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	+Æ � ��Ë �
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��Æ � �$Ë �
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σ |= always P iff ∀j. j ≥ 0 ⇒ σj |= P

σ |= eventually P [under invariant J

variant V for M ]
iff ∃j. j ≥ 0 ∧ σj |= P
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µ�egi$��i¡u�e�i¸À·i$¹���i$��uw|�z��g��{�Á��3zAsvu���zA�g�t|}uw|�z��
|�s������ti<�¸u�z¸��{�{Dhji�uwegzQ�gs�|}�`uwegi���{���s�s$¼

DFEHGJI @A@FK�������C*KR@:9ML*) DFEHGJI @A@FK�������C*KR@:93�NK��ML�"����� $+>�/*,+.  �/	/�1	"�)+&OL�)�P ����� $+>�/*,+.  #/�/�1	"�)�&QL�"�P����� %�&5%+.#%�)�1�18RSL 	�	 L�)�P ����� %�&5%+.#%�)�1�18R � L�"TP����� "�&5,�S�(*"*,�L 	�	�
 L�)�P ����� "�&5,�S�(*"*,�L ��U�V#W �YX � 	�	�
 L�"�P����� ,	%+$�&#)*1�, �YX3Z#-+"+=�.#%	/�& � L 	�	�
 L�)�P ����� ,	%+$�&#)*1�, �YX3Z#-+"+=�.#%	/�& � L �[U\V#W �YX � 	�	�
 L�"�P����� "�&5,�S�(*"*, ��/�1+2��YL�) � 	�	�
 L�)�P ����� "�&5,�S�(*"*, ��/�1+2��YL�" � 	�	�
 L�"�P����� ,	%+$�&#)*1�, �YX3Z#-+"+=�.#%	/�& � ��/�1+2��YL�) � 	�	�
 L�)�P ����� ,	%+$�&#)*1�, �YX3Z#-+"+=�.#%	/�& � ��/�1+2��YL�" � 	�	�
 L�"�P
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d�z]|�{}{��gsvuw�'�buwijzA����hji�u�e�zt�D��µ�i¸�t|�sw�$�gs�snuwe�i¸�Ai$��|�½3�$�bu�|}zA�Ãz�¶��Â{�|���i$�giFs�s����wzA�ciF�vu�rVz��_�]��{���s�s�|}h?�
�g{}iFh?iF�6uw|���¬_�Vu������gs�����u�|}zA�Äswrts�u�i$h ÀÉ{}zQzAswi${�r_|��gsv�g|}��iF�ÄyQr_uwe�iÂu������gs�����u�|}zA� hjiF�'eg����|�svh z�¶n»6�1�b�
�������cÁ�¼�Ï e�i$�`|}�6uw��zt�t�g�$|}��¬+»Am> V|}�
kQiF��uF¼t©t�t��|}¬c¼6©���{}��iF�A�trjsve�zbµ�iF�j��¶·����¬�hji$�6uOz�¶Duwe�i¡i�¹���hj��{�i 2
��|�¬g¼A«�sv�3iF�$|�½gi<sO��{}{c�wiF{}iF�1���6uIh?i$uwe�zt��sF¼/d�e�ixy3z1¹tiF�º���g��z�u'�buw|�z��csI����i�¬�iF��i$�'�bu�iF�+¶·�wzAh�u�e�i�{�|}�Ai$��i<sws
�g�wzA�ciF�vu�rA�Q�As��tiFs�����|�yci<�Wy3i${�zbµ"¼

d�e�i#u������gsw�A��u�|}zA� h?i<�'eg���g|�swh uweg��u]µ�i#sv�3iF�$|�¶·r µ�z���¾tsW�AsW¶·zA{}{�zbµxsF¿ �Ä�F��{�{nuwzÄuwe�i#hji�uwegzQ�
�ZS'eQ`$[	�V�bL[QYcb���\Q`cP�[Â|}�g|�u�|���uwiFsj�>swi�ujz�¶x�g�3����uwi<s$¼#�O���'e ���3�g�buwi`|�s?�3i$�w¶·z���hjiF���Q|��>uwe�i`hji�uwegzQ�
NQP7R ` �'d8¼Ø�x�8����uwiFsÃ����i_s�u�z���iF�S|}����y���#3iF�F�"µ�e�z6svi svu���uwi �F����yci_zAygswi$����iF�SyQr u�e�i_hji�uwegzQ�
e�S'\��-B
��TS'V��7V�S�Sc¼ �I��iF�6uw�g��{}{�r�����{}{¡hjzQ��|�½c�F�bu�|}zA�gsW�F��� y3iÃ��zAhjh?|}uvu�iF� yQr �$��{}{�|���¬_uwegi>hji�uwegzQ�
�LP�N�N `$\	�V�bL[ YLb���\Q`�PL[D¼/� �V�$�Asvi�uwe�i+y���#8i$�n|�s�¶·��{�{:�3uwegi�hji�u�e�zt�8b �ZPLV�\	�V�bc[QYLb���\ `cPc[?|�sn�$��{�{�iF�
uwz
��yczA�vu�u�e�i�uw�'���gs�����uw|�z��[¼

d�zÂh?zt�tiF{ uwe�ijy���#3iF�F�[µ�ij�gswi+u�e�ij|}�6u�i$¬�iF��h?zt�tiF{/�b����|���y�{}i��-B�� �TS'V���VTS�S?u�z]�ti$��z�uwi?uwegi+¶·��i$i
sw�g�A��i�|��>u�e�i�y���#3iF�F¼nÏÃi+µ�|�swe]u�zW��iF�w|}¶·r
uweg��un��¶Ìuwi$� �ZS'e `$[
	�V�bc[QYLb���\ `cPc[?|�sn�$��{�{�iF�D�3uwegi��b����|���y�{�i
	�V���SLX�\7g���i$hº��|}�gs�uw����i����6uw|�{�b��ZP'V�\	7V�bL[QYLb���\Q`cP�[�z�� �LP�N7N `�\	�VTbL[QYLb���\Q`cPc[�|�s��$��{�{�iF�D¼��xz�u�|��$iOu�eg�bu
|�hj��{�|��$|�u�{}rVuwe�|�s"|�h?�g{}|�iFs��Â{�|���i$�giFs�s¡�g�wzA�ciF�vu�r8¿��b¶Ìu�i$�"|��Q��z�¾Q|���¬`uwe�iºhji�u�e�zt� �ZSLeQ`$[
	�VTbL[QYLb���\Q`cPc[8�
iF|�u�e�i$�7�LP�N�N `$\	�V�bL[ YLb���\Q`�PL[xzA� b��ZP'V�\	7V�bL[QYLb���\Q`cPL[xeg��s u�z�yci��F��{�{}i<��iF��iF�Au��g��{�{�r�¼�d�eg|�s/�g�wzA�ciF�vu�r
�F���
yci"i$¹t���wi<swswiF�W|}�]»6m>   s�uwiFhj�czA����{D{}zA¬�|��¡i$¹Quwi$�csv|�z��Â��s�¶·zA{}{�zbµxs$¼

after beginTransaction called always TrDepth

until commitTransaction called, abortTransaction called

under invariant true variant BufferFree

for beginTransaction, commitTransaction, abortTransaction, modify;

���& 

��z�uw|���ixuweg��u e�SL\��-B����S'V���V�S7S�|�s/��z�u�|}�Q��zA{}�AiF�?|��juwe�ix{�|���i$�giFs�s/����z��3i$�wu�r��bu�e6�csIµ�i���s�sv�gh?i�u�eg�bu
u�e�i$��i]|�sº��z_|��t½g��|}uwiVswiF~6��iF�g��iÂz�¶�eTS'\��-B�� �TS'V���VTS�S>|}�Q��zt�F�buw|�z��cs$�����g�Xµ�i>�tz���z�uW��iF~6��|���i`u�eg�bu
e�S'\��-B
��TS'V��7V�S�S"�ti<����iF�Asvi<sOu�e�i"�b����|����6uF¼

�$#&% > (+8;( /�1 6�<=.>8?.0@ ! 8;8�.061 6�<=. 8;:
�¡sv|���¬�u�e�i S�ÊgËBÈUT6hjzt����{}|}u�rn��iFs�����|}y3iF��|���kQiF��uF¼<«��1µ�iO¬�i$�gi$�'�buwiI»6m> ¸������z�u��bu�|}zA�gs8¶·zA�[uweg|�s�uwiFh?�3z��'��{
¶·zA�wh+��{���¼/d�e�inuwiFh?�3z��'��{8¶·zA�wh+��{��+|�s�z�¶�uwegi�¶·z���h
¿

after E1 always JP until E2 under invariant J variant V for M

d�eQ�gsF�t¶·z�{�{�zbµ�|}��¬ºkQi<��uF¼g«���µ�inec�1��inuwzj��iF�w|}¶·rºu�e�i�¶·z�{�{}zbµ�|���¬?hjzQ�g��{�|�u�r8¿

BTcalled ;JML (ATcalled || CTcalled)(true ∧ TrDepth, BufferFree, M)

µ�e�iF�wi
M 	�
 �ZS'eQ`$[	�V�bL[QYcb���\Q`cP�[D�
�LP�N�N `�\	�V�bc[QYLb���\ `cPL[8�7b �ZPLV�\	�V�bc[QYLb���\ `cPc[D�$NQP7R]` �7d�A�t���c�

�
	 �LbTU7U7S7R3��� 	 �cbTU�U7S7RW���c���	 �LbTU�U7S'R`����i�¬Ae�zAsvu¡�b����|���y�{�iFs�¬�i$�gi$�'�buwi<�Âuwz
�$���tuw����i+uwe�i?hji�uwegzQ�gs 
iF��iF�Au"y3i$eg�1�Q|�z����'sjÀÉ��¶�¼ � ¥A©)!·Á�¼W�gz�{�{}zbµ�|���¬
�I��z��3zAsw|�u�|}zA��©��[uweg|�s"¬A|}�AiFsn��|�swijuwz
uwegi¸»Am>  �Aswswi$�wuw|�z��cs
��|�sw��{��1r�iF�Â|��V��|�¬g¼3«g¼¡d�egi+��zA�gsw|�svuwiF�g��r
z�¶/u�e�|�s�sw�ci<��|}½c�$��uw|�z��>�F���>y3i��Ai$��|�½gi<�]�gsw|}�g¬W���Qr
uwzQz�{�¶·z��
»6m>  2tµ�i"�t|�sw�'ec����¬�iF�`��{�{D����z6z�¶�zAy�{}|�¬A��uw|�z��gs����tuwzAhj��uw|��$��{}{�r¸�gsw|}�g¬j»6��� 7 ��¦�¦�!B¼
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m]zt�ti${ � ����zQz�¶�z�y�{�|}¬6�bu�|}zA�gs � |��6uwi$�'����uw|���in����z6z�¶És
�xygsvuw�'����u ¦HK (ÂÀ:¤+hj|}�[¼Iuwzº��zA�gs�u��w�c��u�����z6z�¶És�Á
��i�½c��iF� JK © K
À�¦<ª+hj|��[¼/u�zj�$z��gsvuw���g��u��g�wzQz�¶És'Á

d���y�{}ij¦A¿/kQu��bu�|�svuw|��$sn��z��g�$i$����|}�g¬?��i$½g��iFh?iF�6ux�I�wzQz�¶

� � ��� ���Â	��"������ ���Ä�(
� � �+�º��� ��� � ���+

�¡sWi$¹t��{���|}�giF� |�� kQi<��u<¼n¦#��y3zb��iA��z����
hji�uwegzQ� uwzÄ��i$��|}¶·rX{�|���i$�giFs�s¸����z��3i$�wuw|�iFs
��zA�gsv|�svu�s¸z�¶�u�µ�z
sw��ytu'��sw¾ts$¼�d�e�iO½c��svu�u'��sw¾��wi<~A�g|}��iFs�uwz�svegzbµ�uweg��u�u�e�i���{���s�s�|}u�swi${}¶ci<s�u'��y�{�|�swe�i<s[u�e�i�{}|���iF��iFs�s��g�wzA�ciF�vu�r
yQr¸�Ai$��|�¶·rQ|���¬º�����g�wzA���w|��bu�i¡»6m> _���g��z�u'�buw|�z��cs$�t��s���|�s����gs�swiF�`|}�>kQi<��uF¼g«F2Quwegi�svi<��z��c�¸u'��sw¾¸�wi<~6��|}��iFs
u�z¸svegzbµLu�eg�buxu�e�i��${��Asws�|�s������]|��>���]�����g�wzA���w|��bu�i�i$�Q�Q|}��z���hjiF�Au<�[È%U�)%$�����Âi$�Q�Q|��wzA��hji$�6u�uweg��u�µ�|�{}{
�A��u��g��{�{}r"iF�g��yg{}i�|�u�uwz�i<s�u'��y�{�|�swe�u�e�i�{}|���iF��iFs�s����wzA�ciF�vu�rA�byQr��$��{�{�|}��¬¡uwegi���������z�����|���uwi�h?i$uwe�zt��s z�¶ÌuwiF�
iF��z��g¬�e[¼IkQ���g�cz6svin¶·z���i�¹���hj��{�inuweg��u�u�e�i���zt�ti"|��]��|}¬c¼t«?|�s������
|}�
uwegi�¶·z�{�{}zbµ�|���¬?i$�Q�Q|}��z���hjiF�Au<¼
=�S� �1*%	-$��/*%+2 F5)�%�& ����.�(#%�&*$���� )	(�$#, � 1  #"	$�%�&�'�(*)�&5,�)�-+.�%	/�& � � PHF�/�2�%+X#R�� � P 3
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i$¹tiF����uw|�z��#z�¶Ou�e�|�s"svrtsvuwi$hÍsw��uw|�s�½gi<sn{}|���iF��iFs�sn���wzA�ciF�vu�r À (AÁ��[i$�Ai$�Ãuwe�zA��¬�eVuwe�iº|�hj��{}iFhji$�t�
u'�bu�|}zA�Ãz�¶�u�e�i¸��{���s�s��wi<sv�3iF��u�snu�e�i¸|��6�b���w|����6u�s����g����z��cs�u�����|}�6u�s�sw�ci<��|}½giF�[¼Wd�z]�t|�s���{�{}zbµ uwe�|�s"¾Q|}�c�
z�¶�iF�Q�6|���z���hji$�6u<�gµ�i"�wi<~A�g|}��i�uweg��u¡���Qr`i$�Q�Q|}��z���hjiF�Au�|��]µ�e�|��'eÂuwe�i��${��Aswsx|�s��csvi<�Â|�s¡�j�wi$½g��i$hjiF�Au
z�¶/uwe�i`È�F�'ÆTOi$�Q�Q|}��z���hjiF�Au<��È%U�)%��8uwe�i+i$�Q�Q|}��z��gh?iF�6uxuweg��u¡|��Q��z�¾AiFsx��{}{���i${�i$�b���6u�hji�u�e�zt��s¡|}�t½c��|�u�i${�r
z�¶ÌuwiF�[¼ Ï#i
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