
�� �¿ 
3 �î �m�¥ �ý �T 
@�� �V�ñ �î 
ÿ

H�½�B�Á�Ÿ�� �£ �Z �E

�� �� �� � � �� �� �� �

� � �� �Ø	S �/ �v �Ð�� �€ �ý �ñ �Ð�ý � �� �Ø � � � � � � � � �b �¿ �v �Ð�1 �î �Ä �" � �� �Ø � � � � � 	 


� � 摘 � 要� � �4 �� 
� �� �¿ 
3 �î �m�¥ �� �V �ñ �î 
ÿ 
H�½�B�Á�Ÿ�� �£ �Z �E � 
n �5 �V �� �V �ñ �¥ 
H�W�ý �T 
@�© �� �y 
3 �î �m� �[

�m�™�Ä�Z 
T �V�r 
L 	è 	V �? �Ü�V�¥ 
^ �å �„ 
H�W�• �� � �� �î 
ÿ �_ �©
H� �G	� �X �Ü�› �î �� �î �� 
3 �î �m�É�› �† �s �÷ �• � �� 	æ�¨

�m�Ï �« �Ä �M�1 �• �� �É �› 
H�W�ÿ 
• �¥ �� �£ � �¾�Z �E	V �[ �³ 	%�' �÷ �ÿ 
• �f 	ƒ �/ �� �V �ñ 
H�½�B�Á�Ÿ�î 
ÿ �� �£ �Ù�5 � �7 �O�? �ç

�Ê �� �˜ �Ï �� �Ù�5 �¥ 
^ �å � �· �• �¨ �¼�É�› �ý �T 
@
H�½�s �È �) 	Ø�� �ª �Ä �ý �T 
@�� �˜ � 
6 �B �Z 
ë � 
3 �î �m	V�� �� �ñ 
H�½�ÿ 
•

�É �› �� �£ 
P �¨ � 	� �µ �  �z �¥ 	V �× �¨ �Ÿ �

关键词� � 
H�W�ý �T 
@�©� 
3 �î �m� 
H�½�ÿ 
• � �� �V �ñ � �î 
ÿ �� �£

中图分类号� � 
 � � � � � � � 文献标识码� � � � � � 文章编号� � � � � � � � � � � � � � � 
 � � � � � � � �

A Sprouting Graph Based Approach to Dynamic Check the

Temporal Consistency of Workflow Multi Process

� � � � � � � � � � � � � � � � � � � �

( � . School of Mechanical Engineering , University of Science and Technology Beijing , Beijing � � � � � � , China ;

� . Department of Automation , Tsinghua University , Beijing � � � � � 	 , China)

Abstract: � 
 � � � � � � �  �  ! � ! � � � � � �  ! � "�� # # � � � $� � � %�� �  ! � &� "! %' � � ( �&&� � &) "�( � !  �* &! � � � �"� � &' +!  , !  )+*! , ( � *"�

�  ! &� � � � � � � "*' � "� � � �  ! � "�� # # � � � �� &! � �" � &"� %+ ! ( "� � 
 - � � � " ( ! %�*� ! +( � *"� �  ! &� � � � , � �&� %� �& �$� � "� � � � "� � � � %"�( � !

 � * �� +!  ( � "�! � ! +, !  )+*! , �� � "� � &� � �� # � � � �&� +!  ( � "� . � &! � %*' � , � � � "� ( � !  � * &!� �" � �� "� �  � &� � &) �%� , � � � %� "� "� � � �  ! � "�� #

# � � � �&&!  %�� # "! "� � "� ( � !  �* �� +!  ( �"�! � ! +� &&! ( � *� �� �%� &"�/ �"�� � � � � %&� �&) "� � "� ( � !  � * &! � �" � �� "� $� �� %! � "� � "� ( � !  � * ��

+!  ( � "�! � �� "� � � �  ! � "�� # # � � � � 
 � � ( � "� ! %&�� � ! " ! � *' &� � %' � � ( �&&� � &) "� � "� ( � !  �* &! � � � �"� � &' +! &! � &�  � � " , !  )+*! , �

, �"�  � � ! �  &� &! � �" � �� "� � $� " �*� ! #�/ � "� � � � "� � / �! *� "�� # "� � &! � �" � �� "� , � �&� �  � � � � +� * "! � � �  � �� � 0&�� "�! � � � � %*�� # � � %( ! %�

+' �� # , !  )+*! , ( ! %� *� � � �  "� �  ( !  � � �" ��  � � � � $*� � � � ( �*' � �  ! � "�� # # � � � &� � $� � � � %$' ( !  � "� � � ! � � "� ( � !  � * &! � �" � �� "� �

Key words: � "�( � , !  ) +*! , � � "� ��  ! � "�� # # � � � � "� ( � !  � * &!� �" � �� "� ( � *"� �  ! &� � � � %' � � ( �&&� � &) �� #

1 � 引言

� � �®�¿ �ý �T 
@�¥ �³ �› �Y �È
� �# �� �ñ �• �Ð �€ �„ �� �Õ�'
�÷ � �^ �¿ 
s �ò �Õ�s �È�y 
Í �Ä �  � �y �N �� �y �� 
H�Y�V �á 
ÿ

�� �£ �¥ 
H�½�ÿ 
• � �9 �í �E �� �£ �� �³ �› �¨ �
 �B�° �� �û 
¡
�@� 	V�? �� �C�ò �Õ�s �È� 
. �À
L 	è �í �E�? �Ã�³ �› 1� � � 2� �y

�N� �� �ý �T 
@�³ �› �V�ñ �Ï � �î 
ÿ �� �£ �_ �©�. �� �¥ 
H �½�ÿ

• �´ �Q�� �‚ �B�Á� �� �¿ �� �< �< �� �¥ �ž �’ �³ �› 	� �µ �× �1 �i

�l 1� � � 2�
�C�¨ �
 � �S�= �“ �X �Ü�� �C�� �Õ�î 
ÿ �� �£ �Z �E1� 3 � 2�

�Ó�D1� 2�| �M�� 
H�W�� �Ä�¹ 	' �� 
H�W� �� 
L 	è �³ �› �¨ �
 �
�: 
c �- �½�� �î �¥ �² 
• 
H�W� �× �• �9 
Ø�ª �Ã�� �î �¥ �› �î 
H

�W� �V�7 
L �C�î 
ÿ �¥
H�½�� �£ � �Y�V�„ �Æ	e �Å�Ä�" �† � �Ó

�D1	 2�� 	e �Å�Ä�" �† �Ï �í 
Í �¥ �î 
ÿ �9 �h � �î 
ÿ �_ �©�. ��

�¥ 
H�½�ÿ 
• �´ �Q� �Ó�D142�ó �� �B �Õ�� �¿ �� �î �³ �› 
H�W
�¥ �î 
ÿ �_ �©�Ä
! �Â�Z �E� �– �ª �Œ�� �‚ �] �¥ 
H�½�ÿ 
• �4 ��

� �‚ �] �¥ �� �£ �s �� �Z �E� �Ó�D1� 2�| �ý �T 
@�m�˜ 
� �¹ 5$+

�m�a5$� �m�a5, +�m�„ 5, � �m� �i 	æ�¨ �ƒ 
¹ �Õ�m�¥ �1 �o 
^
�å �� �©�À�ù �K
H�½�ÿ 
• �É�› 
� �î 
ÿ �� �£ � �Œ�� �©�ì �ý �T


@�¥ �¯ �� �Ÿ� �Ó�D1� 2�¹ �©�À�ù �K 
H�½�ÿ 
• �„ �Æ
¹ �Õ�•
�� 
ÿ � �< �B�Á�Ÿ�a�Ð�B �Á�Ÿ�a�Ð �‚ �B�Á �Ÿ�„ �< �‚ �B �Á�Ÿ�

�i �� �ƒ �t �� 
ÿ �4 �� �M�‹ �¥ �î 
ÿ �� �£ �Z �E� �Ó�D1� 2�s ��

� �� �ñ �©�À�ù �K
H�½�ÿ 
• �­ �W�¥ �G	  �1 �" � �– �ª �4 �� 
�

�î 
ÿ �� �£ �Z �E� �Y �V�s �� �� �ý �T 
@�V�ñ �¥ �' �÷ �ÿ 
• �f
�™� �Ó�D1� 2�4 �� 
� �B�Õ�' �÷ �ÿ 
• �/ �� �V�ñ �¥ �î 
ÿ 
H�½

�B�Á�Ÿ�� �£ �Z �E�


l �à �° �ù � � � � � � 	 � � � �©�í �° �ù � � � � � � 	 � 4

�� �Á �[ �" � �S �E �1 �– 	S �Ð�� �Á � � ! � � � � � 	 � � � 
 � �S �E � � � �Ú�/ 
Œ�ù �î �? �Z �9 �Ã � � ! � � � � � � � � 	 6� 4� � � ! � � � � � � � � 	 6� � � 


�
�» � � �ù

� � � � �M� � ��
�È � � �0 � � �Ð � � ��

� 7
 � 5857
 9: � ;7� . ;� ;7�
<! *� � � � � ! � � �

: &"� � � � � �
�



� � 
� 
• �î 
ÿ �� �£ �Z �E1� 3 � 2�û 
^ �Œ�� �† �ñ �ý �T 
@�V�ñ

�É�› �s �� � �O�‚ 	I 
n �' �÷ �ÿ 
• �f 	ƒ � �y �N 
L �¨ �Ÿ �  �µ �
�Ó�D1� 2�Z �E
Ù �– 	V �[ �É �› �' �÷ �ÿ 
• �/ �� �V �ñ 
H �½�B

�Á�Ÿ�� �£ � �Œ�� �¼�Ÿ�� 	” �Z �Ÿ �‚ �z � �Œ�� �‚ �] 
H �½�ÿ 
•
�� 
H�½�ÿ 
• �M�Ä 
H� �³ �1 �× �• �9 
Ø� 
6 �B �Z 
ë � 
� 
• �Z

�E1� 3 � 2	( �‚ �? �· �• �¨ �¼�� �� �˜ �¥ �¿ �É� �' �? �C
H�½�B�Á
�Ÿ�‚ 
¡ �@�¥ 
H�©� �‚ �? �µ �r �¥ �ç �Ê�� �˜ �Ï �� �C�Ù �5 �¥
�¹ �Z � �V�7 �‚ �? �µ �r �¥ �· �• �¨ �¼�É�› �ý �T 
@
H�½�s �È

�) 	Ø�� �ª �Ä�ý �T 
@�� �˜ �
�Œ�� �X �µ �Z �E �¥ �‚ �@� �' �Ó�4 �� 
� �� �¿ 
3 �î �m

� . �  ! � "�� # = � � � 
 1� � 2�¥ �ý �T 
@�� �V�ñ 
H�½�B �Á�Ÿ�î 
ÿ ��
�£�Z �E� 
n �5 �• �¨ �m�™�Ä�¥ 
3 �î �m	Ÿ �V�r 
H �W�ý �T 
@

�©1�� 2�Ï 
L 	è 
î �Ü�V�¥ 
^ �å �„ 
H�W
� �Z 
ë �¥ �• �� � �– �ª �
�� �_ �©
H	Y� �G	� �X�Ü �³ �› �� �î 
H�W�÷ �• 
3 �î �m�Ï �†

�s �« �Ä�¥ �• �� � �� �É�› 
H�W�ÿ 
• �¥ �� �£ �w	Ø� �Ð �X�µ �Z
�E1� 3 � 2�M�1 � �' �Ó�Z �E 
L �¨ �Ÿ �< � �‚ �Œ�? �� �µ �r �) 	Ø�'

�÷�ÿ 
• �f 	ƒ �/ �� �V�ñ �î 
ÿ �� �£ �Ù�5 � �7 �O�Î 	V�Y �V
3
�î �m�Ï �« �Ä �¥ 
^ �å �• �� �ç �Ê�� �˜ �Ï �� �Ù �5 �¥ �¹ �Z � �ú

�ù�¨ �¼�¿ �É� �] 
H� 
3 �î �m	V�� �� �ñ 
H �½�ÿ 
• �É �› �� �Q
�� �£ 
P�¨ � �y �N	� �µ�  �z 	V�× �¨ �Ÿ�

2 � 问题定义

2 1 � 相关知识
�¹ 
� �L �¿ �) 
‚ , �' �Ó�ç �l d( ai) �„ D( ai ) �V 
U�y ��


H�� �î ai �K
� �„ �K�� �³ �› 
H�W; S( ai ) �„ E ( ai ) �V
U�³
�› 
H�� �î ai �� 
S
H�W�„ �² 
• 
H�W, �' ai �¥ �³ �› �u �W�¹

[ S( ai ), E( ai) ] , �³ �› 
H�WDR ( ai )> E( ai ) ? S( ai ) .

�ô 	� �V�r �™
T �‚ �] , 
H�½�ÿ 
• 	V �s �¹ 	' �� 
H �½�ÿ


• �„ �M�� 
H�½�ÿ 
• [ � , � , � ]
. �� �¿ 	' �� 
H�½�ÿ 
• , �' �Ó�¨ S

( ai ) � ttimei �V
U ai �� �©�¿ �� �v �¿ 	' �� 
H�Wtimei 
H	7


S�³ �› ; E( ai ) � ttimei �� �©�¿ �� �l �¿ 	' �� 
H�Wtimei 
H
�³ �› �² 
• . �� �¿ �M�� 
H�½�ÿ 
• , �• �¨ DR ( ai , aj ) � p �V
U
aj �‹ �¾�� ai 	7 
S�³ �› p 
H�W�ª �² 
• , ai �ÿ 
• �• 	I �� �î .

	' �� 
H�½�ÿ 
• �„ �M�� 
H�½�ÿ 
• 
^ 	V �[ �º �M�� �Ð �¥ . 	è

�Â , ak �¹ �ÿ 
• �• 	I �� �î , S( ak ) � ttimek �� �¿ 	' �� 
H�½�ÿ

• E( ai) � ttimei 	V�[ �� �Ä�¹ �M�� 
H�½�ÿ 
• DR ( ai , aj ) �

timej? timei . �] �" , �� �¿ �M�� 
H �½�ÿ 
• DR ( ai , aj ) � p ,

	V�M�¹ 	' �� 
H�½�ÿ 
• E( ai ) � t timek@p .

�¹ 
� �V�r �B�Á , �' �Ó�d�B �• �¨ �M�� 
H�½�ÿ 
• �™
T 	Ÿ
�V�r 
î �µ �ÿ 
• . �y �N, �ý �T 
@�� �V �ñ 
H�½�B�Á�Ÿ �¥ �î 
ÿ

�� �£ �Ù�5 �ç �l �Â�/ [ � ] : �� �¿ �B�F �i �› �¥ �ý �T 
@�V�ñ { W� ,

W� ,  , Wn} , �� �� �› �¥ �©�i 
H	Y T , �� �£
^ �Ž 
¡ �@
H�½�ÿ


• DR ( ai , aj ) � p , �� �Ï ai �„ aj 	V�? 
‹ �¿ �‚ �] �V�ñ .

2 2 � 问题的形式化表述
定义 1 � ( 
H�W�ý �T 
@�© 
 - � � � ") � 
H �W�ý �T 
@

�©
^ �B�ñ �= �í �F ( WF net , FI) , �� �Ï :

( � ) WF net> ( P, T , F) �¹ �ý �T 
@�©[ � � ] ;

( � ) FI : T ! INT , �9 �' FI ( ti )> [ t( �� , t( �0] , t ( �� , t ( � 0


^ �B�� 
L 
” , �s �Y�V 
U�M�% ti 
î �� �‹ �� �î ai �¥ �K 
� �„
�K�� �³ �› 
H�Wd( ai ) �„ D( ai ) .

�� �¿ �� �¿ 
 - � � � " �¥ �ý �T 
@�™
T �Ä�� �˜ { W� , W� ,

 , Wn}, 
H�½�ÿ 
• DR ( ai, aj) � p �¥ �� �£ �Ù�5 	V�[ �™
T

�Ä�V�r �¹ : �� �� �› �¥ �©�i 
H	Y T , ti 
P�? 
H�W�Ð tj �( �?

H�W�­ �µ 
^ �Ž �l �¿ �©�¿ p , �� �Ï ti �„ tj �s �Y�} �V�� �î ai

�„ aj , 	V�? 
‹ �¿ �‚ �] �V�ñ .

3 � TWF net模型的生成图

3 1 � 生成图定义和操作

3 �î �m�• �¨ �m�™�Ä�¥ �Z 
T �V � � " � �©�� �˜ �¥ 
^ �å ��

�? , �� �E�• 	\ �� �©�Ï �¥ 
@�î �V�ñ . �' �Ó�� �¿ 
3 �î �m
í 
•
�ý �T 
@
L 	è �� 
 - � � � " �Ï �¥ 
î �µ 
^ �å �[ �# �M�‹ �¥ 
H �W

�• �� , �Y�V�� 
3 �î �m�Ï �¥ �M�1 �« �Ä�• �� �É�› �s �� �9 
Ø,
�' 	V�� �£ �ý �T 
@�� �˜ �¥ 
H�½�B�Á �Ÿ , �Î 	V �µ �r �ç �Ê ��

�˜ �Ï �� �C�Ù �5 �¥ �¹ �Z ( �M�‹ �¥ 
^ �å ) , �ú �ù �¨ �¼�É�› ��
�˜ �¥ �¿ �É .

定义 2 � ( 
^ �å ) � 
^ �å 
^ �M�%�½
� { ti , ti@� ,  

tj} , �� �Ï �� �¿ i � k � j ? � , tk �¥ 
{ �� 	o 
î �„ tk@� �¥ 
{ �Æ

	o 
î 
^ �B�Á�¥ .

定义 3 � ( 
3 �î �m) � 
3 �î �m�¹ �B �ñ �µ �_ �m G >

( V, E) , �� �Ï V 
^ �« �Ä �" �† , E 
^ �« �Ä �W�µ �_ �¶ �" �† .
�« �Ä vi ∀ V �$ �®�Í �B�ñ �½�} ( Pi , a) , Pi 
^ vi �� �‹ 	o 
î ,

a 
^ �= �í �F ( � �"� ? � � "i , 
 �( � ? � � "i ) , �� �Ï � � "� ? �� "i �¹ 
^
�å �" , �� �c 
L 	è �V �� 
S �S �½	o 
î �ž 	o 
î Pi �¥ 
^ �å ;


 �( � ? � �"i �¹ 
H�W�" , �� �í 
Í �� �‹ �¿ � � "� ? � � "i �Ï 
Ä �H
^

�å 
î �½�n �¥ 
H �W�• �� . �¶ ej ∀ E �$ �®�Í �B �ñ �½�} ( tj ,

b) , �� �Ï tj 
^ �� �‹ �M�%, b 
^ �M�%�¥ �( �? 
H�W�u �W.
�¹ 
� �V
• �Z �L , 
! �˜ 
� node p ( P i )> v i , �V 
U�� �˜

�Ï 	o 
î �Ð
3 �î �m�Ï �« �Ä�� �‹ �1 �" ; arc t ( tj )> ej, �V
U��
�˜ �Ï �M�%�Ð
3 �î �m�Ï �¶ �¥ �� �‹ �1 �" ; p node ( vi )> P i �„

t arc ( ej )> tj . �s �Y
^ node p ( P i )> v i, arc t ( tj )> ej �¥
�I �˜ 
� .

定义4 � ( �Ð
^ �å �M�1 �¥ �  �T ) � 
7 path � �„ path �

�¹ 
� �H
^ �å , path� > { tg , tg@� ,  , th} , path � > { ti , ti@� ,

 , tj } , �5 :

path �  ti> { tj , tj@� ,  , th , ti } .

path � / path� > { tg , tg@� ,  , ta ,  , th ( ti , ti@� ,  , tb,  ,

tj ) } .

path ��path � > { ( tg , tg@� ,  , ta ,  , th) # ti , ti@� ,  , tb ,

 , tj ) } .

7 PS � �„ PS � �¹ 
� �ñ 
^ �å �¥ �" �† , PS � > { pathg ,

� � � � � � �È � � �0 � � �Ð � � �� � � � � �M



pathg@� ,  , pathh} , PS � > { pathi, pathi@� ,  , pathj} , �5 :

PS� � PS � > { pathg�pathi , pathg�pathi@� ,  , pathg�pathj ;

pathg@� �pathi , pathg@� �pathi@� ,  , pathg@��pathj ;

  

pathh�pathi, pathh�pathi@� ,  , pathh�pathj } .

PS� ∃ PS � > { pathg/ pathi , pathg / pathi@� ,  , pathg/ pathj;

pathg@� / pathi, pathg@� / pathi@� ,  , pathg@� / pathj ;

  
pathh/ pathi , pathh/ pathi@� ,  , pathh/ pathj } .

PS� %PS � > { pathg , pathg@� ,  , pathh, pathi , pathi@� ,  ,

pathj } .

PS� & ta> { pathg  ta , pathg@�  ta ,  , pathh  ta} .

定义 5 � ( �Ð
H�W�M�1 �¥ �  �T ) � 
7 TS� �„ TS � 
^

H�W�u �W�¥ �" �† , TS � > { Tg , Tg@� ,  , Th } , TS � > { T i,

Ti@� ,  , Tj } , �5 :

� TS � ∋ TS � > { Tg , Tg@� ,  , Th , Ti , Ti@� ,  , Tj } .

� TS � (Ta> {Tg@Ta , Tg@� @Ta ,  , T h@Ta} .

� TS � ) TS � > {A�0(Tg , Ti ) ,A�0(Tg , Ti@� ) ,  ,

A�0( Tg , Tj ) ;

� A� 0(Tg@� , Ti ) ,A� 0(Tg@� , Ti@� ) ,  ,A� 0( Tg@� , Tj ) ;

� � �   

� A�0( Th , Ti ) ,A� 0( T h, T i@� ) ,  , A�0( Th , T j) } .

3 2 � 生成图的构造过程

3 �î �m�¥ �� �/ �V�ñ 	V�[ �s �¹ 
� �† �s : 
n �5 �Á 
3 �ý

�T
@�� �V�ñ 
 - � � � " �� �˜ �¥ �M�%�½
� Q; �– �ª 
^ �ô 	�

Q, �ï �„ �� �� �Ï �M�%�É �› �s �� �9 
Ø, �V�7 �ï �„ �� �y 
3 �î

�m.

3 2 1 � 模型变迁序列
�ý �T 
@�� �³ �› 
H, �Y�È�ö �³ �1 �M�‹ �¥ �' �÷ �¦ �û , ��

	“ �—�a�È�q �# 
” 	� �©. 	è �Â , �u �† �� �ü 
^ �÷ �� �Æ�ß �Ï �È

�n �¥ �' �÷ . �¹ 
í 
• �Z�L , �' �Ó�L �ç �' �÷ �� �$ �� �î 
P�¨ 
H

�û 
^ �ÿ �] �� 
T , �O�N�Ö∗ �5 	Ÿ�5 �› �� +�ð �5 ( � 7� . ) [ � ] .
�L
! �" �d �Ï �� �ñ �ý �T 
@�ñ W� , W� ,  , Wm 
� �# �'

�÷�ÿ 
• , 
n �5 �s �Y�� �y �� �† �ñ 
@�ñ �¥ 
 - � � �" �� �˜ . �–

�ª , �� �� �î �W�¥ �' �÷ �M�1 �f �™, �9 �F �B �ñ 	o 
î Px , �@�F
�V Px �ž �M�1 �M�%�¥ 
{ �� �¶ �[ �# P x �¥ 
{ �Æ�¶ , �V �7 �V�r

�' �÷ �ÿ 
• �1 �" . �K�ª , �¿ �M	o 
î Px �¥ �� 
S�S
MM� ( Px )

> � , �V
U�� 
S�� 
ÿ �' �÷ 
^ 	V�¨ �¥ .
	è�Â�m � 
î 
U, �� �� �< �Ï �i �� 
� �Õ�i �› 
@�ñ : �• �Á

�Ö	7 �? �Å�/ 
@�ñ �# �ø �Á�Ö�¿ �/ 
@�ñ , 
� �ñ 
@�ñ �Ï �i ��

�� �M�] �' �÷ ( �9 �ý �ñ 
= ) �é �š , �• �¨ �' �÷ 	o 
î P9 *�V
U.
	� �8 
í 
• �n �' �Ó�» 4 �« .

�/ 
ë �' �Ó�� �¿ �Ó�D [ � � ] 
± 
^ �Á
3 �M�%�½
� Q. 
n

�5 , �| �� �V�ñ 
 - � � � " �� �˜ 	A �î �B �ñ �œ�8 , �� �y �ª �1 	ó

	� �” F � �Ð�- �1 	ó 	� �” F � ; �] 
H�| Pi ∀ F � �„ tj ∀ F � �û

�®�Í �S
U +! � � %, 
! Pi . +! � � %> � �„ tj . +! � � %> � . �– �ª , ��
�¿ Pi ∀ F � , �Ï 
¡ �@!tj ∀ T , F � ( Pi , tj )> � �OP i. +! � � %>

� ; �5 ! tj ∀ T , 
! F� ( P i, tj )> � , P i. +! � � %> � . �Å�¤ �" �� tj

∀ F� �Ï �M�%, �Ï !Pk ∀ P, F� ( Pk , tj )> � , tj . +! � � %> � ; �5

!Pk ∀ P, 
! F � ( Pk , tj )> � , tj . +! � � %> � , �| tj �¬ �ÆQ. �Ï

Q �X�Ü�� �c 
î �µ �M�%, �5 �² 
• ; �Ž �5 �× �¯ 
� 
• �V�ñ .

�Â�m� 
î 
U�¥ 	è �0 , �� �M�%�½
� Q> { t � � , t � � , t � � ,

t �� , t � � , t� 	 , t� � , t� 4, t � 	 , t �� , t� 4, t� � } . �¾�½
� �‚ 
^ �· �B�¥ ,

�� 
† � 
� �‚ �
 �l �' 	V .

3 2 2 � 创建生成图
�ô 	� �M�%�½
� Q, �² �† � � �« �Ï �¥ �  �T , 
3 �î �m�¥

	� �8 �� �/ 
Ø�E�Â�/ :
算法 1 � 生成图的构造算法

输入: �ý �T 
@�V�ñ W � , W � ,  , Wm �¥ 
 - � � � " �� �˜ �„ �M�%�½
� Q

输出: 
3 �î �m G

�„ �ç � : �¹ W � , W � ,  , Wm �� �˜ �¥ �� 
S 	o 
î P i� , P i� ,  , Pim�s �Y �7 �y �ô

�« �Ä , �1 	ó �½�} ( Pi � , (  ,  ) ) , ( Pi � , (  ,  ) ) ,  , ( Pim , (  ,

 ) ) .

�„ �ç � : �V Q �| �� �» �B �ñ �M�%ti, 
! 
H�W�u �W�¹ [ d ( ti) �aD( t i) ] .

�„ �ç � : 
! ti 
{ �Æ	o 
î �¹ P s,  , Pr , �« �Ä node p ( Pj ) �= �í �F �¹ ( � � "� ?

� � "j , 
 �( � ? �� "j ) , s � j � r . �9 
Ø ti 
î �µ 
P �? 
H�W�u �WPB ( ti ) >

( 
 �( � ? � � "s)  ) 
 �( � ? � � "r) .


! �Ð ti �' �÷ �M�1 �¥ �M�%�" �† SD ( ti ) , �Â �T SD ( ti ) >  , �³ �› �Â �/ � 

�T , �Ž �5 �³ �› �„ �ç 	 . � � "� ? �� " > � � � "� ? �� "� � � � "� ? � � "� �  � � � "� ? � � "r )

� ti, 
 �( � ? � � "> PB ( ti) ( [ d( ti ) �aD( t i) ] , �– �ª �� �ž . "� � 4.

�„ �ç 	 : �� �¿! tj ∀ SD ( t i) , tj 
{ �Æ	o 
î Pm,  , Pn, node p ( P k) �= �í �F


 �( � ? � � "k( m � k � n ) , �9 
Ø 
î �µ 
P �? 
H �W�u �W PB ( tj ) >

(
 �( � ? � � "m)  ) 
 �( � ? �� "n ) . �� ! [ a , b] ∀ PB ( ti ) , ! [ c , d ]

∀ PB ( tj ) :

�Â �T aB c, [ a, b] �÷ �¿ �¹ [ ( � 0{ c@d ( tj ) , a } , ( � 0{ d@D( tj ) , b} ] .

�– �ª , �9 
Ø 
 �( � ? � � "> PB ( t i) ( [ d ( ti ) �aD ( t i) ] , � � "� ? � � "> � � � "� ? � � "�
∃ � � "� ? �� "� ∃  ∃ � � "� ? � �"r ) � t i.

�„ �ç 4: 
! t i 
{ �� 	o 
î �¹ Px ,  , Py , �³ �› �Â �/ �  �T :

7� � � � : �Â �T Pz ( x � z � y ) 
^ �� 
S �S �½	o 
î , �5 �V node p ( Pj ) ( s � j � r )

�y 	ë �ž node p ( Pz ) �¥ �µ �_ �¶ , �i �®�Í �½�} ( ti , [ d ( t i) �aD( ti) ] ) .

7� � � � : �Â �T �i �� �« �Ä node p ( Pz ) ( x � z � y ) , �� �= �í �F �¹ ( � � "� ? � � "a,


 �( � ? � � "a) , �5 �V node p ( Pj ) ( s � j � r ) �y 	ë �ž nodep ( Pz ) �µ �_

� � � ��» � � � � �ù �� �� �¿ � �� �¿
3 �î �m�¥ �ý �T 
@�� �V�ñ �î 
ÿ 
H�½�B�Á �Ÿ�� �£ �Z �E



�¶ , �| �¾�= �í �F �M�¹ ( � � "� ? � � " % � � "� ? � � "a, 
 �( � ? �� " ∋ 
 �( � ?

� �"a ) , �i �®�Í �½�} ( ti , [ d ( t i) �aD( ti) ] ) .

7� � � � : �Â �T �‚ �i �� �« �Ä node p ( Pz ) ( x � z � y) , �5 �7 �y �B �ñ �• �« �Ä , 
!

�= �í �F �¹ ( � � "� ? � �"� 
 �( � ? � � ") , �i �V node p ( Pj ) ( s � j � r ) �y 	ë

�ž �¾�« �Ä �¥ �µ �_ �¶ , �i �®�Í �½�} ( ti, [ d ( t i) �aD( ti) ] ) .

�„ �ç � : �V Q �Ï �÷ �" ti, �Â �T Q>  , 
Ø�E �² 
• . �Ž �5 , �Ê �| �/ �B �ñ �M�%,

�i �� �ž �„ �ç � .

� � 
� 
• �� �y 
Ø�E�ö �1 �› �î 
� �Z 
ë �ý �T : �B�Z 
ë , �� �¿
Q �Ï �M�%	V �? �i �� �B�ñ �� �� �ñ 
{ �Æ( 
{ �� ) 	o 
î , �Œ��
�‚ �] �f 	ƒ �• �¨ �ç �l 	 �„ 4 �Ï �¥ 
H�W�„ 
^ �å �  �T �É �› �9


Ø, �i �O�Y�V
3 �î �m�« �Ä�• �� �ó �Ð �V�r , 	� �8 �n �„ �ç �

�„ �„ �ç 4. 
6 �B�Z 
ë , �� �¿ �M�%�W�' �÷ �M�1 �f �™, �ô 	�

∗ �5 	Ÿ�5 �› �� + �ð �5 �É�› �) 	Ø, 	� �8 �n �„ �ç 	 �V 
• . 
!

 - � �� �˜ �Ï �M�%�¥ �ñ 
” n, �¸ �^ 	A�� 
Ø�E � �¥ �¯ �� �� �K

�µ �f 	ƒ �/ �¹ O( n
�
) ( �9 �' �� �„ �ç 	 �Ï , 
Ä�ñ �M�%�û �Ð��


ñ n? � �M�%�i �� �' �÷ �ÿ 
• ) .

	è �Â�m� �Ï �� �˜ , �G	� 
Ø�E � , �y 	ë 	o 
î p i� �„ p i� ��
�‹ �¥ �ô �« �Ä , �i �s �Y�®�Í �= �í �F (  ,  ). �� �V Q �Ï �4 �|
�» �B�ñ �M�% t � � , �Œ�� t� � 
{ �� 	o 
î p �� , �� �/ p � � �� �‹ �¥ �«

�Ä , �i �®�Í �= �í �F ( { t� � } , [ � , 4] ) , �] 
H�÷ �" t� � . �] 	Ø, ��
Q �Ï �¥ �� 
ñ �M�%�É�› �) 	Ø, �V�7 	V�[ �¤ �ž 
3 �î �m�Â�m�


î 
U.

4 � 基于生成图的动态验证
� � �î 
ÿ �� �£ �Y�È�? 
3 �� �ç �5 
! �ç �¥ �_ �©
H	Y �� �€ ��

�˜ �M�‹ �¥ �� 
ÿ , �N
H �ý �T 
@�" �d �X�Ü �� �› 
� �B �
 
H�W,
�' �� �˜ �Ï �† �s 
H�W�M
� �X�Ü �’ �ç . �" �- , �1 �¿ �î 
ÿ �_ �©

H�� �¥ �Ê�4 �i �� �� �Õ�Z 
T [ 4] . �' �Ó�‚ �� �� �˜ �Ï �î 
ÿ �_
�©�Ä�¥ 
! �ç �Ù�5 �É�› �V�� �) 
‚ .

�L 
! �" �d �� �› �ž �î 
ÿ �_ �©�Ä( 
H	Y H ) 
H, �� �¿ �X
�Ü�› �î �� �î �¥ �³ �› 
H �W, �� 
3 �î �m�Ï �M�‹ �« �Ä�¥ 
H�W
�• �� �É�› �÷ �• .

算法 2 � 生成图的动态更新算法

输入: 
3 �î �m G �„ �M�%�½
� Q

输出: �÷ �• �ª �¥ 
3 �î �m G

�„ �ç � : 
! �M�% txy ∀ Wx �� 
H	YH 
P �? , �O	7 
S 
P �? 
H�WH xy , �Ü�¶ arc

t ( txy) �¥ 
H�W[ d ( txy) �aD( txy) ] �¿ �¹ [ d ( t xy) ? (H ? H xy) , D ( txy)

? ( H ? H xy) ] , �] 
H�| arc t ( txy ) 
{ �Æ�« �Ä �¥ 
H�W�" �Ï �í 
Í �û

�¿ �¹ [ � , � ] .

�„ �ç � : �V Q �Ï �÷ �" �X �( �? �M�%, �i �V Q �Ï �Ê �| �» �B �ñ �í 
Í t ip ∀ Wi.

�„ �ç � : 
! t ip 
{ �Æ	o 
î �¹ Ps,  , P r, node p ( Pj ) �¥ 
H�W�" �¹ 
 �( � ? � � "j ( s

� j � r) , �Ð tip �' �÷ �M�1 �¥ �M�%�" �† SD ( t ip) , �9 
Ø
P �? 
H �W�u

�W PB ( t ip) > (
 �( � ? � � "s) ,  , ) 
 �( � ? � � "r ) .

7� � � � : �Â �T SD( tip ) >  , 
 �( � ? � � "ip> PB ( t ip) ( [ d ( tip) �aD( t ip) ] .

7� � � � : �Â �T SD( tip) ,  , �Œ�� ! t j ∀ SD( t i) , 
! tj 
{ �Æ	o 
î Pm,  , P n,

node p ( Pk) �¥ 
H �W�" 
^ 
 �( � ? � � "j ( m � j � n ) , �9 
Ø PB ( t j ) >
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� � � 	 � � �È � � �0 � � �Ð � � �� � � � � �M
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H�W�• �� �÷ �• ; �Ž�5 �� �ž �„ �ç � .
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