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Abstract Characteristics of complex state space, multi-process concurrent execution and sub-processes

iterative make mission reliability assessment for the whole process of spacecraft launch engineering im-

plementation is difficult to quantify. Multiple concurrently executing continuous time Markov chain is

constructed to describe state transition constraint relations of spacecraft launch engineering. The state

space of the whole process of spacecraft launch engineering implementation is simplified by bisimulation

equivalence relation. The model of mission reliability for spacecraft launch engineering is builded by con-

tinuous time Markov chain transfer probability characteristics. In this paper, the example applied results

shows that the model is a feasible for decision-making demonstration of spacecraft launch project, evalua-

tion of mission reliability and analysis of weak link.
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���������/.���� (multiple phased systems, MPS). 20 )0 70 (/�), 1�*01
2� MPS �!*��3+, 2���0
2	��3��)+,�3��-,�0. �.��3�/�0
3+�-�����
Æ��.�4456 (imperfect fault coverage, IPC)/ [1]���/.$� (combina-
torial phase requirement, CPR)[2]��44�0 (multimode failure)[3−4] �7��5 (Common-cause failure,
CCF)[5] �Æ�10� MPS 
��3�223, 4	����0�16��5 (Binary Decision Diagram,
BDD) ��. ��3�Æ�865���7�, 2-3*3��+1+29/�220, 3�47���4
+!	. )+,�3�0854	58�� Markov 6 (continuous time Markov chain, CTMC) 47 MPS
�)+6:10, �;<�477=/.�>7
9���8:;��?7
8/.��8:;�. Kim �
[6] � MPS�9+103��!*22, Alam� [7] :8*�+8�9@/. CTMC�<AB)�C MPS

����0, Murphy � [8] �8D�0��:�=��;/.��6�)+��9:
;�. Mura �
Bondavalli[9] 
 Petri /�<� CTMC �<:A�:8 MPS ��<�E>3���0, Mo � [10] ?�/

.�����	�=2>�104	 Markov @;��� MPS �!*3+, <A� [11] 
 MPS �)+

/.��6:10F2	 6 +10�G<)+�. )+,�0
�47���4+!	, 2-:��;��
�?�B!�10, =�, ���	�>?:
)+@C>?. 	A2=	��3��)+,�3��7�,
�D01H:8*
>/�0:A��! MPS 
��3���0, @
 MPS F2	1+�?�4+�?
2B�!C� [12] ��0�D<4	 CTMC �<, 3<4	 BDD �<�><3�0 [13] �.

�����������E-	
��������, :IE@9F>,:�F@�J4��. �G7
GJ4A-�=)+�, ��:IE@�J4BK��= CTMC, 4	�=?�B!� CTMC 
�.H

�47�����������. CTMC ��=	�����22��0�< [14], =	 CTMC �3+
�B [15] 
�3@�L�=F@� CTMC ��
��C2�<, 2����������A�:
�=
CTMC ?�B!�10, HI�;�=?� CTMC ��A>?. 
?������, BC��M4	�
Markov6�<
/*:������, 	)�)+,��!D/, ��JC)+,����. Van Glabbeek
�N3@*K��2L�����E� [16], �8I�FÆ�I-D����OG�E2�H. I�F��
�� (bisimulation equivalence relations, BER) ��+
/
)+,����)+,�MP3���N/,
D
��/���<Q� [17] ���Æ���./. Baier � [18] 
 BER O� CTMC �, 	:P��)+
,�P::R*��F.. 3G=	 CTMC 3� BER, 3+
�=?��H�B!� CTMC �A��=
CTMC ��0, ���4	 CTMC �<�$����������������
�����.

2 .l/012m

2.1 345467
3G8�$��	8F�������������
��, I��J4���
, �
K�. ���

���=	
������S�
�2���
�L�QJ����������, ?;�I���T$�

:P����CKML9��@�:��U;�J4. ��������	��8Q���J4, 	
��
������
����������J�M�:��-. 85;��=�.�-��, �������N
F2�V�=<��. <�����:I�L�J4, �K��K8�K���-��, �7<��K��=
�R�, 7=<���K8�����RO������, ��1;���K8�O���L����
�
W:���<����:�2�A��N<����������.

E 1 �	
��������S�������O�Æ�!XP�MTY���<��QE, 5 1 �
	
N�����U�P�A��-����-��MN, 4	E 1 ��<��G�, Q�V������
�������P5 (�T������Æ�R�). 5���/E<��, ��SZ�E 1 ��SZTU�
=.
2.2 >n?o


<��A� CTMC ��)+, [<���)+��, W����������A����=J��
586:�RO)+,��SVT\6.

?o 1 	 i, i = 1, 2, · · · , n E���)+, 
��UP�V]	 t0 = 0, ti E���C�)+ i ��V,
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� tn > tn−1 > · · · > t1 > t0 = 0, W����
E�	�= CTMC �96� (S, R, D), -� S �)+,�
{1, 2, · · · , n} ��� (n ��R=H�), R � S × S �:Z�[[, D �[P2>�[P+.

@ 1 ABCDEFGpÆqHGI@
�� J`' (KU) �� J`' (KU) �� J`' (KU) �� J`' (KU)

1 _QZ\\ 2 _QZ]\�%&a^ 3 _QZL(ba] 4 _QZ_^^_La`
5 _QZXc 6 _QZ']^%&L(`V 7 _QZa_aM` 8 `aZ\\

9 `aZb(cd]\^V 10 `aZ�%&^V 11 `aZ^_^V 12 `aZLa`
13 b_bdca((M\ 14 ^cWd%&`d`V 15 ccXXed 16 `ea`

17 _QZfNà aZg^ 18 cdbM` 19 `aZfNbYR 20 STeh

21 STYf 22 STOP

8 9 10 11 12

1 2 3 4 5 6

13 14 15

7

16 17 18 19

20

21

Q 1 ABCDEFGHG&Q

?o 2 
���������A-58���JS�� X(t), t ≥ 0, @B X(t) = i, efgD��

t �VC�)+ i. � Pij(Δt) E���C�)+ i 
���� Δt YC�)+ j ���, � CTMC ��*
f, ��g Δt ≥ 0 �ijH� i, j, x(u), 0 ≤ u < t �

Pij(Δt) = P{X(Δt + t) = j|X(t) = i, X(u) = x(u), 0 ≤ u < t}

= P{X(Δt + t) = j|X(t) = i} = 1 − e−λijΔt (1)

M� λij g	)+ i �)+ j �:Z�, ��� Δt Z�. i � j �=, [ i � j :=, W�� Pij(Δt) E�
��
 Δt �\]^h
)+ i ���, ?J���gU9G<.

?o 3 	 Ti E�.�<�� i �	
�V, ti 	<��k����, ;�5 1 ���-��MN, W
<�� i ���
��l�	:

Ri(ti) =

⎧⎪⎨
⎪⎩

Pi,16 (ti ≤ Ti) , i = 7, 12, 15
Pi,20 (ti ≤ Ti) , i = 19
Pi,i+1 (ti ≤ Ti) , i �= 7, 12, 15, 19

(2)

	 T E����
, t 	��k����, i0 ����[P+, W��
��l�	:

R(t) = Pi0,20 (t ≤ T ) (3)

?o 4 i qij 	��C�)+ i �:Z�)+ j �_�, [`�:Z�, vi ���C�)+ i ��:
Z_�, 9 Pij �h=)+:Z�)+ j ���, ��g i, j � qij = viPij , i

λij =

{
qij , i �= j

−vi, i = j
(4)

30� λij E�)+ i �)+ j �:Z�. 
/:Z�[[

M = (λij)n×n, i, j = 1, 2, · · · , n (5)

-� λii = −∑n
j �=i λij , [

∑n
j=1 λij = 0.

3 RrST

3.1 UV54 Markov >n
5 2 �;�5 1 �E 1 m���������)+:ZMN��5.
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Q 2 ABCDEFGsWtXYu

5 2 �4	9= CTMC L1�L2�L3 2BE�����P	����������	8Q���7
�
�6�2���jk�ZQJ�)+6:��, -� SL1 = {1, 2, 3, 4, 5, 6, 7, 16, 22}�����P	���

9k���)+�, SL2 = {8, 9, 10, 11, 12, 16, 22}�����
Z9���)+�, SL3 = {13, 14, 15, 16, 22}
��	8Q��L
�@il�)+�, 16, 22 	ab+, -,)+�j+. 4	 CTMC L4 E����
�P	����������	8Q��7=��L�QJ��
�U;��l������, -� SL4 =
{16, 17, 18, 19, 20, 21, 22}�-��)+�, 20, 21 � 22 	ab+, -,)+�j+.

����������������<��h
��	��������������������9
i=������,c�:
�=ab+ 22(��). �����AB
���������?UP=5�-,
#
�����d���
�
��e���
�
2��=5�-, �#H:
>=ab+ 20(�N) �
21(��). �T���, 8�����P	����������	8Q��h��L�QJ��
�, ��
j���L�QJ/.. �#5 2 �)+ 7, 12 � 15 HI=�:Z�)+ 16, [91����)+:Z�
16 HI�-,>=)+:Z	�
.
3.2 v[wx\>n
3.2.1 v[wx]\


 CTMC Lk �, )+ i :Z�Yn)+ j ��� Pij �������
���������
��

�����
���@:�. ���� (km����P	������) 
����
<�� i ���n

��, �������
�
k�9k�����. ����
��	 ai, ���
��	 bi, P	��
�
�	 ci, W����
�� rsp,i = ai × bi × ci. ����
�� (km����	8Q���f�T4��)
��
<�� i ���n��, ����.�	
N����. �������
��	 di, �	8Q��
��
��	 ei, ����f�T4����
��	 fi, W����
�� req = di × ei × fi. ����

����
-�^l����, 
<�� i ���n����.�	
�����, 	 rog,i E�. ���
�����������
�����h�:P�	���i�0, 3G�g�#/>?. ������

�������
�������
��:IF@, �#
	
���<�� i =5AN��� ri 	

ri = rsp,i × req,i × rog,i (6)

��<�� i �=5ANl.h_��=5���Yn<�� j, �#
	
���, ��!m i =)
+:Z�Yn)+ j ���B�<�� i =5AN��� ri. ���RU)+ i, � Pij ��o�=)+ j
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�, � pii = 0,
∑

j pij = 1. �T���, <�� i ��-���J4�Æ�
	^l��
�, -.����

��
�, 	 Δti E�. 	 Ti−1 E���RU)+ i− 1 ��)+ i ��V, Pi,22 E���,)+ i :�
��+ 22 ���, P19,21 E���,)+ 19 :���+��� 21, -� Pi,21, Pi,22 
8����8�`o
�6pR. �$��10:

(a) � i = 1, 8, 13, [ i 	 CTMC L1�L2 � L3 ��m�=)+�, ��RU)+ i �8���Yn)
+ i + 1 ���+ 22, �

Pij =
ri

ri + Pi,22
, j = i + 1 (7)

(b) � i = 2, 3, 4, 5, 6, 7, 9, 10, 11, 12, 14, 15, 16, 17, 18, [ i �� CTMC L1�L2 � L3 ��m�=)+,
#�� CTMC L4 �aY�=j+�, ��RU)+ i �8�:�-Yn)+ k, �-9.�N=)+, �
��+ 22. �
)+ i 9.7� n =)+, �

Pij =

⎧⎨
⎩

ri, j = k
1 − ri − Pi,22

n
, j < i

(8)

(c) � i = 19 [ i � CTMC L4 ��aY�=j+�, ��RU)+ i �8�:��N+ 20, ���+
21, � i 9.�N=)+. � i 9.7� n =)+, �

Pij =

⎧⎨
⎩

ri, j = 20
1 − Pi,20 − Pi,21

n
, j < i

(9)

3.2.2 v[bc]\
i Δti 	�$��)+ i����q,#�.�<�� ic$���. 	 T ∗

i E�)+ i�UP�V, Pii

E���\nh
)+ i(j+) ���. ;��������<�����, �
�.�$�V T ∗
i + mΔti,

)+ i:Z�-9.>)+����\nh
)+ i ���:=, �)+ i9.7� n−1=)+,
 T ∗
i +Δti

�V, �

Pii (T ∗
i + Δti) =

⎧⎪⎪⎨
⎪⎪⎩

1 − ri − Pi,22

n
, i �= 19

1 − ri − Pi,20 − Pi,21

n
, i = 19

(10)


�$ (���T��
�W:���<��)�V��\nh
)+ i,.h_$�����A<��
i, �#, 
 T ∗

i + 2Δti �V, �

Pii (T ∗
i + Δti) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(
1 − ri − Pi,22

n

)2

, i �= 19

(
1 − ri − Pi,20 − Pi,21

n

)2

, i = 19

(11)


 T ∗
i + mΔti (m 	=H�) �V, �

Pii (T ∗
i + Δti) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(
1 − ri − Pi,22

n

)m

, i �= 19

(
1 − ri − Pi,20 − Pi,21

n

)m

, i = 19

(12)

3.2.3 v[wx\
� i �= 19 �, ��nh
)+ i ��� Δti ��0
i	

Δt∗i = Δti + Δti
1 − ri − Pi,22

n
+ Δti

(
1 − ri − Pi,22

n

)2

+ · · · + Δti

(
1 − ri − Pi,22

n

)m

+ · · ·

=
nΔti

n − 1 + ri + Pi,22
(13)

=�R i = 19 �, ��nh
)+ i �����0
i Δt∗i 	

Δt∗i = E (ti) =
nΔti

n − 1 + ri + Pi,20 + Pi,21
(14)
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c�, ��RU)+ i �_���0
i v∗i 	

v∗i = E (vi) =

⎧⎪⎪⎨
⎪⎪⎩

nΔti
n − 1 + ri + Pi,22

, i �= 19

nΔti
n − 1 + ri + Pi,20 + Pi,21

, i = 19
(15)

�0 (4) R)+:Z� λi,j 	

λi,j =

{
v∗i Pi,j , i �= j

−v∗i , i = j
(16)

3.3 d>efg�y>n
;�����Markov�<, L1�L2� L3�?��,?
=��V:Z� L4�)+ 16. ��; L1�L2

� L3 ��7)+?-:Z��, 8�$DC*7
r�UP���:Z_��:Z�)+ 16 � 22 �:Z
��. s�:
�=��/ C, 4R��<�� L123�*7��� L1�L2 � L3?�B!�E-�*7�
�:=, jCg L123� L1�L2� L3?�B!:
I�F����. i T0 	��UP��, V 	��RU

L1�L2 � L3 ?�B!)+�_�, P 	��:Zh)+ 16 � 22 ���. 
/ L1�L2 � L3 ?�B!�
)+�	 S, [ S �� L1�L2� L3 �c�j+�����, S = {1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15},
Pj,22 � S ����)+ j :Zhab+ 22 ���. !*7�$, S :Z�ab+ 22 ��� PS,22 �c�

Pj,22 7=-	�AB.

PS,22 ≈ 1 −
∏
j∈S

(1 − Pj,22) (17)

�t0 (14) 86��<�� i k�����0
i, R
L1 k����
i� Δt∗L1 = Δt∗1 + Δt∗2 + Δt∗3 + Δt∗4 + Δt∗5 + Δt∗6 + Δt∗7;

L2 k����
i� Δt∗L2 = Δt∗8 + Δt∗9 + Δt∗10 + Δt∗11 + Δt∗12;

L3 k����
i� Δt∗L3 = Δt∗13 + Δt∗14 + Δt∗15;

��
)+� S �nh�� ΔtS ��0
i� Δt∗S = max (Δt∗L1, Δt∗L2, Δt∗L3).
c���RU)+� S �_� vS ��0
i�

v∗S =
1

max (Δt∗L1, Δt∗L2, Δt∗L3)
(18)


/ L123
 t0 �VUP (t0 	 L1�L2� L3�[P)+�amUP�V),RU_�	 v∗S ,:Zh)+
16���	 PS,16 = 1−PS,22, :Zhab+ 22���	 PS,22, W!*7A,:
�=��/ C = {16, 22},
4R L123 � L1�L2 � L3 ?�B!Æ�:=�*7�*E-, [ L123 � L1�L2 � L3 ?�B!I�F.
5 3 �4	I�F�����5 2 �!JCY�)+:u5, 5� L123 ��F+.

21

20

16 1917 18sL123

Stop

Q 3 sWijzklmABCDEFGsWtXQ

!5 3 
�A8, �F+ L123 � CTMC L4 K��=�� CTMC EL, -47*���������
������. 	

/ 3 �
/ 4, v�Gn [15] w8�AB, 
w
��UP)+�AN)+����

T Y, ���
��

R (T ) = eMT ≈
(

I − MT

n

)−n

=

[(
I − MT

n

)−1
]n

(19)

0� n 	 2 ��=�p, M � CTMC �:Z�[[. 8�86[[ I − MT
n �q, ?gUh=[[� n �

p, B
R��������
���rko.
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4 n{o|

X-51 ���5	lp����, ���Ac$���<��rE 1, >��<�����@E 2 c�,
-����
�����v���sq��-)�!�s
,����
����N�����U-�mt
��F,��
���v�1���������-),���=��s
,<��.��������;�
�����8��?�r6Y�AB. 
����,�no����o��V]	 t0 = 0, 100 =�-��
�pY, ����qu�Kh��o, 130 =�-���pY, �	8Q��UP�!KpuqH�9�:
o.

@ 2 X-51 ABCDEFGpÆqHGpq@
J`' _Qrv$%Z swr($%Z rs seJ`' OPx STx

ai bi ci di ei fi $%Z tuXty -ty

1 1 – 1 0.9999 – 0.9999 0.9995 32 6.5×10-4 42

2 0.9990 – 0.9990 0.9995 – 0.9999 0.9995 32 6.5×10-4 42

3 0.9990 – – 0.9995 – 0.9999 0.9995 28 6.5×10-4 38

4 0.9990 – 0.9990 0.9995 – 0.9999 0.9995 48 6.5×10-4 60

5 0.9990 – – 0.9995 – 0.9999 0.9995 44 6.5×10-4 55

6 0.9990 – 0.9990 0.9995 – 0.9999 0.9995 24 6.5×10-4 32

7 0.9990 – – 0.9995 – 0.9999 0.9995 28 6.5×10-4 38

8 – 1 – 0.9999 – 0.9997 0.9995 32 7.0×10-4 42

9 – 0.9980 – 0.9995 – 0.9997 0.9995 32 7.0×10-4 42

10 – 0.9980 – 0.9995 – 0.9997 0.9995 36 7.0×10-4 48

11 – 0.9980 – 0.9995 – 0.9997 0.9995 32 7.0×10-4 42

12 – 0.9980 – 0.9995 – 0.9997 0.9995 24 7.0×10-4 33

13 – – – 1 1 – 1 40 0 66

14 – – – 0.9999 0.9995 – 0.9995 40 10-5 66

15 – – – 0.9995 0.9990 – 1 28 0 45

16 0.9990 0.9990 0.9990 0.9995 0.9995 0.9998 0.9995 36 5.0×10-4 48

17 0.9990 0.9990 0.9990 0.9995 – 0.9998 0.9995 40 5.0×10-4 52

18 0.9990 0.9990 0.9990 0.9995 – 0.9998 0.9995 16 5.0×10-4 22

19 0.9990 0.9990 0.9990 0.9995 0.9995 0.9998 0.9995 24 0 32

m�t, 4	)+:Z��<, v�E 2 ���K3 CTMC L1�L2 � L3 �:Z�[[, R

ML1 =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

−0.03125 0.03123 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00002
0.00007 −0.03125 0.03115 0.00000 0.00000 0.00000 0.00000 0.00000 0.00002
0.00002 0.00002 −0.03571 0.03564 0.00000 0.00000 0.00000 0.00000 0.00002
0.00002 0.00002 0.00002 −0.02083 0.00000 0.00000 0.00000 0.00000 0.00001
0.00003 0.00003 0.00003 0.00003 −0.02273 0.02258 0.00000 0.00000 0.00001
0.00006 0.00006 0.00006 0.00006 0.00006 −0.04167 0.04135 0.00000 0.00003
0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 −0.03571 0.03564 0.00002
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

ML2 =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

−0.03125 0.03123 0.00000 0.00000 0.00000 0.00000 0.00002
0.00007 −0.03125 0.03116 0.00000 0.00000 0.00000 0.00002
0.00003 0.00003 −0.02778 0.02769 0.00000 0.00000 0.00002
0.00002 0.00002 0.00002 −0.03125 0.03116 0.00000 0.00002
0.00002 0.00002 0.00002 0.00002 −0.04167 0.04154 0.00003
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
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ML3 =

∣∣∣∣∣∣∣∣∣∣∣∣

−0.02500 0.02500 0.00000 0.00000 0.00000
0.00002 −0.02500 0.02496 0.00000 0.00002
0.00011 0.00011 −0.03571 0.03550 0.00000
0.00000 0.00000 0.00000 0.00000 0.00000
0.00000 0.00000 0.00000 0.00000 0.00000

∣∣∣∣∣∣∣∣∣∣∣∣
m1t, 4	I�F�<K3�F+ L123, R CTMC L1�L2 � L3 AN�c	����0
i2B

� 257.17, 170.19 � 117.59. �; CTMC L2 � L3 �UP��, R�F+ L123 �:Z�M�	: λL123 ≈
0.00370, λL123,16 ≈ 0.00367, λL123,22 ≈ 0.00003.

m9t, 4	0 (19) 86 CTMC L1�L2�L3 � EL ���
��, 4	0 (1) 86 L123 ��
��,
R��
�������r5 4.

L

L2

L3

L123

(a) (b)

Q 4 stuvw}xjy~Q

5 4(a)E�* CTMC L1�L2�L3���
���8F�����,?8��F+ L123v-* CTMC
L1�L2�L3 ?�B!:Z�)+ 16 ���
���8F�����. 5 4(b) w8*���������
�
��, 5�uKE���![P+UPB!, J���6:C�)+ 20, 21, 22 ���.

mvt, ����8F����.
�E 2 f, CTMC L1 �8F�-��� 307, 86�J5 4 R-��
��M	 0.80; CTMC L2 �8

F�-��� 207, 86�J5 4 R-��
��M	 0.79; CTMC L3 �8F�-��� 177, 86�J5
4 R-��
��M	 0.86; ��Z8F��� 461, 86�J5 4 R-��
��	 0.69.

CTMC L1�L2�L3 ���
��y
 0.79 �3, I:u��; 
8F����N�A���
��M
0.69, �#E 2 �w8� X-51 ��8F
!. �], #
4	3Gcw�<���8F�!wwg����
t7:.

5 z{

3G����������	vz, ?����������)+,��R����?�B!�<��
�"Æw/���, =	58��SVT\6)+:Z���*�?�����I�F��, 3@*���
ab+��= CTMC ?�B!�<��"Æw/��������
���<, w8*>+)+���

���86�0, ?	�okxxK*D�<
	���������
yi�
�����?xz��2
2.
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