in the buffer when a new class 2 packet arrives. Thus the blocking probability Pb,
is

n+m

Pb, = 3 P(i,max(n=i,0) + m, +1,) (312

i=0

Similarly, for traffic class 3, the blocking probability Pbs is the probability that, upon the arrival of a class 3
packet, the n servers are all occupied, and all the mj buffer slots are filled. This is equivalent to the
probability that there are already i class 1 packets, j class 2 packets, and n-i-j class 3 packets receiving
service, and mz+1 class 3 packets in the buffer when a new class 3 packet arrives. Thus the blocking
probability Pbs is

n+mymax(n—i,0)+m,
Pby=3%, D P(i,j,max(n=i=j0)+m+1) (553
i=0 =0
5.4 Del ay
5.4.1 First Monment (Mean Del ay)
The mean delay is the average amount of time a packet needs to wait in a queue before being finished

receiving service and leaving the system. It is easy to calculate the mean delay and delay variance once the
average queue length (E[X]); and blocking probability Pb; are known. According to Little’s Law, the

average number of customers (N) in a stable system equals the average arrival rate of customers (j)
multiplied by the average waiting time of a customer (/). In equation form, this is

N=W (5.14)

Rearranging the equation, it gives

W= (5.15)

| =
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In our traffic model, the average number of packets N is almost equivalent to the average queue length E[X]
described in the previous section. However, in our traffic model, a newly arrived packet will find the queue
to be full and be dropped from the system with blocking probability Pb. Thus we need to compensate for the
effect of blocking probability on the average queue length. Therefore, in our traffic model, N is equivalent to
E[X] divided by (1 — Pb); this division by (1 — Pb) compensates for the packet loss due to the blocking

probability. The bottom term in equation (5.15), A, is the average customer arrival rate. Since the arrival
rate in our traffic model is represented by phase-type distribution with representation (a, T) with dimension

d, the average arrival rate is then A= (—aT'e)™", where e is a column vector of 1. Thus, the mean delay of
class i traffic is

=2
Ai
E[X]).
- Ul 1) (5.16)
-aTl; e
5.4.2 Second Moment (Jitter)

The delay variance, also called jitter, follows from the second moment of Little’s Law [14]. Recall in the
previous section that W, = % . Thus the delay variance, VAR[W;] , can be calculated by VAR[W;] =
VAR[N;] / /1[2 . However, this VAR[W;] is actually the variance around zero, not the variance around the
mean delay. To obtain the variance around mean delay, recall that (VAR[X]); = (E[X*])i — (B [X]i [19].
Thus, if we denote VAR[W,] as the variance around mean delay and VAR[W;] as the variance around zero,
then

VARIW,] = VARLW] - W,

_ VAR_[Ni] ) W_,z

Ai
= @ - oW (5.17) [from [14] ]
where

(VAR[X]); is described in Section 5.3
A =(-ar'e)’
W, is described in Section 5.5.1
i={l,2,3}
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Chapter 6

Results and D scussi ons

6.1 I nplenmentation of a PH M 7/(9+9+9) Exanple System

We implemented the analytical model described in Chapter 5 with a PH/M/7/(9+9+9) preemptive priority

queue (i.e. number of servers n = 7 and buffer space m; = m; = m3 = 9) with 2-phase Coxian arrival process.
The input parameters of the traffic model for the example system are described in Table 6.1.

Input Values Meaning

Parameters

packet_size 2500 bytes per packet | The size of packet, assumed to be 2500 bytes per
packet.

Bvideo, Oaudio 0.8 Fraction of households served by an ISP that are
actively using real-time video and audio applications

Otel 0.8 Fraction of households served by an ISP that are
actively using telephony applications

Ocontrol 0.5 Fraction of households served by an ISP that are
actively using control traffic

o 0.8 Fraction of households served by an ISP that are
actively using class 2 (interactive) applications

O3 0.5 Fraction of households served by an ISP that are
actively using class 3 (unclassified) applications

MNideo 20 Mbits / sec Arrival rate of real-time video traffic

Aaudio 0.256 Mbits / sec Arrival rate of real-time audio traffic

Atel 0.128 Mbits / sec Arrival rate of telephony traffic

Acontrol 0.1 Mbits / sec Arrival rate of control traffic

A 831.95 packets/sec | Arrival rate of class 1 traffic at phase 1 of arrival process

A 831.95 packets/sec | Arrival rate of class 1 traffic at phase 2 of arrival process

A 24 packets / sec Arrival rate of class 2 traffic at phase 1 of arrival process

A 24 packets / sec Arrival rate of class 2 traffic at phase 2 of arrival process

At 12.5 packets / sec Arrival rate of class 3 traffic at phase 1 of arrival process

A 12.5 packets / sec Arrival rate of class 3 traffic at phase 2 of arrival process

o] 0.9 Probability of a class 1 packet entering absorption phase
in arrival process without passing through phase 2

Q2 0.9 Probability of a class 2 packet entering absorption phase
in arrival process without passing through phase 2

(o} 0.9 Probability of a class 3 packet entering absorption phase
in arrival process without passing through phase 2

Table 6.1: Input parameters of traffic model
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Class 1 Arrival Rate

In our implementation, we assume that all packets are of size 2500 bytes, or 0.02 Mbits (2500 bytes x 8
bits/byte = 20000 kbits = 0.02 Mbits, per packet). Furthermore, we assume that an average of 80% of all the
households served by a particular ISP actively use real-time video and audio applications during peak hours,
thus Svideo audio = 0.8. For real-time multimedia traffic, we assume that an average household uses the
bandwidth equivalent of 1 HDTV, 2 streaming videos and 2 MP3 applications. The calculation for Ayigeo, the
arrival rate of real-time video traffic, is as follows:

Avideo

=1 HDTYV application x basic bandwidth for 1 HDTV application (18 Mbits per application) + 2 streaming
video applications x bandwidth requirement of 1 streaming video application (1 Mbits per application)
=1Xruprv +2 X T'streaming_video

=1 x 18 Mbits/sec + 2 x 1 Mbits/sec

=20 Mbits/sec

Similarly, the arrival rate of real-time audio traffic, Aaudio, 1S:
Aaudio = basic bandwidth for 1 MP3 application x 2 MP3 applications
=(.128 Mbits/sec x 2
= (.256 Mbits/sec
The arrival rate of telephony traffic, A, is:
el = basic bandwidth for telephony application x 2 telephony applications
= (0.064 Mbits/sec x 2
= (.128 Mbits/sec
The arrival rate of control signal traffic, Acontrol, 1S:
Acontrol = basic bandwidth for control traffic x 2 control signal applications
= (.05 Mbits/sec * 2
= (.1 Mbits/sec

Recall that the arrival rate of class 1 traffic is calculated by equation (4.2). Thus the arrival rate of class 1
traffic, Ay, is:

7b1 = 8videokvideo + 8audiokaudio + 8telktel + 8control 7bcontrol
= 0.8(20 Mbits/sec + 0.256 Mbits/sec) + 0.3(0.128 Mbits/sec) + 0.5(0.1 Mbits/sec)
=16.639 Mbits/sec * (1 byte / 8 bits) * (1 packet / 2500 bytes)
= 831.95 packets / sec

Class 2 Arrival Rate

For class 2 traffic, the arrival rate is:
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7u2 = 82 I np
= (0.8)(0.3 Mbits/sec)(2)
= 0.48 Mbits/sec * (1 byte / 8 bits) * (1 packet / 2500 bytes)
= 24 packets/sec

Class 3 Arrival Rate
For class 3 traffic, the arrival rate is:

A3 = 0313 N3
= (0.5)(0.05 Mbits/sec)(10)
= 0.25 Mbits/sec * (1 byte / 8 bits) * (1 packet / 2500 bytes)
= 12.5 packets/sec

The parameters discussed in Table 6.1 are only estimated parameters that we provide for the traffic model as
an example. When actually using the traffic model for bandwidth estimation, the values for the input
parameters in Table 6.1 should be estimated according to survey of average household usage. For example,
one needs to collect data on how many class 1 applications are used for each of the three traffic classes in an
average household. Also, the 9; should be estimated according to data collected on the proportion of
households that actively use class i applications at a particular time. We do not have such data available,
because at present, to the best of our knowledge, there is no actual home area network existing yet and so we
are not able to obtain such data. Therefore we could only estimate the values of the input parameters.
However, in the future, when test homes with home area networks equipped become available, one should
first collect the necessary data to estimate the input parameters for the traffic model.

2-phase Coxian Arrival Process

Once again, because there is no actual future HAN existing yet, a 2-phase Coxian arrival process is used in
the example system as a simple example for the purpose of illustrating the possible use of the traffic model to
help estimate the optimal bandwidth allocation for network planning purpose. However, when HAN
becomes available for testing, one should collect data on each of the three types of traffic, determine the
general distribution of the packet arrival rate for each traffic type, and then map the general distributions into
n-phase EC distributions to approximate the arrival process for each traffic class, as described in Section 4.4.

6.2 Bandwi dth Optim zati on Procedure

Since the goal of the traffic model is to determine the bandwidth allocation scheme that utilizes the minimum
total bandwidth while satisfying the QoS constraints (mean delay and blocking probability) of each traffic
class i, the following steps are used to run the traffic model to achieve the goal of determining the best
bandwidth allocation scheme.

Step 1: Run the traffic model with various ny, (i.e. varying the amount of bandwidth allocated to class 1

traffic) and record the mean delay (W) and blocking probability (Pb;) of class 1 vs. a particular ny; for each
run.
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Step 2: Plot the results from step 1 in two plots. One as the plot of class 1 bandwidth (np,) vs. class 1 mean
delay (W)). (nis the number of servers.) The other as the plot of class 1 bandwidth vs. class 1 blocking
probability (Pby).

Step 3: In the plot of class 1 bandwidth (np;) vs. class 1 mean delay (W), use polynomial interpolation or
other regression analysis methods to interpolate a function f; where ny; = f;(W;) for the ny,; vs. W data
points observed from running the traffic model. Similarly, in the plot of class 1 bandwidth vs. class 1
blocking probability (Pb;), use polynomial interpolation or other regression analysis methods to interpolate a
function g; where ny; = g1(Pby) for the p; vs. Pby data points observed from running the traffic model.

Step 4a: Determine the minimal value of the function f; (i.e. the minimum p;) which meets the constraints
W; < 10ms (see Table 4.2 for the QoS constraints) and stability constraint ny; > 16.7 Mbps.
Step 4b: Determine the minimal value of the function g; (i.e. the minimum p;) which meets the constraint
Pb; < 10”-5 (see Table 4.2 for the QoS constraints) and stability constraint ny; > 16.7 Mbps.

Step 5: Compare the two minimum np; found in steps 4a and 4b. Select the one with the higher value of
and discard the one with the lower value.

Step 6: Run the traffic model with various ny; (i.e. varying the amount of bandwidth allocated to class 2
traffic) while keeping the value of np,; fixed at the value selected in step 5. Record the mean delay (W) and
blocking probability (Pb,) of class 2 vs. a particular ny, for each run.

Step 7: Plot the results from step 6 into two plots. One as the plot of class 2 bandwidth (ny;) vs. class 2 mean
delay (W>). The other as the plot of class 2 bandwidth vs. class 2 blocking probability (Pb,).

Step 8: In the plot of class 2 bandwidth (ny) vs. class 2 mean delay (W2), use polynomial interpolation or
other regression analysis methods to interpolate a function f; where np, = f,(W») for the np, vs. W, data
points observed from running the traffic model. Similarly, in the plot of class 2 bandwidth vs. class 2
blocking probability (Pb,), use polynomial interpolation or other regression analysis methods to interpolate a
function g, where ny, = g»(Pb,) for the np, vs. Pb, data points observed from running the traffic model.

Step 9a: Determine the minimal value of the function f, (i.e. the minimum np,) which meets the constraint
W, < 1.0s (see Table 4.2 for the QoS constraints) and stability constraint ny, > 0.48 Mbps.
Step 9b: Determine the minimal value of the function g; (i.e. the minimum p;) which meets the constraint
Pb, < 0.05 (see Table 4.2 for the QoS constraints) and stability constraint npu, > 0.48 Mbps.

Step 10: Compare the two minimum ny, found in steps 9a and 9b. Select the one with the higher value of p,
and discard the one with the lower value.

Step 11: Run the traffic model with various np; (i.e. varying the amount of bandwidth allocated to class 3
traffic) while keeping the value of np; and np, fixed at the values selected in step 5 and step 10. Record the
mean delay (W3) and blocking probability (Pbs) of class 3 vs. a particular nus for each run.

Step 12: Plot the results from step 11 into two plots. One as the plot of class 3 bandwidth (np3) vs. class 3
mean delay (W3). The other as the plot of class 3 bandwidth vs. class 3 blocking probability (Pbs).
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Step 13: In the plot of class 3 bandwidth (nus3) vs. class 3 mean delay (W3), use polynomial interpolation or
other regression analysis methods to interpolate a function f3 where nus = f3(W3) for the nus vs. W3 data
points observed from running the traffic model. Similarly, in the plot of class 3 bandwidth vs. class 3
blocking probability (Pbs), use polynomial interpolation or other regression analysis methods to interpolate a
function gz where p; = g3(Pbs) for the nus vs. Pbs data points observed from running the traffic model.

Step 14a: Determine the minimal value of the function f; (i.e. the minimum nps) with stability constraint nus
> (0.25 Mbps.

Step 14b: Determine the minimal value of the function g3 (i.e. the minimum np;3) while meeting the
constraint Pb; < 0.05 (see Table 4.2 for the QoS constraints) and stability constraint nuz > 0.25 Mbps.

Step 15: Compare the two minimum nps3 found in steps 14a and 14b. Select the one with the higher value
and discard the one with the lower value.

After running the above procedure, we will have obtained the bandwidth allocation scheme that minimizes
total bandwidth usage while satisfying the QoS constraints for all 3 traffic classes listed in Table 4.2.

Class 1 Traffic

The plot of bandwidth vs. mean delay for class 1 traffic in Figure 6.1(a) and the plot of bandwidth vs.
blocking probability for class 1 traffic in Figure 6.1(b) show the result of applying the above procedure for
the parameters shown in Table 6.1.

Plot of Banduidth vs. Elocking Prababilty for Class 1 Traffic i Plot of Bandwidth vs. Mean Delay for Class 1 Traffc
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Figure 6.1(a): Plot of Bandwidth Required vs. Mean Delay for Class 1 Traffic. Figure 6.1(b): Plot of Bandwidth Required vs.
Blocking Probability for Class 1 Traffic
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The above two plots show the amount of bandwidth that should be allocated to class 1 traffic given a mean
delay and blocking probability requirement for class 1 traffic. From the above two sets of data, one can use
data fitting to generate two polynomial equations that approximate the behavior of bandwidth vs. mean delay
and bandwidth vs. blocking probability, respectively. For example, using the implementation of the
PH/M/7/(9+9+9) example system described in Section 6.1, the polynomial equation for describing the
behavior of bandwidth required vs. mean delay for class 1 traffic is:

npy = fi(Wh) = (-2.2557e+013) W,° + (6.7076e+011) W, * + (-7.9371e+009) W,° +
(4.7589¢+007) W12 + (-1.5055¢+005)W; + 235.05

where W) represents the mean delay of class 1 traffic and f;(W}), the value of the function f; at Wy,
represents the bandwidth allocated for class 1 traffic given that the mean delay for class 1 traffic is W.

To determine the minimum bandwidth needed for class 1 traffic to satisfy the mean delay requirement of
10ms (from Table 3.2), a local search optimization method called golden section search method [30] was
used on the polynomial function f;(W;) on the range 0 < W; < 0.01 to determine the local minimum within
the range 0 <W; <0.01s. The reason why it is decided to use a local search method like golden section
search to find the minimum is because usually, from the plot, we have a fairly good initial guess of where the
minimum bandwidth will be. If getting trapped in a local minimum is an issue, one can use a global search
method like simulated annealing or genetic algorithm to search for the global minimum. In this thesis, the

resultant minimum bandwidth obtained using the golden section search method was 16.8397 Mbps for each
household.

Similarly, to determine the minimum class 1 bandwidth to satisfy the QoS requirement of < 10e-5 blocking
probability for class 1 traffic, we first used the polynomial interpolation to approximate the relationship
between bandwidth required versus blocking probability for class 1 traffic. The resulting polynomial
equation for the example system in Section 6.1 was determined to be

np; = gi(Pb;) =-0.18756 Pb,” — 0.1103 Pb,* + 0.30508 Pb,* + 3.9773 Pb,> — 19.511 Pb,* + 43.471

where g(Pb,) represents the amount of bandwidth that needs to be allocated to class 1 traffic to produce a
blocking probability of Pb; for class 1 traffic. Again, using golden section search on the polynomial equation
g1(Pby), the minimum class 1 bandwidth required to satisfy the QoS requirement of blocking probability of
less than 10e-5 for class 1 traffic was determined to be 21.4382 Mbps.

From the above discussion, it is obvious that to meet the QoS requirements of hoth mean delay (< 10ms) and
blocking probability (< 10e-5) for class 1 traffic, the ISP needs to allocate a minimum of 21.44 Mbps of
bandwidth for class 1 traffic for each household. Note that 21.44 Mbps also satisfies the stability constraint
for class 1 traffic, nu; > 16.7 Mbps. Also, from the data points sampled, the highest variance was found to be
1.9930 x 10° s* and the lowest variance was 2.1083 x 10° s%.

Recall that in Table 4.2, class 1 traffic also has a jitter requirement of 5Sms. This has been satisfied, since the

highest jitter measured from running the traffic model was V1.9930%107° s> = 4.46 ms, which is less than

the 5ms jitter requirement for class 1 traffic.
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Traffic class 2 bandwidth required

From the above discussion, it has been determined that an ISP needs to allocate a minimum of 21.44 Mbps of
bandwidth for class 1 traffic for each household. The amount of traffic class 2 bandwidth required is
determined by fixing the class 1 bandwidth at 21.44 Mbps. The following plots illustrate the relationship
between class 2 bandwidth required vs. mean delay and blocking probability for class 2 traffic given that
class 1 traffic is allocated a bandwidth of 21.44 Mbps.

Plat of Bandwidth vs. Mean Delay for Class 2 Trafiic
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Figure 6.2(a): Plot of Bandwidth Required vs. Mean Delay for Class 2 Traffic, and (b): Plot of Bandwidth Required vs. Blocking
Probability for Class 2 Traffic.

Figure 6.2(a) shows the amount of bandwidth that should be allocated to class 2 traffic given various mean
delay requirements for class 2 traffic at nu; = 21.44 Mbps, and Figure 6.2(b) shows the amount of bandwidth
that should be allocated to class 2 traffic given various blocking probability requirements for class 2 traffic at
ny; =21.44 Mbps . From the above two plots, one can use data fitting to generate two equations that
approximate the behavior of bandwidth vs. mean delay and bandwidth vs. blocking probability, respectively.
For example, using the implementation of the PH/M/7/(9+9+9) example system described in Section 6.1 and
following the logic outlined for class 1 traffic, the equation for describing the behavior of bandwidth required
vs. mean delay for class 2 traffic is:

np; = H(Wa) = 106.9555¢ 19" (6.6)

where W, represents the mean delay of class 2 traffic and f2(W>), the value of the function f; at Wy,
represents the bandwidth allocated for class 2 traffic given that the mean delay for class 2 traffic is W.

If we let y = £2(W2) and x = W», equation (6.6) can be written as:

y = 106.9555¢7>>*%10* (6.7)
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The equation £5(W>) is determined by fitting the data in Figure 6.2(a) into an exponential equation of the
form:

y=pe " (6.8)

where p and q are real-number coefficients. The above exponential form is, again, used because the data
points observed in Figure 6.2(a) appear to exhibit exponential decay. The coefficients p and q, in turn, are
obtained by observing that rearranging all the terms in Equation (6.8) onto the left-hand side gives

y=pe "
In(y) — In(p)e =0 (6.9)

Thus to find p and q, we try to find the values of p and q that minimize:

Z(JN}, _(ﬁi _qxi))2 (6.10)

where ¥, =In(y,) and p, =In(p,). The values of p and q obtained for this particular example system are p
=106.9555 and q = 33.9816.

To determine the minimum bandwidth needed for class 2 traffic to satisfy the mean delay requirement of 1.0s
(from Table 3.2), the golden section search method was used on the function f2(W») on the range 0 < W, <
0.0875s to determine the local minimum within the range 0 < W, <0.0875s. The resulting minimum
bandwidth obtained was 0.4809 Mbps for each household. Also, from the data points sampled, the highest
variance was found to be 0.0037 s* and the lowest variance was 0.0011 s>. There is no jitter requirement for
class 2 traffic.

From Figure 6.2(b), it is obvious that at an allocation of 0.4809 Mbps of bandwidth for class 2 traffic will
satisfy the QoS requirement of < 0.05 blocking probability for class 2 traffic, Thus allocating 0.4809 Mbps of
bandwidth for class 2 traffic for each household should be sufficient to satisfy the mean delay and blocking
probability requirements of class 2 traffic.

Traffic class 3 bandwidth required

From the above section, it has been determined that ISP needs to allocate a minimum of 21.44 Mbps of
bandwidth for class 1 traffic and a minimum of 0.49 Mbps of bandwidth for class 2 traffic for each
household. To determine the amount of bandwidth that needs to be allocated for class 3 traffic, we run the
traffic model at np; = 21.44 Mbps and at ny, = 0.49 Mbps. The plots in Figure 6.3 illustrate the relationship
between the class 3 bandwidth required versus mean delay and the class 3 bandwidth required versus
blocking probability for class 3 traffic given that class 1 traffic is allocated a bandwidth of 21.44 Mbps and
class 2 traffic is allocated a bandwidth of 0.49 Mbps.
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Plot of Bandwidth v Mean Delay for Class 3 Traffic Plat of Bandwidth vs. Blocking Probability for Class 3 Traffic
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Figure 6.3(a): Plot of Bandwidth Required vs. Mean Delay for Class 3Traffic , and (b) Plot of Bandwidth Required vs. Blocking
Probability for Class 3 Traffic.

Figure 6.3(a) above shows the bandwidth that should be allocated to class 3 traffic given various mean delay
requirements for class 3 traffic with nu; = 21.44 Mbps and nu, = 0.4809 Mbps. Figure 6.3(b) shows the
amount of bandwidth that should be allocated to class 3 traffic given various blocking probability
requirements for class 3 traffic with ny; = 21.44 Mbps and nu, = 0.4809 Mbps. There is no QoS
requirement for mean delay for class 3 (unclassified) traffic. The blocking probability should be less than
0.05 for class 3 traffic. To satisfy this QoS requirement, along with meeting the stability constraint np3> 0.25
Mbps, 0.26 Mbps of bandwidth should be allocated for class 3 traffic for each household.

6. 3 Concl usi ons and D scussi ons

From the results above, one can draw the conclusion that if we model the channel between the ISP and home
area network using our example traffic model of PH/M/7/(9+9+9) preemptive priority queue with input
parameters listed in Table 6.1, a bandwidth allocation scheme allocating 21.44 Mbps for real-time traffic,
0.49 Mbps for interactive traffic, and 0.26 Mbps for unclassified traffic for each household will minimize the
total bandwidth required to satisfy the QoS constraints of all three traffic classes.

Needless to say, the example system serves as an illustrative purpose only, demonstrating the possibility of
using a PH/M/n/m preemptive priority queue as an analytical model to help estimate the amount of
bandwidth required to be allocated to each traffic class while satisfying the QoS constraints of each traffic
class. As mentioned before, all the input parameters are estimates only; in the future, when actual home area
networks come into existence, these input parameters should be based on data collected from pilot homes
that use home area networks on a normal day-to-day basis. For example, prior to using the traffic model,
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sufficient data should be collected to determine the statistical distribution of the arrival process, and then use
the moment-generating algorithm described in [24] to approximate the actual distribution with an n-phase EC
distribution. Also, data regarding the average number of class i applications that a typical household uses at
different times of the day should be collected as well to provide values for the input parameters in Table 6.1.
In summary, the purpose of this thesis is to demonstrate the possible use of the traffic model in bandwidth
estimation for the channel between ISP and future home area network.

Although this thesis is mainly concerned with the use of the traffic model in estimating network capacity
planning for the future HANS, it is possible for ISPs to put the model into immediate usage. One possible
use is as follow. Let’s say if an ISP owns a certain network infrastructure so that it has the capacity to
provide x; amount of class 1 bandwidth, x; class 2 bandwidth, and x3 class 3 bandwidth currently. If the ISP
is interested in finding out what level of QoS its current network infrastructure can support, it can collect data
on current home device usage to be used as information for calculating the packet arrival rate for the three
traffic classes in the traffic model. Meanwhile, since the service rates py, |1», and ps represents the bandwidth
required for class 1, 2, and 3 traffic respectively, the x;, X2, and x3 bandwidth for class 1, 2, and 3 traffic that
the ISP currently is capable of providing can be used as the rates p,, pz, and p3 in the traffic model. Given
the packet arrival rates (A1, A2, A3) and service rates (W1, Mo, and p3) for all the three traffic classes in the
traffic model, the mean delay, delay variance, and blocking probability of all three traffic classes can then be
determined. This gives a general idea of the level of QoS the ISP is capable of supporting given its current
network infrastructure.

Another possibility of putting the traffic model into immediate usage is to use it to study the relationship
between packet arrival rates and bandwidth required. An ISP interested in understanding the effects of
varying the input parameters in Table 6.1 on bandwidth required and QoS for each traffic class can run the
traffic model by varying the input parameters. The table of results for various input parameters can then be
used to plot surface graphs to study the relationship between input parameters, bandwidth required, and QoS
provided for each traffic class.

In summary, although the emphasis of this thesis is on demonstrating the possible use of the traffic model to
optimize the bandwidth required for each traffic class while satisfying the QoS constraints, the traffic model
can be put into more immediate use in estimating the relationship between packet arrival rates, bandwidth
required, and QoS.

6.4 Future Work

As mentioned before, since there are no future home area networks existing yet, our input parameters are all
mostly based on “best-guess” only. Therefore, once pilot homes become available for data collection, one
should collect data regarding the actual behavior of home users in using the devices in HAN. Also, the
packet arrival distribution of class i traffic should be determined from data collected from actual HAN and
then approximated into n-phase EC-distribution using moment generation algorithm.
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Appendi x A

This section describes the construction algorithm for constructing the submatrices A;; in the generator matrix
Q described by Equation (4.7) on page 28.

Construction Algorithm for A;;.; Matrix

The matrix Aj;; is a max(n+mp-i, mp+1) X max(nt+my-i+1, my+1) matrix. The mathematical form of the
construction algorithm for the matrix A;;.; can be represented as:

A — lluiI(dl*dz*d3)*(max(n+mz +l=i=row my+1),max(n+m, +1=i=row+1,m, +1)) HO<=row<=n+m, =i,col=row
( ii-1 )mw,col - 0 Lotherwise
(4.9

The above equation can be expressed in matrix form as follow.

A .1 (n+m-i+1 by n+tm-i) =

lll’lll (d >dyxdy P(max@+m, H=i—rowm,+1),max@+m, H—i—rowtl,m, +1))

lll’lll (dyxdy %dy )¥(max@+m, +Hl—i—rowm, +1),max@+m, +l—i—rowtl,m, +1))

lﬂl I(d1 Xd, Xdy )X(max(n+m, +1—i—row,m, +1),max(n+m, +1—-i—row+1,m, +1)) O

where row = row number of the matrix, with 0 as initial row number
(4.10)

Construction Algorithm for A;;+; Matrix

The matrix A is a max(n+tmp-i, my+1) x max(n+mp-i-1, mp+1) matrix. The mathematical form of the
construction algorithm for the generator matrix Q can be represented as:

max(n+my+1-i—row,m,+1),max(n+m, +1-1-i-row,m, +1)

4y = {(Tl”a 01,011
i+l /row,col
’ ’ 0

U0 <=row<=n+m, —i—1,col=row
Uotherwise

(4.11)
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The above equation can be expressed in matrix form as follow.

Ajj+1 (ntmp-i-1 by n+mp-i matrix) =

(T a01,01,)]

max(n+m, +1—=i—row,m, +1),max(n+m, +1-1-i—row,m, +1)

(T a01,01,)]

max(n+m, +1-i—row,m, +1),max(n+m, +1-1-i—row,m, +1)

(T'a01,01,)]

max(n+m, +1-i—row,m, +1),max(n+m, +t1-1-i—row,m, +1)

0

(4.12)

Note that in the matrix in (4.12), (T’a 01, 01,)I

matrix of size max(nt+my+1-i-row, mp+1) by max(n+my+1-1-i-row, my+1) as follow:

+i-t=i=rowm,+1) TEPrEsents a diagonal

max(n+m, +1—i—row,m, +1),max(n+m,

(T,a 01,01,

max( n+m,+1-i—row ,m,+1),max( n+m,+1-1-i—row ,m, +1)

(T’a01,01,)
(T°a01,01,)

(Ta01,01,)

This notation also applies to the subsequent matrix elements describing the generator matrix Q.

Construction Algorithm for A;; Matrix

The matrix Aj; is a max(ntmy-1, my+1) x max(n+tmp-i, my+1) matrix. The mathematical form of the
construction algorithm for matrix A;; can be represented as:
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i,i,min(row,n—i),min( row,n—i)

1,i,row,row

(4,)
i,i Jrow,col . — 7)) %
min(row,n —i) * [, 1 (d1*d 2%d 3)*(max( n+m, +1=i~row,m, +1),max(n+m, +1-i-row+1m, +1))

([, 0L al1,)]

max(n+m,+1-i—row,m, +1),max(n+m, +1-i-row—1,m, +1)

U0<=row<=n+m, —i—1,col =row
Urow =n+m, —i,col = row
Ul <=row<=n+m, —i,col =row—1

Ho<=row<=n+m, —i—1,col =row+1

(4.13)
The above equation can be expressed in matrix form as follow.
Ai;j (ntmy+1-i by n+my+1-i matrix) =

o
. ) X X
A‘i.i.num own—i),mingown—i) ( dy Laxl, ds ), max@+m, +1=i=rowm, +1),maxi+m, +1=i—row=1m, +1)

. . o
mingown —i) X fb] (dy Xd Xdy ) X(maxf+m, =i —rowsm, +1).max@+my =i=row+lm, +1)) A‘i,i,mino own—i),mingown—i) . 4 % Laxl ds ), max+my +1=i=rowm, +1);max(-+m, +1=i=row-1,m, +1)

mingown = i) X (41 (dy dy Xds YX(max@+m, =i =rowmy +1),maxt+my =i=rowtl,m, +1))

0
1,i min(row,n—i),min(row,n—i) ([ d, X 7—'2 ax [ dy )[ max(+m, +Hl—i—row,m, +1),max(n+m, +l—i—row-1,m, +1)

mln(rOM/’, n-— l) X llzl(dl xd, Xdy )X(max(@+m, —i—row,m, +1),max@+m, —i—row+l,m, +1)) Ai,i,row,row

(4.14)

Construction Algorithm for A;;;; Matrix Except for j=n+m,-i

The matrix A;;;; (except for A matrix where j = n + mp - 1) is a max(n+mp-1, my+1) X max(n+mp-i, my+1)
matrix. The mathematical form of the construction algorithm for matrix A;;;; can be represented as:

(L UL OT) —ithd jiaras = JH graeay = mIN(row,n =i = j)* [ 10y
(L O T) =i jregregs = JH gregrgs = MIN(row, n =i = j)* L1 1112043
min(row,n =i = j)* thl 455
1,01,0T a
0

(Ai,i,_/,_/ )row,col -
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HO<=row<=n+m,; —i—j—1,col =row
Urow=n+m, —i— j,col = row
Ul <=row<=n+m, —i— j,col =row-1
HO<=row<=n+m, —i—j—1,col =row+1

Uotherwise

(4.15)
The above equation can be expressed in matrix form as follow.
Aijijj=
(GOL OT) =ikl g, ~ T g wiyxa, ~IDGOW R =1 = )X T g, I, %1, xT'a
min(row,n —i —j)><,LgIdIXd2Xd3 T O07,01) =i 4 xgxa, T 4xd, xa, —min(row,n —i — j) X1y v xa,
min(ow,n =i = j)x Ty v v,
RNVARYA DE)_iMla’le)% _jll’éldpdfd} —minfoyn—i—j) X/’éldpdf% Idl dez La
minfoyn—i _j)xﬁéldlmzm} @ DE)_iIL{Iawz% _jﬁé14>u2>d3 —miroun—i—) X/’éldpdfd}
(4.16)

Construction Algorithm for A;;;; Matrix where j=n+mj-i

The matrix A;;;; where j=ntmp-11is a (my+1) x (mp+1) matrix. The mathematical form of the construction
algorithm for matrix A;;;; can be represented as:

T, =il d jyypegy — (M =D 1 jpyryys U0 <=row <=m; —1,col = row

4. ) _) - i yiegoras — (M= D) Uy g1egoeas Urow = mj,, col = row
g rowseol 1,011,070 °a 00 <=row<=m, —1,col =row+1
0 Uotherwise

(4.17)

The above equation can be expressed in a (mp+1) x (mp+1) matrix form as follow.
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Aiiii=

E_Z;L{I(dlwzmrg _(n_i)ll’él(dlm’zmg) Idl DIdZ DEOa

0
7; _iIL{I(dl *dyxdy) - (I’l _i)'LéI(dl Xdyxds) Id‘ - Idz = T;a
L 0 “H iy (DL xdyxdy) |
(4.18)

Construction Algorithm for A, Matrix

The matrix A is a (mp+1) x (my+1) matrix. The mathematical form of the construction algorithm for matrix
A, can be represented as:

(4,) _ [T parearrasy B0 <= row <=m,,rol = col (4.19)
2 rowcol 0 Ootherwise '
The above equation can be expressed in a (mp+1) x (mp+1) matrix form as follow.
nﬂll(mz+l)><(dl><d2><d3)
A =
| PG s x|
(4. 20)

Construction Algorithm for A; Matrix

The matrix A; is a (mp+1) x (my+1) matrix. The mathematical form of the construction algorithm for matrix
A can be represented as:

A, 0,0 10 <= row <= m, —1,col = row
y _ S Urow = m,, col = row
( l)mw,col - (Idl 0 Tzoa 0 1d3)1mz+1 0 <= row <= m, - 1’ col = row +1
0 Uotherwise

(4.21)
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The above equation can be expressed in a a (mp+1) x (mp+1) matrix form as follow.

An,n,O,O (Idl 0 Tzoa 0 Id3 )Imz+l
0

A = :

An,n,O,O (Idl 0 Tzoa 0 Id3 )
0 A

n,n,my Ny

my+1

(4.22)

Construction Algorithm for Ay Matrix

The matrix Ag is a (mp+1) x (my+1) matrix. The mathematical form of the construction algorithm for matrix
Ay can be represented as:

(I’aO1,,01,)1, , U0<=row<=m,,col =row

0 Uotherwise

(Ao o cor = {

(4. 23)

The above equation can be expressed in a a (mp+1) x (my+1) matrix form as follow.

(a1, O1,)1

my+1

Ao = | . (4.24)

(’a 01, O1,)I

my +1
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