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7KH�PRVW�SRZHUIXO�FRPSXWHUV�RI� WRGD\�DUH�SDUDOOHO�PDFKLQHV�ZLWK� WKRXVDQGV
RI� SURFHVVRUV�� $FFRUGLQJ� WR� UHFHQW� UDQNLQJV�� D� PDFKLQH� FDOOHG� -DQXV�� ZLWK� �����
3HQWLXP�3UR�SURFHVVRUV��RXWSHUIRUPV�DOO�RI�LWV�FRPSHWLWRUV��,W�LV�FHUWDLQO\�SRVVLEOH�WR
EXLOG�D�PDFKLQH�ZKLFK�LV�PRUH�SRZHUIXO�WKDQ�-DQXV�E\�MXVW�LQFUHDVLQJ�WKH�QXPEHU�RI
SURFHVVRUV�� EXW� ZKHQ� LWV� KLJK� FRVW� LV� FRQVLGHUHG�� RQH� ZLOO� VHH� WKDW� WKLV� LV� QRW� DQ
HIILFLHQW�VROXWLRQ�

2Q�WKH�RWKHU�VLGH��WKHUH�DUH�PLOOLRQV�RI�SURFHVVRUV�LQ�WKH�ZRUOG��FRQQHFWHG�ZLWK
D�JOREDO�QHWZRUN�WR�HDFK�RWKHU��ZKLFK�DUH� LGOH�PRVW�RI� WKH�WLPH��5HFHQW�DGYDQFHV�LQ
FRPSXWHU� QHWZRUNLQJ�� HVSHFLDOO\� LQ� QHWZRUN� VSHHG�� DOORZV� WKH� XVH� RI� ZRUNVWDWLRQV
ZKLFK�DUH�FRQQHFWHG�WKURXJK�D�QHWZRUN�DV�D�SDUDOOHO�FRPSXWHU��,I�ZH�FRXOG�XVH�D�IHZ
SHUFHQW�RI�WKH�ZDVWHG�SURFHVVRU�F\FOHV�RQ�WKH�1HW�LQ�RXU�FRPSXWDWLRQV��ZH�ZRXOG�JDLQ
PRUH�FRPSXWDWLRQDO�SRZHU�WKDQ�DQ\�VXSHUFRPSXWHU�LQ�WKH�ZRUOG�MXVW�IRU�]HUR�FRVW�

7KHUH�KDYH�EHHQ�VHYHUDO�DWWHPSWV� WR�XWLOL]H� WKH�SRZHU�RI�ZRUNVWDWLRQV�ZKLFK
DUH� FRQQHFWHG� YLD� QHWZRUNV� >�@�� 2QH� RI� WKH� PRVW� SRSXODU� V\VWHPV� LV� WKH� 12:
�1HWZRUN� RI� :RUNVWDWLRQV�� SURMHFW� DW� 8QLYHUVLW\� RI� &DOLIRUQLD�%HUNHOH\� >�@�� 7KLV
SURMHFW� DLPV� WR� KDUQHVV� WKH� SRZHU� RI� FOXVWHUHG� PDFKLQHV� FRQQHFWHG� YLD� KLJK�VSHHG
QHWZRUNV��2Q�$SULO� ��WK�� ������ WKH�12:� WHDP� DFKLHYHG� RYHU� ��� *)/236� RQ� WKH
/,13$&.�EHQFKPDUN��SXVKLQJ�WKH�12:�LQWR�WKH�WRS�����IDVWHVW�VXSHUFRPSXWHUV�LQ
WKH�ZRUOG��7KLV�WHFKQRORJLFDO�HYROXWLRQ�DOORZV�12:�WR�VXSSRUW�D�YDULHW\�RI�GLIIHUHQW
ZRUNORDGV��LQFOXGLQJ�SDUDOOHO��VHTXHQWLDO��DQG�LQWHUDFWLYH�MREV��DV�ZHOO�DV�VFDODEOH�ZHE
VHUYLFHV��LQFOXGLQJ�WKH�ZRUOG
V�IDVWHVW�ZHE�VHDUFK�HQJLQH��DQG�FRPPHUFLDO�ZRUNORDGV�
VXFK�DV�12:�6RUW��WKH�ZRUOG
V�IDVWHVW�GLVN�WR�GLVN�VRUW�

7KH�QHWZRUN�RI�ZRUNVWDWLRQV�XVHG�LQ�WKLV�SURMHFW�LV�D�GHGLFDWHG�QHWZRUN��7KHUH
DUH� DOVR� RWKHU� DWWHPSWV� ZKLFK� WU\� WR� XWLOL]H� QRQ�GHGLFDWHG� LGOH� ZRUNVWDWLRQV� IRU
FRPSXWDWLRQV�� 2QH� RI� WKH� PRVW� VXFFHVVIXO� VXFK� V\VWHPV� LV� WKH� &RQGRU� SURMHFW� >�@�
GHYHORSHG� E\� 0LURQ� /LYQ\� DQG� KLV� FROOHDJXHV� DW� WKH� 8QLYHUVLW\� RI� :LVFRQVLQ�
0DGLVRQ��&RQGRU�DXWRPDWLFDOO\�ORFDWHV�ZRUNVWDWLRQV�ZKLFK�DUH�LGOH�DQG�WUDQVIHUV�MREV
WR�WKHP��7KH�MREV�DUH�SHULRGLFDOO\�FKHFNSRLQWHG�DQG�PLJUDWH�IURP�PDFKLQH�WR�PDFKLQH
XQWLO�WKH\�DUH�FRPSOHWHG��6WXGLHV�RI�&RQGRU�VKRZHG�WKDW�MREV�VXEPLWWHG�WR�LW�PDGH�XVH
RI�RYHU�����&38�GD\V�SHU�ZHHN�RI�RWKHUZLVH�ZDVWHG�PDFKLQH�F\FOHV��&RQGRU�LV�QRZ
UXQQLQJ�DW�PRUH�WKDQ�D�GR]HQ�XQLYHUVLWLHV�DQG�RWKHU�VLWHV�
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$QRWKHU� DSSURDFK� LV� SURSRVHG� E\�0RKDQ� 9�� 1LEKDQXSXGL� DQG� %ROHVODZ� .�
6]\PDQVNL� >��@� DW� 5HQVVHODHU� 3RO\WHFKQLF� ,QVWLWXWH�� 7KLV� DSSURDFK� WUHDWV� WKH
WHPSRUDU\�XQDYDLODELOLW\�RI�D�ZRUNVWDWLRQ�DV�D�WUDQVLHQW�IDLOXUH�DQG�WULHV�WR�UHGXFH�LWV
DIIHFW� RQ� WKH� H[HFXWLRQ� WLPH� RI� WKH� SURJUDP�� ,W� UHOLHV� RQ� WKH� UHFRYHU\� RI� WKH
FRPSXWDWLRQV�RI�D�IDLOHG�SURFHVV�E\�UHSOLFDWLQJ�LWV�FRPSXWDWLRQV�RQ�DQRWKHU�DYDLODEOH
ZRUNVWDWLRQ� DQG�PLJUDWLRQ�RI� WKH� UHFRYHUHG�SURFHVV� WR� D� QHZ� DYDLODEOH�ZRUNVWDWLRQ�
5HSOLFDWLRQ�RI�FRPSXWDWLRQV�LV�PDGH�SRVVLEOH�E\�HDJHUO\�UHSOLFDWLQJ�WKH�FRPSXWDWLRQ
VWDWH�RI�HDFK�SURFHVV�RQ�D�EDFNXS�SURFHVV��7KLV�DSSURDFK�LV�UHIHUUHG�DV�WKH�$GDSWLYH
5HSOLFDWLRQ�6FKHPH��$56��>��@�

,Q� RXU� SURMHFW�� ZH� DQDO\]HG� WKH� SHUIRUPDQFH� RI� SDUDOOHO� FRPSXWDWLRQV� RQ
GHGLFDWHG� DQG� QRQ�GHGLFDWHG� QHWZRUN� RI�ZRUNVWDWLRQV�� ,Q� RXU� DQDO\VLV�� ZH� XVHG� WKH
DSSOLFDWLRQ� SURJUDP� *$/(�� D� VLPXODWLRQ� RI� HYROXWLRQ� LQ� HSLGHPLFV�� ZKLFK� ZDV
SUHYLRXVO\� LPSOHPHQWHG� LQ�03,�E\�:��0DQLDWW\� >��@��:H� ILUVW� LPSOHPHQWHG�*$/(
XVLQJ�WKH�2[IRUG�%63�/LEUDU\�RQ�GHGLFDWHG�QHWZRUN�RI�ZRUNVWDWLRQV��VHH�&KDSWHU����
7KHQ��ZH�SRUWHG�*$/(�WR�QRQ�GHGLFDWHG�QHWZRUN�RI�ZRUNVWDWLRQV�XVLQJ�WKH�$GDSWLYH
5HSOLFDWLRQ� 6FKHPH� �VHH� &KDSWHU� ���� DQG� PDGH� SHUIRUPDQFH� FRPSDULVRQV� ZLWK� WKH
GHGLFDWHG�12:�LPSOHPHQWDWLRQ��)LQDOO\��ZH�DOVR�LPSOHPHQWHG�*$/(�XVLQJ�WKH�ODWHVW
YHUVLRQ�RI�%63OLE��Y������DQG�FRPSDUHG�WKH�WHVW�UHVXOWV�ZLWK�WKH�ROG�%63�YHUVLRQ��VHH
&KDSWHU�����:H�JLYH�JHQHUDO�LQIRUPDWLRQ�DERXW�WKH�%63�FRPSXWDWLRQDO�PRGHO�DQG�WKH
DSSOLFDWLRQ�SURJUDP�*$/(�LQ�FKDSWHU���DQG�FKDSWHU���UHVSHFWLYHO\��,Q�FKDSWHU����ZH
GLVFXVV� WKH� UHVXOWV� DQG� SURSRVH� SRVVLEOH� LPSURYHPHQWV� WKDW� FDQ� EH� GRQH� RQ� WKH
H[LVWLQJ�PRGHOV�



3

��� %8/.�6<1&+521286�3$5$//(/,60

7KH�%XON�6\QFKURQRXV�3DUDOOHO��%63��0RGHO� >��@� LV� LQLWLDOO\�SURSRVHG�E\�/�
*��9DOLDQW�DQG�IXUWKHU�GHYHORSHG�E\�:��)��0F&ROO�DQG�5��0LOOHU��%63�0RGHO�EULQJV�D
ZLGH�UDQJH�RI�KDUGZDUH�DQG�VRIWZDUH�DUFKLWHFWXUHV�WRJHWKHU�LQWR�D�VLQJOH�DEVWUDFWLRQ�RI
D�SDUDOOHO�FRPSXWHU�E\�SOD\LQJ�WKH�VDPH�SDUW�DV�WKH�WUDGLWLRQDO�9DQ�1HXPDQ�PRGHO�IRU
VHTXHQWLDO�FRPSXWDWLRQ�

%XON� 6\QFKURQRXV� 3DUDOOHOLVP� LV� D� VW\OH� RI� SDUDOOHO� SURJUDPPLQJ� GHYHORSHG
IRU�JHQHUDO�SXUSRVH�SDUDOOHOLVP�� WKDW� LV�SDUDOOHOLVP�DFURVV�DOO�DSSOLFDWLRQ�DUHDV�DQG�D
ZLGH�UDQJH�RI�DUFKLWHFWXUHV��3RUWDELOLW\�RI�WKH�SULPLWLYH�SDUDOOHO�RSHUDWLRQV�LV�DFKLHYHG
E\� EDVLQJ� WKHLU� VHPDQWLFV� RQ� WKH� DUFKLWHFWXUH�LQGHSHQGHQW� PRGHO� RI� SDUDOOHO
FRPSXWDWLRQ

������:K\�%63"
:H�VHOHFWHG�WKH�%XON�6\QFKURQRXV�3DUDOOHO� �%63��0RGHO�IRU� LPSOHPHQWDWLRQ

LQ�RXU�SURMHFW�DPRQJ�D�KXJH�QXPEHU�RI�SDUDOOHO� FRPSXWDWLRQ�PRGHOV�� VLQFH�PRVW�RI
WKHVH�PRGHOV�DUH�LQDGHTXDWH�HLWKHU�LQ�SRUWDELOLW\�RU�LQ�SHUIRUPDQFH�

7KH� SDUDOOHO� FRPSXWDWLRQ� PRGHOV� ZKLFK� DUH� EDVHG� RQ� PHVVDJH� SDVVLQJ� DUH
LQDGHTXDWH� EHFDXVH� RI� WKH� FRPSOH[LW\� RI� FRUUHFWO\� FUHDWLQJ� SDLUHG� FRPPXQLFDWLRQ
DFWLRQV� �VHQG�DQG� UHFHLYH�� LQ� ODUJH�DQG� FRPSOH[�SURJUDPV��6XFK� V\VWHPV� FDQ� HDVLO\
UHVXOW�LQ�GHDGORFNV�DQG�WKH�SUHGLFWLRQ�RI�WKHLU�SHUIRUPDQFH�LV�YHU\�KDUG�EHFDXVH�RI�WKH
LQWHUFKDQJH�RI�ODUJH�QXPEHUV�RI�LQGLYLGXDO�GDWD�WUDQVIHUV�>��@�

7KH�PRGHOV�ZKLFK� DUH�EDVHG� RQ� VKDUHG�PHPRU\� DUH� HDVLHU� WR� SURJUDP� VLQFH
WKH\� SURYLGH� WKH� FRQFHSW� RI� D� VLQJOH�� VKDUHG� DGGUHVV� VSDFH� DQG� VR� D�ZKROH� FODVV� RI
SODFHPHQW�GHFLVLRQV�DUH�DYRLGHG��%XW�WKLV�UHTXLUHV�HLWKHU�FDUHIXO�FUDIWLQJ�RI�SURJUDPV�
LQ� WKH� 35$0� VW\OH�� RU� H[SHQVLYH� ORFN� PDQDJHPHQW�� ,PSOHPHQWLQJ� VKDUHG� PHPRU\
SURJUDPV� UHTXLUHV� D� ODUJHU� IUDFWLRQ� RI� WKH� FRPSXWHUV¶� UHVRXUFHV� WR� EH� GHGLFDWHG� WR
FRPPXQLFDWLRQ� DQG� WKH� PDLQWHQDQFH� RI� FRKHUHQFH�� ,Q� DGGLWLRQV�� WKHVH� V\VWHPV� DUH
PRUH�H[SHQVLYH�WKDQ�RWKHUV�DUH�

2Q� WKH� RWKHU� KDQG�� WKH� %63� PRGHO� LV� VLPSOH� WR� ZULWH�� HIILFLHQW� DQG� IXOO\
SRUWDEOH�� ,W� LV�DSSOLFDEOH�DFURVV� WKH�ZKROH�VSHFWUXP�RI�JHQHUDO�SXUSRVH�DUFKLWHFWXUHV
DQG�SURYLGHV�HIILFLHQW��VFDODEOH�DQG�SUHGLFWDEOH��SHUIRUPDQFH��RQ�D�JLYHQ�DUFKLWHFWXUH�
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�����7KH�%63�&RPSXWDWLRQDO�0RGHO
7KH�%63�PRGHO�LV�SURSRVHG�DV�D�EULGJH�EHWZHHQ�VRIWZDUH�DQG�WKH�XQGHUO\LQJ

DUFKLWHFWXUH��,W�SOD\V�H[DFWO\�WKH�VDPH�SDUW�DV�WKH�WUDGLWLRQDO�9DQ�1HXPDQQ�PRGHO�IRU
VHTXHQWLDO� SURJUDPPLQJ�� D� XQLI\LQJ� DEVWUDFWLRQ� RI� D� JHQHUDO� SXUSRVH� FRPSXWHU�� LQ
ZKLFK� D� YDULHW\� RI� KLJK�OHYHO� ODQJXDJHV� FDQ� EH� XVHG� IRU� LPSOHPHQWDWLRQ� DQG� WKH
DSSOLFDWLRQV�DUH�LQGHSHQGHQW�RI�WKH�WDUJHW�DUFKLWHFWXUH�

5��0LOOHU�DQG�-��5HHG�>��@�SUHVHQW�D�VOLJKWO\�VLPSOLILHG�YHUVLRQ�� LQ�ZKLFK�WKH
FRPSRQHQWV�RI�D�%63�FRPSXWHU�FRQVLVW�RI�

•� D�VHW�RI�VHTXHQWLDO�SURFHVVRUV�HDFK�ZLWK�ORFDO�PHPRU\
•� D�FRPPXQLFDWLRQ�V\VWHP�ZKLFK�WKH�SURFHVVRUV�FDQ�XVH�WR�DFFHVV�QRQ�ORFDO�GDWD
•� D�PHFKDQLVP�WR�JOREDOO\�V\QFKURQL]H�WKH�SURFHVVRUV

7KH� WHUP� EXON�V\QFKURQRXV� FRUUHVSRQGV� WR� D� PRGHO� EHWZHHQ� WKH� H[WUHPH
SRLQWV�RI�V\QFKURQRXV�DQG�DV\QFKURQRXV�SDUDOOHOLVP��,Q�D�IXOO\�V\QFKURQRXV�V\VWHP��D
JOREDO�FORFN�V\QFKURQL]HV�WKH�SURFHVVRUV�RQ�HYHU\�LQVWUXFWLRQ��2Q�WKH�RWKHU�KDQG��LQ�D
IXOO\�DV\QFKURQRXV�V\VWHP��SURFHVVHV�FDQ�ZRUN�LQGHSHQGHQWO\�DW�GLIIHUHQW�VSHHGV��DQG
DUH� V\QFKURQL]HG� LQKHUHQWO\� LQ�SDLUV�RQO\�ZKHQ�D�FRPPXQLFDWLRQ� WDNHV�SODFH��%XON�
V\QFKURQRXV�SDUDOOHOLVP�PHUJHV� WKH� WZR�PRGHOV� LQ� VRPH�VHQVH��7KH�SURFHVVRUV�RI� D
EXON�V\QFKURQRXV� SDUDOOHO� FRPSXWHU� SURJUHVV� WRJHWKHU� WKURXJK� D� SURJUDP�� EXW� WKH
SHULRG�RI�V\QFKURQL]DWLRQ� LV�D� VXSHUVWHS�� D� IUDJPHQW�RI�D� FRPSXWDWLRQ�GXULQJ�ZKLFK
HDFK�SURFHVVRU�SHUIRUPV�D�VHTXHQFH�RI�RSHUDWLRQV�XVLQJ�RQO\�LWV�RZQ�ORFDO�GDWD��DQG
PD\�DOVR�LQLWLDWH�UHTXHVWV�WR�UHDG�DQG�ZDLW�LQ�D�JOREDO�EDUULHU�V\QFKURQL]DWLRQ�XQWLO�WKH
QRQ�ORFDO�GDWD�H[FKDQJHV�DUH�FRPSOHWHG��EHIRUH�SURFHHGLQJ�WR�WKH�QH[W�VXSHUVWHS�

$� SDUWLFXODU� %63� PDFKLQH� KDV� S� SURFHVVRUV� HDFK� RI� ZKLFK� FDQ� H[HFXWH� V
IORDWLQJ�SRLQW� RSHUDWLRQV� SHU� VHFRQG�� DQG� D� FRPPXQLFDWLRQV� V\VWHP� ZKLFK� KDV� D
JOREDO�FDSDFLW\�RI�E�ZRUGV�SHU�VHFRQG��/�LV�WKH�PLQLPXP�DPRXQW�RI�WLPH�ZKLFK�PXVW
HODSVH�EHWZHHQ�VXFFHVVLYH�JOREDO�V\QFKURQL]DWLRQV��7KH�FRVW�RI�JOREDO�FRPPXQLFDWLRQ
LV�H[SUHVVHG�E\�WKH�%63�PDFKLQH�SDUDPHWHU�J��7KH�DFFXUDF\�RI�WKH�PRGHO�UHTXLUHV�/
WR�YDU\�ZLWK�S��DQG�J�WR�YDU\�ZLWK�GDWD�WUDQVIHU�EORFN�VL]H�>��@�

7KH� %63� DSSURDFK� LV� WR� XVH� FRVW� RI� DQ� K�UHODWLRQ� ZKLFK� LV� D� JOREDO
FRPPXQLFDWLRQ�SDWWHUQ�LQ�ZKLFK�HYHU\�SURFHVVRU�FDQ�VHQG�DQG�UHFHLYH�XS�WR�D�WRWDO�RI
K�XQLWV�RI�GDWD�DQG�FRQVWLWXWHV�D�XQLIRUP�FRVW�PRGHO�IRU�QRQ�ORFDO�PHPRU\�DFFHVV�
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:LWK�WKHVH�DVVXPSWLRQV��D�VXSHUVWHS�KDV�D�WLPH�FRVW�&�ZKLFK�VDWLVILHV�

&�≤�;���/���JK� ���

LQ�ZKLFK�;�LV�WKH�PD[LPXP�QXPEHU�RI�ORFDO�RSHUDWLRQV�SHUIRUPHG�E\�DQ\�SURFHVVRU�
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3RSXODWLRQ� G\QDPLFV� DQG� HSLGHPLFV� VSUHDG� DUH� RI� JUHDW� VLJQLILFDQFH� IRU
DJULFXOWXUH�� HFRV\VWHPV� DQG� VRFLHW\� >�@�� %LRORJLVWV� DQG� HFRORJLVWV� KDYH� EURDGO\
VWXGLHG�WKHVH�IXQGDPHQWDO�SKHQRPHQD�WR�DFKLHYH�SHVW�DQG�GLVHDVH�FRQWURO�

6FLHQWLVWV�EHOLHYH�WKDW�RUJDQLVPV�KDYH�D�JHQRW\SH�LQKHULWHG�IURP�WKHLU�SDUHQWV
ZKLFK�FRRUGLQDWHV�WKH�GHYHORSPHQW�RI�WKH�RUJDQLVP��DQG�LV�DSSDUHQW�DV�WKH�SKHQRW\SH
�� WKH� SK\VLFDO� UHVXOWV� RI� WKHVH� GHYHORSPHQWV� >��@�� 7KH� HOLPLQDWLRQ� RI� D� VSHFLHV� RU
JHQRW\SH� IURP� DQ� HFRV\VWHP� LV� QRQ�UHYHUVLEOH� DQG� HFRORJLFDOO\� YHU\� VLJQLILFDQW�
(YROXWLRQ� LV� JRYHUQHG� E\� WKH� SURFHVV� RI� VHOHFWLRQ� ZKLFK� IDYRUV� ZHOO� DGDSWHG
JHQRW\SHV�RYHU�LQIHULRU�JHQRW\SHV��DQG�E\�PXWDWLRQ�ZKLFK�LQWURGXFHV�QHZ�JHQRW\SHV�

6RPH� FRPSXWDWLRQDO� FKDOOHQJHV� DURVH� LQ� WKH� SURFHVV� RI� UHSUHVHQWLQJ� WKH
XQGHUO\LQJ� HQWLWLHV� �H�J�� WKH� RUJDQLVPV� DQG� WKH� KDELWDW�� DQG� WKHLU� DWWULEXWHV� LQ� WKH
PRGHO� �H�J�� VSDFH�� WLPH�� ILWQHVV� DQG� JHQRW\SH� GDWD�� DQG� WKH� UHVXOWLQJ� VLPXODWLRQ�
+LVWRULFDOO\�� VSDWLDOO\� H[SOLFLW� PRGHOV� RI� SRSXODWLRQV� KDYH� EHHQ� FRPSXWDWLRQDOO\
LQWHQVLYH� DQG� KDYH� RQO\� UHFHQWO\� EHFRPH� WUDFWDEOH� IRU� PRGHOLQJ� XVLQJ� KLJK
SHUIRUPDQFH�FRPSXWLQJ�

%LRORJLFDO�UHVHDUFK�REMHFWLYHV�DUH�LQYHVWLJDWLRQ�RI�WKH�IROORZLQJ�SUREOHPV�

•� +RZ� GRHV� WKH� UDQJH� RI� LQWHUDFWLRQV� EHWZHHQ� HYROXWLRQDU\� VWDEOH� RUJDQLVPV
LQIOXHQFH�FRPSHWLWLRQ�VHOHFWLRQ�DW�WKH�KRVW�OHYHO"

•� +RZ�GRHV�WKH�UDQJH�RI�LQWHUDFWLRQ�EHWZHHQ�HYROXWLRQDULO\�VWDEOH�KRVW�RUJDQLVP
LQIOXHQFH�WKH�VSUHDG�SHUVLVWHQFH�FDXVHG�E\�D�XQLTXH�SDWKRJHQ�JHQRW\SH"

•� +RZ� GRHV� WKH� UDQJH� RI� LQWHUDFWLRQ� EHWZHHQ� HYROXWLRQDULO\� VWDEOH� KRVWV
LQIOXHQFH�WKH�LQWHUDFWLRQ�EHWZHHQ�WZR�FRPSHWLQJ�JHQRW\SHV�RI�SDWKRJHQV"

•� +RZ� GRHV� WKH� UDQJH� RI� LQWHUDFWLRQ� EHWZHHQ� HYROYLQJ� VSHFLHV� LQIOXHQFH
FRPSHWLWLRQ�EHWZHHQ�KRVWV"

•� +RZ�GRHV� WKH� UDQJH� RI� LQWHUDFWLRQ� EHWZHHQ� FRHYROYLQJ� KRVWV� DQG� SDWKRJHQV
LQIOXHQFH�WKH�RXWFRPH�RI�HSLGHPLFV"
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�����6RPH�GHILQLWLRQV
,Q�DQ�HSLGHPLF��KRVWV�DUH�DVVXPHG�WR�UHVLGH�LQ�D�KDELWDW��7KH�KRVWV�DUH�VXEMHFW

WR� LQIHFWLRQ�E\�D�SDWKRJHQ�ZKLFK�FDXVHV�GLVHDVH��)RU�FHUWDLQ�GLVHDVHV�SDUDVLWHV�PD\
LQIHFW�KRVWV��DQG�FDXVH�VSUHDG�WKH�GLVHDVH��$�KRVW�ZKLFK�GRHV�QRW�KDYH�WKH�GLVHDVH��EXW
PD\�FDWFK�WKH�GLVHDVH�LV�VDLG�WR�EH�VXVFHSWLEOH��$�KRVW�ZKLFK�KDV�WKH�GLVHDVH��DQG�PD\
VSUHDG�LW�WR�RWKHU�KRVWV�LV�VDLG�R�EH�LQIHFWLYH�

�����7KH�*$/(�0RGHO
$�IRXU�VSHFLHV�FRPPXQLW\�LV�DVVXPHG�DQG�WKH�KRVW�VSHFLHV�DUH�LGHQWLILHG�E\�D

ELQDU\� YDULDEOH� K∈^��� �`�� K �� LPSOLHV� ³JRRG´� KRVW� �IURP� WKH� SHUVSHFWLYH� RI� WKH
VHOHFWLYH�SDUDVLWH���DQG�K ��LPSOLHV�³EDG´�KRVW��7KH�SDUDVLWH�FDQ�H[SHFW�WR�OLYH�ORQJHU
DQG�PRUH�UHDGLO\�DFTXLUH�QHZ�KRVWV�ZKHQ�LW�H[SORLWV�D�JRRG�KRVW��7KH�SDUDVLWH�DFWV�DV
D� YHFWRU�� WUDQVPLWWLQJ� D� SDWKRJHQ� IURP� LQIHFWHG� KRVWV� WR� XQLQIHFWHG� KRVWV�� 7KH
HFRV\VWHP�LV�DVVXPHG�WR�EH�FORVHG�WR�LPPLJUDWLRQ��VR�WKDW�H[WLQFWLRQ�RI�RQH�RU�PRUH
VSHFLHV�LV�SRVVLEOH�

7KH�PRGHO�SDUWLWLRQV�WKH�HQYLURQPHQW�LQWR�D�UHJXODU�ODWWLFH�RI�-�VLWHV��(DFK�VLWH
N�LV�LQ�RQH�RI�QLQH�SRVVLEOH�VWDWHV��$�SDUWLFXODU�VLWH�PD\�EH�HPSW\��VWDWH�����RU�PD\�EH
RFFXSLHG�E\�RQH�RI�WKH�KRVW�VSHFLHV��EXW�QRW�ERWK��7DEOH�����VKRZV�WKH�SRVVLEOH�VWDWHV
DQG�WKHLU�FRQILJXUDWLRQV�DQG�)LJXUH�����VKRZV�WKH�WUDQVLWLRQV�EHWZHHQ�VWDWHV�>�@��,Q�WKH
SDUDVLWH�DQG�SDWKRJHQ�FROXPQV����UHSUHVHQW�DEVHQW�DQG���UHSUHVHQWV�SUHVHQW�

VWDWH KRVW 3DUDVLWH 3DWKRJHQ
� DEVHQW � �
��K K � �
��K K � �
��K K � �
��K K � �

Table 3.1: Ecological States
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Figure 3.1: Ecological State Transition Diagram

7KH� XQGHUO\LQJ� PRGHO� RI� *$/(� >��@� KDV� ORFDOL]HG� LQWHUDFWLRQV�� VR� D� VWDWLF
EORFN� GDWD� GHFRPSRVLWLRQ� ZDV� VHOHFWHG�� 7R� FRPSXWH� VWDWH� WUDQVLWLRQ� SUREDELOLWLHV�
*$/(�PXVW�WUDYHUVH�WKH�VHW�RI�VLWHV�ZLWKLQ�WKH�LQWHUDFWLRQ�QHLJKERUKRRG��UDWKHU� WKDQ
WR�FRXQW�WKH�QXPEHU�RI�VLWHV�LQ�HDFK�VWDWH�

7R� PRGHO� UHSURGXFWLRQ�� DOO� JHQRW\SHV� WKDW� FDQ� UHDFK� D� JLYHQ� VLWH� PXVW� EH
NQRZQ�� VR� *$/(� PXVW� PDLQWDLQ� D� G\QDPLF� VHW� RI� HOLJLEOH� JHQRW\SHV�� 6HW� XQLRQ�
LQWHUVHFWLRQ�DQG�GLIIHUHQFH�RSHUDWLRQV�KDYH�D�FRVW�SURSRUWLRQDO�WR�WKH�FDUGLQDOLW\�RI�WKH
VHWV� EHLQJ� PHUJHG�� $V� D� UHVXOW�� WKH� VWDWH� WUDQVLWLRQ� IXQFWLRQ� FRPSXWHG� DW� HDFK
VLPXODWLRQ� VWHS� LV� YHU\� FRPSOH[�� VLQFH� LW� LQYROYHV� RSHUDWLRQV� RQ� WKH� PXOWL�VHW� RI
JHQRW\SHV� LQ� WKH� LQWHUDFWLRQ� QHLJKERUKRRG�� 7KLV� UHVXOWV� LQ� JUHDW� GHSHQGHQFH� RI
SHUIRUPDQFH� RQ� WKH� DUHD� RI� WKH� LQWHUDFWLRQ� QHLJKERUKRRG�� 3RVVLEOH� LPSURYHPHQWV
LQFOXGH� XVH� RI� VHJPHQWDWLRQ� RI� WKH� HQYLURQPHQW� DFFRUGLQJ� WR� VLWHV� JHQRW\SHV� RU
FODVVHV�RI�JHQRW\SHV�

7KH� SURFHVVRU�ZKLFK� RZQV� WKH� SDUWLWLRQ� LQ�ZKLFK� D� SDUWLFXODU� VLWH� UHVLGHV� LV
UHVSRQVLEOH�IRU�FRPSXWLQJ�LWV�QH[W�VWDWH��DQG�WKHUHIRUH�UHTXLUHV�LQIRUPDWLRQ�DERXW�WKH
FXUUHQW� VWDWH� RI� ERXQGDU\� VLWHV� RQ� QHLJKERULQJ� SURFHVVRUV� �VLQFH� VRPH� VWHQFLOV� FDQ
VSDQ�SDUWLWLRQV���6WDWH�LQIRUPDWLRQ�ZKLFK�FDQ�EH�HIILFLHQWO\�FRPSXWHG�ORFDOO\�DQG�GRHV
QRW�QHHG�WR�EH�FRPSXWHG�DFURVV�SDUWLWLRQ�ERXQGDULHV�LV�PDLQWDLQHG�IRU�HDFK�VLWH�

�7KH� *DOH� PRGHO� ZDV� RULJLQDOO\� LPSOHPHQWHG� XVLQJ� &��� DQG� 03,� E\� :�
0DQLDWW\�RQ�D�VKDUHG�PHPRU\�DUFKLWHFWXUH�>��@�



9

���12:6�86,1*�%63

:H�XVHG�WKH�2[IRUG�%63�/LEUDU\�>��@��GHYHORSHG�E\�5LFKDUG�0LOOHU�DQG�-R\
5HHG��WR�LPSOHPHQW�*$/(�RQ�GHGLFDWHG�1HWZRUN�RI�:RUNVWDWLRQV��7KH�2[IRUG�%63
/LEUDU\� LV� EDVHG� RQ� D� VLPSOLILHG� YHUVLRQ� RI� WKH� %63� 0RGHO� DQG� FRQVLVWV� RI� VL[
SULPLWLYH� URXWLQHV�� )RU� FRQYHQLHQFH� DQG� HIILFLHQF\�� WKH� OLEUDU\� DOVR� SURYLGHV� KLJKHU
OHYHO�URXWLQHV�ZKLFK�DUH�VHPDQWLFDOO\�GHILQHG�LQ�WHUPV�RI�WKHVH�VL[�SULPLWLYH�URXWLQHV�
7DEOH�����VKRZV�WKH�2[IRUG�%63�/LEUDU\�URXWLQHV�

3URFHVV�0DQDJHPHQW %VSBVWDUW�LQW�PD[BSURFV��LQW
�QXPBSURFV��LQW
�P\BSLG�
%VSBILQLVK��

6\QFKURQLVDWLRQ %VSBVVWHS�LQW�VWHSQR�
%VSBVVWHSBHQG�LQW�VWHSQR�

&RPPXQLFDWLRQ %VSBIHWFK�LQW�IURPBSLG��YRLG
�IURPBGDWD��YRLG
�WRBGDWD��LQW�QE\WHV�
%VSBVWRUH�LQW�WRBSLG��YRLG
�IURPBGDWD��YRLG
�WRBGDWD��LQW�QE\WHV�

+LJK�OHYHO�7HPSODWHV %VSBEURDGFDVW�LQW�IURPBSLG��YRLG
�IURPBGDWD��YRLG
�WRBGDWD��LQW�QE\WHV�
EVSBUHGXFH�UHGXFHBURXWLQH����YRLG
�IURPBGDWD��YRLG
�WRBGDWD��LQW�QE\WHV�

Table 4.1: The Oxford BSP Library Routines

7KHVH�URXWLQHV�DUH�XVHG�LQ�WKH�LPSOHPHQWDWLRQ�RI� WKH�$GDSWLYH�%63��$�%63�
/LEUDU\� E\� 0�� 1LEKDQXSXGL�� )RU� WKLV� UHDVRQ�� ZH� DOVR� XVHG� WKH� VDPH� URXWLQHV� WR
LPSOHPHQW� *$/(� RQ� GHGLFDWHG� QHWZRUN� RI� ZRUNVWDWLRQV�� VR� WKDW� ZH� FRXOG� PDNH� D
EHWWHU�DQDO\VLV�DQG�DGHTXDWH�FRPSDULVRQV�EHWZHHQ�WZR�V\VWHPV�

�����,PSOHPHQWDWLRQ
:H�LPSOHPHQWHG�*$/(�RQ�D�QHWZRUN�RI����6XQ�ZRUNVWDWLRQV�LQ�WKH�&RPSXWHU

6FLHQFH� 'HSDUWPHQW� RI� 5HQVVHODHU� 3RO\WHFKQLF� ,QVWLWXWH�� 6RODULV� ���� LV� LQVWDOOHG� RQ
HDFK� RI� WKH� ZRUNVWDWLRQV� DQG� WKH\� DUH� FRQQHFWHG� WR� HDFK� RWKHU� ZLWK� D� ��� 0ESV
(WKHUQHW�� 0RVW� RI� WKH� ZRUNVWDWLRQV� XVHG� DUH� LQ� WKH� JUDGXDWH� ODERUDWRU\� RI� WKH
GHSDUWPHQW� DQG� RSHQ� WR� WKH� SXEOLF� XVH� ��� KRXUV� D� GD\��ZKHUHDV� D� IHZ� RI� WKH� XVHG
PDFKLQHV�DUH�LQ�WKH�JUDGXDWH�VWXGHQW�RIILFHV�DQG�JHQHUDOO\�XVHG�RQO\�E\�WKHLU�RZQHUV�
7DEOH�����VKRZV�WKH�FRQILJXUDWLRQ�RI�WKH�PDFKLQHV�WKDW�FRQVWLWXWH�RXU�12:�
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4XDQWLW\ 0DFKLQH�W\SH 0HPRU\
� �6XQ�8OWUD6SDUF�,, ���0
� �6XQ�8OWUD6SDUF�,, ���0
� �6XQ�8OWUD6SDUF�, ���0
� �6XQ�6SDUF6WDWLRQ��� ���0
� �6XQ�6SDUF6WDWLRQ��� ���0
� �6XQ�6SDUF6WDWLRQ��� ����0
� �6XQ�6SDUF6WDWLRQ�� ����0
� �6XQ�6SDUF6WDWLRQ�� ����0
� �6XQ�6SDUF6WDWLRQ�� ����0
� �6XQ�6SDUF6WDWLRQ�� ����0

Table 4.2: Configuration of our NOW

7KH�QHWZRUN�RI�ZRUNVWDWLRQV�WKDW�ZH�XVHG�ZDV�TXLWH�KHWHURJHQHRXV�LQ�WHUPV�RI
ERWK�WKH�FDSDFLWLHV�RI�WKH�PDFKLQHV�DQG�WKHLU�ORDG�DYHUDJHV�WKURXJKRXW�WKH�GD\��$�OLVW
RI�WKH�ZRUNVWDWLRQV�WKDW�DUH�XVHG�LQ�RXU�FOXVWHU��WKHLU�IORS�UDWHV�DQG�ORDGV�LQTXLUHG�E\
WKH�EVSORDG�XWLOLW\�RI�%63OLE�FDQ�EH�IRXQG�LQ�)LJXUH�����RI�FKDSWHU���

$� KXPDQ� UHDGDEOH� SDUDPHWHU� ILOH� ZKLFK� LV� SDUVHG� DW� UXQWLPH� LV� XVHG� LQ� WKH
WHVWV��2QH�RI�WKH�VDPSOH�SDUDPHWHU�ILOHV�WKDW�ZH�XVHG�LQ� WKH�WHVWV� LV�VKRZQ�LQ�)LJXUH
�����,Q�KH�03,�YHUVLRQ�RI�*$/(��WKH�SDUDPHWHU�ILOH�ZDV�UHDG�E\�DOO�RI�WKH�SURFHVVRUV
FRQFXUUHQWO\�XVLQJ�WKH�IHDWXUHV�RI�WKH�GLVWULEXWHG�ILOH�V\VWHP�1)6�RQ�ZKLFK�RXU�12:
LV�EDVHG��,Q�WKH�%63�YHUVLRQ��ZH�GLG�QRW�SUHIHU�WKH�VDPH�PHWKRG��,Q�RXU�V\VWHP��RQO\
WKH�PDVWHU�SURFHVVRU�UHDGV�WKH�SDUDPHWHU�ILOH�DQG�WKHQ�DOO�RI�WKH�RWKHU�SURFHVVRUV�IHWFK
WKH� GDWD� IURP� WKH� PDVWHU� SURFHVVRU� LQ� D� VLQJOH� VWHS�� $OO� RI� WKHVH� RSHUDWLRQV� DUH
SHUIRUPHG�LQ�RQH�VXSHUVWHS��,Q�DOO�RI�WKH�,�2�RSHUDWLRQV�ZH�DSSOLHG�WKHVH�PHWKRG�

7KH� WHVWV� DUH� UXQ� IRU� GLIIHUHQW� LQSXW� VL]HV�� )RU� VPDOO� LQSXW� VL]HV� WKH
FRPPXQLFDWLRQ�RYHU�FRPSXWDWLRQ�UDWLR�ZDV� ODUJHU��ZKLFK� FDXVHG� D�KLJK� ODWHQF\� DQG
WKH�UXQQLQJ�WLPH�GLG�QRW�VFDOH�ZHOO�ZLWK�WKH�LQFUHDVH�LQ�WKH�QXPEHU�RI�SURFHVVRUV��7R
JHW� EHWWHU� UHVXOWV�ZH� VKRXOG� LQFUHDVH� FRPSXWDWLRQ� RYHU� FRPPXQLFDWLRQ� UDWLR�� VR�ZH
WULHG�IRU�ODUJHU�LQSXW�VL]HV�
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Figure 4.1: Sample Parameter File

� �� �����9HUVLRQ�1XPEHU�RI�SDUDPHWWHU�ILOH�OD\RXW
��� ��PX>�@����%DVH��8QDGMXVWHG�RU�UDZ��+RVW�GHDWK�UDWH��
��� ��PX[>�@���[�YDOXH�XVHG�WR�DGMXVW�GHDWK�UDWH��
��� ��PX\>�@���\�YDOXH�XVHG�WR�DGMXVW�GHDWK�UDWH��
��� ��PX>�@����%DVH��8QDGMXVWHG�RU�UDZ��+RVW�GHDWK�UDWH��
��� ��PX[>�@���[�YDOXH�XVHG�WR�DGMXVW�GHDWK�UDWH��
��� ��PX\>�@���\�YDOXH�XVHG�WR�DGMXVW�GHDWK�UDWH��
��� ��PX>�@����%DVH��8QDGMXVWHG�RU�UDZ��+RVW�GHDWK�UDWH��
��� ��PX[>�@���[�YDOXH�XVHG�WR�DGMXVW�GHDWK�UDWH��
��� ��PX\>�@���\�YDOXH�XVHG�WR�DGMXVW�GHDWK�UDWH��
���� ��PX>�@����%DVH��8QDGMXVWHG�RU�UDZ��+RVW�GHDWK�UDWH��
���� ��PX[>�@���[�YDOXH�XVHG�WR�DGMXVW�GHDWK�UDWH��
���� ��PX\>�@���\�YDOXH�XVHG�WR�DGMXVW�GHDWK�UDWH��
���� ��PX>�@����%DVH��8QDGMXVWHG�RU�UDZ��+RVW�GHDWK�UDWH��
���� ��PX[>�@���[�YDOXH�XVHG�WR�DGMXVW�GHDWK�UDWH��
���� ��PX\>�@���\�YDOXH�XVHG�WR�DGMXVW�GHDWK�UDWH��
���� ��PX>�@����%DVH��8QDGMXVWHG�RU�UDZ��+RVW�GHDWK�UDWH��
���� ��PX[>�@���[�YDOXH�XVHG�WR�DGMXVW�GHDWK�UDWH��
���� ��PX\>�@���\�YDOXH�XVHG�WR�DGMXVW�GHDWK�UDWH��
���� ��PX>�@����%DVH��8QDGMXVWHG�RU�UDZ��+RVW�GHDWK�UDWH��
���� ��PX[>�@���[�YDOXH�XVHG�WR�DGMXVW�GHDWK�UDWH��
���� ��PX\>�@���\�YDOXH�XVHG�WR�DGMXVW�GHDWK�UDWH��
���� ��PX>�@����%DVH��8QDGMXVWHG�RU�UDZ��+RVW�GHDWK�UDWH��
���� ��PX[>�@���[�YDOXH�XVHG�WR�DGMXVW�GHDWK�UDWH��
���� ��PX\>�@���\�YDOXH�XVHG�WR�DGMXVW�GHDWK�UDWH��
���� ��PX3E�����EDVH�SUREDELOLW\�RI�UHFRYHU\�IURP�SDUDVLWH
���� ��PX3[�����[�FRHIILFLHQW�LQ�KRVW�UHFRYHU\�IURP�SDUDVLWH
���� ��PX3\�����\�FRHIILFLHQW�LQ�KRVW�UHFRYHU\�IURP�SDUDVLWH
���� ��PXWDWLRQBUDWH>�@���%HUQRXOOL�SURE��SHU�ELW�RI�PXWDWLRQ��
���� ��PXWDWLRQBUDWH>�@���%HUQRXOOL�SURE��SHU�ELW�RI�PXWDWLRQ��
���� ��PXWDWLRQBUDWH>�@���%HUQRXOOL�SURE��SHU�ELW�RI�PXWDWLRQ��
���� ��PXWDWLRQBUDWH>�@���%HUQRXOOL�SURE��SHU�ELW�RI�PXWDWLRQ��
���� ��SF����������SURE��RI�ZLQQLQJ�VLWH�FRPSHWLWLRQ�EHWZHQ�KRVWV
���� ��SIE>�@������EDVH�SUREDELOLW\�RI�IDWKHULQJ�RIIVSULQJ��
���� ��SIE>�@������EDVH�SUREDELOLW\�RI�IDWKHULQJ�RIIVSULQJ��
���� ��UKR>�@������%DVH��8QDGMXVWHG�RU�UDZ��KRVW�IHFXQGLW\��
���� ��UKR[�>�@��±�DGMXVWPHQW�IRU�KRVW�IHFXQGLW\��
���� ��UKR>�@������EDVH��8QDGMXVWHG�RU�UDZ��KRVW�IHFXQGLW\��
���� ��UKR[�>�@��±�DGMXVWPHQW�IRU�KRVW�IHFXQGLW\��
��������JDPPDBS�����EDVH�H[SRVXUH�FKDQFH�RI�SDUDVLWH
��������JDPPDBS[��±�DGMXVWPHQW�IRU�SDUDVLWH�H[SRVXUH�FKDQFH
�� ��PD[BWLPH��±�QXPEHU�RI�WLPH�VWHSV�±�OHQJWK�RI�VLPXODWLRQ
�� ��VWHSVBSHUBVDPSOH��������������IUHTXHQF\�RI�VDPSOLQJ
�� ��KRVWBUHSURGXFWLYHBIUHTXHQF\���H[SUHVVHG�LQ�CCWLFNV


�� ��OHIW��������OHIW�RI�VWHQFLO
�� ��ULJKW�������ULJKW�RI�VWHQFLO
�� ��ERWWRP������ERWWRP�RI�VWHQFLO
�� ��WRS���������WRS�RI�VWHQFLO
�� ��ZUDS�IODJ����� �WRURLGDO�ZUDS�LV�RQ��� RII
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:KHQ�ZH�LQFUHDVHG�WKH�LQSXW�VL]H��WKH�SHUIRUPDQFH�LPSURYHPHQW�ZLWK�UHJDUG
WR�WKH�QXPEHU�RI�SURFHVVRUV�VWDUWHG�WR�EH�VHHQ�PRUH�DSSDUHQWO\��6R��ZH�KDYH�FKRVHQ
WKH�ODUJHVW�SRVVLEOH�LQSXW�VL]H�WKDW�ZDV�SRVVLEOH�LQ� WKH�WHVWV�DQG�LW�ZDV����[�����:H
FRXOG�QRW� LQFUHDVH� WKH� LQSXW� VL]H�PRUH�� VLQFH� LW� UHTXLUHG�D�KXJH�PHPRU\�ZKLFK�ZDV
DERYH� WKH� OLPLWV�RI� WKH�ZRUNVWDWLRQV� LQ�RXU�12:��(YHQ�ZLWK� WKLV� LQSXW� VL]H�ZH�KDG
VRPH�GLIILFXOWLHV� HVSHFLDOO\�GXULQJ� WKH�SHDN�KRXUV��*$/(� UHTXLUHG� ���0%�PHPRU\
SHU�SURFHVVRU�ZLWK�WKLV�LQSXW�VL]H��DQG�ZKHQ�ZH�FRQVLGHU�WKDW�WKHUH�ZHUH�ZRUNVWDWLRQV
ZLWK�RQO\����0%�RI�PHPRU\�PRVW�RI�ZKLFK�LV�XVHG�MXVW�E\�WKH�V\VWHP�SURFHVVHV��ZH
FRXOG�QRW�UXQ�RXU�SURJUDP�ZLWK�IXOO�FDSDFLW\�HYHQ�GXULQJ�VRPH�QRQ�SHDN�KRXUV�VLQFH
PHPRU\�RI�VHYHUDO�PDFKLQHV�ZDV�QRW�HQRXJK�

�����7HVW�5HVXOWV
7KH� H[HFXWLRQ� WLPHV� RI� *$/(�ZLWK� UHJDUG� WR� WKH� QXPEHU� RI� SURFHVVRUV� RQ

GHGLFDWHG�QHWZRUN�RI�ZRUNVWDWLRQV�DUH�VKRZQ�LQ�7DEOH�����DQG�SORWWHG� LQ� ILJXUH�����
)LJXUH����� VKRZV� WKH�SORW� RI� VSHHGXS�YV�� WKH�QXPEHU�RI�SURFHVVRUV��7KH� VSHHGXS� LV
GHILQHG� DV� D� UDWLR� RI� D� VHTXHQWLDO� LPSOHPHQWDWLRQ¶V� UXQ� WLPH� WR� D� SDUDOOHO
LPSOHPHQWDWLRQ¶V�UXQ�WLPH�

# of Processors � � � � � �� ��
Execution Time (sec) ��� ��� ��� ��� ��� ��� ���

Table 4.3: Execution Time vs. Number of Processors on dedicated network of

workstations using the Oxford BSP Library

$V�LW�FDQ�EH�VHHQ�IURP�WKH�WHVW�UHVXOWV��H[HFXWLRQ�WLPH�DQG�VSHHGXS�VFDOH�ZHOO
ZLWK�UHJDUG�WR�WKH�QXPEHU�RI�SURFHVVRUV��EXW�HVSHFLDOO\�IRU�ODUJH�QXPEHU�RI�SURFHVVRUV
LW�LV�IDU�EHORZ�WKH�RSWLPXP�YDOXHV��2EYLRXVO\�WKLV�LV�PRVWO\�GXH�WR�WKH�KLJK�ODWHQF\�LQ
FRPPXQLFDWLRQ�EHWZHHQ�SURFHVVRUV�VLQFH�WKH�VSHHG�RI� WKH�QHWZRUN�WKDW�FRQQHFWV� WKH
ZRUNVWDWLRQV�RI�RXU�12:�LV�YHU\�VORZ��:H�WKLQN�WKDW�LI�ZH�KDG�XVHG�D�IDVWHU�QHWZRUN
OLNH� ����0ESV� (WKHUQHW� RU� $70�� WKH� PHDVXUHG� UHVXOWV� ZRXOG� EH� YHU\� QHDU� WR� WKH
RSWLPXP�YDOXHV�
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Figure 4.2: Execution Time vs. Number of Processors

Figure 4.3: Speedup vs. Number of Processors
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7KH�VRXUFH�FRGH�IRU�WKH�PDLQ�PRGXOH�DQG�WKH�FRPPXQLFDWLRQ�URXWLQHV��*DOH�&
DQG�%63BGDWDFRPP�&��RI� WKH�GHGLFDWHG�QHWZRUN�RI�ZRUNVWDWLRQV� LPSOHPHQWDWLRQ�RI
*$/(�XVLQJ�WKH�2[IRUG�%63�/LEUDU\�LV�JLYHQ� LQ�$SSHQGL[�$��7KH�FRPSOHWH�VRXUFH
FRGH� FDQ� EH� IRXQG� DW� WKH� ZHE�VLWH� � KWWS���ZZZ�FV�USL�HGX�NRVDUW�JDOH�
%63�%63��
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���121�'(&,&$7('�12:6�86,1*�$�%63

,Q� WKH� LPSOHPHQWDWLRQ� RI�*$/(� RQ� QRQ�GHGLFDWHG� QHWZRUN� RI� ZRUNVWDWLRQV�
ZH�XVHG�WKH�$GDSWLYH�5HSOLFDWLRQ�6FKHPH��$56��>��@�DQG�WKH�$GDSWLYH�%63�OLEUDU\
�$�%63��GHYHORSHG�E\�0��1LEKDQXSXGL�DQG�%��.��6]\PDQVNL�

$56�WUHDWV�WKH�WHPSRUDU\�XQDYDLODELOLW\�RI�D�ZRUNVWDWLRQ�DV�D�WUDQVLHQW�IDLOXUH
DQG� VHHNV� WR� UHGXFH� LWV� DIIHFW� RQ� WKH� H[HFXWLRQ� WLPH� RI� WKH� DSSOLFDWLRQ�� ,W� UHOLHV� RQ
UHFRYHULQJ� WKH� FRPSXWDWLRQV� RI� D� IDLOHG� SURFHVV� E\� UHSOLFDWLQJ� LWV� FRPSXWDWLRQV� RQ
DQRWKHU� DYDLODEOH� ZRUNVWDWLRQ� DQG� PLJUDWLRQ� RI� WKH� UHFRYHUHG� SURFHVV� WR� D� QHZ
DYDLODEOH�ZRUNVWDWLRQ�

$�ZRUNVWDWLRQ�LV�FRQVLGHUHG�XQDYDLODEOH�LI�WKHUH�LV�D�XVHU�ORJJHG�RQ�WKH�V\VWHP
RU� WKH� DYHUDJH�&38�XVDJH� LV� DERYH� D� WKUHVKROG� YDOXH�� DQG� DYDLODEOH� �LGOH�� DOO� RWKHU
WLPHV��7KH�XQDYDLODELOLW\�RI�D�SURFHVVRU�LV�FRQVLGHUHG�DV�D�IDLOXUH�DQG�D�WUDQVLWLRQ�RI�D
KRVW�SURFHVVRU�IURP�DYDLODEOH�WR�XQDYDLODEOH�VWDWH�LV�UHIHUUHG�DV�D�WUDQVLHQW�IDLOXUH�RI
WKH�FRPSRQHQW�SURFHVV�

,Q�WKH�DGDSWLYH�UHSOLFDWLRQ�VFKHPH��WKH�FRPSXWDWLRQ�VWDWH�LV�HDJHUO\�UHSOLFDWHG
RQ� D� QHLJKERU� SURFHVVRU� DW� WKH� EHJLQQLQJ� RI� D� FRPSXWDWLRQ� VWHS�� ,Q� WKH� HYHQW� RI� D
IDLOXUH�RI�WKH�VHQGHU�SURFHVVRU��WKH�UHFHLYHU�SURFHVVRU�XVHV�WKH�VWDWH�GDWD�LW�UHFHLYHG�WR
UHSOLFDWH�WKH�FRPSXWDWLRQV�RI�WKH�IDLOHG�SURFHVVRU�

$56� DVVXPHV� WKDW� RQH� RI� WKH� SURFHVVHV� LV� RQ� D� KRVW� RZQHG� E\� WKH� XVHU� DQG
WKHUHIRUH�LW�LV�H[HPSW�WR�WUDQVLHQW�IDLOXUHV�>��@��7KLV�SURFHVV�LV�UHIHUUHG�DV�WKH�PDVWHU
SURFHVV�� 7KH� PDVWHU� SURFHVV� FRRUGLQDWHV� UHFRYHU\� IURP� WUDQVLHQW� IDLOXUHV� ZLWKRXW
UHSOLFDWLQJ�IRU�DQ\�RI�WKH�IDLOHG�SURFHVVHV��7KH�SDUWLFLSDWLQJ�SURFHVVHV�RWKHU�WKDQ�WKH
PDVWHU�SURFHVV�DUH�RUJDQL]HG�LQWR�D�ORJLFDO�ULQJ�WRSRORJ\�LQ�ZKLFK�HDFK�SURFHVV�KDV�D
SUHGHFHVVRU� DQG� D� VXFFHVVRU�� ,Q� D� FRPSXWDWLRQ� VXSHUVWHS�� HDFK� SURFHVV� LQ� WKH� ULQJ
VHQGV�LWV�FRPSXWDWLRQ�VWDWH�WR�RQH�RU�PRUH�RI�LWV�VXFFHVVRUV��FDOOHG�EDFNXS�SURFHVVHV�
EHIRUH�VWDUWLQJ�LWV�FRPSXWDWLRQ��(DFK�SURFHVV�DOVR�UHFHLYHV�WKH�FRPSXWDWLRQ�VWDWH�IURP
RQH�RU�PRUH�RI�LWV�SUHGHFHVVRUV�

:KHQ� D� SURFHVV� ILQLVKHV� LWV� FRPSXWDWLRQ�� LW� VHQGV� D� PHVVDJH� LQGLFDWLQJ
VXFFHVVIXO�FRPSOHWLRQ�R�HDFK�RI�LWV�EDFNXS�SURFHVVHV��7KH�SURFHVV�WKHQ�FKHFNV�WR�VHH
LI� LW� KDV� UHFHLYHG� D� PHVVDJH� RI� FRPSOHWLRQ� IURP� HDFK� RI� LWV� SUHGHFHVVRUV� ZKRVH
FRPSXWDWLRQ� VWDWH� LV� UHSOLFDWHG� DW� WKLV� SURFHVV�� 1RW� UHFHLYLQJ� D� PHVVDJH� LQ� D� VKRUW
WLPH�RXW� SHULRG� LV� LQWHUSUHWHG� DV� WKH� IDLOXUH� RI� WKH� SUHGHFHVVRU�� 7KLV� SURFHVV� WKHQ
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FUHDWHV� D�QHZ�SURFHVV� IRU� HDFK�RI� WKH� IDLOHG�SUHGHFHVVRUV��7KH� FRPSXWDWLRQ� VWDWH� RI
HDFK� QHZ� SURFHVV� LV� UHVWRUHG� WR� WKDW� RI� WKH� FRUUHVSRQGLQJ� IDLOHG� SUHGHFHVVRU� DW� WKH
EHJLQQLQJ� RI� WKH� FRPSXWDWLRQ� VWHS�� ,Q� RUGHU� WR� WKDW�� WKH� UHVWRULQJ� SURFHVV� XVHV� WKH
FRPSXWDWLRQ� VWDWH� UHFHLYHG� IURP� WKDW� SUHGHFHVVRU�� 7KH� SURFHVV� WKDQ� SHUIRUPV
V\QFKURQL]DWLRQ� IRU� LWVHOI�� (DFK� RI� WKH� QHZO\� FUHDWHG� SURFHVVHV� SHUIRUPV� WKH
FRPSXWDWLRQ�RQ�IDYRU�RI�D�IDLOHG�SUHGHFHVVRU�DQG�SHUIRUPV�V\QFKURQL]DWLRQ�RQ�LWV�SDUW
WR�FRPSOHWH�WKH�FRPSXWDWLRQ�VWHS�

����7KH�$GDSWLYH�%63�/LEUDU\
7KH� $GDSWLYH� %63� /LEUDU\�� GHYHORSHG� E\� 0�� 1LEKDQXSXGL� DQG� %�� .�

6\PDQVNL��LV�EDVHG�RQ�WKH�2[IRUG�%63�/LEUDU\�� ,W�VXSSRUWV� WKH�SULPLWLYH�URXWLQHV�RI
WKH�2[IRUG�%63�/LEUDU\�DQG�KDV�DOVR� VRPH�H[WHQVLRQV� WR� LW��7KH�H[WHQVLRQV� LQFOXGH
WKH�IROORZLQJ�IHDWXUHV�� WKH�FRPSRQHQW�SURFHVVHV�FDQ�EH�WHUPLQDWHG�DW�DQ\�WLPH��QHZ
SURFHVVHV� FDQ� EH� FUHDWHG� WR� MRLQ� WKH� FRPSXWDWLRQ�� DQG� FRPSRQHQW� SURFHVVHV� FDQ
SHUIRUP�V\QFKURQL]DWLRQ�IRU�RQH�DQRWKHU��)LJXUH�����VKRZV�WKH�DGDSWLYH�H[WHQVLRQV�WR
WKH�2[IRUG�%63�/LEUDU\�

Figure 5.1: Adaptive Extensions to the Oxford BSP Library

([WHQVLRQV�WR�VSHFLI\�D�FRPSXWDWLRQ�VXSHUVWHS�
•� EVSBFRPSBVVWHS�LQW�VVWHSQR��
•� EVSBFRPSBVVWHSBHQG�LQW�VVWHSQR��
([WHQVLRQV�WR�VSHFLI\�UHSOLFDWLRQ�GDWD�DQG�DOORFDWH�VWRUDJH�
•� EVSBUHSOLFDWLRQBGDWD�YRLG
�GDWD��ORQJ�QE\WHV��YRLG
�VWRUH��FKDU
�WWDJ��LQW�VXEVFULSW��
•� EVSBVHWXSBUHSOLFDWLRQBHQYLURQPHQW���
([WHQVLRQV�WR�VSHFLI\�WKH�FRPSXWDWLRQ�VWDWH�
•� VWUXFW�%VS6\VWHP6WDWH�
•� EVSBLQLWBV\VWHPBVWDWH�%VS6\VWHP6WDWH
�EVV��
•� EVSBUHVHWBV\VWHPBVWDWH�%VS6\VWHP6WDWH
�EVV��
•� EVSBVHWBV\VWHPBVWDWH�%VS6\VWHP6WDWH
�EVV��FKDU
�WDJ��LQW�VXEVFULSW��
•� EVSBVSHFLILFBV\VWHPBVWDWH�%VS6\VWHP6WDWH
�EVV��
•� EVSBFRPPRQBV\VWHPBVWDWH�%VS6\VWHP6WDWH
�EVV��
([WHQVLRQ�IRU�UHFRYHU\�
•� YRLG�5HFRYHU\)XQFWLRQ���
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�����,PSOHPHQWDWLRQ�	�5HVXOWV
:H�LPSOHPHQWHG�WKH�QRQ�GHGLFDWHG�QHWZRUN�RI�ZRUNVWDWLRQV�YHUVLRQ�RI�*$/(

XVLQJ� WKH�GHGLFDWHG�QHWZRUN�RI�ZRUNVWDWLRQV�YHUVLRQ��ZKLFK�ZH� LPSOHPHQWHG�EHIRUH
ZLWK�%63��DQG�WKH�DGDSWLYH�H[WHQVLRQV�WR�WKH�2[IRUG�%63�/LEUDU\��$�%63�/LEUDU\��

5HSOLFDWLQJ�WKH�FRPSXWDWLRQV�RI�D�IDLOHG�SURFHVV�LV�PDGH�E\�HDJHUO\�VDYLQJ�WKH
FRPSXWDWLRQ� VWDWH� RI� HDFK� SURFHVV� DW� WKH� EHJLQQLQJ� RI� WKH� FRPSXWDWLRQDO� VXSHUVWHS�
7KH� FRPSXWDWLRQ� VWDWH� FRQVLVWV� RI� WZR� SDUWV�� WKH� 6SHFLILF� 6\VWHP� 6WDWH� DQG� WKH
&RPPRQ�6\VWHP�6WDWH��,Q�WKH�6SHFLILF�6\VWHP�6WDWH�RI�*$/(�DOO�RI� WKH�GDWD� WKDW� LV
QHHGHG� WR� VROYH� WKH� LQWHULRU� DQG� ERXQGDU\� VWHQFLO� SDUWLWLRQV� FRUUHVSRQGLQJ� WR� WKDW
SURFHVVRU� LV� VDYHG�� 7KLV� VWDWH� LV� GLVWLQFW� LQ� HDFK� FRPSRQHQW� SURFHVV� DQG� LV� HDJHUO\
VDYHG�LQ�HDFK�LWHUDWLRQ�RI�WKH�PDLQ�VLPXODWLRQ�ORRS�VLQFH�LW�FKDQJHV�LQ�HDFK�LWHUDWLRQ�
7KH� &RPPRQ� 6\VWHP� 6WDWH� RI� *$/(� FRQVLVWV� RI� WKH� SDUDPHWHU� UHFRUG� ZKLFK� LV
UHTXLUHG� WR� LQLWLDOL]H� WKH� FRPSXWDWLRQV� RQ� HDFK� SURFHVVRU��7KLV� VWDWH� LV� QRW� FKDQJHG
GXULQJ� WKH� FRPSXWDWLRQDO� VXSHUVWHS�� DQG� WKHUHIRUH� LW� LV� VDYHG� RQO\� RQFH� DW� WKH
EHJLQQLQJ�RI�WKH�VLPXODWLRQ��'\QDPLF�VWRUDJH�LV�DOORFDWHG�WR�WKH�UHSOLFDWLRQ�GDWD�XVLQJ
WKH� EVSBUHSOLFDWLRQBGDWD� FRQVWUXFW� LQ� ERWK� &855B67$7(� DQG� WKH� 3$50B5(&
%VS6\VWHP6WDWHV�

7KH� H[HFXWLRQ� WLPHV� RI� *$/(�ZLWK� UHJDUG� WR� WKH� QXPEHU� RI� SURFHVVRUV� RQ
QRQ�GHGLFDWHG�QHWZRUN�RI�ZRUNVWDWLRQV�DUH�VKRZQ�LQ�7DEOH�����DQG�SORWWHG� LQ� ILJXUH
�����)LJXUH�����VKRZV�WKH�KH�SORW�RI�VSHHGXS�YV��WKH�QXPEHU�RI�SURFHVVRUV�

# of Processors � � � � �� ��
Execution Time (sec) ��� ��� ��� ��� ��� ���

Table 5.1: Execution Time vs. Number of Processors in the non-dedicated

 Network of Workstations version of GALE

$V�LW�FDQ�EH�VHHQ�IURP�WKH�WHVW�UHVXOWV��H[HFXWLRQ� WLPH�DQG�VSHHGXS�VHHPV� WR
VFDOH� ZHOO� ZLWK� UHJDUG� WR� WKH� QXPEHU� RI� SURFHVVRUV� EXW� ZKHQ�ZH� FKHFN� WKH� YDOXHV
PRUH�FDUHIXOO\��ZH�VHH�WKDW�IRU����SURFHVVRUV�ZH�JHW�D�VSHHGXS�RI�RQO\���ZKLFK�LV�IDU
EHORZ�WKH�H[SHFWHG�UHVXOWV��7KH�KLJK�ODWHQF\�LQ�FRPPXQLFDWLRQ�GXH�WR�VORZ�QHWZRUN
VSHHG�LV�RQH�RI�WKH�UHDVRQV�RI�WKHVH�UHVXOWV��%XW�ZH�WKLQN�WKDW�KH�PRVW�LPSRUWDQW�IDFWRU
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Figure 5.2: Execution Time vs. Number of Processors

Figure 5.3: Speedup vs. Number of Processors
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LV�WKDW�WKH�ZRUNVWDWLRQV�DUH�QRQ�GHGLFDWHG�DQG�DUH�KLJKO\�XWLOL]HG�E\�RWKHU�XVHUV�GXULQJ
WHVW�KRXUV��ZKLFK�LQ�WXUQ�FDXVHV�WUDQVLHQW�IDLOXUHV�DQG�VORZV�GRZQ�WKH�FRPSXWDWLRQV�

:KHQ� ZH� FRPSDUH� WKH� SHUIRUPDQFHV� RI� WKH� GHGLFDWHG� DQG� QRQ�GHGLFDWHG
YHUVLRQV�RI�*$/(��)LJXUH�������ZH�VHH� WKDW�ZKHUHDV� IRU���SURFHVVRUV�� WKH�GHGLFDWHG
YHUVLRQ� LV�RQO\����� WLPHV�IDVWHU� WKDQ� WKH�QRQ�GHGLFDWHG�YHUVLRQ�� IRU����SURFHVVRU� WKH
UDWLR�JURZV�XS�WR������7KH�UHDVRQ�LV�WKDW�ZH�KDYH�RQO\����SURFHVVRUV�LQ�RXU�KRVW�OLVW�
DQG� LI� RQH� RI� WKH� SURFHVVRUV� IDLOV�� WKDW�PHDQV� HLWKHU� DQRWKHU� XVHU� VWDUWV� WR� XVH� WKDW
PDFKLQH�RU� WKH�V\VWHP�ORDG�H[FHHGV�D� WKUHVKROG�YDOXH�±�ZKLFK�KDSSHQV�PRVW�RI� WKH
WLPH�� WKH� H[HFXWLRQ� WLPH� RI� WKH� SDUDOOHO� SURJUDP� ZLWK� KLJK� OHYHO� RI� SDUDOOHOLVP
LQFUHDVHV�QRWDEO\��%XW�VWLOO�WKH�GLIIHUHQFH�LV�QRW�YHU\�KLJK�ZKHQ�ZH�FRQVLGHU�WKDW�WKH
QRQ�GHGLFDWHG�QHWZRUN�RI�ZRUNVWDWLRQV�XVHV�RQO\�LGOH�SURFHVVRU�F\FOHV�DQG�FRVWV� IRU
]HUR�

Figure 5.4: Comparison of dedicated (BSP) and non-dedicated (A-BSP) NOW

versions of GALE
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7KH�VRXUFH�FRGH�IRU�WKH�PDLQ�PRGXOH�DQG�WKH�FRPPXQLFDWLRQ�URXWLQHV��*DOH�&
DQG�%63BGDWDFRPP�&��RI�WKH�QRQ�GHGLFDWHG�QHWZRUN�RI�ZRUNVWDWLRQV�LPSOHPHQWDWLRQ
RI�*$/(�XVLQJ�WKH�$GDSWLYH�5HSOLFDWLRQ�6FKHPH�DQG�WKH�$�%63�/LEUDU\�LV�JLYHQ�LQ
$SSHQGL[� %�� 7KH� FRPSOHWH� VRXUFH� FRGH� FDQ� EH� IRXQG� DW� WKH� ZHE�VLWH
KWWS���ZZZ�FV�USL�HGX�NRVDUW�JDOH�%63�$�%63� �
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���12:6�86,1*�%63/,%

:H�LPSOHPHQWHG�*$/(�RQ�GHGLFDWHG�QHWZRUN�RI�ZRUNVWDWLRQV�XVLQJ�WKH�ODWHVW
YHUVLRQ�RI�%63OLE�>�@�WR�FRPSDUH�LWV�SHUIRUPDQFH�ZLWK�WKH�SUHYLRXV�YHUVLRQ�

7KH�2[IRUG�%63�WRROVHW��Y�����LPSOHPHQWDWLRQ�RI�%63OLE�LV�EDVHG�RQ�WRS�RI�D
YDULHW\�RI�ORZHU�OHYHO�PHVVDJLQJ�OD\HUV��7KH�GLVWULEXWLRQ�SURYLGHV�IRXU�JHQHUDO�FODVVHV
RI�LPSOHPHQWDWLRQV�IRU�WKH�IROORZLQJ�W\SHV�RI�PDFKLQHV�

•� 'LVWULEXWHG� PHPRU\� PDFKLQHV� ZKHUH� WKH� LPSOHPHQWDWLRQ� XVHV� HLWKHU
SURSULHWDU\�PHVVDJH�SDVVLQJ�OLEUDULHV�RU�03,

•� 'LVWULEXWHG�PHPRU\�PDFKLQHV�ZKHUH� WKH� LPSOHPHQWDWLRQ� XVHV� SULPLWLYH� RQH
VLGHG�FRPPXQLFDWLRQ��H�J��WKH�&UD\�6+0(0�OLEUDU\�RI�WKH�7�(�

•� 6KDUHG� PHPRU\� PXOWLSURFHVVRUV� ZKHUH� WKH� LPSOHPHQWDWLRQ� XVHV� HLWKHU
SURSULHW\�FRQFXUUHQF\�SULPLWLYHV�RU�6\VWHP�9�VHPDSKRUHV

•� 1HWZRUN�RI�:RUNVWDWLRQV�ZKHUH�WKH�LPSOHPHQWDWLRQ�XVHV�7&3�,3�RU�8'3�,3�

�����%63OLE�IRU�1HWZRUN�RI�:RUNVWDWLRQV
,Q� EXLOGLQJ� %63OLE� IRU� D� QHWZRUN� RI� ZRUNVWDWLRQV� >�@�� HLWKHU� 7&3�,3� EDVHG

PHVVDJH� SDVVLQJ� �03$66B7&3,3�� RU� 8'3�,3� EDVHG� PHVVDJH� SDVVLQJ
�03$66B8'3,3��GHYLFHV�FDQ�EH�XVHG��7KH�8'3�,3� LPSOHPHQWDWLRQ� LV�GHVLJQHG�IRU
ORZ� ODWHQF\� FRPPXQLFDWLRQ�� DQG� SHUIRUPV� SDUWLFXODUO\�ZHOO� LQ� D� VZLWFKHG� ���0ESV
(WKHUQHW� HQYLURQPHQW� >�@�� +RZHYHU�� WKH� FRUUHFW� LQVWDOODWLRQ� RI� WKH� 8'3�,3� YHUVLRQ
GHSHQGV�XSRQ�VHWWLQJ� DFFXUDWH�YDOXHV� IRU� WKH�PHVVDJH� URXQG�WULS� WLPH�DQG� WKH� LQWHU�
SDFNHW�ODWHQF\�GXULQJ�WKH�FRQILJXUDWLRQ�SURFHVV��,I�RQH�LV�XQVXUH�RI�WKH�FRUUHFW�YDOXHV
RI� WKHVH�SDUDPHWHUV� IRU� KLV� QHWZRUN�� WKHQ� LW� LV� DGYLVDEOH� WR� XVH� WKH�03$66B7&3,3
LPSOHPHQWDWLRQ�RI�WKH�OLEUDU\��DV�LW�LV�IOH[LEOH�WR�LQFRUUHFW�YDOXHV�RI�WKHVH�SDUDPHWHUV�

%HIRUH� D� MRE� FDQ� EH� H[HFXWHG� RQ� D� QHWZRUN� RI� ZRUNVWDWLRQV�� D� QXPEHU� RI
GDHPRQV� QHHG� WR� EH� VWDUWHG� RQ� HDFK� RI� WKH� PDFKLQHV� WKDW� IRUP� WKH� FOXVWHU�� 7KHVH
GDHPRQV�FRQWURO�WKH�DFFHVV��VWDUWXS��DQG�FOHDQXS�RI�SURJUDPV�RQ�UHPRWH�QRGHV��7KHUH
DUH�WKUHH�GDHPRQV�WKDW�WKH�XVHU�KDV�WR�EH�DZDUH�RI�
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•� EVSQRZG��FRQWUROV�WKH�DFFHVV�WR�D�PDFKLQH�IRU�D�SDUWLFXODU�XVHU
•� EVSSRUWG��PDLQWDLQV�WKH�FRUUHVSRQGHQFH�EHWZHHQ�SRUW�QXPEHUV�DQG�%63OLE

XVHU�GDHPRQV�
•� EVSORDGG�� XVHG� WR� HQVXUH� WKDW� %63� MREV� DUH� VWDUWHG� RQ� WKH� OHDVW� ORDGHG

QRGHV�LQ�D�QHWZRUN�

:KHQ�D�%63�MRE�UHTXHVWV�S�SURFHVVHV��WKH�S�OHDVW�ORDGHG�PDFKLQHV�DUH�FKRVHQ
DXWRPDWLFDOO\��ZKLFK�SURYLGHV�D�ORDG�EDODQFLQJ�IDFLOLW\�DW�SURFHVV�VWDUWXS�WLPH�

�����,PSOHPHQWDWLRQ�	�5HVXOWV
:H� VHOHFWHG�7&3�,3� EDVHG�PHVVDJH� SDVVLQJ� �03$66B7&3,3�� GHYLFH� LQ� WKH

LPSOHPHQWDWLRQ�RI�WKH�GHGLFDWHG�12:�YHUVLRQ�RI�*$/(�VLQFH�ZH�KDG�D�KLJK�ODWHQF\
QHWZRUN�����0ESV�(WKHUQHW���%XW�ZKHQ�ZH�UXQ�RXU�SDUDOOHO�SURJUDP��ZH�REVHUYHG�WKDW
WKH�ZRUNVWDWLRQV�FRXOG�QRW�FRPPXQLFDWH�ZLWK�HDFK�RWKHU�� ,W� WRRN�D� ORQJ� WLPH�EHIRUH
ZH�FRXOG�ILQDOO\�ILQG�WKH�UHDVRQ�RI�WKLV�SUREOHP��7KH�7&3�,3�VRFNHW�ORZ�ZDWHU�PDUNV
ZHUH� QRW� ZRUNLQJ� LQ� RXU� V\VWHP� DQG� VLQFH� %63OLE� UHTXLUHV� WKH� 62B61'/2:$7
RSWLRQ�WR�VHWVRFNRSW�WR�ZRUN�FRUUHFWO\��WKH�7&3�,3�YHUVLRQ�ZDV�QRW�ZRUNLQJ�FRUUHFWO\
LQ�RXU�QHWZRUN��)LJXUH�����VKRZV�WKH�ZDUQLQJ�PHVVDJH�WKDW�ZH�JRW�IURP�%63OLE�

Figure 6.1: Warning message from BSPlib

FKHFNLQJ�LI�VHQG�ORZ�ZDWHU�PDUNV�RQ�VRFNHWV�DUH�VXSSRUWHG�E\
7&3�,3����QR
FRQILJXUH��ZDUQLQJ�








































































��7KH�7&3�,3�VRFNHW�ORZ�ZDWHU�PDUNV�DUH�QRW�ZRUNLQJ�RQ�WKLV���






��SODWIRUP��$V�%63OLE�UHTXLUHV�WKH�62B61'/2:$7�RSWLRQ�WR������
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��VWDFN�DQG�RU�WKH�VRFNHWV�LQWHUIDFH���2Q�WKHVH�SODWIRUPV�����
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7KHQ� ZH� WULHG� ZLWK� WKH� 8'3�,3� EDVHG� PHVVDJH� SDVVLQJ� �03$66B8'3,3�
GHYLFH� LQVWHDG�RI�7&3�,3�DQG� LW�ZRUNHG�ZLWKRXW�DQ\�SUREOHP��)LJXUH����� VKRZV� WKH
OLVW� RI� ZRUNVWDWLRQV� XVHG� LQ� RXU� FOXVWHU�� WKHLU� IORS� UDWHV� DQG� ORDGV� LQTXLUHG� E\� WKH
EVSORDG�XWLOLW\�RI�%63OLE�

Figure 6.2: The list of workstations used in our cluster, their flop rates

and loads inquired by EVSORDG

7KH�H[HFXWLRQ�WLPHV�RI�WKH�%63/,%�LPSOHPHQWDWLRQ�RI�*$/(�ZLWK�UHJDUG�WR
WKH�QXPEHU�RI�SURFHVVRUV�RQ�GHGLFDWHG�QHWZRUN�RI�ZRUNVWDWLRQV�DUH� VKRZQ� LQ�7DEOH
����DQG�SORWWHG�LQ�ILJXUH������)LJXUH�����VKRZV�WKH�SORW�RI�VSHHGXS�YV��WKH�QXPEHU�RI
SURFHVVRUV�

# of Processors � � � � � �� ��
Execution Time (sec) ��� ��� ��� ��� ��� ��� ���

Table 6.1: Execution Time vs. Number of Processors in the dedicated

 NOW with BSPLIB version of GALE

0DFKLQH����������_�&38V�_1LFH_��)ORS�UDWH���_�/RDG�_��������$JH
������������������������������������������������������������������
HLQVWHLQ�FV�USL��_������_����_������0IORS�V�_������_����PLQ����VHF
IRUN�FV�USL�HGX��_������_����_������0IORS�V�_������_����PLQ����VHF
KDVK�FV�USL�HGX��_������_����_������0IORS�V�_������_����PLQ����VHF
JORE�FV�USL�HGX��_������_����_������0IORS�V�_������_����PLQ����VHF
EXOOSHQ�FV�USL�H�_������_����_������0IORS�V�_������_����PLQ����VHF
JULGGOH�FV�USL�H�_������_����_������0IORS�V�_������_����PLQ����VHF
WUDEDQW�FV�USL�H�_������_����_������0IORS�V�_������_����KU�����PLQ
KRWSODWH�FV�USL��_������_����_������0IORS�V�_������_����PLQ����VHF
PRGXOH�FV�USL�HG�_������_����_������0IORS�V�_������_����PLQ����VHF
VDODGVKRRWHU�FV��_������_����_������0IORS�V�_������_����PLQ����VHF
DFKLOOHV�FV�USL��_������_����_������0IORS�V�_������_����PLQ����VHF
WURL�FV�USL�HGX��_������_����_������0IORS�V�_������_����PLQ����VHF
YROJD�FV�USL�HGX�_������_����_������0IORS�V�_������_����PLQ����VHF
UROOV�FV�USL�HGX�_������_����_������0IORS�V�_������_����PLQ����VHF
MXLFHU�FV�USL�HG�_������_����_������0IORS�V�_������_����PLQ����VHF
IULGJH�FV�USL�HG�_������_����_������0IORS�V�_������_����PLQ����VHF
LFHPDNHU�FV�USL��_������_����_������0IORS�V�_������_����PLQ����VHF
HJJEHDWHU�FV�USL�_������_����_������0IORS�V�_������_�����������VHF
FRIIHHSRW�FV�USL�_������_����_������0IORS�V�_������_����PLQ����VHF
GLVKZDVKHU�FV�US�_������_����_������0IORS�V�_������_����PLQ����VHF
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Figure 6.3: Execution Time vs. Number of Processors

Figure 6.4: Speedup vs. Number of Processors
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:KHQ�ZH� FRPSDUH� WKH� SHUIRUPDQFHV� RI� WKH� ODWHVW� YHUVLRQ� RI� %63/,%� �Y����
DQG� WKH� ROG� YHUVLRQ� RI� 2[IRUG� %63� /LEUDU\� RQ� GHGLFDWHG� QHWZRUN� RI� ZRUNVWDWLRQV
�)LJXUH�������ZH�VHH� WKDW� WKH� ODWHVW�YHUVLRQ�RI�%63/,%�VKRZV�DERXW����� WLPHV�EHWWHU
SHUIRUPDQFH�WKDQ�WKH�ROG�YHUVLRQ�RI�WKH�2[IRUG�%63�/LEUDU\�

Figure 6.5: Performance comparison of the latest version of BSPLIB(v1.4) and

the Oxford BSP Library

7KH� VRXUFH� FRGH� IRU� WKH� PDLQ� PRGXOH� DQG� WKH� FRPPXQLFDWLRQ� URXWLQHV
�*DOH�FF� DQG� %63BGDWDFRPP�FF�� RI� WKH� GHGLFDWHG� QHWZRUN� RI� ZRUNVWDWLRQV
LPSOHPHQWDWLRQ� RI� *$/(� XVLQJ� WKH� ODWHVW� YHUVLRQ� RI� %63/,%� �Y����� LV� JLYHQ� LQ
$SSHQGL[� &�� 7KH� FRPSOHWH� VRXUFH� FRGH� FDQ� EH� IRXQG� DW� WKH� ZHE�VLWH
KWWS���ZZZ�FV�USL�HGX�NRVDUW�JDOH�%63�%63/,%� �
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7. CONCLUSIONS AND FUTURE WORK

,Q�WKH�SUHYLRXV�FKDSWHUV�ZH�LQYHVWLJDWHG�WKH�DSSOLFDELOLW\�RI�WKH�%63�PRGHO�WR
ERWK� GHGLFDWHG� DQG� QRQ�GHGLFDWHG� QHWZRUN� RI� ZRUNVWDWLRQV� XVLQJ� WKH� DSSOLFDWLRQ
*$/(�

:H� LPSOHPHQWHG� *$/(� RQ� GHGLFDWHG� QHWZRUN� RI� ZRUNVWDWLRQV� XVLQJ� WKH
2[IRUG�%63�/LEUDU\��7KH�UHVXOWV�VKRZ�WKDW�%63�EDVHG�SDUDOOHO�SURJUDPPLQJ�FDQ�EH
DSSOLHG�RQ�QHWZRUN�RI�ZRUNVWDWLRQV�HIILFLHQWO\�LQ�VSLWH�RI�WKH�VORZ�QHWZRUN�FRQQHFWLRQ
DQG�KLJK�FRPPXQLFDWLRQ�ODWHQF\�

7KHQ� ZH� DSSOLHG� WKH� $GDSWLYH� 5HSOLFDWLRQ� 6FKHPH�� GHYHORSHG� E\� 0�
1LEKDQXSXGL�DQG�%��.��6]\PDQVNL�DW�5HQVVHODHU�3RO\WHFKQLF�,QVWLWXWH�>��@��WR�*$/(
RQ� QRQ�GHGLFDWHG� QHWZRUN� RI� ZRUNVWDWLRQV�� VKRZLQJ� WKDW� WKH� XVH� RI� LGOH� SURFHVVRU
F\FOHV�LQ�FRPSXWDWLRQV�JDLQV�XV�DOPRVW�����FRPSXWDWLRQDO�SRZHU�RI��D�GHGLFDWHG�12:
MXVW�IRU�]HUR�FRVW�

)LQDOO\��ZH� LPSOHPHQWHG�*$/(�RQ�GHGLFDWHG�QHWZRUN�RI�ZRUNVWDWLRQV�XVLQJ
WKH�ODWHVW�YHUVLRQ�RI�%63/,%�DQG�FRPSDUHG�LWV�SHUIRUPDQFH�ZLWK�WKH�ROG�YHUVLRQ��7KH
UHVXOWV� VKRZ� WKDW� WKH� QHZ� YHUVLRQ� LQWURGXFHV� D� SHUIRUPDQFH� LPSURYHPHQW� RI� DERXW
����

7.1. Future Work

7KH�QHWZRUN�XVHG�LQ�WKLV�SURMHFW�ZDV�D����0ESV�(WKHUQHW��ZKLFK�LV�FRQVLGHUHG
RQH�RI�WKH�VORZHVW�RQHV�LQ�WRGD\¶V�QHWZRUNLQJ�WHFKQRORJ\��6ORZ�QHWZRUN�FRQQHFWLRQ
PHDQV� KLJK� FRPPXQLFDWLRQ� ODWHQF\�� ZKLFK� LQ� WHUP� GHFUHDVHV� WKH� SHUIRUPDQFH� RI
SDUDOOHO� FRPSXWDWLRQV� RQ� 12:� GUDVWLFDOO\�� ,I� ZH� LPSURYHG� WKH� QHWZRUN� VSHHG� E\
XVLQJ�D�����0%�(WKHUQHW�RU�DQ�$70�1HWZRUN��WKH�SHUIRUPDQFH�RI�ERWK�WKH�GHGLFDWHG
DQG�QRQ�GHGLFDWHG�12:6�ZRXOG�LQFUHDVH�E\�D�JUHDW�UDWLR�

$QRWKHU� LPSURYHPHQW�RQ�QRQ�GHGLFDWHG�12:�FDQ�EH�GRQH�E\� LPSOHPHQWLQJ
WKH� DGDSWLYH� UHSOLFDWLRQ� VFKHPH� XVLQJ� WKH� QHZ� YHUVLRQ� RI� %63/,%�� 7KH� HVWLPDWHG
SHUIRUPDQFH�LPSURYHPHQWV�RQ�WKH�([HFXWLRQ�7LPH�DQG�6SHHGXS�DUH�VKRZQ�LQ�ILJXUHV
����DQG�����UHVSHFWLYHO\�
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)LJXUH������(VWLPDWHG�LPSURYHPHQWV�RQ�WKH�([HFXWLRQ�7LPH�ZKHQ�WKH�$GDSWLYH
5HSOLFDWLRQ�6FKHPH�LV�LPSOHPHQWHG�XVLQJ�WKH�QHZ�YHUVLRQ�RI�%63/,%�

)LJXUH������(VWLPDWHG�LPSURYHPHQWV�RQ�WKH�6SHHGXS�ZKHQ�WKH�$GDSWLYH
5HSOLFDWLRQ�6FKHPH�LV�LPSOHPHQWHG�XVLQJ�WKH�QHZ�YHUVLRQ�RI�%63/,%�
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