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Abstract As a kind of complex multi-sensor tracking task, the space based early-warning is the monitoring

and predicting process with the property of the discrete time sequence. Early warning task exhibits many

attributions, including high real time attribution, dynamic attribution, and multi-satellite corporation

attribution, the satellites in the geosynchronous obits and the ones in low earth obit corporate to perform

the function of missile early warning. The aim of the scheduling model is to perform early warning with

high performance by effectively dispatching the available resources. Two sides of work are done in this

paper, one is proposing the information gain based scheduling model, and another is the immune clonal

selection algorithm is adopted to solve the model, and further the distributed parallel solving method is

presented to provide a practical scheduling solution. This study is evaluated with our HLA based early

warning simulation system, which refers the space based infrared system (SBIRS), the results verify the

effectiveness of above methods.

Keywords space based early warning; satellite scheduling model; satellite scheduling algorithm; clonal

selection algorithm; intelligent optimization algorithm
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2 ������� 

2.1 !� !"#$%
������.$
����(56���&���)�
������,��$��:�
	-�

�. ��������'��	0��	�, 	�Æ���, ;6���	��@< ($6�17) � -2�
2�	�.���.��-�,	�/�
-2, �����%%
����Æ���2=���
��. �
0��#�����, ��������'��������,>0
���, ��0��#�Æ	, ��Æ
	'�������7,�.

�����5�
���-���&������
&���. #!, 
����"	����
��
7�;9	�
(8-2, ?7
-2*���A�Æ, &�������������Æ����?7�
�,�3	�1@:3/�
�A. 	�4����.
5��7,�Æ;,.$9<��
/%�����
�2����82�
Æ;, �������*
B������.

������
�;�2�������
�	�	-
�, �,�B
��$?, .$CC�	�

�Æ��, �ÆD=�-�E��-��	��9
D�, ����	���
���ÆÆ	. $���Æ
�$3��F6�3	����3���
�
�7 "��. ��
�����$:

EWSP = {Φ, S,Θ , St, Et} ,

�� Φ )#��
��7, 2���������
8/
.	-. S )#��E8��
��7, ��


���, (56���&���. Θ )#��Æ	�7, ��3
����(56��
�9��7>�
�ÆÆ	�&���
	����'�ÆÆ	. St, Et )#��'(
D=�-�E��-. �4
��

�.�.$��$�4@
.

���G, �-
5:�, C,����*"5:CC��, ��4�, �"���B;9-2����
���B�AF�
9*��-, �!;G"6�

�$�<<
�"E8��Æ?'=, >A6�'=
�����
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? 1 
�-:�, �J73 T , ; T 
7
-2<=. 		���
�5�A��- (	-�83��
$%A�����A�)�8%A��A�)$�
.	-K���J�D>2��*��-), Æ$, ��
�����
�
�A;9���>�9
�,;G, *��-. ����*��B+?*�
����'
(, �7���, ! T + 1�T + 2 �K, :7� T �K
@�8.

������*����48/��Æ;��>�, #!
���7��������&���7�9
)>8�Æ
. 2��		���
������
�����-��/@L
����
:;
, >A�
� "��
�
B!����. �L��*/ "���, 3�("�Æ	�� ��("�	�2�&
<�:� "��. LA�����A		��	�<+M9, ?6
�C"�	�<+
K<��C"<
+N�����B�. #��	�<+CD��, 2��
��?6CDÆ;, D@
�"-234
LB
�����.
2.2 '(),

32��$$O, �����"%�
�9��PC@��QE (3 1 D=QE), �=QE��9��
D5*�RS�1; �����QE (3 1 D=QE), �=QERS�1.
2.2.1 �-./*0

GEO = {geo1, geo2, · · · , geoN1} )#.F N1 '
�����; N1 3
����� (N1 > 0);
LEO = {leo1, leo2, · · · , leoN2} )#.F N2 '&�����; N2 3&����� (N2 > 0);
GSC = {gsc1, gsc2, · · · , gscN1} )# GEO ��
E���	�;
GST = {gst1, gst2, · · · , gstN1} )# GEO ��
>���	�;
LSC = {lsc1, lsc2, · · · , lscN2} )# LEO ��
T;�	�;
LST = {lst1, lst2, · · · , lstN2} )# LEO ��
�Æ�	�;
N = N1 + N2 )#>�0�Æ��	��;
SEN = GST ∪LST )#���
>���	�0�Æ��	�. 3O"��)#, PA
��&��

	�C@>N�8��	���QE,; (sen1, sen2, · · · , senN1, senN1+1, · · · , senN )���9 (geo1 , geo2,

· · · , geoN1, leo1, leo2, · · · , leoN2).
2.2.2 �- !+,1-

T )#/5
J7�K, �9�2N��;
T − 1 )# T 
��N���K, !? 1;
T + 1 )# T 

�N���K, !? 1;
time(T, T − 1) �3 T − 1 � T M�
�:;
tracktime(senj, T, T − 1) )# senj 3 T − 1 �K� T �K

.�Æ�-;
tracktime(senj, tari, T ) )# senj � T �K
7S:�Æ tari 
�-.

2.2.3 �- T 1./0122
NSCT

i )# T �K gsci E��
�9��� ;
TSCT

i = {tsc1, tsc2, · · · , tscNSCT
i
} )# gsci E��
�9��, *�3�;

TSCT =
⋃N1

i=1 TSCT
i )#��E��
�9��, *�3�.

NTART )# T �K�>�0�Æ
���;
TGZT = {tgz1, tgz2, · · · , tgzNTART } )#����>�0�Æ
��;
NHKT )# T �K��BM�Æ
��, �7F"G�3�
� ;
THKT = {thk1, thk2, · · · , thkNHKT } )#����G�
��;
TART = TSCT ∪ TGZT ∪ THKT )#��� T �K*�3�	�
���, 3O"��)#, �6

����FNE�H��C@QE (3 1 D=QE), ��)#3 (tar1, tar2, · · · , tarNT T );
NT T = ||TART || )#*��3�	�
����.
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2.2.4 �- T 1./4536457
ctST ime )#��G*
�?'=�-;

ctLiT i )#�/�,&������'�Æ�, ��*����;

ctSAGSpeed )#�	�E8<8�, N�8�	�E8<8���;

ctSFT ime )#�	�$9�9��H, ���%JO
?P�-;

V T ��QC. QCD; V T
ij )# T �KH senj � tari ��, 9E3 1, I;9 0;

MT �3QC. QCD; MT
ij )# T �KH senj �@� tari, 9E3 1, I;9E 0;

SInfoT
ij -2'� , )# senj �" tari 3 T − 1 � T �K
-2'� ;

ϕ(tari, T ) )#�� tari ��K T '�-2B�. �B���3	�GF3�,�F��G�"��

/��+J ;

φ(x) )#�'&����'�Æ��K*+
��:
��;

θT
jik )# T �K senj ���	�<+3 tari � tark 
E8<�, !L senj ���<+, ;9 0, R>

3�-S:�Æ���Æ�����
��H�G	8
FCE8�IA-2'�;

θT (seni) )# T �K seni <+��:K�
)-<�;

TrackT (tari) )A tari 
IÆ�Æ. !L tari Æ�Æ, ;MS 1, I;3 0;

MV TrackT (tari) )A�K tari 
IÆ�'�Æ. !L tari Æ�'�Æ, ;MS 1, I;3 0;

WorkT (senj) )A senj 
IÆ"�. H senj Æ"�, ;MS 1, I;3 0.
2.3 6�789:

1) 
���G�, �	�7��Æ����:

NT T∑
i=1

MT
ij ≤ 1 (1)

2) ���
�G�: ��0���	�
�F�-+.�U�Æ��:

MT
ij ≤ V T

ij (2)

3) >�0�Æ�-:�G�N�: !L�Æ�-C"�C'=�-, ;H�;9-2, I;'�-2 
)#3�	�J�3��>
B�:

SInfoT
ij =

{
0, H(MT−1

ij = 0)� (MT
ij = 1)� (time(T, T − 1) < ctST ime)

ϕ(tari, T ), �I
(3)

4) 
&�
B7��. 
����Æ���, &����"��, ��>8���J���.

MT
ij ≤ 0 H

(
(j > N1)�

( T∑
t−0

M t
ij < 1

))
(4)

�	�<+*��-��, !- (5):

tracktime(senj , T, T − 1)

=

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

time(T, T − 1), H θT
jik = 0�

NT T∑
i=1

MT
ij > 0

time(T, T − 1) − (θT−1
jik · ctSAGSpeed + ctSFT ime), H θT

jik > 0�
NT T∑
i=1

MT
ij > 0

0, �I

(5)

tracktime(senj , tari, T )

=

{
time(T, T f)− (θTf

jki · ctSAGSpeed + ctSFT ime),H time(T, T f) > (θTf
jki · ctSAGSpeed + ctSFT ime)

0, �I

(6)
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SInfoT
ij =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0, H

N∑
j=1

MT−1
ij = 0

ϕ(tari, T ), H senj ∈ GST �

N∑
j=1

MT−1
ij = 1

τ · ϕ(tari, T ), H senj ∈ LST �

N∑
j=1

MT−1
ij = 1

ϕ(tari, T ), H senj ∈ LST �

N∑
j=1

MT−1
ij = 2

φ

( N∑
j=1

MT−1
ij

)
· ϕ(tari, T ), �I

(7)

- (6) � Tf 3FN senj S:�Æ tari 
�K. θTf
jki 3� Tf �K, senj 3C��Æ�� tark <+� tari


E8<� (H tark �5�, ;)#3�	�J
6K<+� tari 
E8<�).
5) KI&A
�G�N�: !L��>8.$KI, ;H���-2.

SInfoT
ij =

{
0, H SunCons(Senj, tari)
ϕ(tari, T ), �I

(8)

��, SunCons(Senj, tari) )#���>8
����KIKD<��.
6) �'�Æ��: 2�N�
���-1V'��Æ, - (9) G�
���"��, �
�"&���

LL�'��Æ, - (10) G�&����'�Æ"��.
N1∑
j=1

MT
ij ≤ 1 (9)

N∑
j=N1+1

MT
ij ≤ ctLiT i (10)

7) -234: - (7) �����Æ�"-2'� 
IA, τ 
��
-��, 2�N�V��E��
,��, ��!�'�Æ.L.

8) �Æ��'�Æ: - (11) � TrackT (tari) �- (12) � MV TrackT (tari) ��)A T �K tari 


IÆ�Æ��'�Æ. - (13) � WorkT (seni) )#�	�
I�@.

TrackT (tari) =

⎧⎪⎪⎨
⎪⎪⎩

0, H

N∑
j=1

MT
ij = 0

1, �I

(11)

MV TrackT (tari) =

⎧⎪⎪⎨
⎪⎪⎩

1, ∃j(senj ∈ GEO �MT
ij = 1) 0

N∑
j=1

MT
ij > 1

0, �I

(12)

WorkT (seni) =

⎧⎪⎪⎨
⎪⎪⎩

0, H

NT T∑
i=1

MT
ij = 0

1, �I

(13)

5�@L�, ����+�"M�$�1 : 1) Æ	2N��; 2) 
�2N�� (.$��?O�
.	
-��); 3) ����; 4) FJ��.
2.4  !:;

�������
 "��0<�>. 5���
8 "�������/G
PK;���+7,.
�"�(H	�, 2�7���"��
�
M�����. �4��01I�% "��0��
�, 2
�<�F��IA$�

�.

1. �II<WMQRTUÆ, XSJNLN, YK''OZ, LTPMQW[UMV���[UMVN'O.
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2.4.1 M1 :; (=*<>:;)

H�	�-2
;98"3�Æ	�� ��Æ�-���		)4.

 "��:

max object1 :
NT T∑
i=1

MV TrackT (tari),

)#�� 1 
�("�'�Æ	��;

max object2 :
NT T∑
i=1

TrackT (tari),

)#�� 2 
�("�Æ	��;

max object3 :
N∑

j=1

WorkT (seni),

)#�� 3 
�("�	�2�&.

��
�: Q7��
� 2.3 V
����
�.
2.4.2 M2 :; (=> !:;)

� M1 ��
�%�, 		
�	�<+M9. M2 �32�M>��.

 "��: ���R.$ 5 ���, ��7 3 ���� M1 ��
 3 ����8.

�� 4: �C">���Æ�	�<+��:K�
)-<�, !-: max object4 :
∑N

j=1 θT (seni).

�� 5: �C"�	�<+N�, !
-: min object5 :
∑NT T

i=1

∑N
j=1 |MT

ij − MT−1
ij |.

��
�: Q7��
� 2.3 V�
����
�.
2.4.3 ϕ(tari, T ) ??!@

2.2.4 V�
 ϕ(tari, T ) )#�� tari ��K T '�-2B�. �B�E�"J 	�GF3�,�F
��G���
/��. �"������1S�, �4���*��6��NP;�E7�����	�
KO-2�	�/�W��1@TQ
�!��+A7-2	�4�8��;9-2
9E . D	;��
$�B�
J;, 		�R���	�4��-(8� 20–40 �,, >2�HP��H�$�4�, 2��
O\$��W"
 ϕ(tari, T ) B�=�. B�=���J;:

1) �-�Æ��: %'�+%, 	�4����]*��9E(, 3H
�Æ��SAXC, �T6�F
���Æ9ETNX(.

2) G���: 	��4������, ?*
B�Æ��, ��2=
P^YSA3(, UA����*
�, �,�:-1
��Æ�- (U: 2�PA 3 �,), _��(G��-, ;�>3��VY. �G���
�
�QB��
�GH*+VZZY.

3) `a��: �G��H, TN�Æ
]*, Y2���6K���2=58[�, �N��$*-)�

-2 
"�-S:�Æ
-2 .

20
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Info
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? 2 F# T �K'�-2��B� ϕ(tari, T ) 
 30 �,#W?, �B�

'=���!
:

ξ(x) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

(40 − 0)/[(5 − 0) ∗ 60] ∗ (x − 0 ∗ 300) + 0, 0 ≤ x ≤ 5
(65 − 40)/[(10 − 5) ∗ 60] ∗ (x − 5 ∗ 300) + 40, 5 < x ≤ 10
(80 − 65)/[(15 − 10) ∗ 60] ∗ (x − 5 ∗ 300) + 65, 10 < x ≤ 15
(100 − 80)/[(30 − 15) ∗ 60] ∗ (x − 15 ∗ 300) + 80, 15 < x ≤ 30
(110 − 100)/[(40− 30) ∗ 60] ∗ (x − 10 ∗ 300) + 100, 30 < x

(14)

fhk(tari, T ) =

⎧⎪⎨
⎪⎩

0, H T = 0
fhk(tari, T − 1) + fhkf ∗ (ξ(T ) − ξ(T − 1)), H tari ∈ THKT

fhk(tari, T − 1), �I

(15)

sum(tari, T ) = sum(tari, T − 1) + ϕ(tari, T ) (16)

cpc(tari, T ) =

{
1, H (tari ∈ THKT )� [sum(tari, T ) < ξ(T ) − fhk(tari, T )]
0, �I

(17)

ϕ(tari, T ) =

⎧⎪⎨
⎪⎩

−losf ∗ (ξ(T ) − ξ(T − 1)), H tari ∈ THKT

cpcf ∗ (ξ(T ) − ξ(T − 1)), H cpc(tari, T )
ξ(T ) − ξ(T − 1), �I

(18)

- (14) � ξ(x) )#�-S:�Æ��
)4B�1"; - (15) � fhk(tari, T ) )#G�����

VZZY, �� fhkf ��G���*+
VZZY��; - (16) � sum(tari, T ) )#�!P\-2 ;
- (17) � cpc(tari, T ) �$
IF"`a�; - (18) � ϕ(tari, T ) M) T �K
-2 B�, �� losf

��G�������P^Q(�,�GB'�*+
ZY��, cpcf M)`a��
`a�� (�9+
[, fhkf < losf < cpcf). 2�/5�R�, 8 xielv = [ξ(T ) − ξ(T − 1)]/T , �, fhkf = 0.05 ∗ xielv,
losf = 1.3 ∗ xielv, cpcf = 1.5 ∗ xielv. �0�$ ϕ(tari, T ) B�, �4�������NP;��,,Q7
	�8���Æ��
B�. 
'��!
: 1) ��������	�8���:9
�G; 2) A7��

�!��, !�����/�W��TQ
; 3) >A8�G
����, �3�Æ�I��<��+)4�Z
Y��7,P/; 4) �$	�8�� ϕ(tari, T ) B�
-2'�B�.
2.4.4 M3 :; (EFGHIF:;)

� M1 � M2 ���%�, 2�
�
-234�(��. �"S�&
5�, �	�<+�R�,C
D, =?ECD
�QÆ;1;X, �?6CD�, �7*�7,?ECD
Æ;, .�7,8Æ;?EZY

(C���CI. 2�/�������!!?6CD
$�
�.

b�
$?-9�9.F�$�: )4�(�ZY (M9) �C. � M1 � M2 ���, 7
2��Æ	
�� ��'�Æ� +J �Æ “)4”, 
Q�YT
/<<�
� [2]. �7,5������, *��
� “)4” � “ZY” 
-9��'�, �
 "��
U2.

�"�	� senj �@��, 
 “�@���@” �!��C,, �� {α1, α2} )#, α1 M)�@, α2 M

)��@. T8 {ω1, ω2} +)#�� tari 
I*��Æ. ω1 M)5��0A7��
��, ω2 M)N��

��YA7��
��. CDB� λ(αi|ωj) �$/�3�3 ωj �'9�� αi 
ZY. 8�G9 sv )#
�� d U
321 , M)J7�"S� tari /�


E8�G.

N�#�T��,�- sv =H'9�3 αi , !L5�
/�3 ωj , 8 P (ωj |sv) 
�4/�3�3 ωj

�
W&, ��3 αi �>B
ZY3:

R(αi|sv) =
2∑

j=1

λ(αi|ωj)P (ωj |sv) (19)

���*
ZYÆc3�NCD, R(αi|sv) c3
�CD. H sv 
�
, �VZ
�CD�C
�3.
8 λij = λ(αi|ωj), ;� (19) -�6:

R(α1|sv) = λ11P (ω1|sv) + λ12P (ω2|sv) (20)

R(α2|sv) = λ21P (ω1|sv) + λ22P (ω2|sv) (21)

	-, �NdP�@G@�
ZY0�7�@SC�(, ! λ21 > λ11, λ12 > λ22 
. 	�- (20) �-
(21) ]H��
5N (���
I “M�” �,�	�) �
I�	�<+B�E+.
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�- (7) �, 8 SInfoT
ij )# senj �" tari 3 T − 1 � T �K
-2'� ; ;-2
34��)#

3- (22):

InfoGainT (tari) = f

( N∑
j=1

SInfoT
ij , Status(tari), Priority(tari)

)
(22)

��, Status(tari) )#�� tari GF
�� (!, J7
5�/��G*�'�), ;9
-234;
 “�
	�-2'����J73����
 ,(” 
B�. Priority(tari) )#�� tari 
 ,(. G-234
,[3- (23):

InfoGainT =
NT T∑
i=1

InfoGainT (tari) (23)

C�$�, -2
ZY�,[3- (24):

CostT (senj) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0, H

NT T∑
i=1

V T
ij = 00MV Track(tari) = 1

RT (α2|sv), H

NT T∑
i=1

V T
ij > 0�MT

ij = 0

CostSWT (senj) + RT (α1|sv), H
NT T∑
i=1

V T
ij > 0�MT

ij = 1
j

(24)

GM9Æ,[3- (25).

CostT =
N∑

j=1

CostT (senj) (25)

- (24) � tari )#���CC
I senj �@� tari . ��
ZY+�"�$��	��N<+ZY
�<+CD. �0- (20), - (24) �CDQE3\ T , U�
� T �KCC�R
CD.

- (23) ���3 T − 1 �K� T �K
34, �- (25) 
ZY2=���� T � T + 1 �K��*
+
ZY. G�, 3
��34�(, - (23) ���B+ T � T + 1 ��2=, 8 InfoGainT+1 )#342

=. "
3-234�(�ZY�C<��D@!
-234�(��:
 "��:
1) max object1 : InfoGainT+1 �-234�(;
2) min object2 : CostT )#ZY�C.
��\P�8"3V��, 8 µ 3P/��: max object : µ · InfoGainT+1 − (1 − µ) · CostT

��
�*��� 2.3 V��
�.
M3 ���\�
������^D, -1W8)#��)4�ZY:;, =	�,[��ZYQCH

<+CD��������. �
'���, )4�ZY�CD

'��,� "*UA5���*��
�A��.
2.4.5 RDM :; (JH !IJ)

�H3:3-9D	, 
�32��$-
 RDM $?, ����!
:
'; 1: �"6�� senj , H MT

ij = 1 = V T
ij = 1 � tracktime(senj , tari, T ) <= ctSTime, ;]�<+

senj.
'; 2: �"���'; 1 �
�
�	�, H�� ∑NT T

i=1 V T
ij ≥ 1, ;���@
���7 TARC �

VZ��0PA 1: |TARC | 
W&VZ��@.
'; 3: !L>�'; 1 �'; 2 H, 5�XX��
�
:;, ;�"XX';
�	��7, PAP

^W&32VZ�	�
�@0��@. /;'; 3, �L��G
��
� (�"
W&VZ, ��HY)
V).

��
�: �� 2.3 V��2��
��
8�U�
�. 2��)#323���:;, �3�I�
�-9<D	.
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3 ��KKLL

��������
CC�;� "�����
�1�,*"YY� "��,������*" NP
�1��, 3$, �
1��Y'�(� "����. �\�R"
 NP �1��, T��UA��
�

��4��
��)-+C,'�
����: 1)�/"%-';��$�\]����1* "CI, ^
��58��, "
HZ[�1C=� 
;6N �, ��		�$�; 2)!L�4��'�1C, R	�
� L, ��
�L, ;���W_�
��, =�6�1*� �.

]�, J��'�1(�, H\�
G�-�;6�W�, (� "��
�!�VZ
$�. 4,��
�����:�"%-���� [1], Z���.&�(8�. �3�_�

��L+%, (�+,��2
N
Z�<[`B96/X�
�L, 	�CDL��)-�+���"
Z�CIG9
�.T

G
.
�!:;
, �NP��E7, R"%-$�, ���*+Z���A]Q. 3"����,
���, 2�
'��=-�!����+,`a:
��)V8��(8�.
3.1 MNMNOPQO

b�
(� "��P������ "��, .$����������).���FYP.���Z
_a[VZ��
 [1−3], �� Lemaitre 
 [12] � Crawford[13] .�0
6!$�. 
�\$�"a[VZ

���� [1,15]:

1) ]=". eD(C3 N 
]="b'!. B0, 8&3b' D0. c�!. A0 �a[!. C0 3);
8 t = 0.

2) ,^&3b'!.. 7,b'!. Bt �
&3b', �HG
&3b'\6���R�&3!.
DTt+1 �, !L DTt+1 
(CC" N , 8 Dt+1 = DTt+1, I;, =� DTt+1 �G
�'
`dOÆE, �U
A`dOÆE�(�C��'\@, �VZ7 N ��')� Dt+1.

3) ab
�. !L t ≥ gmax, ;bb+,; I;, t = t + 1.

4) �"Y]^P
VZ. !L Dt 
(CC"c�!.
�('� NA, 8 At = Dt; I;, =� Dt �

G
�'
`dOÆ, �PE
(C��'e@\_, VZ7 NA ��')�c�!. At.

5) 0#a[. � At P0#a[6!. Ct.

6) 1c. �a[!. Ct �c1c.

7) �7 Ct
′ � Dt 6�b'!. Bt, 8� 2).

&3b'!. D �6��'
`dOÆ3:

ζ(d, D) =
M∑
i=1

ζi(d, D)
fmax

i − fmin
i

(26)

- (26) �, fmax
i � fmin

i ��3L i ���B�
�(E��CE, ζi(d, D) 9E!
-:

ζi(d, D) =

⎧⎪⎨
⎪⎩

∞, fi(d) = min{fi(d′)|d′ ∈ D}
∞, fi(d) = max{fi(d′′)|d′′ ∈ D}
disv, �I

(27)

- (27) � disv = min{fi(d′) − fi(d′′)|d′, d′′ ∈ D, fi(d′) < fi(d′) < fi(d′)}.
3:
*/+,��, 4,�Z_a[��L 6) A
1cCI�, �"f_ (Cauchy) �=B���1

c��1��*/]`�d� [1]. �"b'�Æ3Æ?Q`, :H�"�d�
eCI. 	�f_�=, �
fe�',a^��1c, ]HW&VZ, 
^��. f_�=B�!- (28):

ζ(x) =
1
π
· µ

µ2 + x2
(28)

�0
f�=, f_�=,?^Q. 	�N�PD�
S��, �H- (28) e%��U)-. J+,�
�� ��, */+,�PY?	��58)V�� �.
3.2 6QRRSTSQO

�=��`a��
	�3\�/=���, Z���8��(8�. (� "��, �2\
W&+
,�\

�$�
��: �$�, �!W&�+,�"��,�-�
I�K)V��B�, 
W&��
�, Æ$!�R��,�6�B�;C�$�, W&�+,��'"&S���,Æ$(''�2.:3=�.
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	�3\f�
=���, ���!������=�, :
�)V
�g�, Æ����, �=-��$?
5��!, �O��!�2
����$?3#.

�"�=����
��, ��>AW&3�g�
<���g. N�
B!�� A�B�C, ��,�
��:TE�8��
����W&��3 Pa�Pb�Pc, P(" 0. HB!����, ��
�S��N�,
$�, �� A�B�C 
��W&��2=3 Pall = 1− (1− Pa) ∗ (1 −Pb) ∗ (1− Pc). '"�A, �/<"�
B��
�g��("
"V���
�g�, Pall ≥ max(Pa, Pb, Pc). �"(8�
�+�]
/<E�.

��4�������=��c�, ���=-����
a^
, 	�3\,�
&S�=-���
�
��, ��:
�,�-���)V
��W&�(8�.

4 UUVWXVY


��R�A�

��0����� (SBIRS) 3�%, �4,D%
�" HLAa^
����/5
��2 �-1V��h���
��� "��$?.

/5\,�- “1 Jan 2010”, b$��=*DA SBIRS �
=*: /i
���3 5 ', (56��3
2 '�&���3 24 '. ��_$.$��jP��30$ A�0$ B, TQ$���jP3b$ C. 0$
A �0$ B ���_b$ C, 6�0$%% 5 W	�, 0$ A�0$ B�b$ C 
��6K�,	�%%:
;!? 3 G#. 0$R%% 10 W	�, \,�
	�%%�-�,6K!) 1 G#.

A�B h$�	�%%�-�=���01P^, 5��
�"�g/3 , *���. ? 4 F#
	�
AM5 � “01 Jan 2010 12:36:40.764”�K
�Æ:;, `W�)#cD), XW�)#��
 LEO>���
	�.

Y 1 ZZ[[\]^\(#_]^
a�  hd bklh �ieilh b< j<

AM1 12:02:49.200 12:40:55.872 −19 −51

AM2 12:13:21.600 12:49:49.722 −20 −56

A AM3 12:15:50.100 12:58:24.548 −21 −61

AM4 12:25:06.200 12:57:00.506 −12 −61

AM5 12:03:04.800 12:39:24.384 −23 −63

BM1 12:06:17.000 13:06:46.925 −3 22

BM2 12:18:53.600 13:22:47.032 −5 12

B BM3 12:24:11.800 13:27:10.841 −12 21

BM4 12:12:20.600 13:12:07.665 −17 29

BM5 12:08:42.800 13:15:11.366 −19 25

Y 2 100 `a_`abcÆdbefc
�c M3 M2 M1 RDM1

jcfgdk� 103.966 118.239 215.81 342.347

degh 90.9821 58.2871 54.4077 88.7552

 heglh 2549.70 2454.51 2460.09 2802.09

 hhmeglh 1555.84 2227.44 2242.43 1743.77

eglh/ikgd 24.52436 20.75889 11.39933 8.184941

hmeg/ikgd 14.96489 18.83845 10.39076 5.093575

jcfgdfkl 0.875114 0.49296 0.252109 0.259255

& 3 ZZ[[ 10 d\]^\e*+& & 4 \] AM5 ^\hif(jgh*

� 100 N/5�R
�g�����=, .$�	�<+N��-234��Æ�-
-9��, ) 2
�
�A
PA?P6N/5�6W	����=��6.

3) 2 %�, M3 ��

,

-234��	�<+
�90. ��
U2Æ	]
;9	�
-

2. fÆhlim�� [1, 11, 14–15].

3. 'mi#hn hWgnlhj 180s–300s kh, ojnljh�ZjÆk h, �mYklmkflmI<.
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2, 0�
12�, :)4,3/�, �N��
e&��M9
Zi, Æ$A7)4�M9+%, M3

,


��, �
.������Æ	. 
�� 100 N/5��6���
�= , !) 3 G#, ��K-�
P 95% =�.

Y 3 100 `a_ilbe[fcm^@e#
�c on on (odnh) �np �np (odnh)

g M3 103.97 [102.2, 105.7] 88.52 [7.77, 10.28]

d M2 118.24 [117.6, 118.9] 3.42 [3.00, 3.98]

k M1 215.81 [214.5, 217.1] 6.43 [5.64, 7.46]

� RDM 342.35 [341.7, 343.0] 3.38 [2.97, 3.93]

d M3 90.98 [90.57, 91.39] 2.06 [1.81, 2.39]

e M2 58.29 [56.74, 59.83] 7.78 [6.83, 9.04]

g M1 54.41 [53.07, 55.75] 6.75 [5.93, 7.84]

h RDM 88.76 [88.39, 89.12] 1.84 [1.62, 2.14]

e M3 2549.7 [2540, 2559] 46.77 [41.06,54.33]

g M2 2454.5 [2453, 2456] 8.12 [7.13, 9.44]

l M1 2460.1 [2459, 2461] 5.13 [4.50, 5.96]

h RDM 2802.1 [2801, 2803] 5.43 [4.77, 6.31]

h M3 1555.8 [1549, 1563] 35.23 [30.93, 40.92]

m M2 2227.4 [2226, 2229] 6.45 [5.66, 7.49]

e M1 2242.4 [2241, 2243] 5.151 [4.52, 5.98]

g RDM 1743.8 [1742, 1746] 10.33 [9.07, 12.00]

) 3 )A, ����>�13n,, ��A? 5 F# 100 N/5-234�<+N��90W&�=,
�?)A M3 ��

A] �.
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& 5 @Ajklmo`Bndpqors & 6 mo`Bpfndpq(#turs

7�`901
 100 N/5�
n,��K-j-
:;. 
�PA/5o��-��X901, R3
0 �KD=���/5E�, ? 6 ]#
 100 N/5�R
?P341"o�:;, 3
'"�0#4, M
!��� M3 
34�3DA, ]#8��� M3 34&
0#E.

�) 2 �<M��: 3-234
�=+%, M3(90.98)> RMD(88.76)> M2(58.29)> M1(54.41), �?
6 ��A[A, M3 

�

<+�90. 
�#� M1�M2�M3 ��
)V:;���=-9, �0B!
��"�Z_a[VZ�����
��^c. 3����j?
B!���������0, B!��'
���
a[VZ����4 , �=�=�9B"�@_��
���3��
"%-2. �=EL!) 4
G#.

B���
n��� (skewness) �k��� (kurtosis), Sk>0 )A�=q�n�, Ku>0 )ApY01
lo.�$�S�rM)V�=3�n� (svn), 1lo.�)T)A, M1��Æ37		�*/+,,:
+,����(', ?P�B���� 14.83 M. �0, M2 � M3 ����!�X(, ��0 M3 0 M2 �
B���M�IL. $�, 3�9^�0PE
��(C+%, ��
n,�1*.

4. qopppplhrLq 3 qq, isn CPU q Inter tm 3.0G, jt 2.0G,  �ippn#��j 1 qjur.
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Y 4 tuCvwwxyz{(�xyBilzp
M1 M2 M3

�is �nrp �is �nrp �is �nrp
on 14.83 1.417 82.49 4.397 77.85 3.869

onW 95% kL 12.05 73.84 70.23

odnh rL 17.62 91.15 85.46

5% sron 11.14 74.95 71.25

�n 1.00 63.00 66.50

�np 24.861 77.170 67.907

�npW 95% kL 23.041 71.519 62.934

odnh rL 26.997 83.799 73.740

qtn 0 0 0

qun 124 404 455

t<(� 2.209 0.139 1.441 0.139 1.775 0.139

o<(� 4.956 0.277 2.485 0.277 5.282 0.277

5 {|

�0��#�Æ	,��Æ	��3Æ?�-@_�� "��,


������������
�
�. ���������
�
������
�*�
�
/���
�, 2�
��'����$�:

1) 
�
:
����-234
��� "����, �H�	�<+CD?6����. �

�
�0����� (SBIRS) 3/5D	, 	�2r����
�" HLA 
�=-��/5�����R, E
L)A, 2���

,

-234��	�<+
�90. ����
/�Æ	]
����-2;9,
Æ$, A7)4�M9�$�+%, �0�IB!����, 2���9)��,*
��.

2) '�Z_a[VZ������, ���,3��
�=-������a^. ������*"
NP-hard��. �Q��(� "��2N

�<[�B96/X�
�L. �3�����4��
*
�, ��$�
��� (.$s�)V8��(8�
��) Y-/�, �9�4��*�, 2�	��!(
������=-��=�`a (�'�2.=�), :
������
)V8��(8�.

2����������
��$�
�, B+���������$�: ���"8��9
�8�

��
, ����5!��1/ �. ��4���, �H2���
)4�M9��'�/J�%, ��
;��,P/, ��

��9E
������$?; A�	��4��0/5-97,�=-����
��
=���, UA*��	�3\f�=���0���I(� "��, ��A:
����
��
��, ����4����
*�.
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