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ABSTRACT 

��� LV� D� VFDODEOH�� WUDQVSDUHQW� V\VWHP� IRU� H[SHULPHQWLQJ� ZLWK WKH�

H[HFXWLRQ RI�SDUDOOHO�SURJUDPV RQ�VLPXODWHG�FRPSXWLQJ�SODWIRUPV.  

7KH� OHYHO� RI� VLPXODWHG� GHWDLO� FDQ� EH� YDULHG� IRU� DSSOLFDWLRQ�

EHKDYLRU�DV�ZHOO�DV�IRU�PDFKLQH�FKDUDFWHULVWLFV�� �8QLTXH�IHDWXUHV�

RI� ��� DUH� UHSHDWDELOLW\� RI� H[HFXWLRQ�� VFDODELOLW\� WR� PLOOLRQV� RI�

VLPXODWHG� �YLUWXDO�� 03,� UDQNV�� VFDODELOLW\� WR� KXQGUHGV� RI�

WKRXVDQGV�RI�KRVW��UHDO��03,�UDQNV��SRUWDELOLW\�RI�WKH�V\VWHP�WR�D�

YDULHW\� RI� KRVW� VXSHUFRPSXWLQJ� SODWIRUPV�� DQG� WKH� DELOLW\ WR�

H[SHULPHQW� ZLWK� VFLHQWLILF� DSSOLFDWLRQV� ZKRVH� VRXUFH-FRGH LV�

DYDLODEOH.  7KH� VHW� RI� VRXUFH-FRGH� LQWHUIDFHV� VXSSRUWHG� E\���� LV�

EHLQJ�H[SDQGHG WR�VXSSRUW�D�ZLGHU�VHW�RI�DSSOLFDWLRQV��DQG�03,-

EDVHG� VFLHQWLILF� FRPSXWLQJ� EHQFKPDUNV� DUH� EHLQJ� SRUWHG.  ,Q�

SURRI-RI-FRQFHSW�H[SHULPHQWV�����KDV�EHHQ�VXFFHVVIXOO\�H[HUFLVHG�

WR� VSDZQ�DQG� VXVWDLQ�YHU\� ODUJH-VFDOH� H[HFXWLRQV�RI� DQ�03,� WHVW�

SURJUDP� JLYHQ� LQ� VRXUFH� FRGH� IRUP�  /RZ� VORZGRZQV� DUH�

REVHUYHG�� GXH� WR� LWV� XVH� RI� SXUHO\� GLVFUHWH� HYHQW� VW\OH� RI�

H[HFXWLRQ�� DQG� GXH� WR� WKH� VFDODELOLW\� DQG� HIILFLHQF\� RI� WKH�

XQGHUO\LQJ�SDUDOOHO�GLVFUHWH�HYHQW�VLPXODWLRQ�HQJLQH���VLN�  ,Q�WKH�

OAZDUJHVW�UXQV���� KDV�EHHQ�H[HFXWHG�RQ�XS�WR���������FRUHV�RI�D�

&UD\�;7� VXSHUFRPSXWHU��VXFFHVVIXOO\�VLPXODWLQJ�RYHU��� PLOOLRQ�

YLUWXDO� 03,� UDQNV�� HDFK� YLUWXDO� UDQN� FRQWDLQLQJ� LWV� RZQ� WKUHDG�

FRQWH[W��DQG�DOO�UDQNV�IXOO\�V\QFKURQL]HG�E\�YLUWXDO�WLPH. 

Categories and Subject Descriptors 

D.4.8 [Operating Systems@�� 3HUIRUPDQFH� – Simulation��

Operational Analysis; D.4.4 [Operating Systems]: 

&RPPXQLFDWLRQV� 0DQDJHPHQW� – Buffering�� Message Sending��

Network Communication; D.4.8 [Operating Systems] 

3HUIRUPDQFH� – Operational Analysis�� ,����� >Simulation and 

Modeling@� *HQHUDO�� ,����� >Simulation and Modeling] 

$SSOLFDWLRQV 

General Terms 

3DUDOOHO�DOJRULWKPV��3HUIRUPDQFH��([SHULPHQWDWLRQ 

Keywords 

03,��9LUWXDO�([HFXWLRQ��6XSHUFRPSXWLQJ��6\QFKURQL]DWLRQ 

1.  INTRODUCTION 

�� LV� GHVLJQHG� WR� VROYH� WKH� IROORZLQJ� SUREOHP��*LYHQ� D� SDUDOOHO�

DSSOLFDWLRQ�$.�� HVWLPDWH� WKH� FKDUDFWHULVWLFV� LW�ZRXOG� H[KLELW� LI� LW�

ZHUH H[HFXWHG�RQ�D��LPDJLQDU\��VLPXODWHG��PDFKLQH�0.���7KH�WRRO�

IRU� VXFK� H[SHULPHQWDWLRQ�� ZKLFK� LQ� JHQHUDO� LV� D� SDUDOOHO�

DSSOLFDWLRQ�$� LQ�LWV�RZQ�ULJKW��LV�WR�EH�H[HFXWHG�RQ�DQRWKHU��UHDO��

PDFKLQH�0� LQ�DQ�DV-IDVW-DV-SRVVLEOH�PDQQHU�  ��� LV� VXFK�DQ�A� 

V\VWHP��ZKLFK�ZH� GHVLJQ� DV� D� SDUDOOHO� GLVFUHWH� HYHQW� VLPXODWLRQ�

�3'(6�� V\VWHP WKDW� VLPXODWHV� WKH� H[HFXWLRQ� RI� DQ\� FRPSOH[�

0HVVDJH� 3DVVLQJ� ,QWHUIDFH� �03,�-EDVHG DSSOLFDWLRQ� $. RQ� DQ\�

XVHU-FRQILJXUHG LPDJLQDU\�PDFKLQH 0.�� � ��� LWVHOI� H[HFXWHV� LQ� D�

VFDODEOH�ZD\� RQ� DQ\� VXLWDEOH� SDUDOOHO� FOXVWHU� RU� VXSHUFRPSXWLQJ�

SODWIRUP�0� VXFK�DV�D�&UD\�;7��RU�%OXH�*HQH�3�V\VWHP� 

7\SLFDOO\� H[SHULPHQWDWLRQ ZLWK A. LV�PRWLYDWHG�E\� WKH�GHVLUH� WR�

REVHUYH�PHWULFV�VXFK�DV�FRPSXWDWLRQ�WLPH��EORFNHG�WLPH��PHPRU\�

FRQVXPSWLRQ�� DQG� QHWZRUN� ORDG�� � $GGLWLRQDO� DVSHFWV� LQFOXGH�

VRIWZDUH� HQJLQHHULQJ� FRQFHUQV� VXFK� DV� XQFRYHULQJ� VRIWZDUH�

VKRUWFRPLQJV�RU�RWKHU�XQNQRZQ�EHKDYLRU�ZKHQ�WKH�DSSOLFDWLRQ�LV�

H[HFXWHG�RQ�D�ODUJHU�QXPEHU�RI�SURFHVVRUV�WKDQ�IHDVLEOH�EHIRUH. 

,GHDOO\�� WKH� H[SHULPHQWV� VKRXOG� EH� �D�� UHSHDWDEOH�� �E�� DFFXUDWH��

DQG� �F�� IDVW�� LQ� WKDW� RUGHU� RI� SUHIHUHQFH�� � +RZHYHU�� ZKHQ� WKH�

FRPSOH[LW\� RI� WKH� DSSOLFDWLRQ� $. DQG�RU� WKH� PDFKLQH� 0. 

LQFUHDVHV�� LW� EHFRPHV� D� KDUGHU� HQGHDYRU� WR� VDWLVI\� DOO� WKH�

SUHFHGLQJ WKUHH�FULWHULD�DW�RQFH�� � ,Q�SDUWLFXODU��ZKHQ� WKH WDUJHWHG 

QXPEHU�RI�SURFHVVLQJ�HOHPHQWV� LQ�0. LV�RQ� WKH�RUGHU�RI���
�
-��� 

�FRPSDUDEOH� WR� H[LVWLQJ� DQG� HPHUJLQJ� SHWD-VFDOH� DQG� H[D-VFDOH�

SODWIRUPV��� D� VSHFLDOO\� GHVLJQHG� VFDODEOH� DQG� HIILFLHQW�

H[SHULPHQWDWLRQ� V\VWHP� LV� QHHGHG� WR� PHHW� WKH� JRDOV�� � �� LV�

GHVLJQHG�WR�ILOO�WKLV�QHHG� 

7KH� QDPH� �� LV� D� *UHHN� DEEUHYLDWLRQ� IRU� WKH� DFURQ\P� 083,�

VWDQGLQJ�IRU�micro SDUDOOHO�pHUIRUPDQFH�iQYHVWLJDWLRQ�V\VWHP� 

+HUH��ZH�GRFXPHQW�D�VQDSVKRW�RI�ZRUN�LQ�SURJUHVV�LQ�RXU�GHVLJQ��

GHYHORSPHQW� DQG�XVDJH�RI��� IRU� ODUJH-VFDOH� H[SHULPHQWDWLRQ RI�

03,-EDVHG�SDUDOOHO�VFLHQWLILF�FRGHV�  7KH�IRFXV�RI�WKLV�UHSRUW�LV�RQ�

GRFXPHQWLQJ�SURRI-RI-FRQFHSW�VFDOLQJ�UHVXOWV�IURP�D�SURWRW\SH����

LPSOHPHQWDWLRQ� 

1.1  Motivation 
,Q UHIHUHQFH >�@��WKH�QHHG�IRU�VLPXODWLQJ�WKH�H[HFXWLRQ�RI�SDUDOOHO�

SURJUDPV� LV� ZHOO� DUWLFXODWHG�� EDVHG� RQ� WKH� IDFW� WKDW� WKH� DYHUDJH�

XVHIXO�OLIHWLPH�RI�D�SDUDOOHO�PDFKLQH�LV���\HDUV��ZKHUHDV�WKDW�RI�D�

SDUDOOHO� DSSOLFDWLRQ� �VRXUFH� FRGH�� LV� XS� WR� ��� \HDUV�� � 7KHUH� DUH�

PDQ\� DGGLWLRQDO�PRWLYDWLQJ� IDFWRUV� WKDW� DUH�ZHOO� GRFXPHQWHG� LQ�

WKH� OLWHUDWXUH� �SOHDVH� VHH� WKH� UHODWHG�ZRUN� LQ� 6HFWLRQ� ���� ��� � $Q�

HQYLURQPHQW� IRU� GHEXJJLQJ�� WHVWLQJ� DQG� FXVWRPL]LQJ� H[LVWLQJ�

DSSOLFDWLRQV� WR� QHZ� SDUDOOHO� KDUGZDUH� DQG� VRIWZDUH� SODWIRUPV�

ZRXOG� EH� XVHIXO� WR� LPSURYH� WKH� XWLOL]DWLRQ� RI� PDQ\� UHVRXUFHV���

3XUHO\� DQDO\WLFDO� DSSURDFKHV� DORQH� DUH� LQDGHTXDWH� WR� HIIHFWLYHO\�

H[SHULPHQW�ZLWK�SDUDOOHO�DSSOLFDWLRQV��GXH�WR�WKH�LQFUHDVLQJ�VFDOH�

DQG� ZLGHQLQJ� GLYHUVLW\� RI� KDUGZDUH� SODWIRUPV�� PLGGOHZDUH�

V\VWHPV��VRIWZDUH�LQWHUIDFHV��DQG�SDUDOOHO�DOJRULWKPV���,GHDOO\��DQ�

H[LVWLQJ� DSSOLFDWLRQ� ZRXOG� EH� PLQLPDOO\� PRGLILHG� DQG� VLPSO\�

H[HFXWHG�RQ� D�QHZO\� HQYLVLRQHG�SDUDOOHO� V\VWHP�EHIRUH� WKDW� QHZ�

V\VWHP� LV� EXLOW�� � 1RW� RQO\� FDQ� WKH� DSSOLFDWLRQ� EHQHILW� IURP� WKH�

SHUIRUPDQFH� LQVLJKWV�� EXW� DOVR� WKH� V\VWHP� GHVLJQHUV� FDQ� XVH� WKH�

REVHUYHG�EHKDYLRU�WR�LPSURYH�WKH�V\VWHP�GHVLJQ� 

3HUPLVVLRQ� WR�PDNH�GLJLWDO�RU�KDUG�FRSLHV�RI� DOO�RU�SDUW�RI� WKLV�ZRUN� IRU�

SHUVRQDO�RU�FODVVURRP�XVH�LV�JUDQWHG�ZLWKRXW�IHH�SURYLGHG�WKDW�FRSLHV�DUH�

QRW�PDGH�RU�GLVWULEXWHG�IRU�SURILW�RU�FRPPHUFLDO�DGYDQWDJH�DQG�WKDW�FRSLHV�

EHDU�WKLV�QRWLFH�DQG�WKH�IXOO�FLWDWLRQ�RQ�WKH�ILUVW�SDJH��7R�FRS\�RWKHUZLVH��

RU� UHSXEOLVK�� WR� SRVW� RQ� VHUYHUV� RU� WR� UHGLVWULEXWH� WR� OLVWV�� UHTXLUHV� SULRU�

VSHFLILF�SHUPLVVLRQ�DQG�RU�D�IHH� 
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,PSRUWDQW� FRQVLGHUDWLRQV� LQ� WKH� GHVLJQ� RI� ��� DUH� VXSSRUW� IRU�

PHPRU\-FRQVWUDLQHG� SURJUDPV�� ODUJH� QXPEHU� RI� UHDO� SURFHVVRUV��

DQG� FRQWUROOHG� H[HFXWLRQ� RI� DFWXDO�� XQPRGLILHG� FRGHV� RQ� YLUWXDO�

SODWIRUPV�ZLWK� RQH� WR� WZR� RUGHUV RI�PDJQLWXGH�PRUH� QXPHURXV�

03,�UDQNV�WKDQ�WKH�QXPEHU�RI�FRUHV�DYDLODEOH�LQ�UHDO�KDUGZDUH� 

1.2  Scaling Challenges 
6FDOLQJ�WKH�VLPXODWRU�WR�YHU\�ODUJH�QXPEHU�RI�SURFHVVRUV�UHTXLUHV�

QHZ�VFDODEOH�PHWKRGV���6XFK�VFDOLQJ�LVVXHV�RI�WKH�VLPXODWRU�KDYH�

QRW� EHHQ� DV� LPSRUWDQW� LQ� HDUOLHU� V\VWHPV� HLWKHU� GXH� WR� XVH� RI�

UHODWLYHO\� VPDOO� QXPEHU� RI� SURFHVVRUV RU� GXH� WR� DEVWUDFWLRQ�

DSSURDFKHV�WKDW�UHO\�RQ WUDFHV�RU�H[HFXWLRQ�PRGHOV ZLWKRXW�KDYLQJ�

WR�H[HFXWH�DFWXDO�DSSOLFDWLRQV�RQ�VLPXODWHG�PDFKLQHV. 

$Q� H[DPSOH� RI� WKH� VLPXODWRU� VFDOLQJ� FKDOOHQJHV� LV� LQ� WKH�

YLUWXDOL]DWLRQ� RI� WKH� MPI_Barrier() PHWKRG�� � :KHQ� WKH 

DSSOLFDWLRQ� LQYRNHV� WKH� EDUULHU� FDOO�� WKH� FDOO� LV� WUDSSHG� E\� WKH�

VLPXODWRU�� � 7KH� HODSVHG� WLPH� IRU� VDWLVIDFWLRQ� RI� WKH� EDUULHU� LV�

VLPXODWHG��ZLWK�HLWKHU�D�XVHU-VSHFLILHG�RU�DOJRULWKP-LQGXFHG�WRWDO�

GHOD\�� � $� XVHU-VSHFLILHG� UXQWLPH� FRVW� IRU� EDUULHU� FDOOV� FRXOG� EH�

XVHG� WR� H[SHULPHQW� ZLWK� D� GHVLUHG� RU� IL[HG� �H�J��� IURP� D� GHVLJQ�

JRDO�� JOREDO� UHGXFWLRQ� ODWHQF\�� RU� DQ� DOJRULWKP-LQGXFHG� ODWHQF\�

FRXOG� EH� VLPXODWHG� E\� H[HFXWLQJ� DQ� DFWXDO� UHGXFWLRQ� DOJRULWKP�

RYHU�D�VLPXODWHG��SRLQW-WR-SRLQW�RU�KDUGZDUH-RSWLPL]HG��QHWZRUN� 

$QRWKHU�FKDOOHQJH�DULVHV�LQ�WKH�DFWXDO�WUDQVIHU�RI�GDWD�H[FKDQJHG�

E\�WKH�03,�UDQNV�DW�UXQWLPH���,Q�RUGHU�WR�VXSSRUW�XQPRGLILHG�FRGH�

H[HFXWLRQ�� ��� PXVW� LPSOHPHQW� DFWXDO� H[FKDQJH� RI� E\WHV� DFURVV�

03,� UDQNV� LQLWLDWHG� YLD�03,� FRPPXQLFDWLRQ� SULPLWLYHV� VXFK� DV�

MPI_Send() DQG�MPI_Recv().  ,Q� HIIHFW�� WKH� VLPXODWRU� DFWV�

DV� WKH� XQGHUO\LQJ� QHWZRUN� OD\HU� WKDW� SHUIRUPV� SDFNHWL]DWLRQ� IRU�

ODUJH�PHVVDJH�SD\ORDGV��DQG�XQGHUWDNHV�EXIIHULQJ�DQG�UHRUGHULQJ�

DV� QHHGHG�� � 6XFK� FRQFHUQV� DUH� DEVHQW� LQ� ORZHU� ILGHOLW\� V\VWHPV�

WKDW GR�QRW� QHHG� WR� VXSSRUW� DFWXDO� GDWD� H[FKDQJHV GXH� WR� XVH� RI�

DEVWUDFWLRQV. 

<HW�DQRWKHU�FKDOOHQJH�LQ�PXOWLSOH[LQJ�PXOWLSOH�YLUWXDO�03,�UDQNV�

RQ�HDFK�FRUH�LV� WKH�FRVW�RI�VFKHGXOLQJ�DQG�GH-VFKHGXOLQJ�WKUHDGV�

ZLWKLQ� WKH� VLPXODWRU�� � )RU� PLQLPL]LQJ� RYHUDOO� VORZGRZQ�� WKH�

VLPXODWRU�PXVW�EH�RSWLPL]HG�WR�PXOWLSOH[�WKH�YLUWXDO�03,�UDQNV�LQ�

D��YLUWXDO-��WLPH-V\QFKURQL]HG�IDVKLRQ� 

1.3  Related Work 
�� LV�IRFXVHG�RQ�H[SHULPHQWDWLRQ�ZLWK�YHU\�ODUJH��YLUWXDO��SDUDOOHO�

FRPSXWLQJ�FRQILJXUDWLRQV��HVSHFLDOO\�ZLWK�KXQGUHGV�RI� WKRXVDQGV 

RI��YLUWXDO��SURFHVVRU�FRUHV���:H�DUH�QRW�DZDUH�RI�DQ\�V\VWHPV�WKDW�

DUH�DEOH�WR�VXVWDLQ�H[SHULPHQWV�DW�VXFK�D�KLJK�OHYHO�RI�VFDOH. 

6HYHUDO� UHODWHG� V\VWHPV� KDYH� EHHQ� UHSRUWHG� LQ� WKH� OLWHUDWXUH� IRU�

H[SHULPHQWLQJ� ZLWK� DSSOLFDWLRQV� RQ� VLPXODWHG� PDFKLQH�

FRQILJXUDWLRQV�� �$�VHOHFWHG�OLVW� LQFOXGHV�)$6( >�@��03,-6LP >�@��

326( [4]�� 3'(6 >��� �@�� 'LUHFW� ([HFXWLRQ>�-�@�� RSWLPLVWLF�

VLPXODWLRQ >��@�� WDVN� JUDSKV >��@�� V\QFKURQL]DWLRQ-RSWLPL]DWLRQV 

>��@�� %LJ6LP >���� ��@�� (032:(5 >��@�� DQG� K\EULG� PRGHOLQJ 

>��@�� � )XOO� V\VWHP� VLPXODWRUV� VXFK� DV� :LVFRQVLQ� :LQG� 7XQQHO 

>��@�� DQG� 6,0,&6 >��@ PD\� LPSRVH� XQDFFHSWDEOH� OHYHOV� RI�

VORZGRZQV IRU� WKH� SXUSRVH� RI� ODUJH� SDUDOOHO� SURJUDP� H[HFXWLRQ��

PDNLQJ� WKHP� GLIILFXOW� WR� XVH� LQ� SUDFWLFH� IRU� YLUWXDO� PDFKLQH�

FRQILJXUDWLRQV� FRQWDLQLQJ� ���-��� SURFHVVRU� FRUHV.  $� VXUYH\�

DUWLFOH� >�@ FDSWXUHV� WKH� GHWDLOV� RI� VRPH� RI� WKH� LPSRUWDQW�

SHUIRUPDQFH� SUHGLFWLRQ� V\VWHPV�� LQFOXGLQJ� 3$/�� 3HUIRUPDQFH�

3URSKHW�� 32(06�� 326(�� DQG� 56,0�  5HFHQWO\�� WKH� KXUGOH� RI�

VLPXODWLRQ� VSHHG� LV� DGGUHVVHG� YLD� SDUDOOHO� VLPXODWLRQ� IRU�

LQVWUXFWLRQ-OHYHO�PRGHOV�>��@.  7UDFH-EDVHG�SHUIRUPDQFH�PRGHOLQJ�

LV� DQRWKHU� FRPPRQO\-XVHG� PHWKRG� IRU� H[SHULPHQWLQJ� ZLWK�

VLPXODWHG�PDFKLQH�FRQILJXUDWLRQV�  0RVW�DIRUHPHQWLRQHG�V\VWHPV�

KDYH�EHHQ�OLPLWHG�E\�WKH�VL]HV�RI� WKH�SDUDOOHO�PDFKLQHV�DYDLODEOH�

DW� WKHLU� WLPHV�� � $OPRVW� DOO� WKH� V\VWHPV� UHSRUWHG� VR� IDU� ZHUH�

H[HUFLVHG�ZLWK� IHZHU� WKDQ�������SURFHVVRU FRUHV�XVHG WR�H[HFXWH�

WKH VLPXODWLRQ��DOWKRXJK�PXFK� ODUJHU�virtual FRQILJXUDWLRQV�ZHUH�

HYDOXDWHG�LQ�H[SHULPHQWV���$PRQJ�WKH�PRVW�SURPLQHQW�LQ�VFDOLQJ�

WKH�YLUWXDO�FRQILJXUDWLRQV�LV�WKH�%LJ6LP�326( >������@ HIIRUWV�WKDW�

UHSRUWHG� ORZ� VORZGRZQV� LQ� H[SHULPHQWV� RI� ������� YLUWXDO�

SURFHVVRU�VLPXODWHG�RQ�����SURFHVVRUV�  2XU�ZRUN�GLIIHUV�IURP�DOO�

WKH�UHODWHG�ZRUN�LQ�RXU�IRFXV�RQ�FRPELQLQJ�WKH�JRDOV�RI�H[HFXWLQJ�

XQ-DEVWUDFWHG��XQPRGLILHG�DSSOLFDWLRQV�ZLWK�YHU\� ODUJH�VLPXODWHG�

FRQILJXUDWLRQV�  7KH�ZRUN� WKDW� FRPHV� FORVHVW� WR�RXU�JRDOV� LV� WKH�

/$36(� V\VWHP >�@ WKDW� ZDV� GHVLJQHG� WR� VXSSRUW� ,QWHO� 3DUDJRQ�

DSSOLFDWLRQV� XVLQJ� ,QWHO¶V� FRPPXQLFDWLRQ� LQWHUIDFHV�� � 2XU� ZRUN�

GLIIHUV� LQ� WKDW�ZH�IRFXV�� �D� RQ�03,�SURJUDPV�� �E��RQ�YHU\� ODUJH�

QXPEHUV�RI�03,� UDQNV� ���4
-��� UHDO�����-��� YLUWXDO���DQG� �F��RQ�

XVLQJ PXOWL-WKUHDGLQJ� LQVWHDG�RI�81,;�SURFHVVHV�IRU�YLUWXDOL]LQJ�

WKH�PXOWLSOH[HG�LGHQWLWLHV�RI�WKH�DSSOLFDWLRQ�SURFHVVHV� 

1.4  Contributions 
7R� WKH�EHVW�RI�RXU�NQRZOHGJH��RXUV� LV� WKH� ILUVW� WR�DSSO\�SURFHVV-

RULHQWHG� VLPXODWLRQ >��-��@ WR� VLPXODWH� 03,� SURJUDPV�� � :H�

HPSOR\�PXOWL-WKUHDGLQJ� WR�VXVWDLQ�DQG�PXOWLSOH[�PDQ\�VLPXODWHG�

03,� UDQNV� RQ� HDFK� SURFHVVRU� XVHG� E\� WKH� SDUDOOHO� VLPXODWRU���

(IILFLHQW�� WLPH-V\QFKURQL]HG� VFKHGXOLQJ� DQG� GH-VFKHGXOLQJ� DUH�

UHDOL]HG� WR� LPSOHPHQW� WKH� RYHUDOO� YLUWXDO� H[HFXWLRQ�� UHVXOWLQJ� LQ�

YHU\� HIILFLHQW� HPXODWLRQ�� � 2XU� ZRUN� LV� DOVR� DPRQJ� WKH� ILUVW� WR�

H[HFXWH� XQPRGLILHG� 03,� DSSOLFDWLRQV� RQ� WKRXVDQGV� RI� �DFWXDO��

SURFHVVRU�FRUHV��ZLWK�RQH�RU�PRUH�VLPXODWHG�03,�UDQNV�SHU�FRUH���

7KH� VXSSRUW� IRU� scalable LPSOHPHQWDWLRQ� RI� virtual 03,�

SULPLWLYHV� �03,� FDOOV� PDGH� E\� WKH� DSSOLFDWLRQ�� WUDSSHG� DQG�

VXSSRUWHG� E\� WKH� VLPXODWRU�� LV� DOVR� QRYHO�  4XDQWLWDWLYHO\�� ��� LV�

WKH�RQO\�V\VWHP�WR�UHSRUW�IHDVLELOLW\�DQG�DFWXDO�WLPH-V\QFKURQL]HG�

H[HFXWLRQ� RI� PLOOLRQV� RI� YLUWXDO�� XQPRGLILHG� 03,� UDQNV�� � 1R�

V\VWHP� UHSRUWHG� LQ� OLWHUDWXUH� DSSURDFKHV� WKLV� VFDOH�� HYHQ� IRU� WKH�

VLPSOHVW� unmodified 03,� EHQFKPDUNV�� � 7KH� FORVHVW� ZRUN� LV� WKH�

VHPLQDO�/$36(�V\VWHP�RI� WKH�����¶V� WHVWHG�RQ�����YLUWXDO� WDVNV�

RQ�DQ�,QWHO�3DUDJRQ� 

7KH� IDFWRUV� WKDW� PDNH� ��� VFDOH� EHWWHU� WKDQ� RWKHUV� DUH� �D�� EHWWHU�

LPSOHPHQWDWLRQ� RI� SURFHVV-RULHQWHG� H[HFXWLRQ� QHHGHG� IRU�

YLUWXDOL]LQJ�XQPRGLILHG�03,� FRGH�� �E�� VXSHULRU� HIILFLHQF\�RI� WKH�

3'(6� HQJLQH KHOSLQJ� VFDOH� WR RUGHUV� RI� PDJQLWXGH� ODUJHU�

SODWIRUPV�WKDQ�RWKHU�03,�VLPXODWRU�WRROV�LQ�WKH�OLWHUDWXUH��DQG��F��

VFDODEOH� GHVLJQ� DQG� implementation RI� WKH� 0HVVDJH� 3DVVLQJ�

Interface. 

,W�LV�LPSRUWDQW�WR�QRWH�WKDW�WKH�IRFXV�RI�WKLV�SDSHU�LV�WKH�GHVLJQ�DQG�

SUHOLPLQDU\� HYLGHQFH� RI� IHDVLELOLW\� RQ� ODUJH� SODWIRUPV� RI� WKH�

VLPXODWLRQ� WRRO�� � 7KLV� DUWLFOH� GRHV� QRW� DGGUHVV� YDOLGDWLRQ� LVVXHV���

0RUHRYHU�� WKLV�SDSHU�GRFXPHQWV�ZRUN� LQ�SURJUHVV��KHQFH� LW�GRHV�

QRW�\HW�LQFOXGH�D�FRPSUHKHQVLYH�SHUIRUPDQFH�HYDOXDWLRQ� 

2.  DESIGN 

5HFDOO� WKDW� WKH� VXEMHFW� DSSOLFDWLRQ�$. LV� WR�EH�YLUWXDOO\�H[HFXWHG�

RQ�VRPH�3. SURFHVVRUV�RI�WKH�LPDJLQDU\��JXHVW��PDFKLQH�0.��EXW�

QHHGV� WR� H[HFXWH� RQ� �W\SLFDOO\� PXFK� VPDOOHU�� QXPEHU� RI�

SURFHVVRUV� 3� RI� D� UHDO� �KRVW��PDFKLQH�0�.  )RU� H[DPSOH�� LI� WKH�

DSSOLFDWLRQ�LV�WR�EH�H[SHULPHQWHG�RQ���������SURFHVVRU�FRUHV��EXW�

RQO\� ������� FRUHV� DUH� DYDLODEOH� IRU� H[SHULPHQWDWLRQ�� WKHQ� WKH�

DSSOLFDWLRQ� PXVW� EH� VRPHKRZ� ³IRROHG´� LQWR� WKH� YLHZ� WKDW� LW� LV�

H[HFXWLQJ�RQ���������FRUHV�� �6LQFH�PRUH�WKDQ�RQH�YLUWXDO�FRUH�LV�

³VLPXODWHG´� RQ� HDFK� UHDO� FRUH�� WLPLQJ� UHVXOWV� SHUFHLYHG� E\� WKH�

DSSOLFDWLRQ� KDYH� WR� EH� DGMXVWHG� WR� HUDVH� WKH� HIIHFWV� RI�
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PXOWLSOH[LQJ�� � 0HVVDJH� EXIIHULQJ� DQG� UH-RUGHULQJ� KDYH� WR� EH�

VLPLODUO\�DFFXUDWHO\�UHFUHDWHG�DV�WKH\�ZRXOG�KDYH�RFFXUUHG LQ�WKH�

HQYLVLRQHG�PDFKLQH�QHWZRUN��HYHQ�WKRXJK�PHVVDJHV�PLJKW�DUULYH�

IDVWHU�RU�VORZHU�RQ�WKH�KRVW�PDFKLQH�FRPSDUHG�WR�WKH�HQYLVLRQHG�

PDFKLQH�  7KH�IXOO�GHVLJQ�LQYROYHV�WKUHH�FRPSRQHQWV������JUDIWLQJ�

���� WLPH� SDFLQJ� ���� FRPPXQLFDWLRQ� EXIIHULQJ� DQG� UHRUGHULQJ���

(DFK�RI�WKHVH�FRPSRQHQWV�LV�GHVFULEHG�QH[W� 

2.1  Grafting 
7KH� JUDIWLQJ� SRUWLRQ� RI� WKH� SUHGLFWLRQ� V\VWHP� GHDOV� ZLWK� WKH�

VRIWZDUH� LQWHUIDFH-UHODWHG� PLVPDWFK� EHWZHHQ� WKH� JXHVW� SDUDOOHO�

PDFKLQH� 0. DQG� WKH� KRVW� SDUDOOHO� PDFKLQH� 0��� � 7KH� RULJLQDO�

VRIWZDUH�LQWHUIDFH��H�J���03,��WKDW�WKH�DSSOLFDWLRQ�XVHV�VKRXOG�EH�

UHWDLQHG�� EXW� WKH� LPSOHPHQWDWLRQ� PXVW� EH� FKDQJHG� �SUHIHUDEO\��

WUDQVSDUHQWO\��WR�UHIOHFW�WKH�EHKDYLRU�RI�WKH�QHZ�PDFKLQH���:H�FDOO�

WKH�UHGLUHFWLRQ�DV�D�JUDIWLQJ�SURFHVV�� �7KHUH�DUH�PXOWLSOH�JUDIWLQJ�

PHWKRGV��HDFK�ZLWK�LWV�RZQ�PHULWV�DQG�GHPHULWV���$�VRXUFH�FRGH-

EDVHG� JUDIWLQJ� PHWKRG� LV� EHVW� ZKHQ� WKH� VRXUFH� FRGH� RI� WKH�

DSSOLFDWLRQ� LV� DYDLODEOH�� � $� OLEUDU\� UHGLUHFWLRQ-EDVHG� JUDIWLQJ�

PHWKRG� LV� EHVW� WR� GHDO� ZLWK� DSSOLFDWLRQ� IXQFWLRQDOLW\� WKDW� LV�

DYDLODEOH�RQO\� LQ� WKH� IRUP�RI�SUH-EXLOW� REMHFW� OLEUDULHV��KRZHYHU��

GHSHQGLQJ� RQ� WKH� FRPSOH[LW\� RI� WKH� OLEUDULHV� LQYROYHG�� WKH�

JUDIWLQJ�V\VWHPV�FDQ�LQYROYH�VLJQLILFDQW�DPRXQW�RI�V\VWHPV�ZRUN���

$�YLUWXDO�PDFKLQH-EDVHG�JUDIWLQJ�LV�SRVVLEOH�IRU�WKH�KLJKHVW�OHYHOV�

RI� WUDQVSDUHQF\� LQ� WKH� JUDIWLQJ� SURFHVV�� EXW� DOVR� LV� WKH� PRVW�

H[SHQVLYH�ZLWK�UHVSHFW�WR�UXQWLPH�FRVW� 

,Q�WKH�LQLWLDO�YHUVLRQ�RI�����WKH�VRXUFH�FRGH-EDVHG�JUDIWLQJ�PHWKRG�

LV� VXSSRUWHG�� � ,WV� XVDJH� DQG� LPSOHPHQWDWLRQ� DUH� GHVFULEHG� KHUH���

:KHQ� WKH� VRXUFH� FRGH� LV� DYDLODEOH� IRU� WKH�03,� DSSOLFDWLRQ�� �� 

VXSSRUWV� JUDIWLQJ� ZLWK� WKH� XVH� RI� WKH� KHDGHU� ILOH� mupi.h DQG�

OLEUDU\�libmupi.a WKDW����VXSSOLHV.  ,Q�IDFW�� WKLV�FDQ�EH�HDVLO\�

PDGH� WUDQVSDUHQW� E\� XVLQJ� LQVWDOODWLRQ-VSHFLILF� FXVWRPL]DWLRQ� RI�

WKH� QDWLYH� 03,� KHDGHU� ILOH� DQG� OLQNHG� OLEUDULHV.  6LPLODU�

FXVWRPL]DWLRQ�LV�XVHG�IRU�03,-EDVHG�)2575$1� 

7KH� DSSOLFDWLRQ� LV� FRPSLOHG� DQG� OLQNHG� DV� XVXDO�� � 7KH� UHVXOWLQJ�

H[HFXWDEOH� ZLOO� EH� D� �� VLPXODWLRQ�� ZKLFK� H[HFXWHV� LQ� YLUWXDO�

PRGH�  2Q� SODWIRUPV� RQ� ZKLFK� �� LWVHOI� H[HFXWHV� RYHU� 03,��

³mpirun –np 4 myprog -nvp 32´� UXQV�myprog RQ����

YLUWXDO�UDQNV��VLPXODWHG�E\��� RQ���UHDO�FRUHV. 

,Q mupi.h�� WKH� RULJLQDO�03,� URXWLQHV� DUH� UHGHILQHG�� YLD�PDFUR�

VXEVWLWXWLRQ��WR��� FDOOV�RI�FRUUHVSRQGLQJO\�LGHQWLFDO�VLJQDWXUHV��VR�

WKDW��� FDQ�H[HFXWH WKHP�RQ�D�VLPXODWHG�SODWIRUP.  7KH�RULJLQDO�

PDLQ� URXWLQH� LV� UHQDPHG� DQG DXWRPDWLFDOO\� LQYRNHG� E\� �� IRU�

HDFK�YLUWXDO�03,�WDVN�RI�WKH�DSSOLFDWLRQ��FRPPDQG�OLQH�DUJXPHQWV�

DUH�GXSOLFDWHG�IRU�HDFK�YLUWXDO�WDVN�LQYRFDWLRQ������ DOORFDWHV�DQG�

FUHDWHV� D� VHSDUDWH� VWDFN� FRQWH[W� IRU� HDFK� YLUWXDO� 03,� WDVN�� DQG�

PDLQWDLQV�WKH�IXOO�VWDFN�FRQWH[W�EHWZHHQ�03,�FDOOV�E\�WKH�WDVN� 

7KH�03,�URXWLQHV�LPSOHPHQWHG��LQ�&�&���DQG�)2575$1��DV�RI�

WKLV� ZULWLQJ� DUH� MPI_Init()�� MPI_Finalize()��

MPI_Comm_rank()�� MPI_Comm_size()��

MPI_Barrier()�� MPI_Send()�� MPI_Recv()��

MPI_Isend()�� MPI_Irecv()�� MPI_Waitall()��

MPI_Wtime().  2QO\� WKH�MPI_COMM_WORLD FRPPXQLFDWLRQ�

JURXS�LV�FXUUHQWO\�UHFRJQL]HG���7KH�VHW�LV�EHLQJ�H[SDQGHG��ZKLFK�

LV�PRVWO\�GHYHORSPHQWDO�LQ�QDWXUH� 

2.2  Time Pacing 
(DFK� YLUWXDO� 03,� UDQN� LV� UHDOL]HG� DV� WKH� WKUHDGHG� VLPXODWLRQ�

SURFHVV� RI� �VLN�� � $V�PHQWLRQHG� HDUOLHU� IRU� HYHU\�03,� UDQN� ���

WUDSV� DOO� 03,� FDOOV�� DQG� DFWV� DV� WKH� VFKHGXOHU� WKDW� HQVXUHV�

H[HFXWLRQ LV RUGHUHG�E\�VLPXODWLRQ�WLPH�� �$Q�LPSRUWDQW�03,�FDOO�

LV� WKH� MPI_Wtime() WKDW� JLYHV� WKH� LQYRNLQJ� 03,� UDQN� D�

VQDSVKRW�RI� FXUUHQW� ³ZDOO� FORFN´� WLPH����� UHWXUQV� WKH� VLPXODWLRQ�

WLPH�� LQVWHDG� RI� WKH� ZDOO� FORFN� WLPH�� PDNLQJ� WKH� UDQN�

V\QFKURQL]HG�ZLWK�WKH�WLPHOLQHV�RI�WKH�UHVW�RI�WKH�VLPXODWLRQ���$Q\�

EORFNHG� FDOO�� VXFK� DV� MPI_Barrier()�� MPI_Recv() RU�

MPI_Wait()��LV�UHDOL]HG�XVLQJ�WKH�³KROG´�SULPLWLYH�RI�SURFHVV-

RULHQWHG� VLPXODWLRQ�� � 7KH� HTXLYDOHQW� ³KROG´� SULPLWLYH� LQ� �VLN� LV�

WKH� wait(WaitContext &) ZKLFK� LV� XVHG� E\� ��¶V� WUDSSHG�

03,� FDOOV WR� HLWKHU� DGYDQFH� VLPXODWLRQ� WLPH� XQFRQGLWLRQDOO\�� RU�

DGYDQFH�VLPXODWLRQ�WLPH�XQWLO�D�JLYHQ�FRQGLWLRQ�LV�VDWLVILHG��H�J���

PHVVDJH�DUULYDO�. 

2.3  Buffering and Reordering 
-XVW�DV� LQ�D� UHDO�GLVWULEXWHG�V\VWHP�RSHUDWLRQ��03,�PHVVDJH�GDWD�

PD\� DUULYH� DW� YDULRXV� PRPHQWV� LQ� WLPH�� � ,Q� WKH� VLPXODWLRQ�� WKH�

GDWD�DUULYHV�DV�GDWD�HYHQWV��ZKLFK�QHHG� WR�EH�EXIIHUHG� LQVLGH� WKH�

VLPXODWRU� XQWLO� D� FRUUHVSRQGLQJ� �ORFDO�� YLUWXDO�03,� UDQN� TXHULHV�

DQG�RU�DFFHSWV�WKH�GDWD�XVLQJ�DQ�DSSURSULDWH�03,�FDOO�  ���KDQGOHV�

DOO� WKH� EXIIHULQJ� �LQ� DQ� DVVHPEO\� TXHXH� DQG� D� UHDG\� TXHXH�� IRU�

HDFK�03,�UDQN���DQG�SHUIRUPV�UHRUGHULQJ�LQWHUQDOO\�E\�WLPH-VWDPS�

RUGHU�� DQG� VXSSOLHV WKH� GDWD� DV� SDUW� RI� WKH� DSSURSULDWH� 03,�

LQYRFDWLRQV� 

2.4  Machine Specification 
7KH� FKDUDFWHULVWLFV� RI� WKH� HQYLVLRQHG� PDFKLQH� FDQ� EH� VSHFLILHG�

SURJUDPPDWLFDOO\��DV�DQ�REMHFW�OLEUDU\�OLQNHG�WR�WKH��� VLPXODWLRQ�  

7KH� OLEUDU\� FDQ� EH� LQYRNHG� E\� WKH� XVHU� DV� SDUW� RI� DQ�

H[SHULPHQWDWLRQ� V\VWHP� WR� VXLWDEO\� FXVWRPL]H� WKH� VFHQDULR� LQ� D�

VHULHV�RI�H[SHULPHQWV���)RU�XQVRSKLVWLFDWHG�XVDJH�RI�����D�VLPSOH�

PDFKLQH�SHUIRUPDQFH�PRGHO�LV�SURYLGHG��WKH��� GHVLJQ�DOORZV�IRU�

IDU�PRUH�VRSKLVWLFDWHG�PDFKLQH�PRGHOV����,Q�WKLV�VLPSOLILHG�XVDJH��

WKH�XVHU�FDQ�VSHFLI\� �YLD�HQYLURQPHQW�YDULDEOHV��D SRLQW-WR-SRLQW�

EDQGZLGWK�DQG�D�SRLQW-WR-SRLQW�ODWHQF\� 

3.  IMPLEMENTATION 

7KH��� VRIWZDUH� LV�ZULWWHQ�&�&����DV� DQ�DSSOLFDWLRQ�RI� WKH��VLN�

3'(6� HQJLQH� >��@.  %RWK� �� DQG� �VLN� DUH� SRUWDEOH� WR� D� ODUJH�

QXPEHU�RI�SODWIRUPV����� KDV�EHHQ�WHVWHG�RQ�03,-EDVHG�SODWIRUPV��

LQFOXGLQJ�/LQX[��0DF�26�;��%OXH�*HQH�3��DQG�&UD\�;7��;7�� 

7KH� WLPLQJ�PRGHO� DVSHFW� RI�03,�SURJUDP� VLPXODWLRQ�GHDOV�ZLWK�

KRZ� WKH� FRPSXWLQJ� WLPH� LV� DFFRXQWHG� DQG� LQFRUSRUDWHG� LQWR� WKH�

VLPXODWLRQ���7KH�WLPH�FRQVXPHG�E\�FRPSXWDWLRQ�LQ�WKH�DSSOLFDWLRQ�

EHWZHHQ� 03,� FDOOV� PXVW� EH� XVHG� E\� WKH� VLPXODWRU� WR� DGYDQFH�

VLPXODWLRQ� WLPH� RQFH� ��� LV� HQWHUHG� YLD� DQ� 03,� FDOO� WUDS�� � 7KH�

FRPPXQLFDWLRQ�WLPH�LV�WKH�WLPH�VSHQW�LQVLGH�03,�EHIRUH�UHWXUQLQJ�

FRQWURO�EDFN�WR�WKH�DSSOLFDWLRQ���6XFK�D�IUDPHZRUN LV GHSLFWHG�LQ�

)LJXUH��. 

 
Figure 1: Time accounting framework XVHG�E\��� 

,W� LV� LPSRUWDQW� WR� QRWH� WKDW� WKLV� LV� RQO\� D� IUDPHZRUN� �LQWHUIDFH���

DQG� GRHV� QRW� FRQVWUDLQ� WKH� FRPSOH[LW\� RI� WKH� WLPLQJ� PRGHOV�

�LPSOHPHQWDWLRQ��WKDW�FRXOG�EH�HPSOR\HG���$Q\�DUELWUDU\�OHYHO�RI�

WLPLQJ�GHWDLO FDQ�EH�LQFRUSRUDWHG���&RPSXWH-WLPH�FDQ�EH�FKDUJHG�

WR� DSSOLFDWLRQ� ZLWK� DUELWUDULO\� FRPSOH[� PRGHOV �H[DPSOH�� IXOO-

V\VWHP� VLPXODWLRQ� RI� LQVWUXFWLRQV� RQ� WKH� VLGH�� FDFKH� HIIHFWV��

 

�� 

$SSOLFDWLRQ xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
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SURFHVVRU�VSHHG��HWF����WR�WKH�H[WHQW�WKH�XVHU�LV�ZLOOLQJ�WR�VXIIHU�WKH�

FRQVHTXHQW� UXQ� WLPH� RYHUKHDG�� � 6LPLODU� DUJXPHQW� KROGV IRU�

QHWZRUN�HIIHFWV���2XU�VLPXODWLRQ�WRRO�FRUH�LV�XQDIIHFWHG��GHWDLO�FDQ�

EH� DGGHG� RU� DEVWUDFWHG� E\� XVHU�� GHSHQGLQJ� RQ� OHYHO� RI� GHWDLO�

QHHGHG�� � 7KXV�� WKH� IUDPHZRUN� LQ� )LJXUH� � RQO\� GHSLFWV�

JHQHUDOL]HG��VWUHDPOLQHG�KRRNV��EXW�GR�QRW�FRQVWUDLQW WKH�PRGHO� 

$�VLPSOH�ZD\�WR�XVH�WKH�IUDPHZRUN LV�RQH�LQ�ZKLFK�WKH�JXHVW�DQG�

KRVW� SURFHVVRU� DUFKLWHFWXUHV� DUH� LGHQWLFDO�� � ,Q� WKLV� FDVH�� WKH�

FRPSXWLQJ�WLPH�7FRPS FDQ�EH�DXWRPDWLFDOO\�JOHDQHG�E\����VLPSO\�

EDVHG� RQ� WKH� DPRXQW� RI� HODSVHG� V\VWHP� WLPH� EHWZHHQ� WKH� PRVW�

UHFHQW� 03,� FDOO� H[LW� DQG� WKH� FXUUHQW� 03,� FDOO� HQWU\�� � ��� WKHQ�

VLPXODWHV�WKH�HODSVH�RI�WKDW�DPRXQW�RI�VLPXODWHG�WLPH�E\�XVLQJ�WKH�

wait(dt) SULPLWLYH�RI�WKH�FRUUHVSRQGLQJ��VLN�SURFHVV�WR�³KROG´�

dt DPRXQW�RI�VLPXODWHG�WLPH. 

7R�VLPXODWH�RWKHU�SURFHVVRU�DUFKLWHFWXUHV��WKH�JOHDQHG�WLPH�FDQ�EH�

DGMXVWHG�DSSURSULDWHO\�ZLWK�D�VFDOLQJ�FRUUHFWLRQ�IDFWRU��H�J���EDVHG�

RQ� UDWLR�RI�FORFN�VSHHGV��� �(YHQ�PRUH�VRSKLVWLFDWHG�VFKHPHV�DUH�

SRVVLEOH�� YLD� KHWHURJHQHRXV� SURFHVVRU� HPXODWLRQ�� DOEHLW� DW� D�

VLJQLILFDQW�SHUIRUPDQFH�FRVW��EXW�VXFK�PRUH�HODERUDWH�VFKHPHV�DUH�

DOVR�FRQFHLYDEOH�WR�LQFRUSRUDWH�LQWR����LI�GHHPHG�LPSRUWDQW� 

7KLV�IUDPHZRUN�FDQ�DOVR�EH�XVHG�WR�LQFUHDVH�VLPXODWLRQ�HIILFLHQF\�

�ZLWKRXW� DIIHFWLQJ� WKH� SURJUDP� G\QDPLFV�� E\� VLPSO\� HVWLPDWLQJ�

WKH� FRPSXWDWLRQ� WLPH� DQG� LQYRNLQJ� D� ��� SULPLWLYH� FDOOHG�

MPI_Elapse_time(dt) WKDW� LV�SURYLGHG� WR�DYRLG�FRQVXPLQJ�

KRVW� SURFHVVRU¶V� F\FOHV� VLPSO\� WR� VLPXODWH� JXHVW� SURFHVVRU¶V�

F\FOHV�IRU�YLUWXDO�WLPH�SHULRG�RI�dt XQLWV� 

4.  PERFORMANCE STUDY 

$�IXQFWLRQDO�SURWRW\SH�RI���� LV�RSHUDWLRQDO�� DQG�KDV�EHHQ� WHVWHG�

RQ� D� YDULHW\� RI� SODWIRUPV�� � +HUH�� ZH� IRFXV� RQ� VLPXODWRU�

SHUIRUPDQFH��DQG UHOHJDWH�YDOLGDWLRQ�VWXGLHV�WR�DQRWKHU�GRFXPHQW.  

7KH� FULWHULD� RI� LQWHUHVW� DUH� KRZ� WKH� UXQWLPH� HIILFLHQF\� IDUHV� LQ�

VRPH�RI�WKH�PRVW�VWULQJHQW��ZRUVW�FDVH��KDUGZDUH�VFHQDULRV���:H�

FKRRVH� D� SDUDPHWHUL]HG� EHQFKPDUN� WR� WHVW� WKH� VLPXODWRU�

SHUIRUPDQFH� HIIHFWV�� HVSHFLDOO\� XQFRYHULQJ� WKH� V\QFKURQL]DWLRQ�

DQG�UDQN�PXOWLSOH[LQJ�HIIHFWV. 

7KH�H[SHULPHQWV�ZHUH�H[HFXWHG�RQ WZR�SODWIRUPV����� D�&UD\�;7��

FRQVLVWLQJ�RI�TXDG-FRUH�2SWHURQ�%XGDSHVW�SURFHVVRUV DQG��*%�RI�

PHPRU\ SHU� QRGH�� ZLWK� QRGHV� FRQQHFWHG� E\� D� 6HD6WDUW��

LQWHUFRQQHFW�� DQG� ���� D� &UD\� ;7�� ZLWK� �������� FRPSXWH� FRUHV�

VSDQQLQJ� QRGHV� FRQWDLQLQJ WZR� KH[-FRUH� $0'� 2SWHURQ�

SURFHVVRUV�� ��*%�PHPRU\�� DOO� QRGHV� EHLQJ� LQWHUFRQQHFWHG� E\� D�

6HD6WDU����URXWHU� 

7KH� EHQFKPDUN� LV� D� SLQJ� EHQFKPDUN GHVLJQHG� WR� WHVW� WKH�

VFDODELOLW\� RI� WKH� PRVW� FRPPRQ� DQG� EDVLF� 03,� SULPLWLYHV��

QDPHO\��MPI_Barrier()��MPI_Send() DQG�MPI_Recv().  

(DFK�UDQN�UHFHLYHV�D�PHVVDJH�IURP�LWV� OHIW�QHLJKERU�DQG�VHQGV�D�

PHVVDJH� WR� LWV� ULJKW� QHLJKERU�� � $IWHU� HYHU\� UHFHLYH-VHQG� SDLU� RI�

RSHUDWLRQV�� D� EDUULHU� LV� LQYRNHG� DOO� UDQNV.  7KH�QXPEHU� RI� E\WHV�

VHQW� LQ� HDFK� PHVVDJH� LV� GRXEOHG� DIWHU� HYHU\� URXQG�  7KH� SDUWV�

FKDOOHQJLQJ�WR�WKH�VLPXODWRU�DUH�WKH�IDVW�VLPXODWLRQ�RI�WKH�EDUULHU�

IRU� HYHU\� URXQG�� DQG� WKH� FRPPXQLFDWLRQ� RI� WKH�PHVVDJHV� LQ� WKH�

FRUUHFW�RUGHU�DW�HYHU\�UDQN. 

,W� LV�ZHOO-NQRZQ >�������@ WKDW� ORRNDKHDG >��@ LV�RQH�RI� WKH�PRVW�

OLPLWLQJ� IDFWRUV� LQ� SDUDOOHO� V\VWHP� VLPXODWLRQ�  +HUH��ZH� SUHVHQW�

RQH� VHW� RI� UHVXOWV� RQ� WKH�ZRUVW-FDVH� VFHQDULR� RI� ]HUR-ORRNDKHDG��

DQG�DQRWKHU�VHW�RI�UHVXOWV FRUUHVSRQGLQJ�WR�D�ORZ� ���V�ORRNDKHDG�

�IURP� LQWHU-QRGH� ODWHQF\��� � ,QWHU-SURFHVVRU�QHWZRUNV� LQ�ERWK� VHWV 

DOVR� UHSUHVHQW� D� KLJK� �*ESV� EDQGZLGWK� IRU� HYHU\� LQWHU-UDQN�

PHVVDJH�� � 7KXV�� WKH� UHVXOWV� KHUH� FDQ� EH� YLHZHG� DV� ZRUVW� FDVH��

KDUGZDUH� FRQILJXUDWLRQV�� �/DUJHU� ODWHQFLHV� LQ� SUDFWLFH� FDQ� KHQFH�

EH�H[SHFWHG�WR�EH�VLPXODWHG�HYHQ�IDVWHU� 

4.1  Zero Lookahead Scenarios 
7ZR�VFHQDULRV�DUH�FKRVHQ������FRPPXQLFDWLRQ-LQWHQVLYH��LQ�ZKLFK�

HYHU\�03,�UDQN�VLPXODWHV���PLOOLVHFRQG�ZRUWK�RI�FRPSXWDWLRQ�DQG�

�.%�ZRUWK�RI�GDWD�H[FKDQJH�ZLWK�D�QHLJKERU�IRU�HYHU\�HSRFK�����

FRPSXWDWLRQ-LQWHQVLYH�� LQ� ZKLFK� HYHU\� 03,� UDQN� VLPXODWHV� ����

PLOOLVHFRQGV� ZRUWK� RI� FRPSXWDWLRQ� DQG� �.%� ZRUWK� RI� GDWD�

H[FKDQJH�� � (DFK� HSRFK� LV� JXDUGHG� E\� HYHU\�03,� UDQN� LQYRNLQJ�

MPI_Barrier(). 

 
Figure 2: Runtime slowdown in the communication-

intensive scenario 

 
Figure 3: Runtime slowdown in the computation-

intensive scenario 
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KRZ� PXFK� RYHUKHDG� WKH� VLPXODWRU� LQGXFHV� YLD� HYHQWV� IRU�

VLPXODWLQJ� GDWD� WUDQVPLVVLRQ� DQG� RWKHU� LQWHUQDOV� VXFK� DV� D� WUHH�

�EXWWHUIO\�� SDWWHUQ-EDVHG� EDUULHU�� � 7KH� QXPEHU� RI� HYHQWV� SHU�

V\QFKURQL]DWLRQ� �L�H��� FRPSXWDWLRQ� RI� D� ORZHU� ERXQG� RQ� WLPH�

VWDPS� �/%76�� QHHGHG� IRU� SDUDOOHO� WLPH-RUGHUHG� H[HFXWLRQ�� LV� DQ�

LPSRUWDQW�PHDVXUH�RI�WKH�DPRXQW�RI�FRQFXUUHQF\�DYDLODEOH�LQ�WKH�

VLPXODWLRQ� �ZKLFK� LV� GLUHFWO\� UHODWHG� WR� ORRNDKHDG��� � $� KLJKHU�

ORRNDKHDG�YDOXH�FDQ�EH�H[SHFWHG�WR�JLYH�ODUJHU�QXPEHU�RI�HYHQWV�

SHU�/%76�FRPSXWDWLRQ� 
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7KH�UXQWLPH�SHUIRUPDQFH�LQ�WHUPV�RI�VORZGRZQV��RU�VSHHGXSV��LV�

VKRZQ�LQ�)LJXUH�� DQG�)LJXUH�� IRU�WKH�WZR�VFHQDULRV�UHVSHFWLYHO\���

7KH� VORZGRZQ� IDFWRU� LV�SORWWHG�DJDLQVW� WKH�QXPEHU�RI� VLPXODWHG�

03,� UDQNV�� � (DFK� OLQH� UHSUHVHQWV� WKH� UDWLR� RI� WKH� QXPEHU� RI 

VLPXODWHG�UDQNV�WR�WKH�QXPEHU�UHDO�FRUHV�XVHG�IRU�VLPXODWLRQ��H�J���

WKH�SXUSOH�OLQH�UHSUHVHQWV�D�UDWLR�RI����ZLWK�WZR�YLUWXDO�03,�UDQNV�

VLPXODWHG� E\� ��� IRU� HDFK� UHDO� FRUH� RQ�ZKLFK� ��� H[HFXWHV��  $V�

H[SHFWHG�� WKH� FRPSXWDWLRQ-LQWHQVLYH� VFHQDULR� LV� VLPXODWHG PXFK�

IDVWHU� WKDQ� WKH� FRPPXQLFDWLRQ-LQWHQVLYH� VFHQDULR� EHFDXVH� WKH�

FRPSXWDWLRQ� LV� VLPSO\� DQ� HODSVH� RI� VLPXODWLRQ� WLPH� �ZKLFK� LV�

DFKLHYHG�E\� VFKHGXOLQJ�DQ�HYHQW� LQWR� WKH� IXWXUH� IRU� HDFK� OHDS� LQ�

FRPSXWDWLRQ� WLPH��� DQG� EHFDXVH� RI� WKH� VPDOOHU� QXPEHU� RI� GDWD�

HYHQWV�LQIUHTXHQWO\�H[FKDQJHG���,Q�IDFW��WKH�VLPXODWLRQ�LV�REVHUYHG�

WR�H[SHULHQFH�VSHHG�XS�RQ�VPDOOHU�QXPEHUV�RI�03,�UDQNV� 

 
Figure 4: Events processed per synchronization in the 

communication-intensive scenario 

 
Figure 5: Events processed per synchronization in the 

computation-intensive scenario 

1RWH� WKDW� WKHVH� DUH� XQGHU� WKH� PRVW� VWULQJHQW� ORRNDKHDG�

FRQVWUDLQWV�� QDPHO\�� DVVXPLQJ� H[WUHPHO\� IDVW� LQWHU-UDQN� QHWZRUN�

FRQQHFWLRQV�LQ�WKH�VLPXODWHG�PDFKLQH�KDUGZDUH���6ORZHU�PDFKLQH�

FRQILJXUDWLRQV�H[SHULHQFH�PXFK�OHVV�VLPXODWLRQ�RYHUKHDG��GXH� WR�

JUHDWHU FRQFXUUHQF\� SHUPLWWHG� E\� LQWHU-UDQN� ODWHQF\� GLVWDQFHV�  

7KH� IDFW� WKDW� LW� LV� WKH� ORZ� ORRNDKHDG� �DQG� KHQFH� KLJKHU�

V\QFKURQL]DWLRQ� FRVW�� WKDW� FRQWULEXWHV� WR� VORZGRZQV� RQ ODUJHU�

FRQILJXUDWLRQV� �H�J��� �����03,� UDQNV�� LV� GLVFHUQHG� E\� REVHUYLQJ�

WKH� QXPEHU� HYHQWV� DYDLODEOH� WR� SURFHVV� E\� ��� SHU� SDUDOOHO�

V\QFKURQL]DWLRQ� RSHUDWLRQ�� � )LJXUH� 4 DQG� )LJXUH� � VKRZ� WKH�

GHFUHDVH�LQ�WKH�DPRXQW�RI�FRQFXUUHQF\�SHUPLWWHG�E\�WKH�VLPXODWHG�

PDFKLQH��RQ�FRPPXQLFDWLRQ-LQWHQVLYH�DQG�FRPSXWDWLRQ-LQWHQVLYH�

VFHQDULRV� UHVSHFWLYHO\�� � 'XH� WR� LQFUHDVLQJO\� ODUJHU� QXPEHU� RI�

VWDJJHUHG� HYHQWV� DFURVV� WKH� YLUWXDO�03,� UDQNV� �KHQFH�� DFURVV����

UHDO� FRUHV��� ]HUR ORRNDKHDG� QHFHVVLWDWHV� V\QFKURQL]DWLRQ� RIWHQ���

7KXV��WKH�QXPEHU�RI�V\QFKURQL]DWLRQ�RSHUDWLRQV�LQFUHDVHV�DQG�WKH�

QXPEHU� RI� HYHQWV� SURFHVVHG� SHU� /%76� FRPSXWDWLRQ� SHU� FRUH�

GHFUHDVHV�  7KLV�UHSUHVHQWV�WKH�ZRUVW�FDVH��DQG�LV�HDVLO\�LPSURYHG�

RQ�OHVV�VWULQJHQW�VLPXODWHG-PDFKLQH�VSHFLILFDWLRQV �H�J���FOXVWHUV�. 

4.2  Scaling Scenarios 

 
Figure 6: Average run time cost incurred per event 

 
Figure 7: Sub-linear trend of increase in the number of 

synchronization operations with number of real cores 

 
Figure 8: Non-linear nature of performance with 

variation in number of virtual ranks per real core 
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7KH�FRPSXWDWLRQ-LQWHQVLYH�VFHQDULR�RI� WKH�SUHYLRXV�VHW�RI�UHVXOWV�

LV�XVHG�DQG�VFDOHG�RQ�&UD\�;7��ZLWK�WZR�YDULDEOHV������QXPEHU�RI�

UHDO�FRUHV�XVHG� LQ� WKH�SDUDOOHO� VLPXODWLRQ��DQG� ���� WKH�QXPEHU�RI�

YLUWXDO�03,�UDQNV�PDSSHG�WR�HDFK�UHDO�FRUH���)LJXUH�� VKRZV�WKH�

UXQ�WLPH�FRVW�LQ�PLFURVHFRQGV�LQFXUUHG�SHU�HYHQW�� �,W� LV�VHHQ�WKDW�
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ZH�DUH�FXUUHQWO\�LQYHVWLJDWLQJ�WKLV���)LJXUH�� VKRZV�WKH�QXPEHU�RI�

V\QFKURQL]DWLRQ�RSHUDWLRQV�DJDLQVW�WKH�QXPEHU�RI�UHDO�FRUHV�� �$Q�

LQVLJQLILFDQW�JURZWK�LV�REVHUYHG�LQ�V\QFKURQL]DWLRQ�RSHUDWLRQV�IRU�

WKH�VLPXODWLRQ�ZLWK�WKH�QXPEHU�RI�FRUHV��VXJJHVWLQJ�YHU\�HIILFLHQW�

RSHUDWLRQ� ZLWK� UHVSHFW� WR� JOREDO� VLPXODWLRQ� V\QFKURQL]DWLRQ� RI�

�VLN�HYHQ�RQ�WKH�ODUJHVW�QXPEHU�RI�UHDO�FRUHV���)LJXUH�8 VKRZV�D�

YHU\�LQWHUHVWLQJ��QRQ-OLQHDU�UHODWLRQ�EHWZHHQ�WKH�QXPEHU�RI�YLUWXDO�

03,� UDQNV�PDSSHG� WR� HDFK� UHDO� FRUH� DQG� WKH� QXPEHU� RI� YLUWXDO�

03,� UDQNV� EHLQJ� VLPXODWHG�� � :KLOH� SHUIRUPDQFH� LV� EHWWHU� RQ�

VPDOOHU�QXPEHU�RI�FRUHV�ZLWK�ODUJHU�QXPEHU�RI�UDQNV�SHU�FRUH� WKH�

VDPH�LV�XQWUXH�RQ�YHU\� ODUJH�QXPEHU�RI�FRUHV�� �$OWKRXJK�ZH�DUH�

VWLOO� LQYHVWLJDWLQJ� WKLV� SKHQRPHQRQ� LQ� JUHDWHU� GHWDLO�� RXU�

H[SODQDWLRQ�IRU�WKLV�LV�WKDW�WKHUH�LV�D�FRPSHWLWLYH�UHODWLRQ�EHWZHHQ�

WZR� HIIHFWV�� �D�� WKH� VKDUHG-PHPRU\� HIIHFW� RI� FRPPXQLFDWLRQ� E\�

YLUWXDO�03,�UDQNV�PDSSHG�WR�WKH�VDPH�FRUHV��DQG��E��WKH�FRPSOH[�

YDULDWLRQ�LQ�WKH�FRVW�RI�YLUWXDO�WLPH�V\QFKURQL]DWLRQ� 

5.  SUMMARY AND FUTURE WORK 

,QYHVWLJDWLRQ�RI�H[HFXWLRQ�HIIHFWV�RI�H[LVWLQJ�DSSOLFDWLRQV�RQ�QHZ�

SDUDOOHO� SODWIRUPV� LV� JDLQLQJ�PRUH� LPSRUWDQFH� UHFHQWO\� ZLWK� WKH�

UDSLGO\� LQFUHDVLQJ� VL]HV�RI� SDUDOOHO� FRPSXWLQJ� LQVWDOODWLRQV�� �7KH�

QHHG� WR� H[SHULPHQW� ZLWK� 03,� FRGHV� LV� LPPHGLDWH�� \HW� IHZ�

VLPXODWLRQ� WRROV� H[LVW� WR� KHOS� H[HFXWH� FRPSOH[� SDUDOOHO� FRGHV� DW�

WKH� VFDOHV� RI� ��4
-��� 03,� UDQNV RQ� VLPXODWHG� PDFKLQH�

FRQILJXUDWLRQV������LV�EHLQJ�GHYHORSHG�WRZDUGV�PHHWLQJ�WKLV�QHHG��

WRZDUGV�WKH�XOWLPDWH�JRDO�RI�WDNLQJ�XQPRGLILHG�03,�DSSOLFDWLRQV¶�

VRXUFH�FRGH�DQG�H[HFXWLQJ� LW�RQ�D� VLPXODWHG�PDFKLQH�ZLWK�XS� WR�

���-��� LPDJLQDU\�03,�UDQNV���+HUH�ZH�UHSRUW�ZRUN�LQ�SURJUHVV�LQ�

LWV� GHVLJQ� DQG� SUHOLPLQDU\� SHUIRUPDQFH� FKDUDFWHULVWLFV�� � 7KH�

UHVXOWV� DUH� YHU\� HQFRXUDJLQJ�� SURYLGLQJ� DFFHSWDEOH� OHYHOV� RI�

VORZGRZQV� HYHQ� XQGHU� WKH� PRVW� VWULQJHQW� VLPXODWHG� PDFKLQH�

FRQILJXUDWLRQV �]HUR� ORRNDKHDG�.  2Q� VFHQDULRV ZLWK� D� YLUWXDO�

QHWZRUN� ODWHQF\� RI� ���V�� ��� VXVWDLQHG RYHU� ��� PLOOLRQ� YLUWXDO�

UDQNV��DQG�H[HFXWH�RQ�XS�WR���������FRUHV�RI�D�&UD\�;7�.  :H�DUH�

FXUUHQWO\� SRUWLQJ� 1$6� EHQFKPDUNV� DQG� RWKHU� FRPSOH[�

DSSOLFDWLRQV�WR�H[HFXWH�RQ�ODUJH�VLPXODWHG�FRPSXWHUV�LQ ��� 
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