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ê�[WM�ëBPU\�ÖHÖUVLK%VcNWb�X8GJNwë�bdÕ�PUOQÖ{VcGdN�ÖUM&\�Ö{M&a"á2OJ\HÖ{[WM±ÜÞÕWIcILà"OJ\�àmN�X�[�P{GJNWGdÕ�\ GdNWMJAm]yN"ÖU[WVc\
Od\{àqNBX�[WP{GJNWGdÕB\+X8GdNWë�bdÕWP�O.ÖUVLGJN¿á2M¾Õ�\{M&aDÖ�áHGÅawVY\�Ö{PUVLãWÕWÖ{VcGdNDÜÞÕWNBX^Ö{VcGdNB\+Ö{G¿X�[�OQP�OdX8Ö{M�PUVci�M
Ö{[WM�X�GdK%hWÕwÖ�O.ÖUVLGJN�awM&IcO�àw\�GdÜ�ÖU[WM
K%GwawÕWIcM&\���\�IcG.á X&Od\{M¾ï g E�ô�OdN�a�K%M&awVcÕWK-X�Od\{M�ï·C¿E�ô
ÜÞÕWN�X^ÖUVLGJN�\&A�ê�[WM~\�M"ÜÞÕWN�X8Ö{VcGdN�\´áHM&P{M(\�M&ILM~X^Ö{M~aâÜÞPUGdK Ö{[WM�\�M�Ö´GQÜ`ãBOdX�Ûqé�OdNWNWGdÖUO.ÖUM&aØbJOQÖ{M�é
ILM&ÚdM�IH\�VcK�ÕWIYO.ÖUVLGJN�\+GdÜ�PUM�IYO.ÖUM&aDOJ\�àmN�X�[WPUGdN�GdÕ�\)X8VcP�X8ÕWVLÖU\ R OQNBaâáHM&P{M�NWGJP{K�OdILVci�M~aþÖUG�Ö{[�M\{OdKeM)ÕWh�hBM&P`ãBGJÕWN�aâï�ÖU[WM+á2GdP�\�Ö�X�OJ\�M�ô GdÜ2í]��� �+Ö&A Õ�AcA

ê�[WM´\{ILG.á1X�OJ\�M�ï g E�ô�ÜÞÕWN�X8Ö{VcGdN R \{[WG.á�N�VLN¿ç�VcbdÕ�P{M ñ ï·Oqô R á�[WGJ\{M�O�ÚdM&PUOdbdM+awM&IcO�à�Vc\NWM&OdP)Ö{[WM%á2GdP�\�Ö+awM�IYO�à R PUM�h�P{M~\�M&NJÖ�\)O�\{IcG.á ãBM&[�O�ÚmVLGJP)ãBM~X�OQÕB\�MeÖ{[�M�KeGq\�Ö+GdÜHÖU[WM¾aWO.Ö�O
ÖUOQÛJM�O
[�VLbJ["awM�IYO�àdA _¿M±[�Oda¾NWGQÖ2K%OJawM±OdNmàeOJ\{\{ÕWK%hwÖ{VcGdNB\ OQãFGdÕWÖ Ö{[�M�VcKeh�ILM&KeM&NqÖUO.ÖUVLGJN
GQÜ�Ö{[WM�ÜÞÕWN�X8Ö{VcGdN�OdI3ÕWNWVLÖU\ R \�G�ÖU[WM�à�á2M�PUM+VLN�aWVLÚmVYawÕ�OQIcIcàÉX�[BOQP�OdX^ÖUM�PUVLi&M&a"Ö{[WPUGdÕ�bd[�Ö{[WM g EÜÞÕWN�X^ÖUVLGJN�A�_`G.á2M�ÚJM�P R á2MeX�GdN�\{VYawM�PUM&aÉÖU[WM%Õ�\{M´GdÜ ILGJNWbQé�IYO.Ö{M&N�X8à�NWGJNwé½h�VLhFM�IcVLN�M&aØç^� ÜÞGJP
ç � GJhBM&PUOQÖ{VcGdN�\�OdN�aÉVcNJÖUM�bJM�P�K�Õ�I�ÖUVLhWIcVYX�O.ÖUVLGJN�\ R \{G´ÖU[WM
NWGJP{K�OdILVci&OQÖ{VcGdN�GQÜ�Ö{[WM
ÜÞÕWN�X^ÖUVLGJNá2OJ\nX8GdNmÚJM�NWVcM�NqÖ{Icà�X�GdPUP{M~X^Ö{M~a
ÖUG�O�[WVcbd[WM&P?ÕWhWhFM�PHãBGJÕWN�a´ÜÞGdPnÖU[WM&\{M`\{ILG.áÝNWGdNWé½hWVchFM�IcVLNWM~a
ç^� R OdX&X8GJPUawVcNWbeá�V�ÖU[�Ö{[WM
ê�OQãWIcM%í�ïÞãBô8Aê�[WM�K%M&awVcÕWK X&Od\{MDï·C¿E�ôeÜÞÕ�N�X^ÖUVLGJN R hWPUM&\{M�NqÖ{M~a VcNúç�VLbJÕWPUM ñ ï·ãBô R awM&\UX8PUVLãFM&\�OdNOd\{àqNBX�[WP{GJNWGdÕB\HãFM�[BO�ÚqVcGdP�á�[WM&P{M)ÖU[WM�O�ÚJM�P�OQbdM�awM�IYO�à¾VY\`X8IcGJ\{M)Ö{G%ÖU[WM+[�OdI�ÜnGQÜ�Ö{[�M+áHGJPU\�Ö
awM�IYO�àdA`_ØM�[BO�ÚdM"ÕB\�M�Ö{[�Vc\eÜÞÕWNBX^Ö{VcGdN×Ö{GâX�[�OdPUOJX^Ö{M&P{Vci�M"Ö{[WMÉPUM&\�ÖeGdÜ�ÖU[WM�\�Ö�OQbdM~\o� 798o: �>; R�=�<��? 8 RvACB � :D8 ��E>��>F�OQNBaÄ�>Hc	¸	�� : A



° ��± ° ³�±

M�NLO ¦�ú�¦ ° �]± oQsu|8¨ �^���yr ° oqjC±��&�q� ° ³�±n�er^�Jtu�q}����&�yr ° ��jC±?�Jtu���y��tu³q�J��tu|&�´�Y�J�q�U��tu|&�q��k

]�Ö�VY\�VcKehFGdP{ÖUOdNqÖHÖUGePUM�K�OdP{ÛeÖ{[BO.Ö�Ö{[�M)OdVLK5GQÜ3ÖU[WM&\{M�ÜÞÕWN�X8Ö{VcGdN�\�VY\�NWGQÖ2Ö{G%ãFM
OdX8Ö{Õ�OdI
h�O.Ö{Ö{M�PUN�\+GdÜHÖU[WM¾K%GwawÕWIcM&\+GdÜHÖU[WM¾K%GwawM�IcM&aØhWPUGwX8M~\{\{GdP~A0_¿M¾h�P{M~\�M&NJÖ)ÖU[WM&\{M�ÜÞÕWN�X8Ö{VcGdN�\
Od\�Ö�àqh�VcX&OQI2M8åWOQK%hWIcM&\´GQÜ�OJ\�àmN�X�[WPUGdN�GdÕ�\
X�VLP�X8Õ�V�Ö%ãBM&[�O�ÚmVLGJPU\�GdãwÖ�OQVcNWM&aDÜÞP{GJK h�P{M&ÚqVcGdÕB\
ILG.á�é�ILM&ÚdM&I¡\{VcK�ÕWIYO.ÖUVLGJN�\�A

]yNÅGdP�awM�P`Ö{G"M~\�Ö�OQãWIcVY\�[�ÖU[WM´aWM�IYO�àm\�GQÜnÖU[WM´X�GdNqÖ{PUGdI�ILGJbdVYX R á2M�[BO�ÚdM�X�GdN�\{VcaWM�PUM&a�Ö{[�MáHGJP{Û+GdÜÁEH[WM&NWb)VLNÉìcí���î�A.]yNeÖ{[�OQÖ?h�OQhFM�P EH[WM&NWb)VLK%hWIcM�K%M�NqÖUM&a%O)X8VcPUX�ÕWV�ÖnÜÞGJPnX8GdK%hWIcM8ÖUVLGJN
awM8ÖUM&X^ÖUVLGJN OQNBaD\�àmN�X�[WPUGdN�VLi~O.Ö{VcGdNäïÞPUM&\{M8Ö%X8GJKeh�ILM�Ö{VcGdNwéyawM8ÖUM&X8Ö{VcGdNBô)GdÜ`aWO.Ö�O�ILVcNWM~\
Õ�\{VLN�b
O%ÜÞGdÕWP{é�hW[�Od\{M
[�OdN�aW\{[�OQÛJM+hWPUGQÖ{GwX�GdI3OdN�aÅawÕ�OdI�é�P�OQVcI3X8GwawVLëBX�OQÖ{VcGdN�A¡_`M�GdãwÖ�OQVcNWM&aÅOdNÅO�Úqé
M�P�OQbdM%awM&IcO�àÅGdÜ´��A ð���N�\�ÜÞGdP+ÖU[WM¾X8GJK%hWILM�Ö{VcGdNDawM�Ö{M&X8Ö{VcGdNDX8VcP�X8ÕWVLÖ
OQN�aÄ�WA ù í%N�\�ÜÞGJP+Ö{[�M\�àmN�X�[WPUGdN�VLi~O.Ö{VcGdN�ï·P{M~\�M�Ö�ô^A`EHGdNB\�VYawM�PUVcNWbâÖ{[�OQÖ�awVcbdVLÖUOdI±]{E0hFM�P{ÜÞGdPUK�OQN�X�M�[�Od\"Ö{P�OdX�ÛJM&a
C�GmGdPUM�¤ \´Z�O�á OQN�a VLK%hWPUG.ÚdM~aDãmà ñ ��û OdNWNmÕ�OQIcILà R ÖU[WM�awM�IYO�àw\�GdÜ`Ö{[BO.Ö�X8VcPUX�ÕWV�Ö%Õ�\{VLN�bX8ÕWPUP{M&NqÖ2ÖUM&X�[WN�GdIcGdbdà¾X�GdÕWIYa(ãBM
OdãBGJÕwÖ+í&øeh�\`OdN�a ò í)h�\�P{M~\�hFM&X8Ö{VcÚdM&ILàJA

g ÕWhWhFGJ\{VLN�b�ÖU[�O.Ö�Ö{[�M�X�P{VLÖ{VYX�OdImh�O.ÖU[´GdÜWÖ{[WM�K%GwawÕWIcM&\�GdÜ�Ö{[�M2h�P{GwX8M~\{\{GdP�á�VLIcIwãFM2Õ�N�awM�PídA�ð ó N�\2ï�ÖU[�O.Ö�K%M&OdN�\�O`K%OQåwVLK´ÕWK ÜÞP{M~ßJÕ�M�N�X�à�GdÜ5��� �`CÅ_`i2VcN�O�\{àmN�X�[WPUGdNWGJÕ�\ÁÚdM&PU\{VcGdNBô Rá�[WVcX�[äá2MÉ[�O�ÚdMÉNWGJP{K�OQIcVci�M&aèÖ{GÙí]�����þÖ&A Õ�A R Ö{[�M�NWGdPUK�OQIcVLi&M&a×Ú�OdILÕ�M&\eÜÞGdP tcompl

OdN�a
tsync

ÖUOdÛmVLNWb´VLNqÖUG�OdX&X8GdÕ�NJÖ Ö{[WM)\{X&OQIcVLN�b�OQPUM
í~ðWA �+Ö&A Õ�AqOdN�a ñ ð�Ö&A Õ�AmP{M~\�hFM&X8Ö{VcÚdM&ILà R á�[WVYX�[X8GdPUPUM&\{hBGJN�a
ÖUG�O�ÚdM&PUOdbdM�awM�IYO�àw\�Ad]yN�GdÕWP2\�VcK�ÕWIYO.ÖUVLGJN�\ná2M�[�O�ÚdM`X�GdN�\{M�PUÚ.O.ÖUVLÚJM�Icà�awGdÕ�ãWILM~a
Ö{[�OQÖeawM&IcO�àw\)ÖUG¿ðQøÉÖ~A Õ3A�OdN�aDø ò Ö~A Õ�A�ÜÞGdPeOQIcI?ÖU[WM"K%GwawÕWIcM&\&A�ê�[WM"P{M~\�Ö�GdÜ�Ö{[WM(X8GdNqÖUP{GJIILGJbdVYXeaWM�IYO�àm\ R :

req

¬ :
cap

OdN�a :
cap−up

áHM&P{MeëWåwM&a¿ÖUG óWR�ó OQN�aÝí]�"Ö~A Õ3A�P{M~\�hFM&X8Ö{VcÚdM&ILà ROQN�a :
ack

á2OJ\�X8GdNB\�VYawM�PUM&a"M&ßqÕ�OdI¡Ö{G :
sync

A
_¿Mn[�O�ÚJMnX�[WM&X�ÛJM&a±Ö{[�OQÖÁÖ{[WM GdÕwÖUhWÕwÖU\�GdãwÖ�OQVcNWM&a�ãmà¨���
	�����������nP{ÕWN�NWVLN�b�Ö{[WM g6��� E�ðc� ���ãBM&N�X�[WK�OQPUÛw\�ÕWN�awM&P`ÖU[WM´OJ\�àmN�X�[WPUGdN�GdÕ�\�X�GdNwë�bJÕWP�O.Ö{VcGdNÉOQPUM+VYawM�NqÖ{VYX�OdI�ÖUG�Ö{[WGq\�M�bdM�N�M�P{é

O.Ö{M~aÅãmà g VcK%hWILM g X�OdIcOdP�ÜÞGdP+OQIcI�Ö{[WMeãBM&N�X�[WK�OQPUÛw\�AÁê�[�OQÖ�VY\ R E>üo� ¥ bdM&NWM�P�O.ÖUM&\�Ö{[WM�\UOQK%M
X8GdK%hWPUM&\U\{M&a�ëBILM R h �>��PUM8Ö{Õ�P{N�\HÖU[WM
\{OdK%M�X�GdK%hWVcIcOQÖ{VcGdNÉ\�Ö�O.Ö{VY\�Ö{VYX�\ R OdN�a�\�GeGdN�Aw]yNÉOda�awV�éÖ{VcGdN R áHM?[BO�ÚdMnX8GJKehBOQPUM&a±Ö{[WM NqÕ�K�ãFM�P3GdÜwVLN�\�Ö{PUÕ�X8Ö{VcGdN�\�X�GdK%K%V�Ö{Ö{M~a+GdN)ãFGQÖ{[´\�VcK�ÕWIYO.ÖUGdP�\ÜÞGdP2Ö{[WM+M�åwM&X8ÕWÖ{VcGdN"GdÜ3ÖU[WGJ\{M)ãBM&N�X�[WK�OQPUÛw\HOdN�a¾ÖU[WM�à"GdNWIcà"awV£�FM&P�VLNÉO´NWM�bJILVcbdVcãWIcM±P�OQNWbJM
ãBM�Ö�áHM&M�Nª��A ðWí�û OQNBa%é©��A ��í~ð�û ï§O.Ö�ÖUP{VcãWÕwÖUM&a"Ö{G�Ö{[WM+\{ILVcbd[qÖ{Icà�awV£�FM&P{M&NJÖ�VcKeh�ILM&KeM&NqÖUO.ÖUVLGJN
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_ÙV�ÖU[þÖU[WM¾OQVcK GQÜHÖ{M~\�Ö)Ö{[BO.Ö{���
	¸����>���0�eNWGQÖ+GJNWILàþM8åwM&X�ÕwÖ{M~\�ÖU[WM¾û`IchW[�O�] g ûüX�GdP{é
P{M~X^Ö{Icà R ãWÕwÖeV�Ö�OQIY\{GþX8GJP{PUM&X8Ö{IcàþK%GwawM�IY\
ÖU[WMÉOd\{àqNBX�[WP{GJNWGdÕB\)ãBM&[�O�ÚmVLGJP R áHM¾[BO�ÚdM¾K�OdaWMÖ{[WM"X�GdK%h�OdP{VY\�GJN¿ãFM8Ö�á2M�M&NØÖ{[WM�ÜÞGJP{K%M&P�\�VcK�Õ�IcOQÖ{VcGdN�\
OdN�a¿Ö{[WGq\�M"P{M~\�ÕWILÖ{VcNWbÉÜÞPUGdK �>�
	��
��������`h�OQP�OQK%M8ÖUM�PUVLi&M&aeVcN�GdP�awM�PnÖUG
K%GwawM�IFO
\�àmN�X�[�P{GJNWGdÕ�\�h�P{GwX8M~\{\{GdP~A.ê�[WVY\?VY\?hFGJ\U\�VcãWIcM
ãBM~X�OQÕB\�M)ÖU[WM�\{àqNBX�[WP{GJNWGdÕB\�ãBM&[�O�ÚmVLGJP�Vc\`O¾h�OQP{Ö{VYX8ÕWIYOQP`X&Od\{M+GQÜ�Ö{[WM´Od\{àqNBX�[WP{GJNWGdÕB\HGJNWMdA
ê�[�O.Ö�VY\ R VcNÝOØ\�àmN�X�[�P{GJNWGdÕ�\´hWPUGwX8M&\U\{GdP´OdILI�ÖU[WMÉK%GmaWÕWILM~\%\�hFM�N�a Ö{[�MÉ\UOQK%M(Ö{VcK%M�GJNX8GdK%hWÕWÖ{VcNWb"O¾aWOQÖUO�ïÞÖ{[WM´áHGJPU\�Ö�X�OJ\�M+GdÜ�ÖU[WM�\{ILG.á2M&\�Ö�\�ÖUOQbJM~ô�OdN�a(Ö{[WMeX8GJKeK´ÕWNWVYX�OQÖ{VcGdN
hWP{GdÖ{GwX8GJIÁ\�hFM�N�a�\`O%awM�IYO�à¾GQÜ�i�M&P{GeÖ&A Õ�A�aWÕWM)Ö{GeÖ{[�M
X8IcGmX�Û(\�VcbdN�OdI§A

ê�[WM�N R á2M \�M�Ö3ÖU[WMHhBOQP�OQK%M8ÖUM�P�\ :
compl

¬ :
req

R :
cap

¬ :
cap−up

R :
sync

OQNBa :
ack

Ö{G�i&M�PUG
Ö&A Õ�A R OdN�a :

c

á2OJ\?ëWåwM~a¾ÖUGeOeawVY\�ÖUP{VcãWÕwÖUVLGJN(á�[WM&P{M�OQIcI¡Ö{[WM+awM&IcO�àw\HáHM&P{M´í�� ���+Ö~AwÕ�AwIcGdNWb RÖ{[WM+á2GdP�\�Ö�X�OJ\�M)GdÜ�ÖU[WM
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