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Chapter 1

Introduction

The purpose of this thesis is to examine blocking probabilities and the dimen-
sioning of multicast networks. A multicast transmission originates at a source
and, opposed to a unicast transmission, is replicated at various network nodes
to form a tree-and-branch structure. The transmission reaches many different
end-users without a separate transmission required for each user. A multicast
connection has therefore a bandwidth saving nature. Blocking occurs in a net-
work when, due to limited capacity, at least one link on the route is not able to
admit a new call. Traditional mathematical models to calculate blocking pro-
babilities in tree-structured networks exist for unicast traffic. Due to different
resource usage, these models cannot directly be used for multicast networks
where requests from different users arrive dynamically. Only recently, have
mathematical models to calculate blocking probabilities in multicast networks
been studied. The model studied in this work is based on the model proposed
by Karvo et al. in [10]. The model assumes an infinite user population and
Poisson arrivals, but allows general holding times. The paper by Karvo et al.
covers only the simplified case of all but one link in a network having infinite
capacity. Extending the calculations to the whole network has been done only

approximately in [11].

The present study extends the single link case discussed in [10] and [11] to a
multicast network with any number of finite capacity links. The network model
remains as a point-to-multipoint model, allowing the formulation of an exact
algorithm, which in the case of multiple sources would be too complex. The
exact algorithm is based on the well-known algorithm for calculating blocking

probabilities in hierarchical multiservice access networks, where link occupancy
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distributions are alternately convolved and truncated. The resource sharing
of multicast connections requires modification of the algorithm by using a
new type of convolution, the OR-convolution. However, as the number of
multicast channels increases, calculations based on the exact algorithm present
a problem. The use of the Reduced Load Approximation (RLA) to calculate

blocking probabilities in a multicast network is therefore studied.

Based on the multicast traffic model for an infinite user population, a traf-
fic model for a finite user population is derived. Blocking probabilities are
studied for networks with finite user populations behind leaf links. In ad-
dition to studying blocking probabilities for simplified networks with all but
one link having infinite capacity, the exact algorithm for calculating blocking
probabilities in networks is used to obtain exact end-to-end channel blocking
probabilities for example networks. Furthermore, dimensioning of a multicast
network where subscriptions arrive from finite user populations is studied and

an optimum capacity allocation is found by using Moe’s principle.

The algorithm is further extended to include background traffic, allowing the
analysis of networks carrying mixed traffic, e.g. multicast and unicast traffic.
The background traffic algorithm is applied to both the infinite and finite user

population models.

The thesis presents a mathematical study for a specific telecommunication
transport technique. Hence, both the telecommunication framework and the
mathematical theory will first be introduced. The study starts by introdu-
cing the basic theory and technology behind multicast and telecommunication
networks. The third chapter reviews the theory of stochastic processes and
Markov processes in particular. In the fourth chapter, basic teletraffic termi-
nology in the theory of loss networks is presented. Previous work on multicast
networks from the teletraffic point of view is discussed in chapter 5. Two
multicast models are studied in depth. Comparisons are made between the
multicast model by Karvo et al. [10] and the layered video-transmission model
by Chan and Geraniotis [5]. In chapter 6, the multicast single link model is
extended to the whole network. The blocking probabilities in a multicast net-
work given by the new model and the use of RLA as an approximate method
for calculating blocking probabilities in the multicast network, are studied and
compared. The multicast traffic model for a finite user population is presented
in chapter 7, together with the exact algorithm for calculating end-to-end chan-

nel blocking probabilities. In chapter 8, dimensioning of multicast networks
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for finite user populations is studied. Chapter 9 introduces the revised algo-
rithm, which generalizes the multicast network model by taking into account
background traffic. The new algorithm is applied to both the infinite and finite

user populations models. The thesis is concluded in chapter 10.



Chapter 2

Multicast Traffic and Networks

A unicast transmission is designed for point-to-point communication, where
a source sends a message to only one receiver. Once the message is intended
to be received by a group, using one of the point-to-multipoint transmissions,
multicast or broadcast, is more effective. Broadcasting a message is trans-
mitting it to all users on the network and may therefore require unnecessary
bandwidth and/or limiting the number of recipients. A multicast transmission
originating at a source is replicated at various network nodes to form a tree-
and-branch structure. The transmission reaches the end-users requesting the
transmissions without a separate transmission required for each user, as would
be the case in a unicast transmission. A multicast connection has therefore a

bandwidth saving nature (figure 2.1). A multicast transmission is sent to a

Figure 2.1: Difference between unicast, multicast, and broadcast.

multicast group, a group of users, requesting the transmission. The multicast
groups are dynamic, receiver controlled groups, where a host can join or leave
the group at any time. Traditionally, the use of multipoint connections has
been limited to local area network (LAN) applications. Applications on the
Internet relying on multicast transmission have increased in the past few years.
Due to the Internet Multicast Backbone (MBone), IP-multicast has become a
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widely used multicast protocol.

The first section reviews the principles of data networks. It provides a short
introduction for readers less familiar with telecommunication networks. The
second section introduces the main elements of the Internet Protocol (IP), IP-
multicast, and the Internet Multicast Backbone (MBone). The use of Asyn-
chronous Transfer Mode (ATM) technology is spreading, especially in the back-
bone networks. After an introduction to ATM, the use of ATM-multicast, and
the integration of IP and ATM will be discussed.

2.1 Introduction to Networks

A network provides a platform for setting up connections between subscribers
desiring to communicate with each other. A subscriber is typically represented
by a terminal, e.g. a telephone or a computer. The network topology describes

how the connections are formed (physically or logically).

2.1.1 Network Topologies

In a mesh topology, transmission lines, or links, exist between all subscribers
in the network. Such a network topology becomes too expensive and inefficient
once the number of subscribers and the distance between the subscribers grow.
For most communication purposes, a star, bus, or ring topology is used. In
these network topologies, the subscribers have to share transmission lines with
each other. In a star topology, all the subscriber lines are point-to-point con-
nected to the center of the network. This center usually consists of a switch.
The switch permits the sharing of transmission lines between the subscribers,
as it connects transmission lines. In the bus topology, the subscribers are con-
nected to a shared transmission medium. The traffic transmitted on a bus can
be picked up by any subscriber. A tree topology is a branching bus, the mutual
transmission line branches out, and each branch itself has a bus topology. The
ring topology is a closed bus, the transmission line between the subscribers
is shared and forms a ring. The traffic (telephone call, data packet) can only

travel in one direction. The topologies are presented in figures 2.2 and 2.3.
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Figure 2.2: The mesh, ring, and star topologies.
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Figure 2.3: The bus and tree topologies.

2.1.2 LAN

The Local Area Network (LAN) connects users that are geographically close
to each other. LANs may have a star, bus, tree, or ring topology. A LAN can
be used when distances between terminals are from 100 m to 10 km. LANs are
widely used to interconnect workstations, or data terminals, with processing
resources close to each other. Due to the shared medium topologies used, LAN
connections are point-to-multipoint and are capable of transmitting multicast
traffic. An exception is the ring topology, which requires a multicast capable
switch. Separate LANs can be interconnected using a high-speed backbone.
The use of ATM as a LAN backbone is prevailing. Some of the technologies
used in LANs are Ethernet, Token ring, Token bus, and Fiber Distributed
Data Interface (FDDI). For more information, see [7], [18], and [20].

2.2 Interconnection Using Switches, Bridges,

Routers, and Gateways

The star topology was defined as a set of point-to-point connections to a switch.

A switch can also be used to connect networks with each other. An access
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network links the switching nodes to the terminals, while a trunk network
connects the switching nodes with each other (figure 2.4). In this way, the
subscribers in the two access networks are connected to each other through
two or more switches. ACCesS ACCEsS

network network

trunk
network

[ X X ]

Figure 2.4: The use of a switch to connect two access networks via a trunk

network.

A bridge can be used to interconnect two LANs of the same type. A bridge
verifies that the recipient is on the other side of the bridge. A bridge does not
control the packets, it only examines the forwarding LAN address. Because of
this limited intelligence, bridges are only used to interconnect LANs inside an

organization.

Routers also forward data packets between different networks irrespective of
the underlying technology. A router chooses an appropriate route. The selec-
tion is made based on some predetermined criteria. The criteria can be e.g. the
cost of the link or the time-to-live (TTL). The TTL tells how many routers a
packet can traverse, measured in router hops, or how long, in real time, it can
traverse in the network before being discarded. A router is more intelligent
than a bridge, it controls, filters, and restricts data packets. A router can
be used as a firewall to prevent intrusions to the network. A router forwards
packets based on an IP-address. This means that it operates on top of the net-
work level and can interconnect LANs. A router can connect LANs between
different organizations, as a router can be given the capability of performing

security surveillance.

A gateway is responsible for modifying the information traveling from one net-
work to another, so that the receiving network is able to handle the packets. A

router can also act as a gateway, and often the terms are used interchangeably.
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2.2.1 Switching Technologies

The main difference between a digital telephone network and the Internet,
a set of interconnected networks, is the switching technology used. Circuit
switching technology is used for the telephone network while packet switching
is the technology used in the Internet. When circuit switching is used, a whole
physical line or channel is reserved for the call. The whole line is reserved until
the call is ended, even if pauses occur during transmission. In packet switching,
the physical transmission media are used more efficiently, as the data to be sent
is divided into packets, and the packets are transmitted through the network.
This allows data from different sources and with different destinations to share
the physical links. Because each router handles the packets in a different way,
the packets may be routed to different links, they may arrive in different orders,

and delays between packets may occur.

Packet switching is appropriate when data is sent, as data can easily be con-
structed from the packets, as long as no packets have been lost. Packet switch-
ing is not appropriate in transmitting real-time voice or video, as the human
ear and eyes cannot tolerate delays exceeding a certain limit. The ATM tech-
nology discussed in section 2.5 is a circuit switched technology where the infor-
mation is divided into cells. A physical link can transport cells from different
sources, as is done in packet switching. The circuit switching characteristics
are preserved with the help of virtual circuits. A required amount of capacity
is reserved for each virtual circuit and ATM cells from a source are all routed

through the same virtual circuit thus retaining their order.

2.3 IP and IP-Multicast

The IP protocol is responsible for the addressing and routing of packets. It
operates on the network layer. The networks are connected with gateways and
routers. IP thus enables the transfer of packets between different networks,
hence the term internetworking. The hosts use IP to communicate with other
hosts in other networks. Each host in the Internet has a unique address, which
is composed of a network address and a host address. The routers forward IP

packets based on the destination network address.
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2.3.1 IP Address

The IP datagram [24] shown in figure 2.5 consists of a set of fields belonging to
the header and a data field. The 'Internet header length’ (IHL) field contains

0 8 16 31
Version| THL [Type of service Total length
Identifier Flags Fragment offset
Time to live Protocol Header checksum

Source address

Destination address

Options + Padding

Data

Figure 2.5: The IP datagram.

information on the actual length of the header. The ’Options and Padding’
field has a variable length depending on the options used and the padding
needed to ensure that the total length of the header is a 32-bit multiple. The
"Type of service’ field specifies reliability, precedence, delay, and throughput
parameters. The IP datagram may have to be split into smaller packets, as
different networks have different packet sizes. The ’Identifier’;, 'Flag’, and
"Fragment offset’ are used to reassemble the packet. The 'Time to live field’
is the number of router hops the packet can travel before it is discarded. The
"Protocol’ field indicates the next level protocol that is to receive the data field
at the destination. The 'Header checksum’ is used for error detection on the

header.

Each host is assigned a unique 32-bit address used in the source and destination
fields. The IP address is divided into five classes shown in figure 2.6. The

minimum length of the header is 5 * 32 bits.

The size of the 'Data field” varies, but must be an 8-bit multiple. The total
length of the IP-datagram restricts the maximum size of the Data field. The
maximum of the total length is 64 kilobytes (65535 octets).

The five classes of the IP address shown in figure 2.6 are divided into three
groups. Classes A through C are used for unicast messages and are composed

of a network-address and a host-address. Class D is for multicast messages.
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0 8 16 24 31
Class A |0 netid hostid
Class B [1]0 netid hostid
Class C [1]1]0 netid hostid
Class D [1]1(1{0 multicast address
Class E [1]1]1[1]0 reserved for future use

Figure 2.6: The IP address classes

The main difference between an IP unicast packet and an IP-multicast packet
is the presence of the group address in the destination address field of the
IP header (figure 2.5). One class D address is assigned to a multicast group.
The multicast address is therefore logical, acting as a pointer to routing in-
formation. A unicast address on the other hand is global, possibly containing

end-user information. Class E is reserved for future use.

2.3.2 TCP and UDP

The Internet is a connectionless network, where the routers forward packets
without establishing a connection between the sender and the receiver. In
a connectionless network, the packets can travel via different routes and can
thus arrive at different times. Most applications need a connection-oriented
protocol. Such a protocol is heavier to use, but can offer a larger variety of
services than a connectionless protocol. The Transmission Control Protocol
(TCP) is a connection oriented transport-level protocol that works on top of
the IP-level. Multicast transmissions are, however, inherently connectionless,
as the sender does not know the address of the receiver and therefore cannot
establish a connection. The transport-level protocol used for IP-multicast

datagrams is the User Datagram Protocol (UDP).

10
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2.3.3 IP-Multicast Group

The IP offers a unique service class that is “best effort”. Each IP packet is
treated in the same way and has the same possibility of reaching its desti-
nation as all the other packets. Only in the case of congestion, or when the
lifetime counter TTL is below a threshold value, is a packet discarded. The
I[P-multicast packet is delivered to the destination group members with the
same “best effort” reliability. For a multicast transmission, this means that
multicast packets may not reach all hosts or may arrive in a different order for
different hosts.

The IP-multicast group is a dynamic group, where users can join and leave
the group at any time. A host can be a member of one or more multicast
groups and does not have to be a member of a group in order to send a
multicast message to the group. In addition to being a dynamic group, a
multicast group has no restriction on the number of members or their physical
location. The protocol used to manage the dynamic group membership is the
Internet Group Management Protocol (IGMP). IGMP is used by hosts and
routers to share information about group membership in a physical network.
IGMP gives the routers the necessary information on the multicast datagrams
to forward. The IGMP runs between hosts and their contiguous routers. The
mechanism allows a host to inform its local router of the group transmissions
it wishes to receive. The routers also periodically monitor the active group
members. In different versions of IGMP, the monitoring of active members,

and the dynamics of the multicast group differ. For more detail, see [6] or [16].

The TTL field limits how far, i.e. over how many routers, a packet can traverse
on the way to a destination. In IP-multicast, the destination is a group, and
the T'TL allows the application to monitor the position of the receivers relative

to the sender.

A host joins a group by informing the IGMP of the groups it wants to join.
The scaling properties of this receiver-initiated join process have two major
advantages. The sender does not have to know the location and address of the
receiver, sending the packet to the group address suffices. As the group grows
in size, the probability that a new group member locates a nearby branch of

the multicast distribution tree increases [16].

11
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2.4 MBone and Transmission of a Multicast

Datagram

[P-multicast is widely in use due to the Internet Multicast Backbone (MBone)
founded in 1992. The MBone is a semipermanent testbed for IP-multicast.
MBone is a virtual network layered on top of a part of the physical Internet.
It is an interconnected set of subnetworks, e.g. multicast capable LANs, and
routers, which support the delivery of IP-multicast. The networks that sup-
port multicast, called islands, are connected to each other by virtual links,
tunnels. Multicast messages are forwarded through the tunnels in the non-
multicast-capable parts of the network. IP-multicast packets are encapsulated
as IP-over-IP, making them appear as normal unicast packets to the inter-
vening non-multicast routers. The separate routing protocols used to forward
multicast packets are Distance Vector Multicast Routing Protocol (DVMRP),
Multicast Open Shortest Path First (MOSPF'), and Protocol-Independent Mul-
ticast (PIM). The majority of MBone routers use the DVMRP for routing, the

UDP for end-to-end transmission, and the IGMP for group management.

2.4.1 DVMRP

DVMRP forwards the first datagram to the entire internetwork. A router that
forwards a packet to all leaf routers except the one it arrived from is said
to flood the packet. If no group members exist behind the leaf router, the
router sends prune messages back to the flooding router. The DVMRP thus
creates a source-specific shortest path tree, with all leafs of the tree having
group members. The flooding and sending of prune messages is repeated after
a period, and a new routing tree evolves. The dynamic character of the tree is
further enhanced by allowing the leaf routers to cancel a previously sent prune
message by sending a graft message, when a new group member subscribes to
the network. When more than one DVMRP router exists on a subnetwork, one
router is elected the Dominant Router for the particular source subnetwork.

For more information on DVMRP or the other routing protocols, see [6] and

[16].
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2.4.2 Transmission

The transmission and delivery of a multicast datagram can be divided into
two cases. When the sender and the receiver are in the same subnetwork, e.g.
LAN, the source station addresses the IP packet to the multicast group, the
network interface maps the address to the Ethernet address, and the frame
is sent. Receivers need to notify their IP layer that they want to join the

multicast group.

The more complicated case occurs when the sender and receiver are located
in different subnetworks. The routers must implement a multicast routing
protocol that permits the handling of multicast packets between networks.
The multicast router must construct delivery trees and forward the packets.
Each multicast router must also implement a group membership protocol, i.e.
IGMP. Based on the information conveyed by the IGMP, a router is able to
determine which multicast packets need to be forwarded to which subnetworks.
[P-multicast is supported by multicast routers using one of the multicast rout-
ing protocols (DVMRP, MOSPF, or PIM) and the information learned from
IGMP.

2.5 ATM

The use of Asynchronous Transfer Mode (ATM) technology is spreading, as
the demand for higher speed, flexibility, and quality of service (QoS) support
is increasing. Many audio and video multicast applications, such as video
conferencing and video-on-demand, need the high bandwidth and versatile
on-line communication technology offered by ATM. The major drawback is
that the current ATM does not support multipoint-to-multipoint connections.
ATM is connection oriented and is therefore not suitable for the transportation
of multicast packets in a dynamic group environment. The development of
ATM to support multicast connections and the integration of IP and ATM to
efficiently use the networks has therefore been an important research topic and
has been discussed in [3] and [8]. The basic concepts of ATM are introduced
in this section. The next section discusses the demands that multicast traffic
has introduced on ATM and the solutions that implement IP-multicasting on

ATM.
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ATM is designed for both data transfer and audio and video applications. ATM
is a circuit switched technology that relies on virtual circuits (VCs). ATM is
therefore connection oriented. The data to be transported is divided into cells,
similar to packets used in packet switching. The cell switching technology
used in ATM is actually a combination of the two switching techniques. An
ATM cell has 53 bytes (53 % 8 bits). Opposed to circuit switching, no physical
circuit connection is established. Data cells from different sources may be
transmitted via the same physical link. The difference to packet switching is
that cells originating from a source are transported through the same route,

thus retaining their order, called the virtual circuit.

The ATM cell consists of 48 bytes of data and a 5-byte address header. The
fields defined in the header are 'Virtual Channel Identifier’ (VCI) and ’'Virtual
Path Identifier’ (VPI). The VCI in the header of the cell identifies to what
virtual circuit the cell belongs in order for the router to retain the established
virtual circuit. A virtual path is a collection of virtual circuits. A virtual path
is used to simplify the switching of cells. The VPI identifies the virtual path
that the connection belongs to, and the ATM switch needs only to know the
VPI in the cell header. The routing of the data takes place only once for a
given virtual connection. The first cell is routed, and the subsequent cells are
passed on the same route. ATM is therefore a technology that promises high
bandwidth, and is suitable for transmissions of audio and video signals. It is
however unlikely that all users are connected to an ATM network. Therefore,
the use of a more common network protocol, e.g. IP, is needed. The idea in
integrating these two networks is the “Classical IP over ATM” discussed in

the next section.

2.6 1IP over ATM

The classical models of IP over ATM exploit ATM characteristics, but leave
IP unchanged. The ATM characteristics being used are high speed at the user
terminal and router interfaces, VC switching capabilities, and the Unspecified
Bit Rate (UBR) service class support. VC connections are allowed within a
single subnetwork, and their dynamic setup and release are used to simplify
network management. VCs are set up when IP packets need to be transferred
between terminals without connection. The UBR service class supports delay-

tolerant applications. It is intended to support connectionless data traffic that
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does not require QoS guarantees. The ATM UBR service class is well suited
for IP “best effort”.

The IP-multicast introduced in the previous section is a multipoint-to-multi-
point service. ATM is not a shared medium technology and is not capable
of setting up multipoint-to-multipoint connections. ATM defined in User-
Network Interface (UNI) version 3.0 [23] is able to support point-to-multipoint
connections. However, these connections are sender initiated. The sending
host adds new receivers to point-to-point connections. Although a point-to-
multipoint connection seems to support multicasting, this is not generally the
case. Only a single host, the one who set up the point-to-multipoint connection,
can send information to the formed group. Other hosts must set up new point-

to-multipoint connections, if they want to interact with the group.

Methods of achieving multipoint-to-multipoint connections in ATM include
setting up N point-to-multipoint connections in order to completely connect
N hosts in a mesh topology. This method becomes infeasible, as the num-
ber of hosts grows large. An alternative way is to have one host, usually
the server, acting as the root of the multicast tree and setting up point-to-
multipoint connections with the N hosts in the network. These hosts in turn
form point-to-point connections with the root. The server is then responsible
for controlling all the connections, and congestion would occur at the server,

as it needs to receive and transmit each multicast packet.

Adapting IP-multicast to ATM point-to-multipoint capabilities has been de-
fined in an IETF standard [2]. This standard is based on the UNI 3.0/3.1. The
UNTI allows clusters of native ATM hosts to implement IP-multicast service u-
sing the UBR service class by means of either direct ATM point-to-multipoint
connections or ATM-multicast servers. In shorter terms, separate ATM clus-

ters communicate through multicast routers.

Some IP over ATM research aspects are considered in the paper by Guarene
et al. [8]. The two integrated multicasts discussed are MBone over ATM and
High-Performance Multicasting, where an IP-ATM-hybrid multicasting node
is used. In this hybrid node, the flow merging is performed at the IP level and
the flow replication at the ATM level.
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Markov Processes

A stochastic process is a collection of random variables X;, which are indexed
by the time of occurrence t: {X;,t € T}, where 7 C R is the parameter space.
In teletraffic theory, the random variable X; may denote the number of arrived

calls or the number of calls in progress at time ¢.

The distribution of a stochastic process is governed by the probabilities
P(th S €Ty, ...,th S .Tn),

where (tq,....,t,) € T", t; < ty < ... < t, and (21,...,2,) € R". The trivial
stochastic process consists of independent random variables. The simplest non-
trivial stochastic process, where the random variables are dependent only on
the previous instant, is the Markov-process. A stochastic process is a Markov-

process, if it has the Markov property:

P(Xt = Tnp+1 | Xy =21, 00, Xy, = Tn) = P(Xt = Tp+1 | X, = Tn)

n+1 n+1

The distribution of the Markov process is therefore
P(Xy, <21, X, Sa) = P(Xy, <a)P(Xy, <o | Xy, <) -1
P(an S Ty, | th,1 S In—l)-
The Markov property allows the study of processes that depend on the previous
instant of time, without considering how, through which states, the current

state was reached. This implies that in order to study the process from time

t onwards, the only information needed is the state of the process at time t.

A stochastic process can be either discrete or continuous. Processes in tele-

traffic are usually modeled with continuous Markov processes. A continuous
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Markov process is time homogeneous, if the transition probability only depends

on the time ¢ elapsed
P(Xep = | Xe=1i) = P(X; = j | Xo = i) = pi(h).

The transition probability indicates the probability that a transition from state
1 to state 7 will occur during time f. For continuous homogenous Markov

processes, the transition rate ¢; ;, which is independent of time, is defined as

. Dij(At) L,
Gij = Al}fEOJA—t, for i # j
Qi = — Z q;.j-

i

The Memoryless Property The exponential distribution is often used to
model the distribution of time intervals between events in the continuous time
stochastic processes. This is due to the memoryless property. The memoryless
property means that the distribution of the time before an event takes place
is independent of the instant ¢ when the previous event took place. More

explicitly,

Pit<X <t+h
PX<t+n|x>t = I + 1)

P(X >t)
1— e—Ah,e—)\t — 14+ e—At
- Y
— ] _ M
— P(X <h),

where the time between events is exponentially distributed with parameter .
Markov processes are memoryless in the sense that the intervals between tran-

sitions, e.g. arrivals or departures, of the process are exponentially distributed.

In teletraffic models, the time between events can be the time between arrivals
to a system or the time between departures from a system. If the stochastic
process is the number of arrivals to a system A;, a new arrival increases the
state by one unit. Similarly, if the stochastic process is the number of calls
in the system /N;, then an arrival increases the state by one, while a depar-
ture decreases the state by one unit. Processes, where transitions are only
allowed between neighboring states, are called birth-death-processes. Birth-
death-processes are used to characterize most teletraffic systems. The models
used in this work are based on this class of Markov processes, discussed in the

next section.
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3.1 Birth-Death-Processes

Birth-death-processes are continuous time Markov processes where transitions
are only allowed between neighboring states, with an appropriate enumeration
of the states. A transition to the next state is called a birth, while a transition
to the previous state is called a death. As an example consider a system,
where calls arrive with exponentially distributed time intervals, with intensity
i, and have exponentially distributed service times, with intensity p;. These
intensities can depend on the state of the system, e.g. the number of calls
in the system N; = 7, at time t. When a new call arrives to a system, Ny
increases by one. When a call leaves the system N, decreases by one. If no
calls arrive N; remains unchanged. This system can be characterized by a

birth-death-process, with transition intensities

Giici = ;=0 ,1>0,
Giiv1 = XN =>0 ,1>0,

These intensities are derived from the exponential distribution. If the process
is a pure birth process, p; = 0, Vi. When time intervals between successive
arrivals are independent and exponentially distributed, with parameter A, the
birth process, i.e. the arrival process A, is a Poisson process with probability

distribution

Steady state probabilities Stationary state probabilities, 7,7 = 1,2, ...
can be calculated from the detailed balance equations for the birth death pro-

cess,

Tit1Qit1i = TiGii+1, for 2 >0,

Tir1ir1 = 7'('1')\1', for ¢ 2 0.

When the process is stable, the transitions between states are balanced. Solv-

ing the detailed balance equations gives the stationary probability
T = T H ~i=1,2,...
i=1 Hi

A sufficient condition for existence is that >>7°,m =1 and 7y > 0.
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Reversibility Birth-death processes are reversible processes. A stochas-
tic process Xy is reversible, if (X, X4,, ..., Xy, ) has the same distribution as
(Xoety, Xotyy oy Xoy,) for all tq,ts,...,t,, 7 € T. A Markov process is re-
versible, if and only if there exist stationary probabilities 7;, Vi that satisfy the

detailed balance equations
Tiij = TjQji, Vi, J-

For proofs, see [12] chapter 1. In the case of birth-death-processes, the detailed

balance equations are satisfied and the process is always reversible.

Before calculating stationary state probabilities for some queuing models used
in this study, Kendall’s notation is presented. The notation gives a good

general classification of queuing models.

3.1.1 Kendall’s Notation

Kendall’s notation classifies stochastic queuing models according to five pa-

rameters:

A/B/n/s/k

= inter arrival time distribution
holding time distribution
number of service stations
number of places in the system
n + number of waiting places
k = user population

w 3 W
|

The inter arrival and holding time distributions, A and B, are usually assumed

to be identically and independently distributed. Three basic distributions are

used:
M = exponentially distributed inter arrival (or holding) times
D = deterministic times
G = generally distributed times

Teletraffic models can be divided into two main types of models: queuing and
loss models. If the system does not have a waiting room, i.e. n = s, then
the model is a pure loss system. In a pure loss model, calls that arrive when
the system is full, i.e. not able to admit new calls, are lost. If n is finite, but
the system has infinite capacity, that is s = oo the system is a pure queuing
system. In a pure queuing system, there is always a possibility to wait for
the server to be emptied. The default value for parameters s and £ is oo.

They are usually included in the notation only when they have finite values.
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In the sections to follow, stationary probabilities for queuing and loss models

are given. The models can be divided into two main groups according to the

value of s. The transition diagram of an infinite system is in figure 3.1 and

the transition diagram of a finite system in figure 3.2.

Both chains satisfy the detailed balance equations, as the transitions between

a pair of states are balanced, namely

TiGi; = Wij,i,VZaJa

and are therefore reversible processes.

0

N

J

A A A A

- hYS RYs hYd
1 2 3 -

- AN AN AN
0 0 [ T

Figure 3.1: Markov chain with infinite state space.

A A A A A

4 Y4 Ry N hYa R
1 2 - N-1 N

. / VAN / VAN / VAN / VAN / J

Figure 3.2: Truncated Markov chain.

3.1.2 Unrestricted Systems

M/M/1 System

This is a queue with exponentially distributed state independent inter arrival

and departure times, one service station, and an infinite queue.

The state

transition diagram for an M /M /1 queue is presented in figure 3.1. The detailed

balance equations are

Tip =mA, fori=0,1,....
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Solving the set of equations gives

m= (=) = o = (1= )

where the ratio A/p is denoted by p, and 0 < p < 1.

M /M /n System

This system is a generalization of the M/M/1 system. The number of service
stations is n > 1. Therefore, the system has a state independent arrival process

and a state dependent departure process

i = ip, for v <n,

i = np, fori>n.
The detailed balance equations are

mir(i+ Dp = mA, fori <n,

mianp = mA, fori >n.

Solving the set of equations gives

g
Ti = Ty for 1 < n,
7!
i
p ‘
m = myg——, forv > n,
nt="n!
n 7 o0 7

To = {ZPT—F Z nq;—pnn!}_l'

i—0 U ittt

As n — oo the stationary state probabilities of the M /M /oo system are

pv,
T, = 7'('0? forizl,?,...,
e SIpK
P
o= [XH =
=0 v

3.1.3 Truncated Systems

Finite systems are also called truncated systems. The state space is truncated,
as due to the capacity restriction some states are not allowed in the state space.
The stationary state probabilities of a truncated Markov chain, which satisfy

the detailed balance equations, differ from the stationary state probabilities of
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an unrestricted Markov chain only by the normalization constant. The result-
ing Markov chain in the truncated space again satisfies the detailed balance
equations. The proof can be found in [9] and [12]. The idea is that a removal of
a pair of states that satisfy the detailed balance equations does not affect the
stationary state probabilities, as the pair is balanced. Therefore, the trunca-
tion only affects the normalization constant, as the probability of the removed

states is set to zero.

M/M/1/n System

This queue is a truncated M /M /1 queue, where the queuing capacity is finite.
It is therefore a mixture of a queuing and loss model. The difference between
the M/M/1 queue and the M/M/1/n queue can be seen by inspecting the
state transition diagram in figure 3.2. The detailed balance equations are only
defined for states with ¢ < n. For these states, the stationary probabilities
are identical to the M/M/1 queue. The normalization constant and thus the
probability of the queue being empty are different, and the stationary state
probability is
A\ 1—0p

T, = Wo(/—t) = 7T0[)i = 1_—[)7,4_1[)1, for i = O, 1, ey N

M/M/n/n System

This is a pure loss model. There are n service stations in the system, with
no queuing possibility. The departure intensity is the same as in the previous
case, but for ¢ > n the intensity is zero. This system is called the Erlang

system and the stationary state probability is

7

= 7T0[;—|, for i <n,
n i
pl—1
m o= (X5
— 4l
=0

M/M/n/n/k System

The last system introduced is a loss system with a finite user population k£ >

n. In this system, both the arrival process and departure process intensities
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depend on the state of the process.

i = ip, fore <n,
Wi = np, fori>n,

Xi = (E—=1d)\, for k—i>0.

This system is called the Engset system, and the stationary probability is

o= WO(Z')/%, for 1 <n,
= [ (0]
i=0

Erlang B-Formula. In 1917, Erlang devised a formula, called the Erlang B-
formula for calculating the blocking probability for the simplest loss system, the
M/M/n/n system. For a link (system) with capacity C (number of stations)
and one traffic class (capacity requirement ¢ = 1) with offered traffic intensity

a = A/, the call blocking probability is

a®/C!

BC = E(CL, C) = m

(3.1)

The Insensitivity Property. The Erlang formula was later proven to hold
for generally independent and identically distributed holding times with mean
1/p. For the proof of this so-called insensitivity property, see [12]. An outline

of the proof, as given in [15], is as follows.

The insensitivity property can be proven, by assuming that the holding time
distribution is a mixture of finite convolutions of exponential distributions,
resulting in gamma distributions. This new state process is a Markov process
and satisfies the required partial balance equations. The state probabilities

are therefore insensitive to the holding time distribution.

An arbitrary distribution F'(-) can be expressed as the limit of a sequence of
distributions, where each distribution in the sequence has mean 1/ and is a
mixture of finite convolutions of exponential distributions. As the insensitivity
property holds for each distribution in the sequence, it holds for the limit of

the sequence, the arbitrary distribution.
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3.2 Multidimensional Birth-Death-Processes

The theory presented in the previous section can be extended to multidimen-
sional birth-death-processes. Figure 3.3 shows the transition diagram for a

two-dimensional birth-death-process with infinite capacity.  The stationary

H1 211 _' 31

Figure 3.3: Transition diagram for a two dimensional Markov chain.

state probabilities of this chain have a product form

x2

-1 pf“ ) P2
Tll TQ'

7T(.’171,.’172) =G

Generally, for an N dimensional chain, the stationary state probabilities are

The insensitivity and truncation theorems discussed in the previous section

apply also to the multidimensional Markov chains. For proof, see [9].
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Loss Networks

4.1 Blocking in a Pure Loss System

Blocking occurs when a call is rejected, i.e., not able to enter the system.
Clearly, blocking occurs only if the number of waiting places is finite. Blocking
is measured by the probability that blocking occurs. Three different blocking
probabilities can be considered: call, time, and traffic blocking. Call blocking
is the probability that a call arrives when the system is full. Time blocking is
the probability that the system is full at an arbitrary instant. Traffic blocking
is the proportion of total traffic that is lost due to blocking.

The probabilities of call, time, and traffic blocking are not necessarily the
same, but they depend on each other. Time blocking is usually easier to
calculate than call blocking, but call blocking is often of more interest. If
arrivals constitute a Poisson process, call blocking is equal to time blocking. If
the user population is finite with exponentially distributed inter arrival times,
as is the case of an Engset system, the call blocking can be expressed with the

help of the time blocking probability.

Loss systems are usually used to model voice and video traffic, and queuing
systems are used to model data traffic. This is due to the different require-
ments and technologies used in the connection and transfer of these types of
traffic. Real-time voice and video traffic require reserved bandwidth, as they
can tolerate only small delay variations. A connection carrying voice or video
traffic can be established only if enough capacity is available in the network.

Otherwise, the connection is refused or blocked. Data traffic can be sent in
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packets using packet transmission when delay due to packets queuing in a
buffer is permitted. Multicast techniques are used for a variety of applica-
tions, and this classification is somewhat coarse. Calls, or transfer of voice,
can also wait in a queue for a connection to be established. Transferring video
is one important application, and therefore the use of loss networks in modeling
a multicast network is appropriate. Generally, video and voice traffic cannot
tolerate delays and data traffic cannot tolerate loss of packets. The use of IP
and ATM technology was discussed in the previous chapter. The use of ATM
to transfer multicast traffic is tempting, as it is a circuit switched technology

and therefore well suited for voice and video traffic.

In Kendall’s notation, n is the number of service stations. A general defi-
nition for n is the capacity of the station or link. Traffic is transported in
links, and the capacity of the link defines the amount of traffic that can be
transported /held at the same time. When considering only one type of traffic,
i.e. one traffic class, the capacity is a multiple of the capacity requirement
of the traffic. For example, if a call requires two units of capacity, and the
link capacity is four (or five), the system is able to carry two telephone calls,
i.e. there are two service stations. In this case, it is appropriate to express
the link capacity as two, instead of four. In the case of many different traffic
classes, with each having different capacity requirements, the notation is not
so simple. Generally, each capacity requirement is a multiple of a basic unit
also called Basic Bandwidth Unit (BBU). If a system has many traffic classes
each having the same capacity requirement, it is called a singleservice system.
If the capacity requirement varies along different traffic classes, the system is

a multiservice system.

Two parameters affect the system and thus the blocking in the system: the
capacity of the system and the offered traffic intensity. Capacity was defined
above. It indicates how many calls can be admitted to the system at the same
time. If calls arrive with a rate A and have mean holding time 1/, then the
traffic intensity is the product of the two, a = A/u. The unit is defined as one
Erlang. The traffic intensity is also defined as the average number of calls in
progress if the traffic were offered to an infinite system. To calculate blocking
for a system, all that needs to be known are the arrival and departure processes

of the calls and how many calls are allowed in the system at the same time.
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4.2 Blocking Probability in a Link

The Erlang formula given in equation (3.1) cannot be used for loss systems
carrying multiservice traffic. The formula is based on calculating the propor-
tion of time, i.e. probability, that the system is full. Equation (3.1) is actually
the time blocking probability, which for the case of Poisson arrivals is the same

as the call blocking probability.

The blocking probability for a loss system with more than one traffic class needs
to be defined using a more general definition of blocking states. Different types
of traffic are divided into different traffic classes, class-k, k=1, ..., K. A traffic
class is characterized by its capacity requirement. The number of class-k calls
in the system is ;. The capacity of the link is C'. Information on the capacity
requirement of class-k calls, for k = 1, ..., K, is stored in a vector d of length
K. Let § denote the set of all states that satisfy the capacity restrictions of
the system

S={x>0]|x-d<C}, (4.1)

where x = (71, ..., 7).

Blocking occurs in the states that are not able to admit a new call due to the
capacity restriction. Let S denote the set of all states in which a new class-k
call is not blocked.

Sp={xeS|(x+e)- -d<CY,

where ey, is a unit vector in the direction of k. Then S;, is the set of states which
are able to admit a new class-k call with respect to the capacity restrictions of
the network. The set of blocking states is therefore SF = S\ S;. Finally, the
time blocking probability is the probability that a state belongs to the set S,
i.e., the probability of the set S&. The probability is calculated by summing

over the individual state probabilities that satisfy the condition.

The general definition for the call blocking probability for class-k traffic is

G(SP) _ , GS)
a(s) a(Ss)’

B} = (4.2)

where G(S) denotes the state sum over all the unnormalized state probabilities

7(x) belonging to the set S,

G(©S) =Y #(x). (4.3)
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The blocking states of a link carrying two traffic classes are shown in figure 4.1.
Traffic class one requires two units of capacity, while traffic class two requires
one unit of capacity. The total capacity allowed on the link is six, which is
illustrated by the linear constraint of the state space. The blocking states of
the first traffic class are denoted by a small circle and the blocking states of

the second traffic class by a large circle.

T2

1 & T

Figure 4.1: Blocking states in a link with two traffic classes.

4.2.1 Poisson Arrivals

The Erlang B-formula in equation (3.1) was derived assuming that the arrivals
to the system are generated by a Poisson process. This assumption is very
often made when studying teletraffic models, as many analytical calculations
are feasible only when the arrivals constitute a Poisson process. The tempta-
tion to use Poisson arrival processes is due to the memoryless property of the
exponential distribution. For a Poisson process, the times between two succes-
sive arrivals are exponentially distributed and independent. The memoryless
property means that the distribution of the time before an event takes place is
independent of the instant £, when the previous event took place. However, as
discussed in section 3.1.3, due to the insensitivity property, the holding time or
duration of service distribution does not have to be exponential. The results

presented hold for any holding time distribution with finite mean 1/y.

When the arrival process is Poisson the state probabilities 7(x) have a product

form (section 3.2). Let ax denote the intensity of class-k traffic,
ag = A/,
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where 1/ is the average holding time.

The state probability for the link is

a

K T K
m(x) =G ] 7];' = G ] #ulan) = G2 (x), (4.4)
k=1 7Fk* k=1

where 7 (7) denotes the unnormalized state probabilities and G~ is the nor-
malization constant, which is determined by the normalization condition
» 7w(x)=1.
xeS
Equation (4.2) in terms of equations (4.3) and (4.4) reads
> 7(x)
Bi=1-%2___ (4.5)

> (%)

x€eS
4.3 Aggregate States Using Link Occupancy

As the number of traffic classes increases, the computation of the blocking
probabilities becomes more time consuming due to the multidimensional state
space. In the one link case, the multidimensional state space can be changed
to a one dimensional aggregate state space. The new random state variable Z
is the link occupancy. The state probabilities are calculated via convolution,

which is equivalent to calculating the new probability generating function

PZ=2) =3 a(0) = T 3 iz

k=1 .”[)k:O

T
where 7y, () = G_l%i—! is the stationary probability for class-k traffic.

For a network, the dimensionality of the link occupancy state space is equal to
the number of links in the network. The transition from the traffic class state
space to the link occupancy state space is therefore generally useful only if the

number K of traffic classes exceeds the number J of links.

The blocking probability of equation (4.5) expressed with the help of the link

occupancy distribution is



CHAPTER 4. Loss Networks

4.4 Blocking Probability in a Network

In the previous section, blocking probabilities were calculated for a single link
with finite capacity. Using the non-blocking and admissible sets of states Sy
and S respectively, the blocking probabilities in a network with two or more
finite links can be calculated. The traffic classes k have the same properties
as in the one link case, but they are further divided into classes that use the
same route in the network. A route is a defined sequence of links. For a user
u the links on its route belong to the set R,. Link j in the network does not
necessarily carry all sets of traffic classes k. The capacity requirement dj, of
class k is replaced by an J by K matrix D. Its element d;; is equal to the
capacity required by class k£ on link j. If class-k traffic does not use link j,

then d;; = 0. The set of admissible states S is analogous to equation (4.1)
S={x>0]|Dx <C},

where C = (CY, ..., C) is the capacity restriction vector for the links. Similarly,

the set Sy is
S(k,u) = {X €S ’ dj(x+ ekleRu) < Cjavj}7

where d; = (dj)k=1,.. x and l,cg, is the indicator function equal to one if

J € R, and zero otherwise.

Clearly, blocking occurs on the route, if it occurs on at least one link on the
route. Conversely, a class-k call of user u is admitted to the network only if
after the admission of the call, the capacity restrictions of all the links on the

route R, are satisfied.

The blocking states of a network with two users are shown in figure 4.2. There
is only one traffic class requiring one unit of capacity. The network is a tree
type network with two links with three units of capacity combining into one link
with four units of capacity. Thus, the state space has three linear constraints.
The blocking states for the first user class are denoted by a small circle and

the blocking states for the second user by a large circle.

4.5 Access Network as an Example

In a tree network, the state probabilities of the common link are joint proba-

bilities of the individual state probabilities at the leaf links and are calculated
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T)2)

T(1,1)
Figure 4.2: Blocking states for two traffic classes in the network on the left.

using convolution. The access network is used as an example of a tree-type
network to show how the joint state probabilities are calculated for the network
and how the capacity restrictions of the links in the network are taken into
account. The access network is introduced here in order to lay the foundation

for the study of tree-structured multicast networks.

Assuming a Poisson arrival process, the state probabilities for the leaf links are
given by equation (4.4). The convolution and truncation are therefore done

for an access network with product form state probabilities.

The example network is a hierarchical network with three levels, from right
to left. In the second level, traffic from the first level links are combined and
offered to the second level links. These links are combined to form the last
link in the third level, called the common link. See figure 4.3. The capacity
restrictions of each link are taken into account by truncating the state pro-
babilities at each stage. As explained, the joint state probabilities at a stage
are calculated by convolving the state probabilities of the previous stage. The
truncated joint probability at the common link is then the overall joint state

probability of the access network.

Figure 4.3: Hierarchical access network.
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The state probabilities for each first level link j € J; = {1,...,J;} are cal-
culated using the unnormalized state probabilities in equation (4.4). The al-
lowed states on the link are determined by the capacity restriction of the link.
Changing state spaces from the K-dimensional space to the one-dimensional

link occupancy state and defining the convolution operator ® gives

Q)= Y T #nlwe) = [,@ 7] (c),

x-dj=ck=1
where d; is the capacity requirement vector for the first stage link j € J; and

Qg-l) is the link occupancy probability for link 7 € 7.

Taking the capacity restriction of the first level links into account gives

Q(-l)(c) _ [g ﬁ'k](c) Jif ¢ < Cj, (4.6)

j
0 , otherwise.

The state probabilities offered to the second level link 7 € 7, are a combination
of the state probabilities of the first level links 7 € Z; terminating at link j and
are calculated with the same convolution operator. The state probability on a

second level link j € 7,

QM) ifc<C,
QP(c)=! 7 ’ (4.7)
0 , otherwise.

Finally, the allowed state probabilities in the common link J are

@) if ¢ 7,
= (@@ LitesC (438)

0 , otherwise.

When calculating the blocking probability of class-k traffic for user u, the
succession of convolutions and capacity restrictions have to be repeated in
order to find the state sum of the states that are not blocked. The steps have
to be repeated starting from equation (4.6). The capacity restriction, that
is the truncation step, is tighter on the route R,, as there must be enough
available capacity to accept a new class-k call. The capacity restriction to
be satisfied has the form ¢ < C; — d,j, for j € R, and j = 1,..., J;, for
1 =1,20r j = J. Otherwise, the steps are identical to the ones in equations

(4.6) through (4.8).

The state probabilities Q§7)(c) for j = 1,..., J; at each stage i = 1,2, 3 for the

states that are not blocked in terms of the aggregate state space are

32



CHAPTER 4. Loss Networks

K

(&R 7l(c) ,if ¢ < Cj—djp and j € Ry,
OISR =

GLI=V Q) iR

0 , otherwise,

[® Ql(l)](c) 71f c< Cj - Wik and ] S Rua
iEIj

QP =1 Q¥ L if j & Ra,

0 , otherwise,

(R QP(c) ,if ¢ < Cy—dyy,

0 , otherwise.

(3
Pe) =

The truncated state probabilities at the common link for the blocking and ad-
missible states, Qg)(c) and Qg)(c) respectively, are the joint state probabilities
of all links in the network, with the capacity restrictions taken into account.
The state probabilities are therefore the state probabilities of the network and
inserting them into equation (4.2) gives the end-to-end blocking probability

for class-k traffic and user u in the access network,

ijd‘],k . CJ A(g)
3 QP (e) > QY
t _ ¢=0 _=Cy—dyp+1
Bow=1=—¢———="35, _
> Q% () > QW (e)
c=0 c=0

In the previous example, the capacity needed to transport class-k traffic de-
pended on the number of calls in the network. The capacity required to trans-
port two class-k calls was double the capacity required to transport one call of
the same traffic class, as is indicated by the constraint in e.g. equation (4.1).
For multicast traffic, the problem and calculation of blocking probabilities are

different, since there are only two possible states, idle or active.

4.6 The Reduced Load Approximation (RLA)

The RLA is an approximate method, where the blocking probabilities are cal-
culated by assuming that blocking probabilities in each network link is inde-

pendent. The traffic offered to the link in question is thinned by the probability
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that the traffic is blocked on the other links of the route. Under the assumption
of independence, the probability that blocking does not occur in the network
is simply the product of the individual probabilities for each link. The RLA
gives rise to a set of fixed-point equations T'(L) = L, whose solution L is the
approximate blocking probability. The mathematics of the RLA-algorithm will
be presented for a singleservice network with Poisson arrivals using the Erlang

formula (equation 3.1). The derivations can also be found in [15].

4.6.1 Singleservice Network

The blocking probability of class-k traffic in a singleservice link j with capacity

C; and traffic intensity ay is

E(kz_: ak,Cj), (49)

where E(-,-) is the Erlang formula defined in equation (3.1). The set of links
on the route of traffic class k is Rx. When blocking occurs, the traffic intensity

offered to the link j, =5 | a, is thinned due to blocking

Ly = E() arti(4), Cy), (4.10)

k=1

where #;(j) denotes the probability that the traffic is not blocked in the other
links on the route: links belonging to Ry — {j}. Under the independence
assumption, this is

()= 11 (1L (4.11)

i€RL—{j}

Combining equations (4.10) and (4.11) gives the fixed-point equation
K
k=1 icR,—{j}

whose solution is the approximate blocking on all the links j of the network.

Under the independence assumption, the total blocking probability of class-k

traffic is

By=1- [] (1-L). (4.13)

P€ER
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4.6.2 Multiservice Network

For a multiservice network, the blocking probabilities are calculated under
the same assumptions. However, the Erlang formula cannot be used, as the
capacity requirements of the traffic classes differ. See [15] for the derivation of

the RLA fixed-point equation for a multiservice network.
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Chapter 5

Multicast Traffic Models

The advantage of using multicast is its bandwidth saving nature. The total
bandwidth needed for transmission is constant and does not depend on the
number of users requesting the transmission. After reviewing some related
work on multicast models in section 5.1, two multicast models [5] and [10]
are studied in depth. The model by Chan and Geraniotis [5] presented in
section 5.2 is a multipoint-to-multipoint model for a network with subscriptions
arriving from single users. Chan and Geraniotis give a closed form expression
for the time blocking probability in the network, but use RLA for numerical
calculations. The model by Karvo et al. [10] reviewed in section 5.3 is a point-
to-multipoint model for a network, with subscriptions arriving from an infinite
user population. Karvo et al. give exact solutions for blocking probabilities
for the special case of all but one link in the network having infinite capacity.
For the network with more than one link having finite capacity, they use RLA
as well [11]. In chapter 6 the model by Karvo et al. is extended and an exact
algorithm for calculating call and channel blocking probabilities in a network

with an arbitrary number of finite links is given.
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5.1 Related Work on Multicast Routing,
Admission Control, and Blocking
Probability

Multicast networks and their modeling are topics that have drawn much at-
tention in the past few years. Most of the research seems to tackle multicast
routing questions and the adaptation of ATM to multicasting. Diot et al.
give a good overview of multicast and multipoint communications in [6]. Se-
meria and Maufer have written the “Introduction to IP Multicast Routing
located on the Internet [16]. The paper deals with routing algorithms and
their implementation in IP. The paper by Bagwell, McDearman, and Marlow
[3] compares ATM-multicast to IP-multicast and serves as a good introduc-
tion to some problems that faced ATM-multicast a few years ago. Guarene et
al. [8] propose two mechanisms to overcome these difficulties. These articles
serve as a good introduction to [P and ATM-multicast. New multicast routing
protocols are also being developed constantly, and a number of articles can be

found on the subject.

Blocking probabilities and admission control problems have also been investi-
gated. However, a variety of different multicast models and blocking probabi-
lity models are used. The papers can be divided into a few main categories.
Mainly, the research has been focused on blocking probabilities in multicast
capable switches. Kim [13] studies blocking probabilities in a multirate mul-
ticast switch. Three stage switches are studied by Yang and Wang [22] and
Listanti and Veltri [14]. Stasiak and Zwierzykowski [19] study blocking in an
ATM node with multicast switching nodes carrying different multi-rate traffic,
unicast and multicast, using Kaufman-Roberts recursion and Reduced-Load

Approximation. Admission control algorithms are studied in [17].

The paper by Almeroth and Ammar [1] investigates multicast group behavior
in the MBone. From this data, they conclude that interarrival times are expo-
nentially distributed while group membership duration times are exponentially
distributed for small networks and Zipf distributed for larger networks. The
study of intersession data suggests that simultaneous sessions, where a user

subscribes to more than one channel, occur, but not frequently.

The multicast networks and models in this paper originate from the telecom-

munication environment. Multicast is also used in parallel computing appli-
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cations, such as the parallel algorithm for the Fast Fourier Transform (FFT)
and write update/invalidate in directory based cache coherence protocols. The

paper by Yang [21] discusses multicast for parallel computing applications.

Two models deserve a closer look into. The core of this study is based on
the model by Karvo et al. [10] presented in section 5.3. A similar, but more
general model has been given by Chan and Geraniotis [5] and is presented in

the following section.

5.2 Layered Video Transmission Model for a
Multicast Network

Chan and Geraniotis [5] explore the tradeoff between blocking and dropping in
multicast networks. The model is based on two main characteristics of video
transmission in a multicast network: receivers share part of the connections
and a source may transmit video signals at the same time to a group of re-
ceivers with different receiving capabilities and/or requirements. The model
is therefore based on subband coding. Subband coding is used to encode a
signal into several layers each containing a part of the information. The lowest
layer contains essential information for transmitting a low quality version of
the video signal. Higher layers add information to the signal. As long as all
the lower level signals are received, a higher layer adds to the resolution of the

signal.

Each node in the network may be a source and/or a user, resulting in a
multipoint-to-multipoint model. The connection between a user node and
a source node is called a physical path p € P. The users are divided into
classes t € 7 according to the level of video signal they request. Class 1 is
the highest class of service and therefore for class t < 7, ¢ is said to be a
superset of 7. By is the bandwidth required by a class ¢ video signal and s € S
is the video source. The triplet physical path, class, and video source define
the logical path (p,s,t). In a multicast connection, the state of the logical
path is n,s € {0,1}. The user model is a finite population model, where each
user, equivalent to a logical path, is modeled by a two state Markov model,
with transition rate a,s from the off-state to the on-state and rate b,y from

the on-state to the off-state. The activity factor defined as the probability

38



CHAPTER 5. Multicast Traffic Models

P(n,s = 1) that the logical path is active is

apst

Ppst = .
apst + bpst

The states of the logical path are expressed with the help of three vectors
N, = (Npst,t € T), ng = (Nys,p € P), and n = (ng, s € S). The set of network
links is denoted by L.

Chan and Geraniotis also define the state 7, of the source that determines the
rate at which the video signal is transmitted. The model of the source is a
(M + 1)-state continuous-time Markov chain, given in an earlier paper [4] by
Chan and Geraniotis. This state is however used in the calculation of dropping

probabilities and is not needed for the formulation of blocking probabilities.

The steady state probability is given by

-
Py = a1 IT(;=)™
s=1pePi=1 psT
ST -
GMe) = 3 HHH(q )’
Qn(c) (=1geP =1 qCT
S|
O(c) = {n]O<Zmax{BqCT- (,q<T:1)}§cl,Vl€£}.
=l orer

A request to set up a logical path (p*, s*,t*) is rejected if the lower levels are
off and there is not enough capacity on the link to turn the logical path on.

In other words,

Nprgrt = 0 ,Vt < t*
S|
Zmax{ I(nyy =1)} > ¢ for some I € L,
s=1 feT
where '
oo 1 Jif s=s*p=p"t=1t*
pst npst ,otherwise.

All n satisfying the above conditions belong to the set Q*(c). The time blocking
probability of the logical path (p*,s* t*) is given by

PBp*s*t* = Z P(n)
Q*(c)

The authors do not use the model derived to calculate the blocking probabi-
lities of the multicast network, as prohibitive computational effects would be

required. Instead, they use the Reduced Load Approximation.
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5.2.1 The RLA Algorithm Used by

Chan and Geraniotis

Let X denote the bandwidth used by source s € §; on link /, then the proba-
bility that B; units of bandwidth are allocated is

PX=B)={ LT[ =pe)} - {1= ] O =pe)}.  (51)
qePy T<t qcPy

The bandwidth is allocated, if all logical paths requiring a higher class of
service are idle and at least one logical path on the physical path ¢ € P,
with the same class of service is active. The bandwidth along link [, used
by all other sources excluding source s, is defined in a similar fashion and is
denoted by Y. Then the joint probability, by assumption of independency, is
P(X,Y)=P(X)P(Y).

The blocking probability is then

Br 1 C|—

S Y Py

t X=0Y=¢—B:+1
LB = g
Y 3 PX,Y)
X=0Y=0

The reduced load is the probability that the logical path is active and not
blocked,

P = oy~ T1 (1= LBY).

Jjep,j#l

Bi— 1 is due to the requirement that the class of

In the numerator the sum > %"=
service t is off. This correspondb to other sources requiring bandwidth more
than ¢ — By, hence the sum Y9°% c—B,—1- In the denominator all possible
bandwidth allocations in respect to the capacity ¢; available on the link are

considered. The resulting blocking probability is the time blocking probability.

5.3 A Multicast Traffic Model for a Single Link

In this section, we review the point-to-multipoint model for a dynamic mul-
ticast network with an infinite user population presented by Karvo et al. in

[10].
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A single source offers a variety of channels, belonging to the set Z. Subscrip-
tions to channel i € Z = {1, ..., I} arrive according to a Poisson process with
intensity \;. The channel 7 is chosen independently according to a preference
distribution «;,
_pl=p"
tol-(-p”
The offered traffic intensity for a multicast channel ¢ is then a; = \;/p; =

(5.2)

a; N/ i, where 1/p; is the average holding time of channel ¢ and is generally

distributed. It is shown in [10] that in a multicast network with all links

having infinite capacity, the distribution of the number of users simultaneously

connected to channel ¢ in a link is the queue length distribution of a M/G /oo

queue with offered traffic intensity a;. The probability of having channel i on

is therefore the probability that at least one user subscribes to channel 7,
(%)

pi=l-e®=— = o)’ (5.3)
T+ 15

i,0n
The on and off times of a channel are distributed as the busy and idle periods,
respectively, of a M/G/oco queue, with mean

e* —1
) 2 T2
7,00 )\7 )

7o) = A
Multicast traffic is characterized by its on/off nature. All calls that arrive when
the channel is turned on, are accepted and transferred with no increase in the
required capacity. A call that arrives when the channel is off in an infinite link,

turns the channel on and increases the occupied capacity of the link.

When the link capacity is restricted, blocking occurs. To calculate these block-
ing probabilities, Karvo et al. [10] have considered the one link case, where
other links in the network have infinite capacity. The blocking probability is
divided into three types: channel blocking Bf, call blocking b and time block-
ing b.. The channel blocking probability is the probability that an attempt
to turn channel 7 on fails due to the capacity restriction of the link. Channel
blocking can therefore occur only, if the channel is in the off state. Call block-
ing occurs when a user is not able to subscribe to channel i. Call and channel
blocking are different as a subscription to a channel is always accepted if the
channel is active. The time blocking probability B! was originally, in the paper

by Karvo et al., defined as the probability that at least C' — ¢; + 1 capacity
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units of the link are occupied at an arbitrary instant. The probability that
at least C' — ¢; + 1 capacity units are occupied when the channel is off is the
actual time blocking probability in a multicast link and is denoted by bt. The

capacity requirement of channel ¢ is denoted by c;.

Using the above definitions the call blocking probability of channel 7 is

be — Aiﬂ,off -1
e )\ifripn + )\iﬂ,off.

(5.4)

The mean number of failed attempts to subscribe to the channel during an
on/off-cycle is \;T; o — 1, as the last call arriving during the off-period is
accepted. The time the channel is in the off state increases, as blocking occurs.
The frequency of accepted calls in the off state is \;(1 — Bf), Bf denoting the
channel blocking probability of channel 7. The off-period of channel ¢ is thus

1

Tog = ————. 5.5
o= N1 = BY) (5:5)

Once the channel is turned on, all calls are accepted and no blocking occurs.
The average time the channel is on is therefore the same as the average on-

period for an infinite link

(5.6)

Equation (5.6) can also be expressed as a function of p; equation (5.3). The

probability that channel 7 is active in an infinite capacity system is
Pi

(L —pi)Ai

By combining equations (5.4), (5.5), and (5.7), the call blocking probability

can be written as,

fri@on = (57)

. B (1= po) B

T B e — )1 1—pB (5:8)

The equation confirms that channel blocking probability equals call blocking
probability upon condition that the channel is off, as in the finite system the
probability that the channel is off is
1
T oft X (1—Bf) 1—pi

S — = _ (5.9)
Ti,on + T;',,of‘f (1_];,1.»\1. + N(1-BY) 1 - piBi

Karvo et al. [10] proceed in deriving an expression for the channel blocking

probability Bf of channel i. They observe that channel blocking in the one
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finite link case is equal to the call blocking in a certain generalized Engset
system, that is a M/G/C/C/I queue. Thus the channel blocking probability
B¢ is equal to the time blocking probability B: @ in a system where channel ¢
is removed. The channel blocking probability is
c i
B¢ — Bt(f) _ Z] C—ci+1 ﬂ—J()

4 i - )
Z] 07TJ

is the link occupancy distribution of a system with channel ¢ re-

(5.10)

where Wj(i)

moved.

An alternative way of calculating the call blocking probability is calculating

the time blocking probability of the whole system,

C ;=0
T I
Zj 0 7TJ
(z:=0)

where 7; is the link occupancy distribution for an infinite system and r;

(5.11)

is the link occupancy distribution restricted to the states with channel ¢ off,
=0 j
== S r(x) = (1 - p)nt, (5.12)
x-c=j,x;=0
where ¢ = (¢;,7 € Z). The last expression stems from the product form of the
link occupancy distribution ;. Similarly, the link occupancy distribution 7;

in terms of the link occupancy distribution 7r()

=(1- pi)wy) -+ piw§20i. (5.13)
Because of Poisson arrivals, the time blocking and the call blocking probabili-
ties for the whole system are equal. This can also be verified by investigating
equations (5.8) through (5.11) and rewriting the expressions for 7T](-Ii:0)
with the help of equations (5.12) and (5.13),

(2i=0)

and 7;

bt Za =C—ci+1 7
' Z?:o”a
(1 —pi) ch C—ci+1 Wj(i)
(1—pi) Z]C 07() T EC ¢ 773('7;)
(1 Pf)zg Cc— cq—|—1ﬂ—]()
(1=p) Som + PS50 — Efc ey
(1 pz)Bf . (1 _pz>Bf — e

1—p;+pi(1—BY) 1 —piBy v

Equation (5.11) is computationally more efficient when calculating blocking
probabilities for different traffic classes, as the denominator does not have to

be calculated anew for each traffic class.
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5.3.1 The RLA Algorithm Used by Karvo et al.

The calculation of the end-to-end blocking probabilities for a multicast network
was done in [11] using the RLA-algorithm. Instead of the Erlang formula,
equation (5.8) is used for the calculation of the blocking probabilities. The

fixed point equation is now

(1 —pilsy)

J (':(Sj’c’ Cj)
1 —pi(sy)

1

)
Bf(s;, ¢, Cj)

L =b(s;,¢,C)) =

; ,fore=1,...,Tand j=1,..., J,
(5.14)

where ¢ = (¢;, ..., ¢1) is the capacity requirement vector, C; the capacity of link

J, and s; is the thinned traffic intensity vector s; = (s;1, ..., .Sj1),

sii= > ay; ] (1—L}). (5.15)

wE; keR.—{j}
Here U; is the set of users downstream of link j, a,; is the traffic intensity
offered by user population u for channel i, and R, is the set of links on the

route from the user w to the root.

Writing equation (5.14) in matrix form gives a fixed point equation T'(L) = L
for L = (L;) For a multiservice network, with different capacity requirements
for different traffic classes, the solution is not always unique see [15]. Solving
the fixed point equation gives the call blocking probability for each individual
link in the network. Under the independence assumption, the blocking of the

traffic class denoted by the user u and channel 7 is

Voo =1— 11 (1= L)

keER
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Chapter 6

A New Multicast Network
Model

The papers presented in the previous chapter gave approximate algorithms for
calculating blocking probabilities in a network. Although Chan and Geraniotis
were able to give a closed form expression for time blocking probabilities in a
multipoint-to-multipoint network, prohibitive computational effects required

the use of RLA.

In this chapter, the point-to-multipoint model by Karvo et al., with infinite
user populations subscribing to the network, is used to formulate an exact al-
gorithm for calculating blocking probabilities in a network with more than one
link having finite capacity. Including only one source in the model, allows for
the formulation of the algorithm. The algorithm is based on the well-known
algorithm for calculating blocking probabilities in hierarchical multiservice ac-
cess networks presented in section 4.5. The resource sharing of multicast con-
nections requires the modification of the algorithm by using a new type of
convolution, the OR-convolution. The algorithm applies to tree-type networks

with one source node offering multiservice multicast traffic.

6.1 Notation

The notation used throughout the rest of this study is as follows. The set of all
links is denoted by J. Let U C J denote the set of leaf links. The leaf link and
user population behind the leaf link is denoted by w € U = {1,...,U}. The set
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of links on the route from leaf link u to the source is denoted by R,. The set
of links downstream link j € J including link j is denoted by M, while the
set of downstream links terminating at link j € J are denoted by N. The set
of user populations downstream link j is denoted by /;. The set of channels
offered by the source is Z, with channel i = 1,..,I. Let d = {d;;i € Z}, where
d; is the capacity requirement of channel 7. Here it is assumed that the capacity
requirements depend only on the channel, but link dependencies could also be
included into the model. The capacity of the link j is denoted by C;. The

different sets are shown in figure 6.1.
M;

! \k:\z
N Uy

J

Figure 6.1: An example network to show the notation used.

6.2 Network with Infinite Link Capacities

Consider a network with all links having infinite capacity. Subscriptions to
channel ¢ behind leaf link w arrive from an infinite user population as from
a Poisson process with intensity A,; = o;)\,, where «a; is generated from a
preference distribution for channel ¢ and A, is the arrival intensity for user
population w. The channel holding time is assumed to be generally distributed
with mean 1/4;. The traffic intensity denoted by a,; is then, a,; = o\, /.
Let the pair (u,7) € U x I denote a traffic class also called a connection. The
connection state, which may be off or on, is denoted by X, ; € {0,1}. The

state probability for a connection, according to the M /G /oo model, is

Tui (Iu,i) = P(Xu,i = Iu,i) = (pu,i)mu’i(l - pu,i)l_mu’i7
where p,; =1 —e i .

In the infinite link capacity case, all connections are independent of each other.
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For leaf link u, the state probability has a product form and is
7Tu(xu) - P(Xu = Xu) - H ﬂ-u,i(xu,i)a (61)
ieT
where X, = (X,;7 € T) € S is the state vector for the leaf link, and S =
{0,1} denotes the link state space.

The leaf link states jointly define the network state X,
X=Xpueld)=(Xy,suecl,iecl)e, (6.2)

where = {0, 1}Y*! denotes the network state space. For the whole network,

the state probability is

m(x) = P(X =x) = [[ mu(xu),

ueU

as each user population is independent of each other.

6.3 OR-Convolution

The leaf link state distributions jointly define the network state distribution,
as was shown in the previous section. In order to calculate the link state
distributions in a tree-structured network a convolution operation is needed.
The resource sharing characteristic of multicast traffic requires a new type of
convolution, the OR-convolution. Consider two downstream links s,t € N,
terminating at link v, where s,t,v € J. Channel 7 is idle in link v if it is idle
in both links s and ¢ and active in all other cases, which is equivalent to the

binary OR-operation. In other words, for y,,y; € S

Yo =YsDY: € S, (63)

where the vector operator & denotes the OR~operation taken componentwise.

The OR-convolution, denoted by ®, is then the operation,

[fs ® ff] (yv> = Z fS(yS)ft(Yt)

Ys@yt=yv

defined for any distributions f,; and f;.

In a multicast link, the link state depends on the user states downstream the

link. If a channel is idle in all links downstream link j it is off in link j and in
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all other cases the channel is active. The OR-operation on the network state
gives the link state Y, = (Y, ;i € Z) € S,j € J as a function of the network

state,

Y; =g;(X)= P X.
keld;

Similarly, the OR~convolution on the network state distribution gives the link

state distribution. Thus, the state probability, denoted by o,(y;), for y; € S,

is equal to
7Tj (Yj> s lfj S U
oiy;) = P(Y; =y;) = [Q m](y;) = [ Q) o04](y;) . otherwise .
kel R

When X = x the occupied capacity on the link j is d - g;(x).

6.4 Blocking Probabilities in a Network with
Finite Link Capacities

When the capacities of one or more links in the network are finite, the state
spaces defined above are truncated according to the capacity restrictions. The
network state X defined in equation (6.2) is replaced by the truncated network

state X € Q, where Q denotes the truncated state space
Q={xeQ|d-gx) <C;Vje T}

The insensitivity [12] and truncation principles [9] apply for this product form
network, and for the truncated system the state probabilities of the network

differ only by the normalization constant G(Q2) = >, g m(x). The state pro-

babilities of the truncated system are therefore

7(x) = P(X=x)= %, for x € €.

When the capacity on the links is finite, blocking occurs. Due to Poisson
arrivals, the call blocking probability is equal to the time blocking probability
of the system. A call in traffic class (u,4) is blocked if there is not enough
capacity in the network to set up the connection. Note that, once the channel

is active on all links belonging to the route R, of user population u, no extra
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capacity is required for a new connection. Another truncated set QW; cQ

with a tighter capacity restriction for links with channel 7 idle is defined as,
Qi ={xe|d-(gx) & (eiljer,)) < C;,¥j € T},

where e; is the I-dimensional vector consisting of only zeroes except for a
one in the ith component and 1;c%, is the indicator function equal to one for
j € R, and zero otherwise. This set defines the states where blocking does
not occur when user u requests a connection to channel 7. The call blocking
probability b¢ for traffic class (u, ) is thus,

G(Qu,i)

=1-PX€EQ,)=1- @) (6.4)

This approach requires calculating two sets of state probabilities: the set of
non-blocking states appearing in the numerator and the set of allowed states

appearing in the denominator of equation (6.4).

A multicast network is a tree-type network, and much of the theory in calcu-
lating blocking probabilities in hierarchical multiservice access networks [15]
can be used to formulate the end-to-end blocking probability in a multicast

network as well.

6.5 The Algorithm

As in the case of access networks, the blocking probability can be calculated
by recursively convolving the state probabilities of individual links from the
leaf links to the origin link. At each step, the state probabilities are truncated

according to the capacity restriction of the link.

In order to calculate the denominator of equation (6.4), a new subset Sj of set
S is defined,
Si={yeS|d-y<C}, forjeJ.

The corresponding truncation operator acting on any distribution f is

T, f(y) = .] (6.5)
0 , otherwise.
Let
Q;(y;) =P(Y;=y; Y €S, Vk € M;), fory; €. (6.6)
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It follows that the Q);(y)’s can be calculated recursively,

Tymy(y) Lifjeu
Qily) = Tl Qil(y) , otherwise.
keN;

Note that, if the capacity constraint of link j € M; is relaxed, then the
branches terminating at link 7 are independent, and the jointly requested
channel state can be obtained by the OR-convolution. The effect of the fi-
nite capacity C; of link j is then just the truncation of the distribution to the

states for which the requested capacity is no more than C}.

The state sum G(2) needed to calculate the blocking probability in equation
(6.4) is equal to

G(Q) = Z QJ(Y),

yeS

where @7 is the probability (6.6) related to the common link j = J.

Similarly for the numerator of equation (6.4), let S}” C Sj be defined as the
set of states on link j that do not prevent user v from connecting to multicast

channel 7. In other words

S ={yeS|d-(yo(edjer,) <Cj}, forje Jiel

The truncation operator is then

L fly) . ify eS8
T fy) = .j (6.7)
0 , otherwise.
The non-blocking probability of link j is
Q}L’j’(yj) =P(Y,=y;Yr € S’;-L’i,Vk: e M;), fory; € S. (6.8)

Similarly, as above, it follows that

| T3 'mi(y) ifjeu
@Y= T ® QE(y) |, otherwise.
keN;

The state sum in the numerator of equation (6.4) is then

G(ui) = QY (),

YES
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where Q"' is the probability (6.8) related to the common link j = .J.
The blocking probability in equation (6.4) is therefore

b o— 1 — dyes Q?Y(Y)
wt Yyes Qu(y)
The single link approach by Karvo et al. is a special case of the network for-
mulation presented, hence the same results can be obtained using the network
algorithm. Note also that the algorithm calculates time blocking probabilities
and is therefore applicable to systems where call or channel blocking probabi-

lities can be expressed in terms of time blocking.

The complexity of the algorithm increases exponentially with the number of
channels, as the number of states in the distributions to be convolved is 2.

Therefore the use of RLA as a computationally simpler method is studied.

6.6 The Appropriateness of Using RLA in
Multicast Networks

As the number of channels in a multicast network increases, the exact compu-
tation of the blocking probabilities becomes impossible. The RLA-algorithm
is a method that can be applied to a multicast network with dynamic mul-
ticast connections. The RLA assumes that the traffic, which is thinned due
to blocking in the links of the network, is independent and from a Poisson
process. This assumption is not exactly satisfied, as the blocking depends on
the traffic intensity offered to the link. Because at this moment no other ap-
proximation method exists, it is worthwhile to study the performance of RLA.
In [11], the accuracy of the RLA-algorithm was studied by comparing it to
simulation results with I = 30. In this section, the RLA-algorithm presented
in section 5.3.1 will be compared to exact results, but only for a network that

offers I = 8 channels.

6.6.1 Results

Comparisons were made between the exact solution and the RLA-algorithm.

The network used is shown in figure 6.2. The number of channels offered is
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“@%

Figure 6.2: The example network used to compare the exact result with the

result given by the RLA-algorithm.

eight. Each channel requires one unit of capacity. The common link in the
network has a capacity of seven units. All other links have a capacity of six
units. The blocking probabilities are calculated for the least used channel
using a truncated geometric distribution for the channel preference, as defined
in equation (5.2)

p(—p)!

L—(1=p)"

with parameter p = 0.2. The mean holding time is the same for all channels,

1/; = 1. In addition, the arrival intensity is the same for both user popula-
tions, A, = A and consequently, the traffic intensity a = A\/pu is the same for

both user populations.

The results are given in table 6.1. The comparison was also done for multiser-
vice traffic, where the capacity requirement is one for odd channels and two
for even channel numbers. The capacity of the common link was eleven units

and those of the other links were nine units. The results are given in table 6.2.

The results confirm the comparisons made in [11]. The RLA-algorithm yields
blocking probabilities of the same magnitude as the exact method. As a rule,
RLA gives larger blocking values for both routes. For route 2, RLA gives very
good results. This is because the route is very short, and the assumption of

independence between the links is not violated severely.
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Table 6.1: Call blocking probabilities for the network shown in figure 6.2.

| | Routel (u=1) | Route2 (u = 2) |
a || Exact | RLA | error | Exact | RLA | error
1.0 || 0.0056 | 0.0064 | 14 % 0.0027 | 0.0028 | 4 %
1.1 ] 0.0084 | 0.0098 | 17 %| 0.0041 | 0.0044 | 7 %
1.2 0.0121 | 0.0141 | 17 %] 0.0060 | 0.0064 | 8 %
1.3 | 0.0166 | 0.0195 | 17 %] 0.0083 | 0.0090 | 8 %
1.4 | 0.0220 | 0.0260 | 18 %] 0.0112 | 0.0121 8 %
1.5 || 0.0282 | 0.0336 | 19 % 0.0146 | 0.0157 | 8 %
2.0 || 0.0715 | 0.0868 | 21 %|| 0.0382 | 0.0416 | 9 %

Table 6.2: Call blocking probabilities for the network depicted in figure 6.2,

with channel requirements c,qg = 1 and cepen, = 2.

| | Routel (u=1) | Route2 (u = 2) |
Channel | a | Exact | RLA | error || Exact | RLA | error
7 1.0 || 0.0051 | 0.0058 | 14 % 0.0019 | 0.0022 | 16 %
8 1.0 || 0.0127 | 0.0139 | 9 %] 0.0028 | 0.0029 | 4 %
7 1.1 ] 0.0074 | 0.0086 | 16 %| 0.0029 | 0.0034 | 17 %
8 1.1 ] 0.0179 | 0.0198 | 11 %] 0.0042 | 0.0045 | 7 %
7 1.2 0.0103 | 0.0120 | 17 %] 0.0042 | 0.0049 | 17 %
8 1.2 0.0243 | 0.0270 | 11 %] 0.0062 | 0.0066 | 6 %
7 1.3 ] 0.0138 | 0.0162 | 17 %| 0.0058 | 0.0068 | 17 %
8 1.3 | 0.0318 | 0.0355 | 12 %| 0.0086 | 0.0092 | 7 %
7 1.4 | 0.0179 | 0.0211 | 18 %] 0.0077 | 0.0091 | 18 %
8 1.4 | 0.0403 | 0.0454 | 13 %| 0.0116 | 0.0124 | 7 %
7 1.5 ] 0.0226 | 0.0268 | 19 %| 0.0100 | 0.0118 | 18 %
8 1.5 ] 0.0499 | 0.0566 | 13 %| 0.0151 | 0.0162 | 7 %
7 2.0 || 0.0536 | 0.0645 | 20 %|| 0.0255 | 0.0299 | 17 %
8 2.0 || 0.1101 | 0.1276 | 16 % 0.0400 | 0.0431 | 8 %
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Chapter 7

A Finite User Population Model

In this chapter, a new finite user population model is formulated. First, it will
be shown that the conditional distribution of mutually independent Poisson
distributed variables X;, with parameters a; = Np;, for « =0, ..., I, given that
To + ... + x7y = N is distributed as variables from a multinomial distribution
with parameters p;. This known property is used in order for the finite user
population model and the infinite user population model to relate. After in-
troducing the single user model in section 7.2, it will be shown in section 7.3
how this model can be generalized to a finite user population of size N. Fur-
thermore, as N goes to infinity, the leaf link distributions for the finite user
population of size N converge to those obtained by the infinite user popula-
tion model presented in chapter 6. Numerical results on end-to-end channel

blocking probabilities are presented in section 7.4.

7.1 Multinomial Distribution

The multicast traffic model derived in [10] and discussed in chapter 6 assumes
an infinite user population. Under this assumption, the channel requests arrive
according to independent Poisson processes with parameters a;,7 € Z defined
in chapter 5. For mutually independent Poisson distributed variables, the state
probabilities P(X = x) have a product form,

L

P(onxo,Xl:ml,...,X]:a?]):H e %, (71)

|
i=0 Li*

When considering multicast traffic, the channel has only two possible states,
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X; =0or X; > 1. The latter condition is taken into account by summing over
all states with X; > 1 resulting in equation (6.1). The state probabilities for
a finite user population will be derived using equation (7.1) and the multicast

traffic characteristics will be taken into account later.

When the population size is finite, the total number of users is restricted to
Xo+Xi1+...4+X; = N, where X is the random variable for the number of users
not requesting any channel. If the Poisson parameters are a; = Np;, where (in
the case of a finite population) p; is the probability that a user requests channel
i and Np; is the expected value of N users requesting channel i, equation (7.1)

changes to

P(XOZ.T/(),...,X]:.T/]’X0—|—...—|—X]:N):

f[ (sz)% eini
|
_ i—0  Ti: .
- fax .+, =N 7.2
PXot .+ X, =N) "ot tr = (7-2)
0, otherwise,

where the probability of choosing a channel is p; + ... + pr = 1 — pg. The
variable Xy + ... + X is distributed as a Poisson variable with parameter
Npo+ ...+ Np; = N. Thus the probability that the population size is N is

NN —N
P(Xo+ ..+ X;=N) = T‘i

Equation (7.2) is thus

P(XOZ.T(),...,X]:.T/I’X0+...—|—X[:N):

im0 Ti! N,ﬁp'l
= NN _N .i=0 T7'

NT¢
0 , otherwise.

7

,if xg 4 ... 427 =N, (7.3)

This is the state probability of variables having a multinomial distribution with
parameters N and po, ..., p;y. The multinomial distribution is a generalization
of the binomial distribution. The sum of the probabilities py, ..., pr is equal to
one. The state probability P(X = x) gives the probability that of the N users
xo have not chosen any channel, x; have chosen channel 1 etc. The sum of the
number of users requesting the different channels zo 4+ 21 + ... + x; has to be

equal to N.

%)



CHAPTER 7. A Finite User Population Model

7.2 Model for a Single User

In the paper by Chan and Geraniotis [5], for each logical state (p,s,t) there
was only one user that was either active or idle. This is not a very practical
model, as often the user is presented with a selection of sources or channels
to choose from and is idle when none of these channels is chosen. The finite
model proposed here is a Markov chain, with I 4 1 states. All transitions by
user u are made via the idle state, corresponding to state 0. The transition
rate from state 0 to any state ¢ € I is denoted by A\, ; = ai;\u, where o; is the
preference distribution used earlier. The transition rate from any state 7 to
state 0 is denoted by p;. The Markov chain is shown in figure 7.1. The steady

state probabilities solved from the detailed balance equations give

Tui =  Pu,iTu,0
! 1
Tu,0 = {14—2[)%1} )
i=1

ai)\u

where p, ; = i
7

Figure 7.1: The Markov chain used to model user behavior.

Because the detailed balance equations
7"—71,,0)\71,775 = 7"—71,,75/L757VZ. €1

are satisfied, the process is reversible and the state space can be truncated.

Furthermore, it can be shown that the insensitivity property discussed in sec-
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tion 3.1.3 applies and the service times can be generally distributed with mean
1//1,1 .

The probability P, that user u connects to the multicast network is by defini-

Z Puk

P,=—tL __ wuel, (7.4)
I+ Z Puk
kel

tion

from which it follows that

1—P7, :71'7,,70,V’LL€Z/[.

1
- 1 + Z pu,k,
kel

In addition, the parameter ¢; is defined as the conditional probability of being

in state ¢ given that the user connects to the multicast network,

a o Pui _ i/ i
= -
kel Puk DokeT Ok/ ik

Vi el (7.5)
It follows that =, ; in terms of P, and &; is
7T“77; = Pq,é{“VZ € Z, Yu & Z/{,

and the steady state probabilities ,(x,) for user u have the following form,

31&7 ) ifx?z,:ei7i€]7
mu(x,)=¢ 1—-P, ,ifx,=0, (7.6)
0 , otherwise.

7.3 A Network with Infinite Link Capacities

Consider a network with all links having infinite capacity. Behind leaf link %
there is one user that subscribes to the network with probability P, with the
steady state probabilities at link k& given by equation (7.6).

Similarly to section 6.3, the OR-convolution gives the link state distribution.

Thus, the state probability, denoted by ¢;(y;), for y; € S, is equal to

o;(y;) = P(Y; = y;) = [Q ml(y;)-

k‘,GZ/{j

When the leaf link state probabilities are defined as in equation (7.6), the
link state probabilities obtained by convolving all leaf link distributions down-

stream link j gives the same result as calculating the state probabilities of
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|U;| = N users using a multinomial distribution with parameters p; = P,d&;,
for © € 7 and pg = 1 — P, and then summing the state probabilities to take
into account the multicast conditions. Here it is assumed that all leaf links

k € U; have P, = P,, that is they form a new user population u with N users.

As the number of users N in the finite population model tends to infinity,
the population model converges to the infinite population model presented
by Karvo et al. This is easily seen, as the multinomial distribution with pa-
rameters p; = P,q&; and expected value N P,q; converges to a distribution of
independent Poisson distributed variables with parameter a,; = %ai. Writing

the expected value with the help of equations (7.4) and (7.5) gives,

M S an/ i )
NP,G; = N keZ Q[
14+, Z o/ Z o/ ik

kel kel

The limit of the expected value N P,q; is then,

i N/A\u [ .
lim (NP,&;) = lim (= )= ZNy = ap, Vi€ T
N-—oo N—co /17 1 _*_Au ZkeIak//jk /I,,L'

It can be seen that the finite user population model converges to the infinite

user population model defined in chapter 6, when lim N A — A

N—oo

It is worthwhile to study the link occupancy distributions in a network in terms

of the varying size of the user population.

7.3.1 The Link Occupancy Distribution for Varying

Population Size

The link occupancy distribution is studied for a single link with infinite capac-
ity. This same approach has been taken for the infinite population size in the
earlier paper by Karvo et al. [10]. Here, the link occupancies will be studied
for a finite user population. The link occupancy distribution gives a rough
estimation of the capacity needed to ensure that blocking probability stays
below the critical level (e.g. 0.01). Clearly, links with one user subscribed to
them need to have a capacity of max d;, and as the number of users using a
link increases, so that each Channel surely has at least one user, the required
capacity approaches the maximum capacity Z d;.

icT
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The link occupancy distributions are calculated for varying population sizes.
The example shown in figure 7.2 is a multicast network with leaf links having
two users. The next level of the network has four links with four users con-
nected to the link combined to form eight links with a user population of 16
users. At the first level, two links with a user population of 64 combine to form
the common link with a user population of 128 users. Each link in the network
has infinite capacity and the link occupancy distributions are calculated using

the OR-convolution as described in the previous section. The link occupancy

Figure 7.2: The example network.

distributions are calculated for each single link in the example network. They
are state probabilities on a single link with infinite capacity defined by the

downstream user population of size N, not joint probabilities of the network.

Figure 7.3 shows how the link occupancy distribution changes as the number
of users increases. The channel preference distribution () is calculated using
the truncated geometric distribution (equation 5.2). The number of channels
is I = 8, and the probability that a user subscribes to the link is P = 0.5. The
user populations are 2, 4, 16, 64, and 128. The probability to subscribe to
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the network is quite large, and therefore the link occupancy probabilities are
large for capacity requirements equal to the user population size. The capacity
required on the link is equal to the population size N, when N < I, and equal
to the number of offered channels I, when the population size is larger than the
number of offered channels. This of course applies to cases when the capacity
requirements of the channels are the same. For singleservice traffic the capacity
needed on the link is simply min(V, I'), when the probability of subscribing to

the network is large.

In figure 7.4, the probability of subscribing to the network is P = 0.1. Here,
the capacity required is less than the number of channels offered while N < 64.
Figure 7.5 shows the link occupancy distribution for a multiservice network,
with a capacity requirement of one unit for odd channels and two units for

even channels. The maximum required capacity of the network is 12.

Link occupancy distribution
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Figure 7.3: Link occupancy distribution (logarithmic) for 2, 4, 16, 64, and 128

users and 8 channels, with P = 0.5.
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Link occupancy distribution
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Figure 7.4: Link occupancy distribution (logarithmic) for 2, 4, 16, 64, and 128

users and &8 channels with P = 0.1.
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Figure 7.5: Link occupancy distribution (logarithmic) for 2, 4, 8, 16, 32, and
64 users, 8 channels with P = 0.1, and capacity requirement of one unit for

odd and two units for even channels.
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7.4 End-to-End Channel Blocking Probability

The algorithm devised in section 6.5 can be used to calculate end-to-end chan-
nel blocking probabilities in multicast networks with finite user populations.
A network with a single user behind each leaf link is considered. This is a
general model as larger user populations may be obtained by OR-convolving

the state probabilities of single users in infinite links.

The Markov chain model that describes the behavior of a user was presented
in section 7.2. The model assumes that each user is subscribed to one channel
at a time and a request for a new channel can occur only through the idle
state. A user’s channel request is therefore blocked only if there is not enough
capacity to turn the channel on. For this reason, channel blocking probabilities
are studied. For the finite population model, channel blocking for user wu is
equal to time blocking in a network where user u is removed, as a user in the
idle state that is blocked remains in the idle state. The original leaf link state

probabilities are

31&7 9 ifx?z,:ei7i€]7
mu(x,)=¢ 1—-P, ,ifx,=0, (7.7)
0 , otherwise.

Removing user v from the network is equivalent to setting user u in state 0,

Ta(Xy) = 1 ,ifx, =0,
1 0, otherwise.

For all other u* € U the state probabilities are given by equation (7.7).

As described in section 6.2 the leaf link distributions define the network dis-
tribution and by using the state probabilities defined above, the algorithms
presented in section 6.5 can be used. The resulting end-to-end channel block-

ing probability is,

Be.—1- M
7 2yGS QJ(Y)
where
Q,ly) = Tim;(y) | Jifjdujel,
T Q) Qr'1(y) ,otherwise,
kenN;
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and
1y:0 ’ lfj:u7j€u7
Qry)={ Ty igug el
T Q) Qr'l(y) ,otherwise.
keN;

The end-to-end channel blocking was calculated using the network in section
7.3.1, with user population size on the ascending levels being 2, 4, 16, 64, and
128 users. The blocking probability was calculated for different network capac-
ities with identical number of channels (I = 8), channel capacity requirements,
and channel preference distributions (P=0.1). The leaf links with capacity set
to one and one user behind them, are not shown in the figure for the example
network, as no blocking occurs in these links. The blocking probabilities are

represented table 7.1.

The end-to-end channel blocking probability was also calculated for the net-
work in figure 8.5 with population size in ascending levels being 1, 4, 16, 64, and
256. The same conditions hold for this network as for the previous network,

only the topology is different. The results are shown in table 7.2.

The capacity allocations of table 7.1 show that an increase in capacity at any
level decreases the blocking probability, as should be the case for singleservice
traffic. It seems that an increase in capacity at the common link decreases
the blocking probability the most. This is especially true, when the capacity
allocations at the previous levels are reasonable. In the next section, the

optimum capacity allocation will be studied using Moe’s principle.

Table 7.1: Channel blocking probabilities for the network in figure 7.2.

Link capacities
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Table 7.2: Channel blocking probabilities for the network in figure 8.5.

Link capacities
Cy | Cs | Cy | O || Big
31 4] 6 | 6 | 0.5666
2 13|67 |03244
31 3| 7| 7 |0.3167
3|47 |7 |0.2915
3147 | 8 |0.0201
31 4| 8| 8 |0.0147
3 15| 8| 8 |0.0017
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Chapter 8

Dimensioning a Multicast
Network With a Finite User

Population

A network has to be able to carry the call requests that it receives. This
requires sufficient capacity. On the other hand, having too much idle capacity
in a link or in the whole network is inefficient. Dimensioning the network
means deciding how much capacity is needed in order to maintain a good
quality of service. Blocking probabilities are used as one principle. Ideally, no
blocking should occur. A more realistic goal is to allow some blocking, e.g. of
magnitude 1072, The parameters that affect the blocking probabilities, besides
the topology of the network, are the capacities of the links and the offered traffic
intensity. The network is dimensioned by calculating the required capacities
according to the known or forecasted traffic intensity and the greatest allowed

blocking probability.

The dimensioning of multicast networks will be studied in section 8.1 for the
simplified case of a network with all but one link having infinite capacity and

for a network with more than one link having finite capacity in section 8.2.
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8.1 Blocking Probabilities for a Single Link
Having Finite Capacity

Blocking probabilities can be calculated for a single finite capacity link with a
finite user population. Using the link occupancy distribution of the previous
section, an approximate time blocking probability can be calculated. This
is done in section 8.1.1. Time blocking probabilities for a finite population
subscribing to a network with all but one link in the network having infinite

capacity are calculated in section 8.1.2.

8.1.1 An Approximation for the Blocking Probability
in a Single Link

The link occupancy distribution discussed in the previous section can also be
expressed as blocking probabilities. However, the blocking probability used in
this section will be the proportion of time that the traffic on the link occupies
full capacity. This saturation probability is not the time blocking probability,
as subscriptions to channels may still be accepted to the link. Even if a link is
full, subscriptions are accepted, as long as the channel is turned on. Whereas,
if the channel is idle blocking occurs. For singleservice traffic, the saturation
probability of the link gives an upper bound for the time blocking probability.
The approximation gives an indication to how a link should be dimensioned and
illustrates the relationship between link capacity and population size. Figures
8.1 and 8.2 show how the required capacity depends on the population size
for two values (B = 0.01 and B = 0.001) of the targeted blocking probability.
In figure 8.1, all channels require one unit of capacity and in figure 8.2, odd
channels require one unit of capacity and even channels require two units of
capacity. The preference distribution is still the geometric distribution with
parameter p = 0.2. Figures 8.1 and 8.2 show that, as the blocking probability
constraint drops from 0.001 to 0.01, the number of users allowed until full

capacity is needed on the link almost doubles.
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Approximate blocking under 0.01=0 and blocking under 0.001=*
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Figure 8.1: Required capacity vs. user population size for link occupancy block-
ing probability B = 0.01 and B = 0.001, 8 channels with P = 0.1, and one

unit of capacity required.
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Figure 8.2: Required capacity vs. user population size for link occupancy block-
ing probability B = 0.01 and B = 0.001, 8 channels with P = 0.1, and capacity

requirement of one unit for odd and two units for even channels.
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8.1.2 Time Blocking Probability in a Single Link

The figures shown in the previous sections give a good approximation to the
capacity required on a multicast link. The exact time blocking probability can

be found using equation (5.11),

c wi=
Bt Ziece ™Y
' chzo Ty ’
here Wj(mizo) is the aggregate state probability of the link occupancy including

all states with channel 7 off,

T,L:O
7r§ ) — Z o(y).
y-d=j,y;,i=0
The state probability o(y) for N = |U;| users is obtained by OR-convolving
the state probability for one user m,(x,) given in equation (7.6) N — 1 times

as explained in section 7.3.

Figure 8.3 shows the capacity needed for a single link carrying singleservice
traffic in order for the blocking probability to be below the given upper bounds.
In figure 8.4 the traffic classes have different capacity requirements. The pro-
bability that the user population subscribes to the channel is P = 0.1 for all
sizes of the user population. Comparing these figures to the ones obtained by
the approximate blocking probability, figures 8.1 and 8.2 it can be deduced
that the approximate blocking probability gives rather good results for single-
service traffic. For some numerical values too much capacity is allocated, as
the approximate blocking probability is an upper bound for the time blocking
probability. For multiservice traffic, the saturation probability does not always
give an upper bound for the time blocking probability, as the actual blocking
states include states where the capacities occupied on the link are less than

the saturation level.
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Time blocking under 0.01=0 and blocking under 0.001=*
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Figure 8.3: Required capacity vs. user population size for link occupancy time
blocking probability B = 0.01 and B = 0.001, 8 channels with P = 0.1.
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Figure 8.4: Required capacity vs. user population size for link occupancy time
blocking probability B = 0.01 and B = 0.001, 8 channels with P = 0.1, and

capacity requirement of one unit for odd and two units for even channels.
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Figure 8.5: Network used to test Moe’s criterion.

8.2 Dimensioning the network using

Moe’s principle.

The blocking probability of the network depends on the capacities allocated
to the links of the network. The dimensioning of a network is a tradeoff
between the cost of allocating capacity to the links and the lost revenue due
to blocked customers. The capacity should therefore be allocated to those
links that affect the blocking probability the most in relation to the cost of
the extra capacity. As was shown in the previous section, it is not obvious
which capacity allocation is the optimum. Moe’s principle compares the effect
different capacity allocations have on the blocking probability, and in addition
takes into account the cost of the allocation. Moe’s principle can be used for
a symmetric network, where the fan out of the network is equal at each level.
The capacity is allocated to the level that decreases the blocking probability
the most in relation to the cost of the capacity. The cost of the capacity

allocation is assumed equal to the total capacity allocated to each link.

The network used as an example has four levels. The common link has 256
users connected to it. The network fans out into 4 links, with each having
64 users. These links fan out to four links with 16 users and finally each link
with 16 users fans out to four links with 4 users as shown in figure 8.5. The
allocation of one unit of capacity to the common link only costs one unit, while

the allocation to the fourth level costs 64 units, as there are 64 links on the
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fourth level of the network. Define [ as the stage of the network so that the
leaf links have | = L = 5 and the common link has [ = 1. The number of
links belonging to stage [ is denoted by M;. For the example network shown
in figure 8.5 M; = 1 and M, = 64.

The iteration is as follows

1. Choose an initial capacity allocation Cy.

2. Calculate H; = %}fcﬁel% where B is the channel blocking probabi-

lity and M, is the number of links at stage [.

3. Allocate the capacity to all the links j belonging to stage [, with the

maximum H;.
4. Update the capacity allocation of the network C; = Cy + e;.

5. Repeat 2-5, until the end-to-end blocking probability is less than the
target level (e.g. B < 0.01).

The network is dimensioned using the exact end-to-end channel blocking pro-
bability for the least used channel (¢ = 8). Usually the end-to-end blocking
probability used in Moe’s principle is the sum of the blocking probabilities in
individual links. This is approximately true when the blocking probabilities

are small.

The initial guess can be deduced using the saturation probabilities or the
blocking probabilities calculated in the previous section. The number of users
in the example network is [4 16 64 256]. The capacity needed to ensure a
blocking probability less than 0.01 in each link can be used as an initial guess.
Figure 8.1 in section 8.1 shows that a suitable initial guess would be [3 4 6
8]. In order to study the effect of the initial capacity allocation guess to the
solution, Moe’s principle is used for different initial guesses [23 5 7], [346 7|,
[4457],and [3 5 7 7]. They are in tables 8.1 through 8.4. The importance of

the initial guess can be seen from the results.

For the initial guesses [23 5 7], [34 6 7|, and [3 5 7 7], the optimal capacity
allocation is the same [3 5 8 8] for blocking probability below 0.01 or [3 6 8 8] for
a blocking probability below 0.001, though the steps to reach the optimum vary.
The initial guess [4 4 5 7] is too large, and the optimum capacity allocation

[4 4 6 8] uses too much capacity. From this example, it can be deduced that

71



CHAPTER 8. Dimensioning a Multicast Network With a Finite User
Population

a network with 256 users that are subscribed to the network one tenth of the
time, needs full capacity on the common link as well as on the preceding level,

with 64 users.

Table 8.1: The iteration steps for the network in figure 8.5, with the initial
guess [2 3 5 7).

Link capacities

Cy

B,
0.3583
0.2089
0.1176
0.0939
0.0352
0.0304
0.0212
0.0017
0.0005

o ot s s wow w w|Q
o0 |00 0o ~1 ~1 & ot o)
o0 ooloo 00 00 o0 o0 o ~1|Q

W WIN DN DN DN DN DN

Table 8.2: The iteration steps for the network in figure 8.5, with the initial
guess [3 46 7.

Link capacities

Cy

By
0.3002
0.0625
0.0201
0.0147
0.0017
0.0005

SRS SO NN O
0 wloo ~1 o oD
o0 00| oo 00 oo ~1|Q

W WlWw W w w
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Table 8.3: The iteration steps for the network in figure 8.5, with the initial
guess [4 45 7).

Link capacities
Cy | Cs | Cy | O || Big

4 | 4| 5 | 7 | 0.3447
4 | 4|5 | 8 | 01837
4 1416 | 8 |0.0623
4 14|17 | 8 |0.0199
4 14|18 | 8 |0.0144
4 15| 8| 8 |0.0013
416 | 8 | 8 | 0.0005

Table 8.4: The iteration steps for the network in figure 8.5, with the initial
guess [3 57 7.

Link capacities

Cy | Cs | Cy | O || Big
315 | 7 | 7 |0.2878
315 7 | 8 | 0.0086
3 15| 8| 8 |0.0017
316 8| 8 | 0.0005
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Chapter 9

End-to-end Blocking
Probabilities in a Network

with Background Traffic

The networks considered until now were assumed to transfer only multicast
traffic. The model can, however, be extended to cover networks with mixed
traffic. In this case, the network transfers, in addition to multicast traffic, non-
multicast traffic that is assumed independent on each link. The distribution
does not depend on the multicast traffic in the link or on the traffic in the other
links. The non-multicast traffic in link j is assumed to be Poisson with a traffic
intensity A;. The capacity requirement is equal to one unit of capacity. The
link occupancy distribution of the non-multicast traffic in a link with infinite

capacity is thus

(A5)" -, (9.1)

9.1 The Refined Algorithm

The inclusion of non-multicast traffic affects only the truncation step of the
algorithm presented in section 6.5. The state probabilities are defined as in
section 6.4. The state probabilities of the link states that require more capacity
than available on the link are set to zero as before. However, the state proba-
bilities of the states that satisfy the capacity restriction of the link are altered,

as the available capacity on the link depends on the amount of non-multicast
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traffic on the link. Another way of describing the relationship between the
two different types of traffic, is to consider them as two traffic classes in a two
dimensional infinite link occupancy state space as is shown in figure 9.1. The
traffic classes are independent of each other. The capacity of the link is a lin-
ear constraint of this state space. Notice that the marginal distribution of the
capacity occupancy of the multicast traffic is weighted by the sums over the
columns of the occupancy probabilities of the background traffic. If the mul-
ticast traffic occupies ¢ = d - y; units of capacity, and the link capacity is Cj,
then possible non-multicast traffic states on the link are those with 2 < C; —¢,

where z is the number of non-multicast calls.

C=4

Figure 9.1: Shaping of the marginal distribution of the capacity occupancy

when background traffic is included in the model.

Therefore, the truncation operators presented in equations (6.5) and (6.7) must

be replaced by the operators

C]-—d~y ~
. (=) f(y) ,ify€es;
L) = { X" J
0 , otherwise
Cij—d-(y®(eiljery,)) - .
- () f(y) ,ifyes)”
Fify) = Z:% 3(2)f(y) J
0 , otherwise.
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The algorithm differs therefore only by the truncation operator used,

Tjﬂ-j (y) , lf] ceu
&) =1 7[® Ou(y) . otherwise.
keN;
Similarly, .
T3"mi(y) yifjel
@Y =Y 7® QMiy) |, otherwise.
keN;

The blocking probability in equation (6.4) is again obtained by two series of
convolutions and truncations from the leaf links to the common link J. The

end-to-end time blocking probability of the network is

e =1 dyes Q;;J(Y)
“ ZyGS QJ(y)

9.2 Numerical Results for End-to-End
Call Blocking Probabilities for an

Infinite User Population

The leaf link probability

ﬂ-“(X“) = H (p?z,ﬂi)mu’i(l - puﬂi)l_mu’ia

1€l

and the algorithm presented in the previous section give the end-to-end call
blocking probability for a network with infinite user population and back-
ground traffic. The end-to-end call blocking probability was calculated using
the same network as in section 6.6, figure 6.2. The intensity of the non-
multicast traffic was set to A; = 0.1 for all links. Table 9.1 shows the end-to-
end call blocking probability for a network with only multicast traffic and for a
network transferring multicast and non-multicast traffic. Table 9.2 shows the
end-to-end call blocking probabilities when the multicast traffic requires twice

the capacity of the non-multicast traffic.

The intensity of non-multicast traffic stays the same, as the intensity of the
multicast traffic increases. Clearly, the blocking probabilities are affected less,
as the intensity of the multicast traffic increases. This can also be seen by

studying the relative change in blocking probabilities shown in tables 9.1 and
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9.2. The effect of the non-multicast traffic to the blocking probability is of the
same magnitude on both routes. From table 9.1 we see that an inclusion of
unicast traffic with one tenth the intensity a = 1.0 of the multicast traffic al-
most doubles the blocking probability. From table 6.1 the blocking probability
increases by a factor of 1.5, when the traffic intensity a is increased from 1.0 to
1.1. These two cases are not equivalent as the background traffic is assumed
independent of the multicast traffic, but give a good reference to the effect

that the background traffic has on end-to-end blocking probabilities.

Table 9.1: Blocking probabilities for the network in figure 6.2 with background

traffic and multicast traffic.

‘ H Routel (u =1) H Route2 (u = 2) ‘
a || Multicast | Background | Rel. change || Multicast | Background | Rel. change
1.0 || 0.0056 0.0109 1.95 0.0027 0.0053 1.96
1.2 ] 0.0121 0.0206 1.70 0.0060 0.0105 1.75
1.4 ] 0.0220 0.0341 1.55 0.0112 0.0177 1.58
2.0 || 0.0715 0.0927 1.30 0.0382 0.0501 1.31

Table 9.2: Blocking probabilities for the network in figure 6.2 with background

traffic requiring one unit and multicast traffic requiring two units of capacity.

| | Routel (u=1) | Route2 (u = 2) |
a || Multicast | Background | Rel. change || Multicast | Background | Rel. change
1.0 || 0.0056 0.01 1.79 0.0027 0.0049 1.81
1.2 | 0.0121 0.0195 1.61 0.0060 0.0099 1.65
1.4 1 0.0220 0.0328 1.49 0.0112 0.0171 1.53
2.0 || 0.0715 0.0914 1.28 0.0382 0.0495 1.30

9.3 Numerical Results for End-to-End
Channel Blocking Probabilities for a

Finite User Population

The idea is the same as in the preceding chapter, as only the truncation is af-
fected when non-multicast traffic is included into the multicast network model.
Using the leaf link distribution

Ta(x,) = 1 ,ifx, =0,
Y1 0, otherwise
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for user u, and for all other users u* € U the leaf link distribution

Pu*d7 s leu*:e“ZGI,
Tqu* (Xu*) = 1 — P“* ; lf Xyx = 0,
0 , otherwise

to the algorithm presented in section 9.1 gives the end-to-end channel blocking

probability for a network with a finite user population.

However, the choice of the intensity A; is not necessarily as straightforward.
When each leaf link has an infinite user population, it is reasonable to assume
that the intensity of non-multicast traffic is equal in all links in the network.
For a finite user population, the number of users connected to a link depends
on the stage of the network that the link is located at. One could assume that
a link with a user population of four has less non-multicast traffic than a link
with 256 users. Furthermore, the assumption that the non-multicast traffic is
from a Poisson process implies that the user population of the non-multicast
traffic is infinite. This assumption applies to large networks with few multicast

users.

The example network is the same as in section 8.2. The multicast traffic is
offered by a finite user group, while the background traffic is offered by an
infinite user group and independently to each link. The first network has
the same non-multicast traffic intensity for all links, while the second has
a background traffic intensity depending on the number of multicast users
subscribed to the link. Neither network has non-multicast traffic in the leaf
links that have one user. The results depicted in table 9.3 show that the
effect of having the same amount of non-multicast traffic in all the links does
not differ much from the case of having non-multicast traffic proportional to
the number of users in the link. Only when the blocking probabilities are
small, is the effect of including background traffic large. For small blocking

probabilities, the difference in the two mixed traffic models is also notable.
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Table 9.3: End-to-end channel blocking probabilities for the network in figure

8.5 with mixed traffic and multicast traffic.

Link capacities Multicast | Background A; = 0.1 | Background A; = 0.1/N
Cy | Cy | Cy | Ch Bf 4 Bf g Rel. change Bf g Rel. change
21 3|5 | 7 |0.3583 0.3686 | 1.0287 0.3830 | 1.0689
21 3|6 |8 |0.1176 0.1340 | 1.1397 0.1660 | 14116
2 | 4| 7| 8 | 0.0352 0.0520 | 1.4771 0.0800 | 2.2715
3|5 | 8| 8| 0.0017 0.0179 | 10.5530 0.0228 | 13.4380
316 | 8] 8 || 0.0005 0.0167 | 33.4241 0.0205 | 40.9162
4 | 4| 6 | 8 || 0.0623 0.0796 | 1.2783 0.0923 | 1.4816
4 | 4| 8 | 8 ||0.0144 0.0307 | 2.1306 0.0382 | 2.6512
4 | 5| 8 | 8 || 0.0013 0.0175 | 13.4657 0.0198 | 15.2395
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Conclusions

The thesis has explored new methods for calculating blocking probabilities in
multicast networks. The study originates from the work by Karvo et al. [10]
and [11]. The main result of the thesis is a new exact algorithm for calculating

end-to-end blocking probabilities in tree-structured multicast networks.

Based on the infinite user population model given by Karvo et al., and the
well-known algorithm for calculating blocking probabilities in hierarchical mul-
tiservice access networks, a new exact algorithm for calculating blocking pro-
babilities in tree-structured multicast networks was presented. A new user
model was then presented and defined so that a finite user population model
of arbitrary size N could be constructed. Furthermore, the new finite user
population model was defined in such a way that as the population size grows,

the model can be replaced by the infinite user population model.

The different resource usage of multicast traffic called for a new convolution
technique, the OR~convolution. Calculating the exact solution for the end-to-
end blocking probability, however, becomes infeasible as the number of chan-
nels increases. In contrast to ordinary access networks, the one dimensional
aggregate link occupancy description is not sufficient, since in a multicast net-
work it is essential to do all calculations in the link state space, with 2/ states.
This is due to the resource sharing property of multicast traffic; namely, the
capacity in use on a link increases only if a channel that is not already being

carried on the link is requested.

In addition to extending the single link approach by Karvo et al. to include

the whole multicast network, the study showed that the new algorithm does
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not require that the network leaf links have an infinite user population. The
proposed finite population model assumes that a single user changes states, i.e.
channels, through an idle state. It is defined in this manner, in order to pre-
serve the detailed balance and truncation principle. Thus the algorithm, where
link occupancy distributions are alternately convolved and truncated, was ap-
plied to networks with finite user populations. End-to-end channel blocking
probabilities were calculated for finite user populations using the algorithm,

and the dimensioning of the network was studied using Moe’s principle.

Most networks do not carry solely multicast traffic. The thesis also generalized
the algorithm to include background traffic, e.g. unicast traffic. Blocking pro-
babilities for both, the infinite and finite user population models were studied

in networks with background traffic.

The use of one approximation method, the Reduced Load Approximation
(RLA), was studied, as the complexity of the RLA-algorithm does not de-
pend critically on the number of channels transmitted in the network. The
results showed that the RLA gives blocking probabilities of the same magni-
tude as the exact result, but even in a small network, with three stages, the

error is around 20%.

As a rule, RLA gives larger blocking probabilities than the exact algorithm. It
is therefore clear that new approximation methods need to be developed. In ad-
dition, efficient computational methods for the calculation of OR-convolutions
are also needed in order to apply the exact model presented in this study to

point-to-multipoint multicast networks offering a vast selection of programs.

The work presented in the thesis lays the foundation for the study of mul-
ticast networks. New exact methods to calculate blocking probabilities and
dimension networks are presented, derived, and analyzed. However, the study
is more of a theoretical kind, and further research must be done in develop-
ing the theory for implementation in the design of large networks, including

networks with more than one source.
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