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'HYHORSPHQW�RI�D�&RXSOHG�6LPXODWLRQ�7RRONLW�IRU�&RPSXWDWLRQDO�

5DGLDWLRQ�%LRORJ\�%DVHG�RQ�*HDQW��DQG�&RPSX&HOO�'�

5XLUXL�/LX�����.DWKU\Q�$��+LJOH\���0DFLHM�+��6ZDW���0DUN�$��-�&KDSODLQ���*LELQ�*��3RZDWKLO���-DPHV�$��

*OD]LHU��

�6FKRRO�RI�1XFOHDU�6FLHQFH�DQG�(QJLQHHULQJ��2UHJRQ�6WDWH�

8QLYHUVLW\������5DGLDWLRQ�&HQWHU��&RUYDOOLV��25��������86$�

�%LRFRPSOH[LW\�,QVWLWXWH��,QGLDQD�8QLYHUVLW\��%ORRPLQJWRQ��,QGLDQD��86$�

�6FKRRO�RI�0DWKHPDWLFV�DQG�6WDWLVWLFV��0DWKHPDWLFDO�,QVWLWXWH��8QLYHUVLW\�RI�6W�$QGUHZV��6W�$QGUHZV�.<���

�66��)LIH��6FRWODQG�

�'HSDUWPHQW�RI�0DWKHPDWLFV��&ROOHJH�RI�6FLHQFH��6ZDQVHD�8QLYHUVLW\��6ZDQVHD��6$���33��8QLWHG�.LQJGRP�

�'HSDUWPHQW�RI�5DGLDWLRQ�2QFRORJ\��:DVKLQJWRQ�8QLYHUVLW\�6FKRRO�RI�0HGLFLQH��6W��/RXLV��02���������

86$�

�

$EVWUDFW�

8QGHUVWDQGLQJ�DQG�GHVLJQLQJ�FOLQLFDO�UDGLDWLRQ�WKHUDS\�LV�RQH�RI�WKH�PRVW�LPSRUWDQW�DUHDV�RI�VWDWH�RI�

WKH�DUW�RQFRORJLFDO�WUHDWPHQW�UHJLPHQV��'HFDGHV�RI�UHVHDUFK�KDYH�JRQH�LQWR�GHYHORSLQJ�VRSKLVWLFDWHG�

WUHDWPHQW�GHYLFHV�DQG�RSWLPL]DWLRQ�SURWRFROV�IRU�VFKHGXOHV�DQG�GRVDJHV��,Q�WKLV�SDSHU��ZH�SUHVHQWHG�D�

FRPSUHKHQVLYH�FRPSXWDWLRQDO�SODWIRUP�WKDW�IDFLOLWDWHV�EXLOGLQJ�RI�WKH�VRSKLVWLFDWHG�PXOWL�FHOO�EDVHG�

PRGHO�RI�KRZ�UDGLDWLRQ�DIIHFWV�WKH�ELRORJ\�RI�OLYLQJ�WLVVXH��:H�GHVLJQHG�DQG�LPSOHPHQWHG�D�FRXSOHG�

VLPXODWLRQ�PHWKRG��LQFOXGLQJ�D�UDGLDWLRQ�WUDQVSRUW�PRGHO��DQG�D�FHOO�ELRORJ\�PRGHO��WR�VLPXODWH�WKH�

WXPRU�UHVSRQVH�DIWHU�LUUDGLDWLRQ��7KH�UDGLDWLRQ�WUDQVSRUW�VLPXODWLRQ�ZDV�LPSOHPHQWHG�WKURXJK�*HDQW��

ZKLFK�LV�DQ�RSHQ�VRXUFH�0RQWH�&DUOR�VLPXODWLRQ�SODWIRUP�WKDW�SURYLGHV�PDQ\�IOH[LELOLWLHV�IRU�XVHUV��

DV�ZHOO�DV�ORZ�HQHUJ\�'1$�GDPDJH�VLPXODWLRQ�SK\VLFV��*HDQW��'1$��7KH�FHOO�ELRORJ\�VLPXODWLRQ�

ZDV�LPSOHPHQWHG�XVLQJ�&RPSX&HOO�'��&&�'��ZKLFK�LV�D�FHOO�ELRORJ\�VLPXODWLRQ�SODWIRUP��,Q�RUGHU�

WR�FRXSOH�*HDQW��VROYHU�ZLWK�&&�'��ZH�GHYHORSHG�D�³EULGJLQJ´�PRGXOH��5$'&(//��WKDW�H[WUDFWV�

WXPRU�FHOOXODU�JHRPHWU\�RI�WKH�&&�'�VLPXODWLRQ��LQFOXGLQJ�VSHFLILFDWLRQ�RI�WKH�LQGLYLGXDO�FHOOV��DQG�

SRUWHG� LW� WR� WKH� *HDQW�� IRU� UDGLDWLRQ� WUDQVSRUW� VLPXODWLRQ�� 7KH� FHOO� GRVH� DQG� FHOO� '1$� GDPDJH�
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GLVWULEXWLRQ�LQ�PXOWLFHOOXODU�V\VWHP�ZHUH�REWDLQHG�XVLQJ�*HDQW���7KH�WXPRU�UHVSRQVH�ZDV�VLPXODWHG�

XVLQJ�FHOO�EDVHG�WLVVXH�PRGHOV�EDVHG�RQ�&&�'��DQG�WKH�FHOO�GRVH�DQG�FHOO�'1$�GDPDJH�LQIRUPDWLRQ�

ZHUH�IHG�EDFN�WKURXJK�5$'&(//�WR�&&�'�IRU�XSGDWLQJ�WKH�FHOO�SURSHUWLHV��%\�PHUJLQJ�WZR�SRZHUIXO�

DQG�ZLGHO\�XVHG�PRGHOLQJ�SODWIRUPV��&&�'�DQG�*HDQW���ZH�GHOLYHUHG�D�QRYHO�WRRO�WKDW�FDQ�JLYH�XV�

WKH�DELOLW\�WR�VLPXODWH�WKH�G\QDPLFV�RI�ELRORJLFDO�WLVVXH�LQ�WKH�SUHVHQFH�RI�LRQL]LQJ�UDGLDWLRQ��ZKLFK�

SURYLGHV� D� IUDPHZRUN� IRU� TXDQWLI\LQJ� WKH� ELRORJLFDO� FRQVHTXHQFHV� RI� UDGLDWLRQ� WKHUDS\�� ,Q� WKLV�

LQWURGXFWRU\�PHWKRGV�SDSHU��ZH�GHVFULEHG�RXU�PRGHOLQJ�SODWIRUP�LQ�GHWDLO�DQG�VKRZHG�KRZ�LW�FDQ�EH�

DSSOLHG�WR�VWXG\�WKH�DSSOLFDWLRQ�RI�UDGLRWKHUDS\�WR�D�YDVFXODUL]HG�WXPRU��

.H\ZRUGV�� &RPSXWDWLRQDO� 5DGLDWLRQ� %LRORJ\�� *HDQW��� &RPSX&HOO�'�� 5$'&(//�� &RXSOHG�

6LPXODWLRQ��0LFUREHDP�5DGLDWLRQ�7KHUDS\��9DVFXODU�7XPRU�6LPXODWLRQ��

���,QWURGXFWLRQ�

&DQFHU�LV�D�VLJQLILFDQW�KHDOWK�SUREOHP�DQG�LV�WKH�OHDGLQJ�FDXVH�RI�GHDWK�DVVRFLDWHG�ZLWK�WKH�DJLQJ�RI�

WKH�SRSXODWLRQ�DQG�OLIHVW\OH��5DGLRWKHUDS\�DLPV�WR�VFXOSW�WKH�RSWLPDO�GRVH�GLVWULEXWLRQ�RQ�WKH�WXPRU�

YROXPH�ZKLOH�VSDULQJ�KHDOWK\�WLVVXHV��7KH�EHQHILWV�DUH�WKUHHIROG��SDWLHQW�FXUH�RU�SDOOLDWLRQ��KHDOWK\�

WLVVXH�RUJDQ�SUHVHUYDWLRQ��DQG�FRVW�HIILFLHQF\�>�@��+RZHYHU��WKHUH�DUH�VRPH�FKDOOHQJHV�WKDW�SRVH�WR�

UDGLDWLRQ� RQFRORJLVWV� DV� WKH\� DWWHPSW� WR� SUHGLFW� DQG� LQWHUSUHW� WKH� ELRORJLFDO� FRQVHTXHQFHV� RI�

UDGLRWKHUDS\�WUHDWPHQW��7KH�PDWKHPDWLFDO�PRGHOLQJ��VLPXODWLQJ�PHFKDQLVPV�RI�UDGLDWLRQ�LQWHUDFWLRQ�

ZLWK�PDWWHU�� VHUYHV�D� VXLWDEOH�DSSURDFK� WR�RYHUFRPH� WKHVH�GLIILFXOWLHV� VLQFH�PRGHOLQJ�FDQ�KHOS�XV�

SUHGLFW�ELRORJLFDO�HIIHFWV�RI�UDGLDWLRQ��,Q�WHUPV�RI�WUHDWPHQW�SODQQLQJ�LQ�UDGLDWLRQ�WKHUDS\��PRGHOLQJ�

SURYLGHV�WKH�PHDQV�IRU�RSWLPL]LQJ�UDGLDWLRQ�DSSOLFDWLRQV��WKH�RSWLPL]DWLRQ�PHWKRGV�LPSOHPHQWHG�LQ�

WUHDWPHQW�SODQQLQJ�V\VWHPV�FDQ�EH�XVHG�WR�REWDLQ�WKH�EHVW�DFKLHYDEOH�EDODQFH�EHWZHHQ�WKH�LQWHQGHG�

HIIHFWV� DQG� LQHYLWDEOH� VLGH� HIIHFWV� XVLQJ� TXDQWLWDWLYH� PDWKHPDWLFDO� PRGHOV�� 5DGLDWLRQ�LQGXFHG�

ELRORJLFDO�HIIHFWV�UHVXOW�IURP�FRPSOH[�PHFKDQLVPV�WKDW�LQYROYH�D�PXOWLWXGH�RI�SURFHVVHV�UXQQLQJ�DW�

YHU\�GLIIHUHQW�VSDWLDO�DQG�WHPSRUDO�VFDOHV�DQG�QHHG�D�PXOWLVFDOH�PRGHOLQJ�DSSURDFK��VXFK�DV�PRGHOLQJ�

RI�UDGLDWLRQ�HIIHFWV�RQ�VXEFHOOXODU�VFDOHV��PRGHOLQJ�RI�FHOO�NLOOLQJ��DQG�PRGHOLQJ�ELRORJLFDO�HIIHFWV�LQ�

WLVVXHV�RU�RUJDQV��UHYLHZHG�E\�)ULHGODQG�HW�DO�>�@����

+RZHYHU��WKLV�LV�D�FKDOOHQJLQJ�WDVN��(YHQ�XVLQJ�VRPH�URXJK�PHFKDQLVWLF�PRGHOV�IRU�PRGHOLQJ�

UDGLDWLRQ�LQWHUDFWLRQV�ZLWK�FHOOV��VXFK�DV�WKH�FXUUHQW�OLQHDU�TXDGUDWLF��/4��FHQWHUHG�DSSURDFKHV��LW�

UHPDLQV�TXLWH�GLIILFXOW�WR�H[WUDSRODWH�WKLV�DW�WLVVXH�OHYHO��FRQVLGHULQJ�WKH�WXPRU�KHWHURJHQHLW\�DQG�

PLFURHQYLURQPHQW�RI�WXPRU��$OWHUQDWLYHO\��DQ�LQWHJUDWHG�VWRFKDVWLF�DSSURDFK�FDQ�EH�DGRSWHG�WR�
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FRXSOH�FHOO�ELRORJ\�ZLWK�UDGLDWLRQ�WUDQVSRUW�DQG�KDV�VKRZQ�WR�TXDQWLI\�WKH�ELRORJLFDO�FRQVHTXHQFHV�

RI�UDGLDWLRQ�E\�WDNLQJ�LQWR�DFFRXQW�WKH�SK\VLFDO�DQG�ELRORJLFDO�SURFHVVHV�RI�LUUDGLDWHG�WXPRUV�DW�

FHOOXODU�OHYHO��ZKLFK�FRXOG�EH�DGRSWHG�WR�WDFNOH�WKH�GLIILFXOWLHV�PHQWLRQHG�DERYH��

$QRWKHU�DVSHFW�RI�PRGHOLQJ�UDGLDWLRQ�LQGXFHG�FHOOXODU�HIIHFW�QHHGHG�WR�EH�PHQWLRQHG�LV�WKDW�

PRGHOLQJ�WKH�SURSHU�VSDWLRWHPSRUDO�HQYLURQPHQW�LV�FUXFLDO�DV�D�FHOO¶V�EHKDYLRU�GHSHQGV�VWURQJO\�RQ�

LWV�QHLJKERULQJ�FHOOV��,Q�RWKHU�ZRUGV��JLYHQ�WKH�HIIHFWV�RI�UDGLDWLRQ�RQ�D�VLQJOH�FHOO��LW�LV�YHU\�KDUG�WR�

TXDQWLI\�WKH�HIIHFWV�RI�WKHVH�GRVHV�DW�WKH�WLVVXH�VFDOH��7KLV�LV�SUHFLVHO\�D�VLWXDWLRQ�ZKHUH�PXOWLVFDOH�

TXDQWLWDWLYH�WLVVXH�PRGHOLQJ�FDQ�SOD\�DQ�LPSRUWDQW�UROH�LQ�GHVLJQLQJ�EHWWHU�UDGLRWKHUDS\�WUHDWPHQW�

SURWRFROV���

5HFHQWO\��3RZDWKLO�HW�DO��GHYHORSHG�D�PXOWLVFDOH�PDWKHPDWLFDO�PRGHO�RI�FKHPRWKHUDS\�WUHDWPHQW��

LQFRUSRUDWLQJ�FHOO�F\FOH�PHGLDWHG�LQWUDFHOOXODU�KHWHURJHQHLW\�DQG�H[WHUQDO�R[\JHQ�KHWHURJHQHLW\�WR�

VWXG\�WKH�HIIHFWV�RI�FHOO�F\FOH��SKDVH�VSHFLILF�FKHPRWKHUDS\��DQG�LWV�FRPELQDWLRQ�ZLWK�UDGLDWLRQ�

WKHUDS\�>�@��,Q�WKHLU�PRGHO��WKH�UDGLDWLRQ�GRVH�ZDV�XQLIRUPO\�DVVLJQHG�WR�FHOOV�DFFRUGLQJ�WR�WKH�

SUHVFULSWLRQ��UDWKHU�WKDQ�WKH�UDGLDWLRQ�WUDQVSRUW�FDOFXODWLRQ�WR�REWDLQ�FHOOXODU�GRVH�YDOXHV��7KLV�LV�QRW�

DQ�RSWLPDO�DSSURDFK�DV�H[SHULPHQWDO�UHVXOWV�LQGLFDWH�WKDW�WKHUH�LV�D�VWRFKDVWLF�GLVWULEXWLRQ�RI�FHOO�

GRVH�DIWHU�LUUDGLDWLRQ�>�@��$OWKRXJK��VRPH�UHVHDUFKHV�FRQVLGHUHG�WKH�VWRFKDVWLF�FKDUDFWHULVWLF�RI�FHOO�

GRVH�>�@>�@��WKH�PRGHOV�IRU�TXDQWLI\LQJ�WKH�UDGLDWLRQ�LQWHUDFWLRQV�LQ�FHOO�LV�VLPSO\�UHO\LQJ�RQ�D�

3RLVVRQ�GLVWULEXWLRQ��,W�LV�QRW�DFFXUDWH�HQRXJK�WR�GHVFULEH�WKH�UDGLDWLRQ�GRVH�GHOLYHULQJ�PHFKDQLVPV�

RI�GLIIHUHQW�W\SHV�RI�UDGLDWLRQ�DV�VXFK�PRGHOV�QRW�RQO\�GR�QRW�WDNH�LQWR�UDGLRELRORJLFDO�SDUDPHWHUV�LQ�

FHOO�NLOO�PHFKDQLVP��EXW�DOVR�WKH\�GR�QRW�GLVWLQJXLVK��EHWZHHQ�WKH�UDGLDWLRQ�WUDFNV�E\�GLIIHUHQW�W\SHV�

RI�UDGLDWLRQ��

:KLOH�WKHUH�H[LVW�PDQ\�PRGHOV�VLPXODWLQJ�WKH�UDGLDWLRQ�LQGXFHG�FHOOXODU�HIIHFWV�>�@±>��@��YHU\�IHZ�

RIIHU�WKH�DELOLW\�WR�VWXG\�WKH�LPSDFW�RI�UDGLDWLRQ�RQ�LQGLYLGXDO�FHOO�DQG�\HW��DW�WKH�VDPH�WLPH��JLYH�WKH�

DELOLW\�WR�VLPXODWH�HQWLUH�WLVVXH��&RPSX&HOO�'��&&�'����5$'&(//�*HDQW��RIIHUV�VXFK�FDSDELOLW\��

2XU�FRPSXWDWLRQDO�SODWIRUP�LV�EDVHG�RQ�WZR�NH\�VRIWZDUH�FRPSRQHQWV��&&�'�>��@�DQG�*HDQW��>��@��

0HUJLQJ� WKH� WZR� WRROV� LQWR� RQH� PRGHOLQJ� SODWIRUP� JLYHV� XV� DQ� DELOLW\� WR� VLPXODWH� G\QDPLFV� RI�

ELRORJLFDO�WLVVXH�LV�LQ�WKH�SUHVHQFH�RI�LRQL]LQJ�UDGLDWLRQ���

&&�'�IRFXVHV�RQ�FHOO�EDVHG� WLVVXH�PRGHOV��ZKHUH�HDFK�ELRORJLFDO�FHOO� LV�PRGHOHG�DV�DQ� LQGLYLGXDO�

HQWLW\���6LPXODWLRQV�WKDW�IRFXV�RQ�HPXODWLQJ�FHOOXODU�EHKDYLRU�FDQ�EH�GLYLGHG�LQWR�WZR�EURDG�FDWHJRULHV��

VLQJOH�FHOO�DQG�PXOWL�FHOO�VLPXODWLRQV��)RU�VLQJOH�FHOO�VLPXODWLRQ��ZH�LPSOHPHQW�GHWDLOHG�PRGHOV�RI�

³LQWUD�FHOOXODU� G\QDPLFV´� DQG� W\SLFDOO\� WKLV� LV� DFFRPSOLVKHG� E\� HLWKHU� XVLQJ� RUGLQDU\� GLIIHUHQWLDO�
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HTXDWLRQV��UHDFWLRQ�NLQHWLFV�PRGHOV���UHDFWLRQ�GLIIXVLRQ�HTXDWLRQV��VXFK�DV�PRGHOV�LPSOHPHQWHG�XVLQJ�

9LUWXDO�&HOO�PRGHOLQJ�SODWIRUP�KWWS���ZZZ�YFHOO�RUJ�� �RU�SDUWLFOH�EDVHG�PRGHOV� �H�J���EDVHG�RQ� WKH�

0&HOO�PRGHOLQJ�SODWIRUP�KWWS���PFHOO�RUJ���WKDW�DUH�LQVSLUHG�E\�PROHFXODU�G\QDPLFV�PRGHOV�EXW�DUH�

PRUH�FRDUVH�JUDLQHG�DQG�RSHUDWH�DW�PXFK�ODUJHU�WLPH�VFDOHV���

:KLOH�VLQJOH�FHOO�PRGHOV�DUH�FDSDEOH�RI�H[SODLQLQJ�PDQ\�SKHQRPHQD�REVHUYHG�DW�D�VLQJOH�FHOO�OHYHO��

WKH� FRPSXWDWLRQDO� FRVWV� RI� UXQQLQJ� WKRVH�PRGHOV� DUH� YHU\�KLJK�� DQG� FRQVHTXHQWO\�� EXLOGLQJ� WLVVXH�

PRGHOV� EDVHG� RQ� HLWKHU� RI� WKH� DSSURDFKHV�PHQWLRQHG� DERYH� DUH� QRW� SUDFWLFDO�� 7R� GHDO�ZLWK� WKRVH�

FRPSXWDWLRQDO� OLPLWDWLRQV��PXOWL�FHOO� WLVVXH�PRGHOV�PDNH�D� VHULHV�RI� VLPSOLI\LQJ�DVVXPSWLRQV��7KH�

OHYHO�RI�GHWDLO�ZLWK�ZKLFK�ZH�UHSUHVHQW�D�VLQJOH�FHOO�LQ�WKH�PXOWL�FHOO�PRGHOV�XVXDOO\�GHWHUPLQHV�WKH�

PXOWL�FHOO�PRGHO�VL]H��PHDVXUHG�LQ�WHUPV�RI�QXPEHU�RI�VLPXODWHG�FHOOV���7KH�VLPSOHVW�UHSUHVHQWDWLRQ�

RI�VLQJOH�FHOO�LV�D�SRLQW�LQ�VSDFH���LPSOHPHQWHG�LQ�WKH�&HOOXODU�$XWRPDWD�0RGHO�>��@>��@�RU�WKH�&HQWHU�

0RGHO�>��@��DOORZV�UHSUHVHQWLQJ�UHODWLYHO\�ODUJH�QXPEHU�RI�FHOOV�LQ�WKH�VLPXODWLRQV��ZKLOH�PHWKRGV�

WKDW�DLP�WR�PRGHO�FHOOV�DV�VSDWLDOO\�H[WHQGHG�GRPDLQV�FDSDEOH�RI�PRGHOLQJ�FHOOXODU�VKDSHV�DQG�VKDSH�

FKDQJHV�KDYH�WR�SHUIRUP�PRUH�FRPSXWDWLRQV��<HW��RQ�PRGHUQ�FRPSXWHUV��WKH�PRUH�GHWDLOHG�PXOWL�FHOO�

VLPXODWLRQV�VXFK�DV�WKRVH�EDVHG�RQ�&HOOXODU�3RWWV�0RGHO��&30��RQ�ZKLFK�&&�'�GHSHQGV�>��@���RU�

6XEFHOOXODU�(OHPHQW�0RGHO�>��@�FDQ�PRGHO�WLVVXH�IUDJPHQWV�WKDW�DUH�ELJ�HQRXJK�IRU�UXQQLQJ�IDLUO\�

UHDOLVWLF�YLUWXDO�DVVD\V��

7KLV�LV�D�PHWKRGV�SDSHU�ZKHUH�ZH�SUHVHQW�D�QRYHO�FRPSXWDWLRQDO�IUDPHZRUN�WKDW�ZH�KDYH�GHYHORSHG�

ZLWK�D�IHZ�H[DPSOH�DSSOLFDWLRQV��,W�LV�ZRUWK�QRWLQJ�WKDW�WKLV�SDSHU�LV�PDLQO\�IRFXVLQJ�RQ�LWV�WHFKQLFDO�

IHDVLELOLW\�RI�LPSOHPHQWLQJ�LQWHJUDWHG�VLPXODWLRQ�E\�FRPELQLQJ�5$'&(//�*HDQ��DQG�&&�'���7KH�

SULPDU\�IRFXV�RI�WKLV�SDSHU�LV�RQ�PHUJLQJ�WHFKQLTXH�IRU�FRXSOLQJ�&&�'�DQG�*HDQW���DQG�WKH�

LPSOHPHQWDWLRQ�RI�WKH�GHYHORSHG�SODWIRUP�IRU�LQWHJUDWHG�PRGHOLQJ�RI�WHPSRUDO�HYROXWLRQ�RI�WKH�

FHOOXODU�SDWWHUQV�DIWHU�LUUDGLDWLRQ�IRU�DFKLHYLQJ�UHDOLVWLF��DQG�SUHGLFWLYH�PRGHOV�RI�UDGLRWKHUDS\��7KH�

GHWDLOV�RI�WKH�PRGHOLQJ�DSSOLFDWLRQV�ZLOO�EH�GLVFXVVHG�LQ�D�VXEVHTXHQW�SDSHU��

,Q� WKLV� SDSHU�� ZH� ILUVWO\� SUHVHQW� KRZ� WKH� VLPXODWLRQ� IUDPHZRUN� LV� GHYHORSHG�� 3DUWLFXODUO\�� WKH�

FRPSRQHQWV�RI�5$'&(//��VXFK�DV�FHOO�GRVH�DQG�'1$�GDPDJH�FDOFXODWLRQ��FHOO�VWDWH�WUDQVLWLRQ�PRGHO��

FRXSOLQJ�VLPXODWLRQ�WHFKQLTXH�EHWZHHQ�5$'&(//�*HDQW��DQG�&&�'��HWF���DUH�LQWURGXFHG�LQ�PHWKRGV�

DQG� PDWHULDO� VHFWLRQ�� 7KHQ� ZH� GHYRWH� WKH� ODVW� VHFWLRQV� WR� SUHVHQW� KRZ� WKH� GHYHORSHG� VLPXODWLRQ�

IUDPHZRUN� LV� XVHG� WR� VLPXODWH� WKH� FHOO� DQG� WLVVXH� UHVSRQVH� DIWHU� LUUDGLDWLRQ�� DQG� VSHFLILFDOO\�� DQ�

H[DPSOH�RI�YDVFXODU�WXPRU�LUUDGLDWLRQ�XVLQJ�PLFUREHDP�LV�VWXGLHG��
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���0HWKRGV�DQG�0DWHULDO�

7KH�FRXSOHG�VLPXODWLRQ�PHWKRG�LQFOXGHV�UDGLDWLRQ�WUDQVSRUW�VLPXODWLRQ��DQG�FHOO�ELRORJ\�VLPXODWLRQ��

WR�VLPXODWH�WKH�FHOO�UHVSRQVH�DIWHU�LUUDGLDWLRQ��7KH�UDGLDWLRQ�WUDQVSRUW�VLPXODWLRQ�LV�LPSOHPHQWHG�XVLQJ�

5$'&(//�*HDQW���DQG�FHOO�ELRORJ\�VLPXODWLRQ�LV�LPSOHPHQWHG�XVLQJ�&&�'��,Q�WKH�VLPXODWLRQ��&&�'�

VHUYHV�DV�D�PDVWHU�FRQWURO�RI�WKH�ZKROH�VLPXODWLRQ�SURFHVV��DQG�DOO�WKH�VLPXODWLRQ�SURFHVV�LV�FRQWUROOHG�

WKURXJK�WKH�XVHU�LQWHUIDFH�RI�&&�'�ZKLFK�VXSSRUWV�3\WKRQ�VFULSWLQJ��

����&RPSX&HOO�'�
,Q�RXU�GHYHORSHG�VLPXODWLRQ�SODWIRUP��ZH�XVH�&&�'�DV�RXU�FHOO�ELRORJ\�VLPXODWLRQ�SODWIRUP��GXH�WR�

LWV� HDV\� LPSOHPHQWDWLRQ� DQG� SRZHUIXO� VLPXODWLRQ� FDSDELOLWLHV�� &&�'� SURYLGHV� D� XVHU�IULHQGO\�

SURJUDPPLQJ�HQYLURQPHQW� LQ�RUGHU� WR�GHYHORS�VLPXODWLRQ�PRGHOV��7KH� IXQGDPHQWDO� VWUXFWXUHV�DQG�

IXQFWLRQV�DUH�GHYHORSHG�XVLQJ�&���IRU�VSHHG��EXW�LQ�SUDFWLFH�EXON�RI�&&�'�VLPXODWLRQ�VSHFLILFDWLRQ�

WDNHV�SODFH�LQ�3\WKRQ�ZKLFK�PDNHV�WKH�GDXQWLQJ�WDVN�RI�FRQVWUXFWLQJ�WKH�PRGHO�PXFK�VLPSOHU��&&�'�

DOVR�SURYLGHV�D�GHGLFDWHG�0RGHO�(GLWRU��7ZHGLW����WKDW�VLJQLILFDQWO\�UHGXFHV�WKH�EXUGHQ�RI�VHWWLQJ�XS�

WKH�PRGHO�E\�RIIHULQJ�PRGHOHUV�ZLWK�D�VHW�RI�FRGH�DVVLVWDQWV�IRU�WKH�PRVW�FRPPRQ�PRGHOLQJ�WDVNV��,Q�

DGGLWLRQ� WR� VLPXODWLQJ� FHOOXODU�PHFKDQLFV�� &&�'� DOORZV� FRXSOLQJ� RI�PXOWLSOH�PRGHOLQJ� VFDOHV�� ,W�

SURYLGHV�D�VHW�RI�3'(�VROYHUV�WKDW�RSHUDWH�DW�WLVVXH�DQG�RUJDQ�VFDOH�ZKLOH�WKH�UHDFWLRQ�NLQHWLFV�VROYHUV�

WKDW� &&�'� SURYLGHV� �LPSOHPHQWHG� XVLQJ� OLEURDUUXQQHU� >��@�� DOORZ� PRGHOLQJ� RI� LQWUDFHOOXODU�

SKHQRPHQD��%\�DSSURSULDWH�OLQNLQJ�WKH�PRGHOLQJ�VFDOHV��IURP�PROHFXODU�WR�RUJDQ�OHYHO���ZH�FDQ�EXLOG�

YHU\� VRSKLVWLFDWHG� PRGHOV� RI� WLVVXHV� DQG� WKXV� JDLQ� LQVLJKW� LQWR� KRZ� GLVHDVH� SURFHVVHV� LQ� WLVVXHV�

RULJLQDWH�DQG�SURJUHVV�>��@±>��@��

&&�'�LPSOHPHQWV�&30�>��@�DOVR�NQRZQ�DV�*OD]LHU�*UDQHU�+RJHZHJ�0RGHO��**+��>��@±>��@��,Q�

&30��ZH� UHSUHVHQW� JHQHUDOL]HG� FHOOV� DV� VSDWLDOO\�H[WHQGHG� GRPDLQV� WKDW� UHVLGH� RQ� D� ODWWLFH�� (DFK�

JHQHUDOL]HG�FHOO�LQ�&&�'�LV�PDGH�XS�RI�ODWWLFH�VLWHV��ZKLFK�DUH�UHIHUUHG�WR�DV�SL[HOV�RU�YR[HOV��DQG�FDQ�

UHSUHVHQW�ELRORJLFDO�FHOOV��FRPSDUWPHQWV�RI�FHOOV�RU�RWKHU�ELRORJLFDO�REMHFWV�VXFK�DV�WKH�H[WUDFHOOXODU�

PDWUL[���(DFK�ODWWLFH�VLWH�LV�UHSUHVHQWHG�E\�D�YHFWRU�RI�LQWHJHUV�݅��:KHQ�D�SL[HO�LV�SDUW�RI�D�JHQHUDOL]HG�

FHOO��WKH�FHOO�LQGH[�LV�UHIHUUHG�DVߪ�ሺ݅ሻ��DQG�WKH�FHOO�W\SH�LV�FDOOHG�߬ሺߪሺ݅ሻሻ��VKRZQ�DV�LQ�)LJXUH�����7KH�

GHVFULSWLRQ�RI�LQWHUDFWLRQV�EHWZHHQ�JHQHUDOL]HG�FHOOV�LV�LPSOHPHQWHG�XVLQJ�WKH�HIIHFWLYH�HQHUJ\�ZKLFK�

GHWHUPLQHV�PDQ\�FKDUDFWHULVWLFV�VXFK�DV�FHOO�VL]H��VKDSH��PRWLOLW\��DGKHVLRQ�VWUHQJWK��DQG�WKH�UHDFWLRQ�

WR�JUDGLHQWV�RI�FKHPRWDFWLF�ILHOGV��
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)LJXUH����'HWDLO�RI�D�W\SLFDO�WZR�GLPHQVLRQDO�&30�FHOO�ODWWLFH�FRQILJXUDWLRQ��(DFK�FRORUHG�GRPDLQ�UHSUHVHQWV�

D�VLQJOH�VSDWLDOO\�H[WHQGHG�FHOO��7KH�GHWDLO�VKRZV�WKDW�HDFK�JHQHUDOL]HG�FHOO�LV�D�VHW�RI�FHOO�ODWWLFH�VLWHV�� i ��ZLWK�

D�XQLTXH�LQGH[�� � �iV ���KHUH���RU����7KH�FRORU�GHQRWHV�WKH�FHOO�W\SH�� � �� �iW V ���&30�UHSUHVHQWDWLRQ�RI�DQ�LQGH[�

FRS\�DWWHPSW�IRU�WZR�FHOOV�RQ�D��'�VTXDUH�ODWWLFH��7KH�³JUH\´�SL[HO��VRXUFH��DWWHPSWV�WR�UHSODFH�WKH�³ZKLWH´�

SL[HO��WDUJHW���$�SL[HO��FKRVHQ�DW�UDQGRP��RI�W\SH���FHOO�PDNHV�D�SL[HO�FRS\�DWWHPSW�WR�D�QHLJKERULQJ�SL[HO�RI�D�

W\SH���FHOO��7KH�SL[HO�FRS\�DWWHPSW�LV�DFFHSWHG�DQG�WKH�QHLJKERULQJ�SL[HO�WUDQVLWLRQV�IURP�W\SH���WR�W\SH����,I�

WKH�DWWHPSW�LV�QRW�DFFHSWHG��WKHQ�WKHUH�ZLOO�EH�QR�SL[HO�WUDQVLWLRQV���

$�VLPXODWLRQ�SURJUHVVHV�E\�DWWHPSWV�RI�JHQHUDOL]HG�FHOOV� WR�H[WHQG� WKHLU�ERXQGDULHV� LQ�DQ�HIIRUW� WR�

PLQLPL]H�WKH�HIIHFWLYH�HQHUJ\��7KHVH�DUH�FDOOHG�LQGH[�FRS\�DWWHPSWV�EHFDXVH�WKH\�WU\�WR�FKDQJH�WKH�

FHOO� LQGH[�RI� D�QHLJKERULQJ�SL[HO� WR� WKDW�RI� LWV� FHOO� W\SH��7KH� VXFFHVV�RI� WKH� LQGH[�FRS\�DWWHPSW� LV�

GHSHQGHQW� XSRQ� D�%ROW]PDQQ� DFFHSWDQFH� IXQFWLRQ�ZKLFK� WDNHV� LQWR� DFFRXQW� WKH� FKDQJH� LQ� HQHUJ\��

ZKLFK�LV�LOOXVWUDWHG�LQ�)LJXUH����7KH�GHWDLOHG�GHVFULSWLRQ�RI�WKH�HIIHFWLYH�HQHUJ\�FDOFXODWLRQ�DQG�WKH�
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VLPXODWLRQ� G\QDPLFV� LV� UHIHUUHG� WR� VHFWLRQ� �� RI� VXSSRUWLQJ� GRFXPHQW�� &RPSX&HOO�'� JHQHUDO�

LQWURGXFWLRQ��

����*HDQW��LQ�*HQHUDO�
*HDQW��LV�D�IUHHO\�DYDLODEOH�VRIWZDUH�IRU�SHUIRUPLQJ�0RQWH�&DUOR�VLPXODWLRQV�RI�WKH�LQWHUDFWLRQV�RI�

HQHUJHWLF�SDUWLFOHV�LQ�PDWWHU�>��@��,Q�WKH�GHYHORSHG�VLPXODWLRQ�SODWIRUP��*HDQW��VHUYHV�DV�WKH�UDGLDWLRQ�

WUDQVSRUW�VROYHU�IRU�RXU�VSHFLILF�VLPXODWLRQV��VXFK�DV�FDOFXODWLQJ�WKH�HQHUJ\�GHSRVLWLRQ�SRLQWV�LQVLGH�

FHOOV�� 7KH� PDLQ� UHDVRQ� IRU� FKRRVLQJ� *HDQW�� LV� WKDW� LW� LV� DQ� RSHQ�VRXUFH�0RQWH� &DUOR� VLPXODWLRQ�

SODWIRUP��DQG�LW�SURYLGHV�PDQ\�IOH[LELOLWLHV�IRU�XVHUV��DQG�DOVR�WKH�ORZ�HQHUJ\�'1$�GDPDJH�VLPXODWLRQ�

SK\VLFV�SURFHVV��*HDQW��'1$��

����5$'&(//�
,Q� RUGHU� WR� FRXSOH� *HDQW�� VROYHUV� ZLWK� &&�'�� ZH� QHHG� D� ³EULGJLQJ´� FRGH� WKDW� H[WUDFWV� FXUUHQW�

JHRPHWU\�RI� WKH�&&�'�VLPXODWLRQ��LQFOXGLQJ�VSHFLILFDWLRQ�RI� WKH�LQGLYLGXDO�FHOOV��DQG�SRUWV� LW� WR�D�

*HDQW��VROYHU��,Q�RWKHU�ZRUGV��ZH�QHHG�WR�³WUDQVODWH´�UHSUHVHQWDWLRQ�RI�ELRORJLFDO�FHOO�DV�LPSOHPHQWHG�

LQ�&&�'�LQWR�D�FRPSXWDWLRQDO�UHSUHVHQWDWLRQ�RI�WKH�FHOO�WKDW�*HDQW��FDQ�ZRUN�ZLWK��,Q�WKH�PHDQWLPH��

WKH�VLPXODWHG�FHOO�GRVH�DQG�'1$�GDPDJH�LQIRUPDWLRQ�QHHGHG�WR�EH�IHG�EDFN�WR�&&�'�WR�XSGDWH�WKH�

FHOO�SURSHUWLHV��7KLV�WDVN�LV�DFFRPSOLVKHG�XVLQJ�RXU�QHZO\�GHYHORSHG�PRGXOH��5$'&(//��5$'&(//�

LV�D�UDGLDWLRQ�WUDQVSRUW�VLPXODWLRQ�PRGXOH�GHYHORSHG�IRU�FRQGXFWLQJ�UDGLDWLRQ�WUDQVSRUW�VLPXODWLRQ�LQ�

FHOOV��,W�FDQ�VLPXODWH�WKH�FHOO�GRVH�DQG�FHOO�'1$�GDPDJHV��VXFK�DV�VLQJOH�VWUDQG�EUHDNV��66%V��DQG�

GRXEOH�VWUDQG�EUHDNV��'6%V���7KH�5$'&(//�LV�GHYHORSHG�EDVHG�RQ�WKH�PLFURGRVLPHWU\�H[DPSOH�RI�

*HDQW��� � 7KH� IXQFWLRQDOLWLHV� RI� 5$'&(//� DUH� UHIHUUHG� WR� VHFWLRQ� �� RI� VXSSRUWLQJ� GRFXPHQW��

5$'&(//�JHQHUDO�LQWURGXFWLRQ��

7KH�SULPDU\�IXQFWLRQ�RI�5$'&(//�LV� WR�FDOFXODWH� WKH�UDGLDWLRQ�GRVH� WR�FHOO�RUJDQHOOHV��DQG�'1$�

GDPDJHV� WR�FHOOV�� ,Q� WKLV�ZRUN��ZH�SURSRVH�D� WKUHH�GLPHQVLRQDO� ��'��FHOOXODU�FRPSDUWPHQW�PRGHO��

ZKLFK�LQFRUSRUDWHV�WZR�FHOOXODU�FRPSDUWPHQWV�LQFOXGLQJ�QXFOHXV�DQG�F\WRSODVP��:H�XVH�WKH�VSKHUH�WR�

DSSUR[LPDWH�WKH�FHOO�VKDSH�ZKLFK�VXEVWDQWLDOO\�VLPSOLILHV�WKH�FRPSOH[LW\�RI�FHOO�JHRPHWU\�EXW�WKHUH�LV�

QR�VLJQLILFDQW�ELJ�DFFXUDF\�SHQDOW\�>��@��7KH�QXFOHXV�LV�PRGHOHG�DV�D�VSKHUH�ZKLFK�LV�ORFDWHG�DW�WKH�

FHQWHU�RI�WKH�FHOO��7KH�VL]H�RI�WKH�FHOO�DQG�WKH�QXFOHXV�FDQ�EH�FXVWRPL]HG�DFFRUGLQJ�WR�WKH�ELRORJLFDO�

FHOO�ZKLFK�ZLOO�EH�VWXGLHG�GXULQJ�WKH�VLPXODWLRQ���

'XULQJ� WKH� UDGLDWLRQ� WUDQVSRUW� VLPXODWLRQ�� WKH� HQHUJ\� GHSRVLWLRQ� LQIRUPDWLRQ� LQ� HDFK� FHOO� ZLOO� EH�

FROOHFWHG��DQG�WKH�LQIRUPDWLRQ��VXFK�DV�WKH�LQGH[�IRU�LQGLFDWLQJ�WKH�DIIHFWHG�FHOOV��FHOOXODU�GRVH��DQG�

DIIHFWHG�FHOO�RUJDQHOOHV��HWF���FRXOG�EH�XVHG�WR�TXDQWLI\�WKH�FHOO�GRVH�DQG�'1$�GDPDJHV���
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������&HOO�'RVH�7DOO\�DQG�'1$�'DPDJH�7DOO\�

$IWHU�ZH�REWDLQ�WKH�HQHUJ\�GHSRVLWLRQ�LQIRUPDWLRQ�LQ�HDFK�HYHQW��WKHQ�ZH�SURFHVV�WKHVH�GDWD�WR�REWDLQ�

WKH�FHOO�GRVH�WDOO\�DQG�FHOO�'1$�GDPDJH�WDOO\��,Q�5$'&(//��FHOO�GRVH�WDOO\�LV�TXDQWLILHG�E\�VXPPLQJ�

WKH�WRWDO�HQHUJ\�GHSRVLWHG�LQ�FHOO�DQG�GLYLGLQJ�WKH�HQHUJ\�GHSRVLWHG�E\�FHOO�PDVV��)RU�FHOO�'1$�GDPDJH�

WDOO\��WKH�66%�DQG�'6%�\LHOGV�DUH�TXDQWLILHG�XVLQJ�D�FOXVWHULQJ�DOJRULWKP��L�H���'%6&$1��'HQVLW\�

EDVHG� VSDWLDO� FOXVWHULQJ� RI� DSSOLFDWLRQV� ZLWK� QRLVH�� >��@� IRU� SURFHVVLQJ� WKH� HQHUJ\� GHSRVLWLRQ�

LQIRUPDWLRQ� LQVLGH� QXFOHXV�� 7KH� FOXVWHULQJ� DOJRULWKP� LV� D� SRSXODU� PHWKRG� IRU� TXDQWLI\LQJ� '1$�

GDPDJHV�\LHOG��ZKLFK� LV�GLVFXVVHG� LQ� >��@±>��@�� �$�GHWDLOHG�GHVFULSWLRQ�RI� WKH�GHYHORSPHQW�RI� WKH�

DOJRULWKP�IRU�FHOO�GRVH�WDOO\�DQG�'1$�GDPDJH�WDOO\�EDVHG�RQ�*HDQW��VLPXODWLRQ�LV�GLVFXVVHG�LQ�RXU�

SUHYLRXV�ZRUN�>��@>��@��,Q�WKH�FXUUHQW�IXQFWLRQDOLW\�IRU�PRGHOLQJ�UDGLDWLRQ�LQGXFHG�'1$�GDPDJH�LQ�

5$'&(//��WKHUH�DUH�D�IHZ�OLPLWDWLRQV�QHHGHG�WR�EH�PHQWLRQHG��)RU�WKH�'1$�GDPDJH�UHSDLU�RI�FHOO��

ZH�GRQ¶W�VLPXODWH�WKH�'1$�GDPDJH�UHSDLU�DQG�DEHUUDQW�UHSDLU��HWF��0RGHOLQJ�DSSURDFKHV�EDVHG�RQ�

ELRFKHPLFDO� NLQHWLF� HTXDWLRQV� KDYH� EHHQ� SURSRVHG� IRU� UHSUHVHQWLQJ� WKH� FRXUVH� RI� WKH� EDVH� DQG�

QXFOHRWLGH�H[FLVLRQ�UHSDLU�V\VWHPV��ZKLFK�LV�XVHG�E\�FHOOV�WR�UHPRYH�EDVH�GDPDJHV�DQG�VWUDQG�EUHDNV�

DQG�PRUH�EXON\�OHVLRQV��UHVSHFWLYHO\�>�@��7KH�'6%�GDPDJH�UHSDLU�PHFKDQLVP��VXFK�DV�QRQKRPRORJRXV�

HQG�MRLQLQJ��1+(-��FRXOG�EH�PRGHOHG�WR�VLPXODWH�WKH�'6%�UHSDLU�LQ�FHOO�>��@��:H�GRQ¶W�VLPXODWH�WKH�

UDGLDWLRQ�LQGXFHG�'1$�GDPDJHV�RI�PLWRFKRQGULD��DQG�WKLV�PD\�XQGHUHVWLPDWH�WKH�WRWDO�'1$�GDPDJHV�

RI� UDGLDWLRQ� WR� VRPH�FHOO� OLQHV� >��@>��@��'XH� WR� WKH�HDV\�H[WHQVLELOLW\�RI�5$'&(//�*HDQW���H[WUD�

PRGHOV�FDQ�EH�DGGHG�WR�DGGUHVV�WKHVH�LVVXHV���

������&HOO�6WDWH�7UDQVLWLRQ�0RGHO�

,Q�WKLV�ZRUN��ZH�XVH�D�FHOO�VWDWH�PRGHO�WR�TXDQWLI\�WKH�WHPSRUDO��WUDQVLWLRQ�RI�WKH�SRVVLEOH�FHOO�

SKHQRW\SHV�DIWHU�LUUDGLDWLRQ�>��@±>��@��:H�GHILQHG�WKUHH�PDMRU�FHOO�VWDWHV��Healthy��Arrested��DQG�

Dead�>��@���$�Healthy�FHOO�PDLQWDLQV�LWV�EDVLF�IXQFWLRQDOLW\�RU�NHHSV�D�SUROLIHUDWLYH�VWDWH�ZLWK�QR�RU�

YHU\�OLJKW�GDPDJH��$Q�Arrested�FHOO�KDV�LWV�F\FOH�KDOWHG�LQ�D�VSHFLILF�FHOO�F\FOH�SKDVH��$�Dead�FHOO�

KDV�VXIIHUHG�LUUHSDUDEOH�GDPDJH�DQG�VXVSHQGV�PDWHULDO�H[FKDQJH�ZLWK�H[WUDFHOOXODU�PDWUL[��(&0���

(DFK�RI�WKHVH�FHOO�VWDWHV�GLIIHUV�GHSHQGLQJ�RQ�WKH�FHOO¶V�SKDVH�LQ�WKH�FHOO�F\FOH��*���6��*���RU�0��7KH�

DOORZHG�VWDWH�WUDQVLWLRQV�DUH��

x� )URP�+HDOWK\�WR�$UUHVWHG�RU�'HDG��

x� )URP�$UUHVWHG�WR�'HDG�RU�+HDOWK\��

'HDG�FHOOV�VWD\�'HDG��7UDQVLWLRQV�GHSHQG�RQO\�RQ�D�FHOO¶V�FXUUHQW�VWDWH���
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7KHVH�VWDWH�WUDQVLWLRQ�UXOHV�DUH�EDVHG�RQ�UDGLDWLRQ�ELRORJ\�H[SHULPHQWV��)RU�LQVWDQFH�����$�KLJK�GRVH�

FDXVLQJ�GLUHFW�FHOO�GHDWK�FRUUHVSRQGV�WR�WKH�VWDWH�WUDQVLWLRQ�IURP�+HDOWK\�WR�'HDG�����$�PRGHUDWH�

GRVH�FDXVLQJ�FHOO�F\FOH�DUUHVW�FRUUHVSRQGV�WR�WKH�VWDWH�WUDQVLWLRQ�IURP�+HDOWK\�WR�$UUHVWHG�����&HOO�

DSRSWRVLV�DIWHU�IDLOHG�FHOO�GDPDJH�UHSDLU�GXULQJ�FHOO�F\FOH�DUUHVW��FRUUHVSRQGV�WR�WKH�VWDWH�WUDQVLWLRQ�

IURP�$UUHVWHG�WR�'HDG�����$�GHDG�FHOO�GRHV�QRW�KDYH�FDSDFLW\�WR�UHSDLU�GDPDJH��VR�WKH�'HDG�VWDWH�LV�

SHUVLVWHQW��7KH�PDWKHPDWLFDO�GHVFULSWLRQ�RI�WKH�FHOO�VWDWH�WUDQVLWLRQ�PRGHO�LV�UHIHUUHG�WR�VHFWLRQ���RI�

VXSSRUWLQJ�GRFXPHQW��&HOO�6WDWH�7UDQVLWLRQ�0RGHO��

'XULQJ�VLPXODWLRQ��WKH�FHOO�VWDWH�WUDQVLWLRQ�LV�WDNHQ�DV�D�FRQWLQXRXV�VWRFKDVWLF�SURFHVV�HYROYLQJ�ZLWK�

WLPH�DIWHU�FHOO�LUUDGLDWLRQ��)LUVWO\��WKH�H[WHUQDO�SHUWXUEDWLRQ�HQHUJ\� E' IRU�HDFK�FHOO�LV�XSGDWHG��WKHQ�

WKH�SUREDELOLW\�RI�FRUUHVSRQGLQJ�FHOO�VWDWH�WUDQVLWLRQ�LV�FDOFXODWHG�EDVHG�RQ� E' LQ�WKH�WLPH�VWHS��

6HFRQGO\��WKH�FHOO�VWDWH�WUDQVLWLRQ�GHFLVLRQ�LV�PDGH�EDVHG�RQ�WKH�FDOFXODWHG�WUDQVLWLRQ�SUREDELOLW\�

DFFRUGLQJ�WR�UHMHFWLRQ�VDPSOLQJ�UXOH�>��@��$Q�H[DPSOH�RI�XSGDWLQJ�WKH�FHOO�VWDWH�LQ�RQH�WLPH�VWHS�LV�

VKRZQ�LQ�)LJXUH����%DVLFDOO\��WKH�FHOO�SKDVH�WUDQVLWLRQ�DQG�FHOO�VWDWH�WUDQVLWLRQ�RI�FHOO�DIWHU�LUUDGLDWLRQ�

DUH�IROORZHG�DQG�XSGDWHG�XVLQJ�D�FHOOXODU�DXWRPDWRQ�PHWKRG���

�

)LJXUH����3URFHVV�RI�XSGDWLQJ�FHOO�VWDWH�LQ�RQH�WLPH�VWHS��'XULQJ�VLPXODWLRQ��WKH�VWDWH�RI�DOO�WKH�FHOOV�ZLOO�EH�

XSGDWHG�LQ�HDFK�WLPH�VWHS�ZKLFK�FRXOG�EH�GHILQHG�LQ�WKH�VLPXODWLRQ��&HOO�SKDVH�WUDQVLWLRQ�LV�PRGHOHG�E\�

FRPSDULQJ�WKH�VDPSOHG�FHOO�SKDVH�GXUDWLRQ�DQG�WLPH�RI�FHOO�VWD\LQJ�LQ�WKH�FHOO�SKDVH��,I�WKH�WLPH�RI�FHOO�

VWD\LQJ�LV�ODUJHU�WKDQ�WKH�VDPSOHG�FHOO�SKDVH�GXUDWLRQ��WKHQ�FHOO�SKDVH�WUDQVLWLRQ�ZLOO�RFFXU��,I�PLWRVLV�RFFXUV��

Page 9 of 34 AUTHOR SUBMITTED MANUSCRIPT - PMB-110427.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Acc
ep

ted
 M

an
us

cri
pt



���
�

WKHQ�WZR�QHZ�FHOOV�ZLOO�EH�DGGHG�WR�WKH�FHOO�V\VWHP����&HOO�VWDWH�WUDQVLWLRQ�LQ�HDFK�FHOO�SKDVH�DUH�DOVR�PRGHOHG�

WKURXJK�WKH�GHILQHG�FHOO�VWDWH�WUDQVLWLRQ�UXOHV��,Q�HDFK�WLPH�VWHS��WKH�FHOO�SKDVH�DQG�FHOO�VWDWH�WUDQVLWLRQ�DUH�

XSGDWHG���

����&RXSOHG�6LPXODWLRQ�8VLQJ�5$'&(//�DQG�&RPSX&HOO�'�
7R�HQDEOH�VHDPOHVV�LQWHJUDWLRQ�RI�5$'&(//��*HDQW��DQG�&&�'��ZH�KDYH�GHYHORSHG�3\WKRQ�PRGXOHV�

WKDW�DOORZ�XVLQJ�RI�DOO�5$'&(//�IXQFWLRQDOLWLHV�IURP�WKH�3\WKRQ�OHYHO��WKXV�PDNLQJ�LW�YHU\�HDV\�WR�

LQWHJUDWH�ZLWK�&&�'��*HDQW�� LV�D�SXUH�&���SODWIRUP��DQG�WKHUH� LV�YHU\� OLWWOH�S\WKRQ�GHYHORSPHQW��

*HDQW�3\��ZKLFK�LV�EDVHG�RQ�%RRVW�&���H[WHUQDO�OLEUDU\�>��@��+RZHYHU��WKLV�KDV�QRW�EHHQ�PDLQWDLQHG�

DQG�GHYHORSHG�IRU�D�ORQJ�WLPH�DQG�LW�RQO\�KDV�YHU\�OLPLWHG�IXQFWLRQDOLW\�IRU�WKH�XVHUV��6R��LQ�RUGHU�WR�

XVH�*HDQW�� LQ�&RPSX&HOO�'�ZKLFK� LV�D�SXUH�S\WKRQ�EDVHG�SODWIRUP�IRU� UHJXODU�XVHUV��ZH�KDYH� WR�

GHYHORS�D�QHZ�DQG�HIILFLHQW�EULGJH�VRIWZDUH�IRU�XVLQJ�*HDQW��LQ�S\WKRQ���,Q�RXU�VWXG\��ZH�GHYHORSHG�

D�EULGJLQJ�PRGXOH�EDVHG�RQ�6,:*�>��@��DQG�WKLV�HQDEOH�XV�WR�XVH�DOO�WKH�IXQFWLRQDOLW\�RI�*HDQW��LQ�D�

S\WKRQ� HQYLURQPHQW�� 7KHUHIRUH��ZH� FDQ� TXDQWLI\� FHOO� GRVH� DQG� FHOO�'1$� GDPDJHV� DQG� XVH� WKRVH�

TXDQWLWLHV�WR�GHWHUPLQH�WKH�FHOO�VWDWH�WUDQVLWLRQV�IRU�&&�'�FHOOV��7KLV�LV�VLJQLILFDQW��EHFDXVH�XVLQJ�RXU�

DSSURDFK��ZH�FDQ�KDYH�WKH�PRVW�XS�WR�GDWH�LQIRUPDWLRQ�DERXW�FHOO�LUUDGLDWLRQ�DQG�WKXV�FDQ�VLPXODWH�

ZLWK� JUHDW� OHYHO� RI� GHWDLO� KRZ� UDGLDWLRQ� LPSDFWV� FHOO� F\FOH� RU� DQ\� RWKHU� FHOO� SURSHUWLHV� WKDW� FDQ�

SRWHQWLDOO\�EH�DIIHFWHG�E\�LQFUHDVHG�OHYHOV�RI�UDGLDWLRQ���

������,PSRUWLQJ�&HOOV�LQWR�*HDQW��IURP�&&�'�

$Q\�DWWHPSW�WR�FRXSOH�VHSDUDWH�VLPXODWRUV��LQ�WKLV�FDVH��*HDQW��DQG�&&�'��UHTXLUHV�GHYHORSPHQW�RI�

V\VWHPDWLF�PHWKRGV�WKDW�DOORZ�WUDQVIHUULQJ�LQIRUPDWLRQ�DERXW�VLPXODWHG�REMHFWV�EHWZHHQ�WKH�VHSDUDWH�

VLPXODWRUV��,Q�RXU�FDVH��WKH�FKDOOHQJH�LV�KRZ�WR�UHSUHVHQW�&&�'�FHOOV�LQ�*HDQW���7R�GR�WKDW��ZH�ILUVW�

H[WUDFW�&&�'�FHOO�SRVLWLRQ�LQIRUPDWLRQ�DQG�SDVV�WKLV�LQIRUPDWLRQ�WR�*HDQW���:H�WKHQ�FUHDWH�*HDQW��

HTXLYDOHQWV�RI�&&�'�FHOOV�LQ�VXFK�D�ZD\�WKDW�UHODWLYH�FHOO�GLVWDQFHV�DUH�SUHVHUYHG�LQ�*HDQW���*HWWLQJ�

FRUUHFW�SRVLWLRQV�RI�FHOOV�LV�FUXFLDO�LI�ZH�ZDQW�WR�REWDLQ�WKH�DFFXUDWH�UDGLDWLRQ�GRVH�GLVWULEXWLRQ�IRU�DOO�

WKH�FHOOV����

,Q�*HDQW��� WKH� FHOO� KDV� WKH� VDPH� VL]H� DV� WKH�ELRORJLFDO� FHOO� IRU�PRGHOLQJ� WKH�SK\VLFDO� LQWHUDFWLRQV�

DFFXUDWHO\��7KH�FHOOV�LQ�*HDQW��DUH�VHHGHG�DFFRUGLQJ�WR�FHOOV¶�SK\VLFDO�VL]HV��,Q�WKLV�LWHUDWLRQ�RI�RXU�

VRIWZDUH��ZH�PDNH�D�VLPSOLI\LQJ�DVVXPSWLRQ�DERXW�*HDQW��FHOO�VKDSH�DQG�WUHDW�DOO�WKH�FHOOV�DV�VSKHUHV��

$IWHU�REWDLQLQJ�WKH�FHOO�SRVLWLRQ�DQG�VL]H�LQIRUPDWLRQ��WKH�FHOOV�DUH�VHHGHG�LQWR�*HDQW��IRU�UDGLDWLRQ�

WUDQVSRUW�VLPXODWLRQ�� �
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2QH�RI�WKH�SRWHQWLDO�SUREOHPV�LV�WKDW�WKH�FHOOV�LQ�*HDQW��PD\�RYHUODS�ZLWK�HDFK�RWKHU�LI�ZH�VLPSO\�

VHHG�WKH�FHOOV�DFFRUGLQJ�WR�WKH�FHQWHU�RI�PDVV��&20��RI�FHOOV�LQ�&&�'��7R�RYHUFRPH�WKLV�SUREOHP��

ZH�NHHS�WKH�VL]H�RI�*HDQW��FHOO�FRQVWDQW�DQG�UHVFDOH�WKH�ZKROH�JHRPHWU\�WR�WKH�SRLQW�ZKHUH�DOO�*HDQW��

VSKHUHV� UHSUHVHQWLQJ� &&�'� FHOOV� DUH� QRQ�RYHUODSSLQJ�� 7KLV� UHVFDOLQJ� KDV� QHJOLJLEOH� HIIHFW� RI�

DVVHVVPHQW�RI�UDGLDWLRQ�GDPDJH��2QH�ZD\�WR�WKLQN�DERXW�LW�LV�WR�LPDJLQH�WKDW�DIWHU�WKLV�UHVFDOLQJ��WKH�

*HDQW��VSKHUHV�UHSUHVHQW�WKH�HQWLUH�&&�'�FHOO�EXW�ZLWK�D�VRPHZKDW�VPDOOHU�&&�'�FHOO�YROXPH��RQH�

WKDW�LQFOXGHV�FHOO¶V�QXFOHXV��WKDW�LV�GLUHFWO\�VXVFHSWLEOH�WR�UDGLDWLRQ�HIIHFWV��

$QRWKHU�WKLQJ�WR�FRQVLGHU�LV�WKH�FHOO�PRWLRQ��6LQFH�&&�'�LV�D�0RQWH�&DUOR�VLPXODWLRQ�WHFKQLTXH��LQ�

HYHU\�0RQWH� &DUOR� 6WHS� �0&6�� D� JLYHQ� FHOO� ZLOO� DSSHDU� LQ� VOLJKWO\� GLIIHUHQW� SRVLWLRQ�� +RZHYHU��

SK\VLFDOO\� REVHUYHG� FHOO� GLVSODFHPHQW� DUH� WKRVH� WKDW� DUH� REVHUYHG� HYHU\� VHYHUDO�0&6� �WKH� H[DFW�

QXPEHU�RI�0&6�LQWHUYDO�GHSHQGV�RQ�WKH�VLPXODWLRQ�SDUDPHWHUV�>��@���:H�WKXV�VHW�D�SUHGHILQHG�0&6�

LQWHUYDO�DQG�XVH�LW�WR�V\QFKURQL]H�&&�'�DQG�*HDQW��WLVVXH�OD\RXWV��

������5$'&(//��&&�'��DQG�*HDQW��LQWHURSHUDELOLW\�

$IWHU� WKH� UDGLDWLRQ� WUDQVSRUW� VLPXODWLRQ� �XVLQJ� *HDQW���� WKH� FHOO� GRVH� LQIRUPDWLRQ� DQG� FHOO� '1$�

GDPDJH�LQIRUPDWLRQ�DUH�ZULWWHQ�WR�&69�ILOHV�UHVSHFWLYHO\��7KHQ�&&�'�ZLOO�UHDG�WKH�GRVH�DQG�'1$�

GDPDJH�LQIRUPDWLRQ�ZKHQ�WKH\�DUH�QHHGHG�IRU�GHWHUPLQLQJ�WKH�FHOO�VWDWH�WUDQVLWLRQ�DIWHU�LUUDGLDWLRQ��,Q�

WKH�QH[W�UHOHDVHV�RI�RXU�VRIWZDUH��ZH�ZLOO�HOLPLQDWH�WKH�QHHG�WR�FDUU\�WKRVH�&69�ILOHV�DQG�H[FKDQJH�

LQIRUPDWLRQ�EHWZHHQ�*HDQW��DQG�&&�'�XVLQJ�D�PRUH�HOHJDQW�VROXWLRQ���

:KHQ� ZH� UXQ� WKH� VLPXODWLRQ�� &&�'� LV� WKH� PDVWHU� PRGXOH� WKDW� FRQWUROV� WKH� H[HFXWLRQ� RI�

5$'&(//�*HDQW���DV�VKRZQ�LQ�)LJXUH����7KH�&&�'�VLPXODWLRQ��DOO�LQWHUQDO�PRGXOHV�RI�&&�'��LV�

LPSOHPHQWHG�LQ�RQH�RSHUDWLQJ�V\VWHP�SURFHVV��ZKLOH�WKH�UDGLDWLRQ�WUDQVSRUW�VLPXODWLRQ��XVLQJ�*HDQW���

XVHV�DQRWKHU�SURFHVV�ZKLFK�LV�GLIIHUHQW�IURP�WKH�&&�'¶V�SURFHVV���

$V�VKRZQ�LQ�)LJXUH����DW�QWK�0&6��LQ�&&�'��5$'&(//�LV�ODXQFKHG�WR�UXQ�WKH�UDGLDWLRQ�WUDQVSRUW�

VLPXODWLRQ��VR�WKH�UDGLDWLRQ�WUDQVSRUW�VLPXODWLRQ�UHVXOWV�DUH�MXVW�IRU�WKH�FHOOV�DW�QWK�0&6��,W�LV�HVVHQWLDO�

WR�HQVXUH�WKDW�ZKLOH�5$'&(//��*HDQW���H[HFXWHV�UDGLDWLRQ�WUDQVSRUW�FDOFXODWLRQV��&&�'�ZDLWV�IRU�

WKH�UDGLDWLRQ� WUDQVSRUW� UHVXOWV�EHIRUH�SURFHHGLQJ�IXUWKHU��2QFH�&&�'�JHWV�UDGLDWLRQ� LQIRUPDWLRQ�� LW�

ZLOO�PRGLI\�FHOO�SURSHUWLHV�DFFRUGLQJO\�DQG�SURFHHG�ZLWK�WKH�QH[W�Q���0&6��DQG�WKH�ZKROH�SURFHVV�RI�

LQWHUOHDYHG�&&�'��5$'&(//�H[HFXWLRQ�ZLOO�FRQWLQXH�WR�UHSHDW�XQWLO�&&�'�VLPXODWLRQ�LV�RYHU��
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)LJXUH����7KH�FRXSOHG�VLPXODWLRQ�SURFHVV�EHWZHHQ�5$'&(//�DQG�&&�'��

����&RGH�UHSRVLWRU\�
,Q�RUGHU�WR�DFKLHYH�FRGH�UHXVH��ZH�VKDUH�WKH�FRGH�LQFOXGLQJ�WKH�SDUDPHWHU�DQG�GRFXPHQW�LQ�DQ�RSHQ�

VRXUFH�VRIWZDUH�UHSRVLWRU\��KWWSV���JLWKXE�FRP�IRUJHWVXPPHU�5$'&(//���&RPSX&HOO�'�DQG�

*HDQW��DUH�UHTXLUHG�WR�UXQ�WKH�VLPXODWLRQ�DQG�DUH�DYDLODEOH�IRU�GRZQORDG���

�� ([DPSOH�0RGHO�

,Q�WKLV�VHFWLRQ��ZH�WDON�DERXW�KRZ�WR�XVH�WKH�GHYHORSHG�VLPXODWLRQ�SODWIRUP�WR�VLPXODWH�WKH�FHOO�DQG�

WLVVXH�UHVSRQVH�DIWHU�LUUDGLDWLRQ��:H�GHYHORSHG�D�VLPSOLILHG�PRGHO�RI�PLFUREHDP�LUUDGLDWLRQ�RI�D�

YDVFXODUL]HG�WXPRU��2XU�GHYHORSHG�VLPXODWLRQ�SODWIRUP�LV�D�VXLWDEOH�IRU�PRGHOLQJ�WKH�YDVFXODU�WXPRU�

UHVSRQVH�IURP�PLFUREHDP�LUUDGLDWLRQ��&RPSX&HOO�'�LV�RQH�WKH�VWDWH�RI�WKH�DUW�WHFKQLTXHV�IRU�

PRGHOLQJ�WKH�WXPRU�FKDUDFWHULVWLFV��DQG�LW�KDV�EHHQ�ZLGHO\�XVHG�LQ�VLPXODWLQJ�WKH�WXPRU�

FKDUDFWHULVWLFV���VXFK�DV�WKH�PRGHOLQJ�WKH�WXPRU�JURZWK�DQG�DQJLRJHQHVLV�>��@���FDQFHU�PHWDVWDVLV�

>��@��VWUDWLILFDWLRQ�LQ�VROLG�WXPRUV�>��@��DQG�YDVFXODU�WXPRU�DQJLRJHQHVLV�>��@���,W�LV�FRPSXWDWLRQDOO\�
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UHVWULFWHG�WR�PRGHO�D�IXOO\�JURZQ�WXPRU�ZKLFK�KDV�JLJDQWLF�QXPEHU�RI�FHOOV�IURP�PXOWLFHOOXODU�

SHUVSHFWLYH��2QH�FRPPRQ�VWUDWHJ\�IRU�PRGHOLQJ�UDGLDWLRQ�WKHUDS\�LV�PRGHOLQJ�WKH�UDGLDWLRQ�UHVSRQVH�

IRU�D�VPDOO�WXPRU�VSKHURLG�ZKLFK�LV�UHODWLYHO\�HDV\�WR�KDQGOH�WKURXJK�PXOWLFHOOXODU�PRGHOLQJ�>��@±

>��@���,Q�WKH�PLFUREHDP�WKHUDS\��WKH�VSDWLDO�VFDOH�RI�UDGLDWLRQ�EHDP�RI�WKH�PLFUREHDP�PDWFKHV�ZLWK�

WKH�VSDWLDO�VL]H�RI�D�VSKHURLG�PRGHO�RI�YDVFXODU�WXPRU��7KXV��5$'&(//�*HDQW��LV�VXLWDEOH�SODWIRUP�

IRU�VLPXODWH�WKH�UDGLDWLRQ�WUDQVSRUW�RI�WKH�YDVFXODU�WXPRU�VSKHURLG�WKURXJK�PXOWLFHOOXODU�VLPXODWLRQ�

VR�DV�WR�JHW�WKH�H[SOLFLW�FHOOXODU�GRVH�GLVWULEXWLRQ�DQG�FHOOXODU�'1$�GDPDJH�GLVWULEXWLRQ��

7KLV�PRGHO�LV�SURYLGHG�DV�D�GHPRQVWUDWLRQ�RI�WKH�FDSDELOLWLHV�RI�&&�'�5$'&(//�*HDQW��

PRGHOLQJ�SODWIRUP��7KH�W\SLFDO�0LFUREHDP�5DGLDWLRQ�7KHUDS\��057��WUHDWPHQWV�GHOLYHU�

PLFURVFRSLFDOO\�GLVFUHWH�VSDWLDO�GRVH�GLVWULEXWLRQV���������PLFURQV�ZLGH�SDUDOOHO�EHDPV�ZLWK�D�

VHSDUDWLRQ�RI�VHYHUDO�KXQGUHG�PLFURQV�EHWZHHQ�DGMDFHQW�EHDPV��%HFDXVH�KLJK�GRVH��KLJK�SUHFLVLRQ�

057¶V��KDYH�SRWHQWLDO�WR�VLJQLILFDQWO\�UHGXFH�SUREDELOLWLHV�RI�KHDOWK\�WLVVXH�FRPSOLFDWLRQV�>��@±

>��@��WKH\�DUH�FRQVLGHUHG�DV�D�SURPLVLQJ�WUHDWPHQW�FRQFHSW��+RZHYHU��RQH�RI�WKH�VLJQLILFDQW�
FKDOOHQJHV�LV�WKH�ODFN�RI�FRPSUHKHQVLYH�XQGHUVWDQGLQJ�RI�WKH�XQGHUO\LQJ�UDGLRELRORJLFDO�PHFKDQLVP��

,W�LV�FRPPRQO\�DFNQRZOHGJHG�WKDW�057�LV�EDVHG�RQ�WKH�SULQFLSOH�WKDW�KHDOWK\�WLVVXHV�FDQ�WROHUDWH�

KLJK�GRVHV�RI�UDGLDWLRQ�LQ�VPDOO�YROXPHV�DQG�WKDW�057�FDQ�GDPDJH�WKH�EORRG�YHVVHOV���FXW�RII�WKH�

WXPRU�QXWULHQW�VXSSO\��DQG�DV�D�UHVXOW��FDXVH�WKH�WXPRU�WR�GLH�>��@±>��@��

7R� EHWWHU� XQGHUVWDQG� WKH� UDGLRORJLFDO� PHFKDQLVP� RI� 057�� ZH� IRFXV� RQ� WZR� FRUH� DUHDV�� ���

XQGHUVWDQGLQJ� KRZ� UDGLDWLRQ� WUDQVSRUW� SURFHVV� RI� PLFUREHDP� UDGLDWLRQ� DIIHFWV� WXPRU� DQG� KHDOWK\�

WLVVXHV�����XQGHUVWDQGLQJ�WKH�WXPRU�UHVSRQVH�DIWHU�PLFUREHDP�LUUDGLDWLRQ��

:KLOH�PLFUREHDP�UDGLDWLRQ�WUDQVSRUW�KDV�EHHQ�DOUHDG\�DGGUHVVHG�LQ�VHYHUDO�SXEOLFDWLRQV��H�J���>��@>��@��

WKHUH�KDV�EHHQ�OHVV�HPSKDVLV�RQ�KRZ�WXPRU�EHKDYHV�IROORZLQJ�057��%HFDXVH�WKH�5$'&(//�&&�'�

SODWIRUP�IDFLOLWDWHV�FRXSOHG�WLVVXH�UDGLDWLRQ�VLPXODWLRQV��LW�LV�DQ�LGHDO�WRRO�WR�FRQGXFW�VXFK�VWXGLHV���

,Q�WKH�UHPDLQGHU�RI�WKLV�VHFWLRQ��ZH�SUHVHQW�D�GHWDLOHG�JXLGH�GHPRQVWUDWLQJ�DOO�VWHSV�QHHGHG�WR�EXLOG�D�

PRGHO�RI� UDGLDWLRQ� WUHDWPHQW�RI�YDVFXODUL]HG� WXPRU��2XU�PRGHO� VLPXODWHV� HVVHQWLDO� FHOO�EHKDYLRUV��

PLFURHQYLURQPHQWDO�FRPSRQHQWV��DQG�WKHLU�LQWHUDFWLRQV�DV�ZHOO�DV�UDGLDWLRQ�UHVSRQVH�DIWHU�LUUDGLDWLRQ��

7KH� EDVLF� PRGHOLQJ� PHWKRGV� DQG� SURFHGXUHV� DUH� GLVFXVVHG� DV� IROORZV�� 7KH� ZRUN� LV� EDVHG� RQ� D�

VLPXODWLRQ� ZRUN� E\� 6ZDW� HW� DO�� >��@�� 7KH� VXE�PRGHOV� VLPXODWHG� LQ� WKH� H[DPSOH� VLPXODWLRQ� DUH�

GLVSOD\HG� LQ�7DEOH� ��� ,W� LV�ZRUWK� QRWLQJ� WKDW� WKHVH�PRGHOV� DUH� MXVW� VHOHFWHG� IRU� GHPRQVWUDWLQJ� WKH�

FDSDELOLW\�RI�FRXSOHG�VLPXODWLRQ�RI�RXU�GHYHORSHG�VLPXODWLRQ�IUDPHZRUN��'XH�WR�WKH�HDV\�H[WHQVLELOLW\��

RWKHU�PRGHOV�FRXOG�EH�HDVLO\�DGGHG�IRU�DFKLHYLQJ�PRUH�IXQFWLRQDOLWLHV��
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7DEOH����0RGHOV�VLPXODWHG�LQ�VLPXODWLQJ�WKH�057�WUHDWPHQW�RI�YDVFXODU�WXPRU�

6XE�PRGHOV� )XQFWLRQDOLW\� 3ODWIRUP�XVHG�

&HOO�
ELRORJ\�
PRGHOLQJ�

0XOWL�FHOOXODU�PRGHO� %XLOGLQJ�WXPRU�FHOOV &&�'
5HDFWLRQ�GLIIXVLRQ�PRGHO� 9(*)� VLJQDOLQJ� SURFHVV�� JOXFRVH�

UHDFWLRQ�GLIIXVLRQ�SURFHVV�
&&�'�

&HOOXODU�3RWWV�0RGHO� &HOO�FHOO� DGKHVLRQ�� FHOO� YROXPH�
FRQVWUDLQW��FHOO�VXUIDFH�FRQVWUDLQWV�

&&�'�

0LFKDHOLV�0HQWHQ� H[SUHVVLRQ�
IURP�HQ]\PH�NLQHWLF�PRGHO

&HOO�JURZWK�DQG�PLWRVLV� &&�'�

5DGLDWLRQ�
WUDQVSRUW�
PRGHOLQJ�

5DGLDWLRQ�WUDQVSRUW�PRGHO� 3DUDOOHO� HOHFWURQ� PLFUREHDP�
WUDQVSRUW�LQ�WLVVXH�

5$'&(//�*HDQW��

����9DVFXODU�7XPRU�0RGHO�LQ�&&�'�
)LUVWO\��ZH�XVH�&&�'�WR�EXLOG�WKH�YDVFXODU� WXPRU�PRGHO��$Q�LQLWLDO�FRQGLWLRQ�IRU�RXU�YDVFXODUL]HG�

WXPRU�PRGHO� LV�D�FOXVWHU�RI�SUROLIHUDWLQJ� WXPRU�FHOOV�DQG�D�VLPSOH�QHWZRUN�RI�SUH�H[LVWLQJ�QRUPDO�

YDVFXODWXUH��,QLWLDOO\��WXPRU�FHOOV�SUROLIHUDWH�DV�WKH\�WDNH�XS�GLIIXVLQJ�JOXFRVH�ZKLFK�WKH�SUH�H[LVWLQJ�

YDVFXODWXUH�VXSSOLHV���,Q�WKLV�ZRUN��ZH�H[SHFW�WKDW�WKH�WXPRU�FHOOV��ERWK�LQ�WKH�LQLWLDO�FOXVWHU�DQG�ODWHU��

DUH�XVXDOO\�K\SR[LF�DQG�WKH\�FDQ�VHFUHWH�D�ORQJ�GLIIXVLRQ�LVRIRUP�RI�9(*)�$�ZKLFK�LV�GHQRWHG�DV�/�

9(*)�KHUH��:KHQ�WKH�FRQFHQWUDWLRQ�RI�JOXFRVH�GURSV�EHORZ�D�WKUHVKROG��WXPRU�FHOOV�HQG�XS�QHFURWLF��

VWHS�E\�VWHS�VKULQN��DQG�XOWLPDWHO\�GLVDSSHDU��$�IHZ�SUHVHOHFWHG�QHRYDVFXODU�HQGRWKHOLDO�FHOOV�LQ�WKH�

SUH�H[LVWLQJ�YDVFXODWXUH�UHVSRQG�ERWK�YLD�FKHPRWD[LQJ�WRZDUG�JUHDWHU�FRQFHQWUDWLRQ�RI�SURDQJLRJHQLF�

IDFWRUV� DQG� IRUP�QHZ�EORRG�YHVVHOV� E\�PHDQV� RI� QHRDQJLRJHQHVLV��7KH� SUHOLPLQDU\� WXPRU� FOXVWHU�

JURZV� DQG� UHDFKHV� D�PD[LPXP�GLDPHWHU� FKDUDFWHULVWLF� RI� DQ� DYDVFXODU� WXPRU� VSKHURLG��:KHQ� WKH�

WXPRU�JURZV�WR�D�FHUWDLQ�VL]H��ZH�VLPXODWH�WKH�DSSOLFDWLRQ�RI�PLFUREHDP�LUUDGLDWLRQV�WKDW�NLOOV�FHUWDLQ�

IUDFWLRQ� RI� WXPRU� DQG� YDVFXODU� FHOOV��:H� VLPXODWH� GHOLYHULHV� RI� GLIIHUHQW� LUUDGLDWLRQ� VFKHPHV� DQG�

LPSOHPHQW�EDVLF�PHFKDQLVPV�WKDW�VLPXODWH�WXPRU�UHVSRQVH�DQG�HYROXWLRQ�DIWHU�LUUDGLDWLRQ��

������&HOO�DQG�(&0�7\SHV�

2XU�PRGHO�RI� VROLG� WXPRU� LQFOXGHV� WZR�PDLQ�FODVVHV�RI�JHQHUDOL]HG�FHOOV�� WXPRU�FHOOV�DQG�VWURPDO�

WLVVXH��,Q�WKLV�ZRUN��ZH�VWLSXODWH�IRXU�FHOO�W\SHV��3��SUROLIHUDWLQJ�WXPRU�FHOOV��1��QHFURWLF�FHOOV��(&��

HQGRWKHOLDO�FHOOV��19��QHRYDVFXODU�HQGRWKHOLDO�FHOOV�DQG�(&0��DQ�DJJUHJDWH�RI�VWURPDO�FHOOV�DQG�(&0��

7KLV�PRGHO� IRFXVHV�RQ� VPDOO�� HDUO\�VWDJH�YDVFXODU� WXPRUV� UDWKHU�RQ�GHYHORSHG�SULPDU\� WXPRUV�� WR�

LGHQWLI\�WKH�SDWWHUQ�RI�FHOO�EHKDYLRU�VHOHFWLRQ��:KLOH�WKH�DYHUDJH�QXPEHU�RI�FHOOV�LV�IDU�OHVV�WKDQ�D�UHDO�

YDVFXODU� WXPRU�DW�DQ\�WLPH��ZH�FDQ�PDS�WKHVH�VLPSOLILHG�PRGHO� WXPRUV�RQWR�UHDO� WXPRUV�HLWKHU�E\�
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FRQVLGHULQJ�HDFK�PRGHO�FHOO� WR�UHSUHVHQW�DQ�HQVHPEOH�RI�KXQGUHGV�RU�WKRXVDQGV�RI�UHDO�FHOOV�RU�E\�

FRQVLGHULQJ�HDFK�PRGHO�WXPRU�WR�UHSUHVHQW�D�SHULSKHUDO�PLFURSRUWLRQ�RI�D�PXFK�ODUJHU�WXPRU�PDVV��,Q�

&&�'��ZH�VHW�WKH�FHOO�DQG�ILHOG�ODWWLFH�GLPHQVLRQV�WR���î��î����WKH�PHPEUDQH�IOXFWXDWLRQ�DPSOLWXGH�

WR����� WKH�SL[HO�FRS\�UDQJH� WR���� WKH�QXPEHU�RI�0&6� WR���������DQG�FKRRVH�8QLIRUP,QLWLDOL]HU� WR�

SURGXFH�WKH�LQLWLDO�WXPRU�DQG�YDVFXODU�FHOOV��VLQFH�LW�DXWRPDWLFDOO\�FUHDWHV�D�PL[WXUH�RI�FHOO�W\SHV��

�������&KHPLFDO�)LHOGV�

,Q�WKLV�VWXG\��ZH�FRQVLGHU�WZR�W\SHV�RI�FKHPLFDO�ILHOGV��L�H���JOXFRVH��DQG�9(*)�PHGLDWHG�VLJQDOLQJ�

IDFWRUV��7KH� FOXVWHU�RI� WXPRU� FHOOV�IRUP�D� VSKHURLG�� WKH�QXWULHQW� DQG�ZDVWH�GLIIXVLRQ�ZLOO� OLPLW� WKH�

GLDPHWHU� RI� VXFK� DYDVFXODU� WXPRU� VSKHURLGV� WR� DERXW� ��PP��7KH� FHQWUDO� UHJLRQ�RI� WKH�GHYHORSLQJ�

VSKHURLG� ZLOO� EHFRPH� QHFURWLF�� ZLWK� D� VXUURXQGLQJ� OD\HU� WR� FHOOV� ZKRVH� K\SR[LD� WULJJHUV� 9(*)�

PHGLDWHG� VLJQDOLQJ� HYHQWV� WKDW� LQLWLDWH� WXPRU� QHRYDVFXODUL]DWLRQ� E\� ZD\� RI� SURPRWLQJ� JURZWK�

H[WHQVLRQ�RU�QHDUE\�EORRG�YHVVHOV�>��@��:H�DGG�D�VHW�RI�ILQLWH�HOHPHQW�OLQNV�EHWZHHQ�WKH�(&�FHOOV�WR�

PRGHO�WKH�VWURQJ�MXQFWLRQV�WKDW�IRUP�EHWZHHQ�(&�FHOOV�DQG�19�FHOOV�FKHPRWD[�XS�JUDGLHQWV�RI�WZR�

GLIIXVLQJ�LVRIRUPV�RI�9(*)�$��L�H���6�9(*)�DQG�/�9(*)��%RWK�(&�FHOOV�DQG�19�FHOOV�FKHPRWD[�XS�

6�9(*)��EXW�RQO\�19�FHOOV�FKHPRWD[�XS�JUDGLHQWV�RI�/�9(*)��:H�DVVXPH�WKDW�JOXFRVH�LQFOXGHV�D�

GLIIXVLQJ�ILHOG�UHSUHVHQWLQJ�JOXFRVH��7KH�/�9(*)�DQG�6�9(*)�LQFOXGH�GLIIXVLRQ�ILHOGV�UHSUHVHQWLQJ�

/�9(*)�DQG�6�9(*)�UHVSHFWLYHO\���

������&HOO�,QWHUDFWLRQV�

)ROORZLQJ�EDVLF� DVVXPSWLRQV�RI� WKH�&30�PRGHO� >��@��ZH� VLPXODWH� FHOO� LQWHUDFWLRQV�E\� VSHFLI\LQJ�

HIIHFWLYH� HQHUJLHV� DVVRFLDWHG� ZLWK� SDUWLFXODU� FHOO� EHKDYLRUV�� 7KH� GHWDLOHG� GHVFULSWLRQ� RI� FHOO�

LQWHUDFWLRQV�LV�UHIHUUHG�WR�VHFWLRQ���RI�VXSSRUWLQJ�GRFXPHQW��&HOO�0RGHOV�8VHG�LQ�&&�'�0RGHOLQJ���

������&HOO�*URZWK�DQG�0LWRVLV�

,Q�WKLV�VWXG\��ZH�DVVXPH�WKDW�JOXFRVH�LV�WKH�PDLQ�JURZWK�OLPLWLQJ�VXEVWDQFH�IRU�WXPRU�FHOO���7KH�/�

9(*)�LV�WKH�PDLQ�JURZWK�OLPLWLQJ�VXEVWDQFH�IRU�QHRYDVFXODU�FHOO��7KH�FRQFHQWUDWLRQ�UDWH�RI�JOXFRVH�

FRXOG�EH�GHVFULEHG�E\�WKH�UHDFWLRQ�GLIIXVLRQ�HTXDWLRQ��&HOO�JURZWK�DQG�FRQWDFW�LQKLELWLRQ�JURZWK�RI�

19�FHOOV�DUH�PRGHOHG�LQ�WKLV�ZRUN��7KH�GHWDLOHG�GHVFULSWLRQ�RI�WKH�PRGHOV�FRXOG�EH�UHIHUUHG�LQ�VHFWLRQ�

��RI�VXSSRUWLQJ�GRFXPHQW��&HOO�0RGHOV�8VHG�LQ�&&�'�0RGHOLQJ���

����5DGLDWLRQ�7UDQVSRUW�8VLQJ�5$'&(//�
,Q� RXU� FRXSOHG� VLPXODWLRQ�� ZH� LPSRUW� 5$'&(//� GLUHFWO\� LQWR� &&�'� DV� D� 3\WKRQ� PRGXOH�� 7KH�

UDGLDWLRQ� VLPXODWLRQ� LV� LQWHUOHDYHG� ZLWK� WKH� VLPXODWLRQ� RI� FHOOXODU� SDWWHUQ� HYROXWLRQ�� $IWHU� HDFK�
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DSSOLFDWLRQ�RI�UDGLDWLRQ�LQ�RXU�PRGHO��ZH�TXHU\�WKH�5$'&(//�PRGXOH�WR�SURYLGH�LQIRUPDWLRQ�DERXW�

FHOO�GRVH�DQG�'1$�GDPDJHV�IRU�HYHU\�ELRORJLFDO�FHOO�SUHVHQW�LQ�RXU�PRGHOV��

:H�XVH�FHOO�GRVH�DQG�FHOO�'1$�GDPDJH�LQIRUPDWLRQ�WR�GHWHUPLQH�WKH�FHOO�VWDWH�WUDQVLWLRQ�LQ�&&�'�

ZKLFK�W\SLFDOO\�DPRXQWV�WR�DOWHULQJ�FHOO�SDUDPHWHUV�VXFK�DV�FHOO�W\SH��FHOO�WDUJHW�YROXPH��DQG�FHOO�WDUJHW�

VXUIDFH��,Q�JHQHUDO��HYHU\�SDUDPHWHU�WKDW�GHVFULEHV�FHOOXODU�EHKDYLRU�FDQ�EH�DOWHUHG��DQG�LW�LV�XS�WR�D�

PRGHOHU�WR�FRPH�XS�ZLWK�D�UHDVRQDEOH�ZD\�RI�GRLQJ�LW��

7KH�YDOXH�RI�FRPELQLQJ�UDGLDWLRQ�WUDQVSRUW�VLPXODWLRQ�ZLWKLQ�&&�'�LV�WKDW�ZH�FDQ�REWDLQ�WKH�PRVW�

XS�WR�GDWH� LQIRUPDWLRQ� DERXW� UDGLDWLRQ� GDPDJH� DQG� FRQVHTXHQWO\� EXLOG� D� PRUH� UHDOLVWLF� UDGLDWLRQ�

WUHDWPHQW�PRGHO��

������5DGLDWLRQ�6RXUFH�

7R�PRGHO�WKH�057�LUUDGLDWLRQ��ZH�FKRVH�D�VTXDUH�SODQH�ZLWK�����P�ZLGWK�DV�D�UDGLDWLRQ�VRXUFH��7KLV�

GLPHQVLRQ�LV�LQ�OLQH�ZLWK�WKH�ZLGWK�RI�WKH�SDUDOOHO�PLFUREHDP�XVHG�LQ�057��7\SLFDO�HQHUJLHV�RI�;�UD\�

UDGLDWLRQ�XVHG�LQ�057�UDQJH�IURP����NH9�WR�����NH9��&RQVLGHULQJ�WKDW�WKH�GRVH�RI�;�UD\�LV�LQGXFHG�

E\�WKH�VHFRQGDU\�HOHFWURQV��ZH�PDNH�D�VLPSOLI\LQJ�DVVXPSWLRQ�DQG�XVH�����NH9�HOHFWURQ�WR�PRGHO�WKH�

����NH9�;�UD\�IRU�WKH�VDNH�RI�FRPSXWDWLRQDO�VSHHG�DQG�HIILFLHQF\��,W�LV�ZRUWK�QRWLQJ�WKDW�WKLV�LV�D�

VLPSOLILFDWLRQ��EXW�LW�VKRXOG�JLYH�XV�D�JRRG�³ILUVW�RUGHU�DSSUR[LPDWLRQ´�RI�WKH�UHDO�SKHQRPHQD��

������,PSRUWLQJ�&HOOV�LQWR�*HDQW��IURP�&&�'�

'XULQJ� WKH� VLPXODWLRQ� RI� UDGLDWLRQ� WUDQVSRUW�� ZH� H[WUDFW� WKH� FHOO� SRVLWLRQ� LQ� &&�'� DQG� SDVV� WKLV�

LQIRUPDWLRQ�WR�*HDQW��WR�FUHDWH�SUR[LHV�RI�&&�'�FHOOV�LQ�*HDQW��VLPXODWRU��6LQFH�ZH�SUHVHUYH�WKH�

JHRPHWU\�RI�WKH�&&�'�WLVVXH��WKH�LQIRUPDWLRQ�DERXW�UDGLDWLRQ�GDPDJH�ZH�JHW�IURP�5$'&(//�*HDQW��

VKRXOG�EH�DFFXUDWH�HQRXJK�WKDW�ZH�FDQ�DVVHVV�UDGLDWLRQ�HIIHFWV�RQ�HDFK�FHOO��

����&HOO�6WDWH�7UDQVLWLRQ�

,Q�RXU�VLPSOLILHG�PRGHO��ZH�FRQVLGHU�WZR�FHOO�VWDWHV��L�H���KHDOWK\�VWDWH�� �S ��DQG�GHDG�VWDWH�� �S ����:H�

GHILQH�WKH�FHOO�VWDWH�WUDQVLWLRQ�UXOH�DFFRUGLQJ�WR�WZR�W\SHV�RI�FRQGLWLRQV�RI�FHOO��L�H���

PLFURHQYLURQPHQWDO�IDFWRUV�DQG�LUUDGLDWLRQ��([SHULPHQWDOO\��PLFURHQYLURQPHQWDO�IDFWRUV��LQFOXGLQJ�

PHFKDQLFDO�VWUHVV��K\GURVWDWLF�SUHVVXUH��ORZ�S+��DQG�VWDUYDWLRQ��FDQ�FDXVH�WHPSRUDU\�RU�SHUPDQHQW�

FKDQJHV�LQ�WXPRU�FHOOV��,Q�WKLV�PRGHO��KRZHYHU��ZH�RQO\�LQFOXGH�FHOO�VWDWH�WUDQVLWLRQV�GXH�WR�QXWULHQW�

DYDLODELOLW\�DQG�UDGLDWLRQ�GRVH��'XULQJ�D�SHULRG�RI�VWDUYDWLRQ��LQ�D�ORZ�QXWULHQW�UHJLPH���LI�WKH�

JOXFRVH�FRQFHQWUDWLRQ�LV�ORZHU�WKDQ�WKH�WKUHVKROG��WKHQ�WXPRU�FHOO�GLHV��)RU�QXWULHQW�DYDLODELOLW\�

FRQGLWLRQ��ZH�VLPSO\�FDOFXODWH�WKH�JOXFRVH�FRQFHQWUDWLRQ�IRU�WXPRU�FHOOV�DW�HDFK�0&6�DQG�FRPSDUH�
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WKH�FRQFHQWUDWLRQ�ZLWK�WKH�WKUHVKROG�FRQFHQWUDWLRQ��)RU�TXDQWLI\LQJ�WKH�FHOO�VWDWH�WUDQVLWLRQ�DIWHU�

LUUDGLDWLRQ��ZH�RQO\�FRQVLGHU�WKH�GLUHFW�HIIHFW�RI�LUUDGLDWLRQ��7KH�FHOO�VWDWH�WUDQVLWLRQ�UXOH�IRU�JOXFRVH�

FRQFHQWUDWLRQ�DQG�LUUDGLDWLRQ�LV�UHIHUUHG�WR�VHFWLRQ���RI�VXSSRUWLQJ�GRFXPHQW��&HOO�6WDWH�7UDQVLWLRQ��

����6LPXODWLRQ�3DUDPHWHU�
&30�VLPXODWLRQV�PHDVXUH�VLPXODWLRQ�WLPH�LQ�WHUPV�RI�0&6��DQG�WKH�FRQYHUVLRQ�EHWZHHQ�0&6�DQG�

H[SHULPHQWDO�WLPH�GHSHQGV�RQ�WKH�DYHUDJH�FHOO�PRWLOLW\��%LRORJLFDOO\��0&6V�DUH�SURSRUWLRQDO�WR�WKH�

H[SHULPHQWDO�WLPH�>��@��:H�FDQ�UHODWH�WKH�VLPXODWLRQ¶V�0&6�WLPH�VFDOH�WR�PLQXWHV�E\�FRPSDULQJ�FHOO�

PLJUDWLRQ�VSHHGV�LQ�VLPXODWLRQ�WR�W\SLFDO�FHOO�PLJUDWLRQ�VSHHGV�LQ�H[SHULPHQWV��,Q�WKLV�VWXG\��ZH�XVH�D�

�'�YR[HO�ZLWK�D�VLGH�RI�� PP ��VR� WKH� WXPRU�FHOO�YROXPH�LV��� �PP ��6LQFH� WKH�H[SHULPHQWDO�KXPDQ�

XPELOLFDO� YHLQ� HQGRWKHOLDO� FHOOV� �+89(&�� VSHHG� LV� DERXW� ��� PP �PLQ� >��@�� DQG� WKH� FHOOV� LQ� WKLV�

VLPXODWLRQ�PRYH�DW�DQ�DYHUDJH�VSHHG�RI�����SL[HO�0&6��VR�RQH�0&6�UHSUHVHQWV���PLQXWH��+HUH��E\�

NQRZLQJ�WKH�WLPH�VFDOH�FRQYHUVLRQ�EHWZHHQ�WKH�&&�'�WLPH�VFDOH�DQG�WKH�H[SHULPHQWDO�WLPH�VFDOH��ZH�

XVH�0&6�DV�WKH�WLPH�XQLW�IRU�DOO�WKH�SDUDPHWHUV�UHODWHG�WR�WLPH�KHUHLQDIWHU�LQ�WKLV�ZRUN��7KH�VLPXODWLRQ�

SDUDPHWHUV�DUH�UHIHUUHG�WR�VHFWLRQ���RI�VXSSRUWLQJ�GRFXPHQW��6LPXODWLRQ�3DUDPHWHUV��

����6LPXODWLRQ�5HVXOWV�

������7XPRU�JURZWK�:LWKRXW�,UUDGLDWLRQ�

:H�UXQ�RWKHUZLVH�LGHQWLFDO�VLPXODWLRQV�ZLWK�DQG�ZLWKRXW�057�LUUDGLDWLRQ�WR�VWXG\�KRZ�057�

LUUDGLDWLRQ�DIIHFWV�WXPRU�JURZWK�DQG�PRUSKRORJ\��7R�EHJLQ�ZLWK��ZH�UXQ�WKH�VLPXODWLRQ�WR�VHH�KRZ�

WKH�WXPRU�V\VWHP�ZLOO�HYROYH�ZLWKRXW�LUUDGLDWLRQ��7KH�VLPXODWLRQ�UHVXOWV�VHUYH�DV�D�FRQWURO�IRU�

HYDOXDWLQJ�WKH�LUUDGLDWLRQ�HIIHFWLYHQHVV�RI�057��

$V�VKRZQ�LQ�)LJXUH��E��ZH�LQLWLDOL]H�WKH�WXPRU�FHOO�FOXVWHU�DQG�WZR�FURVVLQJ�YDVFXODU�FRUGV��:H�DOVR�

DGG�WZR�19�FHOOV�WR�HDFK�YDVFXODU�FRUG�����SL[HOV�DSDUW��:LWKRXW�LUUDGLDWLRQ��WKH�WXPRU�V\VWHP�

IROORZV�LWV�W\SLFDO�ELRORJLFDO�HYROXWLRQ�SDWK��DQG�ZH�FDQ�VHH�WKDW�WKH�WXPRU�JURZV�ELJJHU�DQG�ELJJHU�

ZLWK�WKH�JOXFRVH�XSGDWH��:H�HYDOXDWH�WXPRU�JURZWK�E\�DQDO\]LQJ�WKH�QXPEHU�RI�SUROLIHUDWLQJ�WXPRU�

FHOOV�ZLWK�UHVSHFW�WR�WLPH��7KH�VLPXODWLRQ�RI�WXPRU�JURZWK�ZLWKRXW�LUUDGLDWLRQ�VKRZHG�DQ�DSSDUHQW�

LQFUHDVH�RI�SUROLIHUDWLQJ�WXPRU�FHOOV�ZLWK�WLPH��DV�VKRZQ�LQ�)LJXUH��D��7KH�SHULRG�GLSV�UHIOHFW�WKH�

FHOO�ORVV�GXH�WR�WKH�QHFURWLF�FHOO�GHDWK�EHFDXVH�RI�WKH�QXWULHQW�GHILFLHQF\��7KLV�LV�LQ�OLQH�ZLWK�WKH�

ELRORJLFDO�REVHUYDWLRQV�LQ�H[SHULPHQWV��WKDW�WKH�QXWULHQW�GLIIXVLRQ�OLPLWV�WKH�GLDPHWHU�RI�WKH�FOXVWHU�

RI�WXPRU�FHOOV��DQG�WKH�FHQWUDO�UHJLRQ�RI�WKH�JURZLQJ�WXPRU�EHFRPHV�QHFURWLF�>��@��7KRXJK�LQLWLDOO\�

ZH�RQO\�VHHG�WZR�19�FHOOV��ZH�FDQ�REVHUYH�WKDW�WKH�QHRYDVFXODU�FHOOV�DUH�XQGHUJRLQJ�SUROLIHUDWLRQ�

ZLWK�WKH�VLPXODWLRQ�WLPH�JRLQJ�RQ��DQG�WKLV�LV�WULJJHUHG�E\�9(*)�PHGLDWHG�VLJQDOLQJ�HYHQWV�WKDW�
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LQLWLDWH�WXPRU�QHRYDVFXODUL]DWLRQ�E\�SURPRWLQJ�JURZWK�DQG�H[WHQVLRQ��QHRDQJLRJHQHVLV��RI�QHDUE\�

EORRG�YHVVHOV���

�

)LJXUH����7ZR�GLPHQVLRQDO�VQDSVKRWV�RI�WKH�YDVFXODU�WXPRU�VLPXODWLRQ��5HG��9DVFXODU�FHOOV��JUH\��

QHRYDVFXODU�FHOOV��EOXH��QHFURWLF�FHOOV��7KH�VSDWLDO�XQLW�XVHG�LQ�&&�'�LV�SL[HO��DQG�RQH�SL[HO�HTXDOV����P�LQ�

WKLV�ZRUN���)LJ���D��VKRZV�WKH�WXPRU�JURZWK�FXUYH�ZLWK�UHVSHFW�WR�WXPRU�HYROXWLRQ�WLPH�ZKLFK�KDV�0&6�DV�LWV�
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XQLW��)LJ���E��VKRZV�WXPRU�V\VWHP�DW���0&6��VWDUWLQJ�WLPH��UHQGHULQJ�LQ�&&�'�YLVXDOL]DWLRQ�V\VWHP��)LJV���F���

�G����H���DQG��I��VKRZ�WKH�WXPRU�V\VWHP�DW���������������������DQG�������0&6��UHVSHFWLYHO\��

������7XPRU�*URZWK�ZLWK�,UUDGLDWLRQ�

)RU�UDGLDWLRQ�WKHUDS\��UDGLDWLRQ�FRXOG�EH�FRQVLGHUHG�DV�DQ�H[WHUQDO�SHUWXUEDWLRQ�DJHQW�WR�WKH�WXPRU�

V\VWHP��$V�ZH�MXVW�VLPXODWH��ZLWKRXW�LUUDGLDWLRQ��WKH�WXPRU�V\VWHP�IROORZV�DQ�XQSHUWXUEHG�ELRORJLFDO�

JURZLQJ�SDWK��ZKLFK�LQGLFDWHV�WKDW�WKH�&&�'�PRGHO�FDQ�FDSWXUH�WKH�EDVLF�ELRORJLFDO�FKDUDFWHULVWLFV�

RI�YDVFXODU�WXPRU�JURZWK��.QRZLQJ�WKLV��ZH�DUH�PRUH�LQWHUHVWHG�LQ�NQRZLQJ�KRZ�WKH�YDVFXODU�WXPRU�

UHVSRQG�WR�WKH�LUUDGLDWLRQ��+HUH��ZH�FRQGXFW�D�VLPXODWLRQ�IRU�VLPXODWLQJ�WKH�WXPRU�JURZWK�XQGHU�

GLIIHUHQW�LUUDGLDWLRQ�VFKHPHV��

,Q�WKLV�VLPXODWLRQ��ZH�XVH�D�VLQJOH�SODQDU�PLFUREHDP�VRXUFH�WR�LUUDGLDWH�WKH�YDVFXODU�WXPRU�IURP�DQ�

HDUO\�WLPH��VWDUWLQJ�IURP������0&6���DQG�WKH�GRVH�LV�GHOLYHUHG�LQ�ILYH�IUDFWLRQV�HTXDOO\��7KH�WRWDO�

GRVH�LV�IURP���*\�WR����*\��7KH�GRVH�GHOLYHULQJ�WLPH�LV�DW�������0&6�������0&6�������0&6��

�����0&6��DQG�������0&6��

�

)LJXUH����7ZR�GLPHQVLRQDO�VQDSVKRWV�RI�WKH�YDVFXODU�WXPRU�VLPXODWLRQ��7KH�VSDWLDO�XQLW�XVHG�LQ�&&�'�LV�

SL[HO��DQG�RQH�SL[HO�HTXDOV����P�LQ�WKLV�ZRUN���)LJ���D��LV�WKH�WXPRU�YLVXDOL]HG�LQ�&&�'��DQG�)LJ���E��LV�WKH�

WXPRU�YLVXDOL]HG�LQ�*HDQW���5HG��YDVFXODU�FHOOV��JUH\��QHRYDVFXODU�FHOOV��EOXH��QHFURWLF�FHOOV��

7KH�YDVFXODU�WXPRU�DW������0&6�LV�D�UHODWLYHO\�VPDOO�FOXVWHU��DV�VKRZQ�LQ�)LJXUH��D��'XULQJ�

VLPXODWLRQ��ZKHQ�D�YDVFXODU�WXPRU�HYROYHV�WR�WKLV�WLPH��&&�'�DXWRPDWLFDOO\�ODXQFKHV�WKH�UDGLDWLRQ�

WUDQVSRUW�VLPXODWLRQ�E\�FDOOLQJ�WKH�IXQFWLRQV�LQ�WKH�5$'&(//�PRGXOH��7KH�WXPRU�JHRPHWU\�LV�
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H[WUDFWHG�IURP�&&�'�DQG�LPSRUWHG�WR�*HDQW��IRU�UDGLDWLRQ�WUDQVSRUW�VLPXODWLRQ��DV�VKRZQ�LQ�)LJXUH�

�E��

�,W�LV�ZRUWK�QRWLQJ�WKDW�WKH�PDWHULDOV�RI�DOO�WKH�FHOOV�DQG�WKH�PDWHULDOV�EHWZHHQ�FHOOV�DUH�PRGHOHG�DV�

ZDWHU�LQ�5$'&(//��(DFK�WLPH�DIWHU�UDGLDWLRQ�WUDQVSRUW�VLPXODWLRQ��WKH�VLPXODWLRQ�UHVXOWV��L�H���FHOO�

GRVH�DQG�FHOO�'1$�'6%��DUH�XVHG�WR�TXDQWLI\�WKH�FHOO�VWDWH�WUDQVLWLRQV��7KH�FHOO�VWDWH�WUDQVLWLRQ�

UHVXOWV�DUH�XVHG�WR�GHWHUPLQH�ZKHWKHU�FHOO�LV�NLOOHG�E\�UDGLDWLRQ�RU�QRW��,I�WKH�FHOO�LV�NLOOHG��FHOO�W\SH�

FKDQJHV�WR�QHFURWLF��7KHQ�WKH�WXPRU�V\VWHP�NHHSV�LWV�HYROXWLRQ�SDWK�WLOO�QH[W�LUUDGLDWLRQ��,Q�WKLV�

VLPXODWLRQ��WKH�WRWDO�VLPXODWLRQ�WLPH�LV�������0&6��DQG�DIWHU�VLPXODWLRQ��WKH�WXPRU�JURZWK�FXUYH�

FDQ�EH�REWDLQHG��

$V�VKRZQ�LQ�)LJXUH��D��VL[�GRVH�VFKHPHV�DUH�VLPXODWHG��DQG�WKH�WXPRU�JURZWK�FXUYHV�RI�WKRVH�GRVH�

VFKHPHV�DUH�SORWWHG�WRJHWKHU�IRU�FRPSDULVRQ��7KH�WXPRU�JURZWK�FXUYHV�VKRZ�WKDW�WKH�WXPRU�JURZWK�

UDWH�LV�UHGXFHG�ZLWK�WKH�LUUDGLDWLRQ��7KH�KLJKHU�WKH�GRVH��WKH�PRUH�WKH�UHGXFWLRQ�RI�JURZWK�UDWH��

+RZHYHU��LQWHUHVWLQJO\��ZH�FDQ�REVHUYH�WKDW�WKH�WXPRU�JURZWK�UDWH�XQGHU�WKH�WRWDO�GRVH�RI���*\�LQ���

IUDFWLRQV�LV�HYHQ�KLJKHU�WKDQ�WKH�JURZWK�UDWH�RI�QR�LUUDGLDWLRQ��7KH�SRVVLEOH�UHDVRQ�IRU�WKLV�LV�WKDW�WKH�

ORZ�GRVH�LUUDGLDWLRQ�NLOOV�VRPH�FHOOV��ZKLFK�HYHQWXDOO\�OHDGV�WR�PRUH�IUHH�VSDFH�IRU�WXPRU�JURZWK�

VLQFH�WKH�GHDG�FHOOV�ZLOO�JUDGXDOO\�EH�HOLPLQDWHG�LQ�WXPRU�FOXVWHU��DQG�WKLV�RIIVHWV�WKH�VSDFH�

FRQVWUDLQW�GXH�WR�FRQWDFW�LQKLELWLRQ�IRU�FHOO�SUROLIHUDWLRQ��

:H�DOVR�FDQ�REVHUYH�WKDW�WKH�QXPEHU�RI�SUROLIHUDWLQJ�WXPRU�FHOOV�GURS�DIWHU�HDFK�LUUDGLDWLRQ��EXW�

WXPRUV�ZLOO�TXLFNO\�UHFRYHU�IURP�WKH�FHOO�ORVV�ZKHQ�WKH�GRVH�LV�UHODWLYHO\�ORZ�LQ�HDFK�IUDFWLRQ��ZKLFK�

LQGLFDWHV�WKDW�WXPRU�FHOO�UHSRSXODWLRQ�FDQ�RIIVHW�WKH�WXPRU�FHOO�ORVV�GXH�WR�LUUDGLDWLRQ��%HVLGHV�

DQDO\]LQJ�WKH�WXPRU�JURZWK�FXUYH��ZH�DOVR�FDQ�REVHUYH�WKH�PRUSKRORJLFDO�FKDQJH�RI�WXPRU�DIWHU�

LUUDGLDWLRQ��7KURXJK�WKH�&&�'�VLPXODWLRQ��ZH�FDQ�YLVXDOL]H�WKH�WXPRU�VKDSH�ZLWK�WLPH��)RU�LQVWDQFH��

ZH�SUHGLFW�KRZ�WKH�WXPRU�FOXVWHU�ZLOO�ORRN�OLNH�DIWHU�D�VHULHV�RI�LUUDGLDWLRQ��+HUH��ZH�OLVW�WKH�

VQDSVKRWV�RI�WXPRU�FOXVWHU�XQGHU�IRXU�GLIIHUHQW�GRVH�VFKHPHV��DV�VKRZQ�LQ�)LJXUH�����
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)LJXUH����7ZR�GLPHQVLRQDO�VQDSVKRWV�RI�WKH�YDVFXODU�WXPRU�VLPXODWLRQ��5HG��YDVFXODU�FHOOV��JUH\��QHRYDVFXODU�

FHOOV��EOXH��QHFURWLF�FHOOV��7KH�VSDWLDO�XQLW�XVHG�LQ�&&�'�LV�SL[HO��DQG�RQH�SL[HO�HTXDOV����P�LQ�WKLV�ZRUN��7KH�

GRVH�LV�GHOLYHUHG�LQ���IUDFWLRQV��DQG�WKH�GHOLYHULQJ�WLPH�DW�������0&6�������0&6�������0&6�������0&6��

DQG�������0&6��UHVSHFWLYHO\��)LJ���D��VKRZV�WKH�WXPRU�JURZWK�FXUYHV�XQGHU�GLIIHUHQW�GRVH�OHYHOV�ZLWK�

UHVSHFW�WR�WXPRU�HYROXWLRQ�WLPH�ZKLFK�KDV�0&6�DV�LWV�XQLW��)LJ���E��VKRZV�WXPRU�V\VWHP�DIWHU�LUUDGLDWLRQ�ZLWK�

���*\�GRVH�DW�������0&6�UHQGHULQJ�LQ�&&�'�YLVXDOL]DWLRQ�V\VWHP��)LJV���F����G����H���DQG��I��VKRZ�WKH�WXPRU�
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V\VWHP�DIWHU�LUUDGLDWLRQ�ZLWK����*\�����*\�����*\��DQG���*\��UHVSHFWLYHO\��)LJ���I��VHUYHV�WKH�FRQWURO�

FRPSDUHG�WR�WKH�FDVHV�ZLWK�LUUDGLDWLRQ���

������7XPRU�5HVSRQVH�ZLWK�+\SHUIUDFWLRQDWHG�'RVH�

,W�LV�IRXQG�WKDW�IUDFWLRQDWLRQ�RI�WKH�UDGLDWLRQ�GRVH�SURGXFHV��LQ�PRVW�FDVHV��EHWWHU�WXPRU�FRQWURO�IRU�D�

JLYHQ�OHYHO�RI�QRUPDO�WLVVXH�WR[LFLW\�WKDQ�D�VLQJOH�ODUJH�GRVH��+RZHYHU��WUHDWPHQW�ZLWK�DQ\�F\WRWR[LF�

DJHQW��LQFOXGLQJ�UDGLDWLRQ��FDQ�WULJJHU�VXUYLYLQJ�FHOOV�LQ�D�WXPRU�WR�GLYLGH�IDVWHU�WKDQ�EHIRUH��7KH�

FULWLFDO�SRLQW�LV�WKDW�GXULQJ�WKH�WLPH�WKDW�WXPRU�LV�RYHUWO\�VKULQNLQJ�DQG�UHJUHVVLQJ��WKH�VXUYLYLQJ�

FORQRJHQV�DUH�GLYLGLQJ�DQG�LQFUHDVLQJ�LQ�QXPEHU�PRUH�UDSLGO\�WKDQ�EHIRUH�WUHDWPHQW�>��@��7KHUH�DUH�

WZR�VHSDUDWH�VWUDWHJLHV�WR�FRSH�ZLWK�WKLV�LVVXH��DQG�WKH\�DUH�K\SHUIUDFWLRQDWLRQ�DQG�DFFHOHUDWHG�

WUHDWPHQW��

,Q�WKLV�VLPXODWLRQ��ZH�WU\�WR�VLPXODWH�D�K\SHUIUDFWLRQDWHG�GRVH�GHOLYHULQJ�VFKHPH�IRU�YDVFXODU�WXPRU��

:H�XVH�D�VLQJOH�SODQDU�PLFUREHDP�VRXUFH�WR�LUUDGLDWH�WKH�YDVFXODU�WXPRU�FOXVWHU��3DUWLFXODUO\��WKH�

WXPRU�FOXVWHU�VL]H�DW�WKH�ILUVW�LUUDGLDWLRQ�LV�FKRVHQ�WR�EH�UHODWLYHO\�ODUJH��ZKLFK�LV�XVHG�WR�PRGHO�D�

IXOO\�JURZQ�WXPRU��:H�REWDLQ�WKLV�³JURZQ´�WXPRU�E\�OHWWLQJ�WKH�LQLWLDO�WXPRU�JURZ�ZLWKRXW�

LUUDGLDWLRQ�IRU�������0&6��7ZR�IUDFWLRQDWHG�GRVH�VFKHPHV�DUH�VLPXODWHG��WKH�ILUVW�RQH�LV����*\�LQ�

ILYH�IUDFWLRQV��DQG�WKH�VHFRQG�RQH�LV����*\�LQ���IUDFWLRQV��

7KH�GRVH�GHOLYHULQJ�WLPH�IRU�WKH�ILUVW�VFKHPH�LV�DW��������0&6��������0&6��������0&6��������

0&6��DQG�������0&6��7KH�GRVH�GHOLYHULQJ�WLPH�IRU�WKH�VHFRQG�VFKHPH�LV�DW�������0&6�DQG�������

0&6��)RU�WKH�ILUVW�VFKHPH��ILYH�GRVHV�DUH�GHOLYHUHG�ZLWKLQ������0&6��$V�ZH�GLVFXVVHG�DERYH����

0&6�DSSUR[LPDWHO\�HTXDOV���PLQXWH�LQ�WKLV�VWXG\��VR�ZH�NQRZ�WKDW�URXJKO\�WKHUH�DUH�WZR�GRVHV�SHU�

GD\��7KH�ILUVW�GHOLYHULQJ�VFKHPH�LV�FRQVLGHUHG�WR�PRGHO�D�K\SHUIUDFWLRQDWHG�VFKHPH��DQG�WKH�VHFRQG�

VFKHPH�LV�FRQVLGHUHG�WR�PRGHO�D�K\SRIUDFWLRQDWHG�VFKHPH��

)URP�WKH�WXPRU�JURZWK�FXUYH�VKRZQ�LQ�)LJXUH��D��ZH�FDQ�NQRZ�WKDW�IRU�WKH�ILUVW�IUDFWLRQDWHG�GRVH��

WKH�K\SRIUDFWLRQDWHG�VFKHPH�OHDGV�WR�D��������KLJKHU�WXPRU�FHOO�ORVV�FRPSDUHG�WR�WKH�

K\SHUIUDFWLRQDWHG�VFKHPH��ZKLFK�LQGLFDWHV�WKH�KLJKHU�HIIHFWLYHQHVV�RI�WXPRU�FRQWURO�E\�WKH�KLJKHU�

GRVH���%XW�WKH�K\SHUIUDFWLRQDWHG�VFKHPH�SHUIRUPV�EHWWHU�LQ�RIIVHWWLQJ�WKH�WXPRU�FHOO�UHSRSXODWLRQ�

DIWHU�HDFK�IUDFWLRQDWHG�GRVH��7KH�K\SRIUDFWLRQDWHG�VFKHPH�FRXOG�QRW�RIIVHW�WKH�WXPRU�FHOO�

UHSRSXODWLRQ��$V�VKRZQ�LQ�)LJXUH��D��DIWHU�WKH�ILUVW�IUDFWLRQDWHG�GRVH�LQ�WKH�K\SRIUDFWLRQDWHG�

VFKHPH��WKH�QXPEHU�RI�WXPRU�FHOOV�JUDGXDOO\�UHFRYHU�WR�DOPRVW�WKH�LQLWLDO�VWDWH�E\�WKH�WLPH�RI�VHFRQG�

IUDFWLRQDWHG�GRVH��7KLV�UHVXOW�LQGLFDWHV�WKDW�WKH�K\SHUIUDFWLRQDWHG�VFKHPH�LV�EHWWHU�IRU�FRQWUROOLQJ�WKH�

YDVFXODU�WXPRU�UHFRYHU\�XQGHU�WKH�VLQJOH�SODQDU�PLFUREHDP�LUUDGLDWLRQ���
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,W�LV�ZRUWK�QRWLQJ�WKDW�WKH�WXPRU�FHOO�ORVV�DIWHU�WZR�K\SRIUDFWLRQDWHG�GRVH�DUH�GLIIHUHQW��7KH�VHFRQG�

IUDFWLRQDWHG�GRVH�OHDGV�WR�D�KLJKHU�WXPRU�FHOO�ORVV��7KH�GLIIHUHQFH�FRXOG�EH�GXH�WR�WKH�VSDWLDOO\�

ELDVHG�LUUDGLDWLRQ�DQG�WKH�G\QDPLF�WXPRU�FHOO�VSDWLDO�GLVWULEXWLRQ�DIWHU�LUUDGLDWLRQ��7KH�LUUDGLDWLRQ�

KHUH�LV�D�VLQJOH�DUUD\�PLFUREHDP�ZKRVH�EHDP�ZLGWK�LV�VPDOOHU�WKDQ�WKH�GLPHQVLRQ�VL]H�RI�WKH�

VLPXODWHG�WXPRU��VR�RQO\�D�SRUWLRQ�RI�WKH�ZKROH�VLPXODWHG�WLVVXH�LQFOXGLQJ�WXPRU�ZLOO�EH�GLUHFWO\�

LUUDGLDWHG���7KLV�FDQ�OHDG�WR�D�ELDVHG�LUUDGLDWLRQ�IRU�WKH�WXPRU�FHOOV�WKDW�MXVW�VWD\�DW�WKH�LUUDGLDWHG�

UHJLRQ�IURP�WKH�VXEVHTXHQW�GRVH�GHOLYHULHV��HVSHFLDOO\�IRU�WKH�QHZ�WXPRU�FHOOV�WKDW�JURZ�WRZDUG�WR�

WKH�LUUDGLDWHG�UHJLRQ�DIWHU�WKH�ILUVW�GRVH�GHOLYHU\��7KH�VSDWLDO�GLVWULEXWLRQ�RI�WXPRU�FHOOV�DW�WKHVH�WZR�

WKHVH�GRVH�GHOLYHULHV�LV�GLIIHUHQW�EHFDXVH�WKH�WXPRU�FHOO�VSDWLDO�GLVWULEXWLRQ�LV�D�G\QDPLF�SURFHVV�

ZLWK�WLPH��$IWHU�WKH�ILUVW�GRVH�GHOLYHU\��VRPH�WXPRU�FHOOV�ZHUH�NLOOHG��GXH�WR�WKH�FHOO�ORVV��WKHUH�LV�

PRUH�³HPSW\´�VSDFH�IRU�WKH�WXPRU�JURZ�WRZDUG�WR�WKLV�UHJLRQ��7KLV�FRXOG�OHDG�WR�PRUH�WXPRU�FHOO�

NLOOLQJ�E\�WKH�IROORZLQJ�GRVH�GHOLYHU\��

7KH�PRUSKRORJLFDO�FKDQJH�RI�WXPRU�DIWHU�LUUDGLDWLRQ�LV�VKRZQ�LQ�)LJXUH��E�DQG�)LJXUH��F��%\�

FRPSDULQJ�WKH�VKDSH�RI�WKH�WXPRU�XQGHU�WKRVH�WZR�GLIIHUHQW�GRVH�VFKHPHV��ZH�FDQ�NQRZ�WKDW�ERWK�

GRVH�VFKHPHV�FDQ�UHGXFH�WKH�WXPRU�YROXPH��DQG�WKH�K\SHUIUDFWLRQDWHG�VFKHPH�UHGXFHV�PRUH�WXPRU�

YROXPH��
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)LJXUH����7ZR�GLPHQVLRQDO�VQDSVKRWV�RI�WKH�YDVFXODU�WXPRU�VLPXODWLRQ��5HG��YDVFXODU�FHOOV��JUH\��QHRYDVFXODU�

FHOOV��EOXH��QHFURWLF�FHOOV��7KH�VSDWLDO�XQLW�XVHG�LQ�&&�'�LV�SL[HO��DQG�RQH�SL[HO�HTXDOV����P�LQ�WKLV�ZRUN���

7KH�K\SHUIUDFWLRQDWHG�GRVHV�DUH�GHOLYHUHG�DW�������0&6��������0&6��������0&6��������0&6��DQG�������

0&6��7KH�UHJXODU�GRVHV�DUH�GHOLYHUHG�DW�������0&6�DQG�������0&6��)LJ���D��VKRZV�WKH�WXPRU�JURZWK�FXUYH�

XQGHU�WZR�GLIIHUHQW�GRVH�GHOLYHU�VFKHPHV��)LJ���E��VKRZV�WKH�WXPRU�V\VWHP�DW�������0&6�DIWHU�WKH�

K\SHUIUDFWLRQDWHG�GRVH�GHOLYHU�VFKHPH��)LJ���F��VKRZV�WKH�WXPRU�V\VWHP�DW�������0&6�DIWHU�WKH�UHJXODU�GRVH�

GHOLYHU�VFKHPH��)LJ���G��VKRZV�WKH�WXPRU�V\VWHP�DW�������0&6�ZLWKRXW�LUUDGLDWLRQ��ZKLFK�VHUYHV�DV�FRQWURO�

IRU�WKH�FDVHV�ZLWK�LUUDGLDWLRQ���

������7XPRU�5HVSRQVH�ZLWK�)UDFWLRQDWHG�'RVH�E\�057�

+HUH��ZH�VLPXODWH�KRZ�WKH�YDVFXODU�WXPRU�UHVSRQVH�WR�WKH�PXOWL�DUUD\�SODQDU�PLFUREHDP�LUUDGLDWLRQ��

,W�LV�ZRUWK�QRWLQJ�WKDW�ZH�XVH�D�PXOWL�DUUD\�PLFUREHDP�VRXUFH�WR�DFKLHYH�WKH�057�LQ�WKH�UHDO�

FOLQLFDO�DSSOLFDWLRQ��VR�WKLV�VLPXODWLRQ�FDSWXUHV�WKH�IHDWXUHV�RI�D�057�WUHDWPHQW�FRQGLWLRQ��
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,Q�WKLV�VLPXODWLRQ��WKHUH�DUH�ILYH�SODQDU�PLFUREHDP�VRXUFHV�VHSDUDWHG�E\����� PP �FHQWHU�E\�FHQWHU�

VHUYLQJ�DV�WKH�PXOWL�DUUD\�PLFUREHDP�VRXUFH��DV�VKRZQ�LQ�)LJXUH����7KH�K\SHUIUDFWLRQDWHG�GRVH�

VFKHPHV��L�H������*\�LQ���IUDFWLRQV�DQG����*\�LQ���IUDFWLRQV��DUH�VHOHFWHG�WR�GHOLYHU�WKH�GRVH�WR�D�

³JURZQ´�YDVFXODU�WXPRU��,Q�ERWK�VFKHPHV��WKH�ILUVW�LUUDGLDWLRQ�VWDUWV�DW�������0&6��DQG�GRVH�

GHOLYHULQJ�WLPH�LV�DW��������0&6��������0&6��������0&6��������0&6��DQG�������0&6��

�

)LJXUH����0XOWL�DUUD\�SODQDU�057�LUUDGLDWLRQ�RQ�YDVFXODU�WXPRU�VLPXODWHG�LQ�*HDQW���)LYH�SDQHOV�RI�SODQDU�

PLFUREHDPV�DUH�XVHG�WR�LUUDGLDWH�WXPRU��,Q�*HDQW��SODWIRUP��WKH�UHG�OLQHV�DUH�WKH�WUDFNV�JHQHUDWHG�E\�

HOHFWURQV��DQG�WKH�\HOORZ�SRLQWV�DUH�WKH�HQHUJ\�GHSRVLWLRQ�SRLQWV�DIWHU�UDGLDWLRQ�LQWHUDFWLRQV���

)URP�WKH�WXPRU�JURZWK�FXUYHV�VKRZQ�LQ�)LJXUH��D��ZH�FDQ�VHH�WKDW�WKH�K\SHUIUDFWLRQDWHG�VFKHPH�E\�

WKH�PXOWL�DUUD\�PLFUREHDP�FDQ�VXEVWDQWLDOO\�UHGXFH�WKH�JURZWK�RI�WXPRU�FHOOV��$IWHU�WKH�ZKROH�VFKHPH�

GHOLYHU\�� WKH� SUROLIHUDWLQJ� WXPRU� FHOOV� DUH� DOPRVW� HOLPLQDWHG�� :H� FDQ� DOVR� REVHUYH� WKDW� WKH� WZR�

K\SHUIUDFWLRQDWHG�VFKHPH�SHUIRUPV�QHDUO\�VDPH�LQ�WHUPV�RI�WKH�WXPRU�FRQWURO�VLQFH��DIWHU�WKH�ZKROH�

VFKHPH��DOO�WKH�WXPRU�FHOOV�DUH�DOPRVW�NLOOHG��:H�FDQ�FDOFXODWH�WKH�SUROLIHUDWLQJ�WXPRU�FHOO�ORVV�DIWHU�

RQH�IUDFWLRQ�RI�WKH�GRVH�E\�FRPSDULQJ�WKH�WXPRU�FHOO�QXPEHU�EHIRUH�DQG�DIWHU�WKH�GRVH�GHOLYHULQJ��$V�

VKRZQ�LQ�)LJXUH��D��WKHUH�LV�D�VWHHS�GURS�LQ�FHOO�QXPEHU�DIWHU�WKH�GHOLYHU\�RI�HDFK�GRVH��%\�FRPSDULQJ�

WKH� WXPRU� FHOO� ORVV� DIWHU� HDFK� IUDFWLRQ� LQ� ERWK� IUDFWLRQDWHG� VFKHPHV�� ZH� FDQ� VHH� WKDW� WKHUH� LV� QR�

VXEVWDQWLDO�GLIIHUHQFH�LQ�WKRVH�WZR�VFKHPHV��ZKLFK�LQGLFDWHV�WKDW�WKHUH�LV�D�VDWXUDWLRQ�RI�WXPRU�FRQWURO�

LQ�WHUPV�RI�WKH�WRWDO�GRVH��7KH�PRUSKRORJLFDO�FKDQJH�RI� WXPRU�DIWHU�PXOWL�DUUD\�SODQDU�PLFUREHDP�

LUUDGLDWLRQ� LV� VKRZQ� LQ� )LJXUH� ���:H� FDQ� VHH� WKDW� DIWHU� WKH�PXOWLDUUD\�PLFUREHDP� LUUDGLDWLRQ�� WKH�

YDVFXODU�WXPRU�JUDGXDOO\�VKULQNV�LWV�YROXPH��
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)LJXUH����7ZR�GLPHQVLRQDO�VQDSVKRWV�RI�WKH�YDVFXODU�WXPRU�VLPXODWLRQ��5HG��YDVFXODU�FHOOV��JUH\��QHRYDVFXODU�

FHOOV��EOXH��QHFURWLF�FHOOV��7KH�VSDWLDO�XQLW�XVHG�LQ�&&�'�LV�SL[HO��DQG�RQH�SL[HO�HTXDOV����P�LQ�WKLV�ZRUN��7KH�

GRVHV�DUH�GHOLYHUHG�LQ���IUDFWLRQV��DQG�WKH�GHOLYHULQJ�WLPH�DW��������0&6��������0&6��������0&6��������

0&6��DQG�������0&6��UHVSHFWLYHO\��)LJ���D��VKRZV�WKH�WXPRU�JURZWK�FXUYH�XQGHU�WZR�GLIIHUHQW�GRVH�GHOLYHU�

VFKHPHV��)LJ���E��VKRZV�WKH�WXPRU�V\VWHP�DW�������0&6�DIWHU�LUUDGLDWLRQ�ZLWK����*\�GRVH��)LJ���F��VKRZV�WKH�
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WXPRU�V\VWHP�DW�������0&6�DIWHU�LUUDGLDWLRQ�ZLWK����*\�GRVH��)LJ���G��VKRZV�WKH�WXPRU�V\VWHP�DW�������0&6�

DIWHU�LUUDGLDWLRQ�ZLWK����*\�GRVH��)LJ���H��VKRZV�WKH�WXPRU�V\VWHP�DW�������0&6�DIWHU�LUUDGLDWLRQ�ZLWK����*\�

GRVH��)LJ���I��VKRZV�WKH�WXPRU�V\VWHP�DW�������0&6�ZLWKRXW�LUUDGLDWLRQ��ZKLFK�VHUYHV�WKH�FRQWURO�FRPSDUHG�WR�

WKH�FDVHV�ZLWK�LUUDGLDWLRQ���

����)XWXUH�:RUN��
,Q�WKLV�ZRUN��ZH�VLPXODWH�WKH�FKDQJH�RI�FHOO�OHYHO�SDUDPHWHUV�VXFK�DV�WDUJHW�YROXPH�DIWHU�LUUDGLDWLRQ�

E\�LQWHJUDWLQJ�*HDQW��DQG�&&�'��:H�OLQNHG�WKH�PDFURVFRSLF�FHOO�EHKDYLRU�DFFRUGLQJ�WR�WKH�FHOO�

VWDWH�WUDQVLWLRQ�GHWHUPLQHG�E\�UDGLDWLRQ�LQGXFHG�'6%V�DQG�WKH�JOXFRVH�FRQFHQWUDWLRQ��EXW�ZH�GLG�QRW�

FRQVLGHU�OLQNLQJ�WKH�PDFURVFRSLF�FHOO�EHKDYLRUV�WR�WKH�LQWUDFHOOXODU�UHVSRQVH��7KH�&&�'�IUDPHZRUN�

DOORZV�XV�WR�DGG�DQG�VROYH�VXEFHOOXODU�UHDFWLRQ�NLQHWLF�SDWKZD\�PRGHOV�LQVLGH�HDFK�FHOO�WR�VLPXODWH�

WKH�FHOO�OHYHO�EHKDYLRU�E\�XVLQJ�6%0/�>��@��,Q�IXWXUH�VWXG\��ZH�FDQ�PRGHO�WKH�FHOOXODU�UHVSRQVH�IRU�

PROHFXODU�FRQFHQWUDWLRQV�WKDW�FDQ�VWHHU�WKH�EHKDYLRUV�RI�ELRORJLFDO�FHOOV�E\�PRGXODWLQJ�WKHLU�

ELRFKHPLFDO�PDFKLQHU\��)RU�H[DPSOH��ZH�FDQ�LQFRUSRUDWH�WKH�UHSDLU�SDWKZD\V��VXFK�DV��1RQ�

+RPRORJRXV�(QG�-RLQLQJ��1+(-��DQG�+RPRORJRXV�5HFRPELQDWLRQ��+5���E\�DSSO\LQJ�WKH�ZHOO�

NQRZQ�PRGHOV�>��@>��@�DERXW�'1$�GDPDJH�UHSDLU�XVLQJ�WKH�LQWUDFHOOXODU�VLPXODWLRQ�IXQFWLRQDOLW\�RI�

&&�'��2[\JHQ�LV�DQ�LPSRUWDQW�IDFWRU�PRGHUDWLQJ�FHOOXODU�UDGLDWLRQ�UHVSRQVH��,Q�WKLV�ZRUN��ZH�GLG�

QRW�H[SOLFLWO\�PRGHO�WKH�R[\JHQ�GLIIXVLRQ�DQG�UHDFWLRQ�SURFHVV�EHWZHHQ�FHOOV�DQG�LQVLGH�FHOOV��

,QVWHDG��ZH�H[SHFW�WKDW�WKH�WXPRU�FHOOV�DUH�XVXDOO\�K\SR[LF��DQG�WKH\�FDQ�VHFUHWH�D�ORQJ�GLIIXVLRQ�

LVRIRUP�RI�9(*)�$�WR�LQGXFH�DQJLRJHQHVLV�LQ�K\SR[LF�WLVVXH��%\�XVLQJ�WKH�GLIIXVLRQ�VROYHU�RI�

&&�'�ZH�FDQ�VLPXODWH�WKH�R[\JHQ�GLIIXVLRQ�DQG�UHDFWLRQ�EHWZHHQ�FHOOV�DQG�LQVLGH�FHOOV��7KHQ�ZH�

FDQ�LQFOXGH�WKH�PRGHOV�>��@>��@�RI�R[\JHQ�HIIHFW�IRU�VLPXODWLQJ�WKH�UDGLDWLRQ�HIIHFW�RQ�YDVFXODU�

WXPRU���

��&RQFOXVLRQV�

7R�WKH�EHVW�RI�RXU�NQRZOHGJH��WKLV�PXOWL�SODWIRUP�VLPXODWLRQ�LV�WKH�ILUVW�SLHFH�RI�UHVHDUFK�WR�FRPELQH�

*HDQW�� DQG� &&�'� WR� LPSOHPHQW� WKH� FRXSOHG� FHOO� ELRORJ\� DQG� UDGLDWLRQ� WUDQVSRUW� VLPXODWLRQ� IRU�

TXDQWLI\LQJ� FHOO� UHVSRQVH� DIWHU� LUUDGLDWLRQ�� ,Q� WKLV� SDSHU�� ZH� IRFXVHG� RQ� LQWURGXFLQJ� WKLV� QRYHO�

IUDPHZRUN� ZLWK� UHOHYDQW� WHFKQLFDO� GHWDLOV� DQG� LOOXVWUDWHG� ZLWK� D� FDVH� VWXG\�� $� YDVFXODU� WXPRU�

VLPXODWLRQ�PRGHO�EDVHG�RQ�WKH�GHYHORSHG�WRRONLW�ZDV�VWXGLHG�LQ�WKLV�ZRUN��7KH�VLPXODWLRQ�SDUDPHWHUV�

RI� WKH� YDVFXODU� WXPRU�PRGHO� DUH� DGRSWHG� IURP� SUHYLRXVO\� SXEOLVKHG� UHVHDUFK� SDSHUV�� 'HVSLWH� WKH�

UHVFDOLQJ�RI�WKH�WXPRU�VL]H��WKH�PRGHO�SURGXFHV�D�UDQJH�RI�ELRORJLFDOO\�UHDVRQDEOH�PRUSKRORJLHV�WKDW�

DOORZ�VWXG\�RI�KRZ�057�WUHDWPHQW�DIIHFWV�WKH�JURZWK�UDWH��VL]H��DQG�PRUSKRORJ\�RI�YDVFXODU�WXPRUV��
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%\�LQWHUDFWLQJ�ZLWK�FOLQLFLDQV�DQG�H[SHULPHQWDOLVWV��ZH�PD\�JDWKHU�H[SHULPHQWDO�GDWD�WR�SDUDPHWHUL]H��

FDOLEUDWH��DQG�YDOLGDWH�WKH�PRGHO�IRU�LWV�FOLQLFDO�DSSOLFDWLRQV��

7KLV�PHWKRG�LV�DSSHDOLQJ�EHFDXVH�LW�DOORZV�TXDQWLWDWLYH�DVVHVVPHQW�RI�UDGLDWLRQ�GDPDJH�LQ�HDFK�FHOO��

DOORZLQJ�XV�WR�IXUWKHU�EXLOG�PRUH�DQ�LQIRUPHG�PRGHO�RI�UDGLDWLRQ�GDPDJH�LQ�WLVVXH�OHYHO��7KH�SUHVHQWHG�

PHWKRG�FRXOG�EH�YDOLGDWHG�E\�SHUIRUPLQJ�D�TXDQWLWDWLYH�PHDVXUHPHQW�RI�WXPRU�VSKHURLG�VXEMHFW�WR�

SUHFLVH� UDGLDWLRQ� GRVH� GHOLYHU\�� ,Q� DGGLWLRQ� WR� FRQWUROOLQJ� UDGLDWLRQ� GRVH�� ZH� FRXOG� DOVR� YDU\� WKH�

WHPSRUDO�SDWWHUQ�RI�GRVH�GHOLYHU\���:LWK�H[SHULPHQWDO�YDOLGDWLRQ��RXU�GHYHORSHG�VLPXODWLRQ�SODWIRUP�

FDQ�KHOS�WR�GHVLJQ�WKH�HIIHFWLYH�057�WUHDWPHQW�SODQ�LQ�WKH�UHDO�FOLQLFDO�WULDOV�LQ�WKH�IXWXUH��,Q�D�EURDGHU�

VHQVH��RWKHU�W\SH�RI�UDGLDWLRQ�WKHUDS\�WUHDWPHQW�WHFKQLTXH�DOVR�FRXOG�EH�H[SORUHG�in silico�WKURXJK�WKLV�

GHYHORSHG�VLPXODWLRQ�SODWIRUP��7KLV�ZRUN�VKRZV�WKDW�WKH�GHYHORSHG�PRGHO�FRXOG�EH�SRWHQWLDOO\�XVHG�

WR�IDFLOLWDWH�WKH�LQYHVWLJDWLRQ�RI�UDGLDWLRQ�ELRORJ\�VWXG\��:H�KRSH�WKDW�WKLV�ZRUN�VKHG�OLJKW�RQ�EXLOGLQJ�

D�FRPSUHKHQVLYH�PDWKHPDWLFDO�PRGHOLQJ�WRRONLW�IRU�FRPSXWDWLRQDO�UDGLDWLRQ�ELRORJ\��

$FNQRZOHGJHPHQWV�

5/�DFNQRZOHGJHV�VXSSRUW�IURP�&RQVRUWLXP�IRU�5LVN�(YDOXDWLRQ�DQG�6WDNHKROGHU�3DUWLFLSDWLRQ�

��KWWS���ZZZ�FUHVS�RUJ����-$*�DFNQRZOHGJHV�VXSSRUW�IURP�1DWLRQDO�6FLHQFH�)RXQGDWLRQ�JUDQW�16)�

��������DQG�1DWLRQDO�,QVWLWXWHV�RI�+HDOWK��1DWLRQDO�,QVWLWXWH�RI�*HQHUDO�0HGLFDO�6FLHQFHV�

JUDQWV�8���*0�������DQG�5���*0��������-$*�DQG�06�DFNQRZOHGJH�VXSSRUW�IURP�1DWLRQDO�

,QVWLWXWHV�RI�+HDOWK��1DWLRQDO�,QVWLWXWH�RI�*HQHUDO�0HGLFDO�6FLHQFHV�JUDQW�5���*0��������:H�

ZRXOG�OLNH�WR�WKDQN�WKH�DQRQ\PRXV�UHYLHZHUV�IRU�FRQVWUXFWLYH�VXJJHVWLRQV�IRU�LPSURYLQJ�WKLV�SDSHU���

�

�

�

�

�

5HIHUHQFHV�

>�@� -��7KDULDW��-��0��+DQQRXQ�/HYL��$��6XQ�0\LQW��7��9XRQJ��DQG�-��3��*pUDUG��³3DVW��SUHVHQW��DQG�IXWXUH�

RI�UDGLRWKHUDS\�IRU�WKH�EHQHILW�RI�SDWLHQWV�´�Nat. Rev. Clin. Oncol.��YRO������QR�����SS����±����������GRL��
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