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Abstract

This thesis aims to study of mathematical models in reliability of networks,
as well as using some techniques due to calculate the reliability of complex
network as an application of graph theory. Also, we will discuss important
issues that include: using a mathematical method for creating minimal
paths and minimal cuts for a network depending on the algebra of matrices,
employ some methods to get the reliability polynomial for a network,
including: path tracing, minimal cut method, reduction to series elements
and the Inclusion - exclusion method. In addition to utilize some techniques
to calculate the reliability allocation of shortened network such as Equal
Allocation Technique, ARINC Approach method, AGREE allocation
method and last Feasibility of objectives Technique. The thesis included
calculating the importance of all components of the system to find the
effect of all these components on the functioning of the system as a whole.
Finally, we will be calculating the reliability allocation and optimization for
a complex network by wusing genetic algorithm, particle swarm
optimization, ant colony algorithm and bee's colony optimization, with a
comparison between these algorithms to choose the best algorithm that

gives the highest reliability and lowest cost.
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Chapter One Introduction

1.1 Introduction

The phrase "reliability" dates back to 1816, when it was first used by poet
Samuel Taylor Coleridge. Before World War 11 [69], the phrase was largely
related with repeatability: a test (in any sort of research) was regarded
dependable if the same results were produced repeatedly. The development of
reliability theory has been strongly influenced by a series of accidents and
catastrophic failures. Some of the achievements mentioned in this section may
be difficult to comprehend fully at this stage. Established the theoretical
foundation for using statistical methods in quality control of industrial
products in the early 1930s, but such approaches were not widely applied until
the outbreak of World War Il. Despite the fact that they were comprised of
individual high-quality components, products made up of a huge number of
parts frequently failed. During his research on the strength of materials in the
1930s, the Swedish researcher Waloddi Weibull (1887-1979) made an
important breakthrough. Weibull's (1939), [101]. He established the Weibull
distribution, which is one of the most significant probability distributions in
dependability theory (Weibull 1951), [100]. Lusser's law says that the
reliability of series system is equal to the product of the reliabilities of
individual components. Lusser was an engineer and aircraft designer who
worked on Messerschmitt and Heinkel designs. An important contribution to
the subsequent reliability theory was made by Russian mathematician Boris B.
V. Gnedenko, [36]. In 1945, Milton A. Miner formulated the important
Miner's rule for fatigue failures. In 1949, the Institute of Electrical and
Electronic Engineers formed a professional group on quality control. The first
guideline on failure modes and effects analysis was issued in 1949 (MIL-P-
1629 1949)[73].
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The Advisory Group on Reliability of Electronic Equipment (AGREE) was
established in 1950 to survey the field [10]. The 1950s saw much pioneering
work in the reliability discipline. The UK Atomic Energy Authority (UKAEA)
was formed in 1954 and performed safety and reliability assessments for
outside bodies. In 1960, the first edition of the US military handbook MIL-
HDBK-217F [72] was published. In 1962, Bell Telephone Laboratories
published a report on the safety of the Minuteman missile using fault tree
analysis[22]. The Reliability Analysis Center (RAC) was established in 1968
for the US Department of Defense. Most important event for reliability in the
1970s was release of the Reactor Safety Study in 1975 (NUREG-75/014)[78].
Analysis of reliability and lifetime data grew more important. A high number
of safety and reliability projects were sponsored by the oil and gas industry.
1980s started with a new journal Reliability Engineering, which had a great
influence on the further development of reliability theory. Fault tree analysis
got more standardized through the US NRC's Fault Tree Handbook. Bayesian
probability entered into the field of reliability promoted by Martz and Waller.

After 1990, a range of new journals, books, education programs, computer
programs and conferences emerged on the topic of system reliability. After
1990, the industry started to integrate reliability in their system development
processes. The first edition of IEC 61508 "Functional safety of electrical/
electronic/programmable electronic safety-related systems™ came in 1997,[47].
Since then, more and more software has been introduced in almost all types of
systems. Software quality and reliability are now an important part of most
system reliability assessments. The ability of a system to fulfill the task for
which it is accountable at a specific moment is described by reliability theory.
It is one of the engineering cornerstones. This helps to increase the

performance of systems and lessen the likelihood of failure, such as aircraft,
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linear accelerators, and other products. The growth of reliability has taken on a
new dimension in recent years, owing to the consequences of failures of
today's complex systems, which can cause daily annoyance to operational
exigency and uneconomical maintenance, and even to the point of
endangering life on our planet if quality and reliability are compromised.
disastrous. Complex networks are becoming increasingly important in a range

of fields, including biology, engineering, and the social sciences.

In network science, graph theory theories are utilized to model systems of
interest. Network research is primarily concerned with the deployment of
dynamic processes across networks. For global epidemics, reported operations
include energy, information, or commodity exchange of chemical atoms. We
examine these diusive processes on networks and the various research
problems that have arisen around this topic using network reliability. In their
1950s investigation of the reliability of relay circuits, Shannon and Moore
[106] addressed network reliability for the first time. They defined network
reliability as the probability that a circuit will remain closed if all of the
circuit's constituent contacts are closed with a specified probability. . Since
their work was first published more than half a century ago, a great amount of
research has centered on this topic. Per formability, survivability, and
performance are all phrases that are used to describe the same thing in
different fields. As a result, network reliability is a probabilistic metric that
determines whether a network can continue to function even if one or more of
its components fails at random. Because the definition of functionality varies
depending on the situation at hand, network reliability offers a lot of potential
as a unifying framework for studying a wide range of issues that arise in
complex network environments. In network reliability analysis and design,

there are basically two primary areas of research [82]. The purpose of analysis

3
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IS to measure the dependability of a given network, whereas the goal of design
Is to provide design engineers with techniques to improve their capacity to
design networks with a high level of reliability. In an ideal world, one would
wish to create a network. In recent years, there has been a significant surge in
interest in network resilience, particularly telecommunications network
reliability [71]. Graph theory has grabbed the curiosity of scientists and
engineers in recent decades. The demonstrated ability of graph theory to
address problems from a wide range of domains is the fundamental reason for
its increased popularity. Graphs have been proven to be particularly beneficial
in modeling systems originating in physical science, engineering, social
sciences, and economic problems due to their straightforward diagrammatic
form, and reliability engineering is no exception. The application of graph
theory to reliability studies received little attention till [90]1970 .Following
that, the literature has oered a number of methods, strategies< and approaches.
The application of graph theory has become inextricably linked to the
assessment of network reliability. reliability has become a key factor in the
design and operation of modern large, complex, and expensive networks.
System design means certain features (cost, reliability and weight) can be
characterized as an issue of combinatorial optimization where either reliability
can be improved or costs can be lowered. Technology development has
brought changes to different fields of contemporary culture(such as
mathematics, productivity and health). Reliability of the system has become
increasingly crucial for all involved parties (designers, suppliers and users) in
this context. During the design phase, the reliability of the product is
evaluated. Increasing product reliability triggers cost increases automatically,
which has a adverse effect on the consumer. As a consequence, the problem
becomes how to satisfy the minimum price criteria for system reliability. An

alternative in this context is to use redundant parts to improve the reliability of
4



Chapter One Introduction

the system. System design means certain features (cost, reliability and weight)
can be characterized as an issue of combinatorial optimization where either
reliability can be improved or costs can be lowered. There are limitations on
price, weight or system reliability targets in either of the circumstances. The
issue with reliability redundancy distribution is to pick the highest mix of parts
and redundancy levels to either maximize system reliability and minimize
system costs subject to multiple limitations. There are three kinds of reliability
optimization issue: reliability allocation (variables are system component
reliability), redundancy allocation (variable is redundant component number)
and reliability redundancy allocation (variables are system component

reliability and redundant component number).
1.2 Historical Review of Reliability Optimization Problems

Our society is now largely reliant on current technology systems, which have
unquestionably benefited our society's productivity, health, and wealth.
However, as people become more reliant on modern technology systems, they
must deal with increasingly complex operations and management[10]. The
system reliability plays a critical part in each of the complex/complicated
systems. Manufacturers, designers, and users all place a premium on system
reliability. Reliability engineers/designers are hired during the product
development process to assess the product's reliability. They want their
products to be more reliable, which increases the cost of production. In this
instance, the question of how to achieve the system reliability aim emerges.
As a result, the rise in production costs has a negative impact on the budget of
the user. As a result, the design reliability optimization challenge is defined as
minimum reliability improvement cost. In this regard, introducing numerous
redundant components is a well-known way for increasing a system's

reliability. The corresponding problem can be framed as a combinatorial
5
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optimization problem, where either system dependability is maximized or
system cost is minimized, for better building a system employing components
with known cost, reliability, weight, and other qualities. As a result, both
formulations typically include restrictions on the maximum permissible
weight, cost, and/or minimum goal system dependability level. The reliability
redundancy allocation problem is the comparable problem. In 1972, Kim, Y. H
[57] gave the algorithm a list of possible routes from the source to the graph
sink to calculate system reliability based on route data. A network is reliable
when a route connects every pair of nodes. Reliability analysis of networks
such as networks for computer architecture and data communication
networks.In 2015 Hassan, Z. A. H. and Balan, V. [39], introduced the
quadratic case of reliability, to make use the convex/concave mutual
dependence of slice-components along the curves of constant-slice reliability,
in order to maintain or increase the circuit reliability. Clear techniques of
engineering to evaluate the reliability of electrical systems used in aircraft
show that elements of reliability must be linearly based on time[42]. In 2017
Kumar, A., Pant, S.[60], Ram, M., Singh, S. B. also presented solving
complex reliability optimization problem using multi-objective particle swarm
optimization. In the same year, Abed, S. A. and Udriste, C., presented
Optimization Techniques [5] and Methods in reliability allocation also,
Shaghaghi, Saba, [91]. "Comparative analysis of GMDH neural network
based on genetic algorithm and particle swarm optimization in stable channel
design”. In 2018 Feng, X., Zhu, X., Zhao, W., and Li, X. have introduced
Reliability of Electric Vehicle with Wind Turbine Based on Particle Swarm
Optimization [33]. In 2019 Ouyang, Z., Liu¢ Y., Ruan, S. J. and Jiang, T. have
presented an improved particle swarm optimization algorithm for reliability
redundancy allocation problem with mixed redundancy strategy and

heterogeneous components [79]. Abbas Abed, S., Kareem Sulaiman,
6
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H., Abdul Haddi Hassan, Z. have presented Reliability Allocation and
Optimization for(ROSS) of a Spacecraft by using Genetic Algorithm [7].

The aim of this thesis is to finding the best system optimization using four
algorithms (genetic algorithm ,particle swarm optimization, ant colony
algorithm and Bees Colony Optimization) and three cost functions
(exponential behavior with feasibility factor model, exponential behavior
model and logarithmic model) and comparing the results for the four
algorithms of the three cost functions. This thesis consists of seven chapters,
while the given order is the one suggested.

Chapter 1 Introduction
Chapter 2 Contains basic definitions and general concepts

Chapter 3 Consists of a number of techniques for analyzing the reliability of
complex system  simplify systems in a straightforward way. The
calculating of reliability based on the logic diagram.

Chapter 4 We are discussing the methods of solving the problem of allocating
reliability to complex system after reducing the system in three components in
parallel that became a subsystem . In addition, these methods used to solve the
problem of allocation have been modified from series system to parallel
system. The purpose of reliability allocation is to establish an objective for the
reliability of each component, so that the manufactures can have an idea of the
performance required of this product.

Chapter 5 In this chapter, we show the four algorithms (genetic algorithm,
particle swarm optimization, ant colony algorithm, bee colony optimization),
their schemes and working methods.

Chapter 6 Calculates the allocation and optimization of reliability to the
complex system using the genetic algorithm and the particle swarm

optimization, , ant colony algorithm, bee colony optimization with three costs
7
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(exponential behavior with feasibility factor model, exponential behavior
model and logarithmic model)and compare the results.

Chapter 7 Consists of conclusions and future work.

Note: Most of the calculations made in this thesis have been done in Matlab
program
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Chapter Two

2.1 Introduction
This chapter dealt with two main parts of the thesis, namely the basics of
graph theory and the basics of reliability.
2.2 Basics of Graph Theory
In this part [8,27], we have covered various definitions, basic topics, types
of direct and undirect graphs, simple and Multigraphs, Complete graphs,
partial graphs, etc., and matrix representations of graphs[59,104].
Definition 2.1[100] A graph G is a set V of vertices together with a set E
of edges. It is written as

G = (V,E).

Definition 2.2 [20] The order of the graph is a number of vertices in a

given graph, denoted by |V(G)| .

Definition 2.3 [76] The number of edges in a given graph is
called size of the graph, denotedby |E(G)|.

Definition 2.4 [103] All edge of a graph that joins a vertex to itself is

called a loop.

Figure 2.1: Graph with loop

Definition 2 .5 [26] The multiple edges if two vertices of a graph are

joined by more than one edge. See Figure 2.2 (e;ande,).



Chapter Two

Vy
Figure 2.2: Graph with multiple edges

Definition 2.6[103] Simple Graphs and Multigraphs. A simple graph G
is one that does not contain loops and parallel edges. A multigraph is a

graph that is more complicated than simple Graph.

Figure 2.3: Some examples of simple graphs

Definition 2.7 [19] Graphs, both finite and infinite. A finite graph is
one that has both a finite number of vertices and a finite number of edges.

Otherwise, it's a never-ending graph..

Definition 2.8 : [44]Adjacent vertices are two vertices of a graph

connected by an edge.

Definition 2.9 [27]Adjacent edges are defined as two or more edges in a

graph that share a common vertex.

Definition 2.10 [75]Any graph's degree of a vertex v. The number of
edges incident on v is defined by G. It's written as deg(v) or d(v).

10
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Definition 2.11[19] An isolated vertex has a degree of 0 whereas an end-

vertex, leaf, or pendant vertex has a degree of 1.

Definition 2.12 [100] A graph H is a subgraph of G if every vertex
of H is a vertex of G, and every edges of H is an edge of G. In other
words, V(H) € V(G) and E(H) < E(G).

Definition 2.13[103] Regular Graphs. If all of the vertices of a graph G have the
same degree, the graph is said to be regular. If d(v) =k Vv € V (G), a graph G is
said to be a k-regular graph (G). An (n — 1)-regular graph is a complete graph.

(a)A 2-regular graph  (b) A 3-regular graph  (c) Petersen Graph

Figure 24: Examples of regular graphs
Definition 2.14 [13] A path is a set of components P such that if all of them
are successfully operating then the system is operate,
Definition 2.15 A path set is minimal path set [94] if it cannot be reduced
without losing its status as a path set.
Definition 2.16 [27] A cut is a set of components C such that if all of them
are fail then the system is fail.
Definition 2.17 A cut set is minimal cut set [13] if it cannot be
reduced without losing its status as a cut set .
Definition 2.18 [76] Connectedness in a Graph. If there is a path between
two vertices u and v, they are said to be linked. If a path exists between two
vertices u and v, then u can be reached from v and vice versa. It is said that

a graph G is connected.

11



Chapter Two

Definition 2.19 [76] Cut-Edge. A graph's edge (e) If G e is unconnected, G
Is said to be a cut-edge or a bridge of G..

Figure 2.5: Disconnected graph G —v,vs

Definition 2.20 [76] Cut-Vertex. If G—v is unconnected, a vertex v of a

graph G is said to be a cut-vertex of G.

Vs

Figure 2.6: disconnected graph G -v,
Definition 2. 21[100] Directed Graphs. A directed graph, also known as a
digraph, is made up of a set V of vertices and a set E of edges, each of
which is linked to an ordered pair of vertices. In other terms, a directed
graph is one in which each edge of the graph G has a direction.
Definition 2.22 [76] Sources and Sinks. A source is a vertex with zero in-

degree, whereas a sink is a vertex with zero out-degree.

Definition 2.23[103] If all edges of the graph G are undirected edges, then
G is called an undirected graph.

12
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Definition 2.24 [76] A graph G with both directed and undirected edges

is called a mixed graph.
2.3 Matrix Representations of Graphs

Matrices are a different means of representing and analyzing network
data. A matrix is similar to a graph in that it contains the same
information, but it is more useful for computing and computer analysis.
Indeed, there are numerous matrices associated with a properly labeled
graph [76,103].

2.3.1 Incidence Matrix of a Graph

Without self-loops. The incidence matrix A of G is an n x m matrix defined by

A(G) = [ay]; 1 <i<n,1<j<m. Let G be a graph with n vertices, m edges and

S {1; if j — th edge incidents on i — th vertex;
U 7 |0; otherwise..

where the n rows of A in G correspond to the n vertices and the m columns of
A to the edges[76,100] . There are just two sorts of elements in the incidence
matrix: 0 and 1. As a result, this is unmistakably a binary matrix or a (0, 1)

matrix..

The following table gives the incidence relation of the graph G:

13
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ey
Vo Vs es V3 Vq
o 5

€3

€7 €9

Vi €] 15

Figure 2.7: Agraph G
Table 2.1: The incidence relation of the graph G

e e €3 e, es & e es
Vi 1 0 0 0 0 0 1 0
vy 1 1 0 0 0 0 0 1
V3 0 1 1 1 1 0 0 0
Vg 0 0 1 1 0 0 0 0
Vs 0 0 0 0 1 1 1 1
Vg 0 0 0 0 0 1 0 0

As a result, the G incidence matrix is as follows::

1 00 0 0 O0T1O0

1 1.0 0 0 0 01

01 1 1 1000
A(G) =

(G) 001 1 0O0O0O

000 01111

0 0 0001 0 0

Now consider the following disconnected graph G with two components.

V4 e3 V3 Ve

G; G,

Figure 2.8: A disconnected graph G with two components G; and G.,.
14
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The incidence matrix of the graph in Figure 2.8 is given below:

A(G) =

C O OO C O = m
C O O OO = = QO
CO OO = m QOO
CO OO = O O =
CO OO = 0O =0Q
C O = = QOO0 OO
o= O =0 O OO
O = = O OC O OO
- 0O = O O © O O

2.3.2 Adjacency Matrix

As an alternative to the incidence matrix, it is sometimes more convenient to
represent a graph by its adjacency matrix or connection matrix. The adjacency
matrix of a graph G withn vertices and no parallel edges is an n by n symmetric

binary matrix X = [x;;] defined overthe ring of integers such that[76].

o {1; if there is an edge between i — th and j — th vertices, and
tJ 7 10; if there is no edge between them.

Consider the following graph G without parallel edges and self-loops.

V3 V4 V6
¢ ]

V5

V2 Vi

Figure 2.9 G graph

The adjacency matrix of the G graph in Figure 2.9 is given by
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p—t e (O OO = O
O == OO =
OO = O O O
o o = O O =

e e B e e )
O O ek O bt

The adjacency matrix of the disconnected graph given in Figure 2.8 is as

follows:
0 1 01 0 0 0 0
1 01 1.0 000
0O 101 0 000
1 110 0 000
X(G) =
0O 00 0O0T1TT1TF@2O0
0O 0001011
0O 00 0O0T1TT1TF@2O0
00000 T10 0

2.4 Basics of the Reliability Polynomials

In this part, the main topics in reliability are discussed[57,75], including
some definition as well Reliability block diagram, structure functions,

reliability systems.

Definition2.25 [96]The multiaffine polynomial RG(p) is called

multivariate reliability poly- nomial for graph G.

Definition 2.26[43]The probability that the system survives from

some a specified period oftime is called the reliability function.
2.5 Reliability Block Diagram

The relationship between the functioning of a system and the
functioning of its components is frequently depicted using a

dependability block diagram. Take, for example, an overhead
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projector[18]. Assume that the system contains two light bulbs.
Figure 2.10 shows the overhead projector's dependability block
diagram. A rectangle or a circle is frequently used to represent a
component in a reliability block diagram. The component's name
can be specified in the block. Most of the time, the block just
contains the label of each component. The five primary components
of the system are depicted in Figure 2.10's reliability block diagram.
It also signifies that the system is operational if and only if the
switch, fan, knob, and at least one of the two bulbs are operational.
A reliability block diagram may not always depict how the system's
components are physically connected. It simply explains how the
components' proper operation ensures the system's proper operation.
As a result, a reliability block diagram depicts the logic relationship
between the system's operation and that of its components[56]. A
reliability block diagram, as shown in Figure 2.10, is best
understood when the signal flows from left to right through the
components. The signal can pass through a working component, but
not through a failed one. Series structures, parallel structures,
series—parallel  structures, parallel-series structures, bridge
structures, and generic network topologies have all been represented
using reliability block diagrams. When these structures are
introduced, diagrams will be provided. We typically use the number
n to signify the number of components in a system, and each
component is given a unique name from the set 1, 2,..., n in talks of
system structures. C stands for the collection of components of a

system

17



Chapter Two

Bulb 1

— Switch — Fan - Knob

Bulb 2

Figure 2.10 Reliability block diagram for overhead projector

2.6 Structure Functions
We assume that the system and its component can only be in one of two
states: working or failed, for the majority of this thesis. As a result, each
component's or system's state is a discrete random variable with just
two potential values, [43] signifying the working and failure states,
respectively. Let x; represent the current state of component i, for

I <i<nand

{1; if component i works,
Xi = Lo .. .
0; if componenti is failed.

Then, vector X = (X1, Xo, . . ., Xp). The component state vector, which
represents the states of all components, is known as the component state
vector. The state of the system is also a binary random variable that is
entirely determined by the components' states[57,75]. Let ¢ denote the
current state of the system, and

. {1; if the system works,
¢= 0; if the system is failed

The system state is known if the states of all components are known.
The system's state is a deterministic function of the components' states.

As a result, we frequently write

P = Q(X) = O(X1, X2, . . ., Xn)

18
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and the system's structure function is referred to as @(x). Each distinct
system structure has a distinct structure function ¢ (x). To denote a
system with the set of components C and the structure function, we
typically use (o, C).

Definition 2.27 [95] If the state of the system is not affected by the
state of this component, it is irrelevant to the system's performance. In
terms of mathematics, component i (1 <i<n) If and only if (1;, X) = (0;,
x) for each component state vector X, is irrelevant to the structural
function. The component is said to be relevant if it is not otherwise.
Definition 2.28 [18] ¢(x) is nondecreasing in each parameter x;for 1 <i
< n and every component is relevant If and only if a system with
structure function @(x) is coherent..

Definition 2.29 [18] The structure function ¢ of a network with n

edges is a mapping ¢:{0,1}" — {0,1}, n is called order of the network.
2.7 Reliability Systems

A device or system is described as a collection of parts or components. The
system operates successfully if all its components operate successfully (do
not fail), but it may also operate if a subset of components has failed. The
structure function is a model that determines the status of the system given

the status of its components .

2.7.1 Simple Reliability Systems

Suppose that we have to calculate the reliability of a system made up of
several components. The total reliability can be achieved, by calculating
the reliability of each individual component, and combining these
individual reliabilities depending on the ways they are connected[75]. That
IS, whether they are connected as series, parallel, series-parallel, parallel-
series
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2.7.1.1 Series Systems

If the failure of one or more components within a system causes the entire
system to fail, the system is said to be a series system[13]. To put it another
way, for a system to succeed, all of its components must work together. A
general series system's reliability can be calculated as follows. Assume that
a series system consists of n components that are mutually independent.
The term "mutual independence” refers to the fact that the failure of one
component has no bearing on the life of the others. The following notation
Is used: E; indicates that component I is operational, E indicates that the
system is operational, and R; indicates component i's reliability. R stands
for the system's dependability[43]. By definition, a system's successful
operation necessitates the operation of all of its components[58]. The
system's reliability can be calculated using probability theory.

R =Pr(E) = Pr(E; - E, ...E,).

Because of the premise of independence, this becomes
R = Pr(E,) Pr(E,) - - Pr(E,) =[IL; R (2.1)

Figure 2.11 General series system

2.7.1.2 Parallel Systems

A system is said to be a parallel system if and only if the failure of all of its
components causes the entire system to fail[58,75]. In other words, if one
or more components are operational, a parallel system succeeds. A lighting
system with three lights in a room, for example, is a parallel system since
room blackout occurs only when all three bulbs fail. Figure 2.12 depicts the
lighting system's dependability block diagram. The following formula is
used to calculate the reliability of a general parallel system. Assume that a

parallel system consists of n components that are mutually
20
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independent[11,43]. The following notation is used: The event that

component | is functioning is called E;.

Bulb 1
|

Bulb 2

5

Bulb 3
3

Figure 2.12 Reliability block diagram of the lighting system
E in the event that the system is up and running, X is of X complement,
where X stands for E; or E; Ri is the component's reliability; F is the
system's unreliability (failure probability); and R is the system's reliability.
In order for a parallel system to fail, all n components must fail. The

unreliability of a system is defined by probability theory.

F= Pr (E) = Pr (E_l E ' E_n)

Because E; (i=1, 2, ..., n) are mutually independent, we can write this

equation as

F=pEDp(E) - pr(Ep) = i=1(1 — Ry). (2.2)

The complement of system unreliability is system reliability: thus,

n

R=1-— 1_[(1 — R,). (2.3)

i=1
2.7.1.3 Mixed Compositions
In order to meet functional or reliability requirements, series and parallel
topologies are sometimes blended in a system design[25,43]. Series—
parallel and parallel-series configurations result from the
combinations[15,24]. The reliability of these two types of systems is

discussed in this section.
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2.7.1.3.1 Series—Parallel Systems
As shown in Figure 2.13, a series—parallel system consists of n subsystems
in series with mi (i =1, 2,...,n) components in parallel in subsystem i. Low-

level redundancy is a term used to describe this design.

1 2 n

— 1 — 1 — 1

I N e A e T I I, T

e R — m, L m, |—

n

Figure 2.13 General series—parallel system
design. To determine the system's reliability, each parallel subsystem is
first reduced to an equivalent reliability block. The block i reliability R; is

(2.3) , given by.

j=1

where R;; is the component j's reliability in subsystem i, (i= 1, 2,..., n) and
(=1, 2,.., mj. As seen in Figure 2.13, the n blocks form a series system

that is equivalent to the original system. The system reliability R is then

R = ﬁRi (2.5)

2.7.1.3.2 Parallel-Series Systems

calculated.

As shown in Figure 2.14, a generic parallel-series system consists of m
subsystems running in parallel with n; (i = 1, 2,...,m) components in
subsystem i. High-level redundancy design is another name for this
configuration. To calculate the system reliability, each series subsystem is
first collapsed into an equivalent reliability block. The block I reliability Ri

is calculated from (2.1).
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S

Ri - R
j=1

ij i=1,2,...,m (26)

where R;; denotes the component j's dependability in subsystem i. As
demonstrated in Figure 2.14, the m blocks form a parallel system that is
equivalent to the original. By substituting (2.6) for (2.3), the parallel-series

system's dependability becomes

R=1- 1_[(1 _R) 2.7)
i=1

m
1 2 b————=— n

m

Figure 2.14 General parallel-series system

2.8. Complex System

In many circumstances, determining which components are connected in
series and which are connected in parallel in a complicated system is
difficult[43,75]. The network depicted below is an excellent illustration of

a complex system

Figure 2.15: Complex system

23



Chapter Two

The system depicted in the diagram above cannot be divided into series and
parallel systems. This is owing to the fact that has two roads leading away
from it, whereas only has one. There are several ways for determining a

complicated system's reliability, including:

1. Path Tracing Method (Tie-Set Method).
2. Minimal Cut Method.
3. Reduction to Series Element Method.

4. The Inclusion-Exclusion Method.
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Chapter Three

3.1 Introduction

The techniques in Chapter two are only applicable to systems and networks
with a series and parallel topology. Many systems either lack this basic
structure or have complicated operational logic. In order to determine the
reliability of such systems, further modeling and evaluation methodologies are
required. The bridge is an example of a system that does not have a
series/parallel structure. In this chapter, we discuss the a number of techniques
for analyzing reliability to complex network system as shown in figure.3.1. In
order to simplify the reliability of the system [28], these techniques are based
on a logical diagram and the subject is addressed through some basic concepts
in the graph theory as in the first chapter. A visual examination of the network
in figure 3.1 reveals that none of the components are connected in a
straightforward series/parallel configuration. Also, The following techniques
were addressed : Connection matrix techniques , Node removal ,Matrix
multiplication [43], Generation of minimal cut sets, Path Tracing Method
(PTM), Minimal Cut Method, Reduction to Series Elements Inclusion—

Exclusion Method, were used to obtain the reliability polynomial[51].

2

SO
ST T
__\‘\u—

V

4 6
I I

Figure 3. 1: Complex network
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3.2 Connection Matrix Techniques

A connection matrix is created from the system network or reliability diagram
in this manner, which defines which components are connected between the
network or diagram's nodes. Reconsider figure (3.1) and identify the nodes as
shown in figure (3.1), and construct the following connection matrix in which
a zero indicates that there is no connection between two nodes and unity
represents a connection between a node and itself, this being the value of the

elements on the principal diagonal.

modell 2 3 4 5 6 7

1 |11 x;, x, x3 0 0 O

210 1.0 0 x, O O

1 310 0 1 0 x5 x; x4
A=l 4o 0 0 1 o xg O (31

510 0 0 0 1 0 x

6 10 0 0 0 0 1 x4

7110 0 0 0 O 0 1

Unidirectional (flow just in one direction) and bidirectional (flow in both
directions) branches are both included in this method[50]. The goal of this
method of solution is to convert this fundamental connection matrix into one
that describes the flow transmission between the input and output, or between
the two nodes of interest. This can be accomplished in one of two ways: by

removing nodes or by multiplying matrices.
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3.2.1 Node Removal

By sequentially reducing the basic connection matrix [9]until it is reduced to a
2 X 2 matrix including only the input and output nodes, all nodes in the
network that are not input or output are deleted[62]. In this case[43,75], the
matrix must be simplified to only nodes 1 and 7. To delete node k from a
matrix, each element must be removed. N;;(i,j # k) must be replaced
according to

N, = Njj + (NjNy) (3.2)

where N, replaces the old N;; .

Consider the removal of node 2 first in this example.. We apply the equation

(3.2) to the matrix (3.1) and we get.
The new matrix elements are

Ny =14+x,0=1
Niz=x,+x1¢ 0=x,
Niyg =x3+0=x;
Nis =0+ x1x, = x1%x4
Nig=0+x,0=0
N7 =0+x,0=0
N;; =0+0e¢ 0=0
N33 =1+0e¢0=1
N3y =0+0¢0=0
N3s = x5+ x4 00 = x5
N3zg =x7;+0¢0 = x,
N3; = x6+ 00 x; = xq4
Ny =04+0¢0=0
Nyz =0+0e¢ 0=0

N44=1+0’0=1
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Nys=0+4+x,0=0
Ny =xg+ 00 = xg
Nyy=04+0e0=0
Ny =04+0¢0=0
Nez =04+0e 0=0
Ney =04+0e0=0
Nes=14x,0=1
Neg=0+4+0e0=0
Ng; = X9+ 000 = x9
Ne; =04+0e0=0
Nes=0+0e 0=0
Ne,=04+0e0=0
Nes=0+4+x,20=0
Neg=1+0e0=1
Ng7 = x10 + 020 = xq9
Nyy=04+0e0=0
Ny =04+0e 0=0
Nyy=04+0e0=0
Nys=0+x,0=0
Nyg=0+4+0e0=0
Nyy=1+0e0=1
which gives the following reduced matrix

1 x, x3 xx, 0 07
0 1 0 x5 x; x4
0 0 1 0 xg O
0 0 O 1 0 x9
0 0 O 0 1 xq

0 0 O 0 0 1-

(3.3)
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Now apply the equation (3.2) to the matrix (3.3) and we get. The removal of

node 3. The new elements are
N11= 1+x2° 0=1

Niy =x3+0=x3
Nis = x1X4 + XpX5 = X1X4 + X3 X5
Nig = 0+ x3x7 = X%
Ni7; =0+ x3x6 = X3Xg
Ny =04+0-0=0
Ny=1+0e¢0=1
Nys=0+x5¢0=0
Ny = xg +x700 = xg
Ny =0+x50=0
Ng; =0+00=0
Ney =0+0¢0=0
Ngs =1+x5¢0=1
Ngg =0+x,¢0=0
N5, = X9 + x50 = x9
Ng; =0+0¢0=0
Ngy =0+0¢0=0
Ngs =0+x5¢0=0
Ngg =1+x,0=1
Ne7 = x10 + X6 * 0 = x19
N;y=0+0¢0=0
N,y =0+0¢0=0
Nys=0+x5¢0=0
Nyg =0+x,0=0

N77:1+x6’0:1
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1 X3 x1x4 +XX5 XXy XyXg
[0 1 0 Xg 0 }
0 O 1 0 Xo
{0 0 0 1 xp ‘
0 O 0 0 1

(3.4)

Now apply the equation (3.2) to the matrix (3.4) and we get the removal of

node 4. The new elements are

Ny =14+x30=1

Nis = x1X4 + X3x5 + %30 = x1x4 + x,X5
Nig = X2X7 + X3Xg = XX7 + X3Xg
Ni7; = xx¢ +x3 00 = x4

Ng; =0+0¢0=0

Nss =1+0¢0=1

Ngg =0+x3¢0=0

Ng; = X9+ 00 =xg

Ng; =0+0¢0=0
Ngs=0+0¢0=0

Ngg =1+xg¢0=1

Ng7 = %10+ 020 = x99

N,y =0+00=0
Nys=0+0¢0=0
Nyg=0+x53¢0=0

N, =1+0e¢0=1

1 XyX4 +X3X5  XoXo + X3Xg  XoXg

0 1 0 Xo
0 0 1 X140
0 0 0 1

30
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Now apply the equation (3.2) to the matrix (3.5) and we get the removal of

node 5. The new elements are

Nigs = 1+x1x4+xx50 0=1

Nig = X3X7 + X3xg + (X1X4 + X3X5) © 0 = xpx; + X3Xg

Ni7 = XX + (X1X4 + X3X5) ® Xg = XpXg + X1X4Xg + X3X5Xg
Net =04+0¢0=0

Ngg=14+0e0=1

Ng7 = %10 + %9 ¢ 0 = x19

N,y =04+0¢0=0

N,g=04+00=0

Ny =14+x900=1

1 Xyx7 +X3Xg  XoXg + X1X4 Xg + X3X5 Xg
0 1 X10 (3.6)
0 0 1

Now apply the equation (3.2) to the matrix (3.6) and we get the

removal of node 6. The new elements are

Ny = 1+ (x5 +x3x5) e 0=1
Ni7 = XpXg + X1X4Xg + X3X5Xg + (X3X7 + X3Xg). X10
= X9Xg + X1X4Xg + X3X5Xg + XoX7 X109 + X3Xg X190
N,y =0+0¢0=0
Ny =1+x000=1

[1 XoXg + X1X4 X9 + X3X5 X9 + XpX7 X9 + X3Xg xlo] (3 7)
0 1 '
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From this final reduced matrix, the element N, gives the transmission from
node 1 (input) to node 7 (output) and, in this case IS x,x¢ + X1X4 X9 +
X2X5 Xg + X3X7 X109 + X3Xg X10-

Boolean algebra was used in the reduction and evaluation of the reduced
matrices, as well as in the transmission. The above transmission equation can
be interpreted as follows using Boolean algebra rules: (x, and x,z) or (x; and
x4 and xq) or (x, and xs and xg) or (x, and x, and x,,) or (x; and xg and
X10). This expression reflects all feasible paths that exist between the system's
input and output, and so are identical to the system's minimal paths or tie sets.
From this point on, the system's reliability can be assessed using the

assessment methodologies mentioned earlier in this chapter.

X, Xq
X X, X,
I X X5 X9 0
— X, X7 X10
—{ Xs X0

Figure 3.2: All minimal paths of bridge system.
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3.2.2 Matrix Multiplication
The fundamental connection matrix is multiplied by itself a number of times
till the resulting matrix is unchanged in this approach. In the present example,

this multiplication process is as follows:

Let
nodel]l 2 3 4 5 6 77
1 11 x, x, x3 0 0 O
210 1 0 0 x, O O
M = 310 0 1 0 x5 x7 x4
4 10 0 0 1 0 xg O
510 0 0 0 1 0 xg
6 [0 0 0 0 0 1 xq
7110 0 0 O 0O O 1
then

1 2x; 2xy 2X3 X1X4 +X3X5 XyX7 + X3Xg  XpXg
0 1 0 0 2X, 0 X4Xg
0 O 1 0 2Xs 2% A
M?>=[0 0 0 1 0 2xg XgX10
0 O 0 0 1 0 2Xq
0 O 0 0 0 1 2X10
0 O 0 0 0 0 1
A=2x¢ + x5X9 + X7X1
1 3x; 3x, 3x3 3x1x4 +3x,X5  3x,X7 + 3x3Xg B
0 1 0 0 3%, 0 3X4Xg
0 0 1 0 3xs 3x, C
M3*=[0 0O 0 1 0 3xg 3XgX10
0 O 0 0 1 0 3Xq
0 0 0 0 0 1 3x40
0 O 0 0 0 0 1
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where
B=x,x¢ + x,(2x¢ + X5Xg + X7X10) + X1 X4Xg + X3XgX10-

C=3x4 + 3x5x9 + 3x7X19

1 4x; 4x, 4xz  6x1x4 + 6x3x5  6XX7 + 6X3Xg D

0 1 0 0 4x, 0 6X4Xg

0 O 1 0 4xc 4x, E
M*=|0 O 0 1 0 4xg 6XgX10

0 O 0 0 1 0 4xq

0 O 0 0 0 1 4x,0

0 0 0 0 0 0 1

where

D=2x,x¢ + 2%, (2x¢ + X5xg + X7X10) + 2X9(X X4 + X3X5)
+2x10(X2x7 + X3Xg) + 2X1X4Xg + 2X3XgX10-

E=4x, + 6xx9 + 6x7x1,

1 5x1 5x2 5x3 10x1Xx4 + 10x2x5 10x3Xx7 + 10x3Xg F

0 1 0 0 5X4 0 10x4X9

0 0 1 0 5xs5 5x7 G
M>=l0 0 0 1 0 5Xg 10xgX10

0 0 0 0 1 0 5X9

0 0 0 0 0 1 5X10

0 O 0 0 0 0 1

F=2x,x¢ + 2%, (2xg + X5Xg + X7X10) + 2x,(4x¢ + 6X5X0
+6x7x10) + 2x9(%1%4 + X3X5) + 2X19(X2X7 + X3Xg)

+8x1x4X9 +8x3XgX10.

G=5x4 + 10x5x9 + 10x5x1,
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1 x; Xy X3 X1Xg +XyXs  XyX; + X3Xg H

0O 1 0 O Xy 0 X4Xg

0O 0 1 O Xs X7 Xg + X5Xq + X7X10
M=o 0 0 1 0 Xg XgX10

0O 0 0 O 1 0 Xo

0O 0 0 O 0 1 X109

0 0 0 O 0 0 1

H=x2x6 + X1X4Xg + X3X5Xg + XpX7X19 + X3XgX1g-

Further powers of M have no effect on the resultant matrix, therefore the
operation can be terminated here. The transmission from node 1 to node 7 is
the same as in the node removal technique and the tie set method, as can be
seen from the elements of M°. When compared to the node removal approach,
the advantage of the multiplication method is that it gives the transmission or
tie sets between all pairs of nodes at the same time, whereas the node removal
method only supplied the transmission between two nodes of interest. Despite
the fact that the connection matrix approach It can also be considered a
mechanism of deducing tie sets. Its a formal method in its own right. Several
reliability evaluation approaches, as stated in Section 3.1, are fundamentally
the same in concept; the only difference is how they are presented. In the case
of tie sets and connection matrix approaches, this is particularly true.

3.3 Generation of Minimal Cut Sets

We will operate in this technique to using the set of all minimum paths,
construct the incidence matrix of all minimal paths[62, 75]. Assume there are
n minimum pathways, each of which is labeled by p4,p5,,...,p,, The
incidence matrix of all minimum pathways is then obtained. IM such that,
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all alz Iy aln
azl azz oy a2n

IM = : : . : (3.8)
dm1 dm2 - dmn

where a;; € {0,1} with (i = 1,2,...,m,j = 1,2,..,n). A state is an n-
dimensional array of 1;and Os in which a; = 1 ifand only if x; € p; , else

a;; =0.

The minimal cut sets must be generated in three steps. [17, 84].

1. If ¥ a;;#0 of any column x; of IM, then x; forms a first order cut.

2. At the same time, combine two IM columns., If Vi; a;; +a; # 0 where
k >j(k=1,2,..,n), then x;xx Make a second cut in the same manner as the
first. To give the second order minimal cuts, delete any cut that contains first
order cuts. [13, 17, 20].

3. Repeat (2) with three columns at a moment to offer the third order
reductions, this time remove any first and second order cuts and proceed until

the highest cut order has been achieved.

Example 3.1 The bridge structure given by Fig.(3.2) .has the minimal
path sets  p; = {x2%6}, P2 = {x1%4 X0}, P3 = {X2x5 %0}, Ps =
{x2%7 x10 }, Ps = {X3xg X10}, Based on our descriptions above, the IM

of the bridge system as follows,

X1 Xy X3 X4 X5 Xe X7 Xg X9 Xqo]
P] O 1 0 0 0 1 0 0 0 0
Pl 1 0 0 1 0 0 0 0 1 0
IM = P;1 O 1 0 0 1 0 0 0 1 0 (3.8)
Pl 0 1 0 0 0 0 1 0 0 1
(P10 0 1 0 0 0 0 1 0 1 |
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Hence, no single column in IM exists in which none of the elements are zero,
then there are no first order cuts. Then, applying Step (2) and also, there are no
second order cuts. Then, applying Step (3) we found

ap + aipp +a;z # 0,a44 + a;, +a;g # 0,

ap; +a;, +ap0 # 0,a;, + a3 +a;, = 0,

aip, + a3 +a, *# 0,a;, + a4 +a;g # 0,

Aip + iy +aj19 # 0,040 + a;g + a9 # 0,

a;r + Qg +ai10 * 0,ai6 + Qg +Cli10 * 0.

The results of the minimal cut sets are:

Mcs; = {X1,X3,X3}, Mcs; = {X4,X3,Xg},

Mcsz = {X1,X2,X10}, Mcs, = {X3,X3,X4},

Mcss = {X3,X3,Xo}, Mcsg = {X3, X4, Xg},

Mcs; = {X3,X4,X10}, Mcsg = {X;,Xg,Xo},

Mcsg = {X3, X9, X10}, MC€S19 = {X6, X9, X10},

Mcsy, = {X6,X7,Xg, X0}, MCS1, = {X4, X5,X6,X10},
Mcs 3 = {X3, X6, X7, X0}, MCS14 = {X1,X5,X6,X10},
Mcs;s = {X4,Xs, X6, X7, Xg}, MCS16 = {X3,X4, X5, X6, X7},

Mcs;, = {X1,Xs5,X¢,X7,Xg}, MCS1g = {X1,X3,X5,Xg, X7}

3.4 Path Tracing Method (PTM)

Every paths from a starting point to a finishing point is regarded with this
technique[14, 21]. Since system success involves having at least one path
from one end of the reliability block diagram to the other, as long as at least
one path is available from the start to the end of the path, the system has not
failed. Using this method to calculate the reliability of the complex system

involves following the next steps [ 43, 75]
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1. List all the minimum paths (tie-set) of the system.

2. Success of all parts in a minimal paths (tie-set) leads to system
success.

. This means interconnections in series between these components.

. Each set of minimal tie generates the system accomplishment.

. This implies that the minimum tie sets have parallel connections.

o 01 A W

. Draw equal system and use series and parallel reduction to
calculate reliability of the system.
The system’s reliability is the probability of uniting these minimum paths[24,

35]. General equation for union of minimal paths Pi can be given as

n
pr(P1 + D2+ ...+ Pn) =Dr (Zm)

i=1
n

=zn:pr ) — z pr (pi-pj) +
i=1

i<j=2
z pr (Pi-pjor) =+ (="' pr (D112 - Pn)
i<j<k=3
This expression is also known as the inclusion-exclusion expansion [62]. For n
independent minimal paths, the probability that at least one minimal path will

be working. As a result we get

Py (Z pi) =1-[[1 = p,(p)] X [1 = pr(P)] X .. X [1 = p-(p)]] (B.9)

i=1
Proposition 3.1.1f Ry; R,; R3; Ry; Rs; Rg; R7; Rg; Rg; Ry are reliabilities of
arcs (paths) in a complex system fig.(3.1), then the reliability Rs(t) of the

system .

Rs = R2R6+ R1R4Rg + R2R5Rg + R2R7R10 + R3R8R10 — R2R5R5R9 —
38



Chapter Three

R2RsR7R10 — R1R2R4R5Rg — R1R:R4R6Rg — RoR3ReRgR10 —

R2RsR7RgR10 — R:RsR7R9R10 + R1R2R4RsR6Rg —

R1R2R4R7R9R10 — R1R3R4RgR9R10 + RoR3ReR7RgR 10 —

R2R3R5RgR9R10 + RoRsReR7R9R10 + R1R;R4RsR7Rg Ryg +

R1R2R4RsR7R9R10 + R2R3RsReRgR9R10 + R2R3RsR7RsR9R 10 +

R1R2R3R4R5RgR9R10 + R1RoR3R4ReRgRoR 10 +

R1R2R3RsR7RgRsR10 — R1R2R4RsRsR7R9R10 —

R2R3RsRsR7RsRsR10 — R1R2R3R4RsReRgReR10 —

R1R2R3R4RsR7RsR9R10 — R1R2R3R4RsR7RsR9R1 +
R1R,R3R4R:sRsR7RgRgR 0. (3.10)

Proof. By using path tracing method, we have. Path sets : p; = {xX,%¢},
P2 = {X1X4 X9}, P3 = {XoX5 Xo}, DPa={X2X7X10}, Ds = {X3Xg X10},
and then Fig. (3.1), which will indicate the parallel system's reliability [4], as
follows: We'll make the assumption that R;(t) indicates the reliability of the
p; th component in a path set (the likelihood that the component Pi will be
functional over the entire interval [0,t]). P;,j € {1,2,3,4,5}. As a result, there
are five possible path sets, each of which is represented as a parallel system in
fig.(3.1), and each success that occurs in a path set causes the system to
succeed. The BF (Boolean Function) Technique is used to analyze a symbolic
expression for the reliability of such a complicated system. The probability
that each path set P; is:

P =Ry (DRs(D) (3.11)
P, =R1 (D) Ry(t) Ro(D)

P; =R;(t) Rs(t) Ro(t)

P, =R;(DR7(t) Ryo(®

Ps = R3(t)Rg(t) Ryo(t)
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The expression on the right-hand side of (3.11) is often written as
i=1 Pi.

Then the reliability of the system is

Ry=1-(1-P)A-P)(A-P)A-P)1-Ps) =]}, P, (3.12).

And by solving the above equation we will get the reliability polynomial

(3.10). where the computations make sense in a probabilistic-boolean way,

i.e., R{"(t) is formally replaced by R;i(t). We find the expression (3.10) which is

of the reliability polynomial

3.5 Minimal Cut Method

We use the following assumptions to calculate the polynomial reliability by

using this method [34, 38]

1. List all the system’s minimal cut-sets.

2. In a minimal cut-set, failure of all parts creates system failure.

3.This means that these parts have parallel links.

4.Each set of minimal cutting creates failure of the system.

5. This means links between the minimal cut sets in sequence.

6. Use parallel and series decrease to calculate system and system reliability
R=1—-p(c;+cy+...4cp). (3.13)

where C;(i = 1,2,...,n) indicates the occurrence where all of the

components in minimum cut set | fail [43], and n is the total number

of minimal cut sets[48,75]. Equation (3.13) can be evaluated by

applying the inclusion - exclusion rule, which is

n

n
pric + ¢+ k) = D pr ()= Y pr (i)
i=1 i<j=2

n

+ Z Pr (ci. cjck) — o+ (D)™ 1p.(ci.Cp . Cp).

i<j<k=3
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For n independent minimal cuts, the probability that at least one

minimal cut will be working [5]. As a result we get

P (Z ci) =11 = pe(en)] X [1 = pr(e)] X ..x [1 = py(e)]](3.14)

i=1

Example 3.2 compute the system reliability depending on the sets of all
minimal cut. From equation (3.14) and the sets of all minimal cut
Mcs; = {X1,X3,X3}, Mcs; = {X4,X3,Xg},

Mcss = {X1,X3,X10}, Mcs, = {X3, X3, X4},

Mcss = {X3,X3,Xo}, Mcsg = {X3, X4, Xg},

Mcs; = {X3,X4,X10}, Mcsg = {X3,Xg,Xo},

Mcsg = {X3,Xo,X10}, MCS10 = {X6, X0, X10},

Mcsy, = {X6,X7,Xg, X0}, MCS1, = {X4,X5,X6,X10},
Mcs 3 = {X3, X6, X7, X0}, MCS14 = {X1,X5,X6,X10},
Mcsys = {X4, X5, X6, X7, Xg}, MCS16 = {X3, X4, X5, X6, X7},
Mcs17 = {X1, X5, X6, X7, Xg}, MCS18 = {X1, X3, X5, X6, X7}-

Rs=[1-(1-x1)1-x)1-x3)]xX[1-(1-x7)(1-x2)(1-xg)]

X[1=(1—=x1)(1=x)(1-%x10)] X[1—=(1-%)(1-x%x3)(1-%4)]
X[1=(1-x2)(1-x3)(1-%X0)] X [1—=(1-%x3)(1-%4)(1-Xg)]
X[1—=(1-%2)(1-%x4)(1-%X10)] X [1=(1-%3)(1-%g)(1-Xo)]
X[1—=(1-%3)(1-%0)(1-%X10)] X[1—=(1-%X6)(1-%Xg)(1-Xq0)]

1-(1-x%6)(1-%x7)(1-%xg)(1-Xo)]
1-(1-x4)1-%x5)(1-%6)(1-Xq10)]
1-(1-x3)(1-%x6)(1-%x7)(1-Xo)]
1-(1-x1)(1-x%x5)(1-%X6)(1-X10)]
1-(1-x)(1-x%5)(1-%6)(1-%7)(1-Xg)]

1-(1-x3)(1-%x4)(1-x5)(1-%6)(1-x7)]
41
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X[1=(1-%1)(1-x5)(1-%6)(1-%7)(1-Xg)]
X[1—-(1-x1)(1-x3)(1-x5)(1-x%¢) (1-x%)]. (3.15)
And by solving the above equation (3.15), we will get the reliability
polynomial (3.10)

3.6 Reduction to Series Elements
This technique [43, 48] includes replacing each parallel path systematically
with an equivalent single path and eventually lowering the scheme to one

composed of only series components, as shown in Fig.3.1 .[ 54, 65].

X, X4 X9
Xs X
I X, Xe 0
X7 X10
X3 Xg X10

Figure 3.3: After reduction complex system.

Reduce [89,93], the given system to one consisting of only series
element: Now, to solve the system
M1 == 1 - [1 _R1R4R9]

42



Chapter Three

M; = 1 — [(1- R3RgRy)]
Ny =1—[(1-R;)]
N, =1 —[(1-RsRg)(1- Rg)(1-RsRyp)]

M, = N;N,

M;

Figure 3.4: After reduction complex system.
Rs =1 —[(1- My)(1—M,)(1—M,)]
Rs = 1 —[(1 — RyR4Ro)(1 - R3RgR1)(1 — Ry(1 —

[(1-Rs5 R9)(1-Re) (1-R7R10)]))] (3.16)

And Dby solving the above equation (3.15), we will get the reliability
polynomial (3.10).
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3.7 Inclusion- Exclusion Method

Inclusion—exclusion (IE) is a traditional approach for calculating a general
system's reliability expression using its minimal routes. The IE approach, also
known as Poincar'e or Sylvester's theorem, uses Bonferroni inequalities to
produce successive upper and lower bounds on system reliability that
converge to the exact system dependability[62].

Assume that E; is the event that causes all components in the minimal
path T; to function. We can also state that E; represents the event that
occurs when the minimal path T; is followed. The likelihood that the

shortest path T; will work can be stated as
Pr(Ej ) = Hierj P; (3-17)

If and only if at least one of the minimum paths works, a system with
[ minimal paths works. In other words, system success is linked to the
occurrence. U5'=1Ej=1 . The probability of the union [ events, namely, the
system's reliability, is equal to
Rs = (Ubo; Ejzy). (3.18)
and
Sk = Xis<ij< - - <ip=t Pr(Ej N Eip NN Eyg). (3.19)
Then, S, indicates the probability that any k minimum pathways are active at
the same time. The system's reliability, which is equal to the probability of the
union of the I minimum pathways, can be represented as follows using the IE

principle (see Feller [75]).
Rs = Yi,(—=1D*15,. (3.20)
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In application of equation (3.19), S; is included, S, is excluded, S5 is included,
S, is excluded, Ss is included, and so forth. The name of the IE technique is
derived from this. Upper and lower bounds on Rs become accessible as a

result of this procedure of incorporating and omitting additional terms, as seen

below:
Rs < S, (3.21)
Rs =8, — S,, (3.22)
Rs < 5§, =S, +55, (3.23)
Rs > 8§, — S, + S5 — S, (3.24)
Rs < § — S8, +5; — S, + Ss, (3.25)

The so-called Bonferroni inequalities are these inequalities. These successive
inequalities and, eventually, the actual value of Rs provide tighter restrictions
on Rs, is obtained when (—1)!71S; is included. In reality, it may be sufficient

to calculate only the first few Sy values in order to achieve an accurate Rs

value. This is because S; has (7)terms, S, has () terms, . .., S, has

(’2‘) terms. The IE approach appears to be ineffective for evaluating the
reliability of a parallel system. The simple formula in equation can be used to
assess the reliability of a parallel system (2.3). The maximum number of terms
generated by the IE method for a system with | minimum routes is 2'-1.
Whenever some minimum pathways have common components, some of the
2!—-1 Because of the alternating signs in front of the possible terms of the IE
approach, they cancel each other out. S, for 1 < k < [. As a result, the
actual number of final terms generated by the IE approach is frequently
substantially lower than the number generated by the other methods 2!-1.

However, the IE method has to evaluate all these 2!—1 to get the final result,
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and then have some of the terms cancel each other. To put it another way, for
systems with a large number of minimum pathways, this strategy is not very
efficient.

Proposition 3.2. If Ry; R,; R3; Ry; Rs; Re; R7; Rg; Rg; Ry are reliabilities of
arcs (paths) in a complex system fig.(3.1), then the reliability Rs(t) of the
system (by using The Inclusion- Exclusion Method) is the reliability

polynomial (3.10).

Proof. path sets: p; = {x,x6}, P2 = {x1%4 X9}, P35 = {x2%5 x4},

Pa = {X2X7 X109 }, D5 = {X3Xg X10} -
For the graph in Fig. 1, let p; = p,{R; = 1} and q; = p{R; = 0}, minpaths
using MPy = {X3,Xe}, MP; = {X1, %4, X9 }, MP3 = {x3, x5, Xo},

MP, = {x3,%x7,%10 }, MPs = {x3,%g, %10 },
Then the system reliability Rs is:

S, = {Pr(MP,) + Pr(MP,) + Pr(MP;) + Pr(MP,) + Pr(MP;)}.

S, = {Pr(MP,MP,) + Pr(MP,MP;) + Pr(MP,MP,) + Pr(MP,MP;)
+ Pr(MP,MP;) + Pr(MP,MP,(+ Pr(MP,MP;) + Pr(MP;MP,))

+ Pr(MP;MP;) + Pr(MP,MP:)}.

= X1X2X3XeXg + XpX5XeXg T X2XX7X10 T X2X3X6XgX10
+X1XpX4X5Xg T X1 XX X7XgX1g T X1X3X4XgX9X10 T X2X5X7X9X10

+X,X3XsXgXgX10 T+ XpX3X7XgX10
S; = {Pr(MPlMPZMPg,) + Pr(MP,MP,MP,) + Pr(MPlMPZMPS)
+ Pr(MP,MP;MP,) + Pr(MP,MP;MP<) + Pr(MP,MP,MP:)
+Pr(MP,MP;MP,) + Pr(MP,MP;MP:) + Pr(MP,MP4MP:)
+ Pr(MP;MP,MPs)}.
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= X1 XpX4X5XXg T X1X2X4XeX7X9X10 T X1X2X3X4X6XgX9X10
+X5X5XeX7XgX109 T Xp X3X5XeXgXoX1g T X2X3XX7XgX10
+X1X2X4X5X7XgX10 T X1X2X3X4X5XgX9X10

+X1X3X3X4X7XgXgX10 T X2X3X5X7XgX9X10

S, = {Pr(MP,MP,MP;MP,) + Pr(MP,MP,MP;MP;)
+ Pr(MP,MP,MP,MPs) + Pr(MP,MP;MP,MP;)
+Pr(MP,MP;MP,MP;)}.

= X1X2X4X5XeX7X9X10 T X1X2X3X4X5X6XgX9X10
+X1X,X3X4XgX7XgXgX1 T X2X3X5XgX7XgX9X10

+ X1X2X3X4XsX7XgXgX10-

Sy = {Pr(MPMP,MP;MP, MP;)}.
= X1 X2X3X4X5Xg X7XgX9X10

RS = Sl - SZ + 53 - 54_ + 55 (3.26)
And by solving the above equation (3.26), we will get the reliability
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4.1 Introduction

Engineers are frequently faced with the problem of building a system that
adheres to a set of dependability criteria while developing a new product[5].
The engineer is given the system's aim and must then create a design that will
accomplish the system's required dependability while fulfilling all of the
system's intended functions at the lowest possible cost. This entails a delicate
balancing act of determining how to assign dependability to the system's
components in order for the system to fulfill its reliability target while also
meeting all of the other performance requirements. The construction of a
model that reflects the complete system is the first step in the reliability
optimization process[48]. This is achieved by creating a system reliability
block diagram that depicts the reliability linkages between the system'’s
components. The system dependability impact of various component
adjustments may be calculated and assessed using this model, as well as the
costs associated with implementing such alterations. The optimum
combination of component reliability improvements that meet or exceed the
performance requirements at the lowest cost may then be found using an
optimization study for this problem[97]. In this chapter, we discuss the
problem of allocating reliability to complex system after reducing the system
in three components in parallel that became a subsystem to the system as
shown in the fig.(3.4) in chapter three. In addition, the methods used to solve
the problem of allocation have been modified from series system to parallel
system, as in the above system. The purpose of reliability allocation is to
establish a goal or objective for the reliability of each component so that the
manufactures can have an idea of the performance required of third [104].
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4.2 Reliability Allocation

Is the process by which the failure of a system is determined by using a logical
method through the systems of the sub-system and its components. We define
the system reliability objective of the individual components within the system
that ensure access to the overall goal of system reliability[48]. For each for
matting we use the component to refer to a typical unit or sub- system, which

can be formulated in the allocation of reliability.
h(R1, R, ..., Ry) = R* (4-1)

where R* is the objective for system dependability, R i=(1, 2, ..., n) is the
component i's reliability aim, and h represents a functional connection
between system and component reliabilities[97]. The functional connection is
derived from the preceding sections' system reliability analysis. Solving
inequality eq.(4.1) for Rj is now the job of reliability allocation. In a complete
reliability program, reliability allocation is a critical responsibility, especially
when the goods under development are complex. The following are the
different advantages of dependability allocation: A complex product includes
a number of parts that are often planned, intended, tested and produced by
numerous external providers and contractors as well as numerous inner
departments[104]. It is essential that all parties concerned are partnered and
share the goal of providing clients with the reliability needed to deliver the
end product. In order to achieve this, each and every partner should be
allocated and dedicated to the reliability goal from the point of perspective of
project management. Reliability distribution for each element describes a

legitimate objective of reliability.
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1. Mandatory reliability demands force reliability duties to be regarded
similarly in the process of product realization with engineering
operations directed at meeting other client expectations, such as weight,
price, and efficiency.

2. Allocation of reliability drives a profound knowledge of the hierarchical
structure of the product (i.e. components, subsystems, and the final
product's functional connections). The method may lead to weakness in
design and subsequent enhancement being identified.

3. Reliability requirements are based on the mandatory reliability
functions that must be taken into account on unequal to engineering
activities designed to meet other customer ideas such as cost,
performance and weight in the process of product realization.

4. Reliability assignment process outputs can be used as inputs for other
reliability tasks. For example, a component assigned reliability is used
to design a component reliability verification test.

4.3 Reliability Allocation Methods:

There are many method's to reliability allocation and these methods vary in
complexity depending on how much the definition of the subsystem is
available and the degree of accuracy required. In this part of the chapter we

will look at the most common and used methods, such as

1 Equal Allocation Technique.
2 ARINC Approach method.

3. AGREE Allocation method.
4

Feasibility - of - objectives Technique method .
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4.3.1 Equal Allocation Technique

The Equal Allocation Technique uses all standards for all system components
and assigns a common reliability goal for all components to achieve the
overall system reliability goal [48, 97,]. This method is simple and useful
especially in the early design stage when no detailed information is available
for the parallel system. Reliability of the system is the reliability results of the

individual components[104].
Thus, can be written as:
1-J[L;(1—-R))>R" (4.2)

A component's minimal reliability requirement is determined by

Ri= (1—(1—RY%), for i=1,2,...n (4.3)
Where
R* is the system's necessary dependability
R; is subsystem i responsible for the reliability requirement
and each subsystem is equally reliable
if all components are exponential ,(4.2) then

Yic A <A (4.4)
Where
A" is the maximum allowable failure rate to system
A; is the maximum allowable failure rate of component i and

A=A =123, (4.5)
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Example 4.1 The parallel subsystem consists of three components as shown in
Fig. (3.4) The lifetime of all subsystems of allocation is distributed evenly
over components. If the above system reliability target at 48 months in service
iIs 0.96, Determine the current reliability requirement as well as each

subsystem's maximum permitted failure rate.
Solution

From eq.(4.3), the reliability of each individual subsystem is

RI(48) = (1— (1 —0.96)):=0.986, i = 1,2,3.

The maximum allowable failure rate of the vehicle in accordance with the

overall reliability target is

3= _MR'GB)] _ _ In096)

= 8.5 x 10™* failures per month.
48 48

From eq.(4.5), each individual subsystem's maximum allowed failure rate is

)\*
A== i=123

-4
. _ 85x10

: —— = 2.83x 10~* failures per month,i = 1,2,3.

4.3.2 ARINC Approach Method

The ARINC assumes that all parts are parallel linked, independent of each
other, distributed exponentially, and have a common task time[48]. The job of
determining individual failure rates becomes reliability allocation components
Ajsuch that eq.(4.4) is satisfied. The chance of component failure is included

into the A; calculation. Using the following weighting variables:

wj A i=12,...,n (4.6)

=_"1
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where A; is the failure rate of component i as determined by historical data or
forecast. The variables represent the probability of failure. The greater the
w; value, the more likely the component will fail[97]. As a result, the failure

rate goal assigned to a component should be proportionate to the weight value:
Ai=widy, 1=1,2,..,n. (4.7)

where 4, is a constant. Because ., w; = 1 and if the equality holds in
eq.(4.4), inserting eq.(4.7) into (4.4) yields A, = A*. Therefore, eq.(4.7) can be

written as
A=wi A, 1=1,2,..,n. (4.8)

This is the component's maximum allowed failure rate[104]. The relevant

dependability objective may be computed easily as follows:
R} (t) = exp(—w;Ajt), i =12,..,n (4.9)

Example 4.2 See example (4.1). Warranty data complex subsystem. The
failure rate estimates have generated, for the system above, the first
component A, = 0.03,the second componenti, = 0.04 and the third
component A; = 0.05 failures per month respectively. To reach a total
reliability objective of 0.99, determine the reliability requirements at 32
months in operation and the maximum permitted failure rate for each

subsystem.
Solution:

by equation (4.6) we get:

=M = 0.03 .
WIT 55 4 T on+00a+00s) 0.25,
e 0.04 _
W2~ Goarontoos 0.33,
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_ 0.05 _
W3 = (0.03)+(0.04)+(0.05) 0.41,

Now, we find A*where

In[R*(32)] _ 1n(0.99)

N=m—ag— = 32

= 0.000314

By using equation (4.8) we get:
Aj=0.25 X 0.000314 = 7.85 X 1075,
A>=0.33 X 0.000314 = 1.03 x 107%,

5= 0.41 X 0.000314 = 1.28 X 1074,

Now, we find the reliability per component by using equation (4.9) we get:

R} (32) = exp(-A; X 32) = exp(-7.85 X 107°X 32) = 0.99,
*(32) = exp(-A; X 32) = exp(-1.03 x 10~*x 32) = 0.99,

R} (32) = exp(-A; X 32) = exp(-1.28 X 107*X 32) = 0.99,

As a check, at 32 months, the resultant dependability is

R; =R] + R5+ R5 —RiR5 — RIR5 — RLR; +RTR5R%
=0.99 +0.99+0.99 —0.99 X 0.99 — 0.99 X 0.99 — 0.99 x 0.99
+0.99 x 0.99 x 0.99
= 0.99.

4.3.3 AGREE Allocation Method

The AGREE allocation technique, established by the Electronic Equipment
Reliability Advisory Group (AGREE), determines the minimum allowable
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mean failure time for each subsystem to meet the system reliability goal [48].
This strategy to distribution explicitly requires into account subsystem
complexity. Complexity is described in terms of modules and their related
circuitry, where an equal failure rate is assumed for each module. When
defining the limit of modules, this hypothesis should be held in mind. In
particular, module counts should be decreased for extremely secure
subsystems like pcs because the failure rates are much smaller than those of
less secure subsystems like actuators[97]. The AGREE allocation technique
also takes into account the significance of individual subsystems, where
significance is described as the likelihood of system failure if a subsystem
fails. The significance represents the subsystem’s essential to system
achievement. The significance of 1 implies that for the system to operate the
subsystem must work effectively. The significance of 0 implies that the
subsystem's failure has no impact on the system's operation. Assume the
subsystems are distributed, separately, exponentially, and function in sequence

as to their impact on system achievement. You can then rewrite eq.(4.1) as

R* (1) =T, [1-w; (1-R: (£))] (4.10)

where R* (t) is the system reliability target at time ¢t;, R; (t;) the reliability
target allocated for subsystem iat time t; (¢; < t), w; the importance of
subsystem i, and n the number of subsystems[104]. It can be seen that the
method of allocation allows a subsystem’s mission time to be less than the
system’s. Since the times to failure of subsystems are distributed

exponentially and we have the approximation eg.(4.9) can be written as

i1 A wit; = In[R*(D)], (4.11)
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where 2] is the failure rate allocated to subsystem i. Taking the complexity

into account A can be written as

W= -l ®WO) 53 n 4.12)
m wit;
Where
m; is the number of modules in subsystem i.
w; is the importance of subsystemi.
t; 1s the operating time of subsystem i.
m is the total number of modules in the system =Y m,.
R; ()= 1 — @™ (4.13)

Wj

It can be seen that eq.(4.10) and eq.(4.11) for a small subsystem would result
in a very low reliability goal. A very tiny w; value distortedly outweighs the
complexity impact and results in an unfair distribution. The technique only

operates well when each subsystem’s significance is close to 1.

Example 4.3 The above fig.(3.4) system consists of three sub-components. If
the failure of the three components leads to a system failure, the reliability of
the subsystems is required to achieve the system reliability target of 0.92 at a

time of 10 hours.

Table (4-1) data for AGREE Reliability allocation

Number | Number of | Importance | Operating
subsystem | models mi Wi time t;
1 9 1 10
2 12 0.9 10
3 6 1 6
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Solution
total number of models m= 9+12+6= 27

By using equation (4.12) we find the failure rate to the subsystems
(failures per hour) as

*_ _ mjln (R*(1)

Nim -
2= - 2 - 0,00278

Vo= - 228 - 000412
2= - 202 - 0,00309

now, we find the reliability of sub system's using the equation (4.13)

. - RO
Ri (t)=1 E—
9
R} (10)=1 - 222 = 0,972
12
R} (10)=1 - 2222 = 0,959
6
RI(6)=1 -7 _ (982

We find the reliability system according to its equation (4.10):
R*(t) =ITi=; [ 1-w; (1-R} (t;))] we get:
R'(10) = [ 1-1 (1-0.972)] [ 1-0.9 (1-0.959)] [ 1-1 (1-0.982)]
R*=0.92

goal reliability is required.
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4.3.4 Feasibility of Objectives Technique

This approach was created to allocate mechanical and electrical system
dependability without the need for repair[48]. Subsystem allocation factors,
numerical complexity system classifications, performance time, state of the
art, and environmental circumstances are determined using this approach[97].
The classification of this method is estimated on a scale from 1 to 10, with

values determined as discussed:

1. The complexity of the system. The complexity is assessed by looking at
the components that make up the system. The least complicated system
Is given a score of one, while the most complex system is given a score
of ten. Performance time. The component that runs for the duration of
task 10 is rated, the component that runs the least time during the task is
at 1.

2. State-of-the-art. The lowest design or method is 10, and the most
sophisticated is to assign a value of 1.

3. Environment. Components are also classified according to
environmental conditions from 10 to 1. Components facing extremely
harsh environments during their operation are expected to be classified
as 10, which are expected to experience the least harsh environments
classified as 1.

Each subsystem classification will be between 1 and 10 normalized so that a

total is 1[104]. The basic equations in this method are:

A=Y A (4.14)

A= Cr. Ag (4.15)
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Where As

as that

And

Where
w
Wy

ik

IS system failure rate.

Is mission duration.

Complexity of subsystem (k)

Is failure rate allocated to each subsystem.

Wy = Tk Fok T3k Tak

W= Z?=1 Wy

is sum of the rated product's

Is rating for subsystem (k)

(4.16)

(4.17)

(4.18)

Is rating for every of the four factors for each subsystem.

Example 4.4 A system of three sub-systems with a reliability of (0.91) at 96

hours. The engineering estimates of the complexity, state of the art, the time of

performance and environment are given in table (4-2). Calculate the failure

rate for each subsystem.

Table (4-2) values of subsystem allocation factors

Number of | Complexity | State of the Time of Environment
subsystem art performance

1 5 6 5

2 7 6 10

3 6 5 5
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Solution
by using equation (4.17) we get
Wy = Iy.T,.T3.T,
W= (5) () (5) (5) = 750
W,=(7) (6) (10) (2) = 840
W;= (5) (6) (5) (5) =750
Since
by equation (4.18) where
W =3, Wi
So, W =750+750+840
W = 2340
Now, we find Cy by using equation (4-16)

750

C=Wi-7% _g3)
w 2340
G=2_ 840 _ (359
27 W 2340 '
— W3 _ 750 _
—In

}\S — [R*(t) ] - —ln9((6).91) — 0.00098

t

Since
Me=Ci. Ag
A;= (0.32)(0.00098)= 0.000314
A= (0.359)(0.00098)= 0.000352
A3= (0.32)(0.00098)= 0.000314

So, Y3_, Ax =0.00098.

This achieves equation (4.14) because of
As = Y?_, A= 0.00098

And o Ce=1.
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Then:
¥3_, Cx =0.999 =1.

4.4 Component Reliability Importance

Once the reliability of a system has been determined, engineers are often faced
with the task of identifying the least reliable component(s) in the system in
order to improve the design. mostly The least dependable component in a
series system has the greatest impact on the overall system dependability. In
this situation, if the system's dependability is to be enhanced, the efforts
should be focused on increasing the component's reliability first. It is
straightforward to detect the weak components in basic systems, such as a
series system. In more complicated systems, however, this becomes a tough
process. For complex systems, the analyst need a quantitative method that
allows them to identify and quantify the relevance of each system component.
One technique of determining the relative significance of each component in a
system in terms of the system's overall dependability is to use reliability
importance metrics. Leemis [66] defines the dependability significance of a

component in a system of components as follows:

R() = 52 (4.20)

\where:

» Rs is the system reliability.

« R; isthe component reliability.

The value of the reliability importance provided by equation above is
determined by the component's dependability as well as its location in the
system. The dependability importance in terms of a value for each component

may be calculated using the equation above.

61



Chapter Four

Example 4.5 Find the general formulas of importance for each units in
Fig. (3.1)
Solution:
The results obtained for each component of the system were by applying the
eq.( 4.20) to the reliability function of the system and the results were as

follows:

JRs
a_ll:l = R4Ry —RoR4RsR9—R3R4ReR—RoR4RsRsRe—R2R4R7R9R 10 —

R3R4RsR9R10+R2R4R5R7R9 R19+R2R4RsR7R9R10+R2R3R4RsRgR9R 10
+R;R3R4R6RsR9R10+R2R3R4R7RgR9R10 —R2R4RsRsR7RgR 10
—RoR3R4R5R6RgR9R10 — RoR3R4RsR7RsR9R 10 —R2R3R4RsR7RgR9R 10

+RyR3R4RsR6R7RsRgR 10

ORs
% = Re+R5Re+R7R10-RsRsRe—ReR7R10-R1R4RsRe—R1R4RsR9 —R3R6RsR10

—R3R7RsR10-RsR7R9R10+R1R4RsRsRe—R1R4R7R9R 10+ R3RsR7RsR10 —
R3RsRgRoR10+RsReR7R9R10tR1R4RsR7R9R10+R1R4R6R7R9R 10+
R3RsRsRsR9R10tR3RsR7RgR9R10+R1R3R4RsRgR9R10+

R1R3R4ReRsRoR10+R1R3R4R7RsR9R10 — R1R4RsReR7R9R10 —

R3RsRsR7RsR9R10-R1R3R4RsRsRsR9R10-R1R3R4RsR7RgR9R 10—

R1R3R4ReR7RsR9R10+R1R3R4RsR6R7RsR9R10

R
R

= R8R10_ R2R6R8R10 _R2R7R8R10_ R1R4R8R9R10 + R2R6R7R8R10 -

RoRsRsR9R10+ R2R5R6RsR9R10 + R2R5R7RgReR10 +
R1R2R4R5RsR9R10 + R1R2R4R6RsR9R10 + R1R2R4R7RsR9R10 —
RoRsRsR7RsR9R10-R1R2R4RsRsRsR9R16-R1R2R4R5R7RgR9R 10—

R:1R:R4ReR7RsR9R10+R1RoR4RsRsR7RgRgR 0.
ORg_

a—R4—R1R9—R1R2R5R9—R1R2R6R9+R1R2R5R6R9—R1R2R7R9R10—R1R3R8R9R10+
R1R2RsR7R9R10+R1R2R6R7R9R10+R1R2R3RsRgR9R 10+

R1R2R3R6R8R9R10+RlRZRSR7R8R9RlO_R1R2R5R6R7R9RlO_
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R1R2R3R5R6R8R9RlO_RlRZR3R5R7R8R9RlO_R1R2R3R6R7R8R9R10 +

R1R2R3RsRsR7RgR9R 10

Z_ll::: =R2Rg— R2RsRo—R1R2R4R9— R2R7R9R10+R1R2R4ReRo—
R2R3R8R9R10+R2R6R7R9R10+RlRZR4R7R9R10+R2R3R6R8R9Rlo+
R2R3R7RgR9R10+R1R2R3R4ReR9R 10— R1R:R4RsR7R9R10 —
R2R3ReR7RsReR10-R1R2R3R4R6RgR9R10-R1R2R3R4R7RgR9R 10

+R1R2R3R4RsR7R3R9R 10

Z—EZ = R-R3RsR9-R;R7R10-R1RoR4Re-RoR3RgR10+R1R:R4R5Re+
R2R3R7RgR10+R2RsR7R9R10+R1R2R4R7RoR 0+
R2R3RsRsR9R10tR1R:R3R4RsReR10-R1R2R4RsR7ReR10 —
R2R3RsR7RgR9R10-R1R2R3R4RsRsReR 10—
R1R2R3R4R7RsR9R10tR1R2R3R4RsR7RsR9R 10

z—ll:j = R2R10-R2R6R10-R2R3RgR10-R2RsR9R10-R1RRsReR 10+
R2R3ReRgR10+7R2RsRsR9R10+R1R2R4RsRg Ry1g +
R1R2R4ReR9R10+R2R3RsReR9R10+R1RR3R4RgR9R 10—
R1R2R4RsReR9R10-R2R3RsRRgReR10—
R1R2R3RsRsRgR9R10— R1R2R3R4ReRsR9R 10 +
R1R2R3R4RsRsRsR9R10

JR

a_R: = R3R10_R2RSRGRlO_R2R3R7R10_R1R3R4R9R10 + I:22R3RBR7F210 -

R2R3RsR9R10+R2R3RsReR9R10+R2R3RsR7R9R 10 +
R1R,R3R4R5R9R g + R1R;R3R4RsR9R 10 +
R1R2R3R4R7R9R10—R-R3R5RsR7R9R 16— R1R:R3R4R5R¢RgR 10 —
R1R2R3R4RsR7RgR10 — R1IR2R3R4ReR7R9R 0 +

R1R2R3R4RsRsR7RgR 1.

Z—Ez = R1R4+RyR5-R3R5R6—R1RyR4Rs5—R1R:R4R6—R7RsR7R 10+
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R1R2R4RsRs—R1R:R4R7R16-R1R3R4RgR10-

R2R3RsRg R1ogtR2RsRsR7 Rig + RiR:R4RsR7 Ryp +
R1R2R4RsR7 R10tR;R3R5RsRg Rig + R2R3RsR7RgR 10 +
R1R2R3RsRsRg R10+R1R;R3R4RsRg Rip +
R1R2R3RsR7Rg Rio — R1R2R4RsReR7 Rio —
R2R3RsRsR7Rg Rio— R1R;R3R4RsRsRg R1o —
R1R2R3RsRsR7Rg R1o — RiR;R3R4ReR7Rs Rig +

R1R,R3R4R5RsR7Rg Rip.

R
dR10

R1R:R4R7Re—R1R3R4RsRe+R,R3RsR7Rs—RR3RsRgRg+
R,RsRsR7Rg +R;1R;R4R5R7Rg +R1RR4RsR7Rg+
R2R3R5RRsR9+R,R3RsR7RgRe+ R R:R3R4RsRgRg+
R1R:R3R4ReRsRy+R1R:R3R4R7RsRg— R1R;R4RsRsR7Rg —
R;R3RsRsR7RsRy— R1R2R3R4RsRsRgRg —
RiR:R3R4RsR7RsRe— R1R:R3R4RsR7RgRg +
R1R:R3R4RsRsR7RgRy

= R;R7+ R3Rs—RRsR7— R2R3RsRs —R2R3R7Rs— R:RsR7Rg—
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Chapter Five

Optimization Algorithms

5.1 Introduction

Various swarm optimization algorithms have been presented since the early
60’s, These algorithms contain Genetic (GA), ant colony (ACO), particle
swarm optimization (PSO), and bee colony ( BCO). These algorithms have

established their potential to resolve various optimization problems [30].
5.2 Optimization Models

Decision making always have to take by scientists and engineers[30]. As
the world grow increasingly competitive and complex, Decision making

consists in the following steps as fig 5.1:

__________________________________________

solution

Fig.5.1 The decision making steps.

« Formulate the problem: identified the decision problem. Then, made
early statement of the problem.

* Model the problem: built an abstract mathematical model for the
problem.

» Optimize the problem: Once the problem is modeled, the solving
procedure generates a “good” solution for the problem. The solution may be

optimal or suboptimal.
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» Implement a solution: The solution will be tested in practical way by the
maker of decision and if it is “acceptable.” Will implement. If it is
unacceptable, the optimization algorithm and/or the model has to be

enhanced and repeated the process of decision making.
5.3 Intelligence Algorithms

These algorithms include Particle Swarm, Ant Colony Optimization,

Genetic Algorithms and Artificial Bee Colony.

5.3.1 Genetic Algorithm

To maximize the solution of the issues, the ideas of biological processing of
normal selection and survival of the fittest are used. Genetic processes,
which is a population-based met heuristics, is a well-known approach.
[30,31] J. Holland (University of Michigan) created this method in the
1970s to better understand natural system adaptation processes [23]. Then,

in the 1980s,[52] they were used to machine learning and optimization.

Multiple pairs of solutions known as parents are altered in GAs to produce
additional solutions known as children, who then have children as parents.

The following stages and algorithm5.1 describe the general steps of GAs:
1. Make a pool of solutions at random.

2. select competitive parents from these solutions pool

3. use a crossover technique to create offspring from a pair of parents

4. Mutate those children in order to produce mutant youngsters.

5. choose a subset of the mutant children to replace the previous generation's
parents.

6. continue until the termination condition is met.
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Simple genetic algorithm procedure
Generate Initial Population
Evaluation Initial Population

repeat
Select Parent Solutions
Cross parent solution with probability
Mutate parent solution with probability
Insert child solutions in the new population

until Termination criterion : population is full

Algorithm 5.1 Simple genetic algorithm procedure

Initial population

1

Select batter
individual

1

Cross over , mutation

1

New population

Fig 5.2 Genetic Algorithm Flowchart.
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A set of chromosomes is referred to as a population. Each chromosome
represents a potential solution for optimizing the problem’s solutions. It is
made up of a series of symbols known as "genes," which are used to find the
best solution by using stochastic operators. To generate a generation, a met
heuristic algorithm requires many phases: a selection phase, a replication
phase, an assessment phase, and a replacement phase. During a series of
generations, the population evolves until a stopping criteria is met. The

following is a summary of the algorithm's key steps:
1. Coding

The process of representing individual genes is called Encoding. encoding can
be achieved using numbers, bits, arrays, trees, lists or any other structures.
The encoding based chiefly on solving the problem. For example as bellow,
one can encode directly binary numbers. Chromosomel 11010001101,
chromosome2 01111111100 [87]

2. Population

A population is a group of individuals. A population contains number of
individuals being tested, some information about search space and the
individuals defined by the phenotype parameters. For example the population

in the following fig 5.3.

Chromosome | LT Taonln

Population Chromoesome 2 orrrratnl

Chromosome 3 LOTa10I10

Chromosome 4 L1Tool11a0n

Fig 5.3 Population example .
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3. Evaluation

The fitness function evaluates the parameters of each chromosome during the
evaluation step. It's worth noting that each solution has a certain number of

replications[86].
4. Selection

The process of selecting two parents from the population for crossing is called
Selection. After an encoding, the following phase is to choose how to achieve
selection. The upper the fitness function, the more chance an individual has to

be selection.
5. Crossover

The process of taking two parent and creating from them a child is called
Crossover. After the selection, the population is improved with enhanced
individuals. To explain the crossover operator, the fallowing example in fig
5.4:

.)EEDEEI
MEEEEED )EEIEEEE

Crassover Point

Fig 5.4 Example of Crossover.
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6. Mutation

Mutation is a stochastic process that alters a person in order to generate a
different one. The term "mutation" refers to the investigation of various
regions of solution space. As a result, the population is more diverse, and the
population does not decline to a local minimum. It's worth noting that this
stage creates a new person from an existing one. For example, exhibit 5.5 [87]

shows how to make a mutation by altering the assignment of task 3.

a)llhllEEII |#b)|IEIIE|l III

Fig 5.5 Mutation Example.

7. Stopping Criterion

Total computing time, number of iterations in which any improvement
occurs sequentially, total number of iterations, or number of iterations

without any improvement can all be used as termination criteria.
5.3.2 Particle Swarm Optimization

PSO algorithm is a technique of stochastic optimization based on swarm,
which was suggested by Kennedy and Eberhart (1995). PSO algorithm
simulates behavior of animal’s social, with herds, insects, fishes and birds.

Which is conform a cooperative way to find food, and each member in the

swarms saves varying the search pattern according to the learning
experiences of its own and other member[29,85]. PSO To select a spot with
adequate food, it replicates the social behavior of real creatures such as bird
flocking and fish schooling. Indeed, without any central supervision, a

coordinated behavior based on local motions arises in such swarms[74].
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PSO was originally created to solve problems involving continuous
optimization. In [49], the first application to optimization issues was

presented.
5.3.2.1 Elements Used in PSO

First, we have start with the fundamentals concepts used in the PSO. we

shall summary as brief concepts of the PSO elements:

Fitness Function: The Fitness function is the method for determining the

best solution. It is usually an objective function..
Pbest : It's the particle's best location out of all the ones it's been to thus far.

Gbest : The position in which all of the particles visited so far have the

best fitness.

Velocity Update: Velocity is a vector that determines the particle's speed

and direction. The equation updates the velocity (1).

Position Update: Every particle tries to get into the ideal place for
maximum fitness. To discover the global optimum, each particle in PSO

changes its location. Equation (2) [48] is used to update position.
5.3.2.2 The Basic Idea of PSO

1 Avoid collisions with neighboring.

2 Stay near neighboring.

3 Match the velocity of neighboring.

The PSO algorithm shown in algorithm 5.2 and flowchart in fig 5.6
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Algorithm 5.2 Template of the particle swarm optimization algorithm.
Random initialization of the whole swarm ;

Repeat

Evaluate f (xi) ;

For all particles i

Update velocities: vi(t) = vi(t — 1) + py x (pbest; — xij(t — 1)) + p, x (gbest — x;(t
- 1));...(5.1)

Move to the new position: X;(t) = xi(t — 1) + v;(t) ;.....(5.2)

If f (x;) < f (pbest;) Then pbest; = x;;

If f (x;) < f (gbest) Then gbest = x;;

Update(x;, Vi) ;

End For

Until Stopping criteria

each particle must retain its pbest known as local best position and Gbest
known as global best position. The particle's velocity and location are

updated using equations (5.1) and (5.2).Where,

Vi(t) : the new velocity.

Vi(t-1) : the old velocity.

p1. p2 : learining factors. |

pbest; : The particle's best location among all the sites it has visited thus far.

gbest : The place where, among all the particles visited, the highest fitness
IS obtained, as in [30,31].
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start

l

Swarm
initialization

|

Fitness evaluation

l

Calculating
individual optimal

nosition

l

swarm Calculating
optimal position

l

Updating velocity
and position

l

Satisfying
ending

condition

no

l' yes

End

Fig 5.6 PSO algorithm flowchart.
They reduced each person to a particle with no mass or volume. with only

velocity and position, so they called this algorithm “particle swarm
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optimization algorithm.” On this basis, PSO algorithm can may be summed up
as follows: The PSO algorithm is a swarm-based search method in which each
person is referred to as a particle. Defined as a potential solution of the
optimized problem in D-dimensional search space, and It can remember both
the swarm's and its own optimum positions, as well as the velocity. In each
generation, the particles information is combined to modify the velocity of
each dimension, which is then used to calculate the particle's new location.
Particles alteration their states constantly in the multi-dimensional search
space, until they reach balance or optimal state, or beyond the calculating
limits. Unique connection between dissimilar dimensions of the problem space
is presented via the objective functions. Lots of empirical evidences have

displayed that this algorithm is an actual optimization tool [30].

5.3.3 Ant Colony Optimization

The goal of ACO is to solve optimization issues by simulating the
cooperative behavior of real ants. They may be thought of as multiagent
systems, with each agent being inspired by the behavior of a real ant [30].
The basic principle behind genuine ant behavior is that ants use cooperative
behavior to accomplish tasks like finding the shortest pathways to food
sources and transporting the food. The shortest path between two places can
be found by an ant colony. Figure 5.3 depicts Goss [85] .'s experiment with
a genuine colony of Argentine ants. It's worth noting that ants have poor
vision. The colony has access to a food supply that is connected to the
colony's nest by two routes. During their journeys, they leave a chemical
trail (pheromone) on the ground. The pheromone is a volatile olfactory
molecule. The purpose of this path is to guide the other ants to the
destination. The higher the concentration of pheromone on a path, the more
likely the ants will choose it. The route for a given ant is determined by the
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amount of pheromone smelt. Furthermore, this chemical substance has a
decreasing action over time (evaporation process), and the quantity left by

one ant is based on the amount of food available (reinforcement process).

Algorithm 5.3 Template of the ACO

Initialize the pheromone trails ;

Repeat

For each ant Do

Solution construction using the pheromone trail ;
Update the pheromone trails:

Evaporation ;

Reinforcement ;

Until Stopping criteria

Output: Best solution found or a set of solutions.

As Fig. 5.7, When confronted with a barrier, each ant has an equal chance of

choosing the left or right path. The ant will leave a higher amount of

pheromone on the left path since it is shorter than the right one and so requires
less travel time.

Fig. 5.7 facing an obstacle.

The greater the pheromone trail, the more ants follow the left path. As a result,
the shortest path becomes apparent. The evaporation stage will emphasize this

point. Stigmergy is the term for this type of indirect collaboration. Algorithm
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5.3 is the ACO algorithm. The pheromone information is initialized at the
start. The process is then broken down into two iterative steps: solution
creation and pheromone updating.

start

l

parameters

initialization

Generate global
random

!

Calculating
fittnes

l

Updating
pheromone

l

Updating
Evaporation

l

Satisfying
R ending
condition

no

J' ves

End

Fig 5.8 . flowchart of the ACO.
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5.3.4 Bee Colony Optimization.

The Bee Colony Optimization (BCO) met heuristic has been introduced
fairly recently by Luci¢ and Teodorovi¢ as a new direction in the field of
Swarm Intelligence. The BCO has been successfully applied to various
engineering and management problems by Teodorovi¢ and coauthors.
Swarm intelligence methods include the bee colony optimization-based
algorithm, which is a stochastic P-met heuristic. Many research based on
different bee colony behaviors have been produced during the last decade to
address complicated combinatorial or continuous optimization issues [86].
Bee colony optimization methods are based on the behavior of a honeybee
colony, which has a number of characteristics that may be utilized as
models for intelligent and collective action. Nectar exploration, mating in
flight, food gathering, waggle dance, and division of work are among these
characteristics. Three distinct theories underpin bee colony-based
optimization algorithms: In the bee colony, food foraging, nest site seeking,
and marriage are all common activities. Each model specifies a distinct

task-related behavior.
5.3.4 .1 Bees in Nature

A bee colony typically consists of one reproductive female known as the
queen, a few thousand males known as drones, and tens of thousands of
sterile females known as workers. The queen produces numerous baby bees
called broods after mating with multiple drones. The structural and
functional distinctions between these four honeybee components are as

follows:

Queen: A bee colony has a single queen who is the breeding female and

has a life expectancy of 3 to 5 years.
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Drones: Drones represent the males in the hive, which number between 300
and 3000. Drones are formed when the queen produces unfertilized eggs,
and they fertilize with a receptive queen in the summer and, on rare
occasions, in the fall. The drone has a 90-day life expectancy. After a

successful mating, it dies.

Workers: Workers are female bees who do not have the ability to
reproduce. During the cold season, they survive for 4 to 9 months and can
number up to 30,000. However, they only survive for around 6 weeks
during the summer, when their population swells to 80,000. The worker is
in charge of defending the hive with its stinging stinger. As a result, after

stinging, it dies.

Broods: Broods are the name given to the juvenile bees. They are hatched
when the queen lays eggs in specific honeycomb chambers known as brood

frames. The employees then apply royal jelly to the brood heads.

There are two techniques for finding a food source (see Table 5.1 for a

comparison between natural and artificial bee colonies):

» Exploration of food sources: A scout bee searches the surrounding
region for a food source. In the affirmative situation, it returns to the hive's
dancing floor and performs a waggle dance to alert the nest members.

Onlookers turn into recruit bees, which ultimately turn into hired foragers.

 Exploitation of a food source: A forager in the field assesses the number
of food sources available and makes a selection based on nectar quality.
Either it keeps exploitation going by memorizing the finest meal it's
discovered so far, or it gives up. In such instance, utilizing probabilistic

division, the employed bee becomes an unemployed scout or spectator bee.
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TABLE 5.1 Analogy Between Natural and Artificial Bee Colonies.

Natural Bee Colony Artificial Bee Colony
Food source Solution
Quality of nectar Obijective function
Onlookers Exploitation of search
Scout Exploration of search

Algorithm 5.4 displays the bee algorithm's template, which was inspired by
a bee colony's food seeking activity [30]. The method begins by randomly
mapping n scout bees in the search space. The quality of the scout bees'
visited places (i.e., solutions) is then assessed. After that, the fittest bees are
picked, and the places they visit for neighborhood searches are chosen. The
algorithm then runs searches in the vicinity of the selected locations,
allocating additional observer bees to conduct searches in the vicinity of the
best e sites. The bees can be chosen based on their fitness and the fitness of
the places they are visiting. Alternatively. The fitness values are used to
calculate the likelihood of the bees being chosen. Searches in the vicinity of
the top e sites that offer more potential solutions are made more specific by
enlisting the help of more bees than the other bees. This differential
recruiting, along with scouting, is a crucial activity of the bee algorithm
(BA). Only the most fit bees from each patch will be picked to produce the
next bee population. There are no such limitations in nature. This limitation
is in place to limit the number of solutions that may be investigated. The

remaining bees in the population are then randomly assigned to search the
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search space for additional potential solutions. This cycle is repeated until a
predetermined stopping condition is satisfied. The colony will have two
groups for its new population at the conclusion of each iteration:
representatives from each selected patch and scout bees assigned to
undertake random searches[30,86].

Algorithm 5.4 Template of the bee algorithm.

Random initialization of the whole colony of bees ;
Evaluate the fitness of the population of bees ;

Repeat /* Forming new population */

Select sites for neighborhood search ;

Determine the patch size ;

Recruit bees for selected sites and evaluated their fitness ;
Select the representative bee from each patch ;

Assign remaining bees to search randomly and evaluate their
fitness ;

Until Stopping criteria

Algorithm 5.4 Template of the bees algorithm.
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Fig 5.9 . flow chart of the BCO.
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6.1 Introduction

In this chapter, the reliability allocation and optimization for each
component of the was calculated[5,46]. Use algorithms (genetic algorithm
,Jparticle swarm optimization, ant colony algorithm and bees colony
optimization) to solve the allocation problem and optimization the
reliability of the system, as well as calculate the total cost of the
system[60,63]. The three cost functions are also used addressed
(exponential behavior with feasibility factor model, exponential behavior
model and logarithmic model). After solving the allocation problem, the
reliability importance of each system component was calculated. The goal
of this chapter was to compare between the results of (GA, PSO, ACO and
BCO) in terms of reliability allocation and optimization, the total cost,
reliability exact[64,70], reliability importance and then whichever more
effective than another[77,98,106]

6.2 Optimization of Complex System

Consider a complex system composed of connected elements [6, 7, 70]. We
use the statements: 0 < R; < I is the component reliability i ; C;(R;) the
component costs i ; C(Ry,..., Ry) = Xi; a; ¢; (R;) the system’s total cost,
where a; > 0; R; is the system reliability; Rg is system Reliability goal.
Every part of the system has a unique functionality and there are many
possibilities, many system parts give us the same functionality with
different levels of reliability[1,2]. The aim is to achieve the allocation of
reliability to some or all parts of the system. The Q question is included as
a major problem in nonlinear programming [40,53], a cost-and-function
that can be evaluated and is a nonlinear limit[3,4].
Q: Find

Minimize C(R;, ...,R,) = X1, a;Ci(Ry), a; > 0, (6.1)
subject to
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Ry = Rg,
0< Ri < 1,l = 1,...,Tl
Assuming the partial cost function is reasonable C;(R;) meets certain

conditions[16] Increasing the positive, differentiable,

[:3—22 0].

The foregoing formulation is designed to achieve a minimum total system

cost, subject to Rg, a lower limit on the system reliability.
6.3 Cost Function

Changing a design always comes at a cost, whether it's due to a change in
vendors, the usage of higher-quality materials, retooling expenditures, or
administrative fees. Before attempting to enhance reliability, the cost as a
function of reliability for each component must be calculated[77,98].
Otherwise, the design alterations could result in an overly expensive or
overdesigned system. The engineer will be able to determine which
components to improve and how to effectively concentrate effort and
resources by developing the "cost of reliability” connection. The first step
will be to establish a link between improved costs and reliability.
Formulating the cost function from actual cost data is the preferable
method. This can be done based on previous experience. The expenses
associated with each stage of improvement can also be assessed if a
reliability growth program is in place. Defining the various costs associated
with various suppliers or component models is also helpful in developing a
component cost as a function of dependability model. However, in many
instances, no such information is accessible. As a result, to undertake
reliability optimization, a generic (default) behavior model of cost vs
component reliability was constructed. This function's goal is to simulate
overall cost behavior for all types of components. Of course, it is
impossible to create a model that is perfectly relevant in every
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circumstance; however, the proposed link is broad enough to encompass
the majority of scenarios. In addition to the default model formulation, user

specified cost models can be defined.
6.4 Application to Complex System

The complex system represented in fig.(3.1) has the same primary
reliability for all its computers at specified times of 90% . The system
reliability objective at a specified time is 90%][1,2]. The reliability
polynomial of the given system was calculated by using the approach to

minimal path [3,4,14], we will get the reliability polynomial (3.10).

6.5 Models of Three Cost Functions for Compute the
Optimal Reliability Allocation Problem

6.5.1 Exponential Behavior Model with Feasibility Factor

Let 0 < f; <1 be a feasibility factor [1,2], R; i, b€ minimum reliability
and R; 4, be maximum reliability[3,4]. Exponential behavior is another

important cost function.

—Rimin .
C (R ) = exp[(l fl) ] Ri,min < Ri < Ri,max L= 1,2, e, N (62)

leax R

The optimization problem becomes:
Minimize C(R;, ..., Ry) = X, a; exp[(1 — f;) mi=fimin 15 = 12 . n.

leax _Rl

Subject to:
Rs = R;
Ri,min S Ri < Ri,max ,i = 1, v, n
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Table 6.1: Summary table for optimal reliability allocation by using GA,
PSO, ACO and BCO with the exponential behavior model with feasibility

factor

R1 0.7975 0.9485 0.794 0.809
N I I -
Rs 0.7812 0.9477 0.782 0.822
R4 0.5145 0.9485 0.815 0.809
Rs 0.5452 0.9372 0.644 0.766
Re 0.7923 0.9456 0.801 0.822
R7 0.6523 0.9372 0.694 0.744
Rs 0.7162 0.9487 0.801 0.822
Ro 0.7960 0.9504 0.815 0.822
Rio 0.6884 0.9498 0.815 0.822
Rs 0.9019 0.9989 0.95 0.9616

The findings were obtained using the exponential behavior model with

feasibility factor in the four algorithms (genetic algorithm, particle swarm

optimization, ant colony algorithm and bees colony optimization) to

improve and customize authenticity. It was found that by using this

function, the best result was when using the genetic algorithm, where the

reliability reached (0.9989) and followed by then bees colony optimization.

The documented value was (0.9616) and then ant colony algorithm where

the notarized value (0.95) finally particle swarm optimization where the

swarm value was (0.9019).
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Figure 6.1: Reliability allocation by using GA, PSO, ACO and BCO

with the exponential behavior model with feasibility factor.

6.5.2 The Exponential Behavior Model

Let0<R;<1,i=1,..,n and a;, b; , are constants, i=1,2,...,n. The most
significant cost-function is exponential behavior[1,2]. It was suggested by
the [3,4], in the form

b;

Ci (Rl) = aie(l‘Ri) ,a; > 0 'bi >0 , 1= 1, e, n (63)

The problem with the optimization becomes:

b
Minimize C(R;,...,R,) = ?zlaie<1-—Ri>,i= 1,2,...,1.

Subject to :
Rs = R;

0<R, <1, i

1,..,n

86



Chapter Six

Table 6.2: Summary table for optimal reliability allocation by GA, PSO,
ACO and BCO with The exponential behavior model

R1 0.7994 0.7914 0.786 0.795
R

R 0.6808 0.7856 0.794 0.779
Ra 0.5191 0.7893 0.811 0.795
Rs 0.6021 0.6836 0.664 0.674
Re 0.6530 0.8111 0.792 0.776
R; 0.7393 0.6807 0.689 0.713
Rs 0.7558 0.7851 0.777 0.795
Ro 0.8119 0.8382 0.811 0.795
Rio 0.7741 0.8320 0.811 0.795
Rs 0.9012 0.9845 0.947 0.946

The results were acquired by the use of to improve and modify
authenticity, we employed a function the exponential behavior model in
four algorithms (genetic algorithm, particle swarm optimization, ant
colony algorithm, and bees colony optimization). It was discovered that
while applying this function, the genetic algorithm produced the best
results, with a dependability of (0.9845), followed by the ant colony
method. The documented value was (0.947), and the notarized value for
bee colony optimization was (0.946). Finally, particle swarm

optimization was performed, with the swarm value being (0.9012).
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Figure 6.2 Reliability allocation by using GA, PSO, ACO and BCO
with the given exponential behavior model.

6.5.3 The Logarithmic Model

Let 0<R;<1,i=1,..,n and a;, are constants, i=1,2,...,n. .It was

proposed by [ 1,2,3,4], in the form

Ci(Rl-)=al-ln(1_;Ri),ai>0, i=1,...,n (64)

The optimization problem becomes:

Minimize C(R;, ...,Ry) = Xiz;a; In (1_1Ri

), i=12,..,n

Subject to:
Rs = R;
0<R; <1li=1,..,n
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Table 6.3: Summary table for optimal reliability allocation by using GA,
PSO, ACO and BCO with the logarithmic model

Components | Particle Swarm Genetic Ant colony Bees Colony
Algorithm
R; 0.671 0.5001 0.579 0.732
R> 0.8961 0.9329 0.998 0.999
Rs3 0.7368 0.5001 0.627 0.604
R4 0.5138 0.5000 0.746 0.522
Rs 0.7413 0.5001 0.896 0.954
Re 0.6321 0.8911 0.941 0.954
Ry 0.6858 0.5000 0.896 0.826
Rs 0.6742 0.5000 0.553 0.55
Ro 0.7666 0.5000 0.941 0.954
Rio 0.7845 0.5001 0.941 0.954
Rs 0.9001 0.9006 0.998 0.999

The results were acquired by the use of to increase and customize
authenticity, we employed a logarithmic model function in four algorithms
(genetic algorithm, particle swarm optimization, ant colony algorithm, and
bees colony optimization). The best result was obtained when utilizing the
bee colony optimization function, with a reliability of (0.999), and was
followed by the ant colony algorithm. The documented value was (0.998),
followed by a genetic algorithm with a notarized value of (0.9006). Finally,
particle swarm optimization was performed, with the reliability value being
(0.9001).
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Figure 6.3: Reliability allocation by using GA, PSO, ACO and BCO

with the given Logarithmic model.

6.6 Costing and Customization Using Genetic Algorithm

We used genetic algorithm and three cost functions (exponential behavior
with feasibility factor model, exponential behavior model and logarithmic
model) to obtain the highest reliability of the system with the lowest
possible cost and to compare the results between the three cost functions by
using GA in terms of reliability allocation and optimization, accurate

reliability[4]. As the following table.
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Table 6.4: Summary table for a comparative results exponential behavior
with feasibility factor model, exponential behavior model and logarithmic

model functions by using GA.

Components | Feasibility | Cost. Exponential | Cost. Logarithmic | Cost.
factor .
behavior model
model
model
R; 0.9485 654.8049 0.7914 7.4775 0.5001 0.0693
e N N
Rs 0.9477 572.6958 0.7856 6.6537 0.5001 0.0693
R4 0.9485 654.8049 0.7893 7.1627 0.5000 0.0693
Rs 0.9372 143.7653 0.6836 1.7193 0.5001 0.0693
Rs 0.9456 412.2466 0.8111 11.7264 0.8911 0.2217
R~ 0.9372 143.7653 0.6807 1.6754 0.5000 0.0693
Rs 0.9487 677.6589 0.7851 6.5891 0.5000 0.0693
Ro 0.9504 919.879 0.8382 26.0453 0.5000 0.0693
R1o 0.9498 823.3924 0.8320 21.2118 0.5001 0.0693
Rs 0.9989 0.9845 0.9006
otal 5922.9 140.4 1.0465
cost

The findings were obtained using genetic algorithm optimization as seen in
table (6.4). The findings revealed that all the elements of a complex
structure are included in the distribution, and each relies on its machine
role. And we got the highest reliability of the system using exponential
behavior with feasibility factor model, where Rs=0.9989, and at a cost
(5922). The highest assignment to the second component R, = 0.9535
followed when using exponential behavior model The system was reliable
Rs=9845 And at a total cost (140), and your highest assignment was for the
second component R, = 0.99. Finally logarithmic model where was the
reliability of the system Rs=0.9006. And the total cost was (1.0465) The

highest allocation obtained by the second component R,=0.9329.
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6.7 Costing and Customization Using Particle Swarm

We used particle swarm optimization and three cost functions (exponential
behavior with feasibility factor model, exponential behavior model, and
logarithmic model) to achieve the highest system reliability at the lowest
possible cost, as well as to compare the results of the three cost functions
using PSO in terms of reliability allocation and optimization, and accurate
reliability[1]. As shown in the table below.

Table 6.5: Summary table for a comparative results exponential behavior
with feasibility factor model, exponential behavior model and logarithmic

model functions by using PSO.

Components | Feasibility | Cost. Exponential | Cost. | Logarithmic | Cost.
factor behavior model
model model
Ry 0.7975 2.5276 0.7994 8.8814 0.671 0.1112
R,
Rs3 0.7812 2.2435 0.6808 1.6769 0.7368 0.1335
R4 0.5145 1.0185 0.5191 0.6498 0.5138 0.0721
Rs 0.5452 1.0629 0.6021 0.9601 0.7413 0.1352
R 0.7923 2.4281 0.6530 1.3379 0.6321 0.1000
R; 0.6523 1.3107 0.7393 3.1571 0.6858 0.1158
Rg 0.7162 1.6060 0.7558 3.9865 0.6742 0.1121
Ro 0.7960 2.4979 0.8119 11.9664 0.7666 0.1455
Rio 0.6884 1.4547 0.7741 5.3735 0.7845 0.1535
Rs 0.9019 0.9012 0.9001
otal 20.2442 88.9018 1.3053
cost

The findings were obtained using particle swarm optimization as seen in
table (6.5). The findings revealed that all the elements of a complex
structure are included in the distribution, and each relies on its machine
role. And we got the highest reliability of the system using exponential
behavior with feasibility factor model, where Rs=0.9019 and at a cost
(20.2442) . The highest assignment to the second component R, = 0.8437
followed when using exponential behavior model the system was reliable
Rs=0.9012, and at a total cost (88.9018) .And your highest assignment was

for the second component R, = 0.8556. Finally logarithmic model where
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was the reliability of the system Rs=0.9001, and the total cost was
(1.3053) The highest allocation obtained by the second component
R,=0.8961.

6.8 Costing and Customization Using Ant Colony

We used ant colony algorithm and three cost functions (exponential
behavior with feasibility factor model, exponential behavior model and
logarithmic model) to obtain the highest reliability of the system with the
lowest possible cost and to compare the results between the three cost
functions by using ACO in terms of reliability allocation and optimization,

accurate reliability. As the following table.

Table 6.6: Summary table for a comparative results exponential behavior
with feasibility factor model, exponential behavior model and logarithmic

model functions by using ACO.

Components | Feasibility | Cost. Exponential | Cost. Logarithmic | Cost.
g behavior model
model
model
R: 0.794 6.871 0.786 10.425 0.579 0.866
R
R 0.782 6.072 0.794 11.442 0.627 0.987
Ra 0.815 9.08 0.811 14.12 0.746 1.372
Rs 0.644 2.475 0.664 4.438 0.896 2.264
Re 0.801 7.565 0.792 11.115 0.941 2.836
R; 0.694 3.123 0.689 4.995 0.896 2.264
Rs 0.801 7.565 0.777 9.417 0.553 0.805
Ro 0.815 9.08 0.811 14.124 0.941 2.836
Rio 0.815 9.08 0.811 14.124 0.941 2.836
Rs 0.95 0.947 0.998
ol 38.023 59.248 11.781
cost
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The findings were obtained using ant colony algorithm optimization as
seen in table (6.6). The findings revealed that all the elements of a complex
structure are included in the distribution, and each relies on its machine
role. And we got the highest reliability of the system using logarithmic
model, where Rs=0.998 and at a cost (11.781) . The highest assignment to
the second component R, = 0.998. Followed when using exponential
behavior with feasibility factor model the system was reliable Rs=0.95, and
at a total cost (38.023) .And your highest assignment was for the second
component R, = 0.844. Finally exponential behavior model where was the
reliability of the system Rs=0.947 , and the total cost was (59.248) the
highest allocation obtained by the second component R,=0.843.

6.9 Costing and Customization Using Bee Colony

We used bee colony optimization and three cost functions (exponential
behavior with feasibility factor model, exponential behavior model, and
logarithmic model) to achieve the highest system reliability at the lowest
possible cost and to compare the results between the three cost functions
using ACO in terms of reliability allocation and optimization, as well as
accurate reliability[3]. As shown in the table below.

Table 6.7: Summary table for a comparative results exponential behavior
with feasibility factor model, exponential behavior model and logarithmic

model functions by using BCO

Components | Feasibility | Cost. | Exponential | Cost. | Logarithmic | Cost.
factor behavior model
model model
Ry 0.809 8.312 0.795 11.462 0.732 1.316
Rs3 0.822 10.064 0.779 9.606 0.604 0.926
R4 0.809 8.312 0.795 11.462 0.522 0.738
Rs 0.766 5.138 0.674 4.635 0.954 3.079
Rs 0.822 10.064 0.776 9.319 0.954 3.079
R~ 0.744 4.276 0.713 5.709 0.826 1.748
Rs 0.822 10.064 0.795 11.462 0.55 0.798
Ro 0.822 10.064 0.795 11.462 0.954 3.079
Rio 0.822 10.064 0.795 11.462 0.954 3.079
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Rs 0.9616 0.946 0.999
otal 48.438 58.293 12.376
cost

The findings were obtained using bees colony optimization as seen in table
(6.7). The findings revealed that all the elements of a complex structure are
included in the distribution, and each relies on its machine role. And we got
the highest reliability of the system using logarithmic model, where
Rs=0.999 and at a cost (12.376) . The highest assignment to the second
component R, = 0.999. Followed when using exponential behavior with
feasibility factor model The system was reliable Rs=0.9616, and at a total
cost (48.438) .And your highest assignment was for the second component
R, = 0.858. Finally exponential behavior model where was the reliability of
the system Rs=0.946, and the total cost was (58.293) The highest allocation
obtained by the second component R,=0.853.

6.10 Calculating Reliability Importance of GA

The reliability importance of each component of the system was calculated
after solving the allocation problem. We will calculate the significance
using the significance equation (4.20) and apply it to the assignment values
of the genetic algorithm with the three cost functions as in the following
table.6.8.
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Table 6.8: Summary table for reliability importance of GA of given system

Components Feasibility factor Exponential Logarithmic model
model behavior model
R1 0.006 0.014 0.023
o
Rs 0.006 0.013 0.023
R4 0.006 0.014 0.023
Rs 0.003 0.016 0.026
Re 0.003 0.07 0.441
R7 0.003 0.016 0.026
Rs 0.006 0.013 0.023
Rg 0.009 0.048 0.058
Rio 0.009 0.046 0.058

The results by using cost function (feasibility factor model) were as

follows: The value of Better importance was given to compound R, (0.21).

The results by using cost function (the exponential behavior model). The

value of Better importance was given to compound R, (0.219) and the

results by using cost function (the Logarithmic model) The value of Better

importance was given to compound R, (0.714).
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Figure 6.4: Reliability importance of GA for the three cost functions

6.11 Calculating Reliability Importance of PSO

After solving the allocation of reliability values for each component of the
system by reparation them in eq. (4.20), derivatives where the results of the
importance of reliability apply it to the assignment values of the particle
swarm optimization with the three cost functions as in the following
table.6.9.

Table 6.9:Summary table for reliability importance of PSO of given system

Components Feasibility factor Exponential Logarithmic model
model behavior model

R1 0.0530 0.0527 0.0364
R2

Rs3 0.0644 0.0731 0.0603
Ra 0.0821 0.0812 0.0475
Rs 0.0343 0.0457 0.0562
Re 0.1469 0.1045 0.1106
R; 0.0222 0.0421 0.0473
Rs 0.0703 0.0658 0.0659
Ro 0.0929 0.1098 0.1148
Rio 0.1208 0.1471 0.1388

97




Chapter Six

The results by using cost function (feasibility factor model) were as
follows: The value of Better importance was given to compound R,
(0.3779). The results by using cost function (the exponential behavior
model). The value of Better importance was given to compound R,
(0.3566) and the results by using cost function (the Logarithmic model)

The value of Better importance was given to compound R, (0.4036).

Reliability importance of PSO
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Figure 6.5: Reliability importance of PSO for the three cost functions

6.12 Calculating Reliability Importance of ACO

The reliability importance of each component of the system was calculated
after solving the allocation problem We will calculate the significance
using the significance equation (4.20) and apply it to the assignment values
of the ant colony algorithm with the three cost functions as in the

following table.6.10
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Table 6.10:Summary table for reliability importance of ACO of given

system
Components Feasibility factor Exponential Logarithmic model
model behavior model

Ry 0.0618 0.0627 0.0015

o
Rs 0.0578 0.0577 0.001

R4 0.0602 0.0607 0.0011

Rs 0.0134 0.0147 0.0039

Re 0.0675 0.0693 0.0141

Rz 0.0147 0.0157 0.0041

Rs 0.0564 0.0589 0.0011

Rg 0.0903 0.0940 0.0011

Rio 0.0889 0.0912 0.0067

The results by using cost function (feasibility factor model) were as

follows: The value of Better importance was given to compound R,

(0.2154). The results by using cost function (the exponential behavior

model). The value of Better importance was given to compound R,

(0.2243) and the results by using cost function (the Logarithmic model)

The value of Better importance was given to compound R, (0.3991).
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Figure 6.6: Reliability importance of ACO for the three cost functions

6.13 Calculating Reliability Importance of BCO

After solving the allocation problem, the dependability importance of each

component of the system was computed. We'll use the significance

equation (4.20) to determine the significance and apply it to the assignment

values of the bee colony optimization with the three cost functions in the

table below. 6.11

Table 6.11:Summary table for reliability importance of BCO of given

system
Components Feasibility factor Exponential Logarithmic model
model behavior model

R1 0.0478 0.0587 0.09

R

Rs3 0.0508 0.0566 0.117

Ra 0.0478 0.0587 0.1297

Rs 0.0107 0.0163 0.0042

Rs 0.0516 0.0748 0.0115

R; 0.0100 0.0174 0.0021
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Rs 0.0508 0.0555 0.1287
Ro 0.0759 0.0962 0.0073
R1o 0.0786 0.0964 0.0032

The results by using cost function (feasibility factor model) were as

follows: The value of Better importance was given to compound R,

(0.1947). The results by using cost function (the exponential behavior

model). The value of Better importance was given to compound R,

(0.2329) and the results by using cost function (the Logarithmic model)

The value of Better importance was given to compound R, (0.4336).
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Figure 6.7: Reliability importance of BCO for the three cost functions
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Chapter Seven

7.1 Conclusion

The best allocation of reliability was calculated using algorithms: (1)
genetic algorithm (A 4), (2) particle swarm optimization (A 5), bees colony
optimization (A 6) and ant colony algorithm (A 7). The three cost
functions were used where the allocation was calculated for each
component of the system. Then, we calculated the cost for each component
and the total cost of the system also, calculating the exact reliability as
shown in the tables (6.1), (6.2),(6.3), (6.4), (6.7). Finally, we have
calculated the importance of each component of the system as in the tables
(6.8), (6.9),(6.10), (6.11).

7.2 Future Works

1. The possibility of studying the optimization reliability allocation of
electric generator inside aircraft system by (genetic algorithm ,particle

swarm optimization, ant colony algorithm and bees colony optimization) as

shown in Fig.(7.1)

Rs

Figure 7.1 Electric generator inside aircraft system
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2. The study of domination in graphs with the application of networks

reliability.

103



Appendix



Appendix

Appendix

In this appendix, we will review some of the key algorithms, programs and
features used in multivariate reliability polynomial calculations and
piloting and calculate the reliability optimization allocation based on the
mathematical constructor studied in this thesis. Most of the Matlabx*

software used algorithms, programs and features.
A 1. Graphs Conception

This program is used to draw the graph contained in the thesis yEd Graph
Editor

A 2.Generation of minimal paths Algorithm

This algorithm is based on what we have studied in the third chapter to
Generation of minimal paths of graph g, where depends on several

functions in Matlab to give the exact result in general.
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syms xi

CN={Connection Matrix};
nn=size(CN,1);

for n=nn:-1:3

for: I=1:sn—-1
F=F =
if i~=] && i~=2
P=cell2mat (CN{i,j});
if P=="0"
CNY G, A SIBTresti™ P, G, 23, ey,
CNI2: ") Vs

1l
[
n
1]

CN1.(1,g)={strcat (Y (v, cNfi 3F , Y+,
CNfdsp2 ) W%y ENE25: 3 7y ) }i
end
else

CRE G, Y=L %5

end
CN1(2,:) = I[1;
CNY(:.2) = (1
CN=CN1;
end
pat=char (CN{1,62});
eval (strcat ('result=expand',pat,';"));

C = char(strsplit(char(result), '+'));
::O;
for d=l:size(C,1)
PsEXRFINd (G4, 5) . %) 2
if isempty(T)
F=3+L;
Ce\(T;, 2¥=cia, )z
end
end

disp (CC);

A 3.Generation of minimal cuts Algorithm

This algorithm is based on what we studied in the third chapter to generate
minimal graph g cuts, where the precise outcome in general depends on

multiple features in Matlab.
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IM=[matrix]
[m,n]=size (IM);

mc=zeros (n,n);
for i=2:n
c = combnk(l:n,1i);
kl=1;
for j=l:sizel(c,1)

cut=zeros(1l,1);
B=c(j,l:end);

ok=0;
for k=1:m
if sum(IM(k,B)) >0
ok=ok+1;
end
end
if ok==m

stoop=true;

for kk=1l:1length(B)-1
cc = combnk (B, kk);
for jJjj=l:size(cc, 1)

okl=0;
for t=1:m
if sum(IM(t,cc(jj,l:end)))>0
okl=okl+l;
end
end
if okl>=m
stoop=false;
end
end
end
if stoop
cutA(i-1) .cut(kl,l:s1ze(c,2))=c(],:):
kl=kl+1;
st=cutA(i-1) .cut;
end
end
end
end
CcuthA.cut
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A4. Genetic Algorithm

This algorithm is based on what we have studied in the chapter six
reliability allocation and optimization, where depends on Matlab to give the

exact result in general.

function [c,ceq]=constraint (R)
Rg<=Rs;
c=[Rg-Rs];
Rs;
ceq=[1];
c;
function y=objectivefun(R,ai,bi)
function

cost function;

end

Minprogram;

ai=input ('ai=");

pi=input ('bi=");

11b=[0.5]

uub=[0.99];

nvars=i;

objfun=06 (R)objectivefun(R,ai);
constfunc=@constralint;

[R, faval]=ga (objfun,nvars, [], [],[],[],11b,uub, constfunc)
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A5. Particle Swarm Optimization

This algorithm is based on what we have studied in the chapter six
reliability allocation and optimization, where depends on Matlab to give the

exact result in general.

function
[Swarm, Best, G, OF, RS, TF]=F PSO Fitness (NumSwarms, Swarm,Nkey, Ind,B
est,G,URs,a,b, f)
RG = <Rs; TF=0;
for H = 1:NumSwarms
R=Swarm{1,1} (H,:);
[C,C1,Rs]=F Objective(R,Nkey,a,b,f);
OF (H)=C; RS(H)=Rs;
Swarm{1,2} (H, :)=C1; Swarm{2,1}(H)=C; Swarm{3,3}(H)=Rs;
FitH=Swarm{2,3} (H); FitG=Swarm{3,3} (H);

if (Swarm{3,3}(H) <= Swarm{2,3} (H))
end;
FitH=Swarm{3,3} (H); FitG=Swarm{3,3}(G);

if Swarm{3,3}(H) <= Swarm{3,3}(G)
Swarm{1,1}(G,:) = Swarm{1,1}(H,:);
Swarm{2,1}(G) = Swarm{Z2,1}(H);
Swarm{3,3}(G) = Swarm{3,3}(H);
G=H;

end
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function

[Swarm,Best]=F PSO Initialize (Nkey, NumSwarms,Vmax, lb,ub)
IntUB=10710; Vmin=-Vmax;

for I=1:NumSwarms

Swarm{1,1}(I,:) = Position;
Swarm{1,2}(I,:) = lb;
Swarm{1,3}(I,:) = zeros(l,Nkey);
Swarm{2,1} (I) = 2*IntUB;
Swarm{2,3} (I) = 2*IntUB;
Swarm{3,1}(I) = 2*IntUB;
Swarm{3,2}(I,:)= Vmin + (Vmax Vmin).*rand(Nkey,1);
Swarm{3,3} (I) = 2*IntUB;
end
Swarm{2,2}=1;
Best{1,1}=[]; Best{l,2}=[]; Best{2,1}=2*IntUB;
Best{2,2}=2*IntUB;

function [C,Ci,Rs]=F Objective (R,Nkey,a,b,f)

Rs;
C=0;
for i=1:Nkey
cost function
C=C+C1i(i);
end
end
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function
[Swarm]

=F' PSO Evolution (Nkey, NumSwarms, S

Vmin:—Vmax,

Cl =1,
for I =
for

end

R=7;

C2 =1;
1 : NumSwarms
J =11 Nkey
PD = Swarm{1, 3}
ND = Swarm{1, 3}
dell = Cl*rand(1,
del = dell + ALPH
del = Swarm{1,1}(I,J
1f del > Vmax

del = del-Vmax;
end;
1f del < Vmin

del = del+Vmax;
end;
Swarm{3,2}(I,J)= del;
Y = Swarm{1,1}(I,J)+Swam{3,2} (I,

(L,J)-Swarm{1, 1} (I
(G,J) qulm{l 1H(I,
1,1)

Swarm{3,2} (I,
) + del;

end

Swarm{1,1}(I,:)=R;

end;
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MaxIter=10000,

Exm = 1; NumSwarms=20;

fprintf (' No of iterations= %d\n',6MaxIter);
Nkey = i;

ub=0.99;

1b=0.5;

a(l:Nkey)=0.1; b(l:Nkey)=0.9; f£(l:Nkey)=0.4;

URs = 1.0;
fprintf (' Upper Bound of Rs = %3.2f\n',URs);
Ind=1; G=1; Vmax=1; JJ=0;
tic;
Swarms=[]; Best=[]; Ind=l;
[Swarms,Best]=F PSO Initialize (Nkey,NumSwarms,Vmax,lb,ub);
for Ind = 1 : MaxIter
ALPH = 0.4 + 0.5*((MaxIter-Ind)/MaxIter);
Swarms=F_PS0 Evolution (Nkey,NumSwarms, Swarms,G,Vmax,ALPH, 1b);
if TF==1
JJ=JJ+1;
RR(:,JJ)=Best{l1,2};
Cost (JJ)=Best{2,1};
end;
end;
fprintf (' The Values ( Ri , Ci(Ri) )\n');
for i=1:Nkey
fprintf(' R(%d)= ',i);
for j=1:07
cost function;
fprintE(? (%95.45;%3. 28}, Y- BR{3:q): C1() )5
end;
fprintf('\n');
end;
C=sum(Ci);
fprintf (' Total Cost (C)= %5.4f\n',C);
fprintf(' Best Rs = %5.4f\n’',Best{2,2});
fprintf(' End of Program.... \n');

111



Appendix

AG6. Bees colony optimization

This algorithm is based on what we have studied in the chapter six
reliability allocation and optimization, where depends on Matlab to give the

exact result in general.

clc
clearvars
rng(‘default’)
Number_caindedate=input('Number of candetate solution=";
cost_function=input(‘pleas input cost function Number \in [1,3]: \n 1=EXP. with faciblty
factor\n 2=EXP\n 3=LOG. \n cost function Number=");
cf=cost_function;
tic
Rg=0.9;
No_cand=Number_caindedate;
RG=Ryg;
COLN=No_cand;
nep=3;
RiS_COLN=zeros(11,COLN);
Costi_COLN=RiS_COLN;
rau=0.500:0.001:0.999;
n=length(rau);
m=ceil(n/4);
N=n-m;
Rau=ones(10,n);
New_Rau=Rau;
Rm=Rau;
sol=Rau;
%R=0nes(10,1);
S=ones(n,1);
ci=Rau;
cost=S";
RS=S"*0;
BEST_COST=ones(1,COLN)*inf;
BEST_Ci=0nes(10,COLN)*inf;
BEST_Rs=BEST_COST,;
BEST_Ri=BEST _Ci;
MIN_COST=inf;
rr=ones(10);
for i=1:1000
rr(;,i)=randperm(10)’;
end
for i=1:10
Rau(i,:)=rau;
end
for i=1:10
for j=1:n
r=randi([10 n],1,1);
sol(i,j)=r;
Rm(i,j)=rau(r);
end
end
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%%%% %% %%% %% % %% %% % %% %% %% %% %% % %%
colony=1,;
for j=1:n
RS(j)=Rsf(Rm(:.)));
if RS(j)< RG
state=0;
while state==
rss =randsample(rau,10,true, rau );
RS(j)=Rsf(rss");
if RS(j)< RG
state=0;
else
State=1;
Rm(:,j)=rss;
end
end
end
if cf==
[ci(:,j),cost(j)]=SumCi_Rfi(Rm(:,j),0.5,0.5);
elseif cf==2
[ci(:,)),cost(j)]=SumCi_EXP(Rm(:,j),0.5,0.5);
elseif cf==
[ci(:,j),cost(j)]=SumCi_LOG(Rm(:,j),0.5);
end
end
%%%%%%%%% %% % %% %% % %% %% %% %% %% % %%
[costl,ind]=sort(cost);
popl=Rm(:,ind);
RS=RS(ind);
pop=[pop1;RS];
cand_sol=pop(;,1:COLN);
C2=ci(:,ind);
C2=[C2;cost1];
cand_cost=C2(:,1:COLN);
%9%6%% %% %%%% %% %% %% %6 %% %% %% %% %% % %% %% % %% %% % %% %% %% %%
%%%%%%%%%%% %% %% %% %% %% % % %% %% %

for i=1:COLN
tst=cand_sol(1:10,i);
for j=1:nep
ii=randi(100);
r=rr(:,ii);
tm=tst(r);
rs=Rsf(tm);
if rs >RG
cand_sol(:,i)=[tm;rs];
RS(i)=rs;
if cf==1
[cia,costa]=SumCi_Rfi(tm,0.5,0.5);
elseif cf==2
[cia,costa]=SumCi_EXP(tm,0.5,0.5);
elseif cf==3
[cia,costa]=SumCi_LOG(tm,0.5);
end
cand_cost(1:11,i)=[cia;costa];
end
end
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end
[cand_cost(11,:),ind2]=sort(cand_cost(11,:));
CS=cand_cost(1:10,%);
cand_cost(1:10,:)=CS(:,ind2);
cand_sol=cand_sol(:,ind2);
%%%%%%%%%% %% %% %% % %% %% %% %% %% %% % %%
Costi_COLN(:,colony)=cand_cost(:,1);
RiS_COLN(:,colony)=cand_sol(:,1);
%%%%%%%%%% %% %% %% % %% %% %% %% %% %% % %%
if cand_cost(11,1)<BEST_COST(colony)
BEST_COST(colony)=cand_cost(11,1);
BEST_Ci(:,colony)=cand_cost(1:10,1);
BEST_RIi(:,colony)= cand_sol(1:10,1);
BEST_Rs(colony)=cand_sol(11,1);
%js=j;
end
%9%0%% %% %%%% %% %% %% %6 %% %% %% %% %% % %% %% %%
if MIN_COST> BEST_COST(colony)
MIN_COST=BEST_COST(colony);
Ri=[BEST_RIi(:,colony);BEST_Rs(colony)];
Ci=[BEST_Ci(:,colony);BEST_COST(colony)];
end
AC_time=toc;
%9%0%%%%%%%% %% %% %% %6 %% %% %% %% %% % %% %% % %% %% % %% %% %% %%
%9%0%%%%%%%% %% %% %% % %% %% % % %% %% %
for colony=2:COLN
tic
CS1=cand_cost(11,:);
SCS=sum(CS1);
pp=CS1/SCS;
for Rii=1:10
cs=cand_sol(Rii,:);
New_Rau(Rii,1:N)=randsample(cs,N,true, pp );

end
for j=N+1:n
for i=1:10

r=randi([50 n],1,1);
New_Rau(i,j)=rau(r);
end
end
Rm=New_Rau;
%%%%%%%%%% %% %% %% %% %% %% %% %% % %%
for j=1:n
RS(j)=Rsf(Rm(:,j));
if RS(j)< RG
state=0;
while state==
rss = 0.501 + (0.999-0.501)*rand(10,1);
RS(j)=Rsf(rss);
if RS(j)< RG
state=0;
else
state=1;
Rm(:,j)=rss;
end
end
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end

if cf==
[ci(:,j),cost(j)]=SumCi_Rfi(Rm(:,j),0.5,0.5);

elseif cf==2
[ci(:,)),cost(j)]=SumCi_EXP(Rm(:,j),0.5,0.5);

elseif cf==3
[ci(:,)),cost(j)]=SumCi_LOG(Rm(:,j),0.5);

end

end

%%%0%%%%% %% %% %% %% %% %% %% %% %% %% %%
[costl,ind]=sort(cost);

popl=Rm(;,ind);

RS=RS(ind);

pop=[pop1;RS];

cand_sol=pop(:,1:COLN);

C=[ci;cost];

C2=C(:,ind);

cand_cost=C2(:,1:COLN);

%%%%%%%%% % %% %% %% %% % %% %% %% %% % %% %% %% %% %% %% %% %% %%
%09%0%%%%%%%% %% %% %% % %% %% % %% %% %%

for i=1:COLN
tst=cand_sol(1:10,i);
for j=1:nep
ii=randi(100);
r=rr(;,ii);
tm=tst(r);
rs=Rsf(tm);
ifrs>RG
cand_sol(:,i)=[tm;rs];
RS(i)=rs;
if cf==1
[cia,costa]=SumCi_Rfi(tm,0.5,0.5);
elseif cf==2
[cia,costa]=SumCi_EXP(tm,0.5,0.5);
elseif cf==3
[cia,costa]=SumCi_LOG(tm,0.5);
end
cand_cost(1:11,i)=[cia;costa];
end
end
end

[cand_cost(11,:),ind2]=sort(cand_cost(11,:));
CS=cand_cost(1:10,%);
cand_cost(1:10,:)=CS(:,ind2);
cand_sol=cand_sol(:,ind2);
%%%%%%%%%% %% %% %% % %% %% % %% %% % %% %% %
Costi_COLN(:,colony)=cand_cost(:,1);
RiS_COLN(:,colony)=cand_sol(:,1);
%%%%%%0%%%% %% %% %% % %% %% % %% %% % %% %% %
if cand_cost(11,1)<BEST_COST(colony)
BEST_COST(colony)=cand_cost(11,1);
BEST_Ci(:,colony)=cand_cost(1:10,1);
BEST_Ri(:,colony)= cand_sol(1:10,1);
BEST_Rs(colony)=cand_sol(11,1);
%js=j;
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end
%0%%%%%%%%% %% %% %% %% %% %% %% %% % %% %% % %%
if MIN_COST> BEST_COST(colony)
MIN_COST=BEST_COST(colony);
Ri=[BEST_Ri(:,colony);BEST_Rs(colony)];
Ci=[BEST_Ci(:,colony);BEST_COST(colony)];
end
%6%%%%%%%%% %% %% %% % %% %% % %% %% % %% %% %% %% %% % %% %% %
AT=toc;
AC_time=AC _time+AT,;
if AC_time>600
break;
end
end
bl=figure;
bar((Ri(1:10)");
hold on
bar(11,Ri(11),r"
legend('Ri','Rs','location’,'north")
if cf==1
title('Ri and Rs: function: faciblty Exp with BEE colony Number=",num2str(No_cand)]);
pname=['Ri and Rs function is faciblty Exp with BEE colony Number=",num2str(No_cand)];
elseif cf==2
title('Ri and Rs: function: Exponoatial with BEE colony Number=",num2str(No_cand)]);
pname=['Ri and Rs function is Exponoatial with BEE colony Number=",num2str(No_cand) ];
elseif cf==3
title(['Ri and Rs: function: Logarithm with BEE colony Number=',num2str(No_cand)]);
pname=['Ri and Rs function is Logarithm with BEE colony Number=",num2str(No_cand) ];
end
print(pname,'-dpng")
f2=figure;
bar(Ci(1:10)";
hold on
bar(11,Ci(11),'r");
legend('Ci','Cost','location’,'northwest')
if cf==1
title(['Ci and cost function: faciblty Exp with BEE colony Number=",num2str(No_cand)]);
pname=['Ci and cost function is faciblty Exp with BEE colony Number=",num2str(No_cand)
I;
elseif cf==2
title(]'Ci and cost function: Exponoatial with BEE colony Number=",num2str(No_cand)]);
pname=['Ci and cost function is Exponoatial with BEE colony Number="num2str(No_cand)
I
elseif cf==3
title(]'Ci and cost function: Logarithm with BEE colony Number=",num2str(No_cand)]);
pname=['Ci and cost function is Logarithm with BEE colony Number=",num2str(No_cand) ];
end
print(pname,’-dpng’)
if cf==1
filename=['BEE_COLONY_(EXP_Fi)_(COLONY)=",num2str(No_cand),".xIsx];
elseif cf==2
filename=['BEE_COLONY_(EXP)_(COLONY)=",num2str(No_cand),".xlIsx;
elseif cf==3
filename=['BEE_COLONY _(LOG)_ (COLONY)=",num2str(No_cand),".xIsxT;
end
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A7. Ant colony algorithm

This algorithm is based on what we have studied in the chapter six
reliability allocation and optimization, where depends on Matlab to give the

exact result in general.

clc

clearvars

clf reset

rng(‘default)

tic

Rg=0.9;

No_colony=input('Number of Colony=");
cost_function=input(‘pleas input cost function Number \in [1,3]: \n 1=EXP. with faciblty
factor\n 2=EXP\n 3=LOG. \n cost function Number=");
cf=cost_function;

s=rng;

%rng(s);

RG=Ryg;

COLN=No_colony;
RiS_COLN=zeros(11,COLN);
Costis_COLN=RiS_COLN,;
rau=0.500:0.001:0.999;

n=length(rau);

Rau=ones(10,n);

New_Rau=Rau;

tau=Rau;

Rm=Rau;

sst=Rau;

sol=Rau;

R=o0nes(10,1);

S=ones(n,1);

ci=Rau;

cost=S";

RS=S;

BEST_COST=o0nes(1,COLN)*inf;
BEST_Ci=0nes(10,COLN)*inf;
BEST_Rs=BEST_COST;
BEST_Ri=BEST_Ci;
MIN_COST=inf;
fori=1:10
Rau(i,:)=rau;
end
fori=1:10
for j=1:n
r=randi([10 n],1,1);
sol(i,j)=r;
Rm(i,j)=rau(r);
end
end
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%%09%%%%%% %% %% %% %% % %% % %% % %% %% % %%
colony=1,;
for j=1:n
RS(j)=Rsf(Rm(:.j));
if RS(j)< RG
state=0;
while state==
rss = 0.501 + (0.999-0.501)*rand(10,1);
RS(j)=Rsf(rss);
if RS(j) < RG
state=0;
else
State=1;
Rm(:,j)=rss;
end
end
end

if cf==
[ci(:,j),cost(j)]=SumCi_Rfi(Rm(:,j),0.5,0.5);
elseif cf==2
[ci(:,j),cost(j)]=SumCi_EXP(Rm(:,j),0.5,0.5);
elseif cf==
[ci(:,)),cost(j)]=SumCi_LOG(Rm(:,j),0.5);
end

%%%%%%%%%% %% %% %% %% %% %% %% %% % %% %% % %%
if cost(j) < BEST_COST(colony)
BEST_COST(colony)=cost(j);
BEST_Rs(colony)=RS(j);
BEST_Ci(:,colony)=ci(:,j);
BEST_Ri(:,colony)=Rm(:,j);
1=
RiS_COLN(:,colony)=[BEST_RIi(:,colony);BEST_Rs(colony)];
Costis_COLN(:,colony)=[BEST_Ci(:,colony);BEST_COST (colony)];
end
%%%%%%%%%% %% %% %% % %% %% % %% %% % %% %%
end
if BEST_COST(colony)< MIN_COST
MIN_COST=BEST_COST(colony);
Ri=RiS_COLN(:,colony);
Ci=Costis_COLN(:,colony);
km=colony;
end
wcost=1./cost;
for i=1:10
for j=1:n
tau(i,j)=tau(i,j)+(wcost(j)).*tau(i,j);
end
end
tau(:,js)=2*tau(:,js)*MIN_COST;
tau(tau<0)=0;
AC_time=toc;
%%%% %% %%%% %% %% %% % %% %% %% %% %% % %% %% % %% %% % %% %% %% %%
for colony=2:COLN
tic
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%
%
%
%
%

%
%
%
%
%
%
%

stts=sum(tau,2);
for c=1:n
sst(:,c)=stts;
end
pp=tau./(sst-tau);

for Rii=1:10

New_Rau(Rii,:)=randsample( Rm(Rii,:), n, true, tau(Rii,:) );
end
fori=1:10
for j=1:n
r=randi([10 n],1,1);
sol(i,j)=r;
Rm(i,j)=New_Rau(r);
end
end

Rm=New_Rau;

%%%%%%%%%% %% %% %% %% %% %% %% %% % %%
for j=1:n
RS(j)=Rsf(Rm(:.}));
if RS(j)< RG
state=0,
while state==
rss = 0.501 + (0.999-0.501)*rand(10,1);
RS(j)=Rsf(rss);
if RS(j) <RG
state=0;
else
state=1,
Rm(:,j)=rss;
end
end
end
if cf==
[ci(:,j),cost(j)]=SumCi_Rfi(Rm(:,j),0.5,0.5);
elseif cf==2
[ci(:,)),cost(j)]=SumCi_EXP(Rm(:,j),0.5,0.5);
elseif cf==3
[ci(:,)),cost(j)]=SumCi_LOG(Rm(:,j),0.5);
end
%%%%%%%%%% %% %% % %% %% % %% %% %% %% %% %% %%
if cost(j) < BEST_COST(colony)
BEST_COST(colony)=cost(j);
BEST_Rs(colony)=RS(j);
BEST_Ci(:,colony)=ci(:,j);
BEST_Ri(:,colony)=Rm(:,j);
IS=)S
RiS_COLN(:,colony)=[BEST_Ri(:,colony);BEST_Rs(colony)];
Costis_COLN(:,colony)=[BEST_Ci(:,colony);BEST_COST (colony)];
end
%%%%%%%%%% %% %% % %% %% %% %% %% % %% %% %
end
if BEST_COST/(colony)< MIN_COST
MIN_COST=BEST_COST(colony);
Ri=RiS_COLN(:,colony);
Ci=Costis_ COLN(:,colony);
km=colony;
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end
wcost=1./cost;
for i=1:10
for j=1:n
tau(i,j)=tau(i,j)+(wcost(j)).*tau(i,j);
end
end
tau(:,js)=2*tau(:,js)*MIN_COST,;
tau(tau<0)=0;
AT=toc;
AC_time=AC_time+AT,
if AC_time>600
break;
end
end
bl=figure;
bar((Ri(1:10)"));
hold on
bar(11,Ri(11),r"
legend('Ri','Rs','location’,'north")
if cf==1
title(]'Ri and Rs: function: faciblty Exp with ANT colony Number=",num2str(No_colony)]);
pname=['Ri and Rs function is faciblty Exp with ANT colony
Number=",num2str(No_colony)];
elseif cf==2
title('Ri and Rs: function: Exponoatial with ANT colony Number=",num2str(No_colony)]);
pname=['Ri and Rs function is Exponoatial with ANT colony Number=",num2str(No_colony)
I;
elseif cf==3
title('Ri and Rs: function: Logarithm with ANT colony Number=",num2str(No_colony)]);
pname=['Ri and Rs function is Logarithm with ANT colony Number=",num2str(No_colony)
I;
end
print(pname,’-dpng’)
f2=figure;
bar(Ci(1:10)");
hold on
bar(11,Ci(11),'r";
legend('Ci','Cost','location’,'northwest')
if cf==1
title(]'Ci and cost function: faciblty Exp with ANT colony Number=',num2str(No_colony)]);
pname=['Ci and cost function is faciblty Exp with ANT colony
Number=",num2str(No_colony) ];
elseif cf==2
title(]'Ci and cost function: Exponoatial with ANT colony Number=",num2str(No_colony)]);
pname=['Ci and cost function is Exponoatial with ANT colony
Number=",num2str(No_colony) ];
elseif cf==3
title(]'Ci and cost function: Logarithm with ANT colony Number=",num2str(No_colony)]);
pname=['Ci and cost function is Logarithm with ANT colony Number=",num2str(No_colony)

I;

end
print(pname,'-dpng’)
if cf==1

filename=['ANT_COLONY _(EXP_Fi) (COLONY)="num2str(No_colony),".xIsx];
elseif cf==2
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filename=['ANT_COLONY_(EXP)_(COLONY)=",num2str(No_colony),".xIsxT;
elseif cf==3

filename=['ANT_COLONY_(LOG) (COLONY)=",num2str(No_colony),"xlIsx1T;
end
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