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PCRC
Java interface

MPI

Distributed data and control

ad++ interface

(Adlib)Kernel run-time

Communication and arithmetic

ranges
Distributed

Groups

Distributed control
‘‘where’’

Process

 ‘‘on’’

SHPF
F90 interface

Distributed Distributed controlIterators on ranges
   Arrays

Random access
schedules

Tree
Schedules

PCRC
F77 interface

reductions
etc

‘‘remap’’, ‘‘shift’’,

schedules
Message

etc
‘‘gather’’/‘‘scatter’’

hQwr�b{xT[U �  *k�Scs©d S�d9¤�d T[{x|}lnw��ªU�YZT[uvmxwylnUXuzln{xTVU

¸ ¹�º ��»l
®� ºQ¹ ¼ ·	��]0¹Z�*º*�@¸ º ½ ¹Z¾�¶q�B¸

¿ $ � � À �&�'�,�3H0	��
���x�V���
¨�m�U��bU@T[|xU@q�`b«©kgSDs©dÕq�wr°xT[YbTV^Á� �b´u� wro�Y d����
u@q�YboVo�qrw�°xTnYZTV^�f¡¯ lÍwro�WxT[w��òYZT[wrqy^�\xU@o[u@UX|x\xU@\
«¬TV`�� l[mxUíTV{x| � lnwr�0Uâqrw�°xTnYbT�^ë`b«×Yb| UXYbT[q�wrU@T£T[UXoVUjYbTVuvm wr�0Wxq�UX�0UX|}lvYZl[wr`�| `Z«Í�gS*h�� ����� Ù�wylnm
w�|i@�{xU@|xuXU@o�«¬TV`��Ûl[mxU©h�`�TVl[TnYb| ³�� Ð�� ���C� TV{x| � l[wr�0U�Yb|x\Ôlnm�Ugd9�©s©¦��x�bScsg¤Q¨�¯Bq�wr°xT[YbT[w�UXoXf3¨�mxU
�ZUXTV|xUXqBw�o�u@{xT[TVUX|}lnqy^%w��ªW�qrUX�0UX|}l[UX\%`b|%ln`�W%`b«��%S1¯vft¨�mxU�qrwr°�TnYbT�^£\xUXoVwr��| w�o�oV`�qrw�\xq�^e`b°F¥VUXuzl �
`bT[wrU@|}lnUX\t�D°�{�l©U@§0uXw�UX|xuz^¡w�o��òYbw�|}lvYbw�|xUX\eYbo©YÔWxT[w��òYZTV^>�b`}Ybqþf*¯J|xq�wr|xw�|x�Íwro�{xoVUX\¡UziFlnU@|xo[wy��UXqy^��
YZ|x\í\�^�|xYb�ªw�uÔ�ªU@�ª`�T�^ Ybq�qr`FujYZl[wr`�|t�t{x|x|�UXuXU@o[o[YbTV^íuX`�W}^Fwr|��x�3l[T[{xUÔWxTV`�u@UX\x{�T[U0ujYbq�qroX�;�Fw�TVln{xYbq
«¬{�|xu@l[wr`�|xo©Yb|�\¡`bl[mxUXT9«¬`bT[�0o�`b«Bw�|x\xwrTVUXuzlnwr`b|eYbT[U
��U@|xUXT[Ybqrqy^£Yj��`bwr\xU@\¡{x|�qrUXoVo©l[mxU@^>m�Yj��U6uXqrUXYbT
`bT[�}Yb|�wrÖjY~lnwr`b|�YbqD`�T�U@§0uXw�UX|xuz^�Yb\��ZYb|}lvYZ��UXo@f
¨�mxUÔ`���U@TnYbq�q1YbTVuvmxw�l[UXu@l[{xT[UÍ`Z«�l[mxUÍqrw�°xTnYZTV^�wro
w�qrqr{�oVlnT[YZlnU@\%w�|v����{xTVU � f�s9l
l[mxU×ln`�W q�U@�bUXq

l[mxUXTVU�YZT[U�o[Uz��UXT[YbqQu@`��0Wxwrq�UXT � o[WDUXu@w���u,w�|}lnUXT�«ÅYbuXU@o©l[`òYÔuX`b�ª�0`�|eT[{x| � lnw��ªUZ�ZUXTV|xUXqüf9¨�mxU�«¬`�{xT
w�|}lnUXT�«ÅYbuXU@o�o[mx`�Ù�|%w�|�l[mxUZ����{xTVU6YbT[U�wrq�qr{xo�lnT[YZlnwy��UbfQ¨�mxU@^ew�|xuXq�{x\xU
lJÙ�`0\xwyatU@T[UX|}l�h�`�TVl[TnYb|ew�| �
l[UXT�«ÅYbuXU@o��Å{xoVUX\£°}^ª\xw�acUXTVUX|}l���S�híuX`��0Wxwrq�UXTVo��z�FY6{xo[U@T � q�U@�bUXq-d���� wr|}l[UXTV«ÅYZuXUguXYbqrq�UX\òYb\����hÂ��
YZ|x\6Y�W�T[`�WD`�o[U@\ Ú Yj�ZY�wr|}lnU@TV«ÅYbu@Ubf3¨�mxU*\xU@�bUXq�`�Wx�0UX|}l3`b«Fo[U@�bUXT[Ybq}ln`�W � qrUz��UXqbwr|}lnU@TV«ÅYbu@UXo&m�Ybo&WxTV` �
Ã$Ä�ÅuÆ�ÆwÇÉÈ6Ê�ËEÌ�Ì�Í©Î�ÏÑÐÉÒtÇÉÓbÔEÐÉÍ©ÓbÍ©Î�ÏÑÍ�Å�Ä1È6ÄqÈÑÍ�Ï®Õ1ÖØ×EÍ(Ä�Å%Í©Ì®ÙCÐÉÍ(È®ÅEÍ�ÙCÎEÇÉÎEÚ?Å%ÇÉÈ<ÏÑÌ�ÇÉÛEË%ÏÑÍ�Å�Ä3Ì�ÌnÄ�Ò�È�Ä�È�ÏyÒ�ÔKÍ�Ü

È<Í�Ê�ËEÌ�ÍØÊ�Õ�Î�ÏnÄ3ÇÉÎEÍ©ÌÝÊ©ÐÉÄ�ÈÑÈ'ÏÑÍ©ÓbÔEÐÞÄ�Ï�Í(È(ßEÖàËEÎuÊ$ÏÑÇÉÕ1Î�Ï�Í©ÓbÔEÐÞÄ�Ï�Í(È'ÖàÕ�ÌRÊ�Õ�ÐáÐÉÍ(Ê�ÏÑÇÉâ1ÍØÄ1ÌÑÌnÄ�Ò�Õ1ÔKÍ©ÌnÄ�Ï�ÇáÕ�ÎCÈ©ßuÄ3ÎCÅrÓ�Ä1Ê©ÌÑÕ�ÈãÖàÕ1Ì
Å%ÇÉÈ<ÏÑÌ�ÇÉÛEË%ÏÑÍ�Å�Ê�Õ1Î�Ï�ÌÑÕ�Ð£Ê©Õ1ÎCÈ<ÏÑÌ�ËCÊ�Ï�È(ä

���



\�{xuXU@\òY
T[`b°x{xoVlØ�ZUXTV|xUXq'wr|}l[UXTV«ÅYZuXUb�}`b|ÔÙ�m�wruvmÍÙ�U©Yb|}l[wruXw�W�YZl[U9`blnm�UXT1q�YZ|x��{�Yb�bU � YZ|x\ÔuX`��0Wxwrq�UXT �
oVWcU@uXwå��u�wr|}lnU@TV«ÅYbu@UXo�ujYb|�°DU6u@`�|xo�lnT[{�u@lnU@\%TVUXq�Y~lnw��bUXqy^>oVl[TnYbw���m}l[«¬`�T�Ù9YZT[\xqy^�f
¨�mxU�qrYbT[��U@oVl�WxYbTVl�`Z«pl[mxUZ�bU@T[|xU@q-wro9u@`�|xuXU@T[|xU@\¡Ù�wylnm£��q�`�°�YbqDuX`��0�×{x|�wrujY~lnwr`b|£Yb|x\eYbTVw�l[m �

�0U@l[wru�`�WcU@TnYZl[wr`�|�o�`�|£\xw�oVl[T[wr°�{�lnU@\eYbT[T[Y�^Fo@f�¨�m�UXo[U�YZT[U
T[U@WxT[U@o[U@|±l[UX\�`�|>lnm�U
T[wr�bm±l � m�YZ|x\>o[w�\xU
`Z«'����{xTVU � fB¨�mxU
u@`��0�×{x|xw�ujYZl[wr`�|0`�WDUXTnY~lnwr`b|xo�oV{xWxWD`�TVl[UX\ewr|�uXqr{�\xU,��S�hB�bh ³�� YbT[T[Y�^ªwr|}l[T[wr| �
oVwruÔ`�WDUXT[YZlnw�`�|xo
o[{�uvmÑYbo)k8{K|æ}E~/�D�-lnmxUÍ«¬{x|xuzlnw�`�|ç�N�C�:� �8���E�i� �I�A�����3Ù�mxw�uvmí{�Wc\�Y~lnUXo6��mx`boVl
YZT[UjYZog`b«*Y0\xwro�lnTVwr°x{�l[UX\%YbT[T[Y�^b�Dl[mxU�«¬{x|xu@l[wr`�|è�A�u�:�u�c�tÙ�mxw�uvm�wro©U��±{xwy�bYZqrUX|}l©ln`òYòh�`�TVl[TnYb| ³��
YZT[TnYj^ªYboVo[wr�b|x�ªU@|}l9°DU@lJÙ�UXUX|�Y�u@`�|�«¬`�TV�ªw�|x�6W�YbwrT�`b«-oVUXuzlnwr`b|xo9`b«;lJÙ�`ÔYbTV°xw�l[TnYbTVwrq�^�\xwro�lnTVwr°x{�l[UX\
��S*h YZT[TnYj^FoX�'YZ|x\��ZYbTVwr`�{�o9�}YZl[mxUXT � Yb|x\eo[uXYZl[l[UXT � lJ^FWDU6`bWcU@TnYZl[wr`�|xo9Ybqrq�`�Ù�w�|x�×w�T[T[U@��{xqrYbT9W�YZl �
l[UXTV|xo*`b«t\xYZlvY�Ybu@uXUXoVoXf1s�T[w�l[mx�0U@lnw�u9`�WDUXT[YZlnw�`�|xo1o[{�WxWc`bTVlnU@\ªw�|xuXq�{x\xU�Ybq�qxh ³�� YbT[T[Y�^×T[UX\�{xu@l[wr`�|
YZ|x\ä�òYZl[T[w iÑYZT[w�l[mx�0U@lnw�uª`bWcU@TnYZl[wr`�|xo@�*Yb|x\ �gS*h uX`b�×°xwr|�wr|x�¡o[ujY~l[lnU@TXfÑs�uX`��0WxqrUzlnU>oVU@lÔ`b«
��S*h o�lvYb|x\xYbT[\�qrw�°xTnYbT�^ª«¬{�|xu@l[wr`�|xo�w�o�{x|x\xU@T�\�U@��U@qr`�W��ªU@|±lXf
k©UjYbTVq�^ Ybq�qglnmxU@o[Uí`�WcU@TnYZl[wr`�|�oé�¬wr|xu@qr{x\�wr|x���ªYb|}^�`b«�l[mxUíYbT[wylnmx�0U@l[wru�`�WDUXT[YZlnw�`�|xo��eYZT[U

°xYbo[U@\ë`�|ÜTVUX{xo[Yb°xq�U¡oVuvmxUX\x{�qrUXo@��wr| lnmxU¡Scsg¤Q¨�¯���d9��s©¦����0`�q�\;fÜs�o0Ù�UXq�q�YZoªoV{xWxWD`�TVl[wr|x�
l[mxU©wr|xoVWcU@u@ln`bT � U�i�UXuX{�ln`�T�uX`��0Wxw�q�YZl[wr`�|×o�lnT[YZlnU@�b^��±lnmxw�o*`�T[�}YZ|xwrÖXYZlnw�`�|Íwro*|�YZl[{xTnYZq�wr|0Yb|ò`b°F¥VUXuzl �
`bT[wrU@|}lnUX\äoVU@l[l[wr|x�ES Y%u@`��ª��{x|xwruXYZlnw�`�|ÑW�Y~l[lnU@T[|�°DUXu@`��ªU@oÔYb|ä`�°F¥VU@u@ljf�sgoÔYb|�w�qrqr{�oVlnT[YZlnw�`�|;�
u@`�|xoVwr\xU@T�l[mxU�TVUX\x{�u@lnw�`�|0`�WcU@TnYZl[wr`�|�oXfQs�qrq�TVUX\x{xuzlnw�`�|xo*«¬T[`��ÕY�\xw�oVlnTVwr°x{�lnUX\ªYbTVTnYj^Íln`�Y6�bqr`�°�YZq
TVUXoV{xq�l�YZT[U�\�UXo[u@T[w�°cU@\Ò°}^%Yb|âYb°xo�lnT[Ybu@l
°xYbo[U×u@q�YboVo,{xoVwr|x�>�FwrT�ln{�YZq3«¬{x|�u@lnw�`�|xo©«¬`�T,qr`FujYZq3°�qr`Fu��
TVUX\x{�u@lnw�`�|xo@f1��WDUXu@w���u�wr|xo�lvYb|xu@UXoBoV{xuvmÔYbo*{uê8ë�`�TÝì8íiîKï£êIk/�×YbT[U�uXTVUjYZl[UX\×°}^�\xUXTVw��Fwr|x��uX`�|�uXT[UzlnU
u@q�YboVo[U@o,lnm�YZlgwr|xo�lvYb|}l[w�YZl[U�lnm�UÍYbT[wylnmx�0U@l[wru��FwrTVl[{�Ybq&«¬{x|xuzlnwr`b|xoXf
¨�mxw�ogw�o
YòuXq�UjYb|�UXT
Yb|�\ �ª`�TVU
lJ^FWDU � o[UXu@{xT[UÁ�¬mxUX|xu@Ub��Wc`bl[UX|}lnwrYbqrqy^����0`�T[U%U@§0uXw�UX|}lnqy^Üu@`��ªW�wrq�YZ°xqrU��0YbqylnU@T[|�YZl[w��bU¡ln`�WxYbo[oVwr|x�
«¬{�|xu@l[wr`�|eWD`�wr|}lnU@T[o9l[`òYÍ��U@|xUXTVwru�T[U@\x{xu@l[wr`�|£«¬{x|�u@lnw�`�|;f
s�qrqxlnm�U�\�Y~lvY��ª`���U@�ªU@|}l�oVuvmxUX\x{�qrUXo9YbT[U�\xU@WcU@|x\xUX|}l�`�|ªl[mxU�w�|�«¬TnY � oVl[T[{xuzln{xTVU�`�|0l[mxU©qrU@«Øl �

mxYb|x\Òo[wr\�U0`Z«�l[mxUª����{xTVU � fÍ¨�mxwro�WxTV`��Fw�\xUXo
lnm�U0\�wroVl[T[w�°x{�lnU@\ÒYbT[T[Y�^�\xUXoVuXT[w�W�ln`bTX�3Yb|x\Ò°�YboVwru
oV{xWxWD`�TVl�«¬`�T�lnT[Y��bUXTVo[wr|��>\xwro�lnTVwr°x{�l[UX\¡\�YZlvYð��!V\�wroVl[T[w�°x{�lnU@\¡u@`�|}lnTV`�qg#���f�¯J�ªWD`�T�lvYb|}l�o[{x°xo�lnTV{xu �
l[{xT[U@o9wr|ªlnmxU
YZT[TnYj^ª\xUXoVuXTVwrW�l[`�T�YbTVU�lnm�Ul0(HK28ñ8.�`�°F¥VUXuzlj��Ù�m�wruvm£\xU@o[uXTVwr°DUXo9l[mxU,\xw�oVlnTVwr°x{�lnwr`b|ª`b«
YZ|ªYZT[TnYj^Í�bqr`�°�YZq�wr|�\xUzi×`��bUXT�Y
WxT[`FuXU@o[o*\xwr�0UX|�o[wr`b|;�}Yb|x\Ôlnm�UrñK0�QC7%�×`b°F¥VUXuzlj�}Ù�mxwruvm0\xU@o[uXTVwr°DUXo
l[mxU�UX�×°DUX\�\xwr|x�Ô`b«QYb|¡YbT[T[Yj^>wr|£l[mxU6Ybu@l[w���U�WxTV`�u@UXoVo[`�T©o[Uzljf
¨�mxUíqrw�°xTnYbT�^ëw�o�w��ªW�qrUX�0UX|}l[UX\�`�|/l[`�W `b«Ô�%S1¯vf©¯ l%w�oewr|xo�lvYbq�qrUX\ {�o[wr|��ëY _ k�� � o�lJ^FqrU

u@`�|i���b{xTnYZl[wr`�|eoVuXT[w�W�ljf1¯ l©m�YZo©°DUXU@|�l[UXo�lnUX\¡`�|£�ZYbT[w�`�{xo�WxqrYZl[«¬`�TV�ªo@��w�|xuXq�{x\xwr|��
+ ¯"]�� ��S �
+ Ð
��d YbqrW�m�Y×uXq�{xoVl[UXT
+ ��{x|¡��q�l[TnYboVW�YbTVu
uXqr{�oVlnU@T
+ � _ ¯�d�m�Ybq�qrU@|x��U
+ ]�UX`�Ù�{xqy«Qu@qr{xo�lnUXTh�Å­&¯"k��®�Z�

���



HPF program Other language program

Language parser

Language translation tools

HPF compiler

Interface

MPI library

PCRC run-time library

Intermediate Representation

Results

Aplication

Distributed memory machine

Fortran

Object code

Node machine compiler

Fortran node program Node program in 
other language

hQw���{xTVU �  �d�`��0WxwrqrYZlnw�`�|òo�^�o�lnU@�Ó`��bUXTV�Fw�U@Ù

¨�m�U�T[U@qrUXYbo[U6W�Ybu��~Yb��U�wr|xu@qr{x\�UXo�Y0lnU@oVl � o[{�w�lnU�«¬`�T�lnmxU)�bU@T[|xU@qQq�wr°xT[YbTV^b�'Yb|x\�YZ°c`�{�l �b�b� W�YZ��UXo
`Z«Q\x`FuX{��ªU@|±lnYZlnw�`�|;f
¨�mxU�wr|�w�lnwrYbqbTVUXq�UjYboVU�`Z«�lnm�U�k�Scs©d�S�d9¤�dé�ZUXT[|�UXqFo[`b«ØlJÙ�YbT[U�m�Ybo&°DUXU@|�wr|�oVlvYZqrqrU@\6YZl&�bYZT[wr`b{xo

{�o[UXT�o[wylnUXo@�pw�|xuXq�{x\xw�|x��SQYbu@w���uªk�`�T�lnm}Ù�UXoVlÍkgYZl[wr`�|�YZq1­&Yb°ò�ÅS�k�kg­R�z�3�1{xTV`�WcUXYb|�d�U@|}lnUXT6«¬`�T
SpYbTnYZqrqrU@qxd�`b�ªWx{�lvYZl[wr`�|×w�|l ,w�UX|x|�Yó�> �d9S�d��z�±��|�w���U@T[oVw�lJ^×`Z«thpqr`�TVwr\�Y��bYb|x\×l[mxU���|xwy��U@T[o[wylJ^×`b«
S3U��±wr|��xf*h�UXUX\�°�Ybu��×«¬T[`b�®lnmxU@o[U�o[w�l[UXor�ÅW�YZTVlnw�uX{xqrYbT[qy^�TVUXqrYZlnw�|x�,ln`6wr|xo�lvYbq�q�YZl[wr`�|�`b«tl[mxU�W�Ybu��~Yb��U
`b|�\xwy��UXTVo[U�oV^FoVl[UX�0opÙ�w�l[m�\xwyatU@T[U@|±lpuX`b�ªWxw�qrU@T[o&Yb|x\×�%S1¯-Wxq�Y~l[«¬`�TV�ªo��tm�Ybo3°cU@UX|×w�|xuX`�TVWc`bTnYZl[UX\
w�|}ln`�l[mxU9oV`b«ØlJÙ9YZT[Ubf�
�U�Uzi�WcU@u@l1l[mxwropWxT[`FuXU@o[oQl[`,uX`�|}l[wr|±{xU�`��bUXTBlnm�U�uX`b�ªw�|x�g�0`�|}lnmxo@�bq�UjYb\xw�|x�
l[`Ôwr�0WxT[`���U@\¡WD`�T�lvYb°xw�qrwylJ^�f

íU�YZT[U6uX`�q�q�Yb°D`�TnY~lnwr|���Ù�w�l[m%SpYbuXwå��u�k©`�TVl[m}Ù�U@oVl
k�YZlnw�`�|�Ybq;­3YZ°;�'wr|}��U@oVlnw��}YZl[wr|x�Ôwr|}l[UX��T[Y �

l[wr`�|�`b«xl[mxU9S�d9¤�dÑo[`Z«ØlJÙ9YbTVU�Ù�w�l[m�l[mxU _ qr`�°xYbq±sgT[T[Yj^6l[`�`bqg�±w�l"� _ s��zf~¨�mxU���`�Ybq�w�o3l[`gw��ªWxTV`���U
l[mxU _ s oV^FoVl[UX� °}^eYb\�\xwr|x�ÍoV{xWxWD`�TVl�«¬`bT9��UX|�UXTnYZq-\xwro�lnT[w�°x{�l[UX\eYbTVTnYj^FoX�'Yb|x\£l[`Íwr�0WxT[`���U�lnmxU
k�Scs©d S�d9¤�d�oV`b«ØlJÙ9YZT[UÍ°}^ qrwy«Ølnw�|x�0l[mxUÍ`�|xU � oVwr\xU@\ uX`��0�×{x|xw�ujYZl[wr`�|¡q�Yj^�U@T,«¬T[`�� _ s�ft¨�m�wro
Ù�w�qrq-YZqrqr`�Ù/°cUzl[l[UXT©o[{xWxWD`�T�l�«¬`�T�lnYbo��£W�YZTnYbq�qrUXq�wroV�)«¬TV`���lnm�U�S�d9¤�d q�wr°xT[YbTV^b�'Yb|x\��òYj^£^FwrU@qr\
w��ªW�T[`���U@\Íwr�0WxqrU@�ªU@|±lnYZlnw�`�|xo3`b«'lnmxU�U�i�wroVl[wr|x�
u@`�qrq�UXuzlnw��bU�`�WDUXT[YZlnw�`�|xoB`b|0W�q�YZlV«¬`�T[�0o3l[m�YZl*oV{xW �
WD`�T�l�T[UX�0`bl[U
�ªU@�ª`�T�^£Ybu@uXU@o[o �ü¤��¡sZ�9wr|em�YZT[\�Ù�YbT[UZf

	��
�®ô��x���)�öõ,(12��ÝUL� $fp +-���)�
��H��&�
¨�m�U�k�Scs©d/u@`��ªW�wrqrU@T�� ´��u� wro�w��ªWxq�UX�0UX|}lnU@\eYbo�YÔl[TnYb|xoVq�YZl[`�T�«¬TV`�� �gS*h�ln`ªh�`�TVl[TnYb| ��� f�¯ l
«¬`FuX{�o[o[U@o�`b|¡U�i�W�qr`�wylvYZl[wr`�|>`Z«QU�i�W�qrwru@w�l9«¬`bTnYbq�qtW�YbT[Ybqrq�UXq�wro[��w�|el[mxU�o[`�{�T[uXU6��S�häWxTV`���TnYZ�¡f

���



0

5

10

15

20

25

0 1 2 3 4 5 6 7 8 9

T
im

e 
(i

n 
se

co
nd

s)

Processor number

LAPLACE with simple alignment

PCRC 256
PCRC 512

PCRC 1024
PGI 256
PGI 512

PGI 1024
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¨�m�UòoV^Fo�lnUX� Yb|�Ybqy^FÖXUXo�lnm�Uòwr|�Wx{�l�o[`�{xTVuXUªq�Yb|x�b{�Yb��UªYb|x\íuX`�|}��U@TVl[oÍw�l�ln`%Y¡{x|xwy«¬`�T[� w�|}lnUXT �
�0UX\�w�YZl[U£T[UXW�T[UXoVUX|}lvY~lnwr`b|j�Å¯"¤6��Ù�mxwruvm�ujYb|�q�YZl[UXTÍ°DU¡�ªYb|xw�Wx{xqrYZlnU@\�°±^ Yâo[Uzlò`Z«g«¬{x|xuzlnw�`�|xo
W�T[`��Fwr\xU@\¡w�|¡Y0d����Ûu@q�YboVo�qrwr°�TnYbT�^�f
¨�mxU6W�Ybu��~Yb�bU6w�o�\xw��Fw�\xUX\ewr|}l[`Ôl[mxU
«¬`�qrq�`�Ù�wr|x�×u@`��0Wc`�|�UX|}lno@ 
+Áù ß�½&ùDÂ3ß�ùDÊ�åpßx¿~àXÊ±¿~à ¨�mxUÍqrYb|x��{�YZ��U�WxYbT[oVUXT[o�YZT[U�{�o[UX\ l[`>uX`�|}�bUXTVl6WxTV`���T[Yb�
o[`�{xTVuXU
uX`F\xUªl[`�¯"¤6fp¨�mxU>¯"¤�wro�\xUXoVwr��|xU@\Ñln`�°DUòoV{xw�lnYb°xq�Uª«¬`�T6�×{xqylnwrW�qrUÔWxT[`b��TnYb�0�0wr|x�eq�YZ| �
��{�Yb��U@oXf¶
íU©YbqrTVUjYb\�^×m�Yj��U�Yb|0�gS*hâq�Yb|���{�Yb��U�W�YbT[oVUXT6�Åw�|xuXq�{x\xw�|x��Y
o[UX�ªYb|}lnw�uXo*uvmxU@u�� �
wr|x�0�ª`F\x{xq�U,ln`ªuvmxUXu��¡Ybqrq-u@`�|xo�lnTnYZwr|}lno©wr|�lnmxU6q�Yb|���{�Yb��U�\xU1��|xwylnwr`b|���Yb|x\�Y Ú Yj�ZYªq�YZ| �
��{�Yb��U
WxYbT[oVUXTXf*sÛd����ÛW�YbTVo[U@T©w�o�°cU@wr|x�Ô\xUz��U@qr`�WDUX\;f

+ È,ß�ÃEú�ßxù'Êâ¾�À;ÀDêüà ¨�mxUXoVU×ln`F`�qrogYbT[U�{xo[U@\ «¬`�T�\�wro[W�q�Yj^Fwr|x�òl[mxU�w�|}lnUXTV�ªU@\xw�Y~lnU�TVUXWxTVUXoVUX| �
lvYZl[wr`�|;f©¨9Ù�`�`Z«1lnmxU@� YbTVU×Yj�ZYbwrqrYb°xq�U6|�`�Ù�f6¦,|xU6ln`F`�q3{x|xW�YbTVo[U@o,lnmxU×¯"¤ °�Ybu��eln`ªlnmxU
q�Yb|x�b{�Yb��U©o[`�{�T[uXUguX`F\xU�«¬`�T�Ù�mxwruvm>l[mxUgWxYbT[oVUglnTVUXUgÙ�Ybo9��U@|xUXT[YZlnU@\;f1¨�mxU,`ZlnmxU@T9\x{x�0Wxo
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General Benchmark Speedup (No Communication) (Compared with Sequential)

PCRC CYCLIC 800k
PGI CYCLIC 800k

hpwr��{xTVU �  ��F^F|}lnm�U@lnw�u�°DUX|�uvmx�òYZT��>w�|±�b`�q��Fw�|x�Ôu@^FuXq�wru
\xw�oVlnTVwr°x{�lnwr`b|>«¬`�T[�ªYZljf

lnmxU�¯"¤ w�|�W�q�Ybw�|>lnUziFl©`�T��©¨©�%­�«¬`�T[�ªYZl9«¬`bT�\xUX°x{�����wr|��0W�{xT[WD`�o[UZf

+ øqüGü Ã}êÅß�àXà�êÅÄÅý3¿�ßx¿�Þ s d���� uXqrYbo[o�qrwr°�TnYbT�^Ôm�Ybo�°DUXU@|£UziFlnU@|x\xU@\e«¬TV`��ÕlnmxU,��Yb��U����
uXq�YZo[oBq�wr°xT[YbTV^bfp¯J|Ílnm�U�qrwr°�TnYbT�^��Zl[mxU�|x`F\xUXo1`Z«cl[mxU�oV^F|}lvY~i×lnT[U@U�YbT[U��òYbW�WcU@\×ln`�\xw�acUXTVUX|}l
d��)� u@q�YboVo[UXo@�cÙ�wylnm�YZo[o[`FuXwrYZlnU@\��0UX�×°DUXT�«¬{x|xuzlnwr`b|xo�W�T[`��Fwr\xU@\�ln`òWDUXT�«¬`�T[� o�lvYb|�\�YbT[\
lnTnYZ|xoV«¬`�TV�òY~lnwr`b|xoX��o[{xuvm%Ybo�wr|xoVUXTVl[wr|x�Í`bT�\xUXq�U@lnw�|x�ÔoVlnYZlnU@�ªU@|±l[o�«¬T[`���l[mxU
lnTVUXUbf

+ î�ÊFà@¾âàjÂ3Ä¬¾jÊ sg|ÑU�i�l[UX|xoVw��bU>lnUXo�lÍo[{�w�lnUªwro6\xUXoVwr��|�UX\Ñ«¬`�T6\xw�acUXTVUX|}l×qrYb|x��{xYb��U0W�YbT[oVUXTVoXf
h'`bTªU�ixYZ�ªWxq�Ub��l[mxU�W�YZu��ZYZ��U%w�|xuXq�{x\xUXoòYý!©�xT[oVlò`�T[\�UXT�#�Uzi�m�Yb{xo�lnwy��U oV^F|}lvY�iÜl[UXoVlX��wr|
Ù�mxwruvm¡UjYbuvm ]�kgh�o�^F|±lnY~i%T[{xq�U6w�o�{�o[UX\�YZl©qrUjYZoVl�`�|xuXUZf�¯ l
Ybq�o[`0wr|xu@qr{x\�UXo©Ybqrq-U�i�Yb�ªW�qrU
WxT[`��bTnYb�0oÍ«¬T[`�� ![�¡wr��T[YZlnw�|x� ln`íh�`�TVl[TnYb| ³�� #íYb|x\ lnmxU¦![�gS*h�m�Yb|x\x°D`F`£��#�YboÔlnU@oVl
ujYboVUXo�«¬`�T9lnmxU6��S�h�W�YZT[o[U@TXf
¨�mxU�W�Ybu��~Yb��U6wro©Yb{�ln`FuX`�|i�x��{xT[U@\�Yb|�\¡lnU@oVl[UX\�`�|�\xwyatU@T[UX|}l�Wxq�Y~l[«¬`�TV�ªo@�xwr|xu@qr{x\�wr|x�x *¯"]��

s�¯n�×�D����k�¦6������`�qrYbT[w�oX�xÐ
��d/¦6��h����gSÜ�gS � �P�×�D� _ ¯�¯"¤�¯n�ÛYb|x\¡S�d/­-wr|±{�icf
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k�Scs©d uX`b�ªWxw�qrU@T�l[mxU×S _ ¯��gS*hÜu@`��0Wxwrq�UXTX���bUXT[oVwr`�| � f � f©¨�m�U×WxT[`b��TnYb�0o�Ù�U@T[U×TV{x|�`�|�lnmxU
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�bUX|xU@TnYbq�q�^Ò`�{xTÍu@`��ªW�wrqrU@T�U�i�mxwr°xwylno×°DU@lVlnU@TÍo[WDUXUX\�{xW�`b| ��{xq�l[wrWxq�UªWxTV`�u@UXoVo[`�TVoX��WxT[U@o[{x�ªYb°xqy^
\�{xU,ln`Ô�0`�T[U,UzatU@u@l[w���U�m�YZ|x\xqrw�|x�×`b«3u@`��ª��{x|xwruXYZlnw�`�|;fp¨�mxU�oV^F|}lnmxUzlnwru�°DUX|xuvm��òYbT(�òw�|±�b`�q��bUXo
|�`>uX`��0�×{x|�wrujY~lnwr`b|8S�wyl�wro�Yò«¬`�TnYbq�q&Ybo[oVwr��|��ªU@|±lgwr|}��`bq��Fwr|x�ªq�YbTV��U×YZT[TnYj^FoXfg¯ l,o[{�����UXo�lno,l[m�YZl
�¬{x|xq�wg�bU�lnmxU
S _ ¯�u@`��0Wxwrq�UXT��BÙ�U
\xUjYbqcÙ�w�lnmeYZ\x\xT[U@o[o9l[TnYb|xoVq�YZl[wr`�|òU@§0uXw�UX|}lnqy^��xUz��UX|£«¬`�T�u@^FuXq�wru
\�wroVl[T[w�°x{�lnw�`�|�«¬`�TV�òYZlXfè�þ��WDUXU@\x{xWÑw�o
T[UXqrYZlnwy��UÍln`¡Yb|ÒU��±{xwy�bYZqrUX|}l6o[U��±{xUX|}lnwrYbq*WxT[`b��TnYb� uX`�� �
W�wrqrU@\>Ù�w�l[m�l[mxU�¯"]�� h�`�T�lnT[Yb|£uX`��0Wxw�qrUXT@fÞ�
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Ð,w�T[U@u@lnqy^ÒujYbq�qrwr|���l[mxU£uX`��0�0`�|ÑT[{�|±l[wr�0Uª«¬TV`�� ��S��¡ÐÓYZWxWxqrw�ujYZl[wr`�|íuX`F\xUç�ÅYbo×`�WxWD`�oVUX\�ln`
mxY��Fw�|x�òwyl�uXYbqrq�UX\�«¬T[`�� u@`��ªW�wrqrU@T � ��UX|xU@TnYZl[UX\�uX`F\xU%��WxTV`��Fw�\xUXogYªWD`�Ù�UXT�«¬{xqBYZ|x\è@�U�i�wr°xq�U�W�YbT �
YZqrqrU@q�WxTV`���T[Yb�ª�0wr|��%W�YbT[Yb\xw����¡�1°�{�lÔ`�|xU£Ù�mxw�uvm�w�oÍo[{xWDUXT©��uXwrYbqrqy^�u@qr{x�0oV^ÑYb|x\ wr|xUz§ªu@wrU@|±lX�
°DUXuXYb{xoVU>oVlnYb|x\�YbTV\�WxTV`���T[Yb�ª�0wr|���qrYb|x��{xYb��UXo6m�Yj��Uª|x`%oVWcU@uXwå��u>oV^F|}lvY�ií«¬`bT��ªYb|xw�Wx{xq�Y~lnwr|��
\�wroVl[T[w�°x{�lnU@\äYbT[T[Yj^�o@fä�F^FTnYZuX{xoVU¡w�o×\xU@�bUXq�`�Wxwr|��íY�l[TnYb|xoVq�YZl[`�T�«¬`bTÔY�\xw�Ybq�UXuzlÍ`b« Ú Yj�bY uXYbqrq�UX\
��S Ú Y��ZY�f�¨�mxwro�wrogYªq�YZ|x��{�Yb�bU�oVWcU@uXw��xujYbq�q�^e\xU@o[wr�b|xUX\�«¬`�Tg��S��%Ð WxTV`���T[Yb�ª�0wr|��x�xÙ�w�l[m�\xwro �
l[T[w�°x{�lnU@\ÑYbTVTnYj^Fo×Yb\�\xUX\�Ybo�qrYb|x��{�YZ��UÔWxT[w��ªwylnw��bUXo@f>]�^Ò\xU@o[wr�b|;�Qwyl�w�o�Y�q�Yb|���{�Yb��UÍl[m�YZl�ujYb|
°DU×WxTVUXWxTV`�u@UXoVo[UX\âo�lnTnYZwr��m}l[«¬`bTVÙ�YbT[\xqy^eln`>o�lvYb|x\xYbT[\ Ú Yj�ZYòÙ�w�l[m�ujYbq�qro�ln`òl[mxUl�ZUXT[|�UXq1T[{�|±l[wr�0U
�¬\xwro�lnw�|x��{xw�o[mxw�|x�>w�lg«¬T[`�� �gS*h��tÙ�m�`�o[UÔlnT[Yb|xo[qrYZlnw�`�|���U@|xUXT[Ybqrqy^%TVU��±{xw�T[UXo
u@`��0WxqrU�i uX`b�ªWxw�qrU@T
YZ|�Ybq�^FoVwro���f1]�U@o[wr\�UXo9Y�uXqrUXYb|òw�|}lnUXT�«ÅYbuXU©ln`6lnmxUgS�d9¤9d TV{x|}lnw��ªU©o[`b«ØlJÙ�YbTVUb��l[mxUgU�i�l[UX|x\�UX\£q�YZ| �
�b{�Yb��U,Ù�w�qrqcYbqroV`Í°cU
oV{xWxWD`�TVl[UX\e°}^eYÍ\xwrTVUXu@l9wr|}lnU@TV«ÅYbu@U,ln`0�%S1¯�«¬TV`�� Ú Yj�ZY�f1¨�mxU
\�U���|xwylnw�`�|xo
`Z«;lnmxUg�gS Ú Yj�ZY�q�Yb|���{�Yb��U�Yb|x\ªlnmxUgYbo[oV`�u@w�YZl[UX\ !V�gS1o[Wx�0\I#×W�T[`���T[Yb�0�ªw�|x���ª`F\xUXq'm�YZo�°DUXUX|
W�T[UXoVUX|}lnU@\%Y~l9�ZYbT[w�`�{xo�u@`�|�«¬U@T[UX|�uXUXo©Yb|�\>Ù�`�T(�±o[mx`�W�o � ��� � �b� � ��� � ´�� � ´��E� f��FUXU
Ybq�o[`�� �b� � ´b�K� f
¨�mxU©°�YboVwru Ú Yj�ZY6w�|±l[UXT�«ÅYbuXU�ln`�kgSDs©dÁ�bU@T[|xU@qcq�wr°xT[YbTV^�wro1|x`�Ù `bWcU@TnYZl[wr`�|�YZqþf3Ð,UXoVwr��|0`b«DlnmxU

��S Ú Y��ZYÔlnTnYZ|xo[qrYZln`�T�wro��òY~ln{xTVwr|x�xf�
í`�T��òuX`�|}lnw�|±{xUXo©`�|elnmxU6wr�0WxqrU@�ªU@|}lvYZl[wr`�|>`Z«Qlnm�U�l[TnYb|�o �
qrYZln`bTXft
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`Z«Bd����×f®�Å¨�m�U
�}YbW£wro�YZl[l[T[w�°x{�lvYZ°xqrU©ln`�l[mxU
\xw�acUXTVUX|xu@U
wr|>WDUXT�«¬`�T[�ªYb|xu@U,`b«&lnm�UglvYbTV��U@l Ú Y��ZY
YZ|x\�d�uX`��0Wxw�qrUXTVoXfB¨�m�wro��}YbW�wro�mxYbo�°cU@UX|�uXqr`bo[wr|��ÍTnYbWxw�\xq�^ò`���UXT�l[mxU�q�Ybo�l�^�UjYZTXfÉ�
s «¬{xq�qþ�F`�°F¥VU@u@l � `�T[w�UX|}lnU@\ Ú Y��ZY×w�|±l[UXT�«ÅYbuXU,l[`0�%S1¯ � f � m�Ybo�°DUXU@|ewr�0WxqrU@�ªU@|±l[UX\>{�o[wr|��×lnmxU

Ú Yj�ZY�|xYZlnwy��U��0U@l[mx`F\xoQw�|±l[UXT�«ÅYbuXUr� Ú k©¯©�zf~¨�mxU9uX`b�ªWxTVUXmxU@|xo[wy��U9¯"]9� �%S1¯;lnU@oVl1oV{xw�l[U�m�YZoQ°DUXUX|
l[TnYb|�o[q�Y~lnUX\£l[` Ú Y��ZY�f�
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U�i�Yb�ªW�qrUb�DlnmxUÍq�wr°xT[YbTV^�YZqrqr`�Ù�ogYb| wrTVT[UX�b{xq�YbTVq�^e\xw�oVl[T[wr°�{�lnU@\ YbT[T[Yj^%u@T[UjY~lnUX\ �Fw�Y0lnmxU0d9�©s©¦6�
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