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\NP�WX\=º dJSVdJPKR�P!UXWXd:qj¯0qTUyRVz5npR RTz5drZJ�]d(n,P É w$U^qvR�Y!�½® RTUz®3W!n,RTd�Ê7ZJU0�*u~ZJn0PIn,�Nern9u*q��<d�\NWXd:PKRT\&X5d:W&M
mEU^STd:Upb0dJSm¯*RTz5dI��a�m�qyP5dJd:W�RVU��<dJSTf�U0SVw ÂuÇ�·`ÓsÇ`Âu¶Î±sÒ�²Á²X¶I±`µy¿ÍÒ�À�f�STU^w RV\]w$d~RVU�RV\]w$dz¯<e�z!\�Z{z
�^n,RTz!d:SVqlY!P*Y5qTd:W�w$dJw$U^STu RVU$STd(ZB��n,\Nw qv��n0ZBd�f�U^SrRTz!d��~a�i M

Global Thread Space (GTS)

JESSICA’s Distributed Shared 
Memory Subsystem

Distributed Object Manager in 
JESSICA Daemon

Page-Based Distributed Shared Memory Suppo rt: M = Memory Subsystem,  
C = Communication Subsystem, S = Synchronization Subsystem

Global Object Space (GOS)

Garbage Collector

M C  S M C  S M C  S M C  S

OS (Linux) OS (Linux) OS (Linux) OS (Linux)

Node 1 Memory Node 2 Memory Node n-1 Memory

DSM Page

Threads

Unused objects to be reclaimed

Small objects allocated in one page

Node 0 Memory

Network

DSM 
Space

…Large objects 
span > 1 page
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DOM in JESSICA Daemon
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C
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new C;

Thread 
2

new B;

Increasing 
Address

GOS

Time(a)

Hard-
ware

Hard-
ware
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bpn,�N\NW É \�M d0MX¯^e�\]RTz5\]P$RVz!d��NU0�0\�ZJn0�!n0W!W!STd(qTq�qT�5n^ZBdrU,f RTz5dc�~a�i5ÊÄ¯0\�R8e�\N�N�5SVdjÕKY!d:qvR8n�ZBU^�*u~U,f RTz5d
U0�!��d:Z[R�f�SVU0w RTz!d~��a�m U,f�RTz!d�P!UXWXd�z5U0��WX\]P5�IRVz!d�w$U^qvR�Y!� W!npRVd:W2ZBU^�Ku6U,f7RVz!d~U^�X��d:ZBR:M�O3f
RTz5d�n^ZJZJd:qVq#\�q�n�e�ST\]RTdo¯!ZBd:SvR{n,\NP6w$dJw$U0SVu�ZBU^P5qT\NqvRTd:P5ZBu �<U0�N\NZJ\]d(qrw�Y5qvR���d�U^�5qvd:STb^d:W É e�z!\�Z{z
bpn,SVu�e�\�RVz�WX\=º dJSVdJPKR�¢*\NP5W!q�U,f���iXm qvY5�!��U^SvR{q �,RTU���drWX\�qTZJY5qTqTd:W~�Nn,RTdJSÄÊÄ¯,qTUcRTz5n,R�RVz!dlqTuXq�RVdJw
\�q�n,�!�Nd�RTU$\�WXdJPKRT\]f�u�RVz!d�w$U^qvR�Y!�½® RTUz®3W!n,RTd�ZBU^�*u0M
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Rel(L2)

Acq(L2)

W(x)1
Acq(L1)

Rel(L1)
W(y)2

Acq(L2)

Rel(L2)
W(z)3

R(x)1
R(y)2
R(z)3

P0 P1 P2

x, y, z

x, y, z

Time

For eager release consistency, 
updates of x, y and z are propagated 
to P1 and P2 at the release.

(a)

(b)

Rel(L2)

Acq(L2)

W(x)1
Acq(L1)

Rel(L1)
W(y)2

Acq(L2)

Rel(L2)
W(z)3

R(x)1
R(y)2
R(z)3

P0 P1 P2 Time

x, y, z

For lazy release consistency, 
when P1 acquires the lock L2
from P0, P0 propagates the 
update of x, y and z to P1 only.
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Rel(L2)

W(x)1

Acq(L1)

Rel(L1)
W(y)2

Acq(L2)

Rel(L2)
W(z)3

Acq(L2)

R(x)0

R(y)0

R(z)3

P0 P1 P2

z

Time

In scope consistency, P1 acquires the lock 
L2 from P0, and P0 propagates the update 
of z to P1 only. The reads of x and y are 
not guaranteed to be 1 and 2 respectively.

� ���<74p'H
���
�� � k�P2d|¼!n0w��5�]d�\N�]�NY5qvRTS{npRT\NP!� qVZBU0�<d�ZBU^P5qv\�qvRTdJP�ZBu É iXZ(jPÊBM
k qVZBU0�<d \�q�qVn,\�W�RVUE��d6U0�<dJP!d(WHnpR�n,PHn^Z`ÕKY!\NSTd U^��d:SVn,RT\NU0P É �NU*Z{¢;n0ZjÕ^Y5\]SVd U0S��Nd:n9b*\NP!�

n �5n0STSV\NdJSÄÊÄ¯�n0P5WE\�qcZJ�]UKqvd(WEnpR�n STd:�]d(n0qTd É �NUXZ{¢�SVdJ�Nd:n^qvd�U0Scn0�!�!SVU^n^Z{z!\]P5��n �5n,SVSV\]d:SsÊBM�¡F\�RVz
RTz5d:qTd~ZBU0P�ZBdJ�!RVqj¯5iXZ(j�\Nq�W!d�X5P!d(W2n0qlf�U0�N�NUpe�q��

 Ï5¶`ÀeÑ°·IÒj±s¶|´I´`Òg· #YÒIÑ ¶|À ´AÇ3´`±sÒIÑ ¶�! � Ï^¿Í±sÏU¿{´NÑQ·�¶ [j¿ÍÒg³^´s²�Ã�±`²=Ò�´`¶sÌVÓ`ÃVÇgÀ°Ò�µTÏ5¶`·�ÑQ·�Òj±s¶|´s´|Òg·



 �������� ��	9�� �%�����2���.��'Y,35 ��	�� '&� ���2��� 	�
�.��c�! 
��@�2� ��	���+ 
 �
��!FµTÏ5¶�³mÑ5ÌoÇ�µb¶Ä´eÅ}ÇzÌo¶ � ¿ÁµTÏ^¿ÁÀ µTÏ5¶3´`ÇgÅÈ¶�´`±sÒIÑ ¶�¿ÁÀ � ¿{´�Ñ°·�ÒsÑ5ÇjÂoÇgµ�¶sÌ µ�Ò #("

�rz!\�q w$d:n,P�q�RTz5n,R Y5�<W!n,RTd(q�w n0WXdrU0Y!RVqT\NWXdlRVz!d�qTn0w$drqVZBU^��dre�\N�]�XP5U,R��<d��!STU^�5n,�KnpRVd:W~n,R
RTz5d8RV\]w$dlU,f!RVz!dln^Z`ÕKY!\NSTd^M7�rz!\�q�\Nq�qvz5Upe�P~�*u�RTz!dl�!SVU0�0S{n,w d|¼!n,w$�!�Nd8\NPIo�\N�0Y!SVdyL^M]L(�5¯9e�z!\�Z{z
\�q&RTz5d8qTn0w$d�d|¼!n,w$�!�Nd8n0q&RTz5n,R7\]P~o�\N�0Y!SVd�L^M �5M7�rz!d8ZJU0PKRTd:P^R{q&U,f �8n,P5WÈÃ Y!� W!npRVd:W��*u �('�e�\N�]�
P!U0Ry��dI�!SVU0�5n0�^npRVd:W�RTU �()~n,R�RTz!dI�]UXZ{¢�n0Z`ÕKY!\NSVd0M��rz!\�qcn0�]�NUpe�qyiXZ9j��5STUXWXY5ZJ\]P5���]d(qTqcW!npR{n
ZBU^w$w�Y!P!\�ZJn,RT\NU0P�\]P�RTz!d�ZJ�]Y�q�RVdJS�RTz5n0PDY5qv\NP!�o\7��jA¯&z!d:P5ZBd$\Nw��5STUpb*\NP!�6RVz!d$��d:Svf�U^STw n0P5ZBd^M
iXZ9j qTz5n0STd(q�RTz5dyqTn0w$d��!SVU0�0S{n,w$w$\NP!��\]PKRVdJSTf�n0ZBd�e�\]RTzg\7��jcM0OQP6n~PKY!RVqTz!dJ�N� ¯K\]f7n��5n,STRT\�ZBY5�Nn0S
bpn,SV\Nn0�!�Nd~U0ScU0�X��d(Z[Rc\�q��^Y5n,S{WXd(W2�Ku�RVz!dIqVn,w$d��NUXZ{¢�d:b0d:STu�RT\Nw$d�\]Rc\�qcn^ZJZBd(qTqTd:W
¯ \���j n0P5W
iXZ9jF�<U,RVz��^Y5n,S{n,PKRVdJd�RVz5npR�RVz!d�w$dJw$U0SVu�\�q�ZBU^P5qT\NqvRTd:P^R(M
� � 	���� 	������ � � � �.�������� ���	�� ����� �
OQP U^SVW!dJS�RTU n,�!\�WXd;�Ku�qTdjÕKY!d:PKRT\�n,��ZBU^P5qv\�qvRTdJP�ZBuFn0q�U0��qvd:STb^d:W �*u RTz!dHg a m q�R{n,P5W!n0SVW
¯
RTz5d�g^hli!i*OTjlk w$\NW5WX�]d:eln0STd$\�q�SVd:qT��U^P5qv\N�!�Nd�RTUEz!\�WXd$RTz5d STd:�Nng¼*d(W�w$d:w�U^STu�w�UXWXd:�Nq~Y5qvd(W
\NP RVz!d2Y!P5WXd:ST�Nu*\]P!�H��iXm qvY!�5��U^SvRm¯#qTU�RVz5npR$RVz!dEn,�!�!�N\�ZJnpRV\]U^P5q�U0P RTU0� n,SVd2n,�!�Nd�RTUDqvd:d
nHqTdjÕKY!dJPKRV\Nn0�]�Nu ZJU0P5qT\NqvRTd:PKR��~a�i M#kcq�WXd:qVZBSV\N��d(WFn,�<Upb0dz¯lY5qTdJS{q ZJn0P�qvd:d�nHqvdmÕ^Y5dJPKRT\�n,�N�]u
ZBU^P5qT\NqvRTd:P^Rlw$dJw$U0SVu qv�5n^ZBdcY!P5WXd:Sln�STd:�Nng¼*d(W w$dJw$U0SVu�w�UXWXd:� \�f7d:b0d:STu�U0�X��d(Z[Rr\Nq#�!SVU0�<dJSV�]u
�0Y�n,S{WXd:W§�*u§qTY!\]RVn0�!�]dE�NUXZ{¢XqJM �rz!d:STdJf�U0SVdz¯#f�U0S6d:b0d:STu �N\NP!d�U0f�ZJUXWXdEe�z!\�Z{z�n0ZJZJd:qVqvd(q$RTz5d
U0�!��d:Z[R{q�\NP RTz!dD�~a�iQ¯#n �]UXZ{¢ n^Z`ÕKY!\NSTdE\�q��<dJSTf�U0SVw$d:W �<dBf�U^STdERVz!d�U^�X��d:ZBR�n0Z:ZBd(qTq:M �rz5d
�NU*Z{¢E\�q�RTz5dJPDSTd:�]d(n0qTd:W�npf RTd:STern,S{W!q:M�OQPHiXZ(jA¯ RVz!d �NU*Z{¢EY�qvd(W�wIY5q�R��<d$RTz!d qVn,w$d$U0P!d�f�U^S
dJb^dJSVu n0ZJZJd:qVq8U0f/RTz5d�qVn,w$d�U0�X��d(Z[Rm¯*qvRVn0SvRV\]P5�~f�SVU0w RTz5d�w$U^w�d:PKR#RVz!d�U0�X��d(Z[Rr\NqrZBSVd:n,RTd(W&M�k
w n,�!�5\]P!�2f�Y5P5Z[RV\]U^P�f�SVU0w U0�X��d(Z[R~n0W5WXSTd(qTq�RVUE�]UXZ{¢�O�� \Nq�z5dJP5ZJd P!dJd(WXd:W&M +�dJSVd�n�w n,P*uu®
RTUz® U^P!d�w n,�!�5\]P!�6\NqyY5qvd(W7¯ qv\NP5ZBd~RTz!d:U0SVdBRT\�ZJn0�]�Nu2n,PEY!P!�N\Nw�\]RTd(WEP*Y!w��<dJScU,f�U0�!��d:Z[R{qyZ:n,PE�<d
ZBSVd:n,RTd(W�\NPHn�gKn9bpn2n,�!�!�N\�ZJnpRV\]U^P
¯7n0P5W�RTz!d:STdJf�U0SVd�\]R~\�q�\]w$�<U^qVqv\N�!�Nd�RTU�n0qVqT\]�^P�U^P!d$�]UXZ{¢ERVU
d:n^Z{z�U^�X��d:ZBR�f�U^S�STd(qvU^Y!SVZJdIZJU0P5qT\NW!dJS{npRT\NU0P7M��rz!d ZBY!SVSVdJPKR�b^dJS{qv\NU0P�U,flgKh#i5i*OTjlk qvY!�5��U^SvR{q
L:�K_p|��]UXZ{¢Xq:M

ayf�ZBU^Y!SVqTdz¯!RTz!d:STd~\�qyn6qv�N\]�^zKRy��d:Svf�U^STw n0P5ZBd��<dJP5n0��R�u�f�U0Scw�Y!�]RT\N�!�Nd�U^�X��d:ZBRVqrRVU6qvz�n,SVd~n
�NU*Z{¢ M o�\]S{q�Rm¯^e�z5dJP R�elU�RTz!SVd:n^W!q�RVSTuIRTUIn0ZJZJd:qVq R�elU~WX\�º dJSVdJPKRlU0�X��d(Z[RVqj¯0e�z5\NZ{z�n0STd�w n0�!��d(W
RTU�RTz5d$qVn,w$d��]UXZ{¢Q¯&U0P5dIU0f8RTz5dJw wIY5q�R�ern,\]R�Y!PKRV\]� RVz!d$U,RTz5dJS�d|¼X\]RVq�RTz5d$ZJST\]RT\�ZJn0��qTd:ZBRT\NU0P/M
i*d(ZBU0P�W7¯&qv\NP5ZBdIw�Y!�]RT\N�!�NdIU^�X��d:ZBRVq�qvz�n,SVd�RTz!d$qVn,w$d��NUXZ{¢°¯&n,R�qTuKP�Z{z!STU^P!\N�:npRV\]U^PE��U^\]PKR{q`¯<RTz5d
W!n,RVnE�!SVU0��n,�^n,RT\NU0P�e�\]�N�lZJU0PKRVn0\]P;RVz!d�Y!� W!npRVd:W ZJU0PKRTd:PKRVq�U0frwIY!�]RT\N�!�]d�U0�X��d(Z[R{q`¯�U,f�e�z!\�Z{z
qTU0w$d�w$n9u6P!U,R��<d�P!dJd(WXd:W2n,P�W�n0STdcRTz*Y5q�eln^q�RVd:W&M

k�P5U,RTz5dJS�\NqVqvY5d~SVn0\NqTd:W2�*u�RTz5\Nq�w$d:Z{z5n0P!\�qvw RTSVu*\]P5� RTU�z!\NW!d�RVz!d�Y!P�WXdJSV�]u*\NP!�6w$d:w�U^STu
w$UXWXdJ��q~\�q�RVz5npRIRTz!d�P*Y!wI��d:S�U0f���iXmA�NUXZ{¢;n^Z`ÕKY!\NSTd�n0P5WDSVdJ�Nd:n0qTd U0�<dJS{npRV\]U^P5q~Z:n,�N�]d(W��*u
RTz5d�g^hli!i*OTjlk w$\�W!WX�NdJern,SVdEw n9u �<d�d|¼!ZJd:qVqv\Nb0d^M k qT\]w$�!�Nd�n0�!�!�N\NZ:npRT\NU0PF�5STU^�0S{n,w ZJn0P
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i*d(ZBU0P�W7¯XY5qT\]P!��RVz!d�z!U0w$d`® �5n^qvd(W��!SVU,RVUXZBU0�y¯*RTz5d��]UXZ{¢6n^Z`ÕKY!\NSTd�n,P5W�SVdJ�Nd:n0qTd�U0�<dJS{npRT\NU0P�q
RTd:P5W RVUI�<d�P!U0P5®�RVST\Nb*\Nn0��M kyZjÕ^Y5\]SV\]P5�InI�]UXZ{¢$\]P�g0O�kcg0O�k \NPKb^U0�Nb0d(q�RTz5d�qTdJP5W!\]P!��U,f7RTz!d��5n,�^d
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