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Abstract

CIRCUIT-SWITCHED ROUTING IN INTEGRATED SERVICES

DIGITAL NETWORK ENVIRONMENT

by

Ayat Aminjafari
Adviser: Professor Tarek Saadawi

In circuit-switched networks, routing is a procedure in
which a path is assigned to a call between the source nodé
and the destination node. In this research, the routing
problem in a circuit-switched ISDN environment is addressed.
This research is felt to be necessary to providé some
insight into the problems associated with the performance
evaluation of multi-user communication networks such as CATV
and, most importantly, ISDN. This work consists of three
parts.. In the first part, we present an n-dimensional birth-
death steady-state traffic model to evaluate the blocking
probability experiencedlby n different classes of usres in a
network. With n equal to two (i.e., two groups of users),
the model is then used to determine the circuit-switched
capability of CATV systems with a tree-like topology.

In the second part, the cicuit-switched routing in an ISDN

environment is introduced and a mathematical model for
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alternate routing is developed.In this model we consider
two types of users - home users and business users. The
performances of two different rouﬁing procedures in fully
connected networks are compared. These procedures include
alternate routing and non-alternate routing. The performance
criteria used in the comparison are the average network
blocking rate and end-to-end blocking probability. For light
to moderate traffic loads, the results show that alternate
routing performs better than non-alternate routing. Under
heavy traffic conditions, the performance of alternate
routing deteriorates as compared to that of non-alternate
routing.

In the last part, the heavy load performance of alternate
routing is discussed and the trunk reservation policy for
the case of two groups of users is introduced. To implement
this policy, two cases are considered : 1) non-uniform and
2) uniform trunk reservation schemes. The results show that
the trunk rservation scheme can be used as an- effective way
to overcome the performance degradation caused by uncontrol-

led altenate routing.
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CHAPTER I

INTRODUGTION

With the growing demand for a communication network
with the potential capability of offering more services to
the users sharing the network resources, a great deal of
effort is being made to design and develop new communication
facilities.

Existing telecommunication systems which are designed
for different types of services and their dupiicity can
noticeably be reduced if these systems are interconnected
into a single network. In a uniform network with the
potential capability of supporting more services, any user
can have access to a wide range of information which is
otherwise available only by a number of separate networks.
Having a single network to carry out all types of
information will obviously reduce the time and energy
expended by the separate networks providing the same

services.,



The concept of having only a single network capable of
transmitting all types of information has been attractive
for many years; however, due to the only existing analog
technology tailored specifically for voice communications,
differences between voice and non-voice information
characteristics and other limitations, the solution to this
problem was less feasible twenty years ago.

Since the introduction of digital technology two
decades ago, research in this area has been intensified and
has received new attention.

For the past one hundred years, telephone networks
based on analog technology have mainly been used for voice
communication. With the widespread use of telephone networks
and the increasing use of computers and digital techhology
on one hand, and the desirability of having a single network
supporting not only voice but also non-voice information on
the other hand, telecommunication suppliers have already
started to design and test new information carriers,
Moreover, the implementation of digital transmission and
digital switching in the existing systems has already begp
used for many years.

In pursuit of this goal, the integration of all types
of communication services has become one of .the most
promising subjects of the telecommunication research being
done todgy by many vendors. The ultimate goal of this

extensive research is to develop an integrated network



called the Integrated Services Digital Network,ISDN.

The ISDN, based on digital transmission and digital
switching, is expected to be available to the public network
users in the near future. Once these networks are equipped
with the ISDN’'s multipurpose interfaces, a wide variety of
serﬁices will be integrated into a common'digital
transmission media and will satisfy any user demands. From
the user’'s point of view, supporting voice and non-voice
applications by the ISDN at a price lower than if provided
separately is very attractive. Some examples of applications
supported by the ISDN are: 1) digital wvoice 2) data
(circuit-switched and packet-switched data) 3)text (telex,
teletex, and videotex) and 4) image (facsimile). All these
services can be provided with a transmission capacity of 64
kb/s or less. Other services such as music , high-speed
computer communication, and videophone will be available at
a higher transmission capacity.

Cost effective provisioning of these services and the
excellent flexibility provided by the ISDN will drastically
change user expectations as well as their productions, and
it will consequently create a mixed users’ environment.
Based on traffic rates and application sizes, there will be
several groups of users within this system.

In a telephone network, for example, the uniform users

assumption that all customers are considered identical is



justified. This is because the major service that is
provided by this system is voice communication; however, in
‘an integrated network such as the ISDN, the availability of
different services, as well as the capability of the
simultaneous transmission of these services on the same
transmission link, will have a great effect on user
diversity. Taking advantage of the features of an integrated
network, there are users whose needs require a large portion
of the network capacity. On the other hand, there exist some
users whose demands may be far less than those of the first
groﬁp of users and still some users with traffic
requirements fall somewhere in between.

Considering the recent evolution in the area of commu-
nication technology and the emergence of new communi;ation
networks, it is obviously of great interest to introduce new
models for measuring the relative performances of these
networks. It is very important for network designers to take
into consideration the wide disparities in transaction
sizes, traffic rates, and holding times associated with each
group of users. Evaluation of switching perfomances for
circuit-switched or packet-switched networks with several
groups of users requires multi-dimensional queueing models
for analysis.

The purpose of this research is to investigate the
performances of such a network, that is, a network with more

than one group of users. Considering the circuit switching



mode of operation, major emphasis is given to the grade of
service offered by this kind of network. The grade of
service in a circuit switched network is defined as the end-
to-end blocking rate imposed on a user. This blocking
occurs whenever a user wishing to communicate with another
user fails to establish a path to its destination due to the
lack of network.resources.

This research is mainly motivated by the application of
ISDN multi-purpose interfaces which are expected to play a
major role in the market of telecommunication industries in
the future. The initiative towards this research was
originally taken when we were studying the problems of data
transmission over the Community Antenna Television (CATV),.
The concept of employing CATV based on a diStribﬁted
switching modgl had been considered first by [1]. In
addition to the installationmn of so called "intelligent
switches" at various points within the CATV network proposed
by [1], several issues associatéd with packet communication
networks designed for transmitting bursty or low duty cycle
traffic were also addressed. It was shown that using these
switches would prevent the congestion problems, lower
average message delay, and increase traffic throughput. On
the other hand, the transfer of different types of
information might require different switching techniques. In

addition to packet switching, emphasis is given to circuit



switching and hybrid switching.

Shortly after the evaluation of related circuit
switching performances of the proposed CATV system was
begun, we realized that the traditional model used in the
evaluétion of performance functions in circuit-switched
netwofks with only one group of users needed to be modified.
CATV networks, supplemented by the telephone network, can
provide access to every household and business. Hence, in
the analysis of this sort of network, one has to deal with a
communication medium in which various classes of users could
be present simultaneously.

From the analysis standpoint, in order to understand
the status and the behaviour ofaanetwork.with more than one
group of users, it is very important to adopt a mathematical
model which describes the statistical behaviour of the
network as precisely as possible. The accuracy of
measurement of the network performances is directly
influenced by the model used in the analysis of such a
network.

In Chapter II, we first consider a system consisting of
a trunk with c-channels connecting two adjacent nodes of a
circuit-switched network. We then assume that each node
contains two classes of users with different traffic rates
and holding times. Using the Markov-Chain queueing model
together with the Poisson arrival process and exponential

holding times assumptions, we set up a loss queueing system



with two finite numbers of two groups of users. We then use
this model to find a closed form solution for the link
blocking probability. Next, the link blocking rates are
applied to a CATV network with a tree-like topology to
determine the circuit-switched capacity of the CATV network.
We analyze the performance in terms of end-to-end blocking
probability. It is assumed that the switches are nonblocking
and, hence, we focus on the lack of channel availabilities.
Assuming, furthermore, that the link blocking probabilities
are statistically independent from each other, an exact
equation for the end-to-end blocking probabilities between
source-destination node pairs is given.

Following the presentation of a recursive formula to
calculate the link blocking rates more effectively, the
avefage end-to-end blocking probability is defined and some
typical examples are given, Plots and tables are provided
for comparison purposes. It is shown that introducing
intelligent switches in distributed CATV networks will
significantly reduce the average blocking rates. Finally, in
Chapter I1I, we shall extend our analysis to the case of more
than two groups of users, and a steady-state equation for
representinig the state probability of the system will be
derived.

Link blocking probabilities obtained in Chapter two

provide a basis for the network objective function in order



to address and di;cuss the impact of the related design
issues on the network performance. During the design period
of any circuit-switched communication network and thé time
that it is operating there exist several issues which have
to be studied at various stages. In general, these issues
are concerned with the total cost allowed to construct the
system, the network topology, protocol, routing, channel
capacity assignment, traffic flow control, etc.

The next part of this research focuses on the routing
problem of circuit-switched networks with two groups of
users.,

In a communication network, one of the most important
tasks in transmitting a message from a source node to its
destination node is to search for and select the best
possible path from among a set of feasible paths with
respect to some network performance. In a network with more
‘than one path between any source-destination node pair,
routing procedure plays an important role in the utilization
of network resources.

However, before we address, the routing problem, it is
necessary to define and establish a set of network
performance criteria. Network performance criteria are use&
in the comparison of different routing procedures. For
example, in packet-switched networks time delays and network
throughputs are the most important performance criteria used

in the analysis. On the other hand, a circuit-switched



network’s designer is usually concerned with the end-to-end
blocking probability and the average system blocking. The
first criterion is selected in the wuser’'s optimization
problems to minimize the individual source-destination path
blocking rate. The second perforﬁance function, the avérage
system blocking, represents the global performance of the
network and gives overall information about the network
capability. Furthermore, the average system blocking rate
provides a measure of the system response to the input
traffic and is, hence, the most common performance function
used in the assessment of circuit-switched network capacity.

In a circuit-switched network with a fixed cost, the
end-to-end blocking probability and/or the average system
blocking probability could be generally minimized over the
design variables such as the link capacity assignement, the
network topology, queueing discipline, and the routing
technique. As mentioned earlier, however, we have assumed
that the network topology and link capacities are fixed and
main attention is given to the routing doctrine.

The routing doctrine in a communication network 1is
defined as a set of rules that is used to determine the best
possible paths between a group of source-destination pairs
on the basis of some oétimal criteria. In addition to
assigning proper paths to all users, the routing doctrine

must be able to respond quickly to 1link and node failures.



Therefore, the assurance of the rapid delivery of
information between users is the responsibility of the
routing doctrine.

In a communication network, during the call set up
phase, a call arriving at a node will be routed from its
incoming link to one of the outgoing links according to the
routing procedure. This process is repeated at each
intermediate node until either the call reaches its
destination or is blocked at a node along the path after
failing to find a free 1link. Depending on the routing
doetrine employed, the blocked call may be rerouted to
another path or it may be dropped out and considered a lost
call. |

Using an improper routing procedure could sevérely
damage the network performance and cause high blocking
probabilities. Therefore, for a given network, it is
extremely important to adopt a routing algorithm which is
able to manage and control the network resources shared by
the network customers. Because of the close relationship
between the network performance and routing strategies, the
efficiency of a cicuit-switched network is heavily
influenced by the various routing procedures.

From the network’s status point of view (such as the
average traffic load and network topology), routing
algorithms in circuit-switched networks are classified into

two categories. The first category consists of fixed
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(deterministic) algorithms. A fixed routing algorithm
selects routes based upon a given deterministic decision
rule. Fixed routing algorithms are designed on the basis of
the average forecasted load and fixed network topology.
Routing rules are time-fixed and so cannot respond to the
load and topology variations.

The second category includes adaptive (dynamic) routing
algorithms in which routes are assigned to calls on the
basis of netwok topology and/or traffic requirements.
Therefore, adaptive routing rules may vary from time to time
as the network’'s status changes and consequently the path
between a source-destination node pair may vary with the
network’s traffic condition.

In real 1ife, an operating network must be capable of
adapting to the changes in the network. Thus, an adaptive
routing strategy which is able to accommodate some or all
changes in the network is desirable. An ideal adaptive
(dynamic) routing scheme will optimize the routing of all
calls in the network and will improve network efficiency and
performance.

Based onnthe state of the network available for routing
decisions, the frequency of updating the information, the
strategy used, and, most importantly, the availability of
the tools needed, adaptive routing algorithms can

furthermore be divided into different groupes.
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Most of the existing circuit-switched networks in the
United States and abroad use some form of semi-adaptive
routing policy called alternate routing [2]. The alternate
routing policy in a distributed circuit-switched network
provides an effective use of network resources and is
intended to lower the end-to-end blocking probability.
Moreover, all the operational routing polices have been
practically designed according to some sort of hierarchical
structure. Besides the semi-adaptive characteristic of
hierarchical routing, this class of alternate routing is
widely used for three basic reasons: 1) limitations on
switching for rapid delivery of information signals 2)
extensive computational requirements for the end-to-end
blocking probabilities and 3) amount of memories requifed to
stofe information concerning the network's instantaneous
state.

In a network using hierarchical routing, routes are
assigned to different levels to form a hierarchy [3]. 1In
telephone networks, for example, a name is also provided for
each level of the hierarchy. The lowest level is called the
ndirect trunk group"” and the highest level is referred to as
the "final trunk group". In hierarchical routing networks,
the search for free path starts from the first level (the
direct trunk group), and moves to the next level, 1if
necessary, until either it finds a free path or it reaches

the final trunk group. A call is then said to be blocked if

12



a ffee path is not found in the final trunk group.‘

Considering the development of switching technology in
the last century, circuit switching technology has evolved
from its earlier switchipg plan based on manual switching to
electro-mechanical switching and finally to computer-
controlled switching. The present circuit switching
technology in a stored program control (SPC) network with
the out-band common channel interoffice signaling (CCIS) has
greatly eliminated most of the switching limitations
discussed above. It has provided a switching mechanism
practically free of operating irregularities. Some of the
current switcﬁing systems can support as many as 50,000
simultaneous voice calls [4]. With computer-controlled
electronic switching, it is now becoming possible to look
ahead and“exteﬁd current telephone network routing rules far
beyond the conventional hierarcﬁy:

Recently, Ash, Cardwell, and Murray in [5] looked at a
set of routing strategies called "dynamic nonhierarchical
routing”. Taking advantage of switching facilities provided
by the stored program control (SPC) network, they considered
three routing methods in order to minimize the cost of the
network. These methods are: progressive routing, multilink
path routing, and two-link path routing. They have shown
that an overall savings is possible when using these methods

as compared to present hierarchical techniques. From the
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savings results and implementation considerations, it is
also concluded that two-link routing is preferred.

When considefing the above factors, coupled with the
emergence of the ISDN multi-media environment, we are being
motivated towards the need for further research to study
different routing plans as compared to present ones.

Using the model developed in Chapter II, different
routing algorithms are discussed in Chapter III. We begin
the discussion with the performance analysis of two routing
procedures called non-alternate routing and alternate-
routing respectively, without any traffic flow control. They
differ basically in the amount of traffic allowed to attempt
various alternate paths in the network and are taken as the
representatives of two extreme cases.

As will be illustrated, one problem with alternate
routing is that the network can become congested in the
presence of certain traffic patterns. This stability problem
occurs whenever the direct ﬁéths ;re heavily loaded. 1In the
absence of an effective control policy, the alternate paths,
which are themselves the direct paths for some other
traffic, will be overloaded. When this happens, traffic in
the network will bac# up and cause a higher end-to-end
blocking probability. This stability problem in the blocking
probability, using a nonhierarchical network with only one
group of users, is also discussed by [6], [7], and [8]. |

The stability problem in alternate routing networks can

14



always be avoided by applying some form of control mechanism
on the routing rules. It is done by blocking the alternately
routed traffic so that the routing rules will not over
react. For example, a control strategy called the "trunk
reservation scheme" 1is suggested by [6], [7], and [8]. This
scheme is used to block the traffic overflowed by direct
paths in an attempt to overcome the stability problem which
arises during heavy traffic conditions,.

In Chapter IV, using the model of two groups of users,
we focus on the trunk reservation scheme. In a community of
heterogeneous users, the trumnk reservation technique has not
been dizcussed before. For the case of two classes of users,
two possible methods of implementing the trunk reservation
technique have been introduced in Chapter IV. In one
approach, a certain number of channels are specifically
reserved for direct calls. This is done in order to protect
the direct calls and to avoid the performance degradation
tha; is caused by alternate routing during overload
conditions. We refer to this case as the "uniférm-trunk
reservation” method. Another approach is to combine the
trunk reservation rule with a queueing discipline in which
priority for using alternate paths is given to one of the
two classes of users. We will later refer to this case as
the "non-uniform trunk reservation" scheme.

Analytical analysis of both trunk reservation

15



techniques is carried out on a fully connected network basis
and the numerical examples are given.‘The results of trunk
reservation schemes have shown that an appropriate trunk
reservation algorithm can prevent congestion and operate

within an acceptable range of network performance.
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CHAPTER II

BLOCKING PROBABILITY IN MULTI-USER ENVIRONMENT

1. INTRODUCTION

With the great demands for high capacity and megabit
range communications, the communication industry has made a
successful effort to develop new systems to meet the needs
of our society. The new systems should provide more
efficient, economical, and reliable data communication
services.

Recently, community antenna television (CATV) networks
have received a great deal of attention not only in the
United States, but across the world. The broad-band CATV
systems have a capacity 50 times greater than that of the
baseband systems. These networks have the ability to serve -
population areas ranging from 10,000 to 100,000 subscribers.
They can carry several independent communication paths in

contrast with the single data path of baseband systems, and
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bring many types of services to today’s home and business
environments., The high signal-to-noise ratio S/N in a
properly designed CATV based cable plant permits high-
quality analog and low-error digital propagation.

Most of the present broad-band CATV networks (including
the ones used for two-way interactive communication) have
focused on the centralized approach, in which the retransmi-
ssion facilities are placed at the cable head-end. With a
centralized approach, all messages must first be transmitted
to AAswitch located at the head-end, and then retfansmitted
over the same bus to the proper destination,

However, if the size of the network is large enough to
support a large number of stations accessing the network, it
may be necessary to search for another approach sinée the
central switch, acting as a bottleneck, will reduce the
efficiency of the network. Reference [1] addresses the
problem of data transmission over two-way CATV using packet
switching techniques. It introduces an alternative model,
called the "distributed switching model", which pre&ents
problems of congestion and has several advantages over the
centralized case. Then, it looks at some performance
criteria associated with packet communication networks
designed for transmitting bursty or low duty cycle traffic.
These performance parameters include the traffic flow along
the network, traffic throughput for each node, and the

average message delay. Reference [9] presents the protocol
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architecture for such a network. Concomitantly, however, the
transfer of different types of information may require
different switching techniques. In addition to packet
switching, these 1include circuit switching or hybrid
switching. Circuit-switched CATV systems can offer many
services to the public which may not be affordable or
theoretically obtainable by most of the present telecommuni-
cation networks. CATV systems, supplemented by the telephone
system, can provide access to almost every household and
business. They can support many applications such as voice,
data, video, facsimile reproduction, etc.

Most circuit-switched communication networks are
designed on a blocking basis. This implies that A certain
number of calls will temporarily be rejected by the systemn.
A circuit-switched network will be considered useful if it
blocks calls at a rate below the acceptable blocking
probability which may vary for different applications.

In this chapter, an h-dimensional birth-death steady-
state traffic model 1is used to evaluate the blocking
probability experienced by n different classes of customers,

In particular, with n equal to two, i.e., two classes of

‘customers, we are interested in determining the circuit-

switched capability of CATV systems with a tree-1like
topology. To do this, we analyze the performance in terms of

end-to-end blocking probability. A large number of papers
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have addressed end-to-end blocking probability in circuit-
switched networks; examples appear in [2, 10, 11, 12]. Each
paper is essentially devoted to a distinct model of a
telecommunication system. In this chapter, we carry out a
calculation of the blocking probability appropriate to a
network with more thén one class of customer, such as a CATV
system.

Blocking may occur for two reasons: 1) switch failure
and 2) the lack of channel availability. We assume hére
that the switches are nonblocking and, hence, focus on the
lack of channel availability only.

In the analysis of end-to-end blocking probability
presented here, we have made the following assumptions:

1) The link blocking probabilities are statistfcally
independent from each other.

2) The call interarrival times form a Poisson arrival
process regardless of the type of traffic.

3) The number of channels (servers) is the same for all
the 1links,

4) All the stations within the system are assumed
equally 1likely to communicate with one another, 1i.e.,
uniform traffic distribution.

5) No priority is given to the users with large traffic
requirements.

The independence assumption is the most common one made

in the analysis of blocking probability, while the second
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assumption, that of a Poisson process, is the standard
assumption in queueing theory. The next three assumptions
are basically made to simplify the problem as much as
possible. In a carefully designed network, one might want to
ignore the last assumption by favoring one class of users
over another. This could be done by allocating more channels
to the users with large traffic requirements (see, for
example, [13}]).

To calculate the end-to-end probability of blocking, we
need to compute the link blocking probability for those
links that constitute the path between the call’s
originating node and the destination node. The first
assumption allows us to use queueing theory to obtain the
blocking probability related to each link separately. The
availability of each 1link (1- the blocking probgbility)
depends upon two quantities: 1) link offered load and 2)
number of transmission circuits or channels supported by the
link. Link offered load depends on the traffic distribution
model and the trafficvgenerated by the users, while the
. second quantity, numbers of channels, is chosen to meet the
design requirements.

Following this introduction, the analysis and computa-
tional results for a single group of users are discussed in
Section 2. Section 3 presents the case for two groups of

users with numerical examples included. Section 4 extends
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the analysis to the case of more than two groups of users.
An appendix describes the recursive formula used in Section

3 to calculate the blocking probability.

2. UNIFORM TRAFFIC DISTRIBUTION WITH ONE GROUP OF USERS

The network topology to be used in this section is
shown in Fig. 1. This network model includes the main trunk
with intelligent circuit switches installed at different
locations on the trunk. The stations (users) are attached to
the branches. Let m be the number of switches on the main
trunk and n be the number of stations atéached to the
branches. In the analysis of point-to-point congestion in a
two-way distributed CATV system given below, we have agsuméd
Poisson arrivals with arrival rate A and arbitrary service-
time distribution with mean holding time 1/p. (For a loss
system the blocking probability does not depend on the
service time distribution [14].)

Let

a =)A/p = the customer offered load in erlangs.

n(i+1,i) = the number of customers (or circuits) using
the link between the ifP and i+15% switches
in the upstream direction.

n(i,i+l) = the number of customers (or circuits) using
the link between the i+15% and itP switches

in the downstream direction.
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With the assumption of a uniform traffic distribution, the
total number of stations (customers) sharing the 1link

between two successive switches is given by
4 *
n(i,i+1) = n(i+1,4) Sa, = [ (1 = )ni] (1)

Here [X]* denotes the smallest integer equal to or greater
than .X. Equation (1) is derived as follows (see also [1]).
Nodes 1, 2, ...., 1 have a total of (ni) users (or circuits)
attached to their branches. Because of the uniform

distribution assumption, i/m of these circuits will be

destined to the branches attached to nodes 1, 2, ..., i,
while (1 - i/m) of these circuits will be destined upstream
to nodes i+l, i+2, ..., m. As a result of this symmetrical

property, to calculate the link availability we need only to
compute the blocking for one direction and use the results
to find the congestion between any two terminals in the
system. We have assumed, furthermore, that the blocking of
each link is sufficiently small that the effect on any other
link could be negligible, i.e., the Poisson model assumption
is not disturbed for those links on the main trunk, and the
link availabilities are independent from each other. Under
these assumptions, the Engset formula with blocked calls
cleared can be used to estimate congestion for the link

between two successive nodes. The 1link probability of
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blocking with ¢ channels per link is then given by

(i) aC
c
Pi(c) = e (2)

C ni aj
L Y

Note that if the number of users is very large, the simpler
Erlang B formula can be used instead of the Engéet formula.
For the local links (the links between any bf;nch and 1its
. corresponing switch), the probability of blocking 1is given
by the same equation except that the number of customers is
constant and equal to n. This probability is simply referred
to by P(c) here. Having found all the link blocking
probabilities, one can use them to obtain the one-way point-
to-point congestion between any two customers. This is
obtained as follows: suppose station Ai in braﬁch i,
attached to the (i)th switch, wishes to communicate with
station Bj in branch j. The one-way probability that station
Ai will fail to establish a path all the way to station Bj
due to the lack of channel availability is given by

-1 ,
BP1(Ai,Bj)=1-(1-P(c))? [1-p, ()] (3)

=i e
The second term represents the availability of the branch
1inks (source and destination links) times the availability
of the (j - i) trunk links located between stations Ai and

Bj on the main trunk. As mentioned earlier, the blocking
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probability for both directions is the same. The two-way
end-to-end probability of blocking for station Ai and Bj is

then given by
BP2(Ai,Bj)= 1- [1—BP1(Ai,Bj)]2 (4)

Although the Engset formula, given by (2), is well known, it
is somewhat inconvenient when used to evaluate numerically,
especially when ¢ and n are large. The following recursive
version can be used,'instead of (2), ﬁo evaluate the

probability of blocking, Pj(ec).

P, (k)= 1<k<c (5)

2.1 Numerical Analysis

In order to obtain the blocking probability, BP2(A;,
Bj), in a two-way distributed circuit-switched network and
to compare the result with the case of a centralized.
switching network, we have considered the special case of a
network with five switches. Figures 2 and 3 show the resul-
tant blocking probability, BP2(Ai, Bj), as function of

offered load per user, a, for n= 1000 and 2000 users/branch,
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respectively. To examine the effect of the number of
channels on the blocking probability, we have obtained the
results for various numbers of channels in our example (c=35,
7, and 10), as indicated in Figs.2 and 3.

In each figure, the dotted line shows the two-way
blocking probabilities of any two users in the centralized
network (obtained by replacing m = 1 and n by the total
number of customers in the system), whereas the solid lines
illustrate the blocging probability for different users with
regard to their positions in the distributed network.

As expected, for the same number of channels and the
same offered traffic, a distributed circuit switching two-
way system provides lower blocking probability than the
centralized system. Hence, for the same number of ch;nnels
and the same blocking rates, the distributed case can handle
more offered traffic than the centralized case. This is
'understandable since in the uniform traffic model assumed
for the distributed case, the average number of simultanecus

circuits is higher than for the centralized switching case.

3. UNIFORM TRAFFIC DISTRIBUTION WITH TWO GROUPS OF USERS

In many applications, it is desireable to have more
than one group of users. Such a group is defined as one with

its own holding time and arrival rate. Any communication
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system will be efficient and reliable if it can support
various classes of customers. In this section and the
following subsection, we extend the analysis of the previous
section to that of multiple groups of users. First we start
with two groups of users and then in Section 4 we extend our
analysis to a more general case in which there exist more
than two classes of users. The network topology is the same

as before. Let us now introduce the following notation:

ny = nunbeyry of class k customers attached to each switch

(k =1, 2)
Ak = the mean arrival rate of class k customers
1/ug = the mean holding time of class k customers
8y = load offered by any type k customer in Erlang,

(ak =Ak/ux).

To find the blocking probability over a link, assume first
that the number of customers of class k using a 1ink is just
n. This will be modified later to invoke a variable number
of éustomers over the different links. We form the.following
state-transition-rate diagram for Poisson arrivals, c-server
(c-channels), and a finite population queueing system as
shown in Fig. 4. In this diagram (i, j) represents the state
in which i type 1 and j type 2 calls are present on the
link.

Under equilibrium, the rate of flow into state (i,j)

must be equal to the rate of flow out of state (i, j). This
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steady-state requirement yields the following equation:

(n1—i+1)X1P(i-1,j) + (i+1)u1P(i+1,j) + (nz—j+1)k2 P(i,j-1) +

(F+1,PME, 341 = {(n =iA +ip, + (n=3)h, + 3u,}P(3,9), i+ < c (6)

Here P(i,j) is the probability that there are i type 1 and
J type 2 stations on the link.
We must also have

c c-i
) ) P(i,3) =1 (7
i=0 j=0

In order to solve (6) for P(i, j), we use the product

method, i.e., P(i, j) = R(i)*S(j). Note that both R(i) and

S(j) are just two auxiliary functions needed to obtain

P(i, j). Dividing both sides of (6) by R(i)*S(j) and

rearranging the i and j terms into two parts, we have

. . , . ; : . 1
{[(n,-z)k1+1p1] R(i) - [(n1—1+1)K1R(1-1) + (1+1)p1R(1+1)]}.§TIT =

. . , . . . 1
{-[(nz-j)x2+3u2] S(3) + [(n2-3+1)x25(3-1) + (3+1)u28(3+1)]} 5T

As we can see, the left side of this equation is independent
of the right. This can be true if and only if both sides of
this equation are equal to a constant, say b. It can be
shown that the only constant that satisfies this condition
is zero. One can, furthermore, simplify this equation into

the following set of two equations:
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(i+1) R(i+1) - a,(n1 - i) R(i) = 0

0<id<c (8)
(3+1) S(3+1) - aj(n, - 3) S(j) = 0

Here aj; = A\}/#) and ajz = Ay/p, .

The -solutions for R(i)and S(j) are given by

i ™
R(i) = a7 ( "JRr(0) 0<ic<e
i
2 (M2
5(3) = a, ( “)sto) 0<j<c (9)
h |

The state probabilities P(i, j) are then given by

p(i,§) =atad (1) (2) pc0,0)
J-IJ a1 2 i j ( 14 (10)

Using the probability measure, given by (7), we can compute

P(O0, 0):
c i n c-i 3 n -1
P(0,0) =| 1} a, IS a, (% (1)
i=0 i j=0 3

The link is said to be unavailable if all channels in the
link are busy. The probability that a link is blocked is
simply the probability that the sum of the customers using a
link is equal to the number of channels in the 1link.
Denoting this probability by BP and the number of channels

by ¢, we have

BP = ] P(i,j) (12)



To determine the blocking probability of a path between two
users, we must now account for a different number of
customers on each link. Recall that n; and n, represent the
number of type 1 and type 2 customers attached to each
switch, respectively. Let p4(R) and n2(&) be the number of
corresponding type 1 and type 2 customers supported by the
link between the (l)th switch and the (l1+ 1l)st switch.
ni(L) and ny(R) are given by the following equations,

similar to (1) in Section 2.

F *
n, () [(1 - = )n1l] 1<<m

1

: (13)
()

) *
n [(1 == n, 2] 1<

2
Here [X]* denotes the smallest integer equal to or greater
than X. Using (10)-(12) and replacing all values ofrw_and
ny by ny(2) and n3(R) as‘giwen by (13), the blocking

probability of link 1 is obtained as

n, (%) n_ ()
BPx(c) = P(0,0) E afag ( ! ) ( 2 ) (14)
i+j=c i 3

Using (14) and proceeding as in (3), the one-way end-to-end
blocking probability of each path connecting two stations Ai

and Bj is given by

-1 '
2
BP,(A;,Bj) = 1 - (1-BP(c))’ i‘] {1-pp ()} : (15)
=i
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3.1 A Recursive Formula

- In practice, equation (14) given above is difficult to

apply from a numerical poiht of view. In Section 2 we showed

that instead of using (2) directly, we can apply the

recursive formula given by (5) to compute the blocking

probabilities. For the present case of two groups of users,

the following recursive formula may be used to obtain the

blocking probability for each link,

BPx(k)= 1<k<c

with
BP’_(O) = 1

and

j

k k a n, (%) n, (1)

G =a I 2 (') (2
=0 1 k=3 3

For the derivation of (16), see the appendix.

3.2 Average End-To-End Blocking Probability

From (15) for the two groups of users,

(16)

(17)

or (3) for the

case of one group of users, one obtains BPl (Ai, Bj), the
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end-to-end blocking probability between user Ai attached to
branch i and user Bj attached to branch j. This end-to-end
blocking rate is the same for both types of traffic, type 1
and type 2, since the system does not févor one over the
other. However, a mnetwork designer will also be interested
in knowing the overall end-to-end blocking probability of
the system. In order to reduce to practical use the
equations so far presented for analysis of the end-to-end
blocking probability, we calculate the average blocking
probability, BP. To find this, we first obtain the average
blocking probability experienced by the users in a given

branch i. This is given by

m
P (a) =] BPI(a, B;) X Prob.
3=1
{user Aj on branch i will communicate with user Bj on branch j} (18)

In our analysis we have assumed a uniform traffic
distribution. For this case the second term in the RHS of

(18) is constant and equal to 1l/m. Hence,

8

1

P (Ai) = = BP1 (Ai, Bj) (19)

e 1

=1
with m the number of switches. Note that the average
blocking probability seen by each branch.is differént: It is
apparent that thdse users located near the center of the

network experience less congestion than the users placed
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further away from the center. The overall average blocking

probability of the network shown in Fig. 1 is now given by

m
BP = ) P(A;) X Prob.
i=1
{The traffic is generated on the i-th branch} (20)

Assuming a uniform traffic distribution, as above, one then

gets
1 m m (2)
= BP1(A., B.) 21
Be= 1L e

3.3 Numerical Example

In CATV systems, where two-way interactive data commu -
nication services are available, dedicated TV. channels are
allocated to such services. The requirement to be considered
is the number of such channels that must be allocated to
these services. A typical application might be the transmis-
sion of a single analog video frame on a circuit-switched
basis. The user is assumed to use a separate data channel
(not discussed here) to request transmission of the frame.
Now consider a CATV network with five switches (m = 5) and
100,000 users who subscribe to regular TV entertainment

programs. Out of these 100,000 users, 40,000 are assumed to
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subscribe to two-way interactive data communication
services; we study the effect of using circuit swiﬁching. In
this example we further consider two typical cases. In the
first case 20 percent of the two—ﬁay subscribers (i.e.,
8000) are active, whereas in the second case 40 percent of
the subscribers are active (say ianeak pefiods). In each
case, the active users are grouped into two classes: home
users (class 1), and business users (class 2). Furthermore,
let’s assume that the users belonging to class 1 (home
users) are much less active than the class 2 users (business
users) with the ratio of the individual offered load of the
first group to the second group, a;/as, equal to 1/100
(i.e., ap = Ay/py = 100 Ay/p) = 100 ay).

In such a network it would be reasonable to assume that
the population of the small users (class 1) is 50-200 times
larger than that of the big users (class 2). In the example
given here we have assumed that the number of class 2 users
per branch i; nyo = 20 in the first case and ny) = 40 in the
second case. Since the total number of subscribers is 8000
(1600 per branch) and 16,000 (3200 per branch) in the two
cases, respectively, we have ny/n, = 79.

Figs. 5 and 6 plot the results obtained for the
blocking probability BP for various values of c. We
illustrate these results with a simple example. Consider a
fypical analog transmission system where each channel is

capable of transmitting 30 video frames every second.
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Assume that the holding times are the time required to
transmit a single frame (i.e., Vo, = 1/30 s). Given the
number of channels gnd the vglue of BP, we would like to
calculate a theoretical upper bound on the mean number of
video frames per second that can be offered by any type 1 or
type 2 station. Using Figs. 5 and 6, Tables I and II are
obtained.

Tables I and II list the mean number of video frames
per second that can be generated by an individual type 1
user. The percentage of blocked calls in a typical communi-
cation system usually varies between 0.1 and 5 percent,.
However, in order to examine the effect of the overall
blocking probability BP on Ay, we have considered three
different values of BP as shown in both tables.

Comparing the results of Ay for different values of BP
in each row, we observe that the higher BP has little
effect on Ay since n is large and c is relatively small;
however, the effect would be noticeable if n were small
and/or ¢ were large.

To make use of the results presented in Tables I and
ITI, let us now look at the following example. Consider
single-frame video transfer as a representative example of
wide-band traffic. We assume that each home user generates
one video frame every 5 min on average and each business

user generates one video frame every 3 secs. That is,
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A o= 0.01Ap = 3.34x10'3v(frame/s). Referring to Table I, ;e
see, for ¢ = 3 and a total number of 8000 active users,
including 100 business users, that BP is about 0.03. The
result will change significantly if we add, for example, two
channels to the system. For ¢ = 5 and BP = 0.03, we find
that Ay = 10.9x10°3 (frame/s).

Let us now consider the second case. The total number
of active users in this case is equal to 16,000, including
200 class 2 users. In order to compare the results to those
provided for the first case, we assume that BP = 0.03. Table
11 indicates that when ¢ = 3, A7 = 1.75 10-3 (frame/s) or
about one frame every 10 min, compared to one frame every 5
min obtained for the first case. If ¢ = 5, Ny = 5.34 10-3
(frame/s). For these values of small ¢ and large n, with BP

fixed, Ay decreases linearly with respect to n.

4. UNIFORM DISTRIBUTION WITH MORE THAN TWO GROUPS OF USERS

Now we extend our analysis to the case of more than two
types of traffic. Let us define the following notation:
g = number of classes of traffic
¢ = number of channels/link/direction
n) = number of class k customers
P(il’jz’”"lg) = prob [i type 1, j type 2, ...., and 1 type
g customers are in the system and

receiving service]
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ap = offered traffic (in erlangs) for type k

customers.

The evaluation of steady-state probability is analogous to

the one described above (for g = 2), and is given by

n
. - i knl nj g
P (i, sdpeeel) = P(0,0,...,0) a] a%...ag(i 152 (%) (22)
where
(o4 C"i j c-(i+j+.oo) "1
P (0,0,...,0) =|3 al ™) ] a;, ®2)...] a* D, (23)
i=0 i 3=0 3 2=0 9 G

One c¢can use the state probabilities given by (22) and
similar equations to those given by (13)-(1l5) to calculate
point-to-point congestion 1in the circuit-switched

communication network shown in Fig. 1.

5. GONCLUSIONS

The purpose of the study discussed in this chapter is
to obtain the state probability function for a circuit-
switched network in which more than one group of users can
concurrently exist. The service quality of a circuit-
switched network is measured in terms of the probability of

rejecting a call and the delay encountered by the customers
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in accessing the common resources. We use an n-dimensional
birth-death steady-state model to evaluate the blocking
probability experienced by n different classes of users.
Using the state probability function for two types of
customers, we consider a two-way distributed circuit-
switched CATV network with a tree-like structure, and we
evaluate the individual end-to-end and the average system
blocking probabilities. While the analysis deécribed here
has focused on two-way interactive distributed circuit-
switched CATV systems, the results can easily be modified to
accommodate many existing networks. As mentioned in the
beginning, one of the possible techniques that could be used
to improve the efficiency of the network is the channel
reservation scheme, in which priority is given to users with
large traffic rquirements. |

In order to make the system more attractive, further
study is required to evaluate the performance measures of
the network under a hybrid (circuit-packet) switching mode

operation.
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Pigure 1. Two-Way Distributed Circuit-Switched CATV System.
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Fig. 2. Blocking probabilirty vs., offered load for n=1000 and
m=5, (total number of active customers = 5000).
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Fig. 3. Blocking probability vs. offered load for n=2000 and
m=5, (total number of active customers = 10,000).
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Figure 4. State diagram for two groups of users (case 2).
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Figure 5. Overall blocking probability vs. a; form= 5,
n, = 1580, and n, = 20. (az - 100a1). Total
number of active customers = 8000,
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Figure 6. Overall blocking probability vs.”a; form=35,
ny = 3160, and ng = 40, (a2 - 100a1). Total
number of active customers = 16000.
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Table I: Mean Number of Video Frames per Second, A,
for a Given Blocking Probability, BP, and
Number of Channels per Trunk, c.

. BP 0.01 0.03 0.05

3 2.30 x 10-3 3.53 x 10-3 4. 3 x 10-3

5 8.13 x 10-3 10. 9 x 10-3 12. 6 x 10~

7 1.62 x 10~2 1.87 x 10~2 2.31 x 10-2

10 | 3.12 x 10-2 3.51 x 10-2 4.18 x 10-2
m=5, n, = 1580 ) n, = 20

Total number of active users = m{ny + n3) = 8000
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Table II: Mean Number of Video Frames per Second, A;,
for a Given Blocking Probability, BP, and
Number of Channels per Trunk, c.

o BP 0.01 0.03 0.05

3 1.1 x 10-3 1.75 x 10-3 2. 1 x 10-3

5 3.97 x 10-3 5.34 x 10~3 6.18 x 10~3

7 7.88 x 103 9.69 x 10-3 1. 2 x 10-3

10 |14.93 x 10-3 18.75 x 10-° 19.95 x 10-3
m=5 » n, = 3160 , n, = 40

Total number of active users = 16000
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CHAPTER III

CIRCUIT-SWITCHED ROUTING IN ISDN ENVIRONMENTS

1. INTRODUCTION

In the previous chapter, the modeling of circuit
switching networks with more than one group of users was
explored. Based on a queueing system with c-servers (c-

channels) and n-different types of customers, we developed

the model required to predict the link blocking probability.

In particular, we classified the users into two groups of
users, home-users and business-users, respectively,. Using
this classification, we applied the model to a CATV network
with a tree-like structure and determined the circuit
switching capacity in terms of the end-to-end blocking
probability and the overall average system blocking rate.

As mentioned in the introduction, one of the most
impdrtant issues associated with circuit switching networks

is the routing problem. The routing algorithm for the
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network specified with a tree-1like topology described in
Chapter II is a trivial problem since for that typé of
network there is only one possible path between each pair of
users. The routing problem becomes an essential issue in a
distributed network in which a user may have more than one
choice in selecting a path for transmitting information to
another wuser.

The routing problem in a multi-purpose circuit-switched
network environment, e.g., ISDN, has not been discussed
before. With the emergence of new communication networks,
it is necessary to study and gain insights into the problems
associated with the performance evaluation of multi-media,
circuit switching networks. Focusing on the routing issues
in distributed networks with two groups of users and
employing the circuit switching technique, we would now like
to examine the impact of various routing algorithms on the
network performances.

The following general classification for the routing
algorithms has been considered by [15]:

1) From the network status information standpoint,
i.e., traffic load and network topology, routing algorithms
can be time invariant (deterministic) or can vary with time
(adaptive).

2) Based on the availability of the information at

different nodes, routing algorithms are performed globally

or locally.
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3) Routing algorithms can be centralized in a single
network component or distributed to each node in the
network.

4) On the basis of the optimality criteria, a routing
algorithm may be classified according to its tendency
towa:ds the optimization of one of the fundamental
performance functions. More routing policy classification
can be established on the basis of reliability, simplicity,
and the size of the network.

The performance of a routing algorithm in a circuit-
switched network, as mentioned in the introduction, 1is
usually measured in terms of the end-to-end blocking
probability experienced by each user, the total cost, and
the overall average network blocking rate. For example, one
routing algorithm can be formulated to minimize the

kindiQidual source-destination blocking rate while another
may be responsible for a maximum attainable throughput. A
practical routing strategy is defined as one which produces
a maximum throughput under the constraint that the
individual source-destination blocking rates are maintained
below an acceptable level predetermined by the network
designer. The reason for imposing this constraint is to
assure that maximization of the throughput or, equivalently,
the minimization of the network blocking rate, is not done

at the expense of an intolerable blocking probability
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between two mnodes.

On the basis of network status, the routing algorithms
are classified as deterministic (fixed) if they are time
invariant and do not vary with load fluctuations and
topology changes. They are categorized as adaptive (dynamic)
if the routing rules are assigned according to the network’s
current state, Adaptive routing algorithms have received
more attention since they can adjust to load fluctuations
and network failures.

Three types of dynamic changes in a network are
identified [16]: the slow changés which include modification
in network topology (link and/or node additions or outages);
the medium rate changes due to shifts in the average offered
traffic rates; and the rapid changes due to the stochastic
fluctuations of call interarrival time and holding time.
Using the network’s present state, an adaptive (dynamic)
routing policy accommodates some or all of thé above
changes.

Both deterministic and adaptive routing policies are
being used in circuit switching networks. A deterministic
routing policy, which is usually easier to analyze than an
adaptive routing policy, is generally used in the network
design process, whereas an adaptive routing policy 1is
implemented during the network operating phase.

Various routing techniques for circuit-switched

networks in an environment consisting of only one type of
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user have been studied for many years. Examples appear in
[3, 8, i7, 18]. Generally speaking, all the current routing
techniques in circuit switching networks. have at least a
distinguishing feature in common, i.e., all the circuit-
switched routing techniques can be considered the subclasses
of a broad alternate routing class. Depending on the
alternate routing plan employed, a call rejected by the
first path is allowed to attempt different paths one at a
time until either it seizes a free path or is turned down by
all permissible paths. A call rejected by all allowable
paths is deemed lost and does not retry to establish a path
in the near future; as a result it will have no effect on
the performance thereafter (loss system).

The purpose of using alternate routing techniques in
circuit switched networks is clearly to optimize network
performances. To do this, calls are permitted to attempt
alternate paths in a sequential manner. The sequential order
is given by the routing policy used. The major drawback of
using alternate routing techniques is an inevitable
computation task. This task iIs required to update and
transfer the routing table from one node to another.

Due to the limitations of network component
capabilities such as speed, amount of storage memory, etc.,
and the extensive computation requirements for determining

the best possible alternate routing algorithm, and also
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because of other problems involved in the control of traffic
flow such as monitoring the traffic and avoiding the looping
situation in which a call may visit an intermediate node
along its path more than once, the alternate routing
str;tegies used in most of the present circuit;switched
networks follow some form of hierarchicél routing structure.

The use of hierarchical routing in circuit-switched
networks is mainly intended to prevent the network from
falling down into situations such as bouncing or looping.
In addition, this type of routing will significantly reduce
the time required for the calculation of end-to-end blocking
probabilities. Nevertheless, the reason for the widespread
existence of hierarchical routings has basically been due to
switching limitations and computational difficulties.
Because of advances in communication technology, such as
computer-controlled electronic switching and high capacity
interoffice signaling, these problems no longer exist.
Therefore, we can extend the current routing rules far
beyond the conventional hierarchy. In comparison with
nonhierarchical routing networks, routes in hierarchical
networks are relatively fixed. This implies that the
hierarchical routing scheme disregards the possibility of
making use of free alternate paths. This may result in a
higher blocking rate compared with that of one without a
hierarchical structure. Nonhierarchical routing in ISDN

environment can take advantage of traffic fluctuations which
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arise from the two classes of users.

In this research, we focus on the routing problem for
circuit-switched traffic for nonhierarchical ISDN networks.
Foliowing this introduction, a general alternaté routing
network has been defined in Section 2. Applying the route
formulation technique, a mathematical model is developed in
Section 3. Then, alternate routing and nonalternate routing
are discussed for fully connected networks in Sections 4 and
5, respectively. Section 6 focuses on a specific alternate
routing technique called "two-link alternate routing".

Numerical analysis is presented in Section 7.

2. GENERAL ALTERNATE ROUTING NETWORK MODEL

The network to be considered here consists of N nodes
and L links. Attached to each link there are two classes of
customers, class 1 and class 2, respectively. An example of
such a network is shown in Fig.l.

In circuit-switched networks, a call is considered a
basic unit of traffiec. A call is originated at a node
(source) and is destined for another node (destination). A
path is defined as a set of distinct links used to connect a
source node to a destination node. In an alternate routing
network, there’s more than one path for transmitting a call
from a source node to its destination node. Associated with

each source-destination node pair, a route is usually
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defined as a collection of all the paths that exist between
the two nodes.

A call originating at a source node will try to seize a
path to establish a circuit to its proper destination node.
The choice of selecting a path is entirely controlled by the
routing strategy employed. A routing table is assigned to
each node. This routing table contains all the information
concerning the paths to be used and the order of preference.

Referring to Fig.l as an example of an alternate
routing network, consider the routing of calls from B to D.
The complete process of routing the calls between a source-
destination node pair can clearly be seen 1if it 1is
illustrated by a route tree [1l1l]. Route trees provide the
same information as given by the routing table. For
example, the route tree in Fig.2 shows that there are three
paths between B and D. In order of preference, they are::-
(BD), (BCD), and (BAED). The first path, BD, is called the
direct trunk group (in telephone networks) or the primary
path. The two remaining paths, (BCD) and (BAED), are called
alternate trunk groups or alternate paths.

Suppose that a customer attached to node B wishes to
communicate with another customer located at node D. The
communication between these two customers will take place if
the route (B-D) has at least one free path. In order to

transmit the call, an attempt is first made to use the
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primary path labeled (BD). If the primary path is not
available, the call is then offered to the alternate paths
in the order of preference indicated above. The call between
B to D will be blocked if each path in the route has at
least one busy 1link.

The basic idea of using alternate routing, as mentioned
in the introduction, 1is to improve the network performance
by lowering the end-to-end blocking probabilities. To
calculate the end-to-end blocking probabilities, we need to
know the number of customers on each link. This means that
we must develop an accurate mathematical model to compute
the number of customers that are offered to each 1link.

Applying the route formulation technique, similar to
the one used by both [6] and [19], a mathematical model is
developed. The models given by both [6] and [19] were used
to calculate the carried load for each link on the basis of
the Erlang B formula. Considering the case of two clases of
customers presented in Chapter II, we are interested in a
model which will obtain the number of users offered to each
link.

Following the presentation of the mathematical model,
the two performance measures are formulated iﬁ their most
general forms. In order to gain some insight into the
network performance measures, the model is then applied to
an N-node, fully connected and symmetric nonhierarchical

network. Using this type of network topology, alternate and
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non-alternate routing procedures are discussed in Sections 4

and 5.

3. MATHEMATICAL ANALYSIS

._Using the route formulation technique, a mathematical
model for the general alternate routing network is presented
in this section. The link blocking probability formula for
the case of two classes of users was carried out in Chapter

ITI and is given by

ij n} n; |
P; = P(O.O)Zalaz ¢ )« ) (1)
i

j
i+j=c

1
where np is' the number of type k (k=1,2) customers supported
by 1link 1.

Let us first introduce the following notation:

N = number of nodes in the network

L = number of links in the network

cq = number of channels for link 1

SD = number of source-destination node pairs, SD = N*(N-1)
Ni = number of class k customers for the source-destination

pair j, (k=1, 2)
ap = load offered by any type k customer in Erlang
= the (m)th path for source- destination pair j

rd = the total number of paths for source-destinatio pair j
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R = the first g paths of RJ

nJ(m)- number of class k customers served by the (m)th path

A
&
k
ifor pair j
Pq = blocking on link 1
nt = the total number of class k customers offered to link 1
nn}c = the total number of class k customers seved by link 1
P(ri)— blocking of path m for source-destination pair j
P(Rg)— probability that the first g paths of source-
destination pair j are blocked.
In addition to the above notation, the following assumptions
have been made.
1) The link blocking probabilities are statistically
independent from each other.
,2) The call interarrival times form a Poisson arrival
process.,
3) No priority is given to the users with large traffic
requirements,

4) The time required to establish a path is negligible.

5) Paths are disjointed.

As mentioned, the idea is to determine the total number
of class k (k=1, 2) customers n;, that is offered to link 1.
ni and n; are two variables neéded to compute the blocking
on 1link 1. To find nkl, first we have to calculate the number
of wusers contributed to each link by a source-destination

node pair. Using the notation described above, ﬁL(m) is
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first calculated as follows:

Let Mi(m) be the number of class k customers that is offered

th

to the m path for source-destination j. Mi(m) is given by

Mi(m) = Ni X prob.{ the first (m-1) paths of Rj are blocked]

Let the probability that the first (m-1) paths of RI  are

blocked be P(Ri_l). Then, we have
M‘i]((m) - N‘LP(Ri_l) ¢ 2)

Using (2), we can now obtain ni(m), the number of class k

th path for the source-destination

customers served by the m
pair j. ni(m) is simply given by the difference in number of
class k customers that are offered to the mth and (m+1)St

paths, respectively. Using (2), we get
npm -~ N el ) - el (3

Now, the total number of class k customers served by the

(1)th 1ink is given by

N(N-1) Rj
nn; = 2 Z njk(m) ( 4)
=
m
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Finally, the total number of type k customers offered to

1
link 1, n,, will be

1
1 nng 1l =1, ...., L
1 - Py k=1, 2

Using (1) to (5), the blocking probability of link 1 is
determined.

Having found the link blocking probabilitites, we are
ﬁow ready to calculate the path and route blocking
probabilities. Under the assumption of independent 1link
blocking probabilities, a path is said to be blocked if at
least one of the links in the path is not available. The

th

blocking rate on the m path of source-destination j is

then given by

P(rg) = 1 - prob.[all the links in the path are available]

= 1 - (1 - Py) ( 6 )

1€x)

m
Using (6), the route blocking probability fqr source -
destination j is now determined as follows: The route
between source-destination j is blocked if all thg paths in
the route are busy. This blocking is given by

RJ

P(Rj)-IIP(r‘;j“) (7))

m=1
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Note that the route blocking probability defined here is the
same as the end-to-end blocking rate.

The set of non-linear equations formed by (1) to (7)
will completely characterize the steady-state behaviour of
the network under gemneral routing strategy. For a given
netwqu and traffic requirements, these equations must be
solved simultaneously; however, since it is not possible to
obtain closed form solutions, an iterative procedure must be
used. Starting, for example, with an estimate of the link
blockings and using equations (3) through (5), the number of
type 1 and type 2 customers for each link is computed. Then,
the link blockings are calculated by (1) and the results are
compared to their initial values. The iteration is carried
out until the differences between all corresponding link
blockings in two successive steps are zero or smaller than

some predetermined value.

3.1 The End-To-End Blocking Probability

The end-to-end blocking probability for any source-

"destination node pair can be determined after we have solved

the set of seven equations, (1)-(7) and found all the link
blockings. As we noted earlier, the end-to-end blocking
probability for source-destination pair j, BP(j), is given
by the related route blocking. Substituting (6) into (7),

BP_,(j), the end-to-end blocking probability for source-
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destination node pair j is obtained by
rJ
BP,(j) - (1 [ Ta-ep: ( 8)

me=1 1€ rJ
m

3.2 The Average Network Blocking Rate

The averagé network blocking rate is defined as the
average of all the end-to-end blocking probabilities

experienced by all the customers and is given by

N(N-1) ,
) (agNy o+ a,N) B, (5)
BP = St ¢ 9)
N(N-1)
(alNi + azng)
=1

where N(N-1) denotes the total number of source-destination

node pairs in the network.

4. ALTERNATE ROUTING IN FULLY CONNECTED NETWORKS

In the preceding Section, we presented a general
mathematical model for calculating the end-to-end blocking
probabilities. The model was obtained for a network having

an arbitrary topology. There is, however, a special class of
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network topology called complete or fully connected topology
whiéh makes the end-to-end blocking probability'easier to
calculate. This type of network topology has shown to be a
good model for studying some real networks. For example,
see [7] and [8].

In a fully connected network, each node is connected to
another node via a direct link. Fig.3 shows such a network
with five nodes. Since each node is directly connected to
other nodes, an N-node fully connected network has
duplex links. Furthermore, the direct link between two nodes
is referred to as the direct path (the primary path) and all
the other remaihing paths between the same two nodes are
called alternate paths.

In this section, an N-node, fully connected and
symmetrical nonhierarchical network model is assumed.
Applying the route formulation algorithm given in the
previous section to this network, two different routing
procedures will be discussed. They are:

1) Non-Alternate Routing

2) Two-Link Alternate Routing

In addition to the assumptions described in Section 3,
the following assumptions are used in order to simplify our

analysis.

1) All the source-destination node pairs have an equal

number of customers.
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2) The number of channels is the same for all the
links.
3) The traffic distribution is uniform.
Under these assumptions, the end-to-end blocking probability
for any source-destination pair is the same as the network

blocking rate.

5. NON-ALTERNATE ROUTING IN FULLY CONNECTED NETWORKS

Non-alternate routing is the simplest form of routing.
In a network employing non-alternate routing{ no alternate
path has been assigned to any node. A call can only be
transmitted to its destination through the direct (primary)
path. If the direct path is busy, the call will be cleared
and is lost.

Simplicity and stabilitiy are the most important
properties of this routing technique. It is considered
stable, compéred to alternate routing, in the sense that the
blocking probability changes smoothly with the traffic rate.
This subject will be discussed later in the numerical

example.

5.1 The End-to-End Blocking Probability

The end-to-end blocking probability for this case is

the same as the 1link blocking probability since no alternate
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path has been allowed. This end-to-end blocking probability
is shown here by BP,,. Let N; and N, be the number of type 1
and type 2 customers for each source-destination node pair.
The end-to-end blocking probability with ¢ channel per link

is then given by (see (1) )

- i3 My B
BP P(0,0)Z a,a; (i ) (J.) (10)

i+j=c
where a, is the offered load by any type k (k = 1, 2)

customer in erlangs.

6. TWO-LINK ALTERNATE ROUTING

Under this scheme, a call blocked by the direct path is
allowed to attempt up to s two-link alternate paths. For an
N-node fully connected network, s may vary between 1 and (N-
2). Depending on the value of N, other alternate paths
consisting of more than two links may exist in the network.
For example, in a four-node fully connected network, there
are two two-link paths and also two three-link paths between
any source-destination node pair; however, only the two two-
link paths are disjointed.

According to the number of links in each path,
alternate paths can be divided into different groups, 1i.e.,

all the paths in a group have the same number of links.
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Denoting the number of paths in a group by G it can be

P ¥

shown that Gp is given by

P :

G, =] | (N - 1) 2<p<N ( 11)

i=2
where p is the number of links in a path.

The reasons for choosing the two-link alternate routing
are:

1) The actual blocking performance is mathematically

tractable and, thus, its calculation is much easier.

2) To be assured that the paths are disjointed.

3) To achieve better network utilization by using less

network resources.

As mentioned earlier, the end-to-end blocking
probability for this case is the same as the route blocking.
Furthermore, the average network blocking rate is also equal
to the end-to-end blocking probability since both classes of
customers are similarly being treated.

As we will see later in examples, the major drawback of
this type of routing is the stability problem which arises
under heavy traffic conditions. One approach to overcoming
thié stability problem while still providing rélatively
better services to customers with large traffic
requirements, 1is to ban the first class of users from

attempting alternate paths. Preliminary results have shown
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that by superimposing this type of control policy on the top
of the alternate routing rule, the stability problem can be
improved. This subject will be discussed in the next
chapter. Using the alternate routing model discussed in
Section 3 , the end-to-end blocking probability in the case

of two-1link alternate routing is now derived.

6.1 End-To-End Blocking Probability

Recall that n; and n, represent the number of class 1
and class 2 customers attached to each node, respectively.
We have assumed that all the source-destination node pairs
have the same number of customers and the traffic
distribution is uniform. Therefore, the number of class k

customers for any source-destination pair is given by

0y k = 1, 2

(12 )
N -1 1<j<N(N-1)
where N is the number of nodes in the ntwork.

Assuming a symmetrical network, as above, one then
concludes that the 1link blockings are the same. This
probability is simply referred to by P here. The first m
paths of each source-destination pair are blocked if the
direct path and m-1 altermate paths are blocked. Using (6)
and noting that an alternate path consists of two distinct

links, we get
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PRl - (1 - 1 - py2)™ ! 1<m<s+1 ( 13 )

Substituting (12) and (13) into (3), the total number of
class k customers served by the (m)th path for a source-

destination j is then obtained as

Ny
N -1

m-2
2y

ni(m) - P (1 - P)2(2P - p 2<m<s+1 ( 14 )

The number of class k customers served by the first path
(direct path) has to be calculated separately. Let this

number be nng. nng is given by

Dy
N -1

(1 - P) ( 15 )

nnf =

where (1-P) is the availability of the direct path.
Substituting (14) and (15) into (&), nny, the number of

class k customers served by a 1ink is given by

ny N(N-1) s+l L
nny = (1 - B)(1 + P(1 -P) }: E: (2p - p%)" %)
N - 1 g
m
( 16 )

Considering all the properties of the network employed here,

the condition that 1€rj can easily be removed. This is done
m
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as follows. Every call is allowed to attempt up to s
alternate paths and since each alternate path consists of
two links, there are 2Xs possible alternate links. Thus, the
first summation can be replaced by 2Xs. Furthermore, due‘to
the fact that most likely every link is equally being used
as a part of an alternate path, we can now remove the

condition that 1€rJ by normalizing the second summation over
m

s. The simplifed version of equation (16) is now given by
2.8
ny 1 - (2P - P°)
nn; = (1 - P) {1 + 2P ) (17 )
N - 1 1 - P

Finally, the total number of class k customers offered to

every link is obtained by substituting (17) into (5).

{1 + 2P ) ( 18 )

The end-to-end blocking probability corresponds to the case
that all the paths are busy. Using the equation (8), the
end-to-end blocking for the two-link alternate routing BP,

is then given by

BP, = P (2P - P2)° ( 19 )

with
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- ( 20 )
1 1
ap (b § 2 D

Ll js given by (18).

her
where nk

7. Numerical Analysis

In this example, we have considered the five-node fully
connected and symmetric network model shown in Fig.3. In
this model the users have been grouped into two classes,
home users (class 1) and business users (class 2). Using the
results obtained in preceding sections, we would like to
compare the end-to-end blocking performance of alternate
roufing and nonalternate routing. The following numerical
values are assumed.

n; = 600 (class 1 customers attached to each node)

n, = 20 (class 2 customers attached to each.node)

c = 5 (number of channels per 1link)

Furthermore, we assume that the users belonging to class 2
are much more active than the class 1 users with thebyétio
of the individual offered load of the second group to the

first group a,/a; = 50. Using the equations derived in this

chapter and the preceding chapter, the results are obtained
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and plotted in Fig.4. The three curves labeled s = 0, s = 1,
and s = 3 correspond to the end-to-end blocking probability
of non-alternate routing, two-1link alternate routing with
hone'alternate path, and two-link alternate routing with
three alternate paths (full alternate routing).

It is shown that with a; less than 0.0095 erlangs and
s = 3, alternate routing improves the blocking performance.
Let us assume that the blocking at normal traffic loads and
without alternate routing is 0.04. Fig. 4 shows that at this
blocking rate, a; = 0.0065 erlangs. For a; = 0.0065, we
observe that alternate routing with s = 3 gives a blocking
rate less than 0.01. Now suppose aq increases by 46/ . This
can happen under heavy load conditions. At this load, a; =
0.0095 erlangs, both non-alternate routing and alternate
routing give almost the same blocking. However, if a;
increases to 0.01, full alternate routing (s = 3) shows a
performance degradation. This is understandable since under
heavy traffic conditions direct paths become less available
and more calls attempt alternate paths. We observe that the
end-to-end blocking probability of alternate routing is more
sensitive to the increase of a; than that of non-alternate
routing. This sensitivity causes the stability problem which
has been mentioned earlier. Comparing the curves labeled s=3
and s=1, we see that the end-to-end blocking probability of

alternate routing with one alternate path is less sensitive

70



than that of full alternate routing. From these observation
we can conclude that alternate routing can improve the

blocking performance when the traffic load is not very

heavy.

8. CONCLUSION

In this chapter, we have studied the circuit-switched
rouﬁing in the ISDN environment. We have considered an
environment consisting of two user classes: a home user
class (type 1) and a business user class (type 2). Using
this user classification model, alternate routing and non-
alternate routing are discussed. In a comparison of
different routing procedures, the major emphasis is placed
upon the end-to-end blocking probability and average network‘
blocking rate. The model is then applied to fully connected
networks and the two routing techniques are compared. The
results show that alternate routing performs better than
non-alternate routing under light to moderate traffic
conditions. The results also indicate that the altermnate
routing strategy exhibits a performance degradation, as
compared to non-altermnate routing, when the traffic load
exceeds a specified operating point. This performance
degradation becomes more severe as the traffic load
increases. To avoid this performance degradatién caused by

alternate routing during overload conditions, some form of

71



control mechanism must be used together with alternate
routing policy. This subject will be discussed in the next

chapter.
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CHAPTER IV

ALTERNATE ROUTING WITH TRUNK RESERVATION IN ISDN

INTRODUCTION

Alternate routing techniques in circuit-switched
networks are used in order to improve network performance as
well as to protect the network against components failures.
To achieve these goals, a call blocked by its first path is
given a degree of freedom as to use in attempting different
paths hoping that it will find a free one. However,
alternate routing, like any other routing technique, is
greatly vulnerable to high traffic demands if it is left
uncontrolled. That is, if unexpected overload conditions
are allowed to persist, the network performance deteriorates
and may even cause congestion. This was indéed the case in
the . ISDN model studied in chapter III. It was shown that
once the offered load exceeds a certain level, the network
becomes rapidly congested and its performance falls below

that of non-alternate routing. As the name "uncontrolled
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alternate routing"” suggests, in an uncontrolled alternate
routing network, the overflow traffic is unconditionally
allowed to try alternate paths even if the offered traffic
exceeds the design limit.

At first glance, it may seem that alternate routing
policy is helpful in improving network performance since it
provides more than one possible path between any source-
destination node pair. But, as is well known, this is not
always true; it depends also on the taffic intensity and the
availability of resources. The results in the preceding
chapter indicated that the unconstrained alternate routing
policy is superior to non-alternate routing only at normal
to moderate traffic loads. It was also shown that under
heavy traffic conditions, alternate routing without flow
control 1is subject to performance degradation and the
network performance is greatly sensitive to the offered
traffic deviation.

The key to this behaviour lies in the fact that uncon-
trolled alternate routing causes inefficient utilization of
the network resources. The perfomance degradation in pure
alternate routing networks occurs because alternate paths
are usually longer than the primary paths. This means that
a call carried via an alternate path requires more network
resource than when it is sent to its destination via the

primary path. When the input traffic exceeds a certain
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level, more calls are blocked by the direct paths and as a
result they retry alternate patﬁs. As the traffic load
increases, the links become less and less available. Even
if the input traffic continues to increase linearly, the net
traffic load that must be supported by each link increases
more rapidly and links will be utilized more. The actual
load offered to each 1link is the sum of direct calls and
alternate calls. At normal loads, links are more available
and consequently fewer calls are refused by direct paths.
Under this condition, the overflow traffic would have a
better chance to use a secondary path to establi#h an end-
to-end connection. dn the other hand, at high traffic loads,
links are less idle. This being the case, more calls are
alternately routed and therefore links are used to support
more calls. So, the total load on each link is considerably
higher than if alternate routing were not allowed and,
consequently, 1link blocking probabilities will be much
higher. ©Under this condition, even though calls have more
choices in attempting different paths, this advantage is
offset by the fact that the links are highly utilized.

A simple analytical model may be helpful in seeing how
an uncontrolled alternate routing behaves as the traffic
load changes. To do this, let us consider a 3-node complete
interconnected network. For the sake of simplicity,
furthermore, assume that the traffic distribution throughout

the network is uniform and all links are duplex with an
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eqﬁal number of channels, For this model, since each source-
destination pair has one direct path and one alternate path,
the end-to-end blocking probability is given by P, = P(2P-
p2) where P is the link blocking rate. Let P, be the end-to-
end blocking probability for the same network but without
alternate rouéing. Note that in fully connected networks,
P, is the same as the link blocking probability. Comparing

P, with P_,, alternate routing performs better as long as P

n a

is less than Pn' If P on the other hand, is less than Pg,

n’
the reverse is true, that is, the alternate routing becomes
worse as compared to non-alternate routing.

Let A be the difference between P, and P_,. Figure 1
shows A\ as a function of P, for two different cases. The two
cases differ from each other in the number of channels
(circuits) that are assigned to the links (¢ = 5, ¢ = 10).
Both curves show two different regions, regions I and II. In
region I, /A is negative and alternate routing is more
advantageous than non-alternate routing. The second region,
considerably larger than the first, is the region where
altgrnate routing causes performance degradation.

An engineered network is usually designed with 1link
blocking probabilities ranging between 0.001 to 0.05.
Referring to the curve labeled ¢ = 5, we see that alternate

routing performs much better than non-alternate routing

within this range of operation. At some points, it could
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provide a grade of service much higher than non-alternate
routing. For example, for P, equal to 0.075, we see that
alternate routing gives an improvement of about 60/. 1In
spite of the fact that the first region covers a relatively
small portion of P,, an engineered network is usually
operating in this region.

However, it may occasionally happen that the input
traffic is much higher than the normal traffic load. Figure
1 shows that with P, greater than A, alternate routing
performs poorly. From Fig.l, we see that in the neighborhood
of point A, /A is very sensitive to P,- Since P is itself a
positive function of the input traffic, we conclude that a
small change in the input traffic around this point would
have a great effect on the performance of the routing. The
curve corresponding to ¢ = 10 is given to show the effect of
c on the altérnate routing method. Both curves follow a
similar pattern except that for ¢ = 10, alternate routing
begins to deteriorate faster than the case in which ¢ = 5.
Therefore, it is true to say that the region in which
alternate routing shows a better performance than non-
alternate routing reduces as the number of circuits on the
links increases. But it is also true that a network with a
large number of circuits is usually designed for 1less
blocking rate. Thus, we observe again that alternate routing
gives a relatively better performance in the normal traffic

load region.
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Nevertheless, as mentioned earlier, it is very likely
that any network can be overloaded and if that happens,
we've seen that uncontrolled alternate routing becomes even
worse than non-alternate roufing. From these observations,
we realize that some form of routihg control is clearly
needed to protect the network from overload conditionmns.

Generally speaking, the problem of overload conditions
in alternate routing may be eliminated using one of the two
following methods. In one approach, P, is periodically
measured and if Pn is found to be in the second region,
immediate action is necessary to ban all the overflow
traffic from using gecondary paths. Another approach is to
apply some sort of state dependent control mechanism to
alleviate the overflow traffic as it begins to build up. The
first approach is less attractive since it requires
continuous observation and an extensive computation task.

In this paper, we focus on the second approach, i.e., a
control policy which is more adaptive and varies with input
traffic. One way to implement this policy is to introduce a
condition for using alternate paths. For example, one can
reserve a certain number of channels (circuits) specifically
for direct calls. Under this condition, a call blocked by
its direct path can try an alternate path if the number of
free channels on each link of the alternate path is greater

than the number of channels reserved for the directly routed
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traffic. This method is well known as the "Trunk Reservation
Scheme" and has been studied by many people. For example,
see [6, 8, 13].

In the case of an infinite source of users, the
analysis of the trunk reservation technique is easily
carried out. Using a single birth-death steady-state traffic
model, one can first formulate the state probability
function and then evaluate the link blocking probability and
the possibility that the overflow call is able to use the
alternate path. The analysis is similar to the one used to
obtain the Erlang B formula. The results of trunk
reservation schemes have shown that an appropriate trunk
reservation algorithm can prevent congestion and operate
within an acceptable range of network performance.

In this chapter, we intend to apply this method to the
case of two types of users. In a community of heterogeneous
users, trunk reservation technique has not been discussed
before. in the case of two classes of users, the trunk
reservation scheme could be applied using one of the
following cases. In one case, alternately routed calls
belonging to class 1 or class 2 are allowed to attempt
alternate paths if the number of circuits that are used by
the.same type of users is less than a specified Qalue. In
particular, two threshold values are assigned to each link,
one for each group of users. A call blocked by its first

path is allowed to try a secondary path if and only if the
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number of circuits used by the same type of users on each
link of the secondary path is less than the corresponding
threshold value. We refer to this case as "non-uniform trunk
reservation”. In the second case, one threshold is just
assigned to each link. Here, a call belonging to either
class is rejected by a secondary path if the number of idle
circuits on each link of the path is less than the link
threshold value. In this case both groups of users are
subject to the same condition. This case is here referred to
as "uniform trunk reservation."

Following this introduction, non-uniform and uniform
trunk reservation models are presented in Sections 2 and 3,
respectively. Section 4 introduces the trunk reservation
into altermate routing networks and the model is then
applied to fully connected networks. Section 5 includes

numerical examples and remarks.

2. NON-UNIFORM TRUNK RESERVATION (case 1)

In this section, we introduce the non-uniform trunk
reservation model and evaluate the link performance. To
determine the link performance, we form the following state-
transition- rate diagram for Poisson arrivals, c-servers
(channels), and a finite population queueing model (see

figure 2). Let ny and ny = rkn& (k = 1, 2) be respectively
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the number of class k customers that are offered directly
and alternately to the link. Thus, the total number of class
k customers will be Ny = nj + n& - nk(1+rk). From a total of
Ny, n% customers are subject to trunk reservation. They
would be able to use the link if the number of circuits
occupied by the same class of traffic is less than ty (k =
1, 2), where ty is the threshold value assigned to the 'link
for type k traffic. |

/,
In Fig. 2, b; and b; are the number of class 1 and

1 J
class 2 customers that may be pi‘esent on the link during the
transition period from state (i, j) to the state (i+1l, j)
and to the state (i, j+1), respectively. Furthermore, (i, j)
represents the state in which i type 1 and j type 2 calls
are in progress.
In contrast to the case studied before (Ch. II), ﬁ- and

i
ﬁg depend, in this case, on the number of channels used by
the corresponding class of users. For each class, there
exist two cases. Cosidering ﬁi’ for example, either i is
less than t; or it is equal to or greater than ty. Under

this scheme, a type k call can try altermnate routing if the

number of type k calls that are in progress is less than ty.

Hi and 63 for both cases are now given by
N, - 1 i<ty
/
by = (1)
n
nl-i+t1——--N1-i iztl
Ny
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b:. = ( 2)
. n,
( . . .
n2 | + t2 — N2 -] J>t2
No
Equation (1), for example, is obtained as follows. When
i<t1, both direct and alternmate calls from type 1 are
allowed to enter the system. Under this condition, bg is
just'equal to N, the total number of type 1 customers,
minus i, the number of type 1 users that are already in
progress. When the system reaches the threshold value, i.e.,
i>t,, only direct calls can have access to the system.

Without alternate routing, bl would be equal to (nl - i).

i
But due to the altermate routing, not all i channels are
used by directly routed calls. t; channels out of i are
shared by both directly and alternately routed type 1
traffic. Therefore, the portion of t; channels that is used
by alternate calls before the system reaches the threshold
must be added to (nl -i). Similarly, b} is obtained.

Under equilibrium, the steady-state requirement yields

the following equation:
’ /f .
[ik + 5By + AW + A b)) P(L, §) =
A1b/i_1P(i-1, 3+ (1 + LpP(isl, ) + (3)

/ . . . .
Azbj_lP(l, j-1) + (3 + 1)u2P(1, j+1)
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where p(i, j) stands for the probability that i type 1 and j
type 2 customers are present iﬁ the system. Referring to
figure 2, depending on i and j, four different regions can

be realized. They are:

1) 1 <ty and j < ty
2) 1 >ty and j < ty
3) 1 <ty and j > ty
4) 1 >ty and j > t,

The general state-flow-rate equation given by ( 3 ) 1is
satisfied by all the above four regions. Using the product
method introduced in Chapter II, it can be shown that each
region has a product form solution similar to the one given
by equation (10) in Chapter II. In order to prove that the
complete solution is also in product form, we must show that
the boundary conditions are satisfied in all four regions,
The solution to each region is now given
region I
A ;o 13 N Ny
P(i, j) = Py(i, ) ~ Py ajas( ()
' Jigtl and j<t, (4.1)

region II

i-tq-1
. . A . / i. j Nl N% Nl"k
P(i, j) = Po(i, j) = Py ajas( )(
tl j t1+k+1
k=0

iZtl and jfﬁz (4.2)
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region III

joty-1
, 13Ny Ny N,-k
P(i, §) B Py(i, §) = Py agap( ( >| I —_—
i ty t2+k+1
k=0

iStl and thZ (4.3)

region IV

. i"tl-l j-tz'l
A / i ] Nl N2 Nl'k N2°k
P(i, J) = Pyu(i, j) =P, ajas( )(C ) —————
t t t.+k+1 to+k+1
1 2 1 2
k=0 k=0

/ /
where Pl to P4 are some constants to be determined. The

boundary conditions are

Py(ty, §) = Po(tq, J)
Pa(i, ty) = Py(i, ty)

- Pa(ty, j) = Pgu(tq, 3)

5t 2: Py(i, ) =1

1=1 all possible
i and j

Using thses boundary conditions, we get

A

/ / / /
Pl-Pz-P3=P4-P(O,O) (6)

Having found the state probability function, we can now
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evaluate the link performance. The link is blocked to direct
calls if the sum of the customers (type 1 and type 2) using
the link is equal to the number of circuits in the link.

Denoting this blocking probability by P, it is given by

P-ZP(i. 3) (7)

i+j=c

In addition, the link would be blocked to alternately routed
type k customers if the number of channels occupied by any
type k customers is at least equal to ty. Let Py (k = 1; 2)
be the probability that alternate type k calls are blocked.

P is given by

S

.""0 l“tl
( 8)

C'tz Cc

a3 T

i-O j"tz

3. UNIFORM TRUNK RESERVATION (case 2)

In this case, the decision to allow alternately routed
calls to attempt an alternate link is based on the number of
busy channels in the link. In particular, for a link with c

number of channels, (c-t) channels are reserved for direct
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calls and the remaiﬁing t channels are used by both
alternately and directly routed calls. With i and j
respectively the number of type 1 and type 2 customers using
the 1link, an alternately routed call is allowed to use the
link if i+j < t. Therefore, the probability that a link is
blocked to directly routed calls is different from the
probability that the same link will be blocked to
alternately routed calls. However, both types of alternately
routed calls are subject to the same blocking rate (uniform
trunk reservation). Let P be the probability that a direct
.call is blocked and Py, be the probability that an alternate
call is blocked by the link. In this section, we will try to
estimate P and Pq,.

Depending on the total number of customers on the linkf
state (1, j) can be in one of the two possible regions.
Referring to the state diagram in Fig.3, we see that the
state (i, j) may be in region I if i+j < t, or in region II
if i+j > t. Here, ﬂi and ﬁg are, as in the previous section,
the possible number of type 1 and 2 customerslgiven.that the
system is in the state (i, j). For this case, Hi and gg are
interchangably related to each other and depend on the
region where they are. When (i+j)<t, both alternately and

directly routed calls are allowed to use the link. Thus, b;

and b”j are simply given by
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by =mny +ny - i=Nj -1 .
- 1+j<t ¢ 9)

/! I .
bj = ng +ng - j =Ny - j

In region I1 where 1 +j > t, alternately routed calls are
rejected. Under this condition, b; and bj are calculated as
follows. Given the state (i, j) and i + j > t, t channels
out of (i + j) channels are occupied by both directly and

alternately routed calls. Under the steady-state condition,

t channels are shared by both traffics according to

( 10 )

and, of course, t = t] + to. Now, we must determine the
portions of t; and t, that are allocated to alternately
routed type 1 and type 2 traffic, respectively, before the
system enters the second region. With ny, and ﬁk as described
in section 2, t), channels are divided between type k
customers, both direct and alternate calls, with a ratio
proportional to the population sizes of users. That is, with
a total number of Nk = np + n% - nk(1+rk) users, tkdk/Nk -
tyri(l+r,) are assigned to alternately routed type k calls
and tyn, /N = tp /(l+r,) are given to directly routed calls.
Therefore, with the system in the state (i, j), the total

number of direct type k (k=1, 2) calls that are in progress
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is given by

rl . 1’.'1 i
bi = 1L = e—— t]. = 1 = t
1 + ry 1+ ry i+ ]
¢ 11 )
r r i
2 2 J
bj = j - t2 = j - t
- 1 + r2 1 + r2 i+ j

In a network in which both types of traffic are subject to
the same trunk reservation rule in every link, the blocking
probabilities experienced by both types of users are the

same. Thus, Hl/nl = ry =n,/ny =ty = r and Hi and b; can

J
be found by'
, r i
bi“'nl'bi=n1+ t. "i
1 +r i+ 3
i+j>t (12 )
¥ r J .
bj = ng - bj = n, + t - J

1l +r i+ 3

Using equations ( 9 ) and (12), now we would like to sovle
the balance equation ( 3 ) to find the state probability
function, P(i, j). Applying the product method, as before,
to this system, it can be shown that each region has a
product form solution. However, it is not possible to find a
general closed form solution, similar to section 11, that)

can satisfy the boundary conditions. The reason for not
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/"
having a complete product form solution is because ﬁi and b,

J
are not independent from each other; both Hi and.33 depend
on i and j and are not separable.

In the remainder of this section, we use some approxi-
mations to solve the above system equation and estimate the
link performance. Starting with equation (12), we try now to
approximate Hi and gj in such a way that they become
independent from each other. The approximation of Hi is

given in the following. A similar approximation is applied

to bj. Rewriting the equation (12), we have

, r i
1 +x i+ ]
( 13)
1 t
-nl- {1+r(1- ))
1 +r i+ 3

t
In this equation with (i + j) > t, r—— <1 and since r,
the fraction of direct calls that are rejected by the first
t
path, is usually much less than 1, r(l - n j)<:< 1 and can

be negligible when compared to 1. Denoting the approximated

version of b; by bb;, we get

( 14 )

Furthermore, Ny = nl(l + r). Substituting this in (14), we

have
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b; ~ bb; = (N - 1) i+j>t ( 15 )
1l + ¢
Similarly for bj
¥ -
: ~ bb: = Ny - 3) i+j>t ( 16 )
] J 1 + 1

Now we use equations ( 9 ), (15), and (l6) to solve the
equilibrium equation ( 3 ). Using the product method and
proceeding as in Chapter II, the solution to region I and

region II is given by

i j Nl NZ
p(i, 3) 2 (i, §) = Prajal ( © ()
1 j
i+j<t (17 )

L 443 M Ny

i
P(i, j) & Po(i, j) = Pzalajz (
1 +r i ]

i+j>t¢t (18)

here, ap.\y/px is the load offered by any type k customer in
erlangs and P; and P, are the two constants to be determined

using the boundary conditions. Boundary conditions are

ZP(i,j)-l ( 19 )

all possible
i and j.

and
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Py(i, 3) = Py(i, J) ' ( 20 )
i+j=t i+j=t

Using (20), we get
t
P2 = Pl(l + r) ( 21 )

Now, using both equations (19) and (21), Py is obtained as

t c -1
ij N N t i j N Ny
Py =) a1ap( () + (141 D a1apC HC D
i ] j
i+j=0 it+j=t+1
( 22 )

We are now ready to evaluate the probability that a
link is blocked to a customer. Under this scheme, the
probability that a link is blocked to a direct call, type 1
or type 2, is the same as the probability that all the
channels in the link are busy. Denoting this probability by

P, P is given by

i c-1i 1 N2
P_PrOb.{i+j-C)- pagp Zal 2 : )( .)
(l+1) c-1i

im

( 23 )

where Pl is given by (22). Next, we obtain the probability
that an alternate call is blocked by a link. First, note

that in uniform trunk reservation, both types of alternately
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routed calls are subject to the same link blocking. Now let
Py, be the probability that an alternate call is rejected by

the link. Py, is given by

Pygp = Prob.{(1i + j > t) =1 - Prob.{i + j<t) =

t-1 t-1-1 |
i Ny i N,
1- P al(')z ag( ) ( 24)
i J
i=0 §=0

In the following section, we will apply the above two cases
to alternate routing networks, and numerical comparisons of

fully connected networks will be presented.

4. ALTERNATE ROUTING WITH TRUNK RESERVATION

The network model to be considered here ia again a
fully connected network with N nodes and N(N-1)/2 duplex
links. The general alternate routing technique described in
sections 2 and 3 of the last chapter can easily be modified’
to inclu&e both trunk reservation schemes in networks with
different topologies; however, since the results, even for a
small network, are not mathematically tractable and we are
interested in numerical comparison rather than simulation,
we have decided to consider fully connected networks.
Furthermore, the alternate routing and non-alternate routing

in fully connected networks have already been discussed and
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the results are available for comparison. In addition to the
standard assumptions used in the performance evaluation of
almost every circuit-switched network, three more
assumptions are adopted here to simplify the analysis. They
are:

1) All the source-destination node pairs have the same

number of- type k customers.

2) ¢, number of channels, is the same for every link.

3) The traffic distribution is uniform.
The following is the list of notations used in this section.
The notations are analogous to the notations used in Ch;pter

ITI.

Nk = number of class k customers for the source-destination
J (k=1, 2)
a, = load offered by any type k customer

th path for the source-destination j

r = the m
R} = the total number of paths for the source-destination j

R - the 15t g paths of RJ.

Ny = the total number of class k customers offered to a link
nn; = the total number of class k customers served by a link

th

ni(m) = number of class k customers served by the m path

for the source-destination j
Pk(ri) = Prob. {the mth path of the source-destination j 1is

blocked)
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Pk(Ré) - Prob. (the 1St g paths of the source-destination j

are blocked)

Using the above notations, ng(m), the total number of class

th

k customers served by the m path for the source-

destination j is given by (see equation (3) in chapter III)

nj(m) = WLIP (RD ) - PRIy ( 25 )

In fully connected networks, the first path of a source-
destination node pair is the direct link between the two
nodes. A call, type 1 or type 2, is blocked by its 15t path
if all the channels in the link are busy. This blocking is

shown here by P and is the same for all the links, that is
PL(R]) = P 1<j<N(N-1) ( 26 )

For alternately routed calls, type 1 or type 2, an alternate
path is available if every link in the path satisfies the
corresponding trunk reservation condition. Recalling the
above assumptions, we see that the alternate link blocking
probability is also the same for all links. Let Py be the
probability that an alternmate link is not available to
alternately routed type k traffic. For the case of uniform
trunk reservation, an alternate link is blocked to both
types of users with an equal probability, that is, Py = P,.

This case will be considered later. Moreover, we consider
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here the two-link alternate routing algorithm which was
introduced in Chapter III. Therefore, an alternate path
consists of two links and the probability that an alternate
path is blocked to a type k customer is obtained as

P (r ) =1 - (1 - Py)“ = 2P, - P I<j<N(N-1) ( 27)
k' m k k k SJs

1<m<s+1

where s is the number of alternate paths that a call may
attempt. It may vary, for two-link alternate routing,
between zero to N-2 providing that N>3. Now, the probability
that the 15t n paths of a class k customer are blocked is

given by
PL(R) = P(2P, - P 2)m-1 ( 28 )

Substituting (26) and (28) into (25), we get

ni(l) = Ni(l - P) m=1
( 29 )
ni(m) = NiP(l - Pk)2(2Pk - sz)m'2 m> 2

We can now calculate nny, the total number of class k
customers that are served by a link. For the derivation, see
equation (16) in Chapter III. nny is given by

nng = N ((1 -P) + 2B[1 - (2P, - P 2)S]) ( 30 )
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This equation can be decomposed into two parts. The £first
part, Ni(l - P), is the number of type k customers that are
directly served by the link. The second part, 2NiP[1 - (2P
- sz)s], is the number of type k customers that are
alternately served by the link. Thus, the number of type k

customers that are directly or alternately offered to each

link will be

Ny (1 -P) NJ
g = —/ = Nk (31
1 - P
and
Ny )
1 - Pk

Comparing (32) with the notation n = rpng, we see that

[1 - (2P - P 2)S] ( 33 )

Now, let BP, represent the end-to-end blocking probability
of type k customers. BP, is simply obtained by noting that a
type k call is rejected if it has tried, in addition to the
direct path, up to s alternate paths and failed to establish

an end-to-eénd connection. This blocking is given by
BP, = P(2Py - P, %)S ( 34)

where P and P, are given by (7) and (8). ny and n,, the two
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variables needed to compute P and Py, are shown by (31) and
(32). In this case, the average network blocking probability

is determined by

2
Z aknkBPk
k=1
BPant = ( 35 )
2
Z agtgk
k=1

here, the abbreviation "ant"™ stands for "Alternate routing
with Non-uniform Trunk reservation".

For the case of uniform trunk reservation, we indicated
earlier that the alternate link blocking prébability for
both types of customers is the same. So, in the uniform
trunk reservation Py = P, = P;5, and one can easily modify
the above equations to obtain the end-to-end blocking
probability. This is done by replacing both P; and P, by
P1o. In addition, the end-to-end blocking probability, for
this case, is the same as the average blocking rate. BPaut;
the end-to-end blocking probability of any type of customer,

type 1 or type 2, for alternate routing with uniform trunk

reservation is now given by

BP,,+ = P(2Py, - Py52)° : ( 36 )

aut

with P and Pqyo given by (23) and (24).
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5.NUMERICAL EXAMPLES

Using the equations derived in this chapter, we would
now like to compare the circuit-switched perfo;mance of
various alternate routing and non-alternate routing
policies. The results are obtained for the fully connected
and symmetrical network model. The performance measures used
for the comparison are the end-to-end blocking probability
andlthe average network blocking rate. However, fof a fully
connected network, the average end-to-end blocking rate is
the same as the end-to-end blocking probability except for
the case of the alternate routing with non-uniform trunk
reservation. In order to gain more insight into the
performance of different routing strategies, we have
considered several examples. Each example is used to explore
and answer one of the several questions arising in the
comparison. In particular, we are interested in comparing
the performance of routing models under different design
variables such as the user population and the channel
capacity.

First, we begin with the same network model used in the
example that was given in the previous chapter. Figure 4
plots the end-to-end blocking probability as a function of
a,. Here, c=5 and the number of type 1 and type 2

customers that are directly attached to each node are chosen
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to be 600 and 20, respectively. It is also assumed that the
ratio of the individual offered load of the second group to
the first group of users, a,/a;, is 50. In the 5-node fully
connected model used in this example, the maximum number of
possible two-link alternate paths is three (s < 3); however,
as far as heavy load conditions are concerned, we have seen
that s = 1, that is, one alternate path only, gives a better
performance than the cases in which s = 2 and s = 3. Figure
4 shows that with s = 1, the two-link alternate routing
without trunk reservation (full alternate routing) would
provide an end-to-end blocking probability lower than that
‘of non-alternate routing if a, is smaller than a,. When
ap=as, both non-alternate and full alternate routing give
the same blocking rate. At this point, BP_ =BP=14.57. In a
non-alternate routing network,a grade of service of about 3/'
is usually considered a typical blocking rate for normal
traffic loads. Figure 4 shows that with BP equal to 3] , ap=
0.3 erlangs. Comparing a, with 0.3, we notice that an is
about 70/ greater than 0.3. This implies that alternate
routing would perform better than non-alternate routing even
if the traffic load increases up to 70/ of its normal value.

Under heavy load conditions, as we can see from figure
4, using full alternate routing can actually worsen the
network performance, i.e., BP_>BP when a, excceds a,. The
curve labeled BP,, ., corresponds to the alternate routing

method with non-uniform trunk reservation. For this curve,

103



in addition to s = 1, tq and to are selected to be 1 and 3.
That is, an alternately routed type k (k =1, 2) call may
attempt an alternate path if the number of circuits occupied
by the same type of calls is less than ty. As we mentioned
eariier, the reason for using this constraint is to block
alternately routed traffic more often and, therefore, to
prevent links from becoming highly utilized. It also helps
to protect the directly routed traffic against overload
conditions. Inspection of figure 4 shows how alternate
routing with non-uniform trunk reservation can considerably
improve the network performance. For example, at the point
where the two curves BP_ . aﬁd BP intercept, we find that
the blocking probability is 29/. With BP = 297, a, is found
to be 0.8 which is almost 170/ greater than the normal load
- a substantial improvement as compared to full alternate
routing.

In the next e#ample, we consider the alternate routing
with uniform trunk reservation. In figure 5, we plot the
end-to-end blocking probability as a function of a, for
three different cases. They include alternate routing with
s=1 and t=5 (BPa), alternate routing with s=1 and t=3

(BP and non-alternate routing (BP). The network

aut)
specifications are assumed to be the same as before.
Referring to figure 5, we see that alternate routing with

uniform trunk reservation displays a blocking performance
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similar to the case of non-uniform trunk reservation. It
shows how, by dedicating a small number of circuits to
directly routed calls, this technique can improve the
network performance. When compared with the alternate
routing technique (t=5), the improvement in network
performance becomes more noticeable as the traffic load
increases.

The main difference between the two trunk reservation
techniques lies in the fact that in a non-uniform case, one
can also give priority toaclass of users. This priority is
usually given to users with large traffic requirements, as
we've seen in figure 4 (t;=1 and ty=3). To see the effect of
non-uniform trunk reservation on an individual user, BP, and
BP,, the end-to-end blocking probabilities of type 1 and
type 2 users are plotted in figure 6. In addition, two more
curves are shown as two reference curves and correspond,
repectively, to non-alternate routing and the average
network blocking probability of non-uniform trunk
reservation. From the figure, it is apparent that in the

region in which the average blocking rate, BP is less

ant’
than BP, BPl is much higher than BPZ' a situation which is
usually undesirable. It is even shown that BP; becomes
considerably higher than the case of non-alternate routing.
In order to improve BP,, in figure 7, t; is increased

from 1 to 2. In comparing the curves in figure 7 with the

ones in figure 6, we can see that in the region where the
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input load is high, there 1s a trade-off between BP; and the
average end-to-end blocking probability. BP; is improved in
figure‘7 but, on the other hand, the average blocking
probability during overload conditions (i.e., the time when
the prevention of congestion is most needed) is also
increased as compared to the one in figure 6. This is in
fact one of the disadvantages of non-uniform trunk
reservation. Moreover, in a network using non-uniform trunk
reservation, additional information and memory are required
at each node of the network. This information is necessary
to keep track of each class of users so that a decision as
to whether or not to allow a particular type of call to use
an alternate link can be made at each node. This will
further complicate the routing procedure and thus makes this
routing policy less advisable. Uniform trunk reservation, on
the other hand, not only yields a performance comparable to
the non-uniform case but is also simpler to implement.

More comparisons between the two trunk reservation
schemes are made and the results are listed in Tables 1 and
2. In view of these results, we may conclude that alternate
routing with non-uniform trunk reservation is a good
candidate only if one wishes to offer better service to a
specific group of users. On the other hand, when network
performance, simplicity, and fairness are concerned,

alternate routing with uniform trunk reservation seems to be
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a proper choice. It does not favor any group of users over
another ﬁnd yet is able to improve the network performance
during overload conditions. |

Finally, we would like to examine the effect of link
capacity, ¢, on alternate routing. Corresponding to c=10 and
15, two sets of curves are plotted in figure 8. Each set
contains two curves, one for non-alternate routing and one
for alternate routing with trunk reservation. ny and n, are
identical in both cases and 32=50a1. In addition, we have
assumed that in each case 20-percent of the circuit§
(channels) is reserved exclusively for the directly routed
traffic. That is, t=8 when c is equal to 10 and t=12 for
c=15. Here, T, (e=10, 15) represents the end-to-end blocking
probability where the two curves meet each other. For a
given traffic requirement, alternate routing performs better
than non-alternate routing if the end-to-end blocking
probability is less than T_,. The results for ¢=10 and c=15
indicate that T, is affected by the number of channels, that
is, Tyg < Tyg. This implies that as the channel capacity
increases, the alternate routing starts to degrade earlier
and, as a result, will become less preferred. In order to
fuily explore this situation, more curves are shown in
figure 9. In this figure, T, is plotted as a function of the
channel capacity c¢c. The network parameters used in this

example are given in Table 3. Both curves show that T,

decreases as ¢ increases.
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CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH

The major objective of this work was to analytically
gain insight ihto the circuit-switched performance of the
ISDN. In Chapter I, we first reviewed the recent evolutoin
in the area of communication technology, described the~ISDN
environment, and gave the motivation for this research. We
then presented the circuit-switched routing problem and
outlined the framework of our research.

In Chapter II, we developed a mathematical model for
evaluating the circuit-switched performance of a network
with two groups of users (i.e., a community of heterogeneous
users). As a speéific illustration of a typical application,
the model was then used to determine the circuit-switched
capacity of CATV systems in terms of end-to-end blocking
probability. Finally, in Chapter II, we extended our
analysis to the case of more than two types of traffic.

In Chapter III, we discussed the routing problem and
presented a general alternate routing algorithm applicable
to the ISDN with an arbitrary topology. Next, we applied
that algorithm to fully interconnected and symmetrical
networks and compared alternate routing with non-alternate
routing. The performance criteria used in the comparison
were the average network blocking rate and end-to-end

blocking probability. For light to moderate traffic loads,
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the results of the analysis showed a performance improvement
when using alternate routing. Under heavy traffic load
conditions, however, we found that the performance of
alternate routing deteriorates as compared to that of non-
alternate routing. It is not surprising that alternate
routing was mnot found helpful under these conditions. This
is because beneficial alternate routing relies solely oﬁ the
availability Qf network resources. In alternate routing
networks, the average amount of resources involved with each
communication increases since alternate paths are usually
longer than primary paths. At normal loads, there exists a
sufficient spare capacity in a network that can ultimately
be used by altermnately routed traffic. As the traffic load
increases, links become highly wutilized. Furthermore,
because of the strong relationship between the link blocking
probability and the offered load, a small change in the
latter, due to the use of alternate routing, will have a
great effect on the link blocking probability.

In Chapter IV, the heavy load performance of alternate
routing was further discussed and the trunk reservation
technique for the case of two groups of usexrs was
introduced. In particular, two different approaches to
implement this policy were considered: 1) non-uniform and 2)
uniform trunk reservation schemes. The results of the trumnk
reservation were then applied to fully connected networks

and all four alternate and non-alternate routing methods
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were numerically compared. The results indicated that the
trunk reservation scheme can be used as an effective way to
overcome the performance degradation caused by uncontrolled
alternate routing. It was shown how, for example, by
dedicating a small number of channels in each link to
directly routed traffic, this technique can improve the
network performance.

Unquestionably, this research has only scratched the
surface of one of the design issues related to ISDN’s. There
appear to be two major areas in which further research is
needed.

1) The comparison of various routing strategies based
on fully connected networks seems to be incomplete. In order
to make a satisfactory coﬁparison, one would like to extend
the analysis to include networks with different topologies;
network topology plays an important role in routing
performance.

2) In this work, we have assumed a fixed channel
capacity and, therefore, eliminated the problem of bandwidth
allocation among circuit- and packet-switched traffic. The
assumption of fixed channel capacity for circuit-switched
traffic is valid as long as the ISDN consists of two
separated networks, one for circuit-switched traffic and the
other for packet-switched traffic. In the next generation of

ISDN's, however, it is expected that both types of traffic
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will share the same transmission media. In that case, the
problem of bandwith allocation and routing must be
investigated simultaneously and more research effort is

required to study the interaction between the two types of

traffic.
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Fig.2 Non-Uniform Trunk Reservation (case I)
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Fig.3

Uniform Trunk Reservation (case II)
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TABLE I: End-to-End Blocking Probability
ag non-uniform uniform non-alternate
trunk reservation trunk reseﬂyation routang
(10" %) (10°2) (107 %)
BP, BP, BP nt BP1=BP,=BP_ ¢
.10(.0012| .0001| .0005 .0004 .032
.15(.0620}| .0124}.0289 0467 461
.201.750 .274 | .433 .756 2.17
.25 14.21 2.45 3.03 3.95 5.64
.30 {11.87 8.96 9.93 9.75 10.54
.35 120.51 17.31}18.38 16.34 16.14
Table I. Comparison of non-uniform and uniform trunk

reservation schemes (n1-500, n2-20, and c=10)

*% t=8 and s=1

=7, and sl
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TABLE II: End-to-End Blocking Probability

*
* %

as non-uniform uniform * non-alternatg
trunk reﬁﬁrvation trunk reseﬁyation rougang
(107 %) (107 ) (107 )
BP, BP, BP . nt BP;=BPo,=BP_ .
.10 |.0039 | .00002}.0011 .0001 .0330
.15 |.374 .0210 }.130 .0618 .907
.175¢ 1.57 {.207 .661 .532 2.40
.20 5.22 1.36 2.66 2.62 4. 84
.225(12.24 5.25 7.58 7.08 8.12
.25 120.08 (11.32 (14.24 12.51 11.95
.275126.91 |17.58 |20.70 17.87 16.04
Table II. Conmparison of non-uniform and uniform trunk

reservation schemes (n1-1000, n2-40, and c=15)

tl-S, t2-15, and s=1

t=14 and s=1
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Table III. Network parameters used in Fig.9

c ny ny t
5 300 10 4
10 600 20 8
15 900 30 12
20 1200 40 16
25 1500 50 20
30 1800 60 24
35 2100 70 28
40 2400 80 32
45 2700 90 36
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APPENDIX

Let BP1(k) be the probability that an arriving customer
in the (1)th link with k channels (1 < k < ¢) is blocked.

Using (11) and (14), BP1l(k) is deduced:

k n, (2) = (2)
| I &t o e o)
!Px(k) bd 1=0 k-1 i - -F&—(F’_ {(A-1)
k4 om (0 ki o om 2
I ay( ) 1 a) %)
i=0 i 3=0 b )

Rewriting Hy(k), we get

k-1, n, (1) k-i-1 n,(2) _q n,(2) n,{2)
Hy(k) = J af(' D) al (2 yrast o2 ekt

=0 i =0 3 k-1 X

L (k=1) + G, () (A-2)

Substituting (A-2) into (A-1) and dividing both the
numerator and denominator of the resulting equation by

Gy(k), we get

) ! .

The second term in the denominator can be written as

(k-!) H (k-1) Gx(k -1) Gl(k 1)

IFTiT"' - c-rs-rr * T FF‘TE‘TT * T (A-4)

Finally, the recursive formula given by (16) is obtained by

subs-tituting (A-4) into (A-3).
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