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c := c− 1
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c = g = 0

0 ≤ p ≤ max� � � ! "$#
g := p

c = g ∧ p = c��
���"&%�! "$#

c < g ∧ p = c ∧
p < max'�"�%�!("$#
c := c+ 1

c > g ∧ p = c)&��*,+�%�!("$#
c := c− 1

!δ

!δ

p ≥ max'-"&%�! "$#
verdict :=

������� . �(/ � �10�2

p ≥ max'-"&%�! "$#
verdict :=

����� � . � / � �10	2
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c = g = 0
l = 0

0 ≤ p ≤ max ∧ 3p ≤ 2h� � � ! "$#
g := p

c = g ∧ p = c ∧ 3c ≤ 2h��
���"�%�!("$#
l := p

c < g ∧ p = c'-"&%�! "$#
c := c+ 1

0 ≤ p ≤ max ∧
3p ≤ h ∧ 2p = l� �,� ! "$#

g := pc > g ∧ p = c)&�	* +�� ! "$#
c := c− 1 c = g ∧ p = c ∧

2p = l ∧ 3p ≤ h��
���"&%�! "$#
verdict :=
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!δ

!δ
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� �6M�� × ��& "'" &c8@� " \��F����+,��1I9,&D&�� " &��6(P�! '9#8@&!� " ��&E�$<[�?\*�$(�9 "  ?& �G�'<� R+XWy��< " 9#+�KYJ  �
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Hj&_8@�Y� > +,&c��&��V9,�iKYJLKt&�� " ������� " 9 " <��_(*�$ R��&��L���$ '90�$x�+,&��Dz (P��<��I�$� " (� ?&!���6 ?&E+,&!<� ?�V�I�$+,&!<� ?����$���-��&��v����8h�$9#��&��-9#�6M���9,� { × ��&��v1i�$ ?��&�� × ��&���� f.&�� " � " 9,������& " ��&������ " 9,�����v�UWy&!� "  ?��&���& "�?�� " 9,&��;(P�� " �$� " ��&��D(*�$ 3�$8 >!"  ?&��:��&d����8:8E<���9,�B� " 9,����� � ��� "  3�$9# ?&!8@&!� " �$<��/�X�q�|���Y�X�I�:���X� ×+,&��_9,�iKYJLKv��&:�?��� " (*���_������&��?�3�$9# ?&!8@&!� " ����8:(�+,& " �c&!�%&!� "  ?��&�� � ��8:8@&:����<��c+,&G��&! ' ?�����_(*�$ +0�;�'<�9 " & × ��&A8@�Y� > +,&��3&! '�F9# 3�E(P��<� S+,&��S�'(.���!9CM*�B� " 9,����� × +,&��S��x��?&! '��� " &!<� ?�_z7��<t��x6 '&�� " 9C57�S��& " &�� " {& " +,&��D�B���E��& " &�� " ���A��<��D��������&! ?�����D�������h<���&@���gM���9 " 9,���u��&��E9,�iKYJLK%���?�3&GF@1��!���! 3�$+,&@(.��<� 8@�F���!+#9,�3&! L��&�� "  ?��9,�L��x6 '& " ���
J���< " �UWw�$x.�� ?� × ����<�� ��&!������� �!+0�$ '9CM*&! ��&! " �$9#��&������ " � " 9,����� ��������&! '�*�$� " +,&����I� o

 '90�$x�+,&���� �L��&2�I�$ '90�$x�+,&
v
�}<�� " =Y(P& × ZF<�9^(� ?&!��� �?&��u�I�$+,&!<� ?�u���$���/<�� &!���?&!8Dx�+,& ��� " �

Dv = D(type(v))
� p ��<� s<�� " <�(�+,& V = 〈v1, . . . , vn〉

��&a���$ '90�$x�+,&�� × ���2��� " &! 3� D(V )
+,&

(� ?�F�6<�9 " D(type(v1))× . . .×D(type(vn))
��&��V����8h�$9#��&��R��&��S���$ '90�$x�+,&��

v ∈ V
���A�t�!+,�!8@&!� "��&

D(V )
&�� " <���&R�I�$+#<*� " 9,���^��&��~�I�$ '90�$x�+,&��¢��& V ��'A�h(P&!< " �������'9,���! ?&! ¢<��@(� ?���69,�B� " P (V )

�'<� 
<�� " <�(�+,&c��&_�I�$ '90�$x�+,&�� V �?��9 " ����8:8@&_<��a&!���?&!8Ex�+,& P (V ) ⊆ DV

× �?��9 " ����8:8@&_<���&_57�� '8D<�+,&+,��1I9,Zi<�&;����� " +0�h�?�!8h�$� " 9,ZF<�&D&�� " <���&c57����� " 9,���/` DV → {true, false}
��H¢Ww� f.&�� " � " 9,���%�:<���&���$ '90�$x�+,&

v
�UW <���&@&��6(� ?&��?�'9,�������!(P&!�����$� " �UW <���&!���3&!8Ex�+,&h��&@���$ '90�$x�+,&�� V &�� " <���&:5l����� " 9,����6< " =Y(.& DV → Dv

���L��&c� fU&�� " � " 9,���a�UW <�� " <�(�+,& X ��&T�I�$ '90�$x�+,&��L&�� " �$+,�� ?�L<���&T57����� " 9,���a��&
" =Y(P&a` DV → DX

��Hj&��G� fU&�� " � " 9,�����dz7��&^+0�s5l�� '8@& x := Ax { �?��� " �������^9,�!9¢x�9,&!� " =Y(P��&��^`
�6]
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+XWy&��6(� ?&��?�'9,���
Ax

&�� " ��&_8 r 8@& " =F(.&_Zi<�& x �
�~��9,�!9c+0�u���gM���9 " 9,���¡�6< 8@�F� > +,&���&��t�'=6� "?> 8@&��t��& "  3�$���'9 " 9,�����a�'=Y8Ex.��+#9,Zi<�&��tZF<�&-����<��< " 9#+#9,�?&! ?�����L(*�$ R+0�G�'<�9 " &@`

���	��
)� �6����
������ ������������� � ��� ������	 � � � � � ��� � ��� ��� � � ��� 	���� ������� ��� � ��� � ��� �"! ��� ��� � �
# ��� �����%$ M ������� � � � �'& ��� � �

4 ( �)& � ��� 〈V,Θ,Σ, T 〉
�%*,+

- V ����� � � ��� ����	�� � � � � � � � � ��� � � � � ���/.
- Θ 0 �1&�&���� � 
�� ��� ��� ��� � ��� ��� � ��� � 0 ������� �2& ����� ��
 ��

Θ ⊆ DV

# ��� � � � �)&�& � ��� � �3� � �
Θ

�

� � � � � ��� � � ��� � ��� ��� � � � �
DV
$ & � ��� ��� � � � � � ����� ��� � � � � ��� V .

- Σ = Σ?∪Σ!∪Στ
����� �54 ���6&�7� � ��� � � � � ��� �%
�� ��� � �98 � � ����� 
�� � ��� ����� � � � � ��� � � ��� ����	�� � ���

� � �;:�� ��� � � �<4 ��� � ��� ���
Σ? 0 � � ��� ��� � ��� Σ!

��� �<4 �%
�� ��� � � ��� � ��� � ���
Στ
8 ��7�%��� � �%
�� ��� �

a ∈ Σ
����� 
 ��� �%
�� ��� � ��� �=& ��� � � ���?> ����� ���N���	�

(a)
+ � � � ��
�� � � � � �@& ��� ��	A��� �����

〈p1, . . . , pk〉�B&���
��	���� ��� �����?�%& ��� � ���C& ��� ��	A��� ������� � 
�� 	
	 � � ��
 �� ��� �
P (a)

& � ��� ���D& ��� �54 �%
�� ��� �
a
8

� � � �?> ����� �����<4 � � � �%
�� ��� � ��� � ��� � �
a ∈ Στ

����� � � ���)& � � � ��� ��.
- T

����� � � ��� ����	�� � ��� � � � � � � ��� � ��� ��� � � ��� 	���� ������� ���E8���7�%� � � � � ��� � ��� ��� � ����� � � ���)& � �
(a, p,G,A)

� � � � ��& ���@+
- � � �
�%
�� ��� �

a ∈ Σ 0 �1&�&���� � � �54 �%
�� ��� � � � � � � � ��� � ��� ��� � ����� � ���)& � � � �F& ��� ��	A��� �����
� � 
�� 	
	 � � ��
 �� ��� �

p = 〈p1, . . . , pk〉 0 ���
 � �HG2� � ��� � ��� � ��� ��� �I. � ��� �C& ����� � � �J> ��� � (
� ������� � 0 ��� � � � �)&�& � ��� � �K��� � 
�7�%� � � �%
�� ��� �

a
& � ��� � � � �L:�� � ��� � � 	AM�	 � � ��
�� � � � � �

& ��� ��	A��� �����
p
. 
 ��� � � ( 
�� ����� � �)&�& � ��� � � ��� ( �?�%&��F& ��� � �1&�& � ���N� � � � �?> ����� ��� � � �2+

sig(a) = 〈t1, . . . , tk〉
�%* � ���

ti
� ��� �?> � ��� � � �����O�	& ���#� ���P& ��� ��	A��� �����/.

- � � � �"GQ& ����������� ������ � � ��� � �
G

� � �
V ∪ P (a)

& � ��� ��� � � � � � ��� ����� � � � � ��� ����� ���C& ��� � (
	A��� ����� � � 
�� 	
	 � � ��
 �� ��� � �#� �

a 0 �1&�& ��� � � � �I> ����� � � � � � � � ��� � ��� ��� � # � �N& � ��� � � � ���
& ��� ��	A��� ����� ����� ����	
��� � �I� � � � � � ��� � ��� ��� � $ .
- � � � �9R ��
�� �� ��� �

A : DV ×D S?T ULV WYX → DV
��� � � � � � �����54 ��� � � ��� ��� ��� ����� ��� � � � � ��� � �


�� � ��� � � � � � � ��� � ��� ��� �Z8
Av : DV × D S?T ULV[WYX → Dv

���B& ��������� � � � �\& ���5: ��
�� ��� � � �
A� � � � � ��� ��� � �54 ��� � � ��� ��� � � � � ��� ��� � � � � �

v ∈ V
8

p ��<� ^��&��h 3�$9,�?����� " &��3\���9,Zi<�&�� × +,&��@1i�$ ?��&��^��&��@9,�iKYJLK)�3��� " &��6(� '9#8@��&��^&!�n<���& " \����� '9,&5l&! '8@��&L(*�$ V�!+#9#8:9#�*� " 9,���t��&��SZi<*�$� " 9CM*�B� " &!<� ?�c` " ��< " (� ?���69,�B� " ����� " &!�*�$� " ��&���ZF<*�$� " 9CM*�B� " &!<� ?�&�� " ��ZF<�9#���$+,&!� " �G<��t(� ?���69,�B� " �jWy&!�[����� " &!�*�$� " (*��� � � Wy&�� " (*�$ R&���&!8:(�+,&c+,&_�B���A��&T+XWw�$ '9 " \�8@�go
" 9,ZF<�&;��& p  ?&��'x�<� '1�&! �� � &!+0�d(P&! '8@& " �^+0�d�3� " 9,�kM��$x�9#+#9 " �:��&��T1i�$ ?��&��_�UW r!"  ?&:�����!9,���$x�+,& × ��&;ZF<�9&�� " (*�$ " 9,�!<�+#9 >  ?&!8@&!� " 9#8:(.�� " �$� " +,�� ?�A��&��A(�\*���?&�����&E��� " &! '8:9#��9,�3� " 9,���nz7�3��<��ko��?&�� " 9,��� )��we��we {& " �UWy&������!< " 9,���uz7�?��<��ko��3&�� " 9,���N¦ �we��we�� ¦ { �

� ��� "  3�$9# ?&!8@&!� " � +0� ���gM���9 " 9,��� �6< 8@�Y� > +,& ��&�� 9,�iKYJLK ZF<�& ����<�� ��������9,�����
���$��� � � �m�� $�� × � �m�� $ )�� × 9#+_�jW = �u(*���s9,�!9c��&v��� " 9,���}&��Y(�+#9,�!9 " &���&v+,�Y�B�$+#9 " � z7��< (P��9#� "��&t����� "  ���+,& { (�<�9,�?Zi<�&s+,&��h� "  '<�� " <� ?&��@��&t����� "  ���+,&[�UW <�� �$< " ��8h� " &t(.&!<���&!� "hr!"  ?&t&!�����Y����&��(*�$ :<���&d���$ '90�$x�+,&t�?(P���!9CM*ZF<�&s�6<)(� ?��1I 3�$8:8@&N�?&! '�I�$� " ��&s����8:( " &!<� ��~����<��G< " 9#+#9,�?�����:��& "'" &�I�$ '90�$x�+,&_���$���S+,&��V&��6&!8:(�+,&��V9#+#+#<�� "  3�$� " +,&��S9,�iKYJLKs� M��N��&T ?&!(� ?���?&!� " &! V+,&��S+,�F�B�$+#9 " ����� p  ?&!�������+0�T�I�$ '90�$x�+,&

pc
�B=i�$� " ����8:8@&L����8h�$9#��&A+XWy&!���?&!8Ex�+,&���&��~+,�Y�B�$+#9 " ���~(.�I�?�'9#x�+,&����i�A��<������������S�$+,�� ?����$���@+0�%�������69 " 9,��� 9#��9 " 90�$+,& Θ

+0���������69 " 9,���2ZF<�& pc �-(.��<� @�I�$+,&!<� @+0�-+,�Y�B�$+#9 " �[��&N���!(*�$ " �b &:(�+#<�� × (P��<� E�3\*��Zi<�& "  3�$���'9 " 9,��� × ����<��D���������;�'<� D+,&��c1i�$ ?��&��c<���&^�������69 " 9,����(.�� " �$� " �'<� 



� � � � �EG� ��� ����	 ��� � ����� � � )

+0�v���$+,&!<� @��&
pc

& "Ê× �'9S+0� "  3�$���'9 " 9,��� ��&sx.��<��!+,&s(*��� × ����<��h���������h���$���:+,&��@� f.&�� " � " 9,�����@+,&�?\*�$��1�&!8@&!� " ��&_�I�$+,&!<� L��&_��& "'" &_�I�$ '90�$x�+,&�� � &��!9�&�� " 9#+#+#<�� "  ?�c���$���R+XWy&���&!8:(�+,&c�'<�9#�I�$� " �

� ��� �	��
�� �������n���i�g�A���,����� �7������ �g�g�#��������� G �I�F�?�
	�����~�����7�7�7�I�#�g�h�g�����A�3�h���$�g���!�@�s���!�
�g�%�I�l���g�*��� ��� �Y�P�D�!�*�7���3�����������������g�X�I�*�¢�,�V�6���'�����!�7�?�:�g�*�7�X�g�

p
�����P������� �_�3���l���:�g�*�7� �?�D�'��!����"�

�C� ^ ���,�g�Y� �i�
p
���g�~�!��� ^$� ���I� �#�3� �������T�#� ^ ���g�l�i�g�,�

x
��$S�F� �%�~�X���*�'&����E�#� ^ ���,�g�Y� �i�c�C� ^ ���g�7�i�!�#�

x
���!���g�7�g�7�B���g�h�g�*���6�����7�7� ^$�"����� ^ ���,�g�Y�a���g�(�g�G�0�B� ^B�l�-� � �<^)�g�P�g�h�g�*� �i�d�����!�7�l�+*-,�.v�6�I�g�X�����

�#�t�6�I�k�����!�7�?�
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j = 1, 2 0 � ��� � � �HG ��� ����� Mj =

〈V j,Θj ,Σj , T j〉
� ��� � ��� �

Σj = Σj
? ∪ Σj

! ∪ Σj
τ
��� � �~����8:(*� " 9#x�+,&�� � � V 1 ∩ V 2 = ∅ 0 Σ1

! = Σ2
!���

Σ1
? = Σ2

?
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� �2�UWw�$< "  ?&�� " &! '8@&�� × ��&!<�� 9,�iKYJLK)�3��� " ����8:(*� " 9#x�+,&��s�'9 × �UW <���&[(*�$ "Ê× +,&!<� ?�d�$+#(�\*�$x.& " ��Y9,�'9#x�+,&��Lz7& " �������V+,&!<� ?�¢(*�$ 3�$8 >!"  ?&��Q��&L����8:8E<���9,�B� " 9,��� { �?��� " +,&��¢8 r 8@&��¢& " �'9 × �UWw�$< "  ?&V(*�$ "Ê×9#+,�V�jWy��� " �$<��!<���&_�I�$ '90�$x�+,&c&!�N����8:8E<����
���	��
)� �6����
���� �5� -:� �	�)� �����Z
 ��� -:�'
 ���,���@& ������� ��� ��� ��
B7 ��� � �

M = M1 × M2
��� � ���

� � �HG ��� ����� 
�� 	\& �� � � � ���
M1

���
M2

����� � � ��� ����� 〈V,Θ,Σ, T 〉
� � � � ��& ���@+

- V = V 1 ∪ V 2 0
- Θ(〈v1, v2〉) = Θ1(v1) ∧ Θ2(v2) 0
- Σ = Σ? ∪ Σ! ∪ Στ

� � ��

Σ? = Σ1

? = Σ2
? 0 Σ! = Σ1

! = Σ2
!

���
Στ = Σ1

τ ∪ Σ2
τ 0- T

+ �54 ��� ����	 � � ��� ��� � � ��� � ��� ��� � � ��� 	 �(� ������� ���#���
��� ������	 � ������� � � � �'& ��� � �D& � � �C& ��� ���
��� � ��	 � � �K��� � � �� � � � ����� � ��� �1�"> � ��� � � ������� � ���@+

(1)
(a, p,G1, A1) ∈ T 1, a ∈ Σ1

τ

(a, p,G1, A1 ∪ (x := x)x∈V 2) ∈ T
(
��� ��� 	 ��� � ����� ��	 ��� �<& � � �

a ∈ Σ2
τ ),

(2)
(a, p,G1, A1) ∈ T 1 (a, p,G2, A2) ∈ T 2

(a, p,G1 ∧G2, A1 ∪A2) ∈ T
(
& � � �

a ∈ Σ? ∪ Σ!).

Hj&%(� ?�F�6<�9 " �?=F���3\� ?����&-5l�$9 " �!����+#<�&! [9#�����!(P&!�����$8:8@&!� " +,&��[��� " 9,�����[9#� " &! '��&�� × (� ?��(� ?&���t�3\*���!<��u��&��E9,�iKYJLK z  > 1I+,&azk] {'{ × 8h�$9,�D�?=F���3\� ?����9,�?&@+,&!<� ?�;��� " 9,�����D��x��?&! '�I�$x�+,&��^z  > 1I+,&-zle {'{(�<�9,�?ZF<jWy&!+#+,&��L�?��� " ����8:8E<���&�� �
Hj&�� "  3����&��_�6<-(� ?�Y�6<�9 " �'=F���3\� ?����&G��&;��&!<��v9,�iKYJLKa����8:(*� " 9#x�+,&��c���� ' ?&��'(.������&!� " �������:�+XW 9#� " &! ?�3&�� " 9,���a��&�� "  3����&��L��&c�?\*���!<��v��&��V9,�iKYJLKs����8:(.�I�?�����

�N� � � � ���|���'���3���
(M1 ×M2) =

���k�������
(M1) ∩

���'���3���
(M2)

�
���k�������

(M1 × M2, F1 × F2) =
���'���3���

(M1, F1) ∩
���'���3���

(M2, F2)
�
F1

���
F2

�!�X�I�*� �i�g�
�g���B�g�h�g�,��� ��� �!�X�I� � �i�

JMK
�
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" &!8@&!� " �:<���&D&��6���!< " 9,����� � Wy&�� " (*�$ T&���&!8:(�+,&c+,&E�B���A&!� " &�� " ��&E�����65l�� '8:9 " �h`*+,&E�B���L��& " &�� "����9 "	" ��<� '��<� ?�¢��������&! ~+,&S8 r 8@&S��&! ?�69,� " (.��<� 	<���&V8 r 8@& "  3����&���'A�@���gM���9 " <��:9,�iKYJLKG����8:8@&� " �$� " ��� " &! '8:9#��9,� " &T�BW 9#+P�jWw�E(*�����UWw��� " 9,���s9#� " &! '��&�& " �'9�+,&��Q1i�$ ?��&��S��&�� "  3�$���'9 " 9,�����S� " 9,ZF<�& " ��&��(*�$ R+0�;8 r 8@&E��� " 9,���a�?��� " 8D< " <�&!+#+,&!8@&!� " &����!+#<��'9#��&����
���	��
)� �6����
���� � ��������� �<�[���%-:� �Y
)���E����� � � ��� ����� 〈V,Θ,Σ, T 〉

����� � ��� ��� 	
��� � ��� � � �

Στ = ∅ 0 ��� 0 � � & � � � 
�7�%� � � �%
�� ��� �
a ∈ Σ

��� 
B7�%��� � & ������� � � � � ��� � ��� ��� � � � � ��� ����
�� ���
t1 = (a, p,G1, A1)

���
t2 = (a, p,G2, A2)

��� ��� � ��� � ���N& ��� � � 	AM�	 � �%
�� ��� � 0 � � 
�� �E:�� ��
�� ��� �
� ��� > ����� ���

G1 ∧G2
����� ��� � �� � � �� � � �98
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M

�YKF9*<��h9,�iKYJLK
M

�$(�(*�$ " 9,&!� " �c+0�c�!+0���?�3&R��&��¢9,�iKYJLK@��� " &! '8:9#��9,�3�$x�+,&�� × +0�c��� " &! '8:9#��9,�3� " 9,�����&
M
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� +XWy�!+#9#8:9#�*� " 9,���u��&��c��� " 9,�����c9#� " &! '��&�� × �IWy&�� " o � o��69# ?& × (.��<� _<��%� " � " q +,&:�B�$+,�!<�+¢��&��_� " � " �������&��?�?9#x�+,&��R(*�$ R��&��A��� " 9,�����R9#� " &! '��&��Gz q ���!���g� ε { ×� +0�c ?���?��+#< " 9,���^�6<^�����6o���� " &! '8:9#��9,�'8@&L(.��<� ¢+,&������ " 9,�����Q��x��3&! '���$x�+,&�� × �IWy&�� " o � o��69# ?&R+,&A�B�$+Co�!<�+ × (.��<� ~<��h&!���3&!8Ex�+,&L�UWy� " � " � Q & " (.��<� ~<���&L��� " 9,��� a × �6<h�3��<��ko�&!���?&!8Ex�+,& Q ���!���g�
a
�

� \*���!<���&c��&_��&��V� " �$(.&��V�?&! 3�D ?���'<�8@��&_���$���V+,&��V�?��<��ko��3&�� " 9,����� )��we��we��#]c& " )��we��we��we�� �L��&T&��6(�+#9Co�B� " 9,���[(�+#<��R����8:(�+ >!" &D&�� " ����������&c���$��� � im�� $���� �
��� ���Y� �'
���� ��
Y���6����
 �)�-� � � �6����
 � ��
 ���%-H
 �-�

H~W 9,����& × (� ?���?&!� " ��&u���$��� � �A� & �$ $ × ��9#� $$¦�� × (.��<� v�!+#9#8:9#��&! v+,&������ " 9,�����a9#� " &! '��&����UW <��9,�iKYJLKN&�� " ��&;�B�$+,�!<�+,&! A+XWy&gfU& " �UW <���&;�?��ZF<�&!����&D�UWw��� " 9,������9#� " &! '��&�� × M���9,�?���$� " (*�$ A<���&;��� " 9,�����x��?&! '�I�$x�+,& × �'<� R+,&��R���$ '90�$x�+,&���& " �UWw�$(�(�+#9,ZF<�&! A��& " &gfU& " �'<� R+,&��R1i�$ ?��&��A& " +,&��A� f.&�� " � " 9,��������&+0�[��&! '��9 >  ?& "  3�$���'9 " 9,��� z7��&!+#+,&d��&h+XWw��� " 9,���/��x��?&! '�I�$x�+,& { �	KF9S�$<��!<���&t��� " 9,�����jWy&�� " ��x��?&! '�I�$x�+,&�$(� > �c<���&@�3��Zi<�&!����&@�UWw��� " 9,�����D9#� " &! '��&�� × +,&��D� fU&�� " � " 9,�����E��&h��& "'" &@�?��ZF<�&!����&:�jWy��� " �$<��!<���&9#���!9,��&!����&T�'<� ~+,&�� "  3����&�� × ����<��Q��& " &!�������S�$+,�� ?�¢(*��������8:( " &���&L��& "'" &L�3��Zi<�&!����&��YH~Wy��(.�! 3� " 9,����UWy�!+#9#8:9#�*� " 9,������&��_��� " 9,�����T9#� " &! '��&��_ ?���?<�8@��&D9,�!9�jWy&�� " (.�I�?�'9#x�+,&;Zi<�&G�'9�+XW 9,�iKYJLK[��&G����� " 9,&!� "�$<��!<���&cx.��<��!+,&_�UWw��� " 9,�����L9#� " &! '��&����
� & "'" &R��(.�! 3� " 9,���h�������'9,� " &R�T����8:(.�I�?&! 	+,&��	1i�$ ?��&��¢& " +,&��¢� f.&�� " � " 9,�����Q��&V��&!<�� "  3�$���?9 " 9,������������?���!< " 9#��&�� t1 = (τ, p,G1, A1)

� " 9,ZF<�& " ��&c(*�$ R<���&;��� " 9,���[9#� " &! '��& τ & " t2 = (a, p,G2, A2)� " 9,Zi<�& " ��&G(*�$ T<���&:��� " 9,���%��x��?&! '�I�$x�+,&Nz7&!� "  ?��&:��<��?�� " 9,& { a z ����9# �M�1I<� ?& )��we { �.�A��<��T��� " ������$+,�� ?�
A2 ◦A1

+0�c5l����� " 9,���sZF<�9 × (P��<� S�?\*��ZF<�&L�I�$+#<*� " 9,��� ν ��&��Q�I�$ '90�$x�+,&��V& " �3\*��Zi<�&A���$+#<*� " 9,���
π
��&��^(*�$ 3�$8 >!"  ?&��^���$���[���	� (a) × ���?�?�Y�!9,&t+0�%���$+#<*� " 9,��� A2(A1(ν), π)

�$<��)�I�$ '90�$x�+,&������A��<��
�$(�(�+#9,Zi<������ �UWw�$xP�� ?��+,&��n� f.&�� " � " 9,����� ��& +0�¡(� ?&!8:9 >  ?& "  3�$���'9 " 9,��� t1

(�<�9,� ��&!+#+,&�� ��&
t2(�<�9,�?ZF<jWy&!+#+,&��S(P&!<���&!� "�" &!��9# S����8:( " &T��&������$+,&!<� ?�S����������&���(*�$ A1

� b &A8 r 8@& × ����<������ " &! ?�����
G2 ◦ A1

+0�d57����� " 9,���uZi<�9 × (P��<� D�?\*��ZF<�&@�I�$+#<*� " 9,��� ν ��&��E���$ '90�$x�+,&��D& " �3\*��Zi<�&h���$+#<*� " 9,��� π��&��_(*�$ 3�$8 >!"  ?&��c���$���G�g� � (a) × ���?�?�Y�!9,&;+0�h�I�$+,&!<� _x.�F��+,��&!����& G2(A1(ν), π)
�UH��d1i�$ ?��&

G2
��&

t2
�jWy&�� " ���! '9CM*��&EZF<jWw�$(� > �V+XWw� f.&�� " � " 9,��� A1

��&T+0�:(� ?&!8:9 >  ?& "  3�$���'9 " 9,�����

l0

l1

l2

G1

τ
A1

G2

a
A2

l0

l2

G1 ∧G2 ◦ A1

a
A2 ◦ A1

+0, -0/ )��we � � +#9#8:9#�*� " 9,���v+,�F�B�$+,&E�UW <���&E��� " 9,���N9#� " &! '��&��
��� " �����NZi<�&���& "'" &��!+#9#8:9#�*� " 9,���}+,�F�B�$+,&��UW <���&%��� " 9,����9#� " &! '��&%&�� "  ?&!(� ?���?&!� " ��&���+0��M�o



� ) ��� 	�������� � � ��� ��� �����

1I<� ?& )��weD�B��&��T��&��Q+,�Y�B�$+#9 " ��� × ��&�Zi<�9.��������&�<���&L�Y9,�'9,���d(�+#<��Q9#� " <�9 " 9#��&_��&T��& "'" &A��(.�! 3� " 9,������H����� " 9,������&E+,�Y�B�$+#9 " ������&D�3\*�$��1�&G '9,&!�-�h+XWy�!+#9#8:9#�*� " 9,���%��&��_��� " 9,������9#� " &! '��&�����K6�$����< " 9#+#9,�?&! �+,&��+,�Y�B�$+#9 " ��� × ����<��R���������R���$���S+,&��S1i�$ ?��&��V��&��V�������69 " 9,�����R�?<� �+0�D�I�$ '90�$x�+,&_�?&! '�I�$� " ��&_����8:( " &!<� 
pc
& " ���$���S+,&��R� fU&�� " � " 9,�����S+,&��V�?\*�$��1�&!8@&!� " �L��&T�I�$+,&!<� V��&���& "'" &T�I�$ '90�$x�+,&�� p �$ V 3�$(�(.�� " �D+0�M�1I<� ?& )��we × ��&!+0�A�'9#1I��9CM*&SZi<�&¢����<��	������������$��� G1 pc = l0 × ���$��� A1 pc := l1 × ���$��� G2 pc = l1& " ���$��� A2 pc := l2

� p �$ L�!+#9#8:9#�*� " 9,���[��&_+XWw��� " 9,���t9#� " &! '��& × ��&!+0�;����<��R��������&c<���& "  3�$���'9 " 9,���(.�� " �$� " +0��1i�$ ?��& G1∧G2 ◦A1
& " +XWw� fU&�� " � " 9,��� A2 ◦A1

� � & "'" &V1i�$ ?��&R����� " 9,&!� " +,&��¢�������69 " 9,������'<� 
pc pc = l0

& " pc = l1
�$(� > �h+XWw� f.&�� " � " 9,��� pc := l1 × ��&NZF<�9L��Zi<�9#�I�$< " �$+,�� ?�d� true �H~Ww� fU&�� " � " 9,��� A2 ◦A1

����� " 9,&!� " ZF<*�$� " �G&!+#+,&c+,&��L� f.&�� " � " 9,����� pc := l1
(�<�9,�

pc := l2
��H~Wy��(.�go

 3� " 9,���@�UWy�!+#9#8:9#�*� " 9,���h��&��¢��� " 9,�����9#� " &! '��&��¢&�� " �������S9#�����!(.&!�����$� " &R��&S+0�A��� " 9,���@��&S+,�Y�B�$+#9 " �����
H~Wy�!+#9#8:9#�*� " 9,������&��L��� " 9,�����A9#� " &! '��&��A��&_(.&!< "L" &! '8:9#��&! �Zi<�&c�?<� R+,&��V9,�iKYJLKs��&D����� " &!�*�$� "(*���L��&cxP��<��!+,&��R�UWw��� " 9,�����A9#� " &! '��&�� � b �$���L��&c�B��� × ��& "'" &_(� ?�Y�����6<� ?&c(� ?�Y�6<�9 " <��N9,�iKYJLKt��ZF<�9Co�I�$+,&!� " &!� " &! '8@&��A��& "  3����&����

�N� � � � ��� ���'���3���
( � ��� � (M)) =

���k�������
(M)

��������� � ������
*�Y�6� ��
 �)� ���Y� � � 
 �'
��!�<�[��� -U� ��
)���E���-� � � - 
���� � � �6���'
8� � +����%-�� � +�
 ���

H�� �?&���������& � " �$(.&���&|+0� ��� " &! '8:9#��9,�3� " 9,��� �������'9,� " & �  ?���?��<��6 ?&�+,&�� �?\���9 � �����6o
��� " &! '8:9#��9,� " &��:�'<� D+,&��:��� " 9,�����;��x��3&! '���$x�+,&���� p ��<� ; ?�B�$+#9,�3&! ;��& "'" &d� " �$(P& × <���&^(� ?�F�����6<� ?&s��&��� " &! '8:9#��9,�3� " 9,���v�'=F8DxP��+#9,ZF<�&c&�� " �����! '9 " &E���$��� � �m�� $�� � �

l0

l1 l2

l3 l4

G1
a

A1

G2
a
A2

G3

b
A3

G4
c
A4

!#"<$�=JI������ 7:I<7 K�9.20+.-
	H=J7�=G*�20+

l0

〈l1, l2〉

l3 l4

G1 ∨G2
a

G1 ∧ (G3 ◦ A1)

b
A3 ◦A1

G2 ∧ (G4 ◦ A2)

c
A4 ◦A2

!T( $ =JI������'K�9B20+.-
	H=J7:=J*�20+

+0, -0/ )�� ) � �L���?��+#< " 9,���[+,�F�B�$+,&_�UW <��[�3\���9 �t�����6o���� " &! '8:9#��9,� " &
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� � ��� ����� �5� ��� �D& � � � ���6&�7� � ���
Σ = Σ? ∪ Σ! ∪ Στ

� � ��

δ 6∈ Σ 0 �54 � ��� � 	 �� � � � � & �������
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∨

(a,p,G,A)∈T , a∈Σ!∪Στ

∃π ∈ D �g� � (a) : G(ν, π)
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z )�� ¦ {
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� � ��� ���������� � � � 
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���'���3���

(M) ∩
���k�������

(ω,  � :�� �L� 	 ω) = ∅.

�A� " �����  � :�� �L� 	 M � � ω
+XWy&!���?&!8Ex�+,&D��&��R� " � " �L��& JM||ωK

(.��<� R+,&��?ZF<�&!+,�
pcω =  � :�� �L� 	 �

b Ww�$(� > �R+,&_+,&!8:8@&^z )��#] {
���'���3���

(M||ω,  � :�� �J��	 M � � ω) =
���k�i�3���

(M) ∩
���'���3���

(ω,  � :�� �J� 	 ω)

O 9#���?9 × ���! '9CM*&! �'9
M |=− (ω,  � :�� �J� 	 ω)

 ?&!�Y9,&!� " � ���! '9CM*&! Zi<�& +XWy&!���?&!8Ex�+,&
���'���3�g�

(M||ω,  � :�� �L� 	 M � � ω)
&�� " �Y9,��& × ��&[ZF<�9R(.&!< "hr!"  ?&t5X�$9 " &!�n���! '9CM��$� " Zi<�&  � :�� �J� 	 M � � ω�jWy&�� " (*���s������&��?�'9#x�+,&a��&!(�<�9,�h+XWy&!���3&!8Ex�+,&v��&��^� " � " �h9#��9 " 90�$<�� ��&

JM||ωK × ��< 9#�i��&! ?�?&!8@&!� "Ê×&!�-���! '9CM��$� " ZF<�&E+XWy&!���3&!8Ex�+,&:��&��_� " � " �T9#��9 " 90�$<��v��& JM||ωK
�jWy&�� " (*���T���$o ������&��?�'9#x�+,&:��&!(�<�9,�

 � :�� �L� 	 M � � ω

�
J���< " &g5l��9,� × +,&_�B�$+,�!<�+j��&��V&!���3&!8Ex�+,&��L�UWy� " � " �A������&��?�'9#x�+,&��V& " ���$o ������&��?�'9#x�+,&��R�jWy&�� " &!�t1��!���go 3�$+	(*���_�B�$+,�!<�+0�$x�+,&�� � & " ��x�� " ���!+,&G(.&!< "Tr!"  ?&:����� " ��<� '���:(*�$ _+XW < " 9#+#9,�3� " 9,���%�UWw�$(�(� ?���Y9#8h� " 9,���������8:8@& × (*�$ A&��6&!8:(�+,& × +,&��A�$(�(� ?���69#8h� " 9,�����T�B�$+,�!<�+,��&���(*�$ R9#� " &! '(� ?� " � " 9,���%�$x�� "  3�$9 " & � � � ) ) � �� &�� " &��3\���9,Zi<�&��¡����� " ����<���(.&! '8@& "'"  ?& �UWy&gfU&�� " <�&! }<���& �$�*�$+#=Y�3&4�$(�(� ?�F�3\���&4(*�$ �'<� ko

�$(�(� ?���69#8h� " 9,��� ��&���� " � " ��������&��?�?9#x�+,&���& " ���$o ������&��?�?9#x�+,&����E����<���< " 9#+#9,�?�����u�!1i�$+,&!8@&!� " ��&��
" &��?\���9,ZF<�&��s+,�� ?�^��&[+0��(�\*���?&v��&[�3�!+,&�� " 9,���2��& " &�� " z7�3\*�$(�9 "  ?&-¦ { � � Wy&�� " ���$���d��&[x�< " ZF<�&+XWy��< " 9#+_KYJ  zXKF=Y8Ex.��+#9,�[J�&�� "  T&!��&! 3� " 9,��� { � � �����$Ie � × ���!��&!+,��(�(.�[(*�$ ^+XWy��Zi<�9#(.&��~&! ?J�& � K ×&�� " 9#� " &! k5X�����h����&��G<��%��< " 9#+¢�$(�(.&!+,�:� & ��� � �&B� $ ) � � b �$���T<���(� ?&!8:9,&! " &!8:(�� × KYJ  �B�$+,�!<�+,&
�$< " ��8h� " 9,Zi<�&!8@&!� " +,&n(� ?�Y�6<�9 " ω||M �D(�<�9,��� & ���  ?�B�$+#9,�?& �$< " ��8h� " 9,Zi<�&!8@&!� " <�� �B�$+,�!<�+
�$(�(� ?�F�3\�� ��&��u� " � " �u���$o ������&��?�'9#x�+,&�� z7��&!(�<�9,��+,&���� " � " ����&n�F9,��+0� " 9,��� { �'<� %+,&n(� ?�F�6<�9 " & "



� ) � ��� ��
�� ��� � � ��� � ����� �C& � � �#� ��� ����� � �

� =JI<FG"320+

� =JI<FG"320+

� 2D"320*Y"1\5\.+5*,*,=J(:FJ+5*
K6+ C 4�=J*�� 7:=?2

��4�-,A " C�C -0I��6= 	 "320=JI<7�K�+5*�9.2D"W20*Y"1\5\5+.*,*,=G(�FJ+5*
K�+ C 4:=J*���7�=?2

��7:=?2

+0, -0/¢¦ �we � � +#+#<�� "  3� " 9,��� ��&N+0���'<� ko �$(�(� ?���69#8h� " 9,��� ��&��@� " � " �^������&��?�?9#x�+,&��h��&!(�<�9,�@+,&��^� " � " �9#��9 " 90�$<�� � ��� �Q+,�� ?�L��&T+0�G���! '9CM*�B� " 9,���v�UW <���&_(� ?��(� '9,� " �c��&c�?¤� ?& " �

�'<�(�(� '9#8@&:+,&��E� " � " �_�����%���$o ������&��?�'9#x�+,&��D�'<� T+0�s�'<� ko �$(�(� ?���69#8h� " 9,����� � +~&gfU&�� " <�&:&!���'<�9 " &:<���&�$�*�$+#=6�?&;�$(�(� ?�Y�?\���&G��&��T� " � " �_������&��?�'9#x�+,&��:z7��&!(�<�9,��+,&��T� " � " �A9#��9 " 90�$<�� { � M��-��&D�'9#8:(�+#9CM*&! T+,&��1i�$ ?��&��L��&�� "  3�$���'9 " 9,�������
� &��V��< " 9#+,��(.&!<���&!� "Rr!"  ?&�< " 9#+#9,�?����(P��<� S(� ?��<���&! × (*�$ S&��6&!8:(�+,& × ZF<�&A+XW 9,�iKYJLK Sδ �����! '9 " &!�M�1I<� ?&:¦ �#]�zl� { ��&@�3� " 9,�k5X�$9 " (*���c+0�s(� ?��(� '9,� " �^����� " +0�d���!1i� " 9,����&�� "  ?&!(� ?���3&!� " ��&@(*�$ E+XWy��x��?&! ko�I� " &!<� ω1

z?B�9#1I<� ?&c¦ �#]�z x {'{ � � �[&gfU& "Ê× +XWy&!� "  ?��&(������� �V�B��&��
p = 0

����8:8@&c(*�$ 3�$8 >!"  ?&E(P&! '8@& "ZF<�&E+XWw��� " 9,������&G�?�� " 9,& ��� :<;:�?��9 " �!8:9,�?&sz7�3�$���TZi<�&D+XWw��� " 9,��� ��,�.^��&D+,&;�?��9 " { × ��&GZi<�9��F9,��+,&D+0�(� ?��(� '9,� " ����KF9U+XWy��x��?&! '�I� " &!<� L�����! '9#�I�$9 " (� ?&��?ZF<�&T+0�;8 r 8@&_(� ?��(� '9,� " � × 8h�$9,�L�B��&��_+,&�(*�$ 3�$8 >!"  ?&
p
(.�� " �R(*�$ Q+XWw��� " 9,��� ���������~� "  '9,� " &!8@&!� " �'<�(P�! '9,&!<� V��FB�! ?�;& " �����d(�+#<����'9#8:(�+,&!8@&!� " �'<�(.�! '9,&!<� ��< �!1i�$+A� FB�! ?� × +XW 9,�iKYJLK Sδ ��� " 9,�k57&! 3�$9 " +0��(� ?��(� '9,� " ��� � +R&�� " (P�I�?�?9#x�+,&d��&N8@��� "  ?&! hZF<�&s+,&��� " � " �E��&G�Y9,��+0� " 9,������&G+0�t(� ?��(� '9,� " �@��&@�?��� " (*���E������&��?�?9#x�+,&���� b W <����$< "  ?&@��� " � × 9#+¢����<��c&�� "9#8:(.�I�?�'9#x�+,&^�B��&��^��&��;��< " 9#+,�;�UWw���@ '8@&! GZF<jWy����(.��<� ' 3� " ��<� k��<� ?�D(� ?��<���&! G�$< " ��8h� " 9,ZF<�&!8@&!� "ZF<jW <��N9,�iKYJLKd��&c�3� " 9,�'5l�$9 " (*���L<��[��x��?&! '�I� " &!<� �����!1i� " 9C5 � � � �[&gfU& "Ê× �'9U+,&��A� " � " �R��&_�Y9,��+0� " 9,�����&@+0�[(� ?��(� '9,� " �^��&h�?��� " (*���D9#���!+#<��D���$���D+0�a�'<� ko �$(�(� ?���69#8h� " 9,���)��&��D� " � " �G������&��?�'9#x�+,&��tz7& "���$o ������&��?�'9#x�+,&�� { × �$+,�� ?��+,&���� " � " ����&E�F9,��+0� " 9,���v��&;�?��� " (*���L�����v(�+#<��A9#���!+#<������$���A+XWy&!���?&!8Dx�+,&z7&������ " { ��&��[� " � " �v������&��?�'9#x�+,&��/z7& " ���$o ������&��?�'9#x�+,&�� { z
	 > �?\�&/� " 9# ?& " �a8@&!�*�$� " �  � :�� �L� 	vM�o1I<� ?&S¦ �we { �I����<��	�?��8:8@&��~�������V�'¤� ?�	ZF<�&�+0��(� ?��(� '9,� " �R��&S�'¤� ?& " �S�jWy&�� " (*����Y9,��+,��&�� p �$ ~����� "  ?& ×�'96��&��� " � " ���3��� " 9#���!+#<��	���$����+0�L�'<� ko �$(�(� ?���Y9#8h� " 9,���vz
	 > �?\�&R� "  3�$9 " ����� " 9#�i<:8@&!�*�$� " �  � :�� �J��	M�1I<� ?&D¦ �we { × �$+,�� ?�T���[��&E(P&!< " (*���A�3�B����9# �� W 9#+,�A�$(�(*�$ " 9,&!����&!� " �@+XWy&!���?&!8Ex�+,&G&������ " ��&���� " � " �������&��?�'9#x�+,&��cz7& " ���$o ������&��?�?9#x�+,&�� { � 'A�t��&�(P&!< " ��������(*���V�3������9# R�?9P+0�D(� ?��(� '9,� " �_&�� "  ?��&!+#+,&!8@&!� "�Y9,��+,��&���<G�'9Y+0�R�Y9,��+0� " 9,���@�$(�(*�$ ?&!� " &V&�� " �6<�&V�R+0���'<� ko �$(�(� ?���Y9#8h� " 9,���@��&�+XWw�$�*�$+#=6�?&S�$(�(� ?�F�3\���&��
�V��� � - ��� � `¢��� " �����^ZF<jW 9#+A&�� " (P�I�3�'9#x�+,&[��&[����9# h+,&[����8:(�+,� " �-&!�2�?�� " 9,&a�UW <�� 9,�iKYJLK

M
����8:8@&s<�� ��x��?&! '��� " &!<� ^&!�/�3\���9,�'9,�?�3�$� " �)��� �

M

����8:8@&t� " �$� " +XWy&!���?&!8Ex�+,&a��&��:� " � " �@��&�Y9,��+0� " 9,����� � � �?&dx*���3�$� " �?<� G��& "'" &s9#� " &! '(� ?� " � " 9,��� × +0�a(� ?��(.�I�'9 " 9,��� �'<�9#�I�$� " &s����<��G(.&! '8@& "



� ��� �	��
 �� ��� � +Q& ���5& � � ��� ����� � ��� ����� � �����<4 �%
�
 ����� � � ������� � ���

��&[�������!+#<� ?&vZi<�&N���! '9CM*&! ^+0�������65l�� '8:9 " �v&!� "  ?&N<���&[9#8:(�+,�!8@&!� " � " 9,����& " <���&a�'(.���!9CM*�B� " 9,����?&: ?���6<�9 " �s+0�t���! '9CM*�B� " 9,���u�UW <���&@(� ?��(� '9,� " �d��&@�'¤� ?& " �az +0�t(� ?��(� '9,� " �^����� " +0�s���!1i� " 9,���/&�� " ?&!(� ?���?&!� " ��&E(*�$ R+XWy��x��?&! '�I� " &!<� (Σ!(det(Sδ)),
�)��� �

det(Sδ))
�

� -:� �N�?�6� �6� ��
 'YY�
I
�l�B�?�

S
�����

Iδ |=− (Σ!(det(Sδ)),
�)��� �

det(Sδ)))
�

� & "'" &Q(� ?��(P�I�'9 " 9,���D����<��j9#���69,ZF<�&¢�!1i�$+,&!8@&!� " ZF<�&~+XW 9,�iKYJLK Σ!(det(S δ))
&�� " x�9,&!�E<�� " &�� " &!<� �B�$������9,Zi<�&E(P��<� V+0�: ?&!+0� " 9,���[��&c�����65l�� '8:9 " �_9,�F��� �

�"-0/1-�� � �  @
	 " 8�6 @0B75�= ; �! B �! @�� 6 � ?E= � 8 " " ; ? ? @�� @ �0@C6 �
O < ����� "  3�$9# ?&N��&��G(� ?��(� '9,� " ���@��&t�?¤� ?& " � × +,&��G(� ?��(� '9,� " ���@�UWw������&��?�'9#x�9#+#9 " �N� W 9#� " �! ?&��?�?&!� " �8@��� "  ?&! VZF<�&RZi<�&!+,ZF<�&L�3\��I�?& � ��&LxP�����R�?&R(� ?�F�6<�9 " � p ��<� ����! '9CM*&! �ZF<jW <���&L�?(P���!9CM*�B� " 9,���^���! '9CM*&<���&%(� ?��(� '9,� " �u�UWw������&��?�'9#x�9#+#9 " � × 9#+E�'< � " ��&%���! '9CM*&! -Zi<jWw�$< 8@��9#���[<���&��?��ZF<�&!����&��3� " 9,�k5X�$9 "��&!+#+,&go��!9 �
�A��&E(� ?��(� '9,� " �G�UWw������&��?�'9#x�9#+#9 " � × 8@�Y���!+#9,�?��&D(*�$ A<��-��x��?&! '�I� " &!<� (ω, � �L,�, ω) × &�� " �������G�3� o" 9,�k5X�$9 " &c�'9U+XWy� " � " � �J,�, ω

&�� " � "'" &!9#1I�*�$x�+,&c(*�$ A�$<[8@��9#���V<���&c&������!< " 9,�����
� ��� �	��
�� '��� 6@� �i�����!�1^ �����g�F�

ω2 / G ���Y�?� � � 	 / � 050 �#�'�!�g�7�T�F�P�c�P�k���P��� �!��� ��� ���?�����3�g�l�g� ��� ���+&��F�
�?���i�G�#������� � &!�>� ����� ���E�Y�P�;�����7�l��� ��� �g�*�7� �?�����������E�U^$�'�;�Y�^�6���'�����!�7�?�

p ≥ 0
�~�#�c�g� �!���g�h� �����7�

�g�h�!�l�7�?�;��� �����7�l��� �i�c�!���!�7�X�-*-,�. �Q6-� �g�����g�h�g�,� �i���c�#�B�?����� ���g� �i�E�!���7�0���!���B�7�7�������g�Q�l�!�~� � ���Y� �V���
��� �����,�!�X���

{
; �J,�,

}
�

x = 0

���� ������ ���

x := p
x = 0���� � �����

m = x ∧ x > 0 !�# ����$%�

x := x− 1

x < 0
δ
�

δ
�

δ
�

!#"%$ =JI������
Sδ

�,� !�!
p ≥ 0������ ��������

] ]

 "!�# ����$%�

]

!T(U$ I<(:*,+B-0/<"W20+54�- C I1*,=J20=?> ω2

+0, -0/�¦ � ) � � ��&!8:(�+,&c�UWy��x��?&! '�I� " &!<� ��(.�I�'9 " 9C5 � ω2
�

�A�v9,�iKYJLKa�3� " 9,�'5l�$9 " <�����x��?&! '��� " &!<� ��(.�I�'9 " 9C5 �D�'9	�$<-8@��9#����<���& "  3����&:��&;��& " 9,�iKYJLKv&�� " ?&��������i<�&E(*�$ R+XWy��x��?&! '�I� " &!<� ��
���	��
 � �6���'
 '�  � � � ��� �

M
� � ����� � � ���

(ω, � �L,�, ω) ∈ Ω(M)
� � ��� � �������� � � � 
�� 	\& �� � � � �

� � ��

M 0 ����� ��� M � �� � � � �����

(ω, � �J,�, ω) 0 ���%� � M |=+ (ω, � �J,�, ω) 0 � �
���k�i�3���

(M) ∩
���'���3���

(ω, � �L,�, ω) 6= ∅.



) $ � ��� ��
�� ��� � � ��� � ����� �C& � � �#� ��� ����� � �

��� " ����� � �L,�, M � � ω

+XWy&!���?&!8Ex�+,&D��&��R� " � " �R��& JM||ωK
(.��<� V+,&��?ZF<�&!+,�

pcω =
;��L,�,��

b Ww�$(� > �R+,&T+,&!8:8@&dz )��#] {
���'���3�g�

(M||ω, � �L,�, M � � ω) =
���'���3���

(M) ∩
���'���3���

(ω, � �L,�, ω)

O 9#���'9 × ���! '9CM*&! �'9 M |=+ (ω, � �L,�, ω)
 ?&!�Y9,&!� " �'9#8:(�+,&!8@&!� " � ���! '9CM*&! Zi<�&}+XWy&!���?&!8Ex�+,&

���k�������
(M‖ω, � �L,�, M � � ω)

&�� " �����t�F9,��&��
� ��8:8@&|(.��<� �+,&���(� ?��(� '9,� " ���4��& �'¤� ?& " � × ����<���(.��<�������� ����<�� �?&! '�Y9# ��&�� ��< " 9#+,�KYJ  � � �����$Ie �:& " � & ��� � �&B� $ )��D(.��<� [(� ?��<���&! × (*�$ -&��6&!8:(�+,& × Zi<�&�+XW 9,�iKYJLK Sδ �����! '9 "&!��M�1I<� ?&�¦ � )�zl� { ��& �3� " 9,�k5X�$9 " (*��� +XWy��x��?&! '��� " &!<� ω2

z M�1I<� ?&�¦ � )�z x {'{ � � � &gfU& "Ê× ����<��(.��<�������� (� ?��<���&! �Zi<�&�+0� (� ?��(� '9,� " �4�UWw������&��?�'9#x�9#+#9 " ���jWy&�� " (*������� " 9,�k5l�$9 " &�� � +�&�� " �$9#���'9
(.�I�?�'9#x�+,&[��&a8@��� "  ?&! tZF<�&N(.��<� p = 0 × +,&��h+,�Y�B�$+#9 " ���s��&[�3� " 9,�'5l��� " 9,��� ��&[+0�%(� ?��(� '9,� " �v��&�?��� " (*���[������&��?�'9#x�+,&�� � � �}&gfU& "Ê× �$(� > �t ?����&!( " 9,���¡��&�+XWw��� " 9,��� ���������s�B��&��

p = 0
����8:8@&

(*�$ 3�$8 >!"  ?& × +XWw��� " 9,��� ��&��?�� " 9,& *-,�.n��&�(P&!< " (�+#<�� r!"  ?&��!8:9,�3&�& " �������u+0� (� ?��(� '9,� " �u��&(.&!< " (�+#<�� r!"  ?&��3� " 9,�'5l�$9 " &�� b W <�� �$< "  ?&}� � " � × 9#+N����<��n&�� " 9#8:(P�I�?�?9#x�+,&}����&�����&�� ��< " 9#+,��UWw���@ '8@&! _Zi<�&c����<��A(.��<� ' ?����� " ��<� k��<� ?�A(� ?��<���&! T�$< " ��8h� " 9,ZF<�&!8@&!� " ZF<jW <��[9,�iKYJLK[�3� " 9,�k5X�$9 "<��}��x��?&! '�I� " &!<� ��(.�I�'9 " 9C5 � � � �}&gfU& "Ê× +XWw������&��?�?9#x�9#+#9 " �%��&��t+,�Y�B�$+#9 " ��� ; �J,�,t(P&!< "ar!"  ?&%�6<�&��$<5X�$9 " ZF<�&¢����<��	�B�������	�'<� ko �$(�(� ?���69#8@��+XWy&!���?&!8Ex�+,&V��&��� " � " �	������&��?�'9#x�+,&���(.��<� q ?�B�$+#9,�?&! +,&��B�$+,�!<�+ �

�"-0/ - , � B � � @25"81@0? B75 = � B � ? ;  � 8&69;��& ?
Hj&c(� ?�F�6<�9 " (*�$ 3�$+#+ > +,&D&!� "  ?&D��&!<��s��x��?&! '�I� " &!<� ?� (ω,

��; 	 ��� � �
ω
)
& " (ϕ,

��; 	 ��� � �
ϕ)
(.&!< " �!1i� o+,&!8@&!� "�r!"  ?&_�Y<N����8:8@&c<���&_(� ?��(� '9,� " �dz ����<��R��&! ' ?�����R+XW < " 9#+#9 " �D��&_��& " =Y(.&c��&_����8Ex�9#�*�$9,�?��������$���	+0�_�3&�� " 9,���@¦ �we��#] { � �A�@�?\���9 �:�*� " <� ?&!+*&�� " ��&V8D<���9# ¢+,&S(� ?�Y�6<�9 " ω||ϕ ��&��~� " � " �~�69,� " 9#��1I<������; 	 ��� � �

ω
×

��; 	 ��� � �
ϕ

�Y�UWw�$(� > �R+,&T+,&!8:8@& )��#] × +,&�� "  3����&��R��&T��&T����<���&!+U9,�iKYJLKd&�� " �$+,�� ?�V���������(*�$ E`
���k�i�3���

(ω||ϕ,
��; 	 ��� � �

ω
×

��; 	 ��� � �
ϕ) =

���k�i�3���
(ω,

��; 	 ��� � �
ω
) ∩

���k�������
(ϕ,

��; 	 ��� � �
ϕ)

'A�@ ?&!8h�$ ?ZF<�&LZF<�&V+,&V(� ?�Y�6<�9 " (*�$ 3�$+#+ > +,&A��&R��&!<��@��x��?&! '��� " &!<� ?��&�� " +#<�9CoX8 r 8@&L<��h��x��?&! '�I� " &!<� ��=i�$� " ����8:8@&h(� ?���69,�B� " (*�$ " 9,�!<�+#9,&! (pcω =
,A; 	 ��� � �

ω
, pcϕ =

,A; 	 ��� ���
ϕ)
��KF9~+,&��D��&!<�����x��?&! ko

�I� " &!<� ?�a�?��� "a" ��<��v��&!<��}��&��v��x��?&! '��� " &!<� ?� �����!1i� " 9C5l� � z  ?&��'(.&�� " 9#��&!8@&!� " ��(P�I�?9 " 9C57� � { × �$+,�� ?�+,&!<� �(� ?�Y�6<�9 " (.&!< "�r!"  ?&¢�F<E����8:8@&¢<���&	(� ?��(� '9,� " ����&¢�'¤� ?& " �Lz  ?&��?(P&�� " 9#��&!8@&!� " �UWw������&��?�?9#x�9#+#9 " � { �
O 9#���'9 × +XWy��x��?&! '�I� " &!<� T�3� " 9,�k5X�$9,�3�$� " +,&�� "  3����&��t���'���3��� (ω||ϕ,  � :�� �J��	 ω ×  � :�� �J��	 ϕ)

�����! '9 " +,&5X�$9 " Zi<�&S+,&��(� ?��(� '9,� " ���Q���� ' ?&��'(P�������$� " �$<��:��x��?&! '�I� " &!<� ?� (ω,  � :�� �J��	 ω)
& " (ϕ,  � :�� �L� 	 ϕ)

�?��� "�Y9,��+,��&�� " ��< " &��D+,&��E��&!<�� � � +¢&�� " x�9,&!�/�!�Y9,��&!8:8@&!� " (P�I�?�?9#x�+,&@��&h�3\���9,�'9# ;�UWw�$< "  ?&��;&!���?&!8Dx�+,&���UWy� " � " �_��&;�F9,��+0� " 9,����� O 9#���'9 ×  � :�� �L� 	 ω × (Qϕ \  � :�� �L� 	 ϕ)
9#���69,ZF<�&! 3�d+0�h�F9,��+0� " 9,���%��& ω 8h�$9,�

(*���R��&
ϕ × & " ���

b &;8 r 8@& × +XWy��x��?&! '�I� " &!<� E�3� " 9,�k5X�$9,�3�$� " +,&�� "  3����&��[���k�i�3��� (ω||ϕ, � �J,�, ω × � �J,�, ϕ)
�����! '9 " +,&5X�$9 " ZF<�&v+,&��s(� ?��(� '9,� " ���N���� ' ?&��'(.�������$� " �$<�� ��x��?&! '�I� " &!<� ?� (ω, � �J,�, ω)

& " (ϕ, � �J,�, ϕ)
�?��� "�3� " 9,�k5X�$9 " &�� " ��< " &��L+,&��R��&!<�� �



� ��� ��
�� ��� � � ����� ����� �C& ��� � ���C& ���5& � � ��� ��� )Y]

� +T&�� " �!1i�$+,&!8@&!� " (.�I�?�'9#x�+,&-��&a5l�$9# ?&-+,&v(� ?�Y�6<�9 " (*�$ 3�$+#+ > +,&��UW <�����x��?&! '��� " &!<� �����!1i� " 9C5 �����&��T<��t��x��?&! '�I� " &!<� ��(P�I�'9 " 9C5 � � b �$���S��&��B��� × ����<���1i�$ ?�������V�69,� " 9#��� " &��R+,&����?9#1I��9CM*�B� " 9,�����V��&����&!<��t(� ?��(� '9,� " �����
H��@���! '9CM*�B� " 9,���v��&_+0�@�'(P���!9CM*�B� " 9,���a(P&!< " ��&_(*���A�$x.��< " 9# �� � &!+0�@�jWw�G(*���L�UW 9#���!9,��&!����&D�'<� +0�c�'<�9 " &A��&��Q�!� > ��&!8@&!� " �T`i�'9*���^�jWw�_(*���¢(�<^� " �$x�+#9# SZi<�&L+0�_�'(.���!9CM*�B� " 9,���d�3� " 9,�'5l�$9 " ��<^�F9,��+,&L+0�(� ?��(� '9,� " � × ����<��q(.��<� ' ?�����j+,&~���! '9CM*&! q+,�� ?�q��&~+XWy&��6���!< " 9,���G�6<D�B���q��& " &�� " �?<� j+XW 9#8:(�+,�!8@&!� " � " 9,����B�$ R����<��V< " 9#+#9,�?�����A��&��V(� ?��(� '9,� " ��������8:8@&_1I<�9,��&_+,�� ?�R��&_+0�G�3�!+,&�� " 9,���[��&�� " &�� " � �

� ��
 �*����� � ��% � ��� �<� ���<� ���� � � � �<� �� �  �&%������<�
����<��}���������}(� ?��(P�I�?� ���$����+,& �?\*�$(�9 "  ?& ) <���&�8@� " \��Y��& (.&! '8@& "'" �$� " <�� " &�� " &!<� �B�$������9,Zi<�&d�s(*�$ " 9# E�UW <���&@�?(P���!9CM*�B� " 9,��� × ����<��D�$+#+,�����c8h�$9#� " &!�*�$� " 1��!���! 3�$+#9,�?&! E+0�N�?�!+,&�� " 9,����F<�&v�$<2�3\*�$(�9 "  ?&�enz7�?&�� " 9,��� e��we { &!� < " 9#+#9,�3�$� " <���&v��<n(�+#<��'9,&!<� ?�d(� ?��(� '9,� " ��z7� { z7��&v�'¤� ?& " ���<��UWw������&��?�'9#x�9#+#9 " � { ����8:8@&@1I<�9,��&�� b �$���c��&:�B���6 ?& × <����B���c��& " &�� " �?\�&! ?�3\�&d�s��� " &�� " &! D��&���F9,��+0� " 9,�����S��&L+0�_(� ?��(� '9,� " �T��&L�'¤� ?& " �A& "�¥ ��<d��&����3� " 9,�k5X��� " 9,��������&R+0�E(� ?��(� '9,� " �A�UWw������&��?�?9#x�9#+#9 " �(*�$ ^+XW 9#8:(�+,�!8@&!� " � " 9,����& " ��&��h�F9,��+0� " 9,�����s��&N+0�������657�� '8:9 " �v&!� "  ?&a+XW 9#8:(�+,�!8@&!� " � " 9,����& " +0��'(.���!9CM*�B� " 9,����� b &_(�+#<�� × �?9U+0�G(�\*���?&c��&_���! '9CM*�B� " 9,���)z7�?&�� " 9,���a¦ �#] { �jWw�G(�< r!"  ?&T5l�� '8@&!+#+,&!8@&!� " ?�B�$+#9,�?��&�z +0� " &!� " � " 9#��&v��&t���! '9CM*�B� " 9,��� ��&t+0��(� ?��(� '9,� " �[�'<� @+0�%�'(P���!9CM*�B� " 9,��� �����?\���<�� { × +,&�B���^��& " &�� " 1��!���! ?�a(P&!< "@" ��<� '��<� ?�d�?&! '�F9# × +,�� ?�?Zi<jW 9#+A&�� " &������!< " �N�'<� ^+XW 9#8:(�+,�!8@&!� " � " 9,��� × ���� " &�� " &! R��&����F9,��+0� " 9,����� ¥ ��� " 9,�k5l��� " 9,�����V��&A+0�E(� ?��(� '9,� " �T(*�$ �+0�D�'(.���!9CM*�B� " 9,�����6�A��<���8@��� "  ?������!1i�$+,&!8@&!� " Zi<�& +,&��%�B������& " &�� " 1��!���! ?���%(*�$ %��� "  ?&n8@� " \��F��&  ?& " ��<� '��&!� "u" ��<� k��<� ?����&����&! ?�69,� " �L���� ' ?&�� " ���

� ��(� '9#���!9#(.& × <�� " &�� " &!<� c�B�$������9,Zi<�&:&�� " �'< �h���$� " (.��<� T��� " &�� " &! " ��< " &��T+,&��T9#8:(�+,�!8@&!�6o
" � " 9,�����cZF<�9���&:�3&! 3�$9,&!� " (*���_�����65l�� '8@&��E�^<���&:�'(P���!9CM*�B� " 9,���%����������&���J���< " &g5l��9,� × ��� "  ?&Gx�< "&�� " ��&���� " &�� " &! × &!�¡(�+#<��-�UW <���&��!��&!� " <�&!+#+,&/�����6o������657�� '8:9 " � × <���&u�Y9,��+0� " 9,��� ¥ �3� " 9,�k5X��� " 9,���(P� " &!� " 9,&!+#+,&R�UWw�$< "  ?&��(� ?��(� '9,� " ���~��&��'¤� ?& " � ¥ ������&��?�'9#x�9#+#9 " �LZi<�9Y(P&!<���&!� "Ê× (*�$ 	&��6&!8:(�+,& × (� ?� ��&!��9# �UWy&��Y9#1�&!����&��d�����! '9 " &��d���$���h<��n�B�$\�9,&! d��&��h�3\*�$ '1�&����QH�&��h��x��?&! '�I� " &!<� ?�vz7�g5 �~���gM���9 " 9,���2¦ �#] {���F���$� " ��& " &!+#+,&��^(� ?��(� '9,� " ���^(.&!<���&!� " �!1i�$+,&!8@&!� " �3&! '�F9# d����8:8@&[8@���B�$��9,�'8@&v��&v�?�!+,&�� " 9,���(P��<� /+,&�� " &�� " � � � ��� Ww�$(�(�<�=i�$� " �'<� /+,&2+,&!8:8@& )��#] × +,&2(� ?�Y�6<�9 " &!� "  ?& <��|��x��?&! '�I� " &!<� & " +,& " &�� " &!<� ��B�$������9,Zi<�&n(P&!< "�r!"  ?&)< " 9#+#9,�?� (.��<� ����gM���9# �<��4�?��<��ko�&!���?&!8Dx�+,&n��&�� "  3����&����9#� " �! ?&��?���$� " &�� �c(*�$ '8:9 " ��< " &��L+,&�� "  3����&��R(.�I�?�'9#x�+,&��VZF<�&_+,& " &�� " &!<� A�B�$������9,Zi<�&_(.&!< " 1��!���! ?&! ��

�"-��.-2/ � B ��� B7? @ 6 @CB75�8 � ; " � 5 ; �# B �! @�� 6 �
����<��s 3�$(�(P&!+,�����NZF<�&v(P��<� s<�� 9,�iKYJLK

S
& " <�� ��x��?&! '��� " &!<� N����8:(*� " 9#x�+,& ω ∈ Ω(S) ×+XW 9,�iKYJLK

ω ×
E ��� / S 0 (.&!< " �!1i�$+,&!8@&!� "Nr!"  ?&[9#� " &! '(� ?� " �%����8:8@&v<��2��x��?&! '�I� " &!<� t��& S

&!�
�?\���9,�'9,�3�3�$� " �����F��&!�*�$x�+,&!8@&!� " +,&���&!���?&!8Dx�+,&�� �UWy� " � " � ��&4�Y9,��+0� " 9,��� ¥ �3� " 9,�k5X��� " 9,����� O 9#���'9 ×�'<�9#�I�$� " +,&^�3\���9 �u��&s��& " &!���?&!8Ex�+,&t�UWy� " � " � × +0�a�'9#1I��9CM*�B� " 9,��� ��&^+XWy��x��?&! '��� " &!<� :& " �������d��&��
" &�� " �RZF<�9j&!�[�?&! ?��� " ���! '9#�����A�;(*�$ " 9# ��UW <���&c�'(.���!9CM*�B� " 9,���[�?&! 3�G�69CfU�! ?&!� " &��



)�e � ��� ��
�� ��� � � ��� � ����� �C& � � �#� ��� ����� � �

b �$���@+,&N ?&�� " &N��&N��& "'" &N�3��<��ko��?&�� " 9,��� ×~" ��< " &[����8:(P�I�'9 " 9,���2&!� "  ?&[+,& " &�� " &!<� h�B�$������9,ZF<�&��&v+0�u�'(P���!9CM*�B� " 9,��� E ��� / S 0 & " <���&v(� ?��(� '9,� " ����&v�?¤� ?& " � ω+ ��< <���&v(� ?��(� '9,� " ���UWw������&��ko�'9#x�9#+#9 " � ω− 57�� '8@&! 3�n<��}1I 3�$(�\�&u��& " &�� "Ê× ZF<�9 × �$(� > �v�?�!+,&�� " 9,��� × (.��<� ' 3� r!"  ?&��F<¡����8:8@&
<��)�B���:��& " &�� "  3���@�*�$� " +,& " &�� " &!<� :�B�$������9,Zi<�&�� � &d1I 3�$(�\�&t��& " &�� " &��Y(�+#9,�!9 " &! 3�v+,&��G�Y9,��+0� o
" 9,����� ¥ �3� " 9,�'5l��� " 9,�����~��&�+0�A(� ?��(� '9,� " �V��&S�'¤� ?& " � ¥ ������&��?�'9#x�9#+#9 " �R(*�$ ��&��(� ?���69,�B� " �Az +,&����&! ?�69,� " � { �

b �$���~+0�c�'<�9 " &R��&R��& "'" &A�?&�� " 9,��� × ����<��Q�$+#+,�����Q(� ?���?&!� " &! ¢+,&��¢����8:(.�I�'9 " 9,�����Q&!� "  ?&R+,& " &�� " &!<� �B�$������9,ZF<�&N& " +,&��:(� ?��(� '9,� " ���az7�3��9 " ��&t�'¤� ?& " � × �?��9 " �UWw������&��?�'9#x�9#+#9 " � { × (�<�9,�:����<��G5l&! ?�����:<���&�'=Y� " \ > �?&:��&��T��&! ?�69,� " �E(P��<��I�$� "cr!"  ?&:�!8:9,�c+,�� ?�c��&G+XWy&��6���!< " 9,���%�6<%�B���E��& " &�� " �'<� _+XW 9#8:(�+,�go8@&!� " � " 9,�����
'����Y���� )L���	�M� �6� �6���'
 � ���%���<
Y� � -:� � -:�Y� �)� � � ��� -�� �)�

��� " �����������g�
ω−(S) =

E ��� / S 0 × ω− +0�u����8:(P�I�?9 " 9,���}&!� "  ?&-+,& " &�� " &!<� t�B�$������9,ZF<�&%& "<���&:(� ?��(� '9,� " �@��&:�?¤� ?& " �: ?&!(� ?���?&!� " ��&h(*�$ ω− � � & "'" &@����8:(P�I�?9 " 9,���%(P&! '8@& " �UWy��x " &!��9# "  ?��9,���&! ?�69,� " �E�69CfU�! ?&!� " � × �'<�9#�I�$� " +,&��_�I�$+,&!<� ?�c��&��_�I�$ '90�$x�+,&�� ; �:��&
ω− & "  	)� � � �7�A��& E ��� / S 0 ��KF9<���& "  3����&c&������!< " ��&c�'<� V+XW 9#8:(�+,�!8@&!� " � " 9,��� I (P&! '8@& " �UWw� "'" &!9#���6 ?&c<��N� " � " (.��<� R+,&�ZF<�&!+~`� pc =  � :�� �L� 	G& " verdict 6=

� ��� ���$+,�� ?�c<���&:�Y9,��+0� " 9,������&G+0�t(� ?��(� '9,� " � " �$� " (*�$ c+0�s�'(.�go�!9CM*�B� " 9,��� ZF<�&^(*�$ ;+XW 9#8:(�+,�!8@&!� " � " 9,���n&�� " ��� " &�� " ��&t& " +,&d��&! ?�69,� " ��� � 
�������&�� " �!8:9,���
� �[&gf.& "Ê× +0�;���$ '90�$x�+,& pc �:(P��<� V�I�$+,&!<�  � :�� �J��	 × ��&cZF<�9j�'9#1I��9CM*&cZF<�&_+0�;(� ?��(� '9,� " �;�:� " ��Y9,��+,��&T(*�$ V+XW 9#8:(�+,�!8@&!� " � " 9,����� � ��8:8@&_��&!+#+,&go��!9�&�� " �����65l�� '8@&c�G�3�;�'(.���!9CM*�B� " 9,��� × ����<��(.��<��������R&!�[�����6<�9# ?&EZi<�&_+0�G�?(P���!9CM*�B� " 9,���N�Y9,��+,&E�$<��?�?9U+0�;(� ?��(� '9,� " ���

� pc 6=  � :�� �J� 	D& " verdict =
�I� � ���$+,�� ?�T9#+=a�^�����6o������65l�� '8:9 " �:&!� "  ?&G9#8:(�+,�!8@&!� " � " 9,���u& "�?(P���!9CM*�B� " 9,���-& " +,&E��&! ?�69,� "�� ����
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E ��� / S 0 , �)� � � ),��& Zi<�9N�?9#1I��9CM*&2ZF<�& �����!�

ω−(S)
��� " &�� " & �?\*��ZF<�& �����6o������657�� '8:9 " � � "  3����&! ?� �?&�� "  3����&�� ������!�

ω−(S)
&�� " �������_<��a�B���R��& " &�� " �����6oXx�90�$9,�?���*�A��<��V��� " &! ?�������$<��?�'9jZF<�&
���k�i�3���

(
���g�g�

ω−(S),  � :�� �J� 	 ) =
����'���3�g�

(S) ∩
���'���3���

(ω−,  � :�� �L� 	 ).



� ��� ��
�� ��� � � ����� ����� �C& ��� � ���C& ���5& � � ��� ��� ) )

pcω− verdict � (�� & S )
� �����!+#<��'9,���
9#8:8@���690� " &

� �����!+#<��?9,���
9#���6<�9 " &  	)����� �7�
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 � :�� �L� 	 � ��� � ��9,��+0� " 9,���[(*�$ �«×�����6o������657�� '8:9 " � � ����
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S
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b �$���+0�T�'<�9 " &S��&S��& "'" &V�?&�� " 9,��� × ����<��(� ?���?&!� " �����~<���& " &��?\���9,ZF<�&V�'9#8:9#+0�$9# ?&R����&!+#+,&S< " 9#+#9,�?��&�'<� �+,&��A9,�IHYJLK-�h+0�h�?��<��'o��?&�� " 9,���%e��we�� )�� � & "'" & " &��3\���9,Zi<�&;(.&! '8@& " ��&;��� " &�� " &! c& " �UWy�!+#9#8:9#��&! ��&��~� " � " �¢& " ��&�� "  3�$���'9 " 9,�����~�UW <��@1I 3�$(�\�&R��& " &�� " �����g� (S, ω)
� ��(*�$ " 9# ¢��&��?ZF<�&!+,�	<��@&!���?&!8Dx�+,&

Q ����� ���
	
�jWy&�� " (�+#<��E� "'" &!9#1I�*�$x�+,&��jHj&G1I 3�$(�\�&h��& " &�� " &�� " 1��!���! ?�h�d(*�$ " 9# c�UW <���&:�'(.���!9CM*�B� " 9,���

S
& " �UW <��s&!���?&!8Ex�+,&T��&R(� ?��(� '9,� " ���cz (.�I�'9 " 9#��&�� ¥ ���!1i� " 9#��&�� { ω �YH~Wy&!���?&!8Dx�+,& Q ����� ���	

���� ' ?&��'(.�����
�$<��%� " � " �c(� ?�Y�6<�9,�3�$� " <�����&! ?�69,� "�� ����.�	7���U�A��<��;�$+#+,�����E�3\�&! ?�?\�&! :�s�?�!+,&�� " 9,������&! D�'<� E+,&:�B�����& " &�� " ��&��S����8:(.�� " &!8@&!� " �V��& " &!+#+,&A8h�$��9 >  ?&�ZF<�&L+XW 9#8:(�+,�!8@&!� " � " 9,���N ?&�� " &����$������&���� " � " �V�(*�$ " 9# ~��&��?ZF<�&!+,�	��&��	��&! ?�69,� " � ��9#� " �! ?&��3�3�$� " � ¥ 9#8:(.�� " �$� " � �R(P&!<���&!� "~r!"  ?&V�!8:9,����Hj&V�?\���9 �:��&V��&����&! ?�69,� " �Q&�� " x�9,&!�^&!� " &!���6<d�'<�x6 '&�� " 9C5U& " ���A5l�� " &!8@&!� " ���!(P&!���6 ?&L��&V+XWw�$(�(�+#9,�B� " 9,���d�������?9,���! ?��&��
O 9#���?9 × �'9����2�3\���9,�'9 " ��&[�BW 9#� " �! ?&��?�?&! s(*�$ " 9,�!<�+#9 >  ?&!8@&!� " �$<�� (� ?��(� '9,� " ���t�UWw������&��?�'9#x�9#+#9 " � × ����$<� 3�t`

Q ����� ���	 = � �J,�, ∪ �)��� � � �J,�, ∪ � �L,�,  � :�� �J��	 ∪ �)��� � � �J,�,  � :�� �J� 	 z ¦ �we {
b &s8h�$��9 >  ?&t1��!���! 3�$+,& × Q ����� ���	

�?&! 3�a<���&N����8Ex�9#�*�$9,�3���n��&��@�?&!( " &!���?&!8Dx�+,&��h��&s�I�$+,&!<� ?�:��&�����$ '90�$x�+,&��;z7���gM���9,&��L���$���L+,& " �$x�+,&B�$<N¦ � ) { × ��� � ����.�	7�R�;(.��<� V���$+,&!<� � �J,�,R��<  � :�� �L� 	 �
Hj&�(� ?�Y��&��?�'<�����&A�?�!+,&�� " 9,���s��& " &�� " �������?9,� " &! 3�$9 "Ê× 9,���B�$+,&!8@&!� "Ê× �c�3�!+,&�� " 9,������&! R&������ " &!8@&!� "+,&�� "  3����&��d8@&!�*�$� " � � ����.�	7�N`;���k�i�3���

(
�����g�

(S , ω), �
����.�	7�

) × (�+#<��h+,&��d�?�� " 9,&��^����� �'(.���!9CM*��&��(� ?��+,����1�&B�$� " +,&��h(� ?�gM �6&��s��&[��&�� "  3����&��E  <��?ZF<jWw� �)��� � × ���!��� " �$� " �$9#���'9L+0�%�����6o������657�� '8:9 " ���� &!(P&!�����$� "Ê× +,&��S9#8:(�+,�!8@&!� " � " 9,�����L��&T�?��� " (*���V����� "  ���+0�$x�+,&��c`Y+,&!<� R����8:(P�� " &!8@&!� " &!�t�?�� " 9,&�jWy&�� " (*���	����8:(�+ >!" &!8@&!� " ��� " &! '8:9#���V(*�$ +,&��	&!� "  ?��&����IHj& " &�� " &!<� ~����9 " �������V�������?9,���! ?&! " ��< " &��+,&��_�?�� " 9,&��T(.�I�?�'9#x�+,&��_�$(� > �T<���& "  3����&s`�+,&��_�3�� " 9,&��c�h(*�$ " 9# c��&��3Zi<�&!+#+,&�� � ����.�	7����< �)� � �*�?��� "� "'" &!9#1I�*�$x�+,&��S8h�$9,�V�$<��?�'9���&!+#+,&��V�c(*�$ " 9# S��&��3Zi<�&!+#+,&�� � ����.�	7�~�jWy&�� " (�+#<��V� "'" &!9#1I�*�$x�+,&�� p ��<� S<���&(�+#<��L1I 3�$����&D& �h�B���!9 " � × ��&E��&! '��9,&! ��B���A����9 "Ar!"  ?&c��� " &�� " �D+,&_(�+#<�� " � " (P�I�3�'9#x�+,&c& " <��[��&! ?�69,� "
� � �A:�� �D&�� " �$+,�� ?�R�!8:9,���Hj&_(� ?��x�+ > 8@&D��&c�?�!+,&�� " 9,���[&�� " �������_ ?���6<�9 " �G�B�$+,�!<�+,&! × �;(*�$ " 9# A�UW <��N1I 3�$(�\�&c��& " &�� "Ê× +,&�?��<��ko�&!���?&!8Dx�+,&@��&��_� " � " �E�^(*�$ " 9# c��&��?ZF<�&!+,� � ����.�	7��&�� " � "'" &!9#1I�*�$x�+,&�� � &:�?��<��ko�&!���?&!8Dx�+,&@&�� "��� " �h�?���?�'����� ( � ����.�	7�

)
� � +U(P&!< "Rr!"  ?&E�����! '9 " (*�$ R<��t(�+#<��R(.& " 9 " (.��9#� " M ��&:`
�?���?�'�����

( �
����.�	7�

) =
� �X�

(λX. �
����.�	7�

∪
���?�

(X))

����&��:���'�
(X) = {q|∃q′ ∈ X,∃λ ∈ Λ, q

λ
→ q′} × +XWy&!���?&!8Ex�+,&^��&��E� " � " �;�s(*�$ " 9# D��&��?ZF<�&!+,� X(P&!< "cr!"  ?&@� "'" &!9#� " &!��<���& "  3�$���'9 " 9,�����jH�&:�B�$+,�!<�+~��&G+XWy&!���?&!8Ex�+,&[�3���'�?����� ( � ��� .�	7�

)
&�� " �?9#8:(�+,&(P��<� 	��&��	�'=6� "?> 8@&��	����� " +XWy&!���?&!8Ex�+,&R�UWy� " � " �	&�� " M���9�& " (.&!< "	r!"  ?&Q ?���3��+#<:(*�$ ��&��~�$+#1��� '9 " \�8@&����&h1I 3�$(�\�&�� � � Wy&�� " (*�$ G&��6&!8:(�+,&^+,&d�B���D���$���;+XWy��< " 9#+VJ  � � ��! $Ie��Q+,�� ?�G��&h+0�a�?�!+,&�� " 9,���/��&

" &�� " (.��<� @��&��@9,�IHYJLK �-� " � " �@M���9,���~m-�$+#\�&!<� ?&!<��?&!8@&!� "Ê× �?���?�'����� ( � ����.�	7�
)
�jWy&�� " (*���@�B�$+,�!<6o+0�$x�+,&h(.��<� ;+,&@8@�Y� > +,&^��&��;9,�iKYJLK%(�<�9,�?Zi<�&d��&!<��Yo��!9Q��� " (.��<� D�?�!8h�$� " 9,Zi<�&s��&��D9,�IHFJLK������ "+XWy&!���?&!8Ex�+,&_�UWy� " � " �V&�� " 9#�6M���9 �6J���< " &g5l��9,� × 9#+.&��Y9,� " &���&�� " &��?\���9,ZF<�&��VZi<�9P(.&! '8@& "'" &!� " ��&��B�$+,�!<6o+,&! L<���&D�'<� ko �$(�(� ?���69#8h� " 9,������&E��&!+#<�9Co��!9 × ����8:8@&;��&!+#+,&��LZF<�&c����<����$+#+,�����L< " 9#+#9,�3&! × x*���?��&��A�'<� +XW 9#� " &! '(� ?� " � " 9,���%�$x�� "  3�$9 " &��

�  I<4�*�*,4 C:C I1*,I<7�* )E4�+�FTZ I C 9.-D"320=JI17 	H=J-0I1=?-)" 9.209 +��[+5\.204�95+<]
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 �%� �6���'
 � � ���-�E��� � � - � 
Y��
 � ��� � �)� -:� � ��� �
B*����&T�c��&L(� ?��x�+ > 8@&A��&L�����6o��B�$+,�!<�+0�$x�9#+#9 " � × +0�_�?��+#< " 9,���d(� ?��(P�I�3��&L�������'9,� " &A���������_< " 9#+#9,�?&! <���&%�$�*�$+#=6�?&-��&����$o ������&��?�'9#x�9#+#9 " ��ZF<�9c�B�$+,�!<�+,&-<���&��'<� ko �$(�(� ?���69#8h� " 9,���}(*�$ s9#� " &! '(� ?� " � " 9,����$x�� "  3�$9 " & � � � ) ) �V��&��:� " � " �G���$o ������&��?�'9#x�+,&�� � �&B� $ )�� �  � 3£���&s�v��& "'" &t�$�*�$+#=Y�?&s�$(�(� ?�Y�?\���& × +,&1I 3�$(�\�&_��& " &�� " 8@�F���!+#9,�3�A(*�$ S+XW 9,�iKYJLKv�����!� (S, ω)

&�� "S"  3�$���k57�� '8@�_&!�s<��s9,�iKYJLK^ ?&!(� ?���?&!� " �$� "<����B���v��& " &�� " T C
� p ��<� %��&!+0� × +XWw�$�*�$+#=Y�?&/����� "  3�$9#� " +,&��-�?�� " 9,&��-& " ��� " &�� " &u+,&��-&!� "  ?��&��9#���������!+#<��'9#��&���z +,&�� &!� "  ?��&�� ��& (.��<����$� " (*��� �������6<�9# ?&¡� � ����.�	7� { (*�$ "  3�$���k5l�� '8h� " 9,������'=Y� " � �69,Zi<�&��L��&��V1i�$ ?��&��L��&�� "  3�$���?9 " 9,�����Dz ����9# L���gM���9 " 9,���a¦ � � { �

KF<�(�(.�I�?�����uZi<jW <���& �'<� ko �$(�(� ?���69#8h� " 9,��� �?���?�'����� α ⊇
�?���?�'�����

( �
����.�	7�

)
��& +XWy&!���?&!8Ex�+,&

&������ " ��&���� " � " �����$o ������&��?�'9#x�+,&�����&!(�<�9,� � ��� .�	7�U�L� " �¢�B�$+,�!<�+,��& × & " ZF<�&~��& "'" &Q�?<� ko �$(�(� ?���69#8h� " 9,���&�� "  ?&!(� ?���?&!� " ��&@(*�$ _<���&G5l�� '8E<�+,&@+,��1I9,Zi<�&�� p  ?&!�������c<��%&!���?&!8Dx�+,&@�UWy� " � " � X ∈ Dv
×  ?&!(� ?�go�?&!� " �G(*�$ _<���&;57�� '8D<�+,& X(v)

& " ��� " �������P�'� (A)(X)(v, p)
+0�d(� ?�go��������69 " 9,���%(P��<� c��� " 9,�k5l�$9# ?&

X
(*�$ V+XWw� fU&�� " � " 9,��� A : Dv ×Dp → Dv

" &!+#+,&cZF<�&:`
���'�

(A)(X)(v, p) = (∃v′ : X(v′) ∧ (v′ = A(v, p))) = X(A(v, p)).

� �d�UWw�$< "  ?&�� " &! '8@&�� × ���?� (A)(X)(v, p)
 ?&!(� ?���?&!� " &A+XWy&!���?&!8Dx�+,&���&��Q�I�$+,&!<� ?�Q��&��¢���$ '90�$x�+,&�� v & "��&��~(*�$ 3�$8 >!"  ?&�� p �c(*�$ " 9# Q��&��?ZF<�&!+#+,&�� X &�� " � "'" &!9#1I�*�$x�+,&��$(� > �Q+XWw� fU&�� " � " 9,��� A �i��� " �����¢ZF<�&���?�

(A)
&�� " 8@����� " ����&�& " ZF<�&����?� α(A)(X)

&�� " <���&R�'<� ko �$(�(� ?���Y9#8h� " 9,���t��&V���'� (A)(X)
� b �$�����&������ " &�� " & × ���?� α(A)(

�?���?�'����� α)
&�� " <���&��?<� ko �$(�(� ?���69#8h� " 9,��� ��&-+XWy&!���?&!8Dx�+,&%��&��t�I�$+,&!<� ?�

��&��;���$ '90�$x�+,&��:& " (*�$ 3�$8 >!"  ?&��:ZF<�9S(P&! '8@& "'" &!� " ��&^ ?&�� " &! ;���$���G+XWy&!���?&!8Dx�+,&%�?���?�'����� ( � ����.�	7�
)+,�� ?�?ZF<jW <���& "  3�$���'9 " 9,���s&�� " (� '9,�?&�� � �d�UWw�$< "  ?&�� " &! '8@&�� × ���?� α(A)(

�3���'�?����� α)
&�� " <���&��������69 " 9,���������&��?�3�$9# ?&G(.��<� T ?&�� " &! c���$���@�?���?�'����� ( � ����.�	7�

)
& " �3�^���!1i� " 9,����&�� " <���&G�������69 " 9,�����'< �h�3�$� " &(.��<� R&!�[�?�� " 9# ��

� �v< " 9#+#9,�3�$� " ��&��T�$�*�$+#=Y�3&����$(�(� ?�Y�?\���&�� × <��-�B���A��& " &�� " (.&!< "Tr!"  ?&E������� "  '<�9 " �@(*�$ " 9# T��&�����!�
(S , ω)

����8:8@&h�����! '9 " ���gM���9 " 9,����¦ � ���UH~Wy��(P�! 3� " 9,���u��&@�?�!+,&�� " 9,�����������?9,� " &@�t�!+#9#8:9#��&! c+,&��
"  3�$���'9 " 9,�����A����� " +,& " 9# 3�$1�&T8 > ��&c���$���L��&��R� " � " �L�;(*�$ " 9# L��&��?ZF<�&!+,�S+XWy&!���?&!8Dx�+,&E��&��V+,�Y�B�$+#9 " ���
� ����.�	7�U�jWy&�� " (�+#<���������&��?�?9#x�+,&��$KF9i<���& " &!+#+,& "  3�$���?9 " 9,���;&�� " � " 9,Zi<�& " ��&Q(*�$ �<���&Q�?�� " 9,& × �$+,�� ?����&!+#+,&go�!9*(.&!< "Qr!"  ?&A�!+#9#8:9#����&A�6<d�B���¢��& " &�� " ���A�h�B������& " &�� " ����� "  ���+0�$� " �?&��Q�?�� " 9,&�� × 9#+�(P&!< " �����!9,��&! ��&N��&[(*���@ ?�B�$+#9,�?&! s��& "'" &a��� " 9,��� ���$���@+0�%8@&��'<� ?&[��� +XWw������&��?�'9#x�9#+#9 " �v��& � ����.�	7�:�jWy&�� " (�+#<��(.�I�?�'9#x�+,&�� p �$ T����� "  ?& × 9#+��jWy&�� " (*���R(.�I�?�'9#x�+,&E�UWy&!8:( r �?\�&! �+,&���&!� "  ?��&��T��&c�?&E(� ?�F�6<�9# ?&dz7��&!+#+,&��ko�!9T�?��� " �!8:9,�?&��^(*���^+XW 9#8:(�+,�!8@&!� " � " 9,��� { × �$9#���'9�+,&�� "  3�$���?9 " 9,�����d� " 9,ZF<�& " ��&��s(*�$ s��&��^&!� "  ?��&���v(*�$ " 9# @��&��?ZF<�&!+#+,&�� � ����.�	7�E��&s(.&!< " (�+#<�� r!"  ?&[� "'" &!9#� " �?��� "  ?���� '9,&!� " ��&��@��&! ?�G<���&s+,�Y�B�$+#9 " ��$(�(.&!+,��& � � �A:�� � �
���	��
)� �6����
 '��� �����?�$� �F�v�����g�R�6���Y�a�Y�P�[��� �'�!� GQ�?�I�7�l���

S
�!�D�Y�}�i�����!�1^ �����g�F�

ω
���g�;�Y�

�l�$���� �#�!���g�g�G� �*�0�!���
T C = 〈V �

� " � ,Θ �
� " � ,ΣT C, T T C〉

�U^$�?�
ΣT C

! = ΣS

?

�_�!�
ΣT C

? = ΣS

! ∪ {δ}
/ �g� �g�'�I�7�7�I�v�G� �k�I� � 0 �Q6-� �g�����g�h�g�,� �i���c�7�k�I�����7�7�7�I���

T T C
�g�g� ����G~���P�6�I�(M

��_�Y�P�E� � ���,�L�6���Y�c�#�@�L�g�,�'���7�l��� �
(a, p,G,A) ∈ T �

� " � a ∈ ΣT C

! G′ =
���?� α(A)(

�?���?�'����� α)

(a, p,G ∧G′, A) ∈ T T C



� ��� ��
�� ��� � � ����� ����� �C& ��� � ���C& ���5& � � ��� ��� )6]

�����������
	 α

� �������
�����������

v′ := A(v, p)

a?(p)

G ∧ G′
a?(p)

v′ := A(v, p)

v′ := A(v, p)

G

a?(p)

G ∧ ¬G′

V erdict := � �������
�����������
	 ( ����������� )

+0,.-�/*¦ �!) � � +#+#<�� "  3� " 9,���[��&T+0�: > 1I+,&G�X�����7�

<�c�Y�P�c�������#�A�6���Y�c�C�^���I�H8 �?�I�L�!�I���G�7���5�

(a, p,G,A) ∈ T �
� " � a ∈ ΣT C

? AVerdict = verdict :=
�I� � �

(a, p,G,A) ∈ T T C

	��c�Y�P�c�������#�;�X����� �U�6���Y�c�#� ���!���'���7�l��� �i���c� ���?���P�!���F��� ���%�
(a, p,G,A) ∈ T �

� " � a ∈ ΣT C

? AVerdict 6= verdict :=
� ��� �

G′ =
�P�'� α(A)(

�?���?�'����� α)

(a, p,G ∧G′, A), (a, p,G ∧ ¬G′, A′) ∈ T T C

� ^$�'�
A′ �#��G~�*�P�6��� {

A′
Verdict

= verdict :=
��� �A:�� �

,
A′

v = Av pour v 6= Verdict

} �
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p  ?���!9,�?�����[Zi<�&-+0�u�?�!8h�$� " 9,Zi<�&-9,�IHYJLK �6<��B���t��& " &�� " T C

&�� " �69Cf.�! ?&!� " &%��&-��&!+#+,&���&�����g�
(S, ω) × &!�n(*�$ " 9,�!<�+#9,&! @(P��<� :+,&�� "  3�$���'9 " 9,�����h��&t�?�� " 9,&tZF<�9R��� " � " �t�'<�(�(� '9#8@��&��@(*�$ :+0� > 1I+,&c��&c�?�!+,&�� " 9,�����
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��&T�?&��V� " � " �R������&��?�'9#x�+,&��R��&!(�<�9,�L�3�;�������69 " 9,���9#��9 " 90�$+,&:�?�'����� (ΘT C)

�U�?�'����� α(ΘT C)
&�� " �����! '9 " ����8:8@&D�'<�9 " `

�'�?�����
(ΘT C) =

� ���
(λX.ΘT C ∪

���$�g�
(X))

����&��	�6�$�!�
(X) = {q′|∃q ∈ X,∃λ ∈ Λ, q

λ
→ q′} × +XWy&!���?&!8Dx�+,&¢��&���� " � " ��������&��?�'9#x�+,&��q��&!(�<�9,� X &!�

<���& "  3�$���'9 " 9,����� � & "'" &_�?9#8:(�+#9CM*�B� " 9,���a�������'9,� " &c�;&!��+,&!��&! R+,&�� "  3�$���?9 " 9,�����A�D(*�$ " 9# L��&��?ZF<�&!+#+,&��+,&���1i�$ ?��&�����&Q�?��� " (*����3� " 9,�'5l�$9 " &���(*�$ �+0�L�'<� ko �$(�(� ?���Y9#8h� " 9,���t�?�'����� α(ΘT C)
��&¢+XWy&!���?&!8Dx�+,&S��&��

� " � " �V������&��?�'9#x�+,&�� × �IWy&�� " o � o��69# ?&�+,&�� "  3�$���'9 " 9,����� (a, p,G,A)
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�?����� �����g����� G ���Y�'� 	���� / � 0 � E �!��� GQ�����v���G� � � �A�����g�h�g�*�X�I�7�l���)���g���h�!����� �g�h�!�l�7�?���Y� �h�����!���F�
�������*�R�6���Y�:�����k�I�4���7�'���F�}�g�*�7�X�g�[��� � �g�g�l�g�Y����� � �i����F 
���6@� �i�����!�1^ �����g�F�

ω
�?����� ���B�g�*�X���*�

�3�!�l���c�P�k���P��� �!���t���!� �i�g�3��� ��� G ���Y�?� � ��� / � 0 �>6�� ���'��� �6���F�h���g�g�������g�
(S, ω)

���g�A�?����� �����g����� G'8
���Y�'� ����� / � 0 ��$V���Y�S�����i� �i�;�!�#���!���5�¢�,���E�7�'�������7�7�l�����Q�6���!�X���*�0�i�E�C�^�#�B�?����� ��� � �J,�,E�Q� �I�*�P�6�$�(�����
�?����� �����g�����?���A� E �g�#�@�Q� �^�����!�F�.�D� �������i�!���3�V���Y�0�A&!�>� �g�^���'�I�7�I&!���"�¢��� ���#�?�!�Y�7�l��� ��� �Y�-�?�����F�E���g�g�
���Y�c�Y�P�c� �A�����g�h�g�*�X�I�7�l���%���g�S���g��3����?� �#���@&!���D�#�T���'�����g� �!���:���g�¢�!���7�0���!���7���L�

(*���?�
m ≥ 2ma�'1DC,z 8 {

]

!#"%$�� -0I C -0=J9.209 ω

B*�$9#+ p ���?�

x = 0

K " �$ " C,z ( {
x := p

x = 0K " ��( * z {

m = x ∧ x > 0 ∧m ≥ 2mv�'1 * z 8 {
x := x− 1

δ
*

x < 0
δ
*

δ
*

]
*

]
*

]
*
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(S, ω)
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�!�X�I� �A� �J�A�g�g�X�g�F� F 
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x = 0
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E ��� / S 0 × ω
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���'���3���Bzk�����g� z

S × ω { × ��� � � { =
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���g�g�

(S, ω)) ∩
���k�i�3���Bz E ��� / S 0 × �)��� � { ,
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+0, -0/�¦ �#]�$ � � ���R��& " &�� " ��x " &!�i<v�$(� > �L�'9#8:(�+#9CM*�B� " 9,�����

���[&!�N�����6<�9 " ZF<�&
���k������� z

T C × ��� � � { =
���'���3���

(T C) ∩
���k�i�3���Bz E ��� / S 0 × �)��� � { .

� & "'" &%(� ?��(� '9,� " ��9#���69,ZF<�&%Zi<�&��?&!<�+,&��N+,&��[9#8:(�+,�!8@&!� " � " 9,�����-�����6o������65l�� '8@&��[(.&!<���&!� "-r!"  ?& ?&  '& " ��&��Ez7& " ZF<�&_��&_ ?&  k& " �$ ' '9#��&E� > �LZF<�&T(P�I�?�?9#x�+,& { �
� ����&uZi<�9G��������&! '��&u+XWy&��Y\*�$<�� " 9#�Y9 " �/� +0� +#9#8:9 " & × &!+#+,&��Y9,&!� " ��&�+0� ������� "  '<�� " 9,��� �'<�9Co

�I�$� " &�� p �$ h���gM���9 " 9,���n��&s+0�a ?&!+0� " 9,���n��&t�����65l�� '8:9 " �s9,�F��� × (.��<� " ��< " &t9#8:(�+,�!8@&!� " � " 9,��� I�����������65l�� '8@& × 9#+c&��Y9,� " &v<���& "  3����& σ.a �$(�(*�$ " &!�*�$� " ��+XWy&!���?&!8Dx�+,&/����k������� (S) · (Λ!
Sδ ∪

{δ}) \
����'���3���

(S)
�~Hj&s(� ?�gM ��&

σ
&�� " �������t<���& "  3����&[��& Sδ ×" �$���69,�hZF<�& σ.a �$(�(*�$ " 9,&!� "�n���k�i�3���Bz E ��� / S 0 × �)��� � { � � ��8:8@& × (*�$ E���gM���9 " 9,��� × 9#+¢�jW =��d(*���D��&:x�+,�Y�B�$1�&h��&@�?�� " 9,&az ����9# �?��<��ko��3&�� " 9,��� )��we�� ) { ���$��� Sδ × 9#+P&��Y9,� " &A<���&��?�� " 9,& b " &!+#+,&TZF<�& σ.b ∈ ����k�i�3���

(S)
� � & "'" & "  3����&�$(�(*�$ " 9,&!� " �������h�$<�� "  3����&��D�6< " &�� " &!<� c�B�$������9,ZF<�&����'���3�g� ( E ��� / S 0 ) 8h�$9,�c(*���E�$<�� "  3����&��8@&!�*�$� " �h+0�^�����6o������657�� '8:9 " �����'���3���Bz E ��� / S 0 × �)��� � { � p  ?&!�������T8h�$9#� " &!�*�$� " <��-��x��?&! '�I� " &!<� z ���!1i� " 9C5���<u(.�I�'9 " 9C5 { ��&d8h�$��9 >  ?&t�[��&dZF<�&h+0� "  3����& σ.b 8 > ��&d�  � :�� �J��	@��< � � �L,�,����A��<��(.��<����������$+,�� ?�A������� "  '<�9# ?&E<��v�B���L��& " &�� " T C

�:(*�$ " 9# ���& S & " ω ��H�� "  3����& σ.b �$(�(*�$ " 9,&!� "�$+,�� ?�c� ���k�������
(T C)

& " σ.a �$(�(*�$ " 9,&!� " (�+#<��T(*�$ " 9,�!<�+#9 >  ?&!8@&!� " �)���'���3��� z T C × �)��� � { � 'A�%��x6o" 9,&!� " �$+,�� ?� σ.a ∈
����k�������

(I)∩
���'���3���Bz

T C × �)��� � { × ��&RZF<�9��?9#1I��9�M*&LZi<�&V+,&A�B���¢��& " &�� " T C
(.&!< " ?&  '& " &! R+XW 9#8:(�+,�!8@&!� " � " 9,�����PH��G(� ?��(.�I�'9 " 9,��� )��#]c&�� " �������c�������?&! '����&E�$(� > �A�?�!+,&�� " 9,�����

'�������(' � ���%� ���6����

� �����'9,���! ?�����R8h�$9#� " &!�*�$� " +XWy&��6���!< " 9,���a�6<s�B���V��& " &�� " �?<� �+XW 9#8:(�+,�!8@&!� " � " 9,����� � & "'" &_&����go�!< " 9,���s&�� " 8@�Y���!+#9,�?��&A(*�$ ¢<���&�����8:(P�I�'9 " 9,�����YHj&����'9#+,&!����&��S��&R+XW 9#8:(�+,�!8@&!� " � " 9,���N� " �$� " ��x��?&! ko�����V�6<� 3�$� " +,& " &�� "Ê× ����<��R����8:(P�I�3&! ?�����V+,&T�B���R��& " &�� " ����&��T+0�G�'<��?(P&!���'9,���t��&�+XW 9#8:(�+,�!8@&!� " � o

" 9,��� Iδ z +,&��	�'9#+,&!����&��~�?��� " �$+,�� ?�	&��Y(�+#9,�!9 " &�� { � b &Q8h�$��9 >  ?&V57�� '8@&!+#+,& × +XWy&������!< " 9,���h�6<:�B���	��& " &�� "
T C

�'<� V<���&T9#8:(�+,�!8@&!� " � " 9,��� I &�� " 8@�F���!+#9,�?��&c(*�$ R+0�G����8:(P�I�?9 " 9,���N(*�$ 3�$+#+ > +,&c�6<[�B���R��& " &�� "
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TC = JT CK
�B��&��

Iδ × �'=F���3\� ?����9,�?���c�'<� T+,&��E��� " 9,�����E����8:8E<���&����jHq�t����8:(P�I�?9 " 9,����(*�$ 3�$+#+ > +,&&!� "  ?&h<��%9,�iKYJLK-& " <���9,�IHYJLK-�jWy&�� " (*���c���gM���9,& × ����<��c����8:(.�I�?�����D�������:+XW 9#8:(�+,�!8@&!� " � " 9,�������&��S+0���?�!8h�$� " 9,Zi<�&V�6<:�B�����& " &�� " z (P��<� (�+#<��	��&���� " �$9#+,�~�'<� ��& "'" &V����8:(P�I�'9 " 9,��� × �?&� ?&!(.�� " &! �T+0�_�?��<��'o��?&�� " 9,���[]�� )��we { � b &V(�+#<�� × +0�_�?�!8h�$� " 9,ZF<�&L&�� " �'< �h�3�$� " &R(�<�9,�?ZF<�&S����<��~��& "  3�B���$9#+#+,�����Zi<�&E�'<� V+,&�� "  3����&����
� +d&�� " �!+0�$9# )Zi<�& ���'���3���

(Iδ||TC) = STraces(I) ∩
���'���3���

(TC) = STraces(I) ∩���'���3�g�
(T C)

� ����<�� �B������� ������� ` ���'���3�g�
(Iδ||TC,QI ×

�)� � �
) = STraces(I) ∩���'���3�g�Bz7J � × ��� � � { � �L� �B���}��& " &�� "  ?&  '& "'" & <���& 9#8:(�+,�!8@&!� " � " 9,��� +,�� ?�?Zi<�&4+0�|�I�$ '90�$x�+,&

 	)� ��� �7�~� "'" &!9#� " +0�T�I�$+,&!<� �)��� � ��Hj&A�B���Q��& " &�� " (.&!< " �������L ?&  k& " &! Q+XW 9#8:(�+,�!8@&!� " � " 9,���N�'9 Iδ||TC(P&!< " 8@&!��&! L� �)��� �i���$���VJ � `FJ � �@��������� �
I = (

���k�������
(Iδ||TC,QI ×

�)��� �
) 6= ∅) × ��&_Zi<�9U&�� "��Zi<�9#�I�$+,&!� " �^����k������� (I) ∩ ���'���3�g��z7J � × �)� � � { 6= ∅

�

b W <��-(P��9#� " ��&D�F<�& " &��?\���9,ZF<�& × +,&��T�B���A��& " &�� " (� ?�F�6<�9 " �T�?��� " ��&��A9,�iKYJLK[(P��<� �+,&��?ZF<�&!+,�+,&��V�I�$+,&!<� ?�L��&��V(*�$ 3�$8 >!"  ?&�����&_����8:8E<���9,�B� " 9,���v��&c�?��� " (*���R&!������ ?&_9#��� " �$���!9,��&�� �Hj�� ?�?ZF<�&-+,&��N��� " 9,�����t�?��� " ��&��t�?�� " 9,&�� × +,&��s���$+,&!<� ?�t��&-��&��s(*�$ 3�$8 >!"  ?&��N�3��� " �?\���9,�?9,&�� ×(P&!�����$� " +XWy&������!< " 9,��� × (*�$ '8:9R+,&��:�I�$+,&!<� ?�:�3� " 9,�k5X�$9,�3�$� " +,&��@1i�$ ?��&��[z7���$���:��� "  ?&N&���&!8:(�+,&dM�o1I<� ?&d¦ �#]�$�z x { × ����<��G(.��<��������G�?\���9,�'9# p = 3
(�<�9,�?ZF<�&

p
����9 ":r!"  ?&d�'<�(.�! '9,&!<� G��</�!1i�$+R�ae { �Hj&��V�I�$+,&!<� ?�R��&��V(*�$ 3�$8 >!"  ?&��A�?��� " �B�$+,�!<�+,��&��R(*�$ R<��N�?��+#��&!<� R��&_����� "  3�$9#� " &��A�6<� 3�$� " +XWy&������!<6o

" 9,������H~W < " 9#+#9,�3� " 9,���v�UW <���& " \����� '9,&c�����!9,���$x�+,&D����8:8@&c��&!+#+,&c��&T+XWw�$ '9 " \�8@� " 9,ZF<�&E��& p  ?&��?x�<� '1�&! &�� " �������^������&��3�3�$9# ?&h(.��<� G&��Y(� '9#8@&! G+,&��;1i�$ ?��&��:� M��uZF<�&h+,&�� " &��3\���9,Zi<�&��:��&^ ?���?��+#< " 9,���)��&����� "  3�$9#� " &��A(�<�9,�3�?&!� " �B�$+,�!<�+,&! A��&��R�I�$+,&!<� ?���Hj�� ?�?ZF<�&:+,&@�B���E��& " &�� "  ?& ����9 " ��&��c&!� "  ?��&��D��&@+0�d(*�$ " ��&:+XW 9#8:(�+,�!8@&!� " � " 9,��� z7��<�ZF<jW <��
�'9#+,&!����&t&�� " ��x��?&! '��� { × +,&s�B���:��& " &�� " � " �$� " ����8:(�+,& " &!�)&!� "  ?��&N& " ��� " &! '8:9#��9,� " & × ����<��@��&go�����������! '9CM*&! TZF<�&!+#+,& "  3�$���'9 " 9,����&�� "L" 9# 3�$x�+,&G�'<�9#�I�$� " +0�@1i�$ ?��&;& " +0�@�I�$+,&!<� ��6<v(*�$ 3�$8 >!"  ?&G��&����8:8E<���9,�B� " 9,���  ?& �!<�&-z7���$���G��� "  ?&s&���&!8:(�+,& × ����<��@�$+#+,�����:���$���D+XWy� " � " � �J,�,G�'9 m = 3
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" 9,��� { � � �����$Ie ×�p  �$ ) � �TKYJ  &�� " <�����< " 9#+;(.��<� [+0�n1��!���! 3� " 9,��� z7�?�!+,&�� " 9,����9#���!+#<��?& { & "+XWy&��6���!< " 9,���-��&E�B���A��& " &�� " �'=F8DxP��+#9,ZF<�&��T� M��a��& " &�� " &! R+0�@�����65l�� '8:9 " �D��&E�'=Y� "?> 8@&��R ?�B��� " 9C5l�(*�$ @ 3�$(�(.�� " �v+,&!<� h�'(.���!9CM*�B� " 9,��� 5l�� '8@&!+#+,&�� � & " ��< " 9#+A< " 9#+#9,�?&t+,&s8@�Y� > +,&[��&��:9,�iKYJLK)& " +0� ?&!+0� " 9,���a��&c�����65l�� '8:9 " �c9,�Y��� ��Hj&��L(�\*���?&��L��&E�?�!+,&�� " 9,���a& " �UWy&������!< " 9,���a�3&c���! ?��<�+,&!� " ����8:8@&&��Y(�+#9,ZF<��:�$<��?\*�$(�9 "  ?&:¦ × +0�d�?�!+,&�� " 9,����&�� " x*���?��&G�'<� T<���&:�$�*�$+#=Y�?&:�$(�(� ?�Y�?\���&:& " +XWy&������!< " 9,����'<� h<��2�?��+#��&!<� ^��&a����� "  3�$9#� " &����SH����3�!+,&�� " 9,��� �?&N5l�$9 " (*�$ ^ 3�$(�(P�� " ��<��2��x6 k&�� " 9C5c��& " &�� "8@�F���!+#9,�3�A(*�$ S<��s9,�iKYJLK � � & " ��x6 k&�� " 9C5�(P&!< "Vr!"  ?&�9#� " &! '(� ?� " �_����8:8@&T<��s��x��?&! '�I� " &!<� V(P�I�'9 " 9C5 ��L� ��x6 k&�� " 9C5_(.&!< " �!1i�$+,&!8@&!� "  ?&!(� ?���?&!� " &! d<��n��x��?&! '�I� " &!<� h���!1i� " 9C5c8h�$9,�h9#+L&�� " ������&��3�3�$9# ?&�UW 9#� " &! '(� ?� " &! T�69Cf.�! ?&!8:8@&!� " +,&��R��&! ?�69,� " ���
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r!"  ?&�&gfU&�� " <���&��v(P��<� v�?�!+,&�� " 9,������&! -<�� �B���v��& " &�� " ��Hj&��v��(P�! 3� " 9,�����-�69,�'(.����9#x�+,&��v�?��� " +,&(� ?�F�6<�9 " �?=F���3\� ?����& × +0�¡�!+ � " <� ?&4z +XWy�!+#9#8:9#�*� " 9,��� ��&�� ��� " 9,�����)9#� " &! '��&�� { × +,&28:9# ?��9# × & " +0�����8:(�+,� " 9,���|&!� �?�� " 9,&¡z7��< &!� &!� "  ?��& { � p �$ /���g5X�$< "Ê× +XWy&!���?&!8Dx�+,&2��& ��&�����(.�! 3� " 9,�����/&�� "&gf.&�� " <��%� M�� ��&v(� ?�Y�6<�9# ?&-+,&a1I 3�$(�\�&���& " &�� " `S�!+ � " <� ?& × ����8:(�+,� " 9,����&!� �?�� " 9,&-& " 8:9# ?��9# (� ?�F�6<�9,�3&!� " +,& " &�� " &!<� s�B�$������9,ZF<�&[(�<�9,�d+,&N(� ?�Y�6<�9 " &!� "  ?&v��& " &�� " &!<� s& " +XWy��x6 '&�� " 9C5D��& " &�� "57�� '8@&c+,&T1I 3�$(�\�&E��& " &�� " �
) )



) ) � G	&���� ��	 ��� � �� ��� � � � � � � � �

H��v�?�!+,&�� " 9,���)�?&^5X�$9 " &!���?<�9 " &d�?<� ;��&d1I 3�$(�\�&t��& " &�� " � O M��)�UWy&gfU&�� " <�&! ;+,&��@�$�*�$+#=6�?&��G��&+0�:�?�!+,&�� " 9,��� × KYJ  < " 9#+#9,�3&_+XWy��< " 9#+q� & ���	� �&B� $ ) � � � &!+#<�9Co��!9q&gfU&�� " <�&E��&��A�$�*�$+#=6�?&����$(�(� ?�F�3\���&���UWw������&��?�'9#x�9#+#9 " �L& " ��&V���$o ������&��?�'9#x�9#+#9 " �A�'<� 	+,&��	9,�iKYJLK;1I 3£���&R�_��&�� " &��?\���9,ZF<�&��¢�UW 9#� " &! '(� ?� " � " 9,����$x�� "  3�$9 " &��~H¢Ww�$�*�$+#=Y�?&[�UWw������&��?�'9#x�9#+#9 " �N(.&! '8@& " �%KYJ  ��&N�'9#8:(�+#9CM*&! @+,&s1I 3�$(�\�&a��& " &�� " (*�$ �!+#9#8:9#�*� " 9,���[��&��S+,�Y�B�$+#9 " ���V�����[������&��?�'9#x�+,&��L& " �?9#8:(�+#9CM*�B� " 9,���[��&��S1i�$ ?��&��R& " ��&��R� fU&�� " � " 9,�������H~Ww�$�*�$+#=6�?&���&A���$o ������&��?�?9#x�9#+#9 " �@z7��&!(�<�9,�Q+,&���� " � " �V������&!( " &!<� ?� { �?&! " Zi<*�$� " �E&!+#+,&_�_+0�D�?�!+,&�� " 9,���&!� " �$� " Zi<�& " &!+#+,&h(�<�9,�3Zi<jWy&!+#+,&^(P&! '8@& " ��&@ ?&!�65l�� ?��&! G+,&��E1i�$ ?��&��G��&��;�?�� " 9,&��:� M�����&^1I<�9,��&! +XWy&������!< " 9,���-�6< " &�� " ��&! ?�A+0�h�3� " 9,�k5X��� " 9,���v��&D+XWy��x6 '&�� " 9C5 � � +#+,&D(P&! '8@& " �!1i�$+,&!8@&!� " ��&;��� " &�� " &! +,&��T&!� "  ?��&��_��&;(.��<����$� " (�+#<��T=N8@&!��&! _& " (.��<� T+,&��?ZF<�&!+#+,&��A<��-��&! ?�69,� "�� 
 �[�'
 �^��&!�Y 3�$9 "cr!"  ?&�!8:9,���
Hj&��B���¢��& " &�� " ��x " &!�F<N�$(� > �Q�?�!+,&�� " 9,���s&�� " &!���?<�9 " & "  3���6<�9 " &!�h<��^(� ?��1I 3�$8:8@&¢ ?���I�_(.��<� 

r!"  ?&_&������!< " �c�'<� S+XW 9#8:(�+,�!8@&!� " � " 9,�����PH~Wy&������!< " 9,���[&�� " x*���?��&_�'<� LKF=Y���?\� ?������<�� i���I� � p & " $Ie � ×<�� +0�$��1i�$1�&%����&��v(� ?�Y��&��?�'<��s& " ����8:8E<���9,�B� " 9,�����[�?<� d ?&!����&GF!oX����<��N ?&��?�?&!8Ex�+0�$� " �$< i���I���
Hj&N�B���^��& " &�� " &�� " <��n(� ?��1I 3�$8:8@&[ ?�B��� " 9C5cZF<�9V(P&!< " ����� " &!��9# ^��&��^�?\���9 � &!� "  ?&[(�+#<��'9,&!<� ?��?�� " 9,&��V& " &!� "  ?&T+,&��S�I�$+,&!<� ?��(P�I�3�'9#x�+,&��V��&�+,&!<� ?�S(*�$ 3�$8 >!"  ?&�����Hj�� ?�?ZF<jW <��N�?\���9 �s����9 "Rr!"  ?&L5X�$9 "Ê×+XWy&������!< " 9,��� 5X�$9 " �$(�(P&!+��v<��n�?��+#��&!<� ^��&[����� "  3�$9#� " &�� × HU<����F= � �� $ ) � × � M��n��&N�B�$+,�!<�+,&! ^+,&���I�$+,&!<� ?�R��&c��&��V(*�$ 3�$8 >!"  ?&�����&_�?�� " 9,&����

����<��:�$+#+,�����D(� ?���3&!� " &! :9,�!9S��&��;&��6(.�! '9#8@&!� " � " 9,�����@�'<� GZF<�&!+,Zi<�&��G&���&!8:(�+,&�����A��<��;����8Go8@&!����&! ?�����R(*�$ V<��N&���&!8:(�+,&c�'9#8:(�+,&@z <��G '&!<N��&_�A9#8 { (�<�9,�V����<��V9#+#+#<�� "  ?&! ?�����V+,&��R(� ?��x�+ > 8@&����&@�'<� ko �$(�(� ?���Y9#8h� " 9,���)�'<� E+XWy&��6&!8:(�+,&^��&:+XWw���?��&!���?&!<� D�F<�&!��9#� "  ?�Y�6<�� " 9,���u��&@��& "'" &h(*�$ " 9,&������<��R����8:8@&!� " &! ?�����T&!�6M��N+XWy� " <���&c��&_�B�����A<�9 b �����c��&=B� 3�$����&cJq&!+,&�����8 �

�*�  � �
	 �<)��+��� %�!
�A�@ '&!<v��&;�A9#8 &�� " <��h '&!<vZF<�9q�3&V '��<� T�h��&!<�� × � " ��<� T��&c ���+,&��.Hj&D(� '9#���!9#(.&D&�� " �UW � " &! <�����< (�+#<��'9,&!<� ?�N��x6 '& " �%z x�9#+#+,&�� × x*£ " ������& " � × �$+#+#<�8@& "'" &�� × & " ��� { �UW <�� " ���G k<��?ZF<jWw����&�ZF<jW 9#+�jW =[&!���$9 " (�+#<���� � +&��Y9,� " &;�69CfU�! ?&!� " �� '&!<��a��&D�A9#8�(*�$ " �$� " ��&;��&E(� '9#���!9#(.&��U�A��<��T�$+#+,�����T9,�!9(� ?&!���6 ?&G<��d k&!< "  > �_�'9#8:(�+,&s`P+XW < " 9#+#9,�3� " &!<� c�����!9,��&! 3�s�6<v����8Ex� ?&@�UWw�$+#+#<�8@& "'" &��_(�<�9,�T(.��<� ' 3�

� " &! c<���&@� "  ?��9,�E�$+#+#<�8@& "'" &�� ��Hj&:�'=6� "?> 8@&G(.��<� ' 3�t�$+,�� ?�D�s�?��� " ��<� c&!� � " &! _<���&h� "  ?��9,�c& "�$9#���'9j��&c�?<�9 " &���Hj&T(.&! ?���$� " �3&! 3�G��&!+#<�9�Zi<�9j��&!�Y 3� � " &! R+0�G��&! '��9 >  ?&;�$+#+#<�8@& "'" &��
H��^�'(.���!9CM*�B� " 9,������&D��&R k&!<-&�� " ����������&:�@+0�:M�1I<� ?& ���#]D�3��<��A+0�:57�� '8@&;�UW <��v(� ?��1I 3�$8:8@&5l��<� '��9P&!�t&!� "  ?��&_�GKYJ  }(�<�9,�S�E+0�cM�1I<� ?& ��� )D�?��<���+0�c57�� '8@&A1I 3�$(�\�9,Zi<�&�1��!���! ?��&�(*�$ V��&!+#<�9Co��!9 �

J���< " �UWw�$xP�� ?� × +,&�����8Ex� ?&E�UWw�$+#+#<�8@& "'" &��L&�� " 9#��9 " 90�$+#9,�?�c� FB�! ?�Nz nball := 0 { ���I�$� " ��&T(� ?&!���6 ?&+0�t�I�$+,&!<� D�6<u(*�$ 3�$8 >!"  ?&^(P�� " �h(*�$ E+XWy&!� "  ?��& Nb  allumettes � �L��&^&!� "  ?��& Jouer (.�� " �$� "+,&v����8Ex� ?&%�UWw�$+#+#<�8@& "'" &�� p � � " &! t����8:(� '9,�N&!� "  ?&)]v& " )u&�� " &!���'<�9 " &v ?& �!<�&��VHj&v����8Ex� ?&�UWw�$+#+#<�8@& "'" &��u&�� " �$+,�� ?�%8@�Y�69CM*�n&!� �������?��Zi<�&!����&¡z
nball := nball − p { �DKF9@+,& ����8Ex� ?&�UWw�$+#+#<�8@& "'" &��@&�� " � "  '9,� " &!8@&!� " �'<�(.�! '9,&!<� @��] × +,&s�'=6� "?> 8@&d�!8@& " �$+,�� ?�G<���&t�?�� " 9,& Enlever(.�� " �$� " +,&-����8Dx� ?&��UWw�$+#+#<�8@& "'" &�� p � � " &! [����8:(� '9,�[&!� "  ?&n]�& " )���KPW 9#+_��&� ?&�� " &%ZF<jW <���&



�N4 � ��
 ��� ��� � � )��

�$+#+#<�8@& "'" & × �$+,�� ?�V+XW < " 9#+#9,�3� " &!<� L�D1i�$1I���_& " +0�;�?�� " 9,& Gagne &�� " �!8:9,�?& × �'9#�����t9#+j�D(P&! ?�6<N& " +0��?�� " 9,& Perdu &�� " �!8:9,�?&��

p  ?&!�������V<���&�(� ?��(� '9,� " �_��&T�'¤� ?& " �_�E���! '9CM*&! R�'<� ���&T�'=6� "?> 8@& × (*�$ V&��6&!8:(�+,& × +,&A5X�$9 " ZF<jWy�����&E��&!<�9#+#+,&E(*���AZF<�&c+XW < " 9#+#9,��� " &!<� �(�<�9,�3�?&E&!� "  ?&! A<��a����8Ex� ?&G�UWw�$+#+#<�8@& "'" &���+#<�9�(.&! '8@& "'" �$� " ��&1i�$1I��&! D�3�$���DZi<�&@+,&@�'=6� "?> 8@&G��&@(�<�9,�?�3&� k��<�&! ��KYJ  ��&:(� ?�Y�6<�9,�3�$� " ��&��E�B���D��& " &�� " ZF<jWy&!�57����� " 9,���d�UWy��x6 k&�� " 9C5l����& " &�� " & " �����@(*���¢��&L(� ?��(� '9,� " ��� × 9#+�����<��¢5X�$< " �����$( " &! Q��& "'" &L(� ?��(� '9,� " ��)<�����x6 k&�� " 9C5h��& " &�� " � O M�� ��&��'9#8E<�+,&! v<�� ��x��3&! '��� " &!<� v���!1i� " 9C5 ×  ?&!(� ?���?&!� " � " 9,������&�+0�
���!1i� " 9,��� �UW <���&s(� ?��(� '9,� " �t��&s�'¤� ?& " ��z ����9# ;+0�v�?��<��'o��?&�� " 9,���/¦ �#]��#] { × ����<��@�$+#+,�����G ?&!8:(�+0����&! +0�%+,�Y�B�$+#9 " � V iolate (*�$ Accept z M�1I<� ?&�� ���we�& " ��� ¦ { �Q����<��d�$+#+,�����s�!1i�$+,&!8@&!� " < " 9#+#9,�?&! ^+0�+,�F�B�$+#9 " � Reject � � & "'" &_+,�Y�B�$+#9 " �_&�� " 9,�!9j< " 9#+,&c�B�$ V����<��L��&T����<�+,�����R(*���RZF<�&_�UWw�$< "  ?&��L&!� "  ?��&��
Jouer

�?��9,&!� " (P�I�3�'9#x�+,&����('A × +0�;����8:(�+,� " 9,���a�$< " ��8h� " 9,Zi<�&_�?<� V+XWw�$+#(�\*�$xP& " ��&�+XWy��x6 '&�� " 9C5Vz ����9# M�1I<� ?& ��� � { �$<� 3�$9 " (.&! '8:9,�_�UWw�$< "  ?&��E&!� "  ?��&�� Jouer �$(� > �c+0�d(� ?&!8:9 >  ?& × & " (*�$ c�������?��ZF<�&!� "Ê×(*�$ s(� ?�F�6<�9 " ����&��v+0���'(P���!9CM*�B� " 9,��� × ��&��d�?�� " 9,&�� Enlever ��Hj&vx�< " ��&a+XWy��x6 '&�� " 9C5D� " �$� " ��&���! '9CM*&! VZi<�&A+XW < " 9#+#9,�3� " &!<� S(P&!< " 1i�$1I��&! V�3�$���SZi<�&L+,&A�?=Y� "?> 8@&A��&A(�<�9,�?�?&�&!��+,&!��&! S�UWw�$+#+#<�8@& "'" &�� ×+XWy��x6 k&�� " 9C5	�jWw�$<� 3�$9 " (*���R� " �_���� ' ?&�� " �
Hj& " &�� " &!<� :�B�$������9,ZF<�&t& " +,&^(� ?�Y�6<�9 " &!� "  ?&t��&!+#<�9Co��!9R& " +XWy��x6 '&�� " 9C5��?��� " &!���?<�9 " &s1��!���! ?����$< " ��8h� " 9,Zi<�&!8@&!� " �jHj&D(� ?�F�6<�9 " (.&!< " �UWw�$9#+#+,&!<� ?� r!"  ?&D1��!���! ?�;�3��<��R5l�� '8@&D��&D1I 3�$(�\�&;����8:8@&9#+#+#<�� "  ?�R�A+0�AM�1I<� ?& ��� ����Hj&�� "  3�$���'9 " 9,�����	8@&!�*�$� " ��+0�A+,�F�B�$+#9 " � Fail �jW =;�?��� " (*��� ?&!(� ?���3&!� " ��&��(P��<� A�B�$<��?&_��&_+#9,�'9#x�9#+#9 " ���
H��_�3�!+,&�� " 9,���@&�� " &!���'<�9 " &V&gfU&�� " <���&R�'<� ~��&S(� ?�Y�6<�9 " ���L��&S(� ?&!8:9 >  ?&L�$�*�$+#=6�?&V�UWw������&��?�?9#x�9#+#9 " �&�� " &gf.&�� " <���& × �'<�9#�Y9,&h�UW <���&t�$�*�$+#=6�?&^��&d���$o ������&��?�'9#x�9#+#9 " ��z7����� " ���/(.&!< " ��x " &!��9# G+,&^1I 3�$(�\�& ?���'<�+ " �$� " { & " �UW <���&D��&!<��69 > 8@&G�$�*�$+#=Y�?&;�UWw������&��?�'9#x�9#+#9 " ��� � &��T�$�*�$+#=Y�3&��L1��!� >  ?&!� " �$+,�� ?��+,&D�B�����& " &�� "  ?&!(� ?���3&!� " �A�_+0��M�1I<� ?& ���!) ��Hj&�� "  3�$���'9 " 9,�����~8@&!�*�$� " � Fail ��&R�?��� " (*���~ ?&!(� ?���3&!� " ��&��8h�$9,�V(.&!<���&!� "Rr!"  ?&_��x " &!�i<�&��R(*�$ R����8:(�+,� " 9,���N��&��V1i�$ ?��&����6�A��<��S(.��<��������V������� " � " &! RZF<�&T+,&���$�*�$+#=Y�3&��@��� " �B�$+,�!<�+,�tZF<�&t�'9S+XW < " 9#+#9,�3� " &!<� ^����<�+0�$9 " 1i�$1I��&! h�3�$���:ZF<�&s+,&t�'=Y� "?> 8@&^��&s(�<�9,�3�?& k��<�&! × �$+,�� ?�N9#+_��&���&!���$9 " &!� "  ?&! [Zi<jWy&!� "  ?&�e/& " ¦n�$+#+#<�8@& "'" &���z +,&-(*�$ 3�$8 >!"  ?&���&-+XWw��� " 9,���

Nb  allumettes &�� " ������������8:(� '9,�&!� "  ?&VeA& " ¦ { �$�A��<���(.��<��������&!�;�����6<�9# ?&SZF<�&¢(.��<� qZF<�&¢+0�(� ?��(� '9,� " �R��&V�'¤� ?& " �V�?��9 " �3� " 9,�'5l�$9 " & × +,&S����8Ex� ?&L�UWw�$+#+#<�8@& "'" &��¢ZF<�&Q(.&!< " &!� "  ?&! 	+XW < " 9#+#9,��� " &!<� ~��&����9 " (*��� r!"  ?&A9#�65l�! '9,&!<� V� ���Y�A��<���(.��<����������������_�  '��< " &! ���& "'" &T����� "  3�$9#� " &_�'<� �+0� "  3�$���?9 " 9,�����&¢+0�A�'(.���!9CM*�B� " 9,���G(P�� " �$� " +XWy&!� "  ?��& Nb  allumettes & " ����� " 9#�F<�&! 	+,&�� " &�� " �q�'<�9#�I�$� " �UWw�$< "  ?&��(� ?��(� '9,� " ��� " �$� " ��&T�'¤� ?& " �_ZF<�&T�UWw������&��?�'9#x�9#+#9 " �@z (*�$ V&���&!8:(�+,& × ���! '9CM*&! RZi<�&�+XW < " 9#+#9,�3� " &!<� V(.&!< "1i�$1I��&! × (.&! ?�6 ?& × & " ��� { �

�*��
 � 
C� � � �<� � �<)��

p  ?&!�������S+XWy&���&!8:(�+,&A��&A+XWw���?��&!���?&!<� S&��6(�+#9,Zi<��A���$���Q+XW 9#� "  ?�F�6<�� " 9,���N��&A��& "'" &L(*�$ " 9,&�� O (� > �<���&-&!� "  ?��& Go (P�� " �$� " +,&a�F<�8@�! ?�)�UWy� " �$1�&���&!8h�$����� × +XWw���?��&!���?&!<� s8@��� " & z7��<���&��3��&!��� {  <��3Zi<jWw�-� "'" &!9#���6 ?&t��& " � " �$1�&��H��v�'(P���!9CM*�B� " 9,��� � " �$9 " (� ?���?&!� " ��&[�[+0�NM�1I<� ?&Ne��")�� p ��<� :<���&+,&�� " <� ?&c(�+#<��S5X���!9#+,& × &!+#+,&_&�� " �;����<���&B�$<N ?&!(� ?���?&!� " ��&G�;+0�DM�1I<� ?& ���")��



� $ � G	&���� ��	 ��� � �� ��� � � � � � � � �

�����������
	�����

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

*�" !�+ �����,	�����
��	�* � �
����� ������� �����������#-  �! � ��".�

! � ��* � �
$ 	 � ��%���".- & ��"�' � - ( ��� 	��/�

% � "�� � � � ���
	 � ����� 0 ��	��.�

��� � ���
��	���� 021 � � "��.�
3 � ��� ����4 ��� �
 �! � � � "�5��
 �! � � � "�6/�
& ��"�'�"��/�
( ��� 	���".�

��" � 	7������� ! 	
8 " ! � 1 � � "��
' !:9

	 � �����/0<;�=
>

� !,3 � ��� ����4 ��� �

8 " ! � 3 � ��� ����4 ���
����	 +,����� ������� ������������?��@*��
' !:9

	 � �����A0<; *
>

� !: �! � � � "�5��

8 " ! �  �! � � � "�5
� 8 �@*CB ; 5 � 	�'D*FE ;HGD� 	�':*FE ; 	 � ����� �
����	 +I �! � ��"�?��@*��
' !:9

	 � �����A0<; 	 � �����KJ *
>

� !: �! � � � "�6/�

8 " ! �  �! � � � "�6
� 8 �@*CB ; 5 � 	�'D*FE ;HGD� 	�':*FE,	 � �����H� 	�':	 � ����� BC5��
����	 +,$ 	 � ��%���"ML��@*��
' !:9

	 � �����A0<; 	 � �����KJ *
>

� !: �! � � � "�5��

8 " ! �  �! � � � "�6
� 8 �@	 � �����:; 5��
����	 + ( ��� 	��.L����

� ! ( ��� 	���".�

8 " ! �  �! � � � "�6
� 8 �@	 � �����:;H= �
����	 +,& ��"�' � L����

� !I& ��"�'�"��/�

+0, -0/ ���#] � KF(P���!9CM*�B� " 9,���v�6<G k&!<t��&_�A9#8 z ��&! ?�'9,���t(� ?�$o
1I 3�$8:8@& { �

*�" !�+ �����DN & 1 �

��	�* � �
����� ������� �����������#-  �! � ��".�

! � ��* � �
( ��� 	��/�

% � "�� � � � ���
�����O0 ��	��.�

��� � ���
��	���� 0P1 � � "��.�
4 ��� �
 � � 5��
 � � 6/�
4�+�+ �Q*��.�
R ��S�� + �.�

��" � 	7������� ! 	

8 " ! � 1 � � "��
' !I9

�����O0<;H=
>

� !I4 ��� �

8 " ! � 4 ���
����	 +,����� ������� ������������?��@*��
' !I9

�����O0<; *
>

� !: � � 5��

8 " ! �  � � 5
����	 +I �! � ��"�?��@*��

� !: � � 6/�

8 " ! �  � � 6
����	 +I �! � ��"�?��@*��

� !,R ��S�� + �.�

8 " ! �  � � 6
����	 + ( ��� 	��.L����

� !I4�+�+ �Q*��.�

+0, -0/ ���we � 'Ax6 k&�� " 9C5t��& " &�� "  ?&go(� ?���?&!� " �$� " +0�:���!1i� " 9,������&D+0�:(� ?�$o(� '9,� " � ��& �'¤� ?& " � z ��&! ?�'9,����(� ?�$o
1I 3�$8:8@& { �



�N4 � ��
 ��� ��� � � �6]

WaitNbAll

true [bool ]
sync Nb_allumettes?( p) 

do {nball := p [int ]}

Gagner

Joueur1

p >= 1 and p <= 3 and p <= nball [bool ]
sync Jouer?( p) 

do {nball := nball - p [int ]}

Joueur2

nball = 0 [bool ]
sync Perdu!() 

do {}

nball = 1 [bool ]
sync Gagne!() 

do {}

p >= 1 and p <= 3 and p < nball and nball > 1 [bool ]
sync Enlever!( p) 

do {nball := nball - p [int ]}

Start

true [bool ]
sync Init() 

do {nball := 0 [int ]}

Perdre

+0,.-�/ ��� ) � KF(.���!9CM*�B� " 9,���a�6<G '&!<[��&_�A9#8 z ��&! ?�'9,���N1I 3�$(�\�& { �

Jeu2

true [bool ]
sync Gagne!() 

do {}

true [bool ]
sync Jouer?( p) 

do {}

Accept

Start

true [bool ]
sync Init() 

do {all := 0 [int ]}

All

true [bool ]
sync Nb_allumettes?( p) 

do {all := p [int ]}

Jeu1

true [bool ]
sync Jouer?( p) 

do {}

Reject
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Jeu2

true [bool ]
sync Gagne!() 

do {}

true [bool ]
sync Nb_allumettes?( Nb_allumettes_int_com_0) 

do {}

true [bool ]
sync Jouer?( p) 

do {}

Accept

Start

true [bool ]
sync Init() 

do {all := 0 [int ]}

All

true [bool ]
sync Nb_allumettes?( p) 

do {all := p [int ]}

true [bool ]
sync Jouer?( Jouer_int_com_0) 

do {}

true [bool ]
sync Gagne!() 

do {}

Jeu1

true [bool ]
sync Gagne!() 

do {}

true [bool ]
sync Nb_allumettes?( Nb_allumettes_int_com_0) 

do {}

true [bool ]
sync Jouer?( p) 

do {}

Reject
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Perdre_Reject

Start_Start

true [bool ]
sync Init() 

do {nball := 0 [int ]| all := 0 [int ]}

Joueur2_Jeu2

nball = 0 [bool ]
sync Perdu?() 

do {}

nball = 1 [bool ]
sync Gagne?() 

do {}

p >= 1 and p <= 3 and p < nball and nball > 1 [bool ]
sync Enlever?( p) 

do {nball := nball - p [int ]}

Perdre_Jeu2

Joueur2_Reject

nball = 0 [bool ]
sync Perdu?() 

do {}

p >= 1 and p <= 3 and p < nball and nball > 1 [bool ]
sync Enlever?( p) 

do {nball := nball - p [int ]}

Joueur1_Reject

Gagner_Accept

WaitNbAll_All

true [bool ]
sync Nb_allumettes!( p) 

do {nball := p [int ]| all := p [int ]}

Joueur1_Jeu1

p >= 1 and p <= 3 and p <= nball [bool ]
sync Jouer!( p) 

do {nball := nball - p [int ]}

Joueur1_Jeu2

p >= 1 and p <= 3 and p <= nball [bool ]
sync Jouer!( p) 

do {nball := nball - p [int ]}
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Perdre_Jeu2 Start_Start

true [bool ]
sync Init() 

do {nball := 0 [int ]| all := 0 [int ]}

inconc

Joueur2_Jeu2

true [bool ]
sync Gagne?() 

do {}

Joueur1_Jeu1

 - nball + p + 1 =0 and  nball - p >=0 and  - p + 3 >=0 and  p - 1 >=0 [bool ]
sync Jouer!( p) 

do {nball := nball - p [int ]}

Joueur1_Reject Joueur2_Reject Joueur1_Jeu2

WaitNbAll_All

 p - 2 >=0 and  - p + 4 >=0 and  0 >=0 [bool ]
sync Nb_allumettes!( p) 

do {nball := p [int ]| all := p [int ]}

Gagner_Accept

Perdre_Reject
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Start

true [bool ]
sync Init() 

do {c := 0 [int ]}

Moving

c = g and p = c [bool ]
sync Stop!( p) 

do {}

c < g and p = c [bool ]
sync Up!( p) 

do {c := c + 1 [int ]}

c > g and p = c [bool ]
sync Down!( p) 

do {c := c - 1 [int ]}

Wait

0 <= p and p <= max [bool ]
sync Go?( p) 

do {g := p [int ]}

+�,.-0/����") � r�$:9.,+;=<	,>6�?@;A �(^G�){/EVZ6�#2,.)+(�#2)+"�1��

S1

p >= max [bool ]
sync Up!( p) 

do {}

Accept

Start

true [bool ]
sync Init() 

do {}
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Accept

S1

true [bool ]
sync Stop!( c) 

do {level := c [int ]}

Start

true [bool ]
sync Init() 

do {}

S2

2 * c = level and 3 * c <= max [bool ]
sync Stop!( c) 

do {}
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Accept

S1

true [bool ]
sync Stop!( c) 

do {level := c [int ]}

Start

true [bool ]
sync Init() 

do {}

Reject

S2

not (2 * c = level and 3 * c <= max) [bool ]
sync Stop!( c) 

do {}

2 * c = level and 3 * c <= max [bool ]
sync Stop!( c) 

do {}
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Wait_Reject

0 <= p and p <= max [bool ]
sync Go!( p) 

do {g := p [int ]}

Start_Start

true [bool ]
sync Init() 

do {c := 0 [int ]}

Moving_Accept

c < g and p = c [bool ]
sync Up?( p) 

do {c := c + 1 [int ]}

c > g and p = c [bool ]
sync Down?( p) 

do {c := c - 1 [int ]}

Wait_S1

0 <= p and p <= max [bool ]
sync Go!( p) 

do {g := p [int ]}

Wait_S2

0 <= p and p <= max [bool ]
sync Go!( p) 

do {g := p [int ]}

Moving_Reject

c < g and p = c [bool ]
sync Up?( p) 

do {c := c + 1 [int ]}

c > g and p = c [bool ]
sync Down?( p) 

do {c := c - 1 [int ]}

Moving_S1

c = g and p = c [bool ]
sync Stop?( p) 

do {level := p [int ]}

c < g and p = c [bool ]
sync Up?( p) 

do {c := c + 1 [int ]}

c > g and p = c [bool ]
sync Down?( p) 

do {c := c - 1 [int ]}

Moving_S2

c = g and p = c and 2 * p = level and 3 * p <= max [bool ]
sync Stop?( p) 

do {}

c = g and p = c and not (2 * p = level and 3 * p <= max) [bool ]
sync Stop?( p) 

do {}

c < g and p = c [bool ]
sync Up?( p) 

do {c := c + 1 [int ]}

c > g and p = c [bool ]
sync Down?( p) 

do {c := c - 1 [int ]}

Wait_Accept

0 <= p and p <= max [bool ]
sync Go!( p) 

do {g := p [int ]}
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Moving_Accept

Wait_S1

 max - p >=0 and  p >=0 and  2 * max - 3 * p >=0 and  - c + p >=0 [bool ]
sync Go!( p) 

do {g := p [int ]}

Moving_Reject

Wait_S2

 2 * p - level =0 and
 max - p >=0 and  p >=0 and  max - 3 * p >=0 and  - c + 3 * p >=0 [bool ]

sync Go!( p) 
do {g := p [int ]}

inconc

Wait_Accept

Start_Start

true [bool ]
sync Init() 

do {c := 0 [int ]}

Wait_Reject

Moving_S1

 - c + p =0 and  - c + g - 1 >=0 and  c + 1 >=0 [bool ]
sync Up?( p) 

do {c := c + 1 [int ]}

 - c + p =0 and  c - g >=0 and  -3 * c + 2 * max >=0 [bool ]
sync Stop?( p) 

do {level := p [int ]}

Moving_S2

 2 * p - level =0 and
 - c + p =0 and

 -2 * c + level =0 and
 max - 3 * p >=0 and  - c + g >=0 and  c >=0 and  -3 * c + max >=0 [bool ]

sync Stop?( p) 
do {}

 - c + p =0 and  c - g - 1 >=0 and  - c + 3 * g + 1 >=0 and  c - 1 >=0 [bool ]
sync Down?( p) 

do {c := c - 1 [int ]}

+0, -0/ ����� ) � � 6�#jG�)b?2).#2?��
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�?- �^ [N=�Z�E db ` �c� �6�ZJ ` N=I=�ZG��MILb ` J&ILG ` bd�HJ `=` � �ZGcGKJ ` GR�=bd�HbE�^�Zb * �E�t�TILb[�?- � ` �KbE�k&:�&�Hb��}� ` b5GKJ&�^I=�6�ZJ `
�TILb ` J&ILG\GKJ&I=�2� �^�KJ ` Gp�=�EPibE�ZJ&N=N.bE�pbHG6�Y�=b0&:� �^�KbU�*I0�KbHGK�p�HPibH�RJ&�LGcbE�6P&� �6�ZJ ` �=bUP&� �6��� �=�ZbHG�
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@WJ&ILG5�HPiJ ` G[PlI ����N=�KJ&�=�Z�E 5� �6��TILb �=b|���zGc�E�ZbH�E�6�ZJ ` �L� ` Gq�Zb0�S�&�*�Kb0�=bHGq�ZJK,NqrI��$�ZJ&�KG[�=b
���|N2� �6�6�Zb��6¡ � ���{G6NX�H�E���2�S� �6�ZJ `%$ �ZbHGR�S�&GU�=b5�KbHG6�KGUbE�U�?-jJ&�+p6bH�E�6�s&p�=b[�KbHG6�FGKJ ` �F� �ZJ&�KGR dJM�=�E�^�ZGc�HG
N2� �y�=bHGy�ZJK,NqrI � ` �ZG $ �Hb �MI=�\� ` �*I=�^�B�=bHGB� ` � ��olGcbHGyb��L�&�E�KbHGd�ZJ&�KGB�=b{���wN=�2�&GKb �=bzGK�E�ZbH�E�6�ZJ `
�=b{�KbHG6�x�$PiJ&�^�B�c�2� N=�^�6�Kb Ji¡��t@YJ&ILG|�HPiJ ` GBb ` G6I=�^�Kbz�^�^�^ILG6�6�K� �HbE�6�Kbz baE db{N=�2�&Gcb �=b�GK�E�ZbH�E�6�ZJ `
�L� ` Gk�Zb]�S�&GkJ��{�HbHGk baE dbHG\J&�+p6bE�KGk�E�c� �Zb ` �p dJM�=�E�^�ZGK�HG\N2� �\�=bHGO�ZJOITqrI��$N2� �6�6�Zb��	�6¡��T,mbHGk�ZJOITqrI
�E�Kb ` �=b ` �0�ZbHGy�ZJK,NqrI�N2� �|�=bHG|�=J `=` �HbHG|�=b � oMN.b � ` � ` �VbE�BNXbE�6 dbE�6�Kb ` �{�=b �KbEN=�K�HGKb ` �KbE�0�=bHG
N=�KJ&�a�c�  [ dbHGe�^ [NX�E�c� �6�s&:G ` J `+* �K�H�EI=�KG6�s&:G
�N@YJ&ILG�J&�=�Kb ` �ZJ ` GO� �ZJ&�KGQ�=bHGe� ` � ��olGcbHGs� N=N=�KJl�K�L�HbHGs�ZJ&�KG
�=b\���]Gc�E�ZbH�E�6�ZJ ` �=bk�KbHGK�W�$PiJ&�^�s�c�2� N=�^�6�KbrfM¡��O,rb\�=I=�e�=bp�HbE�6�Kb\N2� �6�6�ZbYbHG6�Q�5- � �.J&�K�=bE�Q�ZbpN=�KJ&�=�3E db
�=b]GK�E�ZbH�E�6�ZJ ` �=bV�KbHG6�\�L� ` G\�Zb]�S�&G\J��0���qG6N.�H�E���2�S� �6�ZJ ` bHG6�k dJl�=�E�^�ZGK�HbVN2� �\I ` �ZJKe. !Ixf���dVd  m h�
,rbv dJM��3E�Zbv�=bHGW�ZJKe. !Iz�E�Kb ` �z�HbE�^I=�	�=bHGW�ZJK,NqrI N2� �WI ` bvN=�^�ZbRN.J&�6�c� ` �]G6I=�WI ` � �^N=�2� �.bE�W� ` � $
�HbB�MI=�XNXbE�6 dbE�k�=bY�KbEN=�K�HGKb ` �KbE�\�=bHGsN=�KJ&�a�c�  [ dbHGk�K�H�EI=�KG6�s&:GQ 5� ` �^N=I=��� ` �p�=bHGe�=J `=` �HbHGk�=bp� oMN.b
� ` ���A Wbz�KbE�^�ZbHG0G6N.�H�E���2�S� �6�ZJ ` G|NXbEI=Pib ` � aE�6�KbzN=�^ILG|�HJ& [N2�&�E�KbHGu�MILb��HbE�^�ZbHG �MI=� ` b�GcJ ` �BN2�&G
�K�H�EI=�KG6�^PibHGdbE�dGKJ ` �[N=�^ILGdb��*N=�KbHGKG6�^PibHG��MILb|�ZbHGqN=�KJ&�a�c�  [ dbHGy�HPibH�{I ` b0GKbEI=�Zb|N=�KJM�H�H�*I=�Kb��w,m�
�L�aI=�Kb���� ¢ mv�K�HG6I= dbU�ZbHG\�*�sx.�E�Kb ` �KGp dJl��3E�ZbHG
�

�ZJK,NqrI �ZJOITqrI

� ������� e	�KJ&�a�c�  [ dbHG
� �H�EI=�KG6�s&:G

+
P&� �6��� �=�ZbHG

+
�K�H�EI=�KG6�ZJ `

���	����� ��!"!$#%�	&('*)+� ,.-0/�
1�#('213�3�4-5��6�70#(,98$:��;!$��-=<+#�>�<�-

?3@�A4B4@C D9D9EGFIH3J�EGKLEMH3NOEP?3@�A*QMR.S(H3@�EC	T�EMQPT�C	@�U�C4V�NOEMKWFXS(A�D2C U�J3EGUOJ3Y�J�U

ZX[]\X^_��� ¢ m%`B��JM��3E�ZbHGp�E�Kb ` �*ILGB"vN2� �6�6�^�p�=bU�HbE�^I=�}�=bHGk�ZJK,NqrI

a � ��bdcGe$�L� ��J&�Z�E�]I ` b��=bE [N=�Zbw�=b�G6N.�H�E���2�S� �6�ZJ ` �K�H�EI=�KG6�^Pib4" N2� �6�6�^� �=bx���\�TILbE�^�ZbwI ` �S�&G
�=b��KbHG6� GcbE�c� �i� ` �E�K� �OI ` bw�S� �Z�EI=��� �6�6�Z�Hb �HPibH���H�E�6�^�6I=�Kb�N=�K�@�f�*b��g�D� ` -jbHG6� N2�&G0NXJaGcG6�^�=�Zb��=b
�KbEN=�K�HGKb ` �KbE�k�a�c� N=�=��MILbE db ` �kI ` �ZJKe. !I $l` J&ILGe� �^�ZJ ` GO�=J ` �WI=�6�^�^�ZGKbE�O�5- � I=�6�KbHGe�KbEN=�K�HGKb ` �c� �6�ZJ ` G
NXJ&I=� ` JaG5b��=bE [N=�ZbHG
�Q� ` b0�KbEN=�K�HGKb ` �c� �6�ZJ ` N.JaGKG6�^�=�Zb{�=b{����G6N.�H�E���2�S� �6�ZJ ` �=b0�����S� �Z�EI=��� �6�6�Z�Hb
bHG6�V�=J `=` �HbvGcJ&ILGr&:J&�6 dbv�=bF�a�c� N=�Lbq�=b v J&�]�=bF�HJ ` �6�	h&�Zbb"d���d�L�aI=�Kbi��� ¢
j �n,mbF�a�c� N=�Lbq�=b v J&�
�=b0�HJ ` �6�	h&�Zb0N.bE�6 dbE�d�=bB�KbEN=�K�HGKb ` �KbE�5I ` b0G6NX�H�E���2�S� �6�ZJ ` �K�H�EI=�KGK�^Pib0�=b| 5� ` �3E�Kb|� ` �6I=�^�6�^Pib��k� �
NXbE�6 dbE�B�=b{�*�ZG6�6� ` �aILbE�|�K�2�&�EI ` b��=bHG�&:J ` �E�6�ZJ ` G5bE� $ G6I=�5�K�2�&�EI ` b��5-jbE�^�ZbHG $ �c�2�\�TILbx� N=N.bE�p�=b

¢a¢a¢
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m0

m1

m2

τ � �������������

result!

� �������������

c0

c1

c4

c2

c3

op?

τ � �������������

τ � �������������

ch?

τ
��� 
 ��!�"����

��� 
 ��!�"����

n0

n1

n2

ch?

τ��� 
 ��!�"����
ok?

A

S B

C

#�$�$�%'&�(

op?

ch?
ok?

result!

ch?

]

]

]

]

]

�:�i¡CIMN.�H�E���2�S� �6�ZJ ` �K�H�EI=�KGK�^Pib �$�(¡ _ �+p6bH�E�6�s&	�=b]�KbHG6�
ZX[]\X^ ��� ¢
j `*)W�c� N=�LbHGp�=b v J&�p�=b]�HJ ` �6�	h&�ZbF�=b]���qG6N.�H�E���2�S� �6�ZJ ` bE�\�=b]�?-jJ&�+p6bH�E�6�s&	�=b]�KbHG6�

&:J ` �E�6�ZJ `%$ �c�2�\�TILbW�E [�ZGKG6�ZJ ` J&IB�K�H�HbEN=�6�ZJ ` �=bp dbHGKGo� �ibYbE�O�K�2�\�MILbW��x bH�E�c� �6�ZJ ` �+@YJ&ILGeN.J&I=PiJ ` G
�E�T� �ZbE db ` �Y dJM�=�E�^�ZGcbE�kI ` b]G6NX�H�E���2�S� �6�ZJ ` �K�H�EI=�KGK�^PibUGKJ&ILG�&:J&�6 db]�=bVN=�KJ&�a�c�  [ db��L� ` b��=bE [N=�Zb
�=bw�HbE�6�Kb� dJM�=�E�^�ZGc� �6�ZJ ` bHG6�{N=�K�HGKb ` �K��" ��� �L�aI=�Kb ��� ¢ g��C,m��G6NX�H�E���2�S� �6�ZJ ` �KbEN=�K�HGKb ` �K�Hb�bHG6�
�HbE�^�Zb|�5- I ` b0�S� �Z�EI=��� �6�6�Z�Hb{�HPibH�0�H�E�6�^�6I=�Kb|N=�K�@�f�=b|�=J ` �[�Zb|�HJ& [NXJ&�6�KbE db ` �5bHG6�v�Zb|G6I=�^P&� ` �
�j,m�
&:J ` �E�6�ZJ ` N=�6� ` �E�^N2� �Zb0�,+YL+WFX.-�/&¡p� N=N.bE�^�ZbR���b&:J ` �E�6�ZJ `10 LOM32F`+M4-�/vN=I=�ZGE�TI2� ` ���HbE�^�Zb * �E���[� ` ��=b
G�-jb��=�H�EI=�KbE� $ �E dbE�5�Zb{�K�HG6I=�^�c� �5�S� �Z�EI=�Z���w,}� &AJ ` �E�6�ZJ `50 LOM32F`�M6-�/x�x�=bEI�� b ` �6�K�HbHGyNXJaGcG6�^�=�ZbHG �
G6�eI ` �K�=�sx.�Kbx�

ch?
¡FbHG6�q�KbH~EI $ � �ZJ&�KGv��� &:J ` �E�6�ZJ `87 [9+;:�<+S4-�/0bHG6�[� N=N.bE�Z�Hb $ GK�s�?-jb ` �6�K�Hb{bHG6�vI `

J&N.�E�c� �KbEI=�x�
op?

¡d� �ZJ&�KG5��� &AJ ` �E�6�ZJ `=0 LNM;2F`�M6-�/zbHG6�y�c� N=NXbE�Z�Hbz�=bEI�� &AJ&�ZG5�K�H�EI=�KG6�^PibE db ` �
�2,}�
&:J ` �E�6�ZJ `87 [9+;:�<+S4-�/{�z�E�T� �ZbE db ` �d�=bEI����HJ& [N.J&�6�KbE db ` �KGdNXJaGKGK�^�=�ZbHGFG6I=�^Pa� ` �[GKJ ` b ` �6�K�Hb � G6�
�K-jbHG6�\I ` �K�=�sx.�Kb $ bE�^�ZbUbHG6�0" ` J&I=PibS� I�� N=N.bE�Z�Hb]�K�H�EI=�KG6�^PibE db ` � $ G6�}�K-jbHG6�\�Zb]G6�^� ` � �}� ` �*��TI2� ` �p���
� ` �*I ` J& F�=�KbRb ` �6�K�y�

ok?
¡ $ � �ZJ&�KGp��� &AJ ` �E�6�ZJ ` �KbE�KJ&I=� ` b "v��� &:J ` �E�6�ZJ ` � N=N.bE��� ` �Kb��
,rbHGp�E�c� �KG

�HPibH�q�=J&I=�=�ZbHG]�HbE�K�E�ZbHGV�=�HG6�^� ` b ` �]�ZbHGpN.J&� ` �KG]�=bv�HJ ` �6�	h&�ZbHG]G6�c� �=�ZbHG $ �K-jbHG6� * " * �*�^�Kbq�ZbHGYN.J&� ` �KG]�=b
�HJ ` �6�	h&�Zb "vN2� �6�6�^�Y�=bHG��MILbE�ZGkI ` bU�&�E�6�ZJ ` J&�LGKbE�6P&� �=�ZbRbHG6�k�6�^�c� �=�Zb5�Ab ` �6�K�HbFJ&I{GKJ&�6�6�Zb ¡��

,m�w d�E�6�LJM�=bzPlILb{N=�K�H�H�H�=bE [ db ` �0G6I=�y�ZbHGd�ZJK,TqrI.�A�K�2� N=�^�6�Kb>Ji¡dbHG6�5b ` G6I=�^�Kb�� N=N=�^��TIL�Hb �
�Zbx�KbHG6�KbEI=�{�S� ` J ` ��MILbwbHG6�0�i� ` �E�K�xN=I=�ZG0I ` b�Gc�E�ZbH�E�6�ZJ ` N2� �{J&�+p bH�E�6�s&[�=bx�KbHG6�{bHG6�0b�x bH�E�6IL�Hb
�=bHGKG6ILG(�h,w-jJ&�+p bH�E�6�s&U�=b|�KbHG6�qI=�6�^�^�ZGK�{�L� ` G[�HbE�db��=bE [N=�Zb{bHG6�q�KbEN=�K�HGKb ` �K� GKJ&ILG &:J&�6 db0�5- �ZJK,TqrI
"z��� �L�aI=�Kb ��� ¢
j bE�dGcJ&ILG &:J&�6 db|�=b|N=�KJ&�a�c�  [ dbu"z���{�L�aI=�Kb ��� J  �j@WJ&ILGq�c� N=N.bE�ZJ ` G��TILbB�Zb
G�ol R�.J&�Zb

]
G6�^� ` ���2b?>D�KJ&ILGp�ZbHGp� I=�6�KbHGp�E�Z�E db ` �KGp�=b]�?- � �^N=�2� �.bE��@UbE�\�?-j�E�c� �BA6C�C�DFEHGO�=� ` J&�KbU�?-j�E�c� �

� ` � � � ` �*��MI2� ` �k���vGc� �6�ZGk&t�&�E�6�ZJ ` �=bW�?-jJ&�+p bH�E�6�s&�=bY�KbHGK�OGK�.�HbE�^I=� * �E�rbHGK�k� �6�KbE� ` �
� �ebE�kJ&�+p bH�E�6�s&bHG6�
Gc� �6�ZGk&t� �^�kN.J&I=�k�?-jb ` GKbE R�=�ZbF�=bHG\�6�c�&�HbHG\G6I=�^Pa� ` �KbHG �

;=<6> 9cCo? (TP , A4C�C�DFE�G ) = {op · (ch+ · ok)∗ · result}.

,m��GK�E�ZbH�E�6�ZJ ` P&��� �ZJ&�KG bHGKGc��oibE���=b &AJ&�K�HbE�z�Zbw�KbHG6�KbEI=���S� ` J ` ��TILb " N=�KJl�*I=�^�Kbw��� �6�c�&�Hb
op · (ch+ · ok)∗ · result

�ZJ&�KGV�=bRGKJ ` b��*�H�EI=�6�ZJ ` G6I=�Y�?- � �0q��Ye J&I=�]�HbE��� $ �=bHGY�6�c� ` Gk&:J&�6 5� �6�ZJ ` G
PiJ ` �taE�6�Kb\b�x.bH�E�6IL�HbHGsG6I=�	�ZbkN=�KJ&�a�c�  [ dbp�KbEN=�K�HGKb ` �c� ` �s�ZbON=�KJl�*I=�^�Qb ` �6�KbY�HbO�KbHG6�KbEI=�Q�S� ` J ` ��MILb
bE�V�?-jJ&�+p bH�E�6�s&k�=bv�KbHG6�d� �L�aI=�Kb ��� J ¢ ¡��5,rbvN=�KJM�*I=�^�U�HJ ` GK�ZG6�Kb�"B��p6J&I=�KbE�R� I��zN.J&� ` �KG]�=bq�HJ ` �6�	h&�Zb
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ZX[ \X^ ��� ¢ gg` IMN.�H�E���2�S� �6�ZJ ` �HJ&�6�KbHG6N.J ` �L� ` �
"v���q�L�aI=�Kb���� ¢
j �

�����	�B�+�L���A��P1!RQ1!S2�!UT"!SVB���
�����	�B�+�L�����+�(<=P1�

%�
��'&=W�X5,Y�����	�A���	H����A�8.
�
�'F ,7�+�(<�<=P�Z�Z=�A<�<�
	�[.\�+�(<�Q1�
�����'F�,7�+�(<�<=Q�Z�Z=�A<�<B�� 8.]�+�(<=2��
�����'F�,7�+�(<�<A2^Z�Z=�A<�<B�� 8.]�+�(<=2��
�����'F�,7�+�(<�<A2^Z�Z=�A<�<�
	$8.]�+�(<�Q1�
�����'F�,7�+�(<�<=Q�Z�Z=�A<�<=����������[.��

�+�(<�T"�
%�L��&*���	��<^��)����5�
)�N�
����5,�.��

�
�������+�:<AV��

�

ZX[]\X^ ��� J  ` _ �+p6bH�E�6�s&k�=bq�KbHGK�R�HJ&�6�KbHG6N.J ` �L� ` �
"v���v�L�aI=�Kb���� ¢
j �Z�$�(¡



¢a¢ f ���.����������	��������Q�r�����������n�����6�6�	�\� 	 �����

G6�c� �=�ZbHG��=bHGs� N=NXbE�ZG�"W���B&AJ ` �E�6�ZJ `���� -�/ $ � N=��3HGQ�SPiJ&�^�QPi�E�6���2�k�?- � �LGcb ` �Hb\�5-jbE�6�KbEI=�Q�=b\�HJ ` &:J&�6 [�^�K�
"U�HbHGQNXJ&� ` �KG
�O,}�E&:J ` �E�6�ZJ `	�
� -�/V�=�@� ` �ZbB"U���W�L�aI=�Kb ��� J  N=�Kb ` �5b ` b ` �6�K�HbY�Zb\�=bE� ` �ZbE�e dbHGKGc� �ib
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N=�KJl�*I=�^�
�.(pI�� NXJ&� ` �KGd�=b0�HJ ` �6�	h&�ZbHG
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GKJ ` �d�KbH~EILG $ �Zb|PibE�K�*�Z�E�
� #(9K-a#(9 bHGK�z�E [�ZG
�B Wb�N=�^ILG $ � I NXJ&� ` �z�=b��HJ ` �6�	h&�Zb

c0
$ �ZbHGz�HJ ` �*�^�6�ZJ ` G�N.J&I=�z�E dbE�6�6�Kb�I `

 dbHGKGc� �ibyJ ` �v�E�K�d�Kb ` &:J&�K�H�HbHG��mI ` J&N.�E�c� �KbEI=� ` -jbHG6�F�E [�ZG �MILb5G6�Q���0Pa� �6��� �=�Zb E C[Pa� I=�
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$ � �ZJ&�KGVI ` �K�=�sx.�KbdbHG6�U�E [�ZG
�5(Y� ` G6� $X` J&ILGU�HJ ` G6�c� �KJ ` G �TILbq���|�HJ `=` � �ZGKGo� ` �Hbd�=b

���zP&� �ZbEI=�d�=bB���zPa� �6��� �=�Zb EFCBN.bE�6 dbE�d�=bB�c��� ` bE�[�ZbB�S�&G[�=b|�KbHGK�[� � ` �=b0�c�LJ&�ZG6�^�[�ZbHGq�6�c�&�HbHG
N.bE�6 dbE�6�c� ` �k���FGc� �6�ZGk&t�&�E�6�ZJ ` �=bY�?-jJ&�+p bH�E�6�s& �=bp�KbHG6�
�T,rbW�S�&GO�=bp�KbHG6�ObHG6�O�=J ` �YJ&N=�6�^ 5� �r� IBNXJ&� ` �
c0

��= ` �KbEP&� ` �c�Lb $ ���qGK�E�ZbH�E�6�ZJ `0` - �vN2�&GON.bE�6 [�ZGk�5-/aE�6�KbR� ILGKG6�.N=�K�H�E�ZG\� I0N.J&� ` �\�=b]�HJ ` �6�	h&�Zb
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@WJ&ILG ` - �HPiJ ` Gy�Z�E�Y� IL�EI `  dJFoib ` �=b{Go�HPiJ&�^�'�MI2� ` � N=�KJl�*I=�^�Kb
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N=�^I=�	h&�#�MI%- I ` �c�=�sxX�Kb��t,m�

GK�E�ZbH�E�6�ZJ `�` bqN.bE�6 dbE�U�=J ` �qN2�&G]�=bqGK�E�ZbH�E�6�ZJ `=` bE�U�Zb[�S�&G]�=bq�KbHG6�U� � ` �5- � �6�6�^PibE� "|�HJ&I=NwG�y=�!"
���qGc� �6�ZGk&t�&�E�6�ZJ ` �=b]�?-jJ&�+p6bH�E�6�s&.�

@WJ&ILGmN=�K�HGcb ` �KbE�KJ ` G ` J&�6�KbQ�HJ ` �6�6�^�=I=�6�ZJ ` b ` �6�KJ&�ZG �K�2� N=�^�6�KbHG � ` J&ILG �=�H�E�6�^�KJ ` G � Iv�K�2� N=�^�6�Kb��
���| d�E�6�LJl�=bd�=b[�i� ` �E�c� �6�ZJ ` �=b[�KbHG6�KG]N=�Kb ` � ` �Fb ` b ` �6�K�HbdI ` bdG6N.�H�E���2�S� �6�ZJ ` �K�H�EI=�KGK�^PibdbE�UI `
J&�+p6bH�E�6�s&V�=bB�KbHG6� ` J `+* �K�H�EI=�KG6�s&]bE�q�KbE�KJ&I=� ` � ` �yI ` �S�&G[�=by�KbHGK�[�K�H�EI=�KG6�s&M� @WJ&ILG[N=�K�HGKb ` �KbE�KJ ` G
b ` G6I=�^�Kb|�HbE�6�Kb| baE db| d�E�6�LJl�=b|� I �c�2� N=�^�6�Kb_m  5� �ZG[�HbE�^�Zb * �E�\GKbE�c���HbE�6�Kb#&:J&�ZGv�2�&GK�Hb|G6I=�[�=bHG
�6�c� ` Gk&:J&�6 5� �6�ZJ ` G}�=b�N=�KJ&�a�c�  [ dbHG
��,mbHGm�K�LJ&� �U�KbH�c� ` ��TILbHG GKbE�KJ ` �m�aI=�Z�=�HG}N2� �r���k�6�L�HJ&�6�Zbs�*IU�KbHG6�
bE� N2� �r�ZbHG N=�KJ&N=�6�Z�E�K�HG �=bHG  dJl��3E�ZbHGr�=bHG �ZJKe. !IUbE�r�=bHG �ZJK,NqrI $  5� �ZGr���e�i� ` �E�c� �6�ZJ ` b ` bE�^�Zb *  baE db
GKbE�c�0�=�@� ` �ZbBb ` �KbE�6 dbHGv�=b5�HJ ` �HbEN=�KGv�=bd��� ` �T� �ibHGv�=b[N=�KJ&�a�c�  [ 5� �6�ZJ ` � @YJ&ILGFN=�K�HGKb ` �KbE�KJ ` G
b ` G6I=�^�Kb�� I��K�2� N=�^�6�Kb j ` J&�6�Kbx� �^�iJ&�6�^�6�= dbz�=b GK�E�ZbH�E�6�ZJ ` N=�Kb ` � ` �Bb ` b ` �6�K�Hb �Zb �S�&G5�=b �KbHG6�
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@WJ&ILG}�HPiJ ` Gm�K�H�S� N=�^�6I=�Z�s�L� ` Gm���ON2� �6�6�Zb �X�=b��Hb��=Jl�EI= db ` � ���O�6�L�HJ&�6�Zb��*IU�KbHGK�m�=b��HJ ` &:J&�6 [�^�K�
�2�&GK�Hb[G6I=�V�Zbv dJM��3E�Zb[�=bHGV�ZJK,TqrI_�%@WJ&ILGU�HPiJ ` GUb ` GKI=�^�Kb[�E�Kb ` �*Iw�HbHGVN=�6� ` �E�^NXbHGR� I��xG�o*G6��3E dbHG
�=bR�6�c� ` GK�^�6�ZJ ` GWG�oM F�XJ&�^��MILbHGV�L� ` Gp���5N2� �6�6�Zb$� �4�Q@WJ&ILGV� �^�ZJ ` GV� N=N=�^��MILbE�V�Z�E�m�ZbHGW baE dbHGWN=�6� `+*
�E�^NXbHGy 5� �ZGBG6I=�y�=bHGBG6N.�H�E���2�S� �6�ZJ ` Gy�K�H�EI=�KGK�^PibHG $ �KbEN=�K�HGcb ` �K�HbHG|N2� �y�=bHG|� I=�KJ& 5� �KbHGu"�N=�^�Zb "
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 Vb5�KbE�ZGvG�o*G6��3E dbHGF 5� ` �^N=I=�Zb ` �[�=bHGq�=J `=` �HbHGR� ` �ZbHG|�$PiJ&�^�q�=�@� ` �^�6�ZJ ` ��� ¢ ¡U 5� �ZGFNXbEI=Pib ` �
�HPiJ&�^�FI ` �HJ& [NXJ&�6�KbE db ` �F� ` � ` �s�+y�"|���B�K�H�EI=�KG6�^Pl�^�K���W� �ZGUGKJ ` �R�=J ` �[N=�^ILGUb��*N=�KbHGKG6�s&:G!�MILb[�ZbHG
�ZJK,NqrI_�e� aE db{G6�k���x�K�H�EI=�KG6�^Pl�^�K�{�E�c� �^�y�XJ&� ` �Hb $ ���wG6NX�H�E���2�S� �6�ZJ ` NXJ&I=�6�c� �^�'aE�6�Kb{�KbEN=�K�HGKb ` �K�Hb
N2� �UI ` �ZJK,TqrI��a��&�Hb5� Iw�=�EN=�^��� �ib � !$#L78! #L!$#Mu ¡Y�=bHGR� N=N.bE�ZG]�K�H�EI=�KG6�s&:GV 5� �ZGUGKbE�c� �^�R� �ZJ&�KG ` bE�6�Kb *
 db ` �k dJ&� ` Ge�^�ZG6�^�=�ZbE�MI%- �HPibH�W�ZbHGe�ZJKe. !I_�T,}�R dJl�=�E�^�ZGc� �6�ZJ ` N2� �OI ` �ZJKew GIybHG6�k� �ZJ&�KGO�=�Zb ` N=�^ILG
�HJ& [N2�&�E�Kb �MILb]�HbE�^�Zb]N2� �\�ZJK,TqrI_�
�RQTS�U �WV(�YX U[Z �]\_^ �YX �����a`cb # ?o1 ?@)8dE3dCfeB%(! 7ZCfewC@#2) <�g Co?D+2?E- < )A!tCo?iht!:- � �]/Tj�Co?E)!7 gYk #L!�% >&<
'M#�)A' %(7ZC P = 〈G,Γ,Λ, c0, ↪→〉 -lnmo G Co?E)�'l#wCE#=?HC@354@7ZC k #L!w7Ap g ) > )$?rqo Γ Co?E)Q'l# > 7 %Y: > 4KCE) k #L!w7MCe%(!$7ZC#qo Λ = Λ? ∪ Λ! ∪ Λτ C@?@)s'M# > 7 %Y: > 4cCE) k #L!s9c-&3Y%*- ? g 7TCo? > 9H)A!:-&#=?�s !�?@!:4@7ZCo? 7ap C@#() <tg C@?Oh Λ? jCH)�7TCU?H- < )A!tCo?uh Λ! jyCE)�7MCo? > 9H)A!:-&#=?U!$#2)DC < #XCo?uh Λτ jaqo c0 ∈ G× Γ C@?@)�7 > 9K-&# k u&' <6> )A!:-&#x! #2!$)A! > 7ZCrqo ↪→⊆ (G× Γ) × Λ × (G∗ × Γ∗) Co?E)�'l#wCE#=?HC@354@7ZC k #L!w7TCF) <6> #=?@!$)A!:-&#=? g )A!wvE'=CH) g Co?yx
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�HJ& [N.JaGK�Hb0�5- I ` �E�c� �
g ∈ G

bE�d�*I
�HJ ` �Kb ` I �=b[���0N=�^�Zb

ω ∈ Γ∗ �%@WJ&ILG]�c� N=N.bE�ZJ ` G �MILbd�L� ` GUI ` b[N=�^�Zb $ �?-j�E�Z�E db ` � �TI=�QGcbq�6�KJ&I=Pib
� I GKJ& [ dbE�[bHG6�q�Zb|�=bE� ` �ZbE�#"��HPiJ&�^�d�E�K�|bE [N=�^�Z�0bE�q�Zb|N=�KbE [�ZbE�b�TILb ` J&ILGqN.J&I=PiJ ` G[�=�EN=�^�ZbE�
�

¢a¢ m



¢a¢
j � �N�������� 	�������� � ������� ��� 	�������� �	� ����� ���H�\� ��	����������;�T��� �%	�� �����G��� ���
	�� �

@WJ&ILGd�KbEN=�K�HGKb ` �KbE�KJ ` G|I ` �HJ ` �Kb ` I��=b{N=�^�Zb{N2� �BI `  dJ&�
�t,rbHGBG�oM F�XJ&�ZbHGB�=b{���wN=�^�Zb GKbE�KJ ` �
� �ZJ&�KG\�H�E�6�^�KGY�=bV�T� IL�K�Lb "q�*�KJ&�^�KbUb ` N2� �6�c� ` �p�*I{�2�&G\PibE�KGk�ZbV�2� I=�p�=bV���vN=�^�Zb��L� ` bVN=�^�Zb ` J&�K�Hb
ω·γ

G6�^� ` ���2bs� �ZJ&�KGh�MILb
ω
bHGK�m�ZbQ�HJ ` �Kb ` I[�=b����\N=�^�ZbY�

ω ∈ Γ∗ ¡rbE� γ GKJ ` GKJ& [ dbE� �=b�N=�^�ZbV�
γ ∈ Γ

¡��
@WJ&ILGdI=�6�^�^�ZGKbE�KJ ` GyN2� �5���wG6I=�^�Kb0�ZbHGd�ZJKew GI NXJ&I=�y dJM�=�E�^�ZGcbE�d�ZbHGdN=�KJ&�a�c�  [ dbHGB�K�H�EI=�KG6�s&:G
�

@WJ&ILG\�*�ZG6�6� ` �aILbE�KJ ` Gp�L� ` GpI ` G�o*G6��3E db!"qN=�^�Zb]�6�KJ&�ZGk� oMN.bHG\�=b]�6�c� ` GK�^�6�ZJ ` G �
`��ZbHGp�6�c� ` G6�^�6�ZJ ` G\N.J&�6�c� ` �VG6I=�\�ZbRGKJ& [ dbE�Y�=b]N=�^�Zb �TILb ` J&ILGV� N=N.bE�^�ZbE�KJ ` G\�ZbHG\�6�c� ` GK�^�6�ZJ ` G

GK�^ [N=�ZbHG���Hb GcJ ` �d�ZbHG5�6�c� ` G6�^�6�ZJ ` Gy�E�6��MILbE�K�HbHGyN2� �5�=bHG5b ` �6�K�HbHGyJ&I��=bHG5GKJ&�6�6�ZbHGybE�d�ZbHG
�6�c� ` GK�^�6�ZJ ` GW�5- ��x bH�E�c� �6�ZJ ` �=bRPa� �6��� �=�ZbHGE�TI=� b ` �6�c� � ` b ` �VI ` bF dJM�*���2�S� �6�ZJ ` �*I�GKJ& [ dbE�
�=b\N=�^�ZbR�A�=�EN=�^�ZbE db ` �eN=I=�ZGQbE [N=�^�ZbE db ` �e�5- I `d` J&I=PibS� IBGKJ& [ dbE�o¡	Go� ` G	 dJM�*���2bE�Q���V�c� �^�^�Zb
�=bV���[N=�^�Zb�

`��ZbHGY�6�c� ` G6�^�6�ZJ ` GW�5-jbE [N=�^�ZbE db ` �]N.bE�6 dbE�6�c� ` �V�=bR dJl�=�E�^�ZGKbE�Y�ZbHGW� N=N.bE�ZGY�=b!&AJ ` �E�6�ZJ ` �:� N *
N.bE�Z�HbHGk�6�c� ` G6�^�6�ZJ ` GY�5- � N=NXbE� ¡�

`��ZbHGV�6�c� ` GK�^�6�ZJ ` G]�=bv�=�EN=�^�ZbE db ` �UN.bE�6 dbE�6�c� ` �R�=bv dJl�=�E�^�ZGKbE�]�Zbv�KbE�KJ&I=�U�=b &:J ` �E�6�ZJ ` �:� N *
N.bE�Z�HbHGk�6�c� ` G6�^�6�ZJ ` GY�=b]�KbE�KJ&I=�o¡��

�ebHGk�6�KJ&�ZGp� olNXbHG\�=bV�6�c� ` GK�^�6�ZJ ` GpGKbE�KJ ` �p�^�^�^ILG6�6�K�HG\�L� ` G\�?-jb��*bE [N=�Zb ��� ¢ �
� ` bQ�HJ ` �L�aI=�c� �6�ZJ ` GKbE�c�p�HJ& [NXJaGc�HbQ�=be�=bEI��R�E�Z�E db ` �KG � �?-j�E�c� � �HJ& [NXJ&�6�c� ` �I ` bs�EPib ` �6ILbE�^�Zb

�ZJl�S� �^�^�K�0bE�d�=bHG[P&� �ZbEI=�KG[�=bHGdP&� �6��� �=�ZbHG[�a�ZJ&�2� �ZbHGz�A�=b|� olNXb0� ` I= d�E�K� ¡qbE�[����N=�^�Zb��k�ebE�6�Kb0N=�^�Zb
�HJ ` �6�Zb ` �*�c� �=bHG]�6I=N=�ZbHGU�HJ& [N.JaGK�HGU�=bHG]N.J&� ` �KGF�=b[�HJ ` �6�	h&�Zby�*I�N=�KJ&�a�c�  [ dbd dJl�=�E�^�ZGK�[bE�U�=bHG
Pa� �ZbEI=�KG\�=bHGp�EPib ` �6ILbE�^�ZbHGpPa� �6��� �=�ZbHGk�ZJl�S� �ZbHG
�

@WJ&ILG	� N=NXbE�^�ZbE�KJ ` G	N.J&� ` �KG	�=bO�HJ ` �6�	h&�ZbO�ZbHG}N.J&� ` �KG	�*IqN=�KJ&�a�c�  [ dbp�SP&� ` ��KJ&I=�KbO� ` G6�6�6IL�E�6�ZJ `
�Ab ` �6�K�HbHG $ GKJ&�6�6�ZbHG $ ��x.bH�E�c� �6�ZJ ` G $ � N=N.bE�ZGObE�e�KbE�KJ&I=�KGk�=br&:J ` �E�6�ZJ ` Go¡��+@YJ&ILGO�*�ZG6�6� ` �aILbE�KJ ` GON2� �O���
G6I=�^�KbF�ZbHGWNXJ&� ` �KG]�=bF�HJ ` �6�	h&�Zb[G6�c� �=�ZbHG[�:� �=�K�E�i�HG]b ` e �2I2¡ $ �MI=�GKbE�KJ ` �V�ZbHGYNXJ&� ` �KG]�=bF�HJ ` �6�	h&�Zb
"zN2� �6�6�^�[�=bHG��TILbE�ZGqGKbE�KJ ` �5� �6�Kb ` �*ILGqI ` b|b ` �6�K�Hb0bE�on J&I I ` b|GKJ&�6�6�Zb $ �=bHGqNXJ&� ` �KG[�=by�HJ ` �6�	h&�Zb
� ` G6�c� �=�ZbHGx��e �I�K¡�"�N2� �6�6�^�|�=bHG��MILbE�ZG5GKbEI=�Zb I ` bz�&�E�6�ZJ ` � ` �KbE� ` b�bHG6�5�6�^�c� �=�Zb���,m���*�ZG6�6� ` �E�6�ZJ `
b ` �6�Kb e �2I|bE�Ce �I�OGKbE�c�qb��*N=�^��MIL�HbUb ` GKJ&ILG * GKbH�E�6�ZJ ` ��� J�� � �

� �rbHG6�k�*� �5�E�^�ZbU�=b]�KbEN=�K�HGKb ` �c� �6�ZJ ` �a�c� N=�=��MILbE db ` � $ �=bV 5� ` �3E�KbU�E�Z�E�T� ` �Kb $ �=bHGk�ZJKe. !I|�S� �
�^� &t� I=�UN=�K�HGKb ` �KbE� "|���'&AJ&�ZGU�ZbHGUb ` �6�K�HbHGon GcJ&�6�6�ZbHGU 5� �ZGR�E�T� �ZbE db ` �R�?-j�EPiJ&�^I=�6�ZJ ` �=bq�?-j�E�c� �R�=b[���
N=�^�Zb��+@YJ&ILGe dJl�=�E�^�ZGKbE�KJ ` GON2� �O���vG6I=�^�Kbp�ZbHGOb��=bE [N=�ZbHGON2� �OI ` �a�c� N=�LbV�=b v J&�k�=bY�HJ ` �6�	h&�Zb $ I ` b
 dJl�=�E�^�ZGc� �6�ZJ ` �&GKGKb��B� ` �6I=�^�6�^Pib��.,rbHG e �2I>o�GcbE�KJ ` �[�*�ZG6�6� ` �aIL�HGqN2� �q�?- I=�6�^�^�ZGc� �6�ZJ ` �=bB�=J&I=�=�ZbHG
�HbE�K�E�ZbHG
�
a � �+bdcGe$� Z �Y\ b # C �TCE3p%X7^C 7TC ?t% g 9E! k 9 > )A!:-&# <�g 9E' < ?@!Ws&C Co?E) 7i-&#L# g[k u&' < C��Tx��Tx���CE):)DC
?t% g 9E! k 9 > )A!:-&#�C@?@) < CD% <�g ?HC@#() g C0% >&< 'M#�u < > %
:*C>7MC��O-i)b7TC�9K-&#() <�� 7ZC x���C5% < -Ku <6> 3q35Cx!$# sS!A)DC
7�p '*)A! 78! ? > )DC@' < eBCE# s -&1TC < 7TC@?W35Co?o? > uTC@?yx��r- < ?yvE'=Cv9cCE7,'l! 8 9E!�!$#
7&!wvE'LC�vE'?p !$7 # p > %(78'M?!7MCV35Co?c? > uTCo?
e�C@# s -a1iC <! 7ZC0% < -Ku <6> 3q3dC 7,'l! < C@# s -&!tC > 7^- < ?w7^C�3#"@35C�#(-&354 < C�7ap > 9�vE'M!A):)DC@35C@#2)$?1vE'LC 7TC
35Co?c? > uTCo?vCE# s -&1 g ? x

$ -&!:9E!F'M# 7TCo?H9 < ! %X)A! � 7a'�9K-&3Y%*- < )DC@35C@#()Y%(7,'M? 7 g ) > ! 7$7 g x%� > �H-&#(9S)A!A-&# 7TCl7 g % >&< )'&)(+*
,.-�/> %i%LC@7 7ZC�7 > �E-a#(9H)A!:-&#102-�/ x���C@7$7^C;8"9E! > 7TC@' ��9c-&3Y%*- < )DC@35C@#2)$?|%*- ?o?o!t4@7ZCo?_m]?H-&!A)5C@7 7ZC g 35CE)d7 >
?E- < )A!tC Pb! CE) < CE)t-a' < #XC eU? > �E-a#(9H)A!:-&# > %i%=C@7 > #2)DC h C@#|7tp -S9K9E' <@< C@#X9cC%&�(+*3,4-5/ j  ?E-a!$)C@7 7ZC g 35CE)}7 >
?E- < )A!tC Invit!  > %i%LC@7 7ZCW7 > �E-a#(9H)A!:-&#768-5/V%('M! ? < C�9 -&!A)7tp C@#2) <�g C Quit? CE) < CH)t-&' < #XC eU? > �E-a#(9H)A!:-&#
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m0

m1

τ � �
	

� �
	

f0

f1

f2

f3

Invit!

τ � �
	

Quit?

Pb!

� �
	

g0

g1

g2

g3

g4

Msg?

τ �� ����������� �

τ � �
	

Ack!

Stop?

ZI[ \X^���� ¢ ` IMNX�H�E���2�S� �6�ZJ ` �K�H�EI=�KG6�^Pib]�KbH�HJ `=` � �ZGKGc� ` �p�ZbHGp�6�c�&�HbHG
Invit ·Msgn · Stop ·Ackn ·Quit+ Pb

�SPibH�
n ≥ 0

> %i%=CE7 > #()DC x /2'l!Ys > #2)Q7 > % < C@3q!wd < C[C@#2) <�g C < C�9H'LC�7 > #L?V7 > �E-&#X9H)A!A-a# 6 -5/  9oC@7 7ZC�8 9E! s >|> s -&! < 7MC@' �
9K-&3Y%*- < )DC@35C@#2)$?q%=- ?c?@!:4@7ZCo? m\?o!W7tp C@#2) <�g C�Co?@) Stop?  C@7$7^C < CE)t-a' < #XCne�? > �E-a#(9H)A!:-&# > %i%LC@7 > #2)DC
) > #
7&! ? vE'LCv?@!Q7�p CE#2) <tg C5Co?E) Msg?

 7 > �H-&#(9H)A!:-&# 6 -5/zCo?E) > %i%=C@7 g C e|#(-&' s C > ' h <tg 9E' < ?o!Ys C@35C@#() j
CE) > % < do?�vE'LCq9cCE) > %i%=CE7 ?E-&!A)Q)DC < 3q!$# g  7 > ?H- < )A!:C Ack! C@?@) g 3q!�?SC x

� p C@#=?SC@354@7ZCl7Ap g ) > )$? G = {(p, sent) | sent ∈ {true, false}} C@?@)F!A9E!v9K-&3Y%*- ? g 7TC 7 >
7�- 9 > 78!$) g p CE)�7TCV7 > s > 7^C@' < 7TC]7 > s >&< ! > 4@7^CYu&7^-T4 > 7ZC sent x�� p > 7 %
: > 4KCE)�7TCO%(! 7ZCU9c- <o< Co?D%*-&#
7fvE' > #2)
ey7,'l! ed7�p C@#=?HCE3d4E7^C 7TC@?O%*-&!$#2)$? 7TCv9K-&#2) < � 7ZCOh m0,m1, f0, etc. jCx

� -a'T? < CE3 >a< vE'=-&#=?#7 > #=?q9cCH)WC �TCE3p%X7^Cd7^C@?q) < -&! ?v)A1o%=Co?b7TC[) <6> #=?@!$)A!:-&#=?fh < CD% <�g ?HCE#2) g Co?[?H-&'T?
�E- < 35Cu7MC < d:u&7ZCo?_7TC ) < > #=?o!A)A!A-a#=?�7TC07tp > '*)t-&3 > )DCIeB%(!$7^C k u&' < C7�Tx��yjCx � > ) <6> #=?o!A)A!:-&# 7TC f0 e
f1 %*- < ) > #()p7 > ?E- < )A!:C Invit! Co?@)�% >&< C �TC@3Y%(7ZCy'M#.C5) <6> #=?@!$)A!:-&# > )t-&3q!wvE'=C  )t-&'*)W9K-a3v35C|9cCE7 7ZC> 7$7 > #()r7TC g1 e g2 CE)	%*- < ) > #2)\7�p >�� C69H) > )A!:-&# 7TCd7 > s >&< ! > 4@7^C����
, �fez) < 'LC h ) < > #=?o!A)A!A-a#=?d4E7^C@'LCo?
?o' < 7 > k u&' < C�� x � jTx��mCo?[) < > #=?o!A)A!A-a#=?p%=- < ) > #2)B7TC@? > %i%=C@7,?#7TC �H-&#(9S)A!A-&# )DC@7$7^Co? vE'LCB9cC@7$7^C > 7$7 > #2)
7TC m0 e m1 -&' 9cC@7$7^C 7TC g2 e g3 ?H-&#2)�7TCo?U) < > #=?o!A)A!A-a#=?E7Ap > %i%LC@7 hD) <6> #=?@!$)A!:-&#=? < -&'&uMCo?8jTx"!e# k #  
7^C@?Y) < > #=?o!A)A!A-a#=?B7TC < CE)t-&' < #.Cp?E-&#2)L% > ? sS!�?@!:4E7^Co?Y?o' < 9cC\u < > %Y:*C x4��Cp?E-&#()m7ZCo?Y) <6> #=?@!$)A!:-&#=? > 7$7 > #2)
7TCo? g ) > )$?b7TC k #�7TCY% < -S9 g 7&' < C|9K-a3v35C f3

> ' � g ) > )$?b7TC k #�7Ap > %i%=C@7�9K-a3v35C m1 hD) <6> #=?o!A)A!:-&#
s C < )DC[C@#y%*-&!$#2)A!$7 7 g ?V?o' < 7 > k ua' < C �Tx � jCx

�mC@? ) <6> 9cCo? < CK9K-&#L#L'LCo?�% >&< 9cCE):)DC ?t% g 9H! k 9 > )A!A-a# ?E-a#2) ;=<6> 9cCo? (S) = {Pb!} ∪ {Invit! ·
(Msg?)n · Stop? · (Ack!)n · Quit? | n ≥ 0}

 vH'M!UCo?@)W'l# 7 > #Mu > uMC > 7ju g 4 < !]vH'=C hKs -a! < ?E-&'M? 8
?HC69S)A!A-&# �Tx��Tx��yjCx � -a)t-&#=?uvE'LCd7 > s >&< ! > 4E7^Cvu&7^-T4 > 7ZC#�$� , �y# p > > '=9E'l#XCy!$#3�s'LC@#(9oC[?@' < 7ZCo?d) <6> 9cCo?
7TCR7 > ?D% g 9E! k 9 > )A!:-&##x � -&'M?vC �o%(78!wvE'=C < -&#L? 7 > #=?]7ZCv9�: > %(!A) < C&%57�p '*)A!$7,!A) g 7TCR9oCE):)DC�s >&< ! > 4@7^C x



¢ J  � �N�������� 	�������� � ������� ��� 	�������� �	� ����� ���H�\� ��	����������;�T��� �%	�� �����G��� ���
	�� �

qm�c� ` G6�^�6�ZJ ` GW� �KJ& [��MILbHG �
〈(p,−), ω · f0〉

Invit!
↪→ 〈(p,−), ω · f1〉

〈(p,−), ω · g1〉
τ
↪→ 〈(p, true), ω · g2〉qm�c� ` G6�^�6�ZJ ` �5- � N=N.bE� �

〈(p,−), ω · f1〉
τ
↪→ 〈(p,−), ω · f2 · g0〉qm�c� ` G6�^�6�ZJ ` �=bV�KbE�KJ&I=� �

〈(p,−), ω ·m1 · f3〉
τ
↪→ 〈(p,−), ω ·m1〉

ZX[]\X^ ��� J�`#=G�=bE [N=�ZbHG\�=bW��3E�a�ZbHGk�=bW�6�c� ` G6�^�6�ZJ ` G\�HPibH�
p
I ` bW�ZJl�S� �^�^�K� $

ω
�ZbV�HJ ` �Kb ` I �=bVN=�^�ZbVbE�

−
�KbEN=�K�HGKb ` �c� ` � ` - �^ [NXJ&�6�Kb!�MILbE�^�Zb]Pa� �ZbEI=�\�=b]���vPa� �6��� �=�Zb ]KSKXOZ �

46587M5�� ;���� B9>A@TH��	� EPF E G H8JML N ;
,m�dGK�E 5� ` �6��MILbU�5- I ` �ZJKe. !IBN.bEI=�CaE�6�Kb]�=�@� ` �ZbUb ` �KbE�6 dbHGp�=b]G�olG6��3E dbHGk�=bV�6�c� ` GK�^�6�ZJ ` GB"

b ` �6�K�HbHG@n GKJ&�6�6�ZbHGR�$�ZJK,TqrI=¡e� ` � ` ���f� ` �6I=�^�6�^PibE db ` � $ ���FGc�E 5� ` �6��MILbV�ZJK,NqrI|�5- I ` �ZJKe. !IB� ` I= b3E�Kb
�KJ&I=�KbHGk�ZbHGk�HJ ` �L�aI=�c� �6�ZJ ` GpNXJaGKGK�^�=�ZbHG��=�c�2�\�TILb]�E�c� �\�=bW�?- �ZJK,TqrI|�HJ&�6�KbHG6N.J ` �u"vI ` bV�HJ ` �L�aI=�c� *
�6�ZJ ` �=bV�?- �ZJKe. !I_�
,m�[GK�E 5� ` �6��TILbE&:J&�6 dbE�^�ZbU�5- I ` �ZJKew GI0bHG6�p�=�@� ` �ZbU�HJ& [ dbUGKI=�^�
�
�RQTS�U � V(�YX U Z ��
1^ �9Q b � U V(�� � ����� � U �YX �%���=` b # !:- � �]/ P = 〈G,Γ,Λ, c0, ↪→〉 u g ##d < C
'l#z!:-
� ; /z!$# k #2! M = 〈QM , qM

0 ,Λ,→〉 %*-&' < 7ZCtvE'LC@7�mo QM = G× Γ∗  
o qM

0 = c0
 

o → Co?E)�7 >5< C@7 > )A!:-&# 7TCF) < > #L?o!A)A!A-&#l7 gYk #2!:Ck% >&< 7 >y< dtu&7^C m
〈g, γ〉

λ
↪→ 〈g′, γ′〉 ∧ ω ∈ Γ∗ =⇒ 〈g, ω · γ〉

λ
→ 〈g′, ω · γ′〉.

a � �+bdcGe$� Z ��
 b #XCs% >&< )A!:CG7MCW7 > ? g 3 > #2)A!wvE'LCG7TC]7 > ?D% g 9E! k 9 > )A!:-&# 7TCW7 > k u&' < C��Tx��[Co?@) < CD% <�g 8
?HCE#2) g C k u&' < C �Tx�� x � -a'T?\#9p > s -&#=? % > ? < CD% <�g ?SC@#2) g 7�p !$#2) g u < > 78!A) g 7TCW9cCY?@1 ?E)8d@35C	%('M! ? vH'=CV9cCE7,'l! 8 9E!
Co?E)V! # k #L!�ht7 > �E-a#(9H)A!:-&# 68-�/ > 'l#XC <tg 9E' < ?o!YsS!A) g #X-&#Q8 4K- < # g C:jCx��H: > vE'=C g ) > )!7TCB7�p !A-
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I ` ��� ` �T� �ibF�K�E�aI=�^�ZbE�5�AJ&I��c� �6�ZJ `=` bE� ¡W�HJ& [ dbvNXJ&I=�V�ZbHGE,TqrI_�n,mbHGV��� ` �T� �ibHGU� �^�i�E�=�6��TILbHG]GKJ ` �
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@YJ&ILGkb ` PibE�6�KJ ` Gk�ZbHGk�HJ ` Gc�6�TILb ` �HbHGr"F���qGKJ&ILG * GKbH�E�6�ZJ ` ��� J�� f �

����� � ��$ �6) �"!r���%$ ��, !r,�� !r�	� �*&O�6)#�*!r���%$ �-��
�) ��,��c���%.1032
@WJ&ILGYI=�6�^�^�ZGcbE�KJ ` GW�L� ` GV�HbE�6�KbvGKbH�E�6�ZJ ` ���[ d�E�6�LJl�=b $ �2�&GK�HbFGKI=�Y���d�KbE��� �6�ZJ ` �=bv�HJ ` &:J&�6 [�^�K�
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�ZbHGU� I=�KJ& 5� �KbHG "BN=�^�Zb ` b[GcJ ` �U�=J ` �qN2�&GU�=�E�KbE�6 [� ` �ZGc� �=�ZbHG(�% VbqN=�^ILG $ �Zb &:� �^�]�=b[Gc�SPiJ&�^�RG6�I `
� I=�KJ& 5� �Kb�"0N=�^�ZbBbHG6�F�=�E�KbE�6 [� ` �ZGc� �=�ZbBbHG6�F� ` �=�H�E�Z�L� �=�Zb�� � � ` -jb��*�ZG6�Kby�=J ` �B� IL�EI ` � �^�iJ&�6�^�6�= db



� ��� ��� 	�������� ��� ����� � ��� � �.��� 	��������Q�r���\� �����2���
	.� � ¢ J �
�=bU�=�E�KbE�6 [� ` �ZGc� �6�ZJ ` G6I=�k�ZbHGY� I=�KJ& 5� �KbHG0"vN=�^�Zb��

� �\b��l�ZG6�KbBN2� �d�HJ ` �6�Kb{�=bHG[�E���&GKGKbHG[�5- � I=�KJ& 5� �KbHG "�N=�^�Zb0�=�E�KbE�6 [� ` �ZGc� �=�ZbHGd�KbE�^�ZbHG��MILb $ N2� �
b��*bE [N=�Zb $ �ZbHG $ ! ?o!t4@781 � 'M?�:T7T-�	# �Y'l)t-&3 > ) >��:� �=�K�E�i�HG b ` �0en(]¡�N=�K�HGKb ` �K�HG N2� ���W��p bHbEP
(p�^I=�VbE�Be� �6�6�2�&Gc� �c� �6�No��x�&�*�TILG6IL�L� ` �L� ` Gqf/(W�  f&h�(��� �^�LbEI=�KbEILGKbE db ` � $.` J&ILG ` bUN.J&I=PiJ ` G
I=�6�^�^�ZGKbE�x�HbE�6�Kb��E���&GKGcb��HJ& [ db� dJM��3E�Zb �=b�G6N.�H�E���2�S� �6�ZJ ` �0= ` b�x bE� $ �?- I=�6�^�^�ZGc� �6�ZJ ` �=bHG �Ee
(
�^ [N=�^��TILb0�MILb\�ZbHGO� N=NXbE�ZGebE�s�KbE�KJ&I=�KGe�=bYN=�KJM�H�H�*I=�KbHGeGKJ&�Zb ` �ePl�ZG6�^�=�ZbHG $ �Hb0�MILb ` J&ILG ` b\N.J&I=PiJ ` G
N2�&Gk�&�H�HbEN=�KbE�e�L� ` Ge�Zbp�S�&�*�KbW�*IB�KbHG6�Q�.J �Z�Kb ` J&�^�KbWJ��yGcbEI=�ZbHGQ�ZbHGs� ` �KbE�c�&�E�6�ZJ ` G\�*IBG�o*G6��3E dbY�SPibH�
GKJ ` b ` Pl�^�KJ `=` bE db ` �RGKJ ` �]J&�LGKbE�6P&� �=�ZbHG(� � � ` -jbHGK�V� �ZJ&�KGWN2�&G ` � �6I=�KbE�	�=bF�5-jJ&�LGKbE�6PibE�]�ZbHGV� N=N.bE�ZG
bE�d�KbE�KJ&I=�KGd�=b|N=�KJl�H�H�*I=�KbHGd�ZJ&�KGd�=b0�Hb{�KbHG6�
�k�ebEI�� * �E�\GcJ ` �d� ` �KbE� ` bHGy� I G�o*G6��3E db $ bE�dGKbE�KJ ` �
�=J ` �U�HJ ` G6�Z�=�E�K�HGY�HJ& [ dbU�=bHGY�&�E�6�ZJ ` Gp� ` �KbE� ` bHG
�

@Wb{N.J&I=P&� ` �yN2�&GB�=�E�KbE�6 [� ` �ZGKbE�BI ` � I=�KJ& 5� �Kbl"�N=�^�Zb $s` J&ILGB�SPiJ ` GB�=�H�E�Z�=�z�=b ` b �Kb ` �^�
�HJ& [N=�Kbt�MILbQ�=bHG G6N.�H�E���2�S� �6�ZJ ` G}�=��p�"\�=�E�KbE�6 [� ` �ZGK�KbHG
���ebH�E�l�KbHG6�6�KbE� ` �}���p�E���&GKGKbQ�=bsG6N.�H�E���2�S� �6�ZJ ` G
"yN2� �6�6�^�V�=bHG��TILbE�^�ZbHG ` J&ILGVN.J&I=PiJ ` GV�i� ` �E�KbE�VI ` �S�&G]�=bF�KbHG6�
� @W�S� `  dJ&� ` G $ �HbE�6�Kbq�E���&GKGKb ` J&ILG
GKbE R�=�ZbF�=��p�"qGKI �5Gc�  [ db ` �Wb��lN=�KbHGKGK�^Pib��
465��65� ; � G��*E > G H8JA> F���� > HKJAL NP;

�eJ& [ dbsNXJ&I=�}�ZbHGm�ZJK,TqrI5�$PiJ&�^��K�2� N=�^�6�KbAJ $ GcJ&ILG * GKbH�E�6�ZJ ` ¢ � J�� ¢ ¡ $ �?-jJ&N.�E�c� �6�ZJ ` �=bsG6ILG6N.b ` G6�ZJ `
G6I=�V�ZbHGW�ZJKe. !I{N.bE�6 dbE�]�=bv dbE�6�6�Kb[b ` �EPl�Z�=b ` �Hbq�ZbHGW�=�ZJM�S� �ibHGU� I=�KJ&�6�ZGK�HGVN2� �V���yG6N.�H�E���2�S� �6�ZJ `
b ` ��p6J&I=�c� ` �]�=bHGY�XJ&IL�E�ZbHGV�E�6��MILbE�K�HbHG

δ
�L� ` GY�c�2�\�TILbq�E�c� �Y�=bF�=�ZJl�S� �ib��
(����y�*�sx.�E�Kb ` �Hbq�HPibH�

�ZbHGv�ZJK,NqrI ` J&ILG ` byNXJ&I=�6�KJ ` G[GK�^� ` � �ZbE�qGKI=�F�ZbHGv�ZJKe. !I��TILbB�ZbHGv�=�ZJl�S� �ibHGv�=b|GKJ&�6�6�Zb $ bE�qN2� �
�HJ ` GK�6�MILb ` �q�ZbHGR�=�ZJl�S� �ibHGq�HJ& [N=�ZbE�KG
�h@YJ&ILG ` b5N.J&I=�6�KJ ` GFN2�&GvGK�^� ` � �ZbE�F�ZbHGF�=�ZJM�S� �ibHGFPl�^P&� ` �KG
� 7,!Ys C@7^-S9�< ? ¡��n= ` b�x bE� $ �5- I ` NXJ&� ` �p�=b]PlILbV�KbH�K� ` ��MILb $ G6� ` J&ILGY�HPl�ZJ ` G\PiJ&I=�^I �=�E�KbH�E�KbE�Y�ZbHGk�=�ZJ *
�S� �ibHGmPl�^Pa� ` �KG $ �?- �ZJKe. !I]�K�HG6I=�^�c� ` � �=b��?-jJ&NX�E�c� �6�ZJ ` �=bQG6ILGKNXb ` G6�ZJ `R` bQGKbE�c� �^�}N=�^ILGm�=�E�KbE�6 [� ` �ZG6�Kb��
` J&ILGY� I=�6�ZJ ` GY�ZbU�K�LJ&� � "qN2� �6�6�^�W�=b]�?-j�E�c� �Y�=bU�=�ZJM�S� �ib]Pl�^Pa� ` �Yb ` �6�KbUI ` bR�&�E�6�ZJ ` � ` �KbE� ` bFbE�\���
�XJ&IL�E�Zb

δ
�Q@WJ&ILGp�HPiJ ` GY�=J ` �U�=�@� ` �r�?-jJ&N.�E�c� �6�ZJ ` �=b]G6ILGKNXb ` G6�ZJ ` �HJ& [ dbFG6I=�^�
�

�RQTS�U �WV(�YX U[Z ��� ^ � � �(c�� U � �YX U ��� � U �YX �%���=` � p > '*)t-&3 > )DC 7MC ?@'T?D%=C@#=?@!A-a# 7Ap 'l# !:- � �]/
P = 〈G,Γ,Λ, c0, ↪→〉 Co?E)Q'l#z!:- � �]/ Pδ = 〈G,Γ,Λδ , c0, ↪→δ〉

> s CK9 mo Λδ m}7�p > 7 %Y: > 4KCE) Λ
> '&ua3dCE#2) g 7Ap 'M#XCR#(-a' s CE7 7ZCU?E- < )A!:C δ h Λδ = Λ ∪ {δ}

> s CK9 δ ∈ Λδ
! j  o ↪→δ m.7�p C@#=?HCE3d4E7^CG7MCo?W) <6> #=?@!$)A!:-&#=?Y-T4H)DC@#L' ep% >&< )A! < 7TC ↪→ % >&<]> �H-&'*).7TCW#(-&' s C@7$7ZCo?W) <6> #Q8

?@!$)A!:-&#=?v?E-a'T? �H- < 3dC'7TC|46-&'=9E7ZCo? g )A!]vE'LCE) g C@?U% >&< δ 7 > #=?[7ZCo?y9K-&# k u&' <6> )A!:-&#=? 7MCB4E7�-S9 > uTC
7MC]?H- < )A!:C h"CE)A7TC 7TC > 7*7�- 9�<�jfm

∀c ∈ G× Γ, ∀λ ∈ Λ! ∪ Λτ , c 6
λ
↪→ ⇒ c

δ!
↪→ c.

,m��GK�E 5� ` �6��TILb �5- I ` �ZJKe. !I G6ILG6N.b ` �*I bHG6��I ` �ZJK,TqrI G6ILG6N.b ` �*I  5� �ZG GKbEI=�Zb *
 db ` � N2� � �c� N=NXJ&�6��� I�� �=�ZJl�S� �ibHG �=b�GKJ&�6�6�Zb � GKJ&�^�

M = 〈QM , qM
0 ,ΛM ,→M 〉I ` �ZJK,NqrI $ ��� GKILG6NXb ` GK�ZJ ` N2� ���c� N=N.J&�6� � I�� �=�ZJl�S� �ibHG �=b�GKJ&�6�6�Zb �=b �HbE�^I=� * �E� bHG6�

I ` �ZJK,NqrI
M δ = 〈QM , qM

0 ,ΛM ∪ {δ},→M ∪ →δ〉
�HPibH�

→δ
�=�@� ` �Zb N2� � �

∀λ ∈ ΛM
! ∪ ΛM

? , p ∈ QM , p 6
λ
→M⇒ p

δ!
→δ p

�
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	�� �

@WJ&ILG ` J&�KbE�KJ ` GV�KJ&I\p J&I=�KG / ;L< > 9cCo? (P) =
;=<6> 9cCo? (Pδ)

�?-jb ` GKbE R�=�Zbq�=bHGW�6�c�&�HbHG]�=bF�?- �ZJKe. !I
�=�E�KbE�6 [� ` �ZG6�KbFG6ILG6N.b ` �*I �
a � �+bdcGe$� Z � � � > ?o'M?t%LC@#=?o!:-&# 7TCR7 > ?D% g 9E! k 9 > )A!A-&#47TCR#(-a) < C[C �TC@3Y%(7ZCdCo?E) < CD% <�g ?HCE#2) g C5CE# k 8
u&' < C �Tx��#x���CE):)DCB-o% g@<6> )A!:-&#�9K-&#=?@!�?E)DCOe > �E-&'*)DC < 7MCo?y) <6> #=?o!A)A!:-&#=?b7 > #=?d7ZCo?y9K-&# k u&' < > )A!:-&#=?0C@#
4@7^-S9 > uMCu7TC5?H- < )A!tC xs/(' < 7 >z< CD% <�g ?HC@#() > )A!A-a#x% >&< u < > %Y:*C 7TC �k-a)E7TC|9K-&#() <�� 7ZC  9cC@7 > 9K-&#=?@!�?E)DCfe> �H-&'*)DC < 7TCo?v) <6> #=?@!$)A!:-&#=? > ' � g ) > )$? f2 CE) g0 eF% >a< )A! < 7MCo? vE'LC@7,?F?SC@'l7^Co?b7TCo?dC@#2) <�g Co?q?E-a#2)m%*- ? 8
?o!t4@7ZCo?yx �W):)DC@#()A!A-&#x9cCD%=CE#
7 > #2)"e59oCE):)DC < CD% <tg ?SC@#2) > )A!:-&#imm! 7M%*-&' <@< > !A)	?SC@354@7ZC < # > )A' < CE7H7Ap > �E-a'l)DC <g u > 7^C@35C@#()r7TCo?F) <6> #=?@!$)A!:-&#=? > ' � g ) > )$?qC@#�4@7^-S9 > uMCd9K-&3Y%(7ZCE)\9K-a3v35C f3

> 7^- < ?(vE'=Cq#(-&'M? > s -&#L?
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Quit?
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δ!

� �
	

g0

g1

g2

g3

g4

Msg?

τ �� ����������� �

τ � �
	

Ack!

Stop?

δ!

ZX[ \I^ ��� f"`�IMN.�H�E���2�S� �6�ZJ ` �=�E�KbE�6 [� ` �ZG6�KbFG6ILG6N.b ` �*ILb
Sδ�

465���5�� �OJ � ��� � @CH8JA> E > G J �C@THKE_F ��� > HKJMLONP;
�eJ& [ dbkb��*N=�^��TIL�k� I[�K�2� N=�^�6�KbBJ $ ���W�HJ& [N=�Z�E�6�ZJ ` b ` GKJ&�6�6�ZbeN.bE�6 dbE�	�=bs dbE�6�6�Kbkb ` �EPl�Z�=b ` �Hb

G6I=�W���5GKNX�H�E���2�S� �6�ZJ ` �ZbHGVGKJ&�6�6�ZbHG ` J ` � I=�KJ&�6�ZGc�HbHGVN2� �V�HbE�^�Zb * �E��� �eJ ` �6�c� �^�KbE db ` �F� I�� �ZJK,TqrI $ ���
�HJ& [N=�Z�E�6�ZJ ` b ` GKJ&�6�6�Zb ` b[Gcb &t� �^�]N2�&G "yN2� �6�6�^�R�=bq�KJ&I=�Kb[�HJ ` �L�aI=�c� �6�ZJ `  5� �ZG]I ` ��TILbE db ` � "
N2� �6�6�^�p�=b]�HbE�^�ZbHGW�6oT� ` �pNXJ&I=�pGcJ& [ dbE�\�=b]N=�^�ZbVI ` NXJ&� ` �p�=bU�HJ ` �6�	h&�ZbUG6�c� �=�Zb��Q,m�[�c� �ZGKJ ` bHG6�k���
 baE db �MILb]N.J&I=�\���[G6ILGKNXb ` G6�ZJ ` �2G6� ` J&ILG\PiJ&I=�ZJ ` Gp�T� �K�=bE�pI ` �ZJKew GI{�=�E�KbE�6 [� ` �ZG6�Kb $(` J&ILG ` b
N.J&I=PiJ ` GF�HJ& [N=�Z�E�KbE�vb ` GKJ&�6�6�Zb[I ` by�HJ ` �L�aI=�c� �6�ZJ ` "|N2� �6�6�^�F�=b5���\�TILbE�^�Zb5I ` b5�&�E�6�ZJ ` � ` �KbE� ` b
bHG6�k�6�^�c� �=�Zb��
�RQTS�U � V(�YX U Z ���1^
	 X bdcGe Q V(�YX U � U � X � V(� � ��� � U �YX �%���a` /.-&!$)d'M#�!A- � �V/ 7 g )DC < 3q!$#L!�?E)DC
?o'M?t%LC@#
7&' Pδ = 〈G,Γ,Λδ , c0, ↪→δ〉

 7ZCx9K-&3Y%(7 g ) g C@#�?E- < )A!tC 7TC Pδ Co?E)R7�p !A- � �V/ Σ!(P) =
〈G ∪ { ������ },Γ,Λδ , c0, ↪→Σ!(Pδ)〉

> s C69um
↪→Σ!(Pδ) = ↪→δ ∪ {〈g, γ〉

λ
↪→Σ!(Pδ) 〈 ������� , γ〉 | λ ∈ Λδ

! , 〈g, γ〉 6
λ
↪→δ ∧ ∀τ ∈ Λδ

τ , 〈g, γ〉 6
τ
↪→δ}.

�eJ& [ dbRNXJ&I=�k�ZbHGk�ZJK,TqrI $ �ZbR�HJ& [N=�Z�E�K�Ub ` GKJ&�6�6�Zb]Gc� �6�ZG�&:� �^�k�Zb]�ZbE [ dbRG6I=�^P&� ` � �



� ��� ��� 	�������� ��� ����� � ��� � �.��� 	��������Q�r���\� �����2���
	.� � ¢ J��
� ��b bw� Z �]\

;L<6> 9cCo? (Σ!(Pδ), {Fail}) = / ;L<6> 9cCo? (P).Λδ
! \ / ;L<6> 9cCo? (P).

a � ��bdcGe$� Z ��� � > 9K-&3Y%(7 g )A!:-&#�C@#�?E- < )A!tC 7MCF7 > ?t% g 9E! k 9 > )A!:-&# Co?E) < CD% <�g ?SC@#2) g CyC@# k u&' < C � x�� x
��CE):)DCx-o% gE< > )A!:-&# 9c-&#=?o! ?@)DC e > �E-&'*)DC <  e % >a< )A! < 7TC@? � �}/  7MCo?z) <6> #=?o!A)A!:-&#=?_7TC ?H- < )A!tCo? #X-&#> '*)t- < ! ? g Co?yx �k>&< C �MC@3Y%(7^C  7TCD%X'M! ?d7^C � �}/ f0

 ?HC@'l7ZCo?57ZCo?[?E- < )A!tCo?�� ,���* ���dCE)	��
��v?H-&#2) > 'N8
)t- < !�? g Co?\% >&< 7 > ?t% g 9E! k 9 > )A!:-&##x��mCo? > 'l) < Co?F?E- < )A!:C@?k%*- ?o?o!t4@7^C@?Oh�������FCE) δ! jB3 d@#XC@#2)27i-a#(9 eB7 >
#(-&#Q8 9K-&#��H- < 3q!$) g  ?@!�ua# > 7 g C\% >&< ������ x
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ZX[ \I^ ���O�$`�IMN.�H�E���2�S� �6�ZJ ` �=�E�KbE�6 [� ` �ZG6�KbFG6ILG6N.b ` �*ILb]�HJ& [N=�Z�E�K�HbRb ` GcJ&�6�6�Zb
Σ!(Sδ)�

465��65�� L �TJ�F�� Hw@ B��AE�� � > J��! E"� @TH$#�F?EP@CE G @
,rbON=�KJl�*I=�^�	G�o ` �c�=�KJ ` bkbHG6�I ` bOJ&NX�E�c� �6�ZJ `q` �H�HbHGKGc� �^�Kbk�L� ` G ` J&�6�Kbe d�E�6�LJl�=bk�=be�i� ` �E�c� �6�ZJ `

�=bW�KbHG6�O�ZJ&�KGe�=bW���vGK�E�ZbH�E�6�ZJ ` N2� �kJ&�+p bH�E�6�s&�=bp�KbHGK�]�$PiJ&�^�O�ZbV�K�2� N=�^�6�Kb!J "R���vGKbH�E�6�ZJ ` J�� Ji¡���� � bHG6�
�E�T� �ZbE db ` � ` �H�HbHGKGo� �^�KbRN.J&I=�Y�=�@� ` �^�W�?-jb��*�H�EI=�6�ZJ ` �*Ix�S�&GY�=bR�KbHG6�VG6I=�p�?- �^ [N=�Z�E db ` �c� �6�ZJ ` �$PiJ&�^�
�ZbU�K�2� N=�^�6�Kb ¢ "q���qGKJ&ILG * GcbH�E�6�ZJ ` ¢ � � � Ji¡��
% X � Q e � � � V(�YX U � � e�� X"&�' � � V(�)( � � V �M� V � IM� ` J&ILGF�K�LJ&�ZG6�ZGKGK�ZJ ` GR�=bq�KbEN=�K�HGKb ` �KbE�RI ` J&�+p6bH� *
�6�s&e�=bv�KbHG6�VN2� �]I ` �ZJKe. !I $ � �ZJ&�KGV�ZbvN=�KJM�*I=�^�Ub ` �6�Kb[�HbE�VJ&�+p6bH�E�6�s&ebE�V�Zbq�KbHG6�KbEI=�]�S� ` J ` ��MILb ` b
�=J `=` bE�c� �^�pN2�&GOI ` �ZJKe. !IBN=I=�ZG��TILbV�ZbEI=�KGk��� ` �T� �ibHG ` b]GKJ ` �kN2�&Gp�E�ZJaGkN2� �k� ` �KbE�KGKbH�E�6�ZJ ` � � ` �6I=� *
�6�^PibE db ` � $ �^�rGKbE�c� �^� ` �H�HbHGKGo� �^�Kb!�TILbV�ZbVN=�KJl�*I=�^�\�K�HG6I=�^�c� ` �W� �^�p�=bEI��|N=�^�ZbHG
�Q@WJ&ILG\GKJ&�6�KJ ` GY� �ZJ&�KG
�=b]���[�E���&GKGcbU�=bHG\��� ` �T� �ibHGW� �^�i�E�=�6��TILbHG
�
,.-jJ&�+p6bH�E�6�s&Q�=b]�KbHG6� ` b]N.bEI=�p�=J ` �]N2�&GBaE�6�Kb] dJl�=�E�^�ZGK�
N2� �\I ` �ZJKe. !I_�

IM� ` J&ILGe�c�LJ&�ZG6�ZGKG6�ZJ ` GO�=bY�KbEN=�K�HGKb ` �KbE�kI ` J&�+p6bH�E�6�s&}�=bp�KbHGK�QN2� �OI ` �ZJK,TqrI $ � �ZJ&�KGe�ZbpN=�KJl�*I=�^�
b ` �6�Kb��HbE�zJ&�+p6bH�E�6�s&[bE� �Zb��KbHG6�KbEI=� �S� ` J ` ��MILb��=J `=` bE�c� �^�zI ` �ZJKe. !I N=I=�ZG��MILb��ZbHG ��� ` �T� �ibHG
� �^�i�E�=�6��TILbHG[GcJ ` �q�E�ZJaGFN2� �v� ` �KbE�KGcbH�E�6�ZJ ` �c� �6�ZJ `=` bE�^�Zb��j Vb5N=�^ILG $ �?- � ` �KbE�KGKbH�E�6�ZJ ` �5- I ` ��� ` �T� �ib
� �^�i�E�=�6��TILbp�=�E�KbE�6 [� ` �ZG6�KbY�SPibH�kI ` ��� ` �T� �ibk�K�E�aI=�^�ZbE�QbHG6�	I ` ��� ` �T� �ibY� �^�i�E�=�6��TILb\�=�E�KbE�6 [� ` �ZGK�Kb��



¢ J � � �N�������� 	�������� � ������� ��� 	�������� �	� ����� ���H�\� ��	����������;�T��� �%	�� �����G��� ���
	�� �

@WJ&ILGO� �^�ZJ ` Gk�=J ` �V dJl�=�E�^�ZGKbE�O�?-jJ&�+p6bH�E�6�s& �=bW�KbHG6�ON2� �OI ` �ZJK,TqrI_��,.-jJ&�+p6bH�E�6�s&�=bY�KbHG6�\� I=�c� �^�\�E�K�
N=�^ILGpb��*N=�KbHGKG6�s&GKJ&ILGA&:J&�6 dbU�5- �ZJKe. !I $L` �S� `  dJ&� ` G $ �Zb]�KbHG6�\�=bR�HJ ` &AJ&�6 [�^�K�UGcb]�2�&Gc� ` �YG6I=�k�?-jb `+*
GKbE F�=�Zbk�=bHG}�6�c�&�HbHG $ �Zbt&t� �^�	�=bs dJl�=�E�^�ZGKbE��?-jJ&�+p6bH�E�6�s&X�=be�KbHG6�N2� �I ` �ZJK,TqrIvGKbE F�=�ZbO�c� �ZGKJ `=` � �=�Zb��

�RQTS�U � V(�YX U Z � Z ^ � � X � � �WV ��� U ���}� X U � � � V(�YX UaU �+e���� � U �YX �����a` /X-a!:C@#()m'l#|!A- � �V/ 7 g 8
)DC < 3q! #L! ?@)DC|?o'M?t%=CE#
7&' Pδ = 〈GP ,Γ,Λδ , cP0 , ↪→P〉 CE) M = 〈Q, q0,Λ? ∪ Λδ

! ,→〉 'M#�!:-
� ; /
7 g )DC < 3q!$#L!�?E)DC x��mCk% < -�7&'l!A) Pδ ×M ?HC < > 7�p !:- � �]/ PS = 〈GPS,Γ,Λδ , cPS

0 , ↪→PS〉
> s&C69umo GPS = GP ×Q

 
o cPS

0 = 〈(g0, q0), γ0〉
> s CK9 cP0 = 〈g0, γ0〉

 
o ↪→PS Co?E)�7ZCO%X7,'M?O%=CE)A!A)OCE#=?HC@354@7ZC 7TCF) < > #=?o!A)A!A-a#=?Y? > )A! ? � > !�? > #2)	7ZCo? < d:u&7ZCo? m

(1)
〈g, γ〉

λ
↪→P 〈g′, γ′〉 ∧ q

λ
→ q′

〈(g, q), γ〉
λ
↪→PS 〈(g′, q′), γ′〉

,

(2)
〈g, γ〉

τ
↪→P 〈g′, γ′〉 ∧ q ∈ Q ∧ τ ∈ Λτ

〈(g, q), γ〉
τ
↪→PS 〈(g′, q), γ′〉

.

,rb N=�6� ` �E�^NXbz�*I�N=�KJl�*I=�^�yG�o ` �K�=�KJ ` bzb ` �6�KbzI ` �ZJKe. !I bE�yI ` �ZJK,TqrI bHG6�5�Zb{ baE db �MILb
N.J&I=�k�ZbVN=�KJM�*I=�^�\G�o ` �K�=�KJ ` bRb ` �6�Kb]�ZJK,TqrI0J&I0�ZJOITqrI �l�^�5o0�qG�o ` �K�=�KJ ` �ZGc� �6�ZJ ` GKI=�k�ZbHG\�&�E�6�ZJ ` G
Pl�ZG6�^�=�ZbHG]�c� ` �*�ZG �MILb[�ZbHGR�&�E�6�ZJ ` GR� ` �KbE� ` bHGF�KbHG6�Kb ` �R� ` �=�ENXb ` �L� ` �KbHG
�G�ebdN=�KJM�*I=�^�RGcbE�c�B�^�^�^ILG6�6�K�
�L� ` Gk�?-jb��=bE [N=�Zb ���O�q�E� * �=bHGKGcJ&ILG
�

,rb�N=�KJl�*I=�^�
PS

�E�c� ` �|I ` �ZJKe. !I $ Gc��GK�E 5� ` �6��MILbxbHG6�BI ` �ZJK,TqrI
JPSK = JPK × M�$N=�KJl�*I=�^�p�=bU�=bEI��|�ZJK,NqrI=¡��
@YJ&ILG\J&�=�Kb ` J ` GY�=J ` �]���qN=�KJ&N.JaG6�^�6�ZJ ` G6I=�^Pa� ` �Kb �

� � X c X � �WV(�YX U Z �Y\ JP ×MK = JPK ×M x
� � � �m� ��� IlJ&�Zb ` � Pδ = 〈GP ,Γ,Λδ , cP0 , ↪→P〉

�?- �ZJKew GIFG6ILGKNXb ` �*Iq�=b
P

bE�
M = 〈Q � , q �0 ,Λ?∪

Λδ
! ,→ � 〉

I ` �ZJK,TqrIB�=�E�KbE�6 [� ` �ZG6�Kb��+@YJ&ILG ` J&�KbE�KJ ` G
PS = 〈GPS ,Γ,Λδ , cPS

0 , ↪→PS〉
�Zb\N=�KJl�*I=�^�

G�o ` �K�=�KJ ` b��=b
Pδ bE�

M
�KbE�!�TILbx�=�@� ` �!" ��� �=�@� ` �^�6�ZJ ` ��� ���2,m� GK�E 5� ` �6��MILb��=bx�Hb�N=�KJ *

�*I=�^�
JPSK

bHG6�B� �ZJ&�KGB�=�@� ` �Zbz�HJ& [ db�G6I=�^���$PiJ&�^�y�=�@� ` �^�6�ZJ ` ��� Ji¡ �
JPSK = JPδ × MK =

〈QPS , qPS

0 ,Λδ,→PS〉
�KbE�)�MILb

`
QPS = GPS = GP ×Q �


`
qPS

0 = cPS

0 = 〈(g0, q �0 ), γ0〉


`
→PS

bHG6�p���v�KbE��� �6�ZJ ` �=bV�6�c� ` G6�^�6�ZJ ` �=�@� ` �ZbRN2� �k���q��3E�a�Zb �
〈(g, q � ), γ〉

λ
↪→ 〈(g′, q′

�
), γ′〉 ∧ ω ∈ Γ∗ =⇒ 〈(g, q � ), ω · γ〉

λ
→ 〈(g′, q′

�
), ω · γ′〉,

�SPibH�
q � = q′

�
G6�
λ ∈ Λτ

�$N2� �O���R�=�@� ` �^�6�ZJ ` �*IBN=�KJM�*I=�^�OG�o ` �K�=�KJ ` b ��� �i¡�� �ebE���RGKI=N=NXJaGKb $ N2� �
���q�=�@� ` �^�6�ZJ ` ��� � $ �MILb �
`�GK�

λ ∈ Λ? ∪ Λδ
!

$ � �ZJ&�KG
〈g, γ〉

λ
↪→P 〈g′, γ′〉

bE�
q �

λ
→ � q

′

�


`�GK�
λ ∈ Λτ

$ � �ZJ&�KG
〈g, γ〉

λ
↪→P 〈g′, γ′〉

bE�
q � ∈ Q �

�



� ��� ��� 	�������� ��� ����� � ��� � �.��� 	��������Q�r���\� �����2���
	.� � ¢ JVm
IlJ&�^�

JPδK = 〈QP , qP0 ,Λ
δ,→P〉

����Gc�E 5� ` �6��MILb��=b
Pδ �A,rb�N=�KJl�*I=�^�{�=bx�HbE�6�Kb�GK�E 5� `+*

�6��TILb0�SPibH�y�?- �ZJK,TqrI
M

bHG6�[� �ZJ&�KGq�=�@� ` �k�HJ& [ dbBGKI=�^�0�$PiJ&�^�[�=�@� ` �^�6�ZJ ` ¢ � �i¡��
JPδK ×M =

〈Q×, q×0 ,Λ
δ,→×〉

�KbE�)�MILb
`
Q× = QP ×Q � = GP ×Q �


`
q×0 = (qP0 , q �0 ) = 〈(g0, q �0 ), γ0〉

�HPibH�
qP0 = 〈g0, γ0〉


`

→×
bHG6�k���[N=�^ILGkNXbE�6�^�KbU�KbE��� �6�ZJ ` �L� ` G

QP × Λδ ×Q �
Gc� �6�ZGk&t� �ZGc� ` �

〈(g, q � ), ω·γ〉
λ
→×

{

〈(g′, q′
�
), ω · γ′〉 si λ ∈ Λ? ∪ Λδ

! ∧ 〈g, ω · γ〉
λ
→P 〈g′, ω · γ′〉 ∧ q �

λ
→ � q

′

�
〈(g′, q � ), ω · γ′〉 si λ ∈ Λτ ∧ 〈g, ω · γ〉

λ
→P 〈g′, ω · γ′〉�SPibH�

ω ∈ Γ∗ �
@YJ&ILG\NXJ&I=PiJ ` GY�=J ` �Ub ` �HJ ` �E�^I=�Kb �MILb

JPSK = JP ×MK = JPK ×M
�

a � ��bdcGe$� Z ��� � p -T4 �SC69H)A! ��7MCd)DCo?E)/vE'LC[#X-&'T?(s -&'l7^-&#=?q? > )A! ? � > ! < Cq?o' < 9cCE)WC��TC@3Y%(7ZCBC@?@) < CD% <�g 8
?HC@#() g e57 >/k u&' < C �Tx��  ed7 > 7 < -&!$)DC 7TCU7 > ?D% g 9E! k 9 > )A!A-&#�?@'T?D%=C@#
7&'LC x � -&'M? < > %i%=C@7^-&#=?�vE'LCq9cCE):)DC
?t% g 9E! k 9 > )A!:-&# < CK9K-&#L# >�� )s7^C@?R) < > 9oCo? Invit · δ∗ ·Msgn · δ∗ · Stop ·Ackn · δ∗ ·Quit+ Pb

> s CK9
n ≥ 0 x ��p C@#L?HC@354@7ZCG7TCo?V) < > 9cCo? < C69c-&#L#L'LCo?e% >&< 7tp -T4 �SC69H)A! �UCo?@) Invit ·Msg∗ ·Stop ·Ack ·Quit x

� 7.#(-&'M?]Co?E).7&! ��9E! 7ZC!7MC < C % <tg ?HC@#2)DC < 7^Ce% < -�7&'l!$)sCE#2) < CU7 > ?t% g 9E! k 9 > )A!:-&#�CH)	7tp -T4 �SC69H)A! �G7TC])DCo?E)
% >&< 'M#Bu < > %Y:*C!7MC��O-i).7TC]9K-&#() <�� 7ZC x � -a'T?W# p > 7 7^-&#=? < CD% <�g ?SC@#2)DC < ev7 >"k u&' < C �Tx���vE'LCU9cC < ) > !$#XCo?< dtu&7^C@?B7TCk) <6> #=?@!$)A!:-&##7TCp9cC % < -�7a'M!A)}9 >a< 7�p C@#=?HCE3d4E7^Cr7TCo?k) < > #L?o!A)A!A-&#L?kCo?E) ) < -o%du <6> #
7e%=-&' < )t-a'l)DCo?
7^C@? < CD% <tg ?SC@#2)DC < x � -&'M? > s -&#=?'7 g 9E! 7 g 7TC5#XC < CD% <tg ?SC@#2)DC < vE'LC57^Co?5) <6> #=?@!$)A!:-&#=? < C69K-&#2# > ! ?c? > #2)
7tp C@#=?SC@354@7ZC!7TCV) <6> 9cC@?G7TC]7 > ?D% g 9E! k 9 > )A!A-&#z? > )A!�? � > ! ? > #2)m7�p -T4 �SC69H)A! �E7TC])DCo?@) m Invit ·Msg ·Stop ·
Ack ·Quit x


���������

m0

m1

τ � ���

� ���

f0

f1

f2

f3

Invit!

τ � ���

Quit?

Pb!

δ!

� ���

g0

g1

g2

g3

g4

Msg?

τ � "'�	��
���!���"

τ � ���

Ack!

Stop?

δ!

A

B

S C

D

��������	�

Invit!

Stop?

Ack!

Quit?

Msg?
]

]

]

]

]

�:�i¡CIMN.�H�E���2�S� �6�ZJ ` �K�H�EI=�KG6�^PibFG6ILG6N.b ` �*ILb
Sδ $ �$�(¡ _ �+p6bH�E�6�s&	�=bV�KbHGK�

ω

ZX[]\X^ ��� �$` )W�c� N=�LbHGY�=b v J&�p�=b]�HJ ` �6�	h&�ZbF�=b]���qG6N.�H�E���2�S� �6�ZJ ` bE�\�=b]�?-jJ&�+p6bH�E�6�s&�=bU�KbHG6�
�

,m�{ d�E�6�LJM�=by�=�H�E�6�^�Kb5�L� ` Gv�Hbd�K�2� N=�^�6�KbBG6I=�U�ZbHGR�ZJKe. !IxN.bEI=�R�E�T� �ZbE db ` � aE�6�Kbd�2�&GK�Hb5G6I=�
�=bHG\�6�c� ` Gk&:J&�6 5� �6�ZJ ` Gp�=bVN=�KJ&�a�c�  [ db $ �HJ& [ dbU�=�EPibE�ZJ&N=N.�U�L� ` G\�Zb]�c�2� N=�^�6�Kb m��



¢ J j � �N�������� 	�������� � ������� ��� 	�������� �	� ����� ���H�\� ��	����������;�T��� �%	�� �����G��� ���
	�� �

〈(p, ff,A),m0〉
τ
↪→PS 〈(p, ff,A),m1.f0〉

〈(p, ff,A),m1.f0〉 �
����� ���
↪→ PS 〈(p, ff,B),m1.f1〉

〈(p, ff,B),m1.f1〉
τ
↪→PS 〈(p, ff,B),m1.f2.g0〉

〈(p, ff,B),m1.f2.g0〉 �
	�
�
↪→ PS 〈(p, ff,B),m1.f2.g1〉

〈(p, ff,B),m1.f2.g1〉
τ
↪→PS 〈(p, tt, B),m1.f2.g2〉

〈(p, tt, B),m1.f2.g2〉
τ
↪→PS 〈(p, tt, B),m1.f2.g3.g0〉

〈(p, tt, B),m1.f2.g3.g0〉
� ����� �
↪→ PS 〈(p, tt, C),m1.f2.g3.g4〉

〈(p, tt, C),m1.f2.g3.g4〉
τ
↪→PS 〈(p, tt, C),m1.f2.g3〉

〈(p, tt, C),m1.f2.g3〉
����� �
↪→ PS 〈(p, tt,D),m1.f2.g4〉

〈(p, tt,D),m1.f2.g4〉
τ
↪→PS 〈(p, tt,D),m1.f2〉

〈(p, tt,D),m1.f2〉
��� � � �
↪→ PS 〈(p, tt,

A4C�C�DFE�G
),m1.f3〉

ZX[ \X^ ��� m�`'qm�c� ` G6�^�6�ZJ ` GW�*I0N=�KJM�*I=�^�
Sδ × ω

�
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@WJ&ILGB� �^�ZJ ` G|� N=N=�^��TILbE�|�L� ` G|�Hb �c�2� N=�^�6�Kb ���� baE db{ d�E�6�LJl�=b_�MILb �HbE�^�ZbzI=�6�^�^�ZGK�Hbz�L� ` G
�Zb5�c�2� N=�^�6�KbyN=�K�H�H�H�=b ` �q 5� �ZGF�5- I ` NXJ&� ` �v�=b5PMILb5�6�c� ` Gk&AJ&�6 5� �6�ZJ ` Gv�=byN=�KJ&�a�c�  [ dbHGq� � ` �=b
G6�^ [N=�^���2bE�k���v [�ZGKbVb ` JMbEI=Pl�KbV�=bW���R�i� ` �E�c� �6�ZJ ` � I=�KJ& 5� �6��TILbU�=bW�KbHG6�KGC"FN2� �6�6�^�\�=bVG6N.�H�E���2�S� *
�6�ZJ ` GW� ` �KbE�6N=�KJl�H�H�*I=�c� �ZbHG
�5@YJ&ILG]� �^�ZJ ` G]� N=N=�^��MILbE�W�*�^�KbH�E�KbE db ` �]�ZbHGY�6�c� ` G�&AJ&�6 5� �6�ZJ ` GWI=�6�^�ZbHGG"
���[�i� ` �E�c� �6�ZJ ` �=bU�KbHGK�KGpG6I=�YI ` N=�KJ&�a�c�  [ dbF�^ [NX�E�c� �6�s& $ �Hb �TI=�}P&� ` J&ILGYN.bE�6 dbE�6�6�KbF�=bR�KbHG6�KbE�
�L� ` G I ` �c� �ZGKJ `=` bE db ` �	�=bQN=�KJ&�a�c�  [ dbEI=�
�K@WJ&ILGmN.J&I=�6�6�ZJ ` G�E�T� �ZbE db ` ���HJl�=bE� �*�^�KbH�E�KbE db ` �	�ZbHG
�ZJKe. !I $  5� �ZGk�^�}GKbE�c� �^�p� �ZJ&�KG ` �H�HbHGKGo� �^�Kb $ NXJ&I=�kI ` J&I=�6�^�m�=b]�KbHG6� $ �5-jb�x bH�E�6ILbE�Y�=bHGk�6�c�&�*IL�E�6�ZJ ` G
�5- �ZJKe. !I "yN=�KJ&�a�c�  [ dbdbE�V� ` PibE�KGKbE db ` �
�W�"�E� $ �KJ&I=�UbHG6�]�*�^�KbH�E�KbE db ` �G&t� �^�]G6I=�V�ZbqN=�KJ&�a�c�  [ db
�^I=� *  baE db��

� ` NXbE�6�^�F��� ` �T� �ib5�=b[N=�KJ&�a�c�  [ 5� �6�ZJ ` �^ [N.�E�c� �6�s&pGKbE�c�|N=�K�HGKb ` �K�5b ` GKbH�E�6�ZJ ` m�� ¢ N=I=�ZGR���
�i� ` �E�c� �6�ZJ ` �=b]�KbHGK�KGk�2�&GK�Hb]G6I=�p�HbV��� ` �T� �ibRGKbE�c�[b��*N=�^��TIL�Hb "v���qGcbH�E�6�ZJ ` m�� J��

� ��� ������������� �"!#���%$'&(�*) 
�$'���%$��/�	�%,3��, & )#�	�%)#��
�
	�*!r���%$
,m� G�o ` �c�3�=b bE�B����Gc�E 5� ` �6��MILb��*I���� ` �T� �ib �TILb ` J&ILG0�HPiJ ` G|�=��p�"�PlI "��?-jb��*bE [N=�Zb��=b

�?- � ` �6�KJl�*IL�E�6�ZJ ` �=bQ�HbE�6�Kb	N2� �6�6�Zb�bHG6� � ` G6N=�^�K�Q�=b.cA=.c _ e�f/c �   h $ I ` ��� ` �T� �ibs�5-jb ` �6�K�Hbs�=b�?-jJ&I=�6�^�
� _ ew=. "� � _ e.=w bHGK�YI ` 3d-�7TC@798"9;:*C69�<&C <]NXJ&I=�V�ZJ&�a��MILbHGV�KbE [NXJ&�KbE�^�ZbHG]G6I=�]�=bHGVG�o*G6��3E dbHGG"
N=�^�Zbdf/=tI  *¢ h�
 58795:7 L(E @THK@ �8B9>��MB��ME1F?E�� � J�� �TB � � Br@TH8JA>

cA=.c _ e I=�6�^�^�ZGKb I ` b�G�o ` �c�3�=b��E���&GKGK��TILb��=b ��� ` �T� �ib��^ [NX�E�c� �6�s&.� @YJ&ILG�G6I=N=NXJaGcbE�KJ ` G $
NXJ&I=��N=�^ILG��=b�G6�^ [N=�^�Z�E�^�K� $ �TILb ` J&ILG ` - � I=�KJ ` G �HJ& [ db�GK�6�6IL�E�6I=�KbHG��=b��HJ ` �6�	h&�Zb �TILb��ZbHG
�HJ ` �*�^�6�ZJ `=` bE�^�ZbHG � ! � ¡|�HPibH�wGc� I=��� uT-a)t- ¡��C VbxN=�^ILG $O` J&ILG{GKI=N=NXJaGKbE�KJ ` G �TILbx�ZbHG0N2� �c�  b3E�6�KbHG
�=bHG N=�KJM�H�H�*I=�KbHG�GKbE�KJ ` � �KbE [N=���&�H�HG N2� � �?- I=�6�^�^�ZGc� �6�ZJ ` �=b�Pa� �6��� �=�ZbHG �a�ZJ&�2� �ZbHG��A� ` I= d�E�K�HbHG
J&I��.JMJ&�Z�Hb `=` bHG@¡��C,rbHG �S� �c�&�E�K�E�6�ZGK�6��TILbHGzN=�6� ` �E�^N2� �ZbHGx�=bw�HbE�6�Kb�G�o ` �c�3�=bwGKJ ` � �=J `=` �HbHGl" ���

¢ Jag



¢��  � �N�������� 	��������_� ������� ��� 	��������_�	�	����� ���H�\�B��	����������3�T� �%	�� ��� 	��Q���������'	��������Q�B��� �n��� �V� 	������

�L�aI=�Kb m�� ¢ �
,rbHGRN=�6� ` �E�^N2� �ZbHGRN2� �6�6�Z�EI=��� �6�^�K�HGv�=bd�HbE�6�KbdG�o ` �c�3�*bqN2� �U�c� N=N.J&�6� " cA=.c _ e�GKJ ` �R�ZbHG]� ` G *

�6�6IL�E�6�ZJ ` G\�=bV�HJ& [ RI ` �Z�S� �6�ZJ ` bE�O�?-jJ&NX�E�c� �KbEI=�\�=b]�c�LJ&� � ` J `+* �=�E�KbE�6 [� ` �ZGK�KbUb ` �6�Kb]�HbHGk�HJ& [ FI *
` �Z�S� �6�ZJ ` GV� ` J&ILGQN.J&I=PiJ ` Ge�SPiJ&�^�Q�ZbY�K�LJ&� �5b ` �6�KbW�=bEI��dGKJ&�6�6�ZbHGsN2� �Qb��*bE [N=�Zb ¡��f�ebHG�� ` GK�6�6IL�E�6�ZJ ` G
�5-jb ` �6�K�HbybE�R�=b[GKJ&�6�6�Zb[I=�6�^�^�ZGcb ` �UI ` b[Pa� �6��� �=�Zb[�a�ZJ&�2� �Zb[N2� �6�6�Z�EI=�^�3E�Kb

p
�HJ ` �Kb ` � ` �R�Zb[ dbHGcGc� �ib

�=b5�HbE�6�KbBb ` �6�K�Hb n GcJ&�6�6�Zb��k�ebE�6�KbdPa� �6��� �=�Zb ` byNXJ&I=�6�c� aE�6�Kb5I=�6�^�^�ZGc�Hb'�MILb5�L� ` GF���{�HJ ` �*�^�6�ZJ ` bE�
�Zb]�=�ZJl�R�&GKGKJl�E�Z�HGC"[�HbHGp� ` G6�6�6IL�E�6�ZJ ` G
�Q@WJ&ILGpG6I=N=N.JaGKbE�KJ ` GC�MILb]�ZbHGY�E [�ZGKG6�ZJ ` G\bE�\�K�H�HbEN=�6�ZJ ` G ` b
N.J&I=�6�KJ ` �pN2�&GpG�- �^ R�=�6��MILbE�\�ZbHG\I ` bHG\�ZbHGp� I=�6�KbHG
�

,.-jJ&N.�E�c� �KbEI=�U�=bv�K�LJ&� � ` J `+* �=�E�KbE�6 [� ` �ZGK�KbdbHG6�W�?-jJ&NX�E�c� �KbEI=�
[]
� �D� ` bFN.bEI=�EaE�6�KbFI=�6�^�^�ZGc� �MILb

N.J&I=�R�ZbHGF� ` G6�6�6IL�E�6�ZJ ` Gq�=b5�HJ& [ RI ` �Z�S� �6�ZJ ` �j,mb ` J `+* �=�E�KbE�6 [� ` �ZG6 db|bHG6�FNXbE�6 [�ZGv�L� ` GF�Hby�S�&G
�S� �d�HbE�^I=� * �E�YbHGK�qJ&�LGcbE�6P&� �=�Zb �."x�c�2�\�TILb{�6�c�&�Hb{�=b0�Hb0N=�KJ&�a�c�  [ db{�HJ&�6�KbHG6N.J ` � I ` b0I ` ��MILb
b��=�H�EI=�6�ZJ ` �

Il�6�MILb ` �HbHG
block ::= ε | instr ; block� ` G6�6�6IL�E�6�ZJ ` G
instr ::= atom | callret | com� ` G6�6�6IL�E�6�ZJ ` GY� �KJ& [��MILbHG
atom ::= var = expr | if (expr ) goto label� ` G6�6�6IL�E�6�ZJ ` G\� ` �KbE�6N=�KJM�H�H�*I=�c� �ZbHG
callret ::= proc() | return�eJ& [ FI ` �Z�S� �6�ZJ ` G
com ::= emit(p) when expr {block}

| receive(p) when expr {block}
| com [] com=G�*N=�KbHGKG6�ZJ ` G

expr

ZX[]\X^ m�� ¢ ` INo ` �c�3�=bU�*I0��� ` �T� �ib��

a � �+bdcGe$���X�Y\ � p C �TC@3Y%(7ZC�sS' > ' 9�: > %(!$) < CO% <tg 9 g 7TC@#()%e[7 >%k ua' < C � x �BCo?@)�!A9E! < CD% <�g ?HCE#2) g e[7 >k u&' < C � x �y?E-a'T?��H- < 3dC 7TCk% < -Ku <6> 3q35C x
 587M5�� ;6B[G ��� B9>a@CH����?EPE >+@CE�� � E G F � HKJMLONP;

,m�dGK�E 5� ` �6��MILbR�=b]�Hb]��� ` �T� �ibRbHG6�\�=�@� ` �ZbUG6I=�\�ZbHGp�=J& 5� � ` bHGpG6I=�^Pa� ` �KG �

e}J&� ` �Y�=bU�HJ ` �6�	h&�Zb
k ∈ K= ` Pl�^�KJ `=` bE db ` �V�a�ZJ&�2� �
g ∈ GEnv = GVar → Val= ` Pl�^�KJ `=` bE db ` �V�ZJl�S� �
l ∈ LEnv = LVar → Val�eJ ` �L�aI=�c� �6�ZJ `
(g, σ) ∈ C = GEnv × (K × LEnv)+

@WJ&ILGOG6I=N=NXJaGcbE�KJ ` G��MILbY���RPa� �6��� �=�ZbVG6N.�H�E��� �Zb
p
N=�Kb ` �|GKbHGQPa� �ZbEI=�KGk�L� ` Ge�?- � �^N=�2� �XbE�

Λ
�+,m�

GK�E 5� ` �6��TILbFbHG6�p� �ZJ&�KG\�=�@� ` �ZbU�HJ& [ dbRI ` �ZJKe. !I
P = 〈G,Γ,Λ, c0, ↪→〉

�HPibH� �
`
G = GEnv

$ �ZbHGU�E�c� �KGU�=b
P

GKJ ` �R�HJ ` G6�6�^�6IL�HGF�=bHG]P&� �ZbEI=�KGR�=bHG]P&� �6��� �=�ZbHGR�a�ZJ&�2� �ZbHGR�*I
N=�KJ&�a�c�  [ db $

`
Γ = K × LEnv

$ �?- � �^N=�2� �.bE�R�=bqN=�^�Zb[�=b
P

bHG6�U�HJ ` G6�6�^�6IL�[�=bHG]N.J&� ` �KGU�=bq�HJ ` �6�	h&�Zb5�*I
N=�KJ&�a�c�  [ dbFbE�\�=bHG\Pa� �ZbEI=�KG\�=bHGkPa� �6��� �=�ZbHG\�ZJl�S� �ZbHGp�&GKGKJl�E�Z�HbHGr"q�c�2�&�EI ` �=b]�HbHG\N.J&� ` �KG $
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�
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�
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	�DC�CE�A<�<:���	H*.��

�'F�,7�A<�<B�	��
	�8.:H�
���
�H�J1�
���

H*460#������A<=���L�����
H>10@H5,�.��
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�

ZX[]\X^nm�� J$`�IMNX�H�E���2�S� �6�ZJ ` �HJ&�6�KbHG6N.J ` �L� ` �0"[���F�L�aI=�Kb ��� ¢ �



¢�� J � �N�������� 	��������_� ������� ��� 	��������_�	�	����� ���H�\�B��	����������3�T� �%	�� ��� 	��Q���������'	��������Q�B��� �n��� �V� 	������

`
c0 = (g0, (k0, l0))

J��
g0 ∈ G

bE�
(k0, l0) ∈ Γ

$
`
↪→

���v�KbE��� �6�ZJ ` �=bV�6�c� ` G6�^�6�ZJ ` �=�@� ` �ZbUN2� �\�ZbHGk��3E�a�ZbHGp�5- � ` &:�E�Kb ` �Hb!�MI=�rG6I=�^Pib ` �
�
@WJ&ILGkI=�6�^�^�ZGKbE�KJ ` Gp�ZbHGk�6�c� ` G6�^�6�ZJ ` Gp�*I0�a�c� N=�LbR�=b v J&�p�=b]�HJ ` �6�	h&�Zbv�&GKGKJl�E�Z�U� I0N=�KJ&�a�c�  [ db

N.J&I=�R�KbEN=�K�HGKb ` �KbE�F�ZbHGF� ` G6�6�6IL�E�6�ZJ ` G "{�K�2�\�MILbyNXJ&� ` �F�=b5�HJ ` �6�	h&�Zb��H@WJ&ILG ` bdN=�K�H�E�ZGKbE�KJ ` GFN2�&G
�Z�E�e�ZbHGR��3E�a�ZbHGq�5- � ` &:�E�Kb ` �HbyG6�c� ` �L� �K� �$N.J&I=�v�HbE��� $ PiJ&�^�Bf/=�I  *¢ h$¡ $m` J&ILG ` J&ILG &AJl�S� �^�ZGKbE�KJ ` GvG6I=�
���dGc�E 5� ` �6��MILbv�=bHGY� ` G6�6�6IL�E�6�ZJ ` GV�5-j�E [�ZGKG6�ZJ ` bE�Y�=bR�K�H�HbEN=�6�ZJ ` � � ` G6�H�MILbRG6I=�Y�ZbHGp� ` GK�6�6IL�E�6�ZJ ` G
� �KJ& [��MILbHG $ �5- � N=N.bE�mbE�\�=b]�KbE�KJ&I=�p�=bE&:J ` �E�6�ZJ ` �

`�� ` bV� ` G6�6�6IL�E�6�ZJ ` � �KJ& [��TILb]�i� ` 3E�KbUI ` b]��3E�a�ZbU�=bV��� &:J&�6 db �

k
atom
−−−→ k′

〈g, (k, l)〉
τ
↪→ 〈g′, (k′, l′)〉

�SPibH�xI ` b��HJ ` �*�^�6�ZJ ` G6I=�
(g, l)

�L� ` G|�Zbx�S�&G0�5- I ` bx� ` G6�6�6IL�E�6�ZJ ` �HJ ` �*�^�6�ZJ `=` bE�^�Zb��HPibH�
Go� I=�
�

g′
bE�
l′
GKJ ` �e�ZbHGQPa� �ZbEI=�KGs�KbHG6NXbH�E�6�^PibHGe�=bHGsP&� �6��� �=�ZbHGs�a�ZJ&�2� �ZbHGObE�Q�ZJl�S� �ZbHGe� N=��3HGeI ` b

��x bH�E�c� �6�ZJ ` �
` ,w- � N=NXbE� �5- I ` bUN=�KJl�H�H�*I=�KbRGc� ` GkN2�&GcGc� �ibR�=b]N2� �c�  b3E�6�Kbvb��*N=�^�Z�E�^�Kb]�i� ` 3E�KbRI ` bU��3E�a�ZbR�=b

��� &:J&�6 db �
k

proc()
−−−→ k′

〈g, (k, l)〉
τ
↪→ 〈g, (k′, l) · (sproc, l′0)〉N.J&I=�k���\�MILbE�^�Zb

sproc
bHG6�k�ZbVN.J&� ` �p�=bR�HJ ` �6�	h&�ZbU� ` �^�6��� �}�=bV��� &AJ ` �E�6�ZJ ` � N=N.bE�Z�Hb��L� `0` J&I *

PibS� I�NXJ&� ` �R�=bd�=�EN2� �6�F�5- I ` b�&AJ ` �E�6�ZJ ` bHG6�U�=J ` �5bE [N=�^�Z�5�SPibH�d�?-jb ` PM�^�KJ `=` bE db ` �v�ZJl�S� �
� ` �^�6��� �.�=bW�HbE�6�Kbr&:J ` �E�6�ZJ `

l′0
�O,mbHGsPa� �6��� �=�ZbHGe�ZJM�S� �ZbHGOGKJ ` �s� ` �=�E�KbE�6 [� ` �HbHGY� IyN.J&� ` �O�5-jb `+*

�6�K�HbR�=bHGA&AJ ` �E�6�ZJ ` GW� N=NXbE�Z�HbHG(�
` ,}�qN=�KJM�H�H�*I=�KbR�=bV�KbE�KJ&I=�p�i� ` 3E�Kb!�MI2� ` �B"qbE�^�ZbUI ` b]��3E�a�Zb

k
proc()
−−−→ k′ eproc

return
−−−−→ ...

〈g, (k′, l′) · (eproc, l)〉
τ
↪→ 〈g, (k′, l′)〉

J��[�?-jb ` PM�^�KJ `=` bE db ` �e�=be���B&:J ` �E�6�ZJ ` bHG6�	�=�EN=�^�Z���V,rbk�HJ ` �6�	h&�Zb\�KbEPl�Zb ` ���=J ` �r"Y���B&:J ` �E�6�ZJ `
� N=N.bE��� ` �Kb��

`�� ` bV� ` G6�6�6IL�E�6�ZJ ` �5-j�E [�ZGKG6�ZJ ` �i� ` 3E�Kb]I ` bU��3E�a�ZbU�=bV��� &:J&�6 db �

k
emit(p) when expr {k′:block}
−−−−−−−−−−−−−−−−−−→ k′′

〈g, (k, l)〉
p
↪→ 〈g′, (k′, l)〉

�s&
JexprK(g′, l) = true

k
emit(p) when expr {k′:block}
−−−−−−−−−−−−−−−−−−→ k′′

〈g, (k, l)〉
τ
↪→ 〈g′, (k′′, l)〉

�s&
JexprK(g′, l) = false

�SPibH�
∀v 6= p : g′(v) = g(v)

�%,m�yP&� �ZbEI=�WN=�K�H�H�H�=b ` �Kb5�=bF���5Pa� �6��� �=�Zb
p
bHG6�]J&I=�=�^�Z�Hbq��3HG

�MI%-jJ ` bHG6� �L� ` G�?-jb ` PM�^�KJ `=` bE db ` �
g′

N=I=�ZG��TILbOGc�pN.J&�6�K�HbsbHG6��^�^ [�^�K�Hb2"p���Y�HJ ` �*�^�6�ZJ ` bE��� I



� ��� ��� 	�������� ��� ����� � �E��� �����������G��� � 	�� �T	
��� ��� �n��� �V� 	����'	�������� ¢��1�
�=�ZJl�R�&GKGKJl�E�Z�HGr"d�?-j�E [�ZGKG6�ZJ ` �
IM�r�?-jb ` PM�^�KJ `=` bE db ` �U�HJ&I=�c� ` �

(g, l)
Gc� �6�ZGk&t� �^�\���[�HJ ` �*�^�6�ZJ `%$

p
bHG6�[�E [�ZG[bE�q�ZbB�HJ ` �6�	h&�Zb|N2�&GKGKb|�=J ` �0� I �=�E�=I=�d�*I �=�ZJl� $ �K-jbHG6� * " * �*�^�Kb{� I NXJ&� ` �[�=b

�HJ ` �6�	h&�Zb
k′

�wIM�k���x�HJ ` �*�^�6�ZJ `�` -jbHG6�[N2�&G5Gc� �6�ZGk&t� �^�Kb $ �Zb0�HJ ` �6�	h&�Zb N2�&GKGKb0�*�^�KbH�E�KbE db ` ��"
k′′

�5@YJ&ILGV�KbE 5� ���MILJ ` G �MILb ` J&ILGR�SPiJ ` GU�Z�E�	I ` �c�LJ&� � ` J `+* �=�E�KbE�6 [� ` �ZG6�KbBJ&�LGKbE�6Pa� �=�Zb �
�?- � ` G6�6�6IL�E�6�ZJ ` NXbE�6 dbE�s�5-j�E dbE�6�6�Kb ` - �^ [N.J&�6�KbC�MILbE�L dbHGKGc� �ib

p
�MI=�2Gc� �6�ZG�&:� �^�	���]�HJ ` �*�^�6�ZJ ` �

` ,m�BGK�E 5� ` �6��TILb[�5- I ` bv� ` G6�6�6IL�E�6�ZJ ` �=bv�K�H�HbEN=�6�ZJ ` bHG6�W�Z�=b ` �6��MILbb"B�HbE�^�Zbq�=bF�?-j�E [�ZGcG6�ZJ ` �
,rbHGe�E [�ZGKG6�ZJ ` GsbE�Q�ZbHGQ�K�H�HbEN=�6�ZJ ` G ` -jJ ` �eb ` b�x.bE���.bHGKJ&� ` �5-/aE�6�KbW�*�ZG6�6� ` �aIL�HG��TI%- � I ` �^PibS� I
�=b]���v�KbE��� �6�ZJ ` �=b]�HJ ` &AJ&�6 [�^�K���

qmJ&I=�KbHGd�ZbHGF� ` GK�6�6IL�E�6�ZJ ` G $ b��*�HbEN=�K�HbHGv�ZbHG[�E [�ZGKGK�ZJ ` GvbE�q�K�H�HbEN=�6�ZJ ` Gq�i� ` 3E�Kb ` �d�=bHGd�&�E�6�ZJ ` G
� ` �KbE� ` bHG0�E�6��MILbE�K�HbHG|N2� �

τ
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k : receive(p) when expr
r
{

block r

}
⇒
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k : receive(p) when expr
r
{

block r

}
[]
emit(p) when p = delta {
if (p = delta) goto k;

}
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GKbH�E�6�ZJ ` ��� J�� J��
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emit(p) when expr
e
{

block e

}
[]

receive(p) when expr r {
block r

}

⇒
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receive(p) when true {
if(not expr

e
){verdict = fail; abort() }

blocke

}
[]
emit(p) when expr r {

blockr

}
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�eJ& [ db�b��*N=�^��TIL�w� I��c�2� N=�^�6�Kb�N=�K�H�H�H�=b ` �l"���� GKJ&ILG * GKbH�E�6�ZJ ` ��� J�� f $ �?-jJ&�+p bH�E�6�s&[�=b��KbHG6�
bHG6�Y dJM�=�E�^�ZGK�FN2� �WI ` �ZJK,TqrI_� @YJ&ILG]� �^�ZJ ` GW�^ [N=�Z�E db ` �KbE�U�HbE�W�ZJK,NqrI

TP
N2� �YI ` bFN=�KJl�H�H�*I=�Kb

�	��
 E�YN=�Kb ` � ` �Rb ` b ` �6�K�Hb[�Zb[�=bE� ` �ZbE�R dbHGKGc� �ib[�H�K�2� ` �i���}� ` J&�+p6bH�E�6�s&O�=bq�KbHGK�UbHG6�]�^�^�^ILG6�6�K�b"
�?-jb��=bE [N=�Zb m�� � �

,rbYN=�KJl�*I=�^�s�HJ ` G6�ZG6�KbYb ` I ` bYN=�KJM�H�H�*I=�KbV� N=N.bE��� ` �eI ` bY� I=�6�KbYN=�KJM�H�H�*I=�KbWb ` �c�2�\�TILbYNXJ&� ` �
�=bx�HJ ` �6�	h&�Zb�G6�c� �=�Zb��2,mbzN=�KJl�*I=�^�0b ` �6�Kbx�Zb��KbHG6�KbEI=�0�S� ` J ` ��MILb�bE�|�HbE�0J&�+p6bH�E�6�s&v�=b��KbHG6�|bHG6�
J&�=�Kb ` IzN2� �\���v�6�c� ` Gk&:J&�6 5� �6�ZJ ` �=bVN=�KJ&�a�c�  [ dbFG6I=�^P&� ` �Kb �
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receive(p) when true {
if(not expr

r
)

{ verdict = fail ; abort() }

block r

}
[]
emit(p) when expr

e
{

block e

}

⇒
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receive(p) when true{
if(not expr

r
)

{ verdict = fail ; abort() }
TP(p);
blockr

}
[]
emit(p) when expr

e
{

TP(p);
blocke

}

,.- � N=N.bE� " ��� 
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G6I=�^�
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,m�vGK�E�ZbH�E�6�ZJ ` �=bY�KbHG6�ebHGK�s�Z�E�X�2�&GK�HbWG6I=�s�ZbHGe baE dbHGeN=�6� ` �E�^N.bHG��MILbYNXJ&I=�e�ZbHGe�ZJK,NqrIx�$PiJ&�^�e�Zb
�K�2� N=�^�6�Kb Jb"v���[GKJ&ILG * GcbH�E�6�ZJ ` J�� J�� � ¡��Y@WJ&ILGkb��lN=�ZJ&�^�KbE�KJ ` GWb ` N2� �6�6�Z�EI=�^�ZbE�p���q�KbE��� �6�ZJ `

% < C � ≤(
;=<6> 9cCo? (P , � � ��� )) =

;=<6> 9cC@? (P , 9K- < C > 9�: ( � � ��� ))
� � ` �=b[�KbH�HJ `=` � �Z�6�Kby�ZbHGU�6�c�&�HbHGB�A�HJ ` &AJ&�6 dbHG@¡G�MI=��NXbEI=Pib ` � aE�6�Kb5�&�H�HbEN=�K�HbHGFN2� �R�?-jJ&�+p6bH�E�6�s&\�=b
�KbHG6�R�L� ` GR�Zb &$I=�6I=�
�G�ebENXb ` �L� ` � $ �?- � ` �S� N2�&�E�^�K�B�=bHGR�S�&GF�=b[�KbHG6� "|�HJ `=` � �Z�6�Kby�?- � ` �K�E�a�c� �^�^�K�B�*I
�HJ ` �Kb ` I �=bq�ZbEI=�UN=�^�Zb ` bqNXbE�6 dbE�UN2�&GR�5- I=�6�^�^�ZGKbE�U���|�KJ&�c� �^�^�K�d�=bq�?- � ` &:J&�6 5� �6�ZJ ` �KbH�EILbE�^�^�^�Zb5N2� �
�?- � ` � ��olGcb0�=bB�HJ * �&�H�HbHGcG6�^�=�^�^�^�K�{�=bEN=I=�ZG � � ��� �h@WJ&ILGd� ` � ��o*GKbE�KJ ` G[�Hb|N=�KJ&�=�3E db0�5-jJ&�LGKbE�6Pa� �6�ZJ `
N2� �6�6�ZbE�^�ZbR�L� ` Gk���dG6I=�^�Kb]�=bU�Hb]�K�2� N=�^�6�Kb��

����� � $��%��� �r,3��,	�=� � �
���=,�� �r��(����� !r�
@WJ&ILGO�c� N=NXbE�ZJ ` GA�MILbW�L� ` GeI ` �ZJKe. !I��Ab ` �?-jJM�H�EI=�6�Kb ` �Hb $ �HbE�^I=�.�i� ` �E�K�VN2� �O���RGc�E 5� ` �6��MILb

�=b ` J&�6�Kbv��� ` �T� �ibd�=bvN=�KJ&�a�c�  [ 5� �6�ZJ ` ¡ $ I ` bq�HJ ` �L�aI=�c� �6�ZJ ` bHG6�WI ` bqN2� �^�Kb
(g, γ) ∈ C

�HJ&  *
NXJaGc�HbF�5- I ` b ` Pl�^�KJ `=` bE db ` �]�a�ZJ&�2� �bE�W�5- I ` bFN=�^�Zbv�5- � N=NXbE�ZG
�n,.-jb ` GKbE F�=�Zbq�=bHGW�HJ ` �L�aI=�c� �6�ZJ ` G
�HJ&�6�KbHG6N.J ` �L� ` ��� I�PibE�K�*�Z�E� �\> ?c? bHG6�{�?-jb ` GKbE F�=�Zb � � ��� = {(g, γ) | g(verdict) =

E � ��� )} �@YJ&ILG ` J&�KbE�KJ ` GdN2� �d���wG6I=�^�Kb0�?-jb ` GKbE F�=�Zb �=bHG5�HJ ` �L�aI=�c� �6�ZJ ` GB�HJ * �&�H�HbHGKG6�^�=�ZbHGy�=bEN=I=�ZG � � ��� �
9K- < C > 9�: = {c ∈ C | ∃c′ ∈

� � ��� : c→∗ c′}
�

@WJ&ILG � �^�ZJ ` G I=�6�^�^�ZGKbE� �HbE�6�c� � ` bHG N=�KJ&N=�6�Z�E�K�HG �=bHG �ZJKe. !I � � ` �=b �S� �Z�EI=�ZbE� �?-jb ` GKbE F�=�Zb
9K- < C > 9�: �k�ebHGqN=�KJ&N=�6�Z�E�K�HG!p"ILG6�6���2b ` �db ` N2� �6�6�Zb|�Zb0�K�LJ&� � �=b0�Hb| dJM��3E�Zb0�HJ& [ db0Gc�E 5� ` �6��MILb
�*I{��� ` �T� �ib]I=�6�^�^�ZGK�RbE�pGc�v�KbHG6�6�6�Z�E�6�ZJ ` "q�=bHGpP&� �6��� �=�ZbHGp�=bU�=J& 5� � ` bV� ` ���

IlJ&�Zb ` ��I ` �ZJKe. !I
P = 〈G,Γ,Λ, c0, ↪→〉

bE�wI ` b ` GcbE R�=�Zb��=b��HJ ` �L�aI=�c� �6�ZJ ` G
X ∈

℘(G × Γ∗) = G → ℘(Γ∗)
� �ebE�{b ` GKbE R�=�Zb

X
bHG6�|�K�E�aI=�^�ZbE� G�- �^�R�&GcGKJM�E�ZbxI ` ��� ` �T� �ibw�K� *

�aI=�^�ZbE�u"w�K�2�\�MILbx�E�c� �y�a�ZJ&�2� ���X� �ro����=bEI����K�HG6I=�^�c� �KGB�^ [N.J&�6�c� ` �KGu"w�HbH�E���A,rbzN=�KbE [�ZbE�0bHG6�
�TI%- � � ` GK� $ �?-jb ` GcbE R�=�Zb �=bHGx�HJ ` �L�aI=�c� �6�ZJ ` Gw�HJ * �&�H�HbHGKG6�^�=�ZbHG �AbE�x�KbHG6N.bH�E�6�^PibE db ` ���&�H�HbHGKGK�^�=�ZbHGo¡
�5- I ` �ZJKe. !I�bHG6�q�K�E�aI=�^�ZbE�dG6�s�?-jb ` GcbE R�=�Zb|� ` � �U�$�KbHG6N.bH�E�6�^PibE db ` �d� ` �^�6��� � ¡v�=bHG[�HJ ` �L�aI=�c� �6�ZJ ` G
bHG6���K�E�aI=�^�ZbE� f��O� I2gKJ&h�E,rb GcbH�HJ ` � bHG6� �TILb �L� ` Gw�Hb �S�&G $ �?-jb ` GcbE R�=�Zb �=bHGw�HJ ` �L�aI=�c� �6�ZJ ` G

¢�� g
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�HJ * �&�H�HbHGKG6�^�=�ZbHG0�$�KbHG6N.bH�E�6�^PibE db ` �d�&�H�HbHGKGK�^�=�ZbHGo¡UbHGK�F�S� �Z�EI=��� �=�Zb0�HPibH�BI ` b5�HJ& [N=�Zb��*�^�K�BNXJ&��o ` J *
 [��� �Zb fj������gVm $ cA=��xgVm h�2,.-jJ&I=�6�^�R� _ e.=. �^ [N=�Z�E db ` �Kb��=bHG � �^�iJ&�6�^�6�= dbHG G�oM F�XJ&�^��MILbHG
b �5�S�&�HbHGeNXJ&I=�e�S� �Z�EI=�ZbE�e�HbHGeb ` GKbE F�=�ZbHG $ �a��&�HbE"]�?- I=�6�^�^�ZGo� �6�ZJ ` �5- I `  dJM��3E�ZbWG�ol R�.J&�^��TILbY�5- � I *
�KJ& 5� �KbE"VN=�^�ZbYJ��5���]�KbE��� �6�ZJ ` �=b\�6�c� ` G6�^�6�ZJ `

↪→
bHG6�s�KbEN=�K�HGKb ` �K�HbYN2� �s�=bHG�cA 0 VGYf/=tI  *¢ h�O,w-jb `+*

GKbE F�=�Zb � � ��� �E�c� ` �O�K�E�aI=�^�ZbE� $*` J&ILGeNXJ&I=PiJ ` GeI=�6�^�^�ZGKbE�k� _ e.=. �G6I=�s�?- �ZJKew GIy�i� ` �E�K�WN2� � ` J&�6�Kb
N=�KJ&�a�c�  [ dbF�K�H�EI=�KG6�s&s� � ` �5-jJ&�=�Kb ` �^�W�?-jb ` GKbE F�=�ZbR�K�E�aI=�^�ZbE�V�=bHGY�HJ ` �L�aI=�c� �6�ZJ ` GV�HJ * �&�H�HbHGKGK�^�=�ZbHG
�
��J&�Z�E�rI ` b��=bE [N=�ZbU�*I0�K�HG6I=�^�c� �Y�=bU�Hb]�S� �Z�EI=���
a � �+bdcGe$���r�Y\�� CD% < C@#(-a#=?�7ZCw% < -�7&'l!$)wC@#2) < C�?D% g 9E! k 9 > )A!:-&#�CH)x-M4 �HCK9H)A! � 7TC�)DCo?E) 7TC�7 >Pk 8
u&' < C � x��Tx � -&'T? > s -&#=?�! #n7&!]vH' g 7 > #=?{7ZCx) > 4@7ZC > ' 7TC�7 >Ok u&' < C % x�� h > j  %=-&' < 9�: > vE'=CB%*-&!$#2)
7TCB9K-&#() <�� 7ZC  7ZCo?y9K-a# k u&' < > )A!A-&#L? eq% >a< )A! < 7TCo?yvE'=CE7 7ZCo?5#(-a'T?V%*-a' s -a#=? > ):)DC@!$#
7 < C57 > 9K-&# k u&' <6> 8
)A!:-&# k # > 7ZC 〈(−,

� � ��� , E), ω〉 x4�}Co?V%(!$7^C@?5#XCB9K-&#2)A!tC@#L#.C@#2)G7 > #=?y9oCE)UC �TC@3Y%(7ZCRvE'LC 7TCo?V%=-&! #()$?
7TC�9K-&#2) < � 7ZCo?x%('l!�?yvE'?p !$7q# p 1 >�> '=9E'l#XC s >&< ! > 4E7^C 7�- 9 > 7ZC x � -a'T?�%*-&' s -&#L?x% >&< C �TC@3Y%(7ZC�78! < C
vE'LC � � ��� Co?E) > 9c9cCo?c?@!:4E7^C 7TC %('M! ? g3r %*-&' < 7ZCo?�9K-&# k ua' <6> )A!:-&#=? 〈(

�
,−, C, ack), ω.f2g3r〉 CE)

〈( ):) ,−, C, ack), ω.f2g3r〉 mk7 > s > 7ZC@' < 7TC|7 > s >&< ! > 4@7ZC ���
,��v%=C@'*) "E) < C ens <6> !U-&'1e � > ' �  E C

s > '*) C  ?E s > '*) ack CE)V7ZC09K-&#()DC@#L' 7TCB7 > %(!$7^C < C��%dE)DC07ZC�� > !A) vE'LC|7 > �H-&#(9H)A!:-&#168-�/w#9p > g ) g> %i%LC@7 g C vE'?p 'M#XCW?HC@'l7^C �E-a!�? x(/2!r7 > �H-&#(9H)A!:-&#768-�/ > s > !A) g ) g]> %i%=C@7 g CO%(7,'M?o!tC@' < ? �E-a!�?  7tp -T4 �SC69H)A! �W#XC
?HC < > !A)r% > ? > ):)DC@!$#2)8x
��� � . )#�
� ����
	,3� ,3�
	K� �(� ,6)�� �*!r���%$ &(�*)r!r��,�����,

,m�FGK�E�ZbH�E�6�ZJ ` �HJ ` G6�ZG6�KbB"R�HJ ` �6�c� � ` �*�KbV�ZbHGs�HJ& [NXJ&�6�KbE db ` �KGk�*I5N=�KJ&�a�c�  [ db
P

b ` ��p J&I=�c� ` �
�=bHGq�HJ ` �*�^�6�ZJ ` Gd� I��6�^�q�=by�6�c� ` G6�^�6�ZJ ` Gv�a��&�HbB� I���� ` &:J&�6 5� �6�ZJ ` G[�S� �Z�EI=�Z�HbHGqN2� �v�?- � ` � ��olGKbB�=b
�HJ * �&�H�HbHGKG6�^�=�^�^�^�K�v�$PiJ&�^�����VGK�E�ZbH�E�6�ZJ ` G6I=�	�ZbHG	�ZJOITqrI�"W���]GcbH�E�6�ZJ ` f � J�� Ji¡��+�ebHG��HJ ` �*�^�6�ZJ ` GsNXJ&�6�Kb ` �
G6I=�U�ZbHGR�HJ ` �L�aI=�c� �6�ZJ ` G $ �=J ` �5G6I=�U�?-j�E�c� �y�$�ZbHGRP&� �ZbEI=�KGF�=bHG]P&� �6��� �=�ZbHGF�iJ&�2� �ZbHGo¡VbE�R�Zbd�HJ ` �Kb ` I
�=by���0N=�^�Zb��h=	�^�ZbHGvPiJ ` �vNXbE�6 dbE�6�6�Kb|�=b5Gc�E�ZbH�E�6�ZJ `=` bE�v�ZbHGvGKJ&�6�6�ZbHG�"{�E dbE�6�6�Kb|bE� " �=�E�KbH�E�KbE�v�ZbHG
b ` �6�K�HbHG��MI=�C&:bE�KJ ` ���TI=�^�6�KbE��"

P
�?-jb ` GKbE R�=�Zbx�=bHGy�6�c�&�HbHGB�&�H�HbEN=�K�HbHGBN2� �5�?-jJ&�+p6bH�E�6�s&F�=b �KbHG6�
�

 VbBN=�^ILG $ ���zGc�E�ZbH�E�6�ZJ ` Pa�zNXbE�6 dbE�6�6�Kb0�=b|�=�E�KbH�E�KbE�dG6�e�?-jJ&�+p6bH�E�6�s& ` bBNXbEI=�qN=�^ILG�aE�6�Kb|Gc� �6�ZGk&t� �^�
�$�Zb|PibE�K�*�Z�E��yU � X U � GKbE�c��� �ZJ&�KGd�E [�ZGo¡��I�ebENXb ` �L� ` � $ �L� ` G[I ` ��� ` �T� �ib0�^ [N.�E�c� �6�s&]G6�c� ` �L� �K�
�HJ& [ db\�Zb ` h&�6�Kb $ I ` N=�KJ&�a�c�  [ db ` bpNXbEI=�eJ&�LGKbE�6PibE�t�MILbk�ZbpGcJ& [ dbE�s�=b\���]N=�^�Zb �i�^�(Gc� �^�t"!�MILbE�
N.J&� ` �R�=b[�HJ ` �6�	h&�Zbd�^��GKbq�6�KJ&I=Pib[ 5� �ZGU�^� ` J&�Kb[N2� � �MILbE�ZG]NXJ&� ` �KG]�^��bHG6�]N2�&GKGc�qNXJ&I=�Go�� �6�6�^PibE�
�
_ � $ �^�mbHGK� ` �H�HbHGKGc� �^�KbU�=bU�HJ `=` � �Z�6�KbR�?- � ` �K�E�a�c� �^�^�K�v�=bV���qN=�^�Zb]N.J&I=�p�=�H�E�Z�=bE�pG6� ���d�HJ ` �L�aI=�c� �6�ZJ `
�HJ&I=�c� ` �KbFbHG6�\J&I ` J ` �HJ * �&�H�HbHGcG6�^�=�Zb��

 V�@� ` �ZGKGKJ ` G\��� &AJ ` �E�6�ZJ ` �5-jJ&�LGKbE�6P&� �6�ZJ ` N2� �6�6�ZbE�^�Zb
α
$ �MI=�H"vI ` bU�HJ ` �L�aI=�c� �6�ZJ ` �&GKGKJl�E�ZbVI `

�6I=N=�Zb{�HJ& [N.JaGK�{�=bHG[Pa� �ZbEI=�KGd�=bHG[Pa� �6��� �=�ZbHGd�a�ZJ&�2� �ZbHGybE�d�*I�GKJ& [ dbE�5�=b|N=�^�Zb��$I ` NXJ&� ` �5�=b
�HJ ` �6�	h&�Zb]bE�O�ZbHGePa� �ZbEI=�KGk�=bHGsPa� �6��� �=�ZbHGO�ZJl�S� �ZbHGC"R�HbE�^I=� * �E� ¡e�=bV�HbE�6�KbV�HJ ` �L�aI=�c� �6�ZJ ` �$�ZbV�HJ ` �Kb ` I
�=b]���vN=�^�Zb $ �LJ&�6 [�ZGp�Zb]GKJ& [ dbE�pbHG6�\�=J ` �UNXbE�K�*I(¡�

C → GEnv ×K × LEnv

(g, ω · (k, l)) 7→ (g, k, l)
.

�ebE�6�Kb4&:J ` �E�6�ZJ ` bHG6���E�Kb ` �*ILb�� I���b ` GKbE F�=�ZbHGw�=b �HJ ` �L�aI=�c� �6�ZJ ` G
�! V�@� ` �ZGKGKJ ` G��E�T� �ZbE db ` �
γ = α−1 ���!&AJ ` �E�6�ZJ ` � ` PibE�KGKb]�HJ&�6�KbHG6N.J ` �L� ` �Kb��

(α, γ)
&:J&�6 db]� �ZJ&�KGOI ` bV�HJ `=` b��l�ZJ ` �=b )]� �ZJ&�ZG



	j���N� ������� ��� � � �N�\�;�����;	�������� �%	�� ������� ��� ¢ f ¢

�������
	��� ��	���	���������������������������������
	� "!��� ���#�$����
〈(−, %�&�'"' , E), ω〉

m0 〈(( ,−, A), ω.m0〉
〈( )*) ,−, A), ω.m0〉

m1 〈(−, %�&�'"' , E), ω.m1〉
f0 〈(( ,−, A), ω.f0〉

〈( )*) ,−, A), ω.f0〉
f0r 〈(( ,−, A, invit), ω.f0r〉

〈( )*) ,−, A, invit), ω.f0r〉
f1 〈(( ,−, B), ω.f1〉

〈( )*) ,−, B), ω.f1〉
f2 〈(( ,−,D), ω.f2〉

〈( )*) ,−,D), ω.f2〉
f2e 〈(( ,−,D, quit), ω.f2e〉

〈( )*) ,−,D, quit), ω.f2e〉
f2r ⊥
f3 〈(−, %�&�'"' , E), ω.f3〉
g0 〈(( ,−, B), ω.(f2g0 + f2g3g0〉

〈( )*) ,−, B), ω.(f2g0 + f2g3g0〉
g0e 〈(( ,−, B, stop), ω.f2g3g0e〉

〈(( ,−, B, msg), ω.f2g0e〉
〈( )*) ,−, B, stop), ω.f2g3g0e〉
〈( )*) ,−, B, msg), ω.f2g0e〉

g0r ⊥
g1 〈(( ,−, B), ω.f2g1〉

〈( )*) ,−, B), ω.f2g1〉
g2 〈(( ,−, B), ω.f2g2〉

〈( )*) ,−, B), ω.f2g2〉
g3 〈(( ,−, C), ω.f2g3〉

〈( )*) ,−, C), ω.f2g3〉
g3r 〈(( ,−, C, ack), ω.f2g3r〉

〈( )*) ,−, C, ack), ω.f2g3r〉
g4 〈(( ,−, C), ω.f2g3g4〉

〈(( ,−,D), ω.f2g4〉
〈( )*) ,−, C), ω.f2g3g4〉
〈( )*) ,−,D), ω.f2g4〉

+ C�,.-0/C
/�KWQMA21]C4Q QMEMKLKLUOV�NOEMK

�������3	4�� �5	���	��.������������������������3	� "!��� ���#�$����
〈(( , 6�726�8 , A), m0〉

f0r 〈(( , 6�726�8 , A, invit), m1f0r〉
〈(( , 6�726�8 , A, pb), m1f0r〉

f2e 〈(( , 6�726�8 , C, quit), m1f2e〉
〈( )9) , 6�726�8 , D, quit), m1f2e〉
〈( )9) , 6�726�8 , S, quit), m1f2e〉

f2r 〈(( , 6�726�8 , C, delta), m1f2r〉
〈( )9) , 6�726�8 , D, delta), m1f2r〉
〈( )9) , 6�726�8 , S, delta), m1f2r〉

g0e 〈(( , 6�726�8 , B, stop),m1f2g0e〉
〈(( , 6�726�8 , B, msg), m1f2g0e〉

〈( )9) , 6�726�8 , B, stop),m1f2g+
3 g0e〉

〈( )9) , 6�726�8 , B, msg),m1f2g+
3 g0e〉

g0r 〈(( , 6�726�8 , B, delta), m1f2g0r〉

〈( )9) , 6�726�8 , B, delta), m1f2g+
3 g0r〉

g3r 〈( )9) , 6�726�8 , C, ack),m1f2g+
3r
〉

〈( )9) , 6�726�8 , D, ack),m1f2g+
3r
〉

〈( )9) , 6�726�8 , S, ack),m1f2g+
3r
〉

+ V:,.-;/C3/�KWC4QMQME KLKLU�V3NOEMKGS(EM?�H3U�K NOEMK=<4>@?
�������3	��� AB�3	�� "����C	������D�����EC	���	�������3	� �!��� �������������������������4C	��������������������
f0r 〈(( , 6�726�8 , A, invit, ),m1f0r〉
f2e 〈(( , 6�726�8 , C, quit), m1f2e〉
f2r ⊥
g0e 〈( )9) , 6�726�8 , B, stop), m1f2g3g0e〉

〈(( , 6�726�8 , B, msg), m1f2g0e〉
g0r ⊥
g3r 〈( )9) , 6�726�8 , C, ack),m1f2g3r〉

+ Q3,GF JH/�E @�KLEMQI/�U�A4J EMJH/L@�E NOEMK R�/C3/�K Q A21C4QMQME KLKLU�V3NOEMK E�/WC QMQMEMKLKLUOV3N�E K
ZX[]\X^ j � ¢ `_( ` � ��o*GKbq�*I�N=�KJ&�a�c�  [ dby�=bv���y�L�aI=�Kb#m�� ���@J ��� ������� �	�\� 	��������Q� �������?����� �.�F�6�6���
�����#�6	 ���H�\���������'�;	���� 	+� ����� � ���N�V	 �����

(t, verdict, pc, p)
� �E�	� ����������� �>��� � 	��n� ���LK

−
��� �V����� �

M �4� ��� �.��� ��� �;�T��� ���r�6	 ���H�\�ON�PQ� �
ω = K∗ QSR � ������� � 	 �;	���� 	+� ���.� ���N�V	 ���

p
�4� ��� � M 	�� ���?���TN��3�8� 	��VU

�.������� �G��� ����������W������r� � 	+� �����HP
� 	 �6	 ���H�\�2�4� ��� � �n�;������;�6�r� � � ��� �%	�� �t	�� � ���H�\��� R



¢ fOJ �Y������� ������� ����� ����� � �r���\� ��� ����� ���H�\� ��	����������3�T�r�;���H�\�������

�KbE�^�Zb2�MI%- I=�6�^�^�ZGK�Hbk�L� ` G	�?- � ` �KbE�6N=�K�E�c� �6�ZJ ` � �LG6�6�c� �^�Kb]f��9�2mKm h �&���r&:J ` �E�6�ZJ `
α
bHGK� I ` b\� N=N=�KJ
�l�^ 5� *

�6�ZJ ` bE�
γ
I ` bk�HJ ` �E�K�E�6�ZGc� �6�ZJ ` �K(��c�2�\�TILbON.J&� ` �	�=bk�HJ ` �6�	h&�Zb

k
�*IqN=�KJ&�a�c�  [ db $a` J&ILG��SPiJ ` G	I `

b ` GKbE F�=�Zb]�=bY�HJ ` �L�aI=�c� �6�ZJ ` G
X

�KbE�5�MILb
X(k) = {c ∈ X | c = (g, ω · (k, l))}

GKJ&�^�OGc�UN=�KJ�p6bH� *
�6�ZJ ` G6I=�m�ZbeN.J&� ` ��=bO�HJ ` �6�	h&�Zb

k
��,mbQN=�KJ&�a�c�  [ db ` bsNXbEI=�	� �ZJ&�KG	�=�H�E�Z�=bE�j�TILbe�=bs�?- � ` �E�^ILG6�ZJ ` �=bHG

Pa� �ZbEI=�KGR�=bHGFP&� �6��� �=�ZbHG
(g, l)

�L� ` GR�?- � N=N=�KJ
�l�^ 5� �6�ZJ `
α(X(k)) = {(g, k, l) | (g, ω · (k, l)) ∈

X(k)}
�w= ` �5- � I=�6�KbHGd�KbE�6 dbHG $ �Zb|N=�KJ&�a�c�  [ db0N.bEI=�d�HJ `=` � �Z�6�Kb0�?-jb ` GKbE F�=�Zb �=bHGqPa� �ZbEI=�KGb�TILb

N.bEI=Pib ` �WN=�Kb ` �*�KbF�ZbHGpP&� �6��� �=�ZbHGW�a�ZJ&�2� �ZbHGVbE�p�ZJl�S� �ZbHGE"[I ` NXJ&� ` �Y�=bv�HJ ` �6�	h&�Zb
k
$ �MILbE��TILbFGKJ&�^�

�Zbp�c�LbE [� ` NXbE�6 dbE�6�c� ` �O�5- � �6�KbE� ` �*�Kb
k
�
α(X(k))

bHG6�s�=J ` �YI ` bYGKI=� * � N=N=�KJ*�*�^ 5� �6�ZJ ` �=bHGe�HJ ` � *
�aI=�c� �6�ZJ ` GBNXJaGcG6�^�=�ZbHG'"xI ` NXJ&� ` �B�=bz�HJ ` �6�	h&�Zb���= `�` J&�c� ` � 9K- < C > 9�: �Zbz�HJ& [N=�Z�E db ` �c� �^�Kb��=b
9K- < C > 9;: $ �K-jbHG6� * " * �*�^�KbW�?-jb ` GKbE F�=�ZbW�=bHGe�6�c�&�HbHG ` bYNXJ&I=Pa� ` �k� �6�KbE� ` �*�Kb � � ��� $M` J&ILGeNXJ&I=PiJ ` GAaE�6�Kb�L� ` Gk�ZbU�S�&GpJ�� �

γ ◦ α( 9K- < C > 9;: (k)) ∩ γ ◦ α( 9K- < C > 9�: (k)) 6= ∅.
� j � ¢ ¡

= ` �5- � I=�6�KbHGQ�KbE�6 dbHG $T` J&ILG ` b\NXJ&I=PiJ ` GsN2�&GQ�=�H�E�Z�=bE� $ b `d` -jJ&�LGKbE�6Pa� ` �A�TILb\�ZbpGKJ& [ dbE�e�=bkN=�^�Zb $
G6�M���\�HJ ` �L�aI=�c� �6�ZJ ` bHG6�}�HJ * �&�H�HbHGcG6�^�=�ZbO�=bEN=I=�ZG � � ��� J&IFN2�&G
���ebH�E�*bHG6�m�^�^�^ILGK�6�K�QN2� �}�?-jb��*bE [N=�Zb j � J��
a � �+bdcGe$���r��
 �e< C@#(-&#=?�% >&< C �TC@3Y%(7ZC 7�p C@#=?HCE3d4E7^C 7MCo? 9K-a# k u&' < > )A!A-&#L? 9K-\8 > 9K9cC@?c?o!t4@7ZCo? > '
%*-&!$#2)�7TCv9K-&#2) < � 7ZC g0e m

g0e 〈(
�
,−, B, stop), ω.f2g3g0e〉

〈(
�
,−, B,msg), ω.f2g0e〉

〈( ):) ,−, B, stop), ω.f2g3g0e〉
〈( ):) ,−, B,msg), ω.f2g0e〉

� -a'T?y9K-a#=?@) > )t-a#=? vE'=Cy#X-&'T?W%*-a' s -a#=? > 7^- < ?'7a!�?E)A! #Mua'=C < ?@!k7^C]% < -Ku <6> 3q35C�7i-&!A) g 35CE):) < C stop
-&' msg ?o'l!Ws > #2)k7 > �H-&#(9H)A!:-&# > %T%=C@7 > #2)DC'7TC 6 -5/ mt7ap > % < do?q7ZC59K-a#2)DC@#L'>7TC[7 > %(!$7^C  msg ?HC <6>g 3q! ?U?o!�7 > �H-&#(9H)A!:-&# 68-�/zCo?E) > %i%=C@7 g C'7TCD%('l!�?'02-5/ ) > #
7&! ? vE'LC stop ?SC <6> g 3q!�?R? p ! 7r1 > C@'�'M#> %i%LC@7 <�g 9E' < ?@! �fe 68-5/ x�� <! ex9 > 'T?SC�7TCy7tp -T4o?SC < s > )A!:-&#z% >&< )A!:C@7$7ZC  7ZC]% < -cu < > 3v35CB#.CV%LC@'l)Q% > ?
9K-&#2# > � ) < C57�p !$#2) g u <6> 78!$) g 7a'�9K-&#2)DC@#2'47TC57 > %(!$7ZC  3 > !�?q?SC@'M7ZC@35C@#2)p?E-a#�?H-&3q3dCH) ht!$7? > !$)W-l�! 7
?HCB?o!A)A'=CB3 > ! ?5#9p > % > ? 7TCB3 g 3d-&! < C 7&' 9�:*C@3q!$#�% >&< 9K-&' < 'x%=-&' < 1 >&<o< !Ys C < jCx !e# #XCB)DC@# > #2)
9K-&3Y%X)DC(vH'=C 7&'0?H-&3q35CE)t7TCk%(!$7ZC  #(-&'M?F-T4E)DC@#X-&#=?]7tp !$#��E- < 3 > )A!:-&#{?@'M!Ys > #()DC m

g0e 〈(
�
,−, B, stop), ω.g0e〉

〈(
�
,−, B,msg), ω.g0e〉

〈( ):) ,−, B, stop), ω.g0e〉
〈( ):) ,−, B,msg), ω.g0e〉

� -a'T?5#.CU%*-&' s -&#=? > 7�- < ?]% > ? > #2)A!:9E! %=C < vH'=C@7$7ZCy?E- < )A!tC g 35CE):) < C e�9cCU%*-&!$#2)G7TC|9K-&#() <�� 7ZCR%*-a' <
? > )A!�? � > ! < C]7�p -M4 �HCK9H)A! � 7TCF)DCo?@)8x
����� � � �/��,�� � , �r����, �M!#���%$

�eJ& [ db �L� ` G��Zb �S�&G��=bHGx�ZJOITqrI $ ����GK�E�ZbH�E�6�ZJ ` �HJ ` G6�ZGK�Kb �5- I ` b N2� �6�>"��Kb ` &:J&�K�HbE���ZbHG
�T� �K�=bHG|bE�B�5- � I=�6�Kb�N2� �6� "���p6J&I=�KbE�0�=bHG5�KbHGK�KGyN.J&I=�B�?-j�E [�ZGKG6�ZJ ` �*I�PibE�K�*�Z�E� yU � X U � �w@WJ&ILG
` J&�KbE�KJ ` G

cond co(k)(g, l)
�HbHG �HJ ` �*�^�6�ZJ ` G0� ` �*I=�^�KbHG{�=bx��� G6I=� * � N=N=�KJ
�l�^ 5� �6�ZJ ` �=bx�?- � ` � ��olGKb



� ����������� 	��������>���	� 	 �;������� ������� �V�����6�'� � � 	��
	 �����6�G��� 	����6������� ��� ��� ��� ¢ f �
�=bx�HJ * �&�H�HbHGKG6�^�=�^�^�^�K��� I NXJ&� ` �

k α( 9�� < C > 9;: (k)) �2@WJ&ILG5�6�c� ` G�&AJ&�6 dJ ` G{� �ZJ&�KGB�Zb�N=�KJ&�a�c�  [ db
�HJ& [ dbRG6I=�^� �

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

receive(p) when true{
if (not expr

r
)

{ verdict = fail ; abort() }
kr :

TP(p);
block r

}
[]
emit(p) when expr e{
ke : TP(p);

blocke

}

⇒

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

˛

receive(p) when true{
if (not expr

r
)

{ verdict = fail ; abort() }
kr : if not (cond

co(kr))
{ verdict = inconc; abort() }

TP(p);
blockr

}
[]
emit(p) when expr e and cond

co(ke){
ke : TP(p);

block r

}

,rJ&�KGz�=bz��� �K�H�HbEN=�6�ZJ ` �=bx dbHGKGc� �ibHG � I�N.J&� ` �{�=b��HJ ` �6�	h&�Zb
kr

$ � N=��3HG �SPiJ&�^�{Pi�E�6���2�x���
�HJ ` &AJ&�6 [�^�K� $

¬cond co(ke)
bHG6�VI ` bq�HJ ` �*�^�6�ZJ ` G6I �5Gc� ` �KbqNXJ&I=�]GKJ&�6�6�^�]�=bHGWN=�K�@�f�=bHG]�=bHGV�6�c�&�HbHG

�&�H�HbEN=�K�HbHGWN2� � � � ��� �
γ(¬cond co(k)) ⊆ 9�� < C > 9�: (k) ¡�� IM�}�HbE�6�Kbv�HJ ` �*�^�6�ZJ ` bHG6�YGc� �6�ZGk&t� �^�Kb $ � �ZJ&�KG

�Zb]PibE�K�*�Z�E� ��� 9�� � 9 bHGK�\�E [�ZG
�
,rJ&�KGv�=bd�?-j�E [�ZGKGK�ZJ ` �=b[ dbHGcGc� �ibHG $

cond co(k)
bHG6�FI ` b5�HJ ` �*�^�6�ZJ ` ` �H�HbHGKGc� �^�Kb5NXJ&I=�F�KbHG6�KbE�

�L� ` G �ZbHGzN=�K�@�f�=bHG��=bHG �6�c�&�HbHG��&�H�HbEN=�K�HbHG �
γ(cond co(k)) ⊇ 9�� < C > 9�: (k) ¡�� �ebE�6�Kb �HJ ` �*�^�6�ZJ `

` -jbHG6�vN2�&GvGKI �5Gc� ` �KbBN=I=�ZG��MILb
α( 9�� < C > 9�: (k)) �S� �Z�EI=�ZbyI ` bBG6I=� * � N=N=�KJ
�l�^ 5� �6�ZJ ` �=bHGq�HJ ` �L�aI *

�c� �6�ZJ ` GU�HJ * �&�H�HbHGKG6�^�=�ZbHG(�5(p� ` G6� $ I ` bq�HJ ` �L�aI=�c� �6�ZJ ` � N=N2� �6�Kb ` � ` � "|�HbE�6�Kb[G6I=� * � N=N=�KJ
�l�^ 5� �6�ZJ `
NXbEI=� ` bzN2�&GB db ` bE� " � � ��� �te� �0�HJ ` �6�Kb $ I ` b��HJ ` �L�aI=�c� �6�ZJ `�` - � N=N2� �6�Kb ` � ` �0N2�&Gu"��HbE�6�Kb
G6I=� * � N=N=�KJ*�*�^ 5� �6�ZJ `�` b]NXbEI=�p� �LGcJ&�^I= db ` �pN2�&G\ db ` bE�0" � � ��� �

,rbqN=�KJ&�a�c�  [ dbdJ&�=�Kb ` I�bHG6�VI ` �S�&G]�=bq�KbHG6� ` J `+* �=��� �ZGK���%= ` b�x bE� $ �Zbv�KbHG6�KbEI=�U�S� ` J ` ��MILb
bHG6� ` J `+* �=��� �ZGK�5�A�HJ ` GK�6�MILb ` �Hb]�*I|�ZbE [ db ��� ¢ ¡��+,rbVN=�KJl�*I=�^�\bE�e���qGc�E�ZbH�E�6�ZJ `0` - ��p J&I=�c� ` �Y� IL�EI `
�S�&G��=b\�=�E�KbH�E�6�ZJ ` �=bO��� ` J `+* �HJ ` &AJ&�6 [�^�K� $ �^�ZG��HJ ` GKbE�6Pib ` �Q���VN=�KJ&N=�6�Z�E�K�\�=b ` J `+* �=��� �ZGQ�*I5�KbHG6�KbEI=�
�S� ` J ` ��TILb�� �D�}b��l�ZG6�KbVI ` bG&AJ&�6�KbUGK�^ [�^��� �6�^�K�Rb ` �6�KbF�HbE�Y� �^�iJ&�6�^�6�= dbv�=bUGK�E�ZbH�E�6�ZJ ` bE�p�HbE�^I=� �=�@� ` �
� I5�K�2� N=�^�6�KbBf5�AGKJ&ILG * GcbH�E�6�ZJ ` f � J�� Ji¡G6I=�Q�ZbHG�G�o*G6��3E dbHG�G�ol R�.J&�^��TILbHGe�HPibH�kPa� �6��� �=�ZbHGt"U�=J& 5� � ` b
� ` � ` ���t,w-jJ&�LGKbE�6P&� �6�ZJ ` N2� �6�6�ZbE�^�Zb ` b ` J&ILGyN.bE�6 dbE�5N2�&Gy�Z�E�W�5- �SPiJ&�^�yI ` b�GK�E�ZbH�E�6�ZJ ` J&N=�6�^ 5� �Zb $
�c� ` �*�ZGr�MILb]N.J&I=�k�ZbHG\�ZJOITqrI $ �^� ` J&ILGYbHG6�k�^ [N.JaGKG6�^�=�ZbU�=bU�S� �Z�EI=�ZbE�pI ` b ` GKbE R�=�ZbFb��=�&�E�Y�5-j�E�c� �KG
�HJ * �&�H�HbHGKG6�^�=�ZbHG $ �Hb!�TI=�r�HbU�6�c�&�*I=�^�p�E�T� �ZbE db ` �Wb ` I ` bUG6I=� * � N=N=�KJ
�l�^ 5� �6�ZJ ` �
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nbErr = 0
ok := false

#%$ &�$ �('�) *(+
ok := (p = d1)

#%$ &�$ �('�) *(+
ok := ((p = d2) ∧ ok)

ok
,�-���/.,0�1 $ ���32 )/+ not ok ∧ nbErr = 3� ���	���"���	�� !�32 )4+

not ok ∧ nbErr < 3
�������3����������2 )/+
nbErr := nbErr + 1
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.%$ ��1 0����

nbDigits = 0

(not ok ∧ nbDigits = 2)∨
nbDigits < 2
�����/.,0�1 $ ���32 )4+


�������3�����A���32 )/+
nbDigits := 0

#%$ &�$ �('�) *(+
nbDigits := nbDigits+ 1

]
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