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AXODP�R	EbUÏH	IJH	OÏR	HbÕ ¬#Ö Ø,IsA?ONBDCFH9ISH	ÈJKFPDH	È9H�OkÉSKFIJH	CFÊ1Î9KLÉSUDKFOµA/ÈJKFODØbCFH9ÑDBÏODR6U�A?OÏP�A?CFCFE?Î9ÈS� ODH6Ò
Ø,IsA?KFODH�P�R�EbUDH	ISH	ODR	H,Õ

ÖïØbIsAXONBDCFH�Ë�A�Ê5R	EbONÉsAXKFO�A?ONÊ(ONBDË�Ñ H	I)EXÓ�ISH6ÓªH	ISH	ODR	H	È�Ì WVE,KLONÉSKLOÏØ´ÉSE(E,ÉJUDH�I_Ø,IsA?ONBDCFH	È�Õ
Ö IJH6ÓªH�IJH	ODR�H�Ë�A�Ê�AXCFÈJE�Ñ H(ONBDCFC_Þ]IJH	WÏIJH	ÈSH	ONÉJH	P°UDH	IJH�A?È�ÐbA?CFBDH¨ö	H	ISEkß�Ìc�/;/�6; ODEbÉ�WVE,KLONÉSKLOÏØ
ÉSE�A?ONÊNÉJUÏKLOÏØVÕNè9UDH#Ë�ENPDH	C}PDENH	È�ODEbÉ9R	E,ODÈJÉSIsAXKLO4ÉJUDH#ISH	WDISH	ÈJH	ONÉ6A?ÉJKFE,O¦E?Ó�ISH6ÓªH	ISH	ODR	H�Èpæ�ÓªEbI
KFODÈSÉsA?OÏR	H3A³IsA�Î W EbKFONÉJH	I�KFÈ�ÈJBÏWDWVE,IJÉSH	PuÕ ��H	ISHpA�ÓdÉJH	I�Ì9Î_H0KFODPDKÜÛ}H	IJH�OkÉSCFÊÚBDÈSH�ÉJUDH4Î_E,IJPDÈ
ISH6ÓªH	ISH	ODR	H1EbI9W EbKFONÉJH	I�Õ

E%BDODR6UDH	È_AXIJH%ODEbÉSH	PA�ÌX®´Ì�H	ÉJR,ÕLæ�Ø,IsA?ONBDCFH	È�A?ISH_ODE,ÉJH	PB¯DÌ�°NÌpH�ÉJRbÕ?Ç UDH	O�¯9R	EbONÉ6A?KFODÈuÉSUDH
AXPDPDIJH�ÈJÈ)EXÓ_°kÌX¯�KFÈ�ÈsAXKLP5ÉJE�W EbKFONÉ�ÉJE�°kÕ�è�E�ÈSKLË�WDCFKÜÓªÊ9ÉJUDH%WDISH	ÈJH	ONÉ6A?ÉJKFE,OuÌbA?OÏP(Î9KFÉJUÏEbBDÉ�CLE,ÈJÈ
EXÓ�ØbH	ODH�IsA?CFKFÉ�ÊNÌ}ÉJUDKFÈ(AXIJÉSKLR�CLH�E,ODCFÊ3R�EbODÈSKLPÏH	IJÈ1WVE,KFOkÉSH	IJÈ1ÉJU A?É#R	ISEbÈSÈ(ÑDBÏODR6UÚÑ EbBDODP A?IJKFH	È�æ
ÉSUDH#Ë�H�RsU A?ODKFÈJË�È�ÓªE,I_KFONÉJI6A�Ò�ÑDBDODR6U0WVE,KFOkÉSH	IJÈ�AXIJH#ÈSKFË�KFC±A?IpÕ

L�ìM± ²´îP³iO�Q,Okôc�]OT�¦îS�ªO��
E%BDODR6UDH	È�AXODP³ØbIsAXONBDCFH	È(A?ISH�ISH	WDCFKFRpA?ÉSH	P¦KFO¦WDIJENR	H	ÈSÈJH	È�Õ)è9UDH�KFË0A?ØbH5E?Ó' Þ±IJH�ÈJWuÕz¯Xß/KLO
WDISENR	H	ÈJÈ´�FÌ ODEbÉSH	P©7��Þ]IJH	ÈSWuÕW¯(� ß	Ì}KFÈ¨RpA?CFCFH	P©��¦ È´ISH	WDCFKFRpA�E?Ó7!Þ±ISH	ÈJW�ÕW¯bß	Õ}Ö�O3KFONÐbA?CFKFPVAXÉJH	P
ISH	WDCFKFRpA1KFÈ9Ë�ENPDH	CFH	P�ÑkÊ�ÉSUDH#ONBDCFC}ÐbA?CFBDH,Õ

õ�O�HpA?R6U WÏIJENR	H	ÈSÈpÌ9A> �8�)*�6�:�6* �����(<9�/*��WDISE?ÐkKFPDH�È�ÉJUDH�ÈSUVA?ISH	P Ë�H	Ë�E,IJÊ3AXÑDÈJÉSIsA?R Ò
ÉSKLE,OuÌ,ÑkÊ�Ë0A?OVAXØbKFODØ�IJH	WDCFKFRpAXÈ9E?ÓuØbI6A?ONBDCFH	È�ÕNè9UDH�R	E,UDH	ISH	ODR	H1H	ODØ,KLOÏH�ÈJH�ODPDÈ�A?OÏP�IJH�R	H	KFÐbH	È
Ë�H	ÈJÈ6A?ØbH�È�A?R	R	E,IJPDKFODØ�ÉSE�ÈJE,Ë�H�R�EbUDH	ISH	ODR	H�A?CFØ,EbIJKFÉSUDË3Õ

Ö.WÏIJENR	H	ÈSÈ�Ë�A�Ê¦PDKFÈSÈJH	Ë�KLO A?ÉJH0ÉSUDH3ÐbAXCFBDH0E?Ó�¯ ÉSEÚE,ÉJUDH	I�WDIJENR	H�ÈJÈJH�ÈpÌ�ÑkÊ�ÈSH	ODPDKFODØ
µ £�¶ µ,·6¸|·6¹ �1Ë�H	ÈSÈsA?Ø,H	ÈpÕ U ÐbH�OkÉ$�'�:�]���_� µ £�¶ µ,·6¸|·6¹ �bÞ5¯Xß4� � WDBÏÉJÈ�ÉSUDH1R	BDIJISH	ONÉ¨ÐbA?CFBDH#EXÓº¯ � KLOÉSUDH�Ë�H	ÈSÈsAXØbHbæ}H�ÐbH	ONÉ´�'�(�]¡ � ¢��,£p� µ £M¶ µf·6¸�·6¹ �bÞ�¯bß�� ¤ AXÈJÈSKLØ,ODÈ�¯ ¤ Î9KLÉSU3ÉSUDH�ÐbAXCFBDH#ÓdIJEbË×ÉSUDH
Ë�H	ÈJÈ6A?ØbH,Õ_è9UÏH	IJH³KFÈ�ODE�A?ÈJÈSBDË�WÏÉJKFEbO�ÉJE°Î9UDKFR6U WDIJENR	H�ÈJÈpÌ�KÜÓ(A?ONÊkÌ:EbI�KLO Î9UVA?É�EbIJPÏH	I
µ £�¶ µ,·6¸|·6¹ �#Ë�H	ÈJÈ6A?ØbH�È�A?IJH¨PDH�CLKFÐ,H	IJH	P�Õ
»¨[F� � �N��{p��t�~Jq9²�oJ~Jo�{	l�lnt�²�o6r0��t1os�?�¯�k{��k��o � o6q�q�{p��o6q6fV�d�ko � t�y��b��oJ~Jq��d�ko6���6t��b��{	y�� � �kq��%zDo��{	¶?oS��y��b��t0{p�6�6t��b�b�¨zb���d�Noµ¬9aï{�ln��t	~�yn�d� � h)e��bynq¨ynq � ~Jt	zN{	z,ln�3q��d~J{�yn���b�d��t�~J²�{	~JrÏfu�Nqdy��k���o6���b�,yn���ko6q%qd�k����{�q_`,`?|Úa��N{	y��Nq�¼ ü�½X¾ f?z,�k�:�k{�q��kt���zDo6oS���st��kqdynr,oS~Josr��po6�6h
¿ [±�:ynq��6t��bmpoS�,ynoJ�b�¨��t��d�,y��b¶�t��){(��~J{��?�blno1{pq�{	�0t	zbú�o6�6�6f zb�k�%�Ntp��o5�d�k{��9�	~J{��?�blno6q¨{	~Jo/�kt��
�ko6�6o6q�q�{	~�y�ln���d�No9q�{ � o9{�q�ln{	�N�	�N{p��oS©±lno6m?oSl�t�zbú�os�6��q6fN²��byn�¯���6{	�1zDo9ln{�~J�poS~9t	~_q � {�l�lnoS~	h



ÖiÓªÉJH	I#A;ØbIsAXONBDCFH#IJH	WÏCLKFRpA;R6UVA?ODØ,H	È¨ÐbA?CFBDHbÌÏH	KFÉJUDH�I´ÑNÊ�A?ÈSÈJKFØbOÏË�H	ONÉ9EbI�ÑNÊ�Ñ H	KFODØ�ÉJUDH
É6A?ISØbH	É�E?Ó�A µ £�¶ µ,·6¸|·6¹ �bÌ KFÉ9KFÈ9ÈsAXKLP>À�Ái+:Â(�[���0%?Õ,Ö ISH	WDCFKFRpA1IJH�Ë�A?KFODÈ9ýA@:Ò�PDKFIJÉ�Ê�BDONÉJKFC}KFÉ9KLÈ
ÈSBDÑ � H	R�ÉJH	P³ÉJE�A$�:Ã · �1EbW H	IsAXÉJKFEbO³Þ±ÈSH	HµT�H	R	ÉJKFE,OTCDÕ�ø,ß	Õ

Q�AXONÊ�R	EbUDH�IJH	ODR�HµAXCLØ,EbISKLÉSUDË�È�PDH4�VODH#A�8(Äc!���:WDIJENR	H	ÈSÈ9ÓªE,I A5ØbI6A?ONBDCFHbÕD÷�Î9ODH	ISÈJUDKFW
PÏEkH�È�OÏEbÉ�AXWDW HpA?I�KFO#EbBÏIuË�ENPDH�Céæ�UDE?Î%H	ÐbH	I�Ì�KLO5ÈJBDR6U1R	EbUDH�IJH	ODR�H´A?CFØ,EbIJKFÉSUDË�È�Ì6ÉJUDH$Å:\�ODKFEbO

iBDCFH�Æ�Þ±WÏIJH	ÈSH	ONÉJH	P³KFOåT�H	R	ÉJKFE,OT1DÕFâ�ß)RpAXO�Ë�AXÔbH�BDÈJH#EXÓ)ÉJUDH#WÏIJEbW H	ISÉJKFH	È�EXÓ)E?Î9ODH	IJÈiÓªEbI�A
Ë�EbISH�H�K�R	KFH	ONÉ9KFË�WÏCLH�Ë�H	ONÉsAXÉJKFEbO�Õ

è9UDH�R�EbUDH	ISH	ODR	H�Ë�ENPDH	C�WDISH	ÈJH�OkÉSH	P AXÑVE?Ð,H(KFÈ¨BDODR�EbODÈSÉJIsAXKFODH	P¦H	ODE,BDØbU³ÉJE�AXWDWDCFÊ�ÉJE
AXONÊ#RpA?R6UDH�P�E,I)IJH�WDCFKLR�A?ÉJH�P�A?IJR6UDKFÉSH	R	ÉJBÏIJHbÕ GDE,I)R	EbOÏR	IJH	ÉSH	ODH	ÈSÈpÌÏÎ_H�ÈJUDE?Î�ÉJUÏH9Ë�A?WÏWDKFODØ�EXÓ
H�OkÉSIJÊ1R	EbOÏÈJKFÈJÉSH	ODR	Ê³à `�äJÌ?ÉSUDH9R	E,UDH	IJH�ODR	H#WDISEbÉSEkR�EbCDBDÈSH	P�KFO1ÉJUDH�R	BDISIJH	ONÉ%KLË�WDCFH	Ë�H�OkÉ6A?ÉSKLE,O
EXÓ�Í�A?IJR6UVAXONÉpÌDÉSE(ÉSUDH#Ë�EkPÏH	C � BDÈJÉ9PDH�ÈJR	ISKLÑ H	PuÕ

íïó!�º��ñdôiÇÈONô�ð�Q,¨É�XîVôc��ñÊ��ð6Okôc�]¨ ð�î ð6³iOÈ�?îP³iO�Q,Okôc�]O©�¦îS�SO�� U OkÉSIJÊ³R	EbOÏÈJKFÈJÉSH	ODR	ÊBÏÈJH	È��086Ë(�6���ÉSE�ÈJR6UDH�PDBDCFH�A?R	R�H	ÈJÈ�ÉSE�ÈSUVA?ISH	P¦PVAXÉsA�AXODP3ÉSE0H	ODÈJBÏIJH�KFÉSÈ#R	EbOÏÈJKFÈJÉSH	ODR	ÊNÕuÖ
WÏIJEbØ,IsAXË=WDISH	R	H	PÏH	È#H	Ð,H	IJÊ�BÏÈJH1E?Ó_A�ÈSUVA?ISH	P�ÐbA?ISK±A?ÑDCFH¨Î9KFÉJU3AXO · ÃXÌ*Íf�«£���WDISKLË�KFÉJKFÐbHbÌNA?OÏP
ÓdEbCFCFE?Î9È�KFÉ)Î9KFÉSU�ÉJUDH�R	EbISIJH	ÈSWVE,ODPDKFODØ�£M�,¡ � · �:�bÕ�ÎcÃXÌ*Íf�«£��#A?ÈSÔkÈ:ÓªE,I_A¨ÉJE,ÔbH	O�ÌkAXODP�KFÈ_WVAXIsAXË�Ò
H�ÉJH	ISKLö�H	P¦Î9KFÉJU�ÉSUDH(É�ÊNW H(EXÓ A?R�R	H	ÈJÈ�ÌuH�KLÉSUDH	I#ISHpA?P³EbI�Î9IJKFÉJH,æVÉSUDH�WDISEbÉJENR	E,C�Ë�A?KFONÉsAXKFODÈ A
ÈSKFODØbCFH�Î9ISKFÉJH	I�ÌDË�BDCFÉJKFWDCFH9ISHpA?PDH�IJÈ�ÈSH	Ë�AXONÉJKFR	ÈpÕ

Ö9É9A?ONÊ1WVE,KLONÉ)KFO�ÉSKLË�HbÌ�HpA?R6U�ØbIsAXONBDCFH9UVA?È9A¨ÈJKFODØ,CFHA8(Äc*�6��Î9UDKFR6U�KFÈ)PDH4�VODH	P�A?È:ÉJUDH
WÏIJENR	H	ÈSÈ´ÉSUVA?É9UÏEbCFPDÈ%ÉJUDH#Î9ISKFÉJH¨ÉJE,ÔbH	O0EbI9Î9A?È%ÉJUÏH#C±A?ÈJÉ9E,ODH¨ÉJE1UDEbCFP0KFÉpÕ

TNH�ODPDKFODØÚA4ÉJEbÔ,H	O AXCFÈJE³ÈJH	ODPÏÈ�ÉJUÏH�Ë�EbÈSÉ(R	BÏIJIJH�OkÉ�ÐbH	ISÈJKFEbO°E?Ó¨ÉJUDH0ØbI6A?ONBDCFHbÕ)÷�ODCFÊ
ÉSUDH�E?Î9ODH	I¨Ë0A�Ê�ÈJH�ODP¦ÉJUDH�Î9ISKFÉJH�ÉJE,ÔbH	O�ÕuTNH	ODPÏKLOÏØåA�Î9ISKLÉSH(ÉSEbÔ,H	O Þ]K±ß�KFONÐbA?CFKFPVAXÉJH	È�ÉJUDH
ÈSH	ODPDH�I�¦ È9IJH	WÏCLKFRpA�AXODP�A?ONÊ�ISHpA?PDH�I9ÉJEbÔ,H	ODÈ�AXODP�ISH	WDCFKFRpA?È�Ì}Þ±KFK±ß�ÈJH	OÏPDÈ�ÉSUDH�R	BÏIJIJH�OkÉ�ÐbA?CFBDHbÌ
AXODP3Þ]KFKLK±ß�ÉSIsAXODÈ�ÓªH�IJÈ9E?Î9ODH	ISÈJUDKFW0ÉJE5ÉJUDH¨IJH�R	H	KFÐbH	I�ÕDè9UDH¨E?Î9ODH�I_Ë0A�Ê#ÉJI6A?ODÈ¯ÓªEbISË KFÉJÈ%Î9IJKFÉJH
ÉSEbÔ,H	O(KFONÉJE#A�IJH�A?P�ÉJE,ÔbH	O�ÕpÖ�ONÊ(UDE,CFPDH	I�E?ÓuA�IJHpAXP(ÉSEbÔbH�O�Ë�A�Ê�ÈSH	ODP�AXODEbÉSUDH	I)ISHpA?P�ÉSEbÔbH�O
ÞdA?CFEbOÏØ(Î9KFÉJU�ÉJUDH5ØbIsAXONBDCFH�ÐbA?CFBDH�ß%ÉJE�A?ODE,ÉJUDH	I�WDIJENR	H�ÈJÈpÕ
õ�O¦ÉSUDKFÈ(WDISEbÉSEkR�EbC�ÌuA?RX�kBÏKLISH�Ë�H	ÈJÈ6A?ØbH�ÈpÌ�KLONÐbAXCLKFPVAXÉJKFEbO0Ë�H	ÈJÈ6A?ØbH�ÈpÌ�A?ODP¦ÉSUDH	KFI(ISH	WDCFKFH	È

AXIJH�A?CFCuË�ENPDH	CFH	P�ÑNÊ�A µ £�¶ µ,·6¸|·6¹ �bÕuQåEbIJH1WDISH	R	KFÈJH	CFÊNÌ}ÉJUÏH(ÈSH	ODPDKFODØ�E?Ó AXO AXR��NBDKFIJH1Ë�H	È¯Ò
È6A?Ø,H�A?OÏP¦ÉJUDH0R	E,IJIJH�ÈJW EbODPDKFODØ³IJH�WDCFÊkÌ�KFÈ#Ë�ENPDH	CFH	PÚAXÈµAåÈJKFODØbCFH�WDIJE,WVA?ØNA?ÉJH�Þ�ÓªIJE,Ë�ÉJUDH
E?Î9OÏH	I#ÉJE0ÉSUDH�A?R��NBDKFISKLOÏØ�WDISEkR�H	ÈJÈ6ß1KLO³Î9UDKFR6U3ÉSUDH�ØbI6A?ONBDCFH(¦ È¨PVA?É6A�KLÈ¨ÈSH	ONÉ(Î9KFÉJUÏKLO4ÉJUDH
Ë�H	ÈJÈ6A?Ø,HbÕbõ�ONÐbAXCLKFPVAXÉJKFEbO1E?Ó)A#ISH	WDCFKFRpA1KFÈ_HX�kBÏKLÐbAXCFH	ONÉ)ÉJE�A5WDIJE,WVA?ØNA?ÉSH�Ë�H�ÈJÈsAXØbH�KLO�Î9UDKFR6U
ÉSUDH0ØbI6A?ONBDCFH(¦ È(R�EbONÉJH	ONÉSÈ�KFÈ(ONBDCFC�æ�ÉJUNBDÈ�Ì�EbODR�H3A�Ø,IsAXOkBÏCLH�IJH	WÏCLKFRpA³Ñ H	R	E,Ë�H	È�KFONÐbA?CFKFP³KLÉ
R�EbONÉsAXKLOÏÈ´OÏE�WVE,KFOkÉSH	I�Þ±KFÉ#KFÈ¨H��NBDKFÐbA?CFH	ONÉ¨ÉJE�A�ÈJW EbONÉsAXODH	E,BDÈpÌ�CFEkR�A?C_AXÈJÈJKFØ,ODË�H	ONÉ�E?Ó9ÉJUDH
Î9UÏEbCFH�Ø,IsA?ONBDCFH(¦ È9PVAXÉsA5ÉJE�ÉSUDH#ÐbA?CFBDH�ö	H	ISEkß	Õ

L�ì=Ï í Ð�ðpóÏðpîPQ��¦îS�ªO��
GÏEbI5ÉJUDH�WDBÏIJW EbÈJH�E?Ó´ýA@¨Ì�ÉJUDH�EbODCFÊ�ISH	CFH	ÐbA?ONÉ(AXR	ÉJKFEbO¦EXÓ ÉSUDH�Ë�BÏÉsA?ÉSEbI�KLÈÑ3�89�/*�������,��+
���=<9*^$��!�ªÌ,Î9UDKFR6U�Ë�ENPDK«�VH	È)ÉSUDH�ISH6ÓªH	ISH	ODR	H5ØbIsAXWDUuÌ?W EbÈSÈJKFÑDCFÊ�RpAXBDÈJKFODØ#ÈSEbË�H_Ø,IsA?ONBDCFH	È%ÉJE
Ñ H	R	E,Ë�H1BDODISHpA?R6UVAXÑDCFHbÕ}Ö�O¦A?WÏWDCFKLR�A?ÉJKFE,O�Ë0A�Ê�AXIJÑDKFÉJI6A?ISKLCFÊ�A?ÈSÈJKFØbO³A�W EbKFONÉJH�I´Î9KFÉSU3A?ONÊ
CFH	ØNA?C}ISH6ÓªH	ISH	ODR	H1ÐbA?CFBDHbÕ

TNBÏWDWVE,ÈJH�¯1WVE,KLONÉSÈ9ÉJE ¹ A?ODP�°1WVE,KLONÉSÈ9ÉJE´ÒbÕNè9UDH5IJH	ÈSBDCFÉ�E?Ó)A?ÈSÈJKFØbODË�H	ONÉ��Ó¯�I2Ô>°�� �
KFÈ%ÉJUVAXÉÓ¯#ODE?Î AXCFÈJE1WVE,KLONÉSÈ_ÉSE�ÒbÌDAXODP0ÉJUDH¨WDISH	ÐNKFEbBDÈ9W EbKFONÉJH	I9ÉSE ¹ KLÈ9CFE,ÈJÉpÕ}Þ]è9UDH¨IJH	WÏCLKFRpA
ÉSUVA?É�AXWDW HpA?ISÈ�EbO�ÉSUDH�CFH6ÓªÉ¯ÒéUVAXODPÚÈSKFPDH�E?Ó#A?O A?ÈSÈJKFØbOÏË�H	ONÉ1ÉJUDH	ISHpA�ÓdÉJH	I0Ñ H	R	EbË�H	È�ýA@:Ò
PÏKLISÉ�ÊkÕ�ß%è9UDKFÈ�EbW H	IsAXÉJKFEbO�KFÈ#A?ÉSEbË�KLR¨A?É�WDIJENR	H	ÈSÈ��FÌ Î9UDKFR6U�EbODCFÊ0Ë�H�A?ODÈ9ÉSUVA?É�ÉJUDH1Ë�ENPDH	C
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(a) initial situation (b) after <x := y>

(c) after <y := 0>
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granule: replica, owner replica

(d) after propagate(y) from j to i

Õ ñ�Çuì,L}ì�Öi×�Ø*Ù�Ø*Ù«Ú�Û_Ü/Ý6Þ�ß�à�áPÞ�â	Û_ß/àTØ]ã�âåä*ÙpÞ�Ù0Ø,×´à�á*à�Ý,ä!Ù/Ü/Ø,æSçÓè�Ø*Ù0àéÙ/êWÞ�Ù�Ù/êPà�ë�Ù�ä*ì,ë�Þ�æ_í
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PÏEkH�È´OÏEbÉ´AXCFCLE?Î UDKFPDPDH	O�W EbKFONÉJH�IJÈpÕ}ý¨I6A?ONBDCFH#R	ISHpA?ÉSKFEbOÚÞ]ÑkÊ0ÈSEbË�H¨WDISKFË�KFÉJKFÐbH�ÈJKFË�KFC±A?I%ÉJE
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ÈSH	R	ÉJKFE,O Î%H�WÏIJE?ÐNKFPDH�A4ÈJE,CLBÏÉJKFEbO¦ÉSE3ÉSUDKFÈ(WDISEbÑDCFH	Ë³ÌuA?OÏPÚWDISH	ÈJH	ONÉ�AåÓªH	Î Ë�EbISH�ÈsA�ÓdH	É�Ê
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