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Reliability Estimation of Series-Parallel Systems
Using Component Failure Data

Kyungmee O. Kim
Department of Industrial Engineering, Konkuk University

In the early design stage, system reliability must be estimated from life testing data at the component
level. Previously, a point estimate of system reliability was obtained from the unbiased estimate of the
component reliability after assuming that the number of failed components for a given time followed a
binomial distribution. For deriving the confidence interval of system reliability, either the lognormal
distribution or the normal approximation of the binomial distribution was assumed for the estimator of
system reliability. In this paper, a new estimator is used for the component level reliability, which is biased
but has a smaller mean square error than the previous one. We propose to use the beta distribution rather
than the lognormal or approximated normal distribution for developing the confidence interval of the
system reliability. A numerical example based on Monte Carlo simulation illustrates advantages of the
proposed approach over the previous approach.

Keyword: unbiased estimator, mean square error, confidence interval

LA & A &FE AAlshs 7] @Al M2 e Al2EE v
o Al 2E] o] AR ol thEk 3 57 2 (point estimate)E T

A &E o) B e Al AE ] FoI EERZANM =g Az 6] wlaske A 3ol EPW FEY =S AFAE
T ATHEE AEdte FEE AHT 2R Al2H S Oﬂ 71Z8k] FHSACEE B AH LY FAA| A A3}
AAAY 71E A &g s A stk & o Ajxgle) AF = A2 A 2E AR %—@ﬂ"ﬂ IHE HALH7 o
£ 388 Ao SEE ARSI Jlon metA AlLE AE —Eroli} d & 5o FEFEAA HAEHY FRAAARE ©]
o e A7 QPTE AS ATAEY S Bl & St AHEE FHF AL L A2 FRHAANARE o8
o dutg oz AAGANME AL AREE & 5 9l S RS FAT AL RG A E FHR] 9 gho] tha
AL AR P B At O dd 722 AUEtE Asd 7 Ak ALH AR H FHAE @
gog FAstojof 3tk ojuff FFo] A& I FEo & 8] Hlwrhd o] Aol S WY 4 itk H A Wk
BAAS S T AR 7128t FAT ASAEIT ofe A F TS aLjete] dkstojof g AR st whet

A7E dxHeATe] AN YELNZAT, FAMT R01-2006-000-10744-0)0.2 FHEqom AFuE P54 =3}t
ZH‘*OH 7WE‘”14E}
tAZGAz} - AAY] 1S, 143-701 A2 FATF FF 194 Agoiskn *F%.Mﬁh} Fax : 02-450-3525, E-mail : kyungmee@konkuk.ac.kr
E3192009d 029 179), AAFL1A}F : 2009 059 269, 23} : 20099 07 259), AlANEAH L2009 079 27Y).



VB FAA O 7)2ete] A2 AlE =gt O Al
;%%xﬂ” A2 A A 7S A
Zag EA ol

A5 728k A2 *@Ei
[&9 A5 FoA At

v T v ol 2 E wE

x
o
o

>

i

Lo
o_>‘i

>
-y o

rir o.?i % =N
2
o
 ob
rlr

i

ol
ol
o)
rir

oo e

\I
N
—_

g

é_@U{H
H
o
—ﬂ—lﬁ
oxl ol
o > b
b1 & O L || o Mo

Sii]

=
1o
R
o
=2,
=
ro
e
re
e
ol
1
o,
ofo
ol

> Bl
pass
ful
o
ot
=
4

> oX,
it
1
i
1o
>,
w12

ol
-

> it o mlo mu Hz (A W

A

> 4y

i% o2l
¢

A )
b

5 i

:
=
Ty
ot
>
ul}
b
o
_l
oxl
e
3L

o
e
T

oxl
=
>
el
A
ful
=
N
oxl
Ql
2
>
[

(T,
>
i)

2 4 2 M 2 xp 2
F
il

2

>
)
S
)
fo o
N
ol
QL
oA
o

gﬂ
= ki g
jgmg
=
NN
N o
EEE
el RY
mlni,i
it
= N
oﬁrmrz%;
oo 2 =
o H N
o =
o
o
QLIJ{H
R

o [
S
=
-
=
lo,

(
=
(

o v M
Ty

XNore H
o ol R o
RIS -4
N Ho oxt o, M &
do,
I
“N' oxl,
ol N
= i
Z >
= %P
= o p
AT
N
_Ol —_
ol

=l
EH

Q "]—(mean square error)7} ] :TL°ﬂ /\1 7‘4
A=) FAHX7} 4 Xéﬁlir}_b} olFEx A
Eeha bgsh 248 131320 0 14k )
Ree WA, T & AT AL ol @
%z§4£ﬂﬂ°ﬂz§w0Eﬁ°i%
248 99 429 4sle PAAE A%

C et Es mata AR 20

> M
l>
El_

e

i
=T
4
>.2
1:1

> 2

o)
2&&
ra

o =

huj

Lo > e 2 S oa o N ¥ Worr M

S

ﬁ’o}z‘,

=

e

—\14&?14
>

Ut rlo
s

(e, oo oo
QL

&
N

S
S
4
ox
rh
T
2
3]
o3
S

e ol el mn B o i
>

i)

b

il

Bl
oo ol

QL

rr
2 o

> 2o

kAo
~ of oy

lo,
e Ry

o

£
z -

_O|L

D =)

Ir

W
ol
=2

EE]_/] Al
}\])\EE] Al g
k= CIES)

HJ_% /\
Aok

4
o
r
X o L X
l‘lr 0 l'UlO rll‘

o
bt

Ll

o

fo

o,

|
)
o
R
2
=
o R

r AN r
o
o
rr
o%
)
(o

P°ﬂ
Yol

=2 i
o

of
&
N
R

ON

ot w»
_\'i_L
:.é
l‘-lO

Moo ML
F['F

-
L
o
=
=
e
Ru)
=
>
12
(o
fu
2
o
=2
=
rr
g
rh
ru[o
!.:

5 AE5L HEE (1), i
$EO e T ERolztn
o] 7& ¢= 94 ZHHE Al&Ho| Azt
>0 Eo]— Az 8 35 () 2o] 3 FthBarlow and
Proschan, 1975).
(t) = hQ [7"1 (t)~ TQ(t)v ) Tk(t)] (]')
AWM by lry (8),7,(8), .o (8)] &
I R Bt I R e ’:_
SERE P PELE ST

L 215

At ALgst QAWGertsbakh, 1982, 1989, Mawazmy
and Buehler, 1967; Lieberman and Ross, 1971; Grubbs, 1971). ZL&
H] Coit(1997), Ramirez-Marquez (2006) ~12] 31 Jin and Coit(2008)->
PEY DA BAF FHREE M U4 g
5 7GRS ed s 9o vE
"@‘:E FASI AT &, FEUSF X, (1) = n, 70 BEF
o FHs 7“}0}91 “11 AZE 7R ot BEY &
S YehItha 8k 2, (1) © X, (¢) & A@gkol2haL st Coie
(1997), Ramirez-Marquez (2006) 83 Jin and Coit (2008)& H=
i A= 7, (1) E F4387] 918l A 9F A

(Casella and Berger, 1990)
. r;(t) [1—r,(t)]
Var(r; ,,(t)] -

iAo 4 O RENLES ABH 0T FHae
9)o] FAFASE Ao 2 AdHA AT} (Wasserman, 2003). o
& 50] $RARIN 1714 ol ol S1E A5 4 0
g ol§3jo] BE TS FH3IT 00]tk. BF ALEE 7
HH o2 FA3= 7|EY AFEAAE A 35 AHERaL Q)

THWasserman, 2003).

. () +1
Pimew 1) = =03 =1k 3)
B oAM= A ()t A 3y AHEEHY BE AEEE
FATA A=Y A F T FAHAE FE8 U 7S AT
FAR 9} vt} WA gz, (t) 7} oJFEE FEHS AH
ol A 3)9] FA ] Fte 4 99} 2t
A ngr; () +1
Elr, . ,( ”:W )

urebA 2 3)9 FHFE A )3 2L A5 7T

1—7r.(t)

n; +1 ©)

bias[r; .., (t)]= E[;‘,;ﬁm,,,(t)} —r,(t)=



216 Ed)

21 )M F-Fe] A= =7F Aol wheh Ee HARE B
o) 7} S7htl whet 1 Hejr Aol & & 4 Sk 2
FA ] ke 2 (67 2k

_mT (t) [1 - (t)]
Var|r; new(B)]= W 6

MSE[r, (1)) = "2 @)

MSE[r, ..,(t)] =

nry ()1 =7, (¢)] N [ 1—7;(t) r (8)
(n; +1)?

i

n=}
12
N

(t) = 0.5°1 MSE[r, ,,(t)] > MSE[r, ., (t)] ¥
otk 2, BE o] AFwrtoso) ol g A2 3
A bias)E 7}A A RF 7]E 8] FAFRT F4ko] 7]
1 HYE A st HaAF LA} FolAe AL B

7

.
e,
-

ME o
rlo

2

1

=4 2 ot o

P23
&

3. A1 2] AE| we 4

NS MZ 57 BFo] 72 o2 TAH A2 AlF®
2 4 3439 4 09 2ok
ro(t) = hylry(8), 7y(£), .y (2)] ©)

MH Hi5% FEo]l AE g AAdH A2kl 9 44 4
92 A (103 2t}

e -THEoF

2

z,(t)+1\]?
E( n;, +1 )}

() +1]2

- (t)] + [n,'
i=1 (ni+1)2

4 (127 2}

r,@)=1-TT[1- 7] (12)

R ERES ERIE

oAl A 2Eo] a7) o] B A AFo] HE 2 A El 7k A
AEFE o 7)) FEo] Wi Oﬁﬂoi i ‘5}1}-
(05 A B AL Y] A B

e 1%@MA%4MQE§%@4@@%@%

H ﬁ> l]j:



3 23R

- ﬂ(lﬁ[lE(r;(t))]) (13)

A 4 139 Elr (013 Varlr, (0] w1A2] 7, (
?'5]"6‘} ATk Coit(1997) 4] 13y 43171 ¢4 ri;(t ) EH
21 @F ettt ¢ Jin and Coit(2008)E Coit(1997)°]

A eo] BMF o] ojd & Hol T

Mr o>

2E N E 3% (1) S o83k 1y (1)
S 487) 18l 1, (¢) 7+ B3} Bako] 2zt 4 (14)
9} 4] (15)8} & )44 7F& ¥ (lognormal distribution)S- wWET}

~

i 7HA g
Blr,(t)] :exp(;ﬁ-%a?) (14)
Var[r;(t)] =exp(2u+ o?)[exp(o?) —1] (15)
21 (1499} 2 (195 A 3780 A 73 A28 A= =0 et
o FAA o FYsha T 19} o' 5 FAE F lon
2 A7, (¢) ol g 100(1- )% A A2 F7H-E P31 T
7 2k
Pr[r;(ﬂ exp(% P zepe| = (1)
< 7;(t) exp(%c;2+zc/25 }: 1-C

Ramirez-Marquez and Jiang (2006} A|2HS] SHA = &

7 NS, (1) 9 | TS DR Aok o]

AFZALE o] 45t ry(t t) ol gk 100(1- O)% A A2 F7E
93} go] T3

B o] $5to AR A 2P A F =

£8 Fqas 1y 217
Pr[r;(t)—zc/g rq,(t)[lj;ro(t)] _ﬁg o 0)
R r1—r, )] 1

&

714 N2 A LE AEETE | EEE WETE AFL] 7]
Z3te] 4 (163} o] 5

= At

e ry(t) [1 =7, (¢)]
Varlr,(t)]

7189 WHAMAY &R FREY o] FREY AR
EIAE o] &-3te] A1E]F7HE FAMA Al A9 g
o] 03} 14}0]9] gh& HRITHE ARl Sluls] & 41877k A
A & Stk kel A TFEES gaE WSt
0,00) 9] & 7HE = Q1o A REE BEE FEHTE

(— o0,00) 9] g2 7 5 917] 2ol ek

£ Qo AE Al A58l 127208 57 919
N2 AR5 FHF 1 (1)7 B4 a st 59
ﬂEqLﬂ%dqﬂﬂfiJﬁngﬁ?tq%j%W

f(I) = B(Ot, 6)

0<zxz<1,a>0,6>0

—1(1_33)8—1’

IF/}%E% 7Hg3hes olfre A F 7 olth AA, e
9] A4 A28 4% 03 140l 91 ¢ BAB 24
Rarmrez-Marquez and Jiang (2006)& A|2~Hl o] LM 2l5 7} B4
7} N?Jr o (0] |FEEE wETkaL 7P Tt ) r,(¢)
F Ao gheroln] B A w7t 345 et Al
AR Aol HER ()8 45942 1Y
N A 2Rlls = AN o 2t A| 2]l o) 1
(D017 7, () WEHEE HEt FEUSE 7
ot} o] 75 ARt ¢74A] 173 Al 225 9] 4= Rami-
rez-Marquez and Jiang (2006)9| A2 o] S+ 7} opd wE}-0]
S E- X 2 w2 A T CKCasella and Berger, 1990).
N2H s 0] 247} ot 5ol WEHEES BE
thal 7Hg sk O B E4ke 47 e 2ok

X0, i) _1
v r>
JIN

<

oxl, ot ) 1> rr
it

i ro
P

ol
-

Bl == o
N _ af
Var[?"g&(t)}— (a+6)2(a+ﬁ+1)



218 Ed)

A7, (1)) 23 77he e 3 2.

Pr L < 1,(t)

1+(B/&)Fga,z&ﬁ1—0/2

1
+(p/a)F, 20,24, C/2

=1-C (18)

ANM F,,,. o= AFE7F 242w st o F 2300 95 13
o] O YAA gh& vehdnt

5. AHIEA

51 E F49 X4 vl

<Figure 13} & AW Aol 2 74 559 43
£E 59 YA AZEIE 2L oF ol &5 A2H
NAE FHaA B $E Nz B S

A7 7} <Table 1>3} 2 that 812}

S

Figure 1. Series-Parallel system for example 1
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Table 3. Component reliability and number of components for life

testing in example 1
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Figure 2. Histogram of system reliability estimate
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Figure 4. Fitting beta distribution for system reliability estimate
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Figure 5. Series-Parallel system with example 2.
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Table 4. Component reliability and number of components for life testing in example 2
{ 7 (t) n; [ r;(t) n, i 7 (t) n,
1 0.3 25 7 0.8 16 13 0.99 50
2 0.3 25 8 0.92 25 14 0.9 50
3 0.4 50 9 0.95 25 15 0.83 25
4 0.5 50 10 0.92 25 16 0.83 25
5 0.3 17 11 0.95 25 17 0.88 50
6 0.2 17 12 0.96 50
Histogram of R, Histogram of R,
_7 mean(sample) 0.07156 ][;Y mean(sampie): 0.07156
variance(sample): 0.00052 variance(sample): 0.00052
mean{MLE): 0.07156 mean(MLE): 0.07172
w X‘ variance(MLE): 0.00052 w X variance{MLE): 0.00059
5 5|

Beta(9 054, 117 47)

o.oo 0.05 010 015 020 025
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Figure 6. Fitting beta and log normal distributions for system reliability estimate



no
no
no
oy

Ao 48 AT AFEE DAl f887 A2

Barlow, R. E. and Proschan, F. (1975), Stdstal Thexy o Reiability and Life
Teting Holt, Rinehart and Winston, New York.

Casella, G. and Berger, R. (1990), Stadistical Inference Wadworth and Brooks,
California.

Coit, D. W. (1997), System reliability confidence intervals for complex systems
with estimated component reliability, /EEE Transacions an Rdiahlity; 46(4),
487-493.

Gertsbakh, I. B. (1989), Stadistica! Relialxlity Theory; Marcel Dekker.

Gertsbakh, I. B. (1982), Confidence limits for highly reliable cohereht systems

A7

A S-S E A A2 414}

Texas A&M A+ 28t} vkA}

A A7) i A1 Bk}
AR

BTl 240 N34 39

o
3T
= X

ol

with exponentially distributed lifetimes, journal dfAnzrican Stat'stical Assoaa-
t 77, 673-678.

Grubbs, F. E. (1971), Approximate confidence bounds for the reliability of a series
system for which each component has an exponential time-to-fail distribution,
Technometrics, 13, 865-871.

Jin, T. and Coit, D. W. (2008), Unbiased variance estimates for system reliability
estimate using block decompositions, /EEE Transacaans oo Riahlity; 57(3),
458-464.

Lieberman, L. and Ross, S. M. (1971), Confidence limits for independent series sys-
tem, Jaurnal o American Statistical Assoaation, 66, 837-840.

Mawaziny, A. H. and Buehler, R. J. (1967), Confidence limits for the reliability of
a series system, jaurnal o Anerican Statisncal Asscaatian, 62, 1452-1459.
Rmirez-Marquez, J. E. and Jiang, W. (2006), On improved confidence bounds for

system reliability, JEEE Transacians an Reliahlity; 55(1), 26-36.

Wasserman G. S. (2003), Rdiallity Verifiadan, Testing and Analysis in Engineaing

Design, Marcel Dekker Inc.



