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Wang J P, Xue Y B, Song S J, et al. Cognitive science-inspired industrial brain: theoretical framework, core methods, and

representative applications. Sci Sin Inform, 2026, 56: 2062–2080, doi: 10.1360/SSI-2025-0379



)Á�Ñ�©1• �c
30��œ : ���¥0��œ 2026 �ª 1b 56 	­ 1b 8 �U 2063

�Z�•�×�J ” �3�p , �67A�j�Õ
��ÃGÿ�€���Ÿ�Ã�*
��°�_�Ã$!#§0ª�Y�0
��Ã"R7-�>�Ø7-1yN¶���Œ�j�Z�•�×�J
��…,´Gý

?±�é
A . �>�P5��×�J
��…-("� , �Z�•�×�J0��°
��…�§�9�$�j,´�=.ž�Ê�W�Ã�$Q�,´�°�_L� �
¼�$�=�r,´%D	FD��´ ,


�6<�ÏN«5�
8�¦�µ
X?ô�»�>1Ñ*6M0"r , 3+5�.D�T�Z�•�×�J
��…,´�H+•F9�� [3].

�Z�•�×�J
��…M’
A4ÿ#~/n�J
��…�àM0"r
¼�à
j�Ÿ , �n:‡�ÍC†�¾NÐ?¶�W�à�¤�°�_0±.d
¼
-"A4ÿ#~
��…N¶��$!

�Ö=½
8, �þ6<>˜)à�*�}-ë�W�j�Ã�=.ž�Ê�WQ�1y�n:‡(©�± . �×�J�W7A�Œ�j2«7A�ª7-�°�_ [4] C{7-�àCX+O�×�Ë,´Gý?±

0��°�_�Á , !“
XGý�•+O�×�Ã�6G}�Ã�Ô�’�Ã#¸Ci1y4ÿ#~#k�Ø,´
4�Z)ß8² , �Ü+O�à�°�_�Ã�à�×
ñ�Ã�à�×�J�Ã�à�J�1�>�à

�v�J Q�? , �Ø�Ø�P5��×�J5��´
A� �‡4ÿ#~$!�k
�M™ , �¦$!�k�i
��×�JK. /�Ë�ÄK.N��W1Ñ*6 Q�? [5]. F	/ýC»�ï�j�Ð

FO�ØF��Z�•�×�J,´0��°
��…�•�Ê�¶Gý?±�*.p [6], �»�² , 2«7A�ª7-�°�_,´0±.d�Ü+O�¶2«7A8ß(w�Ã2«7A�j�˜�ê1y�à�×


ñ , 
X�±�W0;�Ö�:�Ø�Ø�¶FJ+X�ê���ª7-�°�_ (artificial general intelligence, AGI) ,´
��… , F	�6�ÐFO�’�@�à�J�1�Ã

�à Q�?�Ã�à�×�J . �� ChatGPT �j�k,´+O�@�?�ê���ª7-�°�_�ƒFP�¶�ê�j�Ô�Â�à Q�? , �V�Ø�¶1Ç#��Ã1Ç�Ë�Ã1Ç�žM0

"r , �j�Z�•�×�J
��…�V�•�¶�à,´�jFw [7]. �P5�,´�×�J�W7A�°�_�ÍC†�¾� �žP¡�Ø,´5�AÑ�6�À Q
» , <­'f
X� �ž�4*6

FO�Ö�:�§�9�H�ï , �v
XM’�)�=�rMŽ4ï�W,´�×�JK. /�Ë�ÄK.5•5�3+5� (�²�×�JK.�Ý>òNþL™N´A–�Ã�°�_D�4ï%D
�N´#{

1y) �& , �°�°5j�•�ê2«�C�æ�p�§�9,´-$?ù�T�Ý�Ã
��Ì�Ø*6
¼�õ�³8�F2�Ä7-�Ë [8]. F	�0�pL€�W�ó�¯.D0¦65�6-��y�Å


AAÔ.�0��–N¶�� , �+"r�´�*�$�Ð�j�W
¼���ê	F,´�×�J�W7A .

-��} , ?¯L��€ Simatic PCS [9]�ÃIBM Watson [10]�ÃPalantir [11]�ÃLoGü���J�W7A [12]�Ã7®Aß���J�W7A[13] 
¼"•8ÿ

�×�J�W7A [14] 1y�ÎD%>˜�>, �×�J�W7A.D0¦<­�"
��Ç�M!•F��… , �v�¤�ƒ�:�ý�4�¾
��…���O , �k?±M’�d���;�A�H . 
X*6

Aê�rM’ , )à�9.D0¦5j�•3+5�	F,´AÔ.�0��–�*.p , 3+5�AîAÑ�°�°6Š'V�pG��Ï7-�Î)à , 6<MŽ�¤�ƒAÔ.��æ�´�´�* . 
X�°

�_�rM’ , �P5��j�˜�–�•�é#�<­'f�õK¯ Q�?Aö�[ , �v
X
��Ì�Ø*6�Ã
�@�Gú�W
¼�õ�³F2�Ä�éM’�ý�ˆ
X�=Cã . �»�² , #‰

"•�W�–�Á7A�£
 [15] 
¼ Palantir -(�£3+5� [16] <­'f7-�O�O�Ù�6�3�?AÑ1Ç�v�æ
¼.�Aö
.Ba�¤
8�J$À�2�´� �ž , �v
X

$!�r
��Ì�Ø*6
¼�Ø�1K.�?%D	F�* Q�éM’�ýE³�j;´�a , 
�6<E³�W0;�Ö�:�ÍC†?ô�I�E�þ . 
X�Ä+X�rM’ , )à�93+5��J�×

Gý� �ž�6�À , �)Q��&�x�ã1†�_�1,´?¶-��ý'f�9L€ . �»�² , 7®Aß���J�W7A[17] 
X�O.��r�"�’�@E³�@'Ï,´7-�Ë , �v�ã1†

�r�ý
��`U�1á Q
»
�@�Gú�W�=Cã
¼K¯
˜�O�J-��7B3�Ö�g�\�x)·�•�~1y
�3P�f4Ö . ?¯L��€
¼LoGü6„
8.D
�,´���J

�W7A[18] 
X�H	F�×�JK.N��WB3�×�] , G÷+X�P5�F�1©�–�é#�
¼�s
_
��?1Ç#�-(5�
8,´�ã1† Q�? (NSGA-II) [19], 
�

�Ç0±.d�WF��…, 'f6<D��1�J� �ž�”�Ë�>���+�j�f5j�a , �IF��0!•L€�f�¶	•
<�H	F�x�Ì . 
�!” , �ÏN«�E�•AÔ.�0��–

*6Aê�>�é#� , �Ø�Ø�×�J�W7A+a“�ª7-�O.��š+O ” 
A “8��k�ã1†�¡+O ” %DF�.

J¸�)�:F L�NÈ , �\�·���*AÔ.�0��–
_
�,´�×�J�W7A , �¦�þ*6Aê�v�æ�Ã�h�ó�é#�
¼�Ä+XP¼Añ1y 3 �Z�éM’�0�….D

0¦ , �k?±CQ)^�²�; .

(1) J¸�)�P5��×�J�W7A
X�=�r�×�JK. /�Ë�ÄK.5•5�,´N��WB3�×�]�ˆ
X,´�Ø�1F2�Ä�=Cã
¼.�Aö=½
8
 Lî1y*6Aê

�pL€ , ���*�¶AÔ.�0��–
_
�,´�×�J�W7A*6Aê�v�æ , ��/Ž4ÿ1V
'AÔ.��Ø*6�v�æ
¼8��kF�	F�ª7-�j�h�ó , $!�Ö=½
82«

7A	ü3+5�AÔ.��Ã�M5$K. Q
»
¼2«7AAÔ.�AÑ1Ç1yAÔ.�0��–, ��	ú�Ø�18�F2�Ä
¼��3+5�&®
�N´#{1y�=�r3+5��*.p*6

Aê, ��0±.d�×�J�W7A)à�9*6Aê+&N¸ , �’�@�� “-��7�,
A – �ã1† – �—>|” �j�h�ó,´8��kF�	F�ª7-*6Aê�v�æ , �Î)à�=

�r�×�JF�>|)ß�³,´�Ø�1F2�Ä�W (
ý�Ä�&F��þ >2 h L}8#�6JÏ4× )�Ã�ã1†
�@�Gú�W (U�1á���+	¡�j#¸L” )�ÃD���	•
<

7-�Ë (� �ž�”�Ë�;,´�E3_�ˆ�0�H ) 1y�W7-��	w .

(2) J¸�)�P5��×�J�W7A
X�J-��7K¯
˜�O�Ø*6�x)·�ÃLÀ�W4ÿP¼�>�n�W?ô�I5��0>˜�±�Ã�?
.*6@���	ú���+�j�f

�´�*1y�éM’,´�°�_+&N¸ , ���*��8��kF�	F�ª7-�j�h�ó,´�é#��ƒ3+ , 	5��7A	j�Ï7-
_
��6�r�M5$
.Ba�Ã�˜�Ÿ�?8��k

AÔ.��Ø%D�>�ã1†�Ã8��AF�	F�–�•�>�H	F1y�£K^�é#� . B��é#��ƒ3+�9�Ù�¾�iF��×�J�W7A,´�Ø�1F2�Ä7-�Ë�Ã
�@�Gú

�W�Ã	•
<7-�Ë
¼�ã1†�x7- , �¦�j5C@��J-��7K¯
˜�O�ã1†�],´�g�\�x)·L�NÈ
¼�×�JK.�:�;$h���Ÿ�”�ËL�NÈ���Ë�°�_

�_�Á .

(3) F9���¶+e�€���Ÿ�×�JK.�Ë�Ä�vNþL™N´A–�Ä+X�ÃGý�W>õ�7�×�JK.�K�à7-�ËAô�`1y�¨
»
j�Ÿ� �žLö , �0�…�¶

AÔ.�0��–
_
�,´�×�J�W7A,´*6Aê�v�æ
¼�h�ó�é#��ÎP¼P¼Añ . �>�P5��×�J�W7A (LoGüACT-R�Ã7®AßOlaGPT 
¼Bg

!|�W7A Auto-CoT 1y) -("� , �ËM0�£>‘N´#{�ö.ž)·��	w 25% ��
# , �ÝK.�’�=�&L$L}�~ 50% ��
# , �×
ñCXGÿ��	w

18% ��
# , ��8ª�ê���¢N´�ÖL}�~�¶ 40% ��
# . �’�@�¶AÔ.�0��–
_
�,´�×�J�W7A,´2î�öAö�[�Ã2î�öN´�T
¼2î�öB3

�×1y�à Q�? .
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-�µ�F-(�£.D0¦F��… ; 1\ 3 8²�û4ýAÔ.�0��–
_
�,´�×�J�W7A*6Aê�v�æ ;

1\ 4 8²5	�*�h�ó�é#��>�£K^�°�_ ; 1\ 5 8²FJE÷�¨
»�Ä+X
j�Ÿ�0�…�ÎP¼P¼Añ; 1\ 6 8²AØAê*6AêCQ)^�Ã�ÎD%�?�y�Ã�ˆ


X,´L�NÈ	ú�Z�•.D0¦�é
A ; �0
>5	�*�k5��>�…�K .

2 
3�»�L-.�©.J0¬F��‹

2.1 AÚ.�0��œ*<Að�ï#�.J0¬F��‹

AÔ.�0��– (cognitive science) FJ�h>Û?ö�j.D0¦�ª7-�’�@�j�f,´Gý?±�*.p . L¿-p2«7A�ª7-�°�_,´
��… , 7A
_
�

AÔ.�AÑ1Ç Q
»�=�Ý#¼)à[20], -(�£.D0¦�k?±#¹	ú	ü3+5�*6Aê [21]�ÃAÔ.��Ø*6 Q
»
¼8��kAÔ.�1y�é
A . �·)^ [22] �] ,

Evans 
¼ Stanovich 1y.D0¦�ê
ˆ
X	‘�l�,-(�£*6Aê�*.p�: , �²���¶�ê2«AÔ.��]-$?ù�Ð��3+5��>FkEÁ�Ø*63+5�,´	•


<�j�f , �’�@�¶AÔ.�0��–�],´	ü3+5�*6Aê . 
X!”�*.p�:
��…C§�•,´/Ž4ÿ1V
'	ü3+5�=½
8 Q
» , �j�¬N®��FO
ý�Ä�>

$!�Ö�Ø*6���Ë�¶�à,´�°�_D��´ . �M5$K. CoT [23] +a Wei 1y.D0¦�ê
ˆ�¾ 2022 �¤���* , �¦�h�ó�M�#�_
X1„�x+O�@

E÷0;�]�n�?
x)à�Ø*6K.�‘ , �þ6<��	w Q
»�Ø*6CXGÿ. L¿
>�*)à,´ Auto-CoT [24] FJE÷8��Ø�´FP/j�»�ÿ�A�ê���@�\ ,

GoT [25] �IF��0!•�™�…�¶�JD��´�Ø*64ô4÷�é�? , 5C@��¶�P5��M5$K.�é#��]�Ø*6(w!å�”0û
¼Aà�ö�C.¾1yL�NÈ . F	�Ë

.D0¦�j�×�J�W7A,´
�@�Gú�* Q
¼�J!•�Ø*61y�°�_0±.d���Ë�¶Gý?±*6Aê�Í�ž .


X8��kAÔ.�AÑ1Ç�éM’, �§�9��>˜�W�@�Ì	5��1V
'�k�yAÔ.��æ�´ SOAR [26]�Ã1V
'�>5�AÑ=½
8,´ ACT-R [27] ��

	úM’
A�=�r�Ø*6�+�Ñ,´ OlaGPT [28]. SOAR FJE÷E³�j�¼�7,´1V
'?ô�I�ƒ3+
¼-��7P¡�Ø�j�f Q���ê2«AÔ.�E÷0; ,


X5��´	F�Ø*6�+�Ñ�]�§�9�H�ï , �v�)�xP¼?ô�I�ÍC†E³�j , �=�r�+�Ñ�],´#�	F�>8�F2�Ä7-�Ë�ý�9L€ . ACT-R FJE÷

-��7�Ã?ö?ù�Ã�Ø�Œ�Ã.�Aö
¼�×+O�??ô�I1y Q
‡	•
< Q���O.��ÃAà�ö
¼�ã1†E÷0; , �v
<�gM’�d?ô�I�ÍC†�j�ÃD�N¶��

Eñ0+7-�Ë�9L€1yL�NÈ. OlaGPT �I�MB��O�Ù/Ž4ÿ1V
'�Ø*6�j�f�Î�j�W Q
»�)�=�rL�NÈ,´�4*67-�Ë , �¦C{�¸3+5��0

�Ê,´)ß�³�Ô�Â�ÃAà�ö�>>|�ØF9��7-�Ë . �k�ƒ�•-; , F	�Ë.D0¦�@�Ì�j�×�J�W7A,´8��kAÔ.�7-�Ë�´�*���Ë�¶�9�'�l

,´*6Aê�*.p
¼�é#��OH¤ .

2.2 �Ý�P�]7G�¶�e.J0¬F��‹

8� 2023 �¤���• , �ê���ª7-�"�@�j�Ø�Ø�˜*34ÿ#~
��…,´Gý?±�°�_�ËGÿ . 
X!”6ü�Ÿ�; , �×�J�W7A�Œ�j���J�ª7-

	FEœ
»,´Gý?±�°�_E­�ƒ , �¦*6Aê.D0¦�>��0;�ÎD%
X�˜*393
$�µ
<!•�ØF� , �¦F@!•�’�@�¶�J�g	F,´�°�_D�4ï�>�Ä

+X Q�?. �»�² , FJ+X+e"D�*�¾AÔ.�AÑ1Ç�v�æ�´�*�¶���J�£
 Predix [29], �Î)à�¶Aî�7�Ã� �ž�>�ê,´	•
< , �¦�=�Ñ�¾

N´#{�W5$�Ô1y�¨
»���J
j�Ÿ [30]. 
X
-�µ , LoGü�ÁET ���J�W7A , G÷+XACT-R �°�_D�4ï , 
$5��×�JK.�:�;$h�1�J

� �ž�Ã�K�àCt$À�Ã�ê�}�6�3
¼Ct�\#q
A1y���Ÿ�0�…�¤
8�6�À , �’�@�¶
�?ö	F�×�J
`
.�>�×�JK.;´�a)ß8²Aö�[7-

�Ë [27]. 7®Aß���J�W7AOlaGPT �I�Í�ˆ���J�Â6„5•�>���J�W Q
»�°�_D�4ï [31], M’
A�ª�—���J
¼�ª�—�ÔFJ1y
j�Ÿ

���Ë���J�Ä+X�>?ö?ù�6�À���§ , ���_�1�1�J+O�×�H	F�Ã�x)·��	w�>�×�JK.	•
< .

�]
-0��–L’8��Ø	F.D0¦�p)»�Ë�£.D0¦
�LO���*�¶AÔ.�0��–P¡�Ø,´�×�J�W7A�²�% [32]. �¦�*�\�MD��_�OH¤�ê

2«�W7A	ü3+5�	•
<AÔ.��j�f , =½
8/Ž4ÿ0��–�ÃAÔ.��ó*6�–�>�ê���ª7-�é#� , �´�*�§�78��k�Ø%D7-�Ë,´�×�J4×�ª7-

�ã1†�]�Ò . �*�¾7A0��–�Ø�1�£>‘*6Aê , ���*�¶76�a�W�Ø�Ë�– Q
» , +X�¾�H	F�×�JK.���•5��´ , �¦FJE÷=½
8�o�Ì�Ã�1

�J1y�JN¶���2�´� �žK.�´�*�×�J.�Aö�M5$5•5� . F��¤�• , 
-�µ�F.D0¦�=�Ý�MB��6 GoT, Alpha Evolve [33] ��	ú�J

 Q�1B�@0�W Q
»�é#� [34] �E�•�×�JK.N��W�ª7-B3�×
j�Ÿ , ���Ø�Ø�×�J�W7A+a� �ž�O.�
A8��k�ã1†%DF� . �v�k�ƒ�•

-; , AÔ.�0��–P¡�Ø,´�×�J�W7A.D0¦�ý�4�¾C§!•Lf!å , /Ž4ÿ0��–�ÃAÔ.�0��–�>�ê���ª7-�°�_,´$!�Ö=½
8�ý�9�µF��0

!•�Ð�j .

2.3 AÚ.�0��œ�D�Ý�P�]7G5	
>�¶�e�G�N

4å?ò
-�µ�F.D0¦F��…>˜�> , �×�J�W7A�=�õ�Ø�Ø�¶�×�J�ª7-	F	w4× , 6<�D�Ü+O�¶�þ�¿?ò"ë*6�`�Þ?òF�:U,´�J

�r!Q�ª7-	FM0"r . �v�¦F��0!•
��…�ýM’�dU�1á Q
»
�@�Gú�W�=Cã�Ã�J-��7�ã1†?ô�B�=�r�ÃCt$ÀG}5ž�x)·�•�~1y
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L�NÈ. 
�!” , �9�õ?±�E�•AÔ.�0��–*6Aê , �Ø�Ø�×�J�W7A+a“�ª7-�O.��š+O ” 
A “8��k�ã1†�¡+O ” ,´93�?%DF�. AÔ.�

0��–�>�×�J�W7A=½
8M’�d,´�k?±�°�_�A�H�²�; .

(1) �Ý�P�]7G,º
�315�	…
BL$NÎ . �ƒ�}�×�J�W7AFJ�h
<�&	5
[� �žP¡�Ø,´/Ž4ÿ5•5��O.� Q
‡
¼.�AöP¡�Ø,´

1V
'�Ø*6 Q
‡ . �²�…�Î)à�T2« Q
‡,´$!�Ö6V
8 , �¦�´�* “�O.� – Aà�ö – �Ø*6 – �ã1†” L�)ß	•
<�j�f , �_�ƒ�}M’�d

,´Gý?±*6AêL�NÈ.

(2) AÚ.��p�l,º�˜�E	LA×1ÍL$NÎ . ACT-R, SOAR, OlaGPT 1yAÔ.��æ�´�"4ÿ7-�O�)-(�)0c�Ê,´�=�rFkEÁ�£

3+F�>|�’�?	F�* Q , �v
XM’
A��FO
�	F,´�W?ô Q�×�JK.�>�Ë�ÄK.5•5��& , �ýM’�d8�F2�Ä7-�Ë�=Cã
¼.�Aö�”0û1y

L�NÈ.

(3) �ð�pAÚ.�,º�C�/0&L$NÎ . �ƒ�J�Z�×�JK.�f�`�FG�0±
��»�&�â�+�& , �P5��×�J�W7ALî���ÿ4ÿP¼�`�ü,´�ê2«

�C�æFÓ�g, 
X��FO
ý�Ä�>�45ž�¢N´�{L$
��Ç�£>‘ . �§�ƒ>˜)à�j9��O.�3+5�E÷�¾�•�O , �é�CFP�@AÑ1ÇCt$À#šCi; 9�

FkEÁ�Ø*63+5�	ý�ÄE÷�’ , �I
�7-KI�a�£K^�»�&Gý�WNþL™0Ç
��O .

3 �Ý�P�]7G,º�æ*<Að�|�ì

3.1 �0.v*<Að

(1) 2±7G
�315�*<Að. 	ü3+5�*6Aê�_�*�¾�ê2«AÔ.��j�f���*,´4ÿ�¨*6Aê�v�æ , 	5
[-$?ù�Ð��3+5� system1 
¼

FkEÁ�Ø*63+5�system2. �}65COCS��FO�Ã�~�@�\,´-$?ù�T�Ý , 
>65COCSM0?±$!�M'Ï<•,´�=�r�ã1† . �T�Z3+5�FJE÷

8��k	•
<���Œ�j�f , ���9�Ù�¾L}�~�¤�ƒAÔ.��0K0 , 	ø7-��	w�ã1†E÷0;,´
�@�Gú�W [22]. �6B�*6Aê�E�•�×�J�W7A , �9

�Ù�¾3+5�
<�&�§�70±
��»�&��FO
ý�Ä7-�Ë�>�=�rL�NÈ$!�Ö�6�À7-�Ë .

(2) �S5*K4 W
Á. �M5$K. Q
»�Í�ˆ.�Aö�Ã�Ã�x�»�Ã�Ã�é#��Ã
¼ Q
»�Ã1yN¶��.�Aö , FJE÷�n�?4ô4÷�Ø*6E÷0;�•

 Q���ê2«�þ?ò���`�T�Ý,´�M63D��´ . B� Q
»�9�Ù�¾�×�J�W7A�Î)à�˜�Y�I�1�ï�O.��Ã�2�h�ð#{�Ã�uLÌN´#{
¼�Î�&


zA–, �þ6<��Q��)0±
��»�&,´
ý�Ä	ú�45ž7-�Ë .

(3) 8 �qAÚ.��|�ì . B��v�æ�OH¤?ö?ù,Þ�r�Ã�}NÍ
&
¼#§Pœ�ƒ1y7A	j,´�Ï7-�6�� [23], �_�18��k�O.��ÃAà�ö�Ã�Ø

*6
¼�ã1†1y�Ï7-,´	•
<F�>| . B��æ�´�j�´�*�×�J�W7A,´8��kAÔ.�93�?�•�Ê*6Aê�*.p .

3.2 �Ý�P�]7G,º8 �qF�	LAÚ.�*<Að�|�ìAôA×

�*�¾AÔ.�0��–�],´	ü3+5�*6Aê�Ã�M5$K.�Ø*6
¼8��kAÔ.� Q
»1y*6Aê�é#� , �\�·���*�§�78��kF�	F7-�Ë,´�×

�J�W7AAÔ.�*6Aê�v�æ(
. 1). B��v�æ�6�ê2«�W7A,´AÔ.��j*63+5��W�P�4�j�×�J�W7A,´8��kAÔ.� Q
» , �’�@ “�O.�

– Aà�ö – �Ø*6 – �ã1†” ,´�¼�¤8��kAÔ.�F�	FL�)ß . B��v�æ�Œ�j�Ø�1%D	F,´�’�?	F3+5� , 
X�+�?�&�k t, �¦(æ�1+a


��s4ô�¼�¤�ÿF : Ft = ⟨Pt,Mt,Rt,Dt⟩, �¦�] P �j�J Q�1�O.��r,´�O.��-�  , M �j�M5$Aà�ö�r,´(æ�1Aà�ö�-�  ,

R �j�~�M�Ø*6�r,´	•
<AÔ.�%ð#k�-�  , D �j8��k�ã1†�r,´�J-��7�H	F�-�  , 
44ô�&
X�J�r5•5�6V
8�˜ CS ,´�Œ

+X�;-(�ÂF��Õ , �¡
<�´�@8��k�ª7-F�	FL�)ß . �¦�§�ƒ�’�?	F�ÿF �²�; .

(1) �P W�7�U.��x (multi-modal fusion layer). B��r�OH¤	ü3+5��] system1 ,´��FO�O.�7-�Ë , �´�*�×�J�s

7�8��Ø�O.�5•5� , �6�×�JK.�],´�1�J�Ã.D
��j�´1y�Î�ƒ	ú�¦�Ô�Â�£3+�P�4�j5��´	F� �‡��
' , �Î)à�)�×�J�˜?±3P

,´�Î�&�1�ï�O.� . �¦�’�?	F�Ê�y�j Pt : W → S, �¦�] W ��>˜(™*6�F+| (�2
j�Ã�1�J�Ã(™#q1y ), S >˜/j�×�J�1�ï

0ªL$�’�?	F�ÿF , �þ6<�´�*�*�×�JK.?±3P�Ô�Â�Õ
� Et ∈ S.
(2) �S5*Aæ�ü�x (cognitive-mnemonic layer). B��r Q��#§Pœ�ƒ,´Aà�ö�Ï7- , �*0û+a�»�Î�W.�Aö�Ã�x�»4ÿ

P¼
¼1†+•?ô�I�´�@,´ 3 �r.�Aö�ƒ3+ , �’�@?¶-��¿?ò�Ã�]?ò
¼�Þ?ò�rM’,´�×�J�M5$
.Ba , �j$!�Ö�Ø*6���Ë6ü�Ÿ.�

Aö�_�1 . Aà�ö�$�àE÷0;+a(æ�1Aà�ö�-� 
¼�J�r!Q.�Aö�£6„.�Le�¡
<�Î)à , �¦�] , (æ�1Aà�ö�-� %�Cã M P¡�Ø�$�à

Mt+1 = Mt ⊕ I(Et,Ht), �¦�] ⊕ >˜/j.�Aö�¤
81Ç�€ , I >˜/j.�Aö5F.1�-�  , Ht >˜/j	¶
"AïL� Q�? . F��0!•
��´

FP�J�r!Q.�Aö�£6„.�Le K = {Kfact,Kcase,Krule}, �¦�] Kfact, Kcase 
¼ Krule �6�[>˜/j�»�Î.�Aö�Ã�Ã�x�».�Aö�Ã


¼1†+•?ô�I�Ã .
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4 ) AÚ.�0��œ
e
�,º�Ý�P�]7G�æ*<Að�|�ì .

Figure 1 (Color online) Novel theoretic framework of the cognitive science-inspired industrial brain.

(3) �„�S�Þ*<�x (deliberative reasoning layer). B��r+X�¾�Î)à	ü3+5�	•
<�j�f . �¦�] , -$?ù�4*63+5�CO

CS�4*6���hAú�Ý�ÃAö�[
¼�T�Ý1y�+�Ñ , �Î)à��FO
ý�Ä ; �ƒFw�`�àNÆ�=�r�õ�³�& , FkEÁ�Ø*63+5�
_�Ø�J�M5$�s7��j

 Q��
¼	ý�»�Î�Ø*6 , +O�@�V�9Añ�žK.,´$!�Ö�6�À5��Ì . �¼65FJE÷	•
<AÔ.��-� �¡
<�¼�@�Ø*6�+�Ñ , �¦%ð#k�-� 
�

�’�?	F�Ê�y�j

R(Et,Mt) =

S1(Et,Mt), if Φ(Et) < τ,

S2(Et,Mt), otherwise,
(1)

�ƒ�=�r�ÖAô�`�-� %�Cã Φ(Et) < τ �& , %ð#k-$?ù�4*63+5�S1, FJE÷ Q�?	iG}�Î)à��FO
ý�Ä , �»�²�—>|�*�¾?ô�I

,´�Ã�ˆB3�¤ . �ƒM’�)�àNÆ�D�=�r,´�õ�³�& , �I%ð#kFkEÁ�Ø*63+5�S2, �—>|$!�Ö�6�À S2 = Greason(Et,Mt), �¦�]

Greason >˜/j=½
8	ý�»�Î�Ø*6�>�J�M5$�s7��j Q��,´+O�@�?�Ø*6�j�f , +X�¾�_�1�˜E÷0;8��k�+�H .

(4) 8 �q�é1Œ�x (autonomous decision-planning layer). B��r�E�•�M5$K.,´F@!•�Ø*6�j�f , �¦5�
8 “�ê


X
�D� ” ,´�C�æ-�-“ , �)	ü3+5�EÃ�*F�>|�Q�ö�>�H	F . FJE÷�J-��7�s>‘1Ç#� , B��r7-�O
X�0�Ê0;�Ö�:��!“-$?ù�4

*63+5�
�7-�V�•,´AÔ.��•�� , �þ6<��Q��ã1†,´
�M•�W�>
�@�Gú�W , �¦�04ø+O�@M’
A�×�J�o1†
¼�1�J�=�Ñ,´B3�×

1†+•. �¦�J-��7�H	F�-�  D �’�?	F�Ê�y�j

D(Rt) = argmax
A∈A

[U(A)− λ · Bias(A)] , (2)

�¦�] , Rt = R(Et,Mt) >˜/j�Ø*6�r,´EÃ�* , A >˜/j�ã1† Q
»AÝ4ó1†+•0ªL$ , U(·) >˜/j�J-��7�x+X�-�  , Bias(·) >˜

/jAÔ.��•?ñ��!“N© (�²KJ�Ê�x�Ä ), λ >˜/j�s>‘	ò�  . B��-� 
X “�ê
X
�D� ” ,´-�-“�; , �04ø+O�@
�@�Gú�Ã
���C†

,´�ã1†�—>|1†+• A.

�:F �’�?	F�v�æ�6AÔ.�0��–	Ï*6Eœ	F�j�×�J�W7A8��k�ª7-,´AîAÑ�é�x . �¦�£K^�=
X�¾1°	…
��Ð�J�Z4ô�& , 6<


X�¾FJE÷(æ�1Eœ0+�é0;Ft+1 = EVOLVE(Ft, Et, A
∗,Feedbackt) �Î)à�))ß�³
�	F,´8�F2�Ä
ý�Ä��	ú�)�ã1†�•��

,´�Ø�1�Q!“ .

3.3 AÚ.�
e
�,ºD��x	…
B8 �qA×1Í�p�l

B��v�æ,´(©&é
X�¾�6	ü3+5�*6Aê
¼8��kAÔ.��j�f$!�Ö=½�•�×�J�W7AAîAÑ�{�] , �þ6<�’�@7-�O8��kF�	F,´AÑ
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1Ç�j�f . �¦(æ�1
��’�?	F>˜/j�j CS = (S1, S2,M,E), �¦�] S1 >˜/j-$?ù��FO�4*6 Q
‡ S1 = (H,R1, θ1), H �j
_


��??ô�ILö , R1 �j
ý�Ä�-�  , θ1 �j3+5�	ò�  ; S2 >˜/jFkEÁ�M5$�Ø*6 Q
‡ S2 = (A,R2, θ2), A �j�6�À1Ç#�Lö , R2 �j

�Ø*6�-�  , θ2 �j3+5�	ò�  ; M >˜/jAà�ö�>.�Aö�Ã3+5� M = (K,W,L), K �jLxF �W.�Aö , W �j0;�¿�W.�Aö , L �j

�–�•�j�f ; E >˜/j)ß�³8�F2�Ä�Õ
� E = (P,ft, C), P �j�O.��-�  , ft �j	ýO¸�-�  , C �jFJ��	•AÞ . 
�6< , “�O.� →
Aà�ö → �Ø*6 → �ã1† → )ß�³�i
� → �½�O.� ” ,´L�)ßAÔ.�(æ�1
�>˜/j�j X = (S1, S2,M,E) ∈ S = S1×S2×SM ,

�¦�] S1 ∈ Rn, S2 ∈ Rm, M ∈ Rp 
¼ E ∈ Rφ �6�[>˜/j-$?ù�4*63+5��ÃFkEÁ�M5$�Ø*63+5��ÃAà�ö3+5�
¼)ß�³3+5�

,´(æ�10ªL$ . �ƒ�FG�)ß�³�j%ð s ∈ Sstim �`�•�& , 
4 Q
‡,´�Ø�1�Ô�Â
�5��0>˜/j�j

dXt = F (Xt, st,at,ft)dt+G(Xt)dWt. (3)


X�? (3) �] , -$?ù��FO�4*63+5�
¼FkEÁ�M5$�Ø*63+5�,´	•
<�ã1†E÷0;>˜/j�j a ∈ A, )ß�³	ýO¸
ý�Ä�-� �j

f ∈ F , FÓ�x�¤�ZCµ�Ú)ß���Ÿ#q�4*6�-�  F >Û�’�?	F�Ê�y�j

F (X, s,a,f) =α · Φ(S2, S1) + β ·Ψ(M,S1) + δ · Γ(S1, S2)

+ ε · Λ(M,S2) + η · Ω(S1,M) + θ ·Π(S2,M) (4)

− diag(γ, ζ, ι) ·X + λ · U(M, s,a,f),

�¦�] , Φ �j�O.��r
��65F.11Ç�€ , Ψ �jAà�ö�r�J Q�1"•	F1Ç�€ , Γ �j�Ø*6�r	ü3+5�%ð#k1Ç�€ , Λ �j�ã1†�r,´FkEÁAÔ

.��Ø%D1Ç�€, Ω �j-$?ù��FO�4*63+5�1Ç�€ , Π �jFkEÁAÔ.��Ø%D,´D��r�–�•1Ç�€ , α, β, δ, ε, η, θ, ι �j�)�Ä
4�r1Ç�€

�–�•FO)·	ò�  , ζ 
4�r8��kAÔ.��Ò3R�š� 	ò�  . 3+5��i�žAà�ö�Ã4ÿP¼?ô�I.�Aö , 
X%�CãCt$À4Ö�•Cc(Xt) 6 Bmax,

0c�Ê�W4Ö�• ∥Xt+∆t −Xt∥ 6 ∆max 
¼�J�g�W4Ö�• H(Kt) > Hmin ,´�‘�&�; , �~�M�Ø*6�r,´	ü3+5��—>|1†+•8��k

�$�à�é0;�ÿF �j

U(Xt) =E

[∫ ∞

0

e−ρt
[
w1 · accuracy(π(Xt, st), st) + w2 · efficiency(π(Xt, st))

+ w3 · novelty(π(Xt, st)) + w4 · adaptability(Xt, st) (5)

− w5 · cognitive cost(π(Xt, st))
]
dt

]
.

�? (5) .ž�
�¶AÔ.�3+5�7-�O
X�
�10c�Ê�W,´
<�& , �15�
`8��A�iF�
¼F2�Ä)ß�³
�	F . FÓ�x8��k�ã1†�r,´B3

�×�7��+O�@
¼�é�x�H	FE÷0;�j

a = [1−m(X, s)] ·R1(s,H,Kh) +m(X, s) ·R2(s, A,Ka), (6)

�¦�] , m(X, s) �j
4�r�—>|>|�j-��×�-�  , R1(s,H,Kh) �j-$?ù��FO�4*63+5�,´AÔ.��•?ñ4ÐKI�-�  , R2(s, A,Ka)

�jFkEÁ�M5$�Ø*63+5�,´�C�æ�h�ö�-�  . FÓ�xm(X, s) "r@�E÷0;�²�; :

m(X, s) =σ
(
w1 · [τc − confidence(R1(s,H,Kh))]

+ w2 · [novelty(s)− τn] + w3 · [complexity(s)− τc] (7)

+ w4 · conflict(R1(s,H,Kh),M)
)
.

F��0!•
` , +a�? (7) +O�@B3�×�7��
> , �-�  R1(s,H,Kh) �> R2(s, A,Ka) �6@�
��J-��7�H	FE÷0; . -(�£�H	F

-��7	5�� accuracy(), efficiency(), novelty(), adaptability() 
¼ cognitive cost(), +X�¾�6�[Aô�`-$?ù�T�Ý5��Ì,´�•

����!“�x�Ì��	úFkEÁ�M5$�Ø*63+5�,´AÑ1Ç���'�>F�%�L�NÈ . +a!”
��Î)à “�O.� → Aà�ö → �Ø*6 → �ã1† → )ß�³

�i
� → �½�O.� ” ,´�˜E÷0;L�)ß�—>| . 
X�=�r�=.ž�Ê)ß�³�; , 9�
4�r�h�ó1Ç�€%�Cã Lipschitz F�5�
¼�9+|�é���‘

�& , �IAÔ.�(æ�1�¿�G CSt 7-�O���²)· 1− ϵ �f�‹�`�pG��0�HG}5ž , �¦5�
8Aà�ö�Ã�]��
�,´�˜�p�f�‹�×�fL8�l , F�

�0!•�
AñAÔ.��×�f1†+•�$�à,´0c�Ê�W , �þ6<5C@�-$?ù3+5�E÷�•
¼FkEÁ�M5$�Ø*63+5�F�JÍ�p�E
�,´�ã1†�—>|�=�)

0 L�NÈ.
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Figure 2 (Color online) Core methodology of the cognitive science-inspired industrial brain.

4 �Ý�P�]7G,º�n�ù�ï#��Q�æ

�*�¾�:F AÔ.�0��–*6Aê , �\8²���*�0�‡AÔ.�0��–
_
�,´�×�J�W7A�h�ó�é#��ƒ3+ (
. 2). B��ƒ3+	5���×�J�M

5$�s7��j�é#��Ã7A	j�Ï7-
_
��6�r�M5$
.Ba�é#��Ã	ü3+5�	•
<%ð#k�é#��Ã�˜�Ÿ�?AÔ.��Ø%D�é#���	ú8��AF�	F�–

�•�>�H	F�é#� , ��
X�þ�é#��rM’�)*6Aê�v�æ,´�Î)à���Ë�_�Á .

4.1 �Ý�P�S5*�y7��p�ï#� (industrial cognitive cellular automata method)

�×�JK.�>�Ë�ÄK.�_�¨
»,´�=�r��
»5•5�3+5� , +a�1�J�Ã�ê
ˆ�ÃAî�7�ÃCtH��Ã�×
ñ	ú-(�£EŸ�&1y�J$À�2�´?±

3P�´�@, �§�9MŽ4ï�W�ÃMŽ�£>‘
¼�=.ž�Ê�W1y(©�± . �P5��* Q�é#� (�²B��y5•5��’�?	F�* Q ) Lî���ö.ž�ÿF ?±3P

8²&é,´>|�j%D	F�Ã�Ø�1�Ž�W��	ú(æ�1�$�àE÷0; , �»�²�Ë�ÄK.�]�Ý,´�P�,
¼�°�_�™�“D��´1yL�NÈ . �j!” , �\�·AîAÑ

�×�J�M5$�s7��j (industrial cognitive cellular automata, ICCA) �Œ�j�×�J�W7A,´-$?ùAÔ.��*�\	…�s . �¦�’�?	F

�Ê�y�j�›�s4ô ⟨ID, S, E,N,R,Λ, δ, L⟩. �¦�] , ID >˜/j�s7��j,´�_�0�7Aö , %�CãID ∈ I, I �j�p�9�_�0�7Aö1V,´

Lö
8 , �¦�•$À	5���1�J5��0/n�J��+X��.1�ÃAî�7�_�05F
'1y ; S >˜/j�s7��j,´�Ž�W(æ�1Lö
8 , 
�>˜/j�j�J5$
AGÿ

S = {s1, s2, . . . , sn}, +X�¾�ÿF �&�k t ,´(æ�1�Ž�W , �»�² s1 
�>˜/j�×7-�Y+X)· , s2 
�>˜/j)àH�#q(æ�1 , s3 
�>˜/j

�Ã�ˆ"d�£ ; E >˜/j)ß�³EÃ�•Lö
8 , �Ê�y�j E = {e1, e2, . . . , em}, +X�¾�ÿF �s7��j
��O.��v��#��×�f,´�FG�
�Gÿ , �»

�²	Ï�€�É�'�l�Ã�×�J�o1†�j�Ö
¼�:�;$hM0"r�7� 1y . �M5$�s7��j,´�Ô�ÂFë�Õ���•Lö
8 N �Ê�y�j N ⊂ I, 	£+a�¦

���s7��j ID �´�@,´Lö
8 , +X�¾�ÿF �>�ƒ�}�s7��j�ˆ
X�Ô�Â�£3+,´�p�9Fë�Õ�s7� . Fë�Õ���•+a.�Aö
.Ba5$�Ô , �¦

�§�9�=
<2«
» , �² Nsupply >˜/j�Ë�Ä�vLö
8 , Nclient >˜/j�Ò�gLö
8 , Ncompete >˜/j1��¹�)�{Lö
8 . �0�Z�s7��j
���


<�&�Ž�¾�J�ZFë�ÕLö
8 .

#¸�Ÿ /�Ø�Œ0ªL$Λ �Ê�y�¶�s7��j7-�O
�F1�Ã�Õ�f,´#¸�Ÿ2«
»��	ú
��—>|�Ø�Œ , �_�s7��j�{L$	ú�¦�>�FG�)ß

�³�Ô�Â,´�Â�û . �»�² , #¸�Ÿ messageorder 
�>˜/j�j ⟨
�F1�é ID, �Õ�f�é ID, �×
ñ2«
» , � Gÿ , �O�K�Ô���&L$ ⟩, 6<

actionadjustPrice 
¼ actionapplyLoan �6�[>˜/j�'�lB3�¤
¼Cg!n+cB'1y�Ø�Œ . ?ô�ILö R = {r1, r2, . . . , rk} ?ô�Ê�¶�s
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7��j
X5	�Ê(æ�1�;�))ß�³
¼Fë�uEÃ�•,´
ý�Ä�é�? , �¦�]!ÿ�‘?ô�I r 
�>˜/j�j r : IF (condition) THEN (action).

�‘�&N©+a�ƒ�}(æ�1 St�Ã)ß�³EÃ�• Et 
¼�Õ�f#¸�Ÿ Mt �´�@ , �Ø�ŒN©�I	5���6�µG�(æ�1�$�à�j St+1 ��	ú
A#¸�Ÿ0ª

L$ Λ 
�F1#¸�Ÿ λ. N��W%D	F(æ�1Eœ0+�-� δ �Ê�y�j St+1 = δ(St, Et,Mt, R), +X�¾�1>õ?ô�ILö R ,´�—>|FkEÁ; -(

�Ä,´EÃ�*�-�  L �Ê�y�j λsend = L(St, Et,Mt, R), +X�¾+O�@�)�F
�F1,´#¸�Ÿ6<�=�$�à�µG�(æ�1 .

�j�¶�Î�j�M5$�s7��j,´8��kF�	F7-�Ë , �\�·
X�"?ò#{(æ�1 vO 
¼LÀ;ÿ(æ�1 vH �‘�&�; , �´�*�¶5�
8
��6 EM

�Ø*6�>F�	F�–�•,´-��7�-�  , �Ê�y�²�; :

p(vO, vH) =
∏

(h,r,t)∈O∩U

Ber(v(h,r,t)|f(xh, xr, xt)), (8)

�¦�] , Ber >˜/j�_�Ú�Y�6�3 , f(xh, xr, xt) +X�¾AÑ1Ç�9�s4ô�j-O,´�²)· , f(·, ·, ·) >˜/jM’
A�Î�ƒ�>�£3+�|�•,´Aô�6

�-�  . 
X ICC ,´
��6�Ø*6E÷0;�] , -��7�_"r
�
>P¼�6�3 pw(vO, vH), �vB�
>P¼FJ�hLî��-$�Õ2î.ž�Ø�, , 
�!”G÷+X

qθ(vH) �)�¦F�>|F��l . �jF��0!•��	w�Ø�Ý�x�Ì , �\�·5�
8�z�‰�Ø�Ý
¼.�Aö
.�|�• Q
»�) qθ(v(h,r,t)) F�>|	ò� 	F .

�’�?�: , qθ(vH) 
�>˜/j�j

qθ(vH) =
∏

(h,r,t)∈H

qθ(v(h,r,t)) =
∏

(h,r,t)∈H

Ber(v(h,r,t)|f(xh, xr, xt)). (9)

F��0!•
` , FJE÷�0�?	F
��6�6�3 qθ(vH) �>-O�Î
>P¼ pw(vO|vH) �{L$,´ KL �“�Ö , 
���9ç�Ç�0/ý7-�O5��0>˜�±�2

CX�×�J�Î�ƒ,´�* Q�é�? , �þ6<�_�1�Ø�1%D	F�>8��k�Ô�Â , �¦�j
>5�8��k�ã1†
¼AÔ.��Ø%D���Ë�*.p .

4.2 7G	p�Õ73
e
��<�x�S5*
4Bg�ï#� (brain-inspired hierarchical cognitive atlas method)

J¸�)�P5��×�JK.
.BaLî��
<�&�k+k�×�JK.,´�r!Q�W (�¿?ò�Ã�]?ò�Ã�Þ?ò ) �>N¶��(©!º�W (�=
<>|�JF�>|?ô�»

���2�n:‡ ), ��	úLî���)N��W�Ø�1%D	F�Ã�'�l#q�Ø
¼NþL™�P�,F�>|�’�?	F�* Q,´L�NÈ , �\�?8²�OH¤ Q���W7A,Þ�r

�Ï7-�Ø�1�Ô�Â,´Lö�@�v�æ SMoE [35], �´�*7A	j�Ï7-
_
��6�r�M5$
.Ba�é#� . B��é#��6�×�J�Î�ƒ�M5$�s7��j (�²

�1�J�Ã�Ë�Ä�v�Ã��	²�Ã�×
ñ�Ã.�Aö�×�s
¼�ê�}1y )�Ã+O�×#k�Ø�M5$�s7��j (�².D
��ÃAîAÑ�Ã+O�×�Ã(™#q
¼�Ô�C)�Ã��

8ª�M5$�s7��j��	ú1†+•?ô�I�M5$�s7��j , �9'—�×�J4ÿ#~?ô�»F�>|�Ø�1D�+aG}5ž�ÃLö�@�×�f�Ã%ð#k�>�A-P , �þ6<�^

�Ù�×�J�W7A�´�*�M5$Aà�ö�r . B�
.Ba�=�õ7-�O
�1„ “B1
¼B1�9�£”, F�7-�O
�1„ “�4�¾���Z�r!Q�Ã�Ž�¾���ZN¶���Ã

FJE÷�…/ý�j�f�Ã�*�¾�…/ý	Ï
���	ú�×+O�…/ý�¡
ý ” 1yL�NÈ. �¦�´�*E÷0;�²�; .


X�×�JK.5•5�,´�M5$���´�*E÷0;�] , �\�·G÷+X SMoE ,´�C�æ�€ Q
» (experts), �þ�Þ?ò�`�¿?ò,´�=
<6Š
8�r

4×, �6	Ï�€�É�Ã�2
j�Ã�°�_�Ã�o1†�Ã�K�à�Ã�1�J�Ã�×
ñ�Ã(™#q�Ã���Ÿ�ÃCtH��Ã�ê�}
¼�=�Ñ1y�×�J�M5$�s7��j4ô4÷�@

�Ï7-�€5Ô0ªL$ . B�0ªL$
�>˜/j�j ⟨x1, d1⟩ , ⟨x2, d2⟩ , . . . , ⟨xn, dn⟩. �¦�] , !ÿ�Z�€0ªL$
w>˜/j�j A(V,E), +a�£K^8²&é

Lö
8 V = {v1, v2, . . . , vi, . . . } 
¼	…4ß�=�’Lö
8 E = {e1, e2, . . . , ei, . . . } �´�@ . 
4�€5Ô0ªL$�6�[�¯�õ(©�Ê�+�Ñ , FJ

E÷�=
<2Â�Ö�r!Q,´���Ÿ�6�À�>Lö�@ , �’�@�)�×�J+O�13+5�,´�˜��AÔ.� . -(�Ä
` , �€0ªL$�]�C�æ Q
»Lö
8,´���•Fë

�Õ.�Le ⟨xi, di⟩ �Ê�y�²�; :

[hi,j ]|V |×|E| =

1, if v ∈ e,

0, otherwise,
(10)

�¦�] , 8²&é v ,´�Ö�Ê�y�j d(v) =
∑

e∈Eω(e)H(v, e), 	…4ß�=�’ e ∈ E ,´�Ö�Ê�y�j δ(e) =
∑

v∈V H(v, e). 
�6< , 3+5�

�M�û�’�1
�>˜/j�j X0 =
{
x0
1, x

0
2, . . . , x

0
N

}
, �¦�] x0

i ∈ RC0 , C0 >˜/j���•�\�±Ba3+5$�  .

�M5$���€5Ô0ªL$�’�?	F�k+k�×�J+O�1�¿?ò?ö
.�Ã�×�JK.Lö5Ô�]?ò?ö
.
¼�1�JF�:U�Þ?ò?ö
. , �§�ƒ6<@0, �×�J

+O�1�¿?ò?ö
.��
-"A4ÿ#~�F	j��4ÿ#~,´�×�J�W2«�j8²&é , �k+k�×�JL$,´�Å�•�×�*�Ã	•
<�¡+O�>1��¹�/���£3+ , �=

�Ñ�¾	j���×�J�3�p?ô�B�>�H+•�o1†�f�Ê . �×�JK.Lö5Ô�]?ò?ö
.��(©�Ê�×�J�µG�,´)ß8²�ÃLö5Ô�>�£K^�×
ñ�j8²&é ,

@��À�:�;$h�Ë�Ä�Ã�°�_�Í�ˆ�>
`*6Lö6Š�£3+ , �_�Á�×�JK.N��W�6�À�Ã�jK.>•K.�>Lö5Ô�)6â . �1�JF�:U�Þ?ò?ö
.��

�1�J#��ê�Ã��	²�Ã�×
ñ�Ã�°�_�C�Y	ú�h�ó�ê
ˆ�j8²&é , ��/j6Ñ�s�Ã�Ô�C�Ã
8�Œ.D
��>�ê�}#q�Ø1y�§�ƒ�£3+ , C{7-
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2î�ö���v�Ã�Ë�Ä�v�+$À�>�1�JNþL™N´A– . F	�0 Z
A�6�r5��´.ž�
�¶�×�J�W7A��7-�O��-à�˜�p�º���H+•�é
A , 	ø7-

�O#N��/û"��H	FF�:U�ã1† . �9�r?ö
.FJE÷AÔ.�
_
�,´D��r	•
<8��kAÑ1Ç�j�f�Î)à8��k�Ø�1�Ô�Â .

�M5$���€5Ô0ªL$
��’�?	F�k+k�×�J+O�1�¿?ò?ö
.�Ã�×�JK.Lö5Ô�]?ò?ö
.
¼�1�JF�:U�Þ?ò?ö
. . �¦�] , �¿?ò

?ö
.��
-"A4ÿ#~�F	j��4ÿ#~�],´�×�J�W2«�j8²&é , �ÿF �×�JL$,´�Å�•�×�*�Ã	•
<�¡+O�>1��¹�/���£3+ , �=�Ñ�¾	j

���×�J�3�p�>�H+•�o1†�f�Ê ; �]?ò?ö
.��(©�Ê�×�J�µG�,´�£K^)ß8²�Ã�×�JLö5Ô
¼�h�ó�×
ñ�j8²&é , @��À�:�;$h�Ë

5	�Ã�°�_�Í�ˆ
¼
`*6Lö6Š�£3+ , �_�Á�×�JK.N��W�6�À�Ã�jK.>•K.
¼Lö5Ô�)6â ; �Þ?ò?ö
.���1�J#��ê�Ã��	²�Ã�×
ñ�Ã

�°�_�C�Y	ú�h�ó�ê
ˆ�j8²&é , ��/j6Ñ�s�Ã�Ô�C�Ã
8�Œ.D
�
¼�ê�}#q�Ø1y�£3+ , �_�12î�ö���v�Ã�Ë�Ä�v�+$À
¼�1�J

NþL™N´A–. F	/ý Z
A�6�r5��´�¯�×�J�W7A��7-�O�º���˜�p�H+• , 	ø7-�O�_�Á4ö2Â�ÖF�:U�ã1† . �9�r?ö
.�{L$FJE÷

AÔ.�
_
�,´D��r	•
<8��kAÑ1Ç�j�f�Î)à�Ø�1�Ô�Â .


X�×�JK.,´?±3P�s7��j “D��r ” 5•5�	FLö�@E÷0;, �þ�=
<�Ï7-��?ö@��7�• , FJE÷ Q���W7A,Þ�r SMoE ,´D�

+a�˜ (router) 
¼L��×�j�f (gating mechanism) �Ø�1%ð#k, �’�@ “�k�ƒ – �°�_ – Ct�\ – 0ªL$ – �ê�} ” 1y5$�Ö

1K	‘�D�ˆ0�5•�l , �Î)à�¶�×�J?±3P�s7��j�>�Ï7-���Ø�1�P�4 . B�5•�l0ªL$>Û�Ê�y�j�J�r8�#��?�Ë�±	F5F.1.�Le

M(A,O, T ): 
X�×�JK.?±3P�s7��j,´ “D��r ” 5•5�	FLö�@E÷0;�] , �\�·�þ�=
<�Ï7-��?ö@��*
� , �O�Ù SMoE �],´

D�+a�˜ (router) 
¼L��×�j�f (gating mechanism) F�>|�Ø�1%ð#k, �´�* “�k�ƒ – �°�_ – Ct�\ – 0ªL$ – �ê�} ” 1y5$

�Ö,´1K	‘�D�ˆ0�5•�l , �Î)à�×�J?±3P�s7��j�>�Ï7-���{L$,´�Ø�1�P�4 . B�5•�l0ªL$
�>˜/j�j�J�r8�#��?�Ë�±	F

5F.1.�Le M(A,O, T ):

M(A,O, T ) =


A[1]T O[1,2] · · · O[1,M ]

O[2,1] A[2]T · · · O[2,M ]

...
...

. . .
...

O[M,1] O[M,2] · · · A[M ]T

 , (11)

�¦�] , A =
{
A[1], A[2], . . . , A[M ]

}
>˜/j�J�r5•5��]Fë�Õ.�LeLö
8 , A[α] = (V [α], E[α]) >˜/j�r�]�×�J�M5$�s7��j5Ô

4ô#k�ØLö
8, E[α] >˜/j
X α �r,´	…4ß�=�’Lö
8 T .

�O�Ù SMoE �],´D�+a�˜�>L��×�Ø�1%ð#k�j�f , �0�éM’
���D��rLö�@�¿?ò�Ã�]?ò
¼�Þ?ò?ö
.�],´�1�J�Ã�ê�}�Ã

Ct�\�Ã�Ë�Ä�v1y�Ï7-�k�ƒ , �’�@�×�J�W7A,´�6�r�6���M5$
.Ba ; 
��0�éM’ , 
����i�ž�+�Ñ2«
»�6�W?ô Q�×�J�M5$

�s7��j�P�4�`�=
<�Ï7-�� , �Î)à�JD#D��´���Ÿ�PFB , �¦�6�¦�Ø�1�Å�¡�`�J�r�J���£6„5•5�,´-(�Ä�r
¼�Ï7-���] ,

�þ6<�’�@D��rD���,´�M5$�s7��Ô�Â�j�f . L��×#��?6Š
8�˜ gk(x) 
��’�?	F�Ê�y�j

gk(x) = Softmax(Wgkx), (12)

�¦�] , Wgk ∈ Rn×d �j�M5$�s7��j
�AÝ4ó,´Aà�ö.�Le , n �j�×�J�M5$�s7��j� Gÿ , d �jEÃ�•�×�J�M5$�s7��j5Ô4ô0ª

L$5•�l5$�  .


XB��j�f�] , L��×#��?6Š
8�˜ gk(x) FJE÷AÑ1Ç
4�M5$�s7��j�>�+�Ñ-��7�{L$,´	iG}�sGý , 8��Ø�j�=
<�s7��j

�6G}F2�Ì�+�Ñ , �¦F��0!•�j�=
<#��?�Ë�dC{�¸-(�Ä�sGý . F	�j�*�¾5•5�5��´�–�•,´8��ØGý�´���Ë�¶�Î)àD��´ . +a

!”�’�@,´D��r�Ô�Â5•5�7-�O6V
8�k�ƒ�Ã�°�_�ÃCt�\�Ã0ªL$
¼�ê�}1y�Ï7-5$�Ö , �þ6<�k+k�°�_0±.d�E�,Ct�\#q�Ø�Ã

�ê�}Eñ0+Gý�•0ªL$�3�p��	ú�1�J�H+•	•B3�°�_�>Ct�\G}5ž1y�=�r�£3+ . �6���´�*FJE÷�J5$F??ö�>?±3P=½
8 , 0±

.d�¶�P5�4ï�W�×�JK.�6�À93�? , �’�@�˜�Ÿ�?�Ã
�AÑ1Ç,´�ª7-.�Aö�ƒ3+ , �j�×�J�W7A,´�O.��r�Ã�Ø*6�r
¼�ã1†�r��

�Ë.�Aö�_�Á .

4.3 
�315�	…
B%ö#q�ï#� (dual-system synergistic activation method)

�j5C@��P5��×�J�W7A�]�O.�3+5�E÷�¾�•�O�,8$Ct$À#šCi�ÃFkEÁ3+5�E÷�¾F�5C�,8$KI�aNþL™0Ç
�1yAÔ.��=

�)0 L�NÈ , �\�·���*	ü3+5�	•
<%ð#k�é#� , +X�¾�´�*�×�J�W7A,´�~�M�Ø*6�r . Aî	ü3+5�(æ�1�j S = (S1, S2) ∈
Rn1 × Rn2 , %ð#k@�
��‘�&�j X ∈ Rm, Aà�ö(æ�1�j M ∈ M, %ð#k�j�Ö�j A = (a1, a2) ∈ [0, 1]2. 
XAÔ.�Ct$À4Ö�•
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κ1a
2
1 + κ2a

3
2 6 Rtotal �; , 3+5�FJE÷"r@��ù�l�G���H	FL�NÈ.ž�Ê�0�H%ð#k1Ç�€ activate G}5ž:

max
a1,a2

w1[a1 · speed benefit(X) · (1− error rate1(X))]

+ w2[a2 · accuracy benefit(X) · (1− error rate2(X))] (13)

+ w3[(1− |a1 − a2|) · synergy coefficient(X)].

�i�ž�0Lf�0�H�W�‘�& , 3+5�OÆ�xAî5ž� �žP¡�Ø,´ “-$?ùAÔ.��M5$3+5�%ð#k” �H	F�‘�& w1, +X�¾�¯�õ�˜�Y�I

�1�ï�O.��Ã Q�?Aö�[�Ã�2�h�ð#{
¼	£�&
ý�Ä1y�+�Ñ , �¦�‘�&�²�; :

w1 · speed benefit(X) · (1− error rate1(X))

+ w3 · sign(a2 − a1) · synergy coefficient(X)− λ · 2κ1a1 = 0,

Rtotal − κ1a
2
1 − κ2a

3
2 = 0.


<�& , 3+5�Aî5ž “FkEÁ�Ø*63+5�%ð#k” �H	F�‘�& w2, +X�¾�4*6�àNÆ�Ã�=�r�D�§�9E³Q��ã1†�'�l,´L�NÈ , �¦�¼�@$!

�Ö�Ø*6�>�˜�p�H	F . �¦�‘�&�²�; :

w2 · accuracy benefit(X) · (1− error rate2(X))

− w3 · sign(a2 − a1) · synergy coefficient(X)− λ · 3κ2a
2
2 = 0,

Rtotal − κ1a
2
1 − κ2a

3
2 = 0.


X�=�r4Ö�•�‘�&�; , 	ü3+5�	•
<%ð#k�j�f�¯-$?ù�‘�&	ý�43+5��¯�õ�WG��6�h?ô�»�Ñ�4*6 , 6<FkEÁ�Ø*63+5�

�
�1�~�Ï6G�µ�j(æ�1 . �ƒ�‘�&	ý�43+5�Fw�`��#�	iG} Q�?,´�à�w�»�& (novelty) �F�JGý�â0±�& , 	ü3+5�%ð#k�-� 

�J0û	£
AFkEÁ�Ø*63+5�
��*"r�Ù��
' . �0��FkEÁ�Ø*63+5�>Û%ð#k, �ï�Õ1Ñ
>5��4*6 , �—>|�˜�Ÿ�?AÔ.��Ø%D1Ç�€ Λ,

�¦�6�4*65��Ì
*	F�j�à,´ Q�?�Ã?ô�I�F.�Aö , �þ6<�j�;�0!Q��FO
ý�Ä���Ë�Í�ž . �þ “�’�M63 ” �` “���M63 ” ,´	ò

� Eœ	FF¥�Ú�j	F�–�•?ô�I ∆αi = ηδei(t), �¦�] δ = r(t) + γV (S(t + 1)) − V (S(t)), dei
dt = − ei

τ + ∂ϕi

∂αi
, �'�l�-� �j

V (S) = E
[∑∞

k=0 γ
kr(t+ k)

∣∣S(t) = S
]
. 	ò� Eœ	F�£>‘&é A∗ = (a∗1, a

∗
2) �Ä%�Cã

λ1(ϕ1(S,X,M)− a∗1)− µ12a
∗
1a

∗
2 = 0,

λ2(ϕ2(S,X,M)− a∗2)− µ21a
∗
2a

∗
1 = 0.

	ü3+5�,´���Ÿ#q	•B3Lõ
�"�.�Le�j

F (A) =

−λ1 − µ12a2 −µ12a1

−µ21a2 −λ2 − µ21a1

 .


X�£>‘&é A∗ �4 , 3+5�M0%�Cã0c�Ê�W�‘�&tr(F (A∗)) < 0 
¼ det(F (A∗)) > 0, 	£ λ1λ2+λ1µ21a
∗
1+λ2µ12a

∗
2 > 0. 3+

5��04øEÃ�*�Ê�y�j Dfinal = a1y1+a2y2+(1−|a1−a2|). FJE÷�´FP�~Lõ�žB*�[�-�  V (A) = 1
2 [(a1−a∗1)

2+(a2−a∗2)
2],


�Añ�>3+5��§�9�f�‹�W , �¦�W7-%�Cã limt→∞ E[performance(t)] > performance∗ −O(1/
√
t). F	B$�>B��j�f7-�O Q

���ê2«FJE÷4ó�•�6�=�r�+�ÑF@!•Eœ	F�j'Ï4ó	ý�Ä,´E÷0; , �þ6<C{�¸�×�J�W7A�0�Ê,´8��kF�	F�ã1†7-�Ë , �¯�¦�=

�õ7-�O�O.�� �ž , F�7-�O*6@��×�J�£3+�Ã�Ø%D
��…C»�ï�¦�_�1�ƒ�}�ã1† .

4.4 �ž�¥�EAÚ.��Þ%J�ï#� (panoramic cognitive deduction method)

J¸�)�P5��×�J�W7A��Lî���6�=�r3+5�1°	F�j�Z�ƒ1°	…
��Ð , 	øLî��+a�¤�ƒ>|�j	ý�Ø�*3+5�.ž�Ê�W�WCX,´L�

NÈ, �\�·FJE÷�E�• “�ê
X
�D� ” ,´F@!•�Ø*6
¼�J-��7�H	F�j�f , �´�*�×�J�W7A,´FkEÁ�Ø*63+5� . B�3+5�7-�O�0�…

�J�M5$�s7��j Q�� (�»�²+a�Þ?ò�k�ƒ�Ô�Â�Ø%D�¿?ò5��Ì ) 
¼	ý�»�Î�Ø*6 (�»�²
�1„ “�²�Ì . . . FÓ�x . . .” F	2«�H+•
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L�NÈ), �þ6<+O�@�V�9Añ�žK.,´�6�À�Õ
z�>1†+•�é�x , �_�1�)�×�JK.�>�Ë�ÄK.�˜�p�1�ï,´$!�•.D�T . -(�Ä,´�J�M

5$�s7��j Q���Ø%D3+5�
��’�?	F>˜/j�j�•�s4ô :

S = ⟨W,K, E ,A,Fsys1,X,Fsys2,Fδ,FΛ⟩, (14)

�¦�] , W >˜/j�&L$ t �;�˜���M5$�s7��j,´F�>|(æ�10ªL$ , +X�¾Aà�…�×�J�]�p�9(™*6�Î�ƒ,´�˜�p(æ�1 , �¦�•$À�¾�6

�r�6���M5$
.Ba�],´�s7��j�Î�» ; K >˜/j)ß�³�‘�&4Ö�• , �Ê�y�j K = {ζ1, ζ2, . . . , ζn}, 	5
[1V
'?ô�I�Ã(™*64Ö�•


¼�J�ÑFkEÁ1y; E >˜/j�þ(™*6)ß�³�15�G÷Lö,´�Î�&� �ž#q Et = {x1, x2, . . . , xt}; A >˜/j3+5�
��—>|,´B3�×�7���F

1†+•Lö
8; Fsys1 >˜/j-$?ùAÔ.��M5$3+5�%ð#k�-�  , +X�¾?ò#{�×�JK.F�>|(æ�1 ; Fsys2 >˜/jFkEÁ�Ø*63+5�%ð#k�-�  ,

+X�¾ Q���ê2«�)�=�r
��Ì�£3+,´$!�r�Ø*6 ; Fδ >˜/j(æ�1Eœ0+�-�  Fδ(Wt, at, Et+1), +X�¾�k+k(™*6�F+|(æ�1L¿�Ø

�Œ�—>|
¼)ß�³
�	F6<�$�à,´E÷0; ; FΛ >˜/j1†+•AÔ.��Ø%D1Ç�€FΛ(F
t
sys1,F

t
sys2,Kt).


X!ÿ�Z�&L$!• t, �J�M5$�s7��j Q���Ø%D3+5��—>|�˜�Ÿ�?AÔ.��Ø%D,´�£K^!•PÔ�²�; .

(1) �7�õ-�#•1Í�† (situational awareness) Fsys1. B�1Ç�€FJE÷�J/ý(™6„5•Aî�7
¼� �ž�Õ
�G÷Lö�×�JK.
4

)ß8²�]�J2«�k�ƒ	ú�K�à?±3P,´�Î�&(æ�1� �ž , 9ç�Ç(©�Ê�&L$!å�µ,´F�>|�1�ï Wt, �¦E÷0;2«�l�¾�ê2«�))ß�³,´�O

.��>���Ÿ�fLö , �¦
�+X�¾Aö�[%Œ
X�2�h . �)�¾�ƒ�})ß�³� �ž#q Et 
¼�:�0�&�k,´5•5�N��W(æ�1 Wt−1, Fsys1 ,´��

FO(©�±��
��> Q�?	iG}AÑ1Ç�²�; :

(Wupdated
t ,anomaly score) = Fsys1(Et,Wt−1), (15)

�¦�] , anomaly score ∈ R+ �j�2�hAô�6
AGÿ , +X�¾�ÿF 
45$�Ö�•/ë!“�h Q�?,´0;�Ö . 5�
8�$�à
>,´5•5�(æ�1

Wupdated
t , 9��p�9�2�hAô�6
w�~�¾L8�l θ, �I3+5�5�5�-�#{ ; 
V�I@�
�NþL™�Ê�} Q
‡ , �¦F��0!•=½
8�J$À� �ž , �1

5��$�à5•5�8²&é	ú���•5��´,´N��W(æ�1 .

(2) O�LŸ�Ð�ƒ1Í�† (risk identification) X. B�1Ç�€�*�¾F�>|�1�ïAö�[�×�JK.�],´�£K^8²&é��	ú5•5����•

&®
�,´�d+|	j�� , �¦FJE÷�6�À�d+|&é&®'å,´Có
�	ú�d+|�7�  , �T�Ý
�7-
�+O$G#q-(
�,´�²)·�6�3	j�� , �þ6<�Ê�}

NþL™�•$À. F	�0E÷0;2«�l�¾�ê2«,´L�NÈAö�[�>Aú�Ý . �ƒEÃ�• Wupdated
t 
¼ anomaly score �& , X FJE÷Fsys1 
¼

Fsys2 1y1Ç�€	•
<AÑ1Ç, "r�Ç�2�h(æ�1 (�²���1�J8²&é�F���‘�Ë�ÄK.Eé )

X = arg max
subgraph ⊂Wt

(anomaly score), (16)

�¦FJE÷ Fsys2 1Ç�€�þ�M5$Aà�ö�r,´Aà�ö�>.�Aö�Ã3+5� M (�²�*�¾.�Aö�Ã K ,´
.�Ø*6�Ã Q���/-O ), F�>|�»�&NþL™

�P�Ý�¡
ý�ÖAô�`AÑ1Ç

impact assessment = Fsys2(X,Wt,K), (17)

B�1Ç�€7-�OEÃ�*	5
[�¡
ýD��´�Ã�P�Ý�²)·
¼N´AÑ�•�a1y���Ÿ,´NþL™Aô�`5��Ì . F	�Ë5��Ì�6F��0!•@�
��ã1†?ô�B

!•PÔ, ���_�1�)NþL™$À	ú�¦�¡
ý93
$
¼�j�ÖF�>|�Ê�W�>�ÊGÿ�6�À .

(3) �é1Œ?ú�H1Í�† (decision-making and planning) Fsys2. 
X9ç�ÇNþL™�Ê�}5��Ì
> , B�1Ç�€�*�¾AÔ.��Ø

*6�6�À�°�_ , �þ�£K^)ß8²NþL™�d+|	j��,´�JLf!å5•5�&®
��P�ÝE÷0;�]��
��Ø�1
.5��´ , �Î�&D�DZNþL™
�3P,´%D

	FC»�ï�¦.D�TNþL™
��…�é
A . �ƒEÃ�•0±
��»�& X �Ã�¡
ý�Ö1Ç�€ impact assessment�Ã�ƒ�}�J-��7(æ�1 Wt ��	ú

Ct$À4Ö�•K 
> , �ã1†?ô�B1Ç�€ Fsys2 �—>|	ý�»�Î�Ø*6
¼�J-��7�H	F , �þ�Ø�Œ0ªL$ A �]+O�@1†+•�IF9Lö, �¦AÑ1Ç

E÷0;�²�; :

policy set(πi)t =E

[∫ ∞

0

e−ρt
[
W1 · accuracy(π(Xt, st), st) +W2 · efficiency(π(Xt, st))

+W3 · novelty(π(Xt, st)) +W4 · adaptability(Xt, st) (18)

−W5 · cognitive cost(π(Xt, st)) +Wi
t+∆t

]
dt

]
,
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�¦�] , πi ∈ A >˜/j�IF91†+• , E[Wi
t+∆t] +X�¾AÑ1Ç�—>|1†+•πi 
>,´�O�K�Z�•(æ�1 , 6< cost benefiti >˜/jB�1†+•


X4ÿ#~�@�\�Ã�&L$�@�\
¼NþL™L}�~0;�Ö1y5$�Ö�:,´�x+XAô�`
AGÿ . �04ø3+5�EÃ�*�IF91†+•Lö
8 policy sett, �¦

�]!ÿ�Z1†+•
wLt�V-(�Ä,´�Ø%D5��Ì
¼�x+XAô�` , ���ïF��0!•1‹F9�0�HB3�×�é�x .

(4) �N	LB9�Ý1Í�† (optimization and regulation) Fδ. B�1Ç�€�Í�ž5,
8.D�TLf!å+O�@,´�×�JK.N��WB3�×

�é�x , 5�
88��kAÔ.� Q
»
¼3+5��0�W'å	Ï*6 , �)�×�JK.F	�0�=�r5•5�3+5�,´R±���W�>N��WF�>|B3�× . �¦E÷0;
�?ö

�j�)�ê2«�ã1†�>�—>|E÷0;,´ Q�� . �ƒB� Q
‡�Õ�f�ã1†?ô�BLf!åEÃ�*,´�IF91†+•Lö
8 policy sett 
> , 
_�Ø�J-��7

�H	F�-�  foptimize ��F9���0�H1†+• π∗:

π∗ = arg min
πi∈policy sett

foptimize(πi). (19)

L¿
>�61†+• π∗ 
�F15	�—>|�˜ (��
����_8��Ø	F3+5� , �•
����_M’
A�ê2«�ã1†65,´�Ø9€ Q
‡ ), 	£ at = π∗. �i�ž�—

>|�Ø�Œ
¼�à,´)ß�³EÃ�•� �ž#q , 3+5��$�à�ƒ�}(æ�1

Wt+1 = δ(Wt, at, Et+1). (20)

B�!•PÔEÃ�*�—>|�Ø�Œat ��	ú�à,´5•5�0ªL$(æ�1 Wt+1, �þ6<�Î)à�)�×�J+O�1,´�Ø%D�>N´#{ . �»�² , 
�FJE÷�J�M5$

�s7��j Q���6�À��N©�×�J�o1†�)�=
<?ô Q�Ã�=
<2«
»�1�J,´���2	F�¡
ý , �¦N´#{�¦�¤�ƒ�x�Ì	ú%Œ
X�Ÿ�Œ+X . �à(æ

�1 Wt+1 	ú1†+•�—>|5��Ì�6�Œ�jEÃ�•	ýO¸5	�–�•1Ç�€ Λ, 
>65�ž!”�$�à�‘�&	ý�4 Q
»	ò�  Fsys1�ÃFkEÁ�Ø*63+5�

,´?ô�I��	ú.�Aö�Ã K, �þ6<�Î)à�¤�ZAÔ.�L�)ß,´�15��H	F�>8�F2�Ä . L¿-p�&L$!•�ØF� t = t+ 1, 3+5�F��•�;�0Ež

�Ú)ß . B��é#�,´�’�?	F�v�æ�*0û�¶�×�JK.F�>|�1�ï-�#{�ÃAÔ.��Ã�ã1†�>B3�×�{L$,´� �–�P�4�£3+ , �¯�×�J3+5��]

,´L�NÈ�F�Î�ƒ7-�O>Û�P�4�`AÔ.�0ªL$�],´-(�Ä
€�7 , �þ6<�ÿ�A “?ñ�A�=?ñ�Ç” �?�6�À�•�� .

4.5 8 �GF�	L�œ�–�D�N	L�ï#� (self-evolution learning and optimization methodology)

B��é#�+X�¾ Q���W7A,´ “/Ž4ÿ
��•�W ” �>+O(™%D	F�],´ “8�'fF9�� ” �j�f , ���´�*�×�J�W7A,´Cµ�Ú)ß8��AF�

	F�j�f , �¯�¦7-�O
X�Ø�1)ß�³�]�15��$�à�Ä�)�FG��»�&,´1†+• , �¦��Q��£K^�Ï7- Q
‡�))ß�³
�	F,´F2�Ä7-�Ë . B�

�é#�FJE÷8�'fF9��
_
�AÑ1Ç5$�Ô�0�Z�J�g�D
�F2�Ä,´1†+•�Ã , �¦�)1†+•F�>|Aô�`�Ã1‹F9�ÃGý4ô�>�H	F , �þ6<�Î�j

�×�J�W7A,´8��k�ª7-7-�Ë . -(�Ä,´8��AF�	F�–�•�>�H	FE÷0;
��’�?	F�Ê�y�j	q�0�s4ô :

RS = ⟨E ,S,P,Θ,Fe,Fa,Fc,Fm,FΩ,FΛ,FΓ⟩, (21)

�¦�] , E >˜/j�FG��Ø�1�×�J)ß�³ , �_�2
j#��Ø�Ã�o1†
�	F
¼0±
�� �Ø1y�=.ž�Ê�W,´�•$À , 
X�&L$ t �;Aà�j Et; S >˜

/j�&L$ t �;�¤�Z�×�J+O�13+5�,´F�>|(æ�1 , �¦�•$À�¾�F+| Q
» Wt, �D�9 St ⊆ Wt; P >˜/j+a N �Z Q
‡�—>|,´B3

�×1†+•Lö
8 , 	£�×�J�W7A�Ä�))ß�³
�	F,´ “�*
��Ã ”, 
��É�j Pt = {π1, π2, . . . , πN}t, �¦�]!ÿ�Z1†+• πi ��
����_

	ò� 	F1†+•5•5� , �•
����_�04ô1V
'	F?ô�I ; Θ >˜/j1†+•�—>|�W7-�ˆ�Ø�˜ , +X�¾Aà�…1†+•
X	¶
"�»�&�45ž�],´�ö

.ž�WAô�` , �¦�’�?�j Θ = {(πi,fiti,histi)}, �¦�] fiti >˜/jF2�Ä�Ö�Ç�6 , histi >˜/j	¶
"�W7-E˜F) . Aô�`�-�  Fe +X

�¾
X5	�Ê)ß�³ Et 
¼3+5�(æ�1 St �;Aô�`1†+• πi ,´F2�Ä�Ö

fiti = Fe(πi,St, Et), (22)

F2�Ä�ÖFJ�h>˜/j�j�0�Z�J-��7
AGÿ , 	5
[4ÿ#~�f,ú�Ã�’�=FO�Ö
¼� �Ø�éL€1yN��W�7�7 .

Fa >˜/j Q
‡8��AF�	F�],´1†+•F9���>�6G}�-�  . B��-� �i�ž1†+•F2�Ä�Ö fit �j�=
<�×�J�M5$�s7��j�6G}F2

�Ì1†+• , �ƒ)à8�'fF9���j�f , 
��Ê�y�j

πselected = Fa(Pt,Θ). (23)

FJ�h�? (23) 
�G÷+XKV�7C‹F9���ÃEž-�C|F9��1y�j�f , ���
AñQ�F2�Ä�Ö1†+•�§�9�$Q�,´>ÛG÷+X�²)· . Fc >˜/j1†+•

�Ô	ù�>Gý4ô�-�  , +X�¾ Q��+O(™�*
�Gý4ôE÷0;, �6�T�Z�F�J�Z(f��1†+• πp ,´�H�ïG��64ô
8 , +O�@�à,´8��kF�	F
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1†+• πchild:

πchild = Fc(πp1, πp2, . . .). (24)

Fm >˜/j1†+•
��2�-�  , +X�¾ Q��+O(™�*
�0±
� , ���0�Ê�²)·L¿�j� �Ø1†+• πi ,´	ò� �F5��´ :

πmutant = Fm(πi). (25)

FΩ >˜/j1†+•�—>|�>� �Ø#��•�-�  , +X�¾�6F9�Ê1†+•πselected 
X-O�Î�×�J)ß�³�FQ��
-O� �‡�š+O�ƒ�]�—>| ,

�¦�í�ÐN´Aî�FL¿�j� �Ø ζ. -(�Ä,´8�F2�ÄB3�×E÷0;�j

(St+1,performance) = FΩ(πselected,St, Et, ζ). (26)

FΛ >˜/j�–�•�>�$�à�-�  , �i�ž1†+•�—>|5��Ì performance �$�à1†+•/ý5Ô P 
¼�W7-�ˆ�Ø�˜ Θ. F	�0E÷0;�)

�Ä�¾/Ž4ÿ
��•�W , 
�>˜/j�j

(Pt+1,Θt+1) = FΛ(Pt,Θt,performance), (27)

B��-� 	5���j	F�–�•�$�à�Ã?ô�I
�)à
¼/ý5Ô�$�à1yE÷0; .

FΓ >˜/j�×�J�W7A�M5$3+5�,´�˜�p8�F2�Ä�-�  . �ƒ)à�91†+•��#��9�x�Ä�))ß�³
�	F�& , B��-� >Û@�
� , +X�¾

�)�J�Z�M5$�s7��j,´�Ø�1	•
<5•5�5��´ (�²�×�JK.�>�Ë�ÄK.,´N��W5��´
¼�s7�F��Õ�é�? ) F�>|Gý4ô, �¦AÑ1ÇE÷0;

�j

Wt+1 = FΓ(Wt,Θ). (28)

+a�? (28) 
�?ñ , 
X/ë�“�&L$!• t �: , 3+5�FJE÷1†+•/ý5ÔPt�ÃF9���-�  πselected = Fa(Pt,Θ) ��	ú	ò� �$�àE÷0;

(Pt+1,Θt+1) = Λ(Pt,Θt,performance), �’�@�15��–�•�>�H	F,´L�)ß	ýO¸�j�f .

5 �®
Á�Ý�P
p�¥�Ê+^PÂA÷

5.1 �Ê+^PÂA÷�¦�¤Lü

�j3+5�P¼Añ�\�·���*,´*6Aê�v�æ�>�£K^�°�_ , �\�·�´�*�¶?¶-�+e�€���Ÿ�×�JK.
¼Gý�W>õ�7�°�_�K�à
j�Ÿ,´

�J$À�2�´�&�¿� �žLö . B�� �žLö�¤
8�¶ 1000 �æ�h�ó�Ë�Ä�v�>.D
��fFP�1�J , �’�@	5
[ 10 �7�Z5•5�8²&é
¼ 30 �7

�‘�×�ËK0�£3+(©�±,´�W?ô Q� �žLö
8 . � �žLö�´�@�²�; .

• DS1. �h�ó�1�J� �ž (AÒ	…Gÿ�Ã�Ã�ˆ"d�£�Ã+O�×AÑ�B�Ã�K�à�×�*�ÃQ��à�°�_�1�J
=�…�Ã.D
��ê
ˆ� Gÿ�Ã.D
�

Ci+X�Å�•�ÃGý�W0��°N©-��¯�õ�õ�å�Ã��0;.D0¦�]�ó
=�…�ÃL’���Ã� �*M‚�¤0��–�æ1yQ�1��ê�}� �ž�Ã�ê�}�)�«7-�Ë

1y).

• DS2. �Ë�Ä�v� �ž (�Ë�Ä�vCtCX�Ã
8�Œ�£3+�Ã
`*6�}5ž , -(�£0�.D�j�´
8�Œ1y ).

• DS3. CR�Ñ�>4ÿ:U� �ž (CR�Ñ�Õ>˜�Ã��+XAô4×�Ã4ÿ:U(æ�å1y).

• DS4. �¿?ò�>)ß�³� �ž (4ÿ#~�7�7�Ã�Y"D� �ž�Ã�o1†#�?ô�Ã�fFP�J�K�à7-�Ë�Õ
z 2023 1y).

• DS5. (™#q� �ž (F�EÃ(æ�1�Ã���Ø���Ÿ�ÃG}F1�&�x1y ).

• DS6. �–�_Aê�·� �ž (Scopus, Web of Science, CNKI 1y).

• DS7. �K�à)ß�³�>E÷0;� �ž (�°�_
8
<,«AàH�NÍ�Ã�K�à�@�ÌEœ	F�Ã6Ñ�s=½Ct�Ã PE �ÅCt�Ã�2
jCt�\AÔ
��Ö1y ).


X� �žN´�4*6Lf!å , �\�·G÷+X Z-score �7�ö	F�Ã TF-IDF 
AGÿ	F
¼Word2Vec 1y�é#� , �)5•5��Ö�]�ó�W�Ã6ŠLö

3+� 1y�£K^(©�±F�>|5��0�4*6 , �¦�)5j�a�lF�>|>•�˜ . 
X�&L$�¿�G�B�6�éM’ , G÷+X%
�Ø0Ç
�1†+•, Aî5ž 24 �Z�8

AÝ4ó0Ç
��Ã3 �Z�8#{B�0Ç
�
¼ 3 �Z�8%��Ø!•K¯ , .ž�
�=
<#{B�Lö�{L$�=�ˆ
XGý
� . 
<�& , �U�lF¥�Ú�&L$LÄ/ë	Ï�I ,

�
Añ�+�0AÝ4ó0Ç
�
w���¾�)�Ä#{B�Lö , �þ6<F¯�}� �ž"ôMb�¦��Q��ÎP¼5��Ì,´
����Ö .
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Table 1 Comprehensive performance comparison of BIHCA and other methods in supply chain risk warning.

Method F1-Score Accuracy Recall Interpretability Warning time (days) Adaptability

Our BIHCA 0.93 ± 0.02 0.94 ± 0.01 0.92 ± 0.02 4.8 ± 0.2 10.5 ± 1.2 Y

GoT 0.85 ± 0.03 0.86 ± 0.02 0.84 ± 0.03 4.2 ± 0.3 5.1 ± 0.8 N

CoT 0.82 ± 0.04 0.83 ± 0.03 0.81 ± 0.04 3.8 ± 0.4 3.2 ± 0.6 N

Auto-CoT 0.79 ± 0.05 0.80 ± 0.04 0.78 ± 0.05 3.5 ± 0.3 2.8 ± 0.7 N

LSTM-ATT 0.85 ± 0.03 0.87 ± 0.02 0.83 ± 0.03 2.9 ± 0.4 6.3 ± 0.9 N

ARIMA-GARCH 0.76 ± 0.06 0.79 ± 0.05 0.73 ± 0.06 3.2 ± 0.3 3.2 ± 0.5 N

Random Forest 0.81 ± 0.04 0.82 ± 0.03 0.80 ± 0.04 3.6 ± 0.4 4.1 ± 0.6 N

5.2 +k�†���¥�Ý�PK4�Ñ�Ê�|O�LŸNºAœ

(1) �/"
�04õ . �j�¶�9�xP¼Añ�\�·�p�� Q
» , �\�·F9
��&L$�=�r�Ö�j O(N) ,´ GoT [25], CoT [23], Auto-

CoT [24], LSTM-ATT, ARIMA-GARCH 
¼ Random Forest 1y�k#q�v�æ , 
¼�A�����*,´�&L$�=�r�Ö�j O(N2) 7A

	j�Ï7-
_
��6�r�M5$
.Ba�é#� (brain-inspired hierarchical cognitive atlas, BIHCA), �þ5,
8Aô�' (F1-Score)�ÃN´A–

�ö.ž�W (accuracy)�Ã Q
»
�
�)· (recall)�Ã
�@�Gú�W (interpretability)�ÃN´A–���}�O (warning time) 
¼ Q
»F2�Ä�W

(adaptability) 1y�éM’Aô�'�7�7F�>|�)"��6�À .

(2) C»	ø�¦Aô5¤. 
4�é#�,´Cµ	ò� 
wFJE÷5•�l�L3R�FCM
&�ß�H	F.ž�Ê . BIHCA Aî5ž�j�s7��W�? 256�ÃFë��	z

�´ 3�Ã
.Ba�r�  5�Ã�|�•5$�Ö 128�Ã	ü3+5�L8�l 0.3/0.7�Ã�–�•)· 0.001. GoT Aî5ž8²&é�  50�Ã#��?�Ë�r�  3�Ã6Š
8

�d�  4; CoT Aî5ž�Ø*6!•�  5�Ã5$�Ö 512; Auto-CoT Aî5ž8�F2�Ä�Ø*6!•�  3∼7; LSTM-ATT G÷+X3 �r5��´�ÃLÀ;ÿ

5$�j 256; ARIMA-GARCH 	ò� �6�[�j (2, 1, 2) 
¼ (1, 1); L¿�j���ÇAî5ž�A�  500�Ã�0�W$!�Ö 15. �p�9�ÎP¼
w
X5�

�0,´� �žN´�4*6#q0;
¼ NVIDIA V100 GPU )ß�³�;�0�… , �¦�*�¾-(
<,´� �žLö�B�6 (DS1∼DS5) 
X 5 �ZL¿�j/ý

�€�;Gý�=F�>| , 5��Ì��
w�l ± �7�ö���Õ
z . 
4�W7-���2
wFJE÷ t �ðP¼P¼Añ, Eî�`5�AÑ�n:‡"d�£ (p-value < 0.01).

(3) �ÔPÂ5	�Ò. >˜ 1 >˜�> , BIHCA ,´ F1-Score Eî�` 0.93, E³ ARIMA-GARCH�ÃL¿�j���Ç
¼ LSTM-ATT 1y�*

4ï�é#��6�[��Q� 22.4%, 14.8% 
¼ 9.4%, �D���2
w�§�95�AÑ�n:‡�W (p-value < 0.01). �> GoT, CoT 
¼ Auto-CoT

1y�M5$K.�é#�-("� , BIHCA -(E³>˜)à�0�H,´ GoT �ý��	w 9.4%, B$�>�¦
X�=�r�Ø*6�+�Ñ�]�§�9�0�Ê�H�ï . 
XN´

A–�&�x�éM’ , BIHCA ,´N´A–���}�OEî�` 10.5 �Y , �>�n�H�¾ ARIMA-GARCH�ÃL¿�j���Ç
¼ LSTM-ATT 1y�é#� .

F	>˜�>B��é#��9�Ù�¾�1�J+a>Û�Ø�Ä�UEœ
A�k�ØLb�× . �þ�j*6�:-; , �ƒ3+5��O.��`
 Nþ1y�FG�� �Ø�& , �×�J�M5$�s

7��j7-�O�Î�&�…�y5•5����•
�	F , �6�r�M5$
.BaEµ�ÙAö�[76�a8²&é , AÔ.��Ø%D Q
‡F��0!• Q��NþL™�P�,D��´ , �þ

6<�’�@E³�¼�¤,´N´A–�ã1†L�)ß . 
X
�@�Gú�W�éM’, BIHCA 7-�O���Ë-(�)�¼�¤,´Añ�žK.
¼�ã1†E÷0;B$�> . ��
 Nþ

�E
�,´�Ë�ÄK.�]�Ý�j�» , 3+5�+O�@,´�P�,D��´
.
¼�&L$4ï7-�OE³$5� 
`�…/j�þNþL™�O.��`1†+•�Ø%D,´FkEÁE÷0; ;

-("��{�; , L¿�j���Ç�k?±���Ë(©�±Gý?±�W�Â�¿ , 6< LSTM 1y Q
»�ý�ˆ
XE³�j,´U�1á�Ž�W . !”�F , BIHCA F��§�9

�0�Ê,´
X4ï�–�•7-�Ë . L¿-p�»�&�g�\,´�=�Ý0�3_ , 3+5�7-�O�6�à,´NþL™ Q�?4ã�•�Ø%D�v�æ, �ƒ)à�*AÔ.�
_
��æ�´


X�Ø�1)ß�³�],´F2�Ä�H�ï .

5.3 H��]>û�=�Ý�PK4�Q�æ73�ÑAú�f

(1) �/"
�04õ . �j�¶�9�xP¼Añ�\�·�p�� Q
» , �\�·F9
��&L$�=�r�Ö�j O(M2) ,´ SOAR [26], ACT-R [27] 
¼

OlaGPT [28] 1y��>˜�W,´AÔ.��Ø*6AÑ1Ç�v�æ , 
¼�A�����*,´�&L$�=�r�Ö�j O(N3) �˜�Ÿ�?8��kAÔ.��Ø%D�Ã�ã1†
¼B3

�×�v�æ (autonomous cognitive deduction and decision, ACDD), �þ5,
8Aô�' (F1-Score)�Ã�ã1†�ö.ž)· (accuracy)�Ã

�•���W (robustness)�Ã
�@�Gú�W(interpretability) 
¼ Q
»F2�Ä�W(adaptability) 1yAô�'�7�7F�>|�)"��6�À .

(2) C»	ø�¦Aô5¤. ACDD ,´	ü3+5�	•
<�sGýAî5ž�j 0.3∼0.7, AÔ.��s7��Ô�Â	z�´Aî5ž�j 2∼4, �Ø%D$!�ÖAî5ž

�j 3∼5 !• ; SOAR ,´�ã1†
˜�OAî5ž�j 50∼200 ms, ���ŒAà�ö�éGÿAî5ž�j 5∼9 4ô
‡ ; ACT-R ,´�*.p%ð#k"d�£Aî5ž

�j 0∼1.0,  Q
‡6V
83+� Aî5ž�j 0.2∼0.8; OlaGPT ,´$Y�Ö3+� Aî5ž�j 0.7∼1.0, �:�;�·K¯�ÖAî5ž�j 2k∼8k. �p�9	ò
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Table 2 Comprehensive performance comparison of ACDD and other methods in innovation capability assessment.

Method F1-Score Accuracy Robustness Interpretability Adaptability

Our ACDD 0.91 ± 0.02 0.93 ± 0.01 4.8 ± 0.2 4.9 ± 0.1 Y

SOAR 0.72 ± 0.04 0.75 ± 0.03 3.5 ± 0.4 4.1 ± 0.3 N

ACT-R 0.68 ± 0.05 0.71 ± 0.04 3.2 ± 0.5 3.8 ± 0.4 N

Auto-CoT 0.79 ± 0.05 0.80 ± 0.04 0.78 ± 0.05 3.5 ± 0.3 N

OlaGPT 0.81 ± 0.03 0.83 ± 0.02 3.9 ± 0.3 2.6 ± 0.5 Y

� 
wFJE÷5•�l�L3R.ž�Ê , ���
Añ�)"��œ�£ . �˜G��ÎP¼�*�¾5��0� �žLö�0�… , 	5���h�ó�1�J� �ž (DS1)�Ã�Ë�Ä�v�k

�ƒ� �ž (DS2)�ÃCR�Ñ�>4ÿ:U� �ž (DS3)�Ã�–�_Aê�·� �ž (DS6) 
¼�K�à)ß�³�>E÷0;� �ž (DS7), �¦
X 5 �ZL¿�j/ý�€

�;Gý�=F�>| , 5��Ì��
w�l ± �7�ö���Õ
z . -(�£�W7-���2
wFJE÷ t �ðP¼P¼Añ, Eî�`5�AÑ�n:‡"d�£ (p-value < 0.01).

(3) �ÔPÂ5	�Ò. >˜ 2 >˜�> , ACDD 
X F1-Score 
¼�ã1†�ö.ž)·�éM’
w�H�¾�¦���é#� . F	�05��Ì�>�¦	ü3+5��æ

�´7-�O
<�&�4*6 DS6 �],´�n�W.�Aö
¼ DS7 �],´LÀ�W.�Aö�9�£ , �¦7-�OFJE÷	•
<�Ø*6�’�@E³�j�˜M’,´�T�Ý . �»

�² , 
XAô�`�0N©�à�¤�°�_�& , ACDD �=�õ7-�O�6�ÀAê�·
�>˜Gÿ1y�n�W�7�7 , F�7-�O5�
8.D
�
�LO
8�Œ5•5�
¼�K�à

�o1†�_�1�Ë�Ö1yLÀ�W���Ÿ5,
8Aô�`�¦
��…%Œ�Ë . 
XR±���W
¼
�@�Gú�W�éM’, ACDD 
<�g>˜)àE³�­ . �¦��FO
ý�Ä Q


‡7-�OE÷%�G��6� �ž�š� , 6<�~�M�Ø*6 Q
‡�I7-�OEÃ�*E³�¼�¤,´�Ø*6D��´ . �»�² , 
XAö�[ “	‘7F�€ ” NþL™�&, 3+5�

7-�O5	�*�þ�*.p.D0¦;´�a�ÃQ�1��ê�}�ö�Ö�=Cã�`�£K^�°�_�C�Y5j�a,´Añ�žK. . �> SOAR 
¼ ACT-R 1y-(�)M‰�1

,´�æ�´-("� , ACDD F�>˜)à�*�0�Ê,´8�F2�Ä7-�Ë . �ƒ� �ž$À�]�*)à�à,´�°�_=½
8 Q�?�& , �¦8��AF�	F Q
‡7-�OB3

�¤�µG�Aô�` Q
» , �6�à,´�°�_�£6„4ã�•AÔ.��ƒ3+ , �þ6<�$�­
`F2�Ä��FO
�	F,´�K�à)ß�³ .

5.4 �n�ù W
•,º#¾=Ã�ÔPÂ�DCW)d�Ü�<�Æ

(1) �ÔPÂAô5¤. #¸=½�ÎP¼G÷+X�×�f
�GÿAîAÑ, ���¼�¤3+5�G}5ž�j�*�ö (�W7-�7�Ê�j 0.874), �Í!Q�) 5 �Z�h�ó

 Q
‡F�>|0+L”�F�Ï7-L}4× . �ÎP¼�*�¾�×�JK.�Ë�Ä�v� �žLö
¼Gý�W>õ�7�fFP� �žLö�0�… , ?¶-� 1000 �æ�1�J�k�ƒ	ú

�J�g	F
j�Ÿ ; !ÿ/ýG}5ž
wAÝ4ó 100 �Z epoch, ���
Añ5��Ì�§�9E³�­,´0c�Ê�W . �§�ƒ6<@0, AÔ.��Ø%D Q
‡(cognitive

deduction) G÷+X�¼�˜0+L”�}-ë�Ø*6
¼1°	F�õ�Ÿ Q���T/ýAî5ž ; 8��AF�	F�–�• Q
‡ (self-evolution learning) G÷+X
*

�Ê�–�•	ò� 
¼0+L”�s�–�•�T/ýAî5ž ; 	ü3+5�	•
<%ð#k Q
‡ (dual-system synergistic) G÷+X
*�Ê%ð#k Q�?
¼0+L”Ct

$À4Ö�•�T/ýAî5ž ; �6�r�M5$
.Ba Q
‡ (hierarchical cognitive atlas) G÷+X0+L”�r!Q5��´
¼1°	F�£3+�Ø*6�T/ýAî5ž ;

�×�J�M5$�s7��j Q
‡ (cognitive cellular automata) G÷+X0+L”0ªL$�P�Ý
¼1°	F�Ô�Â?ô�I�T/ýAî5ž . �p�9�ÎP¼
w
X

-(
<.œ�&�£
 
¼-(
<� �ž�B�6�‘�&�;�—>| , �¦�*�¾N´#{�ö.ž)·�Ã�ã1†�x)·�Ã3+5�R±���W
¼F2�Ä�W�7�  4 N©�7�7

F�>|�Ð�sAô�' , ���
Añ5��Ì,´
�"��W�>
�M•�W .

(2) �ÔPÂ5	�Ò. >˜ 3 
¼ 4 >˜�> , �×�J�W7A,´ 5 �Z�h�ó Q
‡
w�)3+5��W7-�§�9�>.žCQ)^ , �D Q
‡�{L$�ˆ
X�0�Ê

	•
<�x�Ä . 
X�¼�¤3+5��*�ö�W7-�j 0.874 ,´�‘�&�; , AÔ.��Ø%D Q
‡>Û�¼�˜0+L”�&�W7-�;L}�0�j�>�n (−11.6%), B$

�>�J�õ�Ÿ�}-ë Q���>	ý�»�Î�Ø*6�)�¤�ƒ�W7-�§�9Gý?±�Œ+X . 8��AF�	F�–�• Q
‡0+L”
>�W7-�;L} 11.0%, >˜�>�s

�–�•�j�f�9�Ù�¾��	w3+5�,´�15��H	F7-�Ë . 	ü3+5�	•
<%ð#k Q
‡,´�k�ƒCQ)^�j 21.7%, B$�>�Ø�1Ct$À�6G}�)�¾

�£>‘-$?ù3+5��>�6�À3+5��§�9Gý?±�?�y . �6�r�M5$
.Ba Q
‡
¼�×�J�M5$�s7��j Q
‡�6�[CQ)^ 16.3% 
¼ 10.8%, >˜

�>�r!Q	F.�Aö>˜/j�>�pG��Ô�Â�* Q�)�=�r�×�JL�NÈ�6�À
w�§�9�_�Á�Œ+X . !”�F ,  Q
‡�{L$�ˆ
X�>�n	•
<�Î,ú , �¦

�]AÔ.��Ø%D�>8��AF�	F�–�•,´4ô
8�Î,ú�0Q� , B$�>�T65�{L$7-�O�’�@E³�9�x,´-(�Â�óF��j�f . 	ò� �•�O�W�6�À

F�>˜�> , �}-ë!•� 
¼�–�•)·�_�¡
ý3+5��W7-,´�£K^
�3P . 
X�2�h�‘�&�; , 3+5��ý�
�1 82.6% ,´R±���W , B$�>B��v

�æ
X�=�r)ß�³�]�§�9E³�­,´0c�Ê�W .
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Table 3 Results of ablation experiments on the core modules of the industrial brain.

Core component Ablation method Complete Post-ablation Degradation (%)

Cognitive deduction
Completely remove 0.874 0.772 −11.6

Situation simulation 0.874 0.817 −6.5

Self-evolution learning
Set learning parameters 0.874 0.778 −11.0

Eliminate meta-learning 0.874 0.814 −6.9

Dual-system synergistic
Fixed activation pattern 0.874 0.798 −8.7

Eliminate resource restrictions 0.874 0.804 −8.0

Hierarchical cognitive atlas
Eliminate the hierarchy 0.874 0.803 −8.1

Relational reasoning 0.874 0.831 −4.9

Cognitive cellular automata
No-spatial propagation 0.874 0.802 −8.2

Simplify interaction 0.874 0.831 −4.9

>ž 4 �Ý�P�]7G,º�n�ù W
• W
•CW)d�Ü�<�Æ (%).

Table 4 Analysis of the contribution of core modules in the industrial brain (%).

Core component Prediction accuracy Decision-making efficiency Robustness Adaptability Overall evaluation

Cognitive deduction 25.3 22.1 28.7 30.2 26.6

Self-evolution learning 23.8 21.5 20.3 32.8 24.6

Dual-system synergistic 20.1 25.3 22.5 18.9 21.7

Hierarchical cognitive atlas 18.7 19.2 16.8 10.5 16.3

Cognitive cellular automata 12.1 11.9 11.7 7.6 10.8

6 AÞAð�D�G�N

6.1 *<Að�D�ÔD+,ºCW)d


X*6Aê�rM’ , �\�·�6AÔ.�0��–�],´	ü3+5�*6Aê�Ã�M5$K. Q
»
¼2«7AAÔ.��æ�´�E�•AÔ.�0��–
_
�,´�×�J�W7A

AîAÑ, ���*�¶8��kF�	F�ã1†B3�×*6Aê�v�æ , �j�×�J�W7A.D0¦���Ë�¶�à,´�6�À?ö@� . B��v�æ�9�Ù�¾�U>•�P5��×�J�W

7AE÷�Ö�ÍC†� �ž�6�À�Ã�Ø*67-�Ë�=Cã,´L�NÈ .


X�é#��rM’ , �\�·�*�¾/Ž4ÿ1V
'=½
8AÑ1Ç���*�¶7A	j�Ï7-
_
��6�r�M5$
.Ba�Ã�˜�Ÿ�?8��kAÔ.��Ø%D�>�ã1†�Ã

8��AF�	F�–�•�>�H	F1y�é#� , �Î)à�¶� �žP¡�Ø�>.�AöP¡�Ø,´�9�j5�
8 , ��	w�¶�×�J�W7A,´�Ø*67-�Ë
¼8��kF�	F

7-�Ë . F	�Ë�é#��jAÔ.�0��–
_
�,´�×�J�W7A,´�Î)à���Ë�¶�£K^�°�_�_�Á .


X�Ä+X�rM’ , �¨
»�x�»P¼Añ�¶�p���v�æ,´�9�x�W . 5��Ì�n/j , B��v�æ
X���v	iG}�x)·�ÃNþL™N´A–2î�Ö
¼�1�J

�K�à7-�Ë�E�,1y�éM’
w
��Ç�¶E³�j�>�n,´�iF� , >˜�>AÔ.�0��–
_
�,´�×�J�W7A�§�9�0�Ê,´�ÎLu�Ä+X�'�l .

6.2 315��¿�ž�D"ñ*<

�m1Ñ�:F .D0¦
��Ç�¶�M!•F��… , �*�¾AÔ.�0��–,´�×�J�W7A�ýM’�d9��¢�A�H�>�pL€ .


X�¹�˜�>R±���W�éM’ , 
�G÷+X6„FÖ�–�•�j�f , �õ�Ô�’�1�J Q
»	ò� �F�Ð�ö
>,´�]L$5��Ì , ��L}�~� �ž"ôMbNþ

L™; 
<�& , 
��Y+X�’�?	FP¼Añ�é#��)�h�ó1V
'?ô�ILö
¼�ã1†FkEÁF�>|�ðP¼ , .ž�
�¦%�Cã���Ê�¹�˜�Ž�W ; �)/Ž4ÿ5•

5�4ô�&F�
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Abstract Industrial brain is an important new artificial intelligence infrastructure for safeguarding the security of national

industrial chains and supply chains. In the face of complex and dynamic industrial operating environments, current industrial

brain technologies still face bottlenecks in situational awareness, causal reasoning, contextual adaptation, and decision

optimization. Inspired by mechanisms from cognitive science, including dual-system theory, chain-of-thought models, and

brain-like cognitive architectures, this paper proposes a cognitive science-inspired theoretical framework for the Industrial

Brain. The framework integrates key technologies such as a hierarchical thinking graph inspired by brain-region functions,

panoramic autonomous cognitive simulation and decision-making, and self-evolving learning and optimization, thereby

constructing a hypercyclic autonomous and evolving intelligent decision-making hub that simulates the human process of

“perception-memory-reasoning-decision-making”. Experimental validation in typical scenarios, including supplier risk early

warning in the electronic information industry chain and innovation capability assessment in the major equipment industry

chain, shows that the proposed framework improves industrial chain risk warning accuracy, investment attraction matching

efficiency, and enterprise innovation capability guidance speed by 35%, 42%, and 63%, respectively. It can effectively address

the uncertainty challenges of complex industrial operating environments, enhance the resilience of industrial chains and

supply chains against risks, and provide a new theoretical basis and technical pathway for the evolution of the Industrial

Brain from perceptual intelligence to autonomous intelligence.

Keywords industrial brain, cognitive science, brain-inspired intelligence, autonomous decision-making, industrial

intelligence


