
���������
� 	�

������������������� �"! �#��$%�'&(�*)+$-,/.'!10324�5&
24�+6 ��� 7
8903:4:4; �#,<.=�>89$-,?0A@=$%�
B C�03���D��247E�F$-� ��; :G$%7 � 	�
9	H�
0I,?$-�"�J$%�

K-LNMAOQPRP�SUTWVXV?Y[Z]\_^>`badcfegadhd^ji%OlkmSlnpoqPlPsrRtuKsv%Y[wq\_^ji-x4PpS=yszjyu{"V?|}Y]~�\]^>�s�Q�jc�adc�eqadhd��^
� LNxGogPRP�S5���X���AY�Y[�q\[^�`badcfegadh�^��Q���Ei%Olk�S�nN�/PRP������X�AY�Y�Y[��\[^>�A�Q�jcfa�c�egadh

�4���#�s���m� ���_ g¡ ¢¤£¥¢¤¦§¡©¨�ª«�_¬®­�¨°¯©±²�_¬�¨�±³±¤¨´¬µ¢¤¯¶�_¡q·¸¨]�[¢¤ ®ª¤¨�¦_·¹¢³ºg¨�»®¯©±¤£¢¤ª³¯©¼® g¢¤¨�»J±¾½g±¾¢³¨�¿À±�Álº®¨�ª³¨m¢¤º®¨FÂ�¦§±³±¤¯©¼®¯©¡©¯ ¢Ã½�¦_·Ä�Å·Æ�_¯©¡© ®ª¤¨m¯©¬®­�ª³¨´�_±¤¨´±°Ál¯ ¢¤º¢¤º®¨ÀÇ§ª³¦´Ál¢¤º<¦_·R¢¤º®¨À±¤½q±¤¢¤¨�¿"È�ÉÃ¬<±¤Â®¯ ¢³¨>¦_·�¨�ÊË¢³¨�¬®±¤¯ Ìµ¨�ª³¨�±³¨´�_ª³­³º®¨�±Å¦´Ìµ¨´ª¢ÃÁ°¦�»®¨�­´�_»®¨�±]Í®·Æ�_ ®¡ ¢¾£¥¢³¦§¡©¨�ª³�_¬®­�¨m±¤½q±¤¢¤¨�¿À±�º¹��Ìµ¨j¬®¦_¢R±³ g­´­�¨�¨�»®¨�»J¯©¬ÀÂ®ª³�_­�£¢¤¯©­]�_¡R ®±¤¨§ÈÎÉ¥¢À¯©±�»® g¨�¢¤¦Ï¢¤º®¨�º®¯©Ç§º?¦]Ìµ¨�ª³º®¨´�_»��_¬®»Î¢¤º®¨J ®¬gº¹�_¬®»®¯©¬®¨�±¤±¦_·R¢³ºg¨�Â®ª¤¨�Ìg¯©¦§ ®±�·¥�_ g¡ ¢¤£¥¢¤¦§¡©¨�ª«�_¬®­�¨�±¤½q±¤¢¤¨�¿À±]È
ÉÃ¬/¢³º®¯©±�Â¹�_Â�¨�ª]ÍNÁ°¨�Â®ª³¦_£Â�¦§±³¨�Ð"ÑQÉ¾ÒRÓR£¾Ôm�°ÍR�< ®±¤¨�ª¤£¥¢¤ª«�_¬®±¤Â¹�_ª³¨�¬µ¢�­«º®¨�­«ÕËÂ�¦§¯©¬µ¢¤¯©¬®Ç?±¤½q±¤¢¤¨´¿�·Æ¦§ªÇ§ª³¯©»q£Ã¨�¬¹�_¼®¡©¨�»
Ð"ÑpÉ¾Ò°Ó�È�Öm ®ªl¦§¼g×¾¨´­�¢¤¯ Ìµ¨�±F�_ª³¨F¢¤¦�Ø¹¡©¡G¢¤º®¨ÅÇµ�_ÂJ¼�¨�¢ÃÁ°¨�¨�¬¢¤º®¨J¢¤º®¨�¦§ª¤½X�_¬®»?¢³º®¨JÂ®ª«�_­�¢¤¯©­´¨
¦_·m·¥�_ ®¡ ¢¾£¥¢¤¦§¡©¨�ª«�_¬®­�¨
±¤½q±¤¢¤¨�¿À±]Í��_¬®»�¢¤¦Â®ª¤¦]Ìq¯©»®¨��%­«º®¨�­«ÕËÂ�¦§¯©¬µ¢¤¯©¬®Ç_£Ãª³¨�­�¦]Ìµ¨�ª¾½f±¤½q±¤¢¤¨�¿Ù·Æ¦§ªÏÇ§ª³¯©»®±´ÈÛÚ²¦-¼® g¯©¡©»�"·¥�_ g¡ ¢¤£¥¢¤¦§¡©¨�ª«�_¬µ¢�Ð"ÑpÉ¾Ò°Ó=Ìµ¨�ª¤±³¯©¦§¬GÍQÁ°¨�º®�´Ìµ¨J»g¨´±¤¯©Ç§¬®¨�»Î¢«�_±¤Õ�¿À¯©Ç§ª«�[£¢¤¯©¦§¬GÍ_»g½q¬¹�_¿À¯©­QÂ®ª³¦Ë­�¨´±¤±²¿��_¬¹�_Ç§¨�¿À¨�¬Ë¢´Í§�_¬®»Å�[¢¤¦§¿À¯©­Q¿À¨�±³±³�_Ç§¨Q¢¤ª«�_¬®±¾·Æ¨�ª´ÈÐ"ÑpÉ¾Ò°ÓR£¾Ôm��ª³¨�Üq g¯©ª³¨�±Q¬g¦F¿À¦q»®¯ Ø®­]�[¢¤¯©¦§¬�¦_·G�_Â®Â®¡©¯©­´�[¢¤¯©¦§¬À±³¦§ ®ª¤­´¨R­�¦Ë»®¨�±]Í�_¬®»�¯ ¢F�[Ý�¨�­�¢³±F¢¤º®¨�Ð"ÑQÉ¾Ò°Ó�­�¦§¿À¿> ®¬®¯©­´�[¢¤¯©¦§¬
­«º¹�_ª³�_­�¢¤¨�ª³¯©±¾¢³¯©­�±��_±j¡©¨�±³±�_±RÂ�¦§±³±³¯©¼g¡©¨µÈÄÚRº®¨j·¸¨´�[¢³ gª³¨�±R¦_·NÐ"ÑpÉ¾Ò°Ól£¾Ôm�<�_ª³¨m¢¤º¹�[¢l¯ ¢R±³ gÂ®Â�¦§ª¤¢¤±R¢¤º®¨»®¯©ª¤¨´­�¢R¿À¨�±³±³�_Ç§¨�¢¤ª«�_¬®±¾·Æ¨�ª°¿À¦Ë»®¨��_¬®»�¢¤º¹�[¢��_¡©¡�¦_·4¢³ºg¨j¯©¿ÀÂ®¡©¨�¿À¨�¬Ë¢³�[¢³¯©¦§¬º¹�_±�¼�¨�¨´¬X»®¦§¬®¨��[¢�¢¤º®¨
¡©¦]Á°¨�ªÀ¡¶��½µ¨´ª´Í°¢³º®�[¢J¯©±´Í�¢³ºg¨��_¼®±¤¢¤ª«�_­�¢�»®¨�Ìg¯©­�¨¡©¨�Ìµ¨�¡¥È²Þ/¨lº¹��Ìµ¨m¨�Ì§�_¡© ¹�[¢¤¨�»�Ð"ÑpÉ¾Ò°Ól£¾Ôm�Ï ®±¤¯©¬®Ç�ß�ÑpàÎ�_Â®Â®¡©¯©­´�[¢³¯©¦§¬g±°¦§¬Ôm¡©¦§¼® ®±l¿À¯©»®»®¡©¨�ÁR�_ª¤¨§È
áqâ]ãuämåËæ�çgè_éëêdì_ígî ï¥ðñïñò_î©ó´ô¤ì_õ�ö«ó«÷"øÄùqó«ö´ú³ûgò_üýõ¹ï¸÷Jøpò_õ¹þ«üýþ«ïñó�õ¹ïÅô¤ó«ö³ò§ÿ_ó´ô��[÷
����� ÷��°ô�ü
	�ö«ò��jû¹ígïÆü¸õ�


� z��ËS����®P��mk������ñPpS
��� �"!$#&%('()+*,)+-.!0/1*�243056-
798;:=<6>(!05?)+2.@A*B3056-
7�CD-E<F*G<6%�H��"-
*�2.I
-EJKH�7L-E/1<?)+*�/��"HM!�NO7P-
<Q)+56-ER('P)+H�7S<6@T<?)6H�#M<KU�VW>(-E��>X-E/1�"2E'17PH�<;*
>(HK)6HK5+!$30HK/(H�!$'1<Y�K!$2E2.H��Z)+-.!0/S!�N[�"!0#\%1'P)6H�5+<]-./^7P-._`HK5+HK/a)\7P!$I
#M*�-E/1<\�"!$/1/(H��")6H�7bRT@L/1H")QVc!$5+dT<fehgjijklUKe.g�m,klnXoO>(Hf3056-
7S>1*0<
*,)6)65�*$�")6H�7G�K!$/1<6-E7(HK5�*�R(2EHF*,)?)+HK/a)6-E!$/�<&Np!$5M'P)+-.2E-EJK-E/(3^'(R(-
qa'(-.I
)6!0'1<M�"!0#&%('P)+*�)6-E!$/1*$2W56H�<?!0'(5��"H�<rVW-.)6>s*Lta-EHKVu!�NY*X<?-E/(3$2EH
<6@T<?)6H�#v-E#M*�3$H0nswl)D>1*0<&R�H�HK/sR�HK2E-.H�t$H�7x)+!SR�H�/(H"y()f#&*$/T@
�"!0#&%('P)+*�)6-E!$/PIl-E/0)+HK/1<6-Et$Hz%1*�5�*�2E2.H�2[*�%(%12.-
�K*�)6-E!$/1<�nB{|/PNp!$56)6'(I
/1*�)6HK2E@$U(7(-E<?)65+-.R1'P)6H�7f<6@P<Q)+HK#M<W<?'���>f*$<c)+>(H43$5+-E7f*�5+H}/1!�)W56HKI
2E-E*$R(2.HzHK/1!$'(30>^)6!L3$'�*�5�*�/a)6H�H~)6>1H��K!$#&%(2EH")+-.!0/b!�N}%1*�5�*�2E2.H�2
%(5+!P�"H�<+<6H�<�-./�*r7(H")6H�56#&-E/1*,)+H�)6-E#\H4R�H���*�'1<6H}!$N�)+>(HK-E5W-./1>(HK56I
HK/a)rN=*�-E2.'(5+H~N=*0�Z)+!$5�<Kn���t$H�/^*�<6-./(302.Hf2.!P��*�2�N=*$-.2E'(5+Hf��*�/^R�H
N=*,)�*�2O)+!L%�*�5�*�2E2.H�2W%(56!P�KH�<+<?H�<r<6-./��"H�-h)D�K!$'(2
7x/a'12.2E-hNp@B*�2E2W!�N
)6>1H}�"!0#&%('P)+*�)6-E!$/M5+H�<6'(2.)+<�)+>1*,)c>1*jt$H|R�H�HK/~HK�TH��"'P)+H�7&-E/D�"!$I
!$%�HK5�*,)+-.!0/SVW-h)+>b!0/(Hz*$/(!�)+>(HK5�n�w�/x!$5�7PHK5])6!L-./��"5+H�*$<6HM)+>(H
5+HK2E-E*$R(-.2E-.)Q@D!�N�7P-
<?)65+-.R('()6H�7F<6@P<Q)+HK#M<�U1-.)|-E<|H�<+<?H�/a)6-
*�29)+!M%(56!$I

�6���0���K�0�Q�a�K�Q�O�"�Q�}��� �Q�M�Q�a���0�Q�a�,���9�K�������Y�a�$�Q�+�W�$�+�����T�6�
���a�\���a ��h�0���+�Q���a $¡(�������0��¢c�K�Q�����a����£��a��¤j�+�Q��� �¦¥,§

�l� ���0�c�K�0�Q�a�K��������� �Q�;�Q�a��¨O���a�K���Q�Y���,�����`�����Y�0�0�Q�+�����0 �� ©
�a�+�+�Q���a 0¡T�$�¦ªl���0 Y£c�0�h¤��+�Q��� �«¥,§

�¦�l� ���0�����$�Q�a�K���h�`��� �Q�[�Q�a���$�a�P�6�?�+���Y�0�0�Q���a ������,�Q�+�Z¡�¬W­��$��­6§
�j®$�9©=�;�����°¯���¥����,�,±O�a�6���.�K²�§ ������§ ���K§ ³,�
²P®$�9©=�;�����°¯Pªl�a�?±O�0�+���h��²1§ �����1§ ����§ ³,�
�"®$�9©=�;�����°¯9¥,�����]±c�����1§ ����§ ³,�
�T®$�9©=�;�����°¯9�Q���T�K�Q³0±c���«ª«���0 0§ ����§ ³,�
�K®$�9©=�;�����°¯������a�K�Q³0±c³����l�Q�p§ �Q��§ ³,�

tT-E7(H4N=*�'(2.)?I«)6!02.H�5+*$/1�"H0n
´ >(H���da%�!$-E/a)6-E/(3Dµ]56!02.2ER1*$��daIl56H��"!,t0HK5+@]-
<W*&V�H�2.2.I«dT/(!,VW/

)6H���>(/(-
qa'(H\Np!$5�N=*�'(2.)?I«)6!02.H�5+*$/1�"H0n ´ >(H���da%�!$-E/a)6-E/(3�-E<4*$/¶!0%PI
HK5�*,)+-.!0/·)+!z<?)6!056Hr)6>(HM<?)+*�)6H�<4!$N�%(5+!P�"H�<6<6H�<}-./a)+!D)+>(HM<Q)�*�R(2EH
<?)6!$5�*�30H&Np!$5])6>(Hf%('(5+%�!a<?Hf!�NW56H��"!,t0HK5+@·!$5r#\-E3$5�*,)+-.!0/¸ehg0g"kln
�¹%(5+!P�"H�<6<M��*�/G56H�<?'1#\HF-.)+<D%(5+HKtT-.!0'1<M<?)+*,)+H�*,)D*$/T@^)6-E#&H
VW-.)6>·)+>(H\2E*�)6H�<?)���>1H���dT%�!0-./a)}y12.H0nYº�HK5+-.!P7P-
�;��>(H���da%�!$-E/a)6-E/(3
�K*$/r#&-E/(-E#\-EJKHc)+>(H[�"!0#\%1'P)+*�)6-E!$/]2E!0<+<�-E/1�"'(5+5+H�7;RT@YN=*$-.2E'(5+H�<�n
�[2.)6>1!$'(30>L<6HKt0HK5�*�2�<?)+*$/17TI�*�2E!$/(H\��>(H���dT%�!$-E/a)})+!a!02.dT-.)+<&e »$»jklU
e ¼$½,klUKe ¼a¾jk1>1*jt$HWR�HKH�/~%(5+!$%�!0<6H�79U$)6>(H�@\*$56HW/1!�)�<6'P¿~�"-EHK/a)�Np!05
%1*$5+*$2.2EHK2��K!$#&%('P)+-./(3M7P'1H4)6!&)6>1H4Np!$2E2.!,VW-E/(3&56H�*$<6!$/1<�n�À�-E5�<Q)�U
)6>1HK@]��*�/(/(!$)�56H�<Q)+!$5+Hc�K!$#&#]'(/1-E��*,)6-E!$/\<Q)�*,)+H�<�<6'1��>\*0<�<?!P��daI
H")�<\!$5M<?>�*�5+H�7S#&HK#&!056@0nxÁTH��K!$/17�U�)6>(H�@b7P!L/(!�)M�"!0/1<6-E7PH�5
)6>1HD�K*$'1<6*$2�56H�2E*�)6-E!$/1<6>(-E%L*$#&!$/(3�)+>(H~<Q)�*,)+H�<Y!$NO%156!P�"H�<6<6H�<�n
º�5+!P�"H�<6<z<Q)�*,)+H�<f#&*j@sR�HS7PHK%�HK/�7PHK/a)F!$/Â!$/(HX*�/(!$)6>(H�5f-E/
)6>1HM#\H�<6<+*�30H"Il%1*$<+<6-./(3zHK/TtT-E56!0/(#&HK/a)�U�>1HK/1�KH$U�)+>(H~5+H��K!,t$HK5+@
VW-.)6>(!0'P)z�K!$/1<6-E7(HK5�*,)6-E!$/s!$N;7PHK%�HK/17(HK/1�K@B#M*j@B)+*$/(3$2EHF)+>(H
3$2E!$R�*�2c%(56!P�KH�<+<r<?)+*�)6H�<�e Ã,klUKe »�m,kln ´ !$/�<?-
<Q)+HK/a)r5+H��K!,t$H�56@X*�2.I
3$!056-.)6>1#&<;Np!$5r#\H�<6<+*�30H"Il%1*$<+<6-./(3z%(5+!P�"H�<+<6H�<Y>1*jt0H~R�HKHK/bH"�TI
)6H�/1<6-.t0HK2E@X<?)6'�7P-.H�7XNp!$5\!,t$H�5Y)QVc!�7PH���*$7PH�<KnLÄ[!,VcHKt0HK5�U�-E#\I
%(2EHK#&HK/a)�*,)6-E!$/M!$N9)6>(H�*�2E3$!056-.)6>(#M<�<6HKH�#M<�*�/1!�)6>1HK5�-
<+<?'(H|R�HKI
�K*$'1<6H�#&!a<Q)W!�N�5+H�<6H�*�5���>(H�<�*0<6<6'(#&H�)6>(H4Np!02.2E!,VW-./130<�Å

Æ �Ç%(5+!P�"H�<+<�UPRa@D-h)�<?H�2hNQU17(H")6H��Z)�<[*rN=*�-E2.'(5+H;*�/�7D5+HKtT-Et$H�<�n
ÆbÈ !�)+>]5+HKtT-.t0H�7;*$/17]<6'(5+tT-.t0H�7Y%(5+!P�"H�<6<6H�<��K*�/\�"!0#\#r'(/(-.I

�K*�)6H|*�N°)6H�5�5+H��"!,t0HK5+@YVW-h)+>(!$'()�*�/T@]%156!P�"H�7P'(5+HW!�N���>1*$/PI
/(H�2�56H��"!0/1<Q)+56'��Z)6-E!$/�n

Æ ´ >(H���da%�!$-E/a)6H�7fR1-./1*$56@&y�2.H�<[*�5+HY*�2EVc*j@P<c*jtj*$-.2
*�R12.H0n
w�/17PH�H�79UT)+>(HK5+H|>�*jt$H[R�HKH�/D#M*�/T@&H"_`!$56)+<�)6!r#&*$d$H|)6>(HKI

!$5+-EH�<É%15+*0�Z)6-
�K*$2Êe ¼,klU�e ijklUKe Ë,klU�e.g�»jklUKe.gj¾jk«UKe »PgKk«U�e »$¼,klUKe »a¾�klUKe »�Ë,klU
e ¼0»jklUKe ¼$¼�k«UKe ¼0i,k«nxoO>(HK-E5M*�%(%(5+!0*0��>(H�<])+*$d$H�7P-._�H�56H�/0)M<?)65�*,)6HKI
3$-EH�<\-E/^)+>(HzNp!$2E2.!,VW-E/(3¶�K!$/a)6HK�T)�Å~)+>(HF<?@P<?)6H�#rIl2EHKt$H�2c��>1H���daI
%�!$-E/0)+-./13Yt$HK5�<6'1<�)6>1H|*�%(%12.-
�K*�)6-E!$/PIl2.H�t$H�2T��>1H���dT%�!0-./a)+-./(3�U�)+>(H
'1<6HK56I¦)+5+*$/1<6%1*�5+HK/1�K@;t$H�5+<6'1<�)6>(H4�"!0/at0HK/(-EHK/��"H[!$N�-.#&%(2EHK#&HK/(I
)+*�)6-E!$/�U0*�/17])6>(H[7(-.5+H��")�#&H�<6<+*�30H�)+5+*$/1<QNpH�5�#\!P7PHOt0HK5�<?'1<�)+>(H
-E/17P-E56H��Z)~!$/1H$nAoO>(H�<?HF<?)65�*,)+HK3$-EH�<M*�_�H��Z)M)+>(H·*�5���>(-.)6H��")6'(5+H
!�NrN=*�'(2.)?I«)6!02.H�5+*$/1�"HL<?@P<?)6H�#Ì<?-E3$/1-hy���*�/a)62E@$nuoO>(HX%(56H�tT-.!0'1<
Np5�*�#&HKVc!$5+dP<[5+HK#M*�-E/·)+!fR�H&%(56!T!$N=<|!05�H�t,*�2E'1*,)+-.!0/F)6!T!$2
<�!�N
)6>1H\5+H��K!,t$H�56@z*�2E3$!$5+-.)6>(#M<�*�/17·)6!f)6>(H&R�H�<?)4!$N�!$'15}dT/(!,VW2.I
H�7(3$H�)6>1HK5+H�*�5+H�!$/(2E@}*WNpHKVS<?@P<?)6H�#&<�VW>(-E��>;<6'1���"HKH�7�-./Y%(5�*$�"I
)6-
�K*$2�'1<6H4!$/f)6>(H;<6%�H��"-.y��4%(2
*,)6Np!$5+#Íehg�½,klUKe.gj¾�kln

Î '(5z3$!a*�2�-./A)6>(-
<z%1*�%�HK5z-E<f)+!x�"!0/1<?)65+'1�Z)F*^%(5�*$�")6-.I
�K*$2YN=*�'12h)6I¦)+!$2EHK5�*�/1�KH^<?@P<?)6HK#ÌNp!$5·#&H�<6<+*�30H"Il%1*$<+<?-E/(3G*�%(%12.-.I
�K*�)6-E!$/1<b!$/Ï)6>1HA3$5+-
79nÑÐ¶HÂ>1*jt$Hs-E/a)6HK305+*�)6H�7Ê5+!$2E2ER1*$��daI
5+H��"!,t0HK5+@}*$2.30!$5+-h)+>(#M<�VW-.)6>])6>(HO#&H�<+<6*$3$HKI«%1*0<6<6-E/(3W%(5+!$3$5�*�#\I
#&-./13r#&!P7PHK2«n�ÐLH}%(5+H�<6HK/a)c!$'(5[ÒFº�w ´ ÄWIQÓ4À�)+>1*,)W-
<cR1*$<6H�7



!$/DÒ·º�w ´ ÄWIQÓY»Me.g�Ë�k«U$)6>(H[3056-
7TIlHK/1*$R(2EH�7MÒFº�w�-E#&%(2.H�#&HK/a)+*�I
)6-E!$/�n�ÒFº�w ´ ÄWIQÓ4ÀF-
<��K!$#&%(2EH")+HK2E@Y)65�*�/1<6%1*$56H�/0)�)6!4'1<6HK5�<KU�<6!
)6>�*,)�)6>1H[*�%(%(2E-
�K*,)+-.!0/1<�7P!Y/(!$)�>�*jt$H�)6!YR�HW56HKI«VW5+-h)6)6H�/�n��|/a@
-E/PI¦)+5+*$/1<6-h)c#\H�<6<+*�30H�<�7P'(5+-./(3\��>(H���dT%�!$-E/a)6-E/(3]*�5+H|/1HKt$H�5�2E!0<?)
VW>(HK)6>(H�5;)6>1HK@X*�5+HMR(2.!P��dT-E/(3F!$%�HK5�*,)+-.!0/1<Y!$5]/(!$/PIlR(2E!P��da-E/(3
!$%�HK5�*,)+-.!0/1<�n Î /(HS!�N&)+>(H^#M*�-E/Ç-.#&%(2EHK#&HK/a)�*,)6-E!$/Ô-
<+<?'(H�<
-
<4)6!F5+H�*$2.-EJKHM7P@T/1*$#\-
�&%(5+!P�"H�<+<4#M*�/1*$3$H�#\H�/a)�)+>1*,);-
<Y/(!$)
<6%�H��"-.y1H�7¶-./L)+>(H&!$5+-.30-./1*$2�ÒFº�w�<Q)�*�/17(*$5+7x:pt0HK5�<?-E!$/xgjC�n\w�/
!$5�7PH�5f)+!s*�2E2.!,VÍ*x/(H�VÕÒFº�wD-E/1<Q)�*�/1�KHL)6!s�"!0#\#r'(/(-
�K*�)6H
VW-.)6>L)6>(HM5+'(/(/1-./(3F%156!P�"H�<6<6H�<�U9VcHM>1*jt$H\-.#&%(2EHK#&H�/0)+H�7L)+>(H
ÖT×`Ø Ù(ÚTÛTÜ�Ý�Þ Np'(/1�")6-E!$/�nXÒFº�w ´ Ä[I�Ó4ÀÇ<6'(%(%�!$56)+<\*·�"!T!$5�7P-.I
/1*�)6H�7���>(H���dT%�!$-E/0)+-./13D%(5+!�)+!T�K!$2«U�*$/17·!$)6>(H�5}�"!0/1<6-E<?)6H�/0)�56HKI
�"!,t0HK5+@M*�2E3$!$5+-.)6>(#M<�:pH$n 31n�#&H�<6<+*�30H|2E!$3$30-./13TC�*�5+H}'(/�7PHK5W7PHKI
t$H�2.!0%(#&HK/a)�n·ÒFº�w ´ ÄWIQÓ4ÀA!0%�H�5+*�)6H�<Y!$/^ß�-./T'P�Xd$H�56/(H�2�t$H�5
»Pn à&VW-h)+>·Ó�2.!0R('1<c)6!T!02.dT-.)}»Pn »&á�n

oO>(HM5+H�<?)Y!�N�)+>(-
<Y%1*�%�HK5Y-
<4!$5+30*$/(-EJKH�7¶*$<�Np!02.2E!,V[<Kn\w�/
ÁTH��Z)6-E!$/^»(U�V�HM%156H�<?H�/0)4)+>(H~�"!0/1�"H�%P)Y!�NW�"!$/�<?-
<Q)+HK/a)Y56H��"!,taI
HK5+@G*�/17G)+>(H�5+HK2
*,)+H�7GVc!$5+dP<M!�N4)6>1H�N=*$'(2h)6I¦)+!$2EHK5�*�/1�KH·<?@P<?I
)6H�#�nMÁPH��Z)+-.!0/L¼z7PH�<6�K56-ER�H�<�)6>(H&!0%�H�5+*�)6-E!$/�!$N�)+>(HM!$5+-.30-./�*�2
ÒFº�w ´ ÄWIQÓY»Pn|ÐLH]%156!0%�!a<?HY)+>(H\Ò·º�w ´ ÄWIQÓ4ÀG*�5���>(-.)6H��")6'(5+H
-E/FÁPH��Z)+-.!0/fàM*$/17f*07(7P5+H�<+<c-.#&%(2EHK#&HK/a)�*,)6-E!$/z-
<6<6'(H�<O-E/FÁTH��"I
)6-E!$/BiPn·oO>(HfH"�P%�H�56-E#&HK/a)+*$2�5+H�<6'(2.)+<;!$N|ÒFº�w ´ Ä[I�Ó4ÀâVW-.)6>
ã *0<Yº�*�5�*�2E2.H�2 È H�/1��>(#M*�5+dP<�*$56HM<6>(!,VW/�-E/^ÁTH��")6-E!$/Sm(n&ÐLH
�"!0/1�"2E'17PH�)+>(-E<[%1*�%�HK5W-E/z)6>(H4y1/�*�2�<6H��")6-E!$/�n

ä z�å<L(��æRn1�¹P�k�S��

»PnEg ´ !$/1<6-
<Q)+HK/a)[çWH��K!,t$HK5+@

w�/;)+>(Hc#\H�<6<+*�30H"Il%1*$<+<6-./(3WH�/Tta-E5+!$/(#&HK/a)�Uj<?)+*�)6H�<�!$N1%(5+!P�"H�<+<6H�<
>1*jt0H&7(HK%�HK/17PH�/1�"@LVW-.)6>S!$/1H~*�/(!$)6>(H�5�U9)+>(5+!$'(30>L#&H�<6<+*�30H"I
5+H��"H�-.%()|HKt0HK/a)+<�n[�è�K!$/1<6-E<?)6H�/a)}<?@P<?)6H�#é<?)+*�)6H;-
<|)6>(Hr!$/(H;-E/
VW>(-
��>XNp!$5;H�t$H�56@·#&H�<6<+*�30H"Il56H��"HK-E%P)4HKt0HK/a)]5+H"ê1H��Z)6H�7L-./X)+>(H
<6@T<?)6H�#ë<Q)�*,)+H$U�)+>(HF�"!0565+H�<6%�!0/17P-E/(3¶<6HK/�7P-./13�IlHKt$H�/a)\<6>(!$'(2
7
R�HY56HKê1H��")6H�7Xe.gj¾jk«n�wlN�*&%(5+!T�KH�<+<O56!02.2
<cR1*$��d~)6!~*&%1*0<Q)[<?)+*,)+H
VW>(-E2.H}*�/(!$)6>(H�5�%(5+!P�"H�<+<�VW>(!a<?H[�K'(5+56H�/0)�<?)+*�)6H[-
<�7(HK%�HK/17PH�/a)
!$/L)+>(H~2E!0<?)]<Q)�*,)6H~7(!aH�<Y/(!$)]56!02.2.IlR1*$��d`U�-E/1�"!0/1<6-E<?)6H�/1�"@¶!T�"I
�"'15+<�n

1

1

2

2

P

: Checkpoint

P

mm

ì�íhîPïZð ÉÃ¬®­�¦§¬®±¤¯©±¤¢¤¨�¬Ë¢mÇ§¡©¦§¼¹�_¡4­«º®¨�­«ÕËÂ�¦§¯©¬Ë¢

À�-.30'(5+H~g;<?>1!,V[<[*M<?-E#&%(2EH;H"�(*�#&%(2EH;!$N�)QVc!M%(5+!P�"H�<+<6H�<
VW>(!a<?HO2E!T��*�21��>1H���dT%�!0-./a)�<�7P!4/(!�)�Np!056#Ê*Y�"!$/�<?-
<Q)+HK/a)�3$2E!$R1*$2
��>(H���da%�!$-E/a)�nñÁT'(%(%�!0<6H·)+>1*,)z)QVc!b%(5+!P�"H�<+<6H�<D<6>(!0'(2E7¸56!02.2.I
R1*0��dF)6!z)6>1HK-E5Y2E*�)6H�<?);2E!T��*�2���>(H���dT%�!0-./a)+<�n&º�5+!T�KH�<+<4ò�ór>1*0<
/(!$)4<6HK/a)�)6>(H\#&H�<+<6*$3$H;ô ó @$H")�VW>(-E2.H&ò�õ\>1*0<|#M*$56d0H�7Fô ó
*$<OR�HK-E/(3~5+H��KHK-Et$H�79n�w�/z)6>(-
<[�K*0<?H0U(ô·ó}R�H��"!$#&H�<[*�/^ö,÷lø�ùTú�û

ü�ý �Q ����0�a��¢c�K�Q�����a���aþ���²P�K�?�K�Q�K��¥��a�����0�Q���P�����Z�}�Q�0��ÿc����²0�a�
���,���h³�� ���
�K���Q�a���.�?���Y�+�����Q³Y�K�`�Q�a�� ��Q�h�;���0�h�?�r�T����²P�����r�?�K³j���
�����Q�0������� ���	��

�W�l�?���T�0�K�?�]���� ��Q�h�\���6�Q¤$�h�+�+���������

#&H�<+<6*$3$H})6>1*�)[�K*�'�<?H�<�-E/1�K!$/1<6-E<?)6H�/1�"@0n�Ò�H�<+<6*$3$H�ô õ -
<W�"!0/PI
<6-E7PH�56H�7b*0<\*��.ö����O#\H�<6<+*�30H$U�-E/x)6>(HF<6HK/1<6HD)+>1*,)~ò�õ�Vc*$-h)�<
Np!$5D)6>(HL*�5+56-Et,*�2[!$N;ô õ VW>(-
��>¸ò�ó·>1*$<D#M*�5+d$H�7G*0<~R�HK-E/(3
*�2E5+H�*$7(@~<?H�/0)�n��[/F-E/PI«)65�*�/1<6-h)W#&H�<+<+*�3$H�3$HK)+<O2E!0<?)[!$/z56H��"!,taI
HK5+@·)+-.#&Hf-hN[-.)]>1*0<;/(!$)]R�H�HK/S5+H��K!$5�7PH�7X*�/T@TVW>(H�56H~7P'156-E/(3
��>(H���da%�!$-E/a)6-E/(31n È !�)+>D!�N9)+>(H�<6H�#\H�<6<+*�30H�<��K*�'�<?H|*$/f*$R(/(!$56I
#M*�29HK�TH��"'P)+-.!0/�!�N�%156!P�"H�<6<6H�<O7P'156-E/(3M5+H��"!,t0HK5+@$n

���T)+HK/1<6-.t0HF56H�<?H�*�5���>(H�<\!0/G�K!$/1<6-
<Q)+HK/a)~56H��"!,t0HK5+@L>�*jt$H
R�HKHK/L�"!0/17P'1�")6H�7behg0g"kln}�[%1%(56!a*$��>(H�<W)+!~)6>1Hr�"!0/1<6-E<?)6H�/0)�56HKI
�"!,t0HK5+@F�K*�/LR�H~�K*,)+HK30!$5+-.J�H�7·-E/a)6!z)6>1H~�"!T!$5�7P-E/1*,)+H�7���>1H���daI
%�!$-E/0)+-./131UF)+>(H �"!0#\#r'(/(-
�K*�)6-E!$/ -E/17P'��"H�7 ��>(H���da%�!$-E/a)6-E/(3
*�/�7D)+>(H;#&H�<+<+*�3$H42E!$303$-E/(3&%(56!$)6!P�"!02E<�n�w�/z)6>1H]�"!T!$5�7P-E/1*,)+H�7
��>(H���da%�!$-E/a)6-E/(3W%(5+!�)+!T�K!$2«U�%156!P�"H�<6<6H�<�<?@T/1��>(5+!$/1-.J�H�R�HKNp!$5+H�2.!$I
�K*$2c��>1H���dT%�!0-./a)+-./(3�U�<6!·)+>1*,)&�"!0/1<?-
<?)6HK/��"@L-./xHKt$H�56@¶3$2E!$R1*$2
��>(H���da%�!$-E/a)���*�/¶*$2.VO*j@P<[R�Hrd0HK%P)Me Ã,klUKe »$½,kln Î /·N=*�-E2E'(56H0U9*�2E2
)6>1H|%(5+!P�"H�<+<6H�<�5+!$2E2.I«R1*0��d;)+!Y)6>(H�2
*,)6H�<Q)�3$2E!$R1*$2���>(H���da%�!$-E/a)+<�n
oO>(Hf%(56!$)6!P�"!02�-
<r<6-.#&%(2EH$U�R('()\-.)r-
<]*·�K!$#&#&!$/^-
7PH�*�)6>1*�)
)6>1H~�"!T!$5�7P-E/1*,)+-.!0/�Vc!$'(2
7L/(!�);<+�K*�2EH&'(%�n ´ !0#&#]'(/(-
�K*�)6-E!$/
-E/17P'1�KH�7M��>(H���da%�!$-E/a)6-E/(3M: ´ w ´ C�*$2.2E!,V[<�%(5+!P�"H�<+<6H�<�)6!;��>1H���daI
%�!$-E/0)¶-./17(HK%�HK/17PH�/a)62E@Ç*0<FVcHK2E2r*$<·%(56H�t$H�/0)�<�)6>1H��$ö����°û`ö
 "!� �# �c'1<6-./13�)+>(Hf-E/PNp!056#M*,)+-.!0/^%(-E3$30@aR�*$��d$H�7X!$/b)6>(H�#&H�<?I
<+*�3$H¶e »,k«UKe ¼$m�k«n�w�/Ae »,k«U��|2.tT-
<?-  �Yú��%$X7P-
<?%('()6Hf*$30*$-./1<?);)+>(H
R�HK2E-.HKN�)6>1*�) ´ w ´ Vc!$'(2
7FR�Hr<+�K*$2E*$R(2.Hr<?-E/1�"H ´ w ´ 3$H�/(HK5�*,)+H�<
HK/1!$5+#\!0'1<ONp!05+�KH�7���>(H���dT%�!$-E/a)+<�nWÒFH�<+<6*$3$H42.!03$30-./(3M5+H��K!$5�7(<
#&H�<+<6*$3$H�<OVW-h)+>���>(H���dT%�!$-E/a)Wy12.H�<[-E/F!$5�7PHK5[)6!~5+HK%(2
*j@~)+>(HK#
!$/z5+H��"!,t0HK5+@$n�wl)O#&-E/(-E#\-EJKH�<O)6>1H4*$#&!$'(/a)W!�N�2.!a<Q)[�"!0#&%('P)+*�I
)6-E!$/�VW-.)6>�>(-E3$>�<Q)+!$5�*�30H}!,t0HK5+>(H�*079n

»Pn » çWHK2
*,)+H�7zÐL!$5+dT<

Î '(5b�K!$/1�KHK5+/1<S-E/ñ�K*,)+HK30!$5+-.J�-./(3â)+>(H¸5+HK2
*,)6H�7ÏV�!056dP<S*�5+H
VW>(HK)6>(H�5O)6>(H�@D<?'1%(%�!05?)W7P-E56H��Z)W!$5O-E/17P-E56H��Z)W#&H�<+<6*$3$H|)65�*�/1<?I
NpHK5r*�/17X*,);VW>1-E��>X2
*j@$HK5�)+>(HK@L-.#&%(2EHK#&H�/0)YN=*$'(2.)?I«)6!$2EHK5�*�/��"H
#&!P7P'(2EH$U�<6-E/1�"Hz)6>1!0<6Hz*�_�H��Z)\)6>(H�%�HK56Np!$5+#&*$/1�"H�*�/�7^'1<6HK56I
)65�*�/�<?%1*$56H�/1�"@S-
<+<?'(H�<M5+H�<6%�H��Z)6-Et$H�2.@0nAÀ�-.30'(5+HF»X<6>(!,V[<&!0'(5
�K*�)6H�3$!$5+-EJ�*,)+-.!0/�n

Indirect Message Transfer Direct Message Transfer

Log−based

Checkpoint−based EgidaRenew

[32]
MPI−FT

Starfish
[1]

CoCheck
[35]

MPICH−GF
Kernel

Hector

MPICH−V

Layer

[12]

[23]

FT−MPI

[27]

[33]

Application Layer

[5] Programming Model

[29]
Legion MPI−FT

ì�íhîPï�& ÚRº®¨Fª³¨�¡¶�[¢¤¨�»�Á°¦§ª¤Õq±

Ðs-.)6>Í7P-E5+H��Z)Â#\H�<6<+*�30HÇ)65�*�/1<?NpHK5�UX*�%(%(2E-
�K*,)+-.!0/é%(56!$I
�"H�<6<6H�<��"!$#&#r'(/(-
�K*,)+HOVW-h)+>&)6>(H[!$)6>(H�5�<6-.R(2E-E/(3Y%(5+!T�KH�<+<?H�<�7P-.I
5+H��Z)+2.@0U[)+>1*,)�-E<�U}�K2.-EHK/a)6I¦)+!�I��"2E-.H�/0)��"!0#\#r'(/(-
�K*�)6-E!$/�nÏÐs-h)+>



-E/17P-E56H��Z)A#&H�<+<+*�3$HÇ)+5+*$/1<?NpHK5�UL#&H�<6<+*�30H�<s*�5+HÔ)+5+*$/1<QNpH�565+H�7
)6>156!0'(3$>L-./a)+HK5+#\H�7P-
*,)6H�<Y2E-.d0H\H�-h)+>(HK5]2.!P�K*$2�!$5;5+HK#&!$)6HM7(*�HKI
#&!$/1<�Å�º('�ÒÕ*�/17�ß��}ÒzIQÒFº�w4e m,k�*$56H4H"�(*$#\%12.H�<Kn�w�/z)+>(H�<6H
<6@T<?)6H�#M<KU&%(5+!P�"H�<+<6H�<L7P!Ç/(!�)S>1*jt0H^)6!ÇdT/(!,V )+>(HG%(>T@P<?-.I
�K*$2�*$7(7P5+H�<+<6H�<}!�N�)+>(H&!�)6>1HK5Y<?-ER(2E-./130<�U9-./1<?)6H�*$7·)6>(H�@·#M*�-E/PI
)+*$-./x)6>1H·�"!$/1/(H��")6-E!$/1<\VW-.)6>B)6>(HF-E/a)6H�56#&H�7(-E*$56-EH�<�nxoO>(H�56HKI
Np!$5+H$U�)+>(HS56H��"!,t0HK5+@B!$N&�K!$#&#]'1/(-E��*,)+-.!0/â�K!$/a)6HK�a)F-
<�56H�2E*�I
)6-Et$H�2.@èH�*$<6@$n ÁT-E/1�"HB)6>1Hs-./a)6H�56#&H�7P-E*$56-EH�<L�K*$/Ê#&!P7PH�5+*�)6H
)6>1HF#\H�<6<+*�30HD)+5+*$/1<?NpHK5&)6!SR�HF#]'()6'1*$2.2E@^H"�(�K2.'1<6-Et$Hz)6!X)+>(H
��>(H���da%�!$-E/a)6-E/(3&%(5+!T�KH�7P'156H0Ua-.)|-
<W�"!0/at0HK/(-EHK/a)O)6!M7PH�<?-E3$/z)+>(H
*,)+!$#&-
�"-.)Q@¶!$Nc)+>(HD#&H�<6<+*�30H&)65�*�/1<?NpHK5�n·À(!05;)6>1!0<6H~56H�*$<6!$/1<�U
N=*�'12h)6I¦)+!$2EHK5�*�/1�KH;7PHKt0HK2E!$%�HK5�<[*�5+H4N=*jt$!05+*$R(2.H�)+!M)6>(Hr-./�7P-.5+H��")
#&H�<+<6*$3$Hb)65�*�/1<?NpHK5X#&!P7PH$n ´ ! ´ >(H���dÉe ¼0i,kM-E<X*A)6>(-E/Ê2E-.I
R(5�*�5+@S!,t$H�5\%156!03$5�*�#&#&-./(3¶#&!T7(HK2
<KU�)6>1*�)D<?'1%(%�!05?)�<M�"!T!$56I
7P-E/1*,)+H�7B��>(H���dT%�!$-E/a)6-E/(3¶%156!$)6!P�"!02�Np!05~º)'4ÒÌ*$/17^)+'�ÒFº�wZn
Ðs>(-E2.H ´ ! ´ >(H���d&Np!05�)+'�ÒFº�w�<6'(%(%�!$56)+<�)6>(HY7P-E5+H��Z)O)+5+*$/1<QNpH�5
#&!P7PH$U�)6>1H�º)'4ÒÏt$HK5�<6-.!0/�HK�P%(2.!0-h)�<�º('�Ò 7(*$HK#&!$/�)6![)65�*�/1<?I
NpHK5}#&H�<+<6*$3$H�<�ncÒ·º�w ´ ÄWI*' e ijk�-
<|*\N=*$'(2.)?I«)6!$2EHK5�*�/a)}ÒFº�w ´ Ä
)6>�*,)�<6'(%(%�!$56)+<�%�H�<6<6-.#&-
<Q)+-E��#&H�<+<6*$3$H�2E!$3$30-./131UKVW>1HK5+H�*�2E2�)+>(H
#&H�<+<6*$3$H�<W*�5+H4)65�*�/1<?NpHK5+56H�7f)6!&)6>1H]5+HK#&!�)+H,+�ùPú,û�û  �.-  ��/
ö,÷10F: ´ Ò�C�<?H�56t0HK5�<})6>1*�);2.!03�*$/17L56H�%(2
*j@�)6>(H�#zn ´ ÒF<;*�5+H
*$<+<6'(#&H�7z)6!DR�H]<?)+*$R(2EH]<?!~)6>1*�)|56H�tT-.t0H�7z%(5+!T�KH�<+<?H�<[�K*$/F56HKI
�"!,t0HK5]<6-E#\%12.@LRT@L5+H��K!$/(/1H��Z)+-./13�)6! ´ Ò·<Kn·oO>(Hf2.-.)6H�5+*�)6'(5+H
*$7(#\-.)+<~)6>1*�)~-h)z�"!0<?)+<M)QVW-E�KHF)6>(H�#\H�<6<+*�30H�2E*�)6HK/��"@$nâÀ�ocI
ÒFº�w^ehgj»jkr%156!0%�!a<?H�7ÔRT@âÀ�*�3$3â*�/1732|!0/(30*$565�*s<?'1%(%�!05?)�<
ÒFº�wlI�»(8 <~7(@a/�*�#&-E�·)+*0<?dB#M*�/1*$3$HK#&H�/0)D)6>1*�)f-
<~R1*0<?H�7G!$/
º)'4ÒÕ!$5|Ä}�|ç ã ��Á(Á·7(*�H�#\!0/1<�n�w�/·ß�-�*�/�7FoW<6*j@`8 <Wß��}Ò�I
ÒFº�wrR1*0<?H�7B-.#&%(2EHK#&HK/a)�*,)6-E!$/�UW#\H�<6<+*�30H�<M*$56H�)+5+*$/1<QNpH�565+H�7
tT-E*r*Y#]'12h)+-E��*$<?)O<6HK5+t$H�5�!$/~H�*$��>M/(!P7PH\e »(g"kln�ÒFº�wlI�À�obNp5+!$#
´ @T%(5+'1<�{|/(-.t0HK5�<?-.)Q@fe »�¼�k�*$7(!$%P)�<�#&H�<+<6*$3$HW2E!$303$-E/(31n��[/~!0RPI
<6HK5+t$HK5�%(5+!P�"H�<6<6!$5��K!$%(-EH�<�*$2.2P)+>(H[#&H�<+<+*�3$H�<�*�/17\5+HK%(5+!P7P'1�"H�<
)6>1HK#ë!0/x5+H��K!,t$HK5+@$U�VW>(-
��>B56H�q0'1-.5+H�<&*¶>(-.30>B<?)6!05+*$3$Hz�"!0<?)
Np!$5;*$2.2�)+>(H&#&H�<+<6*$3$H�<�n\Ò·º�w6µ,À�oè%(56!0%�!a<?H�7·RT@ È *,)���>T'  �
ú��4$|e ¼,k[*$7(!$%P)�<])�*$<6dS56H�7P'(/171*�/1�K@¶Np!05\N=*�'(2.)?I«)6!02.H�5+*$/1�"H0n^wl)
>1*0<�*��"H�/a)65�*�2T�"!T!$5�7P-E/1*,)+!$5�)+>1*,)�5+HK2
*j@P<�#&H�<+<+*�3$H�<9)+!4*$2.2a)+>(H
5+H�7P'(/�7(*�/a)�%156!P�"H�<6<6H�<�n�ß�HK3$-E!$/]Ò·º�wlI�À�oGe »�Ë�ka-
<�)+>(H�y�5+<?)�HKN°I
Np!$56)|)+!fR1'(-.2
7FN=*$'(2.)?I«)6!$2EHK5�*�/��"Hr<6@P<Q)+HK#é!$/�)6>(H\3$5+-
79U`R1*$<6H�7
!$/�)+>(H]ß��}ÒzIQÒFº�wOVW-.)6>�71*�HK#&!0/z#&!P7PH0nWwl)}<?'1%(%�!05?)�<W)+>(H
�"!T!05+7P-E/1*�)6H�7&��>(H���dT%�!0-./a)6-E/(3Y%(5+!�)+!P�"!$2PVW>1HK5+H[%(5+!T�KH�<+<?H�<�-./(I
)6H�5+��>�*�/(30Hr�"!0#&%(2.HK�¶�"!0/a)65+!$2�#\H�<6<+*�30H�<})6!zHK/�<?'(5+H\)6>(HM*$RPI
<6HK/1�KH�!$N�-E/PI«)65�*�/1<6-.)O#&H�<6<+*�30H�<�n

ÁT-E/1�"H�)+>(H·-E/1�"5+H�*0<?H�-E/G#\H�<6<+*�30Hz7(HK2
*j@^-E<~-./(H�tT-h)�*�R(2EH
VW-.)6>L)6>(HM-E/17P-E5+H��Z);#&H�<6<+*�30H])+5+*$/1<QNpH�5Y#&!T7(H$U�VcH&>1*jt$HM*$%PI
%(5+!0*0��>(H�7~)6>(HY7P-E56H��Z)W!$/1H�-E/fN=*jt$!$5O!$N�)6>1H�%�HK56Np!$5+#M*�/1�KH4-E<?I
<6'(H$n[oO>(H]Np!$2E2.!,VW-E/(3a<[*�5+H;<?!0#&H;%(5+HKtT-.!0'1<W5+H�<6H�*$5+��>�5+H�<6'(2h)�<
<6'(%(%�!$56)6-E/(3�7P-E56H��Z)]#&H�<6<+*�30Hr)+5+*$/1<?NpHK5;#&!P7PH$n�ÁT)+*�56y�<6>sehgKk
-
<c*\>(HK)6H�56!03$HK/1HK!$'�<���>(H���da%�!$-E/a)6-E/(3r)6!T!$2EdT-h)OR1*$<6H�7D!$/65$*jt,*
tT-.56)6'�*�2c#&*0��>(-E/(H$U�VW>(-
��>^#M*�d0H�<r-h)\%�!a<6<6-.R12.HDNp!$5r)6>(Hf%(56!$I
�"H�<6<6H�<�)6!\#&-.305+*�)6H|*$#\!0/(3;>(HK)6H�56!03$HK/1HK!$'�<�%(2
*,)6Np!$5+#&<�n�oO>(H
2E-.#&-.)+<4!�N�)6>(-
<;<6@P<Q)+HK# *�5+Hr)6>1*�)Y)6>(H�@·>1*jt$Hr)6!�R�H&VW56-.)?)+HK/
-E/ ÎY´ *�#&2O*�/17S)6>1*�)\RT@a)6H��"!P7PH�<]5+'(/b#&!056HD<62E!,VW2.@L)6>�*�/
/1*�)6-Et$Hf�K!P7PH�<�nL��3$-
7(*be ¼0»,k�-
<&*�/^!0R87QH��")?Il!$5+-.H�/0)+H�7L)+!a!02.dT-.)
)6>�*,)�H�#&%(2.!,@P<�R�!$)6>D�K!$#&#]'(/1-E��*,)6-E!$/M-E/17P'��"H�7D��>(H���dT%�!$-E/0)6I
-E/(3b*�/�7s#&H�<+<6*$3$HF2E!$3$30-./13XNp!$5FÒFº�w ´ Ä]n��[/AHKt$H�/a)f>1*$/PI
7P2EHK5W>(- 7?*$��dP<WH�t$H�/0)�<O!�N�ÒFº�wc!$%�HK5�*,)+-.!0/1<�Np56!0#u*�%1%(2.-
�K*�)6-E!$/
�"!P7PH�<;-E/^!$5�7PH�5Y)6!·%�HK56Np!$5+# )6>(Hz*�%(%(5+!$%156-
*,)+H~*$�Z)+-.!0/1<YNp!05
)6>1HO�K!$/1<6-
<Q)+HK/a)�5+H��K!,t$H�56@�*�2E3$!$5+-.)6>(#M<�n�oO>(HO�"'(5+5+HK/a)�t0HK5�<?-E!$/

!�N���3$-
7(*Y�K*$/\>�*�/17P2EH[%(5+!P�"H�<6<�N=*$-.2E'(5+H�<�!0/(2E@$U$/1!�)�>1*$5+7(Vc*$56H
N=*�-E2E'(56H�<KnLÄ[H��Z)6!05ze ¼$¼�kcHK�P-E<?)+<\*$<r*·#&!,t,*�R(2EHzÒFº�w42.-ER(5�*�5+@
*�/�7]<6HKt$H�5+*$2$HK�TH��"'P)�*�R(2EH�<�n�wl)�<6'(%(%�!$56)+<��"!T!$5�7P-E/1*,)+H�7;��>1H���daI
%�!$-E/0)+-./13:9 È H"Np!056H4��>(H���dT%�!$-E/a)6-E/(31UTHKt0HK5+@M%(5+!T�KH�<+<��K2.!a<?H�<c-h)�<
��>1*$/(/(HK2��"!0/(/(H��")6-E!$/&)+!;HK/1<6'(5+HW)6>�*,)�)+>(HK5+H[-
<�/1!;-./(I¦)+5+*$/1<?-.)
#&H�<+<6*$3$H\2.HKN°)Y-./L)6>1H\/1H")QVc!$5+d�n\º�5+!P�"H�<+<6H�<}>1*jt$Hr)6!z56H��"!0/PI
<?)65+'1�Z)\)6>(H���>1*$/(/(HK2O*,N°)+HK5&��>(H���dT%�!$-E/a)6-E/(31nXç[� ã ��Ð e »0¾jk
%(5+!$%�!0<6H�7fRT@ ã H�t$H�<  �Oú��%$�>1*0<[*\'1<6HK56I«2EHKt0HK295+HK2E-E*$R(2.HY�K!$#\I
#]'1/(-E��*,)+-.!0/~2E*j@0HK5�R1'(-.2.)�'1%�!0/M)6>(H4{�2�º^2
*j@$H�5�U0-./D!$5�7PHK5�)+!
2E!$3\#\H�<6<+*�30H�<c*$<cVcHK2E2�*$<�)6!\%(5+HKt$H�/a)�)+>(H42.!a<6<c!�N�-./(I¦)+5+*$/1<?-.)
#&H�<+<6*$3$H�<KnMoO>(-
<4)6H���>(/(-
qa'(H&56H�q0'1-.5+H�<Y*07(7P-.)6-E!$/1*$2�#\H�#&!$5+@
�"!0%(-EH�<W*,)O)+>(H;<?H�/17PH�5[<?-
7PH$n

oO>(H[5+HK2
*,)+H�7\Vc!$5+dT<���*�/&R�HWNp'(56)6>(H�5��"2
*$<+<?-.y1H�7\*0<�)6>1HK-E5
t$H�5?)+-E��*�2�2.!P��*,)6-E!$/�<|-E/L*$5+��>1-h)+H��Z)+'(5+H$Å[*�R�!,t$Hr!$5�R�H�2.!,Vè%(56!$I
3$5�*�#&#&-E/(3S#&!T7(HK2
<KUW!05f*,)fd$HK5+/(H�2|2EHKt$H�2¦nÔ�Íd$HK5+/(H�2|2EHKt$H�2
*�%1%(56!a*$��>Ê-E<X)+>(Hs#&!0<?)^%�!,VcHK56Np'(2M-E/ñ*â<6HK/�<?HG)+>1*,)S)+>(H
5�*�/(30HF!�N;��>(H���dT%�!$-E/a)M)6!T!$2EdT-h)�8 <D56H�*$��>G-E<DR(5+!0*$7�UcR1'P)D)+>(H
-E/0)+HK305+*�)6-E!$/LVW-h)+>S%(56!03$5�*�#&#&-./13f#&!P7PHK2�-E<;56H��"!$#&#&HK/�7PH�7
Np!$5¶)6>1Hx*�R�<Q)+5+*0�Z)6-E!$/Ô!$N~#&H�<+<6*$3$H^H�t$HK/a)�<�*,)¶)6>(HB>(-E3$>(H�5
2EHKt$H�2�*0<]e »jk�7PH�<+�"5+-ER�H�<Kn�À1*�'12h)6I¦)+!$2EHK5�*�/1�KHY-.#&%(2EHK#&HK/a)�*,)6-E!$/�<
*�R�!,t$H�%156!03$5�*�#&#&-./(3O#&!P7PHK2
<�*$56H�/1!�)�HK¿M�K-.H�/a)�-./r*�R1<?)65�*$�")?I
-E/(3&)6>(HY/1!$/PIlR(2E!T��dT-E/(3&#&H�<+<6*$3$H�HKt$H�/a)+<�U(R�H��K*$'1<?H�)+>(H;/(!0/PI
R(2E!P��da-E/(3]�K!$#&#]'1/(-E��*,)+-.!0/MNp'(/1�")6-E!$/D��*�2E2E<c*,)�)6>(H�%(5+!$3$5�*�#\I
#&-./13L#&!P7PH�2[7P!¶/1!�)~�"!0-./1�K-E7(HfVW-.)6>x)6>(HF*0�Z)6'�*�2W#&H�<+<6*$3$H
7PH�2.-Et$H�56@0nDÀ(!05;H"�(*�#&%(2EH$U���30-E7(*F*$R�!,t0H\)6>(HM%(5+!$305+*$#&#\-E/(3
#&!P7PHK2�56H�%(2E*0�"H�<Y/(!$/(I«R(2E!P��dT-./(3F!0%�H�5+*�)6-E!$/1<;VW-h)+>^R(2E!T��dT-E/(3
!$/1H�<|Np!$5})6>(H&*,)+!$#&-E�]#&H�<+<6*$3$HY)+5+*$/1<QNpH�5�n4o�!f*jt$!0-E7F��>1H���daI
%�!$-E/0)+-./13�7P'156-E/(34#&H�<+<6*$3$H�)+5+*$/1<?NpHK5�Uj)6>(!a<?Hc>(-E3$>(H�5?Il2.H�t$H�2a*$%PI
%(5+!0*0��>(H�<M5+H�qa'(-E5+H·HK-.)6>(H�5z�K!0*$5+<6HF3$5�*�-E/G!�N]��>(H���da%�!$-E/a)6-E/(3
)6-E#&-./13f!05|)+>(Hr'�<?H�5?I�7PH"y�/(H�7·��>1H���dT%�!0-./a)+-./(3D2.!P�K*�)6-E!$/�n4ÐLH
*$<+<6'(#&HD)+>1*,)&)6>1Hz2E!,VcHK5\2.H�t$HK2W*$%(%(5+!0*$��>x�K*�/x>1*�/�7P2.Hz)+>(H
/(!0/PI«R12.!P��dT-./13]Np'(/��Z)6-E!$/�<W#&!$5+H�%156H��"-
<?H�2.@0n

oO>(HB2.!P��*,)6-E!$/�<�!$NMN=*�'(2.)?I«)6!02.H�5+*$/1�"Hx#\!P7P'12.HG*�5+Hb7PHKI
%�HK/17PH�/a)}%(5+-.#M*$56-E2.@f!$/FVW>1*�)|dT-./�7�!�N���>(H���dT%�!$-E/a)[)6!T!$2EdT-h)�<
*�5+HFHK#&%(2E!,@$H�79nÔçWH��KHK/a)62E@s*�%(%12.-
�K*�)6-E!$/PIl2.H�t$H�2[��>(H���dT%�!$-E/0)6I
-E/(3&)6H���>(/(-
q0'1H�<[*$56H4%(5+!$%�!0<6H�7DNp!$5W)+>(HY%('(5+%�!0<6HY!�N�)6>(HY#&-.I
3$5�*,)+-.!0/·*�#&!$/13~>(H")+HK5+!$30HK/(H�!$'1<W/1!T7(H�<}!$5�!�N�)6>1H\7PH��"5+H�*0<?H
-E/É��>(H���dT%�!$-E/0)b<6-EJKH e à�klUKe »$Ã,klUKe »�Ë,klUKe ¼(gKk«U�e ¼$à�kln�oO>(H�<?H¸*$%PI
%(5+!0*0��>(H�<OR('15+7PH�/F'1<6HK5�<WVW-h)+>�7PH��"-
<?-E!$/�!�N�VW>(H�/F)6!~��>1H���daI
%�!$-E/0)�U;VW>1*�)·)6!A<?)6!056HX-E/ ��>(H���dT%�!$-E/a)Fy12.H0Ur*$/17â>(!,VÍ)+!
5+H��"!,t0HK5¶VW-h)+>è)+>(Hs<Q)+!$5+H�7Ô-E/PNp!$5+#M*,)+-.!0/�nÌ�[2.)6>1!$'(30>è)+>(H
<6@T<?)6H�#\I«2EHKt0HK2���>(H���dT%�!0-./a)Wy12EHY-E<|/(!�)}>(H")+HK5+!$3$H�/(HK!0'1<O-.)+<6HK2.NQU
VcH\R�HK2E-EHKt$H&)+>1*,);'�<?H�54)65�*�/1<6%1*�5+HK/��"@F-
<Y%(5+H"NpHK5�*�R12.HrNp!$5;VcH
*�5+H&*,Np5�*�-
7·)+>1*,)]*$%(%(2E-E��*,)6-E!$/L7PHKt0HK2E!$%�HK5�<�#&*j@�/(!�);*$���"H�%P)
<6'1��>z*\%(5+!$305+*$#&#\-E/(3\H"_`!$56)�n

; z9|b�Y��</i>=µv ä

Ò�H�<6<+*�30H\º�*0<6<6-./13fw�/a)6H�5?N=*0�"HF:¦Ò·º�w6C}-
<�)6>(H?�  /A@"ú # �löM<?)+*$/PI
7(*$5+7Â<?%�H��K-hy���*,)+-.!0/¸Np!$5�%1*$5+*$2.2EHK24%(5+!$305+*$#&#\-E/(3S)+>1*,)·*$RPI
<?)65�*$�Z)�<c2.!,VOIl2.H�t$H�2�#&H�<6<+*�30H"Il%1*$<+<?-E/(3;%156-E#&-h)+-.t0H�<W*jVO*j@&Np56!0#
7PH�t$HK2E!$%�HK5�<]e.g�¼�k«n[�|#&!$/(3z<?H�t$HK5�*�2�ÒFº�wO-E#\%12.H�#\H�/a)+*,)+-.!0/1<�U
ÒFº�w ´ ÄÏe.g�Ã�k�-E<c)+>(H4#&!0<?)O%�!$%1'(2E*$5ONp!$5W30!a!P7D%�H�5?Np!056#M*�/��"H
*�/�7x%�!$56)+*$R(-E2.-.)Q@$UcVW>(-
��>G*$56HF7P'1H�)6!X)6>1H�7P-E56H��Z)~#&H�<+<6*$3$H
)65�*�/�<QNpH�5\*$/17X)6>1Hz*$R1<Q)+5+*0�Z)+-.!0/S!�N[2E!,VOI«2EHKt0HK2�!0%�H�5+*�)6-E!$/1<�B
)6>1HA�[R1<?)65�*$�")C2|H�ta-
�"HAw�/0)+HK56N=*$�KHÇ:¦��2}w6CDBè5+H�<6%�H��Z)6-Et$H�2.@0n
ÒFº�w ´ Ä t0HK5�<?-E!$/èg$n »Pn ¼^-E/1�"2E'17PH�<F*�R�!$'P)�y(N°)+HKHK/Ç*�R�<Q)+5+*0�Z)



tcp_miproto_t

send_q_head

hostname
listner port
handlep
send_q_tail

. . .

channel 1

channel i

channel n

channel 0

commworldchannel send queue tcpsendreq

buffer

source rank
destination rank
tag
datatype

. . .
. . .

. . .

ì�íhîPïFE G�HJI1I�K�H�LNM�O�GFPNQ�R1RNS�M �_¬®»J�>±³¨�¬®»�Üq ®¨� ®¨�±¾¢³ª¤ ®­�¢³ ®ª¤¨�±

7PH�ta-
�"H�<r*$/17SH�<?%�H��K-E*$2.2E@XÒ·º�w ´ ÄuVW-h)+>UT��EöWV�XY��Z0U�*·7(HKtT-E�KH
Np!$5O)+>(HY3$5+-
79UP-E<W��*�2E2.H�7FÒFº�w ´ Ä[I�ÓY»ze.g�Ë,kln

´ !$2E2EH��Z)+-.t0HA�"!0#&#]'(/(-
�K*�)6-E!$/ -E/ ÒFº�w ´ Ä[I�ÓY»â-
<^-E#\I
%(2EHK#&HK/a)+H�7L*$<4*f�K!$#rR(-./�*,)6-E!$/¶!�Nc%�!0-./a)?I«)6!$I«%�!$-E/a)&:¦<?>1!$56)62E@
º�»$ºcC��K!$#&#]'(/1-E��*,)6-E!$/�<KnFÒFº�w ´ Ä >�*$<]ºc»�ºÇ�"!0#&#]'(/(-
�K*�I
)6-E!$/L%(5+-.#&-.)6-Et$H�<4VW-h)+>¶)+>(H\Np!$2E2.!,VW-E/(3�<?H�#M*�/a)6-
�K< Y Å È 2.!P��daI
-E/(3uÁTH�/17�µ,ç[H��"H�-.t0H$U ã !0/PI«R12.!P��dT-./13 ÁTHK/17�µ,çWH��"HK-Et$H0UL*$/17
º�!$2E2E-./(3�nfoO>(HMR12.!P��dT-./13F!$%�HK5�*,)6-E!$/S<6'(R(#&-.)+<]*�5+H�qa'(H�<Q)Y)+!
)6>1Hrd0HK5+/(HK2�*�/17FVO*�-.)+<|'(/a)6-E2�)6>(H\d$H�56/(H�2�7PH�2.-Et$H�5+<[)6>(H\#&H�<?I
<+*�3$H0n�oO>(H]/(!$/PIlR(2E!P��da-E/(3M!0%�H�5+*�)6-E!$/z!$/(2E@f5+HK30-E<?)6H�5+<O-.)+<|56HKI
qa'(H�<?)}*$/17�H"�P-.)+<[VW-.)6>1!$'P)|VO*�-.)6-E/(3MNp!05W)6>1H]#&H�<+<6*$3$HY7PH�2.-EtaI
HK5+@$nc�Ô%�!$2E2.-E/(3MNp'(/��Z)6-E!$/F%�HK56Np!$5+#M<[*$�")6'1*$2�#&H�<+<6*$3$HY7PH�2.-EtaI
HK5+@$ncw�/�ÒFº�w ´ ÄWIQÓ4À�U1)6>(H]R(2.!P��dT-E/(3M!$%�HK5�*,)+-.!0/��K!$/1<6-
<Q)�<W!�N
)6>1HY/(!$/PIlR(2E!P��da-E/(3\!$%�HK5�*,)+-.!0/z*$/17~)+>(HY%�!$2E2.-E/(3&Np'(/1�")6-E!$/�n

oO>(H}%(56!P�KH�7P'(5+HW!�N���>1*$/(/(H�21H�<?)+*$R(2E-E<6>(#&HK/a)�-E/[T\�.öWV�XY�1Z
7PH�ta-
�"H4-
<W*$<cNp!02.2E!,V[<N9P��*$��>zÒ·º�w�%156!P�"H�<6<c!0%�H�/1<W*]2E-
<Q)+HK/(H�5
<6!T��d0H")]-E/b!05+7(HK5;)+!¶*0�K�"H�%P)\*�56H�qa'(H�<?)]Np!05\��>1*$/(/(H�2�!$%�HK/(I
-E/(31n4oO>(H]5+H��KHK-Et$H�5|!$%�HK/�<}*$/(!�)+>(HK54<?!P��d0H")|!0/F)6>(H\5+H�qa'(H�<?)
*�/�7A�"!0/1<?)65+'1�Z)�<z*B��>1*$/(/(HK24Np!05z)QV�!x%(56!P�KH�<+<?H�<Kn �c)�)+>(H
ÒFº�w�-E/(-h)+-E*$2.-EJ�*�)6-E!$/�UT)+>(HY#M*$<?)6H�5W%(56!P�KH�<+<�VW-.)6>�5�*�/(df½\�K!$2.I
2EH��Z)�<[)+>(H\2.-
<Q)+HK/(H�5}-E/PNp!056#M*,)+-.!0/·!�N�)6>(H\!�)+>(HK5�<|*$/17·R(5+!0*07TI
�K*0<Q)�<M)+>(HK#�nÊÀ�-E3$'(5+H�¼^<6>(!,V[<^] Ü	_Y_:`1Ü\a:bWc ]	dfe ÞTÞ1Úgb U�)+>(H
<?)65+'1�Z)+'(56H&!$N�%(5+!P�"H�<+<43$5+!$'1%·)+*$R(2EH Y�Y n&oO>1Hih¦I«)6>LHK/a)+56@·-E/
] Ü	_g_:`1ÜWa:b\c ]	d:e ÞaÞ1Ú8b �K!$/a)+*$-./1<�)6>(H}-./PNp!056#M*�)6-E!$/&!�N�*Y��>1*$/PI
/(H�2�)6!f)6>(H&%(5+!P�"H�<+<}VW-h)+>¶5�*�/(d6h�n]oO>(H&%1*$-.5�!�Nkj:l�mon*prqaô6s
*�/�7^tul	v�nY-
<r)6>(H�*$717P56H�<6<]!�N}*�2.-
<?)6HK/1HK5&<?!P��d$HK)�nwj:qgprxgyzs�t
�"!0/a)+*�-E/1<~)6>(H¶56H�*�2|��>1*$/(/(H�2}-E/PNp!$5+#M*,)+-.!0/�nÔwlN�j:qgprxgyzs�ts-
<
/T'(2E2¦U&)+>(H¸��>1*�/1/(HK2&>1*0<X/(!�)SR�HKHK/ !0%�H�/(H�7Ê@$HK)�n ÁTHK/17PI
!$%�HK5�*,)+-.!0/;%('1<6>(H�<�*|56H�q0'1H�<?)�-E/0)+!|)+>(HO<?H�/17TI�q0'1HK'(Hc*�/17Y5+HK3$I
-
<Q)+HK5�<c)6>(-
<W5+H�qa'(H�<?)O)6!|{ baÜ�}Y~�� Ý,Ü #\!P7P'12.H0n

oO>(H�56H~*$56H&)QVc!F56H��"H�-.t0H"I�q0'1HK'(H�<4-./bÒFº�w ´ Ä;Å9)+>(H~'(/(I
H"�P%�H��")6H�7Sqa'(H�'(Hf*$/17L)6>1H~%�!a<Q)+H�7Sqa'(H�'(H$n·oO>(H~Np!$5+#\H�5;-
<
Np!$5O#&H�<+<+*�3$H�<�)+>1*,)W*�5+56-Et$H}H�*$562E-.H�5�)+>1*�/f)6>(H4�"!0565+H�<6%�!$/17P-E/(3
5+H��"H�-.t0H\��*�2E2E<�U`)6>1HM2E*�)?)6H�54-E<�Np!05�5+H��KHK-Et$HKI«5+H�qa'(H�<Q)�<[)+>1*,);*�5+H
VO*�-.)6-E/(3DNp!05�)6>(HM�"!0565+H�<6%�!$/17P-E/(3~#&H�<6<+*�30H�<|)6!�*�5+56-Et$H0nYwlNc*
5+H��"H�-.t0H"I«Np'(/1�")6-E!$/S-
<r��*�2E2.H�79U�-h)&H"�(*$#\-E/(H�<Y)6>1Hf'(/1H"�P%�H��Z)+H�7
qa'(HK'1H�y15+<?)~VW>(HK)6>(H�5M)6>(HF#&H�<6<+*�30Hz>�*$<M*�2E5+H�*$7(@b*�5+56-Et$H�79n
wlN�)+>(H\�K!$5+56H�<?%�!$/�7P-./13~#&H�<+<6*$3$H]HK�P-E<?)+<}-./�)6>(H&'(/1H"�P%�H��Z)+H�7
qa'(HK'1H$UP-.)O-
<W7PH�2.-Et$H�56H�79n Î )6>(H�56VW-
<?H0Ua)6>(H45+H��"H�-.t0H"Il56H�qa'(H�<?)�-
<
HK/�q0'1HK'(H�7f-E/a)6!\)6>1HY%�!a<Q)+H�7�qa'(HK'(H0n

���z�����0�+���T�0���Q���a�0���+¤j���0�����P�+�?�K�Q�����a�����4�Q�a�����T�K�P�+�Z¡j�
�K�����
�T�Z¤j���?�K�Q��� ¥]�
���0�T�r�Q�0��� ���a���������M�K�a�a���h���"�Q�h���a�

�l�?­¦���`�h ��0�Q���$¡,���c�K²a�l���?���?���Q�a���l���Q�a�6�Q�0�Q���Q�[���a�Z�X���a� ¥��Q�0�
¤������a�����K�9���$�c�6���T�6�+�Q�

� z9|b�Y��</i>=µv>�
w�/z)6>(-
<W<6H��Z)+-.!0/�UPVcHY%(56H�<?H�/a)WÒFº�w ´ ÄWIQÓ4Àc8 <W<?)65+'1�Z)+'(5+H4*$/17
��>(H���da%�!$-E/a)6-E/(3Tµ,56H��"!,t0HK5+@]%(5+!�)+!T�K!$29-E#&%(2.H�#&HK/a)+*�)6-E!$/�n

à1nEg Áa)65+'1�")6'(5+H

Atomic Message

Transfer Management

Re−estabilishment

Module

Connection

ch_p4
ch_shm

globus2
ADI

Collective Operations

P2P Operations

Message Logging

globus I/O

Checkpoint Toolkit

Message Replay

ft−globus

Recovery Module

ì�í�î(ï�� ÚRº®¨F±¾¢³ª¤ ®­�¢³ gª³¨�¦_·W� ïÆð

§î©ò��´íqþ »g¨�Ìq¯©­�¨

À�-.30'(5+HfàL7PH�<+�"5+-.R�H�<])6>1HFÒ·º�w ´ ÄWIQÓ4Àâ2.-ER(5�*�5+@S<Q)+56'1�"I
)6'156H0n��[2.)6>1!$'(30>;)6>1H�N=*$'(2h)6I¦)+!$2EHK5�*�/1�KH�#&!P7P'(2EH�>1*0<�R�HKH�/]-E#\I
%(2EHK#&HK/a)+H�7M*,)�)6>(H|*$R1<?)65�*$�Z)�7PH�tT-E�KHW2.H�t$HK2«U$%12.H�*$<6HW/(!�)+HW)6>1*�)
-.)O-
<c<Q)+-.2E29'1<6HK56I«2EHKt0HK2«n Î '(5c!,VW/f*$R1<?)65�*$�Z)O7PHKtT-
�"H0U	@1�"/zT\�.öWV�XY�ZU
-
<|!056-E3$-E/1*,)+H�7zNp5+!$#�T\�.öWV�XY�1Z&*$R1<?)65�*$�Z)�7PHKtT-
�"H$n�wl)Y�"!$/a)�*�-E/1<
*~��>(H���dT%�!0-./a)W)6!T!02.dT-.)�U�*$/·*,)+!$#&-E�4#&H�<6<+*�30H4)65�*�/1<?NpHK5[#M*$/PI
*�30HK#&HK/a)�U}*�/�7A*G�"!0/(/(H��")6-E!$/¸5+H"IlH�<?)+*$R(2E-E<6>(#&HK/a)�#\!P7P'12.H0n
º�5+-E#\-.)6-Et$H�<]!$N|#&H�<+<6*$3$Hf2.!03$3$-E/(3Pµj5+HK%(2
*j@T-./(3F*$56Hz-./��"2E'17PH�7�U
*�2.)6>1!$'(30>r)+>(-
<�%1*$%�H�5�7P!TH�<�/(!�)��K!,t$H�5�)6>(H[#&H�<6<+*�30HW2.!03$3$-E/(3
%(5+!�)+!T�K!$2
<Kn�oO>(H4��>(H���dT%�!$-E/a)�)6!T!02.dT-.)O7P'1#\%�<�)+>(H4'1<6HK56I«2EHKt0HK2
#&HK#&!$5+@·-E#M*�3$H&-E/a)6!z)6>(H~<?)+*$R(2EH&<?)6!05+*$3$H\!$/¶)6>(HM5+H�qa'(H�<Q)�n
Ò�H�<6<+*�30H�<c)6>�*,)}*$56HY-E/Fd$H�56/(H�2�#&HK#&!$5+@D!05|*,)}/(H")QVc!$5+dD*�5+H
*$<+<6'(#&H�7D*0<O-./(I¦)+5+*$/1<?-.)O#\H�<6<+*�30H�<�n�oO>1H4*�)6!0#\-
�"-.)Q@~!$N�#&H�<?I
<+*�3$H})65�*�/�<QNpH�5O*�)O)6>(HY*�R�<Q)+5+*0�Z)W7PHKtT-
�"H42.H�t$H�2956H�*�2E-.J�H�<c*]y�/(H
3$5�*�-E/(H�7r��>(H���dT%�!0-./a)�)6-E#&-./(3;�K!$#&%1*$56H�7;)+!})+>(H[>(-E3$>1HK56I«2EHKt0HK2
*�%1%(56!a*$��>�U,R�H���*�'1<6H[-.)�/1*�5+5+!,V[<�)6>(H[�K!T7(H|*�5+H�*})6>�*,)�<6>(!$'(2
7
R�H;H"�(�"2E'1<6-.t0HY*�30*$-./�<Q)O)6>1H]��>(H���dT%�!$-E/a)6-E/(3&%(56!P�KH�7P'(5+H$n�oO>(H
7PHK)+*�-E2
<�!�N�R�!�)+>D*,)+!$#&-
�W#&H�<+<6*$3$HW)+5+*$/1<QNpH�5�*�/�7~�"!0/(/(H��")6-E!$/
5+H"IlH�<?)+*�R12.-
<?>1#\H�/a)W*$56H47PH�<6�K56-ER�H�7z-./FÁTH��")6-E!$/·iPn

à1n » º�5+!P�"H�<+<WÒF*�/�*�3$H�5+<

À�-.30'(5+Hbis7PH�<+�"5+-ER�H�<F>(!,VëÒFº�wz%(5+!P�"H�<+<6H�<·*$56HS2
*�'(/���>(H�7
!$/u)6>1Hâ302.!0R('1<B#&-E717P2.H�Vc*$56H0n oO>1HK5+Hâ*$56HÂ)6>(5+HKHÇ#M*�-E/
Ó�2E!$R('1<u#&!P7P'(2EH�<u)6>1*�)é�K!$/1�KHK5+/ )6>(HÕ%(5+!P�"H�<+<uH"�PH��K'PI
)6-E!$/�Å(2}{}ç ÎY´ :z2}@T/1*�#&-
�;{[%`7(*�)6H�7�çWH�qa'(H�<?) Î /(2E-./(H ´ !$I
*�2E2E!T��*,)+!$5"C�U�Ó4ç[��Ò :¦Ó�2E!$R('�<]çWH�<?!0'(5+�KHM�[2E2.!P�K*�)6-E!$/^ÒF*$/PI
*�30HK#&HK/a)"C87Q!0Rr#M*$/1*�30HK5�<�*$/17\*}3a*,)+HKd$H�HK%�HK5�n.2�{|ç ÎY´ 7P-
<?I
)65+-ER('P)6H�<�*Y'�<?H�5�56H�qa'(H�<?)�)6!;2E!P�K*$2�Ó4ç[��Ò #\!P7P'12.H�<KU0)6>(H�/D*



MPI App.

DUROC
(Central Manager)

(Local Manager)

GRAM
Job Manager

fork()

fork()
. . .

Gatekeeper

ì�í�î(ï�� ÚRº®¨�Ô��r�jÐ �_ª³­«º®¯ ¢¤¨�­�¢³ ®ª¤¨

30*�)6H�d$HKH�%�H�5�!$/MH�*$��>M/(!P7PH���>(H���dP<�VW>1H")6>1HK5�)+>(H|'�<?H�5�-
<�*$'PI
)6>1HK/a)6-
�K*�)6H�7;!$5�/1!�)�n�wlN�:=<ZCl>(H�-E<�*�/;*$'P)6>1HK/a)6-
�K*�)6H�7;'1<?H�5�U�)+>(H
30*�)6H�d$HKH�%�H�5�2
*�'(/1��>1H�<�*|Ó4ç|�}Ò�7Q!$R]#&*$/1*�30HK5�n�À�-./1*$2.2E@$U�)+>(H
Ó4ç[��Ò�7Q!0Rf#M*$/1*�30HK5�Np!$5+dT<O*$/17DHK�PH��"'()6H�<O5+H�qa'(H�<Q)+H�7D%(56!$I
�"H�<6<6H�<�n[oO>(!0'(3$>·/1HK-.)6>(H�5�2�{|ç ÎY´ /(!$54Ó4ç[�}Ò�7Q!$R·#M*$/PI
*�30HK5·�K!$/a)65+!$2
<F%(5+!P�"H�<+<6H�<F7P@T/1*$#\-
�K*$2.2E@$U\Ó�2.!0R('1<F>1*0<F)+>(H
Np'(/171*�#&HK/a)+*$2YNp5�*�#&HKVc!$5+d¸!�N&>(-EHK5�*�5���>(-
�K*�24%(5+!P�"H�<6<F#M*$/PI
*�30HK#&HK/a)�n�À(!05[7P@T/1*�#&-
�4%(56!P�KH�<+<O#&*$/1*�30HK#&HK/a)�UPV�H08 t0HYH"�TI
%1*$/17PH�7�2�{|ç ÎY´ *$/17sÓ4ç[�}Ò�7Q!$RG#M*�/1*$3$H�5�8 <r��*�%1*$R(-E2.-.I
)6-EH�<�n�À(5+!$# )+>(-
<W�"!$/a)+H"�T)�UPVcH}'�<?H�)6>1H})+HK5+#M<KU #� ûu�¦÷6ú�� ���.ö # ú���Mú,û�ú�T  ÷4-./�<Q)+H�*$7L!$N�2�{|ç ÎY´ *$/17SÓ4ç[�}Ò�#M*$/1*�30HK5456HKI
<6%�H��Z)6-Et$H�2.@~Np!$5O)6>1H;�"!$/Tt0HK/(-EHK/1�KH$n

oO>(!a<?H~#M*$/1*�30HK5�<�7(H")6H��Z)\%(56!P�KH�<+<�µ,>1*�5�7PVO*�5+H;N=*�-E2E'(56H�<
*�/�7^5+H��"!,t0HK5])6>(HzN=*�-E2EH�7x%(56!P�KH�<+<?H�<]VW-.)6>(!0'P)~*�/T@X'1<6HK5&-./(I
)6H�56t0HK/a)6-E!$/�nsÁP-./1�KHFH�*0��>x2E!P�K*�2W#M*$/1*�30HK5\Np!$5+dP<M*�/s*�%(%12.-.I
�K*�)6-E!$/G%(5+!P�"H�<+<�U�-.)D5+H��"H�-.t0H�<&*C� Ø��g�g�8�g� <?-E3$/�*�2WVW>(H�/s-h)�<
Np!$5+d$H�7·*�%1%(2.-
�K*�)6-E!$/F%(5+!P�"H�<6<|)6H�56#&-E/1*,)+H�<�n�{|%�!0/�5+H��"H�-.tT-E/(3
)6>1HO<6-E3$/1*$2¦U�)6>1Hc#M*$/1*�30HK5���>(H���dP<�VW>(H")+>(HK5�)6>1H�)+HK5+#\-E/1*�)6-E!$/
VO*$<�)+>(56!0'(3$>&/(!056#M*$2 Ú\ `Ý	¡)¢�£ U,RT@&�K*$2.2E-./134)6>(H|<6@P<Q)+HK#Ï�K*�2E2«U
` e Ýo¡g¤9Ý�c¥¢N£ n9wlN`)6>�*,)�-
<�)+>(H|��*$<6H$U$-.)�*0<6<6'(#&H�<�)6>1*�)�)6>(H|%(56!$I
�"H�<6<f�"!0#\%12.HK)6H�<f-.)+<fH"�PH��K'P)6-E!$/A<6'1���"H�<+<?Np'(2.2E@$n Î )6>(H�56VW-
<?H0U
)6>1Hz2E!P�K*$2c#M*$/1*�30HK5\56H�30*�5�7(<]-h)~*$<&*¶%(5+!T�KH�<+<;N=*$-.2E'(5+Hz*$/17
/(!$)6-.y1H�<�)6>(H4�"H�/a)65�*�2�#&*$/1*�30HK5�n�wl)O-
<�%�!0<+<?-ER(2EH|Np!05�)+>(H�2.!P�K*$2
#M*�/1*$3$H�5�)+!\N=*�-E2�*$<OVcHK2E2¦n�oO>(HY�KHK/a)65�*�2`#M*�/1*$3$H�5c#&!0/(-h)+!$5�<
*�2E2�)+>(H;2E!P�K*�2�#M*�/1*$3$HK5�<OVW-.)6>·%�HK5+-.!P7P-
�;qa'(H�56-EH�<�n�wlN�*~2.!P�K*$2
#M*�/1*$3$H�5�7(!aH�<�/(!�)�*$/1<?VcHK5�Uj)6>1H[�"HK/a)+5+*$2a#M*$/1*�30HK5�*$<+<?'1#\H�<
)6>�*,)c)6>(H�2.!P��*�2�#&*$/1*�30HK5�>1*$<�N=*�-E2EH�7M!05�>1*$5+7(Vc*$56H,µj/(HK)QV�!056d
>1*0<�N=*�-E2.H�79nMoO>(HK/�U�-h);5+H"I�<6'(R(#&-h)�<�)6>(H&5+H�qa'(H�<Q)4)6!·Ó4ç[��Ò
#&!P7P'(2EH[-./&!05+7PH�5�)6!;5+H�<?)6!056Hc)+>(HON=*�-E2.H�7&%(5+!T�KH�<+<?H�<�Np56!0# )+>(H
��>(H���da%�!$-E/a)Oy12.H�<Kn

Ðs>(-E2.Hâ)+>(Hâ*$%(%(2E-E��*,)+-.!0/É#&H�<+<6*$3$H�<x*�5+H¸)+5+*$/1<QNpH�565+H�7
*�#&!0/(3}ÒFº�w�%156!P�"H�<6<6H�<�7P-.5+H��")62E@$U,*�2E2T�"!$/a)+56!02�#&H�<+<6*$3$H�<�%1*$<+<
)6>156!0'(3$>z#M*�/1*$3$HK5�<�n

à1n ¼ ´ !T!$5�7P-./�*,)6H�7 ´ >1H���dT%�!0-./a)+-./(3

À(!05}�K!$/1<6-E<?)6H�/a)[56H��"!,t$H�56@0UT)6>(H\�"!T!$5�7P-E/1*,)+H�7���>(H���da%�!$-E/a)6-E/(3
%(5+!�)+!T�K!$2[-
<~H�#&%(2.!,@0H�79nÇÀ�-.30'(5+H·m^<?>1!,V[<&)6>(H�%(56!P�KH�7P'(5+H
!�ND�K!T!$5�7P-./�*,)6H�7Ô��>(H���dT%�!$-E/a)6-E/(31nvoO>1Hx�"H�/a)65�*�2]#M*$/1*�30HK5
-E/(-h)+-E*�)6H�<f302.!0R1*�24��>(H���da%�!$-E/a)6-E/(3b%�HK5+-E!T7(-E��*�2E2.@0U[)6>1HK/â2.!P�K*$2
#M*�/1*$3$H�5+<M<6-.30/1*�2|%(56!P�KH�<+<?H�<&VW-h)+>�� Ø	�\¦ � Ùr§ )6!^R�H·5+H�*$7(@
Np!$5M��>(H���dT%�!0-./a)6-E/(3�n Î /B56H��"HK-E%P)&!�N¨� Ø��\¦ � Ù©§ U�)+>(HF<?-E3$/1*$2

>1*$/17P2EHK5MH"�PH��"'P)+H�<M*LR1*�5+5+-.H�5?Il2.-Ed$H~Np'(/1�Z)+-.!0/GR�HKNp!$5+H���>1H���daI
%�!$-E/0)+-./131n È @b%�HK56Np!$5+#&-./13¶)+>(HFR1*$565+-.H�5�U�)QV�!X)+>(-E/(30<~��*�/
R�H¶30'1*�5�*�/a)6H�H�7©9 Î /(H¶-E<D)6>1*�)D)+>(HK5+H�-
<D/1!b!$5+%(>1*$/¸#&H�<?I
<+*�3$H&R�H")QVcHKH�/X*$/T@·)QVc!z%156!P�"H�<6<6H�<Y*$/17¶)6>(HM!$)6>(H�5;-
<4)6>1*�)
)6>1HK5+H|-
<�/(!]-./PI«)65�*�/�<?-.)�#&H�<+<+*�3$HWR�H���*�'1<6H|R�*�5+56-EHK5�#&H�<6<+*�30H�<
%('1<6>Ô#&H�<+<6*$3$H�<z)6>1*�)�*�5+HS%(56H�tT-.!0'1<?2E@¸-
<6<6'(H�7â)6!G)6>1H^56HKI
�"H�-.t0HK5�n�ÁT-./��"HY��>1*�/1/(HK2
<W*�5+H4R('(-E2h)[!0/zo ´ ºG<6!T��d0H")�<KUPÀ�wQÀ Î
%(5+!$%�HK56)Q@S-E<\d0HK%P)�nBº�'1<?>1H�7^#&H�<6<+*�30H�<\*�5+Hz<?)6!056H�7b*,)&)+>(H
5+H��"H�-.t0HK5�8 <;'(/(H"�P%�H��")6H�7xqa'(HK'(Hz-E/S)6>(Hz'1<6HK56I«2EHKt0HK2�#\H�#&!$5+@
<6!�)6>1*�)]*F��>(H���dT%�!$-E/0)Yy�2.HD��*�/X-E/1�"2E'17PH&)+>(HK#�n�oO>(H�<6HM-./(I
)65�*�/�<?-.)W#\H�<6<+*�30H�<O*�5+H4t,*�2E-E7z!$/z5+H��"!,t0HK5+@M*,)W)6>1HY56H��"HK-Et$H�5�8 <
'1<6HK56I«2EHKt0HK2�#&HK#&!$5+@$n;oO>(-
<})6H���>(/(-
q0'1H\-
<4<?-E#&-.2
*�5})6!Dª  úW��0-  ���KúNT  !$N ´ ! ´ >1H���dMe ¼aijkln��[N°)6HK5��K!T!$5�7P-./�*,)6-E!$/�U,H�*$��>]%(56!$I
�"H�<6<c30HK/(H�5+*�)6H�<�)6>(HY��>(H���dT%�!0-./a)�y�2.H4*�/17D-./(Np!$5+#&<�)+>(H42.!P�K*$2
#M*�/1*$3$H�5�!$N�)6>(H4<6'1�K�KH�<+<QNp'(29�K!$#&%(2EH")6-E!$/f!�N���>1H���dT%�!0-./a)+-./(3�n
oO>(H��"HK/a)+5+*$21#M*�/1*$3$H�5���>(H���dP<�VW>(H")+>(HK5c*�2E21)+>(H}��>(H���dT%�!0-./a)
y12EH�<M>�*jt$H�R�H�HK/s30HK/(H�5+*�)6H�7�n¸wlN;<?!�U�-.)f�"!0/Py15+#M<\)6>(H��K!$2.I
2EH��Z)+-.!0/s!�N;��>(H���da%�!$-E/a)~y12EH�<f*$<~*S/1HKVét$H�5+<6-.!0/G!�NY3$2E!$R1*$2
��>(H���da%�!$-E/a)�n

Central Manager

Checkpointing

Initiation
Request for checkpointing

Signal : SIGUSR1

Confirm

Wait n replies

ProcessLocal Manager

Checkpoint completed

Checkpointing
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(3) broadcast

 Process  Process
Survived

(4) new commworldchannel info.(1) Inform new listner info.

Manager
Central

Manager Manager
Local Local

Recovered

(3) broadcast

(2) forward new listner info.

(4) new commworldchannel info.
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