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Integrated analysis model for reliability growth test
evaluation of complex system

LIU Qi, WU Xiao-yue

(College of Information Systems and Management, National University of Denfense Technology, Changsha 410073, China)

Abstract Since some equipment system has complex configuration, existing reliability growth model

can not complete its reliability growth plan and test evaluation. In this paper, the reliability growth

integrated plan method was studied. Though subsystem reliability growth plan, the system reliability

growth requirement was accomplished. The reliability growth integrated evaluation model was built to

fusion subsystems reliability growth information. Finally, the system reliability growth test method was

given. By the test method, the validity of integrated model can be demonstrated.
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���*-�%.�	��������%<�)2, !��	�����!�������$�. *=3
�$��	�����!�89 4, +:!��	����5;� MML  4��� , ��<6�, 3
���	�����% 4, ,�!!�	���������-��%. (>(�	������?
)��$�)��.

2 ;<=>?@ABCDEF

	����89��	����
@.!	�����;9�/=, �70$�89�A+Æ��
�. *"�	����89>1*+2*?�B��3C�?�. ��$���"�, 	������B3
C���> Duane �� [8] ?<6���,>8D����	�����)2. "@��, E�!	���
��!�89>1��� .

���	�����, ��A4��?#9:B�� [9], ��CD)��@�	��:��G+�, �
����	��E5��. 4���� S�)�� SiÆ�, %)���	��? Ri, 6� i = 1, 2, · · · , n. F
��	�� R 	7 ?)��	���F�, �E:

R = g (R1, R2, · · · , Rn) (1)

!���,;���	��E5��?<B���, R =
∏n

i=1 Ri,;	��E5��?(B���, R =
1 −∏n

i=1 (1 − Ri). �8=, 	3�ÆG��>�G9��	���;:?� [10]. ;)��@�@�G+
:��, 	HG+�)��+(H?#A�)����	����.

!�89>1�;B�: <����B<	��I=C	��+	, DJ)���	����>'��
	���?,HJ	���?�*K�E%)���	����89. IDJ)��	����89�*K,
>� (1) ?<6, ,����	����89. L2*-�E:

1) ����	�����E5��, @-� (1) �M�ÆFJ�;

2) @-	�����B<	��I=C	��+	;

3) ��	���?. *+%)���)2���	��+	, K�L:	���? 4H��	��+
	�?G%)��;

4) DJ%)���)2��%I�	������;

5) HJ)��	������, ��)��	����89;

6) DJ� (1) !)��	����89*K��!�, J����	����89.

J 1 A�� S �)�� S1�S2�S3 <BÆ�, ���BÆ��? t0=3.8 M�, ��
*C:+	
�	��? 0.85. )�� S1 L!���D, ��>'M, 6B<	��? 0.99. )�� S2 �EFH���
��, 6	������	� Duane ��7 , 6B<BÆ	��? 0.6, S2 �	����
��? 1000
M�, I%J��������N? 100M�. )�� S3 �	������	� Gompertz ��7 , G�
� 12 )NH (INH 100 M�) �	����
. +	��	����89.

!�� OJ, �KMK'4��	���?, 	K�	����
OP�, )�� S1�S2�S3 �	
��+	�L? 0.99�0.9266�0.9266. L> S1 �	��QFG+	, ����	����
. !� S2,
Duane ��?:

θc (t) = tm/a (2)

6�, θc (t) ?	����
� t �N70�PQ MTBF, a ?M"N�, m ?��R.

*+� �J, !�)�� S2��	����89�, ��3C��N��L?: I%J������
��N tI=100 M�, B< MTBF ? θI = −3.8/log (0.6) =7.4389, ��
��? tF = 1000 M�, =C
MTBF ? θF = −3.8/log (0.9266) =49.8470.

;:	K��R m �5;?:

m ≈ −1 − ln
(

tF
tI

)
+

{[
1 + ln

(
tF
tI

)]2
+ 2 ln

(
θF

θI

)}0.5

= 0.5330.

DJ� �J, !�BÆ�� t0=3.8, 	K	������B3C��? [8]:
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R2 (t) =

⎧⎪⎪⎨
⎪⎪⎩

exp (−3.8/7.4389) , 0 < t ≤ 100,

exp

(
−3.8 × 0.4670

7.4389× (t/100)0.5330

)
, t > 100.

���, t ?	����
�� (#V?M�).
!�)�� S3, Gompertz 	������?:

R3 (T ) = abci

(3)

6� i Æ�	����
�NH, i = 1, 2, · · ·.
!�)�� S3, 4	�����V�? 0.99, 	M	K:

a = 0.99, b = 0.5859, c = 0.8402.

	������B3C��?:

R3 (i) = 0.99 × 0.58590.8402i

, i = 1, 2, · · · , 12.

���, i ?	����
NH (#V? 100 M�).
��)���	����
�%E�*, #�, >H)�� S2�S3 �	��L+?��W�	�

�. H S2�S3 	�����;93C?���%MCW�, 	K�5 1 L��	����;93C (Plan
reliability growth curve).
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S2  Plan Reliability Growth Curve
S3  Plan Reliability Growth Curve

N 1 OPQRSTUVWXYZ

M�����, )����
��X<, F��	�����89��?:

R =

{
0.99 × R2 (t) × R3 ([t/100]) , t ≤ 1000,

0.99 × R2 (1000)× R3 ([t/100]) , 1000 < t < 1200.

���, [X ] ?N,F�.

3 ;<=>?@ MML [\

�(����	�����, ����W�	��
�O, �)��W�	��
�T, #���
��	�����Y]P��,<�X�V$8+5; 4 MML (Modification of the maximum likelihood)
����	��N��5;���, ����KG$$
�Y�. E�!	����� MML  4����.

4�����	�����PQ
�� T , %)���	��? Ri (T ), 6� i = 1, 2, · · · , n, F�	
��*�F� (1), 	K�� S � T �N�	��?:

R (T ) = g (R1 (T ) , R2 (T ) , · · · , Rn (T )) (4)

���, Ri (T ) 	��%)���	����������5;. � (4) Z?<�)��	������K
����	������.
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��, [�)���	����
�J, DJ	��������;:	K)��	�� Ri (T )�5
; R̂i (T ) �5;� � D

(
R̂i (T )

)
. >� (4) ?<6, Z	KG�����
�N T 	�� R (T ) �5

;� �, ���E.

H R̂i (T ) UQ� (4), K� R (T ) �5;:

R̂ (T ) = g
(
R̂1 (T ) , R̂2 (T ) , · · · , R̂n (T )

)
(5)

H R̂ (T ) �Z[ R (T ) V�� Taylor 
X, (�%*;:, 	K [1]:

R̂ (T ) ≈ R (T ) +
n∑

i=1

(
∂R̂ (T )
∂Ri (T )

)
R̂i=Ri

(
R̂i − Ri

)
(6)

D
(
R̂ (T )

)
≈

n∑
i=1

(
∂R̂ (T )
∂R̂i (T )

)2

R̂i=Ri

D
(
R̂i (T )

)
(7)

>� (5)�(7) ?<6, Z	K���	���B\	�����N T �5;>�5;� �$M.

J 2 >) 1 ?<6, 4�)��	����
�, �)�� S2 KG�
�J�Æ 1 L�, �)�
� S3 KG�	�����J�Æ 2 L�.

^ 1 OPQ S2 _RSTUV`a
]� A B C D E F G

1 3 100 4.6052 33.3333 3.5066 3/100 0.0269

2 6 200 5.2983 33.3333 3.5066 3/100 0.0243

3 13 500 6.2146 38.4615 3.6497 7/300 0.0212

4 18 800 6.6846 44.4444 3.7942 5/300 0.0198

5 22 1000 6.9078 45.4545 3.8167 4/200 0.0192

b: A \W^_]^R`S N (tj), B \W^_]^STSTQ$5T_ tj , C \W^_ ln tj , D \W^_a$5S`aX

R]^ MTBF RYb θc (tj), E \W^_ ln θc (tj), F \W^_acZU![X\RVTR`WRYb λ̂M , G \W^_a

X (8) X\RVTR`WRYb λ̂.

^ 2 OPQ S3 _RSTUV`a
]� c� 3bT_ Rj R̂j Rj − R̂j

1 1 0 0.58 0.5768 0.0032

2 1 1 0.64 0.6410 −0.0010

3 1 2 0.70 0.6973 0.0027

4 1 3 0.74 0.7457 −0.0057

5 2 4 0.79 0.7867 0.0033

6 2 5 0.82 0.8211 −0.0011

7 2 6 0.85 0.8495 0.0005

8 2 7 0.87 0.8729 −0.0029

9 3 8 0.89 0.8920 −0.0020

10 3 9 0.91 0.9075 0.0025

11 3 10 0.92 0.9201 −0.0001

12 3 11 0.93 0.9303 −0.0003

b: 3bT_]cd 100 :T, Rj d^`_d`$5S`XaRSTSRYb, R̂j d^` Gompertz ÆUXaR Rj

RYb.

!� S2, � Duane ���KMbc45; [11], 	K m�a �KMbc5;�L?:

m̂ =
5 ×

5∑
j=1

ln θc (tj) ln tj −
5∑

j=1

ln θc (tj)
5∑

j=1

ln tj

5 ×
5∑

j=1

(ln tj)
2 −

(
5∑

j=1

ln tj

)2 = 0.1468;
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â = exp

⎧⎨
⎩1

5

⎛
⎝m̂

5∑
j=1

ln tj −
5∑

j=1

ln θc (tj)

⎞
⎠
⎫⎬
⎭ = 0.0619.

H� â�m̂ dQE�, Z	K�B\�N t Y�Z(R λ (t) �5; [11].

λ̂ (t) = â (1 − m̂) t−m̂, t ≤ 1000 (8)

����
*C� (t = 1000 �), Y�Z(R�5;?:

λ̂ (1000) = â (1 − m̂)/1000m̂ = 0.0192

�TeC�ef��f [12], 	K!Y�Z(R λ (t) ��5;�g�?:

σ2 =
5∑

j=1

(
λ̂M (tj) − λ̂ (tj)

)/
(5 − 2) = 1.9036× 10−5.

���BÆ�� 3.8M�)���	��? R2 = exp (−3.8λ),L>	[? R2 H�!�Hh? µlnR2 =
−3.8 × 0.0192 = −0.0730, !� �? σ2

ln R2
= 3.82 × 1.9036 × 10−5=2.7488× 10−4 �!��\��. ��

	�� R2 �HhI ��L?:

E (R2) = exp
(

µln R2 +
1
2
σ2

ln R2

)
= 0.9297,

D (R2) = exp
(
2µlnR2 + σ2

ln R2

)× (exp
(
σ2

ln R2

)− 1
)

= 2.3764× 10−4.

!)�� S3, � Gompertz ��	M� Virene :4 [11], 	K:

S1 =
4∑

j=1

ln Rj = −1.6488; S2 =
8∑

j=5

ln Rj = −0.7360; S3 =
12∑

j=9

ln Rj = −0.3668.

ĉ =
(

S3 − S2

S2 − S1

) 1
4

= 0.7975; â = exp
(

1
4

(
S1 +

S2 − S1

1 − ĉ4

))
= 0.9714; b̂ = exp

(
(S2 − S1) (ĉ − 1)

(1 − ĉ4)2

)
= 0.5938.

�%*	K!�)�� S3, 	�� R3 �5;� �? σ̂2
R =

12∑
i=1

(
Rj − R̂j

)2

/(12 − 2) = 8.21 × 10−5.

��
*C:, )�� S3 �	���5;? R̂3 = 0.9714× 0.59380.797512
= 0.9385.

�� (5) 	K��
*C:, ��	���5;? R̂ (T ) = 0.99 × 0.9297× 0.9385 = 0.8637.
�� (7) 	K��
*C:, ��	��5;� �?:

D(R̂ (T )) ≈ (0.99 × 0.9385)2 × 2.3764× 10−4 + (0.99 × 0.9297)2 × 8.21 × 10−5 = 2.7469× 10−4.

4 de;<=>?fg

� (5) 3�$�	�������, �)��ij����	��5;� 4, � (7) 3�$5;
�
g�. +�, ���	���e-�f+� (4) L����, 	�����e]HJ!� MML  4���
�, �	��	�����%��.

�%�, g�%
hg H iK���W	��
�J? X . 6� X DJ���)2, 	]?
����
�J, k	]?EF��
�J. %�=���%� X ;:K��	�� R �Hh�

ej8? R̂ (T )� ��ej8? D(R̂ (T )).
��lV�E�, �$��
^�E, �
�J5;K����	�� R̂ Yj8H��\��. L

>, 	H�E%:

H0: R̂ H��\�� N
(
R̂ (T ) , D

(
R̂ (T )

))
; H1: R̂ �H��\�� N

(
R̂ (T ) , D

(
R̂ (T )

))
h��E�k#�� 4��%.
�V$8+4�6_ 4, K�hg H ��	�� R �5; R̂H , H�E`i:

1) M R̂H ≥ R̂ (T )− u1−α/2

√
D
(
R̂ (T )

)
� R̂H ≤ R̂ (T )+ u1−α/2

√
D
(
R̂ (T )

)
, F[? H0 ��. Z[

?<�)���	������	>8D��	������".
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2) M R̂H < R̂ (T ) − u1−α/2

√
D
(
R̂ (T )

)
, �m R̂H > R̂ (T ) + u1−α/2

√
D
(
R̂ (T )

)
F[? H0 ���.

.ma@	����� MML ����l�, :ma@	����� MML ����jb.

;�]mc H0 �, a@<� MML ���	���������]8D���Z�	�����",
n	]���>Eo#p��:

1) �	��E5���, A4���#9:B��, (�	>��� (1) L����	��F�. ��
	!	��E5�� 4����, %k(��)��@��e"G+:�, �en	d:BZ(. �K
�*n&�", F	!� (1) ��X�, ��]�-7 ��lJ:��	��F�.

2) ��	��
��J X �m)���	����
�J�@��+��J. ��	����>
�	�����%���m�
,��. [���eih2�, fn�*o�ng. L>, �	��E
5���-�^�E, 	!�*��J��%k, ��e@��+���J, �mAq��)
, ,�	
����%.

�) 2 �, 43E�righ 1 − α = 0.8, F:

R̂ (T ) − u1−α/2

√
D
(
R̂ (T )

)
= 0.8425; R̂ (T ) + u1−α/2

√
D
(
R̂ (T )

)
= 0.8849.

L>, M��W	��
���*KV�i� [0.8425, 0.8849],Fmc H0; eF�]mc H0, Z�)
���	����ij�]i-=�����	�����", 	+!� (4) ��X�.

5 jklm

H) 1�) 2 �*K?���%MCW�, 	K�5 2 L��*K, 5� “Actual Reliability Growth
Curve” Æ��) 2 ;:K���p	����3C. �5 2 	q, !�)�� S2�S3, �p	����

�J���*Kro�	����89�*K. ���p
�J����, )���%hg�
��
*Kp��o, na@�	��89���!)��	���5;*Kj k�jb.

� *�lstm, �	����89���, Yi-=5;���m)���B<	��gh, ��
i-=,�	����89.
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S2  Actual Reliability Growth Curve
S3  Actual Reliability Growth Curve
S2  Plan Reliability Growth Curve
S3  Plan Reliability Growth Curve

N 2 RSTUV`anopqXrstu

6 jv

�0>	�����Y]P��?<6, !����	����
���!�������$$�.
*+,�$�E�H:

1) 3�$��	��89�!� 4. >	���? 4?<6, H���	��		�?G%L:)
��, �%)��A�,�	����89, qf$���W��	����89, nK	����89�
=Crou�*.
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2) ��$	�����5�!���. > MML  4?<6, 3�$)��	����ijv��	�
���ijp+�;: 4, (3�$	��5;� 4.

3) 3�$��	����%� 4. ?qf)��ij�]��8D��	������p�", !
��	�����A4% 4��$� .
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