
� 39�� 6� ��������� Vol.39, No.6

2019 � 6 � Systems Engineering — Theory & Practice June, 2019

doi: 10.12011/1000-6788-2018-1504-11 ������: F244.33 �����: A

������������	
���
�

���, ���, ���, 	 


(��	�

 ��
�, �� 710129)

� 
 �������������������� !"���#$��, %&'(Æ)��
�����!" - ��*+,-./. 0�'�1, �2Æ)�345�67!"���*89:
;<, =%��������Æ)�3>?�@A./, �B�CDE��F��Æ)�3>?G
$�H. IJ�K: DE��F��Æ)�3>?L0�7�MN�O�PQ, >?� RSTU
>?, VW>?, XY!"*�Z#[\; >?$]^!",-_.%`a “& U” /�b; !",
-_.c#7, !"���#$��def, *+,-g'hd(; )0Xi�3jklmno*
Æ)�3�PQ$]+,0X-pq; .rst/u�Æ)�3>?�PQvwKx(y. �z�
J01{�3>?�@A<|, �}2��������~�3�@}3%�.

��� ����; ����; *+,-; Æ)�3; �3>?

Modeling and simulation of technical risk diffusion in the complex
product research and development projects

YANG Naiding, LI Ruimeng, ZHANG Yanlu, LIU Hui

(School of Management, Northwestern Polytechnical University, Xi’an 710129, China)

Abstract This paper generates an organization-task interdependent network model based upon func-

tional dependence between tasks and executive dependence between organizations and tasks in an complex

product research and development (R&D) project. Then it develops and simulates the dynamic model

of technical risk diffusion by analyzing the interaction between organizations and tasks when facing with

technical risks. The results show that the technical risk diffusion caused by a few tasks can significantly

turbulent the network in a short time; the diffusion process has three stages: slow stage, out of control

stage, and relatively stable stage; the relationship between the organization network scale and the conse-

quence of diffusion shows approximate “inverse U” shape; the more even executive dependence, the weaker

the robustness of the network when fixes the number of organizations; there exists a best level of resource

input which makes the impact of diffusion remain at the lowest level; there is no significant difference

in the diffusion process under different attack strategies. This research riches the dynamic theory of risk

diffusion, and has provided reference for optimization of complex product development project architecture

and improving the risk resisting capacity of R&D projects.
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1 <=

����������������������
���������� [1], Hobday������


��������������������. �������, ���������� ��� ��
!������!" (�����Æ���) ��"���#��
 [2,3], �$�����%���#
��
�����. � , �� �
���$����
����������%& [4]. �', &������

�� C919��� 200�!( " 30�'�(������#���. )!, ����Æ)��!)"#

$"#$, *���)�, #$*%$�%Æ&&� ��%+�&�%' [5]. ��%+��������

�+!� ���%+'�, ��,,-'-(���.�)���%+���%+/Æ [6],  *�,(+
��0). ���0)..�($,'!!"$*0), !/*��1!��!"�0)-�� [7−9]. ��

�����!""+./,0���),1#�� [10], � -2���!"�3��%+ (/Æ) *, �,

*(+��1#�!"�4.�$����Æ!�3��%+ (/Æ), /!)���%+� “%!)2”[11].

0/����3��!��&�"!"40'�&�, !""11%'��, ��2�& ��%+52�

+3��', 44,5������-3�6*�� [12,13]. �����������3, 1!!"�3��

%+/Æ��,,.�,#�, 452'575&�8/6,67(*,%+..��)7*+, %�,9.

� , � ������������%+��!),9, !Æ���1!!")����%+)70-�

��..

�8, :���%+��.���//60'39��%+:11��%+�7"28 8�%+;2

�9:;* [6,14], ���393;��%+�36)7<<�.$(, <:.=24;. 1�36%+)7

��.��Æ8/����"!"��5460:�$$28�%+)70-���.. ����60�
�.��! Zhang � [15−17] ><�����560)?8)@����%+)7?83, �� ����

%+)79:��.78. . 6=A, =B>� [18] /������0'���%+Æ�=C,���,
"��,��%+,�6,>D? (SIR)?8Æ? �AE>28��%+�>@0-.!"��60;,�

!�.��79!""),�6�*@�6��!"��, �:�������3�"�A8%+ [11]�9

�%+ [19], �F%+ [20−22] "��,%+ [7] �%+�)70-���.. )!, AA�.:/C ��"
!""�$���%+)7�52.

�1�������������44�Æ?,  @� Buldyrev �G*B. :��H1�4��.C

I����3$$>2A7"�$����A;!<B, [23], � Buldyrev �C�� �>���1#

��1��?8 [24]. . 6=A, B�D86,�1��?8�. ��"�628 [25,26]��6;� [27]�

�6J< [28] ��7��1��,,�52. .��������3, -��!"�3��%+ (/Æ) *,

���!""��+./52�$��. �=+!"�3%+ (/Æ) *&����%+, (+��C�,=
>D, >�+52��:�E!"��� [29]; ?�=+, ��*���K#$���%+��,9, ���

��3��%+ (/Æ) �!"��?� [18]. �����������!"��;!����3�1��
��@<<, !E8.��%+,5;�D6EA��1��560)�F;!�'��G,. )!, �8

�1����.��@��1��;!�$�0?, ���L�-��3�2��F0)A, �1�FBA

0). �!�..�1�F"��H'"?�MB�560)���52=++.$(.

C,�A��"��93, ��.DE.��������3�1!��!"�3��%+ (/Æ) '

)��N<36H,A. >C/� 8��������3���6��@��� - !"�1��?8. F

;+Æ?+���%+*�1��3��!""�$�� �, �@���%+)73=D?8.  A:�
�1��4�<<���%+)7�52;*�.. �.����2CD %+&���, �������

�8@�F3*EGD�G.

2 ">#?$%&'@()A*B+CD - ,EFGH-.I

����"��!" (�����Æ���) �����3 6��52A7. ��������>C�
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#
���H@, %
B�;!),1#���!". F;+, ���������IH. .�4����

����3, �4���,���������!", !��!"%�,��4��4��#
. �,��
�'���!""+.),1#, � �OG!"
)��, ��"/���F/�1��
����. �

�.2�"��@II (DSM) "JKPII (DMM) =' [30] @����������� - !"�1��

?8.

(a) Q�GRLJ DSM (b) /M - Q� DMM (c) /MK��LJ DSM

J 1 �K DSM 0 DMM 1LMN234O56PQ7
2.1 8ÆR9:;

!""),1#��N���4!"�),�3HA�?J�4!"),�IO
52�J52�',

����"��@II (DSM) +���?. DSM (design structure matrix) ��>�+CI��3A7J

��$����@3�?�;, CI��4 N × N �=I (N ���3�A74!). �', 2�����

���ÆH� 5 ���!", P!"), DSM ��CI��4 5 × 5 �=I, 'K 1(a) 'I. II�H i

�CI!" i �),SITL!"),�52. II�L j CI!" j �),*52TL!"�),. !"

"�),1#��Æ��M1#"�$1#. �M1#N5�!""Q!N��1#=M; !�$1#PC

I5�!"�),+.M$. ��.� 0 ∼ 1 �!R+�31#', !RS�CI1#��SH. .���

�8@ (product architecture) *, /*�;!M$),�!"T,$�4��?N3�O1$Æ��JK,

� ����!"���;!?N3<<�!M��.

2.2 ST8Æ<UV�=
��)&#
��!", #$>K�U���/�OL#�������=&M�!"��3����

�!"���. ����28�NU(+!".��3�ÆODB+.NU. V 3�����UM,��
;!�G),�!",!�A3�������!""),1#'5. � C����!""C��6<<,

��JKPII (DMM) VA���!"�C�MB. DMM (domain mapping matrix) �>K�4PJ�

A7�?�4PJ�A7'"�2���(6=%II. 'K 1(b) 3'I, @"! 3 4����C� 5 �

!", P DMM II��4 5 × 3 �II, 5 �II��!, H i �CI!" i �TL��C�; 3 �II�

L!, H k LCI�� k C��'!!". .��!"C���3, �,!2L!"���4��#���,

��.@":2!"��4����M��PÆW"�, 1, ' T1 � O1 " O3 #���,  * O1 " O3

Æ8C� T1 � 40% " 60%.

2.3 STR9:;
79!"),1# DSM "��!"C� DMM, ��P(B��"��1# DSM. ��"���1#

��C��5>%&. �>�XF1#, �>�"F1#. .�� - !" DMM 3, O1 " O3 �$�� T1,

 * O1 " O3 �XF1#, CI��354���$���� @�OL��#���. 54��XF1
#.�YA%
 ������, #� Q3?8, ��.L�XF1#���LZC�!"3��Q��
����, [$RS��"XF1#��H'��'. "F1#N����"�'LZ�!".),A+.
1#!��=����6, '.!" DSM 3 T2 �),1#, T1, 1#'� 0.2, T2 � O2 ��, T1 � O1

" O3 ��� 40% " 60%, �,'���!""+.1#, � O2 1#, O1 " O3. O2 � O1 �1#'

�: 0.2 × 40% = 0.08, O2 � O3 �1#'�: 0.2 × 60% = 0.12.
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� , W��!" i � j '"�1#' DSMT(i, j)�!" i ��� k '"�1#' DMM(i, k) �J

!" j ��� s '"�1#' DMM(j, s), P�� DSM 3��"��1#' DSMO(k, s) ��& (1)[31]

�I:

DSMO(k, s) =
m∑

i=1

⎛
⎝DMM(i, k) ×

m∑
j=1,j �=i

(
DMM(j, s) × DSMT(i, j)

)⎞⎠ , (1)

�3, i, j = 1, 2, · · · , m; k, s = 1, 2, · · · , n, m � n Æ8CI��3�!"!�"��!�.

2.4 ST - 8ÆWXR9?@A
6,�AÆ?,"�1��3!"��"����Æ8� gA (V A, EA), gB(V B, EB). V A = {1, 2, · · · , m},

V B = {1, 2, · · · , n} Æ8CI!"�F�#"���F�#, EA = {eA
ij | i, j ∈ V A} �!""!MR�#,  

*, eA
ij = DSMT(i, j) CI!" i �),�!" j �),�1#�', eA

ij = 0 CI i �),$1#, j; "

H �C��6II, �3A7 hik ∈ [0, 1](1 � i � m, 1 � k � n), CI�� k �!" i �C�MB, hik = 1

CI!" i ��� k ��C�, hik = 0 CI-C��6, 0 < hik < 1 CI!" i ��4��#�C�,  *∑n
k=1 hik = 1. P (H) �C��6�ÆO, ,9/��C�!"!��ÆOMB. EB = {eB

ks | k, s ∈ V B} �
��"�6R�#, ��"���6H' eB

ks = DSMO(k, s).

3 '@()A*B+#?BYCD.I

����������%+..��1!��!")=�. -!"�3��%+ (/Æ) *, �),��

�3 $O�,. �,!""+.),�6, ��1#�!"*���;�MD��%+ [7]. F;+, ��
��KMD%+!"!�&�!$��K��%+LN&�.-���%+LNQS����%+�S,=
*, ����R@#$��MD��%+�!"��?�; #-��-'�S���%+LN*, ��$#
-'?�MD��%+�!",!�*�,C�,=�OX��2)=��:P�E(),1#!"�3�
�%+ (/Æ), �!(+<3��%+��3�)7. � , ����������%+SI!""),�

6"��!""C��6��$52.

/��AÆ?����, ��%+.�� - !"�1��A�)7���O5> 9. �>�!"��

gA 3),�6!""�%+MD, ?�>�!"�� gA "���� gB "�560). �5>)7 9�

�Æ8TC������3�>D??8"�1��560)?8��@�.

3.1 ST - 8ÆWXR9Z?EF[\
���������� - !"�1��3��FD6� gA A�!"�F"�%+>D" gA�gB "5

60)�0#. ����3��FD6�UE>: VW6 (S)�MD6 (I) "0)6 (R), �4���F.$
�*AQ,:,�>D6. !"��3�FD6�U5>: VW6 (S) "MD6 (I), ��4!"�F.!�

*AQ,:,�>D6. ��"!"%+D6�O�';:

VWD6 (S 6): �,��!"+S, S 6CI!":.6*D6, Q�3��%+, !�,����+
S, S 6N���'���'!!"::, S 6.

MDD6 (I 6): I 6!"CI�MD ��%+�!", :2!"��$��%+M�6!")7. I

6!"�����?�� S 6. �,����+S, -��C��!"3\1!��� I 6, � I 6!"!

�<:.���11�,=+3:*��� I 6. I 6����M S 6" R 6EA.

0)D6 (R 6): �,��+S, R 6CI��-'PTC�!". -��3 I 6!"QDI��!�

�S����11,=*, ��EA� R 6.

�� yk(t)CI t*A���F k �D6, YR 0, 1, 2, 1<CI�F:. S 6�I 6" R 6. �� xi(t)

CI t *A!"�F i �D6, YR 0, 1, Æ8KC�F:. S 6" I 6.

3.2 GHI]?J\KLMN
��.DE.�1!!"�3��%+ (/Æ) A)���1��A��%+)7<<A. M�I��

������3���..;!���Z]��,=,,R!),9���'���%+.� ,.1!!"
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MD��%+A,Æ)*&����%+LN,#/*$*�A(+��-'�E,��%+*�C.;!)

,�6�!"")7. -��-'J*?��:P�MD��%+�!"*, ���%+LN$TXQ, P

�,(+���0), �!)���!""�560). 6,�AÆ?, ��.��� - !"�1��+�

��%+*���D6Æ��;U>: 4[D6�gA :P���%+MD�gA � gB "560)")7*

^D6. U>D6�VWVAJ�?��';:

1) 4[D6: " t = 0 *!"�� gA "���� gB 3��F::. S 6. t = 1 *�;� p 0 .

gA 3IY1��F, "T� I 6.

2) gA :��%+MD: @"!" i EA� I 6, P��),1#�!" j *���;�EA� I 6. �

�.���EA;������%+)7�, � vij CI. ��%+)7�SI!""),1#H'"��
�!"�11%'�52 [10,12]. !""),1#H'S�, ��%+S\7.!"")7; !���!"�
11%'S5, S!Y,U9��%+�MD. � , ��%+)7��!"),1#H'"���11%
':;!6M��. RSI��.M��11:JP!"��%+A+.]XNU, � , ��.���:
JP11%'��^Æ. " μ ���.:P),�6!"A�11%', λ �$$��"4[11%'. .

��4<#��MB;, ��"11%'..�,��:P11%', S" 0 < μ < λ ≤ 1. � , 'T i, j

�$��� k C�, P��%+)7� vij = μeA
ij ; 'T i, j Æ8��� k, s C�, !�� k " s ��#�

 w <, P vij = λkse
A
ij , �3 λks ��� k ��� s .H w + 1 <#�*�11%'. 54��"�11

%'0/��"���6H'�&��J#�<!�&�!O5. ������"���6SH, P��F

/_�S��H'S�, S\7M�IJ1��%+, /!>D11%'; #�<!S�, S\7%
1�U
�, ��"11%'S5 [32,33]. 0#RS�A54�7, " λks = λ(1 − eB

ks)
wks . �3, wks ��� k " s

�#�<!, eB
ks ���"���6H'. 'T�� k ��� s �4<#�, P λks = λ. 'T(4<#�, P

λks < λ. 0A, !" i, j "%+)7��:

vij =

{
μeA

ij , hik �= 0 ∧ hjk �= 0,

λkse
A
ij , hik = 0 ∨ hjk = 0.

(2)

3) gA � gB "560): !"�C�"?�1#���C�,="?�,=, >�+, ���C�,=
"%+?�,=%SI!"%+D6�52. t *A, 'T!" i � I 6, �C��� k ��R@���#

$����?�. 0/��3 I 6!"�&�, %+?�#$$TO1, k �?�,=$T;>, �-��:
P I 6!"�!�S� k ,�S�.B, �*(+�� k E3� R 6. � VA����, ��.� t *A

`��3 I 6!"��'CI�� *�%+LN:

ρk(t) = nI
k(t)/nk. (3)

�3 nI
k(t) =

∑
i∈K xi(t), K = {l | hlk > 0, l = 1, 2, · · · , m}, CI t *A�� k 3 I 6!"�!�, nk ��

� k C��!"W!. .%+&���3, ����%+?�,=SIA�*A�����%+LNDB�
52. t − 1 *A���%+LNS�, P_����%,#$S�, ��. t *A�%+?�,=SX. "

�� k . t *A���%+?�,=� τk(t), Y� S 8V!+CI τk(t):

τk(t) = γe−αρk(t−1). (4)

&3 γ ���R@���%,#$W�, �R������%+?�,=6��. α (α≥1) ����%+L
NaM', CI��%,,=SA�*A%+LN52��'. α S�, ��%+LN�LM52S�. .

t = 0 *A, ��%+ (/Æ) <Q�3, �� k �%+LN ρk(0) = 0. � ��. t = 1 *A�%+?�

,= τk(1) = γ. - t > 1 *, τk(t) � ρk(t − 1) V>=MA3, - ρk(t − 1) > 0 *, 'T α→ + ∞, P

e−αρk(t−1) → 0, � τk(t) → 0,  *���!"��%+�?�,=.D, !"%�?�.

�,���%+LN���3MD��%+�!"�'+�',� �����Z%+OR���,R
�S�%+LN� �R, � ρ∗k CI. � , ��D6�E3W&��CI';:

yk(t) =

⎧⎪⎨
⎪⎩

0, ρk(t) = 0,

1, 0 < ρk(t) ≤ ρ∗k,

2, ρk(t) > ρ∗k.

(5)
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'T��E3� R 6, P��'C��!"3 I6!"�%�?�, ��E S6�!"%�0b���
?W!EA� I 6. 0A'A, ��C�!"�MD�' ρk(t) ���%+LN��C<�=&���"!
"�%+D66�.�=. � , ��/��1��3���F�0)DB+CI��%+��1����
D6�52. �� I(t) � t *A`�1��3���F�0)Q�, W&�:

I(t) = Card(yk(t) == 2)/n (6)

&3 Card(yk(t) == 2) CI��30)���!�, 'T I(t) �RSF[, 1, P`Y/ t *A`�1��

:,ZXD6; 'T I(t) F[, 0, PS]�1��SF[VW��D6.

4) )7*^: -��3���0)Q� I(t) XI��[6*, )7*^. ")7*^* I(t) c\, I∗,

��.� I∗ +Y��1��A��%+�)7AT.

4 P^QRST_

@"2����������ÆH� 500 4��!", m = 500, 79��3�������3��!

"),�6�<F, 3
� 10 4��),?N@
�!M!"��, 'K 2(a) 'I.

(a) Q�GRLJ�� (b) /MQ�a\Z]�� (c) /MK��LJ��
J 2 U`VWaX6�bON2YZ

��3������������IH*..Y�RÆHRIH�=&,��!"����!"��Æ
H, ���3�PÆ!"Æ�Bb. �!"]bC��������^����]b#�[Z���. .�

4��3, ��!D8L���;!HFIH` , *IH��3�!^c'<�_9��!Y_T���
#�,  *O
1!Fd��.��3��'����!" [34,35]. 6, , ��.@���!""C��6
�HF�6, �"��C�!"�!�\/N!� σ �e-ÆO. ���0? n = 50, ÆON! σ = 2.5 �

�, �IC��6��'K 2(b) 'I. �!P(B���"���1#��'K 2(c) 'I. ��^B, -C

��6\/N!� 2.5 �e-ÆO*, ��"���6��V�`8<<. F;+�����������

%+)7<<���..

79������<F, ��.]���:JP11%' μ = 0.1, λ = 1, !"��4[0)Q� p =

1%, �"��"�#�<! w \/ 0∼3'"�"!:dÆO, ���Z%+OR ρ∗k ∼ U(0, 1). '!�T:

�� 100 <^e.:R.

4.1 [c\]d^e_GHI]KL`afg
��������3, 1!!"�3��%+ (/Æ) ��FB�_�'�, _I��N<�����5

2���%+,9;!4�`�. � , ��.:�$$M!��YR, _7�1!!")����%+)

7<<, �T'K 3 'I. K 3(a) � σ = 2.5�n = 50 ��;I - α = 1, γ = 0.5 *�1��3�2�F

Q�0*"A3�MB, Ratio(t) CI t *A`Æ8:. S 6�I 6" R 6���Q�.

�K 3(a) ��^B, 0 IY� 5 �!" (m × p) ')���1����%+)7��.[*":)

��0?��0). 0)� R 6�FQ�.H 12 4fF`XI��[6R 62%. ��%+)7����Æ
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0
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(b) _a`bfgcgd`\]a

J 3 bON234bhcdef
�E4��4;: 1)bh)7.  4;���H 14h3fF.��31!!"�3��%+/Æ,�(+5

+3:��6!"MD��%+. S 6���FQ�;> 8%, I 6" R 6�FQ�Æ8Ai 7.6% " 0.4%,

 *��%+52+3'5; 2) 0,)7. 0/��3MD%+!"!��&�, �PÆ���%+LNS
��KZ%+OR!0), �!(+��C���E(),�6!"MD��%+, /!)�<3��%+.

 4;�b 11 4h3fF, ����2Æ�54�4;, H�4�4; (t = 1 ∼ 2) 3, I 6���Q�ce
&a, IX �R 57%, HE4�4; (t = 3 ∼ 12) 3�, I 6��%+LN$TAi�3D�)2, (+

���Ffe0), R 6�FQ�AiI 62%; 3) ��[�4;. ��3$$D6���Q�XI��[6,

S 6�I 6" R 6��Q�:RÆ8� 3%, 35% " 62%. K 3(b) Ld .$$M!YR;0)�FQ��

A3MB, S] .$$Me;)7:*�b�AE44;. � , .��%+�&���3, &�82:*

����%+��*f,,=, g@��CB�!"0)�����#$R@, g�.H�44;���%

+gb, �Æ)�<3��%+, (+��%+0,)7. K 3(b) ��TcS], ��C��6<<���
?�,=��7�52�1������%+)7<<�j.�7. � , F;+��.�hi�Lj.�

7�52.

4.2 STR9ghiUV�=jik?jk
-!"��0?��*, �����0? nh� ��C�!"�k:!�. !���!"C��6�

ÆOMBP52!".��3ÆO�:d�'. 54�7'�#"�C� C��6�<F. � , ��.

/����0? n "�6ÆO P (H) 54=+�.C��6��1����%+)7�52.

K 4 ;I n = 50 *. σ E�YR;��C�!"�ÆOMB. ��^B, - σ Æ8� 2.5, 3.5 "

5 *, 50 4��3C�!" �����!"�� 113 ;>I 20. S] σ �RS�, !".����3�
ÆOS:d. .!"�����MB;, ��"�6=&�H'0/!"ÆO:d'�A3!A3, /�5

2��+���%+�F/"11��, 52��%+�)7��. 0/����0?�&a, SI σ �5

2, �L,='N���Q,���4!"3��Q����!". � _7����0?��1����
%+)7�52, . [10, 500] +3:� n "d 10 ��YR, �� I∗ ����, �T'K 5 'I.

/K 5 ��^B, $�C��6�:d,'e, %+ATN� I∗ C�0/ n �&�f&Ai, IX �
FAji;>, E8V�[G� “c U” 8��. -����0?'5*, ��k:C��!"!�'�, �

1������%+)7��C����:P%+)7. �,��:P%+11%''5, ����!)Æ
9%+�)7�?���3��%+�!". $*, ��!�'1*, ��"�6!"&�, ��"11,=
&H, >D ��%+)7��,,. 0/��0?�&�, �����k:!"!�jiO1, ��%+�

:P)7�JP)7$*��, �c %+)7�e'�+3. !-��0?'�*, ��k:���!"
!�O1, !"MD%+�C����52'�, .!�,(+��0), #���0)A)��<3��
%+)70?'5,  *(+!B+3�%+)7.
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J 5 Æl σ s I∗ tLMN2qr n 16P
/K 5 3E2C��6�^e�T��, . n ≤ 40 *, σ �%+ATN� I∗ �52gh-NU, n �

�]R*, I∗ 0/ σ �&�!&�. �S], .����XI��0?*, C��6ÆOS:d, �1���

�.+�1!!")=���%+)7*�jd,SN. 0A, /��%+,9�0'+^, .IH�6!

"�C��_*, 2IH��,='H���, g��'1����3��),1#'H�!". �.��

�'Akl ��?N3��%&�FS,.

4.3 I]s[tu α i γ ?jk
.+���%+*, �������'��YY%+,9el�MD��%+�!"��?�. M! α

,9�����%+LN�aM�', α S�, CI��SI%+LN�52S�, ?� I 6!"�,=S

N. M! γ CI���%+?�#$R@�, �RS�CI�����%+?�,=SH. -%+?�#$

R@(R�*, I 6!"*� c�e'?�� S D6, ##$�R@SI��
��B9, �(S�S<.

� !Æ��.M! α " γ � I∗ �52, ]b i#$R@�'. " n = 50, σ = 2.5, $*Æ8" α �R

� 5�10�100, . α �E>YR; I∗ 0 γ R&��A3MB'K 6 'I.
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J 6 Æl α s I∗ tvwxun γ 16P
/K 6��^B, . α�E>YR;,%+ATN� I∗ C�0M! γ �&�bh;>,-XI2�!1

R γ∗ Af[�.�4 Djk. 0/ α �&�, ��!1Rji&�, �S].$$� α ;, %+#$�R

@+. ijk. - α RÆ8� 5�10�100*, γ∗ �RÆ8� 0.97�0.98" 1, I∗  *[�. 0.5%�1%�3%

vm. �S], ���LN�aM' α �#$R@!1R γ∗ 
6��, �?�jk
L��. -��3��
�LNaM''�*, 2R@8��#$��%+?�. %S]��%+ (/Æ) �3A���%+?�%

�ghgb%+, Q,g�,9%+Gi.'Djk. � , 246��%+�nj��, O5��%+�3

��,.
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4.4 ywxy?jk
AA^e��3, 4[MD��%+�!":�0 IY�. /�A, ����3�F�4�'/*;

!NU, � ���./*Y�0 kk"l`kk���3��F��ml, #KbB���" jd,

528���F��Gm [36,37]. � , ��.79!"��!M,<F�.6,!"��B'<<�m>

kkjC��1����%+)7�52, Æ8�: 1) kk��3B' ���F (Qk LD jC), 2) kk

��3B' 5��F (Qk SD jC), 3) 0 jC (Qk RS jC), 4) kk��3B'H'W" ��
�F, :�F�n`��!"����E!"�3 �),?W�!" (Qk LC jC), 5) kkB'H'W

" 5�!" (Qk SC jC). 8n�.����, ��0?���%+)7;!4�52, � Æ8IY

n = 50�n = 100�n = 400, �" α = 5, γ = 0.8, R74[�3��%+ (/Æ) �!".��3�_T��

�%+)7�52, �T'K 7 'I.
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J 7 Ælzz{|l34bhcdef1{|

��^B, ��0?�$*, $�YYe>kkjC, �1��3��%+)7��:XIB�G�<

<. �S], B$�!"��3�6!� 5"�6H' X�!", -�MD��%+A, 'T$,J*&

?�, ��1��O
�ml��6!� ���6H' H�!"�-, n\,R(+��3�!���
0). � , ��&�8"4 ��&�82�H�),4�''D�!"�f&, #o�5��%+nk

 9, .��%+�3AJ*��?�, j^��%+.��:J�po.

5 R}

��.6,���6@� ���������� -!"�1��?8"��%+)73=D?8,�

��^e�=':��1!!")����%+)7J�$�7�52;*�.. �.�TC]: 1) 1!

!")����%+)7*.[*":O
'�52, )7���bbh)7, 0,)7,  *XI��[
�D6; 2) ����0?�52��%+)7<<�4��7, ��%+)7+3���0?V[G� “c

U” 8��; 3) ����0?��*, !".����AÆOS:d, �1����jd,SN; 4) :�$$

�LNaM' α, +. i%+?�#$R@� γ∗, $���%+����ml>I Djk, #��%+

%�/�4 ��%,��ghgb; 5) !"��3�F4�'q!]X^8, '$J*��?�:*)�

����N<>2. ��.CD ����%+)73=D��, �*����������Z%+,=*

E�G.
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