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Lost Call Traffic in Circuit Switched Networks

By
Rami A. Al-Hmouz

Supervisor
Professor Jamil Ayoub

Abstract

This thesis is concerned with studying the performance of circuit
switched telephone networks which have two levels of switching under
conditions of random link failure, and subject to certain routing disciplines.

\/ . .
Lost call traffic is taken as a measure of performance which need to be

evaluated.

Previous studies on lost call traffic are reviewed and their methods
are outlined. Such studies were restricted to networks with one level of
switching. These methods are extended to networks, with two levels of
switching, which might represent local and national networks that are

commonly employed in relatively small countries like Jordan.

Since simulation studies of such networks under condition of random
failure require the consideration of a large number of network states, it is
assumed that the network links have high availability or very small failure
probability. As such, only the most probable states to occur will be

sufficient to consider under failure simulation. Consequently, states




X

considered are those which admit no link failure, one-link failure at a time

and two-link failures at a time.

Lost call traffic is calculated for each network state employing
Erlang Formula B, subject to certain alternative routing discipline. The
results are then weighted by the occurrence probabilities of the respective

states to produce a statistical average for the lost call traffic parameter.

A second method to calculate the average lost call traffic in the
presence of random failure by generating network states randomly in
conformlty with a sampling rule that employs random number generator
applied to the network links to decide which links in a given state are
failing. This method holds some advantage when links in a network have

high probability of failure.

These methods have been applied to example networks, including
that of the Jordan telephone network. The two methods were applied, and

both give close results.




CHAPTER I

Introduction to Network Reliability

1.1 Introduction

Our study will focus on the reliability of circuit switched networks
using different routing strategies under conditions of random failure
effected on each link in the network. Lost call traffic in Erlangs is proposed
as a measure for this rqliability.

One possible reliability measure for a circuit switched network could
be the ability of handling the average busy hour traffic. This measure is not
enough since the busy hour traffic for the switching centers in some
countries don’t coincide. In general, there are three aspects to consider in
designing a communication network that affects its reliability. These
include network topology, traffic constraint and the routing design (Medhi,
1994) (Gravish, 1992) (Faratta, 1978).

When simulation is used to evaluate a reliability measure for a
network under conditions of random failure, operating network states need
to be considered. A network of L links, any of which could be subject to
failure, has 2" network states. While this presents a large number of states,
the network usually work in few of these étates. Li (1984) introduced a

method to determine these states on the basis of selecting the most probable




states. -This approach was utilized in (Sanso, 1991) to calculate the lost call
traffic for a network that has high link availability and allowing only one
link to fail at a time. This method was extended in (Ayoub, 1997) by
allowing two links to fail at a time, thereby extending the method to
consider networks with relatively lower link availability.

The above studies were also limited to studying networks with one
switching hierarchy. The present study will extend the above approaches to
consider a more realistic circuit switched networks which include two
switching hierarchy that is, one with local and national interconnections.

The network is assumed to have twb levels of switching hierarchy in
which one level represents interconnection among local switches as in any
city environment, while the other refers to trunk connections between
cities. Different routing approaches will be assumed. Failure is assumed to
oceur randomly, but restricted to affect at most two links at any time.

Congestion will occur near the site of a major failure, or when a link
is fully loaded. Hence, a certain procedure must be added to the network in
order to adapt to the new condition. In our case, we consider different
routing techniques to calculate lost call traffic which give us a measure of

the reliability of the network.




1.2 Basic Graph Terminology

A graph consists of a set of points or nodes, and a set of edges that
link together these nodes. A simple real example of a graph would be a
communication network, where the switching centers are the nodes and the
links between them are the edges connecting the nodes. A graph can take
on many forms: directed or undirected. A directed graph is one in which
the direction of any given edge is defined. Conversely, in an undirected
graph you can move in both directions between nodes as shown in Fig. (1-
1). The edges can also be weighted or unweighted. Using the previous

example, weights can be thought of as the distance between switches.

(b) Undirect Graph.
Fig. (1-1). Graph Forms.




The type of a graph largely depends upon the features of its
components, namely the attributes of the nodes and edges. A node within a
graph may or may not have a label assigned to it. Similarly, an edge may
have a label, weight, and/or direction associated with it, As an example, a
mixed graph is one that contains both directed and undirected edges, while
a null graph is one that contains only isolated nodes (i.e. no edges).

An edge in a graph that joins two nodes is said to be incident to both
nodes. Furthermore, the number of distinct edges that are incident to a node
determines the degree of that node.

Two edges in a graph are termed adjacent if they connect to the same
node. Similarly, two nodes are termed adjacent if they are connected by the
same edge. A self loop is an edge that links a node to itself. A simple graph
is one that contains no self loops or parallel edge_s, where more than one
edge connects two given nodes. A multigraph is a graph that contains
multiple edges. Finally, a complete graph is a simple graph in which every
pair of nodes are adjacent (Cravis, 1981).

In general, if the set of nodes is N and the set of links is L, we refer
to the graph as G(N,L). Graphs can also be represented in the form of
matrices. A connection matrix is defined as follows: Let G be a graph with
N nodes that are assumed .to be ordered from v, to v,

‘The N x N matrix A, in which




a;= 1 if there exists an edge connecting vto v,
a;;= 0 otherwise
is called a connection matrix.

Consider the following undirected graph G (4,5) shown in Fig. (1-2),

and its equivelant connection matrix [T].
Vi Vo V3 WV,

Vi

Vs

o O =

Y,

0 1
1 0
1
11

1

1

0| "
Fig”..(.l-Z). Undirected G”raph. O_
From the previous graph, if a path of length 1 exists from one node to
another (i.e. the two nodes are adjacent), then there must be an entry of 1 in
the corresponding position in the matrix. For example, from the node v,
we can reach nodes v;, v, and v, Therefore, we have a corresponding
entry of 1 in the matrix in the first row and the second, third and forth
columns, In general, the number of 1's in the ith row, corresponds to the
number of edges leaving node v;, and the number of 1's in the jth column,
corresponds to the number of edges entering the node v;.

A path through a graph is a traversal of consecutive nodes along a

sequence of edges. By this definition, the node at the end of one edge in the

sequence must also be the node at the beginning of the next edge in the




sequence. The nodes that begin and end the path are termed the initial node
and terminal node, respectively. With the exception of these initial and

terminal nodes, each node within the path has two neighboring nodes that
must also be adjacent to the node. The length of the path is the number of

edges that are traversed along the path.

Connecting a pair of nodes forms an edge in an undirected graph but
no direction is stipulated for the edge. Therefore, for a path in an undirected
graph, either node may be considered as the initial or terminal node of the
path and the traversal of the node along the path can occur in either
direction. However, a cycle in a simple undirected graph is slightly
different from the definition of a cycle for a directed graph due to the lack
of direction on the edges. For undirected graphs, the traversal of a set of
nodes forward and then backward can not be considered a cycle. Rather, a
simple cycle for an undirected graph must contain at least three different
edges and no repeated nodes, with the exception of the initial and terminal
nodes.

If a node is reachable from another node then a path exists from the
one node to the other node. It is assumed that every node is reachable from
itself. The definition of reachability holds true for both directed and
undirected graphs.

An undirected graph is considered to be connected if a path exists

between all pairs of nodes, thus making each of the nodes in a pair




reachable from the other. An unconnected graph may be subdivided into
what are termed connected subgraphs or connected components of thg:
graph.

The connectivity of a simple directed graph becomes more complex
because direction must be considered. Because of the added complexity,
there are three distinct forms of connectivity in simple directed graphs:
weakly connected, unilaterally connected and strongly connected. A
weakly connected graph is where the direction of the graph is ignored and
the connectivity is defined as if the graph was undirected. A unilaterally
connected graph is defined as a graph for which at least one node of any
pair of nodes is reachable from the other. A strongly connected graph is

one in which for all pairs of nodes, both nodes are reachable from the other.

1.3 Reliability of Networks

Classically, one form of reliability is defined as the probability that
there exist at least one path between two specific nodes. Transmission
media need to be protected. The cables that carry thousands of twisted pairs
of copper wire in the trunks are subject to fail. Today's telecommunication
networks are switched and controlled by computers. These computers are a
prime source of network failure.

The ability of the network to accommodate itself with the occurrence
of link failures, is a measure of its reliability. These measures fall into two

classes:




Deterministic measures which depend only on the structure of the network,
that is, on the number of nodes and links and the way they are connected.
Probabilistic measures of availability, on the other hand, depend not only
on the structure but also on the probabilities of failure of nodes and links
(Cravis, 1981). In a network, as links or nodes may fail at random, the
network reliability is influenced, in addition to the network structure, by the
probabilities of failure of its components.

When the network size is relatively small, there are exact methods to
compute the probability that there exist at least one path between the origin
node and the destination node. These methods are impractical when the
network size becomes large. In this case approximation methods including
simulation are usually used.

Network availability refers to some measure of the reliability of a
network. We can define availability, as the ratio of the total time of a unit is
capable of being used during a given interval and specified in decimal
fractions, such a 0.9998.

Communication network reliability depends on both hardware and
software. A variety of network failures, lasting from a few seconds to days
depending on the failure, is possible. Traditionally, such failures were

primarily from hardware malfunctions of a network element (a node or a

link).




In (Li, 1984) and (Sanso, 1991), the measure of reliability for
networks are based on lost call traffic calculations. These calculations use

the Erlang loss formula and this is also our reliability measure.
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CHAPTER 11

Traffic Theory

2.1 Introduction

A type of communications in which a circuit is established for the
duration of a transmission is called circuit switched. The most famous
circuit-switching network is the telephone system, which links together

wire segments to create a single unbroken line for each telephone call.

By ftraffic theory, we mean the application of mathematical
modeling to explain the traffic-performance relation linking network
capacity, traffic demand and realized performance. Since demand is
statistical in nature, performance must be expressed in terms of
probabilities and the appropriate modeling tools derived from the theory of
stochastic process (Bear, 1980).

Traffic theory is fundamental to the design of the telephone
network. The traffic-performance relation here is typified by the Erlang
loss formula which gives the probability of call blocking, B, when a certain
volume of traffic, a, is offered to a given number of circuits, ¢.

We will assume that the switching equipment can select any idle
circuit in the group to serve any call request. This is called the assumption

of full availability of a trunk group.
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Assuming that calls are made at random, the appropriate statistical
distribution for the input traffic commonly used is Poisson. In other words
the probability Pj (t) that exactly j call requests will occur in an interval of t

seconds is given by.

(A1) exp( —At) (2-1)

pj(t)z |
J:

Where A, a positive constant, is the average rate of call arrivals per second.
Equation (2-1) is known as Poisson probability, which define the
probability of having exactly j arrival calls in t seconds

The intervals between successive call requests have a negative
exponential distribution with mean 1/ A. The probability h (t) that a time
inteval is less than or equal to t; seconds is

h(f) = 1-exp(-hty), 20, @2-2)

where A is the average rate arrivals per seconds.

Call arrivals follow a Poisson distribution and holding times follow a
negative exponential distribution. Implied in the derivation of Eq.(2-1) is
that the number of subscribers is infinite, a condition that is approximated
where the number of subscribers is much larger than the number of
circuits. We now introduce the relevant formulas developed by Erlang to

address the traffic problem (Cravis 1981).
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2.2 Erlang B Formula

In the 1920's, a Danish mathematician and telephone traffic engineer
named A. K. Erlang studied delays in telephone traffic and came up with
several models which are still in use today (Qiao, 1998). These models deal
with the following terms:

Arrival Rate - 2

The mean number of call arrivals per unit time is denoted as arrival rate.
If five hundred calls arrive in an hour, on average, then the Arrival Rate
is 500 calls/hour. The reciprocal (1/ A} is then the average amount of
time that separates incoming calls.

Service Rate - p

The service rate is defined as the mean number of calls serviced per unit
time, If it takes 20 minutes to service one call, then 3 calls may be
serviced in one hour and the Service Rate is 3 calls/hour. The reciprocal
(1/ p) is the average time taken to service one call (holding time), given
in units of time per call (i.e. 0.333 hours/call or 20 minutes/call in the
current example) |

Number of Lines - ¢

Given any link, it has capacity c, where c denotes the number of
independent phone lines it provides. This determines the number of calls

that can be serviced concurrently.

- Library of University of Jordan - Center of Thesis D
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Busy Hour

This is the period of one-hour duration taken to be the busiest period of
the day; and during which incoming calls are most likely to be blocked
or turned away. As such it becomes the period for which statistics are
calculated.

Offered traffic - a

Another common unit is the Erlang, representing the ratio of Arrival
Rate to Service Rate (A / ). For example if we expect 500 calls’hour, the
Arrival Rate A = 500 calls/hour. If the average duration of a call is 20
minutes, or 0.333 hours, then the Service Rate p =3 calls/hour. Offered
traffic a, is then calculated as (A / u)% 500/3 = 166.67 in units of Erlangs.

Grade of Service - B

Grade of service is the percentage of incoming calls blocked during the
Busy Hour because all lines are busy at the time of the call. Notice that
this statistic is a function of ﬂle number of lines, with more lines
resulting in a lower and therefore better Grade of Service B (¢,a). The
Expression for B (c,a) donated as Erlang B Formula and representing the
blocking probability, is given by:

¢

a

'
B (c,a) = —¢i

(2-3)

0

L]
-




14

Where a=A/ .
When a and c are relatively high (greater than 200) the evaluation of
Eq.(2-3) goes to infinity and results in overflow errors. To circumvent

this problem, the Erlang B formula can be reformulated as (Qiao, 1998):

The carried traffic becomes:
a'=al[l- B(c,a)] 2-5)

The blocked traffic or Lost Call Traffic (LCT) is the difference between

offered traffic and carried traffic:

LCT =a.B(c,a) (2-6)

Example

Consider the three-node circuit-switched network, Fig. (2-1), for

552120

Fig. (2-1). Three Nodes Network. K.
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which we are given that the availability of each link is 99.9%.

Assume that the network has symmetric offered traffic (or load) and
equal link capacities. Assume that the offered symmetric load between any
_pair of nodes is 15 Erlangs, and that the link capacity of each link is given
to be 31 trunks (or circuits). We assume that the traffic between each pair
of nodes is routed on the direct link that connects the end nodes of the pair,
and we would like to know the call-blocking probability. For an offered
load of a Erlangs, and a link of capacity ¢ trunks, and under the assumption
that call arrival follows a Poisson process, Erlang-B loss formula can be
used for computing the blpcking probability. Thus, in our example, we
have B(31,15)= 0.0001,that is, the network is providing a service quality
(grade-of-service) of 0.01% blocking.. The lost call traffic is 0.0015
Erlangs.

Now, suppose that link 3 fails. In this case, the network is still
connected because node C is connected to node B via node A. Assuming
that the network still has the same .émount of offered load, the load between
node C and node B is now required to be routed through node A. Thus, the
load offered to each link is 30 Erlangs, whereas the capacity on each link is
still 31 trunks. Thus, the blocking seen by traffic on each link is B(31; 30)
=(.1 i36,and the blocking seen by pair B—C traffic going through node A is
even highér. Under the link independence assumption, in our example, the

lost call traffic in links 1 and 2 is 3.4087. Thus, we can see that, under no
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failure, the network provides a grade-of-service of 0.01%, whereas under a
single link failure the worst traffic pair blocking is 11.36% although the
network connectivity is still maintéined. Recall that the link availability
was assumed to be 99.9%; this means that the link can possibly be doWn
for as long as 8 hours in a year. If we assume one event per link per year,
then this link could conceivably be down for up to 8 hours straight! In
some networks, this may be unacceptable given that the worst traffic pair
blocking jumps to 11.36% from 0.01%. If we assume that the network
should still provide a 0.01% blocking grade even under a single failure for
every traffic pair, then to accommodate for the worst path blocking, we
need link blocking on each of the remaining links to be such that the path
blocking fqr traffic between node C and node B using links 1 and 2 to be
0.01%. We need to find the smallest ¢ such that B(c, 30) = 0.0001. Solving
for ¢, we find that ¢ néed. to be at least 53 (i.e., we need to have 53 units of
capacity on links 1 and 2 each). By the same argument, if we consider the
failure of a different link independently, then the other two links each need
53 tfunks. Thus, to cover for failure of each link independently, each link
needs 53 trunks to provide the same level of blocking as was originally
wanted for the network in the no failure mode. In other words, the network
needs 76..6% more capacity to cover for a link failure compared to the no

failure case although network availability requirement was met.

ights Reserved - Library of University of Jord
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It ié imperative to take into account when measuring the reliability of
the network using lost call traffic the follwoing:

¢ Location of failure.
o (Capacity of the failed link.
° Roﬁting.

In a circuit-switched network .that has N nodes and L links, we assumed
that links only are able to fail, which is not necessarily true because nodes
(switching centers) may also fail. We made this assumption for simplicity
since a failed node implies the failure of all links incident at it. Another -
assumption commonly used is that links fail independent of each other.
| With these assuﬁptions, solutions to real sized networks are possible.

Sanso (1991) presented a procedure to find the lost call traffic due to
failure for a circuit switched telecommunication network. This procedure. is
summarized as follows:

1) Find the lost call traffic in the network when no failures are present.
2) Find the expected lost call traffic in the presence of failure in the
network. |
3) The difference between 1) and 2) will be the expected lost call traffic
due only to failure.
In (Li, 1984), a method is presented to enumerate the states that need

to be considered for a network of L links such that its performance remains
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valid by taking states less than 2~ . Li (1984) define lower and upper

bounds on the expected lost call traffic which can be expressed as follows:

{

_ { 4 |
E(Z),,=> PS)Z(S,)- 1_ZP(Sk)]Z(SZm) - (2-7a)
k=1 \ k=l
t ' { ¢ '
E(2),,, = ZP(Sk YZ(S, ) — \1 —> P(S, )]Z(Sl) (2-7b)

where

BE(Z),, the expected lost call traffic upper bound,
E(Z)1ow the expected lost call traffic lower bound.

P(Sy) the probability that the system is in state Sy,

Z(S;) the lost call traffic when no failures in the system,
Z(S,™) the lost call traffic when all links are failed, and
t is the t most probable states.

The probability of any network state Sy to occur can be calculated:

P(S,)= H P(q,/p)"" 2-8)
Where :
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pi is the availability of link ¢’ and q; is the probability of failure for
link ‘1. and

From equation (2-7) we .can evaluate the probability of the no failure
state indicated by the state with the maximum probability value. The
second most probable state is when a single failure is to occur, followed by
states with two failures and so on..

Table (2-1) State Occurrence Probability for Fig (2-1).

State No  Link / Link 2 Link3 Probability

For Fig. (2-1), if we assume the availability of links 1,2 and 3 are

0.96, 0.97 aﬁd 0.98 respectively, the state occurrence probabilities are
shown in Table (2-1).

| Considering the network of Fig.(2-1), then according to Sanso, for

networks with high link availabilities, the most probable states are state 1

&
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for no failure, and state 2,3 and 4 for single failure, and which Table (2-1)
shows very clearly. For networks with lesser link availabilities, Ayoub
(1997) and Alsadi (1997) assume state 1 for no failure, states 2,3 and 4 for -
single failure, and states 5,6 and 7 for two failures, as the only states to be_
considered to calculate Lost Call Traffic. We will use the last approach
when extending the network to have two levels of switching.

Table (2-2) was obtained to give the number of link failures to be
considered at a time to arrive at a number of states whose sum of
occurrence probabilities is 0.95 or more for different network size and link
availability. These results can be used to determine the number

simultaneous of failures that need to be considered at a time.
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Table (2-2). Number of failures for a given network size and link
availability to achieve 0.95 of the network states.

No.
Of

Nodes Link Availability —  »

0.92 0.93 0.95 0.97 098 0.99 (.99

i

From Table (2-2) if N=6 then L=15(if the network is fully
connected) and its states=2'° =32768 states. If the links availability is
0.93,the states with two links failure, and one link failure, and no link
failure, need to be considered. No link failure produces one state, and one
link failure produces 15 states, and two link failures produces 105 states.
Togther, we have only 121 states that are important from 32768 states. In

each of thé 121 states, the lost call traffic is calculated.
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CHAPTER III

Lost Call Traffic Evaluation

"Mr. Watson, come here, I want you." With these historic words
Alexander Graham Bell called to his assistant Thomas Augustus Watson

over the "telephone," and an industry was born[ Bear, 1980].

3.1 Network

If there were only three or four telephones in a locale, it would make
sense to connect each phone to all other phones and find a simple method
of selecting the desired one. However, if there are three or four thousand
phones in a locale, such a method is out of the questi.on. Then it is
appropriate to connect each phone to some centrally located office land
perform switching there. This switching could be a simple manual
operation using plugs and sockets or could be done with electromechanical
devices. In any case, this "central office" solution is the one that has been
chosen by the telecommunications industry,

As we connecf each of these thousands of telephones to a one
central office, we have what is called a star configuration. All lines are
particular to one and only one station, and all terminate this star at the
Central .Ofﬁce (CO). The connections themselves are often called the "local

loop;" at other times we refer to them as "the last mile.”
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But what if a particular telephone call is not originated and
terminated within the particular central office’s geographic coverage? How
do we get to another city or another country? The answer, of course, is to
connect these central offices to a higher central office as shown in Fig. (3~
1). In Nbrth America, numbers are given to these levels of offices in
addition to standard names. The local office, also called the end office, is
called a Class 5 office. The high level office to which it connects, is called
Class 4 office, and so on, With the top level, donated as Class 1 office. It is

obvious that the only office that has people as its subscribers is Class 5

Class 1
Regional

Class 2
Sectional

Class 3

Primary
Class 4
Toll

Class §
\ ' \ End Office
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Fig. (3-1). The Hierarchy of Switching System.
(North American Practice)
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office. The other offices in this hierarchy have lower level central offices as
their "subscribers." Those lines connecting switching offices to switching
offices, rather than to subscribers, are called trunks.

Given the fact that there are so many phones in the world, it is
necessary to have a hierarchy of switching centers, in which phones are
connected from a low level center to higher-level centers, and so on.

As an example, if we look at how the hierarchy of Fig. (3-1)is
applied in North America, we find that there are five levels in this
hierarchy. At the lowest level are teris of thousands of "Class 5" switching
centers or "end offices", which are directly connected to phones over local
loops. The end offices feed a thousand or 50 Class 4 "toll centers"; which in
turn feed a few hundred Class 3 "primary centers"; which are themselves
connected to Class 2 "sectional centers"; with a handful of Class 1
"regional centers" at the top. The arrangement is not strictly hierarchical: a
Class 5 switching center may make a local connection without involving a
higher-class switching center, and a Class 5 switching center may make a
connection directly to a high-class switching center without going through
any intermediate levels.

This entire structure has been titled the "hierarchy of switching
systems." The total network is called the public switched telephone

network (PSTN). An equivalent switching hierarchy which isa CCITT

ights Reserved - Library of University of Jordan - Center of
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standard, is also present with a slightly different names given to the
respective office (Bear, 1980), usually called exchanges.

It shquld be recognized that the interconnections between these
various COs could be through using twisted copper pairs, microwave

transmission system, satellite systems, or optical fiber.

3.2 Routing

A route between two nodes is the communication path or the link
between them. For the same nodes there are more than one route and the
number of routes grow exponentially by increasing the number of nodes.

The routes are categorized into two groups:
1-Direct route, which is the direct path route (shortest route) used as the
first choice to carry traffic.
2-Alternative routes, which may be used in case of link fajlure or overflow.
Choosing the alternative route might be through a process which could be:
a-Static: where the CO gets the route from a lookup table.
b-Dynamic: where the CO decides which route to use according to the
network situation at that moment subject to certain constrains.

Each type of routing has advantages and disadvantages. The chief
advantages of static routing are simplicity. The chief disadvantage is
inflexibility, as static routes can’t be changed easily. In dynamic routing the
network is allowed to handle problems automatically. Most large networks

use a form of dynamic routing.

g
G
O
8
<
S
G
%
o
2
c
-
ke
S
e
'J
kS,
:
o
2
<




26

In alternative routing, and as a matter of normal practice, the routing
choice was limited to taking only two-link path in the event of a failure. In
a large network, usually multiple routes between each origiﬁ and
destination nodes are available. In the event of a failure, traffic can be Sent
to any of the unaffected paths. However, the actual flow on each path
would depend on the actual routing rule in place as well as the availability
of the network links and';cheir capacities (Medhi, 1999). Thus, it is not hard
to see that the lbst call traffic in the network depends also on the actual
routing schemes available in the event of a failure.

In our present s.tudy we will deal with a network that has two levels
of switching, involving the level of end offices which handle the local
traffic and the other level of toll centers which handle the national traffic.
Then we examine the reliability of this two levels network by calculating
the lost call traffic under condition of random failure for different routing
approaches. |

We will assume that there is no alternative routing in the lower level
of the network at the event of failure, so if a link connecting two end
offices fails, the offered traffic in that link will be lost. If a failure occurs
in the higher level the offered traffic in that link will be routed over another
unaffected two links. This assumption makes our network close to real
networks. For example, subscribers in Europe and the USA pay each month

the same amount of subscription fees to the communication companies for
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local communication whether they use the line for one minute or ten hours,
and whether the links work or not. National communications however are
clock timed, which start to count when they attempt to make national calls,
so it is important to route these éalls when link failures occur.

In our present work, network reliability performance vﬁll be tested,
when a random failure occurs in the higher switching level, under the
following roﬁting approaches:

1) Traffic will be carried randomly through any two-link path between the
origin and destination nodes. |

2) Traffic Will be carried through the two-link path that has the maximum
capacity available with respect to their traffic.

3) Traffic will be carried through two-link path that has the maximum

availability and have enough capacity.

3.3 Lost call Traffic Evaluation

In Chapter II, we illu.strated how Li (1984) determine the most
probable network states that need to be considered for simulation. Also
we summarized a procedure presented by Sanso (1991) to find the lost
call traffic due to failure. With the assumption that links only are able to
fail, and link failures are independent of each other, we present a

procedure to find the lost call traffic in a network that has two levels of

switching. The following steps are made:
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1) Find the lost call traffic for the no failure state for the lower networks
(local networks) and the higher network (national network).

2)Find the expected lost call traffic in the presence of single failure states,
by using the routing strategies that we have mentioned for the higher
network, This is done when the links between the two levels are not
subject to fail and when they are subject to fail.

3) Find the expected lost call traffic in the presence of two failure states for
all routing approaches mentioned in step 2.

4) The average lost call traffic is obtained by weighting the results in step
1,2 and 3 by the probability of state occurrences and summing the
results. |
The statistical averaging stipulated in step 4 is justified by noting that

the expected lost call traffic for states which allow several links to fail at

the same time, will be substantial. Yet its contribution to the overall
average lost call traffic will be much reduced subject to the weighting
effect of the occurrence probabilities of these states which are very small

for networks of high link availabilities.
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As an example, let us apply the procedure to the network of Fig
(3-2).
G E
11
2
I
D
i C
: 3 1
B
J A
i1
4

N

Fig. (3-2). Two Levels Network.

Assume the offered traffic a, and links capacity ¢, for this network as

given in the following matrices:

1ABCD _1A-’BCD_.
[0 12 7 13 10| 1 0 20 20 20 20| 1
120 6 8 11| A 20 0 15 15 15| A
a=l7 6 0 9 10| B “T|2015 0 15 15| B
138 9 012]C 20 15 15 0 151 C
10 11 10 12 0§ D 20 15 1515 0] D
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3 HIIJ 3 HIJ
0 8 8 9 3 0 18 18 18| 3
a=|8 0 6 6| H =18 0 14 14| H
8 6 0 10 I 18 14 0 14| 1
9 6 10 0] J 18 14 14 0] I
4 K L M 4 K L
[0 10 10 5] 4 (0 18 18 18] 4
a=10 0 11 10| KX c=|18 0 14 14| KX
10 t1 0 7| L 18 14 0 14 L
|5 10 7 0| M |18 14 14 0§ M
2 G F E 2 G FE -
—l6 08 6| g c={180 1414 G
s 8 0 12 F 18 14 0 14| F
s 6 12 0l E 18 14 14 0| E 2
| : _ S
=
)
a; and ¢ are the offered traffic and the link capacity for the link between ©
node i and j. g
=
In every matrix, the entries of the first row and first column specify _é
traffic offered and link capacitiés for the higher level network. The %
remaining entries belong to the lower level network. The lost call traffic in %
<
Erlangs can be calculated by using equation (2-6). When there is no failure T
the LCT for each network. <:E
| a m I Network
LCT=

(22975 15577 05950 15552]  LCT



31

The average lost call traffic in Erlangs when there is single failure:

7 ¥/ mar v

LCT =
[11.2479 9.7051 7.7300 10.3701]

The average lost call traffic in Erlangs when there are two failures:

7 i o v

LCT =
[20.1983 17.8526 14.8650 19.1851]

The traffic offered to the higher network is equal to the summation
of the traffic that is generated form the lower networks and direct to the
higher network. The traffic in Erlangs offered from the lower to the higher
level per network is obtaiﬁed by summing the values of the top row in

every network to give for each network the following :

I I I Iv
42 16 25 25|

The over all traffic in the higher network equal to:

Z Trafficgeneratedfromlowernodestohighernodes
2

>
©
S
—
a
B
:
o
2
=

42 + 16 + 25 + 25
2

= 54 Erlangs

We divide the summation by two because of symmetry. Hence, The traffic

from node 1 to node 2 equals to that from node 2 to node 1.
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Since We -don’t know the route of the traffic that comes from the
lower networks to the higher network, and that the offered traffic for the
links of the higher network is required, let us assume that the traffic in
these links is proportional to the number of nodes in the two networks
connecting this link (lower networks). The offered traffic in the link

between node 1 and node 2 equals:

4+3
4+34+4+3+4+3

42 =14 Erlangs

The denominator is the summation of all possible states of the
number of nbdes between Inetwork I which is connected to node 1 and other
networks. When the offered traffic that goes form node 1 to other nodes is
calculated, the traffic between nodes 2 which is connected to network II

and remaining nodes in the higher network must be:
16-14=2 Erlangs

The offered traffic from node 2 to node3 equals:

3+3
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Continuing this procedure, the traffic generated in the lower network is

divided as offered traffic to the link in higher network as follows:

12 3 4
0 14 14 147 1
a=114 0 1 1] 2
4 1 0 10| 3
14 1 10 0] 4

It should be noted that this offered traffic could have been distributed
among the higher network links in any different way, and can still be used

in the subsequent calculations. Assuming links capacities for the higher

network as:
i 1 2 3 4 i
30 30 30 1
c= |30 0 30 30 2
30 30 0 30 3
130 30 30 0| 4

The lost call traffic for the higher network when there is no fajlure is equal
to 0.5594 Erlangs. Assuming links availabilities, A for the lower networks

is 0.96, and for the higher network as:

1 2 3 4
[0 095 0.98 0.97]

A=/095 0 095 096
098 095 0 095
1097 09% 095 0 |

W R =




34

We will consider two cases for the states of the links between higher
and lower networks:
Case 1:
Links are subject to fail with link availability<0.999.
If a link fails, the traffic in that link will be lost. Let us take one of the
states that will happen if there is a single failure when the link between
node 2 and node 3 is failed. All possible alternative routes between node 2
and node 3 are over node 1 and node 4. We will test three routing
approaches:
(1-A): Traffic between node i and j will be carried over the two-link path
that has the maximum cabacity with respect to their traffic. The traffic will
be carried over the node k determined according to the following

expression:
Max i {(ci-au)t(cy-ak;)} K#izj

The traffic will be routed over node 4 because the links of node 1 is more
congested than that of node 4. The traffic between node 2 and node 3 is
added to the traffic in the links that attaches node 4.The offered traffic in
the link between node 2 and node 4 becomes:
1+1=2 Erlangs
The offered traffic in the link between node 4 and node 3 becomes:

10+1=11 Erlangs

>
=
-
G
S
—
—l
B
:
id
2
<




35

Then we calculate the lost call traffic for the new offered traffic. The lost
call traffic for the higher network when there is single failure is obtained by
averaging the lost call traffic for all states which is equal 6.6473 Erlangs.
The lost call traffic when there are two failures at a time using the same
routing approach is equal 14.5095 Erlangs.

(1-B): | The traffic will be carried over the two-link path that have the

maximum availability and have enough capacity according:

Maxy {(AitAg)/2} K=izj

There is enough link capacity for the links that attach to node 1 and node 4
to carry the traffic from node 2 to node 3.But the average link availability

of the route over node 1;

0.95+0.98 — 0.965

And over node 4:
0.96 + 0.95 _ 0.955
The traffic will be routed over node 1. The traffic of the failed link will

be added to the links that attach to node 1 to carry the traffic from node
2 to node 3. The average lost call traffic when there is single failure and
two failures equal 6.8497 Erlangs and 15.0261 Erlangs.

(1-C): The traffic will be carried randomly over any two-link path. There is

no cost in this approach. Any unaffected rout to carry the traffic can be
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seiected. The lost call traffic using this approach when there is single
failure and two failures are 6.7485 Erlangs and 14.5853 Erlangs.
Case 2:
The links between higher and lower networks have high availability to the
extent that we can assume they don’t fail. Asa résult, the number of states
will decrease and of course the lost call traffic will decrease. Using the
same routing that have been mentioned in case 1:
(2-A): The f;rafﬁc is carried over the highest capacity alternative route. The
lost call traffic when. there are single failure and two failures are 0.9934
Erlangs and 6.0455 Erlangs.
(2-B): The traffic is carried over a random unaffected links. The lost call
traffic when there are single failure and two failures are 1.0949 Erlangs and
6.0456 Erlangs.

Now we have to weight the lost call traffic that has been calculated
by the respective state occurrence probabilities as follows:

WLCT=BN.Py+BL.P.+BLL.Py;, (3-1)

Where:
WLCT: Expected Lost Call Traffic in the network.
BN: Expected Lost Call Traffic when there is no failure.
Py: probability of state occurrence when there is no failure.,

BL: Expected Lost Call Traffic when there is single failure.
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P.: Summation of state occurrence probabilities for states with single
failure.
BLL: Expected Lost Call Traffic when there are two failures.
P Summation of state occurrence probabilities for states with two
failﬁres.

Table (3-1) shows the summation of state occurrence probabilities
for the previous network when assuming the links between higher and

lower networks have 0.96 availability.

Table (3-1) State Occurrence Probability for Fig (3-2).
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We will call this method of evaluating lost call traffic as method 1.The

weighting results are shown in table (3-2).

Table (3-2) Weighting for Fig (3-2) (method 1).

3.4 LCT Evaluation by State Simulation

Instead of calculating the lost call traffic for certain states and
weighting the results, we can use a more general simulation method, which
give us close results by generating network sates randomly. One possible
method to generate a network state is by generating random numbers
between 0 and 1 for all the network links. If the number is greater than the
link availability, the link fails; otherwise, it is operational. Then calculate
the lost call traffic for this state and repeating this procedure K times and

averaging the results. We will call this method as method 2.

This approach is useful when the network size is large and when the

network has low link availability thereby, allowing many links to fail



39

simultaneously. By taking K large enough, a good estimation for lost call
traffic is obtained. Table (3-3) shows such results using this method by

taking K=1000. The results show good agreement with Table (3-2).

Table (3-3) Lost Call Traffic for Fig (3-2) (method 2).
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CHAPTER1V

Results and Conclusions

4.1 Introduction

In this chapter we will evaluate the reliability measure based on lost
call traffic under condition of random failure and overload. A real network
that has two levels of switching will be considered for this evaluation. As a
first example let us find the lost call traffic for a network that has N=10

nodes representing a higher level network as shown in Fig. (4-1).

Fig (4-1). Higher Level Network with 10 nodes.

The number of links in this network is 45. So the connection matrix
T will be a unity matrix with zero for diagonal elements.

The offered traffic to this network is generated from the traffic that
comes from the lower level networks, so the summation of the traffic in the

links that connect any higher node with lower nodes is equal to the
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summation of the traffic of links that connect the same higher node with
other higher nodes. The over all traffic, H on the higher network (if there is

no overload) can be calculated as:

v d
H=)> -1
j=1 2
Where:
N: Number of nodes in the higher network.

d;: Summation of the Traffic that comes from the links that connect the

lower nodes to the higher node, j.
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Assume that capacities of the links for the network is as shown in the

following capacity matrix:
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45 0 25 85 45 69 58 78 41 35
59 25 0 26 58 49 87 68 23 14
47 85 26 0 59 48 78 69 85 74
58 45 58 59 0 63 52 48 75 48
64 69 49 48 63 0 68 47 59 47
74 58 87 78 52 68 0 78 88 64
54 78 68 69 48 47 78 0 66 45
36 41 23 85 75 59 88 66 0 55
64 35 14 74 48 47 64 45 55 0

We will assume the offered traffic to be a percent of the link capacity
and allow no more than two links to fail at a time. When a failure occurs,
the traffic of any failed link will be carried over a two-link path depending
on the routing discipline  selected. The following routing methods will be
tested.:

1) Traffic will be carried over the two-link path that has the maximum
capacity with respect to their traffic. The program subtracts the offered
traffic from the link capacity for the links that can route the traffic for its
destination, and the results for the two links are added together. The
node k to be selected for the two-link route will be the one satisfied by

the following expression:

Maxy {(cix-ai)+(cx-ax)} | K#i#]

Where c;. is the capacity of link (i,k) connected between nodes i and k and

aiy 15 the offered traffic for link (i,k).
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2) The traffic will be carried over the two-link path that have the maximum
availability and have enough capacity. Thus node k is selected such that the

following is satisfied:

Maxy {(A;tAg)/2} k=i=j
Where Ay is availability of link (i,k).

3) The traffic is carried over any unaffected two-link path selected
randomly. We assume the link availability A for the network of Fig (4-1)

as,

0 099 098 097 095 096 097 099 099 099
099 0 098 098 097 097 098 096 099 098
098 098 0 097 097 097 098 098 098 0.99
097 098 097 0 099 099 099 099 098 099
095 097 097 099 0 098 098 098 099 098
096 097 097 099 098 0 099 099 099 099
097 098 098 099 098 099 0 099 099 0.99
099 096 098 099 098 099 099 0 099 099
099 099 098 098 099 099 099 099 0 099
1099 098 099 099 098 099 099 099 099 O

Using equation (2-6) to calculate lost call traffic for all network states that
allow no failure, single failure, and two failures at a time, then weighting
the results by the state occurrence probabilities, we obtain the results

shown in Table (4-1) for the three routing methods.
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Fig. (4-2). Weighted Lost Call Traffic for Fig. (4-1)
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Fig (4-2) represents the weighted lost call traffic in case of failure for
the higher network. Normally, the network examﬁle considered would have
lower level networks connected with it. The average lost call traffic for the
overall network (higher and lower) can be calculated by adding the
weighted lost call traffic in the lower networks to that of the higher

network.

Our next network example is to study the Jordan telephone network
as a practical case for a two-level network. We proceed to evaluate the lost
call traffic following the same steps that have been mentioned in chapter
IIT. The program is written by matlab progfamming language because of its
ready build-in functions and speed.

Now we will give a description of the Jordan telephone network
which would be our model to calculate lost call traffic under the condition

of random failure.

4.2 Jordan Telephone Network
Jordan switching centers are categorized into four geographical
fegions:
1-24 switches in Amman.
2- 8 switches in the north region.
3- 10 switches in the center region.

4- 9 switches in the south region.

S
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There are 51 switching centers in the Jordan telephone network
which are French made E10B or OCB238, Japanese made F-100 or

F150 and German made EWSD or SDE.
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Fig. (4-3). Jordan Area Telephone Network.
Fig. (4-3) represents the Jordan telephone network, The clouds represent

the lower networks and the large nodes NSC1 and NSC2 represent the

higher switching centers. Every node in the lower networks is connected to
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the higher centers NSC1 and NSC2 (national centers) and to the centers in

the same networks (local centers).

The links’ capacities and the offered traffic in Exlangs were taken

from the Jordan Telecommunication Company measurements at the busy

hour on the first Sunday of July.2000.

Amman Area Network

1)

In Amman there are 22 centers which are almost connected with each other

and with the national centers NSC1 and NSC2. The connection matrix for

the Amman area network is given by Matrix T:
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Table (4-2) and Table (4-3) show the direct offered load and links’

capacities in Amman area network.
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2) Zarqa Area Network

Fig. (4-4), shows Zarqa area network, which is a mesh shaped network.

Each node is connected to every other node in the network and to NSC1

NSC1

RUSSIEFA ZAROQA CEN

The offered traffic for this network and the capacities of its links are shown

in Tables (4-4) and (4-5).
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2) Zarga Area Network

Fig. (4-4), shows Zarqa area network, which is a mesh shaped network.

Each node is connected to every other node in the network and to NSC1

RUSSTEFA ZARQA CEN

Fig. (4-4). Zarqa Area Telephone Network.

The offered traffic for this network and the capacities of its links are shown

in Tables (4-4) and (4-5).
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3) Irbid Area Network

INSC2 NSCL

NORTH IRBID ATDON
DAIR ASATD IREID CEN

Fig (4-5). Irbid Area Telephone Network. rks.

Table (4-6) Irbid Area Telephone Network Offered Traffic.

Table (4-7) Irbid Area Telephone Network Links’ Capacities.
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4) Ma’an Area Network
NSC2 NSC1
WADI MUSA SHOUBAK
TAYEBA MA'ATN

Fig (4-6). Ma’an Area Telephone network. -

26.1

40.3 34

60.3 11.5 50.9

15.2 14.3 10.5 74.80
32.3 30.1 25.3 65.50

8) Ma'an Area Telephone Network Offered Traffic in Erlangs.

Table (4-9) Ma’an Area Telephone Network Links’Capacities.

hts Reserved - Library of University of Jordan - Center of Th
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5) Karak Area Network

N8C2 - NSC1

KARAK] KARAKZ2

MIT'AB

'Fig. (4-7). Karak Area Telephone Network.

164.1 604

Table ( 10) Karak Area Telephone Network Offered
Traffic in Erlangs. '

210

150 - 181

90 60 60
240 123 61

Table (4-11) Karak Area Telephone Network Links’ Capacities.
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6) Salt Area Telephone Network

NS(2- NSC1

SALT2 SALTY

Fig. (4-8). Salt Area Telephone Network.

Table (4-12) Salt Area Telephone Network
Offered Traffic in Erlang

Table (4-13) Salt Area Telephone Network Links* Capacities.

7) Madaba Area Telephone Network

NSC2 NiCI

MADARA MADABAL

Fig (4-9). Madaha Area Telephone Network,
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Table (4-14) Madaba Area Telephone Network
Offered Traffic in Erlangs.

Table (4-15) Madaba Area Telephone Network Links’ Capacities.

8) Jarash Area Telephone Network

NSC2 NSC1

JARASH2 JARASH]

Fig. (4-10). Jarash Area Telephone Network,

JARASH1
108.3 JARASH2
254 30.3
75.8 60.9

Table (4-16) Jarash Area Telephone Network
Offered Traffic in Erlangs.

JARASHI

150 JARASH2
60 60
123 123

Table (4-17) Jarash Area Telephone Network Links’ Capacities.

- Library of University of Jordan -

All Rights Reserved
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9) Aqaba Area Telephone Network

NS N8C1

AQAB2 AQRAL

Fig. (4-11). Aqaba Area Telephone Network.

Table (4-18) Aqaba Area Telephone Network
Offered Traffic in Erlangs.

Table (4-19) Agaba Area Telephone Network Links’ Capacities.

10) Ajloun Center

NSC2 NSCl

AJLOTUN

Fig. (4-12). Ajloun Center.

Table (4-20) Ajloun Links’ Table (4-21) Ajloun Offered
Capacities. Traffic. '
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11) Mafraq Center

NSC2 NSC1

MAFRAQ
Fig. (4-13). Mafraq Center.

Table (4-22) Mafraq Offered Traffic. Table (4-23) Mafraq Links’
Capacities.

4.3 LCT Results for the Jordan Network

In the Jordan telephone network there is only one possible
alternative route in the higher network to carry the traffic over a two-link
path wheﬁ there is only one failure. The traffic of the failed link will be
distributed in proportion to the number of ﬁodes in the lower networks.
When there are two féilures at a time, there are states in the higher network
where the offered traffic to the failed links will be lost due to the ébsence of
an alternative rout and these states are:
1-The two links that connect any lower node with NSC1 and NSC2 are

failed.

2-Any link that connects any lower node with a higher node, and the link

that completes its alternative route are failed.

- Center of Th
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Since the availability of the links is unknown, we will make our
calculations when the network is homogenous and have equal high link
availability, around 0.99 and when the link availability is less than 0.95.
The inputs to our program are number of nodes in the higher network,
number of nodes in the lower level for each lower network, offered traffic
matrix for lower networks and link capacity matrix for lower networks. The
offered traffic matrix in the higher network is unknown, hence we assumed
that the traffic in each link in the higher network is distributed in proportion
to the number of nodes in the lower networks as mentioned in chapter II1.
The same assumption is made for the Jordan telephone Network when there
are failures to rout the traffic. Fig. (4-14) shows a flowchart to calculate the
expected lost call traffic using method 1for a network, which have two
levels of switching when there are no failure, single failure and two failures
occurring at a time.

The Occurrence probabilities of the states when there is no failure,
single failure and two failures using the Li method (method 1) (1984) is
shown in Table (4-24) for. two cases of links availability 0.995 and 0.94.
When method 2 for random simulation of states is considered, and k
replication are used, Table (4-25) shown the occurrence probabilities of
these sates among all k=1000 simulated states which admit nd failure, one

failure and two failures at a time, and this respective summation.

5
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Comparing Table (4-24) and (4-25) shows that both methods are in

agreement for networks of high link availability.

- Inputs: 1- Number of Nodes in Higher network (N).
2~ Number of Nodes in Lower Networks.

h
Set: Y=0
7=
Inputs: Offered Traffic and Link Capacities Matrices for Lower Network.
No Yes “—
l | 7
E’
Inputs: 1- Links Capacities Matrix for Use Equation (2-6 =
Higher Network. ot (2-6) 5
Higher Network. 7741 -
5
v J
Calculate: :
Offered Traffic for higher network. §
: j
Use Equation (2-6). nd
Calculate: BN. E
Use Routings. _
Calculate: BL,BLL.

Fig (4-14). Flowchart for Program to Find BN, BL.
@ and BLL for a Two Levels Network.
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In these tables, columns Py, and Py, represent the summation of state
occurrence probabilities for single and two failures. We see from Tables 4-
24) and (4-25) that the summation of state occurrence probabilities when
there are no failure, single failure and two failure is greater than 0.93 for all
networks. So our approximation of taking no failure, single failure and two
failures is sufficient when the link availability is 0.995. When the Tinks
availability is 0.94, method 1 for Amman area telephone network and for
the national network will inaccurate and that we have to consider more than
two links to fail at a time to achieve the most probable states that will
occur,

Table (4-26) represents the results of weighted lost call trafﬁc,
WLCT, for the Jordan telephone network using method 1. When simulation
method 2 was used, the results for lost call traffic are as shown in Table (4-
27). Both tables present the results for the Jordan telephone network when

routing is used.
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Availability=0.995 49.2 408.5 445.9 83.2

WLCT: weighted LCT

Table (4-26) Average Lost Call Traffic for Jordan Telephone Network
(Method 1)

Link availability: 0.995
K=1000

Table (4-27) Average Lost Call Traffic for Jordan Telephone
Network (Method 2).
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Now if we assume that there is no routing in the higher network for

the Jordan telephone network, the results using the two methods are shown

in Tables (4-28) and (4-29).

38.84 70.90 1532 | 6647
1.6E-09 31.50 | 63.00 2.27
1.4E-08 54.00 0.27
3.6E-36 28.80 | | 0.14
1.4E-20 37.20 74.40 1.11
6.9E-44 50.30 el

L
1.7E-25 36.10
7.7E-21 32.10
1.1E-58 57.10
10.39 82.20
_ 49.2 480.2 579.1 112.9
Link availability: 0.995 .
Table (4-28) Average Lost Call Traffic for Jordan Telephone
Network (Method 1).

- Center of Th

All Rights Reserved - Library of University of Jordan

Availability=0.995
K=1000

Table (4-29) Average Lost Call Traffic for Jordan Telephone Network
(Method 2).
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If the links availability is 0.94 then method 1 requires that states with
more than two links failing at a time. However, method 2 can be used
which have no restriction on the number of failures in any simulated states.
The results of using method 2, with no routing, is shown in Table (4-30) for

k=1000 replications.

Availability: 0.94
Table (4-30) Average Lost Call Traffic for Jordan Telephone
Network (Method 2). '

We can see from Table (4-26) and table (4-27) the maximum lost
call traffic happens in Amman telephone network because its links have a

high offered traffic with respect to their capacity and especially Tla’a Alali

hts Resarved - Library of University of

center links. Because Tla’a Alali is a commercial and business area and

most internet service provider companies lie their.

All Ri
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4.4 Conclusions

This thesis have discussed the idea of lost call traffic as a reliability
measure for circuit switched networks which have two level-s of switching,
subject to random failure and using different routing techniques in case of
failure and overload. The lost call traffic parameter was evaluated as a
statistical average by weighting the lost call traffic values of network states
by their respective state occurrence probabilities.

Results show that as the network size is increased or the links _
availability aren’t high enough, we will have to consider more than two
links to fail at a time, and this leads to large number of states to be
considered. As an alternative method which could be used when links
availability aren’t known, we can consider randomly failing simulated
states and calculate the lost call traffic for each state, then average the
results. This method has been tested and has given good estimation of the
lost call traffic without having to enumerate specific states.

This work has shown that lost call traffic related reliability under
conditions of random failure can be numerically evaluated, and that its
values depend on a number of issues, such- the capacity of the network -
links and their avé.ilability, in addition to the routing disciplines to be
invoked whenever failure or traffic overload are detected. This approach is
suitable when considering largé networks for which more accurate methods

can’t be app]lied. Noting that operating conditions of networks could be

552120
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complex and in particular the issue of routing. The present method was
successful even for the most complicated routing discipline.
For future work we suggest to develép thié method to be suitable for
another hierarchical networks such as:
e A local area network (LAN). Connect workstations in an office or

building.

o The internet (packet switched network).

hts Reserved - Library of University of Jord

All Ri
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Appendix

%**********************$*******$********************ﬂ%*****
%*  Lost Call Traffic in a Circuit Switching Network which has

%

%*  Two Levels of Switching using Different Routing Approacheq
/***********’k*******ﬂ*****#4*************%*****************

- N=input ('Enter the nurber of higher level switches "%

xxx=[];

for i=1:N
n(1,i)=input ('Enter the number of lower level switches ');
end

for i=1:N

for j=i+1:N
xx(1,j)=n(1,i)+n(1,j);
end

end
XXXx=sum(xx,2);
pp=[l;

cp=(];

BN=[];
BL=[];
BLL=(];

- BLLL=[];

for s=1:N+1
a=[];

a6=(];

c6=[1;

o=[];

c2=[];

if s==N+1
NN=N;

else
NN=n(1,5)+1;
end

for j=1:NN

if j~=NN

for k=j+1:NN
if s~=N-1

if s~=N

e

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit
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a(j,k)=input ("The direct offered traffic from i toj =");
else

if j~=1

a(j,k)=input (‘'The direct offered traffic from i toj =');
c(j,k)=input ('Link Capacity from i to j =");
else

a(j,k)=0;

¢(j,k)=0;

end

end

end

if s~=N

c(j,k)=input ('Link Capacity from i to j =");
¢6(j,k)=c(j,k);

c6(k,j)=c6(j,k);

end

if s=N+1

A(j,k)=input (‘'The availability from i to j=);
Akj)=A(k);

end

if s~=N+1

if j==

' pp(s,k-l)=a(j,k);

ep(s,k-1)=c(j,1);

end

end

end

end

end

if s~=N+1

cl=c;

al=a;

for k=j+1:NN
a(j-1,k-1)=al(j,k);
c(j-1,k-1)=c1(.k);
end

end

end

NN=n(1,s);
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else

for j=1:N

for k=1:max(n)

if j~=N

a(j,NN+k)=pp(j,k);

end

c(j,NN+k)=cp(j,k);

end

end

ss=[[;

sss={];

ss=sum(a,2);

offered=0;

for j=1:NN-1

for k=j+1:NN
a(j,k)=ss(j,1y*(n(1,j)+n(1,k))/xxx(j,1);
if k~=NN
ss(k,1)=ss(k,1)-a(j,k);

else

offered=offered+a(j,k);

end

a6(j,k)y=a(j,k);

ab(k,j)=a(j.k);

end

end

disp ("The offerd of the first');
n(l,s-1)

disp('Links must be equal to");
for kI=N+1:N+n(1,s-1)
a(N,kD=input ("The direct offered traffic from i toj =);
c(N,kD=input ('Link capacity from i to j =');
c6(N,kIy=c(N kl);
c6(kl,N)=c6(N,kD);

end

ss(N,1)=offered;
NN=length(a);

—end

SSS=S8;

if s==N+1

z1=N;

for j=1:zl

for k=j+1:N

if a(j.k)/c(j,k)>1

All Ri



as=[];
for j1=1:N
if j1~=j
if j1~=k _
as(1,j1)=c6(j,j1)+c6(j1,k)-a6(j,j1)-a6(1,k);
end

end

end

p=max(as);

for i1=1:length(as)

ifas(1,il)==p

jl1=il;

end

end

if j1>

a(]’.] 1 )=a(j,j 1 )+a(j,k)-c(j ak);
a6(j,j1)=a(j,j1);

a6(j1,j)=a6(j,j1);

else

a(j1,j)=a(j1,j)+a(,k)-c(.k);
a6(j1,j)y=a(i1,j);

a6(j,j1)=a6(j1,j);

end

ifk>jl

a(i 1 sk)=a(j 1,k)+a(j,k)-c(j,k);
a6(jl,k)y=a(j1,k);

a6(k,j1)=a6(j1,k);

else

a(k,j1)=a(k,j1)ta(j,k)-c(j,k);
ab(k,jl)=a(k,j1);

a6(j1,k)=a6(k,j1);

end

a(j,k)=c(j,k);

a6(j.k)=a(j,k);

ab(k.j)=a(j,k);

end

end

end

else

zl=n(1,s)-1;

end

al=[];

cl=[];




73

al=a;
c2=c;
B4=[];
BF=[];
zf=0;
% Calculate the LCT when there is no failure and the Expected LCT
when there is single failure
for j=1:5
for f£=1:2
if ff==1
for j=1:z1
for k=j+1:NN
if al(j,k)~=0
if s~=N+1
a(j,k)=al(j,k); % Offered Traffic is lost in lower networks in case of
failure
c(j,k)=0;
else
if jj== % Case (1-A)
if k<=N
a2=[};
foril=1:N
for jI=i1+1:N
a2(il,jl)=c2(il,j1)-al(il,j1);
a2(jl,ily=a2(il j1);
end
end
as=];
for j1=1:N
if j1~=
ifjl~=
as(1,j1)=a2(j,j1)+a2(j1,k);
end
end
end
p=max(as);
for 11=1:length(as)
ifas(l,il)y==p
jl=il;
end
end
if j1>j
a(j,j1)=al (,j1)+al(j,k);
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else

a(j1,j)=al(j1,j)+al(k);

end

if k>jl
a(j1,k)=al(jl,k)+al(j,k);
else
a(k,j=al(k,jl)tal(jk);

end

a(j,k)=0;

else

ss=[];
ss(1,1)=sss(1,1)-a(j,k);

if j>1

for k22=1:j-1
a(k22,j)=ss(k22,1)*(n(1,k22)n(1,j))/xxx(k22,1);
ss(k22+1,1)=ss(k22,1)-a(k22,);
end

end

for j1=1:N

if jl=

for k1=j1+1:N

if jl==j
a(j1,k1)=ss(j1,1)*(n(1,j1 +n(1,k1))yxxx(,1);
end

end

end

end

a(j,k)=al(j,k);

c(j,k)=0;

end

elseif jj== % Case (2-A)
if k<=N

a2=[];

foril=1:N

for jl=il-+1:N
a2(il,j1)=c2(il,j1)-al(il,j1);
a2(j1,i1)=a2(il j1);

end

end

as=(];

for jI1=1:N

if jl~=j

ifjl~=k
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as(1,jl)y=a2(j,j)+ta2(1,k);
end

end

end

p=max(as);

for i1=1:length(as)
ifas(L,il)==p

jl=il;

end

end

if j1>]
a(j.jl)=al(j,j1)+al(,k);
else
a(jlj)=al(jlj)tal(,k);
end

if k>jl
a(jl,k)=al(jl,k)ytal(j,k);
else
a(k,jl)=al(k,jl)tal(j.k);
end

a(j,k)=0;

end

elseif jj==3 % Case (2-B)
if k<=N

ks=0;

while ks==0
jl=ceil(N.*rand(1));

if jl~=j

if jl~=k

ks=1;

end

end

end

if j1>j
a(j,j1)=al(j,j1)+al (,k);
else
a(j1,j)=al(l,j)+al(.k);
end

if k>j1
a(jl,k)=al(jl,k)y+al(j.k);
else
a(k,jl=al(k,j1)+al(j,k);

end
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a(j,k)=0;

end

elseif jj==4 % Case (1-B)
if k<=N

ks=0;

while ks==
jl=ceil(N.*rand(1));

if jl~=j

if jl~=k

ks=1;

end

end

end

ifj1>j
a(),j1)=al(j,j+al(,k);
else
a(j1,j)=al(jl,j)+al(j.k);
end

ifk>j1

a(jl,k)=al(jl ky+al(,k);
else
a(k,jD=al(k,jl)+al(,k);
end

a(j,k)=0;

else

ss=[];
ss(1,1)=sss(1,1)-a(j,k);
if j>1

for k22=1:j-1
a(k22,j)=ss(k22,1)*(n(1,k22)+n(1,j))/xxx(k22,1);
ss(k22+1,1)=ss(k22,1)-a(k22,j);
end

end

for j1=1:N

if j1~=N

for k1=j1+1:N

if j1==j
a(j1,k1)=ss(j1,1)*(n(1,jD+n(1.k1))/xxx(,1);
end

end

end

end

a(j,k)=al(j,k);




c(jJ,k)=0;
end

else

if k<=N
as=(];
ps=[J;
for jI=1:N
if jl1~=j
ifjl~=k
as(1,j1)=AG, jD+AGLk);
ps(1,j1)=c6(j,j1)+c6(j1,k)-a6(j,j1)-a6(j1,k);
end

end

end

kk=0;

df=0;

while kk==0

p=max(as);

for i1=1:length(as)

if as(1,il)==p

if df==inf

j3=il;

kk=1;

end

if ps (1,i1)>0

j3=il;

kk=1;

end

end

end

as(1,i1)=0;

df=df+1;

end

i1=i3;

if j1>j
a(j,j1)=al(jy1)+al(j.k);
else
a(j1,j)=al(jl,j)+al(j.k);
end

if k>jt
a(jl,ky=al(jl,k)+al(j,k);
else
a(k,j1y=al(k,jl)+al(j,k);
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end

a(j,k)=0;

else % Case (1-C)

ss=[];

ss(1,1)=sss(1,1)-a(,k);

if j>1

for k22=1j-1
a(k22,j)=ss(k22,1)*(n(1,k22)+n(1,j))/xxx(k22,1);
ss(k22+1,1)=ss(k22,1)-a(k22,j);
end

end

for jI=1:N

ifjl~=N

for k1=j1+1:N

if j1==j
a(j1,k1)=ss(j1,1)*(n(L,j1 n(1,k1))/xxx(j,1);
end

end

a(j,k)=al(j,k);

¢(j,k)=0;

end

end

end

end

end

a3=a;

cd=c;

B=(];

B1=(];

B2=[];

B3=[];

w=0;

while w==

if zf==0

a=al;

c=c2;

w=0);

else

a=a3;

c=c4,

end

% Using Erlang B formula to Calculate the lost call traffic when there is
no failure and the expected LCT when there is single failure
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for x=1:21;

for y=x+1:NN;
m2(x,y)=1;

if e(x,y)~=0
cl=l:c(x,y);

if e(x,y)>100

D= ((a(x,y)~(c(x,y)/5))((prod(c1(1:ceil(c(x,y)/5)))));
D1=D*((a(x,y).*(c(x,y}/5))/((prod(c1{ceil((c(x,y)/5)+1):ceil(c(x,y)*2/5)))
)3

D2=D1*((a(x,y)."(c(x,y)/5))/((prod(c1 (ceil((c(x,y)*2/5)+1):ceil(c(x,y)*3/
SN

D3=D2*((a(x,y).(c(x,y)/5))/((prod(c1(ceil((c(x,y)*3/5)+1):ceil (c(x,y)*4/
S

d(x,y)=D3*((a(x,y).Ne(x,y)/S)/(prod(cl(ceil((c(x,y y*4/5)+1):c(x.y))))))
for ks=1:c(x,y)

k1=1:ks;

if ks>100

M=((a(x,y). (ks/5))/(prod(k1(1:ceil(ks/5)))));

M1=M*((a(x,y). (ks/5))/(prod(k1(ceil((ks/5)+1)):ceil(ks*2/5));
M2=M1*((a(x,y). (ks/5))/(prod(k1(ceil((ks*2/5)+1)):ceil((ks*3)/5))));
M3=M2*((a(x,y). (ks/5))/(prod(k1(ceil((ks*3)/5)+1):ceil((ks*4)/5)))));
m(X,y =M3*((a(x,y). (ks/5))/(prod(k1(ceil(((ks*4)/5)+1):ks))));
m2(x,y)=m2(x,ym(x,y);

else

m(x,y)=(a(x,y)."ks)/prod(k1);

m2(x,y)=m2(x,y rm(x,y);

end

end

else

d(x,y)=(a(x,y) c(x,y))/prod(c1);

for ks=1:¢(x,y)

k1=1:ks;

m(x,y)= (a(x,y)" ks)/prod(k1);

m2(x,y)=m2(x,yytm(x,y);

end

end

else

d(x,y)=1;

m2(x,y)=1;

end

B(x,y)=d(x,y)/m2(x,y);

B1(x,y)=a(x,y)*B(x,y);
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end

end
B2=sum(B1);
B3=sum(B2)/2;
B4(j,k)=B3;
B4(k,=B4(},k);
a=al;

c=c2;

if zf==1
BF=B4;

w=1;

else
B5=sum(B4),
B6=sum(B5);
BN(jj,s)=B6
zf=1;

end

end

end

end

end
B5=sum(BF);
B6=sum(B5),

if s==N+1
L(1,8)=(((N)*2)-(N))/2+sum(n);
else
L(1L,8)=(((NN)"2)-(NN))/2;
end
BL(jj,s)=B6/L(1,s)
else

B23=(];

nl=0;

a=al;

i1=1;

j2=2;




end

end

end

if j3~=j2

if j3~=il

if j3~=q

if j3~=k2

if ql~=q

if ql~=k2

if ql~=il

if ql~=j2

if N<=5
as(1,j3)=a2(i1,j3)+a2(j3,j2);
ps(1,q1)=a2(k2,q1)+a2(ql,q);
end

if q1~=j3
as(1,j3)=a2(il,)3)+a2(j3,j2);
ps(1,q1)=a2(k2,q1 +a2(q1,q);
end

end

end

end

end

end

end

end

end

end

end

p=max(as);

for i2=1:length(as)
if as(1,i2)==p
j3=i2;

end

end

p=max(ps);

for i2=1:length(ps)
if ps(1,i2)==p
ql=i2;

end

end

y3=y3+1;

if j3>il
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hl=il;

h2=}3;

else

h1=j3;

h2=il;

end

if j3>j2

h3=j3;

h4=j2;

else

h3=j2;

h4=j3;

end

if q1>k2

-~ h5=k2;

h6=ql;

else

h5=q;

h6=k2;

end

if g>ql

h7=ql;

h8=q;

else

h7=q;

h8=ql;

end

if j3==q1

ifil==
a(hl,h2)=al(hl,h2)+al(il,j2)+al(k2,q);
a(h5,h6)=al(h5,h6)tal(k2,q)+al(il,j2);
a(h3,h4)=al(h3,h4)+al(il,j2);
a(h7,h8)=al(h7,h8)+al(k2,q);
- a(il,j2)=0;

a(k2,q)=0;

elseif j2==¢q
a(hl,h2)=al(hl,h2)t+al(il,j2);
a(h5,h6)=al(h5,h6)+al(k2,q);
a(h3,h4)=al(h3,hd)+al(il,j2)+al(k2,q);
a(h7,h8)=al(h7,h8)+al(k2,q)+al(il,j2);
a(il,j2)=0;

a(k2,q)=0;

elseif j2==
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a(hl,h2)=al(hl,h2)+al(il,j2);
a(h5,h6)=al (h5,h6)+al(k2,q)tal(il,j2);
a(h3,hd)=al(h3,hd)+al(il,j2)+al(k2,q);
a(h7,h8)=al(h7,h8)+al(k2,q);
a(il,j2)=0;

a(k2,q)=0;

else

a(hl,h2)=al(hl,h2)+al(il,j2);
a(hS5,h6)=al(h5,hé)tal(k2,q);
a(h3,h4)=al(h3,hd)+al(il,j2);
a(h7,h8)=al(h7,h8)+al(k2,q);
a(il,j2)=0;

a(k2,q)=0;

end

else

a(hl,h2)=al(hl,h2)+al(il,j2);
a(h5,h6)=al(h5,h6)+al (k2,q);
a(h3,h4)=al(h3,h4)+al(il,j2);
a(h7,h8)=al(h7,h8)+al(k2,q);
a(il,j2)=0;

a(k2,q)=0;

end

else

ss=[];

ss(1,1)=sss(1,1)-a(k2,q);

if k2>1

for k22=1:k2-1

a(k22 k2)=ss(k22,1y*(n(1,k22)+n(1,j))/xxx(k22,1);
ss(k22+1,1)=ss(k22,1)-a(k22,k2);

end

end

for j11=1:N

ifjl1~=N

forkl1=j11+1:N

if jl11==k2
a(j11,k11)=ss(G11,1)*(n(1,j11)+n(1,k11)Y/xxx(k2,1);
end

end

end

end

fori11=1:N




forjl1=i11+1:N
a2(ill1,j11)y=c2(i11,j11)-al (i11,j11);
a2(j11,i11)=a2(i11,j11);
end
end
as=[];
for j3=1:N
if N==4
if (i1+j2+k2+q)==10
if j2==2
as(1,3)=a2(il,3)+a2(3,j2);
else
as(1,2)=a2(il1,2)+a2(2,j2);
end
end
end
if j3~=il
if j3~=j2
if j3~=k2
if j3~=q
as(1,j3)=a2(il,j3)+a2(j3,j2);
end

- end
end
end
end
p=max(as);
for i11=1:length(as)
ifas(1,il11)==p
j3=ill;
end
end
if j3>i1
a(il,j3)=a5(il,j3)+a5(i1,j2);
else
a(j3,i1)=a5(j3,i1)+as5(il j2);
end
ifj2>j3
a(j3,;2)=a5(j3,j2)+a5(il,j2);
else
a(j2,j3)=a5(j2,j3)+a5(i1,j2);
end
a(il,)2)=0;




a(k2,q)=al(k2,q);

c(k2,q)=0;

y3=y3+1;

end

elseif q<=N

ss=(];

ss(1,1)=sss(1,1)-a(il,j2);

ifil>1

for k22=1:i1-1
a(k22,i1)=ss(k22,1)*(n(1,k22)+tn(1,j))/xxx(k22,1);
ss(k22+1,1)=ss(k22,1)-a(k22,i1); :
end

end

for j11=1:N

ifj11~=N

for k11=j11+1:N

ifjl11==i1
a(j1Lk11)=ss(G11,1)*(n(1,j11)*+n(1,k11))yxxx(il,1);
end

end

end

end

ad=a;

a2=[];

foril1=1:N

for jl11=i11+1:N
a2(il1,j11)=c2(i11,j11)-al(il1,j11);
a2(j11,i11)=a2(il1,j11);

end

end

as=[];

for j3=1:N

if N==4

if (i1+j2+k2+q)==10

if j2==2

as(1,2)=a2(k2,2)+a2(2,q);

else

if j2==
as(1,2)=a2(k2,2)+a2(2,q);
else '
as(1,4)=a2(k2,4)+a2(4,q);
end




end
end

end

if j3~=il

if j3~=j2

if j3~=k2

if j3~=q
as(1,j3)=a2(k2,j3)+a2(j3,q);
end

end

end

end

end

p=max(as);

for il11=1:length(as)
ifas(1,il1)==p

j3=ill;

end

end

if j3>k2
a(k2,j3)=a5(k2,j3)+a5(k2,q);
else
a(j3,k2)=a5(j3,k2)+a5(k2,q);
end

if g>j3
a(j3,9)=a5(j3,q)+a5(k2,q);
else
a(q,j3)=a5(q,j3)+a5(k2,q);
end

a(k2,q)=0;
a(il,j2)=al(il,j2);
c(il,j2)=0;

y3=y3+1;

else

ss=[];

ss1=[];

if 11==k2
ss(1,1)=sss(1,1)-a(k2,q)-a(il,j2);
ssl=ss;

else
ss(1,1)=sss(1,1)-a(il,j2);
ss1(1,1)=sss(1,1)-a(k2,q);
end
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if k2>1

for k22=1:k2-1 |
a(k22,k2)=ss1(k22,1Y*(n(1,k22)+n(1,j))/xxx(k22,1);
ssl(k22+1,1)=ss1(k22,1)-a(k22,k2);

end

end

ifil>1

for k22=1:il-1
a(k22,il)=ss(k22,1)*(n(1,k22)+n(1,j))/xxx(k22,1);
ss(k22+1,1)=ss(k22,1)-a(k22,i1);

end

end

for j11=1:N

ifjl1~=N

for kl11=j11+1:N

if j11==k2

a(j1Lk11)=ss1(11,1)*(n(1,j1 )+n(1,k11))yxxx(k2,1);
end

end

end

end

for j11=1:N

ifj11~=N

for k11=j11+1:N

ifjl1==i1
a(j11,k11)=ss(j11,1)*(n(1,j11)+n(1,k11))/xxx(il,1);
end

end

end

end

a(il,j2)=al(il,j2);
a(k2,q)=al(k2,q);
c(il,j2)=0;
c(k2,q)=0;
y3=y3+1;

end

end

elseif jj==2

if s~=N+1
a(il,j2y=al(il,j2);
a(k2,9)=al(k2,9);
c(il,j2)=0;
c(k2,q)=0;




y3=y3+1;

- else

if j2<=N

if g<=N

a2=(];

fori2=1:N

for j4=i2-+1:N
a2(i2,j4)=c2(i2,j4)-al(i2,j4);
a2(j4,i2)=a2(i2,j4);

end

end

as=[];

ps={];

for j3=1:N

for q1=1:N

if N==4

if (114j2+k2+q)==10

if j2==
as(1,3)=a2(il,3)+a2(3,j2);
ps(1,2)=a2(k2,2)+a2(2,q);
else
as(1,2)=a2(il,2)+a2(2,j2);
if j2== '
ps(1,2)=a2(k2,2)+a2(2,q);
else
ps(1,4)=a2(k2,4)+a2(4,q);
end

end

end

end

if j3~=j2

if j3~=il

if j3~=q

if j3~=k2

if ql~=q

if ql~=k2

if ql~=i1

if ql~=j2

if N<=5
as(1,j3)=a2(il,j3)+a2(j3,j2);
ps(1,q1)=a2(k2,q1)+a2(ql,q);
end

if g1~=j3




as(1,j3)=a2(il,j3)+a2(j3,j2);
ps(1,q1)=a2(k2,q1)+a2(ql,q);
end

end

end

end

end

end

end

end

end

end

end
p=max(as);
for i2=1:length(as)
if as(1,i2)==p
j3=i2;

end

end
p=max(ps);
for i2=1:length(ps)
if ps(L,i2y==p
ql=i2;

end

end
y3=y3+1;

if j3>il
hl=il;

h2=j3;

else

h1=3;

h2=i1;

end

if j3>52
h3=j3;

h4=j2;

else

h3=j2;

h4=j3;

end

if q1>k2
h5=k2;
h6=q1;




else

h5=q;

h6=k2;

end

if g>ql

h7=ql;

h8=q;

else

h7=q;

h8=ql;

end

if j3==q1

ifil==
a(hl,h2)=al(hl,h2)+al(il,j2)+al(k2,q);
a(hS5,h6)=al (hS h6)+al(k2,q)+al(il,j2);
a(h3,hd)=al(h3,hd)+al(il,j2);
a(h7,h8)=al(h7,h8)+al(k2,q);
a(il,j2)=0;

a(k2,q)=0;

elseif j2==q

a(hl,h2)=al(hl,h2)+al(il j2),
a(h5,h6)=al(h5,h6)+al(k2,q);
a(h3,h4)=al(h3,hd)+al(il,j2)+al(k2,q);
a(h7,h8)=al(h7,h8)+al(k2,q)+al(il,j2);
a(il,j2)=0,

a(k2,9)=0;

elseif j2==
a(hl,h2)=al(hl,h2)+al(il,j2);
a(h5,h6)=al(h5,h6)+al(k2,q)+al(il,j2);
a(h3,hd)=al(h3,hd)+al(il,j2)+alk2,q);
a(h7,h8)=al(h7,h8)+al(k2,q);
a(il,j2)=0;

a(k2,q)=0;

else

athl,h2)=al(hl,h2)+al(il j2);
a(h5,h6)=al(h5,h6)+al(k2,q);
a(h3,h4)=al(h3,bd)+al(il,j2);
a(h7,h8)=al(h7,h8)+al(k2,q);
a(il,j2)=0;

a(k2,q)=0;

end

else
a(hl,h2)=al(hl,h2)+al(il,j2);
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a(h5,h6)=al(hS,h6)+al(k2,q);
a(h3,h4)=al(h3,h4)+al(il,j2);
a(h7,h8)=al(h7,h8)+al(k2,q);
a(il,j2)=0;

a(k2,q)=0;

end

end

end

end

elseif jj==3

if s~=N+1
a(il,j2)=al(il,j2);
a(k2,q)=al(k2,q);
c(i1,j2)=0;

c(k2,q)=0;

y3=y3+1;

else

if j2<=N

if g<=N

ks=0;

while ks==
J3=ceil(N.*rand(1));
ql=ceil(N.*rand(1));

if N==4

if (il+j2+k2+q)==10

if j2==2 '
as(1,3)=a2(il,3)+a2(3,j2);
ps(1,2)=a2(k2,2)+a2(2,q);
ks=1;

else
as(1,2)=a2(il,2)+a2(2,j2);
ks=1;

if j2==3 .
ps(1,2)=a2(k2,2)+a2(2,q);
else
ps(1,4)=a2(k2,4)+a2(4,q);
end

end

end

end

if j3~=j2

if j3~=il

if j3~=q

hts Reserved - Library of Universit

All Ri




if j3~=k2
if gl~=q
if ql~=k2
if ql~=il
if ql~=j2
ks=1;
end

end

end

end

end

end

end

end

end
y3=y3+1;
if j3>il
hl=il;
h2=j3;
else
h1=43;
h2=il;
end

if j3>2
h3=j3;
h4=j2;
else
h3=j2;
h4=j3;
end

if q1>k2
h5=k2;
h6=ql;
else
h5=q;
hé=k2;
end

if g>ql
h7=ql;
h8=g;
else
h7=q;
h8=ql;
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end

if j3==q1

ifil==k2
a(hl,h2)=al(hl,h2)+al(il,j2)+al(k2,q);
a(h5,h6)=al(h5,h6)+al(k2,q)+al(il,j2);
a(h3,h4)=al(h3,h4)+al(il,j2);
a(h7,h8)=al(h7,h8)+al(k2,q);
a(il,j2)=0;

a(k2,9)=0;

elseif j2==
a(hl,h2)=al(hl,h2)+al(il,j2);
a(h5,h6)=al(h5,h6)+al(k2,q);
a(h3,h4)=al(h3,hd)+al(il,j2)+al(k2,q);
a(h7,h8)=al(h7,h8)+al(k2,q)+al(il,j2);
a(il,j2)=0;

a(k2,q)=0;

elseif j2==
a(hl,h2)=al(hl,h2)+ai(il,j2);
a(h5,h6)=al(h5,h6)+al(k2,q)+al(il,j2);
a(h3,hd)=al(h3,h4)+al(il,j2)+al(k2,q);
a(h7,h8)=al(h7,h8)+al(k2,q);
a(il,i2)=0;

a(k2,9)=0;

else

a(hl,h2)=al(hl,h2)+al(il,j2);
a(hS,h6)=al(h5,h6)+al (k2,q);
a(h3,h4)=al(h3,hd)+al(il,j2);
a(h7,h8)=al(h7,h8)+al(k2,q);
a(il,j2)=0; - :
a(k2,q)=0;

end

else

a(hl,h2)=al(hl,h2)+al(il,j2);
a(h5,h6)=al (h5,h6)+al(k2,q);
a(h3,h4)=al(h3,hd)+al(il,j2);
a(h7,h8)=al(h7,h8)+al(k2,q);
a(il,j2)=0;

a(k2,q)=0;

end

end

end

end

elseif jj==
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end

end

end

end

end

end
y3=y3+1;
if j3>il
hl=il;
h2=;3;
else
h1=j3;
h2=il;
end

if j3>j2
h3=j3;
h4=j2;
else
h3=2;
h4=j3,
end

if q1>k2
h5=k2;
h6=q1;
else

h5=q;
h6=k2;
end

if g>ql
h7=ql;
h8=q;

else

h7=q;
h8=ql;
end

if j3==q1
ifil==
a(hl,h2)=al(hl,h2)+al(il,j2)+al(k2,q);
a(hS,h6)=al(h5,h6)+al(k2,q)+al(il,j2);
a(h3,hd)=al (h3,h4)+al(il,j2);
a(th7,h8)=al(h7,h8)+al(k2,q);
a(il,j2)=0;
a(k2,q)=0;
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elseif j2==q
athl,h2)=al(h!,h2)+al(il,j2);
a(h5,h6)=al(hS,h6)+al(k2,q);
a(h3,hd)=al(h3,hd)+al(il,j2)+al (k2,q);
a(h7,h8)=al(h7, h8)+al(k2,q)+al(il,j2);
a(il,j2)=0;

a(k2,q)=0;

elseif j2==k2
a(hl,h2)=al(h1,h2)+al(il,j2);
a(h5,h6)=al(h5,h6)+al(k2,q)+al(il,j2);
a(h3,hd)=al(h3,hd4)+al(il,j2)+al(k2,q);
a(h7,h8)=al(h7,h8)+al(k2,q);
a(il,j2)=0;

a(k2,q)=0;

else

a(hl,h2)=al(hl,h2)+al(il,j2);
a(h5,h6)=al(h5,h6)+al(k2,q);
a(h3,h4)=al(h3,hd)+al(il,j2);
a(h7,h8)=al(h7,h8)+al(k2,q);
a(il,j2)=0;

a(k2,q)=0;

end

else

a(hl,h2)=al(hl,h2)+al(il,j2);
a(h5,h6)=al (h5,h6)+al(k2,q);
a(h3,h4)=al(h3,hd)+al(il,j2);
a(h7,h8)=al(h7,h8)+al(k2,q);
a(il,j2)=0;

a(k2,q)=0;

end

else

ss=[];

ss(1,1)=sss(1,1)-a(k2,q);

if k2>1

for k22=1:k2-1
a(k22,k2)=ss(k22,1)*(n(1,k22)+n(1,j))/xxx(k22,1);
ss(k22+1,1)=ss(k22,1)-a(k22,k2);

end

end

forjl1=1:N

if jI1~=N

for k11=j11+1:N

if j11==k2
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a(j11,k11)=ss(G11,1y*(n(1,j1 1y n(1,k11))xxx(k2,1);

end .
end

end

end

a5=a;

ks=0;

while ks==
j3=ceil(N.*rand(1));

if N==4

if (il-+j2+k2+q)==10
if j2==2

3=3;

ks=1;

else

3=2

ks=1;

end

end

end

if j3~=il

if j3~=j2

if j3~=k2

if j3~=q

ks=1;

end

end

end

end

end

if j3>il
a(il,j3)=a5(i1,j3)+a5(il,j2);
else
a(j3,i1)=a5(j3,i1)+a5(i1,j2);
end

if j2>j3
a(j3,j2)=a5(j3,j2)+a5(il,j2);
else
a(j2,j3)=a5(j2,j3)+a5(i1,j2);
end

a(il,j2)=0;
a(k2,q)=al(k2,q);
c(k2,q)=0;
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y3=y3+1,

end

elseif q<=N

ss=[];
ss(1,1)=sss(1,1)-a(il,j2);
if 11>1

for k22=1:i1-1
a(k22,i1)=ss(k22,1)*(n(1,k22)+n(1,j))/xxx(k22,1 );
ss(k22+1,1)=ss(k22,1)-a(k22,i1);
end

end

forjl11=1:N

if j11~=N

for kl11=j11+1:N

if j11==i1
a(j11,k11)=ss(j11,1)*(n(1,j11)+n(1,k1 )yxxx(il,1);
end

end

end

end

a5=a;

ks=0;

while ks==0
j3=ceil(N.*rand(1));
if N==4

if (i1+2+k2+q)==10
if j2==2

i3=2;

ks=1;

else

ks=1;

if j2==

j3=2;

else

j3=4;

end

end

end

end

if j3~=il

ifj3~=j2

if j3~=k2

if j3~=q

St
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ks=1;

end

end

end

end

end

if j3>k2
a(k2,j3)y=a5(k2,j3)+a5(k2,q);
else
a(j3,k2)=a5(j3,k2)+a5(k2,q);
end

if ¢>i3
a(j3,q)=a5(j3,q)+as5(k2,q);

else

a(q,j3)=a5(q,j3)+a5(k2,q);

end

a(k2,q)=0;

a(il,j2)=al(il,j2);

c(i1,j2)=0;

y3=y3+1;

else

ss=[];

ss1=[];

if il==k2
ss(1,1)=sss(1,1)-a(k2,q)-a(il,j2);
ssl=ss;

else

ss(1,1)=sss(1,1)-a(il,j2);
ss1(1,1)=sss(1,1)-a(k2,q);

end

if k2>1

for k22=1:k2-1

a(k22 k2)=ss1(k22,1)*(n(1,k22)+n(1,j)y/xxx(k22,1);
ss1(k22+1,1)=ss1(k22,1)-a(k22,k2);
end

end

ifil>1

for k22=1:i1-1
a(k22,i1)=ss(k22,1)*(n(1,k22y+n(1,j)y/xxx(k22, 1);
ss(k22+1,1)=ss(k22,1}-a(k22,i1);
end

end

for j11=1:N
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ifj11~=N

fork11=j11+1:N

if j11==}

a(j11,k11)=ss1(j11,1)*(n(1,j1 1)+n(1,k11))/xxx(k2,1);

end

end

end

end

forjl1=1:N

ifj11~=N

for k11=j11+1:N

ifj11==i1

a(j11,k11)=ss(j11,1)*(n(1,j11)+n(1 k1 D)/xxx(il,1);

end

end

end ;
end

a(il,j2)=al(il,j2);
a(k2,q)=al(k2,q);
¢(il,j2)=0;
c(k2,q)=0;
y3=y3+1;

end

end

else

if s~=N+1
a(il,j2)=al(il,j2);
a(k2,q)y=al(k2,q);
c(il,j2)=0;
c(k2,q)=0; !
y3=y3+1;

if q<=N

as=[];

ps={];

als=(];

pls=[};

for j3=1:N

for ql=1:N

if N==

if (i1+2+k2+q)==10
if j2==

8
else %
NN
if j2<=N b

N

<
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as(1,3)=A(11,3)+A(3,j2);
als(1,3)=c6(i1,3)+c6(3,j2)-a6(i1,3)-a6(3,j2);
ps(1,2)=A(k2,2)+A(2,q);
p 1 S( 1 ,2)=06(k2,2)+06(2,q)-a6(2,q)-a6(k2,2);
else
as(1,2)=A(i1,2)+A(2,j2);
als(1,2)=c6(i1,2)+c6(2,j2)-a6(il,2)-a6(2,j2);
if j2==3
ps(1,2)=A(k2,2)+A(2,q);
pls(1,2)=c6(k2,2)+c6(2,q)-a6(2,q)-a6(k2,2);
else
ps(1,4)=A(k2,4)+A(4,q);
p1s(1,4)=c6(k2,4)+c6(4,q)-a6(4,q)-a6(k2,4);
end
end
end
end
ifj3~=j2
if j3~=il
if j3~=q
if j3~=k2
if ql~=q
if q1~=k2
if ql~=il
if ql~=j2
as(1,j3)=A(1,j3)+A(j3,j2);
als(1,j3)=c6(i1,j3)+c6(j3,j2)-a6(i1,i3)-a6(j3,j2);
ps(l,q1)=A(k2,q1)+A(ql,q);
pls(1,q1)=c6(k2,q1)+c6(ql,q)-a6(q1,q)-a6(k2,q1);
end
end
end
end
end
end

~end
end
end
end

Sit
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for 112=1:length(as)
if as(1,112)==p
if df==inf
kk=1;

j33=i12;

end

ifals (1,i12)>0
j33=i12;

kk=1;

end

end

end
as(1,i12)=0;
df=df+1;

_end

j3=i33;

kk=0;

- df=0;

while kk==0
p=max(ps);

for i112=1:length(ps)
if ps(1,i12y==p
if df==inf

if pls (1,i12)>0
j33=i12;
kk=1;

end

end

end -
ps(1,112)=0;
df=df+1;
end

q1=j33;
y3=y3+1,

if j3>i1
hl=il;
h2=j3;

else

h1=j3;
h2=i1;
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end

if j3>j2
h3=j3;
h4=j2;
else
h3=j2;
h4=j3;
end

if g1>k2
h5=k2;
h6=ql;
else
h5=q;
h6=k2;
end
ifg>ql

a(hl,h2)=al(hl,h2)+al(il,j2)+al(k2,q);
a(h5,h6)=al(hS,h6)+al(k2,q)+al(il,j2);
a(h3,hd)=al(h3,b4)+al(il,j2);
a(h7,h8)=al(h7,h8)+al(k2,q);
a(il,j2)=0;

a(k2,q)=0;

elseif j2==
a(hl,h2)=al(h1,h2)+al(il,j2);
a(h5,h6)=al(h5,h6)+al(k2,q);
a(h3,h4)=al (h3,h4)+al(i1,j2)+al (k2,q9);
a(h7,b8)=al(h7,h8)+al(k2,q)+al(il,j2);
a(il,j2)=0;

a(k2,q)=0;

elseif j2==
athl,h2)=al(h1,h2)+al(il,j2);
a(h5,h6)=al(h5,h6)+al(k2,q)+al(il,j2);
a(h3,h4)=al(h3,hd)+al(il,j2)+al(k2,q);
a(h7,h8)=al(h7,h8)+al(k2,q);
a(il,j2)=0;
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a(k2,q)=0;

else
a(hl,h2)=al(hl,h2)+al(il,j2);
a(h3,h6)=al(h5,h6)+al(k2,q);
a(h3,h4)=al(h3,h4)+al(il,j2);
a(h7,h8)=al(h7,h8)+al(k2,q);
a(il,j2)=0;

a(k2,q)=0;

end

else
a(hl,h2)=al(hi,h2)+al(il,j2);
a(hS,h6)=al(h5,h6)+al(k2,q);
a(h3,h4)=al(h3,hd)+al(il,j2);
a(h7,h8)=al(h7,h8)+al(k2,q);
a(il,j2)=0;

a(k2,q)=0;

end

else

ss=[1;
ss(1,1)=sss(1,1)-a(k2,q);

if k2>1

for k22=1:k2-1
a(k22,k2)=ss(k22,1)*(n(1,k22)+n(1,)))/xxx(k22,1);
ss(k22+1,1)=ss(k22,1)~a(k22,k2);
end

end

forjl1=1:N

if j11~=N

for ki1=j11+1:N

ifjli==
a(j11,k11)=ss(j11,1)*(n(1,j11)+n(1,k11))/xxx(k2,1);
end

end

end

end

ad=a,

as={];

ps=[];

for j3=1:N

if N==4

if (il+j2+k2+q)==10

if j2==2
as(1,3)=A(i1,3)*+A(3,j2);
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ps( 1,3)=06(i1,3)+06(3,jZ)-a6(i1,3)—a6(3,j2);
else
as(1,2)=A(i1,2)+A(2,j2);
ps(1,2)=c6(i1,2)+c6(2,j2)-a6(il ,2)~a6(2,j2);
end

end

end

if j3~=il

if j3~=j2

if j3~=k2

if j3~=q
as(1,j3)=A(11,j3)+A(j3,j2);
ps(1,j3)=c6(iIJS)+0663J2)-a6(i1,j3)-36(j3,j2);
end

end

end

end

end

kk=0;

df=0;

while kk==0

p=max(as);

for 112=1:length(as)

if as(1,112)==p

if df==inf

kk=1;

j33=i12;

end

if ps (1,i112)>0

i33=i12;

kk=1;

end

end

end

as(1,i12)=0;

df=df+1;

end
J3=j33;

if j3>il
a(il,j3)=a5(i1,j3)+as5(il,j2);
else
a(j3,i1)=a5(j3,il)+a5(i1,j2);
end
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if j2>3
a(j3,j2)=a5(j3,j2)+a5(il,j2);

else

a(j2,j3)=a5(j2,j3)+as5(il,j2);

end

a(il,j2)=0;

a(k2,q)=al(k2,9);

o(k2,q)=0;

y3=y3+1;

end

elseif g<=N

ss=[];

ss(1,1)=sss(1,1)-a(il,j2);

ifil>1

for k22=1:il1-1
a(k22,i1)=ss(k22,1)*(n(1,k22)+n(1,j))/xxx(k22,1);
ss(k22+1,1)=ss(k22,1)-a(k22,il);
end

end

forjl1=1:N

if j11~=N

for k11=j11+1:N

if jl1==il1
a(j11,k11)=ss(G11,1)*(n(1,j1 1)+n(1,k11))/xxx(i1,1);
end

end

end

end

asS=a;

as=[];

ps=(];

for j3=1:N

if N==4

if 11+j2+k2+q)==10

if j2==

as(1,2y=A(k2,2)+A(2,9);

pS(l 72)=06(k2:2)+06(29q)'36(23q)'36(k232);
else

if j2==3
as(1,2)=A(k2,2)+A(2,q);
ps(1,2)=c6(k2,2)+c6(2,q)-a6(2,9)-a6(k2,2);
else

as(1,4)=A(k2,4)+A(4,9);
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pS(l ,4)=06(k2,4)+C6(4,(1)-3.6(4,(1)-&6(1(2,4);
end

end

end

end

if j3~=i1

if j3~=j2

if j3~=k2

if j3~=q
as(1,j3)=A(k2,j3)+A(j3,q);
ps(1,j3)=c6(k2,j3)+c6(j3,q)-a6(k2,j3)-a6(j3,q);
end

end

end

end

end

kk=0;

df=0;

while kk==

p=max(as);

for i12=1:length(as)
ifas(1,i12)==

if df==inf

if ps (1,i12)>0
j33=i12;
kk=1;
end
end
end

~as(1,i12)=0;
df=df+1;
end
j33=q1;
if j3>k2
a(k2,j3)=a5(k2,j3)+a5(k2,q);
else
a(j3,k2)=a5(j3,k2)+a5(k2,q);
end
if ¢>j3
a(j3,9)=a5(j3,q)+a5(k2,q);
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else |

a(q,j3)=a5(q,j3)+a5(k2,q);

end

a(k2,q)=0;

a(il,j2)=al(il,j2);

c(i1,j2)=0;

y3=y3+1;

else

ss=(];

ss1=[];

ifil==

ss(1,1)=sss(1 1)-a(k2,9)-a(il1,j2);

ssl=ss;

else

ss(1,1)=sss(1,1)-a(i1,j2);
ss1(1,1)=sss(1,1)-a(k2,q);

end

if k2>1

for k22=1:k2-1
a(k22,k2)=ss1(k22,1)*(n(1,k22)+n(1 IN/xxx(k22,1);
ss1(k22+1,1)=ss1(k22,1)-a(k22,k2);

end

end

ifil>1

for k22=1:i1-1

a(k22,i1)=ss(k22,1)*(n(1,k22)+n(1 INxxx(k22,1);
ss(k22+1,1)=ss(k22,1)-a(k22,i1);

end

end

forjl1=1:N

if j11~=N

for k11=j11+1:N
ifjli==k2 '
a(11,k11)=ss1(j11,1)*(n(1,j11)+n(1 k1 D)Yxxx(k2,1);
end

end

end

end

for j11=1:N
ifjl1~=N
forkl1=j11+1:N
if j11==il

a(11k11y=ss(G11,1)*(n(1,j11yrn(1,k11)Yxxx(il, 1);
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end

end

end

end
a(il,j2)=al(il,j2);
a(k2,q)=al(k2,q);
c(il,j2)=0;
c(k2,q)=0;
y3=y3+1;

end

end

end

% Using Erlang B formula to Calculate the expected LCT when there are
two failures

B=[];

B1=[];

B2=[];

B3=(];

for x=1:21;

for y=1:NN;

m2(x,y)=1;

if c(x,y)~=0

cl=l:c(x,y);

if c(x,y)>100

D= ((a(x,y)."(c(x,y)/5))/((prod(c1(1:ceil(c(x,y)/3))))));
D1=D*((a(x,y)."‘(c(x,y)/S))/((prod(c1(ceil((c(x,y)/5)+1):ceil(c(x,y)*2/5)))

D2=D1*((a(x,y).(c(x,y¥/5))/((prod(c1(ceil((c(x,y)*2/5 H1):ceil(c(x,y)*3/
SN

D3=D2*((a(x,y).(c(x,y)/5))/((prod(cl (ceil((e(x,y)*3/5)+1):ceil(c(x,y)*4/
SN
d(x,y)=D3*((a(x,y)."(c(x,y)/5))/((prod(c1(ceil((c(x,y)*4/5)+1):c(x,y))));
for ks=1:c(x,y)

k1=1:ks;

if ks>100

M=((a(x,y)."(ks/5))/(prod(k1(1:ceil(ks/5))));

MI1=M*((a(x,y). (ks/5))/(prod(k1(ceil((ks/5)+1 )):ceil(ks*2/5))));
M2=M1*((a(x,y)."(ks/5))/(prod(k1(ceil((ks*2/5)+1 )):ceil((ks*3)/5))));
M3=M2*((a(x,y)."(ks/5))/(prod(k1(ceil(((ks*3)/5)+1 ):ceil((ks*4)/SHN);
m(x,y)=M3*((a(x,y)."(ks/5))/(prod(k1(ceil(((ks*4)/5 +1):ks)H));
m2(X,y)=m2(x,y)+m(x,y);

else

m(x,y)=(a(x,y)."ks)/prod(k1);

iSD
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m2(X,y)=m2(x,y)+m(x,y);
end
end

else
d(x,y)=(a(x,y) e(x,y))/prod(c1);
~ for ks=1:¢(x,y)

ki=1:ks;

m(x,y)= (a(x,y)"ks)/prod(k1);
m2(x,y)=m2(x,y)y+m(x,y);
end

end

else

d(x,y)=1;

m2(x,y)=1;

end
B(x,y)=d(x,y)/m2(x,y);
Bl(x,y)=a(x,y)*B(x,y);
end

end

B2=sum(B1);
B3=sum(B2);

a=al;

=c2;

B23(1,y3)=B3;

end

end

o=il;

u=j2;

if =NN

if k2==21

if j2==

il=il+1;
j2=il+1;

else
j2=j2+1;

end

end

11t




if u==NN-1
dl=d1+1;
k2=dl1;

end

end

for p=2:1
L1(L,p-1)=L(1,p);
end

1=0;

Z=0;
x1=1;
w=1;
L=[];

end

end

if o==z1-1
if u==NN

552120

112
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end

end

if w==1;
q=L1(1,x1);
x1=x1+1;
end

end
B5=sum(B23)/y3;
BLL(jj,s)=B5
end

end

end .
end
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