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7KLV�DSSHQGL[�SUHVHQWV�D�PXOWLSURFHVVRU�VLPXODWLRQ�HQYLURQPHQW��GHYHORSHG�ZLWK�WKH�DLP
WR� IDFLOLWDWH� WKH� UHVHDUFKHV� RI� PXOWLSURFHVVRU� V\VWHPV� XVLQJ� ZLGHO\� DYDLODEOH� KDUGZDUH
SODWIRUPV��,W�FRPSULVHV�VLPXODWLRQ�WRROV�� LQFOXGLQJ�ERWK�DQ�H[HFXWLRQ�GULYHQ�DQG�D�WUDFH�
GULYHQ� VLPXODWRU�� DSSOLFDEOH� IRU� PHPRU\� DUFKLWHFWXUH� VWXGLHV� RI� VKDUHG�DGGUHVV� VSDFH
PXOWLSURFHVVRUV�� ,W� DOVR� LQFOXGHV� D� GHWDLOHG� PRGHO� RI� D� EXV�EDVHG� FDFKH� FRKHUHQW
V\PPHWULFDO� PXOWLSURFHVVRU� V\VWHP�� 7KH� H[HFXWLRQ�GULYHQ� VLPXODWRU� KDV� D� VFKHGXOLQJ
DOJRULWKP� VSHFLDOO\� RSWLPL]HG� IRU� VSHHG�� ,W� FDQ� UXQ� SDUDOOHO� DSSOLFDWLRQV� EDVHG� RQ� WKH
$1/�SURJUDPPLQJ�SDUDGLJP��VXFK�DV�WKRVH� IRXQG�LQ�WKH�63/$6+���VXLWH��7KH�SDFNDJH
DOVR� LQFOXGHV� DQ� H[WHQVLRQ� IRU�ZULWLQJ� REMHFW�RULHQWHG� SDUDOOHO� DSSOLFDWLRQV� LQ� WKH� -DYD�
OLNH�PDQQHU��7UDFH�GULYHQ�VLPXODWLRQ�LV�EDVHG�RQ�D�QHZ�FRQFHSW�RI�LGHDO�WUDFHV��7KH�WUDFH�
GULYHQ� VLPXODWRU� VXSSRUWV� DQ� RULJLQDO� WHFKQLTXH� IRU� DEVWUDFWLRQ� RI� HYHQWV� WKDW� FDQ
LQWURGXFH�WLPLQJ�GHSHQGHQFLHV�LQ�D�WUDFH��ZKLFK�LQ�WXUQ�HQDEOHV�DFFXUDWH�VLPXODWLRQ��%RWK
WKH� H[HFXWLRQ�GULYHQ� DQG� WKH� WUDFH�GULYHQ� VLPXODWRU� FDQ�ZRUN� XVLQJ� WKH� VDPH� PHPRU\
DUFKLWHFWXUH�VLPXODWRUV��7KH�HQYLURQPHQW�SURYLGHV�D�VLPSOH�JHQHUDO� LQWHUIDFH�WKDW�DOORZV
IRU� WKH�KDUGZDUH� O\LQJ�XQGHUQHDWK� WKH�VLPXODWHG�SURFHVVRUV� WR�EH�PRGHOHG�XVLQJ�REMHFW
RULHQWHG� SURJUDPPLQJ�� 7KH� SDFNDJH� FXUUHQWO\� UXQV� RQ� 3&� SODWIRUPV� ZLWK� 3HQWLXP� RU
QHZHU��SURFHVVRU�XQGHU�WKH�/LQX[�RSHUDWLQJ�V\VWHP�

���,QWURGXFWLRQ
6LPXODWLRQ� SOD\V� D� YLWDO� UROH� LQ� PXOWLSURFHVVRU� VWXGLHV�� ,Q� D� YDULHW\� RI� VLPXODWLRQ
WHFKQLTXHV��UDQJLQJ�IURP�DQDO\WLFDO�PRGHOLQJ��ZKLFK�LV�RIWHQ�LQDGHTXDWH�IRU�EHLQJ�XQDEOH
WR�PRGHO�FRPSOH[�PXOWLSURFHVVRU� LQWHUDFWLRQV�� WR�KDUGZDUH�SURWRW\SLQJ��ZKLFK� LV� FRVWO\
DQG� LQIOH[LEOH�� VRIWZDUH� VLPXODWLRQ� KDV� EHFRPH� UHODWLYHO\� SRSXODU�� 6RIWZDUH� VLPXODWLRQ
KDV� FHUWDLQ� EHQHILWV� WKDW� PDNH� LW� WKH� GRPLQDQW� PHWKRG� IRU� YDOLGDWLQJ� RI� SURSRVHG
DUFKLWHFWXUHV��6RIWZDUH�VLPXODWRUV�DUH�HDVLHU�WR�GHYHORS��WKH\�DUH�OHVV�H[SHQVLYH�WKDQ�WKHLU
KDUGZDUH� FRXQWHUSDUWV� DQG� WKH\� DUH� DEOH� WR� SHUIRUP� VLPXODWLRQV� ZLWK� KLJK� OHYHO� RI
DFFXUDF\�� 7KH\� DUH� DOVR� PRUH� IOH[LEOH�� DOORZLQJ� IUHTXHQW� FKDQJHV� RI� VLPXODWLRQ
SDUDPHWHUV� DQG� HDV\� FKDQJHV� LQ� WKH� VLPXODWHG� DUFKLWHFWXUH�� WKLV� LV� VLJQLILFDQW� EHFDXVH
GHWDLOV�RI�WKH�DUFKLWHFWXUH�XQGHU�HYDOXDWLRQ�PD\�IUHTXHQWO\�QHHG�UHDGMXVWLQJ��DFFRUGLQJ�WR
WKH� VLPXODWLRQ� UHVXOWV�� ,Q� DGGLWLRQ�� DV� PDQ\� VLPXODWLRQV� DV� WKHUH� DUH� DYDLODEOH� KRVW
PDFKLQHV�FDQ�EH�UXQ�VLPXOWDQHRXVO\��ZKLFK� LV� LPSRUWDQW�KDYLQJ� LQ�PLQG� WKH�QXPEHU�RI
H[SHULPHQWV�WKDW�XVXDOO\�KDYH�WR�EH�FDUULHG�RXW�
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7KH� ZRUOG� RI� VRIWZDUH� VLPXODWLRQ� FRPSUHKHQGV� VHYHUDO� GLIIHUHQW� VLPXODWLRQ� PHWKRGV�
ZLWK�D�QXPEHU�RI�WRROV�WKDW�IROORZ�WKHP�>�@��&HUWDLQ�WUDGH�RII�EHWZHHQ�DFFXUDF\��VSHHG�
IOH[LELOLW\�� H[SHQVH��SRUWDELOLW\�� DQG�HDVH�RI�XVH� LV� SUHVHQW� LQ� HYHU\� VLPXODWLRQ�PHWKRG�
7KHVH� LVVXHV� VKRXOG� EH� FDUHIXOO\� FRQVLGHUHG�ZKHQ� HYDOXDWLQJ� VLPXODWLRQ� WHFKQLTXHV� RU
FRPSDULQJ�WKHP�ZLWK�HDFK�RWKHU�

$�UDSLG�GHYHORSPHQW� LQ� WKH�FRPSXWHU� ILHOG� FDQ� DOVR� FKDQJH� FRQGLWLRQV� WKDW�PDNH� VRPH
PHWKRG�WKH�EHVW�DW�RQH�SRLQW�RI�WLPH��OHDGLQJ�WRZDUG�WKH�LQWURGXFWLRQ�RI�QHZ�PHWKRGV�RU
WRZDUG� UHHPHUJLQJ� RI� VRPH� RI� WKH� ROG� LGHDV�� VR� WKDW� RFFDVLRQDO� UHHYDOXDWLRQ� RI� WKH
VLPXODWLRQ�WHFKQLTXHV�LV�QHFHVVDU\�

&XUUHQWO\�� RQH� RI� WKH� PRVW� SRSXODU� PHWKRGV� IRU� VLPXODWLRQ� RI� PXOWLSURFHVVRUV� >�@� LV
H[HFXWLRQ�GULYHQ�VLPXODWLRQ��GXH�WR�LWV�VSHHG�DQG�DFFXUDF\��7KLV�PHWKRG�KDV�EHHQ�XVHG�LQ
D� QXPEHU� RI� SRSXODU� VLPXODWLRQ� WRROV�� +RZHYHU�� WKLV� PHWKRG� GRHV� QRW� HQDEOH� 26
UHIHUHQFHV� WR�EH� LQFOXGHG� LQ� WKH�VLPXODWLRQ��7UDFH�GULYHQ�VLPXODWLRQ�� LV�DQRWKHU�PHWKRG
WKDW�ZDV�ZLGHO\�XVHG�LQ�WKH�SDVW��EXW�ZDV�UHSODFHG�E\�RWKHU�WHFKQLTXHV��PRVWO\�GXH�WR�LWV
QHHG� IRU� ODUJH� GLVN� VSDFH�� SUREOHPV� ZLWK� ORZ� GLVN� WUDQVIHU� UDWHV�� DQG� LQDELOLW\� WR
DFFXUDWHO\� VLPXODWH� FRPSOH[� LQWHUSURFHVV� LQWHUDFWLRQV�� <HW�� ZLWK� UDSLG� GHYHORSPHQW� RI
WHFKQRORJ\��GLVNV�ZLWK�FDSDFLWLHV�RI���*%�RU�PRUH�DQG�ZLWK�WUDQVIHU�UDWHV�RYHU���0%�V
KDYH� EHFRPH� ZLGHO\� DFFHVVLEOH�� HOLPLQDWLQJ� VRPH� RI� WKH� GUDZEDFNV� RI� WKLV� PHWKRG�
7UDFH�GULYHQ� VLPXODWLRQ� FDQ� EH� SHUIRUPHG� ZLWK� WUDFHV� WKDW� FDQ� FRQWDLQ� PHPRU\
UHIHUHQFHV�IURP�DQ\�VRXUFH��LQFOXGLQJ�WKRVH�IURP�26��/LPHV�EHQHILWV�IURP�XVLQJ�ERWK�RI
WKHVH�WZR�VLPXODWLRQ�PHWKRGV�

/LPHV� FRQVLVWV� RI� WZR� VLPXODWRUV� �H[HFXWLRQ�GULYHQ� DQG� WUDFH�GULYHQ� VLPXODWRU�� DQG� D
PRGLILDEOH�VRIWZDUH�UHSUHVHQWDWLRQ�RI�D�UHDOLVWLF�PXOWLSURFHVVRU�V\VWHP��,W�FXUUHQWO\�UXQV
RQ�3&�SODWIRUPV�ZLWK�3HQWLXP�RU�QHZHU�SURFHVVRU�XQGHU�WKH�/LQX[�RSHUDWLQJ�V\VWHP�

7KH� IROORZLQJ� VHFWLRQV�ZLOO� GHVFULEH� /LPHV�� ,Q� VHFWLRQ� ��ZH� H[SODLQ� WKH� JRDOV� DXWKRUV
VRXJKW�WR�VDWLVI\�ZLWK�/LPHV�DQG�RWKHU�UHTXLUHPHQWV�VHW�EHIRUH�LW��,Q�VHFWLRQ���ZH�GLVFXVV
WKH�H[LVWLQJ�VLPXODWLRQ� WRROV�DQG�ZK\� LV�/LPHV�GLIIHUHQW� IURP� WKHP��6HFWLRQ���SUHVHQWV
/LPHV�VWUXFWXUH�LQ�GHWDLOV�� LQFOXGLQJ�WKH�H[HFXWLRQ�GULYHQ�DQG�WUDFH�GULYHQ�VLPXODWRU�DQG
WKHLU� LQWHUQDO� DOJRULWKPV�� DQG� JLYHV� LQVLJKW� LQ� RQH� UHDOLVWLF� PHPRU\� VLPXODWRU� RQ� DQ
H[DPSOH�RI� WKH�603�V\VWHP��6HFWLRQ���GHDOV�ZLWK�/LPHV� FRPSOH[LW\� DQG� SHUIRUPDQFH�
6HFWLRQ���JLYHV�WKH�EULHI�LQVWDOODWLRQ�JXLGH�IRU�LQVWDOOLQJ�DQG�XVLQJ�/LPHV��6HFWLRQ���JLYHV
VRPH�H[DPSOHV�RI�SURMHFWV�ZKHUH�/LPHV�ZDV�XVHG��:H�FRQFOXGH�ZLWK�VHFWLRQ���

�������������������������������������������������������
��7KH� WHUP� WUDFH�GULYHQ� VLPXODWLRQ� VRPHWLPHV� SHUWDLQV� WR� DOO� W\SHV� RI� VRIWZDUH� VLPXODWLRQV�� PHDQLQJ� WKDW� D� VWUHDP� RI� PHPRU\

UHIHUHQFHV� FRQVWLWXWHV� D� WUDFH� QR� PDWWHU� ZKHUH� LW� FRPHV� IURP� �IURP� GLUHFW� H[HFXWLRQ� RU� IURP� D� ILOH��� +HUH�� E\� H[HFXWLRQ�GULYHQ
VLPXODWLRQ�ZH�PHDQ�WKDW�PHPRU\�UHIHUHQFHV�FRPH�IURP�GLUHFW�H[HFXWLRQ�RI�WKH�LQVWUXPHQWHG�FRGH��DQG�E\�WUDFH�GULYHQ�VLPXODWLRQ�WKDW
PHPRU\�UHIHUHQFHV�FRPH�IURP�D�ILOH�UHVLGLQJ�RQ�D�GLVN�
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���*RDOV�DQG�'HPDQGV
7KH� QDWXUH� RI� UHVHDUFK� WKDW� KDG� WR� EH� SHUIRUPHG�� PDLQO\� LQYROYLQJ� VKDUHG�PHPRU\
PXOWLSURFHVVRU�VWXGLHV�� LPSRVHG�D�VSHFLILF�VHW�RI�GHPDQGV� IRU�D�VLPXODWLRQ�HQYLURQPHQW
WKDW�ZRXOG�EH�FRQVLGHUHG�DSSURSULDWH�

)LUVW�� LW� KDG� WR� EH� H[HFXWDEOH� RQ� 3&� SODWIRUPV�� EHFDXVH� RI� WKH� HVWLPDWHG� QXPEHU� RI
H[SHULPHQWV�� WKH� DYDLODELOLW\� RI� VXFK� SODWIRUPV� LQ� WKH� HQYLURQPHQW�� DQG� WKH� JHQHUDO
LQDFFHVVLELOLW\� DQG� ORZHU� QXPEHU� RI� KLJK�HQG� PDFKLQHV�� 6WLOO�� ZH� ZDQWHG� WR� NHHS� D
SRVVLELOLW\�RI�SRUWLQJ�WKH�HQYLURQPHQW�WR�RWKHU�SODWIRUPV�E\�QHHG�

6HFRQG�� VLPXODWLRQV� ZHUH� PHDQW� WR� EH� GULYHQ� E\� UHDOLVWLF� ZRUNORDG� ±� WKH� NLQG� RI
ZRUNORDG�WKDW�ZRXOG� H[HFXWH�RQ� WKH�SURSRVHG�KDUGZDUH�SODWIRUP�RQFH� LW� FRPHV� WR� OLIH�
&KDUDFWHU� RI� WKH� ZRUNORDG� JUHDWO\� LQIOXHQFHV� WKH� SHUIRUPDQFH� LQGLFDWRUV�� DQG� XVLQJ
LQDGHTXDWH�ZRUNORDG�FDQ�RIWHQ�EH�PLVOHDGLQJ�

)RU�WKH�H[HFXWLRQ�GULYHQ�VLPXODWRU�ZH�KDG�WR�FKRRVH�DQ�DSSURSULDWH�VHW�RI�DSSOLFDWLRQV�LW
FDQ� UXQ�� LQ� RUGHU� WR� JLYH� WKH� VLPXODWLRQ� UHVXOWV� WKH� QHFHVVDU\� YDOLGLW\�� 7KH� 63/$6+��
DSSOLFDWLRQ�VXLWH� >�@�ZDV�FRQVLGHUHG�D�SUHIHUUHG�ZRUNORDG��VLQFH� WKLV�VHW�RI� EHQFKPDUNV
EHFDPH� D� GH� IDFWR� VWDQGDUG� DPRQJ� WKH� UHVHDUFKHUV� LQYROYHG� LQ� PXOWLSURFHVVRU� VWXGLHV�
7KH� WUDFH�GULYHQ� VLPXODWRU�ZDV�PHDQW� WR� EH� DEOH� WR�ZRUN�ZLWK� WUDFHV� JHQHUDWHG� LQ� RXU
HQYLURQPHQW��RU�HOVHZKHUH��E\�QHHG��+DYLQJ�ERWK�RI�WKHVH�WZR�W\SHV�RI�VLPXODWRUV�ZRXOG
HQDEOH�VLPXODWLRQV�ZLWK�D�ZLGH�UDQJH�RI�GLIIHUHQW�ZRUNORDGV�

7KLUG��WKH�VLPXODWRUV�ZHUH�WR�GHOLYHU�KLJK�OHYHO�RI�DFFXUDF\��KDYLQJ�LQ�PLQG�WKH�FKDUDFWHU
RI�WKH�VWXGLHV��OLNH�VLPXODWLRQV�RI�EXV�EDVHG�FDFKH�FRKHUHQFH�SURWRFROV�>�@�

0HPRU\� DUFKLWHFWXUHV� WKDW� DUH� VWXGLHG� RIWHQ� KDYH� FHUWDLQ� VLPLODULWLHV� LQ� WKHLU� VWUXFWXUH�
DQG�WKH�VXEWOH�GLIIHUHQFHV�WKDW�H[LVW�LQ�WKHLU�LQWHUQDO�RUJDQL]DWLRQ�GLFWDWH�QRW�RQO\�WKDW�WKH
VLPXODWLRQ�EH�SUHFLVH�� LQ�RUGHU�WR�DFFXUDWHO\�PHDVXUH�WKH� LPSDFW�RI� WKHVH�GLIIHUHQFHV�RQ
SHUIRUPDQFH��EXW�DOVR�WKDW�WKH�VLPXODWRU�FDQ�EH�HDVLO\�FKDQJHG�DQG�DGDSWHG��VR�WKDW�OLWWOH
HIIRUW� LV� VSHQW� ZKHQ� FKDQJLQJ� GHWDLOV� LQ� WKHLU� VWUXFWXUH�� 7KHVH� DQG� RWKHU� UHTXLUHPHQWV
VXJJHVWHG� WKH�XVH�RI�REMHFW�RULHQWHG�SURJUDPPLQJ� �223�� WHFKQLTXHV� LQ� WKH�EXLOGLQJ�RI
WKH�PHPRU\�VLPXODWRUV��:ULWLQJ�D�VLPXODWRU�XVLQJ�DQ�22�ODQJXDJH��VXFK�DV�&����DOORZV
JUHDW� IUHHGRP� WR� WKH� ZULWHU� RI� WKH� VLPXODWRU�� 7KH� 22� DSSURDFK� LV� DOVR� JRRG� ZKHQ
FRQVLGHULQJ�WKH�GHVLUHG�OHYHO�RI�HIILFLHQF\��+DYLQJ�LQ�PLQG�WKH�QXPEHU�DQG�WKH�YROXPH�RI
H[SHULPHQWV� WKDW� QHHG� WR� EH� SHUIRUPHG� DQG� D� QHHG� IRU� IUHTXHQW� FKDQJHV� RI� VLPXODWLRQ
SDUDPHWHUV�DQG�PHPRU\�DUFKLWHFWXUH�GHWDLOV��WKH�DGYDQWDJHV�RI�WKH�223�DSSURDFK�EHFRPH
IXOO\�YLVLEOH�

&HUWDLQ� RWKHU� FRQGLWLRQV� KDG� WR� EH� IXOILOOHG�� VXFK� DV� WKH� QHHG� WR� GHYHORS� PHPRU\
VLPXODWRUV� LQGHSHQGHQWO\� IURP�WKH�VLPXODWLRQ�NHUQHO��ZKLFK�ZRXOG�JLYH� WKH�RSSRUWXQLW\
IRU� GHYHORSPHQW� DQG� WHVWLQJ� RI� V\VWHPV� XVLQJ� SDUDOOHO� WUDFHV� WKDW� FRPH� IURP� GLIIHUHQW
VRXUFHV� �L�H��� IURP� GLUHFW� H[HFXWLRQ�� RU� IURP� D� WUDFH� UHVLGLQJ� RQ� D� GLVN��� $� SDUW� RI� WKH
VLPXODWRU� WKDW� KDQGOHV� WKH� LQVWUXPHQWDWLRQ� RI� WKH� DSSOLFDWLRQ� DVVHPEO\� FRGH� ZDV� DOVR
PHDQW� WR�EH�ZULWWHQ� WR�EH� LQGHSHQGHQW��ZKLFK�ZRXOG�DOORZ�XV�D�SRVVLELOLW\� WR� FKDQJH� LW
HDVLO\�ZKHQ�VZLWFKLQJ� WR�GLIIHUHQW�SODWIRUPV�DQG� WKXV�UHTXLULQJ�QR�RWKHU�FKDQJHV� LQ� WKH
UHVW�RI�WKH�HQYLURQPHQW�LQ�WKDW�SURFHVV�
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���([LVWLQJ�6ROXWLRQV
0DMRULW\� RI� WKH� H[LVWLQJ� VLPXODWLRQ� WRROV� LV� GHYHORSHG� IRU� KLJK�HQG� PXOWLSURFHVVRU
FRPSXWHUV��,I�PDGH�IRU�XQLSURFHVVRU�PDFKLQHV��LW�LV�DOPRVW�H[FOXVLYHO\�IRU�SODWIRUPV�ZLWK
5,6&� SURFHVVRUV� �PDLQO\� 0,36HV� DQG� 63$5&V��� 6RSKLVWLFDWHG� WRROV� OLNH� 6LP26� >�@
�UXQV�RQ�D�0,36�EDVHG�6*,�PXOWLSURFHVVRU��DQG�6LP,&6�>�@��UXQV�RQ�63$5&�PDFKLQHV�
FDQ� VLPXODWH� WDUJHW� DUFKLWHFWXUHV� ZLWK� D� KLJK� OHYHO� RI� DFFXUDF\� XVLQJ� LQVWUXFWLRQ� VHW
HPXODWLRQ��7KH\�DUH�DEOH�WR�VLPXODWH�WKH�H[HFXWLRQ�RI�DQ�HQWLUH�UHDOLVWLF�RSHUDWLQJ�V\VWHP
RQ� D� WDUJHW� PDFKLQH�� LQFOXGLQJ� FRPSOHWH� VLPXODWLRQ� RI� WKH� ,�2� VXEV\VWHP�� %HVLGH� WKH
RSHUDWLQJ�V\VWHP� LWVHOI��DOO�NLQGV�RI�DSSOLFDWLRQV�FDQ�EH�XVHG�DV�D� UHDOLVWLF�ZRUNORDG� IRU
WKH�VLPXODWLRQV�DV�ZHOO��7KH�RQO\�WKLQJ�WKDW�GRHV�QRW�DOORZ�WKHVH� WRROV� WR�EH�FRQVLGHUHG
SHUIHFW��H[FHSW�WKDW�WKH\�ZRUN�RQO\�RQ�5,6&�SODWIRUPV��LV�WKH�VSHHG�RI�VLPXODWLRQ��ZKLFK
LV�VWLOO�ORZHU�WKDQ�LQ�WKH�FDVH�RI�WKH�H[HFXWLRQ�GULYHQ�VLPXODWLRQ�

7RROV�OLNH�7DQJR�>�@�DQG�LWV�VXFFHVVRU�7DQJR/LWH�>�@��RU�&DFKH0LUH�>��@��DUH�ZLGHO\�XVHG
H[HFXWLRQ�GULYHQ�VLPXODWRUV��EXW�DJDLQ��WKH\�RQO\�ZRUN�RQ�5,6&�SODWIRUPV��7KH\�FDQ�QRW
HQVXUH�D�VDWLVI\LQJ�OHYHO�RI�DFFXUDF\�LI�SRUWHG�WR�D�GLIIHUHQW�KDUGZDUH�SODWIRUP��VXFK�DV�D
&,6&�XQLSURFHVVRU��$XJPLQW�>��@�LV�WKH�RQO\�VXFK�WRRO�WKDW�GRHV�LQ�IDFW�UXQ�RQ�D�3&��ZLWK
D�PLQRU� GUDZEDFN� RI� RPLWWLQJ� L$3[��� VWULQJ� LQVWUXFWLRQV� DQG� VWDQGDUG� OLEUDU\� URXWLQHV
IURP�LQVWUXPHQWDWLRQ���$XJPLQW�KDV�DQ�DGYDQWDJH�WKDW�LW�DOVR�UXQV�XQGHU�:LQGRZV�17��DV
ZHOO� DV� XQGHU� 6RODULV� RSHUDWLQJ� V\VWHP� RQ� 63$5&� PDFKLQHV� �SRUWDELOLW\� ZDV� QRW� RI
SULPDU\�LPSRUWDQFH�IRU�/LPHV�DW�WKH�WLPH��EXW�ZH�GR�FRQVLGHU�SRUWLQJ�LW�WR�RWKHU�SODWIRUPV
QRZ���+RZHYHU�� D� WUDFH�GULYHQ� VLPXODWRU� LV� QRW� LQFOXGHG� LQ� WKH� $XJPLQW� HQYLURQPHQW�
PDNLQJ� LW� YLUWXDOO\� LPSRVVLEOH� IRU� 26� UHIHUHQFHV� WR� EH� XVHG� DV� D� ZRUNORDG� LQ� WKH
VLPXODWLRQV�� 7DQJR/LWH� DQG� &DFKH0LUH� DUH� DOVR� ODFNLQJ� WKH� SRVVLELOLW\� RI� WUDFH�GULYHQ
VLPXODWLRQ��7KH\�FDQ�RQO\�SURGXFH�WUDFHV�

+DYLQJ� LQ� PLQG� LQVXIILFLHQFLHV� RI� WKH� H[LVWLQJ� WRROV� UHJDUGLQJ� WUDFH�GULYHQ� VLPXODWLRQ�
QRQH[LVWHQFH�RI�VXFK�WRROV�IRU�3&�SODWIRUPV�DQG�IRU�&,6&V�LQ�JHQHUDO��$XJPLQW�ZDV�DOVR
MXVW� EHLQJ� GHYHORSHG� DW� WKH� WLPH��� DQG� DQ� DZDUHQHVV� WKDW� HYHU\� WRRO� DOPRVW� LQYDULDEO\
UHTXLUHV� PRGLILFDWLRQV� LQ� RUGHU� WR� DOORZ� IRU� SDUWLFXODU� HIIHFWV� WR� EH� VLPXODWHG� DQG
PHDVXULQJ�WHFKQLTXHV�WR�EH�DGGHG��ZH�IHOW�WKDW�LW�ZRXOG�EH�ZRUWK�RI�HIIRUW�WR� LQYHVW�WKH
WLPH� LQ�GHYHORSLQJ� D� VLPXODWRU� WKDW�ZRXOG�EH�ZHOO� VXLWHG� IRU�RXU� UHVHDUFK�JRDOV�� UDWKHU
WKDQ� WR�PRGLI\� WKH� H[LVWLQJ� WRROV�� +RZHYHU�� RXU� GHPDQGV�ZHUH� VR� ZLGHO\� VHW� WKDW� WKH
HQYLURQPHQW�ZH�ZDQWHG�WR�GHYHORS�DFWXDOO\�UHSUHVHQWHG�D�JHQHUDO�WRRO�IRU�VLPXODWLRQV�RI
DOO�VKDUHG�PHPRU\�PXOWLSURFHVVRU�DUFKLWHFWXUHV�
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���/LPHV�6WUXFWXUH
$V�DOUHDG\�LQGLFDWHG��/LPHV�VLPXODWLRQ�HQYLURQPHQW�FRPSULVHV�ERWK�DQ�H[HFXWLRQ�GULYHQ
DQG�D�WUDFH�GULYHQ�VLPXODWRU��7KH\�HQDEOH�D�PXOWLSURFHVVRU�V\VWHP�WR�EH�VLPXODWHG�RQ�D
XQLSURFHVVRU�KRVW�PDFKLQH�� LQ�RXU�FDVH�D�3&�EDVHG�RQ�3HQWLXP�RU�QHZHU�SURFHVVRU��7KH
VLPXODWRU�RI�WKH�WDUJHW�V\VWHP�� LV�GHYLVHG�WR�EH� LQGHSHQGHQW�IURP�WKH�VRXUFH�RI�PHPRU\
UHIHUHQFHV��7KLV�HQDEOHV�WKDW�ERWK�H[HFXWLRQ�GULYHQ�DQG�WUDFH�GULYHQ�VLPXODWRU�FDQ�XVH�WKH
VDPH�PHPRU\� V\VWHP�VLPXODWRUV��0HPRU\�V\QFKURQL]DWLRQ�UHIHUHQFHV�FRPH�HLWKHU� IURP
WKH�H[HFXWLRQ�VWUHDPV�RI� WKH�SDUDOOHO�DSSOLFDWLRQ
V� WKUHDGV�RU� IURP�D� WUDFH�UHVLGLQJ�RQ� D
GLVN��GHSHQGLQJ�RQ�WKH�W\SH�RI�WKH�VLPXODWLRQ��7KLV� LV�VKRZQ� LQ�)LJXUH���� ,Q�WKH�FXUUHQW
YHUVLRQ�RI�/LPHV��Y�����RQO\�RQH�WKUHDG�FDQ�EH�DVVLJQHG�WR�RQH�SURFHVVRU�

�7KH�HQYLURQPHQW�DOVR�LQFOXGHV�DQ�H[WHQVLRQ�RI�WKH�$1/�SURJUDPPLQJ�SDUDGLJP��VR�WKDW
WKH� XVHUV� FDQ� GHYHORS�� WHVW�� DQG� XVH� DV� ZRUNORDG� REMHFW�RULHQWHG� SDUDOOHO� DSSOLFDWLRQV
ZULWWHQ�LQ�&����EXW�LQ�D�PDQQHU�YHU\�VLPLODU�WR�WKDW�HPSOR\HG�E\�WKH�-DYD�SURJUDPPLQJ
ODQJXDJH��7KH�ZKROH�V\VWHP�LV�UDWKHU�VPDOO��EXLOW�RQ�WRS�RI�/LPHV��,W�FDQ�EH�XVHG�RQ�DQ\
UHDO�PDFKLQH� WKDW� VXSSRUWV�RSHUDWLRQV�GHILQHG� LQ�$1/�PDFURV��7KH� V\VWHP� LPSOHPHQWV
RQO\� WZR� FODVVHV� �� WKUHDGV� DQG� PRQLWRUV�� DQG� SURJUDPV� ZULWWHQ� XVLQJ� WKHP� DUH� PRUH
UHDGDEOH�DQG�XQGHUVWDQGDEOH�WKDQ�WKRVH�XVLQJ�UDZ�/2&.V�DQG�81/2&.V��7KLV�FDQ�EH�RI
IXUWKHU� YDOXH� IRU� UHVHDUFKHUV� ZKR� PD\� QRW� EH� QHFHVVDULO\� FRQFHUQHG� ZLWK� DUFKLWHFWXUH
VWXGLHV��EXW�DUH�SULPDULO\�IRFXVHG�RQ�LQYHVWLJDWLQJ�SDUDOOHO�DOJRULWKPV�

�������������������������������������������������������
��7KH�VLPXODWRU�RI�WKH�WDUJHW�V\VWHP�DFWXDOO\�VLPXODWHV�WKH�EHKDYLRU�RI�WKH�WDUJHW�PHPRU\� V\VWHP��0HPRU\� V\VWHP�� IRU�H[DPSOH�

FDQ�LQFOXGH�FDFKHV��7/%V��LQWHUFRQQHFWLRQ�QHWZRUNV�RU�JOREDO�PHPRU\��6LPXODWLRQ�RI�RWKHU�SDUWV�RI�WKH�V\VWHP��OLNH�,�2�V\VWHP��LV�QRW
FRQVLGHUHG�KHUH��7KHVH�DUH�WKH�UHDVRQV�ZK\�WKLV�VLPXODWRU�LV�DOVR�FDOOHG�D�PHPRU\�V\VWHP�VLPXODWRU�

,GHDO�WUDFH�3� �����

7UDFH�GULYHQ
VLPXODWRU

0HPRU\�V\VWHP�VLPXODWRU

([HFXWLRQ�GULYHQ
VLPXODWRU

$SSOLFDWLRQ

UHVSRQVH UHVSRQVH

FRQWLQXH
H[HFXWLRQ

PHP�V\QF
UHIHUHQFH

PHP�V\QF
UHIHUHQFH

PHP�V\QF
UHIHUHQFH

PHP�V\QF
UHIHUHQFH

UHDG�QH[W
UHIHUHQFH

,GHDO�WUDFH�3Q

PHP�V\QF
UHIHUHQFH

UHDG�QH[W
UHIHUHQFH

)LJXUH����6LPXODWLRQ�LQ�WKH�/LPHV�HQYLURQPHQW
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����([HFXWLRQ�'ULYHQ�6LPXODWRU
([HFXWLRQ�GULYHQ� VLPXODWLRQ� KDV� WZR� PDMRU� SDUWV�� 7KH� ILUVW� SDUW� LV� VWDWLF� �� EXLOGLQJ� D
VLPXODWLRQ�H[HFXWDEOH��7KH�VHFRQG�SDUW�LV�G\QDPLF���H[HFXWLQJ�WKH�VLPXODWLRQ��%XLOGLQJ�RI
WKH� VLPXODWLRQ� H[HFXWDEOH� ZLOO� EH� GLVFXVVHG� ILUVW�� 'HWDLOV� RI� WKH� VLPXODWLRQ� ZLOO� EH
GHVFULEHG�DIWHU�WKDW��$W�WKH�HQG�� LW� LV� H[SODLQHG�KRZ� WKH�RSWLPL]HG�DOJRULWKP� IRU� WKUHDG
VFKHGXOLQJ�ZRUNV�

%XLOGLQJ�DQ�([HFXWDEOH

$SSOLFDWLRQV�WKDW�FDQ�EH�XVHG�WR�GULYH�WKLV�VLPXODWRU�DUH�OLNH�WKRVH�IURP�WKH�63/$6+��
VXLWH�� RU� PRUH� JHQHUDOO\�� WKRVH� WKDW� XVH� $1/� �$UJRQQH� 1DWLRQDO� /DE�� PDFURV� IRU
H[SUHVVLQJ� SDUDOOHOLVP�� $SSOLFDWLRQ� DVVHPEO\� FRGH� �FUHDWHG� E\� WKH� FRPSLOHU�� LV
LQVWUXPHQWHG�ZLWK�NHUQHO�FDOO�RXWV�DW�FRPSLOH�WLPH��WKH�VRXUFH�FRGH�GRHV�QRW�UHTXLUH�DQ\
DOWHUDWLRQV� IRU�WKDW��7KH�VLPXODWRU�DOORZV�WKUHH�OHYHOV�RI�DVVHPEO\�FRGH� LQVWUXPHQWDWLRQ�
GHSHQGLQJ� RQ� ZKDW� W\SH� RI� HYHQWV� VKRXOG� EH� LQVWUXPHQWHG�� /HYHO� �� LQVWUXPHQWV� RQO\
V\QFKURQL]DWLRQ�SULPLWLYHV�DQG�XVHU�GHILQHG�PDFKLQH�LQVWUXFWLRQV��ZKLFK�DUH�DOVR�SRVVLEOH
WR�GHILQH�LQ�/LPHV���IRU�H[DPSOH�SUHIHWFK��IRUZDUG��HWF����OHYHO���LQVWUXPHQWV�VKDUHG�UHDGV
DQG�ZULWHV�DV�ZHOO��DQG� OHYHO��� LQVWUXPHQWV�DOO� RWKHU�PHPRU\� UHIHUHQFHV� DOVR�� LQFOXGLQJ
ORFDO�RQHV��7KH�VLPXODWLRQ�VSHHG� LV�UHFLSURFDO�WR�WKH�LQVWUXPHQWDWLRQ� OHYHO��/HYHO���PD\
EH� DSSURSULDWH� IRU� LQYHVWLJDWLRQ� RI� SDUDOOHO� DOJRULWKPV�� OHYHO� �� IRU� VKDUHG�PHPRU\
DUFKLWHFWXUH�HYDOXDWLRQV��DQG�OHYHO���IRU�VLPXODWLRQV�RI�FDFKHV�

0RVW�&�&���SURJUDPV�FDOO�VWDQGDUG�OLEUDU\�IXQFWLRQV��DQG�VR�GR�WKH�SDUDOOHO�DSSOLFDWLRQV�
/LPHV� E\� GHIDXOW� LQVWUXPHQWV� DOO� VWDQGDUG� OLEUDU\� IXQFWLRQV� ZKRVH� DUJXPHQW� FDQ� EH� D
SRLQWHU��DV�WKH\�PLJKW�UHDG�RU�ZULWH�JOREDO�PHPRU\�ZLWKRXW�WKH�FRQWURO�RI�WKH�VLPXODWRU�
2WKHU� OLEUDU\� IXQFWLRQV� DUH� QRW� LQVWUXPHQWHG� �ZKLFK� KDV� YLUWXDOO\� QR� LPSDFW� RQ� WKH
VLPXODWLRQ� DFFXUDF\��� EXW� FDQ� EH�� LI� LW� LV� QHHGHG�� LQVWUXPHQWDWLRQ� WRRO� LV� RSHQ� IRU
DGGLWLRQV��7R�DYRLG�FROOLVLRQ�ZLWK�OLEUDU\�IXQFWLRQV�WKDW�DUH�FDOOHG�E\�WKH�VLPXODWRU�LWVHOI�
LQVWUXPHQWHG� IXQFWLRQV� DUH� SUHIL[HG�� DQG� D� VHW� RI� PDFURV� LV� GHILQHG� WKDW� HQDEOHV
UHGLUHFWLRQ� RI� FDOOV� WR� WKH� LQVWUXPHQWHG� IXQFWLRQV� LQVWHDG� RI� FDOOLQJ� WKH� RULJLQDOV�
7DQJR/LWH��IRU�H[DPSOH��FDQ�RQO\�LQVWUXPHQW�WKRVH�SRUWLRQV�RI�WKH�UXQ�WLPH�OLEUDULHV�WKDW
DUH�QRW�XVHG�E\�LWV�RZQ�UXQ�WLPH�V\VWHP�

:KDW� PDNHV� WKH� ZKROH� LQVWUXPHQWDWLRQ� SURFHVV� KDUG� LV� WKDW� &,6&� �XQOLNH� 5,6&��

LQVWUXFWLRQ�VHW�LV�UHODWLYHO\�FRPSOH[��FRQWDLQLQJ�PDQ\� LQVWUXFWLRQV��ZKLFK�DUH� IUHTXHQWO\
QRQ�XQLIRUP��VR�WKDW�PDQ\�DGGUHVVLQJ�FRPELQDWLRQV�DUH�SRVVLEOH�

�������������������������������������������������������
��2QH�LPSRUWDQW�LVVXH�GHVHUYHV�DWWHQWLRQ�KHUH��NQRZLQJ�WKDW� WKH�VLPXODWRU�ZLOO�H[HFXWH�DSSOLFDWLRQV� WKDW�DUH�FRPSLOHG�IRU�D�&,6&

SURFHVVRU��WKH�TXHVWLRQ�LV�ZKHWKHU�WKH�VLPXODWLRQ�UHVXOWV�DUH�ERXQG�WR� WKH�EHKDYLRU�RI�VXFK�D�SURFHVVRU��&DQ�LW�EH�XVHG�IRU�VLPXODWLQJ
VRPH�IXWXUH�5,6&�PXOWLSURFHVVRU��WRR"�,W�LV�KDUG�WR�JLYH�DQ�H[DFW�DQVZHU��EXW�RXU�UHVXOWV�VKRZ�WKDW�LW�LV�SRVVLEOH��2QH�UHDO�63/$6+��
DSSOLFDWLRQ� �))7��ZDV�H[HFXWHG�RQ�D�0,36�5�����'(&� VWDWLRQ�DQG�RQH�RQ�D�3HQWLXP�EDVHG�3&��ZLWK� WKH� VDPH�SDUDPHWHUV� ������
FRPSOH[�GRXEOHV� ��D�UHDOLVWLF� SUREOHP� VL]H���7KH� ILUVW� VLPXODWLRQ�ZDV�SHUIRUPHG�XVLQJ�7DQJR/LWH��DQG� WKH� VHFRQG� RQH�XVLQJ� /LPHV�
0,36�JHQHUDWHG��������PLOOLRQV�RI� VKDUHG�UHDGV�DQG��������PLOOLRQV�RI� VKDUHG�ZULWHV�� ZKLOH�3HQWLXP� JHQHUDWHG��������PLOOLRQV� RI
VKDUHG�UHDGV�DQG��������RI� VKDUHG�ZULWHV� GXULQJ� WKH� H[HFXWLRQ� RI� WKH� DSSOLFDWLRQ��7KH� UHVXOWV� LQGLFDWH� WKDW� IRU� D� UHDO� DSSOLFDWLRQ�� D
5,6&�VXFK�DV�0,36�5�����JHQHUDWHV�DSSUR[LPDWHO\� WKH�VDPH�QXPEHU�RI�VKDUHG�UHDGV�DQG�ZULWHV�DV�3HQWLXP�GRHV��LQ� ERWK� FDVHV� WKH
GLVFUHSDQF\�LV�OHVV�WKHQ������&,6&V�FHUWDLQO\�JHQHUDWH�PRUH�SULYDWH�UHIHUHQFHV��EXW�WKHVH�UHIHUHQFHV�DUH�JHQHUDOO\�RI� OLWWOH�LPSRUWDQFH
WR�PXOWLSURFHVVRU�VWXGLHV��VKDUHG�UHIHUHQFHV�LV�ZKDW�GHWHUPLQHV�WKH�EHKDYLRU�DQG�SHUIRUPDQFH�RI�PXOWLSURFHVVRU�V\VWHPV�



�

7KH� LQVWUXPHQWHG� DSSOLFDWLRQ� FRGH�� VLPXODWRU�� DQG� WKH� PHPRU\� V\VWHP� VLPXODWRU� DUH
ILQDOO\�FRPSLOHG�DQG�OLQNHG�WRJHWKHU�LQWR�D�VLQJOH�H[HFXWDEOH��3URFHVV�RI�FRPSLODWLRQ�DQG
OLQNLQJ� LV�FRQWUROOHG�YLD�D�VHW�RI�PDNH� ILOHV��,I�WKH�DSSOLFDWLRQ�FRGH� LV�FRPSLOHG�ZLWK�DQ
DSSURSULDWH� RSWLRQ�� WKH� FRPSLOHU� SURGXFHV� VRPH� GHEXJJLQJ� LQIRUPDWLRQ� WKDW� WKH
LQVWUXPHQWDWLRQ� WRRO� FDQ� XQGHUVWDQG�� ,I� WKH� DSSOLFDWLRQ� FUDVKHV�� WKH� VLPXODWRU� ZLOO� XVH
WKRVH� SLHFHV� RI� LQIRUPDWLRQ� DQG� SULQW� WKH� VRXUFH� OLQH� WKDW� WKH� RIIHQGLQJ� WKUHDG� ZDV
H[HFXWLQJ�DW�WKDW�PRPHQW��,W�LV�ZRUWK\�WR�NQRZ�WKDW�WKH�LQVWUXPHQWDWLRQ�GRHV�QRW�SUHYHQW
WKH�DSSOLFDWLRQ�WR�EH�GHEXJJHG�ZLWK�D�VWDQGDUG�GHEXJJHU�

6LPXODWLRQ

7KH� ZKROH� VLPXODWLRQ� �DSSOLFDWLRQ� WKUHDGV�� VLPXODWRU� NHUQHO�� DQG� PHPRU\� VLPXODWRU�
H[HFXWHV� LQ� WKH� FRQWH[W� RI� D� VLQJOH� 81,;� SURFHVV�� %DVLFDOO\�� GXULQJ� WKH� H[HFXWLRQ� WKH
VLPXODWRU�VFKHGXOHU�DFWV� OLNH�D� OD\HU�EHWZHHQ� WKH�SDUDOOHO� DSSOLFDWLRQ� DQG� WKH� VLPXODWHG
PHPRU\� V\VWHP�� 3DUDOOHO� DSSOLFDWLRQ� H[HFXWHV� LWV� QDWLYH�PDFKLQH� FRGH��RQH� WKUHDG� DW� D
WLPH��XQWLO�LW�HQFRXQWHUV�DQ�HYHQW�RI�LQWHUHVW��VXFK�DV�D�PHPRU\�V\QFKURQL]DWLRQ�UHIHUHQFH
�UHDG�ZULWH�� ORFN� DFTXLUH�UHOHDVH�� RU� VRPH� XVHU� GHILQHG� LQVWUXFWLRQ��� 7KHQ� LW� JHWV
UHVFKHGXOHG��DQG� WKH�DFWXDO�RSHUDWLRQ� LV�GHIHUUHG�XQWLO� LWV� WLPH�VWDPS�UHDFKHV� WKH�JOREDO
VLPXODWLRQ�WLPH��7KH�VLPXODWRU�LV�UHVSRQVLEOH�IRU�PXOWLSOH[LQJ�WKUHDGV�DQG�IRU�VFKHGXOLQJ
RI�WKHLU�PHPRU\�UHTXHVWV�DW�SURSHU�WLPHV��LQ�FRUUHFW�RUGHU��&RQWH[W�VZLWFKLQJ�WKDW�RFFXUV
LPPHGLDWHO\�EHIRUH�DQ�LQVWUXFWLRQ�RI�LQWHUHVW�H[HFXWHV�LV�UHDOL]HG�WKURXJK�WKH�UHSODFHPHQW
RI� VXFK� LQVWUXFWLRQV� ZLWK� NHUQHO� FDOO�RXWV� DW� FRPSLOH� WLPH�� 7KH� SURJUDPPLQJ� PRGHO
VXSSRUWHG�LV�WKH�OLJKWZHLJKW�WKUHDGV�PRGHO��DOO�SURFHVVHV�VKDUH�WKH�DGGUHVV�VSDFH�ZLWK�WKH
PDVWHU�SURFHVV��H[FHSW�IRU�WKH�VWDFN�DUHD��ZKLFK� LV�SULYDWH�IRU�HDFK�SURFHVV���,QVWUXFWLRQ
H[HFXWLRQ�WLPHV�DUH�FDOFXODWHG�DW�WKH�HQG�RI�HDFK�EDVLF�EORFN��D�EDVLF�EORFN�HQGV�ZLWK�D
EUDQFK�� D� ODEHO�� RU� D� PHPRU\� UHIHUHQFH��� 7KH\� DUH� FDOFXODWHG� E\� DGGLQJ� �D�� WKH� WLPH
QHHGHG� IRU� DQ� LQVWUXFWLRQ�ZLWK� D� PHPRU\� UHIHUHQFH� WR� FRPSOHWH� DQG� �E�� WKH� H[HFXWLRQ
WLPHV� RI� RWKHU� LQVWUXFWLRQV� LQ� WKH� EDVLF� EORFN�� $W� FRPSLOH� WLPH�� HDFK� LQVWUXFWLRQ� LV
DVVRFLDWHG�ZLWK�D�QXPEHU�WKDW�UHSUHVHQWV�WKH�QXPEHU�RI�F\FOHV� LW�WDNHV�WR�H[HFXWH�EHIRUH
WKH�H[HFXWLRQ�RI�WKH�QH[W�LQVWUXFWLRQ�EHJLQV��)RU�PRVW�LQVWUXFWLRQV�WKLV�QXPEHU�LV�RQH��%\
FKDQJLQJ�WKHVH�YDOXHV��LW�LV�SRVVLEOH�WR�PRGHO�D�IDVWHU�RU�D�VORZHU�SURFHVVRU��)RU�H[DPSOH�
E\�GHFUHDVLQJ�WKHLU�YDOXH�ZH�FDQ�URXJKO\�VLPXODWH�D�VXSHUSLSHOLQH�SURFHVVRU��6LPXODWLRQ
WLPH�LV�H[SUHVVHG�LQ�SURFHVVRU�F\FOHV�RI�WKH�WDUJHW�PXOWLSURFHVVRU�V\VWHP�

,I� WKH� VLPXODWLRQ� LV� UDQ� ZLWK� DQ� DSSURSULDWH� RSWLRQ�� GXULQJ� WKH� VLPXODWLRQ� SURFHVV� WKH
VLPXODWRU� ZLOO� SURGXFH� D� WUDFH� WKDW� FRQWDLQV� UHIHUHQFHV� DFFRUGLQJ� WR� WKH� OHYHO� RI
LQVWUXPHQWDWLRQ��DORQJ�ZLWK�DGGLWLRQDO� LQIRUPDWLRQ� WKDW� FDQ�EH�XVHG� WR� VXSSRUW� DFFXUDWH
WUDFH�GULYHQ�VLPXODWLRQ��ILOH�IRUPDW�LV�RSHQ�IRU�WKH�XVHU�WR�FKDQJH�LW�

2SWLPL]HG�6FKHGXOLQJ�$OJRULWKP

6FKHGXOLQJ� LV� QHFHVVDU\� GXULQJ� WKH� H[HFXWLRQ� RI� WKH� VLPXODWLRQ� WR� PDLQWDLQ� FRUUHFW
LQWHUOHDYLQJ�RI�PHPRU\�DFWLYLWLHV�RI�WKH�DSSOLFDWLRQ�WKUHDGV��7KH�VFKHGXOLQJ�DOJRULWKP�RI
WKH� VLPXODWRU� FDQ� VXEVWDQWLDOO\� LQIOXHQFH� WKH� SHUIRUPDQFH� RI� WKH� VLPXODWLRQ�� EHFDXVH
VFKHGXOLQJ�DFWLYLWLHV�DUH�YHU\�IUHTXHQW�GXULQJ�WKH�VLPXODWLRQ��,W� LV� LPSRUWDQW�WR�NHHS�WKLV
RYHUKHDG�DV�ORZ�DV�SRVVLEOH��2WKHU�VRXUFHV�RI�RYHUKHDG�DUH�UHODWHG�WR�WKH�LQVWUXPHQWDWLRQ
SURFHVV�DQG�WR�WKH�PHPRU\�V\VWHP�VLPXODWRU�
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5HODWLYH�LQIOXHQFH�RI�WKH�VFKHGXOLQJ�RYHUKHDG�RQ�WKH�VLPXODWLRQ�SHUIRUPDQFH�GHSHQGV�RQ
WKH� DPRXQW� RI� RYHUKHDG� LQWURGXFHG� E\� WKH� RWKHU� WZR� IDFWRUV�� +DYLQJ� LQ� PLQG� WKH
IUHTXHQF\� RI� VFKHGXOLQJ� DFWLYLWLHV�� LW� LV� FHUWDLQO\� ZRUWK�ZLOH� WR� UHGXFH� LW� DV� PXFK� DV
SRVVLEOH�

$FFXUDWH�VLPXODWLRQ�FDQ�EH�DFFRPSOLVKHG�LI�WKH�PHPRU\�VLPXODWRU�ZDV�FDOOHG�DIWHU�HYHU\
F\FOH� LQ� WKH� VLPXODWLRQ�� UHJDUGOHVV� RI� ZKHWKHU� DQ\� UHTXHVWV� H[LVW� LQ� WKDW� F\FOH� RU� QRW�
+RZHYHU�� LW�ZRXOG� VORZ� GRZQ� WKH� VLPXODWLRQ� VLJQLILFDQWO\�� 7KHUHIRUH�� DQRWKHU�� HTXDOO\
FRUUHFW� DSSURDFK� LV� FKRVHQ�� WKH� VFKHGXOHU� FDOOV� WKH� PHPRU\� VLPXODWRU� LQ� VXEVHTXHQW
VLPXODWHG�F\FOHV�RQO\�LI�WKHUH�LV�DW�OHDVW�RQH�QHZ�UHTXHVW�RU�DW�OHDVW�RQH�VWDOOHG�WKUHDG��LGOH
F\FOHV�FDQ�EH�VNLSSHG��7KLV�RSWLPL]DWLRQ�UHJDUGV�WKH�H[HFXWLRQ�VWUHDP�RI�WKH�QRQ�JOREDO
LQVWUXFWLRQV�� 7KH� VFKHGXOLQJ� DOJRULWKP� IRUFHV� WKH� FRQWLQXRXV� H[HFXWLRQ� RI� QRQ�JOREDO
LQVWUXFWLRQV�DV�PXFK�DV�SRVVLEOH��VDYLQJ�WKXV�WKH�WLPH�QHHGHG�IRU�IUHTXHQW�LQYRFDWLRQV�RI
WKH�VFKHGXOHU��7KH�VFKHGXOHU�ZLOO�FDOO�WKH�PHPRU\�VLPXODWRU�RQO\� LI�WKHUH�DUH�QR�WKUHDGV
WKDW�FDQ�FRQWLQXH�H[HFXWLRQ��EHFDXVH� WKH\�DOO�ZDLW� IRU�D�PHPRU\�RSHUDWLRQ� WR�FRPSOHWH�
$Q� DGGLWLRQDO� RSWLPL]DWLRQ� UHJDUGV� VKDUHG� ZULWHV�� 7KUHDGV� DUH� DOORZHG� WR� FRQWLQXH
H[HFXWLRQ�ZLWKRXW� ILUVW�ZDLWLQJ� IRU� VKDUHG�ZULWHV� WR� EH� FRPSOHWHO\� VLPXODWHG�� GHIHUULQJ
WKDW� MRE� DV� ORQJ�DV�SRVVLEOH�� DQG� VDYLQJ� WKXV� WKH� WLPH� IRU� IUHTXHQW� FDOOV� WR� WKH�PHPRU\
VLPXODWRU�

7KH�VFKHGXOHU�ZRUNV�DV�IROORZV��:KHQ�D�PHPRU\�UHIHUHQFH�LV�PHW�LQ�D�WKUHDG
V�H[HFXWLRQ
VWUHDP�� WKH� VFKHGXOHU� LV� LQYRNHG�� 6FKHGXOHU� WKHQ� GRHV� QRW� LQYRNH� PHPRU\� V\VWHP
VLPXODWRU�ULJKW�DZD\��EXW�LQVWHDG�FKHFNV�LI�WKHUH�DUH�DQ\�WKUHDGV�WKDW�KDYH�EHFRPH�IUHH�WR
FRQWLQXH�H[HFXWLRQ��GXH�WR�WKH�IDFW�WKDW�WKHLU�PHPRU\�UHTXHVWV�KDYH�EHHQ�VDWLVILHG� LQ�WKH
PHDQZKLOH��,I�WKHUH�DUH�VXFK�WKUHDGV��WKHQ�RQH�RI�WKHP�ZLWK�PLQLPDO�WLPH��WKHUH�PD\�EH
PRUH� WKDQ� RQH�� LV� VFKHGXOHG� WR� FRQWLQXH� LWV� H[HFXWLRQ�� DQG� WKH� VFKHGXOHU� ZLOO� ZDLW� IRU
VRPH�RWKHU�WKUHDG�WR�FDOO�LW�DJDLQ��,I�WKHUH�DUH�QR�WKUHDGV�WKDW�FDQ�FRQWLQXH�H[HFXWLRQ��WKDW
LV�� LI� DOO�RI� WKHP� DUH�ZDLWLQJ� IRU� VRPH�PHPRU\� UHTXHVW� WR� FRPSOHWH�� WKHQ� WKH� VFKHGXOHU
HQWHUV�D�ORRS�ZKHUH�KH�FDOOV�WKH�PHPRU\�VLPXODWRU�LQ�HYHU\�F\FOH��XQWLO�VRPH�WKUHDG�JHWV
LWV� UHTXHVW� VDWLVILHG� DQG� HQDEOHV� LW� WR� FRQWLQXH� H[HFXWLRQ�� 6XFK� D� VFKHGXOLQJ� DOJRULWKP
LPSRVHV� WKDW�WKH�PHPRU\� VLPXODWRU�PXVW� EH� FDOOHG�ZLWK� WZR�SDUDPHWHUV�� WLPHBQRZ� DQG
ODVWBVLPXODWLRQBWLPH�� 0HPRU\� VLPXODWRU� WKHQ� SHUIRUPV� VLPXODWLRQ� EHWZHHQ� WKHVH� WZR
PRPHQWV�� ,I� WLPHBQRZ!ODVWBVLPXODWLRQBWLPH� LW� PHDQV� WKDW� DW� ODVWBVLPXODWLRQBWLPH� DOO
WKUHDGV
� UHTXHVWV�ZHUH� VDWLVILHG��+RZHYHU�� LW� GRHV�QRW�PHDQ� WKDW� WKH�PHPRU\� VLPXODWRU
FDQ�MXVW�VNLS�WKLV�WLPH��7KLV�LV�GXH�WR�WKH�RSWLPL]DWLRQ�WKDW�LV�SHUIRUPHG�ZKHQ�VLPXODWLQJ
VKDUHG�ZULWHV��:KHQ� D� VKDUHG�ZULWH� RFFXUV�� WKH�PHPRU\� VLPXODWRU�ZLOO� UHWXUQ� D� VDWLVI\
VLJQDO� ULJKW� DZD\�� HYHQ� LI� WKH� DFWXDO� ZULWH� ZDV� QRW� VLPXODWHG�� 7KLV� ZD\� D� WKUHDG� FDQ
FRQWLQXH�H[HFXWLRQ�ZLWKRXW�GHOD\��7KH�DFWXDO�VKDUHG�ZULWH�ZLOO� EH�VLPXODWHG� ODWHU��XSRQ
VRPH�RWKHU�FDOO�WR�WKH�VLPXODWRU�

,W� GHSHQGV� RQ� WKH� PHPRU\� VLPXODWRU� KRZ� PDQ\� VKDUHG� ZULWHV� LW� FDQ� EXIIHU� EHIRUH� D
FRPLQJ�ZULWH�PXVW�ZDLW�IRU�WKH�ILUVW�RQH�LQ�WKH�EXIIHU�WR�EH�DFWXDOO\�VLPXODWHG��7KLV�LV�WKH
UHDVRQ� ZK\�� XSRQ� HYHU\� FDOO�� WKH� PHPRU\� VLPXODWRU� ILUVW� FKHFNV� LI� WKHUH� DUH� DQ\
XQILQLVKHG�VKDUHG�ZULWHV��DQG�VLPXODWHV�WKHP�ILUVW� LI�WKHUH�DUH�VRPH��$IWHU� WKH�VLPXODWRU
HVWDEOLVKHV� WKDW� WKHUH� DUH�QR�PRUH�XQVLPXODWHG� HYHQWV�� LW� FDQ� IUHHO\� VNLS� WKH� UHVW�RI� WKH
WLPH��DOO�XS�WR�WLPHBQRZ�
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����7UDFH�'ULYHQ�6LPXODWRU
0DNLQJ�D�WUDFH�RI�VRPH�SURJUDP
V�H[HFXWLRQ�HQDEOHV�WKDW�D�VLPXODWLRQ�FDQ�EH�VSOLW�LQ�WZR
SKDVHV���ORFDO�ZRUN�DQG�D�PHPRU\�V\VWHP�VLPXODWLRQ��/RFDO�ZRUN�LV�QRW�RI�LPSRUWDQFH�IRU
PXOWLSURFHVVRU� VWXGLHV�� 7UDFH�GULYHQ� VLPXODWLRQ� SHUIRUPV� RQO\� WKH� PHPRU\� VLPXODWLRQ
SDUW��ZKLOH�ORFDO�ZRUN�LV�DOUHDG\�EXLOW� LQ�D�WUDFH�YLD�WLPH�VWDPSV��,I�PXOWLSOH�VLPXODWLRQV
DUH� SHUIRUPHG� ZLWK� WKH� VDPH� WUDFH� WKHQ� WUDFH�GULYHQ� VLPXODWLRQ� FDQ� SRWHQWLDOO\� EULQJ
VSHHGXS�RYHU�PXOWLSOH�H[HFXWLRQ�GULYHQ�VLPXODWLRQ�UXQV��%XW�GXH�WR�WKH�GLVN�WUDQVIHU�UDWH
OLPLWDWLRQV� WKLV� LV� QRW� DOZD\V� SRVVLEOH�� 0XOWLSOH� UXQV� FDQ� \LHOG� GLIIHUHQW� UHVXOWV� ZKHQ
XVLQJ� H[HFXWLRQ�GULYHQ� VLPXODWLRQ� LI� QRQ�GHWHUPLQLVWLF� VFKHGXOLQJ� LV� SHUIRUPHG�� ,W� LV
SRVVLEOH�HYHQ�ZLWK�VWDWLF�VFKHGXOLQJ�RI�ZRUNORDG��7KLV� LV� QRW�WKH�FDVH�ZLWK� WUDFH�GULYHQ
VLPXODWLRQ�� 7UDFH�GULYHQ� VLPXODWLRQ� DOVR� HQDEOHV� WKH� XVH� RI� WUDFHV� WKDW� FRQWDLQ� 26
UHIHUHQFHV��ZKLOH�H[HFXWLRQ�GULYHQ�VLPXODWLRQV�FDQ�QRW�LQFOXGH�26�UHIHUHQFHV�

7KHUH� LV�RQH�PRUH�EHQHILW�ZKHQ� XVLQJ� WUDFHV� DV� D�ZRUNORDG��:KHQ� FRPSDULVRQ� RI� WZR
DUFKLWHFWXUHV� LV� QHHGHG�� DQG� WKHLU� VLPXODWRUV� DUH�QRW�ZRUNLQJ�RQ� LGHQWLFDO� SODWIRUPV�� RU
HYHQ� ZLWK� WKH� VDPH� VLPXODWRUV�� WUDFH�GULYHQ� VLPXODWLRQ� HQDEOHV� FRPSOHWHO\� DFFXUDWH
FRPSDULVRQ� �RQO\� LQVWUXFWLRQ� LQWHUSUHWDWLRQ�PHWKRG� HQDEOHV� WKDW� WRR��� 8VLQJ� H[HFXWLRQ�
GULYHQ� VLPXODWLRQ�� IRU� H[DPSOH� RQ� RQH� 5,6&� DQG� RQH� &,6&� SODWIRUP�� ZRXOG� JLYH
FRPSOHWHO\� GLIIHUHQW� UHVXOWV� IRU� WKH� VDPH� ZRUNORDG�� 6DPH� WUDFHV�� RQ� WKH� RWKHU� KDQG�
FRQWDLQ�VDPH�ORFDO�ZRUN��VR�WKH�FRPSDULVRQ�LV�UHGXFHG�RQO\�WR�WKH�PHPRU\�V\VWHPV�WKDW
DUH�ERWK�HTXDOO\�VLPXODWHG�

/LPHV
� WUDFH�GULYHQ� VLPXODWRU� XVHV� DV� LQSXW� D� WUDFH� JHQHUDWHG� E\� WKH� H[HFXWLRQ�GULYHQ
VLPXODWRU�IURP�WKH�/LPHV�HQYLURQPHQW��RU�IURP�VRPH�RWKHU�VRXUFH��/LPHV�LV�YHU\�IOH[LEOH
FRQFHUQLQJ�WKH�WUDFH�ILOH�IRUPDW��,WV�FXUUHQW�YHUVLRQ�VXSSRUWV�WZR�IRUPDWV��D�WH[W�WUDFH�ILOH
IRUPDW��WKDW�FDQ�EH�YLHZHG�ZLWK�D�VLPSOH�WH[W�HGLWRU��DQG�D�ELQDU\�WUDFH�ILOH�IRUPDW�WKDW�LV
VLJQLILFDQWO\� VKRUWHU� DQG� XVHG� IRU� VWRULQJ� ODUJH� WUDFHV�� 2WKHU� IRUPDWV� FDQ� EH� HDVLO\
LPSOHPHQWHG� E\� DOWHULQJ� WKH� DSSURSULDWH� PRGXOH� RI� WKH� WUDFH�GULYHQ� VLPXODWRU� �DQG� WKH
PRGXOH�IRU�WUDFH�JHQHUDWLRQ�RI�WKH�H[HFXWLRQ�GULYHQ�VLPXODWRU��LI�WUDFHV�DUH�SURGXFHG�ZLWK
LW��� (YHU\� IRUPDW�� KRZHYHU�� VKRXOG� EH� DEOH� WR� VXSSRUW� DEVWUDFWLRQ� E\� DOORZLQJ� FHUWDLQ
DGGLWLRQDO�LQIRUPDWLRQ�IRU�HDFK�UHIHUHQFH�WR�EH�VWRUHG�LQ�D�WUDFH�

/LPHV�HQDEOHV�DFFXUDWH�WUDFH�GULYHQ�VLPXODWLRQ��ZKHUH�SRVVLEOH��E\�XVLQJ� WKH�PHWKRG�RI
DEVWUDFWLRQ�WR�HOLPLQDWH�WLPLQJ�GHSHQGHQFLHV��7KH� WHFKQLTXH�XVHG� WR�VXSSRUW�DEVWUDFWLRQ
LQ� /LPHV� LV� RULJLQDO�� 7KH� VLPXODWRU� FXUUHQWO\� VXSSRUWV� WKH� DEVWUDFWLRQ� RI� VKDUHG
UHDGV�ZULWHV�� ORFNV�XQORFNV�� XVHU� GHILQHG� LQVWUXFWLRQV� �OLNH� SUHIHWFK�� IRUZDUG� HWF���
EDUULHUV�� DQG� WKUHDG� FUHDWLRQ� HYHQWV�� ,W� LV�� RI� FRXUVH�� RSHQ� IRU� FKDQJHV� DQG� UHDG\� WR
VXSSRUW� DEVWUDFWLRQ� RI� RWKHU� WLPLQJ� GHSHQGHQW� RSHUDWLRQV�� DQG� RI� GLIIHUHQW
LPSOHPHQWDWLRQV�RI�FXUUHQWO\�VXSSRUWHG�SULPLWLYHV�

$FFXUDF\�LVVXHV

7KH�H[HFXWLRQ�SDWK�RI�D�PXOWLSURFHVVRU�ZRUNORDG�GHSHQGV�RQ�WKH�RUGHULQJ�RI�HYHQWV�LQ�D
V\VWHP�� ZKLFK� LQ� WXUQ� GHSHQGV� RQ� WKH�PDFKLQH� PHPRU\� V\VWHP� WLPLQJV��:KHQ� WLPLQJ
GHSHQGHQFLHV�DUH�SUHVHQW��D�VPDOO�FKDQJH�WR�WKH�PHPRU\�V\VWHP�DUFKLWHFWXUH�FDQ� LQGXFH
QXPHURXV�FKDQJHV� WR�WKH�H[HFXWLRQ�SDWK�RI� D�SURJUDP�DQG�FDXVH� LQDFFXUDWH� VLPXODWLRQ�
7KLV� KDSSHQV� EHFDXVH� WUDFH� LWVHOI� XVXDOO\� GRHV� QRW� FRQWDLQ� DQ\� LQIRUPDWLRQ� DERXW
SURJUDP
V�H[HFXWLRQ�SDWK�
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7KRVH�SLHFHV�RI�LQIRUPDWLRQ�DUH�LPSOLFLWO\�EXLOW� LQ�D�WUDFH�YLD�WLPH�VWDPSV��DQG�DUH�YDOLG
RQO\�ZKLOH�WKH�PHPRU\�V\VWHP�LV�QRW�FKDQJHG��,I�WKH�PHPRU\�V\VWHP�LV�FKDQJHG��WLPLQJV
ZLOO�FKDQJH�DV�ZHOO��DQG�WLPH�VWDPSV�ZLOO�QR�ORQJHU�FRQWDLQ�FRUUHFW�LQIRUPDWLRQ�DERXW�WKH
SURJUDP
V�H[HFXWLRQ�SDWK�

,Q� >��@� DXWKRUV� ILQG� WKDW� WUDGLWLRQDO� WUDFHV� DUH� QRW� DGHTXDWH� IRU� DFFXUDWH� WUDFH�GULYHQ
VLPXODWLRQ�DQG�WKH\�SURSRVH�LQWULQVLF�WUDFHV�DV�DQ�DOWHUQDWLYH��LQWULQVLF�WUDFH��FRQVLVWV�RI
WKH� FRQWURO�IORZ� JUDSK� RI� WKH� ZRUNORDG� SOXV� WLPLQJ� DQG� DGGUHVV� GDWD� IRU� HDFK� EDVLF
EORFN��� 7KH\� DUJXH� WKDW� DFFXUDWH� WUDFH�GULYHQ� VLPXODWLRQ�ZLWKRXW� SDUWLDO� UHH[HFXWLRQ� RI
WKH�SURJUDP�LV�SRVVLEOH�RQO\�IRU�VR�FDOOHG�JUDSK�WUDFHDEOH�SURJUDPV��SURJUDPV�ZKHUH�DOO
DGGUHVVHV�FDQ�EH�GHWHUPLQHG�GXULQJ�VLPXODWLRQ��EDVHG�RQO\�RQ� WKH� LQIRUPDWLRQ�JDWKHUHG
IURP� WKH� WUDFH��� ,Q� UHDOLW\�� WKH� UDQJH� RI� SURJUDPV� IRU� ZKLFK� DFFXUDWH� WUDFH�GULYHQ
VLPXODWLRQ� FDQ� EH� REWDLQHG� DW� D� UHDVRQDEOH� FRVW� UHGXFHV� WR� D� FODVV� RI� SURJUDPV�ZKRVH
WKUHDGV�KDYH�H[HFXWLRQ�DQG�GDWD�SDWKV�WKDW�FDQ�QRW�EH�LQIOXHQFHG�E\�RWKHU�WKUHDGV��0RVW
DSSOLFDWLRQV�FRPSO\�WR�WKLV�FRQGLWLRQ�

$V�GLVFXVVHG� LQ� >��@��DFFXUDWH�WUDFH�GULYHQ�VLPXODWLRQ�FDQ�EH�REWDLQHG��ZKHUH�SRVVLEOH�
RQO\�E\�HOLPLQDWLQJ�WLPLQJ�GHSHQGHQFLHV� IURP�WKH�WUDFH�E\�DEVWUDFWLRQ�RI�WKH�RSHUDWLRQV
WKDW�FDXVH�WKHP��7R�HOLPLQDWH�WLPLQJ�GHSHQGHQFLHV�E\�PHDQV�RI�DEVWUDFWLRQ��ZH�PXVW�ILUVW
HQVXUH� WKDW� DOO� QHFHVVDU\� LQIRUPDWLRQ� DUH� UHFRUGHG� LQ� D� WUDFH�� DQG� WKHQ� WR� VXSSRUW� WKH
DEVWUDFWLRQ� RQ� WKH� VLGH� RI� WKH� VLPXODWRU� �DW� WKH� H[SHQVH� RI� DGGLWLRQDO� VLPXODWRU
FRPSOH[LW\��

,Q�>��@�LW�LV�GLVFXVVHG�ZKHWKHU�WUDFHV�JHQHUDWHG�IURP�PXOWLSOH�UXQV�RI�WKH�VDPH�SURJUDP
ZLOO�\LHOG�WKH�VDPH�UHVXOWV��DQG�LI�WUDFLQJ�LQGXFHG�GLODWLRQ�DIIHFWV�VLPXODWLRQ�DFFXUDF\��$V
IRU� WKH� ILUVW� LVVXH�� WKH� WUDFH� ZH� RQFH� REWDLQ� FDQ� EH� XVHG� IRU� VLPXODWLRQ� RI� GLIIHUHQW
PHPRU\� DUFKLWHFWXUHV�� VR� ZH� GR� QRW� QHHG� PXOWLSOH� VLPXODWLRQ� UXQV� WR� REWDLQ� GLIIHUHQW
WUDFHV� IRU�GLIIHUHQW� DUFKLWHFWXUHV��:H� FDQ� WKXV� DFKLHYH� DFFXUDWH� VLPXODWLRQ�� LI� WKH� WUDFH
FRQWDLQV� DOO� WKH�QHFHVVDU\� LQIRUPDWLRQ��$V� IRU� WKH� VHFRQG� LVVXH�� /LPHV� SURGXFHV� WUDFHV
ZLWKRXW�WKH�WLPH�GLODWLRQ�HIIHFW��EXW�ZH�FDQ�QRW�JXDUDQWHH�WKDW�WUDFH�FROOHFWLRQ�WHFKQLTXHV
XVHG� HOVHZKHUH� >��@� ZLOO� QRW� LQWURGXFH� WKH� VDPH� HIIHFW�� WRR�� )RU� H[DPSOH�� OLNH� /LPHV�
7DQJR/LWH�� $XJPLQW� DQG� RWKHU� H[HFXWLRQ�GULYHQ� VLPXODWRUV� WKDW� DUH� XVHG� IRU� WUDFH
FROOHFWLRQ��GR�QRW�LQWURGXFH�WLPH�GLODWLRQ��7UDFHV�JHQHUDWHG�E\�6LP26�RU�6LP,&6�DOVR�GR
QRW�VXIIHU� IURP�WKH� WLPH�GLODWLRQ�HIIHFW��7KLV� LV�EHFDXVH� WKH\�DOO� SHUIRUP� WUDFLQJ�RQ� WKH
VLPXODWHG�DUFKLWHFWXUHV��0LFURFRGH�PRGLILFDWLRQ�XVHG�LQ�$780�>��@�DQG�D�WHFKQLTXH�RI
LQOLQH�WUDFLQJ�XVHG�LQ�03WUDFH�>��@�DQG�75$3('6�>��@�GRHV�LQWURGXFH�WLPH�GLODWLRQ��DV
WKH\�DUH�XVHG�WR�WUDFH�SURJUDPV�RQ�D�KRVW�PDFKLQH��7KH�GLODWLRQ�HIIHFW��KRZHYHU��LV�RIWHQ
QHJOLJLEOH�

$EVWUDFWLRQ

$EVWUDFWLRQ�RI�RSHUDWLRQV� WKDW� FDQ� LQIOXHQFH�SURJUDP
V� H[HFXWLRQ�SDWK�PHDQV� WKDW� VRPH
LQIRUPDWLRQ�DERXW�WKHP� LV�VWRUHG� LQ�D� WUDFH��VR�WKDW� WKH\�FDQ�EH�FRUUHFWO\� UHGRQH�GXULQJ
WKH�VLPXODWLRQ��7KDW�ZD\�WKH�VLPXODWRU�ZLOO�QR�ORQJHU�EH�ERXQG�WR�WKH�WLPH�VWDPSV�ZKHQ
WKH� H[HFXWLRQ� SDWK� LV� FRQFHUQHG�� EXW� ZLOO� EH� DEOH� WR� PDLQWDLQ� WKH� FRUUHFW� RUGHULQJ� E\
UHGRLQJ�WKH�FULWLFDO�WLPLQJ�GHSHQGHQW�RSHUDWLRQV�
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7LPLQJ�GHSHQGHQW�RSHUDWLRQV�LQFOXGH�
�� 6KDUHG�PHPRU\�UHIHUHQFHV��UHDGV�DQG�ZULWHV�
�� 6\QFKURQL]DWLRQ�RSHUDWLRQV��VXFK�DV�ORFNV�DQG�EDUULHUV�
�� 2SHUDWLRQV�IRU�G\QDPLF�VFKHGXOLQJ�RI�ZRUNORDGV

�OLNH�DOORFDWLRQ�RI�WDVNV��ORRS�LWHUDWLRQV��RU�PHPRU\�
�� 2WKHU�WLPLQJ�GHSHQGHQW�RSHUDWLRQV�OLNH�WKUHDG�FUHDWLRQ

7LPLQJ�GHSHQGHQW�RSHUDWLRQV�RWKHU�WKDQ� WKRVH�WKDW�FDQ� LQIOXHQFH� WKH�SURJUDP�H[HFXWLRQ
SDWK��OLNH�WKRVH�LQYROYLQJ�UHDO�WLPH�FORFN���FDQ�DOVR�EH�DEVWUDFWHG�

:H�GLYLGH�WLPLQJ�GHSHQGHQW�RSHUDWLRQV�LQ�WZR�JURXSV��HOHPHQWDU\�DQG�FRPSOH[��7KH\�DUH
DEVWUDFWHG� LQ� D� GLIIHUHQW� ZD\�� (OHPHQWDU\� RSHUDWLRQV� DUH� WKRVH� WKDW� DUH� UHDOL]HG� LQ� WKH
VLPXODWHG� KDUGZDUH� DV� SULPLWLYHV�� &RPSOH[� RSHUDWLRQV� DUH� UHDOL]HG� WKURXJK� WKH� XVH� RI
HOHPHQWDU\�RSHUDWLRQV�� ,Q�RXU� FDVH�� HOHPHQWDU\�RSHUDWLRQV� DUH� VKDUHG� UHDGV�ZULWHV�� ORFN
DFTXLUHV�UHOHDVHV�� DQG� XVHU� GHILQHG� LQVWUXFWLRQV�� ZKLOH� EDUULHUV� DUH� UHDOL]HG� DV� FRPSOH[
RSHUDWLRQV�

7LPLQJ�GHSHQGHQFLHV�FDQ�EH�HOLPLQDWHG�IURP�HOHPHQWDU\�WLPLQJ�GHSHQGHQW�RSHUDWLRQV�E\
UHFRUGLQJ�WKHLU�FRPSOHWLRQ�WLPH��7KDW�ZD\�WKH�VLPXODWRU�NQRZV�WKH�DPRXQW�RI�SROOXWLRQ
LQWURGXFHG�E\�WKH�DUFKLWHFWXUH�RQ�ZKLFK�WKH�WUDFH�ZDV�JHQHUDWHG��DQG�HOLPLQDWHV�LW�

&RPSOH[�RSHUDWLRQV�DUH�PXFK�KDUGHU�WR�DEVWUDFW��GHSHQGLQJ�RQ�KRZ��FRPSOH[��WKH\�DUH�
%DUULHU� LPSOHPHQWDWLRQ�YLD� ORFNV��XVHG� LQ�/LPHV�� LV�DQ�H[DPSOH�RI�D�FRPSOH[�RSHUDWLRQ
WKDW�QHHGV�D�VLJQLILFDQW�VXSSRUW�RQ�WKH�VLGH�RI�WKH�WUDFH�GULYHQ�VLPXODWRU��$SDUW�IURP�WKDW�
WKH�WUDFH�LWVHOI�PXVW�FRQWDLQ�UDWKHU�GHWDLOHG� LQIRUPDWLRQ�RQ�HDFK�EDUULHU�ZKLFK�KDV� WR�EH
SURYLGHG�E\�WKH�WUDFH�JHQHUDWLRQ�HQYLURQPHQW�

,Q�JHQHUDO��LW�LV�XS�WR�WKH�WUDFH�FROOHFWLQJ�WRRO�WR�VDYH�DOO�WKH�QHFHVVDU\�LQIRUPDWLRQ�LQ�WKH
WUDFH��7KH�DEVWUDFWLRQ�WHFKQLTXH�ZH�XVH�LV�UHVSRQVLEOH�IRU�SHUIRUPLQJ�DFFXUDWH�VLPXODWLRQ
EDVHG�RQ�WKLV�LQIRUPDWLRQ�

&RQFHSW�RI�DQ�,GHDO�7UDFH

7KH� DEVWUDFWLRQ� RI� HOHPHQWDU\� WLPLQJ� GHSHQGHQW� RSHUDWLRQV� FDQ� EH� UHGXFHG� WR� VLPSO\
GHFUHDVLQJ� WKHLU� WLPH� VWDPS� YDOXHV� IRU� WKH� DPRXQW�RI� WKHLU� FRPSOHWLRQ� WLPH�� ,Q� DQRWKHU
ZRUGV�� WLPH� VWDPSV�� WKDW� LPSOLFLWO\� FRQWDLQ� LQIRUPDWLRQ� DERXW� WKH� H[HFXWLRQ� SDWK�� DUH
UHGXFHG�WR�FRQWDLQ�RQO\�WKRVH�LQIRUPDWLRQ�DQG�QR�LQIRUPDWLRQ�RQ�WKH�PHPRU\�V\VWHP��7KH
DEVWUDFWLRQ�FDQ�EH�GRQH�WKLV�ZD\�E\�SRVWSURFHVVLQJ�WKH�WUDFH�DIWHU�LW�ZDV�JHQHUDWHG��DQG
EHIRUH� WKH� WUDFH� LV� XVHG� IRU� WKH� VLPXODWLRQV�� ZKLFK� LV� PXFK� PRUH� HIILFLHQW� WKDQ� LI� WKH
ZKROH� SURFHGXUH� ZDV� GRQH� E\� WKH� VLPXODWRU� DW� UXQ�WLPH�� 7KLV� DOVR� PHDQV� WKDW� QR
DGGLWLRQDO� LQIRUPDWLRQ� RQ� WKRVH� RSHUDWLRQV� LV� QHHGHG� LQ� D� WUDFH� DIWHU� SRVWSURFHVVLQJ�
ZKLFK�UHGXFHV�LWV�VL]H��&RPSOH[�WLPLQJ�GHSHQGHQW�RSHUDWLRQV��RQ�WKH�RWKHU�KDQG��PXVW�EH
KDQGOHG�FRPSOHWHO\�E\�WKH�VLPXODWRU�DW�UXQ�WLPH�

:H�EDVHG�RXU�VLPXODWRU�RQ�LGHDO�WUDFHV��,GHDO�WUDFH�LV�D�WUDFH�ZKHUH�DOO�HOHPHQWDU\�WLPLQJ
GHSHQGHQW�RSHUDWLRQV�KDYH�DOUHDG\�EHHQ� IUHHG�RI�WLPLQJ�GHSHQGHQFLHV�E\�DGMXVWLQJ� WKHLU
WLPH� VWDPS� YDOXHV� �VR� QR� DGGLWLRQDO� GDWD� DUH� QHHGHG� E\� WKH� VLPXODWRU��� DQG� ZKHUH
FRPSOH[�WLPLQJ�GHSHQGHQW�RSHUDWLRQV�KDYH�EHHQ�SURSHUO\�DEVWUDFWHG�

�������������������������������������������������������
��2SHUDWLRQV�LQYROYLQJ�UHDO�WLPH�FORFN�DUH� WLPLQJ�GHSHQGHQW�� EHFDXVH� WKH� WLPLQJ�RI� RWKHU� RSHUDWLRQV� LQIOXHQFHV� WKH� WLPH� WKDW� WKH

FORFN�VKRZV�DW�FHUWDLQ�SRLQW�
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7KH�HDVLHVW�ZD\� WR�SURGXFH� LW� LV� WR� UXQ� D� VLPXODWLRQ� XVLQJ� DQ� LGHDO� PHPRU\� VLPXODWRU�
:LWK�LGHDO�PHPRU\�VLPXODWRU�HYHU\�PHPRU\�UHTXHVW�FDQ�EH�FRPSOHWHG�LQ�D�VLQJOH�F\FOH�
+RZHYHU��ORFN�DFTXLUH�RSHUDWLRQV�ZLOO�QRW�EH�DEVWUDFWHG�WKDW�ZD\��IRU�WKH\�PXVW�SUHVHUYH
WKH� FRUUHFW� JOREDO� RUGHULQJ���:H� ILJKW� WKLV� LQFRQYHQLHQFH� E\� IRUFLQJ� HYHU\� DWWHPSW� IRU
JDLQLQJ�D�ORFN�WR�DSSHDU�LQ�D�WUDFH�XQWLO� LW� LV� ILQDOO\�JDLQHG��$IWHU�WKH�VLPXODWLRQ� LV�RYHU�
GXULQJ�WKH�SRVWSURFHVVLQJ�SKDVH��WKH�VXSHUIOXRXV� ORFN�DSSHDUDQFHV�DUH�HOLPLQDWHG��ZKLOH
WKH�WLPH�VWDPSV�RI�DOO�WKH�UHIHUHQFHV�WKDW�IROORZ�DUH�FRUUHFWHG�IRU�WKH�DPRXQW�RI�WLPH�WKH
ORFN�KDG�WR�ZDLW�WR�JDLQ�LW��7KLV�SURFHGXUH�DVVXUHV�D�IDVW�ZD\�WR�JHW�DQ�LGHDO�WUDFH��DV�LGHDO
PHPRU\�VLPXODWRU�DGGV�YHU\�OLWWOH�WLPH�WR�WKH�VLPXODWLRQ�RYHUKHDG�

6LPXODWLRQ�8VLQJ�7UDFHU

7UDFHU�LV�/LPHV
�WUDFH�GULYHQ�VLPXODWLRQ�WRRO��%\�GHIDXOW��7UDFHU�VXSSRVHV�WKDW�D�WUDFH� LW
ZLOO�XVH�DV�DQ�LQSXW�LV�D�VLQJOH�ILOH�WKDW�FRQWDLQV�DOO�SURFHVVRUV
�UHIHUHQFHV��7KLV�IRUPDW�LV
FKRVHQ�EHFDXVH� LW� LV�PRUH�HIILFLHQW�UHJDUGLQJ�VWRUDJH�VSDFH� WKDQ�KDYLQJ�D�VHSDUDWH� WUDFH
ILOH� IRU� HDFK� SURFHVVRU�� ,W� DOORZV� WKDW� RQH� WLPH� VWDPS� FDQ� EH� XVHG� IRU� D� JURXS� RI
RSHUDWLRQV�WKDW�DUH�GRQH�LQ�WKH�VDPH�F\FOH�RQ�GLIIHUHQW�SURFHVVRUV��,W�LV�PRUH�HIILFLHQW�WR
KDYH� VDPH� QXPEHU� RI� ��E\WH� SURFHVVRU� ODEHOV� WKDQ� ��E\WH� WLPH� VWDPS� LQWHJHUV�� 6XFK� D
WUDFH�LV�DOVR�FRQYHQLHQW�IRU�YLVXDO� LQVSHFWLRQ� LI� LW� LV� LQ� WH[WXDO� IRUPDW��%XW�DOWKRXJK�WKLV
IRUPDW� LV� JRRG� IRU�NHHSLQJ� WUDFHV�� LW� LV� QRW� JRRG� FRQVLGHULQJ� WKH� VLPXODWLRQ� HIILFLHQF\�
7KDW� LV� ZK\� 7UDFHU� ILUVW� LQYRNHV� D� SDUVHU� WKDW� PDNHV� LGHDO� WUDFHV� IRU� HDFK� SURFHVVRU�
ZKLFK�DUH�WKHQ�XVHG�DV�DQ�LQSXW�WR�WKH�VLPXODWRU��VHH�)LJXUH�����$W�WKH�VDPH�WLPH�SDUVHU
HOLPLQDWHV� VXSHUIOXRXV� ORFN� UHTXHVWV� DQG� FRUUHFWV� WLPH� VWDPSV� �DV� D� SDUW� RI� WKH
SRVWSURFHVVLQJ� SKDVH� RI� WKH� ORFN� DEVWUDFWLRQ� SURFHVV��� DQG� H[WUDFWV� LQ� D� VSHFLDO� GDWD
VWUXFWXUH� LQIRUPDWLRQ� QHHGHG� E\� WKH� VLPXODWRU� WR� VXSSRUW� DEVWUDFWLRQ� RI� EDUULHUV�� 7KLV
SURFHVV�FDQ�EH�GRQH�RQO\�RQFH��DQG�WKH�REWDLQHG�LGHDO�WUDFHV�FDQ�EH�WKHQ�XVHG�IRU�PXOWLSOH
VLPXODWLRQV�

7KH� VLPXODWLRQ� VWDUWV� E\� UHDGLQJ� WKH� ILUVW� UHIHUHQFH� RI� HDFK� SURFHVVRU
V� WKUHDG� DQG� E\
VFKHGXOLQJ�WKH�RQH�ZLWK�WKH�VPDOOHVW�WLPH�VWDPS��DQG�FRQWLQXHV�ZLWK�VFKHGXOLQJ�UHTXHVWV
XQWLO� WKH� ODVW� RQH� LV� VLPXODWHG�� 7KH� SURFHVV� LV� TXLWH� VWUDLJKWIRUZDUG�� H[FHSW� IRU� WKH
EDUULHUV��,Q�WKH�FXUUHQW�LPSOHPHQWDWLRQ�HDFK�EDUULHU�LQ�D�WUDFH�LV�MXVW�D�VHW�RI�UHDGV��ZULWHV�
ORFNV� DQG� XQORFNV�� 7KHUH� ZRXOG� EH� QR� ZD\� WR� WHOO� LI� WKH\� IXQFWLRQDOO\� H[HFXWH� WKLV
V\QFKURQL]DWLRQ� SULPLWLYH�� LI� WKH\� ZHUHQ
W� SUHYLRXVO\� DQQRWDWHG� GXULQJ� WKH� WUDFH
JHQHUDWLRQ� SKDVH�� (DFK� EDUULHU� LV� DQQRWDWHG� ZLWK� PDUNHUV� DW� FHUWDLQ� SRLQWV�� ZKLFK� DUH
UHFRJQL]HG�E\�WKH�VFKHGXOHU��DQG�XVLQJ�WKRVH� LQIRUPDWLRQ� LW�FDQ�SHUIRUP�WKH�DEVWUDFWLRQ�
7KH� DEVWUDFWLRQ� SULQFLSOH� LV� TXLWH� JHQHUDO� DQG� FDQ� EH� XVHG� IRU� KDQGOLQJ� GLIIHUHQW
LPSOHPHQWDWLRQV� RI� EDUULHUV�� DV� ZHOO� DV� RWKHU� FRPSOH[� WLPLQJ� GHSHQGHQW� RSHUDWLRQV�
$QRWKHU�HYHQW�WKDW�PXVW�EH�UHFRUGHG�DQG�DEVWUDFWHG�LV�WKH�FUHDWLRQ�RI�D�FKLOG�WKUHDG��,W�LV
QHFHVVDU\�WR�DEVWUDFW�WKRVH�HYHQWV��WR�SUHYHQW�VFKHGXOLQJ�RI�FKLOG�WKUHDGV�EHIRUH�WKH\�ZHUH
DFWXDOO\�FUHDWHG�E\�WKH�SDUHQW�

7KLV� VHW� RI� DEVWUDFWHG� RSHUDWLRQV� LV� VXIILFLHQW� WR� VXSSRUW� DOO� VWDWLFDOO\� VFKHGXOHG
ZRUNORDGV�� $EVWUDFWLRQ� RI� G\QDPLFDOO\� VFKHGXOHG� ZRUNORDGV� FDQ� EH� VXSSRUWHG� E\
H[WHQGLQJ�WKH�DEVWUDFWLRQ�SDUDGLJP�XVHG�IRU�VWDWLFDOO\�VFKHGXOHG�SURJUDPV�
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����0HPRU\�6\VWHP�6LPXODWRU
7KH�PHPRU\�V\VWHP�VLPXODWRU�LV�FRPSOHWHO\�LQGHSHQGHQW�IURP�WKH�VLPXODWLRQ�NHUQHO�DQG
IURP�WKH�DSSOLFDWLRQV��WUDFHV��XVHG�WR�GULYH�WKH�VLPXODWLRQV��$V�PHQWLRQHG�EHIRUH�� LW�FDQ
EH�XVHG�E\�ERWK�WKH�H[HFXWLRQ�GULYHQ�DQG�WKH�WUDFH�GULYHQ�VLPXODWRU�

7KH�VLPXODWRU�SURYLGHV�WKH�PHPRU\�V\VWHP�VLPXODWRU�ZLWK�D�VWUHDP�RI�UHTXHVWV��7KH\�XVH
D�VLPSOH�LQWHUIDFH�WR�FRPPXQLFDWH��DQG�WKH�VDPH�LQWHUIDFH�VKRXOG�EH�XVHG�ZKHQ�EXLOGLQJ
XS�D�VLPXODWRU� IRU�DQ\�NLQG�RI�VKDUHG�DGGUHVV�VSDFH�PXOWLSURFHVVRU�V\VWHP��+RZ� LV� WKH
PHPRU\�VLPXODWRU�UHDOL]HG�LV�RI�QR�LPSRUWDQFH�DV�ORQJ�DV�LW�XVHV�WKDW�LQWHUIDFH�

603�0HPRU\�6LPXODWRU

$�PRGHO�RI�D�EXV�EDVHG�FDFKH�FRKHUHQW�V\PPHWULFDO�PXOWLSURFHVVRU�V\VWHP��603��FRPHV
ZLWK� /LPHV�� ,W� LV� D� V\VWHP� FRPSULVHG� RI� 1� LGHQWLFDO� SURFHVVRUV�� ZLWK� DQ� RQ�FKLS� �/��
FDFKH� LPSOHPHQWLQJ�RQH�RI� WKH� ILYH� VXSSRUWHG� FRKHUHQF\�SURWRFROV��7KH�SURFHVVRUV� DUH
LQWHUFRQQHFWHG� YLD� EXV�� DQG� DOO� WKH� FRPPXQLFDWLRQ� WKURXJK� EXV� VLJQDOV� LV� DGHTXDWHO\
PLPLFNHG��7KH�PDLQ�PHPRU\�PRGXOH� LV�DOVR�FRQQHFWHG�WR�WKH�EXV��7KLV�RUJDQL]DWLRQ� LV
UHSUHVHQWHG�LQ�)LJXUH���

(DFK�KDUGZDUH�XQLW� LV� SURJUDPPDWLFDOO\� UHSUHVHQWHG�ZLWK� D� PRGXOH� �D�&��� FODVV��� DQG
HDFK�PRGXOH�LV�XQDZDUH�RI�WKH�RWKHUV��7KDW�LV��WKH�PRGXOHV�GR�QRW�FRPPXQLFDWH�GLUHFWO\�
UDWKHU�� WKH\� DUH� RUJDQL]HG� DV� LVRODWHG� XQLWV�� ZKLFK� FRPPXQLFDWH� ZLWK� WKH� RXWHU� ZRUOG
WKURXJK� LQSXW�RXWSXW�SRUWV�� D�PRGXOH� UHDGV� LWV� LQSXW� SRUWV�� SHUIRUPV� WKH� RSHUDWLRQ� WKDW
GHSHQGV�RQ�ERWK�WKH� LQIRUPDWLRQ�RQ�WKH�LQSXW�SRUWV�DQG�WKH�LQWHUQDO�VWDWH�RI�WKH�PRGXOH�
DQG�OHDYHV�WKH�UHVXOW�RQ�LWV�RXWSXW�SRUWV��7KHVH�SRUWV�DUH�VKRZQ�LQ�)LJXUH���

&$&+(

,2BEXI

%86

&$&+(

,2BEXI

&$&+(

,2BEXI

0(025<0 0 0�����

)LJXUH����,QWHUFRQQHFWLRQ�RI�PRGXOHV�LQ�D�EXV�EDVHG�FDFKH�FRKHUHQW�V\PPHWULFDO�PXOWLSURFHVVRU�V\VWHP

/HJHQG��&$&+(���FDFKH�FRQWUROOHU�PRGXOH��0���FDFKH�PHPRU\�PRGXOH��,2BEXI���VLPSOH�DEVWUDFW�PRGXOHV
WKDW�FRPPXQLFDWH�ZLWK�VLPXODWLRQ�NHUQHO��0(025<���PDLQ�PHPRU\�PRGXOH��%86���WKH�EXV�
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2QO\�RQH��DEVWUDFW��PRGXOH� LQ�WKH�V\VWHP� LV�DZDUH�RI�WKH�V\VWHP�WRSRORJ\��DQG� LW� LV�QRW
YLVLEOH� LQ� WKH�SLFWXUH��7KLV�PRGXOH� UHDGV�RXWSXW�SRUWV� IURP� WKH�PRGXOHV� DQG�ZULWHV� WKH
LQIRUPDWLRQ� IRXQG� WKHUH� LQWR� WKH� LQSXW� SRUWV� RI� WKH� PRGXOHV� WKH\� DUH� FRQQHFWHG� WR�
IROORZLQJ�FHUWDLQ�RUGHU�DQG�VLPXODWLQJ�VLJQDO�IORZ��LW�DOVR�SROOV�WKH�PRGXOHV�IRU�H[HFXWLRQ
DW� SURSHU� WLPHV�� 7KLV� RUJDQL]DWLRQ� ZRXOG� DOORZ�� IRU� H[DPSOH�� WR� HDVLO\� DGG� WKH� 7/%
PRGXOHV� EHWZHHQ� WKH� FDFKH� FRQWUROOHUV� DQG� WKH� SURFHVVRUV� ZLWKRXW� FKDQJLQJ� RWKHU
PRGXOHV��H[FHSW�WKH�WRSRORJ\�PRGXOH��RI�FRXUVH��

7KLV�GHVLJQ�SKLORVRSK\�UHVHPEOHV�JUHDWO\�WKH�RQH�HPSOR\HG�E\�9+'/��,W�DOORZHG�XV� WR
UHWDLQ�WKH�GHVLUHG�OHYHO�RI�DFFXUDF\��ZKLOH�SUHVHUYLQJ�WKH�VLPXODWLRQ�VSHHG�DQG�WKH�DELOLW\
WR�FKDQJH�WKH�PRGHO�HDVLO\��7KLV�RQO\�VKRZV�WKDW�YDULRXV�DSSURDFKHV�DUH�SRVVLEOH�XVLQJ
223��WKH�IUHHGRP�LQ�ZULWLQJ�D�PHPRU\�V\VWHP�VLPXODWRU��KRZHYHU��VKRXOG�EH�FRPSOHWH�
$�JXLGH�WR�GHVLJQLQJ�VLPXODWRUV�LV�D�SDUW�RI�WKH�/LPHV�GRFXPHQWDWLRQ�

7KH� V\VWHP� FXUUHQWO\� LQFOXGHV� GHWDLOHG� H[DPSOHV� RI� ILYH� VQRRS\� FDFKH� FRKHUHQFH
SURWRFROV�� QDPHO\�:7,� �:ULWH�7KURXJK� ,QYDOLGDWH���:,1� �:RUG� ,QYDOLGDWH��� %HUNHOH\�
'UDJRQ�� DQG� 0(6,�� 7KH� SURWRFROV� GLIIHU� LQ� WKH� RSHUDWLRQ� RI� WKHLU� FDFKH� FRQWUROOHU
PRGXOHV��ZKLOH�WKH�UHVW�RI�WKH�PRGXOHV�DUH�IXQFWLRQDOO\�HTXDO��&DFKH�FRQWUROOHU�PRGXOH�LV
UHSUHVHQWHG�DV�D�ILQLWH�VWDWH�PDFKLQH��6LQFH�DOO�PRGXOHV�RSHUDWH�RQ�D�F\FOH�E\�F\FOH�EDVLV�
WKH\�FKDQJH�WKHLU�LQWHUQDO�VWDWH�DFFRUGLQJ�WR�WKH�FXUUHQW�VWDWH�DQG�WKH�LQIRUPDWLRQ�RQ�WKHLU
LQSXW� SRUWV�� +RZHYHU�� WKHVH� VWDWHV� GR� QRW� KDYH� WR� EH� XQGHUVWRRG� LQ� D� VWULFW� VHQVH� DV
GHILQHG�E\� WKH� ILQLWH� DXWRPDWD� WKHRU\��7KH�RSHUDWLRQ�RI� WKH�PRGXOH� LV� UHSUHVHQWHG� DV� D
PL[WXUH�RI�D�IORZ�FKDUW�DQG�D�VWDWH�GLDJUDP��0RGXOHV�DUH�HDVLO\�PRGLILDEOH�DQG�H[WHQGLEOH
VLQFH�WKH\�DUH�ZULWWHQ�LQ�&����HPSOR\LQJ�WKH�223�VW\OH�

'60�0HPRU\�6LPXODWRU

$� VLPSOH� PRGHO� RI� D� GLVWULEXWHG� VKDUHG� PHPRU\� PXOWLSURFHVVRU� V\VWHP� �'60�� LV
GHYHORSHG� IRU�/LPHV��7KH� V\VWHP�FRPSULVHG�RI�1� LGHQWLFDO� SURFHVVRUV�� (DFK� SURFHVVRU
KDV� ORFDO� PHPRU\�� ZKLFK� LV� D� SDUW� RI� WKH� JOREDO� GLVWULEXWHG� VKDUHG� PHPRU\�� 6HYHUDO
PHPRU\� FRQVLVWHQF\�PRGHOV� DUH� LPSOHPHQWHG� LQ� RUGHU� WR� VLPXODWH� WKH� DFFHVV� WR�'60�
7KH�V\VWHP�FXUUHQWO\�LQFOXGHV�H[DPSOHV�RI�SURFHVVRU��VHTXHQWLDO��UHOHDVH��DQG�OD]\�UHOHDVH
FRQVLVWHQF\��7KH�XQGHUO\LQJ�QHWZRUN�GHOD\V�FDQ�EH�VLPXODWHG�LQ�GHWDLOV�

�,2B%XI

&DFKH

&DFKHB0HPRU\
/LQH�6WDWH

%XVB54 %XVB*17 %XVBGDWD

UHVSRQVHUHTXHVW

UHTXHVW UHVSRQVH

%XV

���

��,QSXW�SRUW

��2XWSXW�SRUW

���

/LQH�6WDWH
/LQH�6WDWH���

�)LJXUH����&DFKH�PRGXOH�DQG�LQSXW�RXWSXW�SRUWV
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,Q� RUGHU� WR� VLPXODWH� D� '60� PXOWLSURFHVVRU� V\VWHP�� D� VSHFLILF� PHPRU\� VLPXODWRU� LV
GHYHORSHG��'LIIHUHQW�PHPRU\�DOORFDWLRQ�VWUDWHJ\� LV�QHHGHG� IRU�'60�V\VWHPV��DQG�VRPH
SDUWV�RI�WKH�ROG�/LPHV�NHUQHO�KDG�WR�EH�FKDQJHG��7KH�XVHU�FDQ�HDVLO\�FKDQJH�WKH�VWUDWHJ\
IRU� PHPRU\� DOORFDWLRQ� �*B0$//2&� PDFUR��� 7KH� PHPRU\� VLPXODWRU� FRQVLVWV� RI� WKH
IROORZLQJ�SDUWV��GLVWULEXWHG�VKDUHG�PHPRU\�LWVHOI��GLUHFWRU\�VLPXODWRU��ORFN�VLPXODWRU��DQG
QHWZRUN�ODWHQF\�VLPXODWRU�

6L]H�RI� WKH�GLVWULEXWHG� VKDUHG�PHPRU\� LV� VWDWLFDOO\�GHILQHG� DQG�GLVWULEXWHG� EHWZHHQ� WKH
QRGHV��&XUUHQW�LPSOHPHQWDWLRQ�RI�PHPRU\�DOORFDWLRQ�HQDEOHV�XVHU�WR�VSHFLI\�KRPH�QRGH
IRU� PHPRU\� EORFN� WR� EH� DOORFDWHG� E\� WKH� *B0$//2&� PDFUR�� 7KH� JOREDO� DQG� VWDWLF
YDULDEOHV�DUH�E\�GHIDXOW�DOORFDWHG� LQ� WKH�'60�VSDFH� ORFDO� WR�WKH� ILUVW�QRGH�� ,I� WKH�KRPH
QRGH�LV�QRW�H[SOLFLWO\�VSHFLILHG�LQ�WKH�FDOO�WR�WKH�*B0$//2&�PDFUR��WKHQ� LW� LV�DVVXPHG
WKDW�WKH�KRPH�QRGH�IRU�WKH�QHZ�EORFN�LV�WKH�QRGH�ZKLFK�FDOOHG�WKH�PDFUR�

7KH�GLUHFWRU\�VLPXODWRU�LPSOHPHQWV�WKH�PHPRU\�FRQVLVWHQF\�PRGHO�IRU�GLVWULEXWHG�VKDUHG
PHPRU\� DFFHVV�� 7KLV� VLPXODWRU� LV� FDOOHG� E\� WKH� NHUQHO� HYHU\� WLPH� WKH� UHDG� RU� ZULWH
LQVWUXFWLRQ�RFFXUV��7KH�VLPXODWRU� LV� UHVSRQVLEOH� IRU� DOO� ORFDO� SDJH�RU�EORFN�FDFKLQJ� DQG
DFTXLULQJ�RI�QRQ�ORFDO�'60�GDWD��)RU�WKH�LPSOHPHQWDWLRQ�RI�QHZ�FRQVLVWHQF\�PRGHOV�WKLV
SDUW�QHHGV�WR�EH�FKDQJHG�

,Q�'60�V\VWHPV� ORFN�PDQDJHPHQW�LV�TXLWH�GLIIHUHQW�WKDQ�WKH�RQH� LQ�EXV�EDVHG�V\VWHPV�
EHFDXVH�WKHUH�LV�QR�EXV�WR�PDNH�WKH�VHULDOL]DWLRQ��7KHUH�DUH�VHYHUDO�GLIIHUHQW�DSSURDFKHV
WR�LPSOHPHQW�ORFNV�LQ�'60�V\VWHPV��+RZHYHU��DOO�LPSOHPHQWDWLRQV�PDNH�GDWD�DFFHVV�WR
WKH� PHPRU\� VWRULQJ� WKH� ORFNV� VHTXHQWLDOO\� �RU� DW� OHDVW� SURFHVVRU�� FRQVLVWHQW�� 7KLV
VLPXODWRU�LV�FDOOHG�E\�WKH�NHUQHO�HYHU\�WLPH�WKH�ORFN�UHODWHG�RSHUDWLRQV�RFFXUV��DFTXLUH�RU
UHOHDVH��

1HWZRUN� ODWHQF\� VLPXODWRU� FDQ� EH� XVHG� WR� VLPXODWH� GLIIHUHQW� W\SHV� RI� LQWHUFRQQHFWLRQ
QHWZRUNV�LQ�GHWDLOV��+RZHYHU��WKLV�SDUW�FDQ�EH�DV�VLPSOH�DV�PDNLQJ�WKH�GLIIHUHQW�FRQVWDQW
GHOD\V� IRU�DFFHVV� WR�QRQ�ORFDO�SDUWV�RI� WKH�GLVWULEXWHG�VKDUHG�PHPRU\�� ,I� WKH�DLP�RI� WKH
UHVHDUFK� LV� WR� VLPXODWH� WKH� VSHFLILF� QHWZRUN� FRQILJXUDWLRQ�� WKLV� LV� WKH� RQO\� SDUW� RI� WKH
/LPHV�WKDW�WKH�UHVHDUFKHU�KDV�WR�FKDQJH�

9LUWXDO�$GGUHVV�6SDFH�/D\RXW�LQ�603�/LPHV

:KHQ�PXOWLSOH� WKUHDGV� RI� H[HFXWLRQ� DUH� FUHDWHG� �IRU� VLPXODWLRQ� SXUSRVHV� E\� /LPHV�� LQ
UHDOLW\� E\� DQ\� RI� WKH� QHZHU�/LQX[� UHOHDVHV��� WKH\� DUH� GHILQHG� DV� UHJXODU� SURFHVVHV� WKDW
VKDUH� DGGUHVV� VSDFH� ZLWK� WKHLU� SDUHQW�� 0RUH� IRUPDOO\�� SDJH� WDEOH� HQWULHV� IRU� PDSSLQJ
YLUWXDO�DGGUHVVHV�WR�SK\VLFDO�KDYH�WKH�VDPH�YDOXHV�IRU�DOO�WKH�WKUHDGV��)LJXUH���GHSLFWV�WKLV
VLWXDWLRQ�IRU�DQ�H[DPSOH�RI�IRXU�WKUHDGV�

$OO� WKH� WKUHDGV�VKDUH� WKH�FRGH�VHJPHQW��RI�FRXUVH��DQG�WKH�GDWD� VHJPHQW�� DQG�HDFK�RQH
JHWV� LWV� UHDVRQDEO\�ZLGH� VKDUH� �VD\�����.��RI� WKH�XSSHU� DUHD� IRU� WKH� VWDFN��7KH� WRSV�RI
WKHLU�VWDFNV�DUH�GLIIHUHQW��6WDFNV� DUH�SULYDWH�RQO\� VHPDQWLFDOO\�� D� WKUHDG�FRXOG� UHDG� DQG
ZULWH�DQRWKHU�WKUHDGV
�VWDFN��EXW�QHYHU�GRHV�VR�

7KLV�EULQJV�XV�WR�WKH�SRLQW��ZK\�GR�\RX�QRW�KDYH�WR�WUDQVODWH�YLUWXDO�DGGUHVVHV�WR�SK\VLFDO
LQ� VLPXODWLRQ"�7KH�DQVZHU� LV� ±� EHFDXVH� QR� WZR� GLIIHUHQW� YLUWXDO� DGGUHVVHV� SRLQW� WR� WKH
VDPH� SK\VLFDO� DGGUHVV�� DQG� QR� WZR� HTXDO� YLUWXDO� DGGUHVVHV� SRLQW� WR� GLIIHUHQW� SK\VLFDO
DGGUHVVHV�
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%HFDXVH�RI�WKDW�RQH�FDQ�DVVXPH�WKDW�WKHVH�WKUHDGV�RI�WKH�SDUDOOHO�DSSOLFDWLRQ�DUH�WKH�RQO\
VHW�RI�SURFHVVHV�WKDW�DUH�H[HFXWLQJ�RQ�\RXU�VLPXODWHG�PDFKLQH��$QG�RQH�FDQ�DOVR�DVVXPH
WKDW�WKH�FRGH�VHJPHQW�ZDV�UHDOO\�ORDGHG�LQWR�PHPRU\�DW�DGGUHVV�]HUR��DQG�VR�RQ�

7KHUH� DUH� FHUWDLQ� OHDNV� LQ� WKLV� DVVXPSWLRQ�� ILUVW�� RQH� GRHV� QRW� KDYH� �*%� RI� SK\VLFDO
PHPRU\�WR�DVVXPH�WKDW�WKH�VWDFN�LV�SK\VLFDOO\�UHDOO\�SODFHG�DW��*%�PLQXV�VRPHWKLQJ��DQG
VHFRQG�� LQ�UHDOLW\�� WKH� ORZHVW�SDUW�RI� WKH�SK\VLFDO�PHPRU\�ZRXOG�EH�DVVLJQHG� WR�V\VWHP
WDEOHV��HWF��%XW�VLQFH�DOO� WKH�DOORFDWLRQV�RFFXU�DW�SDJH�ERXQGDULHV�� LW� LV�RQO\� D�PDWWHU�RI
GLVWULEXWLRQ�RI�EORFN� WDJV� LQ� \RXU�DVVRFLDWLYH�PHPRU\� LQ�FDFKHV��ZKLFK� LV�XQSUHGLFWDEOH
DQ\ZD\��DQG�KDV�OLWWOH�LPSDFW�RQ�JHQHUDO�EHKDYLRU�IRU���ZD\�FDFKHV�RU�FDFKHV�ZLWK�KLJKHU
DVVRFLDWLYLW\�� RU� ODUJHU� FDFKHV�� 6WLOO�� LW� ZRXOG� EH� HDV\� WR� FUHDWH� D� WUDQVODWLRQ� IXQFWLRQ�
VKRXOG�RQH�QHHGV�RQH�

)LQDOO\�� D� QRWH� RQ� WKH� ,66+$5('�DGGU�� PDFUR�� ,W� UHWXUQV� WUXH� LI� �DQG� RQO\� LI�� WKH
DGGUHVV�JLYHQ�EHORQJV�WR�WKH�GDWD�VHJPHQW��)RUPDOO\��FRGH�VHJPHQW�LV�VKDUHG�DV�ZHOO��EXW
LW� FDQ� EH� UHDG� RQO\�� DQG� LV� WKHUHIRUH� QRW� LPSRUWDQW� IURP� WKH� DVSHFW� RI� FRKHUHQFH
PDLQWHQDQFH��1RWH�WKDW�UHDGV�IURP�WKH�FRGH�VHJPHQW�FDQ�RFFXU��DOWKRXJK�/LPHV�GRHV�QRW
FDSWXUH�LQVWUXFWLRQ�IHWFKHV��WKLV�LV�EHFDXVH�WKH�DSSOLFDWLRQ�PD\�UHDG�FRQVWDQWV�HPEHGGHG
LQ�WKH�FRGH�VHJPHQW��PDLQO\�VWULQJ�FRQVWDQWV��IRU�YDULRXV�SULQWI���IXQFWLRQV�WKDW�QHYHU
RFFXU�LQ�WKH�SDUDOOHO�FRPSXWDWLRQ�SKDVH��,I� \RX�UHDOO\� QHHG� WR�NQRZ�ZKHWKHU�DQ�DGGUHVV
EHORQJV�WR�WKH�FRGH�VHJPHQW��VD\�LI�DGGU���'$7$B6(*0(17B67$57��

9LUWXDO�$GGUHVV�6SDFH�/D\RXW�LQ�'60�/LPHV

7KH�FRQVLVWHQF\�PRGHOV�LQ�'60�V\VWHPV�DUH�PRUH�UHOD[HG�WKDQ�LQ�603�V\VWHPV��DQG�WKH
'60�PHPRU\� LV� OHVV�FRQVLVWHQW� WKDQ� WKH�603�PHPRU\�� ,Q�RUGHU�WR� DFFXUDWHO\� VLPXODWH
WKH� V\VWHP�� IHWFKLQJ� RI� WKH� QRQ�ORFDO� GDWD� LV� VLPXODWHG� LQ� GHWDLOV�� $� QRGH� LQ� D� '60
V\VWHP�KROGV�D�SDUW�RI�WKH�GLVWULEXWHG�VKDUHG�PHPRU\��DQG�D�SDUW�RI�WKH�ORFDO��QRQ�VKDUHG
PHPRU\�XVHG�IRU�VWRULQJ�DQG�FDFKLQJ�RI�WKH�QRQ�ORFDO�GDWD�DQG�WKH�GLUHFWRU\�GDWD�XVHG�WR
PDLQWDLQ�WKH�'60�FRQVLVWHQF\�
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8QLQLWLDOL]HG�GDWD
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8QXVHG

67$&.�IRU�WKUHDG���
67$&.�IRU�WKUHDG���
67$&.�IRU�WKUHDG���
67$&.�IRU�WKUHDG���
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)LJXUH����9LUWXDO�DGGUHVV�VSDFH�OD\RXW�IRU�PXOWLSOH
WKUHDGV�LQ�603�V\VWHPV��DQ�H[DPSOH��
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,QLWLDOL]HG�GDWD
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8QXVHG

67$&.�IRU�WKUHDG���
67$&.�IRU�WKUHDG���
67$&.�IRU�WKUHDG���
67$&.�IRU�WKUHDG���
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VLPDWRU
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)LJXUH� ��� 9LUWXDO� DGGUHVV� VSDFH� OD\RXW� IRU� WKH
VLPXODWLRQ�RI�'60�V\VWHPV��DQ�H[DPSOH��



��

7KH�YLUWXDO�DGGUHVV�VSDFH�RI�WKH�'60�VLPXODWRU�LV�VKRZQ�LQ�)LJXUH����'LUHFWRU\�VLPXODWRU
G\QDPLFDOO\�DOORFDWHV�DQG� IUHHV�WKH�PHPRU\� LQ�WKH�KHDS� IRU�WKH�VLPXODWLRQ�RI�WKH�0&0
GXULQJ�WKH�VLPXODWLRQ�

7KH�PDLQ�GLIIHUHQFH�EHWZHHQ�WKH�603�DQG�WKH�'60�VLPXODWLRQ�YLUWXDO�DGGUHVV�VSDFH� LV
WKDW�WKH�VSDFH� IRU�WKH�'60�LV�VWDWLFDOO\�DOORFDWHG�DW�WKH�EHJLQQLQJ�RI�WKH�VLPXODWLRQ�DQG
WKH�*B0$//2&�DQG�*B)5((�PDFURV�DUH�UH�LPSOHPHQWHG�LQ�RUGHU�WR�FRUUHFWO\�DOORFDWH
DQG� IUHH� WKH�VSDFH� LQ� WKH�'60��7KLV�HQDEOHV� WKH�XVHU�WR� LPSOHPHQW�QHZ�DOJRULWKPV� IRU
PHPRU\�DOORFDWLRQ�LQ�'60�V\VWHPV�

���/LPHV�&RPSOH[LW\�DQG�3HUIRUPDQFH
7KH�VLPXODWLRQ�NHUQHO�RI�WKH�H[HFXWLRQ�GULYHQ�VLPXODWRU�FRQVLVWV�RI�QHDUO\������OLQHV��DQG
WKH�WRRO�IRU�LQVWUXPHQWDWLRQ�RI�L$3[���LQVWUXFWLRQV�FRQWDLQV�DGGLWLRQDO������OLQHV��7UDFH�
GULYHQ�VLPXODWRU�DGGV������ OLQHV��7KH�603�PRGHO� DQG� ILYH� VQRRS\�SURWRFROV� FRPSULVH
DOOWRJHWKHU� VRPH� ����� OLQHV� RI� FRGH�� 7KH� PRVW� FRPSOH[� FODVVHV� ±� WKH� GHWDLOHG� FDFKH
FRQWUROOHUV�� FRQWDLQ� RQ� WKH� DYHUDJH� VRPH� ���� OLQHV�� 7KH� ZKROH� FRGH� LV� SURIXVHO\
FRPPHQWHG�� 7KH� FRPSOHWH� /LPHV� HQYLURQPHQW� �LQFOXGLQJ� �� 63/$6+��� DSSOLFDWLRQV�
WDNHV�DERXW����.%��FRPSUHVVHG��

7KH�FRPSLODWLRQ�SURFHVV� LV�UDWKHU�TXLFN��UDQJLQJ� IURP��V� IRU�VLPSOH�PHPRU\�PRGHOV�XS
WR���V�IRU�WKH�PRVW�FRPSOH[�RQHV��PHDVXUHG�RQ�D�3HQWLXP�����

/LPHV�SHUIRUPDQFH�IRU�H[HFXWLRQ�GULYHQ�VLPXODWLRQV�LV�SUHVHQWHG�LQ�7DEOH����7KH�UHVXOWV
VKRZ�H[HFXWLRQ� WLPHV� DQG� VORZGRZQV� IRU� IRXU� 63/$6+��� SURJUDPV�� 6LPXODWLRQV� KDYH
EHHQ�GRQH� IRU���GLIIHUHQW�PHPRU\�PRGHOV�DQG��� LQVWUXPHQWDWLRQ� OHYHOV� IRU�HDFK�PRGHO�
$EVWUDFW�PRGHO�GRHV�QRW�LQYRNH�WKH�VFKHGXOHU�RU�WKH�PHPRU\�VLPXODWRU��,W�UHVSRQGV�WR�WKH
UHTXHVWV�ULJKW�DZD\��EXW�VWLOO�SUHVHUYHV�WKH�JOREDO�RUGHULQJ��,GHDO�DQG�0(6,�PRGHOV�ERWK
LQYRNH�WKH�VFKHGXOHU�DQG�WKH�PHPRU\�VLPXODWRU��,GHDO�PHPRU\�VLPXODWRU�UHWXUQV�D�VDWLVI\
VLJQDO�LQ�D�VLQJOH�F\FOH�IRU�HYHU\�PHPRU\�UHTXHVW��UHDG�ZULWH���H[FHSW�IRU�V\QFKURQL]DWLRQ
UHTXHVWV� �ORFN�XQORFN��� 0(6,� LV� WKH� PRVW� FRPSOH[� PHPRU\� VLPXODWRU� LQ� WKH� FXUUHQW
YHUVLRQ� RI� /LPHV�� SHUIRUPLQJ� WKH� VLPXODWLRQ� RI� D� EXV�EDVHG� 603� ZLWK� 0(6,� FDFKH
FRKHUHQFH�SURWRFRO��$OO�VLPXODWLRQV�ZHUH�SHUIRUPHG�IRU����SURFHVVRUV��ZKHUH�HDFK�KDG�D
��.%�ODUJH����ZD\�VHW�DVVRFLDWLYH�FDFKH��ZLWK���%�ORQJ�FDFKH�OLQHV�

2&($1 ))7 /8 5$',;
VLPXODWRU���OHYHO

WLPH�>V@ VORZG WLPH�>V@ VORZG WLPH�>V@ VORZG WLPH�>V@ VORZG
$YJ�
VORZG

XQLQVWUXPHQWHG � � � � �� � � � �
DEVWUDFW�OHYHOB� ��� �� �� �� ��� �� �� �� ��
DEVWUDFW�OHYHOB� ��� �� �� �� ���� �� ��� �� ��
LGHDO�OHYHOB� ��� �� ��� �� ���� ��� ��� �� ��
LGHDO�OHYHOB� ���� ��� ��� ��� ���� ��� ��� ��� ���
0(6,�OHYHOB� ���� ��� ��� ��� ����� ��� ��� ��� ���
0(6,�OHYHOB� ���� ��� ��� ��� ����� ��� ���� ��� ���

7DEOH����([HFXWLRQ�GULYHQ�VLPXODWLRQ�WLPHV�DQG�VORZGRZQV�IRU����63/$6+���DSSOLFDWLRQV��IRU�YDULRXV�PHPRU\
VLPXODWRU�PRGHOV



��

'LPHQVLRQV�RI�WKH�SUREOHPV�ZHUH�DSSURSULDWH��2&($1�ZRUNHG�RQ�D����[����JULG��))7
ZLWK� ������ FRPSOH[� GRXEOHV�� /8� ZLWK� D� ���[���� PDWUL[� DQG� 5$',;� ZLWK� ������
LQWHJHUV��6LPXODWLRQV�ZHUH�GRQH�RQ�D����0+]�3HQWLXP�3&�

6ORZGRZQV� IRU� DEVWUDFW�PRGHO� LQGLFDWH� WKH� LQVWUXPHQWDWLRQ�RYHUKHDG� LQWURGXFHG� E\� WKH
VLPXODWRU��ZKHUH�FRUUHFW�JOREDO�RUGHULQJ�LV�VWLOO�NHSW��5HVXOWV�VKRZ�WKDW�WKLV�LV�WKH�ELJJHVW
VRXUFH�RI�VORZGRZQ�FRPSDUHG�WR�RWKHU�IDFWRUV�� LQWURGXFLQJ�DQ�DYHUDJH�VORZGRZQ�IDFWRU
RI� ��� IRU� OHYHOB�� DQG� ��� IRU� OHYHOB�� LQVWUXPHQWDWLRQ�� 6ORZGRZQV� XVLQJ� LGHDO� PHPRU\
VLPXODWRU� LQGLFDWH� WKH� VFKHGXOLQJ� SOXV� WKH� PHPRU\� VLPXODWRU� LQYRFDWLRQ� RYHUKHDG�� ,W
DGGLWLRQDOO\�VORZV�GRZQ�WKH�VLPXODWLRQ�IRU�D�IDFWRU�RI��������������LQ�DYHUDJH��IRU�OHYHOB��
DQG�IRU�D�IDFWRU�RI������������LQ�DYHUDJH��IRU�OHYHOB��LQVWUXPHQWDWLRQ��)LQDOO\��VLPXODWLRQ
RI� D� UHDOLVWLF� EXV�EDVHG� 603� V\VWHP� ZLWK� D� 0(6,� SURWRFRO� LQGLFDWHV� WKH� PHPRU\
VLPXODWRU�RYHUKHDG��)RU�OHYHOB��VLPXODWLRQV� LW�EULQJV�D�VORZGRZQ�WKDW�JRHV� IURP����� WR
�����������LQ�DYHUDJH��DQG� IRU�OHYHOB��VLPXODWLRQV�WKH�VORZGRZQ�UDQJHV� IURP�����WR����
����� LQ� DYHUDJH�� LQ� DGGLWLRQ� WR� WKH� LQVWUXPHQWDWLRQ� RYHUKHDG�� 3XUH� PHPRU\� VLPXODWRU
VORZGRZQV��QRW�FRXQWLQJ�WKH�VFKHGXOLQJ�DQG�WKH�VLPXODWRU�LQYRFDWLRQ�RYHUKHDG��JR�IURP
����WR���������� LQ�DYHUDJH�� IRU� OHYHOB���DQG� IURP�����WR���������� LQ� DYHUDJH�� IRU� OHYHOB�
VLPXODWLRQV�
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VLPXODWRU���OHYHO VL]H
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RYHUK
�

VL]H
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RYHUK
�

VL]H
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RYHUK
�

VL]H
>.%@

RYHUK
�

$YJ�
RYHUK
�

XQLQVWUXPHQWHG ����� � ����� � ����� � ����� � �
DEVWUDFW�OHYHOB� ����� ���� ����� ���� ����� ���� ����� ��� ����
DEVWUDFW�OHYHOB� ����� ���� ����� ���� ����� ���� ����� ���� ����
LGHDO�OHYHOB� ����� ���� ����� ���� ����� ���� ����� ���� ����
LGHDO�OHYHOB� ����� ���� ����� ���� ����� ���� ����� ���� ����
0(6,�OHYHOB� ����� ����� ����� ����� ����� ����� ����� ����� �����
0(6,�OHYHOB� ����� ����� ����� ����� ����� ����� ����� ����� �����

7DEOH����6L]HV�RI�H[HFXWLRQ�GULYHQ�VLPXODWLRQ�H[HFXWDEOHV�DQG�PHPRU\�GLODWLRQ�RYHUKHDGV�IRU����63/$6+��
DSSOLFDWLRQV��IRU�YDULRXV�PHPRU\�VLPXODWRU�PRGHOV�

2&($1 ))7 /8 5$',;PHP��VLPXODWRU��
W\SH�RI�VLPXODWLRQ WLPH�>V@ UDWLR WLPH�>V@ UDWLR WLPH�>V@ UDWLR WLPH�>V@ UDWLR

$YJ�
UDWLR

0(6,�WUDFH�GULYHQ ��� �� �� ��
0(6,�H[HF�GULYHQ ��

����
��

����
��

����
��

���� ����

7DEOH����6SHHG�RI�WKH�WUDFH�GULYHQ�VLPXODWLRQ�IRU����63/$6+���DSSOLFDWLRQV�FRPSDUHG�WR�WKH�H[HFXWLRQ�GULYHQ
VLPXODWLRQ��7KH�WDEOH�VKRZV�VLPXODWLRQ�WLPHV�IRU�ERWK�VLPXODWRUV��UXQQLQJ�WKH�VDPH�ZRUNORDGV��DQG�WKHLU�UDWLR�
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7KHVH� UHVXOWV� DUH� FRPSDUDEOH� WR� WKH�7DQJR/LWH�SHUIRUPDQFH��7DQJR/LWH� KDV� DQ� DYHUDJH
VORZGRZQ� RI� ��� IRU� D� VLPXODWLRQ� ZLWK� QR� PHPRU\� VLPXODWRU�� ZKLFK� FRPSDUHV� WR� DQ
DYHUDJH� /LPHV� VORZGRZQ� RI� ��� LQ� WKH� DEVWUDFW�OHYHOB�� FDVH�� $Q� DYHUDJH� PHPRU\
VLPXODWRU� VORZGRZQ� IRU� /LPHV� LV� ����� IRU� 0(6,�OHYHOB��� DQG� IRU� D� VLPLODU� PHPRU\
DUFKLWHFWXUH�7DQJR/LWH�KDV�D�VORZGRZQ�IDFWRU�RI����� ,Q�WRWDO��/LPHV�KDV�D�VORZGRZQ�RI
����FRPSDUHG�WR�WKH�7DQJR/LWH�DYHUDJH�VORZGRZQ�RI�����

,QVWUXPHQWDWLRQ� LQHYLWDEO\� LQFUHDVHV� WKH� VL]H� RI� WKH� DSSOLFDWLRQ�� 7DEOH� �� VKRZV� VRPH
YDOXHV�RI�PHPRU\�RYHUKHDG�WKDW�/LPHV�LQWURGXFHV��7KHVH�UHVXOWV�FDQ�EH�FRPSDUHG�WR�WKH
7DQJR/LWH�RYHUKHDG��ZKHUH� LQVWUXPHQWDWLRQ�W\SLFDOO\� LQFUHDVHV�DSSOLFDWLRQ�VWDWLF�VL]H�E\
D�IDFWRU�RI�IRXU��DJDLQVW�WKH�IDFWRU�RI���������IRU�/LPHV�

5HVXOWV�IRU�WUDFH�GULYHQ�VLPXODWLRQ�DUH�SUHVHQWHG�LQ�7DEOH����7KH\�VKRZ�WKH�WUDFH�GULYHQ
VLPXODWRU� SHUIRUPDQFH� DJDLQVW� WKH� H[HFXWLRQ�GULYHQ� VLPXODWRU�� 6LPXODWLRQ� WLPHV� DUH
REWDLQHG� XVLQJ� VPDOO�� EXW� VXIILFLHQW� H[DPSOHV�� 2&($1�� ))7�� /8�� DQG� 5$',;� ELQDU\
WUDFHV�ZHUH����0%�����0%������0%��DQG�����0%�ORQJ��UHVSHFWLYHO\��'LVN�WUDQVIHU�UDWH�LV
DERXW� ���� 0%�V�� 6LPXODWLRQV� ZHUH� SHUIRUPHG� IRU� �.%� ODUJH� RQ�FKLS� FDFKH�� IRU� �
SURFHVVRUV�

,W�LV�REYLRXV�WKDW�GLVN�WUDQVIHU�LQWURGXFHV�D�FRQVWDQW�RYHUKHDG�LQ�WKH�VLPXODWLRQ��,W�FDQ�EH
VXEVWDQWLDOO\�UHGXFHG�E\�XVLQJ�D�IDVWHU�GLVN��7KH�UHVW�RI�WKH�WLPH�LV�VSHQW�E\�WKH�VLPXODWRU�
7KH�YHUVLRQ�RI�WKH�WUDFH�GULYHQ�VLPXODWRU�XVHG�WR�REWDLQ�WKHVH�UHVXOWV�LV�QRW�RSWLPL]HG�IRU
IDVW� GLVN� DFFHVV�� 7UDFH�GULYHQ� VLPXODWLRQ� FDQ� EH� SRWHQWLDOO\� WZLFH� IDVWHU� WKDQ� WKH
H[HFXWLRQ�GULYHQ�VLPXODWLRQ�ZLWK�RSWLPDO�GLVN�DFFHVV�SROLF\�

���,QVWDOODWLRQ�*XLGH
2QH� GRHV� QRW� QHHG� DQ\� SULYLOHJHV� WR� LQVWDOO� DQG� UXQ� /LPHV�� PRGXOR� WKH� LQVWDOODWLRQ� RI
YHUVLRQ� ������ RI� WKH� *&&� FRPSLOHU�� LI� LW� LV� QRW� LQVWDOOHG� RQ� WKH� V\VWHP� DOUHDG\�� 7KH
SURFHGXUH�LV�GHVFULEHG�EHORZ��)RU�WKH�SXUSRVH�RI�VLPSOLFLW\�� LW�ZLOO� EH�DVVXPHG�WKDW�WKH
XVHUQDPH�LV�MRH��DQG�WKDW�WKH�KRPH�GLUHFWRU\�LV��KRPH�MRH�

�����8QSDFNLQJ�WKH�$UFKLYH
/LPHV� FRPHV� LQ� D� VLQJOH� DUFKLYH�� OLPHV�WJ]�� ZKHUH� � VWDQGV� IRU� WKH� FXUUHQW� YHUVLRQ�
:KLOH�WKLV�SURFHGXUH�GHVFULEHV�KRZ�WR�LQVWDOO�/LPHV� LQ�D�SHU�XVHU�PDQQHU�� \RX�FDQ�DOVR
FKRRVH�WR�LQVWDOO�LW�RQ�WKH�V\VWHP�WR�EH�JOREDOO\�DFFHVVLEOH��7R�XQSDFN�WKH�DUFKLYH��VLPSO\
SRVLWLRQ�LQ�\RXU�KRPH�GLUHFWRU\�DQG�GR
WDU�[I]�OLPHV�WJ]

$IWHU�WKLV��D�GLUHFWRU\�WUHH�ZLOO�EH�FUHDWHG�

�����6HWWLQJ�XS�WKH�(QYLURQPHQW
/LPHV� VFULSWV� DQG�PDNHILOHV�PXVW�NQRZ�ZKHUH� WKH�ZKROH� WUHH� LV�� 7R� FRPPXQLFDWH� WKLV
LQIRUPDWLRQ��VHW�WKH�HQYLURQPHQW�YDULDEOH�/,0(6',5�WR�SRLQW�WR�WKH�URRW�RI�WKH�WUHH��,Q
WKH�H[DPSOH��GR
H[SRUW�/,0(6',5 �KRPH�MRH�OLPHV� ��LI�\RX�XVH�EDVK��RU
VHWHQY�/,0(6',5��KRPH�MRH�OLPHV ��LI�\RX�XVH�WFVK

�<RX�FDQ�SXW�WKHP�LQ�\RXU��SURILOH�RU��ORJLQ�IRU�FRQYHQLHQFH��
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�����,QVWDOOLQJ�WKH�*18�&�Y������&RPSLOHU
&KHFN�WKH�YHUVLRQ�RI�\RXU�*&&�FRPSLOHU�ZLWK�³JFF��Y´��,I� LW�UHSRUWV�������RU�ORZHU��WKH
LQVWDOODWLRQ�SURFHGXUH� LV�RYHU��2WKHUZLVH�� \RX�ZLOO� SUREDEO\� KDYH� WR� EH� URRW� �RU� WR� DVN
RQH��WR�FRS\�WKH�GHYHORSPHQW�HQYLURQPHQW�IRU�WKH�*&&�������YHUVLRQ�RQ�\RXU�ILOHV\VWHP�
1RWH��GR�QRW�UHDOO\�LQVWDOO�LW��IRU�LW�ZLOO�RYHUZULWH�\RXU�FXUUHQW�*&&��-XVW�UHDG�EHORZ
KRZ� WR� FRS\� LW� RQWR� \RXU� ILOHV\VWHP�� LQ� D� VHSDUDWH�� KDUPOHVV� GLUHFWRU\��/LPHV�ZLOO
NQRZ�KRZ�WR�ILQG�DQG�H[HFXWH�LW�

$V� H[SODLQHG�� /LPHV� GRHV� YDULRXV� WKLQJV� ZLWK� WKH� DSSOLFDWLRQ¶V� DVVHPEO\� FRGH�� DQG� LV
WKHUHIRUH�VWURQJO\�GHSHQGHQW�RQ� WKH�YHUVLRQ�RI� WKH�FRPSLOHU��%XW�WKH�������YHUVLRQ�GRHV
QRW�KDYH� WR�EH� WKH�GHIDXOW� FRPSLOHU� RQ� \RXU� V\VWHP�� RI� FRXUVH�� ,W�ZLOO� UHVLGH� LQ� D� VXE�
GLUHFWRU\�DQG�EH�FDOOHG�RQO\�E\�WKH�/LPHV��+HUH�LV�KRZ�WR�GR�LW�

���� )LUVW��JHW�WKH�'HYHORSPHQW�GLVN�VHULHV�RI�WKH�/LQX[�GLVWULEXWLRQ
WKDW�FRQWDLQV�*&&��������$Q�H[DPSOH�LV�6ODFNZDUH��������

���� <RX�ZLOO�QHHG�WKH�IROORZLQJ�DUFKLYHV�
JFF����WJ]��LQFOXGH�WJ]��OLEF�WJ]��OLEJ[[�WJ]��O[���B��WJ]��ELQXWLOV�WJ]�

���� &UHDWH�D�GLUHFWRU\��VD\���ROGJFF�
&KDQJH�WKH�RZQHUVKLS�RI�WKLV�GLUHFWRU\�WR�PDNH�LW�EHORQJ�WR�D�QRQ�SULYLOHJHG�XVHU�
1RZ�ORJLQ�DV�WKDW�XVHU�DQG�FG�WR��ROGJFF�

���� )URP�QRZ�RQ��HYHU\WKLQJ�ZLOO�EH�GRQH�IURP�WKH�GLUHFWRU\��ROGJFF�DV�WKH�FXUUHQW��DQG
DOO�WKH�SDWKV�ZLOO�EH�UHODWLYH�WR�WKDW�GLUHFWRU\�

���� 8QSDFN�WKH�DUFKLYH�G��JFF����WJ]
�OLNH�WDU�[I]��FGURP�VODFNZDUH�G��JFF����WJ]�

���� 8QSDFN�G��O[���B��WJ]��'R
�FG�XVU�VUF�OLQX[�������LQFOXGH��OQ��VI�DVP�L����DVP�
�FG�XVU�VUF��OQ��VI�OLQX[�������OLQX[�

���� 8QSDFN�G��LQFOXGH�WJ]��'R
�FG�XVU�LQFOXGH�
OQ�±VI��ROGJFF�XVU�VUF�OLQX[�LQFOXGH�OLQX[�OLQX[�
�FG�XVU�LQFOXGH�
OQ��VI��ROGJFF�XVU�VUF�OLQX[�LQFOXGH�DVP�DVP�

���� 8QSDFN�G��OLEF�WJ]��'R�VK�LQVWDOO�GRLQVW�VK
���� 8QSDFN�G��OLEJ[[�WJ]��'R�VK�LQVWDOO�GRLQVW�VK
�����8QSDFN�G��ELQXWLOV�WJ]

7KHUH�LV�RQH�PRUH�VWHS��HGLW�OLPHV�JOREDOV�PDNH�ILOH�LQ�\RXU�/LPHV�WUHH��DQG�UHSODFH�³LIHT
�����´�ZLWK� ³LIHT� �����´�� ,I� \RX�KDYH� FKRVHQ� DQRWKHU� GLUHFWRU\� IRU�*&&������ LQVWHDG� RI
³�ROGJFF´��FKDQJH�WKDW�LQ�WKH�ILOH��WRR�

7KH�SURFHGXUH�LV�QRZ�RYHU��,W�ZLOO�QRW�DIIHFW�WKH�UHVW�RI�\RXU�V\VWHP��H[FHSW�WKDW�\RX�ZLOO
QRZ�KDYH���0%�RI�GLVN�VSDFH�OHVV�
,I�\RX�GR�QRW�KDYH�DFFHVV�WR�D�/LQX[�GLVWULEXWLRQ�WKDW�FRQWDLQV�*&&�Y�������ILOHV��\RX�FDQ
GRZQORDG�LW�IURP�WKH�IROORZLQJ�85/�
�KWWS���JDOHE�HWI�EJ�DF�\X�aGVP�OLPHV�ROGJFF�KWPO
�RU�\RX�ZLOO�ILQG�D�SRLQWHU�WR�D�VLWH�WKDW�FRQWDLQV� LW���,W� LV� LQ� IDFW�VRPHZKDW�UHGXFHG��DQG
UHTXLUHV�RQO\��0%�RI�VSDFH��WKH�DUFKLYH�LWVHOI�LV����0%�ORQJ��
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���([SHULHQFHV�ZLWK�/LPHV
/LPHV� KDV� EHHQ� XVHG� IRU� D� QXPEHU� RI� VWXGLHV� LQ� WKH� GRPDLQ� RI� VKDUHG�PHPRU\
PXOWLSURFHVVRUV��LQFOXGLQJ�603�DQG�'60�>��@�V\VWHPV�

,Q�RQH�RI�WKH�VWXGLHV�UHJDUGLQJ�FKDUDFWHUL]DWLRQ�RI�SDUDOOHO�DSSOLFDWLRQV�IRU�'60�V\VWHPV
>��@�� /LPHV� ZDV� XVHG� DV� D� VLPXODWLRQ� HQYLURQPHQW�� DQG� RQH� RULJLQDOO\� GHYHORSHG
FKDUDFWHUL]DWLRQ� WRRO� ZDV� XVHG� WR� REWDLQ� SDUDPHWHUV� RI� LQWHUHVW�� 7KH� GDWD� REWDLQHG� E\
/LPHV�ZHUH�WKHQ�XVHG�LQ�WZR�RWKHU�VWXGLHV���DV�DQ�LQSXW�WR�WKH�DQDO\WLFDO�PRGHOV�RI�'60
V\VWHPV�� DQG� WR� DVVLVW� UHVHDUFKHUV� LQ� HQKDQFLQJ� SHUIRUPDQFH� RI� '60� V\VWHPV� E\
LPSURYLQJ�PHPRU\�FRQVLVWHQF\�SURWRFROV�

,Q� DQRWKHU� VWXG\� UHJDUGLQJ� 603� V\VWHPV� /LPHV� ZDV� XVHG� WR� HYDOXDWH� LQIOXHQFH� RI
GLIIHUHQW� DUFKLWHFWXUDO� SDUDPHWHUV�RQ� WKH� RYHUDOO� V\VWHP� SHUIRUPDQFH�� ,Q� SDUWLFXODU�� EXV
WUDIILF�DQG�PLVV�UDWH�ZHUH�PHDVXUHG�RQ�D�V\VWHP�ZLWK�D�0(6,�FDFKH�FRKHUHQFH�SURWRFRO
ZKLOH� YDU\LQJ� WKH� QXPEHU� RI� SURFHVVRUV�� FDFKH� VL]H� DQG� FDFKH� EORFN� VL]H�� DQG� XVLQJ
GLIIHUHQW�ZRUNORDGV��7KH�UHVXOWV�ZHUH�WKHQ�XVHG�WR�LQIHU�VRPH�FRQFOXVLRQV�UHJDUGLQJ�WKH
DUFKLWHFWXUDO�GHWDLOV��$V�DQ�H[DPSOH��YDOXHV�IRU�EXV�WUDIILF�DUH�VKRZQ�LQ�)LJXUH����IRU�))7
DSSOLFDWLRQ� IURP� WKH� 63/$6+��� VXLWH�� VXSSRVLQJ� ���� 0+]� SURFHVVRUV��� %XV� WUDIILF
GHFUHDVHV� DV� FDFKH� VL]H� JURZV�� EHFDXVH� WKHUH� DUH� IHZHU� FDFKH� PLVVHV� WKDW� LQGXFH� EXV
WUDIILF�� %XV� WUDIILF� DOVR� GHFUHDVHV� ZLWK� WKH� JURZWK� RI� FDFKH� EORFN� VL]H�� EHFDXVH� ))7
H[KLELWV� VSDWLDO� ORFDOLW\�� VR� WKHUH� LV� QR� QHJDWLYH� LQIOXHQFH� RI� IDOVH� VKDULQJ�� :KHQ� WKH
QXPEHU�RI�SURFHVVRUV�JURZV��EXV�WUDIILF�LQFUHDVHV��DV�WKHUH�DUH�PRUH�UHTXHVWV�RQ�WKH�EXV�

,Q� WKH�UHFHQW�VWXG\�FRQFHUQLQJ� LPSOHPHQWDWLRQ�RI� WKH� OD]\�UHOHDVH�FRQVLVWHQF\�PRGHO� LQ
603�V\VWHPV��/LPHV�ZDV�VXFFHVVIXOO\�XVHG�WR�VLPXODWH�WKH�HQYLURQPHQW�WKDW�VXSSRUWV�WKH
SURSRVHG�LPSURYHPHQW�LQ�KDUGZDUH��DQG�WR�VKRZ�VRPH�TXDQWLWDWLYH�UHVXOWV�
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)LJXUH����0HDVXULQJ�EXV�WUDIILF�ZLWK�/LPHV��7KLV�ILJXUH�VKRZV�YDOXHV��LQ�0%�V��IRU�))7
DSSOLFDWLRQ�
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���&RQFOXVLRQV

7KH� LQWHQWLRQV�EHKLQG� WKH�GHYHORSPHQW�RI� WKLV� WRRO�ZHUH�WR� IDFLOLWDWH�WKH�PXOWLSURFHVVRU
VWXGLHV�DW�WKH�8QLYHUVLW\�RI�%HOJUDGH��DQG�WR�SURYLGH�WKH�UHVHDUFKHUV�ZLWK�WKH�HQYLURQPHQW
WKDW�FDQ�EH�HDVLO\�DGDSWHG�WR�IXOILOO�WKHLU�SDUWLFXODU�GHPDQGV�LQ�RUGHU�WR�PDNH�WKHLU�VWXG\
PRUH�HIIHFWLYH��7KH�WRRO�FDQ�EH�RI�EHQHILW�WR�DOO� WKRVH�ZKR�QHHG�UHDOLVWLF�VLPXODWLRQV�RI
VKDUHG�DGGUHVV� VSDFH�PXOWLSURFHVVRUV� �IRU� DUFKLWHFWXUH� HYDOXDWLRQ�� LQ� LQYHVWLJDWLQJ� UHDO�
WLPH�V\VWHPV�>��@��HWF����DQG�WR�WKH�UHVHDUFKHUV�LQ�WKH�ILHOG�RI�SDUDOOHO�DOJRULWKPV�

/LPHV� FRPSULVHV� WZR� XVDEOH� VLPXODWRUV� DQG� D� FRPSOHWH� PRGHO� RI� DQ� 603� V\VWHP�
RIIHULQJ�IDVW�DQG�DFFXUDWH�VLPXODWLRQ�RQ�WRGD\�VR�SRSXODU�3&�SODWIRUPV��,W�HPSOR\V�VRPH
QHZ�DEVWUDFWLRQ�WHFKQLTXHV� IRU�DFFXUDWH�WUDFH�GULYHQ�VLPXODWLRQ��ZLWK�D�FRQFHSW�WKDW�FDQ
EH� H[WHQGHG� HYHQ� WR� QRQ�GHWHUPLQLVWLF� ZRUNORDGV�� LI� SURSHUO\� VXSSRUWHG� E\� WKH� WUDFH
JHQHUDWLRQ� WRRO�� 2Q� WKH� RWKHU� VLGH�� WKH� H[HFXWLRQ�GULYHQ� VLPXODWRU� RIIHUV� UHVSHFWDEOH
VSHHG�XVLQJ� IXOO\�RSWLPL]HG�VFKHGXOLQJ�DOJRULWKP��)RU� WKRVH�WKDW� DUH�PRUH� LQWHUHVWHG� LQ
LQYHVWLJDWLQJ�SDUDOOHO�DOJRULWKPV��/LPHV�RIIHUV�D�UHODWLYHO\�IDVW�W\SH�RI�VLPXODWLRQ�WKDW�VWLOO
SUHVHUYHV� FRUUHFW� JOREDO� RUGHULQJ�� DOVR�� D� QHZ� SDUDGLJP� IRU� HDV\� DQG� FRPSUHKHQVLEOH
SDUDOOHO�SURJUDPPLQJ�LV�DYDLODEOH�

7KHUH� LV��KRZHYHU��HQRXJK�URRP�IRU�VRPH� LPSURYHPHQWV�DQG� IXWXUH�ZRUN��7UDFH�GULYHQ
VLPXODWRU�VKRXOG�RSWLPL]H�LWV�DFFHVV�WR�WKH�WUDFH�UHIHUHQFHV�DQG�DFKLHYH�KLJKHU�VLPXODWLRQ
VSHHG�� DQG� WUDFH� FRPSDFWLRQ� WHFKQLTXHV� >��@�PD\� EH� XVHG�� ,W� FDQ� DOVR� EH� H[WHQGHG� WR
VXSSRUW� DEVWUDFWLRQ� RI� VRPH� RWKHU� W\SHV� RI� WLPLQJ� GHSHQGHQW� RSHUDWLRQV�� LQFOXGLQJ
G\QDPLFDOO\� VFKHGXOHG� ZRUNORDGV�� 6LPXODWRUV� FRXOG� EH� LPSURYHG� WR� VXSSRUW
PXOWLWKUHDGLQJ�� RU� WKUHDG�PLJUDWLRQ�� 6LPXODWRUV�RI� VRPH� RWKHU� VKDUHG� PHPRU\� V\VWHPV
DUH�FXUUHQWO\�EHLQJ�GHYHORSHG�DQG�ZLOO�EH�LQFOXGHG�LQ�WKH�HQYLURQPHQW��,Q�WKH�HQG��/LPHV
VKRXOG�VRRQ�EH�SRUWHG�WR�ZRUN�RQ�RWKHU�SODWIRUPV�DQG�RSHUDWLQJ�V\VWHPV�

$FNQRZOHGJHPHQWV
7KH�DXWKRUV�JUHDWO\�DSSUHFLDWH�WKH�KHOS�IURP�3URIHVVRUV�0LOR�7RPDVHYLF�DQG�,JRU�7DUWDOMD
RI�WKH�8QLYHUVLW\�RI�%HOJUDGH��DQG�'DUNR�0DULQRY�RI�0,7��2I�FRXUVH��FUHGLWV�DOVR�JR�WR
WKH� XVHUV� RI� WKH� SDFNDJH� RQ� XQLYHUVLWLHV� DURXQG� WKH� ZRUOG� ZKRVH� IHHGEDFN� DLGHG� WKH
DXWKRUV� LQ� LPSURYLQJ� WKH� WRRO��.��&��/LX� DQG�+XQJ�&KDQJ�+VLDR�RI� WKH�1DWLRQDO�7VLQJ
+XD� 8QLYHUVLW\� LQ� 7DLZDQ�� <RRQ�-XQJ� +XU� RI� WKH� .RUHD� 8QLYHUVLW\� LQ� 6RXWK� .RUHD�
-DZDG� .KDQ� RI� WKH� *,.� ,QVWLWXWH� RI� 7HFKQRORJ\� LQ� 3DNLVWDQ�� $UWXU� &DHWDQR� RI� WKH
8QLYHUVLW\�RI�/LVERQ�LQ�3RUWXJDO��9DOHQWLQ�3XHQWH�RI�WKH�8QLYHUVLW\�RI�&DQWDEULD�LQ�6SDLQ�
-RVH�)OLFK�&DUGR�RI� WKH�8QLYHUVLW\�RI�9DOHQFLD� LQ�6SDLQ��%ULDQ�%R\VHQ�RI� WKH�&OHPVRQ
8QLYHUVLW\�LQ�86$��%ULDQ�*UD\VRQ�RI�WKH�8QLYHUVLW\�RI�7H[DV�DW�$XVWLQ�LQ�86$��-HII�+HLG
DQG�'HQLV�5HLOO\�RI�WKH�&DUQHJLH�0HOORQ�8QLYHUVLW\� LQ�86$��DQG�)DEUL]LR�3HWULQL�RI�WKH
8QLYHUVLW\�RI�&DOLIRUQLD�DW�%HUNHOH\�LQ�86$��,QLWLDO� LGHDV�DQG�LPSOHPHQWDWLRQV�RI�/LPHV
FDPH�IURP�'DYRU�0DJGLF�

$YDLODELOLW\
7KH�ZKROH�/LPHV� SDFNDJH� LV� LQ� WKH� SXEOLF� GRPDLQ�� DQG� FDQ� EH� IRXQG� DW� WKH� IROORZLQJ
,QWHUQHW�DGGUHVV�

KWWS���JDOHE�HWI�EJ�DF�\X�aGVP�OLPHV
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