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g Abstract
14 The Redundancy Allocation Problem (RAP) is an important problem in system reliability design. Many researchers have
15 investigated the RAP under different assumptions and for various system configurations. However, most of the studies
16 have disregarded the dependence among components and subsystems. In real-world applications, the performance of
17 components and subsystems can affect each others. For instance, the heat radiated by a subsystem can accelerate
18 degradation of adjacent components or subsystems. In this paper, a procedure is proposed for solving the RAP of a
19 bridge structure with dependent subsystems. Copula theory is utilized for modeling dependence among subsystems,
20 and artificial neural network (ANN) and particle swarm optimization (PSO) are applied for finding the best redundancy
21 allocation. A numerical example is included to elaborate the proposed procedure and show its applicability.
22
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29 1. Introduction Furthermore, the number of components installed in a
30 Today, survival of companies in the competitive markets ‘s:ubsyste@b ?af: aléoHdetermme th:’ efxiint;ipdepisn'derﬁcc?
31 strongly depends on the capability of effectively assigning among subsystems. Howevet, most of the researches
. . typically ignore the dependence among components or
32 to the customer needs of high performance and quality. subsvstems 7. With reeard to the literature. Kotz et al. >
33 Reliability is related to the ability of a system to meet the q? d’y d reli l;'l’tl rhg rt ! utrq, z siti '1
34 quality requirements. It is one of the most important factors udied TEUabIIty When two components are posiuvely
. .. . quadrant dependent. For this aim, they used a number of
35 in designing and manufacturing of products. In order to bivariate distributi ] del the d dent ¢
36 maximize system reliability, three strategies can be adopted: 1\(/1ar.1a y t.ls il ltlhlon;f Ot m;) ©l the elzen en lct(?mponegls
37 1) enhancement of component reliability, 2) redundancy and, and mvestigate tne cliect ol components correration ;) n the
38 3) combination of the two mentioned alternatives 23, These lifetime of parallel redundant systems. Costa Bueno ’ used
. . ) the reverse rule of order 2 property between component
39 strategies usually increase the demand for resources (cost, lifetimes to studv the RAP of k-out-of-n svstems via a
40 volume, weight, etc.). Therefore, at the phase of designing ! tl 1 uey h He defined thu ty P M )
41 a highly reliable system, an important problem is to get the ntlar(;Ega N daplzlroac . Z N (lile.t f ¢ lclonci:_p © 1(1111m$nat
42 balance between reliability and other resource constraints. Z aar;e ii; ;ektlguig(f;-yn'l?; ;:an \:Vitl(l) rdz :ﬁgégf;g él;le;:;
43 The problem of maximizing system reliability through Bpelzunce ot al’ u.se dy'oint stochasrzic orders E:) . d.
44 redundancy is called “redundancy allocation problem . N J . . y
45 (RAP)”. RAP has been vastly studied for different optimal allocation of redundant components in series and
- " ) Deen - vasty 'u ec e parallel systems with two dependent components. Belzunce
46 system structures, objective functions and time to failure 4 . . .
47 distributions®. Tt is known that RAP is an NP-hard et al.” studied optimal allocation of redundant components
6 D AD : . . in series, parallel and k-out-of-n:F gsystems with more
48 problem®. RAP is usually formulated as a non-linear integer .
. S . than two components. For this purpose, they extended
49 programming problem, which is in general difficult to solve .. . "~ . . T
50 due to the considerable amount of computational effort bivariate joint stochastic orders and used multivariate joint
51 required to find the exact solution. Hence heuristic and meta- stochastic hazard rate and reversed hazard rate orders to
52 heuristic approaches have been widely used to deal with this
53 problem (e.g. Tabu Search'?, Genetic Algorithm?’, Particle
54 Swarm Optimizationz). :JFaguIt:/ of Industrial Engineering, Urmia University of Technology,
L. rmia, Iran
22 In real-‘world a[ipilc;atltonb, sybltlem Ctompone;nts may share 2Faculty of Industrial Engineering Urmia University of Technology, Urmia,
some environmental factors such as temperature, pressure, |an
57 load, etc. with each other. In other words, factors originated  3Center for Applied Optimization, Department of Industrial and Systems
58 from some components may affect the performance of other Engine?fing, University of Florida, USA
59 components. Moreover, environmental factors may be shared ~ DiPartimento di Energia, Politecnico di Milano, Italy
60 among the subsystems of a system. For example, thermal

radiation from a component or subsystem can impact the
overall performance of other components or subsystems.
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select redundant components. You and Li?® studied RAP in
engineering systems with dependent component lifetimes.
They considered active and standby policies and built the
likelihood ratio order and the hazard rate order for lifetimes
in allocating redundancies to k-out-of-n systems. Gupta
and Kumar® studied the problem of stochastic comparison
of component and system redundancies where components
are dependent and identically distributed. For this aim,
likelihood ratio ordering, reversed failure rate ordering,
failure rate ordering and the usual stochastic ordering
were considered for carrying out the study. Further, Jeddi
and Doostparast'® studied optimal redundancy allocation
problems in engineering systems with dependent component
lifetime where no specific assumptions on the dependence
structure of lifetimes are considered.

Despite the vast literature on RAP, only few researches have
considered dependence among components and subsystems.
Therefore, a procedure for evaluating RAP when subsystems
are not independent is proposed in the current paper. Then,
a bridge system is considered and the proposed procedure
is applied to it. In brief, the redundancy allocation problem
of a bridge system with dependence among subsystems is
considered in this paper. The aim is to propose a procedure
for the optimal allocation of components to a bridge system
where the subsystems can be mutually dependent on each
other. It is supposed that the parameters and characteristics
of the components specify the type and extent of dependence
among subsystems. A methodology based on Copula theory
and Artificial Neural Network (ANN) is applied to model
the dependence among subsystems. A Particle Swarm
Optimization (PSO) Algorithm is employed to solve the
dependent redundancy allocation problem.

The main contributions of the paper are as follows:

(1) Taking into account the impact of parameters and
characteristics of components on the reliability
performance of subsystems in RAP.

(ii) Proposing a methodology for modeling the type and
extent of dependence among subsystems in RAP.

The rest of the paper is organized as the following. In Section
2 a brief description of bridge system, Copula theory, ANN
and PSO is given. In Section 3 the proposed methodology
for solving the dependent redundancy allocation problem is
illustrated. A numerical example is presented in Section 4

and finally in Section 5 conclusions and suggestions for
future research are remarked.

2. Models and methods
2.1. Bridge structure

Bridge topology is a well-known structure commonly used
for load balancing and control in various applications
such as electric power generation, transmission, computer
networks, electronic circuits, etc?*. Figure la Shows a
simple bridge structure, which consists of five homogenous
subsystems (subl,...,sub5). To share the imposed load on
each subsystem and enhancing the overall reliability of the
system, redundant components with different characteristics
can be allocated in the subsystems. A redundant bridge
structure with nonhomogeneous components is illustrated in
Figure 1b. Many researches in the literature have studied

(a) A simple bridge structure
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I | S
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typed
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typed H type2 [
(b) A typical bridge structure with nonhomogeneous redundant
components

Figure 1. Bridge topology

the RAP of bridge systems. For more information on this
line of research, readers can refer to "'>>*23 The redundancy
allocation problem of the bridge system of Figure la with
constraints on volume, weight, and cost of the system can be
formulated as follows:

maxf(R, N) =R1Ry + R3R4 + R1R4R5

+ RyR3Rs — RiRoR3Ry — RiRaR3Rs
— RiRaRyRs — RiR3sR4Rs — RoRs R4 R

+2R1RoR3R4R5
(n
subject to:

a(N) <V 2

g2(N) <C 3)

g3(N) < W (€]

0<r; <1 Q)]

r; R 6)

i=1,..,5 @)

where, R; is the reliability of subsystem ¢ for ¢ =1, ..., 5;
V, C, and W are the maximum allowed values for volume,
cost, and weight of the system, respectively. Also, R and N
are, respectively, the reliability and number of components.
In addition, g;(V) for j = 1,2,3 are functions in terms of
the number of components for calculating volume, cost and
weight of the system. It should be noted that this formulation
is valid for the case of independent subsystems.
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2.2. Copula theory

According to Sklar??, any multivariate joint distribution
can be written in terms of univariate marginal distribution
functions and a Copula which describes the dependence
structure among the variables. Nelsen !” presented a detailed
review of Copula theory and its principles. The Copula is one
of the most popular methods for modeling the dependence
of data®, including components life time data. According
to Noorossana and Sabri-Laghaie '8, utilizing the Copula in
comparison to using traditional multivariate distributions for
modeling dependency is very advantageous. Some of the
advantages of the Copula method with respect to traditional
multivariate distributions are: 1- By the Copula method, one
can determine the degree and structure of dependence,2-
dependence structure and marginal performance can be
specified separately, 3- Copulas are robust to strictly
increasing and continuous transformations, 4-univariate
marginal functions can be easily derived from different
distributions.

Consider H as a joint cumulative distribution function of
a vector of continuous random variables (77, ...,T,,) with
univariate marginals F1, ...F,,. Based on Copula theory a Cy
can be found where:

H(Tla-ann) = CQ(FI(T1)7~--7FH(TIL)) (8)

In which, € is the vector of Copula parameters expressing
dependence among 77, ..., T}, and can be estimated by means
of correlation coefficients.

In order to model the dependence among the lifetimes
of components, many Copulas can be used. Choosing an
appropriate Copula to model the dependence structure is a
critical issue. In reliability problems the dependence among
component lifetime is positive and this should be considered
in the Copula selection process®. One of the most common
Copulas used for modeling the dependence of component
lifetimes is the Archimedean family. The Archimedean
family can be defined as:

Cut,eynp) = @(go_l(ul),...,go_l(un)) )

in which ¢ is a continuous and non-increasing function
¢ :[0,00] = [0,1] and is called Archimedean generator.
In the present study, Frank, Gumbel and clayton Copulas
from the Archimedean family are utilized. Table 1 gives the
mathematical definition of these Copulas.

2.3. Artificial neural networks

Artificial neural networks are composed of simple compu-
tational elements operating in parallel. These elements are
inspired by biological nervous systems. The main appli-
cations of ANNs are function approximation by obtaining
regression and transformations from input space to feature
space by means of nonlinear mapping. An ANN is trained by
some data examples to learn the function or transformation
mapping and, then, it is used to provide the outputs to the
new input data. The ANN has been widely used in various
fields, such as pattern recognition'?, classification'® and
prediction?'. As shown in Figure 2, ANN consists of three
main parts: 1-input layer, 2- hidden layer, and 3- output layer.

In the input layer, the value of each input is multiplied in
by a weight and sent to the nodes of the next layer (called
neurons). In the neurons of the hidden layer, a function called
activation function is applied to the weighted sum of the
inputs to the neuron. The most commonly used activation
function is the sigmoid function that is defined as:

1

@) = ot (10)
The weights of the output neurons of the network are
obtained by applying an activation function, often linear, on
the weighted sum of the hidden layer neuron values.

In this study, the ANN is used to model the structure of
dependence among the subsystems of bridge system. To do
s0, it is trained to relate the failure times of the subsystems in
the bridge system topology to parameters of the subsystems.
In detail, for given input parameters of subsystems, the
output will be the type and parameters of the Copula that
is suitable for modeling the dependence among the intended
subsystems. In this case, the back propagation algorithm is
used to train the network. The relationships between the
parameters of different subsystems and their corresponding
Copula type and parameters are characterized as:

CupulaType = Fy(Py, Py, ..., Py,) )
9:F2(P17P27“'7PH) (12)

where Pp, P, ..., P, are vectors of effective parameters
of subsystem 1 to subsystem n, 6 is the vector of
Copula parameters, and F; and F5 are mapping functions
from subsystem parameters to Copula type and Copula
parameters, respectively.

2.4. Particle Swarm Optimization

Particle Swarm Optimization is a well-known optimization
algorithm for the optimization of continuous nonlinear
functions, introduced by Kennedy and Eberhart!'. This
algorithm has been inspired by collective behaviors, such
as bird flocking and fish schooling. In this method, random
solutions, as initial particles, are scattered in solution
space and through an iterative procedure, all particles are
converged to global optima. In the iterative procedure,
the position of each particle is updated by means of
its velocity vector, which takes into account the past
direction of the particle, best position of the particle in
past iterations and best-observed position of all particles in
the iterations already elaborated. Then, the position of each
particle is updated by its corresponding velocity vector. The
mathematical expression of the aforementioned process is
stated as follows:

oIt = wol + ey (pbestt — b)) + roco(gbest! — at)
(13)
;Lf“ = Lf + vf“ (14)

where v/ 1! is the velocity vector of particle i in the iteration
t, z¢ is the position of particle 7 in the iteration ¢, and w
is an inertia coefficient that expresses the tendency of the
particle of keeping its position and takes values between 0
and 1. pbest! and gbest! are the best position of particlei
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Table 1. Summary of the multivariate Copula functions in this study

Type Formula Parameter
0w, _
Frank Cy = =Liog (1 + ng?(e_l) ) 0>0
d 0 1o
Gumbel Cp=exp| — (Zi:l (—log(us)) ) 6>1
=177
Clayton Cp = max { (Zj’zl (ui)_e —(d - 1)) ,O} 0> =L 0+£0
Input Layer Hidden Layer  Output Layer Gy Subsystem | failure time set for Gy

ho,1

Figure 2. Neural Network structure

in the past iterations and of all particles in the already
elaborated iterations, respectively. 71 and ry are random
numbers between 0 and 1 and ¢; and ¢, are learning factors,
respectively. The steps of this algorithm are as the following:

(i) define algorithm parameters such as number of
iterations and population size.

(ii) generate initial population and evaluate the fitness
functions.

(iii) update the position of each particle according to
Relations 13 and 14 , and then evaluate the fitness
function of the new particles.

(iv) stop if the termination condition of the iterative
process is met, else go to Step (iii) .

3. Methodology

In this section, a methodology for considering dependence
among subsystems in a redundancy allocation problem is
proposed with respect to a bridge system configuration. A
historical database of subsystem failure times, parameters
and configurations of a bridge system are required. In this
system, all components work under cold standby strategy and
are either operating or failed at any given moment in time.
As in the redundancy allocation problem, a combination of
components can be used in each subsystem of the system. For
the bridge structure, when the subsystems are independent,
the reliability of the system can be calculated as Relation 1.
In this study, the Copula theory is utilized to take into
account dependence among subsystems. Specifically, an
ANN and Copula-based approach are proposed to model the
dependence among subsystems. According to this approach,

LeR<l
LsP<h

Subsystem 2 failure time set for G,
Subsystem 3 failure time set for G,
Subsystem 4 failure time set for Gy
Subsystem 3 failure time set for G,
Subsystem | failure time set for G2~
Subsystem 2 failure time set for G
; Subsystem 3 failure time set for G
ESP <l Subsystem 4 failure time set for Gz

Subsystem 5 failure time set for Gz

Failure time database

G Subsystem | failure time set for Gy
f_i:_: z:lif;: Subsystem 2 failure time set for Gy
: Subsystem 3 failure time set for Gy
L <P < Subsystem 4 failure time set for Gy

Subsystem 5 failure time set for Gy

Figure 3. Data gathering process

a relationship between parameters and characteristics of
the subsystems and the impact that subsystems may have
on each other is established. Subsystems with potentially
dependent failure times are chosen and a database of
their characteristics and failure history is built. To form
this database, parameters and characteristics of components
which may be affect the failure times should be included to
be considered in the model.

In order to relate parameter values and corresponding
failure times, parameter values are classified into specified
categories. Each category consists of a combination of
parameters with different ranges. By this categorization,
each system can be assigned to a specific category according
to its parameters. As mentioned, the database contains failure
times of systems with different parameter values. Further, the
subsystems which have failed and caused the system to fail
are recorded in the database. The structure of the database
is given in Table 2. In this table, failed subsystem, failure
times of subsystems (T), and parameters (P, P, ..., P,,) of
the system are given. Based on this database one can explore
the parameter values that may have an effect on the failure
of a specific subsystem. Moreover, categories are built for
parameters and subsystems according to failed subsystems.
This results in a set of parameter values and failure times
for each subsystem. Then, the corresponding set of each
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Table 2. Database structure
No Subsystem 1 Subsystem 2 Subsystem 3 Subsystem 4 Subsystem 5 T Failed
' P1 P2 P Pn P1 P2 P Pn P1 P2 . Pn P1 P2 N Pn P1 P2 cee Pn subsystem
1
2
N
(1,2), 3.4), (14.5), (2,3,5), (1,2,3,4), (1,2,3,5), (1,2,4.5),
(1,3,4,5), (2,3,4,5), and (1,2,3,4,5). In this paper, Copula
theory is utilized to model the joint reliability functions of
the subsystems. To obtain the Copula model, the following
" optimisation model is considered:
z 5
£ 5 max f(N) =C3(Ry, Ry) + C3(Rs, Ry) + C§(Ry, Ra, Rs)
Z % + C}(Ra, Rs, Rs) — C3(R1, Ra, R3, Ry)
‘ — Cj(R1, Ry, R3, Rs) — Cj(Ry, Ry, Ry, Rs)
‘ Gy H Failure time set _ Cg(Rl,RS,R4,R5) _ Cg(RQ,Rg,Rgl,RE,)
E ‘ Gs | | Failure time set + QCS(RL Rs, R3, Ry, R5)
o
g (16)
2 subject to:
A n(N) <V a7
‘ Gy Failure time set ,(]2(N) <C (18)
= N g3(N) < W 19)
‘ Gy H Failure time set
= 0 <r; <1,r; € real number (20)
o >y -
z ‘ & l | Failue times where ¢ for d=2,3.4,5 is a d-dimensional Copula
z function with parameter vector 6 for modeling the joint
A reliability function of the corresponding subsystems. Here,
‘ po “ ST it is supposed that the parameters or characteristics of
=8 H e the subsystems affect the parameter vector of the Copula

Figure 4. A typical example of ANN inputs and outputs

subsystem is categorized with regard to parameter values
in specific ranges. Number and limits of the ranges are
chosen according to the database size and domain of the
parameters. Next step is to find the set of subsystem failure
times corresponding to each parameter’s category. Relation
between parameter categories and failure time sets is shown
in Figure 3. In this figure, G; for i = 1, ..., k is representative
of the ith category of parameters, and L;M_l) and L?k for
j =1,...n are respectively the lower and upper bounds of
the jth parameter in category k.

As mentioned before, the reliability of the bridge system in
the case when all subsystems are independent is calculated
according to Relation 1. When the subsystems are dependent
on each other, the reliability function becomes:

R =Ry + R34 + Russ
+ Ross — Ri23a — Riass
— Ri245 — Riza5 — Rasas
+ 2Ry12345

(15)

where, R is the reliability of the system, Ris, R34, R145,
Ra3s, Ri234, Ri235, Ri245, R1345, R2345, and Rya345 are,
respectively, the joint reliability functions of subsystems

functions. Therefore, the relation between the parameter
vector of the Copula functions and the parameters of
the subsystems is obtained. By means of an ANN. The
subsystem parameters are the inputs and the Copula
parameters are the outputs of the ANN. Suppose that we want
to model the joint reliability function between subsystems
1 and 2. To do so, a Copula function is fitted for every
combination of parameter categories. Then, an ANN is
trained between the fitted Copula parameters and subsystem
parameter categories. By means of the trained ANN, one can
find the Copula parameters of the joint reliability function
between subsystems 1 and 2. This procedure is followed for
all combinations of subsystems a joint reliability function
is required based on Relation 15. Inputs and outputs of
the ANN for building the joint reliability function between
subsystems 1 and 2 are depicted in Figure 4, where, 6;; for
t=1,..,kand j =1,..., k is the Copula parameter vector
corresponding to the failure time sets of categories ¢ and j.

Three classes of Copulas, Clayton, Gumbel and Frank,
are here considered for reliability modeling. Maximum
Likelihood Estimation (MLE) method is applied for fitting
the Copulas to the failure time data and finding the
most appropriate Copula function. A list of ten Copulas
should, then, be recorded for every system in the database.
Choosing the appropriate Copula class for a new system,
a classification process is performed. In order to determine
the Copula type, a classifier ANN is trained for each joint
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reliability term in Relation 15. The ANN classifier relates
subsystem parameters and Copula types. So, according to the
values of the subsystem parameters, an appropriate Copula
is proposed. Then, as mentioned earlier, an ANN is trained
to find the relation between subsystem parameters and the
parameter vector of the chosen Copula. By following this
procedure one can approximate the type and amount of
dependence in a new bridge system just by evaluating the
parameters of its subsystems.

A PSO algorithm is utilized to find the optimal
configuration in the redundancy allocation problem of the
bridge system. During each iteration of the PSO algorithm
when solutions are updated to new ones, trained ANNs are
applied to find the dependence structure of the new solutions.
By knowing the dependence structure, the reliability of
the solutions can be calculated based on Relation 16. The
procedure of the proposed algorithm is as the following:

(i) Collect data, categorize them and fit the best Copula
to failure time data of all required combinations of
parameter categories and subsystems.

(i1) Train classifier ANNs for classifying type of Copulas
and, then, train ANNs for approximating parameters
of the Copulas based on outputs of step 1.

(iii) Generate initial solutions of the ANN algorithm.

(iv) Determine effective parameters of each subsystem and
apply trained ANNs to find the dependence structure
among subsystems.

(v) Use Relation 16 to calculate the reliability of the
solutions (particles).

(vi) Update the position of each particle and calculate
fitness of the new particles based on Relation 16.

(vii) Stop if the termination condition is met, else go to Step

Vi) .

This procedure is also illustrated in Figure 5.

4. Numerical Example

In order to validate the proposed model, a numerical example
is included to show model applicability. As mentioned in
Section 3 , all components work under cold standby
strategy and are either operating or failed at any moment
in time. Also, each subsystem contains nonhomogeneous
components. In this regard, a bridge structure with five
subsystems is considered where a different number of
redundant components can be allocated to each subsystem.
Redundant components can be selected from four types
of components as, type 1, type 2, type 3 and type 4. All
types may fail according to Weibull probability distribution
function with parameters as detailed in Table 3. Therefore,
reliability of a component at a given time ¢ is:

ri(t) = exp(—)™ @D
Qg

where r;(t) for i = 1,2, 3,4, is the reliability of component
i attime ¢, and «; and +y; are respectively the scale and shape
parameters of the ith component Weibull distribution. Three
parameters of volume, weight, and cost are recorded for the
components. In this regard, volume, weight, and cost of the
system should not exceed specified values. It is supposed that
parameters P; and P, are parameters of the components that

Table 3. Component characteristics

Component type ~ Weibull parameters
shape (7)  scale («)

Volume Weight Cost

1 0.001 17 40 7 35
2 0.02 21 30 5 2
3 0.03 32 30 2 35
4 0.004 44 10 1 5

may affect the reliability performance of other components.
For example, P; and P, can be considered as thermal and
radiation coefficients of components. Since there are only
constraints on volume, weight, and cost of the system, the
maximum allowed values of these parameters are given in
Table 3. Also, the maximum number of components in each
subsystem is set to be 10. On the other hand, parameters
P and P, affect the Copula parameters among different
subsystems. Hence, the reliability optimization model at
a predetermined time (e.g. t = 100) can be proposed as
follows:

maxf(N) =C3(Ry, Ry) + C2(Rs, Ry) + C3(Ry, Ry, Rs)
+ C§(R2, R3, Rs) — C§(R1, Rz, R3, Ry)
— C3(Ry, Ry. Rs, Rs) — C4(Ry, Ra, Ry, Rs)
— C§(Ru1, Ry, R4, Rs) — C§(Rz, Ry, Ry, Rs)
+2C}(Ry, Ry, R3, Ry, Rs)

(22)
subject to:
5 4
>0 niju; <50 (23)
i=1 j=1
5 4
3> nije; <25 (24)
i=1 j=1
5 4
> ngw; < 150 (25)
i=1 j=1
4
> niy <10 (26)
j=1
0 <r; <1,r; € real number 27

where, R; fori = 1,..., 5 is the reliability of subsystem 4, 7,
vj,¢5, and w; for j = 1,..., 4 are respectively the reliability,
volume, cost, and weight of component j. N = [n11, ..., n54]
is the vector of component numbers in the subsystems.
Based on the proposed procedure in Section 3 , first a
historical database is required. In this regard, a database of
failure times and parameter values is generated. A sample of
the database and ranges of the parameters are presented in
Table 4 and Table 5. According to this database, parameters
P) and P, are used for determining the Copula parameters
and volume, cost and weight are constraining parameters.
Then, the failure times are categorized based on the failed
subsystems. This results in a set of parameter values and
failure times for each subsystem. The ranges of parameters
are, then, categorized into some sub-ranges. In this example,
five sub-ranges are considered for each of the parameters P;
and P». These sub-ranges are given in Table 5. Afterward,
the failed subsystems with their corresponding failure times
are assigned to the combination of proposed sub-ranges.
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Gather historical data
of system failures and
the parameters of their subsystems

v

Categorize failure time data
and their corresponding
subsystem parameters

v

Fit copulas
to failure time data for different combinations of
parameters categories
and obtain the type and parameters of copulas
(type and parameters)

Generate random
initial solutions

—> of all initial particles Apply ANNs

v

Train ANNs based on Save ANNs for using
subsystems and copula information in optimization process

v

Calculate fitness function  f—nyp
4— for estimating

copula parameters

based on Relation 16

v

Calculate velocity
—» vector of all particles and
update their positions

v

Calculate the fitness function B Apply ANNs
of new particles positions for estimating «
based on Relation 16 g copula parameters

Stop condition
is met?

Figure 5. Flowchart of the proposed procedure

This results in 25 sets of failure times for each subsystem, the most appropriate Copulas among Clayton, Gumbel and
k =125 sets in total. Combinations of sub-ranges which frank Copulas are fit to the failure time data. In this regard,
do not contain enough failure times for model fitting can for each combination of subsystems in Relation 22 a Copula
be disregarded. For modeling the joint reliability functions, is required. Therefore, 125 sets of failure times are used for

Prepared using sagej.cls

http://mc.manuscriptcentral.com/site abbrev



oONOUVLT D WN =

24

Journal name will be used here

Proc IMechE Part O: J Risk and Reliability XX(X)

Table 4. A sample of the database

No Subsystem 1~ Subsystem 2 T Failed
B P, P P, subsystem

1 35 30 15 50 0.4310 1
2 35 15 8 60 0.4876 2
3 7 15 17 120 0.5061 1
4 14 30 27 120 0.5895 2
5 42 180 17 120 0.7988 2
6 42 45 27 90 0.0401 2
7 63 45 180 150  0.0399 1
8 70 50 190 150  0.2974 1
9 14 60 50 60 0.1861 1
10 14 45 45 50 0.2796 1

Table 5. Sub-ranges of parameters (in arbitrary units)

Sub-range number P P
1 1-15 1-40
2 16-30  41-80
3 31-45  81-120
4 46-60  121-160
5 61-75 161-200

Table 6. Structure and performance criteria of classifier ANNs

Subsystems  Performace criteria (MSE) Hidden layer size
train  validation test
1,2 0.006 0.007 0.01 [50 50]
34 0.05 0.05 0.05 [122]
14,5 0.01 0.01 0.02 [16 8]
235 0.03 0.04 0.05 [97]
1,234 0.01 0.02 0.01 [12 10]
1,2,35 0.02 0.02 0.02 [9 10]
1.2,4,5 0.03 0.04 0.05 [6 6]
1,345 0.02 0.04 0.04 [125]
2345 0.03 0.04 0.05 93]
12,345 0.007 0.004 0.02 [24 12]

determining the type and parameters of the most appropriate
Copulas in modeling the joint reliability functions among
different combinations of subsystems. As a result, a list of
ten Copulas is recorded for every system in the database.

Now, ANNs are trained with input parameter values
and output dependence structure (type and parameters of
Copulas). Hereby, for every Copula term in Relation 22 a
classifier ANN for determining the type of the Copula and an
ANN for specifying the Copula parameters are trained. For
example, structure and performance criteria (Mean Square
Error or MSE) of classifier ANNs trained by the database
are represented in Table 6.

After constructing ANNs for classifying the type of
Copulas, a similar procedure is performed for modeling
the relation between Copula parameters and parameters of
subsystems. For example, structure and performance criteria
(MSE) of ANNSs trained for predicting different Copula
parameter values are given in Table 7. All trained ANN
structures are saved for estimating the dependence structure
of a typical system based on its effective parameter values.
For each subsystems combination, the ANN that has the best
MSE is chosen for estimating the dependence structure.

After training the ANNs and based on the proposed
procedure, the optimum number of redundant components in
each subsystem is found by the PSO algorithm. During each
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(b) Bridge system with dependent subsystems

Figure 6. Trend of the best fitness versus iteration number of
PSO algorithm

iteration of the PSO algorithm and based on Relation 22, the
trained ANNSs are applied to find the dependence structure
of new solutions. In more details, when a new solution
is generated during different steps of the PSO algorithm,
according to the P, and P, parameters of that solution and
by means of trained ANNSs, the type and parameters of the
required Copulas are predicted.

The trend of the best fitness versus iteration number of the
PSO algorithm in case when subsystems are independent
and dependent is represented in Figure 6a and Figure
6b respectively. It can be observed from Figure 6a and
Figure 6b that the outputs of the PSO algorithm for
dependent subsystems are generally less than the outputs
for subsystems that are independent. Also, optimal system
configuration for both cases of independent and dependent
subsystems is given in Table 8. According to Table 8§,
reliability of the best configuration when subsystems are
dependent is less than the reliability when subsystems are
independent.

5. Conclusion

In this paper, the redundancy allocation problem of a
bridge system with dependent subsystems was studied.
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Table 7. Structure and performance criteria (MSE) of ANNSs trained for estimating Copula parameters

Copula types  subsystems Performace criteria (MSE) R? Hidden layer size
train  validation test train  validation  test
Clayton 0.003 0.004 0.008  0.99 0.98 0.97 [12 8]
Gumbel 1,2 0.07 0.06 0.07 0.99 0.98 0.98 [42]
Frank 0.11 0.12 012 098 0.98 0.98 [42]
Clayton 0.05 0.1 0.1 0.99 0.97 0.89 [14 3]
Gumbel 34 0.01 0.04 0.02  0.99 0.98 0.98 [94]
Frank 0.02 0.04 0.05 0.99 0.98 0.96 [9 4]
Clayton 0.02 0.07 0.06 0.99 0.98 0.95 [113]
Gumbel 1,4,5 0.02 0.03 0.03  0.99 0.99 0.99 [112]
Frank 0.03 0.02 0.01  0.99 0.99 0.99 [12 5]
Clayton 0.004 0.007 0.01  0.99 0.97 0.97 [76]
Gumbel 2,35 0.006 0.01 0.01  0.99 0.99 0.99 [76]
Frank 0.007 0.03 0.03  0.99 0.99 0.99 [87]
Clayton 0.002 0.02 0.01  0.99 0.98 0.95 [7 6]
Gumbel 1,2,34 0.02 0.01 0.02  0.99 0.99 0.98 [771
Frank 0.005 0.02 0.08  0.99 0.99 0.98 [89]
Clayton 0.002 0.005 0.04  0.99 0.98 0.98 [11 6]
Gumbel 1,235 0.006 0.01 001  0.99 0.99 0.99 [10 5]
Frank 0.002 0.003 0.003  0.99 0.98 0.97 [117
Clayton 0.002 0.003 0.003  0.99 0.98 0.97 [13 5]
Gumbel 1,245 0.005 0.01 0.02  0.99 0.98 0.98 [107]
Frank 0.01 0.1 0.03  0.99 0.98 0.97 [75]
Clayton 0.08 0.03 0.03  0.99 0.99 0.98 [10 8]
Gumbel 1,345 0.002 0.01 0.06  0.99 0.99 0.98 [119]
Frank 0.002 0.001 0.003  0.99 0.99 0.99 [17 9]
Clayton 0.002 0.001 0.002  0.99 0.99 0.99 [19 8]
Gumbel 2,34,5 0.001 0.003 0.01  0.99 0.98 0.98 [107]
Frank 0.01 0.03 0.06  0.99 0.98 0.98 [8 8]
Clayton 0.04 0.05 0.2 0.99 0.98 0.93 [16 5]
Gumbel 12,345 0.001 0.02 001  0.99 0.99 0.98 [179]
Frank 0.006 0.01 002 099 0.99 0.98 [124]

Table 8. Optimal system configuration

Subsystem Typel Type2 Type3 Type4 Best fitness

5

Independent 0.9637
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Dependent 0 0.9485
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It is supposed that some parameters of components and
subsystems can affect the reliability performance of others.
In this context, Copula theory was used for modeling the
dependence structure among subsystems. The ANNs were
applied for modeling the relationship between the parameters
of the subsystems and the dependence structure. To do
so, a historical database of system parameters and their
failure times was used. Then, a particle swarm optimization
algorithm was applied for finding the best redundancy
structure. Numerical examples show that disregarding
dependence can underestimate system reliability.

According to the size of the available database, different
approaches can be utilized. The goal of this paper was to
propose a methodology which can be useful in modeling
dependency in the RAP. In this research, we supposed that
enough failure data is available. When enough data for
training ANN is not at hand, other approached such as
ANFIS or other types of ANNs can be utilized to increase
database size or build the predicting model. In addition,
experts can be helpful in compensating lack of data. For
future research, we aim to propose a methodology which can
be useful when enough data is not available.
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