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Z4px{�sCBmpx�xj"�~qÃ\^p��r]Lhm§H�¼�mq¥st�®§Ã�~�y�³�r�³]mqt]m�F�~j�pr{�\^pF�gs¥�4�¼�r]m{�j�sv�m�rq¥qtfx­/_g]R�yhnpx{lh��4p~jls£¦XfµjlZ4]¸��px�xj�{lprqtqt]m{
�roOprwij�jlZ4]��4{�p4�iwy�ºjls¥px�¸�m]mqtq®�"Zy�~�y�r]RhR­
Y�Z4sth®�y�r�O]m{®svh2px{��M�~�4svhn]L�¬�rhC¦Xpxq¥qtpF¢)hm­��*¦ìj�]R{6�xs¥�gst�4���4{l]mqtst\+st�y�r{�f��4prj�stpr�yhR§R¢¨]|{l]R�m�rq¥q~st�!_i]R�ºjls¥px�!�i§

jlZ4]¸h�]m\��~�Mj�sv�mh0p~¦�prw4{+{�]m¤y�4]m\^]m�Mj+{l]mqv�Fj�stpr�²�~�J�@s¥jlh+�4{�px�O]m{�j�st]RhR­µY�Z4]m�´_g]L�ºjls¥px� :¼�4{l]Rh�]m�xj"h!jlZ4]
\^pi�iw4qt]RhR§Ãj�Z4]Rs¥{Â�mpr\^�Opxh�s£jls¥px�±�r�y�³jlZ4] ¢¨]L�~°³{�]m¤y�4]m\^]m�Mj�p~¦¬j�Z4] ��pr\^�OpMhns¥j�stpr�±p~¦¬j�Z4]�\+pi�4w4q¥]Lhm§
�R�~qtq¥]L��\^pi�iw4qv�~{){l]�¤y�4]R\+]R�xjL­   � _i]R�ºjls¥px� � §4j�Z4]���px�yhnj�{"�~st�xj)h�fg�y�lZy{�px�4sth�]R���4{lpi�iwy��j)sth)s¥�Mj�{lpi�iwy�m]R�
jlp hn�O]L��s¥¦Xf/�mpr\^�Opr�4]R�xj�¯½oy�xhn]L�µhnfihnj�]m\�hR§��r�y�/j�Zy]�\^pi�iwyqt�r{�{l]�¤y�4]R\^]m�xj�svh�wyh�]R�/jlp�]Rhnjl�ro4q¥svh�Z/jlZ4]
hnj�{lst��j*{l]�¤y�4]R\^]m�xj)p~¦��mpr\^�Opr�y]m�xj�¯½oy�xhn]L��hnfihnj�]R\^h�\^px{�]b] �Â��st]m�Mj�qtfr­

ÍìÖ9Ñ®Íìë



���������	��

��� ����������������������� �"!#
%$&��
�'(

�)�*�+�-,&�.' �/�.�0

�)�21+34��5

4�76��85��9
�'�5 �

� � �9	*�m
m(�
��¸���9
m	*5������¹7e$#	�'¸�¸	)(�	*�0� �!�����	�
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�	*5

�µ]+st�xj�{lpi�iwy�m]0qv�~oO]mqtqt]R��jl{l�r�yh�s£jls¥px�¼h�fihkjl]m\�h�jlp¸h��O]R�ms£¦Xf �mpr\^�Opr�4]R�xjboO]mZy���gs¥pxw4{lh¡�~�y� �y{�px�O]m{�j�st]RhR­
Y�{l�r�yh�s£jls¥px��h�fihnj�]m\�h�¢¨]!��pr�Jhnsv�i]m{)�~{l]¡st�xj�]R{��y{�]mj�]R��pF�r]m{)��¤J�4s£jl]!h�]�j*pr¦9�F�~{lsv�~o4qt]Rh

V
­|À®]mj

APV

oO]
�^h�]�j)p~¦��Fjlpr\^sv�¬�y{�px�Opxh�s£jls¥px�yh©p��r]R{

V
­

�¸Å
����� � �àÉ�������� �i� Å ' ' Å Ê��¨��� � � � � �àÉ����®Æ �m� Å � ��� � ����� � � �J6
S
� 5 �#� � �0��


(Q,Q0, E, T, V, l)� 	)
�� 

! Q

� 5"�-5


� � �H5����.��
�5#"
! Q0 ⊆ Q

� 5"�(5�

� � � ���)���2� ��� 5������9
�5$"
! E

� 5 �#$ �)����
 5


� �+�H�2� ���)5�� �2� ��� ��� 3�

� 5#"
! T ⊆ Q × E × Q

� 5"�7��� 3�
�� ��
4���%� �.�/5����%� �.� � 

�����2� ���%"
! V

�C5"�(5

�� �+�'&������ �K3��C
�5#" �.�0�
! l : Q → 2APV

� 5�� ���.���.�K� � � �
�2� ��� � 	/��� ��� 3�

� 5 
4� �
	 5����.��
"����� 	 � 	)
 5


� � �����9��' � �#�0� �4�)�85����2� �.�/5
�2� �)
 ��� � 	/�.� 5����.��
)(&� 
������ �

l
� 	/
 ������

�2�0� 

�9���2� �.��*

�/]0�mpr�yh�sv�i]m{¬� Eì¤J�4s£jl]0pr{�s¥�4¤y�4s¥j�]L»�h�]RuMw4]R�y��]!pr¦|hnjl�Fjl]Rh
σ = q0, q1, . . . + st� Q

­
σ
svh��Â�y�FjlZ�pr¦

S
s-,

∀i.(i ≥ 0 ⇒ ∃ei.(ei ∈ E ∧ (qi, ei, qi+1) ∈ T )) . ­0/¡st�r]m� ���y�FjlZ σ
§J¢¨]0�i]m�4prj�]!ogf

tr(σ)
s£j"h

jl{l�x��]
e0, e1, . . .

­
Σ(S)

�4]Rhnst�x�y�Fjl]Rh�jlZ4]�h�]�j�p~¦¨�y�~j�Zyhbp~¦
S
­+�Áhnjl�Fjl]

qi

svhb{�]L�r�"Zy�~o4qt]�¦X{�px\
q0
s-,

jlZ4]m{l]b]�«isvhkj"h*�+�y�~j�Z¸pr¦�j�Z4]b¦Xpx{�\
σ = q0, q1, . . . , qi

­
  ��j�Z4svh*�y�~�O]R{R§4�ifg�y�r\+sv�¡�4{lpr�O]R{njls¥]Lh¨pr¦�hnfihnj�]R\^h*�r{�]¡]m«g�y{�]Lh�h�]R��oMfÂ¦Xpr{l\�w4qv�~]¡pr¦9�4{�px�Opxh�s£jls¥px�y�~q

À6s¥�4]L�~{�Y�]m\^�Opx{l�rqHÀ®pr�xst�>E
LTL

» �t�L� �|�xs¥�r]R�/oMf j�Zy]+¦Xpxq¥qtpF¢*s¥�4� �r{"�~\^\��~{ I
φ
§
φ′ ::= ap | φ ∨ φ′ |

¬φ | ©φ | φUφ′
§4¢*Z4]m{l]

ap ∈ APV

­

�¸Å
����� � �àÉ��213�
LTL

� Å �³� � � � �r� ��4 �5&8

�
LTL

�0� �4�)
����2� 
�5
φ
"
φ′
���0� � �)��� 	

σ
" � 
(� 
%$&�0


φ
���

3�
 5
���2� 5 $*
������
i ≥ 0

��� �H�/��� 	
σ
"&�������%�9
��

(σ, i) |= φ
"*��5����.�����.�M5)*

! (σ, i) |= ap
� 6

ap ∈ l((σ, i))! (σ, i) |= ¬φ
� 6 ���*� 5 �����*�%� �)
 � 	)���

(σ, i) |= φ! (σ, i) |= φ ∨ φ′
� 6

(σ, i) |= φ
�.�

(σ, i) |= φ′

! (σ, i) |= ©φ
� 6

(σ, i + 1) |= φ! (σ, i) |= φUφ′
� 6

∃j.(j ≥ i ∧ (σ, j) |= φ′ ∧ ∀k.(i ≤ k < j ⇒ (σ, k) |= φ))

�µ]��~qvh�p�wyh�]+j�Z4]��4p~j"�Fjls¥px�yh
3φ ≡ trueUφ

§
�φ ≡ ¬3¬φ

§6�r�y�
φWφ′ ≡ �φ ∨ φUφ′

­��
LTL�4{lpr�O]R{njkf

φ
svh*hl�Fjlsthn¤y]R��oMf

S
¢*Z4]R�

∀σ.(σ ∈ Σ(S) ∧ (σ, 0) ∈ Q0 ⇒ (σ, 0) |= φ)
­

a�pr{l]mpF�r]m{R§y¢¨]�p~¦ìjl]m�¼�mpr�yh�st�4]m{)j�Z4]+hn]mj
SPV 798;:= {sp, sp1, sp2, . . .}

p~¦|hnjl�~j�]��4{lpr�Opxh�s¥j�stpr�yh*pF�r]m{
V
�i]m¤y�4]R��oMf

sp, sp′ ::= ap | sp ∨ sp′ | ¬sp
§J¢*Z4]m{l]

ap ∈ APV

­   � jlZ4sth¬h�]�jnjls¥�y�y§O�~� ���<&8�.��� ��� �4

���+���/

���%��svh)�+�4{lpr�OpMhns¥j�stpx�

sp ∈ SPV

h��~j�svhn¤y]R��ogf�]m�r]R{�f�hnjl�~j�]�p~¦
S
§4s=­ ]r­

∀q. (q ∈ Q ⇒ q |= sp)
§

¢*{ls£j�j�]R�
S |= sp

­
Y6pµZy�r�y�iqt] �/�4{lpi�iwy��j^p~¦¡ÀiY)_ihR§|jlZ4]�h��~j�svhk¦à�x�ºj�stpr�±p~¦¡�µhnjl�Fjl]¸�4{lpr�Opxh�s¥j�stpr�

sp
ogf²�µhkj"�Fj�] sth

]m«Mjl]m�y�i]L��j�p+jlw4�4qt]Rh*p~¦�hnjl�~j�]RhR­�Gypr{�]m«4�~\^�4qt]r§4�0¦Xpr{l\�w4qt�
sp ∈ SPV1∪V2

svh*hl�Fjlsthn¤y]R��oMf
(q1, q2)

s-,
]Rs£jlZ4]m{

sp ∈ SPV1

�~�J�
q1 |= sp

§4px{
sp ∈ SPV2

�~�J�
q2 |= sp

­
=
(σ, i) ñ�Ýkß½Û?>ºÚFãlá=Ýkß�á=å�Ý ith ßàá¶ãlá=Ý|æ#@ σ AB ë�Ú¬ÝkîòÝnç*ÝkÚ�á6æ#@ T Ûòß6ã"îòß=æ�ñLÝnÚLæ"á½Ýkñ q

e
→ q′ A
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  �µj�Z4svh��y�r�O]m{L§®¢©]�]�«i�4qtprs¥jbjlZ4]Âh�fihkjl]m\ j�px�i¯¶�4p�¢*�µ{l]�¤y�y]m\^]m�xj�{�]Rqt�~j�stpr�/¢©]�Zy�L�r]�s¥�Mj�{lpi�iwy�m]R�
st���ò� �½­�À®]mj

SA = (QA, Q0A, EA, TA, VA, lA)
oO]*�~�^�royhkjl{l�x�ºjHÀiY)_0�r�y�

SR = (QR, Q0R, ER, TR,
VR, lR)

�^\^pr{l]��i]mjl�rs¥qt]R� À4Y)_C­JY�Z4]!h�fg�xj"�r�ºjlst�¡¦X]L�Fjlw4{�]Lh*p~¦9jlZ4]!{�]m¤y�4]m\^]R�xj¬�~{l]��xh©¦Xpxq¥qtpF¢)hm­*G9st{lhnjR§
{l]�¤y�4]R\^]m�xj¬s¥�Mj�{lpi�iwy��]Lh*�4]R¢ �x�ºjls¥px�yhm§Jhnp

EA ⊆ ER

­*_g]L��pr�J�2§Jh�pr\^]��4]R¢
�~�~{lst�ro4q¥]Lh*�m�~��oO]!s¥�Mj�{lp~¯
�iwy�m]R���r�y��jlZ4]¡prqv�Âpx�4]Rh��~{l]�{l]m�y�r\^]R� I

VA ∩ VR = ∅
­HY�Z4st{"�2§i���y{�px�Opxh�s£jls¥px�y�~qO�m�rqt�mw4qtwyhÃ¦Xpx{�\�w4qv�

gp
pF�r]m{

VA ∪ VR

§y�m�rq¥qt]R� � � � ����� �0� 
���� �4�.�9
�§Jqtst�4°ih��F�r{�sv�~o4qt]Rh©p~¦9oOprj�Z�ÀiY)_ihm­

�¸Å
����� � �àÉ�������� ' � Å Ê��m�L�i� Å � ��� 

�
gp ∈ SPVA∪VR

3�
H� � � � ����� ��� 
4�.� �4�.��
 * � 	/
 5����.��

qR ∈ QR� 5*�rqtw4]L� �9�

qA ∈ QA

� *C��*C�9*
gp
"&�������2��

�

qR µ qA

"&� 6
(qA, qR) |= gp

*
Y�Z4]�{l]�¤y�4]R\+]R�xj){�]Rqt�~j�stpr��¢*s¥j�Z¸jlZ4]!hn]R\^�r�xjlst�¡¦ì]L�Fjlw4{�]Lh�oO]mqtp�¢Usvh*�+{l]Rhnj�{lst��j�stpr��pr¦

µ
­

�r­*Y�Z4]�jl{l�r�yh�s£jls¥px�yh|pr¦
SR
§xjlZ4]¬qv�~oO]mqvhÃpr¦®¢*Z4sv�"Z��~{l])st�

EA

EXs½­ ]r­�qv�~oO]Rq¥qt]R�ÂoMf+jlZ4]���prqv����qv�~oO]mqvh"»
�r{�]b°r]m�ijL­

�i­ ?�]m¢ j�{"�~�Jhns¥j�stpr�yhbst�xjl{�p4�iwy��]L�µ�4w4{�st�4� j�Z4]Â{l]�¤y�4]R\+]R�xj0�i]Rh�s¥�x� Eàs=­ ]r­�qv�~oO]Rq¥qt]R�µst�
ER r EA

»
�r{�]���px�yh�st�i]R{�]L�^�xh|oO]mst�4���4pr�4¯½pxoyhn]R{��~�Foyq¥]��~j�Z4]Rf��~{l]*qv�~oO]Rq¥qt]R��oMf

τ
�~�J���R�~qtq¥]L�

τ
¯=jl{l�r�yh�s£jls¥px�yh

st��jlZ4]!h�fghnj�]R\
SR
­

:4­*a�px{�]Rp��r]R{R§g�4]m¢ jl{l�r�yh�s£jls¥px�yh�h�Z4prw4qv���4prj*st�xjl{�pi�4wy��]b�4]R¢
�i]R�x�iqtpi�l°ihR­
� ­ G9st�y�~qtq¥fx§6�y]m¢ j�{"�~�yh�s£jlstpr�yh�h�Z4prw4qv�/�4prj�jl�r°r]���px�xjl{�pxq9¦Xpx{�]R�r]m{L­Â_gpJ§6st�i¤y�4s¥j�]�h�]RuMw4]R�y��]Lhbp~¦

τ
¯

jl{l�r�yhns¥j�stpr�Jhm§is=­ ]r­
τ
¯¿��fi��qt]RhR§i�r{�]¡¦Xpr{lo4st�y�i]m�®­

�¸Å
����� � �àÉ��
	2����Å
� ��Å � Å
� � ��Å 'à�i� �=É<� � � 

�
SA

�����
SR

3�
 �%� � � �J6)5#" �.�0�
e ∈ EA

*�� 

�
µ3�
#� 	/
 � � � ������� 
����.�%� �.��*	� 	/
F� 
 $ �0

'-

�)� � 

�����2� ���

η ⊆ QR×QA

� 5 �K
 $ �0
�����5 � 	)
�� � 
4�.��
�5���3
���0�����
� 

�����2� ��� ��� ��� �)� 
��7���

µ
���0�(5
���2� 5 ���8������� 	/
 ���.�����.������� �
����� 5

�5��


�������������������������� � ��!��"��#%$&�'#�()#����
(qR η qA ∧ qR

e
→ q′R ∈ TR) ⇒ ∃q′A. (qA

e
→ q′A ∈

TA ∧ q′R η q′A)
"

* �+����,-�.�.#����/��01����������� � ��!��2��#%$3�4#�()#����
(qR η qA ∧ qR

τ
→ q′R ∈ TR) ⇒ (q′R η qA)

"
5 �768�9��:)!<;=�4#�>@?A#<�9?B68!C��:��

(qR η qA ∧ qR 9) ⇒ (qA 9) D "E �768�9��:)!<;
τ F ��GA��68#��

qR η qA ⇒ (∀σ. σ ∈ Σ(qR) ⇒ tr(σ) 6= τω)
*

Y�Z4]�{�]Rqt�~j�stpr�
η
sth+�¼�y�~{�j�sv�~q¨pr{"�i]R{R­ Gy{�px\��4pF¢,px�®§H¢¨]¸h���f/j�ZJ�Fj

SR
� 
 $ �0
�5

SA
§|¢*{�s¥jnjl]m�

SR vη SA
§4¢*Z4]R�

∀qR.(qR ∈ QR ⇒ ∃qA. (qA ∈ QA ∧ qR η qA))
­

  j�Zy�xh�oO]R]m�³h�Z4pF¢*�·st� �ò���¨j�ZJ�Fj!jlZ4]�{�]m¤y�4]m\^]R�xj�{l]mqv�Fjls¥px�@�m�~�@oO]���qv�rhlh�s£¤y]L�·�rh��A�.�5&8

� � 
�� �4

5����K3
� � ���%�(� 
�52�/
 �
�%����� ����'#�0��

�9
4�-5���' � �����2� ���^st��j�Z4]b�F�~� /bqt�ro4oO]m]m° �ih��J]L�ºjl{�w4\ �¥�L� �¶­ D pr�yh�]RuMw4]R�xjlq¥fx§
s¥j)svh�\^px{�]b]�«i�4{l]Rhlh�s¥�r]¬jlZy�~�¸j�Z4]�j�{"�r��]bst�y��qtwyh�s¥px�®§y�~�y�¸Z4]m�y�m]bj�Z4]!�mq¥pMhn]L�¸hnfihnj�]m\�h�{l]�¤J�4]m\^]m�Mj��¥�F� �
ogf�_gZJ�~�4°~�~{L­��)� �~qt�rpx{�s¥j�Z4\^sv���r]m{ls£¤J�R�Fjls¥px�Âpr¦6j�Z4]b{l]mqv�Fjls¥px�

η
�m�~��oO]��ipr�4]¡ogfÂ\+p4�i]mq2]�«i�4qtpr{"�Fj�stpr�

pr¦�j�Z4]�{l]�¤y�4]L�¸hnfihnj�]R\ ¢*Z4sv�"Z ��px\^�4q¥]m«is£jkfÂpx{l�4]m{�svh
O(|SR|)

¢*Z4]m{l]
|SR| = |QR| + |TR|

­
G�st�rwy{�]7: �xs¥�r]Lh�� {l]�¤y�y]m\^]m�Mj!pr¦*� �y�r{nj!pr¦©j�Z4]���pr�Mj�{lprqtq¥]R{R­   �µjlZ4]��~oyhnj�{"�r��j

ClipA

hnfihnj�]R\¸§
jlZ4]�h�]m�yh�pr{!Zy�xhbjk¢¨p �Opxh�s¥j�stpr�yhR§

open
�r�y�

close
§�¢*Z4]m{l]R�xhbst�·jlZ4]Â{l]�¤y�y]R�

ClipR

hnfihnj�]m\ §�j�Zy]m{l]
H�I ÝHÚ�æ"á=Ý q 9 J åLÝnÚ ∀q′, e. (q′ ∈ Q ∧ e ∈ E ⇒ q

e
→ q′ /∈ T ) A
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�

ClipA ClipR
�
� ������� ���	�

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

���
\τ

� ���
\τ

�
η

η

η

η

G9st�rw4{l]H:)I
ClipR vη ClipA

�r{�]�jk¢¨p¸\^pr{l]0�Opxh�s¥j�stpr�yhR§
toOpen

�~�y�
toClose

­0Y�Z4]+{l]mqv�Fjls¥px�
η
oO]mj¿¢©]m]m�

ClipR

�~�J�
ClipA

sth
]Lhkj"�~o4qtsth�Z4]L�2§4h�p

ClipR vη ClipA

­
Y�Z4]�{l]�¤y�4]R\^]m�xj+{�]Rqt�~j�stpr�

η
oO]mst�4�/� °gs¥�y�³p~¦

τ
¯¶h�s¥\�wyqt�~j�stpr�®§�s¥j+�4{�]Lhn]R{��r]Lh!hl�F¦X]�jkfµ�y{�px�J]R{njlst]Rhm­

a�px{�]Rp��r]R{R§y¢¨]0Zy�L�r]0h�Z4p�¢*� st� � ����jlZy�Fj¬j�Zy]�{l]�¤y�y]m\^]m�Mj¬{l]mqv�Fjls¥px�
η
�4{�]Lhn]R{��r]Lh

LTL
� h��~¦X]�jkf �~�J�

qts¥�r]R�4]Rhlh ���y{�px�O]m{njlst]RhR­   �/prj�Z4]R{b¢¨px{l�4hR§®�~�gf �royhkjl{l�x�ºj
LTL

�4{�px�O]m{�j¿f hl�Fjlsthn¤y]R�¼ogf¼�~�·�~oyhnj�{"�r��j
h�fihkjl]m\

SA
sthR§x\^pi�iw4qtp

gp
§gh��~j�svhk¤y]L�+oMf^����px{�{l]Rh��Opr�y�ist�4�b{�]m¤y�4]R��hnfihnj�]R\

SR
­M@)]R{�]*j�Z4]¬h��~j�svhk¦à�x�º¯

jls¥px�¸{l]mqv�Fjls¥px�
|=gp

jl�r°gs¥�4�
gp
st�xjlpÂ�r�m�mprw4�MjR§y�m�r�¸oO]!�i]m¤y�4]R�¸ogf�st�y�iwy��j�stpr� px��jlZ4]!hnj�{lwy�ºjlw4{l]bp~¦H�

¦Xpx{�\�w4qv�
φ
qts¥°r]

|=
st����]m¤y�4s¥j�stpr� �i­&Gypr{*]�«4�~\^�4qt]r§

spA ∈ SPVA

sth)h��~j�svhn¤y]R��oMf��^hnjl�~j�]
qR ∈ QR

§
\^pi�iw4qtp

gp
§4¢*{ls£j�j�]m�

qr |=gp spA

§4s-, ∧

ap∈lR(qR) ap ∧ gp ⇒ spA

­
��� ÅgÉ � Å � ���

LTL � É � � É<�9Å
� � Ç ���4� Å Ê"!b� Å � Å ��#i�4� �àÉ��%$
&('9� � 
�� SA
�����

SR
3�
 �2� � � �J6)5�*

� 

�
gp
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��� � � � ����� �0� 
4�.� �4�.�9
 " �.�0�
φA

��� �K3�5��2� �"�
�
LTL

�0� �4�/

���2� **) �
TA

� 5 �9���9���J� 	/

�

SR vη SA, SA |= φA

SR |=gp φA

�.� 	)
������ 5

)" �.�)� �(5��+��
��2�
LTL

�0� ���/

���%� 
�5��.�+
 ��� 
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�� *
Y6p*Zy�r�y�iqt]|���4{lpi�iwy��j®p~¦iÀiY)_ih®¢*Z4st�"Z�o4{�st�4�Mh2�roJpxwij®�4]R¢·�i]R�x�iq¥p4�l°ih2�r�y�b��fi��qt]Rh2pr¦

τ
¯½j�{"�~�Jhns¥j�stpr�yhR§

jlZ4]�¢¨]R�r°Â{�]m¤y�4]m\^]m�Mj){�]Rqt�~j�stpr��svh*�i]m¤y�4]L��ogf
�¸Å
����� � �àÉ��,+3��- Å �/. ��Å
� ��Å � Å
� � ��Å '=�i� �=É<� � � 
��

SA
���0�

SR
3�
��%� � � �J6)5#"

µ
� 	/
 � � � �����

� 

�����2� ��� * � 

�
D ⊆ QR

3�
F� 	/
 �K
4�K� ����� � 5


� *�� 	/
H� 
�� � � 
%$&��
�'(

�)�
ρ ⊆ QR ×QA

� 5#� 	/
 �.� 
����9
�5��
3
���0�.���(� 

���.�%� ��� ��� �
� �)� 
��7���

µ
�����-5
���2� 5 ����������� 	/
*�������C��������� �
����� 5

�5 �


��+�����������&�<#%$3�4#�( #��'� �.�0� * �7��� ,B���.#����/��0)��#%$3�4#�()#��'� ��� �.' � 
%$&�����%� �.�10 "
532 � !A68? !����'#�>@?9#<�A?B68!C��:C�

((qR ρ qA ∧ qR 9) ⇒ ((qA 9 ∧qR /∈ D) ∨ (qA → ∧qR ∈ D)))
�/]²h���f j�Zy�~j

SR
� 
�� �.� ��� 
%$&��
�5

SA
§�¢*{ls¥jnjl]m�

SR vD
ρ SA

§!¢*Z4]m�
∀qR.(qR ∈ QR ⇒

∃qA. (qA ∈ QA ∧ qR ρ qA))
­HÀ®st°r]

η
§rj�Zy])¢¨]L�~°0{l]�¤y�4]R\^]m�xj¨{�]Rqt�~j�stpr�

ρ
svhÃ��°gs¥�y��p~¦

τ
¯¶h�s¥\�wyqt�~j�stpr�

jlpgpy­ D px�yhn]LuMw4]m�xjlqtfr§
ρ
�4{l]Rhn]R{��r]Lh©hl�F¦X]mj¿f

LTL
�4{�px�O]m{�j�st]RhR­

Y�Z4]Â�i]m¤y�4s¥j�stpr�³�~oOpF�r]��ipg]Lhb�4prj!\^]m�Mj�stpr�·j�Z4]
τ
¯¶�mfi��qt]RhR­�À®]mj

divτ (SR, SA)
oO]�� �4{�]L�isv�m�Fjl]

\^]R�r�4st�4�¸j�Zy�~j
SR

��pr�Mjl�rs¥�yh�h�pr\^]
τ
¯¿��fi��qt]Rhb¢�­ {R­ jR­

SA
­   j!svh�]R�xhnf�jlp�h�]m]^j�Zy�~j�j�Z4]Â{�]m¤y�4]m\^]m�Mj

�r�y��j�Z4]�¢©]R�~°Â{l]�¤y�y]m\^]m�Mj)�r{�]bq¥st�4°r]R�¸oMf
!b� É � Å ��� Æ�� � ��Å � �9Å � Å � �4#®�65 - Å �/. ��Å
� ��Å � Å
� � �

SR vη SA
� 6

SR vD
ρ SA



�
D = ∅


��
¬ divτ (SR, SA)
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  � ���mpr�y�mw4{�{l]m�Mj)h�]�j�j�st�4�y§Ohnfihnj�]m\�h)�r{�]�p~¦ìjl]m��\^pi�i]Rq¥qt]R� wyh�s¥�4���^�y�~{"�~qtqt]mq6��pr\^�OpMhns¥j�stpr� p~¦Hh�w4oyh�fihk¯
jl]m\�h|h�Zy�~{ls¥�y�¡�F�r{�sv�~oyq¥]Lhm§~�R�~qtq¥]L��'-� ��� ��
�5*st� �t�L�g§y� :i§x� �¶­ �µ])��px�yh�st�i]R{�j�Z4])\+p4�iw4qt]Rh|hnZy�r{�st�4�b�rqtproy�rq
�F�r{�sv�ro4q¥]LhÃ¦X{�px\,j�Z4]!h�]�j

V
­|À®]mj

M1 �r�y� M2 oO]bj¿¢¨p^\^pi�iwyq¥]Lhm­ �/]�s¥�Mj�{lpi�iwy�m]¬jlZ4]b�y�r{l�rqtq¥]RqC�mpr\+¯�OpMhns¥j�stpr�0p~¦
M1 �r�y� M2 §r�i]R�4p~jl]R� M1‖M2 §~¢*Z4st�"Z+sthH��\^pi�4w4q¥]©j�Zy�~j�ZJ�rh9]�«4�r��j�qtfbj�Z4]�oO]RZy�L�gstprw4{"hpr¦

M1 �~�y� M2 ­ � � �����9oO]mZy���gs¥pxw4{"h¨p~¦ M1 EX{l]Rh��®­ M2 »©�r{�]¬jlZ4]¡jl{l�r�yhns¥j�stpr�Jh¨qv�~oO]Rq¥qt]R��s¥� E1
r E2

Eà{�]Lhn�®­
E2

r E1 »�§4¢*Z4]R{�]L�rh � ��� 3�����oO]mZy���gs¥pxw4{"h©�r{�]¡j�Z4]bjl{l�r�yhns¥jls¥px�yh©qv�~oO]Rq¥qt]R��st� E1 ∪ E2 ­

�¸Å
����� � �àÉ������ !¬�i�F� ' ' Å ' � É � � É � � � �àÉ<� � � 

� M1 = (Q1, Q1
0, E

1, T 1, V, l1)
���0�

M2 = (Q2, Q2
0,

E2, T 2, V, l2)
34
 �2� �('-� ��� ��
�5�* � 	)

� ������'#�/��5����2� �.� � 5"� 
%$&��
4� 3
�

M1‖M2 = (Q,Q0, E, T, V, l)
"

� 	)
�� 

1
Q = Q1 ∪ Q2 "
1
Q0 = Q1

0 ∪ Q2
0

"
1
E = E1 ∪ E2 "
1
T = T 1 ∪ T 2 "
1
∀q ∈ Q1 ∪ Q2, l(q) =

{

l1(q)
"&� �

q ∈ Q1

l2(q)
"&� �

q ∈ Q2

G�st�rwy{�] � �rst�r]Rh�jk¢¨pÂ\^pi�iw4qt]Rh
MClip

�r�y�
MArm

pr¦9jlZ4]��mpr�Mj�{lprqtq¥]R{R­©Y�Z4]mf�st�xjl]m{"�r�ºj�oMf¸\^pi�is¥¯
¦Xfgst�4�+jlZ4]��rqtproy�rqC�F�r{�sv�~o4qt]Rh

cl
�~�J�

ar
jlp^�rst�r]¡j�Z4]��y�r{l�rq¥qt]mq2�mpr\^�Opxh�s¥j�stpr�

MClip‖MArm

­
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�����
	��
���

�
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�����
	��
���

��� ����� ���	�
�����
� � �
���

��� ���������
�����
� � �
���

� �� �

� ã�� MClip

��� ����� �����
� � �"!#���#$

��� ���#%&� �
� � �"!#���#$

��� �"�'� �����
�#� �)( � �����

��� �
�#%&� �
�#� �)( � �����

*

*
� �

��+ � MArm

��� ����� ���	�
� � ��!����#$

�
� ���
�����
� � ��!����#$

��� ����� ���	�
� � �)( � �
���

��� ���������
� � �)( � �
���

� �
*

*
� �

� ä,� MClip‖MArm

G9st�rw4{l] � I�zH�~{"�~qtqt]mq®��pr\^�Opxh�s¥j�stpr��pr¦
MClip‖MArm

!b� É � Å ��� Æ21�� � É � � ���R�4� � # � � Æ²É.-
‖
�
∀M1,M2. M1‖M2 = M2‖M1 *

!b� É � Å ��� Æ��2� ���R� É � � �4� � # � � Æ±É.-
‖
�
∀M1,M2,M3.(M1‖M2)‖M3 = M1‖(M2‖M3)

*
!b� É � Å ��� Æ
	��0/)� #i�4� � � � � Å !b� Å � Å ��#i�4� �àÉ��ËÉ1-

‖
� 4 �5&�

�

sp ∈ SPV

" � �
M1 |= sp

�.�0�
M2 |= sp� 	/

�

M1‖M2 |= sp
*

Y�Z4]��~oOpF�r]��y{�px�J]R{njkf��R�~��oO]¡]�«gj�]R�y�i]L�Âj�p^�ifg�y�r\^st�¬st�M�F�r{�sv�~�MjlhR§xj�ZJ�Fj*�r{�]
LTL

�4{lpr�O]m{�j�st]Rh¨pr¦®jlZ4]
¦Xpx{�\

�(sp1 ⇒ sp2)
­

  �yhkjl]R�x�+pr¦C�r]R{�s¥¦Xfgs¥�y�bj�Z4]�{l]�¤y�4]R\^]m�xj¨p~¦Cj�Z4]¬�mpr\^�Opxh�s£jls¥px�^p~¦Cj�Z4]�\^pi�iw4qt]RhR§x¢¨])�4{lpr�OpMhn]*�r]m{ls£¦XfM¯
st�4�0jlZ4]b{l]�¤y�y]m\^]m�xj*pr¦�]L�r�lZ¸\+p4�iw4q¥]�h�]m�y�r{l�~j�]mqtf^{l]R�x�lZ4st�4�^�+��px�y��qtwyh�s¥px���~oOpxwij©jlZ4]b{l]�¤y�4]R\^]m�xj*pr¦

ÍìÖ9Ñ®Íìë



���������	��

��� ����������������������� �"!#
%$&��
�'(

�)�*�+�-,&�.' �/�.�0

�)�21+34��5

4�76��85��9
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jlZ4]mst{¬�y�~{"�~qtq¥]Rq6�mpr\^�Opxh�s¥j�stpr���rwij�px\^�~j�sv�m�rq¥qtfx­ �)�i¦Xpx{njlw4�y�Fjl]mqtfr§Jj�Zy]0hkjl{�sv�ºj¬{l]�¤y�4]R\+]R�xj¬{l]mqv�Fjls¥px���m�r�i¯
�4prj�oO]Â�mpr\^�Opxh�s£jlstpr�y�rq¥qtf�]Rhnjl�ro4qtsth�Z4]R�/oO]L�m�~wJhn]^pr¦©st�xj�]R{�qt]R���gs¥�y�¸p~¦

τ
¯=jl{l�r�yhns¥j�stpr�Jh¡s¥�µjlZ4]�\^pi�iw4qt]Rh

�mpr\^�Opxh�s£jls¥px�¸�rh�stq¥qtwyhnj�{"�Fjl]R��s¥� G9s¥�J­y�i­

r0 r1

r3

e1

τ

� ã�� M1

r0 r1

r2r3

τ

τ

e2

��+ � M2

r0 r1

r2r3

e1

τ

τ

τ
e2

� ä � M1‖M2

G9st�rw4{l]!� I   �Mj�]m{lqt]R���gs¥�4�+pr¦
τ
¯=jl{l�r�yhns¥j�stpr�Jh

À®]�j�wyh ]�«4�r\+st�4]/j�Zy]·¢¨]R�r°Ë{�]m¤y�4]m\^]m�Mj�{�]Rqt�~j�stpr�U�mqt�rwyhn]Lhm­   j�svh¸]L�rh�f´jlp�h�]m]/jlZy�Fj j�Zy]
τ
¯

h�s¥\�wyqt�~j�stpr� EìjlZ4]�hnj�{lst��j+jl{l�r�yhns¥j�stpr�±{�]m¤y�4]m\^]m�MjÂ�~�y�³jlZ4]�hkjlwijnjl]m{lst�4�/j�{"�~�Jhns¥j�stpr�²{l]�¤J�4]m\^]m�Mj"»+�R�~�
oO]!��pr\^�OpMhns¥j�stpr�y�rqtq¥f��r]m{ls¥¤y]R�¸h�s¥�y�m]b\^pi�iw4qt]Rh*pr�4qtfÂwyh�]�h�Zy�~{l]R���xqtproy�~q2�F�r{�sv�~o4qt]Rh©st�

V
­

G4pr{���pr\^�OpMhns¥j�stpr�y�rq~�i]R�x�iqtpi�l°¡�lZ4]L�l°gst�4�y§Rj�Z4]Ãst�i]L��svh6�rhC¦Xprqtqtp�¢)hR­�_gwy�4�Opxh�]�jlZy�Fj
MR1 vD1

ρ MA1

�r�y�
MR2 vD2

ρ MA2 ­9�±hkj"�Fjl]Ãs¥� D1∪D2
sth9���i]R�r�4q¥pi�"°¡s¥�

MR1‖MR2 s ,^]ms¥j�Z4]R{�s¥j9sth9���i]R�x�iq¥p4�l°st��oOp~jlZÂ\^pi�4w4q¥]Lhm§gpr{©�0�i]R�x�iqtpi�l°^s¥����\^pi�iw4qt]¡�~�y�Â�4p~j��0hnjl�Fjl]�st�ÂjlZ4]¬prj�Z4]R{¨px�4]r­HY�Z4sth��i]R�x�iq¥p4�l°
{l]R�iwy��j�stpr�®§y�i]m�4prj�]L�

D14D2
§y�m�r��oO]!��px\^�4wij�]L��ogf

D14D2 = (D1 ∩ D2) ∪ (D1 r Q2
R) ∪ (D2 r Q1

R)
En�L»

!b� É � Å ��� Æ,+�� ���R� É � � �4� � # � � Æ±É.-
4
�

(D14D2)4D3 = D14(D24D3)
*

?)pF¢�¢©]¬�~{l]){l]R�x�if�jlp�]Rhnjl�ro4qtsth�Z �+s¥������pr\^�Opxh�s¥j�stpr�y�rqy\^�r�4�4]R{ �0j�Z4]¬¢¨]L�~°+{l]�¤y�4]R\+]R�xj©p~¦2jlZ4]
�mpr\^�Opxh�s£jls¥px��p~¦�jlZ4]�\^pi�iw4qt]RhR­

��� ÅgÉ � Å � 13� & É Ê���'à�i� ��Å
� ��Å � Å
� � � � 
��
MA1‖MA2 �.�0�

MR1‖MR2 34
>'(� ��� ��
�5 �4�.'�1
�/��5����%� �.�/5�* � �0
 	/�85

MR1 vD1
ρ MA1,

MR2 vD2
ρ MA2

MR1‖MR2 vD14D2
ρ MA1‖MA2

� � � � � � 5 ��� �*�K�/

�0�.� � � *�� *
Y�Z4]mpr{l]m\&�+�R�~�¸oO]��r]m�4]R{l�rq¥svh�]R��jlp

n
\^pi�iw4qt]Rh�j�Zy�r�4°ih©jlp^z|{lpr�O]m{�jkf :^�~�y��z|{lpr�O]R{njkf��i­

� - ��(.�/�!�¸	*�0�2143 �!56	*��$#	�' ��	)(�	*�0�

Y�Z4]�\+p4�i]mq6pr¦9jlZ4]�\+p4�iw4qt]Rh)svh)�4prj�¢¨]mqtq¥¯¶�x�4�~�ijl]R��jlpÂ�r]m{ls£¦Xf�jlZ4]0hkjl{�sv�ºj�{l]�¤y�4]R\^]m�xj¬st� �Â��pr\^�Opxh�s¥¯
jls¥px�y�~qJ¢©��fx­�Y6p!jlZ4svhÃ]R�y�2§i����px�yhkjl{l�rs¥�Mj¨h�fg�y�lZ4{lpr�ysth�]R�^�4{lpi�iwy��j¨sth¨st�xj�{lpi�iwJ��]R�Â�rq¥qtp�¢*st�4��h��O]R�ms£¦Xfgst�4�
jlZ4]!hnfg�y�"Z4{lpr�4svhn]L��oO]mZy���gs¥pxw4{lh©pr¦���pr\^�Opx�4]m�xj"hR­
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À®]�jH��pr�Jhnsv�i]m{�st�y�i]R�J]R�y�i]R�xj�st�xjl]m{"�r�ºjls¥�y�¬��pr\^�Opx�4]m�MjlhR­�Y�Z4]¨¢*Z4pxq¥]©��px\^�Jpx�4]m�Mjn¯¶oy�rh�]R�!hnfihnj�]R\ sth
��{l]R�r{�{"�~�4�r]m\^]m�Mj|p~¦®s£j"h¨hn]R�y�~{"�Fjl]*�y�~{�jR§Ms=­ ]r­9j�Z4]¡��pr\^�Opx�4]m�MjlhÃ�r�y�+jlZ4]mst{¨st�xj�]R{l�x�ºjls¥px�yhm­�À®]�j �

−
�M�i]�¯

�4prj�]©j�Z4]�¤J�ºjls¥�x]*�r�ºjls¥px���nh�°gs¥���"­9Y�pbh��J]L��s¥¦Xf!st�xjl]m{"�r�ºjls¥px�yh9oO]�jk¢¨]m]R�^��px\+�Opx�4]m�MjlhR§r�¡h�fg�y�lZy{�px�4sthl�Fjls¥px�
h�]�j

syn
sth)�i]�¤y�y]R�2­

�¸Å
����� � �àÉ����3�$�2Æ � ����� É<��� �L�i� �àÉ����6Å � ��� 
��
S1 �.�0� S2 34
��%� � �4�.' �)���0

�)�%5�* � 5���� � 	 � �.�)� 5
��1

�2� ���	5

��
syn

� 5(�>5 �)3�5


� � �
{(e1, e2)/sp| e1 ∈ E1 ∪ {−} ∧ e2 ∈ E2 ∪ {−} ∧ sp ∈ SPV1∪V2

}
*

  � ¢¨pr{"�4hR§�j�Z4]µh�]�j
syn

��px�xjl�rs¥�Jh�jlw4�4qt]Rh�p~¦!qv�~oO]mqvh
(e1, e2)

¢*s£jlZË¦X]L�rh�s¥o4stqts£jkfË��pr�J�is£jls¥px�yh
sphl�lZy]R�iw4qts¥�y��j�Z4]+oO]RZy�L�gstprw4{"h�p~¦¨��px\^�Opr�4]R�xjlhR­ /¡st�r]m� jlZ4]+¢*Z4prqt]+hnfihnj�]R\

(S1, S2, syn)
§Cj�Z4]+{l]R�~{�¯

{"�~�4�x]m\^]m�Mj�pr¦9s£j"h��J�~{�jlh�sth)�i]Lh���{lstoO]R��oMf

�¸Å
����� � �àÉ�� &�� � É<� �m�R�F� � � � �®Æ � ���6� É�� � � Å Ê,!b� É Ê��9�~� � � 

� (S1, S2, syn)
3�
	� �4�.' �)����
����%1

3��85

4�"5��85��9
�' *�� 	)
 �����)5��2� ������� 5���� � 	 � ����� 5�
�� �0� � �����
�
S1×syn S2 " � 5 � 	/
 � � �0��
 (Q,Q0, E, T, V, l)� 	)
�� 


1
Q ⊆ Q1 × Q2 "
1
Q0 ⊆ Q1

0 × Q2
0

"
1
E = {(e1, e2) | (e1, e2)/sp ∈ syn}

"
1
V = V 1 ∪ V 2 "
1
l((q1, q2)) = l1(q1) ∪ l2(q2)

"
1
T ⊆ Q × E × Q

� 5"� 3
���.���0
���3
� �
��� *��
	

(q1, q2)
(e1,−)
−→ (q′1, q2) ∈ T

� �
(e1,−)/sp ∈ syn

"
q1

e1→ q′1 ∈ T 1 �.�0� (q1, q2) |= sp
"

��� *��
	
(q1, q2)

(−,e2)
−→ (q1, q

′
2) ∈ T

� �
(−, e2)/sp ∈ syn

"
q2

e2→ q′2 ∈ T 2 �.�0� (q1, q2) |= sp
"*�.�

��� *���	
(q1, q2)

(e1,e2)
−→ (q′1, q

′
2) ∈ T

� �
(e1, e2)/sp ∈ syn

"
q1

e1→ q′1 ∈ T 1 " q2
e2→ q′2 ∈ T 2 �����

(q1, q2) |= sp

��]m¤y�4s£jlstpr� �²�m�~�ËoO]¼]L�rh�s¥qtf±]m«Mjl]m�y�i]L��j�p
n
��px\+�Opx�4]m�MjlhR­ ?)prj�sv��] j�Zy�~j�j�Zy]/hnfg�y�"Z4{lpr�4svh�]R�

�4{lpi�iwy��j��~oOpF�r]�svh©\+px{�]¬]�«i�4{l]Rhlh�s¥�r])j�ZJ�~�ÂjlZ4]¡¢¨]Rq¥q¥¯¶°M�yp�¢*��hnfg�y�"Z4{lpr�4svhn]L���4{�p4�iwy�ºj�oMfÂ�){l�4pxqt���r�y�
?�s¥�~�Fj � � § :��JoO]R�m�rwyhn]*p~¦O¦X]R�xhnsto4stqts£jkf0�mpr�y�4s£jls¥px�yhm­   �y�i]m]L�2§x]R�x�lZ+j�{"�~�yh�s¥j�stpr�+pr¦Opxw4{|�4{�pi�4wy�ºj|pr�O]R{l�~j�px{
�R�~�¸s¥�g�rprqt�r]¡]Rs£jlZ4]m{H}kprst�xj*jl{l�r�yh�s£jls¥px�yh©pr¦���pr\^�Opx�4]m�Mjlh�pr{)h�s¥�4�xqt]¬jl{l�r�yhns¥jls¥px��p~¦9px�4]���px\+�Opx�4]m�MjR­

?)p~jlst�m]0jlZy�FjbjlZ4]m{l]+svhb�
τ
¯¿hnst\�w4qv�Fjls¥px�¼oO]mj¿¢¨]R]m�/j�Zy]^¢*Z4prqt]^hnfihnj�]R\ �r�y�/�¸�mpr\^�Opr�4]R�xjR­ D px�i¯

h�]RuMw4]m�Mj�qtfr§2j�Z4]���px�yhkjl{l�rs¥�Mjbhnfg�y�"Z4{lpr�4svhn]L���4{lpi�iwy��jb�4{�]Lhn]R{��r]Lh¬hl�F¦X]�jkf
LTL

�4{lpr�O]R{njls¥]Lh�¦ì{lpr\ q¥pi�R�~q
�mpr\^�Opr�4]R�xjlh¬j�p�j�Zy]^��px\^�Opr�4]m�Mjn¯¶oy�rh�]R�¼hnfihnj�]R\¸­"Gyw4{njlZ4]m{l\^pr{l]r§Oj�Zy]^��px�F}kw4�y��j�stpr�/p~¦¨q¥pi�R�~q�hl�F¦X]mj¿f
LTL

�4{lpr�O]m{�j�st]Rh�sth*]m�yh�w4{l]R��¦Xpr{�jlZ4]�]m�xjlst{�]�h�fihkjl]m\ ­

!b� É � Å ��� Æ��2� � � -¶Å � Æ3� � � � É � � É<�9Å
� � Ç ���4� Å Ê"!b� Å � Å ��#i�4� �àÉ�� ��� 

� φ1
�����

φ2
3�
 5
� ��

�%�

LTL
��� �4�/

���2� 
�5�**) �

S1 |= φ1
�����

S2 |= φ2
� 	)
��

(S1, S2, syn) |= φ1 ∧ φ2

  �0�x�4�is£jlstpr�®§F]R�r]m{lf
LTL

�4{lpr�O]R{njkf¡oO]Rs¥�y��j�Z4]��mpr�F}kw4�J�ºj�stpr�0p~¦J�¬hl�F¦X]mj¿f��4{lpr�O]m{�jkfb�r�y����qts¥�r]R�4]Rhlh
�4{lpr�O]R{njkf �t� �¶§is¥jlh)hl�F¦X]mj¿f��y�~{�j*svh��4{l]Rh�]m{l�r]R��oMf�pxw4{��y{�pi�4wy�ºj*px�O]m{"�Fj�px{R­

ÍìÖ9Ñ®Íìë
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4�76��85��9
�'�5 �r�

G4pr{Âpxw4{Â{�w4�4�ys¥�4�³]�«4�~\^�4qt]r§ G9st�y­¨�·�4{l]Rhn]R�xj"h^j�Z4]¼��px\^�Opr�4]R�xjlh
ArmA

§
ClipA

�~�y�
ElevA

§
jlZ4]�h�fg�y�"Z4{�px�4svh��~j�stpr� hn]mj

synA

§O�~�y�¸jlZ4]0��pr\^�4wijl]R��]m�xjls¥{l]�h�fghnjl]m\
ControlA = (ArmA, ClipA,

ElevA, synA)
­

� � ��!#���#$ � � � ( � �����
�
*

� ã�� ArmA

�
� ����� ���	�
��� ����������
�

��+ � ClipA

��� ������� �
��� ����� �
��� �����

�
	 �
�

��� ��	

� ä � ElevA

(−, O, −)/(ar = back ∧ el = up)
∨(ar = front ∧ el = down) �
(−, C, −)/(ar = front ∧ el = up)
∨(ar = back ∧ el = down) �
(F, −, −)/(cl = open ∧ el = up)
∨(cl = close ∧ el = down) �
(B, −, −)/(cl = close ∧ el = up)
∨(cl = open ∧ el = down) �
(−, −, U1)/cl = close ∧ ar = back �
(−, −, U2)/cl = close ∧ ar = back �
(−, −, D1)/cl = close ∧ ar = back �
(−, −, D2)/cl = close ∧ ar = back �
(F, O, −)/el = up �
(B, C, −)/el = down �
(B, C, U1)/true� ñ�� synA ��� ������� �

� � �)( � �
������ ���������

��� ������� �
� � �)( � �
����
� ����� ���	�

��� ������� �
� � ��!#���#$��� ���������

��� ������� �
� � ��!#���#$��� � ��� ���	�

��� ����� �
� � ��!#���#$��� � ��� ���	�

��� �����
� � ��!#���#$��� � ��� ���	�

��� �����
� � ��!#���#$��� ���������

��� �����
� � �)( � �
������ ���������
��� �����

� � �)( � �
����
� ����� ���	�

� *
� ��� ���
� ��� � � ���

� ��� ��� � �

� ��� � � ���� *
� � � � �
� ��� ��� �
	�� � ��� ��� �
���

� ��� ��� ����� � ��� ��� ��	��

� ��� � � ���
� ��� ��� � �

� ��� � � � �
� *
� ��� ���

� ��� � � � �

� *
� � � �
	��

� Ý � ControlA

G9st�rw4{l]b�)I
(ArmA, ClipA, ElevA, synA)

I D pr\^�Opr�y]m�xj"h*�~�y��_gfg�y�lZ4{lpr�ysthl�Fjls¥px�¸_g]mj

!Ã�r�"Z^��px\+�Opx�4]m�MjHsthH�b��px�xjl]�«gjn¯½¦X{�]R]���px\^�Opr�4]R�xjR­M@)pF¢¨]m�r]R{R§F¦Xpr{�j�Z4])��px\^�Opxh�s£jls¥px�y�~qg{�]m¤y�4]R\+]R�xj
�r]R{�s¥¤J�m�~j�stpr�®§Os¥j"h¬]R�M�gs¥{lpr�y\+]R�xj¡Zy�xh)jlp�oO]�j"�~°r]R� st�xjlp¸�x�m��pxw4�xjL­HGypr{¬j�ZJ�Fjb�4w4{l�Opxh�]r§O¢©]+�i]�¤J�4]+�r�

4���/����� 
��¸��px\+�Opx�4]m�MjR§ij�Zy�~j*svh)�^��pr\^�Opx�4]m�xj)s¥�¸j�Z4]!�mpr�Mj�]�«gj)p~¦�j�Zy]�p~j�Zy]m{)��px\+�Opx�4]m�MjlhR­

�¸Å
����� � �àÉ��#"��%$'& ��� � Ê Å Ê � É � � É<�9Å � � � � 

�
(S1, S2, syn)

3�
	� ����'#�/����
����%1+3��85

4� 5��85��9
�' *
� 	/
-
 ���/�.�0�K
4���4�.' �/�.�0

�)�

[S1]
������� 
�52�/�������������9�

S1 � 5"� 
%$&��
4��3
�

[S1]
( )�*
= S1 ×[syn]S1

S2

� 	)
�� 

[syn]S1

( )�*
= {(e1, e2)/sp | ((e1, e2)/sp) ∈ syn ∧ e1 ∈ E1 ∧ e2 ∈ E2 ∪ {−}}

  � jlZ4]µ�4{l]m�gstprwyh¸�i]m¤y�4s¥j�stpr�®§¬j�Zy]·hnfg�y�"Z4{lpr�4svhl�Fj�stpr� hn]mj sth¸{l]Rhnj�{lst��j�]L��jlp���pr�yh�]m{l�r]¼pr�yq¥fËoO]�¯
Zy���gs¥pxw4{"h�s¥�g�rprqt�gs¥�y� jlZ4]¸��pr�yh�sv�i]m{l]R�@��px\+�Opx�4]m�MjR­¼Y�Z4]�]m«i�y�~�y�4]R�@�mpr\^�Opr�y]m�xj

[S2]
sth0h�st\+stqv�~{lq¥f

�i]m¤y�4]R�®­(?�p~jlst�m]+j�ZJ�Fj!oOp~j�Z·]�«i�y�~�J�i]R�µ��px\+�Opx�4]m�Mjlh��~{l]+\^pi�iw4qt]Rh7Eà�º¦k­�_g]R�ºjlstpr� :x»b�i]�¤y�4]L�µp��r]R{
jlZ4]+hl�~\^]0hn]mj¡p~¦|�xq¥pxoy�~q��F�r{�sv�~o4qt]Rh

V 1 ∪ V 2 ­bY�Z4]0�y�r{l�rq¥qt]mq9��px\+�OpMhns¥j�stpr� p~¦HjlZ4]Rh�]0\^pi�iw4qt]Rh¬�rst�r]Rh{lsth�]¡j�p+jlZ4]�¢*Z4prqt]���px\^�Opr�4]R�xjn¯¶oy�rh�]R��h�fihkjl]m\ ­

Ñ�Ñ&Ú.N)O�P�Q�P



��� � � � ��� �����
	 �0�.� 
���� ��
�� �������)��� ������� �

��� ������� �
� � �)( � �
������ ���������

��� ������� �
� � ��!#���#$��� � ��� ���	�

��� ����� �
� � ��!#���#$��� � ��� ���	�

��� �����
� � ��!#���#$��� � ��� ���	�

� ��� ��� �
	�� � ��� ��� �
���

� ��� ��� ����� � ��� ��� ��	��� *
� � � �
	��

G9st�rw4{l]�� I
[ElevA]

!b� É � Å ��� Æ���� � É � � É<�9Å
� � Ç �9�4� Å Ê �®Æ �m� Å � #®� 5 &�É Ê���' Å � �

(S1, S2, syn) = S1 ×syn S2 = [S1] ‖ [S2]

G�st�rwy{�]¨�¨�rst�r]RhCj�Z4]|]m«g�J�~�y�i]L�¡�mpr\^�Opr�y]m�xj
[EleveA]

��pr\^�4wijl]R�¡¦X{�px\
(ArmA, ClipA, ElevA, synA)

­
Y�p+s¥qtqtwyhnj�{"�Fj�]¡zÃ{�px�O]m{�j¿f��g§gjlZ4]bp~jlZ4]m{�]m«i�y�~�y�i]L����px\^�Opr�4]m�Mjlh

[ArmA]
�~�J�

[ClipA]
�m�r��oO]bo4wys¥q¥jR§

�r�y��¢¨]bZJ�L�r]¡j�Zy]�¢*Z4prqt]�hnfihnj�]R\
[ArmA] ‖ [ClipA] ‖ [ElevA]

¢*s£jlZ4prwij)o4wys¥qv�ist�4��s£jL­
�/]�h�Z4pF¢��4pF¢�j�Zy�~jbj�Z4]��mpr�yhnj�{"�~st�xj�h�fM�J�lZ4{lpr�4svh�]R� �4{lpi�iwy��j�h�]m\��~�xjlsv�mh¡\��~°r]Lh¡s£j��OpMh�h�sto4q¥]0j�p

�mpr\^�Opxh�s£jls¥px�y�~qtqtf¸�r]m{ls£¦Xf j�Z4]^hnj�{lsv�ºjb{�]�¤J�4]m\^]m�Mjb{�]Rqt�~j�stpr� �2�4prjl�~oyq¥fx§CoMf {�]Lhnpxq¥�gst�4��jlZ4]+st�xj�]R{�qt]R���gs¥�y�
pr¦

τ
¯½j�{"�~�Jhns¥j�stpr�yh��r�y��{l]R�iwy�ms¥�y�^�4]R�r�iqtpi�"°ih©\^pr{l]¡] �Â�ms¥]R�xj�qtfx­
À®]�j

(SA1, SA2, synA)
�r�y�

(SR1, SR2, synR)
oO]*j¿¢¨p���pr\^�Opx�4]m�xj�¯½oJ�rh�]R�+hnfihnj�]R\^hR­9Y�Zy]*qv�r�"°

pr¦
τ
¯¿��fi��qt]Rh�s¥�¸j�Z4]�¢*Z4pxq¥]��mpr\^�Opr�4]R�xj�¯½oy�xhn]L��h�fihkjl]m\&�m�~�¸oO]!�i]m{ls¥�r]L�Â¦X{lpr\¾s£j"h�qtpi�m�rq2�"Z4]R�"°gs¥�y�0¦Xpx{

]L�r�"Z¸�mpr\^�Opr�4]R�xj)h�]m�y�r{l�~j�]Rq¥fx­

!b� É � Å ��� Æ &2��� �4� . É1-
τ
Ç � Æ �(' Å � �

¬ divτ (SR1, SA1), ¬ divτ (SR2, SA2)
¬ divτ ((SR1, SR2, synR), (SA1, SA2, synA))

Y�Z4]!�i]R�x�iqtpi�l°�{�]L�iwy�ºjls¥px� �m�r�¸oO]!�4pr�4]�\^pr{l]b] �Â��st]m�Mj�qtfÂjlpgpy­   �xjlw4s¥j�st�r]mqtfr§J��hkj"�Fjl]bst�y�iwJ��st�4�Â�
�4]R¢ �i]L�r�iqtpi�"°+st�¸�~��]�«i�y�r�y�i]L����pr\^�Opx�4]m�Mj��ipg]Lh¨�4p~j�s¥�J�iwy��]b�0�4]R�r�4q¥pi�"°^s¥��j�Zy]¡¢*Z4prqt]¡h�fghnjl]m\,s£¦
jlZ4]m{l]¡]m«isthnjlh*�~��]m«i�y�~�y�4]R���mpr\^�Opr�4]R�xj*¢*Z4]m{l]¬jlZ4sth)hkj"�Fjl]¡svh��4p~j)�+�4]R�r�4q¥pi�"°Âhnjl�Fjl]r­|Y�Z4]��lZ4]L�l°gst�4�
pr¦¨¢*Z4]�jlZ4]m{!� hkj"�Fjl]+svhbs¥�@�~�/]m«g�J�~�y�i]L�/��px\^�Opr�4]R�xj!hkj"�Fj�]�h��y�r�m]^�m�~�µoJ]Â�ipr�4]^oMf/hkjlwy�ifgs¥�y��jlZ4]
h�fg�y�lZy{�px�4sthl�Fjls¥px�¼hn]mjR­^_gw4�4�OpMhn]

[SR1] vD1
ρ [SA1]

­+Y�Z4]+{l]R�4wy��]L�¼�4]R�r�4q¥pi�"° hn]mj
RD1

sth��i]�¤y�y]R�
ogf

RD1 798;:= D1 r {q | q ∈ D1 ∧ ∃e2. (e2 ∈ E2
R ∧ (−, e2)/sp ∈ synR ∧ q |= sp)}

E=�x»

ÍìÖ9Ñ®Íìë
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�'�5 � :

�/]¡¢��~�xj©jlp0]R\^�4Zy�rh�svhn]�jlZy�Fj�¦Xpr{��r��]�«i�y�r�y�i]L����px\+�Opx�4]m�MjR§MjlZ4]b�i]L�r�iqtpi�"°^{l]R�iwy��j�stpr��svh©s¥�J�i]�¯
�O]m�J�i]m�Mj�¦X{�px\¾jlZ4]�p~jlZ4]m{�]m«g�J�~�y�i]L����pr\^�Opx�4]m�xj"hm­*z|{lpr�O]m{�j¿f��^�rq¥qtpF¢)h*wyh)j�p��r�4�4qtf�jlZ4]�\^pi�iw4qv�~{
{l]�¤y�4]R\^]m�xj*jlp���px\+�Opx�4]m�Mjn¯¶oy�rh�]R��h�fihkjl]m\�h�wyh�s¥�4�^]m«i�y�~�y�4]R�¸��px\+�Opx�4]m�Mjlh*�xh©\^pi�4w4q¥]Lhm­

��� ÅgÉ � Å � ��� � É � � É<�9Å � � Ç �9�y� Å Ê ��Å � �9Å � Å � � � � 

� (SA1, SA2, synA)
�.�0�

(SR1, SR2, synR)3�
 �2� � ����'#�/����
����%1+3��85

��(5��85���

'"5�*	� 	)
��

¬ divτ (SR1, SA1), [SR1] vD1
ρ [SA1], RD1 = ∅,

¬ divτ (SR2, SA2), [SR2] vD2
ρ [SA2], RD2 = ∅

(SR1, SR2, synR) vη (SA1, SA2, synA)

z|{�pip~¦)svh0s¥�´�)�4�O]R�y�is¥«²�!­ò�i­@Y�Z4]mpx{�]R\ :/�m�r�³oO]��xs¥�x]m�@¦Xpx{
n
��px\+�Opx�4]m�MjlhR­   j+�y{�pF�gst�i]Lh0�

�mpr\^�Opxh�s£jls¥px�y�~q2{l]�¤y�y]m\^]m�xj��r]R{�s¥¤J�m�~j�stpr� �~qt�rpx{�s¥j�Zy\ oy�rh�]R�¸pr�¸jlZ4]���px\+�ywijl�~j�stpr�®§4¦Xpr{)]R�x�lZ {l]�¤y�4]L�
]m«g�J�~�y�i]L� ��px\^�Opr�4]R�xj

[SRi]
h�]m�y�r{l�~j�]Rq¥fx§)pr¦!jlZ4]µ{l]mqv�Fjls¥px�

ρ
­¾Y�Z4]@��pr\^�4qt]�«is¥j¿fËpx{l�4]m{¸p~¦!jlZ4svh

{l]�¤y�4]R\^]m�xjb�r]m{ls¥¤J�m�Fjlstpr�¼�~qt�rpr{ls¥j�Z4\#svh
O(

∑n
i=1 |[SRi]|)

­ @)pF¢¨]m�r]R{R§Oj�Z4]+�r{l]R�~j�]Lhkj¬\^]m\^pr{lf�hn�y�x��]
wyh�]R�±sth

maxn
i=1|[SRi]|

§©�Fj�\+pMhkj I�j�Z4] ]m«i�y�~�y�i]L�±��px\^�Jpx�4]m�Mj^o4w4stqv�is¥�y�y§Ãj�Zy] ¢¨]R�r°@{�]m¤y�4]m\^]R�xj
�r]R{�s¥¤J�m�~j�stpr�¸�~�J��j�Z4]!�i]L�r�iqtpi�"°�{l]R�4wy�ºjls¥px�¸�R�~�¸oO]!�ipr�4]!hn]Luxwy]m�xjlst�rq¥qtfx­

� - �!�¸��=�5�
��!�

  �³�~{l]R�xh¡qtst°r]^jl]mqt]R��px\+\�wy�4st�R�Fjls¥px�·pr{!\��~�Mw4¦X�x�ºjlw4{�st�4�J§9��pr\^�4qt]�«·h�fghnj�]R\�h�\^��f/oO]Â�4]m{�st�r]L�¼¦X{lpr\
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