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Review of multiple fault diagnosis methods
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Abstract: Multiple fault diagnosis (MFD) is a key issue in fault diagnosis technology, because multiple fault commonly
exists in engineering and complex systems. We give a survey on fault mechanism, manifestation of symptoms, and ap-
proach thinking for MFD. Problem-solving on possible multiple output in fault mode identification is defined as a scientific
problem of MFD. Difficulties for MFD is analyzed, and the research status of MFD is discussed. Meanwhile, all typical di-
agnosis methods and relevant technologies in the discussion are classified into three categories, i.e., analytical model-based
approaches, qualitative knowledge-based approaches, and data-driven-based approaches. Advantages, disadvantages, and
scopes of these methods and technologies are separately listed; research directions for MFD are mentioned.
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1 ÚÚÚóóó(Introduction)
E,XÚ´äkõêþ|¤ü�(/agents0,½¡

�/�^ö0,�)fXÚ!©XÚ!õU�¬�)�
XÚ.Ù5�
�,(�Ú�g���XÚE,�
õ[1]. ÉdK�,�NE,XÚ$1ÅnÚG��ë
êêâþã�,o��N5!m�5!Ä�5!Zy
5!g|�5,NyÑA�²w�A::

1) XÚ�|¤ü��m�p'éÚK�,��X
Úäkr��Ø(½Ú��5A�;

2) �þK�XÚ��5�Ï�¿�üÕ���
Ñy,¿�U�pr�ÍÜ;

3) uÿ!½ !�lXÚ�æJÝ�DÚXÚp;

4) L�XÚ$1���ëêLy«a�õ!p�
DÕØ´þz�J±«©.

3E,XÚ¥,�æVÇÚ�æî§Ý�{ü
XÚÚ�ÅXÚp. �æ�Ñyä��Å5!Uu
5!¿u5!�u5!Û-5�5�[2],õ��æu)
½�3��¹¤�~�. ØÓ�æ|¤Ï�é�æA
��K��ªÚ§ÝØÓ,�«�æ�¯aA�ëê
�UØ�'[3];L�ØÓ�æ�ëê�pÍÜ!�æ
A�õ�z;½�3|¤Ø(½!E,�'��¹;�
U��æ�ªêþ¥�ê?O�[4];�æA���æ
�ªaO�m�éA'XØ²
,Ån�.J±ï
á[5];DÚ��æ�ä�{J±uyÙ¥��5¼ê
'X[6];Ø�¦��VÇO�,�U���S�¯
��u).
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Ú�æ���gÄf¨XÚ±9gÄ!6z'4,�
1
���äÑy��,ö��Ø,E¤228<�J�
��J[7];qX·Iu2006cu��cì2Ò¥(,
3½:L§¥,Ï��U~�Ðm�æÚÏ&U�Ð
m�æ,Ã{UìýÏJøÏ&2ÂÑÖ,�¦Ù�
���,��¢ï. dg¯���²L��<¬1
20·�±þ,¿�Ù¦ÊUì$1�54�Û�.

¢Sþ,=B��Ü���æu)Ç4���,�
¬Ï�E,XÚ�5��A,¦XÚ��N�~VÇ
eüÚõ��æ¿uVÇþ,[8]. Ïd,XÛ���
äÑXÚ¥¤�3��æ,J,XÚ��5,¤�

�æE,XÚS�$1��~���K.

�©3©ÛÚo(Cc5IS	��'ïÄyG

�Ä:þ,éEÜ�æ(multiple fault)�½Â!A:!
ÚEÜ�æ�ä(multiple fault diagnosis, MFD)�E
âJ:!Ì6Eâ�{!�3�¯K�SN?1XÚ

��ã. F",d�J,�U�æ�ä�{�O(5
Ú·^5!�#Ú*¿�U�æ�äEâ�·^�

�!ä�D«5Ú�±Y5uÐ��¡�Ñ�z.

2 EEEÜÜÜ���æææVVVããã(Study on MFD)
8c���@XÚ£ãEÜ�æ�©zÑgu

SchertzÚMetzeu 1971cuL�5On the Design of
Multiple Fault Diagnosable Networks6[4]. T©z@
�,�5�êi>´ÉP{>´�K�,Ù¥EÜ�
æÑyVÇ�,êþõ. X�^äkk1��>´,ü
��æ��Uêþ�2k,�\þEÜ�æKêþ��
����3k − 1,�O(�ä�5���æ�.Ïd,
�ö¦^éuª§S�E
uÿõ��æ�|Ü�

ä,ò��|Ü�äy©¤õ�f�ä��z�f�
ä�õ�k���æu),2Å���æÿÁ8�'
�,���ä(J.

@Ï�EÜ�æ�äõ±ù��g´Ðm[6, 9–11],
�æ/ªÏ~���zLy. 3�ä�I�é�æ�
ª?1[©,�l¤õ�Õá�ü��æ�ª. d�,
�æm�ÍÜÌ�´�é��XÚ�$1��

ó(ØNy3�îLyþ),�¤EÜ�æ�Õá�
æÏ~>.�ß�´u«©.

,,�XXÚ�5�ØäO�!õU(�FªE
,!Ü��m'é��;�,XÚ¥uÿ�äkõ�
�æ��¹��\õ�z. �âØ�©z�£
ã[12–14],Ì�k4«Ly/ª:

1) Ó��XÚ¥Ó�u)õ«�æ;

2) XÚ¥,�|¤¤©�õ�½õ|S05U
u�æ;

3) áuØÓfXÚu)�õa�æ(X�1ìÚ
*ÿì��æÍÜ);

4) Ó�äk��A5�õ��æ�U\.

ù4«�ælÅnþÚ¤Ïþþ�3����O,
J±£ã¤�«Ï^��ª. �´þäk��²w�
�Ï5,=^u�ä�¢S$1êâ(XL§êâ!ë
Y�ó¹Y&Ò!lÑ��O�I!��z�wG£

ã�)¥�¹
õ��æA�,ù
�æA�8¤u
���þ�¥(�U�3Ø��ÚÍÜ��¹). É|
¤Ø(½5�K�,3éTa�æ?1�ä�,¯c
¿ØU²(�¹�æ�êþÚ«a,Ïd7L�Ä�
ä�{éuü��æÚõ��æ�·A5,Ùn��
�äÑÑAT´�¹
eZ��æ�ª��æ.

Ø
/ªþ��É,ùa�æ�äkØÓ�¡¢:

3¥©¥,k/EÜ�æ0!/õ�æ0!/õ
�æ0!/¿u�æ0!/·Ü�æ0�;3=©¥,k
/multi-fault0,/multiple fault0,/composite fault0,
/compound fault0, /combined fault0, /mixed
fault0,/concurrent fault0,/combination faults0�.

Ø���·¶Ly
ùa�æ�E,§Ý.�é
ó,=©¥�/multiple fault0!¥©¥�/EÜ�
æ0Ú/õ�æ0Óâ
�þ'. �âTa�æ
�¹ÂÚLy/ª,¿(Ü�'©z¥â��¦^,
Uì�I�ÆEâ¶c"½�
¬�Ñ�)º,)ö
@�:/EÜ�æ0Ú/õ�æ0£ã�´Ó�«
a.��æ,cöýuS3Ån,�öýu	3
L�.�©ò¦ /̂EÜ�æ0Ú/multiple fault0.

�c,Ø�EÜ�æ�ä©zÌ��éäN�ó
§¯KÐmïÄ,äk�Ð�ÆânØd�Ú¢�ó
§¿Â.�·¶¡¢aq,ÿ"yéTa�æÚ�ä
�{�Ï15LãÚ��5½Â.

©[9]@�õ�æ´õ�ü��æ¿u,�`�
õ�æE£Ú�ä´NP-complete(O�E,Ý��
a)¯K;

©[14]@�õ�ü��æ¿u�,�æA�lÑ.
õ�æ�A�´õ�ü��æ�A��¿8,ù�N
´3é,A½�æ��½�¶-Ù¦�æ(�¹
|
¤Ù¦�æ�A�),½¥y�#��æA�|Ü,3
®k�æ��8¥vkéA;

©[15]�Ñ¿u�æ3��$1L§¥é~�.
@�l8Ü$���Ý¦^õ�ü�æ��85£

ã¿u�æ��Ün(¿�ÊH@��¿8),ù�
U
;�éu�æE£µe¥��7Lp½��å;

©[16]@�3"yÔn�.��¹e,?Û�î
Ñ�U|Üå5L�,«�æ(�)EÜ�æ);�´
z«�îq¬�«Ñ�äL§¥k�y¢�b�,Ï
d¦^
E,�8ÜÜ6'X5£ãEÜ�æ;

©[17]@�¿u�æ�����´õ�Ñ\ÑÑ
�êâ8,ÏLÏé�æ�î8ÜÚXÚG�8�m
�N�'XU
�O¿u�æ¥ü��æ�|¤;
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©[18]òõ�æ½Â�ü��æ�|Ü,ü�
�æq�±w¤´�þA��|Ü.¿@��æ�m
��ÓA��ØU���äIO,�U ��ä��;

©[19]JÑduõ��æu)��Å5,J±�
N[ºòØÓ�¹e��æDÂy�©Û�Ù;?Ø

õ�æ��uÿ5Ú�©E5§@�en�æ

þ�©E,K$un��æ�½�©E;

©[20]'5�õ�æ´3�1ìÚDaìe�õ
��æ¿u(½¿�),@��éü�a.�æ�O�
N���ì¿Ø�½U½õaO�æ¿uXÚ;

©[21]@�EÜ�æ´XÚ¥Ó�u)ü�½õ
�p�'é!��K���æ. ù
�æÓ�½?é
Ñy,Ù&ÒLy��æA���pÍÜ.

ØJwÑ,�,ØÓ©zéuTa�æ�½Â�
gäkÕ��),��3X²w��Ó::

1) �¤EÜ�æ�õ��æä�3��þ�p
���A5;

2) EÜ�æ�Õá�ü��æ�m���';

3) EÜ�æ�)ÅnE,J±)º½£ã;

4) EÜ�æ��ä´O�õÑÑ�¦)¯K.

lÔn/ª��Ý5w,EÜ�æ´XÚ¥�3
ü�½õ�Õá�æ�Ly,¬E¤Ù¥?Û���
æüÕ¤ØU�)��J.u)EÜ�æ�,ØÓ�
æé�æ�ªA�K��ªÚ§ÝØÓ,�«�æ�
�¯aA�ëê��UØ�'.

lêÆ/ª��Ý5w,L�EÜ�æ�A�8
Ü5uõ�(½�Õá�æ,�Ù�æ�ªÚ�æ
A�Ï~�Õá�æäk�õ�Ly,ý�õê�¹
eØ�?ÛÕá�æ�Ó,  ����Ù�¤Ü©
�Õá�æ�mØ�3�5'X.

l�æ�ä��Ý5w,eò�äL§À�ç�,
@oDÚ�éü��æ��{ÑÑ=k��,EÜ
�æ�ä�ÑÑKkõ�.

dd�±@�,EÜ�æ��¤Ù�Õá�æ�
m�3X�éõ(½õéõ)�N�'X,d��æy
��¹
�|½õ|�æA�,éA�õ�Õá�æ
�þ. XÛÀJÜn��ä�{O(£O��äêâ
¥¹k�õ�Õá�æ´EÜ�æ�ä�'�.

nÜþã©Û,�©ò�æ�ª£O�3õÑÑ
�U5�¦)¯K½Â�EÜ�æ�ä��Æ¯K,
ÒdÐmïÄnã.

3 EEEÜÜÜ���æææ���äää���ïïïÄÄÄyyyGGG(Research status
of MFD)
3©[22]¥,�æ�½Â�´��1�XÚ��

Cþ½A5 l
�~��,n)�XÚ�?ÛÉ~
y�.í2�EÜ�æ,=´��2�½�õ�XÚC
þ½A5 l
�~��.�´3XÚ�É~Lyþ,

EÜ�æ¿ØU3�æ©l�c�ü��æO(«

©. �ó�,3�æuÿ�Ã{�½�c�É~�.
´ü��æ½EÜ�æ. Ïd,éEÜ�æA��©
lÚEÜ�æ�ª�£O´EÜ�æ�ä¥�~�

�À�ïÄSN.
3�c�ïÄ¥,Ø�EÜ�æ�äEâ5gu

éü��æ�ä�{�*Ð:Xò��ä�æ��î
�®�ü��æ��Å�'é(X�é,ü��æ�
OLÈì,¦Ù=éT�æ¯a,éÙ¦�æþØ¯
a) ,uyÙ�¤�¤kü��æ;½´æ8¹k�æ
�ó¹&E,òuÿ��&Eêâý?n¤���ä
ín�{£O���äêâ(8),�ØD(ÚP{�
Ã'Ï�,âÑ�æA�&E,?1�äín.
�´,¦^����5C��{Ã{¢yEÜ�

æ3�îÚÕá�æm��N��Ú�,�ØÓ�
æA��p·,!Ü©A�"�½�pùX,J^O
(�êÆ�.\±£ã,�J±����(½5�â
?1�æ�ä. Ó�,EÜ�æ���"�,¦ÆS.
��5C��{3�ä(Jþ�¢S�æ�3X�

���É.Ïd,æ^·^uü��æ�ä�DÚ�
æ�ä�{J±òEÜ�æA�(�m)Ú�æ�ª
(¢N)�m^�5¼ê'X?1£ã.
Ó�,�éü��æ��ä®²/¤
�é��

�nØÚ�{NX.duEÜ�æ�A�ÍÜ�ª
«aE,,@ÏISþéuEÜ�æ�ä�A^é�
õ8¥35���XÚÚL§�¥,��±5�ïá
å�é���nØNX,�Ã{=¦^�«�{¢y
Ï^�©lÍÜ�æÚJ��æA�.

�XXÚ�(�!|¤!õU�l{ü�E,�

nÜCz,�cE,XÚ�EÜ�æ3�æÅn!�
æA�!ÍÜ�ª!�æy�!±93�äg´�¡

u)
ã�Cz. Cc5,�éäN�E,XÚ½é
�Zy
�½�#Eâ#�{.

20V90c�m©,ISØ�;[ÆöéEÜ�
æÐmïÄ,'5ØÓ�é�,æ^ØÓ�g´,&?
ØÓ�¯K,¤J�äAÚ.

�u�Æ�±Àuìè3E,Ä�XÚ��æ�

ä!ý�!N����ýÿ�oEâ�¡�Ñ
äk

IS+kY²�ïÄ¤J[5, 22–24];

H®Ê�ÊU�Æ�ñRìè'5�æ�äÚN

���93Ê�ÊU¥�A^,éõ�æ�ä�{�
��5!°�5!O(5��¡?1
�\ï

Ä[8, 12, 25–27];

É²>f�E�Æ�©¤�ìè'5E,XÚÚ

����æ�ä,Íkõ�êâ°Ä�&EKÜ�{
93¿u�æ�ä¥A^�Øã[15, 28–29];

2À�hzóÆ��Ü�uìèÌ�ïÄÄuy

ânØ!<ó�¼XÚ�EÜ�æ�ä[21, 30–32];
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��Æ��Àìè'5Äu<ó�U�{3õ

�æ�ä¥�A^[33–35];

�ÊÄåÆI[:¢�¿�����'5ÊU

ì3;�ä[36]�;

d	,���[19, 37]!�Õ§[38–39]!��u[17]��

¶;[Æö�3�g�¤J¥Ny
éuEÜ�æ

�ÀÚïÄ.

4 EEEÜÜÜ���æææ���äääEEEâââ(MFD methods)
3�@�ïÄ¥,EÜ�æ�äEâ�A^é�

õ�êiÜ6>´!>�!�.XÚ�. Ù¥EÜ�
æ´��dõ�Õá�æ/¤�8Ü,dlÑ/ª/
¤��æA��p�m±¿8�'X?1'é,�
�±�3?¿|Ü,d��æ�A��|¤õ´lÑ
�!$�Ý�!��z�¥þ. ÏL�
�é{ü�
½þ©Û½½5�{éÙ?1�¤EÜ�æ�ü�

�æ�O,¢y�ä.

±©[40]�~,Ù�ÑÄu(�!5UÚõU��
ä�{Ì��éü��æ,¿Ø·^uõ��æ��
¹. ÒdJÑ
�«õ�æ�ä�/ªz�Y,òX
Ú½Â���|,�¹
|¤TXÚ�fXÚ�k�
8Ü±9fXÚm'X.©zòõ�æ�ä©�Ó�
�äÚS0�äü«,ÏL�äXÚ��´Ä�u�
��5¦Ñ���ä). ��@Ï�;.EÜ�æ�
ä�{,Ùg´�8Ü�ä¦),�½¿Âþ(½

EÜ�æÚõ�ü��æ�ª�|Ü'X.

�XXÚE,5��ÌJ,,�æA���¥y
p�!·,!DÕ�A5,EÜ�æÚÕá�æ�mJ
±^{ü��5|Ü'XO(£ã. �é�aE,X
Ú�EÜ�æ,�«DÚÚ#,��äEâØä��
A^�Ù¥.

lU¼��©z5w,êâ°Ä�{´�cEÜ
�æ�äEâ¥�ïÄÌ6;Äu)Û�.��{
3U
°(ïáé��½þêÆ�.��¹e,�k
Ø��ïÄ¤J;Äu½5²��£��{�é�
�. l��¡�N
�3EÜ�æ�é��E,5.

7L�5¿�´,õ«ØÓa.�{�KÜ,�´
¤��cïÄ�9:��.��¤õ���y�EÜ
�æ�ä�{,  8Ü
õ«Eâ�{�`:,Ï
J±òÙäN8au,�«�ä�{�¥. Ø��
�5,�©òUìØÓ�ä�{[5, 24, 37]3EÜ�æ�

ä¥�A^?18a�ã.

4.1 ÄÄÄuuu)))ÛÛÛ���...���EEEÜÜÜ���æææ���äää(Analytical
model based MFD)
Äu)Û�.��æ�ä´�«^u&Ïé�$

15Æ!ÏLïÄ�æG�eÄåÆëê��A�î

�S3éX[41]!¼�$1�~�É~'é&E��

{. ùa�{·Üuä�L§°(�½þêÆ�.,

kv
êþDaì�XÚ,ÏLïá°(Ôn�.Ú
êÆ�.?1�æ�ª£O.;.�Äu)Û�.�
�{�)G��O{!ëê�O{!�d�m{!©

ÛP{{�[5].
EÜ�æ�é��õáuE,���5�.,Ï

~�¹e,Äu)Û�.�EÜ�æ�äéE,XÚ
¥,�A½õU�¬½´,
A½��æ?1ï�,
æ^Äuëê�OÚG��O��æ�ä�{.
©[42]@�XÚ¥I��ä��æê8�õ�,

*Ð�æëê��G��mòC�Ø�*ÿ. 3©Û

Äu�æëê�G�éÜ�O��æ�ä�{Ä

:þ,�âõ��æ�ä�.�m�3�S3'X,
ÏLG��m*Ð�æëê,�OÑeZ�éA½�
æ¯a��ä�.. T�.g´�Å��æuÿ,�
B�´un),�":3u�ï��æëê�.êþ
¬É���æNX5��K�.
éuäkõ|�ÚõDaì��¹,©[21]JÑ

Äu�.��`z���5{K5uÿ�æ,¿�é
�æ6ÄÚå��Ì?1þz.
©[43]éÄu9²L5(thermoeconomic)��N

�æ�ä�{?1
U?. T�{ïá
8¤4«�
æ��.,ØI�Lõ�¢Sêâ½ÿÁêâÒU

µ�9åÆêâ©O3�~Ú�æ��^�,lu
y�NXÚ¥�3�ü�½õ��æ,¿UþzÙé
U�Ñ�K�.

©[44]�é���·��æ�ä�.Ã{£ãG
���mCz�XÚù�¯K,æ^Ûê��Å�.
éÄ�Cz�XÚG�?1ï�. |^�.��©&
E,ò�©Ä�õ�æ�ä¯K©)�eZ�f¯K,
¦^Ä�5y�{`z8I¼ê©O¦�`z),�
Ñ
Ä�õ�æ�ä¯K�/ªz£ã.

©[45]�Ñ,3�iÿ�äXÚ¥ä½�æu)
�,�±¦^*ÿì5�ûü)¤í�,;�EÜ�
æ5�L��¯K;�d/¤é',©[46]¿Ø|^
��Ñ\*ÿì�O�A�í�,´��ÏL��
Ñ\*ÿìéEÜ�æ?1�O©Û,d�æµdX
Ú¢y�æ�ä. T�{�âÄu*ÿì��æ�ä
XÚ°�5�A:,rNÏLO\*ÿìg��°�
55Jp�5Ø(½XÚ��æ�ä°�5,¿@�
|^EÜ�æ�Oì�U�½°Ý¢yéXÚG�

ÚEÜ�æ�ìC�O.

©[20]�é�5XÚ�õ�æ�E
�|Ûó�
§,Ù�)�í�=é��Daì�æÚ���1ì
�æ¯a. ÏLòDaìÚ�1ì�æ�.L«¤�
ÝÏfÚ ��/ª,A^k�ùÈÅé��æ�.
ëê?1�O.

©[47]JÑ�«Äuw�*ÿì�©ÑÌÄN�
���{,|^Ø�&E9*ÿG�¢��ØÓa
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.�Daì�æ9�1ì�æ. 3*ÿì½�cJ
e,^*ÿìÑÑ�O�æDaìÑÑ,¿3��Æ
¥c�-��1ì�æ,¦�õ�æÓu�3ØUC
��ì(�9ëê�cJe¢yN���;©[48]ò
äkõ�æ�¥(��XÚw�´¹k��ÚØ�

��Ø(½5�lÑõÑ\õÑÑXÚ,�O
�«
�¹lÑÈ©w���Æ!��©�ÚèxÏfE£

�N����{. ¦�æ�ä3Ø(½��¹e,�
U�y��é���~$1. ùü«�{Ñ´3/Ï
w�*ÿì5~�½-�õ��æ�3�é��é

��K�,�,¿���¢y�æE£Ú©l,�%
U3EÜ�æ��ä9¡E�¡u��^.

Äu)Û�.�EÜ�æ�ä�é�ï�I��

ßn)XÚ�$1Ån,3ä�Ü·êÆ�.�cJ
e,âU¢yûÐ��ä�J.�duE,XÚ��
�5��A,J±O(ïá��XÚ�Ån�.,Ï
d3�céuEÜ�æ��ä¥,X{Äu)Û�.
�Y~�éØõ.

4.2 ÄÄÄuuu½½½555²²²������EEEÜÜÜ���æææ���äää(Qualitative
knowledge based MFD)
Äu½5²���æ�ä´�«¦^½5�.?

1ín��{,Ø%3u|^Ø���k��£,é
XÚ�õU(�?1£ã,ïáå½5�.¢yín.
¿�â�.ýÿXÚ�1�,ÏL�¢SXÚ1�?
1'�,uÿXÚ´Äu)�æ. Äu½5²���
{Ï~�);[XÚ!ã|¢!�æä©Û�.

éuEÜ�æ�ä,du�æêþÚ|ÜØ�ý
O,Ïd,�E½5�.�ó�þ�é�. AO´é
uE,XÚ,Ø�ýO��æ|Üò¦��.5�¥
�ê?�O�. Ïdda�{3A^�,õ�é,

A½�EÜ�æ?1Ðm©Û.

©[49]U?
±�æä©Û�Ä:��æ�ä�
{,ò�æä=z�����ûüã,Äk(½z^
´»¤�¹�8�MÅùè,,�läk�p(�
�Ý��8|m©,O�|S��8VÇ,¿Uì�
8VÇd����^SÅ�ÿÁz��8�¹�.

¯�,�é�æ. e�é�,K2O�e�|�8�
VÇ,EþãÚ½,��é��æ��.

©[50]JÑ
�«Äu�æ���ä(fault-tuple
equivalence tree, FTET)�õ�æ�ä�{,T�{
ÏL�z��Ø�ÿÁ���ïFTET,&Ïd3�æ
 �ÚÛ-EÜ�æ��m�'X.

©[51]�é|Ü>´�EÜ�æ�¹,(Ü�æ
ÿÁ|Ú¦^��ûüã)Ù��©�§��ªÿ

Áõ«�æ,ÏL©�©Ù�ä��ªuy¤k�æ.
©[52]|^ÎÒk�ã (signed directed graph,

SDG)�±£ã�.E,XÚ9Cþm�ÏJ'X�

A5,JÑ�«ÄuSDG¢y_�ín�õ�æ�ä
�{;aq��{�Ly3©[19]¥,¤ØÓ�´�Ä
SDG3£ã�æD4'X�Ã{L«Ä�DÂ5Æ,
Ïd3SDG|´þÚ\�mëê,^uCq£ãCþ
�Cz3XÚ¥�D4�m. ¿±��"XÚ�~,
&?
Ù¥��æDÂL§9õ�æ�¹e��

æ�©E5.
©[53]�élÑ¯�XÚ,JÑ
ÄuPetri�é

õ�¯�ÚG��æ¢y3��æ�Ï^�{.
©[54]�é�Ø�÷Å�Å�!>í!�Ø!��

fXÚ�m�3r��pÚÍÜ,¦^;[XÚ5�
äEÜ�æ. Ù¥;[�£I�ÏLó§��öS�
�,¿3A^¥U?ÚJ,,ù´�«aqu�iÒ
ÆSÅ���{.
I�`²�´,;[XÚ(expert systems, ES)´�

«¹k+��£�²���UO�Å§SXÚ§U


¿©|^ù
�£Ú²��[;[ûü5)û¯

K.ÏLé�£¥ÚínÅ��ïÚ`z,;[XÚ
éuü��æ��ääkép�O(5Ú·A5,3
�þ�¢Só§¥2�¦^.
�´,;[XÚ¯kI�È\��þ+�;[�

£,É�uEÜ�æk��£��Øv($���"
y),©ÛCc5�ïÄ¤J�±uy,;[XÚ3E
Ü�æ�ä¥�¤õA^¿Øõ. Ød�	,éuE
Ü�æ�ä�ínÅ��Jïá,Ïd,8cÌ��
ïÄ8¥3l�£?n�ÝïáÄu<ó�U�{

(X<ó ²�ä)�;[XÚ,F"/ÏéØ(½5
¯K�ínUå5�Ö;[�£Øv�"�.
o�5`,Äu½5²���{3EÜ�æ�ä

¥É�æ5��Ú{¤²��£"y�K�,ÙA^
�Äu)Û�.��{�É��.�´©[55]JÑ

����'5�Vg,@����«½5©Û��æ
�ä�{,Äu��5��ä (consistency-based
diagnosis, CBD)U·Aõ�æ��äI¦,��3X
3ûüÚ½¥�°�5Øp!J±¼�°(�½5�

.�":. ,��¡,Äu½þ©Û��æuÿÚ�
l�{¦^í�5?13��ä,Ù5U�ûu�.
�O(5. �éd,�Ñ
��¡�ÎÒ�Üã
(signed bond graph, SBG)�ã/z�.�/ªz£
ã. T�.U
|^½5Ú½þ�(�á55)¤õ
�1�ýÿ. T�{®3î³����UgÌ�ýV
ÚXÚ¥A^.

lù�Y~�±wÑ,eòÄu½5²��£�
�{�½þ©Û��{��(Ü,ò¬�EÜ�æ�
äJø�«1�k��g´.

4.3 êêêâââ°°°ÄÄÄEEEÜÜÜ���æææ���äää(Data-driven based
MFD)
êâ°Ä�æ�ä�{´�c�9:ïÄ��,
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3ØI�
)XÚ�)Û�.�¹e,=|^�ÿ�
&Ò©Û¿J�A�&E,½´�â�þ�æ�êâ
Ú{¤êâ��ín[56],ÒU¢y�æ�ä.

duE,XÚÏ~Ã{ïáå°(�Ån�.,
Ïdyk�õê�EÜ�æ�ä�{þ´±êâ°

Ä�{�Ä:. Ù¥�Ì6g�´3|¤�æ�ª�
���¹e,éæ�êâk1)Í,2�®��æ?
1é',Å��lÚ�OÑ�U��æ�ª.

�â©[5, 24, 37, 56]�ïÄ,�©éêâ°ÄEÜ
�æ�äEâUÚO©Û�{!&Ò?n�{!Äu

½þ�<ó�U�{©O?1Qã.

4.3.1 ÚÚÚOOO©©©ÛÛÛ���{{{(Statistical analysis methods)
^uEÜ�æ�ä�ÚO©Û�{Ì��)Ì¤

©©Û!��dnØ�.

ÌÌÌ¤¤¤©©©©©©ÛÛÛ Ì¤©©Û(principal component
analysis, PCA),q¡�Ì�©Û,´�«õCþÚO
�{,Ì�^uÝº¯ÔÌ�gñ�ÚO©Û,|^
ü$�Ýrõ�I=z��êA�nÜ�I,lõ�
¯Ô¥)ÛÑÌ�K�Ï�.��Äuõ�ÚOL§
����æ�äEâ�Ø%, PCA3EÜ�æ�ä¥
Ì�^u�æ�ªE£Ú�æ©l(X�zã�{).

�éØÓ�äI¦,Ø��PCA�'��{��
2�A^,�)�½�©Û (designated component
analysis, DCA)!/�©þ©Û (morphological com-
ponent analysis, MCA)!ØÌ�©Û (kernel principal
component analysis, KPCA)�.

©[57]�éCºþXÚ¥©Ù3ØÓ �þ�õ
�Ó�u)�æ,ïá
õ�g�PCA�.,¿�é
Ü�Ý©Û�(Ü,ò�æ?1©l;©[58]�éõ
ÕC�L§,JÑ�«(Üõ�ÚO©ÛÚó§�.
�EÜ�æ�ä�{,Ù¥PCA�^uÿþýk(½
��æ�ª.

�´, PCA3�ªEÜ�A��K�e,éäkp
��æA���æE£�3(J,Ø�©z¦^
DCA5ü$Lõ$�þé�ä�U�K�.X©[28]
0�
�«ÅÚDCAõ�æ�ä�{,ÏL�mÝK
µe,rÉ~uÿ¯K=z�ò*ÿêâ��æf�
mÝK�ÝKUþ�wÍ5uÿ¯K.3(½XÚ�
3É~��¹e,2ò*ÿêâ��æf�m¥��
æ�ª��©O?1ÝK,�âÝKUþ�wÍ5¢
yõ�æ�ä. aq��{�Ñy3©[59]¥,ÙA
^DCA5é\óL§¥���Cz?1�ä.

Ød�	, PCA�õ�Ù¦�{�(Ü.©[60]�
é|Üª�NÅ|JÑ�«ÄuPCAÚFisher�â©
Û�êâ°Ä�{éù
¯K?1EÜ�æ�ä,Ù
¥Fisher^u�½(�c���æ, PCA^uuy
�ý�ä�3ØÓ �þ��æ;©[61]�éÄh\

"³¦^FreemanóèL«�½��æ�ª,3òØ
������ªÏL�½�ª©������f8

�ª�, DCAÏL*ÿêâÝ��z��½�ªþ�
�¹,¢y�æuÿ.

lù
�{5w, PCA�{3EÜ�æ�ä¥Ì
���^´l�p�Ý�êâ¥ÏL�$�Ý5u

y{¤êâ�Cz��Úª³,¼�ØÓ�æm�Ø
%�É.�´,ÙÉ�ªEÜ�A!��5(�êâ!
êâA��pd©Ù!rD(�Ø|K�,Ta�{
7L��Ù¦�{�(Ü,�Uu�Ù�^.

������dddnnnØØØ ��dnØ(Bayesian theory)´�
«ÚO�.ûü�{,´3&EØ����¹e,é
Ü©���G�^Ì*VÇ�O,,�^��dúª
éu)�VÇ?1?�,��2|^Ï"�Ú?�V
Ç�Ñ�`ûü. 3EÜ�æ�ä¥,��dnØõ
^uVÇí�.

©[62]�éE,XÚ�3�iÿ�.�Ä�EÜ
�æ�ä,òÙ©��X�Ø�'�f¯K,ïÄ

�«¯�,p�þ�(½5�[�{. 3ùÙ¥,¦^

Cq��d?�8I¼ê;©[63]'5Äu�.�
lÑ�m�5pdXÚ¥N\�æ��lÚ�O¯

K.ò�l¯KL«�3XÚÃ�æ$1�ÏLk�
ùÈÅ¼��õ�EÜb�ÿÁS�,2?1�æ�
l. 3Ù¥,¦^��dnØ5?�b½�æVÇ�
®��æVÇ�m��É.©[64]JÑ
�«Äug
ÌÜ6ÀJ�{5�äE,XÚ¥�EÜ�æ,�)
d)¤*ÿ&Ò±9uÿ&Òü��ã. Ù¥3gÌ
Ü6ÀJ¥i\
Ä���d�ä,^u�æuÿ.

du��dnØI��æVÇ��|±,éu"
yVÇ£ã�é�J±u�Ù�^.

,	,�k�
�'�ÚO©Û�{Eâ��5
¿,X©[65]¦^k��©Û (finite element analysis,
FEA)é�4ÓÚu>Å�õ�Ð©�æ?1
ýÿ;
©[66]ïÄ
õ�æ�¹eÄu{ü�?��äÝ

�ä�.�Û�5,±ÏJ©Û�Ä:JÑ
A«Ä
u5KXÚ��äÝ
,¿éÙ�U5ÚnØ5?1

)º,òÄ��ü�Ý
ÿÐ�V�Ý
;©[67]
�éõ�æJÑ
�«Äu½þ'X�Ä� ��

�¦{(partial least squares, PLS)�æ�ä�{,ïá

�é�æýÿ8I�ÏJ'Xk�ã. ù´�«Ä
u½5�.Ú½þ©Û�(Ü��{;©[68]ÏLí
2üÑVÇÏJ�. (rollout strategy-based probabi-
listic causal model, RSPCM)Â8�æu)�wÍ�
XÚLy5íä�U��æ|Ü.

4.3.2 &&&ÒÒÒ???nnn���{{{(Signal processing methods)
^uEÜ�æ�ä�&Ò?n�{k²���©

)!�ÅC�!F�ËAC��.
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²²²���������©©©))) ²���©)(empirical mode
decomposition, EMD)´�«Äu&Ò©Û��{. ^
ug·A&Ò�ª?n,�âêâg���mºÝA
�5?1&Ò©),ÃLýk�½?ÛÄ¼ê. nØ
þEMD�±A^u?Ûa.�&Ò�©),k��â
Ñ�æA�&E,³��µD(,�k�©lÍÜ�
æÚJ��æA�JøÄ:.

�cEMD3éu��XÚ¥�EÜ�æ�äA
^��"y. duÅ�����æÅn�ß,A�
&ÒJ�uy�{NX�é��,ÏdEMDõ�uÅ
��EÜ�æ�äA^.

X©[69]�éüÏ��¹eEÄ¶«EÜ�æJ
±©l¯K,éüÏ�æ8�¶«EÜ�æ&Ò?
1EMD©),��õ�Ä��ª©þ¼ê (intrinsic
mode function, IMF),,��â�Ý�I9�'Xê
�,À�k��IMF©þ��*ÿ&Ò|¤#�*ÿ
&Ò,éÙ?1Õá¤©©Û(independent component
analysis, ICA)?n,?¢y¶«EÜ�æ�©l.
aq��{�Ny3©[70]¥,Ù�éEÄ¶«�E
Ü�æ�ä¯K,JÑ
�«ÄuEMDÀJ·��
IMF?1�ä©Û��#Vg.
�
)ûEMD¥���·U¯K,Æâ.JÑ


�
éA�U?�{,X�N²���©)(ensemble
empirical mode decomposition, EEMD)Ú4��þ�
�ª©)(extremum field mean mode decomposition,
EMMD)�.
X©[71]�é=f�Ä&Òäk�²��5�

A�,¦^õ�Å���ýNì,¿�â&Ò��Ä
A�,·�O\
EEMD�D(�Ì,J,©)(J
�k�5�O(5.
©[72]�é=fØ²ï�æÚEÄ¶«�f�ú

5�æ�EÜ�æ�ä¯K,A^12��Åé�©
&Ò¢y©)��,,�?1ªÌ©ÛJ�$ª�
N��æA�;�épª��N�&Ò?1Ä
uEMMD�)N©Û,±O(J�N��æA�.
òEMD^uEÜ�æ�ä�Ø%g�3u¦^

�æ&Ò�ÛÜ�CA�5?1g·A�ª©),ò
¹kõ��æA���S&Ò©)�ØÓºÝ�

IMF,duz�IMF�¹k��|©,vkÙ¦ªÇ|
©�U\,Ï�±¢yõ��æA��©l. eU
òTg�^u��XÚ¥k'�æ&ÒA��©l

ÚJ�,½kÏu/¤�«1�k��EÜ�æ�ä
�{NX.

�I�5¿�´, EMD���3�ª· !à:
�A�":,¦�é�æé���é5�Ä.

���ÅÅÅCCC��� �ÅC�(wavelet transform),q¡�
Å©Û(wavelet analysis),´�«&Ò?n�{. �{
¦^k��½¯�P~�!¡�1�Å (mother

wavelet)���Å/5L«&Ò,TÅ/ÏL �Ú
²£5��Ñ\�&Ò.du�ÅC�3��Úª�
þÓ�äkûÐ�Û�5,�N]�&ÒA�,Ùõ
©EÇ©ÛUåU¦ØÓªÇ�&ÒÏL�A�ª

�Ï�©l,�±^u©ÛäkEÜ�æ¥���
&Ò.Äud,Cc5Ñy
Ø�Äu�ÅC��E
Ü�æ�ä�{,Ì��^´�æA��J�[73].

©[74]¦^�ÅXêKÜégÌªYeÅì<õ
Daì�æ¿u���æA�?1
J�;©[39]é
&Ò?1õºÝ��Å©),¿�ââC�æ&Ò�
�ÅXê���D(�ÅXê����É,æ^^K
��{,é&Òpª©þ�ÅXê?1�æA�J�,
¿�â�ÅXê��3ØÓºÝe�©ÙÚCzA

�?1>�&Ò�¿u�æ«©;©[38]JÑ�«
^Mallat7i©�{��Åõ©EÇ©ÛEâéXÚ
?1õ�æ�ä��{. |^�ÅC�éXÚ�G�
&Ò?1õºÝ©),,��âÙ3ØÓºÝe�p
ª©þ��ÅXê�4��ÚØÓºÝ��4��

¤3�ÅXêS��éA'X?1õ�æ�ä.
1 2��Å´�«#�¦^J,�{ (lifting

scheme)5�E�Å��{. �11��Å�',ØU
«`:�	,Ù¤k$�þ3��?1,�ÙC��
Xê��ê. 3ù�¡,�kØ��'�EÜ�æ�
ä�{[72].

©[75]JÑ
�«F�ËAC�Ú�ÅC�U?
�|Ü�{,5£O@Ï��æA�;3¦^`z�
ÅC��{�¡,©[76]¥�¦^
VäE�ÅC�,
^u£O3¥þ��aA>Å°Äì¥�õ��æ,
Ó���ëY�ÅC�?1
'�.

lù
�{5w,�ÅC�3EÜ�æA��J
�¥äk��âÑ�Ly,�´,éuØÓ��æé
�,���n��©l�J,Ù�ÅÄ�ÀJE,´
��I�)û�¯K.

Ød�	,ÿkØ�;.�Äu&Ò?n�{�
EÜ�æ�äA^: X©[77]�é¥(^���,J
Ñ
�«Äu�pªõ�.�{ÚÃ,k�ùÈÅ

��æ�äÚN����Y;©[78]òÏL©ÛgÄ
C�öpXÚ�²&ÒA5±9&Ò�m�P{

'X,JÑ�æuÿÚ�äüÑ�O���g�(Ø�
&�K!õ�æoN�KÚVÇ�K),�â�æ�ä
(J�O(5Úk�5A:ò�æ�ä(Jy©�

�?!�?!n?3«a.,�éõ�æÑy��
¹,òõ�æ©�õ��?�æ,��âØÓ�
æ�³5?1`k�ä;©[79]JÑ
�«Äu��
5Ûó����æuÿÚ�ä�{;

��5¿�´,Äu&Ò©Û�EÜ�æ�ä�
{õ´©Û¹k�æ�&Ò,l¥uy�¤EÜ�æ
�Õá�æ. éuù
�æ&Ò�@�,  "y
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k��£($���Øä�),¯kØ��äN�|¤.
duõ�Õá�æ�·U,���O&Òäk4p
�JÝ,w,,eUòÙÅ�©l2?1E£,¬J,
�ä�O(5Ú�Ç.

éuùa¯K,Cc5,å�_&Ò?n(blind
signal processing, BSP)Eâäk��wÍ��J.
BSP´�«&Ò3ØU�*ÿ½ÍÜ�ª ��,
qÃ{¼�DÑ&�A5!Ñ\&E��½=k�þ

k��£��¹e,lXÚ�ÑÑ&Ò¥©l½�O
&Ò�Å/��{. duBSPUl·Ü&Ò©lõ
�&Ò�A5,�EÜ�æ��äJø
�U5.

2Âþ,_&Ò?n�)õ�ïÄ��,X_©
l(blind source separation, BSS)!_E£(blind identi-
fication)!_&ÒJ� (blind source separation, BSS)!
_�òÈ(blind deconvolution)!_þï(blind equali-
zation, BE)�. Ù¥_©l´é&Ò��Z�O
?1¦);_E£´¦�DÑÏ�·ÜÝ
;_&Ò
J�´�éa,��Ü©&ÒJ�k�&E;_�
òÈ´éòÈ·S&Ò?1_©l;_þï´|^�
ÂS����k�&Eþï&�A5,¦þïì�Ñ
ÑS��CuxS�(��u´éuxS����) .

Cc5,�«Äu_&Ò?n�Å�EÜ�æ�
ä�{Åì¤�ïÄ9:[80–81],�EMDaq, BSP
3��XÚ¥�A^dåÿk��÷.

��BSP���;.A^, ICA´�«~^�k�
�_©l�{,kØ�Äu_©l�EÜ�æ�
äÑ¦^
ICA[82–83].

BSPÏÙ�±)ûEÜ�æ�ä��±5�)Í
JK,�±@�´�«#,�¹�k�Äu&Ò©Û
?n�EÜ�æ�äEâ,ÙnØÚA^��?�Ú
��\ïÄ.

4.3.3 ÄÄÄuuu½½½þþþ���<<<óóó���UUU���{{{(Artificial intelli-
gent methods based on quantitative)

Äu½þ�<ó�U�{´�cEÜ�æ�ä�

{��|¤Ü©,�)|±�þÅ!<ó ²�
ä!�
êÆ!yânØ!<ó�¼XÚ!¢D�{!

+N�U�{�.

|||±±±���þþþÅÅÅ |±�þÅ(support vector machine,
SVM)´�«Äu½þ�<ó�U�{,�´�«k
iÒÆS�.. ä�ò3$��m¥���5��N
��p�A��m¥¦Ù�5�©½£8�Uå,Ä
u(�ºx��znØ3p�A��m¥�ïÑ�

`©��²¡,¦�ÆSÅ�Û�`z.

SVM�A:3uUé�Ôö��êâ�¹e¢y
©a. éuEÜ�æ�ä,Ø�ïÄ@�Ù�±z¤
��©a¯K,F"ÏL$�ò|¤EÜ�æ�õ�
ü��æÚÙ¦�æ«©¤ØÓ�a+. SVM�´

duäkr��©aUå,8c3�æ�ä(�)EÜ
�æ�ä)¥2�A^.

X©[84]JÑ
�«XÚd3�õ�'é�æ?
1�ä�µe. Ù¥SVM¦^
 �&ÒÚuÄÅ�
ÛÝ(�öm�3��5�N�'X)��Ôö��,
ÏL©a5�½�æ´Äu)±9u)G�.

SVM��3��²w�f:: UìÙó�Å��
U¢y�©a,éuEÜ�æ�ä7L��Äõ©
a�¯K(�|¤EÜ�æ�Ù¦�æ  éJ/¤
��a+,d�¿ØU�½´Ä´��ä�æ�|
¤). Ïd,ÃØ´éü��æ�´EÜ�æ,Ï~Ñ
I�?1õ©a�*Ð.

SVM3^uEÜ�æ�ä�,��´ò��ä�
æl(�|¤þw��®�ü��æ�Ó�A½�

æ�ª,ÏLïáõ��©aì,æ^ÅÚ«©��
{,üü|Ü?1ínûü,=3®¢y�©a¥2
g©a. �T�{¬E¤$�þ�!�3y©_«!
�UÏ��K��þØé¡��L[Ü�"�[27].

�éd,©[27]JÑ
�«�â�æêâ��m
©Ù5`z(:üÙ��{,T�{¦^Äu(:`
z�ûü��Ã�ã(decision directed acyclic graph,
DDAG)õ©a*ÐüÑ,k�/�y
SVM��ä
O(Ç.T©z¿��y3EÜ�æ�ä¥�k�5,
�Äuéõ©a¯K�O(5,òkÏuUõSVM3
EÜ�æ�äþ��U.

���¦|±�þÅ(least squares support vector
machine, LSSVM)´�«SVM�{�U?��,ÏL
À^ØÓ���¼ê5;�¦)�g5y¯K.Ù�
I¦)�|�5�§,J,
$��Ý,Ïd3EÜ
�æ��ä¥�kA^. ©[17]�éÃ{ïá°(ê
Æ�.,õCþ!��5ÍÜ�E,XÚ¥�3äk
�'5�õ�æ,JÑ
�«Äuõ£8
LSSVM�.�¿u�æ�ä�{. aq�A^�N
y3©[85]¥,Ù¦^LSSVM5é�[>´?1�
ä,ò$���æA�#|�,¦Ù�±�«©.

o�5`, SVM�����5©aA�¦Ù3E
Ü�æ�ä¥U
å�éÐ�©aE£��^,�Ï
~3�äEÜ�æ�7L�z��æüÕïá�ä

�.,N´�ÑK�æm�éX;Ó�SVM3?n
Lõ���,¬Ï5��A¦$��Çeü;2ö,
3õ©aù�¯Kþ,yk�õ©a�{�5U�©
aì�(�ké�'X,¦Ù·^5É���.

<<<óóó   ²²²���äää <ó ²�ä(artificial neural
networks, ANN)´�«Äu½þ�<ó�U�{. Ù
^u�æ�äÌ�´ÏL�þ�®���æêâ�

�?1Ôö,ÏLÆSïáå�æA�Ú�æ�ª�
m�N�'X,2ò��ä�æx\®ÔöÐ��ä
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?1�O,��L§�Ð�¤õ��[
<a�g�
�ª. l®k��{5w,<ó ²�ä���Ä�
ýÿ�.?1EÜ�æýÿ!½´é¹kõ��æ�

êâ?1©a!±9ïá;[XÚ�[35–36].

3©[86]¥,ÏLp(¯Ý�M)íN©Ûuÿ
>åCØì�EÜ�æ,�Ñ
�«Äuõ�a�ì
 ² � ä (multi-layer perceptron neural network,
MLPNN)�õ�ä©a�{. ©[87]�é�kÄ�K
1Cz�>åXÚ,¦^
ü« ²�ä5�éEÜ
�æ,Ù¥VÇ ²�ä^uÔö3XÚ$1�~Ï
m�>ØêâA��;g·A ²�
ínXÚ
(adaptive neuro-fuzzy inference systems, ANFIS)^u
¢Sêâ��ä. ©[88]K�é>åXÚuÿ�J:
?1
?Ø,JÑ
�«�±½ õ�æ�ä!:
¿U©Û�æa.Úu)�m��äµe,aqu
©[84],VÇ ²�ä��^u>ØA���Ôö;©
[13]£ã
���éS0.EÜ�æ�¢��Uõ�
æ�äXÚ,TXÚÄu��ª<ó ²�ä(strata
hierarchical artificial neural network, SHANN)¿1?
nEâ,3�ä���æ�,XJ,	��æÑy,�
±á=>u�A��ä�¬,±NyEÜ�æ�ä�
¢�z?n.

Ä� ²�ä(dynamic neural network, DNN)´
�aéANN�U?,Ùò�ä�.ÑÑ�ò´þ�"
�Ñ\à,¿�¢S�-y�Ó�¤�.�Ñ\þ,
¦?n�ª�\ÎÜ<a�g��ª. TU?J,

ANN�ÆSUå,nØþU
%C?¿��5¼
ê.

©[89]�épÝ��5ÄåÆ��Å�íuÄÅ
JÑ
ÄuDNN��æuÿÚ�l�Y,Ù¥¦^õ
�a�ì�ä5ïá,¦^Ã�óÀÈÅì)¤ ²
��m�Ñ\ÚÑÑ.T�Y�)õ�ù�(��
DNN,�â*ÿí�3ÏLØÓ�ä��ÑÑ5(½
�æ�|¤;©[90]K�é�Å�íuÄÅ��æu
ÿÚ�lJÑ
Äuõ�.ÚDNN�(Ü��{.

Ó�, ANN��Ù¦EÜ�æ�ä�{Jø|±,
~X3©[23]¥JÑ�·,XÚDaì��1ì�æ
��½5�ä�{¥,¦^
·,G? ²�ä5�
lfXÚ�G�Cz,��ä�{�Ø%´·,ë
�ãÚ�mÏJã�ï�;3©[34]¥,JÑ
Ä
uþf ²�äÚ�Å©Û¢y�[>´õ�æ�

ä��.,Ù¥æ^THofield�äé�PÁÅ�5)
ºþf-u�(õ�æ)��müz�VÇ©Ù.=,
EÜ�æu)�VÇ�£ã���ýkI½�ü�

æ(þfÄ�)UìA½VÇÌU\�.

�DÚ�éü��æ��äØÓ,e�¦^üX
�ANN5¢yEÜ�æ�ä´����(J$�Ø
�U�¯�,�´éuÙ¥¹kØ��!Ø°(&E

�¦)¯K�,K�±u�ÙÕ����5`z¦)
�Uå. Ó�, ANNÏ~I��þ�;.êâ��Ú
k��£,3�æ��"y�¹e,J±��ûÐ�
�ä�J.

���


êêêÆÆÆ �
êÆ(fuzzy mathematics)´^u
?n�
5y��nØÚ�{,´�«Äu½þ�<
ó�U�{. T�{^u?n.�Ø©²$�´Ã{
O(£ã�Ø(½5êÆ¯K.ÙØ%3u¦^>.
Ø�ß�8Ü5L«���é(��Vg,Ù¥äá
Ý¼ê(membership function)K´^±�Où�é�
uTVg¿�´ýé�/�U50. éu�EÜ�æ
�äùaä�Ø(½5¦)�¯K,�
êÆ¥�Ø
��{U
å��½�J.

©[15]JÑ
�«Äu�Å8nØ�&EKÜ�
{,ÏL�E�¹¿u�æ�Ø�,¿3dØ���
�8þ½Â*Ð.�Å8. ÄuT�Å8Ú2Â8�
N��Ñyâ|Ü5K��Å8�.,^Ù�E�æ
�ä�|Ü5K.�âDaìJø��æ&E�E�
æ���ª��u�ª��
äáÝ¼ê,|^�

8��Å8L«±9�Å8q,ÿÝ,¼�ü«�ª
���§Ý���KÜ��äyâ.

©[91]¦^|��?�.)¤�êâïá
L«
�íªuÄÅ��
XÚ,^u-�du�Eó²�
�É±93$1ÏmÚ��òzY²ØÓE¤�Ø

�;©[87]¥�¦^g·A ²�
ínXÚ�^�

Ü65�½¢Sêâ�ä(J��U5;©[92]ò
 ²�äÑÑ��æ£O(J�ûü�.�ÑÑ(

J¦^�
÷¿Ý5?1µ�,���{N���â,
±J,�ä�O(Ç;©[93]�éDaì3E,XÚ
¥���5�S�5,�O¿mu�«êâ°Ä�õ
Daì�æ�ä��l�{(MSFDI),Ù�Y´Äu
��?z�õTakagi-Sugeno�
�.�â�^�Ñ
\/ÑÑþ5�Oz�Daì�ÑÑ.

3¦^�
àa©Û�¡,©[83]JÑ
U
 
�EÜ�æ�ä|¢��,\¯�þ�ä�Ý�ü�
ãàaµe. Ù¥¦^
Ø�
àa©Û5«©ØÓ
�ü��æ.

o�,�
êÆ3EÜ�æ�ä¥Ì�´^u£
ã,��æéu��ä�æ��U5,½´^u�ä
L§¥�'�,��
<�éuØ(½¯��ßÿ1
�.�duØU�Ñ°O��Y,^u�½�äáÝ
¼êÿI�<�Zý.
yyyââânnnØØØ yânØ(dempster-shafer theory, D–S

½DST)´�«Ø°(ínnØ,äk?nØ(½&E
�Uå. §^�&«m�OVÇ,^8ÜL«¯�,^
yâ|Ü5K�O��dúª5�#�&¼ê,�±
��L�/Ø(½0Ú/Ø��0. 3EÜ�æ�ä
�A^¥, D–SyânØÏLéÓ�£Oµeþ��
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yâN?1KÜín,/¤ûü(J.

©[30]�é�.^=��Å|¿u�æ�ä�E
,5,Äk|^�¼XÚ/gC¨�C0£OÅnû
)�Ò5ÀJ�{?1êâ�©Û?n,����&
Ò¥5�Ãþj�I��äUåÏf,rz��Ié
�æ��äUåÏf��VÇ©�¼ê�,2(Üy
ânØ�&EKÜ5K,���ª��ä(J.
�´,8c�þÄuyânØ��æ�ä�{Ì

��éü��æ��ä,�¦E£µe¥����p
�3ü½'X(=/�*=d0),éuEÜ�æ,ù
���½�3��5�Û�.�
¦ÙU
ÿÐ3E
Ü�æ¥�k�5,�±¦^E£µe¥����8
5L«¿uÚEÜ�æ�*ÐyânØ (Dezert-
Smarandache theory, DSmT)�JÑ.±©[29]�~,
Ù�Ñ
U
ºXü��æÚEÜ�æ�E£µe,
éuØÓ��æéyâ��
�'Ý,3��ØÓ�
'Ý�yâ|�,òz|¥�z�yâ©)�ÕáÚ
�'ü«yâ,|^DSmT|Ü5Kòõ^�pÕá
�yâKÜ,ddíäØÓÕáyâ�Ø(½Ý,
lÏd¢yEÜ�æ�E£.
lA^5w,yânØõ�Ù¦�{KÜ,X±

�&Ý5)º�æ��U5.
<<<óóó���¼¼¼XXXÚÚÚ <ó�¼XÚ(artificial immune

systems, AIS)´±)Ô�¼XÚ�Ån!A�!�n
�Ä:��)<ó�U�{. T�{äk�£O/g
C0Ú/�C0�Å�,¿�«Ú�Ø/�C0,âÑ
/gC0�wÍ5. 3EÜ�æ�ä�A^¥, AISõ
�Ãþj�I(dimensionless parameter)�(Ü^u
¼��æ&Ò����I,?n��5�!�Å�Ø
�H{�&E,��æA���J��5B|.
©[31]JÑ
�«Äu�¼uÿìÚyânØ�

8¤�Å|EÜ�æ�ä�{. ÏL�ïé�æ'�
¯a�Ãþj�I�¼uÿì,?1A�©a,¼�
äk�Z£OUå�A��I,2|^yânØ|Ü
5Kéõa�¼uÿì?18¤�ä.

3äN�A^�¥,<ó�¼XÚ��Ù¦Eâ
�(Ü,X<ó ²�ä!;[XÚ!�ÅC�!¢D
�{�. �´<ó�¼XÚ3EÜ�æ�ä�,E�
3X�½�"�,X��l��ü��æ�Ãþj�
I��äEÜ�æ�,��IéÃþj�IK�²w
§ÝØ�.�(��ä�(Ç,©[30]ïÆòEÜ�æ
Úü��æÚ�?1Õk�æA��J�.
¢¢¢DDD���{{{ ¢D�{(genetic algorithm, GA)´

�[��©)Ô?zØ�g,ÀJÚ¢DÆÅn�

)Ô?zL§�O��.,�´�«�)<ó�U�
{,õ^u|¢�`). äN´�)õ�«+,Uì·
ö)�Ú`�����n,/Ïug,¢DÆ�¢D
�f?1|Ü��ÚCÉ,�)Ñ�L#�)8�«

+,Å�üz�)Ñ�`�Cq),²)è�,"�«
+¥��`�N�±��¯KCq�`). EÜ�æ
�ä�±�w�´Cq�`)�¦)¯K,Cc5�
k�
¢D�{éEÜ�æ�ä�A^.
©[10]ÏLó§N!¢D�{ (engineered con-

ditioning genetic algorithm)5Jpéuªõ�æ�ä
���5,¦Ù�±uyÓ�ÑyæN�8Ü;du
õ�æ�äÚÿÁ3��5�8¤>´(VLSI)¥�
�5,©[94]Ì�ïÄ^¢D�{?1õ�æ�ä
ÚUÑ~�ÿÁ.
Ó�,U«
¢D�{Ä�g��¢D?§

(genetic programming, GP)�ÏLé�©�æëê�
#|Ü`z,/¤#�EÜëê,¿ÏL©aUå
µ�EÜëê�`�,¢yé�æA��ÀJ�J�.
�éó,¢D�{�ì?%CUåéuEÜ�

æ�`³¿ØâÑ,Ï�Ù�Û|¢A5�¦3�5
�êâþO�¥´�\/@Ù0(¸,ù�´EÜ
�æ�Ï~¤äk�A�.
¬¬¬+++���{{{ ¬+�{ (ant colony optimization,

ACO),´�«�)`z�{,´+N�U�{¥�;
.. T�{ØI�?Û�²��£,�[é¬� ´
»¥��Å|¢,�âõ�é¬�&E�êþ?é
�N¬+é´»ÀJ�)K�,dd3�½8I´»
¥Ïé�`(J.¬+�{3EÜ�æ�ä¥�A^,
�´ò�æ£O¯K=z�¦)��å��`àa

¯K�L§.
3ü��æ�ä¥,¬+�{õ^u¦)�`´

». 3äkõ��ä(J�A^¥,�Ð�g´´
Å�Ïé�`),�´,XÛ½Â/�`0Ú/g`0
±9ØÓ�æ�m�K�,¤�
J±(½�¯K.
3©[95]¥,¦^
��rÝ?� (likelihood-based
trail intensity modification)5U?¬+�{,¦T�{
ü$
ééuª|¢üÑ��6,3é¬|Ï´»�
L§¥,��
õ����º:(�A½��æ�'
é),z��æ�u)Ø¬K�Ù¦�æ�u)V
Ç,Ïd,é¬´ÄÀJe��´»º:�Ù¦�º
:Ã',�À�Ü·�VÇ¼ê,=�&ÏÑ¤k�
�æ�ª.

duü��¬+�{éuEÜ�æ��ä¬É�

3õ�/g`0)��(JØ(½��¹,Ïd,
T�{Ï~õ^u�ä�{¥�,�`zL§,Ù�
J�¢D�{�é`D.

���nnnØØØ �nØ(cloud theory)´�«#,�Ø(
½5<ó�U�{,d¥Ió§��¬o�ÀJÑ,
¦^���5�x�
Vg. �nØr�
5Ú�Å
5��8¤��å,�¤½5Ú½þ�pm�N�,
�½5�½þ�(Ü�&E?nJø
k�å».

©[96]�éCØìõ�æÓ�u)��¹,3
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CØìhÚÌ©Û�Ú\�nØ¿?1�AU?. |
^�C��{ò�æCØìhÚÌêâ=�¤ÎÜ

<@��õ�½5�Vg,¿JÑu÷h¥íN�V
g��æa.m'X��ínÅ�.Äu©Ûh¥í
Nü�u?±ÏS�Cz5Æ,|^�nØéáÏS
h¥íNCz�Ï"�?1ýÿ,,�|^U?��
ínýÿ|Ü5Ku)ìín���X�k½�

���æýÿ(J.

8c5w,TnØ^uEÜ�æ�ä�A^é�,
Ùk�5ÿk��y"�duÙØ(½5�A�²

w,��?�ÚïÄ.

d	,�kØ�Äu½þ�<ó�U�{3EÜ
�æ�äþk�Ð�A^,X©[97]JÑ�«uÿÚ
�lm'ÚC�°Äì�æ��{,T�{Äuki
ÒÆS�©a�{,±½f>6�&E���â,é
ØÓa.��æ?1�l;©[98]JÑ
��Äuõ
��æ�[âf+`z�¸�µe5©Ûõ��æ,
��[>´¥Ó�5\õ��æ,¦^ÏJ©Û5u
y�U��æ.

Äuþã©Û,��yk�êâ°ÄEÜ�æ�
�{�ä`³ÚAÚ,Ù¥Ø��{þ�Ä
ü��
æ�u)VÇÚ�æé��ên�.,Ø��{q
®kêâ°Ä�æ�äg´. �þ�A^Y~ÑXú
uu�õ«Eâ�{�`³,ù«õEâKÜ��ª
kÏuÿÐEÜ�æ�ä��Ý(O(5)Ú2Ý(·
^5).

4.4 ÙÙÙ¦¦¦���{{{(Other methods)
ÿkÙ¦õ«EÜ�æ�äY~��¹3þã,

Ù¥Øy`D�A^,3d�¿Qã.

©[99]±�Å�Ø¹l"¥Ó�Ñy�õ�æ�
é�,�é5«Ì�a.��æ,JÑ�«ÄuÚO²
þ�éõÇ�õ�àa�õ�æ�ä�{. Ù¥
11�^u�Oz¡���Ú?í�ØåØv,12�
^u�ä=Ä¶¶«��,13�^u�½¹l�w
Ä¬�m�Y�O��¹ÚÀJ�� %,ù�=�
òÍÜ��æ©lÑ5.

©[14]�JpÊUì��æg�ä�O(5Ú�
Ç,ïÄ
��Äu��Ü6úªÚÙ��êóä�
�æ�äµe,^Aéõ��æ��ä¯K,Ù¥¦
^��-85�l�æ. T�{�{II[Ê�ÊU
ÛÚî³��Û^u»(æ��£?Ö��[�¥,
¿�y
Ù�15Ú�Ç.

©[100]�éõ�æ��äJÑ
Ä�8ÜCX
(dynamic set-covering, DSC)¯K,Ù¥�)
ÍÜ�
8ÜCX¯K.Ù¥,�æ�3m��U5Ú�C�
A5,�æÿÁ�7L��Å���å(=ÏLÿÁ
�|¤Ü©ØU�~¦�3�Ø,��Ù¥���|

¤Ü©7L�ÏLÿÁ),�k�U3*ÿÿÁ(J
�Ñyò´. )ûDSC¯K�8I^5´3���8
Ü¥íä�æ¥�k�U5���,¿é*ÿ��
(J?1)º. 3T©z¥,¦^.�KF¦f5
éDSC?1)Í,�±©)�õ�Õá�f¯K(=
���æ).

©[101]ò|±�þÅ!âf+`z�{(particle
swarm optimization, PSO)�<ó ²�ä�(Ü,5
�ä¥(^���XÚ¥��^Ó��æ;Ù¥PSO
^u`z©aì�ëê,´�«Cc5~�Äu?z
Å�&¢�Û�`)��{.

©[102]�éõ�S0.�æu)��¹,JÑ

�«Äu�U5©Û��æ�ä�{,¿(ÜÜ�ß
nlÛ@eY�XÚ¥��þODaì�ä¥?1


A^.

©[103]�éõ��1Å��æ�uÿÚ�l¯
K,JÑ
�«3õ�æ�¹euÿÈÅì��O�
{,¿±,.Ò�Å��A^é�,ÏLÑÑí��
��«©�1Å��æÚëêØ(½5éXÚ�K

�,?Ø
uÿÈÅì3ü�æÚV�æ��ÑÑ(
J,±9ëêØ(½�XÚéu�.Ø��°�5.

4.5 ���((((Brief summary)
o�5`,�cEÜ�æ�ä��{«a�á!�

ký!3`:âÑ�Ó���3��²w�Øv.
lyk�þ�äEÜ�æ�ä��{5w,ÙÄ�g
�´�æA�)Í�DÚ�éü��æ�ä�{�

*¿,mk�é�æ�)ÚÍÜÅnÐmïÄ�©z;
kØ��{�U3n��¸½´=ä�*ÿêâ�

�¹e¢y;�kØ��{��Ä3Z6ÚD(L�
��k�5;�kØ��{¯k�½Lõb��¢
S�¹îø!;Ó�,3(��ä�{éuA½é
��é5�Ó�,�¦�ÙÊ·5J±���y.

)ö@�,8cI�?�Ú�&¢ïÄEÜ�æ
�/¤Å�!�ä�{�nØNX!±9�ö�m¤

%¹��Æ¯K.

5 ooo(((ÚÚÚÐÐÐ"""(Summary and prospect)
�©'5/�æ�ª£O�3õÑÑ�U50,U

ì½5Ú½þ�«©é�cÌ6��
EÜ�ä�

{±9�'�Eâ?1
nã. ¿@£�,vk�a
üÕ�EâÚ�«ýé��{�±)û¤k�EÜ

�æ�ä¯K.�XE,XÚ�5�Fª
,,�é
ØÓ�é�(¹ÜnÀ�õ«nØEâ�(Ü�

&EKÜ�{5¢yEÜ�æ�ä(Xò½5�{Ú
½þ�{kÅ(Ü),òÅì¤��5�9:��.

Ó�,ÿ�3Nõ��'5�¯K:

EÜ�æ�ä�{¥,Äu)Û�.� �,du
ØU£ãé��°(Ån,¦��ä(J�&ÝÉ�
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K�;3Äuêâ°Ä��{¥,eUO(£ã�
æA�Ú�æ�ª�m�N�'X!±9EÜ�æ�

ü��æ�m�'éÚ�É!¦Ù¦�U�ÎÜXÚ

�$1Å�,ò¬é�ä��âJøÄ:. �ù��
´EÜ�æ�ä¥�~J±(½�¯K.

du¯c¿ØUéXÚ´Ä�3õ«�æ?1(

�5��ä,Ïd�éEÜ�æ��ä�{AT´
/�eoN0�,=U
O(�äü��æ. Uì
8c��äg´5w,ý�õê��{¿�ÒT¯K
?1;��ïÄ.�3EÜ�æ¥,/�æCX0�
�¹¿Ø¾�,3�æA�Cq��¹e,´ü��
æ�´õ��æ�|Ü��½ÿ"yk���{.

EÜ�æ�ä´��Ø(½5¯K,Ïd�ä¥
õæ /̂¡¦�U50�üÑ.�3�¼��XÚ$
1G¹j½�,XÛ�y�ä(J���5? duH
{ª�©lÚE£L§òØ�;�ò�5/L�ä0

��¹,L��P{7,¬K��ä��Ç;cÙ´
�½�,À^=
·Ük��£���ä��â,±
5;$�5�4���¹;XJ=�é,
A½�
æ?1½:ª�E£,q�U�3/j�ä0��¹,
¦��ä�O(5Ã{���y. Ïd§/·���
ä��0ò�~J±þz.

É�uÅn9�äEâ��É,ØÓa.�EÜ
�æ�ä�Jë�Øà. �þ�{þ�éäNé�,
mkéu�8B�,�a�Æ¯K�)û�Y.8
cÒäN�æ¯KmÐ�æA:�ïÄØõ,äkÊ
H¿Â�EÜ�æ�ä�{NX�é"y.

4�XÚ�æ!Ä�XÚm��æ!�f�æ�

´�c�U�æ�äEâïÄ¥�J:��,duX
Ú$1A5Ú(�ÅnE,�K�,�)EÜ�æ3
S�õa�æ�äò´E,XÚ¥Ø�£;�¯K.

�æýÿ�èx+n´�cXÚ$1S�5µ�

�:ïÄ��.duÛ-5Ú�³5�$uü��
æ,éu¢SI¦ó,3¢y�ä�cJe,EÜ�
æ�ýÿÚÛ�üØ½ò´���g�ïÄ��.
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