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refM,g (p¬φq) = 1⇔ refM,g (φ) = 0Qo0
refM,g (p(φ ∧ ψ)q) = 1⇔ refM,g (φ) = refM,g (ψ) = 1� 0
refM,g (p(φ ∨ ψ)q) = 1⇔ refM,g (φ) = 1 g refM,g (ψ) = 1 0
refM,g (p(φ→ ψ)q) = 1⇔ refM,g (φ) = 0 g refM,g (ψ) = 1¡�0
refM,g (p(φ↔ ψ)q) = 1⇔ refM,g (φ) = refM,g (ψ)X 0
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t1, . . . , tn ∈ ST � ����� = ι
E�#;�/���/(m85�/� 7	�E.E#

F ∈
PK � ����� = ι

#;9)8����
φ, ψ ∈ FM � ����� = ι
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v ∈ IV � ����� = ι
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[v|d]
Z 0�'�.	��')(�7	�5O+9T(

g
0

'�0
t ∈ IK ������� = ι ⇒ refM,g (t) B ref (t)C 0
t ∈ IV ������� = ι ⇒ refM,g (t) B g (t)PT0
refM,g (F) B ref (F)¥�0
(∃!d) (d ∈ D & Wahr (φ, refM,g[v|d]) & d = e) ⇒
refM,g (pιvφq) = e')($¥*�E.	(=, ')XYX�#

refM,g (pιvφq) = d◦�T0
Wahr (pFt1. . . tnq, refM,g)⇔
〈refM,g (t1), . . . , refM,g (tn)〉 ∈ refM,g (F),-0
Wahr (pt1 = t2q, refM,g)⇔ refM,g (t1) = refM,g (t2)%*0
Wahr (p¬φq, refM,g)⇔ ∼Wahr (φ, refM,g)> ¥�0 Qo0

Falsch (φ, refM,g)
?

Qo0
Wahr (p(φ∧ψ)q, refM,g)⇔Wahr (φ, refM,g) & Wahr (ψ, refM,g)� 0
Wahr (p(φ∨ψ)q, refM,g)⇔ Wahr (φ, refM,g)gWahr (ψ, refM,g) 0
Wahr (p(φ→ ψ)q, refM,g)⇔
Falsch (φ, refM,g) g Wahr (ψ, refM,g)¡�0
Wahr (p(φ↔ ψ)q, refM,g)⇔
(Wahr (φ, refM,g) & Wahr (ψ, refM,g)) g
(Falsch (φ, refM,g) & Falsch (ψ, refM,g))X 0
Wahr (p( /\v)φq, refM,g)⇔ (∀d) (d ∈ D⇒Wahr (φ, refM,g[v|d]))]�0
Wahr (p(\/v)φq, refM,g)⇔ (∃d) (d ∈ D & Wahr (φ, refM,g[v|d]))
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LWahr (x)
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LÄ (x1, x2)
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�] C 9TXY��#;P	Q�DRU

Erfüllbar (x)
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¥*�/(�D

>[���/b�? Wu�/�
x
�/�Y($��Du9:.	]^�/X�O+9T( � � �N� =ι 0

LWahr (x) :⇔ (∀ref , M, g) Wahr (x, refM,g)
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x
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�����F#;�^�F85�/� 7	��')"=,�¥*�E. (��E7;Q$9�¥*��¥*�F#�')"$#&%+�/���/��P	Q*($�E7	�/({¦5"*XYXY�Y($¥=�YO���¥="=Z
"*]^# C �E.	"*Q$�/($¥*��Wu�/]`')(�7;� ¡!,��=.
� � �N� =ι 8�"=.E¥*��%+�/]`f")�¥*�E. 0�'�.	��')(�7	��>�¬®��?
�/(�7-8���P;¡��/X 7�0=W����!8�� .E¥��Y] ,�9TXY%+�/($¥*�/(�¥*�E.!Du9:.	]`')XY��#&���E.	"*(*%�¥*�F#�V;W�XY�Y(*%+#&Q$9:7&Z
 5.	%\"*]^�/(�7	#[_GO+9T( 1�3�¥*�/X��F"*%T.	"*($¥*�<%+�/X��/%T7�0


 {�7�>0% @ #�% �dO�8=�[TU?F��@ % 8=>F8-�9O�8-�&�<��yY8-% #�O5% 8��?0�0TU8-�0#�% ?0�N12O5��uQyY8-%Y8-% �98=��t9?F��ZQ8-@YO5��7
qFL9u08=��7K#�8^�@ �FZ\ZQ8=�� 5�F�����FL9_D!dC�8=>F>F8-@ ��7�7�8-�dC�8=��O�8-�;aF�F���N4

�/b�ª



��i � � l�tu��t	<l�|�r=lo}�l �GvGw���lo} }���tu�

! P	Q ¥*�GF*(*���E.E�m�Y]c,�9TXY%+�/($¥*�/( �F"*(�f:P	Q$#-7"E<8�':#Á�/�Y( #&�Y(*%\"*X�f�.E�E.ÁW='�7;�{O+9T(
� � �N� = ι ��#-7"E�"*($¥ C �/85�/��#;� ')($#;P	Q*XY���G)��/($¥��F85�/� (��E7E'�7;Q$�F9:.E�/]^�!,��=.2#;9TX�P	Q$�
#&�Y(*%\"*X�f�.E��W=f�7;���T05�����F#;� C �/��¥*�/( (��E7E'�7;Q$�F9:.E�/]^��85�E.E¥*�/(¾#&��P	Q ')X�#q( �=7;�/Z
XY��P	Q^,��=.�¥=���2Du9:.	]`')XY��#&���E.	"*(*%2¥*�F#�V;W�XY�Y(*%+#&Q$9:7&Z[ 5.	%\"*]^�/(�7	#[_5O+9T( 1�3�¥*�/Xo�E.;Z
85�/��#;�/(o0������ 0�9:./')"$#;#;�E7;�F"*(*%+�/(�¥*�F#.1�3�¥*�/X�#;P	Q$�/(¿ 5.	%\"*]^�/(�7	#<X�':#;#;�/(¿#&��P	Q
(�f)]�XY��P	Q^�Y(¹�F85�/� 1<.	"=6*6��/(¹�/�Y(�7	�/�YX��/(�E+"*($¥��F8�'�.��Y(�D

>���?60�9:./')"$#;#;�E7;�F"*(*%+�/(�E�¥=���^')XYX��/�Y(½')"=,�%T.	"*($¥ ¥*�E. O+9:.	XY���/%+�/($¥*�/( Wu�/]`')(=Z
7;� ¡ C �/85�/��# C '�.5#&�Y($¥¿> ¥�0 #F0u¥=��� C �/��¥*�/( (��E7E'�7;Q$�F9:.E�/]^�<"*($¥`¥$':#5�E.E#-7	�
+��/]�]`'T?

"*($¥`�Y(

>��Y��? 0�9:./')"$#;#;�E7;�F"*(*%+�/(�ET¥=���<(*��P	Q�7H')XYX��/�Y(`')"=,�%T.	"*($¥�¥*�E.5O+9:.	XY���/%+�/($¥*�/(�Wu�EZ
]`')(�7;� ¡ C �/85�/��# C '�.�#&�Y($¥ "*($¥q¥=���5¥*�F#&Q�')X C ')X�#�%&�*X 7;�Y%G6�9\#-7;"*XY���E.;7»85�E.;Z
¥*�/(¹] �$#;#;�/(Á> ¥�0 #F0*¥=���2©�9\#-7;"*X�'�7	� C �F820$©�.	�Y(*�F� 6$���/(�?E0

!�( ¥=���F#;�/]® C #;P	Q*(*� 7&7�'�. C �/� 7	����P	Q ¥=��� 0�9:./')"$#;#;�E7;�F"*(*%+�/(2¥*�E.»�E.E#-7	�/( 1<.	"=6*Z
6��!#;9)8�����%+�/8���#;#;�20�9:./')"$#;#;�E7;�F"*(*%+�/(`¥*�E.<�F85�/� 7	�/(A1<.	"=6*6��GQ$�E./')"$#F0
d»�Y( �  % � ��4 6&����� �&- ���^O+9T( � � �N� =ι ��#-75�/�Y(�W='�7;��O+9T(�� � �N� =ι E�¥*�E.H]��Y(=Z

¥*�F#-7	�/($#«�/�Y($� !�($¥=�YO���¥="$�/(=¡�9T($#-7E')(�7	�«O+9T( � � �N� =ι �/(�7;Q�f)X 7�0�¬ �/(*( σ �/�Y(#&�Y(*%\"*X�f�.E�E.5W='�7;�!O+9T( � � �N� =ι ��#-7�"*($¥^85�/(*( c
�/�Y($� !�($¥=�YO���¥="$�/(=¡�9T($#-7E')(�7	�

O+9T( � � �N� =ι ��#-7"E»85�/X�P	Q$�^�Y( σ �/(�7;Q�')X 7	�/(½��#-7"E�¥$')(*( #;P	Q=.E�/� C �q��P	Q �/�Y($�/(#;9TX�P	Q$�/(¹#&�Y(*%\"*X�f�.E�/(¹W='�7;�q')"$P	Q�¥="=.EP	Q U
σ[c]

V�')(o0$Wu�/�
σ[c]

�/�Y(¿#&�Y(*%\"*X�f�.E�E.
W='�7;�`O+9T( � � �N� = ι "*($¥ v

�/�Y($� !�($¥=�YO���¥="$�/(uOT'�.	��' C X���O+9T( � � �N� = ι E�¥=���^�Y(
σ[c]

(*��P	Q�7��/(�7;Q�')X 7	�/(«��#-7�0+d�.E#;�E7;�/7N]`')(q(u"*(^')XYX�� 0�9:.;¡�9T]�]�(*��#;#;�NO+9T(
c
�Y(

σ[c]
¥="=.EP	Q�0�9:.;¡�9T]�]�(*��#;#;��O+9T(

v
E*¥$')(*(¹�/(�7	#-7	�/Q�7<¥$':¥="=.EP	Q`�/�Y($��Du9:.	]^�/X

O+9T( � � �N� = ι E*¥=������P	Q¹¥="=.EP	Q U σ[c/v]
V=')($#;P	Q=.E�/� C �T0

���»���=� � �:� ����� �+� � � ! � �*� � �
�����F#;�F# H5Q$�F9:.E�/] ��#-7`')XYX��/�Y(s')"=,�%T.	"*($¥{¥*�E.�O+9:.	XY���/%+�/($¥*�/({Wu�/]`')(�7;� ¡ C �EZ
85�/��# C '�.)0+Wu�/���/(`�Y] ,�9TXY%+�/($¥*�/(

M = 〈D, ref , d◦〉
�/�Y(^.E�E,��E.E�/(*�/7;Q$�F9:.E�E7;��#;P	Q$�F#

(�9�¥*�/XYXN,��=.�� � �N� = ι #;9)8���� g
�/�Y($� 0�'�.	��' C X��/( C �/X��/%\"*(*%`O+9T(

IV ������� = ι
�Y(

�/b�£



D
Eo"*($¥½#;�/���/(�85�/� 7	�E.E#

σ
�/�Y({#&�Y(*%\"*X�f�.E�E. W='�7;�^O+9T( � � �N� =ι E�85�/X�P	Q$�E.«�/� Z

($�
!�($¥=�YO���¥="$�/(=¡�9T($#-7E')(�7	�
c
O+9T(

IV ������� = ι
�/(�7;Q�f)X 7"E�#;9)8����

v
�/�Y($�
!�($¥=�YO�� Z

¥="$�/(uOT'�.	��' C X���O+9T( � � �N� =ι E»¥=���q�Y( σ[c]
(*��P	Q�7 �/(�7;Q�')X 7	�/(m��#-7�0��G':# �E.E#-7	�

(��E7E'�7;Q$�F9:.E�/]§,��=.G#;9TX�P	Q$�G#&�Y(*%\"*X�f�.E�GW=f�7;���!X�')"=7	�E7<¥$')(*(�8����G,�9TXY%T7"D

> H2��?
|− � �N� = (∀σ, c, v, ref , M, g)
(Wahr (σ[c], refM,g)⇒ Wahr (pc = ιv (σ[c/v] ∧ v = c)q, refM,g))

¤$"=.�0��E./')($#;P	Q�')"*XY��P	Qu"*(*%�¥=���/($���/�Y(�"*]�%�')(*%+#;#-6*./':P	Q*XY�YP	Q$�F#*LN�/��#-6$���/X DE¬ �/(*(
¥*�E.<W='�7;��U W=')XY� C "=.	% ��#-7��/�Y($�!W+7E':¥u7�Vu8�')Q=.5��#-7"E=¥$')(*(`��#-7��F#<')"$P	Q�¥*�E.GW='�7;�
U W=')XY� C "=.	%¿��#-7�¥$':#  �/(*�Y%+�`���Y(*%�E�85�/X�P	Q$�F#«�/�Y($��W+7E':¥u7�"*($¥½��¥*�/(�7;��#;P	Q�]�� 7
W=')XY� C "=.	% ��#-7�V 0

LN�/85�/��#H,��=.�> H2��?GD
Wu�/���/(

σ, c, ref , M
"*($¥

g
C �/XY��� C �Y%!%+�/8�f)Q*X 7"ET"*($¥^#;�/�

v
�/�Y($� !�($¥=�YO���¥="$�/(uOT'�Z

.	��' C X�� E+85�/X�P	Q$�G�Y(
σ[c]

(*��P	Q�7��/(�7;Q�')X 7	�/(���#-7�0= �(*%+�/($9T]�]^�/(�E=¼�L�D

>;��?
Wahr (σ[c], refM,g)

 �"$#!>;��?N,�9TXY%T7"D

> K\?
(∃g) Wahr (σ[c], refM,g)

�G'
σ[c]

�/�Y(q#&�Y(*%\"*X�f�.E�E.�W='�7;�5��#-7"ET�/(�7;Q�f)X 7
σ[c]

¡��/�Y($��,�.E�/���/( 0�9:.;¡�9T]�]�(*��#-Z
#;��O+9T( !�($¥=�YO���¥="$�/(uOT'�.	��' C X��/(o0=�G':#�¬m')Q=.E#;�/�Y(�O+9T(

σ[c]
.E�/X�'�7;�YO��F"

refM,g��#-7H¥*�F#&Q�')X C O+9T(`¥*�E. 0�'�.	��' C X��/( C �/X��/%\"*(*%
g
"*(�' C Q�f)(*%\�Y%*0Td�#N%\�YX 7N(�f)]�XY��P	Q

,��=.�')XYX��!W=f�7;��� E$')X�#;9q')"$P	Q`,��=.G#;9TX�P	Q$�G#&�Y(*%\"*X�f�.E�GW=f�7;��� � D

> J+?
(∃g) Wahr (σ[c], refM,g)⇔ (∀g) Wahr (σ[c], refM,g)

d�#H,�9TXY%T7<#;9T]�� 7<')"$#!> K\?�')"=,�%T.	"*($¥^O+9T( > J+?GD

>�b�?
(∀g) Wahr (σ[c], refM,g)

¦5"*(`��#-7
g[v|ref (c)]

(�':P	QÁ>[�G3\?N�/�Y($�20�'�.	��' C X��/( C �/X��/%\"*(*%GO+9T(
IV � ����� = ι

�Y(
D
0*d�#5,�9TXY%T7<#;9T]�� 7�¥$'�./')"$#5')"=,�%T.	"*($¥^O+9T(m>�b�?GD

��%�>0@J4 /�FZHL2#�*-,F,2*F1Y354 , ��EK4

�/bu¯



> ª\?
Wahr (σ[c], refM,g[v|ref (c)])

¤��/�Y%+���F"*(�f:P	Q$#-7"E�¥$'")2�F#N> £\?o]��Y($¥*�F#-7	�/($#��/�Y( "*($¥^>[¯T?�Q�3�P	Q$#-7	�/($#o�/�Y(
d ∈ D%\� C 7"Eu#;9q¥$'")�%\�YX 7"D

Wahr (pσ[c/v] ∧ v = cq, refM,g[v|d])
E=859 C �/�

d = ref (c)
0

-�)����qd�#�%\�YX 7H,�9TXY%+�/($¥*�F# D

> £u0Y��?
refM,g[v|ref (c)](v) =(D13b) g[v|ref (c)](v) =(D9) ref (c) =(D13a)

refM,g (c) = refM,g[v|ref (c)](c)

>
refM,g (c)

��#-7G¥*�F#&Q�')X C ��¥*�/(�7;��#;P	Q`]�� 7
refM,g[v|ref (c)](c)

Eu85�/�YX
c
¡��/�Y($�G,�.E�/���/(

!�($¥=�YO���¥="$�/(uOT'�.	��' C X��/(2�/(�7;Q�f)X 7 �:�F#»%\�YX 7�(�f)]�XY��P	Q2,��=.  �F¥*�F#
g, g∗: refM,g (c) =

refM,g∗(c)
?E0$d�#H,�9TXY%T7G')X�#;9q')"$#!> £u0Y��?GD

> £u0 K\?
refM,g[v|ref (c)](v) = refM,g[v|ref (c)](c)

 �"$#!> £u0 K\?�,�9TXY%T7G')"=,�%T.	"*($¥^O+9T(m>[���FJ:,	?GD

> £u0 J+?
Wahr (pv = cq, refM,g[v|ref (c)])

������Du9:.	]^�/X
σ[c/v]

��#-7�¥$':#�d�.	%+� C (*��#o¥*�E.Nd�.E#;�E7;�F"*(*%2')XYX��E. 0�9:.;¡�9T]�]�(*��#;#;�
O+9T(

c
�Y(
σ[c]

¥="=.EP	Q 0�9:.;¡�9T]�]�(*��#;#;��O+9T(
v
>[�G' C �/�u��#-7

v
�/�Y($�"!�($¥=�YO���¥="$�/(=Z

OT'�.	��' C X�� E)85�/X�P	Q$�H�Y(
σ[c]

(*��P	Q�7��/(�7;Q�')X 7	�/(q��#-7E?E0������GDu9:.	]^�/X
σ[c/v]

"*(�7	�E.;Z
#;P	Q$�/��¥*�E7�#&��P	Q^#;9T]�� 7�O+9T(

σ[c]
(u"=.N¥$'�.	�Y(�E\¥$'")

σ[c/v]
')"$#;#;P	Q*XY���G)+XY��P	Q2,�.E�/���

0�9:.;¡�9T]�]�(*��#;#;��O+9T(
v
Q�'�7"Eu859

σ[c]
0�9:.;¡�9T]�]�(*��#;#;�<O+9T(

c
Q�'�7�0$�G'«' C �E.

%+�/]`f") > £u0 J+?o%\�YX 7"D
Wahr (pv = cq, refM,g[v|ref (c)])

"*($¥ ¥$'�85�/� 7	�E.E#o%+�/]`f")«> ª\?
%\�YX 7"D

Wahr (σ[c], refM,g[v|ref (c)])
E�,�9TXY%T7 #;9T]�� 7 ')"=,�%T.	"*($¥Á¥*�F# +��/� C (*�Y��#;P	Q$�/(

1��F#;�E7;���F#5"*($¥�#;�/]`')(�7;��#;P	Q$�/(` �"=,�#-7;���/%+#H,�9TXY%+�/($¥*�F# D

> £u0 b�?
Wahr (σ[c/v], refM,g[v|ref (c)])

 �"$#!> £u0 b�?N"*($¥ > £u0 J+?�,�9TXY%T7<#;9T]�� 7<')"=,�%T.	"*($¥^O+9T(m>[���FJTQ�?GD

> £u0 ª\?
Wahr (pσ[c/v] ∧ v = cq, refM,g[v|ref (c)]) & ref (c) = ref (c)

 �"$#!> £u0 ª\?�,�9TXY%T7G')"=,�%T.	"*($¥^O+9T(¿d�1 D

> £u0 £\?
(∃d) (d ∈ D & Wahr (pσ[c/v] ∧ v = cq, refM,g[v|d]) & d = ref (c))

�/b+a



�20 Qo0o�F#�%\� C 7�]��Y($¥*�F#-7	�/($#2�/�Y(
d ∈ D

E�#;9�¥$'")¿%\�YX 7"D
Wahr (pσ[c/v] ∧ v =

cq, refM,g[v|d])
Eu859 C �/�

d = ref (c)
0

-�)��
�{d�#`��#-7�85�/� 7	�E.E#`�F" ���/�Y%+�/(�EH¥$'"){,��=.¿')XYX��
d′, d′′ ∈ D

%\�YX 7"DN¬ �/(*(
Wahr (pσ[c/v] ∧ v = cq, refM,g[v|d′])

"*($¥ 85�/(*(
Wahr (pσ[c/v] ∧ v = cq,

refM,g[v|d′′])
E=¥$')(*(

d′ = d′′
0* �(*%+�/($9T]�]^�/(�E=¼�L�D

>[¯�0Y��?
Wahr (pσ[c/v] ∧ v = cq, refM,g[v|d′]) &
Wahr (pσ[c/v] ∧ v = cq, refM,g[v|d′′])

 �"$#!>[¯�0Y��?�,�9TXY%+�/(¹#;9T]�� 7"D

>[¯�0 K\?
Wahr (pσ[c/v] ∧ v = cq, refM,g[v|d′])

>[¯�0 J+?
Wahr (pσ[c/v] ∧ v = cq, refM,g[v|d′′])

 �"$#!>[¯�0 K\?N"*($¥ >[¯�0 J+?�,�9TXY%+�/(�')"=,�%T.	"*($¥^O+9T(m>[���FJTQ�?N"*($¥Á>[���FJ:,	?GD

>[¯�0 b�?
refM,g[v|d′](v) = refM,g[v|d′](c)

>[¯�0 ª\?
refM,g[v|d′′](v) = refM,g[v|d′′](c)

d�#5%\�YX 7�85�/� 7	�E.E# D

>[¯�0 £\?
d′ =(D9) g[v|d′](v) =(D13b) refM,g[v|d′](v) =(7.4) refM,g[v|d′](c) =
refM,g (c) =(D13a) ref (c) =(D13a) refM,g (c) = refM,g[v|d′′](c) =(7.5)

refM,g[v|d′′](v) =(D13b) g[v|d′′](v) =(D9) d′′

> d�#5%\�YX 7�8����F¥*�E.5,��=.  �F¥*�F#
g, g∗: refM,g (c) = refM,g∗ (c)

?E0*d�#H,�9TXY%T7G')X�#;9D

>[¯�0 ¯T?
d′ = d′′

 �"$#!>[¯�0Y��? C ��#!>[¯�0 ¯T?�,�9TXY%T7<#;9T]�� 7<')"=,�%T.	"*($¥^O+9T(Á¼�Ls"*($¥ ) 1 D

>[¯�0 a+?
(∀d′, d′′) (d′, d′′∈ D & Wahr (pσ[c/v] ∧ v = cq, refM,g[v|d′]) &
Wahr (pσ[c/v] ∧ v = cq, refM,g[v|d′′]) ⇒ d′ = d′′)

�20 Qo0��F#q%\� C 7qQ�3�P	Q$#-7	�/($#q�/�Y(
d ∈ D

EN#;9 ¥$'")�%\�YX 7"D
Wahr (pσ[c/v] ∧ v =

cq, refM,g[v|d])
0= �"$#2> £u0 £\?N"*($¥Á>[¯�0 a+?N,�9TXY%T7<¥$')Q$�E.;D

�/b�3



> a+?
(∃!d) (d ∈ D & Wahr (pσ[c/v] ∧ v = cq, ref M,g[v|d]) & d = ref (c))

 �"$#!> a+?N,�9TXY%T7G')"=,�%T.	"*($¥^O+9T( >[���FJ\¥$?GD

> 3\?
refM,g (pιv (σ[c/v] ∧ v = c)q) = ref (c) =(D13a) refM,g (c)

 �"$#�> 3\?�,�9TXY%T7�#;9T]�� 7�')"=,�%T.	"*($¥!¥*�E.�W 
�]�]^�E7&.	����¥*�E.&! ¥*�/(�7;� 7Ef�7o"*($¥q>[���FJ:,	?GD

>;��B\?
Wahr (pc = ιv (σ[c/v] ∧ v = c)q, refM,g)

d�#H,�9TXY%T7G')X�#;9 (�':P	Q >;��? C ��#�>;��B\?�')"=,�%T.	"*($¥^O+9T(¿¼�L�D

>;�\��?
Wahr (σ[c], refM,g)⇒ Wahr (pc = ιv (σ[c/v] ∧ v = c)q, refM,g)

��"=.EP	Q ) 1®�E.	Q�')X 7	�/(�8�� .�')"$#!>;�\��?H¥$':#/H5Q$�F9:.E�/]Ã> H2��?E0

= �»���=� � �:� �����N� �½�½�
�G':#�,�9TXY%+�/($¥*� +��/]�]`'<X�f")\7�#&��P	Q�')"=,�%T.	"*($¥ ¥*�F# H5Q$�F9:.E�/]^#H> H2��?�#;9)8����5¥*�E.
.E�E,��E.E�/(*�/7;Q$�F9:.E�E7;��#;P	Q$�/(2¼<X�')"$#;�/X:,��=.»¥=���<! ¥*�/(�7;� 7Ef�7N>�O�%\X 0\>[���FJ:,	?&? C �/85�/��#;�/(o0
d�#»%+�/Q�3:.;7�¥*�F#&Q�')X C �Y(q¥=����1<.	"=6*6��H¥*�E.N')XYX��/�Y(�')"=,�%T.	"*($¥�¥*�E.�O+9:.	XY���/%+�/($¥*�/(
Wu�/]`')(�7;� ¡ C �/85�/��# C '�.E�/( 0�9:./')"$#;#;�E7;�F"*(*%+�/(¿> ¥�0 � 0=¥=���!�E.E#-7	�-1<.	"=6*6���?E0

> +���?
|− � �N� = (∀σ, c, v, ref , M, g)
(Wahr (σ[c], refM,g)⇒ c ≡refM,g pιv (σ[c/v] ∧ v = c)q)

LN�/85�/��# D�> +���?H%\�YX 7G')"=,�%T.	"*($¥^O+9T( >[���FJ:,	?H#;9)8����«>[� !&0Y�T0 b�?N"*($¥ > H2��?E0
¤$"=./0��E./')($#;P	Q�')"*XY��P	Qu"*(*%!¥=���/($�<8����F¥*�E.<�/�Y(¹"*]�%�')(*%+#;#-6*./':P	Q*XY�YP	Q$�F#»LN�/� Z

#-6$���/X D:¬ �/(*(^¥*�E.5W='�7;��U W=')XY� C "=.	%���#-7N�/�Y($�<W+7E':¥u7�V\8�')Q=.���#-7"E+¥$')(*( C �/���/��P	Q=Z
($�/(q¥*�E.Hd»�Y%+�/(*(�')]^��U W=')XY� C "=.	%)V�"*($¥q¥=���5¥*�GF*(*� 7	�<�<�F#-¡�.	� 6*7;��9T( U ¥$':#  �/(*�Y%+�
���Y(*%�E�85�/X�P	Q$�F#5�/�Y($�2W+7E':¥u7�"*($¥���¥*�/(�7;��#;P	Q^]�� 7GW=')XY� C "=.	% ��#-7�V*¥$':#;#;�/X C �T0
��"=.EP	Q¹¥=���F#;�F#/+��/]�]`'!¡\')(*(¹]`')(�#-6�f�7	�E.<¥=����Du9:.	]`')XY��#&���E.	"*(*%2¥*�F#21�3:Z

¥*�/X�#;P	Q$�/(^ 5.	%\"*]^�/(�7	#N' C ¡ �=.	���/(o0�d�# C �F#	')%T7N,�9TXY%+�/($¥*�F# DT¬ �/(*(¹¥*�E.5#&�Y(*%\"=Z
X�f�.E��W='�7;�

σ[c]
8�')Q=. ��#-7"E�¥$')(*( C �/���/��P	Q*($�E7 ¥=��� !�($¥=�YO���¥="$�/(=¡�9T($#-7E')(�7	�

c¥$':#;#;�/X C �H8����<¥=���<¥*�GF*(*� 7	�G�<�F#-¡�.	� 6*7;��9T(
pιv (σ[c/v]∧ v = c)q

E\(�f)]�XY��P	Q��/�Y(
d»�Y(*���/X�¥=�Y(*%*0=¬ �/�YX

v
�/�Y($�3!�($¥=�YO���¥="$�/(uOT'�.	��' C X��G��#-7"E�85�/X�P	Q$���Y] #&�Y(*%\"*X�f�.E�/(

W='�7;�
σ[c]

(*��P	Q�7��/(�7;Q�')X 7	�/( ��#-7"E»¡�9T]�] 7q¡��/�Y($� !�($¥=�YO���¥="$�/(uOT'�.	��' C X��qO+9T(

��ª\B



� � �N� = ι �Y(
pιv (σ[c/v] ∧ v = c)q

,�.E�/�HO+9:.)0�0��E.E�/�Y(=, ':P	Q�7�')"$#&%+�F¥u.	�$P;¡�7"E C �EZ
#	')%T7�#;9T]�� 7�> +���?o,�9TXY%+�/($¥*�F# D�¬ �/(*(��/�Y( C �F#-7;�Y]�] 7	�E.�#&�Y(*%\"*X�f�.E�E.�W='�7;�58�')Q=.
��#-7"E5¥$')(*( C �/���/��P	Q*($�E7¹�/�Y($� C �F#-7;�Y]�] 7	� !�($¥=�YO���¥="$�/(=¡�9T($#-7E')(�7	��¥$':#;#;�/X C �
8����«�/�Y($� C �F#-7;�Y]�] 7	�«¥*�GF*(*� 7	���<�F#-¡�.	� 6*7;��9T(Á9TQ*($�2,�.E�/���
!�($¥=�YO���¥="$�/(uOT'�.	��'�Z
C X��/(o0Nd�#^Q�')($¥*�/X 7^#&��P	Q ¥*�F#&Q�')X C C �/� > +���?��Y(¾%+�/8���#;#;�E.^¬ �/��#;��"*]R�/�Y($�
,�9:.	]`')X��Hd»(�7	#-6*.E�FP	Qu"*(*%�O+9T(�>  G?E0
1�3�¥*�/Xu] 3�P	Q�7	�H¥*�/]�(�':P	Q �Y(q#;�/�Y($�/]  5.;Z
%\"*]^�/(�7H(�':P	Qu85�/��#;�/(�E�¥$'")q(*��P	Q�75(u"=.2>  G?GE$#;9T($¥*�E.	(¹')"$P	Q¹¥*�F#;#;�/(`,�9:.	]`')X��
d»(�7	#-6*.E�FP	Qu"*(*% ;{¥�0 � 05> +���?�;½�F"¾' C #&"=.E¥*�/(¾¼�9T($#;���+"$�/(*���/(�,��*Q=.;7�0H�<�F#-Z
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> H<K\?
|− � �N� = (∀σ, c, v, ref , M, g) (Wahr (σ[c], refM,g)⇒
Wahr (pσ[c]↔ c = ιv (σ[c/v] ∧ v = c)q, refM,g))
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g
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σ[c]
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>;��?
Wahr (σ[c], refM,g)
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> K\?
Wahr (σ[c], refM,g)⇒ Wahr (pc = ιv (σ[c/v] ∧ v = c)q, refM,g)
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> J+?
(Wahr (σ[c], refM,g) & Wahr (pc = ιv (σ[c/v] ∧ v = c)q, refM,g)) g
(Falsch (σ[c], refM,g) & Falsch (pc = ιv (σ[c/v] ∧ v = c)q, refM,g))
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Wahr (pσ[c]↔ c = ιv (σ[c/v] ∧ v = c)q, refM,g)
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> ª\?
Wahr (σ[c], refM,g) ⇒
Wahr (pσ[c]↔ c = ιv (σ[c/v] ∧ v = c)q, refM,g)
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S 2
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> +��o?
(∀S 1, S 2, ref , M, g) (LÄ (S 1, S 2) ⇒ S 1 ≡refM,g S 2)
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> +�K\? � > +��o? � |− � �N� = (∀σ, c, v, ref , M, g)
(LWahr (σ[c]) ⇒ σ[c] ≡refM,g pc = ιv (σ[c/v] ∧ v = c)q)
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(∀σ, c, v, ref , M, g) (Wahr (σ[c], refM,g) ⇒
Wahr (pσ[c]↔ c = ιv (σ[c/v] ∧ v = c)q, refM,g))

> H<K\?

Ku0
(∀S 1, S 2, ref , M, g) (LÄ (S 1, S 2) ⇒ S 1 ≡refM,g S 2)

> +���?
J=0

LWahr (σ[c])
 �(*(o0�,-0�¼�L

b*0
(∀ref , M, g) Wahr (σ[c], refM,g)

>[���/b�?HJ
ªu0

(∀ref , M, g) (Wahr (σ[c], refM,g) ⇒
Wahr (pσ[c]↔ c = ιv (σ[c/v] ∧ v = c)q, refM,g))

) !<�

£u0
(∀ref , M, g) (Wahr (σ[c], refM,g) ⇒
Wahr (pσ[c]↔ c = ιv (σ[c/v] ∧ v = c)q, refM,g)) ⇒
((∀ref , M, g) Wahr (σ[c], refM,g) ⇒ (∀ref , M, g)
Wahr (pσ[c]↔ c = ιv (σ[c/v] ∧ v = c)q, refM,g))
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¯�0
(∀ref , M, g) Wahr (σ[c], refM,g) ⇒ (∀ref , M, g)
Wahr (pσ[c]↔ c = ιv (σ[c/v] ∧ v = c)q, refM,g)

(¹©sª4E*£

a=0
(∀ref , M, g)
Wahr (pσ[c]↔ c = ιv (σ[c/v] ∧ v = c)q, refM,g)

(¹©{b�E$¯

3u0
LWahr (pσ[c]↔ c = ιv (σ[c/v] ∧ v = c)q)

>[���/b�?Ha
��Bu0

LÄ (σ[c]
E
pc = ιv (σ[c/v] ∧ v = c)q)

>[����ª\?53
�\�T0

σ[c] ≡refM,g pc = ιv (σ[c/v] ∧ v = c)q
(¹©¢��B4E ) !NK

��Ku0
LWahr (σ[c]) ⇒ σ[c] ≡refM,g pc = ιv (σ[c/v] ∧ v = c)q

¼�L¾J9;��\�
�FJ=0

(∀σ, c, v, ref , M, g) (LWahr (σ[c]) ⇒
σ[c] ≡refM,g pc = ιv (σ[c/v] ∧ v = c)q

) 1 ��K

�G':#H,�9TXY%+�/($¥*�<��#-7<�/�Y(Á¼�9:.E9TXYX�'�.H�F"m> H<K\?GD

>[¼�.EJ+?
|− � �N� = (∀σ, c, v)
(LWahr (σ[c]) ⇒ LWahr (pσ[c]↔ c = ιv (σ[c/v] ∧ v = c)q))
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> +�J+?
|− � �N� = (∀σ, c, v)
(Erfüllbar (σ[c]) ⇒ Erfüllbar (pσ[c]↔ c = ιv (σ[c/v] ∧ v = c)q))
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( /\x) (Fx→ Gx)→ ((\/x) Fx→ (\/x) Gx)
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> J+?
LWahr (σ[c])
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>�b�?
LWahr (pσ[c]↔ c = ιv (σ[c/v] ∧ v = c)q)
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> ª\?
LÄ (σ[c], pc = ιv (σ[c/v] ∧ v = c)q)
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> £\?
σ[c] ≡refM,g pc = ιv (σ[c/v] ∧ v = c)q
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>[¯T?
Erfüllbar (σ[c])
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> a+?
Erfüllbar (pσ[c]↔ c = ιv (σ[c/v] ∧ v = c)q)
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> 3\?
Wahr (σ[c], refM,g)
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σ[c] ≡refM,g pc = ιv (σ[c/v] ∧ v = c)q
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S 1, S 2, T1, T2
W=f�7;���!O+9T( � � �N� = ι D
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(∀σ, c, v, ref , M, g)
(Wahr (σ[c], refM,g) ⇒ c ≡refM,g pιv (σ[c/v] ∧ v = c)q)
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(∀σ, c, ref , M, g)
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(∀S 1, S 2, ref , M, g) (LÄ (S 1, S 2) ⇒ S 1 ≡refM,g S 2)
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(∀S 1, S 2, t1, t2, ref , M, g)
(Erg(S 2, S 1(t1//t2)) & t1 ≡refM,g t2 ⇒ S 1 ≡refM,g S 2)

•
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(∀S 1, S 2, T1, T2, ref , M, g)
(Erg(S 2, S 1(T1//T2)) & T1 ≡refM,g T2 ⇒ S 1 ≡refM,g S 2)
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> 1!?

(∀σ, c, v, ref , M, g)
σ[c] ≡refM,g pc = ιv (σ[c/v] ∧ v = c)q
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! ¥*�/(�7;� 7Ef�7	#;#	f�7;���
> +�K\?

(∀σ, c, v, ref , M, g)
(LWahr (σ[c]) ⇒ σ[c] ≡refM,g pc = ιv (σ[c/v] ∧ v = c)q)
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(∀σ1, σ2, a, b, ref , M, g)
(Wahr (σ1[a], refM,g) & Wahr (σ2[b], refM,g) ⇒
σ1[a] ≡refM,g σ2[b])
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Erg (pa = ιv ((v = b ∨ v , b) ∧ v = a)q, pa = ιv (σ1[a/v]∧ v = a)q
(pιv (σ1[a/v]∧ v = a)q//pιv ((v = b ∨ v , b) ∧ v = a)q))
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(pιv (σ2[b/v]∧ v = b)q//pιv ((a = v ∨ a , v) ∧ v = b)q))
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> H�J+? � > +���?GE�> +�K\?GEo>[��H<?GE�> 1!?GE�> ©�.:��?GE�> ©�./K\? � |− � �N� =
(∀σ1, σ2, a, b, ref , M, g)
(Wahr (σ1[a], refM,g) & Wahr (σ2[b], refM,g) ⇒ σ1[a] ≡refM,g σ2[b])

 �"=,�%T.	"*($¥�O+9T(Á>[� !&0Y�T0 b�?���#-7�¥=���!�5�/X�'�7;��9T(
≡ refM,g

�/�Y($� * �+"*�YOT')X��/(*�/.E�/X�'�Z
7;��9T(�Eu¥�0 Qo0u�/�Y($�G.E�F�$�Eeu�YO+� Eu#�
�]�]^�E7&.	��#;P	Q$�<"*($¥^7&./')($#&� 7;�YO+�!�5�/X�'�7;��9T(Á> #&���/Q$�
W�0 bu¯2,-0 ?E0*¬ �/(*(

A1
"*($¥

A2
�F85�/��.E�E,��E.E�/(*�/, f)Q*�Y%+�G �"$#;¥u.	�$P;¡���O+9T( � � �N� =ι

#&�Y($¥�E=¥$')(*(¹X�')"=7	�E7 ;�8����!%+�F#	')%T7 ;�¥*�E.!')XYXY%+�/]^�/�Y($�G �(u85�/($¥="*(*%+#-, ')XYX�O+9T(
>[� !&0Y�T0 b�?N8�����,�9TXY%T7"D

>;�\��?
A1 ≡refM,g A2 ⇔ refM,g (A1) = refM,g (A2)

d�# � C �E.;7&./f)%T7�#&��P	Q^#;9T]�� 7N¥=���G�5�F�$�Eeu�YO�� 7Ef�7H#;9)8�����¥=���GW 
�]�]^�E7&.	���5"*($¥�¥=���
H�./')($#&� 7;�YO�� 7Ef�75¥*�E. ! ¥*�/(�7;� 7Ef�7<')"=,»¥=�����5�/X�'�7;��9T(

≡refM,g
0$d�#�%+�/X 7	�/(�')X�#;9D

>[�N,	?
(∀A1) A1 ≡refM,g A1

> W 
=?
(∀A1, A2) (A1 ≡refM,g A2 ⇒ A2 ≡refM,g A1)

��£TJ



> H�./?
(∀A1, A2, A3) (A1 ≡refM,g A2 & A2 ≡refM,g A3 ⇒ A1 ≡refM,g A3)

�<�E.<LN�/85�/��#N,��=.�¥$':# H5Q$�F9:.E�/]·> H�J+?�8�� .E¥^]�� 7<¸5�YX ,����/�Y($�E.5#;9TX�P	Q$�/( * �+"*� Z
OT')X��/(*�/.E�/X�'�7;��9T(

≡refM,g
¥="=.EP	Q*%+�E,��*Q=.;7�0

! P	Q�#-¡u�Y�F�F���E.E���F"*(�f:P	Q$#-7H¥=����LN�/85�/��#&��¥*�F��,��=.�¥=���F#;�F# H5Q$�F9:.E�/] E+¥$':#N]�� 7&Z
7	�/X�#�¼�9T($¥=� 7;��9T(�')X��/]ÃLN�/85�/��#�"*($¥m')($#;P	Q*XY���G)��/($¥*�E. ) (*�YO+�E.E#;�/XYX��E.-1��/($�E./'�Z
XY��#&���E.	"*(*%��Y(¹¥*�/(�,�9TXY%+�/($¥*�/(�¥u.E�/��WuP	Q=.	� 7&7	�/( C �/8����F#;�/(�8�� .E¥�D

� / ' �  "� � �
�����! �(*(�')Q*]^�<,��=.!¼�9T($¥=� 7;��9T(�')X��/(^LN�/85�/��#�X�')"=7	�E7"D

>;��?
Wahr (σ1[a], refM,g) & Wahr (σ2[b], refM,g)

�G'2,�9TXY%+�/($¥*�F#N%\�YX 7"D

> K\?
LWahr (pa = b ∨ a , bq)

E

,�9TXY%T7<')"$#!> K\?�')"=,�%T.	"*($¥^O+9T(m>[���/b�?GD

> J+?
(∀ref , M, g) Wahr (pa = b ∨ a , bq, refM,g)

d�#H,�9TXY%+�/(�85�/� 7	�E.E#<')"$#�> K\?�')"=,�%T.	"*($¥^O+9T(m> +�K\?GD

>�b�?
pa = b ∨ a , bq ≡refM,g pa = ιv ((v = b ∨ v , b) ∧ v = a)q

"*($¥

> ª\?
pa = b ∨ a , bq ≡refM,g pb = ιv ((a = v ∨ a , v) ∧ v = b)q

>[�<�E.G#&�Y(*%\"*X�f�.E�GW='�7;�
pa = b ∨ a , bq

�/(�7;Q�f)X 7��F85�/�(!�($¥=�YO���¥="$�/(=¡�9T($#-7E')(=Z
7	�/(�E*(�f)]�XY��P	Q

a
"*($¥

b
0>(¹')(�¡\')(*(Á¥*�F#&Q�')X C ¥=���F#;�/(ÁW='�7;� �Y(¿"*($#;�E.E�E.�¦�9:Z

7E'�7;��9T(�,��=.�#&�Y(*%\"*X�f�.E�GW=f�7;��� ')"=,»�F85�/���E.	X��/��¬ �/��#;��')($#;P	Q=.E�/� C �/(�E+"*($¥��F8�'�.
¥="=.EP	Q U

σ[a]
V$9�¥*�E.!¥="=.EP	Q U

σ[b]
V 0�LN�/�»¥*�E.!�E.E#-7	�/( Du9TXY%+�E.	"*(*%¹>�b�?5��#-7

σ[a]#;9T]�� 7G¥*�E.!#&�Y(*%\"*X�f�.E�2W='�7;�
pa = b ∨ a , bq

E*85�F#&Q�')X C
σ[a/v]

¥=���«Du9:.	]^�/X
pv = b ∨ v , bq

��#-7�0oLN�/��¥*�E.2�F85�/� 7	�/(½Du9TXY%+�E.	"*(*%�> ª\?G��#-7
σ[b]

� C �/(=, ')XYX�#
¥*�E. #&�Y(*%\"*X�f�.E�«W='�7;�

pa = b ∨ a , bq
Eo85�F#&Q�')X C

σ[b/v]
Q*���E. ¥=���`Du9:.	]^�/X

��£:b



pa = v ∨ a , vq
��#-7E?E0������F#;� C �/��¥*�/( Du9TXY%+�E.	"*(*%+�/(¢X�':#;#;�/( #&��P	Q #;P	Q$�/]`'�Z

7;��#;P	Q�8�����,�9TXY%T7<')($#;P	Q=.E�/� C �/(�D

pa = b ∨ a , bq
≡refM,g ≡refM,g

pa = ιv ((v = b ∨ v , b) ∧ v = a)q pb = ιv ((a = v ∨ a , v) ∧ v = b)q

�����F#;�E.H�E.E#-7	��WuP	Q=.	� 7&7NX�f")\7H#&��P	Q`¥="=.EP	Q�> +�K\?&;«�Y(�¥*�F#;#;�/(`LN�/85�/��#G> +���?��/�Y(=Z
%+�/%�')(*%+�/({��#-73;½.E�FP	Q�7&,��E.;7;�Y%+�/(o0<@ C 859TQ*X2> +�K\?q�/�Y($�¿Du9TXY%+�E.	"*(*%¿O+9T( > 1!?
��#-7"E���#-7q�F#q')( ¥=���F#;�E.qW+7	�/XYX���¡��/�Y($�F#&85�/%+# �E.;,�9:.E¥*�E.	XY��P	Q�E�')"=,G¥$':#q©�9\#-7;"*X�'�7
> 1!?�#;�/X C #-7��F"=.	�$P;¡u�F"*%T.E�/� ,��/(o0'(¹')(Á¡\')(*( Q*���E.2#-7E'�7&7	¥*�F#;#;�/( ¥$':#G(*��P	Q�72')X Z
X��/�Y(�')"=,�%T.	"*($¥�¥*�E.�O+9:.	XY���/%+�/($¥*�/( Wu�/]`')(�7;� ¡ C �/85�/��# C '�.E� +��/]�]`'�> +�K\?��F"=.
�5�FP	Q�7&,��E.;7;�Y%\"*(*% ¥=���F#;�F#�WuP	Q=.	� 7&7	�F#HO+�E.	85�/($¥*�/(o0

� / ' �  "� � �
�G'�85�/� 7	�E.E#H85�/%+�/(m>;��?H"*($¥Á> J+?H%+�/X 7	�/(�D

> £\?
Wahr (σ1[a], refM,g)

"*($¥

>[¯T?
Wahr (pa = b ∨ a , bq, refM,g)

E

,�9TXY%+�/(�')"$#�> £\?H"*($¥Á>[¯T?�')"=,�%T.	"*($¥^O+9T(m> +���?GD

> a+?
a ≡refM,g pιv (σ1[a/v]∧ v = a)q

"*($¥

> 3\?
a ≡refM,g pιv ((v = b ∨ v , b) ∧ v = a)q

 �"$#�> a+?�"*($¥�> 3\?�,�9TXY%T7�#;9T]�� 7o]�� 7�¸5�YX ,��N¥*�E.�W 
�]�]^�E7&.	����"*($¥-H�./')($#&� 7;�YO�� 7Ef�7
O+9T(
≡refM,g

D

>;��B\?
pιv (σ1[a/v] ∧ v = a)q ≡refM,g pιv ((v = b ∨ v , b) ∧ v = a)q

¬ �/� 7	�E.E#5��#-7<¥*�E. ! ¥*�/(�7;� 7Ef�7	#;#	'�7;�

��£\ª



>;�\��?
pa = ιv ((v = b ∨ v , b) ∧ v = a)q

O+9T( � � �N� = ι �/�Y(¿d�.	%+� C (*��#H¥*�E.57	�/�YXY85�/��#;�/(�W�" C #-7;� 7;"=7;��9T(`O+9T(

>;��K\?
pιv (σ1[a/v] ∧ v = a)q

�Y(

>;�FJ+?
pa = ιv (σ1[a/v] ∧ v = a)q

¥="=.EP	Q

>;�/b�?
pιv ((v = b ∨ v , b) ∧ v = a)q

�G'��F"$¥*�/] 85�/%+�/(m>;��B\?H#;P	Q$9T(�%\�YX 7"Eu¥$'")

>;��ª\?
pιv (σ1[a/v] ∧ v = a)q ≡refM,g pιv ((v = b ∨ v , b) ∧ v = a)q

E

,�9TXY%T7�#;9T]�� 7G')"$#�>;�\��? ;�>;��ª\?5')"=,�%T.	"*($¥^O+9T(m>[��H<?GD

>;��£\?
pa = ιv (σ1[a/v] ∧ v = a)q ≡refM,g pa = ιv ((v = b ∨ v , b) ∧ v = a)q

 �($¥*�E.E#;�/� 7	#N%+�/X 7	�/(¹85�/%+�/( >;��?H"*($¥ > J+?5')"$P	Q�D

>;�)¯T?
Wahr (σ2[b], refM,g)

"*($¥

>;�Fa+?
Wahr (pa = b ∨ a , bq, refM,g)

 �(�')X�9T%¹�F"¾> £\? ;�>;��£\?G,�9TXY%T7q')"$#q>;�)¯T?!"*($¥s>;�Fa+?2')"=,�%T.	"*($¥ O+9T(¾> +���?!"*($¥
>[��H<?�')"$P	Q�D

>;��3\?
pb = ιv (σ2[b/v] ∧ v = b)q ≡refM,g pb = ιv ((a = v ∨ a , v) ∧ v = b)q

�G':#<WuP	Q$�/]`'2X�f")\7�#&��P	Q�#;9T]�� 758�����,�9TXY%T7H,�9:.;7	#;�E7;���/(�D

��£\£



pa = b ∨ a , bq
≡refM,g ≡refM,g

pa = ιv ((v = b ∨ v , b) ∧ v = a)q pb = ιv ((a = v ∨ a , v) ∧ v = b)q

≡refM,g ≡refM,g

pa = ιv (σ1[a/v] ∧ v = a)q pb = ιv (σ2[b/v]∧ v = b)q

�����F#;�E.G�F85�/� 7	�«WuP	Q=.	� 7&7G8�� .E¥¿¥="=.EP	Q�> +���?";¹¥$':#�')"=,�%T.	"*($¥¹O+9T(½> H2��?�"*($¥
¥*�E.�.E�E,��E.E�/(*�/7;Q$�F9:.E�E7;��#;P	Q$�/(2¼<X�')"$#;�/XT,��=.»¥=���<! ¥*�/(�7;� 7Ef�7 C �/85�/��# C '�.���#-7�;�"*($¥
>[��H<?�%+�E.E�FP	Q�7&,��E.;7;�Y%T7�0T �(�¥=���F#;�E.5W+7	�/XYX���%+�/Q�75')X�#;92¥=���5¡�.	� 7;��#;P	Q$�� �(*(�')Q*]^�
>  G?q�/�Y(�E�85�/�YX2> +���?��/�Y($�^,�9:.	]`')X��¹d»(�7	#-6*.E�FP	Qu"*(*%�O+9T( >  G?«��#-7�0�¬ �/� 7	�E.E#
�E.;,�9TXY%T7�Q*���E.2�/�Y($�« �(u85�/($¥="*(*%`¥*�F#2�NZ&¼�9T]q6�9\#&� 7;��9T(�')XY� 7Ef�7	#-6*.	� (*�F� 6�# E�"*($¥
�F8�'�.»�/�Y($�� �(u85�/($¥="*(*%�¥*�E.�W+6��/�F� F=¡\'�7;��9T(^>[��H<?�O+9T(^>[��?�,��=.»%+�F#;P	Q*X�9\#;#;�/($�
#&�Y(*%\"*X�f�.E��H��E.	]^�T0

� / ' �  "� ���
d�#5%+�/X 7	�/(�')"=,�%T.	"*($¥^O+9T(m> 1!?H85�/� 7	�E.E# D

> K\B\?
σ1[a] ≡refM,g pa = ιv (σ1[a/v] ∧ v = a)q

"*($¥

> K=��?
σ2[b] ≡refM,g pb = ιv (σ2[b/v] ∧ v = b)q

d�#�,�9TXY%T75')X�#;9�')"$#<>�b�?GE$>;��£\?»"*($¥�> K\B\?�#;9)8����2> ª\?GE*>;��3\?�"*($¥¹> K=��?N')"=,�%T.	"*($¥
¥*�E.�H�./')($#&� 7;�YO�� 7Ef�75O+9T(

≡refM,g
D

> K\K\?
σ1[a] ≡refM,g σ2[b]

E

859T]�� 7�¥*�E.!¼�9T($¥=� 7;��9T(�')X��<LN�/85�/��#<' C %+�F#;P	Q*X�9\#;#;�/(^��#-7�0 ) 1 0
�����F#;�E.«¥u.	� 7&7	�^WuP	Q=.	� 7&7 X�f")\7 #&��P	Q�(*��P	Q�7 ¥="=.EP	Q½¥=���� �(*(�')Q*]^� Eo¥$'")

σ1[a]"*($¥
σ2[b]

C �/��¥*�58�')Q=.�.E�/X�'�7;�YO��F"
refM,g

#&�Y($¥�; 859:./')"$#�¥=���<d�.;,��*XYX C '�.;¡��/� 7
O+9T(

σ1[a]
"*($¥

σ2[b]
,�9TXY%T7 ;q#;9)8����<¥="=.EP	Q¹> ¦/H<?GE�>[����ª\?»"*($¥�> +���?».E�FP	Q�7&Z

,��E.;7;�Y%+�/(�Eu"*($¥��F8�'�.�')"$#�¥*�/(��Y(� C #;P	Q*(*� 7&7��T0 Ku0 �2')(*%+�E,��*Q=.;7	�/( 1<.	�*($¥*�/(o0
d�#2��#-7�(�f)]�XY��P	Q > ¦/H<?!�Y]I��')Q*]^�/(m¥*�E. O+9:.	XY���/%+�/($¥*�/( Wu�/]`')(�7;� ¡Á8���¥*�E.;Z
X��/% C '�.;E+85�F#&Q�')X C ')(�¥=���F#;�E.<W+7	�/XYX��!¥$':#<©�9\#-7;"*X�'�7!> 1!?H"*(uO+�E.	�F��P	Q�7 C '�.N��#-7�0

��£+¯



# � � -�+ + ��%7Y0- � � � % �
�����F#;��¥u.E�/��WuP	Q=.	� 7&7	�GX�':#;#;�/(¹#&��P	Q C �YX�¥=Q�'�,�758����G,�9TXY%T7��F"$#	')]�]^�/(=, ':#;#;�/(�D

pa = b ∨ a , bq

≡refM,g ≡refM,g

pa = ιv ((v = b ∨ v , b) ∧ v = a)q pb = ιv ((a = v ∨ a , v) ∧ v = b)q

≡refM,g ≡refM,g

pa = ιv (σ1[a/v] ∧ v = a)q pb = ιv (σ2[b/v]∧ v = b)q

≡refM,g ≡refM,g

σ1[a] ≡refM,g σ2[b]

LN�/85�/��#H,��=.�> H�J+?GD
�T0

(∀σ, c, v, ref , M, g) (Wahr (σ[c], refM,g) ⇒
c ≡refM,g pιv (σ[c/v] ∧ v = c)q

> +���?

Ku0
(∀σ, c, v, ref , M, g) (LWahr (σ[c]) ⇒
σ[c] ≡refM,g pc = ιv (σ[c/v] ∧ v = c)q)

> +�K\?

J=0
(∀S 1, S 2, t1, t2, ref , M, g)
(Erg(S 2, S 1(t1//t2)) & t1 ≡refM,g t2 ⇒ S 1 ≡refM,g S 2)

>[��H<?

b*0
(∀σ, c, v, ref , M, g)
σ[c] ≡refM,g pc = ιv (σ[c/v] ∧ v = c)q

> 1!?

ªu0
LWahr (pa = b ∨ a , bq)

(��E7E'�7;Q$�F9:.E�/]
£u0

(∀ref , M, g) Wahr (pa = b ∨ a , bq, refM,g)
>[���/b�?�ª

¯�0
Erg (pa = ιv ((v = b ∨ v , b) ∧ v = a)q,
pa = ιv (σ1[a/v] ∧ v = a)q (pιv (σ1[a/v] ∧ v = a)q//
pιv ((v = b ∨ v , b) ∧ v = a)q))

> ©�.:��?

a=0
Erg (pb = ιv ((a = v ∨ a , v) ∧ v = b)q,
pb = ιv (σ2[b/v] ∧ v = b)q (pιv (σ2[b/v] ∧ v = b)q//
pιv ((a = v ∨ a , v) ∧ v = b)q))

> ©�./K\?

3u0
Wahr (σ1[a], refM,g) & Wahr (σ2[b], refM,g)

 �(*(o0u,-0�¼�L
��Bu0

Wahr (σ1[a], refM,g)
W�! ( 3

��£Ta



�\�T0
Wahr (σ2[b], refM,g)

W�! ( 3
��Ku0

σ1[a] ≡refM,g pa = ιv (σ1[a/v] ∧ v = a)q
) !�b

�FJ=0
σ2[b] ≡refM,g pb = ιv (σ2[b/v] ∧ v = b)q

) !�b
�/b*0

a ≡refM,g pιv (σ1[a/v] ∧ v = a)q
(¹©¢��B4E ) !<�

��ªu0
b ≡refM,g pιv (σ2[b/v] ∧ v = b)q

(¹©¢�\� E ) !<�
��£u0

Wahr (pa = b ∨ a , bq, refM,g)
) !N£

�)¯�0
pa = b ∨ a , bq ≡refM,g

pa = ιv ((v = b ∨ v , b) ∧ v = a)q

(¹©sª4E ) !HK

�Fa=0
a ≡refM,g pιv ((v = b ∨ v , b) ∧ v = a)q

(¹©¢��£4E ) !<�
��3u0
pιv (σ1[a/v]∧ v = a)q ≡refM,g

pιv ((v = b ∨ v , b) ∧ v = a)q

> H�./?�> W 
=?2�/b�E��Fa

K\Bu0
pa = ιv (σ1[a/v] ∧ v = a)q ≡refM,g

pa = ιv ((v = b ∨ v , b) ∧ v = a)q

(¹©  �� =�¯
Eo��34E
) !�J

K=�T0
σ1[a] ≡refM,g pa = ιv ((v = b ∨ v , b) ∧ v = a)q

> H�./?!��K4E*K\B
K\Ku0

σ1[a] ≡refM,g pa = b ∨ a , bq
> H�./?�K=� E�> W 
=?2�)¯

KTJ=0
pa = b ∨ a , bq ≡refM,g

pb = ιv ((a = v ∨ a , v) ∧ v = b)q

(¹©sª4E ) !HK

K:b*0
b ≡refM,g pιv ((a = v ∨ a , v) ∧ v = b)q

(¹©¢��£4E ) !<�
K\ªu0
pιv (σ2[b/v]∧ v = b)q ≡refM,g

pιv ((a = v ∨ a , v) ∧ v = b)q

> H�./?�> W 
=?2��ª4E*K:b

K\£u0
pb = ιv (σ2[b/v] ∧ v = b)q ≡refM,g

pb = ιv ((a = v ∨ a , v) ∧ v = b)q

(¹©  �� =«aE$K\ª4E
) !�J

K+¯�0
σ2[b] ≡refM,g pb = ιv ((a = v ∨ a , v) ∧ v = b)q

> H�./?!�FJE*K\£
KTa=0

σ2[b] ≡refM,g pa = b ∨ a , bq
> H�./?�K+¯
E�> W 
=?<KTJ

K\3u0
σ1[a] ≡refM,g σ2[b]

> H�./?�K\K4E�> W 
=?<KTa
J+Bu0

Wahr (σ1[a], refM,g) & Wahr (σ2[b], refM,g) ⇒
σ1[a] ≡refM,g σ2[b]

¼�L 3 ;=K\3

J*�T0
(∀σ1, σ2, a, b, ref , M, g)
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T1, T2, ext, M∗

"*($¥
g
C �/XY��� C �Y% %+�/8�f)Q*X 7�0*�G'2,�9TXY%+�/($¥*�F#H%\�YX 7"D

>;��?
Erg(pλx(x = ∅ ∧ T2)q, pλx(x = ∅ ∧ T1)q (T1//T2))

"*($¥�¥$'�85�/� 7	�E.E#5X�')"=7� �(*(�')Q*]^�<,��=.!¼�9T($¥=� 7;��9T(�')X��/(`LN�/85�/��#5%\�YX 7"D

> K\?
T1 ≡extM∗,g T2

� �<�0#�8=�bO�8=�;% �0#�8-�9O5% 8=�K#�8-� wx�0#�8=�� ���8D#��$#�% ?0�"TU?0� ,
∅

.[7�?0@ @
ext (∅)

O5% 8 @ 8=8=��8 9b8-�9>F8
7�8-% �N4�/c8-���FL97�?F>0L2#^a 2 ���0#�8Q8=7^7�% _D!B!�% 8=��yY8-%���yY8=�^�FL9_D!BL�Z�8-% �B�F�9O�8=��8=7^{M@ 8-ZQ8-�0#��FL97

D
!��F�9O�8-@ �N4

�Fa*�



,�9TXY%T7<')"$#!>;��?H"*($¥Á> K\?�')"=,�%T.	"*($¥`¥*�F#<d�Z&¼�9T]q6�9\#&� 7;��9T(�')XY� 7Ef�7	#-6*.;�Y(=�F� 6�# D

> J+?
pλx(x = ∅ ∧ T1)¬ ≡extM∗,g pλx(x = ∅ ∧ T2)q

d�#H,�9TXY%T7<')X�#;9q')"$#�> K\?H"*($¥Á> J+?N]�� 7�¼�9T($¥=� 7;��9T(�')X��/] LN�/85�/��#5"*($¥ ) (*�YO+�E.;Z
#;�/XYX��E.21��/($�E./')XY��#&���E.	"*(*%�> ©�./ª\?E0

WuP	Q*XY���G)+XY��P	Q C �/(�3:7;�Y%T7�]`')(�,��=.q¥*�/( LN�/85�/��#�($9�P	Q½¥=���«,�9TXY%+�/($¥*�/(�¥u.E�/�
�/]q6$� .	��#;P	Q$�/(`©�./f)]���#;#;�/(�E+85�/X�P	Q$�!¥=���<7	�/�YXY85�/��#;�!W�" C #-7;� 7;"=7;��9T( C �E7&.E�E���/(�D

> ©�./£\?
Erg (C[pλx (x = ∅ ∧ T1) = {∅}q],
C[T1] (T1//pλx(x = ∅ ∧ T1) = {∅}q))

> ©�.F¯T?
Erg (C[pλx(x = ∅ ∧ T2) = {∅}q],
C[pλx(x = ∅∧T1) = {∅}q] (pλx(x = ∅∧T1)q//pλx(x = ∅∧T2)q))

> ©�.Ea+?
Erg (C[T2],
C[pλx(x = ∅ ∧ T2) = {∅}q] (pλx(x = ∅ ∧ T2) = {∅}q//T2))

 �"=,�%T.	"*($¥�O+9T(Á>[� !&0 Ku0 £\?���#-7�¥=���!�5�/X�'�7;��9T(
≡extM∗,g

�/�Y($� * �+"*�YOT')X��/(*�/.E�/X�'�Z
7;��9T(o0*¬ �/(*(

A1
"*($¥

A2
�F85�/���Ee�7	�/($#&��9T($#-, f)Q*�Y%+�! �"$#;¥u.	�$P;¡���O+9T( � � �N� =λ

#&�Y($¥�E=¥$')(*(¹X�')"=7	�E7 ;�8����!%+�F#	')%T7 ;�¥*�E.!')XYXY%+�/]^�/�Y($�G �(u85�/($¥="*(*%+#-, ')XYX�O+9T(
>[� !&0 Ku0 £\?N8�����,�9TXY%T7"D

>;��?
A1 ≡extM∗,g A2 ⇔ extM∗,g (A1) = extM∗,g (A2)

d�#�� C �E.;7&./f)%T7�#&��P	Q«#;9T]�� 7»¥=���5�5�F�$�Eeu�YO�� 7Ef�7"E:¥=���HW 
�]�]^�E7&.	����"*($¥ ¥=��� H�./')(=Z
#&� 7;�YO�� 7Ef�7�¥*�E. ! ¥*�/(�7;� 7Ef�7<')"=,�¥=���2�5�/X�'�7;��9T(

≡extM∗,g

0$d�#�%+�/X 7	�/(�')X�#;9D

>[�N,
′
?

(∀A1) A1 ≡extM∗,g A1
> W 
 ′ ? (∀A1, A2) (A1 ≡extM∗,g A2 ⇒ A2 ≡extM∗,g A1)
> H�.
′
?

(∀A1, A2, A3) ((A1 ≡extM∗,g A2) & (A2 ≡extM∗,g A3)⇒ A1 ≡extM∗,g A3)

�<�E.»LN�/85�/��#�,��=.»¥$':#�(�':P	Q=,�9TXY%+�/($¥*��H5Q$�F9:.E�/]�> H2��?�8�� .E¥!]�� 7��/�Y($�E.o#;9TX�P	Q$�/(
* �+"*�YOT')X��/(*�/.E�/X�'�7;��9T(

≡extM∗,g

¥="=.EP	Q*%+�E,��*Q=.;7�0

�Fa+K



Wu�/���/(m�Y] ,�9TXY%+�/($¥*�/(
M∗ = 〈D, ext〉

�/�Y( C �/XY��� C �Y%+�F#��Ee�7	�/($#&��9T($#-7;Q$�F9:.E�EZ
7;��#;P	Q$�F#.(�9�¥*�/XYX�,��=. � � �N� =λ #;9)8���� g

�/�Y($� C �/XY��� C �Y%+�-0�'�.	��' C X��/( C �/X��/%\"*(*%
O+9T(

IV ������� =λ
�Y(

D
E�"*($¥¿#;�/���/(¿85�/� 7	�E.E#

T1
"*($¥

T2
C �/XY��� C �Y%+��W=f�7;����O+9T(

� � �N� =λ E�"*($¥2#;�/� C �/�Y( C �/XY��� C �Y%+�E.»¼�9T(�7	�Ee�7oO+9T( � � �N� =λ 0T�G':#$V;W�XY�Y(*%+#&Q$9:7&Z
 5.	%\"*]^�/(�7-_GO+9T(ABG"*�Y($� >;��3\ªTJ+?�X�')"=7	�E7<¥$')(*(�8����G,�9TXY%T7"D

> H2��? � >�¬ 2
?GEo> +�d�?GEo> d H<?GEo> ©�.	b�?GE�> ©�./ª\?GE�> ©�./£\?GE�> ©�.F¯T?GEo> ©�.Ea+? � |− � �N� =

(∀C, T1, T2, ext, M∗, g)
(Erg(C[T2],C[T1] (T1//T2)) & T1 ≡extM∗,g T2 ⇒

C[T1] ≡extM∗,g C[T2])

! P	Q^#-¡u�Y�F�F���E.E�5�Y]�,�9TXY%+�/($¥*�/(�¥=���<LN�/85�/��#&��¥*�F�H,��=.5¥=���F#;�F# H5Q$�F9:.E�/]x> H2��?GE
¥$':#�]�� 7&7	�/X�#`¼�9T($¥=� 7;��9T(�')X��/]ILN�/85�/��#^"*($¥ ')($#;P	Q*XY���G)��/($¥*�E. ) (*�YO+�E.E#;�/XYX��E.
1��/($�E./')XY��#&���E.	"*(*% C �/8����F#;�/(¹8�� .E¥�0$�����! �(*(�')Q*]^�G,��=.!¼�9T($¥=� 7;��9T(�')X��/(`LN�EZ
85�/��#5X�')"=7	�E7�¥$' C �/� D

>;��?
Erg (C[T2],C[T1] (T1//T2)) & T1 ≡extM∗,g T2

¦<':P	Q¹¥*�E.�©�./f)]���#;#;��> ©�./£\?H%\�YX 75(u"*(�D

> K\?
Erg (C[pλx(x = ∅ ∧ T1) = {∅}q],
C[T1] (T1//pλx(x = ∅ ∧ T1) = {∅}q))

¬ �/%+�/(�¥*�E.G©�./f)]���#;#;� > ©�.	b�?N%\�YX 7�85�/� 7	�E.E# D

> J+?
LÄ∗(T1, pλx(x = ∅ ∧ T1) = {∅}q)

 �"$#!> K\?H"*($¥Á> J+?N,�9TXY%T7G')"=,�%T.	"*($¥^O+9T(m> +�d�?GD

>�b�?
C[T1] ≡extM∗,g C[pλx(x = ∅ ∧ T1) = {∅}q]

�G'�85�/� 7	�E.E#H85�/%+�/(m>;��?H%\�YX 7"D

> ª\?
T1 ≡extM∗,g T2

,�9TXY%T7<')"$#!> ª\?H]�� 7<¥*�E.�©�./f)]���#;#;��> ©�./ª\?�,�9TXY%+�/($¥*�F# D

> £\?
pλx(x = ∅ ∧ T1)q ≡extM∗,g pλx(x = ∅ ∧ T2)q

�Fa\J



¦<':P	Q¹¥*�E.�©�./f)]���#;#;��> ©�.F¯T?H%\�YX 7585�/� 7	�E.E# D

>[¯T?
Erg (C[pλx(x = ∅ ∧ T2) = {∅}q],
C[pλx(x = ∅ ∧ T1) = {∅}q] (pλx(x = ∅ ∧ T1)q//pλx(x = ∅ ∧ T2)q))

 �"$#!>[¯T?H"*($¥Á> £\?N,�9TXY%T7G')"=,�%T.	"*($¥^O+9T(m> d H<?N,�9TXY%+�/($¥*�F# D

> a+?
C[pλx(x = ∅ ∧ T1) = {∅}q] ≡extM∗,g C[pλx(x = ∅ ∧ T2) = {∅}q]

¦<':P	Q¹¥*�E.�©�./f)]���#;#;��> ©�.Ea+?H%\�YX 7<')")��E.E¥*�/] D

> 3\?
Erg (C[T2],
C[pλx(x = ∅ ∧ T2) = {∅}q] (pλx(x = ∅ ∧ T2) = {∅}q//T2))

¬ �/� 7	�E.E#5%\�YX 7585�/%+�/(�¥*�E.�©�./f)]���#;#;��> ©�.	b�?GD

>;��B\?
LÄ∗(pλx(x = ∅ ∧ T2) = {∅}q, T2)

 �"$#!> 3\?H"*($¥Á>;��B\?�,�9TXY%T7<#;9T]�� 7G')"=,�%T.	"*($¥^O+9T( > +�d�?GD

>;�\��?
C[pλx(x = ∅ ∧ T2) = {∅}q] ≡extM∗,g C[T2]

d�#�,�9TXY%T72#;9T]�� 7�')"$#«>�b�?GE�> a+?G"*($¥{>;�\��?!')"=,�%T.	"*($¥Á¥*�E.-H�./')($#&� 7;�YO�� 7Ef�7�O+9T(
≡extM∗,g

D

>;��K\?
C[T1] ≡extM∗,g C[T2]

E

859T]�� 7�¥*�E.!¼�9T($¥=� 7;��9T(�')X��<LN�/85�/��#<' C %+�F#;P	Q*X�9\#;#;�/(^��#-7�0 ) 1 0

¤$"$#	')]�]^�/(*%+�E, '")\7"E+�E.	Q�')X 7	�/(�8�� .�')X�#;9«¥$':#N,�9TXY%+�/($¥*�2����')%T./')]�] D

C[T1] ≡extM∗,g C[pλx(x = ∅ ∧ T1) = {∅}q]

≡extM∗,g ≡extM∗,g

C[T2] ≡extM∗,g C[pλx(x = ∅ ∧ T2) = {∅}q]

�FaTb



LN�/85�/��#H,��=.�> H2��?GD
�T0

(∀C, T1, T2, ext, M∗, g)
(Erg(C[T2],C[T1] (T1//T2)) & LÄ

∗(T1, T2) ⇒
C[T1] ≡extM∗,g C[T2])

> +�d�?

Ku0
(∀C, t1, t2, ext, M∗, g)
(Erg(C[t2],C[t1] (t1//t2)) & t1 ≡extM∗,g t2 ⇒
C[t1] ≡extM∗,g C[t2])

> d H<?

J=0
(∀T1) LÄ∗(T1, pλx(x = ∅ ∧ T1) = {∅}q)

> ©�.	b�?
b*0

(∀T1, T2, ext, M∗, g)
(T1 ≡extM∗,g T2 ⇒

pλx(x = ∅ ∧ T1)q ≡extM∗,g pλx(x = ∅ ∧ T2)q)

> ©�./ª\?

ªu0
(∀x, y, ext, M∗, g)
(Satz (x,

� � �N� =λ) & y = extM∗,g (x) ⇒ Wahrw (y))

>�¬
2
?

£u0
Erg (C[T2],C[T1] (T1//T2)) & T1 ≡extM∗,g T2

 �(*(o0u,-0�¼�L
¯�0

Erg (C[pλx(x = ∅ ∧ T1) = {∅}q],
C[T1] (T1//pλx(x = ∅ ∧ T1) = {∅}q))

> ©�./£\?

a=0
LÄ
∗(T1, pλx(x = ∅ ∧ T1) = {∅}q)

) !�J
3u0

Erg (C[pλx(x = ∅ ∧ T1) = {∅}q],
C[T1] (T1//pλx(x = ∅ ∧ T1) = {∅}q)) &
LÄ∗(T1, pλx(x = ∅ ∧ T1) = {∅}q) ⇒
C[T1] ≡extM∗,g C[pλx(x = ∅ ∧ T1) = {∅}q]

) !<�

��Bu0
C[T1] ≡extM∗,g C[pλx(x = ∅ ∧ T1) = {∅}q]

(¹©½ �� =«¯
E+aEu3
�\�T0

T1 ≡extM∗,g T2 ⇒

pλx(x = ∅ ∧ T1)q ≡extM∗,g pλx(x = ∅ ∧ T2)q

) !�b

��Ku0
pλx(x = ∅ ∧ T1)q ≡extM∗,g pλx(x = ∅ ∧ T2)q

(¹©sW�! ( £4Eo�\�
�FJ=0

Erg (C[pλx(x = ∅ ∧ T2) = {∅}q],
C[pλx(x = ∅ ∧ T1) = {∅}q] (pλx(x = ∅ ∧ T1)q//
pλx(x = ∅ ∧ T2)q))

> ©�.F¯T?

�Fa+ª



�/b*0
Erg (C[pλx(x = ∅ ∧ T2) = {∅}q],
C[pλx(x = ∅ ∧ T1) = {∅}q] (pλx(x = ∅ ∧ T1)q//
pλx(x = ∅ ∧ T2)q)) &
pλx(x = ∅ ∧ T1)q ≡extM∗,g pλx(x = ∅ ∧ T2)q ⇒
C[pλx(x = ∅ ∧ T1) = {∅}q] ≡extM∗,g

C[pλx(x = ∅ ∧ T2) = {∅}q]

) !NK

��ªu0
C[pλx(x = ∅ ∧ T1) = {∅}q] ≡extM∗,g

C[pλx(x = ∅ ∧ T2) = {∅}q]

(¹©  �� =��FJE���K4E
�/b

��£u0
Erg (C[T2],C[pλx(x = ∅ ∧ T2) = {∅}q]
(pλx(x = ∅ ∧ T2) = {∅}q//T2))

> ©�.Ea+?

�)¯�0
LÄ∗(pλx(x = ∅ ∧ T2) = {∅}q, T2)

) !�JE$W 
�]
LÄ∗

�Fa=0
Erg (C[T2],C[pλx(x = ∅ ∧ T2) = {∅}q]
(pλx(x = ∅ ∧ T2) = {∅}q//T2)) &
LÄ
∗(pλx(x = ∅ ∧ T2) = {∅}q, T2) ⇒

C[pλx(x = ∅ ∧ T2) = {∅}q] ≡extM∗,g C[T2]

) !<�

��3u0
C[pλx(x = ∅ ∧ T2) = {∅}q] ≡extM∗,g C[T2]

(¹©  �� =���£4E��)¯
E
�Fa

K\Bu0
C[T1] ≡extM∗,g C[T2]

> H�.
′
?���B4E���ª4E���3

K=�T0
Erg (C[T2],C[T1] (T1//T2)) & T1 ≡extM∗,g T2 ⇒

C[T1] ≡extM∗,g C[T2]

¼�L £ ;=K\B

K\Ku0
(∀C, T1, T2, ext, M∗, g)
(Erg(C[T2],C[T1] (T1//T2)) & T1 ≡extM∗,g T2 ⇒

C[T1] ≡extM∗,g C[T2])

) 1 K=�

d�#G,�9TXY%T7!#;9T]�� 72')"$#�¥*�/(A0�9:./')"$#;#;�E7;�F"*(*%+�/(�D�> +�d�?!#;9)8�����> d H<?GE�> ©�.	b�?GE
> ©�./ª\?GE�> ©�./£\?GE�> ©�.F¯T?5"*($¥�> ©�.Ea+?<¥$':#<,�9TXY%+�/($¥*�!($�/"=7&./')X��2�Ee�7	�/($#&��9T($#-7;Q$�F9:Z
.E�E7;��#;P	Q$��©�.	�Y(*�F� 6 D
> d�W=?

(∀C, T1, T2, ext, M∗, g)
(Erg (C[T2],C[T1] (T1//T2)) & T1 ≡extM∗,g T2 ⇒

C[T1] ≡extM∗,g C[T2])
> d�W=? C �F#	')%T7�')"$#!¥*�E. W���P	Q�72¥*�E. W=f�7;��� Eo¥$'")¹�Y(  �F¥*�/]@W='�7;�«¡�9��Ee�7	�/($#&��9:Z
($�/XYX���W=f�7;���5,��=.E�/�Y(�')($¥*�E.�#	')XYOT'!�Ee�7	�/($#&��9T($�5#&" C #-7;� 7;"*���E. C '�.�#&�Y($¥¹> ¥�0 Qo0+¥$'")

�Fa+£



 �F¥*�E.^W='�7;�¹¥=����d»�Y%+�/($#;P	Q�'�,�7«¥*�E.^W=')XYOT'�Z-d�e�7	�/($#&��9T($�EZ-W�" C #-7;� 7;"*���E. C '�.;¡��E� 7&Z
O+9T(=Z ¡�9��Ee�7	�/($#&��9T($�/XYX��/(=Z-W=f�7;���/(qQ�'�7E?E0��G'�X�')"=7G �(*(�')Q*]^�!')"$P	Qm> d H<?5%\�YX 7"E
Q�'�7�]`')( C �E.E�/� 7	#H�F85�/�»LN�F#-7;�Y]�]«"*(*%+#;#-7 �$P;¡��5,��=.�¥=���!d�e�7	�/($#&��9T(�')XY� 7Ef�7

3
�Y(

¸<f)($¥*�/(�D�d�#�#&�Y($¥Á(�f)]�XY��P	Q #;9)859TQ*X»¡�9��Ee�7	�/($#&��9T($�/XYX��«W=f�7;���^')X�#2')"$P	Q ¡�9:Z
�Ee�7	�/($#&��9T($�/XYX���%+�F#;P	Q*X�9\#;#;�/($�!#&�Y(*%\"*X�f�.E��H��E.	]^���Y(m')XYX��/(ÁW=f�7;���/(Á,��=.E�/�Y(�')(=Z
¥*�E.�#	')XYOT'¿�Ee�7	�/($#&��9T($�`#&" C #-7;� 7;"*���E. C '�.)0�D �=.^¥*�/(s¦<':P	Qu85�/��#«¥*�E. V-O+9TXYX��/(u_
d�e�7	�/($#&��9T(�')XY� 7Ef�7

3
�/�Y($�E.`W+6*./':P	Q$�`8�f�.E��')"$#q¥*�E.�W���P	Q�7^¥*�E.�W=f�7;����X��F¥=�Y%TZ

XY��P	QÁ($9�P	Q�')"=,��F"*���/�Y%+�/(�E$¥$'")¿')"$P	QÁ¡�9��Ee�7	�/($#&��9T($�/XYX��
n
Z[#-7	�/XYXY�Y%+� ©�./f:¥=� ¡\'�7	�

�Y(�')XYX��/(�W=f�7;���/(�,��=.E�/�Y(�')($¥*�E.�#	')XYOT'��Ee�7	�/($#&��9T($��#&" C #-7;� 7;"*���E. C '�.5#&�Y($¥�0 �
¬ �/� 7	�E.E#G,�9TXY%T7�')"$# > d�W=?!#;9)8����«¥*�E.2 �(*(�')Q*]^�^>�¬

2
?GE�¥$'")¹¬m')Q=.	Q$�/� 7	#-Z

85�E.;7	�2¥=����d�e�7	�/($#&��9T($�/(¹O+9T(ÁW=f�7;���/(¿#&�Y($¥�E$')"=,�%T.	"*($¥�¥*�E.2¼�9T(  "*(=¡�7;��9T($#-Z
.E�/%+�/X�,�9TXY%+�/($¥*�F# D

>�¬ d�W=?
(∀C, T1, T2, ext, M∗, g)
(Erg(C[T2],C[T1] (T1//T2)) & T1 ≡extM∗,g T2 ⇒

C[T1] ≡extM∗,g C[T2]) &
(∀x, y, ext, M∗, g)
(Satz (x,

� � �N� =λ) & y = extM∗,g (x)⇒ Wahrw (y))

>�¬ d�W=? ;¿¥�0 � 0�¥=����¼�9T(  "*(=¡�7;��9T(�O+9T( > d�W=?G"*($¥½>�¬
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¥*�F#<W=':P	QuO+�E.	Q�')X 7	#H')X�#G�5�E,��E.E�/(*��9 C$ �E¡�75#&" C #-7;� 7;"*���E. C '�.�> £=��?

� ! � �*� � � �¹�� � �N� �½�½� � �
> H !&0Y�T0Y��?

C1
Q�'�72¥=���qd»�Y%+�/($#;P	Q�'�,�7!¥*�E. W=')XYOT'�Z&�5�E,��E.E�/(�7;��'�Z-W�" C #-7;� 7;"*���E.;Z

C '�.;¡��/� 7&Z O+9T(=Z .E�/X�'�7;�YO+Z �F"=Z
ref
Z ¡�9:.E�E,��E.E�/(�7;���/XYX��/(=Z[ �"$#;¥u.	�$P&¡��/(

⇔

(∀A1, A2,C2)
(Erg(C2,C1(A1//A2)) & A1 ≡ref A2 ⇒ C1 ≡ref C2)

> £+¯T?

K\B\K



> H !&0Y�T0 K\? � ��#-7<�Ee�7	�/($#&��9T(�')X
1 ⇔

(∀C1,C2, A1, A2, ref )
(Erg(C2,C1(A1//A2)) & A1 ≡ref A2 ⇒ C1 ≡ref C2))

>[¯u��?
> H !&0Y�T0 J+? � ��#-7<�Ee�7	�/($#&��9T(�')X

2 ⇔

(∀C1,C2, A1, A2, ref )
(Erg(C2,C1(A1//A2)) & A1 ≡ref A2 ⇒ C1 ≡ref C2)) &
(∀x, y, ref ) (Satz (x,

�
) & y = ref (x) ⇒ Wahrw (y))

>[¯TK\?
> H !&0Y�T0 b�?

e
C X��/� C 7G"*(�7	�E.2¥*�E.G7	�/�YXY85�/��#;�/( W�" C #-7;� 7;"=7;��9T(¿O+9T(¿.E�/X�'�7;�YO��F"

ref
¡�9:.E�E,��E.E�/(�7;���/XYX��/(` �"$#;¥u.	�$P;¡��/(`�Y(

C1
�E.	Q�')X 7	�/(

⇔

(∀A1, A2,C2) (Erg(C2,C1(A1//A2)) &
A1 ≡ref A2 & e = ref (C1) ⇒ e = ref (C2))

>[¯T£\?
> H !&0Y�T0 ª\?

|− � �N� = (∀C1,C2, A1, A2, ref )
(Erg(C2,C1(A1//A2)) & A1 ≡ref A2 ⇒ C1 ≡ref C2)⇔
(∀C1,C2, A1, A2, ref , e)
(Erg(C2,C1(A1//A2)) & A1 ≡ref A2 & e = ref (C1) ⇒
e = ref (C2))

>[¯:a+?
> H !&0Y�T0 £\?

C1
��#-7G�Ee�7	�/($#&��9T(�')X

1
.E�/X�'�7;�YO��F"

ref ⇔
(∀e) (e

C X��/� C 7o"*(�7	�E.�¥*�E.�7	�/�YXY85�/��#;�/(«W�" C #-7;� 7;"=7;��9T(�O+9T(�.E�/X�'�7;�YO
�F"

ref
¡�9:.E�E,��E.E�/(�7;���/XYX��/(` �"$#;¥u.	�$P;¡��/(`�Y(

C1
�E.	Q�')X 7	�/(

)
> a+B\?

> H !&0Y�T0 ¯T?
e
¡�9T]�] 7�')"=,�%T.	"*($¥2O+9T(¹>[��?»')X�#»¥$':#��5�E,��E.E�/(*��9 C$ �E¡�7�O+9T(

C1.E�/X�'�7;�YO��F"
ref
�Y(¿D+./')%+�

⇔

(∀A1, A2,C2) (Erg(C2,C1(A1//A2)) &
A1 ≡ref A2 & e = ref (C1) ⇒ e = ref (C2))

> a+B\?
> H ! !&0Y�T0Y��?

|− � �N� = (∀σ, c, v, ref , M, g)
(Wahr (σ[c], refM,g)⇒
Wahr (pc = ιv (σ[c/v] ∧ v = c)q, refM,g))

>;�/bu¯T?
> +�! !&0Y�T0Y��?

|− � �N� = (∀σ, c, v, ref , M, g)
(Wahr (σ[c], refM,g)⇒ c ≡refM,g pιv (σ[c/v] ∧ v = c)q)

>;��ª\B\?
> H ! !&0Y�T0 K\?

|− � �N� = (∀σ, c, v, ref , M, g) (Wahr (σ[c], refM,g)⇒
Wahr (pσ[c]↔ c = ιv (σ[c/v] ∧ v = c)q, refM,g))

>;��ª=��?

K\BTJ



> +�! !&0Y�T0 K\? � > +��o? � |− � �N� = (∀σ, c, v, ref , M, g)
(LWahr (σ[c]) ⇒ σ[c] ≡refM,g pc = ιv (σ[c/v]∧ v = c)q)

>;��ªTJ+?
> ¦<?

(∀σ, c, ref , M, g)
(Falsch (σ[c], refM,g) ⇒ Wahr (p¬σ[c]q, refM,g))

>;��£=��?
> H ! !&0Y�T0 J+? �G':#���4  % � � '(# �"� ' � � � + ��%���O+9T(A1�3�¥*�/X ;¹D=')XYX�� D

� > +�! !&0Y�T0Y��?GE�> +�! !&0Y�T0 K\?GE�>[��H<?GE�> 1!?GE�> ©�.:��?GE�> ©�./K\? � |− � �N� =
(∀σ1, σ2, a, b, ref , M, g)
(Wahr (σ1[a], refM,g) & Wahr (σ2[b], refM,g) ⇒
σ1[a] ≡refM,g σ2[b])�20 Qo0*')XYX���8�')Q=.E�/(¹#&�Y(*%\"*X�f�.E�/(`W=f�7;��� C �/���/��P	Q*($�/(�¥$':#;#;�/X C �
>;��£TJ+?

> H ! !&0Y�T0 b�? �G':#���4  % � � '(# �"� ' � � � + ��%���O+9T(A1�3�¥*�/X ;¹D=')XYXoK4D
� > +��o?GE�> H ! !&0Y�T0 J+?GE�> ¦<?GEo>[��W=?GE�> ©�.EJ+? � |− � �N� =
(∀σ3, σ4, a, b, ref , M, g)
(Falsch (σ3[a], refM,g) & Falsch (σ4[b], refM,g) ⇒
σ3[a] ≡refM,g σ4[b])�20 Qo0*')XYX��G, ')X�#;P	Q$�/(�#&�Y(*%\"*X�f�.E�/(�W=f�7;��� C �/���/��P	Q*($�/(�¥$':#;#;�/X C �
>;�)¯TB\?

���5tulovGy�n-|NvGy\t	<l�|�r*n-l

� ���»������ � ���
>[� !&0 Ku0 £\? Wu�/���/(

x1
"*($¥

x2
�F85�/���Ee�7	�/($#&��9T($#-, f)Q*�Y%+�� �"$#;¥u.	�$P;¡��5O+9T( � E

"*($¥½#;�/�H85�/� 7	�E.E#
ext
�/�Y($�`d�e�7	�/($#&��9T($#-,�"*(=¡�7;��9T(mO+9T(

X
�Y(

Y,��=. �§0
x1 ≡ext x2 :⇔ ext (x1) = ext (x2)

> 3\3\?
>[� !&0 Ku0 ¯T?

A1
��#-7��Y(

C1
¥="=.EP	Q

A2
.E�/X�'�7;�YO^�F"

ext
#	')XYOT' �Ee�7	�/($#&��9T($�

#&" C #-7;� 7;"*���E. C '�.
:⇔

(∀C2) (Erg(C2,C1(A1//A2)) ⇒ C1 ≡ext C2)
>;�\��ª\?

K\B:b



>[� !&0 Ku0 a+?
C1
Q�'�7�¥=���!d»�Y%+�/($#;P	Q�'�,�7H¥*�E.<W=')XYOT'�Z-d�e�7	�/($#&��9T($�EZ-W�" C #-7;� 7;"*���E.;Z

C '�.;¡��/� 7&Z O+9T(=Z .E�/X�'�7;�YO+Z �F"=Z
ext
Z ¡�9��Ee�7	�/($#&��9T($�/XYX��/(=Z[ �"$#;¥u.	�$P;¡��/(

:⇔
(∀A1, A2) (A1 ≡ext A2 ⇒ A1

��#-7��Y(
C1
¥="=.EP	Q

A2
.E�/X�'�7;�YO¿�F"

ext
#	')XYOT' �Ee�7	�/($#&��9T($��#&" C #-7;� 7;"*���E. C '�./?5>;�\��£\?

>[� !&0 Ku0 3\?
C1
Q�'�7o¥=����d»�Y%+�/($#;P	Q�'�,�7�¥*�E.�W=')XYOT'�Z 0��E.	� 7E'�7	�

2
Z-W�" C #-7;� 7;"*���E. C '�.;Z

¡��/� 7&Z O+9T(=Z .E�/X�'�7;�YO+Z �F"=Z
ext
Z ¡�9\�Ee�7	�/($#&��9T($�/XYX��/(=Z[ �"$#;¥u.	�$P;¡��/(

:⇔
C1
Q�'�7�¥=���!d»�Y%+�/($#;P	Q�'�,�7H¥*�E.<W=')XYOT'�Z-d�e�7	�/($#&��9T($�EZ-W�" C #-7;� 7;"*���E.;Z

C '�.;¡��/� 7&Z O+9T(=Z .E�/X�'�7;�YO+Z �F"=Z
ext
Z ¡�9��Ee�7	�/($#&��9T($�/XYX��/(=Z[ �"$#;¥u.	�$P;¡��/(

&
(∀x, y, ext) (Satz (x,

�
) & y = ext(x) ⇒ Wahrw (y))

>;�\��£\?
>[� !&0 Ku0Y��B\?

C1
��#-7G�Ee�7	�/($#&��9T(�')X

3
.E�/X�'�7;�YO��F"

ext :⇔
C1
Q�'�7�¥=���!d»�Y%+�/($#;P	Q�'�,�7H¥*�E.<W=')XYOT'�Z-d�e�7	�/($#&��9T($�EZ-W�" C #-7;� 7;"*���E.;Z

C '�.;¡��/� 7&Z O+9T(=Z .E�/X�'�7;�YO+Z �F"=Z
ext
Z ¡�9��Ee�7	�/($#&��9T($�/XYX��/(=Z[ �"$#;¥u.	�$P;¡��/(

>;�\�)¯T?
>[� !&0 Ku0Y�\��?

C1
��#-7G�Ee�7	�/($#&��9T(�')X

4
.E�/X�'�7;�YO��F"

ext :⇔
C1
Q�'�7o¥=����d»�Y%+�/($#;P	Q�'�,�7�¥*�E.�W=')XYOT'�Z 0��E.	� 7E'�7	�

2
Z-W�" C #-7;� 7;"*���E. C '�.;Z

¡��/� 7&Z O+9T(=Z .E�/X�'�7;�YO+Z �F"=Z
ext
Z ¡�9��Ee�7	�/($#&��9T($�/XYX��/(=Z[ �"$#;¥u.	�$P;¡��/(

>;�\�)¯T?
>[� !&0 Ku0Y��K\? � ��#-7<�Ee�7	�/($#&��9T(�')X

3 :⇔
(∀C1, ext) (C1

��#-7<�Ee�7	�/($#&��9T(�')X
3
.E�/X�'�7;�YO��F"

ext)
>;�\�)¯T?

>[� !&0 Ku0Y�FJ+? � ��#-7<�Ee�7	�/($#&��9T(�')X
4 :⇔

(∀C1, ext) (C1
��#-7<�Ee�7	�/($#&��9T(�')X

4
.E�/X�'�7;�YO��F"

ext)
>;�\�Fa+?

>[� ! !&0 Ku0 ª\? Wu�/�
x
�/�Y($��Du9:.	]^�/X�O+9T( � � �N� =λ 0

LWahr∗(x) :⇔ (∀ext, M∗, g) Wahr (x, extM∗,g)
>;�)¯T3\?

>[� ! !&0 Ku0 £\? Wu�/���/(
x1
"*($¥

x2
Du9:.	]^�/XY(`O+9T( � � �N� =λ.

LÄ∗(x1, x2) :⇔ LWahr∗(px1 ↔ x2q)
>;�)¯T3\?

� ���o� �:� ����� ������ � � �  � � ! � �*� �+��� �":;! � � � ����\� � ����
> d�e�7GJ+?

(∀S 1, S 2, A1, A2, ext) (S 1
��#-7<�/�Y(^V&�Ee�7	�/($#&��9T(�')X��E.&_!¼�9T(�7	�Ee�7

&
Erg (S 2, S 1(A1//A2)) & A1 ≡ext A2 ⇒ S 1 ≡ext S 2)

> a\a+?
> d�?

(∀C1,C2, A1, A2, ext)
(Erg(C2,C1(A1//A2)) & A1 ≡ext A2 ⇒ C1 ≡ext C2)

K\B\ª



�20 Qo0)�Y(  �F¥*�/]�¼�9T(�7	�Ee�7
C1
#&�Y($¥2¡�9��Ee�7	�/($#&��9T($�/XYX��� �"$#;¥u.	�$P;¡��

#	')XYOT' �Ee�7	�/($#&��9T($��#&" C #-7;� 7;"*���E. C '�.G>;��B\ª\?
> d� G?

(∀S 1, S 2, s1, s2, ext)
(Erg(S 2, S 1(s1//s2)) & s1 ≡ext s2 ⇒ S 1 ≡ext S 2)

>;��B+¯T?
> d H<?

(∀C, t1, t2, ext, M∗, g)
(Erg(C[t2],C[t1] (t1//t2)) & t1 ≡extM∗,g t2 ⇒
C[t1] ≡extM∗,g C[t2])

>;�Fa+B\?
> d�W=?

(∀C, T1, T2, ext, M∗, g)
(Erg(C[T2],C[T1] (T1//T2)) & T1 ≡extM∗,g T2 ⇒

C[T1] ≡extM∗,g C[T2])
>;�Fa+£\?

> +�d�?
(∀C, T1, T2, ext, M∗, g)
(Erg(C[T2],C[T1] (T1//T2)) & LÄ∗(T1, T2)⇒
C[T1] ≡extM∗,g C[T2])

>;�Fa+B\?

� � :;! � � ����o� �:� ���¿� ������ � � �  � � ! � �*� �+��� �":;! � � � ����\� � ����
>�¬

2
?

(∀x, y, ext) (Satz(x,
�

) & y = ext (x) ⇒ Wahrw (y))
>;��BTa+?

>�¬ d�?
(∀C1,C2, A1, A2, ext)
(Erg(C2,C1(A1//A2)) & A1 ≡ext A2 ⇒ C1 ≡ext C2) &
(∀x, y, ext) (Satz(x,

�
) & y = ext (x) ⇒ Wahrw (y))�20 Qo0H')"$#�¥*�E.�W���P	Q�7�¥*�E.�W=f�7;��� D !�(  �F¥*�/]M¼�9T(�7	�Ee�7¹> W='�7;�)?

C1
#&�Y($¥�¡�9��Ee�7	�/($#&��9T($�/XYX��� �"$#;¥u.	�$P;¡���,��=.E�/�Y(�')($¥*�E.�#	')XYOT'�O+�E.	� Z

7E'�7	�
2
#&" C #-7;� 7;"*���E. C '�.�>;��B\3\?

>�¬ d H<? !�(  �F¥*�/]x¼�9T(�7	�Ee�7!> W='�7;�)?H#&�Y($¥^¡�9��Ee�7	�/($#&��9T($�/XYX��5%+�F#;P	Q*X�9\#;#;�EZ
($��#&�Y(*%\"*X�f�.E� H��E.	]^�«,��=.E�/�Y(�')($¥*�E.2#	')XYOT'��Ee�7	�/($#&��9T($�q#&" C #-7;� Z
7;"*���E. C '�.;E�"*($¥ ¬m')Q=.	Q$�/� 7	#&85�E.;7	�«#&�Y($¥m¥=���^d�e�7	�/($#&��9T($�/( O+9T(
W=f�7;���/(o0�>;��3TJ+?

>�¬ d�W=?
(∀S 1, S 2, T1, T2, ext)
(Erg(S 2, S 1(T1//T2)) & T1 ≡ext T2 ⇒ S 1 ≡ext S 2) &
(∀x, y, ext) (Satz(x,

�
) & y = ext (x) ⇒ Wahrw (y))

>;��B\3\?
>�¬ +�d�? !�(  �F¥*�/]Â¼�9T(�7	�Ee�7�> W='�7;�)? #&�Y($¥�X�9T%\��#;P	Q{f �+"*�YOT')X��/(�7	�`W=f�7;���

,��=.E�/�Y(�')($¥*�E.q#	')XYOT'Á�Ee�7	�/($#&��9T($�`#&" C #-7;� 7;"*���E. C '�.;Eo"*($¥{¬m')Q=.;Z
Q$�/� 7	#&85�E.;7	�!#&�Y($¥�¥=���!d�e�7	�/($#&��9T($�/(�O+9T(¿W=f�7;���/(o0�>;��3TJ+?

K\B\£



� ! � �*� � � �
> H !&0 Ku0 J+? � ��#-7<�Ee�7	�/($#&��9T(�')X

3 ⇔

(∀C1,C2, A1, A2, ext)
(Erg(C2,C1(A1//A2)) & A1 ≡ext A2 ⇒ C1 ≡ext C2)

>;�\�Fa+?
> H !&0 Ku0 b�? � ��#-7<�Ee�7	�/($#&��9T(�')X

4 ⇔

(∀C1,C2, A1, A2, ext)
(Erg(C2,C1(A1//A2)) & A1 ≡ext A2 ⇒ C1 ≡ext C2) &
(∀x, y, ext) (Satz (x,

�
) & y = ext(x) ⇒ Wahrw (y))

>;�\�Fa+?
> H !&0 Ku0 £\?

e
¡�9T]�] 72')"=,�%T.	"*($¥�O+9T({> d�?�')X�#G¥=��� d�e�7	�/($#&��9T(¿O+9T(

C1
.E�EZ

X�'�7;�YO^�F"
ext
�Y(¿D+./')%+�

⇔

(∀A1, A2,C2) (Erg(C2,C1(A1//A2)) &
A1 ≡ext A2 & e = ext (C1) ⇒ e = ext (C2))

>;��K=��?
> H ! !&0 Ku0Y��? � � ����% �  $#&%&-54  "�76 � � � ' � � � + ��%���O+9T( BG"*�Y($� ;¹D=':#;#&"*(*%¹� D

� >�¬ 2
?GE�> +�d�?GE > d H<?GE�> ©�.	b�?GE�> ©�./ª\?GE2> ©�./£\?GE2> ©�.F¯T?GE�> ©�.Ea+? �

|− � �N� = (∀C, T1, T2, ext, M∗, g)
(Erg(C[T2],C[T1] (T1//T2)) & T1 ≡extM∗,g T2 ⇒

C[T1] ≡extM∗,g C[T2])�20 Qo0\�Y(  �F¥*�/] ¼�9T(�7	�Ee�7
C
#&�Y($¥ ¡�9��Ee�7	�/($#&��9T($�/XYX��5W=f�7;���<#	')XYOT'

�Ee�7	�/($#&��9T($��#&" C #-7;� 7;"*���E. C '�.�>;�Fa\J+?

�Â� 	<r�	<lon[t=y\t	<l�|�r*n-l

�`�  � ������ � ���
>[¼ !&0 Ku0 K\? Wu�/���/(

x1
"*($¥

x2
�F85�/���Ee�7	�/($#&��9T($#-, f)Q*�Y%+�� �"$#;¥u.	�$P;¡��5O+9T( � E

"*($¥{#;�/��85�/� 7	�E.E#
[x1 ≡ x2]

�/�Y( O+�E./')XYXY%+�/]^�/�Y($�E.;7	�E. * �+"*�YOT'�Z
X��/(*��#	'�7;��O+9T( � E="*($¥�#;�/�

ext
�/�Y($�2d�e�7	�/($#&��9T($#-,�"*(=¡�7;��9T(^O+9T(

X
�Y(

Y
,��=. �§0

Wahr ([x1 ≡ x2], ext)⇔ ext (x1) = ext (x2)
>;��B\B\?

K\B+¯



� �!o� ! ����� � � ! � �*� �+��� �":;! � � � ����\� � ����
> d
′
?

(∀C1,C2, A1, A2, ext)
(Erg(C2,C1(A1//A2)) & Wahr ([A1 ≡ A2], ext) ⇒
Wahr ([C1 ≡ C2], ext))

>;��B\£\?
> d� 

′
?

(∀S 1, S 2, s1, s2, ext)
(Erg(S 2, S 1(s1//s2)) & Wahr ([s1 ≡ s2], ext) ⇒
Wahr ([S 1 ≡ S 2], ext))

>;��B+¯T?
> d H

′
?

(∀C, t1, t2, ext, M∗, g)
(Erg(C[t2],C[t1] (t1//t2)) & Wahr ([t1 ≡ t2], extM∗,g) ⇒
Wahr ([C[t1] ≡ C[t2]], extM∗,g))

>;�Fa\a+?
> d�W

′
?

(∀C, T1, T2, ext, M∗, g)
(Erg(C[T2],C[T1] (T1//T2)) & Wahr ([T1 ≡ T2], extM∗,g) ⇒
Wahr ([C[T1] ≡ C[T2]], extM∗,g))

>;�Fa\a+?
> +�d

′
?
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Wahr ([C[T1] ≡ C[T2]], extM∗,g))

>;�Fa\a+?
>�¬ d

′
?

(∀C1,C2, A1, A2, ext)
(Erg(C2,C1(A1//A2)) & Wahr ([A1 ≡ A2], ext) ⇒
Wahr ([C1 ≡ C2], ext)) &
(∀x, y, ext) (Satz(x,

�
) & y = ext (x) ⇒ Wahrw (y))

>;��B\3\?

� ! � �*� � � �
> H !&0 Ku0Y��? Wu�/���/(

x1
"*($¥

x2
�F85�/���Ee�7	�/($#&��9T($#-, f)Q*�Y%+�� �"$#;¥u.	�$P;¡��5O+9T( � E

"*($¥{#;�/��85�/� 7	�E.E#
[x1 ≡ x2]

�/�Y( O+�E./')XYXY%+�/]^�/�Y($�E.;7	�E. * �+"*�YOT'�Z
X��/(*��#	'�7;��O+9T( � E="*($¥�#;�/�

ext
�/�Y($�2d�e�7	�/($#&��9T($#-,�"*(=¡�7;��9T(^O+9T(

X
�Y(

Y
,��=. �§0

x1 ≡ext x2 ⇔ Wahr ([x1 ≡ x2], ext)
>;��B=��?

> H ! !&0 Ku0 K\? � � ����% �  $#&%&-54  "�76 � � � ' � � � + ��%���O+9T( BG"*�Y($� ;¹D=':#;#&"*(*%�K4D
� >�¬ 2

?GE�> +�d ′ ?GE�> d H ′ ?GE�> ©�.	b�?GE�> ©�./ª ′ ?GE�> ©�./£\?GE�> ©�.F¯T?GE�> ©�.Ea+? �
|− � �N� = > d�W ′ ?�>;�Fa\a+?

K\BTa



�mr�������lov<~Gr*n&v<��n-~�n-lov

d»�Y( L�.	�$P;¡��/(=6*.	�Y(*�F� 6 ��#-7`�/�Y( ©�.	�Y(*�F� 6 E�¥$':#^�/�Y($�,0��E. C �Y($¥="*(*% �F8���#;P	Q$�/(
�F85�/��LN�/%T.	� ���/(�Q$�E.E#-7	�/XYX 7"E�85�/X�P	Q$�`')"$#2"*(�7	�E.E#;P	Q*���F¥=XY��P	Q$�/(¿]^�E7E'�7;Q$�F9:.E�E7;� Z
#;P	Q$�/(®LN�E.E�/��P	Q$�/(¢O+9T( � ; 8������E7-8�'{¥*�E.m�5�E,��E.E�/(*�/7;Q$�F9:.	���Á9�¥*�E.Á¥*�E.
¬m')Q=.	Q$�/� 7	#-7;Q$�F9:.	��� ;��/(�7	#-7E')]�]^�/(o0���"=.EP	QÁ�/�Y( #;9TX�P	Q$�F#G©�.	�Y(*�F� 6¿8�� .E¥Á#;9:Z
]�� 7��/�Y($��V;L�.	�$P;¡��	_H�F8���#;P	Q$�/(q�F85�/�$¥*�E./'�.;7;�Y%+�/(qLN�E.E�/��P	Q$�/(«%+�F#;P	Q*X�')%+�/(o00! P	Q
C �E7&./':P	Q�7	��Q*���E.H(u"=.5¥u.E�/�� 5.;7	�/(`O+9T(�¥*�E./'�.;7;�Y%+�/(`L�.	�$P;¡��/(=6*.	�Y(*�F� 6$���/(�E�"*($¥
�F8�'�.G#;9TX�P	Q$� E+�Y(�¥*�/($�/(¹�/�Y($��0��E. C �Y($¥="*(*%��F8���#;P	Q$�/(�D

>���? ¥*�E.�¼�9:.E�E,��E.E�/(*�F��')XY� 7Ef�7N"*($¥�¥*�/]g¬m')Q=.	Q$�/� 7	# C �/%T.	� � E�9�¥*�E.
>��Y��? ¥*�E.�¼�9��Ee�7	�/($#&��9T(�')XY� 7Ef�7N"*($¥¹¥*�/] ¬m')Q=.	Q$�/� 7	# C �/%T.	� � E�9�¥*�E.
>��Y�Y��? ¥*�E.»¼�9:.E�E,��E.E�/(*�F��')XY� 7Ef�7*"*($¥2¥*�E.»¼�9��Ee�7	�/($#&��9T(�')XY� 7Ef�7$Q$�E.	%+�F#-7	�/XYX 7�8�� .E¥�0

d�#585�E.E¥*�/(�85�/� 7	�E.E#H,��=.�>���?H"*($¥Á>��Y�Y��?NQ*��#-7	9:.	��#;P	Q$�GLN�/X��/%+�2')(*%+�/%+� C �/(o0

�� � �� � 	 � � ���� ��� � �!o� ! ����� � � ! � �*� �+��� �":;! � � ��� :"? �� ��� ����\� � ����
������,�9TXY%+�/($¥*�/(¾L�.	�$P;¡��/(=6*.	�Y(*�F� 6$���/({#-7	�/XYX��/( �/�Y($�,0��E. C �Y($¥="*(*% �F8���#;P	Q$�/(
¥*�E.G¼�9:.E�E,��E.E�/(*�F��')XY� 7Ef�7��F85�/���E.� �"$#;¥u.	�$P;¡���"*($¥`¥*�/] ¬m')Q=.E#;�/�Y(`�/�Y($�F#NO+�E.;Z
')XYXY%+�/]^�/�Y($�E.;7	�/( * �+"*�YOT')X��/(*��#	'�7;���F#�Q$�E.;E+85�/X�P	Q$�E.�')"$#5¥=���F#;�/( C �/��¥*�/(� �"$#-Z
¥u.	�$P;¡��/(«%+� C �YX�¥*�E7�8�� .E¥�> d�#N#;�/�$¥$' C �/�$')(*%+�/($9T]�]^�/(�E)¥$'")  �F¥*�E.�.E�E,��E.E�/(*�/Z
, f)Q*�Y%+�� �"$#;¥u.	"$P;¡

A
O+9T( � %+�/(�')"¹�/�Y($�!d»(�7;� 7Ef�7 C �/���/��P	Q*($�E7E?GD

>[��¬ LH?
(∀A1, A2, ref ) (A1 ≡ref A2 ⇔ Wahr ([A1 ≡ A2], ref ))

D �=.`¥=���¹¥u.E�/�G 5.;7	�/( .E�E,��E.E�/(*�/, f)Q*�Y%+�E.� �"$#;¥u.	�$P;¡��`O+9T( �²�E.	%+� C �/(s#&��P	Q
¥$')(*(¹¥=���<,�9TXY%+�/($¥*�/(¹W+6��/�F� F=¡\'�7;��9T($�/(�D

>[��¬ LN G?
(∀s1, s2, ref ) (s1 ≡ref s2 ⇔ Wahr ([s1 ≡ s2], ref ))

>[��¬ LH©�?
(∀F1, F2, ref ) (F1 ≡ref F2 ⇔ Wahr ([F1 ≡ F2], ref ))

>[��¬ LHW=?
(∀T1, T2, ref ) (T1 ≡ref T2 ⇔ Wahr ([T1 ≡ T2], ref ))

K\B\3



¬ �/� 7	�E.E#HX�')"=7	�E7�¥=���<.E�E,��E.E�/(*�/7;Q$�F9:.E�E7;��#;P	Q$�G¼<X�')"$#;�/X$,��=.<¥$':#�L�� ¡�9T($¥=� 7;��9:Z
(�')X�8����G,�9TXY%T7"D

>[�
↔

?
Wahr ([T1 ≡ T2], ref ) ⇔ (Wahr (T1, ref ) & Wahr (T2, ref )) g
(Falsch (T1, ref ) & Falsch (T2, ref ))

d�#o,�9TXY%T7�#;9T]�� 7�')"$#H>[��¬ LHW=?�"*($¥`>[�
↔)
"*(*]�� 7&7	�/X C '�.»¥$':#�,�9TXY%+�/($¥*��H5Q$�F9:Z

.E�/] D

> H2��?
(∀T1, T2, ref ) ((T1 ≡ref T2 ⇔ (Wahr (T1, ref ) & Wahr (T2, ref )) g
(Falsch (T1, ref ) & Falsch (T2, ref )))

�20 Qo0 DN�F85�/�!W=f�7;���
T1
"*($¥

T2
C �/���/��P	Q*($�/(¾¥$':#;#;�/X C ��%*0 ¥�0 820

T1
"*($¥

T2C �/��¥*�H8�')Q=.<>�.E�/X�'�7;�YO��F"
ref
?�9�¥*�E.H' C �E. C �/��¥*�N, ')X�#;P	Q¹>�.E�/X�'�7;�YO��F"

ref
?»#&�Y($¥

>�,��=.�')XYX��
T1, T2, ref

?E0
�����<�5�FP	Q�7	#-Z-¦<':P	Q=Z +��Y(=¡=#-Z&�H��P	Q�7;"*(=%�¥*�F# H5Q$�F9:.E�/]^#N> H2��?»�/(�7	#-6*.	��P	Q�7»#;9:Z

]�� 7`¥*�E.¿D+.E�/%+�EZ&4NQu"=.EP	Q=Z 1�3�¥*�/X Z H5Q*�F#;�q"*($¥¾¥$')]�� 7`¥*�E.�¼�9T(=¡uXY"$#&��9T(s¥*�F#
V;W�XY�Y(*%+#&Q$9:7&Z[ 5.	%\"*]^�/(�7	#[_<O+9T( 1�3�¥*�/X 0������^>[Do4/1!? Z H5Q$�F#;��#-7	�/XYX 7�¥*�/]�(�':P	Q
�/�Y($� 0��E. C �Y($¥="*(*%��F8���#;P	Q$�/( ¥*�E.N¼�9:.E�E,��E.E�/(*�F��')XY� 7Ef�7�"*($¥��/�Y($�/] .E�/X�'�7;�YO+�/( ;
')"=,»�/�Y($�E.��5�E,��E.E�/(*�/,�"*(=¡�7;��9T( C ':#&���E.E�/($¥*�/(
;^¬m')Q=.	Q$�/� 7	# C �/%T.	� �¹Q$�E.)0

�� ���  
������� � � �  �/��� � �!o� ! ����� � � ! � �*� �+��� �":;! � � ��� :"? �� ��� ����\� � ����
 �(�')X�9T%��F"{>���?G#-7	�/XYX��/(Á¥=���2(�':P	Q=,�9TXY%+�/($¥*�/(¿L�.	�$P;¡��/(=6*.	�Y(*�F� 6$���/(��/�Y($�.0��E.;Z
C �Y($¥="*(*%q�F8���#;P	Q$�/(¿¥*�E.�¼�9��Ee�7	�/($#&��9T(�')XY� 7Ef�7��F85�/���E.! �"$#;¥u.	�$P;¡��!"*($¥¿¥*�/]
¬m')Q=.E#;�/�Y(��/�Y($�F#<O+�E./')XYXY%+�/]^�/�Y($�E.;7	�/( * �+"*�YOT')X��/(*��#	'�7;���F#5Q$�E.;E$¥*�E.2')"$#<¥=���EZ
#;�/( C �/��¥*�/(¿ �"$#;¥u.	�$P;¡��/(¹%+� C �YX�¥*�E7<8�� .E¥m> d�#�#;�/�»¥$')�F"Á� C �/($#;9^')(*%+�/($9T]qZ
]^�/(�E$¥$'")  �F¥*�E.!�Ee�7	�/($#&��9T($#-, f)Q*�Y%+�! �"$#;¥u.	"$P;¡

A
O+9T( ��%+�/(�')"¿�/�Y($�«d»(=Z

7;� 7Ef�7G')X�#<d�e�7	�/($#&��9T(�Q�'�7E?GD

> d»¬ LH?
(∀A1, A2, ext) (A1 ≡ext A2 ⇔ Wahr ([A1 ≡ A2], ext))

D �=.G¥=���!¥u.E�/�o 5.;7	�/(¿�Ee�7	�/($#&��9T($#-, f)Q*�Y%+�E.5 �"$#;¥u.	�$P;¡��GO+9T( � �E.	%+� C �/(¹#&��P	Q
¥$')(*(¿8����F¥*�E.!¥=��� � C XY��P	Q$�/(ÁW+6��/�F� F=¡\'�7;��9T($�/(�E*85�/X�P	Q$��Q*���E.2' C �E.!(*��P	Q�7��/� Z
%+�/($#�')(*%+�E,��*Q=.;7585�E.E¥*�/(o0

K=��B



�� ����� 2� � 	 � � ���� ��� � ������ � � �  � � ! � �*� �+��� �":;! � � ��� :"? �� ��� ����\� � ����
!�(m¥*�/(Á,�9TXY%+�/($¥*�/( L�.	�$P;¡��/(=6*.	�Y(*�F� 6$���/(�8�� .E¥ �/�Y($�-0��E. C �Y($¥="*(*%^�F8���#;P	Q$�/(
¥*�E.m¼�9:.E�E,��E.E�/(*�F��')XY� 7Ef�7`"*($¥®¥*�E.m¼�9��Ee�7	�/($#&��9T(�')XY� 7Ef�7��F85�/���E.Á �"$#;¥u.	�$P;¡��
Q$�E.	%+�F#-7	�/XYX 7"DuWu�/� � x |RfA(x,

�
) � = � x |EfA(x,

�
) � D

>[��d�LH?
(∀A1, A2, ref , ext) (A1 ≡ref A2 ⇔ A1 ≡ext A2)

d�#��/(�7&, f)XYX 7H')"$P	QqQ*���E.N8����F¥*�E.N¥=���� �(*%�' C ��¥*�E. � C XY��P	Q$�/(qW+6��/�F� F=¡\'�7;��9T($�/(o0
 �"$P	Q^,��=.�¥*�E./'�.;7;�Y%+�GL�.	�$P;¡��/(=6*.	�Y(*�F� 6$���/(«X�':#;#;�/(`#&��P	Q^Q*��#-7	9:.	��#;P	Q$�<LN�/��#-6$���EZ
X���')(=,��*Q=.E�/(�D+Wu9 C �/���/��P	Q*($�/(^�E7-8�'!(�':P	Q¹D+.E�/%+���F85�/��LN�/%T.	� ��#&8 3:.;7	�E.G> ¥�0 Qo0
�F85�/�

n
Z[#-7	�/XYXY�Y%+��©�./f:¥=� ¡\'�7	��?o¥$':#;#;�/X C ��%*0 ¥�0 820T¥=�����F"*%+�/Q�3:.	�Y%+�/( LN�/%T.	� ��#&"*]qZ

, f)(*%+�Á> ¥�0 Qo0Hd�e�7	�/($#&��9T($�/(�?��F"$#	')]�]^�/(=, ')XYX��/(o0»d�# C �/���/��P	Q*($�/(s')X�#;9Á�F85�/�
n
Z[#-7	�/XYXY�Y%+�G©�./f:¥=� ¡\'�7	�!¥$':#;#;�/X C �<%*0 ¥�0 820*#&���!¥=���F#;�/X C ��d�e�7	�/($#&��9T(�Q�' C �/(o0 �

$&%�>0@J4�t9��8=>F8\*('F,Fr21Y354 �2*F4

K=�\�





� �	����»�!��� � � ����4��� �»���	� �
�������	��
�������������������������������
� �����;�
�! 0A7�������@&#� " � ����/7"����1"�� ��� * ���1"�/������#/��W� �0� ���	A7� &#,1��&#� /����#"#()� ����$2��� 

&#� ��� "#! 3 �������7()A 5 .������.��;��5
� �����#/��&% � �(' �#� � $  �  '  �*) �! � ��� �!� '  �" �  5,+ �'  � � � " �  � ���-% � �(' �#� � $  ��� �/.

0 �  � �21 (1:����#� � �)5
��������34��������56�7����8�9:���,8�;�����<*�7=>��9 �����@?#=A�B
C�D�E
� ������.��&F�� � � $ � $ � � � $HG�I �#����� 0 �#� � ��� ( 	 ��� D��#� * ����5
�����4�7�7J	���2�����-�LKA��8�<���� ���M�ONP;;�Q?#=A�B
C�D�E
����
 
;�
�&F�� � � $ � $ � � � �SR�� �!��� �  ��� � �6G �TR � � ��� ��� � �6G � (7G � ���)5
U ���4����VW�7JX8�Y���9 5
� ����� ���&Z  � ��$��[' � � � $  ��$X% � 0 �  � � ��� ( 	 ��� D��#� * ��� 5 �����;��5
� 2 ���#0����\I�� �  �! �" �  ��] � � � ����� � �C54^_% �(' ��� �! % � 0 �  � � ��� �  ��I�$���� � 
 $ "#� � (

$�� * ������������#� �@&H( 	�!�� "�����/ �������75
U ��8��B34�7�7`X9 ����a[�
� �����#.��! �	 ���#�1��� � �LZ  � ��$��[' � � � $  ��$b% � 0 �  � � ��� "#(dc ���eF�� � � $ � $ � � � � � �,f �/.

� � �g 0�� � .��?( A 5 �������. 
��>5
hX��9 ���7�7hA� �Bikjl���m�LhX����;/
4�WnA���l
	�po�������;4�7=A�����B� q�;;��Y��
� ���#/����&% ��� ��r ] � � � �SRs^ut � $ 0 �#� � � �  �X^ � � � � ���C(�v � � /�� * 5
hX��j���Y�
���7�whX������9�Y
� �����#/��! '3)�#,>&#!2��� * $��H����� ���B"#(>� ����$2���0&#� ��� "#! 3 �������7()A 5 ����� � 
�.75
hX��j���Y�
���7�whX������9�YQ��=>�2��;/��i�i����w������i�i��b?#=A�B
C�D�E
� ��������� � $ ��� � �  ��x �	� � � � � $  ��r ) ��� ��� � �! py $  $ � $HG��pzH{Oz}|�' �! ��(�6+/�� * 

�#�H"#!@&H5
h>8�<p<���;;4�w~@��34�����l9
� 2 �����;�
���
��� " �75�F�� � � $ � $ � � � $HG�
 �  �" ' � " ��(��8/�� * /��)5
�

ø
9�9 �l
/Y���9(�WhX��C��W���

� ���������! ��4,�� ���%/��L$�/ * ��� � &���"#(>� ����64��I>� * �0/�� , ��� �@&#� B7B�� �������7()A 5 ��� /�� �0�/@5

K=�FJ



������C������d��;;/9 ���
� �����;�
�! �>,���B@&#� /���,�� * :������#� �w"#(>� ��� -J��&#=�� � 6 �������7()A 5 �/���.��75
� �����������  ���D8���+:������#� �[,�� * �4���������'&?��� * "#(�� ��� -J��&#=�� � 6 �������7()A 5 ���� � 
75
� �������HD �Q ���D8���%A7� ����,�� * :�� * ��,>&#,����B"#(1� ��� -J��&#=�� � 6 �������7(8A 5 � 
� �#0@5
� �����#0��! �	+,�� � <�!>�#,��������T<>D8���WA7� ���	,�� * :�� * ��,>&#,����B"+� ��������� �����#0��?(R� ��� �%��

D��#� ��� 3 ����� 
7()A 5 ��0���.��>5
� ��� 
����! 0
�� ��� ��� &#,����E� � * � ���8/���� BM"#(�� ��� �%��D��#� ��� 3 ����� 
7(8A 5 /���� �;��5
�d�����B� �l9(���d��;;5(�B� �lY ?#=A�B
C�D�E
� 3 ����� 
�� + $�� � � $ � �
��� " �Bz�% � � � � G ���  � ' � 
 $ "#�21 '  ��% � � � � � � � � � $ � $ � � � ��( �+��� 

D1,>�#�>5
�d��<�8�;4�	�:D 
 D �uD
� �����;�
� 
 $ "#� � R 
 �  �" ' � " �SR �  �pI�� �  �! �" R>{&$ � z���z}Z  � ��$��[' � � � $  ��$ 
 $ "#� � (	�!�� "�����/>5
���Y��l9(�Wn-8���;
� ������� �! ��,��0�0��� � � � $2��&#!�������&#� "������8/���� " "#(�� ���1:����1��"����0�?� � ,�-�,>&#�1��� ������.7(

A 5 ��� /�� �����75
�d����
/
����
4�7~@��34���l9:��~@� ;;�l9�����34�7�W��������ib�po���<����B�2�7�7`X9 ��������Y����
����
 
���������� 
 �Bc )�� .��*� " � � � ������(�$�<��1"#!����)5
nA��9���
��7�WhX������9�YQ��~ ����;��C�8����7Jd��34�����BYQ��~ ���M���d�����
� 2 ����� 
�� 
 $ "#� � z�c � � �  ��� ' � � $HG,� $ � 0 � ��f � � � $  �! �" (8A>���26+� ����/>5
nd��V�i����w=A�l92<�8�;
����
 
���� 
 � c )�� ( .W: ��� * ��(�$�<��1"#!����)5
n-8�;/
/34���������7��������a>j����
� ��������� + $�� � � $ � �
��� " ��5�) �! � ) �! G�� � �'  �"��! 
� � �! � ��� 1 (�:����#� � �)5
�W��<��w����;4�7nA�����l9
� �����#/��&�
������
 $ "#� ����r c ��� � �,� $4'  ���#� � $  � R � � ��� � � ����� �  �X% $ 0 � ^ � � � � � �M.� � $  � c ��������$HG?(1A>����B@&�	+,���,��'&#� �)5
�W��<��w����;4�7nA�����l9u?#=A�B
C�D�E
� �����;�
�&F�� � � $ � $ � � � � � � ^ � � � � � �#� � $  � $HG,�
����� 
 $ "#� � (�v � � /�� * 5

K=�/b



�W�����W�w=A����
��6����;���
� �����#/����  �>/��#����� � �0� ���#,���� I@/�� �4 * ��� ��( A7� � �����0!�/�&�  	��#��,��W���@&-,�� *T* � � ��� � ��

�#����=��#��� ��&#� /��l"#(�� ���7G	��� ���C���0&#������,�A>"#!7,>�#=�,�6+/��#� �����#/@(8A 5 0�.���� 0�.��75
� �����#/HD �@ ':����#,�!@& �4 * ��� � ( A7� � �����0!�/�&�  	��#��,��W���@& ��,������ ����� � �@,�� I@/�B���&#� /����*

� ��!�� �����S"#( �;/��0&0�?���%��� � � �05 � �@&#���#�1��&#� /��1��� ���W$�/������#��. * ��� �4���0��� � �#"#!1� � &
� <>�E���1��� �7&#� �#"#!�� -�!�� � /��0/��1!�� � � �0	*- � � ���?(�A7��B@&#� /��*�8/���� B (w$�<��1"#!����
�����#/@5

����
 
;�����  GT�����0� � * ���7&#�����0� /��1��� �-A ���?��"#!���� �S"#(>� ���1:�/��#� ,�����,������ ��� ��
 
;��(
A 5 ���#0�� ��� 
75

����
 
;�?D �@ 0
��0�#��� ����I>� ���� �7�#�����8/���� "��#"#( y*�!� ��$ �����  � F�� � � $ � $ � � � $HG 
 $ "#� � ���
� � �?( A 5 ��.�.�;��.��75

����
 
����  � ,>�W6+��,>&#,����2I@/�� 	 �>� /��W����� �>�'&#���W��� D8��� -�/����8���H"#(J� ���7$�/��#�#"#!����
��
 
��@(8A 5 ��.�.� �0��75

~ ����;/�2�7�w������� K�D
� �����#/��&) � � 0 �  � � $HGA� $ � 0 � � % � 0 �  � � ��� z:^  Z  � ��$��[' � � � $  ��$ 
 $ "#� � G$ �

% �(' � �  � � $HG�
 �  �" ' � " ��( A>���26+� ����/>5
~ ����;/�2����34�7�W`X9 �l��
/�28�
-?#=A�B
C�D�E
� 3 ��������� c ���PF�� � � $ � $ � � � $HG�
 �  �" ' � " ��(�v � � /�� * 5
~ ���B
/34�����M��� Y�C�����?#=A�B
C�D�E
����
 
���� ��� � g � ��� ��� � f z�F $ � � ���k'  � � � �! ���kF�� � � $ � $ � � � � � �������  �1 �  (

A>����B@&&	+,���,��'&#� �)5
KA����9 ���Wo�;�lVw�����
� �����#0��! '3 !�� -�!�� � /��0/��1!�� "����;A7� ����� � "����1"��E/�� �4 * ��� � �-A7� � �����0!�/�&H"#(7I �! � � 
��

� �������?(8A 5 /��;� � ����0@5
������;�����w����� ������� �L~ ��8�9 ���7�7`X9���34�L;���>���@��9�9(�WJ	���w����;
� 2 ������.�� I �#����� 0 �#� � � � � I�������$�� � �! 
 �! �" ' �!� � � ��� ( 6+/�� * �#�H"#!@&H5
����;aM� C����
	���;�������?#=A�B
C�D�E
� 6 ��������� + $�� � � $ � �
��� " �Bzw��'  �1 � � $  R��*� " � � � R �*��� �'��('  �" ( �4 �&0&#� �������)5
� 8��2������ ��9�9 ���BY�� ����NP�4<����
� ����� 
�� I �#����� 0 �#� � � � � 
 $ "#� � ( ����I>� �0� * 
 * � &#� /��)( 	 ��� D��#� * ��� 12 �������>5
� ���#0�.��! '3 !>�#��� �+�?� * ����/��7$�/ * ��� � �@I@/�� I@���W���@&H"#(7� ��� �4,�� ��� 6 �������>( A 5 �0��-D1� �

�/��75

K=��ª



� 2 ���#0���� I�������$�� � $HG�
 $ "#� � ( ����I>� �0� * 
 * � &#� /��)(��8/�� * /�� ���#/�
75
� ���#/���� I��  �" �  � �� ���P'  � � � ��� 
 $ "#�21 ( �7�?����B � ,>�0&H5
� 6 ������� ��c ��� ����� � $HG F ��� � � $Bt��  ��x ������� ) ��� ��� � ( ����I>� �0� * ��� * 
���� ���#��� *


 * � &#� /��)( 	 ��� D��#� * ����5
� �����#0��&�
��$ 0 % � ��0 ' � ' � ��$X% ��� �  � ��( 	 ��� D��#� * ����5
o���92<����7�7KA��;��������LD
� ��������� f �TG�����  � � �  �>) ��� �  � ��(�v � � /�� * 5
o�34��;;4�WhX�����
� �����#/��! 0
 �>� �'&#���1"������ * 6+���#"?�#� ��&#� /��T� � �>/��#�����s�8/���� " "#()� ���w�)��� D8���0& �����;��(

A 5 ���� ���75
�@�l�2��C�����;������M�W����8�9:�po�34��8���a����d���4�����BY_�LhX���4�7���d������Cm?#=A�B
C�D�E
� �����#/�� c ��� f $ � ��$HGsF � � "[0 �#� � ���+�! � $  ��� 0 � $ � �����uF�� � � $ � $ � � �lz�F � � ��� � $HG�������������XZ  �����  �#� � $  � � � � � � " �  � ��� �! % � 0 � $ ��� ' 0 z {&$ � z��7(>$4� �?"#!;

D8���#�����KG	�H"#!��0��� 5

K=��£



����������	��� � ��� � ������

: ���0+� �0��(��@5 ��.7(������.;��( /��>( �0�.7(�� ��.
:����1��"����0�?� �Z( -�5 � ��.�;� ���
:�/��#�)( �%5 � ��.7( � �0
:;�?��� * � (��@5 �

	 ���#�1����( �%5 �� �0@( � � �;���7( �����. 
7(
.�.��.��7(�.��7(!�;��(�/�.7(!�;��(!�#0�� � 
;��(
�
��
� �
���>( �
���7(�������(��0��@( � ��.

	�!7,>�?"#!)(�	 5 ��.7( ��.��.;��( �0��@( ���;��(
� � 
7( � ��.

	�=����#����B (��@5 �

64��� ���)(�6 5 ���>(��
��.7( � ��.
64��I>� * �0/��)(16 5 ���>( ���7( � ��.
6+/@��&#��( $-5 ���>(��
��.7( � ��.
6+/��#�)( �-5 �7( � �0��;� ���
6+,��W�W��&0&H(�$[5 .��7("�#.7( � ��.

�
ø
� � ��� * ��� (�6 5 �7( .��>( � ���

�7�#������( �-5 ��.�;���>( ��/���.;��( .��7( .��7(;����(
�#.7(�0�/�� �;��("�#0@(����7(�/�.� /��>("� 
�D1� �
��.7(0���� �;��(6�
��
� �
��0@(6�
���7( ��. 
7(
�0��7(��/�.� �/�0@( ���;��( � � 
�;� �0

�%��D��#� ��� ( �-5 � ���
�%���-,>&H(���5 345 �;5 ��.��7(���� �@(���� /@( � ���
�%���@&#!1��� ���H( ��5 �
�4 * ��� (1$-5 �7(<������.;��(���. 
7(&��.���� ��.��7(

����� � �����7( �0�
� ����.7( �/�
� �/��>(
��� 
� �����>(���
��>( � � 
7( � �����;� �0

�4/@/��0�0������(�$[5 � ���

��� ��BC��(;	 5 �

��� �@&#� B7B��7(��@5 � ��.
$%��� � �0!)(�6 5 /��7(���.��7( � ���
$�/��1B��7( ��5 � ���
$4,>&#�#"#!����?�7( �;5 ���>( � ���

�)��� D8���0&H(�$-5 � ��� �#.7( � ���>( � ���
�8����D�( ��5  -�5 ��/@( 0�
7( � 
7( /�.7( � �0
�8��� D1��� =�( �-5 G 5 0�/@(������
�8��� &#����D�(��@5 �

$2���H( �-5 /��7(���.��7( � ���
$2���0&#� �)(��@5 ��5 �����;��.7(&0��7("���>( � �0
$2���0&#� ��� "#!)( 	 5 � ��.7( � �0
$���� �>�����H( ��5 �
$���,�� ���)(;	 5 ���@( .��7( � �0
$�� &0&#��� D ��"#!)(��;5 � ���
$�/��@&?����,���( �%5 /��7(���.��7( � ���
$�/��#�#"#!����H( 
 5 �7( � �0
���H��� ��(1A 5 . 
7( � �0
����,������ ���H(�v-5 �7( � ��.7( � �0
-J���0&#����(�:+5 ���@( .��7( � �0
-J��&#=�� �>( �-5 � �����;� �0
-����0���@(��@5 ��.7( �����.;��(&/��>(��0�.7( � ��.
-�/����8���H(1$-5 � �0
-�,>&#�1����( ��5 � ��.�;� ���
�4,�� ����(7G 5 �-5 v-5 �7(<���>(7��/���.��>(<� �@(

�#0@(����>( � 
#/�� ��� 
7( �
���� �
��/@(
��. 
7( �/��7(��/��� ��� 
7(+����.7( ���#/
D1� �������>( ��
#/��;��
��7( � ��.7( � �0

K=�)¯



��/7"#!1�7(�$[5 �
��,��0�0��� � (1:+5 ���7( .��7( ���7( �/���� �/�0@(

�����@( � ���

A>��� �W/��)( ��5 ��5 ���#/@( � ���
A>�������#� �)(;	 5 � ���
A>"#!7,>�#=�( �-5 �7( � �0��;� ���
A>"�/�&0&H(�6 5 ���� �#/@(-��� �@(��/�.7( � ���
A@����0&H( ��5 ���>(��
��.7( � ��.
GT��� � ( �%5 ���@( .��7( � �0
G	��� ���C���0&#�����H( -�5 �7( � �0��;� ���
G � &0&#�������'&#��� �)(���5 � ���
G	/@/ * �#, ��( -�5 �

� �H"#!1�7( �-5 �

K=�Fa


