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Abstract

Growing concern about the increasing number of disasters, safety is the main criterion to design every system. In this paper
a complex bridge system is considered which includes five independent components whose longevity follows modified
Weibull distribution function. The main aim of this paper is to enhance the system reliability by reduction method, warm
duplication method and cold duplication method. In each method four sets of components are considered for improvement
and their reliability functions reformulated. The three methods are compared with a numerical example.

Keywords: Modified Weibull distribution, reduction method, warm duplication method, cold duplication method, Reliability

function.

Introduction

In modern society safety has become a key concept to design
every system. In real world applications system reliability plays
important role as system reliability is directly proportional to
system safety, therefore, it has become necessary to work on
system safety and hence on reliability theory. In literature
various kinds of systems have been studied and the reliabilities
of the systems have been improved by various methods. For
instance, Misra' used sequential simplex search, Beraha and
Misra® used random search algorithm to solve reliability
optimization problem. Kusum Deep and Dipti’ used self
organizing migrating genetic algorithm to optimize the
reliability as well as cost of the three complex systems. Mohan
and Shanker* using their Random Search Technique to solved a
complex bridge network problem of reliability optimization.
Sarah’ studied reliability equivalence from simple parallel and
series systems to some complex systems and consider a radar
system, which consists of three non-identical and independent
components, in an aircraft. Ghasem Ezzati and Abbas Rasouli®
investigated system reliability using three different methods
and assumed that the components involved in the system are
independent and their longevity follows linear-exponential
distribution function. Ezzati et. al.” proposed a new method
based on the conjugate gradient method called "Conjugate
Gradient Analysis Method", to apply in the reliability analysis
problems. To improve system reliability various distribution
functions viz; Generalized Linear Exponential Distributiong,
Weibull distributiong, Exponentiated Modified Weibull
Extension Distribution'’ and Exponentiated Generalized Linear
Exponential Distribution'' are studied in the literature. Adil H.
Khan and T.R. Jan'*"? estimated the system reliabilities using
exponential distributions and finite mixture of Lindley
distributions. For three-parameter Weibull distribution
Muraleedharan'® independently derived the characteristic
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function and deduced the moment generating function from it
and satisfies the tests to verify a function to be a characteristic
function. Kusum Lata Singh and R.S. Srivastava' derived the
pdf of Inverse Maxwell distribution, studied its properties and
discussed its suitability as a survival model by obtaining its
hazard and survival functions.

Reliability Function of Complex Bridge Systems

The function that is particularly used to define the concern,
which is most important in today’s electronic world for system
safety, is reliability function. If w(t) is the subset of all fault
free items until the time ¢ and let we have system with n items.

Then the random variable % shows the system reliability as n

tends to infinity, that is; R(t) = lim,,_,, %t)

Reliability is often defined as the probability that a system or an
item will consistently perform its function under the given
condition for a given period of time without failure. Thus,
reliability function is defined as

Rt)=P(T>t), t>0

R(t) = ff(x)dx
¢
where, f(x) is a probability density function.

Reliability engineers often required to work with systems
connected in parallel, series and bridged combinations and to
calculate their reliabilities. In such combinations, engineers for
calculating the reliabilities often apply very convoluted block
reliability formulas. If in a system n independent items are in
series combinations, then the reliability of the system is equal
to the product of reliabilities of the n items and is given as
follows
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R.(t) = R%(t). R,(t) ... R, (t)

Ry(t) = 1_[ Ri(t)

And, if n independent items are in parallel combinations then
the reliability of the system is below

R,(6) =1—(1—Ry(0))-(1 = Ry(1)) .. (1 = R,(D))
R,(H) =1- 1_[(1 - R,®))

In this paper, we have considered the system in which five
independent components are connected in complex bridge
configuration shown below in figure-1

Figure-1
Complex bridge configuration

Each rectangular block in the diagram denotes a component
with reliability R;, i = 1,2,3,4,5. The reliability function® of the
system can be computed by using minimal path or minimal cut
sets and can expressed as
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R,(t) = RyRs + RyRy + R,R,Rs + RyR3Rs — RyRsR,Rs
— RiR3R4Rs — RiRyR3R, — RiR;R3Rs
— RyRsR,Rs + 2R, RyRsR, Ry
R, (t) = Rs(R; + R; — R{Ry)(R3 + Ry — R3R,) +
(1 = Rs)(R{R3 + R3R, — R{R,R3R,) (D

Minimum path set is defined as the minimum set of
components which by functioning ensure the functioning of the
structure and the minimal path sets of the above complex bridge
structure are {1,3},{2,4},{1,4,5} and {2,3,5}. Also, the minimal
cut set is defined as the minimal set of components which by
failing guarantee the failure of the structure, the minimal cut
sets of the above complex  bridge structure
are {1,2},{3,4},{1,4,5} and {2,3,5}. The minimal path sets
represents the bridge configuration as parallel-series
combinations while as minimal cut sets represents as series-
parallel combinations. The minimal path sets and minimal cut
sets representing complex bridge structure is shown below in
figure-2.

Reliability Improvement based on Modified Weibull
Distribution: The system reliability can be improved by using
the three methods which are often considered for the
improvement of the system reliability. The three methods are as
follows: 1. Reduction Method (RM): In this method the failure
parameter of components are reduced by multiplying a
factor p where 0 < p < 1. ii. Warm Duplication Method
(WDM): In this method components selected for the
improvement are added directly to themselves in parallel
without using any on/off switch for activation. iii. Cold
Duplication Method (CDM): In this method components for
the improvement are added to themselves in parallel with using
on/off switch for activation.

The difference between WDM and CDM is that in CDM spare
component is activated manually after the main item is failed
but in case of WDM no activation is required. In each
improvement method the sets of system which are considered
for improvements are {1,2},{1,3}, {5} and {2,3,5}.

= {1 = =2 =
1 3
_‘ 5 5
H L
LY a4 | Lt 3 =

Figure-2
Minimal Path and Minimal Cut representation for complex bridge configuration
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Also, it is supposed that the random variables 't’ of the complex
bridge system follow the Modified Weibull Distribution
(MWD) with probability density function

F(@) = (a + ButtDe~ @Bt "t 5 0.0,8,u >0 )
and the reliability function of MWD is given as

R(t) = e @+Bt) |t > 0,0,8,u=0

where, a,f and u are constants are known as failure

parameters.

Thus based on the equation (1), the reliability function of the
considered system assuming that the random variable follow
MWD is obtained as follows

R,(t) = e—(a5t+ﬁ5t“5)[e—(a1t+ﬁ1t“1) + g~ (a2t+p2tH2)
_ e—((a1+‘12)x+/31t‘u1+,32fu2)]
x [e—(a3t+ﬁ3t”3) + e~ (@at+pathe) _ e—((a3+a4)t+ﬁ3t”3+B4t”4)]
+ [1 — e—(ast+/35f“5)]
[e—((a1+a3)t+/31t“1+ﬁ3t“3) + e—((a2+a4)t+l32t“2+ﬁ4t“4) _

e—((a1+a2+a3 +ag)t+Bithi+Byth2+Bath3+p,tHe)] 4)

where, a;, §;, and y;,i = 1,2,3,4,5 are the failure parameters
corresponding to the componenti. When the system is
improved the above reliability function can be reformulated.

If a component of a system is improved by using RM, WDM or
CDM its reliability function would be Rf (), RY (t) or Rf (t)
respectively and is as below:

RP(D) = e~Plait+Bit") 0 < p <1 and is called reduction
factor.
RY(t) = e—(ait+ﬁ'if”i)(2 _ e—(ait+ﬁit”i))

Rit) =1+ a;t+ ﬁit/‘i)e—(ait+ﬁit“i)

where, «a;, ;, and p; are the failure parameters of the selected
component, selected for the improvement. Also, it should be
noted that numerical methods should be used to find the mean
time to failure as means cannot be derived analytically and
explicitly when random variable follow MWD.

In the following subsection the three improvement methods of
reliability of the system are discussed when different sets of
components are considered for improvement. The different sets
considered for improvements are S; = {1,2},S, = {1,3},S; =
{5}and S, = {2,3,5}.

Reduction Method: The reliability function of the improved
system using reduction method, when S; = {1,2} is selected for
improvement is given by

RS (t) = Rs(Ry + RY — RYRD)(Rs + Ry — R3R,) +

(1= Rs)(RYR; + ROR, — RYRYR3R,)
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where, Rf , Rg are the reliability functions of the components 1
and 2, obtained after reduction and R;, R,, Rs are the original

reliabilities of the components 3, 4 and 5 respectively. Thus,
Rgl(t) = e—(ast+ﬁst”5)[e—p(a1t+ﬁ1t”1) + e —Plazt+patH2)

— g~P((artax)t+pth1+p,tH2)]
x [e—(a3t+ﬁ3t”3) + o~ (aat+Bathe) _ e—((“3+0l4)f+ﬁ3t”3+ﬁ4t”4)]
+ [1 — e—(asf+ﬁst”5)]
X [e—((P‘l1+a3)t+Pﬁ1t“1+ﬁ3t‘u3) + e~ ((paztas)t+ppotha+p,the) _

e~ ((partpaztaz+a)t+pBithi+pfyth2+path3+p,tHe)] (3)

When S, = {1,3} is selected for improvement the improved
reliability function of the system is given by

RS (1) = Rs(RY + R, — RYR,)(RY + R, — RER,) +
(1 —Rs)(RYRY + RyR, — RYR,RER,)

and we have
Ré‘)z ) = e—(ast+ﬁst”5)[e—p(a1t+ﬁ1t”1) + e~ (azt+pptH2) _

e~ ((part+ax)t+pBith1+p,t42)]
X [e—P(“3t+B3f”3) + e~ (@at+fath4)

— o~ ((paz+ay)t+pBsths+p,the)]

+ [1 _ e—(asf+l3’5t“5)]
[e—P((a1+a3)f+/31fu1+/33t“3) + e ((aztag)t+fathz+psthe) _

e~ ((partaztpaz+ay)t+pBithi+Both2+pBaths+p,tHe)] (6)

When S; = {5} is selected for improvement the improved
reliability function of the system is given by

R (t) = RE(Ry + Ry — RiRy)(R; + Ry — R3R,) +

(1 — RZ)(RyR3 + R,R, — RyR,R3R,)

and then, we have
Ré’S ) = e—p(ast+ﬁst”5)[e—(a1t+ﬁ1t”1) + e~ (aat+patH2) _

e—((tx1+a2)t+ﬁlt”1+ﬁ2t”2)]

X [e—(a3t+/3’3t“3) + o~ (@at+pathe) _ e—((a3+a4)t+ﬁ3t#3+ﬁ4tl‘4)]
+ [1 — e—P(UlSHﬁsf“S)]

X [e—((a1+a3)t+B1t”1+B3t”3) + o~ ((aztag)t+pothz+fathe) _

e~ ((artaztaztag)t+fithi+p,th2+ath3+p,tHe)] (7

Further when S, = {2,3,5} is selected for improvement, the
improved reliability function of the system is given by

RG, (t) = RE(Ry + RY — RyRY) (RS + Ry — RER,) +

(1 —RE)(R,RY + R5R, — R\RYRER,)

and then, we have

R£4(t) — e—p(a5t+/35t“5)[e—(a1t+,81t“1) + e—P(Ule’ﬁzt‘uz)

_ e—((051"'!’052)f+ﬁ1t”1+P52t”2)]

X
[e—p(a3t+ﬁ3t“3) + e~ (@at+pathe) _

e—((P‘l3+a4)t+Pﬁ3f“3+/34fu4)] + [1 _ e—p(a5t+/35t“5)] X
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[e—((a1+P‘13)t+B1f”1+Pﬁ3f”3) + e—((Pa2+a4)f+Pﬁzf”2+ﬁ4t”4) —

e~ ((a1+paztpaz+ay)t+Pithi+pBrth2+pBaths+p,the)] (8)

Warm Duplication Method: Under this method when the
subsets S; ={1,2},S, ={1,3},S; = {5} and S, = {2,3,5} of
the complex bridge system are considered for improvements the
improved reliability functions are given below:
R¢/(t) = Rs[R1(2 — Ry) + R;(2 = R,) — Ry (2 — R)R,(2 -
R)I[R3 + Ry — R3R,]
+[1 = Rs][R1(2 = R{)R5 + R,(2 — R)R,

- Rl(z - RI)RZ(Z - RZ)R3R4-]

Rg‘;(f) =Rs[R(2 — Ry) + R, — R1(2 = R))R,][R5(2 — R3) +
Ry — R3(2 — R3)R,]
+[1 = Rs][R1(2 = R1)R5(2 — R3) + RyR,

— R1(2 = R))RyR3(2 — R3)R,]

R/ (t) = Rs(2 — R3)[Ry + R, — RiR, ][R5 + Ry — R3R,]
+ [1 = Rs(2 — Rs)I[R1R3 + R2R,
— RiRyR3R,]

R?j(t) =Rs(2 — R5)[Ry + R2(2 — Ry) — R{R,(2 —

R )I[R3(2 — R3) + Ry — R3(2 — R3)R,]

+[1 = R5(2 = Rs)][R1R3(2 — R3) + R,(2 — Ry)R,
— R{R,(2 — R;)R5(2 — R3)R,]

Finally, the reliability functions of the improved system can be

expressed as
Rg‘/(t) — e—(a5t+/35t“5)[Ae—(a1t+ﬁ1t“1) + Be—(a2t+ﬁ‘2t“2) _
1

ABe~((@itax)t+p th1+p,tH2)]

% [e—(a3t+ﬁ3t”3) + o~ (aat+pathe) _ e—((tx3+a4)t+ﬁ3t”3+E4t”4)]
+ [_e—(ast+ﬁsf“5)]

x [Ae—((a1+a3)t+ﬁ1t“1+ﬁ3t#3) + Be—((aatay)t+Bathz+p,eie)

— ABe ((@itaztaztagt+fithi+pth2+3tH34p,tHe)] 9)

R¥Y(t) = e—(ast+/35t“5)[Ae—(a1t+ﬁ1t#1) 4 e-(aat+path2) _
2
Ae—((a1+a2)t+/3‘1t!‘-1+32f#2)]
X [Ce—(a3f+ﬁ3t”3) + e~ (@at+Bathe)
_ Ce—((a3+a4)t+l33t“3+/34t#4)]
+ [1 _ e—(a5t+/35t‘“‘5)]
X
[ACe_(("‘l+"‘3)f+51t”1+ﬁ3t”3) + e~ ((@atan)t+Byth2+p,the) _

ACe~((artaz+az+a)t+fithi+Bothz+Bsth3+p,the)] (10)

R}";(t) = Ee—(asHﬁst”S)[e—(a1t+ﬁ1t”1) + e~ (@zt+potH2) _

e—((tx1+a2)t+ﬁlt”1+ﬁ2t”2)]

X [e—(a3t+/3’3t“3) + o~ (@at+pathe) _ e—((a3+a4)t+ﬁ3t#3+ﬁ4tl‘4)]
+ [1 — Ee—(asHﬁst”S)]

X [e—((a1+a3)t+B1t”1+B3t”3) + e—((a2+“4)t+ﬁzf”2+ﬁ4t”4) —

e~ ((artaztaztag)t+fithi+p,th2+ath3+p,tH4e)]

(1)
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R}”(t) — Ee—(a5t+ﬁ5t”5)[e—(a1t+ﬁ1t”1) + Be~(@zt+p2th2)
4

_ Be—((a1+a2)t+/31t“1+,82t“Z)]

X [Ce—(a3t+ﬁ3t”3) + e~ (@at+path4)

— Ce((az+an)t+psth3+p,tH4)]

+ [1 - Ee—(asf+ﬁ'st“5)]
x [Ce—((a1+a3)t+ﬁ1t“1+ﬁ3t#3) + Be—((aatas)t+Bathz+p,th4)

— BCe~((@1+aztas+ag)t+Bith1+Byth2+Bsth3+p,the)] (12)

where, A= (2 - e @A) B = (2 — em(@t+hothD)
C = (2 _ e—(a3t+ﬁ3t“3))’ D = (2 _ e—(a4t+ﬁ4t“4))’ E =
(2 — e-(“s”ﬁ'sf“s))

Cold Duplication Method: Using this method when the
subsets S; ={1,2},S, ={1,3},S; = {5} and S, = {2,3,5} of
the complex bridge system are considered for improvements the
improved reliability functions are given below:
R (t) = Rs[AR; + BR, — AB'R,R;][R; + Ry — R3R,]

+ [1 — Rs][AR,R; + B'R,R,

— AB'R{R,R3R,]

Rgz (t) = R5 [A,Rl + Rz - A’Rle][C’R3 + R4 - C’R3R4]
+ [1 — Rs][A'C'R,R; + RyR,
- A,C’R1R2R3R4‘]

R5C3(t) = E'RS[Rl + R; — R{Ry][R3 + Ry — R3R,]
+ [1 — E'Rs][RyR3 + RyR, — RyR,R3R,]

R§4(t) = E’RS[R]. + B,Rz - B,Rle][C,R3 + R4 - C’R3R4‘] +
[1 - E’Rs] [C’R1R3 + B,R2R4 - B’C’R1R2R3R4‘]

Finally, the reliability functions of the improved system can be
expressed as
RE(t) = e—(ast+ﬁst”5)[A re—(a1t+B1th1) | pro—(azt+path2) _

1

AﬂBﬂe—((a1+a2)t+/31t‘u‘1+[i'2t‘u‘2)]

X [e—(a3f+53t”3) + o~ (aat+Bathe) _ e—((tx3+a4)t+ﬁst”3+ﬁ4t”4)]
+ [1 — e-(“s”ﬁst“s)]

x [Are—((a1+a3)t+,81t“1+/33t“3) + Ble~((azta)t+pytha+pyehe) _

A'Be~((@itaz+az+a)t+Bith1+BotH2+p3tH3+B,tH4)] (13)

Rgz ) = e—(a5t+ﬁ5t“5)[Are—(a1t+/31t“1) + e~ (azt+poth2) _
Ale—((artaz)t+B1tH1+8,tH2)]
X [C'e—(a3f+ﬁ3t”3) + o~ (@at+fath4)
— (e~ ((az+ag)t+Bsths+pBtHe)]
+ [1 _ e—(asf+l3’5t“5)]
X [AfC'e—((“1+“3)t+ﬁ1f”1+ﬁ3f”3) + o~ ((aztagt+frth2+pthe) _

A'Cle~((artaztaz+ag)t+Bithi+pyth2+Bath3+L,tH4)] (14)
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RSC3 t) = E,e—(a5t+l35t“5)[e—(a1t+ﬁ1t“1) + e~ (@at+path2) _ R,(t) = e—(0.75x+1.3x2'3)[e—(0.5x+1.2x1'1) + e~ (18x+1.4x%2)
e—((tx1+a2)t+ﬁlt”1+ﬁ2t”2)] _ e—(2.3x+1.2x1'1+1.4x2'2)]

X % [e—(o.85x+0.9x1-9) + e~ (1.6x+1.1x%9%)
[e—(a3t+l33tl‘-3) + e—(a4t+,84t#4) _ e—((a3+a4)t+l33tl‘—3+B4tl‘-4)] + _ e_(2'45x+0'9x1'9+1'1x0'95)]

[1 _ Ere—(a5t+65t”5)] x [e—((a1+a3)t+ﬁ1t”1+ﬁ3t”3) + + [1 _ e—(0.75x+1.3x2'3)]
e—((a2+a4)t+ﬁzt“2+ﬁ4t“4) — % [e—(1.35 x+1.2x1140.9x19)

e~ ((a1taztaz+a)t+Bithi+p,tH2+B3tH3+p,tH4)] (15) + o (3axt1.4x22411x095)

— o~ (475x+1.2x1 1 +1.4x%2 40,9219 +1.1x09%)]
Rg t) = E'e—(asf"'ﬁst‘us)[e—(a1f+ﬁ1t‘u1) + Ble—(azt+path2) _
4

B'e—((@1+az)t+ptH1+,tH2)]

Also, from equations (5), (6), (7) and (8) the reliability

X (@athBaths) (@attBathe) functions of the improved systems when different sets (S; =
[Cle=(at+Bat?) 4 o=(aat+Bat™h) _ {1,2},S, ={1,3},S; = {5}and S, = {2,3,5}) are considered
(e~ ((azta)t+paths+p,ehe)] 4 [1- E'e—(ast’fﬁsf”s)] X for improvement would be, respectively:
[C'e—((a1+a3)t+ﬁ1t“1+ﬁ3f“3) + Blo—((az+ag)t+patha+pyths) _ R;} ®) = e—(0.75x+1.3x2'3)[e—(0.3x+0.72x1'1) + ¢~ (1.08x+0.84x%?)
1
B'C'e—((@1taz+as+ag)t+Pithiepoth2+psths+p,ehs)] (16) — o~ (138x+0.72x1 1 +0.84x%2)]
% [e—(0.85x+0.9x1'9) + ¢~ (16x+1.1x099)
where, ~(245%+0.9x9+1.1x09%)]
A’: (1+a1t+ﬁlt#1), B': (1+a2t+ﬁzt”2), —-e
2.3

C'= (1+ ast + BstH3), +[1- e~ (075x+1.3x )]

D'= (1 + a,t + B,t*4), x [e—(1.15 x+0.72x1140.9x1%) | p—(2.68x+0.84x22+1.1x0%%)

E'=(1+ ast + fsths) _ o (383x+0.72x11+0.84x2240.9x19+1.1x095)]
Data Analysis

R? ®) = e—(0.75x+1.3x2'3)[e—(0.3x+0.72x1'1) + o~ (18x+1.4x%2)
In this section for some specific values of the failure parameters 2
we have plotted the graphs of the reliability functions of
original system and improved system. Firstly, we have
compared reliability functions of the original and improved — o~ (211x+0.54x9+1.1x%9%)]
systems where the improvement method is reduction method. " [1 _ o-(075x +1.3x2.3)]
After that we have compared reliabilities of improved system
for different reduction factors. And at last we have compared
reduction method, warm duplication method and cold
duplication method for specific values of failure parameters and ~ — e~(#21x+0.72x 1+ 14x240.54x7941.12%9%)]
reduction factor.

— g~ (21x+072xM +1.4x%2)]

% [e—(o.51x+o.54x1-9) + ¢~ (1.6x+1.1x%9%)

% [e—(0.81 x+0.72x1+054x7) 4 o —(3.4x+1.4x3%+1.1x09%)

RP () = e—(0.45x+0.78x2'3)[e—(0.5x+1.2x1'1) 4 o—(18x+1.4x72)
Reduction Method for Different Sets: The specific values of 53

. . — g~ (23x+12xM 1 +1.4x%2)]
failure parameters are given below

% [e—(o.85x+0.9x1-9) + e~ (1.6x+1.1x%7%)

Table-1 — o (245x+09x19+1.1x095)]
i 1 2 3 4 5 + [1 _ e—(0.45x+0.78x2'3)]
x [e—(1.35 x+12x11409x19) 4 - (34x+1.4x3241.1x09%)
a; 0.5 1.8 0.85 1.6 0.75 _ e—(4.75x+1.2x1'1+1.4x2'2+0.9x1'9+1.1x0'95)]
Bi 1.2 1.4 0.9 11 13 R£4(t) — e—(0.45x+0.78x2'3)[e—(0.5x+1.2x1'1) + ¢~ (1.08x+0.84x%?)
11 22 19 0.95 23 — o~(158x+12x1+0.84x%2)]
H ' ' ' ' ' x [e—(0.51x+0.54x1-9) + o~ (L6x+1.1x%75)

Also, the reduction factor (p) is supposed to be 0.6 _ o (211x40.54x1941.12095)]

Thus, from the equation (4) the reliability function of the + [1 — e—(0-45x+0-78x2'3)]
original system would be x [e—(1.01 x+1.2x11+054x1%) | ,—(2.68x+0.84x22+1.1x0)

— o~ (3:69x+1.2xM1+0.84x%2+0.54x19+1.1x09%)]
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It is clear from the above figures of the reliability functions;
reduction method of improving system reliability in our
problem has a consistent trend to improve the system reliability.
All improved systems have higher reliability than the original
system and the when the system is improved by reducing
S, ={1,3} set of components, reliability of system reaches
maximum and then S,, S;, S3 are in the next positions
respectively.

International Science Congress Association

Reliability Functions

Reduction Method with Different Reduction Factors and
Comparison between Different Improvement Methods: In
this subsection, the components of the system which are
considered for the improvement is S, = {1,3} set, and if the
components are improved by the reduction method with
different reducing factors p; = 0.3, p, = 0.6, p3 = 0.9 ,t hen
from equation (6) reliability functions of the improved systems
for different reducing factors are given as follows:
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Rg; ®) = e—(0.75x+1.3x2'3)[e—(0.15x+0.36x1'1) + ¢~ (18x+1.4x%2) R}Z(t) — e—(0.75x+1.3x2'3)[(2 _ e—(0.5x+1.2x1'1))
— g~(195x+0.36x " +1.4x22)] x g~ (05x+1.2xM1) | o—(1.8x+1.4x%7)
% [e—(o.255x+0.27x1-9) + e~ (16x+1.1x0%) - (2

e—(1.855x+0.27x1-9+1.1x°-95)] _ e—(0.5x+1.2x1'1))e—(2.3x+1.2x1'1+1.4x2'2)] [(2

n [1 _ e_(°'75x+1'3x2'3)] — o~ (085x+0.9x7)) ,—(0.85x+0.9x™?)

0.95
% [e—(0.405 x+036x1140.27x1%) | o —(34x+1.4x%2+1.1x09%) + e~(16x+11x0%%)

— ¢~ (3805x+036xM 1 +1.4x%2+0.27x 7 +1.1x09%)] —(2
— e—(0.85x+0.9x1-9))e—(2.45x+0.9x1-9+1.1x°-95)]

Rgzz (t) = e—(0.75x+1.3x2'3)[e—(0.3x+0.72x1'1) + e~ (18x+1.4x%2) + [1 - e—(0-75x+1-3x2'3)]

— g~ (21x+072xM +1.4x%2)]

x [e—(0.51x+0.54x1-9) + o~ (16x+1.1x095) x[(2- 6_(0'5“1'2"1'1))(2

—(0.85x+0.9x19)) , —(1.35 x+1.2x11+0.9x1°
— o~ (211x+054x1941.1x09%)] — e~(085x+00x ")) o (135 x41.2x **)

+ [1 _ e—(0.75x+1.3x2'3)]

x [e—(0.81 x+0.72x 1 4+054x17) 4 o~ (34x+1.4x%2+1.1x0°%)

—(3.4x+1.4x%2+1.1x°995
+e

_ (2 _ e—(0.5x+1.2x1'1))(2

— o~ (085x+0.9x?)) —(4.75x+1.2x1-1+1.4x2-2+0.9x1-9+1.1x°-95)]
— g~ (421x+072xM 1 +1.4x%240.54x 19 +1.1x09%)] € €

Rgg(t) = e_(0-75x+1-3x2'3)[(1 +05x + 1_2x1.1)e—(0.5x+1.2x1-1)
+ g~ (1.8x+1.4x22)

—(1+0.5x
+ 1.2x1.1)e—(2.3x+1.2x1'1+1.4x2'2)]

x [(1 +0.85x + 0'9x1.9)e—(0.85x+0.9x1'9) + o~ (L6x+1.1x%75)

RP3(¢t) = e—(0.75x+1.3x2'3)[e—(0.45x+1.08x1'1) + ¢~ (18x+1.4x%?)
S2
— o~(225x+1.08xM 1 +1.4x%2)]
x [e—(0.765x+0.81x1-9) + e~ (16x+1.1x075)

— ¢~(2365x+0.81x™9+1.1x%%%)]

+ [1 _ e—(0.75x+1.3x2'3)] —(1+085x
% [e—(1.215 x+1.08x1 1 +081x19) 4 o~ (34x+1.4x32+1.1x09%) + 0.9x1.9)e—(2.45x+0.9x1'9+1.1x0'95)]
_ e—(4.615x+1.08x1-1+1.4x2-2+0.81x1-9+1.1x°-95)] +[1
— e~(075x+13x*9)][(1 4 0.5x + 1.2x"1) (1 + 0.85x
Also, using values of failure parameters given in table-1 and + 0.9x19)e~ (135 x+12xM140.9x19) | o~ (3.4x+1.4x22+1.1x0F)
from equations (10) and (14), the reliability functions of — (1 + 0.5x + 1.2x*)(1 + 0.85x

improved system when the system is improved by the warm

duplication method and cold duplication method are as follows:
I

+ 0.9x19)e—(475x+ 1.2x1-1+1.4x2-2+0.9x1-9+1.1x°-95)]
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It is clear from the figure 7 that reliability of the system
increases as the reductions factor decreases. Also, it can be
observed that the difference between reliabilities in this
experiment is quite large; this is due to the fact that the
difference between given reduction factors are also large. Thus
in order to keep system safe for longer time we should use the
reduction factor as small as possible.

Also, from figure 8 it is obvious that the cold duplication
method works better than the warm duplication method where
as the original system has always reliability level minimum. In
this experiment, the reduction factor is 0.6 based on that we can
say; initially reduction method is better than warm duplicate
method but the system improved with warm duplication method
works for longer time than reduction method. But it should be
noted that if we use smaller reduction factor reliability of
system increases at faster rate, thus we can say in our problem
reduction method with smaller reduction factor is better one
and cold duplication method is better than warm duplication
method.

Conclusion

In this paper, we have used modified Weibull distribution and
reformulated the reliability function of the complex bridge
system by three improvement methods, reduction method
(RM), warm duplication method (WDM) and cold duplication
method (CDM). In all the cases it has been shown the reliability
of improved system is higher than original system. Further by a
numerical example, it is observed that in reduction method
reliability of the system increases with decrease in the reduction
factor and cold duplication method improves system reliability
much better than the warm duplication method.
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