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d`WhN�V�GEVKWXN�m)Á�WX[ci.W�GAFXF�N�f�ip��WXN�f�GAf�[Mf�ijdKGJfHV
N�k�^�ijd�I`NAG_aT[Mf�G�fhN���ahGJdKGAY�GEijN�F�GAgEN�GJfHa deWXN

���!�Yh^-¢�N�I�[ci��}^XLML�m4¹�f6d`WX[�i4i�[Od`^�GAd`[O]Ef6]EfhNp]EI4k�]_I`N½aXGJd�GJY�G_i�N�F�GJg_NAi&�}I`]Ek¥deWXNpY�]Ed`de]EkÌ]A��deWXN

���!3YX^\¢wN�I4GAI`N���I`[Od`d`N�f�d`]�a-[�i���de].�}I`N�N"d`WXN�i�FHGEV
N�I`Nb�<^X[OI`NAa�m8Á�WX[�i�[ci�GALcij]�V�GALMLONAa�G ��¶�­²®}¸�­`¶ �\·X¯
�8­�³M°�®�m
Á�WXN)P�
/R LO]\V²�hi�GJI`N6]A�pdj��]ºdj�-F�NAi�D¼ijW�GJIeNAa���SX�¨GJf�a�N��hV
LM^�ij[MZ�N6���.�Km#��[MdeW+i�W�GAI`NAa�P 
/R

LM]\VK�hiÐ]_fXLM��d`WhNpi�WHGJI`Nba�I`NbGEa�I`Nb�<^XNbi�dKi�V�GJf6Y�N.g_IKGJf\d`Nba�d`]lG�LM]\V�GALCdeIKGAf�i`G_V
d`[O]Ef/U�GJf�a�deWXNpijW�GJIeN��
LM]\VK��NAa�F�GAgENpk�G���Y�NpFXIeNAi�N�f\d�[Mf�d`WXN 
���! YX^-¢�N�I�i&]J�']_d`WXN�I4[Mf�ijdKGAf�V
NAi�mC�8�XV�LM^�ij[MZ�N�P�
/R�LO]\V²�hi
N�f�ij^XI`N�deW�GJd7fX]p]EdeWXN�I7[Mf�ijdKGAf�V
N�W�GEi�G�V
]_F-��]A�8deWXN�F�GJg_NpGAf�a�^XF�aXGAd`N�I`NA��^XNAijdKi�V�GAf�Y�N�gEI�GJf\d`NAa
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LM]\V�GJLMLO��m���dpd`I�GJf�ieGEV
de[M]Ef+V�]Ek�k�[Od�d`[Mk�N�U8I`NAa\]E�}LM]EgºN�f\d`Ie[MNAipGAI`N���Ie[Mded`N�f�d`]¿a-[cij� de]Tg_^�GJI�GJf\d`N�N
d`WHGJd�deWXN7^XF�aXGJdeNAi�GJIeN&F�N�Iek�GJfXN�f-deLM�.IeNF��NAV�d`NAa.[Of�deWXN�aXGAdKGJYHGEi�N�m�Á�WXN7^XF�aXGAd`NAa�ahGJdKGAY�GEijN�F�GJg_NAi
U
WX]A��N�Z�N�I�U�GJIeN�fX]_d�[Mk�k�N�a-[�GJd`N�L¡��FXI`]_F�GJg�GJd`NbaTd`]�deWXN�a-[cij�¼�±N��XV
LO^�i�[OZ�N�P�
/R LO]\V²�hi4GJIeNpI`N�d�GJ[OfXNAa
]Ef�d`WXNbi�N�FHGJgENbi²�Km ¹���i�^hY�i�NA��^XN�f\d�d`IKGAf�i`G_V
d`[O]Ef�ip^Xf�a\N�I�deWXN6ieGJk�N�[Mf�ijdKGJfHV
N�^XF�aXGAd`N�d`WXN)i`GJk�N
YXLO]\V²�hi
U/]EfhLM�6d`WhN¨ �fHGJL'Z�N�IKij[M]_f�i4fXN�NAa6d`]�Y{N�FXIe]EF�GAg�GJdeNAa¼d`]�a-[�i���UsY�N
�}]_I`N�I`N�LONAGEij[MfXg�deWXN�P 
/R
�§LM]\VK�hi
UwdeWXN�I`N�Y-��i`G�Z\[MfXg���I`[MdeN�¹`ÂEÃ GJf�a6[Mk�FhI`]AZ-[OfXgp]AZ�N�IKGALML~i��hi�deN�k deWXI`]_^XgEWXFh^Xd�mp�§P 
/R �

LM]\VK��[ci&N�[Md`WhN�I4a\]J��fhgEIKG_a-NAa�de]�G�P�
/R S�LM]\VK��]_I4I`N�LMNAG_i�NAawU�]EfhLM��[»��G�P�
/R LM]\VK��]Ef6d`WhN�i`GJk�N
aXGAdKGJYHGEi�N�YXLO]\V²�6[�i4I`NA��^XNAijd`NAa6Y-�ºG�I`N�k�]Ed`Npfh]\a-N�N�[Od`WXN�I�[Of S6]_I �¤k�]\a-N�m
��WXN�f�G�P�
/R �

LM]\VK��[ci�GAY�]E^Xd7d`]pY�N�I`N�LONAGEijNAa�]_I7a-]A��fXgEI�GEa-NAa�UXd`WXN���a\[MI`dj���~aXGJd�G.YXLM]\VK��[ci'��I`[Od`d`N�f�d`]�a-[�i���m'Á�WXN
^XF�aXGAd`NAa�aXGAdKGJYHGEi�N�F�GJg_N�V�GAf�deWXN�f�Y�N4IeNAGEa�Y\��deWXN4IeNA�<^hNAi�de[MfXg�fX]\a-N�U�Gb�}d`N�I�d`WhN4FXI`]_F�GJg�GJde[M]Ef�d`]
a-[�i���[�i�V
]Ek�FhLMN�deNAawm
Á�WXN"V�G_V²WXN"V
]_WXN�I`N�f�V
�pF�]ELO[cV
��G_i�^�i�NAa�[Mf�Ã&I�GEV
LON&��Wh[cVKW���N4��GAf-d'd`]�V�GJFXde^XI`N7[Mf�deWXN7k�]\a-N�L�U<[�i

GEi��}]ELOLM]A�7i
m'P7N�F�N�f�a-[OfXgp]Ef�d`WXN�V
^XIeI`N�f\d�ijdKGAd`^�i�]J�~d`WXN�IeNA�<^hNAi�deNAa�F�GJg_N.GAf�a�deWXN�I`NA��^XNAijd`NAa�LM]\VK�
k�]\a-N�U-d`WhN��}]_LMLO]J��[OfXg�V�G_i�NAi�GAI`[cijN�D
9_m8�&f�[MfHi�dKGAf�V
N4IeNA��^XNAi�d�i�GpaXGJd�GJY�G_i�N�F�GJg_N�� �}]_I�I`NAG_a�]EfXLO��]EI�^XF�aXGAd`N½GEV�V
Nbi`i²�']_f�Y{N�W�GJL»�8]A�'G
d`I�GJf�ieGEV
de[M]EfºGAf�a6a-[�i`V
]AZ�N�I�iÐdeW�GJd4[Od&[�iÐfh]Ed4FXIeNAi�N�f-d7[Mf)GJf\��]A��d`WXN�]Ed`WhN�I4[MfHi�dKGAf�V
NAi��wV�GEVKWXNAi
m
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¹�f�d`Wh[ci4V�G_i�NpdeWXN.F�GAgEN�[ci�I`NAG_a�[Mf��}Ie]Ek a-[cij�6GAf�a�d`WXN�GAFXFXIe]EFXIe[cGJdeN�P�
/R�LM]\VK��[ci4ijN�d.�jS�]EI
�.�Km


\m8�&f�[Of�i�d�GJf�V�N4I`NA��^XNAijdKi�GpaXGJd�GJY�G_i�N.FHGJgEN4�}]_I�I`NbGEa�]EfXLO��G_V�V
NAiei�]_f�Y�N�WHGJL¡�~]J�ÀG deIKGAf�i`G_V
d`[O]Ef/m
Á�WXN�I`NA��^X[OI`NAa�FHGJgEN�k�G���Y�N�D
��G<���&N�L�a�LM]\V�GJLMLO��^Xf�a\N�I7P�
/R � LM]\VK��m8¹�f�d`WX[�i�V�GEijN.fX]�G_V
d`[O]Ef�[�i�dKGA��N�f/m
�}Yw���&N�L�a�LM]\V�GALMLO��^Xf�a-N�I7P�
/R S�LM]\VK�wm~¹�f�deWX[ci7V�G_i�N�fX]�GEV
de[M]Ef�[�i�dKGJ��N�f/m
��VJ���&N�L�a�Y\�ºG�I`N�k�]Ed`N�[MfHi�dKGAf�V
N�^Xf�a-N�I�P�
/R ��LM]\VK��m�¹�f¼deWX[ci�V�GEijN�d`WXN�I`N�k�]_d`N�[Mf�ijdKGAf�V
N
��I`[Od`NAi7d`]�a-[cij�6d`WXN���a\[MI`dj����FHGJgENlGJf�aºa-]A��fXgEI�GEa-Nbi.[MdKi7LM]\VK�6]Efºd`WX[�i�FHGJgENp�}I`]_k � de]6S�m
Á�WXN�I`Nb�<^XNbi�d`[OfXg.fh]\a-N � i�IeNA��^XNAi�d��}]_I7GJf6S�LM]\VK��[ci'gEI�GJf\d`NAa�Gb�}d`N�I�[Md�IeNAGEahi�d`WXN�V
]_F-��]A�8deWXN
F�GAgEN4�}I`]_k a\[ci���m

��a{���&N�L�a¨Y\�p]EfXN"]EI�k�]EI`N7I`N�k�]EdeN�[Mf�ijdKGJfHV
NAi�^hf�a-N�I�P�
/R SpLM]\VK��m8¹�f�d`Wh[ci'V�GEijN4d`WhN4[Mf�ijdKGAf�V
N
I`NbGEaXi�deWXN�F�GJg_N �}I`]_k¥a-[�i���GAf�a�LO]\V²�hi�[Md�[Mf6S�k�]\a\N�m


\m8�&f¼[Of�i�d�GJf�V�N�IeNA��^X[MIeNAi�G6aXGJd�GJY�G_i�N�FHGJgEN��}]_I.^XF�aXGAd`N6G_V�V
NAiei
m6�7g�GJ[Of/U'd`WXN�IeNA��^X[MIeNAa�FHGJgEN
k�G���Y�N�D
��G<���&N�L�a�LM]\V�GJLMLO��^Xf�a\N�I7P�
/R � LM]\VK��m8¹�f�d`WX[�i�V�GEijN.fX]�G_V
d`[O]Ef�[�i�dKGA��N�f/m
�}Yw���&N�L�a�LM]\V�GALMLO��^Xf�a-N�I7P�
/R S�LM]\VK�wm'¹�f�d`Wh[ci�V�G_i�N�UX[»�8]_fXN�]EI7k�]EIeN4I`N�k�]Ed`N7[MfHi�dKGAf�V
NAi�Wh]ELca
GpV
]_F-��]A�8deWXN�F�GJg_N�^Xf�a-N�I"P�
/R�S�LM]\VK�wU\d`WXN�[OI�LM]\VK�Xi�GJIeN IeN�Z�]E��Nbawm8Á�WXN�f�deWXN�I`NA��^XNAijd`[OfXg
[MfHi�dKGAf�V
N4^hFXgEI�GEa-NAi7[MdKi�LO]\V²��]Ef�d`WXN�F�GAgEN��}I`]Ek S�de] �½m

��VJ���&N�L�a�Y-�ºG�I`N�k�]EdeNp[Mf�ijdKGJfHV
N�^hf�a-N�I�P�
/R �¤LM]\VK�wm�¹�fºd`WX[�i.V�G_i�N�U/d`WhN�IeN�k�]EdeNp[Mf�ijdKGAf�V
N
 �I�i�d���I`[Od`NAi&deWXN�a-[MIed��)aXGJd�GJY�G_i�N�FHGJgEN�d`]�a-[�i���m�Á�WXN�IeN�k�]_d`N.[Of�i�d�GJf�V�N�deWXN�fºI`N�LONAGEijNAi&[Md�i
LM]\VK��GJf�a�d`WXN�I`Nb�<^XNbi�d`[OfXgp[MfHi�dKGAf�V
N�GEV��<^X[OI`NAi'[Md�m

��a{���&N�L�a�Y-�6]_fXN�]EI�k�]EIeNpI`N�k�]Ed`Np[Of�i�d�GJf�V�NAi ^XfHa-N�I�P�
/R S6LO]\V²��m�¹�fºd`WX[�i.V�G_i�N�GJLML'deWXN�S
LM]\VK�hi&]Efºd`WXN�I`N�k�]EdeN.[MfHi�dKGAf�V
NAi"GJI`N�I`N�Z�]E��NAawm�Á�WXN�[Mf�ijdKGAf�V
NpI`NbGEaXi�d`WXNpF�GAgENp�}I`]_k$a-[cij�
GJfHalFhLcGEV�NAi�G�P 
/R ��LM]\VK��]_f�d`WhN FHGJgEN�m

�ºI`[Od`NAi!GJIeN4GALci�]�FXIe]EF�GAg�GAd`NAa�de]�a-[cij�wUE[»�uGJf�^XF�aXGJdeNAa¨FHGJgEN7[ci8FX^Hi�WXNAap]E^hd8]J�ud`WXN7YX^-¢�N�I��}YX^-¢�N�I
��^�ijWX[Mfhg-�"a-^XNpde]�deWXNpYX^-¢�N�I4 �LOLM[OfXg�^hF/m���WXN�fºG�F�GAgEN�[ci&Fh^�i�WXNba�]_^Xd4]J��d`WXN 
���! Yh^-¢�N�I�U/[Md�i
GEiei�]\V
[�GJdeNAa�P�
/R$LM]\VK�6��S�]EI ���'[ci�GJL�i�]�I`N�LONAGEijNAawm

n��6o7� ���8t ���#�!"$� �/�!z � " ( "$.4v~t#� (¿v8x "$�
Á�WX[�i/i�NAV�d`[M]_f.FXIeNAi�N�f-d�i/GJf�GJfHGJLM�\d`[�V�GJL�k�]\a-N�L�]J�Hd`WXN�V�G_V²WXN�V
]_WXN�IeN�f�V
�4F�]_LM[cV��&�}I`]_k�deWXN�FhI`N�Z\[M]_^�i

i�NbV
d`[O]Ef/m'Ã&^hI�k�]\a-N�LX[�i�a-N�I`[MZ�Nba½�}]_LMLM]A��[OfXg.deWXN�GJFhFXI`]�GEVKW�]EIe[MgE[Of�GJLOLM��a-N�Z�N�LO]EF�NAapY-��P"GJf�GJf�a 	'^
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[Mf�Ë=
JÏ�m~Á�WXN�Ã7IKGEV�LMN���F�GJI�GJLOLMN�L�V�GEVKWXN'k�GJfHGJgEN�k�N�f\d/GEi!a-NAieV
I`[OY�NAa�GJY�]AZ�N�[ci/ij[Mk�[OLcGAIwd`]7d`WhN�P7N
�}N�I`IeNAa
^Xf\d`[OL�Á/IKGAf�i¾�}N�I.]EI�¦!LM^�ijWX[MfXg�F�]ELM[�V
�ºa-N�d�GJ[OLMNAa6[Mf+Ë=
JÏ�m�Á�WXN�k�]\a-N�L�GALMLO]J�7i�]EfXN�d`]6NAijd`[MklGJd`NpdeWXN
f\^Xk�Y�N�I�]J��P 
/R �§GAf�a�S�LM]\VK�Xi�WXN�Lca�]_f�F�GAgENAi7[Mf�G¨FHGJI`de[cV
^hLcGJI7fX]\a-N � i7V�GEVKWXN�m�Á�WX[ci�UX[Mf�d`^XIef/U
GJLOLM]A�7i�]EfhN.d`]p]_YXdKGA[Mf)GJf�Nbi�d`[Ok�GJde[M]_f�]A�'LM]\V�GAL!GJf�a�I`N�k�]Ed`N"YX^-¢�N�I�WX[Od�FXI`]_Y�GJYX[OLM[Od`[MNbi
m
S�^hFXF�]�i�N

������ ��� 	
� �
� d`WXN�f-^hk�Y�N�Ip]A�.IeNAGEahi�I`NA��^X[OI`NAa�]Ef�d`WhN6aXGAdKG¼]J��fh]\a-N��!U7a-[cij���XU
�}IKGAgEk�N�f\d���Y\��GpLM]\V�GAL/d`I�GJf�ieGEV
de[M]Ef�I`^XfhfX[MfXgp]_f�fX]\a\N��

�
���� ��� ��� 	
� � � d`WXN�f-^hk�Y�N�Ip]A�.IeNAGEahi�I`NA��^X[OI`NAa�]Ef�d`WhN6aXGAdKG¼]J��fh]\a-N��!U7a-[cij���XU
�}IKGAgEk�N�f\d��¼Y\�ºGlIeN�k�]_d`N��±de]�����deIKGJfHi`GEV�d`[M]_f¼I`^hfXfX[Mfhg�]EfºfX]\a-N��
������ �/�

� ���� ��� 	
� �
� d`WXN�f-^hk�Y�N�Ip]A�.IeNAGEahi�I`NA��^X[OI`NAa�]Ef�d`WhN6aXGAdKG¼]J��fh]\a-N��!U7a-[cij���XU
�}IKGAgEk�N�f\d���Y\��IeN�k�]EdeNp�±de]����'d`IKGAf�i`G_V
d`[O]Ef�i


wN�d
�� �!� ��� 	"� � �$#X��Y�N�d`WhN�FhI`]EYHGJYX[OLM[Mdj�¼deW�GJd�d`WhN%#'&�(�YX^-¢�N�IpLO]\V�GJde[M]Ef��}I`]_k deWXN�d`]_F©]J��d`WXN 
���!
YX^-¢�N�I"GJd�fX]\a\N�� V�]Ef\dKGJ[Of�i�GpF�GJg_N.]J�ÀaXGAdKG.�}I`]Ek¥fX]\a\N)�!U�a-[cij�*�XU-�}IKGAgEk�N�f-d+� E

��, ��� ��� 	
� � �-#h��Y�N.deWXN.FhI`]EYHGJYX[OLM[Mdj��deW�GJd7d`WhN.F�GAgEN.[�i��}Ie]Ek�fh]\a-N��CU�a-[�i��.�XUX�}IKGJg_k�N�f\d��ºGJf�a�[�i
WX]EL�a-[Mfhg�GJf � LO]\V²�0E

��/ ��� ��� 	
� � �-#X��a-N�fX]EdeN.d`WhN.G�Z�N�I�GJg_N f\^Xk�Y�N�I']J�'F�GAgENAi�]J��aXGJd�G½�}Ie]Ek�fX]\a\N��CU�a-[�i��*�XU-�}I�GJgEk�N�f-d
��FhI`NAijN�f-d�[Mf�d`WhN de]EF0#�Yh^-¢�N�I&LO]\V�GJde[M]_f�iÐ]A�8fh]\a-N���E

�21 �!� �
� 	
� � �-#X�"GAf�a43 �!� ��� 	"� � �$#X�"a-N�fX]_d`N�d`WXN�G�Z�N�I�GJgENpf\^Xk�Y�N�I&]A�7F�GJg_NAi&�}I`]_kÌfX]\a-N5�CU!a-[cij�0�XU
�}IKGAgEk�N�f\d��©Wh]ELca\[MfXg �¥GJfHa SºLM]\VK�Xi�U�IeNAi�F�NAV�d`[MZ�N�LM��U/[Mf�deWXN�d`]EF6#ºLM]\V�GAd`[M]_f�ip]J�"d`WXN 
���!
YX^-¢�N�I"GJd�fX]\a\N��6m
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� � �-;}��GJf�a , �!� ��� 	"� � �$;±�'�}]EI�; � 9�� ����� � #�m7£']Ef�ij[ca-N�I"G�ijk�GJLOLMN�I�YX^-¢�N�I"V
]Ef�ij[cijd`[Mfhg�]A��deWXN
d`]_F�#�LM]\V�GAd`[O]Ef�i4]EfhLM��m�Á�WXNpYh^-¢�N�I4LM]\V�GJd`[O]Ef��$#�? 9J��IeNAV
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�S�'i4GJf�a�GJLOLs�}I�GJgEk�N�f-d�i���NAi�de[Mk�GAd`NAa�Y\��deWXNpV�G_V²WhN k�N�k�]EIe�pk�]\a-N�L/��WhN�f�deWXN.f\^Xk�Y{N�I�]J��� �'i
��N�I`N7�XUR
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��N�I`N�Z_GJI`[ONAa�GAk�]Efhg7�XUR9F�XU 
?�XU0
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overall
cache-hit
ratio

            
    

    1.00

    0.90

    0.80

    0.70

    0.60

    0.50

    0.40

    0.30

    0.20

    4 nodes

    14 nodes

    24 nodes

    1.00

    0.90

    0.80

    0.70

    0.60

    0.50

    0.40

    0.30

    0.20

    20.00     40.00     60.00     80.00 fragments
per node

cache-hit
overall

ratio

cache-hit

    20.00     40.00     60.00     80.00 fragments
per node

fragments

    0.90

    0.80

    0.70

    0.60

    0.50

    0.40

    0.30

    0.20

    1.00

overall

ratio

    0.90

    0.80

    0.70

    0.60

    0.50

    0.40

    0.30

    0.20

    1.00

overall

ratio
cache-hit

    20.00     40.00     60.00     80.00
per node

    20.00     40.00     60.00     80.00
per node

fragments

    24 nodes

    44 nodes

    34 nodes

    64 nodes

    4 nodes

    64 nodes

    44 nodes

    54 nodes
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GJf � LM]\VK��[ci7i�d�GJYXLON.��[MdeW�[Mf�V
IeNAGEij[MfXgpf\^Xk�Y�N�I�]A���S��i"i�[MfHV
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    200.00

    180.00

    160.00

    140.00

    120.00

    100.00

    80.00

    60.00

    40.00

    20.00

    0.00

    20.00     40.00     60.00     80.00
fragments

per node

runtime (seconds) Runtime

    44 nodes

    64 nodes

    4 nodes

    24 nodes
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