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MiSU_ c l M g _ ¦O� fW]9_[u c a�p��Wc _ MWV9_ �;c lio V lX¦ ] ¦e� fi]KMWV l�d ]/MO]9n j f cOp u�MiSU_ cDl M g _ ¦e� fW]9_
u c a�p��Wc _ MWV9_X  ¢ � l V lX¦ ] ¦e� fW]zY/M^] l N \�N l ] � S dTg _ c hkh fW]9Q ¦ ]9_ MWV9_Ru c a�p�� ]9_ d ]XMW�
MON�M cea9c P/MO] p N � S��9u�MWV9\�][\ c MO] � ¯RQ3fW] h \��/M j�l[¦ n c S(Y � VRMWV[u c a�p�� ] � N�s g M cGd ]�S �Wc MWV
� V/MW��]Xs g MWV l s�fWN�V h N�¯9\ cDl V ¦e� fi]1 ª« cª� S�]/Q(N�f c MiS d YKs c f p s�M j u�V6MWV � V/MW��]/s g MWV l
s�fWN�V h N�¯9\ cDl V ¦e� fW]�  ` � S�] � S d ]9u p ] ]9P/MWY@]/s�]�S M cOp4c sTS�s a�¦ N l u�P h n�fiN l SUu�\�N�¯9_ � s�N�P
] l MiS�\ c M j s p u��(V9u�] l \ cG� ¯9N cDl ] a9a ] d MiS d N�¯9_�MWf g s�NTP/_X 

� ¡ s j _ c^p l ]�S�Q3] lXc f g��G¦ h S lXczd �i� c s�fiN�u�s��X� c S�] o u�M c MO] c sTS�s a�¦ N l \�V l ¯/\�]/M^]
h S�]6MWV6\ c M^] l �9u�M c P9u�V l ] cOp l ]�S g u�N�MON � P l ]/M gilRa S hkg M c fW]�  � ¢ MWu3S�NTS&s a V9fWN�Q(N�f p�c _
\ c MO] l �9u�M c P9u�V9_bQ(N�fM o�l N l M^]�S�u c Y � V PXs��9fWnkN l M^]F\�V l ¯9\�]XM^] �1cDlXo V \ c MW� � NTu�VªMWV9_
\ c MO] l ]9u�M c ¯9N�P9u�]9_tu c a�p�� ]9_ h�p l/c MO]�S3\ gil N g M^] lFc^p l ]9S�] l ] hkd ] p ]� 
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` u j u�MWY a�c S M^N�P9f h�p ]�MON�P l/¦ N�P�\�V9nk] l SUu�\�NT¯�\ c M^] l �/u�M c P9u�V9_�u c a�p��j�l�c sTS¥¤ c ¤T]9S o �(V dTc
\ c MWV a�c s�M^N�\ c fiY>s�]9fW] d N a N�¯X�(V9u�Y>MON�P u c@d �i� c u�MW� � SUN d ]�Sb\ c P a N�s�N1S¥VX� ¦Dl MO]
\�S d fiN�\ c MWfWN�s�fWN h fW�9\�\�]/MO]Rs�f g�dTa V9u�V9_GMWV9_ � S�] � S d ]9u p ]9_�MWV9_�\ c MO] l �9u�M c P/u3V/_Bu cea�p�� �
j�l   ¡ S�\ c MWfWY9u c S¥_Fs�N�P ¦ h S l ] l \ c s�fW] h \�]/MiS d1¦ _ c Q3]9fW\�N h�¦ _ YXM^] l�c l �(]9fWfWP l MiS dT¦ _i 
¬B]9f gXa NKs�N�P6NTS � S�]X� ¦ u3S�\ c _ c Q(]9fW\�N h�¦ _ �Wc l s�fWN�u3Q ¦ fiN l MO] l[h S�]RMWV l ] l � �Wc S � VRM j�l
s a�c N l/c d MWV9\��/M j�l M^N�PG\�V9nk] l SUu�\�N�¯G\ c MO] l �9u�M c P/u3V/_8u c a�p��j�l � Vtu�¯ hkd fiSUu3VtMON�P lX¦ N�P
\�V9nk] l SUu�\�NT¯F\ c M^N l s�] a ]�S g M c fWN d ]�S�\ c MWV a�c S M^N�P9f h�p ] �ip n j _�\�V9nk] l SUu�\ g \ c M^] l �/u �
M c P9u�V9_Ku c a�p��j�l@c sTS¥¤ c ¤T]�S o�lXc S g MiS4\ c \�S d f g c s cO�Wc f h ]9u�MiS d1g-dTg u�M^N�_ h S�] MON-sTSUN
s�N a ¯/s a N d Nªs�f j M g�d N a9a N d ]/MO]9Q ¦ f l N�P9\ c l ]�\ c S o u�N�P9\ c ]9f dTc MW��MONrs�N�u g MWV9_�\ c M^] �
� S �ig \ cDl V9_�s a V9fWN�Q(N�f p ]9_i  ` \ c^p�j u�VtMWV9_ c sTS d NTS lij�l S�] d Y9_ c sTS¥¤��9fWP l u3V/_ � \�] �ip \ c MWV l
S d ] lXg MWV/MO] h S�]�s�fWN�u�]9fW\�N h Y u�MiSU_F\ c MO]i¤T] a9a�g \ c lXc _ ] l � hkdTc _[MWV9_ c d �9u�MON/M cªc Q3]9f��
\�N h Y9_ c^p l ]�S d ]�S9NB¤T]/u(S d1g _�u�M g nkN�_ MON�P lX¦ N�Pt\�V9n�] l S¥u�\�N�¯t\ c M^] l �/u�M c P9u�V9_4u c a�p��j�l
d ]9S�MON d ¯9fiSUN6s a�c N l/¦ d MWV9\�]F]/s g MWVFnkfWY9u�VF]9P/MON�¯� 

����� � �1� . + �*�3 �� � ���6	;� �3 � 2 � �"	 ����� . &"��	;%3+8�
� � � &��  &��

` u�P lX¦ n c S�]�MWV/_[s�]9fWN�¯9u�]9_ � S�s a9j \�]/MiS d Y/_ c f h ]9u p ]9_ ¦ n c S j _ ce� Y9_ � « M^N �Wc ¯/M c fWN
d1c Q3� a ]�SUNKs�]9fWNTP/u(S�� �Wc MO]�S�\�S�] c sTSUu dTg s�V/u3VRMWV9_ru�P hkdTc d fXS�\ ¦ l V9_ c sTSUu�MWV/\�N l S d Y9_rs c �
fXSUNXnkY9_X �« MON-MWf p MON d1c Q3� a ]�SUN#s�]9fWN�P9u3S�� �Wc MO]�S4N PXs��9fWn j�l \�V9nk] l SUu�\ g _ \ c M^] l �/u �
M c P9u�V9_Ku c a�p��j�l   « MWV u�P lX¦ n c S�] s�]/fiN�P9u3S�� �ic MO]�S8] l ] a P/MiS d � N lX¦ NT_�\�V9nk] l SUu�\ g _
\ c MO] l �9u�M c P9u�V9_8u cea�p��Wj�ltd ]9STV�P a N�s�N p V9u�Y MON�P� !« MONrM ¦ MO]9fMON dTc Q3� a ]�SUNrs�]/fiN�P9u3S�� �
� N l MO]�S�s c S�fi�/\�]/M^] \ c P a N�s�N1S¥VX� ¦Dl MO] \�S d fiN�\ c MWfWN�s�fWN h fW�9\�\�]/MO] d ]�S�\ c MWfWY9u c S¥_z\ c
s�fi] h \�]/MiS dT¦ _ c Q3]9fW\�N h�¦ _ d ]9S3u�M^NRs ¦ \9s�MON dTc Q3� a ]9S¥NRs�]9fW]/M p � cDl M^]�S�u�P9\9s c fW�9u�\�]/M^]1 
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¬b]9fW� MWV fi] h�� ] p ] cO�W¦ a S � V M j�l P/s�N a N h SUu�M o�l��3ce� ] d N a N�PX�(N�¯ lªl ]FP/s��9fWnkN�P l P/s�N a �
N h SUu�MiS d ��s�fWN/¤ a Y9\�]/MO]ts�N�P a�gXhkj ]9P � V9\ ¦Dlij�l ]Xs�]�S MWY9u cej�l u c c s cO�Wc f h ]9u�MiS d Y SUu�nk¯ �
\ l Y9\�V d ]�S�MO]9nk¯XMWV/M^] c S¥u g�� N�P�� ce�ig�� N�P s�]9fW]9\ ¦Dl NTP l � a P/MO]�Y � ¯9u d N a ] c sTS a ¯9u3S�\�]� 
Z�N c f c P l V/MiS dTg s�f gih fW]9\�\�] High Performance Computing and Communica-

tions (HPCC � qts�N a N h SUu�\ g _ d ]�S ¢ sTS d NTS lij�l9p�c _ q �3V a Y/_ ¢ s p�� N�u�V9_ � s�fWN�u � S g fXSUu c
N�fiSUu�\ ¦ lXc _�s c fiS¥NXn ¦ _ c Q(]/fi\�N hko�l M ¦ M^NTSUN�P MW¯/s�N�P \ c u�s�N�P � ] p ] N1S d N l N�\�S d Y d ]�S d NTS l �
j�l S d Y[u�V9\�]9u p ] � � �� �

• Z c n l N a N h�p ]6\�] h�l V/MiS d Y/_ d ]XM^] h fi]/Q(Y9_i 

• ��N h S d Y u�n ce�ip ]9u�V Q(]/fi\�� dTj�l  
�
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•
m c M^]/Q(N�f ¦ _�P��3V a Y/_tM^]9n�¯/MWV/MO]9_X 

• ®GV/\�S d Y d ]/MW� a P9u�V� 

•
m N l M c a N�s�N p V9u�V j2dTc ] lio�l  

•
m cOp�j u�V g � N l MON�_X 

• � V9Q(S�] d YF] l ]/M^N�\ p ]1 

• �BMW\�N�u�Q3]�S�fiS d YFfi¯Xs�] l u3V1 

• «�n ce�ip ]9u�V s�f j M c��$l S d�o�l[� N�\ o�l  

•
¨ ]/MO] lXg V/u3V c S dTgXl ]9_i 

� ¢ n c S d ]XM^]9u�M cOp u3]/Q ¦ _ g MiSGNTSGP/s��9fWnkN l M c _-] d N a N�PX��S�] d N p P/s�N a N h SUu�M ¦ _ �Wc l
c s�]9f d N�¯ l h S�]>MWV l c s p�a P9u�V>M ¦ MON1S j�l s�fiN/¤ a V9\��/M j�l  �¬b]9fW] � N�u(S�] d �>M ¦ M^NTSUN�P c^p �
� N�P9_ s�fiN/¤ a Y9\�]/MO]-] l MiS�\ c M j s p � N l MO] l \ c MWV#nkfWY9u�V s�N a P c s cO�Wc f h ]9u�MiS dTo�l P/s�N a �
N h SUu�MiS d�o�l u3P/u�MWV9\��XM j�l � s�]9fW� a9a V a/j�l Y d ]/M^] l/c \�V9\ ¦Dlij�l  

Z�]�M c a�c PXM^] p ] n�f gil S�] j u�M g u3N d1c f �ip � NTP l ¦O� ]9Q3N�_�P a N�s�N1S�Y9u c SU_�s�NTPG¤T]9u p � N l MO]�S
u�MWV l S �W¦ ]KMWV9_[u�P lXc f h ]9u p ]/_ªs�N a9a9o�l PXs�N a N h SUu�M o�l�h S�]KMWV lKc s p�a P/u3V cDl/g _Fs�fWN9¤��
a Y9\�]/MON�_ ��g s j _ d ]X��S¥u�MW� u3]/Q ¦ _ d ]9S4MON#u3n�Y9\�] �T     ¬B]9fWN�P9u3S�� �Wc M^]9S ¦ MWu(S!]9P � V �
\ ¦ l N cDlX� S�]9Q ¦ fWN lzh S�] MiSU_Ku�P9u�MW� �Wc _ 
 clusters � P/s�N a N h SUu�M o�l � � �  �4j _ cDl ] a9a ] d �
MiS d �Bu�P9u�MWY9\�]/MO]�P��(V a Y9_ c s p�� N�u�V9_ ��cO� ]�S M p ]/_8u�P hkdTc d fXS�\ ¦ lij�l s a�c N lXced MWV9\��/M j�l s�N�P
] l ] a ¯9N l MO]�S�u�MWV u�P lX¦ n c S�]� 

¢ sTS�s�f g uk� c MO] d ]9S�s ¦ fW]�]/s g c Q3]9fW\�N h�¦ _ g s j _ NTS s�]/fi]Xs�� lij s�N�P6s�fWN ¦ fWnkN l MO]�S
d ¯/fXS�][]Xs g MON n o fWN MON�P c sTSUu�MWV/\�N l S d NT¯[P/s�N a N h SUu�\�N�¯ � ]/s�N d MW�[N a N ¦ l ] d ]�S�s c fiSUu �
u g M c fWV�]/s�N � N/nkY�V�nkfWY9u�V�u�P9u�MW� �j�l PXs�N a N h SUu�M o�l u�MWV l s c fiSUN/n�Y�M j�l�cDl u j \�]XM j \ ¦Dl �
j�l u�P9u�MWV9\��/M j�l s�fW] h \�]XMiS d NT¯ nkf gXl NTP d ]�S�S � S�] p M c fW]zu c[c Q3]9fW\�N h�¦ _ � S�]/u�MWV9\�S d Y �
_ �tc s ce�ic f h ]9u p ]9_zu�Y9\�]XM^N�_ d ]�S�MWV a�c sTS d NTS lij�l S o�l �  ���  Z ¦ea NT_ �Wc �(]#\9s�N�fWN�¯9u c
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«�n�Y9\�] �1   � ` S �W¦ ] MWV9_zu�P lXc f h ]/u p ]9_ s�N a9a/o�l P/s�N a N h SUu�M o�l h S�] MWV l#c s p�a P/u3V
s�fWN/¤ a V/\��/M j�l�� ��  
l ]@s�]9fW] a�c S�Q�� cOp V@N a N ¦Dl ] d ]�S4]/P � ] lXg \ cDl V@nkfWY9u�V u�P9u�MW� �j�l PXs�N a N h SUu�M o�l@h S�]
MWV l ] l � d ]9\ �3VK]/s g u�Q(� a \�]/MO] 
 fail-over � � MWV l6c s p M c P � V P��(V a Y9_ � S�]X� c u3S�\ g MWV/M^]/_

 high availability � � � �� �9d ]X� o _ d ]�S/MWV lBce� SUu3N�fWf g s�V9u�VGQ(N�fM p NTP�
 load balancing � �
S � S g MWV/M c _*S � S�] p M c fW][nkfWY9u3S�\ c _�u c s�N a P9u�¯9n l ]9u�M^N�P9_ � S d MWP9] d N�¯9_�M g s�N�P9_X 

���D�!� � � �����*y����by�w���t{��Fy�{ ��w��S{8��z	�Ãz	�����Fy	���

«�P l/� P9� � N l MO]9_ S �W¦Oc _ s�N�P#\�]9_ d�a V/fiN �Wg MWV9u�] l MO] s�]9fW� a/a V a ] u3P/u�MWY9\�]XM^] � g s j _
V N�\�] � N�s�N p V/u3V s g f j�l P a S d N�¯ 
�u�P9n l � hkc l S d N�¯ u d N�s�N�¯ � � \ c ¦ lWl NTS c _ ]Xs g MO]
d ]/MO] lXc \�V9\ ¦ l ] u�P9u�MWY/\�]/M^] ��g s j _�MON ]9Q3]�S�f c MiS d1g \�N l M ¦ a Nrs c fW�9u�\�]/M^N�_�\�V l P9\��/M j�l
d ]�Stn�fiV/u(S�\�N�s�NTS o�l MO]9_#MiSU_-P/s�N a N h SUu�MiS dT¦ _ � P l ]/M g MWV/M c _ n�]9\�V a N�¯ dTg u�MON�P9_-s�N�P
s�fWN�u�Q ¦ f c SV ¤1SUN�\�V9nk] l/p ]�M j�l s�fWN�u j sTS d�o�l P/s�N a N h SUu�M o�l�d ]�S M j�l�� S d MW¯ j�l N � V h VX�(Y d ]9\ c
u�MWV hk¦ lWl V9u�V M j�l u�P9u�MW� �j�l P/s�N a N h S¥u�M o�l   ¡ S c \9s�N�fiS dT¦ _6u�P9u�MW� �ic _[u�MO]X�(\ o�l
c f h ]9u p ]9_BYrs�fWNTu j sTS d�o�l P/s�N a N h SUu�M o�lrd ]�SkM^]ªu�P9u�MWY9\�]/MO]�MWV9_BMW� � V9_ Beowulf

� ��
]Xs�N/M cea NT¯ l u�Y9\ c fi] \�S�]�M^]9n�¯/M^]XM^]�] l ]/s�MWP/u3u g \ cDl V d ]XMWV h N�f p ]�P/s�N a N h SUu�MiS dTo�l u�P9u�MWV �
\��XM j�l P��(V a Y9_ c s p�� NTu�V9_i 
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m S�]��������	��
������������������� commodity cluster � cOp l ]�S ¦ l ]rMON�sTS dTg P/s�N a N h SUu�MiS dTg
u3¯/u�MWV9\�]F]/s�NXM cea N�¯9\ cDl NK]/s g \�S�] N�\�� � ] ] l/ce� �9fMWV/M j�l P/s�N a N h SUu�M o�lRd ]�S ¦Dl ] �ip�d �
MWP9NBs�N�PbMON�P9_ � S�]/u3P l/�W¦ec S � �  �  m S�]Bu�P9u�MW� � ] c^p l ]�SWM^N�sTS d Yb\ c MWV l�¦Dlil NTS�] g MiS gia ]bMO]
c sTS�\ ¦ fWN�P9_!u3P/u�MWY9\�]XM^]�s�N�P�MWV l ]/s�NXM cea N�¯ l�c sTS MWV9fWN�¯ l MO]�S cDl M g _!\ p ]/_ � S�]/n c S�fXSUu�MiS d Y9_
s c fiSUN/nkY/_X  ¡ S3P/s�N a N h SUu�MiS d N p ]9P/MON p3dTg \X¤TNTS c^p l ]�S�������� �!
�"��#��"��
������$�%�&��
'�)(�*$�+
,�-��

� commercial off the shelf — COTS � � S d ] l N p2l ] a�c S M^N�P9f h N�¯ l d ]9S4] lXce� �9fMWV/M^]
d ]9S h�cDl S d �RMON�P cOp�� N�P9_Gs�NTP[nkfWV9u3S�\�N�s�NTS cOp MO]�S�]/P/M gXl N�\�] h S�]Ru�P l YX� c SU_ a9c S MONTP/f h�p�c _i 
¡ d �X� c dTg \X¤TN�_@\9s�N�f cOp l ]#]/s�N/M c a�c^p MO]�S c^p M c ]Xs g>¦Dl ] l \�S d fWN c s ce�Wc f h ]/u�MWY cOp M c
]/s g s�N a9a N�¯9_Gu c \�S�]ªu�P9\�\ c MWfiS d Y*s�N a P c s ce�Wc f h ]/u�MiS d Y u�¯ l � c u�V 
 symmetric mul-

tiprocessor — SMP �  1Z�N � S�]9u�P lX�Wc MiS d1gF�ip�d MWP9N[nkfWV9u3S�\�N�s�NTS c^pkc \9s�N�fiS dT¦ _ d ]�Sk�/\ c �
u3] � S�]i� ¦ u3S�\ ¦ _FM c n l N a N h�p�c _ � S d MW¯ j�l�� MON�sTS dTo�l 
 local area network — LAN � Y
s c fiSUN/nkY/_ u�P9u�MWY9\�]/MONT_�
 systems area network — SAN � � N1S�N�s�N p�c _R]/s�]9fM p � N�P l
s�N a9a�¦ _�] lXce� �/fWMWVXM c _ � S d MWP9] d1¦ _ � NT\ ¦ _�Y@\�S�]@S c fW]9fWn p ]@M ¦ MONTS j�l  -Z�N �ip�d MWP9N MWV/_
u3P/u�MW� � ]9_ cOp l ]�S ]/Q�S c f j \ ¦ l N#u�MWV l@cDl N�s�N p V9u�V M j�l PXs�N a N h SUu�MiS d�o�l MWV9_ d1g \X¤ j�l
d ]9S cOp l ]�S � S�]9n j fiSUu3\ ¦Dl N6]/s g MON ce�j M c fiS dTg MWV9_Gs c fiS¥¤T� a9a N l  

m S�]tu�P9u�MW� � ]b\9s�N�f c^pWl ] c^p l ]9S/fWPX�(\�S¥u�\ ¦Dl V ¦ MWu(S o u�M c�l ] ce� P/s�V9f c M c^pi� S��9Q(N�fWN�P9_
u d N�s�N�¯9_ �Xg s j _!P��(V a Y�P/s�N a N h SUu�MiS d Y c s p�� N�u�V h S�]�MWV l�c s p�a P/u3V cDlXg _!s�fWN/¤ a Y/\�]/M^N�_ �
P��(V a Yrn j fWV/MiS d1g MWV/M^]rY � S�]9\ c M^] h�j2h Y h S�] ¦Dl ]ªQ3NTfM p N � S c f h ]9u3S o�l � P��(V a Y � S�]X� c u �
S�\ g MWV/MO]
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c ¯9fWN�_ �o�l V9_ MON�P � S�]9u�P lX�Wc MiS d N�¯ � S d MW¯9N�P � s g u�N>nkfWY9u3S�\�V c^p l ]9S V d NTS lXg nkfWV9u�MWV
\ l Y9\�V d ]9S�s g u�N ] l ] hkd ] p N MON c a ]9Q3fW¯ a N h SUu3\�S d1g cea�¦ h nkN�P�  « c*gXa ]6MO]6s�]9fW]/s�� l �
j N1S�u�P9u�MW� �ic _FP/s�N a N h SUu�M o�l P/u�M c fWNT¯ l u c u3¯ hkd fXSUu�V \ c u�P9\X¤T]XMiS d �Ks�]/fi� a9a V a ]
u�P9u�MWY9\�]/MO] � �   � Z�N � S�]9u�P lX�Wc MiS dTgF�ip�d MWP9N cOp l ]�S1u�P l YX� j _�nk]9\�V a/o�l � u�P hkd fiS MiS d �
\ c ]/P/MW��M j�l s�]/fi� a9a V a9j�l u�P9u�MWV9\��/M j�l � c sTS �Wg u cej�l � V d NTS l Y�\ l Y/\�V � N d ]i��N a S dTg _
u�P h nkfWN l S¥u�\ g _ d ]9S;V � S�]/MWY9fWV9u�V�MWV9_Fu�P l N/nkY9_ MWV9_ d fWP9Q3Y9_R\ l Y9\�V/_ P a N�s�NTS¥N�¯ l MO]�S
\ cªa N h SUu�\�S dTg�� P9u�M c f o�l MO]9_ u cªc sTS �ig u c S¥_Ru c u�n ¦ u�VK\ c ] l M p u�M^NTSUn c _ P a N�s�NTS�Y9u c SU_
\ c P a S dTg ��c lio M ¦ a N�_bMON s a Y9f c _ d ]�Sk]9P/M gil N�\�N a�c S M^N�P9f h S d1g u�¯9u�MWV/\�] s�N�P c a�¦ h n c S
d �X� cGdTg \X¤TN d ]XM^] l ] a/o�l/c S3s c fiSUu3u g M c fWV \ l Y9\�V d ]�S�] l MiS � fW�RsTSUNK]9f h � ]Xs g�c S � S d N�¯
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u3P/u�MWV9\��XM j�l s�N a ¯RP��3V a�g M c fWN�P d1g u�M^N�P9_i 

� ¢ l ] u�V9\�] l MiS d1g s a�c N l/¦ d MWV9\�]KM j�l u�P9u�MW� �j�l P/s�N a N h SUu�M o�l cOp l ]�S g MiS�n�fiV/u(S �
\�N�s�NTSUN�¯ l M c n l N a N h�p�c _rP a S d N�¯ d ]�S a N h SUu�\�S d N�¯ c P9f c^p ]/_*nkfWY9u�V9_i  Z g u�N6M^] �ip�d MWP9]
u�MO]X�(\ o�lRc f h ]9u p ]/_ � g u�N d ]�S NTS u3P/u�MW� �Wc _*s�fWN�u j sTS d�o�l P/s�N a N h SUu�M o�l MWV9_rMW� � V �
_ Beowulf � l ��SUu3] l � S g MiS �icDl ]/s�]�S M^N�¯9u�] l � ]/s�] l V9fW� d ]�S&\�] d fWN�s�f g � c u�\�]�u3n ¦O� S�]
] l �/s�MWP � V9_*s�fiS l ]9fWn p u�N�P l[l ]�]Xs�N �ip�� N�P l  �Z�N n�]9fW] d MWV9fiS¥u�MiS dTg ]/P/M g N � V hkc^p s�fWN��
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� � a9a NKu�V9\ cOp N�PXs c fWN/n�Y9_*M j�lRc \9s�N�fiS d�o�l u3P/u�MW� �j�l PXs�N a N h SUu�M o�lR¦Dl ] l MiS3M j�l
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s�NTP NTS�s�f o M c _Fs�fWN�u3Q ¦ fiN�P l   ¡ ]9fiSU�(\ g _[M j�lKdTg \X¤ j�l � V�n j fWV/MiS dTg MWV/MO] \ l Y9\�V/_
] l � dTg \X¤TN � N ]/fXS �(\ g _rM j�lRc s cO�Wc f h ]9u�M o�l ] l � dTg \X¤�N d ]�S&V MON�s�N a N h�p ]�MONTP � S�] �
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l ]F] a/a � �Wc S�YF]9P/M gRl ] c s c d M c^p l/c MO]�S � ] � SUN�s�N1S o�l MO]9_ MWV l Y � V[P/s��9fWnkN�P9u�]FP/s�N � NT\�Y1 
¡ ced M c M^]/\ ¦ l N�_K]9P/M g _ ¦ea�c h nkN�_�u�MWV � N�\�Y MON�P u�P9u�MWY9\�]/MON�_ j Q c a�cOp M g u�N MON�P9_
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c sTS �Wg u cej�l Y dTg u�M^N�P9_i 
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l Y9\�V cOp l ]�S�SUu g MiS�\�V h S�] gXa N�P9_zMONTP/_ c s ce�ic f h ]9u�M ¦ _ � \ c MWV l-¦DlWl NTS�] g MiS gXa NTS ¦ �
n�NTP l s�f g u�¤T]9u�V u c gia ] M^] MW\�Y9\�]/MO] MWV9_ d NTS l Y9_�\ l Y9\�V9_ d ]9S�\ c6p�� SUN�P9_Knkf gXl NTP/_
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Memory Access — UMA �  �«�P9\X¤�] p lXc S g \ j _Ru�P9n l � l ]�P/s��9fWnkN�P l�d ]�S c sTS�s a9¦ N l
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nkfWV9u�MWVz\ c MWV l ¦DlWl N1S�] g MiS gia NTS8NTS c s ce�ic f h ]9u�M ¦ _�\9s�N�fWN�¯ l l ]zMWV h fW�9Q3NTP l d ]�S
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s�fWN/¤ a Y/\�]/M^]@]/s g�� N�u�V9_ � s�N�P u�n c M p� N l MO]�S d ¯/fXS�] \ c MON#P��3V a�g-c sTS�s a�¦ N l@dTg u�MON�_
h S�]rMWV l�d�a Y9u�V d ]�S�MWV l c s cO�Wc f h ]9u p ]*MON�P*s�f j M^N dTgXa/a N�P � S�]XMWY9fWV9u�V9_�MWV9_bu�P l NXnkY9_ �
\ c M^N P��3V a�g@c sTS�s a�¦ N l dTg u�MON�_6MWV9_ c sTS d NTS lij�l9p ]9_ d ]�S2\ c MWV \ c h � a V � S�]9\�N p fW]9u�V
u�MWV l c sTS d NTS lij�l/p ] d ]9S�MWV�u�P l N/n�YKMWV/_ \ l Y/\�V9_X F©G] a�¦ h ]9\ c j u�M g u�N s j _ªMO]KY � V
] l ]/Q c f � ¦Dl M^] s�N a ¯@u�V9\�] l MiS d � � c MiS d �@u�V9\ cOp ] M j�l u�P9u�MWV/\��/M j�lKd ]/MO] lXc \�V9\ ¦ l V9_
d NTS l Y9_�\ l Y9\�V9_�MO] d ]i�&SUu�M^N�¯ l u3N/¤T]/f ¦ _�s�fWN/MW�9u c S¥_ � ] dTg \�] d ]�S�] l NTS c sTS �ig u c S¥_�MONTP/_
�WcDlFcOp l ]�Sks�� l M^]FNTS(] l ]9\ cDlXg \ c lXc _X 
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¤�]9u3S dT¦ _ d ]/MWV h N�f p�c _ ] l � a N h ] \ c M^N l MWf g s�N P a N�s�N p V/u3Y/_�MON�P9_ � «�P9u�MWY/\�]/M^]@\ c
cDl S�] p N�n o fWN � S c PX�(¯ l u cej�l P a N�s�NTS V/\ ¦ l N�\ c P a S dTg d ]�S3u�P9u�MWY9\�]/MO]ª\ ctcDl S�] p N6n o fWN
� S c PX�(¯ l u cej�l P a N�s�NTS V/\ ¦ l N�\ cBa N h SUu�\�S dTg  
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«�nkY9\�] �1 
� �4` ¤�]9u3S d YRS �i¦ ][\�S�]9_ d ]/M^] l/c \�V9\ ¦Dl V9_ d N1S l Y/_*\ l Y9\�V9_GP a N�s�N1S¥V9\ ¦Dl V9_*\ ca N h SUu�\�S dTg�� �  � 

M^N l N�s�N p NK\�NTS�fW� �Wc MO]�S ¦Dl ]9_�]9fiSU�(\ g _ c s ce�Wc f h ]/u�M o�l ��g s j _*Q3] p lXc M^]9S d ]�S3u�MON6u�nkY �
\�] �1 
�1  ¡ s�NTSUN�u � Y/s�NXM c8c s cO�Wc f h ]9u�MWY9_ ¦ n c S/]/s�� c Pi� cOp ]9_!s�f g uk¤�]9u�VBu c N�s�NTS�] � YXs�N/M c
� ¦ u�V \ l Y9\�V9_X 4« MWV l s c f p s�M j u�VFM j�l u3P/u�MWV9\��XM j�l*d ]/M^] l/c \�V9\ ¦Dl V9_ d N1S l Y/_ \ l Y9\�V/_
P a N�s�NTS V9\ ¦Dlij�l \ c a N h SUu�\�S dTg V � c P � ] p u��(V9u�VFMWV9_ d NTS l Y9_r\ l Y/\�V9_ s�]/f ¦ n c M^]9S�u�MON l
s�fiN h fW]9\�\�]/MiSUu�MWY ]/s g@¦Dl ] c s p s cO� N a N h SUu3\�S d N�¯ � P a N�s�N1S¥V9\ ¦Dl N cOp M cFj _R\ ¦ fWN�_FM^N�P
s�P9fWY l ]bMONTP a�c SUMON�P9f h S d N�¯�u3P/u�MWY9\�]XM^N�_ �icOp M c4j _8\�S�]�¤1SU¤ a SUN9��Y d VBnkf gXl NTP ced M ¦ a�c u�V �
_[\ c MWV l N�s�N p ] u�P lX�i¦ N l MO]�S�NTS c Q3]9fW\�N h�¦ _X  Z�N c s p s ce� N a N h S¥u�\�S d N�¯z]9P/M g s ¦ fW] l
MWV9_�] l MiS¥u�MON p n�SUu�V9_b\ c MO] � ¯GM j�l MON�sTS d�o�l \ l V9\ o�lBd ]�STMON�P d NTS l NT¯ c S d N l S d N�¯ n o fWN�P
� S c PX�(¯ l u c j�l ] l ] a ]9\X¤�� lXc S l ] � S�]/MWV9f cOp MON n o fWN � S c PX�(¯ l u cej�l u3P l/c d MiS dTg#d �i� c
u�MiS h \�Y�  � ¢ MWu3SkVªMiS�\�Yªs�N�P c sTS¥u�MWf ¦ Q c S�\�S�] a�c S MON�P9f h�p ]F] l � h�lij u�V9_Bu c \�S�] � S c ¯i��P l �
u3V c^p l ]9S 
�u�MWV l ]/s a NT¯/u�M c fWV*s c f p s�M j u�V � VrMiS�\�Y s�NTPr]/s�N9��Y d1c P9u c V*sTSUNFs�f g u�Q3]/MWV
a�c S MON�P9f h�p ] cehkh fi]/Q(Y9_ u�MWVKu�P hkdTced fiS�\ ¦Dl V � S c ¯X�(P l u�V�  ¬bfiN h fW�9\�\�]/MO] c Q3]9fW\�N hko�l
\9s�NTfWN�¯ l l ]-nkfWV9u3S�\�N�s�NTS¥N�¯ l MWV l d N1S l Y c S d N l S d Y \ l Y/\�V g s j _ \�S�] s�]9fW] � N�u3S�] d Y
c S d N l S d Y@\ l Y9\�V � \ gil N@s�N�P NTS � S c f h ]/u p�c _�\9s�N�fWN�¯ l l ] c d M cea NT¯ l MO]�S�u cF� S�]9Q3NTf c �
MiS d NT¯/_ c s ce�ic f h ]9u�M ¦ _Gs�]9fW� a/a V a ]� 
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« c4¦Dl ] dTa ]9u�u(S d1g u�¯9u�MWV9\�] d ]XM^] lXc \�V9\ ¦Dl V/_ d NTS l Y9_�\ l Y9\�V9_4P a N�s�NTS V/\ ¦ l Nr\ c2a N h SUu �
\�S d1g�� s�N�Pª] d N a N�PX� c^p1¦ l ]ª] d N a N�PX��S�] dTg \�N l M ¦ a N u�P lX¦ s c S�]9_�MWV9_B\ l Y9\�V/_ � N d NTS lXg _
c S d N l S dTg _�n o fWNT_ � S c PX�(¯ l u c j�l n j f p �Wc MO]�Sku c u cea�p��ic _X  ¡ S�u c a�p��Wc _B]9P/M ¦ _�\9s�NTfWN�¯ l
l ]-] l MiS h fW�9Q3N l MO]�S d ]�S l ]-\ c MO] d S l N�¯ l M^]9S�\ c MO] � ¯ c s cO�Wc f h ]9u�M o�l g s�N/M c ]9P/M g ] �
s�]9SUM cOp M^]9S �!g s j _ u�P9\X¤T] p l/c S;\ c MiSU_ h fW]9\�\ ¦ _FMWV9_ a ] l �(� l N�P9u�]9_ 
�Y ] a9a S o _ d fiP/Q(Y9_
� cache � \ l Y/\�V9_ u�M^] u3P/u�MWY9\�]XM^] d ]/MO] lXc \�V9\ ¦Dl V9_ d NTS l Y9_6\ l Y9\�V/_ P a N�s�NTS¥V9\ ¦ l ]
\ c P a S d1g   ¨ �X� c u cea�p�� ] ¦ n c S�u�P l YX� j _ d ]/MW�9u�M^]9u�V c^p M c \ gXl N ��] l � h�lij u�V9_ 
 read-

only � �!c^p M c ] l � h�lij u�V9_ � cehkh fi]/Q(Y9_ 
 read-write � 
�N�s g M cRd ]�S cOp l ]�S�\�N l ] � S dTg MON
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\�S�] \ ceh � a V a ] l �(� l N�P9u�]r\ l Y9\�VrMWV/_ d N1S l Y/_ c S d N l S d Y9_�\ l Y9\�V9_ h S�]ªMON l ] l M p u�MON1SUnkN
c s ce�ic f h ]9u�MWY d ]�S�MWV � S�]/n c S�f p�ic MO]�S \ c s a Y/f j _*u�P9u�n c MiSUu�MiS dTg MWf g s�N d ]9S&] l � a N h ]
\ c MON l�d ]/MO]9\ c fiS¥u�\ g u c a�p��j�l   � ¢ MWu3S ��g s j _ d ]�S�V�s�]9fW] � NTu3S�] d Y c S d N l S d Y \ l Y9\�V �
V d NTS l Y \ l Y9\�V P/s��9fWn c S4\ gXl N c S d N l S d ��  m S�] ] l ]9Q3N�fi� u�MWV \ l Y9\�Vzs�fWN d ] a�c^p4¦ �
l ]zu�Q3� a \�] u c a�p�� ]9_ g M^] l Vzu cea�p�� ] �ic ¤Tf p u dTc M^]9S c dTc^p l V MWV u�MiS h \�Yzu�MWV Q3P9u3S d Y
\ l Y9\�V M^N�P c s cO�Wc f h ]9u�MWY s�NTP MWV � Y/MWV/u c   Z g M c M^N c s p s cO� N a N h SUu�\�S d N�¯@s�N�P@P �
a N�s�NTS cOp MWV lªd ]/MO] lXc \�V9\ ¦Dl V d N1S l Y[\ l Y9\�V Q ¦ f lXc S�MWVFu cea�p�� ] ]Xs g MWVF\ l Y/\�V d �Xs�N1SUN�P
� a9a N�P c s cO�Wc f h ]9u�MWY1 !« MWV l s c f p s�M j u�Vªs�N�P Vªu cea�p�� ]r]9P/MWY ¦ n c Sk] l M pUh fi]/Q(] d ]�Sku c
� a9a N�P9_ c s ce�Wc f h ]9u�M ¦ _ MO]6] l M p u�MONTSUnk] c s p s cO� ] a N h SUu�\�S d N�¯�u3P l/c f h � � N l MO]�S h S�] l ]
� S�]XMWV9fWY9u�NTP l MWVF\ l Y9\�VFu3P l/c d MiS d Y� 
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MON�P s�fWN/¤ a Y9\�]/MON�_ � V a ] � Y MONTP�s j _ l ] h�p l NTP l h1lXj u�M ¦ _ c hkd ] p f j _6NTS lX¦ec _[MiS�\ ¦ _
u�MONTP/_ c s ce�ic f h ]9u�M ¦ _�s�N�P*MiSU_ � V/MW� lXc  ;Z�NF\�N l M ¦ea N*MWV9_�u3P l/¦ s c S�]9_�MWV9_�\ l Y9\�V9_ d ]�S
MON6s�f j M g�d N a9a N�MWV9_�u�P l N/nkY/_ MWV9_ a ] l �(� l N�P9u�]9_G\ l Y9\�V9_ cOp l ]�S�N1S � P9N�u�V9\�] l MiS dT¦ _
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 ��2 ��1�2&� � �"� 1 �
2 � memory consistency model� d ]X�(N�f p �Wc S�s g M c MO] MWfWN�s�N�s�NTS¥V9\ ¦ l ] �WcO� N�\ ¦Dl ]
s�f ¦ s c S l ] c^p l ]9S c \�Q3] l Yru c � a9a N�P9_ c s ce�Wc f h ]9u�M ¦ _ �1c lio MON �	��� �����"�	6�6+�0��1%23��� ��� �
�3�%2 ��1%2�6"� ��(�� ��� ���%��2 � � �"� 1%2 � cache coherence protocol� d ]X�(N�f p �Wc S�s�N1S c _�MiS�\ ¦ _
s�f ¦ s c S l ] c^p l ]9S c \�Q(] l/cOp _�u c � a9a N�P9_ c s cO�Wc f h ]9u�M ¦ _ � �  � 
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cess)
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M^]R] l M p u�MON1SUnk]6s�f j M g�d N a9a ] c S l ]9S(M^N write-invalidate

d ]�S(MON write-update   ¢ d �
M g _b]/s g MiSU_t] l P/s g \�N lXc _ eager-invalidate

d ]�S eager-update
��¦ nkN�P l s�fWN/MO]X� c^pTd ]9S
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 snoopy protocols � d ]9S;s�f j M g�d N a �
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 directory-based protocols �   « MiS¥_ d ]XM^] lXc \�V9\ ¦Dl/c _
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s�]/fi]/\ ¦ MWf j�l � s�]9f ¦ n�N l M^]9_�u�MON l s�fWN h fW]9\�\�]/MiSUu�MWYzu�P l ]9fMWY9u c SU_ c sTS d N1S lXj�l/p ]/_ h S�]
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��$�5)-=+ (*�*"��A+ 62E@��5 (*6:�;',!<L<- ��6 3)-G5 6 $0%&')-=+F/�!��
task migration � V_5

�*"��AE ' "�6 $�+RD*')(�BAL�!�62+ ��5 (*6 �2'<9NE !�5)-G5 ��5)�]3<"���62$0%&')-=E '<�J3<"���D)��%G+Q-G(*��U\(*')^,E�(*6K��5�!
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( (*8OWX�AI����1"���3K��$�5)-=+ (*�*"��N+F6;E&�;�
JIAJIA

%G+ ' �;����$���!��*"�$,�,%&$�')(*(*'<�,+Q-G(*�MBA$�� %
�N��!P62E !�'*+0')3<�2�<��$���!��*"�$���%&$�')(*(*'<�,+Q-G(*���YB�')-=+.-G(*8O!��A� -=6 -G3<%�%&8O!�6;+ 6 ���

affinity-based

self scheduling � S

� � ��62+?'�!�'<"*��3)�NWX62E���8:D*���T8:!�' -G� 4 (*'1B�6 D)�,+Q-��;�*"��AE.5)-G5)����5)�
6:"A+F9A�A+ !,��!)EF')�16:"A+F"�8 %
I���3 �?$ 4 - ��5 62+ I,+F9AL %G+ 'H-=3<- � 4 (*'��;'J9A'<�2'�!�62(*5<(*8:!,��!C9A�A+ !,/�!H(<!<5<()/�!CD*��%&+.-G(�+F9A��U
B�')-=+.-G(*8O!,��!�-G6 8 I�$�62�,V,�2'
�*"��NEF'���$�5)-=+ (*�*"��A+Q��U�!P�@�YI,+ ')-G3�!�I�6 �,+R9N�I�ER9A��3<���2�

Myrinet
S
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'<9A��D*��3�WX62E��;� "�$���%�$,'<(*(*'<�,+Q- �,+F9A� (*��!,��8:D*��( ��!�')I,+F9 4 �*)_� 4 �*+$�� %
%�$,L<(*(*'<�;���K9A'*+�+���D)D*'�"*D 4 �,)@� 4 � 1K62I���(*8O!���!-�

Single Program Multiple Data

— SPMD � S.( 6]L�D)D*' D*�,%G+ ' �2� E I,+Q�\"�$��,%&$�')(*(*'a6 9���6:D*6;E �2'*+�-G6]I,+ ')e=��$�6 �,+F9AL I�6 %
I���(*8O!<'Z-��;��3)�KI,+ L)e=��$,��3)�K9A��(�BA��3)��V �?�@$,E.� BA8|BA'*+ 'J!�'Z3<"�L)$���62+ -G3<%&�?$,�,!)+Q-G(*����-G6
6:"AEF"�6 I��C6:!,�2��D 4 �,V&D*��%?� ��5)�#-G��6:�,+F9 4 � '�!�6$#�')$0��5)-=E '<�1�2��! 9A��(�B���!AS

( 9N'��;'�!���( 4 ��5)� 9A�A+ !��<��$�5)-���5)� (<! 4 (*5)� %GE !�6:�;')+X�@� 6 # 4 �0/'1 L�WX6 (*�A+ $�')^��A(*6O!�5
-G6:D�E I�'b8 ��62+�8:!�'�!\9A�A(�B��f�@�[8 I�$�'b9N')+��N+�8 I�$�62�[(*�A+ $�L)^���!,�2'*+P(*6 �2' #�Ub�,D)��! � ��!
9A��(�B���!AS\��6J8O!<',! 9A��(�BA� �A+�'*+ � 4 -G62+Q�J%G+ ' 6O!������C8 I�$,'<�J-G6 D�EFI,6 �J6 #�3<"�5)$�6 �2��U�!,�;')+
�2�*"A+F9AL?V�6:!,/ �N+Y'*+ � 4 -G62+Q�J%G+ 'a6 9������C8 I,$�')�C-G6:D�E I�6 �J6 "A+FeX8 $��A3,! ��5 (*6 �2')e=��$,L[� ��!
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� +Y'<"��)WX5<9A6 3)(*8:!�6 � -=6:D�E I�6 �C()"���$,��U�! !<' BA$,EQ-&9A��!,�;'*+_-G6J(�E 'a'<"�� �,+Q� '<9A��D*��3�WX6 �
9N'��;')-���L)-G62+.� � 9N'���L\�2'\%?!,�@-���L � / � �9A3)$�5 �

invalid � V
(*��!���% ',!<L�%?!,�@-=5<� �
read-

only � 4 '�!�L<%?!,�@-G5)�-%#6 %?%&$�')e 4 � � read-write � S � + %�5)$�')-G(*8:!�6 �J'<"��)WX5<9A623)(*8O!�62�
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JIAJIA3<"���- ��5)$,E ^�62+?9A�N+ ! 4 (<! 4 (*5 (*6:%&'<D*U���62$�5 '<"��M��5 e=3)-=+F9 4 (<! 4 (*5 (�E ')�#(*��!��](*5<��'�! 4 ��S���;�
JIAJIA

(�E '�9N�A+ ! 4 -G6:D�E I�'(*8O!�6;+�"�L�!,�;'T9A'*+)-G6Y��D*��3)���2��3)��-��2'�WX(*�AU<��-���5�!TE I,+ '
I�+F62U�WX3�!�-G5C��$ 4 -���5?V '�!�6 #�L)$0��5<�;'C'�"�� �;�H'�!�B�$�EQ-&9A6 �2'*+ "�$��A-&�@$,+ !�L '<"��)WX5<9A623)(*8O!�5
- ��5 D)'�!�W L,!<��3)-G'[(<! 4 (*5 4 (*��!<+ (*'a6:!,�����J8 I,$�')�,S 1 '<��L -G3�!�8:"�6;+F'[I�6:!['<"�'*+ ��6;E �2'*+
(*6 ��L)e=$�')-G5 I,+ 6 3�WXU�!�-=6:��! (*6:�2' #�UMI,+ '<eX��$�6 �,+R9A/�!M-��2'�WX()/�!NS
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"�$,��-Ge=82$�62+Y9�D*62+ I,+ L
locks

V
eX$�L<%&(*'��;'

barriers
9A'*+N(*6:�2',B�D*5<��8 ��3<"�� �A$���3)� �

conditional variables (set, reset,

wait until set) � S
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�?$,5<-X+F(*��"��A+ 62E
UDP/IP

%G+F' ��5�! 6:"A+F9A�A+ !,��!)EF' (*6 �2' #�U7� ��! 9A��(�B���!AV
-=6 -G3�!�I�3)')-G(*�[(*6 �2�aI�+R9N� �2��3 "�$0�Y����9A�,D)D*�`6 "A+F9A�A+ !,��!<E ')�J(*6 BA6|BA'*+R/@-=62+Q�MD 4 ,X5<�"��A3M6 #,'<-=e='<D�EF^,62+&' #,+ �*"A+Q- ��5K9A'*+=-G61-&�@-�� 4 -G6;+ $�LK(*6:�;')e=��$�L?S

�'��� ��� ��� #�� ��� &
	 # 	�� %�� � ��� ��� 		 � 	 ��� 	 & # � ��� 	T����� %��T���
"#��� ��� 	T���T� � ��� % 	 �

JIAJIA

( I�+F6 "�')e 4 (*6�;�,! "�$���%&$�')(*(*'<�,+Q-�� 4 62e=')$�(*��%�/�!*�
Application Programming In-

terface — API � "���3]"�$���-GeX8 $�6;+G�;�
JIAJIA

8:%�9A6;+ �2'*+ -���5�! 9�D 4 -G5M-G3�!�')$0� 4 -G6 ��!
6;E ��6a%G+ ' BA')-=+F9A8 ��V>6;E ��6`%G+ ' "�$��<�N�@$,5<(*8:!�6 �bD*6;+ �2��3)$0%GE 6 �������! S � +PBA')-=+F9A82�\D*6;+ %
�;��3)$0%GE 6 � -G3�!<E.-��2'�!,�;'*+�-���5�!>')$��&+F9A�*"��AER5<-=5NV=��5,! 6:9�9?E !<5<-=5KI�5<D*'<I 4 ��5<�162e=')$�(*��% 4 �-=6 �,D*��3)� �2�A3<�H9A��(�BA��3)��V�- ��5,! 9A'<�;',!<��( 4 9A�A+ ! 4 �[(<! 4 (*5<��V
-���5�!`'<"��*9���5)-G5\9A'*+
��5�!>'<"�6 D)623�WX8 $0�@-=5>9AD)6;+ I,+Q��U 9N')+G-���5�!>6:9A��8:D*6 -G5 9A'�WX��D�+F9A��UMeX$�L<%&(*'��;����S � +?"�$�� %
�?�@$�5)(*8:!�6 � D*62+Q�2��3)$0%GE 6 ��-G3�!<EQ-��;'�!,�2'*+ - ��5 $�U�WX(�+Q-G5 ����5)� (*6:�;',!<L<- ��6 3)-G5)��V �;��3ZI�+ %
'�!�U)-G(*'<�;����6 %�%�$,'<e=/�! 4 ��5)�9A'�WX��D*+F9 4 � (*6 ��L)I���-G5)��� ��! (*5�!�3)(*L<� ��! e=$�L<%&(*'<�2��� � V
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6 #,+Q-=��$�$��*"�5)-G5e=�A$0�,EQ��3 � I,+ ')E $�62-G56 $0%&')-=+F/�! 4 8 D*6:%&������eX��$0�,EQ�A3 � V*-���5��?$ 4 -=5
(*6:�2',B�D*5<�0/�! 3<"��\�A$���3)�C%G+ 'a-G3<%&�?$,�,!)+Q-G(*� ��(*')^,E@(*6M9�D*6;+FI�+FL`%G+F'`-G3�!���� 4	� V�-���5�!
6:9���8 D)62-G5 ',!<'<(*��! 4 ����'�!,�,EQ- �2�A+.�?5[�;��3 e=$�L<%&(*'<�2����VY'�D)D*L �N�@$�EQ�MD*6;+ �2��3)$0%GE 6 �C-=�?6 %
�,+F^,��(*6O!�62�M(*6 ��5H-G3�!��<� 4	� V - ��5 -G3<D)D)��% 4 - �2'<�,+Q- �,+R9A/�!C- �2�A+.�?6;EF��! 4 ��$���!,��! 9A'*+
-G6 9�D 4 -G6;+Q� "���3 (*�A+ L)^���3�! (*6Z��5 I�+F6 "�')e 4 "�6 $�L)-G(*'<�;���H(*5�!�3)(*L<� ��!

MPI
�
Mes-

sage Passing Interface
� ���! � � '<"���-��;�,D 4 V1D 4 ,X5?VT9A'�WX��D�+R9 4 '<"���- �2��D 4 V1(*62EF�@-G5

��(*6 �2'<9NE !�5)-G5 "*D*5)$���eX��$,E ')� (*6:�;' #,U � ��!K'<"��)WX5<9A623��,+F9�/�!K�?/@$0��! � ��! 9A��(�B���!	�NS
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Home migration �
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"�$���-GeX8 $�6;+&"�$��A')+ $�6 �,+F9ALM8:!�'K-��;�A+Q��62+F/@I�5�(*5)�?'�!<+.-G(*�M%G+ 'K��5�! "�$���-G')$ %
(*��-��,+F9 4 '�D)D*'<% 4 8 I�$,'<�K� ��! -G6:D�E I0��!C(<! 4 (*5)�,V��;��!C��"��AEQ� 9A'*+ B�6 D)�,+R/@-='<(*6,SM��U)(*%
eG��!�'#(*6�')3�����!AV*�A+A-G6:D�E I�62��"��A3 6:%�%&$�L)e=��!,�;')+)(*��!�� '<"��>8:!�'�!6 "�6 #�62$0%&'<- � 4 (*6:�;' #,U
I�U)� e=$�'<%&(*L<� ��! (*6:�;',!<'<- ��6 U)��3�!C-��2� (*��!�')I,+F9A�`'<3<���[6:%�%&$�')e=82'?S � (*5)��'�!<+Q-G(*���
'<3<�����C6:!�6 $�%���"��A+ 62E �;')+�(*6:��L[��5�!['<$,��+F9A��"��AE.5)-G5\� ��! 9A�A+ !,/�!aI�6 I,��(*8O!,��!NV_/@-���6��
'<$,��+F9A��"��A+.5<� 4 �!�' (*5 %&E !�6;+�8 I�$,' ��D)��!7� ��! -G6:D�E I0��!AS ( 6
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(*� (*6;+F/�!�6:�;')+�5 (*6:�;'�9?E !<5<-=5CI,+ '<eX��$0/�!C9A'*+��N+�6:"A+ I��A-G62+Q� BA6:D)�,+F/�!���!,�2'*+ S � "A+F"*D*8 ��!
6 #�'<D*62E e=6 �2'*+&�;�Ce='*+ !���(*6:!��J��5)� "�$���'<"���- �2��D 4 �>I�6 I,��(*8O!,��!NV=(*6#��5�!K8O!�!��N+F']�<�,+=I,6O!
3�"�L)$���6;+A5 '�!�L<%?9N57%G+ '>8:!�'�!76:%�%&$�')e=82' "���3 I�6O!76;E !�'*+A82I�$�'7!�'>- ��62EFD*62+��,+Q��I�+F')eX��$�8 �
(�EF')�T��$��*"��*"��A+R5)(*8O!�5)�1-G6:D�E I�')�T- ��5�!78 I�$�'>��5)�,VN6 L�!7')3����A�
"�$��*9N62+ �;')+�!�' %GE !�62+?57!�8 '
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�2'Z(*6M(*6:%&L<D)62�K��(*L)I�62�MI,+ ')(*�A+ $�')^���(*6:!,��!ZI�6 I,��(*8O!,��! 9N')+ (*6 eX$�L<%�(*'<�;' �@� 9AU)$,+ '
(*8OWX��I,�]-=3�%&��$���!<+Q-=(*��U?S
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()"���$,62EG!�'M��$�5)-=+ (*�*"��A+R5�WX62EX8O!�'�I,+ L�!�3)-G(*'K6:%�%&$�')eG/�! %G+ 'K!<'K(*62+F/@-G6;+
�;� (*8:%&6:WX����� ��!T(*5�!�3)(*L<� ��!
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-=6:D�E I�')�,V&(*6:�;')e=8 $,�,!��2'*+&(*��!��]�2' ��( 4 (*'<�2' ��5)�1"���3M8 ����3�! ��$��*"��*"��A+R5�WX62EX-G61-G��8 -G5
(*6T��5�!7"�'<D)'*+ �<��6 $�' (*6 �2')e=62$�(*8O!�5 -G6 D�EFI,'NS ( "�')$�'<"�L�!,� "�$�'<9��,+F9 4 D*62+ �;��3)$0%&62E�9N'�D*L
%G+ 'C'<9A'�!���!<+Q- �2'J"�$��<B�D 4 (*'<�2'J(*6>(�+F9A$,8 � ��(*L)I�62� I�+F')(*�A+ $�')^��A(*6O!,��! I�62I���(*8O!���!�9A'*+
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eX8 $�6;+ 6:"AE.-G5)�K8O!�' "�$���-G')$�(*��- �,+F9A�[-G� 4 (*'C'�!<E.�A!<6 3)-G5)�K6:%�%&$�')eG/�!J"���3H(*62+F/�!�62+��2'
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Broadcast barrier
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V ')e=��UC��D*�A+ �A+ 9N��(�BA�A+ e&W L<-=��3�!�-G678:!�'Je=$�L<%&(*'J�HI�+F')��62+ $,+.-�� 4 � -���8:D<!�6;+
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Ethernet
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3�"���D*�,%G+Q- �,+F9A��UJ��$���!���3 � S
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!#"%$ &('*),+.-0/1+ 23'54 6,798#:<;='*->'54 -@?BA*/1CED<F )GFEH5)I'54
-J2LKM4 -ONG-J29PGCQ?R4 NS6,8LAT89UVKW-X2E:YF

Z'�\[.�\[ ! % � �^] � �`_ 	 � 	 � 	 � � � � � � � � � � � � #  �`a � % 	 % & 	 � � � 	 � �
� � � 	Y�Ba # � ���T�  ��� ��� 	�� %

c
' BA'<-X+R9NL ��'<$,'�9A��5<$�+Q-��,+F9AL �2��! (*6:�2' %r3<"��,D*��%&+.-��,+F9�/�! "�6 $,+.BA'<D)D)��!,�2��! �
meta -

computing environments � V_I,5�D*')I 4 5 6:��6 $,�,%&8O!<62+ '?V@5 (*6 �2',B�D*5����<��5<�2'Z� ��!Z"��A$ %
��!AV_5 9A'<�;',!<��( 4 9A'*+Y5 (*5a'<"��*9AD)6;+Q-��,+F9 4 ��$ 4 -G5 (*62+F/�!���3�![%&6O!<+F9AL ��5�! '<"���I���-G5
� ��!H62e=')$�(*��%?/�!H9A'*+ 9N',W +Q-��;��U�!Z�2' -G3)-�� 4 (*'<�2' ')3<��L -G3�! 4 W=�@�KD�+ %&�<��6 $��`'�"��<��6 %
D)62-G(*'<�,+F9ALK'<"��]�2��3)� "���D*3)6:"�6 #,6 $0%&')-���82� �cb d! S +�$���9A62+ (*8O!<��3�8:!�'K��8 �2�A+.�C-GU)-���5)(*'
e - ��5,!
"�$,�*9A62+ (*8:!�51"�6 $,EF"*�2�@-G51(�+F'1-G3)- ��L<I,'T3<"��,D*��%G+Q-��0/�! e !�'1(*6 %&+.-��2��"��A+ 62E)��5�!
'�"��AI���- 4 �;��3?VXW 'J"�$�8:"�6;+X!�'C()"���$�6;E !�'J"�$���-='<$,(*��^�6:�;'*+ ����-G�H-��2�A3<� I,+ '�WX82-=+ (*��3)�
3�"���D*�,%G+Q- �,+F9A��U)�]"���$���3)��V ��-=�[9A'*+ - �,+Q�K6:%�%&6O!<62EQ�]3<"��,D*��%&+.-��,+F9A8 �]9A'*+ 6:"A+F9A�A+ !,��!<+'%
'�9N8 � '<"�'*+ � 4 -G62+.�#��5)�#6:9AL)-��;�<��662e=')$�(*��% 4 � � ��f  S

� �
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( "�$���-G')$�(*��% 4 -��;��3)�PI,+ ',W 8 -=+ (*��3)�P3<"��,D*��%G+Q-��,+F9A��U)�T"���$���3)� e /@-���6@!�' 6 #,'<-�%
eX'<D*E ^�6 �2'*+�3 ,X5�D 4 6 9A(*6:��L<D)D*6 3)-G5C')3<�0/�! e ()"���$�6;E !�'Z6:"A+ ��623<�NWX6;E (*6 ��5��������
	�����
	����������������
��������� � ���!�#"$�&%

dynamic task migration ' S�( 6YB�L)-G5���5�D)6 "*���<��5��;'T�;��3
9N'��;')(*6 $,+Q-=(*��U �

granularity � ()"���$���U)(*6 !�'T�N�@$�EQ-G��3)(*6��,+Q�@(*82��$,+��0/@$�'P"�$,��-&"�L�WX62+ 62�
- �2��! �2��(*82'M')3<����-G6��$�6;+Q�#9A'<��5<%&��$,E 6 � � ��(! �/

•
� "A+F"�8 I,��3 BA$��<����3��

loop-level � VG�*"���3�8 ����3)(*6#(*6:�;'�9?E !<5<-=5 BA$����?��!AS

•
� "A+F"�6 I,��3 ! 4 (*'<�2�A� � thread-level � V=�*"��A3M8 ����3)(*6#(*6 �2'�!�L)-���623<-=57!<5<(*L<�2��!AS

•
� "A+F"�8 I,��3fI,+ 62$0%&'<-XEF')� �

process-level � V>�*"���3 8 ����3)(*6[(*6:�2'�!�L)- ��6 3)-G5 I,+ 6 $ %
%&')-=+F/�!AS

c
'T(*6:�;'�!�')-���6 3<�,+F9ALP-G� 4 (*'<�2'
6 "A+F"�8 I���3PBA$�������3�9A'*+�! 4 (*'<�;���@��$�5)-=+ (*�*"��A+Q�AU,!��2'*+
623)$�8:�@�K-=6 "�6 $,+.BAL<D)D)��!,�;' 9A�N+ ! 4 ��(<! 4 (*5)�,V �*"*�@���N+�"���D*3<6 "�6 #�62$0%&')-���8 �M9A�A+ ! 4 �M(*%
! 4 (*5)��9A'*+��2'7-=3<- � 4 (*'��;'9A'<�2'�!�6 (*5)(*8:!�5)��9A�A+ ! 4 �T(<! 4 (*5)��D*�,%G+Q-=(�+R9N��U?S ( (*6:�;',!<L<-�%
��623)-G5�62$0%&')-=+F/�!6:"A+F"�82I���3 I,+ 62$0%&'<-XEF')�P3*+Q�)W 6:��62EQ�2'*+*-G6_"�6 $,+.BAL<D<D*��!,�;'19A�A+ ! 4 �P(<! 4 (*5 %��VN'<D)D*L "A+Q��-G3)�N!�L7-G6
"�6 $,+.BAL<D<D*��!,�;'7"�62$�L)-G(*'<�2����(*5,!<3<(*L<�2��!AVA�*"*�@���2'>9A'<�2'�!�62(*5�%
(*8:!�'P-G3)-�� 4 (*'<�2' � �*"���3T�N+0I�U)�T"�$�/Y�2�A+���U�"��N+0(*6:�;'�9?+ ! 4 -=6:��!�I,6O!P'�"��AI,E I���3�!
-G3�! 4 W=�@�
+ I,+ '*E ��62$�'19A'<D*L � 9A'*+)�A+)(*')^,+F9AL"�')$�L<D)D)5<D*�A+<6:"�6$#�6 $�%�')- ��8 � �

massively parallel pro-

cessors — MPPs � S

( -=3,! 4 W 5<�]'�!,�,+ (*6:�0/Y"A+Q-=5[�2��3["�$��)B*D 4 (*'<�2���J��5)�J(*6:�;'�!�L)-���6 3)-G5)��8 $0%&��3 � 4'<D)D�+F/@�]62$0%&')-=+F/�! e �
tasks �,� V@����-G� -G6]6:"AEF"�6 I,�aBA$��<����3?V���-=�`9A'*+Y-=6�6 "AER"�62I��

! 4 (*'<�;���M82�?6;+ �@-�����-G�[�;�a6 # 4 �](*62+.�,!<8:9���5)(*' / �eX��$�L[(*��!�� �2�[��( 4 (*'H�2��3H9�/@I,+'%
9N'M"���3J6 9���6:D*62EX9AL<"��A+.�,!J3<"��,D*��%&+.-G(*�&V '<%N!<�*/�!,�2')�>�2']I�6 I,��(*8O!�']"���3J'�!�')e=82$���!,�2'*+
- �2��! 3<"���D*�,%G+Q-G(*�C')3<���&S � � ��-=+&�<�2'�! (�+F'M6 $0%&')-=E ' (*6:�;',!<'<- ��6 U)62+�'<"��]8O!�'�! 6:"�6$#�6 $ %
%&')-�� 4 -G6�8O!�'�! L<D<D*� �2'>I�6 I,��(*8O!�'7"���37')3<� 4 ��$�5)-=+ (*�*"��N+F6;EA(*8:!���3�! -��;�,!#"�$��A5�%&��U %
(*6:!��a6 "�6 #�62$0%&'<- � 4 S 17'���L -G3�!�8 "�62+ '[� !�82���J6:"�6 #,6 $0%&')-�� 4 �]62E !�'*+ ',!<'�%�9A')-G(*8:!����
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!�'C"�$���-G"�6:D*')U,!<62+ '<"���(*'<9A$�3)-G(*8:!�' I�62I���(*8:!�' �<�2'�!C6:9���6 D)6;E ��5�!]62$0%&')-=E 'C9A'*+ "�$�� %
e='�!,/@�#��L�!�6:�;')+&�2�]��e=6 D)�A�#��5)�#(*6:�2'�!�L)- ��6 3)-G5)�T��5)�#62$0%&'<-XEF')��V&5 9A'*+&��62+ $��<��6 $,6 U)62+
'�9N��(*5>5 '<"���I���-=5NS � � ��-=+?62E !�'*+A-G9A�*"A+ (*� !�' 6:"�'�!�'<"�$���-=I,+Q��$,E.-G��3)(*6
�;�K8 $0%&���

task � V�@�>L�WX$��N+Q-G(*']I�U)�C3�"��A8 $0%���!��
subtasks � V �2']�*"��AE ']WX'](*6:�;',!<'<- ��6 U)��3�!K(*')^,E /��;��3

3�"��A8 $0%&��3 3<"���D*�,%G+Q-G(*�AU 9A'*+��2��3 3<"���82$0%&��3 I�62I���(*8O!���!�� � (! S c
� 3<"���8 $�%�� 3<" %
�,D*��%&+.-G(*��U '�!�')e=82$�6:�;'*+X- �2�C��( 4 (*']�2�A3�"�$,��� 6:9���8 D*6 -G5�9�/@I,+F9A'?V�6O!�/g�2�Z3<"���82$0%&�
I�6 I��A(*8O!,��!T'�!�')e=82$�6:�;'*+0-��,+Q�@D)6;+ �2�A3<$�%&E 62�_"�$��A-?BA'<-=5<�@� ��!
I�6 I,��(*8O!,��!P"���3
BA$,EQ-&9N�,!�%
�2'*+1-���5 (<! 4 (*5?S ��3<%?9N6:9A$,+ (*8:!�'g%G+ ' �2'g-G3)-�� 4 (*'<�2'f9A'<�2'�!�62(*5<(*8:!�5)� 9A�A+ ! 4 � (*%
! 4 (*5<��V1-��2' ��"��AE ' �A+T3<"��,D*��%&+.-G(*�AET%&E !���!,�;'*+P"���D)Uf"A+Q� %&$ 4 %��A$�'f'<"�� �,+Q� "�$���-�%
B�L)-G6;+Q�1-���5 (<! 4 (*5?VN5 -=5<(*')-=E ' �2�A3K3<"���8 $0%&��3MI�6 I��A(*8O!,��! 62E !�'*+&+ I,+ '*E ��6 $�'M'<3 #�5)(*8:! %
5NS]c
�

JIAJIA
"�$���-GeX8 $�6;+ I,3,!<'<(�+F9 4 (*6:�;'�!�L)-���6 3)-G5C62$0%&')-=+F/�!C6 "A+F"�8 I���3ZBA$��<����3

(*8 -&� ��5)�[6O!<6 $0%&�*"��AER5)-G5)�[��5<�[6$#,+Q-G��$,$��*"�5)-G5)� e=��$��,EQ��3?S���')(�BAL,!<62+�"�L�!,� �@� 3<" �
� ,X+ !K�2�A3�- ��5M(*6:�;'�!�L)-���6 3)-G5 9N')+X�;�C3�"��A8 $0%&� I�62I���(*8:!,��!AVX')eX��UM�A+ '<"��*9�D*6;+Q-��,+F9AL
6:%�%&$�')e=��(*6:!�6 � -=6:D�E I�6 ��V&�A+&�*"��AE 62�762E !�'*+�9?+G6:9N62E !�6 �1"��A3M-G3)(*(*6:��6;EQ��'�! -��;��! 3<"��,D*� %
%&+.-G(*�&VG(*6:�;'�!�')-���6 U)��3�! -G616:9A6;E !<��3)� �2�A3<�7-��2'�WX(*�AU<�1"��A3K�,+Q� ��$�5)-=+ (*�*"��NE.5)-G'�!AS

��"��M�2'>"�')$�'<"�L,!��b-=3,!<L�%&6 �2'*+A�<�,+?62E !�'*+?6:"A+QWX3)(*5<��� !�'>�2'<9��2��"��A+Q��U)(*618:��-=+NI,+ 6 $ %
%�')-=E 62��� 4 ! 4 (*'<�;' -G6[8O!�' "���D*3�!�5)(*'��,+F9A� "�6 $�+QBAL<D)D*�,! � 9A'*+
-G6 D*E I�62� (<! 4 (*5)�,V�/ %
-���6 9NL,W 67I,+ 6 $�%�')-=E ' � 4 ! 4 (*' � !�'MBA$,EQ-&9A6 �2'*+ -��;��!]E I,+Q�H9A��(�BA�Z(*67�,+Q� -G6:D�E I�6 � "���3
"�$���-&"�6 D)')U�!�6;+ "A+Q�[-G3)�N!�L � � �  S c
� -GU�!��,D*�[')3<�0/�!�� ��! -G6 D�EFI���!]�;� ��!��A(*L<^,��3)(*6
�������
	�� � � � ��������� �� 	�� � 	 �� %

memory affinity set' (�+ '<�7I,+ 6 $0%&')-=E ')� � 4 6O!��A�#! 4 %(*'��;��� � S.(�I,+ '<� 4 $,5<-=5 ��5)� -G3<%�%�8:!�62+ ')� I,+ 62$0%&'<-X+R/�!*� 4 !�5)(*L<� ��! � 9A'*+G(<! 4 (*5)� 6;E !<')+
-G5)(*',!��,+R9 4 V)/@- ��6Y!�'#'<"���eX6 U<%&�,!��2'*+*�A+��<��$,e='�!�8 � �#-G6 D�EFI,6 ��9A'*+*�A+*'<"���(*'<9A$,3<-=(*8O!�62�
"�$���-?BAL)-G62+.� (<! 4 (*5)� � ���! S

( "�'<$,'�"�L�!,� '<"�'*E ��5)-G5 ��()�@�162E !�'*+?-G5)(*'�!,�,+F9 4 '�9N��(*5 9A'*+?%&+ ' "�6 $�+R"*�0/@-=62+Q�1"���3
I�6#(*')�#'�"�')-G����D*62EG5�(*6:�;',!<L<- ��6 3)-G5 6 $�%�')-=+F/�! 9A'*+G5 B�6 D)�,ER�@- 4 ��5)�,S +$�'<9��,+F9AL?VG�A+
-G6:D�E I�6 �J(<! 4 (*5)�]�2�*"��*WX6:�;��U�!,�2'*+@-=3,! 4 WX�@��6;E ��6J-��2��! 9A��(�BA�`"��A3[WX'[�,+Q�C^�5<� 4 -G6;+"�$0/Y�2����V=6;E ��6 -��;��! 9N��(�BA�J"���3M9N',W ��$,E ^�62+X5M62e=')$�(*��% 4 $�5<��LK(*82-G'K'<"��J��5�! 9�D 4 -=5� ��! -G3�!�')$0� 4 -G6:��! 9A'<�2'�!���( 4 � (<! 4 (*5)��S ����5�! "�6 $�ER"*�2�@-G5 "���3`9AL�WX6J-G6:D�E I�'aI,6O!
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82��62+ (�+ 'C-G3<%�9A6:9A$�+F(*8:!�5?V -��2'�WX62$ 4 8 I�$�' �
home � �2�H-GU)-���5)(*'M6;E !�'*+ "A+Q�H623<"�$���-GL)$ %

(*�A-��2� - �,+Q�Z3<"���D*�,%G+Q- �,+R9N8 � 9A'*+_6 "A+F9A�A+ !,��!<+ '<9A8 � '<"�'*+ � 4 -G6;+Q� �2��!`6 e=')$�(*��%�/�!AVP�A+
��"��AE 6 � ()"���$�6;E (*L<D�+Q-��;'M!<'C(*6:�2',BAL<D)D)��!,�;'*+G9A'<��LJ��5JI,+ L)$09A6;+F' ��5<� 6:9A��8:D*6 - 4 � �2�A3�%
��S +�$,�<BAL�D)D*62+�-G3�!�6 "*/@�Z5 ',!<L�%�9A5`%G+F'b(*6 �2'�!�L)-���623<-=5 I�6 I��A(*8O!,��!AVPL)$�'\9A'*+@%G+ '
� ������	 ���� 	 ����������� � �
����� ��� 	 � ���$� 	�� � 	$�  %

dynamic page migration' V 4 '<D %
D�+F/@� %G+ '�� � ��"�� ����� � � 	 � ��� � 	�� � 	$�  %

page forwarding' - �2��3)� -��;'�WX(*��U)� (�+F')�
-=3<- ��L)I�')��3<"���D)��%G+Q-��0/�! "���3a�,+Q�C��$�5)-=+ (*�*"��A+Q��U�! "�6 $�+Q-G-G�<��6 $,�`9AL�WX6]-��,+Q%�( 4 V@/ %
- ��6 !<'Z(*62+F/�!���!,�;'*+��A+ '�"��A(*'�9N$�3)-G(*8O!�62� 9A'*+�')$0%&82� D*�,%�� I,+ '<-=3,!<I�6:�,+F9A��UHI,+F9���U)��3
"�$,��-?BAL)-G62+Q� (<! 4 (*5)��S ( I�3�!�')(�+F9 4 (*6:�;'�!�L)-���6 3)-G5]-G6 D*E I0��!J6O!,��6;E !�62+ ��5�!J'�9N$,E.B�6;+ 'NV
��5�! 6:"A+F9A'*+ $��<��5<�2'?V?��5,!7623)6:D�+�#,E 'NVN��5�!76:�2�N+F(*�<��5<�2' '<"��*9A$,+.-G5)�-=6P'�D)D*'<%&8 �
9N'���L>��5�!
6 9���8:D*62-G5 9A'*+G��5�! "�$���-G')$�(*�A-��,+F9A�<��5<�2' �2��! -=3<- ��5)(*L��2��! � � b  S

��9A�A(*5K9A'*+X-G618O!�'�'<eX��-=+F�@(*8O!<��"�62$,+.BAL�D)D*��! 5�(*6:�;',!<L<- ��6 3)-G5 -G6 D*E I0��!K()"���$,62E
!<' BA6:D)�,+F/@-G62+
��5,!b�2��"A+R9N����5<�;'f�2��!b"�$,��-?BAL)-G6:��! -���5 (<! 4 (*5 �2��3 -G3)-�� 4 (*'<�2����S17'���L�-G3�!�8:"�6;+ '�()"���$,62E=!�'](*62+F/@-G62+X9A'*+ -G6#8:!�']��8:�2�N+Q�C"�6 $�+QBAL<D)D*�,!M-=5<(*'�!,�,+F9AL���5�!
"�')$�'<%��Y% 4 I,+ ')e=��$0/�!19A'*+*I,+ I�U)()��!%&+ '#��5#I,5<(�+.��3)$0%GEF'7'<3<�0/�!AV*(�+ ')��9A'*+*�A+*6 %�%�$,'<eX8 �
-=6��;�*"A+F9A8 � � 6O!,�����H8 I�$,'<� � -G6 D�EFI,6 � I�6:! "�'<$,L�%&��3�!a�,EF"��<�2'\'�"�� �;'a"�')$�'<"�L�!,��-=6
-=3<- � 4 (*'��;'ZB�')-=+.-G(*8O!�' -=6]82I�$�62�,S�+$���eX',!�/@�]BA6:D)�,+F/�!�6:�;')+@8:��-=+Y5`'�"��AI���-G5 �;��3
-=3<- � 4 (*'��;����S

Z��\[.� � 	 � 	 � � � � 	 � � � � � � � � � � � � #  �`a � % 	 % & 	 � � � � � � � �H	 _ ]� �

 ��T� ����� 	 � % � � # � a � # �

� +)9A'<�2'�!�62(*5<(*8:!�6 ��9N�A+ !�8 ��(<! 4 (*6 ��D*�,%G+Q-=(�+R9N��U>- �,+Q�P�*"��AE 62�
9AL�WX6�9A�A+ ! 4 -G6:D�E I�' 82��62+
8:!�'�!J-=3�%�9A6 9A$,+ (*8O!<� -��2'�WX(*�H�@�K82I�$�'Z'<"��<��6:D*��U�! (�E ' '<"*D 4 V '�"��<��6 D)62-G(*'<�,+F9 4 9A'*+
9AD*+ (*'<9�/@-=+ (*5ZD)U)-G5 � � �  S]��6M8O!�'Z"�$0�Y���*9A��D)D)�HBA')-=+Q-=(*8O!��[-G6 82I�$�6 ��V 9NL,W 6 9A�A+ ! 4-=6:D�E I�' 8 ��6;+�(�E '#"�$���-=I,+Q��$,+.-G(*8O!�5 8 I,$�'?V�-���5�!1��"��AE '76:9A"�8 ()"���!,�2'*+N�,D*62�
�A+�6 %�%�$,'<eX8 �
��5)�79A'*+X'<"��C��5�!M�*"��NEF'J"�')$�L<%&��!,�2'*+ ��D)']�;'�'�!,�,E %&$�')eXLM��5)��S��678:!�'�"�$0�Y���*9A��D)D)�
"���D)D*'�"*D)/�!`6 %?%&$�')eX8:��!`"���3 3<D*�*"��A+ 62E�8:!�'\��'<D*')$�� (*��!,��8:D*� -G3�!�8 "�62+ ')�Z(<! 4 (*5)��V
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�A+_I�+F')eX��$�8 �Z"���3`I,5<(�+.��3)$0% 4 W 5�9N',!`-=6]8:!�'`I�+FL)- ��5<(*'`-G3<%���$���!<+.-G(*��U`- ��8:D<!���!,�;')+
-��,+Q�#'�!,�,EQ- �2�A+.�?62� 8 I,$�6 �#- �2����8:D*���1�2�A3KI,+ ')-�� 4 (*'<�2���1')3<�2��U?SYc
'K6 9������ 82I�$�')�#'�! %
�,E %&$�')e=' '�9N3<$�/�!���!,�2'*+ -���5�!J6 "���(*6O!<5ZD*62+Q�2��3)$0%GE 'H'<"��*9A��5<-=5<�M9�D*62+ I,+Q�AU ')(*�A+.BA'*EQ��3
'�"���9�D*62+Q-G(*�AUNV�-=U<(*e=��!�'1(*6_�,+.��'<"�'*+ � 4 -G6;+Q���2��3 (*��!,��8 D*��31-G3�!�8:"�6;+F')��(<! 4 (*5)�,SY��3<% %
9A$,+ !���(*6:!��C(*618O!�'K-=� 4 (*' ��$�%�L�!,�@-=5<�#(<! 4 (*5)�#�?�@$,EQ�78 I�$�62� � �*"*�@�#%G+ 'K"�')$�L)I�62+Q%�(*'
'<3<���H��5)� -G3�!�8:"�6;+F')�K')I�$,',!<��U)�K'<"�6:D*6 3�WX82$0�@-G5)� � V �2�ZBA')-=+Q-G(*8:!��H-=6 82I�$�62�K-G� 4 (*'8 ��62+=(*6 $,+F9AL B�')-=+F9ALK"*D)62��!�6:9�� 4 (*'<�2' /

•
� � �2'�![-=3<(�BA6;E�-Ge=L<D*(*' -G6:D�E I�')��V�'<"�'*+ ��62E �;'*+@(*��!��b8O!�'`�2' #,E I,+_(*6]6 "A+Q-���$,��e 4(*82��$,+���5,!8 I�$�'1(�+ ')��-G6:D�E I�')�_%G+ '�!�'1'<"��*9�� 4 -G62+�9AL<"��A+.���
-��;'�WX(*���_'�!,�,EQ%�$,'<eX�
��5)��S

•
� + 6 %?%&$�')eX8 �]-G6K-G6 D*E I�62��6:!,�����J8 I,$�')�MI�6:!Z"�')$�L<%��A3,! I,E I�3)(*6 �]-G6:D�E I�6 ��9A'*+
I�+F')eX��$�8 ��S

•
� +?I,+ ')e=�A$�8 �16 eX')$�(*��^���!,�;')+�- ��5�!78 I�$�' (�E ' e=�A$�L (*'<^�+R9NL>9N')+�5 6 "AEFI,$�')-G5 ��5<�
(*��D*3�!�-G5)�1��5)�#D*',!,WXL�!���3)-G')�1(<! 4 (*5<�#6;E !�'*+G')(*6:D*5<��8 '?S

•
� +AI,+ ')e=��$�82�
-���8 D<!���!,�2'*+*- ��5,!18 I�$,' "�$��)W 3<(*'7-��2� 6:"��A(*6O!�� -G5)(*62E.� -=3�%&��$�� %
!)+Q-G(*��UZ9A'*+ 8 ��-=+ 9A'<�;',!<'�D)/�!�6 �2'*+ "���D)D 4 D�+ %&�<��6 $�5 (<! 4 (*5C9A'*+ 6 #�'<D*62E e=6 �2'*+�5
'�!�L<%�9A5 %G+ 'M-=3�D)D*��% 4 '�"��A$�$,+ (*(*L<� ��!AS

•
1K6:!K3�"�L)$���6;+�"�$��<B�D*5)(*'K-G3)-G-&/@$�623)-G5)�I�+F')eX��$0/�!AS

•
� � !�'H6 9������]8 I�$,'<�]'�!,�,E %&$�')e=� (�+ ')�]-G6:D�E I�')�K()"���$�6;E !�'H'�!,�,+F9A'<�;'<- �2'�WX6;E 9A'*+
�N+�I�+F')eX��$�8 �Z!�' 6 eX'<$,(*��-�WX��U�!`- �2� 6O!������H82I�$�')� ',!��,E %&$�')e=�&V
'�!`5\�2�*"A+F9 4(<! 4 (*5 I�6:!76:"�')$09A6;EA"*D*82�,!NV?6:!,/ -G6
L<D)D)62�T')$��&+ ��6 9��2��!<+F9A82�1"�$�8:"�6;+�!<' 3<"�L)$���62+
(*5)��'�!<+Q-G(*�A� 6$#�')-Ge=L<D�+Q-G5)� �<�,+ �2� ��6 D*6 3<�2'*EQ� '�!,�,EQ%�$,'<eX�H(�+ ')� -G6:D�E I�')� I�6 W '
'�!,�,+F9A'<�;'<- �2'�WX6;E S

•
� '<D)%&��$,+QWX(*���['�!,�,+F9A'<��L<- �2')-G5)�Z-=6:D�E I0��!a��5)�ZD*'�!�WXL�!���3)-G')�H(<! 4 (*5<� 62E !�'*+
62U<9A�,D*���>-���5�! 3<D*�*"��AER5)-G5?S ( 9A'<��L)-��;'<-=5 -G3�!���� 4 � 6;E !<')+G'�"*D 4 S
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�"��K��5�! L�D)D*5?VN(*62$,+F9ALK6O! I�3�!�L)(*62+�(*6;+Q��!�6:9�� 4 (*'<�2' �;��3>BA')-=+Q-G(*8:!���3 -G6�8 I�$�62�#-G� 4 %(*'<�;��� 62E !�'*+�9N')+G�2'�6 # 4 �0/

•
� � D*5 5�-G6:D�E I�'K(*6 �2')e=82$�6:�;')+G-G6"�6 $,EF"*� �@-=5 "���3M-=3<(�BA6;E&-Ge=L<D*(*' -G6 D*E I�')��S

•
� +�6 "A+FI,��-G62+.� 6 #�')$0�0/�!��2'*+�-G6(*6:%&L<D)�KBA'�WX(*�M'<"��K��5�! 9A'<�2'�!���( 4 �2��! 62I�$0/�!AS

c
� ��6 D*6 3<�2'*EQ� ��')$�'<9���5)$,+Q- �,+R9N� � ��!BA'<-X+Q-G(*8O!���!#-=6P8 I�$�62�
9A'<�;',!<6 (*5)(*8O!,��!#9A�N+ !�/�!
(<!<5<()/�!bD*�,%G+Q-=(�+R9N��U 6;E !�'*+T+ I,+ '*E ��6 $�' -G5)(*'�!,�,+F9A�&S 17'�D*82� 6:"A+ I���-G6;+Q� ',!<'<(*8:!���!,�2'*+
(*��!�� �<�2'�! �A+
82I�$�6 �[�2��!b-=6:D�E I0��!b6;E !�'*+�9A'<D*L I,+ '<(*�N+F$,'<-=(*8O!�62�,V/@-���6 �A+P"�62$,+Q-&%
-=����62$�6 ��"�$���-�B�L)-G6;+Q��9AL�WX6�6:"�6 #,6 $0%&')-�� 4 !�'%GE !���!,�2'*+)��6 D*+F9AL16:!,�����P8 I,$�')�,S � + I�L<D)D %
�@�15 "�')$�'<%��Y% 4 9A'*+&6 eX'<$,(*�,% 4 I,+ ')e=��$�/�! '�!�3<"���(*��!�' 9A'<��L ��5�!>'<"�6:D*623,W 8 $0�@-G5 9 %
D*6;+FI�+R/�!'<(*�N+QBA'*EQ��3#'<"��*9AD)6;+Q-G(*��U E.-&�@��6;+Q-GL<%&62+�"���D)U1"�62$,+Q-G-=����62$�� 6 "A+R"*D*82�,!�9A��-��;���
'<"��J��5�! "�')$�'<%?�Y% 4 9A'*+G��5�!M6 eX')$�(*�,% 4 '<3<�0/�!K')$0%&�<��6 $�'?V=�<�2'�!M-G3)(�BA��U�!K-Ge=L<D*(*' %
�;'J-G6:D�E I�')�,V �*"*�@� -G3)(�BA')E !�6;+=- ��5�-=3,!<8:"�62+ 'J')I�$�'�!���U)� '<"�6:D*6 3�WX82$0�@-G5)�,S1��3�!�6:"*/@�
5 I,3,!<'����<��5<�2' I�3�!�')(�+F9 4 �1(*6:�;',!<L<- ��6 3)-G5)�-G6:D�E I0��! 6 "A+ ��$�8 "�62+���5�!>'�!�'<"�$���-='<$,(*�,% 4��5)�Z9A'<�2'�!���( 4 �H� ��!\62I�$0/�!AVP/@- ��6C9AL�WX6Z- �,+ %&( 4 9N')+�%G+ ' 9AL�WX6Z62e=')$�(*��% 4 !�' 6 %
D*')�&+Q-��;�*"��A+Q�AU,!��2'*+P�A+�'<"���(*'<9A$�3)-G(*8:!�6 �H"�$���-�B�L)-G6;+Q�[(<! 4 (*5)� 9A'*+�!�'b')3 #�L�!�6:�;')+�5
'<"���I,��-G5?S

( I�3�!�'<������5<�;'���5)�Y6:!�6 $0%&�*"��NE.5)-G5)�Y��5)��I�3�!�')(�+R9 4 �_',!<'�"�$,��-G')$�(*��% 4 ����5)� 9A'<�2'�!���( 4 %�]�2��!H6 I�$�/�! I�6�(*62+F/�!�62+ BA8OB�'*+ ' ��5[-G5)(*'<-XEF'H�2�A3 -G')e=��U)�]6:D*8:%&����3[��5)�J'<$,��+F9 4 �9N'��;'�!���( 4 �@�2��!�9N�A+ !,/�!TI�6 I,��(*8O!,��!NS ([E '�-G�@-�� 4 ')$��&+F9 4 9A'<�2'�!���( 4 � ��!
I�62I���(*8O!���!
-=6@8 I�$,6 ��()"���$�62E,!�'
BA��5�W 4 -G62+�-���5�!T'<"���eX3�% 4 "�6 $,+Q�0�0/�!�')$��&+R9A/�!(*6:�;'�!�')-���6 U)-G6 ��!AS
� "���(*8O!,�@� (�E 'M9N'��;'�!�6 (*5)(*8O!<5M9A�N+ ! 4 (<! 4 (*5MD*�,%G+Q-G(�+F9A�AU�B�')-=+.-G(*8O!�5�-G6 82I�$�6 �>62E !�'*+
��$ 4 -=+ (*�!�'"�$��A-Ge=82$�62+���5I�3�!�'<������5<�;'T$�5<�2�AU�A$,+Q-G(*��U�2��!�6 I�$�/�!T9A'<��LT��5�!T')$��&+F9 49N'��;'�!���( 4 �2��! I,6 I���(*8:!,��!AS
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( �2�*"A+F9A�<��5<�2' �
Locality � � ��! I�6 I,��(*8O!,��!Z6;E !�'*+ + I,+ '*E ��6 $�5)��-G5)(*'<-XEF')� -G6 9NL,W 6 3�%

D)��"��AE.5)-G5Z9A'<�2'�!�6 (*5)(*8:!�5)�>9N�A+ ! 4 �K(<! 4 (*5)�,V�')e=�AU �A+�'<"���(*'<9A$,3<-=(*8O!�62� "�$���-?BAL)-G62+.�
-���5C(<! 4 (*5 '<"�'*+ �2�AU,!C"���D*U "�6 $�+Q-G-G�<��6 $,�H��$���!�� '<"��H�,+Q�K�;�*"A+F9A8 ��S � "A+F"*D*8 ��!Z-��,+.�
9A'<�2'�!�6 (*5)(*8:!�6 �>9A�A+ !�82� (<! 4 (*62� D*��%&+.-G(�+F9A��U 5��2�*"A+F9A�<��5<�2'C6;E !�'*+X'<9A�A(*5M"A+Q�H-G5)(*'�! %
�,+R9 4 VP')e=�AU\5`9A'�WX3)-���8 $,5<-=5 � ��!`I,+ ')I,+ 6 $�%�')-=+ '<9�/�!a9�D 4 -G6 ��!`62E !�'*+_(*6 %&L�D*5?V�6O!,/
9A'*+ 5C6 #�3<"�5)$�8 ��5<-=5�'<"���(*'<9A$�3)-G(*8:!,��!�"�$,��-?BAL)-G6:��!]9A��-��,E ^�6;+ 9AU<9�D*��3)� �2�A3C6:"�6 # %
6 $0%&')-�� 4 S � � ��-=+ 6;E !<')+="�$���eX'�! 4 �75]-G5)(*'<-XEF'M��5)�76:9N(*6:��L<D)D)623)-G5)�#��5)� �2��"A+R9N����5<�;'<�
%&+ '`��5HB�6 D)�,ER�@-=5[� ��! 6:"A+ I���-G6 ��!a-���5�! 6 9���8:D*6 -=5 "�')$�L<D<D*5<D)��! 62e=')$�(*��%?/�! "���3
�?$,5<-X+F(*��"��A+Q��U�! �2�

JIAJIA
� � �! S ([+FD)/�!,�2')�1%G+ ' �2��"A+R9N����5<�;'K-���5�!7"�62$,EF"*� �@-G5 �;��3

JIAJIA
'�!�')e=62$���(*')-���6 ����-=�#-���5�!��;�*"A+F9A�<��5<�2'��5)�YD*',!,WXL�!���3)-G')�Y(<! 4 (*5)����I,5�D*')I 4

�N�@$�+R9 4 9A'*+)�?$,�,!)+R9 4 6:"A+ ��3)�&E '#-���5�!T'�!�6 U)$�62-G5�I,6 I���(*8:!,��!'<"�� ')3<� 4	� V)��-G�79A'*+<-���5 %
!Z�2�*"A+F9A�<��5<�2'a��5<�]8 I,$�')��� I�5<D*'<I 4 �?�@$,+F9 4 9N')+ ��$���!<+F9 4 6 "A+ ��3)�&EF' - ��5�!Z',!<6 U)$�6 -=5
I�6 I��A(*8O!,��!H'<"�� �;��!Z9A��(�BA�a"��A3H�;'[',!<'<^,5���L � S +$���-&"�'�W=/�!,�;')� !�'ZBA6:D)�,+F/@-G��3)(*6
��5,!�2�*"A+F9A�<��5<�2'>()"���$���U)(*6 e 6:9A�����P�2�A3 -G')e=��U)�P6 D)8 %&�?�A3#��5)��9A'<�2'�!���( 4 ��� ��!#I�6 %
I���(*8O!���!J(*6 �2' #�UJ� ��!C6:"�6$#�6 $�%�')- �0/�!�9A'<��LC��5�!]')$��&+F9 4 I,8 -G(*623<-=5J9A�A+ ! 4 � (<! 4 (*5)�
e !�'`$,3,W (�EQ-G��3)(*6C'<"��b�2��!a"�5<%&')E.� 9�/@I,+F9A'\�2��3

JIAJIA
�2� (*8 %�6:WX���C��5)�ZD)'�! %

WXL�!���3)-G')�T(<! 4 (*5)� 4 9A'*+N�2�K(*8 %&6OWX����� ��! -G6:D�E I0��!7(<! 4 (*5)�,S���3)-=+F9AL 5 I�3�!�'<������5<�;'
(*6:�2'�!�L)- ��6 3)-G5)��-G6:D�E I0��!
6:"A+ ��$,8:"�62+,��5
I�3�!�')(�+F9 4 ',!<'�"�$,��-G')$�(*��% 4 �2��3�-G3)-�� 4 (*'<�2����V
%&+ 'M��5K(*6:%G+Q- �2�*"��AER5)-G5K��5)� 6 9A(*6:��L<D)D*6 3)-G5)���5<�1�;�*"A+F9A�<��5<�2')�,S
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! "�� � NL6#P.7�� DYF�)T'�� +QFTKW-O)��,4 ),?B2 +QFGP.-J29? NI->'54 -@?BA*/1C	�

D<F

Z�� ���\[ 
 ��� � ]�& 	 �P� ���T� � " �$%�	�� � 	 �'"#� % ��� 	T� � 	 #&	 � %�� � 	 #=� � � 

� � #  � a � %

� � "*�@� 4 I�5 '�!�')e=82$�WX5<9A6,V 5Z6 "AEFI,��-G5 �2��!C9A'<�2'�!�6 (*5)(*8:!,��!C9A�A+ !,/�!Z(<!�5)()/�!JD)��%G+Q-&%
(�+F9A�AU��*"��A3�9NL,W 6#-G6:D�E I�'M82��62+X-G3<%?9N6:9A$,+ (*8:!�5�82I�$�']6 #�')$0��L<�;')+G9A'<��LK"���D*U�'<"��J��5�!
9N'��;'�!���( 4 �2��!#62I�$0/�!#� ��! -G6 D�EFI���!AS ([+ ' 9N'�D 4 9A'<�2'�!���( 4 � ��!#6 I�$0/�!#�2��!#-=6:D�E I0��!
W 'J"�$�8:"�6;+ !�'C9A$,'���LJ��5�!J8 I�$�' 9AL�WX679N�A+ ! 4 �K-G6:D�E I�')� -��;��!]6:"�6$#�6 $�%�')- � 4 "���3C��5�!
%&$�L)eX62+_"A+Q� -G3)�N!�L?V�/@-���6C')3<�����C!�' ()"���$�6;EY!<'`��5\%&$�L)e=62+�L)(*6 -G' ��')eX��U\6;E !�'*+_5
82I�$�'7��5<� � 9A'*+�!�'7(*6;+F/�!���!,�2'*+?�A+ ��� ��� � ��� �%

diffs ' "��A37"�$�8 "�62+�!�'>"�'<$,'<�NWX�AU,!#9A'*+�!�'
62e=')$�(*��-&WX��U�!AS

� � !�'P"�$,�<B�D)5)(*'P"��A3
'�!�'<9AU<"*��62+�9A'<��LP��5P(*6 �2'�!�L)-���623)-G5�-G6:D�E I0��!�6;E !�'*+��<�,+�"�$�8 "�62+
!<'H3<"�L)$���62+ (*5)��',!)+Q-G(*���]6O!�5)(*82$0�@-G5)�M��D)��!Z� ��!Z- �2'�WX()/�! %G+ 'H��5Z!�82'H82I�$�' (�+F')�
-=6:D�E I�')�#"���3J(*6:�;',!<L<- ��6 3)-G6,S ([+ '�'<"*D 4 '�!,�,+ (*6:�0/Y"A+.-G5M�;��3�"�$��<B�D 4 (*'<�;���#WX' 4 �2'�!5f6:9�"���()" 4 "�$����`�,D*��3)�a�;��3)�a-��;'�WX(*��U)���

broadcast � ��5)�[!<8 ')� 8 I�$,'<�a9AL<"��A+ '<�
-=6:D�E I�')�,S ( 9N',W �,D�+F9 4 6 9�"���()" 4 �@- ����-G�Z6;E !�'*+ "��,D*U '<9A$,+.B 4 V (�+F')� 9A'*+ I�5)(�+Q�A3<$�%�6;E
(*6 %&L�D*5[9NE !�5)-G5`-��2� I,+ ')-G3�!�I�6 �,+R9N� I�ER9A��3<�GS�+�$���9A62+ (*8O!<��3a!<'a(*62+F��WX6;E�D*�A+F"��,! �;�
6 "A+F"*D)82��!M6:"A+F9A�A+ !,��!<+ '<9A�H9A��- �2����VX- �2�

JIAJIA
5M'<"���eX'<-=5K%G+ '���5�(*6:�;',!<L<- ��6 3)-G5

9NL�"��N+F')�@-=6:D�E I�')��D)')(�BAL�!�6:�;'*+ #�6 �?�@$,+Q- ��L
'<"��T��5�!P6:9AL)- �2�<��6 82I�$�'?V,'<D)D*LP(*6:�2')I,E I�6 �2'*+
'<"��7�2�7I�+F')��62+ $,+.-�� 4 9AL�WX6�e=$�L<%&(*'<�2�����@��6 # 4 �0/+(f"*D*5)$���eX��$,E '#��5)��(*6:�2'�!�L)- ��6 3)-G5)�
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')3<����!���(*��3)�-��;',W (*��U)�
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Network File System — NFS
S ��6]8O!�'[')$���62EQ�\$�3�WX(�EQ-G6 ��!
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(*6M�,!<��(*'
.jiahosts

�A$,E ^�6:�;')+�8:!�')�M9N��(�BA���]�@�]I�+F')��62+ $,+.-�� 4 ��� master � 9A'*+ �A+�3<" %
��D*�A+F"��A+��@�[6 $�%�L<��62� �

slaves � S ( 6:9NL<- �2�<��6Z62e=')$�(*��% 4 "���3b"�6 $,+FD*')(�BAL,!<62+�-��;�,!
"�5<%&'*EQ� 9A/@I,+F9ALJ��5)� 9�D 4 -G62+.�>"�$,��� ��5 BN+.B�D*+.�)W 4 9A5]�2��3

JIAJIA
6 9���6:D*62EQ�2'*+ '<"��C�2�

��$ 4 - ��57-��;��!79A��(�BA� %YI,+ ')�?6;+ $,+Q-�� 4 9A'*+?')3<����(*'<�2' '�"��K�2�
JIAJIA

- �2��3)�
9N��(�BA��3)�
%#6 $0%&L<��6 ��S � � D)62�M�A+�62$0%&')-=E 6 �]62+Q-G�AI���3��<6 #���I,��3[D*'<(�BAL�!���3�! �?/@$�' 9A'�!���!<+F9AL -��;�
I�+F')��62+ $,+.-�� 4 V 6:!,/ -��2�A3<��6 $0%&L<��6 �M�A+ 8 #���I,�A+ � 9A'�!���!<+F9A82�M9N')+ -GeX'�D*(*L<� ��! � ',!<'�9N'�%
��623�WXU�!���!,�2'*+&-G61')$���62E '?S

����5,!#"�62$,EF"*� �@-G57"���3>�N+�9A�A(�B��N+AI�6P��$�5)-=+ (*�*"��N+Q��U�!
NFS

5 6:"A+F9A�N+ !���!<E '>%GE !�6 �2'*+
- �2�C"�$��Y������3<"��

JIAJIA
(*67�2�

rcp
%G+ ']��5,!M'<"���(*'<9A$,3<-=(*8O!�5]'�!,�,+ %&$�')e 4 ')$���62EF��!

9N')+X(*61�2�
rexec

%G+F'���5�!K'�"��A(*'�9N$�3)-G(*8O!�5�6:9���8 D*6 -G5�I,+ 6 $0%&')-=+F/�!AS � + 'MD*��%&��3)�>')-&%
eX'<D)6;E '<�T�2'7"�'<$,'�"�L�!,� '�!,�,+F9A'<�2')- ��L,W 5�9N',!#(*6P�;'

scp
9A'*+

ssh
',!��,EQ-��;�A+Q��'?VN6:"�62(�BA')E'%

!<�,!��2')��-��2��!"�5�%&'*EQ� 9�/@I,+F9A'?S�c
'1��6:D*623��;'*EF'1"�$,��-Ge=82$���3�!�9N$�3<"*�2��%�$,'<eX5)(*8O!�5 (*6 ��L %
I,��-G5JI�6 I,��(*8O!,��!NS 17'���L��,+Q� 6:"�62(�BAL<-=62+Q�>D 4 eGWX5)-G'�!M3<" � � ,X+ !J�A+ D*6:"*�2�A(*8 $�6;+F62� ��5<�
I�+F6 "�')e 4 �7�2��!

scp
9A'*+

ssh
(*6 �2�H��$ 4 -���5?S � "AEQ-G5)� 9AL<"��A+ 6 � 6 -G�Y��6 $,+F9A82� ��$���!<+F9A82�

'�!�')(*��!�82�
�2�A3
JIAJIA

'�!�'<"�$���-G')$�(*��- ��5<9A'�!AV�/@-���6�!<' D*')(�B�L�!�6 �2'*+�3<" � � , + !7�K6:"A+'%
"*D*82�,! ��$���!����#"��A3K'<"�')+Q��62E �;')+G%G+F'K�2�]"�$0�Y���*9A��D)D*�]��6;+F$,' , E '<� �2��3

SSH
9A'*+&%G+ ' ��5

(*6 ��L)I���-G5 �2��! 9A$�3<"*�2��%&$�')e=5)(*8O!,��!a"*D*82�,!a"*D*5)$���eX��$,+F/�!AS c
�
SSH

$�3�WX(�EQ-���5<9A6
8 ��-=+ V /@- ��6 !�'[(*5�!H'<"�'*+ ��62E �;'*+�'�"��a�2�a��$ 4 -���5 5[6:"AEF"���!�5 I,+ ')I,+F9A')-=E ' ��5<�]62+.-G'<% %
�Y% 4 � 9��@I�+R9N��Uf%G+ ' 9NL,W 6 '<"���(*'<9A$,3<-=(*8O!�5 D*6;+ �2��3)$0%GE '?V#',!��,+ %&$�L)e=��!,�2')� �,+.�`E I,+ 6 �
�;')3����<��5<��6 � 9A'*+=9AD)6;+ I,+ LC-G6 ��D)�A3<�>�2�A3<� -��;'�WX(*��U)� 4 ��$�5)-=+ (*�*"��A+F/�!,�2')� "�$�L<9��;��$�'
"A+.-��2��"��AE.5)-G5)��S

c
�
JIAJIA

"�62$,+ 8 ��62+*BA'<-X+R9NL �2��! "�5<%&'*EQ� 9�/@I,+F9A'>��5)��BN+QB�D�+Q�)W 4 9N5<��VA�;��! "�5�%&'*EQ�
9A/@I,+F9A'1��$,+Q-G(*8:!,��!T"�$��<��3<"*��!T6 eX')$�(*�,%�/�!T9N')+�BN+.B�D*+.�,%&$�')eXE '?S$+�62$,+FD*'<(�BAL�!���!,�;')+,9A'*+
'�!,�,E.-��2�N+Q��'

Makefiles
%G+F'a�,+Q� 3<"���-���5)$,+ ^��A(*6O!�62�C"*D*'���eX��$�(*62�J%&+ 'a!�'a(*6:�;'<%?D)�Y� %

�,+.-�WX��U�! 5 BN+QB�D�+Q�)W 4 9N5*� libjia.a � 9A'*+G�A+=6 e=')$�(*��%&8 �7"���3 ��5�! 9N'�D*��U�!AS

� +&-G3�!�')$0� 4 -G6;+Q�T��5)�TBN+.B*D�+Q�*W 4 9A5)� JIAJIA
()"���$��AU,! !�' ��$�5)-=+ (*�*"��A+R5�WX��U�! '<"��

62e=')$�(*��%&8 � %&$�')(*(*8:!�6 �H-G6
C
V_'<D)D)L`9A'*+_-=6

FORTRAN
S.+1+Q� -G3<%�9A6:9N$,+ (*8O!�'?VP(*%
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"���$���U�! !�'f9�D*5�WX��U�!f'<"�� "�$��,%&$�L)(*(*'<�2'
Fortran 77

6 e=�A-G��!f�?$,5<-X+F(*��"��A+.5�WX��U�!
(*6:�2'<%�D)�Y�0�,+Q-���82�1"���3M3<"���- ��5)$,E ^���3�! ��5MI 4 D<�@-=5

POINTER
S

Z'��� � � � a � � " # � � ��� � 	 � � ]1� � % & � 	 % & 	 � � � 	��
JIAJIA

� � � � � ����� � �+� � � � 
 � ���� ����� � � � ��&���� ��� �
JIAJIA

( BA'<-X+Q-G(*8O!<5 -G6C8 I�$,6 � ')$��&+ ��6 9��2��!<+F9 4 �2��3
JIAJIA

9A'�W +.-���La��5`I,+ '<��6;EF$�+Q-G5a��5)�
9A�A+ ! 4 �>(<! 4 (*5)� -=�?6 �,+F9ALM'<"*D 4 S��#$�5)-=+ (*�*"��A+.��U�!,�2'*+X��$�62+.�1BA')-=+F9A�AEX"AE !�'<9A6 �>-G6:D�E I0��!
��I��A()/�! � -G6[9NL,W 6a-��;',W (*�&V6 9 � ��! �*"��NER��! (*��!��g8O!�')� ��� 9A'�WX��D�+F9A���\"AE !<'�9N'<�
-G6:D�E I0��! � 6;E !<')+XE I,+Q���7%&+ '��,D*��3)� �;��3)� -��;'�WX(*��U)�,S

� 9A'�WX��D�+R9N��� "AE !�'<9A')�>-G6 D�EFI���!�'<"�')+Q��62E (*��!����
bytes

%G+ ']9AL�WX67-G6 D�EFI,'�� I���( 4
jiapage t � V��;'1�*"��AE '1"�6 $,+FD*')(�BAL,!<��3�!T8O!�'�!�'�!�'<%?!,�@$,+Q- � 4 �;��31-��;',W (*��U % 82I�$�')�Y��5)�
-G6:D�E I�')�,VN8O!�'�!7')$,+ W (*��I�62EF9���5 �

index � %G+F'>��5#W 8 -G5#��5)��-G6:D�E I�')�
')3<� 4 �T-��2��! "AE !�'<9A'
� ��!62I�$�')^���(*6:!,��!-=6:D�E I0��!�9A'*+*8:!�'�!')$,+QWX(*��I�6;ER9A��51%&+ '#��5�WX82-G5��5)��-=6:D�E I�')��')3<� 4 �-��2��! "AE !�'<9A' � ��!7-=6:D�E I0��! "���3>9A$�'<�2��U�!,�;'*+N- ��57D*'�!�WXL�!��A3<-=' (<! 4 (*5?S+( I���( 4 (�+ ')�
-G6:D�E I�')�1�2��3M9A'�WX��D*+F9A�AUM"AE !�'<9A'�-G6:D�E I0��! 8 ��62+G�@� 6 # 4 �0/

typedef struct{

unsigned short int cachei;

unsigned short int homei;

unsigned short int homepid;

} jiapage_t;

� "AE !�'<9A')�J�2��! -G6 D*E I0��!["���3a62I�$�L)^���!,�;')+@-G6M9NL,W 6�- �2'�WX(*�a"�62$,+FD*'<(�BAL�!�6;+ e
(*6:�2' #�UPL<D)D)��! e %G+F'
9AL�WX6 -=6:D�E I�' ��I,��( 4 jiahome t � ��5,!�9A'�WX��D*+F9 4 ��5<�YI�+F62U�WX3�!�-G5?V
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(�E '>6:�,+F9A8:�;'>6 %�%�$,'<e 4 �,VN"���3>I,5�D)/�!�6;+�62L,! 5 -G6:D�E I�'>8 ��62+A��$��*"��*"��N+.5�WX62E?'<"�� �2��!>E I,+Q�
�;�>- �2'�WX(*� %r8 I,$�'19A'*+*(�E ' 6:�,+F9A8 �2'>',!<L�%?!,�@-=5<��V)"���37I,5�D)/�!�6;+*6 L�!#5 -G6 D*E I�'#82��62+�'<"�� %
W 5�9N6 3�WX62E -���5HD*'�!�WXL�!���3)-G'H(<! 4 (*5HL<D)D)��!H-��;',W ()/�!AS ( I���( 4 (�+ '<�]-G6 D*E I�')��"���3
62I�$�L)^�6 �2'*+&-G618O!<'M-��;'�WX(*�M82�?6;+&�@� 6$# 4 � /

typedef struct{

char wtnt;

char rdnt;

address_t addr;

wtvect_t *wtvect; /* used only for write vector */

address_t twin; /* used only for write vector */

char wvlazy; /* used only for write vector */

} jiahome_t;

� "AE !�'<9A')�7�2��!�-G6:D�E I0��!K"���3J9N$�'<�2��U�!,�;')+ - ��5MD*'�!�WXL�!���3)-G'�(<! 4 (*5M9NL,W 67-��;' %
W (*��UJ"�6 $,+FD*')(�BAL,!<62+ e (*6:�2' #�UJL<D)D)��! e %&+ 'C9NL,W 6>-G6 D�EFI,' ��I��A( 4 jiacache t � ��5
I�+F62U�WX3�!�- 4 ��5)�,V&��5�! 9A'<��L)-��2')-G5 "�$��A-��2')-=E ')�#��5)�19A'*+G8:!�'MI,62EF9���5M- ��5 I,E I�3)( 4 ��5)��S
(dI,��( 4 (�+ ')�C-G6:D�E I�')�C'<"��)WX5<9A6 3)��(*6:!�5)�C-���5[D*'�!�WXL�!���3)-G' (<! 4 (*5 6:!���� - �2'�WX(*��U
82��62+&�@�76 # 4 �0/

typedef struct{

pagestate_t state;

address_t addr;

address_t twin;

char wtnt;

} jiacache_t;
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���2�
JIAJIA

9AL�WX6
9A�N+ ! 4 -=6:D�E I�' (*8O!�6;+A"�L�!,�;'>- ��5�!>EFI�+F' I�+F62U�WX3�!�-G57��$ 4 - ��5>-G6
�,D*��3)�@�;��3)�@-��;'�WX(*��U)��9A'*+,'�!�6$#�L)$0��5<�2'
'<"���2�1'�!P"�$��*9A6;+ �2'*+,%G+F'-G6 D*E I�'
"���3
9A$,'���6;E'%
�2'*+Y-���5�!H82I�$�' ��5)� 4 %G+ 'a-G6:D�E I�'["���3`e=3<D*L<-=-G6:�;')+ "�$��A-&�@$,+ !�La- ��5HD*'�!�WXL�!��A3<-='
(<! 4 (*5 9AL<"��A+Q��3J- �2'�WX(*��U?S@c
�C'<"��<��8:D*6 -=(*' �2��3M%&6:%&��!��<�2��� ')3��;��UM6;E !�'*+G'<"*D*����5<�;'
-���5�!H3<D*�*"��AE.5)-G5?V_(�+ ')�J9A'*+YI�6:! '<"�'*+ ��62EQ�2'*+Y(*6:��L)eX$�')-G5[I,+ 6 3�WXU�!�-G6 ��!H(*6:�;' #,U[� ��!
I,+ '<eX��$0��!K-��;'�WX()/�!AS

� � � � �&�"� �� ���� ����� � �� ��&���� ��� �
JIAJIA

( 9N'��;'�!���( 4 � allocation � 9A�A+ ! 4 �#(<! 4 (*5)��- �2�
JIAJIA

6:"A+ ��$,8:"�62+&�2�M-='<e 4 8:D*6:%&���
��5<��9N'��;'�!���( 4 ��� ��!�9A�A+ !,/�!
I�6 I,��(*8O!,��!�9A'*+0%GE !�6 �2'*+�(*8 -&�H��5)� -=3,!<L<$���5<-=5<�

unsigned

long jia alloc3(int size, int block, int starthost)
��5)��I,+ 6:"�')e 4 ���;��3

(*6��;��! "�$���%&$�')(*(*'<�,+Q-�� 4 62e=')$�(*��%?/�!NV 4 (*6�9NL�"��N+F'M'�"*D*�*"��N+.5)(*8O!�5�(*��$�e 4 ��5)� ��� �  S
( -G3�!�')$0� 4 -G6;+Q� ')3<��8 � ��$�5)-=+ (*�*"��A+.��U�!`��5�!a9�D 4 -=5`-G3)-�� 4 (*'<�2�A� mmap()

�;��3
U-

NIX
S�( '�!,�,+Q- �2�AE.��+.-G5 �

mapping � %GE !<6:�2'*+ -G6 -G3<%�9A6:9N$,+ (*8O!�62��I,+ 623,W U,!<-G62+Q��(*6 �,+Q�
"�'<$,'<(*8 ��$���3)�

MAP FIXED|MAP PRIVATE
��5)�

mmap()
S ( E '[9A�N+ ! 4 -=6:D�E I�'[',!��,+Q-&%

�2�A+Q�&E ^�6 �2'*+_')$��&+F9AL\(*�,!<� - �2� -��;',W (*�a"���3\'�"��<��6 D)6;E���5�![82I�$�' ��5)��S �$��&+F9AL '�! %
�,+Q-��;�A+Q�&E ^�6:�;')+_(*6M9N'���L)- �2')-G5 "�$���- �2')-=E ')� �

protection mode � PROT READ
(*��!��&V

/@-���6M!�' '�!<+Q�N!�6 3�WX�AU,! 6:%�%&$�')e=82�J'�"��\��5�! 82I�$�'[��5)�,S � L�![82����3)(*6](*��!�� 8O!<' -&%
�2'�WX(*�]3�"�L)$���6;+NBA6:D)�,+Q-��;�*"��AER5<-=5NV&/@- ��6��N+&9A�A+ !�82�7-G6 D�EFI,6 �!�'K'�!,�,+.-��2�N+Q�&EF^,�,!��2'*+X�@�
PROT READ|PROT WRITE

6$# '<$,� 4 ��S

� !���� �����+��	 � ��
 �
SIGSEGVs

�����
JIAJIA

+�$��A-?BAL<-=62+Q� -=6�"�62$,+Q�<��8 �>��5<�7(<! 4 (*5<�1"��A3�I�6:!K8 ����3�! ��5,! 9A'<��L<D)D)5<D*5 9A'<��L)-��;')-G5
"�$���-��;')-=E '<�182�?�A3,! �@�1'�"��<��8 D)62-G(*' ��5 I�5)(�+Q��3)$0%GE ' 6O!����#- 4 (*'<�;���T��U<"���3

SIGSEGV�
Segmentation Violation Signal e - 4 (*' "�'<$,'�BNE ')-G5)�19A'<��L<��(*5<-=5<� � S
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c
5 -=U�D)D*5 ,=579A'*+�6 #�3<"�5)$�8:��5)-G57� ��!>-=5<(*L<�2��!7'<3<�0/�!7'�!�'<D*')(�B�L�!�6;+A�M�?6;+ $,+Q-�� 4 ��;��3)���
SIGSEGV handler � S �1$��&+F9ALHBA$,EQ-&9N62+ ��5 I,+ 6 U�WX3�!�-G5H(<! 4 (*5<�]-���5�! �*"��AE '

"�$,�*9�D 4 WX5<9A6 �2�[-GeXL�D*(*'J9A'*+���5,!J9A'<��L)-��;'<-=5C-Ge=L<D*(*'<�2����S � L�! 5ZI,+ 6 U�WX3�!�-=5C3�" %
�AI�62+F9*!�U)6;+A�<�,+A�2� -GeXL�D*(*'1"�$��A-?BA'<-=5<�T-G3�!�8|BA5 - ��5,!#8 I,$�' ��5)�
-G6 D�EFI,'<��V����<��6�"�$�8 "�62+
!<'a8 ����3)(*6]��5�!H"�6 $�ER"*�2�@-G5a6:!���� -GeXL<D)(*'<�;���C6:%�%&$�')e 4 ��V_(�+ '<� 9A'*+Y�,D*62� �A+@6:!,�����
82I�$�')�J-G6:D�E I�62�]'�!,�,+.-��2�N+Q����U�!,�2'*+Y�@�

PROT READ 4 �,E W 6O!,�;')+ �@�
PROT READ

-���5�!
')$�� 4 6O!�����I,+ ')-�� 4 (*'<�2����SJ��6 ')3<� 4 !C��5,!C"�62$,EF"*� �@-G5H� �?6;+ $,+Q-�� 4 ��'�"*D)/@�K'<D)D*L)^�62+
��5�!M9N'���L)- �2')-G5]"�$���- �2')-=E ')�>��5)� -G6:D�E I�')� -G6

PROT READ|PROT WRITE
9A'*+ 9A'<�;'�%

%&$�L)eX62+��;��%&6 %���!��A�7�<�,+G5�-G6:D�E I�'K82�?6;+&��$���"��*"��A+.5�WX6;E S

� L�!]�Z- �2'�WX(*��� I�6:!]6;E !<')+ 5J82I�$�'J��5)� -G6:D�E I�')�,V I�5<D*')I 4 �Z- �2'�WX(*���>"�$�8:"�6;+ !�'
"�$,��-&"�6:D*L)-G6;+ (�+ ' 9A�A+ ! 4 -=6:D�E I�'[5 ��"��AE 'aI�6O! 62E !�'*+�'�!,�,+Q-��;�A+Q��5)(*8O!�5[-G6�')3�����!AV���5
eX8 $�!<62+ '<"�� ��5�!]82I�$�'J��5)�>9A'*+ ��5�!�'�!,�,+Q-��;�A+Q��62E��2�*"A+F9AL-��- ��5,!JEFI�+F'CI�+F62U�WX3�!�-G5]"���3
6;E !�'*+&'�!,�,+Q-��;�A+Q��5)(*8O!�5K9A'*+&-���5�!>82I�$�' ��5)� � S.+$��*9A6;+ (*8O!���3K!�'K'<"��)WX5<9A623�WX62E�5 -G6 D�E %
I,' BA$,E.-&9A6:�;'*+N(�+ '>WX82-G5>- ��57D*'�!�WXL�!��A3<-='>(<! 4 (*5>�@��6$# 4 � /$�1$��&+F9AL '�!�')^�5<��62E �;'*+N(�E '
-=6:D�E I�'�'<"��)W 5�9N6 3)(*8O!�5�-���5�D*',!,WXL�!���3)-G'T(<! 4 (*5�(*6Y��5�!�E I,+ 'I�+F62U�WX3�!�-G5(*6@')3�� 4 "���3
"�$,�*9AL<D*6 -G6>�2�[-GeXL�D*(*' ��%&+ 'J��5�!J"�6 $,EF"*� �@-=5C6O!����M-Ge=L<D*(*'<�2��� '�!�L<%N!��@-G5)� -G6>(�E '
L<9A3)$�5b-G6 D�EFI,' 4 6:!���� -GeXL<D)(*'<�;���H6 %�%�$,'<e 4 � -=6H(�E ' L<9A3)$�5 4 (*��!�� %r',!<L�%?!,�@-=5<�
-=6:D�E I�' � S ����5 -G3�!�82��62+ ' e 9A'*+6 eX��-G��! I�6:! 3<"�L)$���62+-G6:D�E I�' (*6 ��5 I,+ 6 U�WX3�!�-G5
')3<� 4 e ',!<'<^,5���6;E �2'*+ (�+ 'H'�"��A',!��,+Q-��;�A+Q��5)(*8O!�5H-G6:D�E I�'?S,�9A�,D*��U�W=�@� e 9N')+�6 e=�A-G��!
I,6O! 3<"�L)$���62+��AU���6 '<"���'�!,�,+Q- �2�A+Q��5)(*8O!<5 -G6:D�E I�' e ',!<'<^,5���6;E �2'*+�(�+ ' L<9A3)$�5 -G6:D�E I�'
"�$,�*9A62+ (*8:!���3 !�'b'�!,�,+F9A'<�2')-��;'�WX62E S � L�!\�,D*62� �N+�"�'<$,'�"�L�!,� (*8:WX��I��N+�'<"��<��U)����3�!
!<'bBA$���3�! (�+ ' WX82-G5 -���5 D)'�!�W L,!<��3)-G' (<! 4 (*5 %G+ 'f��5f-G6:D�E I�'?V#(�EF' -G6:D�E I�' (*�,!<�
%M'�!�L<%?!,�@-G5)� 4 '�!�L<%?!,�@-G5)� %�6:%�%&$�')e 4 � '�!,�,+F9A'�W EQ- �2'<�2'*+���3)��'*EF' 4 (*6H9N3�9AD*+F9A�
�
round-robin � ��$��*"��&VX"�$��*9A6;+ (*8O!���3]!<' BA$�6:WX62EX�?/@$�����S � � �;',!M'�!,�,+F9A'�W E.-��2'<�;')+X(�+ '
6 %�%�$,L , + (*5K-G6:D�E I�'?V&5M-G��6 �,+R9 4 I,+ ')e=��$�LM9A'*+=6;+ I��*"��AER5<-=5M6:%�%&$�')e 4 �#9N'��;'<%�$,L<eX��!,�2'*+
%G+ 'C!<'Z"�')$�')I��)W ��U�!C- ��5�!C82I�$�'Z��5<�M-G6:D�E I�')�K-���5�! '<"�6:D*6 3�WX82$0�@-G5J�;��3H-=�?6 �,+F9A��U
9AD)6;+ I,+Q��U 4 e=$,L�%&(*'<�2�A�,S

�eX��U1BA$�6:WX62EA(�+F' WX8 -=5 -���5#D*'�!�WXL�!��A3<-='#(<! 4 (*5 %G+ ' ��5 -G6 D�EFI,' "���37"�$��*9AL<D*6 -G6
�;�b-Ge=L<D*(*'a-G3)(�BA'*E !<��3�! �;'a6 # 4 �0/ (d9N'���L)- �2')-G5[��5)� -G6 D*E I�')� ')3<� 4 �J�,E WX6 �2'*+@-=6
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PROT READ|PROT WRITE
62L,!P5P-G6 D*E I�'P82��62+ 4 I�5P'�!,�,+.-��2�N+Q��5,W 62E��;�*"A+F9AL � -G6 "�6 $,EF"*� �@-=5

6O!���� -GeXL<D)(*'<�;���>'�!�L<%?!,�@-G5)�>-G67(�E 'JL<9A3)$�5J-G6:D�E I�' 4 6O!���� -GeXL<D)(*'<�;���>6 %�%�$,'<e 4 �-G61(�EF'�L<9A3)$�5 4 (*��!�� %r'�!�L<%?!,�@-G5)�#-G6:D�E I�' � S 1M+ '<eX��$�6 �,+R9NL�5K-=6:D�E I�'K'�!,�,+Q- �2�A+Q��6;E �2'*+
-���5 I,+ 6 U�WX3�!�-=5 "���3K"�$,�*9AL<D*6 -G6�2�J-GeXL<D)(*' �@�

PROT READ|PROT WRITE
S

����5�!�"�62$,EF"*� �@-G5�6O!��A�_-GeXL�D*(*'<�2�A�@6:%�%&$�')e 4 �@(�E 'T'*E ��5)-G5
D 4 ,X5<�_-G6:D�E I�')���
GETP �-���8:D<!�6 �2'*+�-���5�!
8 I�$�'���5)�_-G6 D�EFI,'<� ��6 9�������9A'*+<6 L�!
"�$��*9N62+ �;')+<%G+ '1-Ge=L<D*(*'T6 %�%�$,'<e 4 �-G61-G6:D�E I�' (*��!�� %r'�!�L<%N!��@-G5)�,V��2�J�*"��NEQ�C6 #�3<"�5)$�6 ��62E �;')+G�2�*"A+F9AL � S � � �;'�! "�')$�'<D*5)e&WX6;E

5 "�')$�')�N/@$,5<-=5 D 4 ,X5<�#-=6:D�E I�')� �
GETPGRANT � V 5K-G6 D*E I�' "��A3K"�$��*9NL�D*62-G6�2�]-Ge=L<D*%

(*' '�!,�,+Q%�$,L<eX6:�;')+?- ��5,!7'�!,�,E.-��2�N+Q��5 I�+F62U�WX3�!�-G5?S ( D*'�!�WXL�!���3)-G'>(<! 4 (*5 9A'<�2'<%&$�L)e=62+
-���5 -G3�!�82��62+ ' ��5 I�+F62U�WX3�!�-G5#9A'*+A��5�!19N'���L)- �2')-G51��5)�
-G6 D*E I�')��S � � !�' � � ����	 � %

twin'e "�'�!���(*�N+F�<��3<"��Z'�!,�,EQ%�$,'<eX� ��5)� -G6:D�E I�')� e I�5)(�+Q��3)$0%&62EQ�2'*+ 9A'*+ e=3<D*L)-G-G6:�;'*+=- ��5
D)'�!�W L,!<��3)-G'C(<! 4 (*5?V /@-���6>!�'Z()"��A$���U�!J!�'Z6:!,�2�*"A+.-�WX��U�! �A+�'<D)D*'<%�82� "���3 WX'C3<" %
��-���6;EG5K-G6 D�EFI,' 9A'*+�!�'K9��@I,+F9A�*"��A+R5�WX��U�!]-G61I,+ ')e=�A$�8 � �

diffs � S

����5�!�"�6 $�ER"*�2�@-G516O!��A��-=e=L<D*(*'��;����',!<L�%?!,�@-=5<��'<9A��D)�A3,W 62E �;')+)5#E I,+ '#I,+ ')I,+F9A')-=E '?V
(*6���5 I,+ ')e=��$�L>�<�,+�5 9N'���L)- �2')-G51"�$���- �2')-=E ')�P��5)��!�6 �Ae=6 $,(*8O!�5)�
-G6 D�EFI,'<�
�,E WX6 �2'*+)!�'
62E !�'*+

PROT READ
9A'*+=I�6#��$�62+ L)^�6:�;'*+�!�'KI,5<(�+.��3)$0%&5,W 62EGI�EFI,3<(*�]��5)� -G6 D�EFI,'<��S

� � 
 �
�� ��� � � �+!��������&	��� �"��� ���2��� ��� �"!���� ������� ���� ����� � � � ��&���� ��� �

JIAJIA

c
�C��( 4 (*' �2��3
JIAJIA

"���3J')-G���,D*62EQ�2'*+=(*6 ��5,!K6 "A+R9N�A+ !,��!<E 'J� ��!M- �2'�WX()/�! "�$���-&%
e=8 $,62+0' #,+ �*"A+Q- ��5P9A'*+0-G6�-&�@- � 4 -G62+ $�L�"�')$�L)I���-=5P(*5,!<3<(*L<�2��!AV0"�L�!,�H'<"����2��"�$0�Y���*9A��D*%
D)�

UDP/IP
S ( -G3�!�L)$0��5)-G5�')-GU<%&�?$,�,!<5<�Y'<"���- �2��D 4 �Y(*5�!�3)(*L<� ��!

void asendmsg(jia msg t

*msg)
-���8:D<!�6;+&8O!<'K( 4 !�3)(*' - �2�]-��;',W (*�K"���3���$,E ^�6:�;'*+G-��;��'�!,�,E.-��2�N+Q����"�62I,EQ�J�;��3

(*5,!<U<(*'<�;���,S ��WXL�!���!,�2')�_�2�#( 4 !�3)(*'
-��;�#-��;',W (*�T"�$��A��$,+Q-G(*�AU��;��3�"�$��*9A'<D*62E�6:9A6;E���5
I�5)(�+Q��3)$0%GE 'T6O!<���Y- 4 (*'<�2��� ��U<"���3

SIGIO
�
In/Out Signal e - 4 (*'�62+.-G��I���3��<6 #,��I���3 � Sc
5T-GU<D)D*5 ,X5�9A'*+,6$#�3<"�5)$�8:��5)-G5��2��!P-=5<(*L<�2��!�')3<�0/�!
',!<'�D*')(�BAL�!�62+��#��62+ $,+.-�� 4 �Y�2�A3<�
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SIGIO handler � VN�M�*"��AEQ���#'�!�'<D*')(�BAL,!<62+)!<'79A'<D*8 -=62+N8O!�'�!76 #,3�"�5)$�8 ��5>(*5�!�3)(*L<� ��!
�
void msgserver() � V � ��"��AEQ��� (*6#��5�-G62+ $�L��2��3]'�!�L<D*�,%&'](*6#�2��!K��U<"��J�2��3](*5 %
!<U<(*'<�;���19A'<D*62E&�;��! '�!,�,E.-��2�N+Q���C6 #�3<"�5)$�8:��5?S

� +)BA')-=+F9A�AEN��U<"��A+N(*5�!�3)(*L��2��!#"���3>-=�?6 �,E ^���!,�2'*+?(*6���5>I�+F')��62E $,+.-G5 ��5<�
9A�A+ ! 4 ��(*%
! 4 (*5)��-��;�

JIAJIA
62E !�'*+<�A+)6 # 4 �0/ c
'#(*5�!�U)(*'<�2''*E ��5)-G5)� �

GETP � 9A'*+<"�')$�')�N/@$,5<-=5<�
�
GETPGRANT � D 4 ,X5<�M-G6:D�E I�')�,V �2'H(*5,!<U<(*'<�;' I,+ ')e=��$0/�!-�

DIFF � 9A'*+ "�'<$,'<�?/@$�5)-G5 %
�ZI,+ '<eX��$0/�! �

DIFFGRANT � 9N')+_�2'\(*5�!�U)(*'��;'a62+ I���"��AE.5)-G5)� 6:%�%&$�')e 4 �-� WTNT � 9A'*+
'<9AU)$0�@-=5<� �

INVLD � S*c
' I�U)� ��6:D*623��;'*EF'#��$�5)-=+ (*�*"��N+Q��U�!,�2'*+N(*��!�� ���;'�!�;' (*5�!�U)(*'��;'
6;+ I��*"��AER5<-=5<�6:%�%&$�')e 4 ��62E !�'*+�"�62$,+Q-G-=����62$�' '�"�� �A-G'>()"��A$���U�! !�'>�N�@$,8 -G��3�!7-G6T8O!�'
( 4 !�3)(*' '�!,�,EQ- �2�A+.�?'�'*E ��5)-G5)� 4 "�')$�')�?/@$�5)-G5)�19�D*62+ I,+Q��U 4 eX$�L<%�(*'<�;���,S

��')(�BAL�!���!,�2')� 8O!�'J( 4 !�3)(*'�'*E ��5)-G5)�7D 4 ,X5<� -G6 D*E I�')� �
GETP � �Z'�!,�,EQ- �2�A+Q����� 6$# %

3<"�5)$�8 ��5<� �
void getpserver(jia msg t *req) � V*"���3TBA$,EQ-&9A6 �2'*+<-���5�!T8 I,$�'��5<�

-=6:D�E I�')� "���3 ^�5<��62E �;')+ V 6O!�62$0%&62E �@�M6 # 4 �0/ +�'*E $�!�6;+���5HI,+ 6 U�WX3�!�-G5C��5)��^�5<�2��U)(*6O!<5<�
-=6:D�E I�')��'<"�� �;�`( 4 !�3)(*'Z��5)�]'*E ��5)-G5)�,VYI,+ ',BAL<^,62+ ��5[-G6:D�E I�'['<"�� ��5[(<! 4 (*5Z9A'*+ ��5
- ��8:D<!�6;+=- �2� - �2'�WX(*�J"���3]��5J^ 4 ��5)-G6�V=- �2� ( 4 !�3)(*'�"�')$�')�N/@$,5<-=5<�7D 4 ,X5)�>-G6 D�EFI,'<�
�
GETPGRANT � S � - �2'�WX(*���76:9A6;E !<��� ��5�! "�'<$,'�D*')(�BAL�!�62+&(*6��5�-G62+ $�L �;��3M(*82-&�f�;��3
'�!,�,E.-��2�N+Q����3M6$#�3<"�5<$,8:��5 �

void getpgrantserver(jia msg t *rep) � S

��')(�BAL�!���!,�2')��8O!�'7( 4 !<3<(*'#I�+F')eX��$0/�! �
DIFF � � ',!��,EQ-��;�A+Q�����T6$#�3<"�5)$�8:��5)� �

void

diffserver(jia msg t *req) � V�"���3[BA$,EQ-G9A6:�;')+�-���5�![8 I�$�'`� ��!a-G6 D*E I0��! -��,+.�
��"��AE 6 �#'�!�')e=82$���!,�2'*+?�A+?I,+ ')e=��$�82�,V&6:!�6 $0%&6;E?�@��6$# 4 � /$+')E $�!<62+�I,+ ')I��<��+F9ALK9AL�WX6TI,+ 62U�%
W 3,!<-G5�-=6:D�E I�')�>9N')+ I�+F')eX��$�LJ"���3J"�62$,+ 8 ��6:�;')+�-��2�H( 4 !�3)(*'NV '<"��*9��@I,+F9A�*"��N+F6;E���5CI�+ %
')eX��$�LP9A'*+�9AL�!�62+���5,!�6 eX'<$,(*�,% 4 - ��5�!�'�!,�,EQ- �2�A+Q��5�-G6:D�E I�'
(<! 4 (*5)��S ��3<%?9N6:9A$,+ (*8:!�'?V<5
-=6:D�E I�'1-���5�!��*"��AE ' '�!�')eX8 $�6 �2'*+<5#6:9AL)-��;�<��6_I,+ ')e=��$,L1%&E !�6 �2'*+*6 %?%&$�L , +F(*5"�$,+ !16 e=')$ %
(*�A-�WX62E�5 I�+F')eX��$�L 9A'*+�9N'�����"A+ ! 6:"�'�!�'<�,EQWX6:�;')+�- ��5�!>"�$���5<%&��U)(*6O!<5 9A'<��L)-��2')- 4 ��5)��S
����5`-G3�!�8 ��62+ '\-���8:D<!�6;+Y8O!<'`( 4 !�3)(*'["�')$�')�N/@$,5<-=5<�ZI,+ '<eX��$0/�! �

DIFFGRANT � V_%G+ '
6 "A+.B�6OBA')EF�@-G5?V -��;� -��;',W (*�J"���3C8 - ��62+FD*6 �,+Q� I,+ ')e=��$,8 ��S �3<����� �;�CD*'<(�BAL�!�6;+X(*82-&�
�;��3K'�!,�,EQ- �2�A+.�?�A3�6$#�3<"�5<$,8:��5 �

void diffgrantserver(jia msg t *rep) � S
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Z'��� �MZ � � �
� ����� 	 � %�� � # ]  # � a � � � � �H	 _ ]�   � � �.%�� " & �
	 � �  � % �M�$%���� � � � 	 %�& 	 � � 	 �P�

JIAJIA

+�$���9A62+ (*8O!<��3K!<' I,+ '���5)$�6;E&-G3�!�6 " 4 ��5 D*',!,WXL�!���3)-G' (<! 4 (*5 �2�
JIAJIA

3<D*�*"��A+ 6;E&��5
-G3�!�8:"�6;+F'J62(�B�8 D*62+ ')� �

scope consistency — ScC � V 5J�*"��AE 'C62E !�'*+ "A+Q�H��'�D*')$ 4 '<"��
��5-=3,!<8:"�62+ ''<"�6:D*6 3�WX82$0�@-G5)� �

release consistency — RC � S ( -=3,!<8:"�62+ '16 (�BA8 D)6;+ '<�
62E !�'*+�'<"*D)�AU<- ��6 $�5 ��5)�1-G3�!�8:"�6;+ '<�1')I�$�'�!��AU<�1'<"�6:D*623,W 8 $0�@-G5)� �

Lazy Release Con-

sistency — LRC � V -��;�]�<�,+XI�6O!M'<"�'*+ ��6;EG��5�!M3<D*�*"��AE.5)-G5���5)�#"*D 4 $���3)� happened-

before-1
-=62+ $�L)� ����(  S ��3<%�9A6:9A$�+F(*8:!�'a'<"�'*+ ��62E (*��!�� �;'HI,6 I���(*8:!�' "�$���5<%&��U)(*6O!,��!

I,+ '<- ��5)(*L��2��!�"���37-G��6:�,E ^���!,�2'*+*(*6��;� '<"��*9A��5,W 8O!19�D*62+ I,E)!<'#62E !�'*+���$,'���L#- �2��!#6:"�6 # %
6 $0%&')-�� 4 "���3 '�"���9���L �2� 9�D*6;+FI�E S_c
�M+ I,+ ')EQ��6 $����?')$�'<9���5)$,+.-��,+F9A� �;��3 "�$0�Y�2�*9N�,D)D*��3
-G3�!���� 4 ����5)��D)'�!�W L,!<��3)-G')�_(<! 4 (*5)��62E !�'*+)�<�,+*62E !�'*+�� ���!� � 	 ����� ���  	 ��� ��� �&�
	 ��� � � � � �
� � �  	 ��� � 	 � � %

lock - based ' S 1K5<D*')I 4 I�61BA')-=E ^�6:�;'*+X-=6 "*D*5)$���e=�A$,E 6 � 9A'<�2'<D*�,%&��3
%&+ '`��5 I,+ '�� 4 $�5)-G5[��5)�C-G3�!��<� 4 �,V�'<D<D*L ')3<� 4 6:"A+ ��3<%&��L�!�6:�;')+_(*8 -&��62+ I��*"��N+ 4 -G6 ��!
6:%�%&$�')e 4 � "���3�9A$�'<�;��U�!,�2'*+X-��2�]9�D*6;+FI�E ST��3�!���"*�,+R9NL��;�]"�$0�Y���*9A��D)D)�H8 ��62+=�@�76$# 4 %� � � �  �/

1 L�WX6 -G6 D�EFI,']82��62+ (�E '�9N',W ��$,+Q-G(*8:!�5J8 I�$,'�9N')+ ()"���$,62EX!�']e=3<D*')�AW 62E -G6#9AL<"��A+ '
D)'�!�W L,!<��3)-G'C(<! 4 (*5 6:9A�����M82I�$�')�K-G6 (�E ' '<"��[��$�6;+Q� 9A'<�2')- ��L<-=62+Q�0/ � �9A3)$�5?V�( ��!��
% ��!�L<%?!,�@-G5)�]9A'*+��T!�L<%?!,�@-G5)�/% � %?%&$�')e 4 ��S �P�J8O!<' 6;+ I,+F9A� 9A�A+ !�� ',!��,+R9N62E (*6O!��GV
9AL�WX69�D*62+ I,EX'<(*�N+QBA'*EQ��3�'<"��*9�D*62+Q-=(*��U�82��62+G6 "AEQ-G5)� (�E 'K82I�$�'?S

��6P(�E ' '<"�6:D*6 3�WX82$0�@-G59�D*62+ I,+Q�AUNV?�>6 "�6 #�62$0%&')-�� 4 ��"���3#�;�>'<"�6:D*623,W 6 $0/�!�6;+*-G3<% %
9A$,E !�62+A�,D*62�P�,+Q�
-G6 D�EFI,6 �P"���3762E !�'*+�'<"��)WX5<9A623)(*8O!�62�P-���51D*'�!�WXL�!���3)-G'#(<! 4 (*5#�;��3#9A'*+
"���3J%&$�L)eG��5<9A'�!�-��;��!M��6:D*6 3<�;')E.� 9A$,E.-=+ (*�Z�;��(*8 'J(*6>�2'JI,E I�3)(*L]�2��3)��V "�$,�*9A62+ (*8:!���3
!�'K6 #,L�%&6;+&�,+Q� I�+F')eX��$�8 � �2��3M9A$,EQ-=+ (*��3]')3<�2��U �;��(*8 '?S � +=I,+ ')e=��$�82� ')3<��8 �#-���8 D<!���! %
�2'*+=- ��5M-G3�!�82��62+ '�- �,+Q�7'�!,�,E.-��2�N+Q��6 � 8 I�$,6 � �2��!M-G6:D�E I0��!AS � � �2'�!M��D)62�>�N+XI�+F')eX��$�8 �
8 ����3�!M6 eX'<$,(*��-�WX6;E=- �,+Q�7-G6 D�EFI,6 � � -��,+.�78 I,$�6 �7�2��3)� � V 8O!�'�( 4 !<3<(*'�'<"�6:D*6 3�WX82$0�@-G5)�
-���8:D<!�6 �2'*+G- �2�JI,+ ')��62+ $,+Q- � 4 �;��3�-=3�%�9A6 9A$,+ (*8O!<��3]9�D*62+ I,+Q��U?VX"�$��*9A6;+F(*8:!���3J')3<�����#!�'
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'<"�6 D)623�WX6 $0/@-=62+��;�J9�D*62+ I,E S � "A+F"*D*8 ��!AVX�C6 "�6 #�62$0%&')-�� 4 �#"���3]'<"�6:D*6 3�WX62$0/�!�62+G�2�J9 %
D*6;+FI�E eX��$0�0/�!�6;+��,+.��6;+FI,�*"��A+ 4 -G62+Q�C6 %�%�$,'<e=/�! �2��3[-G3<%�9A6 9A$,+ (*8O!��A3H9N$,EQ-=+ (*��3[�;��(*8 '
- �2� ( 4 !�3)(*'7'<"�6 D)623�WX8 $0�@-=5<��V�62+ I���"��A+F/�!,�2')�1%G+ '7�,+Q�-G6 D*E I�62�
"���3>��$��*"���"��A+ 4 W 5�9N',!- �2�]-G3<%�9A6:9A$�+F(*8:!��J9A$,E.-=+ (*�J�2��(*82'NS

��6C(�EF'\'<"��*9���5)-G5 9�D*6;+FI�+Q��U?VP� 6 "�6 #�62$0%&')-�� 4 �J"���3a"�$,�*9A62+Q�2'*+_!�'a�;� '<"��*9A� 4 %-=62+N-���8:D<!�6;+A(�E ' '*E ��5)-G5 '�"���9���5)-G5)�
9�D*62+ I,+.��U -��;�KI,+ ')�?6;+ $,+Q-�� 4 �;��3 -G3<%?9N6:9A$,+ (*8:!���3
9AD)6;+ I,+Q��U?S � 6:"�6$#�6 $�%�')- � 4 � "���3\^,5���L`�2�b9�D*6;+FI�E�')I�$,',!<�*"��A+ 62E �;'*+�- ��5`-G3�!�82��62+ '?V
(*82��$,+Y')3<��� !�'[�;��3 "�')$�')�?�@$�5�WX62E S � I,+ ')�?6;+ $,+Q-�� 4 �C�;��3[9�D*62+ I,+.��U\eX��$0�0/�!�6;+Y-��;�
( 4 !�3)(*'H"�')$�')�N/@$,5<-=5<���,+Q�J62+ I���"��A+ 4 -=62+Q�C6 %?%&$�')e=/�!Z"���3 -G��6:�,E ^���!,�;'*+�(*6K�2�\-G3<% %
9N6:9A$,+ (*8:!��]9�D*62+ I,E S � � �;'�! �J6:"�6$#�6 $0%&')-�� 4 �"���3K^ 4 ��5)-G6T�2��9�D*62+ I,EGD)L,BA62+?�;�J( 4 !<3<(*'"�')$�')�?/@$�5)-G5)��V='<9A3)$0/�!�62+ ��D*6 �>�,+Q�>-=6:D�E I�6 �7��5<�>D*'�!�WXL�!���3)-G')� (<! 4 (*5)� �;��3�%&+ ']�,+Q�
��"��AE 6 � 6:!�5)(*6 $0/�WX5<9A6�'<"��`�,+Q�C-=�?6 �,+F9A8 �C6;+FI,�*"��A+ 4 -G62+Q�Z6:%�%&$�')eG/�! �<�,+Y6;E !�'*+ "*D)82��!
'<"�')$���'*+F�@(*8O!�62�,S

� � !�'1e=$,L�%&(*'�()"���$�62E,!�'62+ I0��W 62E��@�_8:!�')�_-G3�!�I�3)')-G(*����(�+ '<��'<"�6:D*6 3�WX82$0�@-G5)�Y9A'*+
(�+ ')� '<"��*9���5)-G5)� 9�D*62+ I,+Q�AUNS)( L)eX+�#�5C-=6>8:!�' e=$,L�%&(*'C-G5)(*'<�2�AI��<��62E �2�H��8:D*��� 6:!����
"�'<D�+Q��UZ9A$,EQ-X+F(*�A3 �2�A(*8 '?V�6O!,/ 5 '�!�')�?/@$�5)-G5C'<"��Z�;�[e=$�L<%&(*' -G5)(*62+F/�!�6;+ ��5�!J')$�� 46:!���� !�82��3J9A$,E.-=+ (*��3C�2�A(*8 '?S 1 '<� � ')3<����!��;�,!]��$��*"��&V�I,U<�He=$�L<%&(*'<�2'J"�62$,+.B�L<D)D*��3�!
8:!�'�! 9A$,EQ-=+ (*�J�;��(*8 '?SP��6 8O!�'�e=$�L<%&(*'?VG�,D*62�7�A+X62+ I��*"��N+ 4 -G6;+Q� 6:%�%&$�')eG/�!M��D<��!K�2��!
9AD)6;+ I,+F/�! 9A'�WX')$,E ^���!,�;'*+ V&I�5<D*')I 4 -���8 D<!���!,�2'*+?-G6�,D*��3)�1�2�A3<�#6 "�6 #�62$0%&')-���8 �%G+ ' !�'
'<9A3)$0/@-=��3�! �,+Q�7',!��,EQ-��;�A+Q��6 �>-G6:D�E I�6 ��S

��6�(�E '#')-��;���&E '1',!<L�%?!,�@-=5<��V*51-G6:D�E I�'"���31"�$��*9NL�D*62-G6_�;�7-GeXL<D)(*'(*6:�;')e=8 $,6:�2'*+
- ��5�!>�2��"A+R9 4 (<! 4 (*5K'<"��]��5�! 82I�$�' ��5)��V&-G69A'<��L<- �2')-G5 (*��!��-%�'�!�L<%?!,�@-G5)�,S

��6 (�EF'Z'<- �2�<�&EF'Z6:%�%&$�')e 4 �,V�62L�!J5 -=6:D�E I�'C"���3C"�$,�*9A62+Q�2'*+ !<'C%&$�')e=62E�I�6O!C62E !�'*+
"�')$��AU<-=' 4 62E !�'*+G-=6�L<9A3)$�5 9N'���L)- �2')-G5 -���5�! �2�*"A+F9 4 (<! 4 (*5NV&(*6 �2')e=82$�6:�;')+G'�"�����5�!
82I�$�'>��5)�
-G6P9A'<��L)-��;')-G5 '�!�L<%?!,�@-G5)��% 6 %�%�$,'<e 4 �,S � L�!75 -G6:D�E I�'7"���3 "�$��*9A6;+ �2'*+N!�'
%&$�')eX62E�6;E !�'*+A-G6�9N'���L)- �2')-G5 (*��!�� % '�!�L<%?!,�@-G5)�
- ��5�!�;�*"A+F9 4 (<! 4 (*5NV�579A'<��L)-��2')-G5
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%&E !�6 �2'*+?'�!�L<%N!��@-G5)��%�6 %�%�$,'<e 4 �,S ([E ' 62+ I��*"��AER5)-G5 6:%�%&$�')e 4 �T9N'��;'<%�$,L<eX6:�;')+N%G+ '7��5
-G6:D�E I�'K')3<� 4 9A'*+G8:!�'KI,E I�3)(*�]��5)�#I�5)(�+Q��3)$0%&62EQ�2'*+G"�$�+ !K')3<� 4 %&$�')e=6;E S

1 '<��L[��5�!['�!,�,+F9A'<��L)-��;'<-=5 (�+ ')�C-G6 D*E I�')�J"���3 BA$,EQ-&9A6 �2'*+Y- ��5[D)'�!�W L,!<��3)-G' (*%
! 4 (*5NV 5 -G6:D�E I�'H'<3<� 4 %&$�L)eX6:�2'*+ -���5�!J82I�$�'C��5)��V -���5�!J"�6 $,EF"*�2�@-G5 "���3 4 �2'�!C'�"�� %
WX5<9A6 3)(*8O!<5]-=679A'<��L)-��;')-G5�'�!�L<%?!,�@-G5)� %T6:%�%&$�')e 4 � -���5]D*',!,WXL�!���3)-G'](<! 4 (*5NS � %(*�AEF�@� 9A'*+
�A+
I,+ '<eX��$�82�a-G6:D�E I0��!b��5)�[D)'�!�W L,!<��3)-G')� (<! 4 (*5)� "���3 BA$,E.-&9A��!,�2'*+T-G6
9A'<��L<- �2')-G5 '�!�L<%?!,�@-G5)�.%�6:%�%&$�')e 4 �
9A'*+A"�$��*9A6;+ �2'*+N!�'>'<9A3)$0��WX��U�! %&$�L)e=��!,�;')+N-��,+.�
8 I�$�62�#� ��!K'�!,�,EQ- �2�A+.�N��!K-G6 D�EFI���! "�$,+ !K�A+=-G6:D�E I�6 �7'�9N3<$���WX��U�!AS

Z'��� ��� � �&	 ��� � � ] � � � �T� � & ] #=� � � 	 � % � �
� 	 � ] � � � 	 � % � %
a � ��� � � � %

( + ')�9A'*+N�2�
JIAJIA

6;E !<')+?(�E ' 9A'<�2'�!�62(*5<(*8:!�5>9A�A+ ! 4 (<! 4 (*57D*��%G+Q-G(�+F9A��U BA')-=+Q-=(*8O!�5
-G618 I�$�62�,V&9NL,W 6-=6:D�E I�'K6 I,$�L)^�6:�;')+G-G618O!�'�-��2'�WX(*�GS � � D*6 �#�A+X'<D<D*'<%&8 �1"���3K9AL�!���3�!
�A+ -��2'�WX(*�NE�-G6 �*"��N+F')I 4 "��<��6M-=6:D�E I�' "���3 eX+FD*� #�6:!���U�!H6 9������]8 I�$�')��(*6:�2')eX8 $���!,�;')+
#�'�!�LZ- ��5,! 82I�$�'H��5<��(*6 ��5H(*�A$�e 4 I,+ '<eX��$0/�!AS ����5Z-G3�!�82�?6;+ 'H�A+ I,+ ')e=�A$�8 ��'<3<��82�
6 e=')$�(*�A^���!,�2'*+?6O!,���A�82I�$�')��VA/@-���6T5 82I�$�'>!�' 8 ��62+?��5 -&�@- � 4 8:9NI���-G5 � ��! -G6:D�E I0��!
"���3K��5)� '�! 4 9A��3�!AS���3,!<6:"*/@�75�8 I�$,'K62E !�'*+&9N')+X5 "*D*8 ��! 9A'<��L<D)D)5<D*5 %G+ 'K!�'M(*6:��$�L)62+
�,D*6 �_�,+Q�Y��$���"��*"��A+ 4 -G62+Q��'<"��1�,D*��3)�@�;��3)�@-��;'�WX(*��U)��� ��!P-G6:D�E I0��!P"���3T��5<�Y'�! 4 9A�A3,!NV(*6:��$0/�!,�;')�1�2'

bytes
�2��! I,+ ')e=�A$0/�!K"���3K62e=')$�(*��^���!,�;'*+G-G69AL�WX6#-G6 D�EFI,'NS

+�$,�*9A62+ (*8:!���3 !�'\'�"��*WX5<9A6 U)6:�;'*+_5`D)��%G+Q-��,+F9 4 ')3<� 4 "*D*5)$���eX��$,E '`"�$,��-���8:WX5<9A6
-���5CI���( 4 9AL�WX6>-=6:D�E I�')� "���3 6 I,$�L)^�6:�;')+�-G6 8O!�'C- �2'�WX(*�Z8:!�'�!]"AE !�'<9A'-�

unsigned

long diffsizes[Maxhosts] � V�(*6K(*8 %&6OWX���JEQ-G�`(*6 �2�a(*8 %G+Q-��;� I�3�!�'<��� '<$�+ WX(*�
-��2'�WX()/�!NS 1M6 -&"�'<�2'<D*L<�2'*+Y"���D)D 4 (<! 4 (*5?V�/@-���6]!�' 3<" 4 $,�?6Z',!<L�%�9A5 I�3�!�')(�+F9A��U
��$,+Q-G(*�AUJ�2��3J"AE !�'<9A'?S 1 L�WX61W 8 -G5]�2�A3J"AE !<'�9N']')3<�2�AU]'�!,�,+.-��2�N+Q��62E -G6>8O!�'C- �2'�WX(*�
9A'*+@-G6]9AL�WX6J��8 �2�A+ ' W 8 -G5 '<"��)WX5<9A62U)6:�2'*+ � � � ��� � ���  �Z�b')$,+QWX(*��� �2��!

bytes
�2��!

I,+ '<eX��$0/�! "���3�6 e=')$�(*�A^���!,�2'*+G- ��5K-G6 D*E I�'M'<3<� 4 '<"��]�2��!K'�!,�,EQ-��;�A+Q���C-��;'�WX(*�&S
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1 '<��L���5,!�'<"�6:D*6 3�WX82$0�@-G5�6O!��A��9�D*62+ I,+Q��U � 4 e&WXL�!���!,�;'<��-G6�8:!�'Pe=$�L<%&(*' � V0��6 D*62+F/�!���! %
�;')�HI�5<D*')I 4 8O!�'�!`9A$�EQ-=+ (*�f�;��(*8 '?V
� -��2'�WX(*�A� "���3 '<"�6:D*623,W 6 $0/�!�6;+@�;� 9�D*6;+FI�E � 4eGWXL�!�62+ -��;�ae=$,L�%&(*' � -=3�%�9A$�E !<62+ �,D*62�M�,+Q�J-G6 D�EFI,6 ��"���3[8 ��62+ '<"��)WX5<9A623<(*8:!�6 �]-���5
D*'�!�WXL�!��A3<-='(<! 4 (*5 �2��3#9N')+�"���3#%&$�L)eG��5<9A'�!#-��;�,!19A$,E.-=+ (*� '<3<���>�2��(*82' (*6��2' I�EFI,3�%
(*'1'�!,�,E %&$�')eX'��;��3)�,S � +)I,E I�3)(*62��')3<��8 ��-G6:D�E I�62��6;E !�'*+�'�!,�,EQ%�$,'<eX'� ��!-=6:D�E I0��!��*"*�@�
6 9A62E !�62� 4 �2'�!M- ��5,!K')$��&+F9 4 �2��3)�7(*�A$�e 4 VX�<�;',!M6;EQ��'�!M-��2'<D*62E=-��;�C-��2'�WX(*�J'<"��J��5�!
82I�$�' �2�A3<��S �"��a��5[-GU<%�9A$,+Q-G5[')3<� 4 "�$��*9AU<"*�2�A3,! �A+�I,+ ')e=�A$�8 �]� ��![-G6:D�E I0��!Z%G+ '
�;��! 9N$,EQ-=+ (*�J')3����]�;��(*8 '?S

� +�I,+ '<eX��$�82�H')3<��8 �Z9A'<�2')-&9A623<L)^���!,�;'*+_- �2�
JIAJIA

'<"�� ��5\-=3,!<L<$���5<-=5
int

encodediff(int cachei, unsigned char* diff)
VN�;�*"��)WX6 �2��U�!,�;'*+A-G6T(*5,!<U�%

(*'<�;' ��(*6>"�')$�'<D 4 "*��5J��5�!]82I�$�'C��5)� 6:9NL<- �2�<��6 -G6:D�E I�')� � '<"�� ��5C-G3�!�L)$0��5)-G5
void

savediff(int cachei)
9N')+ �;'C(*5�!�U)(*'��;'�')3<��L]-���8:D<!���!,�;'*+X'<"��Z��5]-=3,!<L<$���5<-=5

void senddiffs()
S�17L,W 6#( 4 !<3<(*'K"�6 $,+ 8 ��6;+=��-=�J"�6 $,+Q-=-G�<��6 $�62�7I,+ ')e=��$,8 �7-=6:D�E I %

��!a�?�@$�L)62+ e 9A'*+@3<"�L)$�����3�!AVP�A+_��"��AE 6 � '<eX��$���U�!`-G6 D�EFI,6 � (*6J��5�!`E I,+ '\82I�$�'?S (
I,��( 4 9AL�WX6(*5�!�U)(*'��;����V?�;����"��AEQ�J9A'*+G'<"�623,W U,!<6:�2'*+�-G6(�E 'K-G3<%�9A6:9N$,+ (*8O!�5K82I�$�' 9NL�%
W 6eX��$�L?VGe='*E !�6 �2'*+&-��;�J-G� 4 (*'GbNS �)S.+�')$�'<��5)$���U)(*61�<�,+&%G+ 'K9AL�WX61-G6 D*E I�'M()"���$�62EG!�'
3<"�L)$�����3�! "�'<$,'�"�L�!,� '<"���(�E '�I,+ '<eX��$�82�,S

��"�����5
I,+ ')I,+F9A')-=E 'P��5)� 9��@I,+F9A�*"��AER5)-G5)�_�2��!�I,+ ')e=��$�/�!P��9A'<�2')-&9N6 3)')-�� 4 � ')3<�0/�!
6;E !�'*+&-G6�WX8 -=57!<' %?!,�@$,E ^�62+G�2�J(*8:%&6:WX���1�2�A3<� 9A'*+G(*L<D�+Q-��;' �2�]6O!�-&�@(*'<�0/�!�6;+�9A'*+G-�%
�;' I�62I���(*8O!<'C"���3Z- ��8:D<!�6;+ -���5�!]82I�$�'C�2��!C'�!,�,E.-��2�N+Q�?��!C-=6:D�E I0��!AS +�$,�*9A62+Q�2'*+�%G+ '
�;��!

diffsize
V�8O!�'�! ')$,+ W (*� �

bytes
�[�*"��NEQ���J'�!�')e=8 $,6:�2'*+ - �2�[-G3�!���D�+R9N� (*8:%&6 %

W ��� ��D<��!K�2��!MI,+ ')e=��$0/�!K%G+ 'M(�+ '�-G3<%?9N6:9A$,+ (*8:!�5�-=6:D�E I�'?S���3�!�6:"*/@�>I�6O!M'<"�'*+ ��6;E �2'*+
!<' "�$���-���6:WX62E�6 "A+F"*D)82��! "�62I,EQ�J-��;�M( 4 !�3)(*' ��U<"���3

DIFF
%&+ ' !<' '�"��*WX5<9A6 U)��!,�2'*+��;'

(*6 %&8OWX5�� ��!�I�+F')eX��$0/�!AV)"�')$�L1()"���$�6;E��7"�')$�'<D 4 "*��5)�@�;��31(*5�!�U)(*'��;����V<518 I,$�'�I,5�D*')I 4�2��!-G6 D�EFI���!AV)!�'#I,+ ',BAL<^,62+<��5�!�"*D*5)$���eX��$,E ' ')3<� 4 '�"��7�2' I,6 I���(*8:!�'1�2�A3 (*5�!�U)(*'��;����S

�
diffserver()

��$���"��*"��A+ 4 WX5<9A6�V /@-���6!�']I,+ ',BAL<^,62+ '<"��J�2']I�6 I��A(*8O!�']9AL�WX6
(*5�!�U)(*'<�2�A� I�+F')eX��$0/�!P��5�!�"*D*5)$���e=�A$,E 'P�2��3T(*6:%&8OWX�A3<���2��!�I�+F')eX��$0/�!�%&+ 'P9NL,W 6 -G6 D�E %
I,'
9A'*+�!�'
��5�!P"�$���-�W 8:��62+�-���5PWX8 -G5
�2��3�"AE !�'<9A'

diffsizes[]
"���3�'�!,�,+.-��2�N+Q��62E<-��;�
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��� 4 (*'Gb?S � / ( I,��( 4 �2��! (*5�!�3)(*L<� ��! ��U<"���3
DIFF

��� b  S
-��2'�WX(*� "���3 4 �2'�! '<"���-��;�,D*8 ')�M�2��3H(*5,!<U<(*'<�;���MI,+ ')e=�A$0/�!ASJc
� (*8:%&6OW ���K�2��!ZI,+'%
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void migfindmax()

{

/* For each homed page we get its hostwithmaxdiff and its maxdiffsize.

We have no obvious way to measure local diffs, since no actual diffs

are created from the local OS. --repantis */

int homei, hosti;

for( homei=0 ; homei<Homepages ; homei++ )

for( hosti=0 ; hosti<Maxhosts ; hosti++ ){

if( home[homei].diffsizes[hosti] > home[homei].maxdiffsize ){

home[homei].maxdiffsize = home[homei].diffsizes[hosti];

home[homei].hostwithmaxdiff = hosti;

}

}

}
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��-G/@(*'>�;��3K(*5�!�U)(*'<�2���'*E ��5)-G5)�1e=$�L<%&(*'<�2�����$��*"���"��A+ 4 W 5�9N6�9N'���L<D)D*5<D)'?VN/ %
-���6�!�'MeX��$0�0/�!���!,�;'*+&9A'*+X�A+G"*D*5)$���eX��$,E 6 �>(*6:�;',!<L<- ��6 3)-G5)�1-G6:D�E I0��!AS���3�%�9A6 9A$,+ (*8 %
!�'?V"�$,�*9A62+ (*8:!���3 !�'f%&E !�6 �2'*+�-&�@-���L 5 '�!�L<D)3)-G5 �

parsing � �2�A3 -&/@(*'<�;���a-��;��!
"�'<$,'�D 4 "*��5?VA9A$�E WX5<9A6#'�!�'<%�9A'*EQ�M!�' I,+ ')�N�@$�EF^,�,!��2'*+G�A+&"*D)5)$��Ae=��$,E 62� (*6:�;',!<L<- ��6 3)-G5)�
'�"��H�,+Q� "�$��A5�%&��U)(*6:!�6 � "*D*5)$���eX��$,E 6 �K"���3C"�6 $�+F82���,!��2'*+�- �2�Z-G/@(*'J�2��3 (*5�!�U)(*'<�2�A�
���*"*�@�Z%G+F'`"�')$�L)I�62+ %&(*'`�,+Q� 62+ I���"��A+ 4 -=62+Q� 6:%�%&$�')e 4 � � S c
� $,�,D*�b�2�A3`I,+ ')�?�@$,+Q-�� 48 ��62+_8O!�'\'�D*eX'<$�+ WX(*5<�,+F9A� � "AE !�'<9A')� ��')$�'<9�� 4 $0��! � (*6 %&8OWX��3)� �

bytes
�
STOP)

V_�2�
�*"��AEQ�C3<"���I�5<D)/�!�6;+?�2����8:D*���1� ��! "�$���5<%&��U)(*6O!,��! "*D*5)$���e=�A$,+F/�! 9N')+&��5,! ')$�� 4 � ��!
"*D)5)$��Ae=��$,+F/�!J(*6:�2'�!�L)- ��6 3)-G5)� -G6 D*E I0��!NS � eX��-G��!�I�6:!�3<"�L)$���62+ I,+ 6 U�WX3�!�-G5](<! 4 (*5 %�aEQ-G5 (*6H�2��!

ASCII
9��@I,+F9A� �2��3

STOP
I�6:! 3<"�L)$���62+�"�62$,EF"*� �@-G5b"�')$�'�!���5)-G5)�

�2��3 I,+ ')�N�@$�+Q-�� 4 %G+F'[6;+FI,�*"��AE.5)-G5[6 %?%&$�')e 4 ��'<"�� �2��! "�')$�'<D 4 "*��5Z�2��3 (*5�!�U)(*'<�2����S
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��� 4 (*'.b?S b / ( ��$��*"���"��A+.5)(*8O!<5�I��A( 4 � ��! (*5�!�3)(*L<� ��! ��U�"��A3
BARR

S
+$��*9N62+ (*8O!��A3 !�'>��D*�*9�D*5)$0/�!�6 �2'*+�-&�@-���L>5>'�!�L<D*3)-G5 �;��3 -&/@(*'<�2���T�2��3 (*5�!�U)(*'<�2���
'<"�� �;�,!>"�'<$,'�D 4 "*��5?VA� I,+ ')�?�@$,+Q-�� 4 ��"�$���- �,E WX6 �2'*+A'<9A�A(*5>9N')+?- ��5,!#"�62$,EF"*� �@-G5>"���3
I,6O! 82����3)(*6Z"*D*5)$���eX��$,E 6 �a(*6 �2'�!�L)-���623)-G5)�Z-G6 D*E I0��!\!�' e=�A$0�0/@-G��3)(*6 -��2� ( 4 !�3 %(*'?SY��5)(*62+F/�!�6:�;'*+��<�,+�5#��$,�*"��*"��A+R5<(*8:!�5 (*��$�e 4 �2��3>(*5,!<U<(*'<�;���P'*E ��5)-G5)�Pe=$�L<%&(*'<�2���
��$�5)-=+ (*�*"��N+F6;E �2'*+P(*��!�� �<�2'�!\62E !�'*+�6O!<6 $0%&�*"��A+R5)(*8O!�5 5b(*6 �2'�!�L)-���623<-=5a-G6:D�E I0��!\(*%
! 4 (*5)��S

( E ' I,+ ')e=��$�6 �,+F9 4 e '<D)D)La"A+ WX'�!�L\"A+Q�b"���D)U<"*D*�*9A5 e "�$���-G8 %?%G+Q-=5aWX' 4 �2'�!a�
"�')$�'<D 4 "*��5)� !�'g%?!,�@$,E ^�6;+ �;� ( 4 9A�A� � ��!g"*D*5)$���eX��$,+F/�! "���3 "�$,��5<%��AU,!��2'*+ �2��!
"*D*5)$���eX��$,+F/�! (*6 �2'�!�L)-���623)-G5)�,V�(*8 -&��6:!����C(*6 �2')I,+ I���(*6:!���3 -��;�`-&/@(*' �;��3 (*5�!�U %
(*'<�;��� ')$,+ W (*��U?V��J�*"��NEQ���7WX'K8 ��6;+G3<"��,D*��%G+Q-�WX6;E='<"��]�2��!K'<"���-��;�,D*8 '?S

�(*82-&�@�a(*6:��Lf�2��3)�`��8 -G-G62$,+Q�a��')$�'<9�� 4 $�62�a�2�A3 I,+ ')�?�@$,+Q- � 4 '<9A��D)�A3,W ��U�! �A+
"*D*5)$���eX��$,E 6 �>(*6:�;',!<L<- ��6 3)-G5)��SY��3<%�9A6 9A$,+ (*8O!�'?V=- ��5�!>"�')$���U)-G'�8:9AI��A-G5K9A'*+G%&+ '�(�+ %
'J'<"*D 4 "���D�+ �,+F9 4 (*6 �2'�!�L)-���623<-=5<��VG(*6:�;')I,E I���!,�2'*+ I,+ 6 3�WXU�!�-=62+Q� (<! 4 (*5)�>6:!,����� 8 I�$�')�
-=6:D�E I0��! � �

bytes � 9A'*+��N+A'�!,�,EQ- �2�A+.�?�N+N'�!�'<%?!,�@$,+.-���8 �
� ��!7+Q-G��3)$��<��6 $0��!#��$���"��*"��A+'%
5<�0/�!K�2��!]-G6 D*E I0��!M')3<�0/�!�� 6:"AEQ-=5<� �

bytes � S � � ��-=+ � 9AL�WX6>-��;',W (*���76:!�5)(*6 $0/�!�6;+
�;� I�+F')��62+ $,+.-�� 4 eX$�L<%�(*'<�;���[%G+F' �2� "��A+ 6 �a-G6 D�EFI,6 �[�2�A3 ��$��*"��*"��N+ 4 WX5<9A'�!f+Q-G��3)$�L
9N')+X'<"��]"��A+Q� - �2'�WX(*�&V&/@- ��6�N+=-G6 D�EFI,6 �7')3<��8 �#!�'M(*6 �2'�!�')-���62U<-=��3�! -��;��3)� '�!,�,EQ-&%
�;�A+Q����3)�1-��;',W (*��U)�,S ( I,��( 4 �2��3 ��$��*"���"��A+.5)(*8O!<��3 (*5�!�U)(*'��;���T'*E ��5)-G5)��e=$�L<%&(*'<�2���
I,62EQ�N!�6 �2'*+G- �2�J-G� 4 (*'SbNS b

(�"�$���-=L<$���5<-=5 � ��! "*D*5)$���e=�A$,+F/�!�(*6:�;',!<L<- ��6 3)-G5)�1-��;�C-&/@(*' �2�A3�(*5�!�U)(*'<�2���
'*E ��5)-G5)�
eX$�L<%&(*'��;���
%GE !�6 �2'*+A(*82-&� ��5<�T-G3�!�L)$0��5)-G5)�

void appendmsg(jia msg t
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*msg, unsigned char *str, int len)
�;��3

JIAJIA
S����;�-G/@(*'���5)�Y-G3�!�L)$0��5)-G5 %

��')3<� 4 �P%GE !<6:�2'*+?�K8 D)6 %&�?�A��( 4 "*�@�T5 "�$��A-GL)$0��5)-G57I�5)(�+Q�A3<$�%�6;E?( 4 !<3<(*'>(*6:%&'<D*U���62$��
'�"��\�2�b6 "A+ ��$�6:"*���\%G+ 'a�2�

JIAJIA
�A$,+Q�&S � eX��-G��!a-��,+Q�CI,�*9N+ (*8 � (*6J-G3�! 4 WX6;+Q�J6 %

e=')$�(*��%�82�[�2� ��$,+.� ')3<���fI,6O! #�6:"�62$�L)-���5<9A6�VI�6O!b"�')$���3)-=+ L)-�WX5<9A6H5 '�!�L<%?9N5 %G+F'
I�5)(�+Q��3)$0%GE 'C9A'*+ 6:"A+F"*D*8 ��!]��U�"��A3C(*5,!<U<(*'<�;���,V 6;+FI�+R9NLC%G+F' ��5](*6 ��L)I���-G5]��5)� "*D)5)$�� %
e=��$,E ')��(*6:�2'�!�L)- ��6 3)-G5)�,S � ��!,�,E W 6:�2'13<"�L)$�����3�!T'<"��*9�D*62+Q- �,+F9AL#(*5�!�U)(*'��;'T(*6 ��L<I,��-G5 %
�H6;+FI,�*"��A+ 4 -G6:��!b6:%�%&$�')e 4 � "�$��A� ����U<"���3

WTNT � 9A'*+�'�"�� � ��U<"���3
INVLD � �2�fI,+'%

'<��6;+F$�+Q-�� 4 9�D*62+ I,+Q��U 4 e=$�L<%&(*'<�2����VA�<�2'�!7�A+N62+ I��*"��N+ 4 -G6;+Q�6:%�%&$�')e 4 �
62E !�'*+A"�L)$�' "���D*%
D)82��%&+ '1!<'�?�@$�82-G��3�!��D*6 �P- �2'#(*5�!�U)(*'<�2'')EQ��5<-=5<��9A'*+)"�')$�')�?/@$�5)-G5)���2��319�D*6;+FI�+Q��U
4 �2��3�e=$�L<%&(*'<�2����S �
+�$,�*9A62+ (*8:!���3`!�'a'<"���e=623)�AW 62E��;�`9A�A-��2�A� � ��! (*6:�;'�!�')-���6 U)-G6 ��! %G+F'\-G6:D�E I�62�

"���3C��$��*"���"��A+ 4 W 5�9N',! 6 D)L)�&+Q- �2'C'<"��Z'<"���(*'<9A$�3)-G(*8:!���3)� -��;'�WX(*��U)�,V '<D)D*L�9N')+�%G+F'
��5,!P'<"���e=3<% 4 �;��3
eX')+ !��A(*8O!���3T��5)�Y"�'<D*+ !�I,$���(*5)-G5)�Y-G6:D�E I0��!P(<! 4 (*5)�Y(*6:�2' #�U
� ��!TE I,+'%
��!1- �2'�WX()/�!��@�P82I�$�62�,V��,EQWX6:�;'*+)9AL<"��A+Q� 9N'��0/@e=D�+*(*6:%&8OW ��3)����$��*"��*"��A+ 4 -G6 ��!AS � � ��-=+
I�6#e=��$��0/�!���!,�2'*+X-��2�J( 4 !�3)(*'K'*E ��5)-G5)� eX$�L<%�(*'<�;���7�A+XI,+ 6 3�WXU�!�-=62+Q�#9N')+X�A+X(*8:%G+Q- �2�A+
��$��*"��*"��A+R5<��8 �T��D)��!�2��!��$,�*"��*"��A+R5<(*8:!,��!7-G6 D*E I0��!NV)'<D)D*L#(*��!�� 6:9A6;E !���!�2��!1�*"��NE %
��! �2�K(*8 %�6:WX����� ��! ��$���"��*"��A+ 4 -G6:��! #�6:"�62$�!�L>�2� 9A'<�0/@e=D*+ S�c
�K9N'��0/@e=D�+A')3<��� (*')�
6:"A+ ��$�8 "�62+<!<'1D)L,BA��3)(*6_82(*(*6 -G'13<" � � ,X+ !9N')+<�,+.��"A+ WX'�!�82���2�*"A+F9A82����$��*"��*"��A+ 4 -G6;+Q�T'<"��
��5,!M8 �@�7���<��6>8 I�$�'�9AL�WX6>-G6:D�E I�')�,V �A+ �*"��AE 6 � I,6O!M'�!<+Q�N!�62U<��!,�;'*+ 6 U<9A��D)']9A'*+ �?�@$,EQ�
"*�0/@-G5[��5)�]'<"���I,��-G5)� e "��A-G�`(*L<D)D*�,![(*6:��$��AU,!��2'*+ e ��9A'*+Y6;E !<')+�')��$,'���62�J%G+F'[�;�
(*5<��'�!<+Q-=(*� (*8:��$�5)-G5)�
��$,�*"��*"��A+ 4 -G6:��!>"���3 3�D*�*"��N+ 4 WX5<9A6 � SYc
�K9A'<�0/@eGD�+?()"���$�62EA!�'
'�D)D*L)^�62+�',!<L�D*��%&'Z(*6 ��5�!J62e=')$�(*��% 4 V��;�[I,+ '<-=3,!<I�6:�,+F9A�[I,EF9���3)�&V ��5 (<! 4 (*5J9A'*+ ��5�!
6:"�6 #,6 $0%&')-��,+F9 4 +.-G��UC� ��!J-��2'�WX()/�!]9A'*+ 5C�,+ ( 4 �2�A3 3<"��,D*��%&E ^�6 �2'*+ 62E ��6 6 ()"�6;+ $,+F9AL?V
62E ��6#3<D*�*"��A+F/�!,�;'<�79AL<"��A+Q�C(�+F9A$��A(*6:��$��*"�$,�,%&$�')(*(*' �

microbenchmark � S

+�$,�*9A62+ (*8:!���3 �Z"�$��,%&$�')(*(*'<�,+Q- � 4 � 62e=')$�(*��%?/�!�!�'J()"���$�6;E �HE I,+Q�A� !�'�WX8:��6;+=�;�
9A'<�0/@eGD�+�"�L,!�� '<"�� �2�f�*"��AEQ� WX'bI,+ 6O!<6 $0%&62EQ�2'*+P(�+ 'b(*6:�2'�!�L)- ��6 3)-G5?V�"�$,��-���8:WX5<9A6
(�+F'Z'�9N��(*5 6:"A+FD*��% 4 -���5C-G3�!�L)$0��5)-G5

jia config()
�2��3

API
S � � ��-X+ 8 ����3)(*6 ��5�!

6:"A+FD*�,% 4 jia config(HMIGthreshold, int value)
V�(*6K��5�! ��"��AE 'a()"���$�6;E !�'
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I���WX62E,�,+ ( 4 - �2�#9A'<�0/@e=D*+ S+( "�$��A6:"A+FD*6:%&(*8O!�5�,+ ( 4 62E !�'*+ � � �NV)�*"��<��6@9A'*+�"�$��*9A'<D*62EQ�2'*+
(*6 �2'�!�L)-���623)-G5 %&+ '��*"��A+ ')I 4 "�����61�,+ ( 4 bytes

'<"���(*'<9A$,3<-=(*8O!�5)�#(*6:�;',B���D 4 �,S

Z���� ��� ! �T� � & ] #G� � � ] � � #��'#�� # � � � � � � 	 � % �  �T� � � � � � � %
	�#G	 � %�� � 	 #=� � � � � #  �`a � % 	 % & 	 � � � � _ 	���a � � " # � � ��� 	 &
� � ����	 � 	�� �

� e=��-G��!H�`6:9AL)-��;�<��6MI,+ ')��62+ $,+Q- � 4 �]e=$,L�%&(*'<�2�A����$�EQ-���5<9A6M!�' 62E !�'*+ '<3<������"���3HWX'
eX$���!,�,E ^�62+�%G+ 'T��5-G3<D)D*�,% 4 9N')+�%G+ 'T��5(*6:��L)I��A-G5
�2��!
"*D)5)$��Ae=��$,+F/�!1(*6:�2'�!�L)- ��6 3)-G5)�
-=6:D�E I0��!AV="�$,8:"�62+=!�'J6:!�-&�@(*'<�0/�!�62+=��5�!K9A'<��L<D<D*5<D*5M3<"���I��A( 4 %G+ ']��5�!M'�"��*W 4 9A6 3)-G59N')+
��5�!b6 "�6 #�62$0%&'<-XEF' � ��! "*D*5<$,��e=��$�+R/�!f')3<�0/�!AS +$��*9A6;+ (*8O!���3 � I,+ ')�?6;+ $,+Q-�� 4 �eX$�L<%&(*'��;���C!<'\-G3<D)D*8:%&62+@�,+Q�H"*D)5)$��Ae=��$,E 62�H(*6 �2'�!�L)-���623<-=5<�C-=6:D�E I0��!`'<"�� �2'\(*5�%
!<U<(*'<�;'�'*E ��5)-G5)�7eX$�L<%&(*'��;����VX��$���"��*"��A+ 4 WX5<9A6>�Z',!��,EQ-��;�A+Q����� 6 #�3<"�5)$�8 ��5<��VXI,5�D*')I 4�
void barrserver(jia msg t *req)

S �
barrserver()

9A'<D)6;E �2'*+ %G+ 'Z9AL�WX6
'*E ��5)-G5`e=$�L<%&(*'<�2���Z"���3`D*')(�BAL�!�62+_� I,+ '<��6;+F$�+Q-�� 4 � e=$�L<%&(*'<�2����S ��3�!�6 "*/@�Z9N'�D*6;E %
�;'*+ %G+F'H8O!�'Ze=$�L<%&(*'C����-G62� e=��$,8 �K��-=���K62E !�'*+�9A'*+��[')$,+ WX(*�A� � ��!C-��;',W ()/�!AV (�+F')�
9N')+=�2�

JIAJIA
"�$���-GeX8 $�6;+=(*��!��J9N',W �,D�+F9A� eX$�L<%�(*'M9A'*+G�<�&+XeX$�L<%&(*'K%G+ 'M(*6 $�+R9N��U)�

- �2'�WX(*��U)�1(*��!��&S +$��*9N62+ (*8O!��A3K!�'M(*6:�2')I��*WX62E&5M'�"���9A$,+Q-G5�e=$�L<%&(*'<�2���19N'�D*6;E �2'*+ e
(*��!�� (�E ' e=��$,LNV?�<�2'�!78 ����3�!7e&W L<-=62+�- �2� eX$�L<%�(*'>�,D*�A+��N+A- �2'�WX(*�AE e 5 '�!,�,EQ-��;�A+Q��5
-=3,!<L<$���5<-=5 �

void grantbarr(long lock) � S

� e=��-=�,! �2' (*5,!<U<(*'<�;'f(*6 "*D*5)$���eX��$,E ' (*6:�2'�!�L)- ��6 3)-G5)� "���3 D*'<(�BAL�!�6;+T� I�+ %
')��62+ $,+.-�� 4 �HeX$�L<%&(*'��;���[62E !�'*+�"��,D)D*L ���A-G' 9A'*+�� ')$,+ WX(*�A�H�2��!\-��;'�WX()/�! � I,6CWX'
4 �;',! -&9N�*"A+ (*� !�' "�$�8 "�62+�!�'ZI�+F',BAL)-G62+�#�'�!�LZ5

grantbarr()
9A'�WX8:!�' #,6 �?�@$,+Q- ��LNS

� E !<')+?L)$�' e='�!�62$��K�<�,+?�
barrserver()

"�$,8:"�62+A!�' '<"��)WX5<9A62U<6;+N9AL<"���3 ',W $��A+Q- �,+R9NL
�,+.�J"*D)5)$��Ae=��$,E 62�Z(*6:�;'�!�L)-���6 3)-G5)��-G6:D�E I0��!["���3 D*')(�B�L�!�6;+Y'<"��`9NL,W 6]- �2'�WX(*�&VY/ %
- ��675

grantbarr()
!�'C()"���$�6;E 9A'<���*"A+ !M!<'J�,+Q� 8 ��62+ -=3�%�9A6:!,��$0�@(*8:!�6 � %G+ ']!�'J�,+Q�

eX��$0�0/@-G6;+&-��;�M( 4 !�3)(*' "�')$�')�?/@$�5)-G5)�#e=$�L<%&(*'<�2����S � "AEQ-G5)��VG�*"*�@� 6;E !<')+&"�$���e='�!�82�,V
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�A+@"*D*5)$���eX��$,E 6 � (*6:�;'�!�L)-���6 3)-G5)�C-G6 D�EFI���! '�!�')eX8 $���!,�;')+�-G6C-G3<%�9A6 9A$,+ (*8O!�� eX$�L<% %
(*' 9AL�WX6KeX��$�L ��I,5�D*')I 4 9�D*62+ I,E (�+ '<�M9A'*+��;� e=$�L<%&(*'[+Q-G��I�3�!�')(*6;E (*6 9�D*6;+FI�+FL[�*"*�@�
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��6 3)-G5)�7'<"�� �;� I,+ ')��62+ $,+Q- � 4 e=$�L<%&(*'<�2��� -��;� -G5)(*62EQ�Z'<3<���C��5)� 6:9���8 D*6 -G5)��V=�2'J'<D*%
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��')e=�AU\5`"*D)5)$��Ae=��$,E 'b')3<� 4 WX' (*6:�2' %
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"*D*5)$���eX��$,E 6 �7(*6:�2'�!�L)- ��6 3)-G5)�T%G+ ' 9AL<"��A+.�Ce=$�L<%&(*'?V�'<"�'*+ ��6;E �2'*+�!<'K62E !�'*+�%?!,�@- ���M�;�
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(*6�I,+ ')e=��$�6 �,+F9A�]��$��*"����2' (*5�!�U)(*'<�2' ')EQ��5<-=5<�1eX$�L<%�(*'<�;���1'�"���L<D<D*' (*5�!�U)(*'<�2'>"���3
eX8 $��A3,! 62+ I���"��A+ 4 -=62+Q� 6:%�%&$�')e 4 ��V��<�2'�!HB�8OBA')+ 'a6;E !�'*+Y6O!�62$0%&�*"��A+R5<(*8:!�5 5a(*6:�;',!<L<-�%
��623)-G5[-G6:D�E I0��!AS (dI,+ ')e=��$�L`�?6;+ $,+Q-G(*��U`8:%�9A62+Q�2'*+_- �2�`%�6 %&�,!<��� �<�,+@5 I,+ ')I,+F9A')-=E '
'�!�L<D*3)-G5)� �;��3
-&/@(*'<�;�����2��3T(*5,!<U<(*'<�;��� %&+ '
6;+ I��*"��A+ 4 -G62+.�_6:%�%&$�')e 4 �YI�6 -G3�!�62��E ^�6 �2'*+
(*82��$,+*�;� ��8:D*���
�;��37(*5�!�U)(*'<�2�A�,VA'<D)D*L7(*82�?$�+)!�' BA$�6OWX6;E�� I,+ ')�?�@$,+Q-�� 4 � STOP VN')eX��U'<9A��D*��3�WX��U�!M�A+="*D*5<$,��e=��$�EF62�>(*6 �2'�!�L)-���623)-G5)�-=6:D�E I0��!AS�(�D*U)-G5 �2�A3 #�62�?�@$,+Q-��;��U
��6;+F$�+Q-G(*��U � ��! (*5,!<3<(*L<�2��! (*6 "*D)5)$��Ae=��$,E ' (*6 �2'�!�L)-���623<-=5<�C6;E !�'*+�5 '<"*D*��U)-���6 $ %
5?V '<eX��U]9A�A+ ! 4 '�!,�,+ (*6:�0/Y"A+Q-=5���D)��!�� ��!](*5,!<3<(*L<�2��! W '�'<"�'*+ �2�AU<-=6 ��5�!M62+Q-='�%��Y% 4L)��$�5)-��;��3]9A'<��LJ�2'JL<D)D)'JI,+ ')�?�@$,+Q- � 4 -��2�H-&/@(*'J�,D)��!]� ��!](*5�!�3)(*L<� ��!�"���3J"�6 $ %
+ 82�?�A3,!K6;+FI,�*"��A+ 4 -G62+Q� 6:%�%&$�')e 4 ��S

��5<(*'�!,�,+F9 4 62E !�'*+&5M"�'<$,'�� 4 $�5)-G5 �<�,+G�JI,+ ')��62+ $,+Q- � 4 �7e=$,L�%&(*'<�2�A�#-G3<%?9N6O!,��$0/�!<62+
��D*6 ���,+Q��"*D)5)$��Ae=��$,E 62�](*6 �2'�!�L)-���623)-G5)� -G6:D�E I0��!AV�'<9A��(*5 9A'*+ '<3<��82�K"���3[')e=��$,��U�!
�;��!�EFI�+Q�&S'�13<���C-G3)(�B�'*E !�6;+&%G+ '��,E=9A'*+ � E I,+Q��� �*"*�@�>9A'*+=��D*�A+ �A+ 3<"��,D*�A+F"��A+ - �2'�WX(*�AE
- ��8:D<!�6;+_( 4 !�3)(*' ')EQ��5<-=5<�He=$�L<%&(*'<�2����� -��;�,!`62')3���� �2��3 � VP�2� �*"��NEQ� 9A'*+�'�!�'<D*U)62+
(*6[��5�! E I,+ ' I,+ '<I�+R9N'<-XEF' �*"*�@�\9A'*+�� ��!f3<"��,D*�A+F"*��!ASdc
5 -G3�!���D�+F9 4 "*D*5)$���eX��$,E '
(*6 �2'�!�L)-���623)-G5)��-G6 D�EFI���! 6 "AEQ-G5)�C��5`D)')(�BAL�!�62+@�*"*�@� ��D)�N+_�A+�3<"��,D*�A+F"��A+�- �2'�WX(*�AE
'<"�� �;�K( 4 !�3)(*'7"�')$�')�?/@$�5)-G5)�TeX$�L<%&(*'��;����"���3 -���8:D<!�6;+A�]E I,+Q��� � -��2��!>62')3���� �;��3 � S

Z���� �\[�� � #G	�� a � � � _� � % 	 � % �  �T� � � � � � � % 	�#G	 � %�� � 	 #=� � � 

� � #  �`a � % 	 % & 	 � � � � _ 	 �(a � � " # � � ��� 	�& � � ����	 � 	�� �

�1e=�AU
��6 9AL)-��;����6 I,+ ')��62+ $,+Q- � 4 �_e=$�L<%&(*'<�2���Y-G3<%�9A6:!,��$0/@-G6;+;�,+Q��"*D*5<$,��e=��$�EF62�@(*6:�;'�!�L)-&%
��623)-G5)� '�"��[��D*��3)�K�2�A3<�M-��2'�WX(*�AU<� 82��62+�- ��5 -G3�!�82�?6;+ 'C9A'�W 4 9A��!J!�' �,+Q�M(*6:�2')I0/ %
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��� 4 (*'.b?S ��/ (�')$��&+F9 4 I,��( 4 �2��! (*5�!�3)(*L<� ��! ��U<"���3
BARRGRANT

� �%b  S
-G62+ -G6 �,D*��3)��S ( 6K-&9A�*"��[��5H(*62EF�@-G5Z�2��3 6:"A+F9A�A+ !,��!)+F'<9A�AU[9A��-��;��3)�M5H-G3�!��,D�+F9 4"*D)5)$��Ae=��$,E 'a(*6 �2'�!�L)-���623)-G5)�,V �*"*�@�C6 #�5<% 4 WX5<9A6�V@eX��$0�0/�!�6 �2'*+�-��;�`-&/@(*' �;��3 4 I %5a3<"�L<$,�?��!,�;��� ( 4 !�3)(*'<�2���C'<"��*9N$,+Q-G5)� ��"�')$�')�N/@$,5<-=5<� � e=$�L<%&(*'<�2����S (de=�A$0� �@-G5
D)')(�BAL�!�62+��N/@$,'7-��;� -&/@(*'#��5)�
-G3�!�L)$0��5)-G5)���2��3

JIAJIA
"��A37I�5)(�+Q��3)$0%&6;EA�;� ( 4 !<3�%(*' "�')$�')�?/@$�5)-G5)�
e=$�L<%&(*'<�2����VAI�5<D*')I 4 ��5)� �

void grantbarr(long lock) � SYc
�
( 4 !<3<(*'T"�')$�')�N/@$,5<-=5<��e=$�L<%&(*'<�2�����2�A3

JIAJIA
82�?6;+�9A'�!���!<+F9AL1��5�I,��( 4 "���31I�62EQ�N!�6;+

�2�`-=� 4 (*'>b?S ��S +�')$�'<��5)$���U)(*6����,+�6 9������C'<"��a�;��! '�!�'<%?!,�@$,+Q- � 4 �;��3 e=$,L�%&(*'<�2�A�
"���3]"�'<$,'<�?�@$�6;E �2'*+X"�6 $�+RD*')(�BAL�!���!,�2'*+=9A'*+X�A-G6 �>62+ I��*"��A+ 4 -G6;+Q� 6:%�%&$�')e 4 �7�?�@$�L�!�6 e
9A'*+G3<"�L)$�����3�!AS

� +���$���"��*"��A+ 4 -G62+Q��-���5PI��A( 4 �2��3
(*5�!�U)(*'<�2�A��"�'<$,'<�?/@$�5)-G5)��e=$,L�%&(*'<�2�A�,V�"�$,�*9A62+ (*8 %
!���3!�'1e=�A$0�0/�!���!,�2'*+<9A'*+<�A+)"*D*5)$���eX��$,E 6 ��(*6 �2'�!�L)-���623<-=5<�_-G6:D�E I0��!AV*62E !�'*+<'�!�L<D*�,%&6 �
(*6K6:9A6;E !�6 �]-���5 I���( 4 �2��3[(*5�!�U)(*'<�2����'*E ��5)-G5)�Me=$,L�%&(*'<�2�A�,S 17')+ "�L<D�+ V "�$���9A62+ (*8 %
!���3J!�'J%GE !�6 �2'*+ -&�@- ��L]5Z',!<L�D*3)-G5 �

parsing � �2�A3C-&/@(*'<�2��� - �2��!�"�')$�'<D 4 "*��5NV I,+'%'<�?�@$,E ^���!,�;'*+��A+A"*D*5<$,��e=��$�EF62�T(*6 �2'�!�L)-���623<-=5<��'<"�� �,+Q�P"�$���5<%&��U)(*6O!<6 �
"*D*5)$���eX��$,E 6 �
"���3J"�6 $,+ 82�?��!,�;'*+�-��;�Z-&/@(*']�;��3C(*5�!�U)(*'��;��� ����"*�@� %&+ 'C"�')$�L)I�6;+ %&(*'J�,+Q� 62+ I���"��A+ 4 %-G62+Q�76:%�%&$�')e 4 � � V&(*6#8O!�'M'�D*eX'<$�+ WX(*5<�,+F9A� � "AE !�'<9A'��?')$�'<9�� 4 $0��! � (*6:%&8OWX�A3<� � bytes�
STOP)

V��;�7�*"��AE.�>3<"���I�5<D)/�!�6;+,�;� ��8 D)�A�_�2��!T"�$���5<%&��U)(*6O!,��!"*D*5<$,��e=��$�+R/�!9A'*+���5,!
'<$,� 4 �2��!Z"*D*5<$,��e=��$�+R/�![(*6:�;',!<L<- ��6 3)-G5)�K-G6 D�EFI���!AS � I�+F')�?�@$,+Q- � 4 ��"�$,��-��,EQWX6:�;')+
'�9N��(*5
9A'*+�-���5�!�"�6 $,EF"*� �@-=5
"���3�I�6O!
8 ����3)(*6�"*D*5)$���eX��$,E 6 ��(*6:�2'�!�L)- ��6 3)-G5)��-G6:D�E I0��!
!�'7eX��$0�0/@-G��3)(*6
- �2� ( 4 !�3)(*' ��"�$��*9A6;+ (*8O!���3>!�'>6O!���"��A+.5�WX6;E�57I,+ ')I,+F9A')-=E '>'�!�L<D*3)-G5)�
�2��3\(*5,!<U<(*'<�;��� '<"�� �2��! "�'<$,'�D 4 "*��5 � V�'�D)D*La(*��!�� �<�2'�!a62E !�'*+_6O!�62$0%&�*"��A+.5)(*8:!�5\5
(*6:�2'�!�L)- ��6 3)-G5 -G6:D�E I0��! (<! 4 (*5)�,S
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BARRGRANT

S

�(*82-&�@�a(*6:��Lf�2��3)�`��8 -G-G62$,+Q�a��')$�'<9�� 4 $�62�a�2�A3 I,+ ')�?�@$,+Q- � 4 '<9A��D)�A3,W ��U�! �A+
"*D*5)$���eX��$,E 6 �`(*6:�2'�!�L)- ��6 3)-G5)�,S +�$,�*9A62+Q�2'*+T- ��5�!\"�')$���U)-G' 8 9AI���-=5 9A'*+P"���D�+ �,+F9 4(*6 �2'�!�L)-���623)-G5)�,V@%G+ 'a�,+.�ZI,+ 6 3�WXU�!�-=62+Q� (<! 4 (*5)�Z+.-G��3<$,La��$��*"���"��A+.5)(*8O!���!\6O!,���A�Z8 %
I,$�')�#-G6:D�E I0��! � �

bytes � 9A'*+&�;��3)� '�!,�,EQ- �2�A+Q����3)�>',!<'�%?!,�@$�+Q-���82�#� ��!K+Q-G��3)$��<��6 $0��!
e 6 #��Y��6 $,+F9�/�!`B�8OBA')+ ' e ��$,�*"��*"��A+R5��0/�! �2��! -G6 D*E I0��! '<3<�0/�! � 6:"AE.-G5)� �

bytes � S� � "*�@�76$#�5<% 4 WX5<9A6,VX�A+X"*D*5)$���eX��$,E 6 � ')3<��8 � %G+ 'J�,D*��3)� �2�A3<� -��;'�WX(*��U)�76;E !<')+X-G3�!�� %
D�+F9AL '<"��)WX5<9A623<(*8:!�6 ��%G+ '>9NL,W 6
e=$�L<%&(*' -G6T8:!�'>'<D*e=')$,+QWX(*5<�,+F9A�&V�-��2� ��"��AEQ�]I�62EQ�N!�6;+
8:!�')�TI�6;EF9���5)�T-���5>I���( 4 �2��3 e=$�L<%&(*'<�2����S ( I��A( 4 �;��37��$,�*"��*"��A+R5<(*8:!���3 (*5�!�U)(*'<�2���
'*E ��5)-G5)�#eX$�L<%�(*'<�;��� I�6;EQ�N!�6:�;')+=-��;�]-=� 4 (*'Sb?S d

(�"�$���-=L<$���5<-=5 � ��! "*D*5)$���e=�A$,+F/�!�(*6:�;',!<L<- ��6 3)-G5)�1-��;�C-&/@(*' �2�A3�(*5�!�U)(*'<�2���
'<"��*9N$,+Q-G5)�@eX$�L<%�(*'<�;����%GE !<6:�2'*+�9N')+0"�L�D�+0(*82-&� ��5)��-G3�!�L)$0��5)-G5)�

void appendmsg(jia msg t

*msg, unsigned char *str, int len)
�;��3

JIAJIA
V@��$�5)-=+ (*�*"��A+F/�!,�2')�Z�2�

(*8 %&6OWX����;��3 '<D)eX')$,+ WX(*5<�,+F9A��U �2��! -G3�!���D�+R9A/�! "*D*5)$���eX��$,+F/�! (*6 �2'�!�L)-���623)-G5)�P"���3
6;E !�'*+ '<"��)WX5<9A623<(*8:!�� -G6b8O!�'�! '<9A8 $,')+.� -���5 I��A( 4 9AL�WX6 e=$,L�%&(*'<�2�A�,VK�*"*�@� 6 # %
5<% 4 WX5<9A6�S �9A��(*5Z9A'*+ 9A'<��LC��5 (*6 �2')e=��$,LC��5)� -G3�!��,D�+F9 4 � "*D*5)$���eX��$,E ')�K(*6:�;',!<L<-�%
��623)-G5)�#I�6O!/#�6 "�6 $�L)-���5<9A6�;�C��$,+Q�C(*6 %�8:WX��3)� (*5�!�3)(*L<� ��! �2��3

JIAJIA
9N')+X8:��-X+GI�6

��$�6;+ L<- ��5<9A6�!�'7I�5)(�+Q�A3<$�%�5�WX6;E�6 "A+R"*D*82�,!#��U<"����
(*5�!�U)(*'<�2�A�,VA6;+ I,+F9AL %G+ ' ��5 (*6 ��L)I���-G5
��5)�1"*D*5)$���eX��$,E ')�7(*6:�;'�!�L)-���6 3)-G5)��S

(H6_�2��!
"�')$�'<"�L�!,�[��$��*"�� � I�+F')��62+ $,+.-�� 4 ��eX$�L<%&(*'��;���_6:!�5)(*6 $0/�!<62+�9AL�WX6@- �2'�WX(*�
%G+ ']�,+Q� -G6:D�E I�6 � ��D<��!�� ��!�- �2'�WX()/�! "���3]��$��*"��*"��N+ 4 WX5<9A'�!C+Q-G��3)$�L�- �2� I�+FL)- ��5<(*'
"��A3 ')eX��$�L\�2� -G3<%�9A6 9A$,+ (*8O!�� e=$�L<%&(*'?V�9A'�W=/@� 9A'*+�'<"��b"��A+Q� -��;'�WX(*�b8:%G+ !�'�!\�A+
'�!,�,E.-��2�N+Q��6 ����$��*"��*"��A+ 4 -G6;+Q�,VY/@- ��6K�A+ -G6 D*E I�62�M')3<��8 �K!�'H(*6 �2'�!�')-���62U)-G��3�! -��2�A3<�
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',!��,EQ-��;�A+Q����3)�`- �2'�WX(*��U)��S � � "*�@� 4 I,5 '�!�')e=8 $0WX5<9A6�V� I�+F')��62+ $,+.-�� 4 �ae=$,L�%&(*'<�2�A�
D)')(�BAL�!�62+N9A'*+?��E I,+.���,VG��"*�@���D*�A+&�A+�3<"���D*�A+F"��A+&-��;'�WX(*�AE VN��5 -G3�!���D�+R9 4 "*D)5)$��Ae=��$,E '
(*6:�2'�!�L)- ��6 3)-G5)�#-G6:D�E I0��!AVG'<"��J�;�C( 4 !<3<(*'M"�')$�')�N/@$,5<-=5<�7e=$�L<%&(*'<�2���7"���3�- ��8:D<!�6;+
�JE I,+.��� � -��;�,!K62'<3<�����2��3 � S

Z'��� �\[ [ ! %��  � � � _� � % 	 � % �  �T� � � � � � � % 	 #&	 � %�� � 	 #=� � � �
� #  �`a � % 	 % & 	 � � � � _ _  ��� � 	 ��� � � 	 � � 	T��� �

� � "*�@� 4 I�5P'�!�')e=82$�WX5<9A6 �2�
JIAJIA

"�$��A-Ge=82$�62+0(*��!���9A'�WX��D�+R9NLTe=$,L�%&(*'<�2'?S � � ��-=+0-G6
8O!�'
eX$�L<%&(*'P9AL�WX6Y-��;'�WX(*���Y8 ��6;+�-���6;EFD)6;+0(�+ 'T'*E ��5)-G5
eX$�L<%&(*'��;����V�(*6�e=��$�� �@(*8O!<6 �Y�,+Q�
"*D)5)$��Ae=��$,E 62� (*6:�;',!<L<- ��6 3)-G5)�T-=6:D�E I0��! "��A3 6 I�$�L)^���!,�;'*+&-G6'<3<����!AS_��3�!�6 "*/@�19AL�WX6
-��2'�WX(*�A� "�6 $�+F(*8:!�62+ ��5�!M'<"��*9A$�+Q-G5Ce=$,L�%&(*'<�2�A�,V -���5�!M�*"��AE 'C� I�+F')��62+ $,+.-�� 4 �>eX$�L<% %
(*'��;��� 82�?6;+Ye=�A$0�0/@-G62+_6:9����A� '<"��`�,+Q�Z62+ I��*"��A+ 4 -G6;+Q�H6 %�%�$,'<e 4 �J9A'*+Y�,+Q� -=3,!<�,D�+F9A8 �
"*D)5)$��Ae=��$,E 62�](*6 �2'�!�L)-���623)-G5)� -G6:D�E I0��! %G+ ' ��D*��3)�M�;��3)��- �2'�WX(*��U)��S ( D 4 ,=5H�2��3
(*5,!<U<(*'<�;���_'<"��*9A$�+Q-G5)� ��"�')$�')�?/@$�5)-G5)� � eX$�L<%&(*'��;���@%GE !�6 �2'*+,'<"��#�;��!T',!��,EQ-��;�A+Q��� 6 # %
3�"�5)$�8 ��5�9AL�WX6 -��2'�WX(*�AUNV�I,5�D*')I 4 �;�,!

void barrgrantserver(jia msg t *req)
S

�3<����� '�!�'<D*')(�B�L�!�6;+_!�'b9A'<D*8 -G6;+���5 -G3�!�L)$0��5)-G5
void invalidate(jia msg t

*req)
�;��3

JIAJIA
V<5�*"��AE ' '�!�'<D*U)62+,�,+Q��"*D)5)$��Ae=��$,E 62��"��A31"�6 $,+ 8 ����!,�;')+)- �2� -G/@(*'

�2��3C(*5�!�U)(*'<�2���>"�')$�')�?/@$�5)-G5)�>eX$�L<%�(*'<�;��� 9A'*+ 6:9���6 D)6;E �,+Q� 9A'<��L<D<D*5<D*6 � 6O!�82$0%&62+ 6 �
'�9NU<$��@-G5)�19A'*+G(*6:�;'�!�L)-���6 3)-G5)�1-G6 D*E I0��!NS

� � "*�@�9A'*+�-���5�!7"�62$,EF"*� �@-G5 ��6;+F$�+Q-G(*��U �2��! (*5�!�3)(*L<� ��!>'*E ��5)-G5)�e=$�L<%&(*'<�2����V?5
',!<L�D*3)-G5T�2��3-&/@(*'<�2���_� ��!�(*5�!�3)(*L<� ��!P"�')$�')�?/@$�5)-G5)�_eX$�L<%�(*'<�;���_I,+ ')e=�A$��*"��A+ 62EQ�2'*+
9AL<"*�@���<�2'�!T6;E !<')+�6O!<6 $0%&�*"��A+R5)(*8O!����P�7(*5<��'�!<+Q-=(*���_(*6 �2'�!�L)-���623<-=5<�Y-=6:D�E I0��!AS��3<���
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6$#�3<"�5)$�8:��5 �

void getpgrantserver(jia msg t *rep) � S � (*5)��',!)+Q-G(*���P')3<�����
�
��n 	OnQk �<y�}�p � 	|w �<k1u ��y�}|y;{2i,k:oPoOk1u;w jlk�	|v�	�y:oOjlk2n*k �;w ��<w vQk��_�;}|y���j�tTo:prk1p�	|}�k �Ak �<y�{�k��:j �
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JIAJIA

V %&+ ' ��5�!H6 #,3�"�5)$�8 ��5)-G5Z�2��!H-G5)(*L<� ��! ��U<"���3
SIGSEGV%&+ ' -G6:D�E I�62�Z6:9A�����Z82I�$�')�,S � � ��-=+_5\-G5)(*'*EF'

flag
��5)�

getpage()
I�62�����;'�!`I�U)�

I,+ '<eX��$�6 �,+R9N8 ���,+F(*82�,V � � �1%G+ ' ')+Q� 4 -=62+Q��',!<L�%?!,�@-=5<��9N')+ � � �#%G+ '7'*+ � 4 -G62+.�T6:%�%&$�')e 4 ��S
(

getpage()
�2��"��)WX6:�;��U)-G6 ��5�!K6:9NL<- �2�<��6#�,+ ( 4 -��2�J"�62I,EQ�

temp
�2��3](*5�!�U)(*'<�2���

')EQ��5<-=5<��D 4 ,=5)��-G6:D�E I�')�,V)/@- ��6@9A'*+)�
getpserver()

!�'#6:!�6 $�%�6;E)'�!�L<D)��%&'?V)(�+ ')��9A'*+
-���5�!C"�6 $,EF"*� �@-=5Z�2��!Z')+Q� 4 -=6:��! 6:%�%&$�')e 4 �K9N')+ 6 eX��-G��!Z62E !�'*+ 6O!�62$0%&�*"��A+R5<(*8:!��a�;�
I,+ L,!<3<-=(*' 6:%�%&$�')eG/�!CI�6O! '<"�'*+ ��62EQ�2'*+�5 '<"���- �2��D 4 ��D)5)� ��5)� -G6 D�EFI,'<��SM����5 -G5)(*'*E'%
' ')3<� 4 "�$���-���8:WX5<9A6M(�E '['<9A��(*5[I�3�!�'<� 4 �,+F( 4 V � � �AV %G+ ' '*+ � 4 -G6;+Q�J(*6:�;',!<L<- ��6 3)-G5)�
-G6:D�E I0��!AS

����5f-G3�!�82��62+ ' 6O!�5)(*62$0/�!���!,�2'*+T�A+P"AE !�'<9A62�a-G6:D�E I0��!b%G+F'f��5�! '<D)D)'<% 4 S ���2��!
"AE !<'�9N'7-G6 D*E I0��!#"���3>6 I�$,L<^,�,!��2'*+�- �2� -��;',W (*�>I,E !�6 �2'*+N(�+F'#WX8 -G5 %&+ '7��5#!�62��e=62$�(*8O!�5
-G6:D�E I�'?S,( + ')� 9A'*+ 5 I���( 4 ��5<� -=6:D�E I�')� I�5)(�+Q��3)$0%&62E �;'*+ 6 9H!<8 ��3?V�(*5)I�6O!)EF^,�,!��2'*+ 9A'*+
�,D*6 �C�N+�(*6:��$ 4 -G6;+Q�JI,+ '<eX��$0/�! "���3a')e=��$,��U)-G'�!Z��5�!Z"�$���5<%&��U)(*6O!�5`8 I�$�'?V�%&6:%&��!����
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(*6:�2')eX8 $���!,�;')+X9A'*+ 6 "A+R"*D*82�,!�"*D)5)$��Ae=��$,E 62�>"��A3]WX'�'<"��)W 5�9N6 U)��!,�2'�!�- ��5K!�82'JI���( 4 S�eX��Ub5 -=6:D�E I�'\'<"��)W 5�9N6 U)6:�;')+�"*D*8 ��!\- �,+Q� 6O!,�����[82I�$�')�H-=6:D�E I�6 �H�2��3b- �2'�WX(*��U?V
5JWX8 -=5J��5<� - �2��!J"AE !<'�9N' � ��!C-G6 D*E I0��!J"���3Z9A$�'<�2��U�!,�;'*+�-���5JD*'�!�WXL�!��A3<-='C(<! 4 (*5'�"��AI�6 -G(*62U)6:�2'*+ S c
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����5�!Z"�62$,EF"*� �@-G5 "���3 5H!�82' 8 I�$,'H��5)�](*6:�;',!<'<- ��6 U)��3)-G')�M-=6:D�E I�')����$�6;+FL)^�6 �2'*+ !�'
^,5�� 4 -G6;+�8:!�'H8 %�9A3)$��`'�!,�,E %&$�')eX� ��5)�M'<"��[��5�! "�'�D*'*+ LH82I�$�'?V�I�5)(�+Q��3)$0%&��U�!,�2'*+�6 "A+ %
"*D*82�,! '�!�L<%�9A6 �>-G3<%���$���!<+.-G(*��U?S_��3<%?9N6:9A$,+ (*8:!�'?VG"�$�8:"�6;+�!�'�6 #�')-GeX'<D*+.-�WX62E��<�,+ /

�)S ( !�82'#8 I�$�'#I,6@WX'#'�!�')eX6 $�WX6;E)-���5�!�62��'<"��*9���5�WX62E.-G' -G6 D*E I�'?V)"�$,+ !'<9A�A(*5 ')3�� 48 D�W 62+�"�$�'<%&(*'<�,+F9ALK'<"��]��5,! "�'<D*')+ LK82I�$�'?S
�NS ( "�'<D*'*+FLM8 I�$�'�I�6�WX'K'<D)D*L #,62+��;��3)�#"AE !�'<9A6 �>-G6:D�E I0��! ��5<�19N')+=I�6WX'K'<"���'�! %

�,+Q- �2�A+.��E.-G62+=��5K-G6 D*E I�'?V�"�$,+ ! ��5K-���6;EFD)6;+&-���5 !<8 'M82I�$�'?S
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�
JIAJIA

I,+ '�WX8:��6;+@I�U)�b(*6:�;'�B�D*5<��8 �J%G+ '`�;�b-G3<%���$���!<+.-G(*� ��5<�Z'�"��A-��2��D 4 �ZI,+'%
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^ 4 ��5<-=5<�C-=6:D�E I0��! 9N')+@��5)�C"�')$�'<D)',B 4 �]�2��3)��S +$��*9A6;+ �2'*+_%&+ '`�,+Q�
volatile int

diffwait
9A'*+

volatile int getpwait
',!��,EQ-��;�A+Q��'?S (

getpwait
()"��A$�62E !<'

B��A5,W 4 -=62+1-���5�! 6 #�')-GeXL�D�+Q-=5 ��5)�b"�$0/Y��5)� -G3�!�W 4 9N5<��S ( (*6 �2',B�D*5�� 4 ')3<� 4 ')$ %
��+F9A��"��A+ 62E �;')+ -=6 �	� � -���5�!

initmem()
V=�,E W 6:�2'*+&-=6 � � � '<"��]��5�!

getpage()
�<�2'�!

^�5<��62E �;')+?(�E ' -G6 D*E I�'>9A'*+�6:"�'�!�'<�,EQWX6:�;')+?-G6 �	� �>'<"��K�;�,!
getpgrantserver()

�<�2'�!
8 ��62+_"�')$�')�N�@$,5,W 62EY"*D*82�,!`5\-G6:D�E I�'?S ��3�!�6 "*/@�H(�E '\',!<'<(*��! 4 (*8 ��$,+�5

getpwait!�' %GE !�62+ �	� �NV �
while(getpwait); � ()"���$�6;E !�'Z6 #�')-GeX'�D�EQ-=62+ �<�,+ (�EF'Z-G6:D�E I�' "��A3

^�5<� 4 W 5�9N6C8 ��62+_"�')$�')�N�@$,5,W 62E�'�"��b��5�!`82I�$�'\��5<��V��*"��<��6 9A'*+�()"���$���U�!`"*D*8 ��! !�'
%&E !��A3,!K'�!�')e=�A$�8 � -=6')3<� 4 S

+�$,�*9A62+ (*8:!���3 !�' 6 #�')-GeX'<D*+.-�WX62E�5 I�6 U<��6 $,5`-G3�!�W 4 9A5?V�9A$,EQWX5<9A6H'<"�')$�'*E ��5<��5`5
62+Q-G'<%��Y% 4 (�E ')�_'<9A�A(*5�(*6 �2',B�D)5<� 4 �Y-G3<%&��$���!<+Q-G(*��U?V<��5)�

volatile int hmigwait����$�+Q-G(*8O!<5<�1�@�
volatile

VG(�+ ')�9A'*+&5 �,+ ( 4 ��5)���,EQWX6:�;'*+?"A+ WX'�!�L '<"���"��,D)D*8 �#I,+ ')e=�A$�6 %
�,+R9N8 � I,+ 6 $�%�')-=E 62� � S (�(*6:�2',B�D*5<� 4 ')3<� 4 '<$,��+F9A��"��A+ 62E �;')+ -G6 �	� �]- ��5,!

initmem()
V

�*"*�@�M9N')+ �A+ 3<"��,D*�A+F"�62�,S*�3 #�L�!�6 �2'*+�9N'���L ��'<"�� 9NL,W 6 -��2'�WX(*�GV %G+ 'H9NL,W 6 6O!,�����
8 I�$�')� -=6:D�E I�'K%G+ 'M��5�! �*"��AE 'J-���8 D�!<62+&"*D*5)$���eX��$,E 6 �>(*6:�;',!<L<- ��6 3)-G5)� � 9N')+X-G3�!�6 "*/@�
"�$��*9A6;+ �2'*+�!�' (*6:�;',!<'<- ��6 U)-G6;+ � S (H6;+F/�!�6:�;')+I�6a9A'<��L �b'�"�� 9AL�WX6 -��;',W (*�&V#%G+F'
9AL�WX6H6:!,����� 82I�$�')� -G6:D�E I�'b��5�!\�*"��NEF' -���8 D�!<62+�-G6H9AL<"��A+Q��! L<D<D*� -��2'�WX(*� (*8 -&�
�2��3

getpserver()
VG6 eX��-G��!#BA8|BA'*+ ' "�$��*9N62+ �;')+?%G+ ' '<"�L,!���5<-=5 -G6
'*E ��5)-G5>(*6:�2'�!�L)-&%

��6 3)-G5)�
-G6 D*E I�')��S�� � eX��-G��!>3<"�L)$�����3�! 9A'*+N�N+N-=6:D�E I�6 �T"���3 (*6:�2'�!�')- ��6 U)��3�!#9A'<��6 3 %
WX62E '�!]- �2� (*�,!<'<I�+R9N�H��$,�*"��*"��A+R5�� 4 �2��3)� �?�@$,EQ� !�'C^�5<��5�WX��U�!]'<"��H��5,!J8 I�$,'J�2��3)��V
5 (*6:�2',B�D*5<� 4 hmigwait

(*62+F/�!�6 �2'*+�9A'<��L � 9N')+G'�"�����5�!
invalidate()

VX%&+ ' 9NL,W 6
-G6:D�E I�']5�I,+ 62U,W 3,!<-G5K��5)�7��"��AE '<� 3<"�L)$���62+X-��;�,!�"AE !<'�9N'

validInCache[]
S ( 6 �;'

"�'<$,'�"�L�!,� 9A'*+�6 D)8 %&�?��!,�;')� "��<��6 5
hmigwait

%&E !�6 �2'*+ �	� �NV�6 #�')-GeX'�D�E ^�6 �2'*+ �<�,+��A+
'�D)D*'<%&8 �M- �2��3)�M"AE !<'�9N6 �]-G6:D�E I0��! ��5)�K"�'<D*'*+FL)��8 I�$�')�](�+ '<��-G6:D�E I�')�K9N')+ 5H"A+ WX'�! 4'�"��A',!��,+Q-��;�AEQ�&+Q-G5J9AL<"��A+ ')� (*6:�;',!<'<- ��6 U)��3)-G')� -G6 D�EFI,'<�>I�6#W 'MD*L,BA��3�!M�N/@$,'M"�$,+ !�5
-G6:D�E I�'K')3<� 4 -��;'<D)6;E�-���5 !<8 'K82I�$�'K��5)��V&6 e=�A-G��!>BA8OB�'*+ ' 9AL<�,+G��8:�2�N+Q�J�?$,62+ L)^�6:�;')+ S

��� nQkYjly_z����,y_k��:j �@s0}Ov �<t:s0w k:��k }|k;v j|t:j|t s�k;n;t 	OnQk �<y�}�y;��y0v t i,t j���o@k2n j � i�w���o u;w jlk:o�2i�j|w�� i�t��i,w z�v�	|k�� k ����jOn � k;n j � i�wln � ��n.k_kOo����0o�Gi,t �_w�� �,}|k ��� ��u;pri��]u;nQk�� k s���u;t@jOnQu���� i�j|t�i�t u;k2vQk flag �
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� E !<')+ -G5)(*'�!,�,+F9A� �N+X8 D*6:%&���A+ %G+F']�;�Z(*5)I�6O!)+Q-G(*�C����-=�C��5)�
getpwait

��-=�C9A'*+ ��5)�
hmigwait

!�'[%GE !���!,�2'*+�-��;�`-&�@- ���a-G5)(*62E.�a�2�A3 9�/@I,+F9A' /@- ��6 !�' '<"���eX6 3)�NWX��U�!
�;' ')I,+ 8 #���I,'NS � � !�')� '<"*D*���#8:D*6 %������76O!,����� ��5<�

migpage()
-=E %&��3)$�'MI�6O!K'<"��<��6:D*62E

D*U)-G5?S � BA'<-X+R9N����D)��%&���P%G+ '#')3����>62E !�'*+)�76$# 4 � / c
�
JIAJIA

I�8 ��6:�;'*+)�,D*'#�;'- 4 (*' %�;'7��U<"���3
SIGIO

')-GU<%���$���!�' � 6 eX��-G��!>I�6:!>62E !�'*+?'<"�6O!�62$0%&�*"��A+.5)(*8:!�5 5 D 4 ,X57�;��3)� � V'<D)D*LM6 9���6:D*62E=�2�A3<� '�!,�,EQ- �2�A+Q����3)� 6 #,3�"�5)$�8 ��6 �>I,+ '<I,���&+F9AL ��-=U�%&��$���!�' � S � � ��-=+XD*')(*%BAL�!���!,�;'<�M8O!�')�K- �2'�WX(*��� 8:!�'Z( 4 !�3)(*'C��U<"���3
BARRGRANT

6 9�9N+ !�6;E��;�,! '�!,�,EQ- �2�A+.�?�
6$#�3<"�5)$�8:��5?V
� �*"��AEQ���a9A'<D)6;E���5�!

invalidate()
9A'*+P')3<� 4 (*6Z��5 -G62+ $�L ��5)� ��5

migpage()
S ( E ' '�!�')(*��! 4 6:!,��������5)�

migpage
(*8 ��$,+N5

hmigwait
!�' %GE !<62+?(*5)I�8O!

W ' 4 �;'�!')8O!�')5?V*')e=��U �N+*'*+ � 4 -G62+Q�
%&+ ' -=6:D�E I�6 � � (*5,!<U<(*'<�;'1��U�"��A3
GETP � "�62$,+ (*8O!���3�!!<'Z6 #,3�"�5)$�6 ��5�WX��U�! '�"��[�;��!Z',!��,EQ-��;�A+Q���a6 #,3�"�5)$�8 ��5?V �<�2'�!C��6:D*62+F/@-G6;+ 5H6:9���8 D*6 -G5

�;��3]"�$���5<%&��U)(*6O!��A3C6 #�3<"�5)$�8:��5?V � �*"��AEQ�A� "�6 $,+ (*8:!�62+ ')3<��8 ��� +$���eX',!�/@� '<"�'*+ ��6;E �2'*+
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void msgserver() � S ��5)(*6;+R/�!<6:�2'*+T���,+
I,6O! 3�"�L)$���6;+
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BARRGRANT
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BARRGRANT
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void msgpreserver(){

jia_msg_t tmp;

int i;

/* While accessing the queue, better be in a CS. --repantis */

BEGINCS;

memcpy(&tmp, &(inqh), Msgheadsize+inqh.size);

for(i=inhead; i<intail; i++)

memcpy(&(inqueue[i]),&(inqueue[i+1]),Msgheadsize+inqueue[i+1].size);
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memcpy(&(inqueue[intail-1]), &tmp, Msgheadsize+tmp.size);

ENDCS;

}
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BARRGRANT
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void msgpreserver(){

jia_msg_t tmp;

int i;

int newBGRANTposition=-1;

/* The former position of the last GETP,

initialized to an impossible position. --repantis */

/* While accessing the queue, better be in a CS. --repantis */
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BEGINCS;

memcpy(&tmp, &(inqh), Msgheadsize+inqh.size);

/* Find the last GETP on the inqueue. --repantis */

for(i=intail-1; i>=inhead; i--)

if(inqueue[i].op==GETP)

newBGRANTposition = i;

/* New BARRGRANT position is after the last GETP msg

(which will be moved together with the other msgs

one position forward). --repantis */

if(newBGRANTposition != -1){

for(i=inhead; i<newBGRANTposition; i++)

memcpy(&(inqueue[i]),&(inqueue[i+1]),Msgheadsize+inqueue[i+1].size);

memcpy(&(inqueue[newBGRANTposition]), &tmp, Msgheadsize+tmp.size);

}

ENDCS;

}
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Problem size Num of procs Seq time(sec) Par time(sec) Speedup1 Speedup2
1024 1 23.33 23.30 1.001 1.000

2 12.15 1.920 1.918
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Num of procs Problem size Seq time(sec) Par time(v.1)(sec) Speedup

2 512 15.59 9.95 1.567
1024 146.59 93.36 1.570
1536 496.58 319.90 1.552
1800 760.66 506.92 1.501
2048 1265.89 796.96 1.588
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,�>F)�&+;X�%,�)z>F�-� ��,�-C���,)z��"�<	
� 7 � ��B���2��-"� F"�<� 8�79 B��	�X� 8 �%� � .X�0�	� 9 B��H�	�  O�%��L@���	�
�Q<XC0B�� 8 <�4��>@,.EC%�-� 8  #� 8 
�� ����C0
 8 ����� 7 ����3�?���,����:����)�
 ��2 �n� �N'��-�,5�-
�� Ln����C0< �:,-
��H'�C0<
����,-
,-
,���;� 8 �!<a��
2D��"��lC��Q<U��2�� 8 C%B����_'�?�L 8  807-9 B���<�KUV���"��_
����,.� #�_>@?� #"I4n�:,
'������Q> 7 ��)�
, 7 ,�& 9Hf�8 �%�-� 8 ��
 8 �����H'�?z��
26�%,�� 
��,�&+�����-�-�����! O��; 8 >@�����-,�&(�	� '��-��� 9 L 8 �:���
'�� 7 �	���%��<T��"^ #)���?�����"� #"

jia config(HMIGthreshold, int value)
K�� �����-;

�%,)l'����0�Q> 79 ,) 8�� ������?��:���F'�.������_��
2_�%,jB����� F)���B 8 ���H'�2^B 9 '���)�,#4@��"l����;��-"a'5���@��"��
8 
 8���8 ��&+�� S���H'�;T�! #*(.h�%�	�G S�:��Ln���	�`'��-�(��
,� 8%9 ���M��> 8 L 8:9 '5���( O�%,T
��, 8 
�� 7-8 &+�-CW��,
� � �T���ML@C 7 ,)�� 8 ��� 8 
�� ����C0
,����%�-�F2 7-8 <`,5�#
��,�� 8 � ��2� 8 � 8 <`� 8 �:������ S� 8 .� 8 �!<�K

�g��'����P3�;�<�LnC0 #" 8 � 8 ��&+,-
, 9 "� #"�<�'��-����
 8 � 8 ��&+,-
, 9 "� #"�<��%,)z�-"�*(�����! F�-,.X� 8 �:����?� �
� 8 )� #"�< 8:9 ���-� 8 
 9  F"�<] #"��-�������H'�2<]
����?�&+,����%��<l&#���[��"p3�C 7 ���! S��"Y��
2B�,� #"[��)��:,.IK
�  #>@� 7 �Q<J,\�-"�*(�����! #�-2<l
��C0
 8 �O��� 8 � 8 ��&+,-
,�� 8%9 �%�-��� 8 ��?p��"��j����*+� '5,-
, 9 "� #"\�0�	�
'�,�� ���	�DB 8 B�,�-C����	��4��Q O� 8 ,1����*+�H'�,-
,�� "���;�<l���D�-"D& 9 � 8 �	C%B����Y2 7 �	�D�0�	�j'5,�� ���	�
 8�79 B��	��KaVA)�*5��? 8:9 �����O*(��;� F���-,^���j��
 8 � 8 ��&(,
,�� 8%9 �:����,Y�-"�*(�����! #�-2<T� 8 ��?^��
2pC �
���p F"�� 8:9 ,Y��"�< 8 '��C 7-8  F"�<U��"�< 8 >@�����-,�&+;�<�4��Q S� 8 ���p��
,> 8 .�& 8 �%�-�o" 8 
��P3?���)��� F"
�0�	�Z� 8 �%������ S� 8 .� 8 �	��K V��:,  #"�� 8:9 , ��)���2$L 8 �Q��,.�� 8 2����A,���� 8 �:������ O� 8 .� 8 �!<jC �
*I,�)�� 8 
�� ��.�* 8 �I;�B�"E�:�`'�,5� ��?MB 8 B�,�-C����E����3�� 9  +'�,����%�-�5'�,�����?M S�:,)�<z S�:��L@�-,.�<X
,)
�%�1*(� 8 ��? f ,����%�-�=
 8 ���! F #2�� 8 ��,+K �p
,� 8:9 '5��� 8%9 <D?����[��� 8 � 8 ��&+,-
,�� 8%9 �:,g�-"�*I�����P �
�-2_� 8 �%����?� O� 8 )� #"�<N&#�H�J��"��U
������" 8 
����? 7 "��@" 8 ��2<G� 8 &+? 7 ,)T3���2�*(,)l'��-�F���J�%,��
��
 8 � 8 ��&(,
,�� 8%9 '�����2-
�� ��K � 8 � 8 ��&+,-
, 9 "� F"]�%,)]�-"�*(�����! #�-,.]� 8 �:����?� S� 8 )� #"�<�& 9 � 8 �
�%�-��'�� 7 �	���%��<=��"R F)���?�����"� F"

jia config(HMIG,ON)
4 8 ���\"N��
 8 � 8 ��&+,-
, 9 "� F;��%,)

'�� 7 �	���%��<
jia config(HMIG,OFF)
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kX����
,�� 807 C% #�-���%�R�0�	�N� 8 ����;� 8 �	�z&#����B���?�>@,� 8 < 8 >F�����-,�&+C0<A
����,)� F��? f ,����:���� O�%,��

 9 ����'5� �(K dh&#���U��C% # 8 ���!<� S�:��L@�-,.�<N'��-�# O�%,��M
 9 ����'�� �(K �T&#���aB�.�,] S�:��L@�-,.�<�K
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Measurement Without HMIG With old HMIG With new HMIG

EP

Execution time 72.841 74.987 73.003
Total bytes received 51584 51584 52016

Total pages used 1 1 1
Total migrated pages 0 0 0

SEGV time 0.00 0.00 0.00
Synchronization time 3.12 1.99 3.42

Server time 0.01 0.02 0.01
IS

Execution time 0.678 0.875 0.717
Total bytes received 630884 630884 603624

Total pages used 1 1 1
Total migrated pages 0 0 1

SEGV time 0.04 0.14 0.03
Synchronization time 1.75 1.90 1.95

Server time 0.07 0.29 0.07
LU

Execution time 25.85 25.93 26.53
Total bytes received 9704556 9704556 9719316

Total pages used 1028 1028 1028
Total migrated pages 0 0 0

SEGV time 0.52 0.55 0.57
Synchronization time 9.60 9.66 12.45

Server time 0.65 0.90 0.79
SOR

Execution time 4.89 5.43 7.11
Total bytes received 5209072 5209036 5252488

Total pages used 4096 4096 4096
Total migrated pages 0 0 0

SEGV time 0.81 0.86 0.94
Synchronization time 1.58 2.39 10.33

Server time 0.65 1.40 0.92
PI

Execution time 0.018858 0.022209 0.030822
Total pages used 1 1 1

Total migrated pages 0 0 1

� 9 ����'���< �(K d ��VA)�&('����!��� '5C0<R� 8 ����;� 8 �!< 8 
���B�2� 8 �	��&#���`�%�EB�����>@,� 8 ��� '5?E
������2'�, 7�7 �
� 8 �%����?� S� 8 )� #"�<�45&+���JB���?�>@,� 8 < 8 >@�����-,�&+C%<�4# 8 �a O�%��L@�-,.�<�K
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Measurement Without HMIG With old HMIG With new HMIG

MM

Execution time 1.14 1.19 1.20
Total bytes received 528996 1586824 1587984

Total pages used 384 384 384
Total migrated pages 0 0 128

SEGV time 0.03 0.08 0.03
Synchronization time 0.05 0.04 0.12

Server time 0.03 0.10 0.11
TSP

Execution time 321.68 255.05 294.19
Total bytes received 10456016 8415000 11056336

Total pages used 99 99 99
Total migrated pages 0 1 3

SEGV time 159.54 122.29 140.20
Synchronization time 82.50 64.74 126.26

Server time 233.20 177.45 220.19

� 9 ����'���< �(K ����VA)�&I'5��� ���H'�C0<R� 8 ����;� 8 �!< 8 
��HB�2 8 �	��&#���`�:�`B�����>F,� 8 ���H'�?E
������2-'�, 7�7 �
� 8 �%����?� O� 8 )� #"�<�4I&#���UB���?�>F,� 8 < 8 >F�����-,�&(C%<�4# 8 �a S�:��Ln�-,.�<�K

�`�+� 8 ����;� 8 �!<N�:,)
IS
�Q<�*(������'��"����! O��� '5; 8 >@�����-,�&+;T
����,)� F��? f ,����:���# S�%,JB���? �

&(�����-�-� �IK �(K � �Q*(,����%��<T
, #,� S��? 8 
 9 �%,5�!< 8 '5����2Y"^ F.�&('����! #"_��"�<T��
2B�, F"�<U�0�	�
B�����>@2���	�U�-"�*(�����! #���	�T� 8 �%����?� O� 8 )� #"�<N��
,� 8%9 ���T& 9 � 8 � 8 .�'�, 7 �IK
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�6��������"����	���:��<j�%,)�<p
 9 ����' 8 < �(K �Z'��-� �(K d\'��-�=�%, B���?�&+�����-�-� �(K � 8�� ?�&+,����%�-����� �
' 8 ��?D*(��;� F���-�j #)���
 8 ��?� F�-���:�I4S��2 #,Y&#���j�:, 8%9 B�,<l�%�	� 8 >F�����-,�&(�	��4	2 #,Y'��-�o&#�H�
���!<a #)�&('����!��� '5C0< 8 
���B�2 8 �!<U�:,)j��C0,)p�-"�*I�����P #�-,.j� 8 �%����?� S� 8 )� #"�<�K � 9 �����O #"��-��� �
��� '5;$"$
��������;���"� #"\2����A,�� 8 >@�����-,�&+C%<p
,�)$;��:���1B��H��L@C% F��� 8 <pB 8 �1
��, #>FC%��,����%�-�
&+���j��"��^����?�B 8 � � "^�0�	�_
 7-8 ,�� 8 '��"��-?��0�	�_�%,)p�-"�*I�����P #�-,.j� 8 �%����?� S� 8 )� #"�<M 8�79 B �
�	��K ����"� F���-,-
,��!,�.�� 79 & 8 <T 8�79 B 8 <M'�,�� ��;�<T����;��-"�<M'��-�i?���� 79 & 8 <T 8079 B 8 < 8 
 9  F"�<
� 8 �%������ O� 8 .�,)���K �RC0���6��
2���)���2N,���������>F,��C0<Q 8 ��
,�-��'���)� F�-CW� 8 <� 807-9 B 8 <Q����;��-" �
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VA*(;��-� �(K ��� VA)�&I'5��� ���H'�2 B���?�&+�����-�-� 8 
���B�2 8 �	���0�	� B�����>F2����	� �-"�*I�����P #���	�
� 8 �%����?� S� 8 )� #"�<�&#�H�_����]��)�
��H'�; 8 >@�����-,�&+; �

IS �  8 �^ S�:��Ln�-,.�<�K � � 8 )�'�2 � �N�Q� 9 <� 8 �%����?� S� 8 )� #"I4��i'�� 9�f , � � 8 �%����?� S� 8 )� F"\� 8 �%,g)�
?���*(,��\
������2-'�, 7�7 ,#4 �p��.���, �
� 8 �%����?� S� 8 )� F"M� 8 �:,J��C0,l
������2-'5, 7�7 ,+K �
< 8%9 ���-�n #* 8 ���H'�?l
 8 ���!,���P #�-CW� 8 <h'��-� ?����J"]� 8 �%��> 8 ��2� 8 ��"a
 7 "���,>@,� 9 �_� 8 �:� � .J�%�	�
 O�%��L@���	�p��H'���;5KgVA)�� 8 
-�Q<]�:�Y
 7-8 ,�� 8 '���;��-���:�Y
,)[
��, F>FC0� 8 ��"[� 8 �%����?� S� 8 )� F"
 8�79 B��	�YB 8 � 8%9 ���-� 8 �->F����;IK � '�2�-"$,��Q*(��2���,5� 8 '��C 7-8  #"�< 8%9 ���-�Q #* 8 ��� '5?1��H'���, 9 4
2
-�Q<X'��-�-�:�

bytes
��"�< �����%� 7�7 �� # #2� 8 ��"�<A
 7 "���,�>F,� 9 ��<�K ��2�&(�Z�%�	����H'����	�E� 8 & 8 �

L@�	�J"]� ��9 �]�%�	�l #)���
 8 ���� #�-?��0�	� 8%9 ���-�n
 8 ���!,���! F�-CW��"I4S�����<G'5���  8 ��H'���;]' 79 �-��'��
� 8 & 8 LF�	�]�%,Y #* 8 ���H'�2D
 8 �H�����-�����H'�2[ #>@? 7 �-� 8:9 ���-�S� 8 &+� 7 .�� 8 ��,+KTkXC 7 ,<UB 8 �_C%*(,)��
2 7-8 <�,�� 8 >@�����-,�&+C0<E� 8 &+? 7 "T����?�&('�"U F)�&+*(��,����! F�-,.T'��-�+�-? 7 �! S�:�T� 8 >F��?�&+�-���%�I45� �
 O� 8 ���MB 9 ��,)��G #)�*5��?G��"GB�)�������2���"��%�M S�:,U�-"�*(�����! #�-2U� 8 �%����?� S� 8 )� F"�<  8�79 B��	�`���
8 � 8 ��&(,
,�� 8%9 �:��� K

�6����2 7 ,6
,�)X,���B�����L@C% F��� 8 < 8 >@�����-,�&+C%<�B 8 �A
��, #>@C0��,����:�-�v&#�H�z��
2 7 )��%�X #)���
 8 ��?� �
�-���:�54I����M F.�&('����! #"h�0�	�M�-"�*(�����! F���	�G� 8 �:����?� O� 8 )� #"�<z� 8 �%� � .M�%,�)�<R'��-�(� 8 ��" 7-8 � �
�:,)���& 9 �l*I�Q� 9 <G� 8 �%����?� S� 8 )� F" 8%9 ���-�#L 8 �� ��;J'��-�n����' 8 ��? 8 ��L@������)������H'�;IK � *(��2���,<
8 '��C 7-8  #"�<�� 8 �:,U��C0,]�-"�*I�����P #�-2]� 8 �%����?� O� 8 )� #"�< 8:9 ���-�+��H'���2�� 8 ��,�<E��
 �-2����F� 8 �:,��

��,���
?���*I,����:�N'��-� 8 
,�-C����Q<A�%��,�>FC 7 "N��
2`�:,`��C%,`'��-��
��!,G
, 7 .�
 7 ,-'�,M
������2'�, 7 �
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7 ,1� 8 �%����?� O� 8 )� #"�<U>F� 9 � 8 �%�-�O���p�������P S�%��L@� 9�f ,�)��p��"��^
��!L@����?Y� 8 &+� 7 .�� 8 ��"D*I��;� F"
�%,) 8 
 8���8 ��&+�� S��;T&#���U��"�� 8�� )�
"���C0��"� #"h�%,)a
�����%,'�2 7�7 ,)IK � 
2]��"��T? 7�7 "I4 8 >F2 �
 #,��J&#���]�%,)�< 7 2�&+,)�<h
,)_������>@C0�vL@"�'����JB 8 �l� � �P,-
,��!,.����:�-�S
, 7 .]�%�]
 7-8 ,�� 8 '��; �
�-���:����"�< � 8 �:����?� O� 8 )� #"�<� 8�79 B��	��4�,M*(��2���,< 8 '��C 7�8  #"�< B 8 � 8:9 ������� '5��2�� 8 ��,<z��"�<
��
 7 ;�< 7�8 � �%,�)���& 9 ��<N*I�Q� 9 <N� 8 �:����?� O� 8 )� #"G 8�79 B��	��4I"G,-
, 9 �U
��,>F�����Q<6
 7-8 ,�� 8 '� 8%9
 S�%,E2�����B 8 � 8 
��P3�����.�� 8 ���:,�� 8 
 8���8 ��&+�� S��;R� 8 '�?�
,��P,`
������2-'5, 7�7 ,G� 8 �%����?� S� 8 )� #"�<�K

� �� #,��G��>@,��?h�%,J*(��2���,a
,�)T��>n� 8 ���	� 8 �%�-�I 8z8�� )�
"�� 8 ��;� 8 �!<
segmentation vi-

olation signals
4-�%�N��
,�� 8�7 C0 F�-���:� 8:9 ���-� 8 
 9  #"�< 8 ��L@������)������H'�?I4-��H��<='��-�-"N��
,>F)�&+;

������>@,���	�a 8 ��
,�-��'���)� #�-C�� 8 <G 8�79 B 8 <�
,)J
��, #>@C0� 8 �F,l��C%,<E�-"�*(�����! #�-2�<�4F2� #,
 +
?������T'��-�#���T #)���3� 9 � 8 � 4 8�� ,��H'�,���,� 8%9 
, 7 .a*(��2���,+K � 
2l��"��h? 7�7 "G3CW3������T�:,l
��!,

, 7 .�
 7 ,-'�,]
������2-'5, 7�7 ,]
��,-'�� 7-8%9 ����U��H'���;a'���L@)� S��C0��"� F"M O�%�U F"�� 8:9 �T #)�&(*(��, �
���! #�-,.
� >F��?�&+�-���%� � 
,) 8%9 ���-�'5���5 #"�� 8%9 � 7 ;��F"�< �%�	�E��
,>F?� 8 �	��� 8 �%����?� S� 8 )� #"�<�4
'���LF�Q<�'��-�# O��"�� 8 '���C 7-8  #"U�0�	�UB�����>F2���	� 8�� )�
"�� 8 ���	��K

��2�&(��'��-����"�<p>@2���%�Q #"�<p�%�	�1
 7 "���,>F,����H�	�/� 8 �%����?� S� 8 )� F"�<j 8 ;�B�"/)�
?�� �
*I,����:�_�-"���.��-���:�I4F�%�

bytes

,)_��
���!�%,.����:���n&#���]��"]� 8 ��?�B�, F"a�%�	�J
 7 "���,>F,����H�	�

� 8 �%����?� O� 8 )� #"�< 8%9 ���-� 79 &+�a'��-�FC0�� F�#C% S�0�b'��-�@��H�J��H'���;l� � �!,-
, 9 "� F"J�%�	�U 8�79 B��	�

,)]� 8 �%������ O� 8 .�,)�� 8 
�� ��)�&+*(?�� 8 �@��"J F)���, 7 �H'�; 8�� ,5� '5,���2�-"� #"]��"�<E� 8 �:��B���B�2� 8 ��"�<

 7 "���,�>F,� 9 ��< � K kX,  #)���
C0���� #�-� ��)���2 8:9 �����N��B���� 9 � 8 ��� *I��;� @�H�-,#4E�����<Z'��-�N S���P<
 #)� S��?�B 8 <�)�
, 7 ,�&#�! S���	�`,��-��
,�-��'���)� F�-CW� 8 <A
��, I3�?� 8 �P<='5, S� 9�f ,)��`��'����P3�? 7 2�&(�
�%,)J����&(,�.aB����� #)���B 8 ��� '5,.UB��H'��.�,)IK

VA)���, 7 �H'�?I4h
����2 7 ,q
,) ,���B�����L@C0 @�H� 8 < 8 >F�����-,�&+C0</B 8 3�,"�L@,�.�� 
, 7 .  S��"��
����?�B 8 � � "[�%�	�p
 7-8 ,�� 8 '��"��-?��%�	�Y��
2Z��"[*(��;� #"Y�%,)1�-"�*(�����! F�-,.\� 8 �:����?� S� 8 )� #" �
<^ 8�79 B��	��4��%�Z��
,�� 807 C0 #�-���%� 8%9 ���-�Q����' 8 ��? 8 ��L@������)������H'�?I4=2
-�Q<jB 8:9 *5� 8 �='��-���:,
B���?�&+�����-�-� �(K �IK � ��C0,< �-"�*(�����! F�-2<g� 8 �:����?� O� 8 )� #"�<$ 8�79 B��	� C0* 8 �`'�� 7 .�� 8 � �
�[��
,�� 807 C% #�-���%�[��
2Z�%,��D
��,���
?���*I,����:�['��-� 807 �������	� 8 �	 #)���;�LF�Q<l�%,Z
, #2Z��"�<

��� y x�u �#���0}��#u��G�:y���� u�u ��}�ym� �(xG�:y|}�� t ym� �v�:y x�(xEu�y|�v��	 �(xEu�yR� x��G���Wx��0�:� ��� 	vy|�0}W� �(x�y }��
��� �0u��6}�w��zy��0��w���� � �(x����������%���Xy�� x��%�w��%u��!�%u}W� { �z�Wx�� t � {v}�� �-� t wv�6w���:� } �%u�y�� ������������u�y|�:��	 �(x
�����:���|�vy���x���y � �0�:�%��y|}�wv�WxW}��:� �0�:ymu��={��%����������}��Wx=� ��y���u��0�%�%�:�0� � ��y���� x��A���Wx��0�:���



������� ���
	���	��	����
���������������

� 8 �%��B���B�2� 8 ��"�<M
 7 "���,�>F,� 9 ��<�4 ��
�-� ���	���:��<G
����? 7�7 " 7 � 79 &+,)�<h'�.�' 7 ,)�<h�%,) 8 
 8�� �
8 ��&+�� S��;_&#���^��"�� 8 
 8���8 ��&+�� 9 �^�:,)^
�����%,-'�2 7�7 ,)IKlkX,Y� 807-8 )��%� 9 ,Y S�:,��!* 8%9 , 8%9 ���-�
��B���� 9 � 8 ���[*(��;� F���-,[&#�H�D���p'5������"�L 8%9 �F" 7 ?j�:,\��2 F,\ #"��-�������H'�2[&#���Y���!< 8 
���B�2 8 �!<
�%�	� '����%��� 8 �-"��-C����	� '�,�� ���	�z����"����	� 7 ,�&#�! #��H'�,�.6 #)� O��?�B��	�A)�
, 7 ,�&#�! S���	�6
,�� 7-9 '�,
)�
, 7 ,�&#�! #�-,�.a
��,�< 8 
��H'�,�� ���	� 9 �IK



� ��� �����
	�� �

� � ����� � � � � ���Y�

�,"%$ ��FG+ � ? �0+EA5+I/\D ->'

�`�N #)� S��?�B 8 <Z)�
, 7 ,�&#�! S���	� 8%9 ���-������  #* 8 ��� '5?b��C0� '��-� 807 '5)� O���H'�;I4 7 2�&I���%,)
*I���-" 7 ,.l��"�<E'�2� S�%,�)�<h'5���n��"�< 8 ) 8�7 � ��9 ��<M��"�<�4 
 7 ����>@2���-�l)�
, 7 ,�&+�P #�-,.j)��@" 7 �	�
8 
���B�2 8 �	��K��mB���� 9 � 8 ��� 8 ��B�����>@C0��,�)� F�Z
��,�3�? 7�7-8 ��"/*(��;� #"$ 8  #)� S��?�B 8 <^)�
, 7 ,��
&+�P S���	�h��"�<N����*+� � 8 '�%,����H'�;�<`'5���:��� 8 �-"��-CW��"�<R'�,5� ��;�<�����;��-"�<�45
,�)T
����C0*(,����%��<N��"��
� 8 )�B�� 9  +L@"� #"^��"�<J'�,�� ��;�<]����;��-"�<�4	B�� 8 )�'�, 7 .�� 8 ���%,\C%��&+,\�:,)D
��,�&+�����-�-�����! O��; 8 �
>F�����-,�&I�	�5K �`��'����:��� 8 �-"��-CW� 8 <]'�,�� ��C%<j����;�� 8 < 7 ,�&#�! #��H'�,.$���D'��-�Q
 7�8 ,�� 8 '�:,.��
 8 '�2 O�%,<h) 7 ,-
, 9 "� F"�<MB 8 �JC0*(,)��J�-C%*I���F #;�� 8 ���l��B���� 9 � 8 ���] #)���;�LF�Q<`
, 7 .J'5� 7 C%<
8 
���B�2 8 �!<E F)�&('���� ���H'�?J� 8 �����:��&(�	���P S���H'�C0<`
 7 ����>@2��� 8 <�K

�6��,-' 8 ���-C���,)R� 9 �A'5���:��� 8 �-"��-CW��"A'�,�� ��;X����;��-" 7 ,�&+�P #��H'�,.z��� ��
,� 8:9 ���A
��,� #��� �
�-2 f�8 �:�-�	 8 � 8 �%��3�� 7�7 2� 8 ��,)�<a)�
, 7 ,�&#�! S���H'�,�.�<^
2��,)�<�4�� 7�7 ?p'��-�	 S���!< 8 &(& 8 � 8%9 <
)�
, 7 ,�&#�! O���H'�C0<E'��-� 8 
��H'�,�� ���	���H��'�C%<E����?�&(' 8 <N��"�< 8 '5?� O�%,�� 8R8 >F�����-,�&+;�< 8%9 ���-�I
, 7 .
*I��;� @�H�-"T"T)�
, O��;���� � "TB�)�������H'�;�<�� 8 �%����?� O� 8 )� #"�<6B 8 B�,�-C����	�T����?�� 8  #�h S�:,)�<� �
�%��L@�-,.�<�4o"j,
, 9 �^3�,"�L@?p S��"l3 807 � 9 �Q #"j��"�<T�%,-
��H'�2���"��%��<l S���!<a
��, I3�?� 8 �!<a O��"
����;��-"T'��-�#?����T��"�<���
2B�,� #"�<��%,)J #)� S��;��-���%,<�K

� � �



� � � ��� � �����
	���	

� 
����,.� #� B��H
 7 �Q�-�����H'�; 8 ��&+�� 9 � �� F*I, 7 ;�L@"�' 8 � 8 ��"�� 8 �� +�Q�-?��0�Q F" 8 ��2<
�-"�*(�����! #�-,�.g� 8 �%����?� O� 8 )� #"�<p 8�79 B��	�$ O��"��$'����%��� 8 �-"��-C���"/'�,�� ��; ����;��-" 7 ,�&#�! �
��H'�,�.

JIAJIA
K � �����H'����%�� O��?�Ln"�' 8 ,^ #)�����"���"����H'�2<E�-"�*(�����! #�-2�<G� 8 �%����?� S� 8 )� F"�<

 8�79 B��	�p�:,)
JIAJIA

��
2ZC������j��C%,+4�'�����?Y�%,��[,-
, 9 ,/,Z
��!,/�! #*()���2<]����,-
,
,�� �
"���;�<j�����<Y 8�79 B���<D����;��-"�<DC0* 8 ����"�� 8 )�'��-�H� 9 �$���Z& 9 � 8 �="Z��C%�/C0B����$��"�<�K��E����?
��"��Y) 7 ,-
, 9 "� #"['����:��3 7 ;�L@"�' 8 ��B���� 9 � 8 ��"[
��, #
?�L 8 ���[&#���D���\B�������"���"�L 8%9 ��
 7 2\�:,

������2-'�, 7�7 ,$'��-�	&#���[��� 807 ��*+�! O�%,-
,5�P"�L@,.��\,��Q��
�-� ��;� 8 �!<_ 8 � 8 ��?�B�, #"Y
 7 "���,��
>@,� 9 ��<g� 8 �:� � . �0�	�  S�%��L@���	�5K �mB���� 9 � 8 ��"c
��, +
?�L 8 �H� ��
�-� ��;�L@"�' 8$8 
 9  F"�</&#���
��"��\��������� 8 ����
��! F"Z������&('�	�1 #)�&+*(��,����! #�-,.$
,) 8 �->@��� 9�f ,����%���Z�-2���,e� 8 �:,/��C%,

������2-'�, 7�7 ,_� 8 �%����?� S� 8 )� F"�<R 807-9 B��	�5K

�g +�Q S��; 7-8 � �:,)���& 9 �X�%,�)A��C0,�)X�-"�*I�����P #�-,. � 8 �:����?� S� 8 )� #"�<� 8�79 B��	� 8 
��P3 8 3��-� �	Ln"�' 8
� 8 ��" 7-8 
-�%,�� 8 ��;h
������'�, 7 ,.�L@"� #;M�%,)T 8 '�?�L 8  S��?�B��!,+K �Q
�� 
 7 C%,��T) 7 ,-
,���;�L@"�'����
��H'���,� 8 ����,
��,�&+��?��-�-���%�z
,) 
��,'�� 7 ,�.��A��" B�����B��H'��� 9 �X��"�<	� 8 �:����?� O� 8 )� #"�<� 8�79 B �
�	�54#&#�H�a��� 8�7-8 &+*5L 8%9 "J #�Q S��;U #)���
 8 ����>F,��?a�%,)l�-"�*(�����! #�-,.IK �`�F� 8 ����;� 8 �P<�
,)
C0&#� �����$� 8 
����&+�-����� '5C0< 8 >@�����-,�&+C0<Y;��%��� 8 ��L@������)������H'�C%<�K �`��B�����L@C% F��� 8 < 8 >F��� �
�-,�&+C0<AB 8 �X
��, #>@C0��,����:���6&+���N��"��z����?�B 8 � � "6�0�	�6
 7�8 ,�� 8 '��"��-?��0�	�6�%,)N�-"�*(�����! #�-,.
� 8 �%����?� S� 8 )� #"�<  8�79 B��	��4 7 2�&(�g'�)�� 9 �Q<R�0�	�E
 8 ���!,���! #�-CW���	�G
��, (3?� 8 �	�E 8 ��
,��
�-��'���)� F�-CW� 8 <l����;�� 8 <�4��:,)\��H'���,�.[
, #,.1� 8 �%��> 8 ��2� 8 ��"�<l
 7 "���,�>F,� 9 ��<_'��-�	�%�	�
��H'����	�1*I��2����	� 8 '��C 7-8  #"�<�K �R����2 7 ,g
,�)Z,��=B�����L@C0 @�H� 8 < 8 >F�����-,�&(C%<jB 8 �\
��, �
>@C0��,����:��� &#�H� ��
2 7 )��:�  #)���
 8 ��?� #�-���%�I4�"  #.�&('����! #" �:,) ��C0,�) �-"�*(�����! F�-,. � 8
�:,��D
� 7 �-�H2�� 8 ��,$'��-�Q� 8 ��" 7-8 � �:,)���& 9 �1B 9 *I�Q<p�-"�*(�����! F�-2Z� 8 �%����?� S� 8 )� F"�<l 807-9 B �
�	� 8 
��P3 8 3����H�	� 8 �z2����6� 8 ��H'���2 8 
 8���8 ��&+�� O���H'�2 '�2 O�%,<Z&#��� �:, 
��!, 
, 7 .�
 7 ,-'�,

������2-'�, 7�7 ,$'����%��>@C0�v��,�)�� 8 ���\� 8 �H�Q #,)�� 8 ����' 8 ��?[�:,1
, F21��"�<]� 8 �:��B��HB�2� 8 ��"�<

 7 "���,>@,� 9 ��<�K � � 8:9 �Q #"T��"�< 8 
��H'�,5� ���	������'5;�< 8 
��!3�?���)��� #"�<�4#�-� f�9 � 8 ��"��a�H'�����2���" �
�:�z&#���N
��, F�����-,�&+;N S���!<A� 8 �%��3�� 7�7 2� 8 � 8 <=����?�&(' 8 <���"�< 8 '�?� O�%,�� 8�8 >F�����-,�&(;�< 8%9 ���-�
'5���I,M3��� F�H'�2<N O��2�*(,<R�%,�)E��C0,)h�-"�*(�����! #�-,.h� 8 �:����?� S� 8 )� #"�<  8079 B��	�E'��-�I�%,T'5. �
���!,l
 7�8 ,���C�'��"��-�J��
2l��"T*(��;� #"U��)��%,�.5K



� ��� � ��� � ������� �� � � ��	�� � 	
� � �

�,"�� � ?BA.AT8EFE2LK	�*H ?R7 U=+.-0/1+

� ) 7 ,-
, 9 "� #"R��"�<�� 8 *���� '5;�<=��"�<Q
��,�	L@"� #"�<� 807-9 B��	�z����;��-"�<Q O���!<� F)� O��?�B 8 <Q)�
, 7 �
,�&#�! O���	�M>F?���"�' 8 �HB��H� 9 � 8 ��� 8�7 
���B�,>@2���M&#���G�:,U�-C 7�7 ,��E�0�	� 8 
���B�2 8 �	�E�0�	�E� 807-8 ) �
�%� 9 �	��K � � ��9 �]��"�<M�-2 7 �!<TB��H��>@� 9 � 8 �%�-� 4 8 ���q 8 � 8�7�7 ,������H'�; 8 ��&(�� 9 �]�-��<M
��,���� L@C �
� 8 L@�p
C0���D��
2[��"^3 807 � 9 �Q F"^��"�<J) 7 ,-
, 9 "� #"�<a��"�<U� 8 *5���H'�;�<a���pB 8:9 � ,)�� 8 '��-�o�%�
��8 '�?�L@�����U
 7�8 ,�� 8 '��;��-����?T��"�<�K

� �� #,�����>F,��?E��"63 8�7 � 9 �Q #"���"�< ) 7 ,
, 9 "� #"�< ��"�<A� 8 *5���H'�;�<�4�
C%���`��
2M��"�� 8 >@��� �
�-,�&+;/
, 7 )�
 7 ,-'�2�� 8 ���	�Z
, 7 � ���H'�	�/� 8 �%����?� S� 8 )� #"�<^
��,���� LnC0� 8 Ln�\��� 8 �� +�Q�-����� �
 #,)�� 8  #��>@;b��� 9 *�� 8 )� #"b'��-�N��
,>F)�&+; 
� 7 � ��B���,�-,.����%�	�b� 8 �:� � .b�0�	� 9 B��H�	�  �
�%��L@���	�$ 8�79 B��	��K �N��;� @�H�-"$Ln�e;��%��� 8 
 9  #"�<\" 8 �� +�Q�-?��0�Q #"/��"�<[B�)�������2���"��%��<
��"�<p��� 9 *5� 8 )� #"�<j'��-���-C0����"� #"�<_�%,-
��H'�	�Z
��, I3�?� 8 �	�1����;��-"�<^�-C% +��
�� L@����?Z��"�<

������'5, 7 ,.�L@"� #"�<A� 8 ����"����	� 8 
 9 B�, #"�<A�%,�) 8 
 8���8 ��&+�� S��;IK � '�2��-"�CW������H'���,�� 8 ����,��

��2�&+�����-�-�$��)���2��-����"�< 8 .�� 8  #"�<_�:,) 8 '�?� S�:,�� 8 3�C 7 ���! S�:,)\'5���%�Q> 79 ,)$� 8 �:����?� �
� 8 )� #"�<E'5��� "]B�)�������2���"��%�l��)���2��-����"�< 8 �� +�Q�-?��%�Q #"�<G��
2^� 8 �%��& 7 �������P S��;J�0�	�J' �
7 ;� 8 �	�\� 8 �%����?� O� 8 )� #"�<_ S�:�Y3�C 7 ���! O�%�$ #"�� 8%9 �\�:,)1'��QB��H'��$�0�	�1
��,�&+�����-�-?��0�	�

,)E*(��"� F���-,-
,��P,.��`��"N35�P3 7 �!,-L@;�'�"�L@��B�� 8 )�'�2 7 )������`�%,hC%��&+,G�:,)`
��,�&+�����-�-�����! S��;
8 >F�����-,�&(�	��K kXC 7 ,<j"ZB�)�������2���"��:�[&#�H�[3�C 7 ���! S��"\
��, #�����-,�&+;1�:,)1�-"�*(�����! #�-,.
� 8 �%����?� O� 8 )� #"�<j 8079 B��	�Z S�:,g
��2���)�
, 
��2� I3��� F"�<p��"�<p����;��-"�<p
,)gC0* 8 ��'�?�L 8
8 >F�����-,�&+;TL 8 �Q��,.�� 8 2����(L@�M3 807 � 9 �	� 8 '�����?T
, 7 .U���!< 8 
���B�2 8 �!<`��"�<635�P3 7 �P,�L@;�'�"�<�K

� �� #,��Z��>@,��?Z��"��$����?�B 8 � � "Z�0�	�1
��,�� 8 ��"��-?��%�	�\��"�<j� 8 *���� '5;�<�4z� 807�7 ,������H'�2<
 S��2�*I,�<D�-��<D��
,�� 807-8%9 "/B�,-'5���-;/��"�<^'��-�A� 8 ? 7�7-8 <j
����&+�-�����H'�C%< 8 >F�����-,�&+C0<�4z,��
,-
, 9�8 <	Ln� C0*(,)��X� 8 &+� 7 .�� 8 ��"A����?�&('�"X�0�	�=
 7-8 ,�� 8 '��"��-?��0�	�A
,) 
��,� #>FC%� 8 � K�V�'52-
���� 8 <
'�� 9 ��,����%�-� 8 
 9  F"�<a,��OB�,-'5���-C0<J� 8 � 8 &+� 7 .�� 8 ���^� 8 &+C�L@"^��'�2�-"j'��-�O O���!<U)�
?���*(,)� �
8 < 8 >@�����-,�&+C%<�4i�Q O� 8 ���_*(��"� F���-,-
,5�!,.����%�-�S'��-�n���^� 8 �%������ S� 8 .�,�)��J
 8 ���! F #2�� 8 � 8 <
 8�79 B 8 <E����;��-"�<�K



� � � ��� � �����
	���	



� 	�����	 � � �(� � � �

���  
Mark Baker

K
Cluster Computing White Paper

K
University of Portsmouth

4
�5K ��"TC�'�B�, #"I4 � 8 '5C0��3����!,< �	� �	�IK

� �! 
Donald Becker

'��-�
Phil Merkey

K
The beowulf project

K

http://www.beowulf.org
4 � � � ��K

� b  
Bryan Buck

'��-�
Pete Keleher

K
Locality and performance of page- and

object-based DSMs
K�V��%,

Proc. of the First Merged Symp. IPPS/SPDP

1998)
4( 807-9 B 8 < ��( f�� � ��bI4 � � ��(5K

� �  
Chinese Academy of SciencesCenter of High Performance Comput-

ing, Institute of Computing Technology
K

Distributed shared memory
K

http://www.ict.ac.cn/chpc/dsm
4�� � � �IK

� d! 
University of California at Berkeley Computer Science Division

K
The

berkeley now project
K
http://now.cs.berkeley.edu

4 � � � d5K
� �  

Alan L. Cox, Sandhya Dwarkadas, Pete Keleher, Honghui Lu, Ramakr-

ishnan Rajamony
'��-�

Willy Zwaenepoel
K

Software versus hardware

shared-memory implementation: A case study
K\V��%,

Proc. of the 21th

Annual Int’l Symp. on Computer Architecture (ISCA’94)
4# 807-9 B 8 < ��� ���

� �%f54 � � � �(K
� � �



����� � � ��������� � �

� f! 
The TreadMarks DSM

K
The treadmark-

s distributed shared memory (DSM) system
K

http://www.cs.rice.edu/ willy/TreadMarks/overview.html
4 �	� � �5K

� (  
Sandhya Dwarkadas, Pete Keleher, Alan L. Cox

'��-�
Willy Zwaenepoel

K

Evaluation of release consistent software distributed shared memory on

emerging network technology
KOV��%,

Proc. of the 20th Annual Int’l Symp.

on Computer Architecture (ISCA’93)
4+ 8�79 B 8 < � ��� � �%d�d54 � � ��bIK

� �  
The GGF Forum

K
Global grid forum

K
http://www.gridforum.org

4 �	� � �5K
�����! 

The MPI Forum
K

Message passing interface forum
K

http://www.mpi-

forum.org
4 � � ��(IK

��� �  
John L. Hennessy

'��-�
David A. Patterson

K
Computer Architecture A

Quantitative Approach
K

Morgan Kaufmann Publishers Inc.
4
San Fran-

cisco, California
4���"JC�'�B�, #"I4 � � � �IK

��� �  
Weiwu Hu

K
JIAJIA User’s Manual

K
Center of High Performance Com-

puting, Institute of Computing Technology, Chinese Academy of Sci-

ences
4
2.2
"TC�'�B�,� #"I4 � � � �IK

���%b! 
Weiwu Hu, Weisong Shi

'��-�
Zhimin Tang

K
The JIAJIA software DSM

system
Kok 8 *5���H'�; � ����>@,��?M)�
+K5��� 9 Ln�(K 4

Center of High Performance Com-

puting, Institut of Computing Technology, Chinese Academy of Sciences
4

� � ��(IK

��� �  
Weiwu Hu, Weisong Shi

'��-�
Zhimin Tang

K
Home migration in home-

based software DSMs
K�V��:,

Proc. of the 1st Workshop on Software Dis-

tributed Shared Memory (WSDSM’99)
4 � � � �5K

��� d  
Daniel S. Katz

'5���
Jeremy Kepner

K
Embedded/real-time systems

K
Sto

Cluster Computing White Paper [1]
K



��� � � � � � � � � � � � � �

� � �  
Pete Keleher

K
Distributed shared memory home pages

K

http://www.cs.umd.edu/ keleher/dsm.html
4 �	� � �5K

� � f! 
Pete Keleher, Alan L. Cox, Sandhya Dwarkadas

'5���
Willy Zwaenepoel

K

An evaluation of software-based release consistent protocols
K
Journal of

Parallel and Distributed Computing
4 � � � � � � � � ��� � � ��4 � � � d5K

� ��(  
Pete Keleher, Alan L. Cox

'��-�
Willy Zwaenepoel

K
Lazy release consisten-

cy for software distributed shared memory
K(V��%,

Proc. of the 19th Annual

Int’l Symp. on Computer Architecture (ISCA’92)
4+ 8�79 B 8 < �%b�� � ��4 � � � ��K

� � �  
Peter J. Keleher

K
Symmetry and performance in consistency protocols

K
V��%,

International Conference on Supercomputing
4+ 8�79 B 8 < � b ��d	�I4 � � � �IK

� �	�  
Donald G. Morris

'��-�
David K. Lowenthal

K
Accurate data redistribution

cost estimation in software distributed shared memory systems
K

ACM

SIGPLAN Notices
4 b � �`f � � � � ��f ��4 �	� � ��K

� � �  
NAS

K
The NAS parallel benchmarks

K

http://www.nas.nasa.gov/Software/NPB/
4 � � ��f5K

� � �! 
M. C. Ng

'5���
W. F. Wong

K
Adaptive schemes for home-based DSM

systems
K	V��:,

Proc. of the 1st Workshop on Software Distributed Shared

Memory (WSDSM’99)
4 � � � �IK

� � b  
Dimitrios S. Nikolopoulos, Theodore S. Papatheodorou, Constantine D.

Polychronopoulos, Jesús Labarta
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