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K

� ��� ����� 	�! � � �	��� � ����� � ������	 �
AP & AP1 ∪ AP2
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 ����� 	
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′
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′
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���6Ã� ���)@ÙD"[Z\$. !�J(�].$m"%)'8.X�32&GX��J�� !���tÄ "%$*4�-,ã�- � ÆB-!/xZ\$. %��$.3ob%c6$k"%$.�È8.X� ,Y�Ã�)%(��1�J�6X� %�",$m����Ã� %��)UÙD"·Z�$* U×
�J(�].$D"%)^ ,X�),+�$*cx]*+�]. %$*3q$* l�`$*���d"%]*8.X�32&GX���]D$* Ó",$.)UÙÕ��X�)%��×P$* %��$*3ob%c�$*�d"%���VØ�X��� !��� CQT

$*� CACT
-

ÖPc��j(�$.&%(�].��$. !�J$* l�t(�$*��&G$.8*���6+�$.32$. !�tc�Z�$* %��$*3ob%c6$`",$.�k8.X� UY�Ã�)%(��1�J�6X� %�j3o)%$B����$.�k$*�S��8B�J�6+�$.�*-
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I+ ����� ? <,9 ?BÜ��.C�?� @? < M I 0�? ;�I"!'9BF_ß�<G;�I"! ? H C�? I A# @M�Ü ;�FV< ?# @?� @R Û <�FVH�F M <%$ I ∩ I+ � ∅ &
CACT (I+) ⊂ C(I+)

� ��� ? <,9 ?BÜ��.C�?' @? 9E= M < Û ß�I A ;�H5F M <,9 M)(ÅC�? < M I 0�?BC~R 0�R < ?BÜg? <�Hm9 � ? ! QGA F Üg? &* F C � ? <,9 ?BÜ��.C�?+ @? 9#< M I 0�? ;�I,!Í9BF_ß�<G;�I,! ? 9BH Q�M 9BFVH5F M <�< R ; 0�? = C � I@< ?- @? = ? 92= M < Û ß�I A ;�H5F M <,9/.C � R 0�R < ?BÜg? <�H ? 9BH  FVH~;@=BH5F � &
CQT (I+) ⊂ C(I+)

� �#� ? <,9 ?BÜ��.C�?0 @? 92= M < Û ß�I A ;�H5F M <,9 M)(^C�? < M I 0�?BCÈR 0�R < ?BÜg? <�H~< ? 9 � ? ! QGA F Üg?Q ;�9 & * F C � ? <,9 ?BÜ��.C�?+ @? 9o< M I 0�? ;�I"!g9BF_ß�<G;�I,! ? 9BH Q�M 9BFVH�F M <�< R ; 0�? = C � IU< ?0 @? = ? 9'= M < Û ß�I A ;"1H5F M <,9/. C � R 0�R < ?BÜg? <�H ? 9BH  FVH Ü I ? H &
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. C � ? <,9 ?BÜ��.C�?3 @? 9k< M I 0�? ;�I"!#9BF_ß�<G;�I,!  @? 9 M�A H�F ? ; 0�? = C�? I A3 @M�Ü ;�FV< ?3 @? @R Û <�FVH5F M < �
CACT (O+)

� ��� ? <,9 ?BÜ��.C�?# @? 9o= M < Û ß�I A ;�H�F M <,9 AJ?PQGAJR 9 ? <�H�;�<�H C � ;@=BH5F 0 ;�H5F M <  @? 9f9 M�A H�F ? 9 &
CQT (O+)

� ��� ? <,9 ?BÜ��.C�?� @? 9W= M < Û ß�I A ;�H5F M <,9 AJ?PQGA�R 9 ? <�H�;�<�H C � FV<G;@=BH�F 0 ;�H5F M <  @? 9d9 M�A H5F ? 9 &
46587:9<;)=�>?5@� yf L� CACT (I+) ∪ CQT (I+) A C(I+) $*� CACT (I+) ∩ CQT (I+) A ∅ $*�yf N� CACT (O+) ∪ CQT (O+) A C(O+) $B� CACT (O+) ∩ CQT (O+) A ∅ -
BCD
�9E
F����

e G qt $.���`)% ,$D8.X� ,Y%Ã�)%(J���J��X� ^"%$.�7���6Ã� ���)@ÙÕ"%$ I+ �1&%&���(��J$. %�� !�`½ CQT (I+) - e G act$.����), %$:8*X� ,Y�Ã�),(J�1����X� `"%$.�����6Ã� ���)@Ù`"%$ I+ ��&,&���(���$. ��1 l��½ CACT (I+) - ?mX�)%��]*8.(���(�X� %�	"%$:3q�� %�6p.(�$��b%),���6+�$ ¬(e G qt) ∈ CACT (I+) $B� ¬(e G act) ∈ CQT (I+)
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"%$7&%(�X�Ø�$.8B�J��X� E��)%(kc�$*�m$* %��$*3ob%c6$.�k"%$7���6Ã� ���)UÙÀ-
�������	��
���������2H * M F ? <�H  @? I,! ? <,9 ?BÜ��.C�? 9  @? 9BF_ß�<G;�I,! E1

? H E2
H ?BC �.I ? E2 ⊂ E1

. ? HS9 M FVH cI@< ? = M < Û ß�I A ;�H5F M < ; Q!Q ; A H ? <G;�<�H�I C(E1)
. c′ = proj(c, E2)

? 9BH C ;^9 M Il9^= M < Û ß�I A ;�H�F M <  @?
cAJ? 9BH AJ? FV<�H ? ;�I"!q9BF_ß�<G;�I,!  @? E2 &

�������	��
���������KJ Ït]BY� %�6����X� ¾"%$7c�Z��6 %8.(�].32$. !�
* M FVH Mi

I@<�;�I@H M�Ü ;�H ?' @?0LÓM�M�A�? .mI@<ÌFV<·= AJRBÜg? <�H��.IUFz9 � ; Q!QGC F �.I ? I Mi
9 ?BC�M < C�? < M I 0�?BCzR 0�R 1

< ?BÜg? <�H e = 〈I+, CACT (I+), CQT (I+)〉
? H C � ? <,9 ?BÜ��.C�?M @? 9E< M I 0�? ;�I,!�9BF_ß�<G;�I"!  @? 9 M�A H5F ? O+

.
C � FV<·= AJRBÜg? <�H ? 9BHzI@<�ND1PI QGC�? H INC = 〈MINC , Ti→INC , TINC→i, Ti→i〉 &
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� MINC

? 9BHzI@<Ó;�IUH M�Ü ;�H ?+ @? L�M�M�AJ? H ?BC �.I ?+�
SINC

�
C � ? <,9 ?BÜ��.C�?# @? 9`< M I 0�? ;�I"! R H�;�HV9/. SINC ∩ Si = ∅ $
IINC = Ii ∪ I+

�
C � ? <,9 ?BÜ��.C�?� @? 9t9BF_ß�<G;�I"!  � ? <�H AJR�? $
OINC = Oi ∪ O+

��C � ? <,9 ?BÜ��.C�?� @? 9d9BF_ß�<G;�I"!  @? 9 M�A H5F ? $
TINC = (SINC × C(Ii ∪ I+) × SINC)

� ��� ? <,9 ?BÜ��.C�?# @? 97< M I 0�?BCVC�? 9dH A ;�<,9BFVH�F M <,9 A�?BC F5;�<�HC�? 97< M I 0�? ;�I"! R H�;�HV9W;@=�= ? 9�9BF �.C�? 9 &
GINC � {l0, . . . , l|Oi∪O+|−1}

���G? =BH ? I A 9  @? � M <·=BH5F M <,9  @? ß R < RBA ;�H5F M <EH ?BC �.I ?:Q�M I A H M Il9
C�? 9f9BF_ß�<G;�I,!  @? 9 M�A H�F ? oj ∈ O+

? H Q�M I A H M I!9 s ∈ Si
. gj(s) ∈ CQT (oj)

$
S0INC

⊆ SINC

��C � ? <,9 ?BÜ��.C�?# @? 9 R H�;�HV9`FV<�FVH�F5;�I,! &
� � ;E= M <�< ? !�F M < ? <�H AJ? Mi

? H MINC

? 9BH�H ?BCVC�? �.I ?+�
Ti→INC ⊆ (Si × C(Ii ∪ I+) × SINC)

��C � ? <,9 ?BÜ��.C�?# @? 9`H A ;�<,9BFVH5F M <,9  @? Mi
I MINC

H ?BC
�.I ? (s1, c, s2) ∈ Ti→INC

9�9BF proj(c, I+) ∈ CACT (i+)

TINC→i ⊆ (SINC × C(Ii ∪ I+) × Si)

� Ti→i = (Si × C(Ii ∪ I+) × Si)
�
C � ? <,9 ?BÜ��.C�?� @? 97< M I 0�?BCVC�? 9dH A ;�<,9BFVH5F M <,9 AJ?BC F5;�<�H  @? 9 R H�;�H 9 @?

Si
H ?BC �.I ? (s1, c, s2) ∈ Ti→i

9�9BF proj(c, I+) ∈ CACT (i+) &
i
X�),�J$*�Ec6$.�g��(J�� ,���6����X� ,�g��X�(����1 l��$.�Í"[Z\)% ]*�J�1�¾��&,&���(���$. ��1 l�E�1)UÙÐ�1 %8.�6$. %�Í8*X�3q&GX�(��J$.32$. !���

ul)%�t ·Z�$Ù,�6���J����$* l�>&����>"��1 %� Mi
��X� !�Í]*����ul)%$B�J].�Í&%��(gc���+1��c�$*)%(g�18*�J�_+�$Õ",$Õc�Z\]*+�]. %$*3q$* l�.-%;
X�)%(

�JX�),�J$d�J(��� %���6�J�6X� (s1, c
′, s2) ∈ TINC

�J$*c�c6$du@),$ s1 ∈ Si
$B� s2 ∈ SINC ∪ Si

Ê�X� N� proj(c′, I+) ∈
CACT (I+) -�;
��(�c��m��)%�6��$: %X�)%�� %X1�J$.(�X� %� c′ = c∧e G act Ê��T+�$.8 c ∈ C(Ii)

�� %" e G act ∈ CACT (I+) Ê�JX�),�J$*��c�$*����(J�� ,���6����X� ,����X�(����� !�J$*��"[Z\)% o]B���1�
"%$ Si
]B�J��ul)%$B�J]*$.��&%��( e G act - Ò Z�$*���Ã�(���8*$:½m8.$*���J$z]*�J� ×ul)%$*���J$mul)%$t %X�)%�z��X�323q$*�x8T��&��1b%c�$*�z"%$m(�$*&À]*(�$*(�"%�� %��c�Z���),�JX�3g�1��$j"%$SvLX@X�(�$mc�$*�È��(J�� ,���6����X� ,�xu@),�

��32p. %$* !�q"%�� %�2c�$.�D ,X�),+�$.��)UÙÔ8.X�3q&GX�(���$.32$. !�J�*-xi
X�),�J$*�q8*$.�'�J(J�1 %���_�J��X� %�o"%$*�����6 %$. !�g)% %$Í4 (�X� @×
�J�6p.(�$>$. !�J(�$¾c�$.�o�� %8.�6$. %�D$B�'c�$*�D %X�),+�$T��)UÙÌ8.X�32&ÀX�(��J$*3q$* !�J�¾ÄVY�Ã%- � - ��ÆB-�� &%��(�����(W",$.�' %X�),+�$T��)@Ù
8.X�3q&GX�(���$.32$. !�J����cÉ&G$.),�:$BÙU�����J$*(:"%$*�z�J(��� %���6�J�6X� %�Èul)%�·(�$*��X�)%(� ,$. !�j��)@Ù>�1 %8.�6$. %�z8.X�32&ÀX�(��J$*3q$* !�J�.-
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Mi+1 e � act
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¹ �Vºj» � -â� ¼ ��(�X� !�J��p*(�$ e G act
Ïf�� %�D8*$*���J$Í��$*8*����X� Ì %X�)%�'�T+�X� %�D",]*Y� %�:)% Ì�� %8*(�]*3q$* l�o8.X�323q$qc�Z\$. %��$.3ob,c�$>"%$*�D %X�),+�$T��)@Ù

���6Ã� ���)@Ù·Ê.]*�����J�	$*�	�J(��� %���6�J�6X� %�*- Ò $.c��j8.X�(�(�$.��&ÀX� %"W½j)% ,$�",]*Y� %�_�J�6X� f�J(�p.�	Ã�]. ,].(J�1c�$È"[Z\)% #�6 %8.(�].32$. !�TÊ
ul)%�G %$t&%(�$. %"g %�É$. >8*X�3q&U�J$mcn�7���J(�)%8*��)%(�$t"%)g32XU",p.c�$m��),u@),$.cG��cÉ�.Z���&%&%c6��ul)%$1Ê@ ,�G32a.32$m�J�#&,(�X�&%(�$
����(�)%8B�J)%(�$�-:Ïf�� %�qcn����)%�6��$L",$Õ8.$L8�h���&%�_�J(�$1ÊÈ %X�)%�Í�1c�c�X� %�'8T��(���8*��].(��6��$*(qc�Z��6 %8.(�].32$. !�g&GX�)%('�J�6(�$*(
&���(��J�6$d"%$7�J�'���J(�)%8*��)%(�$1-



� »��À»�� � �É��� �%�V�[�%�	��� � � E�� �
� 
�� �������� � �

����� �
	 �,( ��� (�
��� �!� ����� "�-�� #��� � % �

Ïf�� %�¾c��Å��$*8*�J�6X� Ð&%(�].8.]*"%$. !��$�Êk %X�)%�¾�T+�X� %�¾&%(�]*��$* l��]�c6$N8.��"%(�$^Ã�]. %]*(J��cf",$^cn�Å8*X� %8.$*&,�J�6X� 
�� ,8.(�]*3q$* !����c6$�- Ò $'8T�1"%(�$'&G$.(�32$*�`�1)Ó8*X� %8*$.&,��$.)%(`"[Z���(�8�h%�_�J$*8*�J),(�$'3g���J].(���$*c�c�$`"%$'����(�)%8B�J)%(�$.(`c�$*�
]*�J��&G$.�'"%$¾8.X� ,8.$.&U�J��X� "·Z�)% 8.X�3q&GX��J�1 l�.Ê$. �Ã!�1(J�� !�J�6������ !�'cn�Õ %X� @×P(�]*Ã�(�$*������X� "%$.�'8*X�3q&GX�(��J$B×
32$. !�J�Í"%]BY� %�6�Í]*���1&À$^&��1(Í]*���1&À$1-%HS �� ,8.(�]*3q$* !�Í8T��(���8*��].(�����$^c6$.�Í %X�),+�$.��)UÙ 8*X�3q&GX�(��J$.32$. !���
),����c�$*�`½Ncn�¾Ã�$.���J�6X� Å"[Z\)% Ë ,X�),+�$*cz]B+�]* %$.32$. !�'ul)%��(�$.&,(�].��$. !�J$* !�'"%$.�#8T���#&���(�����8*)%c��6$.(��7"%$24 X� %8×
�J�6X� % %$*3q$* !�#"·Z�)% Ó8.X�3q&GX��J�1 l�.-	Ïf�� %�`"%$2 %X�3ob,(�$.)@ÙÓ8T���*Ê��6c$.���W&,c�)%�7���63q&,c�$o"%$2(J�1����X� % %$.(7��)%(
c�Z\�� ,8.(�]*3q$* !�È$. q�J�� !�:ul)%$m32XU"%),c�$j�� ,"%].&G$. %"%�� !�: %$m�.Z���&%&,),�!�� !�:��)%(z��)%8*)% g"%$*�:8*X�3q&GX�(��J$.32$. !���
&%(�].$BÙU�6�����1 l���.- ;��1(�$ÙU$.32&%c�$1Ê�c�X�(���ul)%$kc�Z\X� 2� Ø�X�)U�J$j)% 23q]*8T�� ,����32$j"%$j�J(����6��$.32$. !�x"%$*�È$BÙU8.$*&,�J�6X� %�
"��� ,�W)% Ë32��8*(�X�&,(�X@8.$.����$*)%(W&%�6&À$*c��6 %$�Ê��6c�$*���#45��8.�6c�$'"%$g8*X� %8*$*+�X���(Wc6$.�#"%�6¿À].(�$. !�J$*�o&%h�����$.�¾ÄV+@��"%$*(
c�$*�W�6 %����(�)%8B�J��X� %�W$* l��(�]*$.�'½N�JX�(��TÊ�&GX����_�J��X� % %$.(`c�$*�W(�$.Ã��6���J(�$.�#"[Z�]B���1�.Ê�b%(��� %8�h%$*(Dc�$*�W�� ,���J(�)%8*����X� ,�
"%)�Ã�$*���J�6X� % ��1��(�$q"[Z\$BÙU8.$*&,�J�6X� %�Í-_-6-âÆW�J�� ,�D��$Í��X�)%8.�6$.(o"%)Ì4 X� ,8*�J�6X� % %$*3q$* !�DÃ�]. ,].(J�1c�-
/	$Í32X@"%)%c�$
&G$.),�'�1c�X�(��#aB�J(�$>� Ø�X�),��]>��)Ë8*X�32&ÀX����� !�o$B�D8.X�3232$q %X�)%�oc�Z��T+�X� ,�o$BÙU&%c6��ul)%]g&,(�].8*]."%$*3q32$. !�.Ê���c
$.���j�JX�) Ø�X�)%(��:&ÀX������6b%c�$f",$f(�$*&À]*(�$.(jc6$.�~ ,X�),+�$.��)UÙ¾8*X�32&ÀX�(��J$*3q$* l���~&���(:c�$t4 (��� %8�h%�6����$*3q$* !�k"[Z�), %$
�J(��� %���6�J�6X� Í]*����ul)%$B�J].$7&��1(m), %$78.X� ,Y%Ã�)%(J���J��X� L�18*�J�_+�$d"%$7c�Z�]B+�]. ,$.32$. !�T-

Ït$2cn�Í3qa*3q$'3q�� %�6p.(�$1Ê[ %X�),�`+�X�)%"%(���X� %�`"%]B�J$.(�3q�6 %$.(d), %$2+1��c6$.)%(7&��1(��J�68.)%c6��p*(�$o&GX�)%(7(�$*&%(�]×
��$* !�J$.(zc�$ AJ? H M I A �1&%(�p*�zul)%$mcn�d %X�)U+�$.c6c�$j4 X� %8B�J�6X� % ���c6�6��]~���_����8�h%$*+�]t��X� q��(J���_�J$.32$. !�.-A?SX�),�z�T+�X� %�
��",$. !�J�_Y�]f�J(�X����~�P�@&G$.�m"%$7(�$*��X�)%(��m&GX�������b,c�$.�då
ã�-SÚ,�1 %�k(�$*��X�)%(k&GX�������b%c6$f��)%(k"%$*�S]B���1���k"%$7cn�o����(�)%8B�J)%(�$#�6 %�6���n��c6$oÄVY�Ã�)%(�$ � - � Ä��!Æ�Æ��
� -k�	+�$*8:)% %$È+1��c�$*)%(�"%$�(�$B�JX�)%(	&��1(��J�68.)%c6��p*(�$ul)%�l3q��(�ul)%$Ècn�~Y� #"%)#��(J���_�J$*3q$* l�	",$�c�Z�]B+�]* %$.32$. !�

ÄVY�Ã�)%(�$ � - � Ä bÉÆ�Æ��
� -SÚ,�1 %��8.X� ,"%�6����X� f&%��(�����8.),c���p*(�$
"%$x(�$B�JX�)%(���)%(�"%$*��]B���1����"%$xcn�~���J(�)%8*��)%(�$È�� ,�6�J����c�$zÄVY�Ã�)%(�$ � - � Ä58�Æ�ÆB-
Ò X� !�J(�����(�$.32$. !�D½Nc��¾+1��c6$.)%(W��8*���6+�$g"[Z\)% Ì]*+�]. %$*3q$* !�TÊc��¾+1��c6$.)%(#"%$g(�$*�JX�)%(W [Z\$.���D&����W)% %�_×

ul)%$.32$. !�L"%]*��$.(�3q�6 %].$^&��1(E), %$e8.X� ,Y%Ã�)%(J���J��X� ",$.�E����Ã� ���)UÙ "[Z�$* !�J(�]*$�-Swx $B¿·$B�TÊjcn�ËY� "[Z\)% 
�J(����6��$.32$. !�m&À$*),�Sa*�J(�$#",]*Y� %�	&��1(S)% ,$#8*X� ,Y�Ã�),(J�1����X� ¾Y� ���c6$7"%$.�m���6Ã� ���)UÙE",$#��X�(�����$�Ê�c6$7(�$*��X�)%(S½
)% %$k8*X� ,Y�Ã�),(J�1����X� D3o),$*����$k"%$.�È���6Ã� ���)@ÙD"[Z\$. !�J(�].$1Ê@X�)232a.32$j&���(x), %$k8.X� ,Y%Ã�)%(J���J��X� D"%$k����Ã� ���)UÙ
�� !��$.(� ,$.�.-É/	�o+1��c�$*)%(j"%$ AJ? H M I A $*���m"%]*Y% %��$7��),(mc�Z�$* %��$*3ob%c6$d"%$.�k���6Ã� ���)@Ù¾"%)E8.X�32&ÀX��J�� !�T-�ÚUX���$* !�
E c�Z�$* %��$*3ob%c�$W"%$.�d����Ã� ��1)UÙ^"[Z\)% ^8*X�3q&GX����� !�TÊ CRTN (E) ⊂ C(E) Ê[$*�f %X�)%�d %X1�JX� %� e G rtn )% ,$
8.X� ,Y�Ã�)%(��1�J�6X� >ul)%���1&%&���(��J��$* !�k½ CRTN (E) $B� e G rtn )% %$d8.X� ,Y�Ã�)%(��1�J�6X� >ul)%�[ ,$t45���6�:&����~&%��(�����$"%$ CRTN (E) -?SX�),�S�T+�X� %�m3q�6�~$. E]*+@��",$. %8*$`��(�X��6�~�P�U&G$.�m"[Z\�� %8*(�]*3q$* l���k&���(�����8*)%c��6$.(��*-
�������	��
����������� ÖP %8*(�].32$. !�m&���(��J�68.)%c6��$.(* M F ? <�H Mi

IU<�;�I@H M�Ü ;�H ?0 @? L�M�M�AJ? .zI@<^< M I 0�?BC�R 0�R < ?BÜg? <�H e = 〈I+, CACT (I+), CQT (I+)〉 . ? HI@<^FV<·= A�RBÜg? <�H INC = 〈MINC , Ti→INC , TINC→i, Ti→i〉
.�H ?BC �.I ?��

� Ti→i = ∅
Q�M I A H M I@H K6Q ;�9  @? H A ;�<,9BFVH�F M <,9  @?DC � FV<·= AJRBÜg? <�H��.I@F~< ? �*;�FVH Q ;�9oFV<�H ?BA�0�? <�F A- @?< M I 0�? ;�I"! R H�;�HV9 O $

� Ti→INC ⊆ (Si × C(Ii ∪ I+) × S0INC
)
K ��� ? <,9 ?BÜ��.C�?C @? 9¾H A ;�<,9BFVH5F M <,9  @? Mi

I MINC;@=�=��  @? <�Hz;�I"! R H�;�HV9`FV<�FVH�F5;�I,!  @? MINC

O &
INC

? 9BH  @? H�� Q�?+�
B � 4"!+B �~K 9.;�<,9 AJ? H M I A�O 9�9BF TINC→i = ∅#%$'& 4 �~K ; 0�? = AJ? H M I ADR H�F �.I ? H RPO 9�9BF ∀(s, c, s′) ∈ TINC→i

. c ∈ CRTN &B �(#)$'& 4 �~K ; 0�? = AJ? H M I A .x9.;�<,9 0 ; C�? I A~Q ; A H5F�=BI C F�� A�?PO 9�9BF CRTN = ∅
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¹ �Vºj» � - �#¼ /�$.�k�J(�X����:�P�@&G$.�m"[Z\�� %8*(�].32$. !���m8*X� %8*$.(� ,].�t&%��(jc�Z\$BÙ@�J$* %���6X� 
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?SX�),�~+�$.(�(�X� ,�m"%�� %�kc�$f8�h%��&%�6��(�$f��)%�6+1�� !�.Ê%8.X�3232$. !�jX�b,��$. %�6(~)% %$7&��1(��J�6$t"%$7c��W��&G].8*�6Y�8.�1�J�6X� 
"[Z\)% e8.X�32&GX��J�� !�t&%c�)%�t8.X�32&%c�$ÙU$D½>&���(��J��(S"%$oc��g��&G].8*�6Y�8.�1�J�6X� ^"%)^8.X�3q&GX��J�1 l�f&%c�)%�t����32&%c6$�-É�
&���(��J�6(`",$.�o�6 %8.(�].32$. !�J�`&���(��J��8*)%c��6$.(��`ul)%$g %X�)%�`+�$. ,X� %�o"%$q"%]*Y% %��(`��cx$*���D3q���� !��$. ��� !�`&GX�������b%c6$
"%$d��&À]*8.�6Y%$.(jc�Z\�� ,8.(�]*3q$* !�T-%/�$d8*X� %8.$*&,�J$*)%(k&ÀX�)%(�(��'3q���6 l��$. ��1 l�.Ê%½o&��1(��J�6(:"%$7c��W��&G].8*�6Y�8.�1�J�6X� Í"%)
8.X�3q&GX��J�1 l�o����32&%c6$q$B�'"%$>c�Z\�� ,8.(�]*3q$* !�oX�b,��$. %�6(D��),��X�3q�1�J�6u@),$.32$. !�oc��N��&G].8*�6Y�8.�1�J�6X� Ë8.X�3q&%c6p*��$
"%)Õ8*X�32&ÀX����� !�f8*X�3q&,c�$BÙU$1-·/xZ\].8.(��6��)%(�$o",$W8.$B����$o��&G].8*�6Y�8.�1�J�6X� Õ$.���d���63q&,c�$78T��(Sc�$#8.X� %8*$.&,��$.)%(d��$
8.X� %8.$* l��(�$#��)%(k)% L$. %��$.3ob%c6$7"%$`��(J���_�J$*3q$* l���j&ÀX�)%(k)% L), %��ul)%$`]*+�]. %$*3q$* l�DÄ5X�)¾&G$*���6�J�k %X�3ob%(�$*�
"[Z\]*+�]. %$*3q$* l����Æ- Ò $B����$j��&G].8.�_Y�8T���J��X� o"%$jc�Z\�� ,8.(�]*3q$* !�8T�1(J��8B�J].(�����$j��$.),c�$.32$. !�x8*$jul)%$jc�Z\X� D� Ø�X�),�J$1-
wx �$B¿·$B�TÊ�c6X�(���u@),$2c6$D8.X� ,8.$.&U�J$.),(`+�$.),�W� Ø�X�),��$.(dc��¾Ã�$.������X� e"%)Ó %X�)U+�$.cx]B+�]* %$.32$. !�TÊ���c���X�)%h%���6��$
��&G].8*�6Y�$*(W)% ,��ul)%$.32$. !�W8.$g ,X�),+�$.��)Ì8.X�3q&GX�(���$.32$. !�`�J�� ,�D�T+�X��6(W½E��3q��Ã��� ,$.(d8.X�3q32$. !�#8.$.c6)%�_×�8.�
+1�N�.Z\�� ,��].(�$.(o"%�� %�oc6$g32XU"%p*c�$2�� %�_�J����c�-�/xZ\�� %8*(�]*3q$* l�W$.���o+@)Ì8.X�323q$q)% %$>���J(�)%8*��)%(�$Í½Õ&%��(��Wu@),�
+@��$* %"%(J�D$* %��)%�_�J$`$. %(���8�h%�6(~c�$d8*X�32&ÀX����� !�T-

?SX�),�o&ÀX�),+�X� ,�o3g�1�� !�J$* ��� !�D� Ø�X�),�J$*(W)% %$g��&G].8.�_Y�8T���J��X� SPECINC
$* Ìc�X�Ã��6ul)%$ Ò ik/ ��)UÙ

��),��X�3q�1�J$*��",$Sc�Z��6 %8.(�].32$. !�T- SPECINC
$.���:c�Z�$* %��$*3ob%c�$k"%$*�:&%(�X�&%(���]*��].� Ò ik/Õ+�]*(��6Y%].$.�z&���(Èc�Z\$. @×

��$*3ob%c6$`",$.�k]*�J�1�J�k�� ,�6�J����)UÙq"%$ MINC
-

�������	��
���������� � ;E��&À]*8.�6Y%8T�1����X� Ì"%$gc�Z\�� %8*(�].32$. !� SPECINC

? 9BHdH ?BCVC�? �.I ? � SPECINC =
{ϕ | ∀s0 ∈ S0INC

,MINC , s0 |= ϕ}

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

HS ��� %8*(�].32$. !�7$*���#cn�Í3qX@"%]*c������1�J�6X� N",$qc��¾Ã�$.������X� e"%$' %X�),+�$.��)UÙ�]*+�]. %$*3q$* l���o� Ø�X�),�J]*�#��)%(
c�Z\�� !��$.(�45�18.$:"·Z�)% D8*X�32&ÀX����� !�T-�/	$*�x�� %8*(�]*3q$* l���ul)%$j %X�),�x�T+�X� %�x",]*Y� %�6�$. ,(���8�h,������$. !�Èc�$*�8.X�3q&GX�(�×
�J$*3q$* !�J�:$B�~�63q&GX���$* !�:"%$S8.X� ,��$.(�+�$*(jc�Z\$. %��$.3ob%c6$S",$.�:8*X�32&ÀX�(��J$*3q$* l���:&%(�].$Ù,�6���J�� !�J�.-,/	�#8.X� %8.$*&U×
�J�6X� ^�� ,8.(�]*3q$* !����c6$D������)%(�$Dc��> %X� U×�(�]*Ã�(�$*�����6X� e"[Z\)% e8.X�32&ÀX��J�� !�Då[), Ó&,(�X�b%c6p.32$o"%$D8*X� %8.$*&,�J�6X� 
$.���:(�].��X�c�)2)% %$k4 X����È&GX�)%(x�JX�),�J$*�.Êl %X����� %8*(�]*3q$* l���z8*X� %��$.(�+�$. !�~c�Z�$ÙU�����J�� !�T- ;��1(�8*X� %��].ul)%$. !�.ÊU�JX�)%�
c�$*�~� Ø�X�),�J�~",$f��$*(�+@��8*$.�kul)%�· %$t&À$*(�32$*����$. !�j&��1�~"[Z���8.8*]."%$*(k��)UÙ>�� %8.�6$. %�:8.X�32&ÀX�(��J$*3q$* !�J�:X�)Íu@),�
"%]B�J(�),����$* !�d"%$.�t8.X�32&ÀX�(��J$*3q$* !�J�t ,$o��X� !�d&%���f"%$*�f�� %8*(�]*3q$* l���t+1��c��6"%$.�m"��� ,�fc�$#8T��"%(�$o"%$# %X��J(�$
8.X� %8.$*&,�J�6X� [-A?mX��J(�$j3q]B�Jh%X@"%$j"%$k8.X� %8.$*&,�J�6X� '$BÙU8.c6),�TÊ�&%��(x$BÙU$.32&%c6$�Ê�c6$.�x8T�1��"·Zâ� Ø�X�),�È"[Z\)% %$k&%h�����$
"[Z\�� %�_�J����c��6�J�1����X� '"[Z\)% E8.X�32&ÀX��J�� !�TÊ�����8.$*c�c�$×P8*�· [Z��2&%���k]*�J]7&%(�]*+@)%$#��)¾"%].&%��(��.-

/xZ�X�blØ�$.8*���64	"%$t8.$*���J$f32]*��h%X@"%$t$*���j"[Z��T+1�� %8.$*(~&����:½W&����*Ê,"[Z\)% %$f��(�8�h%�_�J$*8*�J),(�$f����32&%c�$Ø�)%��ul)[Z�½
)% %$2��32&%c6].32$. !���1����X� N8.X� !�J$* ��� !�W��X�)%�7c�$*�#8*X�32&ÀX�(��J$*3q$* l���7&ÀX������6b%c�$*�`",$qc�Zâ��(�8�h%�6��$.8B�J)%(�$�- ;
X�)%(
)% %$d)U�J��c6�����1�J�6X� g$B0q8.��8.$7"%$d ,X��J(�$d3q]B�Jh%X@"%$�ÊU��cÀ$.���k",X� %87 %].8*$.���J���6(�$d"%$7"%]*8.X�)%&G$.(jc6$.�j"%�_¿·]*(�$* l���
]*+�]. %$*3q$* !�J�m½W�J(����6��$.(:&GX�)%(z)% Í8.X�3q&GX��J�1 l�.-%/	�W"%]*8.X�32&GX����_�J��X� g"%$*�j]*+�]* %$.32$. !���m$*���k&GX�)%(z8.$.(�×
���1�� %$*�D��(�8�h,�6�J$*8*��)%(�$*�q�1����$��¾ ��1�J),(�$.c6c�$1- ;
��(D$BÙU$.32&%c6$>&ÀX�)%(oc�$*�o�J(���"%)%8B�J$.),(��D"%$Í&%(�X��JX@8.X�c�$.�W"%$
8.X�3q3o), %��8.�1�J�6X� ¾c�$.�m�J(��� %�J�18*�J�6X� %�S(�$.ul)%aB�J$*���1(�].&GX� %��$*�d45��8.�6c��6��$. !�mcn�'"%].8*X�32&ÀX����6����X� [-É/�$*�f�� %8*(�]×
32$. !�J�q&À$*),+�$* l�Í��c�X�(��q��$N8*X� %8.$B+�X��6(g"%$L3g�1 %��p*(�$E�� %"%]*&À$* %"��� !��$�-,HS %$ÕbGX� % ,$L"%]*8.X�32&GX����_�J��X� 
&G$.(�32$*�t"%$o���J(�),8*�J),(�$.(dc��q8*X� %8.$*&,�J�6X� [-[ÚU�
), e� Ø�X�),�d ,$o&À$*),�f&%���fa*��(�$o�6 %8.X�(�&GX�(�]W��c�X�(��S��X��6�t)% 
�� ,8.(�]*3q$* !�k&%(�]*8.].",$. !�f$*���m3g�1c["%]*Y% %����X��_�kcn�o"%]*8.X�32&GX����_�J��X� Í [Z�$*���S&����k8.X�(�(�$*8*��$�-

/�$>"%].8*X�)%&��1Ã�$>$. Å]*+�]* %$.32$. !���2",�������� %8B�J�*Ê
 [Z\$.���D&����`�JX�) Ø�X�)%(��#)% Ë�J(��T+��1��cÈ]*+@��",$. !�T-
ÖPc�45��)U�
&GX�),+�X���(	"%].c6��32�6��$.([c6$z8�h��13q&`"[Z���8*����X� #"[Z�), W]*+�]. %$*3q$* !�x$*�
"%$�c�Z\�� %8*(�].32$. !��ul)[Z\��cl�� %",)%�6�.- Ït$:&%c6)%�.Ê
&GX�)%(o(�$.��&G$.8B�J$*(D %X��J(�$>32]*�Jh,XU"%X�c�X�Ã��6$�Ê�c�Zâ� Ø�X�),�o"[Z\�� ,8.(�]*3q$* !�J�D %$>",X��6�W&����D"%]B�J(�),��(�$qc�$*�D� Ø�X�),���
�� !�J]*(��6$.)%(��.Ê,c6$.�z�� %8*(�].32$. !���~"%X��_+�$. !�jaB�J(�$f8.X�32&��1����b%c6$.�È$. !��(�$d$.)@Ù·-,/�$t�J(����6��$.32$. !�  � FV<·= AJRBÜg? <�HV9FV<·= M�ÜtQ ;�H5F �.C�? 9d$.���W��X�),�o",$g32a.32$q&GX�������b%c6$�-	ÖPc���),0'�D"%$q8.X� ,���J(�)%��(�$g)% Å�� %8*(�].32$. !�Wu@),�z$*���Dc��
8.X�3q&GX����_�J�6X� >"[Z\�� %8*(�]*3q$* l���k�� %8*X�3q&%�1�J�6b%c�$*�~�1Y� E"[Z\X�b,��$. %�6(j)% L�6 %8.(�].32$. !�m�� %",].&G$. %"��1 l�.-
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HS %$`��)U�J(�$t8T��(���8*��].(��6������ul)%$d"%$dc��W8.X� ,8.$.&U�J��X� E�6 %8.(�].32$. !���1c�$f$*���kcn�o&,(�].$*3q&U�J��X� Í"%$.�k� Ø�X�),�J�*-
wx $B¿·$B�TÊjc�Z�X�(�"%(�$N"%$.�E� Ø�X�)U�J�¾"%]*Y% %�6�E��),�����d), X�(�"%(�$^",$Ó&,(���X�(��6��]Õ��),(Ec6$.�Í�6 %8.(�].32$. !�J�*-mÚUX��6�
)% Ì8*X�3q&GX����� !�WX�bU�J$. l)Ì&��1(D��"%"%�_�J�6X� ���)%8.8*$.�����6+�$¾"[Z��6 %8.(�].32$. !�J�gå C1

Inc1−−→ C2
Inc2−−→ C3

-ÚU�:½
)% Õ�6 %���J�� !�f"%X� % %]Wc6$.�S"%$.)UÙL]B+�]. ,$.32$. !�J�7��X� l�f��8*���64 �m$. Õ32a.32$7�J$.32&%�t��c�X�(��S&%��(S8*X� %���J(�),8*�J�6X� 
c�Z\]*+�]. %$*3q$* !� 2 3g����ul)%$zc�Z�]B+�]* %$.32$. !� 1 - Ò $B����$:8T�1(J��8B�J].(������J��ul)%$�$.���(�$.����(��68*�J�_+�$�3g�1����$.c6c�$ÈÃ!��(��� !�J�_�Q ; A = M <,9BH A I�=BH�F M <2cn�o ,X� U×P(�].Ã�(�$.������X� L"[Z\)% E8.X�32&GX��J�� !�j��X�),�m��)Ec�X� ,ÃD"%$7�J�'8.X� %8*$.&,����X� ·-

HS L"%$.�m�� %8*X� !+�]* %��$* l���S$*���Sul)%$#c6$.�k�� ,8.(�]*3q$* !�J�k %$`&À$*),+�$* l�t&����ka*��(�$7"%]BY� %���m)% %$74 X��6�j&ÀX�),(
�JX�),�J$2&ÀX�)%(7 [Z��63q&GX�(��J$Dul)%$.c�8.X�3q&GX��J�1 l�#½E��32&%c�]*3q$* l��$.(*-�wx Å$*¿À$*�.Ê	cn�Í"%$.��8.(���&,����X� �"%$.�`�� %8*(�]×
32$. !�J�~",].&G$. %"¾��X�),+�$* l�m"%)Í32X@"%p.c6$S��)%(~c�$*ul)%$.c[�6cÀ�*Zâ�1&%&%c��6ul)%$t3q�����:��)%�����·",$fc�Z\]*�J��&À$t"%$f8.X� %8.$*&U×
�J�6X� ¾"%)N8*X�32&ÀX����� !�T-É/xZ���+1�� !�J��Ã�$7$.���tul)%$`c�$*�m�6 %8.(�].32$. !�J�m %$`"%].&G$. ,"%$. !�ful)%$`"%$`8.$`ul)%�	�2",]�Ø�½
]*��]d�� !�J]*Ã�(�]t$*�k %X� Í&%���j"%$f4 ),��)%(��k� Ø�X�),�J�*- Ò $dul)%�[(�$*����$d8.X�h%]*(�$* l�m"��1 %�jc�$S8T��"%(�$d"%$dc�Z\]*+�X�c�)U�J��X� 
"%$78.X�3q&GX��J�1 l�.-

wx �(�].��),3q]1Ê�cn�Í"%].3q��(�8�h%$'�� %8*(�].32$. !�J��c�$D&G$.(�3q$B�7"%$'8.X� %8*$*+�X���(7)% Ó���@����p.32$'&À$B�J�6�`½Í&G$*���6�TÊ
$. ���$>4 XU8.��c��6�J�� !�o��)%(D)% %$Í",�6028.)%c_�J]q"%�6¿À].(�$. !�J$¾½Õ8�h��1u@),$E]B����&G$�- Ò $*����$¾3q]B�Jh%X@"%$>Ã!�1(J�� !�J�_�oc��
 %X� @×P(�]*Ã�(�$*������X� Ì"%$*�'8.X�32&ÀX�(��J$*3q$* !�J�W��X�),�Dc6$gc�X� %Ã^"%$>c��Õ&%h�����$Í"%$Í8.X� ,8.$.&U�J��X� [-Ït$Í&,c�)%�*Êc�$*�
�� ,8.(�]*3q$* !�J�`��X� !�#)% %$23qX@"%].c6�����1�J�6X� Õ���63q&,c�$D"%$*�W"%�_¿·]*(�$. !���W� Ø�X�),�J�7ul)%$gc�Z�X� Ó&G$.)U�W(�]T��c6����$*(.-�ÖPc6�
&G$.),+�$. !�da*��(�$`(�$*&%(�]*��$. !��].�f&��1(S"%$*�t$* %��$*3ob%c�$*�S"·Z�]B���1��������(J�� %���6����X� %�kX�)L3qa*3q$7"%�6(�$*8*�J$*3q$* !�t"%$*�
3q��8�h%�� ,$.�W"·Z�]B���1���W"��� ,�W8.$*(��J���� �8T���*-/	�L"%]BY� %�_�J��X� �"[Z\)% Ì�6 %8.(�].32$. !�W$B�o��X� Ë�� !��].Ã�(��1�J�6X� ���X� !�
"%$*�z� �18�h%$.�����63q&%c6$.�È$*�z��),(��JX�),�~�1����$��t�6 l��)%�6���6+�$.�È&ÀX�)%(È)% g8*X� %8.$*&,�J$*)%(.- Ò $*���J$S"%].3q��(�8�h,$S&G$.(�3q$B�
c�Z\]*+�X�c�)U�J��X� ����32&%c�$^$B�N$B028T��8*$Å"%$����@����p.32$.�.-3?SX�)%�L+�$. %X� ,�N"%$Ó3qX� l��(�$*(Lc�Zâ��&,&ÀX�(��¾"%$Ó %X��J(�$
32]*�Jh,XU"%$�"��� ,��c�$È�J(��T+��1��c!"%$z3qX@"%].c6�����1�J�6X� d"[Z\)% o8.X�3q&GX��J�1 l�.Ê "��� %�
cn�k��)%�_�J$� %X�)%����c�c6X� %�	3qX� l��(�$*(
c�Z���&%&GX�(��j"��� %�kc�Z�]*8.(��_�J)%(�$d"%$.�m��&G].8*�6Y�8.�1�J�6X� %�j"[Z\)% E8.X�32&GX��J�� !�.-
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Ò $¾8�h���&%�_�J(�$Í32X� !�J(�$Íc�Z\),�J�6c��_�J]2"%$¾cn�Õ8.X� %8.$*&,�J�6X� ��� %8*(�].32$. !�J��c�$>&GX�)%(Dc��N+�]*(��6Y%8T�1����X� �"[Z\)% 
8.X�3q&GX��J�1 l�.-�/��Ó(�]*),�J�6c������1�J�6X� Ì"%$L8.X�32&ÀX��J�� !�q$.���g"%$*+�$. l)%$^�6 %8.X� !��X�)%(� %��b%c�$E"��� ,�gcn�e8.X� %8.$*&U×
�J�6X� N",$.�d���@���Jp.32$.�d$*3ob���(�ul)%].�d��)%(f&%)%8*$�-·/	$W8.X� %8*$.&,��$.)%(d ,$o8.X� ,���J(�)%�6�t&%c�),�f)% %$D�1(�8�h%�_�J$.8B�J)%(�$
$. Å8.(�].�� !�W��X�)%�Wc6$.�#8.X�32&ÀX��J�� !�J�`3q�����7(�]*),�J�6c��6��$'"%$.�W8.X�32&ÀX��J�� !�J�`"%]PØ�½N$BÙU�������� !���.-�ÖPcÈ�*Z�$* Ì��$.(��
8.X�3q32$'"%$.�#bÀX�D6�J$*�# %X���(�$*�.Ê	��cx8*X� % �� D��#c�$.),(��`�� !�J$*(�45��8*$.�`$*�oc6$.)%(��`4 X� %8*����X� % %��c��_�J].�dÃ�(���8*$g½Ec�$.),(
��&G].8*�6Y�8.�1�J�6X� [-�/�$d&%(�X�b%c6p.32$f"[Z\]. %X� ,8.$.(m)% %$7bGX� % %$d��&À]*8.�_Y�8T�1����X� ¾$*���m"%X� %8d",$*+�$* l)Õ8.(�)%8.����c�-,Ït$
&%c6)%�.ÊÉc�Z\]*+�X�c�)U�J��X� E"·Z�)% L8.X�32&GX��J�� !�Sc�X�(���ul)%$7c�Z\X� L� Ø�X�),��$#",$.�S4 X� %8*����X� % %��c��_�J].�j(�$. %"L$. %8*X�(�$#&%c�),�
"%�_0q8*��c6$gc�Z\].8*(��_�J)%(�$>"%$Í�J�^��&À]*8.�6Y%8T�1����X� [-�/	�e32]*��h%X@"%$>�� ,8.(�]*3q$* !����c6$>&À$*(�32$*�D",$¾45�1��(�$q]*+�X�c�)%$*(
)% %$7��&À]*8.�6Y%8T�1����X� ¾"%$d45��B*X� L����32&%c�$S$*�S��),��X�3q�1�J�6u@),$�-

/�$�&%(�XU8*$.����)%�L"%$^+�].(��6Y�8.�1�J�6X� "��� %�¾c�$*ul)%$.c7 %X�),�L %X�)%�¾&%cn��B*X� %�¾$.���Nc6$e3qX@"%$.ct8�h%$.8�Âl�� ,Ã%-
HS Ô8.X�32&GX��J�� !�2$.���g",].8.(��6�g�T+�$.8L)% %$E��&G].8*�6Y�8.�1�J�6X� Ô8*X�32&ÀX���].$E"[Z\)% $* %��$*3ob%c�$E"%$E&%(�X�&%(��6]*�J]*�
c�X�Ã���8*X1×���$.32&ÀX�(�$.c6c�$.�*- Ò $*���J$d�J$*8�h% %�6u@),$#�o]B�J]d),����c6����]*$f�T+�$*87��)%8*8.p.�k&GX�)%(j"%$d ,X�3ob%(�$.)UÙ>���@����p.32$.�
"%$`�����6c�c�$t3qX���$* % %$1ÊÀ"%$*�t$Ù,&G].(���$* %8.$*�f(�]*)%������$.�t��X� !�S"%].8*(��6��$.�S"��� %�W| �7/	���UÊGÎt/+*d{m���UÊ ;xi N7� � ��-
/�$.�7��&G].8*�6Y�8.�1�J�6X� %�7ul)%$' %X�)%�78*X� %���6"%].(�X� %�7��X� l�#"%]*8.(��_�J$*�`&%��(d)% Ó$. %��$.3ob%c6$'"%$D4 X�(�3o),c�$.� Ò ik/
Ä5",]*Y� %�_�J�6X� ^ã�- @�ÆB-

/	�S��]*3g�1 l����ul)%$È"%$�cn�kc�X�Ã���ul)%$ Ò ik/>$.���"%]BY� %�6$z��)%(
c�Zâ�1(�b%(�$�"·Z�$Ù,]*8.),����X� #�� ,Y% %�!"%$.�
����(�)%8B�J)%(�$.�
"%$ Nd(��6&%Â�$LÄ "%$*4�-_ã�- � ÆBÊ[ ,X�)%�7��c6c�X� %�S"%X� %8'32X� !�J(�$.(fc6$.�d����(�)%8B�J)%(�$.�`"%$ Nd(���&,Â�$DX�b,��$. l)%$*�`c6X�(���ul)%$
c�Z\X� ^��)%�6�7c6$.�d(�p*Ã�c�$*�d"%$'cn�>8*X� %8.$*&,�J�6X� e�� %8*(�]*3q$* l�J��c�$1-9?mX�)%�7 %X�)%�7��X�3q32$.�t�� !�J]*(�$.����]*$.�o�1)Óc6��$* 
ul)%��$ÙU������$o$. !��(�$oc�Z�]B+�X�c6),�J�6X� N"[Z\)% ^8*X�3q&GX����� !�DÄ �J�>����(�)%8B�J)%(�$o"%$ Nd(���&%Â1$�Æm$B�dc�Z\]*+�X�c�)U�J��X� N"%$#�J�
��&G].8*�6Y�8.�1�J�6X� [-
/�$g&%(�X�b%c�p*3q$q&À$*),�oaB�J(�$>]. %X� %8.]Í"%$gcn�E45�JB.X� Ë��)%�6+1�� !�gå-, ;�$.),��×PX� Å��(J�� ,��4 X�(�3q$*(
)% %$>4 X�(�3o)%c6$ Ò ik/ ul)%�:$.���D+@(�����$>"%�� %�D)% �32XU"%p*c�$ i $. �)% %$>4 X�(�3o)%c6$q+@(J���6$>"��� ,�Dc�$>32XU",p.c�$
�� ,8.(�]*3q$* !�J] i + 1 . ,1-zÚU�k)% %$E�J$.c6c�$Í�J(��� %��4 X�(�3q�1�J�6X� �$.���g&GX�������b%c6$�ÊÈc�Z\$. ,��$.3Wb%c�$¾"%$*�g&%(�X�&%(��6]*��].�
"%]PØ�½e+�].(��_Y�].$*�g��)%(q), Ô32XU",p.c�$Í&GX�)%(�(�X� !�2a*��(�$E"%��(�$.8B�J$.32$. !�'�J(��� %��4 X�(�32].$*�2$B�g ·Zâ��),(�X� !�2&����q½
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c�Z\]*+�]. %$*3q$* !�S]B�J�6u@),$*����$d�JX�),��$.�kc�$*�~�J(��� %���_�J�6X� %�~ul)%��]B�����6$. !�k&%(�]*��$* l��$.�m"��� %�kc�Zâ�� ,8.��$* ¾��),��X�3g���J$�-

?SX�),�o��c6c�X� %�d",]*Y� %�6(#&,c�)%�74 X�(�32$.c6c�$*3q$* l�7c��E ,X�),+�$*c�c6$q3q��8�h%�6 %$ Mi+1
X�bU�J$. l)%$g½L&��1(��J�6(7"%$

Mi = 〈Si, Ii, Oi, Ti,Gi, s0i
〉 $*�j"[Z\)% Í�6 %8.(�].32$. !� INC = 〈MINC , Ti→INC , TINC→i, Ti→i〉

-!;
X�)%(
8.$*cn�t ,X�)%��T+�X� %�bG$.��X��� o"·Z�]B�J$. ,"%(�$~c6$.�
����Ã� ��1�J),(�$.�
"%$.��8.X� ,Y%Ã�)%(J���J��X� %��"[Z\$. !��(�].$*�xul)%�,]B�J��ul)%$B����$. !�
�JX�),�J$*�Lc6$.�Í�J(��� %���_�J�6X� %�Íul)%�7��&%&%��(���$. ����6$. !�L½ Ti

-k/	�Ì4 X� %8*����X� /2 !�H ? <  8.X�3q&%c6p*��$^c�Z��� %8.�6$. % ,$
8.X� ,Y�Ã�)%(��1�J�6X� E�T+�$.8`)% %$78*X� ,Y�Ã�),(J�1����X� Í"%$*�S ,X�),+�$.��)UÙE����Ã� ��1)UÙÍ"[Z\$. !��(�].$1-
�������	��
������H���� ��X� %8B�J��X� Extend* M F ? <�H Mi

I@<g= M�ÜtQ�M 9.;�<�H ? H INC I@<DFV<·= AJRBÜg? <�H�.%9 M FVH t = (s1, c, s2) ∈ Ti
. Extend(t, I+, cval) =
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t′ H ?BC �.I ? t′ = (s1, c
′, s2)

? H c′ = c ∧ cval

K ; 0�? = cval ∈ C(I+)
O>? H proj(c′, Ii) = c &

HS 8.X�3q&GX��J�1 l� Mi+1
X�b,��$. l) ½Ë&���(��J��(q"[Z\)% 8.X�32&ÀX��J�� !� Mi

$*�Í"[Z\)% �� ,8.(�]*3q$* !� INC Ê&%(�].��$*(�+�$t�JX�),��c6$.��8.X�32&GX�(���$.32$. !�J�È"%$ Mi
$. q��)%&%&GX����� !�~ul)%$m"��� %� Mi+1

Ê!c6$m ,X�),+�$*cÀ]B+�]* %$.32$. !�
(�$*����$d3o)%$*�.-�/xZâ�18.8.p*�k��)UÙ> %X�),+�$T��)UÙÍ8.X�32&ÀX�(��J$*3q$* !�J�~ %$d&G$.)U�j��$f45���6(�$Su@)·Z�$* E4 (��� %8�h%�6���J�1 l�k), %$
�J(��� %���6�J�6X� gX .Íc�$.�:����Ã� ���)UÙg"%$dc�Z\]*+�]. %$*3q$* !�k��X� !�k"��� ,�j)% %$f8*X� ,Y�Ã�),(J�1����X� ¾��8B�J�_+�$'ÄVY�Ã�)%(�$ � - 0W$. 
h���)U�ÆB-
�������	��
������H��2� * M F ? <�HI@<Ó= M�ÜtQ�M 9.;�<�H Mi = 〈Si, Ii, Oi, Ti,Gi, s0i

〉
? HI@<NFV<·= AJRBÜg? <�H INC =

〈MINC , Ti→INC , TINC→i, Ti→i〉
. C�? = M�ÜtQ�M 9.;�<�H��� ,8.(�]*3q$* !�J] Mi+1 = 〈Si+1, Ii+1, Oi+1, Ti+1,Gi+1, s0i+1

〉? 9BH�H ?BC �.I ?
Si+1 = Si ∪ SINC

$
Ii+1 = Ii ∪ I+

$
Oi+1 = Oi ∪O+

$
Ti+1 = {t′ | t′ = Extend(t, IINC , e � qt), ∀t ∈ Ti} ∪ Ti→INC ∪ TINC→i ∪ Ti→i

$
Gi+1 = G ′

i • GINC

�
•
? 9BH C � M�Q�RBA ;�H5F M <  @? = M <·=�;�H R <G;�H�F M <  @?
0�? =BH ? I A 9 ? H G ′

i

? 9BHxH ?BCVC�? �.I ?:Q�M I A
H M Il9 C�? 9BF_ß�<G;�I,! oj ∈ O+

? H Q�M I A H M I@H s ∈ Si
. gj(d) ∈ CQT ({oj})

$
si+10 = si0 &
Mi+1

$*���N��)%�����7)% %$�3g��8�h,�� %$e"%$ÅvLX@X�(�$e8.X�3q&%c6p*��$Ó$B�N",]*�J$*(�32�� %�6����$�-k/�$�c6��$* $* !�J(�$�c�$*�
3q��8�h%�� ,$.� Mi

$*� Mi+1
$.���m8T��&,��)%(�]7&��1(j)% %$`(�$.c��1�J�6X� >"%$7����3o)%c��1�J�6X� [-

�#;)�� �� � 
F�� � �
Mi+1

9BF Ü I C�? Mi &
�#;)58>���5 y�g8.X����! #"%$�&' ($���)"*)*c,+- *&�X��2b�&'�.+/&0"%) ρW

)1�2 *"*)43�)5�j]5 #+- #�63�)43�)1$@Ù87*X�9;:GX��*+/�2 #�67*X�����]×
71$� #&'< Mi

+/��3 Mi+1 =
Ò )5 % #)>"%).c,+? #&�X/�@)5�% A *).c�c')�uB$�) ρM ⊆ Si × Si+1

å ∀(s, c, p) ∈ Ti
)C 

(s′, c′, p′) ∈ Ti+1
Ê
X���+ (s, s′) ∈ ρM

�*�%& s = s′ +/��3 c′ = c ∧ e G qt = ;�+/"D7.X/���% *"*$�7C #&�X/� ρM
)1�! E$���)F"*)*c,+- *&�X��G3�)F�%&09H$%c0+- #&6X��

=

� �����  I � .043: �!43.L� $#�KJ .0)MLON��
K(Mi+1)

P +H�% #"%$�75 *$�"*)F3�) N"%&0:%Â-)&0��75"*Q19R)1�2 *Q1) K(Mi+1)
:�)1$� S<T+/75&0U')19R)1�2 6VC #"*)O3�Q13�$�&' #)3�$W75X�9R:YX1×

�#+-�B Mi+1
)1��+/:�:�U0&'Z�$�+/�2 [U0+\ #"*+/���%<]X/"*9;+- #&'X��^3�Q5_.��&')87a`.+/:�&' #"%)Nã

=
?bX�$��HX�c� *)1��X����D+/U0X/"*�[$���)

�% *"*$�7C #$�"%)43�)#NF"%&0:%Â-) K(Mi) A 〈APi,Σi,Σ0i
,Li, Ri〉

Ê�3.+/���dU,+e�*$�&f #)E3�$83�X�71$�9R)1�2 (��X�$��6��X�9'×
9R)1"*X/���S&0��3�&6¿YQ1"*)59;9R)1�2 K(Mi)

:.+-" Ki =?bX�$��Rg/X�$�U0X/���D9h+-&0�2 #)5�.+/�2 i9;X/�B *"*)5"RZB$�)jU0+��! #"%$�75 *$�"*) K(Mi+1)
)1�%Ã�U'X�c�)GU0)1�i75X�9;:�X�"! #)B×

9R)1�2 #�G3�) K(Mi) =
Ï4+/���WU')k71+/�G3�)1�W+/$� #X�9;+- #)5�83�)ml\X�X�"%)A��X�$��j+ng/X����Gg�$oZB$�)� *X�$� #)5�GU0)5�

 #"*+/���%&' #&'X����iZB$�&b+/:�:.+/"! #)5�.+/&0)5�2 >½ Mi
QC a+/&')1�2 hQC #&'Z�$�)5 #Q5)1�G+ng/)17AU0+�g-+/U')1$�"R9H$�)C * #)\3�$p��X�$�g�)5U

Q5g/Q1��)59;)5�2 
=
ÏO+/���HU')1�e�% #"%$�75 *$�"*)5�H3�) NF"%&0:%Â-)�Ê	71)C * *)h&0��<]X�"*9;+- #&'X����*);"*)C #"*X/$�g�)83�+/���[U')1�eQ5 #+- #�

=Ï4+/���U,+R_%Ã�$�"*) �
=
0@Êq��X�$��+ng�X����)5��c.+/�4U0+; #"*+/���!<]X�"*9;+- #&'X��k&'��71"%Q19R)1�2 a+-U0)e3�rs$���)D�% *"*$�7C #$�"%)D3�)

N"*&':%Â/) K(Mi) =
P )1��QC a+- *� σ1

)C σ2
3�)SU,+b�% #"%$�75 *$�"*) K(Mi)

X/�B t3�)1��Q5 #+- #�u71X�"%"*)1�%:YX/��3.+/�2 #�t3.+-���

K(Mi+1) =
P rs)5���*)59Hc�U0)O3�)1�6�%&�Ã���+/$UÙ;X��2 6QC #Q4QC #)1��3�$��.Ê�:.+/"(75X����%Q1ZB$�)1�2 m½[Uvr�QC a+- σ1

71X�"%"*)5�*:�X���3
9;+/&0�2 #)5�.+/�2 H3�)1$UÙ>Q5 a+? #� σ′

1
)C σ′′

1
Ê�Uwrx$��y+ng�)57G$���)G75X���_�Ã�$�"#+- *&0X��^9H$�)5 % #)83�$y��X�$�g/)n+/$z�*&6Ã��.+/U

Ä e G qt ÆBÊ�Uwrs+/$� #"%)+ng�)57{$���)71X���_%Ã�$�"#+? #&0X/�j+/75 *&'g�)qÄ e G act Æ = P rx)1���*)19[c�U0)F3�)5�EQC a+- *�SZB$�&�)BÙ�&'�% a+-&0)1�2 
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¹ �Vºj» �
=
0 ¼/.10 Ã/U0)1�b&0��75"*Q59;)5�B #+/U0)5�Wå� #"#+-���%<]X�"%9h+? #&0X/��� 3�)1�F+/$� #X�9;+- #)5�b3�)il\X�X�"*){)5 3�)5�4�% *"*$�7×

 #$�"*)1� 3�) N"*&':%Â/)

3.+/��� K(Mi)
X��2 eU0)5$�"4<]X���7C #&'X���3�rxQ5 #&'ZB$�)5 #+�Ã�)iQ5 *)1��3�$�);:.+-"e$���)i71X���_%Ã�$�"#+? #&0X/��3�)1�e��X�$�g/)n+/$@Ù

�*&6Ã��.+/$@Ù�)5 F *)1U ZB$�)R:YX/$�"7a`.+/ZB$�)RQ5 #+- F3�) K(Mi)
Ê�&'Uu)BÙ�&'�% #)D *X�$�Ø%X�$�"%�F$���Q5 a+? {75X�"*"%)1�%:YX���3.+/�2 

3.+/��� K(Mi+1)
X/.�U,+G75X���_�Ã�$�"#+- *&0X���3�)5�e��X�$�g�)1+/$UÙ^�*&6Ã��.+/$@Ù�)1�! o½G$���)ig-+/U')1$�"F9H$�)5 * *)

=
Ï4+-���

U,+H9;+/7a`�&'��)43�)elWX�X�"%)�Ê�Uvr +-717 0 � +/$UÙj��X�$�g�)1+/$UÙj75X�9R:YX�"! #)59;)5�B *�S�*)4<T+/&'�#+/&f 6)5�j<]"*+/��7a`�&'�*�*+/�2 b$���)
 #"*+/���%&' #&'X��WQ5 #&'ZB$�)5 *Q1)H:.+-" e G act = Ï4+/���O$���)[�% #"%$�75 *$�"*)[3�) N"*&':%Â/)1ÊYUvr +/757 0 �4+/$A��X�$�g�)1+/$UÙA71X�9D×
:�X�"% *)19R)1�2 #�;�*)\<T+-&' R)1� +-7171Q53.+/�2 ¾½m$�� Q5 #+- ;Q5 #&'ZB$�)5 *Qk:.+/";U,+�g-+/U0)5$�"h+-75 #&fg�)W3�)kUvrsQCg�Q5��)19R)1�2 
Ä e G act Æ = P +;71X���75)1:� *&0X��k&0��75"*Q59;)5�B #+/U0)e:�)1"*9R)5 O3�rs+ g/X�&0"b$���)��325476�8,9��:25;<8,2 �>=<6?;:8,8@;b)5�B *"*)H75)HZB$�&
)BÙ�&'�% a+-&' t3�QPØ�½{)5 d71)EZB$�)EUwrxX��h+�Ø%X�$� #)

=�A X/$��(U')1�tQ5 #+- #� :�"*Q5)BÙ�&0�! a+/�2 *�(�*X/�B (+/7571)1�%�*&'c�U0)m½{:�+/"% *&0"�3�rx$��
Q5 #+- E&0��&f #&0+/UYQC #&'Z�$�)5 #Qe:.+/" U0+Dg-+/U')1$�" e G qt )C E�*X��2 b)1$UÙl×M9RV19R)1� QC #&0ZB$�)C #Q5�b:.+-"E$���)eg-+/U')1$�" e G qt =
A X�$��R71)WZ�$�&E)5�% ;��X�$�g/)n+/$
��rx)1�% h+/7571)1�%�*&'c�U0)WZB$�râ½�:.+/"! #&'"D3�rs$��pQ5 #+- RQ5 *&0ZB$�)5 *Q\:�+/"i$���)jg/+-U0)1$�"

e G act =P rs)5���*)59Hc�U0)i3�)5�F71X�9R:YX/"% #)59;)5�2 #�3�) K(Mi)
�*)i"%)5 #"%X�$�g/)R3�X���7D3.+/��� K(Mi+1) =

Ò )5 % #)i"*)×
U,+? #&0X/� 3�)�:�"*Q5�*)5"%g-+- #&'X�� )1�! \71+/:� *$�"*Q5)^:.+-"G$���)�"*)5U,+- *&0X�� 3�)m�%&09H$�U,+- *&0X��
)1�2 #"%)^U')1�GQ5 #+- #�j3�)5�
�% *"*$�7C #$�"%)1�F3�) N"*&':%Â/)

=
;�U0$��4:�"*Q571&'�*Q19R)1�2 .Ê�U,+h"%)1U0+- #&'X��k3�rB;:6�239DC�ÝE9+=>=F; Ü ;:6�8�)Ù�:�U0&'71&' *)[U')[<T+/&' OZB$�)

U0)[��X�$�g/)n+/$^71X�9R:YX/�#+/�2 )5�%Ã�U0X/cY)DU')1�475X�9;:�X�"! #)19R)1�2 *�3�$�71X�9R:YX/�#+/�2 F:�"%Q171Q53�)1�2 .Ê�)C e71)1�F75X�9'×
:�X�"% *)19R)1�2 #� �*X/�B E9;+/"*ZB$�Q5� :.+/"S$���)e71X/��_�Ã�$�"*+- #&'X��G9H$�)C * *)e3�$\��X/$�g�)5U�QCg�Q5��)19R)1�2 

=

�������	��
������H��2H . )1U,+? #&0X/�83�rx)1��"%&07a`�&'�*�*)59;)5�2 
G 47H�2I8�47HJ=LK+;>=NM:8DO�8B= σ = (s, c) ∈ Σi

.P9BKQ; !#9+=:8�; σ′ = (s′, c′) ;:8 σ′′ = (s′′, c′′) ∈ Σi+1
8@;:K �RH�; �

s′ � s . c′ � c ∧ ; � �R8
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s′′ � s . c′′ � c ∧ ; � OEC:8 &� 6  9B8 �RH�; σ′ ;:8 σ′′ )5��"*&'7a`�&0�%�*)1�2 σ � O 0 ;>C<; � �R8  O�6�=IK+;�� 25; Ü 9D;:2 C O7=�� &
Ò X�9R9;) :�X�$�" U0)1� 9;+/7a`�&0��)1� 3�)4lWX�X�"%)�ÊBU0)5�d�! #"%$�75 *$�"*)5�(3�)#NF"%&0:%Â-) K(Mi)

)5 K(Mi+1)
�%X��2 

U0&'Q1)5�O:.+/"b$���)D"%)1U,+? #&0X/�\3�)D�%&09H$�U,+- *&0X��
=
;�X�$�"$���)H9R)1&0U'U0)5$�" U0&0�%&0c�&'U0&f #Q�Ê�X�����X/ *)[UvrsQC a+- O&0��&f #&,+-U�3�)

K(Mi) sK(Mi),0
:.+/" σ0

)C UwrxQ5 #+- &0��&f #&0+/UY3�) K(Mi+1)
Ê sK(Mi+1),0

:.+-" σ′
0 =

�#;)�� �� � 
F�� � �
(K(Mi+1), σ

′
0)

=:9 Ü HEK+; (K(Mi), σ0)
O 0 ;>C σ′

0
;:6�239DC�ÝE9B8 σ0

��O�2 e � qt
�#;)58>���5�� �m3�QC_.��&' ρKM

⊆ ΣK(Mi) × ΣK(Mi+1)
Ê� #)5U ZB$�) ∀σ = (s, c) ∈ ΣK(Mi)

Ê s ∈ Mi
)C 

c ∈ C(Ii)
Ê ∃σ′ = (s′, c′) ∈ ΣK(Mi+1)

Ê�+ g/)17 s′ ∈ Mi+1
)5 c′ ∈ C(Ii+1) =

;�X�$�" σ )5 σ′ X/�y+

(σ, σ′) ∈ ρKM

�*�%& s′ = s +/��3 c′ = c ∧ e G qt = ;u+/"D75X����! #"*$�75 #&'X��[Ê ρKM

)1�% i$���)G"*)5U,+- *&0X��^3�)
�*&'9H$�U0+- #&'X��

=

46587:9<;)=�>?5@H Ïb)e75){ZB$�&�:�"*Q17 0 3�)eX��W+¾å
¼
σ′ )5��"*&'7a`�&' σ +ng�)57 ; � �R8 ⇒ σ′ �*&'9H$�U') σ¼
σ′ )5��"*&'7a`�&' σ +ng�)57 ; � OEC:8 6⇒ σ′ �*&'9H$�U') σ¼
σ′ �%&09H$�U') σ 6⇒ σ′ )5��"*&'7a`�&' σ =

P )1�6 #"%X�&0�d71X�"%X�U0U0+/&0"%)1� �*$�&fg-+/�2 #�S7n+-"#+/7C #Q1"%&0�%)1�2 SU,+e<]"*X��2 #& 0 "%)4ZB$�&��*Q5:.+/"%)U0)1�(��X�$�g/)n+/$UÙG3�)1� +/�@×
71&')1���u71X�9R:YX/"% #)59;)5�2 #�u3�+/��� K(Mi+1) =

. +/:�:�)1U0X/���uZB$�)6��X/ #"%)6&0��75"*Q59;)5�B u)1�! �9h+-&0�2 #)5�.+/�2 75X�9'×
:�X��*Q5�(3�rx$���)E�% *"*$�7C #$�"%)O3�)3N"*&0:,Â/)E3�Q1"%&'g�Q5)O3�)EU,+9;+/7a`�&'��) 3�)l\X�X�"%) MINC

ÊB)5 d3�)1�d71X�����)BÙ�&0X/���
)1�2 *"*) K(Mi)

)C KINC
Ê� #)1U�ZB$�) INC = 〈KINC , Ri→INC , RINC→i, Ri→i〉

)5 `å
¼
Ri→INC ⊆ Σi × Σ0INC

 #)5USZB$�) ((s1, c1), (s2, c2)) ∈ Ri→INC
�*�%& (s1, c

′
1) ∈ Σi

Ê c1 =
c′1 ∧ e G act �¼
RINC→i ⊆ ΣINC × Σi

�
¼
Ri→i ⊆ Σi × Σi

 #)5U�ZB$�) ((s1, c1), (s2, c2)) ∈ Ri→i
�*�%& (s1, c

′
1) ∈ Σi

Ê c1 = c′1 ∧ e G act �P +i_%Ã�$�"*) �
=
� "*)1:�"*Q1�%)1�2 #){$��k)Ù�)19R:�U0)F3�rx$���)e�% *"*$�7C #$�"%){3�) N"*&':%Â/)F&0��71"*Q59;)5�2 #Q1)e)5 E&'U0U0$��% #"%)U0)5�

71X/"*X�U'U,+/&'"*)1�d�*$�&fg-+/�2 #�
=

σ0

σ1 σ2

K(Mi) K(Mi+1)

K(Mi)

KINC

σ1

e 	 qt

e 	 qt
σ0 σ′

1

e 	 act
σ′

3

e 	 act
σ′

2σ2

e 	 qt

���������������

e 	 act

¹ �Vºj» �
=
�o¼ ÖMU'U0$��! #"#+? #&0X/�83�)1�E71X/"*X�U'U,+/&'"*)1�



�·»��U»���� �����	� �.� ��� ����� �p�	�u�
� ��� � �	�z������� ����	��� � ���

�  ;)�����9<��;F5 � * � 9BK�; !#9+=:8@; HE6 C�Ý�; Ü 9B6 9B6 Û 6�9  O�6�= K(Mi)
. O�K+4725= 9BK ; !#9+=:8�; H�6 C�Ý�; Ü 9B6 9B6 Û 6�9 O�6�= K(Mi+1)

K+; K+476@ß  H �RH�;:K�K � M 0 M:6?; Ü ;:6�8 e O 8�47H�� 47HE25= H�6?;<C>476 Û ß�HE2 O�8�9D476 Ü H�;:8,8@; &* 479B8 π = σ0
∗
→ σn

∗
→ . . .

 O�6�= K(Mi)
. 9BKQ; !#9+=:8�; π′ = σ′

0
∗
→ σ′

n

∗
→ . . .

 O�6�= K(Mi+1)
8@;:K �RH�;

8�47H�8 i ∈ N
. σ′

i
;:6�2:9DC�ÝE9B8 σi

O 0 ;>C e � qt &
�  ;)�����9<��;F5C�

K(Mi)
;>=:8 K+; =F47H�= 15ß�2 O���Ý�; Ü O !#9 Ü O�K  O�6�= K(Mi+1)

.IOEC>C>;>=>=:9 � K+; I ��O�238,9B2 σ′
0
.

� �RHE9 ;:6�2:9DC�ÝE9B8 σ0
��O�2 e � qt � K+4725= �RH�; e 2>;>=:8�;  O�6�=IHE6?;NC>476 Û ß�H�2 O�8,9D476 Ü H�;:8�8�; &

�  ;)�����9<��;F5CH
� &���� ;:6�=F; Ü�� K+;  ;>= M:8DO�8�=  ; K(Mi+1)

4 � 8�;:6�H�= I ��O�2:8,9B2  � H�6 M:8DO�8  ; ΣINC
. 6?; =F476�8 OEC>C>;>= 1

=:9 � K+;>=+I ��O�238,9B2  � HE6 M:8�O�8 9B6�9B8�9,O�K σ′
0 � �RHE9 ;:6�239DC�ÝE9B8 σ0

��O�2 e � qt � ��O�2IH�6 C�Ý�; Ü 9B6 K+;LK+476@ß H��RH�;:K O�H Ü 479B6�= HE6 M:8DO�8 ;>=:8 M:8�9 �RH�;:8@M���O�2 e � act &
	 &�� ;LK+476@ß  ; C>;NC�Ý�; Ü 9B6 K+;�� 25; Ü 9D;:2<M:8�O�81M:8�9 �RH�;:8@M ��O�2 e � act ;:6�2:9DC�ÝE9B8 ��O�2 e � act HE6 M:8�O�8
 ; K(Mi) &

�#;)58>���5
71X/"*X�U'U,+/&'"*)Wã ;u+-"E&'��3�$�7C #&'X��G�*$�"EU,+HU'X��%Ã�$�)1$�"S3�) π =
71X/"*X�U'U,+/&'"*) 0�;u+-"(71X/���% *"*$�7C #&0X/�h3�) K(Mi+1)

Ê�X��8+eZ�$�) σ′
0
)5��"*&'7a`�&' σ0 =

Ï[rs+/:�" 0 �6U0) 75X�"*X�U'U,+/&'"*)dã1Ê
 #X/$�� U0)5� 7a`�)59;&'���u3�) K(Mi)

)BÙ�&0�! #)5�B +-$��*�%&�3.+/��� K(Mi+1)
Q5 *&0ZB$�)5 *Q1��:.+-"uU,+b71X���_U×

Ã�$�"*+- #&'X��k9[$�)5 % #)[3�)HUwrxQ5g/Q1��)59;)5�B ;
=
ÏO)H:�U0$��*ÊY�5rs&'U�)Ù�&'�% *)H$��AQC a+- σ′ ∈ K(Mi+1)

Q5 *&0ZB$�)C #QG:.+/" e G act Ê +/7571)5�*�%&0c�U')G:.+/"DU0);7a`�)19R&0� π = σ′
0

∗
→ σ′  #)5U(ZB$�)G #X/$��DU0)5�

Q5 #+- #� σi
�%X��2 4Q5 *&0ZB$�)C #Q1�b:.+/" e G qt Ê�+/U'X�"*�EU0)F�%$�7175)1�*�%)1$�"F3�) σ′ �qr +/:�:.+/"% *&0)5�B b:.+/�t½

Σ(K(Mi)) =
71X/"*X�U'U,+/&'"*) � ÏO&'"*)17C #)59;)5�B E3�$W71X/"*X�U'U,+/&'"*) 0

=

Hb�\Z�$�+- #"%& 0 9R)F71X�"%X�U0U0+/&0"%)43�Q571X�$�U'){3�)1�O"%)1U0+- #&'X����S)1�2 *"*)[$��k9RX�3 0 U0)`½iUwrxQ5 a+-:Y) i )C f½iUwrxQ5 #+/:�)
i + 1 =

Ò X��2 #"*+/&0"%)19R)1�2 e+/$A #"%X�&0�75X�"*X/U0U,+-&0"*)5�b:�"*Q175Q13�)5�2 #�.Ê	&'U Q1��X/��71)i$���)D:�"*X�:�"%&0QC #QDZB$�& 3�Q571X�$�U0)
3�$z71X/9;:�X��#+-�B iU')8:�U'$��D71X�9R:�U')BÙ�)G�*$�"iU')871X�9R:�X��#+/�2 i:�U'$��D�*&'9;:�U0)

=
ÖMU6QC a+/c�U'&' DZB$�r�½�:.+/"! #&0"[3�)

K(Mi + 1) Ê.X��j:Y)5$� E"*)C #"*X/$�g�)5" K(Mi) =

�  ;)�����9<��;F5MJ * 479B8 σ′
1
H�6 M:8DO�8  ; K(Mi+1)

�RH�9 ;:6�239DC�ÝE9B8 σ1
.PHE6 M:8�O�8  ; K(Mi)

. O 0 ;>C<; � �R8 .O�K+4725= ��47HE2 8@47HE8 σ′
2 ∈ K(Mi+1)

8@;:K �RH�; σ′
1 → σ′

2
. 9BKQ; !#9+=:8�; σ1 ∈ K(Mi)

8�;:K �RH�; σ′
2
;>=:8�4 � 8@;:6�H

I ��O�238�9B2  ; σ2
. ;:8 σ1 → σ2 &

�#;)58>���5 Ú�X�&' σ′
1 ∈ K(Mi+1)

ZB$�&u)1��"%&07a`�&f σ1 ∈ K(Mi)
+ng/)17 ; � �R85Êq)5 σ′

1 → σ′
2 =
Ú�$�:�:�X��%X����

ZB$�) σ′
2
6 � ;>=:8 ��O7= X�c� *)1�B$^½h:�+/"% *&0" 3�rx$��AQ5 #+- σ2

3�) K(Mi) =
;�+/"O75X����% *"*$�7C #&'X�� σ′

2
)5�% :�"*X�3�$�&' 

:.+/"u$��iQ5 a+? s 3�) Mi+1
ÄTZB$�&���rx)BÙ�&'�% #) :.+-� 3.+/��� Mi

Æu+/7571)1�%�*&'c�U0)S:.+-"�$��H #"*+/���*&f #&'X��HQ5 *&0ZB$�)C #Q1) :.+-"
; � OEC:8�Ä Ò X/"*X�U'U,+/&'"*) � Æ

=
� �\+;3�X���7eZ�$�) σ′

2
��)e:�)1$� b:.+/�EV5 *"*)eU0)e�*$�7571)1�%�*)5$�"43�) σ′

1
Ä]g/X�&0"�
u&6Ã�$�"*)

�
=
0�ÆdÄ Ò X/�B *"#+/3�&075 *&0X���Æ

=
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� ��� � �!� �	��� %�-,� (*- ��% ) � - � � 	 �,( ����(  ��� � ���

� � �� � �(.0/�*#��� "	. ��/1�!) "�* $#���+/ �BL(��:I)
	M:�/1�!)+"�* $#�
K(Mi)

Ï4+/���i75)5 * *)G�*)575 #&'X��z��X�$��R+/U'U0X����[Q1��X���71)5"DU0)5�D" 0�� U0)1�D3�)8 #"#+-���%<]X�"%9h+? #&0X/� 3�rx$���)j:�"%X�:�"*&'Q5 *Q
Ò
A P ψ g�"*+/&0)R�*$�"[$��^9;X�3 0 U')i&0��&f #&,+-U )1�>$���)h:�"%X�:�"%&0Q5 *Q ψ′ g�"*+/&0)R�*$�"[U0)i9RX�3 0 U0)i&'��71"%Q19R)1�2 #Q =P +oZB$�)5�% *&0X���oU0+/ZB$�)1U'U0)>��X�$��m"*Q1:�X���3�X����m:Y)5$� mV5 #"%)zQ1��X���71Q1)
3�)zU,+ 9;+/��& 0 "*)y�%$�&'g-+/�2 #) å
,TÚ�X/&' ψ ∈ CTL  #)1U'U0)GZB$�) K(Mi), σ0 |= ψ ÊtZB$�)1U'U0)j)1�! hU0+�:�"*X�:�"%&0QC #Q ψ′ ∈ CTL  #)1U'U0)jZB$�)

K(Mi+1), σ
′
0 |= ψ′ ⇔ K(Mi), σ0 |= ψ . , = P )[:�"%&0��75&0:�){3�){U,+i #"#+-���%<]X�"%9h+? #&0X/�W)5�% c�+/�*Q{�*$�"4U0+

"*Q53�$�7C #&0X/�>3�$ 3�Q1:�U'&,+ � )R3�);Uwrs+/"*c�"%);3�)hU,+j�% *"*$�7C #$�"%)83�) NF"%&0:��-)
=
?bX�$��H+ng�X����[g�$>3.+/���{U,+W�*)17×

 #&'X��G:�"%Q171Q53�)1�2 *){ZB$�)U')1�S��X�$�g�)n+-$UÙj71X/9;:�X�"% *)19R)1�2 #�S�qrsQC a+/&')1�2 E+/7175)1�%�*&0c�U0)1�SZB$�r�D:.+/"! #&0"(3�rsQC a+- *�
Q5 *&0ZB$�)C #Q1� :.+-"SU,+{g-+/U')1$�"S+-75 #&fg�)3�$W��X�$�g�)1U�QCg�Q5��)19R)1�2 

=
P rx)1���%)19Hc�U')3�)71)5� Q5 a+? #� "*)5:�"*Q5�*)1�2 *){U0+

<]"*X/�B *& 0 "*)E)1�2 #"%)4U0)5�(71X/9;:�X�"% *)19R)1�2 #� 3�)bU,+{�! #"%$�75 *$�"*) K(Mi)
)5 K(Mi+1) =

Ïb)O:�U'$��.Ê�71)C * #)E<]"*X��@×
 #& 0 "%)E�qrs)5�% S+? * #)5&0�2 #) ZB$�)b:.+/"t3�)1�d7a`�)19R&0���dQC #&0ZB$�)C #Q5�($���&'ZB$�)19R)1�2 d:.+/"tU,+g-+/U0)5$�"t9H$�)5 % #)�� e G qt �
)5 8"*)1:�"*Q1�%)1�2 a+-�B WU')1�h75X�9R:YX�"! #)59;)5�B *�83�) K(Mi)

3.+/���GU0+^�% *"*$�7C #$�"%)�&0��75"*Q59;)5�B *Q1) K(Mi+1) =P rs&'3�Q1)\3�)kU0+m *"#+/���!<]X�"*9;+- *&0X��z)1�! G3�)\"*)1�! #"%)1&0��3�"*)AU0+m:�"*X�:�"%&0QC #QA+-$ �*X�$���× � "#+/:�`�)k�*)\ #"*X/$�g-+/�2 
+ng-+/�2 O75)5 * *)e<]"%X��2 #& 0 "*)1Ê�7/rx)1�% �R3�&0"*)FUvrs)5���*)59Hc�U0)F3�)5�OQC a+- *�O+/7571)5�*�*&'c�U0)5��i:.+/"! #&0"S3�)[UwrxQ5 #+- &0��&' #&0+/U
Q5 *&0ZB$�)C #QF:.+/" e G qt =

�������

�

���������

�������

������� �

���������

���������

K(Mi)

KINC

K(Mi+1)

�������

� �������σ6 σ1

σ0 σ7

σ2

σ4 σ5

σ3

! �#"%$ �
=
��& 
."*X��2 #& 0 "%)3�)1�Sg-+/U0)5$�"*�E+/7C #&fg�)1� 3.+-��� K(Mi+1)

'�( 587 � ��5 Ú�X�&' d$��G��X�$�g�)1UYQ5g/Q1��)59;)5�B e = 〈{α}, e G qt, e G act〉 Ê�$���)4�! #"*$�75 #$�"*)3�)#NF"%&0:��-)
K(Mi)

 *)1U0U')\ZB$�) K(Mi), s0 |= AFp )C G$���)A�! #"%$�75 *$�"*)A3�) N"*&0:)�/) K(Mi+1)
X�c� *)1�B$�)�:.+-"

Uwrx&0��71"*Q59;)5�2 F&0��3�$�&' :.+-" e Ê 〈KINC , Ri→INC , RINC→i〉
��_ � $�"%) �

=
� � = ?bX/$��F�#+ng�X����{ZB$�)R�*&���X/$��

"*)5�% *"*)1& � ��X����EU')F:.+/"*75X�$�"%�E3�$ � "*+/:�`�)1Ê*i:�+/"% *&0"S3�)eUwrxQ5 #+- &0��&f #&0+/U�Ê�+/$W�*X�$���× � "#+/:�`�)e"%)1:�"%Q1�%)1�2 a+/�2 
K(Mi)

+-U0X�"%�R75)1U'$�&_× 71&Sg�Q5"*&'_�) AFp =
Ï4+/��� K(Mi+1)

Ê� #X�$��hU0)5�;7a`�)19R&0���;X/.pUvrsQCg�Q1��)19R)1�2 G)1�! 
9H$�)C Hg�Q5"*&f_.)1�2 i3�X���7 AFp =

l\+/&0�H&'Ud)Ù�&0�% *)G3�)G��X�$�g�)n+-$UÙy7a`�)59;&'���i+/9R)1�.+-�B +A3�)G��X�$�g�)n+-$UÙ



� $ � $ ����� � � � ���	����� � � � 
���� � � ����� ���������	����� � � ã

71X/9;:�X�"% *)19R)1�2 #�
=
;u+-"�Uwrs+/:�:�U'&07n+? #&0X/�{3�)5�t" 0�� U0)1�u3�) U,+O75X���71)5:� #&'X��i&0��75"*Q59;)5�B #+/U0)1Ê/75)1�t7a`�)19R&0������)

�*X/�B 6+/7175)1�%�*&0c�U0)1� ZB$�r�[:.+/"! #&0"�3qrsQC a+- *�(Q5 *&0ZB$�)C #Q1�d:.+/" U,+4g-+/U0)5$�"d+/75 *&'g�)E3�)EUwrxQ5g/Q1��)59;)5�B ��T75)1�(QC a+- *�
g�Q5"*&f_.)1�2 6U0+e:�"*X�:�X��*&f #&'X��R+- #X�9R&0ZB$�) e G act � = ;u+/" 71X/���*Q5Z�$�)1�2 TÊ� *X�$�� U0)5�d7a`�)59;&'��� 3�) K(Mi+1)

Ê�
:.+/"! #&'"O3�)DUvrsQC a+- &'��&' *&,+/U�Ê�"*)5�% *)1�2 e3.+/���U')1�475X�9;:�X�"! #)19R)1�2 *�4:�"*Q5)BÙ�&0�! a+/�2 *� �]ZB$�&ug�Q5"*&f_.)1�2 

AFp � Ê
X�$^"*)1��71X��2 #"%)1�2 H$�� Q5 #+- {Z�$�&tg/Q1"%&'_.) e G act = Ò )1U0+W�5rs)Ù�:�"*&'9;)R:.+/"eU,+8<]X�"%9H$�U0) Ò A P �%$�&'g-+/�2 #)Eå
AF(e G act ∨ p) =

P )e *`�Q1X�" 0 9R){�%$�&'g-+/�2 bQ1��X/��71)eU0)5�b" 0�� U')1� 3�){ *"#+/���%<]X�"%9h+- *&0X��G3�)1�O:�"*X�:�"%&0QC #Q1� Ò A P :�X�$�" $��
&0��71"*Q59;)5�2 � Q5��Q1"*+/U �T3�QC_.��&' *&0X�� 0

=
� � = ?EX�$��u��)d3�X/����X�����&075&�ZB$�rx$���)(&03�Q5)d3�)dU,+ :�"*)5$�g�) = P +b:�"*)1$�g�)

3�QC a+/&'U0U0Q5)4�*) *"*X�$�g/)F)1�\+/����)Ù�)
=

!��?�  ;��87:5:� * 479D;:6�8 σ ∈ ΣK(Mi)
;:8 σ′ ∈ ΣK(Mi+1)

8@;:KBK+; �RH�; σ′ ;:6�239DC��E9B8 σ ��O�2 e � qt &G 47H�2L8�47H�8�;>= � 254 ��4F=:9B8,9D476�= O�8@4��N9 �RH�;>= p ∈ APK(Mi)
;:8 ��47HE2L8@47HE8@; � 472	�NH�K+;�
� � Φ . χ O�6  Ψ

� O 0 ;>CI8�47H�8�;>=LK+;:HE2>=�� 254 ��4F=:9B8,9D476�= O�8�4��N9 �RH�;>=  O�6�= APK(Mi)
��.

K(Mi), σ |= Φ ⇔ K(Mi+1), σ
′ |= Φ′

4 ( Φ′ ;>=:8 K�O � 472	�NHEK+; 4 � 8�;:6�H�; ��O�2LK � O�� � K%9DC O�8,9D476 2>M>C:HE25=:9 0 ;  ;>= 2 ����K+;>=  ; 8�2 O�6�= � 472	� O�8,9D476 =:HE9 1
0 O�6�8�;>= �
�

Φ = p ⇔ Φ′ = p &
	

Φ = Ψ ∨ χ ⇔ Φ′ = Ψ′ ∨ χ′ &�
Φ = ¬Ψ ⇔ Φ′ = ¬Ψ′ &N Φ = EXΨ ⇔ Φ′ = e � qt ∧ EXΨ′ &�
Φ = EFΨ ⇔ Φ′ = E[e � qtUΨ′] &�
Φ = EGΨ ⇔ Φ′ = EG(e � qt ∧ Ψ′) &�
Φ = E[ΨUχ] ⇔ Φ′ = E[(e � qt ∧ Ψ′)Uχ′] &�
Φ = E[ΨWχ] ⇔ Φ′ = E[(e � qt ∧ Ψ′)Wχ′] &�
Φ = AXΨ ⇔ Φ′ = e � qt⇒ AXΨ′ &

���
Φ = AFΨ ⇔ Φ′ = AF(e � act ∨ Ψ′) &

� �
Φ = AGΨ ⇔ Φ′ = A[Ψ′W(e � act ∧ Ψ′)] &

� 	
Φ = A[ΨUχ] ⇔ Φ′ = A[Ψ′U((e � act ∧ Ψ′) ∨ χ′)] &

���
Φ = A[ΨWχ] ⇔ Φ′ = A[Ψ′W((e � act ∧ Ψ′) ∨ χ′)] &

�#;)58>���5 ���M3�Q5) ��� P +R #"#+-���%<]X�"%9h+? #&0X/�\)5�% c.+-�*Q1)D�%$�"4U0+;"*Q53�$�7C #&0X/��3�)HUwrs+/"%c�"*){3�rs)	��Q171$� #&0X/��)�� �
:�U'X�"*Qe+/$\�*X�$��!� +/"%c�"*)eU0)eU0X/� � 3�$�ZB$�)1U�U,+i71X/��_ � $�"*+- #&'X��\+/75 *&'g�)e3�$\��X�$�g/)1U�Q5g�Q5��)19R)1�2 �qrs)5�% 4:�+/�
71X/���*&'3�Q1"%Q1)

=#" rs+/:�" 0 �{U0)i71X�"%X�U0U0+/&0"%) 0%$�75);�%X�$��!� � "*+/:�`�)R"*)5:�"*Q5�*)1�2 *) K(Mi) =
P +j *"#+/���%<]X�"%9h+- *&0X��

)1�! t+/U'X�"*��:�"*X/$�g�Q5)S:YX�$�"�7a`.+-Z�$�)SX�:YQ5"#+- *)1$�"'& A P +-$�ZB$�)1U�X��H&0��71U0$� uU0+b71X/�B *"#+/&'�2 #)L; � �R8�X�$/; � OEC:8
3.+/���E�*+R3�Q5_.��&f #&'X��

=
P +i:�"*)5$�g�)e:�"%X�7 0 3�)e+/U'X�"*�S:.+-"S&0��3�$�75 #&'X��j�*$�" U0+[<]X�"*9H$�U0) Φ =

;�X�$�"8$���)�9R)1&'U0U0)5$�"D71X/9;:�"%Q1`�)5���*&'X�� 3�$  *`�Q1X�" 0 9R))(*$d��X�$��h3�X�����X/���8&075&bU0+ �*& � ��&f_.7n+- *&0X��
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(si, si+1) ∈ Bl

yoy �
prefd(l, si) � prefd(l, si+1) {
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/u_H7X5JG41nG414> ÂUGI7�OR/!wY?BAW7 §^�J��7X?£G4147�G414> ÂUGI7�5X>Ll4KY7 §^�J�;e2f�7h?BAW/2143aw�78AC?£T47M?BAW/2T4G45S?B>YFH1PT�giGI1s=</nÂ}G47S?
§^�J�t7X3C?^/2G43C3W>�>LKYKLG43a?BACQ03WG4AV5X7X?W?W7\{<�HG4AC7n7S?9=4AWFU58�XT47PT47PKN/�O�/q14>L�XAW703CG4>Y_q/21E?B7�h
%1��&jfhgm>L14>@?B>L/q?B7XG4A�§^�J�t7X1E_HFH>Y7nGI147PAW7�Â}G4�S?B7s/2G+dVAB/2=4=	78AVOR/!wL?WAW7qe
%�Ä &jf�7\dVAB/q=4=$7XAVO�/!wY?BAC70T478OR/214TI7nKyg¤/q5858�X39/2Gjl4G43V_c>L/pK�gi/2AWlI>Y?BAC70T47Pl4G43 %  t�/v)&Se
% #�&jf�7$ r�/v,T4FH1I147PK�gi/2585X�839/2GjdVAB/2=4=	78AVOR/!wL?WAW7 % #H/�&J7S?V3WQ8KY785S?B>LF214147PKL70dVAW/2=4=	78AV58>Yl4KL7 % #2l�&�e

%|�ID ��&*f�79dVAB/2=4=	78AJO�/!wY?BAC797X1E_HFH>Y7z5;:</nÂ}G47\5X78KYKLG4KY72§^�J��/2GRdVAB/2=4=	78A658>Yl4KL7V_U>N/[KY7^lIG43Kih� %x7X1*T478GU�=I:</23W7X3|h�/qT4AW7X3W3W7 0qT4FH1I14Q87X3 &Se
%�È�&jf�7PdVAB/2=I=$7XA97X3W5XKN/u_H7P?BAW/2T4G4>@?VKN/�587XKLKLGIKL7�ih�J7X1"G4147PAC7�Â}G4�X?W7|§^�J�t7S?9KN/p?BAW/2143WO]7X?^ZoKN/p5X>Ll4KY7

§^�J�;e
%�Æ &jf�/o58>Yl4KL7E§^�J�JAWQ8=	FH14T�/2GjdVAB/q=4=$7XAV58>LlIKL72e

% � DÅÀ�&*f�7\dVAB/q=4=$7XAV58>LlIKL70?BAW/2143COR7S?VKN/pAWQX=$F2143W7nT4GjdVAB/2=4=	78AVOR/!wL?WAW7z_U>L/pKL7\l4G43Çih�;e
%1��¢�&jf�/nAWQ8=	FH143C7¥ih�h783a?6?WAB/2TIG4>Y?W7^7X1�AWQX=$F2143W7x§^�J�h7X?6783C?J78143CG4>Y?W7^?WAB/2143COR>Y3W79Z[Kygi>Y14>Y?W>N/q?W78G4A4§^�J�;e

master
wrapper

VCI−PIVCI−PI
slave

wrapper
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�

������������ !��#"�$

%�&'�
�)(��+*,� � *�-/. * � .,0213*

%�&#�4+576
4+598�6

4;:<6

4>=�6
4@?A6 4�B�6

4>CA6
4�D�6
4;E<6

4�F<GA6 4>F � 6

¡�¢�£ � �ce �3¤���KLKYG43C?WAB/q?W>LFH1�T�giGI1�?WAB/2143aw�78Aa?^3CG4AVKN/p=4KL/q?B7�` w�FHACOR7zT47\?BAB/qT4G45X?W>LFH1¦§^�J��`)iM��`�§^�J�
.0/2143z5878Aa?;/2>Y14395u/23XD�58F2ORO]7PKL7n5u/23^T47sAC7�Â}G4�X?W783\T�gmQ85XAW>@?BG4AC7s=	FHG4A9KN/R5X>Ll4KY7 §^�J�;D�KL7PdVAB/q=4=$7XA58>Yl4KL7P/q1}?W>L5X>L=	70KL7X3rAWQ8=	FH143C783XD$/qGI?BFHAC>L3W/21E?VK�gm781E_HFH>�TI78395878KYKLG4KY783t3CG4l43CQ�Â}G4781E?W7838e

���7H I 05�/" � "/JLKe05� %¦�NMPO "$�·+e+.�/"/MRQTSVUXWE�YU
7/86U/8<9 =?> [´F[Z]\AM<>_^!`^ Ga^>V;M

.z78GU�o?��c=	783�T47rdVAB/q=4=$7XAW3H§^�J�10nih�|F21}?�QS?BQVQ8KL/2l$F2AWQ83�hEKL783[bHq:m5{~{�o5q�½2¹ºmn»�ljq�o�½ 7S?MKL783NbHq:m5{~{�o5q�½
o�½r5t¾mn¿no�½Se	.0/2143z587s5;:4/2=4>Y?WAW7qD$14F2G43014FHGI30AW7X3C?BAC78>Y14T4AWF21430/2GU�"dVAW/2=4=	78AW3zO�/!wY?BAC7838D�KL/]5XFH14587X=I?B>YFH1T47X39dVAW/2=4=	78AW3V7X3W58KL/u_H7839783a?zTIQ858AC>Y?W7\T</2143 g � 3C3B¢~Ä!Áye

�h1"3WGI>Y_q/21E?914F2?BAC7[TIQ8OR/2AW5;:47nT47P58F214587X=I?B>YFH1">Y1458ACQ8O]781E?;/2KY72D41IFHG43^/�_2FH143^T4QX{<1I>£GI147[:I>LQ8AW/2Aa`
5;:4>Y7\T47\1478Gcw�dVAW/2=4=	78AW3rOR/!wY?BAW7X3JT47dc Z de$e<f�70dVAW/2=4=	78ArOR/!wL?WAW7]c 7X3C?9KL7z5u/23rKY70=4KLGI3t3W>YOR=4KY72D52gm783a?]KN/kl4AC>uÂ}G47jT47jl</23C7+T47j14F2?BAC7+58FH1I5878=c?B>LF21�eM.0/2143o5X7�58/238Dh1IFHG43�wx/2>L3CFH143pKygi:E�U=	F2?B:4�X3W7 Â}G47K�gm781E_U>LACFH14147XOR7X1E?V3W7\58F2OR=	FHAC?W70T47\wx/2�XFH1+>LT4Q8/2KL76hI?BFHGc?B783rKY783rAC7�Â}G4�X?W783VT�gmQ85XAW>Y?WG4AW7\F2G�TI7\KL785S?BG4AC7/2G ih�6lIG43V7X?r?BF2GI?B7X3rKL783JAW7�Â}G4�S?B7X3^ACQ8=	FH143W7X39ZoKygi>Y14>Y?W>N/q?W78G4AH§^�J�63W78ACFH1E?93B/q?W>L3Cwx/q>Y?B7X3J7X1�G41j5S�c5XKL7qef�7sw�FH145S?B>YFH14147XOR7X1}?0T4GkdVAB/2=I=$7XA\3W7�T4QX58FHO]=$F23W7p7X1�TI78Gc�k=</2AC?W>L7X3 %�{<�/�Ue ��&�e�f�/*=4ACQ8O]>L3W3C72DLÂUGI>/q?C?B781IT�G4147+T47XO�/21IT47*T47+Kygi>Y1}?W78Aawx/2587º§^�J�;DhT478OR/214T47�7X?o/q?C?B7X14T�K�gi/2585X�83�/2G�lIG438ehf�/k3C7858F214T47
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=</2Aa?B>Y7z58F2AWAW7X3W=	FH14T�ZpK�gmQ85;:4/214�H70TI7\T4FH1414QX7\=4AWF2=4AW7XOR7X1}?tT4>Y?W72e4.z/2143rKL7zl4GI?rT�gmGI?W>LKL>Y3W7XAJ/2G+OR/��c>@`OpG4O KN/*w�FH145S?B>LF2141</2KY>Y?BQs=4>L=	78KY>L147pTIGCih�0l4G43XD�K�gmQ85;:</21I�H7RTI7]TIFH1414QX7*/jG41�w�F2145X?W>LFH141I78O]781E?n781?BACFH>L3r=I:</23W7X3^ACQu/2KY>L3CQ8783r=4/2ArG41�=4>L=	78KY>L147qDIT4QX58AW>@?VT47PKN/�OR/214>L�XAW703CG4>Y_q/21E?W7ºh
� ¬Z��_b�� g �0.xÁ �h1E_HF2>L79K�gi/2T4AW7X3W3C79TI7^KL/0AW7�Â}G4�S?B7^~p3WG4A�K�gm>L1E?W78ACwx/q5872ih�|7S?6AC78�XFH>Y?MKL/PAC7�Â}G4�S?B7 %�~�� ��&3CG4AVK�gm>L1E?B7XACwx/25X7¥§^�J�f`
� ¬Z��_b�� g . �/Á��h1E_HFH>Y7nF2G�AC78�8F2>Y?VKN/pTIFH1414QX76ih�J5XFHAWAC783C=$FH1IT</21E?^ZoKL//%x~H` �&
	JAC7�Â}G4�S?B7�§^�J�f`
� ¬Z��_b�� g� ��i Á'�h1E_HFH>Y7*KN/"ACQ8=	FH143C7*3WG4AsK�gm>L1E?B7XACwx/25X7º§^�J�n58FHACAW7X3W=	FH14T</21E?oZ�KN/ %�~E`OÄ�& 	 AC7�Â}G4�S?B7

§^�J�;e
f�7^=IAWF2?WFc5XFHKL7K§^�J�M781E_HF2>L7zT4/2143�G4147z5X78KYKLG4KY79Kyg¤/qT4AW7X3W3W7^7X?6KN/PT4FH141IQ8707X1�O]�8O]79?W78O]=438DU/2KYFHAW3NÂ}G47KL7n=4ACF2?BFU58FHKY7PT4G.ih�rl4G43^T4Q85XFHOR=	FH3C7s587n?BAW/2143Cw�7XAC?^781kTI78Gc�"5X�U58KY783Xe��zgm783a?\=$F2G4A�Â}G4FH>£KL7P=4AC78O]>L7XAQX?B/2�H7+T4G�=4>Y=$7XKL>Y147RTIG�dVAW/2=4=	78A�AC78�8F2>Y?�Kyg¤/2TIAW783C3W7+7S?oKN/kT4FH1I14Q87

k + 1
7X1�O]�8O]7�?W78O]=433Â}G�gi>YK

781E_2FH>L7RK�gi/2T4AW7X3W3C7
k − 1

e�f�/�{<1¡T�giGI147R?WAB/2143COR>Y3W3C>LFH1�783a?sOR/2A�Â}G4QX7R=4/2A[Kyg¤/q5X?B>@_q/q?B>YFH1bT4G 3C>L�H14/2K
cmd � eop

KLF2AW3rT47PK�gm781E_2FH>�T47PKN/�T47XAW14>Y�8AW7P5X78KLKYG4KL7zT4Gj=</nÂ}G47X?^AW7�Â}G4�X?W72e

�������

� �

� �������

��� �

� ���!��������"$#

��������"$#

��"$#

���

cmd % val

pi % gnt

cmd % eop

cmd % eop

cmd % eop

cmd % eop

cmd % eop

cmd % val ∧ pi % gnt

cmd % val ∧ pi % gnt
pi % gnt

#'&)(+*-,�././0

#',�120+3�,�450

¡�¢�£ � �ce �·¤��zGc?BFHOR/q?B7\TIG�dVAW/2=4=	78AVO�/awL?BAC7 %764F2?VFH=I?W>LOR/2K�&



��������� ¢ ��
 � 
 ���4¢ � ������� 
 � �f� ��
��	��
������� È~Æ

f�7]5;:I78O]>L1¥T47�T4FH1I14Q87X3[7X3C?n58FH1I3C?B>@?BG4Q�T�giG41I7RT4>��u/2>Y14783zT47oAW78�2>L3C?WAW7X3\7X?nT�gmG41¡TIQ858FUT47XG4A�ÂUGI>=	78AWO]7X?C?B7X1}?[T47]T4Q85XFHO]=$FH3C78APKL7X3PAW7�Â}G4�S?B7X36§^�J�0T</21I3[G41�w�FHAWOR/q?P/qT</2=I?WQ�/2G�=4ACF2?BFU58FHKY7�T4GCih�l4G43 %�{4�4e��ce�È�&Se � 1¥=	78GI?[AW7XO�/2A:Â}G478A\KY7]TIQ858F2G4=</2�H7oT47X3[TI>Y�$Q8AW7X1E?B3PQX?B/2�H783XD�5;:</258GI1 3WQX=</2ACQR=</qAG4147Pl</qAWAW>Y�8AC7\T47PAW78�2>L3C?WAW7qe

�����
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#	$&%
')(+*

x2

, % 
��


x1

,.-0/2143 
5

,.-./61 % 
��


,�-0/61 �87 /

#�$�% 1 
 #�9

#�$�% 1 % 
��


#	$&% 1 
 %

#	$&% 1 �87 /

#�$�%/;:<1 7 / #

/=:>1 5?7 #�9

/;:<1 
 %

/;:<1 % 7�@;�

/;:<1 ��AB�
/;:>1�, �	C

/;:<1 % : A

DFEHG&I;JKMLONQP�R

ST8D4G&I;JKULWV
JYX[Z\G^];I=_`LaV

x3

b+c<dfehg�ikjml[npo6q�rtsvuxw6qyw6z{u6u6|�qyw6}x~��	���6�Fq��r������	��q
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7/86U/8OU =?>A@ Z^���� D >�`�GI@�������`E>�[´>�`�GI@QJVF¢[ B VHGa^��¥MO>A@
f�7p58FHO]=	FHAC?W78O]781E?zF2=I?B>YO�/2K�1�gi/2T4O]7X?0/2G45XG41bQX_2Q8147XOR7X1}?�Â}G4>�=$7XGI?\AW/2KL7X1}?W>LA9KN/]=4AWFH�2AW783C3W>YFH1T4Go=4>Y=$7XKL>L1I72e�f�783hT4>@��QXAW781E?W3hQX_HQX1478O]781E?W3�Â}G47r14F2G43M/2KLKYFH143£58FH1I3W>LTIQ8AW7XAh3WFH1E?M5X78Gc��Â}G4>I=$7XAC?BGIAWl	781E?KL7 64Gc�jT4G�=4>L=	78KY>L147qeI��KY3r38gm7S�c=4AW>YOR7X1E?^=4/2AVK�gm>L1E?B7XAWO]Q8T4>L/2>LAC7^T47X3^3C>L�H14/2Gc�+3CG4>Y_q/21E?W3·h
¤
pi � ack

h	/25�Â}G4>@?W?W78O]781E?9T4G�dVAW/2=4=	78AV58>Yl4KL7!%
Dom(pi � ack = {RDY }

T</21I3^KY7\5u/239FH=I?W>@`OR/2K�&�e
¤
cmd � val

7X?
rsp � ack

h8?BAW/2143B/q5X?B>YFH1\7X?£/q5�Â}G4>Y?C?B7XOR7X1}?�T47MK�gm>L14>@?B>N/�?B78GIA_§^�J��%
Dom(cmd � val) =

{0}
7S?

Dom(rsp � ack) = {0}
T</21I39KY7\5u/23VFH=c?B>LOR/2Kye

¤
reset

hrKygi>Y14>Y?B/q?B7XG4A,§^�J�RAWQS` >L14>@?B>L/2KL>Y3W7�KL7bdVAB/2=I=$7XAe§^�J�10!iM� %x1�gm7S�c>L3a?B7�=</23jT</21I3�KY7b5u/23FH=c?B>LOR/2K*&Se��KL3M=	78GI_2781E?t3C7^T4QX58FHO]=	FH3W7XA�7X1�T47XGc�]58KL/23W3C783�T�gmQX_HQX1478O]781E?8eIf�783�QX_2Q8147XOR7X1E?B3t3CG4AMK�gm>L1E?B7XACwx/25X7
§^�J�t7S?V3WG4AVK�gm>L1E?W78ACwx/q587�ih�;e

¤ ��1E?B7XACwx/25X7P>L14>@?B>N/�?B78GIA�§^�J�Eh
�HeVfhgm>L14>@?B>L/q?B7XG4AJ=	78GI?9>Y143WQXAW78AVT47X3V5X�U58KY7839T�g¤/�?W?B7X1E?B7839KLF2AW3tT47PKygiQXOR>Y3W3W>YFH1+T47X395;:4/!wN147X3VT47
5X78KYKLG4KY783�AW7�ÂUGI�X?B7J7X? 0�FHGsT</q143�Kygi7X1E_HFH>UT4783|/2585XG43WQX783 ACQ85X78=I?W>LFH1[T4783�5878KYKLG4KY783�T476AWQ8=	FH143C7
%
Dom(cmd � val) = {0, 1}

7X?
Dom(rsp � ack) = {0, 1}

&Se
ÄceVfhgm>L14>@?B>L/q?B7XG4A�=	78GI?�TI78OR/214T47XA�KN/JACQS`�>Y14>Y?W>N/2KY>L3W/q?B>YFH1rT4G\dVAB/2=I=$7XA�%

Dom(reset) = {0, 1}
&Se

¤ ��1E?B7XACwx/25X7Pl4G43ÇiM�
#IeVfhgm783C58KN/u_276=	78GI?�ACQ8=	FH14T4AC7HÂ}G�gi>YK21�gm783a?£=</23�=4AC�X?£Zt?BAW/2>Y?W78A�KL/t14FHGI_278KYKL7 AC7�Â}G4�X?W7 %

Dom(pi � ack) =
{RDY,WAIT}

&Se
�4eVfhgm783C58KN/u_27�=$7XGI?\>L1E?W78AWACFHO]=4AW7nKN/o?BAB/q143WO]>L3C3W>LF21"781"58FHG4AC307X?0>LO]=$FH3C78A9KN/]AW7X?WAB/21I3WO]>L3a`3C>LFH1jT47nKN/pTI78AW1I>L�8AC7PAW7�Â}G4�S?B7 %

Dom(pi � ack) = {RDY,WAIT,RET}
&�e

� =</2AC?W>LA TI795X783MQX_2Q8147XOR7X1E?B3JGI1]7X143W7XOpl4KY79TI7ÇÀ0dVAW/2=4=	78AW3�/\QX?WQVT4QX_278KLF2=4=$QqDET4G]=4KLG43h3C>LO]=4KL7
%�dVAW/2=4=	78A[c &6/2G*=4KYG43t58F2OR=4KY7S�c7 % dVAB/2=4=	78Axd e�&SeIf£/p:I>LQ8AW/2AW5;:I>L7z7X3C?r=IAWQ83C781E?BQX7[T4/2143tKY7^?;/ql4KL78/2G
�ce �He<�J:4/nÂ}G47\dVAB/2=4=	78ArTI7\587X?C?B7\:4>YQ8AW/2AW5;:4>Y70783a?r?B7XK Â}G47\5;:</nÂ}G47\dVAB/q=4=$7XAr=4KLGI3t58FHO]=4KY7S�c7\>L145XKLGI?KL7X3z5XFHOR=	FHAa?B78O]781E?W3^T47X3zdVAB/q=4=$7XAW3^=4AWQX58Q8TI781E?B3!% ?;/2l�e �ceÅÄ�&Se$�zgm783a?\G4147p5XFH143CQ�Â}G4781I587�T4>YAW785S?B7[T47
14F2?WAW7RORQS?B:4FUT47�TI7*58FH1I5878=c?B>LF21�e �J7XKN/"1I7�_H7XGI?�=</23sT4>LAC7 Â}G47+KY7RO]�8O]7�>Y1458ACQ8O]781E?p3Xg¤/2=I=4KL> ÂUGI7T4GbdVAB/q=4=$7XA
	 /qG¥dVAW/2=4=	78A
	��£7X?nT4GbdVAB/2=I=$7XA6d /2GbdVAB/q=4=$7XA?d��e �h1¥7X�$7X?8D�52gm783a?[KY7pO]�8O]7QX_2Q8147XOR7X1E?HÂ}G4>c7X3C?�58FH1I3W>LTIQ8AWQqDqOR/2>Y3£>YKE147J3Xg¤/q=4=4KL> Â}G47M=</23|3CG4A£KL7�OR�XOR7�/2GI?WFHOR/q?B7qevf�7X3|T4>@��QXAW7X1}?W3>L1I58AWQXOR7X1E?B39Zo/v�CFHGI?W78AVT4Q8=	781IT4781E?^T4G�dVAW/2=4=	78AV3WGIA9KY7�Â}G47XK�>LKL3J38gi/2=4=4KY>uÂ}G4781E?8e

� _2Q8147XOR7X1}?^58F2143W>YT4Q8ACQ � =c?B>LOR/2K � Ä
� =I?W>LOR/2K c c�� c�e

# 	 	�� 	 e
� d d�� de

� ��� � �ce �E¤��^>YQ8AW/2AW5;:4>Y7\T4783rdVAW/2=4=	78AW39OR/!wL?WAW783�§^�J�10nih�
KL7X3zdVAB/2=I=$7XAW30T47�c�Z d��£F21}?0QX?BQsAWQu/qKL>L3CQ83^7X?0_2Q8AW>@{<Q83z=</2Az3C>LOpGIKN/q?W>LFH1 g � 3C3B¢~ÄaÁ /u_H785]�J�0�4�

g iMQS?;¢�#aÁ�ef]^F2G430/u_HF2143z>YOR=4KYQ8O]781E?BQ\KL/�=4KN/q?W7S`�w�FHAWO]7$�ce ��58F21}?W781</q1}?zKL7X3VdVAW/2=4=	78AC3zT47 c�Z�	���781
�o5q���t����?½��akVr ��q!�akVoSeUf�7X3tO]FcT4�XKL7X3�c�e$D"	 eR7S?EdeR3CFH1E?rT4783J7S�U?B7X143W>YFH143V/2G*3C>L�H14/2K�AW783C7X?V7S?t1�gmFH1E?=</23VQS?BQP>LO]=4KLQXOR7X1E?BQ83Xe
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A −−−→ A′ −−−→ A′′





y





y





y

B −−−→ B′ −−−→ B′′





y





y





y

C −−−→ C′ −−−→ C′′

� ��� � �ce Ä·¤���145XKLG43C>LFH1jT47X39dVAW/2=4=	78AW3VOR/!wL?WAW7X3/§^�J�10nih�
����� S  |1 J��K+e�	05 |1 0�1 J�"ª-2# �213�4�·�5�&%¦�NMPO "$�·+e+.�/"/MRQTSVUXWE�YU

�h1�3CG4>Y_q/21E?zKL7sl	FH1b3C78143\T4Gb5XFH145X78=I?W78G4AXD�14FHG43P/qKLKLF2143^3CG4>Y_UAC7pKL7X30QX?B/2=$7X303WGI>Y_q/21E?B7X3?h,c
→	

→
	��

→
d��

→
de$e	fhgm78143C78Opl4KY7PT47839/2GI?WFHOR/q?B7X3r>L145XAWQ8O]781E?WQ83V3W7P?BACFHGI_H7P7X1"/21I147S�c7  ^e

7/8��28<9 T `EJD ��[´>�`�G¼9��AZÇ>	� 
���
�J7X?n>L1I58AWQXOR7X1E?\AWQ8/2KL>Y3W7pKL/��H783a?B>YFH1bT47�K�gmQX_2Q8147XOR7X1E? #ce���K 5XFHAWAC783W=	FH14T�Z+K�gm7S�U?W78143C>LFH1bT4G¥T4F�`OR/2>L147PT47nT4QS{<14>Y?W>LFH1�T4G�3W>L�21</2K

pi � ack
3CG4A9K�gm>L1E?B7XACwx/25X7[T4G ih��`�l4G43z/u_H785[KN/�_q/2KL7XG4A

WAIT
e��J73W>Y�H1</2Kc=$7XAWO]7X?MZ0Kygi7X3W5XKN/u_H7rT�gm7S�c=4AC>LO]78A KY76wx/2>@? Â}G�gm>LK41�gi7X3C?M=</23h=IAW�X?hZ0AWQ8=	FH14TIAW7VZ0G4147rAC7�Â}G4�S?B7VT4GOR/!wL?WAW72e�f�7t5;:4ACFH14FH�2AB/2O]OR7 �ceÅÆzORFH1E?WAW7JKygiQS_HFHKYGI?B>YFH1sTI783h3W>Y�H1</2GU�p3CG4A K�gm>L1E?W78ACwx/q587/ih�£T4GpdVAB/q=4=$7XAKLF2AW3JTI70KN/s�2783C?W>LFH1�T470587\1IFHGI_H7XK�QX_2Q8147XOR7X1E?^T4/2143tKY7z5u/q3tT�gmG4147\Q85XAW>@?BG4AC72DI5XFHO]OR7^>L14T4> Â}G4QzT</q143KN/p3C=$QX58>@{<5u/q?W>LFH1jT4G�=4ACF2?BFU58FHKY70T4G ih��`�l4G43Xe

A0 A1

D1

A2

���

�������������

������� �

D1D0

!#"$�%�'&(�*)

+-,/.�0 1�243�����5� ��� 15263 +-,/.70

A2

D1

A2

D2

A3

15263

�$8:9;��"
¡�¢�£ � �ce Æ·¤j�J:4AWF214FH�HAW/2ORO]70T47PKL/p�H783a?B>LF21�TIG�3C>L�H1</qK�<b�z� �

f�FHAW3:ÂUGI7]KY7p3W>Y�H1</2K
pi � ack

783a?P=$F23W>Y?W>LFH1I14QpZ*KL/�_2/qKL78GIA
WAIT

KL7s?WAB/21I3Cw�78Aa?PT47�T4FH1I14Q87�147=4ACFH�HAW7X3W3C7"=4KYG43 hMKL7+dVAW/2=4=	78A�OR/!wY?BAW7jOR/2>L1E?W>L781E?oKyg¤/2TIAW783C3W7
A2

7S?�KL/�T4F21414Q87
D1

3WG4ARKL7�l4G43Xe
��/21E?6Â}G47]KL7�3C>L�H1</qK

pi � ack
7X3C?sZ

WAIT
KL7pdVAW/2=4=	78An1�gi/2585X78=I?W7R=4KYG43PT47]14FHGI_278KLKY783PT4FH1I14Q87X3T47oK�gm>L1I>Y?B>L/q?B7XG4AÇ§^�J�z7X?n147o=$F23W>Y?W>LFH1I147p=</23PKY7]3C>L�H14/2K T47oAWQX=$F2143W7

rsp � val
e�f�783nQX?B/2�H7X3

0
7S?

1T4G�=4>L=	78KY>L147\147[=4AWF2�HAW7X3W3W7X1E?0=4KYG438e	f�/R�H7X3C?W>LFH1�T4Gk14F2GI_H7XK�QS_HQ81I78O]781E?P/v�CFHGc?B7nT4FH145[G41"l	Q8�E/q>L7S`O]781E?zTIG"58F2OR=	FHAC?W78O]781E?^T4G"OR/!wL?WAW7\3CG4AzKY7[=4ACQX{I�c7[58FHO]=$F23WQnT4783^QX?;/q�H783
0
7S?

1
e�fhgmQX_2Q8147XOR7X1}?
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58F2AWAW7X3W=	FH14T�T4FH1I5+Z"G41�>Y1458ACQ8O]781E?�l	Q8�E/u�E/q1}?�Â}G4>6�H�8KY7�KY7�=4>Y=$7XKL>L1I7�Zk=</qAC?B>YA[TI7+K�gmQX?;/q�H7 �He�f�7dVAB/q=4=$7XA 	�=	78GI?rOR/2>Y1}?W781</q1}?J�HQ8AC78AtKY783t58/23tF��+KL/[5X>Ll4KY7z1�gm783a?r=</23t=IAW�X?W7PZs781E_2Fv�278AVFHG+AC78587S_HFH>YAG4147PT4F21414Q87qe

7/8��28OU T `EJD ��[´>�`�G U �AZÇ> � 
 � � 

�J7X?P>Y1458ACQ8O]781E?\783a?P>LO]=4KLQXOR7X1E?;/q?W>LFH1�T47�K�gmQX_2Q8147XOR7X1E? �HD�>YK|783a?PAWQ8/2KL>Y3WQs=4/2A0KN/R58FHO]=$F23W>Y?W>LFH1T47rT47XGc�oQS_HQ81I78O]781E?B3Xecf�7X3�1IFHGI_H78/2Gc�oQS_HQX1478O]781E?B3�58F2143W>YT4Q8ACQ83M=</2A 5X7X?C?B7V58FHO]=	FH3W>@?B>LF21s3W7r?WAWFHGI_273WGIAtK�gm>L1E?B7XACwx/25X7x§^�J�MT4G*dVAW/2=4=	78AtOR/!wY?BAW7qe}f�783t14F2GI_H78/2Gc�+QS_HQX1478O]781E?B3V3Xgi7��I=IAW>LO]781E?J=</2AJKY7zl4>L/2>L3T479T478GU�]3W>L�21</2Gc�oTI7^Kygi>Y1}?W78Aawx/2587/§^�J�;D}KL7V3C>L�H1</qK
cmd � val

7X?�KY793C>L�H14/2K
rsp � ack

e}f�7XG4A�T4FHOR/2>L147T47[T4QX{<1I>Y?B>YFH1"7X3C?zQX?B7X14T4G�D$>LKY39=	78Gc_H781E?0?WFHG43^T478Gc�"=4AC7814T4AC7pKN/o14FHGc_H78KYKL7P_q/2KL7XG4A
0
DLÂ}G4>£7S�c=4AC>LO]7KL7�wx/2>Y? Â}G47bK�gm>L1I>Y?B>L/q?B7XG4A�1�gm783a?j=</23*=4AC�X?jZ¡Q8O]7X?W?WAW7kF2G Z AW7X587S_HFH>YA*T47b14FHGc_H78KYKL7X3�T4FH1I14Q87X3 %x>LK1�gi/25�Â}G4>@?W?W7\=</23rKN/[AWQ8=	FH143C7�&�e<f�783r58F2OR=	FHAC?W78O]781E?B3r>Y14T4G4>@?B36=</2At5X783VQX_2Q8147XOR7X1}?W3^5XFHAWAC783C=$FH1IT4781E?/2Gc� �H78KY3pT4G�=4>Y=$7XKL>L1I7*ZkK�gmQX?B/2�H7

0
7X?]ZkK�gmQX?B/2�H7

2
ehfhgi>Y1458ACQ8O]781E?�58F2143W>YT4Q8ACQ+783C?]G41�>Y1458ACQ8O]781E?

T47]l$QX�E/2>Y78O]781E?
STALL0,2

D�KL7X3[1IFHGI_H78/2Gc� QX?B/q?B3n7X?[KL7X3[14F2GI_H7XKLKL7X3n?WAB/21I3W>Y?W>LFH1I3n5XFHAWAC783C=$FH1IT</21E?/2G ?WAB/2>@?B78O]781E?[T4783��278KL3[3WFH1E?�ACQu/2KY>L3CQ83s5XFHO]OR7R14FHG43pKyg¤/u_2FH143pT4QX58AC>Y?pT4/2143pKL/"3W7X5X?B>YFH1 �4eÅÄce|f�7X35;:</21I�H78O]781E?B3J3WG4A�K�gm>L1E?B7XACwx/25X7x§^�J�h>YOR=IKL>uÂ}G47X1E?MT478365;:</214�H7XOR7X1E?B3t3CG4AJKY783�3W>L�21</2Gc�]T47^3WFHAa?B>Y783�T47K�gm>L1E?W78ACwx/q587¥ih�;e �h1j7X�$7X?8D4KLF2AW3�Â}G47\Kygi>Y14>Y?W>N/q?W78G4Ah1�gi7X3C?9=</23t=IAW�X?9ZpQXOR7S?W?WAW707S?2ÂUG�gi>YK�l4KYFIÂ}G470KygiQS?;/2�27
�zTIG�=4>Y=$7XKL>L1I72DE/2GR58FHGI=*3WG4>@_q/21E?JKygiQS?;/2�H7ÇÄPT4FH>Y?�7S��7X5X?BGI78AJGI147zFH=	Q8AW/q?B>YFH1o_c>YT472ec�J7S?W?B7^FH=	Q8AB/�?B>LF2158F2AWAW7X3W=	FH14T /2G�wx/2>Y?6Â}G�g¤/qG458G41I7"/2TIAW783C3W7�1�gi/¥QS?BQ+7X1}_2F��HQ87�T4FH145jFH1�147+=	78Gc?R1I>tKL>YAW7�1I>rQ858AC>LAC7G4147sT4FH1414QX7�58FHACAW7X3W=	FH14T</21E?nZ�5X7X?C?B7o/2T4AC783C3W7/%xlIG4KLKY7[>Y143WQXAWQ87oZRK�gmQX?;/q�H73Ä�&�e��J7XKN/�3Xgi7��I=IAW>LO]7p=</qAK�gm7S�U?W78143C>LFH1RT4G*T4FHOR/2>Y147VT47zT4QS{<14>@?B>LF21�T4G*3C>L�H14/2K�58FHACAW783C=$F214T</21E?r/qG�58FUT47^T47zKygiFH=	Q8AW/q?B>YFH1]T47zKL/AW7�Â}G4�X?W797X1E_HF��HQX7z3WGIAhKL7Kih��`�lIG43;ÂUGI>4=$7XGI?MOR/2>L1E?B7X1</21E?h=4AC7814TIAW7VKN/^_q/2KY78G4A

NOP
eH�J7X?W?W7V14FHGI_278KLKY7_q/2KL7XG4Ar=	78AWO]7X?VTI7n1I7nTI78OR/214T47XA91I>�Q858AC>Y?WG4AW7\14>�KY785S?BG4AC7n3CG4AVKL7�ih��`  �v0�$e

7/8��28 � T `EJD ��[´>�`�G-� �AZÇ> � � 
 R � 

�J7X?r>Y1458ACQ8O]781E?6783C?t/2G43C3W>�Kygi7��U?B781I3W>LF21*T4G�TIFHO�/q>L1479T47zTIQX{<14>@?B>YFH1RTIG*3W>Y�H1</2K�T�gi/25�Â}G4>@?W?W78O]781E?T47X3�5XFHOROR/214TI783j3WG4A�KL7Uih��` l4G43(h
pi � ack

e9f�7¥3C>L�H1</qK\=$7XGI?�O�/2>Y1E?B7814/21E?�=IAW781IT4AW7�KN/ _q/2KL7XG4A
RETRACT

e��J7S?W?B7o_q/2KL7XG4AP>L14TI>uÂ}G47ºÂUGI7�KN/+5X>Ll4KY7]TI78OR/214T47]KN/jAWQXQ8O]>L3W3C>LFH1¥T47RKN/*?BAW/2143W/25X?W>LFH1781�58FHGIAW38e$f�FHAW3:Â}G47s5X7[14F2GI_H7XK�QS_HQ81I78O]781E?\3WGIAC_U>L7X1}?8D�KL7PdVAB/2=4=	78A9OR/!wL?WAW7\T4FH>@?93W7n58FHO]=$F2AC?B7XAVT47KN/pOR/214>Y�8AC7\3WG4>@_2/q1}?W7�h
¤ �^AWAW�S?B7XA9KL/pAW7�ÂUGI�X?B7n781�58F2G4AW3�`
¤  78KL�25;:478ArKY7\l4G43�`
¤ .z7XO�/q14T478A9Z�14FHGc_H7u/qG"K�gi/25X58�839/2Gjl4GI3�`
¤  Q8QXOR7S?W?BAC7PKN/pAW7�Â}G4�X?W7[T47\wx/2�XFH1�/q?BF2OR> ÂUGI7!%x3B/q143V=4>L=	78KY>L147 &Se
f�/nT4QS{<14>@?B>LF21]TI795X7X?6>L145XAWQXOR7X1}?�3Xgi7X3C?�wx/2>Y?M=</qA�KL/\T4783C58AW>Y=I?B>YFH1o3WFHGI3�w�FHACOR7rT�g¤/2Gc?BFHOR/q?B7rTI7^KL/�H7X3C?B>YFH1kT4GbAC7X?WAB/25S?ue$f�7sAW7X?WFHG4Az/2Gc�k/21458>Y78143z58FHO]=$F2AC?B7XOR7X1E?B3z7X3C?\5XKN/2>YAW7XOR7X1}?^T4QS{<14> =</qAzKN/o{<1T�gmG41 AC7X?WAB/25S?s7S?sKL/jACQ85X78=I?W>LFH1¡T47RKyg¤/q5�Â}G4>Y?C?B7XOR7X1}?nT4G¡=</nÂ}G47S?sACQ8=	FH143W7]AWQXQ8O]>L3Xe£�cG4AnK�gm>L1E?B7XACwx/25X7

§^�J�0Kygi>Y14>Y?W>N/q?W78G4AV_HFH>@?n3W78GIKL78O]781E?nKL7�1IFH1c`�/q5�Â}G4>Y?C?B7XOR7X1}?nT47o5X783n=</nÂ}G47X?W3[AC7�Â}G4�S?B783Xe|f�/j�H783a?B>YFH1T�gmG4147VAWQXQ8O]>L3C3W>LF21�T47r=</nÂ}G47S?67X3C?�58F2OR=4KY�X?W78O]781E?hAWQ8/2KL>Y3WQX7t=</2AhKY7JdVAB/2=I=$7XAh7X?M?BAW/2143W=4/2AW7X1}?W7V=$FHGIAK�gm>L1I>Y?B>L/q?B7XG4A;§^�J�;e
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7/8��28�� T `EJD ��[´>�`�G�� �AZÇ> R � 
 R
	 
�J7X?^>L145XAWQXOR7X1}?V7X3C?^G4147P58F2OR=	FH3W>@?B>YFH1+T47\?BACFH>L3r>Y1458ACQ8O]781E?B3

kill
D<GI1"=	FHG4Ar5;:</nÂ}G47nQX?B/2�H7PT4G=4>Y=$7XKL>L1I72e}f�7z14F2GI_H7XK�QX_2Q8147XOR7X1E?V783C?JG41*14F2GI_H78/2G+3W>Y�H1</2K

cmd � reset
DU52gm783a?VZ[T4>YAW7ÇÂUGI7zKLF2AW3�Â}G47

587S?9QX_HQX1478O]781E?z783C?^/25S?B>@w£?WFHGI?9587�Â}G4>�/�QX?WQP58FHO]OR7X1458QPT4F2>Y?r�S?BAW7n/2ACAW�S?BQP>LO]ORQXT4>N/�?B78O]781E?8e
¤ f�783V5XFHOROR/214TI783rT</21I39KY7\=4>L=	78KY>L147zT4G�dVAW/2=4=	78AV3WF21}?9T4QS?BACG4>Y?W783�`
¤ f�76dVAW/2=4=	78A 7X1E_HFH>Y7tG41�3W>Y�H1</2KUT47tACQ8>Y14>Y?W>N/2KY>L3B/�?B>LF21\/2G3ih��`�lIG43 =	FHG4A|3a?BFH=I=$7XA KN/V?BAB/q143B/25S?B>YFH17X1�5XFHG4AW3Xe

i�F2G4AP5;:</nÂ}G47�QS?;/q?n7��I>Y3C?B/21E?[T4/2143nKL7�O]FcT4�XKL7�>Y14>Y?W>N/2KyD�?WFHGI?W783nKL783\?WAB/2143C>Y?W>LFH143\3CFH1E?nO�/2>Y1E?B7814/21E?QX?W>uÂ}G47S?BQ87X3"/u_2785�KN/ _q/2KL7XG4A*OpGI7X?W?W7¥T4G q�o�½o5l07S?jT47b?BFHGI3�KY783+QS?;/q?W3�>YKz7��I>Y3C?W7�GI147b?BAB/q143W>@?B>LF21QX?W>uÂ}G47S?BQ87�=</2AsKL/�_q/2KY78G4A[/25X?W>Y_27�T4G AC783C7X?�T</q143pKL7�Â}G478K�K�gmQX_2Q8147XOR7X1}?o7X3C?[?BAB/q>Y?BQqe�� 14F2?W78A?Â}G�gm>LK�¡/�T47XGc�¡?BAB/q>Y?B7XOR7X1E?B3nT4>Y�$Q8AC781E?B3XD|G41 =	FHG4AnKN/�=4AWQXOR>Y3W3C7RT4G =4>L=	78KY>L147o7X?sG41 =	FHG4AnKL7]=4>L=	78KY>L147781"KLG4> `�O]�8O]72e4f�7n14FHGI_278K�QX_HQX1478O]781E?\>Y14T4G4>@?VG41k14F2GI_H78/2Gk3W>Y�H1</2K�3CG4A^Kygi>Y1E?B78Aawx/2587nT4G iM��` l4G43XD$KY73W>Y�H1</2K
pi � resetn

e

����� ��? ·���¦�	05 |1 %¦� ��� MA+.-NJ�0�� J/���	05 |1 %¦�NM O "$��+ +.�/"/MRQ S U�W¥�YU
.0/2143s587X?C?B7*3C785S?B>LF21 14FHG43sT4FH1414F2143sG41�7��c78O]=4KL7RT47�=4ACFH=4AC>LQX?WQ83s/2GI?BF2O�/q?W>uÂ}G47XOR7X1}?n?BAW/2143�`w�FHACORQX783\�HAW�2587o/2GU�bAWQX3WG4K@?;/q?W3\T47p?BAW/2143aw�FHAWOR/q?B>YFH143^=4AWQX3W781E?W3s/2GU�b5;:</2=I>Y?BAC783 #+7X? �ce�]^F2G43P=4AWQ�`3W7X1E?BFH143t?WAWFH>Y3t=4ACFH=4AW>YQX?WQ83r/2=I=</2AC?W781</q1}?rZsKN/s3C=$QX58>@{<5u/q?W>LFH1I3tT4783tdVAW/2=4=	78AC3 	�7X?r14F2G43rORF21}?WAWFH1I3KL7XG4At?BAW/2143aw�FHAWOR/q?B>YFH1*KYFHAW3:ÂUGI7nKygiF21�>Y1458ACQ8O]781E?B7\KY783rdVAB/q=4=$7XAW39/q{<1�T�gmFHlI?W7814>YArT4783VdVAB/2=I=$7XAW3 	���e
f�7*3C�U3C?W�8O]7+/"QS?BQ�_2Q8AW>@{<Q*Z�K�gi/2>LT47]T4G O]FUT478K�5;:4785;~q78A3§0�a� g �HACF~À¯È«Á�e�]^FHGI3�/u_HFH143sQ858AC>Y? � ¢=4ACFH=4AW>YQX?WQ83+���Vf =	FHG4A�KY783]dVAB/2=4=	78AC3*OR/!wL?WAW7j7X?+7X3W5XKN/u_H7 	 7S?*KY7"3C�U3a?B�8O]7k7X1}?W>L7XA8e;§MFH>L5X>^T47X37S�c7XOR=4KY783VT47P=4ACFH=4AW>YQX?WQ83^���Vf %x1IFH1c` ?WAB/21I3Cw�FHACORQX783 &�Â}G4>�F21}?9QS?BQ\_HQXAW>Y{4Q878393WGIA 	*e
f�/V=IAW78O]>L�XAW7 =IAWFH=4AC>LQS?BQh3W=	Q85X>Y{<7MKY7 =4AWFq?BFU58FHKY7 T47M58FHO]OpG41I>L5u/�?B>LF21z781E?WAW7MKL7|dVAW/2=4=	78A�OR/!wL?WAW7|7S?KL7658FH1E?WAa^HKY78G4A TI7tl4G43XeEfhgi>YOR=4KYQ8O]781E?;/�?B>LF21[T4GpdVAW/2=4=	78Ah5X>Ll4KY7J783a?h58F2OR=	FH3WQX7tT47rT47XGc�o/qGI?BFHOR/q?W7838DKN/\=4ACFH=4AC>LQX?WQÇÄP3C=$QX58>Y{47ÇÂ}G47^KL783MT47XGc�R/2GI?WFHOR/q?B7X3�3CFH1E?JlI>L781]3C�U145;:IAWFH14>Y3WQX38e4f�7X36T47XGc�R/2GI?WFHOR/q?B7X358F2ORO]78145X781E?\7S?0?B7XAWO]>L147X1}?zKL7XG4Az?BAW/2>Y?W78O]781E?^781¥OR�XOR7n?B7XOR=43Xe�f�/R?WAWFH>Y3W>L�XOR7n=4ACFH=4AW>YQX?WQpT4Q85XAW>@?

Â}G47zKyg¤/q5�Â}G4>Y?C?B7XOR7X1}?6T4G]dVAB/2=4=	78A6O�/awL?BAC7r_H78AC3JKygi>Y14>Y?W>N/q?W78G4A$§^�J�M7X3C?t3CG43W=	781IT4G*?;/21E?�Â}G47zKL/n5X>Ll4KY71�gm783a?z=</q3r=4AW�S?B72e
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�29 �
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�������������������������������������������������
�2;0<+&(=?>@/-<1&A�B6%/(&:,�C%.+=0&ED+&0/�F+&�&�6
�@/-<+&HG$I�D�J$'H.:,:DK�L/+&:,A.�6%7
�@/-<+&M 1.('�/+&:,*F�,%.�"�"1&:,ON
�E"%,+)�"1&:,-/�PRQS�5�
T�UWV@V F%,%.�"+XYNZ'�/(.0/(&A[�\(]0\�^(_+`2���

VaTWV*V  1]0"K��]:,%&�b�X2[4Q:`dc V  1]�"K�0]:e:6�/(X*[fQ:`�`�`�`Sg
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� ^�� V�V F�,(.�"+](=��LD�#:&YN =L (7%](=��LD�#:& NZ'�/(.:/+&8[*;�	�
(]1I�
�-^$`*3

�0V F�,%.�"+]+=��BD�#:& N ,1'L"+]+=��BD�#:& N '�/+.:/(&�[�\��0G+]+I�
�-^K`�`Sg
�2;0<+&(=?>@/-<1&�F(.1�L/$�B6%e�'�/+.0/(&A)�C@F�,%.�"�"1&:,��

T�UWV�V  1](=L (7%]��(.(#:X [fQM3� 1](=B (7(]�&%)�"+X*[2X `*���
TWV  �](=B (7%]�.(=�>(X2[fQ c

VaTWV  1]�" ��]�.(=�>+X����Y� X��8[@XMc
 1](=L (7%]�.(=?>(X2[@XA3  1]0"K��]�.(=?>(X����Y�aX��8[��1`�`�`�` g

f�7^dVAB/q=4=$7XA 	�/[QX?WQz>Y1458ACQ8O]781E?BQ^/q{<1RT�giF2lI?B7X14>LA�G41�dVAW/2=4=	78A 	��<7X?tKY7836/2GI?WAW783�58F2OR=	FH3B/q1}?W3FH1E?MQX?WQVORFUT4>Y{4Q83 =	FHG4Ah=	FHGI_2FH>LAh�HQX14Q8AC78AM7X?M�2Q8AW7XAMKL783h1IFHGI_H78/2Gc�]QS_HQ81I78O]781E?B3�=$F23W3W>Yl4KL7X38eEf�7V14FHGU`_H7XK<QX_2Q8147XOR7X1}?�QS?B781ITRKY7tT4FHOR/2>L1I7JT47rT4QS{<14>@?B>LF21pT4783M3C>L�H1</qGc� r5¹ºy��?¿amnt�7S?2q�½){���m�r���Dq>YKL3 =	78GI_2781E?OR/2>L1E?B7X1</21E?M=4AC7814T4AC7^KL/z_q/2KL7XG4A
0
ÂUGI><>LO]=$FH3C7tT�gi/q?W?W7814TIAW7xÂUGI7^Kygi>Y14>Y?W>N/q?W78G4A£3WFH>@?M=4AW�S?�=$FHGIAh58FH1E?B> `1}G478AoKY7*?BAB/q143Cw�7XAC?ueMf�7j14FHGc_H78KVQS_HQ81I78O]781E?�7X3C?RT4QX{414>t?B7XKKÂUGI7

e = 〈(incb′ , {0, 1}), {0}, {1}〉
`K�gm781I3W78Osl4KL7]T4783n58F21I{<�HG4AW/q?B>YFH143nOpG47S?W?B7X3 h

CQT (incb′) = {0}
D�587XKN/�58FHACAW783C=$F214T Z�KN/j58FH1I{4�HGc`AB/�?B>LF21"3WGI>Y_q/21E?B7

(cmd � val = 1) ∧ (rsp � ack = 1)
`�K�gm781I3W78Osl4KL7[T4783\5XFH1I{<�HGIAB/q?W>LFH143z/25X?W>Y_2783?h

CACT (incb′) = {1}
D478KYKL703C7[=4ACFcTIG4>Y?rKYFHAW3:Â}G47

(cmd � val = 0) ∨ (rsp � ack = 0)
ef�/[=4AC78O]>L�8AC7^=IAWFH=4AC>LQS?BQV=$F2AC?B793WGIAJKN/P=4ACQ8O]>L3W3C7^TIG*=4>L=	78KY>L147qe}�J7X?C?B7^=</2AC?W>L7V1�gm783a?r=</23�58FH1I5878A�`14QX7]=4/2A0K�gm>L1I58AWQXOR7X1E?ue�.[g¤/2=IAW�83PKY7s?B:4QXFHAW�XOR7�ÈcD�587S?W?B7o=4ACFH=4AC>LQX?WQswx/2>@?0T4>YAW785S?B7XOR7X1}?P=4/2AC?W>L7pT47oKL/3W=	Q85X>Y{<58/q?B>YFH1*T4G*dVAW/2=4=	78A' ^gYecf�/p3W785XFH14T47\=IAWFH=4AC>LQS?BQz5XFH145X78AW1I7\KL7^dVAW/2=4=	78At5X>Ll4KY7  ^DI587S?W?W70=4AWF�`=4AC>LQX?WQswx/2>@?0/2GI3W3W>|T4>LAC785X?W78O]781E?\=</qAC?B>Y7sT47�KL/�3W=	Q85X>Y{<58/q?B>YFH1kT4GkdVAW/2=4=	78A\5X>Ll4KY7  zg@e�f�/R?WAWFH>Y3W>L�XOR7=4ACFH=4AW>YQX?WQ\783C?V?WAB/2143aw�FHAWO]Q87P=</qArKL70?B:IQ8FHAC�8O]7!�PT47PKL/swx/2�8FH1�3WGI>Y_q/21E?B73h

TWVEV  �](=B (7%]��(.%#:X2[fQM3� 1](=B +7%]�&%)�"1X2[@X8`E���
TWV  �](=B (7%]�.(=�>(X2[fQ c V �B6$=�D�� ]�.(=?/ 3  1](=L (7%]�.(=?>(X2[4Q:`M9
VaT V  1]0"K��]�.(=?>(X����Y�aX��8[2X c V �B6$=LD�� ]�.(=�/f3� 1]�"K�0]�.(=�>(X ���Y� X��4[@X+`M9
 1](=L (7%]�.(=?>(X2[@XA3  1]0"K��]�.(=?>(X����Y�aX��8[��1`�`�`"!
V �B6K=LD�� ]�.+=�/ 3 V  �](=B (7%]��(.%#:X2[fQM3� 1](=B +7%]�&%)�"1X2[@X8`E���
TWV  �](=B (7%]�.(=�>(X2[fQ c V �B6$=�D�� ]�.(=?/ 3  1](=L (7%]�.(=?>(X2[4Q:`M9
VaT V  1]0"K��]�.(=?>(X����Y�aX��8[2X c V �B6$=LD�� ]�.(=�/f3� 1]�"K�0]�.(=�>(X ���Y� X��4[@X+`M9
 1](=L (7%]�.(=?>(X2[@XA3  1]0"K��]�.(=?>(X����Y�aX��8[��1`�`�`�`�`Sg

fhgiFHGc?B>LKt���Vf��8]0�zDh>LO]=4KYQ8O]781E?;/21E?sKL783p/2KL�HF2AW>Y?W:4O]783sTI7*?BAB/q143Cw�FHACO�/�?B>LF2143sT4QX58AC>Y?B3p/2Gc��5;:4/�`=4>@?BAW7X3 #k7S?��¥/"QS?BQ+/2=I=4KL> ÂUGIQ*/2G � ¢"=4AWF2=4AW>YQX?BQX3o���Vfhe f�783s=4AWFH=IAW>LQS?BQX3s?BAW/2143Cw�F2AWO]Q8783[FH1E?�QX?WQ/2G43C3W><_HQXAW>@{<Q87X363CG4AMKN/0=4KL/q?B7�` w�FHACOR7t5XFH1E?B7X1</21E?�KL783hdVAW/2=4=	78A 	���e~v^147V=</qAC?B>Y7rT4783�=4ACFH=4AW>YQX?WQ83hT47  783a?Vwx/2G43W3C7\3WG4AVKL/p=4KN/q?W7S`�w�FHAWO]7^5XFH1E?B7X1</21E?9KL70dVAB/q=4=$7XA 	���e\]^FHGI3V/�_2FH143V=4Gj_HQXAW>Y{478AV/u_H7X5n3CG4585X�83
KL7X3|=4ACFH=4AC>LQX?WQ6?WAB/2143aw�FHAWO]Q87X38Dq5878KL/z>LKYKLG43a?BAC7�lI>L7816ÂUGI7tKL7X3 ORFUT4>@{<5u/q?W>LFH1I3£TI7 	,Z 	��}1�gm>L1E?BACFcT4GI>L3W7X1E?=</23|T47tAWQX�HAW7X3W3C>LFH1�e2.0/2143hKL/z=4AW/q?B> ÂUGI72D�587X?C?B7r=4:4/23W7tTI7t_HQ8AC>Y{<58/q?B>YFH1pT47X3 =4ACFH=4AW>YQX?WQ83|?WAB/2143aw�FHAWO]Q87X31�gm783a?z=</q3zZowx/2>LAC72e<.sgi/2GI?B/21E?z=IKLG432Â}G47sKY783r?B7XOR=I3^T47P_HQXAW>@{<5u/q?W>LFH1 Â}G47n14FHG439FHlI?W7814FH1I3zAW>Y781 Â}G473WGIA|KN/V=4KL/q?B7�` w�FHACOR7�	��ET47S_U>L781I14781E?hT4Q��WZ^?BAC�83��HAB/21IT438eZ]^Fq?BAW76ORQS?B:4FUT47�T47J5XFH145X78=I?W>LFH1[=$7XAWO]7X?�T473B/qGI?B7XA�5X7X?C?B7rQX?B/2=	79TI7t_HQ8AC>Y{<58/q?B>YFH1o=4G4>Y3�Â}G47V14FHG43M/u_2FH143MORF21}?WAWQrT</q143MKL783|5;:</2=4>@?BAW7X3M=4AWQX58Q8TI781E?B3
Â}G47nKL783r=IAWFH=4AC>LQS?BQ83V3CFH1E?9_UAW/2>L7X3r=</2AV58FH1I3C?BACG45X?W>LFH1�e
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f�76?;/ql4KL78/2G �ce �z=IAWQ83C781E?B7JKL783�>L1Iw�F2AWOR/q?B>YFH143 Â}G</21E?W>Y?;/�?B>Y_2783�T4Gp=4ACFc5X783W3CG43 T47�_HQXAW>Y{45u/q?W>LFH1[=$FHGIAKL7X3t?BACFH>L3r=4ACFH=4AC>LQX?WQ83rT4QX58AC>Y?B7X3V=4AWQX58Q8TI78O]OR7X1}?8e�]^FHGI3^/u_2FH143VGI?B>YKL>Y3WQ0KY70ORFUT47XK�5;:4785;~q78Ax§0�a�$e_v9147=4AC78O]>L�8AC7tQX?B/2=	7r5u/2KY58G4KY7JK�gm781I3W78Osl4KL7tTI783MQX?B/q?B3M/25X587X3W3W>Yl4KL7X3hT4Go3C�U3C?W�8O]72DE=4GI>L3 G41I7r3W785XFH14T47VQS?;/2=	7_HQXAW>@{<7zKL/[=4ACFH=4AW>YQX?WQ2ecf�7X3J7��I=	Q8AC>L7X14587X3rFH1E?tQX?WQ^wx/2>@?B7X363CG4AtG41¦i£781E?B>YG4O!� § Z #ce Ä2¢��
� �z/u_H7X5�Ä��\FT47kO]Q8O]FH>YAW72Dh7S?*KY7�58/2KL5XG4K^TI7kK�gm78143C78OplIKL7"TI783*QS?;/q?W3*/25X58783C3W>Yl4KL7X3+/ QX?WQk7X�$785S?BG4Q"781 GI?W>LKL>Y3B/21E?
K�gi/2KY�HFHAW>@?B:4O]79T47PAWQ8F2AWT4FH1I1</2145X78O]781E?9TI�U1</2O]>uÂ}G47 �X3W>@w ?�qef�7839T4>Y�$Q8AC781E?B7X39=IKN/q?W783a`�w�FHAWO]783J3WFH1E?^58FHO]=$F23WQ87X3VT4783VQ8KYQ8O]781E?B3V3CG4>Y_q/21E?B3�h
�;e�v^1¥OR/!wL?WAW7[G414>uÂ}G47o7S?PG41¥783W5XKN/u_H7oT47�?��U=	7�	 /u_H7X5RGI1�>Y14>Y?W>N/q?W78G4Ax§^�J�;D�G4147�5X>Ll4KY76§^�J�;DG41 ih�Jl4GI3 % �v� �v�� &Se
�C�;e�v^1"O�/!wY?BAC7nGI14>uÂ}G47[7X?0GI1b783W5XKN/u_H7sT47[?��U=	7 	��£/�_2785pGI1k>L14>@?B>L/q?B7XG4AK§^�J�;D�G4147[58>Yl4KL7�§^�J�;DG41 ih�Jl4GI3 % �v� �v�� ^g &�e
�W�C�;e,.z7XGc�+OR/!wL?WAW7X3J7X?tG41+783C58KN/u_27\T47z?��U=$7 	!/u_H7X5\T478GU�+>L1I>Y?B>L/q?B7XG4AW3;§^�J�;D4G41I7058>Yl4KL7x§^�J�;D4G41

ih�Jl4GI3 %�ÄH� �v�  '&Se
� §se,.z7XGc�RO�/!wY?BAC783h7X?6G41*7X3W5XKN/u_H7^T479?��U=	7 	��</u_2785zTI78Gc�R>L1I>Y?B>L/q?B7XG4AW3 §^�J�;DUG4147958>Yl4KL7K§^�J�;DUG41

ih�Jl4GI3 %�ÄH� �v�  zg &�e
i�FHGIA�KY783�=4KN/�?B783�` w�FHACOR7X3�T47M=$7S?B>@?B7h?;/2>YKLKY7'%x=IKN/q?W783a`�w�FHAWO]783���7X?£�W�1&�D�KL7h?B7XOR=43�T47h_2Q8AW>@{<5u/�?B>LF21[3CG4AK�gm781I3W78Osl4KL79T4783�=4ACFH=4AW>YQX?WQ836/2G4�HO]781E?B79=	FHG4A�KL7VORFUT4�XKL7V=4KLGI3�5XFHO]=4KL7��I7qeUf£/nT4>Y�$Q8AC78145X7^TI79?W78O]=43783a?JFU585XG4=	Q879=</2A�KL7V5u/2KY58G4K<TI7^Kygi7X3W=</25X7^T�giQS?;/q?W3J/25X587X3W3W>Yl4KL7X36ACQ8T4GI>Y?B3 %x=IAWG4147XT  7u/25;:4/2l4KL793C?B/q?B7X3 &�e�J7X?[781I3W78Osl4KL7o783a?s58/2KL5XG4KLQoZj=</2Aa?B>YA\T47RKygi7X3W=</q587oT�gmQX?;/�?B3n58FHO]=4KL7S?uD�>YKh783a?[7X143WGI>Y?B7]AWQXT4G4>@?[3C78KYFH1KN/R=4AWFH=IAW>LQS?BQsZR_HQXAW>Y{478A8e��J783\AWQX3WG4K@?;/q?W303WF21}?058FH1I{4AWO]Q830=	FHG4A01IFH303C�U3a?B�8O]783\TI7s?;/2>YKLKY7nO]F��H7X14147

%x�C�W�^7X?[� § &SD�F���K�gmQ858/2AC?n7X1}?WAW7]KL7�?B7XOR=I3[T47o_HQXAW>@{<5u/q?W>LFH1¥T47X3s=4KL/q?B7X3a`�w�FHAWO]783 	 7X? 	�� 783a?sT�� ZK�gi/2G4�2OR7X1}?B/q?B>YFH1*T47PKL/o5XFHO]=4KL7��I>@?BQ0TI783VT478GU��3C�U3C?W�8O]7838ef�/^=4ACFH=4AC>LQX?WQ �6783C? =4KLG43£KLF214�HG476Z^_HQXAW>@{<78AXeH�J7XKN/9_U>Y781E? T4Gpwx/q>Y?4Â}G47J5X7X?W?W7t=4ACFH=4AW>YQX?WQ67X3C?h=4ACQ83C78AC_2Q87781E?WAW7�KL783]O]FcT4�XKL7X3  7X?  zg@e�.z7�=4KLG43XDM78KLKY7+58FH1I5878AC147"KY783o58F2OR=	FH3B/q1}?W3 Â}G4>VFH1E?]KN/b=4KYG43ow�FHAC?W7/2G4�2OR7X1}?B/q?B>YFH1�T47+?;/2>YKLKY7*781E?BAC7�KY783oT47XGc� ORFUT4�8KY783Xe �h1�AW7S_q/2145;:47�KN/b=4ACFH=4AW>YQX?WQ Ä.Â}G4>VOR7S?]781FU78GI_UAW7�KL7X3+dVAB/2=4=	78AC3j58>LlIKL783eÂ}G4>P1�gmFH1E?�=</23jQX?WQ¡l	7u/2GI58FHG4= ORFUT4>@{<Q83+=</qA+K�gm>L145XAWQ8O]781E?�/�G41?B7XOR=I3�TI79_2Q8AW>@{<5u/�?B>LF21]5XFHG4Aa?ue �h1I{<1�D}KL/P=IAWFH=4AC>LQS?BQ #[/\QS?BQV?BAB/q143Cw�FHACORQX7VO�/2>Y3 K�gi/2G4�2OR7X1}?B/q?B>YFH14T47
?B7XOR=I39TI7n_2Q8AW>@{<5u/�?B>LF21�7X3C?^T��47nZoK�gi/2G4�HO]781E?;/�?B>LF21*T47nKN/�58FHO]=4KY7S�c>Y?WQ0T47839O]FcT4�XKL7X3r=4KLG432Â}G�giZRKL/58F2OR=4KY7S�c>Y{45u/q?W>LFH1oT47^KN/\w�FHAWOpGIKL72eU�J7XKN/P_c>Y781E?tTIG�wx/2>Y?;Â}G47zKLFHAC3�TI7zKN/\_HQXAW>@{<5u/q?W>LFH1RT47836=4AWF2=4AW>YQX?BQX33WGIA 	���D�52gm783a?PKN/�O]�8O]7s=4/2AC?W>L7sTI7pK�gm783C=</2587�T�giQS?;/q?W3!%jÂ}G47 	 &ÇÂ}G4>�783a?n/21</2K@�c3CQ87qD�OR/2>L3^KL783  t.0.AW7X=4AWQX3W7X1}?B/21E?JKL/\AW78KL/q?B>YFH1pT47r?WAB/2143C>Y?W>LFH1�7S?MK�gm783W=4/2587VT�gmQX?B/q?B3MT47VKN/0=IKN/q?W7S` w�F2AWO]7 	��I7X3C?�l$78/2G45XFHG4==4KYG43r�HAB/q14T Â}G47P5X78Gc��T47PKL/o=IKN/q?W7S` w�F2AWO]7 	*ef�/z58FH1I5878=c?B>LF21�>L145XAWQ8O]781E?B/2KL7�=$7XAWO]7X?|T47t147t=4/23|AC78KN/q14587XA|KN/^=4:</23C7tT47tO]FcTI78K}5;:4785;~}>Y14�P=$FHGIAK�gm781I3W78Osl4KL79T4783�=4ACFH=4AW>YQX?WQ83�T4Q��WZP_HQ8AC>Y{<QX783t3CG4A�KL7VORFUT4�XKL7  zD}KL7V�E/2>Y1R7X1R?W78O]=4367X3C?J58FH143C>LT4QXAB/2lIKL72e�"/2>Y3PKL783\?W78O]=43PT47RO]FUT478Kh5;:47X5;~}>L14��FHlI?B7X1}G43s=	FHG4APK�gm781I3W78Osl4KL7oT47]587X3[=4KL/q?B7X3a`�w�FHAWO]783\AC783C?W781E?781I58FHAC7P?WAWFH=��HAW/214T43Xe
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{F0, . . . Fn}

'-�$#©4���'-���M'-: ���P'I+,3���.�%Y#&%�3�����.KJU�1+-+-',�>#D�S#&%�3�� .�'lk 4�+D=�%C[�)-��),"&���P%��M)-'-��#&',�?E84�'
Fi ⊆ S

_
�(�Z+D=�',:\%P�Z.>'Si '-�$#@),EC4>%P#D�1����';�M%���3�4>"N#&3�4>#5%³0

Fi

',�M#56C%��*%Y#&);%P�>X!��%P:\',�8#N�*3�4>6�'-�/#7_

	�
��
W[ ���������������������! "��#%$�&'��\]-�^_����,`#+���bac\? d��e
j±3�4>"<:<3C.�)-�P%��*',"��³JU�1���M#*"&��+O#&%�3���.KJ�4>��+,3�:<��3��*���/#70��>3�4����76�3��>�<�H'-�M3�%���.>'Z"M'-��"M)-�M'-�/#&',"\.�',�

%��?Vt3�"*:\�1#&%P3���� �M4������P)-:<'-�/#D�1%�"*',�\�M4�"R���§61���P%�.�%Y#&)e.GJ�4��>'x��"M3���3��*%P#*%�3����1#*3�:<%�E84�'�_T�©JL%�.�),'�',�M#R.�'
+-3����!�YXP#&"*'10!��3�4�"5+D=!��E84�'^)O#D�1#l0!�M%k4>��'��>"*3��H3��*%Y#&%P3��Z�1#&3�:<%�E84�';',�M#F6C"&��%P'�0�VW��4��M�*'10k��� � ¥O¡�� �  o���G¥D�
3�4����G�D|S�>�O���O¡m~��!¡¦�O_-�(��'©61����',4�"�%��>.�),#*'-"*:<%��>)-'�'rq>�>"*%�:<'©�mJ������M'-��+,'T.�'T+-3�������%��M�&����+,'T�*4�"��n�I61���P%�.�%Y#&)
.KJL4���'��>"*3��H3��*%Y#&%P3��R�S#&3�:<%�E84�'1_?�F��'(61���P'-4�"�%��>+-3����M%��$#D���/#&'(��',4>#��O#&"*'([�)-�>)-"*),'��!��"Q�mJ������$#&"&�1+,#&%P3��K_
µ �n��.�%P]�)-"M'-��+,'�.�'R«`kl6Gara�®k��3�4>"F�P'�:<3C.�'-��+D=�',+ X8%���[O\�Bs61����',4�"*�,0!3�4 «�`N��¶36far\1®k��3�4�"(�P'9:\3C.�'-�
+D=�',+ XC%P��[ [SBs61����',4�"*�,0N��3�4>�Z�GJ�%P�8#*"*3C.�4�%P�*3����A������.>'��>3�4>6�'-��4?q �$g?:^��3��P'-�,_5p(3�4��Z�76�3�����+D=>3�%��M%
.KJL),#*'-��.�"M'N�mJL'-�>�*'-:^����'Q.�'-�±��"*3��H3��M%P#&%P3����k�1#*3�:\%PE84�'-�

AP
.�'I�n�5�M#&"M4�+,#*4�"*'I.�'li;"*%P�+X�'1_��©JL'-���M'-: �>��'

.�',���P%P#*#*)-"*��4?q
Lit

+,3��/#&%�',�/#��³J�',���*',: ���P'<.>'-�l��"*3��H3��M%P#&%P3����;�S#&3�:<%�E84�',�;',#l��',4�"��G¥mz/~�¡³�m|S��´���3�4�"
#&3�4>#&',�F�>"*3��H3��*%Y#&%P3������1#*3�:<%�E84�'-�

p
�1���!��"$#&'-�����/#@�

AP
0
p
'O#
p
��������"M#*%�'-�>��'-�/#F�

Lit
_



� ) �������
	���������������������
 �!�#"$�#%&�
('*)+'*�,�+-('* �.0/&��12 3�

021436587:9;7=<�5?>A@����K|S��¡
AP

�?�b�O�>�¤�O <}-{�� � �©£ � |D£!|¤�O��¡W�m|S�>�@~�¡¦|S o�W�-�!�D� N �³J�',���*',: ����'5.�',�Q�P%P#M#&)-"*��4?q
Lit

�D�O¡�¡¦�O{k�-�!���
Lit = AP ∪ {p | p ∈ AP}
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�n���M#&"M4�+,#*4�"*'9.�'fi;"M%��+X1';�����$#&"&�1%P#&'1_���'-��.>'-4?qi.>),X!��%Y#&%P3����N�M4�%P61���/#&',��.�)-+,"*%Y6�'-�/#F�*4>+-+-',�*�M%P6�',:\',�/#70
�mJL'OqC#*'-���M%�3���.�'

L
��3�"M�*E84�'e�³J�',���*',: ����'R.�'-�o��"M3��H3��*%Y#&%�3����^�S#&3�:<%�E84�',�o��4�[�:<'-�/#*'e',#o�³J�',���*',: ���P'

.�',�()O#D�1#*�F"M'-�$#&'l%���+D=!�1��[�)�0>��4�%��5�P3�"*�MEC4>'l�³J�',���*',: ���P';.�'-�F��"*3���3��M%P#*%�3����N�1#&3�:<%�E84�',��'-�$#@+,3����M#&���/#
',#F�³J�',���*',: ����';.>'-�5),#&�1#&�F��4�[�:\',�8#*'�_
021436587:9;7=<�5)( @=Bd¶°qC#&'-�>�*%�3���.KJL),#&�1#&�
�K|S�m�O�!¡

L : S → 2Lit
�O¡

L′ : S ′ → 2Lit
� �O�1¢ e7|S�G�O¡³�m|S�>� ��g ¥O¡W�W�-�!�O¡s~¤zC�D��~�T��D�;{��l +*O R� �O�>�¤�O <}-{��

� ��£ � |D£!|¤�O��¡W�m|S�>�<~�¡�|S o�W�-�2�D� V
L′′ = L · L′ �D�O¡5�C�G�Ze7|S�G�O¡W�m|S� ��g ¥O¡³�W�-�!�O¡m~¤zC�o{ �m¥D�-, Lit ¡¦�O{�{��<�-�2�£!|S� � � �>~/�-�!� ¥O¡m~�¡

s ∈ S ∪ S ′ �

L′′(s) = L(s)
�D�O�

s ∈ S
�O¡
s 6∈ S ′ .

L′′(s) = L′(s)
�D�O�

s ∈ S ′ �O¡ s 6∈ S .
L′′(s) = L(s) ∪ L′(s)

�D�O�
s ∈ S ∩ S ′ V

021436587:9;7=<�5)( @�� ¶°qC#&'-�>�*%�3���.�',�(�>"*3��H3��*%Y#&%P3������1#*3�:<%�E84�'-�
�K|S��¡

L
�?�G�he7|S�G�O¡W�m|S� ��g ¥O¡W�W�-�2�O¡m~¤zC�

L : S → 2Lit
N �O¡��¤|S��¡

Lit′
�?�c�O�>�¤�O <}-{�� � �;£ � |D£!|¤�O��¡W�m|S�>�

~�¡�|S o�W�-�2�D�e¡¦�O{5�-�!�
Lit ∩ Lit′ = ∅

V�SK~5e7|S�G�O¡³�m|S� ��g ¥O¡³�W�-�!�O¡m~¤zC�
L+Lit′ : S → Lit′ ∪ Lit

�D�O¡
� ¥ 6T�!�m�9¡��O{k�-�2� �
∀p ∈ Lit, ∀s ∈ S

N
L+Lit′(s) = L(s)

�O¡T{ g �O�>�¤�O <}-{�� � �D���G|S��T��O{�{��D�I£ � |D£!|¤�O��¡W�m|S�>�9~�¡�|S o�W�-�!�D�^|S�!¡
�C�G� TS~�{��O� � ��� � ¥O¡�� �  o���G¥D� V
j±3�4>"��n��+-3��>�M#&"M4�+,#*%�3��x.�'-��',���*',: ���P'-�@.>' +-3��/#*"&��%P�8#*'-�(.KJ�),E84�%P#*)-����3�4������M3�4>#&3��>�@.�',4?qb3���)rB

"&�S#&'-4>"*�o´
F ⊕ S

E84�%±VW��%P#@�mJL4���%�3��b.�' +D=!�1EC4>'<',���*',: ���P'o.�'�sd�76�'-+
S / F 	 S

',�M#9�mJL3��H)-"*�1#&%P3��
.�4!�1��'9�o�n�o��"M)-+-),.�'-�/#*'�_



� [ � � 1
�2�
��'*)+'*�,� -('* �. �� �	�	�� �2� � -(����,-('* �.

021436587:9;7=<�5)( @����K|S��¡
F = {F0, . . . Fn}

�C���O�>�¤�O <}-{�� � �\�D|S�!¡ � ~����!¡¦�D� ��g ¥*�-�?��¡�¥D�<�O¡��¤|S��¡
S
�?�

�O�>�¤�O <}-{�� ��g ¥O¡m~�¡ �
� F ⊕ S E {Fi ∪ S | Fi ∈ F} .
� F 	 S E {Fi \ S | Fi ∈ F} .

� 
��'
W[ � " & $ "'^�#+��##"  ���!^4������� ��� ���*^
����������31#&"*'A.>)-:\��"*+D=�'10©�n�x+,3�:<��3��M%P#*%�3�� %P�/#&'-"$6C%�'-�/#o.�������.�'-4Cqy+7���A´°��3�"M� .�'i�n�x+,"*)-�1#&%P3��

.KJL4���'<�����$#&"*��+,#*%�3��§�H3�4�";4����*',4��T+-3�:<��3��&���/#9�!��";+,3��S�M3��>+,#&%P3��§.�'oVt3�"*:^4���',�9`I¨5� / �P3�"*�;.�'����+-3�:\�H3��*%Y#&%P3�� .�',�Q�1���M#*"&��+O#&%�3����©.�'-�T+,3�:\�H3��*���/#&�©.�4��MgC�$#&a-:<'�_C���1���T��'-�©.>'-4?q�+-���-0/�³JU�1���M#*"&��+O#&%�3��
.�3�%Y#�[/��"*���/#&%P"I�mJ������M'-��+,';.�';+D=�',:\%P�A%���+,3����*%P�M#&���/#7_!���1������'��>"*'-:<%�',"N+7�1�-0��P'-��+D=�',:\%P���N%��>+-3����M%��¦B
#D�1�8#*����'Q+-3�"M"*'-�M��3���.�'-�/#����14�+-4��>'N'Oq?)-+,4>#&%P3��o�H3��*�M%����P'Q.�4o+,3�:<��3��*���/#7_1¶©�o',]�',#70S4��o+,3�:\�H3��*���/#
��';�H'-4>#F�!�1����3��M%P#*%�3����>'-"I4>�Z�M%�[�������� .�',4?qA61����',4�"*��',�i:\�,:\'@#*'-:<���-_2�@��������';�M'-+,3���.Z+7���,0�4��
),#&�1#�%P��+-3����*%P�M#D�1�8#°��',4>#©�M'-4��P'-:<'-�/#©��"M3�6�'-��%P"�.�'N+,3�:<��3��*���/#&�±.�%P]�)-"M'-�/#&��E84�%?+-3��/#*" ���P'-�/#©��'�:<�-:<'
�*%P[��!���±�!��"��³J�%P�/#&'-"M:\),.�%n�1%�"*'9.�'A¡ � ���m�O¡s~�¡��O_�¶©�§[�)-�>)-"&�1�°.�',�l�H3��P%P#&%PE84�'-�F.KJL)-+-"M%P#*4�"*'o�M3��/#9:\%P�*'-�@'-�
������+-'5�1X��\.�'5[/�1"&���/#&%P"��mJL'Oq?+,��4��M%P6C%P#*)N.KJL)-+-"M%P#*4�"*'1_8�@'(�>��4��,0��mJL'-:<����3�%>.�'5+-'�#�gC�H'F.GJ�),��)-:<'-�/#�'-�$#�.�'
���P4��N'-�i���P4��N)O6?%Y#&)1_!j°��"I+-3����M)-E84�',�8#-02��3�4����M4����H3��*3��>���n� ��4>�*�*%�E84�';�P'-�N+D=>'-:<%����N%P��+-3����*%P�M#D�1�8#*�
��'9+-3�"*"*',�*�H3���.�',�/#�����4�+,4���'l'Oq?)-+,4>#&%P3��Z��3��M�*%P����';.�4Z�MgC�$#&a-:<'�_
p(3�4>� "*',��"*',��3���� ����.�)OX!��%Y#&%�3���.�'\�n��+,3�:<��3��M%P#*%�3��§�!��"*�����Pa-�P'<.>'b«`6l��¬>O®I�H3�4�"���"*',��.�"*'R'-�

+-3�:\�>#*'5��'-��+-3��8#*"&��%P�/#&'-��.KJL)-E84�%Y#&)-�,_>��',�Q+,3��/#&"&�1%��/#&',�Q.KJL)-E84�%Y#&),�N���M�*4�"M'-�/#NE84KJL4��e+D=�',:\%P�\.>'
K1 ‖

K2

',�M#5),EC4>%P#D�1����'(�*%G'O#��*',4���',:\',�/#��*%K�*� ��"*3��M'-+,#*%�3��R�*4�"�+D=!�1+-4��i.�',�N+-3�:<�H3��&���/#*�N+-3�"M"*',�*�H3���.Z�
4��Z+D=�'-:<%��i),EC4>%P#D�1����';.!�1���

K1

',#F.!�����
K2

_
021436587:9;7=<�5)( @� �K|S�m�O�!¡

K1 E 〈AP1, S1, S01, L1, R1, F1〉
�O¡
K2 E 〈AP2, S2, S02 , L2, R2, F2〉� �O�1¢�� H � V SK~x+-3�:\�H3��*%Y#&%P3����MgC��+D=�"M3���' � �

K1

�O¡
K2

�G|S¡¦¥D�
K1 ‖ K2

�D�O¡�{Y~��O¡ � �2�O¡W� � �
K� ¥ 6T�!�m� � �9{Y~8e,~��1|S�Z�O�?�UTS~��!¡����

AP E AP1 ∪ AP2
.

S ⊆ (S1 × S2) \ {(s1, s2) | p ∈ L((s1, s2))
�O¡
p ∈ L((s1, s2))} .

S0 E (S01 × S02)
.

L((s1, s2)) E L1(s1) ∪ L2(s2)
.

R ⊆ S1 × S2 × S1 × S2

N ~�T��D�
R((s1, s2), (t1, t2))

�D�O�
R1(s1, t1)

�O¡
R2(s2, t2)

.
F ⊆ {(P1 × S2) ∩ S | P1 ∈ F1} ∪ {(S1 × P2) ∩ S | P2 ∈ F2}

V

� :�� > ���SJfD&I C �_R N MON FQJ�L_A,C�D��BF3C(I JSL

�©JU���P[�3�"M%P#&=>:\' +,3����$#&"*4>%P#�4���'<�M#&"M4�+,#*4�"*'\.�' i;"M%��+X1'\�1���M#*"&��%Y#&'<.�%�"M'-+,#*'-:<'-�/#����!�1"M#&%P"9.KJ�4>��'
Vt3�"M: 4���'�`I¨5�

\
(
ϕ
E84�%k'-�$#��n�o�$#&"*4>+,#&4>"*' ����:<3�%P��� �D|S�!¡ � ~����!¡��5E84�%�6�)-"M%PX!'

ϕ
4t',#(��'l6�)-"M%PX!'��!���

ϕ
7r_!p(3�4>�(�76�3����F.�)-+,3�:\�H3��M)l�³JU�1��[�3�"M%P#*=�:\'F'-� \o�!��"$#&%�',�;´
�_5¨k"&��.>4�+,#*%�3�����.>'-��Vt3�"*:^4���',�K3�4;.�',�k�M3�4��¦BsVt3�"M: 4���',���76�',+Q+,3�:\:<'���"M'-:<%�',"GE84!���/#&%YX!+7�S#&'-4>"
	b_
)?_5¨k"&��.>4�+,#*%�3�����.�',�kVt3�"*: 4��P'-��3�4l.�',�±�M3�4��$BmVt3�"*:^4���',���¤6�'-+�+-3�:<:<'©��"*',:\%P'-"�E84!���/#&%YX!+7�S#&'-4>"
� _
\>_F�5a-[��P'-���H3�4�"�����+,3�: ��%P�!��%P�*3��A.�',�5.�'-4?qi#*"&��.>4�+,#*%�3������>"*)-+,)-.�',�/#&'-�,_



� ���
�#�]" �  �('u-(��	�� /�� �� �. � -(�!��,-('* �. � c

� 
+[�
�� � ��,  ��# � � ,.���*� �?�! �#��'�A��^��*/ \
��'-�F3���),"&�1#*'-4�"M�5µF`I¨5���*3��/#F"*),)-+,"*%P#*�5.�'9�n�o:R�1��%�a,"*'��M4�%P61���/#&' ´
7 AG(f ∧ g)

'-�
AG(f) ∧ AG(g) /

7 A[(f ∧ g)Uh]
'-�

A[fUh] ∧ A[gUh] /���@��"*',:\%Pa-"M'I),#&���H'N.�'N��31#&"*'I����[�3�"*%Y#&=�:<'T+-3����$#&"M4�%P#°�n�(�$#&"M4�+,#*4�"*'�.�'li9"M%��+X1'I+,3�"*"M'-�*�H3���.����/#&'
�����lVt3�"M: 4��P'

true
_>`I',#M#&'@�$#&"M4�+,#*4�"*'�+,3��/#&%P'-�/#N4��R),#D�S#N4���%PE84�'@.!�1���I�P'-E84�'-�H#&3�4?#&'-�Q��',��Vt3�"M: 4��P'-�

�H'-4>6�'-�/#N�O#&"*'56C"&��%P'-�,_C`I'-�n�;+,3�"*"M'-�*�H3���.R��4�VW��%P#TE84KJ���4�+,4���'@�>"*3��H3��*%Y#&%P3����1#&3�:\%PEC4>'��KJU�1���!��"$#&%�',�/#
�o�n�^Vt3��>+,#&%P3��i.KJL),#&%PE84�',#&��[�'�02�1%����M%G#&3�4?#&';��"M3���3��*%P#*%�3��i�S#&3�:<%�E84�'

p
',�M#F%��>.�),#*'-"*:<%��>)-'54W',���P'���',4>#

�,#*"*'N6C"&�1%�'I+,3�:<:\'N',���P'I�H'-4>#©�O#&"M'NVW��4��*�M' 7r_/p(3�4>�©.�),X!�>%��*�M3����©4���)O#D�1#©�M��),+-%��������>�*3�"M�!���/#
sT

�76�'-+
4���'F4���%PE84�'�#&"&�1���*%Y#&%�3��oEC4>%H�H3�4�+,��'��M4�"T��4�% B�:<�-:<'�_1�TJ���"M��"*'5.KJL'Oq?)-+,4>#&%P3��R3��>#&',�C4\�!��"T��'�.>)-���P%n��[�'
.�',�F#*"&�����M%P#*3�����.�'9+-'O#F),#D�S#5'-�M#(4���'l���>�M#&"*��+,#*%�3��i.�'9�KJL%�:<�H3�"M#*'�E84�'-����"M��"*'9.KJL'Oq?),+-4>#*%�3��K_
021436587:9;7=<�5)( @�� C���¥O¡s~�¡

s
�D�O¡°���>�*3�"M�!���/#��O�©{��D� � �O�1¢��D|S� � ��¡W�m|S�>�@�O�C�UTS~��!¡¦�D�;�¤|S�!¡'T � ~��m�D� �

	4V
L(s) = ∅

�O¡
� V���{°�M¢����O¡��9�C�G�l�?�!�W�-�!�9¡ � ~��>�O��¡W�m|S�x�¤| � ¡s~��!¡�� � �

s
T�� � �9{ �C���� +*O R� V

�(��),#&�1#�+,3�:\�H3��M)
(s, s′)

�1���!��"$#&%�',�/#(',�M#������*3�"*�!���/#@�*%k',#(�*'-4>��'-:<'-�/#@�*%
s
',#
s′
�*3��8#@'-4?q8B���4��*�M%

�����M3�"*�����/#&�-_
���G<
	��G7=149;1 ( @BDC��G�e�O¡ � �2�O¡W� � � � � H � �U£JI/��~/}O�O¡ � ~���¡¦� � ¥ � �C��¡ ,f�?� ¥O¡m~�¡

sT ∈ ST

�O�� o�C{��i{��D�
�D|S @£!| � ¡¦�O R�O�!¡��9��� 6T�!��� � �l¡¦|S�C¡¦�D�;�O¡ � �2�O¡W� � �D� � � H � �U£JI/� Ks�G|S� T¤� � � M V
���������� V?3�%P#

K
4���';�$#&"M4�+,#*4�"*'�.>'�i;"*%�� X�'�_ &��e.�),X���%P#I�n�^"M'-�n�S#&%�3��

H = SK ×{sT}
_?¶©6C%P.�'-:oB

:<'-�/#70
H
'-�$#F4���'9"*',�n�1#*%�3��A.�'9�M%�: 4����1#&%P3��x´

7 LK(sK) ∩ Lit′ = L′
T (sT )

4
Lit′ = ∅

7I',#
7 jk3�4�"T#&3�4>#*'-���!��%P"*'-� s1, s

′
1

#&'-�2E84�'
H(s1, s

′
1)
'O#Q�H3�4�"T#&3�4>#�),#D�S#

s2 ∈ SK

#&'-�2E84�'
s1 → s2

0
%P�K'Oq?%��$#&'

s′2 ∈ {sT}
#*'-��E84�'

s′1 → s′2
0
s′2 = sT

'O#
H(s2, s

′
2)
_

�������A4>��'��M#*"*4�+O#&4�"M'§�����M#*"&��%Y#&'�3��>#&',�84�'����mJ���%�.>'x.�'b�>3�#&"M'�����[�3�"*%Y#&=�:<'�0T4��d)O#D�1#
sT

'-�$#
��+,+-'-�M�*%P����'��\�!�1"M#&%P"�.KJL4��x)O#D�1#

s
E84�%�6��1��%�.>';�n�oVt3�"*: 4>��'�_!`@J�',�M#;�<.�%�"M'9EC4>'^�n� Vt3�"M: 4��P'l',�M#F6C"&��%P'

���!��"M#*%�"5.�'9�mJL),#&�1#F%���%Y#&%����G'O#(#*3�4��5��',�(+D=�',:\%P���5�*3�"$#D���/#*�@.�'
s
��'l:\3C.�%YX!'-�/#5���P4��(��� 6��1��%�.>%P#*)�.�'

�n�9Vt3�"*:^4���'1_?pF3�4��Q��3�#&',"*3��>�
ST

�mJL'-���M'-: �>��'@.>'-�N)O#D�1#*�������M3�"*�!�1�8#*�NE84�%G�>'@�*3��8#���+-+,'-�*�M%����P'-�NE84KJ��
�!��"$#&%P"N.KJL4���+D=>'-:<%��ZEC4>%K6��1��%�.>'��n�^Vt3�"M: 4��P'�_
021436587:9;7=<�5)( @ >��K|S��¡

ST

{ g �O�>�¤�O <}-{�� � �D�o¥O¡s~�¡�� ~/}O�¤| � }D~��!¡���~C�D�D�D�D�O�W}-{��D� ,�£>~ � ¡W� �^��g �C� � �!�O o���
�-�C�6TS~�{ � � �;{Y~�e7| �  o�C{�� N

SpredT

�D�O¡��mJL'-���M'-: ���P';.�'-��)O#D�1#*����"*),.�)-+,'-�M�*'-4>"*� ��g �?��¥O¡s~�¡Q~O£/£>~ � ¡¦�O�H~��!¡
,
ST

�
∀s ∈ SpredT

N
∃sT ∈ ST

N ¡��O{k�-�!�
s→ sT

V
���RX![�4�"M' � _P^��"*),�*'-�/#*'<�³J�'rq?'-:<����' .>' �n�R�$#&"M4�+,#*4�"*'o.�'�i;"M%��+X1'o�����$#&"&�1%P#&'^3��>#&',�84�'��e�!��"$#&%�"

.�'l�n� Vt3�"M: 4���'
AFp

_2�k�oVt3���+O#&%P3���.GJ�)O#&%�E84�'O#D��[�'�',�M#�´
L(s0) = ∅ / L(s1) = {p}

_2���<+,3��/#&"&�1%��/#&'
.KJL)-E84�%Y#&)9'-�$#

{sT}
_��������5�mJL),#&�1#

s1
��� ��"*3���3��M%P#*%�3��i�1#*3�:<%�E84�'

p
',�M#56C"&��%P';.�3���+

AFp
'-�$#56?"*��%�'10

�n���M4�%P#*'Z.>'Z�³JU�1"*��"M'A.KJ�'rq?)-+-4?#&%�3�� �KJL'-�$#R�!�1�<4?#&%��P'e�H3�4�"��mJL),61���P4!�1#&%P3�� .�'i����Vt3�"*: 4��P'�_T`I',+-%5'-�$#
"*',��"*),�*',�8#*)5�!��"����(#&"*�����*%Y#&%P3�� .�'

s1

6�',"*�
sT

_����1���©��'N+-����3�ho���(Vt3�"M: 4���'Q+-3��/#*%�'-�/#T4��>'���"*3�:<'-�M�*'10
��3�4>�N.�',6�3����5���M3�4>#&',"I4���'@+-3��/#&"*��%��/#*'@.KJL)-E84�%Y#&);�1X��eE84�'�+-'O#*#*'���"*3�:\',�*�*'@�*3�%Y#N��+,+-3�:<���P%�'�_C���1���



� q � � 1
�2�
��'*)+'*�,� -('* �. �� �	�	�� �2� � -(����,-('* �.

s0 p ¬p
s1

sT

���������
	������������������� �"!$#�%&���
AFp

�(')�+*,�-#/.&�0�21,�3�546�2798$!:�2;07<8:�=�>')?6@9%&;�8:?=;�#A.B�"C$����'D�24-46?-�&�6!FE5�(')?-8:�G8
sT

�-8H�&�"7�4=�&�I.J�2C$CK�6!H.J�2!��(')?-8L�M8
s1

@9%&;>N2?6!K;0OJ�
p
	&�P4LQJ�G@
%���7&;�N"�6�2%R����.�!$�2� �"7��&�6%&!H�&�I�S'D�2!KT&!$�=��'U�V*�?-46%�8$;��"7R�"T�8$�679%WEX.J�2!Y8:;0!Z�&�

s0
1J�(')?-8:�G8

s0
.B�6%,8H.&!$�-7&�&!$��%&7&�=8$!:�27&CK;08$;��"7[N2�6!$C

s1
�+8F.J�2!�46�27&C$?-@
%��67<8

s0
N"?6!K;0OJ�

AFp
	

\]'D�2�0^"�"!K;08:Q�#/�AC$%&;�NG�27<8_46�"7�CK8:!K%&;08X%�7&�������`Ea.J�2!Y8:;�!��&���3�b� �"!$#5%����
ϕ

	]\c�6C_4d�GC_�&��TJ�2CK�6C
C$�2798�!$�-.&!$?-C$�-798$?6C_CK%&!��0�6CIOJ^"%&!K�6C_�
	fe<	hgi�"%&!�%&7j?+8L�G8

s
1c8:�"%,8:�6C����-C�.�!$�".B�"C$;�8:;0�"7&C��G8:�2#/;0@
%��6C

p@9%&;c7>'U�2.&.J�G!:�2;0C$C$�-7<8k.&�2CH�J�27&CHC$�27R?+8:;�@9%&�+8$8$��CK�"7<8k8$�6�0���6C�@
%��
p 6∈ L(s)

	
l�m<npohq rsqutBowvyx3vPz>{M|�}

AKS(ϕ) ~0�I� {M���+}u|({M���-�
| ���L� {s�+|(�X�
��� � {M�V�_� ~ � ϕ � �,��� � }S�V�J�+}S�
�:���9�
���V|D�J�<� �<�V� }S� � |�}��L�

AKS(ϕ)
� � }I�9� ���J|(��� � �/|��y�G���+}u|({M���9� ~0� � � �J|(�+�:� � �,|�� � �J}��d�

AP
� � }��
�

�+� � �+� �-~ ���9���B�:{L�J{ � |�}u|({M� �b� }�{M�_|S�-��� � |��J|�}S| �G~ � p �+}
q � {M�J}��9� � �B�:{L�J{ � |�}u|({M� �b� }�{M�_|S�-��� � � ϕ1

�
ϕ2 � {M�J}��9� �Z� {M�+�_� ~ � �����>� �+}

Kϕi
= 〈APi, Si, S0i

,Li, Ri, Fi〉
� � }H�
��� � }S�V�J�+}S�
�:�[�9�����V|D�J�<�

�<�V� }u� � |�}�� ~ |(�L� � ϕi

�J{M�,�
i = 1, 2

�

• ϕ = true
1

Kϕ � 〈∅, {sT}, {sT}, ∅, {sT , sT}, {sT}〉

• ϕ = p
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KT � AKS(true) = 〈∅, ST , sT , ∅, RT , FT 〉 �
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p ∈ L(s)

Kϕ = 〈AP ∪ {p}, {s} ∪ ST , {s},L, {(s, s
′) | s′ ∈ S0T

} ∪RT , FT 〉

• ϕ = ϕ1 ∨ ϕ2

1

Kϕ1 � AKS(ϕ1) ¡ Kϕ2 � AKS(ϕ2)

Kϕ = 〈APϕ1 ∪ APϕ2 , Sϕ1 ∪ Sϕ2 , S0ϕ1
∪ S0ϕ2

, L
+Litϕ2
ϕ1 · L

+Litϕ1
ϕ2 , Rϕ1 ∪ Rϕ2 , Fϕ1 ∪ Fϕ2〉

	
• ϕ = ϕ1 ∧ ϕ2

1

Kϕ1 � AKS(ϕ1) ¡ Kϕ2 � AKS(ϕ2)

Kϕ � Kϕ1 ‖ Kϕ2

• ϕ = AFϕ1
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Kϕ = 〈APϕ1 , {s}∪Sϕ1 , {s}∪S0ϕ1

,L ·Lϕ1 , Rϕ1 ∪{(s, s)}∪{(s, si) | ∀si ∈ S0ϕ1
}, Fϕ1〉
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• ϕ = AGϕ1

0

7 Kϕ1 Z AKS(ϕ1)

7 R = [Sϕ1 ∩ SpredT ] × S0ϕ1
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0
(s, s0) ∈ R
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Kϕ = 〈APϕ1 , Sϕ1 \ ST , S0ϕ1

, Lϕ1, R ∪ (Rϕ1 \ {(s, sT ) | s ∈ SpredT ∧ sT ∈ ST}), (Fϕ1 	
ST ) ∪ SpredTϕ1

〉

• ϕ = A[ϕ1Uϕ2]
0

7 Kϕ1 Z AKS(ϕ1) / Kϕ2 Z AKS(ϕ2) / Kϕ1∧ϕ2 Z AKS(ϕ1 ∧ ϕ2)

7 R = [Sϕ1 ∩ SpredT ] × [S0ϕ1
∪ S0ϕ2

]
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Kϕ = 〈APϕ1 ∪APϕ2 , (Sϕ1 \ST )∪Sϕ2 ∪Sϕ1∧ϕ2 , S0ϕ1

∪S0ϕ2
∪S0ϕ1∧ϕ2

, L+AP2
ϕ1

·L+AP1
ϕ2

, R∪
R′ ∪ (Rϕ1 \ {(s, sT ) | s ∈ SpredT ∧ sT ∈ ST}) ∪Rϕ2 ∪ Rϕ1∧ϕ2 , Fϕ2 ∪ Fϕ1∧ϕ2〉

• ϕ = A[ϕ1Wϕ2]
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ϕ2

��o t r � v � x oq��� su�Mv ������� v r Kϕi
= 〈APi, Si, S0i

,Li, Ri, Fi〉
��o t r � v ����rg� s�y r s � v � � v�� ��p-�@� v~\����rg�A~:p%r v � � p � v � � ϕi

�@o s � i = 1, 2 �
• ϕ = EFϕ1 �

.
Kϕ1 � AKS(ϕ1). 3+CEW�[

s
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L(s) = ∅
*

Kϕ = 〈APϕ1 , {s} ∪ Sϕ1 ∪ {sD}, {s} ∪ S0ϕ1
,L · Lϕ1 , Rϕ1 ∪ {(s, s)} ∪ {(s, si) | ∀si ∈

S0ϕ1
} ∪ {(s, sD)}, Fϕ1 ⊕ {sD}〉
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• ϕ = EGϕ1

0

7 Kϕ1 Z AKS(ϕ1)

7 R = [Sϕ1 ∩ SpredT ] × S0ϕ1

7 R′ = [Sϕ1 ∩ SpredT ] × {sD | sD ∈ SD}

Kϕ = 〈APϕ1 , (Sϕ1 \ ST ) ∪ SD, S0ϕ1
, Lϕ1, R ∪ R′ ∪ (Rϕ1 \ {(s, sT ) | s ∈ SpredT ∧ sT ∈

ST}, (Fϕ1 	 ST ) ⊕ {sD}〉

• ϕ = E[ϕ1Uϕ2]
0

7 Kϕ1 Z AKS(ϕ1) / Kϕ2 Z AKS(ϕ2) / Kϕ1∧ϕ2 Z AKS(ϕ1 ∧ ϕ2)

7 R = [Sϕ1 ∩ SpredT ] × [S0ϕ1
∪ SD] (s, sD) ∈ R

_
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\SpredT',#F�H3�4�"N#&3�4>#

(s01 , s02) ∈ S0ϕ1∧ϕ2

0
(s, s0) ∈ R′ �*�M% (s, s01) ∈ R0ϕ1

_
Kϕ = 〈APϕ1 ∪ APϕ2 , (Sϕ1 \ ST ) ∪ Sϕ2 ∪ Sϕ1∧ϕ2 ∪ SD, S0ϕ1

∪ S0ϕ2
∪ S0ϕ1∧ϕ2

, L+AP2
ϕ1

·
L+AP1

ϕ2
, R ∪ R′ ∪ (Rϕ1 \ {(s, sT ) | s ∈ SpredT ∧ sT ∈ ST}) ∪ Rϕ2 ∪ Rϕ1∧ϕ2 , (Fϕ2 ∪

Fϕ1∧ϕ2) ⊕ {sD}〉

• ϕ = E[ϕ1Wϕ2]
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Fϕ = {Fϕ1 ∪ Fϕ2 ∪ Fϕ1∧ϕ2} ⊕ {sD}
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• ϕ = AGϕ1

N

� Sϕ = Sϕ1 \ (ST ∪ SD)

� �K|S��¡
R
{Y~ � �O{Y~�¡W�m|S� � �l¡ � ~��>�O��¡W�m|S��|�}-¡¦�O�!��£>~ � {Y~ � ¥ 6T�!��¡³�m|S��� V��2Ks��¡��O  	�� M;N

Rϕ =
(R \ {(s, sD) | s ∈ SpredD ∧ sD ∈ SD)} ∪ {(s, s0) | s ∈ SpredD ∧ s0 ∈ S0ϕ1

}

� Fϕ = (Fϕ1 	 (ST ∪ SD)) ∪ SpredT ∪ SpredD

• ϕ = A[ϕ1Uϕ2]
N

� Sϕ = Sϕ1 \ (ST ∪ SD)

� �K|S��¡
R
{Y~ � �O{Y~�¡³�m|S� � �@¡ � ~��>�O��¡W�m|S�§|�}-¡��O�!�!�Q£>~ � {Y~ � ¥ 6T�!��¡W�m|S�	� V�� Ks��¡��O  	�
 M;N

Rϕ =
(R \ {(s, sD) | s ∈ SpredD ∧ sD ∈ SD) ∪ {(s, s0) | s ∈ SpredD ∧ s0 ∈ S0ϕ1

}
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j±3�4�"�+,'-���>0�+D=!��E84�'\+-3�:<��3��&���/#lE84�%T.�%�"M%�[�' 4>���*%P[��!����mO4>#&%P��'dm^',�M#^�����$#&"&�1%P#9�!��"94��>'\�!�1"M#&%P'�.�'
�&�Z�*�H)-+,%PX!+-�1#&%P3���E84�%�+-3��/#*"&��%P�8#l+,'R�*%P[��!���³_�����������3�#*"*'<'Oq?'-:<����'<��',��.>%P]�)-"*',�/#&�^+,3�:<��3��*���/#&���
�����$#&"*��%�"M';�*3��/#l´

7 �³J�%P��%P#*%n�1#*'-4�"Tu(`IvNE84�%�+-3��8#*"&��%P�/#5��';�*%P[��!���G%���%Y#&%n�1�8#I�n�^#*"&�����*��+,#*%�3�� /
7 �P'eª5"&�����H'-"<:\�YX�#*"*'eE84�%�#&"*�����M:\'O#\����.�'-:\����.�'Z.�'i�mJL%��>%P#&%��1#&',4�"�u(`Iv ��4�+,3��/#&" ����',4�"�.�'��4>� /
7 ��'9+-3��/#*" ���P'-4�"�.�'9��4>�FE84�%�+,3��/#&"&�1%��/#5��';�M%�[��!�1����4>#*3�"*%P�&���/#����o#*"&���>�&��+O#&%�3��K_j±3�4>"�+D=!��+-4>��.�';+,'-�5+-3�:\�H3��&�1�8#*����3�4��5�76�3����5+D=�3�%P�*%���"M��%P#*"&��%P"*',:\',�8#Q.�',�5Vt3�"*: 4��P'-�N.>';��'-4>"

�*�H)-+,%PX!+-�1#&%P3��f�1X!� .KJL3��>#*'-��%P"94���'e�1���M#*"&��+O#&%�3��K0�E84�%Q�M'-"*�x��'��H3�%��/#l.�'R.>)-�!��"$#^.>'R�n�A�H3�4�+,��'<.�'
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� '��Z�
� _Y 7 vNM*OQPROTS=UVOVWXS=PROZY4M\[*]^UTS ��Y4_*`aUZ]cb�dfe^g�h
i6SjWXk�la`mOZn�`aS=PROZY4Mo[*]pUrqsOVM*OQPROVS=PR]m_*tu[*OZPwv�_xqsOVUzy{S|S,_*tXSjOVM�n*M*OV}\]aM�P~WXY4_��4]aM�P^[*]mW�[*]m}jS=M*[*]aW�[*]

PRtXS,M*WXS,`mPXOVY4M*Wm��`a]�PXPR]pk*tXY,k*tXOZlmPRl^M*]^��S,OQP~S,_*`a_�M*]���y k?Y=PR�*�mWX]�W�_*t�UZ]^`aY4}\k?Y,t�PR]m}|]mM�P�[*]�U�q�]mM�� OZtXY4M��
M*]m}|]mM�Pa�4�~Y4_*W�k�Y4_��4Y,M*W�S,UZY4tXW�`aY4M*W�PRt�_*OVt�]�UTS�W�PRt�_*`mPX_*tX]u[*]��^t�OVk*�=]uS,�*W�PRtXS,OZPX]�[*]�U�q�OZM*OZPXOTS=PX]a_*tz�wb��

Ki

�
iz]j��tRS=k*k?]mt�}|SYXVPXtX]�]aM��4]mtXtXS�PXY4_���Y4_�tXW�_*M�]�tX]mv _��mPR]�S=_�`aY4M�PXt �4UZ]a_*tp[*]��*_*W�S(�,]a`�U�q���y k?Y=PR�*�mWX]
v�_xqsOVUztX]m`a]���tXS|_*M���Y4_*t�_*M*]c[*]m}jS,M�[*]^[*]pU�q�OZM*OZPXOTS=PX]a_*tf�wb�� ���wY4_*W~`aY,M*W�PXtX_*OZWXY4M*W~UTS�W�PRtX_�`mPR_�tX]c[*]
�¡tXOZk*�,]^`aY,tXtX]mWXk�Y4M*[�S=M�PX]

Kw

�
iz]�`aY,M�PXt �4UZ]a_*t�[*]¢�*_*W�]mM��,]at�tRS{PRY4_���Y4_*tXW�UTSok�]at�}|OZWXWXOZY4M�[xqsla}\]mP�PRt�]¢S,_���tRS=k*k?]mt�}jSGXVPRt�]jS(�,]a`
Urqs��y k?Y,PX�*�aW�]pv�_*]^UZ]¡WXOV£,M�S,Uxt�]av�_*�mPX]p[�_¤��tXS,k*k�]at�WX]mtRS\S,`mPXOZ�4l=�
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iz]aW PXtXY4OZW `aY,}|k�Y4WRS=M�PXW W�Y4M�P�`aY4}\k�S=PXOV�*UZ]aWm��M�Y4_*W k�Y4_��,Y4M*W ]*)�lm`a_�PX]at�UZ]�}\Y�[*]mU�` �*]a` ��OVM�£cW�_*t UVS
`aY,}|k�Y4WXOQPROZY4Mj[*]¡`m]aWuPRt�Y4OVW�S,�*W�PRtRS=`mPROZY4M*Wm�*iz]¡tXlmWX_*UQP S=Pu}\Y4M�PRt�] v�_*]^UTS�k�tXY4k*t�OVl�PRl ]mW�Pu��S,_*W�WX]=��`a]aUVS
k*t�Y�� OZ]aM�P [xqs_*M*]�}jS,_��,S=OVWX]^W�lav�_*]aM�`a]�[xqslm�,laM*]m}|]mM�PXWa�6i�q�S,M�S,UQy�W�]p[�_{`aY4M�PXtX]��%]+)�]a}\k*UZ]�]+)��*OZ�?]p_*M
` �*]m}|OZMcY-,cUZ]�WXOZ£4M�S,U4v�_*O�[�Y4M*M*] Urq�S,`m`a�aW S,_^�*_�W�]mW�P k?Y,WXOZPXOVY4M�M*l�S(�=S,M�P6UTSu[*]a}|S,M*[�]�[*]�PRtRS=M*WRS,`�PROZY4M
[*]{U�q�OZM*OZPXOTS=PX]a_*t��wb�� ��k�_*OVW�OZUw]*)�OVW�PX]�_*MC` �*]m}|OZMCOVM�n�M�OwY�,CW�OV£4M*S,U�]mW�P/.

0
]�P¢Y�,CU�q�OZM*OZPXOTS=PX]a_*t

[*]m}jS,M�[*] _*M*]wPRtRS=M*WRS,`�PROZY4Mx�*iz] `mY4}\k?Y4t�PR]m}|]mM�P�[*]aWuW�OV£4M*S,_0)|Mxqs]aW�P�k*S,WuS,W�WX]�1¡`mY4M�PRtXS,OVM�P(���NU?��S,_�P
£�S,tXS,M�PROZtfv�_*]�UV]�W�OV£4M*S,U�[*_�`aY,M�PXt324UZ]a_*t [*]���_*W�M*]wk?]m_�P���PRtX]�k?Y4W�OZPXOVY4M*M�l~v�_xq�S,k*t��aWu_*M�]�[*]m}jS,M�[*]
[*] tX]mv _��mPR] [*_���tXS,k*k�]at¤}jSGXVPRt�]�]mP v�_xq�_�M*] t�]av�_*�mPX] [*_0��tRS,k�k?]mt }|SYXVPXtX]�M*] WXY,OZP�]54?]a`�PROQ�4]
v�_xq�S,k*tX�mW�_*M�]c[�]a}|S,M*[*]c[*]cUrqsOVM*OQPROTS�PR]a_�tf�wb�� �?�wY4_�W~` ��Y4OVW�OVWXW�Y4M*W~[*]a_�)¤M*Y4_��,]aUVUZ]aW~k*tXY,k*tXOZlmPRlmW�[*]
UTS\WXk�la`mOZn�`aS=PROZY4Mo[*_ ��tRS,k*k�]atw}jSGXVPRt�]^]mP [�_{`aY4M�PXt324UZ]a_*t~[*]��*_�W S=n�Mo[xq�Y,��PR]mM*OVt~[*]a_�){M*Y,_��4]mUVUV]mW
W�PXtX_*`�PR_*t�]aW~[*]c�¡tXOVk��,]cS,�*W�PRtRS=OZPR]mW
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9 #%:;�
< �>=@?BA�tX]m}|OZ]atutRSDC|M�]a}\]aM�P~[*]^UTS���Y4_*`aUZ]cb�dfe^g�h

i6Spk*t�Y4k*tXOZlmPXlw£4UZY4��S,UZ]�]aW�P PRY4_���Y4_*tXW ��S,_*W�WX]=�EA�S,t�U�q S,M*S,UZy WX]~[*_|`aY4M�PRt�]��%]+)�]a}\k*UV]=��M�Y4_*W�t�]a}|S,t��
v�_*Y4M*W�v�_*]¡M*Y=PRtX]^S=�*W�PXtRS,`�PROVY,M¢Mxq�]mW�P�PRY,_���Y4_*t�W�k�S,W�S,W�WX]51c`mY4M�PRtXS,OVM�PR]=���wY,_*W�S(�4Y4M*W�`mY4M�PRtRS=OVM�P�UV]mW
WXOZ£4M�S,_�)�[*_j`mY4M�PRtF24UV]m_*t [*]w��_*W ]�Pf[*_|��tXS,k*k�]atf}jSHGZPRt�];.c[�]m�4]mM*OVt S,`�PROZ�xS,k*t��aWf_*M|`m]at�P S,OZM|l��4laM�]��
}\]aM�Pf}jS,OZW�OVU�Mxq�ScS,_*`a_�M*]�`mY4M�PRtRS=OVM�PR]�WX_�t UZ]a_*t��=S,UV]m_*tfS(�,S=M�PfU�q�l��4laM�]a}\]aM�P(���wY4_�W�S���Y,_�PRY4M�W�S,UZY4tXW
[*]m_0)|k*tXY4k�tXOVl�PRlmW�[*]wUTS^WXk�la`aOQn�`(S�PROVY,M|[*]mW�`aY,}|k�Y4WRS=M�PXW `mY4M*`m]atXM�laW�v�_*O�� Y4tX`m]aM�P�U�q S=_�PRY4t�OVWXS=PROZY4M�[*_
�*_*W�]�P�UTS�[*]m}jS=M*[*]¡[*]^tX]mv�_*�mPX]I.�t�]aW�PX]at�OVM*S,`mPXOZ�zP S=M�P�v _�]cU�q�l��4lmM*]a}\]aM�P~Mxqs]aW�P~k�S=W�S,tXt�OZ�4l=���wY,_*W
Y4��PX]aM*Y,M*W~S,UVY4t�Wu[*]a_�)¤M*Y4_��,]aUVUZ]aWuW�PRtX_�`mPR_�tX]aW~[*]p�¡tXOVk��,]^S,�*W�PRtXS,OZPX]aW
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9 #%:;��< �KJL?/M�]m`aY4M*[¤tRSDC|M�]a}\]aM�P~[*]^UTS��?Y,_*`aUZ]cb�d e¡g h

iz] }|Y [*�mUV]wS,�*W�PXtRS,OQP�]mW�Pu}|S,OVM�PX]aM�S,M�P `aY4}\k�Y4WXl [�] UTSc}jS,M�OV�at�]wW�_*OZ�=S,M�PX]�N
Ki ‖ (Kw ‖ K ′

w ‖
K ′′

w) ‖ (Kb ‖ K ′
b ‖ K ′′

b )
�ziz]�}|Y [*]aU ` �*]a` ��OVM�£ ]mW�Pc]+)�la`m_�PRljS(�4]a`\WX_�`a`a�mWa�6[xq�S,k*t��aWcUTS�k*t�Y4k*tXOZlmPXl

���PO�UTS�k*t�Y4k*tXOZlmPXlc£,UVY4��S=UV]�]mW�PwS,_*W�WXOz�=S,UVOZ[*] W�_*t�UV]¡W�y W�PR�a}\]c`aY4M*`mtX]�P(�

�RQTS  VUXW�Y[Z*\�]^\�WV_[`aZcbd]@efW"\hg�]Iij\�k+lIm

�wY4_�WuS(�4Y4M*Wuk�tXY `ala[�l [*] UVSp}\�a}\]w��S-nmY4M�k�Y4_*t�` �*S,`a_*M�]¡[*]aW�k�tXY4k*t�OVl�PRlaW�£4UVY4�*S,UV]mWa� i6Sp�4lmtXOZn��
`(S�PROVY,Mp[*] UTS�k*tXY,k*tXOZlmPRljJwOZ}|k�UVOVv�_*]mM�PzPRY4_*W UV]mW�`mY4}\k?Y4WXS,M�PRWm�=]mUVUV] ]mW�P `mY4}\k?Y4W�la]f[*]porq~k*t�Y4k*t�OVlmPXlaWm�



o�q�q ����������0#%!"�E��#%$'&�� ���������������c$' �	�����
��������

Property

475 289 34 578 8,56E+06 50,61s
1 6,75s
2 6,70s
3 6,88s

All abstract
7 261  522 2,73E+16 2,1s 1 0,1s
8 292  796 1.42E+21 5,3s 2 0,2s

10 302 1 002 1,69E+22 8s 3 0,25s
12 360 2 296 8,77E+15 4,26s 1 0,31s
12 320 1 982 5,63E+15 6,22s 2 0,36s

10 302 1 002 1,69E+22 8s 3 (all) 0,25s

604 436 161 846 3,10E+10 43min
1 46min
2 19min
3 48min

All abstract
10 395 1 005 2,83E+20 3,5s 1 0,8s
11 442 1 079 4,93E+24 3,8s 2 0,52s
14 501 1564 2,50E+26 12,1s 3 8,25s
12 532 14 025 6,49E+24 35,21s 1 0,46s
12 544 14 492 7.49E+24 33,77s 2 0,47s
14 501 1 564 2,50E+26 12,1s 3 8,25s

Platform
name

FSM
depth

Number of
BDD variables

BDD size
(\# of nodes)

Number of
Reachable 
states

Reachable states
space analysis
time

Checking 
time

Concrete 
1 master
1 slave

Concerned
component
abstracted

Concrete 
2 masters
1 slave

Concerned
component
abstracted

 ��� �
< � o ?¢h�laW�_*UZPRS=PRWu`mY4}\k�S,tRS�PROZ� W�[*]aW~}|Y [*�mUV]aW�`aY4M*`mtX]�PRW~]mP~[*]aW�}\Y�[��aUV]mW�S,�*W�PRtRS=OZPRW

`a]�PXPX]�k*tXY,k*tXOZlmPRl S�}\OVW ]aM�l�� OV[*]mM*`a]u_*M�]�]at�tX]m_*t [�S,M�W UrqsOV}\k*UVlm}|]mM�P S=PXOVY4M [�_�k*tXY,PXY�`mY4UV] �wb��6]aM�PRt�]
UV] ��tXS,k*k�]at�}|SHGVPXtX] ]�PwUVS�`aOZ�*UV]��wb�� �

iz]�P S,��UV](S=_�tXlmWX_*}\]uUV]mW k*t�Y,n*PRW ]aM�PR]mtX}\]�[xqs]aW�k�S,`a]�}\la}\Y4OVt�] tX]av�_*OQP�]mP Urqs]aWXk*S,`a]�[ q�l�P S=PXW�k?Y4_�t
UV]mW PXtXY4OZW�k*t�Y4k*tXOZlmPXlaW�£4UZY4��S,UZ]aWm��iz]mW�]+)�k�latXOZ]aM*`m]aWuY4M�Pul�PRl t�l(S,UZOVW�la]aW WX_*t A�]aM�PXOV_*} �%��[*]�J��>=-q4e�� 1
S(�4]m` =,e^Y�[�]�h~g�� �ziz]�}\Y�[�]aU ` ��]a` ��OVM*£¤S�l�PRl�tXlaS,UVOZWXl�S �,]a`�_*M*]�}\lmPX�*Y [*]�[*]�t�laY4t�[*Y4M*M*S,M*`a] �
}\]aM�Pc[�y M�S,}\OVv�_*]�_�PROZUVOZWRS,M�P U�q S=UV£4Y4t�OZPX�*}|]cWXOQ� P(�6�~Y4_*WcS(�4Y4M*Wc[xq�S,��Y4tX[�k�S,W�WXl\UV]mWck�tXY4k*t�OVl�PRlaW^W�_*t
[*]m_0)¢k*UVS=PR]mW��r� Y4tX}\]aWf`aY4M�`atX��PR]mWa��i6S�k*t�]a}\OV�at�]�`mY4M�PROV]mM�Pu_*M¢OVM�OZPROVS=PR]m_*t��wb�� ��_*M���tXS,k*k�]at�}|SHGZPRtX]
]mP�_*M¢��tRS,k*k�]at�`aOV��UV],��_*M/A�� ��_*Wu]mPu_�M*]¡`aOZ�*UV]~�wb�� ��i6S�WX]a`mY4M*[*]^k*UVS=PR] �%� Y4t�}|]~`aY,M�PXOV]mM�P�]aM�k*UV_�W
_*M¢W�]a`aY,M*[¢OVM*OQPROVS=PR]m_*t��wb��f]�Pu_*M�W�]a`mY4M*[¢��tRS,k�k?]mt�}jSDGVPRt�]^��[*]wk*UV_*W�UV]~`aY4M�PRtF24UV]m_*t�[�_/A � �*_�WuS
lmPXl�}\Y�[�OZn�lck?Y,_*tw£,latX]mt�UZ]aW�[�]a_0)oOVM*OQPROVS=PR]m_*tXWm��d M�WX_*OQPR]�UZ]�}\Y�[�]aU6` �*]a` ��OZM*£�S|l�PRl�S,k�k*UVOZv _�lpW�_*t
[*]m_0)¤PNy�k�]aW�[xq S=�*W�PXtRS,`�PROVY,Mx��i6S|k*t�]a}\OV�at�]^`aY4t�tX]aW�k?Y,M*[�S,_ `(S,WwY�,¤PXY4_*WwUV]aW~`aY,}|k�Y4WRS=M�PXWwY,M�PwlmPXl
S,�*W�PRtXS,OZPXWa���wY,_*W�WXY4}\}|]mWuk�S,t�PROV]mW�[xq�_�M*]�S=�*W�PXtRS,`�PROVY,M�� OZ[*],��`=q�]mW�Pp.\[*OZtX]¡PRY,_*W�UV]aW�W�OV£4M�S=_0)¢[xqsOVM �
PR]mt���S,`m]aW^[*]mW¡`aY4}\k?Y,WRS,M�PRW¡W�Y4M�P@.�_*M*]��=S,UV]m_*t OZM*[*lmPX]at�}|OZM*la]�k�_*OVW UZ]aW¡W�OV£4M�S=_0){W�Y4M�P^`aY4M�PXtRS,OZM�PXW
k�S,t�UV]mW S,�*W�PRtXS,`mPXOVY4M*W [*]mW `aY4}\k�Y4WRS,M�PXWa�=i6]mW `aY,}|k�Y4WRS=M�PXW [*Y,M�P UV]mW k*t�Y4k?Y,WXOZPXOVY4M�W�S�PRY4}\OVv�_*]mW�MxqsOVM �
PR]mt�� OV]mM*M*]mM�P�k�S,Wf[�S,M*W UTS �=S,UVOZ[*OZPXlu[*]~UTS^k*tXY4k�tXOVl�PRl�Mxq�S,k*k�S=tRS,OZWXWX]mM�P�k�S=W�[�S,M�W `m]mPXPX] S,��W�PRtXS,`mPXOVY4M�W
UV]m_*tXWpWXOZ£4M�S,_0) W�Y4M�P�UVOZ�*tX]mWa��A�Y,_*t�UTS�WX]m`aY4M�[*]�S,�*W�PRtRS=`mPROZY4Mx�6M*Y4_�W�WXY4}\}\]aWck�S,t�PXOV]mW�[*_�`mY4}\k?Y=�
WRS=M�P `aY4M*`mtX]�P¡]mP�M*Y4_*W¡S(�,Y4M*W¡S,��W�PRtXS,OZPwWX]m_*UV]m}|]mM�P¡UV]mW�`aY,}|k�Y4WRS=M�PXW�v�_*O���Y4_*]aM�P�_*M�t324UZ]p[*S,M*W UVS
tXlaS,UVOZWRS=PXOVY4Mj[*]^UTS�k*t�Y4k*tXOZlmPXlaWa�

�NU ]aW�P¡`aUVS,OVtwv�_*]�M*Y4_*W S �,Y4M*W^_*M�£�S=OVM{]mM{PR]a}\k*W¡UZY4tXWw[*]�UV]�`(S,UZ`a_*U�[*]aW¡l�P S=PXW¡S,`a`m]aW�WXOV��UV]aW¡]�P
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���� �&� ��' �(� �)��� ��*+
��(� ��� ��
 � � � ��
 � 
,� �-� ��� ��
 � 
,� ����� ��� ���
e . qt

� �/� p � �(
 ��� � ��
 � 
,�102�(� �&�
e . act � ���3��� ��� �&� ��' �(� � ; �	0C2 = 0 s′ -498/6"N2#"J)O2 s′ 01+>�4>@/6"801-

s
),+8A�)R-I0 �D9.01+8/10

σ′ = s′ . . . r′ . . . t′
CE>?2:"

s′ < r′ ≤ t′
�B>  

6 ∃m′ =F) = 01=?01A CE>?2:" e G act-I9./6"�2:"J)K2
m′ < r′

2#".0C+
r′ |= p ∧ e G qt 7�� r′ |= p ∧ e G act ;J ;$� �54 � ��
,� � � 
���� ��� K(Wi) ' �����&� ��� � �/�$
�� ���54 � ��
,��� � 
������ ��� ���6� �10 ��
��

e . qt ��� K(Wi+1) ;�?� Je7��I7:=@=@)!�M�/o�>?250�� o��'>  2#"80��40�0��'>@-#25-W-47!�<0%>@+>4J+8>?250 �J)K2:"�>@+
K(Wi)

�B2#".0��40*0��'>@-I24-
-I7��H0Y>@+>4J+8>?250 �J)K2#"M>?+

K(Wi+1)
=F) = 0C=@01A CE>f2#" e G qt ; dE".01+M2#"80��40Y0��'>@-I24-E-47��H0Y>@+>487+8>?2508�J)O2#"M>@+

K(Wi+1)
C ".>?/6" &,0��I>5 �

p ∧ e G qt ;9�08"J) &:062#"D9.-
s′ |= A[pW (e G act ∧ p)]0

⇐ 2 �	0C2 s′0 = 0S)G-I2\)O2506>@+ SK(Wi+1)

-49./6"r2#"J)O2
s′0 |= A[pU((e G act ∧ p) ∨ q)]

),+.A
s′0
0C+��4>?/6".01-

s0

CE>?2#"
e G qt ;I< =?=h-49./C/10C-4-47!�R7! s′0 )!�I0-I9./6"m2#"J)K2IN

t′ |= p ∧ e G qt 7�� t′′ |= p ∧ e G act ),+.A &:0��I>54J0C- A[pU((e G act ∧ p) ∨ q)] ; A  
p
>@-E+.7,2%/17,+./10��4+.0CA = ��2:".0R>?+./��I0��H01+[2 � �3� Je7!�47:=?=F)!� � oR>f250�� �H2:".0��I0R0��'>?-I25-

t ∈ SK(Wi)-I9./6"U2#"J)O2
t |= p ; �3�P>?+./��I0��H01+[2\)K=u/C7:+.-I2:�49./325>?7:+ s′0 /Q),+m+87,2 "J) &,0G)N-498/1/10C-4-I7��PCe0��40 ¬p".7,=@A.-E),+8A�7:+80S/1),+$���47'&,0!� = �M>@+.A.98/C25>?7:+�2#".)K2 t &,0��4> 4J01- AGp ; �%0C+./10 s0

&:0��4>54.01-
AGp ;

K(Wi), s |= A[pWq] ⇔ K(Wi+1), s
′ |= A[pW ((e G act ∧ p) ∨ q)] ;

(*),+-+/.10
⇒ 2 s |= A[pWq]

2#"801+m),=?= �J)K2#"8-  �47!�
s
)!�40S-49./6"U2:".0��$&,0��4> 4J01A

pUq
7��
Gp ; A +P2:".04@�I-I2^/Q),-I0!� Ce0<9.-40H2#".0H-5)!�H0 �40Q)K-47:+.>?+�7U)K-

A[pUq] ;FA +�2#".0<-40C/17:+.A /Q),-I0!� = ��Je7��I7:=@=@)!�M�o^>?250�� o^2:".01-I0 �J)O2#".-%0��'>@-#2�>?+
K(Wi+1) ; dE".0RA.> &:0��:7:0C+D2 = 0�"J) &B>@7:9��I-*)!�I0^=@) = 01=@>?+�7 CE>?2:"

e G act � Je7!�47:=?=F)!� � o6>?240�� J � ; 9 08"J) &:062#"D9.-
K(Wi+1), s

′ |=
A[pW ((e G act ∧ p) ∨ q)]0

⇐ 2 M8)!�H0P�401),-47:+8>@+�7H),- A[pU((e G act ∧ p) ∨ q)] ;

K(Wi), s |= ¬p ⇔ K(Wi+1), s
′ |= ¬p ;

(*),+-+/.HdE".0*���47B7! F���47B/10C01A.-]),-W2:".067:+.06/17:+8/10��I+.>@+>7 ��7:-4>f25> &:0Y)K247��H>@/ ���I7���7:-4>f25>@7,+.- ;



���  � ������� 	 � �	� � 
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�
���� � � orq��

K(Wi), s |= ¬Ψ ⇔ K(Wi+1), s
′ |= ¬Ψ′ ;

(*),+-+/.HdE".0%���47B7! u>@- �!0��M ;7��M�<0CA = �$4@�I-I2]2#�5)K+.-M ;7��M�<>?+�7_2#"80* ;7��M�_9.=@),0Y>@+[257 ��7:-4>f25> &:0P ;7��:� ),+.A
2#"801+ )!���.= �'>?+�7 2:".0U2#�4),+.-M ;7!�:�<)K25>?7:+����I7 &,01+ ) = 7 &,0 ; 9�0Z/17�� �J)!�I0P2#".0 �I01-498=?2 CE>f2#" 2#".0m7,+.0
7 = 25),>@+ = �_2:�5),+8-M ;7��M�<>?+�7YA.>O�I01/325=5�S2#"80]+80�7[)K24>5&,09 ;7��:� ; dE".0ECg0Q)��_98+D24>@=.7!�!0��5)K247�� ��9 � >?- �401=@)K250CA
257G2:".06-I2#�I7:+�7H9.+[25>?=7���0��5)O257���� #�� = ��2#".0P ;7:=?=@7'CE>@+>7R0 �D9.> &K),=@0C+./10C-IN

A[pWq] = ¬E[¬qU(¬p ∧ ¬q)]

E[pUq] = ¬A[¬qW (¬p ∧ ¬q)]

9�0*�I01/1),=@=I"80��40Y2:"J)K2
¬e G act = e G qt

(¬EXp)′=(AX¬p)′

=e G qt⇒ AX¬p

¬(EXp)′=¬(e G qt ∧ EX¬p)

=¬e G qt ∨ AX¬p

=e G qt⇒ AX¬p

Hence (¬EXp)′ = ¬(EXp)′
� o �

(¬EFp)′=(AG¬p)′

=A[¬pW (e G act ∧ ¬p)]

¬(EFp)′=¬E[e G qtUp]
=A[¬pW (e G act ∧ ¬p)]

Hence (¬EFp)′ = ¬(EFp)′
� = �

(¬EGp)′=(AF¬p)′

=AF (e G act ∨ ¬p)

¬(EGp)′=¬EG(e G qt ∧ p)
=AF (e G act ∨ ¬p)

Hence (¬EGp)′ = ¬(EGp)′
� J �
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(¬E[pUq])′=A[¬qW (6= p ∧ ¬p)]′

=A[¬qW ((e G act ∧ ¬q) ∨ (¬p ∧ ¬q)]

¬(E[pUq])′=¬E[(e G qt ∧ p)Uq]
=A[¬qW¬(¬(e G qt ∧ p) ∧ ¬q)]

=A[¬qW¬((e G act ∨ ¬p) ∧ ¬q)]

=A[¬qW ((e G act ∧ ¬q) ∨ (¬p ∧ ¬q)]

Hence (¬E[pUq])′ = ¬(E[pUq])′
� � �

(¬E[pWq])′=A[¬qU(6= p ∧ ¬p)]′

=A[¬qU((e G act ∧ ¬q) ∨ (¬p ∧ ¬q)]

¬(E[pWq])′=¬E[(e G qt ∧ p)Wq]

=A[¬qU¬(¬(e G qt ∧ p) ∧ ¬q)]

=A[¬qU¬((e G act ∨ ¬p) ∧ ¬q)]

=A[¬qU((e G act ∧ ¬q) ∨ (¬p ∧ ¬q)]

Hence (¬E[pWq])′ = ¬(E[pWq])′
� O �

(¬AXp)′=(EX¬p)′

=e G qt ∧ EX¬p

¬(AXp)′=¬(e G qt⇒ AX¬p)

=e G qt ∧ EX¬p

Hence (¬AXp)′ = ¬(AXp)′
� � �

(¬AFp)′=(EG¬p)′

=EG(e G qt ∧ ¬p)

¬(AFp)′=¬AF (e G act ∨ p)
=EG(e G qt ∧ ¬p)

Hence (¬AFp)′ = ¬(AFp)′
� � �
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(¬AGp)′=(EF¬p)′

=E[e G qtU¬p]
¬(AGp)′=¬A[pW (e G act ∧ p)]

=E[¬(e G act ∧ p)U(¬p ∧ ¬(e G act ∧ p))]
=E[(e G qt ∨ ¬p)U¬p]

=E[e G qtU¬p]
Hence (¬AGp)′ = ¬(AGp)′

� < �

(¬A[pUq])′=(E[¬qW (¬p ∧ ¬q)])′

=E[(e G qt ∧ ¬q)W (¬p ∧ ¬q)]

¬(A[pUq])′=¬A[pU((e G act ∧ p) ∨ q)]
=E[¬((e G act ∧ p) ∨ q)W (¬p ∧ ¬((e G act ∧ p) ∨ q))]
=E[(( G act ∧ ¬q) ∨ (¬p ∧ ¬q))W (¬p ∧ ¬q)]

=E[(e G qt ∧ ¬q)W (¬p ∧ ¬q)]

Hence (¬A[pUq])′ = ¬(A[pUq])′
� � �

(¬A[pWq])′=(E[¬qU(¬p ∧ ¬q)])′

=E[(e G qt ∧ ¬q)U(¬p ∧ ¬q)]

¬(A[pWq])′=¬A[pW ((e G act ∧ p) ∨ q)]
=E[¬((e G act ∧ p) ∨ q)U(¬p ∧ ¬((e G act ∧ p) ∨ q))]
=E[(( G act ∧ ¬q) ∨ (¬p ∧ ¬q))U(¬p ∧ ¬q)]

=E[(e G qt ∧ ¬q)U(¬p ∧ ¬q)]

Hence (¬A[pWq])′ = ¬(A[pWq])′
� o�q �
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 g']��� ` g�� ]��5\hg�`��
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 g����� ` g�� �����hg�` �
����� 
 g����� ` g�� �����hg�` � b

����� 
 g����� ` g�� �����hg�` � b
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pi � gnt

cmd � eop

cmd � eop

cmd � eop

cmd � eop

cmd � val ∧ pi � gnt

cmd � val ∧ pi � gnt
pi � gnt

cmd � val

cmd � eop

� ��� � � ; o� < 98247��<)K250*A89 C �4)!����0�� <
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�����

pi � gnt

cmd � eop

cmd � eop

cmd � eop

cmd � eop

cmd � val ∧ pi � gnt

cmd � val ∧ pi � gnt
pi � gnt

cmd � val

RDY

RDY ∧ eop

� 	���	��������
�

RDY

RDY ∧ eop

cmd � eop ∧RDYRDY RDY

RDY

	��

� ��� � � ;!  < 98257!�N)K240*A.9$C �5)!�>�!0�� �
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cmd ! val

cmd ! val ∧ pi ! gnt
pi ! gnt

cmd ! val ∧ pi ! gnt
pi ! gnt

cmd ! eop
cmd ! eop

cmd ! val ∧RDY

cmd ! val

cmd ! val ∧ rsp ! ack
cmd ! val ∧ rsp ! ack

rsp ! ack
�����������	��

�"	�#���$

RDY ∧ cmd ! val ∧ rsp ! ack

	��%��������&�� �

� ����$

	%�

	��%�����

�$�'

	���������������

����������

����

cmd ! eop

cmd ! eop

RDY

cmd ! val

cmd ! eop
cmd ! eop

RDY

RDY

RDY ∧ cmd ! val
RDY ∧ eop ! save

RDY ∧ cmd ! val ∧ rsp ! ack ∧ cmd ! eop

RDY

RDY

RDY

RDY

RDY
rsp ! ack rsp ! ack

RDY
rsp ! ackRDY ∧ rsp ! ack

RDY

RDY���

rsp ! ack

rsp ! ack
RDY ∧ rsp ! ack

rsp ! ack ∧ RDY

RDY

rsp ! ack

rsp ! ack
RDY

RDY

cmd ! val ∧RDY ∧ rsp ! ack ∧ cmd ! eop

RDY ∧ rsp ! ack

� ��� � � ; (  < 98257��<)K240YA.9 C �4)!����0�� � �

rsp ) ack

*�+-,�.�/ 0�1�2
cmd ) valcmd ) val ∧ rsp ) ack

cmd ) val ∧ rsp ) ack

pi ) gnt

cmd ) val ∧ pi ) gnt

cmd ) val 3 4 065

cmd ) val ∧ pi ) gnt

pi ) gnt

cmd ) val,71�89+-5
RDY

RDY

4 2�.�/ :�1 3 2
cmd ) eop

cmd ) eop

cmd ) eop

cmd ) eop

cmd ) eop

RDY ∧ eop ) save

RDY

1 4 / 4 2�/ ; 3 +

*�5�<

1 4

cmd ) val ∧ RDY 1 4 / 4 2

1 4 / 4 2�/ *�+-,
4 2�/ *�+=,

*�+-,

4 2

RDY ∧ cmd ) val ∧ rsp ) ack ∧ cmd ) eop

RDY ∧ cmd ) val

RDY

cmd ) eop

cmd ) val ∧ RDY ∧ rsp ) ack ∧ cmd ) eop

RDY

RDY

4 2�/ *�+-,�> / ? 3 @

rsp ) ack
RDY

RDY4 2�A / :�1 3 2�/ ? 3 @*�+=,�> / ? 3 @

*�+=,�B / ? 3 @*�+=,�/ 0�1�24 2�B / :�1 3 2

4 2�/ *�+=,�> / 061�2RDY ∧ cmd ) val ∧ rsp ) ack rsp ) ack ∧ RDY

RDY ∧ rsp ) ack

rsp ) ack

rsp ) ack

rsp ) ack RDY ∧ rsp ) ack

RDY

*�+-,�> / 0�1�2
rsp ) ack

*�+-,�B / 0�1�2

4 2�A / :�1 3 2 RDY

rsp ) ack

RDY

RDY
RDY RDY ∧ rsp ) ackrsp ) ack

RDY

CED6F�G�G�H�DEIKJ

L=M
N�OQP�RSP

PEOUTVP�RSP

W MXP%RYP

MKR
Z[P�RSP

P
\�]_^`P%RYP

pi a gnt
cmd a eop

pi a gnt

WAIT

RDY ∧ fin a rtr

RETRACT

cmd a eop

RDY ∧ fin a rtr

RETRACT

PK\�]bP%RYPMKRcP%RYP

PK\�]YZ[P�RSP

� ��� � � ; �  < 98257��<)K240YA.06= �`>@+./��%d��H01+[2fe � dfe < Jed 0C2]A.01-]/17,+.+.0��'>?7:+.-]) &:01/ � �
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� � 
H�M�1� � �r���� � � �L��� � � 
 � ���

dE".0E���I7'7! �7! �� �47!�!0��I2 � � ; ( -#2\)K24>@+�7�2:"J)K2 Kϕ

>@-i) �H7'A801=87L 
ϕ
+.010CA.- ���40C=@>O�H>@+.)!�M�8���I7���0��I24>@0C-

) = 7:982W2:".06-I2#�I9./C249��408Cg0S7 = 2\),>?+  �47�� ��0�4J+8>?25>?7:+ � ; � ;
(*),+�� )����
	��������� ������� ' � �(
 � ����� � �(� � ��
 � 
� s � � ' � 
�� � 
� s ∈ ST �� s ∈ S0 � s ��� � � ��� ��
 � � � ��
 � 
� �� s ��� � ��
 � 
,� � � 
 � ��� � � � � � ' ��* � � � ��
 ��� � �,� ��
 � 
� � � sf � sg

" � �/� sf � sg � �&� ��� ST ∪S0g∪S0f �(*),+-+/. ��� �,0C24/6"���� �I7��!0��I2 � J ; odE".0 �>�47B7! 
���I7'/C0101A = �<>@+8A.9./C24>@7:+<7'&:0��g2#".0  ;7��:�_98=F) ;�< =@=k7���0��5)O257��g0��'/10��82j2#"80 G � U 7���0��4)K257��I-
),+.AH2#".0%/17:+��I9.+./C24>@7:+ ���40C-40��M&:0C-j2#".0 ���I0�&B>@7:98-4=5�H0��8>?-I24>@+�7S>@+.>f25>@),=8-#2\)K240*),+.A �N) �H),A8A�-47��H0]+.0�C
>@+8>?25>@),= -#2\)K2401- ; dE".0 G 7���0��5)O257��8���I01-40��M&,01-n),=?=i>@+.>f25>F)K= -I25)K250C-_),+8A A.0C=@0C240�),=?=i-I25)K250C- = 01=?7:+�7:>?+�7257
ST ;�A +r/Q)K-4067! u/17�� �!7,-4>?24>@7:+<7! Kf

)K+.A
Kg

7:+.08"J),-j247 �>�47'&:062#"J)O2]),=@=!-I2\)O2501-E7 = 2\),>?+.01AM)!�I0/17!� ��7:-40CA CE>f2#"r-I25)K250S7! 
Sf

),+.A
Sg

2#".)K2 &:0��I>54J0C-%2:".08���47���0��#2 � ; A +P/1),-40S7! h),+�98+D24>@=	7���0��4)K257!�
A[fUg]

�u7,+.0�/17!� = >@+801- Kf

�
Kg

),+.A
Kf∧g H ".01+./C0 Kg

),+.A
Kf∧g

�I01-:��01/32G2#".0 ( /17:+8A.>?24>@7:+.-
) = 7'&:0 � Kf∧g = �N2:".0*A.0�4J+.>f25>@7,+N7! 	2:".0 �J)!�4),=@=?01=k/17!� ��7:-4>f25>?7:+�� H Kf

>?- �H7'A8>54J0CA�>@+�)^-5)!�H0 Ce) �
),-R2:".0 7:=?7 = ),=?=5�m7!�!0��5)K247���� ".01+8/10 K ′

f

�I01-:��01/325-G2#"80 ( /17:+8A.>?24>@7:+.-^),-
AGf

A.7 ; dE"80�) = -#2#�5)K/C2 P�4>5� �,06-I2:�49./3259��I0R7 = 2\),>?+.01A  �47!� ),+
U
7��!0��5)K247����@�I01-M�!0C/C25-E2#"80%�I9.=@0C-]7L 2#"80S/C7:+��I9.+8/C25>?7:+�),+.A

2#"80
G
7���0��5)O257�� ;

(*),+��"! )�	$#&%��('�dE".0 <  )� Kϕ = 9.>?=?2 = �MA.0�4J+.>?24>@7:+8- � ; � � � ; �<)K+.A � ; o�qG>@-E-I9./6"P2#".)K2 ∀s0 ∈ S0ϕ

�
Kϕ, s0 |= ϕ ;
(*),+-+/.�� �47���0��#2 � � ; (+* ∀s0 ∈ S0ϕ

�
Kϕ, s0 |= ϕ ;dE".0 �>�47B7! ���I7'/C010CA.- = �P>?+.A.9./325>?7:+P7'&:0��%2:".0% ;7��M�_9.=@)H=?01+�7,2:" ; �j),-I>@/R/1),-40C-Y)!�I0BJed �  ;7��:�R9.=F),0CE>?2:"M+.7<+801-I2401A�7��!0��5)K247�� ;

ϕ = p
�i2:".01�I01-498=?25>?+�7 <  )�s/C7:+[2\),>?+.-N7:+80�>?+.>?24>F),=j-#2\)K240 s0

-I9./6"t2#"J)O2
p ∈ L(s0)

� ".01+8/10
Kϕ |= p ;

ϕ = p ∧ q
�K2#".0 �40C-49.=f25>?+�7 <  )�G>@- = 9.>?=?2  �I7�� Kp

),+8A
Kq ; dE".0]>@+8>?25>@),=D-I25)K250 s0

>?-i-49./6"H2#"J)O2
s0 = (s0p, s0q) ; 9 0E"J) &,0

p ∈ L(s0p)
),+.A

q ∈ L(s0q)
�,2:"D9.-

p
),+.A

q ∈ (s0)
��".01+8/10!�

Kϕ |= p∧q ;
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ϕ = p ∨ q
�'2#".08�40C-49.=f25>?+�7 <  )��/17:+[2\)K>@+.-W2 Cg7<>?+.>?24>F),=�-I25)K250C- s0p

)K+.A
s0q

-498/6"�2#".)K2
 
p ∈ L(s0p

�'2#"D9.-
s0 |= p ∨ q ; 

q ∈ L(s0q)
�82#"D9.-

s′0 |= p ∨ q ;dE".0P ;7��M�_9.=F)
ϕ
".7,=@A.-E ;7��E),=?=a>?+.>?24>F),=�-I25)K25067! l2#".08�I01-498=?25>?+�7 <  )� ;

ϕ = AFp
�J2:".0%�I01-I9.=?24>@+�7 <  )� KAFp

/C7:+[2\),>?+.-]0��8),/C24=5�M2 Cg7N>@+8>?25>@),=a-#2\)K2401-
s0

),+.A
s′0
-49./6"

2#".)K2
 
p ∈ L(s0)

�82:"B98-
s0 |= AFp ; 

p 6∈ L(s′0)
�'2:".0��I0*0��'>?-I25-j2 Cg7n7:982:7:7:>@+>7^2#�4),+.-I>?25>?7:+.-? �47��

s′0
�87:+80*257_>f25-40C=5 l),+8A�7:+.0�247

s0 ;< - s′0 >@-W+.7K2E>@+�2#".0P b),>5�4+.0C-4- FAFp s0

CE>@=?=),= Cj) �B- = 08�I0Q),/6"I�J2:"B98- s′0 |= AFpdE".0P ;7��M�_9.=F)
ϕ
".7,=@A.-E ;7��E),=?=a>?+.>?24>F),=�-I25)K25067! 

KAFp ;
ϕ = AGp

�!2#"80 �40C-49.=f25>?+�7 <  �P>?- = 9.>@=f2  �I7�� Kp

-49./6"U2:"J)K2�>@+.>f25>F)K=	-I2\)O250
s0

>?-%2#"80R>@+8>?25>@),=
-I25)K250R7! 

KAGp ; dE"D9.- p "87:=@A.-%>@+P2:".0_>?+.>?24>F),=	-#2\)K240_7! KAGp ; �J9��#2#".0��:�H7��40 sT ∈ ST

A.7B01-*+.7K2
= 01=@7,+�7�257 SAGp

),+.Am2:".0��I0H0��'>@-I24-Y7:+.= �U7:+.0_2:�5),+8-4>?24>@7:+  �I7��
s0

257
s0 ; dE".0B ;7��M�_9.=@) ϕ ".7:=@A8-

 ;7��j2:".06-4>@+>7:=@0*>?+.>?24>F),=�-I25)K25067! 
KAGp ;

ϕ = A[pUq]
�2#".0 �40C-49.=f25>?+�7 <  )��>?- = 9.>@=f2P �47�� Kp

�
Kq

),+8A
Kp∧q ; dE"80<>?+.>?24>F),=u-I2\)O250n7! 

KA[pUq] S0A[pUq]
= {s0 ∈ S0p} ∪ {s′0 ∈ S0q} ∪ {s′′0 ∈ S0p∧q} ; 

q ∈ L(s′0)
�.2#"D9.-

s′0 |= A[pUq] ; 
p, q ∈ L(s′′0)

�.2:"D9.-
s′0 |= A[pUq] ; 

p ∈ L(s0)
),+8A

q 6∈ L(s0)
),+8A�2#"80��40^0��'>@-#25-]2 Ce7<7:982#7,7:>@+�7n2#�4),+.-I>?25>?7:+.-E �47!�

s0
* 7:+.0^247

>f25-40C=5 j),+.A 7,+.0<247
s′0 ; ��7��40C7'&:0���� s0

>?-^+.7K2R>?+�2:".0  b),>5�4+.0C-4-^/17:+.-#2#�4),>@+[2^7! 
KA[pUq]

2#"D9.-
-#2\)K240

s′0
CE>@=?=),= Cj) �B- = 08�401),/6".0CAI� s0 |= A[pUq] ;dE".0P ;7��M�_9.=F)
ϕ
".7,=@A.-E ;7��E),=?=a>?+.>?24>F),=�-I25)K250C-]7L 

KA[pUq] ;
� �/��� ' 
 ��� ���%��� ��
��(� � ��� * =@032

Kf

),+.A
Kg = 0�2 Cg7 <  )� -49./6"�2#".)K2 f ".7:=?A.-* ;7��G),=?=g>?+.>?24>F),=

-I25)K2506>?+
S0f

),+8A
g
".7:=@A8-9 ;7��E),=@=a>@+.>f25>F)K=�-#2\)K2406>@+

S0g ;
ϕ = f ∨ g

�D2#"80 �40C-49.=f25>?+�7 <  �H>@- = 9.>@=f2  �47�� Kf

),+8A
Kg

-I9./6"�2#"J)O2
S0f∨g

= S0f
∪S0g ; �3�>@+8A.9./C24>@7:+ "�� ��7,2#".0C-4>?- Cg0%".)'&,0

 
∀sf ∈ S0f

, sf |= f
�82#"D9.-

sf |= f ∨ g 
∀sg ∈ S0g , sg |= g

�82:"B98-
sg |= f ∨ gdE".0P ;7��M�_9.=F)

ϕ
".7,=@A.-E ;7��E),=?=a>?+.>?24>F),=�-I25)K25067! 

Kf∨g ;
ϕ = f ∧ g

�u2#".0 �I01-498=?25>?+�7 <  )� >?- = 9.>?=?2  �I7�� Kf

),+8A
Kg = � �J)!�5)K=@=@0C=g/C7�� �!7:-I>?24>@7:+ ; �3�>@+8A.9./C24>@7:+ "�� ��7,2#".0C-4>?-

f
".7:=?A.-Y>?+�)K=@=h>?+.>?24>F),=T-I25)K250n>?+

S0f

),+.A
g
"87:=@A.-Y>?+�),=@=h>?+.>?24>F),=T-#2\)K240H>?+

S0g ; dE".0 �J)!�4),=@=?01= /C7�� �!7:-I>?24>@7:+U>?+.-49>�401-Y2:"J)K2^) �J)K2#"�>@+ Kf ‖ Kg

>@-S)  b),>5� �J)K2:"�>  e)K+.A�7,+.=5�
>5 �>f25- �401-#2#�I>@/C24>@7:+�257�0Q)K/6"�/C7�� �!7:+801+[2 �I01-498=?25-Y>?+m)N b),>5� �J)O2#" ; 2#"D9.- f ∧ g

".7,=@A.-  ;7!�*),=?=u>?+.>?24>F),=
-I25)K25067! 

Kf∧g ;
ϕ = AFf

�D2#".0 �401-I9.=?24>@+�7 <  )�<>?- = 9.>?=?2  �47!� Kf

>@+ C "8>@/6"M)R+.0�C >@+.>f25>@),=J-I25)K250
s0
>@-j)KA.A.01A ;dE".0��40M0��'>@-#25-H)U2#�4),+.-4>f25>?7:+  �47��

s0
247Z>?25-I01=  �)K+.As)m2:�5),+8-4>?24>@7:+D �47��

s0
247�)K=@=e>?+.>?24>F),=q-I25)K250C-

7! 
Kf ; ��7��I017'&:0�� s0

>@-�+87,2*>?+P2#".0% b),>O�I+.01-I-�/17,+.-I2:�5),>?+D2*7! 
KAFf

�!2:"B98-Y),=@= �J)K2:".-  �I7��
s0

CE>?=@=
),= Cj) �B- �I0Q),/6"m)K+U>@+.>f25>@),=-I25)K250^7! 

Kf ; �3�r>?+.A.9./325>@7,+ "�� �!7K2#".0C-4>@- f ".7,=@A.-  ;7��%),=@=T>@+8>?25>@),=-#2\)K2401-7! 
Kf

2:"D9.-
s0 |= AFf ; ��7!�4017'&,0���� f ".7:=@A8-9 ;7��]),=@=>?+.>?24>F),=�-I25)K250C-]2:"J)K2 = 01=@7,+�7:>@+>7_257 Kf

�.2#"D9.-
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AFf
".7:=?A.-9 ;7��E),=?=>@+8>?25>@),=k-I25)K250C-%7! 

KAFf ;
ϕ = AGf

�k2#".0 �I01-I9.=?24>@+�7 <  )�P>@- = 9.>@=f2  �I7�� Kf

)K+.A
S0AGf

= S0f
; �3�1�>�47���0��#2 � J ; on),=@=-I25)K250C-E>@+

SAGf

)!�40Y>?+.>?24>F),= �B7!�W/17�� �!7,-401Ar-I25)K250 ;
o ; �3��>@+.A.98/C25>?7:+ "�� �!7,2:".01-I>@-�� ϕ ".7,=@A.-E>@+M)K=@=-#2\)K2401- s0 ∈ KAGf ;
 ; < =@=�/17�� ��7:-40CAc-I25)K250</17��H01-* �47�� )�+801-I2401AL9.+[24>@=q7��!0��5)K247����	2:".0N���I0��H>@-I01-R7L W2#".0<9.+[25>@=
 ;7��M�_9.=@),0 ".7:=?A.-6>@+�),=?= -498/6"c-I25)K250L�T),+.A = �U/17:+.-#2#�I9./C24>@7:+�7! KAGf

),=@=u-I2\)O2501-S>@+
SpredT

�
+.7'C �40Q)K/6"P),+r>@+8>?25>@),=�-I2\)O250PC ".0��I0Y2#".06-40C/17:+8A1�J)!�#2E7! l2#".08���I7��!0��I2 � CE>?=@= = 08�<032 ;

�%0C+./10
ϕ
".7:=?A.-W>@+r),=?=/17�� ��7:-40CAr-#2\)K240 ;

ϕ = A[fUg]
�!2#"80 �40C-49.=f25>?+�7 <  �P>?- = 9.>@=f2  �I7�� Kf

�
Kg

),+.A
Kf∧g

�a)K+.A
S0A[fUg]

= S0f
∪

S0g ∪ S0f∧g
; 

g
".7:=@A8-W>@+r),=@=!>@+.>f25>@),=!-#2\)K240

sg ∈ S0g

�.2#"D9.-
A[fUg]

"87:=@A.-9 ;7!�E),=@=
sg ; 

g
),+.A

f
".7:=@A8-W>@+M),=?=>@+.>f25>@),=!-#2\)K2401-

sf∧g ∈ S0f∧g

� 2#"D9.-
A[fUg]

".7:=?A.-9 ;7��E),=?=
sf∧g ; 

f
".7:=?A.-W>@+�),=@=a>@+.>f25>F)K=!-#2\)K240

sf ∈ S0f

�k)K+.AP)K=@=-#2\)K2401-%)!�40S+.7,2]>@+�2:".0* b)K>O�4+801-4-E/C7:+.-I2:�5),>?+[2
7! 
KA[fUg] ; �J7��]),=@=-#2\)K2401-

sf ∈ S0f
∩ SpredT

2#".0��40S0��'>@-#25-%),+r7:982#7,7:>@+�7G2:�5),+.-I>?24>@7:+�257H0Q)K/6"P>@+8>?25>@),=
-I25)K25067! 

S0g

�
A[fUg]

".7:=?A.-9 ;7��E),=?=
sf ; �J7���)K=@=	-I25)K250C-

s′f ∈ S0f
\ SpredT

2:".0��I0R0��8>?-I24-Y),+P7,982#7:7,>@+�7n2#�4),+.-4>f25>?7:+r247N01),/6"U>@+8>?25>@),=
-I25)K25067! 

S0f∧g

�
A[fUg]

".7:=@A8-9 ;7��E),=@=
s′f ; �J7��T),=@=,>@+[250��:�H01A.>@)!�M��-I2\)O250

s′′f
� Ce0?���47'&,0q2:"J)K2

s′f |= f = �S)!���.= �B>@+�7j2:".0�-5)!�H0 �40Q)K-47:+.>?+�7),-E7���0��5)O257��
G ;

(*),+��"! )�	$# %�� � �J7��G)K=@=  P�I>O� �K0�-I2#�I9./C249��40
K

-49./6"s2#"J)K2
K |= ϕ

)K+.A
K 6|= ϕ

2#".0��40M0��'>@-#25-
Kϕ = AKS(ϕ)

),+8AM2:".0��I0^0��'>@-I24-])n-I>O�_98=F)K24>@7:+ �I01=@)K25>?7:+
�
-498/6"�2#".)K2

K � Kϕ ;
(*),+-+/.HdE".0$���I7'7! ���I7'/C010CA.- = �L>@+.A89./C24>@7:+c7,+c2#".0�-#2#�498/C259>�40M7! ϕ � 2:".0 = ),-I>@/�/1),-40C-<)L�40N2:".0)K247��<>?/ �>�47���7:-4>f25>?7:+ 032_2#".0 Jed �  ;7��M�_9.=@),0 CE>f2#"L+.7P+.01-#2501A�7���0��4)K257!�4- ; �	0C2 K, s0 |= ϕ

),+.A
Kϕ, s

′
0 |= ϕ

�
Kϕ = AKS(ϕ)

�.2:".0��I0S0��'>@-I24-])H-I>O�_9.=@)K25>?7:+N�I01=@)K25>?7:+
H ⊆ SK × SKϕ ; 

ϕ = p
o ; p ∈ L(s′0)

2#"D9.-
L(s′0) ⊆ L(s0)

 ; H *
(s0, s

′
0) ∈ H

),+8A$ ;7!�E),=@=
s
-49./6"r2#"J)O2

s
∗
→ s

>@+  B�
(s, sT ) ∈ H ;

 
ϕ = A[pUq]

K, s0 |= A[pUq]
>5� �8=@>@0C-e2#".)K2%),=@=I�.)K2#".-

π = s0
∗
→ sj

)L�40S-49./6"r2#"J)K2
sj |= q

),+.A$ ;7��]),=@=
0 ≤ i ≤ j si |= p ; A + Kϕ

�.2:".0��I0^0��8>?-I24-�) �J)K2:"
pi
-I9./6"P2#".)K2

π′ = s′0
∗
→ s′0 → s′1 → sTCE>f2#"

s′1 |= q
),+.A

s′0 |= p ;o ; L(s′i) ⊆ L(si) ∀i ≤ j

 ; H >@-]A.0�4J+801AZ-49./6"U2:"J)K2 * �J7���),=@=
0 ≤ i < j

�
(si, s

′
0) ∈ H

�!),+.A
(sj, s

′
1) ∈ H

��),+.A
 ;7!�E),=@=

k > j
�
(sk, sT ) ∈ H ;
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ϕ = ϕ1 ∧ ϕ2

dE".0S) = -I2#�4),/C2E-#2#�I9./C249��40 Kϕ

>?- = 9.>@=f2  �I7�� Kϕ1

�
Kϕ2

� = ��>@+.A89./C24>@7:+ "�� ��7 72:".01-I>@-��
Kϕ1

-4>5�_9.=F)O2501-�),=@=
K |= ϕ1

),+.A
Kϕ2

-I>O�_98=F)K2401-*)K=@=
K |= ϕ2

� �3��2#".0B���I7���0��I2 �
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o

K � Kϕ1

� A +.A89./C24>@7:+$"�� �!7,2:".01-I>@- �
 K ‖ Kϕ2 � Kϕ1 ‖ Kϕ2
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(

K � Kϕ2
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K ‖ Kϕ1 � Kϕ1 ‖ Kϕ2
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�

K ‖ K � Kϕ1 ‖ Kϕ2

�b),-4-I9��<0�7 7[)L�5),+[250C0P�401),-47:+8+.>@+�7H=@>?+.0  ),+.A � ��
K � K ‖ K

���u)!�5),=?=@0C=a/17!� ��7:-4>f25>?7:+��
K � Kϕ1 ‖ Kϕ2 = Kϕ1∧ϕ2
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ϕ = A[ϕ1Uϕ2]dE".0�) = -#2#�4),/C2<-I2:�49./3259��I0 Kϕ

>@- = 98>@=?2B �I7�� Kϕ1

�
Kϕ2

)K+.A
Kϕ1∧ϕ2

),+.A = �s>?+.A.9./325>@7,+"�� �!7K2#".0C-4>@-6)K=@=
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∈ S0ϕ2
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s02

- ; 2 K, s02 |= ϕ2
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∈ S0ϕ1
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s01- ; 2 K, s01 |= ϕ1

�T),=@=
(s01 , s02)

′ ∈ S0ϕ1∧ϕ2

-I>O�_98=F)K2401-
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- ; 2 K, s012 |= ϕ1 ∧ ϕ2 ; �'>@+./C0
K, s0 |= ϕ

�801>?2:".0��
o ; s0 |= ϕ2

�2:".01+�2#".0��40H0��'>@-#25-
s′0
-I9./6"�2:"J)K2

s′0 |= ϕ2
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s′0 ∈ Kϕ2
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Kϕ2
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K |= ϕ2 ;

 ; s0 |= ϕ1
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π = s0

∗
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sj |= ϕ2
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i ≤ j

si |= ϕ1 ;
� ) � A  si |= ϕ1 ∧ AX(ϕ1 ∧ ϕ2)
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s′i ∈ Kϕ1
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Kϕ1
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Kϕ2
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