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. ? HS9 M FVH cI@< ? = M < Û ß�I A ;�H5F M < ; Q!Q ; A H ? <G;�<�H�I C(E1)
. c′ = proj(c, E2)
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������KJ Ït]BY� %�6����X� ¾"%$7c�Z��6 %8.(�].32$. !�
* M FVH Mi
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< ?BÜg? <�H e = 〈I+, CACT (I+), CQT (I+)〉
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? 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)
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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�.-

�����	��

��������������������
���
������

MINC

Mi

Mi+1 e � act

e � act

e � act

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*��)%(�$1-
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Ïf�� %�¾c��Å��$*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]*+�]. %$*3q$* !�TÊ
c��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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M MINC
e � act

e � act
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M MINC

e � rtn

e � act

e � act

e � rtn
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M MINC
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e ( act

e ( act
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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$Í&,c�)%�*Ê
c�$*�
�� ,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�$>32XU",p.c�$
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32$. !�W ,$q32XU",�6Y�$D&��1�#c6$.�`]*�����J�`�� %�_�J�n�1)UÙÕ",)Å���@���Jp.32$g$B�Wul)%$2���� !�#ul)%$qc6$q ,X�),+�$*cz]B+�]* %$.32$. !�
 %$o�*Z�$­ÙU&%(��63q$#&����.ÊGc�$# %X�),+�$T��)^8*X�32&ÀX����� !�f��$o8.X�32&GX�(���$#$­Ù%�18*�J$*3q$* !�d8.X�3232$#c�Zâ�� ,8.��$* [- Ò $*����$
��",].$E�.Z\$BÙU&%(��63q$L"��� %�qc�$E %X�),+�$.cS��),��X�3g���J$E"%$^vLX@X�(�$L&��1(qc6$E45���_�2u@),$Ncn�e+1��c�$*)%('3o)%$*���J$L"%$
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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� ����� ���
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�������� �É��� �����[���	������� ����� ���
� ���@� 
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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 ? <�H
I@<Ó= M�ÜtQ�M 9.;�<�H Mi = 〈Si, Ii, Oi, Ti,Gi, s0i

〉
? H
I@<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 yd g8.X� %���J(�)%�6�:)% %$d(�$*cn�1����X� 2b%�6 �����(�$ ρW

$. !��(�$f"%$*�j]*�J�1�J�~",$f"%$.)@Ù>8*X�3q&GX����� !�J�~8*X� %��]­×
8.)U�J�64 Mi

�� %" Mi+1
- Ò $*���J$Ë(�$.cn���J��X� $*���Õ��$.c�c6$�ul)%$ ρM ⊆ Si × Si+1

å ∀(s, c, p) ∈ Ti
$B�

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

����� s = s′ �� %" c′ = c ∧ e G qt -	;
��(D8.X� %����(�)%8B�J��X� ρM$.���m)% %$7(�$*cn�1����X� Í"%$7����3o)%c��1�J�6X� [-

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

!	"$#&%('&)�*+%,)�',-/.�- N '&021 Â -
023�*+',4657-638%,46- K(Mi+1)
1�-6)�%:9;"<*+02=>-657-638%@?A%(',- .�46.�)�0>%(-
.�)B*+CD571EC ×

#("F3G%
Mi+1

-63�"<1�1�=20>H�)�"<38%I=2"J%(',"<3�#&9KC<',5L"F%(0>CD3M.�4+NO3�0>-P*RQO"<1�0>%('&- ãDS ? CD)�#$CDT�%,-63�CD3�#U"<=2C<',#I)�3�-
#&%,',)�*A%()�'&-V.�- N '&021 Â - K(Mi) A 〈APi,Σi,Σ0i

,Li, Ri〉
Ê .O"<3�#W=X"Y#,)�0Z%(-[.�)P.�C�*6)�57-638%\3�CD)�#@3�CD5 ×

57-6',C<3�#:023�.�0 ¿ 46',-+5L57-638% K(Mi)
1O"F'

Ki
S

? CD)�#7]<CD)�=2C<3�#U5^"F0238%(-+3O"<38%_5LC<3G%,',-+'7HG)�-`=2"�#a%('&)�*+%,)�',- K(Mi+1)
-63 Ã =>CDT�-b=2-6#_*+CD5L1�CD'a%(- ×

57-638%(#b.�-
K(Mi)

S~Ï "<3�#B=>-c*6"<#b.�-6#B"<)d%(CD5L"F%(-+#P.�-feJC�CD'&-g3�CD)�#`"h]<CD3�#b]�)iHG)�-�%,CD)�%(-+#b=2-+#
%(',"<3�#&0>%(0>CD3�#_HG)�0j"<1�1O"<'a%(-+3O"<02-+38% ½ Mi

4A%R"<0>-638%^4A%(0>H�)�-+%(4+-6#b"h]<-6*g=2"�]F"<=>-6)�'75$)�-A%,%(-J.�)k3�CD)�]D-+=
4+]<463�-+5L-+38% S
Ï "<3�#$=>-6#Y#&%('&)�*+%,)�',-+#$.�- N '&021 Â - Ê *6-A%,%,-^023d9KCD',5L"F%(0>CD3�#,-L',-A%(',C<)�]D-P.�"<3�#I=>-6#Y4+%("F%(# S
Ï "<3�#
=X"7N Ã )�',- � S 0@Ê 3�CD)�#
"h]DCD3�#
-+3�TO"<#V=2"L%(',"<3�#a9KCD',5L"F%(0>CD3c0>3�*6'&4657-638%R"F=2-Y.mln)�3�-U#&%,',)�*A%()�'&-U.�-
N ',0>1 Â - K(Mi)

S !�-6#�4A%R"F%,# σ1
-A%
σ2
.�-:=X"j#&%('&)�*+%,)�',-

K(Mi)
C<3G%o.�-6#�4+%("F%(#p*6CD'&',-6#&1EC<3�.O"<38%(#o.O"F3�#

K(Mi+1)
S !�ln-+3�#,-+5$T�=2- .�-6#@#&0 Ã 3�"<) Ù CD38%@4A%(4V4A%(-63�.�)�# Ê 1O"<'\*+CD3�#&46HG)�-638% ½ =qld4A%R"F% σ1

*6CD'&',-+#,1�CD3�.
5L"<0238%(-+3O"<38%$.�-6) Ù 4+%R"r%(# σ′

1

-A%
σ′′

1
Ê =slt)�3u"h]D-+*b)�3�-b*+CD3�N Ã )�'("F%,02CD3M5$)�-+%&%(-P.�)u3�CD)�]<-h"<)v#,0 Ã 3O"<=

Ä e G qt ÆBÊ =sln"<)�%('&-
"h]D-+*w)�3�-
*6CD3�N Ã )�'("r%(02C<3`"<*+%,0>]D- Ä e G act ÆAS !olt-63�#,-65IT�=2-/.�-+#[4A%R"F%,#:HG)�0�- Ù 0>#&%R"F02-638%
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σ1 σ2
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¹ �Vºj» � S 0 ¼1032 Ã =2-6#j023�*+',4+5L-+3G%("<=2-+# å %('("F3�#&9KCD'&5^"r%(02C<3�# .�-6#/"<)d%(CD5L"F%(-+#j.�-_eJC�CD',-w-+%
.�-+#V#&%,',)�* ×
%()�',-6# .�- N ',0>1 Â -

.O"<3�#
K(Mi)

CD38%Y=2-+)�'V9KCD3�*A%(0>CD3�.mlt4+%(0>HG)�-+%(" Ã -_4+%,-63�.�)�-L1O"F'Y)�3�-_*6CD3�N Ã )�'("r%(02C<3�.�-6#Y3�CD)�]<-h"<) Ù
#,0 Ã 3O"<) Ù -+%/%,-6= HG)�-71EC<)�'
*RQO"<HG)�-74+%("F%/.�- K(Mi)

Ê 0>=p- Ù 0>#&%(-U%,CD) Ø CD)�'&#/)�3�4+%R"r%w*+CD','&-6#&1ECD3�.O"<38%
.O"<3�#

K(Mi+1)
C . =X"b*+CD3�N Ã )�'("F%,02CD3�.�-+#Y3�CD)�]D-6"<) Ù #,0 Ã 3O"<) Ù -6#a% ½ )�3�-_]F"<=>-6)�'/5$)�-+%,%,- S	Ï "F3�#

=X"$5L"<*RQ�0>3�-V.�-YeBCdCD'&- Ê =ql "F*6* 2 # "<) Ù 3�CD)�]D-6"<) Ù *+CD571ECD'a%(-+5L-+3G%,#:#,-V9;"<0>#("<0Z%@-+3`9K',"<3�*RQ�0>#,#,"<38%j)�3�-
%(',"<3�#&0>%(0>CD3B4+%(0>HG)�-+%,46-$1O"F'

e G act S[Ï "<3�# )�3�-I#&%('&)�*+%,)�',-I.�- N ',0>1 Â - Ê =ql "<*+* 2 #V"<)g3�CD)�]D-6"<) Ù *6CD5 ×1�CD'&%,-657-638%(#L#,-J9;"F0>%7-63 "F*6*64+.O"<38% ½ )�3 4+%("F%L4+%(0>HG)�-+%,4c1O"<'L=X"�]F"<=2-+)�'^"F*+%(0Z]D-B.�-c=qln4A]D4+3�-657-638%
Ä e G act ÆAS !�"L*6CD3�*+-61�%,02CD3c023�*+',4+5L-+3G%("<=2-Y1�-6',57-+% .mln" ]<CD02'j)�3�- �547698�:.;��<47=>:.4 �@?>8A=<:.:B= -+3G%,',-$*+-$HG)�0
- Ù 0>#&%R"F0>%o.�4 Ø�½ -+%W*6-[HG)�-[=sltCD3^" Ø CD)�%(- S�C C<)�#\=>-6#o4+%("F%(# 1�',4+- Ù 02#a%R"<38%,#\#,C<3G%\"<*+*6-6#&#,0>T�=2- ½ 1�"<'&%,02'�.mlt)�3
4+%("F%[023�0Z%(02"<=E4A%(0>H�)�-+%(4Y1O"<' =2"U]F"<=>-6)�'

e G qt -A%[#,CD38%j-6) Ùl× 57?657-6# 4A%(02HG)�-A%(4+#j1O"F'[)�3�-Y]F"<=>-6)�' e G qt S
C CD)�#7*6-BH�)�0[-+#&%L3�CD)�]<-h"<)
3mlt-6#&%^"<*+*6-6#&#,0>T�=2-BHG)ml ½ 1O"<'a%(0>'U.mln)�3k4+%("F%74+%,02HG)�-+%,4J1�"<'_)�3�-`]<"F=2-6)�'
e G act S!�ln-+3�#,-+5$T�=2-_.�-+#/*6CD571EC<'&%(-+5L-+38%(#
.�-

K(Mi)
#,-_'&-+%('&CD)�]<-7.�CD3�*U.O"<3�#

K(Mi+1)
S Ò -+%&%(-_',- ×

=X"r%(02C<3 .�-�1�',4+#,-+'&]F"F%(0>CD3 -6#a%J*6"<1�%,)�',4+-M1O"F'b)�3�-�',-+=X"F%,02CD3 .�-f#&025$)�=X"F%,02CD3
-638%('&-M=>-6#b4+%("F%(#`.�-+#
#&%,',)�*A%()�'&-6#/.�- N ',0>1 Â - S9; =2)�#V1�',4+*60>#,4657-638% Ê =X"^'&-6=2"F%(0>CD3c.ml =<8�45;ED�ÝF;-?@?G= Ü =<8�: - Ù 1�=20>*60>%,-I=>-I9;"<0>% HG)�-
=2-I3�CD)�]<-h"<)M*6CD571EC<#("<38%
-+3 Ã =2C<TE-U=>-6#V*+CD5L1�CD'a%(-657-638%,#
.�)�*6CD571EC<#("<38%/1�'&46*64+.�-638% Ê -A%Y*6-6#/*+CD5 ×
1�CD'&%,-657-638%(# #,C<3G%[5L"<',HG)�4+# 1O"<':)�3�-Y*6C<3�N Ã )�',"F%(0>CD3b5$)�-A%,%,-Y.�)J3�C<)�]D-+=�4A]D4+3�-657-638% S

�������	��
���
���H��2H 0 -6=X"r%(02C<3P.mlt-63�'&02*RQ�0>#,#,-+5L-+38%
H 69I
4J:�69IK?ML-=@?ON<:EP!:Q? σ = (s, c) ∈ Σi

.R;QLS= !%;-?<:�= σ′ = (s′, c′) =<: σ′′ = (s′′, c′′) ∈ Σi+1
:B=<L �TI�= �

s′ � s . c′ � c ∧ = � �T:
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s′′ � s . c′′ � c ∧ = � PFD<: &� 8  ;Q: �TI�= σ′ =<: σ′′ -+3�',0>*RQ�02#&#,-638% σ � P 0 =@D>= � �T:  P!8�?JL-=�� 47= Ü ;E=<4 D P9?�� &
Ò CD575L- 1�CD)�' =2-6# 5L"<*RQ�023�-6# .�-VeBCdCD'&- Ê =2-+#W#a%('&)�*+%,)�',-+#\.�- N '&021 Â - K(Mi)

-+%
K(Mi+1)

#&CD38%
=20>46-+# 1O"<'j)�3�-U'&-6=X"r%(02C<3J.�-U#&025$)�=X"F%,02CD3 S0; CD)�'
)�3�-$57-602=>=2-+)�' =202#&02T�0>=20Z%(4 Ê CD3�3�C<%,-I=qln4A%R"F% 023�0Z%(0X"F=�.�-
K(Mi) sK(Mi),0

1O"<'
σ0

-A% =slt4+%("F% 023�0Z%(02"<=E.�-
K(Mi+1)

Ê sK(Mi+1),0

1O"F'
σ′

0
S

�#;)
�� 
�� � 
F��
 � �
(K(Mi+1), σ

′
0)

?<; Ü IFL-= (K(Mi), σ0)
P 0 =@D σ′

0
=<8�45;ED�ÝF;Q: σ0

��P!4 e � qt

�#;)58>���5��
3f.�4ANO3�0>%
ρKM

⊆ ΣK(Mi) × ΣK(Mi+1)
Ê %(-+= HG)�- ∀σ = (s, c) ∈ ΣK(Mi)

Ê s ∈ Mi

-A%

c ∈ C(Ii)
Ê ∃σ′ = (s′, c′) ∈ ΣK(Mi+1)

Ê " ]<-6* s′ ∈ Mi+1

-+%
c′ ∈ C(Ii+1)

S ; CD)�' σ -+% σ′ C<3u"

(σ, σ′) ∈ ρKM

#,#&0
s′ = s

"<3�.
c′ = c ∧ e G qt S ; "<'U*+CD3�#a%(',)�*+%(0>CD3 Ê ρKM

-6#&%_)�3�-b',-+=X"F%,02CD3M.�-
#,0>5$)�=2"F%(0>CD3 S

46587:9<;)=�>?5@H Ï -Y*+-wHG)�0�1�',46* 2 .�-YCD3B" å
¼
σ′ -+3�',0>*RQ�0>% σ

"h]D-+* = � �T: ⇒ σ′ #,0>5$)�=>- σ¼
σ′ -+3�',0>*RQ�0>% σ

"h]D-+* = � PFD<: 6⇒ σ′ #,0>5$)�=>- σ¼
σ′ #&025$)�=>- σ 6⇒ σ′ -+3�',0>*RQ�0>% σ S

!�-6#@%('&CD02#W*6CD'&CD=2=2"<02'&-6# #,)�0Z]F"<38%(#:*h"F'("<*A%(46'&02#&-638%:=X"Y9K',CD38%(0 2 '&-VHG)�0m#,4+1O"<'&-
=2-6#\3�CD)�]<-h"<) Ù .�-6# "<3 ×
*60>-63�#p*6CD571EC<'&%(-+5L-+38%(#p.�"<3�#

K(Mi+1)
S 0 "<1�1�-6=2C<3�#pHG)�-@3�C<%('&-@023�*+',4+5L-+3G%p-6#a%�5^"F0238%(-+3O"<38% *+CD5 ×

1�CD#,4+#\.mlt)�3�-[#&%,',)�*A%()�'&- .�- N ',021 Â -[.�46'&0>]D4+- .�-[=X"
5L"<*RQ�0>3�- .�-
eJC�CD'&- MINC
Ê -+%W.�-6#W*6CD3�3�- Ù 02C<3�#

-638%,',-
K(Mi)

-A%
KINC

Ê %(-6=�HG)�- INC = 〈KINC , Ri→INC , RINC→i, Ri→i〉
-+% å

¼
Ri→INC ⊆ Σi × Σ0INC

%(-+=:HG)�-
((s1, c1), (s2, c2)) ∈ Ri→INC

#,#&0
(s1, c

′
1) ∈ Σi

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

�
¼
Ri→i ⊆ Σi × Σi

%(-+=�HG)�-
((s1, c1), (s2, c2)) ∈ Ri→i

#,#&0
(s1, c

′
1) ∈ Σi

Ê c1 = c′1 ∧ e G act �!	"_N Ã )�',- � S � ',-61�',46#&-638%(-w)�3c- Ù -6571�=2-/.mlt)�3�-Y#&%,',)�*A%()�'&-w.�- N ',0>1 Â -/023�*6',4+5L-+38%(46-Y-+%[0>=2=2)�#&%('&-
=2-+#
*6C<',CD=>=X"<0>',-6#W#,)�0Z]F"<38%(# S

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» � S �o¼ Ö =>=2)�#a%('("r%(02C<3P.�-6#[*6C<',CD=>=X"<0>',-6#
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�����9<��;F5 � * � ;QL�= !%;-?<:B= IF8 D�Ý�= Ü ;Q8 ;Q8 Û 8�;  P!8�? K(Mi)
. P!L-6947? ;QL = !%;-?<:�= I
8 D�Ý�= Ü ;Q8 ;Q8 Û 8�; P!8�? K(Mi+1)

L-= L-698@ß  I �TI�=<L	L � N 0 N<8A= Ü =<8�: e P :�69I�� 69IF47? I
8A=>D@698 Û ß!IF4 P!:�;E698 Ü I�=<:.:B= &* 69;Q: π = σ0
∗
→ σn

∗
→ . . .

 P!8�? K(Mi)
. ;QLS= !%;-?<:�= π′ = σ′

0
∗
→ σ′

n

∗
→ . . .

 P!8�? K(Mi+1)
:B=<L �TI�=

:�69I
: i ∈ N
. σ′

i
=<8�4<;ED�ÝF;Q: σi

P 0 =@D e � qt &
� 
 ;)
�����9<��;F5C�

K(Mi)
=@?<: L-= ?G69I�? 15ß!4 P���Ý�= Ü P !%; Ü P!L  P!8�? K(Mi+1)

.JPFD@D@=@?@?<; � L-= I ��P!45:.;Q4 σ′
0
.

� �TIF; =<8�4<;ED�ÝF;Q: σ0
��P!4 e � qt � L-6947? �TI�= e 4@=@?<:�=  P!8�?JIF8A=OD@698 Û ß!I
4 P!:.;E698 Ü I�=<:�:�= &

� 
 ;)
�����9<��;F5CH
� &���� =<8�?G= Ü�� L-=  =@? N<:EP!:�?  = K(Mi+1)

6 � :�=<8�I�? I ��P!4<:.;Q4  � I
8 N<:EP!:  = ΣINC
. 8A= ?G698�: PFD@D@=@? 1

?<; � L-=@?+I ��P!45:.;Q4  � IF8 N<: P!: ;Q8�;Q:�;.P!L σ′
0 � �TIF; =<8�45;ED�ÝF;Q: σ0

��P!4 e � qt � ��P!4JI
8 D�Ý�= Ü ;Q8 L-=ML-698@ß I��TI�=<L P!I Ü 69;Q8�? IF8 N<:EP!: =@?<: N<:�; �TI�=<:BN���P!4 e � act &
	 &�� =ML-698@ß  = D@=OD�Ý�= Ü ;Q8 L-=�� 47= Ü ;E=<4>N<: P!:3N<:�; �TI�=<:BN ��P!4 e � act =<8�4<;ED�ÝF;Q: ��P!4 e � act IF8 N<: P!:
 = K(Mi) &

�#;)58>���5
*6C<',CD=>=X"<0>',- ã ; "F'[0>3�.�)�*A%(0>CD3b#,)�'[=X"$=>CD3 Ã )�-6)�':.�- π S
*6C<',CD=>=X"<0>',- 0�; "F'\*6C<3�#&%,',)�*A%(02C<3^.�- K(Mi+1)

Ê CD3P"YH�)�- σ′
0

-+3�',0>*RQ�0>%
σ0
S@Ï ln"<1�' 2 #@=2- *+CD',CD=>=X"<0>',- ã1Ê

%(C<)�# =2-+# *RQ�-+5L0>3�#p.�-
K(Mi)

- Ù 02#a%(-+3G% "F)�#,#&0�.O"<3�# K(Mi+1)
4+%,02HG)�-+%,46#�1O"F'p=X"j*6CD3�N ×

Ã )�',"F%(0>CD3c5I)�-+%&%(-I.�-$=slt4+]<463�-+5L-+3G% =ASÀÏ -$1�=2)�# Ê #+ln0>=�- Ù 0>#&%,-$)�3g4A%R"F% σ′ ∈ K(Mi+1)4+%,02HG)�-A%(4b1O"<'
e G act Ê "<*+*6-+#,#&02T�=>-b1O"<'U=2-L*RQ�-657023 π = σ′

0
∗
→ σ′ %(-+=\HG)�-b%(C<)�#U=2-+#

4+%("F%(#
σi

#&CD38%V4+%,02HG)�-A%(46#j1O"<'
e G qt Ê "<=>CD',#[=2-/#&)�*6*+-6#,#&-6)�'/.�- σ′ 3 l "<1�1O"<'&%,02-+3G%j1O"<# ½

Σ(K(Mi))
S

*6C<',CD=>=X"<0>',- � Ï 0>',-6*A%(-+5L-+3G%[.�)B*6C<',CD=>=X"<0>',- 0GS

H 3JH�)�"F%('&0 2 57-/*6CD'&CD=2=2"<02'&-V.�4+*6CD)�=>-w.�-6# '&-6=2"F%(0>CD3�#:-638%,',-I)�3c57Cd. 2 =2- ½ =slt4+%R"F1E- i -A% ½ =slt4+%("<1�-
i + 1 S

Ò CD38%(',"<02'&-657-638%Y"<)g%('&CD02#
*+CD',C<=2=X"F02',-+#j1�',46*+46.�-+38%(# Ê 0>= 463�C<3�*6-_)�3�-U1�',CD1�'&024A%(4UHG)�0 .�4+*6CD)�=2-
.�)v*6C<5L1�CD#("F3G%_=>-P1�=>)�#U*6CD571�=>- Ù -b#,)�'_=>-P*6CD571�CD#("<38%_1�=>)�#U#,0>5L1�=2- S�Ö =@4A%R"<T�=>0>%UHG)ml ½ 1O"<'a%(02'I.�-
K(Mi + 1) Ê CD3`1E-+)�%[',-A%(',C<)�]D-+' K(Mi)

S

� 
 ;)
�����9<��;F5MJ * 69;Q: σ′
1

I
8 N<:EP!:  = K(Mi+1)
�TI
; =<8�45;ED�ÝF;Q: σ1

.RIF8 N<: P!:  = K(Mi)
. P 0 =@D>= � �T: .

P!L-6947? ��69IF4 :B69IF: σ′
2 ∈ K(Mi+1)

:B=<L �TI�= σ′
1 → σ′

2
. ;QLS= !%;-?<:�= σ1 ∈ K(Mi)

:�=<L �TI�= σ′
2

=@?<:�6 � :B=<8�I
I ��P!45:�;Q4  = σ2

. =<: σ1 → σ2 &
�#;)58>���5 Ú CD0>% σ′

1 ∈ K(Mi+1)
HG)�0p-63�'&02*RQ�0Z%

σ1 ∈ K(Mi)
"h]<-6* = � �T:5Ê -+% σ′

1 → σ′
2
S[Ú )�1�1�CD#&CD3�#

HG)�-
σ′

2
8 � =@?<: ��P9? CDT�%,-63G) ½ 1�"<'&%,02' .mlt)�3g4+%("F% σ2

.�-
K(Mi)

S�; "<' *+CD3�#&%,',)�*A%(0>CD3 σ′
2

-+#&%
1�',C�.�)�0>%
1O"<'p)�3_4+%R"r%

s
.�-
Mi+1

Ä HG)�0�3mlt- Ù 0>#&%(- 1O"F# .O"<3�# Mi
Æ "<*+*6-6#&#,0>T�=2-:1O"F'�)�3$%(',"<3�#,0Z%(0>CD3$4+%,02HG)�-A%(46- 1O"F'

= � PFD<:�Ä Ò C<',CD=>=X"<0>',- � Æ S �
3J"L.�CD3�*YH�)�- σ′
2

3�-Y1�-6)�%j1O"<#[?+%,',-Y=2-Y#,)�*+*6-6#&#,-+)�'V.�-
σ′

1
Ä ]<CD02'�
p0 Ã )�',-

� S 0�ÆdÄ Ò C<3G%,'("<.�02*+%,02CD3 ÆAS
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 �!� �	��� %�-,� (*- ��% ) � - � � 	 �,( ����( � ��� � ���

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

Ï "<3�#_*+-+%,%,-b#,-+*+%(0>CD3v3�CD)�#7"<=>=2CD3�#I463�CD3�*6-+'U=2-+#U' 2 Ã =2-6#U.�-P%('("F3�#&9KCD'&5^"r%(02C<3 .mlt)�3�-`1�'&CD1�',0>4+%,4
Ò C ! ψ

]d',"<02-7#,)�'I)�3M5LC�. 2 =>-_023�0Z%(0X"F= -63 )�3�-^1�'&CD1�'&024+%,4
ψ′ ]d',"<02-7#,)�'I=2-_57Cd. 2 =2-_0>3�*6'&4657-638%(4 S

!	"iHG)�-+#&%,02CD3 ½ =2"<HG)�-6=>=2- 3�CD)�#f',461�CD3�.�CD3�#f1E-+)�%f?+%('&-v463�CD3�*646-
.�-v=X" 5L"<3�0 2 ',-u#&)�0>]F"<38%(- å
,TÚ C<0>% ψ ∈ CTL

%(-6=>=2-bHG)�-
K(Mi), σ0 |= ψ Ê HG)�-6=>=2-`-6#a%^=2"�1�',CD1�'&024A%(4 ψ′ ∈ CTL

%(-6=>=2-`HG)�-

K(Mi+1), σ
′
0 |= ψ′ ⇔ K(Mi), σ0 |= ψ . ,FS !�-I1�'&023�*+021�-w.�-w=X"_%('("F3�#&9KCD'&5^"r%(02C<3B-+#&%
T�"<#,4w#,)�'V=2"',4+.�)�*A%(02C<3 .�) .�461�=>0X" Ã -7.�-L=sln"<',T�'&-L.�-^=X"`#&%,',)�*A%()�'&-P.�- N '&021 Â - S�? CD)�#$"h]DCD3�#I]�) .O"<3�#w=X"B#,-6* ×

%(0>CD3b1�'&46*64+.�-638%,-wHG)�-
=>-6#:3�CD)d]D-h"F) Ù *6C<5L1�CD'&%,-657-638%(#:3 ln4A%R"<0>-638%["<*6*+-6#&#,02T�=2-6#:HG)ml ½ 1O"<'a%(02'\.mln4A%R"F%,#
4+%,02HG)�-A%(46# 1O"F':=X"w]F"<=>-6)�':"F*+%(0Z]D-
.�)B3�CD)d]D-6=�4A]D4+3�-657-638% S !�lt-63�#&-65$T�=>-
.�-
*6-+# 4+%R"r%(# ',-+1�',4+#,-638%,-w=2"
9K',C<3G%,0 2 ',-[-638%('&-V=2-+#\*6C<5L1�CD'&%,-657-638%(# .�-j=X"w#a%('&)�*+%,)�',-

K(Mi)
-+%
K(Mi+1)

S,Ï - 1�=>)�# Ê *6-A%,%(-[9K',CD3 ×
%(0 2 '&-[3 ln-+#&%:"r%,%(-+0238%(- HG)�-j1O"<'o.�-6#W*RQ�-657023�#W4A%(02HG)�-A%(4+#\)�3�0>HG)�-657-638%W1O"<'o=X"
]F"<=2-+)�'o5$)�-+%&%(- Ä e G qt Æ-+%P',-61�',46#&-638%R"F3G%B=>-6#^*+CD571ECD'a%(-+5L-+3G%,#P.�-

K(Mi)
.O"<3�#b=2"M#&%,',)�*A%()�'&-�023�*+',4+5L-+3G%,46-

K(Mi+1)
S

!�ln0>.�46-J.�-c=2"f%,'("<3�#a9KCD',5L"F%,02CD3v-6#a%b.�-J',-6#a%('&-6023�.�',-g=2"f1�',CD1�'&024A%(4g"F) #,CD)�# ×PÃ '("<1�Q�-c#,-J%(',C<)�]F"<38%
"h]F"<38% *+-+%,%,-Y9K'&CD38%(0 2 ',- Ê *<lt-6#&% ½ .�02',-/=qln-+3�#,-+5$T�=2-/.�-+# 4A%R"F%,# "<*+*6-+#,#,0>T�=2-+# ½ 1O"<'a%(02':.�-I=slt4+%("F% 023�0>%(02"<=
4+%,02HG)�-A%(4/1O"<'

e G qt S
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��
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���������

K(Mi)

KINC

K(Mi+1)

����
��

� ����
��
σ6 σ1

σ0 σ7

σ2

σ4 σ5

σ3

� ����� � S ��� 
O',CD38%(0 2 '&-
.�-6#:]F"<=2-+)�',#["<*A%(0Z]D-6# .O"F3�#
K(Mi+1)

�� 587 � ��5 Ú CD0>%W)�3b3�CD)d]D-6=E4+]<463�-+5L-+3G% e = 〈{α}, e G qt, e G act〉 Ê )�3�-V#a%(',)�*+%()�',-
.�- N '&021"!F-
K(Mi)

%,-6=2=>-JHG)�-
K(Mi), s0 |= AFp

-A%b)�3�-g#a%('&)�*+%,)�',-g.�- N ',021#!<- K(Mi+1)
CDT�%,-63G)�-�1O"F'

=slt023�*6',4+5L-+38%/023�.�)�0>%
1O"F'
e Ê 〈KINC , Ri→INC , RINC→i〉

Ä N%$D)�'&- � S � Æ S�? C<)�#/#("h]DCD3�#wHG)�-7#,0�3�C<)�#
',-+#&%,',-60&$D3�CD3�#[=>-/1O"<',*+CD)�'&#[.�)'$D',"<1�Q�- Ê)( 1�"<'&%,02':.�-Y=slt4+%("F% 023�0Z%(02"<= Ê "<)B#,CD)�# × $<'("<1�Q�-Y'&-61�'&46#&-638%R"<38%
K(Mi)

"F=2CD'&#7*+-6=>)�0 × *60:]D4+',0>N�- AFp SzÏ "<3�# K(Mi+1)
Ê %(CD)�#^=2-+#L*RQ�-657023�#LC . =qln4A]D463�-657-638%b-6#a%

5$)�-A%$]D4+',0ZNO-638%_.�CD3�*
AFp S

eJ"<02#$0>=W- Ù 02#&%,-b.�-b3�CD)d]D-h"F) Ù *RQ�-+5L0>3�#_"<57-63O"F3G% ( .�-b3�CD)d]D-h"F) Ù
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*6C<5L1�CD'&%,-657-638%(# SA; "F'�=sln"<1�1�=>02*h"r%(02C<3w.�-+#o' 2 $<=2-6#p.�- =X" *+CD3�*6-+1�%(0>CD3_023�*+',4+5L-+3G%("<=2- Ê *+-6#o*RQ�-657023�#�3�-
#,C<3G%@"<*6*+-6#&#,02T�=2-6# HG)ml ( 1O"<'a%(02'�. ln4A%R"F%,#\4+%,02HG)�-A%(46#W1O"<' =X"V]F"<=2-+)�'W"<*+%,0>]D-[.�-[=slt4+]<463�-+5L-+3G%��;*+-6#\4A%R"F%,#
]D4+',0ZNO-638%@=2"Y1�',CD1�CD#,0Z%(0>CD37"F%(CD5702HG)�-

e G act � S!; "<' *6C<3�#,4+H�)�-638% Ê %,CD)�# =2-+#W*RQ�-+5L0>3�# .�- K(Mi+1)
Ê�(

1O"<'a%(0>' .�-U=qln4A%R"F%
0>3�0>%,0X"<= Ê ',-+#&%,-638%Y.O"<3�#
=>-6#V*+CD5L1�CD'a%(-657-638%,#V1�',4+- Ù 02#a%R"<38%,#��KHG)�0p]D4+',0ZNO-638%
AFp � ÊCD)M',-63�*6CD38%('&-638%$)�3 4+%("F%wH�)�0o]<46'&0>NO-

e G act S Ò -6=2"B#+ln- Ù 1�',0>5L-71O"<'Y=X"P9KCD'&5$)�=2- Ò C ! #&)�0>]F"<38%(- å
AF(e G act ∨ p) S

!�-Y%,Q�46CD' 2 57-w#&)�0>]F"<38%j463�C<3�*6-Y=2-+#j' 2 $D=>-6# .�-w%,'("<3�#&9KCD'&5^"F%,02CD3b.�-6# 1�',CD1�'&024A%(46# Ò C !u1�CD)�' )�3
023�*6',4+5L-+38% $D4+3�46',"<=��;.�4ANO3�0>%,02CD3 0dS � � S ? CD)�#p3�-W.�C<3�3�CD3�#�02*+0�HG)mlt)�3�-\02.�4+-W.�-W=X" 1�',-+)�]D- S !	"j1�',-6)d]D-.�4A%R"<0>=2=24+-V#,-
%,',CD)�]<-/-63J"<3�3�- Ù - S
���?� 
 ;
	87:5:� * 69;E=<8�: σ ∈ ΣK(Mi)

=<: σ′ ∈ ΣK(Mi+1)
:B=<LQL-= �TI�= σ′ =<8�45;ED�ÝF;Q: σ ��P!4 e � qt &H 69I
4M:�69I
:�=@? � 476 ��6G?<;Q:.;E698�? P!:B6 Ü ; �TI�=@? p ∈ APK(Mi)

=<: ��69IF4M:B69IF:B= � 694 Ü I
L-=���
 � Φ . χ P!8  Ψ
� P 0 =@DJ:�69I
:�=@?ML-=<IF4@?�� 476 ��6G?<;Q:.;E698�? P!:�6 Ü ; �TI�=@?  P!8�? APK(Mi)

��.

K(Mi), σ |= Φ ⇔ K(Mi+1), σ
′ |= Φ′

6 ( Φ′ =@?<: L�P � 694 Ü IFL-= 6 � :�=<8�I�= ��P!4ML � P�� � L';ED P!:.;E698 4@N@D<IF47?<; 0 =  =@? 4 ��ß!L-=@?  = :�4 P!8�? � 694 Ü P!:.;E698 ?<IF; 1
0 P!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�� Ö .�4+- � å !�"7%('("F3�#&9KCD'&5^"r%(02C<3J-+#&%
TO"F#,46-U#&)�'V=2"L',4+.�)�*A%(02C<3�.�-$=sln"<'&T�',-w.mln- Ù 46*6)d%(02C<3�- Ùl×1�=>CD',4Y"<)J#,CD)�# × "<'&T�',-Y=2-Y=2C<3"$_.�)�HG)�-6=�=X"_*6C<3�N%$D)�',"F%(0>CD3J"<*+%,0>]D-Y.�)J3�CD)�]<-6=�4+]D4+3�-657-638%
3 ln-+#&%V1�"<#
*6C<3�#,0>.�46'&46- S�Ï ln"<1�' 2 #w=2-_*6CD'&CD=2=2"<02'&- 0UÊ *+-L#&CD)�# × $D',"<1�Q�-7',-+1�',4+#,-638%,- K(Mi)

S !	"`%,'("<3�#&9KCD'&5^"F%,02CD3
-6#a%o"<=>CD',#�1�',C<)�]D4+-:1ECD)�'�*RQO"FH�)�-:CD1E4+'("F%,-6)�' Ò C !J"F)�HG)�-6=dCD3$023�*6=2)d%p=2"j*6C<3G%,'("<0>38%(- = � �T: CD) = � PFD<:
.O"<3�#[#,"7.�4+NO3�0Z%(0>CD3 S !	"_1�',-+)�]D-Y1�'&Cd* 2 .�-Y"<=>CD',#:1O"F':023�.�)�*+%(0>CD3`#,)�' =2"I9KCD',5$)�=2- Φ S

; CD)�'P)�3�-�57-60>=2=2-+)�'U*6C<5L1�'&46Q�-+3�#,0>CD3 .�) %,Q�46CD' 2 57- ã�Ê 3�CD)�#^.�CD3�3�C<3�#P02*+0j=2" #,0&$D3�0ZNO*h"F%,02CD3
0238%,)�0>%,0>]D- .�-/*6-6# %(',"<3�#a9KCD',5L"F%(0>CD3�# å

� !�0 $<3�- ãÌå =slt-63�#&-65$T�=>-c.�-+#b1�',C<1ECD#&0>%,02CD3�#^"F%(C<5L0>H�)�-6#^*+CD571ECD#,"<38%P=qln4A%(02HG)�-A%,%,-g.mlt)�3 4+%R"r%
σ ∈ ΣK(Mi)

Ê 4+%(0>HG)�-+%&%(-Y"<)�#&#,0	)�3`4+%("F% σ′ ∈ ΣK(Mi+1)

HG)�0	-+3�',0>*RQ�0>%
σ S� !�0 $<3�- � å�Ú CD0>% σ ∈ ΣK(Mi)

Ê σ |= EXΨ Ê 0>=�- Ù 02#a%(- σ′ ∈ ΣK(Mi+1)

HG)�0W-+3�',0>*RQ�0>%
σ
"h]<-6*

e G qt -A% %(-6=�HG)�- σ′ → σ′′ -+% σ′′ |= Ψ′



� 0 � ����� � � 
K� �����	�����������	��� �
� ���	� ���
� �	�
��
�������� ����� ����� ���	������� ���	� ���
� ���F� 
��

� !�0 $<3�- ã�ã¾å	Ú C<0>% σ ∈ ΣK(Mi)
Ê σ |= AGΨ Ê =sltCD1�46',"F%(-+)�' AG

#,-U%(',"<3�#a9KCD',57-U-63�)�3fCD1�4 ×
',"F%(-+)�'

AW
S%Ï "<3�# =X"I#a%('&)�*+%,)�',-/.�- N '&021"!F-
023�*+',4657-638%,46-
=2-+#@*RQ�-+5L0>3�#:023�N�3�02#W*6CD'&',-6#&1EC<3 ×

.O"F3G%,# "<) Ù *6CD571EC<'&%(-+5L-+38%(#@.�- K(Mi)
#&CD38%j"<)�#,#&0m1�'&46#,-+38%(# SÉÖ =m- Ù 02#&%,-
.�CD3�*
.�-6#:*RQ�-+5L0>3�#

0>3�NO3�0>#YC . %(C<)�#w=>-6#/4+%("F%(#Y]D4+',0>N�-638% Ψ
-+%wC . CD3 "<*6* 2 .�- Ø "<5L"<02# ( )�3 4A%R"F%w4+%,02HG)�-A%(4^1�"<'

e G act S !�"b.�-+) Ù 0 2 5L-U1O"F'&%,02-U.�-_=X"^9KC<',5$)�=>-$*6C<3G%,-63O"F3G%Y=qlnCD1�46',"F%(-+)�' Ñ -h" !�)�38%,02= .�-A]�02-638%]�'("F0[. 2 #^HG)�-J=sltCD3
"<*6* 2 .�-�"F) Ù 3�CD)�]<-h"<) Ù *+CD5L1�CD'a%(-657-638%,# Ê *<lt-6#a% ( .�02',-`. 2 #^HG)�-J=sltCD3
"<*+* 2 .�- ( )�3B4+%("F% 4+%,02HG)�-A%(4/1O"<' e G act S!�-6#j%,'("<3�#&9KCD'&5^"F%,02CD3�#@.�-6#[9KCD',5I)�=2-+# Ò C ! 3�-w57Cd.�0>NO-+3G%[1O"F#j=2"_#a%('&)�*+%,)�',-Y%(-6571�CD',-+=2=2-
.�-w=2"

9KCD'&5$)�=2-[023�0>%(02"<=2- Ê .O"<3�#\=2- #&-63�#:C . =slt025$T�'&02*6"F%(0>CD3_.�-6#@C<1E4+'("F%,-6)�'&#:',-6#a%(-V0>.�-638%,02HG)�- S !	"I%R"<0>=2=2- .�-+#
9KCD'&5$)�=2-+# Ò C !vCDT�%,-63G)�-6#/"F1�' 2 # %(',"<3�#&9KC<',5L"F%(0>CD3 Ê 57-6#,)�',46-U-+3g3�CD5IT�',-$. lnCD1�46',"F%(-+)�'V0>5$T�',0>HG)�4 Ê
-6#a%7.�CD3�*`023�*RQO"<3"$D4+- S Ò -+=X"g]F"<)�%7"<)�#&#,0:1�CD)�'U=2"�%,'("<3�#&9KCD'&5^"F%,02CD3 .�-6#_CD1�46',"F%(-+)�',#

EF
-+%

AG%(',"<3�#a9KCD',5746#�-+3
EU

-A%
AW

S�� 3_-�� -A% Ê =X" 9KC<',5$)�=>-@CDT�%,-63G)�- 3�- *RQO"<3#$D- 1O"<#�=X"V*+CD571�=2- Ù 0Z%(4@.�-[=2"
]D4+',0ZNO*h"F%,02CD37.�-[9;" B CD37#,0&$D3�0ZNO*h"F%,0>]<- Ê 4+%("<38%@.�C<3�3�46-jHG)�-j#&-6#@C<1E4+'("F%,-6)�'&#W#&CD38%\TO"F#,46#\#,)�' =2- 57?657-
*h"F=2*6)�=m.�-/1EC<0238%:N Ù - S

� � 
�� 
 � *#:I"	.�� "�.L/1�L)+"�* $#���+/ �G�(��:I) 	#:�/1�!)+" * $#��� '�)+*#:I.L� ����*,�

Ï "<3�#Y*6-_*RQO"F1�0>%,',-_3�CD)�#Y"<=>=2CD3�#V*6CD3�#,02.�46',-+'w=>-6#
0>3�*6'&4657-638%(# 〈KINC , Ti→INC , TINC→i, Ti→i〉%(-+=2#/HG)�-
Ti→i = ∅ S	Ï "<3�#/=>-7*RQ�"<1�0>%,',-_1�'&46*64+.�-638%I3�CD)�#w"h]DCD3�#Y.�4ANO3�0�%('&CD02#V%���1�-6#Y.mln0>3�*6'&4657-638%1O"<'a%(0>*6)�=>02-6' å

B�� 4 �+B å #("F3�# ',-+%,CD)�' �
!#"%$ 4 å "h]D-6*Y',-A%(CD)�'[4A%(0>H�)�-+%(4/1O"F':)�3�-
]F"<=2-+)�' "<1�1O"F'&%(-+3O"<38% ( CRTN

�
B��&!'"%$ 4 å "h]D-+*w'&-+%(C<)�' Ê #,"<3�# ]F"<=2-+)�':1O"<'a%(02*+)�=20 2 '&- S

Ò -6#�%(',C<02#�%���1E-+#p.mlt023�*+',4+5L-+3G%�1�CD#,# 2 .�-+3G%p)�3�- #,1�46*+0>NO*6"F%(0>CD3 Ò C ! SPECINC
S�� #a% × 02=81�CD#,#&02T�=>-

.mln" Ø CD)�%,-6' *+-+%&%(-@#&1E4+*60>N�*h"F%,02CD3 ( =2"j#&1E4+*60>N�*h"F%,02CD3$.�- Ki+1 . Ú 0d3�CD)�# 1�CD)�]<CD3�#�'&4h"<=>02#,-+'�*+-6=2"V"<=2C<',# Ê( 1�"<'&%,02' .�- =2"w#,1�46*+0>NO*6"F%(0>CD3^.�)P*6CD571�CD#("<38% Ki

-+% ( 1O"<'&%,02'o.�-j=X"w#&1E4+*60ZNO*h"F%,02CD3L.�- =qln0>3�*6'&4657-638% Ê
3�CD)�#@CDT�%,-63�CD3�#@=X"I#&1E4+*60ZNO*h"F%,02CD3^*6CD571�= 2 %(-[.�-

Ki+1
SL; CD)�'@=>-6#@0>3�*6'&4657-638%(#\1O"<'&%,02*+)�=20>-6',# .�- %���1�-

B�� 4 �+B -A% !#"%$ 4 )�3�-P%,'("<3�#&9KCD'&5^"F%,02CD3M.�-6#U1�',CD1�'&024A%(46#U-+#&%_1�CD#,#&02T�=>-P"FN�3�.�-b1ECD)d]DCD0>'$=2-+#
0238%,4�$D'&-6' ( =2"I#,1�46*+0>NO*6"F%(0>CD3b.�- Ki+1

S�� 3`',-A]<"F3�*RQ�- Ê =>-V5L"<3�HG)�-V.mlt023d9KCD',5L"F%(0>CD37#,)�':=>-6#@4A%R"F%,#:.�-
',-A%(CD)�'[.�-Y=qln0>3�*6'&4657-638% B ��!'"%$ 4 3�CD)�# -6571E?+*RQ�-Y.mln0>38%(4�$<',-6':#,"7#&1E4+*60ZNO*h"F%,02CD3 S

Ï "<3�#/=>-I*h"F#
.mln0>3�*6'&4657-638%(#
.�-$%��d1�--B�� 4 �+B Ê =2-I#,CD)�# × $D',"<1�Q�-I',-61�',46#&-638%R"F3G%w=2-+#V*6C<5L1�CD' ×
%(-+5L-+38%(#/.�-U=slt023�*6',4+5L-+38%V]D4+',0>N�-7=>-6#
1�'&CD1�'&024+%,46#
.�-

SPECINC
( 1O"<'a%(0>'V.�-6#/4A%R"F%,#
023�0Z%(0X"F) Ù .�-

KINC
S0; "<'@*6C<3�#,4+H�)�-638% =>CD',#&HG)�-V=sltCD3b" Ø CD)�%(- )�3`023�*+',4657-638%:#,"<3�#@'&-+%,CD)�' Ê =X"w#&1E4+*60ZNO*h"F%,02CD3 Ò C !

.�-/=slt023�*6',4+5L-+38% #,-6',"7)�3�-/#,1�46*60ZNO*h"r%(02C<3B.�-
Ki+1

. 2 # HG)�-Y=slt4+]D4+3�-657-638%[#,-+'("7"<*+%,0>9 S

���?� 
 ;
	87:5 � * 69;E=<8�: Ki+1
I
8A= ?<:�45I�D<:�IF47=  =
	M45;���Þ�= 6 � :�=<8�I�= I���P!45:.;Q4  = Ki

��P!4 L � ;Q8AD<47N Ü =<8�:
INC

 =M: ����= B �-4 �+B =<: KINC
L�P ?<:.45I�D<:.I
47=  =�	M45;���Þ�=  =ML � ;Q8AD<47N Ü =<8�: �

KINC |= ϕ⇒ Ki+1, σ0 |= A[e � qtW(e � act ∧ AXϕ)], ∀σ0 ∈ Σ0i+1

�#;)58>���5 Ú CD0>% Ki

)�3�-
#&%,',)�*A%()�'&-
.�- N ',0>1"!<- Ê INC )�3b023�*6',4+5L-+38% Ê %,-6=EH�)�- KINC |= ϕ
-+%
Ki+1=X"�#&%,',)�*A%()�'&-g.�- N ',021#!<-c0>3�*6'&4657-638%(4+- SzÏ ln"<1�' 2 #P=2-+#L*+CD',C<=2=X"F02',-+# ã -A% 0UÊ .O"F3�# Ki+1

Ê %(CD)�#L=2-+#
*6C<5L1�CD'&%,-657-638%(# *+CD','&-6#,1�CD3�.�"<38% ( Ki

CD38%[=2-+)�' 4+%R"r%(# 4+%,02HG)�-+%,46#[1O"<'
e G qt -+% %(C<)�# =2-6# *RQ�-+5L0>3�#023dNO3�02#j.�-

Ki

#&-U',-A%(',C<)�]D-+3G%Y.O"F3�#
Ki+1

S[Ï -U1�=>)�# Ê .ml "F1�' 2 #
=2-$*+CD',CD=>=X"<0>',- � %(C<)�#
=2-+#V3�CD)�]<-h"<) Ù
*6C<5L1�CD'&%,-657-638%(#V" Ø CD)�%,46#
1O"<'
=qln0>3�*6'&4657-638%V3�-7#&CD38%/#,-+)�=2-+5L-+3G%Y"F*6*6-+#,#&02T�=>-6#
-63�1O"F#,#("F3G%Y1O"F'V)�3



� � � � ����� � � � ��� ����� ��� � 
���� � � ����� ����� ���	����� � �A�

4+%("F%Y4+%,02HG)�-+%,4L1�"<'w=2"P]<"F=2-6)�'w"F*+%(0Z]D-_.�-7=slt4+]<463�-+5L-+3G% �
e G act � S	Ï -L1�=2)�# Ê .mln"<1�' 2 #Y=X"`.�4+NO3�0>%(0>CD3

0dS��UÊ =2-6#/%(',"<3�#&0>%(0>CD3�#Y',-+=20X"F3G% Ki
( KINC

"<*+* 2 .�-638%7"<) Ù 4+%("F%(#w023�0Z%(02"<) Ù .�- KINC

�
Ri→INC ⊆

(Σi × C(Ii ∪ I+) × Σ0INC
) � S ; "<'$Q ��1EC<%,Q 2 #&- Ê =>-6#I4A%R"F%,#$023�0>%(02"<) Ù .�- Σ0INC

]<46'&0>NO-+3G%
ϕ S ; "<'*6C<3�#,4+H�)�-638% Ê %,CD)�#V=>-6# *RQ�-657023�#V0>3�NO3�0># .�- Ki+1

#&CD38%V%(-+=2# HG)�-
e G qt -6#a%V%(CD) Ø CD)�',#j]d',"<02-w-+%
. 2 #HG)�- =qlnC<3^"<*+* 2 .�- ( KINC

=2"Y1�',CD1�'&024A%(4
ϕ
-6#a%\]�'("F02- S@Ï C<3�* Ki+1 |= A[e G qtW(e G act∧AXϕ)] S

? CD)�# "h]DC<3�#j]�)c.�"<3�# =X"_#,-+*+%(0>CD3 � S 0�S6ã1Ê HG)�-Y=X"$]F"<=>-6)�'["<*A%(0>]<-/.mln)�3c4+]<463�-+5L-+38%V.�-+#,#,0>3�-I)�3�-
9K',C<3G%,0 2 ',-
-638%,',-Y=2-6# *+CD5L1�CD'a%(-657-638%,#:.�)J*+CD571ECD#,"<38% ( =qln4A%R"<1�- i .�-Y*6CD3�*+-61�%,02CD3`-A%j=>-6# *6C<5L1�CD' ×%(-+5L-+38%(#L" Ø CD)�%,46# S�Ï -B=X"�57?657-`5^"<3�0 2 '&- Ê =2"�]F"<=>-6)�'U.�-J'&-+%(C<)�'U%('("F*6-J"<)�#,#&0 )�3�-`9K',CD38%(0 2 '&-B-A%
*6-+=2=>- × *+0�.�4+%,-6'&5L0>3�-/=X"_#,461�"<'("F%,02CD3B-638%,',-Y=2-6#[3�CD)d]D-h"F) Ù *6CD571EC<'&%(-+5L-+38%(# -+%j=2-+#j*+CD5L1�CD'a%(-657-638%,#
023�0>%(02"<) ÙES ? CD)�# 1�CD)�]<CD3�# "<1�1�=>02HG)�-6'[=2-Y57?657-Y',"<02#&CD3�3�-+5L-+38% HG)�-w*6-6=>)�0�)�%(0>=202#&4
.O"<3�#j=X"_#,-+*+%(0>CD3
� S 0dS_ã�Ê -+%\4+%R"FT�=20>'�H�)�- =2-+#o4+%R"r%(#\0>3�0>%,0X"<) Ù .�- KINC

Ê 3�-j#,"F%(0>#&9KCD38%W1�=2)�# SPECINC

5^"F02#o#("F%,02#a9KCD38%
5L"<0238%(-+3O"<38%�=>-:3�CD)�]<-6=O-63�#,-65IT�=2- .�-:1�'&CD1�'&024+%,46#

SPEC ′
INC

.�0>',-6*A%(-+5L-+3G%o.�46',0Z]D4 .�-
SPECINC

S
; C<)�'w*+-6=2"BCD3M)�%(0>=20>#,-U=X"P%,'("<3�#a9KCD',5L"F%,02CD3�',4+*6)�'&#,0Z]D-^.�)M%(Q�46CD' 2 57-L#&)�0>]F"<38%YHG)�0W-+#&%w)�3�-L- Ù %(-+3 ×
#,0>CD3 .�) %,Q�46C<' 2 57- ãDS Ò -6=2"g5LCD38%,',-P"F)�#,#&0@HG)�-b1EC<)�'w%,CD)�%(-^#&%('&)�*+%,)�',-b.�"<3�#U=X"FH�)�-6=2=>-L0>=W- Ù 02#&%,-
)�3�-79K',CD38%,0 2 '&-L-+38%(',-L.�0 �E46'&-638%(#w*6CD571�CD'&%,-657-638%(# Ê =2"`%,'("<3�#&9KCD'&5^"F%,02CD3�.�-+#w9KCD'&5$)�=>-6# Ò C ! 1E-+)�%
#6ln"<1�1�=202HG)�-+' S

���?� 
 ;
	87:5 H * 69;E=<8�: Ki+1
I
8A= ?<:�45I�D<:�IF47=  =
	M45;���Þ�= 6 � :�=<8�I�= I���P!45:.;Q4  = Ki

��P!4 L � ;Q8AD<47N Ü =<8�:
INC

 =M:�� ��= !#"%$ 4 . KINC
L�P ?<:�45I�D<:�IF47=  = 	M4<;���Þ�=  =ML � ;Q8AD<47N Ü =<8�:�=<: ?G69;E=<8�: σ ∈ ΣINC

=<:
σ′ ∈ Σi+1

:B=<L ? �TI�= σ′ = σ & H 69I
4O:�69I
:�=@? � 476 ��6G?<;Q:.;E698�? P!:�6 Ü ; �TI�=@? p ∈ APINC
=<: ��69I
4O:�69IF:B=

� 694 Ü I
L-= ��
 � Φ . χ P!8  Ψ � P 0 =@D L � =<8�?G= Ü�� L-=  =@? � 476 ��6G?<;Q:�;E698�? P!:B6 Ü ; �TI�=@? P�� ��P!45:B=<8 P!8�: I
APINC

��.R8A69I�? P 0 698�? �
KINC , σ |= Φ ⇔ Ki+1, σ

′ |= Φ′

6 ( Φ′ =@?<:JL�P � 694 Ü IFL-= 6 � :B=<8�I�= =<8 P�� � L'; �TI�P!8�:  = � P�� 698 4@N@D<IF47?<; 0 = L-=@? :.4 P!8�? � 694 Ü P!:.;E698�? ?<IF; 1
0 P!8�:�=@? &
�

Φ = p ⇔ Φ′ = p &
	

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

���
Φ = AFΨ ⇔ Φ′ = AF(e � rtn ∨ Ψ′) &

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

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

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

!	"U1�',-+)�]D-Y-6#a% =2"$5L?+5L-
HG)�-/1�CD)�' =2-V%,Q�46CD' 2 57- ãDS
� 1O"<'&%,02'@.�-Y*+-6# %(',"<3�#&9KC<',5L"F%(0>CD3�#\3�CD)�# 1EC<)�]DCD3�#j-+3J.�4+.�)�0>',-
=2-+#:' 2 $D=2-+#[.�-/%,'("<3�#&9KCD'&5^"F%,02CD3

.�-+#j#&1E4+*60>N�*h"F%,02CD3�#:.�-Y=qln0>3�*6'&4657-638% .O"<3�#[=>-
*h"<# C . 0>=m-��d02#a%(-/)�3�-
]F"<=>-6)�':#&1E4+*60X"F=2-
.�-/',-A%(CD)�' S



�/� � ����� � � 
K� �����	�����������	��� �
� ���	� ���
� �	�
��
�������� ����� ����� ���	������� ���	� ���
� ���F� 
��

���?� 
 ;
	87:5CJ * 69;E=<8�: Ki+1
I
8A= ?<:�45I�D<:�IF47=  =
	M45;�����= 6 � :�=<8�I�= I���P!45:.;Q4  = Ki

��P!4 L � ;Q8AD<47N�� =<8�:
INC

 =M: ����= !'"%$ 4 =<: KINC
L�P ?<:.4<I�D<:.I
47=  =�	M45;�����=  =ML � ;Q8AD<47N�� =<8�: &�� 69I�?>P 0 698�? �

KINC |= ϕ⇒ Ki+1 |= A[e � qtW(e � act ∧ AXϕ′)]

ϕ′ =@?<:36 � :�=<8�I�=O=<8 P�� � L'; �TI P!8�: L-=@?M4 ���!L-=@?  I :	��N@694 ��� = � &
�#;)58>���5�
 ln-+#&%[=X"U*6C<3�#,4+H�)�-63�*+-I.�0>',-6*A%(-/.�-+# %,Q�46C<' 2 57-6# 0 "<3�. � S

!	"�*+CD3�*+-61�%,02CD3u0>3�*6'&4657-638%R"<=>-P-6#a%_.mlt)�3�-`1O"<'a%U)�3vCD)�%,02=\1�46.�" $DC�$D0>HG)�-P-+%_574+%,Q�C�.�CD=2C $D02HG)�-
1�CD)�'Y*6CD3�*+-+]<CD02'Y.�-6#w*6CD571�CD#("<38%,# S
� ln"<)�%('&-^1O"F'&%��	-+=2=2-_"F=2= 2 $D-_=2-U%(',"h]<"F02=�.�-7#,1�46*+0>NO*6"F%(0>CD3 S � =2=2-
',-+3�.�1�CD#,#&02T�=>-I=X" $D463�4+'("F%,02CD3c.mln)�3�-U1O"<'a%(02-w.�-$=2"L#,1�46*+0>NO*6"F%(0>CD3c%,CD)�%
=>-I=2C<3"$P.�-$=2"L*+CD3�*6-+1�%(0>CD3
.mlt)�3 *+CD5L1�CD#,"<38% S !	"M.�4+*6CD571�CD#,0Z%(02C<3�.�-6#^4A%R"<1�-6#7.�-J=X"�*6CD3�*6-61d%(02C<3 1E-+',57-+%7.�-J#,-`9KCd*6"<=20>#,-6'
#,)�'V.�-6#
1�',CDT�= 2 57-6#V1�=2)�#V1�-+%,0>%,# ( *RQO"<HG)�-U4A%R"<1�-�� =X"L#&1E4+*60ZNO*h"F%,02CD3�.�-$*RQO"<*+)�3�-_.�-6#
1�"<'&%,02-6#j.�)
*6C<5L1�CD#("F3G%7-+#&%^"<=2CD'&#U#,0>5L1�=>0>NO4+- S ? CD)�#L"h]DCD3�#L57CD38%('&4BHG)�-B1�CD)�'_*6-+'&%R"F023u%���1E-B.mlt023�*+',4657-638%��
*6-A%,%,-f#&1E4+*60ZNO*h"F%,02CD3 1�CD)�]F"<0Z%P-+=2=2-g"<)�#,#&0
?+%,',-�0238%,4�$D'&46- ( =X" #&1E4+*60ZNO*h"F%,02CD3 .�)i*+CD571ECD#,"<38%`023��
*6'&4657-638%(4 S�? CD)�#U1E-+3�#,CD3�#7HG)�-b.�-b.�4+NO3�02'U=2-+#I9K',C<3G%,0 2 ',-6#U-+38%(',-b*+-`H�)�-b=sltCD3v"��&CD)�%,-b-+%_*+-bH�)�0
-��d0>#&%(-U.�4�� ( -6#a%/)�3�-U5L"<3�0 2 ',-w3O"F%()�',-6=>=2-$.�-U1�',C�*64+.�-6' S�� = -6#a%/1�=2)�#V#,0>5L1�=>-I.�-U',"<02#&CD3�3�-+'V#,)�'
.�-
#,C<)�#��s9KCD3�*+%,02CD3�3O"<=20Z%(4+#:-+%[.�-YT�02-+3J=>-6#[#,1�46*60ZNO-6'j"FNO3B.�-Y=2-+#j0>3G%,4�$D'&-6':9;"<*+02=2-+5L-+38% ( =ql "<'&*RQ�0>%,-6*A%()�'&-
*6C<5L1�=>-��d- S

!	"$*6CD3�*+-61�%,02CD3^023�*+',4657-638%("<=2-j1E-+',57-+%@. lnCDTd%(-63�02'\%,CD)�%@C<)P)�3�-
1O"F'&%(0>- .�- =X"w#&1E4+*60ZNO*h"F%,02CD3^.�-

Ki+1
.�02'&-6*+%,-657-638% ( 1O"<'&%,02'j.�- Ki

-+%
.�-$=slt023�*+',4+5L-+3G% S !oln"h]F"<38%R" $D-I5^"��&-+)�' -+#&%
HG)�-I=X"^#&1E4+*60>N��
*h"r%(02C<3^CDT�%,-63G)�-
-+#&% $D"<'("<38%,02- ��P!4JD@698�?<:�45I�D<:�;E698OS!; "F'\*6C<3�#,4+H�)�-638%��O=2"w1�QO"F#,-V.�- 5LC�.�-6=�*RQ�-+* !G023"$
1�CD)�' *6-+%&%(-j1O"<'&%,02-[.�- =2"Y#&1E4+*60ZNO*h"F%,02CD3L3mln"w1O"<#WTE-+#,CD0>3^.mlt?+%,',-j- �E-6*+%,)�46-���*+-6=X"Y1E-+',57-+%W.�-�$D" $D3�-+'
)�3`%(-+5L1�# *+CD3�#,0>.�46',"<T�=>-
1E-+3�.O"<38%[=X"$1�Q�"<#,-Y.�-
]D4+',0>N�*h"F%,02CD3 S



� �

� �������	��
�� �

� ��� ����
 �����(��������
 ��� �����!��
������ ��� �'��� �����	�
���
� ��
�� ���	����� ����
���� ����� � ���������

� "<3�#J*6-M*RQO"<1�0Z%(',-M3�CD)�#J1O"<'a%(02*+)�=X"F',02#&CD3�#b=2"�.�4+5^"F',*RQ�-M.�- *+CD3�*6-+1�%(0>CD3 0>3�*6'&4657-638%R"F=2-M"<)
*6C<3G%,'
�D=>- .�-��O) �7.�-6#\"<',*RQ�0Z%(-+*+%()�',-6# 1�0>1E-+=2023�-6# S !�ltCDT �&-+*+%(0Z9m-+#&%@. lnCDTd%(-63�02'o.�-6#W',4+#,)�=Z%R"F%,#W.�- %(',"<3�#��
9KCD'&5^"F%,02CD3�#
-+%$.�-^1�'&46#,-+'&]F"F%,02CD3�#Y1�=>)�#w9KCD'a%(# S !�-+#I*6C<3G%,'
�D=>-6#Y.�-���) �M#,CD38%$=2"B1�"<'&%,02-7.mln)�3�-P"<1 �
1�=>02*h"r%(02C<3cCD)�.mlt)�3�-7"<'&*RQ�0>%,-6*A%()�'&-UH�)�0 *h"<.�-63�*+-638%I=>-6#V.�0 �E46',-+38%(-6#/CD1�46',"F%(0>CD3�#jH�)�-7#&-U.�46'&CD)�=>-638%
=2-+#:)�3�-+#j"F1�' 2 #[=>-6# "<)d%(',-+# S�� CD)�# "h]DCD3�#[*RQ�CD02#&0�*6-V%���1E-/.�-/*+CD5L1�CD#,"<38% .ml "FTECD'&.b1O"<'&*6-/HG)�-/=2-6)�'
"<'&*RQ�0>%,-6*+%,)�',-
-+#&%[',4 $D)�=>0 2 '&-��d.�-
1�=2)�#���=>-6#:*6C<3G%,'
�D=>-6#:.�-���) �b#&-Y'&-+%,',CD)�]<-638%[.O"<3�# .�-
3�CD5$T�'&-6)�#&-6#
"<1�1�=202*6"F%(0>CD3�# �K1�021�-6=>023�-^.�-J1�',C�*6-6#&#,-+)�'��o*6C<3G]<-6'a%(02#&#,-+)�'P.�-`1�'&C<%(C�*6CD=>-�����-��d02T�=>-`5^"<3G)�9;"F*+%()�',023#$
# ��#a%(-65 � 
�e�� ����� 1�% � 0��qS>SZS � S � 3�N�3�� 3�CF%(',-w.�4+N�3�0>%,02CD3g.�-6#V0>3�*6'&4657-638%(#j#,02571�=>0>NO-/=X"7*h"<',"<*+%,46'&02#("��%(0>CD3b.�-Y=slt-63�#&-65$T�=2-
.�-+#[4A]D4+3�-657-638%(# ( "��&CD)�%,-6' S
� 3B*6CD571�CD#("<38%[1�-6)�%[?+%,',-
]�)c*+CD5L57-V)�3J-63�#&-65$T�=2-/.�-
%(',"<0>%,-657-638%(# ( ',46"<=20>#,-6':-A%[=X"$1O"<'a%(0>-*6C<3G%,'
�D=>-^*+CD5L57-^=ql "F)�%(CD5L"F%,-LHG)�0:"F)�%(CD'&02#&-^=2-L1O"<#&#(" $D-b.�-P.�CD3�3�46-6#7"<) � .�0 � 4+',-+3G%,#U4+%(" $D-6#I.�-

%(',"<0>%,-657-638%(# S 
 lt-6#a%/*6-+%Y"F)�%(CD5L"F%,-IHG)�0 *+CD38%('
�<=2-$=>-��O) � S !	"PT�'&02HG)�-$.�-UT�"<#,-U.�-I=X"^*+CD3�*6-+1�%(0>CD3
023�*6',4+5L-+38%R"<=>-I-6#a%
=2-Y*6C<5L1�CD#("F3G% %(-6=�HG)�-$%(C<)�# =>-6# %,'("<0Z%(-657-638%,# #,-w9KCD38%V.�-$5L"<3�0 2 '&-w*+CD38%(023G)�-��
*<lt-6#a%I=>-U*h"<#YCD1�%,025L"<= S !�-6#Y"��&CD)d%(#/HG)�-L3�CD)�#w"<=2=>CD3�#V*+CD3�#,0>.�46'&-6'/#,C<3G%Y%(C<)�#/=2-6#
4A]D4+3�-657-638%(#IH�)�0
1�-6'&%,)�',T�-638%`=2"M#,)�0>%(-c.�-c%(',"<0>%,-657-638%(# S � =>#P1�-6)�]<-638%`023�#&46'&-6'P.�-+#b.�46=2"<02#L-638%('&-�=2-+#^4+%(" $D-+#��@.�-+#
T�4�$8"<0>-657-638%(# CD)L5L?+5L-[5LC�.�4+=202#&-6'�.�-+#@.�-+#&%('&)�*+%,02CD3�#W]DC<=2CD38%R"F02',-+#W.�- .�CD3�3�46-+# S 
\-6#@4A]D463�-657-638%(#
#,C<3G%^1�',C�.�)�0Z%(#71O"<'L=2- $D-6#a%(02C<3�3O"<0>',-`.mlt4+]D4+3�-657-638%,# S 
\-6=>)�0 � *60 ',4+*6)�1 2 '&-J%,CD)�#^=>-6#L4+]D4+3�-657-638%,#��
0238%,-6',3�-6#@"F)P*6CD571�CD#("<38%WCD)P-+3"$D-63�.�',4+#@1O"<' =slt-638]�02'&CD3�3�-+5L-+3G%��d1�)�02#W=2-6#o%(',"<3�#&5L-A% ( =2"Y1�"<'&%,02-[.�-
*6C<3G%,'
�D=>-j.�)��O) � S � )P1EC<0238% .�-j]�)�-V.�- =X"/1O"<'a%(0>-j*+CD38%('
�<=2-��G0>=�3 l �L"I1O"F#\.�-j.�0 �E46'&-63�*+- -638%,',-V.�-+#
4+]<463�-+5L-+38%(# 0>38%(-6'&3�-6# CD)B-���%,-6',3�-6# S

!	"IN%$D)�'&-! S#" 5LCD38%,',-V)�3b*+CD571ECD#,"<38%:HG)�0m1�'&-63�.`.�-+#:.�CD3�3�46-6#:-+3`-638%('&46-���1�)�02#\',4h"F=202#&-j%,',CD0>#
%(',"<0>%,-657-638%(#j#,)�*+*6-+#,#,0Z9K#

T0

�
T1

-+%
T2
S � *RQO"<HG)�-U0>3�#&%("<38%V)�3�-I.�CD3�3�46-

Douti
-+#&%
1�',C�.�)�0>%,-I1O"F'

)�3 4A%R" $<-
i
-A%$-6#a%$4+*6',0Z%(-L.O"<3�#$)�3 %R"<571�CD3 HG)�0 #,-+'("g-63�#,)�0Z%(-^=2"J3�C<)�]D-+=2=2-L.�CD3�3�46-

Dini+1

-63
-638%,',46-`.�)u%,'("<0Z%(-657-638%

Ti+1
S � "<3�#_*6-`*RQO"F1�0>%,',-P3�C<)�#_*6CD3�#&02.�4+',CD3�#U)�3�02HG)�-+5L-+38%L=>-6#I%("<571ECD3�#

.mlt)�3�- #,-+)�=2- 1�=2"<*6- S � 3_%R"F5L1�CD3U1�-6)�%���?+%,',- )�3�- 
 � 
 � ( )�3�-[1�=X"<*+-��DCD)_)�37#&%,Cd* !I.mln)�3�-j*6"<1O"<*+0>%,4
)�3�0Z%R"<0>',-V1�CD)�'\)�3���-��d02T�=>-V5L"<3G)�9;"<*+%,)�',0>3"$U# ��#a%(-65 S !	"U1O"<'&%,02-V*+CD38%('$�D=2-
*6"<.�-63�*6-/=2-
*+CD5L1�CD#,"<38%
1O"<':=qln0>38%(-6'&5L4+.�0X"F02',-[.�-+#:*6CD575^"F3�.�-6#

x0
�
x1

�
x2
-+%
x3
S � =2=>-
"<)�%,CD',0>#,-V=>-6#:.�C<3�3�46-+# -63B#,CD'a%(02- .�-

*RQO"<HG)�-:4A%R" $<- ( 1O"<#&#,-6' ( =qln4A%R" $<-\#,)�0>]F"<38% S�� "<3�# *+-+%o- ��-+5L1�=2-��F02=�-��d02#a%(-@)�3_%("<571ECD3 ( =slt-638%('&46-@-A%
( =2"7#&CD'&%,02-Y.�)c*+CD571ECD#,"<38% S � "<3�#j=X"_#,)�0Z%(-Y.�-I*+-I*RQO"F1�0>%,',-���3�C<)�# #&)�1�1�CD#,CD3�#VHG)�-I*+-6#j%("<571ECD3�#
#,C<3G%^1�',4+#,-+3G%,#b5^"F02#73�C<%('&-c.�4+5^"F',*RQ�-J#6ln"<1�1�=>02HG)�-g"F)�#,#&0V"<) �
*+CD5L1�CD#,"<38%(#^#,"<3�#^%("<571ECD3
"<) �



 �� � ��� ����� �S�d�	���	���d�����
	S�k����
	� �����d��	p�����F���

tmp0 tmp1 tmp2 tmp3

��������� �!� �#"%$��&'"%� (%��� $ � ��� ��� �)� ��"%$* ��"+� (,�-� $
. � $," * / ���10 * (,�3254 ���#� ��� �!� �#"

T0 T1 T2

x1 x2 x3

� ��"+(,� � $

x0

Ci $ / (6" * � $

7 08(6" * �:9 / �#"%(,;�< �
Mi

Din0 Dout0 Din1 Dout1 Din2 Dout2

� �����  S+= � �d)�0Z%(-
.�-
%,'("<0Z%(-657-638%,#
0238%,-6'&9;"F*6-6# S

>@?,+ ACBED�F GEHJILK�GNM�IJBPO QSR TUBVOWM�D�XEHLYZQSY\[]R_^

� CD)�#�'&-61�'&46#&-638%(CD3�#�=2"\1O"<'a%(02-p*6CD38%('$�D=2-p1O"<'�)�3Y"<)�%,CD5L"F%(-�.�-WeJCdC<',- 〈Mi = Si, Ii, Oi, Ti, Gi, s0i
〉 S�d-+#j4A%R"F%,#[#&CD38% '&-61�'&46#&-638%(4+# 1O"<' =>-6# #,0&$D3O"<) �P.�-Y#,CD'a%(02-
.�-Y=ql "F)�%(CD5L"F%,- S !�-+#j4A%R"F%,#[1�-6)d]D-638% ?+%('&-

]�)�#U*6C<5L57-^)�3 ]<-6*A%(-6)�'7.�-P*6CD575L"<3�.�-+#
(x0, . . . , xn) S


\QO"<HG)�-
xi

'&-61�'&46#&-638%(-`=sln"<)�%,CD',0>#("F%,02CD3
.�-Y%('("F3�#,57-+%&%(',-Y=2-+# .�C<3�3�46-+#V-638%,',-I=>-6#[%('("F0>%(-+5L-+38%(# .�-I=qln4A%R" $<-

i − 1 ( i S !	-+# 4A%R"F%,# .�-w=sln"<)�%(C �5L"F%(-U'&-61�'&46#,-+38%(-638% ( *RQ�"<HG)�-L0>3�#&%("<38%/=2-+#/%,'("<3�#&9K-6'a%(#/.�-_.�CD3�3�46-+#w1�CD#,#&02T�=>-6#
-A%/=2-6#
%,'("<3�#&0>%,02CD3�#
',-+1�',4+#,-+3G%,-638%V=>-��O) �`.�-w.�C<3�3�46-+# .O"<3�#[=2-
*+CD5L1�CD#,"<38% S


\QO"<HG)�-
xi

1E-+)�%[.�CD3�*/1�'&-63�.�'&-w)�3�-/.�-6#:%('&CD02#@]F"<=>-6)�'&# #,)�0Z]<"F3G%,-6# �
�
xi = 0

'&-61�'&46#,-+38%(-I=ql "FT�#,-+3�*6-/.�-/.�CD3�3�46- ( %('("F0>%(-+'@1O"<' Ti
S

�
xi = 1

'&-61�'&46#,-+38%(-I=qln0>3�#,-+'&%,02CD3P.�)J'&46#,)�=>%R"r% .�-
Ti−1

( Ti
S

�
xi = ]

'&-61�'&46#&-638%(-w=2-
T�=>Cd*6" $D-V.�)B',4+#,)�=Z%R"F% .�-
Ti

��0>=m3�-/1E-+)�%[1O"<#&#,-6'[.O"<3�#
Ti+1

S
!�ln-+3�#,-+5$T�=>-j.�-+#W]<-6*+%,-6)�'&#

V r
l ` xl, xl+1, ..., xr

-6#&%W.�4ANO3�0�%(-6=�HG)�-
∀i ∈ [l, r]

�
xi ∈ {0, 1, ]} S


\-+#
]D-+*+%,-6)�'&# ',-+1�',4+#,-+3G%,-638%V=qln4A%R"F% .�)��O) �`.�-/=slt4+%(" $D-

l ( =slt4+%(" $D- r − 1 S

a@b�c�d�egfhejikdml�njoqp 8 5LCF%
.mlt4+%R"r% ��69IF4OI
8 P!IF:�6 � P!:B=CrF=Ps 6G6947= 47N P!L';-?TP!8�:3L-= D@698�:.4ut9L-=vrF=xw Izy
rF= n :.4 P!;Q:B=�� =<8�:Q?>=@?<:RI
8|{!=@D<:�=<IF4 V n

0 = (x0, x1, ..., xn) } ∀i ∈ [0, n] xi ∈ {0, 1, ]} ~
!�-6# 57C<%(#:.mlt4+%("F%[',-+1�',4+#,-638%,-638%V=>-6# 4+%("F% .�-/=sln"<)�%,CD5^"r%(-V.�-weJC�CD'&- S

� 1O"<'&%,02'
.�)f57C<%/.mlt4+%R"r%��	3�CD)�#/1�CD)�]<CD3�#Y.�46*+',02'&-_=2-_*6CD38%,-63G) .�-7=slt-63�#,-65IT�=2-U.�-+#Y%("<571ECD3�#
.�)J*6CD571EC<#("<38% S � 3J- �E-+%���#&0�3�CD)�#[*6CD3�#&02.�4+',CD3�#j)�3��O) �B.�- k .�CD3�3�46-6#j-63J-638%('&46-I1�CD)�' k ∈ � � �
3�CD)�#j"h]<CD3�# �

�
xi = 0 =⇒ tmpi = �

-+%
Dini = �

�
�
xi = 1 =⇒ tmpi = Doutk+1

i−1

-+%
Dini = Doutki−1

�
�
xi = ] =⇒ tmpi = Doutki−1

-+%
Dini = Doutki−1

�
Doutki

'&-61�'&46#,-+38%(-U=2-w',4+#,)�=Z%R"F% .�)c%(',"<0>%,-657-638%
i
1�CD)�' =2" !��[.�CD3�3�46-$-+3G%,'("<38%,- S !�-I*+CD38%(-+3�)�.�-+#

%R"F5L1�CD3�#
1�-6)�%Y?A%(',-_]�)M*+CD575L-U)�3�]D-+*+%,-6)�'w*6CD571EC<#,4_.�-_.�CD3�3�46-6#
Doutki

CD)M.�-
�
H�)�"<3�. =>-

%R"F5L1�CD3b-6#a%j]�0>.�- S

a@b�c�d�egfhejikdml�n���p 8 57C<%j.�-I.�C<3�3�46- ��69IF4 IF8 D@6 � ��6G?TP!8�: 47N P!L';-?TP!8�: L-= D@698�:�45t9L-=WrF=�w I�y�rF= n
:.4 P!;Q:�=�� =<8�:Q?O=@?<: IF8|{!=@D<:B=<IF4 Dn

0 = (tmp0, tmp1, ..., tmpn) rF= ∀i ∈ [0, n] tmpi ∈ {Doutki ,�} ~



� ��� � � � �	� �����Q�G���	����
 	��
����
	� ��������	p�����
���  "
� 1O"<'&%,02' .�-6#o.�4+N�3�0>%,02CD3�#�.�)757C<%o.mlt4+%("F%o-+% .�)_57C<%o.�-:.�C<3�3�46-+#W3�CD)�#o1EC<)�]DCD3�# .�46*6C<5L1�CD#,-+'

=2-+#:.�-6) �B5LC<%,#:-63B1�',4AN �d-w-A%[)�3J#&)�� �d- S

a@b�c�d�egfhejikdml�n�� 
OCD3�*A%(02C<3�#:1�',4AN �d-w-A% #,)�� �d- ��69IF4 L�P � PFD �F;Q8A=ErF=Ns 6G6947= M ~H 69I
4JIF8 N<:EP �F=PrF698�8AN l ∈ [0, n− 1] } L�P�� 698AD<:.;E698
pref �
	 � × S → V l

0
P9?@?G6GD<;E=�� D ��P�
TI�=>N<:EP!:

s
=2-
1�'&4+N �d- rF= s rF= 0 � l ~H 69I
4 I
8 N<:EP �F= rF698�8AN l ∈ [0, n− 1] } L�P�� 698AD<:�;E698

suff ��	 � ×S → V n
l+1

P9?@?G6GD<;E=�� D ��P�
TI�=JN<:EP!:
s
=2-
#&)�� ��- rF= s rF= l + 1 � n ~H 69I
4 I
8 N<:EP �F= rF698�8AN l ∈ [0, n− 1] } L�P�� 698AD<:�;E698

prefd ��	 � ×S → Dl
0

P9?@?G6GD<;E=�� D ��P�
TI�=JN<:EP!:
s
=2-
1�'&4+N �d-Y.�-6# .�C<3�3�46-+# � 47N@?G=<8�:B=@?Vr�P!8�? L-=@?J: P�� ��698�?ErF= 0 � l ~H 69I
4 I
8 N<: P �F=WrF698�8AN l ∈ [0, n − 1] } L�P�� 698AD<:.;E698

suffd ��	 � × S → Dn
l+1

P9?@?G6GD<;E=�� D ��P�
TI�=
N<:EP!: s =2-
#&)�� �d-w.�-+#j.�CD3�3�4+-6# � 47N@?G=<8�:�=@?JL-=@?M: P�� ��698�?ErF= l + 1 � n ~
!	"J3�CF%(02C<3M.�-L1�',C $D',-+#,#,0>CD3 .�-6#I.�CD3�3�4+-6#I0>3�Q�4+',-638%,- ( )�3 �O) �M-6#a%I.�4+NO3�0>-^1O"F'w=2"`9KCD3�*+%(0>CD3f.�-
1�'&C�$D',-+#,#&02CD3 �

a@b�c�d�egfhejikdml�n%l 
OCD3�*A%(02C<3b1�',C�$<',-6#&# ~� P�� 698AD<:�;E698
progressl,r � {0, 1} × V r

l → V r
l

=@?<: L-=VrFN@D P!L�P �F=N{!=<4@? L�P@r!4@69;Q:�=PrF=JIF8A=�� L�PFD@=VrF=
D ��P�
TI�=>N<L-N�� =<8�:�r!I]{!=@D<:�=<I
4 V r

l
Pz{!=@DJIF8A=J;Q8 � =@D<:�;E698 ?G69;Q: r�� IF8 0 69I r�� IF8 1 ~

!�-6#:0>3�.�02*+-6#
l
-+%
r
.�-Y=2"w9KCD3�*A%(0>CD3 � 476 �!4@=@?@? 1ECD)�',',C<3G% ?A%('&-
CD5L0>#\=>CD',#&H�) ln0>= 3ml �b1O"<#@.ml "F5$T�0 $<)��s%,4

#,)�'[*+-/H�) ln0>=2#:',-+1�',4+#,-+3G%,-638% S � =sln"<0>.�-V.�-+#[.�0 �E46',-+38%(-6# 9KCD3�*A%(0>CD3�#:3�CD)�#[.�4+NO3�0>#,#&CD3�# =2-
57Cd. 2 =2- .�-
*6C<3G%,'
�D=>-
.�-!�O) �BCD1d%(025L"<= S
!	"UN"$D)�',-  S 0 �;" � ',-+1�',4+#,-638%,-w=ql "<)d%(CD5L"F%(- .�-/*6CD38%('$�D=2-
.�) ��) �BCD1�%,025L"<=��G*<lt-6#a% ( .�0>',-
=>-
1�',- �5702-6'\*6CD571EC<#("<38% .�-
=2"$*6CD3�*+-61�%,02CD3B023�*6',4+5L-+38%R"<=>- S 
\-A%j"<)�%(C<5^"F%,-V',-+1�',4+#,-+3G%,-I)�3 �O) �`1�021�-6=>023�-

.�-`%('&CD02#U%(',"<0>%,-657-638%(# ��*<lt-6#a% ( .�02'&-B.�-B%,',CD0>#U4+%R" $D-6# S�� CD)�'7',4h"F=202#&-6'U.�-`%(-+=2#_*6C<5L1�CD#("F3G%,# �o=2"
*6C<3�*6-+1�%(0>CD3^0>3�*6'&4657-638%R"<=>-��G1�'&CD1EC<#,-[.�- *+CD5L57-63�*6-6' 1O"<' .�4+*6',0>',-[=2-[*h"<# C��^%,CD)�# =2-+# %,'("<0Z%(-657-638%,#
#,-79KCD38%Y.�-^5L"<3�0 2 ',-U#&)�*6*+-6#&#,0>]<-b-+%w#("<3�#I0238%,-6','&)�1�%,02CD3�1�CD#,#&02T�=>-7.�) �O) � S !�-L*+CD3�*6-+1�%(-+)�'$*+CD5 �
57-63�*+-B1�"<'_.�4+NO3�02'_=2-+#7.�0 �E46',-+38%(#_%('("F0>%(-+5L-+38%(#U1�CD#,#&02T�=>-6#���=qlnC<',.�'&-b.�-J*+-6#_%(',"<0>%,-657-638%(# � -+%L=2-+#
.�0 � 4+',-638%,#V#,0&$D3O"<) �cHG)�0 *6"<.�-63�*6-638%/=>-I*6C<5L1�CD#("F3G% S�� )�0>#�� 0>=�1�-6)d%/"��&CD)�%,-6'V=>-6#V.�0 �E46',-+38%(#V4A]D463�-��
57-638%(#VHG)�0�1E-+'&%,)�',T�-638%
=>-��O) �c)�3 ( )�3 S !	"LN"$D)�',-� S 0 �;T � 5LCD38%,',-I)�3�-��d-6571�=2-w.�-$.�C<3�3�46-I-63%(',"<3�#&0>% .O"<3�#[=>-
*6CD571�CD#("<38% .O"F3�# =2-
*h"F#[. ln)�3 �O) �BC<1�%(0>5^"<= S
!	"w1�'&C�$D',-+#,#&02CD37.�-6#W*6CD575L"<3�.�-+# =>CD',#o.mlt)�3���) �7CD1�%,025L"<=�-6#a%@'&-61�'&46#,-+38%(46- 1O"<'o)�3b"<)d%(CD5L"F%(-

.�-PeJCdC<',- S 
\-+%$"<)�%,CD5^"r%(-7-6#&%w%(-+=\HG)mlt)�3�-P.�C<3�3�46-L-63u-+3G%,',4+-P1�',C�.�)�0>'("b%(CD)��&CD)�',#w)�3 '&46#,)�=>%R"r%
�q"F)�*6)�3�-V.�CD3�3�46- 3�-V1E-+)�%@?A%('&- 1�-6',.�)�- � S � -j1�=2)�# �d=>-j'&46#&)�=>%("F%@#&-6'("w.�02#&1ECD3�02T�=>-[- ��"<*+%,-657-638% ( =2"NO3�.�)g%,-6571�#V3�4+*6-6#&#("<0>',-_1�CD)�'V-�� -+*+%()�-6'V%(C<)�#
=2-+# %(',"<0>%,-657-638%(# S � )�*6)�3�-71�"<)�#,-U3 ln-+#&%/1�CD#,#&02T�=>-
.O"<3�#[=2"$',46"<=20>#("F%,02CD3P.�)��O) � �;1O"<#:.�-Y*���*6=2-Y.mln"F%,%,-638%(- � S

a@b�c�d�egfhejikdml�n��! 69;Q: I
8 D@698�:.45t9L-=�rF=!w IzyErF= n N<: P �F=@? } Mopt = 〈Sopt, S0opt, Iopt, Oopt, Topt,Gopt〉=@?<:RI
8 "<)d%(CD5L"F%(- .�-weJCdC<',-/CD1�%,025L"<= ?<; =<: ?G=<I
L-=�� =<8�: ?<;
" Sopt ⊆ {s | ∀xi ∈ V n

0 , xi = 0 ∨ xi = 1} # Sopt
D@698�:�;E=<8�: P!I � P y%; �OI�� 2n N<: P!:Q? ~

" Topt = {(s, c, s′) | s, s′ ∈ Sopt ∧ s
′ = progress(∗, s)∀∗ ∈ {0, 1}}



 �� � ��� ����� �S�d�	���	���d�����
	S�k����
	� �����d��	p�����F���

�����

�����

�����

�	���

���
�

�����

������	�
�

�
�����������������������! " $#%�&��' (��*)+(�,- $.�/%��01�32

45454545454
45454545454
45454545454
45454545454

656565656
656565656
656565656
656565656

7575757575775757575757757575757577575757575775757575757757575757577575757575775757575757

858585858858585858858585858858585858858585858858585858858585858858585858

95959595959
95959595959
95959595959
95959595959
95959595959

:5:5:5:5:5:
:5:5:5:5:5:
:5:5:5:5:5:
:5:5:5:5:5:
:5:5:5:5:5:

;5;5;5;5;
;5;5;5;5;
;5;5;5;5;
;5;5;5;5;
;5;5;5;5;

<5<5<5<5<
<5<5<5<5<
<5<5<5<5<
<5<5<5<5<
<5<5<5<5<

=5=5=5=5=5==5=5=5=5=5==5=5=5=5=5==5=5=5=5=5==5=5=5=5=5==5=5=5=5=5==5=5=5=5=5==5=5=5=5=5=

>5>5>5>5>5>>5>5>5>5>5>>5>5>5>5>5>>5>5>5>5>5>>5>5>5>5>5>>5>5>5>5>5>>5>5>5>5>5>>5>5>5>5>5>

?5?5?5?5?5?
?5?5?5?5?5?
?5?5?5?5?5?
?5?5?5?5?5?
?5?5?5?5?5?

@5@5@5@5@
@5@5@5@5@
@5@5@5@5@
@5@5@5@5@
@5@5@5@5@

A5A5A5A5AA5A5A5A5AA5A5A5A5AA5A5A5A5AA5A5A5A5AA5A5A5A5AA5A5A5A5A

B5B5B5B5BB5B5B5B5BB5B5B5B5BB5B5B5B5BB5B5B5B5BB5B5B5B5BB5B5B5B5B

C5C5C5C5C5C
C5C5C5C5C5C
C5C5C5C5C5C
C5C5C5C5C5C

D5D5D5D5D5D
D5D5D5D5D5D
D5D5D5D5D5D
D5D5D5D5D5D

E5E5E5E5E5E
E5E5E5E5E5E
E5E5E5E5E5E
E5E5E5E5E5E

F5F5F5F5F
F5F5F5F5F
F5F5F5F5F
F5F5F5F5F

G5G5G5G5G
G5G5G5G5G
G5G5G5G5G
G5G5G5G5G

H5H5H5H5H
H5H5H5H5H
H5H5H5H5H
H5H5H5H5H

I5I5I5I5I5I
I5I5I5I5I5I
I5I5I5I5I5I
I5I5I5I5I5I

J5J5J5J5J5J
J5J5J5J5J5J
J5J5J5J5J5J
J5J5J5J5J5J

K5K5K5K5K
K5K5K5K5K
K5K5K5K5K
K5K5K5K5K

L5L5L5L5L
L5L5L5L5L
L5L5L5L5L
L5L5L5L5L

MONQPSRUT

tmp0 tmp1 tmp2

VXWZY\[S]_^`VXWZY\[S]ba

� �

�

�

�

Dout01 �

Dout11 Dout02

Dout21 Dout12

� Dout31 Dout22

� Dout32

� � �

Dout10

Dout20

Dout30

�

Dout00

�dcZ��ef2�(�,*���Ugh�� ��+��ij�Ug

kmlon1prq\sut�v�whxzyr{}|�~X�f���O���Z����~X{\��{\����~X����~X���������	t��$�����Xx��



� ���)�����L� ��� 		��

�)� �	�������)
��  �
>@?�� ����BPR M QSY������VGEIJY F Y OvM

�! #"$ &% ')(+*-,.*0/21�3410/6587�9;:=<><
?0@BADCE@GFBHI@JCLKNMOKGPD@GFB@GPRQTSVUW@XPWYZUW[]\Z^I^�YOPW[L_JYOPW[`HIaWKJCE@GCb@J[`Qb^dce\��`YOUfQ�a-cgUWPh_JYOFBA
YOC&Q�@JFi@JPVQjSkUDH

CE@J[E[`@GF�lW^�@m\ZU �n\ZPW_JHI@GPD[)_GYOFBA
YZC`Q�@JFi@JPRQ�[oFi\ZHI[Bap\ZPD[)^I@GSVUW@J^j^I@J[oaWH �qKJCE@GPRQE[rQ�CE\ZH�QE@GFB@GPRQ�[o[`YOPRQ
C�\s^I@GPRQEHI[Gt 
u@JQ�\��`YOUDQuCE@GADCEKG[`@GPRQ�@�aD@G[�KJMZKGPW@JFi@JPRQ�[�SVUWH-H�FiAvYO[E@JPRQua-ce\sQ`Q�@GPDaWCE@jUDPW@j_G@JC`Q�\ZHIPW@L_GYOPDw��
$OUWCE\sQ�H�YOPmaW@B^dcgKJQx\yQzaDU�[ �k[&Q�{GFB@rYZU�aW@B[EYOPh@GPRMkHIC`YOPWPW@JFi@JPVQGt 
u@XQ��kA
@ia-cgKJMOKJPW@GFB@GPRQ|Av@GUfQTAp\sC
@��f@JFiAW^�@z_G\ZC�\s_JQ�KJCEH�[E@GC!^dce\sQ`Q�@GPRQE@zAp\sC2UWP}AWCEYk_G@J[E[E@JUWCLaqceUWPD@TaWYOPDPWKG@T\ZlW[E@JPRQ�@�aWU~_�\Z_x�D@Zt-?0@]AWCEY �
_G@J[E[`@GUWC2@G[`Q $O@J^IK �`UW[`SVU-c ( _G@]SVUW@b^�\�aWYZPWPWKG@][EYZH�Q�aWH�[EAvYOPWHIlD^I@Zt
� YOUD[�\ZAWAv@G^�YOPW[�_G@�Q��fAv@$a-cgKJMZKGPW@JFi@JPRQ��ZUDP�KJMZKGPW@JFi@JPVQ.aD@ $O@J^ ��YOUB�N�d�Z��� � ty?�\L_JYOPWaWH�Q�HIYZP]aD@ $O@J^( UWPbKJQ�\ $O@ r aDYOPWPWK=@J[`Q�FBYfaWKJ^IH�[EKG@	Ap\ZC-UWPbKNMOKGPD@GFB@GPRQ evt � stallr ` 〈stallr, stallr � act, stallr � qt〉 t?0YOCE[`SVUW@XUWPW@|Ms\Z^I@JUWCb\Z_JQEH�MZ@|aWUh[`H $OPW\Z^

stallr
[EUWC&MfH�@GPRQ���\s^IYOC`[�^dcg@GPW[`@GF�lW^�@|aW@G[b_JYOFiAvYOC&Q�@GFB@GPRQE[

@GP#$O@GPWaDCEKG[![EYZPVQ!^�@G[�[EUWH�Ms\ZPRQ�[ �
�8� YOUW[�^I@J[�KJQx\ $O@G[�@GP~\ZFBYOPRQ

l ≤ r
[`YOPRQ $O@G^�KG[Gt

� ?=cgKJQx\ $O@
r
SVUWHqC`@G�GYZH�Q6^I@�$Z@G^vPW@LQ�CE\ZPW[`Fi@NQ�\ZUW_JUWP)CEKJ[EUW^�Qx\sQ ( ^�ceKNQx\ $O@2[EUWH�Ms\ZPRQ��k^dcgKJQx\ $O@ r+ 1C`@G�GYZH�Q�UWPW@bYOAvKGCE\sQ�H�YOPoMkHIaW@st

� ?0@G[uKJQx\ $O@G[6@GP�\�Ms\Z^
l > r

PW@L[`YOPRQ�Ap\Z[u\ �
@G_JQEKG[��kHI^�[6_JYOPRQ�H�PkUD@GPRQ�^I@JUWC�AWCEY�$ZCE@G[`[EH�YOPoPWYOC`Fr\��
^�@GFB@GPRQ�t

?0YOCE[`SVUW@�SVUW@j^dcgKJMZKGPW@JFi@JPRQ
evt � stallr CE@JaW@JMkH�@GPRQ�HIPW\Z_JQEH�� ��Hdtg@Ztk^dcgKJMOKJPW@GFB@GPRQ�@J[`Q�aW\ZPW[$UWPD@�_GYOPDw��$OUWCE\sQ�H�YOP�F�UW@JQ`Q�@ � �v^I@bAWHIAv@G^�HIPW@bC`@GAWC`@GPWa�UDPW@TAWC`Y�$OC`@G[E[`HIYOP}YOADQ�H�Fr\s^I@ZtD?�\ $O@J[`Q�H�YOP}aD@T_G@NQjKNMOKGPD@��FB@GPRQ.\��`YOUfQ�@�aW@J[=KJQx\yQ�[=SVUWHWPW@�FBYkaWH�wp@JPRQ�Ap\Z[=^�@G[	QEC�\ZH�Q�@JFi@JPVQE[�@GPX@JU � ��FB�GFB@G[�Fi\ZHI[�C�\Z^�@GPRQ�H�[E[`@GPRQ

^�\o_G\ZaW@JPW_G@BaWU �pU �m@NQ]aWKG[ �fPD_x�WCEYOPDHI[E@JPRQT^I\oAWCEY�$ZCE@G[`[EH�YOPhaD@G[baWYOPWPDKG@G[ ( Q�CE\�MO@GC`[z^�@G[�aWH �qKJCE@JPVQE[KJQ�\ $O@J[Gt
� ^�@G[`QLA
YZ[E[EH�lW^I@ba-ce\�MOYOH�C2AD^IUW[`HI@GUDCE[!KJMOKJPW@GFB@GPRQE[z�N�#�Z���DHIFBAW^IH�SkUW\ZPRQ�aW@G[2KJQ�\ $O@G[!aWH �qKJCE@GPRQE[Gt
?�@J[KJMZKGPW@JFi@JPRQ�[��N�#�Z���pAv@GUfMO@GPRQb�NQ�CE@T_GYOFBA
YZ[EKG[Jt � \sPW[j_G@T_�\Z[ �q^dcgKJMZKGPW@JFi@JPRQ�SVUWH�\ZC`CEH�MO@ ( ^dcgKJQx\ $O@T^�@AW^�UW[�@GP�\�Ms\Z^ ��^I@.PVUWFiKJCEY!a-cgKJQx\ $O@6^�@=AW^IUD[�KJ^I@JMZK � \!AD^IUW[�a-cgHIFBAp\Z_NQ�[EUWC�^I@ �pU �TSVUW@�aW@J[�KNMOKGPD@GFB@GPRQ�[SVUWH0_GYZPW_G@JCEPW@JPVQLaW@G[�QEC�\ZH�Q�@GFB@GPRQE[�AW^IUW[�@JP}\ZFBYOPRQ ��PkUDFiKJCEYBa-ceKNQx\ $Z@]AD^IUW[�Av@JQEH�Q � t

a@b�c�d�egfhejikdml�n�� � PW[E@JF�lW^�@]aD@��VQx\Z^�^I[ ~ -�y���
F ��� l | l ∈ [0, n− 1] � � ���N� � ���B  � � rk� ��¡N�d� �k� �|�y¢~£ � �k� �f¤ � £k�.� � ¤v¥�� r £k��¥ � ~

¦o§k¨�©Wªy«-¬�§ l­?0YOC`[ESVUW@�^�ceYZP�H�PVQECEYkaWUWH�QiUDPnPWYOUDMZ@G^2HIPW_JCEKGFB@GPRQ
evt � stalll \¯®O\ZPRQoUWP°HIFBAp\Z_JQ

[EUDC2^�ceKNQx\Z±O@
l < max(F )

��^�\|_GYZPDwp±OUWCE\sQ�H�YOP�\Z_JQEH�MZ@z@J[`Q2Fr\ZH�PRQ�@GPW\ZPRQ
∀r ∈ F r > l

�
stallr � qt ∧

stalll � act t 
u@J^�\�MfH�@GPRQ�aDUh�+\ZH�QzSVUW@i[EH�UWP�KNMOKJPW@GFB@GPRQ evt � stallr @J[`QT\Z_JQEH���@NQT±Z{G^I@BUWPhKJQx\s±O@AW^�UW[T@JP²\�MZ\s^u\Z^�YOCE[]Av@GU³H�FiAvYOC`QE@X[EHu^�ceKNMOKJPW@GFB@GPRQ
evt � stalll @J[`QX\ZUD[E[EHu\Z_JQEH���� evt � stallr ±O{G^�@

pref(r, s)
�DSkUDH�_JYOFBAWCE@JPWa

pref(l, s)
t

� ^O@ �DH�[`QE@=UWPW@.[EYOC&Q�@=aW@=ADCEHIYZCEH�QEK	@JPVQECE@.^I@J[-HIPD_GCEKJFi@JPRQ�[	�N�d�Z���´t¯?0YOCE[`SkUD@�aD@GU �jHIPW_JCEKGFB@GPRQE[ evt � stallk@JQ
evt � stalll QE@G^2SkUD@ l > k

[EYOPRQ�\Z_NQ�H���[r@GPµFB�GFB@~QE@GFBAW[��6^dcgHIPW_JCEKJFi@JPVQrSVUWHL[Jce@ �DADCEHIFB@�@J[`Q
evt � stalll ��ADUWHI[`SkUD@o_G@J^IUWH ��_GH.@JPW±O^IYZl
@i^I@BAWCEKJ_GKGaD@GPRQ�t � \sPW[�^I@B_�\s[�Y�����^IYOC`[TaW@i^�\�_GYOPW_J@GADQEHIYOP �^dcgHIPRQEKG±OCE\sQ�H�YOPraWU

evt � stalll [E@j�+\ZH�Q�\�Ms\ZPRQ�^dcgHIPRQ�KJ±OC�\yQ�HIYZPraWU evt � stallk �WHI^v�+\ZUDQ$�+\ZH�CE@L\sQEQE@GPRQ�H�YOP¶ ^�\ZH�[E[E@JC�^�\|AWCEH�YOCEH�Q�K ¶
evt � stalll @GP~@��fAWCEH�Fr\sPVQ!^I\|Ms\Z^�@GUWC!\Z_NQ�H�MO@]aW@ evt � stallk _JYOFiFB@�^dcg@GP �[E@JF�lW^�@�aW@G[=Ms\Z^I@JUWCE[.F�UD@JQEQE@G[.aW@J[��N�d�Z���s\¯®O\ZPRQ�UWPiH�FiAW\Z_JQ=[`UWC=aW@J[6KNQx\Z±O@J[=[EUWAvKGC`HI@JUWCE[�@JQ.^I\LMZ\s^I@GUDC

\Z_NQ�H�MZ@baWU~PDYOUDMO@J^0KJMZKGPW@JFi@JPVQGt



��� ��� �������	��
f���
�����f����

	�������
���
����f��		���������

�! #"$ d" ')(�� /����W*�3410/�5��L1��z*���� � 1�3410/65
� YOUD[i\s^I^IYZPW[�Fi\ZHIPRQ�@JPp\ZPRQ|_G\ZC�\Z_NQ�KJCEHI[`@GCX^dcgHIPD_GCEKJFi@JPRQ|HIPWaDUWH�Q|AW\ZCXUWP KJMOKJPW@GFB@GPRQ��N�#�Z���´t 
u@NQ

HIPD_GCEKJFi@JPRQ~@J[`Q}\ZAWAv@G^�K UDP � �"! ¥�¡ �r�N� �   ¡ � ��#O� � �+t%$=P @'&
@JQ���^I@G[�aWYZPWPWKG@J[}@JP QEC�\ZPW[`H�Q�ap\ZPD[~^�@
_GYZFiAvYO[�\sPVQuA
@JUDMO@JPRQ2[`HIFBAW^I@JFi@JPRQu�NQ�CE@�C`@JQ�\ZCEaWKJ@G[�Ap\sCu^dcgHIPRQE@GC`MZ@GPRQ�H�YOP)a-cgUWP)±O@J^dtf?.cg@GPD[E@GFTlW^I@�aW@J[
aWYOPDPWKG@J[}@JQ~_GYZFiFi\ZPWaW@J[~@JP�\ZFBYOPRQ�aW@ ^dcgKJMOKJPW@GFB@GPRQ �N�#�Z���6[E@GC`YOPRQ�C`KGAvKJQ�KJ@G[ �`UW[ESVU-c ¶ _G@hSVUW@
^dcgKJMZKGPW@JFi@JPRQ�CE@GaD@JMkHI@JPWPW@�HIPW\Z_JQEH�� tk?�\�[EUWH�Q�@LaD@jQ�C�\sH�Q�@JFi@JPRQ�[u@(&q@J_JQEUWKG[�AvYOUWC$UDP)Fi�JFi@2@GPW[`@GF�lW^�@
aW@baWYOPDPWKG@J[![`@GCE\BH�aW@GPRQ�H�SVUW@�ap\ZPW[�^�@�FiYkaW{G^�@

Mi

@NQ2^�@jFBYfaW{J^I@
Mi+1

t)$=P~C`@JMs\ZPW_x�D@���^�\�[`UWH�QE@�aW@
aWYOPDPWKG@J[6@JPi[`YOC`QEHI@$P-ce\ZC`CEH�MZ@GC`YOPRQ6AW\Z[���YOCE_JKGFB@GPRQ6\ZUXFi�JFi@�FBYOFB@GPRQ=ap\sPW[.^I@G[=aD@GU+*X_JYOFBA
YO[E\ZPRQ�[Jt
?�\hQ�CE\�MO@GC`[EKJ@�a-ceUDPW@�aWYOPDPWKG@�aW\ZPW[

Mi+1
�6Av@GUfQ)�JQECE@}C`@JQ�\ZCEaWKJ@�Ap\ZCiUWPn±O@J^dt , ^�ceH�PVQE@GC&�+\Z_G@�aWU

_GYZFiAvYO[�\sPVQ.--^dcgYOC`aWCE@�aD@G[�Q�CE\ZH�QE@GFB@GPRQ�[�C`@G[`QE@XHIPW_x�p\sPW±OK|Fi\ZHI[2_G@GC&Qx\ZH�PW@G[baWYZPWPWKG@J[bFi@NQEQ�C`YOPRQbAW^IUD[
aW@�Q�@JFiAD[ ¶ [`YOC`QEHICGt

Mi+1

Mi

s′

s

/�0214365 7989: 5

stall1 ; qt
stall1 ; qt

stall1 ; qt

stall1 ; qt

stall1 ; qt

stall1 < act stall1 < act

stall1 < act

stall1 ; qt

� � �

�

= �
> �� Wt@?BA
Mi

H�PW_GC`KGFB@GPRQ�KbAp\sC
stall2

?�\�wp±OUDCE@  WtC?�CE@JAWCEKJ[E@GPRQE@oUWP³\sCElWC`@ia-cg@(*fKJ_GUDQEHIYOP³AvYO[`[EHIlD^I@XaW@G[zPWYOUDMZ@�\ZU�*³_JYOFiAvYOC&Q�@GFB@GPRQE[



��� � � ���L� ��� 		��

��> �	�������)
�� � =

@GPD±O@GPWaDCEKG[�AW\ZCLUWP}KJMOKJPW@GFB@GPRQ��N�d�Z��� ¶ ^�ceKNQx\Z±O@
1
aqceUWP�ADHIAv@G^IH�PW@ ¶ ?iKNQx\Z±Z@G[Gtq?0@T_GYZFiAvYO[�\sPVQ

Mi¶ UWP�_JYOFiAvYOC&Q�@GFB@GPRQ�C`KG±OUD^IHI@JCLYOAfQ�HIFi\Z^�t�?�@T_GYOFBA
YZ[�\ZPRQ
Mi+1

\o^�@TFB�GFB@��pU+*�aW@�aWYZPWPWKG@J[b@GP
@GPRQECEKG@]Fi\ZHI[$Av@GUfQ2^�UWH-�NQ�CE@b±O@J^IK�Ap\sC!^�c \s_JQ�H�Ms\sQ�H�YOPraWU�PWYOUfMO@G^�KNMOKGPD@GFB@GPRQ�t
?0YOCE[`SkUD@]^�ceKNMOKJPW@GFB@GPRQ
@G[&Q�\Z_NQ�H�� -v^�@z[`U�� *f@�_GYOPRQEHIPVUW@T[E\rAWC`YO±OCE@J[E[`HIYOP}\Z^IYOC`[2SVUW@z^I@]AWCEKNw *f@�aW@z^dcgKJQx\yQL@J[`Qj±Z@G^IKbQx\sPVQLSVUW@
^dcgKJMZKGPW@JFi@JPRQiC`@G[&Q�@�\Z_NQ�H�� t	?=ce@JPW[E@JF�lW^I@)aD@)_G@G[|_JYOFBA
YOC&Q�@JFi@JPVQ�aWKJwpPDH�Q|^�ceH�PW_GC`KGFB@GPRQ|aW@)lvKG±R\sHI@ �FB@GPRQ�t

?�\!aWKNwpPWH�Q�HIYZP][`UWH�Ms\ZPRQE@6_G\ZC�\Z_NQ�KJCEHI[`@.^dcgHIPW_JCEKGFB@GPRQ�aW@�lvKG±R\ZH�@GFB@GPRQ�ap\ZPW[�^�@�_G\Z[�±OKGPWKJC�\Z^�t��Lcg@G[`Q ¶aWH�CE@�[�\sPW[u\sUW_GUWPD@2C`@G[`QECEH�_JQ�H�YOPX[EUWC�^dcg@GPD[E@GFTlW^I@�aW@J[6KNQx\sQE[6[`UWC.^I@J[ESVUW@G^�[6^�ceKNMOKJPW@GFB@GPRQu\]UWPBHIFBAp\Z_NQ�t
?0@T_JYOPW_G@JADQ�@JUWCjAv@GUDQLCE@J[`Q�C`@GH�PWaWCE@T^I@G[!KJQ�\sQ�[2_GYOPD_G@GC`PWKG[�AW\ZC2^�@TPWYZUDMO@J^	KJMZKGPW@JFi@JPRQ�Fr\sHI[!_G@G^�UWH � _GHaWYOH�Q��JQ�C`@L_JYOPRQ�@GPVU)ap\sPW[u^�ce@JPW[E@JF�lW^I@!SVUW@LPDYOUW[$\�MZYOPW[uaDKJwpPWH�tD?=cgHIPW_JCEKJFi@JPVQ6lvKG±R\�®R\sPVQ$\��`YOUDQE@LaW@J[
PWYOUfMO@�\sU+*�KJQ�\sQ�[�Ap\ZC�_JYOPW[`KGSVUW@GPRQ

Ti→i = ∅
t

a@b�c�d�egfhejikdml�n�����PW_JCEKGFB@GPRQ!lvKG±R\�®R\sPVQ
 -�y� �N� � Mi

£ � �Z£f���
	B�Z� ��rk� ! � � ��¥ t � ��rk�)w £ y } £ � ¡ { ¡ �q� 	 �N� �W�N�d�Z��� evt � stalll = 〈stalll, stalll � act, stalll � qt〉 }� � � �"! ¥�¡�	 �N� � INC = 〈MINC , Ti→INC , TINC→i, Ti→i〉 
 � {Z�4! Ti→i = ∅ � � �N� r ¡�� � �D¤D�Z¥2� � �!¥����Z� � ��N£k� { � � � � � ����
∀s ∈Mi } ∃t = (s, stalll � act, s′) � � � 
 £ � t ∈ Ti→INC

� � s′ ∈ S0INC

" ∀x′j ∈ pref(l, s′) � x′j =

{

]
� � xj = 1

0
� � xj = 0

" suff(l, s′′) = progress(0, suff(l, s))���
∀s ∈ SINC } ∃t = (s, c, s′)

� � � 
 £ �
"  ��

c = stalll � act �Z�I�y¥x� t ∈ TINC
� � s′ ∈ SINC

� �N���   � �N� £�¤D�Z¥����
"  ��

c = stalll � qt �Z�I�y¥�� s′ = progress(∗, s) � �=�N� s′ ∈ Si t ∈ TINC→i

�N� � � � t ∈ TINC ~
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 £k�u� 	 � �q� ��� 	B� !�� � �q� Mi

� ��� 	B� !�� � �q� Mi+1

�N£k¥z£ � 	���	 � w £ y rk�Pr � �p� ¡ � � ~  -�y��� Bl

£ �q�¥ � ���Z���d� ��  � � �Z��¥ �Er � � � Si × Si+1

� � � 
 £ � �
(si, si+1) ∈ Bl

�x�N�
prefd(l, si) � prefd(l, si+1) ~

�]ª i
	�ª ejb�fhb l�n8o
Bl

� �N�.£ �q� ¥ � ���Z���d� ��r�� ¡ 
 £k� { �Z� �N�"!x�]  ¡��R��#Z� � � � ~
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 CE{G±Z^I@ �����(- ∃s1 ∈ Si

@JQ
∃s2 ∈ Si+1

Q�@J^
SVUW@

(s1, s2) ∈ Bl

t��kYOH�Q
s′1 ∈ Si

-WQE@G^0SVUW@
s′1 = progress(x, s1)

-p\Z^�YOCE[
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-
∃t ∈ Ti+1
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t = (s2, stalll � qts′2) @JQ s′2 = progress(x, s2)

t
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prefd(l+1, s′1) ` prefd(l+1, s′2)
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prefd(l, s
′
1) ` prefd(l, s

′
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∃t ∈ Ti+1
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t = (s2, stalll � act, s′2) \Z^�YOCE[ ∀x′j ∈ pref(l, s′2)

�
x′j =

{

]
H��
xj = 1

0
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prefd(l, s1) ` prefd(l, s
′
2)
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∃s′′2 = progress(x, s2)
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∗
→ s′′2
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prefd(l + 1, s′1) `
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 £k�=� 	 � �q� ���0	B� !�� � �q� Mi

� ��� 	B� !�� � �q� Mi+1

¤p�y£k¥j£ � 	���	 ��w £ y rk�Er � �p� ¡ � � ~  -�y��� Rl

£ �q�¥ � ���Z���d� ��  � � �Z��¥ �Er � � � Si × Si+1

� � � 
 £ � � (si, si+1) ∈ Rl

�x�N�
� ~ suffd(l, si) � suffd(l, si+1)

� �
� ~ ∀s′i ∈ Si

� � � 
 £ � si → s′i } ∃s′i+1 ∈ Si+1

� � � 
 £ � si+1 → s′i+1
� � (s′i, s

′
i+1) ∈ Rl+1 ~
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�]ª i
	�ª ejb�fhb l�n�� � C`YO±OCE@J[E[`HIYOP�lvKG±R\�®R\sPVQE@ ~�z� � � Mi �
� � � π = s0s1

∗
→ sn

� � � 
 £ � sn � V n+l
n = progressn(V l

0 ) ~�z� � � Mi+1 �  -�y������������� l

� � � ! �+�d� � rk� � � � � � � ¡N�d� � � l ~ � �I�y¥�� ∃π′ = (s0)
∗ → s1

∗
→ s′n

� � � 
 £ �
s′n � V n+l

n = progressn(V l
0 ) ~
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 p � φi,a ⇔ kill � qti ∧ φi,a


 fp � φ0,a ⇒ AFφn−1,a ⇔
(kill � qt0 ∧ φ0,a) ⇒ A[

∧

i∈KILL kill � qtiU
∨

i∈KILL(kill � acti ∧ φi,a) ∨ φn−1,a]
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"$�,�����+%'�?*���"��A@� .me�pi� ��3@�B�*(��<C�������#*��,%'�!�+����DE�(��%3���F@4�� `��*(G?*�"����(H��7I����J%K�L�+ ��!/0 ����M"$�A������<>�$�(�
B(%'�+N��O@� P�����L�("$�����C@4 PQR�!�+�������S����T��+��%S"UI9�+@4�!�����!�O�1%V"��F@����4��B��

k + 1
�(�W<>X�<>�=%!��<>���S/0 YIZ��"

���&[+���$�C"\IZ�+@��!�(�!���
k − 1

H^]^�`_-�a@YIZ 4���C%!�'�+����<C���!���$���b���J%#<C�+�!/0 �B(�C���+�c"UI9�d*(%'�e[d�d%'������@� f���$N����+"

cmd g eop "$�+�!�h@��A"\I����&[+���2@��A"��S@��(�!����i��!�A*(��"$"� �"$�7@� j�-�+/0 ��(%3�!�(/0 �X(%!�+H

k�lLmon

p l

p lrqJl�s

tun?v

p lLq�l�suqJt�wyx

l�suqJt�wyx

t�wyx

l�s

cmd z val

pi z gnt

cmd z eop

cmd z eop

cmd z eop

cmd z eop

cmd z eop

cmd z val ∧ pi z gnt

cmd z val ∧ pi z gnt
pi z gnt

x&{}|\~��������

x&�����\�����1�
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^���� D >�`pGI@�������`E>�T»>�`pGI@QJVF�T B OHGa^��­MO>A@
]2� *���<>������%!��<>���&%7�+�4%'��<=�+"^�YIZ�+@�<>�(%;�+ �*( ���B([+B����(<C�(�0%A/0 �� �L�( 4%K�!�+"$�(�0%!�$�8"��>���!��N+�!�����!�����

@� V�����L�("$�$�4�+Ho]2����@��?�rB(�!���&%!��B([�B(����<>���&%!�:/0 ��h���+ ��5�+"$"������M*����4�!�$@4B��!�(���!���&%5*(�� 
	V/0 ��4�L�(��%' 4� � ���&%
"$�;�� 
	j@� `���$����"��$���dHG�
"��h��I���	����!��<C�(�&%3���+�R"\I��$�&%'�(�!<>B�@��$�+�$���3@��(�3���$N����+ 
	O�� ���[d�+�&%!�¾l

¬
pi g ack l��+*�/0 ��e%!%!��<>���&%8@� .QR�!�+�������R*�� � "$�', Dom(pi g ack = {RDY }

@-�+�4�3"��K*��+�8���4%!�?�
<C�+"�-yH

¬
cmd g val �(% rsp g ack l�%'�!�+���'�d*(%'�����K�(%M�d*�/0 ���%�%'�(<C�(�0%Y@��5"\I��$���e%'���o%'�� 4�_g]�H�", Dom(cmd g val) =
{0}

�1%
Dom(rsp g ack) = {0}

@-�+�4�8"��K*��+�R����%'�$<C�+"UH
¬
reset

lh"UIZ������%'�d%'�( ��,g]�H�C�!BT� �$���e%'�$�+"$���!�`"$��QR�'�+�4�L�(�eg]�H�<;!mN� ,)�YI���	��$�J%'�b�-�+�j@-�+�4�."���*��+�
����%'�$<C�+"5-1H�
"$�5���� 4[+���&% ���3@�B(*���<>�����!�(�6�(�=@��( 
	>*�"$�+�!�����6@YI�B([�B(����<>���&%�H4]2���6B([+B����(<C�(�&%'� �� ��5"\I��$�&%'�(��D)�+*(�

g]�H� �1%R�! ��R"\I��$�&%!����D)�d*���me� H
¬ �
�&%'�(��D)�+*(�A�$���e%'���o%'�� 4��g]�H�El

��HR]�I��$���e%'�$�d%'�( �� ���� 4%8�����!B(�!���R@��(�R*(G?*�"����8@YI9�o%!%'�(�&%'���8"$�+�!� @��A"UIZB(<C���!�!�����O@��(�8*����!�����(�R@��
*(��"�"$ �"����^�!�(/? 4X(%'� �(% ;o�� #@-�d��� "UIZ�(�&[����?@������+*�*( ��!B(��� ��B�*(���4%!�$���c@���� *���"�"$ �"����^@��:�!B����������
,
Dom(cmd g val) = {0, 1}

�(%
Dom(rsp g ack) = {0, 1}

-1H
��HR]�I��$���e%'�$�d%'�( ��r���� 4%^@4��<C�+��@��(�2"�� ��BT�
������%!���+"��$�!�d%'�����h@� KQR�'�+�4�L�(�$,

Dom(reset) = {0, 1}
-1H

¬ �
�&%'�(��D)�+*(� �  ��ÉmN�
*4HR]�I�����*�"���[+�:���� 4%^��B�������@�����/0 YIZ��"+�YI����J%M�-�+�2����X(%
� %'�!�+��%!���r"$� ���� 4[+��"�"$� ����/0 �X(%!�4,

Dom(pi g ack) =
{RDY,WAIT}

-1H
��HR]�I�����*�"���[+�S�L�( 4%K�$�&%!���!����<>���!�,"��V%'�'�d���!<>�$���!�$�+������*��� ����;�(%;�$<>�L�������8"��>�!�(%!�'�+�4�!<>�$�l�

���$���j@��,"�� @4���!�4�$i����A�!��/0 �X1%'� ,
Dom(pi g ack) = {RDY,WAIT,RET}

-yH
� �-�+��%!�$� @4�8*(���5B([+B����(<C�(�&%'�  4�>�(���!�(< � "��8@4�ÉÆ;QR�!�+�������!�6�KB(%!BR@�B([+��"$�+���LBo�&@� >��"$ ������$<>��"$�

,EQR�!�+�������[c -:�+ ���"� �� *��+<C��"���	�� ,}QR�'�+��������d e�-1H4]M� �4�$B��!�+�!*��4�$�7�(��%h�4�!B������&%'B(�c@��+��� "��3% � � "$���+ 
��H«��H;�r���+/0 ��KQR�'�+�������h@4�K*��(%�%'������B��!�+�!*������;���J%h%'�("Y/0 ��K*��-�+/0 ��KQR�'�d���L�(�h��"$ 4� *���<>��"���	��K�$��*("$ 4%
"$�(�7*(��<C�����J%'��<>���&%!�3@��(�7QR�'�d���L�(�!�3���!B(*�B�@4���&%'�',}% � � H ��H���-1H$�7I����J%K ���� *(������B�/0 ����4*��S@����!��*1%'�c@��
���+%!�!�C<CB1%����?@��=@4��*����4*�����%'�$�+�YH�� �("����4�=[��( 4%S�-�+�#@��$���C/0 ��O"��C<>X�<>�=����*���B�<>���&% �(I9�+�4��"$��/? 4�
@� �QR�'�d���L�(��� �d �QR�!�+�����������M�(%,@� �QR�'�+�4�L�(�6d �+ �QR�'�d���L�(�?d��EH �����X�L�(%7�2*+I����J%c"�� <>X�<>�
B([+B����(<C�(�&%�/0 ����(��% *����4�!�$@4B��!Bo�d<C�+���M��"&��� �(I9�d����"$��/0 ��5�-�+���� ��M"$�6<CX(<C�6�+ 4%!��<C�d%'�dH ]^�(��@��?�rB(�!�(�0%!�
�$�4*��!B(<C�(�&%'���V�s ��� 4%!���R@�B������4@����&%3@� `QR�!�+�������R�! 4�8"���/0 ��("2�$"$� ��IZ�+����"��$/0 ����&%�H

� [+B����(<C�(�0%3*��+���!��@�B���B � ��%'�$<C�+" � �
� �4%!�$<C�+" c c�� c�e

* � ��� � e
� d d�� d
e

� 	�� �=��Hk�E¬��3��B��!�+�!*������K@����hQR�!�+�������!�8<C�!�$%!�!���pg]�H�<;wme�
"$�(�7QR�'�+�4�L�(�!�;@���c�� d��M�+�0%;B(%'B#�!B��d"$�$��B��3�(%;[+B��!�e_-B��7�-�+�7���$<  4"��d%!�$��� i � ���A�C�aj ��[���*\�H�­h h

i m5B1%:��*aj\H`V3�+ ��;��[��+���7��<C��"�B�<>���&%'BK"$�S��"��d%!�T�\DE���!<>�+��H �=*��+�0%!���-�d�0%7"$�(�RQR�!�+���������7@�� c������2���
�
x5z q�}~� �?Ä�!arV{#" z��arVx1H?]^�(� <>��@�i("$�(��c�e$�
� eC�1%Ed
eC�����&%h@���� ��	?%'�(���!�������R�+ ����$N����+"u�!�����(%R�1% �YI����&%
�-�+�RB1%'BA�$<>��"$B(<C�(�&%'B��(H
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A −−−→ A′ −−−→ A′′





y





y





y

B −−−→ B′ −−−→ B′′





y





y





y

C −−−→ C′ −−−→ C′′
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→
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→
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→
d
eLH�]�I���������< � "��A@����8�+ 4%!��<C�d%'�(�h�$��*(�!B�<>���&%!B��R�!�A%'���� 4[��A�(���+�4����	�� &3H
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D ��T»>�`pGÃ9��AZÉ>	� 
���

� �(%,�$�4*��!B(<C�(�&%K�!B��+"$���!� "$�=N����J%'������@��S"\I�B([+B����(<C�(�&% *�H��
" *(���!�����!������@ �O"\I���	?%!�������$����@� �@����

<C�+�$���A@��,@�B1_-����%!�$���`@� .�!�$N+�-�+"
pi g ack �� ��8"\I��$�&%'�(��D)�+*(�c@� me��� �  ��7��[���*c"��S[d�+"$�( �� WAIT

H�� �
�!��N��-�+"��L�(�!<>�(%��;"UIZ�(�!*("���[��h@YI���	������$<>��� "��:D)�+�e% /0 YI��$"��rIZ�(��%5�-�+���4�!X(% �;�!B�������@4�!� �; ����h����/0 �X1%'�R@� 
<C�!�$%!�!�+Ho]2� *�����������N+�'�+<><C� ��H È7<C���&%!�!� "UIZB1[���"� 4%'�����#@4�����!��N��-�+ 	 �� �� "\I��$�&%!����D)�d*��/me�M@� QR�'�d���L�(�
"$�+�!� @4�;"��#N+����%!�$���=@��;*��K�4�� 4[��("YB([+B����(<C�(�&%3@��+��� "��7*��d� @YI� ����KB�*(�!�e%' ����1�4*(��<><C�3�$��@���/0 �B7@-�d���
"�� ���LB(*��e_-*��d%!�$���j@� `�����+%'�?*���"��;@� me��� �  ��(H

A0 A1

D1

A2
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�������������

������� �

D1D0

!#"$�%�'&(�*)

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

A2

D1

A2

D2

A3

15263
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© ��ª ����H È¾¬g�r���!�+����N��!�+<C<>�;@��A"$� N����J%'�$�+�`@4 .���$N��-�d"�<_�w� �

]2���!��/? 4�>"�� �!��N��-�+"
pi g ack ���J%A�L�+�!��%!�$���4��B ��"$�=[+�d"$�� 4�

WAIT
"$�#%!�'�+�4��DE���J%A@��S@����4��B��S���

������N��!�(�!������"� �� l5"$�OQR�!�+�������=<C�!��%'�!�j<C�+�$�&%!�$���&%V"UI9�+@4�!�����!�
A2

�1%="$�b@��+����B��
D1

�! ��C"$� �  ��(H
� �+�&%#/0 ��>"$�S���$N��-�d"

pi g ack �(��% �
WAIT

"$� QR�!�+�������,�YIZ�+*�*(���4%!�C��"� ��A@��>���� 4[+��"$"����A@����4��B��(�
@��V"\I��$�4��%'�$�d%'�( ��Ég]�H�7�(%,���V�L�+�!��%!�$���4��� �-�+�A"��>���$N����+" @��V�!B(�L�+���!�

rsp g val H^]2���,B(%'�+N��(� 0
�1%

1@� .���$����"��$���K���c���!�+N��!�(�!�!�(�&%;��"� ���H�]^�CN��(��%!�$���`@� F���+ 4[��(" B1[�B��4��<>���&%A�s ��� �%'�,@�����*c �� � B�N&�d�$�T�
<>���&%7@4 �*��+<C������%!��<>���&%3@� �<C�!�$%!�!�K�� ��7"��c����B(_ 	��c*���<>�L�+�!B,@����3B(% �dN����

0
�1%

1
Hu]�I�B([+B����(<C�(�0%
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� �(%A����*���B�<>���&%K���J%A�$<>��"$B(<C�(�&% �d%!�$���`@��S"\I�B([+B����(<C�(�&%��F�r��"����J%A�!B��+"$���!B#���+�;"��C*���<>�L�+�!��%!�$���
@��h@��( 
	VB1[�B��4��<>���&%'�(H�]2�(�6�4�� 4[����+ 
	VB1[�B(����<>���&%'�6*��+���!��@�B���B��5�-�+� *(�(%�%'�R*���<>�����!�e%'�$�+�#�!�h%!�!�� 4[+�
�! 4� "\I��$�&%'�(��D)�+*(��g]�H�5@� �QR�!�+������� <C�!��%'�!�dH0]2��� ���+ 4[����+ 
	OB1[�B(����<>���&%'�R�(IZ� 	4�4�!�$<>���&% �-�+� "�� � �$�+�$�
@��8@��� 	>�!�$N+�-�+ 
	V@4�3"UIZ���0%!���JD)�+*��/g]�H�:�0"$�R���$N��-�d"

cmd g val �(%6"��8���$N����+" rsp g ack H0]^�( ��6@���<C�+�$���@��c@�B(_-�4��%'�������(��%7B(%'�(��@� ��L�$"��8���� �[����&%;%!�� ��3@��� 
	���������@���� "��V���� �[���"�"$�A[d�+"$�( ��
0
�L/0 ��M��	������$<>�

"$�`D)�+��%C/0 ���"\I��$�4��%'�$�d%'�( ��S�YI����J%j�-�+������X(% �aB�<>�(%!%!�!�F�+ �f�!�(*��1[�������@������� �[���"�"$�(�=@����4��B��(� ,)�$"
�YIZ�+*�/0 ��e%!%!�K�-�+�h"��c�!B����������$-yH-]2���h*��+<C������%!��<>���&%'�h����@� ��e%'�:�-�+� *(���RB([+B����(<C�(�0%!�3*(���!�������L���4@����&%
�+ 
	 N���"�� @� P�����L�("$�$�4���F"\I�B(%'�+N��

0
�(%��F"\I�B(%'�+N��

2
H�]�IZ����*���B�<>���&%S*��+���!��@�B���BO����%> ��P����*���B�<>���&%

@�� � B(N&�+����<>���&%
STALL0,2

�^"$�(�c�4�� 4[����+ 
	fB(%'�d%'�,�(%c"$�(�c���+ 4[��("$"$�(�,%!�'�+�4�!��%!�$���4�,*(���!�������L���4@-�+�&%
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"\I��$�&%!����D)�d*��­me� H ���j���L�(%7��"$�+�!�!/0 ��K"UIZ������%!���d%!�� ����rIZ�(��%8�-�+� �4�!X(%�� B(<C�1%!%!�!�;�1%R/? rIZ��" � "���/0 ��;"UIZB1% �+N+�
�7@4 =�����L�("$�$�4�1�&�+ C*��� 4���! ��e[d�+�&% "UIZB1% �+N��]�A@�����%6���r�(*(%' 4���  4���7����B��!�d%'�����V[���@��+H`� �1%!%'�3����B��'�o%'�$�+�
*��+�!�!�(�!������@ �+ �D)�+��%#/0 YI9�d �*� ��4���+@4�!�����!�`�YIZ��B1%'BO�(�0[+� G�B��.@�����*j���P���O���� �%C�4� "$���!�=�4�hB�*����$���
 ����#@�������B(�S*������!�(�!������@-�+�&%��=*(�(%�%'�V�+@��������!�:, �  �"$"��c�����!B(�!B�� �C"\I�B(% �dN�����-yH�� �("��=�(IZ� 	4�4�!�$<>� �-�d�
"\I���	?%!�������$���C@� �@���<C�+�����R@��7@�B1_-���e%'�$�+�=@� ����$N����+"u*������!�����L�+��@-�+�&%h�d =*��?@��3@��7"UIZ����B��!�d%'�����>@��7"$�
�!�(/0 �X(%!�8�(�&[�� G�B(�7�! 4��"$�Kme��� �  ��5/? 4���L�( 4%5<C�+�$�&%'�(�-�+�&%���������@4�!�R"��3[d�+"��� ��

NOP
HF� �(%!%!�R���� 4[+��"$"��

[d�+"$�( ��h�����!<>�(%R@4�,�4�,@4��<C�+��@��(�8�4�2B�*�����%! ��!�K���2"���*1%' ����,�� ��R"$��me��� &��­hLH
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� �(%h����*���B�<>���&%:����% �+ ����!�r"UIZ� 	?%'���4�!�$�+��@� =@4��<=�d�$���8@��7@4B(_-���e%'�����C@4 ��!��N��-�+"u@YIZ�+*�/0 ��e%!%!��<>���&%
@��(�.*(��<C<C�+��@4���j�! ��`"$�Ume��� �  ��(l

pi g ack H8]^�����$N��-�d"K�L�( 4%`<=�+���&%'�����+�&%.�4�!���4@��!�b"�� [d�+"$�( ��

RETRACT
H�� �1%!%'�V[d�+"$�( ��A�$��@4�$/0 ��>/? 4�="��O*(� � "��>@4��<C�+��@��>"��j�!B(B�<>�$�!���$����@��C"���%'�!�+���!�+*(%!�$���

���.*��� 4�!��HL]2���!��/0 ��#*(�c���+ 4[��(" B1[�B��4��<>���&%K�! 4��[?�$�(�0%7�u"$�AQR�'�+�������8<C�!�$%!�!�K@����e%8�!�,*���<>�L�+��%'�(�R@��
"�� <C�+����i����K�! ��e[+�d�0%!��l

¬ �3�!�!X1%'�(�8"$� �!�(/? 4X(%'�,���`*��+ ��!�ZY
¬ 
 ��"��+*������h"�� �  ��ZY
¬ (7�(<=�d��@������S���� �[����d �"\IZ�+*(*�i��8�+ �  4�ZY
¬ 
 B�B(<C�1%!%'���A"�� �!�(/0 �X(%!�c@��KD)�+T(���`�d%'�+<C��/? 4�',)�'�d���R���$����"��$��� -1H
]^�,@�B1_-���e%'�$�+�>@4�8*(�(%:�$��*(�!B(<C�(�0%6�(IZ�(��%6D)�+��%5�-�d�6"$�K@�����*��!���4%'�����V�!�� 4�6DE����<C�h@rI9�+ �%'��<C�d%'�h@4�3"$�

N��(��%'�����F@� ����(%!�'�+*1%�HL]^�#�!�(%!�� ��7�+ 
	F�+��*��������7*���<>�L�+��%'�(<C�(�&%'�7�(��%K*("��+���!�(<C�(�0%3@�B1_-��� �-�d�7"��V_-�
@YI� ��f���(%!�'�+*1%#�1%#"$�j��B�*(���4%!�$���a@��C"UI9�d*�/0 ���%�%'�(<C�(�0%,@� a�-�+/0 ��1%#��B��������!�>�!B(B�<>�$�(H4h� ��,"\I��$�&%'�(��D)�+*(�
g]�H�;"UIZ������%!���d%!�� ��R[����e%,�!�� 4"$��<>���&%,"$�S�4���`� �d*�/0 ���%�%'�(<C�(�0%,@��V*(���,�-�+/0 ��(%!�c����/0 �X1%'���(H�]^�jN����J%'�����
@YI� ����R�!B(B�<>�$���!�$�+�S@��h�-�+/0 ��1%:�(��%6*��+<C��"�i(%!��<>���&%��!B��+"$���!B(� �-�+��"�� QR�'�+�4�L�(���(%5%'�!�+���!���+�!�(�0%!�R�L�� 4�
"\I��$�4��%'�$�d%'�( ��;g]�H� H
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� �(%3�$��*(�!B(<C�(�0%R�(��%3 ����A*��+<C�����!�e%'�����O@��K%'�����$�h����*���B�<>���&%'�

kill
�- 4������ ��h*��-�+/0 ��,B(%'�+N��A@� 

�����L�("$�$�4�+H0]2�7���+ 4[��("rB([+B����(<C�(�&%R����%  ������+ 4[����+ O�!��N��-�+"
cmd g reset �?*+I����J% �c@����!�3/? 4�7"$�+�!�!/0 ��

*��1%8B([�B(����<>���&%7����%3�+*1%'�eDM%!�� 4%8*��A/0 ��^�SB(%!BA*���<><C�(��*�BA@��+��%hX1%'�!�,�+���!X1%'BA�$<><CB(@����o%'��<>���&%�H
¬ ]2���R*(��<C<C�+��@4���h@-�+�4�8"��K���$����"��$���7@� `QR�!�+�������R�!�+�0%8@�B1%'�� ���%!���ZY
¬ ]2�:QR�!�+������� �(�&[������  ��S�!��N��-�+"?@�� ��B�������%!���+"��$�'�o%'�$�+�K�+ 3me��� �  �� ���� ����J%'���4�L�(� "��R%'�'�d���'�+*1%'�����
�(�.*(�� ��!�(H

m �+ ��A*��-�+/0 ��=B1% �d%,� 	4����%'�+�&%c@��+���,"$�S<>��@�i("$�S������%!���+"v�u%!�� 4%!���,"$���K%!�'�+������%!�$�����K�����&%,<=�+���&%'�����+�&%
B(%!�$/0 ��1%'B��(����[+��*b"��f[d�+"$�( ���<  4�(%!%!��@� z�x¡Ä´x5t;�1%j@���%'�� 4�`"����OB1% �d%!�`��"7� 	4����%!�b 4����%'�'�d���!�e%'�$�+�
B(%!�$/0 ��1%'B��=�-�+�#"$�`[d�+"��� ��c�+*(%!��[+�=@� �������(%S@-�d��� "$�(/0 ���"6"\I�B([+B����(<C�(�0%V�(��%c%'�'�d��%'BdH}� ���+%!��� /0 YI��$"
Ga�.@��( 
	a%'�'�d��%'�(<C�(�&%'�,@�� �LB������&%'�X�� �� ���� ��,"��`���!B(<C���!���C@� f���$����"��$���V�(%# �� ���� ��,"$�>���$����"��$���
����"$ �� �
<>X�<>�+H�]2�,���� 4[+��" B([�B(����<>���&%K����@� ��e%R ��F���+ 4[����+ F�!��N��-�+"^�� ��3"UIZ���&%'���JD)�+*��,@� mN��� �  ��X�L"��
�!��N��-�+"

pi g resetn H
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��	��(<C��"����R@��A���������!��B(%!B��]�%�R] ,)�4����� %!�'�+�4��DE����<CB(���?- /0 ��2�+�0%8B1%'BK[�B(�!��_�B����8�! 4� ��H
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"$�:*����&%!�[W�"��� �� @4� �  ��(H&]�IZ��<C��"�B�<>���&% �o%'�$�+�c@� QR�!�+��������*(� � "�� ���J%�*��+<C�����!B(� @��h@��( 
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"��K�����������$B(%!B]�A���LB(*���_��3/0 ��3"$���5@��( 
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	C�+ 4%!��<C�d%'�(�
*��+<C<>����*(���&%K�1%;%'�(�!<>�$���(�0%7"$�( ��7%'�!�+��%!��<>���&%3����<CX(<C�,%'�(<C���(HY]^�C%!�!�����!�$i(<C�,���������!��B(%!B @�B�*(�!�e%
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Z�[]\�\ (7c.CR(.=�c��.4.*@^ alWS9�(7c.CH(.=.c�,�/ )1^0a8^ f0�#"
Z]\ (�c.CH(.=�c�4.C D.^8alW i

\gZ]\ (7c#) &#c�4.C D1^����_$�^��>aF^Si
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]2�3QR�'�d���L�(� � �cB(%!B7����*���B�<>���&%'B3�d_-�C@YIZ� � %'�(���$�6 ��=QR�!�+������� ���-�(% "����:�+ 4%!�!���6*��+<C�����'�d�0%!�
���&%5B(%!BR<C�?@���_�B�� ���� ������� 4[+���$��N�B(��B������5�(%5N+B��!�(�5"$�����4�� 4[����+ 
	>B1[�B��4��<>���&%'�6�L�+�!�!� � "$�(��H&]2�R���� ��
[��("-B([+B����(<C�(�0%6B1%'���4@C"�� @���<C�+�$�4� @��h@�B1_-���e%'�$�+� @����5���$N��-�d 
	 {5ÀÁ���?Åavw} �1%2z�Ä)����v {��E�d��"$� ���� 4[+���&%
<C�+�$�&%'�(�-�+�&%5��������@����3"$�7[d�+"$�( ��

0
/? 4�-�$<>�L����� @YIZ�d%!%!����@4�!�8/? 4�3"UIZ������%!���d%!�� ��M�!���e%5���!X1%6�L�� 4��*����&%'� �

�0 ����V"���%'�'�d����DE�(��%�H5]2�j���� �[���"RB1[�B��4��<>���&%=�(��%C@�B(_���� %'�("h/? 4�
e = 〈(incb′ , {0, 1}), {0}, {1}〉

Y
"\I����4�!��< � "$�>@����,*��+�4_-N� ��!�d%'�������,<  ��1%!%'�(� l

CQT (incb′) = {0}
�2*��("��`*������!�����L�+��@ �`"��j*����4_�N� ��

�'�o%'�$�+���! 4��[d�+�&%'�
(cmd g val = 1) ∧ (rsp g ack = 1)

Yr"\I����4�!��< � "$�c@����K*(���4_-N� 4�'�d%!�$�����7�+*(%!��[+���?l
CACT (incb′) = {1}

����"�"$�;���c������@4 ���%h"����!��/0 ��
(cmd g val = 0) ∨ (rsp g ack = 0)

H
]^�c������<>�$i����3�4�!�������$B1%'BR�L�+��%'�8�! 4� "��A����B�<>�$�!���3@4 ����$����"��$���dH�� �(%�%'�3�-�+��%!�$�R�YI����J%h�-�+�6*����4*������

��B(�>���+�;"\I��$�4*��!B(<C�(�&%�H
(cI9�+�4�!i��A"��#%���B(���!i(<C��Ê��Y*��1%!%'�V�����������$B(%!B#D)�+�e%;@����!��*1%'�(<C�(�0%A���+��%!�$� @��V"$�
�!��B�*(��_-*��d%'������@� �QR�!�+�������.&3I�H�]^� �!��*(����@��K�4�!�������$B1%'B7*(����*(���!�4�K"$�3QR�!�+������� *(� � "�� & �4*��1%!%!�;���!�E�
�����$B(%!B#D)�+�e%;�+ 4�!�!��@��$����*(%!��<>���&%K�-�d��%'���#@��S"$�=�!��B�*(��_-*��d%'�����F@� FQR�!�+�������K*(� � "�� &7IeHY]^�C%!�!�����!�$i(<C�
���������!��B(%!BK����%R%!�'�+���JDE���!<>B��A�-�d�h"$�;%��4B�����i�<>�Á�A@��A"$�#D)�+T����`�! 4��[d�+�&%'�3l

Z]\K\ (�c.CH(.=�c��.4�*@^8alWS9�(7c.CH(1=�c�,�/ )7^8aF^>fK�#"
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(7c.CR(.=�c�4.CED.^8aF^G9 (7c6)Q&#c�4.CED.^����_$g^��>a��7f�f�f$#
\ &H<QCRJ � c�41C 5 9 \ (�c.CH(.=�c��.4�*@^8alWS9�(7c.CH(1=�c�,�/ )7^8aF^>fK�#"
Z]\ (�c.CH(.=�c�4.C D.^8alW i \ &H<+C J � c�4.CE5 9 (7c.CR(.=�c�4.CED.^8a:W@fS?
\gZ \ (7c6)Q&#c�4.CED.^����_$g^��>a8^ i \ &H<+CRJ!� c�4.C 5l9�(7c#)Q&6c�4.C D.^"���_$�^��:aF^1fS?
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{F0, . . . Fn}
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Lit
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Lit

y>zI���¡yIue�(��y��
Lit = AP ∪ {p | p ∈ AP}
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AP
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p 6∈ L(s) ∧ p ∈ L(s) p
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p ∈ L(s) ∧ p 6∈ L(s) p
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A = 〈AP, S, S0,L, R, F 〉

V
S, S0, R, F

z�vL��� �   6M���0�>vL�i�Ky � x��7z�uRx �   6M�����P�gvL�
	4V��S� �  >�>  � yI����y
yI�

L : S → 2Lit
V

j#.�/7�9)�$IQ��� ��G�%.��7�9��"'�#$I�>�,�%�9 J��&(.��7�% ����>���*�%�#&'.�
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p ∈ AP
��yIue�(�-y

p ∈ L(s)
x�� �

p ∈ L(s)
V
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π
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L : S → 2Lit
yI�

L′ : S ′ → 2Lit
� yI�,� e2vL�A�I�®�gvL�7z ��g  I�P�P�(��yI�mx�t=y>z�x�T�y>�:u�yf�*)I�Ky�yI�7z�yI�5w(u�y

� y�� � v>��v�zI���P�gvL�7z5x���vL�i�P�(�-y>z V
L′′ = L · L′ y>zI�0�=�AyZe2vL�A�I�P�gvL� ��g  I�®�P�(��yI�gx�t=yiu �g >y,+

Lit
�¡yIu�u�y5�(�-y

��vL� � � �7x*�(��y� I�gx��
s ∈ S ∪ S ′ �

L′′(s) = L(s)
z>zI�

s ∈ S
yI�
s 6∈ S ′ -

L′′(s) = L′(s)
z>zI�

s ∈ S ′ yI� s 6∈ S -
L′′(s) = L(s) ∪ L′(s)

z>zI�
s ∈ S ∩ S ′ V
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L
�8�Ayhe2vL�A�I�P�gvL� ��g  I�P�P�(�-yI�gx�t=y

L : S → 2Lit
N yI��z�vL���

Lit′
�8�]yI�7z�yI�5w(u�y � y:� � v>��v�zI���P�gvL�7z

x���vL�i�P�(�-y>z_�¡yIu0�(��y
Lit ∩ Lit′ = ∅

V�SEx5e2vL�A�I�®�gvL� ��g  I�®�P�(��yI�gx�t=y
L+Lit′ : S → Lit′ ∪ Lit

y>zI�
�   6M���gy4��yIue�(�-y �
∀p ∈ Lit, ∀s ∈ S

N
L+Lit′(s) = L(s)

yI�Mu g yI�7z�yI�5w(u�y � y>z��AvL��T�yIu�u�y>zC� � v>��v�zI���P�gvL�7z4x���vL�i�P�(��y>zXvL���
�=�Ay TLx�u�yI� � ��� �  I��y � �i���A >y V
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�!�L�!"(/7�%�i¯

F ⊕ S
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S . F 	 S
"'�G�4�gDF.��B$(�%�,�! J.��
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F = {F0, . . . Fn}
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S
�8�

yI�7z�yI�5w(u�y ��g  I�gx�� �
� F ⊕ S E {Fi ∪ S | Fi ∈ F} -
� F 	 S E {Fi \ S | Fi ∈ F} -
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yI�
K2 E 〈AP2, S2, S02 , L2, R2, F2〉� yI�,��� H � V SExr&(. 
V�B.��% R�! J.����Ga=��&>6��G.���" � y

K1

yI�
K2

�AvL�¡ >y
K1 ‖ K2

y>zI��uRx�zI� � �-�I�P� � y
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AP E AP1 ∪ AP2
-

S ⊆ (S1 × S2) \ {(s1, s2) | p ∈ L((s1, s2))
yI�
p ∈ L((s1, s2))} -

S0 E (S01 × S02)
-

L((s1, s2)) E L1(s1) ∪ L2(s2)
-

R ⊆ S1 × S2 × S1 × S2

N x�T�y>�
R((s1, s2), (t1, t2))

z>zI�
R1(s1, t1)

yI�
R2(s2, t2)

-
F ⊆ {(P1 × S2) ∩ S | P1 ∈ F1} ∪ {(S1 × P2) ∩ S | P2 ∈ F2}
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Kϕi
= 〈APi, Si, S0i

,Li, Ri, Fi〉
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• ϕ = true
1

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

• ϕ = p
1



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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Kϕ1 � AKS(ϕ1)
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∀p ∈ APϕ1
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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

+

7 Kϕ1 Z AKS(ϕ1)

7 R = [Sϕ1 ∩ SpredT ] × S0ϕ1
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s0 ∈ S0ϕ1
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, Lϕ1, R ∪ (Rϕ1 \ {(s, sT ) | s ∈ SpredT ∧ sT ∈ ST}), (Fϕ1 	
ST ) ∪ SpredTϕ1

〉

• ϕ = A[ϕ1Uϕ2]
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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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��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

+

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]
+

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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Y
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, L+AP2
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·
L+AP1

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

Fϕ1∧ϕ2) ⊕ {sD}〉
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• ϕ = AGϕ1
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� Sϕ = Sϕ1 \ (ST ∪ SD)
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uRx � yIuRx��P�gvL� � yf� � x��7zI���P�gvL��v�w(�¡yI�����7x � uRx �   6M�����®�gvL��� V��2Km����yI� 	�� 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]
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� Sϕ = Sϕ1 \ (ST ∪ SD)
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Rϕ =
(R \ {(s, sD) | s ∈ SpredD ∧ sD ∈ SD) ∪ {(s, s0) | s ∈ SpredD ∧ s0 ∈ S0ϕ1

}
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`aYc§4W�\,j�'�d*jVkwb4W�Z[~�£4^_fwj*~ d*f�h�j*`Nf�Zqd*j���~a\,u*u�fl~G%V\74cZ[~�f*/nd�fw�4fwW*Y_~N\,k�Z[Yc��\,u*~��l`qj*W�kwfl~�Z \,YcW�v��4vlW�f��
%eflW�ZG%V\,Yc`�Y_^�W�{�\n\,j*klj�W*f�kwb4W�Z[~[\=Y_W�Z[f�`aj�~N^cflj*~��=\,^_fwj*~q\(�,\=W�Zq^�{�v��4vlW�f
%eflW�Z R�� b4j�`�\���b,j�Z[b4W�`�\,^cb4~a`
d*fwj1'�u*~ab4u�~aY_v�Z[vw`�d*f�^]\g`au�vlklYTx�k(\�Z[Y_b,W�d*fw`�klb&%�u�b4`[\=W�Za`Nkwb4W*kwfl~aW�vl`���j*Y�� b4~akwflW�Z�^�{ \=j�Z[b4~�Y_`a\=Z[Ycb4W¤d*j
h*j*`�f�Z�^]\�d*f,%V\=W*d*f¥d*fg~afw��j* wZafH/¤~�fl`�Zafl~�Y_W*\,kwZaYc��Z \=W�Z�� j�fn^�{�v��4vwW*f
%eflW�Z�W�{}fl`�Z�u�\=`�\,~a~�Yc�4v R�� b,j*`
b4h�ZaflW*b,W*`�\,^_b4~�`Pd*flj�'¨W*b4j��,fl^_^cfl`P`�Z[~aj�kwZ[j�~afl`�d*fz�¥~aY_u��,fg\,h*`�Z[~a\,YcZafl` K ′′
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=NM!> O�Q�RJI+A0K fwklb4W*d¨~[\5E�W�f
%eflW�Z�d*fg^]\¤h?b,j*kl^cfnm�oNp¥r s
t fL%�b d*�w^_f�\,h*`�Za~[\,YTZ�fw`�Z*%�\,Y_W�ZaflW�\,W�ZNklb�%eu�b4`av d�f ^]\B%V\,W�Y_�l~�f�`�j*Yc�=\,W�Zaf�M Ki ‖ (Kw ‖ K ′

w ‖
K ′′

w) ‖ (Kb ‖ K ′
b ‖ K ′′

b )
R t fN%�b d*fl^ k �*flk ��Y_W�§ fw`�Znf-'�vlkwj�Z[vV\(�4flke`aj�klkl�w`l�6d�{�\,u*~��l`n^]\�u*~�b4u*~aYcvwZavO�RQP ^]\iu*~�b4u*~aYcvwZavn§,^_b4h�\=^_f�fw`�Z�\,j*`�`aY��=\,^_Ycd*f `�j*~�^_f¥`�� `�Z[�
%efnklb4W*kw~af�Z R

�SRUT "WVYX�Z\[(]�^_]�XW`\ab[dce^Bf3X�]hg�^Hij]�k-lHm

� b4j�`P\(�4b4W*`Pu�~ab klvld�v d*f ^_\H%e 
%ef���\&nwb4W�u�b4j*~�k �*\,klj*W�f¥d*fl`�u�~ab4u*~�Y_v�Z[vl`�§4^_b4h*\,^_fw` R t \z�4vw~aYcx��
k(\�Z[Y_b,Wzd*fN^]\�u*~ab,u*~aYcvwZ[v I Yo%�u�^_Y_��j*fwW�Z�Z[b4j*` ^_fw`�kwb�%eu?b4`a\,W�Z[`w�=fw^_^_f fw`�Z kwb�%eu?b4`�vlfqd*f Sqp u*~�b4u*~�Y_vwZavl` R
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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�Q�RTSLA s�vl`�j*^cZ[\=Z[`Pkwb�%eu�\,~[\�Z[Yc� `�d*fl` %�b d*�w^_fl`�klb4W*kw~af�Z[`�fwZ�d*fl`Y%eb�d��l^_fw`�\,h*`�Z[~[\=YcZ[`

klf�ZaZaf�u*~ab,u*~aYcvwZ[vN\ %eY_` flWiv�� Y_d*fwW*klfPj*W�f�fl~�~afwj*~ d�\,W�` ^|{}Y %eu*^_v,%�fwW�Z \=ZaY_b4W d�j¤u*~ab,Zab�kwb4^_f ��m�U6flW�Z[~�f
^_f ��~a\,u*u�fl~Y%�\74_Za~af f�Z�^_\iklYch*^_f���m�U R

t f�Z \,h�^_f(\=ji~avw`aj�%efP^_fw` u*~�b,x*Z[` flW¤Z[fw~ %ef�d�{}fl`�u�\,klfY%ev
%eb4Y_~�f ~afl��j*YTZ�fwZ ^|{}fl`au*\,klf�d {�v�Z \=Za`�u?b4j�~
^_fw`NZa~ab4Yc`�u*~�b4u*~aYcvwZavl`�§4^cb4h�\,^cfl` R t fw`�f-'�u�vl~aYcflW*kwfl`Pb4W�ZPv�Z[v ~�v(\,^cY_`�vlfl`N`aj*~ C flW�ZaY_j�% U%��d*f I�R@?&p p�� 2
\(�4fwk ? pgb�d�f¤s�r�� R t f�%eb�d�fl^ k ��flk ��Y_W*§¨\�v�Z[v¤~avl\,^_Yc`av�\ �,flk�j*W*f %evwZa�*b d*f�d*f¤~�vlb4~�d*b4W*W*\,W*klf �
%eflW�Znd�� W�\&%eY_��j*f�j�Z[Yc^_Yc`[\,W�Z ^�{ \=^_§4b4~�YcZa��%�fn`aYT� Z R6� b4j*`n\(�4b4W*`nd�{�\,h�b4~ad�u�\,`�`ave^_fw`nu�~ab4u*~�Y_v�Z[vl`g`�j*~
d*fwj1'¦u*^_\=Z[fw`��|� b4~ %efl`qklb4W�kl~a��Z[fw` R t \iu*~�f
%eY_�l~�f�kwb4W�Z[Y_fwW�ZPj*W¦Y_W�YcZ[Y_\=Z[fwj*~���m�U ��j*W���~a\,u*u�fl~ %�\74cZ[~af
fwZ�j*W¦��~[\,u*u�fl~�klY_h�^_f,��j*W C UNh�j*`PfwZPj�W*f¥klYch*^_f���m�U R t \i`aflkwb4W*d*fgu*^_\=Z[f �%� b4~ %�f�klb,W�ZaY_fwW�Z�flW¡u*^_j�`
j*W¦`�flklb,W*d¦Y_W*YTZ[Y_\=Z[fwj*~���m�Uqf�ZPj*W�`�flkwb4W*d¦��~[\,u�u?fw~ %V\54_Z[~�fg��d*f�u*^_j*`�^_f�klb4W�Z[~�£4^_fwj*~�d�j C U h*j�`P\
vwZav+%eb�d�Ycx�vnu?b,j*~�§,vl~afw~�^cfl`�d�flj1'yY_W*YTZ[Y_\=Z[fwj*~a` R o W�`aj*YTZ[f�^cf+%eb�d�fl^6k �*flk ��YcW*§¡\�v�Z[v¤\,u�u*^_Yc� j�vz`�j*~
d*fwj1'¨ZX��u�fl`�d�{ \=h*`�Za~[\,k�Z[Y_b,W R t \�u*~�f
%eY_�l~�fgklb4~�~afl`�u?b,W*d�\,j k(\,`�b�.¨Zab4j*`�^_fl`�klb&%�u�b4`[\=W�Za`�b,W�Z�vwZav
\,h*`�Z[~a\,YcZa` R�� b,j*`�`ab�% %�fw`Pu�\,~�Z[Y_fw`�d�{�j�W*f�\=h*`�Za~[\,k�Z[Y_b,W¡� Ycd*f,��k={�fw`�Z /ed*Yc~af¥Z[b,j*`�^_fl`�`�Y_§4W�\=j1'¦d�{}Y_W �
Z[fw~���\,kwfl`gd*fw`¥klb�%eu?b,`[\,W�Z[`¥`�b4W�ZB/�j*W*f¤�=\,^_fwj*~ YcW*d*vwZafl~ %�YcW*vlfiu�j*Y_` ^cfl`¥`�Y_§4W�\=j1'�`�b4W�Zgklb4W�Za~[\,YcW�Za`
u�\,~�^_fw` \,h*`�Z[~a\,kwZaY_b4W*` d*fw` klb�%eu�b4`[\,W�Za` R t fw` klb&%�u�b4`[\=W�Za` d*b,W�Z ^_fw` u*~�b4u?b,`aYcZaY_b4W�`�\�Z[b�%eY_��j*fw`�W�{}Y_W �
Z[fw~�� Y_fwW*W*fwW�Z�u�\,`qd�\,W*`N^]\ �=\,^_Ycd*YcZavPd*f�^]\gu*~ab4u�~aY_v�Z[v�W�{�\,u*u�\=~[\,Yc`a`afwW�Z�u�\=`�d�\,W�`NkwfwZaZaf \,h�`�Z[~a\,kwZaY_b4W�`
^_fwj*~a`z`aYc§4W�\,j1' `�b4W�Zi^_Ych*~afw` R�C b,j*~i^]\¡`afwklb4W�d*f¡\,h*`�Z[~[\=kwZ[Ycb4W��6W*b4j�`i`ab�% %efl`nu�\,~�ZaY_fw`�d*j¢kwb�%eu?b=�
`[\=W�Z klb4W*kw~af�Z¥fwZ�W*b4j*`¥\(�,b4W*`¥\,h�`�Z[~a\,YcZ�`afwj*^_f,%�fwW�Z¥^_fw`�klb&%�u�b4`[\=W�Za`���j*Y���b4j*flW�Z�j*W�~a£4^cfzd*\,W*` ^_\
~avl\,^_Yc`[\=ZaY_b4WVd*fg^]\iu*~�b4u*~aYcvwZavl` R

UX^ fl`�Z¥kl^_\,Y_~���j*f¤W*b4j*` \ �,b4W*`gj*W�§�\=Y_W�fwW�Z[f
%eu*`¥^cb4~a`�d*fi^_f�k(\,^cklj*^�d*fl`¥v�Z \=Za`¥\,klkwfl`�`aY_h�^_fl`¥f�Z
^_f %eb d*fl^�k �*fwk ��Y_W*§ d*fl`gZ[~�b4Y_`¥u*~�b4u*~�Y_vwZavl`g§4^cb4h�\,^cfl` `�j*~g^_fl`g`���`�Z[�,%�fw`i\,h*`�Z[~a\,YcZa` R m�fw^]\¡fl`�Zzd���/
^]\¨~avwd*j*kwZaY_b4W d�f�^]\¨u*~ab,� b,W*d*flj�~�d*f�^�{ \=~ah*~�fVd�{}f-'�vlkwj�Z[Ycb4W*`¤f('�u�^_b4~�v���kwb4^_b,W*W*f�� K � d*flu�Z[��� R t f
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W*b�%�h*~af�d*f��=\,~aY_\,h*^_fw`������;W {�fw`�ZNu�\,` ��~a\,Y %eflW�Zq~avwd*j*YTZj%�\,Yc`�^_f���\,YTZ � j�f�d*f�W*b�%ih�~aflj�'e`aY_§,W�\,j1'
`ab,W�Z�^cY_h*~�fl`Pd�\,W�`�^�{ \=h*`�Za~[\,k�Z[Y_b,W¦Y %eu*^_Yc� j�flW�ZP��j*fn^_fl`P`�Z[~�j*kwZaj*~afw`�d*f������ `ab4W�Z�u*^cj*`Pu?f�Z[YTZ[fl` � flW
W*b�%�h*~af¥d*fnW��gj*d*` � R
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� \,W*`�klf�ZaZ[fgZ[���l`af=�?W�b4j*`�\ �,b4W*`�� b4~ %�\,^cY_`av�j*W*fB%�v�Z[�*b d*fgY_W*kw~av,%�fwW�Z[\,^_fgu�b4j*~�^]\¤kwb4W*klfwu�Z[Ycb4W
fwZe^_\y�4vl~�Ycx�kl\=Z[Ycb4W d*f¡klb&%�u�b4`[\=W�Za` %V\�Z[vl~�Y_fw^_` R � b4j�`�\(�,b4W*`N%�b,W�Za~av¦��j*f¡klf�ZaZafy\,u�u*~ab k �*f¦xF'�f
j*W k(\,d*~�f�d*fnklb,W*klfwu�Z[Ycb4Wyu*~�b�k ��f�d*fnklfw^_j*Y6d*j�kwb4W*kwflu�Zaflj*~ R UX^6u�flj�Z \,^_b4~�`P`l{�\=ZaZ[\,��j*fl~ /�j*W u*~ab��
h*^c�
%ef /�^]\�� b,Y_` f�Zn\���b4j�Zafl~¥^_fw` W*b4j��4f(\=j1'�klb&%�u�b4~�Zaf
%eflW�Z[`w��vwZ[\,u�fiu�\,~¥v�Z \,u�f���j*`a��j�{J/¦b4h�ZaflW*Yc~
j*W*fVY %eu*^_v,%�fwW�Z[\=Z[Ycb4W�klb�%eu*^c�wZ[f�d*j klb&%�u�b4`[\=W�Z R � b,Z[~�fD%evwZ[��b�d*f�§�\,~a\,W�Z[YcZz^]\ W*b4W��%~avl§,~afl`�`aYcb4W
d*fw`¥klb�%eu?b,~�Z[f,%�fwW�Z[`�f('�Y_`�Z[\,W�Z[`�Zab4j�Zg\=j�^_b4W�§Vd*fi^_\Vklb,W*klfwu�Z[Ycb4W�d�{}j*W�klb�%eu�b4`[\,W�Z R ��f�u*^_j*`w� ^_\
klb,W*klfwu�Z[Ycb4W Y_W*kw~av,%�fwW�Z[\,^_f�u?fw~ %efwZ¤d�f���\,Y_~�fVvw�,b4^_j�fl~i^_\y`au�vlkwYcx�kl\=Z[Ycb4W¢d�{}j*W klb�%eu�b4`[\,W�Z R � b,j*`
\(�4b4W�`¦vlW*b4W�klv�Z[~�b4Y_`eZ[�*vwb4~a�,%�fw`¦d*fyZa~[\,W*`�� b4~ %�\=ZaY_b4W*`ed*f�u*~�b4u*~�Y_vwZavl`¡m*) t u?b,j*~Vd*vw~aYT�4fl~¦j�W*f
u�\,~�Z[YcfPd*f�^_\¥`au�vlklYTx�k(\�Z[Y_b,W�d*f�W�{}Y %eu?b,~�Z[f�� j�fl^�klb�%eu?b,`[\,W�Z klb,W*`�Za~aj*YTZNd�f9%�\,W*Yc�l~afPYcW*kl~�v
%eflW�Z \=^_f R
� \,W�` ^_fNk(\,` u*\,~�ZaY_klj�^_Y_fw~6b�.i^|{}Y_W�kl~av,%�fwW�Z fl`�Z�^_j�Y�\,j�`a`aY�`au�vlkwYcx�v�f�Z ^cf�~af�Z[b4j�~�\,j1'�\,W*kwY_fwW*` klb&%�u�b4~��
Z[f,%�fwW�Z[`¥fl`�Z¥Y_d�flW�Z[YTx�\,h*^cf,��Y_^ fl`�Zgu�b4`�`aY_h�^_f�d {�b4h�Z[flW�Y_~�^_\V`au�vlkwYcx�kl\=Z[Ycb4W�kwb�%�u�^_�wZafid*j�kwb�%�u�b4`a\,W�Z
Y_W�kl~av,%�fwW�Z[v R � b4j*`n\(�4b4W*`zflW*`�j*YcZaf�u*\,~�ZaY_klj�^]\,~�Y_`av�klfwZ�Z[fed*v
%�\,~�k �*fV\=j1' \,~ak ��YcZ[fwkwZaj*~afw`zu*Ycu?fw^_YcW*f Rt {�fwW*`af,%ih*^cfed�fl`gY_W*kw~av,%�fwW�Za`gu?b4`�`aYch*^_f�\¦vwZav¤� b4~ %�\,^_Yc`av R � b4j*`n\(�4b4W*`nu*j \,^_b,~a` f('���Y_h�fl~g��j�\=Z[~�f
W*b4j��4f(\=j1'�Za�*vlb4~��
%efl` u�b4~�Z \,W�Z¥`�j*~ ^]\eu*~avw`afw~��=\=Z[Ycb4W�fwZ ^]\eZa~[\,W�`�� b4~ %V\=ZaY_b4W d*fiu*~�b4u*~�Y_vwZavl`gm*) t
u�b4j*~Pklf ZX� u�fgd�{ \=~ak �*YTZ[flk�Z[j*~�f R t \¤klb,W*klfwu�Z[Ycb4W¡Y_W*kw~av
%eflW�Z[\,^_f `�f¥~[\,u�u*~ab k �*fgd*fl`*%evwZa�*b d*fl`Pd�{}Y_W �
Z[vw§4~[\�Z[Y_b,W*`¥d*fe`afl~�� Y_klfw`+%�\,Y_`�d�\,W*`nW*b,Za~afe\,u*u*~�b�k ��fS%efwZnflW f-'�fw~a§4j*f�^_f¤^cY_flW�fwW�Za~afeu*~ab,u*~aYcvwZ[vw`
fwZ�kwb�%�u�b4`a\,W�Z[` R t \¤klb,W*klfwu�Z[Ycb4W YcW*kl~�v
%eflW�Z \=^_fg\¤vwZav�\,u�u*^_Yc� j�vlf_/�^]\iklb,W*klfwu�Z[Ycb4W d�fl`���~[\,u*u�fl~�`
��m�U|� C UzfwZ���m�U|�Xr�� ��r R t fw`e~�vl`�j*^cZ[\=Z[`�d*f��,vl~aYTx�k(\�Z[Y_b,W*`�`aj*~¤j*W�f¨u�^]\=Zaf��%� b,~ %ef�klb�%eu�b4`avwf¦d*f
��~[\=u*u?fw~n��m�U|� C U�%�b4W�Za~aflW�Zn��j*fV^cfl`¥Z[~a\,W*`�� b4~ %�\=Z[Ycb4W*`g\,j�Z[b�%�\=Z[Yc��j*fl`gfwZz^_fw`gu*~avw`afl~��=\=Z[Ycb4W*`nd*f
u*~�b4u*~aYcvwZavl`em*) t u�fl~ %�f�ZaZaflW�Z�d*f¦§�\,§,W*fl~ih�f(\=j*klb4j�u8d*f�Zaf
%eu*`iu�flW*d*\,W�Z�^_\yu*��\=`af¡d*f\%eb�d*fw^T�
k �*fwk � YcW*§ R

� \,W*`Nj*W*f�`aflkwb4W*d*f�u�\,~�Z[Y_f=��W*b4j*`qW*b4j*`N`ab�% %efl`q\=ZaZ[\,��j*vlfw`�\,j�'Vu�~ab4h*^c�
%ef�d*f�^_\g�,vl~�Ycx�kl\=Z[Ycb4W
d*f¨`�� `�Za�
%efl`�klb�%eu?b,`avl`eu�\,~e\,h�`�Z[~a\,kwZaY_b4W d*f¨klb�%eu�b4`[\,W�Za` R � b=Z[~af¨d*v,%V\,~�k �*f¨~aflu�b4`�f `�j*~�j�W*f
\,u*u�~ab k �*f d�f¨�,vl~aYTx�k(\�Z[Y_b,W m�oqp¥r sg�qb&.8^�{�fwW*`af,%ih*^_f¨d*fw`�kwb�%�u�b4`a\,W�Z[`efl`�Z�d*vX� / �4vw~aYTx�v Rq� b,j*`
\(�4b4W�`Vu*~�b4u?b,`av¨j*W \,^c§4b4~�YcZ[�F%�f�d�{ \=h*`�Za~[\,k�Z[Y_b,W ^_YcW*v(\=Y_~afVh�\,`av¨`aj�~�^_\ `�u?vwklYcx*k(\=ZaY_b4W d*f¨k ��\,��j*f
klb&%�u�b4`[\=W�Z R t {�\,^_§4b,~aYcZa��%efnkwb4W*`�Z[~aj�YcZ¥j*W�f¤`�Z[~�j*kwZaj*~af�d*fi�g~�Y_u*�=f�\,h*`�Z[~[\=YcZ[fz��j*Y ~afwu*~avw`afwW�Zaf�j�W*f
��b,j�u*^_j�`aY_fwj*~a` � � b4~ %ij*^cf ��` ��m*) t ϕ R�� b4j*`�\ �,b4W*`*%eb4W�Z[~�v���j*f kwfwZaZaf `�Za~aj*k�Z[j*~�fg\,h*`�Z[~[\=YcZ[f�`aYo%ij*^_f
Z[b,j�Z[f `�Z[~�j*kwZaj*~af¥d*f �g~�Y_u*�=f��4vw~aYTx�\,W�Z ϕ R t fl`Pu*~�f
%eY_fl~�`�~�vl`aj�^cZ \�Z[` %efwZ�Z[flW�ZPfwW¦vw� Y_d�flW*kwf¥j*W¦§�\,YcW
klfw~�Z[\,Y_W�fwWVZ[f,%�u�`�d*f��,vl~�Ycx�kl\=Z[Ycb4W R�C b4j�~�^|{}Y_W*`�Z \,W�Zl� ^�{ \=^_§4b4~�YcZa��%�fPd { \,h�`�Z[~a\,kwZaY_b4W�fwZ�^]\zh�b4j*kw^_f�d*f
~[\5E�W�f
%eflW�Z�W�{�b,W�Z�u�\=`�v�Z[vgflW�klb4~�fnYo%�u�^_v
%eflW�Zavl` R
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����� $
	 � ���'&�
 � $
� b4`nZ[~a\ �=\,j�'�� j�Z[j*~�`�`�j*~�^_\¡kwb4W*kwflu�ZaY_b4W¢YcW*kl~�v
%eflW�Z \=^_f�u?b,~�Z[fw~[\,YcflW�Zn`aj*~z^_fed*vw�,fl^cb4u*u�f
%eflW�Z

d�{}j*W¨\=Z[fw^_Ycfl~�d�f¥klb4W*kwflu�ZaY_b4W R�� b4j�`P\,Y %efl~�Y_b4W�`�u*~�b4u?b,`afl~�\,j¡klb4W*kwflu�Zaflj*~�j*W¡b4j�Z[Y_^�d�{}Y_W�Z[vw§4~[\�Z[Y_b,W
d�{}Y_W*kw~av,%�fwW�Z R t {}j�ZaY_^_Yc`[\=Zaflj*~�u?b4j�~a~[\���d�{�j�W*f u*\,~�Zl��d*vwx�W�Y_~e^_fl`�YcW*kl~�v
%eflW�Z[`�fwZ�^_fw`e\���b4j�Zafl~S/ ^_\
%�\,Y_W R*� b,Za~afn\=Z[fw^_Ycfl~��4vw~aYTx�fl~a\,YcZ�\,^cb4~a`P��j*fz^_fl`�~��l§4^cfl`�d*fn^]\¤klb4W�klflu�Z[Y_b,WyY_W�kl~av,%�fwW�Z \,^cf¥`ab4W�Z�~afl` �
u�flkwZavlfw` R ��{ \=j�Z[~�fVu�\,~�Z(��Yc^�`afl~a\,YcZnYcW�Zavl~�fl`a`a\,W�Z�d�fVu*~�b4u?b,`afl~gj*W�fVY_W�Zavl§4~a\=Z[Ycb4W�\,j�Zab�%V\�Z[Y_��j*f�d*fw`
Y_W�kl~av,%�fwW�Z[` R� b4`�u?fw~a`�u?fwkwZ[YT�4fw`Vd*f ~aflk ��fl~ak ��fl`�u�b4~�ZaflW�Z�`�j*~e^|{�\,u*u*~�b�k �*fym�oqpgr�s u?b4j�~e^_\��,vl~�Ycx�kl\=Z[Ycb4W
d*f K�� m R t \ u*~af,%�Yc�l~af�vwZ[\,u?fVfl`�Z�d {�Yo%�u*^cv
%eflW�Z[fw~z^�{ \=^_§4b4~�YcZa��%�f¤d { \,h�`�Z[~a\,kwZaY_b4W R t {�Ycd*vlf�fl`�Z�d*f
klb,W*`�Za~aj*Yc~af�j*W*f�`�Za~aj*k�Z[j*~�f�d�Y_~afwkwZaf
%eflW�Zqj�Z[Yc^_Y_`a\,h*^cf�u�\,~ ^cf*%�b d*fl^�k ��flk �,fw~N��U K?R�C b4j*~ ~�fl`�Za~afwY_W*d*~�f
^]\nZ \,Yc^_^_f�d*fw`�`�Z[~�j*kwZaj*~af¥d*fg�¥~�Y_u*�=fg\,h*`�Za~[\,YTZ[f=��^|{}f
%eu*^cb4Y�d*fg`�Z[~�j*kwZaj*~afw`�d*f¥d*b4W*W�vlfl`�`��1%�h?b4^cY_��j*fw`
W*b4j�`�`�f
%ih�^_fgY_W*d�Y_`au�flW�`[\,h*^cf R

o�W*`aj*YTZ[f=�4W*b4j*` \,Y %efl~�Y_b4W*`�%efwZaZa~afNflW¤u*^_\,klf�^_\�h�b4j*kw^_f�d*f�~[\7EeW*f,%�fwW�Z d�{ \=h*`�Za~[\,k�Z[Y_b,W / u�\,~�Z[Y_~
d*jzklb4W�Z[~�f��%f-'�f
%eu*^_f R t b4~�`a��j�{}j*W*fNu*~ab4u�~aY_v�Z[vqW�{}fl`�Z u�\,`�`[\=ZaY_`���\=YcZ[f�u*\,~�j�W�%�b d*�w^_f \,h*`�Z[~a\,YcZl��^cf %�b=�
d*fw^?k �*fwk �,fw~�� b,j*~aW*YTZ�j�W*f�Za~[\,kwf�d�{}f-'�vlkwj�Z[Ycb4W¦d*jD%eb d*�l^cf�\,h�`�Z[~a\,YcZ R m�f�klb,W�Za~af �Xf-'�f,%�u*^cf�d*b,YcZN wZ[~�f
\,W�\=^c� `av�\=x�W�d*f�d*v�Z[fw~ %eY_W*fw~�`aY�Y_^�klb4~�~afl`�u?b,W*d /gj*W*f�f('�vwklj�ZaY_b4Weu�b4`a`�Y_h*^cfPd*j�kwb�%eu?b4`a\,W�Z klb4W�kl~af�Z
b4j `aY6k,{}fl`�Z j*W¨��\,j1'¨klb,W�Za~af �Xf-'�f,%�u*^cf�������������������� R t fz^cY_fwW¨fwW�Z[~afz^_fgklb,W�Za~af �Xf-'�f,%�u*^cf�\=h*`�Za~[\,YTZ�f�Z
^_fB%eb�d*�w^_fnklb4W�kl~af�Z¥d*b4YTZ� �Z[~�fikl^_\,Y_~�f
%eflW�Z�d*vwZafl~ %eY_W�v R � \,W*` ^cf�kl\,`�d�{}j*W���\,j�'ykwb4W�Z[~�f��Xf('�f
%eu*^_f=�
W*b4j�`zd*f��4b4W�`iklb4W�Za~[\,YcW*d*~af�YTZ[vl~a\=Z[YT�4f,%�fwW�Zn^cfS%eb�d��l^_f�\=h*`�Za~[\,YTZzfwW¢\���b,j�Z \,W�Zzd*feW*b4j��,fl^_^cfl`nu*~ab��
u*~�Y_vwZavl`P\�x�W¦d*f¥~[\5E�W�fl~�^�{ \,h�`�Z[~a\,kwZaY_b4W RFC b4j*~*%efwZaZa~af�flW¡u*^]\=klf kwfl^]\zW*b4j*`Pd*f��4b4W�`�~�vlu�b4W*d*~�f¥\,j1'
��j*fl`�Z[Ycb4W*`�`aj*YT�=\,W�Z[fl`BMA m�b�% %eflW�Z�d*vwZaflk�Z[fl~�j*W¡��\,j1'�klb4W�Z[~�f��%f-'�f
%eu*^_f �A m�b�% %eflW�Z6b4h�ZaflW*Yc~�j*WzfwW*`af,%ih*^cfqd�fqu�~ab4u*~�Y_v�Z[vl`6u*^cj*`�� b4~�Zafl` ��u�~aflW*\,W�Z�fwWzkwb�%eu�Z[f u*^cj*`aYcflj*~�`

kwb�%�u�b4`a\,W�Z[`�� /�u�\,~�Z[Yc~�d*j¨klb4W�Z[~�f��%f-'�f
%eu*^_f �
UX^6W*b4j*`���\,j�Z�\,^cb4~a`�d*v�x�W*Y_~�klb&%S%eflW�Z�k �*b4Yc`aY_~�^�{�fwW*`af,%ih*^_fnd*fnu*~ab,u*~aYcvwZ[vw`�u�fl~�Z[YcW*flW�Z[fw`L/e\���b4j�Zafl~ R� b,j*` \,Y %efl~�Y_b4W*`?vwZaj*d*Y_fw~�d*Yo8?vl~�flW�Z[fw`6�*flj*~�Y_`�Z[Y_��j*fw`6u?b4j�~�k �*b4Y_`�Y_~�j*Wg`�b4j*`��%flW*`�f
%ih�^_fqd*f�u*~ab,u*~aYcvwZ[vw`
u�b4j*~gk ��\,kwj*W d*fw`zkwb�%eu?b4`a\,W�Z[`n\=x�W d*f�d�{}vl^cY %eY_W*fw~ ^_fw`g��\=j1'�klb,W�Za~af �Xf-'�f,%�u*^cfl`nd���/¡^�{ \=h*`�Za~[\,k �
Z[Ycb4W R m�fw^]\�W*b4j*`�\&%e�lW*fH/�j*W*fz\,j�Z[~�fg� j�fl`�ZaY_b4W�M�klb�% %eflW�Z�u?fwj�Z�b,W ~�flW�� b4~�klfw~�^�{ \,h�`�Z[~a\,kwZaY_b4W¡`�Y
^]\i`�u?vwklYTx�k(\=ZaY_b4W¡d*fw`�klb�%eu?b,`[\,W�Z[`Pfw`�Z�Y_W�klb�%eu*^_��Z[f!� � \,W�`�kwfnkl\,`l��W*b4j*`�u�b4j��4b,W*`�\=d*b4u�Zafl~P^|{�\,u��
u*~�b�k �*f¥`�Z \,W�d�\,~ad¦d�vw�4fw^_b4u�u?vwf¥u?b4j�~�^_f�u*~ab klfw`a`aj�`Pd*f �4vw~aYcx*k(\=ZaY_b4W¡m�oqp¥r sg��b4j���\=Y_~af�Y_W�Zafl~��,flW*Yc~
^|{}j�ZaY_^_Yc`[\=Zaflj*~�u?b,j*~¥klb�%eu*^cvwZ[fw~¥^]\¦`au�vlkwYcx�kl\=Z[Ycb4W�d*fl`gkwb�%�u�b4`a\,W�Z[` R m�f�ZaZaf�d*fw~aW*Yc�l~�feYcd*vlf�u�b4`af�^_\
��j*fl`�Z[Ycb4W d�fn^_\iklb�%eu*^cvwZ[j�d*f¥fwZ�d*fg^]\¤kwb4W*`aYc`�Z[\,W*klfgd�{}j*W*fn`au�vlkwYcx�kl\=Z[Ycb4W R� b4j�` \,Y %efl~�Y_b4W*`�\,j*`�`aY�W*b,j*`�u?b,`aYcZaY_b4W�W*fl~�d�\,W*`�j*W¤kl\,d*~�fPu*^_j*` ^]\,~�§4f�d*f��=\,^cY_d�\�Z[Y_b,W�d*fw` K"� m R� b,j*`�`ab,j*��\,YTZ[fl~�Y_b4W�`)%efwZaZa~af�flW¦u*^_\,klf�j*W*f kwb4^_^_\,h?b,~[\=ZaY_b4We\(�4fwk¥^|{$#�W*YT�4fl~�`aYTZ[v�)%#�d*f � \,~ %�`�Z \,d�Z
d�\,W�`N^�{�Ycd*vlf�d�{�\,u*u*^cY_��j*fw~qW�b4`j%evwZa�*b d*fl`qd�{�\,h*`�Za~[\,k�Z[Ycb4W*`N\,jS%eb d*fl^�k �*fwk ��Y_W*§if�Z /n^]\¥`aYo%ij*^_\=Z[Ycb4W R
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t
���
s′
��� ~���� � ��� s � � � p � !"� � !#� � � ~ �$���&% � � � � � � �l~ � % ���'� � p ∈ K(Wi) ��� Wi

� � � � !(! ~ �
% � � � � �$� � � � �)�*� u i ! � � � �+� ��� �c§ � u*~ ! � ����� ��� � � � � � M
K(Wi), s |= p⇔ K(Wi+1), s

′ |= p

,.-0/1/3254
⇒ 6 �N� � � x � � � � !#� �#�c� s′ ��� ~���� � ��� s � s′ � !"�7� � � �$� � §4~ � � ��� ~ ���8�9! � � �*! %:����u*~ ! u !#� � � � !#� �� � � � s ;"< � s |= p � p %3� � � § � � � ��! %:���Nu�~ ! u !#� � � � !#�=! � s � � � ��� p � � � � � �*! %>�?�qu*~ ! u !#� � � � !#�! � s′ ��� ��� � � s′ |= p ;4

⇐ 65@ � p � �+� !"� � � � �*! %:���BA*~ ! A !#� � � � !#� � !#� � � ~ � ��� �C� � � � � � � � �l~ � % ���'� � � � s′ ∈ SK(Wi+1)��� ~���� � ��� s ∈ SK(Wi)
� � � ��� K(Wi+1), s

′ |= p ⇒ K(Wi) |= p ;

K(Wi), s |= p ∨ q ⇔ K(Wi+1), s
′ |= p ∨ q

,.-0/1/32 )P� � A*~ !(! �DA*~ ! � ����� � � �E� � � A*~ � �F� !#G �C!#� � ;
K(Wi), s |= EXp ⇔ K(Wi+1), s

′ |= (e H qt ∧ EXp)
,.-0/1/3254

⇒ 65@ � s |= EXp � � � � ~ �:� 'F� �I�*� � �I� � ��� t = (u, c) ∈ SK(Wi)

��G � � � � � � s → t � � �
t |= p ;
J �8�+%K� � �)� � �*� s′ ��� ~��?� �$� � § s �C� � � e H qt L % �NM !#O�!"P?P � O)QNR � ��� % ? � � ��O)�S� 'F� �I�*�
t′ = (u′, c′) ∈ SK(Wi+1)

�)G � � � � � � s′ → t′ T u = u′ T � � � proj(c′, Ii) = c ; � ��� � �
K(Wi+1)

T t′ |= p � � � K(Wi+1)
T s′ |= e H qt ∧EXp ;4

⇐ 6UJ ���.%K� K(Wi+1)
T s′ |= e H qt ∧EXp � � � s′ ��� O �?� � ��� s �C� � � e H qt L P?���.%3� t′ = (u′, c′)�)G � � � � � � s′ → t′ � � � t′ |= p ; � Q M !#O)!#P?P � O)QVR � �*� % � T � � ��O��W� 'F� �)��� t = (u, c) ∈ SK(Wi)

T�)G � � � � � � u = u′ T � � � proj(c′, Ii) = c T � � ��� � � p ∈ APK(Wi)
T t |= p ; � !#O���!YX#��O T s′� � % G P � �*��� s T � ��� � � K(Wi), s |= EXp ;

K(Wi), s |= EFp ⇔ K(Wi+1), s
′ |= E[e H qtUp] ;

,.-0/1/3254
⇒ 65@[Z s |= p T s′ |= p

� � ��� s′ |= EFp ;
@[Z s 6|= p T � � ��O��C� 'F� �)�*� � A � � � σ � � K(Wi) M σ = s→ t→ . . .→ r T �)G � � � � � � r |= p ; � Q
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M !#O)!#P?P � O)Q R � ��� % R T � � ��O�� � 'F� �I�*� � A � � � σ′ � � K(Wi+1) M s′ → t′ → . . .→ r′
�)G � � � � � �

s′
��� O �?� � ��� s �C� � � e H qt T t′ ��� O ��� � ��� t �C� � � e H qt T . . . T � � � r′ ��� O ��� � ��� r � � ��� r |= p T� ��� � � s′ |= E[e H qtUp] ;4

⇐ 6UJ ��� K(Wi+1), s
′ |= E[e H qtUp] � � � s′ ���$O �?� � ��� s �C� � � e H qt ; )P� ��O)� � 'F� �I�*� � A � � � σ′ � �

K(Wi+1) M s′ → t′ → . . . → r′
�)G � � � � � � Z !"O � P�P s′ ≤ u′ < r′ T u′ |= e H qt � � � r′ |= p ;

� Q M !#O�!"P?P � O)Q R � �*� % � T � � ��O��+� 'F� �)�*� � A � � � σ � � K(Wi) M s→ t→ . . .→ r
�)G � � � � � �

Z !#O � P?P s ≤ u < r u′
� �o% G P � �*��� u � � � r′ ��� O ��� � ��� r ; � ��� � � r |= p � Z p � �9� !"� � !"� � ��O�� ���%'Q � � � � � � O�� % ���'� � � � K(Wi), s |= EFp ;

K(Wi), s |= EGp ⇔ K(Wi+1), s
′ |= EG(e H qt ∧ p) ;

,.-0/1/3254
⇒ 65@[Z K(Wi), s |= EGp

� � ��O��>� 'F� �)�*� � � � ��
 � � ��� A � ��� σ � � K(Wi)
� ; � ; s → t →

. . . → r → . . . T � � �&�)G � � ��� � � s |= p T t |= p T . . . T r |= p T . . . � Q M !"O�!#P�P � OIQ&R � �*� % R T��� ��O)�>� 'F� �)��� � � � ��
 � � �*� A � ��� σ′ � � K(Wi+1) M s′ → t′ → . . . → r′ → . . . T ��G � �N��� � �
s′ |= p ∧ e H qt T t′ |= p ∧ e H qt T . . . T r′ |= p ∧ e H qt T . . . M s′ |= EG(e H qt ∧ p) ;4

⇐ 6UJ ��� K(Wi+1), s
′ |= EG(e H qt ∧ p) � � � s′

��� O �?� � ��� s �C� ��� e H qt T s ∈ SK(Wi) ; ) � ��O��� '$� �)��� � � � ��
 � � �*� A � ��� σ′ � � K(Wi+1) s
′ → t′ → . . .→ r′ → . . .

�)G � �:��� � � Z !#O � P?P$�I� � ���
u′

! Z ��� � � A � ��� u′ |= p ∧ e H qt ; � Q M !#O�!"P?P � O)Q R � ��� % � T ���$��O��+� '$� �)��� � � � ��
 � � �*� A � ��� σ� � K(Wi) M s → t → . . . → r → . . .
��G � � ��� � � s′ ��� O �?� � ��� s �C� ��� e H qt T t′ ���$O �?� �$��� t�C� ��� e H qt . . . T � ��� � � � Z A&� �W� !"� � !#� � ��O�� ��� %'Q ��� � � � � O)� % ���'� T s |= p T t |= p ; � ��� � � T

K(Wi), s |= EGp ;

K(Wi), s |= E[pUq] ⇔ K(Wi+1), s
′ |= E[e H qt ∧ pUq] ;

,.-0/1/3254
⇒ 65@[Z s |= q T ��� ��� s′ |= q

� ��� � � s′ |= E[(e H qt ∧ p)Uq] ;K@[Z s 6|= q T ��� ��O)� � 'F� �)�*� � �� ��
 � � �*� A � ��� σ M s → t → . . . → r → . . . T �)G � � ��� � � s |= p T t |= p T . . . T r |= q ;
J ���
s′

��� O ��� � ��� s �C� ��� e H qt T %'Q M !#O�!#P�P � OIQ R � �*� % R T ��� ��O)� � '$� �)��� � � � ��
 � � �*� A � ��� σ′ � �
K(Wi+1) M s′ → t′ → . . . → r′ → . . . T �)G � �5��� � � s′ |= p ∧ e H qt T t′ |= p ∧ e H qt T . . . T r′��� O ��� � ��� r � � � r′ |= q ; � ��� � � T s′ |= E[(e H qt ∧ p)Uq] ;4

⇐ 6UJ ��� K(Wi+1), s
′ |= E[(e H qt ∧ p)Uq] � � � s′ ��� O �?� � ��� s �C� ��� e H qt T s ∈ SK(Wi) ; ) � ��O��� '$� �)��� � � � ��
 � � ��� A � ��� σ′ � � K(Wi+1) M s′ → t′ → . . .→ r′ . . .

��G � �S��� � � s′ |= p∧e H qt T
t′ |= p ∧ e H qt T . . . T r′ |= q ; � Q M !#O�!"P?P � O)Q&R � �*� %bM � T ��� ��O)�B� 'F� �I�*� � � � ��
 � � �*� A � ��� � �
K(Wi) σ = s → t → . . . → r → . . .

��G � �&��� � � s′ ��� O �?� � ��� s �C� ��� e H qt T t′ ���$O �?� �$���
t �C� ��� e H qt T . . . T r′ ��� O ��� � ��� r ; @[Z A � � ��� � O�� � ! � � !"� � ��O�� ��� %'Q ��� � � � � O)� % ���'� T σ� � � � ��
 ��� [pUq] T �$��� � � K(Wi), s |= E[pUq] ;

K(Wi), s |= AXp ⇔ K(Wi+1), s
′ |= (e H qt⇒ AXp) ;

,.-0/1/3254
⇒ 65@ � K(Wi)

T p �$!#P?� � Z !"O � P?PK��G ��� ���)��!#O)� r ! Z s ; @[Z s′ ��� O ��� � ��� s �C� ��� e H qt T Z !#O � P?P�)G ��� �����)!#O�� r′ ! Z s′ T ��� ��O�� � 'F� �I�*� � ��G ��� ������!"O r ! Z s ��G � � ��� � � r′ ��� O �?� � ��� r � M !"O�!#P�P � OIQVR
� �*� % I � �$��� � � r′ |= p ;�� P?�)� � � Z s′ ��� O ��� � ��� s �C� ��� e H act � T s′ |= e H act T � �$� e H act =
¬e H qt ; � ��� � � s′ |= e H qt⇒ AXp ;



��� 
 � �  ����	 � �7� �1�	� � 
 ���  # ��
 � �  # �F�  � � �h� � ��� ���!� ��� �	� � R p O

4
⇐ 6 K(Wi+1), s

′ |= e H qt ⇒ AXp ; s′ ���$O �?� �$��� s T � � ��� ��O �C� ��� e H act � � !"��� � � § �*! %3�=� � � � � T!#O �C� ��� e H qt � �'Q A ! ��� ��� � � � ; � Q M !#O�!"P?P � O)QVR � �*� % � T � P?P �)G ��� �����)!#O��E! Z s′ ��� O �?� � ��� �)� � �*������ � � � O��+�)G ��� �����)!#O��W! Z s � � K(Wi) � �C� ��� e H qt !"O e H act � ; < P?P
! Z ��� � % % G �I� X"��O � Z Q p T� ��� � � s |= AXp ;

K(Wi), s |= AFp ⇔ K(Wi+1), s
′ |= AF (e H act ∨ p) ;

,.-0/1/3254
⇒ 65@ � K(Wi) Z !#O � P?P � ��
 � � ��� A � ���

σ = s0, . . . sn . . .
T ���$��O�� � 'F� �I�*� � �)� � �*� sk

T 0 ≤ k ≤ n � � � � �?� � p � � �*O)G � ; � O�! % M !"O�!#P�P � OIQR � �*� % R T ��� ��O)�+� 'F� �I�*�E��! % � A � ��� � � K(Wi+1) σ
′ = s′0, . . . , s

′
i, . . . s

′
n
T ��G � � ��� � � � P�PK��� ��I� � ����� s′i ��� O �?� � ��� si

�C� ��� e H qt ; � !#O���!YX#��O T %'Q � !#�$�)�*O)G � � � � § K(Wi+1) � ��� � X"� ��� � ���� ��O)� � !(����� � �B� 'F� �)� � �'Q ��O � � � � � � !#� t′k Z O�! % � �)� � �*� s′k � � σ′ �*! � �I� � ��� s′k+1

P � %K��P?����C� ��� e H qt � � � � � ��� � � ���K!"� � � ��� � Z !#P?P�! �C� � § � � � G � � � !#� �'Q A !"��� ��� � � M
@[Z s′k ∈ σ′ ��� ��� s′k |= AF (p ∨ e H act)
� O�! % s′0

T ��� ��O)� � 'F� �)�*� � A � �����)G � � ��� � � � P?P ���$� �)� � �*��� X"��O � Z Q e H qt � � � AFp T � ��� � �
s′0 |= AF (p ∨ e H act) ;
J ��� s′k ∈ σ′ T ��� �+�)��� ! Z ��� �����.��G ��� ���)��!#O)� � O)� � � M
s′k+1 = sk+1 ∧ e H act � � � ���7G � X"��O � Z Q < � � A ∨

� H � � � � !"O
s′k+1 = sk+1 ∧ e H qt T ��� � �*O � � � � � � !#� Z O)! % sk → sk+1

� � � � σ′ � � � ���7G � X#��O � Z Q AF (p ∨
e H act) � � �$� G � � � !#� �'Q A !"��� ��� � � � ;4

⇐ 6UJ ��� s′0 %3� � �I� � ��� � � SK(Wi+1)

� ; � ; s′0 |= AF (e H act∨ p) T � � � s′0 ��� O ��� � ��� s0
�C� ��� e H qt ;R ; � Z s′0 |= p

��� ���
s0 |= p T � ��� � � s0 |= AF (p) ;? ; � Z s′0 6|= p

���$�������$��O�� � 'F� �)��� ��� O)��� � � �*� § !#O � ��� ! Z �)G ��� ���)��!#O)� M t′ |= e H qt ∧ p L
t′′ |= e H act L r′ |= e H qt ∧ ¬p � � � r′ |= AF (e H act ∨ p) ; � Q M !#O)!#P?P � O)QUR � ��� % � T��� ��O)�=� '$� �)��� t � �$� r � � SK(Wi)

� ; � ; ���$��Q � O��.��G ��� �����)!#O�� ! Z s0 � � � t |= p � � � !#� �
� � � A O�!YX#�.%'Q � � �$G � � � !#� ��� � � r |= AFp ; � ��� � � s0 |= AFp ;

K(Wi), s |= A[pUq] ⇔ K(Wi+1), s
′ |= A[pU((e H act ∧ p) ∨ q)] ;

,.-0/1/3254
⇒ 6 R ; J ���V%3�

s0 ∈ SK(Wi)
T � Z s0 |= q T ��� ��� � � � � X#� s0 |= A[pUq] ;CJ ��� %K�

s′0 ∈ SK(Wi+1)
T s′0 ��� O �?� � ��� s0

�C� ��� e H qt ��� ��� s′0 |= q T � ��� � � s′0 |= A[pU((e H act∧
p) ∨ q)] ;? ;E@[Z s0 6|= q T s0 |= p � � � � P�P � ��� ��G ��� ���)��!#O)� Succ(s0)

X#��O � Z Q A[pUq] ; J ��� r � �
Succ(s0)

%3�=� ; � ; r |= q T ��� ��� � � � � X"� r′ ��� O ��� � ��� r �C� ��� e H qt X#��O � 
 ��� q ; � ��� � �
r′ |= A[pU((e H act ∧ p) ∨ q)] ; J �8� t � � Succ(s0)

%3� � ; � ; t |= p T ���$��� ∃t′, t′′ � �
SK(Wi+1

)
� ; � t′ |= p ∧ e H qt � � � t′′ |= p ∧ e H act ; � Q � �$� G � � � !#� T !#� � � � � A O�!YX"�

t′ |= A[pU((e H act∧p)∨q)] ; � ��� � � � P�P#��G ��� �����)!#O�� ! Z s′0 X#��O � Z Q s′ |=, A[pU((e H act∧
p) ∨ q)] � � � s′0 X"��O � 
 ��� � � � P?�)! ;4

⇐ 6UJ ��� s′0 %3� � �)� � �*� � � SK(Wi+1)

��G � � ��� � �
s′0 |= A[pU((e H act ∧ p) ∨ q)] � �$� s′0 ��� O ��� � ��� s0

�C� ��� e H qt ;R ;E@[Z s′0 |= q
��� ���

s0 |= q � � � s0 |= A[pUq] ;? ;E@[Z s′0 |= p ∧ e H act T � !#�'�*O � � �?� � � !"� �C� ���V���$���'Q A !"��� ��� � � ;



R p�� ��� 
�� �  ����	�� �7� �1�	� � 
 � �  # ��
 �*�  # ���  � � �h� � �������!� ��� �5� �

I ;E@[Z s′0 |= p
��� ���S���$��O��E� 'F� �)��� I � � �*� § !#O � ��� ! Z �)G ��� ���)��!#O �)� � �*��� M � ����� �D�_§ G O)����� � t′ |=

p ∧ e H qt T t′′ |= p ∧ e H act � � � r′ |= q ; � !#O���!YX#��O T t′ � � � t′′ X"��O � Z Q A[pU((e H act∧
p) ∨ q)] ; � Q M !"O�!#P�P � OIQ�R � ��� % � T ��� ��O�� � 'F� �)�*� t � � � r � � SK(Wi)

� ; � ; ���$��Q � O)��)G ��� ���)��!#O)� ! Z s0 � �$� t |= p � � � r |= q ; � Q � � � O�� % ���'� � P � !#� �I�*O)G � � � !#� s0
� � �5� ! �

� � X"� � ��G ��� ���)��!#O ��� � � X"��O � Z Q (¬p ∧ ¬q) � � �5!#�$� � � � A O�!YX#� T %'Q � � �$G � � � !#�V��� � � tX"��O � 
 ��� A[pUq] ; � ��� � � s0
X#��O � 
 ��� A[pUq] ;

K(Wi), s |= AGp ⇔ K(Wi+1), s
′ |= A[pW (e H act ∧ p)] ;

,.-0/1/3254
⇒ 6 R ;���� � K(Wi+1) 	�
 �
� 
 ������� 
 ��� � � ������� � � ��� p � �
��� ��� � ��� 
 � 
 �!���"� � �#� 
 � ����� �%$ ;J �8� %K�

t′ ∈ SK(Wi+1)
T t′ |= p ∧ e H qt � � � σ′ = s′ . . . t′ ; t′ = (u′, c′)

�$!F����� � �
� � % G$P � ��� � �)� � �*� � � SK(Wi)

� ∀s ∈ Si s |= p � ; u′ � !"O�O���� A !#� � � ��! � � � � � ���N�I� � ���� �'�*! Wi+1
� ∈ Σ+

� ; � ��� � � T t′ � � !#�$P�Q O)� � � � � % P?� Z O�! % � ��� �7G ��� � ��� � X � � § � �I� � ���� �$��O�� e H act � !#P�� � � M !"O�!#P�P � OIQ5R � ��� % I � ;? ;&� � K(Wi+1) 	'
 ��� ��� � 
 ����� �(� 
�) �*�"�+��� ��,-���*� � � ��� � 
 � �
� 
 �.� 	/
 ��� �
� 
 �.� ����� ��� ��� e 0 qt

 � � p � � � ��� 
 �
� 
 �.��12�*� �(� e 0 act � ���3��� ��� �(� 
�) �*�"� ;7J ��� %K� s′ ��G � � ��� � � s′ ���$O �?� �$���
s � �$� � �)� �7G ��� � � σ′ = s′ . . . r′ . . . t′ �C� ��� s′ < r′ ≤ t′ T � Z 6 ∃m′ P � %3��P���� �C� ��� e H act�)G � � ��� � � m′ < r′

��� ���
r′ |= p ∧ e H qt !#O r′ |= p ∧ e H act ;I ;&� �54 � ���.� � 
 ����� � � K(Wi) ) �����(� ��� � � �&��� � �54 � ���.��� 
 ����� � 
!� �
�6�"��1 ����� e 0 qt � � K(Wi+1) ;

� Q M !#O)!#P?P � O)Q R � �*� % R T � Z ���$��O��W� 'F� �I�*�E��! % � � ��
 � � �*� A � ��� � � K(Wi)
T ��� ��O�� � 'F� �)����)! % � � ��
 � � �*� A � ��� � � K(Wi+1)

P � %K��P?���87 � ��� e H qt ; ) � ��� ���$��O�� � 'F� �)���C��! % � � ��
:9� � �*� A � ��� � � K(Wi+1)
7 � ��� � X"��O � Z Q p ∧ e H qt ;; � � � X#�+���7G � s′ |= A[pW (e H act ∧ p)]4

⇐ 6UJ ��� s′0 %3� � �)� � �*� � � SK(Wi+1)

��G � � ��� � �
s′0 |= A[pU((e H act ∧ p) ∨ q)] � � � s′0 ��� O ��� � ��� s0

7 � ��� e H qt ; < P�P ��G ��� ������!"O=! Z s′0 � O)��)G � � ��� � � M t′ |= p ∧ e H qt !#O t′′ |= p ∧ e H act � � � X#��O � 
 ��� A[pU((e H act ∧ p) ∨ q)] ;K@[Z
p � �C� !"� � !"� � ��O�� ��� %7QV��� � � � � O)� % ���'� T � Q M !"O�!#P�P � OIQUR � �*� % � ��� ��O)�=� 'F� �)�*� t ∈ SK(Wi)�)G � �U��� � � t |= p ; � Q � � � O)� % ���'� � P � !#� �)��O�G � � � !#� s′0 � � � �$!"� � � X"� � ��G ��� �����)!#O<79��O�� ¬p� !"P?� � � �$� !#�$� � � � A O�!YX"� T %'Q � � � G � � � !#� ��� � � t X"��O � 
 ��� AGp ; � ��� � � s0

X#��O � 
 ��� AGp ;

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

,.-0/1/3254
⇒ 6 s |= A[pWq]

���$��� � P�P A � ���$� Z O�! % s � O��.��G � �U��� ��Q X"��O � 
 ��� pUq !#O
Gp ; @ �5��� �


 O)�)� � � �)� T 79�:G ���>��� �>� � % �>O�� � ��!#� � � § � � A[pUq] ;D@ �N��� �:��� � !#� � � � �)� T %7Q M !#O)!#P?P � O)QR � �*� % R ��� ���)� A � ��� � � 'F� �I� � � K(Wi+1) ; ) � �=� � X#��O § ���7�W%K� � � X � !#G O)� � O)� P � %3��P � � § 7 � ���
e H act � M !"O�!#P�P � OIQ5R � ��� % I � ; ;�� � � X#�+���7G � K(Wi+1), s

′ |=
A[pW ((e H act ∧ p) ∨ q)]4

⇐ 6 K � % � O�� � ��!#� � � § � � A[pU((e H act ∧ p) ∨ q)] ;

K(Wi), s |= ¬p ⇔ K(Wi+1), s
′ |= ¬p ;

,.-0/1/32 ) � � A O�!(! Z A O�! � ����� � � �E��� �+!#� � � !#� � ��O)� � � §:A !#� � � � X#� � ��! %>�?� A O)! A !#� � � � !"� � ;



��� 
 � �  ����	 � �7� �1�	� � 
 ���  # ��
 � �  # �F�  � � �h� � ��� ���!� ��� �	� � R p $

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

,.-0/1/32 ) � � A O�!(! Z � � A ��O Z !#O % ��� %'Q 
 O)�)� �*O � � � Z !#O %:� � § ���$� Z !#O % G P � � � �'�*! A !#� � � � X#� Z !#O % � � ����$��� � A A P Q � � § ��� �U�*O � � � Z !"O % � � � !#� A O)! X"��� � %3! X"� ; ; � � ! %>A � O)�5��� �&O)����G$P��87 � ��� ��� � !"� �
!#%$� � � �B%'Q ��O � �$� Z !#O %:� � § � � O)� � �*P�Q.���$� �$� § � � � X"� Z !#O % ; ) � � 7 � � � G$�7� � P ! A ��O � ��!#O � ; � � � O���P � �*����*!B��� �+�)�*O)!#���>G �'� � P ! A ��O � �*!#O � #�� %'QV��� � Z !#P�P?! 7 � ���=� �7G � X � P?��� � ��� M

A[pWq] = ¬E[¬qU(¬p ∧ ¬q)]

E[pUq] = ¬A[¬qW (¬p ∧ ¬q)]

; �.O)� � � P?P �$��O�� ��� � � ¬e H act = e H qt

(¬EXp)′=(AX¬p)′

=e H qt⇒ AX¬p

¬(EXp)′=¬(e H qt ∧ EX¬p)

=¬e H qt ∨ AX¬p

=e H qt⇒ AX¬p

Hence (¬EXp)′ = ¬(EXp)′ � R �

(¬EFp)′=(AG¬p)′

=A[¬pW (e H act ∧ ¬p)]

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

Hence (¬EFp)′ = ¬(EFp)′ � ? �

(¬EGp)′=(AF¬p)′

=AF (e H act ∨ ¬p)

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

Hence (¬EGp)′ = ¬(EGp)′ � I �



R#R p ��� 
�� �  ����	�� �7� �1�	� � 
 � �  # ��
 �*�  # ���  � � �h� � �������!� ��� �5� �

(¬E[pUq])′=A[¬qW (6= p ∧ ¬p)]′

=A[¬qW ((e H act ∧ ¬q) ∨ (¬p ∧ ¬q)]

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

=A[¬qW¬((e H act ∨ ¬p) ∧ ¬q)]

=A[¬qW ((e H act ∧ ¬q) ∨ (¬p ∧ ¬q)]

Hence (¬E[pUq])′ = ¬(E[pUq])′ � � �

(¬E[pWq])′=A[¬qU(6= p ∧ ¬p)]′

=A[¬qU((e H act ∧ ¬q) ∨ (¬p ∧ ¬q)]

¬(E[pWq])′=¬E[(e H qt ∧ p)Wq]

=A[¬qU¬(¬(e H qt ∧ p) ∧ ¬q)]

=A[¬qU¬((e H act ∨ ¬p) ∧ ¬q)]

=A[¬qU((e H act ∧ ¬q) ∨ (¬p ∧ ¬q)]

Hence (¬E[pWq])′ = ¬(E[pWq])′ � P �

(¬AXp)′=(EX¬p)′

=e H qt ∧ EX¬p

¬(AXp)′=¬(e H qt⇒ AX¬p)

=e H qt ∧ EX¬p

Hence (¬AXp)′ = ¬(AXp)′ � � �

(¬AFp)′=(EG¬p)′

=EG(e H qt ∧ ¬p)

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

Hence (¬AFp)′ = ¬(AFp)′ � O �



��� 
 � �  ����	 � �7� �1�	� � 
 ���  # ��
 � �  # �F�  � � �h� � ��� ���!� ��� �	� � R"R#R

(¬AGp)′=(EF¬p)′

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

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

=E[e H qtU¬p]
Hence (¬AGp)′ = ¬(AGp)′ � � �

(¬A[pUq])′=(E[¬qW (¬p ∧ ¬q)])′

=E[(e H qt ∧ ¬q)W (¬p ∧ ¬q)]

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

=E[(e H qt ∧ ¬q)W (¬p ∧ ¬q)]

Hence (¬A[pUq])′ = ¬(A[pUq])′ � $ �

(¬A[pWq])′=(E[¬qU(¬p ∧ ¬q)])′

=E[(e H qt ∧ ¬q)U(¬p ∧ ¬q)]

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

=E[(e H qt ∧ ¬q)U(¬p ∧ ¬q)]

Hence (¬A[pWq])′ = ¬(A[pWq])′ � R p �
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 g#^��
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����� 
 g#^��
� a g�� ^��,]hg�a � c
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 g#^��
� a g�� ^��,]hg�a � c
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�
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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

# ��$ � � ; R
% < G$��!'& � �*� �$G 7CO � A A ��O <



� ��� � ����� ��� ��� 	 �����	��� 
�� R"R	�


���
��

� �

� �������

�����

� ���������������

�����������

�����

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

���

# ��$ � � ;#" % < G$�*! & � ��� � G 7CO � A$A ��O �
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	�� �
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	�� � 
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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

# ��$ � � ; ( % < G$�*!'& � ��� � G 7CO � A A ��O � �

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

# ��$ � � ; � % < G$�*!'& � ��� � �+P � � � � O%d &>���'�fe � ) e < M*) ��� � ��� � !"� � �Sg � !#� � � X#� � � �



R"R��

� ��� ��� � �

� � 
 � �5� � � �
��� � � � ��� � � 
V� ���

) � � A O)!F! Z ! Z�� O�! A ��O)� Q�� ; ( �I� � � � ���W��� � � Kϕ
� � � &>!F�$��P$! Z ϕ � ����� � A O���P � & � � � O)Q A O)! A ��O)� � ���

� %3!#G$�E��� �+�)�*O)G � ��G O�� 7 �.!"%$� � � � Z O�!'& � � 
 � � � � !#��� ; � ;
,.-0/�� -
	���
���������� ������� ) � � � 
 � � � � � � � �
� 
 ��� s � � ) � ��� 
 �� s ∈ ST �� s ∈ S0 	 s ��� 
 � � � ��� � 
 � �
� 
 ��� �� s ��� 
 �
� 
 �.� � � � 
 � � �"� � � 
 ) ��, � � � ��� ��� � �.� �
� 
 ��� � � sf 	 sg

$ 
 � � sf 	 sg 
 �(� � � ST ∪S0g∪S0f �,.-0/1/32 � � � ��� � � � � O)! A ��O)� Q M ; R) � � A O�!(! Z A O)! � ����� %7Q � �$� G � � � !#�:!YX#��O ��� � Z !#O & G$P �$;'< P?P ! A ��O � �*!#O �Sg � � A � ���$� G T U ! A ��O � �*!#O)�
� � �>��� � � !#��!)G � � � � !#� A O�������O)X#��� ��� � A O)��X � !#G$��P�Q>�Ug � �)� � ��� � � � � � � P$�I� � ��� � � � & � Q � �$� ��!'&>� � � 7
� � � � � � P �I� � ����� ; ) � � G ! A ��O � �*!#O A O)������O)X"��� � P�P � � � � � � P �)� � �*��� � �$��� ��P?����� � P�P �)� � �*��� %3��P�!#��� � ����*!
ST ; @ � � � ���+! Z � !'& A !"� � � � !#�:! Z Kf � � � Kg

!#� � � � � ��! A O�!YX#�+��� � � � P?PK�)� � �*���C!#%F� � � � ��� � O)�� ! & A !#����� 7 � ��� �)� � �*�.! Z Sf � � � Sg

��� � �CX#��O � 
 ��� ��� � A O�! A ��OI� Q ; @ � � � ���.! Z � � G$�7� � P
! A ��O � �*!"O
A[fUg] T !"� � � ! & % � �$��� Kf

T Kg � � � Kf∧g L � ��� � � Kg � � � Kf∧g

O)��� A � � �B��� � ( � !#�$� � � � !#� �
� %3!YX#� � Kf∧g

%'Q ��� � � � 
 � � � � !"� ! Z ��� � A � O � P?P���P � ! & A !#� � � � !#� � L Kf
� � &>!F� � 
 ��� � � � � � &>��7 � Q

� �=��� � �#P�!#% � P�P�Q ! A ��O � ��!#O T � ��� � � K ′
f

O)��� A � � �*�B���$� ( � !#�$� � � � !#� � � � AGf � ! ; ) �$� � % �I�*O � � �" O ��A � �+�)��O�G � �*G O)�=!#%F� � � � ��� Z O�! & � � U ! A ��O � ��!#O T O)��� A � � �*�C���$� O)G P?��� ! Z ���$� � !#�
!)G � � � � !#� � � ����$�
G

! A ��O � �*!#O ;

,.-0/��$#7-�
&%('��*) ) � � < " � Kϕ

% G � P��C%'Q � � 
 � � � � !#�$�+� ; � T � ;-,:� � ��� ; R p � �C�)G � �5��� � � ∀s0 ∈ S0ϕ

T
Kϕ, s0 |= ϕ ;
,.-0/1/32 � O�! A ��OI� Q�� ; (/.

∀s0 ∈ S0ϕ

T Kϕ, s0 |= ϕ ;) � � A O�!(! Z A O)! � ����� � %'Q � � � G � � � !#�5!YX#��O ��� � Z !#O & G P � P������"��� ; � � � �?�=� � ����� � O)� M*) J Z !#O &=G P � �7 � ��� � !:�$���)����� ! A ��O � ��!#O ;
ϕ = p T ��� �5O)����G$P�� � ��� < " � � !#�'� � � � � !#�$� � � � � � � P �I� � ��� s0

�)G � ����� � � p ∈ L(s0)
T � ��� � �

Kϕ |= p ;
ϕ = p ∧ q T ��� �CO�����G P � � ��� < " �B� � % G � P�� Z O)!'& Kp � �$� Kq ; ) � � � � � � � � P7�)� � �*� s0

� � ��G � �>��� � �
s0 = (s0p, s0q) ; ;�� � � X"� p ∈ L(s0p) � � � q ∈ L(s0q)

T ���7G � p � � � q ∈ (s0)
T � ��� � � T Kϕ |= p∧q ;



R#R � 
 � ��� � �	����� �	�  #"�� ���  	 �  � � " �

ϕ = p ∨ q T ��� �+O�����G P � � ��� < " � � !#�'� � � � �E��7 ! � � � � � � P3�)� � �*��� s0p � � � s0q

��G � � ��� � �%
p ∈ L(s0p

T ���7G � s0 |= p ∨ q ;%
q ∈ L(s0q)

T ���7G � s′0 |= p ∨ q ;) � � Z !#O & G P � ϕ � !"P?� � Z !#O � P�P � � � � � � P3�)� � �*�+! Z ��� �+O)����G$P�� � ��� < " � ;
ϕ = AFp T ��� � O)���)G P�� � ��� < " � KAFp

� !#�'� � � � � �Sg � � ��P�Q ��7 ! � � � � � � P1�I� � ����� s0 � � � s′0 ��G � ���� � � %
p ∈ L(s0)

T ���(G$� s0 |= AFp ;%
p 6∈ L(s′0)

T ��� ��O)� �Sg � �)�*� ��7 !S!#G$� �#! � ��� �*O � � � � � � !#� � Z O�!'& s′0
T !#�$� �*! � �*����P Z � �$�V!#� �W��!

s0 ;< � s′0 � �E� ! � � �V��� � Z � � O�� ����� FAFp s0

7 � P�P � P37 � Q(�C%K�+O)� � � � T ���(G$� s′0 |= AFp) � � Z !#O & G P � ϕ � !"P?� � Z !#O � P�P � � � � � � P3�)� � �*�+! Z KAFp ;
ϕ = AGp T ���$�=O�����G P � � ��� < " �5� � %$G � P � Z O)!'& Kp

��G � �U��� � � � � � � � � P
�)� � �*� s0
� � ���$� � � � � � � P�)� � �*�=! Z KAGp ; ) �7G � p �$!#P?� � � �5��� � � � � � � � P
�I� � ��� ! Z KAGp ; � G OI��� ��O &>!#O��

sT ∈ ST

� !(��� � ! �
%3��P?!"��� �*!

SAGp � � � ��� ��O)�>�Ug � �)��� !#� P QU!#� � ��O � �$� � � � !#� Z O)!'& s0

�*!
s0 ; ) � � Z !#O & G P � ϕ � !#P?�$�

Z !#O ��� �+� � ���#P?� � � � � � � P3�)� � �*�+! Z KAGp ;
ϕ = A[pUq] T ��� �SO�����G P � � ��� < " �N� � % G � P � Z O�!'& Kp

T Kq � �$� Kp∧q ; ) �$� � � � � � � PD�)� � �*�S! Z
KA[pUq] S0A[pUq]

= {s0 ∈ S0p} ∪ {s′0 ∈ S0q} ∪ {s′′0 ∈ S0p∧q} ;%
q ∈ L(s′0)

T ���7G � s′0 |= A[pUq] ;%
p, q ∈ L(s′′0)

T ���7G � s′0 |= A[pUq] ;%
p ∈ L(s0) � �$� q 6∈ L(s0) � �$� ���$��O�� �Sg � �I�*� ��79!:!#G$� �"! � ���S�*O � � � � � � !#� � Z O�! & s0

. !#� � ��!
� �*����P Z � � ��!"� �:��!

s′0 ; � !#O���!YX#��O T s0
� � � ! � � �N��� � Z � � O�� ����� � !#� �I�*O � � �'� ! Z KA[pUq]

���7G �
�I� � ��� s′0 7 � P�P � P37 � Q(�C%K�+O�� � � � ��� T s0 |= A[pUq] ;) � � Z !#O & G P � ϕ � !"P?� � Z !#O � P�P � � � � � � P3�)� � �*��� ! Z KA[pUq] ;

� � ��� ) � ��� ��� ��� �����*� � ��� . P?�8�
Kf � � � Kg

%K� ��7 ! < " � ��G � ����� � � f � !#P�� � Z !#O � P�P � � � � � � P�)� � �*� � � S0f
� �$� g � !#P?�$� Z !#O � P?P � � � � � � P3�I� � ��� � � S0g ;

ϕ = f ∨ g T ���$�WO�����G P � � ��� < " �>� � % G � P � Z O�!'& Kf � �$� Kg

�)G � �V��� � � S0f∨g
= S0f

∪S0g ; � Q� �$� G � � � !#� �'Q A !"��� ��� � �&7 � � � X"�%
∀sf ∈ S0f

, sf |= f T ���7G � sf |= f ∨ g%
∀sg ∈ S0g , sg |= g T ���(G$� sg |= f ∨ g) � � Z !#O & G P � ϕ � !"P?� � Z !#O � P�P � � � � � � P3�)� � �*�+! Z Kf∨g ;

ϕ = f ∧ g T ��� �VO)����G$P�� � ��� < " ��� � % G � P�� Z O)!'& Kf � �$� Kg

%7Q A � O � P?P?��P � !'& A !#� � � � !#� ; � Q� �$� G � � � !#� �'Q A !"��� ��� � � f � !#P�� � � � � P?P � � � � � � P �)� � �*� � � S0f
� � � g �$!#P?� � � � � P?P � � � � � � P �I� � ��� � �

S0g ; ) � � A � O � P?P���P � !'& A !#� � � � !#� � � ��G$O���� ��� � � � A � ��� � � Kf ‖ Kg
� � � Z � � O A � ��� � Z9� � � !"� P�Q

� Z � �*� O����I�*O �?� � � !#� �*!V� � � � � !'& A !#�$���'� O)����G$P��*� � � � Z � � O A � ��� ; ���7G � f ∧ g
� !"P?� � Z !"O � P�P � � � � � � P�)� � �*�+! Z Kf∧g ;

ϕ = AFf T ��� � O����)G P�� � ��� < " �:� �9% G � P�� Z O�! & Kf
� � 7 � �?� � � � �
7 � � � � � � P �)� � �*� s0

� � � � � ��� ;) � ��O�� �Sg � �I�*� � �*O � � � � � � !#� Z O�!'& s0
��! � �*�)��P ZW� � � � ��O � �$� � � � !#� Z O�!'& s0

��! � P?P � � � � � � P �)� � �*���! Z Kf ; � !#O)��!YX#��O
s0

� �W�$!"� � �5��� � Z � � O)� ���)� � !"� �)��O � � �7� ! Z KAFf
T ���(G$� � P?P A � ��� � Z O)!'& s0

7 � P?P
� P37 � Q(�WO)� � � � � � � � � � � � P �)� � �*� ! Z Kf ; � Q � � � G � � � !"� �'Q A ! ��� ��� � � f � !"P?� � Z !#O � P?P � � � � � � P �I� � �����! Z Kf

���7G �
s0 |= AFf ; � !"O���!YX"��O T f � !#P?�$� Z !#O � P?P � � � � � � P3�)� � �*��� ��� � � %3��P?!"��� � ��� �*! Kf

T ���7G �




 � � � � �	����� �	�  #" � ���  	 �  � � " � R"R ,

AFf
� !#P�� � Z !#O � P�P � � � � � � P �)� � �*��� ! Z KAFf ;

ϕ = AGf T ��� � O)���)G P�� � ��� < " �5� �W%$G � P � Z O)!'& Kf � � � S0AGf
= S0f

; � Q A O�! A ��OI� Q M ; R � P?P�)� � �*��� � � SAGf � O�� � � � � � � P T !"O � !'& A !"����� �)� � �*� ;R ; � Q � � � G � � � !#� �'Q A !"��� ��� � � T ϕ � !"P?� � � � � P?P �I� � ����� s0 ∈ KAGf ;
"F;C< P?P � !'& A !#����� �)� � �*� � !'&>��� Z O�!'& � �$���)����� G �'� � P ! A ��O � ��!#O T ��� � A O)� & � �)���=! Z ��� �:G �'� � P

Z !#O & G P � � � !#P�� � � � � P�P ��G � � �)� � �*� T � � �N%7Q � !#� �I�*O)G � � � !#�N! Z KAGf � P?PD�)� � �*��� � � SpredT
T� ! 7 O�� � � � � � � � � � � � P3�)� � �*�<7 � ��O)� ��� �+��� � !#�$� A � OI�C! Z ��� � A O)! A ��O)� Q 7 � P?P1%3� &:�8� ;

� ��� � � ϕ � !#P�� � � � � P�P � !'& A !#����� �I� � ��� ;
ϕ = A[fUg] T ���$�=O�����G P � � ��� < " �5� � %$G � P � Z O)!'& Kf

T Kg � � � Kf∧g
T � � � S0A[fUg]

= S0f
∪

S0g ∪ S0f∧g
;%

g
� !#P?�$� � � � P?P � � � � � � PK�I� � ��� sg ∈ S0g

T ���7G � A[fUg]
�$!#P?� � Z !"O � P?P sg ;%

g � � � f � !#P?�$� � � � P�P � � � � � � PK�I� � ����� sf∧g ∈ S0f∧g

T ���7G � A[fUg]
� !#P�� � Z !#O � P�P sf∧g ;%

f
� !#P�� � � � � P?P � � � � � � PK�I� � ��� sf ∈ S0f

T � � � � P?P �I� � ����� � O��.� !"� � �V��� � Z � � O��$����� � !#� �)��O � � �'�! Z KA[fUg] ;% � !#O � P?P �I� � ����� sf ∈ S0f
∩ SpredT

��� ��O��.�Sg � �I�*� � � !#G$� �"! � ���B��O � � � � � � !#�V�*!>� � � � � � � � � � P�)� � �*�+! Z S0g

T A[fUg]
� !#P�� � Z !#O � P�P sf ;% � !#O � P?P
�)� � �*��� s′f ∈ S0f
\ SpredT

��� ��O)�=�Ug � �)��� � �5!"G$� �#! � ���S�*O � � � � � � !#� ��! � � � � � � � � � � P�)� � �*�+! Z S0f∧g

T A[fUg]
� !#P?�$� Z !#O � P?P s′f ;% � !#O � P?P � �'�*��O &>��� � � O)QW�)� � �*� s′′f T 79� A O�!YX"� ��� � � s′f |= f

%'Q � A A P Q � ��� ��� � � � &>� O�� � ��!#� � ���
� �C! A ��O � �*!#O G ;

,.-0/��$#7-�
&% '�� � � !#O � P?P " O �?A � �V�)�*O)G � ��G O�� K ��G � � ��� � � K |= ϕ � � � K 6|= ϕ
��� ��O�� �Sg � �I�*�

Kϕ = AKS(ϕ) � �$� ��� ��O)� �Ug � �)��� � � � & G$P � � � !#� O)��P � � � !#� �
��G � � ��� � � K � Kϕ ;

,.-0/1/32 ) � � A O)!F! Z A O)! � ����� �B%'Q � � �$G � � � !#� !"� ��� �V�I�*O�G � �*G$O�� ! Z ϕ T ��� � % � � �?�V� � ����� � O�� ��� �
� ��!'& ���:A O�! A !#� � � � !#���8� ��� � M*) J Z !#O & G P � ��7 � ��� � !5� ���I�*����! A ��O � �*!"O�� ; J ��� K, s0 |= ϕ � � �
Kϕ, s

′
0 |= ϕ T Kϕ = AKS(ϕ) T ��� ��O)�.�Ug � �)��� � � � & G P � � � !#� O)��P � � � !#� H ⊆ SK × SKϕ ;%
ϕ = pR ; p ∈ L(s′0)

���7G �
L(s′0) ⊆ L(s0)

"F; H .
(s0, s

′
0) ∈ H � �$� Z !"O � P?P s ��G � � ��� � � s ∗

→ s � � " T (s, sT ) ∈ H ;
%
ϕ = A[pUq]

K, s0 |= A[pUq] � & A P � ���9��� � � � P?P A � ��� � π = s0
∗
→ sj � O��.��G � � ��� � � sj |= q � � � Z !#O � P?P

0 ≤ i ≤ j si |= p ; @ � Kϕ
T ��� ��O)� �Ug � �)��� � A � ��� pi �)G � �5��� � � π′ = s′0

∗
→ s′0 → s′1 → sT7 � ��� s′1 |= q � � � s′0 |= p ;R ; L(s′i) ⊆ L(si) ∀i ≤ j

"F; H � � � � 
 �$���&��G � �U��� � � . � !#O � P?P 0 ≤ i < j T (si, s
′
0) ∈ H T � � � (sj, s

′
1) ∈ H T � � �

Z !"O � P?P k > j T (sk, sT ) ∈ H ;
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%
ϕ = ϕ1 ∧ ϕ2

) � � � %$�)�*O � � �C�I�*O)G � ��G O�� Kϕ
� �E% G � P � Z O)!'& Kϕ1

T Kϕ2
T %'Q � � �$G � � � !#���'Q A ! 9��� ��� � � T Kϕ1

� � & G P � �*��� � P?P K |= ϕ1 � � � Kϕ2

� � & G$P � ����� � P?P K |= ϕ2
T � Q ��� � A O)! A ��O)� Q! Z ���$�.� � & G$P � � � !#� O)��P � � � !#� A O)��!#O)� ��O 7 � � � X"�.��� � Z !#P?P�! 7 � ���=O)G P?��� .

R
K � Kϕ1

� @ � �$G � � � !#� �'Q A !"��� ��� � � �
" K ‖ Kϕ2 � Kϕ1 ‖ Kϕ2

� � � O � P�P?��P � !'& A !#� � � � !"� �(
K � Kϕ2

� @ � �$G � � � !#� �'Q A !"��� ��� � � ��
K ‖ Kϕ1 � Kϕ1 ‖ Kϕ2

� � � O � P�P?��P � !'& A !#� � � � !"� ��
K ‖ K � Kϕ1 ‖ Kϕ2

� � ���)G &:��9 � � O � �'�*��� O�� � ��!#�$� � ���>P � � � "B� � � � ��
K � K ‖ K � �D� O � P�P?��P � ! & A !#� � � � !#� �
K � Kϕ1 ‖ Kϕ2 = Kϕ1∧ϕ2

���F� &=G P � � � !#�:O���P � � � !#� ��O � � � � � � X � � Q �%
ϕ = A[ϕ1Uϕ2]) � � � % �I�*O � � �:�)��O�G � �*G O)� Kϕ

� �S% G � P�� Z O)!'& Kϕ1
T Kϕ2 � � � Kϕ1∧ϕ2 � � � %7Q � � � G � � � !"��'Q A ! ��� ��� � � � P?P s′02

∈ S0ϕ2

� � & G$P � ����� s02

� ; � K, s02 |= ϕ2
T � P�P s′01

∈ S0ϕ1

� � & G P � �*��� s01� ; � K, s01 |= ϕ1
T � P?P (s01 , s02)

′ ∈ S0ϕ1∧ϕ2

� � & G$P � ����� s012

� ; � K, s012 |= ϕ1 ∧ ϕ2 ; �F� � � �
K, s0 |= ϕ T � � ��� ��OR ; s0 |= ϕ2

T ��� ���N��� ��O��>�Sg � �I�*� s′0 �)G � � ��� � � s′0 |= ϕ2 � �$� s′0 ∈ Kϕ2
T %'Q � � � G � � � !"��'Q A !"��� ��� � � Kϕ2

� � & G P � �*��� � P?P K |= ϕ2 ;
"F; s0 |= ϕ1 � � � ���$��O�� �Sg � �I�*� π = s0

∗
→ sj

�)G � � ��� � � sj |= ϕ2 � � � Z !#O � P?P i ≤ j

si |= ϕ1 ;
� � � @[Z si |= ϕ1 ∧ AX(ϕ1 ∧ ϕ2)

T ���$��O��>�Sg � �)�*� s′i ∈ Kϕ

��G � ����� � � s′i ∈ Kϕ1 � � �%'Q � � � G � � � !#� �'Q A !"��� ��� � � Kϕ1

� � & G P � �*��� � P�P K |= ϕ1 ; � !#O���! X"��O ��� ��O��=�Ug � �)���
� � !"G$� �#! � ��� �*O � � � � � � !#� �*! � � � � � � � � P �)� � �*���5! Z Kϕ1∧ϕ2 � � � %7Q � � � G � � � !"��'Q A !"��� ��� � � Kϕ1∧ϕ2

� � & G P � �*��� � P?PK�)� � �*��� K |= ϕ1 ∧ ϕ2 ;
� % � @[Z si |= ϕ1∧AXϕ2 � � � ���$��� ���$��O��E�Ug � �)��� s′i ∈ Kϕ

��G � �B��� � � s′i ∈ Kϕ1 � �$�B%7Q� � �$G � � � !#� �'Q A !"��� ��� � � Kϕ1

� � & G P � �*��� � P?P K |= ϕ1 ; � !#O)��!YX#��O ���$��O�� �Sg � �I�*� � �!#G$� �#! � ���+��O � �$� � � � !#�S�*! � � � � � � � � P$�)� � �*���9! Z Kϕ2 � �$� %'Q � � � G � � � !#� �'Q A !"��� ��� � �
Kϕ2

� � & G P � �*��� � P?P1�I� � ����� K |= ϕ2
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� ��O�G � �*G O)��� � � � O�! A !#� � � � !#� � P ) � & A !#O � P J ! � ��� ; (��*� ������� � )"
 � 	 ��, �����.� � � ) � � � ) � T� , � R 9 " � . R#R	� %3R ( R T R , ��� ;� �EM � + , " � �$; e ; � G O � � T �E; � ; M P � O � � T " ; J ; � � � � P�P � � T � ; J ; �W� P?P T � �$� J ;[�$; � 7 � ��� ; � Q & 9%3!#P ����� !F�$��P M � � � � � ��� .

1020 � � � �*��� � � � � ��Q"!#� � ;'� � � ����, 
 � ��� � 
 � � 	 ��, ���<&� 
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