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byzAZ\N9h[��xa��N�w;ho_kw2N�h\Z\byN9X(_���ZoJ;N���_kMOw2_kz;N9zAZoX
Z\JLx�Z¦x�hoN�z;_kZ¦VaN�Z�xºnºxkbc`ex�^L`cNa¤�q|z�xa�;�YbcZ\by_kz¡pW�¦N�X\J;_&�Ä_kz�x
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Z\JLN�wBN9h[�°_ah\M©xkzL��N)_k�2ZoJ;Nt��_kMOw;fYZ�x&Z\by_kzBx�`y`cV#M]_AXlZ(N�ÂYwBN9zLX\bcnaN
X[Z\N9w�byz�Z\J;N���_kMOw2_aX\b}Zobc_azLx�`�naN�hob}£B�9x&Zobc_az¢Z\NG��J;z;bedAf;N�w;h\N9nWbc_afLX[`yV��YN9nkN9`c_awBNG��^WV©ZoJ;N�x�fYZoJ;_kh�X9¤
Ê6ËAÌ"ÍoÎ'Ï �&Ð%�k� bczAZ\N9h[��xa��N]^BN9JLxºnWbc_af;hGp¡bczL`cbyz;byz;��Z\h�x�zLX[�°_khoM©x&Z\by_kz�p"Z\N�MOw2_kh�x�`
`y_k�kbe��p���_kMOw2_aX\b}Zobc_azLx�`
naN�hob}£2��x&Zobc_az
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zLN�N9�LX¦Z\_©^2N~�kfLxkhoxkzaZoN�NG��¤
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��JLN9���~�)J;N�Z\J;N9hix�zLN��Hxkw;w;`yN�Z�MObc�aJAZ
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�9xkX\N�XlZofL�YV�� �;p����0¤
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ZoJ;Nt�Yb��"N�hoN�zAZ(x�wLw;`cN�ZoX9pawL`cfLXiZ\J;N�X[w2N9��b}£B�9x&Zobc_az]_k�¡x�XlZoh\fB�¸Z\fLhoxk`;_khi^2N�JBxºnAby_kfLhoxk`Y�k`y_k^Lxk`;w;ho_kw2N�h\ZlV~�°_kh
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�afLx�h�x�zAZoN�NiZoJ;N)�k`y_k^Bx�`YX[VYX[Z\N9Mvw;ho_kw2N�h\ZlV��ax�zL�'�°_kh�NGxk��J'zLN��)`yV�bczBXlZ�x�`y`cNG�]xkw;w;`yN�Z��¦N���JLN9����	°w2_aXoX\bc^;`yV
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ZoJLx&Z)bcZ�h\NGX[w2N9��ZoX)bcZoX�`y_Y��x�`�wLh\_awBN9h[ZlVa¤

utw;w;`yVAbyz;�#_kf;h
Z\N9��JLz;bydAf;NGXiZo_~Z\JLN�byzL�YfLX[Z\hobex�`B�9xkX\NtX[Z\fL�YV©�YN9MO_kzLX[Z\h�x&ZoN9�©x�X\J;_kh\Zo��_kMObyz;��byz¢_kf;h
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�9x�z»^2N¢��JLx�h�xk��Z\N�hobeX[NG�¼^WV�X\bcM#f;`ex&Z\by_kz�p�x�zB��nWbe��N©naN�h�X\xLp�Z\J;N9h\N��°_khoN©�(N¢�9x�`y`
Z\J;beX�`y_k�aby��À¸ª Á]·Y½c±&¬-ª�¶&«
½y¶\¿kª�² �(I�J;ho_kf;�aJ;_kf;Z9pY�¦N�£LÂ�xOX[N�Z)_��
`yxk^BN9`yX

L
x�zB��xOX\N�Z)_���x&Zo_kMObe��wLh\_awB_AX[bcZ\by_kzLX

A
¤

��Ë
� 	 �°��� Ï 	)����� � �$	 � -.�Y��� Ï 	 � Ï�� ������� ´;­�¯�¶&®¸Á]·Y½c±k­�¶l¯�X[byM'f;`ex&Zobc_az~`c_a�kbe�~±&®\­�ª « �&·L²�¬.ª µ&­�½"! �k­.Æi«"­)�
³�!��

φ ::= p | ¬p | X | φ1 ∧ φ2 | φ1 ∨ φ2 | [a]φ | νX.φ��´L­�®\­
p ∈ A

±&« �
a ∈ L

�
rtN�ÂWZ9p;�¦N~�YN�£Bz;N�x]�kN�zLN�h�x�`�z;_kZ\by_kz�_���MO_Y�YN9`�x�zL��X\wBNG��bc£B��x�Z\by_kzLX9¤

��Ë
� 	 �°��� Ï 	 ��� � ,ÉÏ Ð Ë - � � MO_Y�YN�`SªeÀ�±�À¸¬-®¸·L²�¬-·Y®\­
M = (S,L,→, A, λ) � ��´;­�®\­ S ªeÀ�±6À�­�¬~¶l¯

À¸¬|±&¬|­¸À � →⊆ S×L×S
±#¬.®o±&«;À¸ª ¬-ª�¶&«�®\­�½c±&¬-ª�¶&« � ±�« � λ : S → P(A)

±]µ&±&½¾·L±�¬.ª�¶�« � ±ºÀ�À¸ª}¿�«Bª «A¿O¬|¶O­o±a²o´À¸¬|±&¬|­
s
¬ ´L­#±�¬0¶�Á#ª�²)Å2®o¶oÅL¶ºÀ¸ª ¬.ª�¶�«;À�¬°´;±�¬
´;¶�½���ª «

s
� � X\w2N9��bc£B�9x&Z\by_kz

S
ªeÀ�±�Å;±�ª ®

(M, ����� ��´;­�®\­ MªeÀ'±¢ÁO¶ �k­�½%±�« �
E ⊆ S

ªeÀ�±©À�­�¬)¶l¯SÀ¸¬|±&¬|­¸À��
q|zAZ\fLb}ZobcnaN�`yVkpW_kz;NS��xkzOZ\J;byz �©_��

E
xkX
Z\J;NSX[N�Z(_��¡N9zAZ\hoVOX[Zox�Z\NGXi_���Z\J;N�M]_Y�YN9`.¤$#L_kh�X[w2N9��b}£B�9x&Zobc_azLX�p

�¦N¢�YN�£Lz;N©ZoJ;N¢fLX\fLx�`
z;_�Zobc_azLX~_���Xox&ZobyX[��xk��Z\by_kz
|=
x�zB�§X\byM'f;`ex&Zobc_az

≤
	°�)JLN�hoN¢h\N9`yx�Z\NG�§X[Zox�Z\NGX�X\x�Z[�

beX[�°V�Z\J;N©Xox�MON#x�Z\_kMObe�'wLh\_awB_AX[bcZ\by_kzLX��¸¤�I�JLbyX�X\bcM#f;`yx�Z\by_kz�h\N9`yx�Z\by_kz¼w;hoN9X\N�honkNGX 	�^Lxk���W��x�h��;X �)`c_a�kbe��x�`
wLh\_awBN9h[ZobcNGX�¤
( ��ËWÏ � Ë 	 ���

S1 ≤ S2
±&« �

S2 |= φ
ª ÁtÅ2½¾ª�­�À

S1 |= φ

��®\¶9¶[¯
� �(_ah\_a`c`ex�hoV¢�Y¤y� )#bcz � � �
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� ³�À¸¬.®o±k²�¬.ª�¶�«�¶&µ&­�®��¦·L³�½}ª�²���«L¬|­�®°¯�±a²o­�À +

� Ë � �¹���$	 � -.�Y��� Ï 	 � 	 Ð - Ï�� ��� � q|z PWN9��Z\by_kz �»�(N�X[JL_&� J;_&� wLh\byn&x&Z\N�MON�ZoJ;_Y�H�9x�`y`yX©�9x�z ^BN
xk^LX[Z\h�xk�¸ZoN9�Ãxº��xºV»bczAZo_�byzAZ\N�hozLxk`(ZohoxkzLX\b}Zobc_azLX�p
`yxk^BN9`c`yN9�H�)b}ZoJ ZoJ;N6�YbeXlZobcz;�af;beX[J;NG� À¸ª ½c­�«L¬Oxk��Z\by_kz

ε
¤

¨ JLN�zDxk^LXlZohoxa�¸Zobcz;�©byz¼X\fL��J¼x©��xºV¢�°ho_kM�wLx�h\Z�_���ZoJ;N#��_kzL��h\N�Z\N~^2N�JLxºnWby_kf;ht_��ix¢X\VWX[Z\N9M�pB_az;N'x�`eX\_
JBxkX�Z\_6x�^BXlZohoxa�¸Zt�°ho_kM�ZoJ;N©byzaZoN�hozLx�`
^2N�JLxºnWby_kf;hGp�x�zL��byzLXlZoN9xa�D��_azLX\by�YN9hSZ\J;NOnWbyX\by^;`cN]^2N�JLxºnWby_kf;h�byz
ZoN�hoM©X�_�� �
­�±��#ZohoxkzLX\b}Zobc_azLX�¤�¨�NtfLX[N�Z\J;NtX[ZoxkzL�;xkho�]�YN�£Bz;b}Zobc_az©_����¦N9x���Z\h�x�zLX\b}Zobc_azLX

s
a
⇒ t

byzOZ\N9h\M©X
_k��X[Z\ho_kz;�'Z\h�x�zLX\b}Zobc_azLX �

s
ε
⇒ t

�)J;N9z;N�naN�h
s(

ε
−→)∗t

p;x�zB�
s

a
⇒ t

�)J;N�zLN�nkN9h
s

ε
⇒

a
−→

ε
⇒ t

pW�°_ah¦xk`c`
a 6= ε

¤
¨§N9x*�©X[byM'f;`ex&Zobc_az

≤w

byX(ZoJ;N�z��YN�£LzLN9��xaX�X[byM'f;`ex&Zobc_az � �y®��y¬ �L�¦N9x*�'ZohoxkzLX\b}Zobc_azLX�¤iPWbyMObc`ex�ho`yVkpa�°_kh¦Z\J;N
�¦N9x*�¢X\x�Z\beXl��xa�¸Zobc_az�hoN�`ex&Z\by_kz

|=w

pL�(N�byzaZoN�how;hoN�Z¦Z\J;N~^2_ºÂ�MO_Y�;x�`yb}ZlV�_&nkN�h(Z\JLN~�(NGx��OZ\h�x�zBX[bcZ\by_kzLX9¤�utX
xk^B_&naNkpAZ\JLN~�(NGx��¢X\bcM#f;`yx�Z\by_kz�h\N9`yx�Z\by_kz�w;hoN9X\N�honkN9X(�¦N9x���X\x�Z\beXl��xa�¸Z\by_kz�_��%`c_a�kbe��xk`2wLh\_awBN9h[ZobcNGX�¤
( ��ËWÏ � Ë 	 � �

S1 ≤w S2
±�« �

S2 |=w φ
ª Á�Å"½¾ª�­�À

S1 |=w φ
��®\¶9¶[¯
��q|MOMON9�;byx�Z\N���_azLX\N9dAf;N�zB��NS_���I�J;N�_ah\N9M �'byz � ���-¤

#%byzLx�`y`cVap;x'X[ZoxkzL�;x�h��OZohoxkzLXl�°_ah\M©x�Z\by_kzO�°ho_kM �(NGx��]Z\_OX[Z\ho_kz;�'�°_khoM'f;`ex�N�N�ÂYbyX[ZoX �y�9���0¤�I�J;byX(ZohoxkzLXl�
�°_ah\M©x�Z\by_kz¡pW�)J;be��J��(N~��xk`c`

δ
pLJLxkX¦ZoJ;N��°_k`y`c_&�)byz;�Ow;ho_kw2N�h\ZlVk¤

.�� Ï � Ï ������� Ï 	 ���
S |=w φ

ª �
S |= δ(φ)

�

� ���������¦� � ���
���
�����%� 	�� �	� ��
�	t�©�������

��fLh©w;h\_a�kh�x�M MO_Y�YN�`tbyX¢��_kzAZ\ho_k`c� �L_&� ^LxaX[NG��p¦xkzL�Ä�YN�£Bz;N9XOZl�¦_¥�Yb��2N9h\N9zaZ¢nWbyN���X©_az x�w;w;`yN�Z�X��¼x
X[Z\hofL��Z\f;h�x�`
x�zL�Dx�^2N�JLxºnWby_kf;h�x�`�nWbcN9�~¤
�¦_kZ\JDnWbyN���XSx�hoN'byzLX[Zox�zAZobyx�Z\by_kzLX�_��iZoJ;N]�kN�zLN�h�x�`%z;_�Zobc_azLXt_k�
MO_Y�YN9`�x�zL�ÄX\wBNG��bc£B��x�Z\by_kz¡p¦x�`y`c_&�)byz;��Z\J;N6hoN9X\f;`cZoX]w;hoN9X\N�zAZ\NG�Hxk^B_&naN�Zo_§^2N6byzLXlZ�x�zAZ\bex&ZoN9� x&Z¢^2_�ZoJ
`yN�naN�`eX�¤6rt_�Z\be��N�bczÃwBx�h\Z\be��f;`ex�h~ZoJLx&Z'Z\J;NGX[N�bczLX[ZoxkzAZ\bex&Z\by_kzBX~VWbcN9`y�¥x¼X[Z\hofL��Z\f;h�x�`¦x�zL�¥x6^2N�JBxºnAby_kfLhoxk`
naN�h�X[by_kz�_��
X[byM'f;`ex&Zobc_az�xkzL��X[byM'fL`yx�Z\by_kz�`c_a�kbe��¤�u��Ax�byz¡pY�(N�hoN��°N9h�Z\_ � �Lp � �¡�°_ah)MO_khoNS�YN�Zoxkbc`-¤

����� - Ë � � ��� ���k����� Ë PWbyzL��N©�(N©x�^BXlZohoxa�¸Z~xº�¦xºV��°ho_kM!xk`c`i�Lx&ZoxLp�xkw;w;`yN�Z�XlZoh\fB�¸Z\fLh\NObeX��YN�£Bz;N9�»xkX
x���_k`y`yN9�¸Zobc_az6_��
�9x�`y`��kh�x�wLJLX)�°_ah�Z\JLN'MON�ZoJ;_Y�;X�ZoJ;N#xkw;w;`yN�ZSbcMOw;`yN�MON�zAZ�X�¤trt_�Zoby��N�Z\JBx&ZSX\byzL��N]X[_k�.��xkh
X\M©x�h\Z���x�h��;X~xkh\NO_kfLh�x�w;w;`ybe��x&Zobc_az§�;_kM©x�byz¡p��¦N©_kzL`cV�JLxºnkN#Z\_¼��_kzLX\by�;N�h�X\N9dAf;N�zAZobyxk`�M]N�Z\J;_Y�;X9¤�u
MON�Z\J;_Y��X[w2N9��b}£2��x&Zobc_az�beX)x�z�byzLX[Zox�zB��N�_���Z\J;N~�aN�z;N9hoxk`�z;_�Zobc_az�_k�%X\wBNG��bc£B��x�Z\by_kz¡¤
��Ë
� 	 �°��� Ï 	 � ��� ,ÉË � ��Ï Ð � � Ë �$� � �k�Y��� Ï 	�� � MON�ZoJ;_Y���kh�x�w;J¢¯�¶�®

m ∈ Meth
¶�µº­�®]±¢À�­�¬

M
¶l¯

Á©­�¬ ´L¶��¢«2±&Á©­�À�ªeÀ'±tÆi«Lª ¬|­~Á©¶ �k­�½

Mm = (Vm, Lm,→m, Am, λm)
��´L­�®o­

Vm

ªeÀ~¬°´;­�À�­�¬¦¶[¯�²o¶�«L¬-®\¶&½�«"¶��a­¸À'¶[¯
m � Lm = M ∪ {ε} � Am = {m, r} � m ∈ λm(v)

¯�¶�®'±&½ ½
v ∈ Vm � b-¤ Na¤�­�±a²o´�«"¶��a­tªeÀ�¬0±9¿9¿A­ � ��ª ¬°´¢ª ¬�À�Á©­�¬°´;¶ �#«2±�ÁO­ � ±�« �'¬ ´L­S«2¶ �k­�À v ∈ Vm

��ª ¬°´
r ∈ λm(v)±�®\­6hoN�Zof;hoz w2_kbyzaZ�X�� � M]N�Z\J;_Y�ÄX\wBNG��bc£B��x�Z\by_kz»¯�¶&®

m ∈ Meth
¶&µ&­�®

M
ªeÀ6±�Å;±�ª ®

(Mm, Em) ���´L­�®o­
Mm

ªeÀ�±¼Á©­�¬ ´L¶���¿�®\±�Å;´�¯�¶&®
m
¶�µº­�®

M
±&« �

Em ⊆ Vm

ªeÀ�±¼«2¶�«��A­�ÁtÅ2¬ !6À�­�¬~¶l¯ N�zAZoh\V
w2_kbyzAZoX]¶l¯

m
�

PWbyM'fL`yx�Z\by_kz x�zB� X\x�Z\beXl��xa�¸Z\by_kz�p)bczLX[ZoxkzAZ\bex&Z\NG� Z\_¥ZoJ;beX¢wLxkh[Zoby��f;`yxkh©ZlVWwBN�_��~MO_Y�YN�`eX�xkh\N¼�9x�`y`cNG�
X[Z\hofL��Z\f;h�x�`WX[byM'fL`yx�Z\by_kz

≤s

pkx�zL�#XlZoh\fB�¸Z\fLhoxk`WXox&ZobyX[��xk��Z\by_kz
|=s

pkh\NGX[w2N9��Z\bynkN�`yVk¤�¨�N��)by`c`Y�)hobcZ\N
λMeth(v)Zo_©�YN�z;_kZ\N�ZoJ;N��°f;zL��Z\by_kz�h\N�Z\f;hoz;byz;�#Z\J;N~zLxkMON~_���ZoJ;N~MON�ZoJ;_Y��Zo_©�)J;be��J

v
^2N�`y_kzL�aX9¤

4�4658739;:;:;<



� �¦·Y®o¶&µ�����·YªeÀ�Á©±&«

	 ZohoxkzLX[�°N�h/� m ∈ I+ v →m v′ v |= ¬r

(v, σ)
ε
−→ (v′, σ)

	��9x�`y` � m1,m2 ∈ I+ v1
m2−−→m1 v

′
1 v1 |= ¬r v2 |= m2 v2 ∈ E

(v1, σ)
m1call m2−−−−−−→ (v2, v′1 · σ)

	°hoN�Zof;hoz � m1,m2 ∈ I+ v2 |= m2 ∧ r v1 |= m1

(v2, v1 · σ)
m2 ret m1−−−−−−→ (v1, σ)

I%x�^;`yNO�*�Hutw;w;`yN�ZtI�hoxkzLX\b}Zobc_az�s)fL`cNGX

� 	 � Ë �8"-�L� Ë r�N�ÂWZ��(NO�YN�£Lz;N#Z\J;N]z;_�Zobc_az¼_��¦x�w;w;`yN�ZSbczAZoN�h\��xk��Na¤ #;_khSN9xa��JDx�wLw;`cN�Z9p��¦N#�YbeX[Z\byz;�kf;beX\J
xkz¼ª ÁtÅ2½c­�ÁO­�«L¬|±&¬-ª�¶&«»ª «B¬0­�®°¯�±k²�­ � �YN�£Lz;byz;�#xk`c`2MON�Z\JL_W�LX
w;ho_&nWby�;N9�©x�zB�©h\NGdAf;bchoN9�O^WV]Z\JLN�x�wLw;`cN�Z9pYx�zB�x�Å2·L³�½¾ª�²'ª «L¬|­�®°¯�±a²�­ � �YN�£Bz;bczL�Oxk`c`"MON�ZoJ;_Y�;X¦Z\JBx&Z)x�hoN�nWbeX[by^;`yNtZo_OxkzL�¢fBX[NG�¢�°ho_kM _kZ\J;N9h�xkw;w;`yN�Z�X�� � N�Z
Meth

^2N�x]��_kf;zAZ�x�^;`yV©bcz;£Lz;bcZ\N'X\N�Z)_��
MON�ZoJ;_Y��zBx�MON9X9¤
��Ë
� 	 �°��� Ï 	 
 � � � � �
- Ë � � 	 � Ë �8"0�;� Ë � � «�x�w;wL`cN�Z�byzAZ\N�h\��xk��NÄªeÀ§±¼Å;±�ª ®

I = (I+, I−) � ��´;­�®\­
I+, I− ⊆ Meth

±�®\­�Æi«Bª ¬0­�À�­�¬�À�¶[¯¢«"±&Á©­¸À6¶l¯Äw;ho_&nWby�YNG� ±�« � h\NGdafLbchoN9�4ÁO­�¬ ´L¶��&À � ®\­¸À-ÅL­�²�¬-ª µº­�½"!*�� ´L­¢��_aMOwB_AX[bcZ\by_kzÄ¶l¯�¬ �
¶�ª «L¬|­�®°¯�±a²�­¸À
I1 = (I+

1 , I
−
1 )

±&« �
I2 = (I+

2 , I
−
2 )

ªeÀ��a­�Æ
«2­ ��³
!
I1 ∪ I2 =

(I+
1 ∪ I+

2 , I
−
1 ∪ I−2 )

�
I�_'�°_ah\M©xk`c`yV©�YN�£LzLNtZoJ;N�z;_�Zobc_az�±oÅaÅ2½c­�¬���ª ¬°´�ª ÁtÅ2½c­�Á©­�«B¬0±�¬.ª�¶�«¼ª «L¬|­�®°¯�±a²�­�pY�¦N�fBX[N�Z\J;NSz;_kZ\by_kz�_k�

�;byX�jl_kbyzAZ�fLz;bc_az�_k��X\wBNG��bc£B��x�Z\by_kzLX
S1 ] S2

pY�)J;N9h\N�N9xa��J�X[Zox�Z\N�byX(Z�x��k�aN9���)b}ZoJ
1
_kh

2
pYhoN9X\w2N9�¸ZobcnaN�`yVkp

xkzL�
(s, i)

a
−→S1]S2 (t, i)

pW�°_ah
i ∈ {1, 2}

pWbc�
xkzL��_kz;`yV¢bc�
s

a
−→Si

t
¤

��Ë
� 	 �°��� Ï 	 &���� � � �
- Ë � � � « x�w;w;`yN�Z
A
��ª ¬ ´¥ª Á�Å"½c­�Á©­�«L¬|±&¬-ª�¶&« ª «B¬0­�®°¯�±k²�­

I � ��®¸ª ¬.¬|­�« A : I � ªeÀ�a­�Æ
«2­ �©ª « �&·L²�¬.ª µ&­�½"!�³�!

� (Mm, Em) : ({m},M)
ª ¯

(Mm, Em)
ªeÀ'±©Á©­�¬°´;¶ �©À-ÅL­�²�ª Æ¦²o±�¬.ª�¶�«#¯�¶�®

m ∈ Meth
¶&µ&­�®

M �±&« �

� A1 ] A2 : I1 ∪ I2
ª ¯
A1 : I1

±&« �
A2 : I2

�
utz�xkw;w;`yN�Z�beX�²�½y¶ºÀ�­ ��b}�

I− ⊆ I+ p�ª � ­��2bcZt�Y_WN9X�z;_kZ�hoN9dAf;byhoN�xkzWV¢N�ÂWZ\N9h\zBx�`"MON�Z\JL_W�LX�¤I�J;N�Å"·L³�½¾ª�²�ª «L¬|­�®°¯�±a²�­~_��%x�z�xkw;w;`yN�Z
A : I

byX���JLxkhoxa�¸ZoN�hobyX\N9�O^WV�x#X[N�Z�_k��MON�ZoJ;_Y�;X
M

X\fL��J¢ZoJLx&Z
M ⊆ I+ �
Z\JLNSX\N�Z)_���M]N�Z\J;_Y�;X�wLf;^;`yby��`cV©w;ho_&nWby�;N9�¢^WVOZoJ;NSxkw;w;`yN�Z)beX M pY�)JLbc`yNtZoJ;N~X[N�Z¦_k��w;fL^;`cbe��`yV
hoN9dAf;byhoN9�~MON�ZoJ;_Y�;X%byX

I−−(I+−M)
�&ZoJAfBX%xkw;w;`yN�Z

A : I
JLxkX�w;f;^;`ybe�(byzAZ\N9h[��xa��N

(M, I−−(I+−M))
¤

����� - Ë � � Ë�� ��� � Ï ��� r�N�ÂWZ)�¦N~bczLX[ZoxkzAZ\bex&Z\N~X\wBNG��bc£B��x�Z\by_kzLX�_az�ZoJ;N~^2N�JLxºnWby_kf;h�x�`"`yN�nkN9`.¤
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� ³�À¸¬.®o±k²�¬.ª�¶�«�¶&µ&­�®��¦·L³�½}ª�²���«L¬|­�®°¯�±a²o­�À �

��Ë
� 	 �°��� Ï 	 � � � � Ë�� ��� � Ï ��� ��� ­�¬
A = (M, E) : I

³�­�±¼²�½c¶ºÀ�­ �D±�ÅkÅ"½c­�¬ ��´;­�®\­
M = (V, L,→

, A, λ)
� � ´;­]^2N�JBxºnAby_kfLh]¶l¯

A
ªeÀ��a­¸À�²�®¸ª�³�­)��³�!¢¬ ´L­~À-ÅL­�²�ª Æ¦²o±�¬.ª�¶�«

b(A) = (Mb, Eb) � ��´;­�®\­ Mb =
(Sb, Lb,→b, Ab, λb)

À¸·L²�´�¬ ´L±&¬
Sb = V × V ∗ � b-¤ Na¤"À¸¬0±�¬0­�À�±�®\­�ÅL±&ª ®�À�¶l¯�²�¶�«L¬-®\¶&½AÅL¶&ª «B¬�À�±&« �]À¸¬0±a² �&À �

Lb = {m1 l m2 | l ∈ {call, ret}, m1,m2 ∈ I+} ∪ {ε} � →b

ªeÀ��k­.Æi«"­)��³�!�¬°´;­]®¸·Y½y­¸À#¶[¯ � ±k³�½c­�� �
Ab = A � ±&« � λb((v, σ)) = λ(v)

�
� ´;­)À�­�¬�¶[¯¦ª «Lª ¬-ª�±&½YÀ¸¬|±&¬|­¸À

Eb

ªeÀ �k­.Æi«2­ �~³�!
Eb = E×{ε} � ��´L­�®\­ ε �k­�«2¶�¬0­�À�¬ ´L­�­�ÁtÅ2¬ !�À�­ #�·L­�«"²�­¶�µº­�®

V
�

rt_�Z\NOZoJLx&Z'xkw;w;`yN�Z~^2N�JLxºnWby_kf;h~�YN�£Lz;N9X'x�wLfLX[J¥�Y_&�)z»x�f;Z\_kM©x�Z\_kz 	�X\N�Nap¦­�� ¿��yp � � ���°_kh�x�X\f;h\naN�V
_k��nkN�hobc£B��x�Z\by_kz�Z\NG��J;z;bedafLN9X)�°_ahtbyzY£Lz;bcZ\N#w;ho_W��N9XoX�X[Z\hofL�¸Zof;h\NGX ��¤�¨�N#N�ÂYw;`y_kbcZ�Z\J;beX�^AV�fLX\bczL��x©MO_Y�YN�`
��JLN9���kN9h¦�°_kh)g���u�X�Z\_OnaN�hob}�°V¢^2N�JBxºnAby_kfLhoxk`2wLh\_awBN9h[ZobcNGX�¤

ut`yX\_¢_kz�ZoJ;N�^2N�JLxºnWby_kf;h�x�`�`cN9nkN�`-pL�¦N~byzLXlZ�x�zAZ\bex&ZoN~Z\JLN'�YN�£Bz;b}Zobc_azLX�_k�iX[byM'f;`ex&Zobc_az
≤b

xkzL�6X\x�Z\beXl�
��xa�¸Zobc_az

|=b

¤�utzWV�Zl�¦_�x�w;w;`yN�Z�X�ZoJLx&Z~x�hoN'hoN�`ex&ZoN9�D^AV6X[Z\hofL�¸Zof;h�x�`
X[byM'f;`ex&Zobc_az¡p�x�hoN#xk`yX\_�hoN�`ex&ZoN9�6^WV
^2N�JBxºnAby_kfLhoxk`BX\bcM#f;`yx�Z\by_kz 	.I�J;N�_ah\N9M �;¤ ��byz � � �2�¸pW^;fYZ�ZoJ;NS��_kzWnkN9hoX\N�beX¦z;_�Z¦Z\hof;N 	�X\bczL��N�^2N�JBxºnAby_kfLhoxk`
X\byM'f;`ex&Zobc_az�_az;`cV�h\NGdafLbchoN9X¦hoN9xk��JBx�^;`yNSX[Zox�Z\NGX¦Z\_O^BN~hoN�`ex&ZoN9� ��¤

#L_kh���_azAnaN�z;byN�zB��Nkpº^2N�`y_&�Ã�¦N
�)by`c`Y_k� Z\N�z#�)h\bcZ\N(Z\JLN�X[Zox�Z\NGX�_k�;Z\J;N�^2N�JLxºnWby_kf;h�x�`aMO_W�;N�`;xkX%xSX[byMOw;`cN
X\N9dAf;N9zL��N©_k��XlZ�x&Z\NGX�p¦ª � ­��

v · σ
p�byzLXlZoN9xa��_k�

(v, σ)
¤6¨§N�fLX\N¢hoN�naN�h�X[N]bczB�YN�ÂYbyz;�6Z\_��YN�z;_kZ\N©ZoJ;N

ithN9`cN9MON�zAZ)�°h\_aM ZoJ;N~^Lxk����_��ixOX[NGdafLN�zL��NkpLX\_OZ\JLx�Z
(v · σ)|σ| = v

	°�)JLN�hoN
|σ|

�YN�z;_kZ\NGX¦Z\J;N�`yN�zL��Z\J�_k�
xOX\N9dAf;N9zL��N

σ
�¸pBx�zL��fLX\N

last(σ)
Z\_©�YN�zL_�Z\N

σ0
¤

�  2�#�����
$&	��¦� �É��
�	��©���'���

I�JLN�z;N�ÂWZ)X\N9��Z\by_kz��;N�£Lz;NGX)x�z�bcz;`ybyz;bczL�]xk`c�a_khob}ZoJ;M¹Z\JLx�Z(ZohoxkzLXl�°_ah\M©X¦x#��_kzL��h\N�Z\NSx�w;w;`yN�Z)byMOw;`cN9MON�zY�
Z�x&Zobc_az�byzaZo_©x�z�x�w;w;`yN�Z�ZoJLx&Z���_azAZox�byzLX¦_kzL`cV©MON�ZoJ;_Y���9x�`y`yX¦Zo_#wLf;^;`yby��MON�ZoJ;_Y�;X9¤%¨§N~��x�zAZ(Zo_Ow;h\_&naN
ZoJLx&Z��°_ah�xkzWVO��`c_AX[NG��xkw;w;`yN�Z9pYN9nkN9h\V©^2N�JLxºnWby_kf;h¦_���Z\J;N~��_azL��hoN�ZoNSxkw;w;`yN�Z)beX¦xk`yX\_Ox'^2N�JLxºnWby_kf;h¦_���Z\J;N
byz;`ybczLN9��x�w;w;`yN�ZG¤ ��_&�¦N�nkN9h9pa�°_kh(Z\JLbyX¦Zo_#J;_a`y�¡pY�(NSJLxºnkNtZ\_Ox�^LX[Z\h�xk��Z
ZoJ;N~��_kzB��hoN�Z\N�^BN9JLxºnWbc_af;h(Z\_]Z\J;N
`yN�naN�`(_���w;f;^L`cbe��MON�Z\J;_Y�;X9¤�I�J;N9h\N��°_khoNkp%�(N�bczAZoh\_Y�YfL��N¢ZoJ;N�z;_kZ\by_kzÃ_k��ª «L¬|­�®°¯�±a²�­¥³o­�´;±�µ9ª�¶�·Y®6_��txkz
xkw;w;`yN�Z � �y®��y¬ �
x©X\N�Z)_��
w;f;^L`cbe��MON�Z\JL_W�LX�¤

#%byhoX[Z(�¦N��YN�£Lz;NtZ\J;N]¬0¶�Å�w;fL^;`cbe��M]N�Z\J;_Y� � �y®��y¬ �
M
pkZoJLx&Z��kbynkN9z¢x���xk`c`eX[Zoxk���

σ
hoN�Z\fLh\zLX
Z\JLN�£Lh�XlZ

wLf;^;`yby��MON�ZoJ;_Y��Z\_O�)J;be��J�x]z;_Y�YN�byz�Z\J;N��9x�`y`¡XlZ�xk���¢^2N�`y_kz;�AX�¤

top � indexM (σ) = Max({i | 0 ≤ i < |σ| ∧ λMeth(σi) ∈M})
topM (σ) = λMeth(σtop � indexM (σ))

��X[byz;�OZ\JLN9X\N��YN�£LzLb}Zobc_azLX�pB�(N��9x�z��YN�£Bz;N'x]h\N9`yxk^BN9`c`ybyz;�
ρM

_��%Z\h�x�zLX\bcZ\by_kz�`yxk^BN9`yX�Zo_OZ\J;N'w;f;^;`yby�
`yN�naN�`-¤ � xk^BN9`yX��°_ah���xk`c`eX~x�zL�§hoN�Zof;h\zBX�^BN�Zl�(N9N�z»w;f;^;`ybe�OM]N�Z\J;_Y�;X'x�hoN]fLzL��JLx�zL�kN9�¡¤¢u ��x�`y`��°ho_kM!x
wLh\byn&x&Z\NtZ\_]x�w;f;^L`cbe��MON�ZoJ;_Y�¢beX
hoN�`ex�^2N�`y`yN9�¢xaX
x'�9x�`y`L�°ho_kM¹ZoJ;N'¬|¶oÅ6w;f;^;`ybe�tMON�ZoJ;_Y�¢byz©Z\JLN�w2N�zL�;bcz;�
�9x�`y`%X[Zoxa���"¤�u h\N�Z\f;hoz6�°ho_kMÈx�wLf;^;`yby��Z\_�x¢w;hobcn&x�Z\N'MON�Z\J;_Y�¼beX�h\N9`yxk^BN9`c`yN9�¼xaX�x�h\N�Z\f;hoz6Zo_�ZoJ;N�¬|¶oÅ

4�4658739;:;:;<



�G� �¦·Y®o¶&µ�����·YªeÀ�Á©±&«

wLf;^;`yby��MON�ZoJ;_Y��¤iu�`y`¡_kZ\J;N9h�Z\h�x�zLX\b}Zobc_azLX��kN�Z)`yxk^BN9`c`yN9��xkX)X\by`cN9zaZ�xa�¸Z\by_kzBX�¤

ρM ((v, σ), `) =














` if ` = m1{call/ret}m2 ∧ m1,m2 ∈ M
topM (v · σ) callm2 if ` = m1 callm2 ∧ m1 6∈ M,m2 ∈M
m1 ret topM (σ) if ` = m1 retm2 ∧ m1 ∈M,m2 6∈ M
ε otherwise

rt_&� �(N�xkh\N�h\NGxk�YV�Z\_§�YN�£LzLN¢Z\JLN�byzaZoN�h\��xk��N�^2N�JLxºnWby_kf;h�_k�tx�w;wL`cN�Z
A

� �y®��y¬ �ix�X[N�Z#_���wLf;^;`yby�
MON�Z\J;_Y�;X

M
¤

��Ë
� 	 �°��� Ï 	 ! � � �
	 � Ë �8"0�;� Ë � Ë�� ��� � Ï ����� � ­�¬
A : I

³�­©±�²�½c¶ºÀ�­ �6±oÅaÅ2½c­�¬ ��ª ¬ ´§³�­�´;±&µGª�¶&·Y®
b(A) =

((S,L,→, A, λ), E)
� � ­�¬

M ⊆ I+ ³o­©±�À�­�¬)¶[¯�Å"·L³�½¾ª�²©ÁO­�¬ ´L¶��&À�� � ´L­©byzaZoN�h\��xk��N�^BN9JLxºnWbc_af;h�_k�
A�~¤ hG¤ ZG¤

M
ªeÀ �a­�Æ
«2­ ��±&À

bM (A) = ((S,LM ,→M , AM , λM ), EM ) � ��´;­�®\­
� LM = {ε} ∪ {m1`m2 | m1,m2 ∈M ∧ ` ∈ {call, ret}}

p

� →M= {((v, σ), `, (v′, σ′)) | ∃a ∈ L. (v, σ)
a
→ (v′, σ′) ∧ ρM ((v, σ), a) = ` }

p

� AM = M ∪ {r}
p

� λM = (v, σ) 7→ {topM (v · σ)} ∪ (if(v ∈M ∧ v |= r) then {r} else∅)
p

� EM = {v | v ∈ E ∧ λMeth(v) ∈ M}
¤

.�� Ï � Ï ������� Ï 	 � � � ´L­Hª «L¬|­�®°¯�±a²o­Ä³�­�´;±&µGª�¶&·Y® ¶l¯
A
�~¤ h9¤ Z9¤

I+ ªeÀÃª$�a­�«B¬.ª�²�±&½#¬0¶ ª ¬�À ³�­�´;±&µGª�¶&·Y® �b-¤ Nk¤
bI

+

(A) = b(A)
�

¨§N¼�YN�£Lz;N¼^2N�JLxºnWby_kf;h�x�`)byzAZ\N9h[��xa��N6X[byM'fL`yx�Z\by_kz
A ≤M

b B
xaX

bM (A) ≤ bM (B)
p�x�zL�Ä�¦N9x*�Ã^2N��

JBxºnAby_kfLhoxk`�byzAZ\N�h\��xk��N©X[byM'f;`ex&Zobc_az
A ≤M

b,w B
xaX
bM (A) ≤w bM (B)

¤©r�_�Zoby��N]Z\JLx�Z
A
xkzL�

B
zLN�N9�

zL_�Z#JBxºnkN©ZoJ;N�Xox�MON¢byzAZ\N9h[��xa��N9X9p
�(N�_kz;`yV»h\NGdAf;bchoN
M ⊆ I+

A

x�zB�
M ⊆ I+

B

¤»PWbyMObc`ex�ho`yVkp
�°_khOx�zWV
�°_ah\M#f;`ex

φ
byz X[byM'f;`ex&Zobc_azÄ`c_a�kbe��_&naN�h

LM
xkzL�

AM
p��(N¼�YN�£Lz;N¼^2N�JBxºnAby_kfLhoxk`¦byzAZ\N9h[��xa��N¼Xox&Z\beX[��xk�¸�

Zobc_az
A |=M

b φ
xkX

bM (A) |= φ
p)x�zB�H�¦N9x*�¥^BN9JLxºnWbc_af;h�x�`�bczAZoN�h\��xk��N6Xox&ZobyX[��xk��Z\by_kz

A |=M
b,w φ

xkX
bM (A) |=w φ

¤

� ���  "����������� 	��§�
	�����$&�~� � 	��������

rtN�ÂWZ��(NS�YN�£LzLNSxkz¢bczL`cbyz;byz;�]xk`c�a_khob}ZoJ;M
αM

ZoJLx&ZGpA�abcnaN�z�x#X[N�Z(_k��w;f;^;`ybe�tMON�ZoJ;_Y�;X
M
pkZohoxkzLX[�°_khoMOX

xkzHxkw;w;`yN�ZO�kh�x�w;JH^AV¥byz;`ybczLbcz;�»x�`y`)w;hobcn&x�Z\N���x�`y`eX�¤Ãs)NG��f;h�X\bcnaN��9x�`y`yX'Z\_»w;hobcn&x�Z\N�M]N�Z\J;_Y�;X©xkh\N�z;_�Z
byz;`ybczLN9��p)^;f;Z���hoN9x�Z\N�`c_W_awLX©byzÄZ\J;N¼hoN9X\f;`cZ\byz;�¥�kh�x�wLJ¡¤ ¨§N¼w;ho_&nkN�Z\JLx�Z¢Z\JLN6bczAZ\N9h[��xa��N6^2N�JLxºnWby_kf;h
_k�(ZoJ;N¢_ah\by�kbyzLx�`ixkw;w;`yN�Z

A
beX'X\bcM#f;`ex&Z\NG�§^AVDZ\J;N�^BN9JLxºnWbc_af;h�_��¦Z\JLN¢bczL`cbyz;N9�¥xkw;w;`yN�Z

αM (A)
p%Z\JWfLX

	�^WV¼I�J;N�_ah\N9M � �Sx�`y`%wLh\_awBN9h[ZobcNGX
φ
_��iZoJ;NO`yx�Z[Z\N9h � ª � ­�� αM (A) |=b φ

p�x�hoN#x�`eX\_�w;ho_kw2N�h\Z\byN9X�_��(Z\J;N
�°_ah\MON9h9p�ª � ­��

A |=M
b φ

¤OR6_ah\N9_&nkN�hGp2�(N]w;ho_&nkN�ZoJLx&Z~bc�
ZoJ;N¢x�w;wL`cN�ZSbeX�`yxaXlZ\�0�9x�`y`
h\NG��f;h�X[bynkNap2Z\J;N]Zl�¦_
^2N�JBxºnAby_kfLhoX¢xkh\N6�¦N9x*�HX\bcM#f;`ex&Z\by_kz NGdAf;bcn&xk`cN9zaZ�' Z\JWfLX�^B_kZ\J4xkw;w;`yN�Z�X�Xox&Z\beX[�°VHN�ÂYxa�¸Zo`cVHZ\J;N§X\xkMON
_a^LX\N�honºxk^;`yN�w;ho_kw2N�h\Z\byN9X)x�Z�Z\J;N~w;fL^;`cbe��byzaZoN�h\��xk��NS`yN�naN�`-¤

rt_�Z\be��N�Z\JBx&Z
ZoJ;NSbcz;`ybyz;bczL�#x�`y�k_ah\bcZ\JLM¹�Y_WNGX
z;_kZ¦hoN9dAf;byhoN)Z\J;N�x�wLw;`cN�Z
Zo_'^2NS��`c_AX[NG�©x�zL�¢Z\hoN9x&Z�X
xk`c`
N�ÂWZ\N�hozLxk`2MON�Z\J;_Y�;X�xaX�w;f;^;`ybe��¤

021 4 043



� ³�À¸¬.®o±k²�¬.ª�¶�«�¶&µ&­�®��¦·L³�½}ª�²���«L¬|­�®°¯�±a²o­�À �a�

( ��Ë �
	 -1� 	 � 	 � � - �2Ï �#��� � 	 � I�J;N#xk`c�a_khob}ZoJ;M�bcz;`ybyz;N9XSN�naN�hoV�wLf;^;`yby�#MON�Z\JL_W�¡¤~q|zaZof;bcZ\bynkN�`yVkp¡��_kzY�
X[Z\hofL��Z\byz;�)Z\JLN
byz;`cbyz;byz;���°_ah%x�w;f;^;`yby�(MON�ZoJ;_Y�

m
��_khoh\NGX[w2_kzB�;X"Z\_tN�ÂYN9��fYZ\byz;��ZoJ;N
byzAZ\N9h[��xa��Ni^2N�JLxºnWby_kf;h

_k�
m
p��)JLN�hoN©M]N�Z\J;_Y�»��xk`c`eX�Zo_6w;f;^;`yby�OMON�Z\J;_Y�;X�xkh\NOby�kz;_ah\NG��p�xkzL��h\NG��f;h�X[by_kz§beX~N�`ybcMObyzLx&ZoN9�»x�zB�

hoN�wL`yxa��N9�Ã^AV¥bcZ\N9hox�Z\by_kz¡¤¥I�J;N�z;_Y�YNGX#_k��Z\JLN�byz;`ybcz;NG�Hxkw;w;`yN�Z©��xkz¥Z\JWfLXO^2N�X\N�N9zHxaX#X[Zox�Z\N9X]_k��Z\J;N
	�bczAZoN�h\��xk��N��¦^BN9JLxºnWbc_af;h)_��
ZoJ;N�_khoby�kbyzLx�`�x�wLw;`cN�Z9pBM]_Y�YfL`c_�xkz6x�^LX[Z\h�xk��Z\by_kz��°f;zL�¸Zobc_az6�)J;be��J�hoN�wL`yxa��N9X
hoN9��f;h�X[by_kz�^AV�b}ZoN�h�x&Z\by_kz�¤
��f;hobcz;�ÃZ\J;N¼byz;`ybczLbcz;�Bp)N9xa��J NG�Y�kN�ZoJLx&Z�h\N9w;h\NGX[N9zAZoX©byzAZ\N�hozLxk`)Z\h�x�zLX[�°N�h�_kh�x¥�9x�`y`)Z\_ xÃw;f;^;`yby�

MON�Z\J;_Y��byX�`cN�� Ztf;zL��JLxkz;�kNG��¤�m
xa��J�NG�Y�kN�ZoJLx&Z�hoN�wLh\NGX[N9zaZ�X)xO��x�`y`�Zo_¢xOw;h\byn&x&ZoNSMON�Z\J;_Y��beX)h\N9w;`exk��NG�
^WV�Zl�(_�bczAZoN�hozLx�`(N9�Y�aN9X �]_az;N©�°ho_kM Z\JLN���xk`c`ybyz;�¼w2_kbyzaZ#Z\_DZ\J;N�N�zAZ\hoV»wB_abczAZ#_k�)Z\J;N�MON�Z\JL_W� �(x�zB�
xkz;_�ZoJ;N�hS�°ho_kMÈZoJ;NOh\N�Z\f;hoz§wB_abczAZ~_��(Z\J;N©MON�ZoJ;_Y�¼Zo_�Z\J;N¢�YNGXlZobczBx&Z\by_kz§_��(Z\J;N©�9x�`y`cbyz;��N9�Y�aN��G¤©I�J;N
wLh\byn&x&Z\N�MON�ZoJ;_Y�ÃbeX#byz;`ybczLN9�Hh\NG��f;h�X[bynkN9`cVa¤�m(xk��J zL_W�;N�beX]h\N9w;`yxa��NG�Ã^WVÃxDX\N9dAf;N9zL��N��YN�zL_�Z\byz;��Z\J;N
�°h�x��aMON�zAZ)_��
Z\J;N#��x�`y`�X[Zoxa���¢�°ho_kM ZoJ;N'xa�¸Z\byn&x&Zobc_az�_k�
Z\J;N�wLf;^;`yby�~MON�Z\J;_Y��f;wY�-Z\_OZoJ;N'��f;h\hoN�zAZ�z;_Y�YN
	�N�Â;��N9wYZ��°_kh%ZoJ;N���xaX[N�_��"x�h\NG��f;h�X\bcnaN(��xk`c`4�¸¤�PWbyzL��N)�¦N �kN9N�w#Z\h�xk���~_��2Z\JLN)wBN9zL�Ybyz;����xk`c`;X[Zoxa���2p&�¦N)��xkz
hoN9��_k�az;byX\N~hoN9��fLhoX\bcnaN���xk`c`eX�Zo_�w;hobynºx�Z\N#M]N�Z\J;_Y�;X9¤tq|z¼Z\JLx�Z��9xkX\NkpBZ\J;N]x�w;w;ho_kwLh\bex&ZoN�bczLb}Zobyxk`��°h�x��aM]N9zAZ
_k��ZoJ;N���xk`c`¡X[Zoxa���¢byX�fBX[NG��Zo_©�YN9��by�YN�ZoJ;N~N�Â;xa�¸Z)z;N��=N9�;�kN9X9¤

#L_kh¢ZoJ;N¼�°_ah\M©xk`��YN�£Lz;bcZ\by_kz _k�~Z\J;N�bcz;`ybyz;bczL� x�`y�k_ah\bcZ\J;M�p)�¦N¼z;N9N9� X\_kMON¼z;N9��z;_�Zobc_azLX�¤ � N�Z
A : I

^2N#xkz¼x�w;w;`yN�Z�x�zL�
M ⊆ I+ ^BN]x¢X\N�Z�_k�iw;f;^;`ybe��MON�ZoJ;_Y�;X�¤�u�z

M
� ¯�®\±&Á©­#byXSx¢X\N9dAf;N9zL��N�_k�

zL_W�;N9X
σ
_k���)J;by��JD_kz;`yV

λMeth(σ0)
byXtbcz

M
¤�utz

M
�-�°hoxkM]N~beXS��x�`y`yN9�»«2¶�®¸ÁO±�½¾p2b}�
xk`c`%z;_Y�YN9Xtbcz¼Z\J;N

�°h�x�MON�^2N�`y_kzL�©Z\_��Yb �"N�hoN�zAZSM]N�Z\J;_Y�;X9¤�¨§N]��JL_A_AX[N�Zo_�hoN�w;hoN9X\N�zAZ)ZoJ;N'z;_Y�YNGXt_k��Z\J;N#bczL`cbyz;N9�Dx�w;w;`yN�Z
^WV»z;_ah\M©x�`

M
�-�°hoxkM]NGX'�YN9h\bynkNG�§�°h\_aM Z\J;N�^BN9JLxºnWbc_af;h]_��)Z\JLN�_ah\by�kbyzLx�`¦x�w;wL`cN�Z9¤¥I�J;N�xk^LX[Z\h�xk�¸Zobc_az

�°fLzL�¸Zobc_az�MON�zAZobc_az;N9�§x�^2_&nkN 	°hoN�w;`exk��bczL��hoN9��f;hoX\by_kz¼^WV¼bcZ\N9hox�Z\by_kz ��beXt�°_ah\M©xk`cbeX[NG�¼^WV¼MON9xkzLX�_��(Z\J;N
	�z;_khoM©x�`ybyX\byz;�,�t��_kzB�Yb}Zobc_azLx�`
hoN��)hob}ZoN'hof;`yN

σ · v · σ′ · v′ · σ′′ ↪→ σ · v · σ′′ bc� λMeth(v) = λMeth(v
′)xkzL�

σ′ · v′ · σ′′ byX�xOz;_khoM©x�` M �-�°h�x�MONk¤ � N�Z
ν(σ)

�;N�z;_kZ\N�Z\JLN�z;_khoM©x�`��°_ah\M _��
σ
� �y®��y¬ �BZoJ;N�hof;`yNk¤

rt_�ZoN�Z\JLx�Ztb}�
σ
beX�x�z

M
�-�°hoxkM]NapYZ\JLN�z

ν(σ)
byX�xOz;_khoM©x�`

M
�.�°h�x�MONa¤
R6_khoN�_&naN�hGpA�°_khtxkzAV 	°z;_ah\M©x�`4�

M
�-�°h�x�MON

σ
�¦NSJBxºnkN

topM (σ) = λMeth(σ0)
¤

#Lf;h[ZoJ;N�hGpL�¦N'�YN�£Lz;N
Int

p
Pub

x�zB�
Priv

pB�YN9z;_�Zobcz;�¢Z\J;N'X\N�Z�X)_���byzAZ\N�hozLxk`.pBw;f;^;`yby�'x�zL��w;hobcn&x�Z\N
NG�Y�kNGX�_��
x#MON�Z\J;_Y� � �y®��y¬ �¡x]X\N�Z�_k��w;fL^;`cbe��MON�ZoJ;_Y�;X

M
pYhoN9X\wBNG�¸Z\bynkN9`cVa¤

IntM (m) = {(v, ε, v′)|v −→m v′ ∧ v |= ¬r}

PubM (m) = {(v,m′, v′) | v
m′

−−→m v′ ∧ v |= ¬r ∧ m′ ∈ M}

PrivM (m) = {(v,m′, v′) | v
m′

−−→m v′ ∧ v |= ¬r ∧ m′ 6∈ M ′}

I�JLNO�;N�£Lz;bcZ\by_kz»_k�(ZoJ;N©bczL`cbyz;byz;�¼x�`y�k_ah\bcZ\J;MÈfBX[NGX~x�fYÂYby`cbex�hoV6�°f;zL��Z\by_kzLX
χ
xkzL�

ζ
¤¢I�J;NO�°f;zB�¸Z\by_kz

χ��_kzLX\be�YN�h�X�x�`y`�NG�Y�kNGX)hoN�`ex&Z\NG��Z\_�x¢M]N�Z\J;_Y� �¦bcZ�hoN�Z\fLh\zLX�bczAZ\N9h\zBx�`�xkzL��w;f;^L`cbe��NG�Y�kNGX)�)b}ZoJ¼hoN�zLxkM]NG�
zL_W�;N9X ' fLX\byz;�»Z\J;N6w2N�zB�YbczL� ��xk`c`tX[Zoxa���"p¦xkzL�Ä��x�`y`eXOM]N�Z\J;_Y�

ζ
_azÄw;h\byn&x&ZoN6N9�Y�aN9X9¤�#;f;zB�¸Z\by_kz

ζxa�;�;X�N9�Y�aN9X�Z\_¢ZoJ;N]N�zAZ\hoV�wB_abczAZ9p�xkzL���°ho_kM�Z\J;N#h\N�Z\f;hoz¼w2_kbyzAZ�_��
Z\J;N#w;h\byn&x&ZoN'MON�ZoJ;_Y��p�fLX\bcz;��Z\J;N
w2N�zB�YbczL�]�9x�`y`2X[Zoxa���Oxkh\�af;MON�zAZ9pWx�zB�¢bc��z;N9��N9XoX\xkh\V]z;_ah\M©x�`ybeX[byz;�~ZoJ;N�hoN9X\f;`cZ 	°Z\J;beX¦fLX\N9X(Z\J;N���xk��Z(ZoJLx&Z
ZoJ;NSwBN9zL�Ybyz;�#�9x�`y`2X[Zoxa���]beX¦x�`y�¦xºVYX
x'z;_khoM©x�`ybyX\N9�

M
�-�°h�x�MON���¤%I�J;N9z�bcZ���JLN9���YXibc�¡Z\JLN�w;hobynºx�Z\NS��x�`y`2byX

zL_kzY�0h\NG��f;h�X\bcnaNkpAbcz��)J;be��J��9xkX\NSZ\J;N~w;hobynºx�Z\N�MON�ZoJ;_Y��beX)byz;`ybcz;NG��h\NG��f;h�X[bynkN9`cVa¤
� 0������
	���
�����
�������	���	�������	 5�������� ����	���!"�'5$#%� & 5����('���	���	������)& 5���	��'5����)	���* 	��+����	-,���	.�/��	���0
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�º� �¦·Y®o¶&µ�����·YªeÀ�Á©±&«

��Ë
� 	 �°��� Ï 	62 � � � 	 -'� 	 Ë Ð�� � �
- Ë � � � ­�¬
A : I

³�­¥±�« ±�ÅkÅ2½y­�¬ � ±&« �Ã½y­�¬ M ³�­»± À�­�¬¢¶l¯©Å2·L³�½¾ª�²
Á©­�¬ ´L¶��&À � À¸·L²�´¢¬°´;±�¬ M ⊆ I+ � � ­�¬ M ′ ³�­S¬°´;­�À�­�¬ M ∪ (I− − I+)

���]­ �a­�Æ
«2­�¬°´;­~bcz;`ybyz;N9��x�w;w;`yN�Z
αM (A) = ((V ′, L′,→′, A′, λ′), E′) � ��´L­�®o­
� V ′ = {w ∈ V + | w

beX�x]z;_khoM©x�`
M
�.�°h�x�MON

}
p

� L′ = M ′ ∪ {ε}
p

� →′=
⋃

m∈M γ(m, ε)
��´L­�®\­

χ(m,σ) = {(v · σ, `, v′ · σ) | (v, `, v′) ∈ IntM (m) ∪ PubM (m)}∪
⋃

(v,m′,v′)∈Priv(m) ζ(σ, (v,m
′, v′))

ζ(σ, (v,m′, v′)) = {(v · σ, ε, ν(e · v′ · σ) | e |= m′ ∧ e ∈ E}∪
{(ν(rt · v′ · σ), ε, v′ · σ) | rt |= (m′ ∧ r)}∪
if ¬∃i.0 ≤ i ≤ |σ| ∧ (v · σ)i |= m′

then χ(m′, v′ · σ)
else ∅

� A′ = M ∪ {r}
p

� λ′ = σ 7→ {λMeth(σ0)} ∪ (if (|σ| = 1 ∧ σ0 |= r) then {r} else ∅)
pBx�zL�

� E′ = {v ∈ E | λMeth(v) ∈M}
¤

��� ��	0� - Ë �¦N��°_khoN��YbeX\��fLX\X\byz;�Dw;ho_kw2N�h\Z\byN9X'_��)ZoJ;N�byz;`ybcz;byz;�§x�`y�k_khobcZ\J;M�p
�(N�£Lh�XlZOX[J;_&� x�X[byMOw;`cN
N�Â;x�MOw;`yNk¤¹PYf;w;w2_aX\N��¦NDJLxºnaNDx�z x�w;w;`yN�Z�xkX��YN�wLby��Z\N9� bcz4Z\J;N§`cN�� Z[�0JLx�zB� ��_a`cf;MOz _k� #%bc�af;hoNÃ�k¤
q|zL`cbyz;byz;��Z\J;beX'xkw;w;`yN�Z��)bcZ\J»ZoJ;N¢w;f;^L`cbe�©MON�ZoJ;_Y�¥X[N�Z

{m}
hoN9X\f;`cZoX~byz»Z\J;N�x�w;w;`yN�Z'�;N�w;be�¸ZoN9�»byz»Z\J;N

hoby�kJAZ[�0JLx�zB�'��_a`cfLM]zO_k��#%bc�af;hoNS�a¤%rt_�Zoby��N�Z\JLx�Z
x�`y`YbczAZ\N9h\zBx�`;x�zB�'w;fL^;`cbe��N9�;�kN9X�xkh\N�w;hoN9X\N�honkNG��p&�)J;by`cN
wLh\byn&x&Z\N#MON�Z\JL_W����xk`c`eX�xkh\N'h\N9w;`yxa��NG�6^WV�Zl�¦_¢NG�Y�kNGX���Zo_�ZoJ;N'N9zaZoh\V6xkzL���°ho_kM�Z\JLN'hoN�Z\fLh\z¼w2_kbyzAZS_k�
ZoJ;N���xk`c`yN9��MON�ZoJ;_Y��p;hoN9X\wBNG�¸Z\bynkN9`cVa¤

.�� Ï � Ë �º��� Ë � ¨§N]X[Zox�Z\N]X[N9nkN�h�x�`�fLX\N��°f;`
w;ho_kw2N�h\Z\byN9Xt_��iZoJ;N#byz;`ybczLbcz;��x�`y�k_ah\bcZ\J;M�¤ #%bch�XlZS_��(xk`c`-p2Z\J;N
byz;`ybczLbcz;�¢xk`c�a_khob}ZoJ;M ��_aMOw;fYZ\NGX)x�z�x�w;wL`cN�Z9¤
.�� Ï � Ï ������� Ï 	,� � � ­�¬

A : I
³�­¢±&«Ã±oÅaÅ2½c­�¬S±�« �

M ⊆ I+ ±¢À�­�¬�¶l¯�Å2·L³�½¾ª�²OÁ©­�¬ ´L¶��&À
� � ´;­Oª «B½¾ª «2­ �
±�ÅkÅ"½c­�¬

αM (A)
´;±&À�ª «L¬|­�®°¯�±a²o­

IαM (A) = (M,M ∪ (I−−I+)) � b.¤ Nk¤ αM (A) : (M,M ∪ (I−−I+))
�

�¦V�g
h\_awB_AX[bcZ\by_kz��]�(NSZ\JWfLX��aN�Z��

bM (αM (A)) = b(αM (A))

PYbczL��N©Z\JLN�byz;`cbyz;byz;�¼ZohoxkzLX[�°_khoMOx�Z\by_kz
αM

_az;`cV»x �"N9��ZoX'M]N�Z\J;_Y�;X#z;_kZ'bcz
M
p
αI+

beX~Z\JLN�be�YN�zAZ\bcZlV
_awBN9hox�Z\by_kz¡¤
.�� Ï � Ï ������� Ï 	 
 � � ­�¬

A : I
³�­#±�«§±oÅaÅ2½c­�¬ � � ´L­�«

αI+(A) = A
�
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� ³�À¸¬.®o±k²�¬.ª�¶�«�¶&µ&­�®��¦·L³�½}ª�²���«L¬|­�®°¯�±a²o­�À �G�

m a b

a b

a a
v0

v1

v2

v7

v5 v6

v3

v4

m

m

v7.v3.v1

v4.v3.v1
v0 v2.v1

v1 v3.v1

v5.v3.v1 v6.v3.v1

m

#�by�kfLh\NO�*��miÂYxkMOw;`cN~xkw;w;`yN�Z

#%byzLx�`y`cVapYZ\JLN~bcz;`ybyz;bczL�¢x�`y�k_khobcZ\J;M N9z&jl_&VYX¦Z\J;N��°_a`c`y_&�)bczL�]�YbeX[Z\hobc^;f;Z\bynAbcZlV�wLh\_awBN9h[ZlVa¤
.�� Ï � Ï ������� Ï 	 &�� � ­�¬

A : IA
±�« �

B : IB
³o­O±�ÅkÅ2½y­�¬.À � ±&« �¢½y­�¬ MA ⊆ I+

A

±&« �
MB ⊆ I+

B

³�­'À¸·L²o´
¬°´;±�¬

I−A − I+
A ⊆MB

±&« �
I−B − I+

B ⊆MA
� � ´L­�«

αMA∪MB
(A ] B) = αMA

(A) ] αMB
(B)

� �$	 �
-��Y��� Ï 	 ��Ë � � -��9� � utX�x�`yh\NGxk�YV M]N9zAZ\by_kz;NG��p)Z\JLNDbyzaZoN�h\��xk��N6^BN9JLxºnWbc_af;h¢_��~ZoJ;ND_ah\by�kbyzLxk`
xkw;w;`yN�Z¦byX¦w;hoN9X\N�honkNG�O^AV]ZoJ;N�byz;`ybczLbcz;�]x�`y�k_ah\bcZ\J;M�p2ª � ­ �2N9nkN9h\V]N�ÂYN9��fYZ\by_kz�_��¡ZoJ;NtbyzAZ\N�h\��xk��Nt^2N�JLxºnWby_kf;h
_k�

A
beX�x�z§N�ÂYN9��fYZ\by_kz§_��(Z\J;N©^2N�JLxºnWby_kf;h�_k�

αM (A)
¤¢I�J;byX�byX~�YfLNOZ\_�Z\J;N¢��`c_AX[N©��_khoh\NGX[w2_kzL�;N�zL��N

^2N�Zl�¦N�N9z©Z\JLN�byzAZ\N�h\��xk��Nt^2N�JLxºnWby_kf;h(_��
A
x�zL�OZoJ;N�XlZoh\fL��Z\f;hoNt_k�

αM (A)
¤�¨§N�wLh\_&nWbe�YNtx�z��lbyz;`ybczLbcz;���

ZohoxkzLX[�°_khoMOx�Z\by_kz
α′

M

_kz Z\J;N6X[Zox&ZoN9X]_��
bM (A)

^WVÃ�YN�£LzLbcz;�
α′

M (v, σ) = (hd(γ), tl(γ))
p(�)J;N�hoN

γ = βM (v · σ)
x�zL���)J;N�hoN

βM (σ)
�YN9z;_�ZoN9X(Z\J;N~X\N9dAf;N9zL��NS_���zL_khoMOxk`cbeX\N9�

M
�-�°hoxkMON9X9¤%rt_�Z\be��NSZoJLx&Z

�¦N�x�`y��xºVWX%JLxºnaN
hd(hd(γ)) = hd(v ·σ)

¤
¨�N�X[J;_&� Z\JLx�Z
α′

M

byX
x~X[byM'f;`ex&Zobc_azOh\N9`yx�Z\byz;�SZ\J;N�_ah\by�kbyzLxk`
byzAZ\N9h[��xa��N�^BN9JLxºnWbc_af;h��)b}ZoJ�Z\J;N~byz;`ybcz;NG��^BN9JLxºnWbc_af;h9¤
( ��ËWÏ � Ë 	 � � � ­�¬

A : I
³�­]±�²�½c¶ºÀ�­ ��±�ÅkÅ"½c­�¬ � ±�« �©½y­�¬ M ⊆ I+ ���O­�´L±&µ&­ bM (A) ≤ b(αM (A))

�
��®\¶9¶[¯
��¨§N�X\J;_&� ^WV§��_��0bczB�YfL�¸Zobc_az¥Z\JBx&Z

α′
M

byX]x¼X\bcM#f;`yx�Z\by_kzÃ^2N�Zl�¦N�N9z
bM (A)

x�zL�
b(αM (A))

p
ª � ­��yp%�(N©X\J;_&�vZoJLx&Z 	[���tZ\J;N©n&xk`cfLx�Z\by_kzLX�_k�

(v, σ)
bcz
bM (A)

xkzL�
α′

M (v, σ)
bcz
b(αM (A))

xk�khoN�Nkp
xkzL� 	.����bc�

(v, σ)
l
−→(v′, σ′)

byz
bM (A)

pLZoJ;N�z
α′

M (v, σ)
l
−→ α′

M (v′, σ′)
bcz
b(αM (A))

¤�I�JLN�h\NGX[fL`}Z
ZoJ;N�z��°_k`y`y_&��X¦X\byzL��N

α′
M

M©x�wLX(Z\JLNSN9zAZ\hoV�XlZ�x&ZoN9X¦_��
bM (A)

Z\_ON�zAZoh\V¢X[Zox�Z\N9X�_k�
b(αM (A))

	°byz���xk��Z9p
ZoJ;N~N�zAZoh\V�X[Zox�Z\NGX)��_kbyzL��by�YNap;x�zL�

α′
M

M©x�wLX�N9nkN9h\V©N9zaZoh\V�XlZ�x&Z\N�Zo_Ob}Z�X[N9`}� ��¤
� N�Z

(v, σ)
^2N#x¢��_kzY£L�af;h�x&Z\by_kz�_��

bM (A)
p�x�zB��J;N�zL��N'x�`eX\_©_��

b(A)
¤ � N�Z

α′
M (v, σ) = (w, γ)

�
w
byX(x�z;_ah\M©xk`

M
�.�°h�x�MON�_k�

A
pWx�zL�OZoJWfLX(x'z;_Y�YNt_k�

αM (A)
¤ir�_kZ\NtZ\JLx�Z

hd(w) = v
¤
q0Z(beX
NGxkX\V'Zo_

��JLN9����Z\JBx&Zin&x�`yfLx&Zobc_azLX%_kz
(v, σ)

xkzL�
(w, γ)

x��ah\N9Nkp�X\_��¦N¦�°_Y��fLX�_az'ZoJ;N�X\N9��_azL���a_axk`.¤�¨�N���_kzLX\by�;N�h
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�9� �¦·Y®o¶&µ�����·YªeÀ�Á©±&«

ZoJ;Nt�Yb��"N�hoN�zAZ(��xaX[NGX�`yN9xk�;bcz;��Z\_~ZohoxkzLX[bcZ\by_kzBX
�°h\_aM ��_kzY£L�af;h�x&Z\by_kz
(v, σ)

bcz
b(A)

pYxaX�bczB�YfL��NG�©^WV'ZoJ;N
ZohoxkzLX\b}Zobc_az'hof;`cNGX��°_khi��`y_aX\N9�#x�w;wL`cN�ZoX
�kbynkN9z'byz]I%x�^L`cN���¤
r�_kZ\be��N¦Z\JLx�Zibcz#Z\JLN���_kzLX[Z\hofL��Z\by_kz'_k�

αM (A)ZoJ;NOx�fYÂYby`cbex�hoV��°fLzL�¸Zobc_az
χ
bczLb}Zobyxk`c`yV6byXSbyzWnk_*�aN9���)bcZ\J§x�ho�kf;MON�zAZ�X

w0
x�zL�

ε
p¡xkzL�6ZoJLx&Z�N�naN�zAZ\fBx�`y`cV

ZoJ;beX)h\NGX[fL`}Z�X�bcz�xOh\NG��f;h�X\bcnaN���xk`c`�_��
χ
�)bcZ\J6xkh\�af;MON�zAZoX

hd(w)
x�zL�

tl(w)
¤

� ���&� 	 ��" Ë � � � N�Z
v →m v′

x�zB�
v |= ¬r

¤
I�J;N�z
(v, σ)

ε
−→(v′, σ)

bcz
b(A)

p�xkzL��J;N�zB��N(xk`yX\_)byz
bM (A)

¤
I�J;N�z�p%^WV§�YN�£LzLb}Zobc_az¥_��

αM

	°N9�;�kN¢byz¥X[N�Z
IntM (m)

�~xkzL�
α′

M

p
w →topM (w) v

′ · tl(w)
beX

x�z»N9�;�kN]bcz
αM (A)

p
x�zL�
w |= ¬r

¤�I�JLN�hoN��°_khoN
(w, γ)

ε
−→(v′ · tl(w), γ)

byz
b(αM (A))

¤ �¦V
�YN�£Bz;b}Zobc_az�_��

α′
M

p
α′

M (v′, σ) = (v′ · tl(w), γ)
pLxkzL��J;N�zL��N

α′
M (v, σ)

ε
−→ α′

M (v′, σ)
¤

� �k��- - � � N�Z
v

m2−−→m1 v
′ p v |= ¬r

p
v2 |= m2

xkzL�
v2 ∈ E

¤�I�J;N9z
(v, σ)

m1
����� �

m2−−−−−−−→ (v2, v
′ · σ)

byz
b(A)

¤i¨§N���_kzBX[be�YN�h¦ZoJ;h\N9N���xaX[NGX�pYxkX�byzL�YfB��N9��^WV©ZoJ;N~h\N9zLx�MObyz;�©X\��JLN�MON�_��
ρM

¤

�k¤
m1 ∈ M

x�zB�
m2 ∈ M

¤ I�J;N9z
(v, σ)

m1
����� �

m2−−−−−−−→ (v2, v
′ · σ)

byz
bM (A)

xkXO�¦N�`y`.¤ rt_��
Z\be��N�Z\JLx�Z�byz ZoJ;byX��9xkX\N

tl(w) = ε
p�x�zL� Z\JWfLX

w = v
¤ �(V �YN�£Lz;bcZ\by_kz _��

αM

	�N9�Y�aNDbyz
X[N�Z

PubM(m1)
�6xkzL�

α′
M

p
v

m2−−→m1 v′
bcz

αM (A)
p'�)J;N�hoN

v |= ¬r
p
v2 |= m2

x�zB�

v2 ∈ EαM (A)
¤�I�J;N9h\N��°_khoN

(v, γ)
m1

����� �
m2−−−−−−−→ (v2, v

′ · γ)
bcz
b(αM (A))

¤ �¦V¥�YN�£Lz;bcZ\by_kzÃ_k�
α′

M

p
α′

M (v2, v
′ · σ) = (v2, v

′ · γ)
¤

�Y¤
m1 6∈ M

xkzL�
m2 ∈ M

¤¹I�J;N�z
(v, σ)

m
����� �

m2−−−−−−→ (v2, v
′ · σ)

byz
bM (A)

p��)J;N�hoN
m =

topM (v ·σ)
¤ �¦V~�YN�£Lz;bcZ\by_kz'_k� 	°z;_ah\M©xk` �

M
�-�°h�x�MON9X

m = topM (w)
pkxkzL�~^WVS�;N�£Lz;bcZ\by_kz#_��

αMx�zL�
α′

M

p
w

m2−−→m v′·tl(w)
bcz
αM (A)

	.X[byzL��N
v

m2−−→m1 v
′ byX�x�z�N9�Y�aN�bcz PubM(m1)

�¸p&X[_�ZoJLx&Z

w |= ¬r
p
v2 |= m2

xkzL�
v2 ∈ EαM (A)

¤�I�J;N9h\N��°_khoN
(w, γ)

m
����� �

m2−−−−−−→ (v2, (v
′ · tl(w)) · γ)

bcz
b(αM (A))

¤ �¦V��YN�£Lz;bcZ\by_kz�_��
α′

M

p
α′

M (v2, v
′ · σ) = (v2, (v

′ · tl(w)) · γ)
¤

�;¤
m2 6∈ M

¤ I�J;N�z
(v, σ)

ε
−→ (v2, v

′ · σ)
byz

bM (A)
¤ �¦V��YN�£Lz;bcZ\by_kzv_k�

αM

x�zB�
α′

M

p
w −→topM (w) ν (v2 · v

′ · tl(w))
bcz

αM (A)
	 £Lh�X[Z�X[N�Z�byz

ζ
�Dx�zL�

w |= ¬r
¤ I�JLN�hoN��°_khoN

(w, γ)
ε
−→ (ν (v2 · v

′ · tl(w)) , γ)
bcz
b(αM (A))

¤ �¦VÃ�YN�£Bz;b}Zobc_azH_k�
α′

M

p
α′

M (v2, v
′ · σ) =

(ν (v2 · v
′ · tl(w)) , γ)

¤

� � Ë � ��� 	 � � N�Z
v |= m2 ∧ r

p
σ 6= ε

xkzL�
hd(σ) |= m1

¤�I�J;N�z
(v, σ)

m2 ���
	 m1−−−−−−−→ (hd(σ), tl(σ))
bcz

b(A)
¤
u��Ax�byz¡pY�¦N���_kzLX\be�YN�h�ZoJ;h\N9N~��xkX\N9X9pYxkX�byzL�YfL��N9��^WV¢ZoJ;N~h\N9zLx�MObyz;�OX\��J;N9MONS_k�

ρM
¤

�k¤
m1 ∈ M

xkzL�
m2 ∈ M

¤¦I�J;N9z
(v, σ)

m2 ���
	 m1−−−−−−−→ (hd(σ), tl(σ))
byz
bM (A)

xkX)�¦N�`y`-¤(r�_kZ\be��N
Z\JLx�Z�byz Z\JLbyX���xaX[N

tl(w) = ε
p�Z\JWfLX

w = v
p
γ = βM (σ)

p
γ 6= ε

p�x�zL�
hd(hd(γ)) |=

m1
¤¹I�JLN�hoN��°_khoN

(v, γ)
m2 ���
	 m1−−−−−−−→ (hd(γ), tl(γ))

byz
b(αM (A))

¤ �¦V �YN�£Bz;b}Zobc_az4_k�
α′

M

p
α′

M (hd(σ), tl(σ)) = (hd(γ), tl(γ))
¤

�Y¤
m1 6∈ M

x�zB�
m2 ∈ M

¤§I�J;N�z
(v, σ)

m2 ���
	 m
−−−−−−→ (hd(σ), tl(σ))

bcz
bM (A)

pi�)JLN�hoN
m =

topM (σ)
¤
ut`yX\_'byz¢ZoJ;byX)�9xkX\N

tl(w) = ε
pAZoJAfBX

w = v
p
γ = βM (σ)

p
γ 6= ε

pYxkzL�
hd(hd(γ)) |=

m1
¤ �¦V �;N�£Lz;bcZ\by_kz _k�

αM

xkzL�
α′

M

p
m = topM (hd(γ))

�#ZoJ;N�hoN��°_ah\N
(v, γ)

m2 ���
	 m
−−−−−−→

(hd(γ), tl(γ))
byz
b(αM (A))

¤ �¦V��YN�£Bz;b}Zobc_az�_��
α′

M

p
α′

M (hd(σ), tl(σ)) = (hd(γ), tl(γ))
¤
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�;¤
m2 6∈ M

¤ I�J;N�z
(v, σ)

ε
−→ (hd(σ), tl(σ))

bcz
bM (A)

¤ ¨�N�M©x��aN�x§��xaX[N��YbeXlZobczB�¸Z\by_kz _kz
�)J;N�ZoJ;N�h

hd(tl(w)) = hd(σ)
p�ª � ­����)J;N�ZoJ;N�h�Z\J;N#N9�Y�aN~Z\JBx&Z��¦N'fBX[N~Zo_�X\bcM#f;`ex&Z\N�Z\J;N#h\N�Z\f;hoz

�¦xaX)��hoN9x�Z\N9���°_kh�x]z;_azY�0h\NG��f;h�X[bynkNS��xk`c`-pY_kh)z;_kZ9¤

� �¦xkX\N hd(tl(w)) = hd(σ)
¤ �¦V¼�YN�£Bz;b}Zobc_azD_k�

αM

xkzL�
α′

M

p
w →topM (w) tl(w)

byz
αM (A)

p
x�zL�

w |= ¬r
¤ I�J;N9h\N��°_khoN

(w, γ)
ε
−→ (tl(w), γ)

bcz
b(αM (A))

¤��¦VÄ�;N�£Lz;bcZ\by_kz=_��
α′

M

p
α′

M (hd(σ), tl(σ)) = (tl(w), γ)
¤

� �tZ\J;N9h\�)beX\N#ZoJ;N�hoNOM'fLX[Z~^BN¢x�z;_Y�YN w′ bcz αM (A)
X[fL��J�Z\JBx&Z

ν(v · w′) = w
x�zB�

hd(σ) =
hd(w′)

¤ �¦VO�;N�£Lz;bcZ\by_kz�_��
αM

xkzL�
α′

M

Z\J;N9h\N�M'fLX[Z(^2N�xkz¢N9�Y�aN
w →topM (w) w

′ bcz αM (A)
p

x�zL�
w |= ¬r

¤DI�J;N9h\N��°_khoN
(w, γ)

ε
−→ (σ′ · tl(w), γ)

byz
b(αM (A))

¤ �¦V§�YN�£Lz;bcZ\by_kzÃ_k�
α′

M

p
α′

M (hd(σ), tl(σ)) = (σ′ · tl(w), γ)
¤

I�JLbyX)��_kzL��`cfL�;N9X¦Z\JLN~w;h\_W_k�l¤
rt_�Z\be��N�Z\JLx�Ztbcz6�aN�z;N9hoxk`��(N#�Y_©z;_�Z�JLxºnkN�^2N�JLxºnWby_kf;h�x�`¡X\bcM#f;`ex&Z\by_kz�NGdafLbcn&x�`yN�zB��Nk¤�I�J;N�byz;`ybczLbcz;�

��_kzLX[Z\hofL��Z\by_kz�bczAZoh\_Y�YfL��N9X¡Z\h�x�zLX[�°N�h¡NG�Y�kNGX��°_ah���xk`c`eX�Zo_tx�zL��hoN�Zof;hozLX��°ho_kM=w;hobcn&x&ZoNiMON�ZoJ;_Y�;X�¤ �¦N9��xkfLX\N
_k�;Z\JLN(`ex&Z\Z\N�hGpºZ\JLN¦^2N�JBxºnAby_kfLh�_k�;Z\J;N¦byz;`cbyz;NG�#xkw;w;`yN�Z���x�z]��_azaZ�x�byz'xSX[by`cN9zAZ�ZohoxkzLX[bcZ\by_kz#��_khohoN9X\wB_azL�Ybyz;�
Zo_#x~hoN�Zof;hoz©�°h\_aM x~w;hobcn&x&ZoNtMON�ZoJ;_Y�.	°byz¢ZoJ;Nt_ah\by�kbyzLxk`Bx�wLw;`cN�Z���pAN9nkN9z©�)J;N�z©ZoJ;NSbcz;`ybyz;N9�¢xkw;w;`yN�Z�JLxkX
zL_�Z�VkN�Z~�°_k`y`c_&�¦N9�»x6X\bc`yN�zAZ~ZohoxkzLX[bcZ\by_kz¥��_khoh\NGX[w2_kzL�;bcz;��Z\_�x6��x�`y`�Zo_�Z\J;beX�w;hobynºx�Z\N©MON�ZoJ;_Y� 	°byz»Z\J;N
_ah\by�kbyzLxk`�x�wLw;`cN�Z���¤�I�JLN#byz;`ybcz;byz;��Z\JWfLX�bczAZoh\_Y�YfL��N9X�z;N��É^BN9JLxºnWbc_af;hoX9¤�rt_�Zoby��N#J;_&�¦N�naN�hGp;ZoJLx&ZSZ\J;NGX[N
zLN��4^2N�JBxºnAby_kfLhoX�x�hoN�_kz;`yV¢_a^LX[N9h\n&xk^;`cNSbyz�xkw;w;`yN�Z�X��)J;by��J6xkh\N�z;_kZ�`exkX[Z[�|��xk`c`"hoN9��f;hoX\bynkNk¤

u�X\N�Z)_��%MON�Z\JL_W�LX�byX�®\­�²�·Y®�À¸ª µº­�b}�%N�nkN9h\V©MON�Z\J;_Y��bcz�Z\JLN�X\N�Z���_kzAZoxkbczLX�x 	°hoN9xa��JLx�^L`cN��
�9x�`y`2NG�Y�kN
Zo_¼X[_aMON]MON�Z\J;_Y�»byz�ZoJ;N¢X\N�Z9¤�u ��xk`c`iNG�Y�kNObeX~hoN9��fLhoX\bcnaN#bc��Z\J;N¢�9x�`y`cbyz;�¼xkzL��Z\J;N¢�9x�`y`cNG��MON�Z\J;_Y�;X
^2N�`y_kzL�6Z\_DX\_kMON¢MObyz;byMOxk` 	.x�zL�»ZoJWfLX�p
M#fYZ\fLxk`c`yV ��hoN9��fLhoX\bcnaN©MON�Z\JL_W� X[N�Z9¤¼u wLh\_a�kh�x�MÇbeX'�9x�`y`cNG�
½y±ºÀ¸¬��[²�±�½ ½L®\­�²�·Y®�À�ª µ&­tb}�"�°ho_kM xkzWV#�YNGXlZobczLx�Z\by_kzOz;_Y�YN)_k��xkzWV�h\NG��f;h�X\bcnaN��9x�`y`;N9�;�kNkpk_kz;`yV�ZohoxkzLXl�°N9hiN9�;�kN9X
xkh\N�h\NGxk��JLxk^;`yNk¤%q|z�xk�L�Yb}Zobc_az¡pY�¦NSX\JLx�`y`�xkXoX[fLM]NtZ\JLx�Z�x'hoN�Zof;h\z�z;_Y�YNSbyX�hoN9xa��JLx�^;`yN)�°ho_kM N9nkN�hoV©X[fB��J
�;N9X[Z\byzLx&Zobc_az�z;_Y�YNa¤

#L_kh'`exkX[Z[�|��xk`c`
h\NG��f;h�X[bynkN¢xkw;w;`yN�Z�X�p
�¦N¢w;ho_&nkNOZ\JLN�hoN�nkN9hoX\N©��_ah\hoN9X\wB_azL�YN9zL��NO�°_ah'_k^BX[N9h\n&x�^L`cN©^2N��
JBxºnAby_kfLhoX9¤
( ��ËWÏ � Ë 	 
�� � ­�¬

A : I
³o­¥±Ä²�½c¶ºÀ�­ � ½c±&À�¬��[²�±&½ ½S®\­�²�·Y®�À¸ª µ&­¥±oÅaÅ2½c­�¬ � ±&« �H½c­�¬ M ⊆ I+ � � ´L­�«

b(αM (A)) ≤w bM (A)
�

��®\¶9¶[¯
� �(_azLX\by�YN9htx¢X[Zox�Z\N
(w, γ)

byz
b(αM (A))

p��)J;N9h\N
λMeth(hd(w)) /∈ M

xkzL�
hd(w) |= r

¤ #;_kh
`exkX[Z[�|��xk`c`AhoN9��fLhoX\bcnaN(xkw;w;`yN�ZoX9p&ZoJ;N�bcz;`ybyz;bczL��ZohoxkzLX[�°_khoMOx�Z\by_kz

αM

JLxaX%Z\J;N�w;ho_kw2N�h\ZlVSZ\JLx�Z%�°_ah�x�zWV�X[fB��J
w
pWZ\J;NSz;_Y�YN9X

w′ X\fL��J©ZoJLx&Z ν(hd(w) ·w′) = w
^;fYZ

hd(w) ·w′ 6= w
p;xkzL�¢�)JLby��J�x�hoN�X[Z\hofL�¸Zof;hoxk`c`yV

hoN9xa��JLx�^L`cN#�°h\_aM
w
byz
αM (A)

�°_ah\M 	 Zo_k�kN�Z\J;N9h~�)b}ZoJ
w
�~x�X[Z\ho_kz;�a`cVD��_kz;zLN9�¸ZoN9�»��_aMOwB_az;N�zAZ�x�zL�

xkh\N)NGdAf;bcn&xk`cN9zaZ � �y®��y¬ �WX[Z\hofL�¸Zof;hoxk`LX\bcM#f;`yx�Z\by_kz¡¤
utX(x~��_azLX[NGdAf;N�zL��Nkp�byz
b(αM (A))

pYx�`y`BX[Zox�Z\NGX
(w′, γ)�°_ah
x~�abcnaN�z

γ
xk`yX\_��°_khoM x~XlZoh\_az;�k`yV#��_kz;z;NG�¸ZoN9�©��_aMOwB_az;N�zAZ(xkzL�©x�hoN)�(NGx��OX[byM'f;`ex&Zobc_azON9dAf;bynºxk`cN9zAZ9¤

R¼_W�;f;`c_�X[fB��J �lhoN�Zof;hoz ��N9dAf;bynºxk`cN9zL��N#��`exkXoX[NGX�p2�(N]X[JL_&�=^WV6��_k�-byzL�YfB�¸Z\by_kz¼Z\JLx�Z
(α′

M )−1 beX�x��(NGx��
X\byM'f;`ex&Zobc_azD^2N�Zl�¦N�N�z

b(αM (A))
x�zB�

bM (A)
¤¢R6_ah\NON�Â;xa�¸Z\`yVkp��(N©X\J;_&��Z\JBx&Z 	l���tZ\J;N©n&x�`yfLx�Z\by_kzLX

_k�
α′

M (v, σ)
xkzL�

(v, σ)
x��khoN�Napix�zL� 	.���'bc�

α′
M (v, σ)

l
−→ (w′, γ′)

byXOxDZ\h�x�zLX\b}Zobc_azÃbyz
b(αM (A))_kZ\J;N9h�Z\JLxkz§x 	.X[by`cN9zAZ���Z\h�x�zBX[bcZ\by_kz§�)b}ZoJ;byz»x�hoN�Zof;h\z§N9dAf;byn&x�`yN�zL��N©��`exkXoX�p"ZoJ;N�z

(v, σ)
l
⇒ (v′, σ′)

byz
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bM (A)
�°_kh~X[_aMON

v′
x�zL�

σ′ X[fB��JDZoJLx&Z α′
M (v′, σ′) = (w′, γ′)

	�bcz»MO_aX[Z��9xkX\N9X��(NON9nkN�z§X[JL_&��Z\J;N
��_khoh\NGX[w2_kzB�YbczL�DXlZoh\_az;�6ZohoxkzLX[bcZ\by_kz��¸¤ÃI�J;N�h\NGX[fL`}Z]Z\J;N9zÃ�°_a`c`y_&��X#X\byzL��N

α′
M

M©xkwLX'N9zAZ\hoVÃXlZ�x&Z\NGX'_k�
b(αM (A))

Zo_©N�zAZ\hoV�X[Zox&ZoN9X�_k�
bM (A)

¤
� N�Z

(v, σ)
^2N�x���_kzY£B�kf;h�x&Zobc_az]_k�

bM (A)
pWxkzL�©`yN�Z

α′
M (v, σ) = (w, γ)

¤
rt_�ZoN�Z\JBx&Z
hd(w) = v

p
xkzL�#Z\JLx�Z

χ
beXibyzWnk_*�aN9�#�)b}ZoJ�x�ho�kfLM]N9zAZoX

λMeth(hd(w))
xkzL�

tl(w)
byzOZ\J;Nt��_kzLX[Z\hofL��Z\by_kzO_��

αM (A)
¤

q0Z(byX(N9xaX[V'Z\_'��J;NG���'ZoJLx&Z
Z\J;N�nºxk`cfBx&Z\by_kzBX
x��ah\N9NkpkX\_��¦N)�°_Y��fLX
_kzOZoJ;N�ZohoxkzLX[bcZ\by_kzBX�¤%¨�N���_kzBX[be�YN�h
Z\J;N
�;b �"N�hoN�zAZS�9xkX\N9Xt`cNGxk�Ybyz;�©Zo_¢Z\h�x�zBX[bcZ\by_kzLX��°h\_aMÈ��_kz;£L�kf;h�x&Zobc_az

(w, γ)
bcz
b(αM (A))

p¡xkX�bczB�YfL��NG�6^WV
ZoJ;N�Z\h�x�zBX[bcZ\by_kz�h\fL`cNGX¦�°_kh���`y_aX\N9��x�w;wL`cN�ZoX)�abcnaN�z�byz6I�xk^;`yN©��¤
� ���&� 	 ��" Ë � � � N�Z

m ∈ M
p
w →m w′ xkzL� w |= ¬r

¤�I�J;N9z
(w, γ)

ε
−→(w′, γ)

byz
b(αM (A))

¤ �¦V
�YN�£Bz;b}Zobc_azÄ_��

αM

p(Z\J;N9h\N¼xkh\N�Z\J;hoN�N6w2_aXoX\bc^;`yN6��xaX[NGX]�°_khOZ\JLN�Z\h�x�zLX[�°N�h©NG�Y�kN
w →m w′ Z\_x�w;w2N9xkh)bcz

αM (A)
pL�)J;by��J��¦N~��_kzBX[be�YN�h�byz�Z\f;hoz¡¤

�k¤
w′ = v′ · tl(w)

x�zL�
v →m′ v′

�°_khSX[_aMON
v′
x�zL�

m′ = λMeth(v) = λMeth(v
′)
pBx�zB�

v |= ¬r
¤

I�J;N�z
(v, σ)

ε
−→(v′, σ)

bcz
b(A)

p)x�zL� J;N9zL��N¼xk`yX\_»bcz
bM (A)

¤ �¦VÃZ\JLN¼�YN�£LzLb}Zobc_az _��
α′

M

p
α′

M (v′, σ) = (w′, γ)
¤

�Y¤ 	°byzAZ\N�hozLxk`
�9x�`y` �
w′ = ν(e · v′ · tl(w))

p
e |= m′ xkzL� e ∈ E

p
m′ /∈ M

p"ZoJ;N�hoN#beXSx��9x�`y`�NG�Y�kN

v
m′

−−→m′′ v′
bcz

A
�°_ah�X\_kMON

m′′ p v |= ¬r
¤tI�J;N9z

(v, σ)
m′′ ����� �

m′

−−−−−−−→ (e, v′ · σ)
byz
b(A)

p"x�zL�
J;N�zB��N

(v, σ)
ε
−→ (e, v′ · σ)

byz
bM (A)

¤ �¦V��YN�£Lz;bcZ\by_kz�_��
α′

M

p
α′

M (e, v′ · σ) = (w′, γ)
¤

�;¤ 	°byzAZ\N�hozLxk`Yh\N�Z\f;hoz �
w = ν(v ·w′)

p
v |= m′∧r

p
m′ /∈ M

x�zL�'Z\JLN�hoN(beX�x��9x�`y`WN9�Y�aN
v′

m′

−−→m′′ v′′bcz
A
�°_ah

v′′ = hd(w′)
x�zB��X\_kMON

m′′ x�zL� v′ X[fB��J�ZoJLx&Z v′ |= ¬r
¤
¨§N'��_azLX[be�YN9h(ZoJ;hoN�N�X\f;^Y�

��xaX[NGX�¤

� hd(σ) = v′′
¤ I�J;N9z

(v, σ)
m′ ���
	 m′′

−−−−−−−→ (hd(σ), tl(σ))
byz

b(A)
pOx�zL�vJ;N�zL��N

(v, σ)
ε
−→

(hd(σ), tl(σ))
bcz
bM (A)

¤ �¦V©Z��YN�£Bz;b}Zobc_az�_��
α′

M

p
α′

M (hd(σ), tl(σ)) = (w′, γ)
¤

� hd(σ) 6= v′′
x�zL�

w = v · w′ ¤�I�J;N�z��(N]x�hoN#�YNGx�`ybczL���)bcZ\J»x¢hoN�Z\fLh\z6�°ho_kMÇx�h\NG��f;h�X\bcnaN'��xk`c`
bcz
b(A)

pLxkzL��Z\J;N9h\N�M'fBXlZ)^2N�x]�;N9��_aMOwB_AX[bcZ\by_kz
σ′ · v′′ · σ′′ _k� σ X[fL��J�Z\JBx&Z λMeth(σ0) = m′

x�zL�»zL_¼z;_Y�YN¢_k�
σ′ beX~bcz M ¤6PYbczL��N

A
byX'`yxaXlZ\�0�9x�`y`ihoN9��fLhoX\bcnaNkp%x�`y`iz;_Y�YN9X'bcz

σ′ xkh\N©N9b}ZoJ;N�h
h\N�Z\f;hoz z;_Y�YNGX�_ah�z;_Y�YNGX�`yN9xa�Ybyz;�ÃZo_ hoN�Z\fLh\z z;_Y�YNGX�nWbex¥ZohoxkzLXl�°N9h�wLx�Z\JLX�_kzL`cVa¤ I�J;N9h\N��°_khoN
(v, σ)

ε
⇒ (v′′, σ′′)

byz
bM (A)

¤ �¦V©ZoJ;N��YN�£Lz;bcZ\by_kz�_��
α′

M

p
α′

M (v′′, σ′′) = (w′, γ)
¤

� hd(σ) 6= v′′
xkzL�

w 6= v ·w′ ¤�I�J;N�z (w, γ)
x�zL�

(w′, γ)
xkh\N)byz¢ZoJ;N�Xox�MON�hoN�Zof;h\z©NGdAf;bcn&xk`cN9zL��N

��`exkXoX 	�X\N�N~x�^2_&nkN��¸p;X\_O�(N~�Y_Oz;_kZ�JLxºnkN�Z\_¢��_kzLX\by�;N�h¦Z\J;beX��9xkX\Nk¤

� �k��- - � � N�Z
m1,m2 ∈ M

p
w

m2−−→m1 w
′ p w |= ¬r

p
w′′ |= m2

x�zL�
w′′ ∈ E

¤%I�J;N�z
(w, γ)

m1
����� �

m2−−−−−−−→
(w′′, w′ · γ)

byz
b(αM (A))

¤ �¦V��YN�£LzLb}Zobc_az¼_��
αM

p2�¦N�M'fLX[ZtJLxºnaN
w′ = v′ · tl(w)

�°_khSX[_aM]N
v′
X\fL��J¥ZoJLx&ZGp�bcz

A
p
v

m2−−→m v′
xkzL�

v |= ¬r
�°_ah]X\_kMON¢wLh\byn&x&Z\N�MON�Z\JL_W�

m
_��
m1
¤ �¦V

�YN�£Bz;b}Zobc_az4_k�
α′

M

p
w′′ = v′′

�°_kh�X[_aMON
v′′

X\fL��J ZoJLx&Z
v′′ |= m2

xkzL�
v′′ ∈ E

¤ I�J;N�z

(v, σ)
m

����� �
m2−−−−−−→ (v′′, v′ · σ)

bcz
b(A)

p�x�zB�6X[byzL��N'^AV6�YN�£Lz;bcZ\by_kz6_k�
α′

M

p
topM (v · σ) = m1

p
�(N'JLxºnkN

(v, σ)
m1

����� �
m2−−−−−−−→ (v′′, v′ · σ)

byz
bM (A)

¤ �¦V��YN�£Bz;b}Zobc_az¼_��
α′

M

p
α′

M (v′′, v′ · σ) =
(w′′, w′ · γ)

¤
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� � Ë � ��� 	 � � N�Z
m1,m2 ∈ M

p
w |= m2 ∧ r

p
γ 6= ε

x�zB�
hd(γ) |= m1

¤©I�J;N9z
(w, γ)

m2 ���
	 m1−−−−−−−→
(hd(γ), tl(γ))

bcz
bM (αM (A))

¤ �¦VH�;N�£Lz;bcZ\by_kz _k�
αM

x�zL�
α′

M

p��¦N6M'fLX[Z¢JLxºnaN
w = vx�zL�

v |= m2 ∧ r
¤¥u�`eX[_Bp

σ 6= ε
xkzL�¥J;N9zL��N

(v, σ)
m2 ���
	 m
−−−−−−→ (hd(σ), tl(σ))

byz
b(A)

�°_ah

m = λMeth(hd(σ))
¤ �¦VD�YN�£Lz;bcZ\by_kz¥_k�

α′
M

p
topM (σ) = m1

xkzL�§J;N�zB��N
(v, σ)

m2 ���
	 m1−−−−−−−→
(hd(σ), tl(σ))

bcz
bM (A)

¤ �¦V��;N�£Lz;bcZ\by_kz�_k�
α′

M

p
α′

M (hd(σ), tl(σ)) = (hd(γ), tl(γ))
¤

I�JLbyX)��_kzL��`cfL�;N9X¦Z\JLN~w;h\_W_k�l¤
PWbyzL��N~�(NGx���X\bcM#f;`ex&Z\by_kz���_azaZ�x�byzLX)X\bcM#f;`yx�Z\by_kz��(N�JLxºnaNSZ\J;NS�°_k`y`y_&�)bcz;�B¤

+ Ï � Ï - -��Y� Ì ��� � ­�¬
A : I

³�­»± ²�½c¶&À�­)�H½c±&À¸¬��[²�±&½ ½�®\­�²�·Y®�À¸ª µ&­»±oÅkÅ"½c­�¬ � ±�« � ½c­�¬ M ⊆ I+ � � ´L­�«
bM (A) ≡w b(αM (A))

�

�  2�#�����
$&	��¦� �����¡���%	'�i������� 	'��� � � � �������������'��	������)	����'����� 	
��X[byz;�6ZoJ;N�h\NGX[f;`cZoX'_k^YZ�x�byz;N9�¥xk^B_&naNkp
�¦N���xkz XlZ�x&ZoN�X[N9nkN9hoxk`inkN9h\bc£B��x�Z\by_kz¥w;hobyzL��byw;`yN9X~ZoJLx&ZO��xkzÃ^BN
fBX[NG�ÃZo_§wLh\_&naN�w;ho_kw2N�h\Z\byN9X]_���x�w;wL`cN�ZObyzAZ\N9h[��xa��N�^BN9JLxºnWbc_af;hG¤ ¨§N�£BhoX[Z©w;h\NGX[N9zAZ#Zl�¦_§xk^LX[Z\h�xk�¸Zobc_az
wLh\byzL��byw;`yN9X9pkx�zB�'ZoJ;N�z©�¦N�X\J;_&� J;_&� Z\J;NGX[N���x�z]^2Nt��_aM'^;byz;N9�]�)bcZ\JO_kfLhi��_kMOw2_aX\b}Zobc_azLx�`YnaN�hob}£2��x&Zobc_az
wLh\byzL��byw;`yN%	 �°ho_kM � ���2�¸¤

� 	 � Ë �8"-�L� Ë �¢�
���9�º�L����� Ï 	�� � N�Z
A : I

^2N'xO��`y_aX\N9��xkw;w;`yN�Z9pBx�zL��`yN�Z
M ⊆ I+ ¤(¨ b}ZoJ�Z\J;N'h\NGX[f;`cZoX

NGXlZ�x�^;`ybeX[J;NG�~x�^2_&nkNap9�¦N
��xkz)jlfLX[Z\bc�°VSZ\J;N
�°_k`y`c_&�)byz;�txk^LXlZohoxa�¸Zobc_azSwLh\byzL��byw;`yNkp&�)J;N9h\N
ψ
beX�x�^2N�JBxºnAby_kfLhoxk`

byzAZ\N9h[��xa��NS�°_khoM'f;`ex;¤

( �����	��
���
�� ) αM (A) |=b ψ

A |=M
b ψ

( ��ËWÏ � Ë 	 & ��� ·Y½y­ 	.x�^LX[Z\h�xk��Z���ªeÀ�À�¶&·Y« �*�
��®\¶9¶[¯
� #L_k`y`c_&��X)�°h\_aM ZoJ;N#�YN�£Lz;bcZ\by_kz6_k�i^BN9JLxºnWbc_af;hoxk`¡X\x�Z\beXl��xa�¸Zobc_az¡pBI�J;N9_khoN�M��Yp"I�J;N�_ah\N9M ��p"x�zB�
ZoJ;N��YN�£Lz;bcZ\by_kz�_��%^BN9JLxºnWbc_af;hoxk`"bczAZ\N9h[��xa��N~Xox&Z\beX[��xk�¸Zobc_az¡¤

¨ J;N9z
A
JLxaX)`yxaXlZ\�0�9x�`y`¡hoN9��fLhoX\bc_az¡pY�(N#��x�z�N9nkN�z6wLh\_&nWbe�YN~xO��x�bcZ\JY�°fL`�x�^BXlZohoxa�¸Z\by_kz�w;hobyzL��byw;`yN��°_kh

wLh\_awBN9h[ZobcNGX(_k��ZoJ;N~_k^BX[N9h\n&x�^L`cNS^BN9JLxºnWbc_af;h�^WV�fLX\bczL�#ZohoxkzLX[�°_khoMOx�Z\by_kz
δ
�°ho_kM PWNG�¸Zobc_az6�Y¤

( ���������������	��
���
�� ) αM (A) |=b δ(ψ)

A |=M
b,w ψ

( ��ËWÏ � Ë 	 � ��� ·Y½y­ 	��(NGx��A�0xk^LX[Z\h�xk�¸Z/�SªeÀ�À�¶�·Y« �¢±�« ��²�¶&ÁtÅ2½c­�¬0­��
��®\¶9¶[¯
� #L_k`y`c_&��X~�°h\_aM!ZoJ;N��YN�£Lz;bcZ\by_kzÃ_k��^2N�JBxºnAby_kfLhoxk`
X\x�Z\beXl��xa�¸Zobc_az¡p�g
h\_awB_AX[bcZ\by_kzÄ�kp �(_ah\_a`c`ex�hoV¥�kp
I�JLN�_khoN�M �Wp�x�zL��ZoJ;N��YN�£Lz;bcZ\by_kz¥_k�¦�¦N9x*�D^2N�JLxºnWby_kf;h�x�`�byzAZ\N�h\��xk��N¢X\x�Z\beXl��xa�¸Zobc_az¡p%xk`c`
_��)�)J;be��JÃx�hoN
NGdAf;bcn&xk`cN9zL��NGX�¤

4�4658739;:;:;<
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+ Ï 	0� Ï ������� Ï 	 ��- ��Ë �;� Ï 	 � 	 � � q|z�NGx�ho`cbyN�h��¦_kh � � ���i�¦NOw;h\NGX[N9zAZ\N9�¼Z\J;N]�°_a`c`y_&�)bczL��X\_kf;zB�Dx�zB�
��_kMOw;`yN�ZoN���_kMOw2_aX\b}Zobc_azLx�`�naN�hob}£B�9x&Zobc_az�w;hobczB��byw;`cN��

(compos)
A |=s σ Max IA(σ) ] B |=b ψ

A] B |=b ψ
A : IA

�tN�hoN
A
xkzL�

B
x�hoN©x�w;wL`cN�ZoX9p�X[fB��JDZoJLx&Z

A ] B
byX~x���`y_aX\N9��x�w;wL`cN�Z9¤%#;f;h\Z\JLN�hGp

σ
beX~x��°_khoM'f;`ex�bcz

X\byM'f;`ex&Zobc_az�`y_k�aby�S_kz�Z\JLN�XlZoh\fL��Z\f;h�x�`�`yN�naN�` 	[ª � ­ �B^2_ºÂYN9X)x�hoN�bczAZoN�how;h\N�Z\NG��_&naN�h¦Z\J;N~NG�Y�kNGX�bcz�ZoJ;N���xk`c`
�ahoxkw;J ��pa�)J;by`yN

ψ
byX�x#w;ho_kw2N�h\ZlVOx�Z
ZoJ;N�^BN9JLxºnWbc_af;hoxk`L`yN�naN�`��&¤
#%bczLxk`c`yVkp

Max IA(σ)
beX(x]��_azLX[Z\hofL�¸Zobc_az

�;N9Xo��hobc^2N9�Hbcz � ���tVWbyN�`e�YbczL�»x»X\_��|��xk`c`yN9�4ÁO±��kª Á©±&½S±oÅkÅ"½c­�¬ � �y®��y¬ �
σ
xkzL�

IA
pSª � ­��)x�zÄx�w;wL`cN�ZO�)bcZ\J

byzAZ\N9h[��xa��N
IA

Z\JLx�Z�X[byM'f;`ex&ZoN9X�x�`y`�_�ZoJ;N�h~xkw;w;`yN�ZoX��)bcZ\J�Z\JLbyX�byzAZ\N�h\��xk��N]Xox&ZobyX[�°VWbczL��wLh\_awBN9h[ZlV
σ
¤O¨�N

��_kM#^;bczLN¼Z\JLbyX�hof;`yN��)bcZ\J4Z\J;N¥x�^BXlZohoxa�¸Z\by_kz wLh\byzL��byw;`yN§xk^B_&naN¼Zo_H_a^YZoxkbcz4Z\J;N��°_k`y`c_&�)byz;� x�^LX[Z\h�xk��Z
��_kMOw2_aX\b}Zobc_azLx�`"nkN9h\bc£B�9x&Z\by_kz�w;hobczL��bcwL`cN��

(abstract
�
compos)

αM (A) |=s σ Max IαM (A)
(σ) ] B |=b ψ

A ] B |=
M∪I

+
B

b ψ

A : IA,
I−B − I+

B ⊆M

( ��ËWÏ � Ë 	 ! ��� ·Y½y­ 	.x�^LX[Z\h�xk��Z[�|��_kMOw2_aX��SªeÀ�À�¶�·Y« ���
��®\¶9¶[¯
� #L_k`y`c_&��X¡�°h\_aM=Z\J;N�x�^LX[Z\h�xk��Z\by_kz�xkzL��Z\JLN¦��_kMOwB_AX[bcZ\by_kzBx�`knaN�hob}£2��x&Zobc_az~w;hobczL��bcwL`cNapGwL`cfLX%giho_kw2_��
X\bcZ\by_kzLX��©x�zB�!�Y¤

rt_�Z\be��N#Z\JBx&ZSZ\J;NObyzaZoN�h\��xk��N'_��(h\NGdafLbchoN9�6MON�Z\J;_Y�;X�Z\JBx&Z�byXSfLX\N9�¼�°_kh�Z\J;N]M©x&ÂYbcM©xk`%MO_Y�YN9`
��_kzY�
X[Z\hofL��Z\by_kz�fLX[NGX

I−A − I+
A

¤
I
VWw;be��xk`c`yVkpWZoJ;beX)�)bc`y`���_khoh\NGX[w2_kzL�¢Z\_OZoJ;N~w;f;^;`ybe��bczAZ\N9h[��xa��N�_��
B
p;x�zL���°_kh

NGxk��J¼byMOw;`yN�MON�zAZox�Z\by_kz¼_k�
A
bcZ~X[J;_af;`y�¼^BNO��J;N9���aN9�6�)JLN�Z\JLN�hSb}Z�h\NGX[w2N9��ZoXtZ\J;beXSw;f;^;`ybe�'byzAZ\N�h\��xk��N'_k�

B
¤
#%byzLx�`y`cVap�X[byMObc`ex�ho`cV6xaX��°_ahtZoJ;N#xk^LXlZohoxa�¸Zobc_az6w;h\byzL��bcw;`yNkp"�¦N#�9x�z�X[Zox�Z\N]x©��x�bcZ\J;�°f;`���_kMOw2_aX\b}Zobc_azLx�`

naN�hob}£2��x&Zobc_az�wLh\byzL��byw;`yNO�°_kh�wLh\_awBN9h[ZobcNGX�_���Z\J;N�_k^LX\N�hon&x�^;`yNObczAZ\N9h[��xa��NO^2N�JLxºnWby_kf;h~_k�)xkw;w;`yN�Z�X~�)J;be��J
xkh\NS`exkX[Z[�|��x�`y`�hoN9��fLhoX\bcnaNk¤

(weak
�
abstract

�
compos)

αM (A) |=s σ Max IαM (A)
(σ) ] B |=b δ(ψ)

A] B |=
M∪I

+
B

b,w ψ

A : IA,
I−B − I+

B ⊆M

( ��ËWÏ � Ë 	 2 ��� ·Y½y­ 	��(NGx��A�0xk^LX[Z\h�xk�¸Z\�0��_kMOw2_aX��tªeÀ�À�¶&·Y« �¢±&« ��²�¶�Á�Å"½c­�¬|­��

� � �%	'�i�����(	��Ã � ��	��
� ��$H 2����������� 	
u�X'N�ÂYw;`yxkbczLN9� xk^B_&naNkp
�¦N�x�hoN�byzAZ\N9h\NGXlZoN9�¥byzHX[Z\fL�;VAbyz;�DZ\J;N�x�^LX[Z\h�xk��Z#^2N�JLxºnWby_kf;h#_��txkw;w;`yN�ZoX9pi^2N��
�9x�fLX\N�byzHxDZ\hof;`yVÃ��_aM]w2_aX\bcZ\by_kzLxk`¦X\N�Z\Z\byz;��zL_�Z\JLbcz;�§beX �Wz;_&�)zHx�^2_kfYZ]Z\J;N��Yb��2N9h\N9zAZ©��_kMOw2_kz;N9zaZ�X�p

� 3 ��& �
& � ��� #���& 5�,�& #�� 	-	��"& �����+& �
ψ

& �+� ������!�,���!������ #���� #%	���� ��' ��& 5�,�		�%	(
��(� & � !������ ��& ��!�� �/��& �;5�,��;5�� ��& 5�� ������!�,���!������
��& ��!"� �/��& �;5�0
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N�Â;��N�w;Z%	.X[_aMON©w;h\_awBN9h[ZobcNGXS_�� �SZoJ;N�byh~byzaZoN�h\��xk��N]^2N�JBxºnAby_kfLh9¤%#;_ah�x�z;N��)`yVD�Y_&�)zL`c_Axk�YNG��xkw;w;`yN�Z~�(N
_az;`yV6h\NGdafLbchoN'ZoJLx&Z~bcZ~bcMOw;`yN�MON�zAZ�XSZ\J;N¢X\JLx�hoN9xk^;`yN'byzaZoN�h\��xk��N*�¡�¦N©�Y_�zL_�Z~w;fYZ'xkzAV6hoN9X[Z\hobe�¸Z\by_kzBXt_az
´L¶ ��bcZ�byMOw;`cN9MON�zAZoXtZ\J;beXSX[JLxkh\NGx�^;`yN~byzaZoN�h\��xk��NkpLN�Â;��N�w;ZtZ\JBx&ZtZoJ;N'byMOw;`yN�MON�zAZox�Z\by_kzDX\J;_af;`y��hoN9X\w2N9�¸Z
ZoJ;N]�k`y_k^Lxk`%X\N9��f;h\bcZlV6hoN9dAf;byh\N9M]N9zAZoX9¤~PWZ\fL�YVWbyz;�6��_aM]w2_aX\bcZ\by_kzLxk`�naN�hob}£B�9x&Zobc_azDx&ZSZ\J;NOx�^BXlZohoxa�¸Z�`yN�naN�`
xk`c`y_&��X�Z\_¼X\wBNG��bc�°V¼ZoJ;N©`c_Y�9x�`ix�zB���a`c_a^Lx�`
w;ho_kw2N�h\Z\byN9X~x�Z~Z\J;N¢xk^LX[Z\h�xk�¸Z~`yN�naN�`-p¡�)b}ZoJ;_kf;Z�Zox*�Abyz;�6x�zWV
byMOw;`yN�MON�zAZox�Z\by_kz��YN�Z�x�by`yX�bczAZ\_©xa����_af;zAZ9¤�R6_ah\N9_&nkN�hGpA�)J;N�z���_azLX[be�YN9h\byz;�©X[JBx�hoN9x�^L`cNSbczAZoN�h\��xk��NGX¦_kz;`yVkp
ZoJ;N�M©x&ÂYbcM©xk`YM]_Y�YN9`yX%ZoJLx&Z��¦N)��_kMOw;f;Z\N¦Z\_�nkN9h\bc�°V�Z\JLN��YN9��_kMOwB_AX[bcZ\by_kz#_��BZ\J;N��k`y_k^Bx�`Ww;ho_kw2N�h\ZlV~bczAZ\_
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